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Abstract We developed a new semi-analytic galaxy formation model: Galaxy Assembly with Binary
Evolution (GABE). For the first time, we introduce binary evolution into semi-analytic models of galaxy
formation by using the Yunnan-II stellar population synthesis model, which includes various binary interac-
tions. When implementing our galaxy formation model onto the merger trees extracted from the Millennium
simulation, it can reproduce a large body of observational results. We find that in the local universe, the
model including binary evolution reduces the luminosity at optical and infrared wavelengths slightly, but
it increases the luminosity at ultraviolet wavelengths significantly, especially in Fiyy band. The resulting
luminosity function does not change very much over SDSS optical bands and infrared band, but the pre-
dicted colors are bluer, especially when the Fiyy band is under consideration. The new model allows us to
explore the physics of various high energy events related to the remnants of binary stars, such as type Ia
supernovae, short gamma-ray bursts and gravitational wave events, and their relation with host galaxies in
a cosmological context.
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1 INTRODUCTION

In the framework of ACDM cosmology, semi-analytic
models of galaxy formation effectively simulate the for-
mation and evolution of galaxies, and have played an in-
dispensable role during the building of the current galaxy
formation theory from the early-1990s to 2010s (White &
Frenk 1991; Kauffmann et al. 1999; Springel et al. 2001;
Croton et al. 2006; De Lucia & Blaizot 2007; Guo et al.
2011; Henriques et al. 2015). This method is very success-
ful when used to explore the effect of various physical pro-
cesses on galaxy formation. However, some physical mod-
els still need further investigation, including binary evolu-
tion.

It is well-known that more than ~50% of field stars
and ~70% of stars in massive young star clusters are in bi-
nary systems, with only a relatively small fraction of stars
being single (e.g., Duquennoy & Mayor 1991; Sana et al.
2012). Binary stars undergo many different physical pro-

cesses from single stars, such as mass transfer, mass accre-
tion, common envelope (CE) evolution, collisions, super-
nova kicks, tidal evolution and angular momentum loss.
Such binary interactions change the color and spectral en-
ergy distribution (SED) of the entire stellar population
(Pols & Marinus 1994; Han et al. 2002). Though binary
evolution could influence photometric properties of stel-
lar populations, which will certainly further influence the
properties of galaxies, most existing semi-analytic models
adopt classical single stellar population synthesis models
(SPSMs), such as BCO3 (Bruzual & Charlot 2003), CBO7
(Bruzual 2007) and M0O5 (Maraston 2005).

Another motivation to use the SPSM with binary
evolution is that many high energy astrophysical events
are consequences of binary evolution. For example, short
gamma-ray bursts are thought to be products of double
neutron star (NS-NS) or neutron star-black hole (NS-BH)
mergers (Narayan et al. 1992); supernova Ia events are due
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to white dwarf and non-degenerate companion evolution
(Whelan & Iben 1973) or double white dwarf (WD-WD)
mergers (Iben & Tutukov 1984); and gravitational wave
events are supposed to be triggered by the merger of two
compact objects in binary systems. Furthermore, fast radio
burst events are possibly connected with binary NS merg-
ers (Totani 2013; Wang et al. 2016). With the rapid increase
in the number of detections of such high energy events at a
wide range of redshift, a large sample of such events may
be investigated in a cosmological context in the near future.
Therefore, it is timely to adopt an SPSM with binary evolu-
tion in a galaxy formation model to explore the connection
between such events, and their relationship with their host
galaxies, over the history of the Universe.

In this paper, we have developed a new semi-analytic
model Galaxy Assembly with Binary Evolution (GABE).
The model incorporates many physical recipes from ex-
isting successful semi-analytic models and includes some
new ingredients, for example, adopting an SPSM with bi-
nary evolution—Yunnan-II model and a cooling table of
Wiersma09 (Wiersma et al. 2009) which treats the effect of
photoionization on gas cooling quite carefully. In GABE,
we explicitly track the evolution of binary systems in each
simple stellar population' produced in the formation of
each galaxy in the cosmic background. By recording the
evolution of each binary event, especially its final fate as
a remnant of merging binaries, which are supposed to be
associated with the high energy events mentioned above,
our model is able to predict every such high energy event
in each galaxy across cosmic time.

The structure of this paper is as follows. In Section 2,
we introduce the N-body simulation that we apply in this
work and we describe our galaxy formation model in de-
tail. The results of our semi-analytic models are demon-
strated in Section 3. Finally, we summarize our results in
Section 4.

2 GALAXY FORMATION MODELS

In this section, we describe the N-body simulation and all
of the physical models used in GABE. The physical driving
models for galaxy formation have been developing gradu-
ally in the past decades (White & Frenk 1991; Kauffmann
et al. 1999; Springel et al. 2001; Croton et al. 2006; De
Lucia & Blaizot 2007; Guo et al. 2011; Henriques et al.
2015). In our model, we follow these successes and con-
sider a full set of known physical models for galaxy for-
mation. Apart from these semi-analytic models, cosmolog-
ical hydrodynamic simulation is another method of model-

1 A simple stellar population represents a set of stars which have the
same age and metallicity. “Simple” is used to distinguish it from a so-
called complex stellar population, which is composed of multiple simple
stellar populations.
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ing the formation and evolution of galaxies. Hydrodynamic
simulations have the advantage of being able to reproduce
the physical processes in more detail than the semi-analytic
method, while the latter requires less computational cost
and is therefore more flexible in tuning and testing model
parameters. Cosmological hydrodynamic simulations have
achieved huge successes in recovering galaxies’ statistical
properties in recent years (e.g., Schaye et al. 2015; Nelson
et al. 2018), and there are some works which have suc-
cessfully planted binary evolution into existing hydrody-
namic simulations by post-processes (e.g., Mapelli et al.
2017). However, there is as yet no binary evolution in
semi-analytic models. In this work, by combining binary
SPSMs with semi-analytic models, the calculation of bi-
nary properties of galaxies can be done on-the-fly and will
not be limited by the time resolution of snapshots, which
is more suitable for generating a mock galaxy catalog with
binaries or double compact objects (DCOs) for larger vol-
ume.

In Section 2.1, the N-body simulation utilized in
GABE is introduced. The other subsections describe in de-
tail our galactic formation models. Note that most of the
physical models described in this work are the same as in
Guo et al. (2011), which is a well-accepted semi-analytic
model. Compared with Guo et al. (2011), our modifica-
tions focus on hot gas cooling (Sect. 2.2.2) and SPSMs
(Sect. 2.4.1). In Section 2.2, we describe all physical pro-
cesses involved in the evolution of an isolated galaxy, in-
cluding reionization, gas cooling, star formation, super-
nova feedback, BH growth, active galactic nucleus (AGN)
feedback and bar formation. A subsection on exchanges
of mass, metals and angular momentum follows as a short
summary. We then describe how to treat galaxy mergers in
our model in Section 2.3, and how to calculate galaxies’
luminosity in Section 2.4. Finally, we discuss our model
calibration in Section 2.5.

