e P}Jy:‘]S:‘ i axi 3 Gals ’/FQH!J ition rJJJJf es from Glob:
& Metallicity Distributions
Observations versus fjj#g[/ ‘ Star Cluster formation = dominant mode of violent SF.
5 ) B Massive compact SCs form under extreme SF efficiency
From the Early Universe to the Present conditions & are longterm stable: GCs
\ Part 4 \% = key tracers of their parent galaxy’s (violent) SFH &

8 metal enrichment histories -- over cosmological

P . " lookback times, i.e. back to the very onset of SF in the
\)‘ Prof. Dr. Uta Fritze \’ Eer R eI
r University of Hertfordshire, UK & Imaging in 3 bands U/B ... K: Ages & metallicities for
(Universitit Gottingen) ; all GCs in the FoV.
, GC age distribution : when merger-induced starburst
- M GC metallicity distribution : ISM abundance of galaxies
Bl XX. Heidelberg Physics Graduate Days ~® involved.
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ormation of Tidal Dwarf Galax

Gaseous / stellar condensations

— Tidal Dwarf Galaxies
galaxy recycling

d - the relative amount of SF that goes into Gc formation and
- its dependence on galaxy, interaction & starburst
\ properties

w galaxy formation in the
local universe

big/dwarf galaxles w cosmological significance ! ?
o gas-rich/gas-poor,..
= Background objects
3 VLT+FORS MOS
g main I/A group members
g and neighbors
- ] confirmed TDG candidates (Weilbacher, FvA, Duc
§ 2000, 2001a, b, 2002,
. ‘ ¥ t 3 TDG candidates rejected : 2003)
§ not recycled objects
s Local dwarf galaxies
1 N (+ fitted relation)
U@ U. Fritze, HD Grad. Days 2008 Ve U. Fritze, HD Grad. Days 2008

each stars, gas, DM S Mdy,, =2 (M*+MH,+Mco)

=» contain significant amount of DM !

But TDGs form in tidal tails torn out from disks,
we do not expect them to contain DM from the halo

DM in the disk ???

Velocity profiles : VLT FORS MOS (Weilbacher, FvA & Duc 2002) et most probably in the form of (very cold) gas
- significant velocity gradients (> 20) P o oo
b in 7 TDG candidates in AM 1353-272 | | mpications 772

. - rotation and free fall
— TDGs in formation
U@ U. Fritze, HD Grad. Days 2008 U@ U. Fritze, HD Grad. Days 2008



Tidal Dwarf G

SIl'I

y
80 observed rotation - = 2 (Mﬁ+MHI+Mco)
expected from visible mass -~~~ 1 {
60 1
o] NECS2IN I amount of DM !
£ Haoee . R
<, 80
z 1 B d rotation
. T .
é Orf P 60 | expected o wainls Face. B l
> 40 ‘ Lot 40 é 1
NGC 5291 8 ot
60 1 ~
‘ [ l " 20
80 E
<
100 B
4 3 2 4 0 1 2 3 B
radius (kpc) %'20
Implications ?2?2? 0 ] |
60
: ’ % ) 1 -80
. 6 4 0 4 6
* sim ation radius (kpc)
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Cosmo-Dynamical Evolution :

The Millennium Simulation
fuj Millennium Simulation

Virgo Consortium MPA Garching

380 000 yr after Blg Bang
V. Springel et al. 2005

temperature and density fluctuations ~ 105

N-body system

Tree — PM method for evaluation of grav. forces:
combination of hierarchical multipole expansion
(=tree) algorithm & classical Fourier transform
particle — mesh method

512 processor IBM p690 parallel computer, 1 TB of
physical memory, 28 CPU days
mass resolution ~1 - 109M
gas collapses inside potential wells of DM halos

and forms stars
U. Fritze, HD Grad. Days 2008

1010 particles in cube of (700 Mpc)3
10 x more than previous simulations

> 1 month supercomputer CPU @ MPA Garching

DM, gas, stars, SF & feedback prescriptions
reconstruct evolutionary history
of 20 million galaxies from
ACDM primordial density fluctuation spectrum
Q,=0.7, Q;,=0.25, Q =0.05

e gas/stars
vacuum energy density Dark Matter U. Fritze, HD Grad. Days 2008

=? WWW. mpa-gal

ty Distribution

(luminous matter)

<=-425 Mpc-=>

Millennium Run:
10,077,696 000 partices.

