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Figure 6. Same as Figure 2, now including f! measurements from Gz07 (left panel) and Gi09 (right panel). The solid light gray region in the left panel shows
the systematic error margin for f!, assuming a Chabrier IMF (see Section 4.3). The hashed region shows the systematic error margin for f! assuming a Salpeter
IMF. Yellow diamonds in the left-hand panel represent data points from Gz07 for the satellite contribution to f!. This component can be directly compared to our
low-redshift satellite term (yellow dashed line). The total stellar mass fraction from Gz07 is shown by the blue squares (f sat

! + f BCG
! + f ICL

! ). Note that our predictions
do not include the ICL contribution: our dark blue solid line corresponds to f sat

! + f BCG
! . The right-hand panel shows the total galaxy stellar mass fraction (f sat

! +
f BCG

! , black solid line) measured by Gi09. The Gi09 fit is averaged over all groups at z < 1 and so is most comparable to our z2 bin (solid orange line). In both cases,
our results suggest significantly lower values for f! than reported by either of these previous studies.
(A color version of this figure is available in the online journal.)

and Giodini et al. (2009, hereafter “Gi09”), which have been
derived using group and cluster catalogs. Figure 6 shows our
predictions for f! as a function of M500c compared to the
measurements of Gz07 and Gi09. In both cases, our results
suggest significantly lower values for f! than reported by either
of these previous studies. We now provide a more detailed
comparison with both Gz07 and Gi09 and discuss possible
explanations for the source of the discrepancy.

5.2.1. Comparison with Gonzalez et al. (2007)

The left panel of Figure 6 shows the comparison of our low-
z results with Gz07. Yellow diamonds show estimates from
Gz07 for the contribution to f! from satellite galaxies,17 whereas
dark blue squares show the total stellar fraction (f sat

! + f BCG
! +

f ICL
! ). The yellow diamonds in Figure 6 are therefore directly

comparable to our prediction for f sat
! , which is shown by the

yellow dashed line. Gz07 find that f sat
! increases toward lower

halo masses, whereas we predict the opposite trend. It is clear
from this figure that a large fraction of the observed discrepancy
is due to the f sat

! component (and not so much to f BCG
! or f ICL

! ).
We will now investigate the source of this difference in further
detail.

To estimate stellar masses, Gz07 have used a Cousins I-band
mass-to-light ratio (M/LI = 3.6) calibrated from the dynamical
modeling of two-dimensional kinematic data from Cappellari
et al. (2006). The Cappellari et al. (2006) sample is composed
of early-type galaxies from the SAURON sample (Bacon et al.
2001). We note two important caveats with this approach:

1. The SAURON galaxy sample is composed solely of ellipti-
cal (E) and lenticular (S0) galaxies, which have larger M/L
values on average than intermediate- and late-type galax-
ies. If the early-type fraction increases with halo mass as
suggested by several studies (e.g., Weinmann et al. 2006;
Hansen et al. 2009; Wetzel et al. 2011), then this could

17 f sat
! is calculated from Table 1 (Column 7) in Gonzalez et al. (2007) using a

Vega solar luminosity of Msun = 3.94 (A. Gonzalez 2011, private
communication) and a Cousins I-band mass-to-light ratio of M/LI = 3.6.

explain why Gz07 find both a steeper slope and a higher
amplitude than we do for f sat

! at group scales.
2. The M/L ratios presented in Cappellari et al. (2006) are

dynamical (i.e., total) and are therefore sensitive to the
dark matter fraction within the effective radius (Re). The
dynamical mass-to-light ratios in Cappellari et al. (2006)
might therefore be biased high by up to 30% compared to
the stellar mass-to-light ratios (see Figure 17 in Cappellari
et al. 2006 for example).

We now investigate the mass-to-light ratios of our group
members compared to the value used by Gz07. For this exercise,
we consider group members from the membership catalog of
Ge11 in our two low-redshift bins (bins A and B in Figure 1).
We derive Subaru i+-band mass-to-light ratios from our stellar
mass catalog using the absolute i+-band AB magnitude that is
provided by the COSMOS photo-z catalog. For this exercise
we adopt an AB solar luminosity18 of Msun = 4.54. Figure 7
shows the M/Li+ values for COSMOS group members. We use
unextincted rest-frame magnitudes from the COSMOS photo-z
catalog to divide the histogram in Figure 7 by galaxy color. More
specifically, we define galaxy color as C = M(NUV) − M(R),
where M(NUV) and M(R) are the unextincted rest-frame
template magnitudes in the near-ultraviolet and the R bands
defined in Ilbert et al. (2010). We adopt the same division as in
that paper, namely,

C < 1.2 “high activity” or “blue”
1.2 < C < 3.5 “intermediate activity” or “intermediate”

C > 3.5 “quiescent” or “red.”

