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Galaxy Clusters in X-ray & Optical

70%-80% dark matter
20%-30% baryons
Tgas ~ 4-10 keV

ICM retains the imprint of the dynamical 
and thermodynamical history of the cluster
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Cool Core and Non-cool Core Clusters

• Peaked X-ray surface brightness
• Short cooling time  (tcool ~ 108-109 yr)
• Observed LX implies ~10-100’s  M� yr-1 

Would produce ~1012 M� of cold gas over cluster lifetime



(Allen et al. 2004)

(Voigt & Fabian 2003)Temperature gradients

Short cooling times

X-ray Evidence for Cool Gas in Cluster Cores

Temperature drops to Tmin ~ 0.3 Tvir in the core 



A2052

Hydra A
A1068

A2597

A1795

The Classic Cooling Flow Problem

McNamara et al. (2003)

X-ray cooling rates 
and star formation 
rates disagree

Could be incorrect 
cooling rates?

Reservoir of cold gas 
not forming stars?

Something is heating 
the gas?



UV: Oergerle et al. 2001 H!: Conselice et al. 2001

CO: Edge 2002

Dust: Edge et al. 1999

Non-X-ray Evidence for Cool Gas in Clusters

Many searches for 
cooled gas products

Total mass of cold 
gas inconsistent 
with cooling rates



McNamara, Wise, Nulsen et al. (2001) 

McNamara, Wise, Nulsen et al. (2000) 

Chandra Detection of X-ray Cavities
Hydra A

20 arcsec

A2597

Original 19 ksec observation

Original 40 ksec observation

• Discovered immediately after launch

• 20-30 kpc cavity structures seen in X-ray

• Anti-correlated with 1.4 GHz radio emission

• No evidence for shock heating detected

• “Ghost” cavities seen in A2597

Are cluster cavities common?
What is the impact on the gas?
Solution to CF problem?



Imprints of AGN heating

McNamara et al. (2000), Wise et al. (2005)
Sun et al. (2003)

Blanton et al. (2001)

Clarke et al.  (2007)

330 MHz1400 MHz

A2597

Hydra A A478

A2052

McKean et al. (2011)

Cygnus A



Fabian et al. (2003)

Chandra 1 Msec Observation of Perseus



Peterson et al. (2003)

No Heating

           Heating

XMM RGS Abell 1835 How much gas cools out?
What is heating the gas?

Evidence for Heating in Cluster Cores

• Canonical CF problem
• Peaked X-ray profiles
• tcool ~ 108-109 yr
• LX ~ 10—100’s  M� yr-1 
• Deficit of soft X-ray lines



Sample of 14 clusters observed with XMM RGS (Peterson et al. 2003)
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Ṁ(α + 1)

(

T

T0

)α

! 1- 2α ∝ ∆Lheat

Tmin ∼ 0.3 Tvir

Spectral Signatures of Heating



Sample of 14 clusters observed with XMM RGS (Peterson et al. 2003)

0.1 1.0 10.0

0.1

1.0

10.0
1 Ṁ
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Sample of 14 clusters observed with XMM RGS (Peterson et al. 2003)
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Sample of 14 clusters observed with XMM RGS (Peterson et al. 2003)
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Galaxy Cluster

z=0z=1

z=5

z=50 z=20

z=10

Millennium Simulation
Springel, Frenk & White (2006)



Fossil Evidence for AGN Feedback

Gültekin et al. (2009)

Bower et al. (2006)

Connection between BH 
growth and Bulge assembly

Over-predict high-mass systems
Missing physics, suppressed cooling



Optical, Radio,,X-ray

MS0735.6+7421  (z=0.216)

E = 1062 erg 1’ = 200 kpc

M~1.3 shock Radio plasma

Displaced X-ray gas

Cluster-scale AGN Outbursts 

Wise et al. (2011)
McNamara et al. (2009, 2011) 
Gitti et al. (2007)
McNamara et al. (2005)



Cavity and Shock Energetics



• Measure cavity volumes and surrounding pressures

• Limited by ability to resolve cavity boundaries 

• Estimate of the work done to inflate cavities (pV ) 

• Assumes pressure balance with surrounding gas

• Total free energy given by:

• Cavity power:     

Uncertainties due to geometry 
and gas equation of state

Cavity Energetics MS0735.6+7421

1’ = 200 kpc

Cavity



High Resolution Spectral Mapping
• Map is just many spectral fits (~103-104)
• Define grid of boxes containing given S/N
• Extract spectrum and calculate response
• Fit spectral model at each grid point
• Can map any spectral parameter

Spectral mapping at ~1 arcsec is a unique Chandra capability
But you need a lot of counts to do it!

