
A l d d G lá i ( d ME?)Aglomerados de Galáxias (ou de ME?)

• Os maiores sistems gravitacionalmente conectados no• Os maiores sistems gravitacionalmente conectados no 
Universo. 

• 102‐3 galáxias, 1014‐15M๏, R~1‐3 Mpc,
• ~16% Mtotal é ICM, ~3% Mtotal está em galáxias
• A maior parte da materia bariônica (não escura) está sob 

a forma de gás intergalático (Meio Intra‐Aglomerado –a forma de gás intergalático (Meio Intra Aglomerado
ICM) com T~107‐8 K, que emite fortemente em raios–X 
através de radiação Bremstrahlung

• Emissividade• Emissividade



Abell 1689



Cluster – Wolf 1906 – Abell 1958 
Vi i l M th d 2T Ω 0Virial Method => 2T+Ω=0
T=1/2 M v2 = 3/2 M σlos2

Ω = ‐ GM2/RΩ   GM /R
M = 3 σlos2 R/G

Fritz Zwicky, 1933

All these masses are bigger than the sum of galaxies by >10 times!     Missing Mass





Property  Regular  Intermediate  Irregular 

Zwicky Type  Compact  Medium‐Compact  Open 

Bautz‐Morgan 
Type 

I,I‐II,II  II,II‐III  II‐III,III 

Rood‐Sastry Type  cD,B,L,C L,C,F  F,I 

Galactic Content  Elliptical‐rich  Spiral‐poor  Spiral‐rich 

1971

E:S0:Sp  3:4:2  1:4:2  1:2:3 

Morgan Type  ii  i‐ii  i 

Oemler Type  cD,Spiral‐poor  Spiral‐poor  Spiral‐rich 

Symmetry  Spherical  Intermediate  Irregular 

Central 
Concentration 

High  Moderate  Low 

Subclustering  Absent  Moderate  Significant g g

Richness  Rich  Rich‐Moderate  Rich‐Poor 

n* 102 n* 101 n* 100



Descoberta de emissao de raios‐X
Foguetes com proportional counters – Perseus e Coma clusters
Satelite Uhuru – Giaconni et al. 72, 1043‐1045 erg/s



Perseus Cluster z=0.018   77 Mpc = 250 milhoes de anos‐luz



Abell 496        z=0.032



COMA, z~0.023



Grazing incidence x-ray X-configuration



1 keV ~ 107 Kelvin – 10 keV~108 Kelvin
E=3/2 kT

1 keV ~ 10 Angstrom – 10 keV~1 Angstrom
E=hν

Abundance ~0.3 solar

Mitchell et al. 1976





Chandra
Superpoder ImageamentoSuperpoder – Imageamento

Mas espectroscopia tambem e’ boa



XMM‐Newtone to
Superpoder – Resolucao espetroscopica

Mas imagem tambem e’ boa

2 5keV
0.5keV

2.5keV









Cooling Flows

Pointecouteau, Arnaud & Pratt 2005
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Se botar os numeros time < 1010 years!Se botar os numeros timecool < 10 years!



Evidencia para coolingEvidencia para cooling

A luminosidade central e’ extraordinariamente alta.



Abell 496        z=0.032



COMA, z~0.023



Trouble with “Cooling 
Flows”?

• Aglomerados tipo “cooling flows” foram• Aglomerados tipo cooling flows  foram
definidos como tendo o tempo de 
resfriamento menor que o tempo de Hubbleresfriamento menor que o tempo de Hubble 
(idade do Universo).

• Se nenhum aquecimento para oSe nenhum aquecimento para o 
resfriamento teria 100‐1000s de massas
solares por ano caindo no centro dos p
aglomerados.

• No inicio dos anos 90 a busca comecou .



