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M
otivation

2

AG
N feedback can have a significant 

effect on the evolution of galaxies 
  Triggering of AG

N still an open question 
!Som

e previous studies have shown 
differences in field and cluster AG

N with 
AG

N fraction lower in clusters 
(e.g. G

isler 1978, Dressler 1985, Kauffm
an+2004, Rines

+2005 and m
any m

ore) but not all (e.g. M
iller+2003, 

Haines+2007) 
!Studies of X-ray AG

N show general 
overdensity of X-ray AG

N but again 
lower AG

N fraction in clusters than in 
the field (e.g. G

ilm
our+2007 ,Cappi+2001, M

artini
+2006, Silverm

an+2009 and m
any m

ore)
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eretal.2012).A

bove
fluxesof⇠

10 �
14erg

cm
�

2s �
1,the

clus-
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slightexcessin
source

density
com

pared
to

field
surveys.These

results
are

consistentw
ith

and
build

on
those

dis-
cussed

in
Paper

I,and
dem

onstrate
the

robustness
of

this
analysis

procedure.

4.2
The

R
adialD

istribution
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-ray
Sources

The
spatialdistribution

of
pointsources

aboutthe
cluster

centers
hasbeen

calculated
forallpointsourcesw

ith
full-band

fluxesabove
1⇥

10 �
14erg

cm
�

2s �
1.Sim

ilaranalysesw
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soft
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hard

bands,
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of
3
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15erg
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2s �
1

and
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14erg
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�

2s �
1,respectively.The

fullband
flux

lim
itcor-
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to

a
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of⇠

10
42erg

s �
1

for
the

low
estredshift
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this
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ple

(A
bell2163)and⇠

10
43erg

s �
1
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high-

estredshiftcluster(C
L

J1226.9+3332).
The
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sen-

sitivity
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aintaining

a
strong
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total

of
6443,3055,and

2933
sources

satisfy
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in

the
full,

soft,and
hard

bands,respectively.The
projected

radialdistributions
are

plotted
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Figure
4

as
a

function
ofradius

in
units
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projected

radiiof
sources

in
each

cluster
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calculated
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lie
at

the
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projected

source
density
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are
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the
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ulative
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deg �

2. 4
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Table
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posterior

dis-
tributions

for
the

fits
in

each
energy

band
are

nearly
identical

to
one

another.
In

each
case,

w
e

m
easure

a
m

edian
core

radius
of

rc
=

1.2
r500 ,w

ith
a

68%
confidence

intervalspanning
the

range
ofrc 2

[0.7,2.1]r500 .M
ostpublished

studies
ofthe

opticalgalaxy

4
The

constantm
odelprovidesa

statistically
acceptable

fitto
the

data
(�

2
=

4.7
for
⌫
=

7
degrees

offreedom
).

Figure
5.

The
projected

density
of

X
-ray

point
sources

detected
above

a
full

band
lum

inosity
lim

it
of

L
>

3
⇥

10
43erg

s �
1,in

units
of

deg �
2.

This
projected

source
density

follow
s

the
sam

e
pow

er-law
m

odel
as

that
observed

forthe
flux-lim

ited
sam

ple.

population
in

clusters
m

easure
the

projected
galaxy

density
pro-

file
to

follow
a

K
ing

M
odelor

N
FW

m
odelw

ith
a

scale
radius

of
⇠

0.2�
0.5

r500 (Popesso
etal.2007;B

udzynskietal.2012).K
ing

m
odels

w
ith

core
radiirc

<
0.5

r500
can

be
rejected

at&
99%

con-
fidence.This

indicates
thatthe

fraction
ofclusterm

em
bergalaxies

hosting
X

-ray
A

G
N

risesw
ith

radius(see
also

PaperII).Fitting
the

observed
X

-ray
pointsource

density
profile

to
a

pow
er-law

m
odel

(N
X (r)⇠

r
�)gives

sim
ilarresults

as
in

PaperI:w
e

m
easure

a
m

e-
dian

pow
er-law

index
of
�
=
�

0.5±
0.1

consistently
acrossallthree

energy
bands.

4.2.1
The

D
istribution

ofLum
inous

C
luster

M
em

ber
AG

N

W
e

have
also

determ
ined

the
radial

distribution
of

X
-ray

point
sources

above
the

field
using

a
fullband

lum
inosity

lim
itof

L
>

3
⇥

10
43erg

s �
1

after
a

statistical
subtraction

of
the

field
popula-

tion.For
each

cluster
w

e
determ

ined
the

flux
lim

itcorresponding
to

L
=

3⇥
10

43erg
s �

1
atthe

cluster
redshift,and

then
calculated

for
each

radialbin
the

num
ber

of
sources

detected
and

num
ber

of
expected

field
sources 5

brighterthan
thatflux

lim
it.The

projected
num

ber
density

of
excess

sources
above

this
lum

inosity
lim

it
is

given
by

the
difference

of
these

tw
o

values
in

each
radialbin,di-

vided
by

the
totalsurvey

area.W
e

use
M

onte
C

arlo
sim

ulations
to

determ
ine

the
errorbars

on
each

ofthese
m

easurem
ents.

O
ur

calculations
show

that
these

lum
inous

A
G

N
are

dis-
tributed

out
to

distances
of⇠

2.5r500 ,
beyond

w
hich

the
excess

num
ber

density
is

consistent
w

ith
zero.