Virgo A / M87

90 cm

Million et al. (2010)



Deep Chandra Observation of MS0735.6+7421

ACIS Mosaic
0.5-7.0 keV
522 ksec total exposure



Exposure Corrected Residual Map

Pcav  ~ 10 LX  ~ 250 PPerseus  ~ 104 PM87

Most of energy deposited outside cooling radius

Cavity Structure and Energetics
Wise et al. (2011)

MS0735.6+7421

Energy:   6x1061 ergs
Cavity Age:   1x108 yrs
Power:   1.7x1046 ergs s-1

Displaced mass:  ~ 4-5x1011 MO●



330 MHz

Exposure Corrected Residual Map

Pcav  ~ 10 LX  ~ 250 PPerseus  ~ 104 PM87

Most of energy deposited outside cooling radius

Cavity Structure and Energetics
Wise et al. (2011)

MS0735.6+7421

Energy:   6x1061 ergs
Cavity Age:   1x108 yrs
Power:   1.7x1046 ergs s-1

Displaced mass:  ~ 4-5x1011 MO●



What produces the observed scatter?
How do we extend this to high z?

Radiative Losses

Cavity 
Power

AGN Heating can balance cooling
The Feedback Sequence33 clusters

z < 0.6

Rafferty et al. (2006)

27 giant
ellipticals

Nulsen et al. (2007)



Shocks from AGN Outbursts

Nulsen et al. (2005)

L10 NULSEN ET AL. Vol. 625

Fig. 1.—Upper panel: 0.3–7.5 keV Chandra image of Hercules A made from
the distributed evt2 file binned by a factor of 4. Lower panel: 0.3–7.5 keV image
of Hercules A made from the cleaned, reprocessed data, smoothed with a 2!
Gaussian and divided by a b-model. The scale bar in each panel is 1" (160 kpc)
in length. The bright central region ∼1" in radius is surrounded by the shock
front. The southwest cavity is ∼0".5 from the central peak.

Fig. 2.—X-ray and radio images of Hercules A. The Chandra image of
Fig. 1 is overlaid with 1.4 GHz radio contours from Gizani & Leahy (2003).

b of 0.6, centered on the X-ray peak (core radius from Gizani
& Leahy 2004, but smaller b). Division by the b-model reduces
the radial variation of surface brightness, making it easier to
discern substructure over a substantial range of radius. Each
image has a 1" scale bar.
Although the central peak of the X-ray image is prominent,

it is well resolved by Chandra, and there is no sign of a point-
like AGN (cf. Trussoni et al. 2001). A striking feature of the
X-ray image is the bright region, roughly 1" in radius, that
stands out in the upper panel of Figure 1. This has a similar
size to the radio emission and extends to the east and west
around the radio lobes (see Fig. 1, lower panel, and Fig. 2).
Its shape and association with the radio source suggest that it
is the shocked cocoon of the expanding radio lobes (Scheuer
1974; Heinz et al. 1998). The break in surface brightness that

bounds this region is shown to be consistent with a shock front
below.
There is an ∼7 j deficit of X-ray emission in the region

∼0".5 to the southwest of the bright center in Figure 1, ∼15!
(40 kpc) in radius. There is a weaker, ∼3 j, deficit in the X-
ray emission from the corresponding region to the northeast,
partly masked by a bright spot of X-ray emission to the north
of the center. These features resemble the cavities associated
with many other cluster radio sources (e.g., McNamara et al.
2000; Fabian et al. 2000). However, they are not aligned with
the axis of the radio jets and do not contain radio lobes. They
might be ghost cavities (e.g., McNamara et al. 2001), but, if
so, it is surprising that they lie within an active radio source.
Finally, there is a ridge of enhanced X-ray emission crossing

the bright region, from ∼30! south of east to ∼30! north of
west, roughly at right angles to the axis defined by the cavities.
This feature also has no obvious association with the radio
source (it forms an angle of ∼20! with the radio jets). The
excess emission appears to be thermal, due to relatively cool,
dense gas, which cannot be fully supported by hydrostatic
forces. The gas may be cool filaments, like those seen in other
cluster central radio sources (e.g., Forman et al. 2005; Nulsen
et al. 2005), or it may be a cooler disk that is partly supported
by rotation.

4. THE SHOCK FRONT IN HERCULES A

The surface brightness profile of the bright circular region
was measured in two 80! sectors, approximately at right angles
to the axis of the radio jet. This avoids smearing the edge in
the surface brightness profile due to elongation of the bright
region to the east and west. Figure 3 shows the radial surface
brightness profile for the ranges of position angle (P.A.) 330!–
50! and 150!–230! combined. Point sources were eliminated,
the background was subtracted, and the resulting profile ex-
posure corrected. Although the data are quite noisy, there is a
clear break in surface brightness at a radius of 60! (∼160 kpc),
at the edge of the bright central region. Beyond the break, the
surface brightness is well fitted by the power law, with!ar
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stands out in the upper panel of Figure 1. This has a similar
size to the radio emission and extends to the east and west
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Its shape and association with the radio source suggest that it
is the shocked cocoon of the expanding radio lobes (Scheuer
1974; Heinz et al. 1998). The break in surface brightness that

bounds this region is shown to be consistent with a shock front
below.
There is an ∼7 j deficit of X-ray emission in the region

