~

Clusters

CL0939
z=0.41

U. Fritze, PostGrad UH 2008



From Groups to Clusters

The Local Group : 35 members around Milk

M31 within 1 Mpc

d Nearby groups :
Sculptor group : 6 members D~1.8 Mpc

A M81 group : 8 members D~3.1 Mpc
L3 Centaurus group : 17 members D~3.5 Mpc
. M101 group : 5members D~7.7 Mpc

e M66+M96 group : 10 members D~9.4 Mpc
gl NGC 1023 group : 6 members D~9.6 Mpc

Census very incomplete : low — luminosity dwarfs
like Sag dSph cannot be detected beyond our Local
Group

galaxy group <60 members,
galaxy cluster >560 members
U. Fritze, PostGrad UH 2008




10° x 10° D~16 Mpc
~ 250 normal galaxies
> 2000 dwarf galaxies

irregular cluster : 2 big Es: M87 & NGC 4479,
not particularly rich

Coma : regular rich cluster (+ substructure)

D~ 90 Mpc
~ 10,000 galaxies

U. Fritze, PostGrad UH 2008



Abell Catalog ot Galaxy Clus

5. Abell 1958: POSS northern sky

‘ m, := mag of 3" brightest member,
M within angular radius q,=1.7'/z, z=redshift estimate
X3 (from 10" brightest galaxy assumed to be universal)

WA 1682 galaxy clusters within 0.02<z<0.2
(z>0.02 --> cluster fits on ~6° “ 6° POSS plate,
z<0.2 --> sensitivity limit of POSS plates)

Pl extended to include 4076 clusters by
& Abell, Corwin, Olowin 1989

both catalogs not free from projection effects !!!
U. Fritze, PostGrad UH 2008




A ©U AU A]lO = 0 AaAlC

in Coma : velocity dispersion o~1000 km/s

B calculated visible mass of galaxies with M/L (E/S0)=10
\ - M

gals™ 1 03 M, and escape velocity
g 3 found : typical galaxy velocity > escape velocity
\ ’ — cluster should dissolve on t~10%yr

Coma = relaxed cluster, much older than 10°yr

- Cluster mass (and escape velocity) must be much higher
' than the visible mass (= mass in galaxies)

gl Virial theorem : M, =3 m/2G - R 0?

A o R,~1Mpc - M, =105 M

dyn
Evidence for Dark Matter : M(DM)/M(gals)~100

@ U. Fritze, PostGrad UH 2008



— alternative mass estimates : X-rays !

i UHURU satellite (1970) detected X-radiation in centres of
A rich clusters. Assume the X-ray gas in galaxy centres is in

U. Fritze, PostGrad UH 2008




Intra Cluster Medium ICM

Galaxy clusters contain hot (1078 K) X-ray emitting gas :
i Intra Cluster Medium ICM.
ICM heated by the gravitational energy released by the

. B ."I-.I

=
L

&
- [
20 thowsand light years

U. Fritze, PostGrad UH 2008



5alaxy Clusters

o= ff
t.,o = VUle

u=3/2 nkT : energy density of the X-gas
€™ : Bremsstrahlung emissivity

t oo 2 tubole OVEr most of the cluster
=> hydrostatic equilibrium
exception : dense cores of rich clusters :
cooling gas flows towards centre, increases density,
accelerates cooling, increases L,

X-ray observations : show density & temperature
structure in cores of some rich local clusters
(Fabian et al.)
Fate of cooling gas : star formation !?

? Cooling rate < star formation rate ?
U. Fritze, PostGrad UH 2008



within R

with p__ critical density of the universe

: <p>~200p

vir °

typically R, =1 -3 Mpc

cr?

— virialmass M, =4n/3-200 p_ R . °
: " - TX - Mvirl Rvir = Rvir2~ Mvir2,3

Observations show very tight correlation between
T, and M. , better than between o and M

vir?