Fitting
this

profile
to

a
pow

er-law
m

odelprovides
a

best-fitlogarithm
ic

slope
of�

0.5
<

�
<
�

0.6,w
hich

is
consistentw

ith
the

pow
er-law

slope
m

easured
forthe

flux
lim

ited
sam

ple
w

ithoutstatisticalfield
subtraction.The

m
easured

excess
corresponds

to
a

totalof⇠
1

excess
sources

w
ith

L
X
>

3⇥
10

43erg
s �

1
percluster.

5
W

e
use

our
determ

inations
of

the
C

O
SM

O
S

log
N
�

log
S

to
determ

ine
the

num
berofsources

expected
from

the
field

in
each

radialbin.

X-ray AG
N num

ber densities

4

CO
SM

O
S field value

Projected num
ber density of X-

ray AG
N per square degree 

shows excess above field 
value (L

X >3x10
43 ergs

-1, 12’ 
from

 aim
 point) 
!

Num
ber density of X-ray AG

N 
has a radial dependence 

!
Radial dependence is well fit 

by a power-law:

~



X-ray AG
N num

ber densities

5

Table
2.

Flux
lim

its
forthe

radialprofiles
and

the
expectations

forthe
X

-ray
pointsource

density
from

C
D

FS
and

C
O

SM
O

S
deep

fields
in

allthree
energy

bands.The
colum

nslist:(1)the
energy

band;(2)the
flux

lim
itused

in
constructing

the
radialprofile

fits,in
unitsof

erg
cm
�

2s �
1;(3)the

m
easured

background
density

betw
een

3
and

5
r500

from
the

radialprofile;(4)the
num

berofsources
detected

w
ithin

2r500
atthatflux

lim
it,across

allclusters;(5)the
survey

area
w

ithin
2r500

at
that

flux
lim

it,in
units

of
deg �

2;
(6)

the
average

excess
num

ber
of

sources
per

cluster
above

that
flux

lim
it

w
ithin

2r500 ,determ
ined

by
extrapolating

m
easurem

entsofthe
field

density
from

the
best-fitconstantm

odelbetw
een

3
and

5
r500 ;(7)the

best-fitpow
er-law

index
forthe

projected
source

density
ofclusterm

em
berA

G
N

;(8)the
density

offield
sources

from
the

C
D

FS
atthatflux

lim
it;and

(9)the
density

offield
sources

from
C

O
SM

O
S

atthat
flux

lim
it.

(1)
(2)

(3)
(4)

(5)
(6)

(7)
(8)

(9)
B

and
Flux

Lim
it

C
lusterFields

(deg �
2)

n
2

⌦
2

(deg
2)

Excess
�

C
D

FS(deg �
2)

C
O

SM
O

S
(deg �

2)

Full
1⇥

10 �
14

311±
16

2474
6.6

3.1±
0.5

�
0.42±

0.12
330±

48
356±

21
Soft

3⇥
10 �

15
263±

14
2683

8.8
2.8±

0.4
�

0.53±
0.22

250±
45

255±
18

H
ard

1⇥
10 �

14
244±

14
2595

8.5
3.1±

0.4
�

0.48±
0.14

220±
45

287±
19

Figure
6.

The
com

oving
num

ber
density

of
X

-ray
A

G
N

m
ore

lum
inous

than
3⇥

10
43erg

s �
1

w
ithin

2r500
for

our
cluster

sam
ple,as

a
function

of
clusterm

ass
M

500 .These
num

berdensitiesw
ere

determ
ined

by
statistically

subtracting
the

expected
num

ber
of

field
sources

in
each

cluster
aperture

using
the

field
A

G
N

density
as

determ
ined

by
C

O
SM

O
S

from
the

num
ber

of
sources

w
e

detect;
hence

negative
A

G
N

densities
are

possible.
W

hile
only

a
few

of
the

clusters
have

excesses
that

are
individually

larger
than

zero
w

ith
high

statistical
significance,there

is
nevertheless

evidence
that

low
erm

ass
clusters

hostlargerA
G

N
densities

w
ithin

2r500
as

com
pared

to
m

ore
m

assive
clusters.

our
m

odel
w

ith
the

data
from

each
of

the
135

galaxy
clusters,

m
arginalizing

overuncertaintiesin
the

expected
evolution

ofX
-ray

A
G

N
in

the
field

and
the

density
of

background
sources

expected
in

oursurvey. 6
M

ore
specifically,ourm

odelassum
es

thatthe
pro-

jected
num

berdensity
ofclustersources(in

unitsofdeg �
2)above

a
given

flux
lim

it
f,ata

redshiftz
and

projected
distance

r
from

the
center

of
a

cluster
of

m
ass

M
500 ,is

proportionalto
the

co-m
oving

num
ber

density
of

X
-ray

A
G

N
in

the
field

at
the

cluster
redshift

6
B

y
background

sources,w
e

m
ean

X
-ray

point
sources

coincident
w

ith
the

clusteralong
the

line
ofsightthatare

notatthe
clusterredshift.These

sources
have

been
show

n
to

have
a

roughly
constantdensity

across
survey

areas
as

large
as⇠

1
deg

2
(X

ue
etal.2011;Elvis

etal.2009).

(know
n

as
the

X
-ray

Lum
inosity

Function
or

X
LF)

w
ith

a
pow

er-
law

spatialdependence:

N
obs (>

f,r,z)
=

N
⇥

D
A (z) 2⇥

r500 ⇥
�

(>
L

cut ,z)⇥
 

rr500 !
�

+
C

(3)

w
here

�
(>

L
cut ,z)

is
the

expected
co-m

oving
num

ber
density

(in
units

of
M

pc �
3)

of
X

-ray
A

G
N

at
that

redshift
in

the
lum

inos-
ity

range
of

L
cut
<

L
<

10
46erg

s �
1

as
determ

ined
by

the
X

LF
m

odel
of

U
eda

et
al.

