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Abstract The TMT Detailed Science Case describes the transfornatamience
that the Thirty Meter Telescope will enable. Planned to begiience operations
in 2024, TMT will open up opportunities for revolutionarysdoveries in essen-
tially every field of astronomy, astrophysics and cosmolapeing much fainter
objects much more clearly than existing telescopes. Psrcigpability, TMT's sci-
ence agenda fills all of space and time, from nearby cometsaatadioids, to exo-
planets, to the most distant galaxies, and all the way bad¢keorvery first sources
of light in the universe. More than 150 astronomers from initthe TMT partner-
ship and beyond offered input in compiling the new 2015 Detiabcience Case.
The contributing astronomers represent the entire TMTngaship, including the
California Institute of Technology (Caltech), the Indiamstitute of Astrophysics
(I1A), the National Astronomical Observatories of the Gége Academy of Sciences
(NAOC), the National Astronomical Observatory of Japan Q\B, the University
of California, the Association of Canadian Universities Research in Astronomy
(ACURA) and US associate partner, the Association of Usiters for Research in
Astronomy (AURA).

Key words: instrumentation and method — cosmology and nongalactiopisysics
— Earth and planetary astrophysics — astrophysics of gagaxt high energy astro-
physical phenomena

1 INTRODUCTION

This is the 2015 Detailed Science Case for the Thirty Metdestmpe (TMT) project, a public
document, managed by the TMT Science Advisory Committe€x)S¥hd updated from the original
2007 version (RD01) with input from the TMT Internationai@wce Development Teams. It will be
updated as needed during the construction and operati@seplof the TMT project. The original
Detailed Science Case was developed with the input of tlemeseiteams and authors of the 2006
instrument feasibility studies (RD02) and from many sdatacross the collaboration. The present
updated version builds on the previous work and capturedahelopments in the envisioned science
goals and the status of the first light and future instruments

* Cover image: artist’s rendition of the TMT International €@bvatory on Mauna Kea opening in the late evening before
beginning operations.
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1.1 Purpose and Scope

The Detailed Science Case (DSC) is the highest-level saateaf the TMT science case. It provides
examples of the kinds of exciting, groundbreaking sciehe¢ will be enabled by a 30 m telescope.
Wherever possible, synergies with other major new and upwpfacilities (e.g. the Atacama Large
Millimeter/submillimeter Array (ALMA), Large Synoptic Suey Telescope (LSST) and the James
Webb Space Telescope (JWST)) are discussed. As appropeatermance numbers (often conser-
vative) are provided (e.g. sensitivities, integrationgsnspatial resolutions).

The DSC is not a requirements document. The Science-baspdrB@ments Document (SRD)
(RDO3) is the highest-level requirements document for TMT.

This document is intended to provide a high-level overviéwhe TMT science case for the
following audiences:

Astronomers within the TMT partnership and internatiorzéstific colleagues

Various astronomy strategic working groups and InternallTdvoups

1.2 Applicable and Reference Documents and Change Record

This high-level document has no applicable documents withe TMT Project.

Reference documents contain information complementixjla@ing, detailing, or otherwise
supporting the information included in the current docuten

Documents can be found in the TMT Document Control CenterqP@sing their internal doc-
ument number in the following URLhttps://docushare.tmt.org/docushare/dsweb/Get/D@rim
XXXX

Name TMT Number Internal number
RDO1 Detailed Science Case: 2007 TMT.PSC.TEC.07.003 8865
RD02 Extracted Instrument Feasibility Studies Scienge TMT.PSC.COR.06.007 5625
Cases and Operational Concepts: March 2006
RDO3 Science-based Requirements Document TMT.PSC.DRD.05.001 319
RDO04 TMT Operations Plan TMT.OPS.TEC.11.099 21244
Revision Date Section Modifications
RELO1 8 Oct 2007 All First public release
Draft 2 6 July 2014 All Draft version during major update process
2 OVERVIEW

The TMT will be a 30 m ground based telescope with a collectinea of 664.2 rh It will be
able to support instruments that are sensitive throughtthespheric windows from 0.31 to 28n.
Advanced adaptive optics (AO) capabilities will allow higlsensitive, diffraction-limited observa-
tions from wavelengths shortward ofuin to the mid-infrared (MIR) over most of the sky. 20
diameter field of view (FOV) facilitates the deployment ofdeifield, multi-object spectrographs.
These capabilities will enable groundbreaking advances\vide range of scientific areas, from
the most distant reaches of the universe to our own solagmsy$fowerful new facilities have often
opened up unimagined areas of research and made importamadmnticipated discoveries. We ex-
pect the situation with TMT will be no different and hencekdorward to a rich and diverse mix of
both expected and unexpected scientific results.

2.1 The Big Picture

Decades of advances with ground and space-based fadileigsprovided a clear and convincing
picture of the overall history of our universe. We now knowattthe observable universe began some
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13.8 billion years ago when a small region of empty spacerheaastable and began to expand,
rapidly increasing in size by some twenty or thirty ordersmafgnitude. This period of expansion,
called inflation, lasted but a tiny fraction of a second, yeesulted in the production of all matter
and energy in our universe. When inflation ended an excediogmixture of elementary particles
of all varieties pervaded space. At the same time, tiny ‘quahfluctuations in the distribution of
this energy were stretched to macroscopic scales by inilafibese fluctuations formed the seeds
for the galaxies and clusters of galaxies that we see today.

Following inflation, the universe continued to expand, tua alower rate. This expansion re-
sulted in cooling of the plasma allowing the elementaryipkes to combine to form the familiar
protons, neutrons, electrons, photons, neutrinos anchatiély hydrogen and helium nuclei. Also
present were large quantities of what we now refer to as datkemand dark energy. During this
expansion, the gravitational attraction of the small epéigtuations resulted in the growth of dark
matter density fluctuations.

Some 400000 years after inflation, the nuclei and electronsbined to form neutral atoms
and the universe became transparent to the photons leftfimrarthe Big Bang. Today we see
those photons as the cosmic microwave background (CMB)e@red from the drag produced by
interactions with those Big Bang photons, the neutral ggab#o fall into the denser pockets of dark
matter. In a complex process of gravitational accretionraliative cooling, the first stars formed.
The intense radiation produced by this first generation cfsiva stars heated the surrounding gas,
creating bubbles of ionized gas. Initially, the light frohese first stars was trapped in these bubbles
but as more and more of the surrounding gas was re-ionizegdfitst light began to propagate
throughout the universe.

As star formation continued and dark matter halos mergedalggavitational attraction, the
first galaxies were formed. These first galaxies — relatigehall collections of stars, gas, and dust
caught within the gravitational potential of dark matteldsa- merged to form larger more massive
galaxies. The end products of this process (known as higcaicstructure formation) surround us
today — from the most massive clusters of galaxies, to ourchgataxy the Milky Way, and down to
its dwarf galaxy neighbors.

Within many galaxies, star formation continues as cloudgasfcool and contract. Dense clouds
of molecular gas form stellar nurseries that harbor newlyring stars. These nascent stars are
surrounded by disks of gas and dust within which planetsldpv&Ve now know that most stars
have some form of planetary system. However we are only abliirectly image a very small
subset of known planets, a subset of planets that are particjoung, hot and massive compared
to the range of known planets in the universe, vastly diffeh@m Earth. To attempt to characterize
terrestrial exoplanets that are in the habitable zonesdrtheir stars will require the use of a 30 m
class telescope.

2.2 The Big Questions

The large aperture and FOV of TMT combined with its powerf@ 8ystems and science instru-
ments will provide unique gains in precision astrometrghhcontrast imaging and spectroscopy
from the ultraviolet (UV) through the MIR to open new regiarsfadiscovery space on a number of
“Big Questions” reaching from the distant universe to oun@alar system:

What is the nature and composition of the universe?

The nature of dark matter and energy, the ingredients thatirdiie the composition of the
universe, remains a complete mystery. The lower limit ofdaek matter mass spectrum depends
on the nature of the dark particle (“warm” vs “cold”). Diffthon-limited imaging with TMT of
anomalies in strong gravitational lenses will probe thigtlidown to levels at least ten times smaller
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than currently possible. Different dark energy models jtatifferent rates of evolution for cosmic
distances and structures, and deep spectroscopy of véaptssipernovae (SNe) (up to= 4) with
TMT will provide a longer timeline over which these changesybe more readily detected.

When did the first galaxies form and how did they evolve?

TMT can study galaxy formation both near and far. It will bdeato detect the spectroscopic
signatures of metal-free star formation, i.e., of the fitatsforming in the first galaxies at redshifts
well beyond 10. The sensitivity of TMT will overcome the “goa starvation” plaguing existing
8 m to 10 m telescopes to produce detailed, spatially-resoiaaps of morphology, chemistry,
and kinematics for galaxies out to= 5 — 6 with a fidelity equivalent to what is currently done
atz < 1. The large FOV and excellent UV throughput of TMT will enalplewerful surveys of
stellar abundances and ages in the halo of our own Milky Wagr avvolume nearly 100 times
larger than previously possible to build a far more comptetesus of the smaller fragments that
were hierarchically assembled into this halo. TMT will alse able to perform photometry of
spatially-resolved stellar populations in galaxies outht® distance of the Virgo Cluster to provide
the first-ever “archeological” sample large enough to ungomiusly show the stochastic nature of
galaxy assembly.

What is the relationship between black holes and galaxies?

Black holes (BHs) with masses as high as a billion times thesnad the Sun are now known
to occupy the centers of galaxies. They warp space-timeseirfating ways, and their formation
process is unknown, but it must be intimately linked to ggltormation. If mass is the link, then
the BH mass function should track the galaxy mass functioosacthe entire Hubble sequence and
across time. The spatial resolution and sensitivity of TMIl make it possible to measure the BH
mass function down to masses ten times smaller and make dyalameasurements in galaxies
more than 20 times farther than currently possible. TMT ®@siiband by a factor of 1000 the number
of galaxies where direct BH mass measurements can be pedorm

How do stars and planets form?

The birth of stars is a fundamental process closely intert@ito galaxy evolution and chemical
enrichment in the universe, which ultimately results in theerse range of planetary systems,
and possibly in life itself. And yet at present, we cannotvaersthe very basic questions, such
as what determines the stellar mass, and we are far from stadeling when, where, and how
planets form. Observations with TMT will play a critical elin providing answers to these
guestions. The initial mass functions (IMFs) will be obtinfor distant young star clusters, not
only in the Milky Way but also in other galaxies, in a wide rangf environments, which is a
necessary step toward the development of a predictiveytteéstar formation. Morpho-kinematical
mapping of protoplanetary disks will unveil the inner 10 Aihich will yield detections of grow-
ing planets and reveal the spatial distribution of disk makécluding water and organic molecules.

What is the nature of extrasolar planets?

Observations made in the last few years with the Kepler spelescope suggest that most
stars harbor a planetary system, that Earth-like planetsalnitable zones are quite common
and that the easy-to-detect hot Jupiter-type planets @&exbeption rather than the rule. What
formation processes give rise to this variety of exoplayetgstems? Investigating the atmospheric
characteristics of the closest and brightest hot Jupitergik has just begun with existing 10 m class
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facilities, and, space telescopes can only enable verydihtharacterization of lava-ocean rocky
planets. The ability to study Earth analogs in habitableegowill therefore only come with the
advent of 30 m class facilities, and a key question will be tivbeor not terrestrial type exoplanets
have atmospheres similar to that of Earth.

Is there life elsewhere in the universe?

Are conditions on terrestrial planets conducive to the tgment of life? Every star has a
habitable zone, where a planet would have a surface tenupersimilar to that of Earth. If, as
expected, exoplanetary systems have populations of seydiladies like comets, it is possible that
water and organic molecules could have been delivered tb plamets by impacts. If life then
develops, it might be detected by signatures of biologictWiy in planetary atmospheres.

2.3 The Required Tools

To answer these questions, and many others, advances notegh are needed. The most progress
will come from combined studies at many different wavel@sgising ground and space-based fa-
cilities. Several major new telescopes will begin operaiio the next decade. These include the
JWST with a launch date of 2018, covering @ué to 28 um near-infrared (NIR) and MIR wave-
lengths and the ground based optical LSST with commissips@ience beginning mid-2022. The
highly productive ALMA (0.3 to 1 mm) was completed in June 2@&nd will remain the premier
millimeter/submillimeter facility for the next couple oédades. The Square Kilometre Array (SKA)
(80 cm to 6 m) will follow with the first phase projected for cplation in 2025. The ASTRO-H and
eROSITA X-ray telescopes have launch dates of 2016 and wallige survey and follow-up capa-
bilities that will be further complemented in 2028 with tleihch of the versatile ATHENA X-ray
mission. The ground based submillimeter to millimeter COAEility, the radio JVLA (6 mm to
5m) and the Transiting Exoplanet Survey Satellite (TES8)adiner facilities with strong scientific
synergies with the TMT.

Multi-wavelength observations with these powerful, nggtieration facilities will undoubtedly
open exciting, new frontiers. Yet they will not alone be wiént. Much as the resolution of the
Hubble Space Telescope (HST) was complemented by the gligategathering power of the Keck
10 m telescopes, these new facilities will need a compleangharge-aperture ground-based tele-
scope that can provide high spatial and spectral resolotiservations in the optical and infrared.
In fact, a revolution in technical capability now makes grdtbased telescopes even more effective.
AO systems allow the largest optical-infrared telescopeEgarth to achieve higher resolution than
telescopes in space, which necessarily have smaller apgrBy compensating atmospheric turbu-
lence, AO allows telescopes to reach the diffraction limitwhich the angular resolution achieved
is proportional to the diameter of the telescope aperture.

A useful figure of merit for telescope performance is the tistguired to achieve a given signal-
to-noise ratio (S/N) for a particular science program oecobjThe reciprocal of this time is a mea-
sure of the sensitivity or productivity of the telescopec8ase larger telescopes collect more light,
their sensitivity typically increases in proportion to $guare of the aperture diameter. In the impor-
tant case of observations of faint point-like objects, timaker angular size results in less contam-
ination by background or foreground light from the sky, salgstem and Galaxy, so the sensitivity
increases in proportion to the fourth power of the diam@this is an enormous factor, making a
30 m telescope two hundred times more sensitikian an 8 m telescope.

To take advantage of these huge gains in light collectionsgadial resolution, TMT will be
equipped with a suite of powerful science instruments. Tiiteal selection of first light instrument
requirements from a suite of instrument concepts was ma@eaember 2006 by the TMT SAC

1 Sensitivity here is defined as being inversely proportidaahe integration time needed to reach a particular S/N.
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Fig. 3 The first light instrument suite that will be delivered astprthe construction project. The
NFIRAOS systemupper lef), IRMS (upper righ), IRIS (lower lef) and WFOS lpwer right). Both
IRIS and IRMS are NFIRAOS client instruments.

based on a careful consideration of the science programslaasithe range of capabilities essential
for pursuing science areas that are currently unforeseamsi@eration was also given to technical
readiness, cost and schedule. These choices were re-afffinni2611 at a project wide science and
instrumentation workshop in Victoria. The capabilitiegloése instruments are summarized briefly
in the next sub-sections. All instruments will be mounted &apt operationally ready at all times
(except of course for periods of scheduled maintenance gragies). It will be possible to switch
from one instrument to another in less than 10 minutes (@iotytarget acquisition).

2.3.1 First light suite

At first light, TMT plans to deploy a laser guide star suppdsteulti-conjugate adaptive optics
(MCAO) system called NFIRAOS (Narrow Field Infrared AdaetiOptics System, pronounced
“nefarious”). NFIRAOS will provide diffraction-limitedesolution §/D = 0.0055” and0.017”

at 800nm and 2.4um, respectively) and high Strehl ratfoé~ 12% to ~ 77% at 800 nm and
2.4 um, respectively) over 80" science field-of-view. Sky coverage is expected to be 50%eat t
Galactic poles. It will be possible to mount up to three iastents on NFIRAOS.

2 Strehl ratio: When considering an unresolved point sournedO system can be thought of as gathering a fraction of
the light from the seeing disk and concentrating that feerctnto an image with a diffraction limited width, superingeal
over the remaining uncorrected light. The Strehl ratio esrtio of the actual peak intensity over the theoreticdraltifion
limited peak intensity for a perfect image.
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One of these instruments will be IRIS (InfraRed Imaging $meneter), a combined high-
resolution imager and integral field unit (IFU) spectrometée direct imaging mode will provide
a34” x 34" field with 0.004 arcsec/pixel sampling. Both broadband aaaawband filters will be
available. The IFU will provide spectral resolving powefsido= 3500, 8000 and 10000 over the
entireJ, H, andK bands (one band at a time) as well as a choice of coarse anddieespales for
different science applications. The field-of-view of th&JIFanges from 2.2 x 4.5 (coarsest scale
0.050'/spaxel) to 0.45 x 0.64’ (finest scale 0.004spaxel).

NFIRAOS will also feed IRMS (Infrared Multi-slit Spectroreg). IRMS is a close copy of the
very successful and versatile Keck/MOSFIRE instrumend, iatleverages the MCAO capability
provided by NFIRAOS to boost the amount of light falling withts slitlets. The heart of IRMS
(and MOSFIRE) is a cryogenic slit unit that will allow up to 4htlets to be configured on-the-fly
over a2.3’ x 2.3 field. The entireY’, J, H, and K bands can be covered (one at a time) in one
grating setting with a spectral resolution upRo= 4660. In imaging mode, IRMS covers the entire
NFIRAQS field of regard wit).06” sampling.

The third first-light instrument is WFOS (Wide-Field OptiGpectrometer). WFOS is a seeing-
limited instrument that will cover a total spectral rangenfr0.31 to 1.1um using separate red and
blue color channels. Three spectral resolution modes wikh\ilable £ = 1000, 5000 and 8000)
with multiplexing factors up to 200 objects over a 25 archiield. The original WFOS concept
builds upon the heritage of such workhorse instruments ak/REIMOS and Magellan/IMACS.

2.3.2 First light instruments Exposure Time Calculators

A comprehensive Exposure Time Calculator (ETC) coverinth ltbe spectroscopic and imaging
modes of the first light instruments has been developég:(/tmt.mtk.nao.ac.jp/ETC-e.htmAn
ETC for IRMS has been developed from the existing MOSFIRE HEhips://drive.google.com/
file/d/0B3g66sbyRdNOTzRITUFJdHEyaGEhese ETCs are useful tools to explore the improve-
ment in capability that TMT will bring compared to existinagilities.

2.3.3 Future instruments

The observatory has been designed to support a diverse isstrofments, and its instrument suite
will evolve significantly over its 50-year lifetime. The firsf the second-generation instruments is
expected to be delivered two years after first light, and taaithl instruments should follow at the
rate of one every 2.5 years thereafter. Instrument prézitiill be established by the TMT SAC
following community, technical and programmatic inputtiéie instrument concepts studied thus
far as part of the observatory design include:

HROS (High-Resolution Optical Spectrometer) a single-object, seeing-limited, high-resolution
(R = 50000 for 1” slit) optical-UV echelle spectrograph in the heritage oRES at Keck and
UVES at the Very Large Telescope (VLT).

IRMOS (Infrared Multiobject Spectrometer) : designed to use multi-object adaptive optics
(MOAO) techniques over ¥ field of regard to feed up to 20 deployable IFUs. This futustrinment
combines the diagnostic power of IRIS with the multiplexaagpabilities of IRMS.

MIRES (Mid-Infrared Echelle Spectrometer): is a diffraction-limited, high-resolutior6000 <

R < 10000) spectrometer and imager operating at 8uh8 It will employ a separate AO system
optimized for the MIR. A concept for a MIR high resolution sregraph and IFU instrument called
MICHlI is being actively developed at this time.

NIRES (Near-Infrared Echelle Spectrometer) fed by NFIRAOS, NIRES is a diffraction-limited
high-resolution 20000 < R < 100000) spectrometer covering 1-2i4m simultaneously. It is a
scientific descendent of Keck/NIRSPEC and VLT/CRIRES.
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PFI (Planet Formation Instrument): an extreme AO high contrast exoplanet imager with spectro-
scopic (R<100) capability. The first version of the system will obtain c@sts of10° (goal: 107)
while the second version’s requirement @8 (goal:10°) in H band forR < 8 mag. The next design
phases are greatly benefiting from all the lessons leared @GPl at Gemini and SPHERE at the
VLT. There s already a large overlap between the GPI and B\dldpment teams and new concepts
(Second Earth Imager for TMT — SEIT and Planetary Spectrablen— PSI) are being developed.

2.3.4 Observatory operations

Both PI-directed observing and Service observing modeplarsed. Each partner is free to divide
up the amount of Pl-directed and Service observing awarde®irected observations may use
time blocks as short as an hour (da#://www.tmt.org/observatory/operationsut typically half
or whole nights will be awarded and will involve the assigminef a support astronomer to the Pl
to help with planning execution and analysis of the obs@mat Service observing will effectively
be the execution of a pre-planned queue. This will enableymaried programs to be supported
including cadence and Target of Opportunity (ToO) prograse/ell as Pl-controlled observations
and eaves-dropping modes. Most observing will be carrigdemuotely, either from the sea level
headquarters or remote observing centers in each of thegpaduntries.

3 FUNDAMENTAL PHYSICS AND COSMOLOGY

One of the most exciting areas of current research lies ahtbdace between theoretical and high-
energy physics and cosmology. Indeed, the discovery of hetter and dark energy results from
astrophysical observations of the universe. It is thesdkof careful quantitative cosmological and
astrophysical measurements that offer the greatest pedimisconstraining fundamental physical
theories. TMT will contribute in this area by providing hlgtaccurate measurements of the most
distant sources, large samples of objects probing the tg@\a intermediate distances, and precise
studies of the dark matter in nearby and distant objects.

3.1 The Nature of Dark Matter

There is now incontrovertible observational evidence thatmain mass component of the uni-
verse is in the form of “dark matter” that interacts extreynwkakly with atoms and photons. In
the standard paradigm, non-interacting dark matter ctnthe clustering of dark matter, making
it a tractable computational problem in which the initiahditions and the evolution equations are
known once the nature of dark matter has been specified. &imusg can then be contrasted with
the observed galaxy clustering pattern to shed light orgqtioperties of dark matter. This has led
to a scenario where dark matter takes the form of elementaticles that emerge from the early
universe with negligible thermal velocities and a scaéefdistribution of Gaussian density fluctua-
tions. Coupled with a “dark energy” field that governs the kaxpansion of the universe, this “Cold
Dark Matter” (ACDM) paradigm has now matured into a full theory without toleaparameters,
from which detailed theoretical predictions are possibleese predictions have been successfully
verified on large scales(1 Mpc), but the situation is far less clear on the scale ofviddial galax-
ies, where thé\CDM model is challenged by a number of problems. The rotatiowes of dwarf
galaxies, for example, seem at face value inconsistentthéticuspy dark matter halos predicted by
cosmological simulations (Sects. 3.1.1 and 7.6.2). Furth€DM predicts a number of low-mass
dark matter halos that far exceeds the observed numbenvbfaexies (Sect. 3.1.2). Although some
see these challenges as signaling the need to abandon #tégpay others argue that observations
can be accommodated withiCDM once the effects of baryons on the scale of dwarfs aregstpp
included. This is a complex problem that is far from solvet] best approached by following multi-
ple lines of inquiry. Despite its complexity, progress haststeady and breakthroughs seem within
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Fig. 4 Measured LOS velocity dispersion profiles in the Milky WaypthS (Walker et al. 2009).

reach. TMT can play a key role in enabling these breakthrebgtplacing definitive constraints on
the mass profile of dwarf galaxies and enabling the detectialark substructure in gravitationally
lensed-systems.

3.1.1 Dwarf galaxy radial mass profiles

One of the most robust predictions of cosmologitabody simulations is that, in the absence of
baryonic effects, CDM halos must have cuspy density profResation curve studies of low surface
brightness (LSB) galaxies have hinted that the actual nadgeomight be shallower than predicted
by simulations, fostering a lively debate regarding the miggof these results and their consistency
with ACDM. One possibility is that baryons may transfer energyhdark matter as dense star-
forming regions dissolve, flattening the cusps and turrtiegrt into “cores” more easily reconciled
with observations (Navarro et al. 1996; Governato et al.020dviewed by Pontzen & Governato
2014). This mechanism, however, can only operate in gadaxieere baryons are relatively impor-
tant. The dwarf spheroidal galaxies of the Local Group (&$plave measured line of sight (LOS)
velocity dispersions that are much larger than would beriatefrom their stellar content. It is be-
lieved that these are the most dark-matter-dominated iaBstems. Establishing the presence or
absence of cusps/cores in dSphs is thus a direct test of ot @fiost distinctive predictions of
the ACDM scenario. In addition to the cusp/core problem for thpttSand the ultra-faint dwarfs
(UFDs), there is evidence for lower central densities anallemoverall numbers of the largest satel-
lite galaxies of the Milky Way. This is the “Too big to Fail” pblem. By measuring the distribution
of dark matter in these nearby satellites, TMT will make &diitest of cosmology.
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thousands of stars (LOS velocities)

Fig.5 Statistical uncertainty on the logarithmic-slope of theglty at the half-light radius (400
pc) of a Draco-like NFW dark matter density profile as a fumetdf the number of stars observed.
This is based on a Jeans analysis of the LOS velocity disperassuming 1 kms" accuracy. The
Fisher matrix yields its uncertainty in a fit to a 5-paramd#enily of profiles. In combination with
the mass within the half-light radius, in the absence of tiig effects this measurement provides a
powerful test ofACDM vs alternative dark matter models. Figure credit: Jl& (UCI).

The best constraints on dark matter profiles in these UFDxgedare presently those based on
large samples of radial velocities (RVS), see Figure 4. glaemlyses, however, suffer from the well-
known degeneracies associated with the unknown stellaciglanisotropy distribution (Binney &
Tremaine 1987). If RVs alone are to be used, greatly incngatsie sample of stars is essential to
break the degeneracies. Figure 5 shows how the error onghetlomic slope of the mass profite,
will be reduced as a function of the number of stars in a kinensample. Existing and imminent
spectrographs such as Subaru’s PFS will be able to effigiemhsure RVs of hundreds of stars in
these dwarfs. However, obtainings km s~! precision RVs for> 10 000 stars will require reaching
the main sequence in these dwarf galaxies. For Draco, thahsge~ 23 (Strigari et al. 2007),
which will be very challenging for telescopes in the pre-TMR. Given the relatively small core
radius of these dwarf galaxies (6’ for Draco), TMT/WFOS will be an efficient instrument, and
should allow us to greatly improve the constraints on theimost profile of these dwarf galaxy
halos (see Hayashi & Chiba 2012)

In addition to providing RVs for thousands of stars in mu#idwarf galaxies, TMT can also
help to resolve the anisotropy degeneracies by providinggrrmotions. Strigari et al. (2007) have
shown that if proper motion data could be obtained witB km s~! accuracy for just a few hundred
stars per galaxy, the accuracy of current kinematic stwddesd be increased five fold. This is within
the reach of TMT'’s IRIS spectro-imaging NIR camera with thEIRAOS AO system. Relative
astrometric measurement with the Keck AO system alreadshesathe~ 150 pas level. IRIS is
designed to obtain an accuracy-of30 pas at comparable S/N. Thus, the relative positions of two
measurements with respect to a reference can be determinedt mas per star. Over a three-year
baseline this corresponds to a kinematic accuracy perfstaricdkm s~*. Doubling the time baseline
would provide measurements of proper motion for stars teigthan/i ~ 18.5 with a kinematic
accuracy better than 4 knv.

Furthermore, for red giants brighter théin= 18, corresponding to & magnitude of 17.6, the
Gaia mission should yield relative astrometric accuracy af) pas (based on their revised specifi-
cations). The Sculptor dwarf contains more than 100 such;gig combining such a Gaia and TMT
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position measurement separated-byl0 years, proper motions with sufficient accuracy to distin-
guish cusp from core with a S/N of four will become availaliteglin 2015). A further TMT position
measurement, several years later, could be used to meadocéywchanges and thus identify binary
systems with periods of years. Such binaries can contaeihatvelocity dispersions of UFDs. The
synergy with Gaia yields a competitive proper motion detaation even in the case of the brighter
but more distant Fornax dwarf, whose ecliptic latitude wilbvide it with more than twice the sky-
averaged number of focal plane transits. The TMT will be abldefinitively distinguish power-law
cusps from constant density cores in many of the Milky WagteHlite galaxies.

Measuring accurate astrometry for stars covering theifidl radius of the dwarf galaxies will
not be easy, as it will require AO-assisted imaging (to gettstrometric precision) over a very large
area. The tidal radius of Sculptor is nearly. Even with short (10 s) exposures (sufficient to reach
K = 22), fully mapping the proper motions across the entire tiddius will take some 800 hours
(40 nights per epoch for two epochs) of telescope time, aisguf®0% overhead for the dithering.
Most other dwarfs are smaller on the sky, and their motiomsktExmapped with< 20 nights per
dwarf of observing divided into two campaigns separated bitipie years. It will be important to
observe both larger dSphs and UFDs, to control whether bargifects can affect the cuspiness of
the mass profile (Ofiorbe et al. 2015).

3.1.2 Dark matter substructure

Simulations of galaxy formation using theCDM under the standard model reveal that massive
galaxy halos should be associated with large numbers of suiathalos (“substructure”). On these
sub-galactic scales, however, there appears to be a lagepancy between the theory and obser-
vations of satellite galaxies. Simulations predict thatéshould be thousands of substructures with
masses betweeinx 10% and4 x 10 solar masses, comprising 5%—10% of the total halo massrwithi
the virial radius (e.g. Springel et al. 2008). In contragtservations of the Milky Way, where the
most complete investigations of substructure have beedumed, have found many fewer satel-
lites than predicted, leading to the well-known “missingefiies problem” on the low-mass end
(e.g., Moore et al. 1999b; Klypin et al. 1999) and a slighsten with excess satellites on the high-
mass end of the mass function (e.g., Strigari et al. 2008siPle explanations for this discrepancy
are (1) some type of astrophysical process (e.g., diffe®nt star-formation efficiencies), (2) the
Local Group is an outlier, or (3) we have an incomplete urtdading of the nature of dark matter.
To distinguish between these hypotheses requires a lamplsaf galaxies in which we can de-
tect even non-luminous substructure. The combinationafitational lensing with high-resolution
observations by the TMT will provide exactly such a sampte] will do so via two independent
techniques.

Flux ratio anomalies in lensed Active Galactic Nuclei (AGNEhe image configurations and
predicted fluxes of lensed AGNs are set by the smooth magibdisdn in the main halo of the
lensing galaxy. Deviations from the flux ratios predictediny smooth mass models, i.e., flux ratio
anomalies, are a sign of lumpiness in the mass distribufitmedensing galaxy. This lumpiness may
be due to stars in the lens (microlensing), which is the damticontaminant in searches for dark
matter substructure. However, the microlensing can bedadoif the angular size of the lensed ob-
jectis larger than the lensing scale of the stars, which éapf the lensed emission is coming from
a region larger than the broad line region (BLR) in the backgd AGN. A promising approach
utilizes the narrow-line region, which is large enough toidwmnicrolensing. These observations re-
quire sensitive and high-resolution IFU observations,righeo to obtain high-S/N spectroscopy of
each of the lensed images that are typically separated bycaraond or less. This method was
originally proposed by Moustakas & Metcalf (2003), and rexently seen a successful application
by Nierenberg et al. (2014). The large gains in both seiitsitand angular resolution provided by
TMT will allow this procedure to be applied to a statistigadlignificant sample of lens systems.
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Alternatively, the dusty torus that is seen in the MIR caroalsovide a measurement of flux ra-
tios that is immune from microlensing and dust. Current olzg@ns of lensed QSOs have found
closely separated images (0.3"), too faint and difficult to resolve with existing 8 m telepes.
JWST will be much more sensitive but its resolution will bgrsficantly less than that of TMT.
Diffraction-limited observations using the TMT will be esgial to separate and distinguish these
images, especially for the (expected) large number (1@d'sinall-separation lenses (.3").

Gravitational imaging: Gravitational lensing plus semsithigh-resolution imaging provides a
second path to quantifying the substructure mass functiatistant galaxies. In the “gravitational
imaging” technique (Koopmans 2005) the targeted systemsatrlensed AGNSs, but rather systems
in which a background galaxy is lensed into a long arc or alyng massive foreground galaxy. In
these systems, the radius and overall appearance of the sethy the smooth mass distribution in
the lensing galaxy. However, the presence of dark-mattesteucture can perturb the shape of the
ring on small angular scales. These small astrometric fEations to the lensed emission allow the
presence of substructures to be deduced, even with no dlefeaiminous component. An excellent
demonstration of this technique with ground-based insénitiation resulted from NIR AO observa-
tions with Keck. A10® solar mass substructure irnza~ 0.9 galaxy was robustly detected in three
independent data sets (Vegetti et al. 2012). The substeuatas detected at higher significance in
the Keck AO data than in HST imaging of the same system, dukedigher angular resolution
of the Keck observations, see Figure 6. With its significamgriovements compared to Keck in col-
lecting area, angular resolution, and number of systemasaide with AO, the TMT will move
this technique into the regime where interesting condisaian be placed on the substructure mass
functions and, furthermore, will allow these parametetstaetermined as functions of, e.g., galaxy
mass, redshift, and other observables.

3.1.3 Dark matter self-interaction cross-section

Many dark matter experiments are dedicated to searchirgpigulings of the dark matter particle to
the Standard Model and can be classified into direct detedok matter experiments (e.g. CDMS,
LUX, etc), colliders (LHC) and annihilation experimentERMI). If, however, dark matter does
not couple (or does so extremely weakly) to the Standard Mibgése searches will only allow us
to rule out parts of a parameter space. Astrophysical exyets, however, can probe interactions
between two dark matter particles via their effects on thectires and dynamics of dark-matter
halos.

Interacting clusters have proven very fruitful for constiag the nature of dark matter (Clowe
et al. 2006). In clusters with recent strong merger actittig positions of dark matter halos and
the main baryonic component can become separated. Theepdretween the X-ray emitting gas
and the dark matter provides a powerful upper limit on the @fmteraction cross section. More
recently, it has also been suggested (Dawson et al. 201i2hthaeparation between the dark matter
and the galaxies in interacting clusters can provide a ldwetrto the self-interaction cross-section,
om. This measurement is controversial and the significancertiégon very accurate determination
of the position of the weak lensing.

Current limits from studies of the Bullet Cluster (Randdlla¢ 2008), MACS J0025.4-1222
(Bradac et al. 2008), and DLSCLJ0916.2+2951 (Dawson €(dl2) requirer,,, < 0.7 cm? g~ 1.
However they leave a considerable room for improvement.tidoemain observational challenges
to measure both gas-DM and galaxy-DM offsets are accuratsumements of the weak lensing
centroid as well as accurate determination of cluster meshipand hence galaxy centroid. Even
more importantly, these studies all require detailed dyinahinformation of the system to be in-
cluded in simulations, and only TMT can provide this for gglanumber of faint cluster members.
Furthermore, because the weak lensing centroiding acgisacvery strong function of the num-
ber density of lensed galaxies used, this measurementresquiieater depth and resolution than
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Fig.6 Demonstration of the detection afgrk) substructure via gravitational lensing and Keck AO
imaging. (Top two panelsSubstructure detection via flux ratio anomalies in the R#B1 lens
system. Figures show HSErfall rectanglg and Keck/OSIRIS imagingdrge rectangl¢ and the
posterior probability for the location and mass of the swlsstire under the assumption of a single
perturbing mass and a singular isothermal sphere profigirés from Nierenberg et al. (2014).
(Bottom two panejsSubstructure detection via gravitational imaging in tHE9B8+666 system.
Figures show the Keck/NIRC2 imaging of the system, with #resing galaxy masked out, and the
enhanced convergence required to fit the data. The peak gotivergence map corresponds to the
location of the substructure in this system. Figures fromeéte et al. (2012).

even HST or JWST will provide, meaning that TMT will be readrif the issue of a dark matter
self-interaction cross-section is to be resolved.

3.1.4 Baryonic power spectrum

The power spectrum of density fluctuations on small scalesiges the strongest constraint on the
fraction of hot dark matter in the universe (Hu et al. 1998irae streaming by this matter reduces
the fluctuation power on small scales. Power spectrum datalsa provide constraints on a wide
variety of potential low-mass particles such as sterilérnigas, axions and thermal relics (Narayanan
et al. 2000; Hannestad & Raffelt 2004, Viel et al. 2005).

Studies of the distribution of matter can also tell us detallout the early inflationary period of
the universe. The power spectrum of density fluctuationsadipted by theory to have arisen from
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a “scale invariant” primordial spectrum that is a power laithwear unity slope. Small deviations
from this unity slope are expected and are related to theegelgy which the universe expanded
during the period of inflation and hence to the physical prioge of the fields that drove inflation.
By measuring the distribution of matter over a wide rangecafess, one can constrain both the slope
and possible deviations with high precision. Measureméii@ power spectrum on large scales
is limited by “cosmic variance” (there is only one universethe most precise measurements will
necessarily come from measures on small physical scales.

In the present-day universe, the memory of the initial chods on small scales has been erased
by the formation of complex structures such as galaxies. é&dew by studying the details of the
distribution of diffuse hydrogen gas in the intergalactiedium (IGM) at high redshift, it is possible
to measure the “primordial” power spectrum of all matterisidan be achieved by studying absorp-
tion line systems along the sightlines of many differentses. Numerical simulations over the past
decade (e.g. Viel et al. 2013) have further refined the pofkB e power spectrum measurements,
allowing constraints to be determined even on scales teat@newhat non-linear.

The technique of measuring the power spectrum from absorfitie systems has been devel-
oped over the last decade using the Sloan Digital Sky SuisBsS) and BOSS (McDonald et al.
2006; Busca et al. 2013; Slosar et al. 2013) using quasatradairly low resolution R ~ 2000),
then supplemented with smaller numbers of high resolufi@tsa taken with Keck, Magellan and
VLT (Viel et al. 2006; Becker et al. 2011). On large scaleg thost sensitive sample to date is
the one studied by the BOSS survey (Lee et al. 2013b), whieh aksnost 55000 quasars between
2.1 < z < 3.5. Power spectrum measurements (combined with CMB consdriiom WMAP and
Planck) have placed upper mass limits of 0.23 eV for the suthefmasses of the standard model
neutrinos (see Abazajian et al. 2015 for a discussion). étighsolution and higher redshift obser-
vations (Bolton et al. 2012) have placed the current loweitlof the warm dark matter mass scale
Mym > 3.3 keV. With TMT, the number of QSOs in the correct redshift ramgll increase by about
an order of magnitude.

Absorption line studies using quasars are fundamentattytdid by their angular density.
However, with TMT it will be possible to use the fainter but eumore abundant “normal” galaxies.
By using galaxies as probes instead of quasars, TMT willaftar the first time the study of the
3-D distribution of diffuse hydrogen in the IGM, which is datly related to matter density, thereby
increasing the precision of cosmological measurements ®aat an order of magnitude over that
possible with current telescopes. Here the distributiomatter is affected by complex physical pro-
cesses, such as gas dynamics, star formation and feedbddk uSing WFMOS and IRMS, will
probe the distribution and composition of gas along theslinfesight to distant quasars and galaxies,
providing unique high-quality data essential to an und@ding of these processes.

3.1.5 Dark energy and modified gravity

Understanding the acceleration of the universe (Riess &08B; Perlmutter et al. 1999; Eisenstein
et al. 2005; Vikhlinin et al. 2009) is arguably the greatdstllenge facing cosmology. In Einstein’s
theory of gravity, an accelerating expansion requires thataverage pressure throughout space
be negative. Cosmological fluids with negative pressurealled dark energy (DE). The simplest
implementation of DE is a cosmological constant, which oiporated in the concordana€DM
model. HoweverACDM on its own provides no explanation for the smallness efdbsmological
constant relative to most scales in the theory. Obsengtmdate are consistent with a cosmological
constant but also with several distinct dark energy modéis.most common way to describe any
dark energy candidate is through its equation of state petem(EOS)v = p/p, which is the ratio

of its pressurex) to its energy densityp). w = —1 is for a cosmological constant and for anything
other than this, dark energy evolves with time.
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Fig. 7 Dark matter structure at~ 3. TMT will probe multiple lines of sight using WFOS and back-
ground galaxies as sources. This will provide a more coraplatierstanding of the baryonic power
spectrum and interaction of the IGM with baryonic matteréategies (Credit: R. Cen, Princeton U.).
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Fig.8 Left Current constraint om, andw, from different observations (Planck Collaboration
2014b); Right Current constraint on behavior af(z) from different observations (Hazra et al.
2015).

Constrainingw and its variation with time is one of the main goals for allg@et and future
cosmological observations including TMT. For that, the GRItameterization = wy + w, (1 — a)
by Chevallier & Polarski (2001) and Linder (2003) is the widesed parameterization for the EOS.
Present bounds on the evolutiomofare shown in Figure 8.

Another approach to the late time acceleration is to modi&/dravity at large cosmological
scales without including any exotic component in the endmggget of the universe (Dvali et al.
2000; Freese & Lewis 2002; de Felice & Tsujikawa 2010; Améador sujikawa 2010). Often these
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models are equivalent to dark energy models. TMT will canistthese models through the obser-
vational tests described below. Additional tests of GR vy supermassive black holes (SMBHS)
are described in Section 6.1.1.

Measuring the properties of dark energy and testing altergeavity theories is the goal of
many experiments and observatories that will be operdtahe same time as TMT (e.g. LSST,
Euclid, WFIRST). These missions will carry out large-scaleveys in order to exploit popular dark
energy diagnostics such as baryonic acoustic oscillaf{BA®) or cosmic shear. TMT can be a
competitive probe of dark energy and modified gravity by &g on diagnostics that require its
unigue combination of sensitivity and angular resolutidce the ones described below (see also
Jain et al. 2013). By measuring the anisotropwinandw, (e.g with time delays), TMT may also
be able to place competitive constraints on the speed oftsofie dark energy fluid.

3.1.6 Time-delay cosmography

Gravitational time delays between multiple images of lengeasars have emerged as a powerful
probe of dark energy (Suyu et al. 2013, 2014). A key requirgrizethe need to image the lensed
host galaxy at sufficient resolution to chart the gravitadigpotential. In the next decade thousands
of lensed quasars will be discovered and monitored by uptgip@noramic imaging surveys (Treu
et al. 2013b), and high resolution AO imaging will be useddliofv selected systems and thereby
provide absolute distances4d % precision. Furthermore, high resolution spectroscepgeded to
measured the redshift of the lensed quasars and the reastiftiternal kinematics of the deflector.
The angular diameter of the gravitational lens systems @adér3” — 4", well matched to the ca-
pabilities of IRIS. The method is particularly powerful wheombined with microwave background
and Type la supernovae (SNe la) experiments, as it breakg aiahe residual degeneracies (e.g.
between curvature and w). At the moment this method is lihitg the small number of known
suitable systems. However, more than an order of magnitwtease in the number of known lenses
with time delays is expected with LSST (Oguri & Marshall 2DIThe LSST will also find strongly
lensed SNe la, for which we can directly measure the magtiditéactor to further constrain the
gravitational potential (Oguri & Kawano 2003), see alsot®ac9.1.1. High resolution imaging and
spectroscopy with TMT will transform these into high-pigen cosmological probes.

3.1.7 Cosmology from clusters of galaxies

Clusters of galaxies are a very important laboratory fonalegy and fundamental physics, pro-
viding multiple probes into dark energy and its evolutios veell as the nature of dark matter and
its interaction with baryons. Critical spectroscopic asti@metric measurements on lensed galaxies
are only possible with the resolving power and sensitivitsro AO-fed 30 m class telescope.

3.1.7.1 Strong and weak-lensing tomography

The deflection of light due to gravitational lensing depeadshe angular diameter distance
ratios between the source, lens and observer. For the saisienieasuring the increase in lensing
effect with source redshift provides a cosmographic meamsant, whether the effect is weak lens-
ing shear (Jain & Taylor 2003), or the position of strong iegsarcs (Golse et al. 2002). In practice,
the constraint increases very strongly with the numberad per cluster and the number of clusters
(Jullo et al. 2010), as long as the large scale structuregaios LOS is known (Dalal et al. 2004).
Because many arcs are observed to have characteristicswiétbw 0.1, AO-based imaging is
required to resolve them, and to separate them from the bagkd sky. At the same time, spectro-
scopic measurements required to securely establish ashifesdand to identify structure along the
LOS require the aperture of a 30m class telescope. For cdusith = > 0.5, the entire strongly
lensed region spans-<a30’ diameter region for all but the most massive clusters (Ritled al.
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Fig.9 Left 68% confidence level constraints on the dark energy EOSn&easwo andw, us-
ing midterm SN distances and CMB information with or with¢inte delay measurementRight
Similarly, 68% confidence level constraints using time getaidterm SNe, and CMB information,
assuming spatial flatness or allowing curvature. In bothefsathe time delay probe demonstrates
strong complementarity, tightening the area of unceyaigta factor 4.8 and 20 respectively.

2014), well-matched to the plannéd” x 34” FOV of the IRIS imager. Based on the HST WFC3
imaging of the frontier fields, TMT will be able to observe uphtundreds of multiple images per
cluster field (Jauzac et al. 2014), and at a resolution (ah)L5x that of ACS. For higher-redshift
clusters, weak lensing tomography can be used to extend dasurements to-300 kpc, taking
advantage of at least partial image correction over theeeAD-assisted FOV.

3.1.7.2 Masses for high redshift clusters

In hierarchical cluster formation scenarios, formatiortlofters of galaxies occurs late in cos-
mic time. Therefore, detection of high mass systems at eadighifts poses a sensitive constraint on
cosmological models, and may point to primordial non-Geusforms or complex modifications of
gravity. Because the mass function is so steep, the cosioalagnstraining power depends crit-
ically on the ability to measure the cluster mass. Clustersa 1.5 are unlikely to be virialized,
and masses derived from scaling relations from the X-rayptical richness are unlikely to be well-
calibrated at that distance. The two techniques which ntigkie promise in determining the mass
of high-z clusters both require the unique capability of a 30 m clagstage with both wide-field
spectroscopic and high resolution imaging capabilities. Weak lensing, the primary difficulties
are measuring shapes for enough galaxies behind the dustadequately measure the shear, and
having sufficiently accurate redshifts to remove the hugegmund contribution (both to the galax-
ies and the shear). For clusterszat> 1, this requires a combination of deep optical and infrared
spectroscopy (for infall measurements and foregroundstra determination) and AO imaging (for
shape measurements and redshift measurement of smallrbaokiggalaxies).

3.1.7.3 Cluster abundance and mass function: Calibratied/tass-Observable Relations

Cosmological constraints from clusters are also derivethfthe evolution of the cluster mass
function as a whole betweéh< z < 1.5. Although the TMT is not a survey machine, and will not
detect or measure masses for the majority of clusters fentieiasurement, it will play a critical role
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Fig. 10 Snapshots at = 0 for N-body simulations of GRI¢ft) and f(R) gravity (right). 256° par-
ticles are simulated in a B=64 Mpc/h box. The Hu-Sawicki mdtel & Sawicki 2007) is adopted
for the f(R) simulation (Zhao et al. 2011b).

in many of the steps in the calibration of the mass measuresmeor example, the contribution to
the uncertainty in the calibration of the mass-temperatiegion that arises from uncertainty in as-
signing photometric redshifts for galaxies behind clustdrdifferent redshift is already comparable
to the statistical errors. This uncertainty is expectedtmithate the error in the era of large surveys
such as eRosita, Euclid, and LSST. Second, measuremerg idlgtionship between the shear and
the mass observable at fixed redshift requires accurate measurement. Defining a “golden set”
of clusters with very accurate lensing measurements aretedly with a dense and reliable set of
redshift measurements will be key in deriving cosmologamistraints from the evolution of the
mass function. The angular sizes of the cluster cores atematthed to the FOV of the AO system.
However, efficient measurement of sufficient redshifts nemuire a second generation instrument
with higher multiplexing or the use of multiple rotated gnigxposures.

3.1.8 Tests of general relativity

As described in the SMBHs section, high precision detertiina of the velocity and position of
stars orbiting the SMBH at the center of the Milky Way provagtringent test of General Relativity
(e.g. Angélil & Saha 2011). A similar test can be performedi@ scale of an entire galaxy. Even for
a face-on galaxy at a fixed distance, the apparent Doppleciis not constant due to GR effects.
The light from the central part of the galaxy will be more rieifted compared to the outer part. This
is because light from the inner part has to climb out of a degmitational potential. There is also
the Transverse Doppler Effect that makes the kinematidadlyer center be even more redshifted.
Both redshift effects are small (on the order of (0.1-1) krh)sBy stacking high resolution spectra
of many spatially resolved galaxies, however, the GR sigilbe detectable by TMT (Zhao et al.
2013).

Alternatively, TMT can be used to test GR using the environtally-dependent screening ef-
fect. In principle, one can modify GR so that it mimics a cofmgaal background expansion history
similar to that in theACDM model (GR plus vacuum energy as dark energy). This withaatically
change the structure growth on all other scales, includiegyalactic, and even sub-galactic scales,
which could violate the stringent solar system confirmattbiGR. However, there are screening
mechanisms (Khoury & Weltman 2004) in which the additionedictes of freedom (scalar fields)
could be shielded to evade the solar system tests. The soggeduces the signal of modified grav-
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ity (MG) on (sub-) galactic scales, Therefore the high aaguésolution and sensitivity of TMT
makes it ideally suited to carry out this kind of tests. Faaraple, in modified theories, the dynami-
cal mass and lensing mass of the same object are in gendeaédif unlike those in GR. Based on
a high-resolutiorV-body simulation of & (R) model (See figure 1 in Zhao et al. 2011b), it is found
that the fractional difference between dynamical and femsnasses (denoted lyy;) depends on
the local environment (Zhao et al. 2011a).

Observationally, the lensing and dynamical masses of gadaan be measured by TMT using
strong lensing and velocity dispersion measurements$etgvab et al. 2010). Once this is done, one
can similarly subdivide the samples using their lensingsvaasl local environment indicator, then
contrast the fractional mass differenbg; of isolated low mass galaxies to those clustered massive
galaxies. This can not only enhance the possible signahlbatminimize systematic effects.

3.2 Physics of Extreme Objects — Neutron Stars

Our knowledge of the strong and gravitational forces, antbedour fundamental interactions con-
ventionally recognized, is relatively incomplete. TMT deaprove our understanding of both forces
by constraining the EOS of extremely-dense matter andhtggtiavity theory with neutron star (NS)

binary systems.

The measurement of NS masses provides clean and tight amtston the state of dense mat-
ter at supranuclear density, and has profound implicationthe nature of the strong interaction.
However, up to now, all accurate mass measurements are fbserations of binary pulsars.
Gravitational microlensing has been proposed as a possieto measure the mass of isolated
NSs, and it has been highlighted that microlensing evergstalypulsars could be predicted based
on pulsar proper motions obtained through radio obsemat{Bai et al. 2010). Future large radio
telescopes, such as FAST and SKA, will discover thousandswfpulsars and determine their dis-
tances and proper motions; deeper optical surveys, suchRSVT and LSST, will provide billions
of background sources. Therefore, it will become possiblerédict potential microlensing events
due to NSs, and further confirm and monitor them with radiesebpes (of order a few events per
year can be expected from a dedicated monitoring campaigit). TMT's extremely-high sensi-
tivity and high-precision astrometry«( 0.1 mas), we would be able to detect weak microlensing
phenomenon or provide precise measurements (see Sectdnem determine isolated NS masses
(Tian & Mao 2012).

White dwarf-neutron star systems provide test-beds faryrtheories. By modeling the optical
spectral lines of the white dwarf (WD) and high-precisiodicapulsar timing, the masses of com-
ponents in WD-NS binary systems can be determined indepdgad gravity theory, which makes
WD-NS systems unique laboratories to test theories of yravihe strong-field regime (Freire et al.
2012; Antoniadis et al. 2013). The high spectral line séntitand resolution of TMT will greatly
increase our sample of WD-NS systems and provide precise measurements of the binary com-
ponents. By combining the derived masses with additionat-geplerian parameters from radio
timing, we will be able to probe various aspects of altexgagjravity theories. Wide-orbit WD-NS
systems are ideal systems to test strong equivalence plenevhile tight-orbit WD-NS systems
have proved to be extremely useful in probing the local Larémwvariance of gravity (Shao & Wex
2012).

In addition, the optical emissions from NSs carry importafidrmation about the underlying
radiation processes in strong magnetic fields and henceatheenof NSs. Normally, the optical
emission is weak, and only about 20 NSs have been observed/optical/IR so far. However, it
has been discovered that the optical/UV fluxes exceed edtatipns of X-ray blackbody emission
(Tong et al. 2011), which thus may reveal some new physicadgeses. Large optical telescopes,
such as TMT, will be necessary to make breakthroughs in #lis. fi
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Fig. 11 Measuring alpha. Wavelength residuals seen in QSO spextsRsitivity coefficient. The
slope indicates a variation of the ratio of the masses of theop and electron (Bagdonaite et al.
2013a,b, 2014).

3.3 \Variation of Fundamental Physical Constants

In a large class of fundamental theories, the four-dimeraioniverse that we observe emerges from
a higher-dimensional space-time. In such theories, thédmental physical constants, such as the
fine structure constant and the electron-to-proton mass eat expected to be time dependent (see
Uzan 2007 for a review). Time variation of fundamental pagtars is also generic in cosmological
models of quintessence. Itis possible to search for andi@nsny such variations of the constants
by accurate measurement of wavelengths of absorption $iees in the spectra of quasars (Webb
et al. 1999). Past observations have been inconclusivee Mhan a decade of study using 8 and
10m telescopes to constrain evolution of the fine structarestant has yielded mixed results (e.g.
Murphy et al. 2003; Chand et al. 2004; Tzanavaris et al. 28@#hold et al. 2006; Molaro et al.
2013). There has been recent tantalizing evidence for ati@miin the electron-to-proton mass ratio
(Fig. 11). These observations have been limited both by &Ad,by identification and control of
systematic errors (Murphy et al. 2007). While both of theésgtations need to be addressed, it is
clear that S/N provided by the current generation of 8—10est®pes is at best marginal. In the same
amount of observing time, TMT with HROS would provide a thfekl improvement, providing

a statistically definitive result. Combining TMT obsereats with results from other probes such
as CMB power spectrum analysis (Planck Collaboration 2D lgddaxy clusters (Galli 2013), or
primordial nucleosynthesis (Coc et al. 2012) promises tdisgts on the order ofl0~* on the
variation ofa, and of10~3 on the variation of the electron mass over the past 13 biliars.

4 EARLY UNIVERSE

The expansion of the universe stretches the wavelengthsadps, causing spectral lines to shift to
longer (redder) wavelengths. The redshift of a source is ghmeasure of its distance, and the epoch
at which the light was emitted. The frontier for spectroscally-confirmed galaxies is currently at a
redshift of 7.5, when the universe was roughly 700 millioangeold, and plausible candidates have
been identified as far back as= 11, but have not yet been confirmed.
The motivation for finding and studying the most distant g@s is three-fold. Firstly, as-

tronomers are inspired to undertake a census of the firstigalaeen in the first few hundred million
years after the Big Bang. This curiosity for explorationis@iamental to science and has driven as-
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tronomy to major discoveries in the past; it also exciteagpaiblic interest. Secondly, and more
fundamentally, hydrogen in intergalactic space is ionikgd redshift of about 6, whereas it was
fully neutral soon after the time the microwave radiatioreeged. At some point there was a land-
mark event calledosmic reionizationakin to a phase transition in the IGM, when hydrogen became
ionized. Most astronomers suspect this event was closklieckto the birth of the first galactic sys-
tems that released copious amounts of ionizing UV photorisr B reionization, hydrogen was
still in atomic form and the universe was devoid of any lightiting celestial sources — a period
commonly termed th®ark Ages Pinpointing when and how the Dark Ages ended, and finding the
sources responsible for cosmic reionization is necessacgiplete the story of galaxy evolution.
Thirdly, the physical processes which accelerate or inlfilgi cooling and collapse of hydrogen gas
clouds into young galaxies at these early times provide ¢leels from which later, more massive,
galaxies such as our own Milky Way assembled. Although thewakes predictions of how these
early systems grew and evolved, it is currently not diretetkted by observations.

4.1 Early Galaxies and Cosmic Reionization

It is thought that the first luminous objects, forming froninpordial hydrogen and helium, include
giant short-lived stars, perhaps more than 200 times mossimethan the Sun (Hirano et al. 2014).
Their number and brightness is uncertain, but they may veelbb faint to see with JWST or TMT,
even if they lie in an accessible redshift range (redshift 20 for TMT,; at higher redshift, Ly shifts
beyond theK band window, and there will be no light detectable by grobaded optical/infrared
telescopes). As gravity inexorably forces larger hydrogends to cool and collapse, low mass
galaxies will begin to shine. Calculations taking into asgbthe transfer of UV radiation from
these early galaxies through the IGM suggest that “bubldésdnized gas will develop around
each prominent source. The bubbles will enlarge and eviégntmeerlap, completing the process of
cosmic reionization.

When might this have occurred? The patterns of temperahd@alarization signals from mi-
crowave background photons detected by the WMAP and PlateKites suggest that the free elec-
trons responsible reside in ionized gas in the redshifteghtp 20 (Planck Collaboration 2014a).
Thus it is quite likely there will be an abundance of enegdfivV-luminous, star-forming sources
in this interval that are responsible for this reionizatiblowever, it is not yet known if reionization
was an instantaneous or protracted event, or whether tliarigrradiation comes from a highly
abundant distribution of feeble sources, or a rarer pojulaif brighter, more massive galaxies.
Some cosmologists suspect there may also be ionizing batiths from BHs or decaying particles
(e.g. Pierpaoli 2004). Only by locating and carefully stidythe UV-emitting sources in this era
can these important questions be answered.

Soon after the first sources emerge, the heated neutral dsmlitmegins to glow more brightly
than the microwave radiation. Powerful radio telescopes iaterferometers now being planned
should trace the topology and growth of the bubbles arousdetlsources by mapping selected
regions of the sky using the redshifted 21 cm emission linbyafrogen. However, although low
frequency radio surveys may improve our knowledge of whesmgo reionization occurred, they
will not detect the sources responsible. Our physical ustdading of the process will thus rely
crucially on observations with JWST and TMT.