(outlyers: unrelaxed clusters)

T Typical M. ~ 101415 M,
b ~5% galaxies, ~10% ICM, ~85% DM

U. Fritze, PostGrad UH 2008




— . N\
3 trx cross gal n gal» tl-lubble

o independent of galaxy type and luminosity or mass

' ik — motion of galaxies in clusters not thermalized.

— clusters still in formation.

~ 5 - 10 % of all luminous galaxies live in clusters today.

U. Fritze, PostGrad UH 2008



gravitation of a moving galaxy causes inhomogeneity
in an initially homogeneous galaxy distribution :
overdensity along trajectory, strongest behind the
moving galaxy

g = braking : dv/dt~-mpv/v3 p : mass density

most massive galaxies feel strongest dynamical

friction
=> mass segregation, formation of cD galaxy

Between galaxies in clusters :

W hotX-raygas: T~10°K,M, . <S5M
o ve intracluster stars, PNe, GCs : ~ 10% of optical light

U. Fritze, PostGrad UH 2008
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Galaxy Iranstormation in Ciu

5alaxy populations In rich local clu
.

Sters very c J
from IJQJ | ga

laxy popu

Field galaxy population dominated by SFing spirals,

A inner regions of nearby clusters dominated hv
' - passive Es, SOs, dEs, dSpl % = =* 3 =
| - faint galaxies : steep faint | “ ™ -
» end slope of LF _
* in clusters !

(Trentham+01, 02, 05)

log @iM)

Ndwarfsleig ga|s (C'USterS) T
s Ndwarfsleig gals (ﬁe'd)

log @ (M)

- & a<<-1.1

Il i 1 i i i 1 i L i
-22 -20 -18 -16 -14 -12
Mer

U. Fritze, PostGrad UH 2008




alaxy ropuiations In olusters

| Central regions of nearby rich clusters : ~80% S0s, dEs, Es
) Richclusters at 0.3 <2<0.8: high spiral, low S0, similar E

fractions
id (Dressler 1980, Dressler et al. 1997, van Dokkum et al. 2000)

N -> significant transformation spirals -> S0s from z~0.5 to z=0

CL0939
z=0.41 |

U. Fritze, PostGrad UH 2008
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er — Oemier Effect

Significant populat JJIJJ of blue™ galaxies

ich clusters (Butcher & Oemler 1978, 1984)
06 |- Lsmaictacreom 1 blue” : bluer than CMR red sequence
-+ Fabricantetal {1981) .
Soaf '“‘%‘”’ . (van Dokkum 2001, Dahlen et al. 2004)
S ; i
y . ol 1 x 5 increase in blue galaxy fraction
‘ f b Nbluel Ntot

from z~0.5 to z~0

4R« most blue galaxies are low-mass spirals & Irrs
(Smail et al. 1997)

v¢ some show SF, others strong Balmer absorption lines

-> recent starburst (Dressler & Gunn 1983)
v¢ some red galaxies also show strong Balmer lines

| & (E+A, k+a) -> post - starbursts (spectroscopic BO-effect)

-> progenitors of SOs ?
U. Fritze, PostGrad UH 2008




due to

- decreasing galaxy infall rate (Kauffmann 1996,
Diafero et al. 2001)

e - decreasing HI content & SFR (field gals)
s (Madau et al. 1996)

,_ 4 - increasing ICM content (Evrard et al. 1999)

Continuous addition of “young” S0s with low M/L
—> Progenitor Bias

3 slows down the redshift evolution of the <M/L>
B —> reduces redshift evolution of FP

U. Fritze, PostGrad UH 2008




o 7777777 Redshitt evolution ot galaxy
morphologies

S0 fraction E fract
o) o)
NN N
ITTTTTT TTTTT
TR
S ~ "
| —E—
——
fan_7-=N B T
8- —o—
Hp=—>— i
=l = =i
e+ T HEe
=
e =
Ty
III|III|IIIIIII| III|III|III|III| III|III|III|III

S fraction
o O
NS
||I|]I_||||
WY
.ﬁ
}_e_|
(R 25 5A
B,
oAl 7
== |
HE g
—a— 7]
—a—
o

E fraction ~const.