(2014).
The

low
er

lim
it

of
the

lum
inosity

function
L

cut is
the

intrinsic
lum

inosity
of

an
A

G
N

at
the

cluster
redshift

corresponding
to

the
survey

flux
cut-off

f
in

the
survey

of10 �
14erg

cm
�

2s �
1.Thisflux

cut-offcorrespondsto
a

lum
inosity

range
of⇠

10
42�

43erg
s �

1
forthe

clusterm
em

berA
G

N
.W

e
assum

e
thatthe

clusterA
G

N
contribution

arisesw
ithin

a
cylinder,centered

on
the

cluster,w
hose

line-of-sightdepth
scales

w
ith

r500 .D
A (z)is

the
angular

diam
eter

distance
specific

to
each

cluster.The
param

-
eter

N
includes

the
necessary

unit
conversions

and
describes

the
factorby

w
hich

the
num

berdensity
ofA

G
N

in
clustersexceedsthe

field
value

specified
by

the
X

LF
(hereafterthe

scaling
factor).C

is
the

(constant)
density

of
field

A
G

N
atour

flux
lim

it
f.W

e
allow

the
scaling

factorto
vary

as
a

pow
erlaw

in
m

ass
and

redshift

N
!

N
0 (1
+

z) ⌘  
M

500

10
15M

� !
⇣

(4)

and
also

allow
the

radialdistribution
to

depend
linearly

on
the

clus-
term

ass
and

redshiftas

�
!
�

0
+
�

z (1
+

z)
+
�

m

 
M

500

10
15M

� !
(5)

O
ur

nullhypothesis
is

thatthe
A

G
N

population
in

clusters
scales

w
ith

the
expected

field
behavior

(i.e.the
cluster

A
G

N
population

evolvesin
a

scaled
m

annerw
ith

respectto
the

field
A

G
N

population
across

allredshifts
and

for
clusters

of
allm

asses),w
hich

in
term

s
ofourm

odelm
eansthatallm

assand
redshiftdependentterm

s(i.e.
⇣,⌘,�

z &
�

m )should
be

statistically
consistentw

ith
0.

O
ur

M
C

M
C

analysis
provides

severalkey
advantages

over
a

m
ore

traditionalstatisticalanalysis,in
particular:1)Ituses

the
full

inform
ation

ofclusterredshifts
and

m
asses

w
ithoutthe

need
to

re-
sort

to
binning;

2)
w

e
are

able
to

interpret
the

results
w

ithin
the

contextof
our

com
plex

selection
function,w

hich
varies

the
over-

alllum
inosity

lim
itfrom

clusterto
clusteras

w
ellthe

area
in

each
radialbin

sensitive
to

sources
of

a
given

flux;and
3)

w
e

are
able

to
determ

ine
robustly

the
covariances

betw
een

the
differentm

odel
param

eters,w
hich

are
difficultto

anticipate
a

priori.

Som
e (very weak) 

evidence for evolution of 
the com

oving num
ber 

density of X-ray AG
N with 

cluster m
ass (binned 

within 2r500 ) 
!

Lower m
ass clusters host 

larger AG
N num

ber 
densities?



M
ass dependence of X-ray 

AG
N fraction?

6

Higher AG
N fraction in low velocity dispersion clusters?

P
op

esso
&

B
iv

ian
o:

T
h
e

A
G

N
fraction

–
velo

city
d
isp

ersion
relation

in
clu

sters
of

galax
ies

3

F
ig

.
2
.

B
iw

eight-average
valu

es
of

f
A

G
N

in
several

b
in

s
of

σ
v

for
th

e
P

B
B

R
(op

en
sym

b
ols)

an
d

th
e

C
4

(fi
lled

sym
-

b
ols)

sam
p
les.

T
h
e

solid
lin

e
d
isp

lays
th

e
relation

f
A

G
N

=
1.25

K
(u

)
+

0.145,
w

h
ere

K
(u

)
is

th
e

m
ergin

g
rate

fu
n
c-

tion
d
erived

by
M

am
on

(1992),
w

ith
u

=
5.4σ

0 /(2
σ

v ),
an

d
σ

0
=

160
km

s
−

1.

F
ig

.
3
.

T
h
e

relation
b
etw

een
f
[O

I
I
]

(top
p
an

el)
an

d
f

S
F

(b
ottom

p
an

el)
an

d
σ

v
for

th
e

sam
p
le

of
26

clu
sters

in
com

-
m

on
b
etw

een
P

06’s
an

d
ou

r
sam

p
les.

T
h
e

solid
lin

e
sh

ow
s

th
e

relation
of

P
06

(see
th

eir
eq.

(3)).
1-σ

error
b
ars

are
sh

ow
n
.

rate
fu

n
ction

d
erived

by
M

am
on

(1992),w
h
ich

scales
as

σ
−

3
v

for
h
igh

,
clu

ster-like
valu

es
of

σ
v .

