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ABSTRACT

We present a systematic investigation of the circumgalactic medium (CGM) within
projected distances d < 160 kpc of luminous red galaxies (LRGs). The sample com-
prises 16 intermediate-redshift (z = 0.21—0.55) LRGs of stellar mass M., > 10! M.
Combining far-ultraviolet Cosmic Origin Spectrograph spectra from the Hubble Space
Telescope and optical echelle spectra from the ground enables a detailed ionization
analysis based on resolved component structures of a suite of absorption transitions,
including the full H1 Lyman series and various ionic metal transitions. By comparing
the relative abundances of different ions in individually-matched components, we show
that cool gas (T ~ 10* K) density and metallicity can vary by more than a factor of
ten in a single halo. Specifically, metal-poor absorbing components with < 1/10 solar
metallicity are seen in 50% of the LRG halos, while gas with solar and super-solar
metallicity is also common. These results indicate a complex multiphase structure
and poor chemical mixing in these quiescent halos. We calculate the total surface
mass density of cool gas, Yco01, by applying the estimated ionization fraction correc-
tions to the observed H1 column densities. The radial profile of X, is best-described
by a projected Einasto profile of slope @ = 1 and scale radius ry = 48 kpc. We find
that typical LRGs at z ~ 0.4 contain cool gas mass of Moo = (1 —2) x 101 Mg, at
d < 160 kpc (or as much as Moo = 4 x 101 Mg at d < 500 kpc), comparable to the
cool CGM mass of star-forming galaxies. Furthermore, we show that high-ionization
Ov1 and low-ionization absorption species exhibit distinct velocity profiles, highlight-
ing their different physical origins. We discuss the implications of our findings for the
origin and fate of cool gas in LRG halos.
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ies, known as the circumgalactic medium (CGM; see recent
reviews by Chen 2017 and Tumlinson et al. 2017 and refer-
ences therein). The CGM is situated between the intergalac-
tic medium (IGM), where most baryons in the Universe re-
side, and galaxies, where star formation occurs and heavy
metals are synthesized. This unique characteristic makes the
CGM a prime location to investigate the intricate interplay
between gas accretion from the IGM and feedback processes
originating in galaxies, in order to understand the baryon
cycles that regulate galaxy evolution over cosmic time.

Some of the major unanswered questions in the study
of galaxy evolution concern the origin and nature of cool
(T ~ 10*7°K) gas in and around massive quiescent galax-
ies. Among the most massive galaxies in the Universe, they
consist of predominantly old (= 1Gyr) stars and do not
show any recent star formation (e.g., Eisenstein et al. 2003;
Roseboom et al. 2006; Gauthier & Chen 2011). While it is
tempting to attribute the “red and dead” nature of quiescent
galaxies as due to the absence of cool gas needed to fuel star
formation, successive QSO absorption-line studies probing
the CGM of luminous red galaxies (LRGs) have established
that a significant fraction of these z ~ 0.5 massive elliptical
galaxies host chemically enriched cool gas (e.g., Gauthier et
al. 2009, 2010; Lundgren et al. 2009; Bowen & Chelouche
2011; Gauthier & Chen 2011; Thom et al. 2012; Zhu et al.
2014; Huang et al. 2016; Chen et al. 2018). These findings
at intermediate redshifts are consistent with observations in
the local Universe, where H1 and CO surveys found that at
least a third of nearby ellipticals contain abundant atomic
or even molecular gas (e.g., Serra et al. 2012; Young et al.
2014; 2018). The high incidence of cool gas in massive qui-
escent halos is puzzling, and it presents a challenge to our
current understanding of galaxy formation.

First, how does cool gas survive in massive halos? The
strong clustering of LRGs indicates that these galaxies re-
side inside massive dark matter halos with M, > 10'3 Mg,
where gas accreted from the IGM is expected to be shock-
heated to the virial temperature of the halo, T' ~ 1055-7K
(see Faucher-Giguere 2017 for a recent review). Recent cos-
mological simulations predict that massive galaxies at high
redshifts can still acquire cool gas via dense and narrow fil-
aments that penetrate deep into the halo (e.g., Dekel et al.
2009; Keres et al. 2009; van de Voort et al. 2012; Nelson
et al. 2013; Shen et al. 2013), but they also show that this
mechanism may not be effective for massive dark matter
halos hosting LRGs at z < 1 (e.g., Keres et al. 2009). Al-
ternatively, thermal instabilities may cause cool clumps to
condense from the hot halo and fall toward the galaxy (e.g.,
Mo & Miralda Escude 1996; Maller & Bullock 2004; Sharma
et al. 2012; Voit et al. 2015). Although some observational
results suggest this mechanism as a promising explanation
(Huang et al. 2016), infalling cool clumps of gas are subject
to disruption from ram pressure drag and thermal conduc-
tion with the hot medium. For that reason, it is still unclear
whether cool clumps in the gaseous halo of LRGs will sur-
vive their journey to the center of the halo. The detection
of high-column density cool gas within projected distances
d < 10 kpc from z ~ 0.5 massive quiescent galaxies (Za-
hedy et al. 2016; 2017a) indicates that some cool gas may
survive, but to address this question quantitatively requires
knowledge of the density and size distributions of cool clumps
in LRG halos.

Secondly, what are the dominant feedback mechanisms
in massive quiescent halos? The quiescent nature of both
local and intermediate-redshift massive ellipticals indicates
that some form of energetic feedback is effective at prevent-
ing the cooling of the hot halo over cosmic time, which would
otherwise trigger continuing star formation. At the same
time, the absence of young stellar populations and strong ac-
tive galactic nuclei (AGNs) in typical LRGs (e.g., Roseboom
et al. 2006; Sadler et al. 2007; Hodge et al. 2009; Gauthier
& Chen 2011; Huang et al. 2016) makes it difficult to invoke
starburst-driven outflows or AGN feedback to explain the
high incidence of chemically enriched cool gas in and around
massive quiescent galaxies. On the other hand, recent obser-
vational and theoretical studies have emphasized the impor-
tance of the old stellar population themselves in providing
the necessary heating, through energy injection from Type
Ta supernovae (SNe Ia) and/or winds from asymptotic gi-
ant branch (AGB) stars (e.g., Conroy et al. 2015; Zahedy
et al. 2016, 2017b; Li et al. 2018; and references therein).
Further insights into the dominant feedback mechanisms in
LRGs can be obtained by directly comparing observations in
the CGM with theoretical predictions for different feedback
prescriptions. Doing so requires knowledge of the ionization
states and chemical abundances in the CGM of LRGs.

A systematic study is necessary to characterize the
physical properties and chemical abundances in the CGM
of LRGs. This is a primary motivation behind our COS-
LRG survey, a comprehensive survey of the gaseous ha-
los of 16 LRGs at z ~ 0.4 using a combination of far-
ultraviolet (FUV) spectra from the Cosmic Origins Spectro-
graph (COS) on board the Hubble Space Telescope (HST)
and ground-based optical echelle spectra. The COS-LRG
sample was selected without any prior knowledge of the ab-
sorption properties of the LRGs. In Chen et al. (2018a, here-
after Paper I), we presented the initial results of our study,
which we summarize here. First, high H1 column density
gas is common in the CGM of LRGs, with a median of
(log N(H1)/cm™?) = 16.6 at d < 160 kpc. Secondly, we
measured a high covering fraction of optically thick gas
(log N(H1)/em™2 2 17.2) of (k)rrs = 0.447512 at d < 160
kpc, which increases to (k)rLs = 0.717028 at d < 100 kpe.
Moreover, the CGM of LRGs contains widespread chemi-
cally enriched gas traced by low-, intermediate-, and high-
ionization metals. The most prominent metal transitions
in LRG halos are those of intermediate-ionization species
such as Cur and Sit, with a high covering fraction of
(r(Cm)) = 0.7573-9% within d < 160 kpc, comparable to
what have been observed in the CGM of star-forming galax-
ies (e.g., Werk et al. 2013). In this paper, we expand our
investigation with absorption-line and ionization analyses
of both metal and H1 absorption in LRG halos, in order
to characterize the physical properties and elemental abun-
dances in the CGM of LRGs.

The paper is organized as follows. In Section 2 we dis-
cuss the COS-LRG sample and the spectroscopic observa-
tions and data reduction of the background QSOs. We de-
scribe the absorption-line and ionization analyses in Section
3. In Section 4, we characterize the physical properties and
elemental abundances in the gaseous halos of LRGs. Finally,
we discuss the implications of our findings in Section 5 and
present a summary of our results/conclusions in Section 6.
In addition, we discuss the results of the analysis for each in-
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dividual LRG halo in Appendix A. A standard A cosmology
is adopted throughout the paper, with Qy = 0.3, Q4=0.7,
and a Hubble constant of Hy = 70km.s™* Mpc~".

2 SAMPLE AND DATA

In this section we summarize the COS-LRG sample and
the observations of background QSOs. We refer the read-
ers to Paper I for a more detailed discussion on the pro-
gram design, sample selection, and data reduction of the
far-ultraviolet COS spectra and optical echelle spectra of
background QSOs in our sample.

The COS-LRG sample was established by cross-
correlating spectroscopically identified LRGs in the Sloan
Digital Sky Survey (SDSS; York et al. 2000) archive and
the literature with all known UV-bright QSOs with FUV
< 18.5 mag.! No prior knowledge of the absorption proper-
ties of the LRGs was used in selecting the LRG-QSO pairs
that make up our sample. The UV magnitude cut was cho-
sen to ensure that high-quality and high-resolution spectra
of the background QSOs could be obtained with the Cosmic
Origins Spectrograph (COS; Green et al. 2012) onboard the
HST. Furthermore, we imposed a lower limit on the LRG
stellar mass of log Mstar/Me > 11, and a maximum pro-
jected distance of d = 160 kpc from the QSO. Both choices
were informed by the well-known finding of a significant in-
cidence (> 10%) of Mg11 absorbers at d < 120 kpc from
massive LRGs (e.g., Gauthier et al. 2010; Huang et al. 2016).
These selection criteria resulted in a mass-limited sample of
16 quiescent galaxies at 0.21 < z < 0.56, each probed by
a background QSO at d < 160 kpc (which corresponds to
roughly 1/3 of the virial radius, Ryir, of a 10'® Mg dark-
matter halo).

All 16 QSOs in the COS-LRG sample were observed
with COS, either during our own observing program (PID:
14145) or previously available from the HST data archive.
HST/COS with the G130M and G160M gratings provides
high-resolution (FWHM = 17km s™') FUV spectra of the
QSOs over a nearly contiguous wavelength coverage between
A~ 1150 A and A ~ 1780 A, allowing us to probe halo gas
using observations of the full H1 Lyman series and corre-
sponding low-, intermediate-, and high-ionization metal ab-
sorption features at the LRG redshift, including C 111 A977,
the O vi AA1031, 1037 doublet, Sitir A1206, and Si1r A1260.
The COS data were downloaded from the HST archive and
processed using our custom software. The data reduction
steps were previously described in detail in Paper I. An
important aspect of our custom data reduction software is
a recalibration of the COS wavelength solution, which was
done in two steps. First, relative wavelength offsets between
different exposures of the same QSO were corrected using
a low-order polynomial that best-describes the offsets of
common absorption features found in different exposures.
Next, different exposures were co-added and an absolute

1 Because the FUV bandpass of GALEX has a minimum wave-
length of ~ 1350 A, our FUV-bright selection for the background
QSOs does not bias against optically thick Lyman-limit systems
at z < 0.5, which is coincident with the redshift range of COS-
LRG galaxies.
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Table 1. Summary of spectroscopy of background QSOs

QSO Instrument  Spectral Window  S/N Notes
A)

SDSS J0246—0059  COS 1140 — 1790 10 PID: 14145
MIKE 3350 — 9400 41

SDSS J0803+4332  COS 1160 — 1800 9 PID: 11598
HIRES 3150 — 5870 24

SDSS J0910+1014  COS 1140 — 1790 7 PID: 14145
HIRES 3150 — 5870 15

SDSS J0925+4004 COS 1160 — 1800 6 PID: 14145
HIRES 3240 — 5870 16

SDSS J0946+5123  COS 1140 — 1780 7 PID: 14145

SDSS J0950+4831  COS 1070 — 1800 10 PID: 11598 & 13033
HIRES 3100 — 5870 30

SDSS J1111+-5547  COS 1140 — 1800 15 PID: 12025

SDSS J1127+1154  COS 1140 — 1780 8 PID: 14145
MIKE 3350 — 9400 17

SDSS J1243+-3539  COS 1140 — 1780 14 PID: 14145

SDSS J1244+1721  COS 1420 — 1780 7 PID: 12466
MIKE 3350 — 9400 33

SDSS J1259+4130 COS 1120 — 1790 13 PID: 13833

SDSS J135740435 COS 1130 — 1800 13 PID: 12264
MIKE 3350 — 9400 25

SDSS J1406+-2509  COS 1140 — 1780 6 PID: 14145
MIKE 3350 — 9400 10

SDSS J1413+0920 COS 1130 — 1750 17 PID: 13833

SDSS J15504+4001  COS 1140 — 1790 8 PID: 11598
HIRES 3100 — 5870 31

SDSS J1553+-3548  COS 1140 — 1790 8 PID: 11598
HIRES 3100 — 5870 36

wavelength correction was performed on the combined spec-
trum by registering non-saturated, low-ionization Galactic
absorption lines to their known vacuum wavelengths. The
final wavelength solution for our FUV COS spectra is ac-
curate to within +3km s™!, based on a comparison with
low-ionization absorption features seen in the ground-based
optical echelle spectra.

Optical echelle spectra of COS-LRG QSOs are avail-
able for 11 out the 16 QSOs in the sample. The echelle
observations were obtained using two high-resolution spec-
trographs, MIKE (Bernstein et al. 2003) on the Magellan
Clay telescope and HIRES (Vogt et al. 1994) on the Keck
I telescope. The MIKE observations were obtained during
our own observing program, whereas the HIRES data were
retrieved from the Keck Observatory Archive (KOA). The
instrumental configuration chosen for our MIKE observa-
tions provides a spectral resolution of FWHM ~ 10 km s~ *
at wavelength A < 5100 A. The archival HIRES observations
are characterized by a spectral resolution of FWHM =~ 6.5
km s~ at A < 5900 A. By extending the spectral cover-
age of the COS-LRG QSOs to optical wavelengths (from
X ~ 3100 A to well over A ~ 5000 A), the echelle spectra of
the QSOs allow access to additional prominent absorption
features arising in low-ionization gas in LRG halos, espe-
cially the Mg1r A\ 2796, 2803 doublet, the Mgt A 2852 tran-
sition, and a series of Fell transitions including Fe 11 A2586
and Fe11 A2600. A detailed description of the data reduction
for the MIKE and HIRES spectra can be found in Paper L.

A summary of FUV and optical echelle spectroscopic
observations is presented in Table 1, where we list for each
background QSO the instrument used for the observations,
the spectral coverage of the data, and the mean S/N per
resolution element in final reduced spectrum.
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3 ANALYSIS

To promote a deeper understanding of the circumgalac-
tic environment of massive halos, we assembled a mass-
limited sample of 16 LRGs with log Mstar/Me > 11. The
LRGs were selected without prior knowledge of the presence
or absence of CGM absorption features. This uniform sam-
ple of galaxies allows an unbiased and accurate characteri-
zation of the gaseous halo of intermediate-redshift, massive
elliptical galaxies. The two main objectives of the COS-LRG
program are: (1) to probe the bulk of cool gas in LRG halos
by obtaining accurate measurements of N(H1); and (2) to
constrain the physical properties and elemental abundances
in massive quiescent halos by observing different ionic metal
transitions that probe a wide range of ionization states.

In Paper I, we presented N(HI) measurements for the
sample and reported significant incidences (> 40%) of low-
, intermediate-, and high-ionization metal absorptions at
d < 160 kpc in massive quiescent halos. To investigate the
physical properties of the CGM of LRGs and constrain the
chemical abundance of the gas requires (1) accurate column
density measurements for the observed metal absorption fea-
tures, and (2) a detailed ionization modeling of the gas under
different physical conditions (e.g., density, metallicity) to ex-
plain the observations. Here we describe the analysis to first
measure the ionic column densities and subsequently con-
strain the physical properties and metallicities of the gas.

3.1 Voigt Profile Analysis

The available high-resolution FUV and optical echelle
spectra of the QSOs enable us to resolve the component
structures of different absorption transitions and measure
the column densities of metal ions accurately. Utilizing a
custom software previously developed by and described in
Zahedy et al. (2016), we performed a forward modeling of
Voigt profiles to constrain the ionic column densities of in-
dividual absorbing components in each LRG halo. The soft-
ware was designed to analyze both well-sampled and under-
sampled absorption spectra with known line-spread function
(LSF), and to properly assess the confidence intervals of de-
rived model parameters via a Markov Chain Monte Carlo
(MCMC) analysis.

In summary, the Voigt profile of each absorption com-
ponent is uniquely defined by three parameters: the column
density N., the Doppler parameter b., and the velocity cen-
troid dw. relative to the redshift of the strongest H1 com-
ponent in the absorption system. To perform the fit, the
program first generated a theoretical spectrum using the
minimum number of components necessary to explain the
observed absorption profile. Then, this model spectrum was
convolved by the appropriate instrumental LSF of the spec-
trograph used to collect the data, and binned to match the
spectral pixel width of the data. Finally, the simulated ab-
sorption profile was compared to the observed absorption
profile, and the best-fit model was found by minimizing the
x? value.

To assess uncertainties in the model parameters, we
performed a MCMC analysis using the EMCEE package
(Foreman-Mackey et al. 2013). The MCMC analysis allows
us to construct the posterior probability distribution for
each model parameter. Each MCMC run consisted of 500

steps performed by an ensemble of 250 walkers. To speed up
convergence, the walkers were seeded in a tiny region within
the parameter space which is centered at the minimum x?
solution.

The absorption transitions which were analyzed in a
given absorption system include all observed transitions
from the following list, ordered by increasing rest wave-
length: O1 A\971, Cur A977, O1 X988, N1 A989, the
Ovi AA1031,1037 doublet, C11 A1036, N11 A1083, Feiil
A1122; Ferr A1144, Sim A1190, Sitt A1193, Sitmn A1206, Siit
A1260, O1 A1302, C11 A1334, Si1v AA1393, 1402, Fe 11 A2382,
Fe11 A2586, Fe11 A2600, the Mg 11 AA2796, 2803 doublet, and
Mg1A2852. In our analysis, different transitions of the same
species (e.g., Si1r A1190 and Sin A1193) were required to
have the same Voigt profile parameters. Furthermore, we
imposed the same kinematic structure (i.e., number of com-
ponents and velocity structure) among H1, low-ionization,
and intermediate-ionization species. This choice was moti-
vated by the excellent agreement among the observed ab-
sorption profiles of various low- and intermediate-ionization
species, including Mg11, Si11, Sitil, and C1r (see Paper I).
Excepted from this requirement was high-ionization O v1 ab-
sorption, which is known to often exhibit distinct velocity
profiles compared to lower-ionization gas (e.g., Savage et
al. 2010; Werk et al. 2016). For that reason, we performed
the Voigt profile analysis for the O vi doublet independently
from the analysis for H1 and lower-ionization metals.

The results of our Voigt profile analysis are presented in
Appendix A for each LRG. In Figures Ala to Al6a in Ap-
pendix A, we present the the continuum-normalized absorp-
tion profiles of different transitions, the best-fit Voigt profiles
for individual components, and the integrated Voigt profile
summed over all components. In Tables Ala to Al6a, we re-
port the best-fit Voigt profile parameters and the associated
68% confidence intervals for each component identified in the
Voigt profile analysis. For saturated components, we report
the 95% lower limits on the column density N. and the cor-
responding 95% upper limits on Doppler parameter b.. For
non-detections, we report the 95% upper limits on N, as-
suming b, = 10 km s~ ! for low- and intermediate-ionization
species and b. = 30km s~ ! for highly ionized O vi. Finally,
we also report in Table Ala to Table Al6a the total N(HT1)
and ionic metal column densities summed over all compo-
nents in each system.

3.2 Ionization Analysis

To constrain the metallicity and other physical quanti-
ties of the CGM, it is necessary to determine the ionization
state of the gas. The inferred cool temperature of the gas
(T < afew x10* K, see §4.2 and Appendix A) is consistent
with a photoionized gas. The ionization state of the gas can
be determined by comparing the observed column densities
of different ionic species to predictions from photoionization
calculations (e.g., Chen et al. 2017). An important physical
quantity in photoionized gaseous environment is the ioniza-
tion parameter U, defined as the number of incident ionizing
photons per hydrogen atom. For a fixed radiation field char-
acterized by a total flux of hydrogen-ionizing (> 1 Ryd)
photons ®, the U parameter is inversely proportional to the
hydrogen number density nm, according to U = ®/cnu.
Higher gas density results in lower U, which leads to a more
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neutral gas, and vice versa. Another physical quantity which
affects the observed ionic column densities is the metallicity
of the gas [M/H]. High-metallicity gas cools more efficiently
than low-metallicity gas, shifting the photoionization equi-
librium toward lower ionization (i.e., more neutral) states.

We performed a series of photoionization calculations
using CLouDY v.13.03 (Ferland et al. 2013) package. We
considered a plane-parallel column of gas with uniform vol-
ume density ng, which was irradiated on both sides by an
ultraviolet background (UVB) radiation field. To investigate
how uncertainty on the UVB affects the derived gas density
and metallicity (see Chen et al. 2017 for an extensive dis-
cussion), we performed two sets of calculations using two
different UVBs: (1) the updated Haardt & Madau (2001)
UVB, known as HMO05 in CLOUDY; and (2) the Haardt &
Madau (2012) UVB, known as HM12 in CLouDY. The two
radiation fields differ in both their spectral slopes and over-
all intensities between 1 — 10 Ryd. While the HMO05 spec-
trum is softer than HM12 within this energy regime, the
HMO05 UVB has more 1 — 3 Ryd photons which have large
photoionization cross-sections for neutral hydrogen atoms
as well as low- to intermediate-ionization metals. Further-
more, the HM05 UVB has about 2.5 times (0.4 dex) the to-
tal number of hydrogen-ionizing photons of the HM12 UVB.
In our ionization calculations, both UVBs were adopted at
z = 0.4, which is roughly the median redshift of the COS-
LRG galaxies. At this fiducial redshift, the relationship be-
tween U and ny is logU = —5.42 — logng for HMO05, and
logU = —5.83 — logng for HM12. For example, a typi-
cal CGM gas density of ny = 0.0lcm™2 corresponds to
logU =~ —3.4 and logU =~ —3.8 for the HM05 and HM12
UVBEs, respectively.

For each UVB, we constructed a grid of CLOUDY mod-
els spanning a wide range of H1 column densities (14 <
log N(H1)/em™2 < 20 in 0.25 dex steps), gas densities
(=5 < logna/cm™ < 1 in 0.25 dex steps), and metallic-
ities (—3 < [M/H] < 1 in 0.25 dex steps). For each point in
the grid, CLOUDY calculated the expected column densities
and ionization fractions of different ionic species assuming
photoionization equilibrium. We assumed a solar abundance
pattern for the gas, although when the predictions were com-
pared to observations, we relaxed this assumption whenever
necessary and allowed by the data (see Appendix A).

