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How to measure the mass of clusters? Longair sec 4.4

ICM in (most) clusters close to gravitational
equilibrium: outward gas pressure = inward
gravitational pull

Crude diagram of
cluster atmosphere

Hydrostatic Equilibrium
N

! VPys=-Vd Spherical Symmetry
Pgas L1 dP_ 4 GM(y)
Pyas Codr r?
Poisson’ s Equation
2H — luminous matter:
Ve 47ergmv ) temp., density total mass
(including DM)

Pressure reaches
maximum in cluster
core

Outward pressure force
balances inward gravity
at every location within
the cluster

Cluster gas pressure profile:

- Separable proble

measure gas density profile Patrick Koch
measure gas temperature profile

- Need X-ray observations

Assumptions
e Gas is in equilibrium- what are the relevant time scales
Another good review article is Astron Astrophys Rev (2010) 18:127-196 X-ray

spectroscopy of galaxy clusters: studying astrophysical processes in the largest
celestial laboratories Hans Bohringer and Norbert Werner



Relevant Time Scales- see Longair pg 301

The equilibration timescales
between protons and electrons

is t(p,e) ~ 2 x 108 yr at an

'average' location

In collisional ionization
equilibrium population of ions

is directly related to

temperature

Ion fraction
for Fe vs
electron
temperature
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Relative residuals Counts s keV!

Assumptions

thermal bremmstrahlung continuum

At T>3x107 K the major form of energy emission is

e~ 3x10727 T2 n? ergs/cm?’/sec; emissivity of gas
- how long does it take a parcel of gas to lose its energy?
t~nkT/e ~8.5x10 Yyrs(n/1073)71 Ty /2

At lower temperatures line emission is important

How Did I Know This??

Why do we think that the emission is thermal bremmstrahlung?

— X-ray spectra are consistent with model

— X-ray 'image' is also consistent

— Derived physical parameters 'make sense'

— Other mechanisms 'do not work' (e.g. spectral form not consistent with black body,
synchrotron from a power law: presence of x-ray spectral lines of identifiable energy
argues for collisional process; ratio of line strengths (e.g. He to H-like) is a measure of
temperature which agrees with the fit to the continuum)=precision measurement from
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Assumptions

e The physical conditions are
consistent with the
assumptions

Physical Conditions in the Gas

* the collision times for (ions and electrons ) in the intracluster gas are
much shorter than the time scales for heating or cooling , and the
gas can be treated as a fluid. The time required for a sound wave in
the intracluster gas to cross a cluster is given by

e T~6.6x10%yr (T,,/108)12(D/Mpc)

— thus on timescale of Gyr system should be in pressure
equilbrium "if nothing happens"

gas

* (remember that for an ideal gas Vsound=\/ (YP/pya sqrt (P is
the pressure, p, is the gas density, y=5/3 is the adiabatic
index for a monoatomic ideal gas )asqrt(Ty) independent
of the density ~c, ~1500(T,/10° K)"* km/s is the sound

speed in the gas.



Why is Gas Hot

e To first order if the gas were
cooler it would fall to the center

of the potential well and heat up .
evolution of the |
o If it were hotter it would be a et ) Gb““dance_s) (""s“"ph’fs' "‘°d;' ‘

wind and gas would leave

cluster ionization equilibrium ionization evolution
- n(A™) - i(A™)

* Idea is that gas shocks as it 'falls
into' the cluster potential well ! !

from the IGM radiative emission

bremsstrahlung
recombination rad.
2-photon emission

— Is it 'merger' shocks (e.g.
collapsed objects merging)

lines

— Or in fall (e.g. rain)
BOTH

spectrum

cooling rate

How do Clusters Form- Mergers

* As time progresses more and more objects come together- merge

Now 2
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Figure 1. BCG merger troe. Symbals are colour-codad as a function of B - V colour and their aren scales with the stollar mass. Only

progesitors more massive than 10'° Mg, A~! are shown with symbols. Circles are used for galaxices that reside in the FOF group inhabitod
by the main branch. Triangles show galaxies that have not yet jomed this POF group.




