
Taking an Inventory of the 
Baryon + Dark Matter

Content of the Universe
+

What can we learn from 
cosmic microwave background?



Layout of the Course

Feb 3:  Introduction / Overview / General Concepts
Feb 5:  Age of Universe / Distance Ladder / Hubble Constant
Feb 10:   Distance Ladder / Hubble Constant Distant Measures
Feb 12:   SNe science / Baryonic Content / Dark Matter Content of Universe
Feb 17:  Dark Matter + Cosmic Microwave Background
Feb 19: Cosmic Microwave Background
Feb 26:   Large Scale Structure / Baryon Acoustic Oscillations
Mar 5:  Dark Energy / Clusters
Mar 12:  Cosmic Shear / Dark Energy Missions
Mar 19:  No Class
Mar 26:   Review for Final Exam

Apr 11:  Final Exam

This Week



Review Material from Last Week



Supernovae Ia
04.2.28 Chris Pearson :   Observational Cosmology 4: Cosmological Distance Scale - ISAS -2004
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Cosmological Distance Scale

4.3: Secondary Distance Indicators4.3: Secondary Distance Indicators
Supernova Ia Measurements

SN1994D in NGC4526

White dwarf pushed over Chandrasekhar limit by accretion

begins to collapse against the weight of gravity, but rather than

collapsing , material is ignited consuming the star in an an

explosion 10-100 times brighter than a Type II supernova

Supernova !

Massive star M>8Mo

Type Ib,c (H poor massive Star M>8Mo)

Stellar wind or stolen by companion
Type Ia (M~1.4Mo White Dwarf + companion)

Type II (Hydrogen Lines) Type I (no Hydrogen lines)

(similarly applied to novae)

-- Likely occurs when a 
white dwarf is pushed 

over the Chandrashekhar 
limit of >1.4 Msolar by 

accretion from a nearby 
companion

Accretion of matter from a nearby 
companion onto a white dwarf

Exceeding the Fermi pressure, inverse beta decay 
occurs:

p + e- → n + νe + γ



Insight into Topology of Universe from SNIa
04.2.28 Chris Pearson :   Observational Cosmology 4: Cosmological Distance Scale - ISAS -2004
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4.3: Secondary Distance Indicators4.3: Secondary Distance Indicators
Supernova Ia Measurements

SN1994D in NGC4526

White dwarf pushed over Chandrasekhar limit by accretion

begins to collapse against the weight of gravity, but rather than

collapsing , material is ignited consuming the star in an an

explosion 10-100 times brighter than a Type II supernova

Supernova !

Massive star M>8Mo

Type Ib,c (H poor massive Star M>8Mo)

Stellar wind or stolen by companion
Type Ia (M~1.4Mo White Dwarf + companion)

Type II (Hydrogen Lines) Type I (no Hydrogen lines)

(similarly applied to novae)

Accretion of matter from a 
nearby companion onto a 

white dwarf

The luminosity of Supernovae Ia varies somewhat depending 
upon the decay time for the light curve

Philips relation (Philips et al. 1996)
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• This relation between the light-curve shape and the brightness can
be used to standardise type-Ia supernovae. It was seen as a major
problem for their cosmological interpretation that the origin for
this relation was unknown, and that its application to high-redshift
supernovae was based on the untested assumption that the relation
found and calibrated with local supernovae would also hold there.
Recent simulations indicate that the relation is an opacity e�ect:
brighter supernovae produce more 56Ni and thus have a higher
metallicity, which causes the envelope to be more opaque, the en-
ergy transport through it to be slower, and therefore the supernova
to last longer.

Lightcurves of type-Ia supernovae
before (top) and after correction.

• Thus, before a type-Ia supernova can be used as a standard candle,
its duration must be determined, which requires the light-curve to
be observed over su⇥ciently long time. It has to be taken into
account here that the cosmic expansion leads to a time dilation,
due to which supernovae at redshift z appear longer by a factor
of (1 + z). We note in passing that the confirmation of this time
dilation e�ect indirectly confirms the cosmic expansion. After the
standardisation, the scatter in the peak brightnesses of nearby su-
pernovae is substantially reduced. This encourages (and justifies)
their use as standardisable candles for cosmology.

• The remaining relative uncertainty is now typically between
10 . . . 15% for individual supernovae. Since, as we have seen fol-
lowing (12.7), we require relative distance uncertainties at the per
cent level, of order a hundred distant supernovae are required be-
fore meaningful cosmological constraints can be placed, which
justifies the remark after (12.8).

• An example for the several currently ongoing supernova surveys
is the Supernova Legacy Survey (SNLS) in the framework of the
Canada-France-Hawaii Legacy Survey (CFHTLS), which is car-
ried out with the 4-m Canada-France-Hawaii telescope on Mauna
Kea. It monitors four fields of one square degree each five times
during the 18 days of dark time between two full moons (luna-
tions).

• Di�erential photometry is performed to find out variables, and
candidate type-Ia supernovae are selected by light-curve fitting
after removing known variable stars. Spectroscopy on the largest
telescopes (mostly ESO’s VLT, but also the Keck and Gemini
telescopes) is then needed to identify type-Ia supernovae. To give
a few characteristic numbers, the SNLS has taken 142 spectra of
type-Ia candidates during its first year of operation, of which 91
were identified as type-Ia supernovae.

• The light curves of these objects are observed in several di�erent
filter bands. This is important to correct for interstellar absorp-

Measuring q0 and " 

•! Until recently cosmological tests for measuring the deceleration 

parameter q0 were stymied to the lack of a good standard candle or 
standard ruler that could be measured at large redshifts 

•! People tried to measure q0 from using the Hubble diagram of brightest 

cluster galaxies or galaxy number counts (an open universe would have 
more accessible volume.) 

–! What is the problem with these tests? 

•! Similarly attempts were made to do an angular diameter test using radio 

galaxies, but these are also problematic. 

•! In the mid-1990’s two groups began large scale surveys for Type Ia 

supernovae at cosmologically interesting distances in order to measure 

the deceleration parameter.  (Note they didn’t expect to find a 
cosmological constant!) 

Distance modulus - redshift 

DM=m-M 

!M,!"=0.05,0 

!M,!"=0.2,0.8 

!M,!"=1,0 

Note this can be a relative test, using the “redshift-magnitude” 
relation also known as the “Hubble Diagram” 

Riess et al 1998 

This plot SHOCKED 
astronomers!! 
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tion. Any dimming by intervening material makes supernovae
appear fainter, and thus more distant, and will bias the cosmolog-
ical results towards faster expansion. Since the intrinsic colours
of type-Ia supernovae are characteristic, any deviation between
the observed and the intrinsic colours signals interstellar absorp-
tion which is corrected by adapting the amount of absorption such
that the observed is transformed back into the intrinsic colour.

• This correction procedure is expected to work well unless there is
material on the way which absorbs equally at all wavelengths, so-
called “grey dust”. This could happen if the absorbing dust grains
are large compared to the wavelength. Currently, it is quite di⌅-
cult to concusively rule out grey dust, although it is implausible
based on the interstellar absorption observed in the Galaxy.

Distances to type-Ia supernovae (in
logarithmic units) as a function of
their redshift, as measured by the
Supernova Legacy Survey.

• After applying the corrections for absorption and duration, each
supernova yields an estimate for the luminosity distance to its red-
shift. Together, the supernovae in the observed sample constrain
the evolution of the luminosity distance with redshift, which
is then fit varying the cosmological parameters except for H0,
i.e. typically ⇥m0 and ⇥�0. This yields an “allowed” region in
the ⇥m0-⇥�0 plane compatible with the measurements which is
degenerate in the direction calculated before.

Cosmological parameter constraints
derived from the same data.

• More information or further assumptions are necessary to break
the degeneracy. The most common assumption, justified by the
CMB measurements, is that the Universe is spatially flat. Based
upon it, the SNLS data yield a matter density parameter of

⇥m0 = 0.263 ± 0.037 . (12.16)

This is a remarkable result. First of all, it confirms the other in-
dependent measurements we have already discussed, which were
based on kinematics, cluster evolution and the CMB. Second, it
shows that, in the assumed spatially flat universe, the dominant
contribution to the total energy density must come from some-
thing else than matter, possibly the cosmological constant.

• It is important for the later discussion to realise in what way the
parameter constraints from supernovae di⇤er from those from the
CMB. The fluctuations in the latter show that the Universe is at
least nearly spatially flat, and the density parameters in dark and
baryonic matter are near 0.25 and 0.045, respectively. The rest
must be the cosmological constant, or the dark energy. Arising
early in the cosmic history, the CMB itself is almost insensitive
to the cosmological constant, and thus it can only constrain it
indirectly.

• Type-Ia supernovae, however, measure the angular-diameter dis-
tance during the late cosmic evolution, when the cosmological

Error contours 
clearly prefer ΩΛ  

values greater than 0



What is the Baryonic mass 
density of the universe?

(summary)

Ωstars = 0.002
Ωcold gas, HI = 0.0003

Ωcold gas, molecular hydrogen = 0.0003

Ωtotal = 0.0226

Ωionized hydrogen = 0.02 (But with large ±0.02 
uncertainties)

(But with large ±0.02 
uncertainties)



Hot and cold accretion 5

Figure 1. Current temperature (left) and maximum past temperature (right) against current overdensity for gas particles at z = 2 in
the reference simulation in a 100 h−1Mpc box. The total number of particles in a pixel is used for colour coding. Gas with T ! 105 K
has been shock heated. The T − ρ relation for cold, low density gas (T " 105 K and ρ " 10⟨ρ⟩ is set by heating by the UV background
and adiabatic cooling. At ρ/⟨ρ⟩ > 101.5 radiative cooling dominates over cooling by expansion of the universe. Gas with nH > 0.1 cm−3

(ρ/⟨ρ⟩ > 104.3 at z = 2) is assumed to be part of the unresolved, multiphase ISM and is put on an effective equation of state. The
‘temperature’ of this gas merely reflects the pressure of the multiphase ISM and is therefore not used to update the maximum past
temperature. The scatter in the equation of state is caused by adiabatic cooling of inactive particles in between time steps. Gas that
is condensing onto haloes or inside haloes has maximum past temperatures ! 104.5 K, which reflects the peak in the T-ρ relation (at
ρ/⟨ρ⟩ > 101.5, T ∼ 104.5 K) visible in the left panel.

infall or galactic winds, is converted into thermal energy. We
refer to this tenuous, shock heated gas as the warm-hot inter-
galactic medium (WHIM). The intracluster medium (ICM)
is the very hot T ! 107 K gas at overdensities ρ/⟨ρ⟩ ! 102

located in galaxy groups and clusters. Gas with the same
overdensity, but much lower temperatures (T ∼ 104 K) re-
sides mostly in filaments and low mass haloes.

Most of the gas is located in the dark blue region, with
ρ/⟨ρ⟩ < 10. The temperature of this gas is determined by
the combination of photoheating by the UV background and
adiabatic cooling by the expansion of the Universe. Although
the slope of this temperature-density relation is close to adi-
abatic, it is actually determined by the temperature depen-
dence of the recombination rate (Hui & Gnedin 1997).

