
• Outburst up close (and personal) 

• Classic shock 

• Buoyant bubbles 

• Energy partition and outburst duration 

• Early type galaxies with SMBH - feedback mode 

• Feedback present in X-ray/optically luminous galaxies  

• Hot X-ray atmospheres - mechanism to capture SMBH energy 

• ADAF-like accretion

Collaborators: Eugene 
Churazov, Sebastian Heinz, 
Christine Jones, Akos 
Bogdan, Paul Nulsen, Ralph 
Kraft,  Alexey Vikhlinin

M87 - Feedback at Group Scales 
Bill Forman (SAO-CfA)
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M87 

M87 

From UHURU (12 Dec 1970) to Chandra (1999)+11 years 
 from 1/2o  to  1”

Perseus/NGC1275
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•1962 - Detection of first non-solar X-ray 
source Sco X-1 

•First imaging solar X-ray telescope (Giacconi 
1963)  

•About the same diameter and length as 
Galileo’s 1610 telescope 

•380 years later, Hubble is 108 times more 
sensitive  

•In 37 years X-ray astronomy achieved 
comparable increase in sensitivity with launch of 
Chandra 

•Largest/heaviest (22000 kg) payload 
launched by shuttle (Chandra+IUS) 

•Orbit goes 1/3 of distance to the moon (64 
hour orbit) 

•Power 2300 watts = 1 hair dryer

X-ray Astronomy - from Sco X-1 to Chandra

3 inch diameter solar X-ray 
telescope mirrors

57 feet (with 
IUS) just fits 
into shuttle bay)



Powerful outflows 
Little radiation from black hole - not the familiar “AGN” 
Gas cooling rates vary by > 100x 
Span a wide range of dark matter halo mass 
see Christine Jones for more on lower mass systems (Wednesday)

Galaxy 
1 kpc 
1056 ergs 
1042 erg/s

Group/Cluster Core 
10 kpc 
1059 ergs 
1045 erg/s

Cluster (MS0735) 
100 kpc 
1062 ergs 
1046 erg/s

 Supermassive Black Hole Outbursts in the Family of 
Early Type Galaxy Atmospheres
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Virgo Cluster and M87 

1’=4.65 kpc;  2o=0.5 Mpc

   M87 is central dominant galaxy 
•Clear from X-ray image 
•M87 is 50 x more X-ray luminous than 
NGC4472 
•NGC4472 (a bit) optically more luminous 
than M87 - don’t believe everything you 
“see” (optically) 
•M87 hosts 6x109Msun supermassive black 
hole and jet 
•Classic cooling flow (24 Msun/yr) 
•Ideal system to study SMBH/gas 
interaction 

H. Boehringer

Optically luminous early-type 
galaxies are (hot) gas rich - up to 
1010 Msun  

Virgo is dynamically young 
extensive merging, stripping



 THE WINE 

Markevitch&Vikhlinin 2007 

Ascasibar&Markevitch 2006 Roediger et al. in prep 

Einstein Fellows Symposium              CfA, Oct. 28, 2009                    Aurora Simionescu 

 SLOSHING IN M87 

courtesy of W. Forman 

Einstein Fellows Symposium              CfA, Oct. 28, 2009                    Aurora Simionescu 

   

   

Gas Sloshing in M87 (XMM) 

M87 shows gas “sloshing”  
“Edge”, contact discontinuity - cold front at ~100kpc  

(Aurora Simionescu+10 from XMM-Newton) 
Very common (14/18) in “peaked” clusters (Markevitch+03)  
see Markevitch & Vikhlinin 2007 for a review 
Driven by mergers 
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Fig. 4 Schematic picture of major signs of AGN/ICM interaction (adapted and modified
from Churazov et al. 2001), inspired by analogy with mushroom clouds produced by powerful
atmospheric explosions. The black region in the center denotes the inner radio lobes, driven by
the SMBH mechanical power. The circular structure is a weak shock wave produced by these
inner lobes. Gray “mushrooms” correspond to the buoyant bubbles already transformed into
tori, and the gray lens-shaped structures are the pancakes formed by the older bubbles (c.f.
Fig.3).

