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Figure 7. Compilation of existing measurements of the hot gas fraction at R500 in galaxy groups and
clusters as a function of halo mass M500. The data points show the galaxy group samples of Sun et al.
(2009) (orange), Lovisari et al. (2015) (magenta), Sanderson et al. (2013) (cyan), and Nugent et al. (2020)
(green). The data from the X-COP sample (Eckert et al., 2019) at the high-mass end are shown as the
blue points for comparison. The solid lines show the fgas � M relations derived from REXCESS (blue,
Pratt et al., 2009), XMM-XXL (red, Eckert et al., 2016), SPT-SZ (magenta, Chiu et al., 2018) and the
literature sample of Ettori (2015). The gray shaded area shows the 90% confidence range encompassing
the existing observational data and their corresponding uncertainties (see text).

aims at encompassing all state-of-the-art observational studies and their uncertainties. To this aim,
we collected the compilation of observational studies from Fig. 7 and estimated in each mass bin the
median and 90% confidence range of the data points. The resulting relation is shown as the gray band
in Fig. 7. The gray band can be approximated as a power law, which reads
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While at the high-mass end, the gas fractions approach the cosmic baryon fraction, on galaxy
group scales, the IGrM only contains about half of the baryons expected from the self-similar structure
formation scenario. On the other hand, the stellar fraction f? is a weak function of halo mass and
decreases only slightly from 2 � 3% at 1013M� to 1 � 1.5% at 1015M� (Andreon, 2010; Chiu et al., 2018;
Coupon et al., 2015; Eckert et al., 2016; Gonzalez et al., 2013; Kravtsov et al., 2018; Leauthaud et al.,
2012). The weak dependence of the stellar fraction on halo mass is insufficient to compensate for the
steeper dependence of the gas fraction, which results in a deficit of baryons in galaxy groups with
respect to the cosmic baryon fraction. We note here that this result is independent of the hydrostatic
equilibrium assumption adopted by most authors. Indeed, an additional non-thermal pressure term
would lead to a slight underestimation of the mass in these studies (e.g. Rasia et al., 2006), which in turn
would result in the gas fraction being overestimated (Eckert et al., 2019). A high level of non-thermal
pressure would thus render the lack of baryons in group-scale halos even more severe.

We caution here that the measurement of the gas fraction of group-scale halos is a difficult one
and is hampered by numerous systematic uncertainties. While halo mass estimates definitely represent
the leading source of systematics, several other sources introduce potential systematic errors. In the
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Puzzle: Strong Jets Bypass the Corona
Fig. 1. from A Small XRay Corona of the NarrowAngle Tail Radio Galaxy NGC 1265 Soaring through the Perseus Cluster
Sun, Jerius, & Jones 2005 ApJ 633 165 doi:10.1086/452620
http://dx.doi.org/10.1086/452620
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red contours: 0.1-1.5 keV X-rays
green contours: 2-6 keV X-rays
blue contours: 20cm radio emission
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X-ray coronae manage to persist, while orders of magnitude more power passes through to the CGM
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Puzzle: Quenching and Velocity Dispersion
fQuench(σc) at fixed MHalo fQuench(MHalo) at fixed σc

Bluck+16

Quenching of central galaxies depends more directly on stellar velocity dispersion 
than on anything else and is independent of Mhalo at fixed  !v!

Hypothesis: Galactic potential well determines efficacy of AGN feedback



Radiative Cooling & SNIa Heating

Voit 2005; Cavagnolo et al. 2008). Our outer profiles are slightly
shallower.

The K∝R2/3 inner slope reflects higher gas entropy than
expected from an inward extrapolation of the K∝R1.1 profile.
Higher central gas entropy indicates additional heating of the
atmosphere in the vicinity of the central galaxy. Recent studies
have shown that when resolution effects are properly accounted
for, the inner entropy profile in clusters can be described as
K∝R2/3 (Panagoulia et al. 2014; Hogan et al. 2017b). The
R2/3 form is significant as we shall see below.

