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ABSTRACT

The interaction between supermassive black hole (SMBH) feedback and the circumgalactic medium
(CGM) continues to be an open question in galaxy evolution. In our study, we use SPH simulations
to explore the impact of SMBH feedback on galactic metal retention and the motion of metals and gas
into and through the CGM of L, galaxies. We examine 140 galaxies from the 25 Mpc cosmological
volume, ROMULUS25, with stellar masses between 3 x 10° — 3 x 10! M. We measure the fraction of
metals remaining in the ISM and CGM of each galaxy, and calculate the expected mass of its SMBH
based on the M —o relation. The deviation of each SMBH from its expected mass, AMppy is compared
to the potential of its host via 0. We find that SMBHs with accreted mass above the empirical M — o
relation are about 15% more effective at removing metals from the ISM than under-massive SMBHs in
star forming galaxies. Over-massive SMBHs suppress the overall star formation of their host galaxies
and more effectively move metals from the ISM into the CGM. However, we see little evidence for
the evacuation of gas from their halos, in contrast with other simulations. Finally, we predict that C
IV column densities in the CGM of L, galaxies may depend on host galaxy SMBH mass. Our results
show that the scatter in the low mass end of M — o relation may indicate how effective a SMBH is at
the local redistribution of mass in its host galaxy.

Subject headings: Gas physics — Galaxies: circumgalactic medium — Galaxies: spiral — Galaxies:

kinematics and dynamics — Methods: Numerical

1. INTRODUCTION

The vastly different scales between the event horizon of
a supermassive black hole (SMBH) and the size of its host
galaxy have been evocatively described by Savorgnan &
Graham (2016) as the difference between a grain of sand
and the entirety of the Saharan Desert. (A difference of
approximately 10 orders of magnitude). While the size
difference between these objects makes their interaction
surprising, mounting evidence continues to connect the
evolution and properties of galaxy hosts to their SMBHs
(Magorrian et al. 1998; Hachnelt et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Reines & Volonteri
2015; Saglia et al. 2016).

The relation between the mass of the central super-
massive black hole, Mgy, and the stellar dispersion of its
host galaxy’s bulge, o, is one of the most fundamental
relations drawn between the SMBH and its host galaxy
(Kormendy & Ho 2013, and citations therein). Colloqui-
ally known as the M — o relation, this observed relation
shows a tight correlation across three orders of magni-
tude in SMBH mass and is theorized to tie together the
growth of a SMBH—-during its tenure as an active galactic
nucleus (AGN)-and the winds launched from its accre-
tion disk. These winds are responsible for removing some
of the gas necessary for continued star formation in the

galaxy. In this way, the energetics of the SMBH work to
regulate the star formation in the bulge of massive galax-
ies. When the SMBH is no longer accreting or driving
outflows, gas accretion and star formation can resume
(Alexander et al. 2005; Papovich et al. 2006; Volonteri
2012). The quantity o, not only reflects the mass of
its host galaxy, but also approximates the depth of the
galaxy’s potential well (Ferrarese & Merritt 2000; Zahid
et al. 2018; Ricarte et al. 2019).

The scatter in the M —o relation can further illuminate
the processes that drive galaxy evolution at all galaxy
masses. At the high mass end, there is less scatter and
it is dominated by more massive BHs residing in mas-
sive ellipticals above ~ 101 Mg (Van Den Bosch et al.
2007; Moster et al. 2010; Natarajan 2011; Emsellem et al.
2011; Dubois et al. 2015). However, lower mass BHs live
in a more diverse range of galaxy masses resulting in
scatter that is more pronounced on the low mass end
of the relation. This low-mass-end scatter may be ex-
plained by variable pathways that drive SMBH growth
(Micic et al. 2007; Volonteri & Natarajan 2009; Reines
et al. 2013; Graham & Scott 2015; Sharma et al. 2020).
Galaxy mergers are thought to fuel SMBHs, in addition
to building up galaxies and contributing to the assem-
bly of bulges (Di Matteo et al. 2005; Shen et al. 2008;
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Sanchez et al. 2018). Furthermore, episodes of SMBH fu-
eling result in feedback that removes gas from the galaxy
suppressing both SMBH growth and future star forma-
tion (Schawinski et al. 2010; Pontzen et al. 2017; Sanchez
et al. 2021). A concerted effort has been put forth to ex-
plain the physical processes that result in the scatter on
the M — o relation. However, the impact on galaxy prop-
erties by SMBHs which deviate from the M — o relation
has not been well constrained, especially within the con-
text of the circumgalactic medium (CGM).

The rise of observational surveys of the CGM with
the Cosmic Origins Spectrograph (COS) on HST has
inspired a range of theoretical studies focused on the
connection between feedback processes and the content
of the CGM. Simulations were initially hard-pressed to
match the observational survey results carried out with
the Cosmic Origins Spectrograph (e.g. Tumlinson et al.
2013; Werk et al. 2013). Predictions for column densities
of high ions like O VI were too low, and low ion column
densities were difficult to replicate in the simulated en-
vironments of cosmological volumes (Oppenheimer et al.
2016; Suresh et al. 2017).

More recently, cosmological simulations have updated
the subgrid prescriptions in their codes to better charac-
terize the low density, multiphase medium of the CGM
(Stinson et al. 2012; Shen et al. 2012; Vogelsberger et al.
2014; Schaye et al. 2015; Tremmel et al. 2017); further-
more, recent work has focused on connecting the impact
of energetic feedback from a galaxy’s SMBH to the diffuse
CGM. Broadly, simulations have shown that the SMBH
can impact the CGM in a multitude of ways: heating
and evacuating (or removing) gas in the disk to quench
star formation in the galaxy (IllustrisTNG and EAGLE
simulations, Suresh et al. 2017; Nelson et al. 2018; Op-
penheimer et al. 2016), driving metal rich gas out of
galaxy centers and moving metal-rich gas into (enriching)
the CGM (IllustrisTNG and ROMULUS25, Nelson et al.
2019; Sanchez et al. 2019), as well as ejecting CGM gas
out into the IGM (EAGLE, Oppenheimer et al. 2018).
Furthermore, Mitchell et al. (2020) finds that more gas
flows out of the halo virial radius than from the ISM of
central galaxies in the EAGLE simulations implying in-
creased mass loading within the CGM, while CGM mass
fractions decline after explosive episodes of AGN-driven
feedback in galaxies from both EAGLE and IllustrisTNG
(Oppenheimer et al. 2020). At lower masses, Sharma
et al. (2022) shows that though SMBHs can drive out-
flows in some dwarf galaxies, gas doesn’t often leave the
CGM.

Overall, these cosmological simulations seem to paint a
similar picture. Both EAGLE and Hlustris/IlustrisTNG
simulations predict the evacuation of the CGM in the
massive galaxies where SMBH processes dominate. How-
ever, this may not be the whole story. Chadayam-
muri et al. (2022) compares CGM radial profiles from
eROSITA and mock X-ray observations from the Illus-
trisTNG and EAGLE cosmological simulations. They
find that the luminosity of the CGM of their observed
galaxies is higher than that predicted by the simulations
indicating that more explosive AGN feedback prescrip-
tions may over-evacuate the CGM of their galaxies.