U@ U. Fritze, HD Grad. Days 2008
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er Distribution

zoom in by
factors 4
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w contains ~ 2 - 10° gal

* follow growth of galaxies in mass and size
% * study clustering properties
* black hole growth (via simplified prescriptions)

L, = shows a few very massive galaxies already at very

\ high redshifts (z~5)
@ * still needs to be fully exploited !

@ made use of simplified & ad hoc assumptions for SF,
: AGN formation and AGN feedback, ~no
- feedback from SF

N8 = detailed physical description still needs to be
g worked out

U. Fritze, HD Grad. Days 2008 U@ U. Fritze, HD Grad. Days 2008



Formation & Dynamical E

e formation code

Coupling © - ' =/ with a cosmological

Primordial density fluctuation spectrum : A -Cold Dark Matter

4 GRAPE : N-body + SPH code

Dark Matter
Gas + Bias + Star Formation + Feedback
Stars mass resolution 107 M

z=3

470 Miyr

=]

& Beyond

31 within 1 Mpc

Nearby groups :
i Sculptor group : 6 members D~1.8 Mpc
| M81 group : 8 members D~3.1 Mpc

B Centaurus group : 17 members D~3.5 Mpc
bl M101 group : 5members D~7.7 Mpc

X 4 M66+M96 group :10 members D~9.4 Mpc
\ 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

'S galaxy group <50 members,
galaxy cluster >50 members

U@ U. Fritze, HD Grad. Days 2008

Cluster := >560 members within m, and m_+2 mag,
m, := mag of 3" brightest member,

® within angular radius q,=1.7"/z, z=redshift estimate

(from 10t brightest galaxy assumed to be universal)

L

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

extended to include 4076 clusters by

; Abell, Corwin, Olowin 1989
both catalogs not free from projection effects !!!
U@ V. Fritze, HD Grad. Days 2008
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Formation
Zoom into suk

Rest frame k- corr.  Attenuation Restﬁ'ame k- corr.face - on edge - on

(Contardo, Steinmetz, FvA 1999)
Could not be continued to z=0 : disk too dense & compact
N " — better resolution & better description for SF & feedback
“remedied” in the Millennium run by ad hoc assumptions,
justified a posteriori
V. Fritze, HD Grad. Days 2008

I 0°x 10° D~16 Mpc
~ 250 normal galaxies
M > 2000 dwarf galaxies

irregular cluster : 2 big Es: M87 & NGC 4479

L
\¢ Coma : regular cluster (+ substructure) D~ 90 Mpc
' ~ 10,000 galaxies

U@ U. Fritze, HD Grad. Days 2008

. ln coma veloclty dlsperslon ' a~1 000 kmls
calculated visible mass of galaxies with M/L (E/S0)=10

\ - M,,.~10' M, and escape velocity

~8 found : typical galaxy velocity > escape velocity
¥ — cluster should dissolve on t~10°yr

\ Coma = relaxed cluster, much older than 10° yr

mass (and escape velocity) must be much higher than
visible mass alone

Bl Virial theorem : M, = 3 T/2G - R0?
'8 R,~1Mpec - M, =10'5M,
Evidence for Dark Matter : M(DM)/M(gals)~100

U@ U. Fritze, HD Grad. Days 2008



alternative mass estimates : X-rays !

¢ tegor := UIET

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

teoo ® thupnie OVEr most of the cluster

i ¢ =» 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

e (Fabian et al.)
Fate of cooling gas : star formation !?
? Cooling rate < star formation rate ?
U V. Fritze, HD Grad. Days 2008

d gravitation of a moving galaxy causes inhomogeneity
in an initially homogeneous galaxy distribution :

\ overdensity along trajectory, strongest behind the
T moving gal.
! ¢ =3 braking : dv/dt~-mpv/v? p : mass density
e most massive galaxies feel strongest dynamical
' friction

=> mass segregation, formation of cD galaxy
Between galaxies in clusters :

Al *r hotX-raygas: T~108K, M, gass 5 Mgparg

vr intracluster stars, PNe, GCs : ~10% of optical light
U@ U. Fritze, HD Grad. Days 2008
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Intra Cluster Medium IC

U. Fritze, HD Grad. Days 2008

o independent of galaxy type and luminosity or mass
v — motion of galaxies in cluster not thermalized.

\ i.e. clusters are still in formation.

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

U@ U. Fritze, HD Grad. Days 2008

withinR, : <p>~200p_ , typicallyR  =1-3Mpc

with p__critical density of the universe

— virial mass M, = 4n/3:200 p_ R, ®

¥ - T,~M, /IR, ~R%~M_ 23
x* Observations show very tight correlation between
; Ty and M, better than between c®and M,;.

vir?