1.3 Dissipation of mechanical energy

Once the bubble is detached from the central source, its evolution is governed by
buoyancy. During the rise the bubble may transform into a toroidal structure like
the“ear-like” structure in M87 (see Fig.3) which resembles a mushroom formed
by a powerful atmospheric explosion. As in case of the atmospheric explosion the
bubble is able to entrain large amounts of ambient gas from the core of cluster and
transport it to large distance from the cluster center (e.g., Churazov et al. 2001;
Fabian et al. 2003; Werner et al. 2010).

Note that adiabatic expansion of rising bubbles leads to a rapid decrease of
the radio emission, since both magnetic field strength, the density and energy of
relativistic particles are decreasing at the same time. This decrease is especially
strong if the aging break in the distribution of electrons is brought by adiabatic
expansion into the observable frequency range. Thus, unless there is continuous
reacceleration of electrons, the radio bright bubbles should evolve into a radio
dim objects. Since the pressure support inside the bubble could still come from
magnetic fields and low energy (Lorentz factor of 1000 or lower) electrons and
protons, the bubble is still seen as an X-ray cavity, but is very dim in radio. Such

X-ray and Radio View of M87 

•Radio 90Mhz 
•Owen et al. 2001

• At least four major SMBH outburst events 
•   Large radio “bubbles” - also LOFAR (de 

Gasperin+12) 
• Radio/X-ray “arms” - produced/uplifted by 

buoyant radio bubbles - pressure equilibrium 
• classic buoyant bubble with torus i.e., 

“smoke ring” (Churazov et al 2001)  
• Shock at 12 kpc - initial inflation of bubble 

• Current/ongoing outburst
Old bubbles

•Owen+00 VLA 
•Forman+05,+07 
•Million+10, Werner+10

dlP∫ 2
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the radio emission, since both magnetic field strength, the density and energy of
relativistic particles are decreasing at the same time. This decrease is especially
strong if the aging break in the distribution of electrons is brought by adiabatic
expansion into the observable frequency range. Thus, unless there is continuous
reacceleration of electrons, the radio bright bubbles should evolve into a radio
dim objects. Since the pressure support inside the bubble could still come from
magnetic fields and low energy (Lorentz factor of 1000 or lower) electrons and
protons, the bubble is still seen as an X-ray cavity, but is very dim in radio. Such

~100 Myr - old (radio) bubbles

~40 Myr - torus & 
uplifted arms

~12 Myr - shock & initial 
cavity (still surrounds SMBH)

now - re-inflating cavity
Soft band X-ray

Hard X-ray Radio



Soft band X-ray Radio
Fig. 6.—XMM-Newton temperature map generated according to the method described by Churazov et al. (1996) and summarized in the text. The eastern and

southwestern arms are cooler than the ambient gas (as already discussed in earlier XMM-Newton analyses, e.g., Belsole et al. 2001 and Molendi 2002). The tem-
perature map is adaptively smoothed to reduce the noise, and hence small scale features are necessarily broadened. Contours from the 90 cm image from Owen
et al. are superposed (0.25, 2.5, 25, and 250 ; 10!3 Jy per 1B5 ; 1B5 pixel).

fig.7afig.7bfig.7cFig. 7.—(a) Radial electron density profile shows the 14 kpc (30) ring. (b) Deprojected gas temperature. (c) Model compared to the observed surface brightness
profile. The deprojected gas density and temperature are derived by fitting the outermost bin and then using the fit results, weighted by the projected emissivity of the
outermost ring, as one component of the fit for the next inner ring. Repeating this process inward yields the deprojected temperature and density profile. We use the
deprojected values of gas density and temperature to calculate gas pressures.

