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The structure of clustersThe structure of clusters
from spectroscopic observationsfrom spectroscopic observations

Andrea Biviano, INAF-OATs (Trieste, Italy)Andrea Biviano, INAF-OATs (Trieste, Italy)

HST image of the z=0.44 CLASH cluster MACS1206
(NASA, ESA,  M. Postman)

Based on Based on 
CLASH-VLT+MUSE data,CLASH-VLT+MUSE data,
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P. Rosati P. Rosati (p.i.)(p.i.)
I. BalestraI. Balestra

P. BergaminiP. Bergamini
G. CaminhaG. Caminha
M. GirardiM. Girardi
C. GrilloC. Grillo

M. MeneghettiM. Meneghetti
A. MercurioA. Mercurio
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

1 - 1 - constrain a cluster dynamical status and its accretion historyconstrain a cluster dynamical status and its accretion history
            (by the identification and characterization of subclusters)(by the identification and characterization of subclusters)

TTxx map (color), cluster galaxies (crosses),  map (color), cluster galaxies (crosses), 

subcluster galaxies (dots)subcluster galaxies (dots)
(AB, Durret, Lagan(AB, Durret, Laganáá, in prep.), in prep.)

See poster by M. Girardi!See poster by M. Girardi!
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

2 – 2 – determine the orbits of cluster galaxiesdetermine the orbits of cluster galaxies
            (by the Jeans equations of dynamical equilibrium)(by the Jeans equations of dynamical equilibrium)

Passive galaxies: radial orbits at z>0.2, Passive galaxies: radial orbits at z>0.2, 
                                                          isotropic at z~0isotropic at z~0

Spiral/blue galaxies: mildly radial orbits at all z Spiral/blue galaxies: mildly radial orbits at all z 

Jellyfish galaxies: extremely radial orbitsJellyfish galaxies: extremely radial orbits

(Annunziatella+16, based on (Annunziatella+16, based on 
CLASH-VLT, p.i.: P. Rosati)CLASH-VLT, p.i.: P. Rosati)

(Mamon+ subm., WINGS data, p.i.: G. Fasano & B. Poggianti)(Mamon+ subm., WINGS data, p.i.: G. Fasano & B. Poggianti)

(AB+ in prep.,(AB+ in prep.,
  based on GASP data-set,based on GASP data-set,
  p.i.: B. Poggianti)p.i.: B. Poggianti)

high-mass passivehigh-mass passive

llow-mass passiveow-mass passive
E,E,  S0,S0,  SS

JellyfishJellyfish

A209A209
z=0.21z=0.21

Stack ofStack of
59 z~0.0659 z~0.06
clustersclusters

Stack ofStack of
50 z~0.0650 z~0.06
clustersclusters
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

3 – 3 – determine the mass and mass profile of clustersdetermine the mass and mass profile of clusters
            (over a wide radial range: from a few kpc to several Mpc)(over a wide radial range: from a few kpc to several Mpc)

3a – use cluster masses to constrain cosmology3a – use cluster masses to constrain cosmology

(Capasso+19, based on spectroscopic survey of SPT-SZ clusters, Bocquet+15)(Capasso+19, based on spectroscopic survey of SPT-SZ clusters, Bocquet+15)

η=
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

3 – 3 – determine the mass and mass profile of clustersdetermine the mass and mass profile of clusters
            (over a wide radial range: from a few kpc to several Mpc)(over a wide radial range: from a few kpc to several Mpc)

3b – constrain the dynamical evolution history of clusters3b – constrain the dynamical evolution history of clusters

(AB+16, based on the GCLASS (AB+16, based on the GCLASS 
spectroscopic survey of z~1 clusters.spectroscopic survey of z~1 clusters.
p.i. G. Wilson)p.i. G. Wilson)