An example of CLOUDY calculations is presented in
Figure 1, where the predicted column densities of differ-
ent ions are plotted as a function of ionization parameter
U. The column density curves are shown for a gas with
log N(H1)/cm™2 = 16.5 and [M/H] = —0.5, which are typ-
ical values for individual components in our sample. The
model predictions for a gas irradiated by the HM05 UVB
are shown in solid lines, whereas predictions for a gas irra-
diated by the HM12 UVB are shown in dash-dotted lines.
Comparing the model expectations under the two differ-
ent UVBs, it is clear that at fixed ionization parameter,
the predicted ionic abundances for neutral and singly ion-
ized species (e.g., Mg1, Sill and Mgl1) are systematically
lower under HM12 UVB than HM05 UVB. In addition, the
decrements in HM12-predicted column densities relative to
HMO05 grow larger for higher U parameter (or equivalently,
lower ny). Similar, albeit more modest, trends are also pre-
dicted for doubly ionized species such as Cii1, and SiIil.
These trends result from of the harder HM12 UVB spec-
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Figure 1. Example predictions of ionic column densities as a
function of ionization parameter U from CLOUDY photoionization
calculations. From top to bottom, the panels are ordered by in-
creasing ionization state, shown here for common ionic species O 1,
Mgi1, C11, Mg, Sitr, Cii, Sitil, and O Vi. The prediction curves
are shown for a gas with log N (H1) = 16.5 and a metallicity of
[M/H] = —0.5, which are typical values in our sample. In solid
lines, we show the predicted column densities for a gas irradi-
ated by an updated Haardt & Madau (2001) ionizing background
radiation field (HMO5 in CLOUDY) at z = 0.4. In dashed-dotted
lines, we show the corresponding predictions under the Haardt &
Madau (2012) background radiation field (HM12 in CLOUDY) at
the same redshift. A solar abundance pattern is assumed for the
model calculations shown here.
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trum, which has a higher fraction of > 3 Ryd photons that
are needed to produce highly ionized (triply ionized or more)
metal species compared to the HM05 UVB. As U increases,
both low- and intermediate-ionization species are preferen-
tially lost to higher ionization states under HM12 UVB than
HMO05 UVB. As a consequence of these intrinsic differences
between HMO05 and HM12 UVBs, HMO05 models require a
higher gas metallicity than HM12 models to reproduce the
observed ionic abundances (see also Wotta et al. 2016).

To estimate the metallicity and density of the gas, we
compared the resulting CLOUDY grid of predictions to the
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data and performed a statistical analysis which took into ac-
count measurements as well as upper limits (non-detections)
and lower limits (saturation) in the data. Given a suite of
observed ionic transitions {y;} for a kinematically matched
absorbing component with n number of measurements, m
upper limits, and [ lower limits, the probability that the gas
has a given density and metallicity is defined to be

g4

P(nu, M/H] | {yi}) <ﬁ exp{—; [yt_y_z(nHu[N[/H])]Q}> )
=1

R e e R

(1w =m0,

(1

where y; = log N, is the observed column density of the

i-th ionic species, and o; is the measurement uncertainty
of y;, and ; = log N; is the corresponding model predic-
tion. Note that in equation 1, the first product is equivalent
to calculating ¢~ 3X" for the n ionic column density mea-
surements, whereas the second and third products extend
the calculation over the m upper limits and ! lower limits,
respectively.

The statistical analysis described above was performed
for each absorbing component identified in our Voigt profile
analysis (§3.1). For each component, all available column
density measurements, upper limits, and lower limits for low-
and intermediate-ionization species were compared to an in-
terpolated grid of CLOUDY models evaluated at the observed
N(H1) of the data. We note that O VI measurements were
from this analysis, not only because of the the well-known
uncertainty in the ionization mechanism of O vI absorbers,
but also because of the observed kinematic misalignments
between the absorption profiles of O vI and lower-ionization
gas ( H1 and metal ions; see §4.2 and Appendix A). We dis-
cuss the possible origins of the high-ionization gas traced by
O v1 absorbers in LRG halos in §5.3.

The results of the ionization analysis are presented in
Tables Alb to A16b in Appendix A, where for each indi-
vidual component we report the number of detected metal
species which are used to constrain the model, Nyetal, the
most probable gas metallicity [M/H] and density ng under
both the HM05 and HM12 UVBs, as well as the estimated
68% confidence intervals for [M/H] and ng. For components
with Nmetal < 2, we find that the inferred [M/H] and log nu
are subject to large uncertainties of > 0.5 dex, and in a num-
ber of cases there is no clear point of maximum probability
within the parameter space of the models. For these compo-
nents, we report in Tables A1b to A16b the estimated 95%
upper or lower limits on the parameter values. In addition,
we report in Tables A1lb to A16b the inferred gas metallic-
ity and density considering each absorber as a single clump.
For the single-clump (SC) model, the aforementioned ioniza-
tion analysis was performed using the integrated N(H1) and
ionic column densities summed over all components in each
system, to facilitate comparisons with existing CGM/IGM
ionization studies in the literature (e.g., Werk et al. 2014;
Prochaska et al. 2017; Muzahid et al. 2018). Finally, we
present in Figures Alb to A16b the two-dimensional joint
probability distribution of [M/H] and nu for components
with Nmetal > 2, under both the HMO05 (black contours)

and HM12 (blue contours) UVBs. The contours indicate the
estimated 68% and 95% confidence levels for the model pa-
rameters.

4 PHYSICAL PROPERTIES AND
METALLICITIES IN LRG HALOS

Our analysis of CGM absorption in the COS-LRG sam-
ple reveals a diversity of gas properties in massive quiescent
halos z ~ 0.4. A detailed discussion on the absorption and
gas properties in individual LRG halos is presented in Ap-
pendix A, which we summarize as follows. First, a combined
Voigt profile analysis on HT and metal absorption lines shows
that absorbers in LRG halos exhibit a multi-component
structure that is distributed over up to +a few x100 km s~ *
in line-of-sight velocity relative to the LRGs. Furthermore,
the excellent kinematic alignments between HI1, low ions
(e.g., Mg11), and intermediate ions (e.g., C111) indicate a
physical connection between these different species. In this
section, we characterize the physical properties and chemical
abundances in the gaseous halos of LRGs.

4.1 Column density profiles of HI and heavy ions

In Figure 2, we present the spatial distribution of ab-
sorption column densities for various ions observed in the
gaseous halos of COS-LRG galaxies. From top to bottom
panels, we show the integrated column densities versus d
for neutral H1, low-ionization Mg 11, intermediate-ionization
C 111 and Sinl, and high ionization O vi species. For compar-
ison, we show measurements for the COS-Halos red galaxy
subsample (Werk et al. 2013; Prochaska et al. 2017) in Fig-
ure 2, for H1, Mgi1, C1i1, and Sitit. For O vi, we also show
measurements from the passive galaxy subsample of John-
son et al. (2015), which includes all COS-Halos red galaxies.
Recall that the COS-LRG sample is a mass-limited sample
of passive galaxies with stellar masses of log Mgtar /Mo > 11,
with a median and dispersion of log (Mgtar /M@ ) = 11.240.2.
In contrast, the COS-Halos subsample of red galaxies com-
prises predominantly lower mass galaxies, with a mass range
of from log Mstar /Mg = 10.3 to log Mstar/Me = 11.3, and a
median of log (Mstar/Me) = 10.8.

Despite a considerable scatter in the observed N(HI),
there is a general trend of declining N (H1) with increasing d
in the COS-LRG sample (top panel of Figure 2). This trend
is consistent with what is seen in COS-Halos red galaxies as
well as previous CGM surveys of the general galaxy popula-
tions (e.g., Chen et al. 1998; Johnson et al. 2015). At d < 100
kpc from LRGs in our sample, the majority of H1 absorbers
are optically thick (LLSs with log N(H1)/em™2 > 17.2). In
contrast, there is a significantly higher fraction of optically
thin absorbers as well as sightlines with non-detections at
d > 100 kpc. The mean covering fraction of optically thick
H1 gas is (k)LLs = 0.71f8:§2 at d < 100 kpc, which declines
to (k)LLs = 0.227537 at d = 100 — 160 kpc.

A trend of declining column density with increas-
ing d is also seen in low-ionization metal species such as
Mgi. At d < 100 kpc, strong N(Mgir) absorbers with
log N(Mg11)/cm™2 > 13 are common in COS-LRG. In con-
trast, absorbers at d 2 100 kpc exhibit significantly lower
N(Mg11), where log N(Mg11)/cm™2 < 13 is seen in all cases.
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For strong Mg 11 absorbers in COS-LRG, we estimate a mean
covering fraction of (k(Mg1I))iz.0 = 0.60792% at d < 100
kpc. A caveat of this calculation is that two sightlines at
d < 100 kpc do not have any MgIl constraints and con-
sequently do not contribute to the covering fraction es-
timation. Including these two sightlines would lead to a
mean Mg1I covering fraction of (k(Mg1I))13.0 =~ 0.4 — 0.7 at
d < 100 kpc, depending on whether these two absorbers sat-
isfy the strong Mg 11 absorption criterion or not. In contrast,
the lack of strong Mg 11 absorption At d = 100—160 kpc from
LRGs in our sample constrains the mean covering fraction
to (k(Mg11))13.0 = 0.0 — 0.2, for log N(Mg11)/cm™2 > 13.

A surprising finding from Paper I is the high incidence
of absorption from intermediate-ionization species C1II and
Si1il, comparable to what have been observed around star-
forming galaxies. While the high oscillator strength of the
C111 A\977 transition makes C 111 absorption easily detectable,
it also means that CIII absorption profiles are often satu-
rated (see Appendix A). For that reason, it is difficult to
draw a strong conclusion on possible radial trends in inter-
mediate ionic column densities using C1II absorption. For
the comparatively weaker Silll absorption, it is clear that
strong Silll absorption with log N(Si1i)/em™2 > 13.0 are
more prevalent at smaller d. At d < 100 kpc from COS-
LRC galaxies, absorbers with log N(Sitn)/cm™2 > 13.0
are present in 5 out of 7 cases, which constraints the
mean Silll covering fraction to (k(Sit))izo = 0.711532.
In contrast, SiIll absorption are generally weaker at d =
100 — 160 kpc, with a high fraction (50 percent) of non-
detections. The estimated mean Silll covering fraction ab-
sorption at d = 100 — 160 kpc is (k(Siti))iz.0 = 0.3775:23,
for log N (Sit)/cm™2 > 13.0.

For high-ionization gas, measurements of O VI column
density in LRG halos are available for 12 out of 16 COS-LRG
galaxies. We detect O vI absorption in 7 sightlines at a detec-
tion threshold of log N(O vi)/cm™2 > 13.5, which translates
to an estimated mean covering fraction of (k(OVI))135 =
0.587517 at d < 160 kpc (~ 0.3 Ry,). The mean O VI cover-
ing fraction for LRGs is comparable to what Johnson et al.
(2015) found at d < 0.3 Ry for their passive galaxy subsam-
ple, (k(OVv1))515 = 0.627513 for log N(OvI)/em™2 > 13.5.
Note that the red galaxies in Johnson et al. (2015) are pre-
dominantly less massive than COS-LRG galaxies, with a
median stellar mass and dispersion of log (Mgar/Me) =
10.7+£0.5. The comparable O VI covering fractions in massive
quiescent halos spanning over an order of magnitude in halo
mass (from My ~ 10*2 Mg to My > 10" M) suggest that
OV absorbers in all quiescent halos may share a similar
physical origin. A two-sample Kolmogorov-Smirnov (K-S)
test demonstrates that we cannot rule out at high statistical
significance (> 99 percent) that the lower-mass (Johnson et
al. 2015) and massive (COS-LRG) quiescent halo samples of
O VI absorbers are drawn from the same parent population.

4.2 Kinematic and thermal properties

The line-of-sight kinematics of absorbing gas relay cru-
cial information about the underlying motion of cool clumps
within LRG halos. Our discussion of individual LRG ha-
los in Appendix A highlights the fact that cool gas ab-
sorption profiles in the CGM of LRGs consist of multiple
components that are distributed within + a few hundred
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Figure 2. Radial profile of integrated absorption column densi-
ties in the gaseous halo of quiescent galaxies, shown for H1, Mg11,
Cr, Sitr, and O vi. Measurements for the COS-LRG sample are
plotted in black circles, whereas those of COS-Halos subsample of
red galaxies (Werk et al. 2013) are plotted in orange squares. For
O v1, we include measurements from the passive galaxy subsam-
ple of Johnson et al. (2015) in red diamonds. Non-detections are
shown as downward arrows which represent the 20 upper limits
on ionic column density. Meanwhile, the allowed column density
range for saturated absorbers in COS-LRG are shown in empty
vertical error bars. For COS-Halos red galaxies, saturated ab-
sorbers are represented by upward arrows, which show the lower
limits on the absorption column density.
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Figure 3. Line-of-sight velocity distributions of individual absorption components relative to the LRG systemic redshifts. For the full
COS-LRG sample (left panel), we find a mean and dispersion of (Avgas_galaxy) = 17 km s~1land O Avgas_gataxy = 147 km s—!. In the
middle panel, the sample is bisected by projected distance d, whereas in the right panel the sample is divided by metallicity. We find no
statistically significant distinction between the subsamples in either case.
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Figure 4. Left: Doppler parameter b. plotted versus d for individual Mg 11 absorption components. Saturated components are represented
by grayed out data points. Right: Distribution of Doppler linewidths for matched H1 and Mg1I components. The dashed-dotted line shows
the expectation for a pure thermal broadening case, b.(Mgi1) ~ 0.2b.(H1), whereas the dotted line shows the expected relationship
when Mgil and H1 linewidths are dominated by non-thermal broadening, b.(Mgil) = b.(H1). We find that cool CGM gas around
LRGs has a mean temperature and dispersion of (T') = 2.0 x 10*K and o = 1.4 x 10* K, with a modest non-thermal broadening of

(bnt) =7 £ 5km s™1.

km s! in line-of-sight velocity relative to the systemic red-
shift of the galaxy. The distribution of line-of-sight veloc-
ities of individual H1 components relative to the LRGs is
shown in the left panel of Figure 3. The velocity distri-
bution can be characterized by a mean and dispersion of
(Avgas—galaxy) = 17km s™'and 0Av.. pajaey, = 147km s
The observed velocity dispersion is consistent with what
have been reported for Mg1I absorbers around large samples
of Mg1I absorbers around LRGs using low-resolution data
(e.g., Zhu et al. 2014; Huang et al. 2016; Lan et al. 2018). To
provide a physical context, the inferred mean mass of LRG
halos is My, =~ 10**Mg (e.g., Mandelbaum et al. 2008;
Gauthier et al. 2009), and the expected line-of-sight veloc-

ity dispersion for virialized motion in LRG halos is oy, &~ 260
km s~!. The observed line-of-sight velocity dispersion of the
8AS, OAvga_ galany = 147 km s™!, is merely ~ 60 percent of
the expectation from virial motion. The narrow distribution
of line-of-sight velocities indicates that an effective dissipa-
tive mechanism is at play to slow down the motion of cool
gas in the halo (e.g., Huang et al. 2016).

To evaluate whether the observed velocity dispersion
varies with projected distance, we divide the absorbing com-
ponents into two subsamples on d, one for components at
d < 100 kpc and another for those at d > 100 kpc. The
resulting velocity distributions of the two subsamples are
shown in the middle panel of Figure 3. While the velocity
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histograms are understandably noisy due to the smaller size
of the two subsamples, no significant trend is detected be-
tween the line-of-sight velocity distributions at small and
large d. Using a two-sided Kolmogorov-Smirnov (K-S) test,
we cannot rule out that the two d subsamples come from
the same parent distribution in Avgas—galaxy at > 50 per-
cent confidence. We also bisect the sample of individual
components into two groups based on their metallicities, a
low-metallicity subsample with [M/H] < —0.5 and a high-
metallicity subsample with [M/H] > —0.5. Again, no sta-
tistically significant distinction can be made between the
low- and high-metallicity subsamples, with components from
each subsample occupying the full range of velocities with
respect to the LRGs (Figure 3, right panel). A K-S test can-
not rule out that the two d subsamples come from the same
parent distribution in Avgas—galaxy at > 68 percent confi-
dence.

Our Voigt profile analysis also allows us to examine the
thermal properties of cool clumps in LRG halos. In the left
panel of Figure 4, we plot the Doppler linewidths of Mg11
components as a function of d. With the exception of a few
broad components, most Mg 11 components in LRG halos are
narrow with b.(Mg11) < 10 km s™*. The narrow linewidths
imply that the gas is both cool and kinematically quiescent.
Furthermore, no trend in b.(Mg1I) in seen versus d, indicat-
ing that cool gas at small and large projected distances from
LRG have similar thermal properties.

Next, we show the distribution of Doppler linewidths
for matched H1 and Mgl absorption components in the
right panel of Figure 4. Two straight lines are drawn to
indicate two limiting cases. First, the dashed-dotted line in
the bottom represents the expectation for a pure thermal-
broadening case where the Mgi1 and H1 linewidths are re-
lated by the square root of their mass ratio alone, giving
be(Mg11) = 0.2b.(H1). Secondly, the dotted line on top of
the panel shows the expected relation when the Mgir and
H1 linewidths are dominated by non-thermal broadening,
be(Mgi1) = b.(H1).? Tt is clear from the right panel of Fig-
ure 4 that a large majority data points are situated closer to
the thermal-broadening line than to the non-thermal broad-
ening line. This which is consistent with a quiescent gas
that is subject to little non-thermal broadening. The ra-
tios of Doppler linewidths for matched H1 and MgIl com-
ponents in the COS-LRG sample show that the gas has a
mean temperature and dispersion of (T) = 2.0 x 10* K and
or = 1.4 x 10* K, with a modest mean non-thermal line
broadening of (byt) = 74 5km s~ .

Finally, we find that O vI absorption profiles in COS-
LRG show distinct kinematic structures from the absorption
profiles of lower-ionization metal and H1 (see Appendix A
for a detailed description of individual absorbing systems).
The mean/median absolute difference in centroid velocity

2 While the parameter space outside the region bounded by the
two limiting cases is unphysical, two components are found below
the thermal-broadening line. One has a b.(Mg11) that is consis-
tent within 1-o with thermal broadening. The other component
has a broad bc(H1) = 33 km s~1, but its Mg1r line width is only
3 km s—!, which is narrower than expected from thermal broad-
ening. The unphysical relationship between b.(H, I) and b.(Mg11)
for this component implies the presence of unresolved H1 compo-
nents that are not MgIi-bearing.
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Figure 5. Cumulative fraction, P, of O VI absorption compo-
nents with absolute centroid velocity difference less than |Awv|
from the nearest low-ionization metal and H1 components (solid
histogram). The mean/median value is {|Av|) = 24 km s~1, with
a full range of from |Av| = 4 to |Av| = 71 km s~!. Note that
the final wavelength solution for our FUV COS spectra is accu-
rate to within £3km s~!, and the expected P(|Av]|) for a normal
distribution with a width of o = 3 km s~! is shown in dotted
curve for comparison. The mismatched kinematics between high-
ionization and low-ionization gas in COS-LRG suggest different
physical origins between the high- and low-ionization gas.

between O VI absorption components and the nearest HI
and low-ionization metal component is (|Av|) = 24 km s~ !,
with a full range of from |Av| = 4 to |Av| = 71 km s™*
(Figure 5). Recall that the final wavelength solution for our
FUV COS spectra is accurate to within +£3km s~*. The
kinematic misalignments between high-ionization and low-
ionization gas in the COS-LRG sample suggest that different
phases of the CGM gas of LRGs have different physical ori-
gins (a more in-depth discussion is presented in §5.2 and
§5.3).

4.3 Metallicities and densities

Our ionization analysis on matched absorption compo-
nents reveals significant variations in gas metallicities and
densities in the cool CGM of LRGs, both within individual
halos and among different halos in the COS-LRG sample.
We now discuss and investigate for trends in gas metallici-
ties and densities in the COS-LRG ensemble of galaxies. We
begin with a discussion on systematic errors in the ionization
analysis.

4.8.1 Systematic errors arising from the uncertain UVB

Metallicity and density estimates in CGM studies are
based on comparing the absorption column densities of ionic
metals and neutral hydrogen. Because the gas is highly ion-
ized in all but the highest column density absorbers, sub-
stantial ionization fraction corrections are necessary to con-
vert the observed ionic column density ratios to the desired
elemental abundances. A complicating factor in the ioniza-
tion analysis of CGM gas is the well-known uncertainties in
the shape, intensity, and redshift evolution of the extragalac-
tic UVB (e.g., Faucher-Giguere et al. 2008; Haardt & Madau
2012; Kollmeier et al. 2014; Shull et al.2015), which affect the
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Figure 6. Top: Difference in gas densities derived under HM05
and HM12 UVBEs, plotted versus N.(H1). Compared to the HM12
UVB, the HM05 UVB leads to higher inferred ny values, with a
median difference and dispersion of (Alogny) = 0.34 dex and
OAlog ng = 0.10 dex. Bottom: Difference in metallicities derived
under HMO05 and HM12 UVBs, plotted versus individual compo-
nent H1 column density, N.(H1). The HM05 UVB leads to lower
inferred [M/H] than the HM12 UVB, with a metallicity difference
that range from (A[M/H]) = —0.1 for LLSs to (A[M/H]) = —0.7
for optically thin gas.

expected ionization fraction corrections in the gas. Adopt-
ing different UVBs for the ionization analysis can propa-
gate to order-of-magnitude discrepancies in the inferred gas
metallicity (see Chen 2017 for an extensive discussion on the
subject).

To explore how the uncertain UVB spectrum affects the
derived gas densities and metallicities, we performed our
ionization analysis using two different photoionizing back-
ground radiation fields, the HMO05 and HM12 UVBs (see the
discussion in §3.2). In the top panel of Figure 6, the differ-
ence in gas densities derived under HMO05 and HM12 UVBs
is plotted versus component HI column density N.(HI).
Over almost 5 decades in N.(H1), the gas densities inferred
using HMO05 UVB are systematically higher than gas densi-
ties inferred using the HM12 UV B, with a median difference
and dispersion of (Alog ng) = 0.34 dex and oAlog ny = 0.10
dex. The higher inferred gas density under HMO05 can be un-
derstood as due to the higher intensity of HM05 UVB com-
pared to the HM12 UVB. Recall from our discussion in §3.2
that the total flux of hydrogen-ionizing photons in HMO05
UVB is ~ 0.4 dex higher than that of the HM12 UVB. Con-
sequently, the higher-intensity HM05 UVB requires a higher
underlying gas density than the HM12 UVB for fixed ion-
ization parameter U, which describes the ionization state of
the gas.

In the bottom panel of Figure 6, we plot the difference
in metallicities derived under HM05 and HM12 UVBs versus
Nc(H1). Over more than 5 decades in H1 column density, not
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Figure 7. Inferred gas metallicity [M/H] versus hydrogen density
ny for individual absorbing components in the COS-LRG sample.
The vertical and horizontal error bars associated with each data
point show the 68 percent confidence intervals for [M/H] and ny,
respectively. Grayed out data points show components for which
only upper/lower limits on [M/H] and/or nyg are available, with
arrows indicating the 95 percent upper/lower limits. We find no
statistically significant correlation between [M/H] and ny.

only is the [M/H] inferred under HM05 UVB systematically
lower than inferred under HM12 UVB, but also the differ-
ence in metallicities depends on N.(H1). For optically thick
gas with log N.(H1)/cm™2 > 17, the typical metallicity dif-
ference between HMO05 and HM12 is modest, (A[M/H]) =
—0.1 £ 0.1 dex. The median metallicity difference is larger
for lower N.(H1) gas, ranging from (A[M/H]) ~ —0.3 dex
for gas with log N.(H1)/cm™2 ~ 16 to (AM/H]) ~ —0.7
dex for optically thin gas with log N.(H1)/cm™2 < 15. To
understand the origin of this trend, recall from §3.2 that
not only does the HM12 UVB have a harder spectrum than
the HMO05 UVB, but also it has a higher fraction of > 3
Ryd photons which are required to produce high-ionization
(triply ionized or more) metal species. As N.(H1) decreases
and the gas becomes more highly ionized, more low- and
intermediate-ionization metals are preferentially lost to to
higher ionization states under HM12 UVB than under HM05
UVB. Because metallicity estimates of cool CGM gas often
rely on suite of low-ionization and intermediate-ionization
metal species, the difference in metallicities inferred under
HMO05 and HM12 UVBs naturally increases with decreasing
N(H1).

