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Cold Dark Matter in the CMB

e Hydrostatic equilibrium, gravitational forcing, diffusion damping
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Cast of Characters

e O = AT/T: local CMB blackbody temperature fluctuation
p~, = p,/3 o< T*: radiation pressure, hydro equilibrium
n. o T°: photon number density, continuity equation

e Gravity:
a: scale factor T oc a ™!

W: Newtonian gravitational potential - hydro equilibrium

O ~ —W: Local scale factor pert.- changes local number density

e Bulk (fluid) properties
Ac = 1/7: mean free path of v to Thomson scattering
R = 3py/4p-: baryon-photon (momentum density) ratio
v~, Up: photon and baryon bulk velocity

7~ radiative viscosity or anisotropic stress



Exact (Linear) EOMs

e Linear fluctuations: solve in Fourier (or wavenumber £-) space

e Continuity: number density changes due to the local volume
expansion and bulk velocity divergence

[&3(57'1@,] . = _aiinfy(k.,“ﬁ + 3(1)) )

e Momentum: momentum density (p + p)v changes additionally
with de Broglie wavelength, stress and potential gradients

[a*(507)(vy + Rw)] = a*k[0p, — 2pymy + 504 (1 + R) Y]
e Rewrite in terms of O: on. /n., = 30, dp,/p, = 40/3
Equilibrium : © + (1 + R)¥ = 0, T, =0

e Observed temperature fluctuations are local © corrected for
gravitational redshift: © + W



Fluid Approximation

e Near recombination z ~ 10°? and Q,h? ~ 0.02, the (comoving)
mean free path of a photon

1
Ao = — ~ 2.5Mpc
T

small by cosmological standards!

e On scales A > Ao photons are tightly coupled to the electrons by
Thomson scattering which in turn are tightly coupled to the
baryons by Coulomb interactions

e Single bulk velocity v, = v, and the photons carry no anisotropy
in the rest frame of the baryons 7, = 0

e — No heat conduction or viscosity (anisotropic stress) in fluid



Acoustic Oscillations

e Combine continuity and momentum in fluid limit

(14 R)O] + 2k*0 = —LE*(1+ R)V — [(1 4+ R)D)
e Acoustic oscillations of observed temperature © + ¥ around
equilibrium point

e Toy example: if R, W, ¢ constant

©+Vl(n) =0+ 1+ R)V|(0) cos(ks) — RV

where s is the sound horizon s = [ ¢dn = [ dt/a
s /—3(1—|—R)

e Temporal oscillations around equilibrium point that measures
gravitational potential: — RW



Temperature Anisotropy

e Spatial oscillations frozen at recombination; photons then stream

e Viewed at distance D, as angular anisotropy L ~ kD,

Streaming



Peak Modulation

e Peaks in power when oscillations reach extrema at recombination;
ks, =nm

e Equilibrium offset adds to odd peaks, subtracts from even peaks

e Toy model:
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Peak Modulation

e Full calculation vs damping removed calculation v, = vy, 7, = 0
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Peak Modulation

e Once damping removed: equilibrium measures grav potential W
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e Reveals U decays at high £ and observed temperature rises



Matter-Radiation

e At high k, acoustic oscillations begin in the radiation dominated
regime

e Acoustic oscillations (Jeans) stabilizes (comoving) density
fluctuations (A) leading to gravitational potential decay

e Poisson equation

k*® = 4rGa’pA
in the radiation dominated era p oc a~% and A oscillates at constant
amplitude

e Decay is timed to beginning of acoustic oscillation acting as a
coherent “push” — change in ® doubles the effect to 2AW.



Radiation Driving

e Cartoon version (doubled by local scale factor ® effect):
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Radiation Driving

e Non-cartoon version: 25x power at low & limit (Sachs-Wolfe
effect), lowered to ~ 20 due to neutrino contribution

[© + T](0) + AT — AD| = |3T(0) — 2T(0)] = |2T(0)]

e Since baryons are also in acoustic oscillations driving goes away
only when CDM dominates: V. (k) measures CDM density

W,

.
If

ks/m

e Oscillations damp over time given viscosity m, — 3rd CDM effect
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Potential Envelope

e Driving measures matter radiation scale L
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Damping
e Tight coupling equations assume a perfect fluid: no viscosity, no
heat conduction

e Fluid imperfections are related to the mean free path of the
photons in the baryons

1

Ao =7 where 7 =n.ora

e Dissipation related to diffusion length: random walk approx

)\]) — \/N/\C = \/77/)\0 )\(j = 1/ 77)\(]

the geometric mean between the horizon 7 and mean free path

e Comoving horizon scale 1 = f dlna. o CDM effect on the

Ha
817G

expansion H? = =5~ p changes damping scale relative to acoustic

peak scale



CDM vs Baryons in the CMB

e Distinguishable effects of hydro equilibrium, forcing, damping
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Planck Precision

e Planck 2018 parameter estimates:
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Summary
e Three effects of CDM:

Hydrostatic equilibrium: even-odd modulation measures RW
Radiation driving elimination: decrease in (undamped) peak
amplitude measures matter radiation ratio: p./p,
Damping scale: change relative to sound horizon measures
matter contribution to expansion rate
e Cross checks and calibrates baryon density as well as fundamental
assumption: only photons, neutrinos, baryons, CDM

Passed with only ~ 20 “curiosities” (peaks slightly too smooth)

e What’s the matter with the CMB?
H inference — requires robust calibration of the sound horizon

Viable CMB H| explanations must be tuned to coincidentally
mimic CDM behavior