We compute the difference in magnitudes between our Subaru
i+ filter and a Cousins I filter for a range of stellar population
templates. We find that a Cousins M/LI = 3.6 corresponds to a
Subaru i+ mass-to-light ratio of 3.67 < M/Li+ < 4.1 (the exact
value depends on galaxy color). These values are represented in
Figure 7 by the hashed magenta region.

18 This value is adopted from http://mips.as.arizona.edu/cnaw/sun.html
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Adapted	  from	  Leauthaud	  et	  al.	  (2012)	  
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f*	  Satellites	  

 Groups	  contain	  >50%	  of	  
stars	  in	  local	  Universe,	  
large	  fracIon	  of	  baryons.	  

 In	  groups	  hot	  gas	  begins	  
to	  dominate	  the	  baryon	  
budget.	  

 AGN	  may	  have	  liberated	  
gas	  from	  groups	  at	  z>2	  
(McCarthy	  et	  al.	  2010,	  2011)	  

 AGN	  feedback	  in	  groups	  
must	  be	  fine	  tuned.	  
Outbursts	  should	  be	  
weaker	  but	  occur	  more	  
oaen	  (Gaspari	  et	  al.	  2011)	  

WMAP5	  Universal	  	  
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Prab	  et	  al.	  (2009)	  

Groups	  



  At	  low	  redshia	  we	  lack	  representaIve	  samples.	  
  At	  low	  luminosiIes,	  RASS	  X-‐ray	  selecIon	  is	  biased	  toward	  
centrally-‐concentrated	  (cool	  core)	  systems	  (Eckert	  et	  al.	  2011)	  

  The	  small	  number	  of	  galaxy	  members	  can	  make	  opIcal	  
selecIon	  unreliable	  for	  low-‐mass	  groups.	  

  At	  moderate	  redshia	  we	  can’t	  observe	  feedback	  
directly.	  
  DetecIng	  shocks/caviIes	  would	  require	  unfeasibly	  long	  	  	  	  
X-‐ray	  poinIngs.	  
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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
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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.)
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• 	  Two	  shocks	  and	  three	  pairs	  of	  caviIes	  
• 	  Shock	  velociIes	  Mach	  1.5,	  1.7	  

• 	  Cavity	  ages	  6,	  20,	  90	  Myr	  

• 	  Cavity	  enthalpy:	  9,	  11,	  13x1056	  erg	  
• 	  Energy	  in	  shocks:	  0.2,	  3x1057	  erg	  
	  	  (40-‐80%	  of	  energy	  in	  each	  outburst).	  

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

Chandra	  0.3-‐2	  keV	  

Chandra	  Temperature	  
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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
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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.)
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HCG	  62	  (GiK	  et	  al.	  2010)	   NGC	  193	  

NGC	  507	  (Kraa	  et	  al.	  ‘04)	   NGC	  4636	  (Baldi	  et	  al.	  ’09)	   NGC	  5846	  (Machacek	  et	  al.	  ‘12)	  

tcav<44Myr	  	  	  Ecav>2.2x1057	  erg	  tcav=	  20,70	  Myr	  
Ecav=4x1057	  

tcav=1.7	  Myr	  	  	  Ecav=7x1055	  erg	  tcav=7-‐12Myr	  	  	  Ecav=1.6x1056	  tcav=200	  Myr	  	  	  Ecav=4x1058	  erg	  

Wide	  variety	  in:	  
• X-‐ray	  and	  Radio	  
morphology	  
• 	  Age:	  1-‐100s	  Myr	  
• 	  Enthalpy:	  1056-‐59erg	  



0.18 0.32 0.47 0.62 0.76 0.91 1.1 1.2 1.3 1.5 1.6

•  109	  M	  gas	  entrained #
•  Uplia	  requires	  1.6×1057	  erg,	  

~5%	  of	  total	  jet	  energy.	   Abundance	  (solar)	  

Beijing,	  22	  August	  2012	  IAU	  XXVIII:	  Cosmic	  EvoluIon	  of	  Groups	  and	  Clusters	  

40 kpc / 63’’

N
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610	  MHz	  GMRT	  
1-‐3	  keV	  chandra	  

• 	  2.5	  keV	  poor	  cluster,	  BCG	  hosts	  old	  
(~170	  Myr)	  acIve	  FR-‐I	  radio	  source.	  
• 	  Super-‐solar	  abundances	  along	  axis	  
of	  radio	  jets.	  



