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Abstract The thermal history of cosmic gas in the dark ages remaiggaunknown. It is important to
qguantify the impact of relevant physics on the IGM tempeamatetween: = 10 andz ~ 30, in order

to interpret recent and oncoming observations, includasylts reported by EDGES. We revisit the gas
heating due to structure formation shocks in this era, usisgt of fixed grid cosmological hydrodynamical
simulations performed by three different codes. In all aomaations, the cosmic gas is predicted to be in
multiphase state since> 30. The gas surrounding high density peaks gradually developkation more
sharp tharl’ « p?/2, approximatelyl’ « p?, from z = 30 to z = 11, might be due to shock heating.
Meanwhile, the gas in void region tends to have a large loattvhumber, and their thermal state varies
significantly from code to code. In the redshift rarige— 20, the mass fraction of gas shock heated above
the CMB temperature in our simulations is larger than presigemi-analytical results by a factor of 2 to 8.
At z = 15, the fraction varies from- 19% to 52% among different codes. Between= 11 andz = 20,

the gas temperatUI(é/TKm1 is predicted to be- 10 — 20 K by two codes, much higher than the adiabatic
cooling model and some previous works. However, in our satihs performed by RAMSES‘@[/T@&1

is predicted to be even below the temperature required taiexgesult of the EDGES. Given the fact that
different codes give different predictions, currentlys@gems a challenge to make solid prediction on the
temperature of gas at~ 17 in simulations.

Key words: cosmology: theory — dark ages, reionization, first stars 4axdgas: high-redshift — inter-
galactic medium

1 INTRODUCTION revealed most of the intergalactic medium (IGM) and their
properties in the range df < z < 5.5 (Gunn & Peterson

In the ACDM cosmology, the baryonic matter accounts1965; Cen et al. 1994; Hu et al. 1995; Rauch et al. 1997).
for around5% of the mass budget of the universe, based"though as much as- 30% — 40% of the baryons have
on observations including the cosmic microwave backNOtPeen observed at<1 (Shull etal. 2012), numerical
ground, supernovae, and galaxy clustering (e.g., PIanc_?('mUIat'onS predict that those missing baryons _shoulq be
Collaboration et al. 2014). Despite the small mass fractiof! the state of Warm and Hot IGM (WHIM), residing in
that baryons contribute, their states are crucial to our unfilamentary structures (Cen & Ostriker 1999; Dave et al.

derstanding of the universe as almost all of the observeC01: Cui et al. 2019). Many observational methods have

light comes from baryons. The properties of the baryons Sl;)een proposed and some experiments are being conduct-

ince the completion of re-ionization have been comprehen(?(_j to search the WHIM (Bregman 2007; McQuinn 2016;
sively investigated by many theoretical and observationd|Vcastro et al. 2018).

works. The Lyman lines in the spectrum of quasars have
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On the other hand, the properties of IGM during re-when the Lyman-alpha and X-ray heating by stars may
ionization and at even earlier times, i.e., in the redshifibe weak, there exists a notable difference on predicting
range ofl0 < z < 100 — 200, remain largely unknown. So the impact of structure formation shocks on the heating of
far, a general sketch of the thermal evolution of the IGMbaryonic gas in previous works. Order of unity differences
in this era has been outlined by some theoretical studiesan be found in the literature.

After the thermal decoupling from the CMB photons at  Using cosmological hydrodynamical simulations,

z ~ 200, the baryonic gas is anticipated to firstly cool a- Gnedin & Shaver (2004) demonstrated that gas heating at
diabatically as” « (1 + z)~2. Later on, the collapse of z ~ 10 — 17 was mainly due to structure formation shock-
structures would reheat the cosmic gas. Shocks generatedBased on an analytic model, Furlanetto & Loeb (2004)
by structure formation can effectively transform the kinet predicted that aroundi0% of the gas is heated by large-
energy to internal energy and further contribute to the rescale structure shocks in the redshift range< » < 20,
heating of gas (Sunyaev & Zel'dovich 1972; Furlanetto & and the mass weighted mean temperature of shock heat-
Loeb 2004; Gnedin & Shaver 2004; Furlanetto et al. 2006ed gas increase from 200 K at z = 20 to ~ 5000 K
McQuinn & O’Leary 2012). Also, the emergence of theat = = 10. Using a semi-analytical model, Furlanetto et
first generation of stars and galaxies would gradually proal. (2006) further estimated that about %, 3%, 25%
duce radiation background that lead to the re-ionization obf the gas would be shock heated to above the tempera-
the IGM atz < 10 — 30. In addition, it has been pro- ture of CMB at redshif80, 20, 10, respectively. McQuinn
posed that in the early universe the cosmic gas moves s8- O’Leary (2012) used two different hydro-dynamical
personically with respect to the dark matter, and the initiacodes, GADGET and Enzo, to quantify the impact of shock
velocity differences would also trigger shocks and rehealeating on the thermal history of the cosmic gas. They
the baryons (e.g., Tseliakhovich & Hirata 2010; O’Learyfound that the gas temperature in their simulations deviate
& McQuinn 2012). from the adiabatic model by 5% — 20% in the redshift

