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Abstract

Knowledge of the X-ray properties of the hot-gas halos of early-type galaxies (ETGs) has significantly advanced in
the past years, for large and homogeneously investigated samples. We compare these results with the X-ray properties
of an exploratory set of gas evolution models in realistic ETGs, produced with our high-resolution 2D
hydrodynamical code MACER that includes active galactic nucleus feedback and accretion from a circumgalactic
medium. The model X-ray emission and absorption are integrated along the line of sight, to obtain maps of the
surface brightness >y and temperature Tx. The X-ray diagnostics considered are the luminosity and average
temperature for the whole galaxy (Lx and (Tx)) and within five optical effective radii (Lxs and (Txs)) and the
circularized profiles Yx(R) and Tx(R). The values for Lx, Lxs, (Tx), and (Txs) compare very well with those
observed. The >x(R) and Tx(R) also present qualitative similarities with those of the representative galaxy NGC 5129
and those of ETGs with the most commonly observed shape for Tx(R): Yx(R) matches the observed profile over
many optical effective radii R., and T(R) reproduces the characteristic bump that peaks at R = (1 + 3)R.. Inside the
peak position, Tx(R) declines toward the center, but the explored models are systematically hotter by ~30%; possible
explanations for this discrepancy are discussed. Interestingly, >x(R) and Tx(R) as large as those observed outside
R ~ R, are reproduced only with significant accretion from a circumgalactic medium, highlighting its importance.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); X-ray astronomy (1810); Galaxy evolution

(594); Early-type galaxies (429); Supermassive black holes (1663)

1. Introduction

In the past years, the X-ray properties of the hot interstellar
medium (ISM) of early-type galaxies (ETGs) have been deeply
investigated, thanks to the data obtained with the Chandra and
XMM-Newton observatories (B. Boroson et al. 2011; D.-
W. Kim & G. Fabbiano 2015; A.D. Goulding et al. 2016;
I. V. Babyk et al. 2018; K. Lakhchaura et al. 2018; N. Islam
et al. 2021; E. Nardini et al. 2022 and references therein). In
particular, the data of 70 ETGs in the Chandra archive were
homogeneously and extensively analyzed, and the resulting
hot-gas properties were collected in the Chandra Galaxy Atlas
(D.-W. Kim et al. 2019, hereafter K19). Among many
products, for each galaxy, this Atlas provides the X-ray
luminosity Lx and the average temperature (Tx), for the whole
galactic extent and within representative radii (e.g., R., the
optical effective radius, and 5R.), and the X-ray surface
brightness and temperature profiles >x(R) and Tx(R). One
major outcome was the recognition that most temperature
profiles fit in a “universal” shape (D.-W. Kim et al. 2020,
hereafter K20). Except for a set of ETGs (13% of the sample)
with Tx(R) monotonically declining outward, for most ETGs
(82%), the Tx(R) profile fits in a description that includes a
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broad bump at intermediate radii, with a maximum Ty located
at (1 + 3)R., and a decline both inward and outward. Inside a
few kiloparsecs, Tx(R) can keep declining down to the
innermost observed point, become flat, or show a central
increase. The features in this universal profile have been
attributed quite naturally to the roles of the environment, for
the outer galactic regions, and to active galactic nucleus
(AGN) feedback, for the central ones.

On the modeling side, progress has been stimulated by
observational results and by advances in hydrodynamical
simulations (e.g., E. Choi et al. 2015; L. Ciotti et al. 2017,
M. Gaspari et al. 2017; S. Pellegrini et al. 2018; Z. Gan et al.
2019b—hereafter G19b; C. Wang et al. 2019; M. Li et al.
2020; N. Truong et al. 2020; R. Mohapatra et al. 2025).
However, no study has so far performed a close comparison
between the results obtained for the hot gas by simulations
especially designed for realistic ETGs, covering a range of
their main properties, and what has been observed for the gas
in the X-rays and collected in the large studies mentioned
above. We investigate here to what extent the gas properties of
the archival Chandra ETGs are reproduced by the modeling of
the gas evolution with our high-resolution 2D hydrodynamical
code MACER. This modeling includes mass and energy
sources from an old stellar population, mechanical and
radiative heating from a central AGN, and also important
phenomena such as galaxy rotation, star formation, and
cosmological inflow from a circumgalactic environment
(CGM). The code and the input physics have been developed
by L. Ciotti & J. P. Ostriker (2001, 2007, 2012) and
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collaborators, with recent major upgrades by Z. Gan et al.
(2019a, G19b, 2020). In these simulations, the inner
boundaries range from 2.5 to 25pc, to resolve the Bondi
radius; while only performed in 2D, they greatly exceed
the spatial resolution available in most cosmological simula-
tions. For a comparison with X-ray observations, we use
the set of simulations presented in L. Ciotti et al. (2022,
hereafter C22). C22 built realistic dynamical models for the
host galaxies, including the possible presence of a group dark
matter (DM) halo, for a range of stellar masses and internal
stellar kinematics. They used the latest version of the MACER
code, which improved in particular the physical treatment of
AGN feedback and of star formation and disk instabilities; also
considered was the time evolution of the gravitational field of
the stellar disk produced by the rotating cooled gas, of the
growing central supermassive black hole (SMBH), and of
the stellar part of the galaxy due to the mass loss of stars; the
SMBH growth and the stellar mass loss also determine the
time evolution of the stellar velocity dispersion and rotational
velocity fields. The effects of the presence of dust and of a
variable metal abundance, whose evolution is separately
followed for a number of metal species, were also included
(Z. Gan et al. 2020; S. Pellegrini et al. 2020). A preliminary
overview of the hot-gas properties of these simulations was
given in C22; we focus here on a close comparison of these
properties with those observed by Chandra. For the models, we
estimate global quantities, such as the X-ray luminosity and
the average temperature, computed over the whole galaxy (Lx
and (Tx)) and within 5R. (Lx s and (Tx s)), and more detailed
properties, such as the surface brightness profile ¥x(R) and the
temperature profile Tx(R). We find that the global model
properties reproduce well those observed for Chandra ETGs.
The Xx(R) and Tx(R) profiles are first compared with those of
a bright and well-studied galaxy (NGC 5129), which is the
prototypical example of the most commonly observed
temperature profile (43% of cases) in the classification of
Tx(R) made by K20 for 60 ETGs. In this class of profile, called
“hybrid-bump” (HB), the temperature inside the broad peak
keeps declining down to the innermost observed radius. For a
few models of the most massive family, which turned out to be
structurally similar to NGC 5129, the Xx(R) shape compares
well with that of NGC 5129, and their Tx(R) show the
characteristic observed bump; however, within a few kilo-
parsecs, the model temperature is larger than that observed by
~30%. This comparison further indicates the strong impor-
tance of CGM accretion for reproducing the outer observed
parts of NGC 5129. We then extend the analysis to the T(R)
of all ETGs in the HB class and to the >x(R) of those ETGs,
among these, with optical luminosity similar to that of the
successful models; the results obtained from the comparison
with NGC 5129 are confirmed and their validity is then
extended. In particular, the discrepancy in the behavior of the
inner temperature appears to be general; this highlights the
need for a wider exploration of the parameters describing
AGN accretion and feedback and/or for the inclusion of 3D
multiphase effects.

The paper is organized as follows: in Section 2, we briefly
describe the models and the simulations; in Section 3, we
compare the Lx, Lxs, (Tx), and (Txs) of the models with
those of large samples of ETGs observed with Chandra; in
Section 4, we investigate the similarities and differences of the
model Yx(R) and Tx(R) with those of the representative galaxy
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NGC 5129 and of ETGs in the HB class; and in Section 5, we
discuss the results and present the conclusions.

2. The Galaxy Models

Full descriptions of the structure and dynamical properties
of the axisymmetric ellipsoidal galaxy models used in the
simulations, the input physics, and the numerical implementa-
tion of all physical ingredients are given in C22. Below, we
summarize some basic information.

2.1. The Galaxy Structure

The stellar density distribution is an oblate ellipsoidal
(W. Jaffe 1983) model of total mass M, scale length r,, and
minor-to-major axial ratio g:

M* R2 Z2
(m) = ., omr=— + .
Px drqrim*(1 + m)? r} qf r?

