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How bad are X-ray mass
estimates?




What we see in X-rays?

Are the objects we see in X-
rays special?

What we need for mass
determination?

What to compare with?

What can go wrong?



This is environmentally friendly
talk:

50% of objects, data and slides are
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Thorsten Naab
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What we see in X-
rays?

1. X-ray emitting material is pushed away by relativistic plasma
2. X-ray spectrum = thermal emission of optically thin plasma

Diffuse thermal gas, filling the gravitational potential well.
In a static potential the gas settles down in few sound crossing
times. Solving hydrostatic equilibrium equation gives you mass.



Are the objects we see in X-rays
specielp—

LI LI II'II'III L LI III'II"II

Hot interstellar gas

1000 E Hot interstellar (M87)
- gas and LMXBS -

= in NGC 4472

—

ek ) "_'

2 100 ’ Low mass
= =~ X-ray binaries
e

=8
&

o -

S 10 M32

-

Stars + CVs

ﬂ.lF””I o

L 1 [ [ 1 IIII
1 10 100

Energy, keV

Revnivtsev+,200



Are the objects we see in X-rays
special?
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How good is X-ray mass (compared to
what)?
Simulations?

Gas density”2 Gas Temperature

Oser et al,
2010



Mass profiles of most massive

galaxies

(in simulations)
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How good is X-ray mass (compared to
what)?
Simulations?

Gas density”2 Gas Temperature

Mass profiles are approximately isothermal

(s.0)

Let us now extract n,T (P) from simulations






Density distribution in radial shells (in simulations)
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Deviations of VC from true value
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How good are X-ray masses?
What to compare with (for real

objects)?
Stellar
kinematics?
dP  GM
X- - T2
rays: P dr I
Optical: I(R), syskovat,20

o(R) Poster #30



Isothermal potential + Power law I(R) +
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Relax all I(ROR”
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massive galaxies: 02150 km/s
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What can go wrong with X-

rays? P’ p,“

Annoying:
Deviations from spherical
symmetry
Multi-temperature plasma =>

n, T
Abligdance determination => n
Intﬁ\?[
rbu

& contribution => T
ent gas

motions
Magnetic fields
Cosmic Rays

nmn — He abundance



Annoying problems (error
budget)

Table 3. Relative changes in circular speed with respect to the reference value v, given in Table 2 when changes are made to the
analysis procedure (see 52.4).

CGalaxy M band Err. A I E Err. MNorrs Err. M w2 Err. . Err.
% 8 i % T
ngel399 4.23 0.80 -2.01 0.44 2.36 O.64 1.40 0,94 1.2:2 0.39
ngeld07T O.7 5.67 -1.61 2.37 5.25 2.88 566 1.74 1.05 2.22
ngedd7T2 2.43 2.17 -0.95 0.79 -2.31 1.16 -0.42 0.7aG -3.71 0.70
ngcdds86 3.88 0. 40 -5.69 0.37 -4.58 0.39 1.44 0.26 -1.00 0.31
ngedG49 -2.48 1.14 0.36 0.41 2.67 0.G2 3.30 043 0.08 0.39
ngchHs546 1.53 2.61 -1.82 1.02 -2.57 1.50 -1.658 0.81 -5.14 1.21
Mean 1.7 -1.96 0.64 1.62 -1.25
RMS 2.82 2.69 4.35 2,89 2.70
MName changes in the analysis Section
A abund free metal abundance (§2.1)
DT I B a power law is added (52.3)
Ms difference between MNorth and South (52.2)
A = 2 (5 Q:.I
. ] ..-""2 kEiQ,‘-'

RMS~7%
[good
objects]



More Interesting Part : Non-

thermal Pressppe GM
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Stars: gravity Gas: gravity, magnetic fields,

cosmic
rays, turbulent motions

only




Cosmic rays + magnetic fields +

Extra (non-thermal) energy makes the gas distribution broader!
Comparison of optical and X-ray mass is a proxy for non-thermal
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Potential, um ¢, keV
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Comparison of optical and X-ray
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Conclusio
ns

In X-rays we see gas in very massive ellipticals (groups,
clusters)

Collisional nature => local, isotropic pressure => H.E.

Massive ellipticals have approximately isothermal potential
Scatter and bias in measuring Vc from H.E. ~ 5-8% [sim]
Bias is traceable to gas motions [sim]

Typical uncertainty in X-ray derived Vc is ~7%

Bias in Vc is ~10 % [non-thermal pressure]
Bias in Vc is partly correctable [with extra measurements]

10% [smaller for a















Mean Vc,x vs Vc,true (in simulations)
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Surface brightness deprojection
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Relaxing assumption of isothermal potential and
p=const
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Measuring cosmic rays, magnetic
fields and turbulence separately

Cosmic rays: limits on the gamma-ray
flu>§|_ 7 o

pTp- - 2y
p+tp>1m e 0OIC

E
FERM CR <0.02-0.1 Ackermann+,
I E e 2010

(provided cosmic ray protons are mixed with

.



