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ABSTRACT

Using our measurements of the Ho emission line flux originating in the cool (T ~ 10* K) gas that populates
the halos of galaxies, we build a joint model to describe mass of the cool circumgalactic medium (CGM) as
a function of galactic stellar mass (10°° < (M. / M) < 10'!) and environment. Because the Ho emission
correlates with the main cooling channel for this gas, we are able to estimate the rate at which the CGM
cools and becomes fuel for star formation in the central galaxy. We describe this calculation, which uses our
observations, previous measurements of some critical CGM properties, and modeling of the cooling mechanism
using the CLOUDY modeling suite. We find that the mass cooling rate is larger than the star formation rates
of the central galaxies by a factor of ~ 4 — 90, empirically confirming that there is sufficient fuel to resolve
the gas consumption problem and that feedback is needed to avoid collecting too much cold gas in galaxies.
We find excellent agreement between our estimates of both the mass cooling rates and mass loading factors
and the predictions of independent theoretical studies. The convergence in results that we find from several
completely different treatments of the problem, particularly at the lower end of the galactic mass range, is a
strong indication that we have a relatively robust understanding of the quantitative effects of feedback across

this mass range.

Subject headings: galaxies: kinematics and dynamics, structure, halos, intergalactic medium

1. INTRODUCTION

The interstellar medium (ISM) alone can not sustain the
star formation activity of a galaxy for its entire lifespan, thus
necessitating the inflow of cool gas from the circumgalactic
medium (CGM) to provide additional fuel (Spitzer 1956). In-
deed, the COS-GASS survey found a correlation between in-
terstellar and circumgalactic H I, implying a physical connec-
tion between the H I disk and the CGM such that the H I disk
is nourished by accretion of gas from the CGM (Borthakur
et al. 2015). Through observations and simulations, we have
now arrived at the conclusion that the baryon cycling between
the CGM and central galaxy is the dominant factor driving
the observable properties of galaxies (see Tumlinson, Peeples
& Werk 2017, for a review). As such, measuring the net gas
mass inflow rate is key to our understanding of galaxy evolu-
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tion.

Hydrodynamic simulations have shed light on the delicate
process of precipitating cold gas out of the hot medium in the
CGM. Small-box simulations of a region of a galactic wind
flow or the CGM can reach the resolution needed to track
cooling/precipitation and have been used to study the possi-
ble origin of phenomena such as cold molecular clumps found
in quasar outflows (e.g. Ferrara & Scannapieco 2016; Gronke
& Oh 2018; Liang & Remming 2020). Larger cosmological
simulations provide the information required to understand
more global phenomena such as the observed O VI content
of galactic haloes (e.g. Suresh et al. 2017; Oppenheimer et al.
2018; Peeples et al. 2019; vandeVoort et al. 2019; Hummels
et al. 2019; Nelson et al. 2020). Among others, one of the
ultimate goals of these hydrodynamic simulations, combined
with more phenomenological treatments, is to determine the
inflow rate of cold gas into the central portion of galaxies and
the fraction of that gas that must be removed or reheated, so
that together they fuel and throttle the process of star forma-
tion on galactic scales (Muratov et al. 2015; Hayward & Hop-
kins 2017; Xie et al. 2017, 2020).

Among observational studies, most attempt to trace the
CGM and establish its basic characteristics (e.g., total mass,
radial density profile, metallicity, kinematics). There are rel-
atively few empirical constraints on the cooling rate itself
which is more closely related with the star formation pro-
cess in galaxies (for one exception to this statement see Voit
et al. 2019, which models the edges of cold clouds to esti-
mate the precipitation rate). The reason for the absence of
constraints on the cooling rate is that studies of the CGM
have come primarily from the study of absorption lines in the
spectra of bright background objects (e.g. Steidel et al. 2010;
Chen et al. 2010; Ménard et al. 2011; Bordoloi et al. 2011;
Zhu & Ménard 2013a,b; Werk et al. 2013; Johnson, Chen &
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Mulchaey 2013; Johnson et al. 2014; Werk et al. 2014; John-
son, Chen & Mulchaey 2015; Werk et al. 2016; Croft et al.
2016, 2018; Prochaska et al. 2017; Cai et al. 2017; Johnson
et al. 2017; Chen et al. 2010; Chen 2017b,a; Lan & Mo 2018;
Joshi et al. 2018; Chen et al. 2019; Zahedy et al. 2019). How-
ever, a growing set of studies is focusing on emission lines.
For example, there are now measurements of UV or soft X-ray
emission lines in either low-redshift starburst galaxies (Hayes
et al. 2016) or high-redshift galaxies (Vikhlinin 2006; Can-
talupo et al. 2014; Prescott, Martin & Dey 2015; Cai et al.
2019).

In emission lines, we are directly viewing the escaping en-
ergy from the CGM. As such, the measurement of emission
lines originating from the CGM offers the potential oppor-
tunity to explore questions regarding the cooling rates. Of
course, the problem is more complex than any simple sce-
nario. In the local Universe, galactic coronae can be studied
via their X-ray emission, but X-ray observations of the Milky
Way and nearby galaxies have shown that charge exchange X-
ray emission, generated at the interface between the cool and
hot gas in the halo, may also make a non-negligible contribu-
tion to the cooling (e.g. Henley et al. 2015; Jiang et al. 2019).
As such, the reader should bear in mind that our discussion
of the mass cooling process in the following is likely to be
oversimplified.

Optical emission lines provide an opportunity to explore the
cooling rate of the cool CGM, but are extremely challenging
to measure. In the local universe, Ho is detected in individ-
ual galaxies only when the systems are extreme and difficult
to model (such as in the starburst/merger NGC 6240; Yoshida
et al. 2016). However, Zhang et al. (2016) presented the first
detection of the emission line flux of Ha and [N II] A6583,
from low redshift, normal galaxies extending out to ~ 100
kpc projected radius by stacking a sample of over 7 million
lines of sight from the Sloan Digital Sky Survey (SDSS DR12;
Alam et al. 2015). Building on that first result, we have ap-
plied the technique to characterize the nature of the emission
of the CGM within 50 kpc in low redshift galaxies (Zhang
et al. 2016; Zhang, Zaritsky & Behroozi 2018; Zhang et al.
2018, 2019, 2020b,a, hereafter, Papers I, I, 111, IV, V, VI). We
restrict ourselves to the inner 50 kpc because the measured
emission beyond that is strongly affected by emission from
nearby galaxies (Paper II). In Paper IV and V, we studied and
modeled the environmental dependence and the stellar mass
dependence, respectively.

Theoretical studies in the literature (e.g., Mathews & Breg-
man 1978; Schure et al. 2009; Lykins et al. 2013; Vasiliev
2013) have examined the cooling of the plasma within the
temperature range of 10* —10® K, which can be assumed to be
in collisional ionization equilibrium, using the hydrogen and
metal line emission fluxes of the elements H, He, C, N, O, Ne,
Mg, Si and Fe for temperatures of 10* — 10® K, among which
the hydrogen emission flux can be dominant for the temper-
atures of 10* — 10° K. These existing, extensive studies of
cooling rates and the computational infrastructure developed
to study the ISM and CGM, such as CLOUDY (Ferland et al.
1998, 2013, 2017), are key to our study.

We aim to convert the observed Ha emission flux radiat-
ing from the CGM of galaxies into an estimate of the mass
cooling rate in units of M, yr—t. We will then use this infor-
mation to infer the required rate at which infalling gas must be
reheated or ejected back into the CGM, under the hypothesis
of steady state equilibrium, by comparing the mass cooling
rate to the star formation rate. This will be compared to the-

oretical estimates of these quantities derived from requiring
a match between other observable properties of the galaxies
(stellar mass, star formation rates) in their models. Multi-
ple approaches in estimating these quantities are critical given
the likely presence of systematic errors in any individual ap-
proach. Before doing all of this, we revisit previous empir-
ical results and models of the CGM dependence on stellar
mass and environment using both an expanded data set and
a slightly more complicated model to ensure that we have the
latest estimates of CGM properties with which to estimate the
mass cooling rate and feedback mass loading factor.

The paper is organized as follows. In §2 we present the data
analysis and results, with a focus on how the emission flux de-
pends on galactic stellar mass and local environment. In §3.1
we discuss our joint modeling of the CGM cool gas mass frac-
tion on both galactic stellar mass and local environment. We
describe our calculation of the cooling rate in §3.2, including
the application of CLOUDY in §3.2.1. We present our esti-
mates of the mass cooling rates and mass loading factors in
§3.3. Lastly, we summarize in §4. Throughout this paper, we
adopt a ACDM cosmology with parameters §2,,, = 0.3, Qp =
0.7, ;. = 0 and the dimensionless Hubble constant h = 0.7
(cf. Riess et al. 2018; Planck Collaboration et al. 2018).