JWST should certainly be able to detect the brightest ssuyieg within each ionized bubble.
However, TMT, with AO, will be able to detect and study obgeah order of magnitude fainter. The
gain will be particularly dramatic if, as expected, the estlsources are physically small. TMT may
also find the signatures of the much sought-after, cheryicaltevolved, “Population III” sources
expected at these early epochs. In general terms, thereferean expect the role of TMT to be one
of providing a more detailed story of the properties and aflte of earliest sources on the IGM,
building on the basic progress made with radio surveys angTawW



Thirty Meter Telescope Detailed Science Case: 2015 1967

The following subsections introduce several areas wherd& TdMikely to make a profound
impact in its early years in addressing the physical prasgssconjunction with the next generation
facilities such as JWST. Inevitably, given how little is kmoabout the properties of the early stellar
systems and their contributions to cosmic reionizatioa,gbantitative details are more speculative
than in other areas of this document. Flexibility in survetegy will be crucial as more is learned
about this uncharted era. Some of the performance unceetaare discussed in terms of both the
unknown size and abundance of star-forming sources.

4.1.1 Uncovering primordial stellar systems with TMT

The earliest galaxies will contain massive stars formethfpszimordial gas. As these stars evolve
and eject processed material from their eventual SNe, naviyied stars containing heavy elements
will become more common. Simulations consistent with the WA\polarization results (Ciardi et al.
2006) suggest primordial (so-called Population IIl) stay lie in the redshift range 8 to 20. The
formation of metal-enriched Population Il stars may pracegeite quickly, although this depends
on how much gas is retained in the shallow gravitational miidewells of early galaxies; many of
the early metals may be blown right out of galaxies by windsfmassive stars and SNe. Verifying
the existence of chemically primordial galaxies and deteirmg their redshift distribution would
represent a major new constraint on the first stages of gétamation.

The hydrogen Ly line at 1216A is a characteristic signature of photoionization by massi
stars, and is commonly observed in spectra of star-formaigxies atz < 6.5. As much as 8%
of the light of a metal-poor young galaxy can emerge in thenfof Ly«, which has traditionally
made it an effective tool for measuring galaxy redshiftswideer Ly is a resonance line, and is
easily scattered as the IGM becomes more neutral in the eangrse. The presence and strength
of Lya will depend on the size and geometry of local ionization beblaround young galaxies that
may allow Ly photons to escape. Recent observations suggest that ttieriraf Lya-emitting
galaxies drops from ~ 6 to 7 (e.g., Pentericci et al. 2011; Ono et al. 2012, Schertkalr 2012,
2014; Treu et al. 2013a). This evolution appears to steepen>a 7, in clear contrast with the
evolution of UV continuum emission (Konno et al. 2014, Fig@).10nly a handful of secure ky
lines have been detected so farfak z < 7.6, and none (yet) at > 8. The disappearance of
Ly« is presumed to be due to the increasing neutrality of the IGMgher redshifts. It may be that
Ly« is only detectable under rare circumstances at 8, perhaps in compact galaxy overdensities
where ionization bubbles overlap, or in merging systemsra/peculiar motions aid the escape of
Ly« photons.

For very young galaxies, the harder photoionizing specfrom metal-poor stars should excite
higher-ionization UV emission lines that are not ordinasken in more evolved systems. Recent
observations of gravitationally lensed dwarf galaxieedshifts 2 to 3, which may be close analogs
to the galaxy population at > 7 in terms of mass and metallicity, have detected moderateing
high-ionization metal lines such as ClIl] 1939 Olll] 1663 A, and CIV 15494, with equivalent
widths (EWSs) as high as 15 (Stark et al. 2014). In principle, these UV metal lines cardetected
out toz ~ 14 with TMT, whose infrared spectrographs IRMS and IRIS willrhere sensitive than
JWST/NIRSPEC to faint, narrow line emission in compact gjeks These high-ionization metal
lines are a very promising tool for studying young star-forggalaxies, given recent evidence from
ALMA that the ordinarily strong low-ionization [CII] 158m line can be extremely weak in galaxies
atz ~ 7 (Ouchi et al. 2013).

For truly primordial galaxies, without metals, the lastass observing the Hell emission line
at 1640A (the equivalent of K, for ionized helium). Model atmosphere calculations by &xlr
(2002, Fig. 13) suggest this helium line could emit upt®.8% of the luminosity of a metal-poor
young galaxy. Although the signal of Hell is weak, TMT would &ble to see this line in galaxies
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Fig. 12 Evolution of Lya and UV luminosity densities based on recent observationari et al.
2014). The red and blue circles represent the and UV luminosity densities, respectively (labeled
on the left and right vertical axes, respectively). Towaighkz, the decrease of ly luminosity
density is clearly more rapid than that of UV at~ 7, indicative of strong scattering given by
neutral hydrogen gas in the IGM.

up to redshiftz ~ 14. Assuming the sources are physically small, there will begaificant S/N
advantage over JWST.

4.1.2 Detecting the sources of reionization

In the course of early galaxy formation, high-mass starglpce abundant UV photons that are
believed to have been primarily responsible for cosmicnigition. Once reionization proceeds,
the UV background radiation heats gas so as to suppres®staation in low-mass galaxies. Thus,
early galaxy formation leads to reionization, initiatinthagative feedback loop” that actuatiglays
the subsequent stellar mass build-up of the lowest massmsgsiThus, early galaxies and cosmic
reionization would have a profound effect on the more rebetory of galaxy formation.

At the end of the reionization era, at~ 6, galaxies that are directly detected in deep HST
observations, with\/;;y ~< —18, appear to be sufficiently luminous and abundant to maintain
the ionization of the IGM, provided that a substantial fiact(~ 30%) of the H-ionizing photons
emitted by massive stars escapes the galaxies in whichareaste forming (the so-called “escape
fraction”). However, at ~ 7 — 8 the directly-observed galaxy population appears to fallste.g.,
Finkelstein et al. 2012) unless a large population of gakielow the current detection limit is
present. Recent observations suggest that the slope oftarydJV luminosity function steepens
significantly betweenr ~ 4 andz ~ 7 — 8, where its slope (at observed magnitudes) approaches
that expected for the dark matter halo mass function (e guwgns et al. 2015). The validity of
extrapolations of the luminosity function to unobservadtfanagnitudes is currently untested.

According to current theoretical models, the abundanceeoy ¥aint galaxies is determined
by the radiative cooling efficiency of gas within low-massidmatter halos, which is extremely
sensitive to the metallicity of the gas and (for truly zeretallicity gas) by molecular hydrogen
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Fig. 13 Predicted spectrum of a Pop 11l ZAMS burst (from Schaere22@@sed on non-LTE model
atmospheres including H and He recombination lines. Thaathine shows the pure stellar con-
tinuum (neglecting nebular emission). Note the promineetlHL640 thick dashed lingand the
importance of nebular continuum emission. Simulationggssgthat the He Il line, which decays
rapidly within 2 Myr, may be a valuable tracer of metal-fréellar populations.

cooling (Jaacks et al. 2013; Boylan-Kolchin et al. 2014, Eif). Moreover, the abundance of faint
galaxies also depends on the effects of poorly-understeedidack processes (such as SNe) on
subsequent star formation activity in the same regionshbrtsthe abundance of faint galaxies
encodes the essential physics of star-formation and fekdbdow mass dark matter halos.

Cosmic reionization models suggest that galaxies in thge i,y ~ —13 to —18 produce
more hydrogen ionizing photons than the luminolif( ) galaxies at z- 7. However, the abun-
dance of such faint galaxies is essentially unknown andpioexd even with the deepest data in the
Hubble Ultra Deep Field (Ellis et al. 2013). The on-going HilebFrontier Fields (HFFs) initiative
exploits gravitational lensing to search for still faingalaxies behind six massive galaxy clusters.
Scaling from the first HFF results, we may expect that theHilHF data set will identify a total of
~ 20 faint galaxies at ~ 6 — 10, typically down toMyy ~ —16, and typically magnified by a
factor of~ 10 (Ishigaki et al. 2015). Although this is an important stepdrploring the highz faint
galaxy population, the HFF galaxy sample may be too smalidbust statistical constraints on the
faint end of the high= luminosity function, and there may be lingering unceriasmbn magnifica-
tion factors that depend on mass models of the lensing ctudttoreover, the Hubble imaging data
alone do not provide spectroscopic information needed &ueate the metal abundance, ionization
state, or velocity fields in this important early galaxy plzion.

If, as expected, the very faint galaxies responsible fammeation are compact, then diffraction-
limited observations with TMT will detect galaxies an ordéémagnitude fainter than those seen in
the HFFs or that will be seen by JWST while allowing previgushstudied structures within the
lensed galaxies to be resolved. An imaging campaign with TRIB will unambiguously determine
the abundance of highfaint galaxies. Moreover, the combination of sensitivihdangular reso-
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Fig. 14 UV luminosity functions atz = 6 (left), 7 (cente), and 8 (ight), predicted by two sets
of star-formation models with different assumptions atthetdominant cooling processes (Jaacks
et al. 2013). The vertical dashed lines show typical deep BlSErvational limits, and the vertical
dash-dotted lines present the approximate observationiés bf JWST and HFF-source plane. TMT
will probe highz sources at the observational limits of JWST+HFF and fainter

lution of TMT/IRIS and IRMOS will permit detailed spectraguic studies of metal enrichment and
outflow processes of these key sources.

4.1.3 The process and history of reionization

Another major open question is thestoryandprocesf reionization, i.e., how the IGM ionization
develops over time and is distributed in space. Althougbkalipbservations of the 21 cm line at
high redshift offer the promise of mapping the neutral IGMta epoch of reionization, this will
not be accomplished with high fidelity or angular resolutthiing the decade prior to TMT first
light.Alternatively, one can probe neutral hydrogen gasidk along the LOS to bright, high red-
shift background sources whose spectra show bothayd metal line absorption features. QSOs,
gamma ray bursts (GRBs), and perhaps even bright galaxiesecge as the source of background
illumination for this purpose.

At redshiftsz > 6, line blanketing in the Ly forest removes nearly all the light shortward of
Ly« in the object’s rest frame. Very small amounts of residuad flacasionally penetrate at= 6.5
(the so-called “dark gaps”), which can be analyzed sta#i8yi to infer the structure and neutral frac-
tion of the IGM (Songaila & Cowie 2002; Paschos & Norman 20B88&llerani et al. 2006). Only a
handful of bright quasarsi{as < 20) have been found at~ 7 and beyond, from the recent large-
area NIR surveys of UKIDSS and VISTA (e.g., Venemans et d@l320The highest redshift quasar
ULASJ1120+0641 has a redshift of 7.09. The damped litye absorption profile seen in this quasar
suggests that the neutral fraction of IGM was fairly largd,0%, atz = 7.1, favoring late-epoch
reionization (Mortlock et al. 2011, see Fig. 15). It is alssgible that IGM ionization may decline at
higher redshift as intergalactic gas becomes progregsieeitral; searches may then have to focus
on the strong lines of low-ionizing species like Ol and ClheTabundance of high-ionization CIV
absorbers decreases fram- 5 to z ~ 6 (Ryan-Weber et al. 2009; Becker et al. 2009), possibly in-
dicating evolution in the ionizing background consisteithvhe expected progress of reionization.
However, high-ionization species like CIV require relativhard-spectrum sources of ionizing pho-
tons in close proximity. Low-ionization Ol, ClI, and Sill abrption lines have also been observed
(Becker et al. 2011). Ol is of particular interest becausesaftrong coupling with HI via the charge
exchange reaction (so that Ol/HI = O/H) but interpretatiepehds on the unknown abundance of
O. Similar absorption line studies can be conducted using&Gas background continuum sources.
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Fig. 15 The transmission profile of the = 7.09 QSO ULAS J1120+0641 in the vicinity of ky

at the emission redshiftbfack histogramMortlock et al. 2011). The transmission profile is formed
by dividing the observed ULAS J1120+0641 spectrum by the SQSO composite spectrum, to
remove the typical intrinsic Loy emission line. At the bottom of the panel, the random ancesyatic
uncertainties are denoted with black and red histogranspertively. The blue curves represent
model Lyo damping profiles from transmission through the IGM assumiagiral fractions of 10%,
50%, and 100%t6p to bottom and that the ionization front is located at a distance ofNpe.
The green curve indicates the absorption profile expectedéduotral hydrogen column density of
Nur = 4 x 10*° cm™? located 2.6 Mpc in front of the quasar.

However, so far, there are only weak IGM constraints fromeobeations of Lyy using GRBs at a
redshift of 6.3 and below (Totani et al. 2014); progress & 6 has been limited by the lack of
sufficiently bright GRBs (cf. the highest redshift GRB:z0f 8.2; Tanvir et al. 2009). With its large
aperture and fast response time for ToO observations, TMTbwiable to obtain high-S/N spectra
of faint GRBs out to very high redshifts. Nearly all of theanfation at these redshifts must come
from Lya damping profiles and metal lines longward ofdlyAt = > 7, all of these features lie at
NIR wavelengths — the domain of TMT/NIRES.

As described in Section 4.1.1, recent observations sudigaist ya. damping wing absorption
due to a substantially neutral IGM suppresses lgmission from galaxies at ~ 8 and beyond.
However, galaxies are also useful for probing the later msg of cosmic reionization history at
z < 8, especially for investigating the topology of ionized bidshin the late stages of reionization.
Although neutral hydrogen in the IGM reduces the visibibfyLy o« emission from distant sources,
it also affects the line profile in a manner that is well untsod (Miralda-Escudé 1998). Accurate
observed line profiles as a function of environment and riéidshn thus constrain the neutrality
of the IGM, although present studies cannot discern theesdlifferences in Ly damping wing
profiles expected (Ouchi et al. 2010). The measurementshaléenging because of the need for
high spectral resolution for individual sources, as weltha@srequirement to probe very faint, low-
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mass systems in low-density regions, where ldamping wing absorption would be prominent as

a result of patchy reionization. Once a large number of hegishift Ly« line emitters are located,
e.g., by the on-going deep narrowband survey of Subaru Hypprime-Cam, more detailed TMT
spectroscopic follow-up studies will become practical.afsexample, an 8 hour observation with
TMT/IRIS can achieve S/N = 22 per resolution element for arittemup toz ~ 8 with a Ly«
luminosity of L > 5 x 10! erg s'!. Such systems have a star formation rate SFR of less than 10
M., yr~! (Le Delliou et al. 2006) and are more representative andylikere numerous than the
more luminous emitters for which such observations have béempted so far.

4.2 Angular Sizes and the Synergy with JWST and Future Space Msions

Over the last 20 years there has been a vital synergy betw8&naHd ground-based 8-10m class
telescopes: resolved imaging from space, and deep spegpyofrom the ground. The relation-
ship between JWST and TMT will be somewhat different, altifojust as important. Both TMT
and JWST have impressive imaging and spectroscopic cambiDWST has the advantage of a
reduced NIR background in space, and its sensitivity at ieagghs longer than 2.5 microns pro-
vides sensitivity to galaxies at redshifts beyond 20. HaveUMT has a much larger collecting area
than JWST, and superior angular resolution (a factor of Gdrigwith AO-fed instruments, offering
greater sensitivity for physically small, faint galaxi@T can resolve and study finer structures
in galaxies than is possible with JWST. Unlike HST, JWST wffier sensitive multi-object spec-
troscopy with low to moderate spectral resolution (upite= 2700 for JIWST NIRSPEC), and at
longer wavelengths, without atmospheric limitations. Higher resolution of TMT spectrometers
(e.g.,R =~ 5000 for IRMS) will improve detection limits for narrow emissi@and absorption lines,
and offers velocity resolution that JWST cannot match.

Based on their expected timetables, TMT will see first ligterathe 5 year nominal lifetime of
JWST operations. TMT observing programs will thus follonggaxies detected in well-established
JWST surveys, and study them in ways that JWST could not. TMbe/contemporaneous with fu-
ture space missions that provide wide-field NIR survey céipiab, such as Euclid (ESA), WFIRST
(NASA) and WISH (JAXA). These will also supply an abundantdistant galaxy targets for TMT
follow-up.

It is very important to know how small these early galaxies &esch et al. (2010) studied the
morphology and size of the galaxieszat- 7 — 8 in the Hubble Ultra Deep Field (HUDF) and found
that the galaxies with the UV absolute magnitude M(1600) 8 tel—21 (0.2.* to 3L* for z = 7)
are very compact, with the average sizeddf + 0.3 kpc (1 kpc = 200 mas and 250 maszat 7
and 10, respectively, with the standard cosmology), but #ne clearly resolved on the HST WFC3
image. Ono et al. (2013) also analyzed the images of the datedi = 8 — 12 galaxies in HUDF
and found that their half-light radii are extremely smalB-©0.4 kpc. These results suggest that the
objects atz > 7 are small but may be resolved with the PSF size of JIWST{ mas full width at
half maximum (FWHM)) at 1.50m or TMT+AO (~ 12 mas) which corresponds to 0.15-0.25 kpc
(50 mas) and 0.04—0.06 kpcat= 7 — 15.

As TMT observations in this regime will be background-liedt the sensitivity is a strong func-
tion of source angular size. Figure 16 shows the S/N for spsobpic detection of continuum emis-
sion from high-redshift galaxies observed with= A/ A\ = 4000 (the spectral resolution of TMT’s
IRIS) as a function of apparent magnitude for various spectipic aperture sizes. For extremely
compact sources that are unresolved or only marginallyivedpcorresponding to objects smaller
than~ 1 kpc (200 mas at = 7) in their size, TMT will detect the continuum emission frohet
object with an S/N that is greater than can be achieved witB T®/NIRSPEC at? = 1000 and
2700 and greater than 60% of the S/N achieved with NIRSPE@fer 100. Note that Hg =27
corresponds to 213" at z = &, objects at the bright end of the luminosity distributionddo 5.2.*
atz = 10 if the luminosity evolution fronz = 6 to 8 is extrapolated te ~ 10. If the galaxies are



Thirty Meter Telescope Detailed Science Case: 2015 1973

1000 T T T T T T T
1000 £ ° AWST NIRSPEC 1h Peint Source Ap=3A/D
=~ - ) S140M F100LP R=1000
2 . @ PRISMCLEAR R=100
a8 I G140H F100LP R=2700
wE - .
| = e
100 ] ~ o e,
| el “
! € .
5 i | 5 -\\ \\
s P = 10 ' e .\\
x 10 =54 &= e o
= e R - 2 .
! 3 | ~ .
1 ; e ) N ®
: Y S I ~
! Y | ® | 1 M
i iow X
! ! itk ikt { ~
i B | e
1 Jacingn. B
i ool &
i 4 €
! 0.1
0.1 i ; i
e B S e S EC S EEN  A U] e Fm ety e iy e
20 21 22 23 24 25 28 27 28 20 Fi 22 3 24 25 2% 27 2
H-band AB Magnitude H-band AB Magnitude

Fig. 16 Expected S/N ratio for the case of various sizes of the spsaipic aperture estimated
assuming TMT IRIS. Righ) Expected S/N ratio for a spatially-unresolved source it dif-
ferent spectral resolution of JWST NIRSPEC obtained by NRRS Exposure Time Calculator
(http://jwstetc.stsci.edu/etc/input/nirspec/speataysc)).

resolved to~ 200 mas, which appears to be the case from the HUDF studies (F)gTMT will
still be able to detect the continuum ofyH ~ 27 mag source with S/N10 in a 10 hr integration
with wavelength binning tdz ~ 400.

4.3 Gravitational Lensing

Detecting galaxies at > 6 is challenging, not only due to the large distance to thegectdb(which
makes them faint) but also due to the fact that galaxies hagt@rs when they first formed, meaning
that they emit less light regardless of their distance. Tercome this problem one can use galaxy
clusters as cosmic telescopes that, similar to ordinargsglenses, magnify objects behind them.
These cosmic telescopes allow us to find and study a uniquef $aint, high-redshift galaxies,
achieving an order-of-magnitude gain in sensitivity andtisp resolution over blank-field surveys.
In addition, the detected sources behind a cluster lens agmified in apparent size, allowing us
to probe order of magnitude smaller physical scales. Sklaggge campaigns are now underway to
take advantage of this, particularly CLASH (Postman et @l2) and the HFFs. The first results
from these surveys are extremely encouraging. Not onlyluig tleliver the current record holder
in redshift spaceA = 10.7, Coe et al. 2013, see Fig. 18), these observations allow pagb the
intrinsic luminosity limits further than the HUDF and stugdyoperties of representative galaxies at
z ~ 7 and 8. For example, one can detect these galaxies with $piiremeasure mature stellar
populations as far as= 9.5 (Zheng et al. 2012; Bradac et al. 2014). TMT/IRIS imaginglosters
will discover and resolve star forming regions in lenseceoty more efficiently than even the HFF
and CLASH (see Section 3.1.7).

Targeting subE* Lyman-break galaxies (LBGs) spectroscopicallyat 7 is very difficult in
blank fields due to their faintness. Indeed, the only spectipically detected sub* galaxies at
z > 6.5 to date are & = 7.045 galaxy from Schenker et al. 2012 and a= 6.740 galaxy from
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Fig. 17 Morphology (eft) and size ihiddle of galaxies at = 7 — 8 (Oesch et al. 2010Right Size
evolution of galaxies & < z < 12 (Ono et al. 2013).

7. [kpe]

T 2(2) [kpel

Bradac et al. (2012). Both of these galaxies are lensed bsegfound cluster (A1703 and the Bullet
Cluster, respectively), confirming the power of cosmicgetges. Increasing the sample size is cru-
cial, because with measurements of the EW distribution im Eynitters (LAES) we can distinguish
between effects of interstellar medium (ISM) dust and r@@u@M and study the epoch of reioniza-
tion (Treu et al. 2012, 2013b). We expect different EW disttion for sub£* and>L* populations
respectively if reionization is playing a role at these tefis (Stark et al. 2010). The main miss-
ing observational ingredient is a measurement of the EWildigion for both luminous and sub?*
galaxies at the redshifts of reionization. Cosmic telessaglow us to probe the sub* regime par-
ticularly efficiently. However, despite the magnificatispectroscopic redshifts have been measured
for only a handful of sources close to the reionization epdadiscussed earlier (Sect. 4.1.1) oLy
may be disappearing due to the increasing opacity of the I&GM>a 6. TMT detections for much
weaker high-excitation emission lines like CIlI] 198dmay be the most effective means to measure
redshifts for these gravitationally lensed galaxies.

TMT will revolutionize the field and offer the best capalidg for such studies. In particular
IRMOS, with its multiplexing capabilities will allow for aefficient follow up of galaxies behind
cosmic telescopes. The one hour, 10-sigma TMT/IRMOS detetimit is ~ 10* erg s™*. With
assistance from lensing we can however push these limita loyder of magnitude lower and study
0.12* Lyman Break Galaxies spectroscopically. Such systemshaile an SFR of much less than 1
1 My, yr—t. TMT will give us an answer to whether these seeds of todalsxges are responsible
for reionizing the universe and what the topology of thisgass was. It will also allow us to explore
galaxies and their stars in great detail from the time wheruthiverse was only a few percent of its
present age.

5 GALAXY FORMATION AND THE INTERGALACTIC MEDIUM

Tremendous progress has been made over the last decadshiisbatg a broad cosmological frame-
work in which galaxies and large-scale structure develepanchically over time. However, there
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Fig. 18 A massive galaxy cluster, MACS J0647.7+7015, acts as a ffolgravitational lens, pro-
ducing three highly magnified images of a background galatiynated to be at a redshift= 10.7.
Top: HST image of the cluster, from the CLASH survey, with ¢higéical magnification lines at var-
ious redshifts (2, 3.5 and 11) indicated. The locations efttiree images of the faint galaxy are
marked JD1, JD2 and JD3. Bottom: Images of the three lensadamfrom optical through NIR
wavelengths. The galaxy “drops out” at wavelengths sheint@n 1.4 microns, strongly suggesting a
very high redshift. From Coe et al. (2013).

remain many unanswered questions about how the observaibkrse of galaxies is related to the
growth of the underlying distribution of dark matter; mosttiois uncertainty relates to our poor
understanding of the complex baryonic processes that neugtdiuded in any successful theory
of galaxy formation: gas cooling, star formation, feedbanki merging. Understanding how these
processes operate on galaxy scales is an inherently maNgiength observational problem that is
limited at present by the sensitivity of our tools for extrag detailed physical information, for both
stars and gas, as a function of cosmic time.

Observations of galaxies beyond~ 1, selected using initial surveys at UV, optical, NIR, and
far-IR rest-frame wavelengths, have begun to establismaadrbrush what the universal history of
star formation has been like over the last90% of the age of the universe. As Figure 19 shows,
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Fig. 19 Current census of the integrated SFR per unit co-movingmelsince redshift ~ 8. The
star formation rate density (SFRD)4s 15 times higher at its peak near~ 2, when the universe
was about 3 Gyr old, than at ~ 0, and increases by a factor ef 25 from z ~ 8t0 z ~ 2.
Approximately 50% of the stars in the present day universef@med over the- 2.5 billion year
interval betweerr ~ 1.5 — 3.5. The history of BH mass accretion follows a surprisingly isam
evolution with redshift (from Madau & Dickinson 2014).

the current census paints a picture in which the peak eradof@mation in galaxies occurred in
the distant past; indeed, while precise numbers remainwbatecontroversial, there is now little
doubt that star formation peaked at redshifts betweén< z < 3 and a large fraction of the
stars observed in the present-day universe formed durietatively brief but very intense period
stretching between ~ 6 andz ~ 1.5, corresponding to an interval of cosmic time over which the
age of the universe was between 1 and 4 Gyr. Very similar behaith cosmic time is observed
for the growth of SMBHs — a broad peak neax 1.5 — 3 with a rapid ramp-up prior te ~ 3 and

a rapid decline after ~ 1.

What is the interplay between star formation and AGN growdthysical understanding of
galaxy formation has been limited by the observationaldiffies in studying the detailed physi-
cal processes acting on high redshift galaxies, due bothetio faintness and their small angular
sizes. Through the recent advent of IFU spectroscopy and y&@mss on ground-based 8-10m
class telescopes, however, we are just now beginning t@sstthe relevant processesitu by re-
solving galaxies both spatially and kinematically; at preéshowever, such studies are limited to the
brightest examples. TMT, with its huge light gathering poa@upled with diffraction-limited angu-
lar resolution, will revolutionize our understanding oétktructure of forming galaxies throughout
the peak epoch of galaxy formation.

During this “peak epoch of galaxy formation”, most of the ymars in the universe actually
resideoutsideof galaxies, in the IGM and circumgalactic medium (CGM). T&&/CGM is thus a
vast reservoir of normal material acting as both a sourcastgfuel galaxy formation, and a “sink”
of the waste products of that process. The structure of ti/G&M is increasingly modified by
the energetic processes occurring in forming galaxies,theckby acts as a laboratory where the
most sensitive measurements of the physics of the galaryefiion process may be made. For these
reasons, understanding galaxy formation in the univeiggires measurements of all material, both
inside and outside of galaxies. Fortuitously, observaiiancess to both galaxies and the IGM during
this crucial epoch is excellent for large-aperture telpssmlaced at the very best terrestrial sites.

TMT will thus play a fundamental role in providing the detllphysical measurements neces-
sary to understand the development of present day gala@EEwill provide rest-frame UV spectra
of unprecedented sensitivity and depth: WFOS and HROS eglkkther provide exquisite informa-



Thirty Meter Telescope Detailed Science Case: 2015 1977

tion on the physics of gas associated with forming galaxmesthe IGM using the rich rest-frame
far-UV transitions made observable from the ground by tkdshét of the sources. IRIS, IRMS, and
IRMOS, all taking advantage of the diffraction-limited edgilities of TMT in the NIR, will pro-
vide spectra of extremely high sensitivity and spatial hetsmn, allowing the first detailed studies of
galaxy structure, dynamics, and chemistry while they atbénprocess of forming the bulk of their
stars. The NIR observations with TMT will enable studies istaht galaxies, as they are growing,
using the same well-calibrated rest-frame optical diajoepectral features of both stars and gas,
that have been established by decades of research on nedakieg.

5.1 The Peak Era of Galaxy Assembly
5.1.1 TMT and galaxy formation

In hierarchical structure formation, gravitationally mlistructures begin on small scales, and the
largest bound objects are expected to be the last to form.iversal peak in overall star-formation
and BH accretion, as observed, is not necessarily expddétather is the observation that the most
massive known galaxies appear to finish forming their starest, nor that typical galaxies at
redshiftsz ~ 1 — 3 appear to be forming stars at rates that are 10 — 100 timeghighn for
typical galaxies in the local universe. The symbiotic rielaship between the formation of galaxy
spheroids and central BHs also does not follow directly feooosmological framework alone. The
complexity of galaxy formation requires following the bgla of dark matteiandthe astrophysics
of star formation, feedback of energy, accretion and expulsf gas, and effects of environment.
Paradoxically, the former task is easier, even if we knowy Vitite of the properties of the precise
nature of dark matter, because the physics of baryons arb mape complex to model in a cosmo-
logical context. To make progress, observations of thedracecomponent (both gas and stars) must
inform theoretical developments with substantially bepieecision than possible today.

Among the key remaining unanswered questions in galaxydtaon are:

— How does the distribution of dark matter relate to the lwuomstars and gas that we see?

— Why does the growth of stellar mass and BH mass in galaxieareptly proceed in an “anti-
hierarchical” fashion—that is, the largest forming eastie

— What is the physical mechanism through which galaxiesfégrdnt epochs acquire their gas,
and how much cross-talk and exchange is there between gsland the IGM/CGM?

— What internal or environmental effects modulate the ratehéch galaxy formation can occur,
and what ultimately shuts down (“quenches”) star formaiomassive galaxies?

— How do energetic processes—massive star formation, Bret@e and SNe—influence the
formation and evolution of galaxies?

— What physics are responsible for the correlation betweetral SMBHs and the properties of
their host galaxies (which is the “chicken” and which the¢®@

— What factors drive apparent differences between the &ghift and high-redshift universe for
galaxy scale star formation?

— How do the stellar birthrates as a function of stellar méss (MF) differ, and what are the
ramifications of the differences?

Answers to these questions will come from detailed studiegataxies and the IGM at high red-
shift. One needs to measure the distribution and metgllafitgas inside and outside of galaxies,
the SFRs, internal structure, stellar content, and dynalnsiates of galaxies, all as a function of
environment and of cosmic time. The combination of WFOSSIRRMS, and (later) IRMOS and
HROS mounted on TMT provide a near ideal instrument suitafiaicking the problem of structure
formation in the distant universe. Across a wide wavelengige (0.3—2.4um), TMT complements
or exceeds the spectroscopic capability of JWST while gliag higher spatial resolution. In com-
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Fig.20 Example spectra of three ~ 2.4 galaxies; the left panels show the rest-frame far-Uv
spectra observed in the optical (0.31-0r6), while the center and right panels show the rest-optical
nebular emission lines observed in the H (jkré) and K (2.2um) atmospheric windows. The rest-
far-UV spectra contain a wealth of interstellar absorpfeatures, nebular emission lines, and stellar
wind and photospheric features from massive stars. Theop&tal spectra are used for measuring

kinematics, gas-phase metallicities and ISM physical tm. Credit: C. Steidel (CIT).

bination with ALMA, which tracks thermal emission from dumtd provides information on the
molecular gas content and kinematics of galaxies at sirsjatial resolution, TMT +AO will be
a powerful tool for tracking the process of galaxy formatauring the most active period in the
history of the universe.
Broad wavelength coverage (0.3—2u4) is key to probing the critical spectral diagnostics, from
the far-UV stellar, interstellar, and intergalactic linefsH and metals, to the nebular emission and
stellar absorption features in the rest-frame opticaluFgg20 shows examples of low-resolution
spectra obtained using current 8 m class telescopes for gbtine brightest star-forming galaxies at
redshiftz ~ 2, in order to illustrate some of the spectral features ofrége
The planned TMT instrument suite (see Sect. 2.3) will playjptementary roles in addressing

these fundamental issues:

— WFOS is optimized both for obtaining identification-qtyBpectra of the faintest galaxies and
AGNSs throughout the epoch of galaxy formation, and for highldy rest-frame UV spectra of
large samples of galaxies and AGNs that will provide diagioe®f gas and stars in galaxies, as
well as the distribution, metallicity, and physical comalits of the IGM.

— IRMS allows the study of key diagnostic nebular and stditess in the rest-frame optical (e.qg.
[Ol], H 5, Mgb and Hy). IRMS will obtain extremely sensitive multiplexed spectn both
emission lines and stellar continua in the observed franfie Nitoviding information on chem-
istry, kinematics, and stellar populations.
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— IRIS will dissect galaxies with velocity resolution of 3inks~! on physical scales as fine as
50-70 pc at any redshift in the range= 1 — 6.

— IRMOS will combine the diagnostic power of IRIS and the riplxing capabilities of IRMS,
providing integral field spectroscopy in the NIR (0.8—215) for up to 20 objects distributed
over a5’ FOV.

— HROS, with a factor of>20 gain in sensitivity over the best current-generatior mgsolution
spectroscopic capabilities, will vastly increase the nandd lines of sight that can be used for
the most detailed studies of the IGM and of individual gadaxand AGNSs.

Below, we highlight a few of the possible science avenuetstiiabe explored using these capabili-
ties.

5.1.2 How does the distribution of dark matter relate to thminous stars and gas we see?

In the present day universe, the distribution of galaxylatehasses XZ,) — the “stellar mass
function”- of galaxies appears to have a different shapeftiat of the theoretically expected
distribution of dark matter halo masses. Galaxies with gl have a much “flatter” distribution
than (i.e., fewer galaxies with lowe¥/,) than expected if galaxies formed with the same ratio of
stellar-to-dark matter at all masses. At high., the stellar mass function drops exponentially with
increasing halo mass, following the Schechter functiog. €ole et al. 2001). This behavior, where
galaxy formation appears to be less efficient at low- and Hli§h is almost universally ascribed
to “feedback”; the qualitative picture advocated by theanigy at present is that ionizing photons,
energy, and momentum produced by massive star formatiorsAiedare the dominant effects for
lower-M, galaxies, while AGNs (i.e., energy/momentum produced lyeting SMBHS) play the
dominant role at the higli4,. end of the galaxy mass function.

While the need for feedback is universally recognized for@able galaxy formation model,
it is fair to say that we do not yet understand how, when, orretieoperates, nor which of the
many physical processes dominates at a given time in a gaaxy Making progress will require
observations sensitive to the details of all of the releydmntsical processes, in a range of galaxy
masses and over a range of cosmic times. These observattasninimum, must include mea-
surement of AGN activity, massive star formation, stellantent, and gas-phase physical conditions
both inside forming galaxies and in the surrounding IGM/CGNT, using multiple instruments
and techniques that each constitute a huge gain over existailities, will play a central role: ex-
tremely high spatial resolution behind AO, combined witke thiagnostic power of spectroscopy
(AO+IRMOS, IRIS, IRMS, and NIRES) in the NIR, and unmatchednplementary sensitivity for
spectroscopic observations in the observed-frame ogi¢BOS, HROS), providing access to all of
the astrophysical diagnostics in the rest-frame UV (Fig. 20

5.1.3 The growth of stars: star-formation histories, dasig chemical evolution

Fundamental to a comprehensive understanding of galaXytewo is assessing the mechanisms
by which galaxies accumulate their gas and form stars. Tteetedf these mechanisms (e.g., gas
inflows, outflows, galaxy mergers) is imprinted on the starffation histories of galaxies. From the
theoretical side, hydrodynamical simulations suggestghkxies living in relatively massive halos
at intermediate redshifts accumulate most of their gasutittaelatively smooth accretion, rather
than through major mergers, resulting in star-formatiatdries that can be well-approximated as
smoothly varying functions, typically as exponentiallyctieing or rising, or constant (e.g., Noeske
et al. 2007; Reddy et al. 2012). Clustering studies and ctiggigal simulations suggest that star-
formation histories may be more stochastic at lower steflasses< 10°M,)) at higher redshifts
(z > 1.5). The effect is that outflows in these faint galaxies may Hdeeced by short bursts of star
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formation, and thus responsible for a majority of the glbbalveraged metal enrichment of the IGM
(Oppenheimer et al. 2012).

A promising method to deduce the level of stochasticity isge probes that are sensitive to star
formation on different timescales, such as UV continuumtdncemission. Measuring these tracers
for very faint and low mass galaxies will become routine Wit T's WFOS and IRMS instruments,
and can be used for detailed studies of the “burstiness”anf fstmation in low mass galaxies.
Combined with information from WFOS (and eventually HRO®)the CGM/IGM occupied by
these objects will lead to a complete picture of IGM chemialichment from the outflows of
faint galaxies. Further constraints on the stellar popartatwill come from the modeling of high-
resolution spectra (e.g., from WFOS and HROS) of the steltaission/absorption features in the
rest-UV, giving detailed information on the massive stgpydations and the impact of binarity and
mass loss on the effective temperatures, ionizing paragydtgman continuum escape fractions,
and recombination line strengths in HIl regions. Similargst-optical spectroscopy of the Balmer
absorption lines, Ca HK, MgB, and Fe lines will yield congita on the star-formation history from
both overall metal enrichment and measurement of metglliatios [o/Fe].

Critical to observations of high-redshift galaxies is tlegke to which stellar light is obscured
by dust. Local prescriptions for dust corrections appeawdok reasonably well on average for
~ L, galaxies atz ~ 2, but there are subsets of galaxies (e.g., the youngestigsJand the
dustiest galaxies) where such relations break down (eegldRet al. 2010). At redshifts of 5,
there is evidence that the attenuation curve in typical LBGy be more consistent with that found
in present-day low metallicity galaxies, like the Small M#gnic Cloud (SMC) (Shim et al. 2011,
Capak et al. 2015). WFOS and IRMS will enable detailed stidfethe shape of the attenuation
curve, potentially for individual galaxies where the insic spectrum revealed through dust-free
lines of sight can be spatially resolved from the dustieiaieg of the galaxies. The measurement
of multiple Balmer line ratios (H/HS3, HB/H~, Hy/HS) will constrain the shape of the nebular
reddening curve in individual galaxies. Together, thelatednd nebular reddening curves can be
used to obtain more robust constraints on the stellar maages, reddening, and star-formation
rates of galaxies, as well as better understanding of thadigf nebular line emission on the stellar
population modeling from photometry alone.

Aside from a better understanding of the effects of dust wtzdmon, dust in the gaseous phase
(i.e., the metallicity) can be used as another probe offstanation history and chemical evolution.
Gas-phase metallicities measured with rest-optical eamdines, in concert with galaxy stellar
masses and star-formation rates, provide important ecapiconstraints on the effect of galactic
winds (e.g., Davé et al. 2012) on the chemical evolution albgies. IRMS, IRIS, and IRMOS
will extend what is possible using current NIR spectromseter 8 m class telescopes, bringing into
reach diagnostics of metallicity for galaxies as faint/a$100 at redshiftd.4 < z < 3.8. High
spatial resolution emission line maps will reveal the \&oiain kinematics, excitation mechanism,
stellar populations, and metallicity with spatial locatieithin galaxies—all essential ingredients to
understanding their formation and evolution.

5.1.4 The formation of passive galaxies and the birth of thblie Sequence

A fundamental property of galaxies that still eludes out tuiderstanding is the Hubble Sequence,
including the physical mechanisms that lead to the formatibearly-type galaxies, namely the
guenching of star formation. Gas removal and heating bytfaeldfrom AGN and/or star-formation
have long been identified as likely mechanisms responsibilgdenching, but the processes that
terminate star formation on galaxy scales and preventrit fnappening again on secular timescales
have not been firmly identified yet.
Current facilities have identified massive and passivexigdaup to redshift ~ 3 (e.g. Gobat
et al. 2012, 2013; Spitler et al. 2014; Whitaker et al. 2018p@t al. 2012) and shown that their
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Fig.21 The fraction of red and passive galaxies, a proxy for the qodity that a galaxy’s star
formation has been “quenched”, as a function of local ovesidg and stellar mass. Evidently, pro-
cesses related both to the mass of individual galaxies atietioenvironment cause the termination
of star formation, with the former being the primary driveidahe latter contributing at the 10%
level (from Peng et al. 2012). Which stellar mass-depengergesses control the quenching of star
formation activity remains unknown.

abundance grows very rapidly afterwards (Cassata et al.)28dggesting that the backbone of the
Hubble Sequence is in place by~ 2 (e.g. Lee et al. 2013a). At the same time most cosmological
simulations suggest that, at> 2, high mass galaxies can maintain high SFRs over long tinesca
from continuous accretion of cool gas from the IGM (e.g. Kezeal. 2005; Dekel et al. 2009), while
at lower redshift both the accretion rate and the physieaésif accreted gas change at fixed stellar
mass, leading to a dwindling of the gas supply available far formation. While direct evidence
that “quenching” of high mass galaxies must occur is plahtthe processes physically responsible
for it have not been clearly identified. At present, it seeha guenching depends on both galaxy
mass and larger-scale environment (e.g. Peng et al. 204 Ejgere 21).

At z > 2 the population of galaxies in which star formation has cdgse., they have be-
come “passive”) is dominated by those having very compacphmogies and large stellar masses
(M, > 10" M), suggesting that these systems are the first to quench antihgato very high
density of gas and stars as conditions conducive to efeéthass” quenching (Bell et al. 2012).
Indeed compact, massive post-starburst galaxies havedieenved with outflow speed in excess
of ~1000 km~! (Diamond-Stanic et al. 2012), significantly higher tharsleempact galaxies of
similar stellar mass. Very deep stacks of WFC3/HST imageoofpact passive galaxiesat- 2
have found extremely steep light profiles £ 3) and no evidence of the more diffuse component
expected in merger remnants (e.g. Hopkins et al. 2008; Waty#é. 2010), adding support to the
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notion that early massive galaxies formed more effectivayhighly dissipative gas accretion than
hierarchical merging of stellar sub-systems (Hopkins .€2@08; Williams et al. 2014).

To make progress we need to explore the complex multi-dimeabmanifold of galaxy prop-
erties and local environment. Diffraction limited NIR inegwith TMT will detail the morphology
of the individual galaxies at optical rest-frame waveldisgtith better spatial resolution than JWST
NIRCam. TMT spectroscopy at optical and NIR wavelengthsergimost of the relevant spectro-
scopic diagnostics of gas kinematics, stellar dynamies;fsrmation, and AGN activity are found
for z < 4, will allow detailed studies of the stars and gas of indiabgalaxies and of their cir-
cumgalactic gas (via absorption features of suitable backyl sources, as discussed in Sect. 5.2
below).

5.1.5 The stellar initial mass function, early black holesldhe growth of quasars

A variety of observational data suggest the possibility mfieonmental dependence on the shape
of the stellar IMF in galaxies over cosmic time. The cluesaifrom observations of the rates of
high-redshift GRBs (e.g. Robertson & Ellis 2012; Chary et28l07), specific star-formation rates
of high-redshift Lyman break galaxies (Shim et al. 2011; ®aval. 2008) and the metal yields in
Damped Lyman-alpha systems (Cooke et al. 2013, 2014). Rebtservations of low metallicity
dwarf galaxies in the Milky Way’s neighborhood further aggn favor of an IMF which is “bottom-
light” i.e. showing an underabundance of stars betwegn- 0.7 M, compared to a Salpeter IMF.
Is there a metallicity dependence of the IMF? Does a topyhBd# in the first galaxies provide the
intermediate mass seed BHs for the formation of quasars8eTai® key questions which require
spectroscopic follow-up of both star-forming and AGN cafadées in the distant universe identified
through wide-field imaging surveys.

For example, spectroscopic measurements of the rest-fearB/ spectra of LBGs offer direct
constraints on the stellar birth rates at the “top end” ofgtedlar IMF, as well as the duty cycle
of unusual and/or short-lived phases of high mass star fiiomée.g., Pettini et al. 2000; Shapley
et al. 2003; Jones et al. 2012). The same spectra provideéramts on O-star metallicity, nebu-
lar abundances and excitation, and models of massive siargaquence evolution (see Fig. 22).
The most important UV features, found in the rest-wavelemghgel000 < Ay < 2000 A are
observationally accessible (using WFOS and IRMS) at abinéts1.5 < z < 7.

Measurement of Fe-peak element abundance patterns in Ddmp@n Alpha QSO absorption
line systems (DLAs; e.g. Cooke et al. 2011) have proved to peveerful technique for tracing
the nucleosynthetic yields of massive stars. At the preter, there is considerable degeneracy
in the stellar population synthesis models such that theeal yields can be fit very well by
several models of intermediate mass stas+{ 40 M)). Precision measurements of the [C, O/Fe]
abundances in metal poor systems will be a powerful tectertigegonstrain the mass and metallicity
of the stars responsible for enriching the DLA systems anergi@lly the stellar IMF at intermediate
masses.

Finally, the presence of very bright QSOszat- 6 (see also Sect. 4.1.3) has come as a signif-
icant surprise, since it implies very early formation of BHisses as large as'?0M (.. Do these
QSOs harbor significant stellar populations in their hokixjas? Are the BHs being fed via “super-
Eddington” accretion on to intermediate mass black hol8gis)? Are these IMBHSs the end states
of the earliest generations of massive stars? Measuringiéhal abundances in QSO host galaxies,
as well as studying the dynamics of the gas in these systeithgravide a better understanding
of the formation of the most massive BHs at early times. Higgitisl resolution IFU observations
are key to separating QSO light from host galaxy light. Cteeehniques to obtain high dynamic
range in the observations will likely need to be pursued evbpectroscopic measurements of the
gas kinematics and outflows will provide a better handle ereitcretion rates of these systems.
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Fig.22 Rest-UV composite spectrum of star-forming galaxies(at ~ 2.4, obtained with

R ~ 1500. The labeled features are color-coded according to thigjimored=stellar photospheric
(O-stars); blue=nebular; green=primarily interstellarange: hot star wind lines. The CIV feature
includes both a stellar P-Cygni emission/absorption carepbas well as interstellar component;
Hell includes both nebulam@rrow) and stellar ifroad) components. Superposed on the observed
spectra are population synthesis models, both assumipgt8alMF and 0.2 solar metal abundance:
cyan: BPASS (Eldridge & Stanway 2009); light orange: Rixle{2004).

5.1.6 The census of baryons and the baryon cycle

Most baryonic matter, particularly during the early histaf the universe, is actually outside of
galaxies. Intergalactic space is filled with a tenuous gasghovides “fuel” for forming galaxies,
and is a repository for material expelled by galaxies by getér processes such as SN explosions
and accretion-powered AGN activity. The interplay betw#engalaxies and the IGM is of prime
importance for understanding the history of normal mattethie universe, the process of galaxy
formation, and the effects of the “feedback” of energy ptiby forming galaxies. A number of
studies have found the ubiquitous presence of galaxy-scafows at high redshift, and the direct
correspondence between HI and metal absorption systerhs inter-galactic medium (as probed
by background quasars) and galaxies in the same volumesRettni et al. 2002; Adelberger et al.
2003; Steidel et al. 2010; Rudie et al. 2012; Hennawi & Prekh&@013; Turner et al. 2015). The
imprint of such galaxy flows can be seen most readily in thel&é where the naturally dark terres-
trial background in the optical (defined for the present psgs as 0.31-1m) makes spectroscopy
of faint objects feasible for at least the brightest examplith 8—10 m telescopes. As illustrated ear-
lier in Figure 20, the rest-UV spectra of galaxies contaiast amount of information because of the
very large number of ground-state transitions of astrojglyly abundant ions at these wavelengths,
including hydrogen Ly, ClI, CllII, CIV, NI, NV, Ol, OQVI, Sill, Silll, SilV, Fell, All I, Allll, to name

a small subset. The offsets between lines arising from thalaeregions (e.g., Hell in the rest-UV,
or [Oll}/[Olll] and Balmer lines in the rest-optical), antdse arising from the ISM allow for direct
measurements of galaxy-scale outflow velocities, along aiost of other physical information in-
cluding the shape of the stellar IMF at the high mass endastiemical abundances, the chemistry
of the interstellar gas, and the kinematics of gas motiotisimthe galaxy. Currently, these details
can be ascertained with spectral stacks or for individughbtensed LBGs (e.g., cB58; Pettini et al.
2002).
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Table 1 TMT/IRMS Predicted Sensitivity

Passband Spec. Sky Brightness,| Continuum S/N = 10,1 | Line flux S/N = 10, 1
mag arcsec? Vega hour, R = 3600 (0.23’ hour, R = 3600 (0.23’
(AB) slit) Vega (AB) slit) (erg st cm=2)

Y (0.97 to 1.13um) 18.8 (19.4) 23.4 (24.4) 7.4x10-19

J (1.15 to 1.35um) 18.2 (19.1) 23.0 (24.1) 6.4x10~19

H (14810 1.80um) | 17.2 (18.6) 22.7 (24.1) 5.6x10~19

K (1.95 to 2.25um) 16.6 (18.4) 22.1(23.9) 4.8x10~19

K (2.25 to 2.40um) 14.2 (16.0) 20.9 (22.7) 1.9x10°18

Notes: spectroscopic limits assume 0.0V/®dark current and effective read noise of Bgixel, with back-
ground for spectral regions between OH lines, evaluateda8eixel spectral resolution element and assuming
a0.5” extraction aperture.

Fortunately, spectra of the quality and diagnostic powethefcB58 spectrum will be within
reach for relatively typical L, galaxies using TMT/WFQOS, while obtaining spectra of higlalgu
ity but lower resolution will be possible for objects sigo#ntly fainter thanl, even atz ~ 6
with modest~ 1 hour integration times — the gain in sensitivity over cutr8m telescopes for
spectroscopy over the 0.31+#In wavelength range will be a factor of at least 14. The sefiyiti
gain will bring intrinsically faint galaxies during the eglwof galaxy formation within spectroscopic
reach for the first time, and will vastly increase the fractaf the high redshift populations for
which extremely high quality spectra will be achievable] arhere gas inflows and outflows can be
measured in detail.

Using IRMS, it will be practical to obtain nebular spectrahoindreds of high redshift objects
within a survey region, where every spectrum will be of higloegh quality to measure velocity
dispersion, chemical abundance, SFR, stellar excitatind,characteristic electron density — and
to evaluate whether or not active AGNs are present—for ggdaat the limits of currenimaging
surveys.

NIR IFU spectroscopy will also be essential for finding evide of outflows induced by AGN
winds and jets, that are thought to provide a crucial rolergventing runaway star formation in
the most massive galaxies (Fabian 2012). Current 8 m cléssctaes are only capable in finding
such outflows in rare, highly-luminous AGNs at~ 0.5 — 2 where these feedback effects are
most important (e.g. Cano-Diaz et al. 2012). TMT will beeatdl observe these outflows on smaller
spatial scales, and in more typical, less luminous AGNseffogy with ALMA observations of the
corresponding molecular outflows, and sensitive VLA obagowns of the synchrotron emission from
jets and outflows (even in traditionally “radio quiet” AGNsJe can build up a complete picture of
the nature and energetics of AGN feedback.

5.1.7 Spatial dissection of forming galaxies

A major breakthrough scientific application will be the sahtissection of galaxies during the
peak epoch of galaxy formation. Observations of these gedaxill exploit both the light gathering
power and the unique angular and spectral resolution at Ndi®Reigngths provided by TMT. Large
samples of galaxies throughout the redshift range 1 — 6 are already known, and HST, JWST,
and the current generation of 8—10m telescopes will helgasila great deal more in the coming
decade. However, spatially resolved spectroscopy, aligdifferences in chemistry, kinematics, and
physical conditions to be mapped as a function of spatiatipaswithin the galaxies, is required to
go beyond measurements of crude global properties, aneliheain fresh understanding into the
physics of galaxy formation.

Galaxies at = 1 — 5 exhibit a variety of structures in the high spatial resantimages such
as those recorded in the NIRZ(band) with the HST Wide Field Camera 3 (WFC3) (see Fig. 23).
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Fig. 23 Gallery of images of galaxies between redshift 1.4 and 3nfitee HST CANDELS survey
(ACS F814W/ WFC3/IR F125W / WFC3/IR F160W, 4.5” x 4.5"; Grogin et al. 2011; Koekemoer
et al. 2011). Galaxies at this epoch have diverse morphedogncluding highly compact objects,
dust-enshrouded disks, and highly disturbed merger cateid With IRIS and IRMOS in both

imaging and IFU modes it will be possible to observe systefrthis nature with unprecedented
angular resolution in the rest-frame visible.

Massive galaxies with low star-formation rates typicalppaar compact and smooth at these times,
with sizes significantly smaller than local early type g&ax Star-forming galaxies have a wide
diversity of spatial structures, from the blue compact agsito the quenched compact galaxies, to
dusty disk-dominated systems, to highly irregular, clurapg/or diffuse systems. Interpreting the
physics underlying these varied morphologies is partityzhallenging in the early universe, when
frequent galaxy mergers, high gas accretion rates, andhaiga#ly unstable disks are predicted. A
key question for TMT will be to understand how the structuwédistant galaxies are connected to
their assembly and star-formation histories.

To maintain the typical high SFRs of 100 M, yr~' observed in these galaxies without a
major merger event requires rapid and semi-continuousnéegiment of gas, which favors smooth
accretion mechanisms such as through “cold flows” or rapitgts®f minor mergers (e.g., Dekel
et al. 2009). Some numerical simulations predict that tleerigh heavy disks are fragmented to sev-
eral clumps due to gravitational instabilities and that giag stars in the clumps are then migrated
to the center of galaxies, and they merge together and formgel{e.g., Hopkins et al. 2012).
Despite the effort to constrain the origin and evolutionted £ ~ 2 massive disk galaxies by nu-
merical simulations, these evolution scenarios have net lodservationally confirmed yet. To put
constraints on the scenarios of galaxy assembly, it is #asém obtain the spatial distributions of
stellar mass and on-going star formation activities, sipgst/on-going dynamical processes must
be imprinted/visible in the stellar populations. Curretutdses with 8-10 m telescopes are limited
to bright, thus massive or highly star-forming galaxiesy &mey need to be expanded to a much
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wider domain of the SFRY, diagram. The key question here is how the internal strustor@hys-
ical processes depend on the location in the 3FRdiagram, namely sSFR (burstiness) and stellar
mass. In particular, we can investigate whether the compastof star forming regions is related
to the mode of star formation (burstiness/dustiness), dretlver smaller galaxies undergo different
formation processes from massive galaxies related to tva-gizing effect (e.g., Cowie et al. 1996).
Moreover, the internal properties should also be invetifjas a function of environment (such as
the number density of galaxies), as some environmentaldtepaust also be imprinted in the spatial
distribution of stellar populations, such as a centraligtedburst driven by ample gas inflow during
galaxy-galaxy mergers, for example.

To truly understand the physics of galaxy assembly and tstreicit is essential to have maxi-
mum information about the velocity field of the gas and statkiwit. As in the local universe, the
most sensitive measures of galaxy kinematics come fromumea&nts of the narrow nebular emis-
sion lines such as those illustrated in Figure 24. Thess lwbose diagnostic power has been cali-
brated through decades of work in the local universe atfraste optical wavelengths, also provide
information on chemistry, density, and excitation in thgioes where stars are forming. Integral-
field spectroscopy can be used to obtain spectral and sp#taiation over contiguous regions
simultaneously. Initial attempts using AO-equipped 8 nssl@lescopes and IFU spectroscopy (e.g.,
Genzel et al. 2006; Law et al. 2007, 2009; Forster Schregbat. 2009; Wright et al. 2009; Jones
et al. 2010, 2013) to observe galaxiezat 2 have shown promise, but revealed the limitations, of
this technique with current facilities. TMT, with IRIS anBMOS, will represent sensitivity gains
of a factor of between 10 and 100, with angular resolutiongaf a factor of> 3 — 5, over current
capabilities. The gains will vastly expand the range ofétsghat may be observed, making it feasi-
ble to construct the statistically representative sampéesied to connect individual galaxies to the
larger framework of cosmological evolution.

With TMT first-light instruments IRIS and IRMOS, the strungy velocity field, abundances,
and excitation of forming galaxies may be examined at 50-®fesolution (8—-15 mas, an order
of magnitude higher than the highest resolution achieved $Y) throughout the redshift range of
interest. At such scales, even individual giant HIl regiansl the largest rich star clusters within
compact galaxies at high-redshift may be resolved and tetdsee Fig. 26), providing a level of
astrophysical detail currently only accessible in neabbight galaxies. With these extremely high
resolution velocity fields, the motions of a galaxy’s stansl @as may be traced within its dark-
matter dominated potential, allowing astronomers to tthekemergence of rotation and dispersion-
dominated galaxies at early times, as well as the physica®flgws on sub-kpc scales. By studying
the evolution of these processes over cosmic time, we cahaeehe local correlations between
galaxy structure, kinematics, and star-formation camesto b

5.2 The Age of Maturity and Quiescence
5.2.1 Morphological and kinematic growth of galaxies

More than half of the age of the universe is contained in thishit rangez < 1.5. During this
vast time period ofv 10 Gyr, the level of cosmic star-formation activity has deetirby roughly
an order of magnitude, as the number of bulge-dominatediptiedl galaxies has increased sig-
nificantly. While the kinematic and morphological struetwf present-day galaxies follows various
well-known scaling relations, the establishment and aimtuof these relations remain a poorly-
understood, yet fundamental, piece in understanding tharatéoon of galaxies at late times. The
capabilities of TMT, in particular the ability to constraime kinematics and morphology of galax-
ies atz < 1.5, will allow the growth and development of galactic struetsito be quantified at an
unprecedented level of detail.
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Fig. 24 The composite spectra for a sample of 70 galaxidsjat- 2.4, obtained in seeing-limited
mode for whole galaxies using Keck/MOSFIRE. The line ratiamticate approximately 0.5 solar
metallicity in the HIl regions, and the ratio of the [Oll] afi§ll] lines indicate electron densities
of ~ 220 cm~2. Using IRIS/IRMOS, spectra of similar quality could be dbtal for positions in

individual galaxies at a spatial scale of 0.1-0.2 kpc at &ugshift < 4. (Credit: A. Strom and C.
Steidel at CIT)

Fig. 25 Estimated S/N of the H emission line, per 0.004spatial element (“spaxel”) per spectral
resolution element, as a function of assumed SFR-at1.5 (look back time 9.3 Gyr). The curves
assume a range of scales over which the flux is distributed) emgular diameters of 0.0%0 0.30
and a fixed intrinsic velocity dispersion (80 km's. A total integration time of 5 hours comprised
of 20 900 second exposured (pand) was assumed (from Wright et al. 2010).

