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Since we have p,>>pn at early time the energy Universe* f
relation given in Eq. (6) may be integrated in a

simpler form, with the result Spring, Maryland
T =[(32xGa)/(3c) T~ °K
_ - terconverting matter and
=1.52 X 10'% *uh. (1 33) ie physical conditions that

nsion, is used to determine

The density of radiation, p,, mav be found from _ tter and radiation. These
In accordance with ["f] ( : the S[.!El;‘lﬁﬂﬂtl(}ﬂ of 4 mass when formed as

. . tions are co ted to b
Pmty pmty and py fixes the present density of radia- R
tion, p,. In fact, we find that the value of p,
consistent with Eq. (4) is

(12d)

| ¢ interpreted as the background tem-
perature which would result from the universal
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THE DARK AGES
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LETTERS TO THE EDITOR

Fluctuations in the Primordial Fireball

ONE of the overwhelming difficulties of realistic cosmo-
logical models is the inadequacy of Einstein’s gravitational
theory to explain the process of galaxy formation!-¢, A
means of evading this problem has been to postulate an
initial spectrum of primordial fluctuations?’. The inter-
pretation of the recently discovered 3° K microwave
background as being of cosmological origin®:® implies that
fluctunations may not condense out of the expanding
universe until an epoch when matter and radiation have
decoupled?, at a temperature T'p of the order of 4,000° K.
The guestion may then be posed: would fluctuations in
the primordial fireball survive to an epoch when galaxy
formation is possible ?

JOSEPH SILK

Harvard College Observatory,
Cambridge, Massachusetts.
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FROM PRIMORDIAL FLUCTUATIONS TO GALAXY FORMATION

z=11.9
800 x 600 physical kpc

Diemand, Kuhlen, Madau 2006
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FROM DENSITY FLUCTUATIONS TO GALAXIES
~ T AnguTar scale e
QOOI ...1.80 1°

0.2° 0.1° 0.07°
- - - Temperature fluctuations 1
' measured by Planck satellite
- compared to inflation prediction

Fourier transform of
B temperature anisotropies 7

Fluctuations propagate as
sound waves until transparency _

Peaks are sound wave

maxima/mimima at last scattering of
photons ]

® & Photon mean free path increasgs
- +: _as density decreases until i
1 4 luctuations are damped
2
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Multipole moment, ¢




Angels and demons

The implications of a curved space
i as seen by M.C Esher

hyperbolic

4 geometry




Q2= 8nGp/3H,* H,=68+-1 km s Mpc -

curved

Q,=0.697+-0.011

Q= 0.303+-0.011 The geometry of the universe

IS Euclidean!
Q= 0.0484+-0.0007

1,=13.804+-0.058 Gyr



The next challenge: POLARIZATION

“Twisting” of the CM]
s by gravity waves from
. the epoch of inflation
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at 10-3%sec
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Dust and gravitational lensing
are foregrounds to be removed

il The holy grail!
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Bpolar Bea Slons Array,
BICEP3/KECK array, CLASS..

SPIDER

Limit T/S~0.01

Space by 2022 LITEBIRD JAXAINASA phase A 2015.5

Limit T/S~0.001



FUNDAMENTAL PHYSICS CHALLENGES
FOR A FUTURE SPACE CMB EXPERIMENT

* Damping tail and m,
* Primordial B modes

. e stan DM model

What Is the choice for a future space mission?
TO B Or nOt tO B? the polarization by primordial gravity waves

Is divergence free, only stretching, likea 5,
magnetic field




1. Thermalization ... cuecomonsatmgomea

2 > 7,22x10°(0.0224/Qgh?)2 create photons before 1 yr

€ty --- ety+y (also bremsstrahlung: e +X --- e+ X + v )

t, = 4.108(Qh?/0.0224)1 (2.108/2)%2 s

2. conserve photons

Equilibration (y,e") to Bose-Einstein by Compton scattering ,. )
| (1) Y O esults in },LngStOI’tIOI’l

before 104 yr

(e+y --- ety)

occurs at z,< z <z, = 2.15x10%(1/Qgh?)Y2

3. Heating of photons

Z < Zy : Compton scattering produces Yy distortion

4. Recombination At 7,.cm 1060

5. Relonization 2



y distortion
| —————- u distortion !

4 [ Definitions such that the photon j N
| number density is conserved ! |
[ (Alhvdv=0) ! ] g
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Intensity (~ x™ n)

N Cross over h
frequency
~124 GHz

! 2—2.7°K black-bady
radiation

b33 7K black=body
radiation

Cross over |

s frequency ¢—3.3°K Bose-Einstein
21 o ~217 GHz | radiation with m 0.3
B s 1 d—apectrum predicted |
B _ by formula (3),
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Spectral distortions are the next frontier

Sunyaev & Zeldovich, 1970, ApSS, 2, 66

> 3 order of magnitude improvement is feasible!



y-distortion

y+p+residual distortion

p-distortion

temperature shift

Time 380,000 years 7,000 years 8 years 2 months
< v N
Photon energy : Photon energy : Photon energy Photon energy
< | scattering inefficient 5 intermediate regime i i| scattering efficient full thermalization
5 : :
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é’ s E Maximum of /
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cold dilute =&

Recombination era

Search for 3 nurfnbers
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Distortion
visibility

hot dense

Blackbody era

10°

3x10°

Silk & Chluba, Science, 2014

2x 108 5x 108

>
Redshift




A search for spectral distortions
Guaranteed signal

Density fluctuation damping gives u=10-3
complements CMB acoustic peaks

Pajer & Zaldarriaga 201

These numbers are integrated over z

Can we do better?

35
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Cosmological recombination spectrum
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Challenging as ~108 CMB photons/baryon means spectral distortion ~ 108

/

HI spectrum Lyman a

Hel spectrum
Hell spectrum

Total distortion
Total distortion /w feedback

Changes in line shape
and position due to He
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Chluba & Ali-Haimoud 2015
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1068

0.1

0.01

16 sq deg patches,1 -3
0.5 arcmin beam

Desjacques, Chluba, JS, de Bernardis, Dore 2015
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FUTURE SPACE MISSIONS WITH SPECTRAL CAPABILITY

PIXIE for 2022 launch?
T/S~2.10* (1o)

+ possibility of finding
n atz~10° andy at z~103

cf: LiteBIRD’s design goal is ~few x 10 for 2022 launch

PIXIE+
With modest increase (X 3) in sensitivity,
a significant detection of u is guaranteed

HYPERPIXIE: Theorist’s dream:
Revelatory for recombination at z = 1080
& for primordial He

BUT need 30x PIXIE sensitivity!
a billion $ mission...

Wavelength
3 mm 300 pm 90

u = 5x107°
y = 1x1078
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Chluba 2015
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