
4 Galaxy Clusters

• The Local Group of galaxies is a collection of about 35 galaxies in the C & O,
Sec. 27.3neighborhood of the Milky Way [see Figure 27.11 for a schematic depiction].

Andromeda (M31), M33 and the Milky Way are its most massive members.

∗ The radius of the Local Group is around 400 kpc, and Andromeda and
the Milky Way are on opposite sides; they currently approach each other at
around 119 km/sec.

• Kepler’s Third Law can be used to estimate the total mass M of these
two members of the Local Group. Assume that they are in a highly-eccentric
elliptical orbit of semi-major axis a and current separation r . Conservation
of energy and Kepler III establish that

v2 = GM
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)
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Eliminating a , these combine to give
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We have r = 770 kpc and v = 119 km/sec, and only need the period P of
the orbit. This must be of the order of the Hubble time (13.7Gyr) plus the
approximate time r/v until they collide (an overestimate). The total mass
is then found to be

M ∼ 7.9× 1045g = 4.0× 1012M� . (6)

This yields a mass-to-light ratio of ∼ 60M�/L� , and provides further dy-
namical evidence for dark matter using this binary mass determination.

[Reading Assignment: C. & O. p. 1061: Other Groups within 10 Mpc]

• On larger scales, galaxies congregate in clusters of different varieties.
Poor clusters of galaxies typically have few constituent members (<∼ 50 ),
but rich clusters such as Virgo or Coma can possess thousands of galaxies.

Plot: HST Image of Abell 2218 Cluster
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HST Image of Abell 2218 Cluster

• From Hubble Image Gallery



• The Virgo cluster is a nearby (16 Mpc) rich, irregular cluster with over
2000 constituent galaxies. It contains four giant ellipticals (including M87
with its relativistic jet), but is mostly made up of spiral galaxies.

• The Coma cluster is about 90 Mpc from Earth and is a rich, regular
cluster with about 10,000 galaxies! The vast majority of its constituent
galaxies are ellipticals and S0s, the more common scenario for rich clusters.

∗ Clusters can be categorized according to their galaxy content, dividing Longair
Sec. 4.2.1into (i) cD-rich clusters with a predominance of cD galaxies and fewer spirals,

(ii) spiral-poor clusters with mostly ellipticals but few cD ones, and (iii)
spiral rich clusters with about 50% of their members being spirals.

• Clusters have communal matter, including central pools of hot, tenuous
gas that constitutes much of the intracluster medium. Tidal effects can
become strong and hot gas leaves individual galaxies to reside in a col-
lective cloud belonging to the entire cluster. This gas can emit thermal
bremsstrahlung at temperatures in the range of 107− 108 K (e.g. Allen &
Fabian 1998) ⇒ the domain of X-ray astronomy.

Plot: Thermal Bremsstrahlung from Clusters

• Assuming an isothermal sphere of gas, one can use the temperature to
estimate virial speeds σ ∼ 103 km/sec for the gas. The bremsstrahlung
emission rate then leads to an inferred gas density of np ∼ 0.01 cm−3 for a
cluster core radius of 0.3 Mpc. While this is not high by Galactic standards,
it is much larger than for the IGM (intergalactic medium). Gas collisions
can thus be very influential. On Hubble times, radiative cooling of the hot
gas by bremsstrahlung is significant. This then leads to cooling flows in
denser central regions of the cluster gas.

∗ The X-ray flux can be used to measure the mass of the radiating gas, and
its radial gradient can be used to infer (via hydrostatic support) the total
mass of the cluster (⇒ dark matter yet again!). For the Perseus cluster,
Böhringer (1995) determined that the inferred galaxy:gas:dark matter mass
ratio is 1:3:10.
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Thermal Bremsstrahlung from Clusters

• Left panel; isothermal bremsstrahlung fit to HEAO-1 X-ray spectrum of the Coma cluster, 
with T~8.8 x 107K (i.e. 7.6 keV).  Henriksen & Mushotsky (1986, ApJ 302, 287).

• Right panel: Bremsstrahlung temperature versus bolometric luminosity for a variety of 
clusters; those with central gas cooling flows are denoted by filled circles.  From Allen & 
Fabian (1998, MNRAS  297, L57).
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• The cluster gas temperatures T ∼ 10 keV approach that of the cosmic
X-ray background (XRB) emission. This suggests that clusters could be
significant contributors to the XRB. Yet AGN are generally dominant above
10 keV, since they are generally quite hot due to their Comptonized continua.

