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Abstract

We report the first detection of multiphase gas within a quiescent galaxy beyond z = 0. The observations use the
brighter image of doubly lensed QSO HE 0047—1756 to probe the interstellar medium (ISM) of the massive
(Mg =~ 10" M) elliptical lens galaxy at zy = 0.408. Using Hubble Space Telescope’s Cosmic Origins
Spectrograph (COS), we obtain a medium-resolution FUV spectrum of the lensed QSO and identify numerous
absorption features from H, in the lens ISM at projected distance d = 4.6kpc. The H, column density is
log N (Hp)/em~2 = 17.8"03 with a molecular gas fraction of f;; = 2%-5%, roughly consistent with some local
quiescent galaxies. The new COS spectrum also reveals kinematically complex absorption features from highly ionized
species O VI and N V with column densities log N(O VI)/cm™2 = 15.2 & 0.1 and log NINV)/cm™2 = 14.6 & 0.1,
among the highest known in external galaxies. Assuming the high-ionization absorption features originate in a transient
warm (7 ~ 10° K) phase undergoing radiative cooling from a hot halo surrounding the galaxy, we infer a mass accretion
rate of ~0.5-1.5 M, yr—!. The lack of star formation in the lens suggests that the bulk of this flow is returned to the hot
halo, implying a heating rate of ~10* erg yr~!. Continuous heating from evolved stellar populations (primarily SNe Ia
but also winds from AGB stars) may suffice to prevent a large accumulation of cold gas in the ISM, even in the absence
of strong feedback from an active nucleus.
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1. Introduction

How and why some galaxies cease forming stars and remain
quiescent are open questions that bear significantly on our
understanding of galaxy evolution. Contrary to the expectation
that a lack of star formation is the consequence of a paucity of
cool gas, observational studies have established that a high
fraction of passive galaxies are not gas-poor (see Chen 2017a and
references therein). Systematic 21 cm surveys have discovered
that more than a third of present-day quiescent galaxies contain
abundant neutral hydrogen (HI) gas in their interstellar medium
(ISM; e.g., Oosterloo et al. 2010; Serra et al. 2012). At an earlier
epoch, QSO absorption-line surveys of Mg II absorption features
near luminous red galaxies (LRGs) at z ~ 0.5 have also
demonstrated that a significant fraction of these distant massive
ellipticals (with total stellar masses of Mg, > 10'' M) are
surrounded by chemically enriched cool gaseous halos on
~100kpc scales (e.g., Gauthier et al. 2009, 2010; Bowen &
Chelouche 2011; Huang et al. 2016; Chen et al. 2018). The total
mass in this cool (T ~ 10* K) circumgalactic medium (CGM) is
estimated to be M. ~ (1-2) x 109 M, within a projected
distance d < 160 kpc (or as much as ~4 x 10°°M, at d <
500 kpc; Zahedy et al. 2019), similar to what has been reported
for star-forming galaxies (e.g., Chen et al. 2010; Stocke et al.
2013; Werk et al. 2014).

The existence of large reservoirs of cool gas around massive
ellipticals challenges simple theoretical expectations that these
galaxies are surrounded by predominantly hot (7 2> 10° K) gas
on both small (<10kpe; ISM) and large (~100 kpc; CGM)
scales. Furthermore, it indicates that some physical mechan-
isms are preventing the gas from triggering the resumption of

star formation in the central galaxy. A common feature of the
gaseous environment at d < 10 kpc around massive quiescent
galaxies is the high Fe /Mg abundance ratio, [Fe/Mg] 2 0, that
has been observed in every instance cool gas is present (Zahedy
et al. 2016, hereafter Z16; Zahedy et al. 2017a). This Fe
enhancement not only indicates that the ISM of massive
ellipticals has been significantly enriched by Type la super-
novae (SNe Ia), but also points to SNe Ia as a potentially
important heating source in massive halos (e.g., Conroy et al.
2015; Li et al. 2020a, 2020b).

One of the galaxies studied in Z16 is a massive (M, =
10" M) elliptical lens for QSO HE 0047—1756 at zgy =
0.408 £ 0.001. It exhibits extremely strong and kinematically
complex low-ionization metal absorptions with a line-of-sight
velocity spread exceeding 600 km s~! (Figure 1, top) and a
velocity shear of ~350 km s~! between two locations ~8 kpc
apart in projection. Long-slit far-ultraviolet (FUV) spectro-
scopic observations of both lensed QSO images revealed the
presence of abundant H1 within the galaxy, with measured H1
column densities of log N(HI)/cm~2 = 19.6 — 19.7 at both
locations (Zahedy et al. 2017b, hereafter Z17), constraining the
gas metallicity to be [Fe/H] 2 0 for both sightlines after
accounting for likely dust depletion. While Z17 also noted the
presence of possible absorption features from other metal ions
probing a wide range of ionization states, including the highly
ionized OVI AA1031, 1037 doublet, their low-resolution
spectra precluded a detailed investigation of these absorption
profiles to confirm the presence of high ions. Because O3 ions
are most abundant at temperatures near the peak of the
cooling curve for metal-enriched gas (T ~ 10°° K; e.g., Gnat
& Sternberg 2007), such warm gas is expected to cool rapidly


https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
mailto:fzahedy@carnegiescience.edu
http://astrothesaurus.org/uat/1317
http://astrothesaurus.org/uat/1879
http://astrothesaurus.org/uat/1879
http://astrothesaurus.org/uat/456
http://astrothesaurus.org/uat/574
http://astrothesaurus.org/uat/595
https://doi.org/10.3847/2041-8213/abc48d
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/abc48d&domain=pdf&date_stamp=2020-11-19
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/abc48d&domain=pdf&date_stamp=2020-11-19

THE ASTROPHYSICAL JOURNAL LETTERS, 904:L10 (9pp), 2020 November 20

m~? =19.80+0.15

log N(HI)‘/C

Normalized Flux

-1000 -500 0 500 1000 1500
Relative Velocity (km/s)

Figure 1. Top: Kinematically complex gas at d = 4.6 kpc from the massive
elliptical lens galaxy (zg = 0.408; vertical dashed line), seen in Fe II A2600
absorption from ground-based optical echelle spectrum of HE 0047—1756A
(adapted from Z16). The absorption profile comprises 15 individual
components (blue tick marks) spanning over 600 km s~! in line-of-sight
velocity. Zero velocity corresponds to the redshift of the H, absorption
identified in Figure 2, zus = 0.405985. Bortom: New HST/COS FUV
spectrum of the corresponding Ly« absorption associated with the lens galaxy.
COS spectrum is rebinned by three pixels for display purposes. The 1o error
spectrum is included in cyan. Contaminating features are dotted out for clarity.
Magenta tick marks above the profile indicates the best-fit centroids of the
damped Ly« profile. Solid red and dashed magenta curves show the best-fit
N(H 1) and its uncertainty, log N(H 1)/cm~2 = 19.80 & 0.15.

if left to itself. Therefore, the possible detection of rapidly
cooling gas in the ISM implies the presence of an effective
heating mechanism in the galaxy. Characterizing the properties
of such a transient gas phase and its relationship to cooler
atomic/molecular gases offers a unique opportunity to under-
stand the dynamic gas content of ellipticals, in order to gain
insight into late-time feedback in massive quiescent galaxies.

In this Letter, we report the robust detection of highly
ionized gas in the ISM of the massive elliptical lens of HE 0047
—1756, traced by the OVI and NV absorption features.
Furthermore, we report the serendipitous discovery of mole-
cular hydrogen (H,) in the ISM, the first direct detection of H,
within a passive galaxy beyond the local universe. We compare
the spatial distributions and mass budgets of the molecular
(T ~ 100 K), cool (T~ 10* K), and warm (T~ 10°> K) ISM
phases, and discuss their implications for feedback in massive
ellipticals. We adopt a A cosmology with 2y = 0.3,y = 0.7,
and Hy = 70 km s~! Mpc~.