W
e

take
σ

0
=

160
km

s
−

1

as
typ

icalof
th

e
M

r
>∼

−
20.0

galaxies
in

ou
r
sam

p
le

(w
e

u
se

th
e

ab
solu

te
m

agn
itu

d
e

vs.
σ

0
relation

of
Z
iegler

&
B

en
d
er

1997).
S
u
ch

a
relation

,
w

ith
C

=
1.25,

B
=

0.145,
p
rovid

es
an

accep
tab

le
fi
t

to
th

e
b
iw

eight-average
valu

es
of

f
A

G
N

in
several

σ
v -b

in
s

b
oth

for
th

e
P

B
B

R
(χ

2
=

6.0
for

3
d
egrees

of
freed

om
,
d
of

h
ereafter)

an
d

th
e

C
4

sam
p
le

(χ
2

=
10.2

for
6

d
of;

see
F
igu

re
2;

see
B

eers
et

al.
1990

for
th

e
d
efi

n
ition

of
th

e
b
iw

eight-average
statistics).

O
n

th
e

oth
er

h
an

d
a

con
-

stant
f

A
G

N
m

od
el

is
rejected

(P
B

B
R

sam
p
le:

χ
2

=
10.2

for
4

d
of;

C
4

sam
p
le:

χ
2

=
18.4

for
7

d
of).

W
e

d
iscu

ss
th

e
p
hysical

interp
retation

of
th

is
relation

in
S
ect.

4.

4
.
D

iscu
ssio

n
&

co
n
clu

sio
n
s

W
e

h
ave

d
iscovered

a
sign

ifi
cant

anti-correlation
b
etw

een
f

A
G

N
an

d
σ

v
in

tw
o

sam
p
les

of
n
earby

galaxy
clu

sters.
S
u
ch

an
anti-correlation

is
n
atu

rally
exp

ected
if

th
e

form
a-

tion
an

d
/or

fu
elin

g
of

A
G

N
s

is
related

to
th

e
galaxy-galaxy

m
ergin

g
p
rocess

(see,
e.g.,

V
eilleu

x
et

al.
2002;

S
05),

sin
ce

m
ergers

of
galaxies

are
im

p
ossib

le
if

th
e

galaxy
relative

ve-
locities

are
h
igh

,
as

in
rich

galaxy
clu

sters.
T

h
e

A
G

N
fraction

ap
p
ears

to
b
e

p
rop

ortion
al

to
th

e
m

erger
rate

in
galaxy

system
s

(as
d
eterm

in
ed

th
eoretically

by
M

am
on

1992),
p
lu

s
a

con
stant

(see
F
igu

re
2).

T
h
e

p
ro-

p
ortion

ality
b
etw

een
f

A
G

N
an

d
th

e
m

erger
rate

of
clu

ster
(or

grou
p
)

galaxies
is

exp
ected

if
galaxy-galaxy

m
ergers

in
crease

th
e

accretion
rate

of
th

e
central

b
lack

h
ole

(an
d

h
en

ce
th

e
A

G
N

lu
m

in
osity)

over
a

tim
e-scale

sim
ilar

to
th

e
m

erger
tim

e-scale,
as

sh
ow

n
by

th
e

sim
u
lation

s
of

S
05.

W
hy

th
en

is
f

A
G

N
n
ot

zero
for

th
e

h
igh

est-σ
v

clu
sters?

E
ven

if
th

e
selected

clu
sters

in
ou

r
sam

p
le

d
o

n
ot

sh
ow

sig-
n
ifi

cant
evid

en
ce

for
su

b
clu

sterin
g,

it
is

p
ossib

le
th

at
m

ost
stillcontain

u
n
d
etected

su
b
clu

sters,ch
aracterized

by
rath

er
low

,
grou

p
-like

valu
es

of
σ

v .
M

oreover,
even

if
w

e
h
ave

se-
lected

clu
ster

m
em

b
ers

in
p
ro

jected
p
h
ase-sp

ace,
th

is
d
oes

n
ot

elim
in

ate
com

p
letely

th
e

contam
in

ation
by

fi
eld

galax-
ies,

w
h
ich

B
ivian

o
et

al.
(2006)

estim
ate

to
b
e

17%
.
H

en
ce

a
su

b
stantial

fraction
of

th
e

galaxies
in

ou
r

clu
ster

sam
p
les

cou
ld

resid
e

in
u
n
id

entifi
ed

su
b
clu

sters
or

in
th

e
fi
eld

.
If

f
A

G
N

in
su

b
clu

sters
is

as
h
igh

as
th

at
in

com
p
act

grou
p
s

(C
oziol

et
al.

2000,
2004;

T
u
rn

er
et

al.
2001;

T
ovm

assian
et

al.
2006)

an
d

if
f

A
G

N
is

h
igh

er
in

th
e

fi
eld

th
an

in
clu

sters
(see

d
iscu

ssion
b
elow

),
th

is
cou

ld
exp

lain
w

hy
th

e
asym

p
-

totic
valu

e
of

f
A

G
N

in
h
igh

-σ
v

clu
sters

is
n
ot

zero.
C

on
cern

in
g

th
e

issu
e

of
w

h
eth

er
f

A
G

N
in

clu
sters

is
low

er
th

an
f

A
G

N
in

th
e

fi
eld

,
th

e
resu

lt
clearly

d
ep

en
d
s

on
th

e
selection

of
th

e
clu

ster
sam

p
le.

W
e

fi
n
d

an
average

f
A

G
N

of
0.18

±
0.02

for
ou

r
clu

sters,
an

d
th

is
is

valu
e

is
con

sistent
w

ith
th

e
low

er
lim

it
ob

tain
ed

for
th

e
A

G
N

frac-
tion

in
th

e
fi
eld

,
f

A
G

N
>

0.20
(H

o
et

al.
1997;

C
arter

et
al.

2001;
K

au
ff
m

an
n

et
al.

2003;
M

iller
et

al.
2003;

B
04;

S
tasiń

ska
et

al.
2006).

