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Supermassive black hole vs  Hot Atmospheres
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hot atmospheres 

(T>~10^6 K)

The hot atmospheres encrypt important information about SMBH 
feedback activity



Outline
- Main points to be addressed:


1) X-ray signatures of SMBH feedback as quenching mechanism

                                              Truong, Pillepich, Werner, et al. 2020 


2) Effect of SMBH feedback on the spatial distribution of the CGM

                                                    Truong, Pillepich, Nelson, Werner, Hernquist, 2021b 

3) Effect of SMBH feedback on the gas fluctuations in the IGrM/ICM

                                                    Truong, Pillepich et al., in prep


- Tools: + IllustrisTNG & other simulations + forward modelling 

             + X-ray observations 

Chandra



The IllustrisTNG Simulations
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Cosmological magneto-
hydrodynamical simulations 
of galaxy formation within the 

Lamda-CDM framework 
(Planck+2016).

3 flagships

Galaxy formation model:


• Gas radiative cooling/heating


• Star formation and stellar 
evolution, chemical enrichment


• SNe and SMBH feedback

Pillepich+2018a,b, Pillepich+2019, Weinberger+2017, 
Springel+2018, Nelson+2018, Nelson+2019a,b 

Naiman+2018, Marinacci+2018 

DM density



#1: X-ray signatures of SMBH feedback 
as quenching mechanism



Nelson et al. 2018

Red quenched galaxiesBlue star-forming galaxies

Galaxy colour bimodality: TNG100

Quenching



Truong, Pillepich, Werner et al. 2020 
See also Zinger et al. 2020, Davies et al. 2019

SMBH kinetic feedback: ejective and preventative effects

TNG100 SF-ing galaxies TNG100 Quiescent galaxies

Annalisa Pillepich, MPIA KoCo, 2021/06/25The many diverse manifestations of SMBH feedback, with IllustrisTNG and observational data

The (hot) gas density drives the LX effects 

Quiescent galaxies have hotter atmospheres, but they also have simply less gas, 
because of the SMBH-driven outflows
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The quenching in TNG is achieved mainly via gas expulsion 

driven by SMBH feedback + sustained via gas heating

—> Is this supported by observations?



• Mock X-ray spectrum is produced 
for each galaxy assuming:


• Emission model: APEC 
(XSPEC).


• Exposure: 100 ks.


• Galactic absorption nH=10^20 
cm^-2.


• Response: Chandra ACIS-S.

Hot Atmospheres in TNG100 and TNG50 5

Figure 1. Examples of mock X-ray spectra and best-fitting curves with one- (1T) and two-temperature (2T) APEC models for a high-mass (left) and a low-mass
(right) galaxy taken from the TGN50 simulation at z = 0 (see text in Section 2.3.1 for a detailed description of the mock X-ray analysis).

sured based on each gas cell properties, such as the gas temperature,
density, and metallicity.

The intrinsic total X-ray luminosity of a simulated galaxy is
obtained by summing the X-ray emission from all the gas cells
within a region of interest:

LX,intrinsic =
X

i

✏i, (2)

where ✏i is the X-ray gas emission in the [0.3� 5] keV band com-
puted for the i

th gas cell assuming a 1T APEC model.
Averaged gas temperatures can be measured using two dif-

ferent weights, the gas mass-weighted (Tmw) and the emission-
weighted (Tew), according to the formula:

Tmw,ew =

P
i
wi ⇥ TiP
i
wi

, (3)

where Ti is the i
th gas cell temperature, and wi = mgas,i (gas

mass) for the case of Tmw and wi = ✏i for the case of Tew.
As we explicitly show in Appendix A, it is not possible to ob-