Furthermore, recent work from Davies et al. (2020)
ties the expulsion of gas by SMBH-driven outflows to
the scatter in the halo gas fraction at fixed Mgy in both
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Fic. 1.— The M — o relation for the 140 galaxies within Ro-
MULUS25 that are within our selected stellar mass range and that
contain a SMBH. For our measurement of Mg);gy we measured
the accreted mass for each SMBH to neglect each BH’s starting
seed mass of 106 M. Star forming galaxies are denoted by squares
and quenched galaxies (sSFR <1.6 x 10711 Mg yr~!) are shown
as circles. Points are colored by the stellar mass of the galaxy. The
spread of the galaxies fall along the M — o relation, grey dashed
line, of Kormendy & Ho (2013), though we note that at the lower
mass end our sample tend to lie slightly above the line.

the lustrisTNG and EAGLE simulations. Galaxies with
more massive BHs (within a fixed halo mass bin) reside
within more gas-poor halos, while galaxies with under-
massive BHs retain a higher gas fraction in the CGM as
well as show elevated star formation rates. Davies et al.
(2020) find that the evacuation of CGM gas by SMBH
feedback is a critical step in the morphological evolution
and quenching of their galaxies. These results point to an
intrinsic connection between black hole masses and the
evolution of the CGM. We follow this line of investigation
to further our understanding of how the deviation of a
SMBH’s mass from empirical expectations impacts its
host halo gas.

In this paper, we examine how deviation in SMBH
mass from the empirical M — o relation changes the over-
all effectiveness of SMBH feedback at moving gas and
driving metal flows into and out of the CGM. We ex-
plore this change across two orders of magnitude in stel-
lar mass, 3 x 10° Mg <M, <3 x 10* My. Our study
also includes comparisons between our simulations and
observational constraints such as metal retention frac-
tions and makes predictions for ion column density mea-
surements in the CGM of galaxies with known SMBH
mass measurements.

This paper is organized as follows: Section 2 introduces
our simulations and the galaxy selection process, and in
Section 3, we describe and analyze our results. In Section
4, we compare our findings to observed measurements
from the literature as well as a set of mock observational
data and discuss the broader context for our results and
their implications. Finally, in Section 5, we summarize
and conclude.

2. SIMULATED GALAXY SAMPLE

2.1. Simulation Parameters

M./Mg
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F1G. 2.— The metal retention, f;, of our sample of galaxies from the ROMULUS25 as a function of AMppy. Points are colored by the
fraction of total disk metals contained in stars. SMBHs that are left of the grey line are under-massive compared to their host galaxy’s
stellar population (BH masses below the M — o relation, Figure 1) and maintain more of their metals in their disks or central regions.
Meanwhile, galaxies to the right of the line are more effective at removing metals from the disk, with a similar but stronger effect seen in

quiescent galaxies (circles).

All of the galaxies examined in this paper were selected
from the RoMULUS25 simulation (R25, Tremmel et al.
2017; Ricarte et al. 2019; Sharma et al. 2020), a 25 Mpc
cosmological volume, run with the smoothed particle hy-
drodynamics (SPH) N-body tree code, Charm N-body
Gravity solver (ChaNGa Menon et al. 2015). ChaNGa
adopts its models for cosmic UV background, star forma-
tion based on a Kroupa IMF, and ‘blastwave’ supernova
feedback from the well-tested GASOLINE code (Wadsley
et al. 2004, 2008; Stinson et al. 2006; Shen et al. 2010).
Rates from supernova Type Ia and Type II are imple-
mented through the Raiteri et. al. (1996) method, using
the stellar lifetime calculations of the Padova group for
stars with varying metallicities (Alongi et al. 1993; Bres-
san et al. 1993; Bertelli et al. 1994). We use the following
parameters for our stellar subgrid models: star forming
efficiency, c,. = 0.15; the fraction of SNe energy that
couples to the ISM, egny = 0.75; and the amount of SN
energy imparted to the gas is 10°' ergs. For additional
details about the SN “blastwave” radius and SN Ia and II
metal enrichment prescriptions, see Stinson et al. (2006).

ChaNGa includes a SPH formalism which updates the
force expression to include a geometric averaged density
approach (Wadsley et al. 2017). This hydrodynamics
treatment includes thermal and metal diffusion (Shen
et al. 2010) and reduces artificial surface tension to re-
sult in improved resolution of fluid instabilities (Ritchie
& Thomas 2001; Menon et al. 2015).

Gas cooling in R25 is regulated by metal abundance as

in Guedes et al. (2011); however, it does not include a full
treatment of metal cooling. We include a low tempera-
ture extension to the cooling curve which allows gas be-
low 10* K to cool proportionally to the metals in the gas.
Gas above 10* K cools only by H/He, Bremsstrahlung,
and inverse Compton effects (see Tremmel et al. 2017,
for full details).

Shen et al. (2012) compare simulations of MW-mass
halos at high redshift, finding that with realistic treat-
ments of metal diffusion and stellar IMF that the in-
clusion of metal-line cooling does not influence the total
stellar mass of the galaxy. In other cases, particularly
at lower masses, the inclusion of metal-line cooling with
the simplistic treatment of star formation at low resolu-
tion results in over-cooling, requiring artificially strong
feedback to overcome (Christensen et al. 2014). How-
ever, it cannot be overlooked that the inclusion of high
temperature metal-line cooling can influence the rate at
which gas cools out of the CGM onto galaxies (van de
Voort et al. 2011). At the metallicities (~10-30% Zg)
that we expect for the CGM of the most massive halos
we study in this work, the lack of metal-line cooling will
likely impact the cooling rates by a typical factor of 3—5
at the peak of the cooling curve at 10°°~6 K when the
effect of the UV background is accounted for (Shen et al.
2010). The effect is non-trivial and this does represent a
significant caveat to this work that we discuss further in
Section 4.1.

R25 includes updated black hole formation, accretion,
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Fia. 3.— The fraction of all metals retained in the halo as a
function of the galaxy halo mass colored by the fraction of disk
metals locked in stars. Most of the star forming galaxies (squares)
retain at least 85% of their total formed metals with a small few
(6/119 star forming galaxies) losing more. Meanwhile, quenched
galaxies (circles) lose anywhere from 0-50% of their metals. An
interesting trend appears in the set of quenched galaxies: more
massive galaxies lose fewer metals to the IGM and they appear to
have more metals in the gas phase in their central regions (orange
circles) compared to their lower mass counterparts. In these lower
mass quenched galaxies which lose more metals to the IGM, the
metals that remain are almost entirely locked in stars in the disk
(yellow circles). Finally, we include the galaxies with no black holes
(grey crosses) within R25 that reside within our mass range, and
note they are on the lower mass end. They maintain nearly all
metals originally formed by the stars in their host galaxies, and in
two cases have gained additional metals.

and feedback prescriptions. BH formation ties seeds to
dense and extremely low metallicity gas to more effec-
tively estimate SMBH populations in a variety of galaxy
mass regimes. The SMBH accretion model is based on
Bondi-Hoyle, but includes a consideration for angular
momentum support from nearby gas. This update allows
for more physically motivated growth than Bondi-Hoyle
alone (Rosas-Guevara et al. 2016; Anglés-Alcdzar et al.
2017). Thermal SMBH feedback imparts energy on the
nearest 32 gas particles according to a kernel smoothing
and is based on accreted mass, M, via:

E = e ep McPdt, (1)

where ey = 0.02 and e, = 0.1 are the feedback and ra-
diative efficiency, respectively. Accretion is assumed to
be constant for one black hole timestep, dt. This SMBH
feedback prescription has been shown to successfully pro-
duce large scale outflows (Pontzen et al. 2017; Tremmel
et al. 2019). Finally, an updated dynamical friction pre-
scription has been included to better track SMBH growth
and dynamical evolution (Tremmel et al. 2015). For
additional details about BH prescriptions, see Tremmel
et al. (2017).

R25 was run with a ACDM cosmology with Qg =
0.3086, A = 0.6914, h = 0.67, og = 0.77 (Planck Collab-
oration 2016). R25 has a Plummer equivalent force soft-
ening length of 250 pc and has a UV background through
the evolution to z = 0 (Haardt & Madau 2012). R25 uses
a gas and DM particle resolution of 3.4 x 10° M, and 2.1
x 10° My, respectively. Additionally, R25 has been op-
timized to match the observed stellar mass—halo mass
relation of Moster et al. (2013) and the SMBH-stellar

mass relation using stellar mass and halo mass correc-
tions from (Munshi et al. 2013).