Using two different UVBs that are often utilized in the
CGM/IGM studies, we have quantified the systematic errors
which are introduced by uncertainties in the shape and in-
tensity of the extragalactic UVB radiation field. It must also
be noted that a known issue with the HM12 UVB is that it
over-predicts the amplitude of HI column density distribu-
tion function in low-redshift (z < 1) Ly« forest by a factor
of 2 — 4 (e.g., Kollmeier et al. 2014; Shull et al. 2015; Viel
et al. 2017). The HM12 UVB does not match low-redshift
IGM observations because of its low hydrogen photoioniza-
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Figure 8. Left: Gas metallicity [M/H] versus d in the COS-LRG sample. Each vertical colored line connects different absorption
components detected within the same LRG halo. The vertical error bar associated with each data point shows the 68 percent confidence
interval for [M/H]. Grayed out data points are absorbing components with no metal ions detected, with downward arrows indicating the
95 percent upper limits on [M/H]. Large (Z 1 dex) variations in gas metallicities within a single halo are seen in a majority of LRGs
that exhibit multi-component absorption profiles. Right: [M/H] versus component HI column density N.(H1). There is no evidence for

any metallicity trend with N.(H1). The median metallicity of individual components is ((M/H]) = —0.7 £ 0.2, with an estimated 16-84

percentile range of [M/H] = (—1.6, —0.1) for the whole sample.

tion rate ('), which is a result of the adopted negligible
escape fraction of Ly-continuum photons from low-redshift
galaxies (e.g., Shull et al. 2015). In contrast, the HM05 UVB
assumes a higher escape fraction of ionizing photons from
galaxies, which has been shown to provide better agreement
with observations (e.g., Kollmeier et al. 2014; Khaire & Sri-
anand 2015; Viel et al. 2017). For that reason, we adopt the
gas metallicities and densities inferred using the HM05 UVB
for subsequent analyses and discussions in this work.

4.8.2  Trends in gas metallicities and densities

To illustrate the diversity of inferred gas metallicities
and densities in the cool CGM of LRGs, we plot compo-
nent [M/H] versus nu in Figure 7. While no evidence is
seen for any correlation between [M/H] and nu, Figure 7
shows that cool gas in LRG halos occupy a wide range of
metallicities (from less than 0.01 solar to solar and super-
solar metallicities) and densities (from ngx < 0.001cm™ to
ng ~ 0.1 cm73).

We present the spatial distribution of component metal-
licity as a function of d in the left panel of Figure 8. Two in-
teresting features are revealed by this plot. First, [M/H] ex-
hibits large variations among different components within a
single halo, at small and large d alike. A majority of LRG ha-
los (~ 60 percent) that exhibit multi-component absorption
profiles show over a factor of 10 difference in [M/H] between
the most metal-rich and metal-poor components. Such large
variations in [M/H] within individual halos indicate poor
chemical mixing in the CGM of LRGs and underscore the
importance of resolving the component structures of CGM
absorbers, which is afforded by our high-resolution absorp-
tion spectra (see also e.g., Churchill et al. 2012; Rosenwasser
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et al. 2018). In contrast, any information on intra-halo vari-
ations is lost if one utilizes only the integrated H1 and metal
column densities along individual sightlines in the ionization
analysis.

Furthermore, while high-metallicity ([M/H] 2 —1.0)
components are observed in most LRG halos, metal-poor
(IM/H] < —1.0) components are found in half of LRG halos,
with a majority these low-metallicity components occuring
at d 2 100 kpc. Over the full sample, the median metallicity
of individual components is ((M/H]) = —0.7 £ 0.2, where
the uncertainty is calculated using a combined bootstrap
and Monte-Carlo resampling. In addition, we estimate the
16-84 percentile range in [M/H] to be [M/H] = (—1.6, —0.1)
for the whole sample. Note that components with poor con-
straints on [M/H] (those with [M/H] upper limits of greater
than solar metallicity) are excluded from these estimates.

In the right panel of Figure 8, we present a plot of [M/H]
versus component H1 column density. We find no significant
trend in [M/H] versus N.(H1). This lack of correlation in
our data stands in contrast to the anti-correlation between
metallicity and H1 column density that were reported in a
number of recent studies (e.g., Prochaska et al. 2017; Muza-
hid et al. 2018). Considering the known trend of declining
N(H1) with d in the CGM (e.g., Chen et al. 1998; Johnson et
al. 2015; see also §4.1), the reported anti-correlation implies
that metallicity increases with distance from galaxies, which
is difficult to explain. This discrepancy can be attributed as
due to two systematic effects. First, the HM12 UVB, which
was the adopted UVB in Prochaska et al. (2017), predicts
progressively higher metallicities (up to 0.7 dex) with de-
creasing N(H1) compared to the HM05 UVB (see §4.3.1).
Secondly, the ionization analyses in these studies utilized
integrated HT and metal column densities summed over all
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Figure 9. Left: Gas density ny versus d in the COS-LRG sample. Each vertical colored line connects different absorption components
detected within the same LRG halo. The vertical error bar associated with each data point shows the 68 percent confidence interval for
ny. Grayed out data points show components for which only upper/lower limits on ny are available, with upward/downward arrows
indicating the 95 percent upper/lower limits on the underlying gas density. Large (> 1 dex) variations in nyg within a single halo are
seen in half of COS-LRG galaxies that exhibit multi-component absorption profiles. The median gas density of individual components is
log (n)/cm—2 = —2.4 4 0.1. Right: nyy versus component HT column density N.(HT). The corresponding ionization parameter U for a
given ny is indicated on the right y-axis. The trend of rising gas density with increasing H1 column density indicates that high N.(H1)
gas has lower ionization parameter U and is therefore less ionized than low N.(H1) gas. The median U in the COS-LRG sample is
log (U) ~ —3.0. Finally, each dotted curve shows the expected nyg-N.(H1) relation for a cool cloud of a given line-of-sight thickness, from
1 =10 pc to I = 10 kpc. The distribution of cool clump sizes shows a clear mode at ~ 100 pc, with an estimated median of (I) = 120t28

pc.

components in each absorption system, which is the same
as imposing a single-clump model (see §3.2) where differ-
ent components have the same density and metallicity. Be-
cause the bulk of H1 column density is concentrated in one
strong component in a majority of cases (see e.g., Appendix
A), this method imposes a bias due to the loss of infor-
mation about optically thin, lower-metallicity components.
The combination of these two systematic effects explain the
reported anti-correlation between [M/H] and N(H1).

A surprising finding from our analysis is the signifi-
cant incidence of low-metallicity LLSs in the COS-LRG. The
right panel of Figure 8 shows that three optically thick com-
ponents (out of seven overall) with log N.(H1)/cm™2 > 17
have very low metallicities, [M/H] < —1.5 or less than
0.03 solar metallicity. Two of these components (compo-
nent 2 along SDSS J0946+5123 and component 4 along
SDSS J0246—0059, see §A1 and §A10, respectively) contain
anomalously little ionic metals despite hosting the bulk of
the total H1 column density in their respective absorbers.
The other component, a remarkable metal-free LLS along
SDSS J1357+40435, has the lowest metallicity in the COS-
LRG sample, with an estimated metallicity upper limit of
[M/H] < —2.3 or lower than 0.5 percent of solar metallic-
ity. Such low metallicities in low-redshift LLSs are consis-
tent with recently accreted gas from the IGM (e.g., Hafen
et al. 2017). We estimate the rate of very-low-metallicity
LLS (with [M/H] < —1.5) to be 0.437925 assuming bino-
mial statistics (Gehrels 1986), which suggests that chem-
ically pristine gas accreted from the IGM contributes to
a substantial fraction of LLS population in LRG halos at

z < 0.5. A more in-depth discussion on the possible origins
of low-metallicity gas in LRG halos is presented in a com-
panion paper on the galaxy environment of the chemically
pristine LLS observed along SDSS J1357+0435 (Chen et al.
2018b).

Next, we present a plot of gas density ny versus d in the
left panel of Figure 9. Similar to what is seen with gas metal-
licities, the inferred ny shows substantial variations among
different components within a single halo. In half of LRG
halos (6/12) that exhibit multi-component absorption pro-
files, we find over a factor of 10 difference in nyg between the
highest and lowest density components. These large intra-
halo variations in nyg are observed at both d < 100 kpc and
d > 100 kpc. The median gas density of individual compo-
nents is log (ni)/cm™> = —2.44 0.1, where the uncertainty
is calculated using a combined bootstrap and Monte-Carlo
resampling. In addition, the estimated 16-84 percentile range
in gas density is lognu/cm ™3 = (=3.0,—1.8) cm 3.

To investigate whether gas density varies with H1 col-
umn density, we plot nug versus N¢(H1) in the right panel
of Figure 9. The corresponding ionization parameter U for
a given ng is indicated on the right y-axis. The data points
exhibit a clear trend of rising gas density with increasing
H1 column density. Because the ionizing background radi-
ation is fixed, the observed correlation is consistent with
what is expected from a photoionized gas: more optically
thick gas has lower ionization parameter U and is therefore
less ionized than optically thin gas. The inferred median U
for our sample is log (U) = —3.0 £ 0.1. For stronger absorp-
tion components with log N.(H1)/em™2 > 16, the median

MNRAS 000, 1-46 (2018)


a.v.zasov
Выделение

a.v.zasov
Выделение


100 x

. (1)
!

—_
o

N
T
L S|
Ll

“«—0 <0 @
ol

10

e N.(HI) < 10'7 ¢cm™
A N.(HI) > 107 cm?
[ single-clump model

|

100

d (kpc)
Figure 10. Spatial distribution of gas densities in the cool
(T ~ 10*K) and hot (T ~ 108K) CGM of LRGs. First, ng
is plotted versus d and shown in circles/triangles for optically
thin/thick components. In hollow red squares we show ny derived
for a single-clump model, where a single density is assumed for
different components within an individual halo. For comparison,
the solid line shows nyot(7)|r=4, the radial profile of mean hot
gas density in massive halos (Mj, ~ 103 Mg; Singh et al. 2018)
evaluated at r = d. The shaded gray area signifies the 68% confi-
dence region of this power-law density profile. Finally, in dashed
line we show the same hot CGM density profile which has been
scaled up by a factor of 100.

ionization parameter is lower, log(U) ~ —3.5, which is com-
parable to what have been found in previous surveys of z < 1
pLLSs/LLSs (e.g., Lehner et al. 2013).

The strong correlation between ny and N.(HI) also
suggests that cool clumps in the CGM of LRGs follow a
well-defined distribution of clump sizes. In the right panel
of Figure 9, we plot the expected relationship between ny
and N.(H1) for cool clumps of different thicknesses, from
[ = 10 pc to I = 10 kpc. It is clear that a large majority
of clumps are between ~ 10 pc and ~ 1 kpc thick, with a
mode of ~ 100 pc. Furthermore, this characteristic clump
thickness of I ~ 100 pc is shared by both optically thin
and thick clumps, covering a range of nearly three orders
of magnitude in N(H1). The median clump size estimated
for the COS-LRG sample is (I) = 120739 pc, where the
uncertainty is calculated using a combined bootstrap and
Monte-Carlo resampling. In addition, we estimate that the
range of [ containing 68 percent of individual components is
I = (20,800) pc. The range of inferred clump sizes in LRG
halos is in excellent agreement with transverse clump sizes
estimated directly from intervening low-ionization absorbers
in the spectra of multiply lensed, high-redshift QSOs (e.g.,
Rauch et al. 1999; 2002).

To put the inferred gas densities of cool CGM clumps
in a broader context, we compare the inferred ny in the
cool CGM with the expected gas densities in the hot CGM
(T ~ 10°K) of LRGs in Figure 10. First, ny is plotted ver-
sus d and shown in circles/triangles for optically thin/thick
cool gas. We also show ny derived for a single-clump model
in hollow red squares, where different components within
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a given LRG halo are imposed to have the same density
and metallicity.® For comparison, the solid line in Figure 10
represents Nhot(r)|r=d, the mean radial profile of mean hot
gas density in LRG halos, evaluated at r = d. For nnoet(r),
we chose a power-law model that describes the hot CGM
of massive halos (M, ~ 10'® M) from Singh et al. (2018),
which is based on a combined analysis of X-ray and Sunyaev-
Zel’dovich (SZ) signals from a stack of ~ 10° massive galax-
ies at z ~ 0.1. The dotted line in Figure 10 represents a
boosted Singh et al. (2018) hot gas density profile which has
been scaled up by a factor of 100, for visual comparison.

It is clear that the projected radial density profile of
optically thick cool gas sits about 100 times higher than
Nhot (7)|r=a. Considering the two orders of magnitude of tem-
perature difference between cool CGM gas (T ~ 10* K, see
§4.2) and X-ray emitting hot gas (T' ~ 10° K), the inferred
density contrast of ~ 100 indicates that optically thick cool
CGM gas occurs at 7 ~ d and is close to being in pressure
equilibrium with the hot halo (e.g., Mo & Miralda-Escudé
1996; Maller & Bullock 2004; see also a more in-depth dis-
cussion in §5.2). In contrast, Figure 10 shows only ~ 40
percent of optically thin components have densities consis-
tent with being in thermal pressure equilibrium with the hot
halo at r ~ d, which implies that a majority of optically thin
absorbers likely occur at larger radii in the halo, r > d.

5 DISCUSSION

The COS-LRG survey consists of a mass-limited sam-
ple of 16 LRGs with log Mstar/Me > 11 and d < 160 kpc
from a background QSO, chosen without any prior knowl-
edge of the presence or absence of absorption features in the
LRG halos. This mass-limited and absorption-blind sample
enables an unbiased and accurate characterization of the
physical properties and metallicities in the CGM of these
intermediate-redshift massive ellipticals. Our survey demon-
strates that despite their quiescent nature, LRGs are sur-
rounded by widespread and chemically enriched cool gas.
By carrying out a detailed ionization analysis on the ab-
sorbers, we discover large variations in gas metallicities and
number densities in the cool gas, both within single LRG ha-
los and across the entire sample. When compared with the
expected gas densities in the hot halo, the inferred densities
of the cool gas imply that cool clumps in the CGM of LRGs
are likely supported by thermal pressure. In addition, we
find kinematic mismatches between high-ionization O VI gas
and lower-ionization gas traced by H1 and associated metal
ions, which suggest different physical origins of the gas. We
now discuss the implications of our study.

5.1 Total mass in the cool CGM of LRGs

The relative amounts of gas that reside in different
phases of the CGM are governed by the interplay of accre-
tion and feedback, as well as the detailed gas physics. Empir-
ical constraints on the total mass of the gaseous halo around

3 Note that the single-clump model imposes a positive bias on
inferred distribution of ny, because the inferred density in the
single-clump model is driven predominantly by the densest cool
absorption component in each halo.
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galaxies are therefore critical to test the validity of current
theoretical models of galaxy formation. However, previous
estimates of the total mass in the cool CGM of quiescent
galaxies suffer from large uncertainties of up to two orders
of magnitude, due to the unknown ionization state of the
gas (e.g., Thom et al. 2012; Zhu et al. 2014).

Here, we leverage the results of our ionization analysis
of the COS-LRG dataset in order to infer the surface mass
density profile and estimate the total gas mass in the cool
CGM of LRGs. For each absorption system, we first calcu-
late the total hydrogen column density, Nu, according to
the following equation,

o

where fyo, is the hydrogen neutral fraction for component ¢
determined by our ionization analysis, and the sum is eval-
uated over all components in the absorption system. For
components with poorly constrained ionization state, the
range of allowed ionization fraction correction is computed
by imposing that the corresponding clump size is not larger
than 1 kpc. Once Ny is calculated, the corresponding cool
gas surface mass density can be computed using the relation
Yool = 1.4mu Nu, where my is the mass of the hydrogen
atom and a factor of 1.4 is introduced to account for the
contribution of helium to the total gas mass.

The spatial profile of cool gas surface mass density in
the CGM is shown in Figure 11. It is clear that Y001 ex-
hibits a declining trend with d. At d < 100 kpc, the mean
Ny is log (Ng)/em™2 = 19.5 4 0.2, which is equivalent to a
mean cool gas surface density of (Zcool) & 0.4702 Mg pc2.
The mean Yoo at d < 100 kpc is comparable to inferred
surface mass densities in the predominantly neutral ISM of
a LRG lensing galaxy at z = 0.4 (Zahedy et al. 2017a).
In contrast, the mean Ny and Yo at d = 100 — 160
kpc are significantly lower, log (Ng)/cm™2 = 18.7752 and
(Beool) A (0.06 % 0.03) Mg pc2.

To gain insights into the observed cool gas surface mass
density profile in LRG halos, we compare the data with
different analytic functions to obtain a best-fit model that
characterizes the relationship between ¥..01 and d. We first
consider a simple power-law in d, which has been used to
describe the spatial distributions of H1 and metal equiv-
alent widths in the cool CGM (e.g., Chen et al. 2001,
2010), and find that it cannot reproduce the rapid decline
of Ycoo1 with increasing d. In contrast, we find that the
steepness of the Yc,01 profile is well-fitted by a exponential
model in 2D, Seoor = S e~ ¥ %, with best-fit parameters of
ds = (27+4)kpc and o = (4.1 + 1.4) Mg pc™? determined
from a likelihood analysis (Figure 11, solid line).

Next, to investigate whether cool baryons follows the
large-scale dark matter mass distribution in the halo, we
compare the Yoo profile in Figure 11 to the projected sur-
face density of spherically symmetric functions commonly
used to describe dark-matter mass distributions, includ-
ing the Einasto and NFW profiles. The Einasto profile
(Einasto 1965) is defined by a power-law logarithmic slope,
dlnp/dInr = =2 (r/rs)“, in which the scale radius rs and
shape parameter « are free parameters governing its shape.
Relatively shallow Einasto profiles with a < 0.3 have been
found to produce good fits to the mass distribution of sim-
ulated dark-matter halos (e.g., Hayashi & White 2008; Gao
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Figure 11. Surface mass density profile of the cool CGM of
LRGs. The surface mass density, Yoo, is estimated by calculat-
ing the total hydrogen column density along each sightline, Ny,
with the estimated ionization fraction corrections applied to the
observed HI column densities according to equation (2). Down-
ward arrows represent estimated upper limits on X, for LRG
halos with non-detected H1. Empty vertical error bars show the
range of allowed surface mass density for systems with weakly
constrained nyy, calculated by imposing that the corresponding
clump size is I < 1 kpc. X1 exhibits a steep decline with in-
creasing d, which cannot be reproduced by a projected NFW pro-
file or Einasto profile expected for M}, ~ 10 Mg dark-matter
halos (dashed and dash-dotted curves). On the other hand, the
radial profile of ¥, is best described by an exponential profile
in either 2D (solid line) or 3D (a projected Einasto profile with
a = 1; dotted curve).

et al. 2008; Dutton & Maccio 2014). By fitting a projected
Einasto profile to our data, we find that ¥, requires a
steep Einasto profile with a = 1.0'_"8‘2 and rs = 48'1'3139 kpc
(Figure 11, dotted curve). Note that o and 75 is degenerate
in a way that models with larger rs would require still higher
values of « in order to fit the observations.

Because an Einasto profile with o = 1.0 is equivalent
to an exponential profile in 3D, this exercise demonstrates
that reproducing the observed Yco01 requires an underlying
density profile that is exponentially declining with radius.
In contrast, neither a projected NFW profile (Navarro et
al. 1997) with 7, = 80 kpc (expected for My, =~ 10" Mg
halos at z = 0.5, e.g., Dutton & Maccid 2014) nor a shallow
Einasto profile with o < 0.3 produces a good fit to the
the data. As illustrated in Figure 11 (dashed and dashed-
dotted curves), these dark-matter-like profiles can be ruled
out because they cannot reproduce the sharp decline of ¥cq01
with d. Therefore, it appears that the mass distribution of
cool gas in the CGM of LRGs is different from the expected
mass distribution of the underlying dark matter halo.

The estimated total mass in cool CGM gas within d =
160 kpc (~ 0.3 Ryir) of LRGs is

Meoor(< 160kpe) = 1.5707 x 10'° Mo, (3)

which is obtained by first multiplying the estimated (Xcoor)
at d < 100 kpc and d = 100—160 kpc by their respective sur-
face areas modulo the covering fraction inferred from Figure
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Figure 12. Comparison between the surface mass density pro-
files of the cool and hot CGM of LRGs. Symbols are the same
as those in Figure 11, with the solid black line showing the
best-fit exponential model describing the relationship of 3.q1
with d. In contrast, the dotted curve shows the inferred sur-
face mass density profile in the hot CGM of LRG-sized halos
(M;, ~ 10'3Mg), based on a combined X-ray and SZ analysis
(Singh et al. 2018), with the 68% confidence region shaded in
gray. Within d < 160 kpc from LRGs, we estimate a total cool
gas mass of Moo = 1.5f8:; x 1010 Mg, which is ~ 6 — 13 percent
of the expected total mass in the hot CGM.

11 (unity at d < 100 kpc and ~ 0.7 at d = 100 — 160 kpc),
and then summing them. We obtain a similar estimate of
Mool = (1 —2) x 10*° M by integrating the best-fit expo-
nential model for ¥.c01 from d = 0 to 160 kpc. Note that we
choose to limit our mass estimate out to only d = 160 kpc in
the CGM because it is the largest projected distance probed
in the COS-LRG data set. Our estimate above should there-
fore be considered as a lower limit on the total mass of cool,
photoionized gas in massive quiescent halos. However, note
that if we naively adopted the estimated (Xco01) and gas cov-
ering fraction at d = 100 — 160 kpc and extrapolated these
values out to d = 500 kpc, which is the typical virial radius
of z ~ 0.4 LRGs, the mass estimate in equation (3) would
increase by a factor of three, to Mool =~ 4 X 100 Mep.

Our mass estimate demonstrates that despite their qui-
escent nature, LRGs at z ~ 0.4 still host a significant reser-
voir of cool gas in their circumgalactic space. Furthermore,
the estimated cool CGM mass of ~ 10° My, is comparable
to the inferred total mass in the cool CGM of lower-mass
and predominantly star-forming L* galaxies (e.g., Chen et
al. 2010; Prochaska et al. 2011; Werk et al. 2014; Stern et al.
2016). At the same time, the total baryon mass budget of
the typical LRG in our sample is ~ 1.6 x 10'2 Mg within the
virial radius, which is estimated for the median halo mass in
COS-LRG, My, = 10" Mg and adopting a baryon-to-dark-
matter mass ratio of Q,/Qpm = 0.16. Thus, the inferred
Mecoo1 in the CGM is at most &~ 3 percent of the total baryon
budget for typical LRGs.

It is also interesting to compare the total mass con-
tained in cool clumps to the expected total mass of the
hot CGM. The dotted curve in Figure 12 represents Ynot,

MNRAS 000, 1-46 (2018)

CGM in Massive Quiescent Halos II 15

the inferred hot gas surface mass density profile in massive
M, ~ 10 Mg halos. Yot is computed from the hot gas
density profile shown in Figure 10 (Singh et al. 2018), as-
suming a unity volume filling fraction for the hot gas. The
expected spatial mass profile of hot gas is more spatially
extended than the observed g1 profile (see also Liang et
al. 2016). Within d = 160 kpc from LRGs, we infer a total
hot gas mass of Mhot(< 160kpc) = (1.7 £ 0.5) X 10" M.
Comparing our estimate of Mcoo1 with the inferred Mo, the
cool-to-hot gas mass ratio in the CGM of LRGs is

Xeool = Mcool/Mhot ~ 0.06 — 0.13 (4)

at d < 160 kpc, which is comparable to the inferred Xcoo1
in the interstellar medium (ISM) of one of these massive
ellipticals (Zahedy et al. 2017a).

