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Characterizing the X-ray Emission of Galaxies in Groups 
Christine Jones

1) Interactions between Supermassive Black Holes 
and Hot Atmospheres in Groups of Galaxies

(Hot X-ray atmospheres  capture SMBH energy)

2) Galaxies/subclusters falling into clusters 

3)  X-ray “overluminous” galaxies



Measure energy released by AGN by measuring PV work associated 
with inflating X-ray cavities + energy in shocks.  Assume X-ray 
cavities are in pressure balance with ICM, then can infer total 
energy in the cavities available for mechanical work (i.e. enthalpy)  
H = gamma/(gamma-1) PV. Measure outburst age, assuming that 
bubbles rise buoyantly. 

Little radiation from black hole - mechanically powerful
Often radio emission filling the cavities (e.g. M84, Hydra A) 
or from the nucleus/SMBH 

Hot Gas and Black Hole Outbursts in Early Type Galaxies, Groups, and Clusters 

MS0735

M84t Finoquenov & Jones

M84 galaxy

Group NGC4636
Hydra A cluster
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Gas Halos and cavities in Groups and Early Type Galaxies

•Wide range in Lx at fixed LK - 
environment (group) or powerful 
outburst disrupting atmosphere

•Low LK - mostly galactic winds e.g. 
NGC4278 with bipolar gas 
distribution

•Hot gas in galaxies also detected by 
Planck through SZ effect

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

Fornax	  A

•Cavities - common ~30% of 
luminous galaxies

There are no dry mergers 
in massive galaxies



 Three black hole outbursts in NGC5813 group show symmetric, 
alligned jet axis over 108 years (Randall+ 2011, 2015)  

Randall+NGC5813

MS0735

NGC5813

Three pairs of outbursts 
Inner:      M = 1.7  Age 3 x 106 yr     P ~ 0.6 x 1042 ergs/s
Middle:    M = 1.5   Age 20 x 106 yr   P ~ 7 x 1042 ergs/s
Outer:     M = 1.4   Age 90 x 106 yr   P ~ 8 x 1042 ergs/s

Lnuc =  2 x 1039 ergs/s Faint Nucleus



Why are NGC5044 and  NGC5813 so different in 
bubble morphology?  Strength of outbursts?

 NGC 5044 group shows many small, not alligned bubbles

1’1’

NGC5044 bl4 David + 2011

11 kpc 11 kpc



X-ray emission seen to 30 kpc (Machacek et al. 2011)
Gas sloshing and cavities.

 Hot gas and Black Hole Outbursts in the NGC5846 Group

NGC5846

1’

6 kpc



  NGC5846 inner core shows ring of bright X-ray knots, 
possibly shock heated by AGN outburst (Machecek+2011).

1’

Edges and Bubbles in NGC 5846 11

FIG. 13.— Unsharp masked 0.5−2 keV background-subtracted, exposure-
corrected, coadded Chandra image of the inner bubbles in NGC5846. The
unsharp masking used Gaussian smoothing scales of 1 and 45 pixels with an
exposure map threshold of 20%. 1pixel = 0.′′5× 0.′′5.

1055 ergs, bubble ages ∼ 2Myr and mechanical powers ∼

2 − 4 × 1041 erg s−1 , consistent with previous work (Allen
et al. 2006). The outburst energy inferred for the ‘ghost’ bub-
ble is modestly larger (∼ 5× 1055 ergs) and the bubble age is
∼ 12Myr, giving the time between outbursts (AGN duty cy-
cle) ∼ 10Myr. However, the uncertainties in these measure-
ments are large. First the three dimensional cavity geometry is
not known andmay affect estimates of the bubble volume and,
consequently, outburst energy by factors of a few. Second, our
simplified model assumes AGN bubbles rising in a static at-
mosphere. However, both the inner and ghost bubble ages are
shorter than the expected gas sloshing timescales given by the
time since closest approach of the proposed galaxy perturber
NGC5850 (60 − 200Myr; Higdon et al. 1998). Thus non-
hydrostatic bulk gas motions may have influenced AGN ac-
tivity and likely also affect bubble morphology, the observed
distance of the bubble from the nucleus, and the probability
for bubble disruption. Numerical simulations are required to
model bubble evolution in this complex, dynamical environ-
ment.