In all the C22 simulations, g, = 0.7 is adopted, corresponding
to E3 galaxies when seen edge-on. The effective radius of a
model observed face-on is ReFO ~ 3p./4, and the circularized
effective radius of the same model seen edge-on is
R. = /Gy RI® ~ 0.63r. The stellar distribution is embedded
in a galactic DM halo; the stars-plus-DM galaxy density p, is a
spherical Jaffe distribution of total mass M, = RMy and scale
length ry = &ry, with £ 1:

My RE r

_— Ky
Arrgs2 (€ + 5)? T

pe(r) = : @

where r = \/R?> + 7% is the spherical radius. C22 adopted
R = {/qy., so that ppy = p; — py reproduces the Navarro—
Frenk—White profile over a large radial range (L. Ciotti et al.
2021); in particular, R ~ 18 and £ ~ 12.6 were taken. In order
to account for the effects of a group/cluster DM halo on the
gas flows, the models are also embedded in a spherically
symmetric quasi-isothermal DM halo, of asymptotic circular
velocity w,, scale length r, = &1y, and density
v

—h 3
4nGri (& + 57 ©)

Ph(”) =

We adopt &, = 5 and v? = 2.602, where o is the central
stellar velocity dispersion due to p, only, so that py is
dynamically important only outside several R.. Finally, an
SMBH of initial mass Mgy = w(O)M, = 107°M,, is added at
the center of the galaxy; this provides a time-evolving
potential ¢py(r, 1) = —GM . u(t)/r, the consequence of SMBH
accretion.

C22 adopted three values for the initial stellar mass—i.e.,
M, = 154 x 10"M., 335 x 10"M., and 7.80 x
lOllM@—that correspond to the LM, MM, and HM families
of models. For all models, the dark mass fraction
Mpm(r)/My(r) is ~0.52 for r = R, and ~0.64 for r = 2R..

The stellar velocity dispersion and the ordered velocity field
¥, are determined as described in C22. The equal vertical and
radial components of the stellar velocity dispersion o, and the
quantity Ay = 7,2 + 0,2 — 0} (where o, is the azimuthal
dispersion) are obtained from the Jeans equations. Then, v, is



THE ASTROPHYSICAL JOURNAL, 990:194 (14pp), 2025 September 10

Pellegrini et al.

Table 1
Structural Properties of the Models
Model Family Lg M, I R, a4(0) Vh
(10" Ly) (10" M) (kpc) (kpe) (km s™") (km s~
1) @) 3) “ 5) 6)
LM 1.30 1.54 7.33 4.57 223 360
MM 2.65 3.35 11.29 7.04 265 427
HM 5.62 7.80 18.94 11.80 312 504

Notes. For each model family, the columns are as follows. Column (1): the galaxy luminosity in the K band. Column (2): the initial stellar mass. Column (3): the
scale length of the stellar distribution (Equation (1)). Column (4): the edge-on circularized effective radius. Column (5): the central stellar velocity dispersion in
absence of the SMBH. Column (6): the asymptotic circular velocity of the quasi-isothermal DM halo (Equation (3)). The models were built to lie on the fundamental

plane of ETGs.

given by a generalized C. Satoh (1980) k-decomposition:
T, =k JAx, o2=0i+ (1 - k)A, 4)

For each galaxy mass M., three types of rotation fields were
implemented: nonrotating (k = 0) galaxies, where the stellar
flattening g is totally produced by o; fast-rotating, isotropic
(k = 1) galaxies, with the flattening totally supported by
ordered rotation; and galaxies with a spatially dependent Satoh
parameter:

ke(r) = e /R, 5)

In this way, a total of nine galaxy models were studied. The
main properties of the three families of models are
summarized in Table 1, and the nine models are listed in
Table 2.

2.2. The Input Physics and the Hydrodynamical Simulations

The input physics of the models (e.g., AGN feedback, star
formation, and disk instabilities) and the numerical treatment
of the hydrodynamical equations are described in Section 3
of C22. Here, we recall their main characteristics.

The mass source terms for the gas flows are given by the
mass losses from evolved stars, type Ia supernova (SN Ia)
explosions, and type II supernovae (SNe II) from the new stars
formed (see Appendix B in G19b as well as L. Ciotti &
J. P. Ostriker 2012; S. Pellegrini 2012) and by cosmological
accretion from the CGM. Stellar mass losses inject gas with a
time decreasing rate p = (Myx/My)p,, where p is the gas
density (see Figure 1). Over ~10 Gyr, this mass injection term
sums up to a total gas mass of ~0.1M,. Figure 1 also shows
the mass input rate from SN Ia explosions (Mp).
Following G19b, the time-dependent rate of mass accretion
from the CGM is Mcgy o< 1 e/ 0, which approximates the
results of cosmological zoom-in simulations for massive
ellipticals; C22 adopted #, = 9 Gyr, and the proportionality
constant in the formula such that the total accreted mass from
the CGM between 2 and 12 Gyr is ~0.4M,. The mass
accretion from the CGM is imposed at the outer boundary
(250 kpc) of the numerical grid, and the CGM mass flux is
weighted by asin?6 = R?/r? angular dependence, so that most
of the CGM is injected near the equatorial plane.

The various source terms inject into the galaxy also
momentum and internal and kinetic energy (Section 3
of C22). In particular, the stellar kinematical properties enter
the thermalization term in the energy equation according to
Equation (17) of C22 and the momentum equation through

Table 2
X-Ray Model Properties at a Galaxy Age of 10 Gyr
Model Name Lx (Txs) (Tx)
10%erg s (10" K) (10" K)
(e)) (@) 3 (C))
LM, 8.09 0.59 0.59
LM, 3.06 0.76 0.60
LM, 2.24 0.88 0.61
MM, 44.9 1.09 0.78
MM, 14.6 0.99 0.76
MM, 10.1 1.01 0.74
HM, 243 1.31 0.97
HM, 80.2 1.18 0.96
HM; 55.0 1.20 0.96
HM®Y 57.0 1.24 0.98
HM[oceM 322 0.92 0.92

Note. Column (1): model names—for each model mass (LM, MM, or HM),
the subscript indicates the type of azimuthal stellar motion, as described in
Section 2.1; in order of increasing importance of rotational support, “0” means
no ordered rotation (k = 0), “k” indicates the exponentially declining rotation
k.(r) in Equation (5), and “1” is the isotropic rotator (k = 1). Column (2): the
total luminosity Lx of the hot gas in the 0.3-8 keV energy band. Column (3):
the 0.3-8 keV average temperature, computed as detailed in Appendix A.3, for
an aperture of 5SR.. Column (4): the 0.3-8 keV average temperature computed
for the whole galaxy. The first nine models were run by C22, while the last
two have been run for the discussion in Section 4.

Equation (18) of C22. In the rotating models, the momentum
injection leads to the formation of the cold gaseous equatorial
disk, a place of star formation. The CGM inflow also injects
momentum and energy: the CGM injection velocity is half of
the freefall velocity from infinity (Equation (19) of C22), and
the internal energy of the infalling gas is such that its sound
velocity equals the injection velocity (G19b).

Star formation in the cold gaseous disk, which forms in
rotating models, is implemented as a result of Toomre
instability plus physically based conditions of gas density
and temperature, as described in Equations (20)—(21) of C22.
Star formation is also allowed to occur everywhere in the
galaxy, provided that: (1) the gas temperature falls below
4 x 10* K; and (2) the gas number density is higher than
10°cm™>. Under such conditions, the timescale of star
formation is given by max(Tcool, Tayn), With 7co01 being the
standard cooling time and 74y, as defined in Equations (23)
and (23) of G19b. The adopted initial mass function (IMF) is
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Figure 1. The rates of mass input to the ISM described in Section 2.2, each
normalized to M. The aging stellar population inputs are My (in black) and
Mj, (in red); the CGM infall Mcgy (in blue) is parameterized as in C22.

such that ~60% of the mass of newly formed stars is in stars
with mass >8M, that explode as SNe II on a timescale of
~2 x 10 yr and inject their mass into the ISM;; the motivation
for this IMF is discussed in C22.