A busca por materia barionica fria

Ab ll 2597Abell 2597
McNamara et al. 2002Donahue et al. 2001



Cooling‐Flow Model (T‐ranges)

6‐3 keV
3 1 5 keV3‐1.5 keV
1.5‐0.75 keV
0.75‐0.375 keV

Peterson et al. 2003



XMM 
spectroscopyspectroscopy

• Peterson et al• Peterson, et al. 
2003

• FeXVII e outrase e ou as
linhas de gas a <1 
keV ausentes.

• Cooling flow e’ 
parado a ~ T/3 ‐
T/2)T/2)



Chandra
Superpoder ImageamentoSuperpoder – Imageamento

Mas espectroscopia tambem e’ boa









Perseus, Fabian et al.
1.4 GHz VLA contours





Problema: Mas o aquecimento nao e’ distribuido





Gradientes de Abundancia

Koyama 1991



Supernovae II e Ia

(a) Camadas de cebola com um centro de Fe 
(b) Que atinge Chandrasekhar‐mass e ( ) g
colapsa. A parte interna do core e’ 
comprimida a neutrons.
(c) Faz o material caiando ricochetear de 
volta
(d) e formar uma onda de choque
(vermelho).o choque comeca a parar
(e) mas e’ re‐invigorado por interacoes de 
neutrino. O material externo e’ ejetado
(f), deixando um remanescente degenerado



Ventos Galaticos

M82Chandra
SpitzerSpitzer
HST



Pressao de Arrasto Prps=ρV2 > 2πG σD σISM

Aumento da Ram‐Pressure Stripping das galaxias 
Crowl, H., et al. 2005

2 externos 1.4 GHz radio continuum 
contornos na B image. g

Kenney, J., van Gorkom, J. & Vollmer, B. 2004



Finoguenov 1999

Problemas em aberto:
•Até que raio RPS é 
efficiente?

•Como isso afeta as 
galáxias?

•Algum tipo morfológico
contribui mais DENTRO do 
AG?AG?

•Ψ(M) diferença entre 
grupos e AGs ou massivosgrupos e AGs, ou massivos
de não massivos?

•Accreção de “clumps”•Accreção de clumps  
altera (contribui ou mistura) 
os metais?



Cluster mass
Virial Method => 2T+Ω=0Virial Method   2T Ω 0
T=1/2 M v2 = 3/2 M σlos2

Ω = ‐ GM2/R

M = 3 σlos2 R/G

X‐ray Method
Hydrostatic Equilibrium
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All these masses are bigger than the sum of the gas and 
galaxies by ~6 times!     
DARK MATTER



Cluster mass
Gravitational LensingGravitational Lensing

α = 4GM/(c2b)





Abell 2218Abell 2218





Abell 2667Abell 2667

Massa 2 vezes maior queMassa 2 vezes maior que
achada por raios‐X!!!



Visão moderna de formacão de um cluster 

Andrey Kravtsov/U. Chicago
Anatoly Klypin/NMSU
NCSA





near‐infrared sky reveals the distribution of galaxies beyond the Milky Way. The image is 
derived from the 2MASS Extended Source Catalog (XSC)‐‐more than 1.5 million galaxies, 
and the Point Source Catalog (PSC)‐‐nearly 0.5 billion Milky Way stars. Blue are the nearest 
sources (z < 0.01); green are at moderate distances (0.01 < z < 0.04) and red are the most 
distant sources that 2MASS resolves (0.04 < z < 0.1).



structure formation
filaments connect nodes (clusters)filaments connect nodes (clusters)

width of filaments ~ cluster virial radius ~ 3 Mpc



8 Mpc de lado ‐‐ Ascasibar



Calculo de massa de aglomerados –
suposicoessuposicoes

Metodo de raios‐X – Equilibrio Hidrostatico
Metodo Virial – contaminacao de galaxias de campo 

Metodo de lentes – Massa projetada



Gradientes de Velocidade
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Por que a massa é importante? 
Testes Cosmológicos Independentes

d• AGs uma amostra representativa do Universo
• Logo fb ~Ωb/Ωm (White et al 1993).

