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How MmucH HI Lyao
ABSORPTION NEAR (GALAXIES AT
2z~ 2418 DUE TO CoLD FrLows?

Inspired by recent studies that suggest that galaxies grow primarily
by acquiring gas through cold accretion, we studied the covering frac-
tion of Lya absorbing gas with different properties within 200 proper
kpc from haloes with masses My > 10> My, which are thought to
host Lyman Break type galaxies at redshift z ~ 2.4. We use a cos-
mological hydrodynamical simulation with radiative transfer applied
in post-processing. We consider the contributions to the absorption
of different gas samples, selected on the basis of the maximum past
temperature, halo membership, and past, current and future relation
to the interstellar medium. We also examine the median optical depth
that the different gas samples produce on 3-D distance scales < 5
proper Mpc. We find that gas with a maximum past temperature of
Tmax < 103 K accounts for almost all the absorption. The contri-
bution of gas residing in the halo increases with declining distance to
galaxies and with the strength of the absorber. The majority of gas, on
all scales, is moving towards the haloes. While outflowing and static
gas have similar and non-negligible covering fractions close to haloes,
the contribution of outflowing gas declines with distance, while ab-
sorption by static gas exceeds that of inflowing gas at ~ 5 pMpc from
galaxies. Most of the Lya absorbing gas within 200 pkpc will enter the
ISM of galaxies by z = 0, and most of it will do so for the first time.
Gas that is at 2 500 proper kpc from haloes will not enter the ISM by
z = 0. Gas with Thax < 1055 K, as well as infalling gas, and gas that
will join galaxies by z = 0 can account for the observed covering frac-
tion of Ly« absorbing gas. Gas with Timax < 10%® K in addition has a
median optical depth consistent with that observed at distances 2 200
pkpc. We also examine the temperature and density of Ly« absorbing
gas as a function of distance from the galaxy in simulations with and
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without SN and AGN feedback, and find that galactic feedback is the
main culprit in heating gas to T 2> 105 K close to galaxies, although
gravitational shock-heating is a non-negligible effect. Strong feedback
can affect the state of the IGM out to ~ 2 proper Mpc from galaxies
through heating of gas by winds emanating from galaxies in the same
general region, causing an inversion of the temperature-density rela-
tion, which provides another way to constrain galactic feedback effects
through measurements of the spatially resolved IGM temperature.
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5.1 Introduction

Recent theoretical efforts imply that most of the fuel for star-formation comes
into galaxies through “cold accretion flows”, which consist of gas that did not
shock-heat to the virial temperature when it accreted onto the host halo (e.g.
Birnboim & Dekel 2003; Keres et al. 2005, 2009; Ocvirk et al. 2008; Brooks
et al. 2009; Crain et al. 2010; Van de Voort et al. 2011a,b; Faucher-Giguere
et al. 2011). Instead, this gas falls in while maintaining a temperature of
~ 10* K, although it may shock heat to much higher temperatures if and
when it accretes onto the galaxy. Simulations show that this “cold mode”
gas typically falls in through filaments which can penetrate haloes of hot,
hydrostatic or outflowing gas. In this chapter we examine how much of the
HTI Lya absorption close to galaxies is due to this material.

Recent results of Van de Voort et al. (2011a) are based on the simulations
from the same suite of OverWhelmingly Large Simulations (OWLS; Schaye
et al. 2010) as the work presented in this chapter, so here we provide a short
summary of their findings. They found that gas accretion is bimodal, with
maximum past temperatures being either of order the virial temperature, or
< 10° K. This is a consequence of the cooling function having a maximum
at T ~ 10°7%° K (e.g. Wiersma et al. 2009a). Van de Voort et al. (2011a)
also find that the rate of accretion onto galaxies is smaller than the accretion
rate onto haloes, and that this difference increases with time. It is worth
noting that the ratio between the accretion rates onto haloes and galaxies is
minimal for Mya1o ~ 102 M, (and at z = 2 this ratio equals 2), which falls
in the range of typical masses of dark matter halo hosts of the LBG-type
galaxies at z &~ 2 — 3 (Chapter 4). The importance of gas accreted in the hot
mode increases with halo mass and towards lower redshifts. When it comes to
accretion onto halos, cold accretion dominates for halos with My, < 102 Mg,
and hot accretion for My > 10'2 Mg, and the relative importance of the
two is robust to changes in feedback and cooling prescriptions. On the other
hand, when it comes to accretion onto galaxies, the cold mode is always
important, and for all halo masses and at all redshifts most of the stars were
on average formed from gas accreted in the cold mode. Stars formed from hot-
mode gas account for only ~ 20% of the stellar mass of galaxies in halos with
M, 2 1015Mg at z =~ 2. For accretion onto galaxies, the relative importance
of the two modes is more sensitive to feedback and cooling prescriptions than
for accretion onto halos.

Several publications have recently made predictions for the absorption
signatures of cold flows. They in general either give predictions useful for
observations of QSO-galaxy pairs, or for “down the barrel” absorption sig-
natures, i.e. for absorption in spectra of the galaxies onto which gas is being
accreted. Faucher-Giguere & Keres (2011) use Smoothed Particle Hydro-
dynamics (SPH) simulations to find the covering fraction of Lyman Limit
Systems (LLSs; Ny > 10'"2cm~2) and Damped Lyman Alpha systems
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(DLAs; Ngr > 10%°3cm™2) within 0.5, 1, and 2 R, of a galaxy halo
(M, = 3.2 x 101 Mg at z = 2) at redshifts z = 2, 3, and 4. Their sim-
ulations do not include any galactic feedback. They do not track the gas
history and can therefore not distinguish between currently cool gas accreted
through the hot and cold modes. Kimm et al. (2011) and Fumagalli et al.
(2011) used AMR simulations to examine, among other things, the covering
fraction of cold gas for haloes of different masses and at different redshifts.
They also do not take gas history into account (which would also be impossi-
ble due to the Eulerean nature of their simulations). Stewart et al. (2011a,b)
used cosmological SPH simulations to study the covering fraction of cold gas
(also without looking at the gas history) within 50 comoving kpc of galaxies
residing in Milky Way type progenitor haloes (M}, (z = 0) = 1.4 x 10'2), from
redshift z =~ 4 to 0. While their predictions are useful for galaxy-galaxy pair
observations, it will be extremely challenging to build a statistical sample of
QSO-galaxy pairs with such small separations at high z. Indeed, the small-
est separation in the sample used by Rakic et al. (2011) and Rudie et al.
(in preparation) is &~ 55 kpc physical. Using QSOs, as opposed to galaxies,
as background sources is, however, important if one wants to study lower
columns of gas than is possible with spectra of background galaxies which
are generally of much lower quality than those of QSOs.