tain mock X-ray measurements for all simulated galaxies in our
mass-limited samples. Especially at the low-mass end, galaxies
may produce zero or a very low number of photons that are re-
ceived by Chandra in a 100 ks exposure time. This may occur be-
cause of the limited numerical resolution or for actual physical rea-
sons, e.g. the gas of the considered galaxies may be too cold to
emit photons in the energy range of interest. In the case of a very
low number of photons, it is not possible to obtain an X-ray tem-
perature from spectral fitting. To avoid galaxies that do not produce
a sufficient number of photons that in turn may result in bad or im-
possible fits and unreliable mock X-ray measurements, we flag sys-
tems with TX lying beyond 3� off the average TX � Tew relation:
these are excluded from the analysis. All results throughout the pa-
per will therefore include only TNG galaxies with reliable mock
X-ray measurements for both TX and LX: these are labeled “X-ray
detected”. Approximately, the “X-ray detected” sample consists of

galaxies that have LX(< Re) & 5 ⇥ 1037 erg s�1. A more de-
tailed discussion on this selection and about the comparison be-
tween mock X-ray quantities and theoretically computed quantities
is given in Appendix A.

2.3.2 Other galaxy properties

The hot gas properties of galaxies are expected to be inextricably
causally related to their stellar and black hole activities. Therefore,
beside computing X-ray quantities as described above, we also uti-
lize other measurements to characterize TNG galaxies, specifically
in relation to their stellar content and SMBH properties.

• Half-mass (r1/2) and half-light (Re) radii. The former refers
to physical radius within which half of the total stellar mass of the
galaxy is contained. The half-light radius, also called effective ra-
dius, is defined as the radius within which half of the stellar light
of the galaxy is contained. In both cases, all gravitationally-bound
stellar particles are considered for the size measurements, instead
of e.g. accounting only for the light down to an effective surface
brightness limit. In this work, in order to characterise the extent
of hot atmospheres, we use the 2D circularized projected half-light
radii computed in the K-band (Genel et al. 2018): these do not ac-
count for the effects of dust.
• Stellar mass (M⇤) is the mass in the stellar component mea-

sured within twice the half-mass radius (i.e. < 2r1/2). We use this
for mere reference, and not for comparisons to observations.
• K-band absolute magnitude (MK) is computed from the total

luminosity in the K-band of the stellar particles that lie within 2⇥
r1/2. It is noted that no dust attenuation is modelled, thus this quan-
tity is aimed to be compared with the extinction-corrected MK from
observational data. In fact, as noted in Section 2.1, observationally-
derived values are obtained from integrating a galaxy’s magnitude
via extrapolation of the light with a single Sersic profile: we com-

MNRAS 000, 000–000 (0000)

Truong, Pillepich, Werner et al. 2020

X-ray emission from hot 
volume-filling gas 

Forward modelling of simulation data: mock X-ray analysis

Chandra



Chandra

TNG prediction: Lx dichotomy between star-forming vs quenched galaxies

Truong, Pillepich, Werner et al. 2020LX / T 1/2f2
gas
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Lx dichotomy is manifestation of SMBH-driven quenching mechanism
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Lx dichotomy is manifestation of SMBH-driven quenching mechanism
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Lx dichotomy at large distances:  
Prediction for soft-Xray line emission

TNG100 EAGLE SIMBA

Truong, Pillepich et al., in prep1 
OVIII surface brightness radial profile

Future X-ray missions with micro-calorimeter onboard and large FoV 
will be able to detect CGM emission of individual galaxies at large radii

See talk by Maxim Markevitch on Wednesday! see also Oppenheimer+20, 
Comparat+22, Chadayammuri+22 for 

stacking analysis

Quiescent

Star-forming



#2: SMBH Feedback Effects on the CGM 
Spatial Distribution



Gas Temperature Gas Metallicity

minor axis

major axis

Outflows shaping the CGM: at the individual galaxy level
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TNG50: Outflows 7

70 kpc

∆t=0 Myr
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Figure 2. Visualization of black hole feedback driving a large-scale galactic outflow in TNG50. We show the time evolution with five snapshots spanning 370
Myr starting from z = 1.8 (rows, from top to bottom), tracking a single massive galaxy with M? ' 1011.4 M� which is currently in the process of quenching.
The left column shows the gas velocity field, while the right shows gas temperature, on the scale of the virial radius (white circles, final row). Each panel is 550
kpc x 275 kpc, with a thin projection depth of 10 kpc. The dense ISM of the galaxy itself is oriented vertically, edge-on, visible as the blue disk in temperature.
The central black hole with a mass of 108.7 M� is in the low-accretion state and its kinetic feedback drives a large-scale collimated outflow.