2.2. Isolated Galazies with M, = 109-5—1L5 Mg

For comparison with observations, we select our sample
of galaxies using a roughly L* stellar mass range that has
been well inspected by observations (Tripp et al. 2011;
Tumlinson et al. 2013; Werk et al. 2013; Borthakur et al.
2015; Wilde et al. 2021): 3 x 10° Mg < M, < 3 X
10 Mg. Within R25, there are 282 galaxies within
this stellar mass range at z ~ 0. We further refine our
selection to remove galaxies that we considered satellites.
We define satellites as galaxies within 300 kpc of another
more massive galaxy. Using this definition, our main
sample consists of 140 galaxies that host SMBHs at their
centers. There are 119 star forming (SF, sSFR > 1.6 x
10711) galaxies in our sample and 21 are quenched (Q,
sSFR <1.6 x 107 ') at 2 ~ 0. In addition, we find 20
isolated galaxies within this mass range that do not host
a SMBH at their center.

Figure 1 shows the M — ¢ relation for our full sample of
140 galaxies with central SMBHs. Our sample falls along
the line produced using the M — o equation of Kormendy
& Ho (2013):

e (039) () @

where Mpy represents the mass of the SMBH and o is
isolated stellar velocity dispersion of a central bulge, if
one exists. To account for the seed mass of 10° Mg, we
will also define MpH qcc as the contribution of SMBH
mass obtained by accretion.

Meanwhile, we calculate the velocity dispersion of each
galaxy, o, as in Ricarte et al. (2019). We select the stel-
lar bulge using a single Sersic profile for each galaxy with
an assumed surface brightness cutoff of 32 mags arcsec ™2
and a maximum radius of 5Rpqif—1ight- Then we calcu-
late o, from the stars in this selected region using:

o=/ (v?) = (v)? ®3)
where v is the velocity of each particle (see Ricarte et al.
2019, for further details).

As in Ricarte et al. (2019), the fact that our galaxies
mostly lay along the empirical M — o relation indicates
that their growth is consistent with the observed phe-
nomenon that SMBHs grow alongside the stellar content
of their host galaxies.

3. RESULTS

The expulsion of metal-rich gas from the center of the
galaxy by AGN feedback has recently been shown to be
a key process for enriching the CGM (Nelson et al. 2019;
Sanchez et al. 2019). We continue this line of research to
determine whether properties of the galaxy or the SMBH
may impact this effect. To do this, we explore the galax-
ies from R25 and determine where the metals in each
galaxy remain. We split each galaxy into two main com-
ponents. First, we define the “disk” or “central region”
as the inner 0.1R,;. of the galaxy, a conventional defi-
nition of the galaxy-CGM boundary (Sales et al. 2009;
Howk et al. 2017). Then, the CGM is defined to include
all particles from 0.1R,;, extending out to the virial ra-
dius.
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(Left) The metal retention of gas and stars in the CGM as a function of the metal retention of gas and stars in the disk

colored by the quantity AMpg. The grey solid line indicates the one-to-one line where halos that fall along the line still retain all the
metals formed in their galaxies, while galaxies below the line have lost metals to the IGM. This plot shows us that the SF galaxies with
over-massive BHs (red squares) lose more metals into the CGM, and in some cases out to the IGM. Meanwhile, galaxies that retain the

most metals in their disks host under-massive black holes (blue squares).

Galaxies with no black holes appear to occupy a similar range

as galaxies with under-massive BHs. All but one of the quenched galaxies (circles) have lost over 20% of their metals from their central
regions. (Right) Fraction of total baryonic mass in the CGM as a function of the fraction of total baryonic mass in the disk. Total baryonic
fraction is relative to cosmic baryon fraction. Points are colored by AMpg. The grey line indicates where the baryonic fraction of the disk
and the baryonic fraction of the CGM equals one. We note that nearly all the quenched galaxies fall below this grey line indicating that
the loss of disk gas results in the quenching of nearly all of these galaxies. For SF galaxies, we find that galaxies with over-massive black
holes (red squares) appear to have more baryons in the CGM compared to the galaxies with under-massive BHs (blue squares). Galaxies
with no black holes (grey crosses) lie along the one-to-one line and have a scatter similar to the galaxies with under-massive black holes.
Nearly all quenched galaxies (circles) have fewer baryons in the disk than expected.

TABLE 1

MEDIAN METAL RETENTION VALUES FROM THE ROMULUS25 SAMPLES AT Z ~ 0
Sample # of Galaxies  fz paio *lo fz,disk £lo fz.cam £lo
Star Forming, Over-massive SMBH 76 0.95 (£ 0.08) 0.73 (+ 0.15) 0.21 (£ 0.11)
Star Forming, Under-massive SMBH 42 0.99 (£ 0.02) 0.89 (£ 0.16) 0.09 (£ 0.15)
Quenched Over-massive SMBH 9 0.85 (£ 0.14) 0.51 (+ 0.15) 0.34 (£ 0.13)
Quenched Under-massive SMBH 12 0.86 (£ 0.10) 0.72 (£ 0.09) 0.13 (£ 0.13)
Quenched (All) 21 0.85 (£ 0.12) 0.63 (+ 0.16) 0.26 (£ 0.15)
M, > 1019 Mg 76 0.97 (£ 0.07) 0.76 (£ 0.17) 0.16 (£ 0.15)
M, < 1019 Mg 64 0.96 (£ 0.11) 0.75 (£ 0.17) 0.20 (£ 0.11)
Msypr > 1076 Mg 41 0.95 (£ 0.05) 0.66 (+ 0.13) 0.29 (£ 0.12)
Mgsnmpr < 1075 Mg 99 0.97 (£ 0.10) 0.77 (£ 0.18) 0.15 (£ 0.13)

We define the metal retention fraction as the fraction of
total metals retained by each component within individ-
ual galaxies. For example, the metal retention fraction
of the disk/central region component is calculated using
the formula from Telford et al. (2019):

_ MZ,disk gas,present + MZ,disk *,present
Jz = M
Z,formed

(4)

where MZ,disk gas,present and MZ,disk *,present are the
amount of mass contained in metals in gas and stars
within the central region at z = 0. Mz formeq indicates
the amount of metals formed throughout the simulation
by stars that reside within the halo at z = 0. To cal-
culate this value, we duplicate the calculations done by
the simulation using PYNBODY (Pontzen et al. 2013) and

determine the metal yields from SNIa and SNII for all of
the star particles in the halo at z = 0.

We calculate Mgy expected, the expected SMBH mass
for a galaxy’s velocity dispersion, using the equation 2
above Kormendy & Ho (2013). From this value, we define
the deviation from Mpp ezpected aS:

()

where M By qcereted i measured from the simulation and
is shown on the y-axis of Figure 1.

From the AMppg, we further classify our sample into
two sets: galaxies with over-massive SMBHs and galax-
ies with under-massive SMBHs. Galaxies in the first
set, those with over-massive SMBHs compared to their
MBH,expected, have a positive deviation, AMpy >0, and
fall above the grey line in Figure 1. Galaxies with under-

AJM’BH = MBH,accreted - MBH,ezpected
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massive SMBHs fall below the empirical M — o line and
have a negative AMpy. We note that in our sample low
stellar mass galaxies are more likely to host over-massive
black holes. Finally, where applicable, we include the
galaxies without central SMBHs for additional compari-
son.

3.1. Scatter in the Low Mass End of M — o

In Figure 1, we see that scatter, and therefore AMpgyy,
is greatest at the low mass end of the relation as expected
by observations (Kormendy & Ho 2013). To address the
enhanced scatter at the low mass end and remove the
impact of galaxy mass from our results, we focus this
section (3.1) of our analysis to galaxies in the lower half
of our sample with stellar masses below 3 x 101°Mg. Our
low mass sample includes 106 from our full sample of 140
galaxies with 95 SF and 11 Q galaxies. All of our galaxies
without central SMBHs also fall inside this mass range.