The pseudo-phase-space densityThe pseudo-phase-space density
profile Q profile Q ≡ ρ/σ≡ ρ/σ33  (Taylor+Navarro 01) (Taylor+Navarro 01) 
for clusters is a power-law, for clusters is a power-law, 
from z~0 to z~1, as predicted by from z~0 to z~1, as predicted by 
theorytheory (Lapi+Cavaliere 09) (Lapi+Cavaliere 09)  
and numerical simulationsand numerical simulations
(Dehnen+McLaughlin 05)(Dehnen+McLaughlin 05)
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

3 – 3 – determine the mass and mass profile of clustersdetermine the mass and mass profile of clusters
            (over a wide radial range: from a few kpc to several Mpc)(over a wide radial range: from a few kpc to several Mpc)

3c – constrain the cluster mass accretion rate3c – constrain the cluster mass accretion rate

(Diemer+Kravtsov 14, numerical simulations;(Diemer+Kravtsov 14, numerical simulations;
    ΓΓ  is the mass accretion rate)is the mass accretion rate)

The external slope of the massThe external slope of the mass
density profile is a measure of thedensity profile is a measure of the
halo mass accretion ratehalo mass accretion rate
(Diemer+Kravtsov 14) (Diemer+Kravtsov 14) 

M(r>>rM(r>>r
200200) can be measured from ) can be measured from 

the kinematics of cluster galaxiesthe kinematics of cluster galaxies

(AB+ in prep.)
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Using spectroscopic observations to investigate Using spectroscopic observations to investigate 
the structure of clusters allows one to:the structure of clusters allows one to:

3 – 3 – determine the mass and mass profile of clustersdetermine the mass and mass profile of clusters
            (over a wide radial range: from a few kpc to several Mpc)(over a wide radial range: from a few kpc to several Mpc)

3d – constrain the properties of Dark Matter3d – constrain the properties of Dark Matter
                and/or its dynamical interaction with baryonsand/or its dynamical interaction with baryons
                (AGN feedback, dynamical friction, adiabatic contraction)(AGN feedback, dynamical friction, adiabatic contraction)

(Navarro+04)

Do observations confirm the theoreticalDo observations confirm the theoretical
predictions predictions (Navarro, Frenk & White 96, 97)(Navarro, Frenk & White 96, 97)

of a steep inner slope, of a steep inner slope, γγ=1, of the =1, of the 
cluster DM density profile? cluster DM density profile? 
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The inner slope of clusters DM density profile The inner slope of clusters DM density profile 
Andrea Biviano, INAF-OATs (Trieste, Italy)Andrea Biviano, INAF-OATs (Trieste, Italy)

HST image of the z=0.44 CLASH cluster MACS1206
(NASA, ESA,  M. Postman)

Based on Based on 
CLASH-VLT+MUSE data,CLASH-VLT+MUSE data,

in collaboration with:in collaboration with:

P. Rosati P. Rosati (p.i.)(p.i.)
I. BalestraI. Balestra

P. BergaminiP. Bergamini
G. CaminhaG. Caminha
M. GirardiM. Girardi
C. GrilloC. Grillo

M. MeneghettiM. Meneghetti
A. MercurioA. Mercurio
M. NoninoM. Nonino
B. SartorisB. Sartoris
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Theoretical

Average of other observations 
(Groener, Goldberg, Sereno 16)

AB+16: cross and diamond: AB+16: cross and diamond: 
mean concentration of z~1 mean concentration of z~1 
GCLASS clustersGCLASS clusters  (p.i.: G. Wilson)(p.i.: G. Wilson)

AB+17: red line and yellow region: AB+17: red line and yellow region: 
concentration-mass relation concentration-mass relation 
of z~0  of z~0  ΩΩWINGS clustersWINGS clusters
  (p.i.: B. Poggianti)(p.i.: B. Poggianti)

Concentration-mass relation asConcentration-mass relation as
expected for NFW-like clustersexpected for NFW-like clusters
from z~0 to z~1from z~0 to z~1

to
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l
to

ta
l
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Mamon+19: total M(r) of z~0  WINGS Mamon+19: total M(r) of z~0  WINGS 
clusters clusters  (p.i.: G. Fasano & B. Poggianti)  (p.i.: G. Fasano & B. Poggianti) 
is steeper than NFWis steeper than NFW 