8 D. Nelson et al.
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Figure 3. The same time evolution series of a z ⇠ 2 black hole driven outflow as in Figure 2, where we show gas column density (left) and gas metallicity
(right). The highly directional, jet-like flow drives shells of gas which pile up along an expanding front, producing under-dense cavities in their wake. These
cavities are hot, over-pressurized, and expand coherently to the scale of rvir; they are able to launch high metallicity ISM gas entirely out of the halo.

SMBH feedback in action, TNG50 (z=1), Nelson+2019

• SMBH-driven galactic 
outflows exhibit natural 
collimation despite 
isotropic launching.


• The outflows modulate the 
distribution of the gas 
thermodynamic properties 
above and below the disk

Annalisa Pillepich, MPIA KoCo, 2021/06/25The many diverse manifestations of SMBH feedback, with IllustrisTNG and observational data

TNG50,  SMBH feedback in action (Nelson, Pillepich, Springel et al. 2019)

Cold SF-ing galaxy disk 

In TNG50, ~10pc 
resolution at the galaxy 

centers

SMBH feedback in TNG ejects and heats the gas within and around galaxies

See also
Terrazas,  Bell, Pillepich et al. 2020 

Zinger, Pillepich et al. 2020
Davies et al. 2020

Galaxy disk



minor axis

major axis

X-ray bubbles in MW-like Galaxies

8 Pillepich et al.
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Figure 3. The same TNG50 galaxies as in Fig. 2 but now shown in X-ray luminosity in the 0.5 � 2 keV soft band. Systems of shells of gas are manifest in most
galaxies, with the gas piling up along expanding fronts, producing under-luminous cavities in their wake. Some of the galaxies exhibit multiple shells of gas of
increasing sizes that are also appreciable in X-rays.
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and Fermi bubbles are causally connected, with the Fermi bubbles driv-
ing the expansion of the eROSITA bubbles and both structures being 
associated with the same (gradual or instantaneous) energy release in 
the nuclear region of the Milky Way. In this scenario, the outer bound-
ary of the Fermi bubbles plausibly represents a contact discontinuity 
that separates the shock-heated interstellar medium from the shocked 

outflow, and the boundary of the eROSITA bubbles is the shock that 
propagates through the halo gas. The pressure is thus continuous 
across the interface between the eROSITA and Fermi bubbles and the 
total thermal energies of the two features simply reflect their volumes 
(ignoring the effects of stratification, which may be non-negligible). 
Given that their characteristic sizes differ by a factor of about 2, the 
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Fig. 2 | The soft-X-ray eROSITA bubbles. a, False-colour map of extended 
emission detected by eROSITA in the 0.6–1.0-keV range. The contribution of 
the point sources has been removed and the scaling adjusted to enhance 
large-scale structures in the Galaxy. b, One-dimensional surface-brightness 
profiles in the same energy band (red lines with pink shading representing 
statistical uncertainties), cut at various galactic latitudes (as labelled). For 
comparison, we also show the predictions of four possible geometric models 

(not normalized to the data): a full sphere (yellow), a very thick shell (thickness, 
4 kpc; brown), a thick shell (thickness, 2 kpc; cyan) and a thin shell (thickness, 
0.2 kpc; green). The thick shell (cyan) is the most consistent with the data (see 
Extended Data Fig. 2 for a two-dimensional projection of this model). The 
region indicated by the white rectangle is where a preliminary spectral analysis 
was performed to constrain the line-of-sight absorption column density 
towards the southern eROSITA bubbles.
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Figure 1. Anisotropy of the CGM properties according to the TNG model at I = 0. The results are obtained by stacking 277 central galaxies with "⇤ =
1011.0±0.1"� from TNG100 (see Sections 2.3 and 2.4 for details). Top row: Stacked maps of gas properties: from left to right, gas column density, gas
temperature, and gas metallicity. The stacks are made for edge-on galaxies, rotated based on their stellar component, and the maps span a cubic region of 2'200c
per side. The two concentric circles show galactocentric distances of 0.25'200c and 0.75'200c. Bottom row: Relative stacked maps, whereby the gas properties
are normalized to their azimuthally-averaged value as a function of distance. Brighter colors indicate an enhancement of the gas properties relative to their
azimuthal average. Massive galaxies have angle-dependent CGM properties: the gas is less dense, hotter, and more enriched along the minor-axis directions.