The turnover density, above which the typical gas tem-
peratures decrease, occurs when radiative cooling starts to
dominate over adiabatic cooling. The overdensity at which
this happens depends on redshift. At z = 2 it occurs at
ρ/⟨ρ⟩ ≈ 101.5. The distribution of the WHIM (broad red
region, with T > 105 K) is set in part by the cooling func-
tion, to which especially heavier atoms, like oxygen, con-
tribute. In particular, the lack of dense gas (ρ/⟨ρ⟩ ! 103)
with 105 K " T " 107 K is due to radiative cooling.

Gas with proper hydrogen number density nH >
0.1 cm−3, corresponding at this redshift to overdensity
ρ/⟨ρ⟩ > 104.3, represents the ISM. This high density gas
is put on an equation of state if its temperature was below
105 K when it crossed the density threshold, because the cold
and warm phases of this dense medium cannot be resolved
by the simulations. Therefore, the temperature merely re-
flects the imposed effective pressure and the density should
be interpreted as the mean density of the unresolved multi-
phase ISM. The spread in the temperature-density relation
on the equation of state is caused by the adiabatic extrapo-
lation of inactive particles between time steps. In addition,

the relation is broadened by differences in the mean molec-
ular weight, µ, of the gas, which depends on the density,
temperature and elemental abundances of the gas.

The right-hand panel of Figure 1 shows the maximum
temperature reached at z # 2, as a function of the z = 2
baryonic overdensity. All the gas has reached temperatures
of ! 104.5 K at some point. Dense (ρ/⟨ρ⟩ > 101.5) gas cannot
have a maximum past temperature much below 104.5 K,
because of photoheating2. The maximum past temperature
tends to remain constant once the gas has reached densities
! 102⟨ρ⟩, resulting in the horizontal trend in the figure.
There is no dense gas at the highest maximum temperatures
(above 107 K), because the cooling time of this very hot gas
at ρ/⟨ρ⟩ ∼ 102−3 is longer than a Hubble time.

The maximum temperature reached for dense gas de-
pends on whether the gas has been heated to the virial tem-
perature of its halo, which depends on the mass of the halo,
and on whether it has been shock-heated by galactic winds.

4 DEFINING GAS ACCRETION

To see how haloes accrete gas, we first need to find and select
the haloes. This can be done in several different ways and we
will discuss three of them. Although we choose to use the
one based on the gravitational binding energy, our results
are insensitive to the halo definition we use. Finally, we link
haloes in two subsequent snapshots in order to determine
which gas has entered the halo.

2 Exception are gas that reached high densities before reioniza-
tion, which happens at z = 9 in our simulations and gas with
very high metallicities.

2009 RAS, MNRAS 000, 1–24

SF gas

WHIM

cold
halo
gas

diffuse
IGM

ICM

van der Voort et al. 2011 (was a student of Joop Schaye here)

gas in galaxy clusters

warm, hot 
intergalactic medium

Multi-phase Diagram from Cosmological Hydrodynamical Simulation 
Showing where the Baryons Are Predicted to be:



What is bottom line putting together constraints?
Observations of the abundance ofObservations of the abundance of
the light elementsthe light elements
•• Quasar spectraQuasar spectra
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•• Measure absorption linesMeasure absorption lines

•• Boxes indicate observationsBoxes indicate observations
–– Converting gives:Converting gives: bb hh22 ~ 0.02~ 0.02
–– For h=0.72 givesFor h=0.72 gives bb = 0.04= 0.04
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Boxes show constraints on 
abundances relative to 

hydrogen
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• in absence of depletion, this value falls into the valley expected in
the primordial 7Li at the boundary between destruction by protons
and production from 8Be; however, if 7Li was in fact depleted, its
primordial abundance was higher than the value (5.26), and then
two values for �10 are possible;

5.3.4 Summary of results

• through the relation �10 = 273�Bh2, the density of visible
baryons alone implies �10 ⌅ 1.5;

• the deuterium abundance derived from absorption systems in the
spectra of high-redshift QSOs indicates �10 = 4.2 . . . 6.3;

• the 7Li abundance predicted from this value of � is then A(7Li)p =

2.1 . . . 2.8 which is fully consistent with the observed value
A(7Li) = 2.1 � 2.3, even if a depletion by 0.2 dex due to stel-
lar destruction is allowed;

• the predicted primordial abundance of helium-4 is then Yp =

0.244 . . . 0.250, which overlaps with the measured value YP =

0.228 . . . 0.248; thus, the light-element abundances draw a con-
sistent picture for low deuterium abundance; however, this is
also true for high deuterium abundance: if �10 = 1.2 . . . 2.8, the
lithium-7 and helium-4 abundances are A(7Li) = 1.9 . . . 2.7 and
YP = 0.225 . . . 0.241, which are also compatible with the obser-
vations;

Predicted primordial element abun-
dances as a function of �, over-
laid with the measurements (boxes).
The � parameter compatible with all
measurements is marked by the ver-
tical bar.

• we thus find that Big-Bang nucleosynthesis alone implies

�Bh2 = 0.019 ± 0.0024 or �B = 0.037 ± 0.009 (5.27)

at 95% confidence level if conclusions are predominantly based
on the deuterium abundance in high-redshift absorption systems;
we shall later see that this result is in fantastic agreement with
independent estimates of the baryon density obtained from the
analysis of structures in the CMB;

• a historically very important application of Big-Bang nucleosyn-
thesis begins with the realisation that, at fixed baryon density, the
light-element abundances are set by the cosmic expansion rate
while the Universe was hot enough to allow nuclear fusion, and
that the expansion rate in turn depends on the density of rela-
tivistic particle species; a larger number of relativistic species,
as could be provided by a number of lepton flavours larger than
three, gave rise to a faster expansion, which allowed fewer neu-
trons to decay until the Universe became too cool for fusion, and
thus implied a higher number of neutrons per proton, leading to
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Best Fit Baryon Density

Most useful constraint is from 
deuterium abundances given 
steep dependence on Ωbh2



Evidence for Dark Matter

Collisions Between Galaxy 
Clusters

-- ionized gas from the 
colliding clusters “run into 

each other” forming a shock

-- dark matter from the colliding clusters 
pass right through each other

this presents us with a situation where 
the light (from baryons) and mass (from 

dark matter) are in different places

Rotational Curves in Spiral 
Galaxies

7–9
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Galaxy Rotation Curves, IV

NGC 891, KPNO 1.3m
Barentine & Esquerdo

Stellar motion due to mass
within r:

GM(≤ r)

r2
=

v2rot(r)

r

=⇒ M(≤ r) =
v2rotr

G
therefore:
v ∼ const. =⇒ M(≤ r) ∝ r.

For disk in spiral galaxies, I(r) = I0 exp(−r/h) such that

L(r < r0) = I0

∫ r0

0
2πr exp(−r/h) dr

∝ h2 − h(r + h) exp(−r/h) (7.7)

such that for r −→ ∞: L(r < r0) → const..
If M/L ∼ const. =⇒ contradiction with observations!
(would expect v ∝ r−1/2)

Result for galaxies compared to stars
M

L

∣

∣

∣

∣

galaxies
= 10 . . . 20

M⊙

L⊙
vs.

M

L

∣

∣

∣

∣

stars
= 1 . . . 3

M⊙

L⊙

Only about 10% of the gravitating matter in universe
radiates.
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Inferred Mass 
Increases as Radius 

Increases

But light is largely 
only at small radii in 

galaxies



New Material for this Week



What is the mass density in dark matter 
in the universe?



Context
As we measure the mass in dark matter, we’ll see how the 

measured M/L (mass to light) ratio for the universe 
increases to larger scales (indicating the greater importance 

of dark matter at such scales!)

     Sun:       M/L = 1 (by definition) 

      
Universe:    M/L = 1400ΩM h2

                                          ~ 200 (ΩM/0.3)(h/0.7)2



Let’s start by estimating the 
apparent amount of dark 

matter in galaxies



Dark matter in galaxies

-- Rotation velocities of 
spiral galaxies increase 

rapidly from their 
centers to their 

outer radii

roughly constant, 
independent of radius

-- Rotation velocities 
tend to asymptote 

towards some 
constant value
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Dark matter in galaxies
-- What is the total gravitational mass inferred in galaxies from 
this type of analysis and how does it compare with the light?

i.e. what is the apparent mass to light ratio in galaxies?

(M/L)galaxy ~ 10-20 Msolar/Lsolar

(M/L)stars ~ 1-3 Msolar/Lsolar

i.e. how does it compare to typical stellar populations?

Total Mass ~ 10 x [mass in stars]

ΩGalaxy-Matter ~ 10 x Ωstars ~ 10 x (0.002)

Ωgalaxy,Matter ~ 0.02ΩDM >~



Now let’s move to a bigger 
system:

a cluster of galaxies



How can we infer this amount 
of mass in dark matter?

We need to be able to 
determine the mass of a 

galaxy cluster (and see what is 
missing)



Weighing Galaxy Clusters (from the 
motions of galaxies in a cluster)

Virial Theorem:

Kinetic Energy = −1/2(Potential Energy)

For systems that have collapsed gravitationally 
and relaxed, we expect:

Implication for galaxy clusters: if galaxies move around 
inside galaxy clusters at a very fast speed, then the mass of 

a cluster must be very high



Weighing Galaxy Clusters (from the 
motions of galaxies in a cluster)

By doing spectroscopy of many galaxies inside a cluster, we 
can measure Doppler shifts and hence the scatter in the 

average velocity along line of sight.

However, there is no reason that the direction we observe 
a cluster is special, so the random motions in the two

other directions is likely similar

7–10
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Galaxy Clusters, I

For mass of galaxy clusters, make use of the
virial theorem:

Ekin = −Epot/2 (7.8)

in statistical equilibrium.
Measurement: assume isotropy, such that

〈

v2
〉

=
〈

v2x
〉

+
〈

v2y
〉

+
〈

v2z
〉

= 3
〈

v2∥
〉

(7.9)

assuming that velocity dispersion independent of mi gives:

Ekin =
1
2

∑

i

miv
2
i =

3
2
M

〈

v2∥
〉

(7.10)

where M total mass.
If cluster is spherically symmetric =⇒ Define weighted
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(7.11)

From Eqs. (7.10) and (7.11):

M =
3
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Rcl (7.12)

Typical values: v∥ ∼ 1000 km s−1, R ∼ 1Mpc.
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Galaxy Clusters, I

For mass of galaxy clusters, make use of the
virial theorem:

Ekin = −Epot/2 (7.8)

in statistical equilibrium.
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Typical values: v∥ ∼ 1000 km s−1, R ∼ 1Mpc.

This implies the following kinetic energy:



Weighing Galaxy Clusters (from the 
motions of galaxies in a cluster)

For typical velocity dispersions v ~ 1000 km s-1 and cluster 
radii ~1 Mpc, we derive M ~ 1015 Msolar

Now, for the potential energy:
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3
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Typical values: v∥ ∼ 1000 km s−1, R ∼ 1Mpc.