Fig. 7a Fig. 7b Fig. 7c

901

Buoyant (radio) bubbles 
Cool, uplifted arms

XMM Temperature Map
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Fate of Bubble Energy

relativistic

non-relativistic

Rising bubble loses energy to 
surrounding gas   

Generates gas motions in wake  
Kinetic energy (eventually) 

converted to thermal energy (via 
turbulence)

Bubble energy 
remaining 
vs. radius



Shocks (and Bubbles)

• Black hole = 6.6x109 solar masses (Gebhardt+11) 
• SMBH drives jets and shocks 
• Inflates “bubbles” of relativistic plasma 
• Many small “bubbles” 
• Heat surrounding gas 
• Model to derive detailed shock properties

Chandra (3.5-7.5 keV)

dlP∫ 2

Chandra (0.5-1.0 keV)

Piston drives shocks

23 kpc (75 lyr)

    

SHOCK

Xarithmetic (Churazov et 
al. 2016)- choosing 
proper bands - isobaric 
arms (Arevalo et al. 
2016)



Central Region of M87 - the driving force

• Cavities surround the jet and (unseen) counterjet 
• Bubble breaking from counter jet cavity 

– Perpendicular to jet axis;  
– Radius ~1kpc.                     
– Formation time ~4 x106 years 

• Piston driving shock 
– X-ray rim is low entropy gas uplifted/displaced by 

relativistic plasma

6 cm

6cm radio

SMBH 3x109Msun

“Bud”



Shock Model - the data
•Hard (3.5-7.5 keV) pressure  
•            soft (1.2-2.5  keV) density profiles

• Projected •Deprojected
Gas Pressure (3.5-7.5 keV)

13



Deprojected Gas Temperature

Rarefaction?

Shock



Textbook Example of Shocks 
Consistent density and temperature jumps

T2/T1= 1.18

M=1.2yield same Mach number: 
     (MT=1.24  Μρ=1.18)

Rankine-Hugoniot Shock Jump Conditions

€ 

ρ2 /ρ1 =
γ +1( )M 2

γ +1( ) + γ −1( ) M 2 −1( )

€ 

ρ2 /ρ1 =1.34

€ 

T2 /T1 =
γ +1( ) + 2γ M 2 −1( )[ ] γ +1( ) + γ −1( ) M 2 −1( )[ ]

γ +1( )2M 2



Outburst Model  - grid in total energy and duration 
Forman et al. 2016

Etot = 1.4, 5.5, 22x1057 ergs) 
duration = 2.2 Myr 
Central piston size drives 
duration

Etot = 5.5x1057 ergs, durations 
= 0.1, 1.1, 2.2, 3.1, 4.0, 4,4, 6.2 
Myrs 
Shock strength (nearly) 
governed by Etot Match all constraints



Characterizing M87’s outburst -  
Long vs. Short Durations

0.6 vs 2.2 Myr duration outbursts with 
Eoutburst = 5.5x1057 ergs 
Short outburst - leaves hot, shocked 
envelope outside the piston 
NOT observed ⇒ longer duration 

outburst required

Rapid Piston 
(Relativistic Plasma)

Strongly 
Shocked Gas

Shock

Outer 
corona

Slow Piston 
(Relativistic Plasma)

Outer 
corona

Shock
Weakly Shocked 

Gas

Shock

Piston

Forman et al. 2016



M87 Outburst - superman or winnie?
Age ~ 12 Myr 
Energy ~ 5x1057 erg 

Bubble 50% 
Shocked gas 25%  (25% 

carried away by weak 
wave) 

Outburst duration ~ 1 Myr  
 Outburst is “slow”

Fast - hot, low density 
shock heated region  

Slow - dense,cool rim

Chandra VLA



Zhuravleva+14 - Solving the “cooling flow” problem?

• Measure power spectrum of surface 
brightness fluctuations 

• Deproject to get density fluctuations 
• 1D gas velocity ∝ rms density 

fluctuations (see Irina Zhuravleva+14b)

• for observed gas tcool is < tage 
• More than enough energy from SMBH in buoyant bubbles & shocks 
• Plus mergers and gas sloshing 
• But how, exactly, does the energy transfer occur?

• Turbulent heating may be sufficient 
to offset radiative cooling 

• Balances locally at each radius 
• May be key to heating hot coronae 

from clusters to early type galaxies

 Page 10 of 22 

 

Figure 3 | Turbulent heating (Qheat) versus gas cooling (Qcool) rates in the Perseus and Virgo 

cores. Each shaded rectangle shows the heating and cooling rates estimated in a given annulus 

(top right – the innermost radius; bottom left – the outermost radius; see Extended Data Fig. 3). 