2. Observations

New FUV spectra of image A of the doubly lensed QSO
HE 0047—1756 (zqso = 1.676; Figure 1 of Z16) were obtained
with the Cosmic Origins Spectrograph (COS) on board the
Hubble Space Telescope (HST) during our HST Cycle 25
observing program (Program ID: 15250; PI: Zahedy) in 2018
December. HST/COS, with the G130M and (jl60M gratingso,
provides a wavelength coverage from A ~ 1130 Ato A ~ 1790 A
at a medium resolution of FWHM =218-20 km s, a fifteenfold
increase in resolution from the Z17 spectra. The total integration
times of the observations were 9418 and 17,722 s for the G130M
and G160M gratings, respectively, comprising 22 individual
exposures spread over three separate HST visits. The observations
used two (four) central wavelength settings for the G130M
(G160M) grating and two or four FP-POS at each central
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wavelength, to ensure a continuous wavelength coverage and
reduce fixed pattern noise over the full spectral range of the data.

The pipeline-reduced COS data were downloaded from the
HST archive and processed further using our custom software.
The additional data reduction involved recalibrating the COS
wavelength solution using a method described in Chen et al.
(2018) and Zahedy et al. (2019). These steps resulted in a
combined spectrum that was then continuum-normalized by
fitting a low-order polynomial function to absorption-free
spectral regions. The final COS spectrum of HE 0047—1756A
has a median signal-to-noise (S/N) ratio of S/N ~10 — 20 per
resolution element over the full wavelength range. The
wavelength solution is accurate and precise to better than
3 kms~!, as evidenced by a comparison between low-
ionization absorption features seen in COS and ground-based
optical echelle spectra (presented in Z16) and the excellent
agreement in line centroids among various H, absorption lines
spanning ~300 A in observed wavelength (Section 3.1).

We supplement our COS spectrum of sightline A with
low-resolution (FWHM =~ 270 km s~!) FUV spectra of both
images of the lensed QSO taken with the Space Telescope
Imaging Spectrograph (STIS) and the G140L grating on board
HST from Z17. The STIS spectrum of HE 0047—1756A (B)
has a median S/N ~20-30(12-18) per resolution element over
its full wavelength range of 1150-1720 A.

3. Results

A prominent feature associated with the massive elliptical
lens galaxy is the Lyo absorption with strong damping wings
(Figure 1, bottom), confirming the previously reported high
NHT) of the gas inferred using low-resolution STIS FUV
spectra (Z17). To refine the N(H I) measurement, we perform a
Voigt profile analysis on the observed damped Lya profile
using custom software (see Zahedy et al. 2019) that takes into
account the relevant COS line-spread function (LSF; Lifetime
Position 4). Our analysis yields a total HI column density of
log NHI)/cm~2 = 19.80 £ 0.15, which is consistent within
uncertainties with the Z17 measurement. We adopt this N(HT)
throughout our subsequent analysis.

3.1. Discovery of Hy in the ISM of the Lens Galaxy

A visual inspection of our HST/COS spectrum of HE 0047
—1756A reveals the presence of numerous absorption features
consistent with the H, Lyman and Werner bands at redshift
7 ~ 0.406, or approximately —430 km s~! from the systemic
redshift of the lens galaxy (see Figure 2).> The H, absorption
features coincide in velocity with the strongest low-ionization
absorption component identified in Z16 (component 1 in their
Table 6). We are able to identify more than 140 absorption
transitions originating from the ground state of H, at different
rotational levels from J = 0 to J = 5. Each of these transitions
has a vibrational quantum number of v = 0 for the lower state

> While the velocity offset of the H, absorption features may seem large for

ISM gas, it is partly explained by the uncertainty on the lens redshift (=200
km s~'; Z16). Furthermore, the projected escape velocity at r = 5 kpc from the
lens galaxy is ~400-500 km s~!, given the estimated mass of its host dark-
matter halo (Z16), so the observed H, kinematics is consistent with ISM gas
that is bound to the galaxy. Empirically, large kinematic widths of ~500
km s~! have been observed in the atomic/molecular ISM of some nearby
early-type galaxies (e.g., Oosterloo et al. 2007; Davis et al. 2013), reflecting the
potential wells of these massive systems.
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Figure 2. Continuum-normalized absorption profiles of select H, Lyman- and Werner-band transitions that are used in our absorption analysis, grouped by J level,
observed along sightline HE 0047—1756A at d = 4.6 kpc from the massive elliptical lens. COS spectrum is rebinned by three pixels for display purposes. The 1o
error spectrum is included in cyan. Zero velocity marks the best-fit redshift of the H, absorption identified with a Voigt profile analysis, z,ps = 0.405985. Regions
excluded from the analysis due to blending and/or contaminating features have been grayed out for clarity. Best-fit H, absorption profiles are plotted on top of the data
in red curves. The significant detection of H, at / > 2 indicates that a nonthermal excitation mechanism is effective in populating these high rotational levels (see
Section 4.1).

and v < 17 (v < 4) for the upper state in the Lyman the H, line list from Ubachs et al. (2019), which was made
(Werner) band. available to us by P. Petitjean (2020, private communication).

To characterize the molecular gas properties, we perform a Although we detect more than 140 H, transitions, a significant
Voigt profile analysis using custom software that models the fraction of these lines are blended with each other or other
observed H, transitions in each J level simultaneously. We adopt absorption lines. To ensure robust fitting results, we perform our
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Table 1
H, Properties at d = 4.6 kpc from the Lens Galaxy

Zabs J log N/em™ b
(km s
0.405985 0 17.341992 27593
1 17.584997 3.9703
2 15714544 6.319%
3 15.861933 62109
4 14.821006 87715
5 14.6170:08 105439

6 <14.4° 10

Total 17.8554
Note.

% 95% upper limit (see Section 3.1).

absorption analysis on a subset of available lines (between five
and 14 transitions) for each J value, which are selected to contain
minimal blending and have unambiguous local continuum level.
While only a fraction of observed H, transitions are used to find
the best-fit model, we find that the resulting full H, absorption
model reproduces the absorption profiles of most of the excluded
transitions reasonably well.

For each rotational J level, we first generate a model spectrum
for a single-component line profile, motivated by both the
narrow linewidths and lack of kinematic substructures in the
observed H, absorption profiles (see Figure 2). The Voigt profile
is uniquely defined by three free parameters: the line centroid
redshift z,,,, the absorption column density log N, and the
Doppler parameter b. To reduce the number of free parameters,
all transitions from a given J level are tied to have the same
log N and b. We further require different J levels to share the
same line centroid redshift. Once a theoretical H, absorption
spectrum has been generated, it is convolved with the relevant
COS LSF and subsequently binned to match the pixel resolution
of the data. Finally, this model spectrum is compared to the data,
and the best-fit model parameters for each J level are found by
minimizing x? values at the selected H, transitions. We estimate
the model uncertainties by constructing a marginalized posterior
probability distribution for each model parameter, based on a
Markov Chain Monte Carlo (MCMC) analysis done with the
EMCEE package (Foreman-Mackey et al. 2013). Each MCMC
run consists of 500 steps performed by an ensemble of 250
walkers, which are seeded in a small region of the parameter
space around the minimum 2 solution to speed up convergence.

