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Cluster X-ray emission

probes hot intracluster gas (I ~ 107 - 108 K)

at high temperatures (z 2 keV) mostly free-free emission (electron-ion
collisions)

at lower temperatures metal lines (e.g., Fe)
allows measuring gas density and temperature
emissivity ~ square of density

spectral shape depends on temperature

* ESA/XMM-Newton/DSS-Il/¢. Sariders et &l. 2019



Hydrostatic equilibrium

+Unless the intracluster gas gets continuously disturbbed by (major) mergers, we
expect the ICM to relax on a few sound crossing time scales:

D T \"?/ D
s = ~ 10°
=g T (108K) (1Mpc) 7!

+ What are typical values for the speed of sound in a galaxy cluster? How do
they compare to typical galaxy velocities” What is the reason for this”




Hydrostatic mass estimates

- If the gas Is Iin hydrostatic equiliorium in the gravitational potential

= allows cluster mass measurement

VP = —pgp VO force balance
1 dP  GM(r)

o Ar P
Peas dr r

for spherical symmetry



Consider gas parcel

Why can the hydrodynamic force per unit volume can be written as VP

dP dP
F.=PxXA -> <- F.=(P+— I )| XA=PXA+—V
dx ax
—_—eeee
to cluster center
dP
AF ~—V



Hydrostatic mass estimates

- If the gas Is Iin hydrostatic equiliorium in the gravitational potential

= allows cluster mass measurement

VP = —pgp VO force balance
1 dP  GM(r)

o Ar P
Peas dr r

for spherical symmetry

> Moy =220 (dlnpgas dl“T)

_|_
Gm dinr dinr



(Gas particle vs. galaxy velocities

l"kBT dlnpgas | dlIlT
dilnr dlnr

ro vgas (dlnpgas | dlnavgas)

s dinr <- as a function of (1D) gas particle

velocity dispersion

galaxies have similar kinematics

2
rO_v ,gal (d In Pgal dIn O-v,gal

M(r) = | | 2 = g*?
(r) G dinr dinr ) With Togal = Togash

allows relating gas density to galaxy density profile (if isothermal & symmettric)
r4—3/2 -36/2

r r\ Beta
pgal(r) = o 1 + (}"_C) ] D S— Pgas(r) = L0 1+ (r_c) ] prOfHe




Cool core vs. non-cool core clusters
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Cool core vs. non-cool core clusters

Ne (cm_s)

0.100

0.010 4

0.001 }

10—4 -

10-5 -

10

gas density profile:

ne(r) = Z n;

1=1,2

50

100

—38i/2

r (kpc)

tcool (Gyr)
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Cool core vs. non-cool core clusters

Ne (Cm_s) tcool (Gyr)
0.100
0.010 +
0.001
107
107
‘ ‘ ‘ ‘ r (kpc)
3 10 o0 100
gas density profile: cooling time (assuming bremsstrahlung):
I 27 —3Pi/2 1/2 ~1
r Eth kBT Ne
n.(r) = n; |1 — teool = — ~ 0.5 G
e( ) .21:2 I ™ (I’C,,'> | Ebrems (1 keV) (4 x 102 cm—3> I’
I—1, _ -




Cool core vs. non-cool core clusters

Ne (Cm_3) tcool (Gyr)
0.100
10 |
0.010 »
5_
0.001
1074 1 .
- 051 . cooling radius
| | — r (kpc) T ——— r (kpc)
<) 10 50 100 o 10 = 20 100
gas density profile: cooling time (assuming bremsstrahlung):
] 1 —3Bi/2 1/2 »
r Eth kBT Ne
n.(r) = n; |1 — teool = — ~ 0.5 G
e( ) .21:2 I ™ (I’C,,'> | Ebrems (1 keV) (4 x 102 cm—3> I’
I—1, _ -




Entropy profiles

kT

K. =—23 constant in adiabatic processes
ne
in pressure equilibrium P «x nT ~ const. = K, « n;>"

-> higher entropy gas has lower density -> rises buoyantly

entropy profile typically well fit by

}/’ a
K.(r) = Ko + KlOO(lOO kpc)
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Number of clusters

Fractional number of clusters

Entropy profiles

10°

25

20

15

10

1 lllllll

T
lll

cluster

1 lllllll

23

L.5

<4.0keV
1 lllll

0.7

10

R [kpc]

100

1000

1 kb g 3
. § U F
30 R T T - 7.6 E
- = VN
: : = 101 -
— — : 4.1 :
:_ _,_ —: 0.7 100 1 11111; N
C g 8.0 ——
0F — ] : : 1€ '

0.8

0.6

0.4

0.2

-~ l;

2 'y 1

- 10°

L
L] lllllll

llll

- 10!
5.0

lllIlllIlllIlllIlll
N
o
K [keV cm?]