The Build-Up of Galactic Disks: Beyondz > 1.5 the majority of star forming galaxies have ir-
regular or peculiar morphologies characterized by mergimajs of star formation. In contrast, the
most obvious feature of star forming galaxies today is tles@nce of a rotationally-supported disk
containing gas, dust, and active star formation. The spas a range of metallicities and ages at any
given radius but HIl region abundances reveal that gasepimesallicities decrease with galactocen-
tric radius (Zaritsky et al. 1990) suggesting that disksrfdrom the inside out. The empirical data
and semi-analytic simulations (Cole et al. 2000) suggesttttie bulges of disk galaxies are com-
prised of old, metal-rich stars that form first though a seaémajor mergers followed by a more
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Fig. 26 A simulatedz = 2.3 galaxy, with Hx redshifted into thé< band window and an integrated
SFR of 10 M yr—* (left). This is compared to Keck observations of the same sinuliigagaxy
(right). Complex structure with multiple knots can be seen withSRind TMT, while only the
brightest portion of the galaxy is barely detectable (S/8) with Keck.

gradual and protracted formation of a disk. The luminositpresent-day spiral galaxies correlates
strongly with their rotational velocity (Tully & Fisher 197 Tully & Pierce 2000).

The disk surface brightness is also correlated with ratatigelocity; those with higher surface
brightness are found in galaxies with higher rotationabe#ties, and there is evidence for bimodality
(McDonald et al. 2009). The shapes of galaxy rotation cuaveslso correlated with their rotational
velocities (e.g. Persic et al. 1996). Together these atrogls imply that the depth of the dark matter
halos of disk galaxies drive their accretion of gas and thalisequent star formation history. TMT
offers an opportunity to characterize the build up of galdisks. This includes using kinematics to
trace the build up in mass but also emission line diagnosiitsice the build up in metallicity.

Deep Keck spectroscopy af ~ 1 disk galaxies has shown that the turnover in the rotation
curves can be reached and the disk rotation velocity acalyrateasured. The Tully-Fisher (TF)
relation is already in place for morphologically normalldgalaxies by: ~ 1 (Miller et al. 2011).
The large aperture and AO capabilities of TMT will allow tHeacacterization of disk rotation curves
at higher redshifts and approaching the epoch of peak galssgmbly { < 1.5). This will require
Ha emission-line kinematics with spectral resolutiBn~ 5000. Scaling the Miller et al. (2011)
results to higher redshifts suggests that disk rotatioeoities can be obtained with TMT and
WFOS/IRMS for moderate mass disk galaxi€s,(. ~ 100 km s™!) atz ~ 1.5 in about 4 hours.
With sufficiently deep NIR surface photometry from JWST thbal®g relations, metallicities, and
the assembly history of disks could be characterized fofitktime.

Growth and Assembly of Ellipticals: The fundamental plane (FP) of elliptical galaxies (Djorgki
& Davis 1987; Dressler et al. 1987) is thought to preservesaifoecord of their assembly history
(Bender et al. 1992). This includes any differences betveaestier and field samples but also differ-
ences between ellipticals within a given cluster. Data carlmge clusters suggest that the structural
properties of the giant ellipticald.( > L,) are significantly different from the lower luminosity
systems [ < L,; Pierce 2014). Specifically, lower luminosity galaxies eppto comprise a dis-
sipational sequence suggestive of gaseous (wet) mergeles thh most luminous galaxies form
a separate family suggestive of a dry merger history. Thidign that the distribution of galaxies
within the FP provides a measure of the relative role of wetlwsmergers for a given population.
However, high redshift studies of passive galaxies and gwuailing relations have been limited
to small samples of the most luminous galaxies because ofi¢haic efforts required to obtain
diagnostic spectra of the stellar light (see Fig. 28). TMT@®#-and IRMS will provide the increase
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Fig. 27 Simulated IRMOS observations of a typical LBG at redshifts 2.5 andz = 5.5. (Top
left) Image of the HUDF. LBG candidates at= 2 — 6 are identified with green squares. The
configuration of an actual MOS is shown in yellow lin@sp right simulated deep NIR image of a
typical LBG as seen in a single IRMOS IFUower panelssimulated 2-D and 1-D spectra showing
characteristic emission lines of LBGsat 2.5 and 5. Courtesy: IRMOS-UF/HIA team.

in sensitivity necessary to extend such diagnostic spsabpy to lower-luminosity passive galaxies,
both within and outside of distant clusters.

Accurate measurements of stellar velocity dispersionsaetdllicity-sensitive line indices will
require S/N~ 50 spectroscopy aR? ~ 3000. To sample 2—-3 magnitudes beldw will require
exposure times of about 6 hourszat- 2.

Galactic Bars as Signposts of Disk AssembiyHalf of the history of the universe is contained in
the redshift range < 1, over a look back time of 7 Gyr. In this time period, the stamfation
activity declined and disk galaxies began to mature. Prevgtudies of the physics of galaxy disk
stability have shown that as soon as a disk is sufficientlysimasdynamically cold and rotationally-
supported, it should buckle and form a bar at its centerléBtiears thus serve as important signposts
for measuring maturity of disks.
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Fig. 28 Spectra of massive early type galaxieszat- 2 obtained using Keck/MOSFIRE with 8
hour integrations, demonstrating the ability to obtairhhégiality continuum spectra of high redshift
passive galaxies. IRMS and WFOS will extend such capadslith well belowZ, at similar redshifts.
(from Belli et al. 2014).

Using the HST and Keck, a precise measurement of the rateseframy for L, and brighter
disk galaxies on to the Hubble sequence has been demods{sat Fig. 29, Sheth et al. 2003,
2008; Cameron et al. 2010; Kraljic et al. 2012; Melvin et &12). These studies have found that
the decline in the bar fraction is not uniform across all galgypes and the largest rate of evolution
is seen in the low mass galaxie®/{ < 10'°-* M), while redder, bulge-dominated massive disks
are already in place 7 Gyr ago.

A combination of IWST and TMT will allow us to extend this typlresearch in three important
areas: disk-wide stellar velocity dispersion measuremtntL, disks atz < 1, study of the bar
fraction and disk stability for lower luminosity 1/10h, disks atz < 1, and study of the assembly
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of massive disks from ~ 1 — 3 using bars as a signpost for disk maturity using rest-fraptical
light.

The TMT will allow us to finally measure the stellar velocitisgersion across, and brighter
disks toz ~ 1. Analysis of the gas velocity dispersion from<€ z < 1 from the DEEP2
Keck/DEIMOS survey (Newman et al. 2013) showed that a smatition of L, disk galaxies may
be offset from the stellar TF relation (Kassin et al. 2001}, éeeeper observations have countered
that this is a spurious result (Miller et al. 2011). In anyegastudy of galactic structures in these
high-redshift disks has revealed that stellar bars are prégent in disks that are on the TF (see
Fig. 29; Sheth et al. 2012). In other words, bars form onlgtiohally supported and dynamically
cold disks, as in the nearby universe (Courteau et al. 2@A8)not all rotationally supported and
dynamically cold disks have a bar. TMT will, for the first tinglow us to probe the stellar dynamics
of the disks to shed light on the role of the dark matter halbeitermining the formation of structure
in disk galaxies.

Another exciting capability of the TMT is to provide 2-D gas&matics in individual galaxies
at sub-kpc resolution to ascertain the gas inflows by stsifactures like bars and spiral arms. These
studies will allow us to constrain how quickly the gas is lgdimneled to the galaxy centers, and how
that impacts central starburst and AGN activity and thedoup of bulges. The sub-kpc resolution
observations will also allow us to measure the gas outflonstdmpursts and AGN activity.

The large collecting area of TMT will allow us to probe 2.5 mégdes deeper than currently
possible with Keck. As a result we will be able to trace in dekee sub{., disk population. We can
study the growth of structure and kinematicsat 1 and connect this evolution ultimately to low
mass, Magellanic disks in the nearby universe. A key questidbe addressed is why the evolution
of lower mass disk galaxies was delayed, and what physioalss was responsible.

Finally the evolution and assembly of diskszat> 0.85 has been hampered by lack of high
resolution, high-sensitivity NIR observations which caolge the rest-frame optical light. The time
period between 7—11 Gyr of cosmic look back time is when déksbelieved to have assembled.
What were the disk shapes and profiles of the first objects? Wi the stellar and gas kinematics
and how did they affect the build up of stars@ Bjpectroscopy at sub-kpc resolution with TMT will
allow us to measure the velocity fields and dispersions ir#rkest disks. Imaging with JWST and
TMT will reveal the morphology and galactic structures afsh earliest systems which can then be
placed in the context of our current understanding oflisks atz < 1.

The Impact of Galaxy Mergers. The role of mergers in galaxy formation and evolution thyloout
cosmic time remains controversial in spite of the substhefifort, using both HST and ground-
based telescopes, to understand it. Studies of high-fedsitaxies, particularly since the peak of
cosmic history at ~ 2, diverge on the evolution of galaxy-pair fractions (e.grtdlepe et al. 2007;
Lotz et al. 2008) and the dominance of mergers in fuelingearcdtarbursts and AGN activities (e.g.
Kocevski et al. 2012; Comerford et al. 2009). These debaeassitate a thorough understanding of
the detailed physical processes occurring in the extremmdygetic and dusty environments within
the nuclei of galaxy mergers.

Activity transpiring in the central few hundred parsecs ajadactic nucleus may govern the
properties of its host. Indeed, the observed scaling oelatdf the masses and kinematic properties
of galactic bulges with their central SMBHSs are prime exagspf such an effectpy — Mpuige
(Kormendy & Richstone 1995; Magorrian et al. 1998}z — Liuige (Marconi & Hunt 2003), and
Mgyu — o, (Tremaine et al. 2002; Ferrarese & Merritt 2000; Gebharatl.e2000). However, the
possibility that theMpp — o, relation may evolve with redshift (e.g. Zhang et al. 20123 feal
to suggestions that the scaling relation depends mosttljireic stellar mass (Jahnke et al. 2009;
Cisternas et al. 2011); in this case, the evolution ofithg; — o, relation with redshift would reflect
the changing fractions of mass in galaxy bulges versus diSkgent arguments have also been
made that the growth of BHs and the stellar content of gataaie both “self-regulated” and that
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Fig. 29 Bar fraction as a function of redshift in equal time bins ofylr @ a look back time of 7 Gyr.
The bar fraction drops from 65% in the local universe4@0% at z ~ 0.84. The left panels show
the bar fraction for all galaxies classified as barred, waetbe right panels show the same for only
the strong bars. The two rows show two independent methadhdobar classification. Numbers
above each data point indicate the total number of bars@ngtbars) and total number of galaxies
in the bin, and the error bars reflect the error in the measemewf the bar fraction. From Sheth
et al. (2008).

ultimately it is galaxy dark matter halo mass which dictdatesequilibrium state (Booth & Schaye
2010).

In any case, the coevolution of SMBHSs and their host galagiese of the keys to understanding
the driving force of galaxy evolution, as it has direct incglions on the interplay between the
central source and the surrounding ISM. However, this attiion has posed serious challenges to
our understanding due to observational difficulties. Dethobservations of the morphology and
kinematics of nuclei in interacting galaxies have beencu#t with dust extinction, making them
opaque to optical telescopes, and have been impossiblehetiecent technological advancement
of NIR integral field spectrographs with AO in the past decfdavies et al. 2006; Nowak et al.
2008; McConnell etal. 2011; Gebhardt etal. 2011; Medlingle2011; U et al. 2013; Medling et al.
2014). TMT, with its nearly two order of magnitude increasesensitivity for diffraction-limited
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Fig. 30 Stellar mass versus rotational velocity is shown for galsfiom the DEEP2/AEGIS sample
(Sheth et al. 2012). All black points are unbarred disksidédaheir scatter away from the TF which
is indicated by the dashed lines. The blue points are bapiealsthat tend to be on or near the TF.

imaging/spectroscopy, will undoubtedly revolutionizer aunderstanding of processes in galactic
nuclei.

The mechanism through which BH masses correlate with ggdeogyerties has often been asso-
ciated with gas-rich galaxy mergers (e.g. Hopkins et al.620Gravitational torques funnel the gas
into their centers, triggering two phenomena: an intenssthof star formation to feed the bulge,
and accretion of gas on to the BHs in the centers of each gdlalkgs been postulated that BH
growth can regulate this process through AGN feedback (gptiet al. 2005) via massive winds
that evacuate the gas from the galaxy on short timescal&s)goff star formation and future BH
growth. This sense of self-regulation has been confirmedrghtonally by Kauffmann & Heckman
(2009), who find that the Eddington ratio of a sample of AGNpead&ls on the supply of cold gas
in the galaxy. Though the detailed mechanisms causing tteselations are still unconfirmed, star
formation and BH growth are fed by the same reservoir of inflgwgas; their growth histories are
intertwined. It is likely that these two processes competédifel in a predictable fashion.

To understand this interplay, it is critical to examine sys$ during the period of maximum
fueling of central starbursts and SMBHSs. During a mergeesdbe BH grow first, leaving the stars
to slowly consume the remaining gas? Or is star formatiomgloed once the BH reaches a bright
guasar phase of extreme growth? The position of a merger osdating relations would indi-
cate the relative growth timescales, and confirm whetheptiative quasar-mode feedback occurs.
Theoretical arguments have suggested that the starbuwgirbferential access to the available gas
and that, therefore, a BH would grow substantially onlyradtar formation has quenched itself and
the galaxy bulge is in place (Cen 2012); this scenario wouddligt that these mergers fall below
BH scaling relations.

Observationally, no clear verdict on the location of mesgalong theMpy—galaxy scaling
relations has yet to be established, as different studies peesented apparently-conflicting ev-
idence. Kormendy & Ho (2013) show five merging galaxies figilbelow the Mgy — o, and
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Fig. 31 Recent compilation oM — o, measurements from McConnell & Ma (2013). The BH
masses are measured using the dynamics of masiarsg(es, stars §targ, or gas €ircles). Error
bars indicate 68% confidence intervals. The black dottezldimows the best-fitting power law for
the entire sample.

Mgsu — Lk puige relations and suggest that BH growth lags bulge formatioméngers; however,
using the Keck/OSIRIS integral field spectrograph behind Madling et al. (2014) find the BHs
in a sample of gas-rich mergers at or above BH scaling relgtipe., significantly more massive
than expected given their host galaxy properties. Thisigraoy to the predictions of quasar-mode
feedback theories, in which BH growth is delayed until thalfstages of a galaxy merger, at which
point energetic AGN feedback cuts off subsequent star fooma

5.2.2 Feedback and the physics of galaxy quenching

Over the last decade, observations have revealed a numbermfsing discoveries about how the
baryonic content of galaxies is assembled. Roughly halfiefstellar mass in present-day galaxies
was assembled since~ 1, over an era when the cosmic SFR steadily declined. Whilestigl&ar
mass in passive, red-sequence galaxies continued to drewnass in star-forming galaxies re-
mained essentially constant. Over this period, some pspgesto be securely identified, quenched
star formation in massive galaxies. This quenching was regtipted by theoretical models of the un-
derlying cosmology and the hierarchical growth of grav@aally bound structures. Understanding
the growth of the baryonic component of galaxies requirbsing the accretion and ejection of gas
from galaxies. This gas physics depends on the highly noeatigas cooling rate and the feedback
of energy, momentum, and heavy elements produced by staafmm and AGNs.

Among the many new questions which these results have raeatk critical ones that can be
investigated with TMT include the following:
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— How exactly do the properties of the circumgalactic gasqoales from roughly the galactic
radius to the virial radius) influence the rate of baryonicration onto the star-forming (Toomre
Q@ ~ 1) galactic disk?

— How does the mass ejection rate from star-forming galaseg with galaxy mass and cosmic
time?

— How does the coupling among the various feedback procéstediar winds, SNe, AGNs) shape
the efficiency of mass and metal ejection from galaxies?

— Which physical processes (SN thermal energy, radiativ@emum, cosmic rays, etc.) dominate
the acceleration of galactic winds?

— Why is the characteristic stellar mass at which galaxiase&orming stars essentially indepen-
dent of redshift?

— Why is star formation most efficient in galaxies similar iags to the Milky Way?

— How does environment affect the cycling of matter betwesdades and their surroundings?

Progress requires more detailed studies of galaxies ogegrtnof strongly evolving star formation
activity from roughlyz ~ 1.5 to the present. Multiple sightlines to beacons behind tHeshaf
individual galaxies will clarify the global structure antlifig factor of circumgalactic gas. Spectral
imaging of galaxies will resolve metallicity gradients hiit galaxies and provide sensitivity to fila-
mentary structures connecting galaxies to their surrovggdi

The TMT first-light instruments offer powerful capabilisiéor these types of studies. The WFOS
provides the blue sensitivity required to attack the hakoaption issues with observations of promi-
nent resonance lines all the way downte 0.1; this science is not accessible with JWST. The IRIS
instrument will generate spectral maps of star-formingdtrres within distant galaxies at higher
resolution than JWST; and, combined with maps of molecudarand dust obtained with ALMA,
will directly reveal which regions within galaxies form stamost efficiently. IRIS and IRMS pro-
vide infrared spectroscopy of diagnostic emission linegctvivegin redshifting out of the optical
bandpass at > 0.5, and complement JWST by offering higher spectral resatutio
Absorption-line Measurements of Galaxy Outflows Good spectral resolutior ~ 5000) is key
to obtaining accurate measurements of the properties afgflews from galaxy spectra. Figure 32
shows examples of galaxy spectra at intermediate redshifis resonance absorption lines typi-
cally show a net blueshift relative to the galaxy, indicgtoutflowing gas along the sightlines to
the star-forming regions. Each absorption trough, howesea blend of interstellar absorption at
the systemic velocity, blueshifted absorption from a gétarind, and resonance emission (from
both the near and far sides of the galactic halo). Opticattspscopy with TMT will improve the
resolution of these galaxy spectra by a factor of 9 at confpp@@/N ratio per resolution element. At
similar resolution (60 kms!), previous studies of lower redshift galaxies not only safeathese
spectral components but also derive properties of the flow fasiction of the velocity (Martin &
Bouché 2009).

5.2.3 The influence of local and large-scale environment

It is well established that the physical properties of giglastrongly correlate with environment in
the local universe, see Section 7.8.6. In contrast to thefataing field galaxies, those in dense
environments such as galaxy clusters are typically red arebgent at low and intermediate redshift
(Dressler 1980; Blanton et al. 2005; Cooper et al. 2006)hWithese overdense environments, the
galaxy population evolves strongly with redshift. Highedshift systems have greater fractions of
blue, star-forming, late-type galaxies (Butcher & Oemi@84; Dressler et al. 1997; van Dokkum &
Franx 2001; Lubin et al. 2002). Recent studies of largeesstalictures at ~ 1 (Lubin et al. 2009)
have found that many of the infalling galaxies experiengmificantly increased star formation,
starburst, nuclear activity, and rapid quenching of stemttion (e.g. Dressler et al. 2004; Tran et al.
2003; De Lucia et al. 2004; Tanaka et al. 2005; Koyama et &l72Best et al. 2003; Eastman et
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Fig. 32 Comparison of the Fe Il and Mg Il line profiles in average spzeof galaxies with different
propertiesTop toward lower mass galaxies, the Mg Il absorption trough®bee shallower, the Mg

Il emission becomes stronger, and the Fe II* emissioxB612, 2626 increases. In the highest mass
tertile, the Mg Il doublet ratio is not inverted, and FE\R383 has a higher EW than FeX2374, as

it should in the absence of emission fillingiddle: we see similar trends with color because color
is strongly correlated with stellar mass (redder galaxiesnaore massive on averag8pttom the
resonance absorption troughs become deeper in more lumgataxies.

al. 2007; Kocevski et al. 2009). Altogether, these resutfigly that strong galaxy evolution occurs
while galaxies assemble into clusters.

Several mechanisms had been proposed for these envircareéfietts. One class of mecha-
nisms is cluster-related, such as ram-pressure stripgalgxy harassment and strangulation (Gunn
& Gott 1972; Larson et al. 1980; Balogh & Morris 2000). Otheemets such as galaxy interactions
and galaxy mergers, which occur in both the field and in cigsteave also been suggested (Mihos
& Hernquist 1994; Barnes & Hernquist 1992). We do not knowchkitof the many possible physical
mechanisms associated with the cluster environment gpemsible for eventually suppressing this
star formation and nuclear activity and transforming gasetisk galaxies into passive spheroids.
We do know that many of these mechanisms are assocraiedith the densest cluster regions, but
rather with the infall regions and lower-density enviromtsefar from the cluster cores (Treu et al.
2003). We must therefore examine galaxy populations oefuthrange of environments to form a
complete picture of galaxy evolution.

We observe strong differences in the high-mass end of tHarsteass function, even for clusters
with similar dynamical (halo) masses and redshifts, impdydifferent evolutionary histories. Thus
both late quenching and merging are responsible for papgl#te bright end of the red sequence
and that halo mass and mass specific processes play crdemimg@alaxy evolution (Lemaux et al.
2012; Wu & Zhang 2013). We also observe [Oll] in many passalaxjes that is the result of nuclear
emission from LINERs, not normal star formation (Lemaux let2810). These observations, for
instance, require a combination of rest-frame optical &sidectroscopy, for which WFOS and IRIS
are ideally suited. There is also an increasing fractio®4205%) of post-starburst (K+A) galaxies
than the<3% in the distant field (Tran et al. 2004). These K+As are assivass the passive
(red) galaxies, implying a clear connection between thepojulations (Wu & Zhang 2013). Their
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distribution seems to be intimately connected to theiremments at ~ 1, indicating an important
role for different processes in different environments.

Today, we require the use of the world's largest telescolesk, Subaru, VLT, etc.) to study
even modest samples of the brighter galaxies in these emagots. The challenge increases as we
approach redshifts > 1, where many of the spectral features needed to measure/ga&dallicities
(stellar and gas-phase), identify quenching events (gtasburst signatures), distinguish starbursts
from AGNSs, and determine other essential galaxy properiéshift into the NIR. These realities
necessitate multi-object NIR spectroscopy, which hastpgdy become feasible on select facilities.
But even there, large amounts of telescope time must beteteés observe modest samples at
moderate resolution and S/N. Because much of the galaxytwolatz ~ 1 — 2 occurs in the lower
mass (and lower luminosity) galaxies, only TMT will be alideobserve the most interesting targets.
Workhorse instruments such as WFOS will enable optical tspsmopy of potentially interesting
targets, identifying objects at~ 1 for follow-up rest-frame optical spectroscopy using IRM&e
most interesting candidates will be dissected using IRIEyse extremely high spatial resolution
will finally allow us to clearly see where AGNSs, starburst&rgers and tidal interactions are at play.
The two infrared spectrometers will probe the most impdrspectral features - [Olll], @, Mgb,
Ha, and [NII] - that can be used to distinguish the internal psses at work during this important
epoch of galaxy transformation.

Evolution of Satellite Galaxies Over the past decade, models of galaxy formation and ewalut
have made significant progress in explaining the observageapties of massive galaxies as a func-
tion of cosmic time. Among other improvements, the inclasib feedback from star formation and
AGNSs has aided greatly in matching the color and luminosiggrihutions of massive galaxies at
z < 2 (e.g., Croton et al. 2006; Di Matteo et al. 2005). Howevererd observational results have
also illustrated a fundamental problem with the abilitylué$e same models to predict the evolution
of low-mass galaxied/, = 10°M, (Somerville et al. 2008; Weinmann et al. 2011, 2012).

The shortcomings of modern models are perhaps best iltadtby studies of the Milky Way and
its satellites. Beyond the well-known missing satellitesljfem (Moore et al. 1999a; Klypin et al.
1999), recent work has shown that the most massive submesamulated Milky Way-like systems
are dramatically inconsistent with the dynamics of the legt Milky Way satellites (otherwise
known as the “Too Big To Fail” problem (Boylan-Kolchin et 2011, 2012). This result suggests
a serious problem with our understanding of how low-massxges populate dark matter halos
within ACDM. In particular, the “Too Big To Fail” problem indicategailure of subhalo abundance
matching (SHAM) at low stellar masses (L0® M(,)). Abundance matching or SHAM, a common
technique for populating simulated dark matter distribogi with galaxies, assumes a one-to-one
relation between a galaxy’s stellar mass and the mass caiemnpdark matter (sub)halo (Behroozi
et al. 2013; Moster et al. 2013). This simple empirical apploto modeling galaxy formation has
yielded great success for massive galaxies, matching areuidge of clustering statistics as a function
of cosmic time (e.g. Berrier et al. 2006; Conroy et al. 200®)e importance of this success is that
it indicates that a galaxy’s stellar mass is determined Merg large extent, solely by the mass of its
parent halo.

To robustly probe the dark matter content on these low-meales requires observations of
a statistically meaningful sample of systems beyond thg lgral universe, ideally extending to
higher redshift. Unfortunately, current kinematic coastts on the stellar mass-halo mass rela-
tion are barely able to reach the critical scales where @&k in abundance matching arises
(M, < 10® M,; see Fig. 33). Moreover, the required observations are ceajlenging, requiring
5-10 hours of integration with Keck/DEIMOS and are limitgdthe spatial and spectral resolution
afforded by current facilities. The sensitivity of TMT coimkd with the spectral capabilities of IRIS
and WFOS will open up the ability to constrain the dynamicgl(thus dark matter halo masses) of
low-mass systems far beyond current limits and across @raihgnvironments (including both field
and satellite populations).
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Fig.33 Stellar-to-halo mass relation according to the abundanathing curves of Garrison-
Kimmel et al. (2013; solid curve at = 0) and Behroozi et al. (2013; aqua and orange curves at
z = 0.1 andz = 1.0, respectively), compared to that inferred for a sample @frinediate-redshift
dwarf galaxies according to deep Keck/DEIMOS kinematic sneaments. Black points represent
the data. TMT will extend our ability to constrain this ccai stellar mass-halo mass relation to yet
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Fig.34 The dependence of the environmentally quenched fractiosabellite stellar mass; that
is, the fraction of satellites that are quenched in excegbaifexpected in the field, i.e. the frac-
tion of satellites that are quenched because they areizells a function of stellar mass. While
environmental quenching seems to have an approximatelstanefficiency of~ 30% at stellar
masses from 1Oto 10" Mg, there is a dramatic upturn in quenching at lower stellarsesigif
the Local Group is typical). TMT will allow spectroscopiaidies to probe this regime beyond the
Local Group, measuring SFRs and kinematics for large ptipnksof low-mass systems.
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Beyond the apparent breakdown of abundance matchingntitations in our understanding of
galaxy evolution at low masses are further illustrated lgyitfability of current models to reproduce
the number of passive or quenched satellites in the locakuse, such that models overpredict the
guenched satellite population locally (e.g. Weinmann e2@06, 2010; Kimm et al. 2009; Phillips
et al. 2014). Recent observations of the quenching effigiéocsatellite galaxies find that only
about 25%-30% of infalling satellites are quenched in Iggalips and Milky Way-like systems.
Moreover, this quenching efficiency is relatively indepentbf satellite stellar mass, such that lower
mass systems( 10® M) are equally likely to quench as their more massive couatésg\Wetzel
et al. 2013; Wheeler et al. 2014). From studies of the Locau@y however, we can conclude that
this trend likely breaks down at yet lower stellar masses 4evbe- 10® M, nearly all satellites in
the Local Group are quenched (see Fig. 34), potentiallgatdig a dramatic change in the efficiency
of satellite quenching at 10% M.

The major limiting factor in understanding the quenchingaftellite galaxies or more gener-
ally the evolution of low-mass systems is the limited oba&onal information at stellar masses
< 10® M. While simulations have pushed their resolution limits daw very low masses, our
observational knowledge is severely lacking. Currem¥lyhody simulations are able to resolve halo
masses as small as“16 10° M, (e.g. Springel et al. 2008), while observations of galaxiéh
stellar masses of 10® M, are limited to the few systems found in the very local unieef&VIT
will represent a dramatic leap forward in our observatiasdabilities, pushing observations of
low-mass galaxies~{ 10° M) beyond the Local Group and more importantly out to interimed
ate redshift { ~ 1) over a broad range of environments. In particular, TMT wifice invaluable
constraints on the stellar mass-halo mass relation (amdatsition), while testing models of galaxy
formation (including satellite quenching) in the yet-plgeunderstood low-mass regime.

Spatial distributions of stellar populations: Stellar mass functions of quiescent and star-forming
galaxies evolve with time in such a way that quiescent galakiecome progressively more dom-
inant with time. This trend is further accelerated in higimsity environments, such that clusters,
even those at high, are often dominated by quiescent galaxies. The detailgsighof quenching,
however, has yet to be understood and is one of the majoralueskissues in our understanding of
galaxy evolution. The superb spatial resolution of TMT masegis a handle on this long-standing
guestion.

Deep, AO-assisted, IFU spectroscopy will allow us to studly $patial distribution of stellar
populations within galaxies. By examining spectral feasuthat are sensitive to star formation on
different timescales (e.g.dvs. Dyooo), we can see which part of a galaxy is quenched and on what
timescale. There are a number of physical processes thakpeeted to shut off the star-formation
activities of galaxies. Their quenching efficiencies diffetween the central part and outskirts of
galaxies — e.g. ram-pressure stripping first occurs in ttigkinis where the potential well is shal-
lower and star formation is expected to cease progressfuety the outskirts to the center. On
the other hand, strangulation suppresses star formatiagalaxy-wide scale. Together with the
conventional wisdom that different processes are moress édfective in different environments
(e.g. ram-pressure is most effective in dense cluster cottdke galaxy-galaxy interactions may be
least effective there), mapping the spatially-resolvetlastpopulations may help identify the phys-
ical process(es) at work. Another clue may come from the ayca status of the outer part of the
guenched galaxies. Some processes are expected to trassdoiforming galaxies into SO’s instead
of classical, dispersion-dominated elliptical galaxiBise E/SO classification is notoriously difficult
at highz even with HST, but they are dynamically distinct (SO has athog disk, while E does
not). So, if we can measure the dynamics of the outer parttttewould be another important clue
toward solving the problem.

The spatial distribution of stellar populations is als@netsting from the point of view of the size
evolution of galaxies. Current theories predict that theead these galaxies forms at high redshifts
and they are observed as the compact, massive galaxies & Then, low-mass galaxies accrete
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onto these galaxies and fill out the outer part to form an elddrenvelope. We can test this theory
by direct observations of early-type galaxies over a rarigedshifts. Low-mass galaxies are metal-
poor galaxies and we expect that the metallicity gradiehtsiassive early-type galaxies should
become stronger with time. It may be challenging to meadetlas metallicity with sufficient S/N
even with TMT, but a stacking analysis would make it possible

Synergy with Large Surveys TMT is not a survey telescope. Its field-of-view is relativemall
compared to the largest panoramic telescope facilitisspdwer lies in spectroscopic follow-up
observations. Clusters and groups of galaxies that we hiawagsed in this section are rare objects
and one needs to survey a large volume to cover a wide enongk & environment. There are a
number of on-going/future surveys such as the Hyper Sup€@ama Survey, Dark Energy Survey,
and LSST. These surveys cover more than 1000 square degr@seahighly complementary to
TMT. By using cluster catalogs from these surveys, we cagieiffily point TMT to interesting
groups and clusters to cover a wide enough parameter sp#ue é@mvironment. The superb spatial
resolution and depth of TMT will then allow us to gain much pleeinsights into galaxy properties
than these wide-area surveys can achieve.

5.3 The Intergalactic Medium
5.3.1 Background

The overwhelming majority of baryons at > 2 reside in a diffuse, highly ionized plasma that
lies between galaxies known as the IGM. This IGM is a fundaalgaediction of hierarchical cos-
mology where baryons trace the underlying dark matteridigion giving rise to the Cosmic Web
(Fig. 35). Observationally, this web is manifested in thecta of distant sources as a thicket of HI
Ly« absorption-lines commonly termed thed.yorest. Because the physics of diffuse gas can be
very simple, the theory has told us that the neutral hydrdginoptical depth, as well as the gas
temperature, is controlled by the gas density and the iitjeaisd spectral shape of the extragalac-
tic UV background (EUVB). This simplicity makes it possiliteturn a Ly forest spectrum, as in
Figure 28, into a 1-D map of the density along the LOS, as atfomof redshift. These data provide
information on the spectrum of initial density fluctuatiomishout the non-linear gravitational pro-
cessing that affects denser regions of the universe, asdlilel y forest may offer the best means
of measuring the spectrum of these perturbations on sne#sahere other techniques cannot.

The highest quality data on the physical properties of thd liave been recorded for the red-
shiftrangez = 1.6—3.5, for several reasons: first, bymust be redshifted above the atmospheric UV
cutoff of 0.31um, setting the minimum redshift; second, thenLforest evolves extremely rapidly
with redshift, so that by > 3.5, it is so dense with absorption that it loses dynamic range fo
measuring weak spectral features; third, QSOs bright eméargechelle observations{ < 19) are
very rare even at their peak near= 2.5, and byz = 6 there is only a small sample known in the
entire sky. Thus, in general, our current view of the IGM isDJ], in the sense that we do not get
the picture on the lower panel of Figure 28 but only the onenerupper panel.

Indeed, experiments designed to examine the gas surraugdiaxies — their so-called CGM —
reveal a substantial reservoir of cool, enriched gas. fiskéihg the interplay between the IGM and
galaxies is a major focus of current research and bearstlgi@t theories of galaxy formation in
modern cosmology.

Nevertheless, decades of research on the IGM using higleidi®n, absorption-line spec-
troscopy have established the basic properties of thisunedhe surface density distribution of
the HI gas, the probability density function of its transsios with redshift, the fact that the gas
is highly ionized, and constraints on its temperature aedntial history. These data have also re-
vealed that portions of the IGM are enriched in heavy elem@dt Si, O). High-resolution spectra
are capable of detecting trace amounts of metals, down talliciies as low as 1/5000 of the solar



Thirty Meter Telescope Detailed Science Case: 2015 2001

Normalized Flux

4000 4200 4400 4600 4800 5000
Wavelength (Ang)

Fig. 35 The “cosmic web” of the baryon distribution in a cosmologjisianulation. Here, HI in the
IGM traces the dark matter distribution even in regions Wath density contrast. A LOS through
the volume yields a 1-D map of both the HI and metallic spealesg the LOS, as shown in the
top panel. Densely sampled sightlines through a surveynwe]uogether with detailed maps of the
galaxy distribution, will provide unprecedented views o distribution of baryons in the universe,
and their relation to the sites of galaxy formation. [llkagion Credit: Zosia Rostomian, LBNL;
Nic Ross, BOSS Lyman-alpha team, LBNL; Springel et al, Vi@mnsortium and the Max Planck
Institute for Astrophysics]
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Fig. 36 The cumulative surface density of QSOs and UV-bright galasis a function of R mag. The
surface density of suitable IGM probes increases expaagnfor R > 22 due to the very steep rest-
UV luminosity function of star forming galaxies. By ~ 24, the surface density of galaxies+QSOs
exceeds 1 arcmir?, sufficient for tomographic mapping of the IGM on Mpc scales.
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abundances. In fact, such lines of sight provide a very higdlity “core sample” of the intervening
universe, from which we have learned (e.g.) that there mayolgas, anywhere in the universe, that
was not “polluted” with the products of stellar nucleosyagls at some early epoch. This enrichment
implies an interplay between galaxies and the IGM througti@iearly universe including, perhaps,
the first stars. Current galaxy formation theory requires the IGM provide galaxies with a nearly
continuous supply of fuel for star formation.

Complementing the single-sightline, high-dispersioragdagveral projects have generated mas-
sive spectroscopic datasets (e.g. SDSS, BOSS) to studytiieakross large-scales and to use it
as a direct probe of cosmological models. Despite the lowectsal resolution, the large sample
size and sky-area-coverage offer unique analyses ingudieasurements of the BAO in the IGM
transmission field, cross-correlation of the HI gas to IGMahabsorption and high-quasars and
galaxies, and measurements of the mean free path to iormiadhigtion. In the TMT era, there will
be powerful synergy between the high-fidelity data one cdaioton narrow fields with these large
spectroscopic datasets spanning the full sky.

5.3.2 TMT and the IGM

As emphasized above, our view of the IGM on Mpc scales is ¢isdlgri-D, limited by the number
density of luminous quasars on the sky. To resolve the Co%veiz on scales of 1 Mpc one must
obtain IGM spectra of a denser set of background sourcesrd-86 shows the space density of
compact, UV-bright star forming galaxies at apparent magieis sufficient to yield very high quality
spectra. For galaxies witR ~ 24.5 (~ 0.6 pJy), approximately the apparent magnitude at which
TMT/WFQOS can obtain a spectrum At~ 5000 with S/N ~ 30, galaxies in the appropriate redshift
range ¢ = 1.8 — 4) outnumber QSOs by more than a factor of 30. This means tleatGiV
properties can be densely sampled on physical scales ®Mpc, approximately the maximum
sphere of influence of individual galaxies on the IGM and camaple to the expected coherence
length of the undisturbed IGM. Thus, the 3-D IGM can be effety reconstructed tomographically
over the range 1.&¢ z < 3.5 where the Lymaia forest can be observed from the ground with a
good dynamic range.

With a sufficiently dense grid of closely-separated backgtbsources, including faint QSOs
and bright LBGs, it becomes possible to interpolate actossrainsverse plane to ‘tomographically’
reconstruct the 3-D Ly forest absorption field. Ly tomographic maps with-Mpc resolution will
extend 3-D cosmography beyond the~ 1 currently achievable by deep galaxy redshift surveys
(e.g. Davis et al. 2003; Lilly et al. 2007). In addition, dsistrated by the simulated reconstruction
maps in Figure 36, Ly tomography is far more effective at mapping out overdessitif order
unity and cosmic voids. Since eachd.jorest sightline probes 500 = Mpc (comoving) along
the LOS, large cosmic volumes can be efficiently mapped. &baltant maps reveal the topology of
large-scale structure in the highuniverse, constrain the power-spectrum of dark matterresalve
extrema in the density field such as proto-clusters and voids

Our current, 1-D view of the IGM has primarily been deriveohrseveral tens of echelle spec-
tra at high S/N $30 per pixel) recorded on 10 m class telescopes. These daténpsomparison
with the S/N>>>100 per pixel one obtains for stars in our Galaxy (and itsmgdgs). With an echelle
spectrometer on TMT one could achieve S/NDOO on the most luminous sources to give an un-
precedented view of the low-density IGM. Such data couldef@mmple, reveal the presence of a
CIV *forest’, akin to the HI Ly forest of current datasets (see Fig. 38). The spectra watéhe
lish the distribution of metals at below the mean densityhef tiniverse (i.e. the majority of the
volume), testing models of pre-enrichment. These extrerigih quality spectra will also place
high-precision constraints on the temperature of the IGMetier resolve its thermal history. The
IGM temperature with redshift is a complex balance betwetabatic cooling from cosmic expan-
sion with photoionization heating by quasars and star-fiegngalaxies and (possibly) heating by



Thirty Meter Telescope Detailed Science Case: 2015 2003

Tom ographic Reconstruction Twe Lya Forest Field D ak M atter O verdensity

E 2 .

-0.25 -015 -0.07 201 009-0.23 -0.15 -007 001 ©.09 0.00 .67 535 5.02 670

Fig. 37 Simulation slices illustrating Ly forest tomography with map resolutions of 2.5 Mpc.
(Leff) A tomographic reconstruction from a set of simulatedvlfprest absorption sightlines from
sources down to a survey depthrofsp = 24.5, which include realistic modeling of spectral S/N
assuming the Reddy et al. (2008) LBG UV luminosity functi@ihe central panel shows the true
underlying 3-D Ly forest absorption field while the right panel shows the ulyiley dark-matter
overdensityA = p/{p) (both smoothed with a 3.5~ Mpc Gaussian to match the reconstructed
map). These slices have dimensions (200 Mpc) 2 x 2 h~! Mpc, and the LOS direction is
into the plane of the page — in real surveys, one coversi400Mpc along the LOS. The green
dots overlaid on the DM field show positions & < 25.5 galaxies coeval with the Ly forest,
obtained from halo abundance matching. The solid smalanggte overlaid on the left-panel shows
the footprint covered by approximately 10 WFOS pointingsil@ithe large dashed rectangle shows
the area equivalent to 1 degn the sky. [Image adapted from Lee et al. 2014]

exotic sources (e.g. blazars) and structure formations@ldata will also examine systematics that
affect the large-field surveys of the IGM (e.g. continuummalization).

Another emerging area of IGM research is to study the gas isstom. Once illuminated by
ionizing photons from the EUVB or a nearby source, the HI gasréisces with approximately 60%
of the photons converted to HI by(Adelberger et al. 2006; Cantalupo et al. 2007; Kollmeiealet
2010). Figure 39 shows the “Slug Nebula” surrounding thghirUM287 quasar at = 2.1 which
extends hundreds of kpc across, i.e. far beyond the darlentato hosting the source. Using the
boosted ionizing radiation field of the nearby quasar, ga® fihe surrounding IGM may be studied
in emission. Narrowband imaging and IFU spectroscopy on Tddld detect much fainter sources
including optically thick gas ionized only by the EUVB. TMsgreater impact, however, would be
deep optical and NIR spectra of this extended emission tgndise properties of the IGM in an
entirely complementary fashion to absorption-line teghes. The surface brightness of even the
bright nebula in Figure 39 requires several night-longgrdéons on a 10 m telescope to sensitively
study Ly, CIV, Hell, and Hy line-emission. With TMT, one could resolve the morpholodyte
gas distribution and gain information on the kinematicsiatrment, density, and ionization state. If
combined with an IGM tomographic study, one would gain a cleteppicture of the morphology
and physics of the IGM on Mpc scales.

5.3.3 TMT and the CGM

One of the most exciting possibilities enabled by TMT is tontine the precision measurements
of the astrophysics of the IGM using relatively bright baakgnd sources with direct observations
of the luminous material — galaxies and AGNs — in the samemelsi of space, providing for the
first time the first 3-D view of the distribution of baryonic teaal in the high redshift universe.
Figure 39 illustrates the connection between galaxies la@dGM, with the observed nebula span-
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Fig. 38 Simulated optical depth plots of CIV absorption from the I@bsuming the IGM is enriched
to 1/1000 solar at the mean density. The upper panel showsghest quality spectra that one can
achieve with 10 m class telescopes. With TMT, one could reaamprecedented SNLOOO spectra
on the most luminous sources (including GRBs). These speaiuld directly establish whether a
CIV “forest’ exists in thez ~ 2 universe. In turn, the data would reveal the full distribatdf metals

in the highz IGM.
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Fig.39 (Leff) Ly image of the Slug Nebula surrounding UM287 (labeled “a”)tagted using
narrowband imaging with Keck/LRIS-B. The color map indesathe Lyv surface brightness per
arcseé. The extended emission spans a projected angular size5f’ (about 460 physical kpc),
measured from- 107 1% erg s* cm~2 arcsec? contours. The nebula appears broadly filamentary
and asymmetric, extending mostly on the eastern side ofgtiasand towards the south-east in the
direction of a second, fainter quasar (labeled “b”). [Adapfrom Cantalupo et al. 2014R{gh) A

2' by 2 region (the cyan circle has a diameter 6fdr ~ 500 pkpc) surrounding the = 2.84 QSO

HS 1549+19; the grayscale is a deep HST WFC3 F160W image.(h)&entered on the QSO; red
contours are Ly emitting regions at the same redshift, where magenta |aheik regions with Ly
spectra. (Adapted from Trainor & Steidel 2013).
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Table 2 WFOS Survey of Baryonic Structure in the High-redshift Lamse

Survey Sky Area #Targets Exp. A Range #tiles Total
Galaxies: 4x(2°x0.56°) 120000 @ 1 hour for S/IN> 0.32-0.65um 1000 1000 hours
2=16-35 AB <26.5 5@ R=1000

IGM 4x(2°x0.56°) 15000 @ 4.5 hours for S/IN0.31—-0.60um 100 450 hours
z=16-3.5 AB <245 >35@R=5000

ning the range from galactic scales (tens of kpc) to intexgja scales (hundreds kpc). Feedback
processes from galaxies and their AGNs affect the surragnid@sM, e.g. enriching the gas, ioniz-
ing the medium, and depositing heat. At the same time, gas fihe IGM funnels into the galactic
potential wells to fuel new stars, continuing the so-cattearyon cycle” of feedback and accretion.
Present studies of the CGM are primarily limited to exangriime gas in absorption in the rare cases
where a quasar or luminous galaxy lies behind a foregroutakgaOne obtains single-sightline
information, one galaxy at a time, and primarily at low spalctesolution with correspondingly
limited constraints on the physical conditions.

The IGM tomography experiment described in the previous@emay be expanded to include
analysis of the CGM. Star-forming galaxies with < 24.5 used to characterize the IGM absorp-
tion represent only the “tip of the iceberg” for the high reifisgalaxies. The combined sensitivity
of WFOS and TMT allows for spectroscopy of much fainter gaaxto R ~ 27, albeit with lower
spectral resolution than for the IGM probes) with a high éegyf completeness. Galaxies at such ap-
parent magnitudes have surface densities 20 arcmirn 2 for each interval in redshift abz ~ 0.5
fromz ~ 2to z ~ 3.5 (Fig. 40). Fortuitously, this redshift range also enconspasvhat we believe
to be the most important era for galaxy growth, star fornmaéinod massive BH accretion in the his-
tory of the universe. Thus, with TMT, it will be possible targiltaneously obtain a densely sampled
map of the distribution of galaxies and their CGM, in 3-D, yding the most complete possible
census of all normal matter, and its relationship to darkenafor the first time, the empirical pic-
ture of the high redshift universe would be of as high fidedisythose that currently exist only inside
simulations. More importantly, the observations will ral/éhe inner workings of all of the poorly
understood physical processes that must be incorporatadia@r to understand how galaxies form
— feedback (both hydrodynamic and radiative) from AGNs aalhges, gas accretion, details of
the relationship between structure in diffuse gas versatsttaced by galaxies.

An example of the type of ambitious survey that could be mednwith TMT would be
a TMT/WFOS observing program to survey both galaxies andi@M over a volume of the
z = 1.8 — 3.5 universe that is as statistically representative as theSSe8shift survey at ~ 0.1,
which could be accomplished in a reasonable amount of mestime. The relationship between
angular scale on the sky and co-moving scale at the targetadic epoch is vastly different be-
tweenz ~ 0.1 (SDSS) and ~ 2.5 (TMT). The SDSS was carried out with a telescope+instrument
combination capable of observing over an FOV with a diameft@r5 degrees, or a transverse scale
of ~ 18 Mpc (co-moving) at the median redshift of the survey.zAt- 2.5, the same 18 Mpc co-
moving scale is subtended by an anglel6f6’ on the sky. Thus, WFOS can be thought of as a
wide-field spectrograph for studies of the distant univefssurvey of a representative volume of
the universe{ 108 co-moving Mp¢) covers a solid angle of steradians at ~ 0.1; for the pro-
posed TMT/WFOS baryonic structure survey, the same volsngevered by~ 4.5 square degrees
on the sky, within which there would be 650 000 star forming galaxies brighter tha® ~ 26.5 in
the redshift rangé.6 < z < 3.5 that could be selected for spectroscopy using simple phetigen
criteria to within Az ~ 0.4. The total number of targets witR < 24.5 and1.6 < z < 3.5 in the
same volume would be30000. A summary of the observing parameters, assumin@bWwiOS
slit length of8.3', is given in Table 2.

The WFOS survey products would also include:
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Fig.40 (Left) Rest-UV spectra ofR = 24 galaxies observed a& = 1500 obtained using
Keck/LRIS, with 10 hour integrations. Spectra of similatayées could be obtained with 3—4 times
higher spectral resolution; spectra with similar qualityl e possible tomas ~ 26.5 using the
R ~ 1500 mode of WFOS. Even at this resolution, one detects metalrptiso lines from in-
tervening material (circled feaures), as well as measune & outflow kinematicsright panels,
showing various interstellar transitions andoLgmission relative to the galaxy systemic redshift.

— ldentification in redshift space e£1000 overdense regions that will become clusters by the
present-day. The physical state of potential hot gas in tléogntracluster media can be
matched against Sunyaev-Zeldovich signatures in futugie reésolution CMB maps, providing
a complete census of baryons in all phases within the deresgiens in the universe.

— Exquisite far-UV spectra of a large number of galaxies exgame redshift range for which IRIS
and IRMOS can obtain rest-frame optical spectra. The farsp&ttra will provide measures of
outflow kinematics, chemistry, stellar IMF, and in some sas@ss outflow rate.

— The 15000 high quality sightlines through the IGM will maperrgalactic HI and metals in 3-D,
to be compared with the galaxy distribution in the same cosmiumes. Even the lower res-
olution galaxy spectra will allow the mapping of inhomogities in the UV ionizing radiation
field and measurement of the lifetime of bright UV sourcesthi@mtransverse proximity effect
(e.g., Adelberger 2004; Trainor & Steidel 2013).

— The information content of the survey could be greatly eckd with HROS observations of the
brightest background sources in the survey regions, pimyiexquisite information accessible
only with high SINR ~ 50000 spectra, as well as selected IRMS/IRMOS observations of
UV-faint galaxies at the same redshifts in the same surviynves.

In addition, TMT would enable a statistically meaningfulrgale of high-dispersion probes of the
CGM. With R > 10000 spectra, one can reliably assess the column densities tipreubns (HI,
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Fig.41 Correlation between BH mass and bulge properties for negatgxies: left) K band
luminosity, and €ight) stellar velocity dispersion (Kormendy & Ho 2013). Furtlsardies are needed
to determine the relation between BH mass and bulge pregddr all kinds of galaxies.

Cll, CIV, etc.) to estimate the ionization state, total sgd density, metallicity, and velocity fields.
Presently the astrophysics of the CGM is poorly describ®f Would fully diagnose the properties
of this medium.

6 SUPERMASSIVE BLACK HOLES

SMBHs, with masses ranging from below® to abovel0!® solar masses, are now known to be
present in the centers of most and perhaps all large galaXiesmass of the BH is correlated with
the stellar massMgeu-Miuige relation) and velocity dispersion\(gu-o relation) of the bulge of
the galaxy (Fig. 41). These discoveries over the past 2Gyeare led to the popular idea that BHs
and galaxies co-evolve and that feedback of AGNs during tbert) phases of the BH strongly
affects the gas content and star formation in the host ga(ewy2004; Kormendy & Ho 2013).
Understanding the formation and growth history of SMBHsittlinfluence on galaxy evolution,
and the exotic phenomena of stellar dynamics and gas amtrietithe SMBH environment has
become a major theme in astronomy.

TMT’s capabilities for high angular resolution imaging antta-deep spectroscopy will provide
unprecedented opportunities to advance numerous areddRifl Science. These will include pre-
cision measurements of BH masses spanning a range of martotitaorders of magnitude in mass,
examining the relationships between SMBHSs and their hdakganvironments, understanding the
physical processes of the fueling and feedback of BHs aridréashift evolution, determining the
early growth history of SMBHs through observations of highkishift quasars, and carrying out fun-
damental tests of General Relativity through high-precisheasurements of stellar orbits around
the Galactic Center (GC). In this section, we describe a feth@most exciting science cases for
understanding the fundamental properties, accretioniggiyand cosmological growth history of
SMBHSs.
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Fig.42 (Top Simulated NIR imaget(,; = 20s) of the central 7’ x 17" of the Galaxy, centered
on the SMBH, Sgr A* at the angular resolution of TMT. The imagatains~ 2x 10° stars down to
K ~ 24 mag, including~2500 known stars and a theorized population based on thevels€C
radial profile and thd<{ band luminosity function of the Galactic bulge. The imaggtdes photon,
background, and read noisé8dtton) Implications for short-period stars’ orbits. Overlaiceaall
known orbits and examples of expected orbits with periods than 23 years that are detectable
both astrometrically and spectroscopically (< K < 16, yellow; K < 17, green;K < 18, cyan;
K < 19, magentaK < 20, tan). TMT/IRIS will increase the number of measurable speriod
orbits by an order of magnitude and also find systems that tidoSMBH much deeper in the central
potential, with orbital periods that are a factor of five sieralThese systems are particularly helpful
for measurements of post-Newtonian effects (GR and extengess distribution).
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Fig. 43 (Leff) Distribution of detected stars in the simulated imaged i (red) and Keck blue).
The number of detected stars with TMT will be two orders of miagle greater than KeckR{gh?)
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6.1 The Galactic Center Black Hole: Our Unique Laboratory for Up-close Study

The GC's proximity makes it a unique laboratory for addmegsssues in the fundamental physics
of SMBHs and their roles in galaxy formation and evolutionr@nt AO studies have transformed
our understanding of the GC. In the past decade, proper mstialies have determined the orbits
of some individual stars moving within 0.04 pc of Sgr A* (F4R). These provide the strongest
evidence for the existence of a central BH in the GC and therhass measurement in any galactic
nuclei. However, the star density in this region is so higit #ource confusion has limited studies
to the brightest stars, and introduces biases in astrazvaetd spectroscopic measurements. TMT's
gains in resolution and contrast will enable detection aagpmng of the orbits of stars four mag-
nitudes fainter (Fig. 43). This will allow the detection ofany stars closer to the BH than we can
observe (resolve) today. The measurement of the orbitsesktkhort period stars will be essential
for tests of General Relativity in this region.

6.1.1 TMT takes General Relativity tests into an unexploggine

Measuring the orbits of short-period stars will probe theidure of space-time very close to an
SMBH in a gravitational potential 100 times stronger and @&snscalel 0° times larger than any
existing test. Current AO-equipped telescopes will male fttst, but marginal, test of General
Relativity by measuring the Gravitational Redshift (rethto the Equivalence Principle) during
the closest approach of the brightest short period sta2§36-the BH, in 2018. Stars with periods
shorter than S0-2 are both fainter and closer to the BH. ThNficseased resolution and sensitivity
will increase the number of short-period stars by an ordanagnitude. As these shorter period
stars are revealed, it will be possible for the first time tcaswe the precession of the periapse,
and therefore (1) test the specific metric form of GeneraafRéty in an unprecedented regime and
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HST ACS & WFC3-IR

Fig.44 TMT will enable revolutionary studies of the nucleus of Aadreda (M31). Left: A three
color image of the current capabilities using HST ACS (F8)4Wd WFC3 (F110W, F160W).
Right: A simulated image based on our current knowledgeisfrégion, as observed with tHg J,
andK band using TMT's first light instrument IRIS with the NFIRA@®. TMT/IRIS will provide
the necessary sensitivity and spatial resolution to utaedsthe dynamics, stellar population, and
the SMBH at M31'’s center.

can therefore distinguish between different metric thesodf Gravity, (2) probe the distribution of
dark stellar remnants and dark matter around the BH andlii¢est fundamental models of galaxy
evolution and N-body dynamics (Rubilar & Eckart 2001; Wedrdpet al. 2005; Will 2008; Merritt
et al. 2010). In addition, improved measurements of stellaits will dramatically improve the un-
certainty in Ro, the distance from the Sun to the GC. As Rotketscale of the Milky Way, precise
measurements with TMT will constrain the Milky Way’s dark theg halo to<1% (Weinberg et al.
2005), contributing to our understanding of the origin analetion of the Milky Way.

6.1.2 How the GC black hole interacts with its unusual eminent

Outstanding puzzles include the origin of the GC’s massiveng star cluster, whose formation
should have been suppressed by the SMBH, and an unexpe&gt dé old red giants around
the SMBH. These aspects challenge our notions of how SMBldstahe formation and evolution
of galaxies. The sensitivity of TMT will allow us to detectss that are 100 times fainter than is
possible today. Integral-field spectroscopy of this exgaihshmple will allow us to detect the pre-
main sequence population for the first time at the GC, progdin important handle on the young
cluster’s age and IMF in this extreme environment. It wilatest the idea that stellar stripping can
explain the deficit of old red giants.

It was recently reported that flares in Sgr A* are highly pialed, supporting a synchrotron ori-
gin for the NIR emission (Meyer et al. 2006; Nishiyama et 802). However, the spatial resolution
limits our ability to draw strong conclusions. TMT's higpatial resolution and its time-domain ca-
pabilities will enable it to perform polarimetric monitag campaigns that will help to break model
degeneracies and test relativistic effects. The NIR (1+20% polarimetry with TMT will be sen-
sitive enough to monitor rapid changes on timescales ofthems 5 minutes, with an accuracy of
0.1%.
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6.1.3 Proper motions around SMBHSs in the nearest galaxies

The angular resolution and sensitivity of TMT will enable tmeasurement of individual stellar
orbits around extragalactic SMBHs to measure precise BHsasass well as explore the dynamics
and stellar populations at a level of detail only possibléhie Milky Way today. For example, the
center of our nearest neighbor Andromeda (M31) is about dteaitimes more distant than Sgr A*
(730 kpc), but compensates by harboring an SMBH roughlyr@gsilarger{.4 x 10® M,). The
resulting sphere of influence of the M31 BH subtends ab8ubhéhe sky, and the expected proper
motion is about 6 percent of that in the GC (see E-ELT simaitegiin Trippe et al. 2010). Current
AO NIR observations with 8—10 m telescopes of M31 are stipoghfusion limited. With the D4
advantage of TMT in the confusion-limited case in additiorite ability to operate & band, the
IRIS instrument will have both the angular resolution ands##sity to measure both the proper
motion and RVs of individual stars to reconstruct their twlfSee Fig. 44). The ability to do these
observations will open a new window onto detailed dynanstadies of nearby galactic nuclei.

6.2 Dynamical Detections and Demographics of SMBHs

The mass is the most fundamental yet hard-to-measure pyopeBHs. The Mpi-Mpyuige and
Mgg-o relations we observe for galaxieszat0 are reasonably tight for classical bulges and ellipti-
cal galaxies (intrinsic scatter 0.29 dex), but they are aopeudo-bulges. For redshifts> 1 there

are hints that both th&/py-M,u1.. and Mpyu-o relations evolve, in the sense that the BH tends to
be over-massive with respect to the galaxy, but these fiisdamg uncertain and controversial, de-
pending on highly indirect estimates dfgy and host galaxy parameters (e.g., Bennert et al. 2011;
Schulze & Wisotzki 2014).

The most reliable method to measure the mass of a BH is fronorhiéal dynamics of gas
or stars in the region within which the BH dominates the gedional potential. This region is
usually defined by the radius of the sphere of influence of tie:,s = GMpu/o? = 13
pc (Mgu/10® Mq)"®. TMT’s IRIS instrument will provide the next great leap insslvational
capabilities for measurement of the kinematics of galaxgleilon sub-arcsecond scales. TMT’s
AO capability will enable IRIS to achieve a spatial resalaticlose to the diffraction limit, 8 mas
(A/pum), which surpasses the spatial resolution of the HST by stione order of magnitude. As
illustrated in Figure 45, TMT is capable of spatially resoty the sphere of influence of a mass
Mgy at an angular distance up 18, = 335 Mpc (um/\) (Mgr/10% M)%-5, which corresponds
to a distance of 1 Mpc foA/gy = 10° M) or 3Mpc for Mg = 10* M. At a redshift of
z = 0.1, this corresponds td/gy = 10® M), and atz = 0.4, Mg = 10° M(,,. Black holes with
Mgu ~ 10'° M, can be detected at any redshift, provided that suitablerdiczd tracers (stellar
absorption lines or emission lines from ionized or molecgés) are accessible in wavelength ranges
that can be observed using IRIS.