We present the best-fit model absorption profiles and compare
them to the data in Figure 2. In addition, we summarize the results
of the Voigt profile analysis in Table 1, where we report the model
parameters and estimated 68% confidence intervals for the J = 0
to J = 5 levels. For J = 6, which does not exhibit any detectable
absorption, we report in Table 1 the 95% upper limit on the
absorption column density for a b = 10km s~! line profile
(matching the linewidth of the /=35 level), estimated using
the error array at the strongest available J = 6 transition in the
COS data. The best-fit model yields a total H, column density of
log N(Hy)/em=2 = 17.8*0) and a best-fit redshift of z, =
0.405985 + 0.000005. The centroid of the H, line profile is
consistent within uncertainties (<1 km s~!) with the strongest
low-ionization metal component identified in ground-based
optical echelle spectra (Z16), which indicates their association.

As shown in Table 1, our analysis also identifies a trend of
increasing Doppler parameter with increasing J value, from
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br~3kms'atJ=0tob ~ 10km s 'atJ = 5. The trend of
rising velocity dispersion with rotational level has been
reported in a number of H,-bearing damped Ly« absorbers
(DLAs) at low and high redshifts (e.g., Ledoux et al. 2003;
Albornoz Viésquez et al. 2014; Boettcher et al. 2020). The
kinetic temperature needed to thermally broaden the H, line
profiles to a linewidth of ~3(10) km s~! is ~103(10% K,
significantly higher than the temperatures at which a significant
amount of molecular gas is expected to be present. Therefore,
our measurements indicate that nonthermal line broadening is
dominant for both low- and high-J states in the gas, with
increasing turbulence toward higher rotational states. We
discuss the possible origins of this trend in Section 4.1.

With both the neutral and molecular hydrogen contents
of the absorber known, we can estimate the molecular gas
fraction according to the following expression, f;, = 2N (Hy)/
[2NMHy) + NHD]. The extremely strong low-ionization
absorber observed along HE 0047—1756A is resolved into 15
kinematic components (Figure 3;216). While the total N(H ) can
be measured robustly from the strong Lya damping wings
(Figure 1), it is impossible to constrain the H I column densities of
these individual components because all available HI Lyman
series lines are heavily saturated and the different components
blended. Thus, we first estimate fy, by attributing all the observed
NHTI) to the Hy-bearing component. Although this assumption is
unrealistic because it would result in highly asymmetric Ly«
damping wings, owing to the H,-bearing component occurring at
the blue extremum of the profile, it yields a conservative lower
limit on fy, of 1og(fiy, hower = —1.7%33. To estimate an upper
bound on the molecular gas fraction, we note that the H,-bearing
component contains ~~40%—45% of the total column densities
of the low-ionization species probed by Mgl, Mgll, and Fell
absorptions (see Table 6 of Z16). If we assume that all 15
components have similar metallicities and dust content, which is
justified by the relatively uniform Fe/Mg elemental abundance
ratio observed across all components (Z16), then the inferred
NH1) of the H,-bearing component is log N(HI)/cm 2 ~ 19.4.
Consequently, the implied molecular gas fraction is 10g(fyy, Jupper =
—1.3792.

The observed f, at d = 4.6kpc from the lens galaxy is
comparable to nearby ellipticals with CO detections (Welch
et al. 2010; Young et al. 2014) but is among the highest known
for z <1 DLAs, where ~90% of absorbers with log N
(HD/em™2 > 19 have log fy < —2 (e.g., Crighton et al.
2013; Muzahid et al. 2015b, 2016; but see Boettcher et al.
2020). Considering that H, forms on the surface of dust grains,
the high f;; can be explained by the high gas metallicity,
[Fe/H] = 0 (Z17), which results in an elevated dust-to-gas
ratio relative to the general DLA population.

3.2. Highly Ionized Gas in the ISM of the Lens Galaxy

Z17 previously noted possible absorption features from high-
ionization metal lines associated with the lens galaxy along both
sightlines of HE0047—1756. However, the low spectral
resolution of the Z17 data prevented a detailed investigation
into this tentative detection of high-ionization gas. The HST/
COS spectrum of HE 0047—1756A clearly resolves different
metal absorption profiles, enabling precise measurements of gas
kinematics and column densities of the highly ionized species.

As shown in the top three panels of Figure 3, the new COS
spectrum confirms that O VI absorption is indeed detected and
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Figure 3. Continuum-normalized absorption profiles of different high- and low-
ionization metal transitions along HE 0047—1756A at d = 4.6 kpc from the
massive elliptical lens. Zero velocity corresponds to the redshift of the H, absorption
detected in Figure 2, whereas the systemic redshift of the lens galaxy, zya = 0.408,
is shown in vertical dashed line. The 1o error spectrum is included in cyan.
Contaminating features have been dotted out for clarity. Magenta tick marks at the
top of the first three panels indicate the location of individual components for the
high-ionization species identified in the Voigt profile analysis (see Section 3.2), with
the best-fit Voigt profile models included in red. For comparison, individual
components of the low-ionization species are marked with the blue tick marks in the
bottom five panels (Z16). The high ions show a kinematic structure distinct from
what is seen in the low ions, indicating that they arise in a different gas phase.

resolved into multiple components in the lens galaxy. In
addition, NV absorption is also detected with a kinematic
structure that is consistent with O VL. To constrain their
absorption properties, we perform a joint Voigt profile analysis
of the O VI A1031 line and the NV AA1238, 1242 doublet,
following the method of Zahedy et al. (2019).° To ensure the
robustness of the fit, we tie both the component structure and

6 The second member of the O VI doublet, O VI A1037, is excluded from the
Voigt profile analysis due to significant blending with neighboring low-ionization
transitions C I A1036 and O T A1039. Although the O VI A1031 profile is also
contaminated by a higher-redshift Lye line at z=0.55003, in this case the
absorption profile of the contaminating Lye line is well-constrained by various other
Lyman series lines observed in our COS spectrum. To remove this contamination
from the O VI A1031 absorption, we have divided the observed O VI A1031 profile
by the best-fit model of the z = 0.55003 Lye line prior to performing the analysis.

Zahedy et al.

Table 2
High-ionization Absorption Properties at d = 4.6 kpc
Component Species dv b log N/em™2
(kms™h (kms™h
1 (OB +32.0 £ 34 51.4 £ 49 14.31 + 0.03
Nv 13.75 + 0.11
2 (OB +220.1 £ 5.6 479 £ 89 14.02 + 0.06
Nv 13.58 + 0.16
3 (OB +372.3 £ 6.6 42.8 £35 14.71 + 0.06
Nv 13.76 £+ 0.15
4 (OB +423.4 + 14.7 642 +21.4 14.60 + 0.13
Nv 14.30 + 0.06
5 (OB +507.3 = 12.7 434 £ 84 14.13 + 0.18
Nv 13.59 + 0.18
6 O VI +672.3 £ 3.0 255+ 4.6 14.10 = 0.06
Nv 13.33 £ 0.22
Note.

 Relative velocity shift from the H, absorption redshift, z,,, = 0.405985.

Doppler linewidths of the two ions. We summarize the results
from our Voigt profile analysis of these high-ionization species
in Table 2. The continuum-normalized absorption profiles and
best-fit models for O VI and N V are presented in the top three
panels of Figure 3. To compare the kinematics between low-
and high-ionization species, we also show the observed and
modeled absorption profiles of Mgl, Mgll, and Fell in the
bottom five panels of Figure 3, from the previous absorption
analysis reported in Z16.

