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I.	
  Clusters	
  and	
  Groups	
  of	
  galaxies	
  
(Reminder:	
  	
  Popula:on	
  synthesis)
II.	
  High	
  redshi?	
  galaxies
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Clusters	
  and	
  Groups	
  of	
  Galaxies
• Introduc)on	
  
• The	
  Local	
  group

– phenomenology
– mass	
  es)mate	
  
– other	
  components

• Galaxies	
  in	
  clusters	
  and	
  groups
– the	
  Abell	
  Catalog
– cD	
  galaxies	
  
– Morphological	
  classifica)on
– Spa)al	
  distribu)on:	
  isothermal	
  distribu)on
– dynamical	
  mass	
  

• Galaxy	
  groups
• Morphology	
  density	
  rela)on	
  
• X-­‐ray	
  radia)on

– general	
  proper)es
– cooling	
  flows
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Schneider, page 223-252 
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A complete photographic survey of galaxies was made in the Lick Observatory with the 20-inch 
Carnegie astrograph by Shane & Wirtanen (1967). Galaxy counts were made in cells of size 10' × 10', 
and the distribution of the number density of galaxies was studied. The general conclusion from this 
study was that galaxies are mostly located in clusters, the number of galaxies per cluster varying widely 
from pairs to very rich clusters of the Coma cluster type.http://ned.ipac.caltech.edu/level5/Sept09/
Einasto/Einasto5.html
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Local	
  group
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• Galaxies	
  in	
  clusters	
  and	
  groups
• Galaxy	
  groups
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• Morphology	
  density	
  rela:on	
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• X-­‐ray	
  radia:on
– general	
  proper7es
– cooling	
  flows
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22http://chandra.harvard.edu/photo/2006/1e0657/



This composite image shows the galaxy cluster 1E 0657-56, also known as the "bullet cluster." 
This cluster was formed after the collision of two large clusters of galaxies, the most energetic 
event known in the universe since the Big Bang.
Hot gas detected by Chandra in X-rays is seen as two pink clumps in the image and contains 
most of the "normal," or baryonic, matter in the two clusters. The bullet-shaped clump on the right 
is the hot gas from one cluster, which passed through the hot gas from the other larger cluster 
during the collision. An optical image from Magellan and the Hubble Space Telescope shows the 
galaxies in orange and white. The blue areas in this image show where astronomers find most of 
the mass in the clusters. The concentration of mass is determined using the effect of so-called 
gravitational lensing, where light from the distant objects is distorted by intervening matter. Most of 
the matter in the clusters (blue) is clearly separate from the normal matter (pink), giving direct 
evidence that nearly all of the matter in the clusters is dark.

The hot gas in each cluster was slowed by a drag force, similar to air resistance, during the 
collision. In contrast, the dark matter was not slowed by the impact because it does not interact 
directly with itself or the gas except through gravity. Therefore, during the collision the dark matter 
clumps from the two clusters moved ahead of the hot gas, producing the separation of the dark 
and normal matter seen in the image. If hot gas was the most massive component in the clusters, 
as proposed by alternative theories of gravity, such an effect would not be seen. Instead, this 
result shows that dark matter is required.
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• Chandra X-ray image of the cluster Perseus-A (Fabian et al. 2003, MNRAS, 344, L43). The central galaxy in this cluster, 
NGC 1275, is a radio source blowing radio "bubbles" into the intracluster medium. The image is 5.8' on a side. The 
Constellation-X field of view is quite important for this science, combined with ~ 5" HPD PSF.

• http://constellation.gsfc.nasa.gov/old_conx_pages/resources/townhall_2006/booklet_images/ch4.html 24



Reminder:	
  	
  Popula7on	
  synthesis
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Stellar	
  spectra	
  I	
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Stellar	
  spectra	
  I	
  
O stars are the hottest, with temperatures from about 20,000K up to more than 
100,000K. These stars have few absorption lines, generally due to helium. These 
stars burn out in a few million years.

• B stars have temperatures between about 10,000 and 20,000K.  They are 
noticeably blue.

• A stars have strong absorption lines of Hydrogen. Temperatures are about 
8000-10,000K. They appear white.