SMBH masses can be probed using either stars or gas as dybamaicers. The stellar-
dynamical method is more general in that it can be applied nouah larger set of targets, but
modeling the full distribution of stellar orbits in a galaisya formidable challenge. Complications
include the presence of the dark matter halo, possibleafiattucture in the bulge, and stellar popu-
lation gradients. These issues can be mitigated if the SMBté e of influence is very well resolved
by the observations, and the exquisite angular resolutiowigeed by TMT's AO system will en-
able major improvements in the quality and accuracy of SMBk$smeasurements even for nearby
galaxies in which SMBHSs have already been detected usingmily available capabilities. Velocity
dispersion around &7 M, BH is ~ 67 km s~! requiring a spectral resolution @t ~ 9000 to
properly characterize it. Measurement and modeling of therkatics of a thin gas disk in circu-
lar rotation is far simpler, but only a small fraction of gaks contain a circumnuclear gas disk in
regular rotation that also has emission lines (from ioniaecholecular gas) sufficiently bright for
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Fig.45 (Top Radius of influence for various BH masses as a function oatigailar size distance
using the observed/pp-o relation. We show lines for BH masses increasing friif Mg to

10° Mg, (left to right). The increase in angular resolution will allow observasiof BHs much fur-
ther than possible todayB6tton) Lower limits on BH mass measurements as a function of distan
Most IFS BH mass measurements today are made at a pixel $calenoas (100 mas resolution;
blue, dashe compared to TMT, which will have angular resolution of 1&smatK band (ed,
solid) and 8 mas a¥ band @reen solid). (From Do et al. 2014.)

kinematic mapping. TMT and IRIS will have the capability @ry out both stellar-dynamical and
gas-dynamical measurements of SMBH masses, and TMT's enusroollecting area and exquisite
angular resolution will be an extremely powerful combioati

6.2.1 Towards a complete census of black holes in nearbyigsla

For some time after the discovery of thés;-o relation, observations suggested that this correlation
had very small scatter and applied uniformly to ellipticatsl spirals in a single, coherent sequence.
As the number of measurements increased over time howeweasi recognized that this picture
was a severe oversimplification. With nearly 100 dynamicaasurements of SMBH masses, it is
now apparent that th&/g-o relation shows significant scatter and clear differencesden galaxy
types (e.g., Kormendy & Ho 2013). In particular, thésg-o relation seems to hold most strongly
for classical bulges, which are believed to have formedufhomergers, but not for pseudo-bulges
built via secular evolution processes in spiral galaxieswelver, despite 20 years of observational
effort, our understanding of SMBH demographics remaing iresomplete. TMT will make major
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contributions across this full mass spectrum by enablin@38Nearches to be expanded to areas of
this parameter space that are currently inaccessible.

At the low end of the SMBH mass rangg€10” M), where current stellar-dynamical obser-
vations cannot probe galaxies beyond a few Mpc, the ovenalps of theM -0 relation is very
poorly understood, and BH detections in®megamaser galaxies indicate a strong departure from
the Mgy-o relation of classical bulges (Greene et al. 2010). Do et28114) show that TMT with
IRIS will have the ability to detect a Milky Way equivalent 8 (4 x 10° M) out to the distance
of the Virgo Cluster. Such observations will open up an ehtinew window on SMBH demograph-
ics, enabling surveys of statistically-meaningful saragiElow-mass SMBHs to be carried out, and
making it possible to explore the dependence of SMBH massvaniety of host galaxy parameters
such as the mass of a classical bulge or pseudo-bulge, orabenze or lack of a stellar bar.

Additionally, recent observations have turned up exampfegalaxies with extreme and sur-
prising properties, which demand further exploration @f fihll parameter space of the SMBH-host
galaxy relationships. NGC 1277 is a compact lenticulargaia the Perseus Cluster, and observa-
tions by van den Bosch et al. (2012) found evidence for an SMBRlan astoundingly large mass of
1.7 x 10'Y M, This is nearly 60% of the bulge’s stellar mass, whereasyiic bulges the SMBH
accounts for only~0.1% — 0.2% of the stellar mass. NGC 1277 serves as a powerful remirfder o
the need for SMBH searches to be carried out for large and lstenpamples of galaxies, in order
to ensure that the full complexity of the SMBH-host corrielas can be explored.

6.2.2 The most massive black holes in the brightest clustexges

The heaviest BHs are expected to be hosted in the brightesteclgalaxies, the most massive
galaxies known. These are likely the direct descendanthi@fniost luminous quasars, which
host the most massive BHSs, in the distant universe. Usingaé€isted IFS on Gemini and Keck,
McConnell et al. (2012) indeed succeeded in detecting slicirmassive BHs, the largest having
M = 2.1 x 10'° M, in NGC 4889, the brightest galaxy in the Coma Cluster. Blazles of this
size have a sphere of influence that can be resolved, and ¢terstially detectable, at all redshifts
by TMT. Details of the orbital dynamics need to be determjvedich could show whether stellar
cusps form around the SMBH, and if there is evidence of msrgére principal limitation, which
places this problem beyond current telescopes and instratien, is the low surface brightness of
the centers of massive early-type galaxies. IRIS can be tssdarch for very massive BHs in a
complete sample of the most massive galaxies between0 andz = 4, straddling the peak of
quasar activity at = 2.5. To date, SMBH mass measurements have been completed foaonl
small handful of local brightest cluster galaxies (BCGsjt BMT and IRIS will make it possible
to achieve the S/N and angular resolution necessary totdek#BHs in dozens of nearby BCGs
(D < 200 Mpc) in just a few hours of on-source integration time peg¢a Do et al. 2014).

6.2.3 Intermediate mass black holes

IMBHSs, with masses betweer? and10° M), are a missing link between stellar-mass BHs and
SMBHSs. Determining the demographics of IMBHSs in nearby,-lmass galaxies is of great impor-
tance since these objects are much closer to the mass stiadér afriginal “seeds”, unlike high-mass
SMBHSs which have essentially lost any physical “memory”lddit original seed masses and envi-
ronments. Theoretical models suggest that the occupatatidn and)M -0 relation of IMBHS
may contain unique clues to the distribution of BH seed nsmase the efficiency of their formation
(Volonteri et al. 2008). IMBHSs are also of great interest asrses of gravitational waves (GWs),
either from binary BH mergers or from extreme mass-ratipiiaé events (in which a stellar-mass
compact objectinspirals into a low-mass nuclear BH). Tlddpble hosts of these intermediate-mass
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objects are globular and other massive star clusters, @litiei of late-type bulgeless spirals and
dwarf galaxies.

Some dynamical evidence has been reported for the existfrid4BHs in globular clusters
such as G1 (Gebhardt et al. 2005). However, the existenddBifiks is still controversial partly due
to the insufficient spatial resolution and sensitivity ofreumt telescopes. Some late-type galaxies,
even those that are completely bulgeless, host a centraliBHamass as low aé/gy = 10° M,
(Filippenko & Ho 2003; Greene & Ho 2007), but all such estiesadre based on secondary meth-
ods of mass determination that rely on AGN broad emissiagslif\t the same time, HST stellar-
dynamical observations have been used to set an astorligtigigt upper limit of 1500M/, to the
mass of any BH in the nucleus of the Local Group Spiral M33 (@bt et al. 2001). This obser-
vation provides the best demonstration that not all gatae@ntain a central BH, but the occupation
fraction of BHs as a function of galaxy mass remains almosteadp unconstrained by available
data for late-type and dwarf galaxies. There is tantalizvigence for IMBHs in a small number of
low-mass dwarf galaxies from X-ray observations (such asdtharf galaxy Henize 2-10; Reines
et al. 2011), but the critical confirmation via spatiallygke&d dynamics is still lacking. At present,
direct dynamical searches for IMBHSs are restricted to theal Group and its closest neighbors.

Nuclear star clusters in dwarf and late-type galaxies aedikely homes of IMBHSs (if they
indeed exist), and will be high-priority targets for IMBHasehes in the TMT era. These clusters
typically have stellar velocity dispersions of 15-30 knt sand the need for simultaneously high
angular resolution and high spectral resolution to restileekinematic structure of these objects is
the primary factor limiting observational progress at preésThe proposed high spectral resolution
mode for IRIS & ~ 8000 — 10 000) will be critically important for carrying out IMBH searcke
in nearby low-mass galaxies, and it will be a uniquely powectpability for TMT. At a resolving
power of R = 8000, it becomes possible for IRIS to deliver accurate measuneod mean velocity,
velocity dispersion, and higher-order moments of the LOBaity profile in individual spaxels for
observations of central star clusters in galactic cenfeosdt al. 2014) and for objects such as the
M31 globular cluster G1. Other targets for IMBH searcheWwWiMT will include ultra-compact
dwarf galaxies (UCDs) in nearby groups and clusters; thégects may be the remnant nuclear
clusters of tidally stripped low-mass galaxies and coutst Bis in the range0> — 107 M, (Mieske
et al. 2013). IRIS data will revolutionize the search for IM& making it possible to detect IMBHs
or set highly constraining limits for targets out to a distaf several Mpc.

6.2.4 Calibration of the black hole mass scale in active gatanuclei

Reverberation mapping (Blandford & McKee 1982) utilizes time-delay response of the emis-
sivity of broad emission lines to continuum variations tasiain the size of the BLRRgyr. In
combination with the velocity width of the emission lines)’, we can compute the virial prod-
uct Myirial = RerLrAV?/G, which is related to the true BH mass through a normalizatator

f = Myiriai/Msn that depends on the unknown structure and kinematics of tfe(Bhen 2013).
In practice, it is customary to calibrageempirically by assuming that AGNs obey the safies
relation as inactive galaxies (Onken et al. 2004). This igyhli uncertain and unproven procedure.
There is no guarantee that AGNs follow exactly the sdme relation, and it is quite likely thaf
differs from object to object. Yet, this is the fundaments@mption on which all current methods
for estimating BH masses in AGNs and quasars are based. RIf we will be able to directly cal-
ibrate f in reverberation-mapped AGNs by independently derivitigy through stellar-dynamical
analysis. This has been attempted for a few of the neare&i$é&ygalaxies using AO data from 8—
10 m telescopes (e.g., Davies et al. 2006; Hicks & Malkan 2088 it is not within reach of current
capabilities to expand the sample to a meaningful size. T@ec&pability of TMT is essential to
resolve the SMBH sphere of influence, and also to reduce zke$ihe point-spread function of the
bright central AGN point source, which otherwise completi#dminates the signal from the stars.
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TMT and IRIS will also make it possible to carry out a fundanartonsistency check by
validating stellar-dynamical SMBH measurements througctlcomparison with masses measured
from the dynamics of KO megamaser disks. NGC 4258 is the prototype megamaseralaskygand
its BH mass has been measured to high accuracy from theamftaitihe circumnuclear molecular
disk on sub-parsec scales (Miyoshi et al. 1995). In receatsyanaser surveys have significantly
expanded the sample of such galaxies for which precise BH mmesasurements can be carried
out (Kuo et al. 2011). These megamaser disk galaxies havet&\Border10” M), and current
capabilities are unable to resolve the stellar kinematitisinvthe BH sphere of influence for most
of these galaxies. Observations with IRIS will open up thifitstio resolve the stellar kinematics
within rinfl in such targets, providing a critical cross-ckebetween different mass measurement
methods applied to the same galaxies.

6.3 Coevolution of Supermassive Black Holes and Galaxies@GN Fueling and Feedback

Measuring the host properties of AGNSs is key to understantiie co-evolution of SMBHs and
galaxies. However, it is also very challenging, particyléor AGNs at higher redshift. TMT’s su-
perb spatial resolution and sensitivity will bring us a majeakthrough in separating the host
signatures from the bright unresolved nucleus. This cap helto better constrain thelgy-o re-
lation, particularly for AGNs at high redshift. Measurirtgetcentral velocity dispersion requires a
strong spectral feature redshifted to an accessible wagtle There are multiple absorption lines
that can be used for this purpose. For example, the Ca letrgdl a rest-wavelength of 0.88m,
centering it in the/ H K bands corresponds to redshifts of 0.4, 0.9, and 1.6, ragpkcGiven the
expected spatial resolution of IRIS in each of these bahdaninimum resolved radius of influence
of SMBH corresponds to 60, 100, and 150 pc at these redshdtscomparison, note that the radii
of influence for M87 (/g ~ 3 x 10° M) and M31 (Mpy ~ 7 x 107 M) are approximately 100
and 12 pc, respectively. Thus, it will be possible to proleeupper end of the SMBH mass function
with TMT at these redshifts.

TMT will also allow us to study in much more detail the mectsans of feeding and feedback
of AGNSs. It will provide observations not only for nearby AGNvith unprecedented quality, but
also to galaxies reaching redshifts outte- 2, where galaxies are most active, and AGN feedback
is suspected of playing a major role in shaping galaxy eimiutin the meantime, TMT's high-
spatial-resolution spectroscopy will reveal fainter AGM&igher redshifts, allowing us to probe the
evolution of the AGN luminosity function over a far wider gof luminosities.

6.3.1 The cosmic evolution of small and moderate-size SMBHs

Nearly all work on AGNs at > 1 has been restricted to the most luminous examples. Howaeer,
guasars which have been studied are quite rare and likegpuesentative of the SMBH population
as a whole. Current wide field surveys of AGNs have been ifjemg active10® to 10° solar mass
SMBHs during their violent growth epoch of redshift around Bey are the most massive SMBHs in
the local universe, and in order to trace the growth histétymical 107 to 10® solar mass SMBHs,
it is necessary to identify at least one order of magnitudeda AGNs, which are moderate- or
low-luminosity AGNs at high-redshifts.

TMT’s superb spatial resolution will bring significant inguement in this aspect. Spectroscopy
done with narrower slits will be less contaminated by thetlfgom the host, particularly for galaxies
at higher redshift. This will help greatly in detecting f@nAGNs at high redshift. Surveys done with
TMT WFOS and IRMS, such as the ones mentioned in Section3 &t 5.1.7, can be used to push
the luminosity functions of high-redshift AGNs orders ofgnéudes fainter than currently possible
with 8—10m telescopes.
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Many moderate- or low-luminosity AGNs at high-redshifte &eavily-obscured by dust. Some
of them can be already detected in the current ultra-deegy)surveys as optically-faint but NIR-
bright X-ray sources. However, their natures are not wetivkm because they are fainter than the
current limit of optical and NIR spectroscopic observasionth 8—10 m class telescopes. Thanks to
the high sensitivity, TMT can unveil the physical naturewtls X-ray-selected faint AGNs. Heavily-
obscured AGNSs can be missed even with the ultra-deep X-raggs. One possible way to identify
them is to search for AGN signatures, e.g. strong high-&tion emission lines, at the centers of
distant galaxies. High-spatial resolution integral figd@¢stroscopy with TMT should identify weak
AGN activity at the center of high-redshift galaxies. Byndifying a statistical number of faint X-
ray AGNs and weak AGN activity at the center of galaxies, TMih drace the accretion growth
history of typical SMBHs seen in the local universe.

6.3.2 The first generation of accreting MBHs

Our interests in the first generation of SMBHs have led toowaisurveys for high-redshift quasars.
The wide-field optical surveys such as SDSS, CFHT, and P&RBE1 quasar searches resulted in
the discovery of a few dozens of quasarg at 6 (e.g., Fan et al. 2000, 2001, 2003, 2004, 2006;
Willott et al. 2007, 2010; Baflados et al. 2014), and recedeviield NIR surveys such as UKIDSS
and VIKING even discovered a few quasarsat 7 (Mortlock et al. 2011; Venemans et al. 2013).
However, due to the limited sensitivity of those surveysktled discovered high-redshift quasars are
already mature ones, with the mass of their SMBHs baifig; ~ 10° M., and the metallicity of
their BLRs is higher than the solar metallicity (e.g., Kutkaé 2007; Juarez et al. 2009; Mortlock
et al. 2011; Venemans et al. 2013). For identifying the naiured, candidates for first generation
guasars, we have to search for lower-luminosity and/ordrigadshift quasars and then examine
their spectroscopic properties in detail.

Upcoming deep and wide imaging surveys such as DES, HSC, &8 Euclid will yield many
candidates of first-generation quasars at 6 — 8, in the magnitude range ef 23 — 25 mag (that
is ~ 2 — 4 mag fainter than the SDSS limit). However, the spectroscoparacterization of those
faint candidates requires very sensitive NIR spectroscopservations that are beyond the ability
of the current 8—10 m telescopes. More specifically, therdeteation of My (and consequently
the Eddington ratiol / Lrqq) requires the measurement of the CIV 1549 and Mgll 2800 vigloc
profiles, while the determination of the chemical propeetyuires the measurement of the NV 1240,
CIV 1549, Hell 1640, CIII] 1909, Mgll 2800, and Fell multigléuxes. For quasars at~ 6 — 8,
those spectroscopic features are seeh,gf ~ 0.8 — 2.5 um, and sensitive spectroscopic obser-
vations at this wavelength range are well-suited to IRIS BT TEven the discovery spectrum of a
true first generation quasar should reveal its much weak&aliirees. Also, quasars with low-mass
SMBHs are expected to show relatively narrow (i.e., FWHM000 — 2000 km s~!) velocity pro-
files in emission lines as inferred from the properties ofrbgaarrow-line Seyfert 1 galaxies, and
thus a moderately-high spectroscopic resolutiofof 3000 — 4000 is needed for measurements
of Mgyg. Such a moderately high resolution is preferred also foiding the effects of the strong
OH airglow emission that is crucial for sensitive NIR spestropic observations. The capability of
IRIS perfectly matches the requirements in this topic.

6.3.3 Feeding and feedback of AGNs

Recent AO-assisted IFU studies in the NIR have measure@risymmetric structures in the central
tens of parsecs of AGNs, and found significant non-circulations in the gas velocities (Davies
et al. 2014). Particularly in the most highly ionized gasi§ed by coronal emission lines such as
[SiVI]1.96 um, most AGNs show biconical outflows (Muller-Sanchez et2@l11). The estimated
mass flow rates are hundreds to thousands of times highertlileaimferred accretion rate onto
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the centralMpy. Although deceleration is observed, it is possible thattmbshe outflowing gas
can escape the galaxy (Muller-Sanchez et al. 2011). Iredmmhnot all local AGNs, these outflows
appear strong enough to provide the so-called “AGN feedhaz$tulated by CDM galaxy evolution
theorists to restrict star formation and limit the growtmaodre massive galaxies. However, it is still
far from clear whether the observed outflows, particulanlyadio-weak AGNs, generate sufficient
feedback to make these models viable.

The same NIR spectroscopic maps also trace molecular gasHgoemission lines (e.g. at
2.12 um), which often show thick, turbulent disk-like structur@sicks et al. 2009). Comparison
with a control sample of non-active galactic nuclei suggésit this concentrated molecular gas is a
reservoir feeding the central engine, and in some casesiobgdt in the optical (Hicks et al. 2013).
Such structures are not evident in LINERSs, suggesting tbatLuminosity AGNs are not powerful
enough to produce them (Muller-Sanchez et al. 2013bhigh the molecular kinematics can
be complex, some AGNs show clear dynamical evidence of desvinperhaps driven by bar-like
deviations from an axisymmetric gravitational field (MitHSanchez et al. 2013a).

However current observations with IFUs on 8-10m telescapegust able to scratch the sur-
face of the gas dynamics in the central regions of galaxifesiald by the SMBH. Observational
advances will require not just much more sensitivity, bsbad several-times improvement in spa-
tial resolution, that can only be provided by AO on TMT. WiRIS§ observations of the centers of
nearby galactic centers of all types, it will be possibletfos first time to determine how SMBHs
are fueled, and how they in turn control the evolution of ithwist galaxies.

NIR IFU spectroscopy will also be essential for finding evide of outflows induced by AGN
winds and jets, that are thought to provide a crucial roler@venting runaway star formation in the
most massive galaxies at higher redshift (Fabian 2012)ye@u8 m class telescopes are only capable
in finding such outflows in rare, highly-luminous AGNszat- 0.5 — 2 where these feedback effects
are most important (e.g. Cano-Diaz et al. 2012; Liu et al3&). TMT will be able to observe
these outflows on smaller spatial scales, and in more tydiesd luminous AGNs. Together with
ALMA observations of the corresponding molecular outfloanssd sensitive VLA observations of
the synchrotron emission from jets and outflows (even inticaghlly “radio quiet” AGNs), we can
build up a complete picture of the nature and energetics dfl A&dback at these redshifts.

6.3.4 Distinguishing star formation in the host galaxie\GfNs

IRIS will be a powerful instrument for resolving the centballge component of the host galaxy. A
key ingredient to understanding whether the BH and galagydgn a synchronized manner is to
be able to independently constrain the growth of the BH o rate) and the host (SFR — see
Sect. 7.8.8). For this purpose, it is necessary to obsemvampinactive galaxies but also AGN, sys-
tems where the BH is actively accreting. Under these cir¢antes it is normally very challenging
to disentangle the contributions from the AGN and star faroma The high angular resolution IFS
capabilities of IRIS again will be a key new breakthrougle(Begure 46).

For some objects, such as ULIRGs, controversy still ragesitathe dominant IR emission
process: either it is a very powerful AGN or a vigorous stasbeomponent. A highly effective
methodology to distinguish between emission mechanistieisstimation of the emission surface
brightness of energy sources (Imanishi et al. 2011). Theggrgeneration efficiency of nuclear fu-
sion inside stars is only 0.5% of mc?, and the maximum emission surface brightness of a starburst
is found to be~ 10'® L, kpc~? through both observations and theory. However, the effigien
of an SMBH accreting matter is as high as40% of mc?. Hence, an AGN can produce a very
much higher emission surface brightness than stellar fiusiol0'® L. kpc~2). Therefore, we can
decisively determine the presence of a buried AGN if the simissurface brightness of the energy
sources of ULIRGs is> 10" L, kpc™2. Due to the limited sensitivity and image size with 8 m class
telescopes, this method has been applied to only to a limiteaber of ULIRGs. As ULIRGs are
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more prevalent at higher redshift, probing the emissioma®from the local universe and construct-
ing templates is crucial preparation for observationsgisipace-based telescopes. Hence, MICHI
on the TMT will be able to conduct key research in this areayalsas supporting subsequent ob-
servations with the JWST and SPICA at highe€omprehensively understanding the evolution of
ULIRGSs versus redshift is a powerful way to investigate thel@ion of AGNs and galaxies, and
their effect on each other, which is of significant importai@ cosmology.

6.3.5 Binary and merging SMBH in the nearby universe

For the later stages of the merger, the finest spatial résnlig of paramount importance. In the
hierarchical paradigm of galaxy formation and evoluticslagy mergers bring their central massive
BHs together. Initially, the BHs are expected to have a sgjmar of more than a kpc. The dynamical
friction caused by stars then brings the two BHs closer omagtcale of 100 Myr, making them a
gravitationally bound binary system with a separation aflata parsec (Begelman et al. 1980).

The massive binary BHs will eventually spiral in and mergéoton a single central SMBH of
the new galaxy (Milosavljevit & Merritt 2003; Di Matteo et 2005). However, binary coalescence
via emission of GWSs requires that binary must first shrink teetnsmaller radii{ 0.001 — 0.01 pc)
from the parsec scale separation where standard dynamatari stops acting. Possible solutions
to the so called “final parsec problem” include the intexatif the binary with the surrounding
stars and gas e.g., slingshot ejection of approaching starshrink the binary orbit further. The
resulting gravitational binding energy is released to tiveainding stars. N-body simulations show
that this process can convert a steep power-law cusp intallshpower-law cusp within the radius
of gravitational influence of the BHs (Milosavljevit & Mettr2001). Successive mergers will further
decrease the density in the central regions and thus fores@nrd result in mass that is deficit in
bright elliptical galaxies (Ravindranath et al. 2002; Méwljevic et al. 2002). The density in the
central regions can become very low, thus stalling the Biabit for a few Gyrs. Thus, a large
fraction of core elliptical galaxies are likely to have &dlbinary BHs.

Figure 47 shows the stalling radii for nearby core elligtigalaxies in the Virgo Cluster. At
present, only the total BH mass has been measured for thigsticals. The current generation
telescopes do not have the requisite spatial resolutiort®richine if the cores of these ellipticals
have stalled binary BHs or a single merged BH. As shown infieig, TMT will be able to probe
down to the expected stalling radii of binary BHs and reveall diuclei within the cores if the nuclei
are active. Also stellar orbits in the innermost regionsiatbbinary BHs are expected to be different
than the orbits around single BHs. Thus, study of stellaionstin the nearest core ellipticals should
also provide evidence for binary BHs even in the case of radivenuclei.

Since the presence of an AGN is unambiguous evidence forteatemassive BH, observations
of double active nuclei will provide the direct evidence tbe presence of binary BHs. Superior
angular resolution available with Chandra and HST have ledatlirect observation of a pair of
active nuclei separated at 1.4 kpc in the Ultra-luminous infrared galaxy (ULIRG) NGC 6240
(Komossa et al. 2003; Max et al. 2007). TMT with improved gdaesolution and sensitivity is
expected to detect pairs of active nuclei in many activexjgesa

In dual AGN systems both central engines may be buried insid®bscuring dusty structure
and/or host galaxy. In such cases, NIR (1+42m%) polarimetry with the TMT offers a powerful way
to identify obscured dual AGN systems through the conicatrosymmetric polarization pattern
centered on each AGN. For example, the polarization pattetected in tha0” (600 pc) central
regions of NGC 1068 (Capetti et al. 1995; Simpson et al. 2@9#)e signature of a central point
source whose radiation is polarized by dust and/or elecoattering within the ionization cones,
which if rotated by 90 degrees point directly to the illunting source. In the case where the ioniza-
tion cones can be resolved, the polarization pattern wdlidate two slightly separated centers that
can be identified as a dual nucleus AGN.
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Fig.46 Gemini North and South observations (.3” spatial resolution) of AGNs and their host
galaxies (central two columns) compared to Spitzer obsens at 8um (outer columns) of the
same objects~ 2.6” spatial resolution). We can expect similar resolution gamthe era of the
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Fig.47 The stalling radius for merging BHs in the cores of nearbyagjels in the sample of
Ravindranath et al. (2002). The stalling radii were comguising the measured BH masses and
the prescription given in Merritt (2006). TMT operating hetdiffraction limit will be able to re-
solve binary BHs in a number of core ellipticals if BHs ardlsth TMT will not be able to probe

0.05 T T T T T T
Nearby galaxies
Core Ellipticals
0.04 F ]
*
0.03 [ 7
*
M, =M, + M,
* g=M, /M, =0.5
002 . ]
*
h
*te o
+,
0ot [ S ¢% .

QI TMT limit *]
(4]

0 swlo® Ix'isxn"2x0’25x 1073k 10

Mgy (Mg)

stalling radii falling in the shaded region.

2019



2020 W. Skidmore et al.

6.4 Dust and the Structure of the Central Engine

Some, and perhaps most, AGNs have extremely optically théck which with dust can produce
many magnitudes, perhaps even tens to a hundred magnitindesal extinction, radically altering
our view (and classification) of the active nucleus. If, aspaected, much of this dust is close to the
active nucleus, it will be warmed enough to produce the gtaserved MIR emission. Resolving
the geometry of these absorbers, possibly a ‘torus’ or maylvsd covering a large solid angle of
the sky, is a key goal in the field. TMT gives us our first reaishance to do this.

Directly observing dust in galaxy centers, and the dust iwh@nstitutes the torus, is optimally
achieved at MIR wavelengths, as the characteristic blatkliemperature (a few 100 K) peaks
at this wavelength, and contamination from stellar emissind obscuration are greatly reduced.
Through observations with 8 m telescopes, the torus in AGHs revealed to be compact (a few
pc) in moderate activity AGNs (i.e. Jaffe et al. 2004; Packhet al. 2005; Mason et al. 2006),
or perhaps even absent in low activity AGNs. The torus is eciggl to be a ‘clumpy’ distribution
(Nenkova et al. 2002), rather than a homogenous distribuwdfadust. Tentative new results seem
to show the torus structure and perhaps its presence iggbtrafiected by the level of activity in
the AGN, which in turn is related to the fueling of the centalgine. However, surveys of AGN
tori using 8 m class telescopes are confined to the local tsgwtue to the combination of flux and
spatial resolution limitations.

Through the nearly four-fold increase in the spatial reotuof TMT, compared to 8 m tele-
scopes, observations of fainter and/or more distant abest be performed. At= 0.5, the spatial
resolution of JWST/MIRI is 1.5 kpc (hence heavily contantéabby galactic star forming rings,
etc.), whereas the TMT spatial resolution is 330 pc (nudeaninated) (similar comparison on spa-
tial resolutions between Spitzer and Gemini observatisrshown in Figure 46). Through careful
imaging and spectral observations of the torus in~ 0.5 objects, templates can be produced that
will be of crucial importance to calibrating and interpregiobservations from JWST. ALMA will
probe the outermost (cold) regions of the torus structurdy @rough these combined results will
an accurate examination of the torus properties, effecdibrioudness, and the host galaxy versus
both the level of AGN activity and redshift be probed.

NIR polarimetric studies (Young et al. 1995; Packham et@9.7t Lumsden et al. 1999; Simpson
et al. 2002; Watanabe et al. 2003; Lopez-Rodriguez et aB 22115) of few AGNs have shown that
the NIR polarization is attributed to the extinction alohg LOS by the passage of radiation of the
central engine through hot dugt ¢~ 1500 K) in the inner edge of the obscuring material surrounding
the central engine. From a magnetohydrodynamical frame@Wlandford & Payne 1982; Krolik
& Begelman 1988; Emmering et al. 1992; Konigl & Kartje 1994are et al. 1999; Elitzur &
Shlosman 2006), the obscuring material is part of an outfigwiind confined and accelerated by
the magnetic field generated in the accretion disk. In tHieiste, the hydromagnetic wind can lift
the plasma from the midplane of the accretion disk to form angstrically thick distribution of
dusty clouds surrounding the central engine. The magnetitdan induce a preferential orientation
of dust grains within the dusty clouds that can give rise teeasarable degree of polarization. Thus,
NIR polarimetry has the advantage of providing informatadiout the magnetic field at locations
where FIR/sub-mm emission is weak.

Recent studies (Lopez-Rodriguez et al. 2013, 2015) hawerstitat the magnetic field strength
(few mG) and geometry (aligned with the torus axis) withia thscuring material of a few AGNs
can be determined through NIR (1-2:B1) polarimetry. However, due to the flux sensitivity of the
current suite of IR polarimetric instruments in 8 m clasgs$ebpes only a few objects are observ-
able, limiting the statistical analysis to obtain general/ar extraordinary magnetic properties. The
high-angular resolution and the*advantage of TMT will (1) minimize starlight dilution withi
the central region, important to estimate the intrinsicapahtion of the AGN; and (2) increase the
number of objects allowing us to measure general and/oca@dimary magnetic properties within
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the torus of AGNs. This study will allow us to study the evadat dynamics and morphology of the
obscuring material and its interaction with the centraliee@nd host galaxy from a magnetohydro-
dynamical framework. The NIR (1-28n) polarimetric capability of TMT should be able to obtain
an accuracy of 0.1% in the degree of polarization.

An IR (1-13um) imaging- and spectropolarimetric capability in the TMTllWwe essential to
study the dust properties in and around AGNs. For exampdepitneering work by Aitken et al.
(1984) and Bailey et al. (1988) to study NGC 1068 using lowiapaesolution - 1) NIR (1-5um)
imaging polarimetry and MIR (7.5-13m) spectropolarimetry observations showed a rotation in
the position angle of polarization e§70° between 4 and wm. These results are consistent with
the predicted angle change of aligned dust grains (Efstatbi al. 1997). However, this was only
attempted for few objects (Packham et al. 2007). With TMBevkations and modeling of the total
(Laor & Draine 1993) and polarized (Aitken et al. 2004) IR 1B+«m) SED of AGNs in a wide
wavelength range will provide crucial probes to dust graoperties such as their sizes, shapes and
compositions. They will also help investigate the fractadrthermal and non-thermal polarization
mechanisms in the central regions of AGNs.

6.5 Time Variability, Probing the Structure and Processesri the Central Engine

TMT will see first light in an exciting era for time domain astiomy (see Sect. 9). Particularly
exciting for the study of SMBHs is the identification and stuad Tidal Disruption Events (TDES),
which occur when a star on an orbit around SMBH makes a clogmaph and is ripped apart by
tidal forces. Once the stellar debris rains down on the Bt )6oay and UV radiation characterized
by a10° K blackbody emerges from the inner accretion region. Regssiag of this radiation in
the debris results in a fraction of the emission emergingpéndptical. Large numbers of TDEs can
be detected by the current big transient surveys like therRal Transit Factory (PTF, Arcavi et al.
2014), and many more will be found in the next generation mfdearea surveys such as with the
LSST. Observations of TDEs are important because they ntiple provide a means of measuring
the masses and spins of BHs in optically ‘normal’ galaxies.

The TMT will allow the detection and study of TDEs up to mucgler redshifts than previously
possible (see Sect. 9.8). Because of the “negative” K-cbae (TDESs emitting primarily in the
restframe UV with a characteristi®® K blackbody) TDEs will be visible by TMT to redshifts of 6
or larger, enabling constraints on SMBH properties andwtian over a vast range of cosmic time.

The study of a large number of TDEs will help to anchor the ol@@nal signatures to
precisely-measured BH masses. While analytic models anterical simulations exist, there are
still large uncertainties in the conversion from a measligdd curve to a BH mass estimate — the
ultimate goal of TDE studies. Finding TDEs in a nearby galaith an independent measurement
of the BH mass, either from th&/-o relation or better yet maser disk kinematics, will provide a
better calibration of the models. With current observaiiarapabilities the probability of finding
such nearby events is low, and measuring their light cuvesallenging. But, with LSST and the
greater follow-up sensitivity and angular resolution of fAMT, it should be possible to build up a
sample of “lowz” TDEs.

Variability of AGNs provides a powerful means to explore atdracterize the innermost re-
gions. Time resolved spectroscopy and spectropolarinadiow for highly confident identification
of the excitation processes powering AGN jets. Variabgitydies coupled with the method of rever-
beration mapping discussed in Section 6.2.4 can be usegpameihe present sample of a handful
of AGN systems where their inner accretion disk structuressizes can be measured up to many
thousands of systems, covering the vast ranges of typeshanaateristics of AGNs and blazars that
are observed, see also Section 9.9.
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7 EXPLORATION OF THE MILKY WAY AND NEARBY GALAXIES

The stellar contents of the Milky Way and nearby galaxies enajx the fossil records that were
produced during galaxy formation and evolution. The shagaporal and abundance distributions
of these stars provide important clues to the underlyingpphiysical processes involved and also
complement the study of galaxy formation and evolution ghhiedshift. We discuss a number of
outstanding questions, answers to which are expected fidihdbservations.

7.1 Stellar Astrophysics

There are still a number of areas important to stellar madedind evolution that are usually ignored
because it is simply unclear how to proceed — there is littlgeovational evidence to guide theoret-
ical models in setting the relevant parameters, hence tudtirg uncertainties may be large. Here,
two areas are highlighted for which TMT can make major cbutions.

7.1.1 Diffusion (sinking) of heavy elements in the outetspaf stars

Diffusion is believed to occur whenever the outer parts ahaare quiet without large-scale velocity
fields and are then not well mixed. Gravity and temperatutietend to concentrate the heavy ele-
ments towards the center of the star (Salaris et al. 200€udn acts very slowly with timescales
~10? yr, so it is most important on the main sequence, and is paatiy important for metal-poor
stars. Diffusion of He is important in the Sun and affectsdsglismology models. Diffusion is also
important in precision distance determinations based dn sgmuence fitting, since the abundances
adopted for the model isochrone must agree with those oft#ne, svhile the abundances deduced
for the stellar atmosphere may not be those of the interiffuglon may also be the solution to a
disagreement of a factor ef 2 between the Li abundances derived for halo turn off stassjraed

to be the primordial lithium abundance, and the (lower) ggltedicted by standard Big Bang nucle-
osynthesis models that adopt the baryonic density infdroed the current concordance cosmology
of WMAP (Meléndez & Ramirez 2004; Korn et al. 2006; Bonitaet al. 2007).

A key project to observe diffusion in action is to compare ¢femental abundances for heavy
elements near the Fe-peak of main sequence versus red gibsiil-giant stars in metal-poor glob-
ular clusters. Stars within a particular globular clustssuming its mass is not too high so that gas
cannot have been retained beyond the first generation dbstaation, are believed to have the same
initial chemical inventory, and are sufficiently old thatfdsion should have had time to act. The red
giant branch (RGB) stars have convective envelopes, arevitnatever diffusion might have oc-
curred on the main sequence, the surface helium and heawgets will have been restored to very
close to their initial value, while the main sequence stalid& subject to the predicted larger effects
of diffusion for metal-poor stars over their entire lifem.e. that of the Galactic hale; 13 Gyr.
Such observations require high spectral resolution spsaipy of main sequence stars in globular
clusters with S/N that is difficult or impossible to achievithnexisting 8—10 m telescopes. The net
efficiency gain of HROS on TMT relative to current facilitiedll enable the required observations
of these faint stars.

7.1.2 Evolution of massive stars with low metallicity: atvsgional probes

Massive stars contribute a large fraction of all the heagmelnts through SN explosions. They
provide the UV ionizing flux for the ISM and their supersonimds help shape the ISM. They are
probably linked to the re-ionization of the early univerBeqmm et al. 2001) and perhaps to the
GRB phenomenon. Massive stars of very low metallicity wergil quite recently, believed not to

lose very much mass through radiatively driven winds dudir twveaker absorption features. This
would mean that such stars might often end up as BHSs, lockintheir heavy element chemical
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inventory in perpetuity, while a solar metallicity star ahdlar mass would lose enough mass to end
up as an NS. However, Meynet et al. (2006) have suggestethttse stars are rapid rotators that
lose up to 50% of their initial mass through a rotationalliveln wind. The mass loss rates they
predict for the main sequence phase of a\6g, star are more than 20 times larger than if rotation
were ignored. Coupled with rotationally driven instali that transport both angular momentum
and chemical species (Zahn 1992), this means that massivméidallicity stars can significantly
enrich the ISM in H- and He-burning products.

This theoretical development is very attractive as it solw@umber of problems, but the obser-
vational evidence to support this development is esséntiah-existent at present. The low metal-
licity required to produce main sequence rotation rates )0 km s~1, close to the breakup rate
at which the effective surface gravity becomes zero, istless that seen at any place in the Milky
Way where star formation is still underway. The metal dépietf the ISM in the Large Magellanic
Cloud (LMC) and in the SMC is also not sufficient. A populatiminyoung massive stars in a low
metallicity galaxy is required, i.e. a very metal-poor gaiming dwarf galaxy. There are none close
enough to obtain the required spectroscopy with existinf08s telescopes. The most metal-poor
dwarf known in the nearby universe, | Zw 18, has a distance8d¥ibc and an oxygen abundance
1/50 that of the Sun (Skillman & Kennicutt 1993). The galax®S51415+437 with a distance of
14 Mpc is almost as metal-poor (Aloisi et al. 2005), with ogpdoelow 1/20 the solar value. With
WFOS on TMT, it will be possible to observe the brightest sg@ats in the nearest very metal-poor
dwarf galaxies to determine the mass loss rate as a fundtime@llicity.

7.1.3 Validation of theoretical scenarios for low-masg $tamation at extremely low metallicity
through observations

There is still no concensus for the formation of low-masssstiaeom metal-free clouds. Model cal-
culations with extremely low metallicity ([Fe/H —5) with excess or no excess of light elements,
like carbon suggest the roles of fine structure lines of tidsments and of dust emission (Norris
et al. 2013). Formation of multiple systems might be a keyridarstanding the formation processes
of low-mass stars in first stars (Machida 2008). Such a staduires a large sample of extremely
metal-poor stars and RV monitoring for them to obtain siaés Metal-poor stars are extremely rare
objects, which makes finding them a great challenge (Fig l48)e-scale systematic searches began
with the HK survey by Beers et al. (1985, 1992), followed bg tamburg/ESO Survey (Wisotzki
et al. 1996; Christlieb et al. 2008) that coveretl000 square degrees of the southern sky collecting
data of some 4 million point sources. More recent searchesngslium resolution spectroscopy us-
ing large multi-object spectrographs (e.g. SDSS, SEGUBMDST survey) or selecting metal-poor
candidates from photometric survey data. The SkyMappestepe is photometrically surveying the
southern sky in specific filter sets (e.g. Bessell et al. 2@41) allow candidate selection in a very
efficient way. Follow-up high resolution spectroscopy il stquired for confirmation and detailed
chemical abundance studies. The oldest and the most Feetéf{fire/H] < —7.0) star known so
far, SMSS J031300.36-670839.3, is a discovery from thigesuiSimilar metal-poor objects to be
found from this and other on-going surveys will provide atvaéional constraints to test theoretical
models for low-mass star formation at extremely low met#jti TMT/WFOS would be useful not
only to enhance the database of extremely metal-poor ataeddw for conducting detailed chemical
abundance studies.

7.1.4 Astrophysics of rare objects

TMT equipped with a high resolution spectrograph will pa/a unique opportunity to understand
the origin and evolution of rare exotic faint stellar obgetiirough detailed chemical abundance
studies. For example, observational evidence of the peesehextraordinarily strong Sr features
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in the hydrogen-deficient carbon (HdC) star HE 1015—-205Mfnoedium resolution spectroscopy
(Goswami et al. 2010; Goswami & Aoki 2013) brought the issti8rosynthesis in stellar interiors
to the forefront. To acquire high resolution spectra regphiior detailed abundance analysis to un-
derstand the origin and evolution of such faint objedts.{ of HE 1015-20506- 16.3) is extremely
difficult and time consuming with the existing 8—-10 m cladsgeopes particularly if such objects
happen to undergo significant brightness variations. @ihgjlenhancement of fluorine abundance
observed in the Extreme helium (EHe) and R Coronae BordR({i8] stars (Pandey et al. 2008) by
factors of 800—8000 relative to its likely initial abundarraises questions about F synthesis mecha-
nisms and the prevailing conditions in the stellar intesiddeasurement of fluorine abundance from
the H I band in the NIR in a large sample of K and M giants covering aewahge in metallicities
and ages would be essential to understand the origin andtewobf fluorine. Many such poten-
tially interesting objects will form important targets foMT due both to the large collecting area
and more efficient spectrograph.

7.1.5 The initial-final mass relation — Version 2.0

For the past 10 years, the Keck Observatory has spearheaddfbe to measure one of the most
fundamental relations of stellar astrophysics, the ikftieal mass relation — IFMR v1.0. This rela-
tion connects the mass of stellar remnants, WDs, to the nfakgio progenitor hydrogen-burning
main sequence stars, and therefore provides a direct waydierstand stellar mass loss.

The initial-final mass relation is constrained by spectopstally measuring the masses of WDs
that are members of rich star clusters. The spectroscojysyiiee masses of the remnants (Balmer
line fitting - Bergeron et al. 1992), and the initial masseslkarown given the ages of the clusters.
Despite the tremendous progress, two of the biggest uncietain the relation today are:

— What is the upper mass limit to WD formation (i.e., what is the lower mass limit to a
Type Il supernova)? The threshold mass separating WD formation from Type |l supee
(SNe II) is a fundamental threshold for stellar astrophysied affects several linchpins at the
heart of understanding the impact of stellar evolution olagaevolution. For example, the
transition impacts chemical evolution models and the énnient of the ISM (and subsequent
stellar populations) by setting the balance between stghids from lower mass stars (e.g., He,
C, N) and those from SNe Il (e.g., alpha elements).

— What is the metallicity dependence of stellar mass lossPhe total amount of mass loss that a
star suffers in post main sequence evolution dictates téntie of the star in different phases
of stellar evolution, the luminosity function of those paasthe morphology of the horizontal
branch, and the structure of planetary nebulae (PNe). Toraty use the initial-final mass
relation to predict the evolution of mixed stellar popudas with different star formation and
chemical abundance histories, we need to measure how nsasgdoes with metallicity. This
is unconstrained from theoretical work.

The WFOS instrument on TMT offers a unique opportunity tovesrsthese two questions. With
Keck/LRIS, our current sample of target star clusters foicWispectra of WD members suitable for
mass determination can be obtained is limited to the neapest star clusters within 3 kpc, and
the single nearest globular cluster within2 kpc. Within this volume, there is a lack of very young
clusters with massive turnoffs to address the first chaleagd a lack of a metallicity spread within
the clusters to address the second challenge. With TMTH$ tigllecting area, WD spectroscopy can
be pushed to systems at 10 kpc. This volume includes thremndgabular clusters with a wide range
of metallicities, as well as numerous rich open clusterd ages from 30 to 100 Myr (i.e., present
day evolving mass ranging from 5 to 1@)). Searching for WDs in these clusters, and linking them
to their progenitor masses, will answer these fundamenidtipns. The key requirements for this
program that would directly impact many areas of galactit extragalactic astrophysics are ultra
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Fig.48 The process of finding a metal-poor star. Stars with weak Q& lihes are identified

in low-resolution spectradp), and are selected for follow-up with medium resolutionctpEscopy
(middle to get a direct measure of the Ca Il K line strength. The maafrpoor stars of this sample
are then selected for high resolution follow-ugo{ton), where the abundances of other elements can
be determined (Source: Jacobson & Frebel 2014).
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high throughput at UV wavelengths down to 368@covering the high order Balmer lines), MOS
capability and low resolution spectroscopy with= 2000 — 4000.

7.2 Binary Population: The Binary Frequency of Field Stars

A large fraction of stars in the Milky Way are part of binarytagher order systems, with separations
< 0.04 parsecs (Larson 1995). Binaries can be identified legtiimaging or spectroscopically. The
spectroscopic detection of binaries can be a laboriousegsothat typically requires observations
that span a long time baseline. Two possible imaging program discussed here that exploit the
unprecedented angular resolution of the TMT to probe tharlifrequency in very different envi-
ronments:

(1) A targeted study of star clusters. A survey of targetedetl according to mass, age and dy-
namical state will prove useful for constraining the fasttivat define the binary frequency. The
improved angular resolution delivered by NFIRAOS will besfug for resolving multiple ob-
jects with small projected separations on the sky that nogigrwise appear as a single object.
Such blends will appear as erroneous points on color-madmidiagrams (CMDs), and confuse
efforts to characterize cluster properties. By measutirgghirightness of the individual com-
ponents of such systems as opposed to their blended lighit] hie possible to obtain cleaner
CMDs.

(2) A serendipitous survey of low mass binaries in the fielde TMT has the potential to be-
come a binary-identification factory, as binary systemshaldiscovered serendipitously by the
NFIRAOS wavefront sensors during routine target acqoisiind set-up. The angular resolu-
tion of the NFIRAOS NGS probes ifis 0.01” FWHM, and these will guide on sources as faint
as.J = 22. Heretofore unknown binaries (as well as extragalactiectisjwith modest angular
extensions) could be identified by the NFARIOS RTC as objeatssing problematic correc-
tions. Binary stars could be identified visually in the wawet sensor output display during
target acquisition. If pre-imaging of the field is used toritiy guide stars then proper motions
can be measured and thereby obtain distance informatiane & the selection biases due to
separation and mass ratio inherent to imaging studies t@ubdercome, for example, by group-
ing systems according to proper motion. An interesting etspethis investigation is that the
stars that will be detected at the faintest magnitudes aiiehlow intrinsic masses. With long
term observations a binary database that spans a rangeigfrenents in the Galaxy could be
sampled.

7.3 Star Clusters: Formation, Evolution and Disruption
7.3.1 Star cluster formation and evolution and their ermireental dependence

Stars, and in particular the most massive stars, rarely forisolation. In fact, it is now well es-
tablished that the vast majority of active star formatiocws in clusters of some sort. Despite
significant recent progress, the evolutionary connecteween the recently formed young massive
clusters (YMCSs) in starbursts and old globular clustershim nearby universe is still contentious.
The evolution and survivability of young clusters dependcally on their stellar IMF (see also
Sect. 8.2): if the clusters are significantly depleted in-lmass stars compared to, for example, the
solar neighborhood, they will likely disperse within ab@uGyr of their formation. As a simple
first approach, one could construct diagnostic diagrammtbvidual YMCs, of mass-to-light ratio
(M/L; derived via dynamical mass estimates using high-reswlgpectroscopy and the virial ap-
proximation) versus age (derived from spectral featuesg),compare the YMC locations in this dia-
gram with models of “simple stellar populations” (SSPs)gmed by a variety of IMF descriptions.
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However, such an approach has serious shortcomings aretssérdm a number of fundamental
problems.

The essential conditions to make a major leap forward arbtaimhigh-resolution spectroscopy
and imaging of a significantly larger cluster sample tharnlalvke at present (to distinguish between
trends and coincidences), covering a much more extenderthage. These observations will need
to be backed up by detailed-body simulations of clusters containing both a realistimier of test
particles (upwards of severall0°) and all relevant physical processes occurring over thetets’
lifetimes. Using TMT-sized apertures will allow us to prabeth the dynamics and the luminosity
function of young and intermediate-age star clusters (haul host systems) out to cosmologically
interesting distances, where we can obtain statisticalyificant samples of galaxy types spanning
the entire Hubble sequence, and of their YMC systems. Usiisgaipproach, the initial conditions
for cluster formation (and evolution) can be modeled ful¥fgonsistently. This will, for the first
time, provide us with the firmest handle yet on potential IM#iations in external galaxies. For
the expected velocity dispersionsef7 — 15 km s™* (for masses of- 10° — 10° M), a spec-
tral resolution of R > 40000 is essential to efficiently sample the prevailing IMF coiatis in a
statistically significant number of YMCs. As long as the neasssf the clusters are not too small
(Ma > 10° M, depending on the cluster’s size), one can extract theacitgl dispersions using
suitably chosen cool giant and supergiant template star&(Hlippenko 1996). Using? = 40 000,
one can resolve velocity dispersions downrto~ 6.5 km s~ at a wavelength of 0.8am, i.e. to
Mg ~ 2 x 10° M, for YMCs of globular cluster size. The spectral range arotinedCall triplet
(Acentral = 860 Nnm) with a large number of metal lines in this spectral rargyeloe used, and cross-
correlated with a number of properly selected (super-}Ygiatocity template stars over the entire
observed wavelength range, to obtain our velocity dispamsieasurements.

Complementary imaging observations covering — ideally least four passbands spanning a
minimum of the entire optical wavelength range will allovgearchers to independently and robustly
determine the cluster properties (age, mass, metallicij)g the sophisticated multi-parameter
AnalySED algorithm (de Grijs et al. 2003; Anders et al. 2Q@ich has been shown to produce
robust results.

7.3.2 Globular clusters: their origin and evolution

Research on Galactic globular clusters by many investigaiger the last few decades has led
to a new paradigm for the formation and evolution of theseswssimple stellar populations.
Photometric and spectroscopic evidence confirms the preseihhmultiple stellar populations in
nearly all Galactic globular clusters. Both dynamical med# clusters and the total mass of first
generation stars needed to produce the second and subsgenerations suggest that globular clus-
ters were originally as much as 2—-10 times more massive tiegndre today. It is believed that the
less centrally concentrated first generation stars havélyrmsen lost to merge into the population
of field halo stars, whose composition the first generatiarssiesemble.

This new paradigm suggests that the star formation eveatstbhated globular clusters in the
early universe were significantly more luminous and moresmasthan star forming regions we
see in the local universe today, and that the star formationgss to produce a young globular
cluster extended over a timescale of roughly 100 millionrgeAt the same time, we find bimodal
populations of globular clusters in external galaxies, aad blue clusters with perhaps different
metallicities and/or ages, and with different spatial ritisitions around their host galaxies. These
different cluster systems are interpreted as resultinm fdifferent formation mechanisms, either
through in situ formation processes or through major or mgalaxy mergers from host galaxies
that experienced different histories of star and clustengdion.

To understand the star forming regions in the early univéiraemay be detected with TMT, we
must first learn what we can about the origin and evolutionughsclusters in the local universe.
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While Galactic clusters can be studied with smaller telpssoup to 8 and 10m, understanding
the implications of multiple stellar populations in gloaulclusters beyond the Local Group will
require the spatial resolution and light gathering poweFMiT. Study of radial gradients in colors
and spectral indices that reveal the nature of the constitellar populations will require spatial
resolution exceeding what is possible with Hubble (which lsarely resolve clusters at the distance
of the Virgo Cluster) and even JWST. Such studies with TMT élp us constrain the properties of
the original star forming events that produced globulastets in different environments, and allow
us to connect the clusters we observe today with the obsenvat high redshift cluster-forming
events in the early universe observed directly with TMT.

7.3.3 Infrared counterparts of X-ray sources in globularsters: probing IMBH candidates

X-ray sources in globular clusters are ideal candidatesdhk for the IMBHSs that have masses inter-
mediate between the SMBHs in AGNs and the stellar mass BHee%d them are ultra-luminous,
known as ULX and have X-ray luminosities greater tHa®’ ergs s—*. AGNs are much more lu-
minous and emit equally at all wavelengths with a strongedation between the X-ray and IR
luminosities from a dust torus (e.g. Krabbe et al. 2001; lattal. 2004; Asmus et al. 2011; Ichikawa
et al. 2012); it is important to look for similar X-ray IR cetations in ULX candidates. A study
conducted for NGC 1399, using archival data from Spitzer@R&d Chandra showed that there are
two categories of bright X-ray sources, one in which, likeAl@Ns the MIR luminosity correlates
with the X-ray, and the other where the IR and X-ray lumiriesiare uncorrelated (see figures 6 and
7 of Shalima et al. 2013) indicating that one has a dusty enuient and the other is dust deficient.
However, a major source of uncertainty is possible contation from background AGNs. With
the high spatial resolution of TMT together with spectrdbimation on these sources, it will be
possible to eliminate the background contamination anadeoinate on the real IMBH candidates
and their environments.

The difference in the ratio of the IR to X-ray luminositiesXfray binaries and AGNSs reflects
a difference in the dusty environment of these two types ofees. With the availability of the high
resolution MIR instrument MICHI on TMT it would be possible $tudy the dust content of these
sources in detail.

7.4 The First Stars
7.4.1 Probing the oldest stars in the Milky Way

The first, so-called Population 11l stars are believed toehbgen formed from gas unpolluted by
heavy elements, after which all subsequent generationtacd sontained increasing fractions of
metals. This process has continued during the entirertiietof the universe. Hence the most metal-
poor stars in the Milky Way and other galaxies are the oldistsin their atmospheres these old
objects preserve details of the chemical composition af theth gas cloud. These very old stars are
hidden among a vast number of stars formed later in time. @maed, understanding the chemical
composition of the oldest stars provides a direct probe @frifiial conditions of star formation as
well as the details of chemical evolution and nuclear astysies in the early universe.

In the spectra of the metal-poor stars, since the relevasarpbon lines appear quite weak
(Fig. 49), the necessary chemical composition studiesmebigh spectral resolutior{ = A/ ~
50 000 or greater) and high S/NY(100 per spectral resolution element) observations. Ttezgérne-
ments lead to extremely long integration times on the ldrtgdsscopes currently available. For
example, an 18-hour integration with UVES on the VLT was oigd in an attempt to determine
the oxygen abundance in HE1327-2326, the most extreme-paalturn-off star known ([Fe/H]
~ —5.5dex,U ~13.8,V ~13.5), but even with such a long exposure, the UV-OH band weas n
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Fig.49 Spectral comparison of stars in the main sequence turregion with different matellici-
ties. Several atomic absorption lines are marked. Theti@ngin line strength reflect the different
matellicities. From top to bottom: Sun with [Fe/H] = 0.0, G&® with [Fe/H] = —1.6 (Norris et al.
1997), G64-12 with [Fe/H] =-3.2 (Aoki et al. 2006), and HE 732326 with [Fe/H] =-5.4 (Source:
Frebel 2010)

detected; its spectrum showed only very weak metal absorfities with weak CH and NH bands
detected was required to determine abundances for HE1328,-2he most extreme metal-poor
turn-off star ([Fe/H]~ —5.5 dex); its spectrum shows only weak metal absorption lineshl
et al. 2006).

The number of stars accessible to TMT will be much larger; tf@ seeing-limited high-
resolution spectrograph HROS, the total improvementivelab VLT/UVES or Keck/HIRES or
Subaru/HDS is expected to be 15-20. For example, a 4-hoegration with HROS will enable
R = \/dX ~ 40000 spectroscopy with S/N = 100 per spectral resolution elerfegrgtars as faint
asV ~21in the visible.

7.4.2 Mass distribution of first generation of stars

Formation of massive and possibly very massive stars iggisgtby the simulations of the structure
formation in the very early universe. Recent discoverigsabd stars with [Fe/Hk —5 and measure-
ments of their chemical abundances suggest that the ptogenf such objects are massive stars
with several tens of solar masses, which might be typicalsemsf the first stars in the universe.
Detailed measurements of their chemical compositionsiredpigh quality, high resolution spectra
which will become available with TMT/HROS. For instance|yoan upper-limit of Fe abundance
([Fe/H] < —7) is determined for the most Fe-deficient star discoveesy recently (Keller et al.
2014). Candidates of such stars will be discovered in theeysrof metal-poor stars over the next
several years and follow-up spectroscopy with TMT will plyessential role. Moreover, searches
for evidence of very massive stars (100 M) in the first generations of stars are important to
examine the simulations of the formations of first stars (feikal. 2014). Detailed measurements
of chemical compositions for metal-poor stars with pecwdiaundance ratios, that will require high
quality spectra expected to be obtained with TMT/HROS, withvide useful constraints on the
existence or fraction of such stars in the early universe.
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7.5 The Structure of the Milky Way and Nearby Galaxies

7.5.1 Dissecting the Galactic halo: ages and metallicibésld, nearby low-mass stars and white
dwarfs

Recent estimates suggest that close to 70% of the stars lodhleGalactic field population are M
dwarfs, and about 6% are WDs. The local population of oldsdtam the Galactic halo is expected
to hold a larger fraction of M dwarfs and WDs. These stars hawbave low luminosities, and are
not amenable to detailed spectroscopic analysis with ntiteéescopes unless they lie within about
100-200 parsecs of the Sun.

Low-mass stars and WDs can be highly useful to map out thegwdalation for three reasons:
(1) they are by far the dominant stellar population of theohtiley are the old population, holding
the majority of the baryonic mass, (2) their 3-D velocity gmnents can be determined to much
higher accuracy, because of their large proper motionsplig¥ical properties of low-mass stars,
and in particular their metallicity, can be constrainedhgdbw to medium resolution spectroscopy,
because their spectra are dominated by broad moleculaspand with suitable spectral synthesis
techniques, can now be modeled in detail.