3.1.1. Metal Retention Correlates with AMpy

In Figure 2, we find that the metal retention in the
disk correlates with the deviation of each galaxy’s central
SMBH from their Mgy cxpected; AMpr. Galaxies with
over-massive SMBHs can retain significantly less metals
within their disks, with star forming galaxies showing
a median of fz 455 = 0.73 of their metals from the disk,
and quenched galaxies a median of 0.51 (Table 1). Galax-
ies with under-massive black holes retain most, if not all
of their metals within the disk, with medians of fz g;sk
of 0.89 and 0.72 for star forming and quenched galax-
ies, respectively. We also find that most of the metals
that remain in the disks or central regions of the galax-
ies with under-massive black holes are locked in stars
(yellow points). Meanwhile, galaxies with over-massive
SMBHs have a majority of their metal stored in the gas
phase (purple points).

We can determine where the metals lost by each galaxy
end up from Figure 3, which compares the total metals
retained in the entire halo (f, g;sk + fz,com) as a function
of halo mass. Each point is colored by the metal mass
fraction of the disk/central region in stars as calculated
by:

MZ,disk stars (6)
MZ,disk stars T MZ,disk gas

fz,stars in disk —

where each value is calculated as described in Section 2.

We find that the majority of our star forming galax-
ies keep nearly all of their metals within the halo with
only up to 15% of their metals being lost to the IGM.
Only ~ 5% (6/119) of these star forming (SF) galaxies
lose more than 15% of their metals to the IGM (indi-
cated by the dashed grey line at y = 0.85). Furthermore,
by comparing the color of the points, we can see that in
the star forming galaxies that keep most of their met-
als, those metals are primarily stored in stars within the
disk (yellow-to-orange squares). The SF galaxies that
lose more of their metals to the CGM (purple squares)
have more of the metals in their disk contained within
the gas phase. Thus, this figure could indicate an ad-
ditional role played by the SMBH. In the SF galaxies
with over-massive black holes, the SMBH may not only
be responsible for ejecting metals out from the disk, but

seems to also play a role in stellar regulation by sup-
pressing overall the star formation and therefore result-
ing in lower metallicity stars at the host galaxy’s center
at z = 0. This result is consistent with Sharma et al.
(2022) which looked at the impact of SMBHs on galaxies
in the dwarf mass regime, M, = 108 —10'°. They find
that in the galaxies at the high mass end of their sample
(M, >10%3) SMBHs are driving gas out from the cen-
tral 0.1R,;, into the CGM on fast timescales (~ 1 Gyr)
around z ~ 0.5 —1.

However, Figure 3 shows distinct differences when we
consider the quenched galaxies in our sample. All but
one quenched galaxy have lost some metals to the IGM,
and nearly half of these have lost at least 15% of their
total metals. Additionally, every quenched galaxy has
over 70% of their metals locked in stars (yellow-to-orange
circles). This characteristic likely comes from the fact
that these quenched galaxies have lost most if not all of
their cold gas by z ~ 0. Thus, the primary contribution
of metals come from the stars that remain.

The left panel of Figure 4 more clearly shows the dis-
tribution of metals within each galaxy component. It
compares the metal retention in the CGM to the metal
retention in the disk. From this figure, we can see the
distribution of metals in the components of each galaxy.
Galaxies that fall along the grey one-to-one line have
maintained all of their metals within the virial radius (a
y-value of 1.0 in the left figure). Since we know that most
of our galaxies do not lose many metals to the IGM, it
is unsurprising that most galaxies fall nearly along this
line. Points are colored by each galaxy’s AMpy with
red points indicating galaxies with the most over-massive
black holes and blue points indicating the most under-
massive black holes. As expected, the galaxies that retain
the most metals in their disks (bottom-right) have under-
massive black holes, and from Figure 2, we know that
the metals in their disks are locked primarily in stars.
In contrast, the galaxies with over-massive BHs (red)
have their disk/central region metals primarily stored in
the gas phase in addition to losing more of those met-
als to the CGM and some to the IGM as well. Thus,
the populations of galaxies with over- and under-massive
black holes are also distinguished by where the metals are
stored inside their inner 0.1R,;,. In other words, galax-
ies hosting over-massive SMBHs have most of these met-
als in the gas phase, while galaxies with under-massive
SMBHs have the metals in this region locked in stars.

The right panel of Figure 4 shows the fraction of
baryons in the CGM as a function of the baryonic frac-
tion in the disk (points and colors as in left panel). The
grey line indicates where the baryonic fraction of the disk
and the baryonic fraction of the CGM equals one. Unlike
the metal retention plot to the left, we see some scatter
above and below this line. This difference is due to us-
ing the cosmic baryon fraction to calculate the expected
Miotar baryonic-

Comparing the left and right panels in this figure, we
see that the metals in the galaxy do not generally trace
the baryonic component. When examining the metal re-
tention plot, we see that most galaxies fall along or below
the grey line and show a distinct trend with AMpy.
Meanwhile, the baryonic fractions are quite different.
Though the measurements are centered on the grey line,
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FiGc. 5.— The cumulative sum of the accreted black hole mass

as a fraction of the total accreted BH mass as a function of time.
Upper Panels: Red and blue lines corresponds to this value for
each individual galaxy with an over or under massive black hole,
respectively. Lower Panel: The red and blue line correspond to the
median values for the galaxies with over-massive BHs and under-
massive BHs, respectively. Here, we’ve only included black holes
with |[AMpg| > 0.5 to select for galaxies with the most significant
mass deviation. We find that galaxies with over-massive BHs grow
earlier than galaxies with under-massive black holes. Sharma et al.
(2020) finds that the timing of galaxy growth is related to halo
concentration.

they otherwise have significant scatter above and below
and the trend with AMpgpg is not as pronounced. Nev-
ertheless, galaxies with under-massive black holes (blue)
tend to have more mass than expected and larger frac-
tions of baryons in their disks (above the grey line) com-
pared to galaxies with over-massive black holes which
have baryon fractions below their expected masses and
tend to have a higher fraction of baryons in their CGM.
Thus, the galaxies can accrete more than their expected
share of baryons or have reduced baryons due to lower ac-
cretion, rather than expulsion from its halo (which would
result in lower metal retention rates beyond what we
find). The differences we see between these plots tells
us that the motion of the metals is not strictly following
the motion of the gas and stars in the galaxy.

Furthermore, we find that the galaxies with over-
massive SMBHs are also those which are growing their
SMBH through earlier accretion. Figure 5 (lower panel)
shows the median values of our two subsamples for the
cumulative sum of the accreted mass as a fraction of the
total accreted mass for each central SMBH. The upper
panels of Figure 5 show these values for each individ-
ual galaxy from which the median is calculated. We see
that on average galaxies with over-massive black holes
(red line) accrete material and grow their black holes at
earlier times than their counterparts with under-massive
black holes (blue line). This result is consistent with
Sharma et al. (2020) and implies that there may be dif-
ferent avenues for the growth and formation of these
SMBHs. Furthermore, Sharma et al. (2020) find that
the different timescales of galaxy growth are related to
their halo concentration.

3.1.2. AGN Feedback Flattens Mass and Metallicity
Gradients

Within this lower mass half of our galaxy sample, we
have shown that galaxies with differences in their SMBH
mass residuals (AMppy) have different fractions of met-
als in the CGM. We measure the total energy output
through SMBH feedback and stellar feedback within each
galaxy and compare the ratio of these two quantities in
Figure 6. We find that the galaxies with over-massive
SMBHs (red) experience more AGN feedback even at
the low mass end where stellar feedback may have dom-
inated. From Figure 6, we argue that the feedback from
SMBHs is responsible for impacting the local redistribu-
tion of mass in these galaxies over stellar feedback. Fur-
thermore, we argue that SMBHs are more effective at re-
distributing mass in galaxies with comparatively smaller
potential wells, which can explain the differences in metal
retention that we see in Figure 2.