How does this broken power-law form arise? When hot
atmospheres are heated by radio jets launched by central black
holes or by supernova explosions, they do not necessarily
respond with a large temperature rise. Instead, heating raises
the entropy of the gas, causing it to expand and lift outward.
Since gravity is weaker at larger radii, the weight of the gas is

reduced, causing the pressure to decrease. As a result, most of
the heat energy is converted into gravitational potential energy
rather than thermal energy. Conversely, as the atmosphere
cools and its entropy decreases, the gas contracts and moves
inward, again with little change in the gas temperature. Under
the right conditions, some thermally unstable gas can cool
faster than the rest, condensing into molecular clouds that form
stars and feed the nuclear black hole. The entropy parameter
encodes information about the heating and cooling history of
hot atmospheres.
The break to a shallower inner slope seen in Figure 3 may

mark the boundary, within which the atmosphere is strongly
heated by the radio jets. Remarkably, ETGs including spirals
and central galaxies of massive clusters follow the same R2/3

form. This indicates that the R2/3 form is linked to the central
galaxy.
Assuming that the central galaxy is an isothermal sphere, i.e.,

M=2σ2R/G, the free-fall time is tff=R/σ. Cooling time-
scales as r -( )t K kTc

3 2 so, for K∼R2/3, the ratio of
cooling time to free-fall timescales as Tr -( )t t kTc ff .
Here, σ is the stellar velocity dispersion, R is the radius, G is
the gravitational constant, and Λ is the cooling function (Hogan
et al. 2017b). This expression has no radial dependence, which
is noteworthy. It implies that tc/tff becomes constant where gas
becomes thermally unstable.
The ratio tc/tff is understood to be related to the condition

leading to thermally unstable atmospheric cooling. The cooling
time is defined as the time it takes for atmospheric gas to
radiate away its thermal energy. It is expressed here by
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where �p n k T2 e B is the gas pressure, Λ(Z, T) is the cooling
function, depending on metallicity and temperature, and LX is
the X-ray luminosity. The free-fall time was given by

�( ) ( )t r r g2 , 3ff

where g=(GM)/r2 is the local gravitational acceleration, and
the total mass, M, was taken from our mass profiles (I. Babyk
et al. 2018, in preparation).
Hot atmospheres are expected to become thermally unstable

to linear density perturbations when the ratio of tc/tff falls
below unity (Nulsen 1986; Pizzolato & Soker 2005; McCourt
et al. 2012). This criterion is never achieved in static hot
atmospheres. Nevertheless, molecular gas and star formation
are observed in central cluster galaxies indicating that thermally
unstable cooling is occurring. Recent studies have suggested
that this instability criterion may rise well above unity, so that
thermally unstable cooling can ensue from linear perturbations
when tc/tff falls below 10 (McCourt et al. 2012; Sharma
et al. 2012; Gaspari & Churazov 2013; Li et al. 2015; Voit
& Donahue 2015). McCourt et al. (2012) argued that this
condition was met in systems whose central galaxies contained
significant levels of cold gas.
However, more recent analyses of cluster central galaxies

paying close attention to mass profile measurements and
resolution effects have revealed no evidence that tc/tff falls
significantly below 10 in any system, including those that are
thermally unstable (McNamara et al. 2016; Hogan et al. 2017b;
Pulido et al. 2018). Instead, these studies found that tc/tff lies
between about 10 and 30 in systems with star formation and
molecular clouds. In addition, lower values of tc/tff do not

Figure 7. 5439.0 Å Hubble Space Telescope (left) and 0.5–7.0 keV Chandra
(right) images of the S0 (NGC 1332) and SA0 (NGC 6861) galaxies.