Relating the potential energy to the kinetic energy, we 
can solve for the mass:
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Weighing Galaxy Clusters (from the 
motions of galaxies in a cluster)

For typical velocity dispersions v ~ 1000 km s-1 and cluster 
radii ~1 Mpc, we derive M ~ 1015 Msolar

The total amount of stellar mass in galaxies themselves in 
clusters is typically ~1013 Msolar

Therefore, the total baryonic mass in galaxies is much less 
than that inferred to exist from the velocities of the galaxies

i.e. what is the apparent mass to light ratio in clusters?

(M/L)cluster ~ 100-200 Msolar/Lsolar

vs. 10-20 Msolar/Lsolar for galaxies (dark matter even more important)



Context
Measured M/L ratios indicate the increasing 
importance of dark matter on largest scales!

     Sun:       M/L = 1  

      
(M/L)cluster ~ 100-200 Msolar/Lsolar

(M/L)galaxy ~ 10-20 Msolar/Lsolar



Weighing Galaxy Clusters (from the 
motions of galaxies in a cluster)

The observation that the velocities of individual galaxies in 
clusters suggested a total mass much greater than that seen in 

galaxies was originally suggested by Fritz Zwicky in 1933 
(based on observations of Coma cluster)!

Fritz Zwicky noted in 1933 that 
outlying galaxies in Coma cluster 
moving much faster than mass 
calculated for the visible galaxies 
would indicate

Observational Cosmology Lectures 4-6:  Cosmology with Galaxy Clusters

Discovery of Dark Matter

7

Fritz Zwicky (1898 - 1974)

Virial Theorem:

The mass of a self-gravitating system in equilibrium:

M = RV2/G

What are the assumptions in Zwicky’s argument to reach the 
conclusion of dark matter?



What are other ways to 
measure the mass in 

galaxy clusters?



Weighing Galaxy Clusters (from the 
ionized gas in clusters)

It is also possible to make use of the very significant 
x-ray emission from ionized gas in galaxies to 

estimate the total mass in a galaxy cluster 7–13

UWarwick
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X-ray emission, II

XMM-Newton, EPIC-pn
Result for Coma:

MB

Mtot
= 0.01 + 0.05h−3/2 (7.28)

Technical problems:
• see through cluster =⇒ integrate over line of sight, assuming
spherical geometry.

• spherical geometry is assumed
• Gas cools by radiating was wrong (“cooling flow”)

XMM-Newton x-ray image of Coma cluster



Weighing Galaxy Clusters (from the 
ionized gas in clusters)

The x-ray light comes from bremstrahlung radiation, 
i.e., energetic ions colliding with each other and 

emitting radiation 7–13

UWarwick
Determination of Ωm 11

X-ray emission, II

XMM-Newton, EPIC-pn
Result for Coma:

MB

Mtot
= 0.01 + 0.05h−3/2 (7.28)

Technical problems:
• see through cluster =⇒ integrate over line of sight, assuming
spherical geometry.

• spherical geometry is assumed
• Gas cools by radiating was wrong (“cooling flow”)

XMM-Newton x-ray image of Coma cluster



Weighing Galaxy Clusters (from the 
ionized gas in clusters)

The basic idea is that:
since the ionized gas in a cluster is pressure 

supported and we can determine the density and 
temperature of gas in a cluster
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• then, (6.21) yields the central ion density

n0 = 5 ⇥ 10�3 cm�3 (6.24)

and thus the central gas mass density

�0 = mpn0 = 8.5 ⇥ 10�27 g cm�3 ; (6.25)

• based on the virial radius (6.15) and on the mass (6.23), we find
the total gas mass

MX = 1.0 ⇥ 1014 M⌅ ; (6.26)

this is of the same order as the cluster mass in galaxies, and
approximately one order of magnitude less than the total cluster
mass;

• it is reasonable to believe that clusters are closed systems in the
sense that there cannot have been much material exchange be-
tween their interior and their surroundings; if this is indeed the
case, and the mixture between dark matter and baryons in clus-
ters is typical for the entire universe, the density parameter in dark
matter should be

�dm,0 ⌃ �b,0
M

M⇤ + MX
⌃ 10�b,0 ⌃ 0.4 ; (6.27)

more precise estimates based on detailed investigations of indi-
vidual clusters yield

�dm,0 ⌃ 0.3 ; (6.28)

6.3.4 Alternative cluster mass estimates

• cluster masses can be estimated in several other ways; one of them
is directly related to the X-ray emission discussed above; the hy-
drostatic Euler equation for an isothermal gas sphere in equilib-
rium with the spherically-symmetric gravitational potential of a
mass M(r) requires

1
�

dp
dr
= �GM(r)

r2 , (6.29)

where � and p are the gas density and pressure, respectively; as-
suming an ideal gas, the equation of state is p = nkT , where
n = �/mp is the particle density of the gas and T is its tempera-
ture; if we further simplify the problem assuming an isothermal
gas distribution, we can write

kT
mp�

d�
dr
= �GM(r)

r2 (6.30)

p = pressure
r = radius
ρ = density

Able to model this 
from observations

We can infer this!

From hydrostatic equilibrium:



Weighing Galaxy Clusters (from the 
ionized gas in clusters)

If we put in the ideal gas law p = nKT where 
n = ρ / mp, then we find
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• then, (6.21) yields the central ion density

n0 = 5 ⇥ 10�3 cm�3 (6.24)

and thus the central gas mass density

�0 = mpn0 = 8.5 ⇥ 10�27 g cm�3 ; (6.25)

• based on the virial radius (6.15) and on the mass (6.23), we find
the total gas mass

MX = 1.0 ⇥ 1014 M⌅ ; (6.26)

this is of the same order as the cluster mass in galaxies, and
approximately one order of magnitude less than the total cluster
mass;

• it is reasonable to believe that clusters are closed systems in the
sense that there cannot have been much material exchange be-
tween their interior and their surroundings; if this is indeed the
case, and the mixture between dark matter and baryons in clus-
ters is typical for the entire universe, the density parameter in dark
matter should be

�dm,0 ⌃ �b,0
M

M⇤ + MX
⌃ 10�b,0 ⌃ 0.4 ; (6.27)

more precise estimates based on detailed investigations of indi-
vidual clusters yield

�dm,0 ⌃ 0.3 ; (6.28)

6.3.4 Alternative cluster mass estimates

• cluster masses can be estimated in several other ways; one of them
is directly related to the X-ray emission discussed above; the hy-
drostatic Euler equation for an isothermal gas sphere in equilib-
rium with the spherically-symmetric gravitational potential of a
mass M(r) requires

1
�

dp
dr
= �GM(r)

r2 , (6.29)

where � and p are the gas density and pressure, respectively; as-
suming an ideal gas, the equation of state is p = nkT , where
n = �/mp is the particle density of the gas and T is its tempera-
ture; if we further simplify the problem assuming an isothermal
gas distribution, we can write

kT
mp�

d�
dr
= �GM(r)

r2 (6.30)

Solving for the mass, we find
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or, solving for the mass

M(r) = � rkT
Gmp

d ln ⇥
d ln r

; (6.31)

• for the �model introduced in (6.19), the logarithmic density slope
is

d ln ⇥
d ln r

=
d ln n
d ln r

= �3�
r2

1 + r2 , (6.32)

thus the cluster mass is determined from the slope of the X-ray
surface brightness and the cluster temperature,

M(r) =
3�rkT
Gmp

r2

1 + r2 ; (6.33)

• with the typical numbers used before, i.e. R ⇧ 2.5 Mpc, � ⇧ 2/3
and kT = 10 keV, the X-ray mass estimate gives

M(R) ⇧ 1.1 ⇥ 1015 M⇤ , (6.34)

in reassuring agreement with the mass estimate (6.16) from
galaxy kinematics;

Strong gravitational lensing in
galaxy clusters can cause strong
distortions of background galaxies
into arcs (shown is the large arc in
the cluster Abell 370). They allow
independent cluster-mass estimates.

• a third, completely independent way of measuring cluster masses
is provided by gravitational lensing; without going into any de-
tail on the theory of light deflection, we mention here that it can
generate image distortions from which the projected lensing mass
distribution can be reconstructed; mass estimates obtained in this
way by and large confirm those from X-ray emission and galaxy
kinematics, although interesting discrepancies exist in detail;

• none of the cluster mass estimates is particularly reliable because
they are all to some degree based on stability and symmetry as-
sumptions; for mass estimates based on galaxy kinematics, for
instance, assumptions have to be made on the shape of the galaxy
orbits, the symmetry of the gravitational potential and the me-
chanical equilibrium between orbiting galaxies and the body of
the cluster; numerous assumptions also enter X-ray based mass
determinations, such as hydrostatic equilibrium, spherical sym-
metry and, in some cases, isothermality of the intracluster gas;
gravitational lensing does not need any equilibrium assumption,
but inferences from strongly distorted images depend very sensi-
tively on the assumed symmetry of the mass distribution;

6.4 Mass density from cluster evolution

• a very interesting constraint on the cosmic mass density is based
on the evolution of cosmic structures; Abell’s cluster catalog cov-
ers the redshift range 0.02 � z � 0.2, which encloses a volume of



Weighing Galaxy Clusters (from the 
ionized gas in clusters)

The following simple axisymmetric model is found to fit the 
density profile of clusters well (assuming an x-ray emissivity 

that scales as the density squared)
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in cgs units, where Z is the ion charge, g⇥ is the Gaunt factor, n is
the ion number density, T is the gas temperature, and

CX = 2.68 ⇥ 10�24 (6.18)

in cgs units, if T is measured in keV;

• a common simple, axisymmetric model for the gas-density distri-
bution in clusters is

n(x) =
n0

(1 + x2)3�/2 , x ⌅ r
rc
, (6.19)

where rc is the core radius;

• the line-of-sight projection of the X-ray emissivity yields the X-
ray surface brightness as a function of the projected radius ⇤,

S X(⇤) =
⇤ ⌥

�⌥
jXdz =

�
⇥�(3� � 1/2)
�(3�)

Z2g⇥CX
�

Tn2
0

(1 + ⇤2)3��1/2 , (6.20)

where we have assumed for simplicity that the cluster is isother-
mal, so T does not change with radius;

• the latter equation shows that two parameters of the density pro-
file (6.19), namely the slope � and the core radius rc, can be read
o⇥ the observable surface-brightness profile;

• the missing normalisation constant can then be obtained from the
X-ray luminosity,

LX = 4⇥r3
c

⇤ ⌥

0
jXx2dx = 4⇥r3

cZ2g⇥CX
�

Tn2
0

�
⇥�(3� � 3/2)

4�(3�)
,

(6.21)
and a spectral determination of the temperature T ;

• finally, the total mass of the X-ray gas enclosed in spheres of
radius R is

MX(R) = 4⇥r3
c

⇤ R/rc

0
n(x)x2dx , (6.22)

which is a complicated function for general �; for � = 2/3, which
is a commonly measured value,

MX(R) = 4⇥r3
cn0

�
R
rc
� arctan

R
rc

⇥
, (6.23)

which is of course formally divergent for R ⇧ ⌥ because the
density falls o⇥ ⌃ r�2 for � = 2/3 and r ⇧ ⌥;

• inserting typical numbers, we first set Z = 1 = g⇥ and � = 2/3
as above, then use �(1/2) =

�
⇥, �(1) = 1 = �(2), and assume a

hypothetic cluster with LX = 1045 erg s�1, a temperature of kT =
10 keV and a core radius of rc = 250 kpc = 7.75 ⇥ 1023 cm;

where rc is the core radius and n0 is a density normalization 
factor (the above profile is King model -- which relieve problem of diverging mass for the 

isothermal sphere) 
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or, solving for the mass

M(r) = � rkT
Gmp

d ln ⇥
d ln r

; (6.31)

• for the �model introduced in (6.19), the logarithmic density slope
is

d ln ⇥
d ln r

=
d ln n
d ln r

= �3�
r2

1 + r2 , (6.32)

thus the cluster mass is determined from the slope of the X-ray
surface brightness and the cluster temperature,

M(r) =
3�rkT
Gmp

r2

1 + r2 ; (6.33)

• with the typical numbers used before, i.e. R ⇧ 2.5 Mpc, � ⇧ 2/3
and kT = 10 keV, the X-ray mass estimate gives

M(R) ⇧ 1.1 ⇥ 1015 M⇤ , (6.34)

in reassuring agreement with the mass estimate (6.16) from
galaxy kinematics;

Strong gravitational lensing in
galaxy clusters can cause strong
distortions of background galaxies
into arcs (shown is the large arc in
the cluster Abell 370). They allow
independent cluster-mass estimates.