Measuring cosmic rays, magnetic
fields and turbulence separately

Magnetic fields: Faraday
rotation

_ Inelﬁ‘ dl

(provided magnetic field and thermal plasma are
mixed;
correlation lenath)




Are CC and NCC Clusters different?

Perseus cluster (cool core) Coma cluster (no cool core)




Gravitating potentials for Coma and Perseus
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Cool Core vs Non Cool Core Clusters
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35 CC + 15 NCC, z->0, R500 -> 1000 kpc
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What we see



What can be wrong?

Physical
Turbulent gas motion
Relativistic particles
Non-stationary

Analysis:
Biasinn_e, T_e, P



What to compare with?
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Previous slide: state-of-the art optical model
This slide: "Street art” optical model (10-3 s of CPU time)
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v, km/s

a,y,.a+7,06
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Using galaxies instead of stars
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Arithmetic with Energy and Power

EAGN ~ Etbezma[ |:| { =t EAGN ~ O 1_0 3 {
di cool ) "~ “cool

[Turbulence only]

Easy with ASTRO-H; Mitsuda
RGS - J.Sanders, #75
Res.Scat. - I.Zhuravleva, #35
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Deprojected n,T for Coma and Perseus
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Direct velocity
Chafifposurements 4 ipno-H
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Gas motlon in ICM observahonal
Nhnt sugna'rur'es = 3

E. Chur'azov I. Zhur'avleva N Lyskova P.Arevalo,
% K. DO'Gg', ~ -‘:;

A.Vikhlinin, W.Forman, C.Jones, S.Sazonov, R Sunyaev



Coma
X-ray image and residuals from symmetric

Gas is not at
rest!




We want to "measure” hot ICM
vglocity field,

How we characterize the velocity field and
observables?

Using simulations to calibrate observables

Any differential gas
motions
Gaussian isotropic



-100

Observables: ne, emission measure weighted
VZ, O



Projected velocity dispersion ® Structure
Function S =([v(x+89-v(x)))
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Less direct ways of measuring ICM

KNGOS b8 Fect

esohant scattering

olarization due to
resonant scattering

Faraday Rotation

‘Ha filaments

F’ressure fluctuations

‘SB fluctuations

kV>, AV

AV, PS(V)

vV AV

PS(B)->V

v

|PS(P)->V
PS(ne)

Benson+03
sborne+11

IWer'ner'+O9,
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Polarization of 6.7 keV Iron

Rayleigh b"h%e function + Quadrggglmem;
Polari=-*ian &z

100% Center: 0%
polarized Outskirts:

Sazonov+ 2002 mlo(ﬂ'-avleva+



Transverse ICM velocities and

olarization
Quadrupole conl?aonen'r can be induced by gas

motions!
Motion along Motion transverse

A
l.o.s. | l.o.s. .

Click to edit Master subtitle style

Doppler No Doppler
shift shift
No Polarization

y polrdyeiiage gas motions reduce optical
depth
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Very indirect ways of measuring ICM

velocities.
Turbulent
Diffusion of D~VL Rebusco+05

metals

ool Cores:
Heating=Cooling

Heating~V3/L

orrection to

mass from V2

hydrostatic

quilibrium

WC‘"Y m@¥mbinations provide both
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1 dP _ GM
- 2

O dr r
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Thermal Non-thermal pressure
pressure (invisible)
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Gas: gravity, magnetic fields,
cosmic
rave turbulent motione

Stars: gravity
only



Potential, um ¢, keV
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V~few 100 km/s -> Power

ER&FdEferizing ICM velocity
field
(3D simulations, RM maps, etc)

Calculating Power Density
Spectra
for featureless continuum

fn'lb.l'n*:nn nLnnnn*nn:AJ-:n



Calculating Power Density Spectrum for the data with holes
(making Fourier transform of the velocity map)

. Non-periodic
.. Missing data (points sources, gaps between

-200 -100 0 100 200 200 400 00 a00 -200 -100 0 100 200 200 400 00 a00

Fourier is tuned for periodic arrays without gaps



Smoothing of X-ray

Raw image 'mages Exposure map S(Images)/S(E_map)




Modified Mexican Hat Filter for data with

aps
W G el G, ol
For=—o ' _ "o
G, oM G, oM

(Arevalo et al, submitted, see also




CMB: Works fine for low

resalution PS .
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Faraday Rotation
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Power