O

SO0 fraction N forz 7

@]
S

ll|lll|__l||||||||

Spiral fraction 2 forz 2

3

6> 04 06 (Fasano et al. 2000, 2001,
redshift Couch et al. 1998)

o

significant transformation : spirals =* S0s from z~0.5 to z=0

within the last 5 Gyr
U. Fritze, PostGrad UH 2008



QEJJEJ)ﬁy Transtformation Processes

ield spirals falling into a cluster get transformea into S0s,
dSphs, dEs through interactions

ve With other cluster galaxies : harassment
v¢ ininfalling groups : merging

< with the dense hot ICM (X-rays) : ram pressure stripping/
o o sweeping : Hl anemic -> SF truncation/strangulation (if
: § disk/halo gas gets stripped)

"4 All processes observed to work in certain cases

? t(spectral transformation) <->
t(morphological transformation) ?
o ? progenitors - transition stages - end products ?
? relative importance of diff. transformation channels

& ev. dependence on cluster properties ?
U. Fritze, PostGrad UH 2008




=» Hl anemic spirals = SF truncation

v t ~108yr

trunc

icm > Phaio gas = alo gas stripping

=» accretion truncation =» SF strangulation
t.,  ~10%yr

strang

When SFR =» 0 : disk surface brightness N very rapidly,
disk harder to detect,
=) apparent B/D ratio 72

U. Fritze, PostGrad UH 2008




Galaxy Harassment in Clusters

Vel >> vV, - few mergers, many fast & destructive
encounters/fly-by’s (Moore+96)

Spirals =» SO0s & dSphs & dEs

(?) luminous, blue, SFing faint, red, passive

after 3 Gyr

U. Fritze, PostGrad UH 2008
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Jraniniaing

¥ Collective Starburst in a Group falling into A1367

(Gavazzi et al. 2003)

R
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avoid cen
ring of HI — anemic spirals around center.
Role of hot, dense Intra Cluster Medium (ICM),
seen in X-rays :

Ram pressure stripping/sweeping
(Cayatte+90 Gavazzi+05)
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Hl mapping of Coma galaxies :

Bravo-Altaro+00)

Dec. (1950}

1
12554
R.A. {1950)

Fla. 2—Composile plol of individodl H 1maps of spindl gilixies of Comd obsarved wilh he VLA Gilixiesdre ahown dl thelr proper pomition (excepl
Lboae in Lbe rac ldngle where Lbe pomibion of CGCG 140-102 5 indicdled wilhd Limes mign) dnd Lhey dre mignibed byd ficlor of 7. The H 1 mips dre overixd
on I'GE op ticll imég= The fimal comowr & Lhe mme for all galixien, correponding Lo 3 x 10'° cm™ 2. Their sden tificl ioma dnd centrdl velod bea (in Jan ™4
dre imdicdled The Mrgeacile conlomraakelch Lhe X-my emzson ds observed by Vikblinin eldl (1997 The com indiailes e clmler canler,coinident wilh

e elfplial NGC 4574 U. Fritze, PostGrad UH 2008
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Diect Evidencerior Galaxy -iGivl interacuon

rails behind 2 Irrs in A
vigorous SF at opposite sides of galaxies
evidence for ram pressure R

i during high-speed motion r b

i towards cluster center ..~ . ..=°
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Formation/Transformation of SOs

d Major merger : spiral + spiral —> E or (luminous) S0
* (iIncomplete) violent relaxation : deVaucouleurs profile
+ gradient

. mergers
1% ~ 1 Gyr after starburst : E + A spectrum

} « ~ 3 Gyr after starburst : colors of luminous S0s

(Barnes 2002, Hibbard & Mihos 1995, Fritze & Gerhard 1994)

(u-B)

-5"-?—7—__7_""‘_""" T d T -r _‘ '.2 T T T T T T T T ™TrT “v 1I
02«0 00 01 02 03 04 05 06 07 00 05 L0 01020.304050607080910 1121514151617 18
(8-V) (V=)