Upcoming deep imaging surveys such as Pan-STARRS and L&S3xpected to identify low-
mass stars in huge numbers (millions) through proper matiafyses. These surveys will effectively
provide a statistically complete census of the halo poprabut to several kiloparsecs from the
Sun. Spectroscopic data are required to measure and darikrdemperature and metallicity of M
dwarfs, and also to determine the mass and ages of WDs. Afititerpetric distances of M dwarfs
and WDs are generally unreliable, spectroscopic data azdeteto constrain their luminosities.
Thus a better understanding of the spatial distributionlkindmatics of these objects depends on
spectroscopic follow-up observations.

The sensitivity of the TMT along with the multi-object cajléles provided by WFOS will
make possible a large-scale spectroscopic follow-up ofrtass stars and WDs of the Galactic
halo. These observations will enable:

— Spectral classification of the candidates to confirm thalaGic halo membership, and use the
existing spectroscopic distance calibrations to detegritieir distances, which are required to
calculate their transverse motions.

— Measurement of metallicity [Fe/H] and relative abundarafecritical elementsd/Fe] from the
relative intensity of molecular bandheads.

— Measurement of RVs to km/s precision to calculate the #ll Biotion of the stars.

Along with proper motion and photometric data from large ging surveys, such as Gaia, the spec-
troscopic data from TMT will produce a detailed census of iearby halo population, drawing
their detailed distribution in velocity space. The combimaof metallicity information from the M
dwarfs and age information from the WDs will identify podsilsubstructure in the velocity space
distribution. This will provide additional constraints tire shape of the halo, and also on the possible
existence of accretion events, that would show up as stragaths local volume.

7.5.2 Planetary nebulae as tracers of substructures in Inggalaxies

PNe are descendants of low- and intermediate-mass stang) Beght and widely distributed, they
are excellent tracers to study the chemistry, kinematiod, stellar contents of substructures in
nearby galaxies. As the nearest large spiral system to the Miay, the Andromeda galaxy (M31)
is an ideal laboratory to assess the theory of hierarchagsahology. PNe are easily detectable at the
distance of M31{ 780 kpc; McConnachie et al. 2005) and can be used to investihateroperties

of the intriguing substructures such as the Northern Spdrthe Giant Stream in the outskirt of
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Fig.50 Positions of PNe (the magenta dots) overlying on the ten imdsdds of M31 that were
targeted in the Local Group Survey by Massey et al. (2006¢. Mbsaic images are i band (on
a logarithmic scale, inverted color) and each field is roudtl’ x 36" in size. The PNe sample
(in total ~3000) includes those observed by Merrett et al. (2006) anMOST (Yuan et al. 2010,
2015). Horizontal divisions of the dashed grid are 0,#hnd vertical divisions are’l(Source: Yuan
et al. 2010).

M31, see Figure 50. High-quality spectra of PNe in theseoregjare still conspicuously lacking. It
is proposed to create the first 2-D maps of nebular abundamckgroperties of the PN progenitors,
which will allow the tracing of different substructures.

Out of nearly 3000 PNe in M31 revealed by a kinematic survegrgilt et al. 2006), reliable
elemental abundances have been derived for only a few do&dnRWle. Recently, the LAMOST
telescope has discovered PNe in the outskirts of M31, imetuthe most distant one, 3.6rom the
center, see Figure 50 (Yuan et al. 2010). This PN is bothapatind kinematically related to the
Giant Stream, and is the first one discovered in the outearsisef M31.

Thea-element abundances of PNe reflect those in the ISM at thesimea the progenitor stars
formed. We can derive properties (luminosities, effectdraperatures) of the central stars (CSPNe)
based on the nebular spectrum using models (e.g., CLOUDWMikebet al. 1998), given that distance
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of the PN is known. Using evolution models of the post-asytipgiant branch star (Vassiliadis &

Wood 1994) and the initial-final mass relationship of WDst@l&n et al. 2008), one can estimate
the masses and ages of the progenitors. If the substruette¢ise debris of dwarf galaxies of M31,
the stellar populations therein could be different fromseon the disk.

Spectroscopy of PNe has seldom been used to study the sttbstsin M31. In order to inves-
tigate the origin of substructures, deep spectroscopy efiRlthe substructures is required, covering
0.3-0.6um and 0.55-1.@um in the blue and red channels of the proposed WFOS instruresc-
tively. At a resolutionR ~ 5000, 15 target PNe can be observed simultaneously for a full igagth
coverage. The instrument setup will enable detection of@hl] A\3726, 3729 doublet and [S 11]
AN6716, 6731 lines, which are the traditional electron dgrii@gnostics. The temperature-sensitive
[O 111 A4363 and [N II]A5755 auroral lines will also be efficiently detected anddisech as [O
1] A\7320, 7330 and [S I1IN6312 will also be observed, enabling determination of etectem-
peratures for different excitations and consequently m@tetelemental abundances for N, O, Ne,
S, and Ar. Given the excellent observing condition at Mauea,Kkhe 30 m aperture of TMT will
achieve an optical spectrum with a S/N ratio of about 10 faiatf(m5007~ 22) PN in M31 with
only a 15 min exposure. With a 30 min exposure for each ohsgffield of WFOS ¢ 15 PNe tar-
geted simultaneously), one can cover about 12—-14 fields,200 PNe, in a single night. Thus, a
one-week survey will produce more than 1000 high-qualigcs@ for the M31 PNe in a homoge-
neous manner. These spectra, together with the accurabedsity information of the PNe (given
that distances of all PNe are known), could be used as inputhé nebular code CLOUDY, which
has been modified and will be used to determine the lumimssind effective temperatures of the
CSPNe. The masses and ages of the progenitor stars can tlestirhated using stellar evolution
models. The elemental abundances and the properties ofdjemtors in the substructures will be
compared with those on the disk to investigate the originublguctures. The survey will allow a
determination of properties of a significant number of PN&{00) across M31 and creation of the
very first 2-D maps of nebular abundances and the ages anésnafgsrogenitor stars. These maps
will allow the tracing of different substructures.

7.5.3 Chemical tagging of individual stars and Galactic stnbctures

A systematic study of stellar motions and composition igesal to reveal the origin and evolution
of the Galaxy and its present structure. The Galaxy is byoeoinposed of three major structural
components: the disk, the bulge, and the halo. Stars candupe into these components based
on their kinematic properties, and their chemical compamsitEggen et al. 1962). In addition to
the above three components, the Milky Way Galaxy is foundaeehsubstructures which are in
agreement with the theoretical predictions for a hieraahfiormation of the Galaxy via mergers.
Understanding the different structures of the Milky Way eittorigins, and dynamics, is one of the
fundamental issues in astronomy. This clearly requiresiigosing the components of the Galaxy
based on the age, kinematics, and chemical compositiorect#rs.

For a decomposition of the Milky Way, measuring accurateoasetry (parallaxes, proper mo-
tions) and hence the kinematic motion for a large numberasgss essential. The Hipparcos Space
Mission in 1998 provided accurate astrometry for around lmmedred thousand stars in the solar
neighborhoodd{ ~ 200 pc). Combining the ground based high resolution spectmsemd the
Hipparcos astrometry, the Galactic disk is decomposediibcand thick disks (Reddy et al. 2003).
Stars in the thick disk are old~ 8 — 10 Gyrs), metal-poor ([Fe/Hr —0.6) and have distinct
kinematic motions and chemical composition from that oftthia disk population. Abundances of
elements with different nucleosynthesis history sugdestthe thick disk stars formed mainly from
SN Il ejecta, the formation of the thick disk was rapidX Gyrs) and there is no current star forma-
tion. The thick disk population is believed to be the restih omajor merger of a metal-poor dwarf
galaxy when the Milky Way was just 1-2 Gyr old. There are mamgnswered questions regarding
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the thick disk and the composition of the Milky Way galaxythe thick disk really a frozen entity?
What is the metal-poor end of the thick disk? Are there anyllemeomponents in the disk? What
is the structure of the bulge and the halo?

To answer these questions one needs to measure astrontedriafge number of stars beyond
the solar neighborhood and obtain high resolution speotratiemical tagging of individual stars.
The space observatory Gaia will measure astrometry for dhenbstars up to mw20. Gaia will
also measure RVs for a large number of stars. Together withrastry and RV, it would be possible
to construct a 3-D view of our Galaxy and identify the disticomponents based on kinematic
motion. Chemical tagging of individual stars of differenbh&matic groups would help in better
understanding the evolution of the Galaxy in a chronoldgicder, its merger history, etc., due to
the expanding scope of faint and old stars that can be olberitie the TMT.

7.6 Kinematics and Dynamics of the Milky Way and Nearby Galaxes
7.6.1 Kinematics of the Local Group

The Local Group has been the benchmark for testing and asifigrmany aspects of cosmology and
galaxy formation, hence a clear understanding of the iat&iinematics of the Local Group as well
as the nearby groups is necessary. The formation and emokitthe Local Group of galaxies in the
Local Volume is not clearly understood, as we do not havalntdi estimates of the space velocities
of the galaxies. The major hindrance in the estimation ofsp@locity is the difficulty in measuring
the very small proper motion of the distant galaxies.

Recent estimations found that the Magellanic Clouds, whiete once thought to orbit around
the Milky Way are now found to be on the first passage. Sohn.gR@ll3) found that for most
plausible Milky Way masses, the observed velocity impliest Leo | is bound to the Milky Way,
which is based on the proper motion estimates from the HSAn @b al. (2012) obtained the first
ever proper motion measurement for M31. The proper moticomsistent with a head-on collision
orbit for M31 toward the Milky Way (van der Marel & Guhathaka?008). The required accuracy
to estimate the proper motion for the nearby galaxies is eb@wmicroarcsec/yr.

However, estimation of the proper motion of the galaxies Ml is not possible with existing
facilities; these estimates are necessary to reveal thts afbindividual galaxies within the Local
Group and its eventual destiny.

Figure 51 shows the mean orbital history of Leo | (Sohn et@13). Similar orbital history for
all the galaxies in the Local Group is proposed. TMT with @skeone order better resolution in
astrometry (50 microarcsecond accuracy) combined witpelgghotometry can be used to estimate
the proper motion of all the galaxies in the Local Volume. \ipext to achieve orbital calculations
of all members, which then will let us understand the kinécadtistory of interactions in this
volume and predict the destiny of this group. These in comtimn with the proposed studies of
chemical composition and star formation history will beeatdl decipher the formation, evolution
and future of the Local Group.

7.6.2 Internal dynamics of dwarf-spheroidal galaxies: signprofiles of dark matter halo

High-resolution spectroscopy of resolved member starsaiarfispheroidal galaxies (dSphs) has
revealed that the measured LOS velocities show much lagyecity dispersionsry,s, than expected
from the stellar system alone. Indeed, dynamical analyfsis.@ and its spatial dependence inside
dSphs has provided density profiles of dominant dark ma#tkstin dSphs, which can be compared
with the predictions oACDM theory (see Sect. 3.1.1 for a detailed discussion).

Previous studies af|,s in dSphs have revealed several discrepanciesa@BM theory, which
include:
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Fig.51 The mean orbital history of Leo | from Sohn et al. (2013).

— Dark halos in some dSphs show cored central densities inastrio cuspy ones as suggested
from so-called NFW density profiles,

— Average densities of dark halos in bright dSphs are systeatig small compared with those of
mostly massive subhalos in Milky Way-sized halos.

These results are based on the analysigQfalone, where specific assumption for anisotropy of ve-
locity dispersions of stars is usually made, such as a cotistatropy/anisotropy along the projected
distance from the galaxy center. However detailed infoiomefor velocity anisotropy and its spatial
dependence for stars over the 2-D projected area of dSphtuiallg required to obtain tighter and
thus more realistic limits on the density profiles and glatedpes of their dark halos (e.g., Hayashi
& Chiba 2012).

It is proposed to measure proper motions of member starshesidspatial distribution in the
Milky Way dSphs using TMT/IRIS. Provided typical internatlocities of stars are-10 km s*,
one can expect proper motions©0.03 mas yr! in dSphs at a distance of 70 kpc from the Sun,
which can be achievable with TMT astrometry over a few yedrsoordinated observations of
stellar positions. The available information of velocitigpkrsions perpendicular to the LOS will
allow researchers to construct more realistic mass modielSghs and to set important constraints
on the density profiles of dark matter halos in comparisoh WiEDM theory.
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Fig.52 Examples of PTF RR Lyr light curve3op An RR Lyr at a distance of 61 kpc whose field
has 340 PTF images, with 312 detections (upper limits arieaneld by small open circlespottom
ARR Lyr at a distance of0? kpc with 149 PTF epochs, 61 detections and 88 upper limitar(®o
Judy Cohen).

7.6.3 The mass of the Milky Way

In spite of several efforts we still do not know the Milky Waptal mass to within a factor of two due
to the lack of understanding of the dark matter dominated, ithé issue of the isotropy of the orbits
and the shape of the potential (spherical or not) in the dwér. The total mass of the Galaxy is
usually determined through the motion of tracers (stargrtigalaxies, etc.) in the outer part of the
galaxy beyond 50 kpc. These are combined with assumptig@sding the isotropy of orbits and
the radial density distribution of the tracers to deterntireetotal mass of the Milky Way.

In an effort to determine the total mass of the Milky Way, Dmrast al. (2014) considered Blue
Horizontal Branch (BHB) stars beyond 80 kpc as tracers ofotlter halos. However this sample
which was selected from the SDSS database (stripe 82 regiasfound to contain mostly Blue
Stragglers and a few QSOs, with distance uncertaintieseetieg 30% in many cases. The sample
contained only a few outer halo Galactic satellite dSph>deawith reliable distances. This study
reported that the number density of their outer halo stdis\ary rapidly (p ~ =% atr > 50 kpc)
and that the RV dispersion of their sample is quite cel{)50 — 60 km s~1) in the outer halo for
(100 < r < 150 kpc); the estimated total mass for the Milky Way is ratherl§mab x 10** M.

Cohen and Sesar (priv. comm.) explored the outer halo of tile/M/ay considering RR Lyrae
variables found by the PTF. They have selected 1257 RR Lyaaables at distances beyond 50 kpc
in the Milky Way halo, specifically to probe the density distition as well as the total mass of our
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Galaxy. The distance of this sample could be determined &@amracy of 5%, and the contamination
by QSOs is expected to be minimal. From a detailed analysisfthund a density lawy ~ =34,
between 50 and 85 kpc, which is close to the results found kikiiaet al. (2009) and Sesar (2010)
for the inner Milky Way halo.

For stars to be used as tracers of the outer halo, one needswotkeir RVs and the proper
motions. With TMT it will be possible not only to measure thgsRof PTF RR Lyr stars out to
100 kpc but also the RVs of the RR Lyr stars to be found with L88fMto a distance of 200 kpc and
beyond leading to an improved understanding of the totam&the Milky Way. Figure 52 shows
examples of PTF RR Lyr light curves.

7.6.4 Luminosity-metallicity and mass-metallicity rédais for dwarf galaxies beyond the Local
Group

The average metal content of a galaxy correlates with itssmdsre massive galaxies are more
metal-rich than less massive galaxies. The relation caxjplaieed by the retention of metals in the
galaxies’ gravitational potential wells (Dekel & Silk 1986ligh-mass galaxies have deep potential
wells that can resist some of the expulsion of gas and meyadsjrernova winds, stellar winds, and
galaxy-scale feedback. Low-mass galaxies lack the gravitgsist these feedback mechanisms.

Kirby et al. (2013a) compiled the metallicity of individuatars in seven gas-rich dwarf ir-
regular galaxies (dIrrs) and dwarf spheroidal galaxiesh ltocal Group and produced a stellar
mass-metallicity relation for the Local Group dwarf gaks(Fig. 53). Further, they have combined
this with the mass-metallicity relation for more massivéagees (Fig. 54) observed in the SDSS
(Gallazzi et al. 2005). This relation can be used to estirttetanass of the merging satellites. The
mass-metallicity relation of Kirby et al. (2013a) dependdite mean metallicity of a dwarf galaxy.
They do not consider the full range of metallicities withicl dwarf galaxy, which could provide
additional information about the mass distribution and &iemation history of the satellite. Using
TMT it would be possible to derive metallicity on an indivilwstellar spectrum for the resolved
stellar population (without having to use coadded speciratetallicity determination, as was done
for DEIMOS M31 satellite spectra in Kirby et al. (2013a). Iraped metallicity estimates will lead
to tighter relations and with TMT it will also be possible therk the universality of such relations
extending to much fainter limits and beyond the Local Group.

7.6.5 Milky Way satellites and dark matter distribution

The presence of low-mass galaxies swarming around the Mily had long been predicted. The
inability to detect them was a major issue till the discovefysegue 2 in the SEGUE survey (an
extension of the SDSS) by Belokurov et al. (2009) (Fig. 550 @alled the Aries ultra-faint dwarf).
Undoubtedly, many more such galaxies are orbiting the MiNgy that are currently beyond our
ability to detect.

Segue 2 is the least massive galaxy in the known universeastimgsof about 1000 stars with
dark matter holding them together. Keck/DEIMOS spectrpgaf 25 members of Segue 2 (Kirby
et al. 2013b) revealed that the stars/fe] ratios decline with increasing [Fe/H], indicating tha
Segue 2 retained SNe la ejecta despite its presently smadl amal that star formation lasted at least
for 100 Myr. The mean metallicity ([Fe/H} —2) was found to be higher than expected from the
luminosity- metallicity relation defined by more luminousatf galaxy satellites of the Milky Way.
The dynamical and chemical characteristics of Segue 2 aigestive of two possible scenarios for
its formation: Segue 2 may be the barest remnant of a tid#ilgped, Ursa Minor-sized galaxy
that came to be ultra-faint through tidal stripping. Gratignal interaction with the Milky Way'’s
gravitational potential removed nearly all of its stars aladk matter halo, leaving only the dense
center of the galaxy. Further studies and simulations aeeeto test whether tidal stripping of a
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Fig.54 Stellar mass-stellar metallicity relation for Local Grodwarf galaxies left) and more
massive SDSS galaxies. The Local Group metallicitigEe/H)) were measured from iron lines,
and the SDSS metallicitie$og Z.) were measured from a combination of absorption lines, Ijnost
Mg and Fe. The conversion betwegRe/H) andlog Z, depends on [Mg/Fe]. The Local Group data
are the same as those in Figure 53, but they are plotted heséeltar mass rather than luminosity.
The dashed line is the least-squares fit to the Local Grougxiga, and the dotted line in the right
panel is the moving median for the SDSS galaxies. Althoughebhniques at measuring both mass
and metallicity differ between the two studies, the massaitieity relation is roughly continuous
over nine orders of magnitude in stellar mass. (Kirby et @1.3)
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Image: Garrison-Kimmel, Bullock (UCI)

Fig.55 The image shows a standard prediction for the dark mattérnkdion within about 1
million light years of the Milky Way Galaxy, which is expecdt¢o be swarming with thousands of
small dark matter clumps called ‘halos’. The scale of thegens such that the disk of the Milky
Way would reside within the white region at the center. Untdw, there was no observational
evidence that dark matter actually clumps this way, raisiogcerns that our understanding of the
cosmos was flawed in a fundamental way. Observations of tfizdg#faxy Segue 2 (zoomed image)
have revealed that it must reside within such a tiny dark endtalo, providing possibly the first
observational evidence that dark matter is as clumpy aspoedicted (Source: Garrison-Kimmel,
Bullock (UCI)).

dSph with the stellar mass of Ursa Minor could produce Segédt@rnatively, Segue 2 could have
been bornin a very low mass dark matter subhalo.

Reliable estimates of RVs could not be measured for manyeo$plectroscopic targets used in
the Kirby et al. study of Segue 2 due to the low S/N of their Desndata. Accurate RV estimates
are required to measure the dynamical mass. The velocipedion of Segue 2 is very small, so
resolving the dispersion would require higher resolutjpectroscopy. High resolution spectrographs
like Kech/HIRES and Subaru/HDS could possibly measure #glecity distribution of~ 10 stars
in Segue 2 over three to four nights. The Dark Energy SurvdiaBoration recently reported (The
DES Collaboration 2015) the discovery of eight new Milky Wsatellites from the first year of
the DES survey data (see also Koposov et al. 2015, ApJ, sidahhiDiscovery of additional new
dwarf satellites can be expected in the near future from then@pper survey and from future
data releases by the DES. In the longer time frame, LSST wil éven fainter satellites. Some of
these may have velocity dispersions too small to be resokitdmedium-resolution, multiobject
spectrographs (MOSs). The TMT equipped with a high resmusipectrograph will provide the
essential combination of light collecting area and spéoéisolution required for measurements of
the velocities of the fainter, more common stars in Segues el as in yet undiscovered galaxies
like it, and measure their dynamical masses.
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7.6.6 Velocity anisotropy of distant Milky Way halo: evidemf accretion event

The oldest and most metal-poor stars in our Galaxy residedrstellar halo, a diffuse envelope of
stars extending out to a distance~0f00 kpc from the GC. The orbital timescales of these hal@ star
are very long compared to the age of the Galaxy, thus the pdmesme structure of the stellar halo
is intimately linked to its accretion history. The extrenaglial extent of halo stars, well beyond the
baryonic center of the Galaxy, makes them excellent traafafe dark matter halo.

Based on long baseline (57 years) multi-epoch HST/ACSaohetry, Deason et al. (2013)
have measured proper motions of 13 main sequence Milky Wayshars at an average distance of
~ 24 kpc from the GC with a root-mean-square (RMS) spread of 6 kpktraedian proper motion
accuracy of~ 5 km s~! at this distance. These observations point to a fairly cempklocity
anisotropy profile at large distances which is likely aféetby substructure in the stellar halo. Their
results suggest that the stellar halo velocity anisotrapgyt@ a distance 0£-30 kpc is less radially
biased than solar neighborhood measurements. This is iposvhat is expected from violent
relaxation, and may indicate the presence of a shell-typetstre at a distance ef24 kpc (Fig. 56).
Rather than a constant or continuous decline, the velocityo&ropy is found to have a ‘dip’ at
20 kpc. The location of this ‘dip’ is coincident with a breakthe stellar halo density. Although
the origin of the break radius is still uncertain, Deasonletuggest that the break radius in the
Milky Way may be due to a shell-type structure built up frora tggregation of accreted stars at the
apocenter.

An independent measure of velocity anisotropy is vital toweethe mass profile of our Galaxy.
A measure of the tangential motion of the distant halo stalisallow astronomers to address
whether or not this cold RV dispersion is due to a shift in poes from radial to tangential com-
ponents. Currently, using multi-epoch HST images seeme tthé only way to measure velocity
anisotropy at these large distances. The Gaia mission \eilisure proper motions for an unprece-
dented number of halo stars with«/ 20, and will likely revolutionize our understanding of the &m
stellar halo. However, even with bright halo tracers (e.gBBor carbon stars), the proper motion
accuracy of Gaia;~0.3 mas/year, will be unable to accurately constrain thgeatial motion of
very distant halo stars.

In the ideal case, one would like to directly measure thedatigl motion of the halo stars. At
large distances in the halo, 10-100 kpc, a tangential viglo€il00 km s ! would correspond to a
proper motion on the sky of 2—0.2 masyr This requires an astrometric accuracy that is unfeasible
for current proper motion surveys. TMT is likely to enablelsstudies with desired accuracy.

7.6.7 The Milky Way halo streams and the Galaxy’s gravitatlgotential

Stellar tidal streams are believed to be the remnants oketatiMilky Way satellites that were
disrupted by tidal forces and stretched into filaments ag thbited in the Galaxy’s potential. The
orbits of stars in these streams are sensitive to the piepest the potential and thus allow us
to constrain the potential over the range of distances sgghby the streams. Thus they provide
important tools to determine the Galaxy’s gravitationakmial, knowledge of which is required in
the study of the dynamics or evolution of the Galaxy.

Stellar streams, such as the GD-I stream (Grillmair & Diosa2006), the Sagittarius tidal
streams (Majewski et al. 2003), and the Orphan stream (@il 2006) have been used to con-
strain the circular velocity at the Sun’s radius (Koposoale2010), the total mass within 60 kpc
(Newberg et al. 2010), and the shape of the dark matter haémpal.

The metallicity and spatial extent of the Orphan streamudistl in Sesar et al. (2013), based
on 30 RRab stars. These stars in the Orphan stream have aamige of metallicity from —1.5 to
—2.7 dex. The average metallicity, —2.1 dex, is similar to that found for BHB stars by Newberg et
al. There exists a metallicity gradient along the streargtlerand the distant parts (40-50 kpc from
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the Sun) are about 0.3 dex more metal-poor than the partswtB0 kpc. Comparing the distances
of Orphan stream RRab stars with the best fit orbits of Newbead (2010), Sesar et al. found that
the best fit to distances of Orphan stream RRab stars and lmcddecircular velocity is provided by
potentials where the total mass of the Galaxy within 60 kpe 57 x 10 M.

Many more streams likely to be found by deep imaging with BEAARRS and LSST will
be accessible with TMT. Detailed studies of the resolveliastpopulations in these streams with
improved precision of stellar distances would provide giesight into the total mass of the Galaxy
and the Galaxy’s gravitational potential.

7.6.8 The Galactic halo formation: is the Milky Way halo fedrby disrupting accreted dwarf
galaxies?

Whether the Milky Way halo is formed by disrupting accreteead galaxies (Searle & Zinn 1978)
still remains an open question. Three formation scenagdus been proposed till now for the stellar
halos that surround galaxies. Evidence for this mechanigstsein the form of debris structures
in space and velocity around the Galaxy (Majewski et al. 2@&3okurov et al. 2006; Schlaufman
et al. 2009). However, attempts to find the chemically piiraistellar populations in the relatively
luminous ¢ > 10°L) classical dwarf galaxies suggested a statistically figanit absence of
extremely metal-poor stars with [Fe/K] —3; based on which, Helmi et al. (2006) claimed that the
Galactic building blocks must have been different from theviving dwarfs. Later studies by Kirby
etal. (2009) based on medium resolution spectroscopy faomxtremely iron-poor star, S1020549,
in the Sculptor dwarf spheroidal galaxy. Follow-up higlsatkition spectral analysis of this object
by Frebel et al. (2010) confirmed its Sculptor membershipdetdrmined a metallicity ([Fe/H] =
—3.81) for this object. Derived chemical abundances obthior other elements suggest that the
elemental abundance ratios of this star have a chemica&rpatearly identical to that of similarly
metal-poor halo stars (Fig. 57). The agreement of the ameedeatios of S1020549 with those
of the halo suggests that the classical dwarf spheroidakiged experienced very similar chemical
enrichment in the earliest phases to the Milky Way halo an®&IF

As discussed by Frebel et al. (2010), this result providédesce that the early chemical evo-
lution of galaxies spanning a factor of more than 1 milliodiminosity is dominated by the same
type of stars, and possibly the same mass function, namedgineacore-collapse SNe as indicated
by the alpha-element enhancement found in all of the mosilrpebr stars. This universality would
also characterize any dwarf galaxies that were accreteatlgttenes to build the Milky Way and its
stellar halo. Those accreted systems are therefore uplikdlave been significantly different from
the progenitors of the surviving dwarfs. In that case, tltesi, most metal-poor stars observed in
present-day dwarf galaxies should be representative st#ne found in the Galactic building blocks
before their destruction. The latest observational resghlis support the idea that mergers and accre-
tion of small, generally metal-poor systems, as predicted®DM models, can in principle explain
the metal-poor stellar content of the Galactic halo.

The picture that is now emerging from the agreement in terhabondance suggests that the
old, low-metallicity tail of the outer halo could have beeypplated with metal-poor stars deposited
by small dwarf galaxies that were destroyed long ago. Thetipreremains, whether enough dwarf
galaxies accreted to account for all of the metal-poor htcss The surviving UFDs are the least
luminous and most dark matter-dominated galaxies (Simah &007) and they possess very few
stars despite containing some extremely metal-poor dtasshus unclear whether the accretion of
even large numbers of analogs to such systems can providglestellar mass to account for the
entire population of low-metallicity field stars.

The presence of S1020549 in a relatively modest surveyatecahat future searches are likely
to discover more such objects in Sculptor and other dwagbges. Acquiring high resolution spectra
for such distant faint member stars in any of the dwarf Milksgiywgatellites with the existing 8—10m
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: Sideways Stellar Motions Suggest Shell in Milky Way Halo
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Fig. 56 The figure shows the disk of our Milky Way Galaxy, surroundgdalfaint, extended halo
of old stars. Deason et al. (2013) using the HST to observedineda galaxy serendipitously iden-
tified a dozen foreground stars in the Milky Way halo. They suead the first sideways motions
(represented by the arrows) for such distant halo starsnidtens indicate the possible presence
of a shell in the halo, which may have formed from the accretiba dwarf galaxy. This observa-
tion supports the view that the Milky Way has undergone curiig growth and evolution over its
lifetime by consuming smaller galaxies (Credit: NASA, E®Ad A. Field (STScl)).

telescopes will be quite challenging. TMT, once equippéeith @ihigh-resolution spectrograph, will
open up a new window for thoroughly studying early galaxyeassly through stellar chemistry,
providing great insight into the Galactic halo formatiostbry.

Although the Tri And stellar clouds were originally viewesl the remnants of an accreted and
now disrupted satellite galaxy, the recent suggestion mePRiNhelan et al. (2015) that these stellar
clouds may be a population that was kicked out of the Galalisicis very intriguing. They carried
out a critical examination of the possible mode of formatdthis system in the hala{ ~ 30 kpc,

Z ~ —10kpc), by comparing the ratio of RR Lyraes to M giants with otsteuctures in the Galaxy.
They found that unlike any of the known satellites of the Milay, this ratio for Tri And gives
a value more like the population of stars born in the much depptential well inhibited by the
Galactic disk. N-body simulations of a Milky Way like galapgrturbed by an impact of a dwarf
galaxy demonstrate that, in the right circumstances, aaniceings propagating outwards from that
of the Galactic disk can plausibly produce similar overdtgs These results provide support for
the recent proposal by Xu et al. (2015) that, rather thars stecreted from other galaxies, the Tri
And clouds represent stars kicked out from the Galactic. dikis represents the first population of
disk stars to be found in the Galactic halo.

Yet another formation scenario suggests that stars mightifositu from gas located in the halo
itself (Eggen et al. 1962). While such populations have tsmam in hydrodynamic simulations of
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Fig.57 Abundance ratios as a function of iron abundance in S10286d%ther metal-poor stars
from the literature. In eight elements, S1020548 (green filled circlesat [Fe/H] = —3.8) is com-
pared with halo star$(ack circleg, UFD galaxy starst{lue diamonjland the brighter dwarf galaxy
stars pink and yellow diamorjd Smaller green circles indicate higher metallicity St¢ofgargets
(Frebel et al. 2010). Elemental abundance ratios show limastar has a chemical pattern nearly
identical to that of similarly metal-poor halo stars.

galaxy formation (Abadi et al. 2006; Tissera et al. 2014 dhservational evidence for the existence
of this population remains controversial (Carollo et al02D

The above studies indicate that the Galactic halo is ratheptex, with at least more than one
population, each of different origins. The outer halo, bey@5—-20 kpc from the GC, has an average
metallicity a factor of four lower than that of the inner hé@arollo et al. 2007). More observations
of dwarf galaxies are needed clarify this situation, and TNROS is expected to play a significant
role in unraveling the Galactic halo formation history.

7.7 Cosmic Chemistry
7.7.1 Nucleosynthesis in stars

Big Bang nucleosynthesis in the first 20 minutes of the usizas believed to have created deu-
terium, the two isotopes of He (3He and 4He) and a very smadiuarnof lithium as well as 1H.
Almost all other elements in the periodic table are synttezbin the stellar interiors and envelopes
during hydrostatic and explosive burning.

Each stellar nucleosynthetic path has a different timesmadl produces characteristic elemental
abundance patterns. Interpretation of the observed abgedatios and abundance patterns in the
framework of a proper galactic chemical evolution modahali researchers to trace back the nucle-
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Fig. 58 Comparison of a moderate vs. high-resolution stellar spettComparison of spectra taken
at moderate resolutiompper curvgand high resolution@wer curve of a metal-poor star. At higher

resolution, many important absorption lines become abtléor study (Credit: R. Guhathakurta,
UCSC).

osynthetic origin and the prevailing astrophysical candi. Chemical evolution in differing stellar
populations traces the star formation history and age aadiges insight into the chemical evo-
lution of galaxies and their interstellar matter. For aeterabundance measurements high spectral
resolution R > 20 000) with a good S/N £50) ratio are required, especially to detect and analyze
faint spectral features. As compared to low and moderatdutsn, at higher resolution many im-
portant absorption lines become available for study (F8). At resolutionR? > 90 000 (S/N ~200)
estimates of isotope abundances become possible. TMT gpliipith a high resolution spectro-
graph will have a dramatic impact in nucleosynthesis saidgit will aid detection of faint spectral
features and also open up hitherto unreachable classemofst study.

While elements are formed inside stars, some light elenmruis as D, Li and Be are also de-
stroyed inside stars under certain conditions. The deteetid abundance estimate of these elements
is important to understand the stellar structure, evoltudiod mixing process in stars and the amount
of stellar processing. We discuss a few outstanding questiglated to stellar nucleosynthesis, an-
swers to which can be sought from TMT observations.

7.7.2 Liand Big Bang Nucleosynthesis

WMAP determination of the cosmic baryon density, combinétth the Big Bang nucleosynthesis
theory, tightly predicts a Li abundance value that diffexenf the value of ‘Spite Plateau’ (Spite
& Spite 1982) by a factor of two or more. Several possible ohs, such as stellar destruction
and astration, nuclear uncertainties and new physics,iatdiffusion etc. have been proposed to
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explain this discrepancy. The Li abundances observed iehytal-poor stars that are still in the
main sequence turn-off phases (Aoki et al. 2006; Caffau.e2@l1) might provide a clue to this
problem. High resolution and high sensitivity of TMT/HRO® aequired for measurements of low
Li abundance and Li isotope ratios in hyper metal-poor sianaell as in extreme metal-poor stars.
An understanding of the Li problem and depletion processsislé stars may be achieved better
from a detailed study of metal poor globular clusters. Eating the Li abundance in the faint main
sequence stars is very challenging with existing 8 to 10estalpes but will be relatively easy with
TMT. Correlating the Li abundance with other heavy elemearilishelp understand the discrepancy
between the observed Li abundance compared to WMAP results.

7.7.3 C, N, O elements and the Be puzzle

C, N and O are produced in all types of stars during hydrogerafium burning. These elements
play an important role in star formation by cooling the clsudrough several fine structure lines.
The observations of the increase of C with decrease in thallicgy may possibly be evidence
of a gradual change in the characteristic mass of the IMRChvisi likely to be mediated by CMB
temperatures acting as a minimum temperature (Tumlins6m)20Vith the TMT it will be possible
to look for such correlations in the local dwarf Galaxies se&t the theoretical prediction.

Be abundances in the Galaxy and satellites of the Milky Wayigle constraints on the pre-
Galactic cosmic ray fluxes and cosmic magnetic fields. If Bé Bnare produced as secondary
elements, one would expect the Be abundance to decreasmticalty with respect to metallicity.
However, the observation of a small sample of metal-poos sfaows that there is a linear decrease
with metallicity (Primas et al. 2000), indicating a primarsoduction of C, N, O and Be from the
same mechanism. The TMT will enable such studies to faiitets, extending the sample beyond
the Milky Way to the Local Group dwarfs.

7.7.4 Isotopic abundance ratios and the origin of heavy eleis

Very metal-poor stars (<3[Fe/H]<—2) show large star-to-star scatter in abundances of elsmen
heavier than Fe; a large fraction of them show large enhaentnof heavy elements (e.g. [Ba/Fe],
[Eu/Fe]) caused by the or s-process. In contrast, abundances of heavy elements agealjgivery
low, (i.e., [Sr,Ba/Fe}~ —1.5) particularly in stars with [Fe/Hk —3.5, suggesting that and s-
processes contributed little to stars formed in the verlygaalaxy. The heavy elements Sr and Ba
are however detected in almost all stars with such low meitglleven though the abundances are
quite low ([Sr,Ba/Fe}~ —1.5). Detailed measurements for heavy elements in extremel-peta
stars will provide a new constraint on the origins of heawn@nts in the Galaxy.

Any neutron-capture element with multiple isotopes that@oduced in different amounts by
the s- andr-processes can be used to assess the rekataedr-process contributions to the stel-
lar composition. So, the isotopic abundances of these elenage more fundamental indicators of
neutron-capture nucleosynthesis and can be directly caadga r-process and-process predic-
tions without the smearing effect of multiple isotopes (Ki@askina et al. 2003; Mashonkina & Zhao
2006). The combination of Ba, Nd, Sm and Eu isotopic fracticemn provide more complete knowl-
edge of the neutron-capture nucleosynthesis, constrairtdhditions (e.g., temperature, neutron
density, etc.) that are required to producesth@ocess elements, and determine the actymbcess
path by identifying the individual isotopes that partidipan this process (Roederer et al. 2008). To
reconstruct the evolutionary history of neutron-rich edes in the Galaxy it is thus important to
extend our study to the isotopic level. Along lines of siglitrmiow interstellar reddening, HROS
will enable high-precision measurements of the isotopiosaf Li, C, Mg, Ba, and Eu throughout
the Milky Way, its globular cluster system, and its halo.
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Fig.60 The spectra of the-process element rich HE 1523-090%d) and ther-process element
deficient star HD 122563(acK. These two stars have similar [Fe/H] values and atmosplperi
rameters (Source: Jacobson & Frebel 2014).

7.7.5 Cosmo-chronometry

The r-process elements thorium and uranium are radioactive anel long-lived isotopes, 232Th
and 238U, with half-lives of 14 Gyr and 4.5 Gyr respectiv@ljie spectral region around a U Il
feature is shown in Figure 59. The half-lives of 232Th and238ver cosmic timescales which
make these elements suitable for age measurements.

Chronometers such as Th/Eu, U/Os, U/Eu, U/Th, etc. can bé teseneasure stellar ages.
Knowing abundances of Th, U and Pb provides a self-consigtesst forr-process calculations.
These three abundances are intimately coupled to the comsl&ind environment of theprocess.
Hence constraints on the different models yielding diffésundance distributions can be obtained
by explaining the stellar triumvirate of the Th, U and Pb atamces. Such constraints lead to a
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Fig. 61 2°Mg/?*Mg ratios in both field dwarfstfiangles Meléndez & Cohen 2007) and M71 giants
(circles) as a function of [Fe/H]. Chemical evolution models by Feretal. (2003) includingdotted
lines) and excludinggolid and dashed lin@A\GB stars are shown. At the metallicity of M71 ([Fe/H]

= —0.8 dex) the isotopic ratios in the CN-weak stapdn circle$ are explained by massive stars,
but the CN-strong stardilfed circle§ may have been polluted by intermediate-mass AGB stars.
(Source: Meléndez & Cohen 2009).

better understanding of how and wherprocess nucleosynthesis can occur. Impravatiundance
calculations are crucial for reliably predicting the ialtproduction ratios of Th/r, U/r and Th/U,
which are implicitly necessary for more accurate age datingprocess enhanced stars. Based on
seven chronometer abundance ratios, the age of HE 1523H@0hetal-poor star with the strongest
enhancement in neutron-capture elements associatedhaithprocess that has been found thus far
(Fig. 60), was found to be- 13 Gyr (Frebel 2010). The lead abundance is usually measuied us
the Pb | line at 4057.8A. High resolution> 90 K is required to separate the Pb | 405781ine
from a CH line lying less than 0.4 blueward. For a number of-process metal-poor stars stel-
lar ages have been derived using the Th/Eu chronometer éBretchl. 1996). These age estimates
range from~ 11 to 14 billion years and provide a lower limit to the age of tladegxy. With the TMT,
lines due to these elements could be measured more easiliytarfold stars than can be done with
existing 8—10 m telescopes, thus reducing the uncertaiintithe age estimate.

7.8 Chemical Evolution: The Milky Way, Local Group and Nearby Galaxies

7.8.1 Probing the onset of contribution from AGB stars to@sactic chemical enrichment using
isotopic ratios of Mg

Measurement of isotopic ratios provides a completely nemdatv into nucleosynthesis, galactic
chemical evolution, mixing within stars and stellar evaat Such data, when available, significantly
improve our understanding of nuclear processes in varistighysical sites. However, as the iso-
topic shift is very small at optical wavelengths, very higiestral resolution and S/NR(~ 90 000,
S/N ~200) are required to measure isotopic ratios in stellartspec

There are three stable isotopes of Mg. 24Mg is produced vitin® burning of carbon in the
interior of massive stars during their normal evolution gwianary element, and is subsequently
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injected into the ISM by SNII. The two heavier isotopes, 258 26Mg are secondary isotopes,
believed to be produced primarily in intermediate mass A@iBss In the young Galaxy, there was
not enough time for AGB stars to contribute, while core qudla SN started exploding quickly after
massive stars first formed. One can thus use the ratios arherigd isotopes to explore when the
AGB stars began to contribute to the Galactic chemical itgn(Goswami & Prantzos 2000). For
example, from an analysis of high resolutidd £ 100 000), high S/N Keck | spectra of M71 giants,
Meléndez & Cohen (2009) have demonstrated that M71 hasdwaolptions, one having weak C and
N, normal O, Na, Mg and Al, and a low ratio of 26Mg/Mg @%) consistent with models of galactic
chemical evolution with no contribution from AGB stars. TBalactic halo could have been formed
from the dissolution of globular clusters prior to theirdnmhediate-mass stars reaching AGB. The
second population has enhanced Na and Al accompanied by @asd higher 26Mg/Mg+{ 8%),
consistent with models that incorporate ejecta from AGBsstéa normal stellar winds (Fig. 61;
Fenner et al. 2003). Such studies can be significantly egtédde to the expanding set of faint
and old stars that can be observed with TMT/HROS leading torgmoved understanding of the
contribution of the first AGBs to the Galactic chemical ehrient.

7.8.2 Probing chemical evolution in Local Group dwarf gaéssx

CDM simulations of the growth of galaxy structure suggeat tialos of the galaxies like the Milky
Way have accreted (and subsequently destroyed) 10s to f@dsadl, dwarf galaxies in the past
10 Gyr. However, detailed stellar atmosphere analysesdifidual RGB stars in current day Local
Group dwarf galaxies show very little in common with the clisny of stars in the Milky Way halo,
disk, bulge, and moving groups (Venn et al. 2004; Navarrd.e2@04). Furthermore, the number
of surviving dwarf galaxies in the immediate neighborhoddhe Milky Way is far lower than
predicted.

To resolve these questions it is necessary to investigateoemental differences between the
various dwarf galaxies, and perform a detailed examinatiothe kinematics, metallicities, and
abundance ratios of stars in dwarf galaxies beyond the My halo. With TMT/HROS, it will
be possible to carry out detailed abundance analyses f ataor just above the tip of the RGB
throughout the Local Group. For example, current genardtigh-resolution spectrographs on 8—
10 m telescopes have been able to study tens of stars in Locap@warf spheroidal galaxies at V
= 17-18 with exposure times up to 14 hours. Those systems far away as 250 kpc. TMT/HROS
will be able to obtain similar results for stars at¥/20 in more distant{ 400 — 500 kpc) and hence
more isolated systems. These optical measurements carpperted byK band measurements —
TMT/NIRES can easily reach below the tip of the RGB througttba Local Group (see Table 3).
SuchK band measurements will be invaluable for CNO abundanceunsagnts.

With such data, the chemistry of the old stellar populatioeiwarf irregular galaxies (which
tend to be more distant and more isolated satellites of tHieyNMiay) can be compared directly to
the old populations of the dwarf spheroidals and Magell@hizids. These latter systems are within
the dark matter halo of the Milky Way and are thought to havenbiateracting with the Galaxy

Table 3 Estimated Limiting Distances for Spectroscopic Obseovetiof Point Sources

MV (mag) WFOS (Mpc) HROS (Mpc) NIRES (Mpc)

Blue supergiant -6.7 10.0 7.0 25
Red supergiant -5.9 7.0 3.5 8.0
RGB Tip 2.7 15 0.5 3.8

Notes: assumes 4 hour integrationsh\@gAX = 5000, 50000, and 25000 for WFOS, HROS, and
NIRES, respectively. The corresponding central wavelengtre 0.5um, 0.5 um, and 1.2um. The
final S/N per spectral resolution element are 100, 100, and=8pectively. Courtesy: J. Cohen (CIT).
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over most of their lifetimes, likely affecting star formati histories and chemical evolutions. A
comparison with cleaner, more isolated dwarf irregulaikalliow us to establish and characterize,
for the first time, the effects of environment on chemicalletion through the chemical similarities
and differences in old populations. To compare dwarf irfeggalaxies to the Galactic halo and
other Local Group dwarf galaxies, and test their impact orging hypotheses of galaxy formation,
detailed chemical analyses of their old RGB stars are reduir

Analysis of spectra of young giant stars in nearby active fetaming galaxies in the Local
Group has become possible in the past decade due to a combiohbbservational data from 8—
10 m telescopes and advances in model atmosphere technldugelstter include the development
of non-local thermodynamic equilibrium (LTE) hydrodynan8-D extended stellar atmospheres,
necessary to understand absorption features influencedpgeysonic outflowing stellar winds. As
shown in Table 3, observations with TMT will extend thesal&s to very large distances allowing
the investigation of a variety of star formation environisesnd galaxy morphologies.

Sophisticated models of galactic chemical evolution asetan nucleosynthetic yields of var-
ious elements from each of the possible sources togethietidtamount of mass ejected from each
of these sources, all as a function of stellar initial mas&l (@ a lesser extent stellar initial metal
content). These are folded in with assumptions regardisglges within the galaxy and possible
accretion of primordial material. Formation rates and aif Ifdr stars, both as a function of time,
must be adopted as well. Prediction of trends of abundartes naithin the galaxy as a function
of location require knowledge of any dependencies of alheke inputs on position as well as an
assumption regarding migration of stars within the galaxy.

Figure 62 shows the trend based on detailed abundance esalf/farge samples of stars in
the disk and halo of the Milky Way for the alpha-element CguFé 63 shows the same for the
iron-peak element Co. The solid lines are predictions foaGa chemical evolution by Prantzos
(2006) and Prantzos (2014, private communication). Thél@ese towards lower Fe-metallicity is
generally ascribed to the difference in characteristietoale for SNII, the major production site for
the alpha-elements, as compared to SNla, where most Fedsiggd. The former is much shorter
than the latter, which may be as long-ad Gyr after the initiation of star formation.

Although creating a model of galactic chemical evolutioguiees many assumptions, it does
work most of the time. In other words, such models can faitbsely reproduce most observed
trends in abundance ratios with time since the formatiorhefNlilky Way with reasonable input
data. Such models, with different inputs justified by oba@onal data, also appear to work for the
nearby galaxies. However, our knowledge of extragalateitas populations and their chemical in-
ventory is much more limited than is that of our own galaxy. TMill make a major contribution
to improve our knowledge of the chemical evolution of neaghiaxies. In the TMT era, high dis-
persion spectroscopy using HROS and NIRES will enable lgetaibundance analyses with high
accuracy for individual stars in the outer parts of the ngtageoups of galaxies, including the M81
group, and for the brightest globular clusters well beydmal Virgo Cluster. We will then finally
obtain a full picture of the chemical evolution of the neaggdaxy groups out to the Virgo Cluster,
and be able to compare it to that of the Milky Way.

7.8.3 Abundance anomalies in Ultra-Faint Dwarf galaxies

TMT has the potential to revolutionize study of the chemmabdlution of Local Group systems,
including the unique cases of the UFDs in our own galaxy, d&edhalo and dwarf galaxies of
M31/M33.

The handful of members of the UFDs in the Milky Way subjectetigh dispersion abundance
analysis shows striking anomalous enhancements in indiielements; they are often referred as
“chemical oddballs” (Fig. 64). TMT has the potential to abtapectra of stars with = 20 — 21
at SINV50 andR = 15000 or greater (once HROS is implemented). WFOS will have nlitltis
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Fig. 64 Neutron-capture elements are deficient in a red giant (Dihli®)e Draco Dwarf Spheroidal
galaxy (Fe/H = —2.95); comparison with HD 88609, which hasilsir metallicity (Fulbright et al.
2004). The Hercules dwarf spheroidal galaxy shows simitékisg deficiencies (Koch et al. 2013).
The proposed WFOS instrument on TMT would be capable of ngakieasurements on giants
similar to these even as distant as the Andromeda galaxyerf@gca metal-poor giant has been
found in a binary system in Hercules (Koch et al. 2014).

spectroscopy of a field of ordéf x 3’ or greater, sufficient to cover the size of UFDs in the Milky
Way, or dwarf galaxies in M31. For the TMT, the Andromeda/M33tem becomes available for
study in much the same way that the Magellanic Clouds have lieeeiled for 8 m class telescopes.

One of the striking accomplishments of our current era of80m class telescopes is that
moderate to high resolution spectroscopy of stars as faifit a 18.5 has become routine. The
multi-object fiber-fed~LAMESat VLT has made high resolution investigation of hundredstafs
in the bulge and globular clusters a routine program. Ke¢k WIRES and MIKE at Magellan have
delivered high dispersion spectra of metal poor stars iméie and dwarf spheroidals. Experiments
that push the limits of high dispersion spectroscopy aresumdy to get spectra of thousands of
giants in dwarfs and also to derive composition from thegraeed light spectra of globular clusters
in M31 and beyond. This study will include all populationVi31, including the bulge.

The TMT with high resolution spectrographs places us onttheshold of investigating chemi-
cal evolution throughout the Local Group and by using glabaluster integrated light, throughout
the Local Volume. Such work can address the cause for thepieuttubclasses of metal poor stars
(e.g. carbon enhanced) acldemically oddbalbtars, and one can ask whether the picture of chemical
evolution seen in our Milky Way halo extends to the Local Grosee Figure 64.

Some cherished ideas are under challenge. Is the “knee’&ifnifre] vs [Fe/H] trend where
elemental trends move toward solar scaled compositiontaltiee onset of iron produced in SNe
la? Or is the knee arising from the natural metallicity degmnt yields of massive star SNe? Is our
now roughly 40 year old depiction of chemical evolution #fere in need of major restatement?
What is the full range of primordial chemical enhancemenés aire observable in various stellar
systems? Although the broad brush description of chemigaligon and nucleosynthesis is well
known, it is clear that many aspects of nucleosynthesis acglyp understood and our best hope
for pushing theoretical work is new observations. Largermmpments in our modeling of stellar
atmospheres are expected soon as non-LTE 3-D models wihbeavailable in large grids within
the next few years.
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7.8.4 Resolved stellar populations as tracers of galaxyutiom

Ground-based resolved stellar population studies of ggdaxecessarily target galaxies within the
Local Group and its immediate vicinity. While a range of muofogical types are present, the statis-
tics are poor and some notable galactic types are entiredgrak{in particular massive elliptical
galaxies). The resolving power of the HST pushes such stumlie to distances of several mega-
parsecs, improving statistics and sampling a broader rahgalaxy type. But even here such stud-
ies are limited, and importantly the galaxies still sample tather benign environment of our local
cosmic neighborhood. Only with the collecting power andweside spatial resolution of TMT can
resolved stellar population studies come of age and relvea@wolutionary histories of galaxies at all
luminosities and morphologies, spanning a complete rahgewronment, from isolated systems,
through loose groups, to groups and clusters.

Studies of the integrated light of galaxies necessarily ol stellar population synthesis to
reproduce the broadband spectral energy distribution efgélaxy. The galaxy’s light represents
the sum-total of the baryonic evolution of the system ovenaic time, and is contributed to by
stars of varying mass and of varying age, the proportionsto€lvdepend upon the star formation
history specific to that galaxy. In this respect, the stamfation history is one of the most significant
uncertainties in these studies.

By sampling the resolved stellar populations of a galaxydewbmposing the CMD into its con-
stituent stellar types, we can obtain temporally-resolréatmation on the history of star formation,
with additional information such as metallicity availalide certain stellar types and/or under certain
assumptions, e.g., using the red clump or RGB color. Figbriflstrates how the stellar CMD of
a complex stellar population can encode essential phyisiftaination (see Gallart et al. 2005 and
Tolstoy et al. 2009, for reviews).

Figure 66 shows cumulative star formation histories ofvitlial galaxies for various mor-
phological types. Such analyses can be conducted for arsesobgalaxies split by any physical
parameter, and it is here that TMT can enable a revolution.

7.8.5 Reconstructing the star formation histories of ngagalaxies

Reconstructing the star formation history for a given atedlystem by analyzing its CMD is a funda-
mental tool for understanding its age and chemical comipodihat has been calibrated by decades
of observational and theoretical work. However, progreitls wbtaining good CMDs within more
massive galaxies (or their denser sub-components) haslingtsd by stellar crowding. Recently,
higher spatial resolution observations have become deassing NIR AO systems on ground-based
8-10m class telescopes. By scaling up to 30 m and implengeAtihsystems with improved per-
formance, TMT will enable another giant step forward.

Figure 67 shows a comparison of the crowding limits 0k = 19 mag arcsec? ob-
served with NIR AO-corrected 8 m and 30 m telescopes, as vgeH ST working in the optical
atYy = 22 mag arcsec?. The calculations demonstrate that TMT will be able to resahdivid-
ual stars in regions withlx = 19 mag arcsec? in galaxies as far away as 15 Mpc. Of course, as
distance increases, the required photometric accura@nies more difficult and only feasible for
the intrinsically brightest stars.

A long sought goal is to construct a deep CMD for a normal g galaxy. Several candidate
targets lie within 10—15 Mpc, including (e.g.) NGC 33ZB~ 11 Mpc). Table 4 provides crowding
limits at three galactocentric radii for NGC 3379. The cravegdimit is defined to be the magnitude
at which photometric errors due to crowding reach 20%, spwading to 50% completeness. At 1
R., only the brightest RGB and AGB stars will be accessible feefbe crowding limit is reached.
However, at 3R, (perhaps the lowest practical surface brightness giveuined| exposure times)
it will be possible to reach the horizontal branch beforechéag the crowding limit. This can be
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Fig. 66 Cumulative star formation histories of 60 dwarf galaxiqdit$y morphological types, as
derived by Weisz et al. (2011). Statistical comparison ef $kar formation histories for each type
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Table 4 Crowding Limits for NGC 3379

Name r (arcsec) Yk (mag arcsec?) Kiim Time (s)
Re 30 17.0 25.7 282
3Re 90 19.3 28.5 47200
Riot 190 225 31.6 0

K (1 hour) — — 27.9 3600

Notes: the second column)(is galactocentric distance, the thifd) is assumed surface
brightness at that distance, the fourfty (,,,) is the point source magnitude at the crowding
limit (as defined in the text), and the last colunihié the exposure time to reach these
limits. For reference, the last row shows the point sounctiig magnitude forr =
3600 s in the absence of crowding.

compared to actual HST/NICMOS observations &.3hat only reach- 1 mag below the tip of the
RGB significant crowding limits photometric accuracy (Gyeg al. 2002).

7.8.6 Time-resolved history of the galaxies in the Localk@: the TMT era

Figure 68 shows the spatial locations of all the known galsuadut to a distance of 11 Mpc, of
which there are nearly 900.

Every known galaxy type at ~ 0 is now accessible for color-magnitude analysis, and nearly
every type of environment is accessible (isolated, looseigrgroup or cluster), most with good
statistics. The wealth of questions that can be probed isrsity and addresses some of the key
topics in galaxy formation and evolution today. There is d described strongly bimodal, double
Gaussian distribution among the rest-frame colors of gadagut to redshifts of ~ 1, separating
galaxies into a ‘red sequence’ with a small spread in colndsa’blue cloud’, with a broad spread
of colors, see Section 5.1.3. There is a lack of galaxies walbrs between the two peaks, often
referred to as the ‘green valley’ which represents a prababhsition region.

By conducting analyses of populations of galaxies we camasktions such as:

— What are the key differences in the star formation hissoofegalaxies in the blue cloud, green
valley and red sequence, at a fixed stellar mass, and at whetlt €jp these differences set-in?

— When did the galaxies in the red sequence become red, asdiimgreen valley population
actually distinguish itself in any meaningful way from eithof its two better-defined counter-
parts?

— What are the key differences in the star formation hisgoofegalaxies at a fixed stellar mass as
a function of environment, and at what epoch do these diffes set in?

— For galaxies that are quenched, at what epoch did quenskirig? Is the timing of the onset

of quenching correlated with any key physical propertyhsas cluster-centric distance or total
stellar mass?

Such questions cannot be answered with the limited rangalakigs accessible on HST or from the
ground using 10 m class facilities, but they can be tacklet thie D4 advantage provided by TMT.

7.8.7 Probing LSB and BCD galaxies: star formation, chefrgwalution, dark matter

The class of Blue Compact Dwarf (BCD) galaxies exhibit restar formation in the current epoch,
and appear to have survived merging or some other pertarb#tat would have led to an active
past star-formation history. They appear to have produtzad mitermittently over the Hubble time.
The BCD population is somewhat diverse and so is their eislufThe amount of dark matter
in BCD galaxies is of interest in testing various hypothasgsrding the stability of these HI-rich
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Fig. 67 Magnitudes at which crowding limits photometry to 10% aecyrin regions witfEx = 19
andXy = 22 mag arcsec’ at the distances indicated are shown as horizontal linespoftGirardi

et al. (2000) isochrones of various ages and metallicifiep. left HST in the optical.Top right
Gemini North + NIRI/Altair.Bottom TMT in the NIR. These crowding limits were calculated ana-
lytically by comparing the contribution of surface brighss fluctuations on the scale of a telescope
resolution element to that of a star of a given magnitude g@Ilst al. 2003). The ratio depends
on the distance, surface brightness, and luminosity fanaif the stellar population as well as the
photometric accuracy required for a given magnitude of star

systems against perturbations that can trigger star faomatudying the dynamics of BCD galaxies
through high spatial resolution spectroscopy of individitars and HIl regions will be invaluable in
this context. Since BCDs by definition are compact objecataléslengths< 4 kpc in most cases),
the high spatial resolution offered by AO is crucial to derilaeir velocity fields.

The LSB galaxies are a related class of galaxies having gasksks that are very stable against
perturbations, and show very sparse star formation at tireriepoch. It appears that some of them
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Fig. 68 Aitoff projection in Galactic coordinates of the locatioois~ 900 galaxies within 11Mpc.
The resolved stellar populations of all of these, and moseadt systems, are accessible with TMT
and E-ELT. Figure from Karachentsev et al. (2013).

could be BCD galaxies in their quiescent phase, but others@nparable to normal galaxies in size
and mass. More detailed study of LSBs and BCDs is requiretht®fihem in proper perspective in
the picture of galaxy evolution.

