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The properties of cluster galaxies
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(a) M *F<—19.0, r<ryg,

L=
TR

(b) M *F<—20.0, r<rpg,

Blue Fraction

it

(c) M *E<—19.0, r<0.5r,,,

i
. PGB4
DAG,/DYT

0.4

10 1000 Dots: z~1 : '
Postman+05 Density {gal/Mpc®) LlneS 7~( Elllngson+01 Redshift

EVolution of the morphological nr The fraction of blue galaxies in clusters
Ol galaxies, iniclusters witn redsr: ]rr ncreases with redsnift
(the ‘Butcher-Oemlier” efrect)
— Spirals i clusters evelve inte SOs
(and/or Ellipticals) with time = Blue clusier galaxies Beceme
ed With time
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The properties of cluster galaxies

Moran+07

Blue, star-forming spirals

Blue-disk, passive spirals:
d transition popuUiation; o
JalaxIES Characterstic of
the: cluster envirenment

Red-disk, passive spirals, SOs

= Colorr and spectial EVolULion 0CCUrS BETONE MOljunelogicallevelution



The properties of cluster galaxies

NGC4567/ '{15 NGC4330 "\f;( 1131 NGC4388 NGC4569

defyy; ~0.1.3/1 defy; ~0.80 fyyp ~0 defyy; ~1.16 defy; ~1.47

Optical
(SDSS)

250 pm
(SPIRE)

21 em HI
(VLA)

Seme galaxies in clusters show: truncation of the HI (and dust) disk

Cortese+10

= (Gas stippinelis occuing



The properties of cluster galaxies

Sun+10: Left, cluster of galaxies in X-ray (XMM-Newton)
Right, zeom on galaxy (Chandra X-ray in blue, Ha in red, optical in white)

Some galaxies in clusters show trails of gas

= (GdSs StippinglIS;occUing
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The properties of cluster galaxies
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Physical properties ailfecting cluster galaxies
a) Gravitational precesses:
aid)NEalaxy/2g 2l CeIISIeNS

adl. 1) Slew & smalllimpact parameter — mengers
adl.2) East &/or large impact parameter — tidal stripping
Viany 1ast encounters = “harassment (Vioore+96)

)lmlllrlFJOrJ o)l
Jalaxy-galaxy.

4 collision leading
Barnes 92 - 01 & Merger;
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Physical properties affecting cluster galaxies
d) GraVvitational ProCESSES:

NSl 2XY/E0 Ell EXYACOIISTON'S

UW

il ) SIoW: & Small IMmPaCE paiameter = Mengers
2. 2) Fast &d o langempactiparameter = £del StpPpPING
Many. fast encounters = “harassment” (Moore+96)

al.2:
Observation of a
galaxy-galaxy
collisionileading
to tidal stripping

Garth lllingworth



Physical properties affecting cluster galaxies
d) GraVvitational ProCESSES:
NSl 2XY/E0 Ell EXYACOIISTON'S

L) SIow: & Small Iimpact parameter = MErNgers
11 2) East &/ or largeimpactiparameter = tdal stripping
Many fast encounters = “harassment” (Voore+96)

a2) Galaxy/ ticalf inieracuon Wit CIUSLEr gravitationealiela
fidal stirring, truncation, adisruption can be: caused
Py Strong gradients of the: cluster gravitational poetential
experienced by the galaxy: aleng Its orbit



Physical properties ailfecting cluster galaxies
a) Gravitational precesses:

aid)NEalaxy/2g 2l CeIISIeNS

adl. 1) Slew & smalllimpact parameter — mengers
adl.2) East &/or large impact parameler — tidal stripping
Viany 1ast encounters = “harassment (Vioore+96)

a2) Galaxy/ tidallinteraction with: clister gravitational field

a3) Dynamical iehien
lransier ol Kinetic
energy irom massive.
galaxies to the nackgrounc
meaium or DV particies
(Chanaraseknar 43)