∼0".5 to the southwest of the bright center in Figure 1, ∼15!
(40 kpc) in radius. There is a weaker, ∼3 j, deficit in the X-
ray emission from the corresponding region to the northeast,
partly masked by a bright spot of X-ray emission to the north
of the center. These features resemble the cavities associated
with many other cluster radio sources (e.g., McNamara et al.
2000; Fabian et al. 2000). However, they are not aligned with
the axis of the radio jets and do not contain radio lobes. They
might be ghost cavities (e.g., McNamara et al. 2001), but, if
so, it is surprising that they lie within an active radio source.
Finally, there is a ridge of enhanced X-ray emission crossing

the bright region, from ∼30! south of east to ∼30! north of
west, roughly at right angles to the axis defined by the cavities.
This feature also has no obvious association with the radio
source (it forms an angle of ∼20! with the radio jets). The
excess emission appears to be thermal, due to relatively cool,
dense gas, which cannot be fully supported by hydrostatic
forces. The gas may be cool filaments, like those seen in other
cluster central radio sources (e.g., Forman et al. 2005; Nulsen
et al. 2005), or it may be a cooler disk that is partly supported
by rotation.

4. THE SHOCK FRONT IN HERCULES A

The surface brightness profile of the bright circular region
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Hercules A
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Fig. 3.—Surface brightness profile of the shock front in Hercules A. The
0.6–7.5 keV surface brightness profile is measured in sectors from P.A. 330!
to 50! and from P.A. 150! to 230!, to the north and south of the AGN, at right
angles to the jet axis. Surface brightness errors are 1 j statistical errors. Radial
error bars show the limits of the bins. The smooth curves are surface brightness
profiles for shock models with Mach numbers of 1.51, 1.65, and 1.79, from
bottom to top on the right. Models are scaled to match the observed surface
brightness outside the shock.

Fig. 4.—Electron density profile of the shock front in Hercules A. Depro-
jected electron density vs. radius in the P.A. ranges 330!–50! and 150!–230!.
The shock is at 158 kpc. Density error bars are 90% confidence ranges. The
solid line shows the density profile for the best-fitting model.

(90%). We now consider the interpretationa p 2.11" 0.43
of this front as a shock.
To determine the strength of the shock we use a spherically

symmetric, hydrodynamic model of a point explosion at the
center of an initially isothermal, hydrostatic atmosphere. Before
passage of the shock, the gas density is assumed to follow the
power law, , with , chosen to make the!hr(r) ∝ r h p 1.55
surface brightness profile of the undisturbed gas match the
observed profile outside the shock. The gravitational field
( ) is scaled to make the undisturbed atmosphere hy-g ∝ 1/r
drostatic. The surface brightness profile is determined from the
model, assuming that the temperature of the unshocked gas is
4 keV (see below). Relative Chandra count rates in the 0.6–
7.5 keV band are computed using detector response files from
near to the aim point for these observations. The XSPEC
WABS#MEKAL spectral model was used, with a foreground
column density of , a redshift of 0.154, and20 !26.4# 10 cm
abundances of 0.5 times solar, appropriate for Hercules A
(model surface brightness profiles are insensitive to these and
the preshock temperature in the relevant temperature range).
The model is self-similar, allowing it to be scaled in radius to
match the location of the shock and in normalization to match
observed surface brightness outside the shock.
In Figure 3 we show surface brightness profiles for model

shocks with Mach numbers of 1.51, 1.65, and 1.79. A Mach
1.65 shock gives a reasonable fit to the data. Apart from the
scaling, model parameters (the initial density power law, h, and
preshock temperature) are constrained by observations, leaving
only the Mach number of the shock free in the fit. The model
has a number of shortcomings (the actual outburst is aspherical
and does not inject energy in a single explosion, and the initial
gas density is not a power law; Nulsen et al. 2005), so that it
can only be expected to match the data over a limited range
of radius behind the shock. Nevertheless, the fit provides a
stringent test that this feature is due to a shock propagating
into the cluster.
In order to determine the physical properties of the outburst

from the model, we must determine the density and temperature

of the unshocked gas. However, outside the shock from 1! to
2!.5, in the sectors of the surface brightness profile, there are
only ∼1250 photons in the 0.6–7.5 keV band.We have therefore
used a single spectrum extracted from this region to determine
the temperature and normalize the density of the unshocked
gas. Using an absorbed MEKAL model, with N p 6.4#H