Ω é ti d t é d d l d Bi B l í t• Ωb é estimado através dos modelos de Big Bang nucleosíntese
(Schramm & Turner 1998)

• Pode‐se por limites emΩPode se por limites emΩm



P = n kT = cont





Abell 3667 a z=0.055, tem 
varios indicadores de que está
em um merger.

Modelo Original – Markevitch 2000

Para os casos mais comuns subsônicos.





“Classic” Cold Fronts



External Mechanisms (Markevitch et al. 2000)



From LCDM w/ cooling
30:1 mass ratio
200kpc boxsize200kpc boxsize
50Myr time step

Induced InternalInduced Internal 
Mechanisms 
(Tittley et al. 
2005)2005)



Dupke 2007



Ascasibar & Markevitch 2006 – DM blob passage – MDM2/MDM1=5, b=500kpc, 
panel size 1 Mpc, Temp scale shown, arrows show gas velocity wrt DM center 

parallel PM tree+SPH code GADGET2







500
km/s



Ascasibar & 
Markevitch 2006 –
blob passage –
same as before but 
with gas 



li l b 2006Flint Blob, 2006



Heinz et al. 2003
Top – entropy
Bottom –Temp

A3667 parameters
R=1 Mpc

Contours‐ SB



A 3667                  ~ 350 ksec



A 3667 Temperature keV



A 3667 Temperature 7k ‐ keV

V~1100 km/s

Dupke, Vikhlinin & Markevitch 2010



A20522A0335

Centaurus

40% of the clusters
in the archive have
cold front likecold front like 
features

X‐ray Raw images



2a0335

Temp
keV



Colisoes nao frontais

b~10 rcore

Seta representa
v ~2000 km/s

Ricker 1998  ApJ, 496, 670 



Dupke & Bregman 2001, ApJ, 547, 705V
=

Δλ
c

=
λ
Doppler Effect

>1500 km/s com 90% confidencia. 



FWHM
FWHM
ASCA SIS  2%‐4%

GIS 8%

2.35 line

FWHMV
N

Δ =
GIS  8%

To get 500 km/s need ~60 line photons!
ACIS ~ EPICs ~ XIS ~ SIS

ASCA SIS

line

ΔVmax=(3.4±1.1)×103km/s

Vcirc ~1600 km/s

ASCA SIS Systematic search in the archive 10‐15% show signs of velocity gradients . 
Dupke & Bregman 2005



Vcirc = 1200 ± 100 (±400) km/s

Using multiple Pointings to tailor
observations for Velocity Studiesobservations for Velocity Studies.

Best calibrated parts of the CCDs



0.1‐1% da energia do merger ainda está sob forma rotacional >0.5Gyr depois do evento!

Turbilhões?



First Chandra and XMM results – A576

XMM analysis show a 
difference of >3.3x103

km/s at 90% confidence

Dupke, Mirabal & 
Bregman 2006

r8



Slide 79

r8 Using two EPIC pointings and an archival Chandra pointings were able to confirm the velocity gradient in A576. It is seen individually in EPIC1 
and 2 and ACIS-S3. The resulting velocity gradient is > 3300 km/s! This cluster present several other weird characteristics, Rines found a mass 
2.5 times higher than the X-ray derived mass, using the infall velocity caustics. There is a secondary velocity peak seen in the optical 
6000-8000 km/s, we also found a significant bimodal Si/Fe ratio distribution right at the center of the cluster. The only hypothesis that explains 
this is that this is a bullet cluster seen along the merger axis. The high temperature shock front region is overwhelmed by the emission 
measures of the cold cores and one cannot “see” the merger at all. 
This work I just finished with a posdoc Nestor Mirabal. Here I am showing a velocity map obtained through an adaptive binning code that I 
have developed, using PERL as a controling language. This code is also used to obtain individual abundance, temperatures, and derived 
quantities, as I will show in a few minutes.