The size of each rectangle reflects 1σ statistical and stochastic uncertainties in heating, variations 

of the mean gas density and temperature across each annulus (affecting estimates of both cooling 

and heating) and the deviations of the measured spectral slope from the Kolmogorov law. 

 

METHODS 
 
Data processing 

We use Chandra data ObsIDs: 3209, 4289, 4946 - 4953, 6139, 6145, 6146, 11713 - 11716, 

12025, 12033 - 12037 for the Perseus Cluster and ObsIDs: 2707, 3717, 5826 - 5828, 6186, 7210 

- 7212, 11783 for the Virgo Cluster to extract projected density fluctuation spectra in a set of 

radial annuli. The initial data processing has been done following the standard procedure30, 

applying the most recent calibration data. To obtain the thermodynamic properties of both 

clusters, the spectra are deprojected31 and fitted in the 0.6-9 keV band, using the XSPEC32,33 

code and APEC plasma model based on ATOMDB version 2.0.1. The spectral modeling 

approximates the emission from each shell as a single-temperature plasma in collisional 

equilibrium and assumes a constant metal abundance of 0.5 solar34.  

For M87 and Perseus



• Microcalorimeter - first successful 
flight; 3 days of data 

• Detector cooled to 0.05K yields 5 eV 
energy resolution 

• Sign error in maneuvering algorithm 
• Spun up and broke apart

1 1 8  |  N A T U R E  |  V O L  5 3 5  |  7  J U L Y  2 0 1 6

LETTERRESEARCH

we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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Sufficient to offset radiative cooling 
Velocity equivalent to 4% of  

thermal pressure 

Hitomi - Feb 2016



Abell 2052 (650 ks)  - Blanton+11

M~1.2    shock

M~1.17  shock (at 31 kpc) nearly 
spherical 
•density jump                          
predicts Tjump measured at 2.1      
•Hard to measure Tjump for weak 
shocks           

?



Low excitation AGN 
• massive, red galaxies 
•  NO strong emission lines   
• LACK accretion disk, broad line region, torus, …. 
• Accrete cooling hot gas  
• Advection-dominated accretion flows (ADAFs) - low Eddington 

ratio accretion 
• show “radio-mode” feedback

Two Types of AGN accretion modes
Croton +06 
Churazov +05 
Merloni & Heinz 08 
Best +05, +06, +07, +12 
…

High excitation AGN  
“standard” picture (called 
“quasar mode”)



Accretion rate and jet power in elliptical galaxies 27

Table 3. Summary of the measured jet powers. In order, we list the distances R from the black holes to the centres of the

X-ray bubbles, the energy E required to expand the bubbles, the bubble ages tage, and the power required to inflate the

bubbles over this time-scale Pjet. The quoted uncertainties in R include statistical measurement errors only. A factor of 2

systematic uncertainty in the bubble volumes has been included in the calculation of E and Pjet.

Galaxy Lobe R E = 4pV tage Pjet

(kpc) (1054 erg) (106 yr) (1043 erg s−1)