4.2. Knots
In Figure 13 we use unsharp masking to reveal the inter-

nal structure of the northern and southern inner bubbles in
NGC5846. The unsharp masked X-ray image is created using
Gaussian smoothing scales of 1 and 45 pixels, respectively, on
the full resolution exposure corrected, co-added 0.5 − 2 keV
Chandra image. An exposure map threshold of 0.20 was im-
posed to maximize signal-to-noise in our result. We see that
the inner bubble rims are not smooth, but are threaded by 9
knot-like features (see Table 8). To determine the detection
significance of these knots, we calculate the cumulative prob-
ability that the observed counts or higher in each knot in the
0.5−2 keV energy band could have arisen from a Poisson fluc-
tuation of the surrounding rim emission. Knots 4 and 8 are
least significant with a cumulative probability of 0.02, while

for all other knot features, the cumulative probability that the
observed counts or higher might be a fluctuation of the sur-
rounding rim emission is < 1.7× 10−4. Thus the significance
of the knots as distinct features is high.
We want to compare the spectra of these knot-like struc-

tures to the spectrum of diffuse gas in the surrounding rims.
In Table 8 we define circular spectral regions around each
knot and elliptical annuli excluding the knots and nucleus that
trace the north and south bubble rims. An elliptical annu-
lus (excluding point sources) located just outside the rims is
taken as the local background for both the knot and rim re-
gions. We model the spectrum of the rims with an absorbed
VAPEC model assuming Galactic absorption and fixing the
abundances as in §3.2.2. As shown in Table 11, the mean
temperature of gas in the north rim is 0.72+0.03−0.02 keV for the
89.5 ks exposure (OBSID 7923). However, the model does
not provide a statistically acceptable fit (χ2/dof = 111/65,
null = 0.03), and the residuals display the characteristic see-
saw pattern of multi-temperature gas (Buote 2000). In con-
trast, hot gas in the south rim region is well modeled by an
absorbed single temperature VAPEC model. We find a best fit
gas temperature of 0.64+0.02−0.03 keV (χ2/dof = 94.3/97), where
we have used a simultaneous fit to both the 89.5 ks (OBSID
7923) and 23.2 ks (OBSID 788) data sets to reduce uncertain-
ties. The more complex spectral structure for gas in the north
rim compared to that in the south rim region may be due to
projection effects, such that multi-phase gas is more promi-
nent along our line of sight to the north than to the south.
Alternatively, the combination of AGN and merging activity
may have introduced hydrodynamic instabilities in the fluid
that were more efficient at disrupting the bubble to the south
than to the north. The intrinsic 0.5−2 keV luminosity of dif-
fuse gas in the north rim (1.0× 1040 erg s−1 ) is 50% higher
than that in the south rim (0.65× 1040 erg s−1 ).
The individual knot-like features are X-ray faint. In Ta-

ble 9 we list the net source counts for the individual knots in
four energy bands: 0.6−0.8 keV (FeSS), 0.8−1.1 keV (FeS),
1.1−2.0keV (M), 2−4 keV (H). The first two bands are cho-
sen to divide the energies containing the FeL line complex
(the Fe peak from 0.6− 1.1 keV) in half, such that the hard-
ness ratio constructed from these bands will be sensitive to
shifts in the energy of the peak emission from the FeL com-
plex, caused by temperature differences in cool (! 1 keV) gas.
For comparison, we also include net source counts in these
energy bands for the north and south rims. Notice that in all
cases (knots and rims), the X-ray emission is dominated by
the Fe peak, confirming that the X-ray emitting gas is cool,
and, for all the knot-like features except Knot9, the net photon
counts above 2 keV are consistent with zero at the ! 2σ con-
fidence level. Since the number of photons in each individual
knot is small, we use the hardness ratio across the iron peak,
(FeS−FeSS)/(FeS+FeSS), to search for temperature differ-
ences between the individual knots and between the knots and
the rims. We also compute the standard medium band hard-
ness ratio (M−S)/(S+M+H), where S is the number of pho-
tons in the 0.6− 1.1 keV energy band. These hardness ratios
along with the total (0.6− 4 keV) net source counts for each
region are given in Table 10. Although the hardness ratios for
Knot4 and Knot5 suggest a mildly softer spectrum than the
others, the most striking result from Table 10 is that the hard-
ness ratios of the knots are nearly identical to that of the rims.
We stack the knot spectra to determine quantitatively a mean
temperature for the knots, and confirm that the best fit temper-