Some of the most metal poor galaxies that we know are dwanfeggular LSB galaxies. The low
metal content of these systems suggests that they are &igats to search for traces of population
Il stars. However, LSB disks are very faint and to do singdlat population (SSP) analysis of their
disks requires high S/N spectra not possible to obtain withent facilities. The high resolution of
TMT will help us observe, model and understand the chemigaluéion of these low luminosity
disks. Also, TMT IRMOS-IFU integral field spectroscopy wdlle able to map SFR to a much
higher level of resolution than currenbtHmaging (where, again, resolution is sacrificed for S/N).
Although LSB galaxies are gas rich their dark halos lead W &-Rs and hence overall lower
luminosities. The low luminosity and low stellar surfacangiéy makes the disks difficult to study,
especially the galaxies at larger distances and beyonaoal liniverse. The high sensitivity of the
TMT will enable the detection of the disks of LSB galaxies a@®termine their population density
and properties.

7.8.8 Resolving extreme star formation environments inihaus Infrared Galaxies at low
redshift

Luminous Infrared Galaxies (LIRGs; LIR- 10'! L)) and Ultra Luminous Infrared Galaxies
(ULIRGS; LIR > 10" L) are some of the most important targets for revealing thefstenation
history in the universe. They dominated the SFR density,(Mggnelli et al. 2013) at < z < 3,
when most galaxy growth took place in dusty environmentg ppatial extent of star formation in
high-z (U)LIRGs more resembles local LIRGs than local ULIRGs. Wdiffraction limited resolu-
tion (\/D = 0.008’ at 1.2um), TMT/IRIS will reveal the morphology and gas conditiondow-z
LIRGs with a physical scale of15 pc at 1.2um at the luminosity distancel() of ~400 Mpc
(or z = 0.088, the largest distance for IRAS Revised Bright Galaxy Sampénders et al. 2003).
This scale is near the minimum size of typical HIl regions swugad in nearby galaxies with ®a
emission (Liu et al. 2013a). We will be able to resolve indial sites of current star formation, re-
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veal gas properties associated with the star formationz@ion, metallicity), and explore feedback
processes (outflow velocity, outflow rates) that affect ¢timaks of the ISM. Taking advantage of the
high spectral resolution observations of TMT to investgte properties of individual HIl regions
in each galaxy lets us explore the building blocks of receassive star formation, to better under-
stand star formation in extreme environments. In additidmgre an AGN exists, the high resolving
power of TMT will be able to distinguish the emission from th&N and nuclear star formation.
With a planned spectral resolution & = 4000 (potentially R = 8000) for IRIS, we will be able
to resolve diagnostic emission lines, and together withadiapresolution that is better than HST,
we will be able to disentangle heating from young stars, kbaod AGNs in hundreds of starburst
galaxies.

High resolution TMT observations of molecular hydrogen, tbgether with atomic hydrogen
emission lines will provide new insights into the molecudas temperature and density structure of
photo-dissociation regions (PDRSs), the primary heatirgd)@oling processes, and the mechanism
of H, formation (e.g., Sugai et al. 1997) on a scale of each indadidHIl regions in the local
universe. In addition, with a 30 m telescope, ground-basHel dbservations will provide synergy
with space-based infrared observatories. One of the TMT d@sade instruments, MICHI (Mid-
Infrared High-dispersion and IFU Spectrograph), yieldsidts higher sensitivity~0.1 mJy with
50 detection in a 1 hour integration in the 10n (N band) imaging) and 4.5 times better spatial
resolution (0.07 at 10 um, corresponding to 33 pc @i, = 100 Mpc) than the current ground-
based 8-m class telescopes. Although the sensitivity isdtigh as that of JWST, the 4.5 times
better spatial resolution of TMT/MICHI will allow us to ingéigate physical processes in deeply
dust embedded nuclei of lowdL IRGs. Using the 7-2um wavelength coverage of MICHI, a suite
of MIR features can be accessed to diagnose the physicalterdical conditions of the gas and
dust in galaxies. From the ground, we expect to readily deteteast the Ar?, St3, Net, and
St+2 atomic fine structure emission lines, the Molecular emission lines from molecular gas with a
few hundred K, the polycyclic aromatic hydrocarbon (PAH)€sion bands, and the 9 silicate
features for local objects. Although all of these emissioed were and will be accessible from
Spitzer/IRS, JWST/MIRI, and SPICA/MCS, in the local unseyrthe 0.07 spatial resolution at
10 um of TMT/MICHI will resolve the obscured dense clouds in theérmost regions of nuclei
and star-forming regions where star formation is most isiten

Spatially resolved line emission obtained via MICHI willgwide the detailed gas properties
on each of the dusty star-forming sites. The line flux ratibgSov]10.51 um/[SI11]18.71 um and
[SIV]10.51 um/[ArllI]8.99 um are powerful at setting constraints on the hardness ofathiging
radiation, and the [SI11]18.7tm/[Nell]12.81um ratio is sensitive to the electron density (Snijders
et al. 2007). Because the hardness of the radiation fieldrisitse to the stellar population of
galaxies, we will be able to determine the obscured steltguufation in dusty galaxies. A com-
bination of two sets of emission line ratios can be an evenenpmwerful tool for diagnosing
galaxy properties (e.g., Groves et al. 2008; Hao et al. 20@mi et al. 2013). With the emis-
sion lines that can be observed from the ground, comparigbtise emission line ratio diagram
[SIV]10.51 um/[Arlll]8.99 um vs. [SI]18.71um/[Nell]12.81um to those predicted from models
can constrain age, metallicity, density, and ionizatiorapegeter with model assumptions of star for-
mation history, IMF, stellar atmosphere models, and steNalutionary tracks (see figures 11 and
15 of Snijders et al. 2007). MICHI with TMT will elicit diffeent views of the physical properties
and mechanisms of star formation in regions deeply embeitdshast, which we have not yet been
been able to examine with optical and NIR facilities due t®\hbry high extinction.

8 THE BIRTH AND EARLY LIVES OF STARS AND PLANETS

Formation of stars is the principal driver of galaxy evadutiand chemical enrichment in the uni-
verse, which in turn affects the process of star birth. Onatier hand, it also provides the sites
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of planet formation and development of life. Therefore, enstndindhow stars and planets form
has long been one of the central problems in astrophysi¢actpsignificant progress has been seen
especially in the last decades, but the detailed processestilh quite elusive. ALMA, JWST, and
next generation instruments on ground-based telescoplegeld further scientific advances prior
to the TMT's first light. However, we definitely need TMT to leunprecedented angular resolution
with very high sensitivity in the near- to MIR, which is ca8l for this science topic. TMT, with
the great complementarity with those telescopes and im&ints, will provide a big step forward to
more complete understanding of star and planet formati@utisied in this chapter.

8.1 Star Formation

Star formation is a fundamental astrophysical processyatwe still lack a quantitative and predic-
tive theory for how stars and clusters form (Krumholz 2024hong the key ingredients for building
such a theory are observations of young star clusters ov@enange of environments that can be
used as benchmarks to test star formation models. Yountecduserve as laboratories with con-
trolled conditions (same age, metallicity, distance jahitonditions) and many stars to sample the
distributions of stellar masses, kinematics, and mudids that arise during the star formation pro-
cess. The requisite range of initial conditions in metdifjeexternal pressure, cloud mass/density,
and environment can only be found outside of our own Galaxgre/lstudying clusters in detail has
been extremely challenging. Fortunately, TMT’s spatiaotation and sensitivity will allow indi-
vidual young stars to be spatially resolved, even in thedsirgtar clusters, within a wide range of
environments throughout the Local Group galaxies and bety®MT observations of young clus-
ters, which are the output of the star formation process,coihplement ALMA studies of the gas
clumps and cores that are the input to the star formationgssoc

In the section below, we highlight TMT science cases for meag the IMF, internal kinemat-
ics, and multiplicity in young clusters, followed by the 8ens focusing on high- and low-mass
ends of the IMF. These observations will help constrain &temation theories such that reliable
predictions can be incorporated into models of planet foionastellar evolution, galaxy formation
and evolution, and cosmology.

8.2 Developing a Predictive Theory of Star Formation
8.2.1 IMF vs. environment

The relationship between the ISM and the resulting staesgsiably, the most fundamental objective
in star-formation research. The Kennicutt-Schmidt (K&Y kstablishes a correlation between the
integrated rate of star formation and the surface densitgenise gas (Schmidt 1959; Kennicutt
1998) in extragalactic sources. Heiderman et al. (2010prenothers, investigated this relationship
for clouds in the Milky Way and found significant (by a facter 2) discrepancies for the K-S
slope compared to external galaxies. Other smaller-sgdl®@ pc) measurements also tend to show
the deviation from the K-S law or the larger scatter, whichyrba plausible since high angular
resolution distinguishes local, inhomogeneous distidingt of dense gas and stars. The problem is
that the current spatial resolution is not enough small fa® the cause of the observed behavior.
One way to tackle this issue is going to finer scales to havera smmprehensive understanding of
the IMF by resolving stellar populations (providing a mocearate yield of star formation), and to
know thelocal star-forming environment (e.g, metallicity, radiationdiecluster density, gas density
distribution). Such an approach, if applied under variowdrenments, can lead to an understanding
of the origin of the K-S law, and ultimately, how physical pesses in the ISM control star formation.
The TMT's combination of high spatial resolution and sewisyt will offer unprecedented capa-
bilities for studying the IMF in distant star-forming regi®not limited to our Galaxy but also in the
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Local Group galaxies (see also Sect. 7). This is the areaenh®0 m class telescope, with AO, has a
real niche in the field of star-formation; HST and its sucoesscluding JWST are less competitive
due to their significantly smaller mirror diameters.

Diffraction-limited TMT observations of rich, dense class in the distant Milky Way and local
universe in NIR will enable determination of the shape of i€ over the entire range of masses,
from ~ 100 M, to below 1 M. TMT will allow us to probe the brown dwarf, and even the
planetary-mass regime in young clusters at distances efakkpc. It will also enable investigations
of the low-mass {1 M) stellar regime in a representative slice of the univenseluding the
nearest large spiral galaxies (M31 and M33) (Table 5) andsémg low-metallicity environments
provided by Local Group galaxies such as NGC 6822 and IC Jinfinary results for the low-
mass IMF in the Magellanic Clouds suggests that metalli@tated differences affecting the shape
of the stellar mass distribution require significantly loweetallicities to become apparent (e.g., Da
Rio et al. 2009). The stellar density in a given cluster, \whganother environmental parameter, can
be retrieved from such resolved observations, enabling establish the relationship with emerging
stellar mass.

Table 5 Limiting K band Magnitudes and Corresponding Lower Mass Limits in Aselike

Clusters
Limiting K Magnitude Limiting Mass ¥ )
Radius (Re) M33 M82 M33 mM82
0.5 17 < 19.8
1.0 18.9 < 19.8 65
2.0 22.3 20 3
5.0 27.5 23.9 1.1 32

Notes: for illustrative purposes, photometric crowdingl goton statistic limits have been computed for
target environments in the M33 and M82 using the radial @efif the Arches and R136 clusters, coupled
with the crowding limit algorithm given by Olsen et al. (2Q03he K band magnitudes are for crowding
limited photometry to 10% accuracy. The input luminositpdtion used for these calculations is a hybrid
based on measurements in the Arches cluster (Blum et al.) 200the high-mass stars 2M(;)) and
measurements in the Trapezium by Hillenbrand & Carpen@dpfor the low-mass stars(3 M,)). The
Arches radial profile is a re-fit to HST data by Blum et al. (2001

Based on the expected performance of the IRIS IFU, it wilb &ls possible to obtain spectra of
stars with masses significantly smaller thai/t, at the GC, while the mass limit lies at 10 M
with current 10 m class telescopes (Lu et al. 2013). With TM3imilar detection limit as currently
obtained in the center of the Milky Way can be achieved in thedl Group (Fig. 69).

ALMA, on the other hand, will provide superb spatial resmotat complementary, dust-
penetrating (sub-)millimeter wavelengths. This is a fodie situation, as it will allow us to probe
right into the core of the most active, dust-enshroudedfetaning regions, covering the entire use-
ful wavelength range from the infrared to millimeter wavekis will potentially help solve the key
outstanding issue of how star formation occurs, proceedkisariggered, as well as the importance
of the interaction between the newly-born stars and theiirenments. We will be able to study the
early evolution and the transformation from the youngestfirming cluster-like regions to more
mature, partially virialized systems.

8.2.2 Kinematic evolution

Young stars within a star-forming region interact with eather in complex ways. Simulations of
star cluster evolution generally assume that the starsaialy smoothly distributed and in dynam-
ical equilibrium. However, both observations and theoté#isus that this may not be how clusters
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Fig. 69 My limits for S/N = 50 atR = 4000 with IRIS in IFU mode during a 3 hour total exposure
time. These numbers are valid for the uncrowded outer reg@rclusters. At a given distance
modulus, stars within the blue area are either not obses@tbnly with lower S/N.

form. Emerging evidence suggests that star formation inemdar cloud cores follows a spatial
distribution imprinted by the properties of the prevailtagbulence, which can be conveniently ap-
proximated by a fractal (clumpy) distribution (e.g., Bastiet al. 2009); numerical simulations of
such initial stellar distributions suggest rapid subsegdiermation of dense cluster cores by the
collapse of protoclusters, given the expected cool (siddynlynamical conditions in such environ-
ments (e.g., Allison et al. 2009). Dynamical mass segregas predicted for stellar masses down
to a fewM, on timescales of a few Myr during the collapse.

To answer the question of the nature of early dynamical neggggation, precise mass, position
and velocity measurements are required. It is also critwalystematically study the most likely
initial conditions for cluster formation which lead to thieserved configurations. The radial density
profiles of young and embedded clusters can shed light ontthetwre of those clusters. Colors
can help classify types of young stellar objects to tracepttogress of star formation and help
distinguish between different star formation models. Atiaél techniques like the nearest neighbor
method for infrared-excess stars can be used to identifigtsires in star-forming regions. Those
data can show if clusters are expanding or contracting. M€ ihstruments, IRIS, WFOS, NIRES,
and in particular MICHI will play a very important role in thisubject with the very high angular
resolution & 10 AU at 140 pc at 10um) and the capability of high-dispersiof (~ 100 000)
spectroscopy.

8.2.3 Multiplicity

The multiplicity properties of young stars offer a powerélihgnostic of the star formation pro-
cess. The binary fraction has been shown to be a functioniwfapy mass, with nearly 100% of
the highest mass stars having companions, down to a meX@% for BDs (e.g., Raghavan et al.
2010). The multiplicity fraction also seems to be a functadrstellar age and environment, with
younger stars exhibiting a generally higher multiplicitpdtion (e.g., Duch&ne 1999). It has also
been demonstrated that the mass ratio distribution is lgugimstant except among the lowest mass
objects (e.g., Duchéne & Kraus 2013). These multiplicigtistics inform our understanding of the
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overall star formation process, as different formatioroties often make different predictions for
the multiplicity fraction as a function of mass and envir@mn(e.g., Bate 2012).

Although recent technological advances allowed for thetaigof new realms of parameter
space, significant uncertainties still exist in the disttibn of all types of binaries at all separations.
In particular, the range of period/separation space tylgidaft unprobed by current spatially re-
solved imaging or RV monitoring is log(R} 3 and/orp < 0.05” (Duchéne & Kraus 2013). This
regime is easily observable with any diffraction-limitedeager on TMT, such as IRIS. Furthermore,
TMT’s unparalleled spatial resolution will allow us to réamknown spectroscopic binaries, a niche
previously only available to long baseline interferomeiiiye combination of astrometry and spec-
troscopic orbital monitoring provides a means of measucmgponent masses, which are essential
for calibrating theoretical evolutionary models (e.glétibrand & White 2004). In addition, instru-
ments such as PFI and/or SEIT will discover high contragh fziharies, such as BDs around O or
B type stars, at separations unachievable with currentrgéar high contrast imagers. This will fill
in currently unknown regions of mass ratio parameter space.

There is tantalizing evidence of differing multiplicityafttions for stellar types as a function of
environment. It has been suggested that the density of dostamg environment will ultimately
drive the final multiplicity fractions. Dense, high mass omments may trigger dynamical inter-
actions that ionize binaries (e.g., Bonnell et al. 2003)isrupt disks before they have a chance to
collapse and form low mass companions (e.g., Zinnecker &&@007). The resolution and sensi-
tivity of TMT will also allow us to push multiplicity survey® more distant, and often more massive,
star-forming regions such that the statistics match thbsearby regions such as Taurus and Upper
Scorpius & 150 pc, e.g., Kraus et al. 2011). Current AO-fed instruments-ek08n class telescopes
can achieve physical separation limits-eff AU for these regions. With TMT, the equivalent will be
achievable for star-forming regions as distanta8 kpc, encompassing clusters such as M8, M16,
and M20. Furthermore, instruments such as HROS and NIRHESagilly improve our identification
of spectroscopic binaries in star forming regions, paldidy for the lowest mass objects that are
too faint to target with current instrumentation. By acliigvmnew statistics on more star forming re-
gions, TMT with IRIS, PFI/SEIT, HROS, and NIRES will offer &w window into the complicated
dynamical processes during star formation that ultimadelyes the multiplicity fraction we observe
among field objects.

An additional niche provided by TMT will be its ability to pbe the multiplicity of Class | pro-
tostars with high resolution using instruments like MICBAhtching binaries shortly after formation
has the potential to revolutionize our understanding ofttimary formation process. Thus far, the
multiplicity statistics of this class of objects are poattynstrained over a limited set of regions and
separations~ 50 — 2000 AU, e.g., Connelley et al. 2008, 2009). Probing closer s&pars has
thus far been limited in spatial resolution or spectral gmity. With MICHI, binaries with separa-
tions <20 AU will be resolvable visually in nearby star forming regs. With the high-resolution
spectroscopy mode of MICHI and the sensitivity of TMT, RViadies will also be identifiable, pro-
viding important statistics on the tight binary frequenaythis regime. For this science case, TMT
offers a unique complement to JWST and ALMA. TMT will have stipr spatial resolution for
visual binary identification. ALMA will achieve similar diatics for even more embedded Class 0
protostars, providing an important comparison sample fas€l objects.

8.3 Star Formation at the Extreme Ends of the Mass Function
8.3.1 Formation of high-mass stars

Massive stars impact many astrophysical systems, inajudirming galaxies, their interstellar me-
dia, young star clusters and protoplanetary disks theBsineral theories for massive star formation
are being debated: core accretion, competitive accretind,stellar collisions (Tan et al. 2014).
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These vary in their assumptions about how material is a@gtetthe protostar and thus make differ-
ent predictions for the structure of the gas envelope, thestion disk, outflows, and possibly binary
properties and (low-mass) protostellar crowding aroueddnming massive protostar.

TMT can make several important contributions to our undeding of massive protostellar en-
vironments. First, high resolution NIR and MIR imaging widlveal the structures of heated dust
around massive protostars, which can arise from the aoaretivelope, accretion disk (including
spiral structure and binary companions forming in the diskiflow cavities and other protostel-
lar companions forming as part of a fragmenting protocludigpical Galactic massive protostars
are at~ 3 kpc (the closest is in Orion KL at 400 pc), so structures or 1000 AU scales, e.g.
approximately corresponding to disk diameters, extend ev6.3”. IRIS and MICHI will enable
dramatic improvements over current observations of NIB.{(@reibisch et al. 2011) and MIR (e.g.,
de Wit et al. 2009) dust continuum from massive protostanst, iy having a factor of three better
angular resolution compared with current 8—-10 m classdefsss and second by being sensitive to
fainter emission features (coronographic capabilitidstvei useful to block compact emission from
the target protostar to help reveal disk, envelope and eutflnictures). These images will constrain
radiative transfer simulations of massive protostars (2ltang et al. 2014). Galactic massive proto-
stars are bright, so it will be necessary to check that séurea not a problem. In addition, imaging
at wavelengths of 24um or longer may be feasible (potentially differentiating TNMrom other
ELTs), increasing the wavelength range over which radgatignsfer models can be constrained.
Galactic massive star-forming regions often have relbtiggtended MIR morphologies, requiring
relatively large chop throw angles &f 30”.

Spectroscopy opens up new windows on composition and kitiesn&ome probes are common
to those used in studies of low-mass star formation, inalgith, (1-0) S(1) (e.g., Martin-Hernandez
et al. 2008), CO(2-0) bandhead emission/absorption (€egtj et al. 2010, who useft ~9000
observations to measure velocity dispersions-df0 km s~! from the~3000K emitting region of
a massive protostellar disk) and the shape of the 10 andriSilicate absorption features. The\Br
(2.17 um), He | (2.06um) recombination lines and [Ne 11] line at 12,8n are especially relevant
for massive protostars that are beginning to ionize theirosundings, with expected line widths
at least~ 10 km s~! and typically much greater. Bik et al. (2006) observed Bmission from
20 young massive star$(~210000), finding EWs from about 1 to over 180and line widths of
100 — 200 km s~*. Zhu et al. (2008) studied [Ne I1] emission from ultracomipledtl regions: the
small thermal width of the [Ne 11] line helps reveal intrindkinematic structure having velocities
<10kms 1.

IRIS IFU and/or MIR studies of Galactic ultra-compact Hlgrens have the potential to reveal
their kinematic structure in unprecedented detail, argldhin help to discriminate between different
formation and feedback models: e.g., Is the ionized gascagsd with outflows, accretion flows
or both? How ordered/symmetric are the accretion and outiouctures around massive proto-
stars? Such questions could begin to be addressed by a sditheynearest-30 massive protostars
that sample a range of luminosities/masses and star-fgremimironments, ideally with a velocity
resolution reaching or exceeding10 km s™! (i.e. R ~30000).

8.3.2 Formation of brown dwarfs and planetary-mass objects

Stellar objects with masses less than75 Jupiter massiX/;,,) are unable to sustain nuclear fu-
sion in their cores and thus represent a separate catedersetto as BDs, bridging the mass gap
between the planets and stars. While the distinction betwt®s and BDs is clear enough by re-
garding the hydrogen-burning limit as the boundary, thesMemindary with planets is still vague.
Various works have adopted the criterion that free-floatibggcts are above the deuterium-burning
limit (~ 13 Mj,,) to distinguish BDs from planets, though the discovery ekffloating planets
seems to have further muddied the water. While there is arathw®nsensus on the formation of
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~ 1 My Objects at 1 kpe with A& = 30, at S/N=5 with a total exposure time of 30 minutes.

stars (molecular cloud collapse) and planets orbitingmgastars (accretion of planetesimals in the
circumstellar disk), the formation mechanisms of BDs arm{floating planets are still puzzling.

The main sticking point of the BD formation appears to be #ut that a much larger molecular gas
density than observed is required for the low Jeans mass ef Bkplanation for this has necessi-
tated invocation of scenarios such as dense core ejectibtudsulent fragmentation. Free-floating,
planetary-mass objects may represent an extension of Bibmgtthe same formation process, but
it is also possible to attribute them to dynamical ejectimnft planetary systems forming around
stars via mutual gravitational interaction between midtglanets.

Direct, high sensitivity (spatial resolution) observatgoof nearby stellar clusters will help in
reaching up to much lower mass limits (Fig. 70). For comparj$efia Ramirez et al. (2012) have
reached the lowest mass of\é;,,, with a 4m telescope, thus TMT will enable us to study sources
with the completeness going down to or lower than the Jupitess in nearer clusters. We can hence
obtain statistically significant samples of candidate BDg giant planets, then examine and com-
pare a number of properties (such as SED slopes) to disshdpgitween BDs, free-floating planets,
and bound planets (see also Section 10). This could helghingdhe long standing confusion over
whether a source is to be considered a BD or a giant planet.

The bottom of the IMF has long been a significant topic of asialyThough there is wider
consensus on the high mass end, the sub-stellar end stil ségnificant observations and proper
analysis (Fig. 70). Spectroscopy is important to bettestraim the IMF as it provides a more reliable
estimate of temperature, and thus mass and age, comparsithgopinotometric color information.
Alves de Oliveira et al. (2012, 2013) have carried out sudidysin thep Ophiuchi and the IC 348
regions. They have achieved the detection limit of the oofle¥ 10 A, using various telescopes.
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Much deeper samples can certainly be obtained with TMT, @alhe in close-by stellar clusters
(e.g. Scholz et al. 2012). It should also be noted that caiméirg the multiplicity could play a key
role in IMF determinations (Sect. 8.2.3).

In addition, spectroscopy of BD candidates enables us tectisignatures from accretion
disks/jets/outflows as well as chemical properties, and tielp in understanding if they form in
any manner similar to stars. Thus far, it has been difficultidohis on a statistically significant basis
due to the lack of BD candidates. With TMT, BDsef1 Myr with 13 M}, at a distance of a few
kpc can be observed in NIR spectroscopy, depending on thammbvisual extinction, which will
greatly enlarge the current BD sample.

8.4 Young Planet-forming Disks

Protoplanetary disks are flattened rotating structureasfand dust, formed as a natural outcome of
star formation process. They are the birth places of plaaats hence provide the initial condition
of planet building including density and temperature disiions of disk material which are the
ingredients for planets and possibly life. Disks also iat¢mwith newly-born planets, resulting in
re-distribution of gas and dust or orbital migration of @& After most gas dissipates, evolution of
a planetary system is expected to further proceed, suchths/iglent orbital re-configuration and
growth of rocky bodies in debris disks around young main seqa stars (see Sect. 10.2). Therefore,
observational understanding of young disks is essentaddoess the questions of when, where, and
how planets form and evolve?

What is most critical for disk observations is high anguksalution. It is required to spatially
resolve the local physical and chemical conditions in a diskinally constrain planet formation
theories. In this respect, there is no doubt that TMT willypéamajor role in this science field,
providing a resolution of-1 AU at 1um for disks in the nearest star-forming regions at 140 pc. The
high sensitivity of TMT allows us to significantly increasetsample size for resolved observations
and to discuss any dependence in planet formation as a dancfistellar properties. The list of
disk-bearing objects has been growing thanks to SpitzeARKHershel, and WISE (e.g., Evans
et al. 2009), thus it is not hard at all to extract hundredsuggéts for TMT.

The inner £10 AU) regions of protoplanetary disks are particularlgnesting. Given the abun-
dance of exoplanets, we know that protoplanets must be canmimihe 0.5-10 AU range (Cassan
et al. 2012), while current direct detection surveys shoat they are rare beyond30 AU (e.g.,
Chauvin et al. 2010). These inner regions also intersedtdbéable zone of their parent stars. Such
inner disks can be resolved either directly, or kinemaljoahere the (nearly) Keplerian rotation of
disks can be used to separate disk regions in velocity (andeh@dius). Spectro-astrometry is an-
other advanced, promising technique to probe spatial scaleeh smaller than the nominal spatial
resolution. Given the expected temperatures of these,dismic and molecular lines of interest
will lie between 1 and 2%um. The classical infrared “finger-print” region containarsitions from
many molecular species, including important bulk traceush as water, CO and GQas well as a
potentially long list of organic species (HCN; B, CHy, etc.) (Fig. 71).

Disk observations, including detection of footprints ofipéts, can be extensively done from
the early phase of TMT without coronagraphy. As high contsasond generation instruments be-
come available on TMT, lots of detections of exoplanets bdlexpected. This may be the most
compelling and exciting period since the connection betwndisks and planets can be established,
which represents substantial progress toward the ultig@aéof understanding planet formation.

TMT will be highly complementary to JWST and ALMA. TMT and JVWWSvill probe the inner
disk region while ALMA more typically traces the outer digkiq. 71). Because of its higher spatial
and spectral resolution, TMT will be much superior to JWSTamstraining the spatial origin of
disk emission features and their dynamics.
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Fig. 71 Sketch of different probes of molecules in disks. The MIRdprainantly traces the inner
few AU, corresponding to the terrestrial planet-formingioa.

In the following, we describe some intriguing science tepidhere a 30 m class telescope can
uniquely contribute; conditions of planet formation, diglanet dynamical interaction including
growth of gaseous planets and circumplanetary disks, astdldition of ice, water, and organic
material in young plant-forming disks.

8.5 Conditions for Planet Formation
8.5.1 Planet formation vs. host star properties

The diversity of exoplanets and circumstellar disks sees far is, in many cases, related to prop-
erties of the stellar hosts. Metallicity is strongly coateld with the presence of giant planets but not
necessarily small planets. Warm debris disks, indicativebisions between planetesimals near the
star in asteroid-like belts, are much more common (by a faaftten or more) around intermediate
mass stars than solar mass stars (e.g., Su et al. 2006) s@$ks are also surprisingly frequent
for binary star systems (Trilling et al. 2007), and the Keervey confirms that planets around
and within multiple star systems are present, although tdésscs are not yet robust (Armstrong
et al. 2014). All of these observations indicate that priperof the host star strongly influence
protoplanetary disks and their evolutionary paths towand planetary systems.

With an inner working angle of approximately 70 mas usinchtégntrast coronagraphy, TMT
will be able to detect young planets in K aidbands within disks found by Spitzer, WISE, and
Herschel in nearby star-forming regions and young assonmbut to the distance of Orion, greatly
expanding the range of stellar properties that can be dliresdated to characteristics of disks and
planets. In some cases these planets may be detectablespeptcally with TMT, so atmospheric
composition of the planet may be compared with the abundaofcthe host star. Although TMT
may not have the MIR power of JWST or cryogenic space survayddtecting disks, with high
quality AO correction it can resolve the sources of near- amdtinfrared excess emission from
young stars in crowded fields and tight multiples. TMT wik@lhave the ability to resolve sharp
structures within disks and will be especially powerful $tudy of the gaps in transitional disks. For
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distant star-forming regions, TMT will obtain metalli@s and spectral types for stars with disks, as
well as resolving their multiplicity.

8.5.2 Gas dissipation timescale of protoplanetary disks

The gaseous component of protoplanetary disks is expeatdidsipate by processes such as ac-
cretion onto the star, photo-evaporation (by stellar oeexl radiation), and giant planet formation.
The timescale for gas dissipation provides a valuable uppgion the timescale for giant planet for-
mation, as giant planets must accrete their gaseous emgtopa shorter timescale than this. The
dissipation of the gaseous disk also limits the time avéglab circularize terrestrial planet orbits
through interactions with the gas disk. For example, if tite ktages of terrestrial planet formation
occur during an epoch when the disk has a surface density)1% — 0.1% that of the minimum
mass solar nebula, planets with the masses and ecceatrigitiEarth, Venus, Mars, and Mercury
can be produced (Kominami & Ida 2002).

While stellar accretion rates, which are known to declindage (e.g., Fig. 2 of Sicilia-Aguilar
et al. 2010), measure the amount of disk gas that reachesathét $s difficult to be certain how
much gas remains in the disk without an understanding of #xehianisms that drive disk accretion.
Hence what is needed iis situ measurements of the gaseous reservoir. As one exampleodiagn
the 12.8um [Ne I1] line is appealing because Ne is expected to remathéngas phase; [Ne I1] is
expected to be ionized and heated by stellar X-rays, whiehoag lived compared to the expected
gas dissipation timescale, and the 1218 line is expected to robustly probe small column densities
of gas (Vg ~ 10'?-10?° cm~2; Glassgold et al. 2007).

The 4.7um CO fundamental rovibrational lines are also attractiagdostics of the gaseous
disk at larger column densities. The high abundance of CQOsksdand the modest A-values of
the fundamental transitions have made them a reliable ateth ofsed tracer of the inner regions
of disks surrounding T Tauri stars and Herbig Ae/Be starsefsatile diagnostic, the formation of
CO, is robust in disks even in the absence of grains (Glagsgal. 2004; Bruderer 2013), and the
transitions can be excited into emission by UV fluoresceeag (Brittain et al. 2009), IR pumping
(Pontoppidan & Lockwood 2015, in preparation ), as well &srially.

In addition to measuring the gas dissipation timescalesetttbagnostics may also probe the
dissipation process itself. Theoretical arguments (ol Owen 2010) and blueshifted line pro-
files suggest that photo-evaporative winds can be probed&yl]. The CO rovibrational lines can
also show line profiles indicative of a wind origin, suggegtits potential role in studying the gas
dissipation process (Pontoppidan et al. 2011).

The measurement of line profiles as well as spectro-astransggnatures of these diagnostics
can be used to determine where the emitting gas arises (dighnd, and at what radii) and to
constrain the gas reservoir in the disk as a function ofatelje. When combined with theoretical
model predictions, these measurements could also be use€asure the rate of gas removal from
the disk (e.g., the disk photo-evaporation rate).

Giant planet formation itself is another disk dissipaticathway and locating CO emission
within a disk can be used to look for radial gaps created bygika(see next section). Constraints
from the lack of UV fluoresced emission are particularly usaf showing that there are gaps in the
gas (e.g., Brittain et al. 2013).

8.6 Planet-disk Interaction
8.6.1 Disk structure by planets

Planets can dynamically interact with their parent diskyileg footprints which in most cases are
more readily detected than planets themselves. In a gapeotsplanetary disk, the simplest form
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of the footprints is a radial gap along the orbit of a giantela Once formed, the gap can excite in-
stabilities due to the pressure gradient at its outer e@gelting in dust traps which can be favorable
locations of planetesimal formation and growth, providing formation site of additional members
of a young planetary system (e.g., Lyra et al. 2009). Dynahpcocesses can also excite small-
scale structures such as spiral waves either in associatibrinstabilities or companions even for
those insufficiently massive to carve a gap. In fact, viadimaging with 8—10m class telescopes,
gaps have been uncovered in transitional disks of T TauriHartig Fe/Ae/Be stars, while spirals
were detected preferentially toward warmer disks aroumtieedype stars in scattered light (e.qg.,
Muto et al. 2012). Yet, with the current instruments, theraiy focus is still onto the disk regions
of several tens of AU. New high-contrast instruments are heimg delivered, but if their extreme
AO systems are not equipped with laser guide stars, most fii Jiaws, which are relatively faint at
optical wavelengths, will not be observable.

Higher angular resolution and contrast, afforded by a 30asscielescope with an advanced AO
system, are the key to detect planetary signatures in ther iisk region and to resolve smaller-
scale structures. For instance, the typical requiremanthi® detection of spirals is to resolve the
spatial scale comparable to the disk vertical thicknesthdrcase of nearby star-forming regions at
140 pc, the resolution of aboQt01” is needed to distinguish tightly-wound spirals at 30 AU in a
colder T Tauri disk than Herbig systems, with the aspecortie ratio of the scale height to the
radius) of~0.1. This can be confirmed in the simulations of disk scadtéight (Fig. 72) which
demonstrate that TMT has an ability to reveal signaturesracdrabedded planet gf0.1 M, at
<10 AU from the central star at 140 pc. A gap and spirals by agilah10 AU can be detected
in the mode of direct imaging, preferably with polarime®yructures within 10 AU can be studied
with the smaller inner working angle provided by PFI or SEflirthermore, the innermost region
lying beneath the coronagraphic mask or the bright stebdo m NIR can be explored in thermal
emission in MIR. The diffraction-limited resolution iV band is~ 0.07” for TMT, which allows
us to study distributions of warm dust with a spatial scalalmfut0.02”, corresponding to 3 AU at
140 pc.

It is worth noting that multi-epoch observations are quiseful to put a strong constraint on
planet location through disk dynamics. A spiral arm causgé Iplanet in a disk is expected to
co-rotate with the planet, resulting in the pattern rotatrelocity slightly different from the local
Keplerian velocity. With the spatial resolution of TMT, thatation of the spiral can be detected by
observations several years apart if a planet is orbitin@ a3 around a solar-mass star.

Near- and mid-infrared observations are sensitive to tls&idution of small, micron-sized
grains at the surface of an optically thick protoplanetaskdwhile (sub)mm observations probe
large, mm-sized grains in the midplane in the continuum dbagehe gaseous component at vari-
ous heights through line emission. The synergy of ALMA with T is thus of great importance to
understand the 3-D distribution of different componengd thake up the disk. Needless to say, such
comprehensive understanding has a strong impact on thé@baret formation, and is critical to
understanding the origin of the observed structures likest tlap (Birnstiel et al. 2013) or a planet
(Zhu et al. 2014).

8.7 Growth of Planets

Giant planets form during the gas-rich protoplanetary giskse within the first few million years
after the formation of the central star. Beyond a certainanéee forming protoplanet will interact
with its natal disk in multiple ways that may lead to directratirect detections of the planetitself. A
giant planet may open a gap in the gas disk, inducing localkepierian velocity fields with char-
acteristic structure and time variability. This has beevppised to create observable spectroscopic
signatures in the 4./am rovibrational CO lines (e.g., Regaly et al. 2014). Thenptamay host a
relatively massive, moon-forming, circumplanetary dickilfow et al. 1999; Machida et al. 2008;
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Fig. 72 Model images inH band for gaps and spirals in a disk caused by a\@;1, planet around

a solar-mass star, obtained with 2-D hydro-dynamical satmhs. Disk aspect ratio of 0.05, and
local isothermal, hydrostatic balance was assumed forertéal structure. The color scale denotes
surface brightness multiplied by (r is distance from central staffop The models at the raw reso-
lution with a planet at = 10 AU (left) andr = 30 AU (right). Middle: Images expected with an 8 m
telescopeBottom Images expected with TMT, where models were convolved Bilussian func-
tions of diffraction-limited FWHMSs assuming a distance dDlpc. Dark spots are “planet shadows”,
indicating the location of the planet (Jang-Condell 200®)te: 3-D thermal balance calculations are
necessary to predict planet shadows; the sizes of dark apotentative in these images.

Brittain et al. 2013), and it may even produce strong emishites from accretion flows (Zhou et al.
2014). All of these tracers will be accessible to TMT. Indgbey are already being pursued with
existing 8—10m class telescopes as well as with ALMA, antibiniesults are promising.
Therefore, while TMT may detect protoplanets through bbaendl imaging of their thermal
continuum emission, there is also the prospect of usingkaiie gas tracers to detect thowth of
giant protoplanets. TMT is able to detect gas tracers in tiiea and infrared at very high spatial
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resolution; 40 mas for the four main CO isotopologues arauidgim that trace the velocity field of
the protoplanetary material, as well as a host of tracers@ftion onto the planet itself, including
hydrogen recombination lines such agyB2.16um).

It should be emphasized that the detection of a gap-opentrgting planet, will have a strong
impact on the theory of planet formation and migration. Mgaments of the gas accretion rate
onto a planet along with the depth and width of the gap ari&alito know the angular momentum
transfer rate through the gap and therefore the final mastypael migration of the planet (Tanaka
et al. 2002; Crida et al. 2006; Fung et al. 2014).

Planet and/or moon formation in action can be caught even dfe gas dissipation (see also
Sect. 10.2.3). There have been recent detections of warinbeiis in a number of debris disks
(e.g., Morales et al. 2011). This is the dust originatinghe tnner region at~1-10 AU where
the habitable zone resides, and can be interpreted to bermador ongoing, oligarchic growth of
terrestrial bodies. The high spatial resolution of TMT v critical in characterizing this terrestrial
material to gain new unique insight into the building bloeksl mechanisms of terrestrial planet
formation. In nearby debris disks, imaging frdihto N band will be capable of resolving the 1 AU
region. The precise structure such as azimuthal asymmaetnié sharp boundaries of the disk edges
can inform us of the presence of planets and help estabksbahnection between the dust belt and
planet formation/evolution activity.

8.8 Mapping the Prebiotic Landscape in Protoplanetary Disls
8.8.1 Snow line and beyond

The snow line is a condensation/sublimation front of (waiez in a protoplanetary disk; water is
present in the form of vapor (gas) within the snow line andcag($olid) beyond it. The formation
of giant planet cores is believed to be enhanced becauselttiessrface density increases and the
inward radial drift of solids may be slowed-down across thevsline (Brauer et al. 2008). It helps
to explain why Jupiter-like gas giants are not the closesthiéoSun in our solar system. While the
snow line is located at a radial distance~a3 AU in the current solar system, it may have been as
close as~0.7 AU in the early, optically thick phase (Garaud & Lin 200&hd therefore abundant
water ice may have been present in the terrestrial plan&neghus understanding the location of
the snow line, at various evolutionary stages, is impoigarén its relation to both planet formation
and the origin of the water in terrestrial planets.

The snow line in protoplanetary disks can be predicted tjincabservations of water vapor.
Water emission lines in NIR and MIR can be used to determieerdldial extent of water vapor
in the warm disk atmosphere (e.g., Pontoppidan et al. 20Foa)instance, this approach was was
successful at showing the snow line locationat AU in the disk surrounding the nearby (54 pc)
young star TW Hya (Zhang et al. 2013). With the high-spect&ablution (2 ~100 000) of MICHI
and NIRES, the number of sources studied in this way can dreailg increase, (see Figure 73)
enabling us to investigate the evolution of the snow line aamation of stellar age and mass.

The distribution of water ice can also be traced via spgtra@$olved spectroscopy of disk scat-
tered light (Fig. 73). Water ice has a strong absorption lznd3.1 um which should be imprinted
in the scattered light spectra (Honda et al. 2009). Disk risogeedict that the surface snow line
in protoplanetary disks around intermediate-mass youmg ¢L, = 10L«) is located at-20 AU
(Oka et al. 2012), which corresponds~00.14" at 140 pc. This is expected to be within reach of
TMT without coronagraphy (IRIS, NIRES), and the observagiavill surely be feasible with PFI,
owing to its much better inner working angle.

The outer region, well beyond the snow line, can be the faonaite of icy planets. Comets can
also form in such a cold region and could be ingredients oplapets. Although comets are known
to contain pristine frozen material, they also contain mpatible, high-temperature products such
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Fig. 73 Scattered light image of the dispk around the Herbig Fe stat #2527 at 3.08um (left) and

the scattered light spectreght). The~ 3.1 um absorption feature, probably due to the scattering
by water ice grains, is clearly seen in the spectra. As we gseclto the central star inside of the
snow line, this absorption band will disappear due to theats of water ice, which will directly
show the snow line location at the disk surface.
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Fig. 74 The 8 um brightness distribution of protoplanetary disks and ypstars in nearby star-
forming clouds, as observed with the Spitzer Cores to PiRoahing Disks legacy survey (Evans
et al. 2009). It shows how many more protoplanetary disksbeareached with the TMT relative to
current high-resolution MIR spectrometers.

as crystallized silicate grains, which indicates dynaimigaing between the hot inner and the cold
outer regions. It is still a matter of debate how the mixinguwrs and how the high-temperature
material is incorporated into comets. A key to understagginch a process is obtaining the spatial
distribution of various kinds of grains in young planetffang disks. With the high-spatial resolution
of TMT, MICHI will offer a unique opportunity to uncover botmineralogical evolution of solids
and transport of material within a disk by spatially-resal\MIR spectroscopy (e.g., Okamoto et al.
2004).
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8.8.2 Formation and evolution of prebiotic molecules

Planets in the habitable zone are generally expected togietdd in the elements required to sup-
port life as we know it; carbon, hydrogen, oxygen, nitrogamgsphorous and sulfur (CHONPS).
However, some amounts of these elements and the molecalesatity them do end up on terres-
trial planetary surfaces, and the processes that delieen tire intimately linked to protoplanetary
disks (see reviews by Pontoppidan et al. 2014; van Dishoealk2014). The amount and molecular
form of CHONPS molecules delivered to potentially habigaplanets ultimately provide the basis
for the formation and evolution of terrestrial atmosphef@smplex organic species may also be
synthesized in the warm irradiated environments of diskdeéd, the warm, energetic environments
of disks within a few AU of the central star are thought to bghty chemically rich, with short
timescales for the formation of a wide range of organic sgee.g., Henning & Semenov 2013).

Spitzer demonstrated that strong emission from gas-phpesses is from disks around solar-
mass young stars (e.g., Carr & Najita 2008, 2011; Pontoppédlal. 2010b). Favorable geometries
can also lead to deep absorption lines from disks (Lahuig. &086), which at high dispersion
are sensitive to much rarer species (Knez et al. 2009). Wekmow that planet-forming regions
are chemically rich, highly heterogeneous objects, withrgg chemical differences between demo-
graphical groups. Herbig stars have relatively simpleaz@$, dominated by harsh, destructive UV
fields (e.g., Fedele et al. 2011), while inner disks aroutarsnass stars are rich in both oxygen and
carbon-dominated species (Salyk et al. 2011), and innks diound low-mass stars are dominated
by organics (Pascucci et al. 2013). Critically, it was alsmdnstrated that many of these lines are
accessible to ground-based facilities (e.g., Pontoppétlah 2010a; Mandell et al. 2012).

There are several aspects of prebiotic chemistry that camiggiely explored using molecular
emission lines from warm gas. (1) The warm gas representadisévolatile reservoir that is lost to
planetesimal and terrestrial planet formation. Obseowatdf it therefore test whether the CHONPS
depletions observed in the Earth and the inner solar systemraversal. For instance, the Earth’s
carbon is orders of magnitude more depleted than what wauékpected, given the relatively large
fraction of refractory organic carbon in the ISM and in cosftee et al. 2010). Observations of
volatile carbon carriers with the TMT can constrain modelsdarbon grain destruction. (2) Icy
bodies in protoplanetary disks are generally affected hgdyemamics. In particular, they migrate
against pressure gradients, leading to a net flow of ice idsyarcross the snow line (Ciesla & Cuzzi
2006). Thus, the observed warm molecular gas may be recitilynmated, comet-like material, and
the infrared lines trace chemical and photo-chemical msiog of prebiotic material. The action of
such a process has been suggested as an explanation forsér@ezboxygen isotopic fractiona-
tion in solar system meteorites (Lyons & Young 2005). It méspaffect the local carbon/oxygen
ratio, thereby producing a sharp transition from an oxygea tarbon-dominated chemistry, with
potentially profound consequences for prebiotic chemidtajita et al. 2013). Finally, observations
of some exoplanetary atmospheres have compositions tggesuthe influence of a large-scale
elemental re-distribution in their natal disk®lferg et al. 2011)Observations of planet-forming
CHONPS molecules with the TMT will therefore provide obabklw links to the growing population
of exoplanets.

Medium (R ~ 10 000 for maximizing the line-to-continuum ratio) and/or higésplution spec-
troscopy & ~ 100000, for kinematic information) in the thermal infrared (3—il#h) on the TMT
is poised to deliver transformative data on this subjece fitrease in sensitivity over the previ-
ous generation of MIR spectrometers on 8-10m class teles¢cdypth due to the larger aperture
and improvements in detector technology, leads to a tremethcrease in the numbers and types
of protoplanetary disks for which molecular lines can besobsd. Specifically, while ground-based
high resolutionV band spectroscopy can only reach the few brightest pratepday disks, the TMT
can select targets from a reservoir of 100-1000 protopdapelisks across the stellar mass range
(see Fig. 74). The JWST will be more sensitive, but has toodba spectral resolution to resolve
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Fig. 75 Variability tree summarizing different kinds of variablbjects. In this chapter we describe a
subset of examples that have high scientific impact and regudre stringent observing capabilities
and operational modes.

lines or to separate weak lines of rare species from thetfofdsight water lines that is typical for
protoplanetary disks.

9 TIME-DOMAIN SCIENCE

Time domain astronomy as discussed here is the study ofi¢rdnand variable sources, see
Figure 75. Transients are usually the result of some kindxpfosion or collision that leads to a
change in the physical character of the source (e.g. SNe,sGR8 mergers), or a result of accre-
tion of matter (nova outbursts, TDEs, AGN flares). These &vare unpredictable, show a temporal
evolution of the physical conditions, and often fall beldve tdetection threshold when faint. Such
ToO transient events generally require a rapid responserigger of observations. Variability in
sources can be intrinsic; caused by either a change in theqathgonditions (e.g. Cepheid variables
and stellar flares), or accretion induced (e.g. cataclysani@ables (CVs), AGNSs), or extrinsic; as a
result of geometry (e.g. binaries, lensed objects anditragplanets). Variability observations can
be time dependent, or time critical requiring observatitias are time-resolved.

Time-domain astronomy will be an exciting area of reseancthé TMT era, in part thanks to
the synergy with various surveys from up-coming facilisesh as the LSST, WFIRST, and Euclid,
and the search for GW sources, see Section 9.5. In this seat®discuss a few interesting time-
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Fig. 76 Observational indications of the origin of diversity in SieLeft HV SNe la are more con-
centrated in the inner and brighter regions of their hosixjas than NV SNe la (Figure from Wang
et al. 2013)Right HV (magentaand NV @reen SNe la have systematically different velocity shift
in the nebular emission lines (Figure from Maeda et al. 2010)

domain science cases that benefit from the unique capabilifiTMT. Important science areas that
are not discussed in this section but that could definitelyefiefrom the observing capabilities
of the TMT include, among other things, follow-up of microfng events (Sects. 3.2 and 10.4),
young stellar object variability, exoplanet transit antipse (Sect. 10.3), various processes on solar
system objects (Sects. 11.2.2 and 11.3.2) and astromietdiies of stellar motions (Sect. 6.1.3). The
observing requirements of science programs discussedail Here are summarized in Figure 85,
Figure 86 and Table 6.

9.1 Understanding the Nature of Type la Supernovae

Over the past decades, SNe la have been used as one of thast@stel indicators to measure
extragalactic distances. Observations of such eventghehredshifts directly led to the discovery
of the accelerating universe (Riess et al. 1998; Perimetia@r 1999). Among the existing methods to
measure the dark energy EOS parametghe distances to SNe la provide the best single constraint
up to date. This recently inspired many wide-field SN sungych as the PTF, the La-Silla Quest
Supernova Survey (LQSS), and the Dark Energy Survey (DES)discovered thousands of SNe
la that exploded in the local and distant universe. This nemitbexpected to increase dramatically,
especially at high redshifts with the planned future widkfgirveys.

An increased sample of SNe la will reduce the allowed ranfigarious cosmological param-
eters due to improved statistics (Pandey 2013). Howeveurate determination of the dark energy
EOS parameter still relies on a better control of the systienedfects in determining the distance
to each SNe la. The larger systematic uncertainties inaiugé absorption, environmental depen-
dencies of the observables, and possible evolution witshiétd(e.g., Howell 2011; Wang et al.
2013). Because of the huge light collecting area, IR cajigldind the powerful AO system, TMT
will make important contributions to unveil the nature of &N and improve their applications in
precision cosmology.
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9.1.1 Characterizing high-Type la supernovae: towards a better standard candle

Recent reports suggest that SNe la with high-velocity (HY8c& velocities (e.g.V (Sill)
>12000 km s!) tend to inhabit larger and more-luminous hosts and aretantially more con-
centrated in the inner and brighter regions of their hostxgas than the normal-velocity (NV)
sample ¥ (Si Il) ~10000 km s'), see Figure 76 left. The HV and NV populations have différen
colors around maximum brightness (Wang et al. 2009). Thesdts suggest that HV SNe la most
likely originate from more metal-rich progenitors than NM&la, and are restricted to galaxies with
substantial chemical evolution. As an alternative to ttabpble distinction between the HV and NV
SNe la as different populations, Maeda et al. (2010), baseti® ejecta kinematics in the deepest
layer as seen in the optically thin, late-phases, suggestidwing direction is another function to
produce the HV and NV appearance, see Figure 76 right. Thendigmce of SN la ejecta velocity
on progenitor environment could be relevant when using SNeslcosmological yardsticks, as this
may lead to a change in the ratio of the HV and NV populatiomwéidshift. The observed relative
fraction of the HV to NV population might become smaller atafrdistances due to a real decrease
in the HV SN la rate in low-metallicity environments and/betincreased difficulty of observa-
tionally spectroscopically classifying SNe in the centegjions of distant galaxies. Observationally
testing for evolution in the lowsand highs samples is important for precision cosmology but can
be only tested with future high-redshift SN la samples hgwiatter spectroscopic classification, as
the spectral quality and wavelength coverage of curremt-higamples are not good enough for this
kind of analysis.

Since the LSST will discover thousands of high-redshift $&Ne ~ 1.0) within 1 to 2 days of
explosion, one would need spectroscopic follow up for tHgle, beginning within a few hours of
target discovery, with repeat observations starting wittay cadence to understand the progenitor
and explosion mechanism. NIR space missions such as Endlithd&IRST can discover SNe la at
higher redshifts{ >1.0). In addition, gravitationally lensed SNe can be digted even at higher
redshift ¢ >1.0, Amanullah et al. 2011), and surveys looking for SNe beld massive galaxy
cluster are ongoing with 8 m class telescopes and HST, trigngp beyond a redshift of 2, see
Section 3.1.6. Moreover, SNe can also be strongly lensed fgyatively faint galaxy, as seen by
(Quimby et al. 2013, 2014, Kelly et al. 2015, see Fig. 77), disdovery of such a system could be
accelerated by new selection techniques. Present groasebifacilities cannot obtain high-quality
spectra for SNe la beyond = 1.5. The IRIS and/or IRMS on TMT can easily obtain spectra of
SNe up toz = 4 with better wavelength coverage, enabling accurate speaupic classification for
future samples of high-SNe la and IRIS will provide important information on the hgalaxy such
as the SFR. Combined with the lowSNe la, the high-quality spectra obtained with TMT for the
high-z SNe la identified with LSST, WFIRST or Euclid could investig@ossible evolution of the
SN la population with redshift. It will become possible tewsspecific subclass of SNe la that are
more uniform to constrain the nature of the dark energy EQ&rpater and its dynamic behavior.

9.1.2 Unveiling the explosion mechanism of Type la supamov

The explosion mechanism of SNe la is yet to be clarified. Th@oskon mechanism can be depen-
dent on the progenitor systems, e.g., single degenerateSRouble degenerate (DD), but also
there are variants within the same progenitor model. Sineexplosion mechanism sets the ejecta
structure and®Ni yields, which determine the optical luminosity and lighirve, understanding the
explosion mechanism is a key toward developing precisiongsddsmology. An understanding of
the physical causes of the peculiar SNe la, such as SN 20@&iki(et al. 2008, Foley et al. 2013)
and 2005gj (Hughes et al. 2007; Prieto et al. 2007), has thmige to constrain models for normal
SNe la and illuminate the underlying reason for the divgrsitnormal SNe la.
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Fig. 77 HST WFC3 images of an SN gravitationally lensed by an eagg tyalaxy cluster (Kelly
et al. 2015).

Very early spectroscopic follow-up is still rare for SNedagd so far is restricted only to the local
universe. The early-phase spectra reveal the outermasae@mposition, which is highly dependent
on the mode of the explosion. Especially, carbon abundascpiite sensitive to the progenitor
evolution and thermonuclear flame propagation mode. Reesntts suggest that unburned carbon
frequently remains in the outermost layer of SNe la, moreroomly for the NV SNe (Parrent et al.
2011; Folatelli et al. 2012). Given the environmental/espbn difference between the HV and NV
SNe, investigating the carbon signature in the higkample is an important step. In the NIR, the
magnesium feature is expected in addition to carbon (Maetal. 2009), and this oxygen-burning
product is a key to diagnose the extent of the thermonuclaaniy. An early response follow-up
of a series of observations with a few minute cadence for ahfews within 2 days of the start of
explosion with IRIS, IRMS or WFQOS, of a large sample of SNanaluding those at high redshift,
will make an important contribution.

On the other extreme, very late-time spectroscopy is a gtdaagnostic of the ejecta kinemat-
ics and thermonuclear products at the explosion triggas being a direct method to constrain the
explosion mechanism (Maeda et al. 2010). The high speapissensitivity of IRIS, IRMS, and
WFOS of TMT will open up a new window to study the explosion mmeaism: (1) NIR spectroscopy
at~ 1 year and (2) a very late-time (at 1 year after the explosion) optical spectroscopy. Due to
sensitivity limits with 8 m/10 m class telescopes such sigdinited in the optical to< 1 year after
the explosion. As for NIR, there are only a few examples stafleen by 8 m class telescopes, show-
ing that NIR spectra provide qualitatively different diagtics on the explosion mechanism than in
optical (Motohara et al. 2006). As for the very late-time @pascopy, it is an almost unexplored
area due to the faintness of the SNe at such late phases. itaecphases, the dominant energy
source is no longey-rays, but positrons from th&¥Co decay and other minor radioactive species
(Seitenzahl et al. 2013).

9.2 Identifying the Shock Breakout of Core-Collapse Superavae

Massive stars end their lives as core-collapse SNe. As dt i@fscore-collapse, a shock wave is
formed in the star, which propagates its stellar mantle atdwWWhen the shock wave emerges from



Thirty Meter Telescope Detailed Science Case: 2015 2075

48
‘T: 10% L
g g i 4 2
2 10% | = 44 3
3 = g
£ E E
E ]
2 a3 - | 8
e 10 :’ 40 5
- $ 24 20M.. B
i A
;; 10%2 | o E51—1 |
Z=0.02 - 36
0 20 40 80 80 100 20.‘”“‘.1”‘.\”..“..
Days since the peak (rest frame) [Days] 1 ) 3 4
Redshift

Fig. 78 Left Light curve of SN shock breakouRight Expected peak magnitude of SN shock
breakout as a function of redshift. Different colors showdels with different assumptions for the
reddening (from Tominaga et al. 2011).

the stellar surface, a fireball suddenly appears. This ibtightest radiative phenomenon in an SN,
called “shock breakout”, see Figure 78. Its observatiorgberties, e.g., duration and color, strongly
depend on the pre-SN radius; the shock breakout of a starawdtger pre-SN radius has a longer
duration and redder color. Therefore, detection of shoekkwout will provide a direct link between
SNe and their progenitor stars. The typical duration andk pesvelength are several seconds to 1
day and soft X-ray to UV, respectively. Since the shock boeiakan be detected even> 1, it can
be used to probe the SFR at high redshifts (e.g., Chugai 2080). However, the short duration
and soft X-ray/UV-peaked spectra make the detection ofkshoeakout difficult. There are only
serendipitous detections in the rising phase of a Type Ibé8®{ Mpc, Soderberg et al. 2008), Type
Il plateau SN ¢ = 0.185, Schawinski et al. 2008; Gezari et al. 2008), and SN kP 0.324,
Gezari et al. 2008).

In spite of the soft X-ray/UV-peaked spectra, it is showrt the shock breakouts will be most
effectively detected by optical facilities, such as Sultdyper Suprime-Cam (HSC) and LSST, with
deep and wide-field capability (Tominaga et al. 2011). Thish&t range of the detection extends to
z > 2.5 with the limiting magnitude ig’ band of 27.5 mag, see Figure 78. According to theoretical
predictions, the typical decline rate of the shock breakeui.1 mag/hr at = 2 and a quasi-
blackbody spectrum characterizing the shock breakout ieerolearly identified at earlier phases
(Gezari et al. 2008). The first role of TMT for studies of shdickakouts is a spectroscopic identi-
fication. This is achieved only with a rapiet (1 night) ToO observation. Since the shock breakout
is blue and has smooth spectra, the most suitable instrum@OS withR < 500. Spectroscopic
data taken with 1-2 hr sampling would give unique informatibthe temperature evolution on the
first day of SNe. The second role is a continuou2(— 3 days) observation following the first ToO
observation to reveal the spectral evolution of SNe duriregvery early epochs, see Figure 78, in
which metal lines gradually become prominent. The evotutigll provide clues to properties of
shock breakouts and SNe, e.g., pre-SN radius, CSM stryetndemass loss at the last stage of the
evolution.