NOT A
MERGER

Galaxy Cluster Merger

Rubens Machado, Gastao Lima Neto
IAG-USP
2012




Comparison of dark matter and x-ray cluster and group distribution
every bound system visible in the numerical simulation is detected in the x-ray band - bright regions are
massive clusters, dimmer regions groups,

Formation

* Galaxy clusters form through
gravitational collapse, driven by dark
matter (~80% of their total mass)

* In the hierarchical scenario more
massive objects form at later times:
clusters of galaxies are produced by
the gravitational merger of smaller
systems, such as groups and sub-
clusters

Non-linear structures
grow primarily by
mergers
in LCDM cosmology

Millenium
Simulation

Millennium Runy
10.077.695.009portides » |
L~

Growth of C-P. Ma

Cosmic Fluctuations

Primordial
fluctuations
are amplified

gl'avit:{tional
instability

HST « WFPC2



Temperature

Extreme Merger

e Bullet cluster (1E0657)
Allen and Million

* The assumptions we
have given are NOT
satisfied

Pressure-

®

0002 0004 0.006 0008 001 0012 0.014 500 1000 1500 2000 2500 3000 3500 4000
Flg. 16 Thermodynamic maps for the ICM of the “bullet cluster”, 1E0657-56 (Million and Allen 2008)

Hydrostatic Equilibrium Kaiser 19.2

e Equation of hydrostatic equil

VP=-ng¢(r)

where ¢(r) is the gravitational potential of the cluster (which is
set by the distribution of matter)

P is the gas pressure

P, is the gas density

However the fundamental assumption is that the total pressure IS gas
pressure and that the contribution of turbulence, magnetic fields,
cosmic rays etc is negligible



Use of X-rays to Determine Mass

X-ray emission is due to the
combination of thermal

With a little algebra and the definition of
pressure - the total cluster mass (dark and

bremmstrahlung and line

mn baryonic) can be expressed as
emission from hot gas

e The gas "should be" in
equilibrium with the
gravitational potential
(otherwise flow out or in)

M(1)=-(kT,(r)/uGm,)r (dInT/dr+dlnp/dr)

k is Boltzmans const, u is the mean mass of a
particle and my, is the mass of a hydrogen atom
Every thing is observable

The temperature T, from the spatially resolved
spectrum

The density p,from the knowledge that the
emission is due to bremmstrahlung

And the scale size, r, from the conversion of
angles to distance

* density and potential are
related by Poisson’ s equation

V2 = 4npG
e and combining this with the
equation of hydrostaic equil

V-1/pVP)=-V?
=-4nGp

gives for for a spherically
symmetric system

(1/p,) dP/dr=-d¢(r)/dr=GM(r)/r?

see Longair eq 4.2-4.6

82

e density and potential are related
by Poisson’ s equation

V¢ = 4npG
e and combining this with the
equation of hydrostaic equil

o V«((1/p)VP)=-V*}
=-4nGp (eq 4.3 in Longair)




Hydrodynamics--see Longair ch 4.2

Ip + V- (pv) =0 mass conservation (continuity)
0

ot

0 g‘; + VP + pV¢ = 0 momentum conservation (Euler)

poT Ds _ H - L entropy (heating & cooling)

Dt
T :
P= PKT equation of state
wm,

Add viscosity, thermal conduction, ...
Add magnetic fields (MHD) and cosmic rays
Gravitational potential ¢ from DM, gas, galaxies

Deriving the Mass from X-ray Spectra
Ch 4.4 Longair

For spherical symmetry this reduces to
(1/py) dP/dr=-d¢(r)/dr=GM(r)/r*

With a little algebra and the definition of pressure - the total cluster
mass can be expressed as (eqs 4.17-4.19 in Longair)

GM(r)szg(r)/ qup)r (dInT/dInr+dInp g/ dInr)

k is Boltzmans const, u is the mean mass of a particle and my, is the mass of a
hydrogen atom

Every thing is observable

The temperature T, from the spatially resolved spectrum

The density p,from the knowledge that the emission is due to
bremmstrahlung and the x-ray image

And the scale size, r, from the conversion of angles to distance
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1 Mpc=14' X-ray spectra of a Cluster-
elements are detected via emission lines

How to Obtain Gas Density

De-project X-ray surface brightness profile I(R) to
obtain gas density vs. radius, p(r)

=g (r)dr’
L (b
b)={. R
=1, (b)db’
€ (r)__ndr m_Av[T(r)]nez(’”)
Where A is the cooling function and n, is the gas
density (subtle difference between gas density and
electron density because the gas is not pure
hydrogen
De-project X-ray spectra in annuli T(r)
Pressure P = pkT/(um,)
The mass in gas is My, (< 1) = 477 r*dr @, (r)




A geometrical interpretation of the
Abel transform in two
dimensions. An observer (1) gy axis
looks along a line parallel to the
x-axis a distance y above the

origin. What the observer sees - ?
is the projection (i.e. the vl /v

integral) of the circularly

symmetric function f(r) along X ;,xi;s

the line of sight. The function
f(r) 1s represented in gray in this
figure. The observer is assumed
to be located infinitely far from
the origin so that the limits of
integration are £+

* I(R) is the projected luminosity Density Profile- Longair 422
surface brightness, j(r) is the 3-D

luminosity density (circular © i)rdr
images- if image is elliptical no r /07— R

general solution)
o To us

IR) = /:mj(r) &z = 2

j(r):- 1/TCf°ORdI/dR/SqI’t(R2-I‘2) : l/ 2 =12 _ R2
this is an Abel integral which has only e
a few analytic solutions “ Je-m