O
n

th
e

oth
er

h
an

d
,

clu
sters

w
ith

σ
v
≥

500
km

s
−

1
h
ave

an
average

f
A

G
N

of
0.14

±
0.01,

sig-
n
ifi

cantly
low

er
th

an
th

e
fi
eld

valu
e.

O
u
r

clu
ster

A
G

N
frac-

tion
is

h
igh

er
th

an
p
reviou

sly
rep

orted
valu

es
(G

isler
1978;

D
ressler

et
al.

1985,
1999;

H
ill

&
O

egerle
1993;

B
ivian

o
et

al.
1997;

R
in

es
et

al.
2005;

M
artin

i
et

al.
2006),

b
u
t

ou
r

es-
tim

ate
in

clu
d
es

low
-lu

m
in

osity
A

G
N

s
w

h
ich

w
ere

p
rob

ab
ly

m
issed

in
th

e
p
reviou

s
stu

d
ies.

T
h
e

f
A

G
N

-σ
v

anti-correlation
is

n
ot

in
con

sistent
w

ith
th

e
lack

of
a

correlation
b
etw

een
f

A
G

N
an

d
th

e
galaxy

nu
m

-
b
er

d
en

sity
(M

iller
et

al.
2003).

W
e

m
ay

in
fact

n
ote

th
at

th
e

m
erger

rate
h
as

an
inverse

cu
b
ic

d
ep

en
d
en

ce
on

σ
v ,

b
u
t

on
ly

a
lin

ear
d
ep

en
d
en

ce
on

th
e

galaxy
nu

m
b
er

d
en

sity.
If

th
e

A
G

N
p
h
en

om
en

on
is

in
d
eed

triggered
by

galaxy-galaxy
m

ergers,
th

e
d
ep

en
d
en

ce
of

th
e

A
G

N
fraction

on
th

e
sys-

tem
σ

v
m

u
st

b
e

easier
to

d
etect

th
an

th
e

d
ep

en
d
en

ce
on

th
e

d
en

sity
of

th
e

environ
m

ent.
O

u
r

f
A

G
N

-σ
v

p
lot

of
F
igu

re
2

is
very

sim
ilar

to
F
ig.

6
in

P
oggiantiet

al.
(2006,

P
06

h
ereafter),

w
h
ere

th
e

fraction
of

clu
ster

m
em

b
ers

w
ith

E
W

(O
II)

<
−

3
(f

[O
I
I
]
h
ereafter)

is
p
lotted

as
a

fu
n
ction

of
th

e
clu

ster
σ

v
for

a
sam

p
le

of
28

A
b
ell

clu
sters

w
ith

S
D

S
S

sp
ectroscop

ic
d
ata.

T
h
e

d
ecreas-

in
g

tren
d

of
f
[O

I
I
]

w
ith

in
creasin

g
σ

v
w

as
interp

reted
by

P
06

in
term

s
of

a
d
ecreasin

g
fraction

of
star-form

in
g

galax-
ies

w
ith

in
creasin

g
σ

v .
T

h
eir

con
clu

sion
assu

m
es

th
at

th
e

Sivakoff et al. 2008 X
-RAY

A
G
N
IN
A
BELL

85
&
A
BELL

754
15

F
IG.

10.—
(Left)

The
fraction

of
M
R

<
−20

galaxies
w
ith
X
-ray

A
G
N
,

fA ,versusclustervelocity
dispersion

in
the

clustersam
ple

from
Table

3.The
dotted

line
indicates

the
fraction

sum
m
ing

overallM
R

<
−20

galaxies
in
the

sam
ple.

(Right)Values
of

fA
sum

m
ing

overgalaxies
in
clusters

w
ith
veloc-

ity
dispersions

under
and

over
500km

s −1
are

indicated
w
ith
large

sym
bols.

The
clusters

w
ith
the

low
estvelocity

dispersion
have

the
highestfractions,

consistentw
ith
a
preference

forX
-ray

A
G
N
in
the

regions
w
ith
a
group-like

environm
ents

from
the

A
bell901/902

supercluster(G
ilm
ouretal.2007).

butw
ith
sm
aller

confidence
intervals.

W
e
note

thatthe
in-

creased
spatialcoverage

provided
by
the

clusters
in
this

pa-
peralso

providesa
betterm

atch
to
the

m
ore

distantclusters,
w
hich

are
sam

pled
outto

theirprojected
r200 .

5.2.
AG

N
Fraction

and
Velocity

D
ispersion

The
lack

of
a
radialdependence

of
X
-ray

A
G
N
fraction

in
our

sam
ple

m
ay
be
due

to
the

true
absence

of
a
trend

orthe
m
asking

ofthe
expected

increasing
trend

w
ith
radius

by
severalother

factors,including
our

increased
sensitivity

to
A
G
N
in
m
assive

galaxies,
w
hich

tend
to
lie

in
cluster

cores,and
thesignificantpopulationofknow

n
low

-lum
inosity

A
G
N
/LIN

ERsin
early-typegalaxies,w

hich
arealso

m
orenu-

m
erousin

clustercores.
A
ny
trend

m
ightalso

have
been

di-
luted

by
ouraveraging

overany
substructures

ata
given

ra-
dius.

W
ith
betterA

G
N
statistics,itm

ay
be
possible

to
con-

siderw
hetherthe

A
G
N
fraction

increases
in
group-like

sub-
structuresin

the
clusterrelativeto

the
clustercore,a

truertest
of
the

hypothesis
thatm

ergers
drive

A
G
N
today.