This process additionally impacts each galaxy’s mass
and metallicity gradients. We split the sample into two
bins which included all the galaxies in the low mass
sample with over-massive black holes (AMpy >0) and
those with under-massive SMBHs (AMpy <0). Figure
7 shows the median gas phase (Left) and stellar metallic-
ity (Right) profiles for all the galaxies with over-massive
BHs (red) and those with under-massive BHs (blue). We
also include the median metallicity gradients for the pop-
ulation of galaxies with no central SMBHs in grey. We
see that, on average, galaxies with under-massive BHs or
no BHs are more likely to have a concentration of metals
built up within the gas and stars in their centers. By
comparison, galaxies with over-massive BHs have fewer
metals in their centers and have an overall flatter metal-
licity profile on average likely driven by the evacuation
of metals by the SMBH.

In Figure 8, we additionally compare the gas mass and
stellar mass radial profiles for this split sample. We see
a similar stellar mass profile shape for both the popu-
lations of galaxies with over- and under-massive black
holes; however, the galaxies with under-massive black
holes have a larger build up of stellar mass in their cen-
ters by about half a dex. In the gas mass profile, we find
that both the galaxies with under-massive BHs and with-
out BHs have very similar profiles. In the stellar mass
profiles, the median profile for the galaxies without BHs
is lower than the galaxies with under-massive BHs. How-
ever, we argue that the shape of the stellar mass profile
for the galaxies without BHs is closer to that of the galax-
ies with under-massive BHs. Additionally, the profile for
galaxies without BHs is lower as they are likely to be
less massive given that the occupation fraction decreases
with decreasing stellar mass.

These profiles help explain what we see in the galaxies
with under-massive BHs. These galaxies have SMBHs
which grow to smaller masses than expected for their
stellar velocity dispersion/potential (Figure 1). These
under-massive BHs are less effective at regulating star
formation across the evolution of the galaxy which results
in two of the characteristics we see: the build up of stellar
mass and both stellar and gas-phase metallicity in the
center of the galaxies.

Thus, due to less feedback from the SMBH, more met-
als end up locked in both the the gas and stars at the
center of the galaxies with under-massive SMBHs and
more stars form over all. This point further confirms one
of the results of Sharma et al. (2020) which finds that the
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F1G. 6.— The ratio of SMBH and stellar feedback energy as a function of stellar mass. Points are colored by AMpg. The dashed line
indicates the median of the ratio of SMBH and stellar feedback energy, and galaxies that fall above this line have more AGN feedback than
average. The galaxies with over-massive black holes (red) lie above this line even at the low mass end indicating that the impact of SMBH
feedback is resulting in the differences in metal content that we see at the center of these galaxies.

hosts of under-massive black holes followed nearly iden-
tical evolutionary tracks to galaxies without black holes.
This result is also consistent with Sanchez et al. (2019)
which shows that galaxies without BH physics end up
with a significant build up of metals in their cores with-
out BH feedback to eject the metals from the center and
suppress star formation.

3.1.3. AGN Feedback Does Not Evacuate Gas from the
CGM

We have shown that the local redistribution of mass
by the SMBH in our galaxy sample impacts the metal
retention in the disk and the metallicity profiles of our
galaxies. To understand the impact of AGN feedback
on the CGM of these galaxies, we compare our results
to those of Davies et al. (2020), which find that galaxies
with over-massive BHs have a lower fraction of baryons
in their CGM due to the evacuation of gas by black hole
feedback both for IlustrisTNG galaxies and those from
the EAGLE simulation. Interestingly, we find the oppo-
site. Figure 9 shows the fraction of baryons in CGM gas,
defined as in Davies et al. (2020):

Meoam
Mvir

(7)

fCGM =

where Moy is the gas mass within M,,;,- that is not star
forming. Interestingly, we find no correlation with foaas
and the over- or under-massive state of the SMBHs from
our galaxies.

This distinct difference between our findings and those
of Davies et al. (2020) are likely due to the differences in
the implementation of sub-grid BH physics. In the EA-
GLE simulation, AGN feedback (Booth & Schaye 2009)
is implemented via stochastic, isotropic heating applied
to gas particles (AT agny = 10%° K) and the AGN feed-
back efficiency was chosen to reproduce the z = 0 scal-
ing relation between galaxy stellar mass and their central
SMBH masses. The energy injection rate is: fagnaecc?
where Mg is the BH accretion rate and fagy = 0.015
is a fixed value where f%,5 determines the fraction of
available energy coupled to the ISM. AGN feedback is
the primary form of self-regulation in EAGLE once a hot
CGM has formed, limiting the impact of stellar-driven
winds out of the galaxy (Bower et al. 2017).

In IlustrisTNG, AGN feedback is implemented in two
modes: high accretion rates drive a feedback mode which
injects energy thermally, heating nearby gas cells to the
BH using an efficiency of fagn,thm = 0.02, which is
similar in scheme to our implementation in Romulus25.
Meanwhile, feedback associated with low accretion rates
inject energy kinetically with a random direction chosen
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our sample, including the median values for each subsample (bottom plot). Overall, the stellar mass profile for galaxies with both over-
and under-massive SMBHs have a similar shape, but galaxies with under-massive black holes have about half a dex more mass in stars in

their cores.

for each injection event. The efficiency of the kinetic
mode, fagn,kin, Scales with local gas density up to 0.2,
and kinetic AGN energy is injected with a velocity de-
termined by the mass of gas associated with the inject
region. The threshold between high and low accretion
scales as a function of the BH mass and is written in
terms of the Eddington ratio:

x = min[0.1, xo(mpw/10°Mg)?] (8)
where xg = 0.002. Regardless of mass, a BH can inject
feedback via the thermal mode at sufficiently high ac-
cretion rates (Weinberger et al. 2017); however, once a
BH reaches the pivot mass of 108 M, this mode becomes
rare thereby setting this mass as the transition between
thermal and kinetic feedback modes.

While the simulations discussed in Davies et al. (2020)
find that the SMBHs effectively eject gas from the CGM

out into the IGM, our results are quite different. We
find that in our galaxies the quantity foaas does not ap-
pear to be influenced by AMpgy. Thus, the majority of
the SMBHs in our galaxies do not appear to evacuate gas
and metals from the CGM out past the virial radius. The
impact of the SMBH’s feedback in relation to the depth
of its host galaxy’s gravitational potential (as sampled
by stellar dispersion) doesn’t appear to affect the baryon
content of the CGM. Instead, we find that the mass and
metal redistribution of the SMBH feedback is primarily
limited to the local vicinity of the galaxy. We note that
the AGN feedback in ROMULUS25 has been shown to be
more moderate than in other cosmological simulations
(Tremmel et al. 2019; Chadayammuri et al. 2021; Jung
et al. 2022). It may be that in the absence of high tem-
perature metal cooling, our AGN can drive galaxy-scale
outflows that can effectively regulate star formation but
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Fic. 9. Measurements of the fraction of baryons in the CGM,

as calculated in Davies et al. (2020), as a function of the virial
mass for all 140 of our galaxies. To compare more accurately with
Davies et al. (2020), points in this plot are colored by the deviation
of each SMBHs mass from the rolling mean of the of Mpg-My;,,
AlogioMpp — Myir, relation. Unlike Figure 2 from Davies et al.
(2020), we find no trend between fcgps and AlogioMpyr — Myir
for our galaxies indicating that at fixed halo mass, the deviation of
black hole mass does little to impact the content of the CGM. We
find a few quenched galaxies with nearly fully evacuated CGMs
(lower left circles) which is consistent with rapid quenching (<1
Gyr) found by Sharma et al. (2022) in intermediate dwarf scales
(1093 <M. <1010).

are not powerful enough to evacuate the CGM. We elab-
orate on this idea and its implications further in Section
4.1.