Finally, the implementation of AGN feedback in its
radiative and mechanical (momentum and kinetic energy)
components, where the latter is due to AGN winds, is
described in Section 2.7 of G19b, with the small modifications
illustrated in Section 3 of C22. AGN feedback is self-
consistently triggered by the accretion of low-angular-
momentum gas, along the polar direction, and of recurrent
discharges of gas on the central SMBH due to the Toomre
instability in the cold rotating disk. The implementation of this
second accretion channel is done via the modeling described in
Section 3 of C22.

The Eulerian hydrodynamical equations are solved with the
high-resolution grid code MACER, based on the Athena++
code (J. M. Stone et al. 2020), in spherical coordinates (r, 6),
assuming axisymmetry. More details of the code and the
numerical scheme of integration are given in Section 3.1
of C22. The innermost grid point is placed at 25 pc from the
center, the outermost at 250 kpc. The age of the galaxy at the
beginning of the simulation is 2 Gyr, so that the initial phases
of galaxy formation are terminated, and the flow evolution is
followed for 11 Gyr; in the central regions, during outbursts,
the fluctuations are followed with a temporal resolution as
short as ~10° yr.

3. X-Ray Luminosities and Temperatures of the Hot Gas

We present here a first test for the viability of the
implementation of the input physics in the models: the
agreement (or not) with observed values of their global
X-ray properties, such as the hot-gas luminosity Ly and its
average temperature (Tx). For this test, we look at the
distribution of the models in diagnostic planes as Ly—Lg and
Lx—(Tx), where Lg is the K-band galaxy luminosity. To
determine model quantities analogous to those measured in the
X-rays, we proceeded as follows (more details are given in
Appendix A). The X-ray emissivity in the 0.3-8 keV energy
band, considering the possibility of absorption by intervening
cold gas within the galaxy (e.g., due to the cold disk), was
integrated along the line of sight, for an edge-on view of the
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galaxy; the result was a surface brightness map >, which was
integrated in the image plane to compute the total Ly, and that
within a cylinder of radius equal to SR, and its axis along the
line of sight, Lx s (Equation (A10)); the circularized surface
brightness profile X x(R) was determined as an angle-averaged
quantity over an annulus centered at R (Equation (A12)). The
average temperatures were derived first by performing a
projection along the line of sight of the gas temperature
weighted with the X-ray emissivity, including again the
possibility of intrinsic absorption (Equation (A11)); from the
temperature map so obtained, we evaluated the circularized
temperature profile Tx(R) (Equation (A12)); weighting Tx(R)
with Yx(R), we computed the average temperature (Tx)(R)
within the radius R in the image plane® (Equation (A13)). In
the following, we consider the average temperatures (T s),
within an aperture of radius 5R., and (Tx) for the whole
galactic image.

Figure 2 shows the position of the models in the Lyx—Lkg,
Lx—0y (the central stellar velocity dispersion), (Tx s)—Lg, and
(Tx.s5)—0oo planes. The red symbols indicate the nine models
in C22, and the green symbols indicate the two additional
models discussed in Section 4, at a representative galaxy age
of 10 Gyr (Table 2).° Each model can be identified from its Lg
(in Table 1), its Ly (in Table 2), and its rotational properties,
which are also specified in the figure. The observed quantities
in Figure 2 derive from Chandra pointings: Ly is the 0.3-8 keV
hot-gas luminosity, measured from within the largest available
radius (D.-W. Kim & G. Fabbiano 2015; K19); (Txs) is the
average luminosity-weighted temperature within a circle of
radius SR, or, when not available (13 cases), within a smaller
radius (from K19). In all four panels, the distribution of the
models falls within that of observed ETGs and also reproduces
the general observed trends. In the top left panel (Lx—Lg), the
model Ly at each Lg decreases for an increasing amount of
ordered rotation; this confirms previous findings, also obtained
with different galactic structures and different codes (i.e.,
A. Negri et al. 2014a, 2014b). The trend is explained by the
tendency of rotating flows to induce gas cooling in the central
regions; in addition, more gas mass can be ejected as the gas
centrifugal support increases, thus the overall effect of rotation
is to produce more cold gas and less hot ISM (see Table 2
in C22 as well as S. Posacki et al. 2013). A trend in this sense
has been also observed: flatter galaxies, which tend to rotate
more, show on average lower Ly (P. B. Eskridge et al. 1995;
M. Sarzi et al. 2013; A. Juranova et al. 2020). In the bottom
left panel (Lx—0og), 04(0) in Table 1 is used as a proxy for the
projected o of the models; these fall within the observed
distribution and follow its general trend. We note that this plot
is not just a replication of the Lx—Lg plane, because even
though Lk and o correlate through the Faber—Jackson relation,
they do so with a large scatter.

The right panels in Figure 2 show the (Tx s) versus Lg and
(Txs) versus op planes, for the set of ETGs with (Txs)
available in the Chandra Galaxy Atlas (K19). For these panels,
we adopted a temperature within an aperture of SR,, instead of
the global (Tx), because a temperature averaged over a smaller

8 The average temperatures and the Tx(R) profiles obtained with this

procedure are emission-weighted quantities, as are, with good approximation,
the observed temperatures used for comparison in this work; see K19 and
N. Truong et al. (2020).

o) report Ly from a spherical volume of r < 5R., at an age of 13.7 Gyr, in
their Table 2; also, there, the Lx of model HM, should read 129 instead of the
reported 12.9, due to a typo.



THE ASTROPHYSICAL JOURNAL, 990:194 (14pp), 2025 September 10

E T T LI I| 9' T eIe E
B o ° s © ® o |
e
1042 | e o *°3 -
3 o® o © E
C 0 ° ]
—~~ : & ee S Qeo e@e 1
~ ol 3" ]
| E ° (] ©g8 ] E
n u e ° 3
o0 i °e 8 ® o, o i
L °© o ¢ _
L 0E S e, ey, =
r o ¢ e ® .
10% = 2 ; 0o CCA 3
o o KF'15 7
{ ® k=0 i
models%e k(r)
10%8 0 k=1 —=
E 1 1 1l I| 1 1 1 1 111 I:
1011 1012
LK (LKO)

:I T L T T I;l L |é LI T I:

e
L %e A ] ]

g * °

10% -
c e o ° 2 o ° ° 3
i e © o % ]

- ® e e &6 e ©
| 1041 = o° e: (o] % 3 =
n E 8 e 3
Q0 L@ e © 8" ° o® ]

~ ® )
£ 10% P E
r @ ) o @ .
S C 7
~ - 7 ﬁ ff¥ § -
10%9 L (] CGAo _|
3 % mm% ) % KF150 3
i ¢ ° ]
a8 % models%e

10%8 = O =
:I 1 | 11 1 | 111 | | I | | | I | | 1 I:

150 200 250 300 350
-1
o, (km s™1)

Pellegrini et al.

1.5 j 0 CGA % ! % ¥ i
°
| e Smodels ® F 29 T
o @ o %
—~ [0} :
> 1L 218 _
~ L ®e QB‘e 0 % % 4
> jo & e
> I O &g % - i
B~ - s © @ 0 i
~ | ® o © o3 [J] i
05 §%' ; —
. % ) { o o0 @
L © ] o i
.5 Lo
1 1 | I | || 1 1 1 1 1 L1 1
1o1 1012
LK (LKO)
1.5 _I T | LI T T TFT | LI %l LI | T I_
e .
. %
re >models @ %m e e 7
_o .
—~~ B o] mi ° 7
> L . sh% _
i i e°® 2o oe ]
\/-En % o e iﬁ ’ o
> I ° o o o i
\E'/ i ; e o 7
- 8 ° o @ -
[0]
0.5 - % .§ @j o § o —]
3 § "%, O i
- é : % -
L1 | | I T | | 11 1 | | I T | | | I T | | L1

150 200 250 300 350
-1
o, (km s7!)