Can ease mergers by aecreasing galaxy velocities
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Physical properties affecting cluster galaxies
D) HYydredynamical ProCESSES:
ob) SitcipvzEt o)

Removal of external. reservoir of gas by Seme Unspeciiied. process:
the galaxy continue: to use Its disk gas to form stars until it s totally,
consumea

PZ2)! IReaM-PrESSUKE STHpPPINg

Removal of disk-gas by the pressure exerted by the. hot intra-cluster
plasma onto the cold disk gas

‘J.P. Kneib




Physical properties affecting cluster galaxies
D) HYydredynamical ProCESSES:
ob) SitcipvzEt o)

Removal of external. reservoir of gas by Seme Unspeciiied. process:
the galaxy continues to use Its diSk gas to form stars until'it Is tetally.
consumea

PZ2)! IReaM-PrESSUKE STHpPPINg

Removal of disk-gas by the pressure exerted by the. hot intra-cluster
plasma onto the cold disk gas

95) TErmal eVapolation
By, conducting heat from) the hot intra-cluster plasma to: the' colder

galaxy. gas, the latter can escape the gravitational potential-well
of the galaxy.



Physical properties affecting cluster galaxies

..are effective at different distances from the cluster center:

cU41524) 80 Ul XA /=0 el XA B 2SS T (O ol I o
(larasshient)
1)) starvation

Whole cluster

o)

a5) dynamicaliicon ‘ Mostly in the inner regions

In the outskirts; In the center only.
I dynamical friction s effective

. In the Inner regions

. In the very center

1'3

il 1) galaxy/=galaxy meENgers

92) remFEPresSure stipping

DS NEMMal EVapoeraton

di2) tidalinteracuon Wit ClUSter grav: 1eld



The CLASH-VLT survey

WIHAIRCANSESIGISIEIMGEAIAXIES
o) ge ciffgrenli frorr figlel ¢ellcbies?

'.

dicateal SUVeys ol 0alaxIeS I CIUSLENS
Previous spectroscopic surveys:

ENACS, 59 z-0 clusters ~4200 spectroscopic members (Katgert+96)
CNOC, 16 z-0.3 clusters, ~1500 spectroscopic members (Carlberg+97)
EDISCS, 18 z-0.5 clusters, ~600 spectroscopic members (White+05)
WINGS, 48 z~0 clusters, ~3600 spectroscopic members (Cava+09)



The CLASH-VLT survey

a- |

CLASH: ClusterLensing And Supernova survey withr IHubble
2. Postman, 23 clusters at 0.16i < z < 0.9) 524' HS T 0roIts
(Postman + 12)

VLT follow-up: ESO Large Programme

“‘Dark Viatter Mass Distributions of Hubble Treasury: Clusters
and the Foundations of ACDM Structure Formation Models”

P.I. Rosati, Univ. Ferrara
225 hours (almost complete, data-reduction 6ngoing):

@ NS R/ 5T 13 2=0.4 clusters, ~7000 members expected



Astronomical Science

CLASH-VLT: A VIMOS Large Programme to Map the Dark
Matter Mass Distribution in Galaxy Clusters and Probe
Distant Lensed Galaxies

Piero Rosat’ CLASH-VLT data reduction summary

Italo Balestra%’_
Claudio Grillo® CLASH-VLT Others Expected

Amata Mercurio®

Mario Nonino?

Andrea Biviano®

Marisa Girardi®

Eros Vanzella®

and the CLASH-VLT Team*

' Universita degli Studi di Ferrara, Italy

¢ INAF—Osservatorio Astronomico di
Trieste, [taly

# Dark Cosmology Centre, Copenhagen,
Oenmark
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? Universita degli Studi di Triaste, Italy
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The CLASH-VLT survey & our data-set

Astronomical Science

CLASH-VLT: A VIMOS Large Programme to Map the Dark
Matter Mass Distribution in Galaxy Clusters and Probe
Distant Lensed Galaxies

Piero Rosat’ CLASH-VLT data reduction summary
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Claudio Grillo® _ CLASH-VLT Others Expected
Amata Mercurio?