Nevertheless, the stark differences between the mea-
surements of the baryonic content of the CGM between
the two simulations and from other groups will be an ex-
citing test for future observations that measure gas and
metal abundances in the CGM and include dynamical
measurements of SMBH masses. See Section 4 for addi-
tional discussion.

Interestingly, there appear to be a small population of
galaxies between log Mjq, = 10117115 that have sig-
nificantly lower values of fogy (Figure 9 bottom left).
These galaxies also stand out in the right hand panel of
Figure 4 (Blue circles at bottom center), and we see that
these galaxies have AMpy < 0. These galaxies have
nearly all of their metal and baryonic content within the
inner 0.1R,;, locked in stars, with little gas remaining in
their center. Sharma et al. (2022) explored the quench-
ing in these and lower mass dwarfs in RoMULUS25. They
find that galaxies with M, ~ 1010M®, which are at the
top of the dwarf mass regime, are more likely to experi-
ence quenching events that rapidly remove gas from the
galaxy and partially evacuate the CGM within 1 Gyr.
However, this characteristic effect appears to be confined
to galaxies at or about 10!° M, and not seen in galaxies
above or below this mass. See Sharma et al. (2022) for
additional details.

3.2. Predictions for Observational Comparisons

To compare with both current and future observations,
we create mock observations for metal retention mea-
surements and predict C IV column densities for future
surveys of quasar spectroscopy that include dynamical
mass measurements. For this section of the analysis,

Deviation from Mgy — M, Relation

Sanchez et. al.

Gas Phase Mass-Metallicity Relation

10.0
—— GAMA Fit
05! T SDSS Fit
' Isolated R25 Galaxies 9
o Star Forming 0

. 901 e Quenched
I
~~
Q ss
o
gs! i
+ 80 E °®
N i .
— e

7.5 . Bt

. %
7.0
z=0
6.5
6.0 7.0 8.0 9.0 10.0 11.0
M s«

F1G. 10.— The relation between the stellar mass and gas phase
metallicity for our sample (black circles and white squares) and
a wider selection of ROMULUS25 galaxies (grey crosses) at z = 0.
The black dashed line indicates the SDSS fit (Tremonti et al. 2004;
Pettini & Pagel 2004) and the purple solid line indicates the same
relation from the Galaxy and Mass Assembly (GAMA) survey (Fos-
ter et al. 2012) with their errors in shaded purple. Our sample of
galaxies (3 x 109 <M, <3 x 10! Mg) fit well within the errors of
the expected gas-phase metallicity of the galaxies from the GAMA
survey, but over-predict the amounts expected from SDSS.

we include only the star forming galaxies from our full
galaxy sample due to the small number statistics of our
quenched galaxies.

3.2.1. Mock Observations of Metal Retention

Within the same mass range of the R25 galaxies an-
alyzed in this work, past observations have calculated
average metal retention fractions within the disks of se-
lected nearby galaxies of between 20 —40% (Peeples
et al. 2014; Telford et al. 2019). In comparison, the mea-
surements for our simulated galaxies have an average of
about 80% as seen in Figure 2 and Table 1. To better
compare to observations and determine whether these
results could be observed, we create mock observations
of the stars and gas in the simulated galaxy disks and
process them in the method of an observer. This process
results in a set of new values for the metal retention frac-
tion for each galaxy. We follow the method of Telford
et al. (2019) to calculate the necessary components of
the metal retention equation (Equation 4) including the
metal mass in stars in the disk, the metal mass in gas
in the disk, and the metals produced by the stars in the
disk.

Figure 10 shows the stellar mass and gas phase metal-
licity (Mass-Metallicity Relation, MZR) relation for
galaxies selected from R25 to show the validity of this
mock observation analysis. Grey crosses show galaxies
across five orders of magnitude and the black circles and
white squares indicate the same sample of galaxies we
analyze throughout this paper. We find that the galax-
ies in R25 do follow the observed MZR of the GAMA
Survey (Foster et al. 2012) across the mass range of our
galaxies, though our measurements are high compared to
SDSS (Kewley & Ellison 2008) depending on which cal-
ibration model is used to derive metallicities (Tremonti
et al. 2004; Pettini & Pagel 2004).



= =
e © © o o
v o n o v

Simulated Miotar z formed in disk

©
=}

The Scatter Matters 11

10.0 P 100
R " @OO . 95
5 8 95 ) g
° o o 90 101
) % ’ 2 ° o O
S S 9.0 S as ° o ’
(¢} ] N : [ ]
N ° () °
& = = ® 0% 0
9 5 85 - 80 e ¢
5] o] (0]
o °
“r'u' © 7.5 L4
° L g0 =
2 1010
I g 70
— ) —_
75/ ® "
n 6.5
7.0 6.0
8.0 8.5 9.0 955 10.0 10.5 7.0 75 80 85 90 95 100 60 65 70 75 80 85 90 95 10.0

Observer Miotal z formed in disk

Fia. 11.

Observer Mz, gis stars

Observer Mz, gisk gas

Comparisons between the simulation measurement and tne mock observations for the Mioial z formed in disk (Left),
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a small systematic offset due to the different definitions of the stellar disk in either case. The metal mass in disk gas however shows a more

significant offset, as well as more scatter.
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To move forward with our mock observations, we
needed to construct “mock observed disks” from the sim-
ulated set of galaxies, including a stellar disk and gas
disk. First, to select a stellar disk, we calculated the
surface brightness of each galaxy and used the detection
limit of SDSS (26 mags/arcsec?) to define the radius and
included all star particles within 1 kpc above and below
the stellar plane. We use this definition of the stellar disk
to calculate the SFH and the average stellar metal mass
fraction in bins of 150 Myrs for each galaxy. These are
the mock observables, since an observer could measure
these quantities by modeling the observed light from the
stellar populations. From these quantities, we calculate
the metal mass locked into stars formed in each time bin
as the product of the total mass of long-lived stars formed
per bin (assuming a returned fraction of R = 0.425; Vin-
cenzo et al. 2016) and the average metal mass fraction
of the stars in that bin. The sum over all time bins then

gives the total metal mass locked into disk stars, as an
observer would measure.

We then use the same SFH and stellar metal mass frac-
tions to calculate the metal production history for each
galaxy, adopting the metal production model of Telford
et al. (2019). We do not attempt to match the metal
production scheme in ROMULUS25; rather, we opt to ap-
ply typical assumptions that an observer would make
when calculating the metal mass produced by stars in
an observed galaxy. We refer the reader to Section 3.1 of
Telford et al. (2019) for details, but briefly summarize the
key assumptions here. We account for metal production
by Type II and Type Ia SNe, but exclude the contribu-
tion of AGB stars. For Type II SNe, we adopt metal
yields from Nomoto et al. (2013) and account for the
modest impact of stellar metallicity on predicted yields,
and assume that only stars < 40Mg return metals to
the ISM. For Type Ia SNe, we adopt the metal yields of
Tsujimoto et al. (1995) and the delay-time distribution
of Maoz & Mannucci (2012), and assume that the first
Type Ia SN explodes 100 Myr after the onset of star for-
mation. Using these ingredients, we construct a model
of the metal production rate as a function of time follow-
ing an instantaneous burst of star formation normalized
to 1M formed, then convolve this model with the “ob-
served” SFH to calculate the metal production history.
Finally, we integrate the metal production history over
time to obtain the total metal mass produced by the stars
in the “observed” disk for each galaxy.

