
Supermassive Black Holes (SMBH)  at Work:  Effects of 
SMBH Outbursts 

Driving Galaxy Evolution 
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• Family of dark matter halos + hot gas 
• Galaxies, groups, clusters 

• M87 
• Outburst up close 
• Classic shock 
• Buoyant bubbles 
• Energy partition and outburst duration 

• Early type galaxies with SMBH 
• Feedback present in X-ray/optically luminous galaxies  
• Hot X-ray coronae - mechanism to capture SMBH energy 
• Driver of galaxy evolution
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Very powerful outflows 
Very little radiation from black hole 
Predicted mass deposition rates vary by > 100x

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

McNamara+
Jones+ Fabian+



X-ray and Radio View of M87 

M87

Radio 90Mhz 
Owen et al. 2001

• Multiple - at least three - SMBH outbursts 
• Two X-ray “arms” - produced/uplifted by 

buoyant radio bubbles 
• Eastern arm - classic buoyant bubble with 

torus i.e., “smoke ring” (Churazov et al 2001)  
– XMM-Newton shows cool arms of uplifted gas 

(Belsole et al 2001; Molendi 2002) 
– Evidence for many small bubbles/filaments

Forman+05,+07 
Million+10, Werner+10

Old bubbles with 
no apparent 
spectral aging 
– powered by 

AGN? 
– Driven by 

turbulence?Fine, unperturbed X-ray filament 
Radio plasma is “blowing in the wind
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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
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Buoyant Bubble “Simulation” (from you tube)

initial conditions
t0

t1

t2

t3

t4

Risin
g bubble ————> to

rus



Classical Shock in M87

• 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. 2015)- choosing proper 
band



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”
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Isolate processes by 
manipulating energy bands: 

Churazov+2015 
Arevalo+2015

X-arithmetic - Churazov et al. 2015



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)

9



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
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Outburst Model 

Series of outbursts of varying 
outburst energy (1.4, 5.5, 
22x1057 ergs) with identical 
duration (2.2 yr) - energy 
determines shock amplitude

Energy vs. duration with 
cavity size and density jump 
constraints: duration ~ 2 Myr



Long vs. Short Duration Outbursts

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



M87 Outburst Energy Parameters
Detect shock (X-ray) and driving piston (radio) 

Classical (textbook) shock M=1.2 (temperature and density independently) 
Outburst constrained by: 

Size of driving piston (radius of cocoon) 
Measured T2/T1, ρ2 /ρ1 (p2/p1) 
Current shock radius 

Outburst Model  
Age ~ 12 Myr 
Energy ~ 5x1057 erg 

Bubble 50% 
Shocked gas 25%  (25% carried away by weak wave) 

Outburst duration ~ 2 Myr  
 Outburst is not violent (not Sedov-like) 

Outburst energy "balances" cooling (few 1043 erg/sec) 



M87 is not alone - IC1262, A2052

• IC1262 - slightly more 
luminous twin 

– Different orientation 
– Outbursts with a 

merger! 
– Core destroyed?

• A2052 (Blanton et al. 2011) 

VLA

Chandra

DSS



• Feedback - mass closely tied to mass of surrounding  stars - MSMBH 
≈ 10-3Mbulge 

• SMBH key to regulating star formation in evolutionary models at 
high mass end 

• Radio loud AGN very common in massive galaxies 
e.g. Croton+06, White & Frenk 91, Cole+92 Benson+’03 Best+06, Teyssier+11

Dark halos 
(const M/L) 

galaxies 

SN feedback+photoionization 

AGN feedback 

Feedback from Supermassive Black Holes  
key component in galaxy formation models The host galaxies of radio–loud AGN 5
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Figure 2. Top: the fraction of galaxies which are radio–loud AGN, as a function of stellar mass (left) and black hole mass (right), for different cuts in radio
luminosity. Bottom: the equivalent plots for optical emission–line selected AGN. The radio–loud AGN fraction is a remarkably strong function of stellar or
black hole mass, whilst the optical AGN fraction is largely independent of black hole mass.

as a function of the stellar mass of the galaxy. The fraction rises
from 0.01% of galaxies with stellar mass 3 × 1010M⊙ up to over
30% of galaxies more massive than 5 × 1011M⊙, roughly along
a relation fradio−loud ∝ M2.5

∗ . Also included on this plot are the
radio–loud AGN fractions for radio luminosity cut–offs of 1024 and
1025WHz−1. It is notable that all have the same power–law depen-
dence on stellar mass.