Total M(r) inner slope steeper than,Total M(r) inner slope steeper than,
or compatible with, NFW, or compatible with, NFW, γγtotaltotal  ≥≥  11

Generalized NFW
(free inner slope):
γ

total
 = -d log / d log r = 1.6 ±0.4

AB+13: total M(r) of a z=0.4 massive clusterAB+13: total M(r) of a z=0.4 massive cluster
is compatible with NFW, Burkert (cored)is compatible with NFW, Burkert (cored)
profile excludedprofile excluded (based on CLASH-VLT data, (based on CLASH-VLT data,
p.i.: P. Rosatip.i.: P. Rosati) ) 

Black(and grey shading): NFW
Blue: Hernquist
Red: Burkert
Magenta: Softened Isothermal

to
ta

l
to

ta
l



Sesto, July, 8 2019Sesto, July, 8 2019 Andrea Biviano: The structure of clusters from spectroscopic observationsAndrea Biviano: The structure of clusters from spectroscopic observations  11/28 7

The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

EAGLE simulationsEAGLE simulations
(that include baryons; (that include baryons; 
Schaller+15Schaller+15) do predict) do predict
γγtotaltotal  ≥≥  1,1,

in agreement within agreement with
Newman+13Newman+13 observational observational
data based on data based on 
Strong+Weak Lensing +Strong+Weak Lensing +
BCG stellar kinematicsBCG stellar kinematics

Total matter = DM + baryonsTotal matter = DM + baryons
⇒ ⇒ mustmust consider ICM + galaxies + BCG contributions to total matter to get DM consider ICM + galaxies + BCG contributions to total matter to get DM

BCGs dominate the cluster centers; BCGs dominate the cluster centers; 
⇒⇒  use of BCG stellar kinematics is fundamental to constrain M(r) at r use of BCG stellar kinematics is fundamental to constrain M(r) at r →→  00

to
ta

l
to

ta
l
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Use                         , the Multi Unit Spectroscopic Explorer at VLTUse                         , the Multi Unit Spectroscopic Explorer at VLT  to to 
determine the BCG stellar velocity dispersion profile determine the BCG stellar velocity dispersion profile (p.i.: P. Rosati) (p.i.: P. Rosati) 

Constrain the cluster mass profile over 3 orders of magnitudes in length by Constrain the cluster mass profile over 3 orders of magnitudes in length by 
simultaneoussimultaneous fitting of the projected phase-space distribution of cluster galaxies  fitting of the projected phase-space distribution of cluster galaxies 
and the velocity-dispersion profile of the BCG and the velocity-dispersion profile of the BCG (combined likelihhods)(combined likelihhods)
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Method of analysis: Method of analysis: MAMPOSStMAMPOSSt  (Mamon, AB, Boué 13) (Mamon, AB, Boué 13) 

MModelling odelling AAnisotropy nisotropy andand  MMass ass PProfiles of rofiles of OObserved bserved SSpherical pherical SSysysttemsems

Joint Maximum Likelihood fit to the projected Joint Maximum Likelihood fit to the projected 
phase-space distribution of cluster members:phase-space distribution of cluster members:

  and to the l.o.s. BCG velocity dispersion profile:and to the l.o.s. BCG velocity dispersion profile:

Constrain the best-fit parametersConstrain the best-fit parameters
of the cluster mass profile M(r)of the cluster mass profile M(r)
parameterized as:parameterized as:

With free parameters: With free parameters: rr200200, r, r
ss
, , γγ..