X-ray 1’  (7 kpc)



NGC4552

0.0 0.2 0.7 1.7 3.7 7.6 15.4 30.8 62.0 123.8 246.8

NGC4552  core

20"

One outburst - one pair of bubbles
Mach 1.7 shock from 1.4  x 1055  ergs nuclear outburst
Outburst age ~1-2 106 years
Higher gas temperature in galaxy core suggests directly 
observing reheating of ISM by nuclear outbursts

 Bipolar Nuclear Outflow Cavities in NGC4552 (M89)
Machacek + 2006

1.5 kpc



NGC4552 also has a stripped tail and “horns” !
Both an AGN outburst and gas stripping.

 Beyond the Nuclear Outflow Cavities in NGC4552
Machacek + 2006
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NGC4552  
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4.6 kpc



 In galaxies and groups, detected gas cavities are young 
(106 - 108 years ) => frequent outbursts

 

AGE of outbursts

 
	
 	


PV (ergs)
1053             1055            1057            1059

Ages and outburst energies  for galaxies/groups with cavities (30% of optically 
luminous galaxies in the sample) - Nulsen, Jones, Forman, Churazov  & friends) 

outburst age outburst energy



2) Groups infalling into clusters 
(three examples - M86, NGC4472, NGC1404)

M86 group falling into Virgo. Ram pressure
stripped gas.  (Forman et al.  Randall et al.)

46.5 kpc



Infall of the NGC4472 group toward M87
XMM-Newton (Su, Kraft et al. 2017)

Surface brightness edge to north and X-ray tail.

0 3 9 21 45 93 189 380 764 1524 3038

10 arcmin
30 kpc



 
 Infall of NGC1404 into Fornax cluster
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N1399

3.64’
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N1404

N1399

Fig. 1.— left: Digitized Sky Survey (DSS) blue-band image of NGC 1404 and NGC 1399. Blue region marks the region used to derive the
X-ray surface brightness profile of the stripped tail in Figure 6. right: Exposure-corrected and blank-sky background subtracted Chandra
image of NGC 1404 and NGC 1399 in 0.5-2.0 keV. Box region marks the frame of Figure 2.X-ray tail and cold front in NGC1404

Su, Kraft et al.  submitted 



 NGC1404 infalling into Fornax cluster - 
investigating the gas physics

Su, Kraft, Roedinger et al. submitted 5

1.82’
10 kpc

Fig. 2.— Chandra image of NGC 1404 in 0.7–1.3 keV. The im-
age was exposure-corrected, blank-sky background subtracted, and
smoothed using the CIAO tool dmimgadapt. We identify the red
sector as the sharpest edge (35�–90�), for which we derived the sur-
face brightness profile. The “x” sign (03h38m52.8s, -35d35m59.6s)
is the center of the cold front curvature.

We resolve substructures in surface brightness and
temperature of NGC 1404 down to < 100 pc, thanks to
the combination of the proximity of NGC 1404, the su-
perb spatial resolution of Chandra, a very deep (670 ksec)
exposure, and the low temperature of NGC 1404. Based
on observational facts, we describe the transport pro-
cesses and probe the microscopic properties of the cluster
plasma.