For
now,

w
e
em
ploy

anothertestofthe
effectofenvironm

enton
A
G
N

fraction
and

thus
of
the

m
ergerscenario:

is
there

a
change

in
X
-ray

A
G
N
fraction

asthe
velocity

dispersionsofclusters
increase?
W
edisplay

fA (M
R
<
−20;L

X
,B

>
10

41)asafunctionofclus-
tervelocity-dispersion

forourz
!
0.08

clustersam
plein

Fig-
ure

10.
In
oursam

ple,com
paring

the
A
G
N
fraction

ofeach
clusterto

thecluster-averaged
A
G
N
fraction

doesnotindicate
a
strong

variation.
H
ow
ever,w

e
find

a
correlation

betw
een

A
G
N
fraction

and
velocity

dispersion.Clustersw
ith
low

erve-
locity

dispersion
havelarger

fA (M
R
<
−20;L

X
,B

>
10

41)in
our

data.In
particular,thetw

o
clustersw

ith
thehighestA

G
N
frac-

tion,A
bell89B

and
A
bell3125

have
velocity

dispersionsof
∼
500km

s −1,m
oretypicalofrich

groups.In
therightpanelof

Figure10,w
ecom

parethecom
bined

fractionsofthetw
o
low

velocity
dispersion

clusters,
fA (M

R
<
−20;L

X
,B

>
10

41;σ
<

500)=
0.100

+0.062
−0.043 ,to

the
fourhighervelocity

dispersion
clus-

ters,fA (M
R

<
−20;L

X
,B

>
10

41;σ
>
500)=

0.026
+0.010
−0.008 .U

sing
the

binom
ialtheorem

to
calculate

the
confidence

intervalson
the

fractions
(e.g.,G

ehrels
1986),w

e
find

thatthe
probabil-

ity
the

tw
o
above

fractions
overlap

is
very

sm
all,

∼
0.3%

.
H
ow
ever,this

could
overestim

ate
the

significance
ofthe

re-

sultas
there

are
fifteen

differentcom
binationsoftw

o
cluster

groups
w
e
could

m
ake

from
ourcluster

sam
ple.

Therefore,
w
e
conservatively

estim
ate

thatthe
A
G
N
fraction

is
higher

in
low

ervelocity
dispersion

clustersatthe
∼
95%

confidence
level.

A
sim

ilar
trend

appears
in
the

A
bell901/902

super-
cluster

G
ilm
ouretal.(2007).

There,X
-ray

A
G
N
prefer

to
be
in
regionsw

ith
group-likeenvironm

ents(m
ainly

based
on

galaxy
density),ascom

pared
to
field-likeorcluster-likeenvi-

ronm
ents.

A
n
anticorrelation

betw
een

opticalA
G
N
fraction

and
velocity

dispersion
(Popesso

&
Biviano

2006)and
a
cor-

relation
betw

een
radio

A
G
N
fraction

and
largerenvironm

en-
taldensities

(Bestetal.2005)have
also

been
observed.

W
e

do
notexpectthatthis

resultis
sensitive

to
the

varying
ra-

dialcoveragebetw
een

individualclusters.First,w
e
found

no
radialdependence

in
the

A
G
N
fraction

atthese
lum

inosities.
Second,the

discrepancy
betw

een
the

fractions
is
even

m
ore

significantifw
e
exclude

A
bell644

and
A
bell3128,the

tw
o

clustersw
ith
the

leastcom
plete

radialcoverage.
Sm
aller

X
-ray

A
G
N
fractions

than
thatfound

in
our

low
velocity

dispersion
clusters

are
m
easured

in
less

dense
en-

vironm
ents.

Shen
etal.(2007)

only
found

one
X
-ray

A
G
N

(outof50
M
R

<
−20

galaxies)in
a
sam

ple
ofeightz

∼
0.06

poorgroups
(σ

<
500km

s −1),
fA (M

R
<
−20;L

X
,B

>
10

41)=
0.020

+0.044
−0.017 ,w

here
the

m
ajority

of
these

groups
had

sm
aller

velocity
dispersion

than
A
bell

89B
and

A
bell

3125.
The

X
-ray

A
G
N
fraction

of
early-type

field
galaxies

in
the

Ex-
tended

Chandra
D
eep

Field-South
has

also
been

m
easured

(Lehm
eretal.2007).They

find
fA (M

R
<
−20;L

X
,B

>
10

41)=
0.066

+0.034
−0.024

(B.Lehm
er
2006,private

com
m
unication).

W
e

note
thatthe

X
-ray

A
G
N
fraction

for
all

M
R

<
−20

galax-
ies

drops
by
a
factor

of
∼
2
com

pared
to
the

fraction
for

justearly-type
galaxies

in
nearby

clusters
(T.A

rnold
etal.,

in
preparation).

Since
late-type

galaxies
are

m
ore

prevalent
in
the

field
than

in
clusters,one

expectsthe
field

X
-ray

A
G
N

fraction
forallgalaxiesto

drop
m
ore

rapidly
com

pared
to
the

∼
7%

m
easured

forearly-typegalaxies.
W
e
note

that
any

additional
obscuration

associated
w
ith

gas-rich
galaxies

w
illbe

m
ore

prevalentw
here

the
fraction

of
late-type

galaxies
is
higher.

The
effectof

m
issing

A
G
N

due
to
obscuration

w
illbe

strongestin
the

field
and

w
eakest

in
the

highestvelocity
dispersion

clusters.Thus,obscuration
isunlikely

to
explain

the
apparentprevalence

ofX
-ray

A
G
N

in
rich

groupsand
poorclusters.