Figure 8. Deprojected entropy profiles with the best-fit slope (solid line) for the
lenticular and spiral galaxies. The best-fit slope for the entire sample (dashed
line) is shown for comparison. The S0 and S galaxies follow the same slope as
the ellipticals.
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correlate with higher star formation rates or molecular gas
masses. Consistent with Voit et al. (2015), they found a floor at
tc/tff∼ 10 rather than a threshold. While this floor may well be
physically significant, the range of tc/tff values can be
explained as an observational selection effect (Hogan et al.
2017a). Furthermore, newer simulations have shown that the
physical bases for the tc/tff criterion is invalid, and that
thermally unstable cooling may occur over a much larger
parameter space (Choudhury & Sharma 2016). While it is clear
that the cooling time of the hot atmosphere is correlated with
the presences or absence of thermally unstable cooling, the
ratio tc/tffin clusters does not. Here we perform a similar
analysis on the atmospheres of giant elliptical galaxies.

The ratio tc/tff for objects in our sample is shown in
Figure 9. The tc/tff profiles were binned in the same way as the
entropy profiles, and an average profile was computed. We see
that the average profile is constant over all radii, with the
exception of few outliers seen in the first couple of bins. This is
likely the resolution effect. Nevertheless, the minimum tc/tff,
including the average profile, never falls significantly below 10
in the targets, but instead lies between 10 and nearly 100. The
average profile lies close to 30, which is in agreement with
tc/tff profiles obtained for galaxy clusters (Hogan et al. 2017b;
Pulido et al. 2018). Analyses that properly account for the
gravity of the central galaxy and for resolution biases,
including the data analyzed in Werner et al. (2012), Voit
et al. (2015), Hogan et al. (2017b), and Pulido et al. (2018),
have found that tc/tff always exceeds 10. This is true in
atmospheres that are demonstrably cooling into molecular
clouds. Therefore, tc/tff10 is not a threshold for thermal
instability (Hogan et al. 2017b; I. Babyk et al. 2018, in
preparation; Pulido et al. 2018). It instead indicates the degree
to which the bulk of the atmosphere is thermodynamically
stable.

The closer this ratio is to unity, the more susceptible the
atmosphere becomes to thermally unstable perturbations.
These perturbations are linked to thermally unstable cooling
and are introduced as the gas that is lifted by radio bubbles
(Pizzolato & Soker 2005; McCourt et al. 2011; McNamara
et al. 2016). Atmospheric gas lifted outward by a galaxy
collision or turbulence may also trigger thermally unstable
cooling. For the inner region where the entropy varies as R2/3,

tc/tff is approximately constant. This is the region most
susceptible to perturbations that promote thermally unstable
cooling.
The entropy slope within ∼0.1R2500 indicates that the

cooling time of the atmosphere, which rises with radius, is in
close balance with the heating timescale, i.e., tc∼tH. As
thermally unstable gas cools and leaves the hot atmosphere, the
mean entropy of the remaining hot gas rises. The cooling gas
then fuels the active nucleus which raises the entropy leading to
the inner floor in tc/tff. At larger radii where the entropy
reaches K∼R1.1, the cooling time exceeds 109 years. The
slightly shallower slope we find indicates that heating by AGN
may be important at altitudes approaching R2500.
The break radius of 0.1R2500 corresponds to linear scales of

20–40 kpc in central cluster galaxies, which is indeed the
region where thermally unstable cooling leads to nebular line
emission (McDonald 2011), molecular gas (Edge et al. 2002),
and star formation proceeding at tens of solar masses per year
(O’Dea et al. 2008). However, this radius is smaller, ∼15 kpc,
in ETGs. Unlike central cluster galaxies, ETGs contain much
lower levels of molecular gas. They rarely form stars at
significant rates (Werner et al. 2014) despite having similar
entropy profiles.

4.1. Why are Elliptical Galaxies Dormant?

Why most ETGs lie dormant, despite short central cooling
times, while some central cluster galaxies are burgeoning is
puzzling. The reasons are twofold. First, the hot atmospheres of
ETGs/groups contain less mass than those in clusters. Therefore,
their fuel reservoirs are smaller. Second, the active nuclei in lower
mass ETGs supply more energy per gas particle than the active
nuclei of central cluster galaxies. Central cluster galaxies with
cooling atmospheres have typical jet powers and gas masses within
0.1R2500 of Pjet≈1043 erg s−1 and Mg≈1012Me, respectively.
The energy absorbed per gas particle, ò=ηEtotμmp/Mg (Ma et al.
2011), is then ∼0.1 keV/particle. Here μ=0.63 is the mean
molecular weight of the gas. η;0.1 is an efficiency factor which
accounts for the fraction of the jet’s enthalpy that heats the
atmosphere and the fraction of the bubble enthalpy deposited in the
inner region (Weinberger et al. 2017). In many systems, this level
of heating cannot quite keep up with the rate of cooling, leading to
significant star formation.
On the other hand, for ETGs/groups with average jet powers

