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» Review:
Galaxy interactions: transformative

Groups:
Definitions
Environment & gas content
Pre-processing

» Clusters
Definitions, poperties types
Evolution and internal structure

SZ effect
Strong lensing



Review

Slows lower-mass objects down to
settle in a larger potential.

» Galaxy interactions: transformative

Dynamical friction

Tidal disruption Shreds weakly bound material.

Impulses High-velocity encounters: clusters

Mergers

Low-velocity encounters: groups

» Groups:
Definition:
N,, = 3-20,R = 0.25-0.5 Mpc, 0 = 200-400 km s/, M
Environment, gas content, and evolution

{Early-type : late-type} fraction correlated with {presence : absence}
of hot (X-ray) gas

Groups w/o X-ray gas are dynamically young. What does this mean?
Pre-processing:
Mergers most likely in groups (the Goldilocks effect)

Groups most likely to give rise to morphology-density
relation between field and rich clusters.

Clusters are made of groups
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halo



Group evolution: morphology & gas content

» Can group-evolution be traced by looking at the gas distribution?

Two trends observationally correlated:
Spiral rich  =» elliptical dominated
Cool, neutral = hot, ionized
None of the groups observed with F_. =1 have detectable X-ray halos

spiral
» Possible Scenarios and the hunt:
Tidally stripped neutral gas =» heated in the intra-group medium

Galaxy mergers =» heating of intergalactic medium
Measure the total amount and distribution of neutral gas
What distinguishes between these two pictures?

Compact groups are transient phenomena within larger loose groups =
development of common HI envelopes
Measure the interaction/merger rate

How do you measure the rate?
How does the rate allow for inference of transience?



X-ray vs HI Group Emission

n25683 overlaid with n2563 and n2563final.tothifits:Ext|1] and NGC2583-+rosat. fits

Declination (J2000)

NGC 2563

» HI detections
» All members
» X-ray emission

NGC 5846

n5848 overlnid with n5848 and NCC5846 srosns fits
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X-ray vs HI Group Emission

» Wilcots et al. (HI)
» Mulchaey & Zabludoff (X-ray)
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Compact Groups

» Hickson compiled a good source catalogue
Hickson Compact Groups (HCGs)
4-5 galaxies
R eparation™ 20 kpc
0 < 200 km s-i
Crossing times << Hubble time

HCG79b1(Tidal debris) ¢

HCG79%(S0)

- HCG79c(S0)

HCG79¢{Scd)
HCG79a(EO)

{ HCG79d(Sdm)

HCG79 Continuum HCG79 Continuum+Ha HCG79 Hea



HCG 58 — Common HI envelope?

» Freeland et al. 2007: 21 cm contours
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HCG 79 — Common HI envelope?
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The evolution of Group gas content

» Interaction rate much higher in “intermediate” groups.

Almost all HI detected galaxies are interacting or show signs
of recent tidal encounters

“significant” amounts of tidally stripped neutral gas

» HI detected galaxies remain outside of the X-ray halo in
X-ray luminous groups

» No evidence of a population of pure HI halos (except
tidally stripped material)

» Growth of common HI envelopes in HCGs

» Not enough HI to account for baryon budget



Galaxy Clusters

Contain 10% of all
galaxies

Dark matter dominated
(M/L > 100)

Galaxy evolution
different in clusters

Tracers of growth and
evolution of large scale
structure

“Easily” identified at
high z

(Can you say “Malmquist Bias™ ?)

WIYN Long-Term Variability Survey
Crawford et al. 2006,2008



Galaxy Clusters (continued)

» Early work of Abell (1958) =» optical plates

» Abell’s criteria
“Richness” (1-5)
# of galaxies brighter than 2 magnitudes fainter than the 3" brightest
member (Why 3?)
=> proportional to total # of galaxies in cluster
Compactness: galaxies only counted within |.5 Mpc radius of
cluster center
» Space density of clusters: N(Richness>1) = 10™ Mpc-3
average separation between clusters ~ 50 Mpc if randomly
distributed.
Clusters correlated on scales ~26 Mpc
Not random!
Compare to galaxies:
N = 1072 Mpc-3 for galaxies of “typical” luminosity
Average separation of ~ 5 Mpc



Basic properties of galaxy clusters

» Mass ~ 10'°M or greater
» Velocity dispersions ~1000 km s/
» Radius ~ few Mpc

» Population ~ few 100 galaxies

Schecter LF defined from galaxy clusters



Identifying Clusters - Imaging
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I[dentitying Clusters - Spectroscopy
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I[dentifying Clusters — X-Rays
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Cluster types

