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  	
  Background	
  
  Why	
  is	
  feedback	
  important?	
  
  Why	
  look	
  at	
  groups	
  rather	
  than	
  clusters?	
  

  	
  Sample	
  	
  
  	
  Results	
  

  HCG	
  62,	
  NGC	
  5813	
  &	
  NGC	
  5044	
  	
  -­‐	
  mulTple	
  AGN	
  outbursts.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  	
  	
  	
  -­‐	
  isotropic	
  heaTng.	
  
  AWM	
  4	
  	
  -­‐	
  radio	
  lobes	
  without	
  caviTes?	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  galacTc	
  coronae	
  and	
  the	
  AGN	
  duty	
  cycle.	
  
  AGN	
  Jets	
  -­‐	
  Mechanical	
  power	
  vs.	
  radio	
  power.	
  

  	
  Future	
  prospects:	
  CLoGS	
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Dark	
  Maber	
  ≈	
  83%	
  of	
  mass	
  

Hot	
  Gas	
  ≈	
  14%	
  

Stars	
  ≈	
  3%	
  

In	
  clusters,	
  the	
  dominant	
  baryonic	
  component	
  is	
  107	
  K	
  gas.	
  	
  

RelaTvisTc	
  	
  
Plasma	
  
<1%	
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Fabian	
  &	
  Nulsen	
  1977	
  

Peterson	
  &	
  Fabian	
  2006	
  

• 	
  Relaxed	
  clusters	
  expected	
  to	
  
have	
  central	
  cooling	
  flows.	
  
• 	
  XMM/Chandra	
  show	
  lible	
  
gas	
  cooler	
  than	
  kTmax/3.	
  
• 	
  What	
  suppresses	
  cooling?	
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Gas	
  Cools,	
  
flows	
  in	
  to	
  
SMBH	
  

AccreTon,	
  
Jets	
  switch	
  

on	
  

Jets	
  heat	
  
gas	
  via	
  
shocks,	
  
caviTes	
  

Inflow	
  
stops,	
  Jets	
  
switch	
  off	
  

Chandra/VLA	
  1.4	
  GHz	
  (Kirkpatrick	
  et	
  al.	
  2009)	
  

Hydra	
  cluster	
  
70-­‐100%	
  of	
  CC	
  clusters	
  have	
  
central	
  FR-­‐I	
  radio	
  galaxies	
  
(Blanton	
  et	
  al.	
  2010)	
  

Repeat	
  every	
  	
  
~108	
  years?	
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No	
  AGN	
  
feedback	
  

With	
  AGN	
  
feedback	
  

Croton	
  et	
  al.	
  2004	
  

Cosmological	
  simulaTons	
  without	
  feedback	
  produce	
  too	
  
many	
  stars	
  and	
  too	
  many	
  high-­‐mass	
  galaxies.	
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 	
  Groups	
  contain	
  >50%	
  of	
  
stars	
  in	
  the	
  local	
  Universe	
  
and	
  most	
  of	
  the	
  baryons.	
  

 	
  Group	
  environment	
  key	
  
to	
  galaxy	
  evoluTon,	
  in	
  
which	
  AGN	
  play	
  an	
  
important	
  role.	
  

 	
  AGN	
  Feedback	
  in	
  
groups	
  must	
  be	
  fine	
  
tuned.	
  Outbursts	
  should	
  
be	
  weaker	
  but	
  occur	
  
more	
  open	
  (e.g.,	
  Gaspari	
  et	
  
al.	
  2011)	
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Stephan’s	
  Quintet	
  (HCG	
  92)	
  
Spiral-­‐rich	
  (O’Sullivan	
  et	
  al.	
  2009)	
  

HCG	
  15	
  
mulTple	
  E	
  &	
  S0s	
  

AWM4	
  
Dominant	
  gE	
  +	
  many	
  
smaller	
  galaxies	
  

VariaTon	
  from	
  low-­‐mass,	
  spiral-­‐only,	
  X-­‐
ray	
  faint	
  groups	
  (e.g.,	
  local	
  group)	
  to	
  
massive,	
  X-­‐ray	
  bright	
  mini-­‐clusters.	
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  Clusters	
  have	
  abundance	
  gradient	
  regardless	
  of	
  CC/NCC.	
  
  NCC	
  groups	
  have	
  much	
  flaber	
  abundance	
  gradient	
  than	
  CC.	
  
  Either	
  CC	
  and	
  abundance	
  peaks	
  never	
  form,	
  	
  
	
  or	
  they	
  are	
  destroyed	
  	
  AGN	
  driven	
  gas	
  mixing?	
  

NCC	
  Groups	
  

CC	
  Groups	
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Clusters	
  Sanderson,	
  O’Sullivan	
  &	
  Ponman	
  2009	
   Johnson	
  et	
  al.	
  2011	
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  Usually	
  classified	
  	
  as	
  cool-­‐core	
  or	
  
non-­‐cool-­‐core.	
  