The top right panel of Figure 2 shows the radio–loud AGN
fraction as a function of black hole mass. This plot is restricted
to bulge–dominated galaxies with surface mass densities above
108.5M⊙kpc−2, in order to restrict the sample to galaxies for
which the black hole mass can be reliably determined from the ve-
locity dispersion (note that the results are not very much affected if
this condition is removed). Once again, a strong trend with mass is
seen, but the slope of the relation is shallower: fradio−loud ∝ M1.6

BH.
Some of this reduction in slope (and in particular the flattening
at the highest black hole masses) may be due to the errors in the
black hole mass estimates, spreading the sources along the x–axis.
A more important effect is that a large fraction of lower mass galax-
ies (M∗ ∼

< 1011M⊙) are disk dominated and so possess only small
black holes. These galaxies host fewer radio–loud AGN and as a
result fradio−loud will have a steeper dependence on stellar mass
than on black hole mass.

It is important to consider whether the strong mass depen-
dence in Figure 2 is simply the result of more massive galaxies hav-

ing more powerful central engines which may naturally have more
luminous radio emission. Figure 3 shows fradio−loud as a function
of stellar mass, where fradio−loud is now defined to include galax-
ies brighter than a fixed limit in LNVSS/M∗. For bulge–dominated
galaxies, this is equivalent to defining a galaxy as radio–loud if it
is radiating above some fixed fraction of the Eddington limit. The
strong mass dependence remains. The same result is found if black
hole mass rather than stellar mass is used.

In order to ensure that neither aperture nor luminosity selec-
tion effects are influencing the observed results, these studies (and
those in later sections of the paper) have also been repeated us-
ing only those galaxies within fixed narrow ranges in redshift (e.g.
0.06 < z < 0.07). The same results are obtained (albeit somewhat
noisier), indicating that redshift effects are not a problem.

3.2 Optical AGN fractions

In Figure 1, the emission–line selected AGN have lower black hole
masses on average than radio–loud AGN of the same stellar mass.
This means that these AGN are not preferentially located in bulge–
dominated galaxies. Indeed, their black hole masses even appear
to be lower than those of inactive galaxies, suggesting that opti-
cal AGN are found preferentially in galaxies with substantial disk
components.

The dependence of the emission–line selected AGN fraction

c⃝ 2004 RAS, MNRAS 000, 1–16



•Outskirts of Fornax cluster (>1.4 Mpc from 
NGC1399) 
•Lnuc~2x1042 erg/s  
•Massive SMBH is willing and able to disrupt 
atmosphere given sufficient fuel; outburst 
power ~ 5x1058 ergs (Lanz+10) 
•Likely merger (e.g., Schweizer 1980) 
•Gas rich mergers could drive such 
outbursts at early epochs and disrupt star 
formation

Fomalont/NRAO 

 NGC1316 = Fornax A

             

350 kpc

---------        ------

NGC4342

NGC4291

L
X
/L

K
	  vs.	  L

K

Galaxy Sample from Jones et al. (Anderson, Churazov, Forman+)

• Cavities common > 30% in luminous 
systems 

• SMBH detected 70% radio and 
80% X-ray 

• Winds at LK < 1011 
• Scatter in LX-opt partly 

environment/partly gas removal



Massive Black Holes (Bogdan et al. 2012) - two outliers

NGC4342 ~ 4.6 × 108 M⊙ 

NGC4291 ~ 9.6 × 108 M⊙  
(Cretton & van den Bosch 1999; Haring & Rix 2004; 
Schultze & Gebhardt 2011) 