Furthermore, our data also hint at a declining Xcoo
with increasing projected distance from LRGs, from Xco01 ~
0.1—0.2 at d < 100 kpc, to no more than Xcoo1 ~ 0.01—0.03
at d = 100 — 160 kpc. The declining Xcoo1 with increasing
projected distance implies that the volume filling factor of
cool gas is significantly lower in the outer CGM, at galacto-
centric radius r 2 100 kpc, than it is in the inner CGM, at
r < 100 kpe. The mean volume filling factor of cool gas can
be estimated using line-of-sight observables according to the
following expression (e.g., McCourt et al. 2018),

(o) = (Na) x 1 %)

where | = Nu/ny is the clump thickness along the line of
sight, L is the path length through the CGM, and (Ng) is
the mean number of clumps per line of sight. As shown in the
right panel of Figure 9, the inferred clump sizes in COS-LRG
range from 10 pc to 10 kpc, with a median value and mode of
[ ~ 100 pc. For the purpose of this calculation, we approxi-
mate (Nci) to be the average number of discrete components
identified per sightline. Based on our data, there are on av-
erage (Nei)<100 = 3.71’8‘_2 discrete components at d < 100
kpe, which subsequently declines to (Ne1)>100 = 2.2t8;§ at
d > 100 kpc. Given that (Na)<100 has contributions from
both the inner and outer parts of the halo, we can solve
for (fv) in the inner and outer CGM separately using the

following approximations:
l
(fv)inner & ((Ne1)<100 — (Ne1)>100) X P
mner
l

Louter

(6)
(7)

By plugging the different quantities above to equations (6)
and (7) and adopting Linner = 100 kpc and Linner = 500 kpc,
we estimate that the mean volume filling factor for typical
clumps with { = 100 pc is (fv)inner ~ 2 X 1072 in the inner
halo (r < 100 kpc), and (fv)outer ~ 4 X 10~% in the outer
(r 2 100 kpc) halo of LRGs. This exercise illustrates that
while the cool gas covering fraction in the CGM of LRGs
is high, the volume filling factor can remain very low (for
possible theoretical explanations, see e.g., McCourt et al.
2018; Liang & Remming 2018)

<fV>outer ~ <Ncl>>100 X

5.2 On the origin and fate of cool gas in LRG
halos

In the previous section, we show that despite their “red
and dead” nature, LRGs at z ~ 0.4 harbor as much as ~
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10*® M, of photoionized T ~ 10* K gas in their extended
halos. This massive reservoir of cool gas appears to consist
of compact clumps with a characteristic size of ~ 100 pc
(84.3.2), which are pressure confined by the hot gaseous halo
that is expected to be ubiquitous around LRGs.

To gain a better understanding of the nature of the
cool gas around LRGs, we now consider our observational
results in the larger context of a multiphase gaseous halo
around LRGs.

The physical formalism for a two-phase CGM was first
explored by Mo & Miralda Escude (1996), who argued that
QSO absorption systems in the vicinity of galaxies originate
in cool clouds which are in thermal pressure equilibrium with
the hot halo. To explain the formation of cool clumps within
an otherwise hot corona, Maller & Bullock (2004) elaborated
on this simple model by incorporating multiphase cooling in
the halo. In their analytic model, cool clumps originate from
condensation in a hydrostatically stable hot halo, triggered
by thermal instabilities which develop locally when the cool-
ing time (7coo1) is comparable to the the dynamical timescale
(&) of the gas. Building on these earlier works, more recent
numerical simulations have shown that a multiphase halo
can form as soon as Teool /T8 < 10 (e.g., Sharma et al. 2012;
McCourt et al. 2012), which is consistent with observations
of multiphase gas in a number of nearby galaxy clusters and
elliptical galaxies (e.g., Voit et al. 2015a, b).

Under the multiphase-cooling paradigm, cool clumps
form within the cooling radius, R. inside the halo, where
thermal instability is prone to develop. For LRG-sized ha-
los, R, is estimated to be between 100 and 200 kpc (Maller
& Bullock 2004, equation 18), which is qualitatively con-
sistent with a number of COS-LRG findings, including the
observed decline in H1 covering fraction with d (Paper I and
§4.1) and the steep drop in inferred cool gas surface mass
density and volume filling factor at d 2 100 kpc (§5.1).

In the absence of vigorous star formation activity capa-
ble of driving large scale outflows, circumgalactic cool gas is
likely falling toward the center of the halo. The infall inter-
pretation is supported by the observed line-of-sight velocity
dispersion of individual absorbing components in the COS-
LRC sample, 0gas ~ 150 km s™*, which is merely ~ 60 per-
cent of what is expected from virial motion (see also Huang
et al. 2016; Lan et al. 2018). The observed narrow distri-
bution of line-of-sight velocities indicates that dissipative
processes are effective in slowing down cool clumps as they
undergo orbital motions in the halo. By attributing the ob-
served deceleration as due to ram pressure drag exerted by
the hot halo, Huang et al. (2016) calculated an upper limit
on the cool clump mass of ma < 10* Mg in LRG halos.
This dissipative interaction with the hot gas would lead to
orbital decay, causing cool clumps to fall toward the galaxy.
But does the cool gas survive this inward journey ?

The survival of cool clumps depends on whether the in-
fall time is sufficiently short compared to the timescales of
cloud disruption processes acting on them. Cloud destruc-
tion is driven predominantly by thermal conduction between
cool clumps and and the surrounding hot gas. If cool clumps
are not sufficiently massive, they will not only decelerate due
to ram pressure drag, but also evaporate due to thermal con-
duction before reaching the LRG at the center of the halo.

We expect cool clumps to eventually reach terminal
speed when the ram pressure drag force exerted by the hot

gas is balanced by the gravitational pull of the halo on the
clump. By identifying this terminal speed with the observed
Ogas ~ 0.6 oir in LRG absorbers, we can compute the typi-
cal cool clump mass (Maller & Bullock 2004, equation 39),

me & 7.7 x 10? T53/8(AZ 758)1/2 Mg, (8)

where Tg = T/lO6 K is the temperature of the hot corona,
Az is a cooling parameter which depends on the gas metal-
licity and ts = ¢;/8 Gyr is the halo formation timescale.
For typical LRG halos in our sample, T ~ 6 x 10°K as-
suming an isothermal gas, and ¢ty ~ 9 Gyr assuming ¢y is
comparable to the age of the Universe at z ~ 0.4. Using
equation (8), we find that ma = (2 — 8) x 10> M for metal-
licities of between 0.01 solar and solar, respectively. This
kinematics-based mass estimate can be compared to the
cool clump mass independently constrained from our ioniza-
tion analysis. Based on a combined bootstrap and Monte-
Carlo resampling of the full range of inferred cool gas den-
sities and characteristic clump sizes (§4.3.2), we estimate
that the characteristic clump mass has a median value of
(mea) = 50 — 1000 Mg, which is consistent with the mass
range estimated using equation (8).

Given a mass of cool clump me, the characteristic for
cloud evaporation due to thermal conduction is given by
(Maller & Bullock 2004, equation 35),

Tevap ~ 1.6m2> T, %2 (A g ts)™'/3 Myr. 9)

cl

For typical me ~ 102 — 10 Mg and a metallicity of between
0.01 solar and solar, we find that the evaporation timescale
iS Tevap ~ 1 — 20 Myr. The expected evaporation time for
typical cool clumps is vastly shorter than the minimum infall
time of Tinfan ~ 200 — 500 Myr estimated for cool clumps
which condense from the hot gas at R. ~ 100 — 200 kpc.
The evaporation time is still significantly less than infall
time even for clumps as massive as mq ~ 10* My (Huang et
al. 2016). This exercise suggests that cool clumps travel only
a relatively small distance in the halo during their lifetimes,
and a majority of clumps originating at large distances will
evaporate before reaching the center of the halo.

The implication that a majority of cool clumps in the
gaseous halo of LRGs never reaches the central galaxy
could explain a number of observational findings that the
cool ISM mass in massive quiescent galaxies remains low,
M ool(ISM) ~ 10°7° Mg (e.g., Serra et al. 2012; Zahedy
et al. 2017a; Young et al. 2018), despite the existence of a
much larger reservoir of cool gas in the halo, Mco01(CGM) ~
10*° M. At the same time, the fact that cool gas is rou-
tinely observed in the gaseous halo of LRGs suggests that
cool clumps are continuously formed and destroyed in the
predominantly hot gaseous halo. In this quasi steady state,
~ 5 — 10 percent of the CGM gas by mass reside in cool,
~ 10*K phase at any given time, a balance which is most
likely determined by the amount of additional heating avail-
able to offset the increased cooling rate from the cool gas.

Finally, we note although our discussion above is based
entirely on considering our observations in the context of
thermal instability in a multiphase CGM, it does not exclude
the possibility that cool gas in LRG halos is also generated
by other physical processes. These additional mechanisms
include cool gas recently accreted from the IGM along fil-
aments (e.g., Churchill et al. 2012; Huang et al. 2016), gas
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originating in and/or stripped from the CGM or ISM of
satellite galaxies (e.g. Gauthier et al. 2010; Huang et al.
2016), and gas ejected by SNe Ia (e.g., Zahedy et al. 2016;
2017b). Indeed, our finding that gas density and metallicity
can vary by more than a factor of ten within individual LRG
halos indicates that the CGM is a multiphase mixture of gas
with different chemical enrichment histories, which hints at
multiple origins of the cool gas. However, cool clumps in
LRG halos are subject to the same interactions with the hot
gas regardless of their physical origin. Therefore, our con-
clusion above can be applied generally on the nature of cool
gas in massive quiescent halos.

5.3 The nature of O VI absorbers in the CGM:
insight from massive halos

A significant finding in CGM studies over the past
decade is the ubiquitous presence of strong O VI absorption
with log N(Ov1)/cm™2 ~ 14.5 around ~ L* star-forming
galaxies (e.g., Tumlinson et al. 2011). At the same time,
O vi-bearing is found to be less prevalent in the gaseous ha-
los of passive galaxies (e.g., Chen & Mulchaey 2009; Tum-
linson et al. 2011; Johnson et al. 2015). The apparent di-
chotomy between O VI absorption properties around late-
type and early-type galaxies is often ascribed to a direct link
between star-formation and the observed warm gas proper-
ties: recent star formation drive powerful outflows that eject
metals to large distances in the CGM. Alternatively, the
lower incidence of strong O VI absorption in passive galax-
ies has sbeen attributed to further ionization of oxygen to
higher states (e.g., Ovil and Ovill) in the more massive
and hotter halos of passive galaxies (e.g., Oppenheimer et
al. 2016).

To gain new insights into the nature of O vI absorbers
around galaxies, it is necessary to compare the observed O vi
absorption properties around galaxies of different masses.
In Figure 13, we present current observational constraints
on circumgalactic O VI absorption spanning over more than
three decades in galaxy stellar mass, from log Mgtar /Mg ~ 8
to log Mstar/M@e > 11. O VI measurements for massive qui-
escent galaxies are from COS-LRG sample, whereas con-
straints for ~ L* star-forming galaxies are from Johnson
et al. (2015) and those for star-forming dwarf galaxies are
adopted from Johnson et al. (2017). The mean covering
fraction of OvI at d < 160 kpc is plotted versus Mgtar in
the top panel of Figure 13, for a column density threshold
of log N(Ovi)/em™2 > 13.5. In contrast to the near-unity
covering fraction of O vI absorbers around L* star-forming
galaxies, passive LRGs and star-forming dwarf galaxies ex-
hibit lower covering fraction of O VI gas, at ~ 50—60 percent.
While star-formation driven winds is an attractive scenario
to account for the ubiquity of O VI absorption around ~ L*
star-forming galaxies, it does not explain the lower O VI cov-
ering fraction around star-forming dwarfs. Furthermore, de-
spite the likely absence of strong outflows in LRGs, they still
exhibit a significant incidence of O VI, not to mention com-
parable covering fractions of lower-ionization metals to what
have been observed around star-forming galaxies (Paper I).

In the bottom panel of Figure 13, the mean and me-
dian N(OvI1) at d < 160 kpc are plotted versus Mggar for
the three galaxy samples. It is clear that CGM O v1 absorp-
tion strength peaks in ~ L* star-forming galaxies (where
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Figure 13. Observational constraints on CGM O VI absorption
spanning more than three decades in galaxy stellar mass. Con-
straints for massive quiescent galaxies are from COS-LRG. Con-
straints for ~ L* star-forming galaxies are from Johnson et al.
(2015), whereas those for star-forming dwarf galaxies are adopted
from Johnson et al. (2017). Top: The mean covering fraction of
O VI plotted versus Mstar at d < 160 kpc, for a column density
threshold of log N(O vi)/cm~2 > 13.5. For each sample, the me-
dian stellar mass is plotted, with the horizontal error bars show-
ing the sample dispersion. The corresponding halo mass for each
point is indicated as well, based on the Kravtsov et al. (2018)
stellar-to-halo-mass relation. The vertical error bars are calcu-
lated assuming binomial statistics. Bottom: the mean and median
N(Ov1) at d < 160 kpc plotted as a function of Mgtar. The verti-
cal error bars represent the 68% confidence intervals for the mean
and median N (O vi1), calculated using a combined bootstrap and
Monte-Carlo resampling. For comparison, in gray circles we plot
the mean N (O vi) within d < 150 kpc from simulated galaxies in
EAGLE zoom simulations (Oppenheimer et al. 2017).

M, = 10"-37121My). The mean N(O Vi) declines toward
both lower and higher-mass halos, where a majority of O vI
absorbers around LRGs and star-forming dwarf galaxies
have N(OvI) which are 0.5 to 1 dex lower than typical
strong O VI absorbers around ~ L* galaxies. We note that
a similar trend of N (O vI) with galaxy mass (or halo mass)
is also present in simulated galaxies from the EAGLE zoom
simulations (gray points; Oppenheimer et al. 2017), despite
the fact that the predicted N (O vI) are systematically lower
than observations over the range of galaxy masses consid-
ered.

The strong dependence of circumgalactic N(O vI) on
stellar mass, which in turn correlates with the total halo
mass including dark matter, hints at a connection between
the dominant ionization state of oxygen and the virial tem-
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Figure 14. O VI line width versus component O VI column density in the COS-LRG sample (red circles). O vI absorbers detected in
the vicinity of massive quiescent galaxies (log Mstar/Me > 11) in Johnson et al. (2015) are shown in black circles, whereas absorbers
around ~ L* star-forming galaxies are shown in pale gray squares. The solid curve in the left panel shows the expected behavior for
a radiatively cooling, collisionally ionized gas at T" = 1055 K (Heckman et al. 2002), whereas the dotted horizontal lines indicated the
expected thermal broadening at different temperatures. In the right panel, the curves show expected behaviors for a gravitationally
broadened O vi-bearing gas (Stern et al. 2018) at different 05+ volume densities, calculated for a T'= 10*5 K gas in dashed curves and

T = 10%% K in solid curves.

perature of the halo. In particular, the inferred halo virial
temperature for the ~ L* star-forming galaxy sample is
Twir = 10°3758 K, which is coincident with the narrow
range of temperatures where the fractional abundance of
O v1is at a maximum in collisionally ionized gas (e.g., Heck-
man et al. 2002; Gnat & Sternberg 2007; Oppenheimer
& Schaye 2013). In contrast, the expected virial tempera-
tures for LRGs (My, = 10267135 My) and dwarf galaxies
(My, < 10M Mg) are Teip = 10%57 7K and T, < 10° K, re-
spectively. At these temperatures, the expected O VI ioniza-
tion fractions are very small (< 0.01) under collisional ion-
ization models. The observed peak of N (O vI) versus galaxy
mass relation in ~ L™ star-forming halos supports the inter-
pretation that the high column of O v1 around these galaxies
originate in collisionally ionized gas at T' ~ Tyi: (e.g., Op-
penheimer et al. 2016; Werk et al. 2016) or, perhaps more
realistically, a gas that follows a temperature distribution
centered at Tvir (McQuinn & Werk 2018).

For O VI absorbers originating in a radiatively cooling
flow of coronal (T ~ 10°® K) gas, N(O V1) is expected to be
related to the flow velocity (e.g., Edgar & Chevalier 1986;
Heckman et al. 2002; Bordoloi et al. 2017). A cooling flow de-
velops because as OVI-bearing gas cools in the halo, its den-
sity must increase to maintain pressure equilibrium. Conse-
quently, the cooling gas sinks and flow inward. Because bulk
motion in the gas broadens its line profile, the observed O VI
linewidth is a combination of pure thermal broadening and
additional broadening due to cooling-flow velocity. By in-
vestigating O VI absorbers in a wide range of environments
(Galactic disk and high velocity clouds, the Large and Small
Magellanic Clouds, nearby starburst galaxies, and the IGM),
Heckman et al. (2002) found a correlation between O VI col-
umn density and linewidth that is consistent with the the-
oretical prediction from the radiative cooling flow model.

Later studies have also reported similar trends at both low
and high redshifts (e.g., Tripp et al. 2008; Lehner et al. 2014;
Werk et al. 2016).

To investigate whether O vI absorbers around LRGs can
be explained by a radiatively cooling flow, we plot the ob-
served Doppler linewidth versus column density for COS-
LRG O vI absorbers in the left panel of Figure 14 (red cir-
cles). Additional O v1 absorbers detected in the vicinity of
massive quiescent galaxies (log Mstar/Me > 11) in John-
son et al. (2015) are shown in black circles. For comparison,
O vI measurements around ~ L* star-forming galaxies from
Johnson et al. (2015) are shown in pale gray squares. Finally,
the predicted relationship between O VI linewidth and col-
umn density for a radiatively cooling flow is shown in solid
curve, for temperature Tov; = 10%° K. We note that if the
gas is radiatively cooling at a higher/lower temperature, the
effect is to shift the prediction curve upward/downward in
the parameter space (see e.g., Bordoloi et al. 2017).

It is apparent from the left panel of Figure 14 that
O vI absorbers around ~ L* star-forming galaxies follow the
trend predicted by the cooling flow model. This is consis-
tent with the finding of Werk et al. (2016), who reported
a statistically significant correlation between b.(O vI) and
N.(OvI). For COS-LRG O VI absorbers, a Spearman test on
the sample indicates a 2.3 o correlation between b.(O vI) and
N.(Ov1), with a coefficient of » = 0.73. While this marginal
correlation is suggestive a cooling flow, note that most O vI
absorbers around LRGs are situated above the prediction
curve for a Toy = 10°° K cooling flow. These vertical dis-
placements imply that if O vI absorbers in LRG halos trace
collisionally ionized gas in a radiatively cooling flow, the gas
has to be significantly hotter with Tov; =~ 10K (Bordoloi
et al. 2017).

On a superficial level, the existence of a 10° K cooling
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gas may not be that surprising given the expectation that
LRGs are surrounded by a hot gaseous halo with T ~ Tyi;.
However, the expected O VI ionization fraction in a 106K
gas is very low (~ 107%) under collisional ionization mod-
els (e.g., Gnat & Sternberg 2007; Oppenheimer & Schaye
2013). For a solar metallicity gas at T = 10°K and den-
sity of logng/cm™® = —4, the implied cloud thickness for
a log N(Ov1)/cm™2 = 14 absorber is in excess of 200 kpc.
The absorber size would be even larger for a lower metal-
licity and/or lower density gas, exceeding the size of typical
LRG halos. For that reason, we consider it unlikely that O vi
absorbers in LRG halos originate in a 10° K cooling gas.

Alternatively, we consider the possibility that O vI ab-
sorbers around LRGs trace cooler, photoionized gas. The
expected O VI thermal linewidth for a T =~ 10*°K gas
is 6km s™!, which is significantly smaller than the ob-
served O VI linewidths in COS-LRG, b.(OvI) = 20 —
100km s~ *(Figure 14). If these O VI absorbers originate in a
photoionized gas, then their broad line profiles are predom-
inantly due to non-thermal motions. At the same time, the
implied non-thermal broadening of b,; = 20 — 100 km s~ tin
O VI gas is significantly higher than the modest non-thermal
line broadening seen in lower-ionization gas around LRGs,
(bnt) = 7 4 5km s~ '(§ 4.2). Because of this large discrep-
ancy in the implied non-thermal motion and observed kine-
matic misalignments between O vi and HT as well as lower-
ionization species (§4.2), we conclude that any photoionized
O V1 gas has a different physical origin from cool gas traced
by H1 and lower ions (§5.2).

In a recent study, Stern et al. (2018) considered the
possibility that circumgalactic O VI absorbers trace infalling
cool gas which has yet to be virially shocked by the halo.
Assuming photoionization and thermal equilibrium with the
UVB, the implied absorber size is ~ afew x 10 kpc for a gas
with log N (O vi)/cm ™2 = 14 and a metallicity between 0.1—
1 solar (e.g, Oppenheimer & Schaye et al. 2013). Because
of the substantial size of the absorber, bulk gravitational
infall will produce a velocity shear which broadens the O vI
line profile. This gravitational line broadening is expected
to grow with increasing absorber size. Because the absorber
size is proportional to column density for a fixed gas density,
a correlation between O VI linewidth and column density is
naturally expected. In the right panel of Figure 14, we show
the relationships between the two variables as predicted by
Stern et al. (2018) for different densities of 015 ions, nowi.

Under the gravitational broadening scenario, the ob-
served correlation between b.(O Vi) and N.(O vi) implies
that O vI absorbers around L* star-forming galaxies have
densities of —9 < logno\q/cmf3 < —8.5. In contrast, the
implied O V1 volume density is significantly lower for most
O VI absorbers detected around massive quiescent galaxies
in both COS-LRG (red circles) and Johnson et al. (2015,
black circles) samples, lognovi/cm™2 < —9.* If one as-
sumes that gas density monotonically declines with increas-
ing galacto-centric distance, the implied lower O Vi volume

4 Tt is possible that some of the broad O vI absorbers shown in
Figure 14 are the result of unresolved blending of multiple, narrow
O V1 components. If unresolved components were present, they
would naturally have narrower b. and lower N.(OVI) than the
measurements shown, and as a consequence the data points in
Figure 14 would move downward and leftward.
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densities around LRGs suggest that these absorbers trace
gas which resides at larger distances than typical O vi ab-
sorbers around L* star-forming galaxies. This interpretation
is consistent with our understanding that LRG halos are
roughly twice the size of L* star-forming halos, and that
stable accretion shocks in LRG halos are expected to be sit-
uated further out from the galaxies than accretion shocks in
lower-mass halos. While the current sample of O vi absorbers
around LRGs is still small, our observations are suggestive of
a physical picture where O v1 absorbers around LRGs trace
photoionized and low-density gas at large distances from the
galaxy.