  In	
  clusters,	
  CC/NCC	
  split	
  is	
  
roughly	
  50/50.	
  

  Few	
  NCC	
  groups	
  are	
  observed	
  
but	
  we	
  have	
  no	
  staTsTcal	
  
sample.	
  

  New	
  class	
  –	
  GalacTc	
  Coronae.	
  
Small	
  cool	
  cores	
  only	
  a	
  few	
  kpc	
  
across	
  (Sun	
  et	
  al.	
  2007,	
  2009).	
  	
  

  kT,	
  LX,	
  Abundance	
  consistent	
  
with	
  being	
  gas	
  from	
  stellar	
  mass	
  
loss,	
  not	
  intra-­‐cluster	
  medium.	
  	
  

  Strong	
  kT	
  jump	
  at	
  boundary	
  
conducTon	
  suppressed	
  by	
  
magneTc	
  fields.	
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Core	
  LX	
  vs	
  BCG	
  Lradio	
  
(Sun	
  2009)	
  

FR-­‐I	
  radio	
  galaxies	
  in	
  
BCGs	
  all	
  located	
  in	
  
cool	
  core	
  of	
  some	
  
kind.	
  	
  
Radio	
  power	
  not	
  
related	
  to	
  type	
  of	
  cool	
  
core	
  –	
  coronae	
  can	
  
power	
  strong	
  AGN	
  
outbursts	
  

Log	
  (LX/1041	
  erg	
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  Groups	
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Rich	
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No	
  staTsTcal	
  X-­‐ray	
  sample	
  of	
  nearby	
  groups	
  currently	
  available!	
  
Our	
  sample	
  –	
  18	
  groups	
  with	
  Chandra/XMM	
  X-­‐ray	
  data	
  and	
  
GMRT	
  low-­‐frequency	
  radio	
  observaTons,	
  covering	
  a	
  wide	
  range	
  
of	
  group	
  and	
  radio	
  galaxy	
  properTes.	
  

X-­‐ray	
  provides	
  –	
  	
  1)	
  LocaTon/properTes	
  of	
  most	
  baryons.	
  
	
   	
   	
   	
  	
  	
  	
  	
  2)	
  EsTmaTon	
  of	
  energy	
  in	
  caviTes,	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   	
   	
   	
   	
   	
  shocks,	
  conducTon	
  &	
  cooling	
  rates.	
  
	
   	
   	
   	
  	
  	
  	
  	
  3)	
  Dynamical	
  limits	
  of	
  age	
  of	
  structures.	
  
	
   	
   	
   	
  	
  	
  	
  	
  4)	
  InformaTon	
  on	
  gas	
  moTons.	
  

Radio	
  provides	
  –	
  1)	
  Timescales	
  via	
  Synchrotron	
  aging.	
  
	
   	
   	
   	
  	
  	
  	
  	
  2)	
  Constraints	
  on	
  source	
  geometry.	
  
	
   	
   	
   	
  	
  	
  	
  	
  3)	
  Direct	
  view	
  of	
  AGN/gas	
  interacTons.	
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  As	
  radio	
  plasma	
  ages,	
  high-­‐
frequency	
  declines	
  fastest	
  	
  
older	
  structures	
  easier	
  to	
  see	
  
at	
  lower	
  frequencies.	
  

  Broader	
  spectrum	
  gives	
  beber	
  
esTmate	
  of	
  total	
  power.	
  

  Break	
  frequency	
  allows	
  age	
  to	
  
be	
  esTmated.	
  

NGC	
  507	
  (Murgia	
  et	
  al.	
  2011)	
  

GMRT	
  sensiTvity	
  (for	
  2-­‐3hr	
  obs.):	
  

rms	
  ≈ 50-100	
  	
  μJy/b	
  	
  	
  @	
  610	
  MHz	
  	
  

rms	
  ≈ 300-500 	
  μJy/b	
  @	
  235	
  MHz	
  

ResoluTon:	
  Radio:	
  5”	
  at	
  610	
  MHz	
  to	
  

	
   	
   	
  12”	
  at	
  235	
  MHz	
  (HPBW)	
  

X-­‐ray:	
  0.5”	
  Chandra	
  /	
  6”	
  XMM	
  (FWHM)	
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1.  What	
  are	
  the	
  properTes	
  of	
  group-­‐central	
  AGN?	
  	
  

  Power	
  output,	
  acTvity	
  Tmescale,	
  can	
  they	
  balance	
  cooling?	
  

2.  What	
  are	
  the	
  mechanisms	
  of	
  feedback	
  heaTng?	
  

  Are	
  shocks/caviTes	
  dominant?	
  How	
  is	
  energy	
  spread	
  isotropically?	
  

3.  How	
  are	
  X-­‐ray	
  and	
  radio	
  structures	
  correlated?	
  

  Do	
  radio	
  jets	
  always	
  inflate	
  caviTes?	
  Do	
  AGN	
  drive	
  gas	
  mixing?	
  