, redshift , and the abundance set to 0.5,20 !210 cm z p 0.154
gives a temperature of keV (90%). This is con-"0.8kT p 3.9!0.6
sistent with previous measurements (e.g., Gizani & Leahy
2003), suggesting that the spectrum is not significantly affected
by the particle background. Assuming that the gas is spherically
symmetric and its density from the shock to in-!1.55r(r) ∝ r
finity, the normalization of the spectral fit gives an electron
density of at a radius of!3 !3n p 1.06" 0.03# 10 cme
276 kpc (1!.72).
Using these parameters, the radius of the shock is 158 kpc,

the time since the outburst is yr, and the total7t p 5.9# 10s
energy of the outburst is ergs. This energy is61E p 3# 10s
similar to the lobe enthalpy (Gizani & Leahy 2004), as expected
if the lobes drive the shock. The main source of uncertainty
in the age of the outburst (∼10%) is due to the uncertainty in
the preshock temperature. The shortcomings of the model do
give rise to systematic uncertainty in the shock energy, but this
is unlikely to be more than a factor of ∼2 (Nulsen et al. 2005).
In the temperature range 1.6–10 keV, the Chandra count rate

in the band 0.6–7.5 keV is very insensitive to gas temperature,
varying "3.3% about its mean over the whole range of tem-
perature, for a fixed emission measure. This enables us to de-
project the gas density with reasonable accuracy, despite poor
knowledge of the gas temperature (doubling the abundance to
1.0 would reduce the electron density by ∼7%). A deprojection
was done, using the method of Nulsen et al. (2005), with the
gas temperature fixed at 4 keV and other parameters as above.
The resulting electron density profile is shown in Figure 4,
together with the electron density profile obtained from the
Mach 1.65 shock model. The results agree well with the model,
clearly showing the density jump at the shock. The failure of
the model for kpc is a numerical artifact, but otherr " 25
shortcomings are expected to make the model inaccurate at
small radii.
In the models, adiabatic expansion limits the size of the

M ~ 1.65

the AGN, where the edge in the surface brightness is most prom-
inent. This is shown in Figure 3 (bottom). In order to match the
curvature of the radial bins to that of the front, the sector was cen-
tered at a point approximately 2A9 north of the AGN (at R:A: ¼
9h18m7:s30, decl: ¼ "12#2048B4 [J2000.0]), with the range of
P.A. 20#–70#. Although the data are noisy, the edge is evident in
the surface brightness profile at a radius of about 20000 (measured
from the center of the sector).

The break in surface brightness in the northeast is greater than
that in the west, showing that the shock is stronger in the north-
east. This is consistent with expectations for radio lobe–driven
shocks. Shock strength is determined by the ratio of postshock to
preshock pressure. The preshock pressure is significantly lower
in the north, where the shock is farthest from the cluster center.
To a first approximation, the pressure rise behind the shock is uni-
form around the front (assuming that jet momentum is insig-
nificant on such large scales). Thus, the pressure jump is greater at
points on the shock front that are farther from the cluster center.

The shock front lies $3A4 west of the AGN and $4A3 to the
east, implying a significant east-west asymmetry in shock speed.
This is most likely due to asymmetry in the medium carrying the
shock (as opposed to the outburst driving it) and is probably the
result of higher gas density to the west. If the cluster were spher-
ically symmetric, the shock front would be running through
denser gas in the west than in the east. Any preexisting density
asymmetry that slowed the propagation of the shock to the west
would augment this density difference. If postshock pressure is
much the same in the east and west, then the shock would be
weaker in the west, where it propagates through higher pressure
gas. The western shock also appears superimposed on a higher
‘‘background’’ of emission from undisturbed cluster gas. To-
gether, these effects make the shock less distinct in the X-ray
image to the west than in that to the east, but it is clearly visible in
Figure 3 (top).

4.2. Hydrodynamic Models

Our aim is to determine the age and energy of the AGN out-
burst by comparing models to the data. The general form of the
radio source inHydraA is broadly consistent with twin jet models

of radio sources (Scheuer 1974). For our purpose, the most
important property of the jets is that they convey energy from
the AGN into the intracluster medium (ICM). This may be
augmented by other forms of AGN energy deposition (e.g.,
Böhringer & Morfill 1988; Ciotti & Ostriker 2001). Realistic jet
models require expensive numerical simulations (e.g., Reynolds
et al. 2001; Krause 2004). However, as shown below, the shock
is weak and, at least crudely, spherical. In these circumstances
the strength of the shock is determined largely by the total energy
injected by the AGN. To the extent that the shock front is spher-
ical, the precise location and detailed history of energy injection
are of secondary significance. Thus, we use a spherically sym-
metric model of a point explosion at the center of an initially
isothermal, hydrostatic atmosphere to quantify the outburst and
shock. The effects of this approximation on our results are dis-
cussed further in the next section. Our numerical, hydrodynamic
code uses a second-order, Lagrangian spatial differencing scheme
and a semi-implicit, second-order time step. It was tested, in par-
ticular, to ensure that it reflects the shock jump conditions well.
The gas is treated as nonrelativistic (adiabatic index ! ¼ 5/3),
since only a tiny mass of gas gets close to being relativistic in the
simulation, and then only briefly.

