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Figure 6. Temperature of the gas in a group size halo at z = 1, with Mh =
9 ! 1012 M". Panels show the gas in a region 2 h#1 Mpc (comoving) on
a side and 2 h#1 Mpc (comoving) in projected depth. The virial radius is
shown as the circles. Upper panels show all gas particles. The middle panels
show only the gas with T < 105 K but with the same colour scale (indicated
on the right-hand side). The lower panels also show only the low temperature
gas, but they are zoomed-in to show a region 750 h#1 kpc (comoving) on
a side (approximately within 0.8 Rvir) and 250 h#1 kpc (comoving) deep.
Vectors attached to particles show their projected velocities.

factors of $2–3. Not only are the trends with mass now shallow,
but above $2 ! 1012 M" the accretion rates of the central galaxies
actually start to decrease with mass, though they turn up again above
1013 M".

In the mass range where the accretion rates are decreasing with
mass, the haloes are full of hot virialized gas that cannot cool. At the
highest mass end, where the gas accretion rates once again increase
with mass, cold mode accretion dominates. In massive haloes only
the remnants of the cold filaments survive at low redshift, in the
form of cold clouds. Some of these clouds are bound and identi-
fied with SKID, so we do not count them as smooth accretion even
though they are not galaxies in the classical sense, i.e. they are
not embedded in dark matter haloes. Cold clouds not identified
by SKID as galaxies also contribute to this cold mode accretion in
massive haloes. In addition, some cold, galactic gas gets decoupled
from the stellar component owing to strong ram pressure and tidal
forces.

The accretion of cold clouds with these various origins causes
the cold mode accretion in very massive haloes at late times. While
part of this accretion could be realistic, much of it is probably a
consequence of numerical artefacts, for the reasons discussed in
Section 4.3. Since most of this accretion comes from clouds with
masses slightly below the resolution limit (see Section 3.7), we
refer to it as ‘cold drizzle’. Whether or not this cold drizzle is
physical or numerical, the fact remains that group and cluster mass
haloes, which have masses at least an order of magnitude above the
transition mass between cold and hot mode accretion dominated
galaxies, effectively stop accreting gas from their hot virialized
haloes, i.e. the hot gas no longer cools.

The results at z = 0 reveal some interesting trends. The depen-
dence of the accretion rates on galaxy and halo mass is similar to
z = 1, but the rates are lower overall. At the low-mass end, the rates
increase from around 0.2–0.3 M" yr#1 in haloes with masses of
$1011 M" to 1–1.5 M" yr#1 in $1012 M" haloes. Once again, the
rates drop for masses above 1012 M". At halo masses larger than
several times 1011 M", the haloes are completely dominated by hot
mode accretion, except for the most massive haloes where poten-
tially spurious cold drizzle provides several M" yr#1 of accreted
gas and where the hot mode rates are even lower. Most haloes have
lower accretion rates at z = 0 than at z = 1, and smooth accretion is
almost completely shut off in haloes with masses larger than several
times 1012 M". However, there is a sizeable population of haloes
with masses of $1012–5 ! 1013 M" whose accretion rates have
increased since z = 1, and the mass dependence of the upper enve-
lope of accretion rates is quite steep. These haloes have developed
what could be considered classic cooling flows (Fabian 1994). In
the same mass range, the majority of the haloes have accretion rates,
especially in the hot mode, that are very small. We will discuss the
detailed properties and statistics of cooling and non-cooling haloes
in Section 4.

The left-hand panels of Fig. 7 also list the fraction of galaxies
with extremely low accretion rates, less than 15 per cent of the
median accretion rate of galaxies at 2 ! 1010 M". Specifically, we
adopt thresholds of 0.1, 0.3, 1 and 3 M" yr#1 at z = 0, 1, 2, and 4,
respectively. These galaxies typically accrete only one or zero gas
particles between the two simulation outputs, and most such objects
are satellite galaxies in larger parent haloes.

3.5 Gas accretion in satellite galaxies

Fig. 7 includes a comparison of central and satellite accretion rates
in our GADGET-2, L50/288 simulation. At z = 4, the satellites and
central galaxies have very similar accretion rates at a given galaxy
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Cold Gas Accretion on Dark Matter halos e.g. Keres et al. 2009

Accretion of cool, T∼104 K gas, is 
inefficient in massive halo 
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Figure 3. The fraction of cold halo gas in a halo of a given mass at four different redshifts. Lines show the running median of the cold gas fraction (blue, solid)
and the hot gas fraction (red, dashed). (We exclude any galactic gas.)

density (because the masses of the gas particles out of galaxies are
usually identical). To illustrate the filamentary geometry, we show
two different projections of each halo.

As emphasized in K05, owing to the presence of the dense
filamentary streams, a typical high-redshift halo has regions of
great density contrast. High densities and short cooling times in
these filaments make conditions unfavourable for shock propagation
(Binney 1977; Birnboim & Dekel 2003). In the inter-filamentary re-
gions, where the gas density is often one or two orders of magnitude
lower, some gas shock heats even when the halo mass is much lower
than the transition mass. This is in contrast with simple 1D models,
which necessarily average away density variation at a given radius,
and which typically show a quick transition from cold mode to hot
mode. In the upper panels of Fig. 4, dense filamentary flows con-
nect to the outskirts of the central galaxy and to an infalling satellite
galaxy (see Section 3.5). Tidal interaction has created a bridge be-
tween these two galaxies. Near Rvir, the filaments are thicker than
the galaxies themselves, but they are then compressed by the sur-
rounding shock-heated (virial temperature) gas, which extends to
!0.5Rvir. Near the galaxies, the filaments are narrower than the
galactic discs.

The situation changes at low redshift, where lower mass galaxies
typically reside in larger filamentary structures comparable in cross-
section to the size of the halo. However, the densest parts of the
filaments can still survive within the virial radius. Deeper in the
halo, some of this gas gets shock heated to the virial temperature
and some stays cold, resulting in a mixture of cold and hot accretion
that supplies the gaseous galactic disc visible in the lower panels of
Fig. 4.

Fig. 5 shows more massive haloes, with mass Mh " 1012 M#,
a factor of !3 above the transition mass seen in Fig. 3. The lim-

ited volume of our L12.5/288 simulation does not contain any halo
of this mass at z = 3 so we show haloes at z = 2 and 1. Here,
the situation changes dramatically. At z = 2, a typical !1012 M#
halo evolves at the intersection of several filamentary structures.
The shock-heated gas in this halo fills up the cavities between the
filaments, and in some directions it extends to several virial radii.
One can clearly see how gas that falls on to a halo from the re-
gion between the filaments gets heated at a shock front, typically
slightly outside Rvir. The middle and the lower panels show only
the gas with T < 105 K, to reveal the penetration and filamen-
tary structure of the cold accretion. These filaments are enhanced
by infalling substructures, which drags parts of the filaments into
the more massive haloes and often splits larger filamentary structure
into multiple flows separated by hot gas. Furthermore, haloes of this
mass are dominated by hot gas at T ! Tvir, which provides a high-
pressure environment that compresses the filaments. This results in
the thin filamentary streams, most of which can penetrate to the
halo’s central regions. The zoom-in panel of the z = 2 halo shows
that these cold filaments survive to supply both the central and the
satellite galaxies (in the upper right corner of this panel) with cold
gas. However, a large fraction of the infalling gas is now shock
heated to the virial temperature and fills the halo, so the accretion
rate of the central galaxy in this halo is a factor of several below
the halo accretion rate. The filamentary streams in this panel show
clumps and disturbances from substructure. The filaments dragged
by the infalling substructure typically infall with a larger impact
parameter bringing in large amounts of high angular momentum
gas.