2.1 N-body Simulation

In this study, we take advantage of dark matter merger
trees from the Millennium-I Simulation (Springel et al.
2005), which is widely employed for studies of galaxy
formation and evolution because of its good combination
of large box size and relatively high mass resolution. Its
box size is Lpox = 685 Mpc and mass of simulation par-
ticle is 1.18 x 10 M. Accordingly, its halo resolution
is 2.36 x 10%° M, which is 20 times the particle mass.
These features ensure the following semi-analytic models
can generate a complete galaxy catalog for galaxies more
massive than ~ 108 M, and suppress cosmic variances
at the same time. The Millennium-I simulation assumes a
WMAPI cosmology with ,,, = 0.25, ), = 0.045, Qx =



Z. Jiang et al.: GABE: Galaxy Assembly with Binary Evolution

075, n = 1,04 = 0.9 and Hy = 73 km s~ * Mpc_l,
which are derived from a combined analysis of the 2dF-
GRS (Colless & et al. 2001) and the first-year WMAP data
(Spergel et al. 2003). The merger trees are built based on
the D-halo catalog (Jiang et al. 2014).

2.2 Evolution of Isolated Galaxies
2.2.1 Cosmic reionization

It is now well accepted that photoheating by ultraviolet
(UV) background significantly lowers gas content in dwarf
sized dark matter halos. Here we use a formula put forward

by Gnedin (2000)
Mo\

a/3 _
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where f¢ is mean cosmic baryon fraction, which is 17%
in WMAPI cosmology, and M is the total halo mass, in-
cluding dark matter and baryons. There are two parameters
in Equation (1): o and M.(z). With larger «, the bary-
onic fraction decreases more rapidly with decreasing halo
mass. M. (z) is the characteristic mass below which halos
only contain less than 50 percent of universal baryon frac-
tion. Here we adopt the latest results from Okamoto et al.
(2008): o = 2; M. ~ 107 h~' M, just after reionization
and M, ~ 6.49 x 10°h=* M at z = 0, as depicted in
figure 3 of Okamoto et al. (2008).

fb(M’Z) = fbc

2.2.2 Gas cooling with background radiation

When gas falls into the potential well of a dark matter halo,
it will be shock-heated. This hot and dense gas will then
cool down by radiating away the energy. If the cooling rate
of the gas is fast enough, gas can cool and condense to the
center of the halo at the free-fall rate. Otherwise, a shock-
front will form and heat the gas to about the virial tempera-
ture of the halo. Because the gas has to cool down before it
can settle down to the central galaxy through cooling flows,
the cooling rate of gas determines the amount of gas that
can settle to the center.

The local cooling timescale of the gas is usually esti-
mated as

T _%n(r)kT
dr/dt - L(r)

where n(r) is the number density of the gas at radius r, and
can be estimated by n(r) = p(r)/pump; p(r) is the local
density of the hot gas, which is assumed to be an isother-
mal profile in our model: p(r) oc r~2; y is the mean molec-
ular mass, and my, is the proton mass; £ is the Boltzmann
constant; 7" is the temperature of gas; L is the cooling rate

per unit volume of gas with a unit of ergs™! cm ™2,

teool (T) (2)
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“Cooling radius,” Rcool, 1S quite commonly used in
many semi-analytic models. For a given dark matter halo,
we follow Springel et al. (2001) to define cooling radius
as the radius within which the gas can cool in a dynamical
timescale, i.e., tcool (Rcool) = tdyn,n, and

Rvir

vir

taynh = = O.lH(Z)il. 3)

If Reool > Ryir, the halo is in the rapid infall regime.
Gas condenses to the halo center at the rate of free fall

Mhot

tdyn,h

Mcool - (4)

If Reool < Ryir, then the shock front forms at Rcoe)
and only the gas inside R..c1 can condense to the cen-
ter. Because the hot gas profile in a halo is assumed to be
isothermal, we have

Mhot Rcool

Mcool = .
tdyn,h Rvir

(&)
The cooling rate £ adopted in many existing semi-
analytic galaxy formation models assumes the collisional
ionization equilibrium (CIE) assumption, which means
the ions and electrons in the gas are in collisional equi-
librium, and background radiation is ignored. With the
CIE assumption, the cooling rate of low density plasma
is simply proportional to the gas density squared: £ =
n2A(Thot, Zhot)- A is the so-called “cooling function” and
has the unit of ergs~'cm?®. A only depends on the tem-
perature and metallicity of the gas and can be conveniently
calculated and tabulated (e.g., Sutherland & Dopita 1993).
However, generally circumgalacitc medium (CGM) is not
in the CIE state. Efstathiou (1992) found that a significant
UV background radiation is already in place while galax-
ies form and can lengthen the cooling timescale of gas.
Wiersma et al. (2009) (hereafter Wiersma09?) provided a
cooling table by quite carefully taking UV background ra-
diation into account. We adopt this table in our model.

When considering UV radiation background, the cool-
ing rate £ is no longer simply proportional to gas density
squared. However, we can still use density squared to nor-
malize the table for easier usage. In Wiersma09, the rela-
tion is £ = n{A(T, Z,npe/nu, nu, 2), where T' and Z
are the temperature and metallicity of gas, respectively, ny
and nye are the number densities of hydrogen and helium,
respectively, and z is the redshift.

The cooling table of Wiersma(09 cannot be easily ap-
plied because of two reasons: (1) The cooling function
depends on local density ny which varies with radius.
Therefore the equation tcooi(r) = tdynh can only be
solved numerically. (2) We use equation (5) in Wiersma

2 The cooling tables are offered on their website: http://www.
strw.leidenuniv.nl/WSS08/.
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et al. (2009) to calculate the cooling function, therefore we
have to look up eight tables to get one cooling rate. This is
extremely time consuming. To overcome these problems,
we simplify the calculation as described in the following
two steps:

(1) We decrease the radius dependence by assuming
the gas has a uniform temperature, metallicity and compo-
sition distribution along radius, i.e. we estimate gas tem-
perature as the virial temperature of the host dark matter
halo, ' = Tyiy = %‘””THVV%T = 35.9(Vair/ km s71)2 K,
and estimate the mean molecular mass and composition
of gas as the fully ionized primordial gas, © = 0.59 and
nHe/nH = 0.083.

(2) With these assumptions, the left side of the equa-
tion fcool = tdyn,n is a function of (7', Z, ny, z), and
its right side is a function of redshift z (as fqynn =
0.1H (z)~1'). We can see that this relation is not halo de-
pendent, which means that we can solve this equation be-
fore running the semi-analytic model and save a lot of
CPU time. Thus, we re-assemble tables of Wiersma et al.
(2009) to a new one, ny crit(7, Z, z). Here ny crit, is the
gas density where tcool (NH,crit) = tdyn,n. To determine
NH,crit, We calculate tco01 at each density bin of Wiersma
et al. (2009), from high density to low density, compare
tcool With tqyn 1, then record the first highest density when
teool = tdyn,h @S MH, crit. This table is pre-made and suit-
able for different situations in the models.

Therefore we only need to look up this table one time
to get the n crit, and we can easily transfer the critical
density into cooling radius by

XMhot 2

Rcool -
47TmpRVi1‘nH,Crit (Thotu Zhot7 Z)

(6

where X = 0.75 is the mass fraction of hydrogen in pri-
mordial gas.

2.2.3 Star formation

As gas condenses to the center of a dark matter halo, it
will form a rotation supported cold gas disk because of an-
gular momentum conservation. If the local density of gas
exceeds a critical value, then stars will eventually form.
The critical surface density at radius r is suggested by
Kauffmann (1996)

V T !
2Cri =12 2 M 727
+(r) <200 km s—1> <1o kpc> ope
(7
where Vi,.x 1s the maximum circular velocity of the dark

matter halo. Integrating ¥.;;(r) from O to three times scale
radius of the gaseous disk, as suggested by Croton et al.
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(2006), the critical gas disk mass reads

Vmax Rdisk as,d
Mepie = 11.5 x 10° 835:¢ ) M,
crit x (200kms1>< 10 kpc ) ©
(8

where Rqjsk gas,d 18 the exponential scale radius of the cold
gas disk. Therefore for disks with Mqisk gas > Merit, @
certain amount of the gas will be converted into stars

MSF,disk =« (Mdisk,gas - Mcrit) /tdynu (9)

where tqyn = 3Rdisk,gas,d /Vinax 1s the characteristic
timescale at the edge of the star-forming disk and « is
the “star formation efficiency,” which is a free parameter.
Here, a fiducial value of 0.02 is adopted.