2. DATA ANALYSIS

We follow the approach developed in Papers I through VI
(Zhang et al. 2016; Zhang, Zaritsky & Behroozi 2018; Zhang
et al. 2018, 2019, 2020b,a, respectively), by selecting galax-
ies that meet our criteria in redshift (0.02 < z < 0.2),
half light radius (1.5 < Rsg/kpc < 10), and luminosity
(10°% < L/Lg < 10*) as primary galaxies. For these galax-
ies, we extract measurements of the Sérsic index (n) and r-
band absolute magnitude (M,.) from Simard et al. (2011), stel-
lar mass (M.,,) from Kauffmann et al. (2003a,b) and Gallazzi
et al. (2005), and star formation rates (SFR) from the MPA-
JHU catalog (Brinchmann et al. 2004). The SFR estimates are
aperture corrected to account for the light outside the SDSS
fiber aperture, which only collects ~ 1/3 of the total light for
a typical galaxy at the median redshift of the survey (for de-
tails see Brinchmann et al. 2004). Our requirements for these
ancillary measurements limit the primary sample to galaxies
from the 7th major data release of SDSS (DR7), but we utilize
spectra from DR16 to probe the CGM of these galaxies.

We collect the spectra from the SDSS DR16 (Ahumada
et al. 2020) for all lines-of-sight projected within a specified
range of scaled projected radii from any of our primary galax-
ies. As described in Paper V, we use scale projected radii to
account for the range in primary galaxy sizes. We define the
scaled projected radius, rg, as the ratio between the physi-
cal projected separation and the virial radius of the primary
galaxy (rs = 7,/7vir). To estimate the virial radius of the
primary galaxy, we use the scaling relation between the lu-
minosity and the virial radius obtained by fitting a high order
polynomial to the results drawn from the UniverseMachine
(Behroozi et al. 2018). As discussed in more detail in Paper
III, we set a physical lower limit on the projected radius (10
kpc) we explore to mitigate possible contamination of the line
of sight spectra by the central galaxy. We confirm, but dis-
cuss no further below, that increasing this lower limit on the
projected separation to 20 kpc produces statistically consis-
tent results except for those involving the innermost radial bin
of the smallest primary galaxies. Those measurements are af-
fected because this change removes almost all lines of sight
from this bin.



Our procedure for the processing of the line-of-sight probes
follows from our previous papers. For each such spectrum, we
fit and subtract a 10th order polynomial to a 300 A wide sec-
tion surrounding the wavelength of Ha at the related primary
galaxy redshift to remove the continuum. We only present and
discuss Ha fluxes in this work because the theoretical model-
ing of [N II] is more complicated and beyond the question we
focus on here. We then measure the residual Ha flux within a
velocity window corresponding to the recessional velocity of
the associated primary galaxy to capture the majority of the
emission flux from the gas surrounding that galaxy. We vary
the velocity window as a function of stellar mass as described
in Paper V.

We do apply this procedure to all of the line of sight spectra.
Specifically, we have a set of spectral selection criteria. First,
the continuum level must be < 3 x 1077 ergcm=2 5! A1
to limit the noise introduced by the actual SDSS spectral tar-
get. Second, we require that the measured emission line flux
be within 3¢ of the mean of the whole sample so as to remove
spectra of interloping strong emitters such as satellite galax-
ies or outer disk HII regions. We have confirmed that using
the mean or median of the resulting set of flux measurements
in our subsequent analysis produces consistent results. We
present the results of mean flux in the following study.

We estimate the uncertainties in the mean flux values by
randomly selecting half of the individual spectra in the rele-
vant subsample, calculating the mean emission line flux, and
repeating the process 1000 times to establish the distribution
of measurements from which we quote the values correspond-
ing to the 16.5, 50.0 and 83.5 percentiles. We compensate for
using only half the sample in each measurement by dividing

the 1o estimated uncertainties by a factor of /2.

2.1. Ha Emission Dependence on the Galaxy’s Stellar Mass

We begin our analysis by re-evaluating the dependence of
the Ha flux on the primary galaxy stellar mass. We follow
the procedure outlined in Paper V and measure the Ha flux
for galaxies in different stellar mass bins. The set of primary
galaxies used here, taken from SDSS DR7, is somewhat dif-
ferent from that used in Paper V, which was taken from the
group catalog from Yang et al. (2007). As in the previous
study, we select lines-of-sight with 0.05 < s < 0.25 around
each primary galaxy and split the data into two bins with equal
Alogrs. We present the Ha flux results, as well as the aver-
age SFR which will be used in the following discussion, in
Table 1 and Figure 1. N in Tables 1 and 2 refers to the num-
ber of galaxies in the corresponding subsample. We use the
average value of log M, and r, to reference each bin.

In broad terms, we find that the measured Ho flux decreases
as the galaxy stellar mass increases in both 7 bins, and that
the flux is consistently larger in the inner r4 bin. These fluxes
are quantitatively consistent with those presented in Paper V
except for the smallest stellar mass bin. There are two sub-
stantive differences between this study and the previous one.
We have already mentioned the first, which is that the primary
galaxy samples come from slightly different sources. The sec-
ond is that the line of sight spectra came from DR12 for the
previous study and come from DR16 for the current study. We
confirm that using DR12 with the current primary galaxy sam-
ple leads to insignificant differences, so we attribute the dis-
crepancy to differences in the primary galaxy samples. This
difference may be a statistical fluctuation or related to the na-
ture of the group catalog. For example, low mass galaxies in

TABLE 1
THE STACKED Har EMISSION FLUX VS STELLAR MASS AND RADIUS
log(M./Mo) 75 ® N 7 SFR
[10*17ergcm*2 s*IAfl] [M@/yr]
009 53 0.038 + 0.015
9.4 019 611 0.020 + 0.004 0-70 %006
0.09 290 0.033 + 0.006
10.05 0.19 2059 0.006 +0.002 34014
009 1265 0.013 + 0.002
10.64 0.19 6486 —0.001 +0.001 1-86+004
0.09 966 0.000 + 0.002
11.07 0.19 4236 0.004 £ 0.001 19 +006

2 rs is the ratio between the physical projected separation and the virial radius
of the primary galaxy, rs = rp/Tvir.

the group catalog are exclusively satellites, while those in the
more general SDSS population are likely to be a more hetero-
geneous population.
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FIG. 1.— Measured average Ha flux, f, in two r bins (0.05 < rs < 0.11
and 0.11 < rs < 0.25) as a function of the stellar mass of the primary
galaxy. For easier visualization, we apply slight horizontal offsets for the
data points of the inner and outer rs bins. The blue dashed horizontal line
represents no net emission or absorption at Ha. The solid black lines rep-
resent the modeled flux, and the associated shaded regions correspond to 1o
and 20 uncertainties of the model described in Sec. 3.1.

2.2. The Ho Emission Dependence on the Galaxy’s Local
Environment

Quantifying environment is always a challenge, and part of
that challenge is whether to focus on a local or global mea-
surement of environment. In Paper IV, one of the environ-
mental measurements we adopted was the projected proxim-
ity to a massive (M, > 10! Mg) galaxy. We justified this
choice in the context of the scenario in which the CGM of a
primary galaxy is removed once it enters the sphere of influ-
ence of a massive neighbor. In that work, we also explored
other scenarios, such as one where the CGM of a primary
galaxy is removed once it enters a group or cluster environ-
ment. Although we also found some evidence in favor of this
latter scenario, the number of galaxies in rich environments
is small and exploring this scenario further with the current
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sample proved difficult. Therefore, we proceed by further ex-
ploring only the single massive neighbor scenario and caution
that environmental effects beyond that explored here may be
at play.

We adjust our massive neighbor scenario slightly by low-
ering the required minimum massive neighbor mass to 1010-5
Mg and 10° Mg, in two separate trials, both to increase the
sample size and to probe whether the physical effect contin-
ues for lower mass “massive” neighbors. We counter the ab-
solute decrease in neighbor mass by requiring that every af-
fected primary galaxy be substantially less massive (a factor
of 5) than their massive neighbor. This additional criterion is
set to ensure that we are still considering systems where the
primary galaxy is dominated by its neighbor. We chose a fac-
tor of 5 because in our previous study (Paper VI ) we found
that galaxy pairs with a mass ratio less than 5 and low aver-
age stellar mass (< 10'%4 M) exhibit enhanced rather than
diminished Ha emission, perhaps due to contributions from
tidal material.