Then, to select a gas disk, we used a surface den-
sity cut in HI of 10'" ¢cm™2 and similarly included all
the gas particles within 1 kpc above and below the disk
plane. We note a caveat of our work: molecular hydro-
gen is not separately calculated due to the resolution of
the simulation; therefore, the simulation HI includes all
cold/cool ISM material (see additional details in Chris-
tensen et al. 2012). From this gas disk selection, we cal-
culated the total sum of HI mass within the disk and the
average metallicity of cold, dense disk gas (T < 10*K,
p > 0.2 my, cm™3). The simulation does not resolve indi-
vidual HII regions, but in real galaxies, the same gas in
which star formation is ongoing is ionized by young, hot
stars to produce the nebular emission from HII regions
that observers use to measure the gas-phase metallicity.

M« /Mg
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The total metal mass in the gas phase is then simply cal-
culated as the product of the total “observed” gas mass
and the average metal mass fraction in the cold disk gas
for each galaxy.

The final outputs are measurements for mock observa-
tions of the following quantities:

e metal mass locked in stars, Mz qisk stars;
e metal mass in the gas phase, Mz gisk gas;

e the amount of metals produced from the stars,
Mtotal Z formed in disk;

and from those values we calculate a metal retention
fraction, fz 4isk, as in Eq. 4.

The first three measurements are compared in Fig-
ure 11 for the measurements directly from the sim-
ulation and the mock observation. In the left-most
plot, we compare the total metals formed in the disk,
Miotal Z formed in disk, for the measurement from the
simulation (y-axis) and the mock observation (x-axis)
and see that these values are closely aligned. There
are systematically more metals formed when calculated
directly from the simulation, but this difference arises
from the slightly different definitions of the stellar disk:
0.1R,; vs the SB cut at 26 mags/arcsec?. Similarly, we
see a difference in the middle plot of Figure 11 that shows
the metal mass in the disk stars, Mz gisk stars, With the
measurement from the simulation showing more metals
in disk stars than the mock observations. Again, this
difference comes from the variation in the definition of
the stellar disk.

The right-most plot of Figure 11 shows the quantity
with the largest scatter. The simulated and mock obser-
vations of Mz gisi gas Show significant scatter as well as a
systematic offset. We determine that this offset is likely
a result of using only the mass of HI gas rather than the
total gas mass in the observer calculation. However, Fig-
ure 12 shows that the amount of HI in the ISM of our
galaxies are near observed values at the low mass end,
though are lower at higher stellar masses. These low
values of HI can be explained by referring back to the
right-most panel of Figure 11 which shows that galaxies
with higher stellar mass lie farther from the 1-to-1 line
in grey. This trend is a result of higher fractions of HII
gas residing in the hotter halos of more massive galax-
ies and thus depleting the amount of HI at these higher
masses. It is likely that the inclusion of a full treatment
of metal cooling could impact these results by increasing
the total amount of cold gas traced by HI in our galaxy
disks (Christensen et al. 2014).

Finally, we explore the impact of these differences by
comparing the metal retention fraction, fz 4isk, directly
from simulation and for the mock observations in Figure
13. In this Figure (the left hand panel of which repro-
duces Figure 2), we compare the metal retention fractions
as functions of log AMpy with each point colored by the
metal fraction of the disk/central region in stars for the
simulated and mock observed quantities.

Both panels of Figure 13 have a qualitatively similar
shape and show a flattened distribution below AMpy <
10 Mg though with significant scatter. However, the re-
lation peaks at ~0.7 for the mock observation on the right
instead of 1 as in the left hand panel. In both cases, most

of the galaxies with the highest metal retention fractions
and that host the most under-massive SMBH maintain
more of their metals in stars (yellow points). Galaxies
that maintain the most metals in the gas phase of their
disks are primarily galaxies with over massive black holes
(purple points on the right side of each panel). However,
while the overall trend that under-massive black holes re-
tain more of their metals in their disk holds for the mock
observations, we note that the trend with metals locked
in stars is present but not as clear.

Nevertheless, the relationship between AM gy remains
broadly consistent (i.e. over-massive black holes result
in lower metal retention in the disk). Thus, even with
biases inherent to the observational methods, there is po-
tentially an observable separation between galaxies with
high fz,disk that host under-massive black holes com-
pared to those with over-massive black holes with lower
fz,disk values. However, the trend between galaxies
with metal rich disk gas and different AMpgy values is
no longer as clear within the mock observations.

3.2.2. Column Densities of C IV

In addition to predicting how observable this effect
may be through mock observations of metal retention,
we additionally make predictions for how likely we might
observe this phenomenon through quasar spectroscopy.

To do so, we calculate the column densities of C IV
within the low mass SF galaxy sample. We choose to
measure C IV because it acts as a viable proxy for foanm
as it traces metals within T = 10*—10° K and p =
107°—10"2 ecm™2 at z = 0 (Schaye et al. 2003; Op-
penheimer & Davé 2006; Davé & Oppenheimer 2007;
Ford et al. 2013; Rahmati et al. 2016; Oppenheimer
et al. 2020). Then we subdivide the SF galaxies into
the two sets: galaxies with under-massive black holes
and galaxies with over-massive black holes. Finally, we
select matching pairs from each set with the closest avail-
able stellar masses to eliminate bias due to differences in
stellar mass. This selection resulted in a subsample of
62 galaxies, 31 each with over- or under-massive SMBH,
from which we could specifically isolate differences due
to the SMBH mass excess.

For each of these 64 galaxies we then calculated the
C IV column densities, N C IV, of their inner 0.1R,;,.
Column densities of C IV are calculated using the pub-
licly available analysis software PYNBODY (Pontzen et al.
2013). Oxygen and iron enrichment from supernova and
winds are traced throughout the integration of the sim-
ulation and carbon abundances are calculated from As-
plund et al. (2009). Ionization states are calculated dur-
ing post-processing and assume optically thin conditions,
collisional ionization equilibrium and an ultraviolet radi-
ation field at z = 0 (Haardt & Madau 2012). Finally, we
create models with variable temperature, density, and
redshift using the CLOUDY software package (Ferland
et al. 2013) to determine the fraction of C IV in each gas
particle.

From our 62 stellar-mass-matched galaxies, we split
the sample into galaxies with SMBH masses above and
below the median mass of logio(Mpy) = 7.1, then we
plot the column densities of C IV as a function of radius
and compare the median values in Figure 14. In galax-
ies with lower mass BHs (left panel), there appears to
be higher column densities of C IV in galaxies hosting



The Scatter Matters

Simulation Measurement

—
w

Observer Calculation

=
=}

3

o ] 1 o
© 1 1 X
MR Rgisk = 0.1R i Raisk = Zp < 1017 cm=2 | S
x| 3 disk = U.1Rvir . disk = ZHI < cm- = 09 2|n
S| i i 7 8ls
(8 : i 2|+
= | £1.0q : . 0.8 3w
+ 15 Qe : NE
gl N sl 7 i =\
$|gos8 . oy o ° 0.7 |3
S g m" o ' N
s " ng'™ 0© © 9 =

0.6 1 ! ] o e © ® 0.6 I

I : - ® . N
& L o s 5ue Mos 2
Y, | @O "
A ! ! 04 <
S 0.2 ; i 8
W - - - 5 - : : : 5 - 03 N
-3 -2 -1 0 1 -3 -2 -1 0 1 Y

|Og AMpy

|Og AMpy

F1G. 13.— The metal retention fraction from the simulation (Left, as in Figure 2) and the mock observation (Right). Despite a difference
in the median metal retention fraction, our results hold for the mock observations: galaxies with over-massive black holes have lower metal
retention fractions than galaxies with under-massive black holes. It is possible that this results could be tested by comparisons to metal
retention observation that have associated black hole mass measurements.

under-massive BHs, with a consistent difference of about
0.3 dex throughout the content of the CGM. In galaxies
with higher mass BHs (right panel), we find that there
is more abundant C IV in the CGM of galaxies with
over-massive SMBHs (red lines) than those with under-
massive SMBHs (blue lines). Each shaded region indi-
cates the 16th to 84th percentile value for each subsam-
ple. The difference between the median values of NC IV
appears to increase between 0.1 to 0.8 R,;.. However,
when we compare the entire sample of 62 matched galax-
ies in this way, the differences between column densities
of C IV disappear.