U. Fritze, PostGrad UH 2008
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Formation/Iranstormation ot 50s

Viajorrmergers spinai+:

& + ~ 3 Gyr after starburst : colors of luminous S0s
% (Barnes 2002, Hibbard & Mihos 1995, Fritze & Gerhard 1994)
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1% Gre 11

s

Faee om Feépe on lent A 220

old stars SFR(t) : 2 weak bursts -> 0
new stars G/M(t) < 5%

merger remnant ~S0

after < 3 Gyr

(density profile, B/D, rotation, anisotropy, M/L, ....)
U. Fritze, PostGrad UH 2008
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Fielaispira luster S0s

€ fJJfl/j J\J'JHJO—‘IJ < J\JJJJ‘ | Kodama & Smail 2001)

L .- —~
-l - N
:) \ _l;)

. t ~1 3 Gyr *Sd Sm too falnt

morph
Spectrophotometric Aspects (Bicker+02, Shioya+02, 04)
.
. M spiral galaxy types * Starburst + SF truncation/strangulation
L -
IR Luminosity evolution . __Color evolution
. ' g lrune ] ' ' ' '
F \ "DarSFR 50 ?83: """"" -
195 | . \‘\ . tffflrjl:bsf«RfofalOD/“ ] 08 r
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- ¥ s - it —
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155 . . . 092 . . . . undisturbed evolution -----
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7 (Bicker, Fritze, Fricke 2002) time Gy
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(B-V)
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(E)J cer, Fritze, Fricke 02)

_r
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QEJfJ// + Starburst + SF 1 tion/strangulation
o] i

J
Evolution in QJJQT gl Diagrams : 10 box for S0s
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yPECLrophotometric aspecis icker, Fritze, Fric
pi

0]
ral galaxy types * Starburst + SF truncation/s rfrmJl
Evolution in Color — gl Diagrams : 1 box

T T T T 1 -
1 b) i N a)
' e _.-._‘-..:.-,-.-,-.-..._.-._‘-.-..‘ '-'-'-.-'-'-'-'-'-'-'-'T';"":'.:_'" == :;('E \\\
i e | nak SRR S Dot .
0.9 ; * AR i o g =
. : X H : [EE TR o
--------------- ’::'.:...i....-.-.-.-._..\‘.._-,..-. i memememem e Y
- o8| RS 1| s o8¢
é . g % ©, Sa
o, X .
0.7 1 0.7 | ~._ Sb
o .
o ‘Sc
o6 370 —— . 1 R .
gg;g : T [T Sd
undisturbed g e undlslurbed el
0.5 , SO v . “, . . 0.5 1 c .
21 -20 19 -18 17 16 15 14 -21 -20 -19 -18 -17 -16 -15 -14
Mg M3

Starbursts earlier than 9 Gyr ok Sa + SF truncation at 3 Gyr : too red

@ U. Fritze, PostGrad UH 2008



OW-luminosity S0s :
a/Sb/Sc with bursts (strong or we
+ S

gl SR ' % : *evr
yF trunc. at o G\ <age <Y G adual ICN

r=

. Sc + SF trunc. at ~ 9 Gyr build-up
% High-luminosity SO :
s Early-type spiral mergers (Sa)+ bursts at ages <9 Gyr

1 -
09 | X‘*\ﬁ//
g 08 ] . \ \
- o X
07 | 1 Spiral-spiral mergers + Starbursts
b3 70 —— . . .
08 b6 70— (Bicker, Fritze, Fricke 2002)
. undisturbed @
" SO +-a--i
* 0.5 ' : : ' : '
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U. Fritze, PostGrad UH 2008



\

just

EW(H3) (A)

0.1 Gyr, 20%

......... 0.1 Gyr, 10%

___ 0.5 Gyr, 10%
—— — 1 Gyr, 10%

ey I Sp + SF strang. t>1 Gyr
_ -> weak Hd -> S0

Ly

07 o0

0% W0

05
<0201 0.0 01 02 0.3 04 05 06
(8-v)