Van de Voort et al. (2011c) used the reference simulation from the OWLS
suite, post-processed with radiative transfer, to study the nature of high
column density (Ny1 > 1016 ecm=2) Lya absorbers at z = 3. They computed
the contributions to the HI columns of gas selected in terms of its maximum
past temperature, whether it is in haloes, its kinematics with respect to the
haloes, and participation in star formation in the past, present and future.
They found that gas with a maximum past temperature of Tpa < 102 K
accounts for almost all absorption in systems with Ny; > 10'6 cm ™2, and that
gas accreted in the “hot mode” is only important for very strong absorbers,
Nr > 102! em~2. Considering this, they concluded that the cold flows have
already been detected in the form of high column density systems. The
likelihood of halo membership increases with the absorption strength, and
> 80% of absorbers with N1 > 108 cm ™2 reside within haloes. Gas moving
towards the nearest (in units of R.i;) halo with a velocity, vgas, larger than
1/4 of the circular velocity, veire, of the halo accounts for ~ 60% of the
absorption, while gas outflowing with vgas > 0.25vcire accounts for ~ 20% of
the absorption. The ISM dominates the absorption only for Ngr > 102! cm™2.
The chance of having been part of the ISM before (“recycled gas”) or after
the moment of observation (z = 3) increases with absorption strength. About
70% of the gas in Ny > 10'7 — 102! cm ™2 systems enters a galaxy by z = 2,
< 40% has been recycled, and < 35% will enter galaxies after z = 3 for the
first time. They also found that haloes with total mass < 10'° My dominate
the absorption for 1017 < Ny < 10%' cm™2.

Although the idea that cold flows dominate the fueling of galaxies is
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strongly supported by cosmological hydrodynamical simulations, it has, as
of yet, no conclusive backing in the observations. In fact, spectra of star-
forming galaxies show only clear signs of outflows, at both high (e.g. Pettini
et al. 2001; Adelberger et al. 2003, 2005; Shapiro et al. 2009; Weiner et al.
2009; Steidel et al. 2010) and low redshift (e.g. Martin & Bouche 2009; Chen
et al. 2010). At the same time, there is circumstantial evidence that gas
replenishment is needed to provide the necessary fuel for the measured build-
up of stellar mass (e.g. Papovich et al. 2010) and to explain the relationship
between stellar mass and metallicity (Erb et al. 2006; Erb 2008), and the HI
gas density (non)evolution from z = 2 to z = 0 (Prochaska et al. 2009).

Ribaudo et al. (2011) discovered a metal-poor Lyman limit system (LLS)
at z = 0.27395, separated by only 37 kpc from a star-forming galaxy at an
almost identical redshift, and they suggest that its low metallicity ([Mg/H]
= —1.71 £ 0.06) makes it consistent with being cold accretion. However,
association with an undetected dwarf galaxy, although unlikely, cannot be
completely ruled out, and a low metallicity does not guarantee that the gas
is accreting. Giavalisco et al. (2011) have also recently reported the discovery
of a large amount of cold, metal-poor gas in an overdensity of galaxies at
z =~ 1.6. They suggest, based on the analysis of the co-added absorption
spectra of background galaxies, that this gas is potentially undergoing infall
onto the background overdensity and its galaxies, which they say is a tentative
detection of cold accretion. Dijkstra & Loeb (2009) and Goerdt et al. (2010)
claimed that Lya blobs at z ~ 3 (e.g. Steidel et al. 2000, 2011) may be
cooling radiation from cold flows. However, simulations by Furlanetto et al.
(2005) and Faucher-Giguere et al. (2010) suggest that cooling radiation is
insufficient to explain Ly« blob luminosities, which is also what Steidel et al.
(2011) concluded based on stacked narrow-band observations of star-forming
galaxies at z =~ 2.65. Instead, these authors suggested that the blobs are fully
consistent with being powered by the light of central objects that is scattered
by surrounding gas. Finally, Hayes et al. (2011) measured a high polarization
for the Lya radiation from the blobs which supports the idea that they are
powered by a central source.

Motivated by the recent observations of Rakic et al. (2011) who studied
the distribution of Ly« absorbing gas around (z) a2 2.36 star-forming galax-
ies, we use SPH simulations to determine how much of the absorption that
they measured could be due to cold accretion gas. They found the Lya ab-
sorption to be enhanced out to at least 2.8 Mpc proper from galaxies (30
confidence). They also found evidence of gas infall into the overdensities
occupied by galaxies. The observed infall manifests itself as a compression
of the absorption signal along the LOS, i.e. the absorption is enhanced out
to at least 2 Mpc in the transverse direction from galaxies, but only out to
~ 1.5 Mpc along the LOS. These scales are large in comparison with the
virial radius of the galaxies (Ryiy & 100 kpc), and therefore the observed
infall could not be considered “cold accretion”, in the sense that separation
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into cold and hot mode is possible only on scales < Ryi,. Nevertheless, it is
the only observation that unequivocally proves that gas is moving towards
galaxies. We analyze the OWLS simulations, which are particularly well
suited for this type of study because their Lagrangian nature allows one to
trace back the history of the gas. The maximum past temperature, Ty ax,
and the redshift when it was reached, zmax, are saved for each particle. This
allows us to distinguish between particles that did and those that did not
go through an accretion shock near the virial radius. In comparison with
most earlier works, we improve by differentiating between absorption that
comes from gas with particular past properties, kinematics with respect to
nearby haloes, membership of a halo, and participation in ISM of galaxies.
In comparison with Van de Voort et al. (2011c), we complement their work
by considering the spatial distribution of gas with respect to galaxies, while
they studied global properties of absorbers, and we also study weaker ab-
sorbers (Ny1 < 1016 ecm™2) along with strong ones (Nyp > 106 cm=2), while
they focused only on stronger systems. In addition, we focus on haloes with
M, > 10'1° Mg whose virial temperatures are > 10%® K, and are therefore
suitable places to look for cold accretion streams penetrating hot haloes.

In the first part of this chapter we will consider the contribution to the
absorption of gas with different kinematics, past temperature, halo member-
ship, and participation in the ISM at any time in the history of the Universe.
In the second part of the chapter we will study the physical properties of
the Ly« absorbing gas, i.e. the temperature and density, as a function of the
distance from the haloes. We will also examine how sensitive these properties
are to changes in feedback prescriptions in the simulations.

We describe the simulations in Section 5.2. We show how much of the
absorption on scales ~ R, is produced by gas with various properties in
Section 5.3, and we do the same for absorption on larger scales (> Ryiy) in
Section 5.4. In Section 5.5 we look into the temperature and density of Ly«
absorbing gas in different models. We conclude in Section 5.6.

We denote proper distances as pMpc and pkpc, and comoving distances
as cMpc and ckpc.

5.2 Simulations

We rely mostly on the “reference” (REF') simulation from the suite of Over-
Whelmingly Large Simulations (OWLS; Schaye et al. 2010). The simulation
is run in a 50 A~! cMpc box, containing 2 x 5123 dark matter and baryonic
particles. The simulations were already briefly described in Chapter 4. This
is the only model we use in the first part of this chapter where we study
absorption by cold flows. In the second part of the chapter, which investi-
gates the physical properties of the Ly« absorbing gas, we also make use of
the AGN model, which was also described in the previous chapter, to study
the effect of very strong feedback. We will use the NOSN model, which
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is identical to the REF model except that it does not contain supernova
(SN) feedback, to determine how much gas heating comes from gravitational
shock-heating, and how much is due to galactic winds.

In the first part of the chapter we use the REF model with radiative trans-
fer of ionizing radiation applied in post-processing, while no such treatment
was applied to the simulations used in the second part of the chapter.