of Pjet≈1041–42 erg s−1, and atmospheric gas masses of
Mg≈109Me within 0.1R2500, we find an average heating
level of ∼1–10 keV/particle. We have further assumed that all
systems have been active at the same level for 10 Gyr, and we
have ignored radiative cooling.
While crude, these calculations indicate that the level of

heating per gas particle by active nuclei in ETGs generally
exceeds that in groups and clusters. Apparently active nuclei in
ETGs are better able to prevent significant levels of star
formation while allowing enough cooling near the nucleus to
maintain the energetic feedback loop.
The similarity in entropy profile shape across such an

enormous range of jet power, halo mass, and atmospheric gas
mass is significant. It indicates that the AGN feedback
mechanism is extraordinarily responsive and gentle. At the
same time, the atmosphere is able to maintain a rough balance
between heating and cooling throughout the entire K∝R2/3

cooling region. This represents a deep challenge to hydro-
dynamic simulations, which generally show dramatic time

Figure 9. Deprojected tc/tff profiles (gray shaded lines) for the entire sample of
low-mass systems along with the average tc/tff profile (blue line). The error
bars of tc/tff profiles have been omitted for clarity.
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correlate with higher star formation rates or molecular gas
masses. Consistent with Voit et al. (2015), they found a floor at
tc/tff∼ 10 rather than a threshold. While this floor may well be
physically significant, the range of tc/tff values can be
explained as an observational selection effect (Hogan et al.
2017a). Furthermore, newer simulations have shown that the
physical bases for the tc/tff criterion is invalid, and that
thermally unstable cooling may occur over a much larger
parameter space (Choudhury & Sharma 2016). While it is clear
that the cooling time of the hot atmosphere is correlated with
the presences or absence of thermally unstable cooling, the
ratio tc/tffin clusters does not. Here we perform a similar
analysis on the atmospheres of giant elliptical galaxies.

The ratio tc/tff for objects in our sample is shown in
Figure 9. The tc/tff profiles were binned in the same way as the
entropy profiles, and an average profile was computed. We see
that the average profile is constant over all radii, with the
exception of few outliers seen in the first couple of bins. This is
likely the resolution effect. Nevertheless, the minimum tc/tff,
including the average profile, never falls significantly below 10
in the targets, but instead lies between 10 and nearly 100. The
average profile lies close to 30, which is in agreement with
tc/tff profiles obtained for galaxy clusters (Hogan et al. 2017b;
Pulido et al. 2018). Analyses that properly account for the
gravity of the central galaxy and for resolution biases,
including the data analyzed in Werner et al. (2012), Voit
et al. (2015), Hogan et al. (2017b), and Pulido et al. (2018),
have found that tc/tff always exceeds 10. This is true in
atmospheres that are demonstrably cooling into molecular
clouds. Therefore, tc/tff10 is not a threshold for thermal
instability (Hogan et al. 2017b; I. Babyk et al. 2018, in
preparation; Pulido et al. 2018). It instead indicates the degree
to which the bulk of the atmosphere is thermodynamically
stable.