It is clear from Figure 3 that the high ions exhibit a distinct
kinematic structure from that of the low ions, which indicates that
the high ions arise in a different gas phase (Zahedy et al. 2019).
Specifically, our analysis reveals a highly ionized gas phase in
the lens ISM that is kinematically complex, comprising six
broad kinematic components (b == 25-65km s~!) that span
~640 km s~! in line-of-sight velocity. The observed total column
densities of these highly ionized species are log N(O VI)/
cm~2 = 152 £ 0.1 and log NN V)/cm~2 = 14.6 £ 0.1. These
O VI and NV absorbers are among the strongest known to be in
the vicinity of z < 1 galaxies (see Johnson et al. 2015; Muzahid
et al. 2015a; Werk et al. 2016; Rosenwasser et al. 2018; Zahedy
et al. 2019), where high-ionization absorbers with log N(O VI)/
cm~2 > 15 and log NN V)/cm~2 > 14 are rare.

It is also interesting to note the observed N V to O VI column
density ratios among the six high-ionization components,
which have an arithmetic mean and dispersion of
log(N(NV)/N(OVI) } = —0.5 £+ 0.2. These ionic ratios are
considerably higher than typical values seen in the Galactic
corona (e.g., Wakker et al. 2012), the CGM of external galaxies
(e.g., Werk et al. 2016; Zahedy et al. 2019), and the high-
redshift intergalactic medium (e.g., Lehner et al. 2014), where a
large majority of absorbers in these diverse environments
exhibit log NN V)/N(O VI) < —0.8. We argue that a super-
solar [N/O] in the highly ionized gas phase is the most likely
explanation, considering that high nitrogen-to-alpha ratios
of [N/a] 2 0.3 have been reported in the evolved stellar
populations and cool ISM of nearby ellipticals (e.g., Greene
et al. 2013; Yan 2018). Similar [N/O] ratios in both high- and
low-ionization gases would also suggest a causal link between
different phases of the ISM of the elliptical lens (we discuss
this connection in Section 4.3).
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Figure 4. Excitation diagram for the observed rotational level populations (red circles) of H, gas at d = 4.6 kpc from the massive elliptical lens. Left: Assuming
that different rotational levels follow a Boltzmann distribution, the observed ratio between the / = 0 and J = 1 levels indicates an excitation temperature of T, =
10413 K (dashed line). However, this single-temperature model severely underpredicts the observations at J > 2. Middle: A model with two excitation temperatures
of Toy1 = 93129 K (dotted line) and Ty, = 4907% K (dashed—dotted line) can reproduce the observed level populations. Thin gray curves show 100 random
realizations of the two-temperature model using the MCMC method. Right: Thin blue curves represent a set of CLOUDY models that best reproduce the trend seen in
the data. These models have UV radiation fields that are 15-25 times more intense than the Milky Way ISM radiation field. If the elevated populations at higher
rotational levels are due to radiation pumping, the required radiation field is significantly higher than what is observed in the local Galactic ISM.

4. Discussion
4.1. Physical Conditions of the H, Gas

The distribution of H, molecules among different rotational
levels reflects the excitation state of the gas and offers insight
into the physical mechanisms that are responsible. The relative
populations of different H, rotational levels can be described by
= - exp[=B, J(U + 1)/Ty),

Ni—g &0
where Nj is the H, column density for the rotational level J, Ty is

the excitation temperature from J = 0 to rotational level J, and
B,=285.36 K. The statistical weight g; is (2J 4+ 1) for even-
numbered J or 3(2J + 1) for odd-numbered J. In Figure 4, we
show the H, excitation diagram of the absorber for rotational
states between J =0 and J = 5. The column density ratio
between J = 0 and 1 states, which contain ~98% of the total
N (Hy), implies an excitation temperature of Tp; = 104i§2 K.

The observed Ty, for the bulk of molecular gas along the
lensed sightline is comparable to typical values reported in z < 1
H,-bearing DLAs (see Muzahid et al. 2015b). However, while
the observed population for J = 2 can also be reproduced well
by the same excitation temperature, this single-temperature
model fails to explain the observed column densities at J > 2
(Figure 4, left panel). The predicted column densities for these
higher rotational states are orders of magnitude lower than the
observations, which indicates a higher excitation temperature
for J > 2.

It is well-known from Galactic H, studies that a one-
temperature fit typically works only for optically thin H,
absorbers with log N (Hy) /cm~2 < 15 (e.g., Spitzer et al. 1974;
Spitzer & Jenkins 1975; Jenkins & Peimbert 1997). In contrast,
stronger H, absorbers in the Galaxy and beyond have been
found to exhibit elevated populations at higher rotational
levels (e.g., Jenkins & Peimbert 1997; Reimers et al. 2003;
Noterdaeme et al. 2007; Rawlins et al. 2018; Balashev et al.
2019; Boettcher et al. 2020), which indicates that the H, gas is
bifurcated into two excitation temperatures. Motivated by these

a Boltzmann distribution,

prior observations, we perform a simultaneous fit of a two-
temperature model to our data and find that the observed H, level
populations are reproduced well by two excitation temperatures of
Tos1 = 93779 K and Toy, = 49074} K (Figure 4, middle panel).

The observed temperature bifurcation and trend of rising
velocity dispersion with J level (see Section 3.1) can be
understood to be a consequence of the H, absorption
originating in a gas cloud with an internal density and/or
temperature stratifications (e.g., Noterdaeme et al. 2007). In
this scenario, most of the column densities at low-J levels
originate from the inner layer of the cloud, where the gas is
sufficiently dense and shielded from radiation that collisions
are the dominant excitation mechanism. Consequently, the low-
level populations are essentially thermalized and the lower
excitation temperature is highly coupled to the kinetic
temperature of the gas.

In contrast, the elevated column densities and broader line
profiles of high-J levels indicate that they arise primarily from
warmer and more turbulent outer layers of the cloud (e.g.,
Lacour et al. 2005). At these locations, H, molecules can be
highly excited through collisions triggered by shocks and
turbulent dissipation (e.g., Jenkins & Peimbert 1997; Gredel
et al. 2002; Gry et al. 2002; Ingalls et al. 2011), as well as
through radiation pumping by an external UV radiation field
(e.g., Jura 1975; Klimenko & Balashev 2020). A unique
prediction of the shock scenario is a systematic shift of up to a
few km s~! in line centroids with increasing rotational state,
which is caused by the different J levels originating from
distinct locations moving at slightly different speeds relative to
the shock front (e.g., Jenkins & Peimbert 1997; Gredel et al.
2002). Although we do not detect any systematic shift in line
centroids with J levels to within the precision of our COS
wavelength calibration (<3 km s~!), we cannot rule out a more
modest shift of ~1 km s~! or less, which may be the result of
weaker shocks (e.g., Gredel 1997).

As an alternative, we now explore radiation pumping as an
excitation mechanism. We perform a series of calculations
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using the CLOUDY v.13.03 code (Ferland et al. 2013) to
simulate a plane-parallel slab of gas with uniform density ny
that is irradiated by two UV radiation fields: the updated Haardt
& Madau (2001) extragalactic UV background at z = 0.4,
known as HMOS in CLOUDY, and the built-in unextinguished
Milky Way ISM radiation field from Black (1987). To
constrain the strength of UV radiation that is required to
reproduce the observations, we vary the overall intensity of the
ISM radiation field by a scale factor of between 0.1 and 100.
We incorporate dust grains in the calculations following the
observed grain abundance and size distribution in the local
ISM. For each input radiation field, we construct a grid of
CLOUDY models spanning a wide range of gas densities
(0 < log ny /cm™3 < 4) at the observed gas metallicity (Z17).
For each grid point, CLOUDY calculates the expected column
density for each J level assuming thermal and ionization
equilibrium. To simulate two-sided illumination of the cloud,
we use half the observed N (H,) as the stopping condition for
the calculations and subsequently double the output H, level
populations for comparison with the data.