1
Cavagnolo et al. 2009

10
K, [keV cm?]

100

4.0 10° Lo vvi

T
|

cluster

f 4
0 {
: A\
y ," I,
4 v
AR ALY 4
. ] |'_ /
- o
A [HiR ’. Vi
Y g B g
o Al .'."
e = i,
= 4
)/ .‘
’ T A
24
‘v
2, w7
=5 & il 7
: r,‘ 4
7, E
7
g —
—
7 —
/ -
—4
] 11.3
-
- .
o p "
| e—
-
-
o 9.6
—
4
o
-
-
> 8.0 keV
Ll 1111 1 L1 11 | 8,0

14.5

1 1 lllllll 1 1 lllllll L

avagnolo et al. 20109

10

100

1000



X-ray surface brightness
* emissivity ~ square of density:
. 2138
Jx(r) = jo |1+ (r—) ]

+ X-ray surface brightness profile Is obtained upon a line-of-sight integration:

Sx(ry) = f Jxlr(z)]ldz

_, [ JxWrdr _ g e

ri ‘\/rz_ri

()




X-ray surface brightness

Coma

Allen & Ebeling

COOl core NON-COO0I core
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Iog/locrit

Cool core static / evolving?
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Can AGN outbursts destroy cool cores”?

10*

E..o = 4PV [1058 ergl

10

il
R
L
J

L

cool cores

| | | | | | | |
E, 1500(kTy = 5.9 keV)

<

FnasnkTx =2.0keV)_

<Eb, 2s00(kTx = 0.7 keV)

non-cool cores

10
K. o [keV cm?]

100

Pirommer et al. 2012

P [10*erg s7!]

100.00

10.00 -
1.00
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Intracluster medium turbulence: sources of turbulence”?

Reynolds number

Re — tdiss ~ _
Ladv )\mfpvth L /\mfp Uth




Intracluster medium turbulence: sources of turbulence”?

Reynolds number

.\
tdiss 3L2 (V) 3L v ( \
Re — ~ —_ ) dv.
Ladv )\mfpvth L /\mfp Uth ~ mﬂmpfd—y X (Anvy,)
L \ )’=)’2)
tadv ~

diffusion of momentum

X (A thh)

U
L2 3L2 N[/1 . ] /




Intracluster medium turbulence: sources of turbulence”?

Reynolds number

0\
t diss 3L% v 3L v ( \
Re m— ~ — ) dv,
Ladv )\mfpvth L /\mfp Uth ~ mﬂmpfd—y X (Anvy,)
\ Y=»2)
. L
Bdv == diffusion of momentum
L2 3L2 _ dv, /
tdiss ~ N ~ ﬂmfpd_ X(Athh)
UV Amfpvth Y Y=N
F i S = S M- r & L
viscous mip dv2 th dv2 mpf “'th 72 mpft “'th diss Fviscous ﬂmfpvth



Intracluster medium turbulence: sources of turbulence”?

Reynolds number

tdiss 3L v 3L w ( \ \
Re —_ ~ — ) dvx
tadv Amfp ’Uth L Amfp ’Uth ~ mllmpfd_y X (Athh)
\ y=y2)
L
t dv ~ — : :
) P diffusion of momentum
L? 3L° J
tdiss ~ =N ~ _lmfpd—‘;x X (Anvy,)
V Amfpvth Y=V
—~ _ d2 d2 L2
Re g 2800 g turbu‘eroe Fviscous ~ n_/l;tmfp e lAthh =M sz/lmpfvth ~ M%/lmpfvth — tdiss ~ & ™~
Re < ~2300 -> laminar flow dy? d L Fuscous  AmioVih