(outlyers: unrelaxed clusters)

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

U@ U. Fritze, HD Grad. Days 2008



axy Transformation in Clu

opulations in rich local clusters very different
from field galaxy population

Field galaxy population dominated by SFing spirals,
inner regions of nearby clusters dominated by

O - passive Es, SOs, dEs, dSphs
: L - faint galaxies : steep faint end slope
\ of LF in clusters (Trentham+01, 02, 05)

U@ U. Fritze, HD Grad. Days 2008

blue” : bluer than CMR red sequence
] (van Dokkum 2001, Dahlen et al. 2004)

1] . 5increase in blue galaxy fraction

g f b blue/ N

from z~0.5 to z~0

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

¢ some show SF, others strong Balmer absorption lines

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

(E+A, k+a) -> post - starbursts (spectroscopic BO-effect)
-> progenitors of S0s ?
U. Fritze, HD Grad. Days 2008

alaxy HJU lations'in G

(Dressler 1980, Dressler et al. 1997, van Dokkum et al. 2000) i
-> significant transformation spirals -> SOs from z~0.5 to z=0

CL0939
z=0.41

U. Fritze, HD Grad. Days 2008

sweeping : HI anemic -> SF truncation/strangulation (if
disk/halo gas gets stripped)

i All processes observed to work in certain cases

? t(spectral transformation) <->
t(morphological transformation) ?
? relative importance of diff. transformation channels
& ev. dependence on cluster properties ?

U. Fritze, HD Grad. Days 2008

-

cher — Oemler Effect

Redshift evolution of the blu

e galaxy fraction
f =N, ./N

=» Hl anemic spirals =» SF truncation
\ ~108yr

trunc

‘ ’ Picm > Phaio gas =¥ alo gas stripping

»x =» accretion truncation =» SF strangulation
tstrang~1 09 yr
P When SFR =» 0 : disk surface brightness N very rapidly,
.8 disk harder to detect,
i =» apparent B/D ratio 7
U@ V. Fritze, HD Grad. Days 2008

- decreasing galaxy infall rate (Kauffmann 1996,

Diafero et al. 2001)
M - decreasing HI content & SFR (field gals)
b (Madau et al. 1996)
\’ - increasing ICM content (Evrard et al. 1999)

Continuous addition of “young” S0s with low M/L
—> Progenitor Bias
slows down the redshift evolution of the <M/L>

8 -> reduces redshift evolution of FP

U@ U. Fritze, HD Grad. Days 2008



sment in Clus

Spirals =» SO0s & dSphs & dEs
(?) luminous, blue, SFing faint, red, passive

after 3 Gyr

U. Fritze, HD Grad. Days 2008

seen in X-rays !?
Ram pressure stripping/sweeping vs. harassment vs.
interactions within infalling groups

Gavazzi+05)

§ .
o ;ﬁ;) T
S s RO Gred. Daye duvs

» (Poggianti+04)
26 24
\:
28 00 i
0
E - R -
~ emisgian—linaa x *
27 12 | @blue kta's . .
= rsd keto'a :
26 48 -
- | |
13 ¢0 12 58
- § RA 42000
2 et o
o o et i o s
doraicser. galaries (NOC 4574, NGC 4555, aod NGC 4219) i kbeled
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Distant Galaxy Cluster :

Cl1 0152 — 1357 @ z = 0.837

oy N | (Homeier+ 05)
’ [}
200 . X contours : Chandra
w7 - 3 SFing galaxies :
o P .S A compact
_ ) o Spllrr
of N
R « red cluster sequ.
_100f o LN PR E
‘ e, s
L8y
"o . o]
-200/- o
Y F N o -
. o [
=300 Il Il ]

0 L L L
-300 ~200 ~100 0 100 200 300
l | Ra (")
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75 kpc H, trails behind 2 Irrs in A1367
vigorous SF at opposite sides of galaxles
evidence for ram pressure

_“ during high-speed motion *
el towards cluster center

| tails cross each other
\‘ -> interaction ~50 Myr ago

U. Fritze, HD Grad. Days 2008

piral + spi

Majormergert s

* late backfall of HI from tidal tails

—> rebuild disk (disky E or S0) within ~3 Gyr
dl + global or nuclear starburst for prograde or retrograde
merger

R G

V. Fritze, HD Grad Days 2008

wal 10 - (a) Observed
m M . N

+af spectrum

w o e S

EW(H6) (A)

- il "

w ) ) ES
» N Na=10 '

(Barger et al. 1996) 1

=50

"l/-‘
3 clusters atz=0.3 s
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™

Eag H‘v T

’W
—o—
fwsant
w—
sy
el
s =
o
e
Hovlenbintu

E fraction ~const.