For cold gas in a spheroid, we use a star-formation
timescale scheme from Benson (2011) to calculate its star
formation rate

MSF,sph = Msph,gas/tsf,sphu (10)

Vipn o
10 [ =—— tayn
<200 km s_l) dy

Vo 15 p
10 [ =22 e 11
<200 km s—l) Viph /) (an

where s spn is the star-formation timescale in the
spheroidal component, Vy, is the characteristic velocity
of the spheroid and Rgpy gas 1S the half mass radius of the
gas in the spheroid.

tsf,sph =

2.2.4 Supernova feedback

Once stars form, they are assumed to follow the evo-
lutionary tracks of the standard stellar evolution model,
become increasingly metal rich, and eventually release a
large amount of mass and energy into their surroundings.
We adopt the instantaneous stellar evolution assumption,
which assumes that stars evolve to their final states (e.g.,
tage ~ 10 Gyr) right after their birth. Compared to the
relatively large timesteps that are implemented in semi-
analytic models, such a simplification is acceptable. A non-
instantaneous scheme is also explored by other authors,
such as De Lucia et al. (2014). During this instantaneous
evolution, we assume 43% of stellar mass is recycled back
to the CGM, and the mass of created metals is 3% of the
initial stellar mass, which is in agreement with the Chabrier
(2003) initial mass function (IMF) that we use.

As stars evolve into their final state, they may instanta-
neously release a large amount of energy into the interstel-
lar medium (ISM) through supernova explosion. During
this process, the ISM temperature may increase and sup-
press further star formation. If the ejected energy is large
enough, some gas may be ejected out of the galaxy. In our
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model, the energy of the supernova is first used to reheat
cold gas back to the hot gas phase. If the temperature of
the reheated hot gas is higher than the virial temperature of
the dark matter halo, the excess energy will be used to put
gas into an ejecta component, called “outflow,” which will
not be able to cool back within a certain timescale.

The amount of reheated cold gas is estimated as

6Mreheat = €reheat X 6MSF7 (12)

—f1
Vmax
0.5 13
* (Vmax,c) ] ’ ( )

where € and 3, are free parameters describing the heating
efficiency of newly formed stars, and Vijax ¢ is a charac-
teristic velocity used to adjust the shape of €;cpeat. We also
make sure that the energy of reheated gas will not be larger
than the energy of the supernova

€reheat = € X

1 1
5Erchcat = §6MrchcatV2 < 6ESN = E(SMSFVSQNv

vir

(14)
where 0 Fyopeat 18 energy of the reheated gas, 0 Esy is the
available supernova energy, Vsn = 630 km s~ ! is the

characteristic wind speed of the supernova. If §Egn >
0 Eoneat, then we use a certain amount of excess energy
to heat more hot gas to virial temperature and include it in
an ejecta component

6cjcct(SEWSN - 5Erchcat
1y/2 ’

2 7 vir

5Mcjcct = (15)

where

€eject = N X
VmaX C

—B2
0.5+ ( Vinax ) 1 (16)

describes the ejection efficiency. We require €gjecy < 1.
Here, 1), B2 and Vjyax ¢ are free parameters.

The ejected gas may return to the hot gas halo due to
gravitational attraction in a dynamical timescale, and be-
come available again for cooling and star formation. The
return rate decreases with halo mass. By following Guo
et al. (2011), we have

y Vvir Mout
Mre urn — — ) 17
’ 7 (220 km s1> (tdyn,h) 17

where M, is the total mass of the outflow, and v is a
free parameter and is set to be 0.3 in our fiducial model. In
the above scheme, supernova feedback is more efficient to
heat the cold gas and suppress star formation in low-mass
galaxies.
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2.2.5 Black hole growth and AGN feedback

Following the first discovery of a BH in M32 (Tonry 1984),
by the end of 2012, 87 more BHs had been discovered
in the centers of galaxies (Kormendy & Ho 2013). More
interestingly, there is a tight scaling relation between BH
mass and stellar mass or velocity dispersion of the bulge
of the host galaxy (e.g., Magorrian et al. 1998; Marconi
& Hunt 2003; Gebhardt et al. 2000), indicating that the
growths of a central BH and the associated bulge are reg-
ulated by each other. A simple way to build this scaling
relation is mass averaging in galaxy mergers (Peng 2007;
Jahnke & Maccio 2011). A scaling relation naturally arises
between them, but only if they both grow mainly through
galaxy mergers. Here we follow the scheme of Croton et al.
(2006) to describe the growth of a BH, in which BH growth
through both mergers and quiet accretion are considered.

In our model, when a galaxy forms, a BH seed is ini-
tialized in the center of the galaxy. The seed may be the
remnant of first stars, with a mass of a few hundred solar
masses. The initial mass of the seed is normally only a tiny
fraction of its later mass because of its rapid growth, thus
changing the initial seed mass almost has no effect on the
evolution of the galaxy. In this model we set the seed mass
to zero for simplicity.

BH growth in Croton et al. (2006) is divided into
two different modes: “quasar” mode and “radio” mode.
The quasar mode accounts for BH growth during mergers,
which will be described later. Radio mode accounts for BH
growth through accreting hot gas

3
MBH - (Mhot/er) ( VVII‘ )

0.1 200 km s—1
M _
(o) Mov a3

where « is a free parameter to describe the strength of ac-
cretion. When baryons fall into BHs, 10% of their rest mass
energy is released to the CGM, heating surrounding gas
and suppressing gas cooling

Eradio = 0.1Mppc?, (19)
Mcool,cﬁ = Mcool - 2Eradio/v2 (20)

MCOOI_’CH' is the effective cooling rate when considering
suppression of AGN feedback.

As Equation (18) demonstrates, the strength of accre-
tion depends strongly on the virial velocity of halos, Vi,
and it is expected that the AGN feedback is more effective

in more massive galaxies.

2.2.6 Bar formation

Not all stellar disks are stable. Toomre (1964) pointed out
that only stellar disks with large radial velocity disper-
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sion can suppress all axisymmetric instabilities, i.e., the
equivalent of pressure resulting from motion must be large
enough to overcome self-gravity and other instabilities. If
the surface density of a galaxy’s stellar disk is high and the
self-gravity overwhelms the pressure, it could be unstable
and may transform to a bar (Christodoulou et al. 1995; Mo
et al. 1998). Efstathiou et al. (1982) used N-body simula-
tions to explore disk instabilities, and derived a criterion to
judge whether an exponential disk is stable. Here we uti-
lize a modified form of De Lucia & Blaizot (2007): the
cold gas disk is unstable if

3Rdisk,*,anQlax
? = Mdisk,*,crit' (21)

Mgssic, >
When a transient bar forms, it will transfer stellar mass
from the inner stellar disk to the bulge. After the transfer,
the disk will be stable again, so we estimate the transferred
mass as Myar = Maisk,« — Madisk, «,crit-
We follow Guo et al. (2011) to determine the radius of
the transferred part, Rpar

Rbar _ R
Mbar :/ Edisk,*,oe Raisk,«,d 21 RAR,
0

=27 X disk,«,02disk, ,d

— Rpar
Ryis
X |:Rdisk,*,d - (Rbar =+ Rdisk,*,d) e Bdisk,x,d

(22)
where Ygisk «,0 1S the central surface density of the stel-
lar disk, and Ry, is the estimated radius of the bar which
can be solved numerically. The mass of the transferred part
is added into the existing bulge and the size of the new
bulge is calculated in the same way as if a merger occurred,
which will be described later.