Power

Simulated SD velocu'ry

Fourier
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Pressure fluctuations in
Coma
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Schuecker et al.
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Power

Power Spectrum of X-ray Surface
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Removing qlobal Coma




Power

Coma divided by the p
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Relating 3D and 2D power
I(E£3=To(x, y. D (x, y, ) dz

Pp(k) = [Py(/K HRW ),

W= BRln;(2)]
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BDéDensn‘y fluctuations
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~5-10% density fluctuations include
(4-400 kpc):

potential perturbation (big
al S



Conclusio

ICM V€|OCi'|'rllgS ~ few 100 km/s
[except for mergers]

Direct V measurements ->
structure function

Modified MH method provides
robust
measure of V(k)















Relating 3D and 2D power
I(E£3=To(x, y. D (x, y, ) dz

Pp(k) = [Po(J K + K )Wk, dk,

_!'I'I'I1TI',_|_!'|'I'I1TI',_V_!'|'I'I'I1T|_V_|'I'ITI11

W= B[n,(2)]

k>>—1[1 PzD:3P3D
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Heavy metal turbulent

diffusion
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HE masses vs total masses in
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HucneHHoe mopaenuposaHue
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TypbyneHTHAa AP PY3US TAKENbIX

OnTukKa PeHTPEH1 & aA S2UTOR Obunue xenesa

—
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Rebusco et al. 2005,2006



TToToku oxnaxpaeHusa B LeHTpax

b
Bpemsa paanauuoHHoro o Mp@HqaH idial {4 eo3pacta ckonneHui
TToTepu rasa KOMNEHCUPYHOTCA NOTOKOM MeXAHUYECKOW 3Heprum
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Yt0o «xXovueTca»
06HORM‘H!IIREHEE IN THE S0OLAERE WIND 285

Energy/Wave number

Energy-containing
scale

Dissipation

Energy flow range

Wave number

Figure I A schematic representaiion of a power spectrum of either magnetic Auctuations or
fluctuations of the total energy of solar wind fields.

TTnaBHbIM KOHTUHHYYM (6e3 0cobbIX AeTanew)



BeIuncneHue cnekTpa MOWHOCTU AN AGHHBIX C ABIPKAMMU
(Hanpumep, CNEKTp MOWHOCTU NONA CKOPOCTENR)

.  Henepuoauveckas pyHKUUS
.. [bIpKU B AGHHBIX (TOYEYHbIe UCTOUHUKU U T.M.)
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CTaHAapTHOe npeobpasoeaHue Bypbe «HACTPOeHO» Ha
nepuoauyeckuin curHan 6es awip.
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TTocTpoeHue cnekTpa HU3KOro paspelleHUa ¢ Nnomouibto Barisnertos
(Arevalo et al, submitted, see also Stutzki et al)

'S

bonvlwas ManeHbKas
o]

2. TTopcuetr RMS = mouwHoOCTb Ha AaHHOM maclwTabe

1. Ceeptka ¢ MH cpmq”pom PA3sHOW WUPUHBLL



TTocTpoeHue cnekTpa HU3KOro paspelleHUa ¢ Nnomouibto Barisnertos
(Arevalo et al, submitted, see also Stutzki et al)




CrnaxusaHue

n3obpaxeHum

Cbipoe usobpaxeHue

Kapta akcnosuuuum CrnaxeHHoe u3o06p.
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3D AaHHbIE - Vv(X,Y,Z)
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BoIsoA
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EcTb ewe 3 roaa Anga noctpoeHUs CNeKynaTUBHBLIX
Teopuin
(no ASTRO-H)

Heckonbko He3aBUCUMBIX MeTOAO0B U3MepeHUs
CKOpPOCTeU + YncneHHble pacyeTsl

TTpocToe peweHue TexHUYeckux npobnem
NOCTpOeHUs
CNeKTpOB MOWHOCTU HU3KOTO pa3spelleHUs






Pressure fluctuations in
Coma

P(K) [kpc**2]

Schuecker et al.

(2004)
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Power

Power Spectrum of X-ray Surface
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Removing qlobal Coma
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Relating 3D and 2D power
I(E£3=To(x, y. D (x, y, ) dz

Pp(k) = [Py(/K HRW ),

W= BRln;(2)]
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3D Density fluctuations
in Ct ma Coma; XMM:
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~5-10% density fluctuations include
(4-400 kpc):

potential perturbation (big
galaxies)






Stars: Jeans equation

[stationary,

spherical system]

2
|1 dno: )

n. dr

or Schwarzschild's

method

B

2

_O-r

r

¢

Gas: hydrostatic
equilibrium

[stationary, spherical

system] dP,
Iogag dr
P, = nkT

oy (r)=ag,(r), as

Py



CneKkTpbl MOWHOCTU ABUXKEHUW
rasa

B CKONMNeHuaxX rMNaKkTuk
E.Yypasos, M. Xypasneera, P.CloHges, K.[onar,
C.UsrraHkos K.TToctHoOB, TT.Apeeano,
H.lNbickosa,

C.Komapose, J1.Manu4yuHo

Kak nsmepatb ckopoctu

rasa?