Mario Nonino? v
Andrea Biviano®
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The CLASH-VLIT survey &

Abell 209 and MACS

The clusters

redshift
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A209, <z>=0.21 M1206, <z> = 0.44
Moo = 1.6 1015 M, (h=0.7) Moog = 1.4 1015 My, (h=0.7)
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The CLASH-VLT survey & our data-set
The data-samples of clustermembers

Spectral Energy Distribution fitting (Subaru BVRl.z" photometry)

) -

with MAGPHYS (Da Cunha et al. 2008): - Galaxy stellar masses

ﬂ unabsorbed

emitted
Subaru photometry /
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—12-11—-10-9
160G (Mgiore/ Mol log{sSFR) yr~'  log(SFR/M, yr™")
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The CLASH-VLIT survey &

, OUr data-set

The data=samples;of clusterrmemibers

=0r galaxies without zg,.. determine z

correct for:

OtoOmEtrc sample
JErs In the

P

@

~ Incompleten IESSIE Ol the phnce
, contamination L /]rierl o))

Zshot USING Neural network metnod (Brescia

pNotometric Sample

avAeel Sample completerdowniolog V-7 IMs=6i6
1916 members (Zphot OF Zgpec)

1 0 AT ~ 0)
1560 passive (9 | Jlal?( ~
1 SPEC.

N ie[s7 Sample completerdewnteog M AV ="9l5

1363 members (Zphot OF Zgpec)

ESAC Madrid - December 11th 2015

Black: spec members
.| Red: phot spurious members

Andrea Biviano: Galaxy evolution in CLASH-VLT clusters



+ All galoxies
4 Passive Gaolaxies
» Star forming galaxies

@&
=5

Fit parameters

mimm i - Possive Goloxies

Star forming galaxies 10.5 11.0
og(M"/Mo)

85 90 95 100 105 11.0 115 120 log (M*IM5)

galaxy number density

A209: over the whole cluster region (~r,g,=2.3 Mpc)

Significant difference between passive and Star-Forming galaxy: SME
Passive galaxies dominate over SF galaxies at all stellar masses

ESAC Madrid - December 11th 2015 Andrea Biviano: Galaxy evolution in CLASH-VLT clusters



+ All galaxies

A Passive Galoxies F It param ete rS

» Star forming galaxies

All galaxies
=i - Passive Gaoloxies
Star forming galoxies

galaxy number density

10.5 11.0
log (M/Mo)

log (M:/M5)

M1206: over the whole cluster region (>2 r,q0~5 Mpc)

Significant difference between passive and Star-Forming galaxy: SME
Passive galaxies dominate over SF galaxies at high stellar masses
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D—— - Possive Golaxies ! b All golowien within r200

Star forming galaxies ! % Star-farming golaxies within r200
| ¢ Passive galoxies within r200

galaxy number density

10° |
85 9.0 95 10.0 105 11.0

log (M./IM})

Boethcluster SVIESTevallated WIthin 1 foIr compaisen

Evelution of faint-end slope of passive SMFE from z=0.44 to z=0.21

Star-forming galaxies become passive and steepens the SMF low-mass end
Transformation occurs over the whole cluster = starvation and/or harassment
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SMF in the most
central region
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Passive galaxies in region a
Passive galaxies in region b
— - Passive galaxies in region ¢
Passive galaxies in region d

galaxy number density

10 -15
X = Xpog (aremin) 1 arcmin = 206 kpC
log (M:IM;) AZ209
SME of star-forming galaxies does not depend on local density

SMF of passive galaxies is different in the most central region
Lack of low-mass galaxies and excess of high-mass galaxies
= tidal destruction by cluster gravitational field + dynamical friction (and mergers)
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Possive goalaxies i
- - - - Passive galaxies in region
Paossive galaxies in region
— — — Passive galaxies in region

Passive galaxies

arcmin <

=

=

g

)
I

Kernel density (

SMF in the most
central region

galaxy number density

10 15

EE i 3
X — Xaeg (aremin) - 1 garemin = 340 kpC

log (M:IM;) M1206

loes not depend on local density.