Figure 2. X-ray properties of the models in Table 2 compared with the corresponding properties for two samples: the ETGs in the Chandra Galaxy Atlas (K19
—“CGA” in the legend) and those in the ATLAS®" sample observed with Chandra (D.-W. Kim & G. Fabbiano 2015—“KF15” in the legend). Upper left: the total
0.3-8 keV Lx vs. the K-band galactic luminosity Lg. Upper right: the 0.3-8 keV average temperature within 5Re, (Txs) Vs. L, for the models and CGA galaxies.
Lower left: Ly vs. the central stellar velocity dispersion o; for observed galaxies, the oy come from KF15, K20, and 1. V. Babyk et al. (2018); for the models, o is
04(0) in Table 1. Lower right: the same (Tx s) as in the upper right panel vs. 0. See Section 3 for more details. In all panels, the pink star shows the galaxy NGC
5129, and the two green symbols show the two additional models HM¥ and HM°““M in Table 2, discussed in Section 4.

region is more sensitive to the model properties, as the
rotational support; instead, (Tx) depends almost exclusively
on the galaxy mass and is very similar for models of the same
mass (see Table 2). At variance with what happens for Ly,
which decreases with increasing rotation at each Lg (and o),
here the relation between rotation and (T s) depends on the
galaxy mass: in the MM and HM models, (T s) is lower when
rotation is present, because the cold-disk formation leaves a

lower hot-gas density in the central (typically hotter) region
(see also Section 4); in the LM models, instead, rotation is
more effective in favoring the development of winds, which
are hotter than inflowing gas, and thus the opposite trend of
(Txs) with rotation is established (see also A. Negri et al.
2014b).

Another common diagnostic diagram is the Lx—(Tx) plane
(e.g., D.-W. Kim & G. Fabbiano 2015; A.D. Goulding et al. 2016;
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I. V. Babyk et al. 2018), shown here in the left panel of Figure 3;
as for Ly, the observed (Tx) also derives from the largest
extraction radius available. In this plane, the positions of the
models fall within those of the observed ETGs; each family of
LM, MM, and HM models is located along an almost vertical
column of red (and green) points, since (Tx) depends mostly on
the galaxy mass. Except for one green point, however, the models
tend to reside in the region of the more X-ray-luminous ETGs, at a
fixed (Tx), or of the lower (Tx), at a fixed Lx. To further
investigate this point, we made closer the comparison between
models and observations, by plotting strictly matching quantities
in terms of the extraction region for the computation of luminosity
and average temperature. The right panel of Figure 3 thus shows
Ly s versus (Txs); here, only those ETGs on the left, for which
these quantities are available in the Chandra Galaxy Atlas (K19),
are plotted. In the right panel, the models have moved toward
larger temperatures ((Txs) > (Tx) for most of them; Table 2),
while the distribution of ETGs overall has not changed much (for
a number of them, (7x) in the left panel is already estimated at or
close to 5R.). Also, (Txs) is more different than (Tx) for models
of the same mass,'” so the models’ positions are more spread
over the plane. The result is that now the models fall within,
and cover well, the range of observed values. We note finally
that the green point with the lower Ly in Figure 3 (and Figure 2
as well) is a model equal to HM; but evolved without CGM
accretion (model HM[°“M in Table 2). Its Ly is much lower
than that of HM,, indicating how this kind of accretion can
produce a large variation in Ly, at fixed L. Its (Tx) is equal to
(Tx ), due to its peaked Xx(R). This model will be considered
further in Section 4.

19 The difference between (Txs) and (Tx), like that between Lx s and Ly,
depends of course on the shapes of ¥Xx(R) and Tx(R) (Equation (A13)); for
example, the difference is lower for a more peaked Y x(R), which reduces the
importance of the galaxy regions outside 5R..

In conclusion, the Ly, Lx s, (Tx), and (Txs) of the models
are found within the observed range, and also their trends with
Lg and oy are satisfactory: more massive galaxies are more
X-ray-luminous and hotter than less massive systems—a well-
known manifestation of the larger binding energy per unit gas
mass in larger galaxies (as indicated, e.g., by the Faber—
Jackson relation). Moreover, less rapidly rotating systems are
more X-ray-luminous than more rotating ones of the same
mass, a trend also possibly present in the observations. A
tendency for the models to occupy the upper envelope of the
observed Lx distribution, at fixed (T%), disappears when
considering Lx s and (Tx s).

4. X-Ray Surface Brightness and Temperature Profiles

Here, we explore how the brightness profile Xx(R) and the
temperature profile Tx(R) of the models compare with those
observed; for this purpose, these profiles were computed in a
way to obtain quantities analogous to those measured
(Section 3; Appendix A). Indeed, global X-ray properties that
are even consistent with observations could be associated with
> x(R) and Tx(R) that are different from those observed; thus,
this study can provide additional information on the perfor-
mance of the models and on the possible need for modifica-
tions in the input physics. Since the simulations of C22 were
not designed to reproduce a specific ETG, we first select a
representative galaxy in the Chandra Galaxy Atlas and carry
out a comparison with its Xx(R) and Tx(R), recalling that the
analysis can sometimes only be qualitative. Next, in
Section 4.1, we extend the comparison to more ETGs in this
Atlas.

As a representative galaxy, we selected NGC 5129, an
X-ray-bright ETG with an extended hot halo. Its Tx(R) profile
fits in the universal shape and in particular is the prototypical
example of the most commonly observed type of profile—the
HB one (K20; see Section 1). At a distance of 103 Mpc, NGC
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5129 is a moderately rotating E3—E4 galaxy, with Ly = 4.6 X
10" L., , a stellar mass of My, = 7.2 x 10"'M,,, and R, = 14
kpc (M. Veale et al. 2017)—all properties that make it similar
to the galaxies of the HM family. NGC 5129 is also the
dominant galaxy in a poor galaxy group, and its estimated age
within R./8 is 7.4 Gyr (M. Gu et al. 2022). Its Lx, Lx s, (T s),
and (Tx) are shown in Figures 2 and 3 with the pink star. NGC
5129 was also studied in the X-rays by H. J. Eckmiller et al.
(2011), V. Bharadwaj et al. (2014), and J. M. Nugent et al.
(2020). All these studies found a central positive gradient in
the temperature profile, a peak of k7'~ 1.1 keV at R ~ 20 kpc,
and then a decline out to R = 200 kpc. The most spatially
detailed Xx(R) and Tx(R) profiles are those determined from
Chandra data by K19, and we consider them in the following.

For the three HM models, Figure 4 shows the circularized
Yx(R) and Tx(R) profiles, together with those of NGC 5129;
here, R is the distance from the galactic center in the X-ray
image, and the models are viewed edge-on (Appendix A.3).
The model profiles refer to an age of 8 Gyr. It is apparent how
the >y shape becomes more similar to that of NGC 5129 when
decreasing the amount of stellar ordered rotation (i.e., going
from the green to the red to the black solid lines); rotation
tends to make the brightness profile flat within R ~ 10 kpc, a
result in line with those obtained from past simulations
(F. Brighenti et al. 2009; A. Negri et al. 2014a). In order to
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compare more closely the >x(R) of the nonrotating HM,
model with that of NGC 5129, we scaled its Xx(R) up by a
factor of ~2.5 and obtained the black dotted line in Figure 4.
The scaled Xx shows a good match with that observed;
however, it seems to be increasing too steeply at the center
(R < 500 pc), and it keeps above the observed profile for
R 2 30 kpc. The same scaling operation applied to the Xx(R)
of the mildly rotating HM;, (the red dotted line in Figure 4) also
provides a good match with observations over a radial range
from ~1 to ~70 kpc; outside this range, it is lower than
observed. The ¥ x(R) of the highly rotating HM; model is too
discrepant and no scaling was tried. We note that the Xy
shapes remain similar during the last Gyr of evolution, for each
of the HM,, HM,, and HM; models, therefore the choice of the
age is not crucial for the above conclusions. From a physical
point of view, the scaling of Xx by a factor of ~2.5 can be
produced by a uniform increase of the gas density by ~50%—
a variation that is not unreasonable to hypothesize for NGC
5129, considering that HM models were not tailored on it. ¥x
instead would not scale similarly for a uniform temperature
variation, because the 0.3-8keV emissivity is weakly
dependent on the temperature when it varies in the range of
~0.3-1.2 keV.