Kak cuutatb cneKkTp
MHoraMMammTMauos, Mapkesuu, @uHoreHos,

Kpuuyk, Sarazin, Norman, Bryan, Vazza, Nagai, Lau,
Chandran, Brueggen, Scannapieco, Ruszkowski, Roediger, Heinz.....



N306paxeHua u sHepretuyeckue
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veweHuem 150 3B
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Energy, keV
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Fopaunum mMexranakTuvyeckmum

mbr 23 MbI He
3HaeMm: 3HaeMm:
TTnoTtHOCTL TTone ckopocrteM
TemnepaTty TennonpoBoAHO
Py CTb
Obunue BaskocTb
MarHuTHbIe nons
Kocmuueckue
.EIBM)KCHMSI rasa - usmepeHune MmaccCer,

J'IX‘-IV!
YCKOpeHUe vYactuul, reHepauuma MmarH.



N3obpaxeHue ckonneHus
U OTKNOHEHUS OT CUMMETPUYHOU

a3 o6a3aH
ABUraTbCS




ASTRO-H
http://astro-
h.i8as.jaxa.jp

2013
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JBONOUUA TEMHOW

Moore et
al.

KapTa TemnepaTtypbl
rasa
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U3mepeHue macc B YNCNEHHbBIX
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Potential, um ¢, keV
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TTpobnembr YNCNEHHBIX CUMYNALUIA:

n PaspelweHue

a) ras

6) 6ecCTONKHOBUTENbHAS TEeMHAa maTtepus
> MckyccrtseHHasa BaskocTb (SPH)
» CTpatupukaumus atmocepepsl (MHOro BbICOT)

2 PU3nvecKaa BA3IKOCTb U TeNNONPOBOAHOCTDL

2y MarHuTHbIe nons

IAII\IIIIA‘ AR emma O 'Y N ¥ .k . XYYy v (N7 W  _BEBYY YW_X N ‘Aﬂ vy X . JTEBEVE VW Y P _Y



PopmuposaHue cKkonneHus:

TeMHCVMClTZPMSI U ras l

dark matiter density gas density

gas emparature

TemHaa matepusa u ras cobuparotca us bonblworo obbema
WU OCTArOTCS B CKONMEeHUU (3TO He TaK A1 MANTOMACCUBHBIX CUCTEM)




KapTa TemnepaTyptl




Main
directions

« Hydro simulations
Numerical issues + Cosmology + ICM physics

« Physical processes leading to observational
sighatures

Line shift and broadening, resonant scattering,

polarization, kinetic SZ effect, surface
brightness

fluctuations, metal distribution, impact on mass

+ Tools to link observations/simulations/theory
Power density spectra?

1 Denal ahecervatinne



Gas motions: simulations

+ SPH vs AMR codes (to agree on the velocity field)

« What resolution is needed to model velocity field
across the cluster

« Impact of Cosmology/initial power spectrum

« ICM physics (viscosity, thermal conduction,
magnetic fields)

« Test the relation between observables and true physical
characteristics (3D velocity field, ICM microphys.)



(P*4mk8)1/2, km/s

3D velocity power
SPH (Dolag et_al. 2005), ~ 70-106 particles;
Mvirﬂ.é-lOl‘Shuﬁ, Q:Lms' mc
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Does PS depend on considered volume of



Projected line-of-sight velocity in two
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Observables: ne, emission measure weighted
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Projected velocity dispersion ® Structure
Function
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Resonant
Scattering



X-ray resonant scattering in
ICM

Optical depth for free-free

L, _10% erg/s

2 EYNE =107
AnMR°oT* 10" erg/s

Thomson optical
depth

r.=0,nR=10"-10"

Clusters are optically thin in X-rays (in



Resonant scattering
(absorption+emissio

/2
hr.cf.

aO:*/E 'S, AE =E,~=E,
AE, C

J2kT
Am,c’

n Abundant elements; He-like ions; maximal oscillator
strength

» Heavy elements have narrow lines (if no turbulent motions)