NGC 507 E 12.8 ± 1.0 48 900 ± 21 100 23.6 ± 2.13 6.60 ± 2.91

W 11.3 ± 1.0 29 300 ± 13 300 25.6 ± 2.18 3.62 ± 1.70

NGC 4374 N 3.03 ± 0.3 1650 ± 693 6.07 ± 0.56 0.868 ± 0.371

S 4.36 ± 0.4 2050 ± 854 10.0 ± 1.08 0.658 ± 0.268

NGC 4472 E 4.33 ± 0.4 730 ± 287 5.28 ± 0.56 0.445 ± 0.181

W 3.40 ± 0.3 606 ± 244 5.29 ± 0.57 0.362 ± 0.150

M87 W 1.86 ± 0.05 1210 ± 782 2.92 ± 0.13 1.26 ± 0.84

E 1.51 ± 0.05 1670 ± 1100 2.38 ± 0.11 2.18 ± 1.44

NGC 4552 N 0.58 ± 0.02 35.0 ± 12.7 1.53 ± 0.08 0.0727 ± 0.0274

S 0.58 ± 0.02 39.4 ± 14.3 1.51 ± 0.08 0.0829 ± 0.0307

NGC 4636 NE 0.69 ± 0.07 8.10 ± 3.21 1.77 ± 0.15 0.0147 ± 0.0060

SW 0.66 ± 0.07 8.04 ± 3.25 1.68 ± 0.17 0.0152 ± 0.0060

NGC 4696 E 2.49 ± 0.3 601 ± 338 6.06 ± 0.66 0.313 ± 0.177

W 3.00 ± 0.3 826 ± 438 5.54 ± 0.60 0.478 ± 0.244

NGC 5846 N 0.72 ± 0.12 21.0 ± 11.2 1.81 ± 0.30 0.0367 ± 0.0185

S 0.72 ± 0.12 20.8 ± 11.3 1.81 ± 0.30 0.0374 ± 0.0188

NGC 6166 E 2.30 ± 0.10 829 ± 336 3.51 ± 0.27 0.741 ± 0.316

W 2.40 ± 0.10 981 ± 383 3.66 ± 0.28 0.838 ± 0.353

uncertainties in rl, rw and, especially, rd mean that our estimates of

the bubble volumes should be regarded as uncertain at the factor of

∼2 level.

Following Birzan et al. (2004; see also Dunn & Fabian 2004;

Dunn, Fabian & Taylor 2005), we have estimated the ages of the

bubbles as

tage =
R

cs

, (6)

where R is the distance of the bubble centre from the black hole,

which provides a reasonable match to some numerical simulations.

We note that the bubbles have lower mass density than the sur-

rounding X-ray emitting gas and can therefore be expected to rise

with a buoyancy velocity, vb =
√

2gV /SCD. Here, S = πr2
w is the

cross-sectional area of the bubble (in the rise direction), V is the

volume, CD ∼ 0.75 is the drag coefficient and g = GM(< R)/R2 is

the gravitational acceleration. The times required for bubbles of the

observed sizes to rise buoyantly through a uniform medium from the

galaxy centres to their current radii is approximately tbuoy = R/vb.

Application of this formula leads to comparable time-scales to the

tage values. However, since the bubbles studied here are typically

still attached to the jets, we adopt tage as our relevant time-scale.

The power involved in ‘blowing’ the bubbles can be estimated as

Pjet =
E

tage

. (7)

The results on Pjet are summarized in Table 3. The uncertainties on

Pjet are determined from Monte Carlo simulations which include

the sources of statistical uncertainty mentioned above as well as a

factor of 2 systematic uncertainty in the bubble volumes.

4 T H E R E L AT I O N B E T W E E N AC C R E T I O N
R AT E A N D J E T P OW E R

Fig. 4 shows the results on the accretion power PBondi, for an as-

sumed efficiency η = 0.1 for the conversion of accreted rest mass

Figure 4. The logarithm of the Bondi accretion power (in units of

1043 erg s−1) determined from the Chandra X-ray data, assuming an effi-

ciency η = 0.1 for the conversion of rest mass into energy, versus the loga-

rithm of the jet power (also in units of 1043 erg s−1). The dashed line shows

the best-fitting linear-plus-constant model, determined using the BCES es-

timator. (See text for details.)

into energy, versus the jet power, Pjet, determined from the bubble

properties. Both powers are in units of 1043 erg s−1. For each galaxy,

we have combined the power estimates for both bubbles, with the

uncertainties added in quadrature. A clear correlation between PBondi

and Pjet exists, which can be described by a power-law model of the

form

log
PBondi

1043 erg s−1
= A + B log

Pjet

1043 erg s−1
. (8)

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 372, 21–30

R. M. J. Janssen et al.: The triggering probability of radio-loud AGN
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Fig. 2. The fraction of galaxies hosting a high (black) or low (magenta)
excitation radio galaxy as a function of host galaxy stellar mass. Three
radio luminosity cuts are given for each excitation. The errorbars are
determined by Poissonian statistics.

