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The mass profiles of galaxy clusters
using galaxies as tracers
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Problems
(In using galaxies as tracers)
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1) Spatial iIncompleteness
of the spectroscopic sample

Affects estimates of the spatial distribution of galaxies, like
the harmonic mean radius (which enters the virial theorem),

the number density profile (which enters the Jeans equation)
[e.q. Carlberg, Yee, Ellingson 1997, Biv. et al. 2006]

Solutions:

a) Correct the spectroscopic sample for incompleteness
[e.qg. Biv. & Poggianti 2009]

b) Use a substitute sample that is complete (e.g. photometric
sample with z,,; selection of cluster members)

[e.qg. Guennou et al. 2013, in prep.]



Il) Substructures and deviations
from dynamical equilibrium

Distort the equilibrium distribution of cluster galaxy velocities,
affect most mass (profile) estimates, unless merger is on the
plane of the sky [e.g. Takizawa et al. 2010]

Solutions:

a) If minor merger: identify galaxies in substructures,
remove them from sample of tracers
[e.q. Katgert, Biv., & Mazure 2004]

b) If major merger: use numerical simulations to reproduce
observed distribution and infer pre-merger dynamical
estimates [like, e.g., Mastropietro & Burkert 2008]



Il) Substructures and deviations
from dynamical equilibrium

Estimated/True mass vs. time during a merger, along two
line-of-sight axes, circles/triangles = parallel/perpendicular
to the merger direction [Takizawa et al. 2010]



Il) Substructures and deviations
from dynamical equilibrium

Estimated/True mass for
simulated cluster-size halos

As above, clusters with
subclusters removed from
the sample

M, (1014 Mo) nufi:?l:,er75 o0 [Bi\/. et al. 2006]




ll1) Interlopers

|dentification of cluster members among galaxies in the
cluster area is not perfect. ~20 % identified “members”
within r,qq are spurious [Biv. et al. 2006, Wojtak et al. 2007,

Mamon, Biv. & Murante 2010]

Solutions?

a) Use positions of galaxies in projected phase-space,
not only their positions in the velocity distribution

b) Use statistical subtraction of interlopers [this only works
for stacks of several clusters, because of cosmic variance]



1) Triaxiality

Clusters are triaxial, their velocity distributions are wider along
their major axes (alignement of inertia and velocity tensors)

[e.g. Kasun & Evrard 2005; Wojtak, Gottlober & Klypin 2013].

When major axis = line-of-sight direction, mass is overestimated

Solutions:

a) Use the elongation of the galaxies distribution and of the BCG
to guess If line-of-sight direction is close to major axis

[near sphericity hints they are aligned]
b) Stack several clusters, to average out peculiar alignements



Projected phase-space distribution of particles
In the same cluster-size numerically simulated
halo, seen along two orthogonal directions



Methods
(of mass profile determination)

1) “Simple”




1) Simple methods

Determine M(r) using the Virial Theorem or the
Projected Mass estimator [Heisler, Tremaine &
Bahcall 1985] in radial bins

But:

a) Spatial incompleteness affects the VT estimates
via the harmonic mean radius [Biv. et al. 2006]

b) VT estimates must be corrected for surface-pressure term
which depends on unknown velocity anisotropy
[The & White 1986]

c) Interlopers and subclustering affects the PM estimates
[Perea et al. 1990]

d) PM tends to overestimate M(r) at small radii and
underestimate it at large radii [Rines & Diaferio 2006]



1) Simple methods

Use velocity dispersion along the line-of-sight,
0,, as a proxy for the cluster mass

and use the number (or luminosity) density profile
of cluster members as a proxy for the cluster mass
profile

But:

a) How well do we know the scaling relation Mass vs. g,,?
b) Does light trace mass?



1) Simple methods
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Simulated scaling relation Mass vs g, depends
on tracer: DM particles, subhalos, “galaxies”




Observed z = 0 scaling
relation Mass vs o,

[Wojtak & tokas 2010]
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M, = My[010s /(750 kms~1)]* 0=3.174+0.13 My=5.99 £ 0.17




1) Simple methods
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Mass is distributed like passive (or K-band selected) galaxies
but not exactly so [Biv. & Girardi 2003; Rines 2004]



1) Simple methods

The method of the caustics in projected phase-space
[Diaferio & Geller 1997 Diaferio 1999] Is relatively
simple but very powerful:

see Ken Rines' talk

p(r)r* 3 = 23(r)

Pay attention to the 'filling function' Gl (€, —
Its value Is crucial for the mass

normalization in this method, and
different values have been advocated in the literature:

d(r) 1 —B(r)