6 SUMMARY AND CONCLUSIONS

We carried out a systematic investigation of the physi-
cal conditions and elemental abundances in the CGM within
d < 160 kpc from LRGs. The COS-LRG sample comprises
16 LRGs with log Mstar/Me > 11 at z = 0.21 — 0.55, which
were selected without prior knowledge of the presence or
absence of any CGM absorption features. The primary
objectives of the COS-LRG program are: (1) to probe
the bulk of cool gas in LRG halos by obtaining accurate
measurements of N(H1); and (2) to constrain the physical
properties and chemical enrichment in massive quiescent
halos by observing different ionic metal transitions that
probe a wide range of ionization states. In Paper I, we
presented the N(H1) measurements for the sample and
reported that LRGs contains widespread chemically en-
riched gas traced by various metal ions. In this paper,
we expanded our investigation with a detailed ionization
analysis based on resolved component structures of a suite
of absorption transitions, including the full H1 Lyman
series and multiple low-, intermediate-, and high-ionization
metal transitions. Resolving the component structures of
the various absorption lines was made possible by the
high-resolution HST /COS FUV spectra and ground-based
echelle optical spectra of the background QSOs. Our main
findings are summarized below.

(1) LRGs exhibit enhanced absorption in HI, low-
ionization (MgII), intermediate-ionization (Sizr and C1ir)
and high-ionization (O vI) metals at projected distances
d < 100 kpc, compared to absorption at larger d (Figure
2).

(2) Hi-bearing gas detected around LRGs is predomi-
nantly cool, with temperatures of T < 10° K inferred from
the H1 linewidths. Using the ratios of Doppler linewidths
for matched H1 and Mg 11 components, we find that the gas
has a mean temperature and dispersion of (T) = 2.0 x 10* K
and or = 1.4 x 10* K, with a modest inferred non-thermal
broadening of (b)) = 7+ 5km s™*(Figure 4).

(3) The line-of-sight velocity distribution of individ-
ual absorption components relative to the systemic red-
shift of LRGs can be characterized by a mean and disper-
sion of (Avgas—galaxy) = 17 km s~ land O Avgas_gataxy = 147
km s~!(Figure 3). The observed radial velocity dispersion is
consistent with what have been observed in Mg 11 absorbers
around LRGs using low-resolution data (e.g., Huang et al.
2016), but it is only ~ 60 percent of what is expected from
virial motion.
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(4) By considering matched absorbing components and
comparing the relative abundances of different ions for each
component, we find that the underlying gas density and
metallicity can vary by more than a factor of 10 with a
single LRG halo (left panels of Figures 8 and 9). Such large
variations in gas density and metallicity within individual
sightlines highlight a complex multiphase structure and poor
chemical mixing in the gaseous halos of LRGs. Moreover,
they underscore the importance of resolving the component
structures of CGM absorbers using high-resolution absorp-
tion spectra, because any information on variations in gas
metallicity and density within individual halos is lost in ion-
ization studies utilizing only the integrated H1 and metal
column densities along individual sightlines.

(5) Over the full sample, the median metallicity of ab-
sorbing components is ((M/H]) = —0.7 £ 0.2, with an es-
timated 16-84 percentile range of [M/H] = (—1.6,—0.1).
Metal-poor components with < 1/10 solar metallicity are
seen in 50% of the LRG halos, while gas with near-solar and
super-solar metallicity is also common (Figure 8). Further-
more, we find a significant incidence of optically thick com-
ponents with very low metallicities: 43725 percent of LLSs
in the gaseous halos of LRGs have metallicities lower than
a few percent solar.

(6) The median gas density for individual components
in the COS-LRG sample is log (nm)/cm™> = —2.4 4+ 0.1,
with an estimated 16-84 percentile range of lognu/cm™? =
(—3.0,—1.8) cm~3. The inferred median gas density implies
a median ionization parameter of log (U) = —3.0+0.1 under
the HMO05 UVB. The data points exhibit a trend of rising
gas density with increasing H1 column density (Figure 9,
right panel).

(7) We infer a density contrast of ~ 100 between opti-
cally thick components and the expected gas densities in
the hot CGM (Figure 10). The inferred density contrast
indicates that optically thick gas in the CGM of LRGs is
roughly in thermal pressure equilibrium with the hot halo
at galactocentric radius r ~ d. In contrast, only ~ 40 percent
of optically thin components have densities consistent with
thermal pressure equilibrium with the hot halo at r ~ d,
which implies that a majority of optically thin absorbers
occur at larger radii, r > d.

(8) Cool clumps in LRG halos are compact. The inferred
clump sizes are between 10 pc and ~ 1 kpc thick, with a
mode of ~ 100 pc (Figure 9, right panel). The estimated
median clump size for the sample is {I) = 120755 pc.

(9) We find that high-ionization O vI and low-ionization
species (low-ionization metals and H1) exhibit distinct kine-
matic structures. The median absolute difference in cen-
troid velocity between O VI components and the nearest low-
ionization metal and HI components is 24 km s™!, with a
full range of from |Av| = 4 to |Av| = 71 km s~*(Figure
5). Furthermore, the implied non-thermal line broadening
for OvI gas is high, by, = 20 — 100km s~ !, significantly
higher than the modest non-thermal broadening inferred for
lower-ionization gas. Such kinematic mismatches highlight
different physical origins between high-ionization gas traced
by O vI and lower-ionization gas traced by other metal ions.
Based on the observed relation between O VI column density
and linewidth, our data suggest that O vi absorbers around
LRGs trace photoionized, low-density gas at large distances
from the galaxy (Figure 14).

(10) We calculate the total surface mass density of
cool (T ~ 10* K) gas in the LRG halos, Zcool, by ap-
plying estimated ionization fraction corrections to the ob-
served H1 column densities. The spatial profile of o0
is equally well-described by an exponential profile in 2D,
Seool = (4.1 £ 1.4) e~ (/2TF4kpe) N[ he=2 and a steep pro-
jected Einasto profile with shape parameter o = 1.0t8;§ and
scale radius rs = 48fé9 kpc, consistent with a true exponen-
tial profile in 3D (Figure 11). On the other hand, a projected
NFW profile or shallow Einasto profile with @ < 0.3 are
ruled out because they cannot reproduce the steep decline
of Yool with d. We conclude that the mass distribution of
cool gas in the CGM of LRGs is different from the expected
mass distribution of the underlying dark matter halo.

(11) We estimate that typical LRGs at z ~ 0.4
harbor at least Mcoor = (1 — 2) X 10*° My of photoionized
T ~ 10* K gas at d < 160 kpc in their halos (or as much as
Meoo1 = 4 x 10*° Mg at d < 500 kpc), which is comparable
to the estimated cool CGM mass of star-forming L* galaxies.
The inferred cool CGM mass is about ~ 6—13 percent of the
expected gas mass in the hot phase of the CGM (Figure 12).

Considering our observations in the context of a mul-
tiphase gaseous halo surrounding LRGs, our findings are
consistent with a scenario in which cool clumps condense
from the hot halo due to local thermal instabilities. The ob-
served distribution of line-of-sight velocities indicates that
ram pressure drag exerted by the hot halo is effective at
dissipating the kinetic energy of cool clumps, causing them
to fall toward the galaxy. It is likely that a large majority
of cool clumps in the CGM of LRGs are destroyed before
reaching the central galaxy, thereby explaining the continu-
ing lack of star-formation activity in these galaxies despite
the existence of a large reservoir of cool gas in the CGM.
Interactions with the hot gas (such as thermal conduction)
and/or some form of energetic feedback from the galaxy it-
self (e.g., heating from stellar winds, SNe Ia, or an active
nucleus) likely play an active role in preventing an accumu-
lation of cool gas in the ISM the LRG. Moving forward, a
systematic study of the incidence and physical properties of
the cool ISM (d < 10kpc; see e.g., Zahedy et al. 2017a) of
LRGs is necessary to connect the observed plethora of cool
gas at d ~ 100 kpc scales in the CGM with the continuing
“red and dead” nature of LRGs over cosmic time.
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APPENDIX A: DESCRIPTION OF
INDIVIDUAL LRG HALOS

Here we describe the observed absorption properties
and discuss the physical conditions (density and tempera-
ture) and chemical abundances of individual halos in the
COS-LRG sample. The QSO sightlines are ordered by in-
creasing projected distance from each LRG.

Al SDSS J0946+5123 at d = 42 kpc

This LRG is at redshift zirg = 0.4076. A LLS with a
total N(H1) of log N(H1)/em ™2 = 17.34 4 0.01 is present
near the redshift of the galaxy (Figure Ala). In addition,
the following ionic metal species are also detected: C11, C111,
N1, Ovi, Sitl, and Silil.

Based on a combined Voigt profile analysis of H1 and
the corresponding metal absorption profiles, we identify five
components in the absorption system (Figure Ala and Ta-
ble Ala). The observed velocity spread of the absorber is
Av ~ 200 km s~! from the bluest to the reddest component.
Most (90 percent) of the HI column density is in component
2 at zaps = 0.40701, or 126 km s~! blueward of the LRG.
Two other components have log N.(H1)/cm™2 ~ 16, com-
ponents 3 and 4 at dv. = 422 and +61 km s~! from the
strongest component, respectively. While the bulk of the
neutral hydrogen content is in component 2, little metal
absorption is associated with it. In contrast, both low-
ionization (e.g., C1 and Si1r) and intermediate-ionization
(e.g., Cu1) absorption are very prominent in components
3 and 4. This particular characteristic of the absorber sug-
gests a large variation in chemical abundances across differ-
ent components.

The observed Doppler linewidths of individual H1 com-
ponents (b.(H1) < 25km s™* for all but one components)
impose a temperature upper limit of T' < 4 x 10* K for the
gas, under a purely thermal broadening assumption. The
other component, component 5, has a very broad HI line
width of b.(H1) = 71 km s~'. However, similar linewidths
are observed for the corresponding Si1i1 and C 111 absorption
in component, which implies that the gas is cool (T ~ 10*
K) and the broad line profile is primarily due to non-thermal
motion (e.g., turbulence) or the presence of blended narrow
components.

As shown in Figure Alb and Table Alb, our ioniza-
tion analysis separates the absorbing gas into two different
regimes of gas density. For components 2, 3, and 4, which
have log N.(H1)/cm™2 ~ 16, good agreements between ob-
servations and models are achieved for a gas density range
of from logny/em ™ &~ —2.4 to lognu/cm™3 ~ —2.1 under
HMO05, and from lognH/cm_3 ~ —2.7 to lognH/cm_3 ~
—2.5 under HM12. On the other hand, models for lower
N.(H1) components 1 and 5 require lower gas densities
to match the data: between lognH/cm_3 ~ —3.6 and
log nH/cm*?’ ~ —3.0 under both HMO05 and HM12 UVBs.

Similarly, the CLOUDY photoionization models indicate
a large variation in metallicities (> 1 dex) across differ-
ent components. For component 2 at dv. = 0 kms™!,
which has the highest HI column density in the absorber
(log Ne(H1)/em™2 = 17.3) but exhibits little associated
metals, the inferred metallicity is very low with an up-
per limit of [M/H] < —1.5 under both HM05 and HM12
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Figure Ala. Continuum normalized absorption profiles of different transitions along QSO sightline SDSS J0946+5123 at d = 42 kpc
from the LRG. The absorption transition is identified in the bottom-right corner of each panel. Zero velocity marks the redshift of the
strongest H1 absorption component identified in the Voigt profile analysis, z,1,s = 0.40701. The systemic redshift of the LRG is indicated
with a blue dotted line. The 1-o error spectrum is included in cyan, above the zero-flux level. Contaminating features have been grayed
out for clarity. The best-fit Voigt profiles for each individual transition detected are plotted, both for the sum of all components (red
curve) and for individual components (different-colored curves). The centroid of each absorption component is marked by a blue tick

mark at the top of panels in the first row.

UVBs. In contrast, the observed ionic column densities in
components 1,4, and 5 are consistent with the gas hav-
ing sub-solar metallicities of between [M/H] ~ —0.8 and
[M/H] ~ —0.4 under HMO05, and between [M/H] ~ —0.3
and [M/H] ~ 0 under HMO05. Finally, for component 3,
which has log N(H1)/ecm™2 ~ 16 yet shows the strongest
metal absorption, solar or super-solar metallicities are re-

MNRAS 000, 1-46 (2018)

quired to match the data, [M/H] = 0.4 & 0.4 under HMO05
and [M/H] = 0.7 + 0.4 under HM12.

This absorption system is also noteworthy because it is
the strongest O VI absorber in the COS-LRG sample. The
O v1 absorption profile is kinematically complex, comprising
three components that extend over ~ 300 km s™! in line-
of-sight velocity. The measured total O VI column density is
log N(Ov1)/em™2 = 14.93 £ 0.02, which is the highest yet
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Figure Alb. Probability distribution of gas metallicity and den-
sity for the individual absorption components detected along QSO
sightline SDSS J0946+5123, at d = 42 kpc from the LRG. Each
component shown here has at least two ionic metal species de-
tected in absorption. The contour levels indicate areas enclosing
estimated 68% and 95% probabilities of the model parameters,
shown in black for models assuming the HM05 UVB and in blue
for the HM12 UVB (see §3.2). Not shown here is component 2
at dv. = Okm s~1, which has the strongest H1 absorption in the
absorber, with log Nc(H1)/cm™2 = 17.3, yet shows little metal
absorption. The weak C11I absorption seen in component 2, along
with upper limits on the column density of other ions still allow
us to constrain the gas metallicity to [M/H] < —1.5.

detected in the vicinity of a passive galaxy (cf., Tumlinson
et al. 2011; Johnson et al. 2015), and among the highest
N (O V1) seen in both star-forming and passive galaxies. The
broad and asymmetric O VI absorption profile is in stark con-
trast to the narrower absorption profiles the lower-ionization
metals, which indicates different physical origins between
the low- and high-ionization species.

A2 SDSS J1406+2509 at d = 47 kpc

This LRG occurs at zi,re = 0.4004. As shown in Figure
A2a, a strong LLS is present at the LRG redshift, with a
total N(H1) of log N(H1)/em™2 = 18.0375:29. The HI ab-
sorption is accompanied by associated detections of the fol-
lowing metal species: C11, C111, N1, Mg1 Mgii, Sitr, SiIi,
and Fe1l. We note that two intervening absorbers at higher
redshifts, a LLS at z = 0.578 and a pLLS at z = 0.516, ab-
sorb a majority of the QSO continuum flux below rest-frame
A~ 990 A for the LRG absorber. Because of the significantly
reduced S/N in this spectral regime, we cannot reliably con-
strain the absorption properties of C 111 A977 transition, and
we chose to exclude C11I from our subsequent analysis of the
absorber.

We identify five distinct components in the absorption
system, based on the Voigt profile analysis (Figure A2a

Table Ala. Absorption properties along QSO sightline
SDSS J0946+5123 at d = 42 kpc from the LRG

Component  Species dve log N¢ be
(kms™—1) (kms—1)
all H1 . 17.34£0.01
Cu . 14.11+£0.16
Cim > 14.73
N .. 13.90£0.22
ovi .o 14.93£0.02
Sin . 13877020
Sit 13487050
Fenn < 14.04
Fe1n < 14.14
1 H1 —62.8728 14707010 182417
Cu —62.8 <13.24 10
Cut —62.8  13.671513  27.3+89
N1 —62.8 <13.29 10
Sin —62.8 < 12.88 10
Sim —-62.8  12.35703%  17.37%S
Fell —62.8 < 13.48 10
Fe 11l —62.8 < 13.50 10
2 H1 0.0+£02 17.30+£0.02 106757
Cu 0.0 < 13.22 10
C 0.0  13.207328 134755
N1 0.0 < 13.40 10
Sin 0.0 <12.92 10
Si 11 0.0 < 12.08 10
Felr 0.0 < 13.47 10
Fen 0.0 < 13.55 10
3 Hi1 +22173% 15977090 108759
Cu +22.1 14114016 104759
Cm +22.1 > 13.60 <225
Nu +22.1  13.90 £0.22 9.1754%
Sin +22.1  13.80702%  9.9+4.7
Sin +22.1 12977838 12,0753
Fell +22.1 < 13.52 10
Fen +22.1 < 13.49 10
4 H1 +60.873% 15907813 26.97%8
Cu +60.8 <13.31 10
Cu +60.8 > 13.68 < 35.7
Nu +60.8 <13.27 10
Sin +60.8  13.071029 9.7154
Siu +60.8  13.007030  20.07%57
Fell +60.8 <13.51 10
Fen +60.8 < 13.61 10
5 H1 +132.3752 15417052 71.3F37
Cu +132.3 <13.16 10
Cm +132.3  14.347032  69.87573
Nu +132.3 < 13.37 10
Siu +132.3 <12.73 10
Si +132.3  12.81+0.23 70.07351
Ferr +132.3 < 13.49 10
Fen +132.3 <13.59 10
high-1 ovi —69.7+£12.7  14.00759%  53.37238
high-2 ovi +64.3£11.0  14.3870°0% 582120
high-3 ovi +202.6£11.0 1471700 829755

and Table A2a). The observed velocity spread of the ab-
sorber is Av = 210 km s~! from the bluest to the red-
dest component. Two components are optically thick with
log N.(H1)/cm™2 > 17. The strongest H1 absorption occurs
in component 4 at z.ps = 0.40047, or 16 km s~' redward
of the LRG. Component 4 comprises most (90 percent) of
the total N(H1) of the absorption system. Most of the re-

MNRAS 000, 1-46 (2018)



CGM in Massive Quiescent Halos II 25

J1406 +2509 at d =47 kpc (z,;,, =0.40047)
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Figure A2a. Similar to Figure Ala, but for SDSS J1406+2509 at d = 47 kpc from the LRG.

maining neutral hydrogen is found in component 3, which is
at dve = —22 km s~ ! from the strongest component. These
two strong components are also where all of the ionic met-
als in the absorber are detected. In contrast, the remain-
ing components (components 1 to 3) are optically thin with
log N.(H1)/cm™2 < 16, and are not detected in associated
metal absorption lines.

We find a consistent velocity structure in optically thick
H1 components (components 3 and 4) and metal species
(e.g., Mg1 and Mg1, see Figure A2a). Based on the observed
linewidths of H1 and Mg1, the implied temperatures of the
absorbing gas for components 3 and 4 are T' ~ 2.5 x 10* K
and 10* K, respectively. The observed linewidths also indi-
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cate little non-thermal broadening in the optically thick gas,
with by ~ 3 —4km s~ 1. For optically thin components 1 to
3, the observed H1 linewidths place an upper limit on the
gas temperature of T < 5 x 10* K.

Our ionization analysis finds a modest difference (~ 0.3
dex) in gas densities between the two optically thick compo-
nents 3 and 4 (Figure A2b and Table A2b). For both compo-
nents, the observed absorption profile can be reproduced by
the models over a gas density range of from logng/cm™ ~
—1.8 to lognu/ecm™® ~ —1.5 under the HM05 UVB, and
from lognu/cm™ =~ —2.1 to lognu/cm™® ~ —1.8 under
the HM12 ionizing spectrum. The inferred metallicities are
sub-solar, ranging from [M/H] = —0.9703 (component 4)
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Table Alb. Ionization modeling results for the absorber along
SDSS J0946+5123 at d = 42 kpc from the LRG

Component Nmetal [M/H] logny /em—3
HMO05 HM12 HMO05 HM12

sc 5 —0.84+0.16  —0.73701%  _1.9070%% 2287019
+0.91 +0.47 +0.04 +0.08

1 2 —0.617593 0.041947 2847000 _3.2010-08
2 1 < —1.53 <-141  —208tphs  —2.5280-50
+0.38 +0.26 +0.16 F0.14

3 5 0 42;8'%9 0470;8‘%9 72.44;8'%?1 2 84;8_%g

. 15 15 : :

4 3 —042%p5 70‘231838 ~238%040 72‘7218"%8
5 2 —0815579 020555  —3.5015%5  —3.581576

J1406 +2509 , d =47 kpc
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Figure A2b. Probability distribution contours of gas metallicity
and density for optically thick individual absorption components
identified along SDSS J1406+4-2509, at d = 47 kpc from the LRG.
Contour levels are the same as in Figure Alb. Note that opti-
cally thin components 1,2 and 5 (log Ne(H1)/cm~2 < 16) are not
shown here, because the absence of metal detections for these
three components result in a lack of strong constraints on the
metallicity and density of the gas (see Table A2b).

to [M/H] = —0.370:3 (component 3) under HM05, and from
[M/H] = —0.8 £ 0.2 (component 4) to [M/H] = —0.2 £ 0.2
(component 3) under HM12. Finally, we note that the in-
ferred Fe and Mg abundance ratio of the gas is consistent
with solar value, [Fe/a] ~ 0, to within uncertainties.

A3 SDSS J1111+5547 at d =77 kpc

The LRG is located at zLrg = 0.4629. A LLS with a
total N(H1) of log N(H1)/ecm ™2 = 17.8240.01 is found near
the galaxy redshift (Figure A3a). In addition, the following
ionic metal species are detected: C11, C1ir, N1, N1, OT,
Owvi, Si1l, and SiIil.

We identify three components in this absorber based on
a combined Voigt profile analysis of H1 and the metal ab-
sorption profiles (Figure A3b and Table A3a). The observed
velocity spread is Av &~ 90 km s~ ! from the bluest to the
reddest component. The bulk (95 percent) of the H1 column
density is concentrated in component 3 at z,ps = 0.46352, or
127 km s~ ! redward of the LRG. One other component has
log N.(H1)/cm™2 > 16, component 2 at dv. = —30 km s7*.
The observed HT1 linewidths for all three components con-
strain the gas temperature to T' < 3x 10* K, consistent with
the expectation for a photoionized gas.

Our ionization analysis finds a large variation in den-
sities and metallicities among different components (Figure
A3b and Table A3b). For component 1, the observed metal
column densities are well-reproduced by a low density and

Table AZ2a. Absorption properties along QSO sightline
SDSS J1406+2509 at d = 47 kpc from the LRG

Component  Species dve log N¢ be
(kms™1) (kms™1)
+0.20
all H1 18.03;8'(1)2
Cu 14.587 o4
N1 > 14.47
Mg . 11921022
Mg > 13.45
Sin e 14.207047
Sin > 13.45
+0.27
Fen 13.817)54
Fe1n < 14.18
+3.2 . 1 ~+0.26 +1.9
1 H1 —212.9%32 16167025 285119
N1 ~212.9 <13.25 10
Mg1 —212.9 < 11.61 10
Mg 11 —212.9 <12.14 10
Sin —212.9 <12.97 10
Si —212.9 <12.11 10
Fell —212.9 < 13.43 10
Fe1n —212.9 < 13.63 10
2 H1 -100.9%51 14157011 167118
N1 —109.9 <13.22 10
Mg1 ~109.9 < 11.58 10
Mg 11 ~109.9 <12.13 10
Siu —109.9 < 12.96 10
Sim —109.9 < 12.05 10
3 H1 —22.1407  16.9875450 215713
+0.18 +75
Cu —22.1 14347005 221742
N1 —22.1 > 14.01 <184
Mg1 —29.7+42 1147702 48137
Mg 1t —221+£25 > 12.96 <10.1
Sin —221  13.27+0.36 116757
Sim —-22.1 > 12.90 < 26.9
Fell -221 13557032 127739
Fe11l —-22.1 < 13.58 10
+1.0 +0.19 +1.0
4 H1 0.0139 17087819 11.471
Cn 0.0 14207015 19.7730
N1 0.0 > 13.98 <17.6
Mg1 —22426 11737925 51733
Mg 1t 0.0£22 > 13.08 <9.0
Sin 00  14.25703%  6.0753
Sin 0.0 > 12.92 < 25.8
Fell 0.0 13.46+0.31 11.0722
Fe11l 0.0 < 13.55 10
5 H1 +64.515% 1572703 275128
N1 +64.5 < 13.16 10
Mg1 +64.5 < 11.57 10
Mg 1t +64.5 <1211 10
Sin +64.5 <12.71 10
S +64.5 <12.04 10
Fell +64.5 < 13.43 10
Fen +64.5 < 13.52 10

metal-poor gas, with a density between log nH/cm*3 ~ —3.4
(HM12) and log nu/em ™ =~ —3.2 (HMO05), and a metallicity
between [M/H] = —1.4753 (HM05) and [M/H] = —0.9152
(HM12).