2.2.7 Exchange of mass, metal and angular momentum

When a galaxy evolves in isolation, all of the physical
models should obey conservation laws, including mass
and angular momentum. Figure 1 presents a cartoon plot
illustrating the complex exchange of baryonic matter in
our model. Below we summarize in detail the migration
of mass, metal and angular momentum between different
phases in our model.

To ensure that the total mass of a galaxy meets a cer-
tain fraction f}, of the host halo mass, we adjust the hot gas
mass as

Mot = foMyir — Maisk,gas — Maisk,

_Msph,gas - Msph,* - Mout - MBH7

and

Mhot Z 0.
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Therefore, the exchange of mass can be described by the
following equations:

5Mhot = Mrcturn + Mrchcat,disk + Mrchcat,sph
_Meject - Mcool,eff - Mradiou

(SMdisk,gas = cool,eff — MSF,disk - Mreheat,disku

dMaisk,« = Msr disk — Mbar,
5Msph,gas = _MSF,sph - Mrchcat,spha
(SMsph,* = MSF,sph + Mbaru

5M0ut = Meject - Mreturnu

5MBH = Mradio-

The ISM of galaxies is enriched by metals released by
stellar winds and supernova explosions. Metal enrichment
was first included into semi-analytic models in White &
Frenk (1991), in which metals are created in stellar evo-
lution and then distributed into other components through
mass transfer. The detailed metal exchange in our models
is summarized as follows:

5Mz,hot = Mz,rcturn + Mz,rchcat,disk + Mz,rchcat,sph
_Mz,eject - MZ,Cool,eff - Mz,radioa

5Mz,disk,gas - Mz,cool,cﬁ' - MZ,SF,disk - Mz,rchcat,disk
+YMsF disks

5Mz,disk,* = Mz,SF,disk - Mz,baru

5Mz,sph,gas = _MZ,SF,sph - Mz,rchcat,sph + szSF,Sphv

5Mz,sph,* = Mz,SF,sph + Mz,bara

5Mz,out = Mz,eject - Mz,returnu

where y, = 0.03 is the so-called *“yield,” controlling the
amount of metals created during stellar evolution. In our
model, for simplicity, we assume the composition of met-
als to be solar value, and do not consider different el-
ements independently. Figure 2 plots the metallicity in
stars and gas as a function of stellar mass at z = 0 in
our fiducial model. Our model agrees well with obser-
vational metallicity for stars. As for gaseous metallicity,
our model is marginally in agreement with Blanc et al.
(2019) for galaxies more massive than 10%-% Mg and is
marginally in agreement with the lower limit of Lee et al.
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Fig.1 A cartoon illustration of the baryonic exchange in GABE. Blue and red lines correspond to the cooling and heating processes in
the evolution of a galaxy, respectively; black lines correspond to stellar or dynamical processes. Solid lines signify physical processes
for galaxy evolution in isolation, described in Sect. 2.2; dashed lines indicate physical processes during galaxy interactions, described

in Sect. 2.3.

(2006) for galaxies smaller than 10°® Mg, but way be-
low the observational result of Tremonti et al. (2004) for
galaxies less massive than 10'* M. This discrepancy be-
tween different observational results is caused by system-
atic uncertainties in the measurement of gaseous metallic-
ity. Kewley & Ellison (2008) demonstrated that depending
on the choice of metallicity calibration, the absolute metal-
licity normalization varies up to 0.7 dex. Lépez-Sanchez
et al. (2012) and Blanc et al. (2019) also demonstrated
there is a discrepancy between different diagnostics, and
which one is preferred has not been conclusively decided
by the community. As illustrated in these equations, the
amount of gaseous metallicity directly relates to galac-
tic cooling, star formation, supernova feedback and AGN
feedback. However, we choose not to use gaseous metallic-
ity as a constraint or calibration for semi-analytic models
before we have a clearer understanding of the systematic
uncertainties in observations.

We follow Guo et al. (2011) and also consider the
angular momentum transfer among different components.
Generally it is assumed that the hot gas shares the same
spin as its host dark matter halo, and the angular momen-
tum of the cooled gas will be transferred into the galaxy
when the stars begin to form. The full exchange of angular
momentum can be summarized as the following:

5Jdisk,gas = Jcooleff — JSF,disk - Jrchcat,disk7

0Jdisk,+ = JSF,disk — Jbars
6Jsph7gas = _JSF7sph - Jreheat7spha
0Jsph,« = JSF.sph + Jbar,

5Jout = chcct - Jrcturn-

The disk density profile is often assumed to be ex-
ponential, and its scale radius is then determined by the
disk’s angular moment. By assuming a flat circular veloc-
ity curve, the disk scale radius of a galaxy can be derived
with

Jdisk,gas
Rdisk,gas,d = ﬁa (23)
max isk,gas
Jdisk, «
Riiskvd = ——————. 24
disterd 2ernaxj\4disk,>k ( )

2.3 Hierarchical Growth

So far, we focus on physical processes of galaxy formation
in isolation. In the standard cold dark matter cosmology,
structure formation is hierarchical, namely small systems
form first, and then merge to form larger and larger sys-
tems. In this section, we will focus on physical processes
relevant to mergers.
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Fig.2 Upper panel: the distribution of stellar metallicity in our
model galaxies as a function of stellar mass at z = 0. The blue
solid line shows the median values, and the light blue area indi-
cates 16th and 84th percentiles. Diamonds with error bars signify
the observational result of Gallazzi et al. (2005) from SDSS/DR2;
and the triangles with error bars mark the observational result of
Kirby et al. (2013), which is derived for local group dwarf galax-
ies. Lower panel: the distribution of gaseous metallicity in the
star-forming galaxies (with specific star formation rate larger than
10~ yr~1) as a function of stellar mass at z = 0. Diamonds
with error bars are the observational result of Tremonti et al.
(2004) from SDSS. Black solid line is their fitting function and
dashed line is the extrapolation to lower mass ranges. Triangles
with error bars are the observational result of Lee et al. (2006)
for nearby dwarf galaxies, and the dotted line is their fitting. The
yellow and red solid lines are the mean value and 1o scatter of
the SDSS high mass sample in Blanc et al. (2019) respectively.

2.3.1 Central and satellite galaxies

When two halos approach closer and eventually merge into
a single halo, the one with larger mass is called the pri-
mary halo, and the smaller one is called substructure of
the primary halo and will eventually be tidally disrupted.
Following Springel et al. (2001), the galaxy in the primary
halo is called central galaxy (“type 0" galaxy), while the
galaxy in the substructure is called a satellite galaxy. If a
satellite galaxy has a host subhalo, then it is called “type
17 galaxy; and if not, it is called “type 2” galaxy. Central
galaxies stay at the center of the primary halo, while satel-
lite galaxies orbit around their main halo and suffer from
tidal stripping, as well as ram-pressure stripping.
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Fig.4 Galaxy stellar mass functions at z = 0. The blue line
shows the result of our fiducial model, and the diamonds with er-
ror bars signify observational result of Li & White (2009), using
SDSS/DR7 data. The lower panel displays the ratios between our
model and the observational results. The black horizontal dashed
line indicates unity.

