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Galaxy Clusters in X-ray & Optical

CHANDRA X-RAY DSS OpPTICAL

70%-80% dark mz
200/2_30(72 bziyol:ll: i ICM retains the imprint of the dynamical

Tous ~4-10 ke V. and thermodynamical history of the cluster



Cool Core and Non-cool € ore Clusters
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. Observed Ly implies ~10-100°s M. yr!

» Peaked X-ray sur
e Short cooling tin

Would produce ~10*2 M of cold gas over cluster lifetime



X-ray Evidence for Cool Gas in Cluster Cores

Short cooling times

yr)

9

Cooling time (10

IIIII | | IIIIIII
10 100

Radius (kpc)

(Voigt & Fabian 2003)

Temperature gradients




The Classic Cooling Elow Problem

X-=ray cooling rates
and star formation
rates disagree

1.0

e —Fuse O VI A 1032
B —FEinstein /ROSAT

0.1

0.1 1.0 10.0 100.0 1000
SFR (M, /yr)

McNamara et al. (2003)



Non-X-ray Evidence tor Cool Gas in Clusters

| Ho: Conselice et al. 2001
wsg7  UViOergerle et al. 2001 Many Searches for | . - ,

cooled gas products

« OVI 1032

1100 1110 1120
wavelength (A)




Chandra Detection of X-ray Cavities

20 arcsec

Discovered: immediately atter launch

8:20= 30 kpe cavity stractures seen m- X-ray

o “Antizcorretated with 1.4 GHz radio emission
o Nosewadence tor-shock-heatmg detected

SGhostcavities seen i A2597

Original 40 ksec observation — McNamara, Wise, Nulsen et al. (2000)

Are cluster cavities contmon?
What is the impact on the gas?
Solution to CFE problem?

20 agresec

Original 19 ksec observation McNamara, Wise, Nulsen et al. (2001)



Imprints of AGN heating

, " South Cavity

102736

04P13™2650 2555

Sun et al. (2003)

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

1400 MHz

Clarke et al. (2007) McKean et al. (2011)



Chandra 1 Msec ()
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Evidence for Heating in Cluster Cores

XMM RGS

Abell 1833 How miuch gas cools out?

What is heating the gas?

(%)
o
o

10" photons/s/A

wun
o
o

Canonical CF problem

Peaked X-ray profiles
teool ~ 103-107 yr

Ly ~10—100’s Mg yr!
Deficit of soft X-ray lines

1050photonsls/A

Rest Wavelength (A)

Peterson et al. (2003)




Spectral Signatures of Heating

Pure isobaric cooling:

Cooling Luminosity Limits
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Lonin ~ 0.3 1y

Including heating:

dL B s
—:§ M(a+1) | —
dl 2 pm, To

o =1-2 o X ALpcgt

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



Spectral Signatures of Heating

Pure isobaric cooling:

Cooling Luminosity Limits

al

bk
2

Iy

M
dr

Lonin ~ 0.3 1y

Including heating:

dL B s
—:§ M(a+1) | —
dl 2 pm, To

o =1-2 o X ALpcgt

1.0
T [keV]

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



Spectral Signatures of Heating

Pure isobaric cooling:

Cooling Luminosity Limits
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Including heating:

dL B s
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dl 2 pm, To

o =1-2 o X ALpcgt

1.0
T [keV]

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



Spectral Signatures of Heating

Pure isobaric cooling:

Cooling Luminosity Limits

al

bk
2

Iy

M

al

Lonin ~ 0.3 1y

Including heating:

G s ey s
— = — M(a+1) | —
dl 2 pmy, To

o =1-2 o X ALpeqt

1.0
T [keV]

Something is either heating the gas
Sample of 14 clusters observed with XMM RGS (Peterson et al. 2003) or absorbin g the emission at low T






Fossil Evidence for AGN Feedback

¥ Stellar dynamics
O Gas dynamics

¥ Masers A1836:BCG
] Excluded 3 .
[]

IC145
@ Elliptical
SO

G
%

@ Spiral

« Cole et al. (2001)
o Huang et al. (2003)

*’ ‘

(ON1300
NR23

N2787@ . 821

—18

Bower et al. (2006)