• F stars are slightly hotter than the Sun. Absorption lines of metals appear 
• G stars have temperatures between 5000 and 6000K. They appear yellow. Our 

Sun is a G star and lives for 10 Gyr 
• K stars appear orange. Temperatures are 3000-5000K. 
• M stars are the coolest stars. They are so cool (2000-3000K) that molecules, 

including water, carbon monoxide, Vanadium Oxide and Titanium oxide are 
visible. 
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Ages � 10 Gyr
(M/M�)3

info: http://www.astro.sunysb.edu/fwalter/AST101/spt.html



• Most stars are called main sequence stars or dwarfs. These 
are stars which are burning Hydrogen stably. O dwarfs are 
about 50 times as massive as the Sun, and a million times as 
bright; M dwarfs may be as small as a tenth the mass of the 
sun and one ten-thousandth as bright. Stars which have used 
up their core hydrogen and are beginning to burn out expand 
into subgiants, giants, and super giants. Later they may 
become white dwarfs. These categories are called luminosity 
classes. Note that there is no such thing as a normal star.
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• Emission	
  lines:	
  photoioniza)on	
  of	
  warm	
  gas	
  by	
  hot	
  O	
  and	
  B	
  stars	
  
• Blue	
  spectra	
  

– young	
  stars
– spiral	
  disks

• Red	
  spectra
– old	
  stars	
  
– ellip)cals,	
  bulges

• Balmer	
  break	
  =	
  4000	
  Angstrom	
  break
– due	
  to	
  con)nuum	
  absorp)on

• Lyman	
  break
– Absorp)on	
  due	
  to	
  intervening	
  neutral	
  gas	
  clouds

• due	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hydrogen	
  transi)on	
  at	
  121.6	
  (1+z)	
  nm
• and	
  especially	
  due	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hydrogen	
  transi)on	
  at	
  91.2	
  (1+z)	
  nm

– Basis	
  of	
  the	
  U-­‐band	
  dropout	
  technique	
  to	
  find	
  Lyman	
  break	
  galaxies

Photometric	
  and	
  spectroscopic	
  redshi\s;
spectral	
  features
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II.	
  High	
  redshiL	
  galaxies

• Lyman	
  break	
  galaxies	
  (355-­‐358)	
  
• Photometric	
  redshi?	
  (9.1.2)	
  
• Deep	
  fields	
  (9.1.3)	
  
• Starburst	
  galaxies	
  (9.2.1)	
  
• Extremely	
  red	
  objects	
  (9.2.2)
• Submm	
  galaxies	
  (9.2.3)	
  
• Cosmic	
  starforma:on	
  rate	
  history	
  (9.5)
• Downsizing	
  (9.6.4)	
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Lyman	
  Break	
  galaxies
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Photometric	
  redshiLs

• Spectroscopic	
  redshi?
– loca7on	
  emission	
  or	
  absorp7on	
  lines

• Photometric	
  redshi?
– fit	
  galaxy	
  template	
  to	
  	
  es7mate	
  redshiLs
– generally	
  okay,	
  but	
  catastrophic	
  outliers	
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SS	
  p.	
  134

• p
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Deep	
  field	
  survey

• Many	
  types	
  of	
  galaxies
– dropouts	
  galaxies
– extremely	
  red	
  galaxies
– Lyman	
  alpha	
  galaxies

• Main	
  results
– Increased	
  merger	
  rate
– Higher	
  frac7on	
  of	
  irregular	
  galaxies
– Distant	
  massive	
  galaxies	
  can	
  be	
  small	
  (~1	
  kpc)
– Cosmic	
  star	
  forma7on	
  history
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Starburst	
  galaxies
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Extremely	
  red	
  galaxies
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Submillimeter	
  galaxies

• IRAS	
  (1983)	
  mapped	
  98	
  %	
  of	
  the	
  sky	
  at	
  12,	
  25,	
  
60	
  and	
  100	
  micron.	
  

• surprise:	
  many	
  galaxies	
  with	
  L~	
  10^12	
  Mo,	
  
10-­‐100	
  more	
  than	
  our	
  own	
  galaxy
– luminous	
  IR	
  galaxies	
  L	
  =	
  10^11-­‐10^12	
  Mo
– ultra-­‐luminous	
  IR	
  galaxies:	
  L	
  =	
  10^12-­‐10^13	
  Mo
– hyper-­‐luminous:	
  L	
  >	
  	
  10^13	
  Mo

• HST	
  imaging:	
  	
  major	
  galaxy	
  galaxy	
  merging	
  
systems	
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Submm	
  galaxies	
  and	
  K-­‐correc7ons