• a third, completely independent way of measuring cluster masses
is provided by gravitational lensing; without going into any de-
tail on the theory of light deflection, we mention here that it can
generate image distortions from which the projected lensing mass
distribution can be reconstructed; mass estimates obtained in this
way by and large confirm those from X-ray emission and galaxy
kinematics, although interesting discrepancies exist in detail;

• none of the cluster mass estimates is particularly reliable because
they are all to some degree based on stability and symmetry as-
sumptions; for mass estimates based on galaxy kinematics, for
instance, assumptions have to be made on the shape of the galaxy
orbits, the symmetry of the gravitational potential and the me-
chanical equilibrium between orbiting galaxies and the body of
the cluster; numerous assumptions also enter X-ray based mass
determinations, such as hydrostatic equilibrium, spherical sym-
metry and, in some cases, isothermality of the intracluster gas;
gravitational lensing does not need any equilibrium assumption,
but inferences from strongly distorted images depend very sensi-
tively on the assumed symmetry of the mass distribution;

6.4 Mass density from cluster evolution

• a very interesting constraint on the cosmic mass density is based
on the evolution of cosmic structures; Abell’s cluster catalog cov-
ers the redshift range 0.02 � z � 0.2, which encloses a volume of
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or, solving for the mass
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thus the cluster mass is determined from the slope of the X-ray
surface brightness and the cluster temperature,
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• with the typical numbers used before, i.e. R ⇧ 2.5 Mpc, � ⇧ 2/3
and kT = 10 keV, the X-ray mass estimate gives

M(R) ⇧ 1.1 ⇥ 1015 M⇤ , (6.34)

in reassuring agreement with the mass estimate (6.16) from
galaxy kinematics;

Strong gravitational lensing in
galaxy clusters can cause strong
distortions of background galaxies
into arcs (shown is the large arc in
the cluster Abell 370). They allow
independent cluster-mass estimates.

• a third, completely independent way of measuring cluster masses
is provided by gravitational lensing; without going into any de-
tail on the theory of light deflection, we mention here that it can
generate image distortions from which the projected lensing mass
distribution can be reconstructed; mass estimates obtained in this
way by and large confirm those from X-ray emission and galaxy
kinematics, although interesting discrepancies exist in detail;

• none of the cluster mass estimates is particularly reliable because
they are all to some degree based on stability and symmetry as-
sumptions; for mass estimates based on galaxy kinematics, for
instance, assumptions have to be made on the shape of the galaxy
orbits, the symmetry of the gravitational potential and the me-
chanical equilibrium between orbiting galaxies and the body of
the cluster; numerous assumptions also enter X-ray based mass
determinations, such as hydrostatic equilibrium, spherical sym-
metry and, in some cases, isothermality of the intracluster gas;
gravitational lensing does not need any equilibrium assumption,
but inferences from strongly distorted images depend very sensi-
tively on the assumed symmetry of the mass distribution;

6.4 Mass density from cluster evolution

• a very interesting constraint on the cosmic mass density is based
on the evolution of cosmic structures; Abell’s cluster catalog cov-
ers the redshift range 0.02 � z � 0.2, which encloses a volume of

⇒
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or, solving for the mass

M(r) = � rkT
Gmp

d ln ⇥
d ln r

; (6.31)

• for the �model introduced in (6.19), the logarithmic density slope
is

d ln ⇥
d ln r

=
d ln n
d ln r

= �3�
r2

1 + r2 , (6.32)

thus the cluster mass is determined from the slope of the X-ray
surface brightness and the cluster temperature,

M(r) =
3�rkT
Gmp

r2

1 + r2 ; (6.33)

• with the typical numbers used before, i.e. R ⇧ 2.5 Mpc, � ⇧ 2/3
and kT = 10 keV, the X-ray mass estimate gives

M(R) ⇧ 1.1 ⇥ 1015 M⇤ , (6.34)

in reassuring agreement with the mass estimate (6.16) from
galaxy kinematics;

Strong gravitational lensing in
galaxy clusters can cause strong
distortions of background galaxies
into arcs (shown is the large arc in
the cluster Abell 370). They allow
independent cluster-mass estimates.

• a third, completely independent way of measuring cluster masses
is provided by gravitational lensing; without going into any de-
tail on the theory of light deflection, we mention here that it can
generate image distortions from which the projected lensing mass
distribution can be reconstructed; mass estimates obtained in this
way by and large confirm those from X-ray emission and galaxy
kinematics, although interesting discrepancies exist in detail;

• none of the cluster mass estimates is particularly reliable because
they are all to some degree based on stability and symmetry as-
sumptions; for mass estimates based on galaxy kinematics, for
instance, assumptions have to be made on the shape of the galaxy
orbits, the symmetry of the gravitational potential and the me-
chanical equilibrium between orbiting galaxies and the body of
the cluster; numerous assumptions also enter X-ray based mass
determinations, such as hydrostatic equilibrium, spherical sym-
metry and, in some cases, isothermality of the intracluster gas;
gravitational lensing does not need any equilibrium assumption,
but inferences from strongly distorted images depend very sensi-
tively on the assumed symmetry of the mass distribution;

6.4 Mass density from cluster evolution

• a very interesting constraint on the cosmic mass density is based
on the evolution of cosmic structures; Abell’s cluster catalog cov-
ers the redshift range 0.02 � z � 0.2, which encloses a volume of



Weighing Galaxy Clusters (from the 
ionized gas in clusters)
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or, solving for the mass

M(r) = � rkT
Gmp

d ln ⇥
d ln r

; (6.31)

• for the �model introduced in (6.19), the logarithmic density slope
is

d ln ⇥
d ln r

=
d ln n
d ln r

= �3�
r2

1 + r2 , (6.32)

thus the cluster mass is determined from the slope of the X-ray
surface brightness and the cluster temperature,

M(r) =
3�rkT
Gmp

r2

1 + r2 ; (6.33)

• with the typical numbers used before, i.e. R ⇧ 2.5 Mpc, � ⇧ 2/3
and kT = 10 keV, the X-ray mass estimate gives

M(R) ⇧ 1.1 ⇥ 1015 M⇤ , (6.34)

in reassuring agreement with the mass estimate (6.16) from
galaxy kinematics;

Strong gravitational lensing in
galaxy clusters can cause strong
distortions of background galaxies
into arcs (shown is the large arc in
the cluster Abell 370). They allow
independent cluster-mass estimates.

• a third, completely independent way of measuring cluster masses
is provided by gravitational lensing; without going into any de-
tail on the theory of light deflection, we mention here that it can
generate image distortions from which the projected lensing mass
distribution can be reconstructed; mass estimates obtained in this
way by and large confirm those from X-ray emission and galaxy
kinematics, although interesting discrepancies exist in detail;

• none of the cluster mass estimates is particularly reliable because
they are all to some degree based on stability and symmetry as-
sumptions; for mass estimates based on galaxy kinematics, for
instance, assumptions have to be made on the shape of the galaxy
orbits, the symmetry of the gravitational potential and the me-
chanical equilibrium between orbiting galaxies and the body of
the cluster; numerous assumptions also enter X-ray based mass
determinations, such as hydrostatic equilibrium, spherical sym-
metry and, in some cases, isothermality of the intracluster gas;
gravitational lensing does not need any equilibrium assumption,
but inferences from strongly distorted images depend very sensi-
tively on the assumed symmetry of the mass distribution;

6.4 Mass density from cluster evolution

• a very interesting constraint on the cosmic mass density is based
on the evolution of cosmic structures; Abell’s cluster catalog cov-
ers the redshift range 0.02 � z � 0.2, which encloses a volume of

Plugging in typical numbers for clusters R ~ 2.5 Mpc, β ~ 2/3, 
and kT ~ 10 keV

Mcluster ~ 1 x 1015 Msolar



Weighing Galaxy Clusters (from 
gravitational lensing)

credit: LSST website

-- Another technique for estimating the 
mass of galaxy clusters is through 

gravitational lensing



Weighing Galaxy Clusters (from 
gravitational lensing)
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Gravitational Lenses, I

α

D
D

Lens

Source

l ls

s

D

θ

~

(after Longair, 1998, Fig. 4.8a)

GR: Angular deflection due to mass M :

α̃ =
4GM

θc2
=

2
c2

·
2GM

θ
(7.36)

where θ distance of closest approach (twice
classical result).

Measurement of deflection from solar eclipse 1919: most
convincing observational evidence for reality of GR.

-- Gravitational lensing from a 
galaxy cluster causes light from 

some background source to 
deflect by some angle α

D D

-- By finding multiple images of the same 
source, one can determine the mass 
enclosed (ΘE is the so-called Einstein

radius)

7–19
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Gravitational Lenses, III

Einstein ring: source directly
behind lens,
Obtain radius by setting β = 0
in lens-equation Eq. (7.39):

θ2E =
4GM

c2
1
D

(7.40)

i.e.,

θE = 98.9′′
(

M

1015 M⊙

)1/2

1
(D/1Gpc)1/2

(7.41)

Mass measurements possible by observing “giant luminous
arcs” and Einstein rings.

where D = DdDds/DS



We presented three approaches to measuring the 
mass of clusters:

Virialized motions of galaxies, 
x-ray profiles, and 

gravitational lensing analyses

note that each of these techniques make use of 
gravity to estimate the cluster mass

Similar mass estimates for clusters are 
obtained using each of these techniques.

Caveat: All methods being used to estimate mass in clusters make 
assumptions about axisymmetry, isotropy, and therefore suffer from 

possible systematics...