This opens a new window to explain the discrepancies found in “apparently” nice and relaxed clusters such as A1689 and I am with 
collaborators at MIT using some GTO to test this scenario in A1689.
rdupke, 3/28/2006



A1689 – ΔV~5000km/s

From Andersson & Madejski 2004
Confirmed by M. Bautz’s group

F H & L 2007

Vrot~1400 km/sVrot~450 km/s

From Hwang & Lee 2007



Cluster ΔV scale Temp
Perseus >1000 km/s ~Mpc 7 keV
Centaurus >1400km/s? <150 kpc 3-4 keVp
Abell 576 >3300 km/s <100 kpc 3-5 keV
RXJ0419 >1200 km/s <100 kpc 1 5 keVRXJ0419 >1200 km/s <100 kpc 1.5 keV
Abell 1689 >2400 km/s <400 kpc 9 keV
1E0657 >4000 km/s Perpend >12 keV
Abell 520 >2500km/s Perpend >9 keVp
Abell 3667 >1100km/s Perpend 8 keV
CL0016+54 3000km/s 0? 4 5 keVCL0016+54 ~3000km/s 0? ~4.5 keV
Abell 1035 ~3400 km/s <500kpc ~3.5 keV
Abell 954 ~900 km/s <500kpc 4-5 keV



What Does Cosmology Predict?
VCE is a prototype theoreticalVCE is a prototype theoretical
counterpart to the HEASARC archive
for X‐ray emitting clusters.
68 preheated simulated clusters68 preheated simulated clusters.
With 14 outputs per run, this creates
a set of 1000 instances of clusters
covering 0<z<2covering 0<z<2

Dashed  Max ΔV, ,
Dot  All pointing pairs
recovered from the perfect spectra 
after passing through Suzakuafter passing through Suzaku
responses.
f(>ΔV) α ΔV‐4

vce.physics.lsa.umich.edu



Cluster VCE 64

Both pointings joined sectorial 
regions centered in the core. 



The Bullet Cluster

>4500 km/s/



Otico



Markevitch et al 2000 2001 Clowe et al 2006Markevitch et al. 2000, 2001 ,Clowe et al. 2006



Bullet Cluster



Animacao do Bullet cluster



>7‐16μG



Groups 
of Galaxiesof Galaxies

Redshift surveys of the nearby universe indicate that most galaxies occur in 
small groupssmall groups 

Typical group contains only a few luminous galaxies



To first order, groups can be viewed as scaled‐down versions of rich clusters. 

Many of the fundamental properties of groups such as L and T are roughly what oneMany of the fundamental properties of groups, such as LX and TX, are roughly what one 
expects for a "cluster" with a velocity dispersion of several hundred km/s. 

However some important physical differences exist between groups and clusters TheHowever, some important physical differences exist between groups and clusters. The 
velocity dispersions of groups are comparable to the velocity dispersions of individual 
galaxies. Therefore, some processes such as galaxy‐galaxy merging are much more 
prevalent in groups than in clusters. p g p

L T2LX α T2



Hierarchical clustering model for the formation of structure in the Universe 
predicts that dark matter haloes should be scaled versions of each other (Navarro, 
Frenk & White 1995).

While some energy transfer between dark matter and gas is possible through 
gravitational interaction and shock heating, simulations suggest that the gas and 
dark matter haloes will be almost self‐similar in the absence of additional heating or 
cooling processes (Eke, Navarro, Frenk 98)









Lloyd‐Davies et al. 2000



In contrast to hot clusters, galaxy groups are systems where baryon physics 
(e.g., cooling, galactic winds, and AGN feedback) begins to dominate over 
gravity. Groups are not just a scaled‐down version of massive cluster. 

HCG 62 (z~0.0137)





MKW10 group





HCG 16

Ok with the density morphology relation



Dressler 1980 For Irregular clusters 



Dressler 1980



Compact Groups 
Compact groups of galaxies (CG) are usually characterized by a very highCompact groups of galaxies (CG) are usually characterized by a very high 
projected galaxy density (4 or more galaxies in a typical projected separation 
of 100h−1kpc, low velocity dispersions (on the order of the stellar velocity 
dispersion within a galaxy). 