Redshifted 21 cm observations have long been prof@ngel0 — 20. However, in disagreement with Gnedin &
posed to be a probe of the properties of the cosmic gas mnaver (2004), they found that gas heating due to structure
the pre-reionization era (e.g., Madau et al. 1997). Very reformation shocks is not the dominant, the Compton heat-
cently, Bowman et al. (2018) report their result from thelng is equally important. In addition to the discrepancies
Experiment to Detect the Global Epoch of Reionizationdiscussed above, the properties of the structure formation
Signature (EDGES), claiming the detection of a strong o1shocks at high redshifts, such as the spacial distribution,
cm absorption signal with respect to the CMBzat 17. statistics of Mach number and frequency, have been less
Bowman et al. (2018) conclude that in order to explain thdackled in the literature. _ o
EDGES features, the temperature of g&s should be less Considering the significant discrepancies discussed
than 3.2 K if the spin temperature of hydrogen s fully cou-aP0Ve, in this paper, we revisit the heating of the IGM
pled to 7, and the radiation temperature is solely deter Dy structure formation shocks at high redshifts with cos-
mined by CMB. Such a gas temperature is colder than thEl0logical hydrodynamical simulations. The organization
expected value in adiabatic cooling scenario, i.e., 9.3 K a®f the paper is as follows. We introduce our simulation
» = 20,and 5.4 K at: = 15. Alternatively, the tempera- Methods and details in Section 2. The thermal state of
ture of background radiation temperature should be hottdfSM and the properties of shocks in the redshift range of
than expected. Interactions between baryons and dark mal < # < 30 in our simulations are presented in Section 3.
ter (Barkana 2018), as well as several other mechanisnfdnally, we summarize our findings and discuss our results
have been proposed to interpret the EDGES signal (e.? Section 4.

Feng & Holder 2018).

For an accurate model that can explain the strong abz— CODESAND SIMULATIONS
sorption reported by EDGES, a precise knowledge of the 1 cqges
gas temperaturg, is needed. The spin temperature of hy-
drogen is coupled to the gas temperature via atomic coburing the dark ages, gas temperature was quite low due
lisions or the Wouthuysen-Field effect. However, as mento the expansion of the universe. As a result, when gas
tioned above, the IGM temperaturezat- 20 is subjectto  moves from under-dense to over-dense regions, it is easy
multi-physical processes. Currently, there are many unceand common to become supersonic. It has been a long s-
tainties in those processes. For instance, the formatidn artanding problem to resolve such gas dynamics accurate-
evolution of the first generations of stars have significanty in cosmological hydrodynamical simulations, which is
impact on reheating the cosmic gagat~ 10, while they  called the high mach problem. More specifically, as the in-
are poorly constrained. Even at high redshiftss~ 10  ternal thermal energy is much smaller than the kinetic ener-
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gy for supersonic flow, small numerical errors on the total2.2 Simulations
energy and kinetic energy can lead to the thermal energy,
and the gas temperature changing significantly. Therefor&Ve perform two sets of cosmological hydrodynamical sim-
high precision hydrodynamical solvers are needed to tracélations with three codes introduced in the last subsection
gas motion. In this study we choose two types of numeriOne set is non-radiative, and the other set includes radia-
cal schemes to solve hydrodynamical equations to see hatiye processes, namely, the Compton heating and cooling
results are sensitive to different numerical schemes. ©ne by CMB photons, and a uniform UV background extrapo-
the Pieceweise Linear Method (PLM), which is a second/ated from Haardt & Madau (1996), and radiative cooling.
order Godunov method (Toro 1997). For this scheme, w&or the latter set, the UV background is switched on at
adopt a popular grid-based cosmological hydrodynamical = 15, and the radiative processes are modeled by fol-
simulation code RAMSES (Teyssier 2002). RAMSES us/owing Theuns et al. (1998) assuming a pristine gas com-
es a “one-way interface” scheme to solve the Poisson grosition (X = 0.76,Y" = 0.24). Note, physical parameters
quation to obtain the gravitational potential at grids. Mor related to the Compton process, UV heating and radiative
specifically, the Poisson equation is solved with the Gausgs00ling are set to be the same in three different codes.
Seidel (GS) relaxation method. For more details of the  We evolve all our simulations in a periodic cubic box
code, we refer the reader to Teyssier (2002). The othewith a side lengtt25 ~h~! Mpc. Comparing to two simi-
scheme used in this study is the fifth order weighted eslar studies in terms of the simulation volume, ours is larger
sentially non-oscillatory (WENO) scheme first develope-than Gnedin & Shaver (2004) but is smaller than McQuinn
d by Jiang & Shu (1996). The WENO scheme has bee@ O’Leary (2012). For the non-radiative runs, we evolve
implemented in a cosmological simulation code WIGEONsimulations with a number df12? grids and dark matter
(Feng et al. 2004), which uses standard particle mesh (PMjarticles respectively. For the radiative cooling simiolat
method to solve the gravitational potential. s, we run with three different resolutions to probe the dffec
of resolution. One with the same resolution as the non-
Note, in addition to the hydrodynamical solver, thereragiative run and the other with eight times higher/lower
exist other differences between RAMSES and WIGEON eso|ution, i.e.]10243/256° grids and particles. The spacial
For instance, the Poisson equation solver, and the treafng mass resolution apg.4 ;! kpc and1.30 x 105 My,
ment of source terms in the right hand of hydrodynamiyegpectively for our highest resolution runs. The physics
cal equations are not completely consistent with each othgng parameters of our simulations are listed in Table 1. All