U\
(M

SME of star-forming galaxies

SMF of passive galaxies is different in the most central region

Lack of low-mass galaxies
= tidal destruction by cluster gravitational field
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A209 residuals

Passive galoxies in region o
Passive galaxies in region b
- Passive galaxies in region ¢
- Passive galaxies in region d

Lacking low-mass galaxies have been tidally destroyed by the cluster
gravitational field and their stripped stars have enriched (formed) the ICL
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Lacking low-mass galaxies have been tidally destroyed by the cluster
gravitational field and their stripped stars have enriched (formed) the ICL
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Check slzes aerived from Subaru
m 0N overlapping HST image

= S|zes are reliable tor A209
galaxies; not for M1206 galaxies

Arhatrary Unik=s
en
i)
=]

consider only passive
SSFR<10-1% yr-1)
IeaH/r/oe

ana
(SErsic Index>2.5 ) galaxies

oy

Chieck passive: status off galaxies
USINGISPEciia o) sulhsample:

Stacked spectra indicale age

Sl GViIrior passivergalaxies
(Similar at different radifandimasses)
and higher metallicity. fer higher
Mass; galaxies

(PPEX s/w, Cappellan+Emsellem 04)

.
g
=
8
B
E
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Dark blue: spectroscopic members
Lignt olue: photornetric rmernpers

e =00 300G £ 006
i, —0LEES L0013

Difierent relations. iox low-mass
and NIgN-Mass: passive galaxies

IHIgl-mass; passive clustergalaxies
iellew: the same relation for: field

passive galaxies of same mass

o5
lug { M ."II M Lo ']

Best fit, 1= (68%) and 2.6 (999)

Low-mass

CeW-mass, passive' cluster galaxies
ey a relation of similar siope T
put different normalizationias b-o.7 S0.00
that elistar-fermingfield galaxies

—ransiormaten eiiialiing
lieldistar=ierming galaxIes Intoe
ClUSLEN PaSSIVE I BWIAaSS
galaxies By harassment
ana/er stanvatien

log(M/M_)
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The stellar mass — size relation

High-mass galaxies

1 Early-type passive galaxies withr < r — 2

=13 LI ] ). Lir s 2. =1.0 =3 LI .5 1.4y

Lew-mass . log{Re) — log{Rey) log{Re) — log{Renyr)  H |g R-Mass

Size residuals w.r.t. scaling relation at fixed stellar mass

At TIXEQ Stellar mass, the Sizes of Nigh-mass: passive ngm/]eg 00 not depena
ol Glifsisife=iglifleelisiz e IINEISIZEs Ofi IoW-Mass passive galaxies;arne

ey
smaller near thercluster center — liaal eifiects by clusterraravitaonal field
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Orbits of passive galaxies

.41r25 398 3 SEPTE ’
100806 2=3.0347 3 - i' i
> L)

2333 ?:3.0363 3 T 2352%8?2 202862
5 . .

'

200206 z=0.8086 9

_ o - +

DAN_cat 7=1.0081 3 -
+

.
8.4 Z:l.lB?iS (2=5.717)

Jotallmass profiles from strong+weak gravitatienal lensing analysis: by
the CLLASH collaboration (A209. Merten et al. 2014; M1206.: Umetsu et al. 2012)
thanks also to CLASH-VLT spectra for lensed galaxies