4.1. Di↵usion and conduction

The surface brightness profile of the leading edge re-
veals a sharp density discontinuity at the front. Here,
we compare the width of the discontinuity to the charac-
teristic mean-free-path (mfp) of electrons, �e, in the hot
plasma on both sides of the leading edge. Sarazin (1988)
gives:

�e =
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Fig. 3.— top: Same as the Figure 2 image but with the ICM, un-
resolved LMXBs, and di↵use stellar components subtracted. mid-

dle: a zoom-in image of the black box region in the top image. Red
region (200 wide) indicates the location of those “eddies” found in
the surface brightness profile in Figure 5. bottom: surface bright-
ness in downstream regions (green boxes in the top image; Regions
1–20: left to right).
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Fig. 2.— Chandra image of NGC 1404 in 0.7–1.3 keV. The im-
age was exposure-corrected, blank-sky background subtracted, and
smoothed using the CIAO tool dmimgadapt. We identify the red
sector as the sharpest edge (35�–90�), for which we derived the sur-
face brightness profile. The “x” sign (03h38m52.8s, -35d35m59.6s)
is the center of the cold front curvature.

We resolve substructures in surface brightness and
temperature of NGC 1404 down to < 100 pc, thanks to
the combination of the proximity of NGC 1404, the su-
perb spatial resolution of Chandra, a very deep (670 ksec)
exposure, and the low temperature of NGC 1404. Based
on observational facts, we describe the transport pro-
cesses and probe the microscopic properties of the cluster
plasma.
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Fig. 3.— top: Same as the Figure 2 image but with the ICM, un-
resolved LMXBs, and di↵use stellar components subtracted. mid-

dle: a zoom-in image of the black box region in the top image. Red
region (200 wide) indicates the location of those “eddies” found in
the surface brightness profile in Figure 5. bottom: surface bright-
ness in downstream regions (green boxes in the top image; Regions
1–20: left to right).

KH instabilities along cold front/contact discontinuity
Isotropic viscosity of gas  < 5% Spitzer.  

Mixing of the hot cluster gas and the cooler 
galaxy gas in the downstream stripped tail
provides further evidence of a low viscosity plasma.

Ordered magnetic fields in the ICM smaller than 5 microG to allow KHI.
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NGC4342

NGC4291
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3) NGC4342 + NGC4291- X-ray over-luminous Galaxies

X-rays

’

1’

NGC4342 beyond Virgo core
Only ~0.5 Mpc from NGC4472 (M49)
Virgo gas distribution - elongated N-S



 NGC4342 (Bogdan + 2012)
another stripped galaxy in W’ group

NGC4342 - low stellar mass, 
large dark matter halo to bind hot gas
Ram pressure stripping underway.
What makes NGC4342 “special”?



Optically faint, gas rich galaxies - NGC4342

ROSAT PSPC Image
(Boehringer & Schindler)

W’ Group Centered on NGC4365 (projected on 
southern end of Virgo Cluster)
D ~ 21 Mpc

One of these galaxies is NOT like the others

NGC4342 encounters external gas for the first 
time?  
Ram pressure stripping underway

NGC4342 (& NGC4291)

• Dynamically measured 
SMBH

• Significant dark matter 
halos to bind hot coronae

A lesson from Big Bird 
One of these galaxies is NOT like the others



•NGC4342 and NGC4291 host massive dark 
matter halos sufficient to bind hot coronae 
•measured via hydrostatic equilibrium

• Black holes are too massive for their 
stellar bulges (60x and 13x larger than 
“predicted”) 

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

NGC4342

4 BOGDÁN ET AL.
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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

NGC4291
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• Evolutionary scenario for 
NGC4342 and NGC4291

• Star formation 
suppressed by  powerful 
SMBH outburst at early 
epochs BEFORE all stars 
formed

• SMBH growth precedes 
stellar component e.g., 
Sijacki+14

• eRosita will inventory 
dark matter halos



Hot Gas Halos around Radio bright Quasars
3C47   z=0.425

20 20

1’1’

3C449  z=0.017

Growing observational
evidence that 
radio-bright QSO’s have
group scale hot gas 
environments

Chandra observations of 3C47
and 3C449 show surrounding
gas halos (Calzadilla et al. 2016)