er; both codes also adopt different temporal discretipatio simylations adopt the Planck cosmology, i(&,, = 0.317,
schemes. Therefore, any difference between simulationg, — 0.683, » = 0.671, 05 = 0.834, 0, = 0.049, and

run with these two codes will be the result of the combined,  — (.962 (Planck Collaboration et al. 2014). All our

factors. In order to make a more direct comparison of hysimulations are started from= 99 and evolved ta: = 0.

drodynamical schemes, we introduce the third code whickne injtial gas temperature of all simulations is set to be
solves the hydrodynamics with PLM method and useshe same, i.eT}(z = 99) = 152 K.

second-order midpoint time integration as in RAMSES,

while the gravity solver and the treatment of sources terms

related to gravity in hydrodynamical equations are identi-3 RESULTS

cal to WIGEON. We denote this code as ‘PLM-PM’ in the

following context. 3.1 Evolution of GasPhasesin (p,T') Space

To prevent the gas temperature and density artificialWe start our analysis from the thermal history of the gas
ly falling below zero in numeric, we adopt the positive p- in the non-radiative simulations. In these simulations, th
reserving WENO scheme in WIGEON. The scheme wagas is only heated by gravitational collapse of structure
first introduced by Zhang & Shu (2012), and its perfor-formation. In the left panel of Figure 1 we show the
mance on cosmological simulations was discussed in Zhuolume-weighted distribution of cosmic gas in the density-
et al. (2013). For RAMSES and PLM-PM, a method simi-temperature phase plane at redshift= 30, 20, 15, 11.
lar to Bryan et al. (1995) is used to avoid negative energyApparently, the gas in all the three simulations starts to de
Namely, both the total and the internal energy of gas atelop to a multi-phase state at> 30, because of the com-
each grid cell is tracked and updated at each time step dulbined effects of heating by structure formation shocks and
ing the entire simulation. In addition, floors of gas densitycooling by cosmic expansion. The evolution of the density-
and temperaturey, foor = 10712, Thoor = 10712, are  temperature plane predicted by three codes show evident
enforced in our simulations run with RAMSES and PLM- differences. The distribution of gas in the simulations run
PM. with WIGEON and RAMSES is moderately more extend-
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Table 1 The simulations performed in this work. The side length dficioox is25 ' Mpc for all the simulations.

simulation hydro solver heating, cooling grids/particlesdark matter particle mass
WIGEON-ada-512 WENO adiabatic 5123 1.0 x 107 Mg
PLM-PM-ada-512 PLM adiabatic 5123 1.0 x 107 Mg
RAMSES-ada-512 PLM adiabatic 5123 1.0 x 107 Mg
WIGEON-uvc-256 WENO Compton, UV, cooling 2563 8.2 x 107 Mg
PLM-PM-uvc-256 PLM Compton, UV, cooling 2563 8.2 x 107 Mg,
RAMSES-uvc-256 PLM Compton, UV, cooling 2563 8.2 x 107 Mg,
WIGEON-uvc-512 WENO Compton, UV, cooling 5123 1.0 x 107 Mg
PLM-PM-uvc-512 PLM Compton, UV, cooling 5123 1.0 x 107 Mg
RAMSES-uvc-512 PLM Compton, UV, cooling 5123 1.0 x 107 Mg
WIGEON-uvc-1024 WENO Compton, UV, cooling 10243 1.3 x 108 Mg
PLM-PM-uvc-1024 PLM Compton, UV, cooling 10243 1.3 x 10% Mg
RAMSES-uvc-1024 PLM Compton, UV, cooling 10243 1.3 x 108 Mg
WIGEON-ada-512 PLM-PM-ada-512 RAMSES-ada-512 WIGEON-uvc-512 PLM-PM-uvc-512 RAMSES-uvc-512
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Fig.1 Left The volume-weighted distribution of the cosmic gas in thagity-temperature plane at redshif 20, 15, 11 in our non-
radiative simulations; Left, middle and right columns icatie simulations run with WIGEON, PLM-PM, and RAMSES, regpely;
Dotted-dashed lineg each plot indicate the CMB temperature at correspondaushifts;Dashed linesndicate the expected gas
temperature due to expansidight same as the left panel, but for simulations including Camgrocess, a uniform UV background,
and radiative cooling.

ed in(p,T) space than that in the one run with PLM-PM gravitational sources terms is crucial to precisely captur
along. the state of gas at high redshifts.