Sp + Starburst + SF trunc.
' -> strong Hd -> S0

(Fritze & Gerhard 1994)

EW(H8) (R)

0.1 Gyr, 20%
......... 0.1 Gyr, 10%

- 0.5 Gyr, 10%

W | (Barger et al. 1996)

15 2 25 3

E+A ~ k+a ~ Hd - strong : phase duration ~1.5 Gyr

(Poggianti et al. 1999, Barger et al. 1996)
U. Fritze, PostGrad UH 2008




| - strong = rwJ H,
; (e(a)) (E+A, k+a)

Sa + Strong Burst at 6 Gyr

Ages 5.9 - 7.3 Gyr

Wavelength [A]

U. Fritze, PostGrad UH 2008




Field Spirals'=» Cluster S0s :

lion liypes

T reng

M Sa + intermed. burst + SF trunc

= H, - intermed. = SO \\\j

15

(1-3)108yr = i
= H; - interm. /weak
= faint SO
Sa + SF strangulation '
10% yr
i = H, - weak - faint SO

2 ———

Flux

(Tyra & Fritze in prep.)

s itze PostGrad UH 2008




Cluster E+A Galaxies
: morpological classification: galaxies in clusters :
-5 (E) < Hubble Type < 3 (Sb),
mostly disk dominated with 0<B/T<0.7

(Tran et al. 2003)
=* t(spectral) < t(morphological)

_ most H6 — strong galaxies are regular spheroids
S =» t(spectral) > t(morphological)
(Couch & Sharples 1987)
' g # - timescales may depend on type of transformation
process ?
o diverse properties of E+As :

e =» heterogeneous parent population
3 =» more than 1 transformation channel ?

U. Fritze, PostGrad UH 2008
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Cluster E+A Statistics

high redshift clusters : E+A & k+a galaxies luminous &
massive, starbursts strong AS/S~0.3

} low redshift clusters : only low luminosity/mass E+A &
. k+a, starbursts weaker AS/S~0.1

=» 2-fold downsizing effect (also for SFing field galaxies)
(Bower et al. 1999, Cowie et al. 1996)
s ‘g,: | T T 1 l T T 1 | T T 1

. ISOCAM midIR data for A1689 (z-0.2) <

~90 % SF hidden by dust in optical |
(Duc et al. 2002)
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Lifetime statistics :

| LR E+A
@ - 30-100% E/SOs have - 1

. . _|IIIIII||||||||—
. undergone E+tAphase o 05 1 1.5

Z

| (Tran et al. 2003, Poggianti et al. 2003)
@ U. Fritze, PostGrad UH 2008
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AS Trom SDOS

E+A's have excess of local galaxy density
on scales < 100kpc (=group scales),
not on larger (=cluster) scales,
nor on very large (=Large Scale Structure) scales

‘ L, => E+A related to close companions

Almost all E+A's have bright compact cores
~ 30 % have dynamically disturbed signhatures
or tidal tails

=» E+A related to (weak?) interaction with companion

B Dust plays important role for starburst galaxies,
~ not any more during E+A - phase

U. Fritze, PostGrad UH 2008
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BE+A galaxy fraction in the field : 2.7£1.1% at 0.3<z<1,
50 <0<220 km/s

E+A galaxy fraction in clusters : 11.0£3.0% at 0.3<z<1
§80% field E+As morphologically irregular
L , = major & minor mergers
Wa4/5 field E+As with WFPC2 imaging show B/T<0.5
2 i = minor mergers i

(Tran et al. 2004) Y M NMM ‘r WW#

NGC 7252 =field E+A .., \A'

= major merger S S -t
Spectrum : F. Schweizer | . = |
(Fritze & Gerhard199¢)  _ . """