In contrast, component 3, which contains most of the
neutral hydrogen in the system, has an inferred density of
between logng/cm™ ~ —1.5 (HM12) and lognu/cm™> ~
—1.1 (HMO05), and a sub-solar metallicity of [M/H] = —0.5+

MNRAS 000, 1-46 (2018)
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J1111+5547 at d =77 kpc (z,;,, =0.46352)
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Figure A3a. Similar to Figure Ala, but for SDSS J1111+5547 at d = 77 kpc from the LRG.

0.1 under both HM05 and HM12. The close agreement in the
derived metallicities between HMO05 and HM12 for compo-
nent 3 is due to the well-constrained O1 column density,
which scales proportionally with metallicity but is insensi-
tive to different ionizing radiation fields. We note that the
non-detection of Fell in this component is consistent with
the gas having an a—element enhanced abundance pattern,
with [Fe/a] < —0.3.

MNRAS 000, 1-46 (2018)

For component 2, the presence of OT1 absorp-
tion in a component with a relatively low N(H1) of
log N(H1)/cm™2 = 16.3 indicates that the gas has been
highly enriched by heavy elements. Indeed, our ionization
analysis finds a super-solar metallicity of 0.7 & 0.2 under
both HM05 and HM12 UVBs. The gas density is found to be
between lognu/cm™2 ~ —2.0 (HM12) and lognu/cm™> ~
—1.6 (HMO5). At the adopted metallicity, the non-detection
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Table A2b. Ionization modeling results for the absorber along
SDSS J1406+2509 at d = 47 kpc from the LRG

Table A3a. Absorption properties along QSO sightline
SDSS J1111+45547 at d = 77 kpc from the LRG

Component Nmetal [M/H] log ny/em—3
HMO05 HM12 HMO05 HM12

+0.17 +0.16 +0.12 +0.12
sc 7 064101 0547016 1767012 2144012
1 0 < 0.06 < 0.14 > —4.84 > —4.82
2 0 < 0.75 < 0.78 > —4.72 > —4.72
3 7 —0307038 0167033 —180%0U8  —2.18%0:38
1 T osstal orridl _iasrill lssbld
5 0 < 0.34 < 0.43 > 4.82 > —4.80

J1111 45547 , d=T7 kpc
0.0 T r T T T 0.0, r
1 o5 ——HMO5
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dve=-92 km/s ——HMI12
@ ~1.0F log N.(HI)=15.7 1 Lo 1
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Figure A3b. Probability distribution contours of gas metallicity
and density for individual absorption components identified along
SDSS J1111+4-5547, at d = 77 kpc from the LRG. Contour levels
are the same as in Figure Alb.

of Fell in component 2 is consistent with the gas having
an a—element enhanced abundance pattern, with [Fe/a] <
—0.2. Finally, we note that over the entire range of allowed
gas densities and metallicities, CLOUDY under-predicts the
column densities of all intermediate ions (C1i1, N1, and
SiI) in component 2 by = 1 dex, which implies that most
of the absorption from intermediate ions arises from a lower
density phase.

A weak O v1 absorption is present in this system, cen-
tered at dv. = —58 km s~ *. The O VI absorption consists
of a single component with log N(Ovi)/cm™2 = 14.0 £ 0.1
and a broad Doppler b linewidth of of 69 km s~1. No low- or
intermediate-ionization metal or H1 component is found to
match the O VI absorption (Figure A3a) in velocity space,
which occurs at Av = —28 km s™! from the nearest low-
ionization component.

Component  Species dve log N. be
(kms~—1) (kms~1)
all Hi1 . 17.82+0.01
Cu . 14647070
C > 14.76
+0.26
Ni11 14'55;8'58
Nin 14.5118:82
O1 14277506
owv .. 13.81+0.08
: +0.06
Sint 137118.8;
Sin 13.61707
Fen < 13.46
Fen < 14.57
1 H1 —92.171%  15734£0.03  20.1F7)
Cu —-92.1 < 12.97 10
Cm —92.1 > 13.55 <13.9
N —-92.1 1348+0.12 201717
01 —92.1 <13.18 10
Sin —92.1 <12.35 10
Sim —92.1 12.78+0.13 157133
Fell —92.1 < 13.07 10
Fe11l —-92.1 <13.19 10
2 H1 -30.4725 16.32$§;§§ 23‘91141%;[3)
Cu —-30.4  14.227007 217130
Cm —30.4 > 14.72 < 25.8
N1 -30.4  13.447020 2207134
N —-304 13.75+£0.11  19.9752
+0.09 +9.
01 -30.4  13.837097  18.3t5%
Sim —-30.4 13.42+0.09 19.9753
Siu -30.4 1350793 25174
Fell ~30.4 < 13.05 10
Fe11l —30.4 < 13.18 10
3 H1 0.0+0.1 17.80+0.01 12.8%5%
+0.22 +2.8
Cu 0.0 14435097 11277
Cu 0.0 13.50}3;‘2% 11.22}};5;
Nu 0.0 14.52jrgj%g 11‘5;%18
N 0.0 143775 67 153752
o1 0.0  14.08759 50138
Sin 0.0 1340700 18.9759
Sim 0.0 1251703 809
Fell 0.0 < 13.48 10
Fe11l 0.0 < 13.50 10
high-1 oI —58.0+12.6 13.81£0.08 69.473%°

A4 SDSS J0803+4332 at d =79 kpc

This LRG occurs at zrre = 0.2535. As shown in Fig-
ure Ada, an H1 absorber is present near the LRG redshift,
with a total N(H1) of log N(H1)/cm™2 = 14.78 4 0.05. The
only metal species detected is C 111, which exhibits excellent
kinematic alignment with HI.

Our Voigt profile analysis shows that the H1 and C1it
absorption profile can be decomposed into two individ-
ual components (Figure A4a and Table A4a). The velocity
spread of the absorbing gas is Av ~ 50 km s~! between
the two components. The stronger of the two components
(component 1) occurs at —48 km s™' from the LRG, at
Zabs = 0.25330, whereas the weaker component occurs at
the systemic redshift of the LRG. For both components, the
measured ratios of H1 and C1il linewidths are consistent

MNRAS 000, 1-46 (2018)
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J0803 +4332 at d =79 kpc (z,,,=0.25330)
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Figure Ad4a. Similar to Figure Ala, but for SDSS J0803+4332 at d = 79 kpc from the LRG.

Table A3b. Ionization modeling results for the absorber along
SDSS J1111+5547 at d = 77 kpc from the LRG

Component Nmetal [M/H] log nyy /em ™3
HMO5 HM12 HMO05 HM12
+0.05 +0.08

sc 6 —0.33+0.06 —0.32+5:0 1027098 —1.48+0.10

G aq+0.30 +0.16 G +0.38 2a+0.26

: : TL3%g0s  Oigey  “32igng —336ey

2 4 0.72+0-13 0.74+0-12 ~1.6019-12 —2.0470:12

6 —0.5270-07  —0.5070:07  —~1.08+0.10  —1.50£0.10

with expectations from pure thermal broadening. The in-
ferred temperature of the gas is T ~ (8 —9) x 10* K for both
components.

For both components, the observed N.(C111) and upper
limits on other ionic column densities constrain the gas to
be low density, lognu/cm™3 < —3, under both HMO05 and
HM12 UVBs (Table A4b). Because C1iI is the only metal
species detected, the inferred chemical abundance of the gas
is subject to large uncertainties. For the stronger compo-
nent 1, the inferred metallicity is [M/H] = —1.2%55 under
HMO05, and [M/H] = —0.4707 under HM12. For component
2, which has comparable N.(C111) to component 1 despite
a much lower N.(H1), a higher metallicity is required to
match the data, ranging from a sub-solar [M/H] = —0.2103
under HMO05, to possibly super-solar [M/H] = 0.570 2 under
HM12.

This absorber was also studied in the COS-Halos sur-
vey. A major difference between our analysis and that of the

MNRAS 000, 1-46 (2018)

COS-Halos survey (Werk et al. 2014; Prochaska et al. 2017)
is that the COS-Halos ionization analysis utilized only the
integrated HI and metal column densities summed over all
components in each system, which is the same as imposing
a single-clump model (see §3.2) where different components
have the same density and metallicity. Using the Haardt &
Madau (2001) UVB (which is similar of the HM05 UVB at
energies S 2 Ryd), Werk et al. (2014) inferred a mean metal-
licity of [M/H] = —0.975% and density of lognu/cm™3 <
—3.7 under the Haardt & Madau (2001) UVB. In an up-
dated analysis using the HM12 UVB, Prochaska et al. (2017)
found a mean metallicity of [M/H] = 0.1 and density of
lognm/ecm™ = —3.0703. The [M/H] and n values from
COS-Halos are consistent what we find in our analysis as-
suming the single-clump model (Table A4b).

A5 SDSS J0925+4004 at d = 84 kpc

This LRG occurs at zprg = 0.2475. As shown in Fig-
ure Aba, a sub-damped Ly« absorber (sub-DLA) with a
total N(H1) of log N(H1)/cm™2 = 19.58 + 0.02 is present
at zaps = 0.24769, or 46 km s7! redward of the LRG. This
absorber has the highest H1 column density in the COS-
LRG sample. In addition, the following ionic metal species
are also detected: C11, Cur, N11, O1, Mg1, Mg, Sitr, Siii,
Sitv, and Fe1r.

Our Voigt profile analysis of the echelle spectrum of the
Mg1 and MgI11 metal absorption has identified five absorp-
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J0925 +4004 at d =84 kpc (z,,, =0.24769)
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Figure Ab5a. Similar to Figure Ala, but for SDSS J0925+4004 at d = 84 kpc from the LRG. Note that while the saturated C1r A977
transition is partially contaminated on the blue side, we can still robustly constrain a lower limit on the C 111 column density.

tion components which are tightly separated (< 20 km s™1)
in velocity space. However, because of the lower resolution of
the FUV COS spectrum and the fact that all H1 and many
metal transitions are saturated, we cannot reliably constrain
the H1and metal column densities of individual components
in this system. For that reason, we forgo component-by-
component ionization analysis for this absorber and proceed
by modeling the mean physical properties of the gas using
the integrated column densities of H1 and metal species (Ta-~
ble A5a).

Our ionization analysis constrains the gas to a den-
sity of between lognu/cm™3 = —2.075-3 under HMO05 and

logn/em™ = —2.4%0) under HM12 (Figure A5b and Ta-
ble A5b). The gas density is well-constrained due to a com-
bination of lower limits on the column density for saturated
C111 and Sinl absorption, which set an upper bound on gas
density, and the upper limit on Fe 111 column density, which
imposes a lower bound on gas density. At the adopted gas
density, CLOUDY under-predicts the observed Si1v column
density by almost 0.5 dex, suggesting that some of the ob-
served SiIv absorption likely arises from a lower-density gas
phase.

The inferred gas metallicity is [M/H] = —0.7£0.1 under
both HMO05 and HM12 UVBs (Figure A5b and Table A5b).
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Table Ad4a. Absorption properties along QSO sightline
SDSS J0803+4332, d = 79 kpc from the LRG
Component  Species dve log N be
(kms~1) (kms—1)
all Hi 14.78 + 0.05
Cu < 13.54
Cu 13781022
N < 13.70
N < 13.65
O1 < 14.07
Mg1 <11.31
Mg < 11.84
Sin < 12.68
Sinn < 12.35
Sitv < 12.82
Fen < 12.57
Fenn < 13.84
1 H1 0.0729 14757006 387760
Cu 0.0 < 13.16 10
C -12+29 13617022 119773
N1 0.0 < 1341 10
Nr 0.0 < 13.27 10
O1 0.0 < 13.67 10
Mg1 0.0 <1091 10
Mgt 0.0 < 11.44 10
Sin 0.0 < 12.26 10
Sinn 0.0 < 11.93 10
Sitv 0.0 < 12.42 10
Fen 0.0 < 12.17 10
Fen 0.0 < 13.47 10
2 H1 +50.3752  13.6475:09  35.07LL0
Cn +50.3 < 13.14 10
Ciu +50.2+£3.5  13.3070:25  10.0153
N1 +50.3 < 13.23 10
Nr +50.3 < 13.26 10
O1 +50.3 < 13.69 10
Mg1 +50.3 < 10.92 10
Mg +50.3 < 11.45 10
Sin +50.3 < 12.25 10
Sin +50.3 < 11.98 10
Sitv +50.3 < 1241 10
Fen +50.3 < 12.18 10
Fe +50.3 < 13.44 10

Table A4b. Ionization modeling results for the absorber along
SDSS J0803+4332, at d = 79 kpc from the LRG
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J0925 +4004 , d =84 kpc
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Figure A5b. Probability distribution contours of gas metal-
licity and density for the integrated absorption near the LRG
redshift, seen at d = 84 kpc from the LRG along sightline
SDSS J0925+4004. Contour levels are the same as in Figure Alb.
Note the close agreement between the metallicities derived us-
ing the HMO05 and HM12 UVBs, which can be attributed to the
well-constrained O1 column density in this system (see §A5).
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Table Aba. Absorption properties along QSO sightline
SDSS J0925+44004 at d = 84 kpc from the LRG
Component  Species dve log N, be
(kms—1) (kms™—1)
all HI 0.0+1.7 19.58+0.02 36.2707
Cu > 15.17
Cut > 14.48
N1 > 15.15
+0.11
o1 15632005
Mg1 1251 s
Mg11 13.957 504
Sin > 14.60
Silin > 14.10
Sitv 13.6175-97
Fell 14.1275-9%
Fe1n < 14.05

Table A5b. Ionization modeling results for the absorber along
SDSS J0925+4004 at d = 84 kpc from the LRG

Component Nietal [M/H] log nyr/cm ™3
HMO05 HM12 HMO5  HMI2
SC 1 —0.91703%  —0.107052 < -318 < -3.16
1 1 —1.17795,  —0.36705) <350 < -3.58
2 1 0167027 4052708 < -2814 < -3.08

The close agreement in the derived metallicities between
HMO05 and HM12 is due to the well-constrained O1 column
density, which is insensitive to different ionizing background
radiation fields in high N (H1) regimes (§4.3.1). We note that
at this metallicity, the models over-predict the observed Fe 11
and Mg1I column densities by 0.4 to 0.5 dex. The inferred
depletions in both the observed Fe and Mg abundances are
comparable to what have been observed in the Galactic halo
(e.g., Savage & Sembach 1996; de Cia et al. 2016), and in-
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Component Nietal [M/H] logny /em—3
HMO05 HM12 HMO05 HM12
0.10 0.10 0.08 0.08
sc 10 —0.687019  —0.697010  —1.98%098  —2.4270%8

dicate the likely presence of dust grains in the gas (see also
Zahedy et al. 2017).

This absorber was also studied in the COS-Halos survey.
Using the Haardt & Madau (2001) UVB (which is similar
of the HM05 UVB at energies < 2 Ryd), Werk et al. (2014)
inferred a mean metallicity of [M/H] = —0.7 £ 0.2 under
the Haardt & Madau (2001) UVB. In an updated analysis
using the HM12 UVB, Prochaska et al. (2017) found a mean
metallicity of [M/H] = —0.81751>. The chemical abundance
estimated from these COS-Halos studies is consistent with
what we find in our analysis.
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A6 SDSS J0950+4831 at d =94 kpc

This LRG is at redshift zrre = 0.2119. A strong LLS
with a total N(H1) of log N(H1)/ecm™ = 18.51709 is
present near the galaxy redshift (Figure A6a). In addition,
the following ionic metal species are detected: C11, C111, N1I,
01, Ovi, Mg1, Mg, Sii, Sit, Sitv, Feir, and Fe1ir.

We identify four components in the absorber, based
on a combined Voigt profile analysis of H1 and the corre-
sponding metal absorption profiles (Figure A6a and Table
A6a). The H1 component structure is in very good agree-
ment with those of the low- and intermediate-ionization
metals. The observed velocity spread is Av ~ 200 km s~ *
from the bluest to the reddest component. Most (98 per-
cent) of the H1 column density is concentrated in compo-
nent 3 at z.ps = 0.21166, or 59 km s~ ! blueward of the
LRG. One other component has log N.(H1)/cm 2 > 16,
component 2 at dv. = —32 km s~ . These two high
N(H1) components exhibit associated absorption of multi-
ple metal species, whereas optically thin components 1 and
4 at dve. = +22 and +61 km s~* show metal absorption only
in intermediate ions (e.g., C111).

Comparing the H1 and MgiI linewidths of the opti-
cally thick components 2 and 3, the implied gas temper-
ature is T = (1 — 3) x 10* K for both components, with
bot =~ 10 — 12km s~ ! of non-thermal line broadening. For
components 1 and 4, the observed H1 linewidths constrain
the gas temperature to T < 4 x 10* K, consistent with those
of the optically thick components.

Our ionization analysis shows that the absorbing gas
separates into two different regimes of gas density, as shown
in Figure A6b and Table A6b. The inferred densities for
the lower N(HI) gas in components 1 and 4 are low,
lognu/cm™® < —3 under both HM05 and HM12 UVBs. In
contrast, models for the optically thick (log N(H1)/cm™2 >
17) components 2 and 3 require higher densities to match

the observations, from logny/cm™® = —2.710% (HM12)
to lognm/cm™ = —2.475% (HMO05) for component 2, and
from lognu/cm™® = —2.070% (HM12) to lognu/cm™® =

—1.7£0.2 (HMO5) for component 3. A caveat from the anal-
ysis is that over the allowed gas densities, CLOUDY under-
predicts the absorption column density of Si1v by more than
1 dex for optically thick components 2 and 3, indicating
that most of the SiIV absorption likely arises from a lower-
density gas phase.

Similarly, our CLOUDY photoionization models indicate
that the optically thin and thick gases are well-separated in
metallicity space (Figure A6b and Table A6b). The observed
ionic column densities in the lower N(HT) components 1 and
4 are consistent with a low-metallicity gas of [M/H] ~ —1.6
under HMO5 or [M/H] ~ —1.0 under HM12, for both compo-
nents. In contrast, the inferred metallicities for component
2 and 3 are sub-solar, from [M/H] = —0.8 + 0.3 (HMO05)
to [M/H] = —0.6 &+ 0.3 (HM12) for component 2, and from
[M/H] = —0.9£0.1 (HMO05) to [M/H] = —0.8£0.1 (HM12).
The close agreement between HMO05- and HM12-derived
metallicities for component 3 is due to the well-constrained
O1 column density, which scales proportionally with metal-
licity but is insensitive to different ionizing radiation fields.
Finally, we note that the bulk of the absorption (component
3) is consistent with arising from a gas with an a—element
enhanced abundance pattern of [Fe/a] ~ —0.2 £ 0.1.

This LLS was previously studied in the COS-Halos sur-
vey. Using the Haardt & Madau (2001) UVB (which is sim-
ilar of the HM05 UVB at energies < 2 Ryd), Werk et al.
(2014) inferred a mean metallicity of [M/H] = —1.070'2 and
density of between logny/cm™3 = —3.8 and lognu/cm™3 =
—3.2 under the Haardt & Madau (2001) UVB. In an updated
analysis using the HM12 UVB, Prochaska et al. (2017) found
a mean metallicity of [M/H] = —0.917312 and density of
logny/cm™® = —2.8 £ 0.2. The Prochaska et al. (2017) val-
ues are consistent with what we find in our analysis using
the single-clump model, after accounting for the difference
in the adopted redshift of the HM12 UVB spectrum used in
both studies.

The strong O VI absorption in this system can be fitted
by a single component centered at dv. = +31 km s~ . The
O V1 absorption profile is broad with a Doppler linewidth
of 66 km s™', and a column density of log N(OvI)/cm™2 =
14.3240.03. No low- or intermediate-ionization metal or H1
component is found to correspond with the O vI absorption
in velocity space (Figure A6a), with the O vI doublet situ-
ated at Av = +31 km s~' from the nearest low-ionization
component.

A7 SDSS J1127+1154 at d =99 kpc

This LRG is found at zprg = 0.4237. As shown
in Figure A7a, an H1 absorber with a total N(H1) of
log N(H1)/em™2 = 15.81 £ 0.06 is present near the LRG
redshift. The HI absorption is accompanied by detections of
Cu, Mgii, Feir, and O vI metal species.

The HI absorption profile can be decomposed into
two individual components of comparable strengths,
log Ne.(H1)/cm™2 = 15.4—15.6 (Figure A7a and Table A7a).
The stronger H1 absorption component (component 2) oc-
curs 171 km s~' redward of the LRG at zaps = 0.42451,
whereas the weaker component 1 occurs at dv. = —72
km s~! from this component. A curious feature of this ab-
sorption system is while the Mg11 and C 111 absorption are of
comparable strengths in both components, Fell is detected
only in component 1 (Figure A7a), which suggests a differ-
ence in [Fe/Mg] abundance ratio between the two compo-
nents.

The velocity spread of the absorbing gas is Av =~ 75
km s~! from the bluer to redder components. The observed
Doppler b parameters of individual H1 and Mgii compo-
nents indicate that the absorbing gas is relatively cool,
T ~ (2 —4) x 10* K, with only a modest amount of non-
thermal broadening in the gas, with by, < 6km s .

The matching component structure between H1 and
low- to intermediate-ionization metals in the absorber jus-
tifies a single-phase photoionization model for the gas. As
shown in Figure A7b and Table A7b, our ionization anal-
ysis finds little variation in gas densities between the two
components, where logng/cm™2 a —2.1 is inferred under
the HM05 UVB and lognH/Cm*3 ~ —2.4 is inferred un-
der HM12 UVB. In contrast, our models indicate a larger
variation in chemical abundance. For component 2, we find
a sub-solar metallicity of [M/H] = —0.4 £ 0.2 under HMO05
and [M/H] = —0.14+0.2 under HM12. A high chemical abun-
dance, consistent with solar value, is inferred for component
1, where the CLOUDY models constrain the metallicity to
[M/H] = —0.1 £ 0.2 under HMO05 or [M/H] = 4+0.1 £ 0.2
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Figure A6a. Similar to Figure Ala, but for SDSS J0950+4831 at d = 94 kpc from the LRG.
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Table A6a. Absorption properties along QSO sightline
SDSS J0950+4831 at d = 94 kpc from the LRG
Component  Species dve log N be
(kms™1) (kms™1)
+0.05
all Hi 18.5118}8
Cn 14767 06
Ci > 14.60
Nu 14471807
o1 14.35 £ 0.05
ovi 14.32 +0.03
Mg1 11.86 + 0.06
Mg 11 13.80$§;§§
Sin 13.857 05
Sir > 13.96
Sitv 14.0070 22
Fell 13.44 4 0.03
Felll 14.06 £ 0.14
1 Hi —96.972% 15437001 25.875%
Cu —96.9 <1291 10
Cu -96.9  13.5770:9% 36.1187
N1 —96.9 < 13.07 10
01 —96.9 < 13.47 10
Mg1 —96.9 < 10.90 10
Mg 11 —96.9 <11.43 10
sim —96.9 < 12.40 10
Siu -96.9 12257039  39.3755,
Sitv —96.9 < 12.49 10
Fen —96.9 <1212 10
Fein —96.9 <13.21 10
b 3 +0.35 +2.6
2 Hi -32.1 16.9418'53 15'9;132
Cu -321  13.9970% 36971
Cu —-32.1 > 13.72 <275
N1 —32.1 <13.27 10
o1 —-32.1 < 13.45 10
Mg1 —-32.1 < 10.85 10
Mg —32.170%. 12.87;%%2 12.55%
Sin -321 1345580 23.6771
Sin —32.1 > 13.38 < 40.1
Sitv —-321  13.757038 27.579:9
Fell —-321 12.58+0.15 13.1+54
Fe1l —-321 13.92+0.12 234492
3 H1 0.0£09 1850108 24.779:9
+0.15 3.4
Cu 0.0  14.68T 0 27.2134
Cu 0.0 > 14.45 < 36.8
+0.07 +5.1
N1 0.0  14.477307 29.7751
o1 0.0 14.35+0.05  30.2+3%3
Mg1 0.0 11.86+0.06 18.1+25
Mg 11 0.0737.  13.75+0.05 13.0702
Sin 0.0  13.63709 16.0727
Siu 0.0 > 13.59 < 23.3
Sitv 0.0  13.637032 18.8773
Fell +0.4£1.3 13.37+0.03 19.5759
Fe 11l 0.0 13.49+028 20.2+19.5
4 Hi +95.9720  15.0670 03 144741
Cu +95.9 < 12.89 10
C +95.9  13.407310 19.37%3
N +95.9 < 13.06 10
o1 +95.9 < 13.51 10
Mg1 +95.9 < 10.92 10
Mg 11 +95.9 < 11.40 10
Sin +95.9 <12.23 10
Sitm +95.9 < 12.10 10
Sitv +95.9 < 12.63 10
Fe1l +95.9 <12.14 10
Fell +95.9 <13.19 10
high-1 owvi +31.1+£3.5 14.3240.03 65.775-3
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Figure A6b. Probability distribution contours of gas metallicity
and density for individual absorption components identified along
SDSS J0950+4831, at d = 94 kpc from the LRG. Contour levels
are the same as in Figure Alb. Not plotted here is component
4 at dve = +96 km s, which has the lowest N(H1) in the ab-
sorber (log N.(H1)/cm™2 = 15.1) and exhibits associated metal
absorption in only C1iI, resulting in weak constraints on the gas
metallicity and density (see Table A6b).