4.  How	
  are	
  the	
  effects	
  of	
  AGN	
  related	
  to	
  their	
  lifecycle	
  and	
  
environment?	
  

5.  What	
  is	
  the	
  relaTonship	
  between	
  radio	
  luminosity	
  and	
  power	
  
output	
  for	
  AGN	
  jets?	
  How	
  reliable	
  is	
  it?	
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Cavities

1’ / 17 kpc

Lobes
Outer

Cavities

1’ / 17 kpc

0.3-­‐3	
  keV	
  Chandra	
  X-­‐ray	
  /	
  1.4	
  GHz	
  VLA	
   0.3-­‐3	
  keV	
  unsharp	
  X-­‐ray	
  /	
  235	
  MHz	
  GMRT	
  

• 	
  Enthalpy	
  of	
  caviTes	
  =	
  4pV	
  =	
  2.1x1057	
  erg.	
  Power	
  =	
  1.5x1043	
  erg/s	
  
• 	
  Low-­‐frequency	
  radio	
  sensiTve	
  to	
  older	
  electron	
  populaTon,	
  
reveals	
  previously	
  unknown	
  outer	
  lobes.	
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0.545 0.546 0.547 0.549 0.554 0.566 0.595 0.662 0.821

Shock

Shock

10 kpc

Figure 6. Temperature map derived from the ACIS-S3 data, with the cavity
regions from Figure 4 overlaid. The temperature uncertainties are between
2% and 3% across the map. The dashed lines show the positions of the
prominent surface brightness edges indicated in Figure 1. The color bar gives
the temperature in keV. The shocks stand out as temperature peaks coinciding
with the surface brightness edges. Cooler gas follows the southeastern edges of
the intermediate surface brightness cavities indicated in Figure 1.
(A color version of this figure is available in the online journal.)

are also not detected at 1.4 GHz in the NRAO VLA Sky Sur-
vey (NVSS, which has a beam size of 45′′) or at 1.36 GHz in
archival VLA C array configuration observations (see Table 1).
We note that we have checked the available archival VLA data
at higher frequencies for substructure and find that only the cen-

tral AGN is detected, with no associated substructure. The outer
cavities, which are outside the field of view (FOV) of Figure 5,
do not show any detected radio emission at any frequency. The
radio images are therefore qualitatively consistent with what is
expected for intermittent AGN outbursts, where the electrons
contained in the cavities age due to synchrotron, inverse Comp-
ton, and adiabatic losses as the cavities rise buoyantly after the
outburst phase. The central cavities contain recently accelerated
electrons, which emit at high and low frequencies, while older
cavities contain older electron populations with fewer energetic
particles and weaker high frequency emission.

4. THE THERMAL STRUCTURE OF THE GAS

4.1. Temperature Map

The X-ray image (Figure 1) shows complicated structure in
the ICM, which fills the FOV. To study the thermal structure of
the ICM, we generated a temperature map, requiring 1500 net
counts per extraction region. The resulting temperature map,
with the X-ray cavity regions overlaid, is shown in Figure 6.
The corresponding pseudo-pressure and pseudo-entropy maps
are shown in Figure 7. The extraction radii range from 2.′′8
(0.4 kpc) in bright regions near the core to 59′′ (9 kpc) in faint
outer regions. The temperature uncertainties are between 2%
and 3% across the map.

The temperature map shows that even in the projected,
effectively smoothed map, the hot (0.7–0.75 keV) 10 kpc shocks
are visible at the location of the prominent surface brightness
edges (see Section 4.2.3 for a detailed comparison). The pseudo-
pressure map also shows large jumps across the edges, consistent
with these features being shock fronts. There is a trail of cool
0.55 keV gas though the galaxy center, along the line defined by
the X-ray cavities indicated in Figure 1, terminating at the edges
of the intermediate cavities (we discuss this feature further in
Section 5.4). The kT ∼ 0.65 keV gas extends to larger radii (out
to ∼27 kpc) in the east–northeast, coincident with the extension
of diffuse emission across the outer edge in Figure 3. East of this

1.00e-05 1.08e-05 1.27e-05 1.72e-05 2.80e-05 5.34e-05 1.14e-04 2.57e-04 5.94e-04

Shock

Shock

10 kpc

10 12 16 25 48 101 227 525 1226

Shock

Shock

10 kpc

Figure 7. Pseudo pressure (left) and entropy (right) maps, in arbitrary units. The pressure map was calculated as kT A1/2 and the entropy map as kT A−1/3, where A
is the apec normalization scaled by the area of the extraction region. The overlaid regions are the same as in Figure 6. The pressure jumps at the 10 kpc shocks are
visible ∼10 kpc northwest and southeast of the central peak.
(A color version of this figure is available in the online journal.)