5.2.1 Radiative transfer in post-processing

The gas in the OWLS simulations is exposed to the cosmic microwave back-
ground and to the ionizing background radiation from galaxies and quasars
according to the model from Haardt & Madau (2001), but this is done in
the optically thin limit where each gas particle, irrespective of its density, is
subject to the same radiation intensity. This is an excellent approximation
for gas with column densities Ny < 10'7 cm™2, but gas at higher densities
can self-shield against the ionizing radiation, in which case it reaches higher
neutral fractions than in the optically thin limit. Given that we are inter-
ested in gas, accreting onto dark matter halos and their galaxies and that
this gas might reach relatively high densities, we post-process the z = 2.25
snapshot from the simulation with radiative transfer, as described in Altay
et al. (2011, and in preparation). Note that local sources of radiation were
ignored.

Altay et al. (2011) used the REF model from the OWLS suite of simula-
tions, which is identical to the one used here, except that their simulation was
run with WMAP7 cosmological parameters, as opposed to WMAP3 in our
case, and that they used a 25 h~! cMpc rather than a 50 h~! cMpc box. Af-
ter applying the radiative transfer calculation with self-shielding, they found
that the REF model reproduces the observed z = 3 properties of Ly« ab-
sorbers, i.e. the abundance of Ly« forest lines, LLSs, and DLAs, spanning
over ten orders of magnitude in HI column density.

5.2.2 Thermal history of gas particles

The maximum temperature ever reached is recorded for every time step for
each particle in the OWLS simulations. Given that the simulations have
insufficient resolution to properly treat the interstellar medium (ISM), any
gas particle with density nyg > 0.1cm ™3 is assumed to be part of the ISM,
multi-phase and star-forming, and its pressure is imposed in the form of a
polytropic equation of state P n?{/ 3 The temperature of such gas just
reflects the imposed equation of state, and therefore the maximum recorded

temperature does not get updated as long as the particle is part of the ISM.

Since we can follow the thermal history of the gas, we can study, for
example, how much absorption at z = 2.25 is produced by gas that has never
reached temperatures higher than some threshold value, that is inside haloes
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and infalling onto galaxies at a given velocity, or is found to have been a
part of the ISM before, at, or after z = 2.25. Table 5.1 summarizes all the
selection criteria that we consider in this Chapter.

We chose the maximum past temperature of T = 10°-® K as the threshold
temperature separating cold and hot accretion, because this is where the
cooling function has its maximum (e.g. Wiersma et al. 2009a), and because
Van de Voort et al. (2011a) found that this value best separates the cold and
hot accretion modes. The virial temperature of haloes, Tyi, is defined as
follows:

G?2H?Q,,, 1872 1/3 HME , 273
Tvir = ( 054 ) kB thlo (1 + Z)
2/3
— 6 L Mha]o 1+ 2
~ 10K (0.59) <1012M@> ( 3.4 ) (5:1)

where G is the gravitational constant, Hy the Hubble constant, p the mean
molecular weight, my the mass of a hydrogen atom, and kg Boltzmann’s con-
stant. While the stated definition of hot and cold accretion is not appropriate
for haloes with virial temperatures lower than 10%° K, i.e. M < 1012 Mg,
since in this regime it becomes impossible to determine whether gas has gone
through the shock or not (i.e. its maximum past temperature is similar to the
virial temperature of such haloes), it is fine for our mass range of interests,
My, > 10115 M, with virial temperatures of > 10°7K at z = 2.4.

5.2.3 Observing simulations

Similar to the procedure described in Chapter 4, we compute HI Ly« ab-
sorption spectra for 12,500 sightlines randomly drawn within 5 pMpc from
haloes with masses My > 10!'!> M, and within 200 pkpc we draw an ad-
ditional 6000 sightlines in order to sample the immediate halo surroundings
sufficiently well. The distribution of impact parameters is uniform as a func-
tion of radius. This mass threshold was chosen because in the same chapter
we found haloes with masses Mj, > 101> My to be the most likely hosts of
the galaxy population used in Rakic et al. (2011). This procedure is repeated
for each gas sample listed in Table 5.1, where the density of particles not sat-
isfying the stated conditions is set to zero. Due to the uncertainty in the
intensity of the ionizing background radiation, we rescale the optical depth
in the default case, i.e. when including all gas, to match the median optical
depth in the observations of Rakic et al. (2011), logioTrye = —1.27. For the
rest of the variations listed in Table 5.1 we use the multiplication factor as
determined for the default case. We use a subset of selections from Van de
Voort et al. (2011c), where more details about the selection of particles can
be found.

We use the Friends-of-Friends (FoF) algorithm to identify haloes. Two
particles belong to the same group if their separation is less than 20% of the
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Table 5.1 — List of applied cuts. The first column states the conditions
that gas particles need to satisfy with respect to their maximum past
temperature, whether they are inside halos with M, > 1015 Mg,
whether they are infalling/outflowing with respect to the nearest such
halo, and whether they are part of the ISM at, after, or before z = 2.25.
In the second column we give global fraction of the gas mass satisfying
the stated conditions.

Variations Global gas fraction
All particles - default case 1.000
Tmax < 10°° K 0.882
In haloes (M;, > 10113 Mg) 0.024
In haloes (My, > 10115 Mg), infall with v > 0.25v¢irc 0.012
In haloes (My > 101> Mg), outflow with v > 0.25vcirc 0.004
In haloes (My, > 10115 Mg), static, i.e. v < 0.25v¢irc 0.008
Infall toward the nearest (in units of Ry;,) halo (M, > 10115 Mg),

with v > 0.25vgir¢ 0.480
Outflow from the nearest (in units of Ry;i,) halo (M, > 10115 Mg),

with v > 0.25v¢irc 0.056
Static w.r.t. the nearest (in units of Ryi;) halo (My > 10115 Mg),

i.e. v < 0.25v¢ir¢ 0.463
Gas particles that are in the ISM at z = 2.25 0.015
Gas particles that became ISM after z = 2.25 0.104
Gas particles that became ISM after z = 2.25 for the first time 0.069
Gas particles that were in the ISM before, but are not at z = 2.25 0.035

average inter-particle separation. Such groups have an average overdensity
typical for virialized objects, i.e. (pnalo)/(p) =~ 180 (e.g. Lacey & Cole 1994).
A baryonic particle belongs to the same halo as its nearest dark matter
particle.

The positions and masses of haloes are determined using a spherical over-
density criterion as implemented in the SUBFIND algorithm (Dolag et al.
2009). The position of a halo is taken to be the position of its most bound
particle. The virial radius, Ryi,, is estimated by requiring that the enclosed
density agrees with the top-hat spherical collapse approximation (Bryan &
Norman 1998). The virial mass, My, is the total mass within Ry;,.

For some of the gas samples listed in Table 5.1 we consider whether par-
ticles are moving with respect to the nearest halo with Mj > 10115 My, in
units of Ryi;. In other words, distances towards a halo, d, are normalized by
Ryir, and the nearest halo is one for which d/R.;, has minimum. The halo
circular velocity is defined as veiye = /G Myir/ Ryir-

To allow comparison with observations of Rakic et al. (2011) and Rudie
et al. (2011, in preparation) whose galaxies have measured redshift errors
of +£125kms~!, we add random errors from a Gaussian distribution, ¢ =
125kms™!, to the line of sight positions of haloes in the simulations (i.e.
along only one dimension that is parallel to the line of sight).