Plot: Swift + INTEGRAL Cosmic X-ray Background

• The spatial decoupling of cluster gas from constituent galaxies is most
stunningly displayed in the Bullet cluster observations by Chandra in X
rays. This system at z = 0.296 is believed to be formed from the colli-
sion of two clusters. The ensemble cluster exhibits significant gravitational
lensing, from which inferences of dark matter density profiles are made.

Plot: Bullet Cluster (1E0657-558): a Lens for Dark Matter

These profiles are bi-polar in geometry (Clowe et al. 2006; ApJL 648, L109),
with the dark matter poles being separated more widely than the gas profile
measured with the X ray data. The conclusion is that the dark matter retains
its ballistic character in the collision of clusters due to its weakly-interacting
nature, predominantly only under the influence of gravity.

• There is some evidence for evolution of clusters, in that clusters in the
early universe were necessarily smaller and therefore more likely to exhibit
interacting galaxies (e.g. spirals) that would eventually virialize into a pre-
dominance of ellipticals that is evinced in rich clusters today.

5 Large Scale Structure

• The apparently chaotic/random nature of our local peculiar environment C & O,
pp. 1070-9gives way to ordered structures on the scales of z ∼ 0.01 – 0.03 . Such struc-

tures includes clusters, filaments, sheets and voids.

• The CfA Redshift Survey in the optical provided first evidence for sheet-
like rather than filamentary structure, evidence that is important for struc- Longair,

Sec. 2.2
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Cosmic Diffuse X-ray Background

• From Türler et al. (2019, A&A 512, A49), indicating T~20 keV. Original 
work in Marshall et al. (ApJ 1980) indicated a thermal bremsstrahlung fit of 
T~40 keV. These are a bit higher than gas temperatures in galaxy clusters.



Bullet Cluster: Collisions in Action

• Bullet cluster (z=0.3) melange. Combined Hubble, Chandra (red) 
and dark matter distribution (blue) inferred from gravitational 
lensing.  This illustrates the power of lensing as a diagnostic tool.

• From Chandra CXC Image Gallery [Credit: Markevitch, Clowe]

1E 0657-56



ture formation models. Geller and Huchra led the Survey efforts over a period
from the late 1970s to the early 1990s, delivering sky locales and redshifts
for several thousand galaxies.

∗ Infra-red surveys can often see deeper at high latitudes, probing to higher
z and therefore sampling homogeneity and isotropy more.

• The modern day upgrade has been the Sloan Digital Sky Survey (SDSS),
in the optical/IR, that has delivered 3D positions for over a million galaxies
in the 21st century.

Plot: Sloan Digital Sky Survey Map

Departures from isotropy and homogeneity are probed by a galaxy-separation
two-point correlation function, w(θ) , such that number N(θ) = ng[1+w(θ)]
depends on the angular separations θ between pairs of galaxies.

Plot: SDSS Galaxy Two-point Correlation Function

• The observed correlation has a scale-independent form for 20 kpc <∼ 10
Mpc of dw/dθ ∝ θ−1.7 ∝ (δr)−1.7 , i.e. w(θ) ∝ θ−0.7 . Generating this form
serves as a diagnostic goal for structure formation models that include both
dark matter and dark energy in gravitational interactions.

∗ On separation scales δr >∼ 10 Mpc, the correlation drops more rapidly
with increasing θ ⇒ quasi-homogeneity on large scales. This forms the
foundation of the Cosmological Principle.

• Deeper probes of isotropy are possible in high energy astrophysics, such as
X-ray background (XRB) sky maps that sample moderate redshifts, though
not with the high z of the CMB map.

Plot: eROSITA X-ray map, 0.3–2.3 keV

Early measurements of the XRB indicated that it was very smooth on the sky.
Yet these were of poor angular resolution. The much improved view with the
new eROSITA soft X-ray telescope has in fact resolved many sources, many
being Seyfert galaxies. Yet there is still a residual unresolved component
that may or may not be true diffuse emission, likely associated with clusters.
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SDSS 3D 
Galaxy Map

Slices through the SDSS 3-dimensional map of the distribution of galaxies. Earth is at the center, and each point represents a galaxy,
typically containing about 100 billion stars. Galaxies are colored according to the ages of their stars, with the redder, more strongly
clustered points showing galaxies that are made of older stars. The outer circle is at a distance of two billion light years. The region
between the wedges was not mapped by the SDSS because dust in our own Galaxy obscures the view of the distant universe in these
directions. Both slices contain all galaxies within -1.25 and 1.25 degrees declination. 
Credit: M. Blanton and the Sloan Digital Sky Survey.