The radiative cooling time of the central gas ’4 ; 108 yr,
about 3 times the age of the shock, so that radiative cooling is
ignored. For the shock front in the west, the initial gas density
profile is assumed to be a power law, "(r) / r"#, with # ¼ 1:82,
which makes the surface brightness profile of the undisturbed
gas consistent with the observed surface brightness profile be-
yond the shock (see above). The gravitational field (g / 1/r) and
gas temperature are scaled to make the undisturbed atmosphere
hydrostatic. Surface brightness profiles are determined from the
model, assuming that the temperature of the unshocked gas is
4 keV. The Chandra 0.6–7.5 keV response was computed using
XSPEC, with detector response files appropriate for these ob-
servations and an absorbed MEKAL model. The foreground
column density was set to 4:94 ; 1020 cm"2, the redshift to
0.0538, and the abundance to 0.3 times solar, as appropriate for
Hydra A (results are insensitive to these parameters, includ-
ing the preshock temperature). The shock weakens as the hy-
drodynamic model evolves, and, since the initial conditions are
self-similar, the flow can be scaled radially to place the model
shock at the location of the observed shock. Surface bright-
ness is scaled to match the observed profile in the unshocked
region.

The three lines in Figure 3 (top) show model surface bright-
ness profiles for shocks with Mach numbers of 1.15, 1.19, and
1.23 (increasing upward). A Mach 1.2 shock gives a reasonably
good fit to the observed shock profile to the west. Models were
also constructed for the shock to the northwest. Here the pre-
shock density profile is flatter, requiring an initial density power
law # ¼ 1:37 (largely because the shock does not propagate
radially in the cluster). Model surface brightness profiles are
shown in Figure 3 (bottom) for Mach numbers of 1.26, 1.34, and
1.42. The Mach number of the shock to the northeast $1.3–1.4,
again confirming that the shock is stronger in the northeast than
in the west.

Our simple hydrodynamic model is not accurate well behind
the shock. The initial density profile is only well approximated as
a power law locally. The shock front is clearly aspherical. The
outer radio lobes lie close behind the shock front, so that they still
have an influence in driving the shock (if not, they would have
been left behind the rapidly moving front), violating our assump-
tion that the shock front is driven by a point explosion. How-
ever, since the lobes are not close to the shock front everywhere,

Fig. 2.—X-ray image of Hydra Awith 330 MHz radio contours. The image
of Fig. 1 is shownwith logarithmically spaced contours from the 330MHz radio
map. The two closed contours near the center of the map are at the position of the
1.4 GHz radio lobes, marking the locations of the inner X-ray cavities that can be
seen in Fig. 1.
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it would also be necessary to drop our assumption of spherical
symmetry to make significantly more accurate models. Because
of this, the added complexity of models with energy fed con-
tinuously into the center of the flow is not warranted. Despite
these shortcomings, the models do provide reasonable fits to the
surface brightness in the region of the shock front. In particular,
they give reasonably accurate measures of the Mach number (the
main source of uncertainty is the assumption, implicit in the spher-

ical model, that we know the curvature of the front along the
line of sight).

4.3. Physical Parameters of the Shock

We base our estimates of outburst age and energy on the
model for the western shock, since the assumptions of spherical
symmetry and a point explosion are more appropriate in this re-
gion. The age and energy of the model outburst depend on the

Fig. 3.—Surface brightness profiles of the shock front in Hydra A. Top: Radial surface brightness profile measured in the sector from P.A. 240! to 300!, to the west of
the AGN, and in the energy range 0.6–7.5 keV. Surface brightness errors are 1 ! statistical errors. Radial error bars show the limits of the bins. The smooth curves show
surface brightness profiles for shock models withMach numbers of 1.15, 1.19, and 1.23, from bottom to top. Models are scaled to match the observed surface brightness
outside the shock. Bottom: Surface brightness profile at 0.6–7.5 keVof the shock front in the northeast, measured in a sector from P.A. 20! to 50! and centered 2A9 north
of the AGN. Models are shown for shocks with Mach numbers of 1.26, 1.34, and 1.42.

NULSEN ET AL.632 Vol. 628

Hydra A

M ~ 1.3

Weak shocks seen in several objects
Temperature jump generally not seen

E  ~ 3 x 1061 ergs,  tage ~ 59 Myr

E  ~ 1 x 1061 ergs,  tage ~ 140 Myr

Nulsen et al. (2005)



Hercules A

■ Second most powerful AGN outburst known (Etot > 1061 erg)
■ Synchrotron power on par with Cygnus A, FRII-like
■ Radio morphology is jet-dominated, no hotspots, FRI-like
■ Spherical, M~1.6 shock surrounding the cavities 

Shock contains 100! the power 
radiated by gas inside cooling radius!

