
Spring 2021: Week 12ASTR/PHYS 4080: Introduction to Cosmology

Structure Formation: 
Gravitational Instability

1

ASTR/PHYS 4080: 
Intro to Cosmology


Week 12


Today: Ch. 11

HW 9 due Thursday



ASTR/PHYS 4080: Introduction to Cosmology Spring 2021: Week 12

Primordial Density Fluctuations from Inflation
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• isentropic/adiabatic fluctuation, equal 
fluctuation in all forms of energy 
(photons, neutrinos, DM, baryons)      
⇒ perturbation to spacetime curvature

•quantum fluctuation (of a weakly 

coupled field)                                      
⇒ Gaussian fluctuation

• distribution of fluctuation in space P(δ), 
Gaussian

• joint distribution P(δ1,δ2, ... ,δn) at points 
x1, x2, ..., xn, multi-variate Gaussian
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Coma Cluster
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Galaxy Surveys

4



ASTR/PHYS 4080: Introduction to Cosmology Spring 2021: Week 12 5



ASTR/PHYS 4080: Introduction to Cosmology Spring 2021: Week 12 6



ASTR/PHYS 4080: Introduction to Cosmology Spring 2021: Week 12

Consider small initial fluctuations in density
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z=0

z=5
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{Power spectrum of density fluctuations
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2

comoving coordinates

Like CMB temperature fluctuations, can decompose 
density fluctuations into components: while we used 

spherical harmonics for the CMB (surface of a 
sphere), density fluctuations are 3D inside a volume, 
so more appropriate to use 3D Fourier components

where each component obeys
• scales must be larger than the Jeans 

length to collapse 
• if they’re larger than the Hubble 

distance, then collapse proceeds 
differently
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Power spectrum of density fluctuations
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Power spectrum defined to be the mean 
squared amplitude of the Fourier components:

Gaussian field: each component uncorrelated and 
random, drawn from the Gaussian distribution 

Inflation predicts this (random quantum fluctuations) 
and a power law power spectrum (with n~1)
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Power spectrum of density fluctuations
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This scenario means that if you sample the universe at random places within spherical volumes of 
radius r (containing mass M on average), the spread in masses behaves like:

sigma-8: amplitude of 
density fluctuations 

(Not quite the same sigma as 
on the previous slide)
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Temperature of the Dark Matter
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Hot Warm Cold
velocity of particles 

compared to the speed of 
light 

relativistic at time of collapse 
(like neutrinos): hot 

non-relativistic at time of 
collapse (like WIMPs): cold 

fast motions wipe out initial 
overdensities on small 

scales: “free-streaming”
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Temperature of the Dark Matter

13

How do galaxies form if dark matter is hot vs. cold? 

MW-like galaxy mass is contained within a Hubble volume before decoupling, in the radiation-
dominated era (a~4x10-6, t~12 yr, kT~60 eV) 

Particle total energies relative to their rest mass determine whether they are relativistic or not 

 
For hot DM, density fluctuations are wiped out below a size determined by the horizon distance when 

the particles become non-relativistic:

comoving:

all structure below superclusters wiped out if DM hot: superclusters old, galaxies younger
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Temperature of the Dark Matter
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How do galaxies form if dark matter is hot vs. cold? 

MW-like galaxy mass is contained within a Hubble volume before decoupling, in the radiation-
dominated era (a~4x10-6, t~12 yr, kT~60 eV) 

Particle total energies relative to their rest mass determine whether they are relativistic or not 

 
For cold DM, density fluctuations cannot grow quickly within a Hubble distance (             ), but growth 

at larger scales can proceed once the particles decouple from radiation 

For a WIMP-like particle that decouples at 1s (a~3x10-10, c/H~2ct~6x108 m), scales > 60 pc can grow as 
long as they remain larger than the Hubble distance, at which time their growth is slowed until the end 

of the radiation era (90 Mpc scales) 

Superclusters grow immediately and never stop, but less massive structures have a pause in their 
growth until matter dominates, at which point all scales can grow
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Temperature of the Dark Matter
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Temperature of the Dark Matter
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Hot dark matter alone gives a bad fit to observations (galaxies are detected up to z~10, superclusters 
forming now) - top-down scenario doesn’t work 

Cold dark matter predicts small structures to form first (bottom-up formation), with smaller things 
merging together to build larger structures: hierarchical structure formation 

Some hot DM acceptable - measuring the large scale structure and comparing to the theoretical power 
spectrum yields the constraint: 

We now know neutrinos have mass, so their summed mass is constrained by this to be:

The benchmark model is typically referred to as 
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Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations
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Baryons Radiation Radial Profile
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Baryon Acoustic Oscillations
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Baryons Radiation Radial Profile
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Baryon Acoustic Oscillations
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Baryons Radiation Radial Profile
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Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations
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Eisenstein+ 2005

To measure, use galaxies to trace the signature of 
these oscillations 

The number of galaxies should be correlated with 
each other on scales comparable to the sound 

horizon of the largest acoustic peaks (~150 Mpc 
comoving) 

The number of galaxies within a given volume is
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BAO - Cosmological Constraints
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