2.3.2 Tidal and ram-pressure stripping of hot gas

Tidal radius of a galaxy is a scale beyond which all dark
matter and gas get tidally stripped, which can be estimated
as

Mvir

, 25
Myir infall 25)

Rtidal = Rvir,infall
where M. infan1 and Ryiy ingann are the virial mass and ra-
dius of the satellite’s host halo at the infall time?, respec-
tively.

3 We define the moment at which the satellite last passes the virial
radius of its host central halo as the “infall” time.
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In addition to the tidal stripping, the hot gas compo-
nent in satellites suffer ram-pressure stripping due to gas
pressure from the primary halo. While ram-pressure strip-
ping acts on both the hot and cold gas of satellites, in our
model, for simplicity, we only implement this process to
more extended hot gas component. The radius, R, of the
hot gas of a satellite that is stripped by ram-pressure can be
estimated by the balance of the pressure from the primary
halo and the binding energy of the satellite

Psat (Rrp) V\/Qir,sat = peen (Rorbit) V02rbit’ (26)

where peat (Rrp) is gas density of the satellite at R,
Viir.sat 18 the virial velocity of the satellite, pcen (Rorbit)
is the gas density of the central at the position of the satel-
lite, and V,,i4 is the relative velocity between the satellite
and the central. In our model, we adopt the minimum of
[idal, I2rp] to determine the radius beyond which hot gas
from the satellite is stripped

Rstrip = min (Rtidah Rrp) . (27)

2.3.3 Dynamical friction

When satellites orbit their central galaxies, they are
dragged by the surrounding matter due to gravity, gradu-
ally lose energy and angular momentum and will eventu-
ally merge with the central galaxy. This process is called
dynamical friction (Chandrasekhar 1943). Because our
model is based on subhalo merging trees of N-body simu-
lations, whether a subhalo survives in a merger may de-
pend on employed numeric resolution. When a subhalo
loses its identity in a simulation, namely below 20 parti-
cles, it is assumed that the stellar component of the subhalo
(i.e., a type 2 galaxy) will still survive for a while because
the stellar component is more compact than dark matter.
Here we adopt the dynamical friction timescale fitting for-
mula of Jiang et al. (2008) (hereafter Jiang08)

0.9460'60 + 0.60 Mccn 1 Rvir,ccn

2C Mot 1y {14_(%)} A

(28)
where € is the circularity of the satellite orbit, C' = 0.43 is a
constant, M, is the primary dark matter halo mass, Mg,
is the satellite mass, including dark matter halo and stars,
and V% is the circular velocity. Ryir cen/ Ve represents free
fall timescale in Jiang08, thus we use the virial velocity of
central galaxy Vii; cen to estimate V.. The circularity e is
calculated through eccentricity e (Wetzel 2011)

e=+1-e2, (29)

82 — 1+ 2EorbitJorbit (30)
1% (GMcchsat)2 ’

Leric =
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where Eopit and Jobis are the total orbital energy and
angular momentum of a satellite-central system, and p =
MeenMsat / (Meen + Mgat) is the reduced mass.

The dynamical friction timescale is calculated when
the satellite first crosses the virial radius of its primary
halo. After ¢, this satellite will merge into the central
galaxy. This definition of ;. is consistent with Jiang et al.
(2008).

2.3.4 Remnants of mergers

Numerical simulations demonstrate that the remnants of
mergers depend on the orbits and mass ratio of the two
merging galaxies (Kannan et al. 2015). In our model, for
simplicity, we follow White & Frenk (1991) to model the
remnants of mergers based on the mass ratio of merging
galaxies. If the mass ratio fierger = Msat /Meen is greater
than 0.3, then it is called a “major merger,” otherwise it
is called a “minor merger”. For a major merger, all disk
components of both satellite and central are destroyed to
form spheroidal components, including cold gas and stars.
For a minor merger, the smaller satellite will be destroyed
completely in the end. Its gas component is added into the
gaseous disk of the central, and the stellar component is
added into the stellar bulge of the central. In both cases,
the hot gas and outflow component will be simply added
together correspondingly. The metals and angular momen-
tum of each component will also be transferred along with
mass.

2.3.5 Black hole growth in mergers

A very efficient mechanism for the growth of a BH is
through mergers, especially major mergers. BHs accrete
gas more easily (or effectively) in the violent dynami-
cal environment during mergers. Following Kauffmann &
Haehnelt (2000) and Croton et al. (2006), the growth of a
central BH during mergers can be estimated as

Msa
OMpsu = MsHgsat + f (Wc:)

Mcold
1+ (280 km s~/ Vis,)?

; (€29

where Mpy sat 15 the BH mass of the satellite; Mg, and
M.y, are the masses (cold gas and stars) of the satellite and
the central galaxy, respectively; M.q1q is the total mass of
cold gas of two merging galaxies; and V., is the virial ve-
locity of the primary halo. f is a free parameter controlling
the growth rate of the central BH. In our fiducial model,
we use f = 0.03 and can derive the tight relation between
BH mass Mgy and bulge mass Mg, « very well.
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2.3.6 Star burst in mergers

Violent interactions during mergers can compress gas and
trigger star bursts. We adopt the scheme “collisional star-
burst” of Somerville et al. (2001). In the model, the fraction
of gas transferred into stars during a merger is

0.7
Msat )
)
Mccn

epurst = 0.56 ( (32)
where Mo, and Mg, are the total mass (cold gas and
stars) of the central and satellite galaxy, respectively.
Along with the burst, supernova feedback releases a huge
amount of energy. In a major merger, almost all the remain-
ing cold gas is heated into the hot halo, strongly suppress-
ing further star formation.

2.3.7 Bulge formation

Except for material from bar transfer, a galaxy merger is
another important channel for bulge formation. We use the
energy conservation scheme of Guo et al. (2011) to esti-
mate the radius of the newly formed spheroidal remnant

GM? 2 2
C new,bulge :OGMl —|—CGM2

Rncw,bulgc Rl RQ (33)
o GMIM,
inter Rl ¥ sz

where C' = 0.5 is a structure parameter describing the
binding energy of each system; cipter = 0.5 is a pa-
rameter describing the interaction energy between sys-
tems; My, My and M, ew bulge are the masses of progeni-
tor systems and newly formed bulge, respectively; Ri, Ra
and Rpew bulge are the corresponding half-mass radii of
progenitor systems and newly formed bulge, respectively.
Equation (33) is also used to estimate the radius of the rem-
nant after bar formation.

2.4 Luminosity of Galaxies

To compare our model with observations, we need to cal-
culate the photometric properties of our model galaxies
with an SPSM

Ly :10_0~4(A)\,ISM+A)\,BC)

Nsp (34)
X Z MLy i(Zi,t — tiorm,i),
i—0

where L) is the luminosity of a galaxy at wavelength \;
L i(Z,t) is the luminosity of unit solar mass stellar popu-
lation with metallicity Z and age ¢ at wavelength A\, which
is provided by SPSMs; Ngp is the total number of stellar
populations of the galaxy, M, Z; and t¢orm i are the ini-
tial mass, metallicity and formation time of the ith stellar
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population, all of which are recorded during the running of
GABE; A) 1sm and Ay pc are the reddening due to ISM
and birth clouds, respectively, which are provided by dust
extinction models.