Nulsen & Wise (2011)



Residual Map Temperature

Evidence for shocked gas T2

T1
= 1.3 (M ∼ 1.3)Expected: T2

T1
∼ 1.4Observed:

MS0735.6+7421  

McNamara et al. (2011), Wise et al. (2011)

T2

T1
=

(γ + 1)ρ2/ρ1 − (γ − 1)
[(γ + 1)− (γ − 1)ρ2/ρ1]ρ2/ρ1



Timescales and Duty Cycles



Cavity Systems Trace History of  AGN Output

0.5-7.0 keV
 330 MHz
1.4 GHz

High frequency ! recent activity
t ~ 50 Myr

Low frequency ! integrated history
t > 200 Myr                      

Wise et al. (2007)

Diffuse emission
Steep spectrum

Traces integrated
AGN output

Hydra A



• Multiple cavities detected in X-ray maps
• Imply multiple AGN outbursts over ~200 Myr
• Limits on rate of BH growth:

AGN Duty Cycle and SMBH Growth

1400 MHz

Clarke et al.  (2007)

A2597

Wise et al.  (2007)

Hydra A
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Figure 1. Residual Chandra image of the central region (96 × 56 kpc) of Abell 262, produced by subtracting an elliptical isophotal model from the merged σ = 5′′

Gaussian smoothed image in the 0.3–10 keV band. The eastern X-ray cavity and newly discovered western tunnel are the most prominent features of the image. To
the north of the cluster core there is an X-ray deficit located between two bright regions which are coincident with [N ii] emission. The dashed ellipse indicates the
position of the faint X-ray depression discussed in Blanton et al. (2004). The new deep residual image also hints to the presence of an extended deficit to the east of
the dashed ellipse which may be surrounded by a faint rim. The labels indicate the deficits while the thick arrows mark the rough location of the faint eastern rim.

2.3. Chandra Data

Abell 262 was observed by Chandra on 2006 November 20
(ObsID 7921) and 2001 August 3 (ObsID 2215) for 111,934 s
and 30,305 s, respectively. For each observation, the center of
the cluster was positioned on the back-illuminated ACIS-S3
detector with the events telemetered in very faint (VF) mode
and an energy filter of 0.1–13 keV. The cluster centroid was
positioned with a 1′ offset from the nominal pointing to avoid
node boundaries. The “level 1” event files were processed with
CIAO version 3.4 following the standard procedure for the VF
mode. Only events with ASCA grades 0, 2, 3, 4, and 6 were
included. By analyzing light curves of the two back-illuminated
detectors (ACIS-S1 and ACIS-S3) throughout the observation
period, it was determined that no background flares occurred to
contaminate the data. The data were corrected for hot pixels and
cosmic-ray afterglows using standard techniques. The resulting
cleaned exposure times were 110,674 s and 28,744 s.

A merged image of both pointings (chips ACIS-S2, ACIS-S3,
and ACIS-S4) was created by reprojecting the event files of the
older ObsID 2215 to the WCS reference frame of our new deeper
observations (ObsID 7921). This resulted in a total combined
exposure time of 139,418 s. Energy was restricted within the
range of 0.3–10.0 keV. Background files were taken from the
blank sky observations of M. Markevitch included in the CIAO
calibration database (CALDB) and reprojected to match both
observations of A262. The background files for both pointings
were then merged using ObsID 7921 as a reference. Matching
exposure maps were created for each observation and merged
in a similar manner.

3. X-RAY ANALYSIS

A detailed discussion of the cluster properties based on the
new merged Chandra data, including spectral fitting, will be
presented in Blanton et al. (2009). For a review of the cluster
properties based on the original short Chandra observations
see Blanton et al. (2004). Here, we concentrate on details of
the central region of the cluster. Using IRAF, we fit a smooth
elliptical model to the Gaussian smoothed (σ = 5′′) background

and exposure corrected 0.3–10 keV merged image of Abell 262.
The ellipticity, position angle, and intensity of the isophotes
were allowed to vary about the fixed X-ray centroid. In Figure 1,
we show the residual image of the cluster center resulting from
subtracting the elliptical model from the Gaussian smoothed
image. In addition to the inner eastern X-ray hole discussed in
Blanton et al. (2004), the residual image also reveals the first
evidence of an X-ray tunnel to the west of the cluster core.

The inner eastern cavity is significant at the 22σ level and
appears to be nearly completely surrounded by a bright X-ray
rim while the newly discovered western tunnel appears to have
only a partial rim. We have extracted counts in an annulus with
inner and outer radii equal to the distance from the AGN of
the inner and outer edge of the tunnel region, respectively, and
excluded the counts from the tunnel region itself for the annulus
counts. Comparison of the counts in this region to the counts in
the tunnel feature reveals that the tunnel is significant at the 11σ
level. Aside from these two most prominent features, the residual
image also shows evidence of the faint eastern cavity discussed
in Blanton et al. (2004; marked with the dashed circle). Analysis
of the new merged Chandra data shows that this feature is still
of low significance compared to X-ray counts at a similar radius.
The residual image also shows a deficit to the north of the cluster
core that is significant at roughly the 8σ level. This deficit is
located between two bright X-ray knots that are associated with
[N ii] emission (Plana et al. 1998) and may either be a signature
of a clumpy ICM or an additional X-ray cavity. Further to the
east of the cluster core there appears to be a previously unknown
extended X-ray deficit surrounded by a faint X-ray rim. Analysis
of this extended complex region shows that it is significant at
only the 2σ level.