The different gravity and hydrodynamical solvers The horizontal dotted-dashed lines in each plots indi-
should have led to different paces of structure collapse;cate CMB temperaturélt,g). Dashed lines indicate the
and differentintensities of shock heating in differentesd expected gas temperature due to cosmic expansion, denot-
We show the density power of both dark matter and gas ied asT,4.. At z = 30, a considerable fraction of gas is
Appendix A. Notable discrepancies can be observed at $teated abové, 4, in all the three codes. Meanwhile, little
cales~ 1 Mpc atz = 11. Giving the high mach properties gas is heated aboV&-\g in WIGEON and PLM-PM. In
of gas at this era, the accuracy on gas motions and enesamples run with RAMSES, however, a considerable frac-
gy of different numerical solvers would lead to remarkabletion of gas is hotter thaiig. The efficiency of gas heat-
numerical uncertainty and differences in gas temperaturing in RAMSES is remarkable, considering little gas has
between different codes. For instance, the treatment of the density over two times of the cosmic mean ands
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Physically, the gas temperature in non-radiative simu-
lations is largely determined by gravitational collapsathe
ing and expansion cooling. It is natural to expect that the
thermal evolution of gas residing in over-dense environ-
ment should differ from the gas in under-dense regions.
The former might be influenced more by gravitational col-
lapse. The thermal evolution of gas in these two regions
may provide more insightful information on gravitational
collapse heating at this era. We separate these two gas com-
ponents using the local Mach numbfa,. = v/v.s. The
local Mach number of gas in over-dense regions is likely
to be smaller due to enhanced internal energy by collapse
heating. For gas in void regions, on the other hand, the lo-
cal Mach number will be relatively large due to the low
sound speed as a result of cooling, and considerable flow
velocity. We select a threshold value ¥ffa;,. = 30, i.e.,
the kinetic energy is about 500 times the internal energy.

Figure 2 provides a visual impression of the distribu-
tion of the gas with a local Mach number larger or small-
er than 30. The density of dark matter and gas within a
slice of depth0.25 h—' Mpc at redshiftz = 11 is pre-
sented in the first and second rows of Figure 2. The third
and fourth rows show the density of gas wittay,. > 30
andMay,. < 30, respectively. Apparently, gas residing in
under-dense (void) region tends to have a large local Mach
number. In contrast, gas with relatively small local Mach

Fig. 2 Dark matter and gas density and shocks in a slice of deptimumber is more likely to be associated with high density
0.25 h~! Mpc atz = 11 in our non-radiative simulations. First peaks.

and second rows show dark matter density and gas density re-
spectively, third and fourth rows show the density of gashwit

We also show the distribution of shocks in this slice

Maioe > 30 andMayee < 30 respectively. The fifth row presents in the_fifth .r_ow of Figure 2. Shgcks in our simulation-
locations and Mach numbers of shocks. For the sake of claritys are identified with the conventional method introduced

only shocks with a Mach number larger than 2.0 are shown.

in Miniati et al. (2000). The divergence of velocity field
and changes in density and temperature are used to locate
the shock center. The Mach numbéf, of shocks is de-

is about six times of ,4.. Namely, the temperature of the termined by the temperature change across the shocks. For

heated gas increases more rapidly tpaf?. On the other

the sake of clarity, only shocks stronger thiah> 2.0 are

hand, a notable fraction of gas in the RAMSES is evershown. Atz = 11, numerous shocks can be observed in
colder thanT,4.. The fraction of such gas in other two this slice. Moreover, strong shocks are generally found in
codes is much smaller. We will revisit and discuss thes@ver-dense region. Hence, shocks should have played an

effects in Section 3.2 and 3.3.

important role in heating the gas in over-dense region, in

The right panel of the Figure 1 shows the evolution ofconsistent with expectation. The number of strong shocks
cosmic gas in the radiative simulations with identical resoin the WIGEON and RAMSES run are much larger than

lutions to the non-radiative runs shown above. Comparinghat in PLM-PM. On the other hand, the simulations run
to the non-radiative runs, radiative processes only hav¥ith RAMSES contain more shocks with Mach number

mild effects on the evolution of gas in the,T') phase

plane in the redshift rang¥® — 11. Therefore, gravitational

larger than 5.
We show the evolution of those two components of

collapse of structures and associated shocks dominate ovgais in the density-temperature phase diagram in Figure 3.
radiative processes on the heating of gas in this era in oun accordance with expectation, the thermal evolution of
simulations. Considering the small effects of Compton andhose two components are quite different. For gas with
UV heating, and radiative processes, we will focus on théMa,,. < 30, there is a weak correlation between densi-
evolution of gas in non-radiative simulations in the follow ty and temperature at = 20. Nevertheless, the degree of

ing context of this subsection.