These characteristics indicate a short collapse time for the system. If the 
galaxies in a compact group are gravitationally bound they should represent a 
transient phase between loose associations and giant elliptical galaxies, t a s e t p ase bet ee oose assoc at o s a d g a t e pt ca ga a es,
which would appear as consequence of galaxy merging 

Hickson 1982



Seyfert Sextet

Five of the members show very similar redshifts, from 4000 to 4500 km/s, while the fifth 
is measured at nearly 20000 km/s



Seyfert Sextet

Five of the members show very similar redshifts, from 4000 to 4500 km/s, while the fifth 
is measured at nearly 20000 km/s



HCG 44



Fossil Groups 

•Dominated by a cD

•2 mag difference between the 1st &
2nd rank galaxies (in R‐band) within
0 50.5 r200.

•Extended X‐ray emission (LX,bol>1042

h ‐2 erg/s)h50 2 erg/s).

•Discovered more than a decade ago
(Ponman et al 1994)(Ponman et al. 1994)



Fossil Groups

•Originally thought to be the cannibalistic remains of galaxy groups that lost energy
through dynamical friction (e.g. Mulchaey & Zabludoff 1999).

•Expected large times involved in dynamical friction and the observed lack of X‐ray
substructures imply that FGs formed early and were undisturbed for a very long time
(Ponman et al 1994; Jones et al 2000; Vikhlinin et al 1999)(Ponman et al. 1994; Jones et al. 2000; Vikhlinin et al. 1999).



Fossil Groups Are they groups? Are they fossil?Fossil Groups – Are they groups? Are they fossil?

Khosroshahi
et al. 2007

Mendes de Oliveira et al. 2006‐2009 confirm high σs with many more galaxies
RXJ 1416 25 gals 584km/s if group included >800km/s (Cypriano et al. 2006)g g p ( yp )
RXJ 1552 36 gals 623km/s if Elgal included ~800km/s (Mendes de Oliveira et al. 2006)
RXJ 1340 22 gals 565km/s if Elgal included ~800km/s (et al. 2009)



• TX of the FG’s IGM is more similar to
that of clusters, sometimes in excess of 4
keV (e g RX J1416 4+2315; KhosroshahikeV (e.g. RX J1416.4+2315; Khosroshahi
et al. 2006).

i FG i t t ith T d• σ in FGs consistent with TX measured,
at least for the few FGs with relatively
good X-ray data (Mendes de Oliveira
2006; Cypriano et al. 2006; Mendes de
Oliveira et al. 2006, 2009).

Fig.1 ‐ LX‐TX relation for FGs, from
Khosroshahi et al. 2007 – Clusters are
red+blue groups are green and FGs are the

•Not atypical location in the LX-TX
relation (e.g. Khosroshahi et al. 2007 –
Fig1) red+blue, groups are green and FGs are the

data points.

Fig1).

deeper gravitational potential wells,
more typical of poor clustersmore typical of poor clusters.



N body simulations of ΛCDM cosmologiesN‐body simulations of ΛCDM cosmologies 

(zformation>1.5). Wechsler et al. 2002



Are They Old?
3 FG with resolved  T(r) & 2 
OLEGs (diamonds) are 
compared with non-FGs 
clusters (open squares). 
From Khosroshahi, Ponman
& Jones (2007).

X d i d fil hi h

& Jo es ( 007).

•X‐ray derived mass profiles high
values of the concentration parameter
c200. Given the correlation found
between c and formation epoch in Nbetween c200 and formation epoch in N‐
body simulations of ΛCDM cosmologies
(Wechsler et al. 2002), FGs should be
very old (z >1 5)very old (zformation>1.5).



Are They Old?