Results for the z = 1 halo (right-hand panel) are similar, but
the incoming filaments are somewhat thicker compared to Rvir be-
cause a 1012 M# halo is no longer an unusually high-density peak.
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Origin of cool baryons in dark matter halos
Instabilities within the hot halo gas

e.g.: Fields 1965

see also Mo & Miralda-Escude (1996), Maller & Bullock (2004),
Keres and Hernquist (2009)
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Figure 4. Maps of the projected HI density for the low-entropy case (left) and high entropy case (right). Shown is the case for TF = 15 000
K, see text for details. Boxes are 100 kpc on a side.

Figure 5. Maps of the projected Mg II density for the low-entropy case (left) and high entropy case (right). Shown is the case for
TF = 15 000 K and 0.3 metallicity gas, see text for details. Boxes are 100 kpc on a side.

Benson et al. (2000) reported limits on the X-ray lumi-
nosities of three galaxy halos of LX < 0.4, 1.2 and 3.8 !1041

erg s!1. In this investigation, the authors did not include lu-
minosity from the central disk region in order to concentrate
on halo gas explicitly. In Table 2 we list the LX values for
each of our halos, excluding the central 10 kpc region by
analogy with Benson et al. (2000). The luminosity from the
the high entropy model (LX = 2.2!1039 erg s!1) is well be-
low the observed limits, while the value for the low entropy
model (LX = 1.3 ! 1041erg s!1) is inconsistent with two of
the halo LX limits from Benson et al. (2000).

Finally we note that even our high-entropy halo is too
bright in the X-ray in the very central disk region. Unfortu-

nately, the predicted luminosity in this region su!ers from
both numerical limitations and from the lack of important
feedback physics, which almost certainly is important on
this scale. First, at the disc-halo interface, the densities of
the hot gas particles and therefore their X-ray emission are
over-estimated due to the SPH smoothing procedure3. Fur-
thermore, feedback from star-formation is expected to mod-
ify the thermal structure of the hot halo at the disc-halo

3 However, one can show that if the cold gas particles are cut
away and the densities of the remaining gas particles are then
recalculated, the X-ray luminosities will be underestimated (Toft
et al. 2002)

Kaufmann et al. (2009)

low-entropy halo high-entropy halo
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100 kpc

MgII clouds

Hot gas around galaxies 193

Table 1. Simulated galaxies. The fiducial models are shown in the upper part, the runs investigating resolution and temperature
dependence are shown in the lower parts.

(1) (2) (3) (4) (5) (6) (7)
Name Gas particles TF Softening length Gas particle Dark matter Etot(t = 0)

(104 K) (kpc) Mass (M!) Particle mass (M!) (erg)

Low-entropy 5 " 105 3.0 0.514 2.8 " 105 2.5 " 106 #3.09 " 1059

High-entropy 5 " 105 3.0 0.514 3.6 " 105 2.5 " 106 #2.91 " 1059

Low-entropy low-resolution 1 " 105 3.0 0.514 1.4 " 106 1.3 " 107

High-entropy low-resolution 1 " 105 3.0 0.514 1.8 " 106 1.3 " 107

High-entropy high-resolution 2 " 106 3.0 0.257 9.0 " 104 6.3 " 105

High-entropy LT 5 " 105 1.5 0.514 3.6 " 105 2.5 " 106

(3) TF is the imposed temperature floor, LT in the name indicates a low-temperature floor.
(7) The total energy content of the halo after the evolution with the adiabatic EOS.

Figure 1. Initial gas density profiles for our low- and high-entropy models.
Note that both models have the same total gas mass within their virial radii.
The profiles shown have been evolved with an adiabatic EOS in order to
achieve full relaxation.

with the same amount of baryons within the virial radius of the halo.
We then impose a temperature profile such that the gas is initially
in hydrostatic equilibrium for an adiabatic equation of state (EOS)
where gas cooling is turned off. The high-entropy model has a
central entropy parameter, S0 = T 0/n

2/3
0 $ 30 keV cm 2, of the type

suggested in scenarios with substantial pre-heating (e.g. Mo & Mao
2002). The amount of entropy in the low-entropy model is likely
lower than values arising in cosmological simulations, therefore
providing a lower limit in terms of entropy content. However, the
assumption that the hot gas follows the radial distribution of the
dark matter is widespread in the literature (e.g. van den Bosch
2001). For all of our fiducial models, we choose !g = 0.03 for
our gas spin parameter, defined in analogy with the halo spin as
!g % jg|E|1/2G#1M

#3/2
200 . Here, jg is the average specific angular

momentum of the gas, E and M200 are the total energy and mass of
the halo.

The specific angular momentum distribution of the gas is assumed
to scale linearly with the cylindrical distance from the angular mo-
mentum axis of the halo, j & r1.0. This choice is consistent with
values found for dark matter haloes within cosmological N-body
simulations (Bullock et al. 2001). For simplicity, we initialize the

dark matter particles with no net angular momentum. A detailed
description of our initialization method is presented in Kaufmann
et al. (2007).

Table 1 summarizes the models we explore, but our fiducial runs
use N = 5 " 105 gas and dark matter particles, and the gravitational
softening length is set to be 0.514 kpc. These choices correspond to
cases where numerical losses of angular momentum become small
(Kaufmann et al. 2007). In Section 5, we perform a number of
resolution and convergence tests using lower and higher resolution
runs. The low-resolution models use N = 105 gas and dark matter
particles. The high-resolution run uses N = 2 " 106 particles for
each of the species and a softening of 0.257 kpc, scaled as suggested
in Zemp et al. (2008). The gas and dark matter particle masses for the
three different resolutions are given in Table 1. Finally, we explore
two different temperature floors TF = 1.5 and 3 " 104 K. These
values alleviate gravitational instabilities in the disc and crudely
mimic the effects of missing heating sources such as those from
an ultraviolet background (see e.g. Barnes 2002). They also allow
us to explore the properties of fragmentary clouds (e.g. their sizes
and neutral fractions) as they are allowed to cool to two different
temperatures.

Before exploring the effect of cooling in the simulated haloes,
we first allowed them to evolve for 0.5 Gyr with cooling turned off,
in order to allow the system to fully relax. Fig. 1 shows the density
profiles after this initial relaxation phase, before cooling is turned on.

2.2 Hydrodynamics and star formation

We use the parallel TREESPH [smoothed particle hydrodynamics
(SPH)] code GASOLINE (Wadsley, Stadel & Quinn 2004), which is
an extension of the pure N-Body gravity code PKDGRAV developed
by Stadel (2001). It includes an artificial viscosity using the shear
reduced version (Balsara 1995) of the standard Monaghan (1992)
implementation. GASOLINE uses a spline kernel with compact sup-
port for the softening of the gravitational and SPH quantities. The
energy equation is solved using the asymmetric formulation, which
is shown to yield very similar results compared to the entropy-
conserving formulation but conserves energy better (Wadsley et al.
2004). The code includes radiative cooling for a primordial mixture
of helium and (atomic) hydrogen. Because of the lack of molecular
cooling and metals, the efficiency of our cooling functions drops
rapidly below 104 K. The lack of molecular cooling is unimportant
in our investigation because we enforce temperature floors TF '
1.5 " 104 K.

The adopted star formation recipe is similar to that described in
Katz (1992); stars spawn from cold, Jeans unstable gas particles in

C( 2009 The Authors. Journal compilation C( 2009 RAS, MNRAS 396, 191–202
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150 kpc

Origin of cool baryons in dark matter halos
Galactic interactions - stripping and tidal structures

Credit: Chynoweth et al., NRAO/AUI/NSF, Digital Sky Survey.

M81

M82

NGC3077

N(HI)>1018 cm-2

∼10 kpc

Hα

Chynoweth et al. (2008)
see also Wang (1993)
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Starburst driven outflows Weiner et al. (2009)
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2.2. Co-Addition of DEEP2 Spectra

The median signal-to-noise ratio (S/N) of DEEP2 spectra in
the Mg ii sample near 2820 Å restframe is 0.55 per pixel, or
1.1 per FWHM. The typical exposure time of 1 hr is designed
for acceptable detection of nebular emission lines, but does not
yield S/N/pixel high enough to study absorption lines in detail
in most of the objects. We construct a high S/N composite by
co-adding spectra in their rest frame.