As before, we quantify the effect using the projected sep-
aration, I?,,, between the affected primary and its associated
massive neighbor, for potential massive neighbors that satisfy
the mass criteria described above and are within recessional
velocities offset of 1000 km s~—! of the primary. As we did
before for the projected separation of lines of sight to the pri-
mary, we now scale the projected radius to the massive neigh-
bor using the virial radius of the massive neighbor. Also as
before, we estimate the virial radius of the massive galaxy us-
ing our derived scaling relation between the virial radius and
galactic stellar mass. We confirm that lowering the maximum
velocity difference to 500 km s~ ! leads to consistent results,
although it decreases the sample size by approximately 30%.

A series of steps is required in order to assemble our en-
vironmentally affected sample and control samples. When
multiple, ¢, massive galaxies lie within 12, ; / Ryiri < 4of the
primary galaxy, we consider only the one with the smallest
R,.i/Ryir i as the massive neighbor. To construct one control
sample, we identify a sample of “isolated” primary galaxies
that have no neighbors that satisfy our massive neighbor cri-
teria projected within 5 Mpc and lie within 1000 km s~ in
velocity offset. For reference, the average calculated virial
radius of the massive neighbors in our sample is ~ 500 kpc,
which implies that the typical galaxy in the “isolated” galaxy
sample is free of massive neighbors to R,/ Ryi, ~ 10. Next,
we require R,/ Ryi, > 0.05 to remove pairs in which emis-
sion from the massive neighbor is likely to contaminate our
measurement of the primary galaxy. We find that adopting
twice as large a limit makes an insignificant difference in the
results. Finally, because the primary galaxy mass distributions
are different between the data sample and the control sample,
we force the mass distribution of the control sample to be the
same as that of the data sample at 7, /Ryir > 1. We do this
by randomly drawing from the larger control sample until we
match the mass distribution of the data. The Ha fluxes of the
mass-matched control sample are (0.028 4 0.003) x 10~17
ergem 251 A= and (0.01140.001) x 10717 ergem 257!
A1, for the radial bins 0.05 < 7, < 0.11 and 0.11 < r, <
0.25, respectively.

We find that the results are insensitive to our choice of the
lower mass limit for the neighbors, within the range we ex-
plore, so we adopt our lowest mass limit, 10° M, to max-
imize the sample size. In Table 2 and Figure 2 we present
the stacked Ha fluxes as a function of R,/R.;, for both the

TABLE 2
THE Ho EMISSION FLUX VS. SCALED DISTANCE FROM NEAREST
MASSIVE NEIGHBOR?

Rp/Ryix  7s N 7 SFR

[10~Tergem™2s~ 1 A~ [Ma/yr]
015 oo 86 L0015 £ 000 034007
033 oo 219 L0012 £ 0005 084006
068 09 330 0.005 + 0.04 093 %005
40l s 0.007 £ 0003 114006
292 oo 102 0.010 £ 0003 136020
2100 5l e5n 0011 £ 0001 117002

2 The scaled distance refers to the projected separation between the primary
and the massive neighbor divided by the estimated virial radius of the mas-
sive neighbor. A massive neighbor is defined to be at least 5 times as massive
as the primary galaxy and have M. > 1010 Mg

inner and outer r4 bins around our primary galaxies and iso-
lated galaxy control sample. We refer to this control sample
as having Iz, /Ryir = 10. We also present the mean SFRs for
the primary galaxies in each subsample. Finally, we construct
a second control sample in which we insert two artificial pri-
maries at the same R,/ R,;, as each primary, but at different
angles around the massive neighbor. We refer to this second
control sample as the “azimuthal” control sample with ~ 6000
lines of sight, in contrast to the “isolated” control sample with
~ 8000 lines of sight.

We draw several conclusions from these results (Table 2
and Figure 2). First, and most significantly, for the outer r,
bin around the primary galaxies, the fluxes for primaries at the
two smallest values of R,/R.;, are significantly lower than
for those either at larger values of Iz, /Ry, or for those that
are isolated. To confirm this impression, we calculate the non-
parametric rank-order Spearman correlation and find that the
null hypothesis of no correlation between flux and R,/ Ryir
can be rejected at > 99% confidence in the outer 75 bin. Sec-
ond, less significantly, there is the appearance that the effect
exists even beyond Rt /Ryir > 1. Third, the fluxes in the in-
ner 75 bin appear to be unaffected by the presence of the mas-
sive neighbor. If anything, there may be a slight flux increase
rather than decrease at small R,/ R, but the results for the
inner r, bin have larger uncertainties due to the smaller num-
ber of lines of sight. Fourth, for both r bins, the flux values
for the outermost R, / Ryir bin are consistent with those of the
isolated control sample, indicating that we have measured out
to the asymptotic value. Lastly, as expected if there is no con-
tamination from the massive neighbor, we find no mean Ha
flux and no systemic dependence of the flux with R,/ Ry, for
the azimuthal control sample for both radius bins (Figure 2).

The one remaining puzzle is the slight systematic tendency
to produce negative fluxes at small R,/R.;, in the larger r
bin. Because we do not find the same trend in the azimuthal
control sample, we exclude the possibilities that the effect is
due to a systematic overestimate of the continuum in these en-
vironments or to the presence of an absorption line spectrum
contribution from the massive neighbor. At this point, given



its somewhat marginal statistical significance, we attribute the
result to noise but note that it could also reflect stellar absorp-
tion from tidal material around the primary.
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FIG. 2.— Measured average Ha flux for 0.05 < rs < 0.11 (upper panel)
and 0.11 < 75 < 0.25 (lower panel) as a function of scaled projected dis-
tance (Rp/Ryiy) from the nearest massive neighboring galaxy which is at
least 5 times as massive as the primary galaxy and has stellar mass greater
than 101° M. We also present the average Ho fluxes for the azimuthal and
isolated control samples (see text). For easier visualization, we apply slight
horizontal offsets between the data and control in the same bins. The solid
black lines represents the model flux and the corresponding shaded region
represent the 1 and 20 uncertainties of the model described in Sec. 3.1. The
flux for the isolated control sample is presented as a point with error bar and
an attached line indicating that the value represents galaxies at large projected
separations. Again, zero net flux is presented as a blue dashed line to guide
the eye.

3. MODELS AND INTERPRETATION

We now present two different modeling efforts. First, we
expand our previous work of defining broad characteristics of
the CGM by setting basic rules within the construct of the
UniverseMachine models and optimizing the parameter val-
ues for those rules. Our effort here is distinguished from our
previous work in that we are jointly fitting the mass and en-
vironment dependence to determine the interdependence of
those, and in fitting separately to the measurements in both
rs bins. The latter is important given that it is only the flux
in the outer r, bin that appears affected by the nearby mas-
sive neighbor. Second, we present a new analysis where we
use the observed Ha fluxes and our derived CGM characteri-
zation to constrain the gas mass cooling rate in the halos. In
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turn, when combined with the independently measured star
formation rates, we will use these results to determine how
much gas mass needs to be reheated or ejected in order that
the central galaxy not systematically gain or lose cool gas.
We then compare our measurement to independent theoreti-
cal predictions as a demonstration of where future work might
lead.

3.1. UniverseMachine and Global Trends

The UniverseMachine is a dark matter-only simulation with
co-moving box length of 250 Mpc ~~!, mass resolution of
1.8 x 108 M, (20483 particles), and force resolution of 1 kpc
h~!. Halos were found with the ROCKSTAR phase-space halo
finder (Behroozi, Wechsler & Wu 2013), and merger trees
were generated with the CONSISTENT TREES code (Behroozi
et al. 2013). The code empirically determines the dependence
of galaxy star formation rates on the host dark matter halo
mass, the halo accretion rate, and redshift, and produced ob-
servables are matched to SDSS galaxies in stellar mass and
star formation rate. In particular, galaxy colors are matched
based on both stellar mass and specific SFR.

In previous studies, Papers IV and V, we studied the de-
pendence of the CGM on the environment and stellar mass
separately. However, due to the common multiparameter cor-
relations present among galaxies, it is possible that effects at-
tributed to either environment or mass in those studies should
rightly be ascribed to the other. Here we perform a joint mod-
eling exercise to avoid “double-counting” any effect.