Figure 2. Quantification of the CGM anisotropy predicted by TNG100 and visualized in Figure 1. We show gas properties as a function of azimuthal angle at
varying galactocentric distances (top) and the corresponding relative properties with respect to their azimuthal median (bottom), for TNG100 galaxies at I = 0
with "⇤ = 1011.0±0.1"� . The solid lines are the population median, which are derived from individual galaxy maps, while the shaded areas specify the 32-th
and 68-th percentiles; i.e. ⇠ f/2 galaxy-to-galaxy intrinsic variation. TNG predicts an angular dependence for CGM properties in massive galaxies, with the
gas being more diluted, hotter, and more chemically enriched along the minor axes.
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SMBH-driven outflows cause the CGM to be anisotropic in its thermodynamics and 
chemical content.
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are normalized to their azimuthally-averaged value as a function of distance. Brighter colors indicate an enhancement of the gas properties relative to their
azimuthal average. Massive galaxies have angle-dependent CGM properties: the gas is less dense, hotter, and more enriched along the minor-axis directions.

Figure 2. Quantification of the CGM anisotropy predicted by TNG100 and visualized in Figure 1. We show gas properties as a function of azimuthal angle at
varying galactocentric distances (top) and the corresponding relative properties with respect to their azimuthal median (bottom), for TNG100 galaxies at I = 0
with "⇤ = 1011.0±0.1"� . The solid lines are the population median, which are derived from individual galaxy maps, while the shaded areas specify the 32-th
and 68-th percentiles; i.e. ⇠ f/2 galaxy-to-galaxy intrinsic variation. TNG predicts an angular dependence for CGM properties in massive galaxies, with the
gas being more diluted, hotter, and more chemically enriched along the minor axes.
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The signal in X-ray emission is complex and energy-dependent.

Anisotropic signals in the CGM: X-ray emission
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Figure 7. CGM anisotropy in X-ray surface brightness, for Illustris, TNG, and EAGLE simulated galaxies at I = 0. Top: From left to right we show the
minor-to-major ratio of the X-ray surface brightness (⌃X) in four di�erent energy bands: [0.3 � 0.6] keV, [0.6 � 1.0] keV, [1.0 � 2.3] keV, and [2.3 � 10.0]
keV, respectively. Annotations are as in Figure 6. The top x-axes represent median values of stellar mass for TNG galaxies (note the scale is not linear). Bottom:
Stacked edge-on maps of the X-ray surface brightness in [0.6�1.0] keV for galaxies with "200c = 1012.3±0.1"� . From left to right we show: TNG100, EAGLE
and Illustris. The two circles specify galactocentric distances at 0.25'200c and 0.75'200c. In the soft bands, e.g. [0.6 � 1.0] keV (second panel from the left in
the top row), the CGM of massive galaxies ("200c ' 1012.1�12.5"�) is X-ray brighter in directions orthogonal to the stellar “disks”, by about a factor of two.
For both TNG and EAGLE, harder bands reveal stronger angular modulations of X-ray luminosity.

5.3 X-ray observational opportunities

The predictions from the three simulation models studied in this paper
are most discrepant either at the low-mass end ("200c ⇠ 1011.5"�)
or at the transitional mass range ("200c ⇠ 1012.0�12.5"�), where
the TNG anisotropic signals peak. In the following, we show that the
latter is within the reach of upcoming X-ray observations.