Additional parameters that can be left free:Additional parameters that can be left free:

  ββgalaxiesgalaxies(r), (r), ββBCG starsBCG stars(r), M(r), M
*,BCG*,BCG

BCG stellar mass

DM
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile
Choose two CLASH-VLT clusters,Choose two CLASH-VLT clusters,
dynamically relaxed and centereddynamically relaxed and centered
on their BCGs:on their BCGs:

RXJ2248-7-4431, <z>=0.348, RXJ2248-7-4431, <z>=0.348, 
rr200200=2.6 Mpc, 1100 members with z=2.6 Mpc, 1100 members with z

MACS1206.2-0847, <z>=0.440,MACS1206.2-0847, <z>=0.440,
rr200200=2.0 Mpc, 600 members with z=2.0 Mpc, 600 members with z

  

Quality of MUSE BCG Quality of MUSE BCG 
velocity dispersion velocity dispersion 
profiles is impressive!profiles is impressive!

(Cmp to Sand+04(Cmp to Sand+04
  ESI at KeckII profile)ESI at KeckII profile)

BCGs velocity dispersion profilesBCGs velocity dispersion profiles
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

γ             r
s
                        r

200

r
s

r
200

RXC J2248.7-4431RXC J2248.7-4431
(CLASH-VLT + MUSE)(CLASH-VLT + MUSE)::

inner slope of inner slope of DMDM  
ρρ(r(r→→0):0):

  γγ =  = -d ln -d ln ρρ/ d ln r/ d ln r
          = 0.97 = 0.97 ± ± 0.040.04

fully consistent fully consistent 
with NFWwith NFW

Sartoris + in prep.:Sartoris + in prep.:

Monte CarloMonte Carlo
Markov ChainMarkov Chain

analysisanalysis
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

RXC J2248.7-4431, predicted velocity RXC J2248.7-4431, predicted velocity 
dispersion profile from the best-fit M(r)dispersion profile from the best-fit M(r)
compared with the observed velocity compared with the observed velocity 
dispersion profiles of cluster galaxies and dispersion profiles of cluster galaxies and 
the BCGthe BCG

RXC J2248.7-4431, projection of best-fit RXC J2248.7-4431, projection of best-fit 
kinematic determination of M(r) along the kinematic determination of M(r) along the 
l.o.s. and comparison with other mass l.o.s. and comparison with other mass 
profile determinations profile determinations (Strong Lensing: (Strong Lensing: 
Caminha+16,  Weak Lensing: Umetsu+16, Caminha+16,  Weak Lensing: Umetsu+16, 
X-ray: Chandra)X-ray: Chandra)

Sartoris + in prep.:Sartoris + in prep.:
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

γ             r
s
                        r

200

r
s

r
200

MACS 1206.2-0847MACS 1206.2-0847
(CLASH-VLT + MUSE)(CLASH-VLT + MUSE)::

inner slope of inner slope of DMDM  
ρρ(r(r→→0):0):

  γγ =  = -d ln -d ln ρρ/ d ln r/ d ln r
          = 0.67 = 0.67 ± ± 0.15 0.15 

ininconsistent consistent 
with NFW at 2 with NFW at 2 σσ

AB + in prep.:AB + in prep.:

Monte CarloMonte Carlo
Markov ChainMarkov Chain

analysisanalysis
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

MACS 1206.2-0847, predicted velocity MACS 1206.2-0847, predicted velocity 
dispersion profile from the best-fit M(r)dispersion profile from the best-fit M(r)
compared with the observed velocity compared with the observed velocity 
dispersion profiles of cluster galaxies and dispersion profiles of cluster galaxies and 
the BCGthe BCG

MACS 1206.2-0847, comparison MACS 1206.2-0847, comparison 
with strong lensing determination of 3dwith strong lensing determination of 3d
M(r) by M(r) by Caminha+17 Caminha+17 

AB + in prep.:AB + in prep.:
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Variance in values of different clusters cannot depend on DMVariance in values of different clusters cannot depend on DM
properties properties (DM must be the same for all clusters) (DM must be the same for all clusters) ⇒⇒  no motivation for no motivation for 
alternative DM models (e.g. self-interacting DM, alternative DM models (e.g. self-interacting DM, Spergel & Steinhardt 00Spergel & Steinhardt 00) ) 