We summarize the results of our CLOUDY calculations in the
right panel of Figure 4, where the set of models that best
reproduce the observed H, excitation diagram are shown in thin
blue curves. These models have UV radiation fields that are
15-25 times stronger than the local ISM radiation field. The gas
densities have a range of ny ~ 1000-2500 cm—3, with mean H,
kinetic temperatures (90-130 K) and H 1 column densities (log
NHTID/cm™2 = 19.6-19.9) that are broadly consistent with the
observations. While it is clear that these simple models are only
able to roughly reproduce the general trend seen at J > 2, this
exercise demonstrates that if the elevated populations at higher
rotational levels are primarily due to radiation pumping, the
required UV radiation field is significantly higher than what is
observed in the Galactic ISM (see also, e.g., Boettcher et al.
2020; Klimenko & Balashev 2020).

4.2. Spatial Variations in Multiphase Gas Properties

A benefit of using multiply lensed images of a QSO system
as gas probes is the ability to investigate spatial variations in
the gas properties of a foreground galaxy. As described in Z16
(see their Figure 1), the doubly lensed images of HE 0047
—1756 probe opposite sides of the massive elliptical lens
galaxy, with sightline A at d = 4.6 kpc (1.8 half-light radii, r,)
and sightline B at d = 3.3 kpc (1.3 r.). The observed HI and
low-ionization metal column densities differ by less than
0.1-0.2 dex between the two sightlines (Z16; Z17), despite a
separation of ~8 kpc in projection. These similarities suggest
that the cool (T ~ 10* K) ISM phase is spatially extended, with
a high gas covering fraction at d < 5 kpc.

While we are unable to perform a detailed analysis on the
O VI absorption detected in the low-resolution STIS FUV
spectrum of HE 0047—1756B (Z17), we can compare the
general absorption properties of the O VI absorbers detected
along the two sightlines. Specifically, the total O VI rest-frame
equivalent width is W,(1031)s = 1.3 + 0.1 A along sightline
B, which is very similar to what is observed in the COS
spectrum along sightline A, W, (1031), = 1.14 + 0.04 A.
Furthermore, the observed FWHM of the O VI profile along
sightline B is ~580 km s~!, which is comparable to the
observed kinematic spread of ~640 km s~! for the O VI
absorption profile along sightline A (Section 3.2). The coherent
O VI absorption properties between the two sightlines imply
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that, similar to the low-ionization gas phase, the highly ionized
ISM is spatially extended and has a high covering fraction on a
scale of ~5 kpc in the massive elliptical.

The lack of a high-resolution FUV spectrum of HE 0047
—17568B prevents a direct search for H, along this sightline. To
assess whether we can constrain spatial variations in molecular
gas properties using the available low-resolution STIS FUV
spectrum of sightline B, we perform the following experiment.
First, we divide the best-fit model for the full Lyman and
Werner bands from the high-resolution COS FUV spectrum of
sightline A, to remove all H, absorption from the spectrum.
Next, we convolve the resulting “H,-free” spectrum of the QSO
with the STIS LSF and compare the result with our STIS
spectrum of sightline A. We find that, while individual H, lines
are unresolved in the STIS spectrum, the combined absorptions
from the Lyman and Werner bands result in an overall flux
decrement that is detectable across the QSO spectrum.

Motivated by the result of the experiment, we generate a
series of model Lyman and Werner bands spanning a wide
range of N (Hy), apply them to the “H,-free” QSO spectrum,
and convolve the results with the STIS LSF. Each of the
resulting spectra is then rescaled to the level of sightline B
using the mean observed flux ratio of the two lensed images in
two absorption-free regions: 1575-1585 and 1640-1650 A in
the observed frame. Finally, we compare the products to the
STIS spectrum of sightline B in the spectral region between
1415 and 1435 A in the observed wavelength, which has a
large concentration of strong H, transitions, and infer the
allowed N (H,) using a Y2 analysis. The observed spectrum of
HE 0047—1756B 1is consistent with the presence of H, with
N(Hy) < 10 cm~2 at the 95% confidence level.

The inferred molecular gas fraction of f;, < 0.05% along
sightline B is a factor of at least ~40-100 times lower than that
observed along sightline A on the opposite side of the galaxy,
Ju, = 2%-5% (Section 3.1). This exercise suggests that, in
contrast to the neutral and highly ionized gas phases, the
molecular gas distribution in the lens ISM is clumpier.
Furthermore, the observed f;;, along the two lensed sightlines
are consistent with nearby quiescent galaxies found to harbor
molecular gas (e.g., Young et al. 2014) but low compared to
typical values in star-forming disks (Chen 2017b and
references therein). If these f,, constraints are representative
of the rest of the galaxy, they imply a low mass fraction of
dense, cold molecular gas in the multiphase ISM of the lens.

4.3. Implications for Feedback in Massive Ellipticals

How the ISM is partitioned by mass into its different gas
phases depends sensitively on the gas cooling rate, the heating
available to offset this cooling, and the relevant timescales of
these processes. The simultaneous detections of multiple gas
phases in the lens ISM enable such an investigation for the first
time in a distant elliptical, which can offer valuable insight into
late-time feedback in massive elliptical galaxies.

Specifically, now that we have robustly detected highly
ionized gas in the lens galaxy and constrained its properties, we
can calculate the mass budget in the warm (T ~ 10° K) gas
phase and compare it to the previously estimated mass budget in
the cool ISM (Z17). For the cool phase, Z17 estimated a total Fe
mass of Mg, ~ (5-8) X 10%(f, .oo) Mo at d < 5kpc (R2 7,
matching the region probed by the doubly lensed QSO), where
Je.cool 18 the cool gas covering fraction. The corresponding total
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mass in the cool phase is
-1
Meoot ~ (4-6) % 107(—f“i*°8°1 )(—Zl) M., ()

where Z ., is the cool gas metallicity. For f, ., =~ 1and a solar-
metallicity gas, which Z17 inferred for the cool phase, the inferred
mass in the cool (T ~ 10* K) ISM is Mo ~ (4-6) x 107 M.,

Assuming that the observed N(O VI) along sightline A
is representative at d < 5 kpc, the estimated mass in the
O VI-bearing phase of the ISM is

f: z ‘( forr )
M. ~ 3 % 107 c,warm warm O Mm, 2
am ( 1.0 Zs 0.1 o @

where f,

. warm 18 the covering fraction of the warm phase, Zyam
is its metallicity, and fs+ is the ionization fraction of O°* ions.
If we further assume a unity covering fraction and solar gas
metallicity for the warm (7~ 10° K) ISM phase, and adopt a
reasonable fs+ =~ 0.1-0.2, which is predicted for a wide range
of physical conditions at 7'~ 10° K (e.g., Oppenheimer &
Schaye 2013), we find a total gas mass of Myam ~ (1.5-3) x
10’ M, in the warm ISM phase that is likely traced by O VI
absorption. Despite the uncertainties inherent in our simple
calculations, the estimated mass budgets in the cool and
warm ISM phases are comparable to within a factor of a few
if the two phases have similar gas covering fractions and
metallicities.