The lower panel of Figure 4 shows the temperature profiles
of the three HM models, at the same epoch of 8 Gyr. In the
outer galactic region (R 2, 30 kpc), T(R) has the correct shape
and range of values, while it is different from that observed
inside R ~ 20 kpc. In particular, the observed bump is absent,
and all models show larger temperatures. Model HM,, shows
the largest disagreement with the NGC 5129 temperature
profile, being almost everywhere too hot. Of the two remaining
models, HM; shows unobserved temperature fluctuations,
while HM, seems the least discrepant with observations. Can
modifications of the HM,; model give a temperature profile that
better reproduces the observed one and at the same time
maintain the good agreement of ¥x(R) with that of NGC
51297 In order to investigate this aspect, we explored some
changes in various parameters of the input physics, while
keeping the same galaxy structure and rotation properties of
HM;,. Given the computational time required by the simula-
tions, a full parameter space exploration is prohibitive. Some
experiments involving changes in the AGN feedback para-
meters (such as the AGN wind opening angle and velocity) or
in the energy injected by SNe II from star formation in the
central regions did not produce improvements. Instead,
changes in the implementation of the environmental accretion
produced variations in 7x(R) in the sought directions. In
particular, this was the case for an increase of the CGM
accretion velocity imposed at the outer boundary by a factor of
1.5 (from 0.5 to 0.75 of the galaxy freefall velocity; see
Section 2.2), with the CGM mass inflow Mcgy kept the same.
The Ly, Lx 5, (Tx), and (Tx s) of this variant of HM; (hereafter
HM}") are shown in Figures 2 and 3 by the green points with
the larger luminosity and temperature values; reassuringly,
they still fall within the observed range. Figure 5 (left panel)
shows Yx(R) and Tx(R) of HM}®¥, at three different epochs,
close to the age of NGC 5129. Similar to what was done for
HM, and HM, here >x(R) is upscaled by a factor of ~3. The
agreement of the rescaled Xx(R) profiles with the observed
one is still good: the observed shape between R = 1 and
R = 10 kpc is well reproduced, and also its flattenings inside
R =1 kpc and outside R = 10 kpc. It is remarkable that the Ly



THE ASTROPHYSICAL JOURNAL, 990:194 (14pp), 2025 September 10

C T IIIIIII T T IIIIIII T T IIIIIII ]
& 10 2 .
0 : ]
o, L ]
< L 4
Il'/) 1 E —
ab E 3
~ r ]
[} - 4
g - -
2 o1g 3
= n ]
A C ]
0.01 =
F x3
S
- 1 10 100 1
Lar .
12 F .
. O 1
= C ¥ ]
g ¥ ¥ ]
[\'>< 08 F I b3 ]
% 7 Gyr ]
0.6 E 8 Gyr —
C 9 Gyr ]

0'4 _I IIIIIII 1 1 IIIIIII 1 1 IIIIIII

1 10 100

R(kpc)

Pellegrini et al.

: T T TT1TT T T T IIIIII T T T IIIIII :
a i x 1
o 10F E
o, E x E
4 r ]
- i ]
n
w LF E
~ = 7
o C ]
2 L ]
o
> = E
W i ]
0.01 | =
- i
r 1 ]
14 .
L 7 Gyr ]
1.2 L 8 Gyr .
% E 9 Gyr : E
é 1 r ¥ % HIH 7
C ¥ ]
£ 08 -
0.6 -
0'4 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII
1 10 100
R(kpc)

Figure 5. Left panels: model HM}®¥, at three representative epochs, compared with NGC 5129 (the points with error bars; from K19). The model £x(R) have been
scaled up by a factor of ~3 to match the profile of NGC 5129 (Section 4); notice how the model profiles reproduce the change of slope outside R ~ 10 kpc. Right
panels: model HM[°“M at the same epochs as in the left panels, compared with NGC 5129; this model is equal to the HM, models but has been evolved without

new

CGM mass accretion. The model ¥x(R) has been rescaled, as for HM}

, for plotting purposes (Section 4). The Tx(R) profiles of HMI°®M  in the outer region, are

lower than observed, proving that CGM accretion is here fundamental to shaping the temperature profile.

value resulting for the scaled model is close to that measured
for NGC 5129 from its spectrum, i.e., Lx = 148 Xx
10%ergs™' within R = 145 kpc (K19). The HM¥
temperature profile is less spatially fluctuating and shows a
better defined and smoother bump, with respect to that of HM;
the presence and location of this bump, which extends from 8
to 20 kpc, make Tx(R) of HM;¥ closer to the observed one.
Outside R =~ 20 kpc, the decline in Tx(R) and its values match
those observed. Inside R ~ 20 kpc, however, the slope of
Tx(R) is now similar to that observed, but the Tx(R) values
remain larger by ~30%. Note that some residual uncertainties,
produced by the use of different emission models and atomic
data, might still be present in the measured temperature profile.
We discuss further possible origins of the discrepancy in
temperature in Section 5.

The importance of CGM accretion in determining the
brightness and temperature profiles is especially revealed by an
experiment where it is suppressed. This model (HM;"CGM) is
shown in Figures 2 and 3 by the green points with the lower
luminosities and temperatures. Ly, Lxs, (Txs), and (Tx) are
still within the observed range, though on the lower side of the
distribution of values. The Ly of HM!““M is much lower than
that of the other HM models—a combined consequence of the
absence of CGM accretion and of the greater ease for the
galaxy degassing, due to the lack of a confining CGM.
Figure 5 (right panels) shows Yx(R) and Tx(R) of HM}°CM,
The >x(R) profile is completely different from that of NGC

5129: it is far more peaked in the central galactic region and
too steeply declining outside R ~ 10 kpc (for plotting
purposes, >x has been rescaled to reach the luminosity of
NGC 5129, which requires a factor of 240, which is of course
far larger than for the HM models with CGM accretion). The
temperature is decreased at all radii, and the Tx(R) profile
takes a flatter shape: it lacks the characteristic bump feature,
and a much less pronounced maximum is present closer to the
galactic center (at R ~ (1-2) kpc). The lower temperature
values, and in particular the steady decline in Tx(R) outside
R = 2-3 kpc, are a consequence of the missing confinement
effect of the CGM and the lack of gravitational compression
work done by accretion. Indeed, there is observational
evidence that the shape of Tx(R) in the outer galactic regions
is sensitive to the presence of an intracluster or intragroup
medium (e.g., K20). Finally, notwithstanding the decrease in
Tx at all radii, at the center the temperature of HM[°CSM
remains slightly larger than observed.

4.1. Comparison with More Galaxies in the Chandra Galaxy
Atlas

The detailed comparison in the previous Section 4
concerned an ETG representative of the HB class of
temperature profiles—the most commonly observed one. We
extend here the comparison of the most successful model for
reproducing NGC 5129 (HM;*¥) to more ETGs of the HB
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Figure 6. Model HM}®" at 7 Gyr (light blue solid line) compared with the
temperature data for ETGs of the HB class (26 galaxies) and of the double-
break class (four galaxies); each galaxy is plotted with a different color. The
temperatures are scaled by Tyax, the maximum temperature value, and the
galactocentric distances to Ry, the virial radius, both determined as detailed
in Section 4.1. This plot is based on Figure 6 in K20, from where the observed
temperatures are taken.

class. This analysis will strengthen or weaken the significance
of the results in Section 4.

Figure 6 shows the temperature profile of HM;®¥, together
with all those classified as the HB (26 ETGs) and double-break '’
(four ETGs) types by K20; the plot is based on Figure 6
in K20. For a proper comparison, each profile is scaled by its
Tuax, the maximum temperature of the best-fitting model
reproducing it; the radial scale is normalized for each galaxy to
its fiducial virial radius Ry1gr, determined from the average hot-
gas temperature, as in the relation from S. F. Helsdon &
T. J. Ponman (2003) used by K20. For HM}¥, this relation
gives Ryir = 0.75 Mpc, close to Ryirg = 0.73 Mpc of NGC
5129 (K20). The model, plotted with a light blue curve, falls
within the distribution of observed points and, even after the
scaling that is not applied in Figures 4 and 5, again shows a
bump located in the radial range where it appears for observed
ETGs. Within R ~ 0.004Rvy R, the observed temperatures show
a large scatter, and the model lies on the upper envelope of the
distribution of points. Therefore, the result of a temper-
ature larger than observed in the central region, evidenced by
the comparison with NGC 5129, cannot be discarded as being
due to some peculiar properties of this galaxy but rather looks
like a feature of the numerical model. We note that different
estimates for the value of Ryr produce a horizontal shift
of the Tx(R) profile and, in particular, a reduction of Ryr for
the model would shift its T(R) to the right, alleviating the
discrepancy; however, a discrepancy was also present in the
analysis of Section 4 (in Figures 4 and 5), where the radial
scale is fixed, and the comparison of a model with observations
is direct.