Vlean free path

P I (ksT.\’
e T uoInA nlnA\ Ze?

n -1 kBTe :
< 5k ( )
PE 103 em-3 (6 keV)

center CC cluster ( ~ 1kpc) = n ~ 107! cm=3, kzT ~ 3keV — 0.01 kpc

center NCC cluster ( ~ 1kpc) = n ~ 1072 cm=3, kxT ~ 6 keV — 0.5kpc

outskirts ( ~ 1 Mpc) — n ~ 10~* cm=3 = 50.0 kpc



Vlean free path

Aty = -
P nolnA  mnln A\ Ze?

n -1 kBTe :
< 5k ( )
PE\10 em3 (6 keV)

center CC cluster ( ~ 1kpc) = n ~ 107! cm=3, kzT ~ 3keV — 0.01 kpc

| | (kBTe)z

center NCC cluster ( ~ 1kpc) = n ~ 1072 cm=3, kxT ~ 6 keV — 0.5kpc

outskirts ( ~ 1 Mpc) — n ~ 10~* cm=3 = 50.0 kpc

can be large compared to X-ray resolution



Vlean free path

o] I (ksT.\’
e T uoInA nlnA\ Ze?

n -1 kBTe :
< 5k ( )
PE\10 em3 (6 keV)

center CC cluster ( ~ 1kpc) = n ~ 107! cm=3, kzT ~ 3keV — 0.01 kpc

center NCC cluster ( ~ 1kpc) = n ~ 1072 cm=3, kxT ~ 6 keV — 0.5kpc

outskirts ( ~ 1 Mpc) — n ~ 10~* cm=3 = 50.0 kpc
-> Re ~ 20 to 100

laminar flow?
can be large compared to X-ray resolution



L. amor radius

~1
B
B i () (1)
/eB 103 km s~ 1 uG

~ 3 x 1072 kpc

Reynolds number perpendicular to magnetic field:

L v

¥
Re, = = 10" — _S very turbulent
I', Uth Uth Y




Turbulence spectrum in ICM

E, (k) = Cxe*P k™" energy spectrum of velocity field (Kolmogorov)

wave number



Turbulence spectrum in ICM

E, (k) = Cxe*P k™" energy spectrum of velocity field (Kolmogorov)

wave number but cannot directly measure this



Turbulence spectrum in ICM

E, (k) = Cxe*P k™" energy spectrum of velocity field (Kolmogorov)

wave number but cannot directly measure this

@ ~ Uk density fluctuations related to turbulent velocities
~ nturb .
00 Cq -> these effect X-ray surface brightness

. 3,
with Evk = kEv(k)



Turbulence spectrum in ICM

E, (k) = Cxe*P k™" energy spectrum of velocity field (Kolmogorov)

wave number but cannot directly measure this

@ ~ Uk density fluctuations related to turbulent velocities
~ nturb .
00 Cq -> these effect X-ray surface brightness

L3,
with >V = kE (k) ->



Turbulence spectrum in ICM

E, (k) = Cxe*P k™" energy spectrum of velocity field (Kolmogorov)

wave number but cannot directly measure this

@ ~ Uk density fluctuations related to turbulent velocities
~ nturb .
00 Cq -> these effect X-ray surface brightness

3
with v = KE,(K) > v o kT



easuring turbulence in the ICM f

rom density fluctuations

00000 0.00001 0.00006 0.00036

0.002(0.4 0.78 1.2 1.5



Measuring turbulence in the ICM from density fluctuations

e, Perseus cluster
~ Virgo cluster

o
N

' m~~ |
AR AL 1.5-3 ™~ P
i (31-62 kpc) > \ k

.....

e

-

-
I

""""""""""
.......
s0 ®

3-4.%5
i (62—-94 kpc)

One—component velocity amplitude (km s-!)