5

1.1’ / 10 kpc

• 	
  Difficult	
  to	
  observe	
  –	
  require	
  high-­‐
quality	
  Chandra	
  data	
  to	
  measure	
  
temperature	
  jump.	
  
• 	
  Typically	
  weak	
  shocks	
  	
  (Mach	
  <	
  2).	
  

In	
  NGC	
  5813:	
  

• 	
  Two	
  shocks	
  and	
  three	
  pairs	
  of	
  caviTes	
  
• 	
  Outburst	
  power	
  varies	
  by	
  factor	
  ≥6.	
  
• 	
  Energy	
  in	
  shocks:	
  0.2-­‐3x1057	
  erg	
  
	
  	
  (40-­‐80%	
  of	
  total	
  outburst	
  energy).	
  

• 	
  Sufficient	
  heaTng	
  from	
  shocks	
  	
  to	
  balance	
  
cooling	
  in	
  central	
  10	
  kpc	
  (assuming	
  10%	
  
efficiency)	
  without	
  cavity	
  contribuTon.	
  

Chandra	
  0.3-­‐2	
  keV	
  

Chandra	
  Temperature	
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• 	
  One	
  of	
  the	
  brightest	
  
nearby	
  galaxy	
  groups	
  
(~1043	
  erg/s)	
  
• 	
  Prior	
  observaTons	
  
reveal	
  some	
  structure	
  in	
  
X-­‐ray,	
  radio	
  point	
  source	
  
• 	
  X-­‐ray	
  image	
  shows	
  
numerous	
  caviTes,	
  
filaments,	
  fronts.	
  
• 	
  CaviTes	
  are	
  small	
  but	
  
spread	
  throughout	
  the	
  
core,	
  not	
  just	
  along	
  
main	
  axis.	
  
• 	
  At	
  1.4	
  GHz,	
  only	
  a	
  
central	
  point	
  source	
  is	
  
detected.	
  

0.3-­‐2	
  keV	
  Chandra	
  unsharp	
  image,	
  D25	
  ellipse	
  overlaid	
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At	
  235	
  MHz:	
  
1.  Detached	
  radio	
  

lobe	
  to	
  the	
  SE.	
  
2.  Filament	
  following	
  

X-­‐ray	
  channel	
  	
  
3.  CorrelaTon	
  

between	
  X-­‐ray	
  
surface	
  brightness	
  
front,	
  filament	
  and	
  
detached	
  lobe.	
  

GMRT	
  610	
  MHz	
  contours	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  235	
  MHz	
  contours	
  

Cold	
  Front	
  

We	
  are	
  seeing	
  
structures	
  formed	
  in	
  
two	
  separate	
  outbursts,	
  
and	
  their	
  interacTon	
  
with	
  the	
  environment.	
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Temperature	
  (keV)	
   Abundance	
  (solar)	
  

• 	
  Temperature	
  drawn	
  out	
  to	
  SE,	
  following	
  detached	
  lobe	
  	
  gas	
  moTon.	
  
• 	
  High	
  abundance	
  features	
  (2-­‐3	
  solar!),	
  low	
  abundances	
  regions	
  correlate	
  with	
  
caviTes,	
  radio	
  structure	
  	
  mulTphase	
  gas.	
  
• 	
  Many	
  small	
  outbursts,	
  caviTes	
  spread	
  isotropically	
  in	
  core	
  by	
  gas	
  moTons.	
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  Many	
  small	
  caviTes	
  seen	
  throughout	
  the	
  core	
  	
  mechanism	
  
for	
  isotropic	
  heaTng	
  by	
  jets	
  &	
  caviTes.	
  
  CaviTes	
  probably	
  moved	
  by	
  “weather”,	
  gas	
  moTons	
  caused	
  by	
  

movement	
  of	
  galaxy	
  in	
  group,	
  effects	
  of	
  the	
  AGN	
  itself.	
  

  Gas	
  moTons	
  lip	
  cool	
  gas	
  out	
  of	
  group	
  core,	
  reducing	
  its	
  cooling	
  rate.	
  

  Group	
  core	
  contains	
  mulTphase	
  gas,	
  implicaTons	
  for	
  abundance	
  
measurements	
  and	
  pressure	
  balance,	
  mass	
  measurements,	
  etc.	
  

  Evidence	
  of	
  mulTple	
  episodes	
  of	
  AGN	
  jet	
  acTvity	
  	
  direct	
  
measurement	
  of	
  the	
  duty	
  cycle.	
  
  BUT	
  gas	
  moTons	
  make	
  dynamical	
  age	
  esTmates	
  uncertain.	
  	
  New,	
  deep	
  

radio	
  data	
  will	
  allow	
  comparison	
  with	
  radiaTve	
  ages.	
  
  Both	
  shocks	
  and	
  caviTes	
  may	
  contribute	
  to	
  heaTng.	
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•  ~2.6	
  keV	
  relaxed	
  poor	
  cluster.	
  