If we take clusters as 
representative, what is the 

matter density of the universe?

Stellar System:   M/L = 1-2 M⦿/L⦿

Clusters:    M/L = ~100-200 M⦿/L⦿

100x

     Stars:       Ωstar = 0.002

Clusters:      Ωmatter ~ 0.2
100x



Can we use these results to 
estimate the dark matter 

content of universe?



Yes -- but to do so we will take 
advantage of 

 
1) information we have on the baryonic 

content of the universe

2) clusters are large enough collapsed 
regions of the universe to contain 

representative proportions of baryons, dark 
matter, etc.



Therefore, if we can establish the baryonic 
mass in addition to the total gravitational 

mass for a cluster, we can estimate
ΩM directly

How can we estimate the total baryonic 
mass in galaxy clusters?



Baryons in Galaxy Clusters (from the 
SZ effect)

-- When light from the microwave 
background radiation passes by hot 

ionized gas in a galaxy cluster, light can 
gain energy by scattering off of the hot 

electrons in ionized gas.

-- This process causes light from the 
microwave backround to look hotter 
over regions of the sky that intersect 
galaxy clusters.  The process is known 
as the Sunyaev-Zeldovich (SZ) effect.

-- Since the magnitude of the effect depends on 
the total number of hot electrons in a galaxy 
cluster, it provides a direct probe of its total 

baryon content. 



The Sunyaev-Zeldovich Effect

SZ maps of three clusters at 0.37 < z < 0.55.  Since SZ is 
proportional to electron density, mass fraction of baryons can 

be measured if one knows the total mass of the cluster.

Sunday, March 28, 2010

Sunyaev Zeldovich Effect

Images of the cosmic microwave background 
radiation seen through galaxy clusters



So, assuming that galaxy clusters contain 
representative proportions of baryons and 

dark matter and using our previous 
measurements of the total cluster masses, we 

can directly estimate ΩM

ΩM / Ωb = (Mcluster,total-mass / Mcluster,baryons)

ΩM = (0.04) (Mcluster,total-mass / Mcluster,baryons)

ΩM = (0.04) (~7) = ~0.28

ΩM = Ωb (Mcluster,total-mass / Mcluster,baryons)
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Since galaxy clusters collapse from a scale of ~10 Mpc, they are 
expected to contain a fair sample of the baryonic content of the 
universe (mass segregation is not believed to occur at such large 
scales).

The gas mass fraction, fgas, is therefore a reasonable estimate of the 
baryonic mass fraction of the cluster. It should also be reasonable 
approximation to the universal baryon mass fraction, fB = ΩB / Ωm

                                   In reality, fgas ! fB always!
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Using this reasoning, here are the typical 
constraints one can set on Ωm



Dark matter inferences from
velocity flows

One can also use the peculiar velocities 
(bulk flows) of galaxies in the nearby 

universe to estimate the amount of dark 
matter in the universe

This is because the peculiar velocities are 
set by the matter within the universe -- 

which causes galaxies to fall towards each 
other.

∇⋄v = −ΩM0.6 δM

An approximate equation to describe this 
is the following:

gravitational massconvergence points 
for fluid flow

Velocity flow model in the nearby 
universe



Dark matter inferences from
velocity flows

From peculiar velocity bulk flow studies, 
people have concluded that

Velocity flow model in the nearby 
universe

ΩM ~ 0.3



What is the cosmic 
microwave background?



Inflation 

•! Under the inflation theory, the current observable universe began 
inside a small bubble which was causally connected 

•! From t~10-32 sec onward the universe follows the “standard Big 
Bang” model 

•! The inflationary epoch establishes the isotropy and homogeneity 
of the universe 

•! The exponential inflation in the scale factor, R, forces ! to be 
exactly 1.   

•! Similarly since the observable universe started from such a tiny 
volume, it was at one point causally connected which explains 
the horizon problem. 

•! Quantum fluctuations expanded to become density fluctuations 
that we see in CMB, seeds of large scale structure 

Cosmic Microwave Background 

•! First observed in 1964 by Penzias and Wilson 

•! The COBE (Cosmic Background Explorer) satellite 
was launched in 1989, turned off in 1993 
–! Measured the blackbody spectrum of the CMB 

–! Measured the dipole anisotropy that showed that the local 
group is moving 600 km/s relative to the CMB rest frame. 

–! Measured the fluctuations in the CMB down to angular scales 
of ~7°.  

–! The CMB is as far back as we can directly observe to the 
beginning of the universe.  The fluctuations that we see at 
recombination (z~1089, t=379,000 years) grow into the large 
scale structures that we observe today. 

–! By measuring the fluctuations in the CMB at even smaller 
scales, we can place strong constraints on many 
cosmological parameters. 

COBE, extremely smooth blackbody T=2.725 K 

Photons from the CMB scattered 
for the last time 400,000 years 

after beginning of universe
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•! Under the inflation theory, the current observable universe began 
inside a small bubble which was causally connected 

•! From t~10-32 sec onward the universe follows the “standard Big 
Bang” model 

•! The inflationary epoch establishes the isotropy and homogeneity 
of the universe 

•! The exponential inflation in the scale factor, R, forces ! to be 
exactly 1.   

•! Similarly since the observable universe started from such a tiny 
volume, it was at one point causally connected which explains 
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•! Quantum fluctuations expanded to become density fluctuations 
that we see in CMB, seeds of large scale structure 

Cosmic Microwave Background 

•! First observed in 1964 by Penzias and Wilson 

•! The COBE (Cosmic Background Explorer) satellite 
was launched in 1989, turned off in 1993 
–! Measured the blackbody spectrum of the CMB 

–! Measured the dipole anisotropy that showed that the local 
group is moving 600 km/s relative to the CMB rest frame. 

–! Measured the fluctuations in the CMB down to angular scales 
of ~7°.  

–! The CMB is as far back as we can directly observe to the 
beginning of the universe.  The fluctuations that we see at 
recombination (z~1089, t=379,000 years) grow into the large 
scale structures that we observe today. 

–! By measuring the fluctuations in the CMB at even smaller 
scales, we can place strong constraints on many 
cosmological parameters. 

COBE, extremely smooth blackbody T=2.725 K 

Photons from the CMB have a 
spectral energy distribution which 

is almost a perfect black body.
Most perfect blackbody 

spectrum seen anywhere!
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•! From t~10-32 sec onward the universe follows the “standard Big 
Bang” model 

•! The inflationary epoch establishes the isotropy and homogeneity 
of the universe 

•! The exponential inflation in the scale factor, R, forces ! to be 
exactly 1.   

•! Similarly since the observable universe started from such a tiny 
volume, it was at one point causally connected which explains 
the horizon problem. 

•! Quantum fluctuations expanded to become density fluctuations 
that we see in CMB, seeds of large scale structure 

Cosmic Microwave Background 

•! First observed in 1964 by Penzias and Wilson 

•! The COBE (Cosmic Background Explorer) satellite 
was launched in 1989, turned off in 1993 
–! Measured the blackbody spectrum of the CMB 

–! Measured the dipole anisotropy that showed that the local 
group is moving 600 km/s relative to the CMB rest frame. 

–! Measured the fluctuations in the CMB down to angular scales 
of ~7°.  

–! The CMB is as far back as we can directly observe to the 
beginning of the universe.  The fluctuations that we see at 
recombination (z~1089, t=379,000 years) grow into the large 
scale structures that we observe today. 

–! By measuring the fluctuations in the CMB at even smaller 
scales, we can place strong constraints on many 
cosmological parameters. 

COBE, extremely smooth blackbody T=2.725 K 
The reason the universe produces such a perfect blackbody spectrum is the 

significant interaction rate between photons and ionized matter in the early universe



The cosmic microwave 
background radiation has 

essentially the same spectrum / 
temperature in every direction!
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Cosmic Microwave Background dominates the total 
energy density in radiation!
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Microwave Background Radiation

3

~ 1%

400 photons per cm3

~1 eV/cm3

• CMB dominates the radiation content of the universe

• It contains nearly 93% of the radiation energy density 
and 99% of all the photons 

Energy Density

Frequency [Hz]

99% of the photons in 
universe in the CMB

93% of the energy 
density in radiation 

in CMB

~400 photons per 
cubic cm

Credit: Hasinger



How was the cosmic 
microwave background 

discovered?



Discovery of the CMB
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Discovery of the CMB

McKellar (1940)

4

• In 1940, McKellar discovers CN molecules in interstellar space from 
their absorption spectra (one of the first IS-molecules)

• From the excitation ratios, he infers the “rotational temperature of 
interstellar space” to be 2° K (1941, PASP 53, 233)

• In his 1950 book, the Nobel prize winning spectroscopist Herzberg 
remarks: “From the intensity ratio of the lines with K=0 and K=1 a 
rotational temperature of 2.3° K follows, which has of course only 
a very restricted meaning.” 

-- The first indication that the universe was emersed in a sea 
of photons with temperature ~2-3 K was actually in ~1940

-- McKellar identified CN absorption in interstellar space 
and by comparing the strength of two rotation lines 

estimated a temperature of ~2 K for interstellar space

-- Little was thought of the finding at the time



Discovery of the CMB

-- The existence of the cosmic microwave 
background radiation with temperature of 5 K 
was predicted to be found in the hot big bang 
model in 1949 by Alpher & Herman following 
α-β-γ paper on big-bang nucleosynthesis

-- Doroshkevich & Novikov (1964) predict 
this radiation will have a blackbody 

spectrum, and argue it could be detected
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Discovery of the CMB

5

•After the “α-β-γ paper”, Alpher & Herman 
(1948) predict 5 K radiation background as 
by-product of their theory of the 
nucleosynthesis in the early universe (with no 
suggestion of its detectability).

• Shmaonov (1957) measures an uniform 
noise temperature of 4±3 K at λ=3.2 cm. 

• Doroshkevich & Novikov (1964) emphasize 
the detectability of this radiation, predict that 
the spectrum of the relict radiation will be a 
blackbody, and also mention that the twenty-
foot horn reflector at the Bell Laboratories will 
be the best instrument for detecting it!

No Nobel prize for these guys!

-- Not aware of the Alpher & Herman 
paper, Robert Dicke and collaborators also 

predicted the existence of isotropic 
radiation from the Big Bang and was 

preparing to look for it.
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Discovery of the CMB

6

• Originally wanted to 
measure Galactic emission 
at λ=7.3 cm

• Found a direction-
independent noise (3.5±1.0 
K) that they could not get rid 
of, despite drastic measures

• So they talked with 
colleagues..

• Explanation of this “excess 
noise” was given in a 
companion paper by Robert 
Dicke and collaborators 
(no Nobel prize for Dicke 
either, not to mention 
Gamow!)

-- Penzias & Wilson were looking 
to study emission from the galaxy 

at λ=7.3 cm

-- Found a direction independent 
“noise” with temperature ~3 K 
that they could not eliminate -- 

despite drastic measures 

-- Not being able to solve the 
problem, they spoke with 

colleagues

-- An explanation for the noise 
was provided by Robert Dicke and 
collaborators.  Their theory paper 
appeared together with the paper 

by Penzias & Wilson in 1965.