4. MULTIFREQUENCY RADIO ANALYSIS

4.1. Morphology

In Figure 2, we show the VLA B configuration 1400 MHz
image of B2 0149+35. The central radio emission contains a
compact core connected to a western extension, which may
trace the western radio jet. A bright region to the east of the core
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stellar velocity dispersion assuming the galaxy is an isother-
mal sphere, g ! 2σ 2/R. The stellar velocity dispersion for
NGC 708 is given by Bernardi et al. (2002) as 235 km s−1,
which results in a terminal velocity of vb = 245 km s−1 for the
outer bubble.

Based on the above terminal velocity, we find a buoyant
lobe would reach the observed (projected) location at the end
of the tunnel on a timescale τbuoy ! 80 Myr. Note that the
lower limit on the buoyancy timescale is due to projection
since the radio structure may not be in the plane of the sky.
On the other hand, if the tunnel remains evacuated of thermal
ICM between successive outbursts then the rise time calculated
above overestimates the timescale for the synchrotron emitting
plasma to reach the end of the tunnel. We cannot make a firm
statement regarding the need for particle re-acceleration in the
tunnel due to the uncertainties in the estimates of the synchrotron
lifetime of the particles in the tunnel (Section 5.1) as well as the
uncertainties in the buoyancy rise time.

5.3. AGN Outburst Timescale

The radio emission on the eastern side of the core (beyond
the eastern lobe) likely represents emission from one or more
previous outburst episodes from the central AGN. We measure
projected distances from the center of the eastern cavity of ∼10,
17, and 21 kpc for the three eastern structures. Assuming that
each of these represents a buoyant lobe from a past AGN outburst
and using the calculated terminal velocity of the buoyant bubbles
(vb = 245 km s−1), we can estimate the outburst repetition rate
in this system to be τrep ∼ 28 Myr.7 This outburst timescale is
similar to the estimate for Perseus using the observed spacing
of the X-ray ripples (Fabian et al. 2003) and to the estimate
for Abell 2052 using the X-ray shock separation or the rise
time of the X-ray cavities (Blanton et al. 2009). Such a short
repetition timescale would suggest that multiple outbursts may
be responsible for creating the emission seen in the tunnel.
We note that it seems unlikely that the repetition rate is as
long as the typically assumed 108 yr since buoyancy arguments
would require the bubbles to be aligned at an inclination of less
than 20◦ from the line of sight. An alternative interpretation
for the new radio morphology is that the three eastern clumps
may represent a much larger fragmented bubble from a single
outburst that occurred prior to the current activity powering the
inner lobes. In this case (even without considering projection
effects), our repetition timescale would be an underestimate of
the true repetition timescale.

5.4. Energy Balance: Total AGN Input Versus Cooling
Luminosity

Our new radio observations of B2 0149+35 show significant
structure in the radio source to the east of the X-ray cavity.
Interpreting the synchrotron emission as a series of buoyantly
rising bubbles from past radio outbursts allows us to obtain a
lower limit on the total energy input into the ICM over at least
four outburst episodes in this source. We assume that the bubbles
rise buoyantly and undergo adiabatic expansion in pressure
equilibrium with the surrounding thermal gas. Following the
notation of Churazov et al. (2002), the initial energy input from

7 Note that we chose to use the distance from the center of the eastern cavity
for three outbursts rather than the cluster core and four outbursts since it is
unlikely that the inner active lobe has been rising at the terminal velocity while
this is likely a good approximation for the outer detached lobes.
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Figure 7. Tapered GMRT 610 MHz image with individual source components
shown as overlaid black ellipses. Each component was identified based on the
radio morphology of the source.

the outburst is related to the final bubble properties by

Eo = γ

γ − 1
pf Vf

(
po

pf

) γ−1
γ

, (2)

where γ is the adiabatic index of the plasma in the lobes, po is the
initial ambient pressure where the lobe was originally inflated,
pf is the surrounding pressure at the current location of the
buoyant lobe, and Vf is the volume of the bubble at the current
location. Due to sensitivity limitations, X-ray depressions are
difficult to isolate for all radio features of B2 0149+35 and
thus the cavity volumes are estimated based on the observed
synchrotron emission seen at 610 MHz. The radio emission is
less sensitive to projection effects than X-ray depressions (as
also noted by Bı̂rzan et al. 2008).

The A262 cavity system provides us with the opportunity to
estimate variations in outburst energies over several episodes
for the same AGN. We have separated the radio source into
seven components (four east of the core and three west of the
core; Figure 7) and calculated the initial input energy from the
AGN required to create these regions. The inner (spherical)
eastern cavity was defined based on the X-ray cavity size and
morphology. We use the same bubble shape and volume to match
the inner western cavity while the remainder of the western X-
ray tunnel is represented by a prolate cylinder. At the end of the
western tunnel we define a small prolate cylinder based on the
radio morphology. The outer eastern components were defined
based on the radio morphology visible above the 5σ level. The
first component is spherical while the outer two components
are represented by prolate cylinders. The bubbles were assumed
to be initially inflated at a radius consistent with that of the
active eastern radio lobe and associated X-ray cavity. Using the
location of the active eastern cavity rather than the cluster center
as the inflation and detachment point avoids complications from
likely supersonic or transonic jets closer to the cluster core. The
X-ray pressure surrounding each region was determined from
the radial profile obtained from the Chandra observations.