•  4C	
  radio	
  source	
  	
  (608	
  mJy	
  @1.4	
  GHz).	
  
•  XMM	
  finds	
  no	
  cool	
  core	
  or	
  caviTes.	
  
•  GMRT	
  data	
  shows	
  radio	
  source	
  very	
  

old,	
  ~170	
  Myr	
  (few	
  10s	
  Myr	
  typical).	
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  keV	
  

  Small-­‐scale	
  jets	
  aligned	
  
<10°	
  from	
  sky.	
  

  Lobe	
  radio	
  pressure	
  lower	
  
than	
  ICM	
  thermal	
  pressure	
  
by	
  factor	
  ~15	
  (as	
  usual).	
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40 kpc / 63’’

N

W

•  	
  ~80	
  ks	
  exposure	
  
•  	
  No	
  shocks	
  or	
  fronts	
  
•  	
  No	
  clear	
  caviTes	
  
•  	
  Slight	
  offset	
  of	
  BCG	
  to	
  

south	
  of	
  halo	
  centroid	
  –	
  in	
  
moTon	
  as	
  radio	
  suggests?	
  

•  If	
  lobes	
  have	
  formed	
  
caviTes,	
  Enthalpy	
  ~1059	
  erg.	
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  >3σ	
  significant	
  drop	
  in	
  surface	
  	
  	
  
X-­‐ray	
  brightness	
  in	
  E	
  lobe,	
  but	
  
smaller	
  than	
  the	
  lobe	
  –	
  cavity?	
  

  Broader,	
  less	
  significant	
  western	
  
feature,	
  weak	
  filaments	
  along	
  	
  
jets?	
  

100 200 300 400
0.4

0.5

0.6

0.7

40 kpc / 63’’

Holes

boundaries

Northern Arc

40 kpc / 63’’

1-­‐3	
  keV	
  unsharp	
  masked	
  image	
  

0.7-­‐3	
  keV	
  smoothed	
  residual	
  map	
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We	
  would	
  expect	
  to	
  detect	
  empty	
  
caviTes	
  for	
  both	
  lobes	
  at	
  4-­‐5σ	
  
significance	
  	
  	
  somehow	
  the	
  
caviTes	
  are	
  “filled	
  in”.	
  

PossibiliTes:	
  
1.  Expected	
  Inverse-­‐Compton	
  flux	
  

from	
  radio	
  lobes	
  a	
  factor	
  10-­‐4	
  too	
  
low.	
  

2.  Entrainment	
  of	
  ICM	
  or	
  stellar	
  gas	
  
in	
  the	
  jets,	
  without	
  significant	
  
heaTng	
  or	
  mixing.	
  

3.  Mixing	
  of	
  the	
  lobes	
  with	
  
surrounding	
  thermal	
  plasma.	
  
Lobes	
  possibly	
  breaking	
  up	
  into	
  
clouds	
  and	
  filaments.	
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E4

E3 E2 E1

W3

W2

W1

20 kpc

GMRT	
  610	
  MHz	
  image	
  (c/o	
  Giacintucci)	
  

Assuming	
  lobes	
  are	
  mix	
  of	
  thermal	
  and	
  
relaTvisTc	
  plasmas,	
  the	
  filling	
  factors	
  
of	
  radio-­‐emiFng	
  component	
  are:	
  
Φ	
  =	
  0.21	
  /	
  0.24	
  for	
  east/west	
  lobes	
  	
  
(3σ	
  upper	
  limits	
  Φ<0.43	
  /	
  0.76)	
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0.3-1 keV 1-3 keV

3-5 keV 5-7 keV

•  	
  Small	
  extended	
  source	
  in	
  sop	
  bands	
  (<3	
  keV),	
  coincident	
  with	
  radio	
  core.	
  
•  	
  3-­‐5	
  keV	
  counts	
  consistent	
  with	
  LMXBs	
  	
  AGN	
  highly	
  absorbed.	
  
•  	
  Probable	
  galacTc	
  corona	
  –	
  cool	
  core	
  made	
  up	
  of	
  gas	
  from	
  the	
  galaxy	
  halo.	
  

Raw	
  Chandra	
  
images,	
  4.9	
  GHz	
  
VLA	
  contours	
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•  	
  2-­‐3	
  kpc	
  radius,	
  correlated	
  with	
  jet	
  flare	
  point	
  
•  	
  ~1	
  keV	
  compared	
  to	
  2.6	
  keV	
  ICM	
  
•  	
  LX~2x1040	
  erg/s	
  
•  	
  tcool=300	
  Myr,	
  Mcool=0.067	
  Msol/yr	
  	
  

•  	
  enough	
  to	
  fuel	
  AGN	
  given	
  0.1%	
  efficiency	
  
•  	
  Stellar	
  mass	
  losses	
  in	
  corona	
  sufficient	
  to	
  replace	
  gas	
  

lost	
  through	
  cooling.	
  