We co-add the spectra using an IDL routine written by mem-
bers of the DEEP2 team. From an input catalog of DEEP2 galax-
ies, the routine collects their one-dimensional extracted spectra,
corrects each for telluric absorption, shifts the wavelength scale
to the rest frame based on the DEEP2 catalog redshift, which
is derived from [O ii] in these objects, and co-adds the spectra,
weighting at each pixel by the inverse variance.

Weighting solely by the inverse variance would mean that
bright objects contribute super-linearly to the co-add, since they
have higher flux and lower variance. For the present sample, for
each spectrum we renormalized the inverse variance array so that
it has median of 1, prior to the telluric correction. The effect is to
retain the dependence of the inverse variance on wavelength in
each individual spectrum, e.g. due to night sky lines, but to take
out the object-to-object difference, to avoid weighting bright
galaxies more due to the higher S/N of their spectra. The co-
added spectrum is light-weighted, not equal-number-weighted,
across the galaxy sample. We did not flux-calibrate the spectra
prior to co-addition; since the galaxies occupy a narrow redshift
range, the instrumental response does not vary greatly in the
pixels contributing to a given rest wavelength. The pixel spacing
in the co-added spectrum is 13.8 km s!1 at 2800 Å. The S/N/
pixel in the co-added spectrum of 1406 galaxies is 21, and in
the subsamples of Section 6 the S/N/pixel is 8–14.

3. MG ii ABSORPTION IN DEEP2 GALAXIES

3.1. The Co-added Spectrum at z = 1.4

Figure 2 shows the full co-added spectrum of the 1406-
galaxy Mg ii sample. The spectrum is dominated by strong
[O ii] 3727 emission. There are prominent Balmer absorption
lines indicating a young stellar population with A stars, [Ne iii]
3869 emission, and some narrow Balmer emission. The UV
spectrum blueward of [O ii] is relatively featureless except for
weak He I 3188 Å emission, and strong absorption from Mg i at
2852 Å and the Mg ii doublet at 2796, 2803 Å.

In Figure 3 we extract the regions of the co-added spectrum
around the lines [O ii] 3726.0, 3728.8 Å, Mg ii 2795.5, 2802.7 Å,
and Mg i 2852.1 Å, and plot them on restframe velocity scales
derived from the DEEP2 catalog redshift. At this high redshift,
the DEEP2 redshift is based solely on fitting [O ii]. The [O ii]
doublet is thus necessarily fixed to zero velocity, here referenced
to the redder line at 3728.82 Å. The immediately visible result
is that the Mg ii and Mg i absorption lines are asymmetric and
blueshifted by a few hundred km s!1 with respect to the systemic
velocity defined by [O ii].

The lines of the [O ii] doublet are symmetric, with low-
intensity wings more extended than Gaussian. The wings could
be due to wings in individual galaxies or simply the fact that the
summation of Gaussians of different dispersions is not itself a
Gaussian. In local superwind galaxies, faint optical emission is
seen from high-velocity wings of a few hundred km s!1, from
shocked gas swept up by the wind (e.g., Bland & Tully 1988;
Heckman et al. 1990). The [Ne iii] line, which arises in AGN

Figure 2. Co-added spectrum of all 1406 galaxies in the Mg ii sample, in the
rest frame. The upper line is the spectrum, smoothed with a 5 pixel boxcar, and
the lower smooth line is the error spectrum of the smoothed co-add.

Figure 3. [O ii] 3726.0, 3728.8, Mg ii 2795.5, 2802.7, and Mg i 2852.1 Å lines
in the co-added spectrum of 1406 galaxies, relative to zero velocity as defined
by the redshift derived from [O ii]. The [O ii] doublet lines are at their nominal
systemic velocities, but the Mg i and both Mg ii lines show blueshifted and
asymmetric absorption profiles. The horizontal bars in the middle panel show
the extent of the windows used in Section 3.4 to measure absorption and excess
emission in individual spectra.

and in very blue star-forming galaxies, is much weaker than
[O ii], and has a small blueshift of 40 km s!1.

In local luminous infrared and starburst galaxies, the centroid
of optical emission can be slightly blueshifted with respect to the
systemic velocity, presumably due to emission from outflowing
gas. For IR-luminous galaxies, Mirabel & Sanders (1988), found
the optical catalog redshift was blueshifted by 90 km s!1

on average relative to the centroid of 21 cm H i emission. In
local edge-on starbursts, Lehnert & Heckman (1996) found the
nuclear emission lines blueshifted by a median of 25 km s!1

relative to the overall rotation curve. However, in our spectra,
since the galaxies are comparable in size to the slit width, [O ii]
emission is integrated over most of the galaxy. In our co-added

MgII λλ2796,2803 absorption doublets
 are tracers of cool gas in galactic halos

• Co-added spectrum of 1406 
DEEP2 galaxies 

• MgII absorption doublet is 
blueshifted with respect to 
galactic [OII] emission lines

• How far away is the ouflowing
material?

• Does the gas detected at large 
separations from the galaxy share
the same origin?

see also Bond et al. (2001), Nestor et al. (2010),
Steidel et al. (2010), 
Menard et al. (2009)



Exploring the cool gas content of dark 
matter halos

• Taking advantage of the large data sample of SDSS
(100K QSO spectra and 100M galaxies) 

• Need a tracer/indicator of cool gas in halos : MgII 
absorbers in background QSO spectra

• Need a tracer of dark matter density field : 
Luminous Red Galaxies 

(using QSO absorption line clustering)

Origin of cool baryons in dark matter halos



MgII absorbers as a tracer of cool gas

• MgII λλ 2796, 2803 absorption doublet is 
commonly seen in QSO spectra

• Absorbers arise in photo-ionized gas of T ∼ 104 K 
and trace high-column density HI clouds with 
N(HI) ≈ 1018 - 1022 (Bergeron & Stasínska 1986; 
Rao et al. 2006)

• Large HI column density suggests that MgII 
absorbers originate in halo gas around individual 
galaxies (Doyle et al. 2005). 

• Many luminous galaxies have been found at 
projected distances ρ = 50 - 100 h-1 kpc from 
known MgII absorbers. (Bergeron 1986; Lanzetta & 
Bowen 1990, 1992; Steidel et al. 1994; Zibetti et al. 
2005,2007; Nestor et al. 2007; Kacprzak et al. 
2007). 

Background
QSO

Foreground
Galaxy

MgII



Cool gas in massive halos

156 kpc

Luminous red galaxy at z = 
0.5105

quasar at z = 
2.158

N

E

• LRGs are “red and dead” early-type 
massive galaxies. They constitute a 
homogeneous non-evolving population 
of galaxies. Luminous -> can be 
detected to high z. 

• known to inhabit massive halos and are 
good tracers of the large-scale cosmic 
structures. 

• Their strong 4000Å break allows for 
reliable photometric redshift estimates. 

Probing the cool gas of LRGs halos
Gauthier et al. 2009,2010



Cool gas in massive halos : the clustering of MgII absorbers
Gauthier et al. (2009)

LRGs-LRGs

MgII-LRGs

see also Bouché et al. (2006) 
and Lundgren et al. (2009)

projected separation 

Cross-correlation MgII - LRGs at z ∼ 0.5

2) strong MgII-LRGs clustering amplitude 
    at rp<300 kpc/h

1) Large scale clustering amplitude of “weak” 
    absorbers is higher than strong absorbers.



• 1) compute the relative bias of the 
absorber hosts by computing the ratio 
between correlation functions on large 
scales 

2) We know the bias of LRGs from the 
HOD fit.  We can obtain bias of absorbers 
hosts. 