Δm12,R of each 
simulated  FG 
as a function of 
formation timeformation time 
defined as the 
epoch in which 
the group 
assembled 50% 

f th t ’of the system’s 
final mass

Recent numerical+hydro simulations correlation between
formation epoch and Δmag, the older groups having higher
magnitude differences (e g D’onghia et al 2005) The lattermagnitude differences (e.g. D onghia et al. 2005). The latter
suggest a typical FG formation age of 4.7‐6.5 Gyr (0.75<z<1.3) as
opposed to regular groups (~ 6.5‐8.5 Gyr).



Current StateCurrent State

• The most popular mechanism proposed to “wipe out” the big galaxies
surrounding the central dominant galaxy is still considered to be cannibalism
through dynamical friction.

•This process per se does not impose strong constraints to the age of FGs. The
characteristic accretion time is directly proportional to the impact parameter r0 of
h ll l ( ’ h l ) h h h d fthe satellite galaxies (D’Onghia et al. 2005), which may have a wide range of
variation (10‐100 kpc corresponding to 1.2‐12 Gyr), according cosmological
simulations.



Inconsitencies: Are They Old?

Ettori & Brighenti 2008



Inconsitencies: Are They Old?
On the other hand, the cooling time of FGs is observed to be significantly below the
Hubble time (e g RX J1416 4+2315 ESO 3060170 Sun et al (2004); NGC 6482Hubble time (e.g., RX J1416.4+2315, ESO 3060170, Sun et al. (2004); NGC 6482,
Khosroshahi et al. (2004, 2006), but they typically lack the expected steep –profile
cooling cores, indicating a more recent formation time.

NGC 6482, Khosroshahi et al. (2004)



ESO3060170ESO3060170

Sun et al. (2004)



Isophotal shapes of early-
type brightest group or
cluster galaxies,

Fossil groups (crosses),
GG ( i )early-type BGGs (triangles)

and BCGs (circles).

F Kh h hi P &From Khosroshahi, Ponman &
Jones (2006).

disky isophotes . secondary gas infall (Khochfar & Burkert 2005), Spirals took part in the
merging. star formation bursts (e.g. van Dokkum et al. 1999), metal rich SNII‐driven
galactic winds or superwinds (e g Strickland et al 2004 Heckman et al 1990) depositgalactic winds or superwinds (e.g. Strickland et al. 2004, Heckman et al. 1990). deposit
metals and energy into the central gas. change the chemistry of the IGM



SN Ia/SN II pollution in the ICM shows often radial gradients, SN Ia/SN II ratio is higher in the 
central region

[Si/Fe] vs. radius. Gray lines
represent groups, and black
lines represent clusters. From
Finoguenov, David &g ,
Ponman 2000.

Rasmussen & Ponman 2007

SN II‐powered protogalactic winds will tend to disperse metals into the ICM
Ram‐pressure stripping will distribute the SN Ia polluted ejecta in a more centralized way

and is a slower and continuous process that should the central SN Ia Fe mass fraction with
time.



•Induced Secular SN II powered winds (e.g. van Dokkum 
et al. 1999, Strickland et al. 2004, Heckman et al. 1990). 

•Change (Energy and) the Chemical Enrichment Type of 
the ICM

•Can be see through elemental abundance ratios

•Evidence for secular SF in cD (in addition to any cooling•Evidence for secular SF in cD (in addition to any cooling 
flow deposition)

Fukazawa et al. 1998



The Sample



Individual Profiles



Inner region
All FGsAll FGs

Outer region
All FGsAll FGs



Most FGs show a lack of cooling
cores and some even show central
temperature enhancements.

The marginally significant central
d li i i 6decline in temperature in RX J1416
may be due to anisotropies at ~200
kpc, since the temperature profile
b d th t di i i t t ithbeyond that radius is consistent with
the central values (Khosroshahi et al.
2006).

The Fe abundance profile is well
constrained individually only for 2
FGs No obvious global gradientsFGs. No obvious global gradients
correlations are found.