Figure 5.1 shows example spectra along a sightline that passes 69 pkpc
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Figure 5.1 — Spectra along a LOS that passes 69 kpc from a nearby halo with total mass
My = 10117 Mg at z = 2.25, whose position is indicated by the grey vertical stripe.
Different panels show the spectra for different gas samples. The fourth panel from the
bottom shows no absorption, because the ISM gas is concentrated in the centers of haloes,
and to have such gas at b = 69 pkpc it is necessary to intersect a neighboring galaxy, which
is not the case for this sightline. The default case (all gas, top panel) is repeated in each
panel in grey.

from a nearby halo of mass M;, = 107 M, for the gas samples listed
in Table 5.1. By comparing absorption in different gas samples with the
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default case (i.e. where all particles are included), it can be seen that the
majority of Ly« forest lines originate in gas that was never shock-heated to
temperatures 7 > 10°° K, and is not in haloes. In addition, very few lines
originate in gas that becomes part of the ISM. In the next sections we will
quantify the contributions from these different IGM components to the HI
Ly« absorption near galaxies.

5.3 Circum-galactic medium

As already discussed in Chapter 3, when it comes to stronger absorbers, which
we expect to be close to galaxies, it is more appropriate to measure their
strength in terms of their central optical depth or column density, instead
of the median optical depth. Using the median optical depth within a given
velocity interval might underestimate the amount of neutral gas, and is very
dependent on the size of the region over which the median is estimated. We
look both into the covering fraction of sightlines as a function of the maximum
optical depth within a given distance from galaxies, and into the covering
fraction as a function of the HI column density. We use the former for
absorbers that are optically thin to the ionizing radiation (Ngr < 107-2 cm =2,
or log1oTLya & 3.66 for a b parameter of 26 kms~!) and the latter for optically
thick absorbers (Ngr > 10172 cm™2).

Figure 5.2 shows the covering fractions of gas with different Lya absorp-
tion strength, within a given distance bin from the centers of haloes with
M, > 1015M. The maximum optical depth is measured within 165 kms~*
from galaxy positions. Rakic et al. (2011) found that the signal is indepen-
dent of velocity within 165 kms™!, and that the errors are strongly correlated
for smaller velocity differences, so they chose this velocity interval for many
of their calculations. We use the same interval here to facilitate the compari-
son with their observations. We note that this velocity interval is larger than
the estimated galaxy redshift errors in the observations (o = 125kms™1).
On the other hand, the column density results are based on the total column
density along the LOS through the 50 h~*cMpc box. We use such projections
only for optically thick absorbers, and since they are relatively rare, they will
likely reside in the vicinity of galaxies (the maximum impact parameter here
is 200 pkpc). Also, it is unlikely that a collection of weak absorbers along the
LOS could cumulatively account for such large column densities (see Altay et
al. 2011). We use a total column density along the LOS for practical reasons,
as finding column densities for individual absorbers would require decom-
posing the spectra into Voigt profiles, which is impractical for the number
of sightlines considered here. We verified that this is a good approximation
for e.g. LLSs, where we found the expected maximum optical depth of an
absorber with LLS column densities (assuming a b parameter of 26 kms™1!),
and performed the analysis equivalent to the one we apply to optically thin
absorbers, and found almost perfect agreement with results based on the to-
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tal column density along the LOS. Naturally, redshift errors have no effect
on such estimated column density results.
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Figure 5.2 — Top panels: covering fractions of absorbers with maximum HI Lya optical
depth log107rya > 0, 1, 2 (left panel), and covering fractions of absorbers with logi0 N1 >
17.2 (LLSs), 18.5, and 20.3 cm~2 (DLAs) (right panel), as a function of impact parameter
from the center of haloes with Mj, > 105 Mg, at z=2.25. Black lines show the results
for the default case, i.e. absorption from all gas, in the simulation with radiative transfer
applied in post-processing. The blue lines show the results for the simulation without
radiative transfer, which fall on top of the black curves in the left panel (radiative transfer
does not make a difference for gas optically thin to ionizing radiation). The red symbols
show the covering fractions observed by Rakic et al. (2011) in the left panel, and by Rudie
et al. (in prep.) in the right panel. The covering fractions are measured in 20 pkpc bins
for the simulations, and in 100 pkpc bins for the observations (top horizontal bars show
the extent of the bins for the observations, where the first bin effectively starts only at
55 pkpc, which is equal to the smallest impact parameter). Bottom panels: the ratios
between the blue and black curves, i.e. the effect of the radiative transfer.

The left panel of Figure 5.2 shows the covering fraction of sightlines with
gas with maximum HI Ly« optical depth higher than 1, 10, or a 100, within
+165kms™! of a halo of mass M;, > 10'® Mg at z = 2.25, while the
right panel shows the same but for gas with the HI column densities greater
than 10172, 1085 and 102°3 cm~2. The blue lines show the results for the
simulation that was not treated with radiative transfer, and the black lines for
the case where it was applied in post-processing. As expected, the radiative
transfer does not affect the results significantly for absorbers optically thin to
the ionizing radiation (left panel). Although this panel includes all absorbers
with optical depth higher than a given value from the optically thin regime,
i.e. also absorbers that are optically thick, strong absorbers are relatively rare
and the covering fraction is dominated by weaker absorbers. In the discussion
below we will refer to absorbers from the left panel as ‘optically thin’, even
though they include optically thick absorbers as well. However, the situation
is dramatically different for optically thick absorbers, as can be seen in the
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right panel. Without radiative transfer the covering fraction of DLAs is ~ 5
times smaller. This demonstrates the importance of this post-processing step
for studying high column density absorbers close to galaxies.

The covering fraction of absorbers with maximum 77y, > 1, 10, and 100,
changes from unity within 20 pkpc to ~ 0.90, =~ 0.45, and ~ 0.15, respectively,
at an impact parameter of 200 pkpc. The covering fraction of optically thick
absorbers changes from ~ 0.90 (~ 0.45) for LLSs (DLAs) within 20 pkpc, to
~ 0.15 (~ 0.02) at 200 pkpc. Below we will refer to the covering fraction for
the default case (i.e. all gas) as the “total covering fraction”.

In the same figure we also show covering fractions of absorbers measured
from observations. In the left panel (for the optically thin lower limit) we
show the covering fractions measured by Rakic et al. (2011), and in the right
panel (for the optically thick regime) we use the results from Rudie et al.
(in preparation). These covering fractions were estimated in two bins of 100
pkpc, as compared to 20 pkpc for the simulated data. The observed covering
fractions should therefore be compared to the simulated ones by averaging
simulated covering fractions over appropriate distances. In addition, the
smallest impact parameter in the observations is ~ 55 pkpc, which should
also be taken into account for the comparison. It appears that the simulations
match all observed covering fractions, except that for Ny; > 1072 cm =2 from
100 to 200 pkpc, although the errors on the observations are large. Given
that Rudie et al. (2011) observe only 1 absorber with Nyg; > 10*¥-5cm =2 in
each 100 pkpc bin, we will not use (dis)agreement with observations in the
optically thick regime to determine the importance of cold-mode gas for the
total covering fraction of Ly« absorbers.
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Figure 5.3 — The ratios of covering fractions of absorbers with a given minimum ab-
sorption strength including only gas with the maximum past temperature of < 1035 K
and total covering fractions (i.e. absorption from all gas), as a function of impact pa-
rameter. Left panel shows the ratios for absorbers with maximum HI Ly« optical depth
log10TLya > 0, 1, and 2. Right panel: similar to the left panel, but for optically thick
absorbers with log10 Ng1 > 17.2 (LLSs), 18.5, and 20.3 cm™2 (DLAs).