The central tenet of this model is the following description
of the cool gas fraction that includes a simple dependence on
the stellar mass of the primary galaxy, M., and environment
taken in large part from our previous work:

fcool(R> M*) - a(M*’IO)b(I'g"ir) ifR<z- Rvir
a(M; 10)" if R > x - Ryiy

ey
where (z,a,b) are free parameters, R is the three dimen-
sional distance between the primary galaxy and the massive
neighboring galaxy, Ryi, is the virial radius of the massive
galaxy, which is defined to be the radius of a spherical vol-
ume within which the mean density is A, times the critical
density at that redshift (where A, = 1872 + 82z — 3922
and z = Q,,,(2) — 1), Feoor describes the fraction of the
cosmological baryon fraction in the halo that is in the cool
(I' ~ 10*7°K) gas phase, and M, ¢ is the stellar mass in
units of 101 M. Our assumption that the baryon fraction
of galaxy halos is the universal one has not yet been empiri-
cally verified. While it is observed to hold roughly for higher
mass halos (Gonzalez et al. 2013; Lim et al. 2020), it does not
appear to hold universally for the lower mass halos of galaxy
groups (e.g., Vikhlinin et al. 2009; Gonzalez et al. 2013). On
galaxy scales we have few constraints, but the rough concur-
rence in the Milky Way’s dynamical mass and that inferred
assuming the cosmological baryon fraction indicates that the
baryon fraction for large galaxies, at least for our own galaxy,
does not deviate grossly from the universal value (Zaritsky
& Courtois 2017). To the degree that the baryon fraction is
lower than then universal value in our sample of galaxies, our
results underestimate F,,,;. The value of the parameter x af-
fects both the extent of the environmental and the amplitude
of the effect at a given physical radius. The environmental ef-
fect is only applied to the gas in the outer r; bin, as there is no
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evidence for stripping of the CGM in the inner r, bin. For gas
in the inner r; bin we adopt F,; as given by the R > ©- Ryi;
condition in Equation 1. Additionally, only ~ 30% galaxies
have neighbors that are at least 5 times as massive as the pri-
mary galaxy within 4R, of the massive neighbor. For those
galaxies without such a massive neighbor, F,,,; in both r,
bins is defined using the R > x - Ry, condition in Equa-
tion 1. Our cool gas fraction functional form thus accounts
for both a stellar mass and environmental dependence, which
is notionally consistent with what numerical simulations find
when investigating star formation/quenching (e.g., Wang et al.
2018).

We follow our earlier approach in Papers IV and V using
UniverseMachine (Behroozi et al. 2018) catalog, and adopt
a gas mass density profile for the primary galaxy consistent
with that describing gas in an NFW potential (Navarro, Frenk
& White 1996, 1997). As we discussed in Paper II, the Ha
emission flux we detect comes from two contributions: the
emission from the central galaxy itself and that from the spa-
tially associated halos around the central galaxy. By con-
straining our measuring and modeling to within projected
radii of 50 kpc, or rs ~ 0.25, from the primary galaxy, we
naturally focus on the first of these components. In Paper 1V,
we roughly approximated the effect of the second component
of Ha emission in those calculations by assigning half of the
measured emission to the second component. Now, we ac-
count for both components in our models because we include
the flux contributions from nearby neighbors. Given the sim-
plicity of this approach, we neglect the higher order effect rep-
resented by the interaction of massive galaxies with the CGM
of the other neighbors. Moreover, the agreement in measured
fluxes between our outermost R,/ Ry, radial bin and the iso-
lated sample, suggests that this effect is not measurable at the
precision available in the current data. Furthermore, by mod-
eling the radial profile of the emission, in addition to the total
amplitude, we are able to attempt to reproduce the measure-
ments in our two radial bins.

We perform a Bayesian analysis to derive confidence inter-
vals on each of the three parameters in Eq. 1. Based on the
results from our previous studies we adopt uniform priors over
the given ranges as follows,

025 <z <40, 0<a<05b, —-10<b<0, (2

and utilize the measured Ha fluxes presented in Tables 1 and
2. There is an implicit physical restriction on the model pa-
rameters that the cool gas fraction can not exceed one. There-
fore, we add that constraint by setting any F.,,; > 1 to 1. As
standard, the posterior distribution, p(©|data), is described
as follows:

p(©) -1 p(data|O)

p(data) ®)

p(O|data) =

where O is the parameter space © = (z,a,b), p(O) is the
prior distribution described in Eq. 2, p(data|©) is the like-
lihood of the data and p(data) is the marginal probability
for the data. We define the likelihood of obtaining the data
given a specific model using the difference between the actual
and model data, exp[—0.5 - (actual — model)? /2], where o
is the observational uncertainty. We use “emcee” (Foreman-
Mackey et al. 2013) to implement a Markov chain Monte
Carlo sampling of the likelihoods across the parameter space
to calculate the posterior distribution. In Figure 3 we display
the posterior distributions of the three parameters, the median

and lo confidence levels (based on the 16th and 84th per-
centiles) for each, and the correlations between the probabil-
ity distributions.

Regarding the modeling of the environmental dependence,
the preferred value for x is 1.927 9%, demonstrating that the
effects of a massive neighbor on the CGM of the primary
galaxy are evident even when the primary lies beyond the
neighbor’s virial radius. Unfortunately, the precision on x is
low, presumably because the sample is still relatively small
(we only have 1447 data points for Rp/Ry;; < 2) and be-
cause we only have projected distances between primaries
and neighbors. Even so, the finding that x > 1 suggests ei-
ther that the physical effect begins at these large radii or that
our sample includes galaxies that have ‘splashed’-back, hav-
ing already passed within the virial radius and currently lying
outside. Various modeling and sample differences complicate
the comparison to our previous result in Paper IV, but there
we estimated the effect to extend to a projected separation of
~ 724 kpc for a sample of neighbors with a mean virial radius
of ~ 550 kpc, or alternatively an x value of ~ 1.32, which is
consistent with our current estimate.

Regarding the modeling of the mass dependence, we find
a = 0.23 £ 0.01, which is only slightly smaller than, but con-
sistent with, our previous estimate of 0.28™5-0% in Paper V and
b = —0.55£0.03, which is significantly lower than our previ-
ous estimate of —0.33 =0.06 in Paper V. To explore the cause
of this marked change, we model the stellar mass dependence
and the environmental effect separately, as done in our previ-
ous studies. Our new best fit for b is —0.55 4= 0.03, demon-
strating that the difference with our previous result does not
lie with the new joint analysis of mass and environment.

We ascribe the significant difference in b to two factors.
First, there is a statistically significant difference in the mea-
sured flux for the lowest mass galaxies in the innermost r,
bin between the two studies. The flux was lower in the previ-
ous study and this might be related to the selection of group
galaxies in that previous work, most of which at these low
masses would be satellites and might differ from a more gen-
eral sample of low mass galaxies. Second, the basic power-
law model we use is manifestly overpredicting the measured
flux for these low mass galaxies at the smallest separations
(Figure 1), suggesting that this model may not be an accurate
representation and that the dependence of F,.,,; with mass
may not be quite as steep as indicated by our new estimate of

We show in Figures 1 and 2 that the most likely model is
also one that reasonably reproduces the observational data.
With regard to the mass dependence of F,,;, we find a strong
decline in the cool gas fraction with increasing stellar, and
presumably total, mass is needed.

With regards to the environmental effects, we interpret the
model as indicative of the removal of the outer portions of the
CGM of the primary galaxy by the massive neighbor (Putman
et al. 2021). The effect is significant even when the primary
galaxy falls in the potential well within 2x R,;, of the mas-
sive neighbor, and most severe when the primary galaxy lies
within the virial radius of the massive neighbor. The model
suggests that satellites rapidly lose some of their gaseous
haloes, or that their hot gaseous halos quickly become unable
to cool after reaching the virial radius of a larger halo. The ap-
parent onset of the effect at radii larger than the virial radius
could reflect the nature of the splashback radius (for discus-
sion see More, Diemer & Kravtsov 2015), where galaxies that



r=1.92"5%

T T

1
1
1
1
1
T
1
1
1
1
1
L

red 0 =023 4001

a
7 0'90 0‘:39 0’%, 0"96” Fraction

¥

4.______
I

= —0.55 £0.03

T

™<= Fraction

b
NP
0.0
2%

7
Fraction

\
%

[
i
1
1
1
1
P IR

%%N%& D > RO © > D
QNI Q.»@@ng,bgpgp@
xr

n

7

A e

a b

FIG. 3.— Posterior distribution for the cool gas fraction in the CGM of the
primary galaxy for the two radii bins of 0.05 < rs < 0.11 and 0.11 <
rs < 0.25, as a function of distance, R, from the massive neighbor, and
the stellar mass of the primary galaxies. The red vertical line indicates the
median value of the model parameters and the shaded region highlights the
lo uncertainties.
have fallen inside of the virial radius return to larger radii as
they execute their orbits, or on the affected nature of mass ac-
cretion onto halos at these radii (Behroozi et al. 2014). The
significant removal of the gas but only small decrease in the
SFR might indicate the delayed quenching of those satellites
in rich environments (Wetzel et al. 2013).