» Spiral-rich
E:SO:S =>» [:2:3 =» similar to field
Asymmetric structure
Really clusters or superposition of field galaxies in filaments!?
Projection effects! (increase with distance, z)
» Spiral-poor
E:SO:S = |:2:1
» Centrally dominant (cD)
|,2 dominant galaxies (ellipticals)
Few spirals (< 20%)
Spherical distribution of galaxies



Clusters as Isothermal Spheres

» Hydrostatic equilibrium:
pressure support balances gravitational potential =
Clpgas/dr = _GMcIusterlo gas/r2
Assume: |deal gas law =>

Peas™ O gaska T g/ 4 My (4 = mean mass)
(312 kT = 12 ft my,v2)

(IO gaskBTgas/)u mH) [ (I/IO gas)(d 0 gas/dr) + (I/Tgas)(dTgas/dr) ]
= _(GMcIuster (<I") 0 gas)/r'2

» thus,

cluster mass M g g0€S as T, 0

» X-ray luminosity, Ly (free-free emission, or thermal
brehmsstralung) depends on density and temperature



Characteristic values revisited

» Cluster masses
Galaxies = 10'2— 10'* Mg
Gas = few x10/2 to few x|0'4
Gravitational = [0'3-10"°Mg

» More mass in gas than stars, dark matter
dominated !



Sunyaev-Zeldovich (S-Z) Effect

» CMB + hot plasma =>

Compton scattering =» distortions in the CMB BB spectrum
Source of hot plasma? €  Galaxy clusters

» Compton scattering optical depth
y =] (kgT/m_c2) 0 -N_d|
O 1 is the Thompson cross section
Integral is along line of sight
Recall T, is a function of cluster mass
» Decrement in Rayleigh-Jeans region of spectrum
Alll=-2y & ~I0™*
» Hot gas from clusters affects microwave background
=» best measured in radio part of the spectrum
=» search tool for distant clusters
Map large scale structure, find clusters, measure cluster masses
Detection via radio continuum observations



Sunyaev-Zeldovich (S-Z)

» CMB photons scatter off
hot electrons in ICM

ffect

UV-range: —100 100 100 —100 Crected: 2: B:1995 By: FITSREAD

Statistical net gain of S
energy =» CMB spectrum
shifted to slightly higher
energies =» decrement in
intensity at Rayleigh-Jeans
limit (h v << kT)

Amount of decrement =»
integral of pressure (NT)
along line of sight
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Strong Lensing

» Probe cluster potential
independent of (Newtonian)
dynamics

» Use cluster as giant telescope
to amplify distance sources.




Cluster Evolution

» Why might we expect it?
What does density determine?
» What might we expect, say, for evolutionary

time-scales in dense environments relative
to the field!?

Stellar evolution?
Gas-consumption rates?
Dynamical processes (merging)?
» How would cluster selection-effects impact
our assessment of evolution!?

If density is important, what types of clusters
will be most easily detected at large distances!?

How about projection effects!?




Cluster vs the field: an environmental view

» The morphology-density relationship
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Ram-pressure stripping
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Cluster Evolution: Butcher-Oemler Effect

v

(Also known as the BO or “moving target” effect)
Original claim: (1984, Ap], 285, 426)

Moderate z clusters have larger fractions of blue galaxies

v

v

Counter examples
e.g., CLOOI6+16 4ﬁ
Later amended to

spectroscopically younger:
“E+A” galaxies oz

v

Higher velocity dispersions
Less centrally concentrated

1
More AGN '—%—q?;/;/
% |

More star-bursting galaxies

v

Don’t forget projection!

v

Sample selection?



Cluster Evolution: the red sequence

» If clusters had more blue galaxies yesterday
=>» they have become red by today.

=>» The luminosity function (LF) for different morphological or
spectral types should change with time

» Specifically, the LF for red galaxies should grow with time.

If the LF slope changes, that tells us whether the “growth” of the
red populations is for high- or low-mass objects, i.e., what the blue
galaxies at higher redshift are progenitors of today.