Simple power law models I(R)=r¢
then j(r)=r*!

generalized King profile with surface brightness
I(r)=1(0)(1+(r/r,)?)>"?
gives a density law p(r)=p(0)(1+(r/r.)?)*? where r.=30/sqrt(4nGp,)

89



Sarazin sec 5

The gas distributions in clusters can be derived directly from observations of the X-ray surface
brightness of the cluster, if the shape of the cluster is known and if the X-rav observations are
sufficiently detailed and accurate. This method of analysis also leads to a method for
determining cluster masses (Section 5.5.5). The X-ray surface brightness at a photon trequency » and
at a projected distance b from the center of a spherical cluster is

o0 N\t 2
],,(b‘]=/ﬂ ‘(r%, (5.80)
b-

V2 — B2

where € is the X-ray emissivity. This Abel integral can be inverted to give the emissivity as a
function of radius,

(5.81)

ey =
277 dr

-

1 d /°° I (b)db?
™ \,-".‘br', - T",‘

Density Profile

* asimple model(the B model) fits the surface brightness well outside the
core

— S(r)=S(0)(1/r/a)?) -36+12 ph/cm?/sec/solid angle

e [s analytically invertible (inverse Abel transform) to the density profile
P()=p(0)(1+(t/a)?) 362
The conversion function from S(0) to p(0) depends on the detector
The quantity 'a' is a scale factor- sometimes called the core radius
B is a free parameter

e The Abel transform, , is an integral transform used in the analysis of spherically symmetric
or axially symmetric functions. The Abel transform of a function f(r) is given by:

f(r)=1/pf* dF/dy dy/V(y>1?)
* Inimage analysis the reverse Abel transform is used to calculate the emission function

given a projection (i.e. a scan or a photograph) of that emission function.
* In general the integral is not analytic



Surface Brightness Profiles

[t has become customary L

to use a 'f' model -
(Cavaliere and Fesco- E 10°} ]
Fumiano)' 2 '
* clusters have <f>~2/3 @ .
Py % 10-1
p(l”) = 513612 : ] 3
r 8 [
I+ - £
c _& 5 L
um o’ & 107 ]
p= ﬁ but treat as fitting parameter 3 : XMM/Newton -
27384112 cg A1413 |
14 R |
I,(r)oc |1+ (r) } a 103 ! Pratt & Arnaud H's
0.01 0.1 1 10
Radius (arcmin)

X-ray Mass Estimates equation of hydrostatic equilibrum

dpps —GIn .(r)pw
Tdr y2 o 3)

where F,,, is the gas pressure, p,,, is the density, G is
the gravitational constant, and 3R () is the mass of
MB87 interior to the radius r.

KT,
Psu= pms — (4)
I gy

where p is the mean molecular weight (taken to be 0.6),
and IR is the mass of hydrogen atom.

KT, (d dT, — G (r
\w( psu+ ;u)___ - )dr, (5)
""mH Pgas Tw r?

which may be rewritten as:

KT, dlog p dlog T,
_ gAas “! gas gas —
GuI,, ( dlogr * dlogr )r Ma(r) (©)




X-ray Mass Estimates

Putting numbers in gives

M@)=-371x10° M, T(") r

d log p, N dlogT

dlogr dlogr

whera T 12 1in nnite of kaV and » 1 in nnife of Mne

X-ray Mass Estimates

e use the equation of hydrostatic
equilibirum
¢ dPgas -Gm.(f)pw
R )

where Py, is the gas pressure, p,,, is the density, G is
the gravitational constant, and 2 ,(r) is the mass of
M87 interior to the radius r.

Paas K T‘,:
pdy

4

=
gas

where p is the mean molecular weight (taken to be 0.6),
and M, is the mass of hydrogen atom. '
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d logps

M) = -3.71x 102 M, T() r
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Hitomi to the

Rescue 39 ;E;ﬁlfl-";(«f):f,ﬁ?g”hr _ Y -
 Hitomi observations of the - Lo J
Perseus cluster measured : 7 SV 4 |
both the mass motion and i [ N NN L
'turbulence' of the gas : . Y TR o e

(Hitomi Collaboration, 15}
2016 Nature,535,117 and ik
2017a, arXiv:1711.00240) 05|

LR &) 6,050 .52 6,54 .06 6.58 G060 6H62

o g ARAEY (RN i i e

o

e The width of a variety of
lines is consistent with T
0=148+/-6 km/sec

* Energy content due to small
scale motions (turbulence)
~4% and mass motion is
even less

12 N
~1000km/SCC T4kev L etk
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Fig. 4. Benchmark velocity maps. Lefi: bulk velocity (vi.u1c) map with respect to = = 0.017284 (heliocentric correction of —26.4 km s~ applied). ig
LOS velocity dispersion () map. The unit of the values is km s . Chandra X-ray contours are overlaid. The best-fiting value is overlaid on each regic

Only Obs 3 is used and PSF correction is not applied.