3.1.1. An Aside on Ho Emission and Galaxy’s Color

As is always the case for galaxy studies, a variety of proper-
ties are related to each other and this complicates the analysis
and interpretation. We just measured that Ha flux from the
CGM is inversely related to the stellar mass of the galaxy, but
stellar mass is related to a number of other galaxy properties,
such as color and morphology. Is it possible that a relation-
ship between Ha flux and galaxy color, which is a parameter
that is tabulated for our sample, provides an easy-to-access
additional constraint on our modeling?

At a given stellar mass, one might expect blue, star-forming
galaxies to have a richer gas reservoir. Indeed, we do find
that the bluer galaxies have larger Ho emission, as shown in
Figure 4 and that color is highly correlated to the galaxy stellar
mass (for g — r bins centered on 0.34, 0.52, 0.73, 0.83, the
corresgonding mean stellar masses are 10%-3Mg), 101934 M,
1010-75M), 1010-91M, respectively).

We now use the UniverseMachine models to see if there is
potential additional information in the relationship between
Ho flux and galaxy color. Galaxy color is included in the out-
put of our previous modeling, so we now compare the model
predictions to the data in Figure 4. We find good agreement,
which is at a minimum a reassuring consistency check and
suggests that galaxy color is highly degenerate with galaxy
stellar mass. The result does not inform us as to whether stel-
lar mass or color is the primary driver of the observed trend in
flux, only that ascribing it to one or the other is likely to pro-

7

duce similar results. Given the expected rise in the virial tem-
perature of galaxy halos with halo mass, which is presumably
tracked by stellar mass, we prefer to base our simple modeling
of Feo01 On stellar mass than on galaxy color.
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FI1G. 4.— Measured average Ha flux for 0.05 < rs < 0.25 as a function
of g —r. The solid black line represents the model flux and the corresponding
shaded regions represent to 1 and 2o uncertainties of the model described in
Sec. 3.1. Again, zero net flux is presented as a blue dashed line to guide the
eye.

3.2. Modeling the Cooling Mass Rate and Inferring the Mass
Loading Factor

We do not have a quantitative, complete, empirically-
validated understanding of how star forming galaxies sustain
their star formation. On one hand, ongoing star formation in
a large fraction of galaxies demonstrates that star formation
lasts at least ~ 10 billion years in those systems, but on the
other hand, the depletion time of the molecular gas for low-
redshift normal galaxies is in the range of 1 — 2 Gyr (Sain-
tonge et al. 2011; Tacconi et al. 2018). The natural solution
is that the galaxy disk is being refueled and that the source of
that fuel is, by consensus, the CGM (Borthakur et al. 2015;
Tumlinson, Peeples & Werk 2017).

Our measurement of the Ha flux coming from the CGM
provides an opportunity to measure the rate at which the CGM
is radiatively losing energy, and hence cooling. Because the
radiative energy loss must lead to the equivalent loss of ther-
mal energy in the gas, we will estimate the rate at which CGM
gas is cooling and, presumably, sinking into the central disk.
A complication that we address below is that Ha is only one
of the emission lines through which the gas is cooling. As-
suming that the disk maintains a certain gas mass on average
over some current modest time interval, the excess of the mass
inflow rate over the star formation rate is the amount of gas
that is reheated or ejected. This is the mass loading factor of
whatever feedback mechanism is at work regulating star for-
mation.

Once we have calculated the total radiative losses across the
entire wavelength range (§3.2.1), we will set that equal to the
thermal energy loss in the gas. Assuming an ideal gas, the
energy radiated per particle as it changes in temperature by
AT is

AE = ng. )
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In our calculation, we divide the entire temperature range into
a few bins and AT is the change in temperature of the gas
parcel that is considered to contribute to the measured Ho
flux. For a mean particle mass of pm,,, where m,, is the pro-
ton mass, the rate at which mass is cooling (the mass cooling
rate), 1 is:

= E/AE x pm,, (5)

where E is the radiated energy rate for the whole halo and is
calculated as follows:

E = Raper X frua X Cai (©6)

where Rgper is the ratio of the flux contained within the
fiber aperture to that contributed by the full halo, fy, is the
Ha flux measurements described above in units of erg cm =2
s™1, and Ccy is the unitless correction factor derived from
CLOUDY modeling (§3.2.1) that converts the Ha radiative en-
ergy loss to that across all emission lines. Rgpe, is described
as m(Dargper)? X Cq, where Dy is the angular diameter dis-
tance at the redshift of our primary galaxy sample, which on
average is approximately 0.1, rgper i the eBOSS angular fiber
size, and Cg is a unitless geometric correction factor that we
describe in §3.2.2.

3.2.1. Determining Ccy

We model the dependence of the emission spectrum from
the CGM on the ionization state (logU), the metallicity
([X/H]), the gas temperature (T), the total hydrogen column
density (log Ny) and hydrogen density (py) using CLOUDY
(Ferland et al. 1998, 2013, 2017) version 17.02. For the ion-
ization spectrum we adopt either the Haardt & Madau (2001)
background radiation field from quasars and galaxies (HM
2001) or the Kurucz79 O star spectrum corresponding to an
effective temperature of 30,000 K of the star (Kurucz 1979).
We assume that the gas is in ionization equilibrium.

We find that the results are relatively insensitive to the
choice of ionization source spectrum (resulting in < 10%
changes to the mass cooling rate estimated below) and so we
only present results from calculations using the O star spec-
trum as the ionization source.

One complication that arises when converting the Ha flux
into an energy loss rate is that the halo gas emitting He is not
at a single temperature, but rather consists of gas at a large
range of temperatures, approximately 10*~° K (e.g., Schure
et al. 2009; Lykins et al. 2013), all of which can contribute
to the observed flux. We present results from a calculation to
illustrate how the flux and inferred cooling rate depend on the
gas temperature T. For this exercise we set the other param-
eters to those inferred by Werk et al. (2014) and Prochaska
et al. (2017): ionization parameter log U = —3.0, metallicity
[X/H] = —0.75, total hydrogen column density log(Ng/cm~2)
= 19.5, and hydrogen density pg = 1073 cm=3. We do not
include dust in the CLOUDY modelling. The interplay of to-
tal hydrogen column density and the hydrogen density deter-
mines the geometry of the clouds, in other words, it sets the
total length of the gas cloud along the line of sight. We vary
the gas temperature T from 103° K to 10° K. The selected
temperature range roughly covers all the different phases for
the halo gas in the CGM for a Milky Way like galaxy that will
emit Ho.

The fraction of all the cooling radiation that comes from
Hao emission, what we refer to as the Ho fraction, the Ho ra-
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FIG. 5.— The fraction of the total cooling rate attributed to the Hoe emission
line (top), the Hev line intensity (middle), and the total cooling/heating rate
(bottom) as functions of the gas temperature as calculated by CLOUDY for
loglé = —3.0, [X/H] = —0.75, log (Ng/cm~—2) = 19.5, and pyg = 10~30
cm .
diation intensity, and the total cooling/heating rate are shown
as functions of temperature in Figure 5. At higher ionization
(logU > —3.5) and temperatures < 10* K the cooling rate
drops by almost two orders of magnitude and the heating rate
exceeds the cooling rate, suggesting that this simple model
is missing cooling channels, such as molecular lines. There-
fore, we set the lower boundary of the temperature range we
will consider at 10* K. At the high temperature end (T > 10°
K), the Ha intensity and the Ha fraction drops rapidly, so we
also consider the contribution of this gas to Ho negligible. At
lower ionization (log U < —3.5), the heating rate is orders of
magnitude lower than the cooling rate at all temperature. Al-
though we have limited the temperature range of the gas that
is relevant to our calculation, the range remains large, 104-5
K, and Ha fraction and intensity vary significantly across this



range, suggesting the estimate of the distribution of gas across
this range of temperatures is fundamental to understand the
origin of Ha properties.

Unfortunately, this information is currently unavailable to
the required accuracy and, in order to make progress, we
need to introduce additional assumptions. Because the cool-
ing rates vary with temperature, there are naturally tempera-
ture regimes that the gas transitions through faster and slower
as it cools. To avoid gas piling up at certain temperatures, we
enforce a continuous cooling mass flow through the tempera-
ture regimes by scaling the gas mass at the different temper-
atures inversely by its corresponding mass cooling rate. As
expected, this implies that most of the gas ends up at temper-
atures near 10* K, where the cooling rate falls steeply. This
approach also means that if one calculates the mass cooling
rate at any single temperature, that value is the mass cooling
rate at all temperatures.