47
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Nega7ve	
  K-­‐correc7on:	
  sub-­‐mm	
  
galaxies	
  get	
  brighter	
  at	
  larger	
  
distances	
  due	
  to	
  the	
  steep	
  
Rayleigh-­‐Jeans	
  slope	
  of	
  the	
  
thermal	
  dust	
  emission

Spectral	
  energy	
  distribu:on	
  
of	
  star	
  forming	
  galaxy	
  M82,	
  
as	
  it	
  would	
  appear	
  at	
  z=0.1,	
  
0.3,	
  1,	
  2,	
  3,	
  4,	
  5	
  and	
  6	
  



Cameras	
  opera7ng	
  at	
  submm-­‐mm	
  
wavelengths

48

Submm	
  Common	
  User	
  
Bolometer	
  Array	
  (SCUBA)	
  

James Clerk Maxwell 
Telescope (JCMT) in Hawaii
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(or SMGs) became current. The selection function of SMGs (or their mm-wave
counterparts MMGs) is strikingly unifbrm, as you can see in Figure 5.4: an SMG
at z : 10 would have almost the same brightness as an identical galaxy at z - l.
(l Would the histogram of redshifts of SMGs also be uniform?
i ) No. Even if the number density of SMGs didn't evolve, we'd still be sampling

difl'erent amounts of comoving volume at diff-erent redshifts, i.e. cllf dz is not
constant.

Figt"lre 5.5 Thc 8ir0lrrr irnage ot'the Hulrlrle Deep Ficld North. This image has
I rrdius ol'liX) arcseconrls.'I'he zottttt shorvs the corresponding Hubble Space
'l'elcscope data in the regiott ot'the blightcst SMC.

An intense campaign of optical spectroscopy with the Keck telescopes found a

median redshift of around z : 2.2 for SMGs.6 Even without redshifts, the
far-infrared luminosities suggested star formation rates of around 1000 M6 per
year. (Because submm flux is more or less independent of redshift at 1 < z < 70,
the luminosities can be estimated even without redshifts.) We'11 discuss in
Section 5.7 how SMGs changed our physical picture of galaxy formation and
evolution.

Bigger submm- and mm-wave cameras have led to larger surveys of submm- and
mm-wave galaxies. One daring experiment to survey parts of the sky at submm
wavelengths involved dangling a telescope with a 2 m primary mirror from a
weather balloonl In 2006 the Balloon-borne Large Aperture Submm Telescope
(BLAST) flew for 11 days around the South pole and mapped the Chandra Deep
Field South (CDF-S) lield (among other fields), shown in Figure 5.6. Highly
redshifted galaxies should be visible at the longest wavelengths, but less visible at
the shorter wavelengths because the peak of the emission has redshifted past
(Figure 5.3). BLAST used the same detector technology as the SPIRE instrument
on the ESA Herschel Space Observatory, which launched in 2009. The first
images fiom Herschel have been spectacular. Figure 5.7 shows the local spiral
galaxy M74. Even in this short exposure, there are many background galaxies,
which appear to be clustered.

oChapman. S.C. et al., 2005, Astrophl'sicctl Journcl,622,'712.
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Sub-­‐mm	
  surveys
• Small	
  to	
  large	
  areas

– scuba,	
  blast	
  -­‐>	
  Herschel
– diffrac)on	
  limit	
  l/D	
  gives	
  not	
  very	
  high	
  resolu)on	
  -­‐>	
  
iden)fica)on	
  difficult

– Detailed	
  studies:	
  ALMA	
  

• Sources
– Proper)es

• copious	
  amount	
  of	
  dust,	
  op)cal	
  light	
  largely	
  ex)nguished
• star	
  forma)on	
  rates	
  ~	
  1000	
  M/yr
• median	
  z	
  =2.2

– 	
  Interpreta)on
• a	
  significant	
  frac)on	
  of	
  the	
  stars	
  of	
  a	
  future	
  massive	
  ellip)cals	
  is	
  
being	
  formed	
  

50



Cosmic	
  starforma7on	
  history

51



Measuring	
  star	
  forma7on	
  rates

1. UV	
  light	
  emiaed	
  by	
  O	
  and	
  B	
  stars
2. Strengths	
  of	
  emission	
  lines	
  like	
  Ly-­‐alpha,	
  H-­‐alpha,	
  [OII],	
  

which	
  are	
  ionised	
  by	
  UV	
  light	
  from	
  O	
  and	
  B	
  stars	
  
• issues	
  

• traces	
  un-­‐obscured	
  regions
• (redshi\ed)	
  lines	
  need	
  to	
  be	
  in	
  observing	
  window

3. Dust	
  emission
• O	
  and	
  B	
  stars	
  heat	
  up	
  dust

4. Radio	
  emission
• supernova	
  accelerate	
  charged	
  par)cles	
  that	
  radiate	
  synchrotron	
  

emission	
  while	
  spiraling	
  around	
  the	
  galac)c	
  magne)c	
  field	
  lines
• no	
  dust	
  obscura)on	
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Radio-­‐IR	
  correla7on