•  	
  Spitzer	
  conducTon	
  would	
  heat	
  in	
  <20	
  Myr	
  
•  	
  Jet	
  would	
  heat	
  if	
  interacTon	
  >0.4%	
  efficient	
  

 	
  MagneTcally	
  isolated	
  from	
  AGN	
  &	
  ICM	
  
	
  Breaks	
  feedback	
  cycle	
  –	
  the	
  AGN	
  does	
  not	
  reheat	
  the	
  
gas	
  which	
  fuels	
  is,	
  so	
  outburst	
  is	
  not	
  self-­‐limiTng.	
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0.15 0.45 0.75 1.1 1.4 1.6

50 kpc / 80’’

  Super-­‐solar	
  abundances	
  
extended	
  along	
  axis	
  of	
  
radio	
  jets.	
  

•  Unlikely	
  to	
  be	
  formed	
  in	
  
situ.	
  

•  ~109	
  M	
  gas	
  entrained %
•  	
  Requires	
  ~1.6×1057	
  erg,	
  
significant	
  fracTon	
  of	
  
total	
  jet	
  energy.	
  

Abundance	
  (solar)	
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  The	
  caviTes	
  in	
  AWM4	
  are	
  much	
  weaker	
  than	
  expected.	
  	
  	
  	
  	
  	
  	
  	
  	
  
Are	
  the	
  lobes	
  mixing	
  with	
  the	
  ICM?	
  Filled	
  by	
  entrained	
  gas?	
  
  Plasmas	
  sTll	
  magneTcally	
  separated,	
  lible	
  direct	
  heaTng.	
  
  Outburst	
  in	
  AWM4	
  is	
  unusually	
  old,	
  and	
  we	
  only	
  see	
  the	
  lobes	
  because	
  

we	
  have	
  low-­‐frequency	
  radio	
  data.	
  Do	
  all	
  lobes	
  end	
  up	
  in	
  this	
  state?	
  

  AGN	
  power	
  output	
  sTll	
  balances	
  cooling.	
  
  AWM4	
  hosts	
  a	
  corona	
  of	
  cool	
  galacTc	
  gas,	
  which	
  can	
  fuel	
  the	
  

AGN	
  indefinitely	
  and	
  is	
  not	
  heated	
  by	
  conducTon	
  or	
  the	
  jets. 
	
  Does	
  this	
  break	
  the	
  AGN	
  feedback	
  loop?	
  
  May	
  explain	
  age	
  of	
  outburst,	
  as	
  feedback	
  may	
  not	
  be	
  able	
  to	
  stop	
  it.	
  

  Coronae	
  are	
  common	
  –	
  see	
  also	
  O’Sullivan	
  et	
  al.	
  2011c	
  on	
  NGC	
  4261.	
  
  Jets	
  uplip	
  metals	
  from	
  BCG,	
  enriching	
  the	
  intra-­‐group	
  

medium.	
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  In	
  the	
  local	
  Universe,	
  we	
  can	
  
esTmate	
  Pjet	
  from	
  cavity	
  enthalpy	
  
(E=4pV)	
  and	
  buoyancy	
  Tme.	
  	
  

  Measuring	
  the	
  Pjet:Pradio	
  
relaTon	
  allows	
  us	
  to	
  esTmate	
  the	
  
amount	
  of	
  feedback	
  from	
  radio	
  
alone	
  (e.g.,	
  at	
  high	
  redship).	
  

  Birzan	
  et	
  al	
  (2004,	
  2008)	
  used	
  
sample	
  of	
  ~25	
  clusters,	
  VLA	
  1.4	
  
GHz	
  and	
  327	
  MHz	
  data.	
  

  Cavagnolo	
  (2010)	
  add	
  21	
  
ellipTcals,	
  but	
  with	
  poor,	
  low-­‐
resoluTon	
  200-­‐400	
  MHz	
  data.	
  

Je
t	
  p

ow
er
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  Power	
  

with a scatter (standard deviation) of !0.83 (see Fig. 5, left
panel ). The best-fit line for the lobes only (Fig. 5, right panel )
is

log Pcav ¼ 0:59# 0:08ð Þ log Lradio þ 2:11# 0:11ð Þ; ð12Þ

with a scatter of !0.65 dex. In these relations, both the cav-
ity power and the bolometric radio luminosity are in units of
1042 ergs s'1. The relation between the jet power and total radio
power is similar to our previous finding in Bı̂rzan et al. (2004),
where we used inhomogeneous literature data in order to quan-
tify the radio power.

When we use only the five radio-filled sources, those with
break frequencies above 1400 MHz, the best-fit line in units of
1042 ergs s'1 is given by

log Pcav ¼ 0:70# 0:12ð Þ log Lradio þ 1:40# 0:17ð Þ ð13Þ

for the total source (Fig. 5, left panel, solid line) and for the lobes
only (Fig. 5, right panel, solid line) by

log Pcav ¼ 0:69# 0:12ð Þ log Lradio þ 1:46# 0:17ð Þ: ð14Þ

For the radio-filled sources, the jet power scales tightly with both
the total and lobe radio power, with a scatter in both cases of only
0.31 dex.