Table A6b. Ionization modeling results for the absorber along
SDSS J0950+4831 at d = 94 kpc from the LRG

Component Nmetal [M/H] logny /cm ™3
HMO5 HM12 HMO5 HMI2

+0.09 +0.12 +0.16

sc 10 —0.97+0.08 —0.92+0%9 1967012 —2.4610-1¢

1 2 —1597047  —1.05%0%% 3347008 3487018

2 7 —0.767058  —0.570 8T —2.427088 2687052

3 10 —0.93+0.10 081709  —1.727010  —2.0270:12

4 1 166753 —0.90705% < -3.10 < —3.20

under HM12. Furthermore, the unusual strength of Fe 1l ab-
sorption relative to that of Mgil in component 1 suggests
that the gas is particularly iron-rich. The inferred [Fe/a] for
this component is [Fe/a] = +1.0 & 0.3, which is among the
highest known in the literature (e.g, Narayanan et al. 2008;
Zahedy et al. 2016; 2017b).

Finally, we note that a modest absorption of highly
ionized Ovi gas is detected at dv. = —86 km s~ L.
The O VI absorption consists of a single component with
log N(Ov1)/em™2 = 13.79155% and a Doppler b value of of
32 km s~'. No low- or intermediate-ionization metal or H1
component is found to correspond with the O vI absorption
in velocity space (Figure A7a), with the O vi doublet situ-
ated at Av = —15 km s ! from the nearest component.
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CGM in Massive Quiescent Halos II 35

J1127+1154 at d=99 kpc (z,,, =0.42451)

Normalized Flux

0.0

! SiIIl. 1206

1.0
0.5 ‘

. I 11 : 1 -
\,M' e "-f “'f”ﬁuwm”r Podfiic) ﬂ"r' i r"|1|‘ W'fln
:

0.0 HI 919

’\\‘\\\‘\\\'\\\‘\\\‘\\IIII\\‘:\\\'\\\‘\\\‘\\\\‘\\\‘\\\'\\\‘\\\‘\\

! Felll 1122,

-400-200 0 200 400

-400-200 0 200 400

-400-200 0 200 400

Relative Velocity (km/s)
Figure A7a. Similar to Figure Ala, but for SDSS J1127+1154 at d = 99 kpc from the LRG.

A8 SDSS J1243+3539 at d = 102 kpc

The LRG is at zLre = 0.3896. As shown in Figure
A8a, no H1 absorption is detected within the adopted search
window of 500 km s™! from the LRG redshift. We are
able to place a sensitive 2-0 column density upper limit
of log N(H1)/em™2 < 12.7, calculated for an HI line with
b(H1) = 15 km s~ that is centered at the LRG redshift
(Table A8a).

MNRAS 000, 1-46 (2018)

A9 SDSS J1550+4001 at d = 107 kpc

The LRG, which is at zprg = 0.3125, has an H1 ab-
sorber with a total N(H1) of log N(H1)/cm ™2 = 16.614-0.04.
This pLLS also exhibits corresponding absorption of ionic
species C11, C111, N 111, Mg 11, Si11, Sitil, Feir, and O vi (Fig-
ure A9a).

The HI absorption profile consists of four individual
components (Figure A9a and Table A9a). The strongest
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Figure A7b. Probability distribution contours of gas metallicity
and density for individual absorption components identified along
SDSS J1127+1154, at d = 99 kpc from the LRG. Contour levels

Table A7b. Ionization modeling results for the absorber along
SDSS J1127+1154, at d = 99 kpc from the LRG

are the same as in Figure

Alb.

Table AT7a. Absorption properties along QSO sightline
SDSS J1127+1154 at d = 99 kpc from the LRG
Component  Species dve log N¢ be
(kms—1) (kms~1)
all H1 15.81 £ 0.06
Cu < 13.43
Cit 13.73 £0.04
N1 < 13.52
O1 < 13.97
+0.08
Ovr 13.797 509
Mg1 < 11.64
Mgt 12397013
Sin < 13.08
Sinn < 12.61
Fell 12.88102¢
Fe1nn < 14.00
+3.0 +0.07 +2.3
1 H1 —71.51%0 15421007 256123
Cu —71.5 < 13.22 10
C1u —71.5  13.45+0.06 30.573%°
N1 —71.5 < 13.10 10
O1 —71.5 < 13.50 10
Mg1 —71.5 < 11.18 10
Mg -73.371% 1215703 3.01%1
Sin —71.5 < 12.70 10
Sinn —71.5 < 12.26 10
Fell —745715 12887030 2.7+26
Fe1nn —-71.5 < 13.50 10
+3.2 +0.06 +1.3
2 Hi 0.0732 15597096 184713
Cu 0.0 < 13.20 10
C1u 0.0 13.41+0.07 248758
N1 0.0 < 13.05 10
O1 0.0 < 13.48 10
Mg1 0.0 < 11.19 10
Mgu 0.01%2 12,0239 74752
Sin 0.0 < 12.68 10
Sinn 0.0 < 12.30 10
Fen 0.0 < 12.40 10
Fe 0.0 < 13.50 10
high-1 ovi —86.4+53  13.79700% 3227168

Component Netal [M/H] log nyg /em™3
HMO5 HM12 HMO05 HM12
sC 3 —0.22%518 4007012 2101097 —2.407502
1 3 —0.1119:14 0121917 9124001 _946+0-04
) SO pys ' S 1 T - BT 1.
N —0.26 N —0.22 N —0.20 N —0.16
Table A8a. Absorption properties along QSO sightline
SDSS J1243+4-3539 at d = 102 kpc from the LRG
Component  Species dvc log N¢ be
(kms~1) (kms—1)
Hi 0.0 < 12.65 15
Cu 0.0 < 12.80 10
Cin 0.0 < 12.24 10
Nu 0.0 <1291 10
N 0.0 < 13.06 10
O1 0.0 < 13.49 10
O v 0.0 < 13.06 30
Sitt 0.0 < 12.38 10
Sitn 0.0 < 11.91 10
Fe1r 0.0 < 12.40 10
Fe1in 0.0 < 13.50 10

H1 absorption is in component 3 at zaps = 0.31276, or 58
km s~ ! redward of the LRG. This component contributes to
~ 60% of the total N(H1) of the absorber. In contrast, the
strongest metal absorption corresponds to weaker H1 com-
ponents, component 1 for low ions (e.g., C11 and Mg11) and
component 2 for intermediate ions (e.g., CIII), suggesting
a variation in chemical abundance among different compo-
nents.

The observed velocity spread of the absorbing gas is
Av = 164 km s~! from the bluest to reddest component.
Our Voigt profile analysis shows that the absorption profiles
of both low- and intermediate-ionization metals match the
component structure of H1 very well (see Figure Ada). By
comparing the Doppler b linewidths of H1 and ionic metal
components, we find that the bulk of the absorbing gas (com-
ponent 3) is cool, T ~ 10* K, with a modest amount of
non-thermal broadening, b,y ~ 8km s™!. The other three
components are at higher temperatures, T' ~ (3 — 6) x 10*
K, with inferred non-thermal broadening that varies from
bnt < 5km s™! in component 1 to by = 20 km s~ ! in com-
ponents 2 and 4.

As shown in Figure A9b and Table A9b, our ionization
analysis finds a modest variation in gas densities across dif-
ferent components, which range from log nH/cm*‘o’ ~ —2.6
to lognu/cm™> ~ —2.1 under the HM05 UVB, and from
lognH/cm_3 ~ —2.9 to lognH/cm_3 ~ —2.4 under the
HM12 UVB. To reproduce the observed metal column den-
sities, the required chemical abundances range from sub-
solar values of between [M/H] = —1.2 £ 0.1 (HMO05) and
[M/H] = —0.9£0.1 (HM12) for the strongest component, to
at least solar metallicity for component 1, [M/H] = 0.0£0.1
under HMO05 and [M/H] = 0.2 + 0.1 under HM12.

This absorber was also studied in the COS-Halos survey.
Using the Haardt & Madau (2001) UVB (which is similar of
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Figure A8a. Similar to Figure Ala, but for SDSS J1243+3539 at d = 102 kpc from the LRG.

the HMO05 UVB at energies < 2 Ryd), Werk et al. (2014) in-
ferred a mean metallicity of [M/H] = —0.8 £0.2 and density
of between lognH/cm_3 = —4.0 and lognH/cm_3 = -3.5
under the Haardt & Madau (2001) UVB. In an updated
analysis using the HM12 UVB, Prochaska et al. (2017) found
a mean metallicity of [M/H] = —0.3570:0% and density of
lognH/cmf3 = —2.75 £ 0.2, which are in agreement with
what we find in our analysis using the single-clump model
(Table A6D).

We detect a weak O vI absorption at dve = —25 km s~ 1.
The O vI absorption profile consists of a single component
with log N(Ovi)/cm™ = 14.0 + 0.1 and a broad Doppler
b value of of 83 km s~*. No low- or intermediate-ionization
metal or HI component is found to correspond with the
O v1 absorption in velocity space (Figure A9a), with the
O VI doublet situated at Av = —24 km s~ * from the nearest
low-ionization component.

A10 SDSS J0246—-0059 at d = 109 kpc

This LRG is at zprec = 0.4105. As shown in Figure
Al10a, a LLS with a total N(H1) of log N(H1)/cm™2 =
17.21 £ 0.01 is present near the LRG redshift. The HI ab-
sorption is accompanied by ionic metal detections of CIi,
Cii, Mg, Sin, Sit, and O VI

Our Voigt profile analysis indicates that the HI absorp-
tion profile can be decomposed into six components, with
the bulk of the HI gas concentrated on two components with
log N.(H1)/cm™2 > 16 (Figure A10a and Table A10a). The
strongest H1 absorption is in component 4 at zaps = 0.41172
or 4259 km s~! from the LRG, which contributes to a ma-
jority (76%) of the total N(H1). Most of the remaining
H1 absorption is found in component 2 which is found at
dve = —229 km s~ ! from the strongest component. An inter-
esting feature of this absorption system, which can be seen
in Figure A10a, is that the strongest low- and intermediate-
ionization metal absorption (e.g., MgII and SiIll) occurs in
component 2, instead of in component 4 where the N(HI)
is almost four times higher. The discrepancy between where
the bulk of the H1 gas is located, and where most of the
heavy metals are, suggests a significant variation in metal-
licities across different components. We also note that no
corresponding absorption of metal ions is detected in the

MNRAS 000, 1-46 (2018)

two components with the weakest H1 absorption, compo-
nents 1 and 3.

The observed velocity spread of the absorbing gas is
Av ~ 360 kms~! from the bluest to reddest compo-
nent. Based on the Doppler b parameters of individual H1
components (b.(H1) < 60km s7'), we place a tempera-
ture upper limit of T < 2 x 10° K for all components.
For two components with log N(H1)/cm™2 > 16, compo-
nents 2 and 4, the best-fit line profiles are narrow with
bo(H1) = 16 — 18km s~ !, indicating that the absorption
arises in relatively cool gas with 7 < 2 x 10* K. More-
over, these two components also have associated Mg11 de-
tections in the high-resolution MIKE data. Comparing the
Mgi1r and HI linewidths for these two components shows
that there is little non-thermal broadening in the gas, with
bot < 3km s~

The well-matched component structure between H1 and
low- to intermediate-ionization metals in this system justi-
fies a single-phase photoionization model. As shown in Fig-
ure A10b and Table A10b, our ionization analysis indicates
only a modest variation in gas densities across different com-
ponents, where values between lognu/cm™® ~ —2.5 and
lognH/cm_3 ~ —2.0 are found under the HM05 UVB. A
similar spread in of ny are found under the HM12 UVB
albeit at lower (~ 0.2 dex) densities.

In contrast to the relative uniformity seen in ny, a large
variation in metallicities is seen in the gas. As previously
mentioned, while the strongest H1 absorption is found in
component 4 (log N.(H1)/cm™ = 17.1), that component
exhibits weak low- and intermediate-ionization metal ab-
sorption, suggesting low gas-phase metallicity. Indeed, our
analysis infers a very low metallicity for this component,
from [M/H] = —2.3+0.2 under HMO05 to [M/H] = —1.9+0.2
under HM12. For two other components with detection of
multiple ionic metal species, components 2 and 5, signifi-
cantly higher chemical abundances are required to match
the data, from [M/H] ~ —1 under HMO05 to [M/H] ~ —0.7
under HM12. The large (more than a factor of 10) variations
of metallicities seen over Av = 360 km s~ in line-of-sight
velocity indicates multiple physical origins for the halo gas
of this LRG.

Finally, we note that a modest absorption of highly ion-
ized O VI gas is seen in this system at dv. = —152 km s~
The O VI absorption consists of a single component with



38  Zahedy

1.0},
0.5
0.0

1.0
0.5

Normalized Flux

1.0

et al.

J1550 +4001 at d =107 kpc (z,,, =0.31276)

TT‘TTT‘TTI1|TTT‘

TIIIIT‘TT

TT‘TTT‘TTI1|TITT‘TTT

H "W\‘fl'r I

I \Iruum

.\MIMHH \
ettt \y({ R LY

i wml

f
{1

i "”T‘”‘ it RN r]r

o

11036

b J‘w 1 i I\

‘ T

Sill 1193_]

'lwllmmlmm
il

AT 923

Y‘TY:
i Mlmu‘_;\
Ik

ay H‘!m Kfrﬂn “m \qr "

111*111
T

11'111'1

l:lilllilll

I-I I. Il Il : ' Il
-400-200 0 200 400

Relative Velocity (km/s)

-400-200 0 200 400

Figure A9a. Similar to Figure Ala, but for SDSS J1550+4001 at d = 107 kpc from the LRG. The excess flux seen redward of the
Lyman limit can be attributed to a second point source that falls within the same COS aperture as the background QSO (see Paper I)
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Table A9a. Absorption properties along QSO sightline
SDSS J1550+4001 at d = 107 kpc from the LRG
Component  Species dve log N¢ be
(kms~—1) (kms~—1)
all H1 16.61 + 0.04
+0.11
Cn 141675 o7
Cix > 14.53
N1 < 13.59
+0.22
N1t 13.9775'7%
O1 < 14.26
+0.11
Ovi 13.967 515
Mg1 <11.27
Mg 12.70 £ 0.02
Sin 12.57 £0.30
. +0.12
Sitn 13.427 )06
Fell 11.84 +£0.20
1 Hi —-84.1%5 ] 15.541_:§:§ 32.6}1212
Cu —84.1  14.01700s 23475
Cm —84.1 13587031 26.075%!
N1 -84.1 < 13.09 10
N —84.1 < 13.42 10
01 —-84.1 < 13.78 10
Mg1 —84.1 <10.76 10
Mg —84.1+£0.3 12297502 2.8+ 0.5
Sin —84.1 12.57£0.30 8.0771
Sin —841  13.127015 3277573
Fell —841 11.84+020 44442
+2.9 +0.08 +4.6
2 Hi -49.2739%  16.12700% 30.7755
Cu —49.2 <13.17 10
Cm —49.2 > 14.34 < 30.8
N1 —49.2 < 13.09 10
+0.22 +6.3
N —49.2  13.9770322 131753
01 —49.2 < 13.76 10
Mg1 —49.2 <10.78 10
Mg 11 —49.2+1.3  12.36 +0.03 19.6732
Siu —49.2 <12.37 10
Sim —49.2 12977030 184457
Fer —49.2 < 11.60 10
+0.07 +0.9
3 H1 0.0+£03  16.371507 12,7799
Cu 0.0  13.647075 124792
C 0.0 13207059  10.073%°
N1 0.0 < 13.07 10
N 0.0 < 13.40 10
01 0.0 <13.78 10
Mg!1 0.0 <10.78 10
Mg 0.0+12  11.8975%5 8.67% 1
Sin 0.0 < 12.44 10
Si 0.0 12607055  21.3%1%°
Fell 0.0 < 11.60 10
+5.1 +0.06 +7.7
4 Hi +80.7755  14.5970:08 55.275%
Cu +80.7 < 13.20 10
Cu +80.7  12.841915  48.5T18°
Nu +80.7 < 13.08 10
Nx +80.7 <1341 10
01 +80.7 < 13.82 10
Mg1 +80.7 < 10.80 10
Mg +80.7 <11.31 10
Siu +80.7 <12.39 10
Sim +80.7 < 12.20 10
Felr +80.7 < 11.60 10
high-1 ovi -25.24+18.2  13.96707) 82.9+27.1
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Figure A9b. Probability distribution contours of gas metallicity
and density for individual absorption components identified along
SDSS J15504-4001, at d = 107 kpc from the LRG. Contour levels
are the same as in Figure Alb. Not plotted here is component 4 at
dve = +81 km s™!, which has the lowest N(H1) in the absorber
(log No(H1)/cm ™2 = 14.6) and shows only C 111 metal absorption,
resulting in weak constraints on the gas metallicity and density
(see Table A9b).

Table A9b. Ionization modeling results for the absorber along
SDSS J1550+4001, at d = 107 kpc from the LRG

Component Nmetal [M/H] log ny /em ™3
HMO05 HM12 HMO5 HMI2
sc 6 —0.76105%  —0.40+£0.04  —2.3470-58 —2.6470:58
1 6 —0A03§§;§§ +o,24$§;(})§ —2A44§§;‘£§ -2.84 j:+((l),(0)§
2 3 —0.7170 07 —0.35T007  —2:62707, —2.867¢710
3 4 -1.23700%  —0.91+008 —212%018 —240+0.14
4 1 148195 0717922 < —2.26 < 254

log N(Ov1)/em™2 = 13.667003 and a relatively narrow b
parameter of 22 km s~!. Although the O vI absorption pro-
file is narrow, no low- or intermediate-ionization metal or
H1 component is found to match the O vI absorption in ve-
locity space (Figure A10a), with the O vi doublet situated
at Av = —25 km s~! from the nearest low-ionization com-
ponent.

A1l SDSS J135740435 at d = 126 kpc

The LRG, which is at z.re = 0.3296, has a LLS with a
total column density of log N(H1)/cm™? = 17.483 £ 0.002.
Despite the strength of the Hi Lyman series absorption
in this system, no trace of corresponding metal absorp-
tion is found down to very sensitive column density lim-
its (see Figure Alla and Table Alla). The HI absorption
profile consists of a single component centered at zips =
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Table

SDSS J0246—0059 at d = 108 kpc from the LRG

A10a. Absorption properties along QSO sightline

Component  Species dvc log N¢ be
(kms—1) (kms—1)
all H1 17.2140.01
Cu 13317032
C1u 13.8910716
ovi 13.6670 07
Mg1 <11.32
Mg 11 12431002
Sin 123110738
Sim 13.047915
Fen <1211
Fen < 13.83
1 Hi —-309.675%  13.96+0.06  59.073¢
Cu —309.6 <12.94 10
Cm —309.6 < 12.48 10
Mg1 —309.6 < 10.80 10
Mgt —309.6 <11.35 10
Sin —309.6 <12.24 10
Siiu —309.6 <12.02 10
Fell —309.6 < 12.02 10
Feinr —309.6 < 13.34 10
2 Hi1 —228.8+£0.9 16491005 17.4+04
Cu —228.8  13.317052 101752
C —228.8  13.63707]  9.9+4.6
Nu —228.8 < 13.05 10
Mg! —228.8 < 10.82 10
Mg —227.2+£0.5 12.2540.04 4.979-9
Sin —-228.8 12317018 122713
Sin —228.8 12727015 8.8732
Fell ~228.8 <12.01 10
Fen —228.8 < 13.28 10
3 Hi -127.5+£0.6 14.044+0.05  37.27]%
Cu ~127.5 < 12.90 10
Cu —127.5 <12.46 10
Nu -127.5 < 13.04 10
Mg1 ~127.5 < 10.80 10
Mg —127.5 <11.34 10
Sin —127.5 <12.15 10
Sitm —127.5 < 12.03 10
Fell —127.5 <12.04 10
Fern —127.5 < 13.32 10
4 H1 0.073%  17.0070%% 159753
Cu 0.0 <12.76 10
C 0.0 12847038 13.07%0
Nu 0.0 < 13.05 10
Mg! 0.0 < 10.80 10
Mg 11 -1.3+14  11.677072 3.01%5
Sin 0.0 <12.03 10
Sin 0.0 < 12.19 10
Fen 0.0 < 12.02 10
Fe1ll 0.0 <13.33 10
5 Hi +19.0732 15617035 10.0£04
Cu +19.0 < 12.84 10
C +19.0 13127052 10.3F37
Nu +19.0 < 13.00 10
Mg1 +19.0 < 10.76 10
Mg +17.3+£1.4  11.67+0.11 3.37%7
Siu +19.0 < 12.00 10
Sit +19.0 12754015 124447
Fell +19.0 < 12.02 10
Fen +19.0 < 13.26 10
6 H1 +54.072% 1558 £0.08 24.2+0.9
Cu +54.0 < 12.94 10
Cut +54.0  13.187012  22.875%
N1 +54.0 < 13.03 10
Mg! +54.0 < 10.80 10
Mg +54.0 <11.33 10
Sin +54.0 < 12.08 10
Siiu +54.0 < 12.02 10
Fell +54.0 < 12.00 10
Fell +54.0 <13.23 10
high-1 ovi —-152.3+4.1 13667508  21.67}3%°
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Figure A10b. Probability distribution contours of gas metallic-
ity and density for individual absorption components identified
along SDSS J0246—0059, at d = 109 kpc from the LRG. Contour
levels are the same as in Figure Alb. Components 1 and 3 show
weaker H1 absorption (log N.(H1) < 14) and are not shown here,
because the absence of metal detections for these components re-
sult in a lack of strong constraints on the metallicity and density of
the gas (see Table A10b). Also not plotted here is component 6 at
dve = +54 km s~ which has log N.(H1)/cm™2 = 15.6 yet shows
little metal absorption. The CIil absorption seen in component
6, along with upper limits on the column density of other ions,
still allows us to constrain the gas density to ny < 103 cm—3

~

and the metallicity of [M/H] < —1 (Table A10b).