The closer this ratio is to unity, the more susceptible the
atmosphere becomes to thermally unstable perturbations.
These perturbations are linked to thermally unstable cooling
and are introduced as the gas that is lifted by radio bubbles
(Pizzolato & Soker 2005; McCourt et al. 2011; McNamara
et al. 2016). Atmospheric gas lifted outward by a galaxy
collision or turbulence may also trigger thermally unstable
cooling. For the inner region where the entropy varies as R2/3,

tc/tff is approximately constant. This is the region most
susceptible to perturbations that promote thermally unstable
cooling.
The entropy slope within ∼0.1R2500 indicates that the

cooling time of the atmosphere, which rises with radius, is in
close balance with the heating timescale, i.e., tc∼tH. As
thermally unstable gas cools and leaves the hot atmosphere, the
mean entropy of the remaining hot gas rises. The cooling gas
then fuels the active nucleus which raises the entropy leading to
the inner floor in tc/tff. At larger radii where the entropy
reaches K∼R1.1, the cooling time exceeds 109 years. The
slightly shallower slope we find indicates that heating by AGN
may be important at altitudes approaching R2500.
The break radius of 0.1R2500 corresponds to linear scales of

20–40 kpc in central cluster galaxies, which is indeed the
region where thermally unstable cooling leads to nebular line
emission (McDonald 2011), molecular gas (Edge et al. 2002),
and star formation proceeding at tens of solar masses per year
(O’Dea et al. 2008). However, this radius is smaller, ∼15 kpc,
in ETGs. Unlike central cluster galaxies, ETGs contain much
lower levels of molecular gas. They rarely form stars at
significant rates (Werner et al. 2014) despite having similar
entropy profiles.

4.1. Why are Elliptical Galaxies Dormant?

Why most ETGs lie dormant, despite short central cooling
times, while some central cluster galaxies are burgeoning is
puzzling. The reasons are twofold. First, the hot atmospheres of
ETGs/groups contain less mass than those in clusters. Therefore,
their fuel reservoirs are smaller. Second, the active nuclei in lower
mass ETGs supply more energy per gas particle than the active
nuclei of central cluster galaxies. Central cluster galaxies with
cooling atmospheres have typical jet powers and gas masses within
0.1R2500 of Pjet≈1043 erg s−1 and Mg≈1012Me, respectively.
The energy absorbed per gas particle, ò=ηEtotμmp/Mg (Ma et al.
2011), is then ∼0.1 keV/particle. Here μ=0.63 is the mean
molecular weight of the gas. η;0.1 is an efficiency factor which
accounts for the fraction of the jet’s enthalpy that heats the
atmosphere and the fraction of the bubble enthalpy deposited in the
inner region (Weinberger et al. 2017). In many systems, this level
of heating cannot quite keep up with the rate of cooling, leading to
significant star formation.
On the other hand, for ETGs/groups with average jet powers

of Pjet≈1041–42 erg s−1, and atmospheric gas masses of
Mg≈109Me within 0.1R2500, we find an average heating
level of ∼1–10 keV/particle. We have further assumed that all
systems have been active at the same level for 10 Gyr, and we
have ignored radiative cooling.
While crude, these calculations indicate that the level of

heating per gas particle by active nuclei in ETGs generally
exceeds that in groups and clusters. Apparently active nuclei in
ETGs are better able to prevent significant levels of star
formation while allowing enough cooling near the nucleus to
maintain the energetic feedback loop.
The similarity in entropy profile shape across such an

enormous range of jet power, halo mass, and atmospheric gas
mass is significant. It indicates that the AGN feedback
mechanism is extraordinarily responsive and gentle. At the
same time, the atmosphere is able to maintain a rough balance
between heating and cooling throughout the entire K∝R2/3

cooling region. This represents a deep challenge to hydro-
dynamic simulations, which generally show dramatic time

Figure 9. Deprojected tc/tff profiles (gray shaded lines) for the entire sample of
low-mass systems along with the average tc/tff profile (blue line). The error
bars of tc/tff profiles have been omitted for clarity.
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Radiative Cooling & SNIa Heating
Voit+20

Fueling mode for AGN feedback depends on host galaxy properties!

 Greater !v: steep dP/dr  Smaller !v: shallower dP/dr

IC 4296

X-ray

X-ray

Radio

strong jets pass  
through 1-10 kpc  

without heating ISM

Extended precipitation 
is likely

Cooling is focused on center!