In addition, we also require the integrated Ho flux in the
temperature range of 10* — 10° K to match the observational
values shown in Table 1 and 2. After scaling, the inte§rated
Ho intensity over the temperature range of 10* — 10° K is
0.81 x 107 erg cm~2 s~ 1. The aperture size of eBOSS is 2
arcsec, which gives a conversion factor from intensity to flux
of 9.41 x 10~11, then the integrated Ha flux over the SDSS
fiber size in the the temperature range of 10* —10° K is 0.06 x
10717 erg cm~2 s~ 1. The mass cooling rate corresponding to
this Ha flux is estimated to be 0.15 M /yr before geometric
correction.

This approach allows us to estimate the mass cooling rate
from the observed Ha fluxes, building up on the derived scal-
ing relations between the CLOUDY Ha flux and the CLOUDY
mass cooling rate. Nonetheless, this result may be sensitive
to our assumptions in the CLOUDY modelling, as we discuss
below.

3.2.2. Determining Cq

To determine the geometric correction factor, C;, we take
a two step process. First, we correct for the fraction of the
projected area covered by the eBOSS fiber within the radial
range probed by our study (0.05 < rg < 0.25). Because we
average results from thousands of fibers scattered throughout
this area with no correlation to the primary galaxy, the mean
flux in a fiber aperture accurately represents a sampling of the
flux within the full area, modulo the ratio of the fiber aperture
to the full aperture. As such, we simply correct by the ratio of
the two areas (A;,_<o.25/Asber). The correction factor varies
for different galaxies because the physical radii are different
even for the same scale radius range of 0.05 < ry < 0.25.
Then the mean correction factor is 14.3, 36.5, 128.9, 682.5
for the four stellar mass bins described above. Second, we
consider the correction for the ratio of the full halo to that
which the 0.05 < ry < 0.25 annulus represents, which we
define as F,,.-. We find in our model that although there
is nearly as much baryonic mass in the gaseous halo outside
rs = 0.25 as inside, there is a negligible contribution to the
Ha flux (see Figure 7 in (Zhang, Zaritsky & Behroozi 2018)).
Therefore, F..- is approximately equal to 1. Our calculation
for C¢ is

A,
CG = —re<0.25 X JT"corm (7)
Aﬁber

where we set Foor = 1.

3.2.3. Uncertainties in the Derived Mass Cooling Rate

To develop intuition regarding the sensitivity of our results
to various parameter choices, we investigate the dependence
of the total mass cooling rate on the adopted ionization pa-
rameter (U), the metallicity ([X/H]), and the hydrogen den-
sity (pm), while keeping the column density fixed. Prochaska
et al. (2017) presented a radial distribution of hydrogen col-
umn density measurements in L, galaxies, roughly ranging
from log (N /em™2) = 20 to log (N /cm™2) = 19 for pro-
jected radius between 10 and 50 kpc, respectively, so we adopt
log (N /em™2) = 19.5. For the other parameters we allow
that:

1. logU vary from —6 to —1 (our preferred parameter
range is from —4 to —2),

2. [X/H] vary from —2.5 to 0.5 (our preferred parameter
range is from —1.5 to 0), and

3. py vary from 1072° cm™3 to 10~%% cm~2 (our pre-
ferred parameter range is from 10~2° to 1073 cm™3).

Our preferred parameter ranges are based on the con-
straints from absorption line measurements (Werk et al. 2014;
Prochaska et al. 2017) using QSO spectra from the COS-
Halos Survey (Werk et al. 2013). Given the fixed column den-
sity, the range of hydrogen densities we probe corresponds to
a column length of the simulated halo between 10 kpc and
300 kpc.

Dependence on the lonization Parameter— The ionization pa-
rameter, which measures the number of ionizing photons per
atom, affects the calculated heating and cooling rates, and
therefore the resulting Ha flux. Here, we fix the other param-
eters to be [X/H] = —0.75 and pyg = 1073Y cm™3, and vary
only log U and the temperature. As described above, for each
ionization parameter, we enforce continuity in the mass gas
flow rate at different temperatures (§3.2.1) and then estimate
the mass cooling rate.

The result is shown in Figure 6. We find that changes of
about a factor of three in the estimated mass cooling rate
are possible, although the change is rather sudden at about
log U ~ —3.5. At our preferred value of log U = —3 we ex-
pect to be calculating the comparably lowest likely values of
the mass cooling rate and plausible changes in log U should
only produce higher estimates of the mass cooling rate.

Dependence on Metallicity— Metals contribute significantly to
the total cooling in the temperature range of 10*~° K (e.g.,
Schure et al. 2009; Lykins et al. 2013). Here we investigate
how the adopted gas metallicity affects the inferred mass cool-
ing rate. We adopt log U = —3.0, and pg = 10739 cm~3,
and vary the gas metallicity and the temperature. Again, we
enforce gas cooling continuity across temperature ranges and
estimate the mass cooling rate, as described in §3.2.1.

The result is shown in Figure 7. As expected, the mass cool-
ing rate increases as the metallicity increases for metallicity
below solar metallicity, resulting in the inferred mass cooling
rate increasing significantly as we adopt a higher metallicity
of the gas. At our preferred value of [X/H] = —0.75, we are
near the lower limit of the inferred mass cooling rates. If the
CGM has solar metallicity we would be underestimating the
mass cooling rate by about a factor of 2 for our standard as-
sumed [X/H], but it is highly unlikely that the CGM reaches
solar metallicity (Prochaska et al. (2017) find that the typical
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CGM metallicity is ~ —0.5). For more plausible errors in the
metallicity, the corresponding errors are significantly smaller.
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FI1G. 7.— The mass cooling rate as a function of the metallicity, [X/H],
for fixed log U = —3.0, log(Ng/cm~2) = 19.5 and py = 10730 cm—3.
What we consider to be the plausible range of [X/H], based on Werk et al.
(2014) and Prochaska et al. (2017), is identified by vertical dashed lines and
the corresponding range of plausible mass cooling rates as the shaded region.

Dependence on the Density— Both the cooling rate and the
Ha flux are proportional to the gas density squared. Because
we have fixed the total hydrogen column density, our inferred
cooling rates and Ha fluxes are proportional to the gas den-
sity, not the density squared. In the CLOUDY calculation, we
have adopted a uniform gas density as a simple approxima-
tion to the halo gas density profile, which roughly follows a
power law according to Werk et al. (2014) in other simula-
tions. Adopting log U = —3.0 and [X/H] = —0.75, we obtain
the results shown in Figure 8. As expected, the mass cooling
rate is proportional to the adopted gas density.

We close this section by noting that the model we present
is a highly oversimplified version of the CGM. Highlight-
ing a few specific shortcomings, we note that 1) the den-
sity we model with CLOUDY is independent of the galac-
tocentric distance, whereas we know the true density of the
galaxy halo is decreasing significantly with radius, 2) we do
not consider density variations within a given column (i.e.
clumpiness), and 3) we only consider the variation of F .0
with galaxy mass and ignore other potential mass dependen-
cies, such as one between CGM metallicity and mass. The
model we present is best at establishing broad behavior and
testing our conceptual understanding rather than at provid-
ing a quantitative understanding. Ultimately, the data pre-
sented here will provide the strongest constraints when com-
pared with forward-modeling of physically-motivated, high-
resolution CGM simulations.
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FIG. 8.— The mass cooling rate dependence on the gas density (pgy) for
fixed logU = —3.0, [X/H] = —0.75 and 10g(NH/cm*2) = 19.5. What
we consider to be the plausible range of pyy, based on Werk et al. (2014)
and Prochaska et al. (2017), is identified by vertical dashed lines and the
corresponding range of plausible mass cooling rates as the shaded region.

3.3. The Mass Cooling Rate
3.3.1. Empirical Results

We integrate the flux within the radial range of 0.05 < rg <
0.25 over the velocity window described in §2 and then apply
the appropriate geometric correction described in Eq. 7 to ob-
tain the CGM Ha emission within the virial radii of galaxies
in the different stellar mass bins. We also calculate the CGM
Ha flux using our fitted model for F,,; in Eq. 1 and the best
fit parameter values for the assumed 7' = 12,000 K. We will
present both results.

To infer a mass cooling rate (MCR) from those emission
fluxes, we adopt our preferred parameter set (log U = —3.0,
[X/H] = —0.75, log(Ng/cm~—?) = 19.5, and pg = 103
cm—3 (from Werk et al. 2014; Prochaska et al. 2017). From
Figures 6 to 8, we know that the mass cooling rate depends
significantly on the adopted CLOUDY model parameters. To
estimate the effect of these uncertainties, we randomly uni-
formly distribute 10,000 points in the 3-D parameter space
within the range of (—4 < logU < —2,-1.5 < [X/H] <
0,10735 < pg/em™3 < 1072:5). We follow the steps dis-
cussed in Sec. 3.2.1 to calculate the mass cooling rate from



the Ha flux derived from our model for F,,,; using CLOUDY.
We adopt the standard deviation among those 10,000 esti-
mates of the mass cooling rate as the 1o uncertainty of the
modeled mass cooling rate.