30’’ / 5.5 kpc

The Astrophysical Journal, 726:86 (18pp), 2011 January 10 Randall et al.

5 kpc 5 kpc

Figure 17. Left: Hα image of the core of NGC 5813 taken with the SOAR telescope. The Chandra X-ray contours are overlaid in green. The Hα filaments extend to the
southern edges of the intermediate cavities, and are co-spatial with the trail of cool gas seen in the X-ray temperature map in Figure 6. In the center, the Hα emission
anti-correlates with the inner X-ray cavities. The image shows the cool Hα gas being displaced as the central cavities are inflated, and lifted by the intermediate cavities
as they rise buoyantly. Right: close-up of the central part of the temperature map shown in Figure 6, with Hα contours overlaid in white. The Hα is co-spatial with the
cool X-ray filament.
(A color version of this figure is available in the online journal.)

absorption). The Kennicutt relation for the star formation rate

SFR(M!/yr) = 7.9 × 10−42LHα(erg s−1) (1)

(Kennicutt 1998) then gives SFR = 0.09 M! yr−1. This assumes
that the Hα emission is completely driven by UV radiation from
young stars, which may not be the case (e.g., Ferland et al.
2009), and that there is no intrinsic absorption. A violation of
the former assumption would give an overestimate of the SFR,
while a violation of the latter would give an underestimate. We
compared the derived SFR to the mass cooling rate estimated
from the X-ray observations by fitting the spectrum of the cool
filament with a vapec plus a cooling flow vmcflow model,
with the abundances fixed at the best fitting values for the to-
tal diffuse emission given in Section 4.2.4. This gives a mass
cooling rate in the gas of 0.41 ± 0.07 M! yr−1. One concern
with this result is that fitting a multi-temperature gas with a
single cooling flow component may boost the inferred mass ac-
cretion rate. Unfortunately, we were unable to obtain a fit with
reasonable parameter constraints from the Chandra data using
a model combining an apec and two vmcflow components.
We therefore consider the mass accretion rate inferred from the
fit to XMM-Newton RGS data described in Section 4.2.4. From
the two cooling flow components, we infer upper limits on the
mass accretion rate of <0.45 M! yr−1 and <0.25 M! yr−1 for
gas cooling above and below 0.4 keV, respectively (these are 2σ
upper limits). Therefore, we conclude that the upper limit on the
mass accretion rate from X-ray observations (<0.25 M! yr−1)
and the star formation rate implied by Hα observations
(SFR = 0.09 M! yr−1) are consistent with star formation being
fueled by gas cooling down from X-ray temperatures.

For the cool gas to be buoyantly lifted by the X-ray cavities,
its total mass must be less than the mass of gas displaced by
the cavities. In particular, simulations indicate that the mass of
gas buoyantly lifted by an AGN-blown bubble is about half the
mass displaced by the bubble (Pope et al. 2010). We estimated
the gas mass in the southern filament by fitting the spectra in

this region with an apec model and assuming that the cool
gas is contained in a cylinder of radius 3.5 kpc and length
9.2 kpc, with the axis in the plane of the sky. The emission is
dominated by the cool gas in this region, and accounting for
the projected hot gas did not significantly change our results.
We find a total gas mass of Mfil = 1.5 × 108 M!. A similar fit
to an annulus surrounding the southwestern intermediate cavity
gives an average electron density of ne = 0.022 cm−3, giving a
total mass of displaced gas Mdisp = 1.6×108 M!, similar to the
mass of gas in the filament. Thus, Mfil is larger than the value
predicted by simulations (∼0.5 Mdisp) by a factor of two. We
note that deep observations of the buoyantly lifted filaments in
M87 reveal that they have a fine filamentary structure (Forman
et al. 2007), in contrast with the solid cylindrical geometry we
have assumed above (Werner et al. 2010 argue that the filling
factor in M87 is of order unity in most regions, although they
find a filling factor less than unity in some regions where there is
fine filamentary structure). If the filling factor is less than unity
then Mfil will be smaller by the same fraction. We conclude that
the gas mass of the cool filament to the south is consistent with
having been buoyantly lifted by the intermediate southwestern
cavity, and is consistent with simulations if the filling factor
is on the order of ∼0.5. We also note that if the filament has
indeed been buoyantly lifted by the intermediate cavity then the
filament, and hence the trajectory of the intermediate cavity,
cannot lie far from the plane of the sky without assuming a
small filling factor, since the length of the filament (and hence
the volume it occupies) grows with inclination angle.

