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 	
  Groups	
  contain	
  >50%	
  of	
  
stars	
  in	
  the	
  local	
  Universe	
  
and	
  most	
  of	
  the	
  baryons.	
  

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

 	
  AGN	
  Feedback	
  in	
  
groups	
  must	
  be	
  fine	
  
tuned.	
  Outbursts	
  must	
  be	
  
weaker	
  but	
  occur	
  more	
  
oZen	
  (e.g.,	
  Gaspari	
  et	
  al.	
  2011)	
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No	
  useful	
  staIsIcal	
  samples	
  of	
  nearby	
  groups	
  available!	
  
Our	
  sample	
  –	
  18	
  groups	
  with	
  Chandra/XMM	
  X-­‐ray	
  data	
  
and	
  GMRT	
  low-­‐frequency	
  radio	
  observaIons,	
  covering	
  a	
  
wide	
  range	
  of	
  group	
  and	
  radio	
  galaxy	
  properIes.	
  

X-­‐ray	
  provides	
  –	
  	
  1)	
  LocaIon/properIes	
  of	
  most	
  baryons.	
  
	
   	
   	
   	
  	
  	
  	
  	
  2)	
  EsImaIon	
  of	
  energy	
  in	
  caviIes,	
   	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  shocks,	
  conducIon	
  &	
  cooling	
  rates.	
  
	
   	
   	
   	
  	
  	
  	
  	
  3)	
  Dynamical	
  limits	
  of	
  age	
  of	
  structures.	
  

Radio	
  provides	
  –	
  1)	
  Timescales	
  via	
  Synchrotron	
  aging.	
  
	
   	
   	
   	
  	
  	
  	
  	
  2)	
  Constraints	
  on	
  source	
  geometry.	
  
	
   	
   	
   	
  	
  	
  	
  	
  3)	
  Direct	
  view	
  of	
  AGN/gas	
  interacIons.	
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  Older	
  structures	
  easier	
  to	
  see	
  at	
  
lower	
  frequencies.	
  

  Broader	
  spectrum	
  gives	
  bejer	
  
esImate	
  of	
  total	
  power.	
  

  Break	
  frequency	
  allows	
  age	
  to	
  be	
  
esImated.	
  

NGC	
  507	
  (Murgia	
  et	
  al.	
  2011)	
  

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

rms	
  ≈ 50-100	
  	
  μJy/b	
  	
  	
  @	
  610	
  MHz	
  	
  

rms	
  ≈ 300-500 	
  μJy/b	
  @	
  235	
  MHz	
  

ResoluIon:	
  	
  

5”	
  	
  	
  @	
  610	
  MHz	
  (HPBW)	
  

12”	
  	
  	
  @	
  235	
  MHz	
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1’ / 17 kpc

1.5’ / 16.5 kpc

Smoothed	
  Chandra	
  0.3-­‐2	
  keV	
  residual	
  images	
  

1’ / 17 kpc

1.5’ / 16.5 kpc

1’ / 17 kpc

1.5’ / 16.5 kpc

235	
  MHz	
  GMRT	
  contours	
  

HCG	
  62	
   NGC	
  5044	
  

HCG62	
  caviIes	
  are	
  paired,	
  NGC5044	
  caviIes	
  isotropically	
  distributed	
  by	
  gas	
  moIons.	
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GiK	
  et	
  al.	
  (2010)	
   David	
  et	
  al.	
  (2009,	
  2011)	
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  caviIes	
  	
  	
  	
  Giant	
  sources	
  (too	
  large)	
  	
  	
  Amorphous	
  (no	
  clear	
  lobes)	
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  In	
  the	
  local	
  Universe,	
  we	
  can	
  
esImate	
  Pjet	
  from	
  cavity	
  enthalpy	
  
(E=4pV)	
  and	
  buoyancy	
  Ime.	
  	
  

  Measuring	
  the	
  Pjet:Pradio	
  
relaIon	
  allows	
  us	
  to	
  esImate	
  the	
  
amount	
  of	
  feedback	
  from	
  radio	
  
alone	
  (e.g.,	
  at	
  high	
  redshiZ).	
  

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

  Cavagnolo	
  (2010)	
  add	
  21	
  
ellipIcals,	
  but	
  with	
  poor,	
  low-­‐
resoluIon	
  200-­‐400	
  MHz	
  data.	
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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.
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Birzan	
  et	
  al.	
  (2008)	
  

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



1.4	
  GHz	
   235	
  MHz	
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• 	
  Birzan	
  et	
  al	
  used	
  BCES	
  Y|X	
  fit,	
  Cavagnolo	
  and	
  our	
  fits	
  use	
  BCES	
  orthogonal.	
  

Berlin,	
  29	
  June	
  11	
  The	
  X-­‐ray	
  Universe	
  2011	
  



Je
t	
  p

ow
er
	
  

10	
  MHz-­‐10	
  GHz	
  Radio	
  Luminosity	
  

• 	
  Integrated	
  radio	
  power	
  
accounts	
  for	
  differences	
  in	
  
spectral	
  index	
  	
  should	
  be	
  
bejer	
  esImator	
  of	
  jet	
  power	
  
than	
  single	
  frequency.	
  

• 	
  Birzan	
  et	
  al.	
  again	
  used	
  BCES	
  
Y|X	
  fit,	
  we	
  use	
  orthogonal.	
  
• 	
  Orthogonal	
  fit	
  to	
  Birzan	
  data	
  
gives	
  gradient	
  =	
  0.78	
  ±	
  0.30	
  .	
  