RESULTS

The analysis with improved statistics gained by joining all FGs shows a general central
enhancement of α‐elements and Fe (Top figure), suggesting an central decline of SN Ia( p g ) gg g
dominance. This can be seen more specifically in the abundance ratio profiles.

Using an error‐weighted average over all the ratios shown, we find that, despite the
overall dominance by SN Ia of ~99% characteristic of the central regions of groups and poor
clusters of galaxies, there is an unusual significant decline of the SN Ia Fe mass fraction
towards the center of FGs (85%).



Discussion

f0.2 is the Fe mass fraction injected by Sne II normalized by 0.2

energy needed to keep the IGM from cooling ΔE 

•From the observed decline of the SN Ia Fe mass fraction in the central regions of FGs, it can
be shown that the injected energy Einj , is more than twice larger than the energy required to
stop gas cooling. The average supernovae rate for this secondary wind would be large (nearstop gas cooling. The average supernovae rate for this secondary wind would be large (near
10 SNu), larger, but on the same order as that of M82.



The large velocity dispersion of FGs suggests that these systems have deep gravitational
l l f l h h l l h hpotential typical of poor clusters in agreement with the relatively high X‐ray temperatures

measured.

Typical lack of cooling cores (or just mini cool cores) and reduction of the SN Ia Fe massTypical lack of cooling cores (or just mini cool cores) and reduction of the SN Ia Fe mass
fraction is consistent with a scenario where SN II powered winds resulting from merging late
type galaxies erase the original central SN Ia Fe mass fraction dominance. This is also
consistent with the recently found disky isophotes of the central dominant galaxies in FGs by
Kh h hi & J (2006)Khosroshahi, Ponman & Jones (2006).

Reconciliation with the theoretical models is possible if the “halo” that will eventually become
a fossil group is formed earlier than those that will become galaxy groups and clusters, but thea fossil group is formed earlier than those that will become galaxy groups and clusters, but the
BGG of fossil groups are formed later than the central galaxies of groups and cDs. A similar
scenario has been put forward recently (Diaz‐Gimenez, Muriel and Mendes de Oliveira 2008,)
in a study of the properties and merging history of the bright galaxies in simulated fossil groups

d f h Mill i Si l i G l C l ( l d l L b b lextracted from the Millenium Simulation Galaxy Catalogue (see also and also La barbera et al
2009 & talk in this conference). T

The small number of FGs observed have short exposures and this substantially limits thep y
constraints that we can place on competing scenarios for the formation of these systems. A
larger sample of FGs with medium exposures is a fundamental step to zero in on their nature
and evolution.



i
1‐ Can we join all FGs?.

Precautions
1 Can we join all FGs?.
Not clear given the wide variety of group properties
2‐ Sun’s analysis in groups. There is a variety of cold cores in groups. Does it invalidate our assumptions
and/or logic?













Andersen & Bregman 2010

Dai at al. 2009
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Kinetic Component too!









Physics of the SZ Effect
Cosmological Utility

What can be measured when combined with other 
observations:
•H0
•Cluster masses
•Cluster abundance as a function of redshift
•Ω, Λ, w, ,
•Spectral index of initial perturbations (non‐Gaussianity)
•Cluster evolution

Next, we’ll discuss SZ observations and some results,



Physics of the SZ Effect
The Angular Power Spectrum

We need more high‐l 
data!

Green is 30 GHz, or 1 cm
Pink is 150 GHz, or 2 mm



Previous Observations
Images from Interferometers

•Image from Carlstrom group using OVRO/BIMA interferometer at 
30 GHz
•Spectral measurements a compendium confirms spectrum•Spectral measurements a compendium – confirms spectrum 
through RJ tail
•To date, only pointed observations toward massive clustersTo date, only pointed observations toward massive clusters
•Measurements of the kinetic effect will be very hard, depending 
on precision of multiband calibration