5.5. The Offset of the Central AGN

As noted in Section 3, the central AGN is offset ∼ 0.5 kpc
southeast of the line defined by the X-ray cavities (see Figure 2).
It is also offset from the center points of the elliptical edges
defined by both the 1.5 kpc and 10 kpc shock fronts (which are
each roughly coincident with the line defined by their respective
cavity pairs), by about 2.′′3 (400 pc) for the 1.5 kpc shock and
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NGC	  5044	   NGC	  5813	  

• 	  Hα	  imaging	  shows	  filamentary	  correlated	  with	  coolest	  X-‐ray	  gas,	  as	  in	  clusters.	  
• 	  LHα	  =	  few	  x1040	  erg/s,	  suggesIng	  <1	  M/yr	  of	  cooling.	  
• 	  also	  OVII	  in	  RGS	  spectra	  (Sanders	  et	  al	  2011),	  OVI	  from	  FUSE	  (Bregman	  et	  al.	  ‘05)	  	  

Hα	  contours	  
on	  

temperature	  
maps	  

Blue	  =	  cool	  
Red	  =	  hot	  



Modelling	  suggests	  groups	  require	  shorter	  but	  more	  frequent	  
outbursts	  (e.g.,	  Gaspari	  et	  al.	  2010)	  

FracIon	  of	  systems	  with	  central	  AGN/caviIes	  declines	  with	  mass:	  
  	  >70%	  in	  CC	  clusters	  (Blanton	  2010,	  Mibal	  2009)	  	  
  ~50%	  in	  groups?	  (Dong	  et	  al.	  2010)	  	  
  ~30%	  in	  ellipIcals	  (Nulsen	  et	  al	  2009),	  	  
	   	  but	  dependent	  on	  LX	  (Dunn	  et	  al.	  2010)	  

 Shorter	  duty	  cycle	  than	  clusters,	  but	  outbursts	  more	  frequent	  	  	  	  	  	  	  	  	  	  	  	  	  
–	  confirm	  by	  looking	  for	  evidence	  of	  past	  outbursts?	  	  

 Low-‐frequency	  radio	  observaIons	  
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NGC	  3411	  
0.3-‐2	  keV	  

NGC	  1407	  
0.3-‐2	  keV	  

235	  MHz	  
contours	  on	  
temperature	  
map	  

235	  MHz	  and	  610	  MHz	  contours	  

• 	  Diffuse,	  steep	  spectrum	  radio	  sources.	  	  	  
• 	  Some	  have	  small,	  young	  jets	  in	  core.	  
 Fading	  remnants	  of	  old	  radio	  lobes	  
• 	  What	  happens	  to	  the	  energy	  in	  this	  
plasma?	  Can	  it	  heat	  the	  IGM?	  	  
(see	  also	  posters	  by	  VrIlek,	  David)	  

α=1.44	  

α=1.80	  



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

  Pcav	  =	  cavity	  enthalpy	  (E=4pV)	  ÷	  
buoyancy	  Ime.	  	  

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

  We	  add	  9	  groups,	  with	  VLA	  
1.4	  GHz	  plus	  high-‐quality	  GMRT	  
610	  and	  235	  MHz	  data.	  	  

  See	  also	  Cavagnolo	  (2010).	  
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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)	  
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  Adding	  groups	  reduces	  intrinsic	  scaber,	  as	  does	  using	  low-‐frequency	  data.	  
  Willob	  et	  al.	  1999	  synchrotron	  model,	  corrected	  for	  flaber	  spectral	  index	  in	  

our	  groups	  (α=0.95)	  predicts	  gradient=0.76	  	  observaIons/theory	  agree.	  
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1.4	  GHz	  Radio	  Power	   10	  MHz	  -‐	  10	  GHz	  Radio	  Power	  

clusters	  σ=0.76	  
+groups	  σ=0.59	  

clusters	  σ=0.85	  
+groups	  σ=0.65	  



  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	  
unresolved.	  	  