• over	
  4	
  orders	
  of	
  magnitude
• not	
  well	
  understood	
  why	
  so	
  :ght
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in the l'urther reuding seclion.
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01'2.
redshill' z

what could cause this discrepancy? There are many potential sources of
systematic uncertainties that we've discussed in this chapter and the previous
one. Perhaps, for example, the dust extinction corrections need revision, or
perhaps some of the star fbrmation rate indicators have additional unrecognized
contributions from AGN. A more fundamental undedying cause could be changes
in the IMF. Indeed, some semi-analytic models assume a strongly top-heavy IMF
in order to be able to reproduce the SMG population without overproducing O*'
The revisions to the IMF are radical, though. Many observations point to the samq
or very similar IMFs, but there is evidence that the IMF is strongly top-heavy in
the central parsec of our GalaxY.

Another surprise has been the high-redshift reversal of the relationship between
star fbrmation and environment. In the local Universe, star-fbrming galaxies avoid
rich environments such as the cores of galaxy clusters (see Section 3'7)' However,
there is increasing evidence that at z = I, star-fbrming galaxies detected at
24 pm are more common in richer environments. This is already a challenge to
semi-analytic moclels, and might suggest that mergers were more important in
triggering star formation at higher redshifis. There are also hints that SMGs
are found in richer environments than non-stalbursting galaxies' The natural
generalization of the Butcher-Oemler eff'ect (Chapter 3) is to measlrre the cosmic
itar formation history in difl'erent environments, and this is the subject of much
active research.

\1t'-

Not fully 
consistent:
problems with 
dust extinction 
corrections, AGN 
contribution, mass 
estimates, IMF?

6. Cosmic star formation history
and stellar mass assembly
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13.	
  Home	
  work	
  

• Locate	
  data	
  in	
  Table	
  3	
  	
  from	
  Rieke	
  G.	
  H.	
  et	
  al.	
  2009,	
  ApJ,	
  692,	
  556	
  
• Plot	
  for	
  two	
  galaxies	
  from	
  this	
  table	
  their	
  spectra.
• What	
  are	
  the	
  star	
  forma)on	
  rates	
  for	
  these	
  two	
  galaxies	
  from	
  the	
  literature?
• How	
  does	
  total	
  flux	
  scale	
  with	
  redshi\	
  (see	
  Schneider	
  eq.	
  4.46)	
  ?	
  Illustrate	
  this	
  with	
  a	
  plot	
  

using	
  recent	
  parameters	
  for	
  the	
  cosmological	
  constant.	
  Hint:	
  use	
  again	
  IDL	
  rou)nes	
  as	
  given	
  
in	
  hip://idlastro.gsfc.nasa.gov/	
  or	
  use	
  hip://www.astro.ucla.edu/~wright/CosmoCalc.html

• Plot	
  flux	
  density	
  with	
  redshi\	
  for	
  an	
  object	
  that	
  has	
  a	
  flux	
  density	
  of	
  1	
  Jy	
  at	
  z=1.	
  Note	
  that	
  the	
  
flux	
  density	
  is	
  flux	
  per	
  (observed)	
  frequency	
  interval.

• Plot	
  for	
  the	
  two	
  galaxies	
  from	
  Rieke	
  et	
  al	
  their	
  flux	
  density	
  at	
  1.4	
  and	
  350	
  GHz	
  as	
  a	
  func)on	
  of	
  
redshi\.

– explain	
  the	
  different	
  behavior	
  for	
  the	
  two	
  different	
  frequencies

• Taking	
  these	
  redshi\ed	
  spectra,	
  what	
  are	
  the	
  flux	
  densi)es	
  at	
  1.4	
  and	
  350	
  GHz.
• Scaling	
  with	
  the	
  star	
  forma)on	
  rates	
  of	
  these	
  galaxies,	
  what	
  what	
  are	
  the	
  flux	
  densi)es	
  at	
  1.4	
  

and	
  350	
  GHz	
  for	
  galaxy	
  with	
  a	
  star	
  forma)on	
  rate	
  of	
  100	
  M/yr
• Compare	
  this	
  these	
  numbers	
  to	
  the	
  result	
  of	
  Carilli	
  and	
  Yun,	
  1999	
  ApJ,	
  513,	
  13,	
  	
  page	
  	
  L16

– Why	
  are	
  the	
  three	
  es)mates	
  somewhat	
  different?	
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