2.4.1 Yunnan-II model: stellar population synthesis
model with binary evolution

The SPSMs adopted in existing semi-analytic galaxy for-
mation models are mostly based on single star stellar evo-
lution models, e.g., BC03, BCO7 with TP-AGBs and MOS5.
However more than ~50% of field stars in our Milky Way
are in binary systems. Interactions between stars could pro-
duce some specific objects, such as blue stragglers (Pols
& Marinus 1994) and subdwarf B stars (sdBs, Han et al.
2002), both of which would significantly alter the SED
of the entire stellar population. In our model, we intro-
duce binary interactions into galaxy formation and evo-
lution by using the Yunnan-II SPSM (Zhang et al. 2004,
2005, 2010)*.

Yunnan SPSMs are developed by the Group of Binary
Population Synthesis, Yunnan Observatories, Chinese
Academy of Sciences. The main differences among dif-
ferent versions of Yunnan models include the stellar evo-
lution models, the evolutionary population synthesis con-
struction method and the condition of binary interactions.
The Yunnan-I model (Zhang et al. 2002) was constructed
for stellar populations without binary interactions by ap-
plying the rapid single stellar evolution algorithms (Hurley
et al. 2000) and used the “isochrone synthesis” technique.
The Yunnan-II model was constructed for both stellar pop-
ulations with and without binary interactions by imple-
menting a Monte Carlo simulation and the rapid single
and binary stellar evolution (BSE) algorithms (Hurley et al.
2000, 2002). In their latest version of the Yunnan-II model
(Zhang et al. 2010), the evolutionary population synthesis
models of Han et al. (2007) which included sdBs were also
combined. The Yunnan-III model (Zhang et al. 2013) was
constructed by employing single stars’ evolutionary tracks
obtained from the detailed MESA stellar evolution models
(Paxton et al. 2011). Thus, the Yunnan-II model has a bi-
nary and a single version. The Yunnan-II model with full
binary interactions is called YII-sdb hereafter and the one
which has switched off binary interactions is called YII-ss.
YII-sdb has modeled various binary interactions, includ-
ing mass transfer, mass accretion, CE evolution, collisions,
supernova kicks, tidal evolution, angular momentum loss,
and so on.

Here we briefly describe the initial conditions and
fiducial models adopted in the Yunnan-II model and BSE
algorithm, while more details can be found in their pa-

4 http://wwwl.ynao.ac.cn/~zhangfh/
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pers. In building the Yunnan-II model, first 2.5 x 107 sets
of initial conditions for binary evolution are created us-
ing the Monte Carlo method, including the masses of the
primary and secondary star, orbital separation, eccentric-
ity and metallicities of stars. The initial mass of the pri-
mary is generated by assuming a Chabrier (2003) IMF with
cut-offs of 0.1 M and 100 M, and a uniform initial sec-
ondary over primary mass ratio distribution is adopted. The
initial orbital separation is taken to be constant in loga-
rithm and initial eccentricity is distributed uniformly. In
the fiducial model, 50% of field stars are assumed to be in
binary systems. Actually, if the orbital separation is wide
enough, there would be no interactions between compo-
nent stars and they are effectively single. The stellar evolu-
tionary tracks of generated binaries can be derived though
the BSE algorithm. Most binary interactions are modeled
through a prescription based approach (like galactic evolu-
tion models in semi-analytic models), and the properties of
produced objects are comparable with many observations
(e.g., cataclysmic variables, Algols, double-degenerates,
etc., see section 4.3 of Hurley et al. 2002 for further de-
tails). Some model parameters have a major influence on
the binary evolution, such as the efficiency of CE ejection
acg and Reimers wind mass-loss efficiency 7. acg de-
scribes the efficiency of the orbital energy dissipated by
CE and decides whether the outcome of CE evolution is
a close binary or a coalescence. The fiducial acg in the
Yunnan-II model is 3.0, increased from 1.0, to compensate
the lack of internal energy in Hurley et al. (2002). Mass-
loss is another crucial process in stellar evolution, and its
rate often determines the final state of a binary system. The
empirical formula of Kudritzki & Reimers (1978) is used
and fiducial efficiency 7 is set to be 0.3 according to the
observations of Galactic globular clusters (Iben & Renzini
1983). The influence of input model parameters on the in-
tegrated SED of stellar population was discussed in detail
in section 4 of Zhang et al. (2005). They found that the
differences between models with different parameters are
less than those produced between models with and without
binary interactions.

To explore the influence of binary evolution on the
photometric properties of galaxies, we run our semi-
analytic models with and without binary interactions.
These two runs share the same semi-analytic models’
parameters but adopt different SPSMs, and the compar-
ison between these two runs will be demonstrated in
Section 3.1. Figure 3 shows the magnitudes as a function
of age in YII-sdb and YII-ss for a 1 M, stellar popula-
tion with solar metallicity, and three photometric bands
are shown: GALEX Fyv for UV band, SDSS r for optical
band and 2MASS K for infrared band. In r and K bands,
when considering binary interactions, the stellar popula-
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tion is fainter for stars older than 0.01 Gyr. This effect is
more obvious in K band than in r band. YII-sdb model is
on average ~ (.13 magnitude fainter than YII-ssin K band
and ~ 0.07 magnitude fainter in r band for stars older than
0.01 Gyr. While in UV band, the situation is reversed, and
the stellar population considering binary interactions be-
comes brighter for stars older than ~ 1 Gyr (~ 1.5 mag-
nitude brighter on average). Because of this difference, bi-
nary stars are supposed to be responsible for the UV-excess
in elliptical galaxies (Han et al. 2007). In summary, when
considering binary interactions in an SPSM, luminosity is
a bit fainter in the optical (~ 0.07 magnitude) and infrared
band (~ 0.13 magnitude) but is significantly brighter in the
far UV band (~ 1.5 magnitude).

2.4.2 Dust extinction

We adopt the dust extinction models of De Lucia & Blaizot
(2007), including the extinction by diffuse ISM and birth
clouds around young stars. The two reddening terms in
Equation (34) are modeled as follows.

The reddening of a slab geometry ISM is given in
Devriendt et al. (1999)

A)\.,ISM = — 2.510g10

1 —exp (—v/T —wx%/ cosi) (35)
x VI —wyt%/ cosi ’

where w), is the albedo of dust (Mathis et al. 1983); ¢ is the
inclination angle and can be estimated according to the di-
rection of spin of a gaseous disk assuming the line-of-sight
is along the third axis of N-body simulation; 75 is the mean
face-on optical depth of the average disk at wavelength A

o (A (ZeY
T = AV . Z@

" (36)
H —0.4
. <2.1 X 1021cm—2> (L+2) 7
(Ny) = Maisic gos em™2. (37)

1-4mp7r (G/Rhalf,disk,gas)

The first part of Equation (36) describes the extinc-
tion at the given wavelength relative to the extinction at
5500 A(Mathis et al. 1983); the second part represents the
dependence of extinction on gas metallicity (s = 1.35 for
A < 2000Aand s = 1.6 for A > 2000 A, Guiderdoni &
Rocca-Volmerange 1987); the last part corresponds to the
dependence on redshift (Guo & White 2009). (Ny) is the
mean H column density and @ = 1.68 in Equation (37).