Figure 5.3 shows the fractional contribution that gas with a maximum
past temperature < 10°%° K makes to the total covering fraction within 200
pkpc from galaxy haloes, for both optically thin and optically thick absorbers.
The covering fraction of such gas is equal to the value on the y-axis multiplied
by the covering fraction in Figure 5.2 (black lines). We note that the results
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Figure 5.4 — Similar to Figure 5.3, but for more cuts referring to the gas halo membership
(in haloes with M;, > 1015 M) and kinematics with respect to the nearest halo with
My, > 10113 Mg (in units of Ryi.) at velocities v > 0.25vcire for inflowing and outflowing
gas, and v < 0.25v¢i,c for static gas.

are noisy for DLAs, due to small number statistics. The covering fraction of
DLAs at distances 2 50 pkpc is only a few per cent (Figure 5.2) which means
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that an estimate in any given 20 pkpc distance bin (with & 200 sightlines per
bin) is based on only a few DLAs.

Gas with a maximum past temperature < 10%® K has a covering fraction

that is almost identical to the total covering fraction. Given that these cover-
ing fractions are consistent with the observations, it appears that cold-mode
gas can account for Ly« absorption near galaxies from Rakic et al. (2011)
and Rudie et al. (2011, in preparation).

We next determine how much absorption near haloes with M}, > 1011-5Mg
comes from gas within those haloes. We select all the particles belonging to
haloes with M, = 1015 Mg. It is likely that some of the haloes in this
mass range overlap, and that by studying the distribution near one such halo,
we also intersect absorption by gas belonging to a different halo. We expect
the contribution from neighboring halos to be small, and leave the precise
treatment of this issue for future work.

Figure 5.4 shows that for impact parameters < 30 pkpc, gas in haloes pro-
duces a covering fraction that is almost identical to the total for absorbers
of all strengths. At larger distances, the contribution of haloes asymptotes
to ~ 10% of the total for gas with 7o > 1, and to ~ 25% of the total
for optically thick absorbers. This suggests that optically thick gas is more
likely to reside in the halo. Van de Voort et al. (2011c) also found that the
likelihood of halo membership increases with the strength of Ly« absorption.
We also see that the probability of optically thick systems belonging to the
halo in question declines with distance. We investigated (not shown here)
the origin of the remainder of optically thick absorbers that contribute to
the total covering fraction and found that they reside within smaller haloes.
By multiplying the curves in the top left panel of Figure 5.4 with the cor-
responding covering fractions in Figure 5.2 (black lines), we conclude that
gas in haloes with M}, > 1015 M cannot account for the observed covering
fractions. We cannot draw any conclusions about the optically thick gas due
to small number statistics.

Gas within the haloes that is moving towards their centers with a radial
velocity greater than 1/4 of the halo circular velocity, veire = /G Myir/ Ryir,
has a covering fraction that is similar to that of all gas that is in haloes
(second set of panels from the top). We take a threshold value of 1/4 of the
circular velocity because the contribution of gas that is moving at velocities
higher than the circular velocity is negligible. Gas that is outflowing with
v > 0.25v.i;c and gas that is “static” with respect to the halo center (i.e.
v < 0.25Ucirc), generally has a lower covering fraction than the inflowing
gas. The covering fractions of outflowing and static gas are similar, and
for optically thin (thick) gas they change from ~ 90% (~ 80%) of the total
covering fraction within 20 pkpe, to ~ 5% (~ 10%) at 200 pkpe.

If we relax the condition about halo membership, and instead only con-
sider whether the gas is falling towards the nearest halo with Mj, > 10'1° Mg,
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with a velocity greater than a quarter of the circular velocity of that halo,
we find that the covering fraction of such gas is = 85% of the total within
200 pkpc for optically thin gas. This shows that most of the Lya absorb-
ing gas is accreting onto the haloes, even though it is not yet inside them.
The covering fraction of this gas is consistent with the observations, which
suggests that (if the REF model describes reality sufficiently well) the in-
falling gas is necessary to account for the observed covering fraction within
200 pkpe. The covering fraction of optically thick absorbers is < 20% lower
than total at all distances, suggesting that most strong absorbers (and their
small haloes) are moving towards larger haloes. Gas that is moving away
from the nearest massive halo with v > 0.25v¢i,c, as well as static gas (i.e.
v < 0.250¢irc ), has a covering fraction that is < 20% and < 40%, respectively,
of the total at distances ~ 50 — 200 pkpc, and therefore also comprises a
significant amount of gas. Their covering fractions alone are insufficient to
account for the observations.
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Figure 5.5 — Similar to Figure 5.3, but for more cuts referring to the gas participation in
the ISM of galaxies, before, at, and after z = 2.25.

Figure 5.5 refers to the gas past, present, and future participation in the
ISM of galaxies, which we define as any gas with density nyg > 0.1cm™3 (see
§5.2.2). The contribution of the ISM to the covering fraction of Ly« absorbing
gas increases closer to the centers of haloes and with increasing absorption
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strength. Within 200 pkpe, ~ 20 — 40% of optically thick absorbers are part
of the ISM. At 200 pkpc, however, we do not expect them to be the ISM of
the central galaxy, but of companion galaxies.

Gas that was part of the ISM at z > 2.25, but is not in the ISM at
z = 2.25, has a covering fraction close to the total within 20 pkpc, and then
it asymptotes to ~ 20% (~ 60%) of the total covering fraction at 200 pkpc for
optically thin (thick) gas. Gas that will become part of the ISM at z < 2.25,
but is not ISM at z = 2.25, has a covering fraction > 80% (= 90%) of the
total for optically thin (thick) gas within 200 pkpe, and most of that gas
will accrete onto a galaxy for the first time. The covering fraction of this
gas is consistent with the observations for maximum logig7iyo > 0 and > 2,
but is lower than observed for maximum logigmye > 1 (1o discrepancy).
This suggests that gas that will become the ISM of galaxies by z = 0 can
be observed in absorption at z ~ 2.4. Gas that accretes onto a galaxy after
z = 2.25 but not for the first time, is the “recycled” gas (Oppenheimer et al.
2010). This is gas that was in the ISM before z = 2.25, and then for example
got stripped or ejected from the ISM through outflows, but accretes again
onto galaxies at z < 2.25. In addition, stronger absorbers are more likely to
become the ISM of galaxies than weaker absorbers at the same separation
from haloes, as can be seen by comparing the left and right panels.

We note that in order to say with certainty whether any of the gas sam-
ples is crucial for the observed absorption, it would be necessary to consider
absorption by all but gas in a given sample (e.g. all but gas with Typax < 10°-°
K). If it turns out that the predicted absorption in such gas is insufficient
to account for the observations, we can conclude that that gas sample (e.g.
cold-mode gas) plays a major role and had been observed already. Also, it
is necessary to determine how sensitive the results are to different feedback
prescriptions. We leave treatment of these issues for our future publication.