» Product of density and size

e JE L




Optical depth in

NG6C4636; 0.6 keV M87:; 1-3 keV Perseus; 3-7 keV
Ion FE, keV f w9 7, NGC 4636 7, Virgo/M87 7, Perseus
O VIII 0.65 0.28 0.5 1.2 0.34 0.19
Fe XVIII 0.87 0.57 0.32 1.3 0.0007 1.5:10—7
Fe XVII 0.83 2.73 1 8.8 0.0005 2.8.1078
Fe XXIII 1.129 0.43 1 0.016 1.03 0.16
Fe XXIV 1.168 0.245 0.5 0.002 1.12 0.73
Fe XXV 6.7 0.78 1 0.0002 1.44 2.77

For Solar corona:
Elwert 1956, Acton 1978, Rugge & McKenzie Gilfanov+,



Resonant scattering in
clusters

Gilfanov, 1987; KidME® msﬂ\!ﬁdt?%'aiﬁwendn, 1998;

Shigeyama 1998; Akimoto+, 1999; Kaastra+, 1999;
Churazov+, 2001; Mathews+, 2001; Bohringer+, 2001;
Sakelliou+ 2002; Xu+, 2002; Sazonov+,2002a;
Sazonov+, 2002b; Kahn+, 2003; Churazov+, 2004;
Gastaldello & Molendi, 2004; Sanders+, 2004;
Sanders & Fabian, 2006; Molnar+, 2006;

Werner+, 2009; Hayashi+, 2009; Zhuravleva+, 2010aq,b:

See our recent review on RS:
EC+, 2010



Impact on the surface brightness

Line is suppressed in the core
Photons are re-emitted at the

Optical depth
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Perseus cluster, Fe XXV (6.7 keV)
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Flux, arb.units

Spectral shape
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Gas Velocities

T L 0 2 ]
0, = ﬂbrecf;k; AE, = E G 2kT + Vs
AE, @Ampc2 o B

FeXXV: 6.7 keV line; T=5
keV

Radiative width: 0.3 eV

Thermal width: 3 eV

Turbulence (300 km/s): 7



Do we see resonant scattering at

: Fm/
@ Perseu F6.7

Flux ratio
19)

—

0'5 1 1 1 L1 1 1 II 1 1 1 L1 1 11
10 100 100(

Radius, kpc

6.7 keV line is not suppressed => velocity
> 400 km/s

EC+, 2004; Ggstaldello & Molendi,

o a B o



Counts/s/A
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system

NGC4636 - bright, cool

Fe XVII lines; compact En;/
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15 A line is suppressed => velocity <
100 km/<

Xu+, Werner+, Hayashi+



Gas Velocities F/
6.7
Isotropic, radLI,
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No motions
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Optical depth strongly depends on the character of
mo’r_ions | _ _ - Zhuravleva et al, 2010b



Polarization

Scattering phase function =
W2 x Raylengh‘r + W1 x

Iso
Polarization o
Polarization

Hamilton, 1947; [Chandrasekhar 1950]

He- Ilke ions; 1s2 (1S0) - 1s2p

P A N 4 \ A A0 a



Polarization

Rayleigh phaselflunction + Quadrggglﬂeﬁ;
Polari=-*ian Nt

100% Center: 0%
polarized Outskirts:

Sazonov+ 2002 mlo(ﬂ'-avleva+



Transverse ICM velocities and

olarization
Quadrupole conl?:onen'r can be induced by gas

motions!
Motion along Motion transverse

A
l.o.s. | l.o.s. .

Click to edit Master subtitle style

Doppler No Doppler
shift shift
No Polarization

pol@rizatign gas motions reduce optical depth
»» But can cause polarization in the cluster core



Angular diameter-redshift
relation

[SZ+X-rays (e.g. Silk & White,
78)]

y Background QSO

s> Polarization, Line shape
Single observation in X-

Krolik &'ﬂXyﬁAond 88. Sazonov et al. 02; Molnar et al.



Scattering in Warm-Hot

IGM P n<10®cem?® *
EW= 9OZ— keV +

Sun

FILAMENT T=10* K; 6=30; Z=0.3; 7,=10"*

10! |- 100% XRB =l
.
v
~
-
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-
-
E
o
.
n
o
>
v
S

L\\_J w M 10% XRB
1 —
0.5 1

Energy, keV



AGN echo in X-ray

7 WA
[
L=T1TX LAGN—t

Scattered flux in line (few 105 years after the
outburst)
Equivalent width of resonant lines rela@zenav+,



Conclusio
ns

s Surface brightness decrement (line
ratios) - now

s Line profile - near future

s Polarization - future

s Velocity diagnostics (including transverse
component)

s Distances

s WHIM



What is

?
+High ener'gynr?e)ggfu‘rion: line profiles:

ASTRO-H
Vi

+Polarimetry: only due to scattering:

10 o
continuMirrors*QE 1000 cm2

FOV 20'x20'
Energy resolution 100 eV

|Modula'rion |O.5



(P*4mk?3)1/2, km/s

102

10!

il

llIIllI

L1 1 1

0.001

0.01
k=1/x, kpe™!