correlation increases as redshift decreases. When density
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Fig.3 The distribution of the cosmic gas in the density-tempeeaplane at redshif20, 15, 11 in our non-radiative simulations. The
left, middle and right columns in each panel show all gasgdmewith local Mach number below and above 30, respectilzaghed
anddotted-dashed lineisdicateT”  p*/® andT « p? respectively. The number of bins in each plot has been redwita respect to
Fig. 1 in order to cut the size of figure.

grows, the temperature of gas wittia,,. < 30 shows a matelyp?. At redshiftz > 11, the internal energy of gas in
tendency to increase more rapidly thei?, i.e., the isen- the under-dense region tends to be much smaller than the
tropic relation for ideal gas with = % A crude approxi- kinetic energy, i.e., have large local Mach number.

mation givesl” « p2.

3.2 Thermal History of IGM at High Redshifts:

For gas withMa),. > 30, there is very weak sign ar
Quantitative Results

of correlation between density and temperature in all our

s_lmulauons. These_ gas generally _have d_en@ﬂy— 1.0 The thermal state of IGM are quite different among dif-
times _Of the cosmic mean baryonic densﬁy. Most of th&ent codes. To assess the differences, we provide quan-
gas withMay. > 30 have temperatures in the range of titative analysis in this subsection. In the left column of

1 =100 K in WIGEON-512-ada and PLM-PM-512-ada, riqre 4 we show the distributions of volume and mass
and of0.1-10 K in RAMSES-512-ada. Modest difference ¢ tion of gas as a function of temperature in our non-

can be found between WIGEON and PLM-PM for gas Withradiative simulations at = 20, 15, 11. The vertical black

Majoe > 30, which might be attributed to_ the dlff_eren- and grey lines indicatd,q, and Ty at corresponding
t schemes usgd to §olv_e the hydrodynaric equgthns _a'?gdshifts, vertical colored lines indicate median tempera
the temporal discretization between _tWO codes. Distigctlv ture for three codes at redshift 15. A bimodal distribution
discrepancy between samples run with RA_MSES and Oth% found for the sample run with RAMSES. The peak at
two codes may be partly caused _by the qwfer_ent pote_ntlaf < 1K is associated with gas with a large local Mach
solvers, and the treatment of gravity term in fluid equationy, | ber and resides in under-dense region. The other peak
S- temperature is higher thdf-\p at 2 < 20. The sample

For a short summary of this subsection, the cosmic gagin with WIGEON exhibits a single peak distribution with
has become multi-phase since a time earlier than 30.  the peak temperature close To.\. By and large, the
Considerable differences on gas phases are observed distribution function in PLM-PM is similar to WIGEON
mong simulations run with different codes. In the redshiftwith a slightly lower peak temperature. However, a bump
range30 — 11, the Compton heating and cooling, UV heat-at7 ~ 10~2 K is observed for PLM-PM. In right column
ing, and radiative cooling have negligible impact on theof Figure 4, we show the distribution of volume and mass
evolution of gas. The temperature of gas is largely deterfraction of gas as function of density, vertical dasheddine
mined by collapse heating, and cosmic expansion coolingepresent the median density. Although RAMSES has s-
A notable fraction of gas is heated above the temperaturightly larger fraction of high density region, the thregsse
of CMB photons at ~ 15. The evolution of gas tempera- of simulations show a similar density distribution.
ture in and surrounding high density peaks is closely relat- We then measure the mass fraction of gas that has been
ed to structure formation shocks, and shows a tendency teeated above two characteristic valuésys and T.q..
increase more sharply tha?/? as density grows, approxi- Figure 5 shows the mass fraction abdig,, denoted as
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Fig.4 Left column Top (bottom) plot indicates distribution of volume (mags)ction as a function of temperature in non-radiative
simulations at redshift = 20, 15, 11. Vertical blackandgrey linesindicateT, 4. andTcus respectivelyyertical colored linesndicate
median temperature for different codes at redshiftRifht columnTop (bottom) plots indicates distribution of volume (mefsaction

as function of density in non-radiative simulatiomsytical dashed lineepresents median density.