5.4 Absorption by cold flows on pMpc scales

In the previous Section we considered the distribution of HI around galaxies
on scales that are comparable to the sizes of the dark matter haloes hosting
the galaxies used in Rakic et al. (2011), i.e. < 200 pkpc, < 2Ryi;. In this
section we will study HI Ly« absorption as a function of distance from the
galaxies on scales up to 5 pMpc (3> Ryir) by analyzing the median optical
depth as a function of 3-D Hubble distance from haloes. This distance is
equal to \/d%os + b2, where dr,og is the LOS separation between the halo
and the absorber estimated from their velocity separation assuming that it
is due to Hubble expansion, and b is the impact parameter. We will com-
pare the simulated absorption distributions with the observations of Rakic
et al. (2011), and therefore we set the minimum impact parameter in the
simulations to match their observations, i.e. to 55 pkpc.

Figure 5.6 shows the effect of the improved handling of radiative transfer
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Figure 5.6 — The Top panel shows the median log10(7Ly«) as a function of physical 3-D
Hubble distance from galaxy halos. The circles show the observed points with 1o error
bars from Rakic et al. (2011), the red curve shows the results obtained from simulations
where self-shielding was applied in post-processing, and the blue curve shows the case
where we apply no self-shielding correction. The lower panel shows the ratio of the latter
and former. Self-shielding makes negligible difference to the median level of absorption
at distances greater than 200 pkpc from galaxies, and ~ 10% difference for distances
< 100 pkpc.

on absorption at large distances from galaxies. Without applying self shield-
ing in post-processing, the median level of absorption within ~ 55— 100 pkpc
from galaxies is ~ 10% lower, while at larger distances it is nearly identical
to the case with radiative transfer. This is consistent with Figure 5.2, which
showed that radiative transfer does not change the results for optically thin
absorbers, and far away from galaxies we expect gas to be predominantly op-
tically thin. The simulation under-predicts the absorption level within ~ 200
pkpc from galaxies in comparison with the observations from Rakic et al.
(2011). This is probably due to cold gas physics in the simulations not being
captured sufficiently well (e.g. in reality gas at ISM densities can self-shield
to form a cold phase with 7' < 10* K, while in the simulations its tempera-
ture stays at > 10* K), as well as potentially not fully adequate SN feedback
prescription in the REF model (as we will show below, feedback can raise
gas temperature close to haloes).

The top left panel of Figure 5.7 shows that if we only include gas that
was never heated to temperatures T > 10%-° K, then the absorption level
decreases by ~ 20% within ~ 130 pkpc from galaxies, and by only < 5% at
distances > 1 pMpc. In other words, gas that was never heated to T' > 10%° K
accounts for almost all absorption in the Ly« forest, and only close to galaxies
is there a mixture of hotter gas that cooled down sufficiently to absorb in HI
Lya and gas that is considered to be part of cold accretion. At distances
> 200 pkpc, the absorption profile of gas with T < 1052 K is consistent
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Figure 5.7 — The top parts of all panels show the median logio(Ty«) as a function of
physical 3-D Hubble distance from Mj, > 10115 Mg galaxy halos at z = 2.25, where colored
curves represent results when different gas samples are included, as indicated in the legends.
The bottom parts of all panels show the ratios between the curves for different cuts and the
default curve. The dashed line shows the median optical depth of all pixels. The top right
panel shows the median optical depth of gas that is in haloes with M;, > 10'1-> Mg, and
also of gas that is in addition moving with respect to the halo center with radial velocities
v > 0.25vcipc (for infalling and outflowing gas) and v < 0.25v¢ic (static gas).

with the observed profile. A comparison with Figure 5.2, which showed that
within 200 pkpc the covering fraction of gas with Thax < 1059 K is almost
identical to the total covering fraction, shows that the effect on the median
absorption statistics is larger.

In the top right panel of Figure 5.7 we apply more stringent cuts. It
appears that gas that is within the host haloes produces absorption that is
2> 90% smaller than the total absorption within & 130 pkpc from the galaxies,
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while at distances 2 130 pkpc its contribution is negligible. This is consis-
tent with results from the previous Section (5.3), where strong absorbers are
confined to haloes, and lower optical depth gas is less likely to be in haloes,
which is why contribution of halo gas is negligible at large distances. Consid-
ering that 130 pkpc is comparable to the Ry, of the haloes, and that halo gas
produces very small median optical depth within that 3-D distance, suggests
that gas that is outside haloes, but due to peculiar velocities absorbs at halo
positions, is a very important contributor.

Halo gas that is moving towards the halo center with v > 0.25vc,c pro-
duces absorption that is only a few percent of the total within 130 pkpc, and
negligible beyond. Outflowing and static gas produce even weaker absorption.

In the bottom left panel of Figure 5.7 we see that if we include all gas
that is moving towards the nearest halo (with My, = 10*° M) with v >
0.25Vcire (where veire is the circular velocity of that halo) rather than only
the gas within the haloes, then such gas makes a significant contribution
to absorption even far from galaxies. This reflects the ongoing structure
formation in the Universe where even low-density gas is undergoing motion
towards large-scale overdensities. It produces absorption that is ~ 30% lower
than the total within ~ 0.5 pMpc, and then slowly falls off to being only
a few percent of the total at 5 pMpc. Gas that is going away from the
galaxies with v > 0.25v¢i,c produces a median absorption level that is < 1.5%
of the total at all distances from galaxies. Gas that is static relative to
the galaxies (v < 0.25v¢iyc) produces absorption that is < 10% of the total
within ~ 1 pMpc from galaxies, but its contribution grows to ~ 20% of
the total at ~ 5 pMpc, where it also surpasses the absorption by inflowing
gas. The picture on large scales is quite different from that within 200 pkpc
of the galaxies, where the covering fractions of outflowing and static gas
are comparable. This suggests that outflowing gas becomes less important
further away from galaxies.

In the bottom right panel of Figure 5.7 we select gas that is part of the
ISM at z = 2.25, at z > 2.25, z < 2.25, and at z < 2.25 for the first time. The
ISM contributes a negligible amount of Ly« absorption on the distance scales
considered, and its median optical depth is consistent with zero. Absorption
by ejected gas, i.e. gas that has been in galaxies before and is not at z = 2.25,
is ~ 95% lower than total absorption within ~ 130 pkpc from galaxies, and
its contribution is negligible beyond that distance. Gas that is not in the ISM
at z = 2.25, but becomes part of it after that redshift, produces significant
absorption out to ~ 0.5 pMpc, and its median optical depth is only ~ 50%
lower than total within ~ 130 pkpc from the galaxies. Most of this gas
becomes the ISM after z = 2.25 for the first time. An interesting result from
this panel is that although gas that is closer to galaxies is more likely to join
the ISM, most of the Ly« absorbing gas at distances greater than ~ 200 pkpc
will not accrete onto the galaxy before z = 0.
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5.5 Physical properties of the Lyman-a absorbing gas

In this section we show the physical properties of the HI Ly« absorbing gas in
the simulations. Given that the predicted median absorption profiles do not
exactly match the observations, the relations below might not resemble the
true gas densities and temperatures in those regions. However, we consider
them useful for building intuition about gas properties, especially farther
away from galaxies where the absorption profiles between observations and
simulations agree well. We also note that the simulations used below were not
post-processed with radiative transfer, unlike all previous results presented
in this chapter.