Discovery of the CMB

-- In 1978, Penzias & Wilson 
were awarded the Nobel 
Prize for their discovery



People continued to obtain measurements on the cosmic 
microwave background for years after the original Penzias 

& Wilson experiment, but no one was successful in 
identifying any anisotropy in the cosmic microwave 

background (except for a dipole).

Discovery of the CMB

People realized that to measure the temperatures of the 
cosmic microwave background accurately and to map the 
sky, they would need to go to space (where the thermal 

stability was much superior to experiments on the ground).



Launched in 1989 and continued 
observations to 2003

COBE
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COBE

8

Launched on Nov. 1989 on a Delta 
rocket.

DIRBE:  Measured the absolute sky 
brightness in the 1-240 μm 
wavelength range, to search for the 
Infrared Background

FIRAS: Measured the spectrum of the 
CMB, finding it to be an almost perfect 
blackbody with T0 = 2.725 ± 0.002 K 

DMR:  Found “anisotropies” in the 
CMB for the first time, at a level of 1 
part in 105 

2006 
Nobel 

prize in 
physics

Credit: NASA

First experiment to convincingly 
measure anisotropies in the cosmic 

microwave background

DIRBE:  Measure absolute sky 
brightness from 1 to 240 μm to 

determine brightness of infrared sky 

Featured three instruments:

FIRAS:  Measure the spectral 
energy distribution for the CMB, 
compute the temperature, and 

compare with a blackbody

DMR:  Measured anisotropies in 
the cosmic microwave background 

for the first time.  



Launched in 1989 and continued 
observations to 2003

COBE
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Credit: NASA

First experiment to convincingly 
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microwave background

DIRBE:  Measure absolute sky 
brightness from 1 to 240 μm to 

determine brightness of infrared sky 

Featured three instruments:

FIRAS:  Measure the spectral 
energy distribution for the CMB, 
compute the temperature, and 

compare with a blackbody

DMR:  Measured anisotropies in 
the cosmic microwave background 

for the first time.  

Observational Cosmology Lecture 3 (K. Basu):  CMB spectrum and anisotropies

COBE
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Launched on Nov. 1989 on a Delta 
rocket.

DIRBE:  Measured the absolute sky 
brightness in the 1-240 μm 
wavelength range, to search for the 
Infrared Background

FIRAS: Measured the spectrum of the 
CMB, finding it to be an almost perfect 
blackbody with T0 = 2.725 ± 0.002 K 

DMR:  Found “anisotropies” in the 
CMB for the first time, at a level of 1 
part in 105 

2006 
Nobel 

prize in 
physics

Credit: NASA

John Mather George Smoot

2006 
Nobel 
Prize in 
Physics
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WMAP launched June 2001

54

Note the same dual receivers as COBE. 
This design, added with the very stable 
conditions at the L2, minimizes the 
“1/f noise” in amplifiers and receivers.

Thus after 7 years, the data can still be 
added and noise lowered (of course, 
the improvement will be marginal).

Credit: NASA

Credit: Porciano
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2001-2009: WMAP

15

Resolution more than 20 times better with WMAP

l<20, θ>9°

2<l<1000 
0.02°<θ<90°

Credit: ??

Credit: Porciano
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PLANCK launch May 2009

59

Destination L2: the second
Lagrangian point

(getting crowded there!)

Credit: ESA

Credit: Porciano
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2010-2014: The Planck satellite

58

Credit: ESA

Credit: Porciano
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Look at significant difference in detail



Look at the Resolution Differences:
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THE COSMIC BACKGROUND

2.3: Observations of the CMB2.3: Observations of the CMB
CMB Experiments

1965 : CMB Discovery (Penzias & Wilson)

1977 : CMB Dipole Observed (Smoot et al) 

1989  : CMB anisotropies observed (COBE)

2001 : Fundamental acoustic peak observed (Boomerang, Maxima) 

2002 : Secondary acoustic peaks observed (Maxima,Boomerang DASI)

2002  : CMB Polarization (E-modes) observed (DASI)

2001 : Acoustic Peaks mapped (WMAP)

2005 ? : Discovery of B-modes ? (Polar Bear)

2007? : Characterize E-modes, Discovery of B-modes ? (Planck)

2015? : Discovery of B-modes ? (CMBPOL Einstein Probe Satellite)

Key Advances in Study of the CMB

Credit: Pearson



What happened during the 
recombination epoch and 
how did it result in the 

cosmic microwave 
background?



(z > 1100)
< 380,000 years

(z < 1100)

> 380,000 years

Temperature 
> 3600 K

Temperature 
< 3600 K

Hydrogen neutral

Almost no free electrons

Photons unbound from 
plasma

Hydrogen ionized

Photons Thomson-scattering 
off of the ionized hydrogen 

Recombination Epoch (z~1100)

Ionized Plasma Neutral Gas

photon



Recombination Epoch (z~1100)

Ionized Plasma Neutral Gas

In more detail, transition occurs in three stages:

1.  Recombination (starting at z~1500)
-- Temperature drops sufficiently that protons can recombine with 

electrons

-- With so many more photons, the temperature of the background radiation can fall well 
below what would normally be necessary to ionize hydrogen.    It is because of the high 

energy tail of distribution.

Credit: Abdalla

2.  Decoupling (starting at z~1200)

-- Occurs at a slightly later stage than the initial recombination, 
because the # of photons exceeds # of baryons by 109

-- Stage where photons are no longer closely tied to baryons



Recombination Epoch (z~1100)

Ionized Plasma Neutral Gas

In more detail, transition occurs in three stages:

3.  Last Scattering (mostly occurs after z~1080)
-- Last time a cosmic microwave photon scatters off of matter

1.  Recombination (starting at z~1500)
-- Temperature drops sufficiently that protons can recombine with 

electrons

2.  Decoupling (starting at z~1200)
-- Stage where photons are no longer closely tied to baryons

-- Occurs at a slightly later stage than the initial recombination, 
because the # of photons exceeds # of baryons by 109



Origin of Microwave Background

-- Cosmic Microwave Photons we 
observe are a relic of the Big Bang

-- The last time cosmic microwave 
photons interacted with matter was at 

the last scattering surface

-- We cannot observe the universe 
directly at any earlier time than the last 
scattering surface (~400,000 years after 

the Big Bang)
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6

THE COSMIC BACKGROUND

2.2: The Origin of the Microwave Background2.2: The Origin of the Microwave Background
The Surface of Last Scattering

 After Recombination and Decoupling the photons are no longer bound to matter and can stream freely

 Photons from the Big Bang fill the universe and we observe them  as the 2.7K microwave background.

 These photons are the  redshifted relic or ashes of the Big Bang

Last time photons interacted ! Surface of Last Scattering

This also means that we can not observe the Universe

when it was younger than ~400,000 years

Credit: Pearson



How extended is the surface of last scattering?

-- Can roughly be described by a 
normal distribution with mean z = 
1080 and standard deviation dz = 

80
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Thickness of recombination shell 

18

The visibility function is defined as the probability density that a photon 
is last scattered at redshift z:  g(z) ~ exp(-") d"/dz

Probability distribution is well described by Gaussian with mean z ~ 1100 
and standard deviation  #z ~ 80.

-- Distribution describes the 
probability that a photon from the 
cosmic microwave background was 

last scattered at a given redshift.



Thermalization of the CMB:

-- To have such a perfect blackbody shape, the rate of thermal 
and photon-scattering processes must be much faster than the 
rate of expansion of the universe.  This happens at the redshifts 

z > 2 x 106 (2 months after big bang)

-- Since the universe expands adiabatically, once a blackbody 
spectrum is set up, it is maintained.

-- This thermalization effectively removes any thermal and 
energy signatures from epochs before this point. 



What fundamentally do we 
observe?
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Planck view of the sky

4

“one scientist’s noise is another scientists’s signal”

View of the sky as seen by Planck
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THE COSMIC BACKGROUND

2.4: Background Light Components2.4: Background Light Components
Backgrounds or Foregrounds? (signals or noise?)

Challenge of looking through the Milky Way



Substantial Foreground Light

One Example is Infrared Cirrus:

-- Interstellar dust in our galaxy is heated by the interstellar radiation field.
-- Emission depends on galaxy latitute and is significant longward of 60 μm
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THE COSMIC BACKGROUND

2.4: Background Light Components2.4: Background Light Components
Infrared Cirrus

B100 Contours 

at 1 and 2 MJy/sr

• Extended whispy neutral interstellar dust in the Milky Way heated by the interstellar radiation field.

• Cirrus emission peaks at far IR wavelengths (100!m) but was detected in all 4 IRAS bands

• The galactic cirrus is a function of galactic latitude and is serious for wavelengths longer than 60!m.

! 

P " d
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Other Examples are Synchrotron (from supernovae remnants) and 
Free-free Emission (from ionized regions around hot stars)



How can we distinguish 
microwave background light 
from foreground emission?



Fortunately all of these telescopes observe 
at multiple wavelengths
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Removing the Galaxy

5



Fortunately all of these telescopes observe 
at multiple wavelengths
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Galaxy vs. CMB

6

CMB vs. foreground anisotropies (Bennett et al. 2003, WMAP 1st year)

Left: Spectrum of the CMB and foreground emissions (models). WMAP 
frequencies were chosen such CMB mostly dominates.

Right: Foreground power spectra for each WMAP band. The dashed lines 
at the right are estimated point source contributions. 

-- This foreground emission has a very different looking spectrum 
than the cosmic microwave background (each has unique multiwavelength 

signature)

-- 5 Wavelength channels for telescopes like WMAP chosen at wavelengths 
where CMB is particularly prominent (9 channels for Planck)
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CMB Foregrounds

7

CMB

Foregrounds

Observation

+            =

K band
23 GHz

Ka band
33 GHz

Q band
41 GHz

V band
61 GHz

W band
94 GHz

Credit: L. Colombo

Using unique multiwavelength signatures of the CMB and the 
foregrounds, find the right linear combination to match the 

multi-wavelength observations 



Now that we’ve explained the 
observational procedure, let’s 
look at the cosmic microwave 

radiation a little closer



Examining the CMB at different contrast levels:
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Amplitude of temp. anisotropies

19

CMB is primarily a uniform glow across 
the sky!

Turning up the contrast, dipole pattern 
becomes prominent at a level of 10-3. 
This is from the motion of the Sun 
relative to the CMB.

Enhancing the contrast further (at the 
level of 10-5, and after subtracting the 
dipole, temperature anisotropies 
appear.

To first approximation, the cosmic 
microwave background is isotropic



Examining the CMB at different contrast levels:

Observational Cosmology Lecture 3 (K. Basu):  CMB spectrum and anisotropies

Amplitude of temp. anisotropies

19

CMB is primarily a uniform glow across 
the sky!

Turning up the contrast, dipole pattern 
becomes prominent at a level of 10-3. 
This is from the motion of the Sun 
relative to the CMB.