U. Fritze, PostGrad UH 2008
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% 33 S0s In Coma over wide

* ~ 40% SOs (one of the Es) had S|gn|f|cant SF in their

\ central regions during last 5 Gyr
- = fraction of S0s with recent SF 2 with L N

| | Il * - - [ ]
3 i —————t———+———— * key to series of discrepant results :
30 ] O ®& e & O OO0 eCe L —
<20 o w . . magnitude limit of sample
(@]
v T e 0 o
3155 e o0 7 % : . - Aol ARl LA RAARE RARRY RARE= SN RARRE RARAS RRARE A= SRARN RALRE RN RS RARE
. — o . Q ] - _ E T — bright S0s T — bright Es
< ¢ec o 7 15 g i @ =
T i_ * | F .- S0 i i T __ faint SOs I -—faint Es ]
s . * 208 , o | =Zwf T =+ .
£ ¢« o i — :
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12 13 14 15 16 17 <3 35 59 >89 <3 35 59 =9 <3 35 59 9
R Lurmn. weight. Age (Gyr)

also found from optical + NIR photometry in Abell 2218
(z=0.17) (Smail et al. 2001)
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an Dokkum et al. 1998)
Japen dent on R,
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w offset of SOs to bluer colors at larger R
® = Es terminate SF well before accretion

s =» S0s stop SF in outer parts of cluster
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Viassive E t lusters : ev. In groups

”C"He“' £ . i , 44 - L= y tran<sfort 24ior
&
- Low luminosity systems : harassment and/or fading
\
). . &
L
. §

U. Fritze, PostGrad UH 2008



9 1 9

SFR — Galaxv Densitv Relatiot

Global <--> local effects

ICM, cluster potential <--> interactions within groups
: (Lewis et al. 2002, Gomez et al. 2003, Gerken et al. 2004)
i 11006 galaxies (M <-19, z<0.1) from 2dF GRS in 17 clusters
8598 galaxies (M <-20.5, z<0.1) from SDSS in field, groups,
v clusters

® 3 galaxies outto~3 R . in low L, clusters at z~0.2
&4 ¢ :=SFR(Ha) / L* N with R, .7
reaches field galaxy SF level at ~3 R;,

\

B8 ICM ram pressure not efficientat ~3 R,

H*XA with= N
reaches field galaxy SF level at>_; ~Z (3 R,;,)

»

8% 3 same for galaxies in rich & poor clusters, groups & field
? what quenches SF in low density environment -

group activity?
U U. Fritze, PostGrad UH 2008
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(Lewis et al. 2002)
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~6000 gala»

ay

spiral, S0, E-

& irregular (=low L,) clusters : no radial segregation of gal.
v population
R regular (-hlgh L,) clusters : strong radial segregation
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z~0 high concentration clusters z~0.5

i
150
‘ 100 —

= N,,. = 362

50 -

0 e e T

1_

55 Cluster Sample — high concentration,
| with area cut
0.8 —
Cle
s
A s

go6f- Zh
=
3}
©
&

0.4 —

0.2 —

0 |//%7|

-1 0 1 2 3

log surface density (Mpc—2)

14 =

fraction

200

0.8

o
o

o
»

0.2

HST Sample — 4 high concentration,

regular clusters

o\ VAL ASA

1 2 3 4
log surface density (Mpc—2)

U. Fritze, PostGrad UH 2008



Wirap up: Galaxy Populauonsiin Glusters

0 oloalcs ‘ructure fo ation & evolution i
linked with galaxy formation & evolution.

Massive Es form before the clusters, spirals are
transformed into SO0s & dwarf galaxies as they are
accreted by clusters.

A variety of transformation scenarios are at work:
harassment, ram pressure, merging within infalling
groups. All affect the morphology as well as the spectral
properties, timescales may be different.

Recent surprise: transformations already occur at 3 R,
from the cluster centre, local galaxy density effects must
be important -- and are also seen in groups and the field.

We still lack a complete census of the relative role of the
various transformation channels, timescales, transition
stages and their dependence on galaxy/cluster

properties.
U. Fritze, PostGrad UH 2008