Summary - AGN Feedback and Gas Stripping 
• Bubbles are common; shocks are rare.  Most SMBH’s are getting 

feedback “just right” (over some duty cycle), but there are very 
interesting “failures” in both directions.  
• Too much feedback - NGC4342/NGC4291 - star formation likely 

terminated at early epochs by overly active SMBH
• Too little feedback - Phoenix Cluster (see McDonald+13)  with 

740 Msun/yr of star formation
• eRosita - will provide wealth of new data yielding optically faint 

& X-ray bright (hot coronae) galaxies and galaxies with AGN 
suppressed star formation at early times



eROSITA/SXG

• 30 X ROSAT sensitivity
•  0.2 - 10 keV
• 4 years all sky mapping, 3.5 

years pointed observations

- Detect all massive (> 3 1014 Msun) 
clusters  (and groups to 200 Mpc)
-Refine scale relations and cosmological 
parameters
- Map LSS with groups within 200 Mpc 
and clusters to z~1.

Primary Science Goals



• 2m effective area at 1 keV
•  5” angular resolution
• 0.3 - 12 keV 
• Wide Field imager  40’ FOV
• Calorimeter 5’ FOV

Trace the evolution of clusters and  
groups to z=1
Measure velocities, thermodynamics, 
chemical composition of hot gas to 
quantify non-gravitational heating and 
turbulence 

Primary Cluster Science Goals

Athena++



✓ Technology 
incorporates  IXO 
development and 
Chandra heritage

✓ No spacecraft 
requirements 
beyond those 
achieved for 
Chandra

✓ Chandra-like cost

Next-generation science instruments, e.g.:

- 5×5′ microcalorimeter with 1″ pixels and high spectral 
resolution,  0.2–10 keV

- 22×22′ CMOS imager with 0.33″ pixels,  0.2–8 keV

- insertable gratings, R = 5000,  0.2–1.2 keV

“Smart” mirror system. Lower 
weight, same angular resolution, same 

focal length as Chandra’s.  A factor of 30 
more effective area. Sub-arcsec 

imaging over 15×15′ field.

X-ray Surveyor (aka LYNX) 
under study for the 2020 decadal



Possible future X-ray Surveyor capability

• Capability far exceeds Chandra (Chandra angular resolution, ×30 
effective area, high-res spectroscopy for point and extended 
sources) 

• Excellent match to JWST, ALMA, LSST, JVLA

×3
0

×1
00

×7

Adjustible optics

calorimeter

w
fi

gratings



Sloan quasar at z=6 “nursing home” at z=0 M87, Chandra, 1″ pixels

XMIS, z = 0, 300 ksec

Jet + gas
T = 1.2 keV

✓High-res spectroscopy on 1″ scales — 
feedback and physics in clusters, 
galaxies, SNRs
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(DM simulation by Springel et al.)

Growth of galaxy groups and 109 M☉ black holes from 
z = 6 to the present
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Thanks!



Powerful outflows
Little radiation from SMBH (exception Phoenix cluster)
Gas cooling rates vary by > 100x
Span a wide range of dark matter halo mass

Galaxy/Group
1 kpc 
1056 ergs
1042 erg/s

Cluster Core
10 kpc
1059 ergs
1045 erg/s

Massive Cluster 
100 kpc
1062 ergs
1046 erg/s

 Supermassive Black Hole Outbursts in the Family of 
Early Type Galaxy Atmospheres

McNamara+
Jones+ Fabian+

PerseusNGC4636

MS0735

MS0735



•Ram pressure stripped tails everywhere
•M86/NGC4406 (v=-244 km/s)  Randall+08
•M84/NGC4374 (v=1060 km/s) Jones/Finguenov02
•NGC4438 (v=71 km/s) Machacek+04
•NGC4388 (v=2524 km/s)

•Complex multi-component environment
•Kenney+08 - Hα filaments
•HI filament - Oosterloo & van Gorkom 05

M86=NGC4406 closeup 

•NGC4438 - Kenney+08
•red<500 km/s
•green >2000 km/s

NGC4406
NGC4374

NGC4388

NGC4438

Randall+08



Review• M87 classic shock and bubbles
– reveals detailed SMBH interaction
– shocks are typically “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