We consider a number of stacking experiments to examine the
observability of the predicted X-ray signals via the eROSITA all-sky
survey. We are interested in signals from the CGM region brack-
eted by [0.25 � 0.75]R200c, which is most relevant to the anisotropic
signals presented in this paper. In addition, to study the azimuthal
dependence of the signals, we aim to characterize CGM areas span-
ning at most ⇠ 1/12 of the 2c circumference, in order to constrain
how the X-ray emission varies between the major and minor axes for
three di�erent azimuthal angles.

In Figure 9, we show the eROSITA mock X-ray count rates in
the [0.5 � 2.0] keV band for TNG galaxies, as a function of halo
mass and galaxy stellar mass (top axis). The median count rates are
obtained based on TNG100 galaxies at each of the three indicated

redshifts following the method described in Section 2.2. To assess
the detectability we also derive Poisson noise (error bars) and the
signal-to-noise ratio for each mass bin (denoted by filled and empty
cicles) based on the source and background photon counts. The
latter is calculated assuming an X-ray eROSITA background level of
2.1 ⇥ 10�3counts/s/arcmin2 in the energy band of [0.5 � 2.0] keV
(Merloni et al. 2012). The photon counts are obtained by stacking a
certain number of galaxies in each mass bin, corresponding to the
total number of galaxies available up to the given redshift (specified
at the extra axes on the top of the plot2) and assuming 2ks observing
time. In addition, the Poisson noise (error bars) and signal-to-noise
ratio are computed for the intentionally-detected area; i.e. 1/12 of
the [0.25 � 0.75]R200c annulus, accounting for the fact that we treat
the 4 quadrants identically.

According to Figure 9, if we stack ⇠ 10000 galaxies out to redshift

2 The number of available galaxies within a certain distance is calculated
based on the TNG100 mass function, corrected by the relevant volume factor.
We also exclude face-on galaxies (⇠ 1/3 of the total number of galaxies),
which are not useful for detecting anisotropic signals.
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The X-ray hardness of the 
CGM is a promising 

observable in distinguishing 
different feedback models.

Anisotropic signals in the CGM: X-ray hardness
CGM anisotropy 13

Figure 8. CGM anisotropy in X-ray hardness, for Illustris, TNG, and EAGLE simulated galaxies at I = 0. Top: The minor-to-major axes ratio of X-ray hardness
as a function of galaxy/halo mass. The hardness is defined as the ratio of the X-ray emission in the hard band ([1.0 � 2.3] keV) to the soft band ([0.3 � 0.6]
keV). Annotations are as in Figure 6. For clarity, shaded areas, i.e. the scatter, are given only for TNG and EAGLE. In addition, the top x-axes show median
values of stellar mass for TNG galaxies (note the scale is not linear). Bottom: Stacked edge-on maps of the X-ray hardness in galaxies with "200c ⇠ 1012.3"� ,
for TNG100, EAGLE and Illustris separately. The two concentric circles specify galactocentric distances of 0.25'200c and 0.75'200c. The anisotropy of the
X-ray hardness in the CGM is a promising observable to discriminate among di�erent SMBH feedback models.

I = 0.1, then TNG predicts a detectable X-ray signal down to the
mass range of "200c ⇠ 1012.3"� ("⇤ ⇠ 1010.7"�) with SNR & 3
(orange), corresponding to roughly 400 source photons detected per
arcmin2. This number of galaxies is within the reach of current
galaxies survey, e.g. the Sloan Digital Sky Survey (SDSS, Alam
et al. 2015; Saulder et al. 2016), while larger future spectroscopic
galaxy surveys will increase the sample statistics further. Based on
our findings summarized in Figure 9, the upcoming eROSITA all-
sky survey therefore has the potential to verify the X-ray anisotropy
in the CGM predicted by state-of-the-art cosmological simulations
for intermediate- and high-mass galaxies ("200c & 1012.0�12.5"�),
directly discriminating among di�erent models of SMBH feedback.
On the other hand, despite the improved spatial resolution, stacking
on nearby galaxies out to 40 Mpc (green) or 100 Mpc (blue) with only
2 ks of exposure would result in a detectable signal achievable only
for significantly more massive halos, due to the decreased statistics.