Orpits or passive galaxies
IRVerttherdeans equalieniierehiaifitheVel el anSeiepypreli e aives:

neprejeciednumkerdensiy proileroirciusiergalaxIesGuseanie)
eNineseIEsIghi Vel eI CISPESIRIPIGIIEIoIRCI USIERgalaXIESNGLRSEanIE)
the clustermass prolleNaenvedsiomNensing)

P ~

See Binney & Mamon (1982), Solanes & Salvaador-Sole (1990), Dejongne: & Merritt (1992)

observer

e Veleeity aniseuepy prelie (r)isrelated

cluster

center teItherelengatient el thewelecity ellipsoeid and
' HENCE 10 NE OIS 6ff clUSter galaxies:
(>0adially eloneaied; (<0 tangential; (=05 ISeLrepIc
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~ wre(r)

ey 2o +

| aK() N B( )
+m r

+ ﬂ‘ru{r f[l B“ ‘L)d*l’

a2 H{I]

VI
(@ISERNERIES
(R op(R)

/ia a lot or
SMoothing,
gifferentiation,
Integration.

2 dfi{-r]

(Solanes & Salvador-Sole 1990)
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Orbits or passive galaxies

Low-mass galaxies: log M. | M,<10.0  High-mass galaxies: log M. | M2 10.0

HIgh-mass galaxies move
0N mostly radial orbits

(Esr DV particles i cluster-size
|Eegias halos from cosme. sims)

349 high-mass
465 low-mass

| OW-Mass gr-Jrl/JjJ MOVE 0N
langential orpits near the
cluster center

> lidal deStrUCHON: Low-mass galaxies on radiallorbitsthave small
PENICENTEN, SEIWHENR thEY PaSS Nealtine cClUSIEr Center they ane destieyed
Py the streng tidal efiects dueierthe cluster gravitatienal petenual
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~l -l'l -2 -'I f -\ el f‘a-l ~ - - \ -Ir ~a
OIDITS Of passive gsljsb{]:‘:

Low-mass galaxies: log M. | M,<10.5 High-mass galaxies: log M. | M= 10.5

216 high-mass i
136 low-mass

HIgh-mass galaxies move
ONn radial orpits, more than
inose IntA209:

= |setrepization
efithergalaxy/ erpiisiwithitine?

(as suggested by Blviano) &
Peggiantii2009, hased on the
ENACS and EDISCS samiples)

POSSI0y/ CalSEed oy
dyramicaliiclion O massive
galaxies

| OW-mass galaxies move on
langential orpits near the

cluster center

> lidal deStrUCHON: Low-mass galaxies on radiallorbitsthave small
PENICENTEN, SEIWHENR thEY PaSS Nealtine cClUSIEr Center they ane destieyed
Py the streng tidal efiects dueierthe cluster gravitatienal petenual
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Consider passive galaxies only.
All prefiles;de-projecied assuming
sphencal symmetry.
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> Dynamical iclien:

MESSIVE: BalaXIES |0eSE KINELE
enengy te therdiiuse DIV particies
and concentrater nearn theclusier Center
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2 Indaifdestiticlion:
galaxies ane lacking 1 the CERLer;

> Dynamical iclien:

MESSIVE: BalaXIES |0eSE KINELE
enengy te therdiiuse DIV particies
and concentrater nearn theclusier Center
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— Dypreflleal] frietion-=Ticlzl
clasifileiion: czlzndes e poge
MESSIVe Near the ClUSter Center

2 Indaifdestiticlion:
galaxies ane lacking 1 the CERLer;

> Dynamical iclien:

MESSIVE: BalaXIES |0eSE KINELE
enengy te therdiiuse DIV particies
and concentrater nearn theclusier Center
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SUMMma f/ & conclusions:
phys

Best fit, 1 (66%) and 2.6+ (99%)

Passive + SF mass functign } i

---- Possive Galaxies kY b Al guloiey within r200
Star forming galaxies 5 4+ Star-forming golaxies within £200
b +Passive galoxies within rZ00