A similar comparison of Xx(R) of HM}®" with that of ETGs
in the HB class is more difficult. In fact, while the temperature
profiles could be classified into specific types, the analog

1 The “double-break” type shows a Tx(R) profile that is falling at small radii,
rising at intermediate radii until the peak of the broad bump, and falling again
at large radii. This and the HB types comprise 50% of the K20 sample (30 out
of 60 galaxies).
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Figure 7. Model HM}*" at 7 Gyr (light blue solid line) compared with the
surface brightness profiles for 7 ETGs with Lk similar to that of HM models
(from K19); the names of these galaxies are reported in the upper right legend.
The galactocentric distances are scaled by the respective Ryigr, and each Xx(R)
is scaled by its value at 0.01Ryr. See Section 4.1 for more details.

classification for Xx(R) is not available; indeed, the brightness
profiles seem to vary more than the temperature ones. Also, it
is more uncertain how to compare them for a large sample,
because the choice of a proper scaling is not straightforward;
for example, the brightness peak lies at the center and then
suffers from observation-dependent biases (such as galaxy
distance and exposure, etc.). For these reasons, we first
selected those ETGs in K20 with Lg similar to that of the HM
models—i.e., in a range from 4.2 to 7 x 10" L .. Of the 10
resulting galaxies, all turned out to belong to the HB
temperature class, except for one that was excluded. Two
ETGs with a poorly known brightness profile in the Chandra
Galaxy Atlas (K19) were further excluded. The remaining
seven galaxies are shown in Figure 7, together with model
HM¥ in light blue; here, the galactocentric distances R are
measured again in units of Ryr, and Yx(R) of each galaxy is
normalized by its value at the intermediate radius 0.01Ryr.
The model compares well with observations over the whole
radial range and represents a reasonable average for the
normalized Xx(R) profiles. Two galaxies stand out for
deviations from the general behavior: one (IC 4296) shows a
steep central increase of >x(R), due to an AGN that is
producing a bright nuclear radio and X-ray source; the other
(NGC 507), outside 10 2Ry g, presents a brightness “excess,”
due to complex substructures in its halo, produced by a radio
lobe, sloshing motions, and interactions with the nearby galaxy
NGC499 (K19; M. Brienza et al. 2022).

5. Summary, Discussion, and Conclusions

In this work we have compared the X-ray properties of the
gas-flow models of C22 with those observed for ETGs and
collected in recent large and homogeneous studies based on
Chandra data. The simulations of C22 were conducted with the
high-resolution 2D hydrodynamical code MACER (G19b), for
a set of realistic galaxies with three representative stellar
masses; for each mass, three galaxy orbital structures were
considered: the nonrotating case, the isotropic rotator, and an
intermediate case with a radially declining ordered rotation.
Mass sources are provided by stellar mass losses and by a
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cosmologically motivated time-dependent mass accretion rate
imposed at the outer boundary of the numerical grid. Star
formation, which takes place especially in the central gas disk,
triggered by the Toomre instability, acts as a sink and source
of mass, the latter due to SNe II explosions. Finally, SMBH
accretion causes a self-consistently determined AGN feedback,
both radiative and mechanical (due to AGN winds).

First, we compared with observations in the 0.3—8 keV band
the global properties of the hot gas: the luminosity and the
average temperature for the whole galaxy, Ly and (Tx), and
those within 5R., Lx s and (Tx s5). The models stay within, and
cover most of, the observed distribution in the diagnostic
planes LXfLK, <TX,5>*LK7 LXf<Tx>, and LX,57<TX,5>- The
observed trend of more massive ETGs hosting on average
more luminous and hotter halos is also reproduced. For each
stellar mass, more rotating models are less X-ray-luminous,
reinforcing previous results obtained for different galaxy
structures, and also in the absence of AGN feedback and CGM
accretion. At medium and high galaxy mass (for the MM and
HM families), (Txs) is lower in rotating models, while the
opposite is shown by the LM family. While (T s) is sensitive
to galactic properties, such as rotation, and to the presence of
circumgalactic accretion, which increases its value, (Tx)
instead depends mostly on the galaxy mass. Finally, CGM
accretion can determine a large difference in Ly for models of
same Lg. The general agreement of the C22 models with the
observed global properties is not trivial, given that the input
physics was chosen independently of the aim of reproducing
the X-ray observations, and ranges from the galaxy dynamical
structure and stellar evolution properties to a self-consistent
description of the AGN feedback (within the limits of the
central grid resolution of 25 pc) and to cosmological gas
accretion.

In a second step, we compared the radial profiles of the
surface brightness Xx(R) and of the projected temperature
Tx(R) with those of the X-ray-bright elliptical NGC 5129,
which is representative of the most common HB class of
temperature profiles (K20). The Lk, R., 0¢, and flattening of
NGC 5129 turned out to be similar to those of the HM models.
These present three typical Yy shapes: the nonrotating HM,
model has the most peaked profile, while ordered rotation
creates a central flattening that becomes more pronounced for
larger rotation. The Xy shape of the HM, and of the mildly
rotating HM; models follows quite well the observed one; a
close match requires a model Xx upscale (of a factor of ~2.5)
that could be produced by a uniform increase of the gas density
by ~50%, as could be plausibly obtained for models tailored
on NGC 5129. The Tx profile of the model instead looks
problematic inside R ~ 20 kpc, where it is larger than in NGC
5129 and in some models shows unobserved spatial fluctua-
tions; outside 20 kpc, instead, Tx is smooth and closer to the
observed values and shape.

In order to better understand the origin of the Tx profile,
additional simulations were performed for the more satisfac-
tory HM,. model, keeping all its properties fixed. A model with
a larger infall speed for the CGM (HM}®") turned out to
compare better than HM, with the observations of NGC 5129:
at an age close to that of this galaxy, Tx(R) within 20 kpc is
smoother and lower, and outside 30 kpc it increases slightly—
all features that bring the model closer to observations.
However, Tx(R) of HM}®" remains larger than observed in the
central region. A model without CGM accretion was also
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studied, finding that its Ly, Lxs, (Tx), and (Txs) still fall
within the observed range, but its Yx(R) and Tx(R) totally fail
to reproduce those of NGC 5129: >« (R) becomes much more
peaked, Ly is far below that of the galaxy, and Tx(R) is
decreased at all radii, especially outside R ~ 3 kpc, and lacks
the characteristic bump.

To extend the validity of the previous results, the more
successful model HM}®Y was compared with other well-
studied Chandra ETGs of the HB class. What was found in the
detailed comparison with NGC 5129 was confirmed: the model
represents an average of the observed ¥x(R) profiles normal-
ized by their value at 0.01Ryy; it also falls within the observed
temperature values, but it lies on their upper envelope within
210_2RVIR'

In conclusion, the C22 models are generally successful in
reproducing the X-ray observations. However, in the central
region, the model temperature appears systematically larger
than observed, by ~30%—-40%, as evidenced by the specific
analysis based on NGC 5129 and extended to all the HB
galaxies. No simple solution to this discrepancy has been
found, but a few possibilities can be discussed. First, the
presence of temporal and spatial fluctuations in the model
Tx(R) within a radius of a few kiloparsecs, which contrasts
with the monotonic and constant-in-time T'x(R) decline at large
radii, indicates that the AGN feedback may have a too-strong
effect within the central region. Therefore, one possibility is
that the input physics of the AGN feedback should be revised
in the values of some parameters. However, the mass,
momentum, and energy injected by the AGN winds cannot
be adjusted arbitrarily, because they obey physical balance
relations that cannot be violated (J. P. Ostriker et al. 2010) and
that are implemented in the MACER models. In addition, the
AGN feedback efficiencies cannot be reduced much, to
prevent an excessive growth of the SMBH.