SO fraction

S0 fraction N forz 2

Spiral fraction 7 for z 2

S fraction

b*ﬁ‘
gt

(Fasano et al. 2000, 2001,
Ot O° Couch et al. 1998)

significant transformation : spirals =» S0s from z~0.5 to z=0
within the last 5 Gyr
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ormatoenio
(3': 1) of 2 gas-rich bulgeless d

Formaton/irans
Minorimerger:

Face on Fege on Eas

old stars
new stars

SFR(t) : 2 weak bursts -> 0
GIM(t) <5%

merger remnant ~S0
after < 3 Gyr
(density profile, B/D, rotation, anisotropy, MIL, ....)
U. Fritze, HD Grad. Days 2008

t, ]
Spectrophotometrlc Aspects (Bicker+02, Shioya+02, 04)

l spiral galaxy types = Starburst + SF truncation/strangulation
, Luminosity evolution Color evolution

2l A\ Bursl SER>1 5.7
Iy DUt SFR >
UL SF
195 - BN undistubed evoution -+~
[
£ msl . .
3 \ i 4
3 et / \ 3
5 / \ H
7 s AN s
| .
7§ R
165 . e ——
-~ 0 bUSLSFR>15.70%
6 BUSLSFR 20 70%
burstSFR 0 30%
undisturbed evolution -
155 02
o 2 & & 8 10 12 u B o 2 4 & 8 10 1 1 1

™7 (Bicker, Fritze, Fricke 2002) e e
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B B
2 04 L 04
02 02 9
S — Sa ——
0 Sb - 0 gb
25 a ss o
SO ot S0 1w
0.2 02 -
21 -20 -19 18 A7 16 15 -14 13 21 20 -19 -18 -17 16 -15 -14 13
Mg
Sa, Sh, Sc ok, Sd too blue Sd too faint
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¥ High-luminosity SO
) M Early-type spiral mergers (Sa)+ bursts at ages <9 Gyr

N \
£ / % N N
- . Spiral-spiral mergers + Starbursts
07 R
S (Bicker, Fritze, Fricke 2002)
06 b370 ——
a D6 70 --wee-
b9 7 -
undisturbed o
8 S -
05
[ -21 20 19 18 17 16 15 14
Mg U. Fritze, HD Grad. Days 2008
|

°
3

ng = luminous SO

Sa + Strong Burst at 6 Gyr
Ages 5.9 73 Gyr

800 4000 5000 6000 7000 8000

Waveiengin [A]
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’)7DUD )H’N’)JJJAUJ’
quJ ga

Strong bursts at various ages SF truncation at various ages

1 b)

(BV)

21 20 19 -18 a7 16 15 Rt
My

Sa + SF truncation at 3 Gyr : too red
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trunc. t<1 Gyr
-> intermed. Hé -> SO

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

P

Sp + Starburst + SF trunc.
->strong H3 -> S0

2535 95 51 82 €3 dx 43 68 67 94 85 1o

(&)

(Fritze & Gerhard 1994)

(Barger et al. 1996)

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

(Poggianti et al. 1999, Barger et al. 1996)
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SF Truncation +/- Bursts
w2y

= H,- mtermed - S0

Sa + SF trunc. on short tlmescalg
(1-3)108yr
=* H; - interm. /weak
-» faint SO -

Sa + SF Strangulation on -3 Gyr

LWL

Sa + SF strangulation ; VW Ny

109yr L WH

- H, - weak - faint SO ot »w =
(Tyra & Fritze in prep.) Sob—T o Y

[A——
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(Tran et al. 2003)
L =» t(spectral) < t(morphological)

M most HS — strong galaxies are regular spheroids
=» t(spectral) > t(morphological)
(Couch & Sharples 1987)

8l - timescales may depend on type of transformation
process

diverse properties of E+As :
=» heterogeneous parent population
=» more than 1 transformation channel ?