The reddening for the birth clouds around young stars
is given in Charlot & Fall (2000) and De Lucia & Blaizot
(2007)

A)\,BC = —2.510g10 G_TA’BC, (38)



151-12

00 [ T T T T
Guo10
05 ---- Moster13 |
~r el e - Behroozi13 |

-1.0f

-1.5}

l0gso(M/M,;/f;°)

25}

-3.0L: ‘ ‘ ‘ ]
10 11 12 13 14 15
l0go(M,;i{Mdl)

Fig.5 Relation between central galaxy stellar mass and host halo
mass. The blue solid line shows the mean value in each mass bin
for central galaxies in our fiducial model. The light blue shadow
indicates 16th and 84th percentiles. Black lines signify results
from subhalo abundance matching models (dotted, Guo et al.
2010; dashed, Moster et al. 2013; dot-dashed, Behroozi et al.
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where p1 is a random number drawn from a Gaussian distri-
bution with mean 0.3 and standard deviation 0.2, truncated
at 0.1 and 1 (Kong et al. 2004).

2.5 Model Calibration by Observation

In our whole set of physical models, a few parameters
are set free and need to be calibrated according to ob-
servational data. Similar to Croton et al. (2006) and Guo
et al. (2011), we have nine free parameters in our models
which are summarized in Table 1. We adjust these param-
eters within the plausible ranges provided by Croton et al.
(2006) to fit the stellar mass function at z = 0, and simul-
taneously to obtain a reasonable Mg, « — Mpg scaling
relation and stellar disk sizes. The fiducial values of these
parameters are listed in Table 1. By adopting these fiducial
values and YII-sdb, we are able to build our fiducial model.

Figure 4 presents galaxy stellar mass function at z =
0 in our fiducial model. We can see that the predicted
stellar mass function agrees very well with the observa-
tional result of Li & White (2009). Only at the most mas-
sive end, with M > 10! M, is the number density
slightly higher than observation. To have a better under-
standing of the inconsistency, we plot the stellar mass of
central galaxies against their host halo mass in Figure 5.
Compared to subhalo abundance matching results of Guo
et al. (2010), Moster et al. (2013) and Behroozi et al.
(2013), our model predicts too massive galaxies in halos
> 10'3-5 M. Tuning parameters in the reasonable range
can only improve the situation. Note, such an excess at the
most massive end also exists in other semi-analytic mod-
els, such as Croton et al. (2006) and Guo et al. (2011).
However, more recent semi-analytic models seem to be
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Fig.6 The relation between BH and stellar bulge masses at
z = 0. The blue line shows median values of our fiducial model,
and the light blue shadow indicates 16th and 84th percentiles.
The black diamonds with error bars are the observational result
of Hiring & Rix (2004). The gray filled cycles with error bars
signify the observational result of Scott et al. (2013).
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Fig.7 The distribution of half mass radius of stellar disks for late
type galaxies (Maisk, « / (Maisk,« + Mspn,«) > 0.8) as a function
of stellar mass in our fiducial model. The blue solid line repre-
sents the median values of our model galaxies, and the light blue
shadow indicates 16th and 84th percentiles. The black solid line
signifies the fitting formula of the observational results from Shen
et al. (2003), and the dashed lines show 1o scatters.

able to overcome this problem with improved AGN feed-
back models (Croton et al. 2016 and Henriques et al. 2015).
We will explore this aspect in our future work.

Figure 6 depicts the BH to stellar bulge mass scaling
relation in our fiducial model. Our results agree well with
the observations but display slightly smaller scatter than
observations. This is acceptable given the fact that the sys-
tematic errors of the observation are large.

Figure 7 is the distribution of the half mass radius of
stellar disks for late type galaxies in our fiducial model.
Our model’s prediction is shown as the blue solid curve,
while the observational data from Shen et al. (2003) are
presented as the black solid and dashed lines. Again, the
radius of stellar disks in our model agrees well with the
observational data in most of the mass range. There is a
slight disagreement at the small mass end, which is accept-
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Table 1 Free Parameters in GABE and Their Fiducial Values
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Parameter Description Fiducial Value
« Star formation efficiency, Equation (9) 0.02
€ Amplitude of supernova reheating efficiency, Equation (13) 6.5
51 Slope of supernova reheating efficiency, Equation (13) 3.5
n Amplitude of supernova ejection efficiency, Equation (16) 0.32
B2 Slope of supernova ejection efficiency, Equation (16) 35
Vinax,c Characteristic Vmax in supernova efficiency, Equation (13) and Equation (16) 90 km s—!
¥ Outflow return efficiency, Equation (17) 0.3
f BH growth efficiency in mergers, Equation (31) 0.03
K Quiescent BH accretion rate, Equation (18) 8.64 x 10™4
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Fig.8 The luminosity function of galaxies at z = 0 in the SDSS g, r, i and z bands. The red and blue lines signify results with Yunnan-
II SPSMs YII-sdb and YII-ss) respectively. The diamonds with error bars indicate the observational result from SDSS/DR2 (Blanton
et al. 2005). In each panel, the ratio between two Yunnan-II models and the ratio between SDSS and YII-sdb results are displayed at

the bottom.

able given the fact that the uncertainty in measurement of
galaxies size is also large at this mass scale.

3 RESULTS
3.1 The Influence of Binary Evolution

In the following, we examine the influence of adopting
Yunnan-II SPSM on the galaxy luminosity function at dif-
ferent bands and galaxy colors.

3.1.1 Luminosity functions

In Figure 8, we present the luminosity function of galaxies
at z = 0 in the SDSS g, r, i and z bands. The results with
YII-sdb and YII-ss are shown as blue and red lines, respec-
tively, while the observed data from SDSS are marked as
diamonds with error bars. The ratio of the observed data

or the YII-ss over YII-sdb model is displayed in the bot-
tom panels. We see that the luminosity functions in both
models agree well with the observational result over most
magnitude scales. At the brightest end, the model predic-
tion is higher than the observational data. Cosmic variance
could be partly responsible for that. At the faint end with
M > —18, our model prediction is lower than the ob-
servations because the resolution is not enough for these
faint galaxies in the Millennium simulation. Furthermore,
in all bands, the difference between two Yunnan-II mod-
els is very tiny at the faint galaxy end (less than 10%),
but the difference can be 20% ~ 50% for galaxies above
the character luminosity (the “knee” of luminosity func-
tion). Binary interactions have a similar behavior for galax-
ies’ luminosity and simple stellar population (as shown in
Fig. 3). They make galaxies fainter in all optical bands,
hence they lower the luminosity function. In addition, this
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Fig.9 In the top panel, the luminosity function of galaxies in our
fiducial model at z = 0 in the GALEX Fyv band and 2MASS
K band are presented as solid and dashed lines respectively. The
two Yunnan-II SPSMs models, YII-sdb and YII-ss are indicated
as blue and red, respectively. The ratio of the results from two
SPSMs models is presented in the bottom panel.

Fuv magnitude

K magnitude

8 9 10 1 12
log;o(M-[Mgl)

Fig.10 The luminosity of our model galaxies in Fyyv and K
bands is presented as a function of the stellar mass in top and
bottom panels respectively. The median values in each mass bin
from two Yunnan-II models, YII-sdb and YII-ss), are shown as
blue and red respectively. The results from different redshifts
z = 0,3.06,7.27 are signified with solid, dashed and dotted
curves respectively. The blue shaded regions indicate 16th and
84th percentiles for the YII-sdb model at z = 0.

effect becomes a bit more obvious at longer wavelengths.
After considering binary interactions, the average shifts of
luminosity functions along the z-axis are 0.10, 0.14, 0.15
and 0.16 magnitude for g, r, i and z bands respectively.