Enhancing the contrast further (at the 
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At the ~10-3 level, one finds a 
dipole -- that arises from the 

motion of the earth relative to the 
CMB frame



Examining the CMB at different contrast levels:
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Amplitude of temp. anisotropies

19

CMB is primarily a uniform glow across 
the sky!

Turning up the contrast, dipole pattern 
becomes prominent at a level of 10-3. 
This is from the motion of the Sun 
relative to the CMB.

Enhancing the contrast further (at the 
level of 10-5, and after subtracting the 
dipole, temperature anisotropies 
appear.

To first approximation, the cosmic 
microwave background is isotropic

At the ~10-3 level, one finds a 
dipole -- that arises from the 

motion of the earth relative to the 
CMB frame

At the ~10-5 level (and subtracting 
the dipole), one observes 
anisotropies in the CMB.
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The CMB dipole

20

I’(!’)=(1+(v/c) cos ")3 I(!)
!’=(1+(v/c) cos ") !

T(")=T (1+(v/c) cos ")

• Measured velocity: 390±30 km/s
• After subtracting out the rotation and revolution of the Earth, the velocity of the     
  Sun in the Galaxy and the motion of the Milky Way in the Local Group one finds:
  v = 627 ± 22 km/s
• Towards Hydra-Centaurus, l=276±3° b=30±3°

Can we measure an intrinsic CMB dipole ?

-- magnitude of the dipole is 390 ± 30 km/s

Dipole in the Cosmic Microwave Background

-- if we correct for
satellite-earth ~ 8 km s-1

earth-sun ~ 30 km s-1

sun-galaxy ~ 220 km s-1

galaxy-local group~ 220 km s-1

we find our local group moving towards Hydra at 630±20 km s-1



How do we analyze the 
cosmic microwave 

background?



How to represent or model 
anisotropies in the CMB?

-- Since the observed temperature of the CMB as a function of 
position on sky only differs by a small amount from the mean, 

represent the anisotropies as a temperature difference
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CMB temperature anisotropies

22

• The basic observable is the CMB intensity as a function of frequency 
and direction on the sky. Since the CMB spectrum is an extremely good 
black body with a fairly constant temperature across the sky, we 
generally describe this observable in terms of a temperature fluctuation

• The equivalent of the Fourier expansion on a sphere is achieved by 
expanding the temperature fluctuations in spherical harmonics

-- Represent this temperature difference as a function of 
position using an equivalent Fourier series in spherical 

coordinates -- which are spherical harmonics
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CMB temperature anisotropies

22

• The basic observable is the CMB intensity as a function of frequency 
and direction on the sky. Since the CMB spectrum is an extremely good 
black body with a fairly constant temperature across the sky, we 
generally describe this observable in terms of a temperature fluctuation

• The equivalent of the Fourier expansion on a sphere is achieved by 
expanding the temperature fluctuations in spherical harmonics
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Sum sine waves of di!erent frequencies to approximate any function.

Each has a coe"cient, or amplitude.

Similar concept to Fourier Series

-- Most of you are probably familiar with the fact that one can use a 
fourier series to represent an arbitrary one-dimensional function
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Spherical harmonics

24

Spherical harmonics (used to 
represent the anisotropies in the CMB)
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25

Closer look at all the multipoles 



Sum up to some highSum up to some high 

Made by Matthias Bartelmann

One can represent any spherical surface 
using an expansion in Legendre polynomials

Credit: Bartelmann



SumSum =1 to 8=1 to 8

Made by Matthias Bartelmann

Credit: Bartelmann



SumSum =1 to 7=1 to 7

Made by Matthias Bartelmann



SumSum =1 to 6=1 to 6

Made by Matthias Bartelmann



SumSum =1 to 5=1 to 5

Made by Matthias Bartelmann



SumSum =1 to 4=1 to 4

Made by Matthias Bartelmann



=1 plus =2 plus =3=1 plus =2 plus =3

Made by Matthias Bartelmann



Spherical harmonics:Spherical harmonics:
The spherical equivalent of sine wavesThe spherical equivalent of sine waves
=1=1

Made by Matthias Bartelmann



=1 plus =2=1 plus =2

Made by Matthias Bartelmann



=1=1

Made by Matthias Bartelmann



Power Spectrum for CMB
-- Use the spherical harmonic expansion to construct a power 

spectrum to describe anisotropies of the CMB on the sky
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CMB power spectrum
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Use spherical harmonics in place of sine waves:

Calculate coe!cients, alm, and then the statistical 
average:

Amplitude of fluctuations on each scale ! that’s what we plot.

Power Spectrum
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CMB power spectrum
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Use spherical harmonics in place of sine waves:

Calculate coe!cients, alm, and then the statistical 
average:

Amplitude of fluctuations on each scale ! that’s what we plot.

Expansion:
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CMB power spectrum
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Use spherical harmonics in place of sine waves:

Calculate coe!cients, alm, and then the statistical 
average:

Amplitude of fluctuations on each scale ! that’s what we plot.

After deriving the alm coefficients from the 
data, determine the statistical average

l = 180 / θ
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• Cosmic variance: on scale l, 
there are only ~l(l+1) independent 
modes (only one sky!)

• This leads to an inevitable error, in 
the predicted amplitudes at low l, 
even for very specific cosmological 
models

• Averaging over l  in bands of Δl !1 
makes the error scale as l-1

• If the fraction of sky covered is f, 
then the errors increase by a factor 
f-1/2 and the resulting variance is 
called sample variance (f=0.65 
for the PLANCK satellite)                                          

-- WMAP

-- Planck

-- Pre-WMAP

How do the new Planck results compare to earlier results!



What can we learn from 
CMB power spectrum?



What does the CMB power spectrum look like?
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Damping
tail

Sachs-Wolfe
plateau

Here is such a spectrum:

Power

ScaleLarge Angles Small Angles
Credit: Porciano



First question: how large 
can the angle become 

before the regions become 
causally disconnected?



What does the CMB power spectrum look like?
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Here is such a spectrum:
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How do we explain the power spectrum of 
the anisotropies that are not causally 
connected, i.e., beyond the horizon?

Sachs-Wolfe Plateau

These fluctuations are thought to be quantum fluctuations that 
are blown up in an initial inflationary phase of the universe

But how do these fluctuations translate into temperature 
fluctuations?



Sachs-Wolfe Effect (1967)
04.2.26 Chris Pearson :   Observational Cosmology 2: The Cosmic Background - ISAS -2004
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THE COSMIC BACKGROUND

2.3: Observations of the CMB2.3: Observations of the CMB
Horizons and Fluctuations: Sachs-Wolfe Effect

Scales of *>1o outside horizon 

!fluctuations from inflation

! Gravitational effect of primordial density fluctuations

! 

"2#$ = 4%G#& '
4%G

c
2
#(

Fluctuations in density ! fluctuations in gravitational potential ! Gravitational Wells

Poisson eqn

At  surface of last scattering:

Red spots - higher temperature - potential maxima

Blue spots - lower temperature - potential minima

• Photon a local potential minima (bottom of well) has to climb out ! lose energy ! Redshift

•Photon a local potential maxima (top of well) falls in ! gain energy ! Blueshift
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SACHS - WOLFE EFFECT (1967)
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Secondary integrated Sachs-Wolfe e!ect after recombination: photon falls 
in potential well, gains energy; photon climbs out, loses energy

No net change in energy, unless the potential changes while the photon 
is inside (late ISW).

Δν/ν ~ Δ T/T ~ Φ/c2

Additional e!ect of time dilation while 
potential evolves (full GR):

For power-law index of primary density perturbations (ns=1, Harrison-
Zel’dovich spectrum), the Sachs-Wolfe e!ect produces a flat power 
spectrum: Cl

SW
 ~ 1/l(l+1) 

Photons climbs out of potential minimum, loses energy ↔ lower temperature

Photons falls out of potential maximum, gains energy ↔ higher temperature

Credit: Pearson
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Secondary integrated Sachs-Wolfe e!ect after recombination: photon falls 
in potential well, gains energy; photon climbs out, loses energy

No net change in energy, unless the potential changes while the photon 
is inside (late ISW).

Δν/ν ~ Δ T/T ~ Φ/c2

Additional e!ect of time dilation while 
potential evolves (full GR):

For power-law index of primary density perturbations (ns=1, Harrison-
Zel’dovich spectrum), the Sachs-Wolfe e!ect produces a flat power 
spectrum: Cl

SW
 ~ 1/l(l+1) 
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Red spots - higher temperature - potential maxima
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red regions -- lower temperature (potential maxima)

blue regions -- higher temperature (potential minima)

Credit: Pearson



For a Harrison-Zeldovich power spectrum P(k) ∝ k (expected from 
inflation), the CMB power spectrum is expected to be flat, i.e., Cl ∝1/l(l+1)

Sachs-Wolfe Effect (1967)
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Sachs-Wolfe e!ect

34

Secondary integrated Sachs-Wolfe e!ect after recombination: photon falls 
in potential well, gains energy; photon climbs out, loses energy

No net change in energy, unless the potential changes while the photon 
is inside (late ISW).

Δν/ν ~ Δ T/T ~ Φ/c2

Additional e!ect of time dilation while 
potential evolves (full GR):

For power-law index of primary density perturbations (ns=1, Harrison-
Zel’dovich spectrum), the Sachs-Wolfe e!ect produces a flat power 
spectrum: Cl

SW
 ~ 1/l(l+1) But what distribution of potential minima and maxima do we expect?

This comes from inflation



Second Topic: Now let’s 
discuss the acoustic peaks in 
the CMB power spectrum



What about the Acoustic Peaks?
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tail

Sachs-Wolfe
plateau
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Acoustic Oscillations:
-- Universe filled with slight dark matter overdensities on all 

scales

-- Baryons will fall onto these overdensities due to the force of gravity 
heating the fluid up

-- Large number of baryons falling onto overdensity causes an increase 
in pressure due to baryon-photon coupling -- which resists gravitational 

forces and causes it to expand (cooling the fluid down)

-- An oscillation is set up and continues until decoupling

• Baryons fall into dark matter potential wells: Photon baryon fluid heats up

• Radiation pressure from photons resists collapse, overcomes gravity, 
expands: Photon-baryon fluid cools down

• Oscillating cycles on all scales. Sound waves stop oscillating at 
recombination when photons and baryons decouple.
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Acoustic oscillations
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Springs:
photon

pressure

Balls:
baryon
mass

Credit: Wayne Hu

-- credit: Wayne Hu



Acoustic Oscillations:
-- First peak is a compression mode
-- Second peak is a rarefaction mode
-- Third peak is a compression mode

Oscillations took place on all scales. We see temperature features from 
modes which had reached the extrema

•  Maximally compressed regions were hotter than the average
Recombination happened later, corresponding photons experience less 

red-shifting by Hubble expansion:  HOT SPOT

•  Maximally rarified regions were cooler than the average 
Recombination happened earlier, corresponding photons  experience 

more red-shifting by Hubble expansion:  COLD SPOT
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Acoustic peaks
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1st peak

harmonics
Harmonic sequence, like waves in pipes or strings:

2nd harmonic: mode compresses and rarifies by 
recombination
3rd harmonic: mode compresses, rarifies, 
compresses

! 2nd, 3rd, .. peaks

(Similar to harmonics on a musical instrument/string/pipe!)