9.3 Tracing the High-z universe with Supernovae

Core-collapse SNe are the fates of massive stars with sfeatithes and thus can be used to trace the
star formation history of the universe. Although such a gtiods been difficult at high redshift due
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to their faintness, a combination of planned transienteyswith 8—10 m class telescopes and spec-
troscopic identification by TMT will dramatically changeidtsituation. Since SNe are detectable
even in diffuse galaxies, the derived cosmic star formdtistory is independent/complementary to
that derived from galaxy studies.

Very bright subclasses of SNe are one of the most promisiggts With optical surveys using
8-10m class telescopes, bright Type lin SNe (SNe with naerigsion lines) and “superluminous”
SNe can be detectable everxat 6. Spectroscopic observations with TMT will be critical torfly
identify such highs events, as current 8—10 m telescopes do not have spects#hagnto identify
SNe atz > 3. These classes of SNe tend to show a blue spectrum, thusWMD5 will be the
best to obtain the rest-frame far-UV emission. A respornse f ~ 10 days is enough as these
classes of SNe show relatively long-lived light curves. Ateresting application of identification of
high-z SNe is probing the IMF in the early universe. At high redshifte may also be able to detect
pair instability SNe (PISNe, e.g., Scannapieco et al. 208i5ice superluminous SNe and PISNe are
thought to arise from very massive progenitors, a numb@ tdtthese types of SNe and normal
SNe will provide unique information about the IMF.

To study the highz universe with SNe, a better understanding of SN rate in thezlaniverse is
also critical. Currently, the SN search and follow-up inthest active star-forming regions are rather
limited, while such regions can provide a large fractiorhaf star formation in the local universe and
even a dominant fraction toward high redshifts, interatedixtinction is one of the major limiting
factors (Mattila et al. 2012). The main problem is that thectscopic follow-up is currently nearly
impossible, thus even the SN typing has not been secured =afh.03, a typical SN would have
a peak magnitude of ~ 22 — 23 if J band extinction toward the SNe is 5 mag. TMT will
make the spectroscopic follow-up for these obscured SNsilges clarifying for the first time the
SN populations and stellar evolution in the active star fogmalaxies.

9.4 Characterizing the Circumstellar Environment around Supernovae - Clues to the
Identity of the Progenitor Systems

Detection of circumstellar material (CSM) around SNe copitdvide an alternative way of dis-
criminating different evolution scenarios. If SNe la arfsem single WDs in binary systems, one
generally expects that there should also be considerabiehHor possibly He-rich) CSM within
tens of AU around the progenitor system. Claims for detactibsuch CSM around a few nearby
SNe la have been made in recent years, based on the discévengevariable Na | absorptions in
several cases (Patat et al. 2007; Simon et al. 2009; Dildal 2012), see Figure 79. On the other
hand, there is also evidence for nondetections of variaklé Ihes in SNe la (Simon et al. 2007;
Patat et al. 2013). Such a dichotomy might be related toreéiffees in the progenitor environments,
as suggested by the correlation of the ejecta veldgity; with the location in their host galaxies
(see Sect. 9.1.1). Nevertheless, the origin of the abspiddouds is still controversial, as such ab-
sorptions may also arise in a DD scenario or ISM (Chugai 28b&n et al. 2013). To address this
issue, one needs a larger sample of SNe la with multi-epaghstesolution spectra.

At the distance of the Virgo Cluster( 16 Mpc), for a SN la discovered within 1 day after
explosion, the typicak band magnitude is about 19.0-20.0, well before the maxinghtness 10
to 20 days after. TMT/WFOS can provide the highest spectragisivity with complete wavelength
coverage (0.33-1,40m) in a slit-viewing target acquisition mode. A resolutidnfo ~ 7500 enables
measurements of the overall evolution of Na | and Ca Il akkgmpallowing important parameters
of the absorbing material that may be associated with thgeuitor system to be determined. This
includes the distance to the absorbing material, recortibméimescale of Na ions, and outflow
velocity, parameters important for understanding theioraf the absorbing cloud and hence the
nature of the companion stars.
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Fig. 80 Expected spectra of radioactively powered emission fronmé&yjer (Tanaka & Hotokezaka
2013). The spectra are expected to be extremely red anddézgs. Optical-NIR spectroscopy with
TMT will be important to classify a detected transient as a &Wirce.

9.5 lIdentification and Investigation of Gravitational Wave Sources

The second generation GW detectors, such as advanced Li@@need Virgo, INDIGO and
KAGRA, are planned to start operation in the TMT era. Theyexgected to directly detect GWs
from NS mergers at a distance within about 200 Mpc. The nurab&W detections will be in a
range of 0.4—400 per year (e.g., Abadie et al. 2010). WithGWé detection alone, the position of
the sources can only be moderately determined with a l@tadiz of about 10-100 déde.g., LIGO
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Scientific Collaboration & Virgo Collaboration 2012; Nisge et al. 2013). Therefore, to fully un-
derstand the nature of the GW sources, electromagneticwatigans should pin down the position
of the sources and identify the host galaxy and environrantng possible electromagnetic emis-
sions from the NS merger, optical and NIR emission powerebipactive decay energy, so called
kilonova (see Sect. 9.6), are of great interest (Li & Paskyf1998; Kulkarni 2005; Metzger et al.
2010) because of the isotropic nature of the emission andetagvely short rise time of-1 day
after the merger (i.e., the detection of GWSs).

Detailed numerical simulations of the EM counterparts offSgers (Kasen et al. 2013; Barnes
& Kasen 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 201@\y shat the expected emission
peaks at the red edge of optical or NIR wavelengths, see &BfurAt 200 Mpc, the expected bright-
ness is 22—-25 mag inor z bands and 21-24 mag in NURH K bands (in AB magnitude). Transient
search observations with wide-field 8 m class telescopesgtinad and wide-field space telescopes
in NIR (e.g., WFIRST) are crucial to detect the electromaigrmunterpart of GW sources. Deep
transient surveys using 8 m class telescopes will discavavarwhelming number of SNe within
the GW localization area~(50 SNe/ded/yr with 24 mag depth, Lien & Fields 2009). Therefore,
rapid ToO response follow-up spectroscogy & 500) within 1 day with either TMT WFOS or
IRIS will be critical to identify the detected transient ag@e GW source, by finding the expected
red, featureless spectrum. Similar observations daily thesfollowing 14 days will allow tests of
models of the evolution of the ejecta.

The source of certain-process (i.e. heavy) elements is controversial, themmestudies fa-
vor creation in NS mergers over SNe. Observations of thevew@IGW source EM spectrum as
described above will allow the characterization of the exper-process elements and settle the
controversy (Kasen et al. 2015).

9.6 Understanding Progenitors of Gamma-ray Bursts: Connetion to Supernovae and
Kilonovae

GRBs are observed through the whole electromagnetic spectrom GHz radio waves to 10 MeV
gamma-rays. Although each is unique, the bursts fall into teugh categories. Bursts lasting less
than two seconds are classified as short, and those thaihgstr| the observed majority, as long. All
of the confirmed long GRB host galaxies are actively formitagss The total stellar mass in these
host galaxies is low and their colors are bluer than predaptspiral galaxies. The ages implied for
the progenitors of long GRBs are estimated to<b@.2 Gyr which is significantly younger than the
minimum ages derived for the early-type galaxies found tasmociated with short GRBs. These
results suggest that (1) long GRBs arise from young mastwe €.g., Woosley & Bloom 2006),
and (2) short GRBs are results of NS mergers (e.g., Berget)201

Observations of long GRBs at low redshifts clearly show fBide arise from the GRBs them-
selves. However, clear spectroscopic confirmation of SNieniged to low-redshift GRBs because
atz > 0.5 — 1.0, the SN component is too faint and most of the important featare redshifted
to NIR wavelengths. TMT/IRIS will enable spectroscopicritiécation of SNe in long GRBs at
z = 0.5 — 1.0. For this purpose, continuous spectroscopic monitoriagnfr1 day to 30 days after
the GRB is important. Even at low redshifts, for some GRBsShbcomponent was discovered
down to a flux limit at least hundreds of times fainter thandgkpected SN flux (Gehrels et al. 2006;
Della Valle et al. 2006; Gal-Yam et al. 2006). Spectroscoph WMT/WFOS will be important to
search for the SN component in low-redshift GRBs if GRBs argsjbly associated with faint SNe.

In contrast to long GRBs, any SN-like event accompanyingt€BRBs is currently limited by
observation to being over 50 times fainter than normal SNer [&ype Ic hypernovae (Kann et al.
2011). Recently, a NIR excess associated with a short GRBy{{Tat al. 2013; Berger et al. 2013)
was broadly consistent with the expectation ofraprocess powered kilonova (Barnes & Kasen
2013; Tanaka & Hotokezaka 2013) (see Sect. 9.5). Howevegmiobservational data are only one
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NIR photometric point with HST, and the source is too faimtdpectroscopy. To fully understand the
progenitor of short GRBs, TMT/IRIS will be the ideal instremnt to perform ToO NIR spectroscopic
observations of kilonova event associated with short GRBa timescale of 1 day.

9.7 Probing The High-z universe with Gamma-ray Bursts

While interesting on their own, long GRBs are rapidly beaognpowerful tools to study the high-
redshift universe and galaxy evolution due to their appieassociation with massive star formation
and brilliant luminosities (Pandey 2013). There are thragidways of investigating the evolution
of luminous matter and gas in the universe: (1) direct deteaif host galaxies in emission (in the
UV/optical/NIR for the un-obscured components, in the BIR-mm/radio for the obscured compo-
nent), (2) the detection of galaxies selected in absorgiong the lines of sight to luminous back-
ground sources, traditionally QSOs, (3) diffuse extragtaddackgrounds. Studies of GRB hosts and
afterglows can contribute to all three of these methodakigipproaches, bringing in new, indepen-
dent constraints for models of galaxy evolution and of tieédmy of star formation in the universe.

Absorption spectroscopy of GRB afterglows is now becomipgwerful new probe of the ISM
in evolving galaxies, complementary to traditional stedad background-quasar absorption line
systems. The key point is that the GRBs probe lines of sigkthéndense, central regions of their
host galaxies. In contrast, the background-quasar alisorpgstems are selected by the gas cross
section, and favor large impact parameters, mostly prathiegaseous halos of intervening or fore-
ground field galaxies, where the physical conditions arg déferent to the dense central regions
where GRBs occur. The growing body of data on GRB absorpyistems shows exceptionally high
column densities of gas, when compared to the typical quassorption systems. This opens the
interesting prospect of using GRB absorbers as a new prothee ahemical enrichment history in
galaxies in a more direct manner than with the quasar absynvbere there may be very complex
dynamics of gas ejection, infall, and mixing at play.

Possibly the most interesting use of GRBs in cosmology igalsgs of the early phases of star
and galaxy formation (e.g., Robertson & Ellis 2012), andr#®ilting re-ionization of the universe.
GRBs are bright enough to be detectable, in principle, ouhtich larger distances than those of
the most luminous quasars or galaxies detected at preséhin\fie first minutes to hours after the
burst, the optical light from afterglows is known to have age of visual magnitudes far brighter
than quasars, albeit for a short time. To identify GRBs toigh+ events, prompt NIR spectroscopic
observations of high-GRBs are essential. Required response timeisninutes from the discovery
(discovery is essentially instantaneous) and brightnleaeges of up to a factor 10 per minute can
occur.

9.8 Studying Tidal Disruption Events and Supermassive BlacHoles

The nuclei of some galaxies undergo violent activity, wittagars being the most extreme instances
of this phenomenon. Such activity is short-lived compaoagktiactic lifetimes, and was more preva-
lent when the universe was only about one-fifth of its presget (Kormendy & Richstone 1995).
Dead quasars — massive BHs now starved of fuel, and themgliggscent — should be more common
than active quasars and are now being discovered in neathyiem (Ho 2008). The presence of
these BHs is not surprising — we expect to find a BH in most ga¢aan the basis of the number
density of quasars and their typical lifetimes (Soltan 198R2okshi & Turner 1992). But we must
ask a further question: can a BH lurk in these quiescent gadaxithout showing other evidence for
its presence? So could a BH be so completely starved of faglittiloes not reveal its presence?
The search for switched off, dim or dead engines — starving BHas therefore become one of the
hottest topics in extragalactic astronomy.
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Fig.81 Observed and modeled light curves of TDE PS1-10jh (Guithocét al. 2014).

Each star near a massive BH traces out a complicated orbétr e combined influence of all
other stars and the BH itself. Due to the cumulative effe@rmafounters with other stars the orbits
gradually diffuse. If a star wanders too close to the BH itidently ripped apart by the black hole’s
tidal field — a TDE (Rees 1988). About half of the debris of tidiaruption eventually falls back and
accretes onto the BH. This accretion powers a flare, whichlisfiaitive sign of the presence of an
otherwise quiescent SMBH and a powerful diagnostic of itgprties, see also Section 6.5.

Only two claimed TDEs capture the rise, peak and decay of #re {iIGezari et al. 2012 and
Chornock et al. 2014), see Figure 81. Capturing all threeghphotometrically and with additional
spectroscopic information, these impressive data sets dlawady shown several interesting behav-
iors indicating that TDEs are not as simple as one might firssg. The light curve is consistent with
the bolometric luminosity closely following the rate of msaallback (Guillochon et al. 2014, see
Figure 81), suggesting that the accretion disk viscous t&sggnificantly shorter than the fallback
time, and that the returning material must circularize b®/filst epoch of observation. The spectra
resemble a single blackbody, with a temperature that esaleakly in time, and a radius 10 times
larger than the tidal disruption radius. As the light frore ticcretion disk itself should appear as a
superposition of hotter blackbodies, this hints at the gmes of a spatially extended reprocessing
region surrounding the disk. The fact that broad Hell erois$ines are seen, but hydrogen lines are
missing suggests that material may be highly ionized, atitbwing at velocities~10 000 km s*,
reminiscent of the BLRs found around some steadily-acugetiGNs.

Ongoing and future transient surveys and future radio yisreee predicted to discover 10—
100 such events per year (van Velzen et al. 2011). Dependirthe BH mass, these events are
expected to last for a few days to a few months. Imaging witireMRIS would precisely establish
the position of the source. Optical spectroscopic follgnebservations provide diagnostics which
help elucidate the demography of massive BHs in the localeusé. Data should be taken in the
rise, peak, and decay phases with frequent cadence. Eabks® phases of a TDE contains vital
information about the disruption, and can be used to condtna properties of the host BH and the
object that was disrupted.

The modeling of tidal disruption will also be significantijmproved once a large sample of
TDESs has been collected. Tidal disruptions offer a uniqumoojainity to study a single BH under a
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set of conditions that change over a range of timescalessTdifer the firmest hope of studying the
evolution of their accretion disks for a wide range of massetion rates and feeding timescales. For
a disruption with a well-resolved light curve, models pearansignificant reduction of the number of
potential combinations of star and BH properties, enalditgtter characterization of the massive
BH and the dense stellar clusters that surround them The TMaNow the detection and study of
TDESs up to much higher redshifts than previously possibéeaBise of the “negative” K-correction
(TDEs emitting primarily in the restframe UV with a charagséic 10° K blackbody) TDEs will be
visible by TMT to redshifts of 6 or larger, enabling constitasion SMBH properties and evolution
over a vast range of cosmic time.

9.9 Time Domain Studies of AGNs and Blazar Variability

Blazars, the most extreme variety of AGNs and the most luomsriong-lived individual objects in
the universe, are powered by accretion of gas onto SMBH&0(2M/,)). A pair of oppositely di-
rected jets of magnetized, high-energy plasma continydlost outward at speeds up to 0.998¢,
presumably along the rotational poles of the BH system.&Sihe radiation observed from blazars
is non-thermal and the luminosities are so high yet extrgmimale-variable, electrons (including any
positrons) in the jet must be accelerated with high effigjenenergies exceeding10? to 10 mc?

as blazars are seen to emit TeV gamma-rays. Shock waveslgnce, and magnetic reconnections
have all been proposed as the main means of particle acteterand all three might be operating
inside relativistic jets. The efficiency of particle accalkion by these processes is strongly depen-
dent on the magnetic field geometry. In the case of shocksgetigarticles follow the magnetic
field lines back and forth across the shock front. The effiyesf acceleration depends on the angle
that the magnetic field subtends to the shock. In MHD turtedethe energization occurs statisti-
cally as particles bounce off randomly moving regions adstyer-than-average magnetic fields. In
reconnections, particles become trapped in shrinking miégflux tubes or in converging, oppo-
sitely directed field lines created by current sheets. Edtiese processes has a different signature
of time-variable linear polarization: in shocks, a favopedarization direction parallel to the shock
front during peaks in flux; in turbulence, low, rapidly fluating polarization vectors with higher
amplitudes of variations on longer timescales; and in raections, polarization in a direction that
remains stable during a flare but changes from one flare togke Discerning among these pos-
sibilities requires precise spectropolarimetric mornitgron timescales as short as a few minutes
with the TMT in order to measure fluctuations in polarizatard flux on. This will determine the
power spectrum of the fluctuations down to small size sctéssing emerging models of particle
acceleration and blazar variability (e.g., Sironi & Spitkky 2014; Marscher 2014). It will be par-
ticularly important to follow with the TMT the changes in aq&l/NIR polarization during the night
of a blazar being observed by the future Cherenkov TelesBogay in order to relate acceleration
of the highest-energy electrons to the magnetic field doact

Variability of AGNs in the optical is typically about 10% owell timescales from less than an
hour to years. There is a wide range of stochastic behaviordes different AGNs. Fully charac-
terizing the stochastic properties of spectro-photoroeteasurements is vital to refining the model
for the emission process and discerning between the pes&®N emission mechanisms.

Figure 82 shows light curves collected with Kepler of two A&N'he power spectra show
that neither light curve is consistent with the simple sastit random walk model for variations
(Mushotzky et al. 2011; Carini & Ryle 2012; Kasliwal et al.1%). The lack of faster sampled
spectro-photometric measurements constrains furtherstahding. The Kepler data are insufficient
to study AGN variability data as a function of radial positiwithin the accretion disk of the AGN.

The TMT will provide new capabilities for studying the sttue of AGNS. Moderate resolution
optical and MIR spectra will make it possible to observe daghianges in the spectral features of
nearby AGNs on timescales as shortak hour, sampling every few minutes, allowing us to map
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out the structure of the accretion disk and BLRs with greatieacy and providing new insights
into the structure of the jet region. TMT’s instruments wailbo be able to probe the structure of the
accretion disk region by performing rapid optical and MIRsetvations {s..mp ~10mins) to carry
out reverberation mapping. Observational evidence (Bledtal. 2013) has led to the development
of a model for micro-variability that predicts variations timescales of less than 30 seconds, these
predictions are supported by Webb et al. (2013) but the fukstigation is severely limited by the
need for high S/N optical and NIR low resolution wide wavejgncoverage spectro-photometry
With tsamp ~1S to 3s.

9.10 Cataclysmic Variables

CVs are interacting binary systems with an accreting WD prinrand a main sequence mass losing
M star secondary. The binary orbital periods in these systgpically range from tens of minutes to
a few days. CVs display a wide range of variability, be it @tion disk related phenomena or nova
outbursts due to thermonuclear runaway in the accretedlgdrrich material.

9.10.1 Investigating the dissipative process in cataclys@ariable accretion disks and disk
evolution during outburst cycles

Accretion is a very common process in astrophysical systeubss very poorly understood. CV
accretion diss are a very convenient laboratory for stuglyire angular momentum dissipation
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mechanism and the relation between dissipation and dis&itgetemperature, magnetic field and
RV profile. CVs display rapid variability related to the aetion process that has timescales from
sub-second to hours due to a number of reasons; interactfdhe disk and mass transfer stream,
processes in the accretion disk itself (as modeled by Rik&iDiaz 2008) and accretion onto the
compact primary, which may be influenced by magnetic field® bcation of the source of the
variability can be isolated by studying the temporal véoias in the velocity of the emission and
in some systems by eclipse mapping. Combining the velocitytamporal information from time
resolved spectroscopy with the method of eclipse mappidgrammitoring disk changes on a weekly
basis will transform our understanding of the processesroiog within CV accretion disks, par-
ticularly in systems whose disks display changes in stateawe regular outbursts on timescales of
months.

For example, in rapid (72 ms) spectroscopic observatioadafht (M, ~ 11) dwarf nova short
(2 to 3 minute) flares were found whose temporal and specpistehavior were consistent with
arising in the accretion disk (see Fig. 83) and could be destrwith a Fireball model (Pearson
et al. 2005). From broadband photometry Baptista & Bortol€008) and Baptista et al. (2011)
respectively derived the spatial distribution of flickeyim the disks of the nova-like UU Agr and
the systematic changes in the flickering distribution a&the disk through an outburst of the dwarf
nova HT Cas when the disk collapsed.

Time resolved optical spectrometry with WFOS with = 4000, duration about 20 minutes
centered on mid-eclipse ard..,, = 50 ms will give S/N~1000 in each resolution element for
M, ~ 15 (calculated with TMT-J ETC). At this magnitude there are adeo of 100 eclipsing
CVs (http://www.mpa-garching.mpg.de/RKcat/chdatat show a range of different accretion disk
behaviors, allowing the development of a comprehensiverstanding of accretion disk physics
that is impossible to obtain with existing facilities.

9.10.2 Revealing the geometry and populations of clasaicahe

Nova systems serve as valuable astrophysical laboratorike studies of physics of accretion onto
compact, evolved objects, thermonuclear runaways on degenerate surfaces that give insight
into nuclear reaction networks, and line formation and¢fanprocesses in moving atmospheres.
Nova outbursts are seen in all wavelengths freiray to radio and can reach/, = —10 mag,
placing them among the brightest transient sources knolaottburst intervals range from decades
(recurrent novae) to thousands (classical novae) of yarse can rise in luminosity by6 mags in

a day, with a rise time of about 1 to 2 days in the very fast nowhée the slowest novae have arise
time of the order 10s of days. The outbursts generally caussystems to increase in brightness
by about 10 mags at the peak. The decline rates can be betwkemag/day to~0.03 mag/day,
depending on the speed class of the nova. The nova outbarstataristics are particularly sensitive
to the mass of the accreting WD (e.g., Starrfield et al. 2012¢. high luminosities, coupled with a
rate of~ 35/yr in a galaxy like our own (Shafter 1997), make novaelifl@gprobing the properties
of close binary stars in varied (extragalactic) stellarydafions.

The geometry of novae is important for understanding théosiye process on the surface of the
compact star. Nova shells have revealed polar-blob, egabtong geometry and/or multiple blob-
like condensations in the shell. There is also increasindeexce that nova phenomenology is best
explained by non-spherical ejecta, see Figure 84 (e.g.\etal. 2009; Ribeiro et al. 2011). One
leading scenario to explain such observations as well agrgpdotometric development of novae
is bipolar (although not jet-like) mass ejection (Shore 20Alternatively, the ejecta may consists
of blobs of very high density gas that expand to create wigaich clump a wide range of emitting
density, ionization, and velocity, while the circumbinaryelope is more homogeneous (Williams
2013).
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The geometry of the postoutburst structure of novae willls¢ghker constrained by coordinated
spectroscopic follow up of novae over all wavelength regingnce important aspects of the ejecta
activity occur at the time of outburst, spectral studieskast conducted as early as possible. The
timely discovery of outbursts before maximum light occuyghe large surveys, such as LSST, will
enable early observations. Spectrophotometry and spattnametry @ ~ 5000—30 000) would be
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Fig. 84 Expanding bi-polar shell of the helium nova V445 Pup (20003ged in the NIRK s band
using the NAOS/CONICA AO system on th&_ T (Woudt et al. 2009).

required to establish the presence of the two distinct carapts and blobs, and the evolution of the
spectrum as the fireball progresses. Spectropolarimatpaiticular, holds the key as polarimetric
measurements will help quantify the degree of non-sphlesycametry in the early expanding nova
shell.

The geometry of the expanding fireball can also be studiedregtdmaging. A nova at 5kpc
(novae have been observed at distances 1-10 kpc) whiclciingjenass at 1000 knt$ (ejection
velocity ranges from 300 knv$ for slow novae to 10 000 knmis for the very fast novae), as seen
from the Earth, will have an ejected shell of size 10 mas (0.01around 87 days. For a very fast
nova, the time taken would be around 9 days. [10 mas is chaseaube it is~ 2x pixel sampling
of IRIS]. If the nova is at 1 kpc and ejecting mass at 1000 krh, st will have a size of 10 mas
in 17.4 days. Thus, outbursting novae can be observed asdedebjects after the first week of
outburst. A nova situated even 10 kpc away would be very bfglg. M/ = —9 => m = 11 even
with 5 magnitudes of extinction) for the TMT. A solution tastwould be to use AO combined with
coronographic techniques. For studying the early fired@dise of novae, the occulting mask needs
to be 10 mas or slightly bigg&rThe geometry and evolution of the expanding fireball havedent
years been studied using NIR interferometric imaging (Elgesneau & Banerjee 2012; Schaefer
et al. 2014) but studies are limited to the very rare casesenthe system rises tbl,,,, < 6. Direct
imaging with TMT+AO will open up several orders of magnitudere targets to studies with IFU
type instruments.

In addition to Galactic novae, novae have been observed i than a dozen galaxies, some as
distant as the Coma Cluster (Shafter et al. 2011, 2014) oteitic and spectroscopic observations
of novae in the Local Group suggest that galaxies dominatedymunger stellar population (M33
and the LMC) generally tend to host novae with a faster phetdmevolution. The question that
arises is; are there really two distinct populations of moiveat are dependent on the metallicity and
star formation history of its host galaxy? Observing thel@on of the spectrum of an increased
number of extragalactic novae would provide an answer. 5&fd.0 m class telescopes have been
efficiently used to photometrically detect novae in the Barcluster of galaxies at 20 Mpc, but spec-
troscopic observations have been difficult. With the TMTe @ould easily do optical spectroscopy
of novae at this distance.

3 A 10 milli-arc second occulting mask translates to 22 misranthe TMT focal plane.
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9.11 Improving the Hubble Constant and Measuring Extragalatic Distances

Cepheid variables are the primary distance indicator ftabges with recent star formation. They
are very luminous at NIR wavelengths, with,;,s from —6 to —8.5 for periods of 20 and 100 days,
respectively. The intrinsic dispersion of the NIR Periogrhinosity relation is 0.1 mag (Persson
et al. 2004), making it possible to obtain Cepheid-basethdéigs with statistical uncertainties of
a few percent for modest sample sizes. In the absence oftretegriormation, RR Lyrae variables
provide a suitable alternative, although their range ismmore limited given their considerably
fainter luminosities {/,, = —0.55 at P = 0.5 d, Benedict et al. 2011).

By 2018, Gaia will measure parallaxes fob000 Milky Way Cepheids (Windmark et al. 2011),
resulting in an absolute calibration of the Period-Lumityoselation with sub-percent systematic
uncertainty. Similarly, Gaia will deliver an excellent itathtion of the more plentiful RR Lyraes. We
can readily envision two applications of TMT for extragaiavariables, both relying on diffraction-
limited imaging with IRIS: (1) improving the determinatiaf the Hubble constant ({ and (2)
measuring extragalactic distances to the Coma Clustet (100 Mpc).

Reducing the uncertainty of the Hubble constant below 1%ldvplay a critical role in the
determination of cosmological parameters (Weinberg e2@l3). By providing largely orthogonal
constraints with other cosmological probes (e.g. higtshétlSNe, CMB anisotropies and BAO),
a precise determination ofgHvould serve to critically test the need for “new Physics” tieg the
ACDM model, such as a time-dependent component in the darge&E©OS or additional neutrino
species.

A potential key program could be to use TMT to greatly imprakie NIR photometry of
Cepheids already discovered with HST in a dozen nearby ldsiNe la (O < 50 Mpc Riess
et al. 2011). Current studies are limited by crowding due 8Tl angular resolution and coarse
sampling of WFC3/IR, yielding Period-Luminosity relatomvith dispersions 8 larger than the
intrinsic width. Diffraction-limited images with TMT/IRS will give a> 10x increase in angular
resolution and 25 finer pixel scale, removing biases due to crowding, yieldir8 improvement
in distance uncertainty. S/N = 50 photometry can be obtamkx$s than 120s (Japan TMT ETC) for
any object of interest (the faintest being a 20-day Cephtehd Mpc, with K = 26.8 mag). Several
neighboring fields (withir2” of each other) containing Cepheids of the same host galaxig de
observed in quick succession.

Once the JWST mission is complete, and in the absence of angarable space-based assets,
TMT will play a unique role in Extragalactic Distance Scalerk. Precise extragalactic distances
have many other useful applications; e.g. the accuratbratitbn of the bulge luminosity and BH
mass relation, which cannot be performed using sampleirittbble flow. NIR AO imaging with
TMT/IRIS will set xtragalactic distances beyond 10 Mpcngseither RR Lyraef.,. ~0.5 day) out
to D ~ 1 Mpc (requiring ter~1hr exposures) or Cepheids out to the Coma Clugies(100 Mpc,
requiring 1.5 hours of telescope time per integration andlgkervations over several months) for
late-type systems.

9.12 Summary of Requirements

Table 6 summarizes requirements for the telescope andiinstits to realize the science cases
described in this chapter. In order to maximize scientificcome from time-domain astronomy,
response time for ToO observations and sampling time faz-tiesolved observations are especially
important, these requirements are summarized in Figuresn8%6.

10 EXOPLANETS

In the past two decades, our inventory of known planets hasmgyfrom just the eight in our solar
system to over one thousaedtrasolarplanets detected around nearby stars through a variety of
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Table 6 Summary of Requirements for Time-Domain Science. Capasilivhich are not planned
for the first-generation instruments are written in Itabiof. The absolute accuracy on the timestamp
depends on the particular science program but a generabfuleimb iSte,ror < 0.1tint Where
terror IS the uncertainty on the mid-point of the time when photamsasctually hitting the detector.

Science Case Response Sampling Cadence Brightness Observing mode | Notes
time time' (mag)
SNe la evolution] 3—-10 days - 3-10 days 24 (NIR) R = 500 NIR | Synergy with sur
(9.1.1) spectroscopy veys
SNe la explo{lhr-1day |- Initially 1hr After | 26 (opt.) 23| R = 500 — 3000 | Synergy with sur-
sion mechanisn| 30 days weekly (NIR) opt./NIR specq{ veys Need sped
(9.1.2) for 2 years troscopy tropolarimetry
CCSNe shock 1 hr - 1hr for 3 days 26 (optical) R = 500 opt.| Synergy with sur
breakout (9.2) spectroscopy veys
Luminous highz | 10 days - 10 days 26 (opt., NIR) | R = 500 | Synergy with sur
SNe (9.3) opt./NIR specq veys
troscopy
NIR search Low- 3 days - 10 days 25 (NIR) R = 500 NIR
z SNe (9.3) spectroscopy
SNe CSM (9.4) | 1day - 1 day 19-20 (optical) R ~ 30000 opt.
spectroscopy
ID of GW sourceq 1 day - 1 day 26 (opt) 24| R = 500 | Synergy with G
(9.5) (NIR) opt./NIR specq{ astronomy
troscopy
GRB-SN/  kilo-| 1 day’ 1 hr (For|1day 28 (opt) 26| Opt/ NIR | Synergy with X-
nova (9.6) short GRBs) (NIR) spectroscopy rayly-ray surveys
(R = 500)
High-z GRBs| < 1hr 1 min ini- | 1hr - 1 day aftef > 22 NIR high-| Synergy with X-
9.7 tially 15 2 hours resolution  spect rayly-ray surveys
troscopy
TDEs (9.8) 1 day - 1-10 day > 22 Optical/ NIR specq{ Synergy with sur
troscopy veys
Accretion disk inf < 1 hr from |50 ms for| daily to weekly | 15 (opt) Time resolved Spectropolarimet
CVs (9.10.1) discovery up to a few| spectroscopy for magnetic CVs
with LSST hours (R = 4000)
Classical novag 1hr -1 day - 1hr 10-25 R ~30000 Opt.} Synergy with widg
- Early evolution NIR spectroscopy |/field surveys
(9.10.2) spectropolarimetr
Classical novae |~ 10days |- None 10-19 NIR AO imaging
geometry (9.10.2 with occulting
mask
Extragalactic dis{ — - 3-5 dayg 27 (NIR) NIR imaging Synergy with
tance (9.11) Cepheids, 1H LSST, HST, and
RR Lyr JWST
AGN reverb map{ — > 10 mins|— 17to 22 R = 1k to
ping (9.9) for a few 4k Opt./ NIR spec:
hours troscopy
Blazar jet| — 1sto 3s - 17 to 22 R = 500 —
p—variability 3000 Opt./ NIR
(9.9) spectroscopy
Blazar jet| — ~ 30s to 2| - 17 to 22 R=500-3000 Opt.
Polarimetry minutes NIR spectropo
(9.9) larimetry

1 Sampling time relates to the integration and deadtime a¥ithalal exposures in sequences of time resolved obser-
vations that require fast detector readout schemes. Ifesotgservations that are repeated on longer timescales then
this is captured in the Cadence and nothing is reported iS#mepling time.

2 Prompt observations with response time>af0 minutes, sampling cadence-of1 s, spectral resolution o£100
in the optical and NIR are needed to study the GRB fireball.

3 Some ideas for observations of HighSRBs require faster sampling and lower spectral resolution
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Fig. 86 Required ToO response time for different science cases.

techniques (e.g. Mayor & Queloz 1995; Charbonneau et al0;28@rois et al. 2008). Extrasolar
planets have been found orbiting the youngest stars tomaBsi-sequence stars and around subsolar
to intermediate-mass stars (Kraus & Ireland 2012; Curré.€X014b; Sato et al. 2003; Johnson et al.
2010). Statistical studies of exoplanets suggest thaepfanmation is common, occurring around
about half of nearby Sun-like stars (e.g. Howard 2013 areteefces therein).
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Extrasolar planets are a diverse population, spanning a vadge in mass and orbital sepa-
ration. Some exoplanets have similar properties (i.e. mab#tal separation) to those in our own
solar system. However, nearby exoplanets detected by twomethods — Doppler radial velocime-
try and transit photometry, and distant exoplanets diseal/by microlensing and direct detection,
have revealed entirely new classes of planets such as higrdyguper-Earths, and wide-separation
super-jovian planets.

Although extrasolar planets discovered thus far have gdemvimportant clues about the context
within which the Earth and other solar system planets fit,kawowledge of the overall census re-
mains highly incomplete. We have good constraints on thghjhfrequency of planets larger than
the Earth with orbital periods less than 100 days and on (¢aetld of) the widest-separation, most
massive planets (e.g. Howard et al. 2012; Nielsen et al. RBH®vever, other classes of planetary
systems are almost entirely unexplored — e.g. massive tsléegond a few AU, or planets with
radii smaller than Earth. Furthermore, our knowledge atloaitphysical properties of exoplanets
(e.g. density, atmospheric/bulk composition) is much veeadnd is restricted to a handful of favor-
able cases. While we have detected both rocky planets andtplebcated on Earth-like orbits (e.g.
Howard et al. 2013), we have yet to conclusively identifywetfpotentially habitable) Earth twin
around a Sun-like star, let alone determine their frequency

The TMT will provide an enormous advance in our ability toritly and characterize extraso-
lar planets. New technological advances — e.g. high-pgmti3oppler measurements, high-precision
space-based photometry, and advanced AO — have driveneariargber of exoplanet discoveries.
The TMT’s instrumentation will generate an incredible nianbf additional discoveries, will dras-
tically expand the kinds of planets we can detect, will pdeva rich understanding of these planets’
physical properties, and will potentially yield the firstteletions of habitable rocky planets.

10.1 Doppler Detection of Planetary Systems

With echelle spectrometers approaching the 0. mRV measurement precision threshold needed
to detect habitable Earth mass planets around Sun-liks, stex continuation of Doppler surveys
on state-of-the-art telescopes is imperative. Such ssnemnducted with the optical and infrared
echelle spectrometers being built for the TMT, have the m@kto complete the census of Earth-
mass planets in our stellar neighborhood. The collectiosugh systems will provide a valuable
sample for follow-up programs to characterize their atrheses through direct imaging.

Prior to the launch of the Kepler telescope in 2009, RV suswegre the dominant method for
discovering new exoplanetary systems, with over 400 systistovered between 1995 and 2009
(http://exoplanets.guDuring the first decade and a half of the planet discoveay@oppler surveys
expanded their reach and progressed steadily from measnt@necisions of 3-10mdto 1 ms!
as a consequence of improvements in instrument stabildydata analysis methods.

The RV method originally focused on finding exoplanets atbuorain sequence FGK stars.
These targets are ideal, both due to their similarity to aur,&nd due to the abundance of atomic
lines in their spectra. The gravitational velocity perttibn exhibited by the host star is directly
related to the mass of the planet and is inversely related trbital distance. Hence, the RV detec-
tion method is most sensitive to massive, close-in plafiétis. ease of detection led to a substantial
number of early discoveries of ‘hot Jupiters’, but as obsgrtemporal baselines grew longer and as
measurement sensitivities improved, the Doppler seagitaehially expanded into more of the exo-
planet phase space. As more planets were discovered, keicphlyends began to emerge. Notable
examples include a correlation between planet occurremtstallar metallicity (Fischer & Valenti
2005; Johnson et al. 2010), a peak in the distribution ofgtlawith orbits of 3 days (Cumming et al.
2008), and a gradual increase in the number of planets witle@sing period and decreasing mass
(Cumming et al. 2008). RV surveys have also lead to the desymf complex planetary systems like
HD 69830, which has three Neptune-mass planets and aniddbeto(Lovis et al. 2006; Beichman
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Fig. 87 HARPS measurements of RVs for the system Kepler 10 showmgdparate phased com-
ponents for Kepler 10b and Kepler 10c (Dumusque et al. 2(Adh) this faint Kepler star, TMT
observations would be significantly more precise.

et al. 2005), the multiple-planet system orbiting the M dw&J 581 (Mayor et al. 2009) and the
planet around the nearby young dusty st&iridani (Hatzes et al. 2000; Benedict et al. 2006). RV
planet detection programs are naturally limited to plangts periods that are shorter than the length
of the survey, which currently amounts to somewhat more #vaud for the longest-running projects
(Jupiter, for example has a 11.86 year orbital period andded a 12 ms! RV half amplitude).

In recent years, a major focus has been on RV observatiorchfoacterization of transiting sys-
tems, particularly those discovered by the Kepler missibe;joint detection of a planet via radial
velocimetry and transit photometry is exceptionally pdwkrllowing measurements of planetary
densities (Fig. 87).

With multiple ongoing RV surveys focused on nearby stard,iamprovements in both the hard-
ware and RV data analysis techniques, imminent technicabsgonclude pushing the RV precision
beneath thev 1 m s™! state-of-the-art threshold. Optical RV measurement piats have ad-
vanced to the point where 1-2 m'sobservations are routine with high temporal stability gsin
high-resolution instruments such as Keck/HIRES Lick/ARRd Magellan/PFS (all using iodine
cells) and ESO/HARPS and HARPS-N (using fiber scrambling®&mdlr calibration). Under ideal
circumstances, observers have reached 70 cnsimgle measurement precision (Lovis et al. 2008).
RV measurments have reached the point where they are ctedroy limitations such as the in-
trinsic RV noise of F and G stars, and to where further advauece requires new technology for
calibration sources (Lovis et al. 2006; Udry & Mayor 2008{&man et al. 2007; Li et al. 2008).

An RV precision goal of 0.1 ms has been set for the ESPRESSO (Echelle SPectrograph for
Rocky Exoplanet- and Stable Spectroscopic Observationrskp 2016) optical echelle spectrograph
that will be deployed on the VLT (Pepe et al. 2013). Dopplecision measured in mere centimeters
per second will only be accomplished with instruments tlaaehvery high spectral resolutioR (>
100 000) and fiber-scrambling capabilities to aid with spectrabsization. Achieving this precision,
of course, also requires very high S/N and hence a brightastariong exposures. Probing a large
sample of stars at this precision will require a telescoph sts TMT.

The past decade has also shown the exceptional power of R¥itges in synergy with transit
observations. Only for planets with both transit radius sae@aments and RV mass measurements
can we determine density, and by extension, clues to thaqaiy®mposition of the planets. With
Kepler's demonstration that small (1% ) planets are common, the next step in understanding the
frequency of earthlike planets is to determine the dendity significant number of these planets,
especially those at large semi-major axes. The time needdtdse RV observations are a significant
bottleneck in completing Kepler’s scientific legacy. TheSEmission will have a similar need for
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Fig. 88 Known extrasolar planets and Doppler sensitivity. Daslmeskslshow the typical detectable
mass for a given level of Doppler precision, assuming edgehcular orbits around a solar-type star.

RV follow-up (albeit around brighter stars, but needingretdgher levels of precision.) A high-
precision RV capability, particularly optimized for latgpe stars, on TMT, would be a powerful
component of an integrated exoplanet roadmap, and woulg fanear-complete understanding of
nearby planetary systems.

10.1.1 TMT's role in Doppler studies of exoplanets

The TMT's primary advantage for both optical and infrared ®Mdies will be an increased sensitiv-
ity due to its larger collecting area as well as the suite atfesbf-the-art echelle spectrometers that
will be designed with RV exoplanet detection in mind. The ®ahelle instruments contemplated
for the first decade of the TMT science program include thénHRgsolution Optical Spectrometer
(HROS) and the Near-InfraRed Echelle Spectrometer (NIRB&h will have similar spectral reso-
lutions to the current echelle spectrometers respongbleundreds of RV discovered planets. (MIR
high-resolution spectrographs such as MIRES and the MIGiHtept may also play a role in the
Doppler detection of planetary atmospheres, see belowth @irrent optical RV surveys limited
to stars withV' ~ 14 or brighter, the larger collection area of the TMT will allayg to be able to
complete an RV survey of all FGK stars within 25 parsecs. Ttheaatage of such a large aperture
can only be realized with an echelle tailored for precisidhrReasurements. Such an spectrome-
ter might also include external wavelength stabilizatiomage slicers, or a fiber-feed spectrograph
similar to the designs set forward for the HROS and hencenhrsamificantly better instrumental
precision than Keck HIRES.

In the infrared, we will be able to significantly increase thenber of M dwarfs that can be
surveyed for habitable planets. The benefits of this investwould be substantial, and could extend
those surveys being completed with SPIRou, CARMENES andHtidgtable Zone Planet Finder
(Amado et al. 2013; Delfosse et al. 2013; Mahadevan et akP@lcover sub-Earth-mass planets
across the entire range of the habitable zones for the mogsiveaV3-M4 dwarfs that are the most
common star in the solar neighborhood. The larger apertiltalso extend our ability to detect
planets around the latest M dwarf spectral types that arétobto be efficiently surveyed down to
the RV precision necessary to detect habitable Earth-nlasgfs. By combining the results from
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both the optical and infrared surveys, the TMT will we willadsie the definitive census of habitable
planets around our nearest neighbors.

RV surveys of young stars have yet to produce a sufficient Eaofplanetary systems from
which we can search for changes in the architecture of payelystems with age. Such trends
would provide insight into planet formation and evolutiondaels. At distances of a hundred parsecs
and more, only the most massive stars in nearby star formagigions like Taurus, the Hyades,
Orion and Sco Cen are bright enough for RV planet search anagifi.e. Paulson et al. 2004; Quinn
et al. 2014). The TMT will be able to push detection limits tdes-mass stars and below as well as
allow for thorough surveys of hundreds of stars in much liess than what is currently possible with
10 m class telescopes. Direct imaging techniques (Se@) Wil also favor young stars; the combi-
nation of Doppler monitoring and ExXAO direct imaging coutthtpletely sample the giant planets
around nearby young stars. Section 10.1.3 discusses howgin avercome the photospheric noise
inherent to young stars.

Although a precision Doppler capability for TMT would be perful, the exact scientific op-
timization is complicated. Targets for most programs afatikely bright, and although high S/N
is needed for 10 cm8 precision, achieving that also requires multiple expostweaverage over
stellar oscillations. Instrumental and stellar noise sesmmay well set a floor that lies substantially
above the photon noise floor of a 30 m telescope. Indeed, thedafement of Doppler capability
on TMT would augment, rather than replace, large-scalerprog on 6—10 m telescopes for mass
determination of TESS transiting planets, coronagraplaingt discoveries, and blind searches for
earth-mass planets. TMT could be exceptionally importantféllow-up of fainter stars hosting
highly unusual or interesting planet candidates (e.g. &eguhd PLANnetary Transits and Oscillations
of stars (PLATO) discoveries or low-mass stars imaged witeatl techniques), high cadence ob-
servations (e.g. Rossiter-McLaughlin effect), and of seuor the characterization of the transiting
planets’ themselves (see Sect. 10.3).

10.1.2 Landscape in 2022

In addition to completing the survey of nearby habitablenpta, the TMT will provide follow-up
observations for numerous space-based NASA missions datmch near TMT first light. Both
HROS and NIRES will measure the masses of small transitiaggts discovered by TESS (Ricker
et al. 2014), K2 (Howell et al. 2014), and PLATO (Rauer et 8l142) in specific high-value cases
where it is imperative to obtain spectra with the highessjime resolution and S/N. TMT will also
be able to collect supporting observations of the stardrgpptanets detected with JWST, Gaia and
AFTA-WFIRST. By the time TMT will be on-sky, some of these pés will have been known for
many years, however the S/N needed to reach the RV precigioptanet confirmation will not be
reasonably achievable without the TMT. If the TMT can dalisefficient precision, its observations
will determine whether the planetary mass-radius diagmantairge terrestrial-mass planets differs
for M dwarfs as compared to more massive solar type stars.Wilidirectly probe the differencesin
planet formation, evolution, and migration as a functiosteflar mass. Given the expected plethora
of newly discovered and potentially complex planetaryeiyst from these missions, the shorter total
on-sky time needed to collect a statistically robust saroplRV measurements at RV precisions of
< 1 m st will be key to the efficient characterization of exoplangtsystems.

10.1.3 Limits to Doppler studies due to stellar activity

Even if the newest spectrographs are able to reach instiumnecisions of~0.1 m s™!, it is still
not clear whether we will be able to reach this precision fbnearby stars due to their intrinsic
photospheric RV noise due to starspots, granulation anagesy Such stellar “jitter” has lead to
the mis-identification of a few extrasolar planets inclggdine one around the young star TW Hydra
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(Setiawan et al. 2008) which was quickly shown to be a falagva(Huélamo et al. 2008) produced
by starspot activity. On the other hand, the recent disgowérlpha Cen Bb with an RV semi-
amplitude of only 51 cm's' in Dumusque et al. (2012) demonstrates that high cadenesw@t®ns
can partially overcome the limitations of stellar jittéeven the Alpha Cen Bb result, however, comes
with a note of caution, see Hatzes 2013). Future RV survey®ohg stars are being designed to
collect measurements at both optical and at infrared wagés where the starspots produce a
reduced RV perturbation (i.e. Crockett et al. 2012). SirjiJdhe combination of RV measurements
from the TMTs optical and NIR echelle spectrometers couldide to discern between low-mass
planets and stellar activity which plagues both M dwarfs ymahg stars.

Recent efforts comparing the photometric and RV variabiit Kepler targets (Bastien et al.
2014) show a correlation between RV jitter and a value cathed“flicker” which is the RMS of
the photometry on an 8-hour timescale. It is currently usicks to whether making similar mea-
surements of nearby stars in an attempt to predict their & jis feasible. If our goal is to survey
all nearby stars for the presence of terrestrial plane¢ssMtdwarfs - which constitute the majority
of nearby stars - with typical rotational velocities andspat populations will require hundreds of
individual measurements (Barnes et al. 2011). With all ihisind, future RV programs can and
will be able to detect rocky planets around nearby stars wigiroved instrumentation, photometric
target vetting and high cadence observations.

10.2 Direct Detection and Characterization of Exoplanets

Direct imaging enables study of planets at wider separatmidl younger ages than are accessible to
transit and radial-velocity methods. Observations oletain the past 7 years on the largest ground-
based telescopes equipped with AO have yielded the firstasafplanetary companions (Fig. 89).
The planets imaged thus far only trace the extremes of thelatpn, typically orbiting at~30—
150 AU around stars more massive than the Sun and having snaéses—10 Mj,,,. The vast
majority of planets imaged to date have been detected frein ttermal emission, with only one
planet (or its surrounding disk) detected in reflected ligfumalhaut b; Kalas et al. 2008) and one
multi-planet system imaged (HR 8799; Marois et al. 2008)solinaged planets are mostly young
(~ 1 —100 Myr), where the planet-to-star contrasts are most favetatiius our current knowledge
represents only a mere glimpse of the full range of planetatgaphics across stellar hosts, planet
masses, orbital separations, and compositions.

Direct imaging discoveries thus far have sparked intenfilfew-up efforts and, despite their
limited number, illustrate the potential advances from panative studies of exoplanets. These in-
clude the first insights into the atmospheric propertiesafng gas-giant planets (Fig. 90). NIR
photometry indicates that young planets are dustier/édsubdan their older, field BD counterparts
at similar effective temperatures (e.g., Bowler et al. 20Xurrie et al. 2011). NIR spectra clearly
show the empirical hallmarks of reduced surface gravityexgsected given the young ages (e.g.,
Barman et al. 2011; Currie et al. 2014a; Bowler et al. 2014¢hSow gravities lead to thicker con-
densate clouds and enhanced non-equilibrium carbon ctrgiimishe young planetary photospheres
compared to field BDs (e.g. Marley et al. 2012; Skemer et dl22@014). High-spectral-resolution
data of imaged extrasolar planets have provided clues tefday formation histories, by quantify-
ing the relative abundances of carbon and oxygen in HR 87R8cdpacky et al. 2013), yielding
the rotation period off Pic b (Snellen et al. 2014), and highlighting ongoing agorein the cir-
cumplanetary disk around GSC 06214-00210 (Bowler et al1p03pectra and photometry also
show evidence for non-equilibrium chemistry. However,aitihg similar data for larger samples
of gas-giant planets, as well as extending such work to leness planets, is currently well out of
reach.

Many more discoveries are expected from new planet-humsiguments on 8-10 m telescopes
such as the Gemini Planet Imager (GPI; Macintosh et al. 20thé) SpectroPolarimetric High-
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HR 8799 becde

beta Pic b ROXs 42Bb

HD95086b || == Gl 504 b

Fig. 89 A gallery of directly-imaged planets: (clockwise from tlapitleft) HR 8799 bcde (Marois
et al. 2008, 2010b), Fomalhaut b (Kalas et al. 2008), GJ 50dulzyhara et al. 2013), HD 95086
b (Rameau et al. 2013), ROXs 42Bb (Currie et al. 2014b), @rRic b (Lagrange et al. 2010).
Other companions with masses below/near the deuteriumfgulimit (~13 My, ) have also been
imaged, many of them at wider separations (e.g., Chauvih 20@5; Goldman et al. 2010; Ireland
et al. 2011; Luhman et al. 2011; Bowler et al. 2013; Delormal.e2013; Kraus et al. 2014; Bailey
et al. 2014; Naud et al. 2014).

T LA T T r T T T T T
v L H.0O co
e :lewj ] E B H,0 f =
e <i1M = 3 F ]
12F +Mdwart {1 5°t ww Roi%ﬁzab k
; 3
— 13F Lo o | HD 106906 b 3 E | MMW‘('M WIWMM E
g e + "
E . —— < ok Ny f
L YT g EE g 3 2t «r“wwﬁ“'\"‘mﬁ ]
g - . , F ]
= : . B |‘M i/ gt
= 15F ’\ E .g M H’ MWW”W %“’“v"‘-"w
S i X % s F
g HA'B299,btd E1F R
o TN w3 8 HR 8799b ]
16 Ross 458 C N zmin 4 2 g el 1
) L\"!l" o 1
17E S - Ty
2 L 1 1 1 3 C 1 1 1 I L
= 0 Q 2 3 1.4 1.6 1.8 2.0 2.2 2.4
(=Ko [mag] wavelength (um)

Fig. 90 Atmospheres of directly imaged planeteft NIR CMD comparing field BDsdrey sym-
bolg) and young substellar companiorg@r€les, based on Liu et al. 2013b and references therein).
The young objects form a distinct sequence in the diagramm fitee field objects, most of them
being redder and some extending to fainfeband magnitudes. Diagonal grey lines show models
from Barman et al. (2011) of constant temperature with ckbizkness increasing from left to right.
Thicker clouds alter the spectral energy distributionsaing planets, leading to suppressed emis-
sion in the NIR (1-2um region) and higher fluxes in the thermal IR (3x#h). Right NIR spectra

of the young companions ROXs 42Bk-9 M.y, ~3 Myr, Currie et al. 2014b; spectra are from
Bowler et al. 2014), 2MASS 0122-24B-(3 M., 125 Myr; Bowler et al. 2013), and HR 8799b
(~5 Mjup, 30 Myr; Barman et al. 2011), arranged from the hottest algéethe top to the coolest
object at the bottom. For each companion, a field object ofpaoable spectral type is also plotted,
normalized to the peakl band flux. The differing colors and continuum shapes refleetiower
surface gravities (i.e. younger ages) of the companions.
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contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2088)tkee Subaru Coronagraphic Extreme
Adaptive Optics project (SCEXAQO; Martinache & Guyon 2009rge AO imaging surveys so far
have shown that Jovian planets at large (tens of AU) sepaisatire relatively rare (e.g. Vigan et al.
2012; Nielsen et al. 2013). On the other hand, radial-vajatata for 1.5-2M, stars show that
Jovian planets increase in frequency with orbital sepamadiut to several AU (e.g. Bowler et al.
2010b). Near-future AO surveys with these planet-huntirejruments should reveal much of the
gas-giant population at intermediate separations. Onbeofrtost significant steps in the study of
extrasolar planets in the years leading up to TMT will be difmaging and spectroscopy of a large
sample of young self-luminous exoplanets.

Direct imaging with the TMT will deepen our understandingabplanet properties and forma-
tion. Here we provide a brief list and in subsequent sectiomexpand upon these ideas:

— First-light NFIRAOS+IRIS observations will provide unig and powerful follow-up obser-
vation of gas-giant planets found by GPI, SPHERE, and SCEXAQh spectral-resolution
spectroscopy will establish chemical abundances andantspeeds, thereby shedding light on
planetary origins. High-precision astrometry will enafvlenitoring of planetary orbits, provid-
ing a unique window into the dynamical history. Potentiagjigules to IRIS for thermal-IRI(
band) imaging and low-resolution NIR imaging would also $toits ability to directly detect
self-luminous planets and characterize their ultracaobspheres.

— NFIRAOS+IRIS will also be a unique instrument for extergldtirect imaging studies to new
domains, by targeting optically faint stars that are inasi#e to current AO systems. (1) Low-
mass stars (M dwarfs) may be the most common type of planbtasty and NFIRAOS+IRIS
will be able to detect sub-Jupiter mass planets around ttese. (2) Similarly, high-contrast
imaging of dust-extincted young stars in the nearest stanihg regions will observe planet
formation in action during the critical 1 — 10 Myr epoch when gas-giant planets are assem-
bling.

— TMT's proposed extreme-AO (ExAQ) imaging platforms, Ritary Systems Imager (PSI; orig-
inally referred to as the Planetary Formation Imager) armb8@ Earth Imager on TMT (SEIT),
will achieve deeper contrast at much (1 x) closer separations than GPl and SCExAO. These
instruments will probe orbital separations previouslyyomtcessible to long temporal baseline
Doppler monitoring. Resolving Doppler-detected plandtisallow direct dynamical mass mea-
surements, thereby testing planetary evolutionary mdeeis Crepp et al. 2012).

— TMT ExXAO imaging will radically increase the variety of plets we can image from the ground,
including numerous infant planets in the nearest Myr-ada-8brming regions and lower mass
self-luminous planets. TMT will also be able to image matgient planets in reflected light.
The phase space of imageable planets with TMT ExAO will cem@nt planned high-contrast
imaging observations from space.

— TMT ExAO could be capable of imaging a large rocky planetiftected light in the habitable
zone around the nearest subsolar-mass stars, before quathilitees are reached from space-
borne instruments targeting Sun-like stars.

— Around young nearby stars where the final assembly phasesrestrial planet formation is
underway, TMT ExAO will be sensitive to molten rocky planatsd could identify signposts of
active planet assembly, providing a unique window into tagyehistory of the solar system’s
terrestrial planets.

10.2.1 Landscape in the 2020s

Direct imaging with the TMT will build upon current and upcorg exoplanet imaging facilities, in
many cases built by TMT partner institutions. AdditionalMT'’s exoplanet imaging capabilities
will complement upcoming space missions. Figure 91 dispkayimeline for the development of
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Fig. 91 Timeline of direct imaging-capable space-borne missisnsground-based facilities from
the present (2014) to TMT first light in the early 2020s andrthrique phase space.

these capabilities, summarizing TMT's unique science $oand the other platforms that will be
contemporaneous with TMT.

The new generation of dedicated exoplanet imaging instnisnée.g. Gemini-South/GPl,
VLT/SPHERE, and Subaru/SCEXAOQ) are taking steps towardkgicty prime science goals of di-
rect imaging. At first-light in November 2013, GPI achieve&taehl ratio 0f~89% and~10-°
contrast af.6” (Macintosh et al. 2014). SCExAO is undergoing commissigmind should achieve
similar contrasts down te: 0.1”. Both GPIl and SCEXAO will allow us to detect and characterize
Jovian planets that are much lower mass and closer to thedr &.g., 21/, at 5-15 AU around an
A-type star at 30 pc) than can currently be done with coneealiAO systems (e.g. Subaru/AO-188
and Keck/NIRC2). Adaptive secondary systems on LBT and Magéelescopes are also showing
the power of high-contrast imaging in the 3B region where giant exoplanets are exceptionally
bright.