• 3D galaxy map from 
Sloan Digitial Sky Survey 
(SDSS).  Redshift from 
the Milky Way defines the
radial dimension.  Redder 
galaxies have older stars.  
Galaxy clustering and 
filamentary/sheet-like 
structure is apparent.

• Over a million galaxies
surveyed, 2000-2014.

See https://classic.sdss.org/home.php



SDSS Galaxy 2-Point Correlation
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(e.g., seeing or reddening) across this distribution of pix-
els. Given the distinct scanning strategy of the SDSS sur-
vey, a specialized, pseudo-rectangular, approximately equal-
area pixelisation strategy was developed by Tegmark, Xu,
and Scranton (SDSSPix4) that works in SDSS �/⌘ coordi-
nates (Stoughton et al. 2002). As a result, we use SDSSPix
to quantify the density of sources within the SDSS stripe-
based geometry for all relevant systematic tests.

SDSSPix has been used to measure the correlation func-
tion for a pixelised SDSS sample (see, e.g., Scranton et al.
2002; Ross et al. 2006), but Hayes et al. (2012) demon-
strated that SDSSPix can bias a clustering measurement
since the pixels are not the same size across a given stripe
(the ratio of the pixel height to the pixel width decreases
towards the ends of a stripe). As a result, we follow Hayes
et al. (2012) and explore the use of a second pixelization
scheme, HEALPix, to compute our pixelised correlation
functions. HEALPix was developed by (Górski et al. 2005)
and works in any spherical coordinate system. HealPix cre-
ates 12 equal-area curvilinearly base-patches, from which
pixels are generated at higher resolutions with either a RING
or NESTED numbering scheme.

To decide which pixelisation scheme is optimal for our
systematic tests, we pixelate the SDSS DR7 with both
schemes, using SDSSPix at resolution 320 and HEALPix at
resolution 2048 (these resolutions produce equal area pix-
els: 3.10 square arcminutes for SDSSPix and 2.95 square
arcmintutes for HEALPix). We compute the two-point an-
gular correlation function for the SDSS DR7 data by us-
ing the point-to-point method described in §5.3 and the
pixel based method described in §4.5.1. The results from
all three methods are directly compared in the top panel
of Figure 4, while the bottom panel compares the ratio of
the pixel based methods to the point-to-point method. From
this figure, in particular the ratio plot in the bottom panel,
we see that SDSSPix systematically underestimates the cor-
relation function, which becomes more severe at smaller an-
gles (we believe this is a manifestation of the changing pixel
shape). As a result, we adopt the HEALPix scheme for all
pixel based systematic correlation function tests.

4.2 Density Fluctuations Among Stripes

The SDSS survey observed data along great circles, which
are known as stripes that are identified by their stripe num-
ber. To explore the e↵ects of this observing strategy on the
uniformity of the full galaxy sample, we examined the uni-
formity of the galaxy counts, including as a function of mag-
nitude, across these di↵erent stripes. For this test, we first
used the SDSS algorithm to cut the full sample into the
thirty-seven constituent stripes present in the SDSS DR7
data5.

Since all of these stripe observations were deemed to be
photometric, we expect that star-galaxy classification (see,
e.g., §3.3) should be consistent across all stripes. To verify
this assumption, we measured the galaxy density for each
of the thirty-four stripes we use in subsequent analyses (i.e.,

4 http://dls.physics.ucdavis.edu/~scranton/SDSSPix/
5 http://cas.sdss.org/dr7/en/help/docs/algorithm.asp?
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Figure 4. Top: A comparison between the pixel-based (HEALPix
resolution 2048 and SDSSPix resolution 320) and the point-to-
point based pair count methods used in this paper. Bottom: The
ratio of the above pixel-based correlation to the point-to-point
based correlation. The errors are calculated by propagation of
jackknife errors in quadrature.