From the bias of LRGs to the bias of the 
absorbers hosts 

8 Gauthier et al.

Volume-limited sample :
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Fig. 5.— Gray-scale plot of the correlation matrix (see equation 5) showing the degree of covariance between di!erent separation bins.
The di!erent matrices shown correspond to the same calculations of Figure 4 for Wr(2796) = 1 ! 5 Å (left), Wr(2795) = 1 ! 1.5 Å
(middle-left), and Wr(2796) = 1.5 ! 5 Å (middle-right), respectively. The fourth column shows the LRGs auto-correlation results.

Our estimated reduction in clustering strength of 10%
is smaller than the value quoted in Bouché et al. (2004).
These authors found that, in the case of a gaussian red-
shift distribution for galaxies, the amplitude of the MgII-
LRG cross-correlation is overestimated by 25 ± 10%.
They used numerical integration and mock galaxy cata-
log with phometric redshift uncertainties !z = 0.1 cor-
responding to size of their redshift interval of interest.
The discrepancy could be partly attributed to the larger
photometric redshift uncertainties used by these authors.

4. DETERMINING THE ABSOLUTE BIAS AND MEAN
MASS SCALE OF ABSORBERS

4.1. Theoretical Framework

The bias of dark matter halos can be defined as the
ratio between the clustering of halos (at a fixed mass)
and the underlying clustering of dark matter,

b2
h(M, r) =

!h(M, r)

!m(r)
(6)

where !m(r) is the correlation function of the dark mat-
ter itself. At large scales, linear bias holds and bh is
independent of r. In the translinear regime, r ! 10 h!1

Mpc, bh has a scale dependence (with respect to either

!m(r) obtained from linear theory or the true non-linear
clustering). Although the scale dependence of halo bias
varies with halo mass, over the mass range probed by
LRGs and Mg II absorbers, ! 1012!13 h!1 M", the scale
dependence is nearly independent of mass and will di-
vide out in the cross-correlation function (Tinker et al.
2009). The auto-correlation function of LRGs can then
be expressed as

!g(r) = b2
h(Mg, r)!m(r) = b2

g(Mg)f
2(r)!m(r) (7)

where Mg is the bias-weighted mean mass scale (see equa-
tion 17) of galaxies, bh and bg are the large-scale linear
biases of dark matter halos and galaxies, and f(r) is the
scale-dependent bias term (see, e.g., Tinker et al. 2005,
2009). The cross correlation is then

!ga(r) = bg(Mg)ba(Ma)f2(r)!m(r). (8)

Thus the relative bias of absorbers to LRGs is the ratio
of the cross to auto-correlation functions, ie,

b̂ "
ba

bg
=

wag

wgg
, (9)



On average, stronger absorbers 
are unbiased. Weaker ones are 

preferentially found in more massive halos

Clustering of MgII absorbers at z∼0.5
The main results of the clustering analysis

What does this mean physically?

No. 1, 2009 Mg ii & LRGS AT z ! 0.5 57
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Figure 5. Ratios of cross-correlation signals obtained from the simulation boxes
to address the impact of photometric redshift uncertainties on the amplitude of
wp. Solid black : ratios of wp’s where one of the two data sets has redshift
position perturbed (within its error bars) (whh" ) over wp’s obtained where both
data sets have spectroscopic redshift (whh); dashed gray : ratios where both
data sets have perturbed redshifts (wh"h" ) over two data sets with unperturbed
redshifts (whh); Dotted light gray : wp for perturbed-perturbed data sets (wh"h" )
over perturbed-unperturbed (whh" ). The last set of points gives us an estimate
of the systematic bias in the observed clustering amplitude of Mg ii absorbers
using photometric redshift identified LRGs. Error bars show dispersion among
100 realizations of the perturbed data sets (h"). The thick solid lines represent
best-fit amplitude obtained for the one (rp ! 1.1 h#1 Mpc) and two-halo
(rp > 1.1 h#1 Mpc) terms. Best-fit values are listed in table 2. The best-fit
amplitude obtained for the light gray points is used to correct for the additional
systematic error introduced by using photoz’s in the calculation of the correlation
functions.

underlying clustering of dark matter,

b2
h(M, r) = !h(M, r)

!m(r)
, (6)

where !m(r) is the correlation function of the dark matter itself.
At large scales, linear bias holds and bh is independent of r. In the
translinear regime, r ! 10 h#1 Mpc, bh has a scale dependence
(with respect to either !m(r) obtained from linear theory or the
true nonlinear clustering). Although the scale dependence of
halo bias varies with halo mass, over the mass range probed
by LRGs and Mg ii absorbers, !1012#13 h#1 M$, the scale
dependence is nearly independent of mass and will divide out
in the cross-correlation function J. L. Tinker et al. (2009, in
preparation). The auto-correlation function of LRGs can then
be expressed as

!g(r) = b2
h(Mg, r)!m(r) = b2

g(Mg)f 2
g (r)!m(r) (7)

where Mg is the bias-weighted mean mass scale (see
Equation (17)) of galaxies, bh and bg are the large-scale lin-
ear biases of dark matter halos and galaxies, and f (r) is the
scale-dependent bias term (see, e.g., Tinker et al. 2005); J. L.
Tinker et al. (2009, in preparation). The cross-correlation is
then

!ga(r) = bg(Mg)ba(Ma)fg(r)fa(r)!m(r). (8)

(a) (b)

(c)

Figure 6. Panel (a) shows the relative bias of Mg ii for two of the three LRG
samples. Solid lines with triangles are for the volume-limited sample, solid lines
with squares for the flux-limited z = 0.40 # 0.70, and open circles are taken
from Bouché et al. (2006) for direct comparison with the flux-limited sample.
For each LRG sample, the points are derived from the direct ratio of the points
for rp > 1 h#1 Mpc. The power-law technique yielded very similar results. We
shifted the results for the flux-limited samples by %b̂& + 1.5 for more clarity.
Panel (b): absolute bias for the volume-limited sample. Panel (c): bias-inverted
halo mass derived from the absolute bias. The bias-weighted halo mass results
of Bouché et al. (2006) are shown in open circles. Error bars along the x-axis
represent the binning used.

Thus the relative bias of absorbers to LRGs is the ratio of the
cross to auto-correlation functions, ie,

b̂ ' ba

bg

= wag

wgg

, (9)

which should be close to a constant at large separations. We used
the measured wgg(rp) to obtain bg, which we utilized to obtain
ba. At z = 0.5 and at masses above M ! 1011.5h#1 M$, the bias
of dark matter halos increases monotonically with mass, thus the
equivalent dark matter halo mass can be obtained from inverting
the bh(M) formula. We used the following halo bias function
J. L. Tinker et al. (2009, in preparation) for halos defined at an
overdensity of 200 times the background

b(" ) = 1 # A
"#a

"#1 + 1
+ B"#b + C"#c, (10)

where " is the linear matter variance on the Lagrangian
scale (radius of the halo in the initial mass distribution when
#($) = ($ # $̄)/$̄ ! 0) of the halo, R = (3M/4%$̄)1/3, and
a, b, c, A, B, C are constants (a = 0.132, b = 1.5, c = 2.4,
A = 1.04, B = 0.4, C = 0.99).