•NGC4342 - an extreme outlier (5.1σ outlier) 

•NGC4291 is less extreme (3.4σ outlier) 
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Fig. 3.— Black hole mass as a function of bulge mass. Thick
solid line shows the mean M•−Mbulge relation from Häring & Rix
(2004), whereas the thin dashed line represent the intrinsic scatter
of the relation. Both NGC4342 and NGC4291 are highly significant
outliers from the trend.

black hole masses are 7.7 × 106 M⊙ and 7.4 × 107 M⊙

in NGC4342 and NGC4291, respectively. Thus, the ob-
served values are factors of ≈60 and ≈13 times larger
than the predicted ones. From the intrinsic scatter of
the relation (0.30 dex) and the uncertainty of the black
hole mass measurements (0.18 dex and 0.12 dex), we con-
clude that NGC4342 and NGC4291 are ≈5.1σ and ≈3.4σ
outliers, respectively.
Reversing the problem, we also compute the bulge

masses, in which the supermassive black holes of
NGC4342 and NGC4291 would be typical. According to
the Häring & Rix (2004) relation and the observed black
hole masses, we find that the black holes of NGC4342 and
NGC4291 would be expected in bulges with 2.6×1011 M⊙

and 5.0×1011 M⊙ mass, respectively. These bulge masses
exceed by factors of ≈39 and ≈10 the observed values in
NGC4342 and NGC4291, respectively.

4. TIDAL STRIPPING AS A POSSIBLE ORIGIN OF THE
HIGH BLACK HOLE-TO-BULGE MASS RATIO

One possibility to explain the unusually large black
hole-to-bulge mass ratios observed in NGC4342 and
NGC4291 is that most (!90%) of their stars were tidally
stripped. However, the tidal stripping process would re-
move not only the stellar content of galaxies, but also
the more loosely bound dark matter halos. Therefore, if
∼90% of the stars were stripped from the galaxies, no
significant dark matter halos should be observed around
them. Thus, to test the stripping scenario it is critial
to determine whether NGC4342 and NGC4291 host ex-
tended dark matter halos.
In Section 4.1 we use Chandra X-ray observations of

the hot gas content of NGC4342 and NGC4291, to show
that they reside in massive dark matter halos, thereby ex-
cluding the stripping scenario. In Section 4.2 we present
a deep optical image of the surroundings of NGC4342,
which – independently from X-ray observations – ex-
cludes the possibility that majority of the NGC4342 stel-
lar population was tidally stripped.

4.1. Dark matter halos

4.1.1. NGC4342

The 0.5−2 keV band X-ray image of NGC4342 reveals
a diffuse hot gas component associated with the galaxy,
which exhibits a significantly broader distribution than
the stellar light (Fig. 1). To compute the gravitating
mass profile of NGC4342 we assume that the hot gas is
in hydrostatic equlibrium (Mathews 1978; Forman et al.
1985; Humphrey et al. 2006) and use the following equa-
tion:

Mtot(< r) = −
kTgas(r)r

Gµmp

(

∂ lnne

∂ ln r
+

∂ lnTgas

∂ ln r

)

,

where Tgas and ne are radial profiles of deprojected
temperature and density, respectively. To obtain de-
projected profiles we use the technique described by
Churazov et al. (2003). Namely, we model the observed
spectra as the linear combination of spectra in spherical
shells plus the contribution of the outer layer. We assume
that emissivity in the outer shell declines as a power law
with radius at all energies. The matrix that describes
the projection of the shells into annuli is inverted and
the deprojected spectra are calculated by applying the
inverted matrix to the observed spectra.
Due the head-tail distribution of the hot X-ray emit-