Baryonic processes can change Baryonic processes can change γγ::

Adiabatic contraction Adiabatic contraction (Blumenthal+86, Gnedin+04)(Blumenthal+86, Gnedin+04)

Recent accretion of a large subcluster Recent accretion of a large subcluster (Schaller+15)(Schaller+15)

Dynamical friction Dynamical friction (El-Zant+01, +04)(El-Zant+01, +04)
Collisionless mergers Collisionless mergers (Laporte+12)(Laporte+12)
AGN feedbackAGN feedback (Navarro+96, Ragone-Figueroa+12, Peirani+17) (Navarro+96, Ragone-Figueroa+12, Peirani+17)

As a cluster goes through different evolutionary stages,As a cluster goes through different evolutionary stages,
γ γ can differ for the same cluster at different timescan differ for the same cluster at different times

γγ>1>1

γγ<1<1
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Which of our cluster properties can explain their Which of our cluster properties can explain their γγ difference? difference?

● No evidence for dynamical friction in MACS 1206.2-0847No evidence for dynamical friction in MACS 1206.2-0847 (Annunziatella+14) (Annunziatella+14)

● No evidence for recent mergers in the inner regions of any of the two clusters No evidence for recent mergers in the inner regions of any of the two clusters 
      (Girardi+15, Mercurio+ in prep.)(Girardi+15, Mercurio+ in prep.)

●   The two BCGs have the same stellar mass, 1.2 The two BCGs have the same stellar mass, 1.2 ××10101212 M M
⊙⊙

, but RXC J2248.7-4431 , but RXC J2248.7-4431 

  is twice as massive as MACS 1206.2-0847 (2.9 vs 1.4 is twice as massive as MACS 1206.2-0847 (2.9 vs 1.4 ××10101515 M M
⊙⊙

))

● BCG of MACS 1206.2-0847 is more active than BCG of RXC J2248.7-4431BCG of MACS 1206.2-0847 is more active than BCG of RXC J2248.7-4431
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Previous investigations Previous investigations (Sand+04, 08, Newman+13; Annunziatella+17)(Sand+04, 08, Newman+13; Annunziatella+17): : 
~all clusters ~all clusters have have γγ<1<1

Schaller+15: Newman+13 took the wrongSchaller+15: Newman+13 took the wrong
  isotropic assumption for BCG stellar orbitsisotropic assumption for BCG stellar orbits
This can’t be the explanation: in our analysis weThis can’t be the explanation: in our analysis we
find βfind β

BCG starsBCG stars(r) (r) ≈≈ 0 (isotropic) and yet one of our 0 (isotropic) and yet one of our

cluster has cluster has γγ=1=1

However… for the one cluster  However… for the one cluster  
we have in common with Sand’swe have in common with Sand’s
(MACS 1206.2-0847)(MACS 1206.2-0847)
we find a larger value for we find a larger value for  : :

Sand+04Sand+04 AB+in prep.AB+in prep.

γ

γγ

Newman+13Newman+13
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The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Why do Why do Newman+15, Sand+04, +08Newman+15, Sand+04, +08 clusters have low  clusters have low γγ??

He+19He+19: : C-EAGLE C-EAGLE 
simulationssimulations
(less than a week ago!):(less than a week ago!):

Validate the procedure of Sand+04, 08,Validate the procedure of Sand+04, 08,
and Newman+13 and Newman+13 (similar to ours, but(similar to ours, but
they use lensing to constrain M(r) atthey use lensing to constrain M(r) at
large r, instead of kinematics)large r, instead of kinematics)

The procedure seems OK, yet the The procedure seems OK, yet the γγ  values of values of 
C-EAGLE clusters are significantly larger C-EAGLE clusters are significantly larger 
(and closer to NFW)(and closer to NFW) than those of Newman+13 than those of Newman+13
(but in good agreement with our results!)(but in good agreement with our results!)