The startlingly-advanced capabilities of these upcomimgjruments stem from new science
modules and wavefront control architectures, which wit/eeas important technical milestones on
the road to exoplanet imaging by TMT. (1) The GPI and SCExA@gral field spectrographs (IFS)
yield low-resolution spectra that are amenable to the dgweént of post-processing algorithms
to boost planet detection capability (Marois et al. 2010airi@ et al. 2012; Marois et al. 2014).
(2) SCEXAO and the LBT/Magellan instruments employ advdneavefront sensors that outper-
form traditional Shack-Hartmann systems, and the extermivsky experience obtained during the
next 5-10 years will spur advances in wavefront control iGectures for high-contrast imaging.
(3) GPI and SCEXAO are commissioning novel coronagraph®#ret speckle removal techniques
to suppress the stellar halo. GPI uses an apodized-pupildgronagraph to improve contrast for
planet detection. SCEXAQ is deploying a suite of techn@sgsuch as the Phase Induced Amplitude
Apodization coronagraph and employs “speckle nulling’gaxf of coherence differential imaging,
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to better suppress static speckles near the diffractioit énd observe at very small inner working
angles (Martinache et al. 2014). Overall, the technicabades emerging from upcoming instru-
ments on 8-10 m telescopes will boost the scientific gaingtgasnered from TMT’s much larger

aperture, far beyond what could be imagined during theainibund of TMT instrument studies

(Macintosh et al. 2006).

Finally, direct imaging with the TMT will complement upcong space-borne missions such
as the JWST and the proposed SPICA and WFIRST-AFTA miss®RECA and JWST are MIR
optimized 3.5 and 6.5m telescopes, respectively, with gugensitivity to mature, wide separation
planets. While such planets are probably not detectableeahorter wavelengths probed by TMT,
JWST and SPICA have far poorer planet detection capabilatethe~ 0.2” — 0.6” separations
probed by 8—-10 m telescopes and no capabilities at the mualesrseparations~ 0.02” — 0.1")
that TMT can probe.

TMT’s discovery space likewise is complementary to the psmal coronagraph component
of WFIRST-AFTA. The coronagraph architectures being cdasd for WFIRST-AFTA focus on
exoplanetimaging &.15” —0.6” separations. Smaller separations will remain the exaiusbmain
of TMT. For some nearby stars, WFIRST and TMT could both deéoc and characterize planets
in different regions: Neptune to Jupiter-sized planets teaice line for WFIRST and super-Earths
to Neptune-sized planets at smaller separations for TMTI@VMFIRST may be able to target large
habitable zone planets around Sun-like stars or thoselsligiore massive, TMT would allow us to
search for planets in the habitable zones of the nearesfalabmass stars.

Working in concert, TMT and space-borne missions will tfan® our knowledge of the di-
versity of nearby exoplanetary systems and take signifistaqts toward being able to image and
characterize a habitable Earth-like planet.

10.2.2 Exoplanetimaging at first-light with NFIRAOS and3RIf young gas giants

TMT'’s NIR integral field spectrograph (IRIS) coupled withetlfacility AO system (NFIRAOS)
will provide a powerful exoplanet imaging capability at TTirst light. The raw planet detection
capability for NFIRAOS/IRIS is unlikely to exceed the curtkipcoming EXAO systems targeting
the bright stars. However, NFIRAOS/IRIS will vastly expahd range of systems around which we
can image planets and also will yield significant gains imlging the atmospheres and dynamics of
GPI/SCEXAO/SPHERE-discovered exoplanets.

One unique and powerful capability offered by TMT will bedaguide star (LGS) AO imaging
of a variety of potential planet host stars, thanks to thgfaater angular resolution and sensitivity
than currently possible. Many nearby stars are too faintEloAO systems on current telescopes
(which are limited to | = 8-9 mag) but are highly desired agmisce targets in order to reveal the
diversity of planetary systems. Low-mass stats)(5 M) are the most common types of stars in
the stellar neighborhood and thus represent the most corhosigs of planetary systems. Since these
stars are much less luminous, NFIRAOS+IRIS imaging usind & SDI will be able to detect
sub-Jupiter planetary companions. Determining the frequend properties of gas-giant planets
as a function of stellar host mass is a necessary step towaterstanding the planet formation
process. Extending this concept, deep imaging of BDs in ¢her :ieighborhood (both young and
old) can detect companions at colder temperatures thae {hr@viously found. We know that at
the youngest ages«(1 — 10 Myr), BDs can possibly harbor planetary-mass companiogs tiee
~ 5 Mj,, companion to thev 25 Mj,, object 2MASS 1207-39 (Chauvin et al. 2004). TMT
will be able to identify the evolved (cooler, fainter) coargarts to these BD companions around
older BDs and obtain detailed spectra for objects as cold a50 K. Imaging planets around low-
mass stars in nearby open clusters (e.g. the Pleiades ard&s$)yand young moving groups (e.g.
TW Hya Association) will provide strong benchmarks for tegtthermal evolution models. These
stellar associations have well-calibrated ages basededlarsisochrones and metallicities based
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Fig.92 Exoplanet imaging science with TMT/IRISop Predicted contrast of TMT/IRIS using
angular differential imaging (ADI) compared to contrasis Gemini/GPI and Keck/NIRC2 and a
simulated population of 50 super-Jovian exoplanets imagednd a sample of 600 stars (crosses;
Marois et al. 2012). Further gains in IRIS contrast will begible with spectral differential imaging
(SDI). Many/most of the GPI-detected exoplanets can beva@t up with TMT/IRIS Bottom High-
resolution Keck/OSIRIS spectrum of HR 8799 ¢ from Konopaekyl. (2013) showing multiple
water and CO lines but little evidence for methane. Atmosphreodeling of HR 8799 c’s spectrum
indicates an enhanced C/O ratio, suggesting that the plameed by core accretion. IRIS will allow
us to obtain similar quality spectra for many more exoplarsgianning a broad temperature range
discovered by GPI/SPHERE/SCEXAO.

on spectroscopic analyses, thereby providing a samplerafimeark planets with well-established
physical properties.

Similarly, NFIRAOS+IRIS will open new regimes for identifig and characterizing exoplanets,
around stars at larger distances from Earth than what istpessith current ground or space-based
telescopes. LGS imaging will enable studies of faint connasaround the youngJ10 Myr) stars
in the Taurus, Sco-Cen, apdDphiuchus regions{ 150 pc). According to the core-accretion model,
directimaging at such young ages would discover these fdasghey are in the act of forming (e.g.
Kraus & Ireland 2012). The relevant physical scales cowrdfio angular separations 8f0.5"” or
less. NFIRAOS+IRIS would be sensitive to the most luminauisle separation objects, and then
future TMT ExAO systems (see Sect. 10.2.3 below) will prob&dr masses and smaller separa-
tions. Colors and spectra of these young planets will ptheir temperatures, surface gravity and
accretion activity, all of which are highly uncertain in pest theoretical models.
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Building on pre-TMT planet discoveries, one of IRIS’'s mapgmvances will come through
follow-up spectroscopy and high-precision astrometry (Bi2). Only a fraction of the directly-
imaged exoplanets have been amenable for spectroscoparvabens given their contrast.
Upcoming instruments such as GPI will only provide low-feson (R ~ 50) spectra. An illumi-
nating example of the gains possible from TMT comes from tgk Bpectral resolution{ ~ 4000)
study of the HR 8799 c planet (Konopacky et al. 2013), wheoh slata provide a wealth of infor-
mation about the planet’'s atmospheric composition and @digninaccessible from photometry or
low resolution spectroscopy.

TMT’s continued astrometric monitoring of known directipaged planets will open a unique
window into additional planetary properties such as mass ambital eccentricity. The GPI,
SPHERE, and SCEXAO surveys are expected to directly image déyoung Jovian planets in
orbits larger than 5-10 AU. Because the orbital periods es¢hplanets will be tens to hundreds of
years, the orbital coverage from by GPI/SPHERE/SCExAOmdutieir lifetime and the expected
astrometric accuracy<( 3 mas, S/N-dependent) will leave large uncertainties in théal parame-
ters. While IRIS will deliver lower raw S/N than the origindiscovery instruments, thex smaller
angular resolution of TMT will result in comparable or betéstrometric precision. Precise multi-
epoch astrometry of soon-to-be imaged exoplanets will tcaimstheir orbital properties and (for
multi-planet systems) may even produce mass limits fromadyinal stability considerations (e.g.
Fabrycky & Murray-Clay 2010; Marois et al. 2010b; Currie bt2011).

10.2.3 Exoplanetimaging with TMT ExXAOQ: rocky planets arahptesimals

A dedicated exoplanet imager for TMT using ExAO will enhafi®déT’s planet imaging capabili-
ties well beyond those available at first light with NFIRAQGR#S. The PSl is the ‘baseline’ TMT
extreme AO system, designed early in the project and comdibfor a flexible range of exoplanet
science emphasizing a moderately high contrast (L0a small inner working anglen(03”) for
studies of giant planets, and the ability to work with guitkrs as faint as H=14 (Macintosh et al.
2006). SEIT would be a more sophisticated instrument — egtamdalone or as an add-on to PSI -
aggressively optimized for high performance at very snmaler working angles (perhaps as small
as 10 mas), the regime in which rocky planets may be detect@inl the order of ten sub-Neptune-
sized planets are expected to be detectable around nearbyaftew of which will be rocky bodies
(Crossfield 2013). TMT'’s new capability will allow us to imathose planets which are inaccessible
by any previous facilities, either from the ground or space.

Detecting Habitable Planets Around Low-Mass Stars — Liquid water on a planetary surface
may be critical for the development of life. The ability taelitly image planets at the narrow range
of separations where liquid water can exist (a.k.a. thethbla zone) is therefore required to identify
a habitable extrasolar planet. Detecting habitable-zcamthEsized planets around Sun-like stars
requires contrasts better than 16, which are only achievable from space. Habitable-zonegisip
Earths around subsolar-mass stars have much more favptabk-star contrasts(10~7 —10~7),
which are potentially achievable from the ground. Howetharse planets are located at small angular
separations (e.g. tens of milliarcseconds) inaccessipt0 m class ground-based telescopes or
planned space missions. Around the nearest M stars, TMige laperture will allow imaging of
habitable-zone super-Earths (Fig. 93).

TMT is well-poised to identify biomarkers in the spectra béthabitable-zone super-Earths
that it directly images. If it imaged the Earth itself fronetliantage of a very nearby star, it would
be sensitive to diatomic oxygen produced by photosynttoksisto plant life (Owen 1980; Angel
et al. 1986; Leger et al. 1993; Léger et al. 2011; Selsis 2B@kenegger et al. 2010). If the AO
system and coronagraph can suitably suppress the stadigitlations indicate that a five-hour
TMT observation can detect the 1.2 oxygen line in the spectrum of a super-Earth that possesses
an Earth-like oxygen abundance.
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Fig. 93 Contrasts for the reflected light from Earth-radius plamethe inner edge of the habitable
zone around a sample of nearby stars. Host stars are dramrdia catalog of the solar neighbor-
hood. The black solid line shows a theoretical best-casddiection limits when observing a star
with an appareny band magnitude of 6 and assuming photon-limited performafbout 10 stars
fall above this solid black line.

Witnessing Rocky Planet Assembly — In addition to detecting fully-formed rocky planets, the
TMT will provide crucial information about their formationistory. During the terrestrial planet
formation process, a typical rocky world like the Earth Wikely experience on the order of 10
giantimpact-type events with Mars-sized bodies. Thesetewmpart an immense amount of energy,
melting and vaporizing its surface. As the energy from intreeating fades over POyears, the
planet is significantly brighter. A dedicated TMT EXAO instient may be capable of imaging
molten terrestrial planets (Fig. 95).

For Sun-like stars, Melis et al. (2010) show observatigrthlat giant impact-type events related
to terrestrial planet formation are only observed when &t btar is between 10-100 Myr of age,
consistent with expectations from solar system formationukations. Lupu et al. (2014) estimate
that a survey of 1540 stars in this age range would yield @s¢impact planet. Such young stars
are numerous in the solar neighborhood, but the expectéthiosbmi-major axis of these terrestrial
worlds combined with the inner working angle of TMT ExAO inghents sets a tight distance
constraint. For a nominal inner working angle of 50 mas fortB&chieve 10 contrast, we would
need stars within 50 pc to probe separations of 2.5 AU or cl@seresponding to separations within
the snow line where terrestrial planets are thought to fo8tgrs in the3 Pictoris (10—20 Myr), AB
Doradus & 100 Myr old), and Argus £40 Myr old) moving groups are at the right distance. In
addition the Gaia mission should greatly expand the samiptich stars. SEIT would relax the
target distance constraints considerably with its plancmurast inner working angle of 10 mas.
Such an instrument would be sensitive to the terrestrialgilaround those stars around which
giant impact-type collisions have recently occurred (¢4 15407; Melis et al. 2010).

Mapping Planetary Debris Systems — Planetesimal belts are more than just signposts for larger
planets. They are crucial components of a complete planstatem, capable of influencing the
final configuration of the matured planets. Dynamical fantbetween these small rocky bodies and
planets can drive orbital migration of the planets and ¢indze planet orbits. In our solar system,
such processes are envisioned to have occurred througadtite with the Kuiper Belt which drove
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Fig. 94 Detectability of the 1.274um band from a super-Earth with an Earth-like atmosphere at
the inner habitable edge with a 5-hour TMT exposure, assyipérfect suppression of residual
starlight. Filled circles indicate the candidates that bé detected with S/N- 5 in 5-hour photon-
noise limited observation on TMT and with an angular sejpamadf >20 mas. The vertical line is
the approximate detection limit of the photon-noise liitketector for 1-hour exposure.
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Fig. 95 Detecting post giant-impact emission from forming temiastplanets, from Lupu et al.
(2014). The figure shows the CMD of worlds that recently eigrered an energetic impact with a
planetary embryo as a function of composition (BSE = bulicaie Earth, CC = continental crust),
atmospheric pressure, and surface temperature. For czmpaobserved BDs are shown as gray
circles and directly imaged planets (four HR 8799 planets2i1207b) are shown as purple open
circles. The dashed horizontal lines show detection lifioitsa TMT EXAQO instrument assuming a
contrast of 10% and a Sun-like (G2) or low-mass (M1) star.

the giant planets into new orbits (the so-called Nice modéilys, to have a complete understanding
of any planetary system and its current configuration (amet@elevelop robust formation and evo-
lution models) it is necessary to characterize any beltdaofgiesimals that may also be orbiting the

same host star.

TMT NIR EXAO instruments and the Mid-Infrared Camera, Hiptsperser, and IFU spectro-
graph (MICHI) will be capable of detecting and charactexggplanetesimal belts through the ther-
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mal emission from small dust grains that are generated geotlision events. NIR ExAO imaging
will detect light scattered and polarized by small dust mgaiwhile MICHI will resolve thermal
emission from such debris (see Sect. 8.6.1). According ¢ontlodels of Roberge et al. (2012),
debris-producing planetesimals located at 1 AU from thegtistars could be identified out to 10 pc,
while asteroid belt-like separations could be detectedradtars out to 30 pc. If these planetesimal
belts are in a steady-state collisional cascade, then drSun-like stars we could detect collections
of small rocky bodies with total mass of roughly ten times ithass of our own asteroid belt and
roughly a tenth of the mass of our Kuiper Belt.

10.3 Transiting Exoplanets

A planet whose orbit intersects our LOS to its host star requihatransits the stellar disk, producing

a small and (in general) extremely-periodic attenuatiotheflight. Transiting planetary systems

can usually be better characterized than systems detegtethbr methods because the radius of
the planet and the inclination of the orbit are establisl@uservations during transit also probe a
planet’'s atmospheric composition, therefore, one of TMMigst compelling science cases is the
potential for detection of @or other biosignature gases via transmission spectroscopy

10.3.1 Landscape in 2022

With its unprecedented aperture and its access to thregegsiaf the sky from Mauna Kea, TMT
will be well poised to carry out verification and follow-olgations of transiting systems detected
by other observatories. TMT'’s observations of transitifemptary systems will involve either spec-
troscopy or spectrophotometry to obtain more informatibawd the properties of the planet or its
host star, or high-spatial resolution imaging to identifgllar companions to stars or unassociated
background objects. The observational modes will be didthy the brightness of the target and the
required cadence of the observations, e.g. at least sesgyatsures per hour for monitoring during
a planetary transit. Fainter stars or short cadence olismmgalemand compensatory trade-off, i.e.
with spectral resolution or resorting to spectrophotomeékhis suggests that future instrumenta-
tion and configurations for TMT studies of transiting planean be organized along three science
goals: (1) characterization of faint host stars of trangificandidate) planets using high-resolution
spectroscopy and high angular-resolution imaging; (2}@inetric and low-dispersion transit spec-
troscopy of the brightest systems observed by Kepler andakd, many of the fainter systems
discovered by TESS, (3) high-resolution transit spectpg®f the brightest transiting systems dis-
covered by TESS and eventually PLATO.

The NASA Kepler mission (2009-2013) dramatically expanthedscope of transit studies to
Earth-size (and smaller) planets and to populations ofghnds of planets on which robust statisti-
cal methods can be applied. However, Kepler surveyed eid00th of the sky and the host stars
of most Kepler systems are relatively distantl(kpc) and faint ' ~14, K ~12), making follow-up
observations such as Doppler RV measurements of mass sittspactroscopy difficult or impos-
sible even with 10 m class telescopes. For example, manyeKéapkt stars at-1 kpc are probably
unresolved binaries and it is often important to establibictvstar the planet transits to accurately
determine its mass and rule out the possibility of a “falssifp@” (see Sect. 10.3.4): th& band
diffraction limit of a 10 m telescope is 55 AU and spectroscaetection of single-line systems with
separations of tens of AU requires high-S/N, high-resotuipectra that are difficult to obtain for
these faint stars.

The next decade will welcome new space-based telescopesiliegurvey more of the sky and
include many more brighter and nearby and hence obseradifi@tcessible host stars for transiting
planets. The Kepler-2 or “K2” mission is surveyirgl0 000 targets per field in 80-day campaigns
(Howell et al. 2014; Prsa et al. 2015). TESS will survey maisthe sky (excepting the ecliptic



Thirty Meter Telescope Detailed Science Case: 2015 2103

plane) with durations of 27-351 d (Ricker et al. 2014). Botthese missions, especially TESS, will
discover transiting planets around bright stars, inclgdirsmall number of Earth- to super-Earth-
size planets around the brightest M dwarfs (see Fig. 96)!H3/TO mission will launch in 2024,
and is expected to discover hundreds of Earth- and supén-Bi&e planets (as well as thousands of
larger ones) around 4th—11th magnitude stars. PLATO v&b discover numerous transiting planets
in the habitable zones of solar-type stars (Rauer et al. R&tdrs in this magnitude range offer the
opportunity for high-cadence, high-spectral resolutibearyvations of transits to search for emission
associated with the planet, transit signals from othergikaim the system, or physical properties of
the stellar disk.

Thus TMT will have access to a census of thousands of comypalsapoorly-studied Earth-
and super-Earth-size Kepler and K2 planets and similar reusntf large and hotter planets around
brighter and more accessible nearby stars, discovered B ERd PLATO.

10.3.2 Transit photometry and low-dispersion spectrogcop

Precise ground-based transit photometry or low-disperspectroscopy require simultaneous ob-
servation of multiple stars: one star exhibits a transitatipse, while the others serve as reference
sources to reject common-mode temporal variations frolartelor instrumental sources. Such ob-
servations attempt to serve two masters: brighter stardg@aenore photons and higher precision,
but comparison stars of comparable brightness are onlydf@tiincreasing wider angular separa-
tions on the sky. At first light, IRMS will likely be the instnaent of choice for infrared work because
it will obtain integral field spectra that do not suffer frofit kbss effects: however, the relatively nar-
row FOV 2’ x 2’) will prevent IRMS from observing all but a few of the systeb@ing studied today
(2014). At visible wavelengths, WFOS has a wider FOV (40 sgminutes) therefore it could be
use to observe some of the faintest Kepler transiting systenere the density of comparative stars
is sufficiently high.

Considering only statistical noise, TMT should measuraditaderived quantities 3-4 more
precisely than what is possible with 8—10 m telescopes. ®asens with these telescopes already
show hints of a systematic photometric noise floor in thedirgfd, with observations coming within
factors of 2—X of the Poisson limit (e.g., Croll et al. 2010; Bean et al. 20The current source
of this noise remains unknown. One approach to mitigatido ismploy very narrow, customized
filters that exploit the light-collecting area of TMT while/@ding telluric absorption or emission
features.

10.3.3 High-dispersion spectroscopy

Transit observations at high spectral resolution can nrease orbital alignment of planetary or-
bits (see Sect. 10.1.1 — Rossiter McLaughlin effect), deitee the atmospheric composition and
structure of both transiting and non-transiting planet®{Bet al. 2012), measure atmospheric wind
speeds and circulation patterns (Showman et al. 2013), atehipally detect molecular oxygen or
other biosignature gases (Webb & Wormleaton 2001; Snetlah 2013; Rodler & Lopez-Morales
2014). These observations do not require simultaneouserefe stars, and regularly reach the pho-
ton noise limit at high spectral resolution (Brogi et al. 2D1Thus, TMT transit observations at
high spectral resolution are very promising. Although nstflight instruments offer high spectral
resolution, several “first decade” instruments do (HRORES, and MICHI).

In the infrared, NIRES and MICHI spectroscopy of planetshwl,-dominated atmospheres
will extend current detections of CO and,® to more exotic hydrocarbons such as such as HCN
and GHs (see Fig. 97) which have not yet been observed in exoplamatsgtheres (de Kok et al.
2014). For the hottest planets, wind speeds of up to 1-2 kgl be directly measured via the
mean Doppler shift of the planet’'s absorption spectrum (giem & Rauscher 2012). Molecular
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Fig. 96 Predicted planet yields from TES&ft; Ricker et al. 2014) and KZ2right). Both these
surveys will be complete when TMT operations begin. TES$fivitl many planets around bright
stars, while K2 will find larger numbers of planets aroundlepstars.
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Fig. 97 Studies of exoplanet atmospheres at high dispersion. Atthef detection of CO and ex-
clusion of any stratosphere in the hot Jupiter tau Boo b (Beval. 2012); TMT will measure
longitudinally-resolved atmospheric chemistry and gticee for such systems. At right, the time
required to detect ©in the atmosphere of an Earth analog transiting a nearby Mfdwging a
TMT-like facility (Rodler & Lopez-Morales 2014).

detections and measurements of thermal structure will esored as a function of rotational phase
for a large sample of both transiting and non-transitinglupiters and hot Neptunes, perhaps finally
answering the question of why — or whether — some close-imgpéashow thermal inversions in their
upper atmospheres (Fortney et al. 2008; de Kok et al. 2014).

The most exciting possibility is the ability to search foo$ignature gases in the atmospheres of
nearby planets. The most well-studied spectral featureis the molecular oxygen band head at 765
nm, which could be detected with a set of dedicated HROS whsens of a rocky planet transiting
a late-type £M3) star within ~8 pc. The exoplanet's atmosphere would be distinguishemh fro
the Earth’s oxygen via the Doppler shifts resulting from tive planets’ relative orbital motions;
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detection would come not in a single night but would requiveeyvations spread over many years
(Rodler & Lopez-Morales 2014, see Fig. 97). Although antedgon would be challenging and,O

is neither an unambiguous indicator of life (Tian et al. 20ddr uniquely associated with life, the
detection of free oxygen in a nearby rocky planet's atmosph®uld be a landmark result for the
study of planetary atmospheres, habitability, and asttoby.

10.3.4 Characterization of transit planet hosts

A number of effects can mimic the periodic dip in the lightwiof a transiting planet system,
thus stars with transit-like signals remain candidatessystuntil the possibility of a “false positive”
(e.g. grazing transit, or diluted eclipsing binary) can bke out to an acceptable level. Moreover,
the presence of unresolved stellar companions can makgiietation of the signal ambiguous (it
is necessary to know which star is being transited) as walgsiring correction for the fact that
the transit signal is being diluted by the star that is nohgdransited. Finally, planet occurrence
rates and the properties around single vs. multiple stgjlstems provide tests of theories of planet
formation and evolution (Quintana et al. 2007).

Most Kepler and K2 systems are too faint and the planets t@dl $mhave detectable Doppler
RV signals (c.f. Fig. 96). Ten-meter class telescopes clenowt large Doppler signals from stellar
companions but these measurements are observationadipgi¥p and not practical for the hundreds
or even thousands of systems of interest, but TMT/NIRESctoapidly screen these systems with
well-timed observations at quadrature points in the ortdthe candidate planet where the maximum
change in RV is expected. High-resolution AO imaging usimgPFI should also allow more rapid
screening of binary systems, with detection at closer immgking angles than is possible with 10m
telescopes or AO systems on smaller telescopes (Law et B)28tellar companions of any sort
will be detectable with PFI at angular separations of 30 m@asesponding to 30 AU at 1 kpc.

10.4 Gravitational Microlensing

A gravitational microlensing event is due to the rare ocenice of extremely close alignment of two
stars on the sky, withir-1 mas for Galactic microlensing. Currenty2000 microlensing events are
discovered per year by monitoring hundreds of millions afsin the dense stellar fields toward the
Galactic bulge (see, e.g. Gaudi 2012).

A planet accompanying the foreground “lens” star revealpiesence by producing a short-
duration deviation on the otherwise smooth and symmetriglification pattern of the background
“source” star produced by the host star only (Mao & Paczya81). The planet detection sensi-
tivity of microlensing peaks at intermediate orbital segtimns ~-1-10 AU) (e.g., Gould & Loeb
1992; Bennett & Rhie 1996; Dong et al. 2006), which bridge d¢lese-in planet discoveries by
RV/transit detection surveys and the wide-separatiomregirobed by direct imaging programs.
Unlike all other planet detection methods, microlensinggssitive to the mass of the host star and
the planet rather than the light, so it is capable of disdoggplanets around stars across the stellar
mass function, even “free-floating” planets unbound toss{&umi et al. 2011). Microlensing can
detect planets in the Galactic disk as well as the farawagebplanets all the way to the GC (e.g.,
Janczak et al. 2010). In the coming decade, microlensingpeaed to enjoy orders-of-magnitude
boosts in planet detections thanks to future wide-field gdsbhased and space-based microlensing
surveys (Gaudi 2012).

It is important to stress that the science gains from micigileg planet discoveries can be
seriously compromised without measuring the physical @rigs of the planet hosts. The high-
resolution and deep follow-up observations enabled by TMdla potentially make detailed char-
acterizations of planet hosts with unprecedented accuhasyhelping to complete and enhance the
microlensing planet census.
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10.4.1 Landscape in 2022

In the last decade, nearly 30 microlensing planet discesdrave been published, and most of them
have been found by adopting the two-stage survey/followttgiegy (Gould & Loeb 1992; Griest &
Safizadeh 1998). In carrying out this strategy, follow-ugugrs make high-cadence, round-the-clock
observations of a few microlensing events selected frorseltiscovered by the survey groups with
low-cadence monitoring. These discoveries have offerasdoee early glimpses into the distribution
of planets more massive thanfew Earth mass near or beyond the so-called nebular “sna@¥ lin
(Gould et al. 2006, 2010; Cassan et al. 2012).

In the coming decade, high-cadence, continuous, wide$igtdeys without the aid of follow-
ups are expected to dominate the landscape of microlenkngtdetections (Gaudi 2012). Such a
“pure” survey mode has already been started by the jointtsffaf the OGLE-IV (Udalski 2009),
MOA-II (Hearnshaw et al. 2006; Sako et al. 2008), and the ‘@Visbservatory’s (Shvartzvald &
Maoz 2012) microlensing survey programs. The most amtstignound-based survey, KMTNet,
will come online in 2015. It consists of three dedicated 1,.8nled FOV telescopes completely
covering the longitudes to observe the bulge continuoudly w10-minute cadence. Their survey
will have an order-of-magnitude leap in planet sensitjayd in particular, it is expected to probe
the low end of planet mass function by discoveringO planets with 0. Mg,.1n < M < 5Mgaren
per year (Henderson et al. 2014). The planned launch of the-field IR survey space mission
WFIRST(-AFTA) at the end of the decade would bring a furthetes-of-magnitude leap in planet
detection sensitivity. The mission is sensitive to plarEten to~2 lunar masses and is expected
to detect~3000 bound planets in the range~00.3—-30 AU as well as probe the free-floating planet
population down to Mars mass (Spergel et al. 2013).

10.4.2 TMT microlensing science

The high angular resolution of TMT IRIS AO imaging and IFU (@it et al. 2010) could potentially
play a significant role in characterizing the host stars lier ground-based microlensing planetary
candidates in the next decade, and it would also aid spasedisatellites such as WFIRST in study-
ing the planet host stars.

For the majority of microlensing planet detections, evesutih the precise planet-to-star mass
ratios and angular planet-to-star separation can be bBirederred, the masses and distances of
planet host stars cannot be separately constrained fromitr@lensing light curves alone. The
degeneracy can be broken when additional microlens parsilimals are measured, which can be
accomplished for a small fraction of exceptional events.(©ong et al. 2009; Muraki et al. 2011) or
by using a dedicated satellite to survey many events frorthengantage point at ~ AU separation
from the Earth (Gould & Horne 2013; Dong et al. 2007).

An effective way to break the degeneracy is to directly mease flux of the host star. For
the ground-based observations, a microlensing targepisaly blended with significant flux from
unrelated stars due to crowding of the bulge field. Highdtggm follow-up observations from
HST or with AO systems on ground-based 10 m class telescapesbeen performed to resolve
the unrelated stars (e.g., Bennett et al. 2006; Dong et 89;2lanczak et al. 2010; Batista et al.
2014). The typical relative proper motion between the sepand lens isv6 mas/yr for a lens in
the disk and~4 mas/yr for a bulge lens, so it generally takes more than adéetor the lens to
be separately resolved from the background star even with bigh-resolution images (Han &
Chang 2003). So far, the lens and source have been sepaerselyed for only two non-planetary
microlensing events (Alcock et al. 2001; Koztowski et al0ZR Only the combined flux of the
source and lens have been measured for planetary micno¢eagents with HST or AO, and the
lens flux is constrained by subtracting the source flux, witigh be precisely extracted from the
light curve. In practice, the measurement uncertainty imidated by the accuracy in aligning the
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high-resolution and microlensing light curve photomesgistems, and the lenses have been robustly
detected for source/lens contrast ratios up to factor ofvgong et al. 2009; Janczak et al. 2010).

With a 30 m telescope, the lens would be separated from theedy ~ 2\/D in H band
in ~5 years after the peak of the detection of the event. Thexefdrthe time of commissioning,
TMT/IRIS would be able to resolve most of the planet hostéectdd by a few years of operation
by the KMTNet survey (see, e.g Henderson et al. 2015). Anameesource would be at H 18,
and for a typical~ 0.3 M M dwarf lens at~4kpc, the required contrast ratio is about 10:1,
easily observable by IRIS LGS. At2-3 \/D, the achievable contrast ratio 461000:1, capable
of detecting the lens population down to the bottom of théastenass function for the majority
of events except those with the brightest giant sources;twhinly comprise a few percent of all
KMTNet detections (Henderson et al. 2015). For some neaby systems, it is also possible to
image the BD planet hosts. In these cases, the lens idetitifiga considerably more secure, as its
separation from the source can be checked with the indepéeralative source-lens proper motion
due to finite-source effects, which are well measured fortrpt@netary microlensing events. The
lens flux measurements would offer a mass-distance rel&rathe lens after including models of
extinction and mass-luminosity relation. The relativesksource proper motion and event timescale
provide tight constraints on the angular Einstein radidsictv offer another mass-distance relation
for the lens. The mass and distance of the lens star can beaoes down to~10% by combining
these constraints.

Once the lens is resolved, an exciting prospect for TMT ishiimim a medium resolution{ ~
4000) spectrum of the star with the IRIS NIR IFU, which has the destlplate scale of 9 mas. An
exposure of approximately ten minutes on IRIS could obtapextrum of typical lens at reasonable
S/N (> 10 per wavelength channel). The IRIS spectrum would enablgiiitzation of planet host’s
stellar type, metal abundance as well as kinematic conssréfirough RV measurements. It has
been well established by RV surveys that the frequency afecln Jovian planets increases as a
function of host metallicity (Santos et al. 2004; Fischer &anti 2005). Recently, there is evidence
from RV surveys and from the Kepler transiting planets thaker planets at short-period orbits are
distributed over a wide range of metallicity (Mayor et al120Buchhave et al. 2012). Spectroscopic
characterization of microlensing hosts by TMT would operaupew window in studying whether
the distribution of planets ranging from super Jupitersuio-Earths at long periods depends on the
environment of the star (metal rich vs. metal poor, bulgedisk).

During the operational span of a mission like WFIRST, thesland source are typically not
sufficiently separated to be completely resolved. Howeemks to a well-calibrated PSF, even
when the lens and source are separated by a fraction of thetESgossible to measure the lens flux
from modeling the image elongation. It is expected thd0% mass measurement can be routinely
done in this way (Bennett et al. 2007; Spergel et al. 2013)T Hdn still contribute to studying the
WFIRST planet discoveries by making spectroscopic measemés of the planetary hosts. These
measurements will determine important stellar paramsterk as metallicity and surface gravity as
well as imaging some low-mass hosts that are challenging/feliRST.

11 OUR SOLAR SYSTEM

The solar system is the closest and the best-studied pigrsgtstem. Observations of the planets,
satellites, and small bodies in the solar system providspahsable information about planet for-

mation and evolution processes that remain unattainabletifier planetary systems. The advent of
TMT will enable us to tackle long-standing questions conteg the formation of the solar system,

the origin of planetary volatiles, the physics of the ice @ad giants, and the unraveling of the
complex dynamical history recorded in the Kuiper belt.
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11.1 Primitive Bodies
11.1.1 Asteroids

Asteroids in the main belt between Mars and Jupiter are flgh@mnants of high temperature
accretion in the inner solar system, perhaps with additemtseted from the outer solar system in
an early phase of dynamical chaos. Their low total mass (0~* Earth mass) reflects clearing
of perhaps 0.5 Earth mass of material by dynamical procebs¢semain to be elucidated from
the dynamical imprints. While nearly a million asteroidsy@deen identified that are larger than
1km in size, the physical properties remain relatively pp&nown. However, as the source of
meteorites, the main belt asteroids can, with care, be ttirkicked to samples in the laboratory,
providing unique opportunities for hands-on, detaileddapa and compositional measurements that
are otherwise impossible.

11.1.2 Active asteroids

A recently discovered hybrid population also exists. Thealed “active asteroids” (also known as
“main-belt comets”) have the orbits of asteroids but losesngiving them the appearance of comets
(Jewitt 2012). Some of these objects may contain water liapped from beyond the snow line in
the solar system. When exposed to the Sun by the removal aftagtive layer of debris, this ice
sublimates, producing the comet-like appearance. Actteraids are potentially important because
some are located in a region of the main belt from which theegérial planets are thought to have
acquired their volatiles and some biogenic precursor nutdsc Study of the active asteroids may
help us to understand the origin of the oceans. TMT will befuldgecause most active asteroids
are faint. TMT's large aperture will permit spectroscopiedses in search of volatiles released by
outgassing.

11.1.3 Asteroid satellites

Over 200 asteroids known to have satellites and, at smadksceadar and photometric observa-
tions have shown that satellites are extremely commonrdistal satellites are thought to form via
a variety of scenarios including collisions, capture tlylo8-body interaction, and/or disruption.
Asteroids with satellites (e.g. Marchis et al. 2005) arelihet study cases for understanding the
dynamical history, impact process, and physical propedfehe primary. Moons provide the most
accurate way to measure the mass and the internal strudtiive asteroids (Beauvalet et al. 2013).
Density, which is directly related to the composition antkinal structure of the asteroid, can be
estimated if the shape of the primary is available. If thenariy is associated with a young dynam-
ical family, then the combination of the moon and the dynairfiamily provides strong constraints
on the family-forming process. TMT’s unprecedented angusolution will allow it to resolve and
directly image either tightly-bounded systems or systdrastiave high primary-to-secondary mass
ratios.

11.1.4 Physical properties of the outer-belt asteroids

The origin of outer belt asteroids (namely Cybeles, Hildas Brojans) is unclear. They may consist
of materials that formed the cores of Jupiter and Saturmey imay be objects formed at larger dis-
tances (perhaps in the Kuiper belt) and then scattered dstartheir present locations. The physical
and dynamical properties of these objects enable key té#ise competing scenarios for the evolu-

tion of the early solar system. Composition of an asteroidlmabest determined through moderate
resolution R ~ 1000) spectroscopy in the NIR (1 — 2,&m; NIR), where most important ices and

organic materials show diagnostic features. It is expettigichundreds (if not thousands) of km-size
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Fig. 98 Artist's representation of an icy KBO showing the faint Suntfie upper right. Courtesy
ESO.

Cybeles, Hildas and Trojans will be observable spectrdsetip by IRIS on TMT. Investigating the
outer-belt objects, especially the small ones, with TMT mewide answers to the outstanding is-
sues, such as: What are the cores of the giant planets made fihere and how did the Trojans
form? What is the dynamical history of the solar system?

11.1.5 Kuiper belt objects

Beyond Neptune, a much larger population of small bodiestgii the Kuiper belt (Fig. 98), Kuiper
belt objects (KBOs) outnumber asteroids by 1000:1. Thegectsbhresult from low temperature
accretion in the outer regions and they are thought to beidte-About 1500 KBOs are known
but physical properties have been established for only aot06ss. TMT will provide dramatic
improvement for optical detection of these bodies. Studgalfisional processes there will have
impact on the interpretation of the much more distant (buh@rwus) main sequence debris disks,
about which much less is known.

Density is a fundamental property for the understandingeifr ttcomposition and internal struc-
ture. The mean density of distant planetesimals is expaotéeé markedly different from that of
native main-belt asteroids. The most promising method timese the shape, and subsequently in-
fer the density, is via analyzing light curves of binary syss. For ground-based measurements, the
precision on the diameter is the limiting factor of the mastuaate density estimates. Giving the
advantage of its high-angular resolving power{ mas), TMT will be able to resolve a dozen large
Trans-Neptunian objects andb0-100 Trojan asteroids, providing a good estimate of tiea. If
a moon is detected, TMT will also derive high-precision dees of these objects. This study will
greatly improve the number and quality of density measurgsnef the outer-belt asteroids, to a
degree not possible before TMT.
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Because of the vast distance (30-50 AU) of this region fraex&hn and the Earth, even with the
largest telescopes currently available, only the larg&DE& (> several hundred km) are observable.
The Kuiper Belt is therefore the region about which we know last in the solar system. On the
other hand, due to the low temperature and the relatively dimamical evolution, the Kuiper belt
can be considered a “debris disk” of our planetary systermparable to the counterparts of other
stars (e.g., Kalas et al. 2006; Trilling et al. 2008). The behtains essential information about the
planetary formation processes, including both the “castctihat harbors the objects that are thought
to formed in situ with the whole planetary system, and thet/duattered disk” that is the refuge of
objects that are dynamically scattered into it during theadhgical evolution of the inner solar system.
Comparisons of the Kuiper belt with the debris disks arouhéicstars provide important indications
about both the Kuiper belt itself and the planetary envirentaround other stars. TMT allows the
characterization of more small KBOs by providing greatersgi#vity. Compositional data will also
greatly aid the study of dynamically families, which are gexly formed during collisions of the
parent bodies. Finally, spectroscopic analysis may alseatevidence of evolutionary processes on
KBOs, such cryovolcanism, volatile loss and surface gardemhe large aperture of TMT allows
for the collection of the spectra of relatively smaller KB@astly increase the number of samples
for which we can study surface compositions.

11.1.6 Centaurs

Centaurs are recently (within 10 Myr) escaped KBOs on thely wo becoming Jupiter family
comets. They are relatively nearby (5—-30 AU), compared ¢ohiblt, making them relatively eas-
ier to observe using the high resolution capability of TM#eY also remain pristine, enabling us to
determine the composition of the solar nebula. The IRISumsent with its diffraction limited imag-
ing and spectroscopic capabilities make it ideal to studyetttual shapes and composition of these
objects, resolving complex structure such as the ringsrar@hnariklo (Braga-Ribas et al. 2014) that
have a diameter of 0.1”. The increase in sensitivity will enable us to charactesieeeral new
centaurs as small as 20 km in size at a distance of 10 AU anerlarges further away.

11.1.7 Comets

Comets represent the icy planetesimals that are left ovdibg blocks from the collapse of the
solar nebula (Fig. 99). A majority have been stored at teatpegs ranging from 10 K to 40 K in
one of two reservoirs: the Kuiper belt that extends from Napts orbit at 30 AU to at least several
thousand AU and the Oort cloud, a spherical assemblageghelies 50 000 to 100 000 AU from the
Sun. These reservoirs contain, respectively, 1 billion B0@ billion comets larger than about 1 km
in scale. Comets are important as carriers of the most pvenibaterial in the solar system. Their
study allows us to probe the chemical make-up of the systéts atigins.

The 2.9-5.Qum region (3450—2000 cnt) is the single most important region for spectroscopy
of simple molecules (up to 8 atoms). Virtually all simple gasave at least one vibrational fun-
damental band in this spectral region, which spaig50 cnt!. For emission spectra, resolving
powers to 10000 (even 300 000) are preferred in order toidigtate densely packed and blended
lines. Some important work can be done in the 14215 region - mainly on absorption spectra
of combination bands, which are weaker than fundamentadiday large factors (typically 100
or more). With NIRES it will be possible to measure emissimes from the dominant primary
volatile (H,O) at 2.0um in (active) distant comets. It may be possible to measutébands of
COy, the CO overtone (2.4m), and various other species as well. And ices can be igzast,
through their solid-state absorption bands, in a varietghpécts - from active comets to satellites
and trans-Neptunian objects.
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Fig. 99 Comet Schwassmann-Wachmann 3 disintegrating. Propeftie cometary nuclei will be
highly susceptible to physical investigation with TMT (CGtasy STSCI — NASA/ESA).

At optical wavelengths, high resolution spectroscopy eanded to determine nuclear spin tem-
peratures in N5land H,O through emission lines of their dissociation products,MAd H,O+. The
nuclear spin temperature is believed to be preserved intdyimfter the formation of a molecule,
and hence gives an estimate of the temperature prevailithg dime of the last condensation of the
ice. Extending these measurements to fainter objects amthtger sample will allow us to examine
temperature differences that might correlate with fororatocation in the protoplanetary disk.

11.1.8 Source of planetary volatiles

Comets are likely carriers of part (but not all) of Earth’sgraWith TMT, a large number of comets,
especially short-period comets, will have their D/H ratiosasured. A larger contribution is expected
from outer-belt asteroids, which also contain water. Sip@@5, a new class of comets has been
identified residing in the main asteroid belt, these are knas/main belt comets (MBCs). At least
two MBCs have shown recurrent dust production near theihpka, suggesting that their activity
is driven by water sublimation result from increased swgfsamperature near perihelion. These
discoveries might blur the distinction between comets astdraids, causing a paradigm change.
MBCs are considered as a promising reservoir of terrestidaér and yet direct evidence of water
sublimation has not yet been detected even with the largeéstirey telescopes. The lack of gas
detection is likely due to their very low level of sublimatioTMT is expected to be superb in
detecting low-level sublimation, which will enable idditation orders of magnitude more MBCs
and likely direct detection of volatiles in MBCs.
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Fig. 100 Cloud decks of Jupiter, showing the Great Red Spot and otteedation systems that will
be probed with TMT.

11.2 Giant Planets
11.2.1 Introduction

The giant planets of the solar system offer unique oppaigsmfor study that will enhance our
understanding of planets everywhere. The relative prayiwi the solar system planets permits
investigations that may never be possible on the much mareteeplanets of other stars. Key areas
that can be addressed include:

(1) Temporal evolution of giant planet atmospheres to sfudgamental dynamics, meteorology,
chemistry and global circulation.

(2) Vertical structure analyses to see how the ‘visible ajph@re’ responds to energy, momentum
and material fluxes from (a) below the clouds and (b) the uppreosphere.

(3) The measurement of the bulk composition (elemental déunices, isotopic ratios) both as a
window on the composition of the proto-solar nebula and $b teodels for the growth of the
planets.

11.2.2 Vortices and thermal waves

Jupiter’s red spot and other cloud features (Fig. 100) agetacale coherent vortices whose physics
is still unclear. TMT observations of large-scale will efbime-resolved high resolution spec-
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troscopy and imaging of these structures and provide impbibformation about the coupling of
chemistry and dynamics in the vortices. Similar structaresobserved on Saturn.

Thermal waves are ubiquitous in giant planet atmosphetas.characteristics of the thermal
waves (phase speed, propagation direction, and wave nyiptoeide important clues in under-
standing the generation mechanism of these waves and timation of jets in giant planet atmo-
spheres (Li et al. 2004). However, due to the long integnaiioe of the low-resolution telescopes,
many characteristics of these waves, such as the phase apégatopagation direction, have not
been measured directly. TMT observations with short irgtegn time will be able to map thermal
waves in giant planet atmospheres in much enhanced detdileeeal the characteristics of thermal
waves on different giant planets.

Interestingly lo’s calderas can be used as occultatiorcesup study waves propagating through
Jupiter’'s atmosphere and the vertical structure of Jupi§aargeting volcanic calderas on lo as lo
goes into eclipse. The volcanic calderas have temperabfired300 K (Spencer et al. 2007) with
spatial extents of 10-50 KmThese bright emission sources are just below the spasaluton
of TMT at all wavelengths so they could serve as point likessioin sources to be observed while
going in and out of eclipse. With an orbital period of 42 hoab®ut Jupiter, this would afford
repeated ingress and egress observation possibilitieg €Jevian rotations. There are often several
volcanoes active on lo simultaneously. Using an integréigdd unit one could imagine observing
all of lo’s disk simultaneously, gathering possibly as masy5—10 occultation light curves nearly
simultaneous, yet slightly offset both in time and spatiall

11.2.3 Planetary seismology from impacts on giant planets

The internal structures of giant planets are much less welhk than those of main sequence stars
because of uncertainties in the EOS of degenerate gas, iygosition (typically non-solar), the in-
teraction with the magnetic field and, in the upper layersyétative magnitudes of internal heat and
energy deposited from the Sun. Giant planet interiors aedessible to direct study from above,
but oscillations excited by asteroid and comet impact caegde waves that are potentially observ-
able. Such waves will propagate through the planetaryiorgrallowing giant planet seismology
to constrain internal structure in much the same way as domeur planet using earthquakes. The
model is the impact of comet Shoemaker-Levy 9 on Jupiter Bd18lthough the state of technol-
ogy then did not permit the detection of planet-wide wavestefoid impacts, especially the large
ones, can excite atmospheric waves capable of revealiagiation about the internal structures of
the planets that probably cannot be obtained in any other Wdy{f would be able to measure the
propagation direction, propagation speed, as well as teggcontaining wave number of the atmo-
spheric waves. Such measurements will probe the atmosgtarcture and composition, providing
unique information useful not just in the solar system bso &h the study of Jupiter-like exoplanets,
where no comparable data will be available for the foresedature.

11.2.4 Source of internal heat in Uranus and Neptune

Ice giants Uranus and Neptune have only been visited onc¥dpgger 2). They remain the least
understood and most mysterious planets in the solar systenget Kepler has already shown that
planets of similar mass (in between that of Earth and Jymter widespread outside the solar sys-
tem. Thus, TMT observations will play a very important ralainderstanding these ice giants. High
angular and high spectral resolution observations by TMTTbgiused to constrain the bulk compo-
sition and the mean vertical distribution of temperatums gas abundances, to shed light on how
planetary atmospheres form and evolve as a function ofrdistbom their host stars.

TMT observations can also determine the different spasiahbility of temperature and gaseous
abundance on Uranus and Neptune. The spatial variabil#ydmngly connected to the atmospheric
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dynamics, such as the vertical propagation of waves frontrtp®sphere to the stratosphere. TMT
can observe these waves by taking direct optical imageseopldmnets. In combinations with nu-
merical simulations, these observations can help condtraiproperties of the waves, as well as the
background states for wave propagation, for instance,tthespheric stratification. Thus, they are
crucial for investigating the different atmospheric cdiutis on Uranus and Neptune.

11.3 Rocky Planets and Moons
11.3.1 Titan

Titan maintains a high pressure (1 bar) nitrogen atmosphere and an active hydrological cycle
driven not by water, as on Earth, but by hydrocarbons. Itoaphere is often compared to that of
the young Earth, albeit cooled too much lower temperatuw@9(K) than ever found on our planet.
It offers a valuable opportunity to study a high mass atmesplbn a solid-surface planetary body,
and so to advance models of atmospheric circulation, pitatign and seasonal response. Current
observations suggest that Titan has lakes mainly in théaortpolar region and has tropospheric
clouds mainly in the southern middle latitudes and polaiogRecent numerical simulations sug-
gested the lake formation is due to the cold-trapped methacemulated in the polar region, and
predicted prominent clouds will form within about two (Haryears while lake levels will rise over
the next fifteen years due to the seasonally varying solaatiad on Titan. TMT will be a powerful
telescope with which to observe and monitor exciting clineltange on Titan. In particular, the
high spatial and spectral resolution offered by TMT willeaVthe spatial distribution and temporal
variation of methane clouds, and separate the high cloudsrgeed by deep convection from the
low clouds formed over the surface methane reservoirs. V¢berbined with General Circulation
Models, such observations would be essential in underistguide hydrological cycle and seasonal
variation on Titan.

11.3.2 Planetary atmospheres

The TMT with its high spatial resolution brings to the grousaised observer a unique observing
technique long held as only possible from spacecraft thderake planetary limb sounding. The
limb sounding method offers an observer the ability to prabglanetary atmosphere at distinct
tangent points giving remarkable vertical resolution. §éhgypes of observations can be used to look
for vertical variations of the chemical constituents andperature structure. Many of the planetary
scale atmospheric waves are expressed as thermal vasiaticthe background atmosphere. These
waves would be easily observable with the TMT in this limbrsding geometry. As an example,
Mars orbits the Sun at a mean orbital distance of 1.52 AU and ttan be observed as close as
~0.5 AU from the Earth. Looking at shows that the spatial nesoh afforded by the TMT in the
NIR (~1-5um) is more than adequate to resolve the 11 km scale heighé dfititian atmosphere.
At 8 microns, when mapping of the deuterium isotope of hyaro@iDO) and HO-, abundance, the
TMT would offer 20 km spatial resolution to sample the vetiextent of the Martian atmosphere,
> 100 km.

Atmospheric features of the planets change on a range o$¢iates that can be probed using
TMT. For example, Mars experiences global dust storms intiadto its annual cycles of atmo-
spheric freeze-out at the poles. The cloud decks of the glanets evolve in dramatic and unpre-
dictable ways, as recently shown by the emergence of a sipen-on Saturn (Sayanagi et al. 2014).
Multi-wavelength imaging and spectroscopy with TMT willitog capabilities for high-resolution
observations of sudden atmospheric changes that canncatobed by telescopes in space.
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Table 7 Spatial resolution achieved by diffraction limited perfance of the TMT with the use
of AO. For unresolved objects the integration time to aohiawgiven S/N scales as the square of
the ratio of the telescope apertures. For resolved objénetsntegration for a given S/N is the same
for all telescopes with apertures large enough to resolediirce. However, the spatial resolution
scales as the ratio of the telescope apertures.

Spatial Resolution (mas) 7 14 34 55 83 138 193
Wavelength um) 1 2 5 8 12 20 28
Source Radius (km) Spatial Resolution (km)

Distance (AU)

Mars (3390) 2.5 5 12.5 20 30 50 70

~ 0.5

Venus (6052) 5 10 25 40 60 100 140
~ 1.0

lo (1830) 20 40 100 160 240 400 560
~4

Titan (2575) 47 95 240 380 570 950 1330
~ 9.5

Uranus (25 559) 95 190 380 770 1150 1920 2680
~19.2

Neptune (24 764) 150 300 750 1200 1800 3000 4200
~ 30

Pluto (1151) 200 400 990 1600 2400 3900 5500
~ 39.5

11.3.3 Volcanism (lo)

lo is the most active volcanic world in our solar system. ®gaaft imaging shows a world littered
with volcanic eruptions (Fig. 101 and Fig. 102). Currenieggsh has shown that the atmosphere
of lo is supported both by SCrost sublimation as well as SGnd other gasses erupting from the
volcanoes found there. However, the relative dominandeeofirbst or volcanic input is still a subject
of controversy. S@has molecular bands at 7, 8 andir®. At these wavelengths lo can just barely
be resolved by an 8m telescope without AO (the case for TEXES@mini North). However, with
the TMT lo will be resolved by 26 and 10 spatial resolutiomadats across its disk at 7 and 20,
respectively. This will transform the way we study lo.

Eclipse observations, where Jupiter eclipses lo for a feurhapproximately every two days,
also offer another way of testing atmospheric supportpselievents inhibit solar heating required
for frost sublimation. Observing the atmosphere duringpsek will help to see if and how much the
atmosphere condenses onto the cold surface. This proceseber been observed for the primary
atmosphere due to the lack of telescope light collectinggrowltimately, MICHI on the TMT
will be able to measure the spatial variation of 5S@n lo both meridionally (with latitude) and
zonally (with longitude), but critically as a function ofdal time and during Jupiter eclipses that are
both strong functions of frost sublimation, and will allow to determination of how much of lo’s
atmosphere is supported purely by sublimation and how myciolzanic activity.

Additionally, we can expect that individual plumes will becognizable using MICHI as well.
During the New Horizons flyby of Jupiter the volcano Tvashtas imaged with a plume height
varying between roughly 320 and 360 km and a full width of abldl00 km, consistent with the
diameter of the pyroclastic deposits. With spatial resohg ranging from 100 km atdm, 240 km
at 12um and 400 km at 2@um, we should expect to be able to directly measure the cortiposi
volcanoes with TMT and MICHI.
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Fig. 101 Sulphur-covered surface of Jupiter’s satellite lo. Ciactitatures are regions of fallback of
ejecta from active volcanos. No impact craters are visiblieg to the extreme youth of the surface.
lo will fill ~600 TMT pixels at 0.7um, enabling real-time monitoring of activity on this bodyhe
heat source is thought to be tidal flexing by the finite ecdetyrof the orbit, itself a result of a
Laplace resonance between the Galilean satellites.

Fig. 102 Left Visible image of lo and the Tvashtar volcano observed by K@rizons during the
Jupiter flyby in 2007 (Spencer et al. 200Right The same image, but convolved to the spatial
resolution MICHI will have on the TMT at &m.
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Appendix A: ABBREVIATIONS AND ACRONYMS

ACS
ADI
AGB
AGN
ALMA
AO
AU
BCD
BCG
BH
BLR
CARMENES

CMB
CMD
CRIRES
CSPNe
dSphs
DCC
DE
DEIMOS
DSC
ELT
ESO
ESPRESSO

FOV
GPI
GRB
HIA
HIRES
HROS
HST
IFU
IGM
IMBH
IMF

IR
IRIS
IRMOS
IRMS
ISM
ISDT
JWST
KBO
KMTNet
LINER
LMC
LOS
LSB

Advanced Camera for Surveys (HST instrument)
Angular Differential Imaging

Asymptotic Giant Branch

Active Galactic Nucleus
Atacama Large Millimeter/submillimeter Array
Adaptive Optics

Astronomical Unit

Blue Compact Dwarf galaxies

Brightest Cluster Galaxy

Black Hole

Broad Line Region

Calar Alto high-Resolution search for M dwarfs lwixoearths with

Near-infrared and optic&ichelle Spectrographs
Cosmic Microwave Background
Color-Magnitude Diagram

Cryogenic Infrared Echelle Spectrometer (VLT)
Central Star of Planetary Nebula

dwarf Spheroidal galaxies

Document Control Center

Dark Energy

Deep Imaging Multi-object Spectrograph (Keck)
Detailed Science Case
Extremely Large Telescope

European Southern Observatory

Echelle SPectrograph for Rocky Exoplanet Stapkcti®scopic

Observations

Field Of View

Gemini Planet Imager

Gamma Ray Burst

Herzberg Institute of Astrophysics

High Resolution Echelle Spectrometer (Keck)
High-Resolution Optical Spectrometer
Hubble Space Telescope

Integral Field Unit

Inter-Galactic Medium

Intermediate Mass Black Hole

Initial Mass Function

Infrared

InfraRed Imaging Spectrometer

InfraRed Multi-Object Spectrometer
InfraRed Multislit Spectrometer
Inter-Stellar Medium

International Science Development Team
James Webb Space Telescope
Kuiper-Belt Object

Korea Microlensing Telescope Network
Low-lonization Nuclear Emission-line Region actigalactic nuclei
Large Magellanic Cloud

Line Of Sight

Low Surface Brightness galaxies

2117



2118

MBCs
MBH
MCAO
MIR
MIRES
MOAO
MOSFIRE
NASA
NFW
NIRES
NIR
NIRSPEC
NFIRAOS
NOAO
NRC

NSF
NS

PFI
PNe
PSF
QSO
RGB
RV
SAC
SCEXAO
SDI
SDSS
SFR
SKA
SMBH
SNe
S/N
SPIRou
SPHERE
STScl
TDE
TEXES
T™MT
UCI
UCLA
UCSC
UKIDSS
ULIRG
URL
uv
UVES
VLT
WD
WFC3
WFQOS
WMAP
YSO
YMC
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Main Belt Comets
Massive Black Hole

Multi-Conjugate Adaptive Optics
Mid-Infrared

Mid-Infrared Echelle Spectrometer

Multi-Object Adaptive Optics

Multi-Object Spectrometer for Infra-Red Explaoat (Keck)
National Aeronautics and Space Administration
Navarro, Frenk & White (dark matter density profile)
NearInfraRed Echelle Spectrometer

Near Infrared

Near Infrared (echelle) Spectrograph (Keck)
Narrow Field Infrared Adaptive Optics System
National Optical Astronomy Observatory

NAS National Research Council (USA) or National Rese&ouncil
of Canada

National Science Foundation

Neutron Star

Planet Formation Instrument

Planetary Nebulae

Point Spread Function

Quasi-Stellar Object (AGN)

Red Giant Branch

Radial Velocity

Science Advisory Committee

Subaru Coronagraphic Extreme Adaptive Optics
Spectral Differential Imaging

Sloan Digital Sky Survey

Star Formation Rate

Square Kilometre Array

Supermassive Black Hole

Supernovae

Signal-to-Noise Ratio

SpectroPolarimetre Infra-Rouge
Spectro-Polarimetric High-contrast ExoplaneeBeh (VLT)
Space Telescope Science Institute

Tidal Disruption Event

Texas Echelon Cross Echelle Spectrograph
Thirty Meter Telescope

University of California at Irvine

University of California at Los Angeles

University of California at Santa Cruz

United Kingdom Infrared Deep Sky Survey

Ultra Luminous Infrared Galaxy

Universal Resource Locator

UltraViolet

Ultraviolet and Visible Echelle Spectrograph (VLT)
Very Large Telescope

White Dwarf

Wide Field Camera 3 (HST instrument)
Wide-Field Optical Spectrometer

Wilkinson Microwave Anisotropy Probe

Young Stellar Object

Young Massive Cluster
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