Connection between BH
growth and Bulge assembly

Giiltekin et al. (2009)




..Clous.te'r—scale AGN Outbursts

MSO0735.6+7421 (z=0.216)

M~1.3 shock e Radio plasma

. E=100erg . . -

D1splaced Xe-ray gas

*

o

1 =200 kpc

Wise et al. (2011) ) - s £ ' |

McNamara et al. (2009, 2011)

Gitti et al. €2007) . ' : L
McNamara et al. (2005) - Op{:lcal, Radio,
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Cavity Energetics - _

® Measure cavity volumes and surrounding pressures
® Limited by ability to resolve cavity boundaries
® Estimate of the work done to inflate cavitieS{(pVs)

® Assumes pressure balance with: surrounding:gas

® Total free energy given by:

~

e
® (avity power: ' | . < X 1’ = 200 kpc
Ap V.
Pcafv et -
<>

# Uncertainties due to geometry
and gas equation of State




High Resolution Spectral Mapping

e Map is just many spectral fits (~103-10%) Virgo A / M87 3 arcmin (94 ko)
» Define grid of boxes containing given S/N
» Extract spectrum and calculate response

» Fit spectral model at each grid point

» Can map any spectral parameter

Million et al. (2010)

q Spectral mapping at ~1 arcsec is a unique Chandra capability
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Cavity Structure and Energetics

Wise et al. (2011)

Exposure Corrected

Energy: 6x10°! ergs
.gy : Pcav ~ 10 LX ~ 250 PPerseus ~ 104 PM87
Cavity Age: 1x108 yrs
Power: 1.7x10% ergs s-1 Most of energy deposited outside cooling radius

Displaced mass: ~4-5x101 Mg



Cavity Structure and Energetics

Wise et al. (2011)

Exposure Corrected

330 MHz
E : 6x1091
ne{‘gy X i Pcav ~ 10 LX ~ 250 PPerseus ~ 104 PM87
Cavity Age: 1x108 yrs
Power: 1.7x10% ergs s-1 Most of energy deposited outside cooling radius

Displaced mass: ~4-5x101 Mg



Rafferty et al. (2006) -
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The Feedback Sequence

What produces the observed scatter?
How do we extend this to -high 72

cD clusters
guenched

avit gE & groups
C Y quenched

Power “old, red, dead”

cD clusters
ongoing star
formation

//
Y / \ quenching ~ 4pV

Radiative Losses




Shocks from AGN Outbursts £z 1x10% e, e - 140 Myr

Weak shocks seen in several objects
Temperature jump generally not seen

Tl

-6

10

~7

1078 5x107% 1077
SB (ct pixel™' s71)
5x10

~7

e
10 °2%10°% 5x10°%0.01 0.02

5x1077 1078 ox

E ~3x10° ergs, tage ~ 59 Myr Nulsen et al. (2005) Nulsen et al. (2005)




Hercules A

Nulsen & Wise (2011)

o

p - VI'.
e :.

‘o '.‘.‘;
) n‘-‘"‘? ~l§."}

a‘. . '.-!.‘::‘ ak

= Second most powerful AGN outburst known (E; > 100! erg) ;
= Synchrotron power on par with Cygnus A, FRII-like Shock contains 100x the power

= Radio morphology 1s jet-dominated, no hotspots, FRI-like radiated by gas inside coolin g radius!

» Spherical, M~1.6 shock surrounding the cavities



SRR R
) == Dpalpiipa/p1

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

: T
Evidence for shocked gas Expected: TQ — 1.3 (M ~ 1.3) Observed: % ~ 1.4
1 1
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Cavity Systems Irace History of AGN Output

Low frequency = integrated history

» Tl [ > 200 Myr

4 - ot M D e e e e

High frequency = recent activity

/ [ ~50 Myr

Diffuse emission
Steep spectrum

Traces integrated
330 MHz AGN output

1.4 GHz
Wise et al. (2007)



AGN Duty Cycle and SMBH Growth

Blanton et al. (2007)

30.0s g

Declination (J2000)

09m00.0s

30.0s

08m00.0s 8

45.0s
scension (J2000)

Clarke et al. (2009)

Clarke et al. (2007)

o Multiple:cavities detected my X-ray maps
o Imply:multiple AGN-outburstsover ~200 Myt
o | .imits on rate-of BH growth:

Macc soo Ecav A]\4BH eer (1 Toss E)Macc

€C?