U. Fritze, HD Grad. Days 2008

\

- E+A related to close companions

L, Almost all E+A's have bright compact cores
» ~ 30 % have dynamically disturbed signatures
il or tidal tails

=» E+A related to (weak?) interaction with companion
(Goto 05)

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

U@ U. Fritze, HD Grad. Days 2008

E+A gal also exist in the fielc

E+A galaxy fraction in the field : 2.7£1.1% at 0.3<z<1,

4/5 field E+As with WFPC2 imaging show B/T<0.5
& - minor mergers

(Tran et al. 2004) ' meﬁwww 1

NGC 7252 =field E+A |

= major merger
Spectrum : F. Schweizer
(Fritze & Gerhard 1994)

CHi

U. Fritze, HD Grad. Days 2008

uminous &
trong AS/S-

high redshift clu:

Q

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)

w [rrrrrrrTrT T
: L ISOCAM midIR data for A1689 (z~0.2) g | : ]
x‘. ~90 % SF hidden by dust in optical | . o
¢ (Duc et al. 2002) g e ' . i
E |
Lifetime statistics sER .
LI E+A |
=» 30 - 100% E/SOs have [ : |

. 3 S I B BRI
¢ undergone E+A phase o 0.5 1 1.5

Z

(Tran et al. 2003, Poggianti et al. 2003)
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Spectroscopy of 19 Es & in Coma over wide
ge -20.5 < |\ 5 i et al. 200

a 3 B - Pogg et al.

* ~40% S0s (one of the Es) had significant SF in their
\ central regions during last 5 Gyr

o8 + fraction of SOs with recent SF 7 with L N

] A S 1* key to series of discrepant results :
= e m ot magnitude limit of sample
g e ia %y, EIYe— -
s o, LI B b —F . % _bright S0s _ bright Es
s 3 . .50 ; - faint S0s __faint Es
¥4 v e Os e i =10 + + E
g3 LA . 7 .
EREIS * . 4 sECT R e R ]»i\»
. ‘ * o it Lvd =Tt N
ra— PR " p o 85 5o s < 85 59 s < 85 59
K Lurn. weight. Age (Gyr)

also found from optical + NIR photometry in Abell 2218
U@ (z=0.17)  (Smail et al. 2001)
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o
® - Es terminate SF well before accretion
F =» SO0s stop SF in outer parts of cluster

u R (hgl Mpe) R (hg Mpe)
9 o 051 s '

" scatter <-> age spread E
= T T T T T T T T T ] - 1
IRCE ® ¥ Cl3 . @3 STOETSNIVINE vt S
<08 5 D s e e E3 E
> . . et soaf i ++ E
2 08 T T S * ] Rt t—i gt E
04T E <118” Tso <ua * T >1ia Ts0>118” 7 O F bbbt bbbl
1‘w zlu 2‘1 22 |‘9 zu 2‘1 22 |‘v zu 2’1 2‘2 1‘9 2‘0 2‘1 2‘2 °© E "'_{*"‘4— + E
A v, v, v, zfcm E ES E|
S o002 [ E3 + El
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8598 galaxles (M;: <-20. 5, z<0. 1) from SDSS in ﬁeld groups,
clusters
B | galaxies outto ~3 R inlow L, clusters at z~0.2

B 1 := SFR(Ho) / L*7 with R 7
@ reaches field galaxy SF level at ~3 R;,
8l ICM ram pressure not efficient at ~3 R,

pX¥Awith= N
P8 reaches field galaxy SF level at=_; ~ = (3 R;)

L 3 same for galaxies in rich & poor clusters, groups & field
? what quenches SF in low density environment —

group activity?
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g g
¥ irregular (=low L,) clusters : no radial segregation of gal

s - population
a
' regular (=high Lx) clusters : strong radial segregation
2 b aaia N - 0 2 10 — Nur 1o ]z
j: ) e - L _
"1 5 cuner Sampe - a1 (=]} ' 55 Cluster Sample - 10 high concentration,
- AI om0 7 g s dom e i an‘mem,m,ys 2008
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same for galaxies in rich & poor clusters, groups & field

v (Lewis et al. 2002)
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S0~ S0
fsp>fsp(local)
2~0 high concentra!uinon clusters 2~0.5

B | Ny -2 ] = k oo = 569

50 ) =T
N i T =

e L — o > :

56 Cluster Sample — high concentration. HST Sample ~ 4 high concentration,
with area cut regular clusters
onl 1 oe
Oe Oe
s0 so
s
goo| L 4 sosf P ]
o0al 1 eal ]
oz 1 oe

| O | ® log surface density (Mpet) ’ ' ° lox sWiFritze; HD Grad. Days 2008



lions in Clusters

S o cluste; S| als are
transformed into SOs & 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
» L, 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
A the various transformation channels, timescales,

transition stages and their dependence on
U@ galaxy/cluster properties.
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