In the physical picture where the observed O VI absorber
traces transitional-temperature (7 ~ 10° K) gas that is
radiatively cooling from a virialized hot phase (T ~ 10° K),
Myam, 1s proportional to the mass flow rate into the cool ISM
following Mool = Moarm /teool, Where f.oo is the cooling
timescale of the O VI-bearing gas. The cooling timescale
depends on the gas temperature, metallicity, and density. For
T =~ 10°> K and a solar-metallicity gas with a density of
ng = 1073 cm~3, typical of the hot halo of massive ellipticals
at d~ 10kpc (e.g., Singh et al. 2018), the expected
cooling time is #.o ~ 20-30 Myr (Gnat & Sternberg 2007;
Oppenheimer & Schaye 2013) with a total cooling rate of
~(1-3) x 10% erg yr~!. Thus, in a radiative cooling scenario,
the estimated M, translates to a mass flow rate of Moo ~
0.5-1.5 M, yr~'atd < 5 kpc. If the bulk of this flow cooled to
T < 10* K and remained in this phase, we should expect
Moo > Myam over a timescale of ~100 Myr in the absence of
significant star formation activity. Considering Z16 found a
minimum stellar population age of >1 Gyr and no detectable
star formation (SFR < 0.1 Mg yr™!) in the lens galaxy, this
calculation suggests that most of the cooling gas is reheated to
the coronal phase.” To heat the gas back to virial temperature,
the required heating rate is Epeq ~ (1-3) x 10" erg yr—!,
assuming Ty =~ 3 x 10° K, given the estimated mass of the
dark-matter host halo of the lens (Z16).

Observations of nearby massive ellipticals show that
mechanical feedback (often dubbed “radio-mode feedback™)
from active galactic nuclei (AGNs) can output as much power

" In principle, the cool gas could also be depleted primarily by further cooling
into the cold (T'< 10> K) phase probed by H, molecules. However, we
consider this scenario unlikely, given the inferred low mass fraction of
molecular gas in the lens ISM, which is also consistent with observations of
nearby ellipticals (Section 4.2).
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as Exgn ~ 10%-10%0 erg yr—! (e.g., Werner et al. 2019). If the
lens galaxy of HE0047—1756 hosts an active nucleus at
present, then in principle it has more power than what is
required to reheat the O VI-traced cooling gas. There are two
caveats to this statement, however. Because the estimated
cooling time of a T ~ 10°> K gas is short (~107 yr), owing to
the expected high gas densities at d < 10 kpc, the actual
amount of available heating depends sensitively on the radio-
mode duty cycle (i.e., the fraction of time that an AGN is in
radio mode). The radio-mode duty cycle in ellipticals has been
estimated to be no more than ~30% outside of rich cluster
environments (O’Sullivan et al. 2017). Furthermore, even if
an AGN is currently on, its energy output is likely to be
distributed over a large volume in the gaseous halo. Indeed,
observations of large X-ray cavities/bubbles and extended
radio lobes around nearby giant elliptical galaxies indicate that
AGNs deposit kinetic energy on scales of ~50 kpc or larger in
the hot halo (e.g., McNamara & Nulsen 2007; Fabian 2012). In
conclusion, whether AGNs are viable as a continuous heating
source requires not only a high duty cycle but also that its
mechanical energy can be effectively coupled with the ISM on
~1 kpc scales in the galaxy.

Alternatively, we consider heating sources associated with
the old stellar populations themselves. Previous analytic and
simulation studies suggest that feedback from SNe Ia and
stellar winds from asymptotic giant branch (AGB) stars may
offset radiative cooling from diffuse gas in massive elliptical
galaxies with M, ~ 10" M, (e.g., Conroy et al. 2015;
Li et al. 2018). Empirically, the observed high [Fe/Mg]
abundance ratios at d < 20 kpc from quiescent galaxies (Z16;
Zahedy et al. 2017a) also support the idea that their ISM has
been subjected to significant influence from recent SNe Ia.
Using the mean SN Ia rate in nearby ellipticals (e.g., Mannucci
et al. 2005), Z17 estimated an integrated SN Ia rate of ~0.3 per
century within d < 5kpc from the massive elliptical lens
galaxy. Multiplying this rate by a mean energy of 10°! erg per
SN Ia, we estimate that the heating rate available from SNe Ia is
Ep, ~ 3 x 10* erg yr~!, which is comparable to the required
heating.

In addition to SNe Ia heating, Conroy et al. (2015) also
considered how materials ejected from AGB stars can interact
with and heat the ambient ISM in elliptical galaxies. Using
their analytic formula for the AGB heating rate, we estimate a
heating rate of Exgg ~ 5 x 107 erg yr~—! in the lens galaxy of
HE 0047—1756. This exercise suggests that heating from SNe
Ia and AGB stars may suffice to match the cooling rate inferred
from the observed O VI absorption and prevent a large
accumulation of cold gas in the ISM, even in the absence of
strong feedback from an active nucleus.

5. Conclusions

Our analysis of the medium-resolution FUV spectrum of
lensed QSO sightline HE 0047—1756A has revealed a complex,
multiphase gas at d = 4.6 kpc from the lens and yielded the first
constraints on multiphase ISM properties in a massive quiescent
galaxy (Mg, =~ 10'' M) beyond the local universe. H, gas is
detected with column density log N (H,)/em=2 = 17.8%04 and a
molecular gas fraction of sz = 2%—-5%. Furthermore, the ISM
exhibits O VI and NV absorptions with a kinematic structure
distinct from that of the low ions (e.g., MgII; Z16), indicating
that these high ions arise in a different gas phase. The highly
ionized phase has a total log N(O VI)/cm~2 = 15.2 & 0.1 and
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log NN V)/cm~2 = 14.6 + 0.1, among the strongest associated
with z < 1 galaxies. The low- and high-ionization gas phases are
spatially extended on a ~5 kpc scale, which is in contrast to the
patchier H, spatial distribution on this scale.

We have investigated how the ISM is partitioned by mass into
its different phases and examined its implications for late-time
feedback in the galaxy. Specifically, the mass in the highly
ionized ISM phase is Myum ~ (1.5-3) x 10" M, atd < 5 kpc,
comparable to the estimated mass in the cool (7' < 10* K) ISM.
Assuming the high-ionization gas originates in a transient warm
(T ~ 10° K) phase undergoing radiative cooling from a hot halo
surrounding the galaxy, the inferred mass accretion rate is
~0.5-1.5 M, yr—!. The lack of star formation activity (SFR <
0.1 M, yr~") in the galaxy suggests that most of this flow is
reheated to the hot phase, at a rate of Epeat ~ (1-3) x
10*® erg yr~!. Continuous heating from evolved stellar popula-
tions (primarily SNe Ia but also AGB winds) in the massive
elliptical galaxy may suffice to prevent a large accumulation of
cold gas in the ISM, even in the absence of strong AGN
feedback. While this conclusion is based on a single galaxy,
our study underscores the important role that evolved stellar
populations can play in maintaining the low star formation rate
in massive quiescent galaxies over cosmic time.

The authors thank the anonymous referee for thoughtful
comments that helped improve the presentation of this paper.
We thank Patrick Petitjean for providing his H, line list, and
Sean Johnson and Ben Rosenwasser for insightful discussions.
F. S. Z. acknowledges support of a Carnegie Fellowship from
the Observatories of the Carnegie Institution for Science. F. S.
Z. and H. W. C. acknowledge partial support from HST-GO-
15250.004A. F. S. Z., H. W. C,, and E. B. acknowledge partial
support from HST-GO-15163.001A and NSF AST-1715692
grants. This work is based on data gathered with the NASA/
ESA Hubble Space Telescope operated by the Space Telescope
Science Institute and the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS
5-26555. Additional data shown here were gathered with the
6.5 m Magellan Telescopes located at Las Campanas Observa-
tory in Chile.