0.1



NON-THERMAL PRESSURE
SUPPORT



Major components of a galaxy
Clgﬁx‘:er Hot Dark

few 15 80

% %o %
Optic X-rays, CMB Indire

al (S2) ct



More components

Cosmic “** Magnetic Turbulen
2mmﬁtl.l‘ . Ce
0 0] 0]
% %o y
Radio (electrons) Faraday Lines
Hard X-rays rotation (2014)

(electranc)



Mergers (outside) and AGN outflows

1E 0657-56

Bullet Cluster: M87/Virgo:
Turbulence Bubbles of CR, magnetic
Shocks -> CR, magnetic fields

fields Drive turbulence in ICM



Cosmic rays + magnetic fields + turbulent
motions

Extra (non-thermal) energy per thermal



Measuring masses
(clusters and early-type

galaxies)
y Hot ICM + Hydrostatic Equilibrium

y Kinematics of stars, 6C, PNe and
galaxies

If bY\c/lgoi'r(\ 'Iﬁnzsy\gr'ong cosmological
parameters
If M is known => measure non-thermal



1 dP _ GM
- 2

O dr r

P:nkT+PCR+5+P

turb
37T
|
Thermal Non-thermal pressure
pressure (invisible)

(easy to

P \



Stars: Jeans equation

[stationary,

spherical system]

2
|1 dno: )

n. dr

or Schwarzschild's

method

B

2

_O-r

r

¢

Gas: hydrostatic
equilibrium

[stationary, spherical

system] dP,
Iogag dr
P, = nkT

oy (r)=ag,(r), as

Py



NGC139 -«
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L
—
s 0
=
3
s
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L
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NGC1399

— Optical data

Kronawitter et al.
AL REE I I

0.1

1
Radius, arcmin

10

EC+,



Potential, um ¢, keV

o

M87: X-rays + stellar

i Mm87

XMM-
Newton
Chandra

e

1
Radius, arcmin

10

Romanowsky & Kochanek,
2001

Gebhardt & Thomas,

2010



Comparison of optical and X-ray
effective Vc

| Red - central
4 vel.disp.
Blue - sweet point

Black loc
lfxv

500

400 ] =]1.14%xv
i — V., - X
— X
._ 1.10Xxv
300 2 33 : 3 7
S 28 2 g l ‘Non-fhermal
1 1 | 1 1 | 1 I | 1 1 1 I. 1 1—
300 400 500 10-20-30%

$.(=ag,(r+C



Non-thermal pressure and AGN/ICM

interaction?
Observations:

In nearby clusters and groups central SMBH provides
enough mechanical energy to offset ICM cooling losses

Simulations:
Fraction of the SMBH rest mass (if released at
appropriate

Himeh TP 45 o BIRI b Hy pisafes
mechanism
AGN supplies to ICM: cosmic rays, magnetic fields

and
generates turbulence






What AGN does to
ICM?
(outflow of rel.

Inflation ﬁasma)
bubbles

Shocks around
bubbles

Entrainment of low entropy

~ M A



.J.' ———

“'F\'Hp://Feople.ﬁif.edu/an’dpph

Most efficient way to capture
mechanical
energy flow from AGN

n Put all energy into relativistic
plasma

» Subsonically inflate a bubble

» Let it rise few scale-heights

100% efficient,

M8‘7_ .
Forman et.
gl

@ition is not

Efficien
cor,, ~1



AGN supplies energy to ICM which offsets
cooling

If
Heating=Cooling



Measuring the

TErbulence B
= 2 —=0.1-0.3; t, =—HX*

thermal Lcoo]

]
If turbulence dominates ¢ z;
=>

v =300 km/s
=10 kpc

To be measured by



Conclusio

ns
10-30% of total pressure in the ICM is non-
thermal
(estimates to be improved soon)

Simple recipe for potential comparison is
available,

(although it does not replace full dynamic
models)

Broadly consistent with AGN/ICM coupling
scheme












Backup
slides....