In the figures below we show three different overdensity and temperature
profiles of gas as a function of 3-D Hubble distance from the haloes:
i) mass weighted, in real space;
it) N1 weighted, i.e. weighted by the contribution to the optical depth, in
real space;
iii) optical depth weighted, i.e. weighted by the contribution to the optical
depth of the pixel. This estimate is almost identical to the Ny weighted
one, the only difference being that it is evaluated in velocity space.

Along each sightline used in the previous section, we extract gas den-
sity and temperature distributions (that were used for calculating absorption
spectra in the first place). Estimates of these quantities in real space were
extracted from the simulations by ignoring peculiar velocities, as opposed
to those estimated in velocity (i.e. redshift) space. We estimate the profiles
below as a function of 3-D distance, where for quantities extracted in red-
shift space (i.e. the optical depth weighted overdensity and temperature) we
assume that the LOS separation between haloes and pixels is due only to the
Hubble flow.

Figure 5.8 compares the different median overdensity profiles, for the halo
mass range of interest. The Ny weighted overdensity is higher than the mass
weighted overdensity suggesting that Lya absorbing gas is denser than the
gas that makes up most of the mass. The optical depth weighted overdensity
profile, which only differs from the Ny profile in that it is estimated in red-
shift space, is also higher than the mass weighted profile. In comparison with
the Ny profile, however, it shows a shallower slope with distance, because
it is affected by the peculiar motions of the gas. The median optical depth
weighted overdensity also appears higher than the median Ny weighted over-
density, which is due to overdense absorbers having relatively small sizes in
real space that get smoothed in redshift space due to peculiar velocities. For
example, Lya absorbers with the column density Ny; = 10'6 cm ™2 have typ-
ical sizes of ~ 20 pkpc (Schaye 2001), while the typical Doppler parameter
of such absorbers is ~ 30 kms~! (Rudie et al. 2011, in preparation) making
them smeared over 2 100 pkpc in redshift space at z = 2.25.

The left panel of Figure 5.9 shows the different median temperature pro-
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Figure 5.8 — Mass weighted (dotted lines), Ny weighted (dashed lines), and HI Ly«
optical depth weighted (solid lines) median overdensity of gas as a function of distance
from the haloes, with mass M, > 1015 Mg at z = 2.25, in the 50 h~! cMpc REF
simulation.
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Figure 5.9 — The left panel shows the median mass weighted (dotted lines), Ny weighted
(dashed lines), and HI Ly« optical depth weighted (solid lines), temperatures as a function
of distance from the haloes, with My, > 10'1® Mg, at z = 2.25, in the 50 h~! cMpc REF
simulation. In the right panel we repeat the optical depth weighted median temperature
of the gas from the left panel (black solid line) and show also the median of the maximum
temperature that the Lya absorbing gas has ever reached (black dashed line). Grey lines

show the corresponding 15.1 and 84.1 percentiles (encompassing the 1o interval around
the median).

files. The mass weighted temperature is higher than the Ny weighted tem-
perature, because it traces all gas, including gas that is collisionally ionized
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at the virial temperature (T, > 10°° K). The Lya absorption traces denser
and colder, neutral gas. The optical depth weighted temperature is also lower
than the mass weighted temperature, and the profile is shallower than the Ny
weighted temperature due to peculiar velocities. The optical depth weighted
temperature is lower than the ion weighted temperature in the innermost
regions because peculiar velocities bring the colder gas closer to galaxy red-
shifts in velocity space (see Chapter 4 where we found that neglecting peculiar
velocities reduces the signal close to galaxies).

The right panel of Figure 5.9 compares the median optical depth weighted
current gas temperature with the median optical depth weighted maximum
temperature that the gas has ever reached, as a function of distance from
the halo. The 1o scatter around the median is also shown. Most of the Ly«
absorbing gas is and has always been cold (Tpax < 10%° K), while there is
a mixture of hot- and cold-mode gas close to galaxies (< 200 kpc). This is
consistent with the findings presented in the previous two sections.

Each panel of Figure 5.10 shows the median optical depth weighted over-
density and temperature of gas as a function of the optical depth for a par-
ticular range of impact parameters (estimated over £165kms~! along the
LOS from galaxy positions), in the REF model. In each panel we also show
the results for 1000 random sightlines (grey lines), which is identical in each
panel. Looking at the results for random sightlines, we notice that both
the overdensity and the temperature increase with the optical depth, for
—2 < logyg7 < 1. This reflects the well-known temperature-density relation
(e.g. Hui & Gnedin 1997), where the temperature of the IGM is set by the
competition between adiabatic cooling due to the expansion of the Universe
and photoheating. At the low optical depth end (logio7T,ye < —2) there is an
upturn in both the density and temperature due to gas that is shock-heated
to high temperatures and therefore highly ionized. At the high optical depth
end (logioTrye > 1) the temperature decreases with increasing optical depth
and density, because this gas is dense enough to cool radiatively.

Even for impact parameters 1.42 < b < 2 pMpc the temperature for a
given optical depth in the range —1 < log,(7 < 1 is higher than for a random
sightline. Approaching galaxies, the temperature of the Ly« absorbing gas
increases further and for b < 0.5 pMpc the density corresponding to a fixed
optical depth also becomes noticeably higher than for a random place. The
temperature-density relation (for —2 < log,,7 < 1) gets gradually inverted
with decreasing impact parameter and is almost fully inverted at b < 0.25
pMpc; instead of both gas temperature and overdensity increasing with opti-
cal depth, the temperature is higher for low optical depths. Absorbers with
optical depth 7 = 0.1 are gas clouds with a typical overdensity of ~ 1 —2 and
a temperature T ~ 2 x 10* K at ~ 2 Mpc from galaxies, but they are gas
clouds with overdensity ~ 10 and temperature ~ 10°> K within ~ 100 pkpc
from galaxies. This means that gas with the same Lya optical depth has very
different properties depending on where it is with respect to the haloes.
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Figure 5.10 — Different panels show the z = 2.25 median HI Ly optical depth weighted
overdensity (solid black line, left axis) and temperature (dotted black line, right axis) as
a function of the optical depth, with different impact parameter ranges shown in different
panels (estimated over £165kms™! from halos with M}, > 1011 Mg). The grey lines are
repeated in each panel and show the results for sightlines drawn at random positions. We
can see that gas with the same optical depth has very different properties depending on
where it is with respect to the haloes.

Figure 5.11 is similar to Figure 5.10 but shows the properties of absorbers
with a given optical depth for the AGN model. With respect to the REF
model (grey curves), more gas has been shock-heated to high temperatures
at the low optical depth end, and the temperature-density relation is already
fully inverted at impact parameters b < 1 pMpc.

In Figure 5.12, we show the results for the NOSN model. Comparing
them with results for the REF model (grey curves), it becomes obvious that
at least some of the temperature-density inversion, for —2 < log,,7 < 1,
at small impact parameters is due to SN feedback. Nevertheless, even pure
gravitational heating is able to somewhat invert the temperature-density re-
lation.
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Figure 5.11 — Similar to Figure 5.10 but for the AGN model. The grey lines show the
results for the REF model. In comparison with the REF model, gas properties are affected
at greater distances from the galaxies.