luminosity and excitation (y). f y,xRL is defined as

f y,xRL =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝
∑

i∈Ay,x

1
Vi

max

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝
∑

j∈Gx

1

V j
max

⎞
⎟⎟⎟⎟⎟⎟⎠

−1

(1)

here A and G are all RL AGN and galaxies (including AGN),
respectively, in a particular bin. Vmax is the maximum volume
in which each galaxy can be observed, as defined by the Vmax-
formalism (Schmidt 1968). This takes into account the redshift
limits from both the radio and optical selection criteria, as well
as the limits due to the redshift range being analyzed. Previous
works (e.g. Best et al. 2005a) limited the volume studied at each
radio luminosity to produce a volume limited sample. This al-
lowed them to use simple fractions defined as:

f y,xRL = Ny,xA /N
x
G (2)

here NA and NG are the number of RL AGN and galaxies in a bin.
Such analysis produces results that are equivalent to the results
presented below, within the errors. We estimate the error on the
RL AGN fraction, σ( fRL), using Poissonian statistics (Wall &
Jenkins 2003).

4. Dependence on AGN excitation

Figure 2 shows the fraction of galaxies hosting either a HERG
(black) or LERG (magenta) more luminous than a given radio
power, as a function of host galaxy mass. At all radio luminosi-
ties the LERG population shows an increase in the RL AGN frac-
tion that is consistent with f LE

RL ∝ M2.5
∗ . The fraction of galaxies

hosting a LERG saturates at high masses (M∗ > 1011.6 M⊙) at
a value of ∼10%. These results are similar to what was found
by Best et al. (2005a). Compared to the LERGs, HERGs have a
far more shallow dependence on mass, f HE

RL ∝ M1.5
∗ . In addition,

the level of f HE
RL is much less dependent on the radio luminosity

cut. Over the 1.5 orders of magnitude in radio luminosity shown
in Fig. 2, the fraction of galaxies hosting a HERG typically de-
creases by a factor of 3. This is significantly less than the factor
of 10 decrease found at masses M∗ < 1011.5 M⊙ between f LE

RL at
the highest and lowest radio luminosity cuts.

As discussed in the introduction, the presence or absence of
cold gas is thought to be of strong influence on the creation of

either a HERG or LERG. Therefore it is of interest to consider
the fraction of galaxies hosting a HERG or LERG as a function
of SFR. Figure 3 shows the SFR vs. M∗ plane in which colored
contours are used to indicate the value of log10( f yRL). The value
of log10( f yRL) corresponding to each color can be found in the
colorbars on the right of each panel. In the determination of f yRL
only RL AGN with a L1.4 GHz ≥ 1024.0 W Hz−1 are considered.

The “colorbands” of the LERG population are all horizon-
tally aligned over the considered range of SFR, as can be seen
in the left-hand panel of Fig. 3. Only for galaxies with both a
high mass (M∗ ≥ 1011.5 M⊙) and a high SFR (SFR ≥ 10 M⊙/yr)
is the SFR independence lost. However, given that there is little
data in this region, this could very well be due to the scarce-
ness of high mass, high SFR galaxies in general. The right-hand
panel in Fig. 3 shows the probability to host a HERG. From
this figure it is clear that HERGs are preferentially hosted by
a population of massive, M∗ ≈ 1011.5 M⊙, galaxies with a typi-
cal SFR = 3 M⊙/yr. From this maximum the hosting probability
rapidly decreases to both lower mass and lower SFR.

The correlation between specific star formation rate (sSFR =
SFR/M∗) and Dn4000 (Brinchmann et al. 2004) allows us to give
a guide to the eye on where the red, green and blue galaxy pop-
ulation approximately lie in the (SFR,M∗)-plane. The left and
right dashed diagonal lines roughly correspond to Dn4000 = 1.7
and Dn4000 = 1.45, respectively. However, there is considerable
overlap between galaxies of the three colors. Therefore, we will
investigate the properties of the HERG and LERG population in
red, green and blue galaxies individually in the next section.