Polarization
Rayleigh phaselflunction + Quadr'upole =

Perseus Cluster

Polari=-*ian FTcreEgs

0.1 |-

Fe XXV 6.70 KeV

o

o

@
T

0.06 -

0.04 -

Polarization degree

Fe XXV 7.88 KeV

0.02
Fe XXIV 1.17 KeV |

L L ' A l ' A L A l L 1 ' A1
0 500 1000 1500

Projected radius (kpc)

100%
polarized

Center: 0%
Outskirts:
Sazonov+ 2002a; Bhiravieva+



Thermal emission of the

f | !&m T=108 K; 6=30; Z=0.3; 7,=10-4
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keV/s/cm?/keV/sr
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Table 2. The best fit parameters for a single-temperature, optically thin plasma model fitted to the XMM-Newton RGS spectra extracted from 0.5 wide regions
centred on the cores of the galaxies. For NGC 4636 we also show the results from fits to spectra extracted from two 2.25" wide regions surrounding the core
(see Fig. 2). The 13.8-15.5 A part of the spectrum, where the strongest Fe xvii and Fe xvin resonance lines are present was initially excluded from the fits.
Fluxes are given in the 0.3-2.0 keV band. The emission measure is defined as ¥ = f n.npdV. The scale factor s is the ratio of the observed LSF width to the
expected LSF for a flat abundance distribution. Abundances are quoted with respect to the proto-solar values of Lodders (2003). The last three rows list the
best fit line ratios in the full spectral band (after the Fe xvi ion was set to zero in the model and replaced by gaussian lines), the theoretical line ratios predicted
for an optically thin plasma, and the derived level of suppression of the 15.01 A line, (I/10)15.014-

galaxy NGC 4636 core  NGC 4636 outer reg. NGC 5813 NGC 1404 NGC 4649 NGC 4472
ﬂux(lO_]zcl‘g cm2) 1.75 £ 0.08 2.57+0.17 1.47+0.12 1.08 £ 0.11 1.63+0.10 1.44 +0.08
Y (1064 cm™) 0.47+0.02 0.46 £ 0.03 1.01 £ 0.10 0.50 + 0.05 0.31 £0.03 0.34 £ 0.02
kT (keV) 0.606 + 0.006 0.695 + 0.004 0.645 + 0.008 0.608 + 0.009 0.774 + 0.007 0.781 + 0.006
5 0.40 + 0.04 1.02 + 0.04 087 +0.11 0.97 +0.22 0.69 + 0.21 0.79 +0.12
N 1.3+0.3 1.5+ 0.4 2.0+038 23+ 0.8 1.3+0.7 1.3+0.5
O 0.44 + 0.05 0.61 +£0.06 0.53 +0.09 0.58 + 0.10 0.61 £0.15 0.53 +0.07
Ne 0.31 +0.08 0.39 +0.18 0.33+0.19 0.81 +0.22 1.31 +£0.35 1.18 +0.22
Fe 0.52 £0.03 0.92 £ 0.06 0.75 £ 0.09 0.67 £ 0.08 0.87+0.18 0.83 £ 0.08
[(117.05 + Luz.10)/ Lis.ol lobserved 2.04 £0.21 1.28 £ 0.13 1.99 £ 0.34 1.98 £ 0.29 1.25+0.28 2.24 +£0.34
(1705 + Lu7.10)/ Ta15.01 Ipredicted 1.31 1.31 1.30 1.31 1.27 1.27
Iso1/1o 1501 0.64 £ 0.07 1.02 +£0.10 0.65+0.11 0.66 £ 0.10 1.02 +£0.23 0.57 £ 0.09




3D - 2D



Non 'rher'mal pr'essure in 'rhe
ICM S A s R D

- a” .
- -
- -~ a
- ; -
- = '
- -
- ™ 5
L]
o -
- £ -
“' : -
= ]
- # I -
oy . -
. = - 3
o e g,
a.:l ‘_-ﬁl '-'_-. J
T, " -:.-( - -
& R a4 °
., e ] A
e S
o y ¥ b -
= Ay - ® -
e - i
-
i " N -
5 ‘ My - -
» T -
] Vi,
- :‘.-«f‘__. > Tw i . =
- . -~ o .
4 - . J.r - - -

E. Chur'azov W. For'man C Jones, A Vukhlmm S Tr'emame,-
I.Zhuravleva - 3 S

H.Bohringer, N.Werner, A. Slmlonescu S Sa-zonov R. Sunyaev
V NAlamrn € Toauvmanbawg A Coavhiand D NAs VYV crnkhnnr‘-l- SRR



Mass from X-ray

Counts/s/sm?/keV

101 — I 1 I

10-2

10-3 L
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Virial theorem in isothermal
potential

¢(§p\l;ue1r'ni?al, stationary system)

"3 3 °
) Anisotropy does not matter. But
V. = 30'p works
only for a distant galaxy, which is

entirely within the spectrograph



Next step beyond virial theorem:

Isothermal potential + Isotropic
orbits

I dn*Jf +2EO-2 — —d_¢

n. dr r dr

1 dno’