0.1
Zhuravleva et al. 2014 Wavenumber (kpc~!)



Measuring turbulence in the ICM from broadening of lines

Hitomi measured turbulent Doppler-
broadening in the Perseus cluster

164 + 10 km s~

-> turbulent pressure only 4% of
thermal pressure

Hitomi Collaboration 2016




Heating by dissipation of turbulence

P rrrn
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Measuring turbulence in the ICM from H-alpha velocities

300 200 -
200
0
£ 100
-100 ‘; n |
g =
0o = =
% =} e Perseus All
AT = inner (r < 12 kpc)
g + outer (r> 12 kpc)
= —— 1/3 (Kolmogorov)
200 -—= 1/2
20 00 10
—-300

separation (kpc)
Li et al. 2020



Merger Shocks and Electron Equilibration

The Bullet Cluster

temperature boost by shock
(If NO energy exchange):

A(kgT;) =~ mi(Av)*,
A(kB Te) = me(AU)za

,,,,,,,,,,
_ .“ - TOTREEEER W

X-ray: NASA/CXC/CfA/M.Markevitch, Optical/lensing: NASA/STScl,
Magellan/U.Arizona/D.Clowe, Lensing: ESO



Merger Shocks and Electron Equilibration

The Bullet Cluster

temperature boost by shock
(If NO energy exchange):

A(kgT;) = m;(Av)?,
A(kBTe) — me(AU)z, £ R
Av = 1000km/s — AT, ~ 4 x 107K

AT, ~ 2 x 10*K

X-ray: NASA/CXC/CfA/M.Markevitch, Optical/lensing: NASA/STScl,
Magellan/U.Arizona/D.Clowe, Lensing: ESO



What temperature do X-ray observations measure”

electron-ion electron-electron ION-10N collision
collision collision collision of different 1oNs

high relative velocity high relative velocity  low relative velocity  low relative velocity
+ dipole moment No dipole moment NO dipole moment dipole moment




What temperature do X-ray observations measure”

electron-ion electron-electron ION-10N collision
collision collision collision of different 1oNs

high relative velocity high relative velocity  low relative velocity  low relative velocity
+ dipole moment No dipole moment NO dipole moment dipole moment

4

we measure this




Energy exchange between electrons and ions

temperature equilibration

0 Te — Ti . Me Uth
( ) = —Vei(lTe — T5) with Vei ~ 4—6 -
ot My Amfp
-> solved by:
l.—1, = e el

relevant scales:

1~ 95 Myr | 8L 3/2( e )‘1
el = V. = 9
‘ ©l Y 10 keV 103 cm™?

UOS UOS
L = Ptz1551<pc( P 1),
Tei 1600 km s




Energy exchange between electrons and ions

temperature equilibration

oT. —T; | Mle Uthe
( ) = —Vei(le — T5) with Vei ~ 4—
ot My Amfp
-> solved by:
l.—1, = e el
relevant scales: knT. ne  \!

but plasma physics effects missing in this simple picture
-> likely causing faster equilibration
Ty ~ \1600 km s~/




The Sunyaev-Zel’dovich (SZ) Effect

- CMB photons can inverse Compton scatter on hot electrons in galaxy clusters
= this results in deviations from the black body spectrum

= can be used to probe the intracluster medium

Planck collaboration 2011



The Sunyaev-Zel’dovich (SZ) Effect

initial black body spectrum of the CMB:

3

I(x) = igi(x) = ig— -, where
et —
hw
X = ,
kB Tcmb
2(kg T emp)’ .
lp = ( (th)zb) = 22.8 Jy arcmin "

changes in spectrum described by the Kompaneets equation:

on otnhi 1 0 [ 4(kBTe on 2)
—— |w

Ot  m.c w?ow

7 a—w+n+n




The Kompaneets equation

m.c) w? 0w

— +n+n

on _|orndh 1 0 A kg Te)on 2“
h ow /|

related to Bose-Einstein
statistics

advection term

az = o1,C <AE7> . ) - diffusion term
dr T mec?) P (depending on

energy transfer)

energy transfer

optical depth per scattering



The Kompaneets equation

Ot  m.c w?Oow

— +n+n

on omnh 1 0| ,[(kgT. On ,
— W
h Oow

convenient to use a variable y (called Compton-y parameter) and
photon energy In units of the thermal energy
kBTe how

dy = n.orcdt and x, =
4 M C2 ! kT,

on 1 0 | ,(0n
Gy x2dx.