ORCID iDs

https: //orcid.org /0000-0001-7869-2551
Hsiao-Wen Chen @ https: //orcid.org/0000-0001-8813-4182
Erin Boettcher @ https: //orcid.org/0000-0003-3244-0409

K. Decker French ® https: //orcid.org/0000-0002-4235-7337
Ann L. Zabludoff © https: //orcid.org/0000-0001-6047-8469

Fakhri S. Zahedy

References

Albornoz Visquez, D., Rahmani, H., Noterdaeme, P., et al. 2014, A&A,
562, A88

Balashev, S. A., Klimenko, V. V., Noterdaeme, P., et al. 2019, MNRAS,
490, 2668

Black, J. H. 1987, in Interstellar Processes, Astrophysics and Space Science
Library, Vol. 731, ed. D. J. Hollenbach & H. A. Thronson (Dordrecht:
Reidel), 731

Zahedy et al.

Boettcher, E., Chen, H.-W., Zahedy, F. S., et al. 2020, ApJ, submitted
(arXiv:2010.11958)

Bowen, D. V., & Chelouche, D. 2011, AplJ, 727, 47

Chen, H.-W. 2017a, in Gas Accretion onto Galaxies, Astrophysics and Space
Science Library, Vol. 430, ed. A. Fox & R. Davé (Berlin: Springer), 167

Chen, H.-W. 2017b, in Outskirts of Galaxies, Astrophysics and Space Science
Library, Vol.434, ed. J. H. Knapen, J. C. Lee, & A. Gil de Paz (Berlin:
Springer), 291

Chen, H.-W., Helsby, J. E., Gauthier, J.-R., et al. 2010, ApJ, 714, 1521

Chen, H.-W., Zahedy, F. S., Johnson, S. D., et al. 2018, MNRAS, 479, 2547

Conroy, C., van Dokkum, P. G., & Kravtsov, A. 2015, ApJ, 803, 77

Crighton, N. H. M., Bechtold, J., Carswell, R. F., et al. 2013, MNRAS,
433,178

Davis, T. A., Alatalo, K., Bureau, M., et al. 2013, MNRAS, 429, 534

Fabian, A. C. 2012, ARA&A, 50, 455

Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al. 2013, RMxAA, 49, 137

Foreman-Mackey, D., Hogg, D. W., Lang, D., et al. 2013, PASP, 125, 306

Gauthier, J.-R., Chen, H.-W., & Tinker, J. L. 2009, ApJ, 702, 50

Gauthier, J.-R., Chen, H.-W., & Tinker, J. L. 2010, ApJ, 716, 1263

Gnat, O., & Sternberg, A. 2007, ApJS, 168, 213

Gredel, R. 1997, A&A, 320, 929

Gredel, R., Pineau des Foréts, G., & Federman, S. R. 2002, A&A, 389, 993

Greene, J. E., Murphy, J. D., Graves, G. J., et al. 2013, ApJ, 776, 64

Gry, C., Boulanger, F., Nehmé, C., et al. 2002, A&A, 391, 675

Haardt, F., & Madau, P. 2001, in Clusters of Galaxies and the High Redshift
Universe Observed in X-rays, ed. D. M. Neumann & J. T. T. Van (Saclay:
SEA), 64