For comparison with monochromatic radio data, we also plot
the cavity power against the 1400 and 327 MHz powers of the
total source in Figure 6. The monochromatic radio power was
calculated as P! ¼ 4"D2

LS!(1þ z)#'1, where we have assumed
a power-law spectrum (S! / !'#). The best-fit relations are
(with Pcav in units of 1042 ergs s'1 and P327 and P1400 in units
of 1024 W Hz'1)

log Pcav ¼ 0:62# 0:08ð Þ log P327 þ 1:11# 0:17ð Þ; ð15Þ

log Pcav ¼ 0:35# 0:07ð Þ log P1400 þ 1:85# 0:10ð Þ: ð16Þ

The scatter about the 1400 MHz relation for the whole sample
is 0.85 dex, compared to 0.69 dex for the 327 MHz relation (an
improvement of !20%). In terms of the scatter, the monochro-
matic 327MHz power is almost as accurate for inferring the cav-
ity power as the bolometric lobe luminosity (eq. [12]). We note
that the slopes of the best-fit relations differ by almost a factor of
2, whereas one might expect them to have similar slopes (if P327

scales roughly with P1400). However, we are not attempting to
uncover the true, underlying relation between cavity power and
radio luminosity. Rather, we wish to find the best relation to use
for predictive purposes. Therefore, the relation that results from a
simple ordinary least-squares regression is the most appropriate
(for a discussion see Isobe et al. 1990).

The large scatter about these trends is similar to that found in
Bı̂rzan et al. (2004). In Figure 5 we see that the ratio of cavity
power to radio power ranges between a few and a few thousand.
About half of our systems have ratios in the range 10Y100, with
the rest being on average vastly larger (radiative efficiencies of
<0.001). The median value for the ratio of cavity power (4pV/t)
to radio power is 420whenwe consider the total radio luminosity
and 141 when we consider only the lobe radio luminosity. How-
ever, the mean values for the ratio of cavity power to radio power
are 4200 (total radio luminosity) and 595 (lobe radio luminos-
ity). The scatter that we see in Figure 5 is much larger than the
range in theoretical estimates, which generally predict a ratio of
10Y100 (De Young 1993; Bicknell et al. 1997). As a result, the
total or lobe radio luminosity is not a good predictor of the total
jet power. It is important to note that we did not include the
contribution of shocks in the cavity power calculation for any
of the objects. Deep ChandraX-ray images show that the lobes
create mild shocks during their expansion, with aMach number
lying between 1.2 and 1.7 (Fabian et al. 2006; McNamara et al.
2005; Nulsen et al. 2005a, 2005b; Forman et al. 2005, 2007;
Sanders & Fabian 2006;Wise et al. 2007; McNamara &Nulsen
2007). In cases where shocks are present, the cavity powers are
lower limits to the jet powers, and as a consequence the radiative
efficiencies are overestimated.

Fig. 6.—Cavity power vs. the total 327 MHz (left ) and 1400 MHz (right ) radio luminosity. The dashed lines show the best-fit power laws for the entire sample
(eqs. [15] and [16]). Symbols are the same as in Fig. 5.

RADIATIVE EFFICIENCY AND CONTENT OF RADIO SOURCES 871No. 2, 2008

Birzan	
  et	
  al.	
  (2008)	
  

 	
  	
  We	
  add	
  9	
  groups,	
  with	
  high-­‐
quality	
  GMRT	
  235	
  MHz	
  data.	
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1.4	
  GHz	
   235	
  MHz	
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Radio	
  Power	
  

• 	
  Birzan	
  et	
  al	
  used	
  BCES	
  Y|X	
  fit,	
  Cavagnolo	
  and	
  our	
  fits	
  use	
  BCES	
  orthogonal.	
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10	
  MHz-­‐10	
  GHz	
  Radio	
  Luminosity	
  

• 	
  Integrated	
  radio	
  power	
  
accounts	
  for	
  differences	
  in	
  
spectral	
  index	
  	
  superior	
  
esTmator	
  of	
  jet	
  power.	
  
• 	
  Birzan	
  again	
  used	
  BCES	
  Y|X,	
  
but	
  Orthogonal	
  fit	
  would	
  give	
  	
  
gradient	
  =	
  0.78	
  ±	
  0.30	
  .	
  

• 	
  Synchrotron	
  theory	
  predicts	
  
gradient	
  =	
  0.86	
  (Willob	
  etal.	
  99)	
  
• 	
  BUT	
  Willob	
  assumes	
  spectral	
  
index	
  α=0.5	
  .	
  For	
  free	
  spectral	
  
index,	
  gradient	
  will	
  be	
  3/(α+3),	
  
e.g.	
  gradient=0.76	
  for	
  our	
  
typical	
  α=0.95.	
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  Cavity	
  power	
  may	
  be	
  a	
  poor	
  
measure	
  of	
  jet	
  power!	
  