Crude spectral types: A

Red sequence
Red and dead (today: E’s and SO’s) ‘

Blue cloud B

Vigorously star-forming (today:
intermediate to late-type spirals and
dlrrs)

Green valley

color

"~

Weakly forming stars (today: early-
type spirals and some lenticulars) luminosity



At z=0.5, the red sequence is well-formed

MS0451: z=0.54, 0=1354 km/s, L,=40e44 ergs/s

WIYN Long-Term Variability Survey
Crawford et al. 2006, 2008
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At z=0.9, the blue cloud dominates
. .. even in rich clusters
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Cluster luminosity functions to z=1

Red sequence
Luminosity
functions

(RSLF)
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Luminosity Function

Evolution
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o 2=0.08
¢ z=0.08 ¢>1000

o Smail et aI 1998 '
O Barrientos and Lilly 2003
(u] Tar&aka et %I 2005 .

LA in%te%tna IZ%%(” .7

x Madgwick et al 2002

< Hilton et al 20
: 9806 * Wilmer et al 2006

O Popesso et al
r Barkhouse et al 2007
< Gilbank et al 2007

Consistent with N s
passive™ luminosity ] :
evolution
=20
-191
* Passive evolution
refers to the L
evolution of stellar 5
populations in the HR RN Y
diagram (CMDs) in e W
the absence of further
star-formation. ool
0.5

a=0a,—1.473 logAm(1+z) S~a
- - - oy=—0.85, f=-2.5 -

ao_—o 74, B=—0.47 =

0.0

0.2 0.4 0.6 0.8 1.0
V4




Don’t forget selection effects...
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...Combined with cosmological variance

Faint-end slope
of the red-
sequence LF
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o Clusters exhibit a wide range of faint-end slopes.
o If there is a correlation with other cluster properties (there must!) it
has not yet been determined.
o It does appear that the inner-cluster regions have larger (more
positive) &, indicative of a relative dearth of dwarf systems.

oWhat’s the cold gas doing?

800 1000 1200 1400 1600
o




Verheijen et al. 2007 (van Gorkum)

HI View: State of the Art:

\ e —-— - Abell 963
-5 -~
20" / - ~
N
/ g “ X
\
[
10 / [ \
/ = ]
o ... \
l :
'g , o e o;&a ® 1 \
y '
45 L (o l ° o 4
E] \ o |
\ o /
'k \ L /
38°50 X 8 o o ,
[a] N & n] " /
N
®: Hi detection ® ~ ~ _ e
40’ O: SDSS Ty
o: LH86 o oo
19" 18" 100%™ 16" 15®
_ o T Abell 2192
43F 0 - ~
- ~
o ~
Ve N
= & 8 \
sa't /® LR \
/ ° . LTS o [ ] \
A ! L Bog . ° \
o ] L ° °
8 w0 | opdd ; ® o 9
!. \ < O Qo ’
\ g T &
/
42°30' \ L
\ g w5
\ Dn e /
N PR
| e g:)gl.c!lon b ~ -~ L
a: baa 35 S PRI E
o: WIYN/Hydra
23" 28" 2" 18°26™ 25" 247
RA. (42000)

Westerbork

a) ¥ T X T T T v ' ! T
F optical redshifts } {
S 15F L Abell 963
32 F [ : insice 1 mMpc
o 10:- I:l:eulsldelupc -
& F [ : fore— & bockground
= 5[
ol l : I .I e B =
5 iHI redshifts ' _:
0 :I » = | /. K_Q_I_F'J_J = _—
i - T - —
opllcol rodsnms E
D 16F o E
g : Abell 2192 ]
— o E X
z=0.2 BE :
- st 3
0 |—!_1—| oo T O o | M N I
f t 3 + t +—]
HI redshlfts I =
0 :l " [__Hrl—rﬂf s W 2 i O 7 | L =
0.18 0.18 0.2 022
redshift
' T T T I T T T I T T
Red sequence : !
q 1 \ o © —
L 000«: ° 40 -
- I o0 4= O oo @ A
5 CEE ool 07
L o -
é & g ] ooc % © -
~ 0 5 - [J %g ; o —
ot o5 gt - 1
. Ya |
— L o 3
ol -
| I R T B ] P
-24 -22 -20
M(g) (mag)

NB: 200h of 1000h total to come!



HI View: State of the Art

A963 - Westerbork

» Solid detections for 42 sources in 2 x
0.4 deg? fields

expect 200 sources in 1000h |
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» Limited spatially-resolved kinematic
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The State of HI Sensitivity

» Heroic efforts
» Awesome data

» ... but sensitivity is pitiful compared to optical and
infrared data

» Really need SKA