4.2. The Bias of LRGs

We obtained the bias of LRGs through halo occupation
modeling of the wgg data and the number density of galaxies in
the sample. Note that wgg was corrected for the systematic error
due to photometric redshift uncertainties (see Section 3.2.2).
Our modeling was similar to the one performed in Zheng
et al. (2008), which is based on the analytic halo occupation
model developed in Zheng (2004) and Tinker et al. (2005). The
best-fit model is shown in the bottom left panel of Figure 3,
which yielded a &2 of 9.8 using the full covariance matrix.
Halo occupation models separate pairs from galaxies located
inside the same dark matter halo (one-halo term) and pairs from
galaxies located in two different halos (two-halo term). The one-
halo contribution to the clustering amplitude of LRGs is shown
in Figure 3. At small separations, (rp ! 1 h#1 Mpc) the one-
halo term dominates but the two-halo term shapes the clustering

10 Gauthier et al.

TABLE 4
Relative and absolute bias. Bias-inferred masses.

direct power-law direct power-law direct power-law

Sample !bb†DR" !bbRA" !b‡DR" !bRA" (log Mh)DR (log Mh)RA

(1) (2) (3) (4) (5) (6) (7)

Relative bias Absolute bias Mean mass

VW 0.77 ±0.28 0.85 ±0.25 1.56 ±0.57 1.72 ±0.51 12.8+0.5
!1.1 13.0+0.4

!0.6

VS 0.54 ±0.23 0.52 ±0.21 1.09 ±0.47 1.05 ±0.42 12.0+0.8 11.9+0.8

VA 0.67 ±0.19 0.69 ±0.16 1.36 ±0.38 1.41 ±0.33 12.5+0.4
!0.8 12.6+0.4

!0.6

F1W 0.80 ±0.26 0.81 ±0.24 - - - -

F1S 0.75 ±0.25 0.64 ±0.21 - - - -

F1A 0.74 ±0.19 0.68 ±0.16 - - - -

F2W 0.69 ±0.17 0.60 ±0.15 - - - -

F2S 0.44 ±0.17 0.43 ±0.16 - - - -

F2A 0.56 ±0.13 0.51 ±0.12 - - - -

† The subscript DR represents the results obtained with the mean ratio of the two-halo term data
points and RA is calculated from the ratio of the best-fit power-law amplitudes of the cross- and
auto-correlations.
‡ b is the absolute bias.
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Fig. 6.— Ratios of cross-correlation signals obtained from
the simulation boxes to address the impact of photometric red-
shift uncertainties on the amplitude of wp. Solid black : ratios
of wp’s where one of the two datasets has redshift position per-
turbed (within its error bars) (whh! ) over wp’s obtained where
both datasets have spectroscopic redshift (whh); dashed gray :
ratios where both datasets have perturbed redshifts (wh!h! ) over
two datasets with unperturbed redshifts (whh); Dotted light gray
: wp for perturbed-perturbed datasets (wh!h! ) over perturbed-
unperturbed (whh! ). The last set of points gives us an estimate of
the systematic bias in the observed clustering amplitude of Mg II
absorbers using photometric redshift identified LRGs. Error bars
show dispersion among 100 realizations of the perturbed datasets
(h"). The thick solid lines represent best-fit amplitude obtained
for the one (rp # 1.1h!1 Mpc) and two-halo (rp > 1.1h!1 Mpc)
terms. Best-fit values are listed in table 2. The best-fit amplitude
obtained for the light gray points is used to correct for the addtional
systematic error introduced by using photoz’s in the calculation of
the correlation functions.

an excellent measurement of the amplitude of wgg in the
two-halo regime.

4.3. The relative bias of absorbers

We calculated the relative bias using equation (9)
on large scales only (> 1.0 h!1 Mpc). Two meth-
ods were employed. In the first case, we fitted the
cross- and auto-correlation results using a power-law
model and estimated the relative bias using the ratio
of the best-fit amplitudes. This is a standard procedure
that has been commonly done in previous works (e.g.,
Davis & Peebles 1983). However, the power-law model
does not have a physical justification (e.g., Blake et al.
2008; Zehavi et al. 2004). It simply provides an adequate
fit to the data. In the second case, we directly calculated
the relative bias by taking a weighted mean ratio of all
points at rp > 1 h!1 Mpc. Because the measurements
and measurement errors vary significantly between data
points at di!erent rp’s, we adopted the weights !i’s that
were designed to maximize the significance of the mean
relative bias !b̂",

!b̂" =
8

!

i=4

!i
wag,i

wgg,i
(11)

where
!i =

wag,i

"2
i wgg,i

. (12)

the index i denotes the rp bin and "i is the associated er-
ror of wag,i/wgg,i computed using the error propagation
technique.

The best-fit power-law parameters can be found in Ta-
ble 3. We first determined the best-fit parameters of
the LRG auto-correlation function by minimizing the #2

function that accounts for the correlated errors between
adjacent bins:

#2 = (w # w̃)T COV!1(w # w̃) . (13)

Wr(1-1.5)

Wr(1.5-5)

log Mh

All

EW

Mhalo

166 D. Kereš et al.

Figure 3. The fraction of cold halo gas in a halo of a given mass at four different redshifts. Lines show the running median of the cold gas fraction (blue, solid)
and the hot gas fraction (red, dashed). (We exclude any galactic gas.)

density (because the masses of the gas particles out of galaxies are
usually identical). To illustrate the filamentary geometry, we show
two different projections of each halo.

As emphasized in K05, owing to the presence of the dense
filamentary streams, a typical high-redshift halo has regions of
great density contrast. High densities and short cooling times in
these filaments make conditions unfavourable for shock propagation
(Binney 1977; Birnboim & Dekel 2003). In the inter-filamentary re-
gions, where the gas density is often one or two orders of magnitude
lower, some gas shock heats even when the halo mass is much lower
than the transition mass. This is in contrast with simple 1D models,
which necessarily average away density variation at a given radius,
and which typically show a quick transition from cold mode to hot
mode. In the upper panels of Fig. 4, dense filamentary flows con-
nect to the outskirts of the central galaxy and to an infalling satellite
galaxy (see Section 3.5). Tidal interaction has created a bridge be-
tween these two galaxies. Near Rvir, the filaments are thicker than
the galaxies themselves, but they are then compressed by the sur-
rounding shock-heated (virial temperature) gas, which extends to
!0.5Rvir. Near the galaxies, the filaments are narrower than the
galactic discs.

The situation changes at low redshift, where lower mass galaxies
typically reside in larger filamentary structures comparable in cross-
section to the size of the halo. However, the densest parts of the
filaments can still survive within the virial radius. Deeper in the
halo, some of this gas gets shock heated to the virial temperature
and some stays cold, resulting in a mixture of cold and hot accretion
that supplies the gaseous galactic disc visible in the lower panels of
Fig. 4.

Fig. 5 shows more massive haloes, with mass Mh " 1012 M#,
a factor of !3 above the transition mass seen in Fig. 3. The lim-

ited volume of our L12.5/288 simulation does not contain any halo
of this mass at z = 3 so we show haloes at z = 2 and 1. Here,
the situation changes dramatically. At z = 2, a typical !1012 M#
halo evolves at the intersection of several filamentary structures.
The shock-heated gas in this halo fills up the cavities between the
filaments, and in some directions it extends to several virial radii.
One can clearly see how gas that falls on to a halo from the re-
gion between the filaments gets heated at a shock front, typically
slightly outside Rvir. The middle and the lower panels show only
the gas with T < 105 K, to reveal the penetration and filamen-
tary structure of the cold accretion. These filaments are enhanced
by infalling substructures, which drags parts of the filaments into
the more massive haloes and often splits larger filamentary structure
into multiple flows separated by hot gas. Furthermore, haloes of this
mass are dominated by hot gas at T ! Tvir, which provides a high-
pressure environment that compresses the filaments. This results in
the thin filamentary streams, most of which can penetrate to the
halo’s central regions. The zoom-in panel of the z = 2 halo shows
that these cold filaments survive to supply both the central and the
satellite galaxies (in the upper right corner of this panel) with cold
gas. However, a large fraction of the infalling gas is now shock
heated to the virial temperature and fills the halo, so the accretion
rate of the central galaxy in this halo is a factor of several below
the halo accretion rate. The filamentary streams in this panel show
clumps and disturbances from substructure. The filaments dragged
by the infalling substructure typically infall with a larger impact
parameter bringing in large amounts of high angular momentum
gas.

Results for the z = 1 halo (right-hand panel) are similar, but
the incoming filaments are somewhat thicker compared to Rvir be-
cause a 1012 M# halo is no longer an unusually high-density peak.