f(Ty > Tada), and above CMB temperatufeng, denot-  PM grows more rapidly than that in the samples run with
ed asf(T, > Tcwus), in the redshiftrang80 — 11. Inthe  RAMSES. Atz = 30, the fraction of gas witlf; > Tcvs
simulations run with WIGEON and PLM-PM, more than varies significantly from code to code. In the samples run
90% of the gas has been heated ab®yg, over the whole with RAMSES, the fraction can be as high-a25% and is
redshift range considered here. There is, however, aboiridependent on numerical resolution and physical process-
25% — 35% of the gas colder thaffi,4, in the RAMSES es. However this fraction is onkg 1% — 5% in the simu-
simulation. Such gas has large local Mach number and cdations run with WIGEON and PLM-PM with the highest
be as cool a§" < 1 K as demonstrated in previous fig- resolution, but is~ 40% in the simulations with a num-
ures. Comparing radiative and non-radiative simulationder of grids256%. The discrepancies between RAMSES
with the same resolution, we find that the physical pro-and other two codes narrow down gradually as redshift de-
cesses included in this paper, i.e., Compton heating, U\reases.
heating and radiative heating and cooling, have minor in-
fluence on the mass fractions of gas With> T4, in all At z = 20, the mass fraction of gas witlf;, >
our simulations, and on the fractions of gas with< 1 K~ Tcms ranges froms% to 40% in different simulations.
in the RAMSES simulation. The increase in numerical resSpecifically, the fractions in the highest resolution simu-
olution also has minor effect of(T, > Thq.) in all three  lations are~ 40%, ~ 12% and~ 5% for code RAMSES,
codes. WIGEON, PLM-PM respectively. Those fractions of gas
with T, > Tomp grow to~ 52%, ~ 33%, and~ 19% at
The mass fraction of gas aboWe;g increases as z = 15, and further grow to~ 63%, ~ 64% and~ 44%
redshift decreases in the redshift range < 2z < 30. atz = 11. The Compton process, UV, and cooling have
The fraction in the samples run with WIGEON and PLM- minor impacts on the results of all the three codes at s-
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Fig.5 Mass fractions of gas heated abdig., and above CMB temperatule:ig between: = 30 andz = 11. Green red andblue
indicate simulations run with WIGEON, PLM-PM and RAMSESspectively.Asteriskindicates the non-radiative simulation with
5123 grids. ‘X', diamondandsquareindicate the simulations including Compton process, UVkigaound, and radiative cooling with
2563, 512% and 10243 grids respectively.

pacial resolutiond8.8 h=1 kpc. In simulations including expansion, as well as the results in McQuinn & O’Leary
multi-physical processes, the mass fraction of gas abov@012). While,(l/TK>X41 in RAMSES-uvc-1024 is well
Tcmp decreases with increasing resolution for the simulabelow the value expected from adiabatic evolution in the
tions run with WIGEON and PLM-PM but not for the ones redshift range30 — 11. It is even colder than the gas tem-
run with RAMSES. perature at = 17 suggested by EDGES (Bowman et al.

In the literature, Furlanetto et al. (2006) estimated tha?_OlS)' _Thls 'S becguse a significant fraction of gas in the
at redshifts30, 20, 10, about0.1%, 3%, 25% of the cos- simulations run with RAMSE_S has temperatur€1a§ cold
as~ 1 K. When excluding this part of gasl /Tx),, in
RAMSES-uvc-1024 is larger thaf,g, at z < 20 and is
hcloser to the results derived by other two codes.

mic gas should be shock heatedfp > Tcwmp, respec-
tively. McQuinn & O’Leary (2012) found that the temper-
ature deviations in their simulations were consistent witl
Furlanetto et al. (2006), but about half of the gas heat-

ing was due to the Compton heating. However, the impac.3 Shocksat High Redshifts
of shock heating was much more significant in Gnedin &

Shaver (2004). The mass fractions of gas Wif> Tems 66 of the most significant differences among the simu-

in our simulations are much higher than the results 0iations presented here, as well as in the literature, is the

Furlanetto et al. (2006), t?y a factor Dﬂ) —s0atz = 30, value of f(T, > Tcmp) atZ > 10. This discrepancy was
and by a factor of 2 to 8 in the redshn‘tl range — 20. In mainly attributed to different resulting shock heating in d
general, our results are closer to Gnedin & Shaver (2004)ifferent simulations (Gnedin & Shaver 2004; McQuinn &
We further show the mass averag(éqlTK)]Q1 inour O'Leary 2012). However, it is not easy to quantify the
highest resolution simulations in Figure 6. H¢1¢TK>;; number and intensity of shocks precisely with analytical
is the gas temperature most relevant to the HI 21 cm sigmethods. Furthermore, the statistical properties of shock
nals (see appendix A in McQuinn & O’Leary 2012). For atz > 10 are not provided in previous simulation works.
the samples run with WIGEON and PLM—PML/T@;; Figure 2 indicates that the number of strong shocks found

is significantly higher than the expectation from adiabatidn our simulations indeed varies from code to code.



J. Y. Jia et at. IGM at High z: Shock Heating 95-9

05

100 WIGEON-1024-uvc 5 o]
PLM-PM-1024-uvC c—& | z=11.0
RAMSES-1024-uvc o—a | 0.0 z=150 - - - - - H
RAMSES-1024-uvc(>1 K) g----------& N 22200 —mmmem
A e S— =
-PM-512-ada x - - - - - * 4 TRy WIGEON
*_ RAMSES-512-ada % - - - - - * 05 N
~.. adiabatic ~ X, PLM-PM
S Macquinn2012 o——— . RAMSES
“x EDGES 2018 N 10 s

-1.5

log(dS/dlog M)

K]

-2.0

1
M

-25

<UT>,

= L B B B

-3.0

0.5 1.0 15
log(M)

o

Fig.7 Surface area of shocks as a function of Mach number in
our non-radiative simulations at redshift= 20, 15, 11.