• 	
  Birzan	
  et	
  al.	
  spectral	
  indices	
  
from	
  KP	
  model	
  fit	
  to	
  3+	
  freqs.	
  
• 	
  We	
  use	
  610-­‐235	
  MHz	
  indices,	
  
improved	
  fits	
  in	
  progress.	
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Frequency	
   Sample	
   Gradient	
   Total	
  Scajer	
  	
   Intrinsic	
  Scajer	
  

1.4	
  GHz	
   Birzan	
   0.57±0.17	
   0.88	
   0.85	
  

Cavagnolo	
   0.75±0.14	
   0.78	
   -­‐	
  

O’Sullivan	
   0.63±0.10	
   0.68	
   0.65	
  

200-­‐400	
  MHz	
   Birzan	
   0.67±0.19	
   0.80	
   0.76	
  

Cavagnolo	
   0.64±0.09	
   0.64	
   -­‐	
  

O’Sullivan	
   0.71±0.11	
   0.62	
   0.58	
  

10MHz	
  –	
  10GHz	
   Birzan	
   0.68±0.19	
   0.80	
   0.76	
  

O’Sullivan	
   0.71±0.11	
   0.63	
   0.59	
  

• 	
  Low-­‐frequency	
  or	
  broad-­‐band	
  measures	
  more	
  reliable	
  (less	
  scajer).	
  
• 	
  Willoj	
  et	
  al.	
  (1999)	
  predict	
  gradient	
  =	
  0.86	
  from	
  synchrotron	
  theory.	
  
• 	
  BUT	
  Willoj	
  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	
  caviIes.	
  
  Buoyancy	
  Imescale	
  is	
  not	
  

always	
  appropriate.	
  
  Young	
  caviIes	
  likely	
  to	
  be	
  

missed.	
  DetecIon	
  of	
  old	
  
caviIes	
  dependent	
  on	
  depth	
  
of	
  data,	
  radio	
  freqs	
  available.	
  

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

  CorrecIng	
  groups	
  where	
  
possible	
  flajens	
  relaIon.	
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10	
  MHz-­‐10	
  GHz	
  Radio	
  Luminosity	
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• 	
  In	
  groups	
  only	
  ~1PV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(as	
  for	
  EllipIcals,	
  Nulsen	
  et	
  al	
  2007).	
  
• 	
  Scajer	
  at	
  least	
  factor	
  4.	
  

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

(Bolometric	
  LX	
  for	
  region	
  tcool≤7.7	
  Gyr)	
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Power	
  needed	
  to	
  balance	
  cooling:	
  	
  
• 	
  In	
  galaxy	
  clusters	
  ~4PV.	
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  StaIsIcally	
  complete,	
  opIcally	
  selected	
  sample	
  of	
  53	
  nearby	
  groups,	
  
ajempIng	
  to	
  exclude	
  uncollapsed	
  and	
  false	
  systems.	
  

  Complete	
  coverage	
  in	
  	
  X-­‐ray	
  (XMM/Chandra)	
  and	
  radio	
  (GMRT	
  235/610	
  MHz).	
  	
  

  ObservaIons	
  of	
  richer	
  half	
  of	
  sample	
  will	
  be	
  almost	
  complete	
  by	
  2012.	
  

  	
  50	
  ks	
  Chandra	
  GTO,	
  175	
  ks	
  XMM-­‐Newton,	
  76	
  hrs	
  GMRT	
  approved.	
  

  More	
  informaIon	
  at	
  www.sr.bham.ac.uk/~ejos/CLoGS.html	
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XMM	
  0.3-­‐2	
  keV	
  /	
  SDSS	
  opIcal	
  

• 	
  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	
  
relaIons	
  (L:T,	
  σ:T,	
  etc)	
  
• 	
  No	
  cool	
  core	
  (at	
  resoluIon	
  6.4	
  kpc).	
  

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

GMRT	
  610	
  MHz	
  contours	
  /	
  SDSS	
  g’-­‐band	
  	
  

kT	
  

density	
  

entropy	
  



1.  Low-­‐frequency	
  or	
  integrated	
  radio	
  measurements	
  are	
  a	
  
more	
  reliable	
  predictor	
  of	
  jet	
  power	
  than	
  L1.4	
  GHz.	
  

2.  Samples	
  including	
  groups	
  (and	
  ellipIcals)	
  provide	
  bejer	
  
constraints	
  on	
  the	
  Pjet:Pradio	
  relaIons.	
  	
  

  Best	
  fit	
  gradient	
  ~0.7±0.1	
  with	
  intrinsic	
  scajer	
  ~0.6	
  dex.	
  

  TheoreIcal	
  predicIons	
  of	
  gradient=0.86	
  may	
  be	
  too	
  steep,	
  impacIng	
  
esImates	
  of	
  jet	
  feedback	
  at	
  higher	
  redshiZs.	
  

3.  UncertainIes	
  on	
  the	
  mechanical	
  power	
  output	
  of	
  jets	
  are	
  
large	
  (factor	
  of	
  ~10).	
  

  	
  further	
  work	
  needed	
  to	
  get	
  reliable	
  jet	
  power	
  esImates.	
  
4.  Energy	
  available	
  from	
  AGN	
  much	
  more	
  than	
  is	
  needed	
  to	
  

balance	
  cooling	
  in	
  groups.	
  
  What	
  happens	
  to	
  the	
  other	
  3PV?	
  How	
  does	
  feedback	
  in	
  clusters	
  and	
  

groups	
  differ?	
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