C$ 2009 The Authors. Journal compilation C$ 2009 RAS, MNRAS 395, 160–179
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Spectroscopic follow-up of LRGs around QSO 
sightlines

- 11 LRG spectra (pairs with ρ<350 kpc/h)
- 4 have physically associated MgII 
   ( ρ<300 kpc/h, |Δv| < 350 km/s )
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ABSTRACT

We present the first results of an ongoing spectroscopic follow-up of close luminous red galaxies (LRGs) and
Mg ii !!2796,2803 absorber pairs for an initial sample of 15 photometrically selected LRGs at physical projected
separations " ! 350 h%1 kpc from a QSO sight line. Our moderate-resolution spectra confirm a physical association
between the cool gas (T " 104 K) revealed by the presence of Mg ii absorption features and the LRG halo in five
cases. In addition, we report an empirical estimate of the maximum covering fraction (#max) of cool gas in massive,
"1013 h%1 M# dark matter halos hosting LRGs at z " 0.5. This study is performed using a sample of foreground
LRGs that are located at " < 400 h%1 kpc from a QSO sight line. The LRGs are selected to have a robust photometric
redshift $z/(1+zph) & 0.03. We determine #max based on the incidence of Mg ii absorption systems that occur within
zph ± 3 $z in the spectra of the background QSOs. Despite the large uncertainties in zph, this experiment provides
a conservative upper limit to the covering fraction of cool gas in the halos of LRGs. We find that #max ' 0.07 at
Wr (2796) # 1.0 Å and #max ' 0.18 at Wr (2796) # 0.5 Å, averaged over 400 h%1 kpc radius. Our study shows that
while cool gas is present in "1013 h%1 M# halos, the mean covering fraction of strong absorbers is no more than 7%.
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1. INTRODUCTION

A detailed description of how galaxies acquire their gas
is essential in order to establish a comprehensive theory of
galaxy evolution. Analytical calculations and hydrodynamical
simulations have shown that the gas in M " 1012 M# halos,4
is heated to high temperature by virial shocks (e.g., Birnboim
& Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006;
Kereš et al. 2009). Within the hot gas halo, thermal instabilities
can induce the formation of pressure-supported clouds of cool
gas (e.g., Mo & Miralda-Escude 1996; Maller & Bullock
2004). Such clouds have been resolved in high-resolution
hydrodynamic simulations of Milky Way type dark matter halos
(e.g., Kaufmann et al. 2009; Kereš & Hernquist 2009). These
clouds bring some baryonic material into the galaxy, but the
overall cooling rate is reduced because the hot phase has lower
density. Whether or not these clouds can form and survive in
more massive halos is an open question.

Our empirical knowledge of the cool gas content of dark
matter halos has been shaped primarily by H I 21 cm obser-
vations of local galaxies (e.g., Thilker et al. 2004; Doyle et al.
2005; Verdes-Montenegro et al. 2001, 2007). At z " 0.1, we
rely on intervening systems detected along the sight lines to
background QSOs to describe the gas content of dark matter
halos. (e.g., Lanzetta & Bowen 1990; Steidel et al. 1994; Chen
et al. 2001; Chen & Tinker 2008). A number of studies have
used the Mg ii !!2796,2803 absorption doublets to trace cool,
T " 104 K, gas and its physical association with foreground
galaxies located near QSO sight lines (e.g., Tripp & Bowen
2005; Kacprzak et al. 2008; Chen & Tinker 2008). Insights into

$ This paper includes data gathered with the 2.5 m du Pont telescope located
at Las Campanas Observatory, Chile and with the Apache Point Observatory
3.5 m telescope, which is owned and operated by the Astrophysical Research
Consortium.
4 We define a halo as a region with an overdensity of 200 with respect to the
mean mass density of the universe.

the cool gas content of dark matter halos can also be obtained by
measuring the large-scale clustering amplitude of Mg ii systems
(Bouché et al. 2006; Tinker & Chen 2008, 2010).

In Gauthier et al. (2009), we calculated the clustering am-
plitude of strong Mg ii absorbers (with rest-frame absorption
equivalent width Wr (2796) # 1 Å) using luminous red galax-
ies (LRGs) at z " 0.5. LRGs are old and passive galaxies
(Eisenstein et al. 2001) residing in M " 1013 h%1 M# halos.
(e.g., Zheng et al. 2008; Blake et al. 2008; Padmanabhan et al.
2008; Gauthier et al. 2009). They are identified using photomet-
ric redshift techniques that offer a typical redshift accuracy of
$z ' 0.045 at zph " 0.5 (Collister et al. 2007).

An interesting result from Gauthier et al. (2009) is that the
LRG–Mg ii cross-correlation signal is comparable to the LRG
auto-correlation on small scales (!300 comoving h%1 kpc) that
are well within the virial radii of the halos. The results suggest
the presence of cool gas inside the dark matter halos of LRGs.

Here, we report the first results of an ongoing spectroscopic
follow-up of the close LRG–Mg ii pairs found in Gauthier et al.
(2009). In 5 of the 15 cases, the precise spectroscopic redshifts
establish a physical connection between these LRG–Mg ii pairs.
The spectroscopic study of LRGs is supplemented with a survey
of Mg ii absorbers in the vicinity of photometrically identified
LRGs in the Sloan Digital Sky Survey (SDSS) data archive.
This survey allows us to utilize the vast survey data available
in the SDSS archive to derive additional constraints on the
covering fraction of cool gas in 1013 h%1 M# halos. We adopt a !
cosmology with "M = 0.3 and "! = 0.7, and a dimensionless
Hubble parameter h = H0/(100 km s%1 Mpc%1) throughout the
paper. All distances are in physical units unless otherwise stated.

2. EXPERIMENTS

To examine the cool gas content in massive halos, we have de-
signed two experiments. The first one is a spectroscopic follow-
up study of photometrically identified LRGs located near Mg ii
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• cross-correlation between SDSS 
QSO database (DR5 : Schneider et al. 2007) 
and LRG sample (Collister et al. 2007)

• No a priori knowledge of the 
presence/absence of MgII 
absorber 

• Obtain spectra of 4 LRGs

• 1 LRG has physical MgII absorber

Spectroscopic follow-up of LRGs around QSO 
sightlines

In addition of the 11 LRGs 
from the close LRG-MgII pairs :

Purpose : 
Obtain covering fraction of cool gas 

in massive halos. 
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We present the first results of an ongoing spectroscopic follow-up of close luminous red galaxies (LRGs) and
Mg ii !!2796,2803 absorber pairs for an initial sample of 15 photometrically selected LRGs at physical projected
separations " ! 350 h%1 kpc from a QSO sight line. Our moderate-resolution spectra confirm a physical association
between the cool gas (T " 104 K) revealed by the presence of Mg ii absorption features and the LRG halo in five
cases. In addition, we report an empirical estimate of the maximum covering fraction (#max) of cool gas in massive,
"1013 h%1 M# dark matter halos hosting LRGs at z " 0.5. This study is performed using a sample of foreground
LRGs that are located at " < 400 h%1 kpc from a QSO sight line. The LRGs are selected to have a robust photometric
redshift $z/(1+zph) & 0.03. We determine #max based on the incidence of Mg ii absorption systems that occur within
zph ± 3 $z in the spectra of the background QSOs. Despite the large uncertainties in zph, this experiment provides
a conservative upper limit to the covering fraction of cool gas in the halos of LRGs. We find that #max ' 0.07 at
Wr (2796) # 1.0 Å and #max ' 0.18 at Wr (2796) # 0.5 Å, averaged over 400 h%1 kpc radius. Our study shows that
while cool gas is present in "1013 h%1 M# halos, the mean covering fraction of strong absorbers is no more than 7%.
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1. INTRODUCTION

A detailed description of how galaxies acquire their gas
is essential in order to establish a comprehensive theory of
galaxy evolution. Analytical calculations and hydrodynamical
simulations have shown that the gas in M " 1012 M# halos,4
is heated to high temperature by virial shocks (e.g., Birnboim
& Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006;
Kereš et al. 2009). Within the hot gas halo, thermal instabilities
can induce the formation of pressure-supported clouds of cool
gas (e.g., Mo & Miralda-Escude 1996; Maller & Bullock
2004). Such clouds have been resolved in high-resolution
hydrodynamic simulations of Milky Way type dark matter halos
(e.g., Kaufmann et al. 2009; Kereš & Hernquist 2009). These
clouds bring some baryonic material into the galaxy, but the
overall cooling rate is reduced because the hot phase has lower
density. Whether or not these clouds can form and survive in
more massive halos is an open question.