¢=vilnr, B=00 L=-v

n, dr
2 ) o dx
H* (T)O-r (T) — VC.I._H*(X)
X

Rv? * dx

0,(R) = I(Rc)l)fl(x)

21
c
r



Non-local and local /v
r'ela'rlon R -

J R 1(x)— on-
(R) =V, ‘IR (X) joca
I(R) _ dx
R O-iso(R) o VCJ;I(X);
1
J (R) V 1+a+y I'_oca
_ dInI(R) ~ dno’
a = , V=

dln R din R



Isothermal potential + Power law surface

a(R)/v,

brightness I(R)

T
Il

O_CDH
n

|
4"

|
8

¢(r)=v Inr
I(R)OR"
o)

_P

independent on
vV R

Cc

1
o (R=v.—
zso( ) cl+a

0L (R v
a

: 1, 1
O-rad(R)ZEVc az_l

For a=2

no dependence on
p!

(Gerhard. 1993)



Measuring cosmic rays, magnetic
fields and turbulence separately

Cosmic rays: limits on the gamma-ray
flu>§|_ 7 o

pTp- - 2y
p+tp>1m e 0OIC

E
FERM CR <0.02-0.1 Ackermann+,
I E e 2010

(provided cosmic ray protons are mixed with

.



Measuring cosmic rays, magnetic
fields and turbulence separately

Magnetic fields: Faraday
rotation

_ Inelﬁ‘ dl

(provided magnetic field and thermal plasma are
mixed;
correlation lenath)




Measuring cosmic rays, magnetic
fields and turbulence separately

Micro-

'ﬁH!bb&l"ﬁ!tGﬁ'ering: broader lines -> smaller optical depth
(EC+,04; Xu+,02; Werner+,10: few % - 25% of thermal
energy)

X-ray line broadening in R6S/XMM spect ¢
(Sanders+,10; <13% of thermal energy)

Transport of heavy elements (Rebusco+,(; | m

ImpAcSaFR@erﬁo_r_\ (.thwlvlevm,lO)
%




Measuring cosmic rays, magnetic
fields and turbulence together

Cosmic rays, magnetic fields, micro-turbulence increase
energy per
particle.

If the gas is in hydrostatic equilibrium => non-thermal
component

makes the g¢%|€yr-)bm@i ¢‘oad€q‘9>-lwr@\g mass/potential

I—O’_P +Pmag+})turb
nkT

True potential comes from lensing or stellar

binematire



Impact of non-thermal

pressure dg,. __ 1 dP,
- podp,d
Z;‘ 0 ] })thermal — a})tme
§—2 i d¢X _ 1 da})twe
g | dr ptrue dr
1¢.(nN=0a4,.(r)
"Observed"”

potential
ﬁ'é’ué cosmic rays

potential

¢X(r) ~a ¢true (r)a a<l



Are potentials of early-type galaxies
isothermal?

Optical: Yes [e.g. Ortwin et al. 2001]

ing, and nearly round elliptical galaxies, we have investigated the dynamical family relations and dark

halo properties of ellipticals. Our results include: (i) The circular velocity curves (CVCs) of elliptical gal-
axies are flat to within ~10% for R = 02R_. (ii) Most ellipticals are moderately radially anisotropic;

their dynamical structure is surprisingly uniform. (iii) Elliptical galaxies follow a Tully-Fisher (TF) rela-

Lensing: Yes [Koopmans, Treu, Gavazzi et

hields trom COSMOS 1in the same manner, inferring that the residual systematic uncertamty in the tangential shear 1s

less than (0.3%. A joint strong- and weak-lensing analysis shows that the average fotal mass density profile is con-
sistent with isothermal (i.e., p oc #2) over two decades in radius (3—300 &' kpe, approximately 1—100 effective radii).

This finding extends by over an order of magnitude in radius previous results, based on strong lensing and/or stellar

X-rays: Yes, within limited range of radii

’AM"I QA Me 2 mnt‘ﬂ:\nn t‘\lﬂG‘iAlﬂ\t‘ . o M L\n




Potential is approximately
isothermal

d(r)=v Inr

What is the simplest way to estimate circular

velocity
from the optical data? Full dynamic models are

expensive,
we want simpler mJ(oR)ay be less accurate).

g,(R)

Goal: to be insensitive to (unknown) anisotropy of
orbits.



NGC3379
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How quickly the energy deposited by the
AGN
¢, 15 giggpatedjn the oM

CIOSS cool

AGN supplies to ICM: cosmic rays, magnetic fields
and
generates turbulence

If
Heating=Cooling



Radio, 90cm, Owen et

AGN => shocks, bubbles, gas & 7 20cm
motions.. . Biretta










UGC 9752 = IC
Optic .
al |
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