Table A10b. Ionization modeling results for the absorber along
SDSS J0246—0059, at d = 108 kpc from the LRG

Component Nietal [M/H] log nyg /em ™3
HMO5 HM12 HMO5 HM12

+0.05 +0.04 +0.06 +0.04

sC 5 —1.6675 06 126206 —2.10Z¢710 —2.28Z5710
1 0 < 0.69 <071 > —4.56 > —4.66
0.06 0.12 0.08

2 5 —1.09 £ 0.07 —0.7219:08 —2.02701%  —2.22700%
3 0 <0.68 <0.70 > —4.54 > —4.66
+0.19 +0.26 +0.26

4 2 —227701%  —1.91+0.17 -1.807035  —1.987020
5 3 —0.9670-29 —0.647037  —248+0.26 —2.727037
6 1 —2.47T078 -1.7175%3 < —2.88 < —3.00

0.32869, or —205 km s ' from the LRG systemic redshift.
Our Voigt profile analysis finds a narrow Doppler parameter
of b.(H1) = 18km s ', which constrains the gas tempera-
ture to T < 2 x 10* K.

The most intriguing aspect of this system is the ab-
sence of ionic metals in an optically thick absorber occur-
ring at d = 126 kpc from an massive quiescent galaxy. To
put an upper limit on the metallicity given the observed
N(H1) and upper limits on ionic column densities (Table
Alla), we make a couple of assumptions about the physi-
cal conditions of the gas. First, we assume that the gas is
predominantly ionized, fi+ > 0.9, which is motivated by
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Figure Alla. Similar to Figure Ala, but for SDSS J1357+0435 at d = 126 kpc from the LRG.

previous findings on the physical conditions of z < 1 LLSs
(e.g., Lehner et al. 2013). Furthermore, we impose an upper
limit on the cloud length of ~ 1 kpc, based on observations
of Galactic high-velocity clouds (e.g., Putman et al. 2012).
Together, these assumptions limit the allowed gas density
to —2.5 < lognu/cm™2 < —1.1 under the HMO05 UVB, and
—2.3 < logng/cm ™3 < —1.5 under the HM12 UVB. Using
this prior on gas density, we estimate that the 95 percent

upper limit on the metallicity of the gas is [M/H] < —2.3
under HMO05 and [M/H] < —2.2 under HM12. The inferred
low metallicity (< 5x 107 solar) places this absorber among
the lowest-metallicity LLSs known to be in the vicinity of
z < 1 luminous galaxies (c.f., Ribaudo et al. 2011; Prochaska
et al. 2017).
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Table Alla. Absorption properties along QSO sightline
SDSS J1357+0435 d = 126 kpc from the LRG

Component  Species dve log N, be
(kms—1) (kms—1)
1 Hi 0.0+0.4 17.483+0.002 18.3+0.2

C 0.0 < 12.19 10

N1 0.0 < 12.87 10

N 0.0 <13.19 10

O1 0.0 < 13.38 10

Ov1 0.0 < 13.19 30

Mg1 0.0 < 11.18 10

Mg11 0.0 <11.71 10

Sin 0.0 < 12.10 10

Sin 0.0 < 11.94 10

Fenr 0.0 <1231 10

Al12 SDSS J0910+1014 at d = 140 kpc

This LRG occurs at zrg = 0.2641, and it has a pLLS
with a total N(H1) of log N(H1)/ecm™2 = 16.651533. In ad-
dition to H1, we also detect corresponding ionic absorption
of Cu, Cui, N1, Mg1, Mg, Si1, Siti, and Fen (Figure
Al12a).

The HI absorption profile consists of four individual
components (Figure A12a and Table A12a). The strongest
H1 absorption is in component 1 at z,,s = 0.26338 or 170
km s~! blueward of the LRG redshift. This component con-
tributes to most (98%) of the absorber’s total N(H1). In ad-
dition, component 1 also exhibits strong absorption of low-
and intermediate-ionization metal species (Figure Al2a),
suggesting the gas is chemically enriched. In contrast, C1i1
is the only metal species detected in the other three compo-
nents, components 2 to 4.

The observed velocity spread of the absorber is Av ~
270 km s~* from the bluest to reddest component. As shown
in Figure A12a, our Voigt profile analysis demonstrates that
both low- and intermediate-ionization metal absorption pro-
files are well-matched to the component structure of H1. By
comparing the measured linewidths for H1 and Mg11, we
find that the bulk of the absorbing gas (component 1) is
cool, T ~ 10* K, with a modest amount of non-thermal line
broadening, by, ~ 6km s™!. For components 2 to 4, the ob-
served H1 linewidths of b.(H1) < 25 km s™! place an upper
limit on the gas temperature of 7' < 4 x 10* K.

As shown in Figure A12b and Table A12b, our ioniza-
tion analysis finds that the bulk of the absorbing gas (com-
ponent 1) has a density of logng/cm™ = —1.8 £ 0.2 under
HMO05 and lognH/cm_3 = —2.2 4+ 0.1 under HM12. To re-
produce the observed ionic column densities, the required

gas metallicity is sub-solar, between [M/H] = —0.4 £+ 0.1
unwed HMO05 UVB and [M/H] = —0.3 & 0.1 under HM12
UVB.

For the weaker components 2, 3, and 4, our analysis de-
termines that the gas is low-density, with an upper limit of
logng/cm™ < —2.5 under HMO05 and logng /cm™ < —2.7
under HM12, constrained by the detection of C1i1 and non-
detections of other metal species. Because CIII the only
metal detection, the inferred metallicity of the gas is sub-
ject to large uncertainties, ranging from between [M/H| =
—1.7797 (HMO05) and [M/H] = —1.0795 (HM12) for com-
ponent 3, to between [M/H] = —0.5 + 0.5 (HMO05) and
[M/H] = 0.2 £ 0.5 (HM12) for components 2 and 4.
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This absorber was also studied in the COS-Halos survey.
Using the Haardt & Madau (2001) UVB (which is similar of
the HMO05 UVB at energies < 2 Ryd), Werk et al. (2014) in-
ferred a mean metallicity of [M/H] = —0.7+£0.5 and density
of between lognH/CJfIf3 = —4.5 and 1ognH/cm73 = -3.0
under the Haardt & Madau (2001) UVB. In an updated
analysis using the HM12 UVB, Prochaska et al. (2017) found
a mean metallicity of [M/H] = —0.1773-13 and density of
logni/cm™® = —2.6 £ 0.2. The Prochaska et al. (2017) val-
ues are consistent with what we find in our analysis using
using the single-clump model, after accounting for the dif-
ference in the adopted redshift of the HM12 UVB spectrum
used in both studies.

A13 SDSS J1413+40920 at d = 149 kpc

The LRG occurs at zprg = 0.3584. As shown in Fig-
ure Al3a, no H1 absorption is detected within the adopted
search window of +500 km s~* from the LRG redshift. We
are able to place a sensitive 2-0 column density upper limit
of log N(H1)/em™2 < 12.5, calculated for an HT line with
b(H1) = 15 km s™' that is centered at the LRG redshift
(Table A13a).

Al4 SDSS J1553+43548 at d = 156 kpc

This LRG is at zr,reg = 0.4736. A H1 Lyman absorption
series is present near the LRG redshift, with a total N(HI)
of log N(H1)/em™2 = 15.69 & 0.04. In addition to H1, we
detect corresponding absorption of metal species C 111, N 111,
O v, Mg, Sit, and Fe1r (Figure Al4a).

As presented in Figure Al4a and Table Al4a, our Voigt
profile analysis shows that the Mg 11 absorption profile con-
sists of two individual components which are separated by
only 12 km s~ in line-of-sight velocity. The stronger of these
two components, component 2, occurs at zaps = 0.47542 or
+370 km s™' from the LRG redshift. To accurately mea-
sure the corresponding N(H1) of each component given the
close velocity separation between the two components, we
perform a Voigt profile analysis on the H1 Lyman series ab-
sorption by tying the velocity structure of H1 absorption to
that of Mgi1. The best-fit N(Hr1) for the two components
are log No(H1)/cm ™2 = 15.04709% for component 1, and
log N.(H1)/cm™2 = 15.57 & 0.07 for component 2.

The observed H1 and Mg 11 Doppler linewidths for com-
ponent 2 indicate that the absorbing gas is relatively cool,
T ~ 1 x 10* K, with negligible non-thermal broadening. For
the weaker component 1, the b values imply a higher tem-
perature, T ~ 5 x 10* K, with a modest non-thermal line
broadening of byt ~ 5km s~ L.

Our ionization analysis finds little variation (< 0.1 dex)
in gas densities across the two components, as shown in Fig-
ure Al4b and Table Al4b. For both components, the ob-
served ionic column densities can be reproduced by models
with log nH/cnff3 ~ —2.3 under HMO05 and log nH/cm*‘Q’ ~
—2.7 under HM12. Furthermore, the gas appears to have
been significantly enriched by heavy metals. For component
2, we find a sub-solar metallicity of [M/H] = —0.4 £ 0.1
under HMO05 and [M/H] = —0.1 & 0.1 under HM12. An
even higher chemical abundance is inferred for component
1, where our CLOUDY models constrain the metallicity to
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Figure Al2a. Similar to Figure Ala, but for SDSS J0910+1014 at d = 140 kpc from the LRG.
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Table A1l2a. Absorption properties along QSO sightline

SDSS J0910+1014 at d = 140 kpc from the LRG
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Figure A12b. Probability distribution contours of gas metal-
licity and density for the absorbing gas detected along
SDSS J0910+4-1014, at d = 140 kpc from the LRG. Contour levels
are the same as in Figure Alb. Not shown here are the probability
distributions for components 2 to 4, which have lower H1 column
densities of log N.(H1) < 15 and show only C 111 absorption, re-
sulting in weak constraints on the gas metallicity and density (see
Table 1A2D).

Table A12b. Ionization modeling results for the absorber along
SDSS J0910+1014 at d = 140 kpc from the LRG

Component Nmetal [M/H] logny/em—3
HMO05 HM12 HMO05 HM12

SC 8 -0.397013  —0.25701% 1887018 2261510

+0.11 +0.11 +0.12 +0.10
1 8 —0.397011 0267011 1847012 2207019
2 1 -0.6810:30 0.101558 < —2.92 < -3.14
3 1 —1A73t3;g§ —0.9910-52 < —2.50 < —2.70
4 1 -0.5149:52 0.237075 < —2.90 < =310

Component  Species dve log N, be
(kms™1) (kms—1)
all H1 16.6575-33
Cu 13.97 £ 0.12
Cr > 14.07
N1 14.08 £ 0.12
o1 < 14.20
Ovi < 13.53
Mg1 11.59 £ 0.10
Mg 1 12.84 +0.04
Sin 13.2275- 11
St 12.98 £ 0.09
Sitv < 12.98
Fell 12.75 £ 0.13
1 H1 0.075%  16.647535 14.8799
Cu 0.0 13.97+0.12 15.6705
Cm 0.0 > 13.52 < 25.7
Nu 0.0 14.08+0.12 238497
o1 0.0 <13.71 10
Mg1 -1.9+1.1 11.59%0.10 6.0+£2.2
Mg 1t 0.0+04 1284+0.04  6.5£0.7
Sin 0.0 13.22704 127155
Siu 0.0 12.98+0.09  2887;%°
Sitv 0.0 < 12.50 10
Fell 0.0 12.75+0.13 4.21730
2 H1 +92.873%  14.34£015  20.8+25
Cu +92.8 < 13.36 10
Cu +92.8 13477058 324+155
N1 +92.8 < 13.38 10
o1 +92.8 < 13.78 10
Mg!1 +92.8 <11.17 10
Mg +92.8 < 11.67 10
Sim +92.8 < 12.44 10
Six +92.8 < 12.19 10
Sitv +92.8 <12.41 10
Fell +92.8 < 12.36 10
3 Hi 4+200.115%  15.08%513 26.3758
Cu +200.1 < 13.09 10
Cu 4200.1  13.287532  16.2715.0
N1 +200.1 < 13.40 10
o1 +200.1 < 13.66 10
Mg!1 +200.1 <11.14 10
Mg +200.1 < 11.65 10
Sim 4200.1 < 12.44 10
St +200.1 <1217 10
Sitv +200.1 <1247 10
Fell 4200.1 < 12.36 10
4 H1 +266.5705 14297021 19.9758
Cu +266.5 < 13.35 10
Cm +266.5  13.561025 17.1+88
N1 +266.5 < 13.43 10
o1 +266.5 < 13.63 10
Mg1 +266.5 <11.16 10
Mg 1t +266.5 < 11.67 10
Sin +266.5 <1241 10
St +266.5 <12.14 10
Sitv +266.5 <1247 10
Fell +266.5 < 12.39 10
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Table A1l3a. Constraints on absorption properties along QSO
sightline SDSS J1413+4-0920 at d = 149 kpc from the LRG

Component  Species dve log N¢ be
(kms™1) (kms™1)
Hi 0.0 < 12.49 15
Cu 0.0 < 12.68 10
Cit 0.0 < 12.15 10
N1 0.0 < 12.87 10
N 0.0 < 13.02 10
Or1 0.0 < 13.37 10
Ovi 0.0 < 12.92 30
Sit 0.0 < 12.09 10
Sitin 0.0 < 11.74 10
Fe 1l 0.0 < 12.98 10

[M/H] = 0.0£0.1 under HMO05 or [M/H] = +0.3+0.2 under
HM12. In addition, the strength of N 111 absorption suggests
that the gas is likely to be nitrogen-rich. The inferred [N/¢]
ratios for the two components are [N/a] = 0.3 £+ 0.3 and
0.5 + 0.2 for components 1 and 2, respectively.

A modest absorption of O VI gas is seen in this system
at dv. = +10 km s~!. The O v1 absorption consists of a sin-
gle component with log N(Ov1)/em™2 = 13.69101% and a b
parameter of 29 km s~!. No low- or intermediate-ionization
metal H1 or component is found to match the O vi absorp-
tion in velocity space (Figure Al4a), with the O vI doublet



46  Zahedy et al.

J1413 +0920 at d =149 kpc (z;pg =0.3584)
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Figure Al3a. Similar to Figure Ala, but for SDSS J1413+0920 at d = 149 kpc from the LRG.

situated 10 km s~*
component.

away from the nearest low-ionization

A15 SDSS J125944130 at d = 159 kpc

The LRG occurs at zrre = 0.2790. As shown in Fig-
ure Alb5a, no H1 absorption is detected within the adopted
search window of £500 km s~! from the LRG redshift. We
are able to place a sensitive 2-0 column density upper limit
of log N(H1)/em™2 < 12.5, calculated for an Hr line with
b(H1) = 15 km s™' that is centered at the LRG redshift
(Table Alba).

A16 SDSS J1244+41721 at d = 160 kpc

This LRG is located at zprg = 0.5591. We detect ab-
sorption from the HI Lyman series near the LRG redshift,
with a total N(H1) of log N(H1)/cm™? = 15.99 4 0.04. In
addition to H1, the following metal species are present in ab-
sorption: C11, C 11, Mg11, and Fe1l (see Figure A16a). Due to
the relatively high redshift of the LRG, all transitions above
rest-frame A ~ 1140 A fall outside the wavelength cover-
age of the FUV COS spectrum, including Ly, Sitt A1260
and Sitt A1206. We further note that while there is possi-
ble N 111 A989 absorption in this system, this transition is
often blended/contaminated by the adjacent Siir A989 line.
Because no other Sill transition is covered by the data, we
are unable to assess how much the N 111 absorption is con-
taminated by Sill. For that reason, we chose to exclude this
possible N 111 detection from our subsequent analysis of the
absorber.

Our Voigt profile analysis identifies three components in
the absorber, which can be seen clearly in the MgI1 absorp-
tion profile (Figure Al6a and Table Al6a). The observed
velocity spread of the absorber is Av ~ 40 km s™* from the
bluest to reddest component. The strongest H1 absorption
occurs in component 3 at zaps = 0.55850, or —115 km st
from the LRG. This component comprises half of the total
N (H1) of the absorber, with the rest distributed equally be-
tween the other two components. As shown in Figure A16a,
the component structure of H1 is in very good agreement
with those of the metal ions (e.g., Mg 11 and Fe11). The ratio
of the Doppler linewidths of H1 and Mg11 in each compo-
nent is consistent with the expectation for a cool gas with

T ~ (1 —3) x 10* K and a modest amount of non-thermal
line broadening, bns &~ 6 km s~

Our ionization analysis indicates a modest variation
(~ 0.3 dex) in gas densities across the three components
(see Figure A16b and Table A16b). For all components,
the observed absorption profile can be reproduced by the
models over a gas density range of from logng/cm™> ~
—2.5 to lognH/cm*‘o’ ~ —2.2 under the HM05 UVB, and
lognu/cm™ =~ —2.9 to lognu/cm™> ~ —2.5 under the
HM12 UVB. The observed metal column densities in the
absorber are consistent with a high degree of chemical en-
richment. The inferred metallicities range from [M/H] =
—0.2 £ 0.1 (component 3) to [M/H] = 0.0 + 0.2 (compo-
nent 2) under HMO05, and [M/H] = 0.1 £ 0.2 (component 1)
to [M/H] = 0.3 + 0.2 (component 2) under HM12. Finally,
we note that the observed column densities of carbon ions
imply that the absorber is carbon-rich, with estimated [C/«¢]
ratios of [C/a] = 0.0 — 0.5.
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J1553 +3548 at d =156 kpc (z,;,,=0.47542)
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Figure Al4a. Similar to Figure Ala, but for SDSS J15534-3548 at d = 156 kpc from the LRG.
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J1553 43548 , d =156 kpc Table A14b. Ionization modeling results for the absorber along

00— 0.0 SDSS J1553+3548 at d = 156 kpc from the LRG
_o.s.——HMO05 4 -ost 1
—1.0- HM12 1 10 | Component Nietal [M/H] log ng /cm—3
? ’ ' HMO05 HM12 HMO05 HM12
= -1.5- 4 -15- ]
L sc 5 —0.28+£0.04  +0.0575:0% —2.2870-04 —2.6070:08
T 2.0 -2.0
< +0.13 an+0.17 +0.12
‘ 1 5 —0.03%5 +0.3010 —2.3610- —2.78 4 0.12
& -23 @Q -25 2 5 —0.41% 0,06 —0,081’%:?;5; 230+ 008 ~2.6075:5
_3.0l. component 1, 1 30 component? 1
dve= -13 km/s dve= 0 km/s
=35 log N(HI)=15.0 =35 log N.(HI)=15.6
45 20-15-1.0-05 00 05 1.0 %50-25-20-15-1.0-05 0.0 0.5 Table Al5a. Constraints on absorption properties along QSO
M/H] M/H] sightline SDSS J1259+4130 at d = 159 kpc from the LRG
Flgure A14.b. Prob.abl.h.ty dlstrlbutlor.l contours of gas.meta‘lhc— Component  Species dve log N. be
ity and density for individual absorption components identified (kms—1) (kms—1)
along SDSS J1553+3548, at d = 156 kpc from the LRG. Contour
levels are the same as in Figure Alb. Hi 0.0 < 12.51 15
Cu 0.0 < 13.03 10
Cur 0.0 < 12.33 10
Table Al4a. Absorption properties along QSO sightline SDSS N 111 0.0 < 13.06 10
J155343548 at d = 156 kpc from the LRG Ovi 0.0 < 13.27 30
Sin 0.0 < 12.20 10
Component  Species dve log N¢ be Siin 0.0 < 11.83 10
(kms~1) (kms~1) Fen 0.0 < 13.08 10
all Hi ... 15.69+0.04
Cin 13.78f8:8§
N1 < 13.68 Table Al6a. Absorption properties along QSO sightline SDSS
N 11 13.87f8»(1)g J1244+1721 at d = 160 kpc from the LRG
O1 < 13.78
Ovi 13.69t8:£ Component  Species dve log N¢ be
Mg1 < 10.80 (kms™1) (kms™1)
Mgu e 12.227008
Sin < 12.85 all Hi - 15.99£0.04
+0.15
Sim . 13.0070:2 Cn - 1426007,
Fell o 11817008 Cm > 14.42
Fe <13.69 o1 <1383
Ov1 < 13.74
1 H1 -12.3  15.04709%  30.575) Mg1 < 10.88
Cu —-12.3 13237032 251750 Mgl . 12.6140.02
: g +0.05
N1 —12.3 <1348 10 Fer e 12267090
N1 -12.3  13.34732%7  10+19 To.07 105
o1 —12.3 < 1357 10 ! gl _gg‘g 1535;;;;) 23'8—5?0
Mg1 ~12.3 < 10.60 10 C“ - . < s oy
Mgu — —123+£19 11.90£005  8.0L§, m =399 1350005, 15.0057%
Siu ~12.3 <1263 10 1\04‘ —39.9 < }3‘66 10
Sim 123 12.6719%9 12043, 8! —39.9 < 10.60 L
+2.2 +0.13 5.1 Mg —39.9+14 12.04+0.07 6.2755
Fetl —12.87%2 1147018 715, o 07t L6014 =
Fe ~123 <1351 10 el —40.T£29 072046 3578
+0.23 +5.5
9 HI 0.0t§'§ 15~57t8'8; 14'24:?.411 2 Hi —22.4 15.38755 11.675°9
: Yot 37 Cn —22.4  13.737035 10.072%2
Ci 0.0 13.6374" 10 31977 0.27 2.5
N1 0.0 < 13.50 10 8111 —22.4 > 13.62 < 25.6
N1 0.0 137201 193+71 o *33‘1 S "
or 0.0 < 13.62 10 Mo 24t11 120604005 61720
Mg1 0.0 < 10.60 10 g —esdx o 13
Mg 11 0.0+0.6 11.94+0.04 3.0+0.7 Fen —224 W81, 405
St 0.0 <120 LAY 3 H1 0.0 1571109 190743
Sitn 0.0 12.737 %5 111757 +0.17 +7.5
+1.5 11.55+0-13 45HAT Cu 0.0 14.05%419 243745
Fert 03 16 55024 529 Cm 0.0 >13.88 <242
Fe 11 0.0 < 13.50 10 o1 0.0 < 13.70 10
high-1 ~ Owr +9.5+£81  13.697013  20.2+28:5 Mg1 0.0 < 1060 10
: : Mgt 0.0+04 12.27+0.03 7.0+0.7
Fen 15+£22 1186703, 58733

MNRAS 000, 1-46 (2018)



CGM in Massive Quiescent Halos I

J1259 +4130 at d =159 kpc (z;pg =0.2790)
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Figure A15a. Similar to Figure Ala, but for SDSS J125944130 at d = 159 kpc from the LRG.
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Figure A16a. Similar to Figure Ala, but for SDSS J1244+1721 at d = 160 kpc from the LRG.
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J1244 +1721 , d=160 kpc
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Figure A16b. Probability distribution contours of gas metallic-
ity and density for individual absorption components identified
along SDSS J1244+1721, at d = 160 kpc from the LRG. Contour

[M/H]

levels are the same as in Figure Alb.

Table A16b. Ionization modeling results for the absorber along

(M/H]

SDSS J1244+4-1721 at d = 160 kpc from the LRG

=2.5-2.0 - 15 10 05 0.0 05 1.0

Component Nietal [M/H] log ny /em ™3
HMO5 HM12 HMO05 HM12
sc 4 —0.14%Y 33 +0.21t3-8i -240+012  -2. s4t3 }‘2’
2 4 0.0070‘18 +0. 3318'%? iy 5018 P —2.86;8'%2
3 4 —020£0.10  +0.1770 08 —2.4610:15  —2.8670:15
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