The
likelihood

ofgalaxy
m
ergersincreasesw

ith
increasing

galaxy
density

and
decreasing

relative
velocity.Com

pared
to

poorgroupsand
the

field,the
galaxy

densitiesofrich
groups

are
higher.

Com
pared

to
galaxiesin

clusters,the
relative

ve-
locitiesofgalaxiesin

rich
groupsarelow

er.Thus,itisnotsur-
prising

thatA
G
N
m
ay
form

preferentially
in
group-likeenvi-

ronm
ents.A

largersam
pleofgroupsand

clusters,particularly
thosew

ith
velocity

dispersionsofpoorclustersorrich
groups

at
σ
∼
500km

/s,are
needed

to
determ

ine
the

preferred
envi-

ronm
entforA

G
N
and

use
thisinform

ation
to
determ

ine
how

they
arefueled.Largerdatasetsofcom

parably
selected

X
-ray

A
G
N
in
the

field
w
ould

also
be
valuable.

6.
CO
N
CLU

SIO
N
S

To
betterunderstandthefactorsthatm

ay
drivetheevolution

ofA
G
N
today,w

em
easuretheA

G
N
fraction

in
anew

sam
ple

ofnearby
rich

clusters,com
pare

itto
m
ore

distantsam
ples,

and
exam

inehow
itvariesw

ith
environm

ent.W
e
presentnew

w
ide-field

C
handra

O
bservations

of
A
G
N
in
A
bell

85
and

A
bell754.

Seventeen
X
-ray

sources
associated

w
ith
galax-

P
op

esso
&

B
iv

ian
o:

T
h
e

A
G

N
fraction

–
velo

city
d
isp

ersion
relation

in
clu

sters
of

galax
ies

3

F
ig

.
2
.

B
iw

eight-average
valu

es
of

f
A

G
N

in
several

b
in

s
of

σ
v

for
th

e
P

B
B

R
(op

en
sym

b
ols)

an
d

th
e

C
4

(fi
lled

sym
-

b
ols)

sam
p
les.

T
h
e

solid
lin

e
d
isp

lays
th

e
relation

f
A

G
N

=
1.25

K
(u

)
+

0.145,
w

h
ere

K
(u

)
is

th
e

m
ergin

g
rate

fu
n
c-

tion
d
erived

by
M

am
on

(1992),
w

ith
u

=
5.4σ

0 /(2
σ

v ),
an

d
σ

0
=

160
km

s
−

1.

F
ig

.
3
.

T
h
e

relation
b
etw

een
f
[O

I
I
]

(top
p
an

el)
an

d
f

S
F

(b
ottom

p
an

el)
an

d
σ

v
for

th
e

sam
p
le

of
26

clu
sters

in
com

-
m

on
b
etw

een
P

06’s
an

d
ou

r
sam

p
les.

T
h
e

solid
lin

e
sh

ow
s

th
e

relation
of

P
06

(see
th

eir
eq.

(3)).
1-σ

error
b
ars

are
sh

ow
n
.

rate
fu

n
ction

d
erived

by
M

am
on

(1992),w
h
ich

scales
as

σ
−

3
v

for
h
igh

,
clu

ster-like
valu

es
of

σ
v .

W
e

take
σ

0
=

160
km

s
−

1

as
typ

icalof
th

e
M

r
>∼

−
20.0

galaxies
in

ou
r
sam

p
le

(w
e

u
se

th
e

ab
solu

te
m

agn
itu

d
e

vs.
σ

0
relation

of
Z
iegler

&
B

en
d
er

1997).
S
u
ch

a
relation

,
w

ith
C

=
1.25,

B
=

0.145,
p
rovid

es
an

accep
tab

le
fi
t

to
th

e
b
iw

eight-average
valu

es
of

f
A

G
N

in
several

σ
v -b

in
s

b
oth

for
th

e
P

B
B

R
(χ

2
=

6.0
for

3
d
egrees

of
freed

om
,
d
of

h
ereafter)

an
d

th
e

C
4

sam
p
le

(χ
2

=
10.2

for
6

d
of;

see
F
igu

re
2;

see
B

eers
et

al.
1990

for
th

e
d
efi

n
ition

of
th

e
b
iw

eight-average
statistics).

O
n

th
e

oth
er

h
an

d
a

con
-

stant
f

A
G

N
m

od
el

is
rejected

(P
B

B
R

sam
p
le:

χ
2

=
10.2

for
4

d
of;

C
4

sam
p
le:

χ
2

=
18.4

for
7

d
of).

W
e

d
iscu

ss
th

e
p
hysical

interp
retation

of
th

is
relation

in
S
ect.

4.

4
.
D

iscu
ssio

n
&

co
n
clu

sio
n
s

W
e

h
ave

d
iscovered

a
sign

ifi
cant

anti-correlation
b
etw

een
f

A
G

N
an

d
σ

v
in

tw
o

sam
p
les

of
n
earby

galaxy
clu

sters.
S
u
ch

an
anti-correlation

is
n
atu

rally
exp

ected
if

th
e

form
a-

tion
an

d
/or

fu
elin

g
of

A
G

N
s

is
related

to
th

e
galaxy-galaxy

m
ergin

g
p
rocess

(see,
e.g.,

V
eilleu

x
et

al.
2002;

S
05),

sin
ce

m
ergers

of
galaxies

are
im

p
ossib

le
if

th
e

galaxy
relative

ve-
locities

are
h
igh

,
as

in
rich

galaxy
clu

sters.
T

h
e

A
G

N
fraction

ap
p
ears

to
b
e

p
rop

ortion
al

to
th

e
m

erger
rate

in
galaxy

system
s

(as
d
eterm

in
ed

th
eoretically

by
M

am
on

1992),
p
lu

s
a

con
stant

(see
F
igu

re
2).