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

  Jet	  orientaIon.	  	  
  Gas	  moIons	  (“AGN	  weather”).	  
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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).	  
Shorter	  duty	  cycle	  in	  groups	  will	  
reduce	  Ime-‐averaged	  difference.	  	  

Scaber	  at	  least	  factor	  4.	  

Factoring	  in	  shocks,	  AGN	  power	  
output	  can	  reach	  Pjet	  >10	  Lcool.	  
Even	  if	  shocks	  only	  ~10%	  efficient,	  
Pshock	  ≈	  Pcav	  

(Bolometric	  LX	  for	  region	  tcool≤7.7	  Gyr)	  

Power	  needed	  to	  balance	  cooling:	  	  
• 	  In	  galaxy	  clusters	  ~4PV.	  
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	  	  	  NGC	  315	  /	  	  
B2	  0055+30	  

NGC	  383	  /	  3C31	  

AWM	  4	  /	  4C+24.36	  

AcIve	  jets/lobes	  oaen	  extend	  
beyond	  cooling	  region.	  	  
	  shocks	  needed	  to	  heat	  
core	  and	  shut	  down	  AGN?	  



  16	  COSMOS	  groups,	  
z=0.12-‐0.96,	  containing	  
radio	  sources.	  

  EsImate	  energy	  released	  
over	  lifeIme	  of	  AGN	  

  ”...radio	  galaxies	  produce	  
sufficient	  energy	  to	  unbind	  
a	  significant	  fracIon	  of	  the	  
IGM.”	  

  Deeper	  cluster	  potenIals	  
beber	  able	  to	  retain	  gas.	  
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Figure 1. Binding energy of the cluster/group gas vs. the output mechanical
energy from radio galaxies. Solid points show the 16 X-ray-selected groups in
the COSMOS field that host a radio galaxy within their virial radius. Large
concentric circles indicate groups that host a radio galaxy within the core
(R ! 0.15 × R200). Open points show the sample of massive local clusters
drawn from Bı̂rzan et al. (2004). The dashed line shows equality. The binding
energy in clusters exceeds the total mechanical output by a factor of ∼102–103.
In all cases, except one where a radio galaxy lies in the center of a group, the
mechanical energy output from the radio galaxy is of the same order as the
binding energy for the COSMOS groups analyzed here.
(A color version of this figure is available in the online journal.)

to unbind a part of the gas if it lies at the core of the group.
Moreover, radio sources outside the group core reside in lower
density environments, and our calculations of those binding
energies may be overestimates. The different energy balance
in groups and clusters demonstrates the importance of AGN
heating in groups and shows that the mechanical removal of
gas from groups is energetically possible. This has important
consequences for the understanding of the baryonic budget in
these systems (see Giodini et al. 2009).

5.2. Can Radio Galaxies Offset Radiative Cooling in
Galaxy Groups?

We now compare the mechanical energy input by radio
galaxies with the energy required to offset the cooling in the
group center (Ecool). As detailed in Fabian et al. (1994), Peterson
et al. (2003), and McNamara & Nulsen (2007), the cooling time
in cluster/group centers can be lower than the Hubble time,
implying that large reservoirs of cold gas could accumulate
in these regions. However, evidence that the gas does not
cool below approximately one-third of the virial temperature
(Kaastra et al. 2004) indicates the presence of a heat source
providing enough energy to offset the cooling. Several studies
(e.g., Peterson et al. 2003; Peterson & Fabian 2006; McNamara
& Nulsen 2007) suggest AGN feedback as a viable heating
source. To test this hypothesis, we check whether the cooling
energy is lower than the mechanical energy of the rising bubbles.
We estimate Ecool, assuming that the time during which the gas
has been cooling is equal to the lifetime of the group, which we
assume to be 5 Gyr (Voigt & Fabian 2004). The cooling energy
can then be estimated as