Finally, observations for the low-mass end ("2002 ⇠ 1011.5"� or
"⇤ ⇠ 1010"�) will be significantly more challenging. Galaxy sam-
ples larger than those of Figure 9 are needed to ensure detection via
stacking: this in turn will require extending the observations to farther
distances (I > 0.1). Unfortunately, at such distances, eROSITA will
not be able to spatially resolve their anistropic signal. Observations of
low-mass systems will be perhaps possible only with next-generation
X-ray observatories (e.g. Simionescu et al. 2021). This regime probes
distinct anisotropy signals, as predicted by the three simulations con-
sidered in this paper, and would further constrain the impact of stellar
feedback models on the circumgalactic medium of galaxies.

MNRAS submitted, 1–17 (2021)
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Figure 8. CGM anisotropy in X-ray hardness, for Illustris, TNG, and EAGLE simulated galaxies at I = 0. Top: The minor-to-major axes ratio of X-ray hardness
as a function of galaxy/halo mass. The hardness is defined as the ratio of the X-ray emission in the hard band ([1.0 � 2.3] keV) to the soft band ([0.3 � 0.6]
keV). Annotations are as in Figure 6. For clarity, shaded areas, i.e. the scatter, are given only for TNG and EAGLE. In addition, the top x-axes show median
values of stellar mass for TNG galaxies (note the scale is not linear). Bottom: Stacked edge-on maps of the X-ray hardness in galaxies with "200c ⇠ 1012.3"� ,
for TNG100, EAGLE and Illustris separately. The two concentric circles specify galactocentric distances of 0.25'200c and 0.75'200c. The anisotropy of the
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I = 0.1, then TNG predicts a detectable X-ray signal down to the
mass range of "200c ⇠ 1012.3"� ("⇤ ⇠ 1010.7"�) with SNR & 3
(orange), corresponding to roughly 400 source photons detected per
arcmin2. This number of galaxies is within the reach of current
galaxies survey, e.g. the Sloan Digital Sky Survey (SDSS, Alam
et al. 2015; Saulder et al. 2016), while larger future spectroscopic
galaxy surveys will increase the sample statistics further. Based on
our findings summarized in Figure 9, the upcoming eROSITA all-
sky survey therefore has the potential to verify the X-ray anisotropy
in the CGM predicted by state-of-the-art cosmological simulations
for intermediate- and high-mass galaxies ("200c & 1012.0�12.5"�),
directly discriminating among di�erent models of SMBH feedback.
On the other hand, despite the improved spatial resolution, stacking
on nearby galaxies out to 40 Mpc (green) or 100 Mpc (blue) with only
2 ks of exposure would result in a detectable signal achievable only
for significantly more massive halos, due to the decreased statistics.

Finally, observations for the low-mass end ("2002 ⇠ 1011.5"� or
"⇤ ⇠ 1010"�) will be significantly more challenging. Galaxy sam-
ples larger than those of Figure 9 are needed to ensure detection via
stacking: this in turn will require extending the observations to farther
distances (I > 0.1). Unfortunately, at such distances, eROSITA will
not be able to spatially resolve their anistropic signal. Observations of
low-mass systems will be perhaps possible only with next-generation
X-ray observatories (e.g. Simionescu et al. 2021). This regime probes
distinct anisotropy signals, as predicted by the three simulations con-
sidered in this paper, and would further constrain the impact of stellar
feedback models on the circumgalactic medium of galaxies.
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Future eROSITA all-sky surveys have 
the potential to detect signals down 
to the mass range of M200~1012.3 

Msol via stacking. 

Potential detection with future X-ray observations
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Figure 9. Mock eROSITA survey count rates as a function of halo mass
for TNG100 galaxies, based on di�erent assumed surveys/redshifts (three
colors). The circles represent the median count rate at each mass bin, and the
error bars denote ⇠ 1f Poisson noise based on both source and background
photon counts. Filled (empty) circles specify signal-to-noise ratio (SNR)
above (below) the value of 3. The values of SNR and Poisson noise are
computed for the intentionally detected area (see text) and based on the
photon counts obtained from stacking the number of galaxies available within
a certain distance (colored top axes), assuming a 2ks observing time per
galaxy.