Atmospheric Noise
Emission, rather than absorption, is the primary problem:  fluctuation in the arrival 
rate of background photons from water molecules in the sky (and the telescope, the 
ground the instrument )ground, the instrument…)

The sky over 

300 μm

1 mm2 mm
cm band

Mauna Kea

Emission = 1 ‐
Transmission

Bolocam



Bolocam
Detectors

Incoming Photons

Absorber

Incoming Photons

Weak Thermal

Si3N4 micromesh “spider web” bolometer
JPL Micro Devices Lab

LinkQ

JPL Micro Devices Lab

Bath 
(T 270 K)(T ≤ 270 mK)



Bolocam

In 1878, Samuel Pierpont Langley invented the bolometer.
Bolometers

Oh, Langley devised a bolometer:

In 1878, Samuel Pierpont Langley invented the bolometer.

Oh, Langley devised a bolometer:
It’s really a kind of thermometer
Which measures the heat
From a polar bear’s feet
At a distance of half a kilometer1.

1Anonymous



Bolocam

In 1878, Samuel Pierpont Langley invented the bolometer.

Bolometers

Oh, Langley devised a bolometer:

In 1878, Samuel Pierpont Langley invented the bolometer.

Oh, Langley devised a bolometer:
It’s really a kind of thermometer
Which measures the heat
From a polar bear’s feet
At a distance of half a kilometer1.

1Anonymous

With B l th CSO d t t l b ’ f t ithWith Bolocam on the CSO, we can detect a polar bear s foot with a 
S/N of one at a distance of 3 km in one second of integration time2.

2(In good weather!)



Bolocam
CSO

Cryostat Instrument

5 in.

Focal 
Plane Bolometer Array

•144 bolometers•144 bolometers
•λ = 1.1, 2.1 mm
•300 mK CU

C lt hCaltech
JPL
Cardiff



Imminent MM‐Wave Experiments
High‐l Anisotropies

Nils



References
An excellent review from an observer’s perspective and the source of some of 
the graphics in this lecture:  “Cosmology with the Sunyaev‐Zel’dovich Effect”,  

l ld lCarlstrom, Holder, & Reese, ARAA, 2002, Vol. 40, pp. 643‐680
•H0:

•Cluster mass fraction:

•Cluster peculiar velocities:



Destruam os neuronios que armazenaram essa info depois de 
entenderem!!!!

Atacama Cosmology Telescope



South Pole Telescope









The long-dashed and dotted lines in all 
plots represent the curves for negative
and positive values of radial velocity (Vr), 
respectivelyrespectively.

The dash-dotted line in the top plot 
shows the case for the thermal 
contribution alone (V = 0)contribution alone (Vr = 0). 

We also show the intensity variations for 
the kinetic component alone (Te = 0) in e
the top plot only, for illustration.

In all plots the solid line shows the 
magnitude correspondent to themagnitude correspondent to the 
difference between the negative and
positive Vr (differential variations). For 
intensity variations (top plot) this 
difference achieves a maximum at    =
0.14 cm (   = 214 GHz) 







Missing Baryons 

Redshift surveys of the nearby universe indicate that most galaxies occur in 
small groupssmall groups 

Typical group contains only a few luminous galaxies



z~0
•Stars and Remnants in Galaxies

•M/L ratio (corrected by morphology)M/L ratio (corrected by morphology)

•Atomic and Molecular gas
•HI surveys y
•H2/HI ratios

•Baryons in clusters



z~0
•Similar for Groups 

•IGMIGM
•Field galaxies
•Missed gas in groups

•Low surface density clouds (Lyα clouds)

•Voids
•MACHOS
•Dwarfs, LSBG

•z~3

•LA systems







Fukugita et al.  1998



Cen & Ostriker 99



(Ω0,Ωb,Λ0,σ8,h) 0.37, 0.049,0.63,0.8,0.7

Follow DM, gas, galaxiesFollow DM, gas, galaxies
Has feedback (SN, wind, UV)

















Werner et al 2008Werner, et al. 2008