the northern stripes 9–39, and southern stripes 76, 82, 86).
The mean galaxy density we find for the total galaxy den-
sity is 3324.0 galaxies per square degree with large density
fluctuations within each stripe, while the variation between
the di↵erent stripes are also significant. Similar patterns are
found for the four magnitude subsamples: 17 < r  18,
18 < r  19, 19 < r  20, and 20 < r  21, with galaxy
density 88.9, 278.9, 808.9, 2147.4 galaxies per square degree
respectively. One concern for these significant fluctuations
would be that some fraction of these stripes have system-
atic e↵ects. To test this hypothesis, we repeat this analysis
by using the main galaxy sample further restricted to ar-
eas of both good seeing and minimal Galactic extinction as
derived in Section 4.5.
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eROSITA X-ray Sky Map

• See https://www.mpe.mpg.de/7461761/news20200619 (June 2020) 

away and date back to when the universe was just one-tenth of its current age.

eROSITA’s new map reveals objects about four times as faint as could be seen in

the last survey of the whole X-ray sky, conducted by the ROSAT space telescope

in the 1990s (SN: 6/29/91). The new images “are just spectacular to look at,” says

Harvey Tananbaum, an astrophysicist at the Harvard-Smithsonian Center for

Astrophysics in Cambridge, Mass., not involved in the mission. “You have this

tremendous capability of looking at the near and the far … and then, of course,

delving in detail to the parts of the images that you’re most interested in.”

Mapping the sky in X-rays
In this map of X-rays emitted by celestial objects across the sky, X-rays are color-coded by energy:

Blue signifies the highest energies, followed by green, yellow and red. The red foreground glow

comes from hot gas near the solar system, whereas the Milky Way plane appears blue, because gas

and dust in the disk absorb all but the most energetic X-rays. The map includes many of the Milky

Way’s supernova remnants, including Cassiopeia A and Vela, and a star system called Scorpius X-1,

which was the first X-ray source discovered beyond the sun. It also showcases the Milky Way’s

star-forming regions, such as the Orion Nebula and the Cygnus Superbubble (SN: 6/29/12), and a

mysterious arc of X-rays called the North Polar Spur. Beyond the Milky Way are nearby galaxies, such

as the Large Magellanic Cloud, and distant galaxy clusters, such as those contained in the Shapley

Supercluster. 

JEREMY SANDERS, HERMANN BRUNNER AND THE ESASS TEAM/MPE, EUGENE CHURAZOV, MARAT GILFANOV (ON BEHALF OF IKI)

 eROSITA can flag potentially interesting X-ray phenomena, such as flares from

stars getting shredded by black holes, which other telescopes with narrower

fields of view but better vision can then investigate in detail, Tananbaum says.

The new map also allows astronomers to probe enigmatic X-ray features, such as

a giant arc of radiation above the plane of the Milky Way called the North Polar

Spur.

This X-ray feature may be left over from a nearby supernova explosion, or it

might be related to the huge blobs of gas on either side of the Milky Way disk,

0.3-2.3 keV      

https://www.mpe.mpg.de/7461761/news20200619


5. ACTIVE GALAXIES

Matthew Baring – Lecture Notes for ASTR 360, Spring 2025

1 Global Energetics of Active Galaxies

• Active galaxies were discovered largely since WWII, both with develop-
ments in optical astronomy and the advent of radio astronomy. Key signa-
tures of active galaxies include that they are typically much more luminous
than normal galaxies, with L ∼ 1042 − 1047 erg/sec. This is generally inter-
preted to imply that their energy source is not nuclear.

∗ In stellar nucleosynthesis, since main sequence stars are typically 5 orders
of magnitude larger than their Schwarzschild radii, the efficiency of tapping
their gravitational potential is of order 10−5 of their rest mass ⇒ Kelvin-
Helmholtz tKH timescales exceed the Hubble time tH .

The efficiency nuclear energy production is at best 0.7% (for He production
in the pp chain; talk about the nuclear binding energy curve). With an
estimate Enucl ∼ 0.007mpc

2Np , one finds

1047 erg/sec ∼ 10−7M�/sec ∼ 3× 1010M�/tH . (1)

Hence core masses of 109M� are insufficient to sustain the luminosity over
a Hubble time.

• In contrast, active galaxies possess compact cores that are designated ac-
tive galactic nuclei, and these tap much stronger gravitational potentials.

∗ Gravity can, in principal, be 100 times more efficient, being sampled via
accretion of matter onto a general relativistic supermassive black hole
(SMBH) that serves as the central engine or powerhouse.
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