2
X Fn+n
"\ 0x. )




The Kompaneets equation

Ot  m.c w?Oow

— +n+n

on omnh 1 0| ,[(kgT. On ,
— W
h Oow

convenient to use a variable y (called Compton-y parameter) and
photon energy In units of the thermal energy

k Te hw _ 1 H ,
dy = =" pn.oredt and  x, = example - equilibrium:

M C2 kT,

on
0X,

+n+n- =0

Gy x2dx. 1

exe"',uc — 1

on 1 0 14(811

2
X Fn+n
"\ 0x. )

n(x.) =



The thermal SZ effect

on 1 0 on
oy  x2 6xe

— -n+n’
ﬁxe

Kompaneets eaq.

(as CMB temperature ~ 107 times

for x, <1
smaller than electron temperature)

]
n(x) = Planckian distribution of CMB

on 1(9( (9n)

dy ~ x20x. \ Cxe e — 1
1 0 ( ,0n on 0°n . nw
= 4x— + x°— with  x=
x? 0x ( ﬁx) Tox | ax kp 1 ey

. on xe” et + 1 A
— _ = x



The thermal SZ effect

using = e

on xe” e’ + 1 A q Al An
gy (@ —12\ A

Alsz(x,0) = ipy(0)g(x), where

() xte* et + 1
X) = X
_> g (ex _ 1)2 ex _ 1

() = - [ (T e

eC

4) ., and

or in terms of the brightness temperature of the modified CMB

X

AT, 1
——(6) = y(0) (x = 4) = y(0)f(x)
e’ — |




The thermal SZ effect

ain on xe* e’ + 1 A ;
—_ — X
WSING 5, T e 12\t er o an
AItSZ(xa H) — loy(H)g(x), where
xte” e’ + 1
~ g(x) = o 1) (x ] 4) ., and
() = - [ (T e
MeC

or in terms of the brightness temperature of the n

X

AT, 1
——(6) = y(0) (x = 4) = y(0)f(x)
e’ — |

spectral distortion

frequency v [GHz]
200 400 600

I th'err'nall SZ '

~

— — — —— = = = =

- — - - 8ucre(x)
— — - 8cre(x)
— - 850 kev (X)

—— £20 kev(X)
AR AN TN TN TN NN SO SO SN AN SR SN TN AN SN SR S SN SR SR

4 6 8 10 12 14
dimensionless frequency x = hv/kTcvmp

Pfrommer et al. 2005



The thermal SZ effect

SN on xe” e+ 1
—_— = X
I Gy T e Mo
Alisz(x,0) = ipy(0)g(x), where
(x) = x*e” e’ + 1
-> V=@ Te o

4) and

4) ., and

() = 5 [ (T e

e \

or in terms of the brightness tllinear in density f the n

X

~70) = y6) (x ©
c

1
— 4) = y(O) ()

spectral distortion

frequency v [GHz]
200 400 600

I th'err'nall SZ '

~

- — - - 8ucre(x)
— — - 8cre(x)
— - 850 kev (X)

—— £20 kev (X)
AR AN TN TN TN NN SO SO SN AN SR SN TN AN SN SR S SN SR SR

4 6 8 10 12 14
dimensionless frequency x = hv/kTcvmp

Pfrommer et al. 2005



The thermal SZ effect

SN on xe”* e’ + 1 A and Al An
- = X —_——
I Gy e - \te—1 I n
frequency v [GHz]
0 | | | 2(|)O | | | 4(|)0 | | | 6(|)0
AI‘[SZ(-)Ca H) — loy(e)g(x)a where 6:_therma|SZ\A _
) x*e* e’ + 1 A o -
xX) =
> IV =1\t -1 ) :

() = 5 [ (T e

e \

or in terms of the brightness tllinear in density f the n

— — — —— = = = =

spectral distortion

_ P - Bucre)
AT €x + 1 ] i R — — = %CRe(x) N
==(0) = y(0) | » 4] = yO)f () | el
T eX — 1 : e 820 kev(X) 1
6L ol e
\ 0 > 4 6 8 10 12 14
relative effect -> independent of redshift dimensionless frequency x = hv/kTcus

Pfrommer et al. 2005



The kinetic SZ effect

cluster

Doppler shift due to radial velocity of cluster:

S5 (0) = (@)

w(0) = ot f dl n.(r) %




The kinetic SZ effect

cluster

Doppler shift due to radial velocity of cluster:

ATksz
T

(0) = —w(0),

w(0) = ot f dl n.(r) %

frequency v [GHZz]
0 200 400 600

kinetic SZ -~

III‘ I T 1
.
.
.
~0
.
.
.
.