Ian M. George                                                      PHYS 416 (2011 Spring)    Meeting 19 

[Image Credit: Hu & White 2004] 

First Peak: Illustration



Ian M. George                                                      PHYS 416 (2011 Spring)    Meeting 19 

[Image Credit: Hu & White 2004] 

Second Peak: Illustration



Acoustic Oscillations:
-- First peak is a compression mode
-- Second peak is a rarefaction mode
-- Third peak is a compression mode

(Similar to harmonics on a musical instrument/string/pipe!)

Peaks are spaced 
approximately equally 
in spherical harmonic 

number l
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Harmonic sequence
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Modes with half the 
w a v e l e n g t h s 
osccilate twice as 
fast (ν = c/λ).

Peaks are equally 
spaced in 

1

2 3

Credit: Wayne Hu

Credit: Porciani



What can we learn from the 
properties of these acoustic 

peaks?



Let’s examine acoustic peak #1

-- For this peak, baryonic matter would be falling onto this pattern of 
overdensities for the first time

(What can we learn from the angular scale at which is observed?)
(they give us standard rods to measure geometry of universe)

Ian M. George                                                      PHYS 416 (2011 Spring)    Meeting 19 

[Image Credit: Hu & White 2004] 



Let’s examine acoustic peak #1

-- For this peak, baryonic matter would be falling onto these overdensities 
for the first time

(What can we learn from the angular scale at which is observed?)

-- Length scale spanned by peak is comoving length transversed by a 
sound wave to the point of last scattering:
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Sound Horizon at z = 1100

! 

distance travelled by a sound wave

                  c
S
 dt

expand each step by factor R(t
R

)/R(t) :

L
S
(t
R

) = R(t
R
)

c
S
dt

R(t)
0

t R

"

=
R0

1+ z

x

R0

c
S
dx

x H(x)
1+z

#

"

=
c
S

( 1+ z )

dx

H(x)
1+z

#

"

=
c
S

( 1+ z ) H0

dx

x
4 $

R
+ x

3 $
M

+$% + 1&$0( ) x 2
1+z

#

"

'
c
S

( 1+ z ) H0

dx

x
4 $

R
+ x

3 $
M1+z

#

"

! 

x " 1+ z =
R0

R( t)

dt =
#dx

x H (x)

sound  speed

c
S
$

c

3

 recombination

at    z = 1100

 keep 2 largest terms.

H( x ) from Friedmann Eqn.

dt = - dx / x H( x )

R( t ) = R0  / x

AS 4022  Cosmology

Sound Horizon at z = 1100

! 

distance travelled by a sound wave

                  c
S
 dt

expand each step by factor R(t
R

)/R(t) :

L
S
(t
R

) = R(t
R
)

c
S
dt

R(t)
0

t R

"

=
R0

1+ z

x

R0

c
S
dx

x H(x)
1+z

#

"

=
c
S

( 1+ z )

dx

H(x)
1+z

#

"

=
c
S

( 1+ z ) H0

dx

x
4 $

R
+ x

3 $
M

+$% + 1&$0( ) x 2
1+z

#

"

'
c
S

( 1+ z ) H0

dx

x
4 $

R
+ x

3 $
M1+z

#

"

! 

x " 1+ z =
R0

R( t)

dt =
#dx

x H (x)

sound  speed

c
S
$

c

3

 recombination

at    z = 1100

 keep 2 largest terms.

H( x ) from Friedmann Eqn.

dt = - dx / x H( x )

R( t ) = R0  / x

sound speedwhere

AS 4022  Cosmology

Sound Horizon at z = 1100

! 

L
S
(t
R
) =

c
S

( 1+ z )

dx

H(x)
1+z

"

# $
c
S

( 1+ z ) H0

dx

x
4 %

R
+ x

3 %
M1+z

"

#

=
c
S

( 1+ z ) H0 %
R

dx

x
3(x + x0)1+z

"

# x0 &
%

M

%
R

$ 3500
%

M

0.3

' 

( 
) 

* 

+ 
, 

=
c
S

( 1+ z ) H0 %
R

-
2

x0

1+
x0

x

' 

( 
) 

* 

+ 
, 

1+z

"

=
2c

S

( 1+ z ) H0 %
M
x0

1+
x0

1+ z
-1

' 

( 
) 

* 

+ 
, c

S
=
c

3

=
c

H0

2 4.6 -1( )
1100 3. 0.3. 3500

= 3.4 .10-5 c

H0

$110
0.7

h

' 

( 
) 

* 

+ 
, 

0.3

%
M

' 

( 
) 

* 

+ 
, 

1/2

 kpc

Expands by factor

1 + z = 1100

to ~120 Mpc today.

-- This length scale acts as a standard rod

(they give us standard rods to measure geometry of universe)



Let’s examine acoustic peak #1

-- For this peak, baryonic matter would be falling onto these overdensities 
for the first time

-- Key Question:  What is the angle of the peak on the sky?

(What can we learn from the angular scale at which is observed?)

AS 4022  Cosmology
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How does the angular diameter distance 
depend on the cosmological parameters?

Cosmic Microwave Background 

•! COBE probed large angular scales, the initial conditions of the early 

universe 

•! WMAP & other recent experiments probe much smaller scales and are 

able to measure “acoustic peaks” in the CMB 

•! Measuring the location and relative strength of these peaks allow for the 

measurement of cosmological parameters to high accuracy 

•! What causes these peaks? 

•! Before recombination, the universe is a plasma (electrons, protons, and 

photons).  The photons and electrons and protons are coupled due to 

Thomson scattering of photons off electrons and EM interactions. 

•! Thus the universe before recombination acts like a fluid. 

Cosmic Microwave Background 

•! The acoustic peaks we measure are due to “sound waves” in the 

plasma 

•! Potential wells (and potential hills) cause compression and rarefacation.  

Think of gravity as mass on springs, it will fall into potential wells 

(enhanced density) and away from areas of underdensity (potential hills) 

•! Radiation pressure resists the compression, it provides the spring action 

•! So we get oscillations similar to masses on springs 

•! Relative height of peaks tells us the amount of matter and baryon 

density in the universe 

•! Position of the first peak tells us about the geometry of the universe 

(curvature and Hubble Constant) 

Simplified power spectra 

Effects of geometry and distance on  
observed CMB fluctuations 

Fixed Distance 
Traversed by 

Baryons in First 
Acoustic Peak



How does the angular diameter distance 
depend on the cosmological parameters?

LMU Lecture  Observational Cosmology II   (§ 4)        SS 2010     
37 

Diameter Distance in Curved Space 

In a closed universe the apparant size of a distant object gets 

magnified with respect to a flat universe. Sometimes this is 

compared to gravitational lensing and one says that in a closed 

universe distant objects a magnified by gravitational lensing."

For example, in closed universe, objects subtend larger 
angle than they would in flat spacetime.
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THE COSMIC BACKGROUND

Red - warm Blue - cool

2.3: Observations of the CMB2.3: Observations of the CMB
Resolving the Different Cosmological World Models

fundemental 1st harmonic

• Relative heights and locations of these peaks 

# signatures of properties of the gas at this time

  Open Universe - photons move on faster diverging paths 

=> angular scale is smaller for a given size

 Peak moves to smaller angular scales 

(larger values of l)

*** THE UNIVERSE IS FLAT ****** THE UNIVERSE IS FLAT ***

How does the angular diameter distance 
depend on the cosmological parameters?

Here is how the peak 
would shift in an open 
universe (green) and a 

flat universe (red)



What does the position of the first 
acoustic peak teach about ΩM and ΩΛ?

M
AP

te
am

W
M

It shows us with high confidence 
that universe is likely flat



How might we expect the CMB 
anisotropies to look like on the sky for 

different geometries?
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E!ect of curvature
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Ωk does not change the amplitude of the power spectrum, rather it shifts the 
peaks sideways. This follows from the conversion of the physical scales (on 
the LSS) to angular scales (that we observe), which depends on the geometry.

Curvature (cosmological constant, ΩΛ) also causes ISW e#ect on large scales, by altering 
the growth of structures in the path of CMB photons.



What can we learn from the 
other peaks?



What can we learn from the other peaks?

The presence of more baryons 
increases the amplitude of the 
oscillations (baryons drag the fluid 
into potential wells). 

Perturbations are then compressed 
more before radiation pressure can 
revert the motion.

This causes an alternation in the 
odd and even peak heights that 
can be used to measure the 
abundance of cosmic baryons.
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Baryon loading
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Credit: Wayne Hu

-- The presence of more baryons increases 
the amplitude of the oscillations

-- As a result, the fluid is compressed more 
before photon pressure can resist the 

compression

-- This results in an asymmetry between 
the even and odd peaks

Learn about baryon content



What can we learn from the other peaks?

Learn about baryon content
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Which way the peaks move?

42

Credit: Wayne Hu

Note how 1st and 3rd 
peaks are enhanced!

In fact, this provides best 
constraint on baryonic content 
of universe (even better than 

big-bang nucleosysnthesis)



What type of constraints can we set on Ωbaryon?

Amazingly, one can 
even weakly constrain 

the abundance of 
primordial helium (to 
better than 1% using 

the latest data)

Hans Böhringer LMU Lecture Observational Cosmology II (§ 5)        SS 2010     29

Influence of the He Abundance on the TT 
Power Spectrum II

The plotted power spectrum curves show the effect of the He abundance
on the TT power spectrum.                   [Komatsu et al. 2010]

Hans Böhringer LMU Lecture Observational Cosmology II (§ 5)        SS 2010     30

Constraining the Primodial HE Abundance
with WMAP

The 7yr WMAP data now show that He is needed in the modeling to produce
the correct TT power spectrum shape.                  [Komatsu et al. 2010]

Source: WMAP team



CHAPTER 7. THE COSMIC MICROWAVE BACKGROUND 79

Figure 7.5: Left: Constraints on cosmological parameters derived from
WMAP 3-year data alone (black contours), and combined with other
cosmological data sets (red islands). Right: Constraints on the baryon
density from primordial nucleosynthesis (vertical grey bar) and from
the CMB. The agreement is extraordinary.

How do constraints on Ωbaryon from the CMB 
compare with Big Bang Nucleosynthesis?

Constraints on Ωbaryon 

from CMB (derivable now 
to 0.4% accuracy) in 

perfect agreement with 
Big Bang Nucleosynthesis

Observations of He3 
and Li7 not well 

enough understood 
to set competitive 

constraints on Ωbaryon
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Credit: Wayne Hu

What can we learn from the other peaks?

Learn about dark matter content
Note how 3rd peak is 
enhanced when dark 
matter density higher!

To ensure this peak is 
prominent, necessary to have a 

relatively high dark matter 
content earlier in universe.  
Otherwise, the universe will 

have a longer radiation 
dominated phase -- inhibiting 

the growth of fluctuationsTo understand this point it is useful to 
understand the importance of the 

epoch of matter-radiation equality for 
the growth of fluctuations in the 

universe