ting gas (Fig. 1 right panel; Bogdán et al. 2012), the
assumption of hydrostatic equilibrium is questionable at
radii larger than ∼5 kpc. To account for these uncer-
tainties we computed mass profiles in three different sec-
tors: (i) towards the surface brightness edge, (ii) towards
the tail, and (iii) assuming spherical symmetry. The left
panel of Fig. 4 illustrates that within the central 10 kpc
region of NGC4342 the hot gas is approximately isother-
mal. Additionally, in Bogdán et al. (2012) we show that
the abundance is also fairly uniform within this region.
Therefore to compute the mass profiles, we fix the gas
temperature at kT = 0.54 keV and the abundance at 0.3
Solar (Anders & Grevesse 1989). We stress that beyond
∼10 kpc the temperature of the hot gas is non-uniform,
furthermore deviations from the hydrostatic equilibrium
significantly temper the accuracy of the mass measure-
ments. Therefore, we rely only on the central 10 kpc
region to estimate the gravitating mass of NGC4342.
The mass profiles obtained for NGC4342 are shown in

the left panel of Fig. 5, where we also show the 1σ statis-
tical uncertainties assuming that measurements in each
radial bin are independent. In the same panel we also de-
pict the stellar mass profile computed from the K-band
luminosity using a mass-to-light ratio of M⋆/LK = 0.81,
and the dynamical mass calculated assuming a circular
speed of 220 km s−1 (Cretton & van den Bosch 1999).
Note that the circular speed was fixed in a certain diapa-
son (approximately 5′′ < r < 12′′), in which region the
contribution of random motions is not significant. The
left panel of Fig. 5 clearly demonstrates that beyond
∼1 kpc the stellar mass is significantly lower than the
total gravitating mass. In particular, within the central
10 kpc region the total gravitating mass is in the range
(1.4 − 2.3) × 1011 M⊙, which exceeds the stellar mass
by an order of magnitude, implying the existence of a
significant dark matter halo around the galaxy.
Besides Chandra observations, the metallicity of the

stellar population of NGC4342 indirectly and indepen-
dently indicates that it formed in a massive dark matter
halo. In the commonly accepted picture, galaxies with

NGC4342
NGC4291
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host massive dark matter 
halos sufficient to bind hot 
coronae 

•measured using X-ray gas 
(~hydrostatic equilibrium) 
• Black holes are too 
massive for their bulges 

•MBH/Mbulge =0.069 for 
NGC4342 and 0.019 for 
NGC4391 
•60x and 13x larger 
than “predicted” 

M
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NGC4342

NGC4342 and NGC4291 - star formation disrupted 
at early times - Bogdan+2012

NGC4291

NGC4342• Evolutionary scenario for 
NGC4342 and NGC4291 

• Star formation suppressed 
by  powerful SMBH outburst 
(e.g., like Fornax A driven by 
gas rich merger) at early 
epochs BEFORE all stars 
formed?? 
• SMBH growth precedes 

stellar component e.g., 
Sijacki+14 

eRosita will inventory 
dark matter halos



Conclusions• M87 classic shock and bubbles 
– reveals detailed SMBH interaction 
– shocks are “weak”  
– outbursts are “long” (>Myr) 
– bubbles carry most of energy (>50%) 

• AGN outbursts are common in all gas rich systems 
• bubbles/cavities everywhere! 
• more massive systems are more likely radio 

bright  
• “cooling flows” from galaxies (~1 Msun/yr) to 

clusters (~few 100 Msun/yr) moderated by SMBH 
energy release 

• SMBH’s are willing and able to disrupt cooling 
atmospheres at low (and possibly high) redshifts 
(NGC4342/NGC4391 SMBH’s are too massive for 
their stellar mass) 

• SMBH outbursts are a key phenomenon across 
a vast range of halo mass and cosmic time 

M87 - bubbles & shocks
X-ray (soft & hard)

NGC4342

galaxies    groups        clusters

Mhalo ~ 1012 —> 1015 Msun



Finis