Can Newman+13’s values be biased low because of:Can Newman+13’s values be biased low because of:

● triaxiality? triaxiality? no!no!
● MM**/L variation with radius? /L variation with radius? no!no!
● stellar velocity anisotropy? stellar velocity anisotropy? no!no!

RXC J2248.7-4431RXC J2248.7-4431
MACS 1206.2-0847MACS 1206.2-0847



Sesto, July, 8 2019Sesto, July, 8 2019 Andrea Biviano: The structure of clusters from spectroscopic observationsAndrea Biviano: The structure of clusters from spectroscopic observations  25/28 7

The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Why do Why do Newman+15, Sand+04, +08Newman+15, Sand+04, +08 clusters have low  clusters have low γγ??

He+19He+19: : C-EAGLE simulationsC-EAGLE simulations

The problem may lie in the covariance The problem may lie in the covariance 

between rbetween r
ss and  and γγ  (also present in our analysis)(also present in our analysis), , 

+ a biased (low) value of r+ a biased (low) value of r
ss in Newman+13 in Newman+13

(in Sand+04 they assume the same r(in Sand+04 they assume the same r
ss value value

for all clusters for lack of constraints)for all clusters for lack of constraints)
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Simulated Simulated γγ
values wouldvalues would
agree with agree with 
Newman+13Newman+13
if they areif they are
obtained byobtained by
adoptingadopting
biased valuesbiased values
of rof r

ss (½ true values) (½ true values)
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What next?What next?
The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Determine DM Determine DM ρρ(r) inner slopes of more clusters(r) inner slopes of more clusters
to see if to see if γγ  changes with mass, dynamical status, BCG activity:changes with mass, dynamical status, BCG activity:

 14 z~0.05-0.3 clusters with14 z~0.05-0.3 clusters with  literature data (HeCS, literature data (HeCS, Rines+13Rines+13, , ~200 spec. ~200 spec. 
members/cluster; members/cluster; Loubser+18Loubser+18, , BCGs velocity dispersion profiles with Gemini N&S)BCGs velocity dispersion profiles with Gemini N&S)

 7 z~0.4 clusters with 7 z~0.4 clusters with CLASH-VLT data (>500 spec. members/cluster) CLASH-VLT data (>500 spec. members/cluster) 
and MUSE data for the BCGs velocity dispersion profilesand MUSE data for the BCGs velocity dispersion profiles

 can we go to z~1?can we go to z~1?

The concentrations of total mass The concentrations of total mass 
and stellar mass in clusters of and stellar mass in clusters of 
galaxies evolve with z in a markedlygalaxies evolve with z in a markedly
different waydifferent way  (AB+16)(AB+16)

                    

How do How do γγtotal total and and γγDM  DM  evolve with z?evolve with z?
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What next?What next?
The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

Determine DM Determine DM ρρ(r) inner slopes of simulated clusters(r) inner slopes of simulated clusters
to see if our procedure to observationally determine to see if our procedure to observationally determine γγ is correct and unbiased is correct and unbiased
and to explore how and to explore how γ γ changes with cluster dynamical status and BCG AGN activitychanges with cluster dynamical status and BCG AGN activity

 DIANOGA:DIANOGA:

24 re-simulated 24 re-simulated 
clusters extracted clusters extracted 
from cosmological from cosmological 
simulations simulations 
(Rasia+15, Biffi+16,(Rasia+15, Biffi+16,
  Ragone-Figueroa+18)Ragone-Figueroa+18)



Sesto, July, 8 2019Sesto, July, 8 2019 Andrea Biviano: The structure of clusters from spectroscopic observationsAndrea Biviano: The structure of clusters from spectroscopic observations  28/28 7

The inner slope of clusters DM density profileThe inner slope of clusters DM density profile

In conclusion...In conclusion...

Perhaps clusters do have a flat inner DM density profile slope, after all…Perhaps clusters do have a flat inner DM density profile slope, after all…
...but beware of how you read your data!...but beware of how you read your data!

Steep slope?Steep slope? Flat slope?Flat slope?
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