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Early Universe
(small perturbations)

ripples evolve independently =

_ . they interact with
Millennium Simulation, Volker Springel, 2005 others in non-linear ways

the small over-density fluctuations attract additional
mass as the Universe expands
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where?

Gravitational instability produces merger of small clumps at the

—> . . -
high peaks of the density field intersection of a filamentary

large-scale structure

GALAXY
CLUSTER

Simulation by Gauss Centre for Supercomputing
Millennium Simulation, Volker Springel, 2005 Gottlober, Khalatyan, Klypin, 2008
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what?

large-scale nucleosynthesis

cosmologica Ltructu&alaxy-environment

matter distribution

~80% - DM
~20% - hot diffuse plasma

galaxy formation - stars, dust, cold gas

parameters

largest gravitationally bound . v densi
systems in the Universe number density

v

measurement of
cosmological parameters

number of systems with a given mass per unit volume
hundreds T 1070
of galaxies :
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how?

can we assume dynamical equilibrium?

mass distribution

from scaling relations... ~yes

1'02:_ ' ' ' ' P

small scales = assumption of
dynamical equilibrium

Intermediate scales
(1-10 Mpc/h)

h(z)™ Ly < Rgge (10" erg s
Pratt et al. 2009

large scales = small over-
densities — linear theory

10

T < Ry (keV)
however there are...

spatially inhomogeneous thermal kinematic and morphological
and non thermal emission segregation of galaxies
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how?

how to measure the mass of galaxy clusters ?

Virial theorem

Jeans Equation

Scaling relations

X-ray temperature

Strong and Weak .
~0.5 1,,: X-ray Lensing No assumption of

~0.1 Iyg: SL dynamical equilibrium
CAUSTIC TECHNIQUE

~T500: Virial

analysis

~[0-3]r50 I'y00: Yadius enclosing a matter density 200 times the
WL&ECT  (ritical density of the Universe ~ 277.5 h*M, /Mpc’
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how?

total mass within a radius mass profile

from l.o.s. velocities and position
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Coma Cluster - HST
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Pratt et al. 2009

CT

total mass within a radius

Biz)™ Ly B < Ry (LO"™ erg s7Y)
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how?

from X-

ray

members

mass profile

Coma Cluster - ROSAT
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how?
total mass within a radius mass profile

from lensing signal
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disadvantage: the signal intensity depends on the distances between observer,
lens and source

from l.o.s. velocities and position
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intro CT

mass

theory

members remarks

evolves like a Friedmann
model (expanding medium)

for any small density
perturbation there will be a
competition between its self-
gravity (which is attempting
to increase the density) and
the general expansion of the
universe (which decreases
the density)

structures will be
formed if, at some time,
the spherical region
ceases to expand with
the background universe
and begins to collapse
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V= H,r + Vpec
When observed in redshift
space, the infall pattern
around a rich cluster appears
as a “trumpet” whose
amplitude .A(f#) decreases
with @ (Kaiser, 1987)
- VIGS

Vturn H r

— Vpec
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Mass

members remarks
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theory

Simulated data

3

v = 00 ¢ =

radial velocity
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radial velocity

Real data Coma cluster
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van Haarlem et al. 1993

but clusters accrete mass anisotropically
— the velocity field can have a substantial
non-radial random component
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theory
| A(r) <=> escape velocity
Caustics located Caustics
by the caustic determined by the
technique escape velocity
A A

e o | The random components increase
r o =l . .
ooy '7"'\! ] the caustic amplitude when
R :“»}H o compared to the spherical model
4 .“__ o ] "algh o3
I 3 Rl
~1000 - 8e < 4" s

but clusters accrete mass anisotropically

. . — the velocity field can have a substantial
Amfall model < Anon—radlal non-radial random component




infro CT mass members remarks

*———_@—O—9——0——0—0—0—0—0—20

theory

A(r) <=> escape velocity

[1.0, 0.0] [0.2, 0.0] [0.2, 0.8]
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theory

Interpretation: A(0) is the
average over a volume d°r of
the square of the l.o.s.
component of the escape
velocity

) = @

esc,los>

Ainfall model < Anon—radial
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Mass estimate

"42 (T) — <vgsc,los>

—2¢(r)g~ ' (B)

mass of an infinitesimal shell Gdm = —2¢(r)F(r)dr = A*(r)g(8)F(r)dr

<Ugsc,los>

—27Gp(r)r?
(r)

Fa(r) = F(r)g(B) is a slowly changing

function of r

and

where F(r) =
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theory

: CAUSTIC TECHNIQUE
Developed in the '90s

(Diaferio & Geller, 1997;
Diaferio, 1999)

Can be applied for
Problem: it requires pp
hundreds of galaxy
redshifts B MASS/POTENTIAL ESTIMATES

m IDENTIFICATION OF MEMBERS

nowadays the

required data are B | IDENTIFICATION OF SUBSTRUCTURES |
easily collectable

to simulated and real data
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steps

arrange the galaxies in a binary tree according to a
hierarchical method

select two thresholds to cut the tree: the largest
group obtained from the upper-level threshold
identifies the cluster candidate members

four steps

build the redshift diagram of all the galaxies in the
field; locate the caustics, and identify the final cluster
members

the caustic amplitude determines the escape velocity
and mass profiles
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c Binary tree & o-pla

DEC (deg)

CT

feau

mass

*————0@—2—0——0——00—00—0—0—0—0

steps
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e Caustic location

we choose the parameter K that

determines the correct caustic location
as the root of the equation

S(K) = (vese)w,r — 4(v%) =0

members remarks

0.0 1.0 6.8
4000

2000

Ve (KIm/'s)