SiEepening e iewW-meass  SIope off passive =lat slope: of stellar mass —size
galaxy SME friomz=0.4410)z=0.21 relation off low-mass passiVe galaxies
(Simiarter that ef field spinals)

Transiormation or infalling spirals INto; passive and early-type galaxi

ES; requires
Jas removal and internal structural' change to' occur over Wide cluster

[egion:

starvation + harassment
(coss|olzlsssiieef 6)y
raim) pressurerana tiernal evaperaion
mihercential Clustier reqgions)
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Summary & conclusions:
physical process
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DEStruction o1 Iow-mass galaxies, as they Cros

tidal destruction
by the cluster gravitational field
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Summary & conclusions:
physical processes

Low-mass galaxies High-mass galaxies

Smaller radii of leW-mass passive Jangential eroits efilew:mass passive
galaxies  nearthe clusier center galaxiesinear the clusier center

ot all low-mass grllrl/w are destroyea as they Cross the cluster center:
rrJo;J more Jl QJ/ ro pe rJeJrro/ I are ‘those 0N radial orpits and sma

;urrer SOme minor udgl_l truncation.

tidal stripping
by the cluster gravitational field
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Summary & conclusions:
physical processes

EXxcess of high-mass galaxies ISetrepizatieon of enbits; of high-mass
In' the: centrall cluster region galaxies near the cluster center from
z=0.44:10 z=0,21

HIgN-Mass galax

dlaxIeES concentrate near the cluster center as
d CONSequence o cJ/ iamical friction’ siowing down their motions.
Their redu CEC J /EI0CItIES Can Tavor thelr mergers In the cluster center.
Dynamicali friction tends also, to ISOLropIze orhits by alfecting Mostly.
the \/élorlr/ component along the main orbital direction

dynamical friction
(@A peSsSsbly ergers)

ESAC Madrid - December 11th 2015 Andrea Biviano: Galaxy evolution in CLASH-VLT clusters



Summary & conclusions:
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RAlIOS Of nNUMBEr-, Stellar-mass-, and total-mass-aensity’ proimes snow.
EXCESS 0 aryenIc mass W.iLL total MEsSs I the central region of the
loW=Z cluster and lack off galaxies near the centers efi hoeth clusters

dynamical friction (and pessiblyimergers) at 1oWwW=z
& tidal disruption at both low- and high-z
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Summary & concl
timescal
StaCkedlSPEClia Ol pPASSIVE GalaXIES
IneICaleISame 6)d ageN G NGy

OFIGEMESSH BWEESS, Cenlial
and extermaligalaxies
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IFIOW-Mass  galaxies evelved irom
nialling field spirals, this evolution
cannot be recent,

SE \We cannerexplamine eveluuen
effthie Iow-niassiend e thier SVIE
pyiEecentniallfandiiansiomaiien
efsspirals

P dynamical iriction IS VISIDIe a
put not at z=0.44, this suggest
the process imescalermustelenaern
iflzlnl =i - 2 Gyr (2 Gyr = cosmic time between z

WITN tiyea <6 GYr
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Summary & conclusions

CLASH-VLT survey of 13 medium-z galaxy clusters: unprecedented
spectroscopic coverage of cluster members (500-1000 z per cluster)

Two clusters analyzed in full detail so far (loeth very massive):
A209 at z=0.21, MACS1206 at z=0.44

=OimoererWell'sampied CIUSIErSI oI Come
(OPSENVAlIGNS andfdaia-reduclion completed vy end 204

‘\W

9)

EXIorE ClUSIER galaxy/ EVolULen Wit SEVE rooJJ dsc jpcuen
or LNEFCIUSIEREAShI ana aynamical St us
iEEiauveENmipolanceroipnysical
clple] rle[ermme INEIFUMESCale
ASSISIEEYAUNE COMPANSORIeICOSNBIBUICASIMUIANONS
(collaboration with S. Bergani, G. De Lucia, P. Menaco, G. Murante in lrieste)
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