Wise et al. (2007)



Cluster weather: AGN “Sphere of Influence”
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10 100
Radius (kpc)

* Pjec ~ 10% ergs/s with durations:

Elapsed Time: —2.7875260 Myr File 4: 1300 30 Myrs
e 50 Myrs
Heinz et al. (2006), Morsony et al. (2007) Continuously

* Excavated zone stationary, just deeper

Cluster weather limits “sphere of influence”
 Radius of influence: R ~ P13
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Enrichment ot 1GM by Outbursts

Kirkpatrick et al. (2009, 2011)

Fe outflow

MS0735.6+7421

Ry~ 300 kpe

P...~ 1x10%** erg s/ P

J i~ 3x10%0 erg sl

J
n Sample of 10 clusters with-deep-Chandraobservations : 1.5 2.0 2.5 3.0
» Excess metals observed to~0:3 Mpc Log Re. [kpc]

= Quttlow direction correlates - wath-radio-and cavity-orientation
m General Fe scaling relation: Res = Pier V42

» Consisent with radiwus of Jet mfluence: Risc~ Pict 237

m To lift metals to 1" Mpc requires Piei > 104" erg s



01:00.0

Gas Dredge-up by Outbursts dness Ratio]

|

T

- -
2.325 2.344 2.383 2.458 2.613 2.918 3.524 4.748 7.169

Wise et al. (2011)

02:00.0

03:00.0

# -
04:00.0

1205000 ‘|

05.0 $:18:00.0 17:55.0

Gatti et al. (2011)

Displaced cool gas mass: ~9x1010 Mo

Entropy of displaced gas: ~ 30 keV cm?

2
AE:MCOOICS 1n<’02> 2.2 x 1090 ergs
o P
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Deeper Chandra and XMM Observations

Temperature
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= Fully map the cocoon shock and measure T jumps

= Map the spectral index of the jets, lobes, and hotspots Resolution ~1 arcsec at SIN~100 implies ~Msecs
s Constrain metal outflows and older outbursts



Possible Future Cavity
Studies with 1XO

Simulated 250 ksec IXO data of Cygnus A

e Fe XXV and XXVI Ka line

e Line structure reflects expansion of cavity

e Measure expansion velocity directly

® Ages (110 MOore Isonic, tbuyoant, twhatever)i

e Unambiguous cavity and jet powers

y | pixels]

IXO could easily resotye vetocity
structures:fromjeedback

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



Relative Declination (arcsec)
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= Spectral index maps over broad frequency range
= Determine spectral ageing of ¢ population
» Determine jet and lobe particle content

m Place constraints on strength and topology of B fields
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Correlate directly with X-ray spectral

maps on equivalent spatial scales!



Lradio S pProxy for P cavity

it | =

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

P.m*L

cavity radio

Perseus

. &

gt

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

o 24 cavity Systems trom Chandra Archive

o Low tormoderate redshift (0.0035 < z < 0.545)

o - VIEAdata: 330 MHz, 1.4 GHz, 4.5 GHz and 8.5 GHz
0.10 1.00 10.00 o Combine X-ray + Radio

radio’ 10* erg/s)™ Ve GHz)"" o Depends on source extent

Birzan et al. (2008)

Calibrate at low-z = Extrapolate to high z



_ Summary

e AGN outbursts have a huge impact on their environment
¢ Imprints of these outbursts reflect the growth of the BH
¢ Provide constraints Oh energetic output and duty -cycle

¢ Evidence for ICM n;etal enrichment by outbursts

® Outbursts dredge-up low _er}tropy material from core

o Deepe; X-ray data needed to célibrafe low z feedback

e LF radio can be; used to‘;identify cavity systems at high-z

¢ LOFAR observations will calibrate-the P.4yiry VS. Lyadgio relation

® Detailed pictur’e'of feedback in clusters from present to z~2