As depicted in Figure 3, the evolution of a simple
stellar population with two Yunnan-II models only differs
from each other by ~ 0.07 magnitude in optical bands,
which agrees with what we see in Figure 8. In addition,
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it is expected that the difference would be larger in K
band and Fyvy band, especially when the population gets
older. Therefore, we checked that in Figure 9, in which
we presented the luminosity function of galaxies from two
SPSMs models in GALEX Fyv band and 2MASS K band
with solid and dashed lines, respectively. The ratio of the
two models is also presented in the bottom panel. In Fyv
band, the results of the binary evolution model YII-sdb are
always higher than those of YII-ss, which indicate galax-
ies get brighter if the binary evolution is included. The sit-
uation is reversed in K band. Galaxies with binary evolu-
tion become fainter, as what we see in the optical bands,
but more obvious. After considering binary interactions,
the average shifts of luminosity functions along x-axis are
—0.20 and 0.18 magnitude for Fyy and K bands respec-
tively.

To further understand the difference in the luminos-
ity function between the two Yunnan-II models described
above, we explore the relation between galaxies’ magni-
tude and their stellar mass in the Fyyv and K bands for
two Yunnan-II models in the upper and lower panels of
Figure 10 respectively. It is notable that, for a given stellar
mass in a galaxy, the Fyy luminosity is always brighter
when the binary evolution is considered. In particular, for
galaxies with a stellar mass of ~ 10'0° My at z = 0,
the difference is significant and reaches ~ 1.5 magni-
tude. This overall excess originates from binary interac-
tions, which will bring about an excess in the Fyyv band
in old stellar populations. We have checked to make sure
that most of this excess is contributed by early type galax-
ies, and the Fyvy luminosity of late type galaxies is less
influenced by binary interactions. The results at redshift
z =0,3.06, 7.27 are also shown by different types of lines.
Itis obvious that the difference is smaller at higher redshift.
This happens because the difference between two SPSMs
becomes larger when the populations in galaxies get older.
The results are reversed for K band in the bottom panel.
The K magnitude in YII-ssis always brighter than that with
binaries considered for all mass scales and redshifts. The
suppression of the formation of red giants by the interac-
tions in binaries is supposed to be responsible for this.

In summary, the inclusion of binary evolution will sup-
press the galaxies’ luminosity in optical and infrared bands
(SDSS bands and 2MASS K band) slightly, but will in-
crease the luminosity at the UV band significantly. The
displacements of luminosity function along magnitude are
0.10 ~ 0.16, 0.18 and —0.20 in SDSS bands, K band and
Fyv band respectively. However, given the big scatter in
the models (blue shaded region in Fig. 10) and the huge
uncertainties in the observations, the difference between
the two SPSMs models is still not distinguishable in the
current observational data.
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Fig.11 (u - i) color distribution of our model galaxies in different stellar mass ranges. The results of Yunnan-II models, YII-sdb and

YII-ss, are presented as red and blue lines respectively.
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Fig.12 (Fuyv - K) color distribution of our model galaxies in different stellar mass ranges. The results of Yunnan-II models, YII-sdb

and YII-ss, are presented as red and blue lines respectively.

4.0f — NS-NS ]
—— NS-BH 1
— BH-BH 1

35F
3.0f
2.5F

2.0f

10g;o(NpcolcMpc™))

1.5}

1.0t ]
1 10
14z
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ume of DCOs (including NS-NS, NS-BH and BH-BH) as a func-
tion of redshift in our fiducial model. Different colors show re-
sults for different DCOs as indicated in the label.

3.1.2 Color distribution

Furthermore, we checked the color index u - i distribu-
tion of our model galaxies in different stellar mass bins

in Figure 11. The results from two SPSMs models, YII-
sdb and YII-ss, are presented with blue and red solid
curves respectively; and the observational data from SDSS
are shown as black dashed curves. Generally, our fidu-
cial model with YII-sdb can recover bimodality of the
color distribution in SDSS data in the stellar mass range
[109-9,1019%] M. But at the massive end, our model pre-
dictions are bluer than observations, and at the faint end,
our model galaxies are redder than the observed result.
As Henriques et al. (2015) pointed out, to get the correct
prediction on the color distribution, some physical mod-
els need to be updated or even some new physics may be
needed. Moreover, the galaxies in YII-sdb are ~ 0.1 bluer.

Because the influences of binary evolution on galax-
ies’ flux in Fyy and K band are bigger, it is supposed
that the color index between these two bands will change
significantly when the binary evolution is included. In
Figure 12, the color index Fyv—K is presented for both
Yunnan-II models. The bimodality feature is apparent.
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With binary evolution, the blue peak is shifted towards the
blue end by ~ 0.4, and the red peak is shifted towards
the blue end by ~ 1.6, which is three times larger than
the blue peak. The galaxies in YII-sdb are brighter in Fiyv
band because of the existence of hot stars, so they have
smaller Fiyy—K and are shifted to the left in every panel
compared to the model prediction of YII-ss. The red peak
corresponds to old galaxies which are influenced substan-
tially by binary evolution in Fiyy band (as shown in Fig. 3),
thus shift of the red peak is much larger than that of the
blue peak. If the observational Fi;y magnitudes could be
constrained better in the future, it is very promising that we
will be able to tell the difference between these two model
predictions with the observations.

3.2 Remnants of Binary Evolution

The remnants of the evolution of binary stars (e.g., NS-
NS, NS-BH, BH-BH) are thought to be associated with
many high energy events, such as type la supernovae, short
gamma-ray bursts, kilnovae and gravitational wave events.
In our model, using Yunnan-II binary SPSM, we are able to
study these remnants in a cosmological context. For exam-
ple, in Figure 13 we show the cosmic number density of
DCOs, i.e., NS-NS, NS-BH and BH-BH as a function of
cosmic time. With the number density and merger rate of
these DCOs, we could study some high energy events as-
sociated with mergers of them, such as gravitational wave
signals, kilonovae, short gamma-ray bursts, etc. We will
present these results in our forthcoming papers.

4 CONCLUSIONS

In this work, we develop a new semi-analytic galaxy for-
mation model GABE. This model is based on merger trees
provided by cosmological N-body simulations. It incorpo-
rates many physical recipes from existing successful mod-
els and also includes some new ingredients. For example, it
adopts Yunnan-II SPSM which carefully considers binary
evolution, and a cooling table, which properly takes into
account UV heating.

When calibrating our model to the observed stellar
mass function, our model reproduces a large body of ob-
servations. We explore the influence of the Yunnan SPSM
model with binary evolution on the galaxy luminosity
function and color. Our finding is that, with binary SPSM,
the influence on luminosity is quite small over different
SDSS bands, and is more substantial in the infrared band
and the UV band. The shifts of luminosity function along
magnitude after considering binary evolution are 0.10 ~
0.16, 0.18 and —0.20 magnitude in SDSS bands, K band
and Fyv band respectively. Galaxies appear to be bluer
with binary evolution, especially when Firy band is under
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consideration. The shift of u - i color index is about —0.1.
The shift of the blue peak of ;v — K color index is about
—0.4, and the shift of the red peak is about —1.6, three
times larger than the blue peak.

This is the first paper in our series of works. We have
used GABE to simulate the gravitational wave signals of
supermassive BHs in Wang et al. (2019). The new feature
of our model allows us to predict the population of DCOs
(e.g., NS-NS, NS-BH and BH-BH) which are expected to
be associated with some high energy events in a cosmo-
logical context. For example, the short gamma-ray bursts
are expected to be products of NS-NS or NS-BH mergers,
and gravitational wave events are supposed to be generated
during mergers of two compact objects in binary systems.
In addition, we will be able to explore the relationship be-
tween these high energy events and their host galaxies. We
will present these studies in our future works.
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