WIGEON comprises more shocks with Mach number s-
10 20 30 maller than~ 3.5 than the samples run with the other t-
redshift wo codes. Meanwhile, shocks with Mach numBér>~
Fig.6 Evolution of gas temperatuké /Tk),, in our highest res- 3.5 are more ready to be found in the §amp|es run with
olution simulations Dash-dotted blue linéndicates(1/7k);, RAMSES. The total freqqency of shocks is comparable b_e-
for the gas withT > 1 K in RAMSES-uvc-1024.Dashed ~ tweenthe samples run with WIGEON and RAMSES, butis
lines indicate (1/7k),; in non-radiative simulations. Results the lowest for the PLM-PM simulation, suggesting that the
in McQuinn & O’Leary (2012) based on simulations run with WENO scheme has a better ability to captures shocks than
Gadget and Enzo are shownagsen diamondsAste_risksindicate the PLM scheme. On the other hand, gravity solver also
the gas temperature expected from the cosmic expansion. Thqa s an important role in develobina shocks at hiah red-
filled triangle marks the result suggested by EDGES (Bowmanp _y ) p_ .p 9 . 9
etal. 2018). shifts, which is reflected by the difference in the frequency
of shocks between the PLM-PM and RAMSES simulation-
s. These two codes use the same hydrodynamical scheme,
A Comparison on the number and intensity of iden-but adopt different gravity solvers. ThUS, both the hydro-
tified shocks between simulations can help to assess tifynamical and gravity solver are important to capture the
impact of shock heating and understand the cause of digtructure formation shocks at high redshifts.
crepancy On"(Tg > TCIVIB)- Here, we Study the frequency The evolution of shocks identified in different simu-
of shocks found in our non-radiative simulations run withlations is consistent with the evolution of gas phases and
different codes, and its redshift evolution. We specificall corresponding quantitative results presented in the {ast t
examine non-radiative simulations because the diffeencevo subsections. At = 20, the fraction of gas with
in these samples are not relevant with radiative processeby > Tcwms is considerable in samples run with RAMSES,
In addition, the differences among codes for non-radiativénd much larger than WIGEON and PLM-PM. This fit-
simulations are comparable to radiative simulations withs With the frequency of shocks found in various samples
the same resolution. at that epoch. As redshift decreases, the discrepancy on
The frequency of shocks can be measured with thd (Zs > Tcwms) in three codes narrows down gradually,
surface area of shockéS(M, z)/dlog M, which reveals ~Which agrees with the result on change of shock frequen-
the inverse distance between shocks (Miniati et al. 2000fY-

Figure 7 shows the surface area of shocks identified in our ©On the other hand, as Figure 3 shows that the gas
non-radiative simulations at redshift— 20, 15, 11. At  demonstrates a tendency to evolve faster tharx p*/*

» = 20, samples run with RAMSES contain the biggesti” over-dense region, approximately evolveasThis ten-
number of shocks, while PLM-PM contain the smallestdency is also likely to be related to shocks. The density and
number. As redshift decreases, the number of shocks déemperature of gas flow in the pre-shock and post-shock re-
creases slightly in the WIGEON-ada-512, and moderatedions fulfill (Landau & Lifshitz 1959)

ly in the RAMSES-ada-512, but increases sharply in the o AM2

PLM-PM-ada-512. Atz = 11, the simulation run with o1 ~M2+13° @)
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T, (5M* —1)(M?* +3) @) 3. In the redshift rangé1 — 20, the mass fraction of

T, 162 ' gas heated above the CMB temperature in our simulation-
where M is the Mach number of shock, and the sub-s is larger than the estimation in Furlanetto et al. (2006)
scripts 1 and 2 indicate the pre-shock and post-shock résy a factor of 2 to 8. Atz = 15, the fractions varies
gions, respectively. For a strong shock with Mach numbefrom ~ 19% to 52% in simulations run with the different
M = 2,3 and6, To/Ty = 2.08, 3.67 and12.12, i.e.,,  codes. Nevertheless, our results are more consistent with
~ (p2/p1)%%8, (p2/p1)* 18 and (po/p1)*92 respective- earlier simulation work in Gnedin & Shaver (2004). The
ly. A considerable number of shocks stronger tiddn=  measured gas temperatu@ﬂe}T@&1 in our WIGEON and
2 ~ 3 are captured in over-dense region in all the simuPLM-PM simulations is abouit0 — 20 K betweenz = 11
lations, which may drive the gas temperature to increasendz = 20, higher than McQuinn & O’Leary 2012). In
more rapidly tharp?/? when flowing into density peaks. simulations run with RAMSES(l/TK>JT41 is even below
Shocks stronger tha/ = 6 are also captured, especial- the temperature suggested by EDGES. This result is how-
ly in the simulations run with RAMSES and WIGEON. ever biased bg0% — 30% gas with extreme low tempera-
These strong shocks should have played a primary role iture and large local Mach number.
heating gas aboVE:\s.