T
h
e

p
ro-

p
ortion

ality
b
etw

een
f

A
G

N
an

d
th

e
m

erger
rate

of
clu

ster
(or

grou
p
)

galaxies
is

exp
ected

if
galaxy-galaxy

m
ergers

in
crease

th
e

accretion
rate

of
th

e
central

b
lack

h
ole

(an
d

h
en

ce
th

e
A

G
N

lu
m

in
osity)

over
a

tim
e-scale

sim
ilar

to
th

e
m

erger
tim

e-scale,
as

sh
ow

n
by

th
e

sim
u
lation

s
of

S
05.

W
hy

th
en

is
f

A
G

N
n
ot

zero
for

th
e

h
igh

est-σ
v

clu
sters?

E
ven

if
th

e
selected

clu
sters

in
ou

r
sam

p
le

d
o

n
ot

sh
ow

sig-
n
ifi

cant
evid

en
ce

for
su

b
clu

sterin
g,

it
is

p
ossib

le
th

at
m

ost
stillcontain

u
n
d
etected

su
b
clu

sters,ch
aracterized

by
rath

er
low

,
grou

p
-like

valu
es

of
σ

v .
M

oreover,
even

if
w

e
h
ave

se-
lected

clu
ster

m
em

b
ers

in
p
ro

jected
p
h
ase-sp

ace,
th

is
d
oes

n
ot

elim
in

ate
com

p
letely

th
e

contam
in

ation
by

fi
eld

galax-
ies,

w
h
ich

B
ivian

o
et

al.
(2006)

estim
ate

to
b
e

17%
.
H

en
ce

a
su

b
stantial

fraction
of

th
e

galaxies
in

ou
r

clu
ster

sam
p
les

cou
ld

resid
e

in
u
n
id

entifi
ed

su
b
clu

sters
or

in
th

e
fi
eld

.
If

f
A

G
N

in
su

b
clu

sters
is

as
h
igh

as
th

at
in

com
p
act

grou
p
s

(C
oziol

et
al.

2000,
2004;

T
u
rn

er
et

al.
2001;

T
ovm

assian
et

al.
2006)

an
d

if
f

A
G

N
is

h
igh

er
in

th
e

fi
eld

th
an

in
clu

sters
(see

d
iscu

ssion
b
elow

),
th

is
cou

ld
exp

lain
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M
ass or redshift evolution?

So far results have involved binning and as such 
have very stringent lim

its on lum
inosity (L

X >3x10
43 

ergs
-1) to be com

plete at all redshifts 
!

Ideally form
 m

odel without binning and that 
accounts properly for the com

plicated selection 
function - can look for m

ass, redshift and radial 
dependence
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 Ueda et al. (2014) converted to our energy band 
0.5-8.0 keV and priors allowed factor of 2 greater freedom
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Projected AG
N fraction rises w

ith 
increasing cluster centric radius!
!X-ray AG

N suppressed by ~3 tim
es 

in cluster centres com
pared with 

outskirts 
!Sim

ilar to star-form
ing galaxies and 

optical AG
N 

!But: This is projected AG
N fraction 

and based on m
agnitudes 

Need spectroscopic confirm
ation of 

X-ray AG
N and m

atched optical 
galaxies to reliably determ

ine AG
N 

fractions
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Absorption
30/49

44/269

SF-em
ission
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8/269

AG
N-

em
ission

4/49
9/269

Q
SO

10/49
175/269

O
ptical follow-up

14

SDSS: NO
TE - Sam

ple not at all w
ell 

defined!!
•

W
ithin 2’’ of X-ray position find 

7753 objects of 11671, 318 have 
spectra 49/318 have velocities 
+-5000 km

s
-1 

Next step: Need spectroscopic confirm
ation

Need targeted follow
-up
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VIM
O

S follow-up 
program

: 
!O

bserve 10, z=0.35 - 
0.4, relaxed clusters 
!Aim

s:!
- Exam

ine X-ray AG
N 

host relationship 
- Does AG

N fraction 
depend on cluster 
m

ass?
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VIM
O

S follow-up program
: 

!Expect: 500-700 targets per 
cluster (~6000 targets) 
              ~860 X-ray AG

N !
              >50 w

ithin ~2x r500, !
                     ( 15 so far) 
!M

atched by m
agnitude and 

cluster centric distance for 
V<23 
!2700 seconds on target
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Results:!
1. Num

ber density of X-ray AG
N in clusters depends on cluster m

ass!
2. No evidence for redshift evolution beyond the field!
3. No evidence for radial variations w

ith m
ass or redshift!

!
Next steps: 

SPT clusters to higher redshift. 
Add lum

inosity radial-dependence to the m
odel? 

Triggering/Q
uenching m

echanism
? !

1. Look for asym
m

etries in optical im
ages and test against sim

ulations of 
m

erger rates. 
2. Test against sim

ulations of galaxy-ICM
 interaction. 

O
ngoing VIM

O
S program

:!
1. Fraction of X-ray AG

N appears to increase with radius in the cluster - 
sim

ilar to star form
ing galaxies in clusters? 

2. X-ray AG
N hosts are diverse, but, is there a dom

inant population of 
hosts and where in the cluster are these hosts located?