Our empirical knowledge of the cool gas content of dark
matter halos has been shaped primarily by H I 21 cm obser-
vations of local galaxies (e.g., Thilker et al. 2004; Doyle et al.
2005; Verdes-Montenegro et al. 2001, 2007). At z " 0.1, we
rely on intervening systems detected along the sight lines to
background QSOs to describe the gas content of dark matter
halos. (e.g., Lanzetta & Bowen 1990; Steidel et al. 1994; Chen
et al. 2001; Chen & Tinker 2008). A number of studies have
used the Mg ii !!2796,2803 absorption doublets to trace cool,
T " 104 K, gas and its physical association with foreground
galaxies located near QSO sight lines (e.g., Tripp & Bowen
2005; Kacprzak et al. 2008; Chen & Tinker 2008). Insights into

$ This paper includes data gathered with the 2.5 m du Pont telescope located
at Las Campanas Observatory, Chile and with the Apache Point Observatory
3.5 m telescope, which is owned and operated by the Astrophysical Research
Consortium.
4 We define a halo as a region with an overdensity of 200 with respect to the
mean mass density of the universe.

the cool gas content of dark matter halos can also be obtained by
measuring the large-scale clustering amplitude of Mg ii systems
(Bouché et al. 2006; Tinker & Chen 2008, 2010).

In Gauthier et al. (2009), we calculated the clustering am-
plitude of strong Mg ii absorbers (with rest-frame absorption
equivalent width Wr (2796) # 1 Å) using luminous red galax-
ies (LRGs) at z " 0.5. LRGs are old and passive galaxies
(Eisenstein et al. 2001) residing in M " 1013 h%1 M# halos.
(e.g., Zheng et al. 2008; Blake et al. 2008; Padmanabhan et al.
2008; Gauthier et al. 2009). They are identified using photomet-
ric redshift techniques that offer a typical redshift accuracy of
$z ' 0.045 at zph " 0.5 (Collister et al. 2007).

An interesting result from Gauthier et al. (2009) is that the
LRG–Mg ii cross-correlation signal is comparable to the LRG
auto-correlation on small scales (!300 comoving h%1 kpc) that
are well within the virial radii of the halos. The results suggest
the presence of cool gas inside the dark matter halos of LRGs.

Here, we report the first results of an ongoing spectroscopic
follow-up of the close LRG–Mg ii pairs found in Gauthier et al.
(2009). In 5 of the 15 cases, the precise spectroscopic redshifts
establish a physical connection between these LRG–Mg ii pairs.
The spectroscopic study of LRGs is supplemented with a survey
of Mg ii absorbers in the vicinity of photometrically identified
LRGs in the Sloan Digital Sky Survey (SDSS) data archive.
This survey allows us to utilize the vast survey data available
in the SDSS archive to derive additional constraints on the
covering fraction of cool gas in 1013 h%1 M# halos. We adopt a !
cosmology with "M = 0.3 and "! = 0.7, and a dimensionless
Hubble parameter h = H0/(100 km s%1 Mpc%1) throughout the
paper. All distances are in physical units unless otherwise stated.

2. EXPERIMENTS

To examine the cool gas content in massive halos, we have de-
signed two experiments. The first one is a spectroscopic follow-
up study of photometrically identified LRGs located near Mg ii
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4 Gauthier et al.

TABLE 1
Summary of the Long-slit Spectroscopic Observations of Luminous Red Galaxies

ID RA(J2000) Dec(J2000) zphot i! Instrument Exptime (sec) UT date Sample

SDSSJ003816.29!092550.5 00:38:16.29 -09:25:50.5 0.51 18.70 B&C 2"1800 2009-09-21 B
SDSSJ011942.14!090225.4 01:19:42.14 -09:02:25.4 0.49 19.88 B&C 3"2400 2009-09-18 A
SDSSJ015452.46!095533.6 01:54:52.46 -09:55:33.6 0.55 19.98 B&C 2"2400 2009-09-21 B
SDSSJ021819.25!083331.8 02:18:19.25 -08:33:31.8 0.56 19.46 B&C 2"2400 2009-09-19 A
SDSSJ023705.35!075513.7 02:37:05.35 -07:55:13.7 0.55 19.44 B&C 1800 + 900 2009-09-21 B
SDSSJ034802.50!070339.3 03:48:02.50 -07:03:39.3 0.49 19.08 B&C 2"2400 2009-09-18 A
SDSSJ113731.00+060748.6 11:37:31.00 +06:07:48.6 0.61 18.00 SDSS ... ... A
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Fig. 1.— Spectra of the LRGs in our spectroscopic sample with associated Mg II absorbers, along with the thumbnail images of the
galaxies. The top four LRGs were selected from Sample A (§ 2.1) and the bottom one was selected from Sample B (§ 2.2). For each LRG,
we show the reduced spectrum in thick solid histograms and the corresponding 1-! error array in thin solid histograms. The dotted features
are contaminating sky lines or artifacts. The thumbnail images are reproduced from the SDSS data archive to show the relative alignment
of the LRG–QSO pairs. The LRG is at the center of each image and is connected to the background QSO by the arrow. The redshift of
the LRG and the projected distance to the QSO sightline are listed in the bottom right corner. The velocity separation between the LRG
and Mg II absorber is listed in the bottom left along with Wr(2796).
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Fig. 2.— Absorption profiles of the five physical LRG–Mg II absorber pairs in our spectroscopic sample of LRGs. The first four objects
belong to Sample A and the last one to Sample B. We included the associated Mg I ! 2852 and Fe II ! 2600 transitions. Zero velocity
corresponds to the spectroscopic redshift of the associated LRG. Contaminating features are shown in gray.
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• Using the large SDSS 
database to put constraints 
on the incidence of cool gas 
in massive halos. 

• Establish a pair catalog of 
SDSS QSO database vs 
SDSS LRG sample

• Determining an upper-limit 
on the covering fraction 
(κmax)
of cool gas in massive halos

The incidence of cool gas in ∼ 1013 Msun/h

An unbiased search for MgII absorbers (within +/- 3σZph) in the QSO spectra 

Gauthier et al. (2010)

LRG
zph

zph - 3σZph zph + 3σZph

ρ

Back
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• For LRGs (within 350 kpc/h): 
κ < 7% for Wr(2796) > 1.0 Å
κ < 18% for Wr > 0.5 Å 

• Cool gas cross-section from
satellite galaxies seem to be
insufficient (at large seps)

• Correlated structures (other 
galaxies in the surveyed 
volume) contribute ∼ 3% 

• Where does the cool gas 
come from?

The incidence of cool gas in ∼ 1013 Msun/h
An unbiased search for MgII absorbers (within +/- 3σZph) in the QSO spectra 

Gauthier et al. (2010)
6 Gauthier et al.