A second possibility is suggested by the fact that the model
Yx(R) and Tx(R) are overall close to those observed for NGC
5129. Under the assumption that the simulations are producing
a pressure profile consistent with the real one, it is interesting
to check the consequences of keeping this same pressure
profile but with the temperature reduced by the required factor
of a ~ 1.4-1.6 within ~20kpc. This would increase the
density by the same factor, and > by a factor of o~ 1.7-2,
for an emissivity proportional to p2</T, and by a* ~ 2-2.6, for
a cooling function approximately constant with the temper-
ature (as would be reasonable for a temperature within 40% of
kT ~ 1 keV). The resulting increase of 2x would be of a factor
curiously close to that required in Section 4 to shift the model
>x upward and reach that of NGC 5129. We recall that in the
simulations, the gas temperature is a derived quantity, obtained
as the ratio between the gas pressure and density; thus, if for
some reason the density in the simulations is lower than in
NGC 5129, an overestimate of the temperature naturally
follows. Of course, it should be checked whether the same
argument can be applied to other ETGs in Figure 6 before this
possibility can be proposed as a plausible solution.

A third effect that could lower the central Tx(R) by 30%—
40% would be present (but missing in the simulations) if the
ISM is multiphase in a way requiring a 3D description. Indeed,
colder gas phases have been observed in ETGs, especially if
they are central dominant galaxies in groups and clusters (e.g.,
N. Werner et al. 2014; E. O'Sullivan et al. 2018), and
multiphase gas has been found by 3D simulations (e.g.,
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M. Gaspari et al. 2017; M. Guo et al. 2023). In Appendix B.1,
we provide simple formulae for the expected change in Ly and
Tx produced by inhomogeneities in pressure equilibrium with
their surroundings. Changes in the sought direction and of the
required size can be easily originated. For example, from
Equation (B6), a two-phase inhomogeneous gas, with a density
larger by a factor r = 5 in a volume fraction v = 0.1, has an
emission-weighted temperature reduced to ~0.6 that of its
homogeneous counterpart and a luminosity 1.7 times larger;
for r = 3, increases in Lx of 30% and decreases in Tx of 25%
are obtained for a broad range of v ~ 0.1-0.6 (these estimates
adopt a cooling function roughly independent of the temper-
ature). Therefore, 3D density inhomogeneities would reduce
the Tx of the models, and they are especially expected in the
central regions (e.g., M. Guo et al. 2023), where the model T
appears too large.

Finally, some uncertainties could affect also the measured
Tx(R). For example, from Chandra data of NGC 5129,
V. Bharadwaj et al. (2014) find an increasing profile from
kTyx = 0.9 keV at a few kiloparsecs to kTx = 1.2 keV between
30 and 40 kpc; J. M. Nugent et al. (2020) also found
kTx = 0.85 keV between a 2 and 3 kpc radius, and a peak
value of 1.25 keV between 10 and 20 kpc. These temperatures
are larger than those in Figures 4 and 5, and closer to the
model ones; however, the authors above also measured larger
temperatures outside the peak position: for example, at 60 kpc
radius, kTx = 1 keV (V. Bharadwaj et al. 2014) and 1.1 keV
(J. M. Nugent et al. 2020), while k7x =~ 0.85 keV in the model.
In addition, as shown in Section 4.1, within 21072RV[R, the
model Tx(R) seems larger than for most ETGs of the HB class,
and thus possible measurement uncertainties for NGC 5129
cannot be a general solution.

The analysis in this work has shown the potential of a close
comparison between the results of high-resolution hydrody-
namical simulations and data products from X-ray observa-
tories such as Chandra. In particular, the C22 MACER
exploratory set of models highlighted the importance of CGM
accretion in accomplishing an agreement with the observed
results, thanks to its effect of enhancing Ly (and also (Tx), to a
lower extent) and of producing a radially extended X-ray
surface brightness profile and large temperature values in the
outer galactic region. The comparison also highlighted a small
but systematic discrepancy in the temperatures inside (1-2)R.,
which calls for simulations even more closely tailored to
observed galaxies, and/or for a wider exploration of the
parameters describing AGN accretion and feedback, and/or
for 3D simulations capable of fully accounting for multiphase
effects.
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Appendix A
Radiative Transfer and Computation of Observable
Quantities in the X-Rays

We describe here the procedure adopted to compute the
emergent emission and then the surface brightness >x and the
projected temperature Tx of the model galaxies. In the C22
MACER simulations, cold gas, or even a high-surface-density
circumnuclear disk, can be present in the central regions, and
these can be opaque to X-rays. In addition, wherever star
formation takes place, it is associated with a metal enrichment
that contributes to modifying the X-ray emission and
absorption. X-ray absorption can be significant, especially
when looking through the disk from an edge-on view, as
supposed in this work.

A.1. Transmission of the Spectrum

We calculate first the radiative transfer along the line of
sight, by postprocessing the hydrodynamical simulation data.
The radiative transfer equation (e.g., S. Chandrasekhar 1960)
reads as

dl,
ds

where [, is the radiation field specific intensity we aim to
evaluate, and s is the distance measured along an arbitrary line
of sight starting from some origin. j, and «, are, respectively,
the emission and absorption coefficients per unit volume and
are derived from the atomic processes as described below
(Appendix A.2); for simplicity, we ignore scattering processes.
The integration of Equation (A1) leads to the formal solution

= -l +j1/’ (Al)

L(r) = L0)e™ + f LS,y e T ar (A2)
0
where
s,=d = f a,(s') ds' (A3)
a, 0

are, respectively, the source function and the optical depth
along the line of sight measured from the origin. Ignoring the
background radiation [,(0), and recasting the integration in
terms of s, Equation (A2) gives the specific intensity emerging
at s due to emission and absorption processes of the material
between 0 and s:

11/(07 S) = f jI,(S/) 677—1’(“‘/’3) ds/’
0

(s, 5) = f " (s ds”, (A4)

where the meaning of 7, (s’, s) is obvious.

A.2. Atomic Processes

Here, we show how the emission and absorption coefficients
J» and oy, were derived, starting from the gas temperature 7, the
hydrogen and electron number densities ny and n,, and the
chemical composition that were derived for the gas during the
simulations. We recall that the adopted metal abundances are
Z, = 1.5Z., where Z., = 0.0134 (M. Asplund et al. 2009), for
the stellar population of the massive ETGs, and
Zcgm = 0.15Z, for the accreting CGM (C22). During
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evolution, the ISM is enriched by the nucleosynthetic yields of
SNe Ia and SNe II, the latter being injected by new star
formation, transported around mostly by AGN winds, and
diluted by CGM accretion (Z. Gan et al. 2019a; S. Pellegrini
et al. 2020).