We present our results for the mass cooling rates in Figure
9 and compare those rates to the current SFR as a function
of galaxy stellar mass. As expected, the mass cooling rates
are much higher across the board than the SFR of the central
galaxies. We draw several conclusions from this comparison:
1) for our preferred parameters the mass cooling rate is well
above what is needed to maintain the current rate of star for-
mation, thereby addressing the gas consumption problem, 2)
this estimated mass cooling rate significantly exceeds what is
needed and therefore supports the theoretical understanding
that the conversion of cooling gas into stars is inefficient and
that a large fraction of the gas must be reheated or ejected, and
3) the strength of this “feedback” is the largest for the galaxies
with the largest stellar masses, but otherwise appears roughly
constant as a function of stellar mass across this limited mass
range. The approximate linearity in log-log indicates that the
relation between log MCR and log M., 19, where M, 10 is the
stellar mass in units of 10'° M, can be approximated by a
second order polynomial function as follows:

log MCR = 0.81 + 0.48log M, 10 + 0.35log? M, 10 (8)

When drawing quantitative conclusions from our results,
such as inferring the fraction of the gas that needs to be re-
heated or ejected to maintain the SFR at a steady state, one
must bear in mind the large systematic uncertainties that exist.
The error bars as plotted on the individual data points reflect
only the uncertainties due to the measurement errors on the
Ha fluxes. The uncertainties plotted on the model predictions
reflect systematic uncertainties in the adopted parameters. In
either case, our previous qualitative conclusions drawn from
Figure 9 hold, but these uncertainties, particularly the sys-
tematic ones, obviously significantly affect a quantitative es-
timate of the ratio of the cooling mass that must be reheated
or ejected relative to that resulting in new stars.

3.3.2. Comparison to Previous Theoretical Results

Given the importance of gas cooling to galaxy evolution,
there is a large set of existing literature examining this topic.
Of particular relevance to our results, there is theoretical work
estimating the gas cooling flow. For example, Stern et al.
(2019) derived the gas cooling flow rate for a Milky Way
like galaxy. Concisely put, their simulations are controlled
numerical experiments in which gas that is initially in hydro-
static equilibrium within an external gravitational potential is
allowed to cool radiatively. They estimate the ratio between
the cooling flow rate and the SFR (M/SFR) to be ~ 10 within
100 kpc for a Milky Way like galaxy of halo mass ~ 10*2
Mg . This is broadly consistent with what we have shown are
our results in Figure 9. Again, broadly, this estimate is con-
sistent with results obtained utilizing the radiatively cooling
gas traced by O vI (Mathews & Prochaska 2017; McQuinn
& Werk 2018; Stern et al. 2018). In particular, McQuinn &
Werk (2018) obtained the estimation of massive flow of cool-
ing gas with ~ 10 — 30 Mg/yr from the O VI absorption for
low redshift L, galaxies.

To pursue a more quantitative comparison and, in particu-
lar, to examine the trend in cooling rate with galaxy mass, we
explore a more direct comparison to simulations. In particu-
lar, we consider the predictions of the GAlaxy Evolution and
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FI1G. 9.— The total mass cooling rates, MCRs, and star formation rate,
SFRs, of the primary galaxies as a function of stellar mass. The error bars
on the blue circles (the cooling rates calculated from our Hae flux measure-
ments) reflect only the flux measurement uncertainties and do not reflect any
uncertainty in the adopted CLOUDY parameters. In contrast, the mass cool-
ing rates calculated from our fitted model for F.,;, the solid green line,
include the systematic modeling uncertainties (shaded region). We also plot
the mass cooling rates predicted by the GAEA simulation (Xie et al. 2020) as
triangles. The SFRs both empirical (red stars) and as predicted in the GAEA
realizations (yellow stars) provide benchmark comparisons. Finally, as the
red dashed line we also plot our polynomial fit to our model (Equation 8).

Assembly semi-analytic model that has been developed over a
series of studies (GAEA; De Lucia & Blaizot 2007; De Lucia
et al. 2014; Hirschmann, De Lucia & Fontanot 2016; Xie et al.
2017; Zoldan et al. 2018; Fontanot et al. 2018, 2020; Xie et al.
2020). It is characterised by an accurate treatment of chemical
enrichment and energy recycling; a realistic stellar feedback
model, a self-consistent partition of multi-phase cold gas; and
an explicit treatment of the environmental effects on satellite
galaxies. The model produces good agreement with the ob-
served stellar mass function up to z ~ 7, and the cosmic star
formation history up to z ~ 10 (Fontanot, Hirschmann & De
Lucia 2017). It is also able to reproduce the HI and Hy frac-
tions, as well as the quenched fractions in the local universe
for central and satellite galaxies respectively (Xie et al. 2020).
In particular, the theoretical predictions in the following have
been taken from the model realization applied to the Millen-
nium Simulation (Springel et al. 2005) and discussed in Xie
et al. (2020). In this semi-analytic model, baryons in galax-
ies are distributed in discrete components: hot gas, cold gas,
stellar disk, stellar bulge, and central massive black hole. In
detail, Xie et al. (2020) assume that cold gas is partitioned
into HI and Hs, and that stars form from the H, component
following the empirical law proposed by (Blitz & Rosolowsky
2006). This approach implies that the SFR is therefore a func-
tion of mid-plane pressure of the gas disk. The gas disk con-
sists only of cold gas that cools either from a hydrostatic hot
atmosphere when the cooling time is longer than dynamical
time, or comes directly from outside of the dark matter halo
when the cooling time is shorter. The former cooling regime
dominates at low redshift. When cooling from a hydrostatic
hot gas halo, the cooling rate is calculated using the cooling
function (Sutherland & Dopita 1993; De Lucia et al. 2010).
In the latter case, all of the matter accreted into the dark mat-
ter halo cools onto the gas disk. Cooling is also allowed for
satellite galaxies in GAEA. The cold gas amassing in galactic
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discs is then supposed to fuel star formation. The resulting
feedback reheats the cold gas at a rate that depends on the
SFR, on the circular velocity and on redshift (Hirschmann,
De Lucia & Fontanot 2016), using functional forms that have
been inspired from the results of high-resolution N-body sim-
ulations (Muratov et al. 2015). Reheated gas is moved from
the cold gas component to the hot gas component, leading to
a complex interplay between cooling and heating. Moreover,
feedback from radio-mode AGN feedback (due to inefficient
gas accretion onto the central massive black holes) is assumed
to provide an additional heating channel (Croton et al. 2006;
Xie et al. 2017), that further prevents the hot gas from cooling
in the more massive systems.

The resulting mass cooling rates plotted in Figure 9 are the
combination of the simulated mass of the cooling gas retained
by the disk and the mass of the reheated gas. In addition,
the models present calculated SFRs. The calculated SFRs are
naturally a good fit to the measured ones because the models
are in part tuned to the reproduce related constraints such as
galaxy stellar masses. More impressive, however, is the in-
dependent agreement between the model predictions for the
mass cooling rates and our measurements. The only signifi-
cant disagreement appears at the lowest galaxy masses, where
we have already noted our model may have a problem (§3.1)
and the GAEA model may also have a problem, partially due
to limited resolution (Xie et al. 2017, 2020).

3.4. The Feedback Mass Loading Factor
3.4.1. Empirical Results

As is discussed above, the mass cooling rate is significantly
higher than the SFR, demonstrating that the conversion of
cooling gas into stars is inefficient and that a large fraction
of the gas must be reheated or ejected. We define the mass
loading factor, 7, to be the ratio between the net mass cool-
ing rate (the difference between the mass cooling rate and the
SFR) and the SFR. Note that this definition may differ from
that in other studies that focus on physical mass outflow. Our
estimate includes the effects both of outflow and of any gas
reheating that prevents that gas from participating in star for-
mation.

The mass loading factors as calculated from our model of
CGM Ha fluxes show a rise of about a factor of 10 across
galaxy mass range we explore (Figure 9) and in all cases have
values that are significantly larger than 1. The rise is steeper at
the larger M, in our sample, in the log-log plot, indicating that
the dependence of 1 on M, rises faster than a simple power
law. The relation in the limited mass range between log  and
log M 109, where M, 19 is again the stellar mass in units of
10'° M, can be approximated by a second order polynomial
function as follows:

logn = 0.66 + 0.271log M., 19 + 0.46log? M. 19 (9)

3.4.2. Comparison to Previous Theoretical Results

In Figure 10 we compare our estimates of the mass loading
factors to two theoretical predictions. First, we compare to
the same GAEA models we discussed previously. The agree-
ment is excellent, which is as expected given the agreement in
both the predicted vs. observed SFRs and mass cooling rates
(Figure 9).