  Energy	
  in	
  shocks	
  can	
  be	
  5-­‐10x	
  

energy	
  of	
  caviTes.	
  
  Buoyancy	
  Tmescale	
  is	
  not	
  

always	
  appropriate.	
  
  Young	
  caviTes	
  likely	
  to	
  be	
  

missed.	
  DetecTon	
  of	
  old	
  
caviTes	
  dependent	
  on	
  depth	
  
of	
  data,	
  radio	
  freqs	
  available.	
  

  Jet	
  orientaTon.	
  	
  
  AGN	
  weather.	
  
  Filling	
  factors	
  <1	
  (c.f.	
  AWM4).	
  

  CorrecTng	
  groups	
  where	
  
possible	
  flabens	
  relaTon.	
  

Je
t	
  p

ow
er
	
  

10	
  MHz-­‐10	
  GHz	
  Radio	
  Luminosity	
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• 	
  In	
  groups	
  only	
  ~1PV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(as	
  for	
  EllipTcals,	
  Nulsen	
  et	
  al	
  2007).	
  
• 	
  Scaber	
  at	
  least	
  factor	
  4.	
  

Factoring	
  in	
  shocks,	
  AGN	
  power	
  
output	
  can	
  reach	
  Pjet	
  >10	
  Lcool	
  
• 	
  Most	
  powerful	
  outbursts	
  in	
  this	
  
sample	
  sTll	
  have	
  cool	
  cores.	
  
• 	
  But	
  sample	
  is	
  selected	
  to	
  have	
  
jet/gas	
  interacTons…	
  	
  	
  

(Bolometric	
  LX	
  for	
  region	
  tcool≤7.7	
  Gyr)	
  

Power	
  needed	
  to	
  balance	
  cooling:	
  	
  
• 	
  In	
  galaxy	
  clusters	
  ~4PV.	
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  Low-­‐frequency	
  or	
  integrated	
  radio	
  measurements	
  are	
  a	
  
more	
  reliable	
  predictor	
  of	
  jet	
  power.	
  
  1.4	
  GHz	
  data,	
  while	
  readily	
  available,	
  produces	
  less	
  reliable	
  
relaTons	
  because	
  of	
  the	
  effects	
  of	
  spectral	
  aging.	
  

  Samples	
  including	
  groups	
  (and	
  ellipTcals)	
  provide	
  beber	
  
constraints	
  on	
  the	
  Pjet:Pradio	
  relaTons.	
  	
  
  Our	
  best	
  fits	
  give	
  gradient	
  ~0.7±0.1	
  with	
  intrinsic	
  scaber	
  ~0.6	
  dex.	
  

  UncertainTes	
  on	
  the	
  mechanical	
  power	
  output	
  of	
  jets	
  are	
  
large	
  (factor	
  of	
  ~10).	
  
  	
  further	
  work	
  needed	
  to	
  produce	
  more	
  reliable	
  jet	
  power	
  
esTmates.	
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  Aims	
  to	
  be	
  the	
  first	
  staTsTcally	
  complete	
  sample	
  of	
  nearby,	
  opTcally-­‐selected	
  
groups	
  with	
  X-­‐ray	
  (XMM/Chandra)	
  and	
  radio	
  (GMRT	
  235/610	
  MHz)	
  coverage.	
  	
  

  53	
  nearby	
  groups,	
  D<80	
  Mpc,	
  excluding	
  uncollapsed	
  and	
  false	
  systems.	
  

  So	
  far	
  128	
  hrs	
  GMRT,	
  50	
  ks	
  Chandra	
  GTO,	
  279	
  ks	
  XMM-­‐Newton	
  approved.	
  

  X-­‐ray	
  coverage	
  of	
  (staTsTcally	
  complete)	
  richer	
  half	
  will	
  be	
  completed	
  in	
  2012.	
  

  Radio	
  coverage	
  of	
  full	
  sample	
  hopefully	
  complete	
  as	
  well…	
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  0.3-­‐2	
  keV	
  /	
  SDSS	
  opTcal	
  

• 	
  XMM	
  detects	
  0.5	
  keV	
  group	
  halo	
  	
  to	
  ~85	
  kpc.	
  
• 	
  GMRT	
  detects	
  SF	
  in	
  spirals,	
  AGN	
  in	
  all	
  galaxies.	
  
• 	
  Group	
  is	
  faint	
  (LX=2x1041)	
  but	
  falls	
  on	
  scaling	
  
relaTons	
  (L:T,	
  σ:T,	
  etc)	
  
• 	
  No	
  cool	
  core	
  (at	
  resoluTon	
  6.4	
  kpc).	
  

(90μJy	
  r.m.s.,	
  contours	
  levels	
  =	
  3,6,12	
  σ	
  )	
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