5.6 Summary & Conclusions

Cold flows are thought to be the dominant process through which galaxies
acquire fuel for star-formation, but there is no unequivocal observational
evidence for their existence as of yet. Here we explore how much of the gas
seen in HI Ly« absorption at z = 2.25 is due to cold flows. We use the
reference model from the OWLS suite of simulations (Schaye et al. 2010),
with radiative transfer applied in post-processing, and study absorption near
haloes with M;, > 10> M, which are expected to host the galaxies from
Rakic et al. (2011). Our results are dominated by haloes with M}, ~ 1012M,
which is where the simulations predict that the cold and hot modes provide
comparable contributions to the gas accretion rates onto haloes (Van de Voort
et al. 2011a). We found that the improved radiation transfer handling is only
important for the part where we focus on the dense halo gas which can self-
shield against the ionizing radiation.
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Figure 5.12 — Similar to Figure 5.10, but for the NOSN model. In comparison with the
REF model (grey curves), the temperature density-relation is less inverted at small impact
parameters, suggesting that at least some of the heating is due to SN-driven winds.

In the first part of this chapter we studied the nature of the Ly« absorb-
ing gas by examining its past and future properties, and in the second part
we studied its temperature and density. We looked into their dependence on
the feedback implementation by using simulations with SN feedback (the ref-
erence model), with both SN and AGN feedback (model AGN ), and without
feedback (model NOSN). Unlike in the first part of the chapter, radiative
transfer was not applied to any of these simulations.

We studied the covering fraction of absorbers with a given strength in
the immediate surroundings of the halo, i.e. at impact parameters b < 200
pkpc, as a function of impact parameter, and across +165kms™!, for gas
that is optically thin to the ionizing radiation. For gas with column densities
Nur > 10172 cm~2 we instead considered the total column density along the
sightline through the simulation volume. We compared the predicted covering
fractions to those observed by Rakic et al. (2011) for maximum logio7r,ya >
0, 1, and 2, and Rudie et al. (2011, in preparation) for log1o Ny > 17.2, 18.5,
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and 20.3 cm—2. We found that:

e Most of the Lya absorbing gas within 200 pkpc from galaxies has not
been shock heated to temperatures T > 10% K.

e Gas is mostly moving towards the haloes with v > 0.25v¢4¢, although
a non-negligible fraction is flowing outwards (also with v > 0.25vciyc),
or is static with respect to the halo centers (i.e. v < 0.25Vcirc)-

e Most of the Lya absorbing gas is on its way to joining the ISM of
galaxies after the time of observation (z = 2.25), and will be accreting
for the first time. Optically thick gas is more likely to become part
of galaxies before z = 0 than weaker absorbers at the same impact
parameter.

e Gas with Thax < 10°%° K has a covering fraction that is consistent with
the observed covering fraction of gas with maximum logioTrye > 0, 1,
and 2. Gas that is infalling towards haloes, but is not necessarily inside
them, and gas that will join the ISM of galaxies by z = 0, also have
covering fractions that are consistent with the observed.

In order to say whether different gas samples have a critical role in ac-
counting for the observed covering fraction, it would be more appropriate
to exclude particles belonging to those samples, and compare the absorption
produced by the remaining gas to the observed absorption. If the remaining
gas exhibits the covering fraction of Ly« absorbers that is lower than ob-
served, we would be able to conclude that the excluded gas plays a major
role in absorption. In addition, the complete analysis should be repeated for
simulations with different feedback models to examine the sensitivity of the
results to particular prescriptions. We will address these issues in our future
publication.

We also studied the median HI Ly« optical depth of gas with given prop-
erties on relatively large scales in comparison with halo sizes (< 5 pMpc from
the haloes), as a function of 3-D distance (= \/df g + b2, where d,0s is the
LOS separation between the halo and the absorber estimated from their ve-
locity separation assuming that it is due to Hubble expansion). The main
findings are:

e At large distances (2 1 pMpc), gas with a maximum past temperature
of < 10%% K produces a median optical depth that is only < 5% lower
than the total median optical depth (i.e. when we include all gas),
suggesting that most of absorption in the Lya forest is due to gas
that was never shock-heated to high temperatures. This gas alone can
account for the observed median optical depth at distances 2 200 pkpc.

e Gas within the haloes produces a median optical depth that is < 20%
lower than that produced by all gas within ~ 130 pkpc (3-D distance),
and its contribution to the total median optical depth is negligible be-
yond this distance.

e Gas that is inflowing towards the nearest halo with M;, > 10'!->M, pro-
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duces a median optical depth that is = 30% lower than that produced
by all particles within ~ 1 pMpc from the haloes; it remains signifi-
cant even at 2 pMpc, beyond which static gas becomes dominant. This
suggests that even at large distances, a non-negligible amount of gas
is moving towards the haloes, which is a consequence of the ongoing
structure formation. This is consistent with the observations of Rakic
et al. (2011) who detected gas infall on scales of 1.4-2 pMpc from galax-
ies. The outflowing gas produces a median optical depth that is < 1.5%
of that produced by all gas within ~ 1 pMpc and negligible beyond.

e Gas that will join the ISM of galaxies by z = 0 and is not in the ISM
at z = 2.25, produces a median optical depth that is ~ 30% lower than
that produced by all Lya absorbing particles within ~ 130 pkpc. Its
contribution to the median optical depth declines with distance from
haloes, and is negligible beyond ~ 500 pkpc. The majority of this gas
will accrete onto a galaxy for the first time. Most of the Ly« forest gas,
however, does not come into galaxies before z = 0.

Finally, we looked at the overdensity and temperature of gas with a given
optical depth, at different impact parameters from the haloes, using simula-
tions where no radiative transfer post-processing was applied. We find:

e The REF model predicts that absorbers with optical depth 1072 <
Trya S 10 are typically produced by gas whose temperature and density
follow the temperature-density relation, i.e. the temperature increases
with the gas density. This relation changes closer to galaxies, and is
almost fully inverted, i.e. gas temperature increases with decreasing
density, within ~ 0.25 pMpc from haloes with M), > 10'!-> M. This
is mostly due to SN-driven winds heating the gas near galaxies. As a
result, the physical properties of gas with the same Ly« optical depth
change depending on where it is with respect to galaxies.

e The AGN model predicts a temperature-density relation that differs
from the reference model even at ~ 2 pMpc from the haloes, with more
gas heated to high temperatures. The relation is fully inverted (i.e. gas
temperature increases with decreasing density) within ~ 1 pMpc.

e In the NOSN model the temperature-density relation appears largely
independent of separation from haloes, but is slightly inverted within
~ 200 pkpc. This suggests that the galactic feedback is not solely
responsible for the inversion, and that gravitational shock-heating plays
a role as well.

The fact that the temperature-density relation appears sensitive to the feed-
back model, and that it changes as a function of distance from haloes, pro-
vides another way to constrain galactic feedback once observations of the
temperature-density relation can be performed at different distances from
galaxies. Although performed on larger scales, an indirect proof of concept
is the measurement of the IGM temperature in the QSO proximity zone by
Bolton et al. (2010). Their measurement was conducted across ~ 30 cMpc in
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a single sightline, while we found that strong feedback can impact the physi-
cal state of the IGM out to (at least) ~ 2 pMpe. While it will be difficult to
test our predictions in a single sightline, a number of sightlines (QSO-galaxy
pairs) passing at different distances from galaxies can make up sufficient red-
shift path for the temperature to be measured as a function of distance from
galaxies (see Rudie et al., 2011, in preparation).
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