Diaferio & Geller 1997, Geller et al. 2013: Fp(r)=0.5
Serra et al. 2011: Fp(r)=0.7
Biv. & Girardi 2003: Fg(r) variable with r



Methods
(of mass profile determination)

Il) More complex
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II) More complex methods

Based on the Jeans equation of dynamical
equilibrium:

.. N
o dny dlno; .

| S T =—— + 4 20
. \7 G \dhnr dlnr

Velocity anisotropy 5 orbital
distribution of the tracers of
the gravitational potential

Problem: we must solve the M(<r) — [3(r) degeneracy



II) More complex methods

Knowledge of B(r) is needed to determine the 3-d
velocity dispersion given the observed vel.disp. along
the line-of-sight:




II) More complex methods

Breaking the M(r)-[3(r) degeneracy:

a) Use external constraints:

al) M(r) from lensing or X-ray
[e.q. Natarajan & Kneib 1996, Benatov et al. 2006]

a2) [3(r) from numerical simulations
[e.q. Hansen & Moore 2006, Mamon, Biv. & Murante 2010]

b) Use more tracers separately, e.g. red and blue

cluster galaxies [e.g. Biv. & Katgert 2004, Battaglia et al. 2008,
Biv. & Poggianti 2009]

c) Go beyond the Jeans equation [e.g. van der Marel et al. 2000,
t okas & Mamon 2003, Wojtak et al. 2009, Mamon, Biv. & Boué 2013]
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1) More complex methods &S

The y(r)-[3(r) relation
[Hansen & Moore 2006]

anisotropy [3(r)

cosmological
prolate DM

oblate DM

radial collapse sph
radial collapse ell
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density slope Y(r)




I1) More complex methods

Dispersion + Kurtosis (D+K) s AN
[tokas 2002; tokas & Mamon 2003] KA/ &
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Solve the Jeans eq. degeneracy by adding the Jeans eq. for
the kurtosis: perform a simultaneous fitting to the velocity
dispersion and kurtosis profiles:

radial orbits radial orbits

- - isotropic orbits - - isotropic orbits
circular orbits circular orbits
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[Coma cluster data; tokas & Mamon 2003]



I1) More complex methods

MAMPOSSt

Modelling Anisotropy and Mass Profiles
of Observed Spherical Systems

[Mamon, Biv. & Boué 2013]

Solve the Jeans eq. degeneracy by a
max. lik. fit to the full distribution of
tracers of the potential in projected
phase-space, assuming a shape for

the 3-d velocity
EE distribution of
tracers

1n: r,l, E]m] log a... (kpa)
MAMPOSSt analysis of
a simulated observation
of cluster-size halo in
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I1) More complex methods

Distribution Function (DF) models

[Kent & Gunn 1982; van der Marel et al. 2000;
Wojtak et al. 2008, 2009]

Assume a form for
the 6-d distribution

function of tracers, N R-PYR)”
based on numerical M Gt
simulations (shown to B : s
be separable in energy h L ewee
and angular momentum) I eSS, amancu N
then projects in observed g bt TR e

2
vR=2YR]

phase-space

[recovery of theoretica
Wojtak et al. 2009]

aistrioution using 9000 tracers,



I1) More complex methods
D+K vs. MAMPOSSt vs. DF

All use parametric models of M(r) and (3(r) or E, L
All use spherical approximation
All require dynamical equilibrium (hence use data within ryq0)

D+K limitation: 3 constant with radius (extension of the method
to non-constant 3 just implemented, Richardson & Fairbairn 2012)

MAMPOSSt limitation: assume 3-d velocity distribution shape
(Gaussian case considered so far: extensions of the method
to other distributions — e.qg. Tsallis — are in progress)

DF limitations: it iIs much slower than previous two. It relies
on numerical simulations, but are the ACDM halo distribution
functions representative of real clusters?



I1) More complex methods
D+K vs. MAMPOSSt vs. DF

Blas and inefficiency
In log (observed/true)
for simulated halos In
projection, with

300 — 400 tracers,
assuming

M(r) model is NFW
[Navarro, Frenk &
White 1996,1997]

Green: Mag,
Red: ¢gyq
Blue: Anisotropy

Bias in log(obs/true)

D+K DF MAMPOSSL
Inefficiency represented by the size of the error bar




Case study:
(CLASH cluster MACS J1206-0847)

REN IS
from
Biv, et al.

(in prep.)



Case-study cluster

MACS J1206+0847 is a z=0.44 massive cluster, part
of CLASH (Cluster Lensing And Supernova survey T e
with Hubble, PIl: M. Postman) sample [see Dan Coe's talk]

with VLT-VIMOS follow-up from the ESO Large Programme

“Dark Matter Mass Distributions of Hubble Treasury Clusters and the
Foundations of ACDM Structure Formation Models”, Pl: P. Rosati:

=~ 600 cluster
members

with accurate
(Az = 3 x 10-4)
redshifts,

of which

330 within ryqq.




Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
[Bhattacharya et al. 2011,
De Boni et al. 2013]

Fit with NFW M(r)




Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
[Bhattacharya et al. 2011,
De Boni et al. 2013]

N(R) + o, (red gals)

Fit with NFW M(r)




Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
s [Bhattacharya et al. 2011,
- De Boni et al. 2013]

N(R) + o, (red gals)
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Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
[Bhattacharya et al. 2011,
De Boni et al. 2013]

N(R) + o, (red gals)
Caustic
MAMPOSSt

Fit with NFW M(r)



Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
[Bhattacharya et al. 2011,
- \‘;{\

W
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Strong+Weak lensing
[Umetsu et al. 2012]

Theoretical relations
[Bhattacharya et al. 2011,
De Boni et al. 2013]

N(R) + o, (red gals)
Caustic

MAMPOSSt

D+K
CaustictMAMPOSSt

Fit with NFW M(r)



Previous results
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Previous results

concentration

Theoretical
relation and
scatter

[Duffy et al. 2008]

[from Biv. 2008]

1.00 2.00 4.00 8.00
Mago (10" Mo)

Compilation of results obtained using galaxies as tracers of the
potential for several samples of groups and clusters at low z:
Groups: Biv.,, Mamon, Ponman, in prep.

Groups & poor clusters: Mahdavi et al. 1999

Poor & rich clusters: Biv. & Girardi 2003, 2dFGRS sample

Rich clusters: Biv. & Salucci 2006, ENACS sample
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Previous results

Wojtak & tokas 2010:
DF analysis of 41 nearby galaxy clusters

WMAPI W _
wMAP3 e  Maccio et al. 2008
4 FWMAPS

atarajan 2007 -

3
M, 10" M,]




Previous results

Analysis of the ENACS ( ) and EDIsCS
( ) data-sets by Biv. & Poggianti 2009,
based on multi-tracer Jeans equation solution

c=c(M,z)
predictions
from

® Duffy+08
and

B Gao+08

NEW concentration




Case-study cluster:
beyond the NFW model

Define ilclti<T:18)%] (¢ Foy-combining
lensing M(r) at r <r,5o and Caustic M(r) at r>r,qg

Compare with MAMPOSSt solutions for:
NEW, Burkert, :

M(<r) [10* M]




Case-study cluster:
beyond the NFW model

Define ilclti<T:18)%] (¢ Foy-combining
lensing M(r) at r <r,5o and Caustic M(r) at r>r,qg
Compare with MAMPOSSt solutions for:

NFW, BU>Xért, , -
BUr=ert ) core size <50 kpc

M(<r) [10* M]




Case-study cluster:
beyond the NFW model

Define ilclti<T:18)%] (¢ Foy-combining
lensing M(r) at r <r,5o and Caustic M(r) at r>r,qg
Compare with MAMPOSSt sol/utions for:

N

NEW, EL/\gr\t, 3 <

M(<r) [10* M]
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Previous results capofila & GROS

General agreement for clusters:

Inner slope consistent with NFW (-1),

outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small
(~size of the central cD), SIS rejected.
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Previous results

General agreement for clusters:

Inner slope consistent with NFW (-1),

outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small
(~size of the central cD), SIS rejected.

2dFGRS cluster sample:

&. Inner slope of
generalized NFW model
a: scal-radius of NFW
model In rygq Units

_IJ_|J_IJ_IJ_IJ_IJ_LL Li

| —
-

>
i‘x
g
=]

b: outer slope of
model with an inner core
[.: core-radius in rygg UNItS

C
C

[Biv. & Girardi 2003]




Previous results

General agreement for clusters:

Inner slope consistent with NFW (-1),
outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small

(~size of the central cD), SIS rejected.

=

CNOC cluster sample:

&. Inner slope of
generalized NFW model
VS. velocity anisotropy
(found to be =0)

[adapted from
van der Marel et al. 2000]
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Previous results capofilaé GROS

General agreement for clusters:

Inner slope consistent with NFW (-1),

outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small
(~size of the central cD), SIS rejected.

ENACS cluster sample:

Solid: non-parametric p(r)
Long-dashed: NFW
Short-dashed: Moore et al. 1999
Dash-dotted: Burkert

Dotted: SIS

[Katgert, Biv. & Mazure 2004]




Previous results

General agreement for clusters:

Inner slope consistent with NFW (-1),

outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small
(~size of the central cD), SIS rejected.