6 SUMMARY AND CONCLUSIONS

In this paper we have used the IllustrisTNG simulations to provide
theoretical, quantitative predictions as to how feedback from the
central regions of galaxies a�ects the thermodynamical and chemical
properties of surrounding gas – the circumgalactic medium (CGM).
In particular, we study how CGM properties – density, temperature,
metallicity, as well as pressure, entropy, and X-ray emission – depend
on azimuthal angle, defined as the galactocentric angle with respect
to the central galaxy’s stellar minor axis.

We have studied galaxies across the galaxy stellar mass range
of 1010�11.5"� and thus focused on the high-mass regime (&
1010.5"�) where SMBH feedback is expected to be the dominant
mechanism that drives galactic outflows and where testing opportuni-
ties via X-ray observations are feasible. We have quantified the CGM
anisotropy at I = 0 via stacking and through population averages, as
a function of galactocentric distance, across a wide range of galaxy
and halo masses, and have compared the TNG predictions to those
from two other simulations, Illustris and EAGLE.

Our main findings are as follows:

• The TNG model predicts that the CGM of massive galaxies at
the transitional mass regime of "⇤ ' 1010.5�1011.0"� is markedly
anisotropic (Figures 1 and 4), with gas along the minor axis of

galaxies being more diluted, hotter and more metal rich than the gas
along galactic planes. The amplitude of this angular modulation is
non-negligible (0.1�0.3 dex), is clearly seen by stacking across large
number of galaxies, and persists out to the virial radius of haloes
(⇠ 260 kpc on average). Our work suggests that the Milky Way’s
mass range is the sweet spot where the CGM anisotropy is most
prominent because here two fundamental physical conditions occur:
i) The presence of su�ciently-strong, feedback-driven outflows, as
those produced in the TNG model by the kinetic SMBH feedback;
ii) the presence of a gaseous disk in the inner regions of galaxies
that can (re)direct outflows in bi-polar directions.

• For "⇤ ' 1010.5"� TNG galaxies, the CGM anisotropy in gas
density and temperature is remarkably more pronounced for galaxies
that are quenched, host an overmassive SMBH with respect to the
average, or host a SMBH that has injected a larger-than-average
amount of energy in the kinetic feedback mode, which in turn
produces strong SMBH-driven winds (Figure 4). This supports
the picture whereby, in TNG, SMBH-driven outflows are the
physical driver of the angular modulation of CGM density and
temperature at the high-mass end. In fact, the strength of the
gas-metallicity anisotropy exhibits opposite correlations with those
galaxy properties that are a measure of SMBH activity.

• According to the TNG model, the CGM is indeed anistropic
in its thermodynamical properties and chemical content over a
large galaxy mass range, "⇤ ' 1010 � 1011.5"� (Figure 3),
and it is generally more pronounced at smaller galactocentric
distances. In TNG the metallicity angular modulation is stronger
for lower-mass galaxies, and overall decreases with increasing
galaxy mass. In contrast, the density and temperature anisotropies
are maximal at the aforementioned transitional mass scale; i.e.
at or slightly above the Milky Way-mass scale, corresponding to
halo masses of "200c ⇠ 1012.0�12.5"� and SMBH masses of
"BH ⇠ 108.0�8.5"� . We speculate that the CGM is more isotropic
at both higher and lower masses because of the less e�ective stellar
and SMBH-driven thermal feedback at the low-mass end and of
the relative isotropy of the inner gas distribution at the high-mass end.

• In general the CGM is more diluted along the minor axis, but
its temperature is enhanced, making the halo gas pressure essentially
isotropic. On the other hand, the CGM entropy maximally captures,
via its strong angular modulation, the imprints of feedback (Figure 5).

• In comparison to TNG, the original Illustris simulation
returns negligible, if not, vanishing levels of angular dependence
of the CGM properties, throughout the studied mass range (Figure 6).