5. Dependence on galaxy color

The left-hand panel of Fig. 4 shows the fraction of red, green
and blue galaxies that is host to a LERG as a function of host
galaxy stellar mass and radio luminosity cut. For all combina-
tions of color and radio luminosity cut the fraction of galax-
ies hosting a LERG is consistent with the f LE,x

RL ∝ M2.5
∗ power

law dependence typical for LERG. A saturation at high masses
similar to Fig. 2 is found as well. However, the most striking
feature of Fig. 4 (left panel) is that for an increasing value of
the radio luminosity cut the fraction of LERGs in the red and
green galaxy population drops strongly, while in the blue pop-
ulation it is relatively unchanged. The left-hand panel of Fig. 5
shows this effect in more detail. It shows the fraction of galax-
ies with a mass 1011.25 ≤ M∗/M⊙ ≤ 1011.5 that host a LERG
with a radio luminosity above a given Lmin

1.4 GHz. The mass range
1011.25 ≤ M∗/M⊙ ≤ 1011.5 was chosen because it has the highest
number of LERGs in green (36) and blue (28) hosts. Because
of their scarceness, these LERG populations limit our statis-
tics. At low Lmin

1.4 GHz the probability of finding a LERG in a
red galaxy is significantly greater than the probability of finding
one in a blue galaxy. However, for increasing values of Lmin

1.4 GHz,
f LE,red
RL decreases, while f LE,blue

RL remains almost constant out to
Lmin

1.4 GHz ≈ 1024.5 W Hz−1. As a result, there is a cross-over
at Lmin

1.4 GHz ≈ 1024.25 W Hz−1. At higher radio luminosities the
RL AGN fraction can be higher for the blue galaxy population
than it is for the red. For example, at a L1.4 GHz ≥ 1024.5 W Hz−1

the fraction of RL AGN in a blue host, f LE,blue
RL , with a mass in

the range 1011.25 M⊙ < M∗ < 1011.5 M⊙, is 1.58 ± 0.31 times
higher than f LE,red

RL .
As can be seen in Fig. 4 and particularly in Fig. 5, the

green population has a LERG fraction, f LE,green
RL , which is gen-

erally lower than f LE,red
RL and equal to or lower than f LE,blue

RL .
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Low excitation, massive, red galaxies  
• accrete cooling hot gas (Bondi 1952 accretion)? 
• have low Eddington accretion rates (<10-5) 
• show radio-mode feedback 

• Lradiated << Ltotal ~ (up to a few percent of) LEddington
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Planck XI 

• Planck detects early type/BCG galaxy/group coronae in SZ stacks (to a few 
times 1011 Msun) 

• 260,000 locally brightest galaxies from SDSS 

• Probing wide range of halo mass to M500~2x1013 Msun  

• Great promise with higher angular resolution (SPT/ACT) 

• Will hot corona vanish at low mass (onset of winds)?  Is there a 
qualitative change in radio jet/lobe properties vs. stellar/halo mass as 
hot coronae vanish?  



Early type (bulge) galaxies (and massive spirals - see Akos Bogdan’s talk/poster) 
 - like a baseball team  

Batter = SMBH - sometimes hits the ball (outbursts) 
 infrequent 
 exact trigger unknown 
 different sizes (walks, singles, … home runs) 
Pitcher = provides ball/fuel (cooling gas for accretion) 
Hot X-ray emitting gas = fielders  
 capture AGN output 
Fielders are critical 
     No fielders  (no gas) 
    ==> No energy capture 
No feedback

Feedback (black holes + hot gas) and Baseball

Unifies SMBH, AGN activity, 
Galaxy properties (red/blue) 
X-ray “cooling” flows

Gas Provides archive of  
AGN activity



 Supermassive Black Hole Outbursts M87 is the prototype
Massive (luminous) early type galaxies ALL have hot atmospheres: 

Key to capturing feedback - not perfect balance 

M87 shows details of shock/bubble energy partition 
SMBH powers plasma outflow, drives shock, creates bubbles 
Bubble energy ~50% of total outburst energy 
Shock - 25% of energy captured  
Outbursts are “long” duration (~1 Myr); weak shocks 
Provide energy to radiatively cooling gas (5x1057 erg over 
12 Myr) 
Matches radiated X-ray emission 

SMBHs in early type galaxies - radio/X-ray activity common 
Key to providing outburst (accretion) energy 
ADAF-like accretion (Ledd < 10-5) 

See the glimmer of unification of black holes, accretion modes, 
galaxy formation and SMBH co-evolution, dichotomy of spirals/
ellipticals, …. 
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Finis!