=

O

=

s f

4

o

Y

< — —— _

j'_-; = - = = - f——— T T

Q

)

o

95]
——— - 8ucre(x)
— — — 8cre(¥)
S 850 kev(X) ]
——- 820 kev(X)

6 i ] ] ] | | | | | | | | | | | | | | | | | | | | | | | |

0 2 4 6 8 10 12 14

Pfrommer et al. 2005 dimensionless frequency x = hv/kTcvp



The relativistic SZ effect

energy transter in scattering:

(AE,)  kgT. N
= for p<mec non-relativistic electrons
y me.C
AE)) 4 L
< : Y _ gyg for p 2 mec relativistic electrons
Y
full SZ effect:
oi(x) = gy [1+6(x,Te)] - h(x)w
| | Trel = OT f dl ne re)
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scattering in scattering away



The relativistic SZ effect

energy transter in scattering:

(AE,)  kgT. N
= for p<mec non-relativistic electrons
y me.C
AE)) 4 L
< : Y _ gyg for p 2 mec relativistic electrons
Y
full SZ effect:
oi(x) = gy [1+6(x,Te)] - h(x)w
| | Trel = OT f dl ne re)
+ [](.X) o l(X)] Trel »

-> not local anymore:

scattering In scattering away o
J(X) = j; ds fo dp fe(p) P(s, p) i(x/s)



The complete SZ effect
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The complete SZ effect

frequency v [GHZz]
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Integrated parameters
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Q ang J4 Die  Ja S/ effect of cluster
Yy = I o7 f & r kT for comparison/matching similar quantity
Doy mec? Ji defined for X-ray measurements
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Integrated parameters
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Self-similar SZ scaling relations

want to relate this to cluster mass:

R200
0 —1 0a
e 0 mecC

characteristic temperature:
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The Y — M relation

- z =0, HSE corrected
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The Y — M relation

- z =0, HSE corrected

] ® AGN feedback
. @ Arnaud et. al. 2010 (REXCESS)
Marriage et al. 2011 (ACT)
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Planck Collaboration 2011
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The SZ power spectrum

AT, SR . . .
Osz(0) = —(0) = D, 2, @Y/ ® can expand an SZ map in spherical harmonics

(=0 m=-—¢

(aelmlazm) = 60,.60m.m,Cesz <- deflnes power spectrum

for small angles one can use the flat sky approximation
-> 2D Fourier transform instead of spherical harmonics

SZ power spectrum of single cluster:

e* + 1
er — 1

AT
Cionsz = f g0 (M, 2)I with f defined by ——(®) = y(6) (x 4) = y(6)f(x)

2D Fourier transform of Compton-y



The SZ power spectrum

summing this over all clusters in considered volume:

<max dV M max dn(M Z)
C = f(x)’ —d dM 2N (M, 2)|?
sz = f(x) @ Z fM - TY; Gy (M, 2)|
A 1 O-T iker
Yo = 7 f d3rmeCZPe(r)ek

ang

can, e.g., use fits to pressure profiles of simulated clusters to evaluate this:

GM 200200 Per (Z)f b
2R>0

Psc = Po (x,/x)° [1+ (x,/x)°T, x, = /R N units of  Pay =



Simulated pressure profiles
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Contributions of different halo masses to SZ powerspectrum
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-> sensitive to massive halos and hence Og Battaglia et al. 2012



Recap - X-ray & SZ effect

- Intracluster medium can be observed in X-ray emission:
- allows inference of ICM state (temperature, density) including turbulence
- allows hydrostatic mass estimates

+can distinguish cool core and non-cool core clusters (different central entropy, density and temperature); cool
cores seem not to evolve much over time and not to be disrupted by AGN outbursts

- Intracluster medium can be observed via the spectral distortions it imprints on the CMB (SZ effect):
- contributions from thermal, kinetic and relativistic SZ effects
- Integrated Compton-y correlates tightly with cluster mass

- SZ power spectrum useful for comparing theoretical models (e.qg., for different cosmologies) to
observations