Future HST/COS surveys will be able to determine
whether these predictions are borne out by observations.
COS-Holes (Werk et al. 2021), one such future survey,
will connect the UV absorption measurements made with
COS to dynamically-resolved SMBH measurements for
galaxies in the line-of-sight of the background quasar.
We discuss the implications of this result and compare
our predictions to those from other simulations in Section
4.3.

4. DISCUSSION AND CONCLUSIONS

4.1. Metal Cooling May Erase Evidence of AGN
Outflows

The lack of metal cooling in ROMULUS25 is a major
caveat of our results. Lack of metal-line cooling will re-
sult in an underestimate of cooling rates of hot (10°~6
K) gas by a factor of a few (Shen et al. 2010). If metal
cooling were included, it is possible that metal enriched
gas put into the CGM from AGN outflows may cool more
rapidly and make their way back onto the central galaxy.
The lack of metal cooling in Romulus may artificially en-
hance the signature we see (less metals retained in the
galaxy and more put into the CGM) while in reality this

signature may be more transient.

However, we argue that our key result remains valid.
The relationship between a SMBH’s mass and its host’s
galactic potential (from sigma by proxy) does determine
how effective SMBH feedback is at driving outflows of
metal enriched gas from its host galaxy. For example,
the galaxies with over-massive BHs will have their met-
als expelled from the galaxy and into the CGM; how-
ever, when metal cooling is included, the high fractions
of metal-enriched CGM gas (as seen in Figure 4) may
not be observed at z ~ 0 due to faster cooling times that
allow that gas to cool back onto the galaxy more rapidly.

While the length of time that metal enriched gas re-
mains in the CGM may be overestimated by the cool-
ing treatment in Romulus, our main result that scatter
within the M — o relation is connected to the thermal
and kinematic histories of metal enriched gas still holds,
with overly massive black holes more likely to drive larger
outflows of metal enriched gas further into the CGM.

4.2. BHs Primarily Drive Metals into the CGM not the
IGM

Sharma et al. (2020) looked at a sample of 205 isolated
dwarf galaxies with central SMBHs from the Romu-
LUS25 volume. They determined that galaxies with over-
massive black holes formed earlier and exist in galaxies
with lower stellar masses than expected for their halo.
Despite exploring a higher mass regime of galaxies, we
see similar indications of lower stellar masses at the cen-
ters of our galaxies that host over-massive black holes in-
dicating that the BH may play a role in suppressing the
integrated overall star formation of the galaxy. These
results are also consistent with Davies et al. (2020) who
found that in a sample of galaxies from EAGLE and II-
lustrisTNG those with over-massive black holes formed
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F1G. 14.— Column densities of C IV as a function of radius for sub-sample of stellar-mass-matched galaxies with over-massive (red) and
under-massive (blue) SMBHs. Shaded regions indicate the 16th to 84th percentile values. (Left): Galaxies from our matched sample with
black hole masses below 1071 Mg. The upper panels show N(C IV) for each subset of galaxies split between over- and under-massive
SMBHs and the lower panel shows the median for each subset. (Right): The same set of figures as in the left panel but for galaxies
with SMBH masses above 1071 Mg. Our measurements predict that upcoming UV absorption missions that include host galaxy SMBH
information, such as the COS-Holes survey, may observe a difference in the amount of C IV in their CGM. In galaxies with higher black
hole masses, galaxies with over-massive black holes may contain significantly more C IV in the outer CGM, while a smaller difference in

C IV content may be seen in galaxies with lower mass black holes.

within dark matter halos with tightly bound centers and
were characterized by systematically lower star formation
rates.

However, Davies et al. (2020) find that the galaxies in
their sample with over-massive BHs negatively correlate
with the fraction of total gas in their CGM. In other
words, galaxies that contain more massive BHs at fixed
galaxy mass evacuate more of their CGM. In contrast,
the total baryon fractions in the CGM of our galaxies do
not correlate with the deviation of mass of our SMBHs.
Figure 9 shows no trend with AMpgpg so the over-massive
black holes in our simulated galaxies are not evacuating
the CGM as is the case for EAGLE and IllustrisTNG. In-
stead, the trends that we see imply that the over-massive
BHs in our galaxies may be effective at redistributing
both gas and especially metals within the disk/central
region (~ 0.1R,;-) but they are not adept at evacuat-
ing material out of the CGM and into the intergalactic
medium, except in a few, specific cases for galaxies with
M, = 10'9M, (Figure 9 Sharma et al. 2022). The differ-
ence between our results and Davies et al. (2020) is likely
a result of the different implementations of BH feedback
we discussed in Section 3.

From Figure 6, we confirm the SMBH’s role in driv-
ing metals out of the center of the galaxy. This result
is also consistent with the work of Sanchez et al. (2019),
which explored the metal content of the CGM in a set of
4 galaxies run with the same code and nearly the same
resolution (My,s = 2.1 x 10° Mg , Mpy = 1.4 x 10°
M) to R25. In that paper, they compare 4 galaxy sim-
ulations with and without black hole physics and find
that the galaxies without BH physics end up with a con-
centration of metals in their centers as we see here in
the galaxies with under-massive BHs. Their Figure 10,
which compares the metallicity profiles for ISM gas for
the galaxies and shows a build up of metals in the cen-

ter for the galaxies without black holes is quite similar
to our Figure 7. In our case, the galaxies with under-
massive black holes show the same build up of metals
at the center as the galaxies with no black holes which
is consistent with Sharma et al. (2020). The consisten-
cies between these simulations further confirms that the
SMBH, which was responsible for ejecting metals from
the galaxies in Sanchez et al. (2019), is also key in eject-
ing metals from the galaxies with over-massive BHs in
our sample.

4.3. Predictions for Future CGM Surveys

From Figure 14, we predict that surveys like COS-
Holes (Werk et al. 2021) may see a distinction between
the amount of C IV and other ions in the CGM of galaxies
that host over- and under-massive central SMBHs. An
observable test for these predictions could come in the
form of future HST/COS observations, specifically those
like COS-Holes, that will pair UV absorption measure-
ments to dynamical BH mass measurements. With such
observations, we will additionally be able to determine
whether or not SMBH are evacuating gas in the CGM of
their hosts. Furthermore, these kinds of metal line mea-
surements, paired with dynamical BH mass estimates,
would allow us to determine whether SMBHs that are
over- or under-massive play different roles in setting the
metal content of the CGM.

One compelling case is M31. Telford et al. (2019)
measured the disk of the Andromeda Galaxy had lost
up to 62% of the metals formed by its stellar popula-
tion. Therefore, the metal retention of the disk, f. gisk,
is 38%, which is within the range of the metal retention
rates we find in our sample using the observer method
(Right, Figure 13). The galaxies with the lowest metal
retention rates nearly all host over-massive black holes,
which is the case for M31. M31 has a velocity dispersion
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in the bulge of 151-153 km/s (Whitmore 1980; Zou et al.
2011) and a central SMBH mass of 1.4 x 10% M, (Ben-
der et al. 2005) which is 1.5x larger than expected based
on equation 2 (Kormendy & Ho 2013).

While this is only one case, it demonstrates a clear
example of galaxy with metals that have been ejected
from the disk in the presence of a SMBH that is over-
massive compared to its stellar dispersion. Our study
shows that there is plenty of exciting work to be done
connecting the flow of metals in a galaxy to the properties
and effects of SMBHs.
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