We first evaluated the frequency-dependent emissivity e,
i.e., the radiated power per unit volume per unit frequency:

(A5)

€y = aneAm

where A, is the cooling function per unit frequency and
depends on the temperature 7 and on the chemical composi-
tion. A, was evaluated by using the software package ATOMDB
(version 3.0.9; assuming collisional ionization equilibrium).
Assuming that the X-ray emission is isotropic, the emission
coefficient j, is simply given by

. 61/
Ju P (A6)
The absorption coefficient «, is a function of the gas density
and metal abundance. For the solar abundance, we adopt the
photoelectric absorption cross section 0, solar = OpHiHe +
Oymetal Of D. Morrison & G. McCammon (1983), in which
H and He contribute 0, g p. and dominate the cross section
for soft-X-ray photons (E < 0.5 keV), while the absorption of
hard-X-ray photons is mainly contributed by metals (elements
heavier than He). Assuming that the X-ray absorption by the
metal-rich ISM can be written as a linear function of the
metallicity Z (in units of solar metallicity Z.), we adopt

Oy = Oy, H+He + Z x Oy, metal- (A7)
The absorption coefficient is then given by
Qy, = NYO,. (A8)

A.3. X-Ray Surface Brightness, Luminosity, Temperature
Profile, and Average Temperatures for the Models

Using Equations (A4), (A6), and (A8), we can derive the
observed properties of the models in the X-ray band, which in
this work we take as the broad Chandra band of 0.3-8 keV. To
evaluate the radiative transfer, we perform the calculations in a
fashion of ray tracing—i.e., we integrate Equation (A4) along
the direction from the emitter to the observer. The radiation in
and behind the circumnuclear gaseous disk is attenuated
whenever the disk is optically thick; this especially affects the
soft X-rays. In the MACER simulations, spherical coordinates
—with a logarithmic radial grid to cover a large dynamical
range, from r = 2.5 pc to ~250 kpc in the highest-resolution
runs—make the integration along the straight line s not
immediate. We then interpolate the gridded data from the
original spherical coordinates onto a new cylindrical coordi-
nate system (z, 7, ¢), with the z-axis along the line of sight
pointing toward the observer, so that the numerical integration
reduces to a summation along the z-axis of the new cylindrical
coordinate system. Moreover, to preserve the high resolution
in the galactic central regions, we adopt logarithmic spacing in
both the z- and 7-directions. We thus integrate Equation (A4)
for fixed (7, ) in the projection plane, with s replaced by z and
spanning the whole interval (Zuyin, Zmax) covered by the
numerical grid, to obtain the monochromatic 2D brightness
distribution 3, and then the X-ray surface brightness ¥ after
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integration over the energy band of interest:
(7, @) = 47l (Zmins Zmax),

Sx(, 9= [ S @) dv,

Vmin

(A9)

The total X-ray luminosity Ly is evaluated by integrating ¥x
over the surface area dA = 7 didp on the sky plane—i.e.,
Lx = f Sx(7, ©) dA. (A10)
If the integration is performed within a radius of 5R., one
obtains Lx s, the luminosity within a cylinder, with its axis
along the line of sight and with a base circle of radius 5R..
In the analysis of X-ray observations, the temperature T is
derived from the X-ray spectra, and it is an emission-weighted
quantity, with good approximation (e.g., K19; N. Truong et al.
2020). Therefore, as a proxy for Tx, we evaluate the projection

of the gas temperature T along the line of sight, weighting it by
the X-ray emission after absorption:

S [T @) @) e de

Vmin

Vmax Zmax . _ -
dv 7) e T(Z>Zmax) dZ
‘/\Vmin ‘/;.min ]V( )

Ix(7, ) = (AL1)

Finally, we calculate the circularized surface brightness profile
Y>x(R) and the circularized surface-brightness-weighted temp-
erature profile Tx(R) as angle-averaged quantities over the
annulus R — AR/2 < F < R + AR/2:

21 pR+AR/2
[ e vy aa
0

R—AR/2
2TRAR

21 pR+AR/2 . .
[ Tx(F. @) Dx(F. ) dA
0 JRrR-AR/2

21 (R+AR/2
A
0

R—AR/2

2x(R) =

s

Ix(R) =

(A12)

For the comparison with the average temperature observed
within a given aperture (e.g., SR.), we define for the models

. I K S (R) T (R") R’ dR’
X - .

(A13)
I KSx(R) R dR!

The average temperature over the whole galaxy is indicated
with (Tx) and that within 5R. (i.e., (Tx)(5R.)) with (Txs).

Appendix B
Effects of a Multiphase Medium on Observed Temperature
and Luminosity

As discussed in Section 5, the emission-weighted temper-
ature can be reduced in a multiphase medium, with a reduction
factor comparable to that needed to bring the model profiles in
better agreement with the observed ones. The C22 simulations
are 2D, and it is reasonable to expected that in a high-
resolution 3D simulation, the number of inhomogeneities for
the unit volume would increase, especially in the inner galactic
regions, where AGN feedback heats and compresses the gas
(discussed in Appendix B.1). Another possible source of ISM
inhomogeneities involves the process of 3D fragmentation of
the cold gaseous disk (discussed in Appendix B.2).
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B.1. Emission-weighted Average Temperature and Luminosity
of a Multiphase Medium

We present here a simple model to estimate the effects of a
multiphase medium on the luminosity and on the luminosity-
weighted temperature measured when averaging over a
sufficiently large volume. We consider first a volume V, filled
with a gas of uniform density p, with total mass M = pV and
uniform temperature 7T the pressure is p = kBpT/ (pmy,), and
the total internal energy is U (3 /2)pV. The emission per unit
volume is assumed to be A p* T*, with A and \ given constants
in this way, the total 1um1n0s1ty of the gasis L = Ap T*V. We
now consider what luminosity L, ; and emission-weighted
temperature T, are obtained if the same volume V contains
the same amount of gas M but the gas is distributed in N
different phases of density pi, each occupying the volume V;;
moreover, we assume pressure equilibrium between the
different phases—i.e., p;y = p, = ... = py—and we also
require that the total internal energy of the nonhomogeneous
configuration is the same as for the homogeneous system. We
define the normalized quantities

5 =2

]

i (BI)

v
V,
and we have
~ N
ZV Loa =L

Therefore, for the multiphase gas, the luminosity L, ; and the
temperature 7, are:

N N
L = Z Li=L X Z piziAVi’
i=1 i=1

YV LiT
L multi

<1
o
Il

(B2)

Zl lpll A‘/I
N ~2-\7’
E lpl V
as expected, for A = 1, Ly = L, and Ty = 7. In order to
obtain a numerical estimate, we consider the simple case of a
two-phase medium, where we introduce the density ratio

between the high- and low-density phases and the corresp-
onding volume ratio:

=Tx B3)

Tmulti =

_ phigh’ _ Vhigh. (B4)
Plow Vlow
From the general relations, it follows that
phlgh rplow7 Vhigh = VVIOW,
1+v N
p =T > Viow = s B5
Plow Lt 1 T (BS)
so that
1-\ 2-)
Lmum:LX(l—l-v) a+r v)’
(1 + rv)>=A
1+ )1+
T = ( it 2 (B6)

(1+v)(1+r2 )

These formulae are used in Section 5 to assess the effect of
density inhomogeneities on the luminosity and temperature
measured for a region hosting them. For A < 1, at any v, the
luminosity is enhanced (L. ; > L), and the temperature is
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reduced (T < T), and these variations are larger for larger
r. Note that a density ratio of r corresponds to a temperature
ratio of 1/r; thus, if r is small (say <5), and the temperature of
the homogeneous configuration is such that the gas emits in the
X-ray band, the temperatures of the different phases remain
within a range where most of the emission is in the X-ray
band, and Equation (B6) can be used to obtain the multiphase
Lx and Tx.

B.2. Fragmentation in a Central Gaseous Disk

We give here a simple argument by which 3D instabilities
are to be expected in the cold rotating disk subject to Toomre
instability. As implemented in the code, at radius R, the disk
becomes locally unstable when

cp(R)kr(R)

O1(R) = ——-—— <1,

TGY(R) ®7

where X(R), cp(R), and xg(R) are respectively the local gas
surface density, speed of sound, and radial epicyclic
frequency. Assuming for simplicity a roughly constant disk
rotational velocity V., then kg = J2 Viot/R, and so for a
marginally stable disk at R,

coR)rr(R) _
G T

V2 ep@®) Vit
GR

We now assume that a region of radius ry around R collapses
due to the Jeans instability, so that from the identities

4773 2 T
My = —rip, = mry 21(R), rj= cp(R), B9
1= 7 py = 7y Lr(R) ] /4GpJ p(R), (B9

we can express the various quantities in terms of the properties
of the disk as

Y1(R) = (B8)

yy— Te® _ mep®R - 9GE(R): Vi
3GET(R)  3V2Ve ' dmep(R)? 27°GRY’
_ mep(R)* mep(R)R
"T9GT(R) 926GV
(B10)

Therefore, as an order-of-magnitude estimate, the first of the
equations above indicates that a Toomre-unstable ring, in a
disk with Vi = 100 km s~ ' and Tgq = 100 K, would
fragment in a number 7R/ry ~ 100 blobs, which would cool,
collapse, and increase their density.
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