Hitomi to the

Rescue 1 L, FeMeaw |
e Indicating the reason for the“quiescent” £
nature of the plasma is the lack of Ez
strong drivers of gas motions in the core
despite the presence of a strong AGN g 1
and x-ray structure - L s
8 —400 200 0 200 400 600

Velocity [km/s]

SXS 6x6 array = 3x3 arcmin ~60x60 kpc




X-ray
Emissivity
e The observed x-
ray emissivity is
a projection of
the density
profile

A large set of
clusters over
a wide range in
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e Comparison of two
satellites

X-ray Temperature
Profiles

I
~+ suzaku
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Mass Profiles from Use of Hydrostatic Equilibrium

Projected radius (')

» Use temperature and density profiles +hydrostatic
equilibrium to determine masses

10'SE T =
1.000
10H:_ -
3 ot
0.100
o]
E 1013 2§
F a1983
= ; mkw§ = * °1k9893
¥ mkw!
X B X 02717
A 02597 0.010F A 02597 3
1012:— E F 5
F X 0478 ] 4
o pks0745 é E%’?ma
2204 P o%0a
Ao /4 A 02204
0.001¢ I =
oM 1 1 P L1 3
10 100 1000 0.01 0.10
R (kpc) R/Raso

Physical units

Scaled units

1.00



702 VIKHLININ ET AL. Vol. 640

e Scaled total _ _
density and gas
density for a ol ]

sample of

clusters- yellow n
line is the NFW

model 1o
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o' A2390

640:691-709 :

o/ pe

T T T
Ll

Ll T T B B A Ll TR
0.01 0.1 1

rfrson

Fic. 17.—Scaled density profiles. Total density profiles are plotted within the radial rang d by the profile. Gas density profiles are extended to
Fee: (see Table 2). The thick yellow line shows the NFW model with csao = 3, a typical value for CDM halos in our mass range (§ 6.1; see Fig. 18).
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Checking that X-ray Properties Trace Mass
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Figure 8. A comparison of the projected total mass determined FOM ot uufuco s densit st dteinet o the s Xt Section 5

Chandra X-ray data (Section 5) with the strong lensing result of Pierrce
(1996: filled circle) and the weak lensing results of Squires et al. (1§

Comparison of cluster mass from lensing
and x-ray hydrostatic equilibrium for
A2390 and RXJ1340 (Allen et al 2001)

At the relative level of accuracy for
smooth relaxed systems the x-ray and
lensing mass estimators agree

]

1

o

Comparison of Lensing to X-ray

Masses

* Ais the overdensity of the part of the cluster
used for the observations of the cluster mass

compared to the critical density of the
universe at the redshift of the cluster

* M, is the mass from x-ray observations and
assumption of hydrostatic equilibrium

* M, is the mass from weak lensing
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Strong Lensing vs Weak Lensing
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e Mass derived from different observational techniquesA2261
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Cluster Temperature Structure

e 2-D cluster temperature maps Lagan'a, Durret &
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Observed Temperature Profiles

e [f the gas is in equilbrium with .
the potential (of the NFW form)
it should be hotter in the center ol
. . . i .—“
e But in many clusters it is cooler g %2 ANI '
in the center- additional physics X 1 ~
0.5k a3
0 0!2 O!4 0|.6 0.I8 1
, KKy, r/r2500
N, i EESE;EEM Left panel (from Burns et al
™ :ﬂg:: 2010) shows the theoretical

temperature profile if a NFW
potential (in grey) compared to
an set of actual cluster

05 1.0

R/Roy

temperature profiles

Chemical Evolution of the

Universe
A major area of astrophysical research is
understanding when stars and galaxies
formed and how the elements are
produced

With the exception of H and He (which
are produced in the big bang) all the other
elements (called metals in astrophysical
jargon) are "cooked" in the centers of
massive stars and supernova and then
"ejected" by explosions or winds

*Measurement of the amount and
change of metals with time in clusters
directly measures their production

*In the hot gas elements such as silicon
and iron have only 1 or 2 electrons

These ions produce strong H, He like x-
ray emission lines.

The strengths of these lines
is 'simply' related to the
amount of silicon or iron in
the cluster

The gas in these explosions is moving

very fast (1000 km/sec) and can easily &i 8¢

escape a galaxy.

Clusters are essentially giant "boxes"
which can hold onto all their material
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