Ecool = Lcool × tv = fcool Lbol × tv, (11)
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Figure 2. Output mechanical energy from radio galaxies (Emech) vs. energy
radiated inside the cooling radius (Ecool; i.e., energy required to offset the
cooling in the group center) for 16 X-ray-selected groups from the COSMOS
survey. The dashed line shows the equality line. Large concentric circles mark
the radio-galaxies inside 0.15 × R200. Uncertainties on Ecool are computed
allowing an error of a factor of 2 on fcool.
(A color version of this figure is available in the online journal.)

where tv is the lifetime of the group, and fcool is the fraction of
bolometric luminosity assumed to be emitted inside the cooling
radius (where the cooling time of the gas is lower than the
Hubble time). In general, this contribution is found to be !10%
of the total cluster X-ray luminosity (McNamara & Nulsen
2007). Also, the scatter in the LX–T scaling relation due to
the contribution of cool core clusters can be up to a factor of 2
(Chen et al. 2007; Pratt et al. 2009). Given these considerations,
we assume that 25% of the total bolometric X-ray luminosity
is emitted inside the cooling radius (Peres et al. 1998). Since
the relative contribution of the cool core to the total X-ray
luminosity is higher in groups than in massive clusters, this value
is a good estimate of the average contribution of the cooling core
to the total luminosity of a group.

In Figure 2, we compare Emech and Ecool in our groups. The
mechanical energy injected by all but one of the core radio
galaxies is higher than the radiative losses, and exceeds Ecool by
an order of magnitude in several cases. We can thus conclude
that radiative losses do not greatly affect the net energy output
of radio galaxies in the cores of groups. On the other hand, the
mechanical output by non-central radio galaxies is typically of
the same order as Ecool. Moreover, these sources reside mostly
outside the cooling radius (∼0.15 R200), where the cooling time
is higher than the Hubble time. In this location, the gas does not
lose as much energy through radiative cooling as in the core of
the group, so these galaxies do not provide the required feedback
at the right location.

5.3. Impact of Systematic Effects

The above calculations rest on several assumptions and should
be regarded as rough estimates. One critical simplification is
the calculation of the lifetime of a radio galaxy: the statistical
argument used in Smolčić et al. (2009) relies on knowledge
about the parent population that hosts the radio galaxies. In
the absence of evidence in contrast, we assume that there is
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CLoGS	  –	  53	  group	  opIcally	  selected	  complete	  sample	  at	  D<80	  Mpc	  
  610/235	  MHz	  obs.	  complete,	  X-‐ray	  coverage	  of	  first	  half	  by	  early	  2013.	  
  For	  more	  informaIon	  see	  my	  poster	  or	  www.sr.bham.ac.uk/~ejos/CLoGS.html	  
ZENS	  –	  185	  opIcally	  selected	  groups	  at	  z~0.05	  with	  X-‐ray	  follow-‐up	  
  See	  John	  Silverman’s	  talk	  tomorrow	  
eROSITA	  –	  will	  increase	  number	  of	  X-‐ray	  detected	  groups	  by	  factor	  100	  

XMM	  0.3-‐2	  keV	  /	  SDSS	  opIcal	  
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1.  Groups	  are	  an	  important	  laboratory	  for	  feedback	  studies.	  

  Shallower	  potenIal	  wells	  mean	  that	  AGN	  have	  strongly	  influenced	  the	  
development	  of	  groups.	  

  Impact	  of	  feedback	  varies	  across	  the	  mass	  scale,	  so	  we	  need	  samples	  
that	  include	  clusters,	  groups	  and	  individual	  galaxies.	  	  

2.  Low-‐frequency	  radio	  measurements	  are	  an	  important	  tracer	  of	  
AGN	  acIvity,	  parIcularly	  in	  groups	  where	  outbursts	  are	  frequent.	  

3.  Jet	  feedback	  appears	  to	  balance	  cooling,	  but	  quesIons	  remain:	  
  How	  does	  the	  3pV	  energy	  in	  radio	  lobe	  plasma	  contribute	  to	  heaIng?	  	  

  Can	  jet	  feedback	  liberate	  gas	  from	  groups,	  now	  or	  at	  z>2?	  

4.  RepresentaIve	  staIsIcal	  samples	  now	  becoming	  available.	  	  	  
  eROSITA	  should	  revoluIonise	  our	  knowledge	  of	  the	  group	  populaIon	  of	  the	  

local	  Universe.	  
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