Next we compare to results presented from the FIRE (The
Feedback In Realistic Environments) collaboration (Hopkins
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FI1G. 10.— The feedback mass loading factor, 7, calculated using our model
for Feoo1, With resulting systematic uncertainties plotted as the shaded re-
gion, and the results from two different published theoretical studies are pre-
sented versus primary galaxy stellar mass. The dashed red line presents the
second-order polynomial fit to our results (Equation 9). For comparison, we
plot the mass loading factors from the GAEA (Xie et al. 2020) and FIRE
simulations (Muratov et al. 2015; Hayward & Hopkins 2017) as triangles
and squares, respectively. The apparent discrepancy with the FIRE results is
resolved in the text.

et al. 2014, 2018). They executed a series of high-resolution
cosmological simulations of galaxy formation to z = 0, span-
ning halo masses ~ 108 — 10% Mg, and stellar masses
~ 10* — 10'* Mg. These simulations explicitly treat the
multi-phase ISM with heating and cooling physics from gas
at a range of temperatures T ~ 10 — 10'° K, star formation
restricted only to self-gravitating, self-shielding, molecular,
high density (ny > 5 — 50 cm™3) gas, and (most impor-
tantly) explicit treatment of stellar feedback including the en-
ergy, momentum, mass, and metal fluxes from SNe Types Ila
& 11, stellar mass loss (O-star and AGB), radiation pressure
(UV and IR), and photo-ionization and photo-electric heat-
ing. These sources of feedback reproduce the observed rela-
tion between stellar and halo mass up to Mgz, ~ 102 Mg,
roughly corresponding to M, ~ 10'%-> M. Star formation
rates agree well with the observed Kennicutt relation at all
redshifts.

In Muratov et al. (2015) and Hayward & Hopkins (2017),
the investigators identified whether a particle is considered as
outflowing or inflowing by their radial velocity. Once out-
flowing particles are identified, they calculate outflow rates in
Mg, yr~! by computing the instantaneous mass flux through
a thin spherical shell. Combining the SFR from the simu-
lation, they calculate the mass loading factors for low mass
galaxies with M, < 10 Mg, and upper limit for galaxies
with M, > 10'° Mg, at redshift ~ 0.25, which are shown
in squares in Figure 10. A more recent analysis with FIRE-2
simulations (Pandya et al. 2021) is able to convert these limits
to measurements and those measurements lie slightly below
the previous limits. Note that these studies focus on outflow-
ing gas and, therefore, that the estimates of the mass loading
factor, as defined here, using their results is a lower bound on
what we should be measuring.

At the low mass end with M, < 1010 Mgy, the FIRE
simulation is statistically consistent with our estimation. At
M. > 10'% M, however, the FIRE simulation results signif-
icantly diverge from our estimates. However, this disagree-



ment does not necessarily reflect a fault in either our mea-
surements or the FIRE results. Again recall that their results
only represent true outflow and do not include reheating. Fur-
thermore, their simulations are intended to reproduce only
galaxies with My,;, < 10'2 Mg, which for our stellar mass-
halo mass relation corresponds to a stellar mass of 1010-5 M.
Lastly, the divergence in Figure 10 is likely also reflecting the
lack of feedback other than from stars in these models, e.g.,
AGN feedback, which is included in the GAEA modeling.
The agreement among the mass loading factors from our em-
pirical results, the semi-analytic results from GAEA, and the
more detailed, physically motivated simulations from FIRE at
low masses shows an encouraging convergence on our under-
standing of mass loading factors at those masses.

This comparison highlights a challenge in comparing obser-
vations and theoretical results given the different definitions
used for related quantities. Similarly, there are other recent
studies (e.g., Mitchell, Schaye & Bower 2020) that present
quantities that are difficult to translate into the quantities we
measure. With the advent of measured Ho fluxes, we encour-
age theorists to also tabulate quantities that are directly ob-
servable.

4. SUMMARY

We present measurements of the mass cooling rates for
CGM gas and infer a feedback mass loading factors from the
comparison of that rate to the measured star formation rates
as a function of galactic stellar mass.

To calculate these estimates, we first revisited our measure-
ments of the Ha emission line flux as a function of stellar
mass, M,, and as a function of the local environment using
both newer data and an improved treatment. We track the be-
havior of Ha flux within two scaled annular bins around our
primary galaxies as a function of both stellar mass (10°° <
M, < 10'!) and scaled projected distance from a massive
neighbor (0.05 < R,/Ryir < 4). The flux in both annular
bins drops as M, increases, indicating a strong inverse rela-
tionship between the cool gas fraction of the CGM, fc,o1 and
M.. Here F.,,; describes the fraction of the cosmological
baryon fraction in the halo that is in the cool (1" ~ 10*7°K)
gas phase. We also find that a strong environmental effect
for the outer annular bin at the inner two smallest values
of R,/Ryi». We fit a model that includes both a mass and
environment dependence within the framework of the Uni-
verseMachine modeling (Behroozi et al. 2018) and find

fcool,isolated(M*) = (0231001) (M*,lo)(_0.55i0.03) (10)

for galaxies beyond the influence of a nearby, massive neigh-
bor (as defined in §3.1), and

R
fcoo RvM* :7'fcoo isolate 11
1 ) Lo2F TR 1 isolated (11)

otherwise, where R is the physical distance between the pri-
mary and the massive neighbor and R,;, is the virial radius of
the massive neighbor. Our prediction for the cool gas fraction
is as high as 90% for the smallest halos we probe (although we
may be overestimating the fraction at the low mass end, see
§3.1), 23 £+ 1% for a Milky Way like galaxy, and only a few
percent for the most massive galaxies in our sample. These re-
sults, except for the lowest mass galaxies, are consistent with
our previous results in Paper IV and V, despite changes to the
data and treatment. The only category where there is some
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tension with the previous work is for the inner annular bin for
the lowest mass galaxies.

Our measurement of the Ha flux originating from the
CGM, and our models, provides us the opportunity to mea-
sure the rate at which the CGM is radiatively losing energy,
and hence cooling. We use the CLOUDY modeling suite (Fer-
land et al. 1998, 2013, 2017) to understand what fraction of
the cooling is contributed by the Ha flux we measure. In do-
ing this, we need to account for gas at different temperatures
and present arguments for why we consider only gas between
10* — 105 K. By enforcing a continuous cooling mass flow
through the different temperatures we are able to calculate the
gas mass at the different temperatures within this range and
complete the calculation.

We then estimate the rate at which the CGM gas is cooling
and presumably sinking into the central disk. We explore the
dependence of the CGM emission spectra on the ionization
state, the metallicity, the hydrogen density, and estimate the
uncertainties in our recovered mass cooling rates. We present
both the gas mass cooling rate and effective mass loading fac-
tor required to avoid growing the disk gas mass. The mass
cooling rate is a factor of several higher than the star forma-
tion rate of the central galaxies. The simple fitted relations
between the mass cooling rate, MCR, and the mass loading
factor,  with galactic stellar mass are as follows:

log MCR = 0.81 + 0.48 10g M*}lO +0.35 1Og2 M*;lo (]2)
log7n = 0.66 + 0.27log M, 10 + 0.46log® M, 1o (13)

where M, 19 is the galactic stellar mass in units of 10!° M.

Although we have used highly idealized models to trans-
form our measured Ha flux values into estimates of the mass
cooling rates and feedback mass loading factors, it is hearten-
ing to find excellent agreement between our estimates of those
quantities and those derived from two theoretical treatments
that are themselves quite different in their approach (Xie et al.
2018, 2020; Hopkins et al. 2014, 2018). The general agree-
ment we find suggests that we have a relatively robust quan-
titative understanding of the cooling and feedback rates for
galaxies in this mass range. The empirical confirmation of
these rates provided here supports further modeling of the role
of the CGM in galaxy evolution. It is perhaps somewhat sur-
prising that our highly idealized model produces results in
such good agreement given the likely complexity of CGM
(Tumlinson, Peeples & Werk 2017), but perhaps our measure-
ment, which involves massively averaging over thousands and
thousands of galaxy lines of sight provides a bulwark against
the complexity of any individual galaxy’s CGM. The field
critically needs maps of the CGM in individual galaxies to
further refine our understanding of this key galactic compo-
nent.
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