CIRS cluster sample:

Solid: p(r) for individual clusters
from the Caustic analysis

Solid colored: NFW, ¢=3,5,10
Short-dashed: Hernquist
Long-dashed: SIS

[Rines & Diaferio 2006]




Sl’l La “storica,, impresa di Berchtesyaden

Previous results

General agreement for clusters:

Inner slope consistent with NFW (-1),
outer slope with either NFW or Hernquist (-3 or -4),
Burkert not rejected, but core size must be small

(~size of the central cD), SIS rejected.

No general agreement for groups:

Mahdavi et al. 1999:
NFW & Hernquist OK,
SIS ruled out

Mahdavi & Geller 2004:
best-fit is provided by SIS

One of the
two Mahdavis
must be wrong...




Orbits of galaxies
and Pseudo-Phase Space density profiles
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Orbits of galaxies and PPS §&
Why care about the shape of M(r)?

Taylor & Navarro 2001

suggested that what really
matters is the shape of the Y 1.92+0.01
PPS density profile,

Q(r) = plo3

or, perhaps,

Q.(r) = plo,3

that might be even more
fundamental and universal than
Q(r) [Dehnen & McLaughlin 2005]

. ]

Power-law behavior predicted

0
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Orbits of galaxies and PPS i &

To get Q(r) and Q,(r) we need p(r), a(r), a,(r)
l.e. both Mass and Velocity Anisotropy profiles

Given M(r) and observables can get 3(r) from the
Inversion of the Jeans equation
[Binney & Mamon 1982, Solanes & Salvador-Solé 1990]

Observables
ool 2 8 5L X0

number density profile &
l.0.s. velocity dispersion
profile of cluster members




tangential orbits
-1.0
1.0

MACS J1206-0847

Velocity anisotropy
profiles 3(r)

All cluster members
(solid white line)
and theoretical
expectation from
numerical sims.
(dashed plzacl line)

Red (solid line)
& blue (dash-dotted



radial orbits

Abell 2142

Rich z=0.09 cluster.

tangential orbitls Data from Owers,
m" _llﬂ:::::::::::::::::::::::::::::::- ] NU/Sen&COUCh 2011

05" r{Mpe] Velocity anisotropy
' . | profiles (3(r):

o4 Munari,Biv. & _
Mamon, in prep. RRESELRIREEREIE

—U.ﬁ; o 1-0 Iintervals

T TR SO T2 e ,_ Lines of # colors are
00051.015202530 for # M(r)
r{Mpe] A determinations




MACS J1206-0847

Pseudo-Phase Space
density profiles

Data & 1-0 intervals:
colored lines and
shaded regions

Theoretical relations
from num. simulations:
dashed black lines
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Orbits of galaxies and...
...the y(n)-B(r) relation

MACS J1206-0847, z=0.44 Abell 2142, z=0.09

-1 -18 -230 -22 -24 -28
7

Dashed or dotted lines: theoretical relation of Hansen & Moore 2006
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Summary & perspectives

Using galaxies as tracers of the potential:

* allows M(r) determinations with competitive accuracy with
other methods (given several hundreds tracers)

% allows M(r) determinations over large radial range (0.05 — 3 r,q)

* allows velocity anisotropy profile 3(r), and hence also PPS
density profiles Q(r) and Q,(r) determinations
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Summary & perspectives

Current results indicate:

# M(r) Is close to NFW, and the Isothermal Sphere is rejected

% Inner slope could be flat, but the core size must be small (<0.05 Mpc)
#% Quter slope could be steeper than NFW, perhaps Hernquist-like

# Clusters are slightly more concentrated than expected for their mass

4 Theoretical Q(r) and Q,(r) power-law relations are confirmed...

% ...and so Is also the y(r)-(r) relation (but not for blue galaxies?)

# Orbits of different cluster galaxy populations are different, and evolve
with z =hints to galaxy evolution in clusters
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Summary & perspectives

Future developments:

#* Technical developments for MAMPQOSSt: beyond the Gaussian 3-d
velocity distribution, beyond the spherical assumption, joint analysis
with gravitational lensing constraints

# Analysis of large low-z cluster samples, SDSS, WINGS, to see
dependence of M(r) and (3(r) on cluster properties (e.g. dynamical status)

# Analysis of distant clusters to investigate M(r) and (3(r) evolution:
CLASH-VLT (14 <z>=0.4 clusters, =500 members with z per cluster)
DAFT/FADA ( 9 <z>=0.6 clusters, =150 members with z per cluster)

# Analysis of a sample of X-ray emitting groups, to solve current discrepant
results on their M(r)

(In collaboration with: G. Mamon, A. Cava, and the CLASH & DAFT/FADA teams)
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