—2000

r (Mpc/h)

distribution of N galaxies

£a(X N2h2 (x—ix>

X = (r,v)
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app

e Gravitational potential profiles
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app
0 Mass profiles
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intro CT

Stacked cluster

vxlos_vduslos | =2000km/s

30'

30'

z=0.1
30' = 2.46 Mpc/h

spread decreases with

increasing number of galaxies

Serra et al. 2011

measured caustic amplitude/true caustic amplitude
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app
Applications to real systems

Coma (Geller et al. 1999) = NFW profile fits cluster density profile

Cluster and Infall Region Nearby Survey (CAIRNS) (Rines et al. 2003)

CIRS (Rines & Diaferio, 2006): 72 X-ray selected clusters with galaxy
redshifts extracted from DR4-SDSS. Largest sample of clusters have been
measured out to ~3r,,, — virial mass function - cosmological parameters

consistent with WMAP (Rines et al. 2007, 2008)

Groups of galaxies: 16 groups — NFW profile confirmed (Rines & Diaferio, 2008)

43 stacked clusters from 2dF (Biviano & Girardi, 2003)

Unrelaxed systems: Shapley superclusters (Reinsenegger et al. 2000, Davidzon et
al. in prep), Fornax cluster (Drinkwater et al. 2001), A2199 (Rines et al. 2002)

Coma and CL0024 to measure w_ (Serra & Dominguez, 2011)

Individual systems (Mahdavi et al. 2005; Lemze et al. 2009; Lu et al. 2010)

HeCS (Hectospec Cluster Survey; Rines et al. 2012): clusters in the redshift range
0.1 < z < 0.3; more than 20,000 new redshifts; 17 clusters with WL mass profiles
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CT vs WL

caustics
requires
wide-field redshift wide-field
survey photometric
survey
sufficiently dense redshift where
survey signal is

sufficiently strong

3D mass profile projected mass
affected by profile along the

projection line of sight
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ind. case
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HeCS

the caustic technigue overestimates the mass in the inner regions
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ID
. To study the dependence of properties on the environment
MemberShlp we need to know whether a galaxy is member of a cluster

39 clnippi.ng Ol 6 Vida1.1977): veeloclty velocity of a galaxy depends on the
il ursiont Elusie @ Gatssi gravitational potential profile of
gap method (Zabludoff et al.1990; the cluster

Beers et al. 1990)

adaptive kernel method (Pisani 1993)
probability density underlying the data

escape velocity profiles — caustic technique

gaussian plus a constant function: fit to the + dependence of the VD on the projected
velocity distribution (McKay et al. 2002) distance to the center (Prada et al. 2003)

fit to O according to the Jeans formalism
(B = 0) (Lokas et al. 2006)

VmaX(R) from the mass distribution
(den Hartog & Katgert, 1996)

boundary lines ivﬁm(R) on the velocity
diagram (Woijtak et al. 2007)
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D
Membership

3000 AR T SRS e ]
. E
2000, ° ’ . . 3
P 1000 N -
o @ 9 . = 5> galaxies within the caustics
O £ i A g
0 : :
= < - +i> bound galaxies
g o W
—_ _ ) * =
1000 e /" $o
w " + .
~2000 =
¢ i * ¢ -
~3000 by 0 A ey Lo iy ety :
0 | 2 3 4
r {Mpe/h)

projected radius Serra et al., in prep
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ID

galaxies within caustics compared with bound galaxies

Serra et al., in prep

1.0

1.0
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galaxies

0.6

0.4

fraction of galaxies

0=

_||||||||| 0.0
1) 2.5 3.0 0

‘f_'_j|._III|III|III|III|III|_

completeness = contamination
—1lo0c median +410 | —1loc median +lo

rso0 | 0921 0.956  0.984 | 0.005 0.020  0.066
2rag | 0.908  0.951  0.981 [ 0.015 0.047 0.126 -
3rago | 0.875  0.947  0.980 | 0.027 0.080 0.193  SerActaLmprep
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mass est.

Mass estimates

25— . _
— | —
L Individual clusters : _
i | |
- |
20— _ S ] virial theorem
B 1 [ N .
s L | . o . median mass
! | ! —
= [ 11 L L ? _ average mass
a I I P | [ 1
v 15— (| —] .
= 7L P i | + Tl IR binary tree
- | | I _ .
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UM NN (1A Y N L LI <] M 1. S —
] 1.¢ T Ly
caustic . ¢! 7 -
mass - 7
Tapo =T apg 3 gq0

The caustic location performs systematically

better in removing interlopers and,

Serra et al., in prep on average, the bias in the mass estimate is minimized



infro CT mass members remarks

* —————————o——0——u—u-po 09

Remarks

the caustic technique and gravitational lensing are the only two methods available
to measure the mass profile of clusters beyond the virial radius without assuming
dynamical equilibrium

~200 gxs in a field of 2.46 Mpc/h x 2.46 Mpc/h are enough to have an accurate

escape velocity profile

F[3 (r) is not constant in the inner parts of the cluster = overestimation of the mass

spread due to projection = but the formal errors account for that

SM: — Z ‘ij5¢4(rj)/v4(rj)‘

j=1,i
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Remarks
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Remarks

the applications of the caustic technique to a large sample of simulated clusters
demonstrated that the escape velocity is recovered with ~25% 1-0 uncertainty and
the mass profile with ~50% 1-0 uncertainty

the median ratio of the caustic and weak lensing mass profile in the 19 HeCS

clusters is within the 68% confidence limits of the ratio between the true and
caustic mass profiles derived from N-body simulations. At radii <r__ , the

caustic approach overestimated the mass. Near the virial radius (~ 1.3r_ ) the
profiles agree to ~ 30%.

thank you!
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