Fig. 3.— The incidence of cool gas as probed by the pres-
ence/absence of Mg II absorption features, !max, at di!erent pro-
jected radius of massive LRG halos in Sample B. The vertical
dashed line represents the typical virial radius of the LRG pop-
ulation (see Gauthier et al. 2009). Despite the large redshift un-
certainties of the LRGs, the observed incidence of Mg II absorbers
places a strong constraint on the maximum covering fraction of cool
gas around LRGs. We estimate the contribution due to random
background absorbers that occur within the redshift interval of the
LRGs by chance coincidence. The result is shown in the dotted line.
Including correlated absorbers due to large-scale matter cluster-
ing does not increase the background contribution to beyond 3%.
The solid curve corresponds to the expectedmaximum contribution
from satellite galaxies to the observed incidence of Wr(2796) ! 1.0
Å absorbers (see Discussion section). Our study shows that nei-
ther satellite galaxies nor background random/correlated galaxies
are su"cient to account for the observed incidence of Mg II ab-
sorbers in the vicinity of LRGs. Note that the errobars on !max
are derived from the Poisson distribution.

of Mg II in LRG halos (see § 5 for a discussion on the
contamination rate due to correlated and random galax-
ies). We first considered the incidence of Mg II absorbers
at di!erent absorption threshold W0. All QSO spectra
in the 620 close LRG–QSO pairs have su"cient S/N
(Wlim < 1 Å) for uncovering an absorber of Wr(2796) !
1 Å. Our search showed that 45 of the 620 LRGs have
a Wr(2796) ! 1 Å absorber at ! < 400 h!1 kpc, indi-
cating a mean covering fraction averaged over the entire
LRG halos of "max(! < 400) = 0.07 for Wr(2796) > 1 Å
absorbers. Next, we calculated "max in di!erent ! inter-
vals. Figure 3 shows that for Wr ! 1Å "max(!) " 10%
at ! < 300 h!1 kpc but declines to "max " 5% at larger
! (triangles).
Similarly, 575 QSO spectra in the 620 close LRG–QSO

pairs have su"cient S/N (Wlim < 0.5 Å) for uncovering
an absorber of Wr(2796) ! 0.5 Å, and 105 of the 575
LRG members have a Wr(2796) ! 0.5 Å absorber at
! < 400 h!1 kpc. The search therefore yielded a mean
covering fraction averaged over the entire LRG halos of
"max(! < 400) = 0.18 for absorbers of Wr(2786) > 0.5
Å. The estimated "max versus ! for Wr(2796) ! 0.5 Å
absorbers are also presented in Figure 3 (squares).
The "max results at small separations (! " 100

h!1 kpc ) are consistent with the covering fraction mea-

surements from the spectroscopic Sample B. We found
1/4 LRGs physically associated with the Mg II absorber
and all four pairs are within ! = 100 h!1 kpc . We are
currently increasing the number of spectroscopic pairs
from Sample B to obtain a more accurate measurement
of ".

5. DISCUSSION

Our follow-up spectroscopic study of close LRG–Mg II
pairs has confirmed a physical association between the
Mg II absorber and the LRG in five of the 15 cases
studied. The small velocity separations, |# v| " 350
km s!1 and projected distances ! < 160h!1 kpc demon-
strate that at least some of the strong Mg II absorbers
[Wr(2796) > 1 Å] that contributed to the small-scale
[rp = (1 + z) # ! < 600h!1 kpc] clustering signal in
Gauthier et al. (2009) do indeed originate in the hosting
dark matter halos of LRGs. According to a stellar popu-
lation analysis (using the stellar templates from Bruzual
& Charlot 2003) done on the LRG spectra, we found that
these galaxies are characterized by a stellar population
at least 1Gyr old with a most likely age between 1-11.75
Gyr. The optical spectra are characteristic of an evolved
stellar population with little recent star formation.
In addition, our search of Mg II absorption features in

the vicinity of LRGs has yielded a conservative estimate
of the maximum covering fraction of cool gas in LRG ha-
los. Because of the redshift uncertainties of the LRGs, we
cannot distinguish between whether the observed Mg II
absorbers are physically associated with the LRG ha-
los or these absorbers occur due to chance coincidence,
correlated galaxies, or surrounding satellite galaxies. De-
spite these various uncertainties, the observed incidence
of Mg II absorbers places a strong constraint on the max-
imum covering fraction of cool gas in massive LRG halos
as probed by the Mg II absorbers. We find that the cool
gas covering fraction of absorbers with Wr(2796) ! 0.5
Å in massive LRG halos is no more than 20% and no
more than 7% for stronger absorbers Wr(2796) ! 1 Å.
Although to establish a physical association between

these close LRG–Mg II absorber pairs requires spectro-
scopic data of the LRGs, we assess possible contami-
nations due to surrounding satellite galaxies and back-
ground random/correlated absorbers based on theoreti-
cal expectations of the satellite population and the mean
number density of Mg II absorbers per line of sight ob-
served along random QSO sightlines.
To estimate the incidence of Mg II absorbers due to

satellite galaxies in the LRG halos, we first adopt the
mass function of subhalos (Equation 10 in Tinker & Wet-
zel 2009). The mass of subhalos is defined as the mass
at the time of accretion—this mass will correlate with
the gaseous halo that the subhalo initially had. Next, we
adopt the gas radius at Wr(2796) ! 1 Å and the covering
fraction within the gas radius as a function of halo mass
from Tinker & Chen (2010). The total cross section of
subhalos within host halos of mass 1013 h!1 M" is then
estimated according to

"̂sub(Mhost)=
1

#(Mhost)

!
dMsubn(Msub|Mhost) (1)

#$R2(Msub,Wr = 1)"g(Msub)

where Mhost is the host halo mass (in this case, 1013
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The origin of cool gas in ∼ 1013 Msun/h
Gauthier, Chen, Rauch & Tinker (2010) In prep.

A stellar population synthesis of the LRGs

• Is there a connection between the recent SF 
history of the galaxy and the presence/
absence of cool gas in the DM halo?

• Are starburst driven outflows a viable 
hypothesis in this case?

• Constrain the recent SF history of the galaxy 
using stellar pop synthesis. 

• Generated CB07 templates cover  a wide 
range of SFH, ages, and  metallicity. 

• LRG spectra are corrected for Galactic 
extinction, atm. extinction & slit losses. 

• Goal is not to find the precise age of 
stellar pop, but to look at the distribution of 
“likely” ages. 

∼10 kpc

M82

Hα



The origin of cool gas in ∼ 1013 Msun/h
Gauthier et al. (2010) In prep.

A stellar population synthesis of the LRGs
MgII absorber found at ρ=287 kpc/h and |Δv|=350 km/s 

QSO

LRG

L = exp[-(χ2i-χ2min)/2]



• Are we tracing the gas in the satellite galaxies? Deep multi-band 
L*) using CCD camera on du Pont Telescope (Las Campanas 
Observatory) (April-September 2010) 

• Physical characterization of the cool gas traced by MgII absorbers 
and comparison with simulations. High-Resolution echelle data 
(δv = 12 km/s) of 20 MgII absorbers (MgI, FeII) (May-
September  2010) 

Future Plans

LRGs : 

Understanding the cool gas content around 
low-z SDSS galaxies : 

• MagE MgII survey around low-z (z ∼ 0.2) SDSS galaxies. 
(see Chen et al. 2010ab)
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• The physical origin of the cool gas detected in galaxies remains a 
debated subject

• Our results show that on average, stronger MgII absorbers 
[Wr(2796) > 1.5 Å] are unbiased with respect to the dark matter 
distribution. Weaker ones are preferentially found in more massive 
halos. 

• Strong clustering signal on small scales ρ< 350 kpc/h implies the 
presence of cool gas in LRG dark matter halos. 

• Spectroscopic follow-up shows a physical association between 
cool gas and LRGs dark matter halos in 5/15 cases (8/52 as of 
June 18). 

• κLRG < 0.18 for Wr(2796) > 0.5 Å and κLRG < 0.07 for Wr(2796) > 
1 Å 

• Satellite galaxies and “correlated structures” are unlikely to be the 
sole origin of the gas. 

• What is the dominant physical mechanism behind 
the cool gas found in LRG dark matter halos ? 

Summary and conclusion

LCO May 20 2010, 05:40 am