In Table 3, we present a summary of the sizes and initial input
energies calculated for each component. The lower limit on the
initial energy input varies from ∼5×1056 erg up to ∼8×1057 erg,
while the total energy summed over all seven radio components
is 2.2×1058 erg. This total energy input is similar to the average
energy calculated for typical “single” outburst systems (Bı̂rzan
et al. 2004). From the results in Table 3 we find that the current
epoch of activity from B2 0149+35 is the most energetic if our
underlying assumptions on the origin of the radio morphology
hold. In fact, the distribution of the outburst energy for each of
the components of the source shows that the energy appears to be
roughly consistent with a continual increase to the current epoch.

A262

Clarke et al.  (2009)

A2052

Blanton et al.  (2007)



Cluster weather: AGN “Sphere of Influence”

• 30 Myrs
• 50 Myrs
• Continuously

• Pjet ~ 1045 ergs/s with durations:

• Excavated zone stationary, just deeper

• Radius of influence:  R ~ P1/3
Cluster weather limits “sphere of influence”

Multiple cavities " Intermittency

Heinz et al.  (2006),  Morsony et al.  (2007)



ICM Elemental Enrichment 



Enrichment of IGM by Outbursts
Kirkpatrick et al. (2009, 2011)Hydra A

!"#$%&'$(

MS0735.6+7421  

!"#$%&'$(

AGN-Jets disperse metals in the ICM!

RFe ~ 300 kpc
Pjet ~ 3x1046 erg s-1

RFe ~ 120 kpc
Pjet ~ 1x1044 erg s-1

■ Sample of 10 clusters with deep Chandra observations
■ Excess metals observed to ~0.3 Mpc 
■ Outflow direction correlates with radio and cavity orientation
■ General Fe scaling relation:  RFe ~ Pjet 0.42

■ Consisent with radius of Jet influence: Rjet ~ Pjet 0.33

■ To lift metals to 1 Mpc requires Pjet  > 1047 erg s-1



Gas Dredge-up by Outbursts

Wise et al. (2011)

Hydra A

Temperature

Gitti et al. (2011)

Hardness Ratio

Displaced cool gas mass: ~ 9x1010 MO ●

Entropy of displaced gas: ~ 30 keV cm2 

∆E =
Mcool c2

s

γ
ln

�
ρi

ρf

�
(1)!  2.2 x 1060 ergs

Dredge-up of low entropy material by the rising lobes



Future X-ray and Radio Prospects



■ Fully map the cocoon shock and measure T jumps
■ Map the spectral index of the jets, lobes, and hotspots
■ Constrain metal outflows and older outbursts

Deeper Chandra and XMM Observations

Resolution ~1 arcsec at S/N~100 implies ~Msecs



Fe XXV and XXVI K" line
Line structure reflects expansion of cavity
Measure expansion velocity directly
Ages (no more tsonic, tbuyoant, twhatever)
Unambiguous cavity and jet powers

Possible Future Cavity 
Studies with IXO

Simulated 250 ksec IXO data of Cygnus A

IXO could easily resolve velocity 
structures from feedback

Heinz & Brüggen (2009), Heinz et al. (2011)



Cygnus A

Radio Spectral Mapping with LOFAR

■ Resolutions of ~0.2-2.0 arcsec over 30-240 MHz
■ Spectral index maps over broad frequency range
■ Determine spectral ageing of e- population
■ Determine jet and lobe particle content
■ Place constraints on strength and topology of B fields

Correlate directly with X-ray spectral 
maps on equivalent spatial scales!

McKean et al. (2011)



Bîrzan et al. (2008)  

Calibrate at low-z  ! Extrapolate to high z

Lradio as proxy for Pcavity Cygnus A M84

Perseus

A2199

A262 A4059

X-ray + 1.4 GHz Radio X-ray + 330 MHz Radio X-ray + 330 MHz Radio

X-ray + 330 MHz RadioX-ray + 330 MHz RadioX-ray + 330 MHz Radio

• 24 cavity systems from Chandra Archive 
• Low to moderate redshift (0.0035 < z < 0.545)
• VLA data: 330 MHz, 1.4 GHz, 4.5 GHz and 8.5 GHz
• Combine X-ray + Radio
• Depends on source extent



Summary
• AGN outbursts have a huge impact on their environment

• Imprints of these outbursts reflect the growth of the BH

• Provide constraints on energetic output and duty cycle

• Evidence for ICM metal enrichment by outbursts

• Outbursts dredge-up low entropy material from core

• Deeper X-ray data needed to calibrate low z feedback

• LF radio can be used to identify cavity systems at high-z 

• LOFAR observations will calibrate the Pcavity vs. Lradio relation

• Detailed picture of feedback in clusters from present to z~2