The Feedback Valve Mechanism
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v = 300 km s-1

fb ρM

0.01 fb ρM

ne,eq ∝ r −1

ne,out ∝ r −1.6

ne,cf ∝ r −3/2

0.04fb ρM

ne,eq ∝ r −1

fb ρM

ne,cf ∝ r −3/2

inner 
cooling flow

increasing CGM pressure 
boosts inner cooling flow and 

AGN feedback response

outflow driven 
by stellar heating

increased AGN 
heating lowers 
CGM pressure

addition of 
mass raises 

CGM pressure

If radial profiles of density/pressure/entropy have a steep enough slope, then 
PCGM determines inner cooling-flow rate, forming a closed feedback loop

Voit+20



Simulations of the Mechanism
Prasad+20

Single-phase elliptical  
(like NGC 4472) 
!v = 280 km/s 

Feedback rapidly pushes galaxy 
into a quasi-steady state with 

HSNIa > Crad at ~1-5 kpc

Jet power exceeds SNIa power but 
propagates into CGM and lifts it



Simulations of the Mechanism
Prasad+20

Multi-phase elliptical      
(like NGC 5044) 
!v = 240 km/s 

Feedback causes galaxy to 
fluctuate in and out of states 

with HSNIA ~ Crad at ~1-5 kpc

Episodes of high jet power subside 
when CGM lifting lowers pressure 
so that HSNIA ~ Crad at small radii

See Deovrat Prasad’s talk!



X-ray Coronae versus Classic Cool Cores
Sun 2009 (plot from DV22)
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feedback power 
currently insufficient

classic  
cool cores

X-ray 
coronae

high current 
radio power

> 4 keV
2–4 keV
< 2 keV

Radiative cooling exceeds 
SNIa heating everywhere in a 
high pressure halo 

Valve mechanism suppressed 
in classic cool cores 

…. but it might explain the 
dichotomy between X-ray 
coronae and classic cool cores 

PSNIa ~ 1041.5 erg s-1 

N4261

N1275

N5044

N4472



Testing the Predicted  "K – !v  Correlation

N4636

N1521

N4125

N1404

M87

N533

N4636

N1521

N4125

N1404

M87

N533

Frisbie+22

valve regime valve regime

Analytical prediction for old stellar population: αK ≈
2
3

+ 1.7 [( σv

240 km s−1 ) − 1] Voit+20

K(r) ∝ rαK



CGM Structure  &  Regimes of Feedback

not to scale

rvir

σv < 150 km s−1

• SN/AGN feedback blows 
bubbles with specific entropy 
exceeding CGM entropy

• low entropy CGM gas sinks 
into galaxy and sustains star 
formation in disk

rb

rvir

150 km s−1 < σv < 240 km s−1

• CGM pressure suppresses 
SN heated outflows

• AGN feedback suspends 
ambient gas near the 
precipitation limit

• entropy gradient focuses cooling and 
condensation onto central black hole

• AGN lifting of CGM allows SNIa 
heating to sweep gas out of galaxy

rb
req

rvir

σv > 240 km s−1

heated outflow
cooling flow

hot halo gas
multiphase gas

single phase atmosphereprecipitating 
multiphase core

unstable convective 
atmosphere

Voit+20

valve regimeprecipitation regime
convective regime

Feedback promotes 
multiphase medium

Multiphase medium 
regulates feedback

Multiphase cooling 
focused on center



Quenching  &  Regimes of Feedback
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Donahue & Voit 2022

Data from Terrazas+17
Specific star-formation 
rate (sSFR) is known to 
anticorrelate with MBH 

Anticorrelation is  
most pronounced in 
precipitation regime 

No correlation is 
apparent in valve 
regime



Summary

Donahue & Voit (2022) Physics Reports, 973, 1-109

• AGN feedback lifts the CGM on group scales 
➡  MBH linked to CGM binding energy 

• Strong jets bypass the ISM  
• Quenching correlates best with !v 

• SNIa heating can close the feedback loop 
➡  efficacy of AGN feedback depends on  !v 

it’s only 109 pages!

inner-outer 
connection

galaxy properties 
determine inner/outer 

connection

puzzles on 
~kpc scales