Huang, Y.-H., Chen, H.-W., Johnson, S. D., et al. 2016, MNRAS, 455, 1713

Ingalls, J. G., Bania, T. M., Boulanger, F., et al. 2011, AplJ, 743, 174

Jenkins, E. B., & Peimbert, A. 1997, ApJ, 477, 265

Johnson, S. D., Chen, H.-W., & Mulchaey, J. S. 2015, MNRAS, 449, 3263

Jura, M. 1975, ApJ, 197, 581

Klimenko, V. V., & Balashev, S. A. 2020, arXiv:2007.12231

Lacour, S., Ziskin, V., Hébrard, G., et al. 2005, ApJ, 627, 251

Ledoux, C., Petitjean, P., & Srianand, R. 2003, MNRAS, 346, 209

Lehner, N., O’Meara, J. M., Fox, A. J., et al. 2014, ApJ, 788, 119

Li, M,, Li, Y., Bryan, G. L., et al. 2020a, AplJ, 894, 44

Li, M,, Li, Y., Bryan, G. L., et al. 2020b, ApJ, 898, 23

Li, Y.-P.,, Yuan, F., Mo, H., et al. 2018, ApJ, 866, 70

Mannucci, F., Della Valle, M., Panagia, N., et al. 2005, A&A, 433, 807

McNamara, B. R., & Nulsen, P. E. J. 2007, ARA&A, 45, 117

Muzahid, S., Kacprzak, G. G., Charlton, J. C., et al. 2016, ApJ, 823, 66

Muzahid, S., Kacprzak, G. G., Churchill, C. W, et al. 2015a, ApJ, 811, 132

Muzahid, S., Srianand, R., & Charlton, J. 2015b, MNRAS, 448, 2840

Noterdaeme, P., Ledoux, C., Petitjean, P., et al. 2007, A&A, 474, 393

Oosterloo, T., Morganti, R., Crocker, A., et al. 2010, MNRAS, 409, 500

Oosterloo, T. A., Morganti, R., Sadler, E. M., et al. 2007, A&A, 465, 787

Oppenheimer, B. D., & Schaye, J. 2013, MNRAS, 434, 1063

O’Sullivan, E., Ponman, T. J., Kolokythas, K., et al. 2017, MNRAS, 472, 1482

Rawlins, K., Srianand, R., Shaw, G., et al. 2018, MNRAS, 481, 2083

Reimers, D., Baade, R., Quast, R., et al. 2003, A&A, 410, 785

Rosenwasser, B., Muzahid, S., Charlton, J. C., et al. 2018, MNRAS, 476, 2258

Serra, P., Oosterloo, T., Morganti, R., et al. 2012, MNRAS, 422, 1835

Singh, P., Majumdar, S., Nath, B. B., & Silk, J. 2018, MNRAS, 478, 2909

Spitzer, L., Cochran, W. D., & Hirshfeld, A. 1974, ApJS, 28, 373

Spitzer, L., & Jenkins, E. B. 1975, ARA&A, 13, 133

Stocke, J. T., Keeney, B. A., Danforth, C. W., et al. 2013, ApJ, 763, 148

Ubachs, W., Salumbides, E. J., Murphy, M. T., et al. 2019, A&A, 622, A127

Wakker, B. P., Savage, B. D., Fox, A. J., et al. 2012, ApJ, 749, 157

Welch, G. A., Sage, L. J., & Young, L. M. 2010, ApJ, 725, 100

Werk, J. K., Prochaska, J. X., Cantalupo, S., et al. 2016, ApJ, 833, 54

Werk, J. K., Prochaska, J. X., Tumlinson, J., et al. 2014, ApJ, 792, 8

Werner, N., McNamara, B. R., Churazov, E., et al. 2019, SSRv, 215, 5

Yan, R. 2018, MNRAS, 481, 467

Young, L. M., Scott, N., Serra, P., et al. 2014, MNRAS, 444, 3408

Zahedy, F. S., Chen, H.-W., Gauthier, J.-R., et al. 2017a, MNRAS, 466, 1071

Zahedy, F. S., Chen, H.-W., Johnson, S. D., et al. 2019, MNRAS, 484, 2257

Zahedy, F. S., Chen, H.-W., Rauch, M., et al. 2016, MNRAS, 458, 2423

Zahedy, F. S., Chen, H.-W., Rauch, M., et al. 2017b, ApJL, 846, L29


https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-7869-2551
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0001-8813-4182
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0003-3244-0409
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0002-4235-7337
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://orcid.org/0000-0001-6047-8469
https://doi.org/10.1051/0004-6361/201322544
https://ui.adsabs.harvard.edu/abs/2014A&A...562A..88A/abstract
https://ui.adsabs.harvard.edu/abs/2014A&A...562A..88A/abstract
https://doi.org/10.1093/mnras/stz2707
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.2668B/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.2668B/abstract
https://ui.adsabs.harvard.edu/abs/1987ASSL..134..731B/abstract
https://arxiv.org/abs/2010.11958
https://doi.org/10.1088/0004-637X/727/1/47
https://ui.adsabs.harvard.edu/abs/2011ApJ...727...47B/abstract
https://ui.adsabs.harvard.edu/abs/2017ASSL..430..167C/abstract
https://ui.adsabs.harvard.edu/abs/2017ASSL..434..291C/abstract
https://doi.org/10.1088/0004-637X/714/2/1521
https://ui.adsabs.harvard.edu/abs/2010ApJ...714.1521C/abstract
https://doi.org/10.1093/mnras/sty1541
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.2547C/abstract
https://doi.org/10.1088/0004-637X/803/2/77
https://ui.adsabs.harvard.edu/abs/2015ApJ...803...77C/abstract
https://doi.org/10.1093/mnras/stt714
https://ui.adsabs.harvard.edu/abs/2013MNRAS.433..178C/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.433..178C/abstract
https://doi.org/10.1093/mnras/sts353
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429..534D/abstract
https://doi.org/10.1146/annurev-astro-081811-125521
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..455F/abstract
https://ui.adsabs.harvard.edu/abs/2013RMxAA..49..137F/abstract
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.1088/0004-637X/702/1/50
https://ui.adsabs.harvard.edu/abs/2009ApJ...702...50G/abstract
https://doi.org/10.1088/0004-637X/716/2/1263
https://ui.adsabs.harvard.edu/abs/2010ApJ...716.1263G/abstract
https://doi.org/10.1086/509786
https://ui.adsabs.harvard.edu/abs/2007ApJS..168..213G/abstract
https://ui.adsabs.harvard.edu/abs/1997A&A...320..929G/abstract
https://doi.org/10.1051/0004-6361:20020543
https://ui.adsabs.harvard.edu/abs/2002A&A...389..993G/abstract
https://doi.org/10.1088/0004-637X/776/2/64
https://ui.adsabs.harvard.edu/abs/2013ApJ...776...64G/abstract
https://doi.org/10.1051/0004-6361:20020691
https://ui.adsabs.harvard.edu/abs/2002A&A...391..675G/abstract
https://ui.adsabs.harvard.edu/abs/2001cghr.confE..64H/abstract
https://doi.org/10.1093/mnras/stv2327
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.1713H/abstract
https://doi.org/10.1088/0004-637X/743/2/174
https://ui.adsabs.harvard.edu/abs/2011ApJ...743..174I/abstract
https://doi.org/10.1086/303694
https://ui.adsabs.harvard.edu/abs/1997ApJ...477..265J/abstract
https://doi.org/10.1093/mnras/stv553
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449.3263J/abstract
https://doi.org/10.1086/153546
https://ui.adsabs.harvard.edu/abs/1975ApJ...197..581J/abstract
http://arxiv.org/abs/2007.12231
https://doi.org/10.1086/430291
https://ui.adsabs.harvard.edu/abs/2005ApJ...627..251L/abstract
https://doi.org/10.1046/j.1365-2966.2003.07082.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.346..209L/abstract
https://doi.org/10.1088/0004-637X/788/2/119
https://ui.adsabs.harvard.edu/abs/2014ApJ...788..119L/abstract
https://doi.org/10.3847/1538-4357/ab86b4
https://ui.adsabs.harvard.edu/abs/2020ApJ...894...44L/abstract
https://doi.org/10.3847/1538-4357/ab9c22
https://ui.adsabs.harvard.edu/abs/2020ApJ...898...23L/abstract
https://doi.org/10.3847/1538-4357/aade8b
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...70L/abstract
https://doi.org/10.1051/0004-6361:20041411
https://ui.adsabs.harvard.edu/abs/2005A&A...433..807M/abstract
https://doi.org/10.1146/annurev.astro.45.051806.110625
https://ui.adsabs.harvard.edu/abs/2007ARA&A..45..117M/abstract
https://doi.org/10.3847/0004-637X/823/1/66
https://ui.adsabs.harvard.edu/abs/2016ApJ...823...66M/abstract
https://doi.org/10.1088/0004-637X/811/2/132
https://ui.adsabs.harvard.edu/abs/2015ApJ...811..132M/abstract
https://doi.org/10.1093/mnras/stv133
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.2840M/abstract
https://doi.org/10.1051/0004-6361:20078021
https://ui.adsabs.harvard.edu/abs/2007A&A...474..393N/abstract
https://doi.org/10.1111/j.1365-2966.2010.17351.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.409..500O/abstract
https://doi.org/10.1051/0004-6361:20066384
https://ui.adsabs.harvard.edu/abs/2007A&A...465..787O/abstract
https://doi.org/10.1093/mnras/stt1150
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434.1063O/abstract
https://doi.org/10.1093/mnras/stx2078
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.1482O/abstract
https://doi.org/10.1093/mnras/sty2321
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.2083R/abstract
https://doi.org/10.1051/0004-6361:20031313
https://ui.adsabs.harvard.edu/abs/2003A&A...410..785R/abstract
https://doi.org/10.1093/mnras/sty211
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.2258R/abstract
https://doi.org/10.1111/j.1365-2966.2012.20219.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422.1835S/abstract
https://doi.org/10.1093/mnras/sty1276
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2909S/abstract
https://doi.org/10.1086/190323
https://ui.adsabs.harvard.edu/abs/1974ApJS...28..373S/abstract
https://doi.org/10.1146/annurev.aa.13.090175.001025
https://ui.adsabs.harvard.edu/abs/1975ARA&A..13..133S/abstract
https://doi.org/10.1088/0004-637X/763/2/148
https://ui.adsabs.harvard.edu/abs/2013ApJ...763..148S/abstract
https://doi.org/10.1051/0004-6361/201834782
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.127U/abstract
https://doi.org/10.1088/0004-637X/749/2/157
https://ui.adsabs.harvard.edu/abs/2012ApJ...749..157W/abstract
https://doi.org/10.1088/0004-637X/725/1/100
https://ui.adsabs.harvard.edu/abs/2010ApJ...725..100W/abstract
https://doi.org/10.3847/1538-4357/833/1/54
https://ui.adsabs.harvard.edu/abs/2016ApJ...833...54W/abstract
https://doi.org/10.1088/0004-637X/792/1/8
https://ui.adsabs.harvard.edu/abs/2014ApJ...792....8W/abstract
https://doi.org/10.1007/s11214-018-0571-9
https://ui.adsabs.harvard.edu/abs/2019SSRv..215....5W/abstract
https://doi.org/10.1093/mnras/sty502
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481..467Y/abstract
https://doi.org/10.1093/mnras/stt2474
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444.3408Y/abstract
https://doi.org/10.1093/mnras/stw3124
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.1071Z/abstract
https://doi.org/10.1093/mnras/sty3482
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.2257Z/abstract
https://doi.org/10.1093/mnras/stw484
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.2423Z/abstract
https://doi.org/10.3847/2041-8213/aa88a2
https://ui.adsabs.harvard.edu/abs/2017ApJ...846L..29Z/abstract

	1. Introduction
	2. Observations
	3. Results
	3.1. Discovery of H2 in the ISM of the Lens Galaxy
	3.2. Highly Ionized Gas in the ISM of the Lens Galaxy

	4. Discussion
	4.1. Physical Conditions of the H2 Gas
	4.2. Spatial Variations in Multiphase Gas Properties
	4.3. Implications for Feedback in Massive Ellipticals

	5. Conclusions
	References