• On the other hand, the EAGLE model, despite the very dif-
ferent implementation of both stellar and SMBH feedback, shows
many qualitatively-similar results: gas density is generally lower,
and temperature and metallicity higher, orthogonal to galaxy disks.
However, quantitatively, EAGLE and TNG predict di�erent levels of
CGM anisotropy and very di�erent mass trends (Figure 6). EAGLE
produces more prominent anisotropies in the CGM density and tem-
perature at the low-mass end, but also weaker, if not vanishing, CGM
angular modulations for massive galaxies, "200c & 1012"� .

Our paper demonstrates that the I = 0 angular modulation of the
CGM properties is highly sensitive to the way energy from stellar and
SMBH feedback is injected into the surrounding gas. It thus provides
a promising test-bed to discriminate among galaxy feedback models

MNRAS submitted, 1–17 (2021)

N.Truong, A. Pillepich, D. Nelson, N. Werner, L. Hernquist, 2021b

Detection of X-ray extended emission in the 
CGM via stacking events from the eFEDS 
survey: 

J. Comparat, N. Truong, A. Merloni, A. 
Pillepich, G. Ponti, et al. 2022 

U. Chadayammuri, A. Bogdan, B. 
Oppenheimer, et al. 2022



#3:Effect of SMBH feedback on gas 
fluctuations in the IGrM/ICM
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Gas fluctuations in the IGrM/ICM
Truong, Pillepich et al., in prep2

Intrinsic Azimuthally-averaged Fluctuation map

2D projected maps of a 1014.6 
M⊙  halo from TNG100 
(>3e5 K gas; 2R500c x 2R500c)

As proposed by Churazov+12, 
Gaspari+13, Zhuravleva+13,+14 
 

2D characteristic amplitude of 
the gas fluctuations 

Preliminary



Halo mass dependence of the fluctuations
Truong, Pillepich et al., in prep2

Intrinsic 

Preliminary



Effects of SMBH kinetic feedback
Truong, Pillepich et al., in prep2

Intrinsic 

Anti-correlation between the fluctuation amplitude and the amount of injected 
feedback energy

Halos are subdivided into 2 
subsamples based on their 
accumulated SMBH kinetic 
feedback energy (Ekin).

Preliminary



Effects of SMBH kinetic feedback
Truong, Pillepich et al., in prep2

Intrinsic 

Comparison between 2 model 
variations in TNG simulations 
of ~37 Mpc/side box, similar 
resolution to TNG100


• Fiducial model


• No SMBH kinetic 
feedback model


Each sims produces ~10 halos 
with M200>1013 Msol

Preliminary



Gas density clumping factor

C⇢ =
h⇢2i
h⇢i2
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as proposed by 
Mathiesen, Evrard, 
Mohr, 1999 
 



With SMBH feedback (Fiducial)

Gas density clumping factor

Truong, Pillepich et al., in prep2C⇢ =
h⇢2i
h⇢i2
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Without SMBH feedback

Gas density clumping factor

Truong, Pillepich et al., in prep2C⇢ =
h⇢2i
h⇢i2
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With SMBH feedback (Fiducial) C⇢
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In TNG SMBH feedback helps to smooth out the density and thermal distribution

Gas density clumping factor

C⇢ =
h⇢2i
h⇢i2
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as proposed by 
Mathiesen, Evrard, 
Mohr, 1999 
 

Truong, Pillepich et al., in prep2

see also Planelles+14, Rasia+14, 
Vazza+13, Nagai & Lau 11
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Summary & Conclusion
How does SMBH feedback affect the hot gaseous atmospheres (at the 
population level)?


Predictions from IllustrisTNG simulations:


1. Quenching mechanism: 


SMBH ejective effect manifests in Lx dichotomy between Sf-ing vs 
quenched galaxies. 

2. Anisotropy in the CGM: 


SMBH-driven outflows cause the CGM anisotropic in its 
thermodynamics and chemical content. 


3. Inhomogeneity in the IGrM/ICM: 


SMBH feedback helps reduce gas fluctuations (preliminary!).