There are, however, some uncertainties in our results.
4 DISCUSSIONS AND CONCL USIONS Firs_t, _the numeripal results do not aIV\_/ays converge in our
radiative simulations. For RAMSES simulations, the frac-
The thermal history of cosmic gas in the dark ages remairtion of gas with1" > Ty varies a few percent when the
s largely unknown. Recently, the EDGES team reporte@pacial resolution increases by a factor of 2. For WIGEON
a strong 21 cm absorption signal in the redshift range oénd PLM-PM runs, however, the fractions decrease by an
15—20, which suggests the gas might be as cold &2 K absolute value of- 10%. The difference in the resolution
at that time. To provide an accurate model to explain thigffect among different codes may be due to different grav-
observation and future detection, it is important to qugnti ity solvers adopted by different codes, as well as the way
the impact of relevant physics on the thermal evolution ofto tackle gravitational source terms in solving Euler equa-
gas between = 10 andz ~ 30. In this work, we have tions numerically. Small errors in the calculation of kicet
revisited the heating of gas by structure formation shockenergy and total energy can significantly change the tem-
by using a suite of fixed grid cosmological hydrodynamicalperature of gas with high Mach number, which are very
simulations run with different numerical codes. We explorecommon in the dark ages. Consequently, the temperature
the thermal history of the gas in density-temperature phasef gas and the role of shock heating may be overestimat-
plane, fractions of gas which has been heated significantlgd or underestimated due to such errors. Especially, the
the spacial distribution and frequency of shocks in the redmethod we apply to identify shocks uses the gas temper-
shift range ofl 1 — 30. Our findings can be summarized as ature to estimate shock strength.
follows:

1. The cosmic gas is in multi-phase state since a tim
earlier thanz: = 30. Numerous structure formation shocks
emerge in the over-dense region sincg 20, and are the
primary physics to heat gas above the CMB temperatur
Tcme. The gas surrounding high density peaks graduall

o Second, the Compton heating, UV background and ra-
diative cooling included in our simulations have a small
impact on the temperature of gas. It is possible that these
rocesses are not well resolved in our simulations with our
imited resolution, as reflected by the fact that some of our
. 2/3 U8 esults depend on resolution. In addition, star formation,
develops a relation more sharp th@no p*/°, approxi- . . o
9 . . molecular hydrogen formation and destruction, radiative
matelyT p= from z = 30 to z = 11. Meanwhile, the gas in . : . . .
transfer are not included in our simulations. While the for-

under-dense region tends to have a large local Mach num- . o .
mer two modules are importantin highly clustered regions,

ber, and its thermal state shows significant discrepancie[ﬁe latter may also have impact on the temperature of gas
among simulations run with different codes. in under-dense region

2. Both the hydrodynamical and gravity solversin cos-
mological simulation code are very important to resolve  We conclude that, given the fact that predictions of the
the structure formation shocks at high redshifts. Diffeen thermal history of cosmic gas in the dark ages diverge sig-
in the numerical scheme in either hydrodynamical or gravinificantly among different numerical schemes, e.g., grav-
ty solver can lead to notable discrepancy in the number anitly solver, hydro solver, treatment of gravitational saurc
strength of shocks, and therefore has significant impact oterms, and time integration method, it seems a challenge
the thermal state of cosmic gaszag> 11 in simulations, to precisely describe the thermal evolution of cosmic gas
e.g., the fraction of gas heated ab@g, s is quite differ-  in the redshift rang80 — 11 in current cosmological hy-
ent among different codes. drodynamical simulations. Further work on the numerical
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Fig.A.1 Density power spectrum in our radiative simulations atFig. B.1 Top to bottom: The volume-weighted distribution of the
redshiftz = 30 and11. Solid and dotted linesrepresent bary- cosmic gas in the density-temperature plane at reddiifto, 15,

on and dark matter respectiveot-dashed lingepresents dark 11 in our radiative simulations with56 resolution. Left, middle
matter power spectrum described by the linear evolutiodipre  and right columns indicate simulations run with WIGEON, PLM
tion. The bottom panel shows residuals from linear evolugice-  PM, and RAMSES, respectivelpotted-dashed lineis each plot
diction, thin andthick linesindicate results at = 30 andz = 11 indicate the CMB temperature at corresponding redsitished
respectively. linesindicate the expected gas temperature due to expansion.

accuracy of cosmological simulation codes is highly deHowever, the power spectrum in simulations can be higher

manding. than the linear prediction B30% at~ 1 Mpc atz = 11.
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