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Cosmic Sound Waves

In the early universe, photons and baryons were strongly coupled.

Perturbations excited sound waves in the photon-baryon fluid:
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These acoustic oscillations have been observed...



Cosmic Sound Waves

... in the correlations of the cosmic microwave background (CMB)
anisotropies:
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Cosmic Sound Waves

... and in the distribution of galaxies in the universe via the spectrum
of baryon acoustic oscillations (BAO):
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Cosmic Neutrinos

41% of radiation density in the universe:
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— can detect their energy density. /4

Observable: “effective number of neutrinos” N:¥ = 3.045.
e.g. Mangano et al. (2005), Grohs et al. (2016), de Salas & Pastor (2016)
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Cosmic Neutrinos

Main effect of neutrinos in the CMB is on the damping tail:
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Cosmic Neutrinos

Now: Planck is sensitive to neutrino perturbations.

Free-streaming neutrinos overtake the photons and pull them ahead

of the sound horizon:
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Phase Shift

This corresponds to a phase shift in the CMB power spectrum:
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CMB spectrum

57(/2) ~ A(k) cos(krs + ¢)
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Bashinsky & Seljak (2003)
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Free-streaming neutrinos are a causal way to produce such a shift.

Baumann, Green, Meyers & BW (2016)



Phase Shift and Free-Streaming Neutrinos

Small effect: Al ~ 5.0 x ANg.

But neutrino imprint in phase shift has been detected in Planck data:
NeAﬂ:e = 2.31%:411 (phase shift-inducing radiation density)

Follin, Knox, Millea & Pan (2015)

Complementary analysis:

Neg = 2.80 £0.24 Nauia < 0.67 (95% c.l.)

(free-streaming radiation density)  (non-free-streaming radiation density)

Baumann, Green, Meyers & BW (2016)

— Standard Model neutrinos are free-streaming.



Cosmic Neutrinos in LSS

Main effect of (massless) neutrinos on the matter power spectrum:
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Variation of matter-radiation equality and related change in amount
of structure growth.



Mass Profile of Perturbation

Mass Profile of Perturbation
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Baryon Acoustic Oscillations

In Fourier space, this corresponds to the BAO spectrum, e.g. of the
distribution of galaxies:
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Phase Shift in the BAO Spectrum

Extra relativistic species lead to the same phase shift as in the CMB:
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Phase Shift in the BAO Spectrum

Extra relativistic species lead to the same phase shift as in the CMB:
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Phase is immune to the effects of nonlinear gravitational evolution.
Baumann, Green & Zaldarriaga (2017)

Certain information encoded in the peak locations is robust to

uncertainties in the broadband spectrum. Baumann, Green & BW (2016)



Generalized BAO Analysis

Proposal to adapt the standard BAO analysis:  template
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Neutrinos in the BAO Spectrum

The neutrino-induced phase shift can be measured in the BOSS DR12
dataset:
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Baumann, Beutler, Flauger, Green, Vargas-Magafia, Slosar, BW & Yeéche (2019)



Neutrinos in the BAO Spectrum

The neutrino-induced phase shift can be measured in the BOSS DR12
dataset:
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This is a proof of principle for directly extracting information on
neutrinos (and other light relics) from galaxy clustering data.

Baumann, Beutler, Flauger, Green, Vargas-Magafia, Slosar, BW & Yeéche (2019)



Future Constraints on N g from the CMB

Employing all effects of cosmic neutrinos:
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Future Constraints from CMB and LSS

Forecasts indicate that future LSS observations will be sensitive to
extra relativistic species:
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Planned LSS surveys will
provide significant
improvements over Planck.

Combining with planned CMB
experiments, we get further
increase of sensitivity.

Baumann, Green & BW (2018)



Future Constraints from CMB and LSS
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— Go beyond neutrinos and probe other light relics!

Baumann, Green & BW (2018)



Extra Light Species

Light and weakly interacting
particles arise in many BSM models,

e.g. from spontaneously broken
global symmetries.

Classification of interactions with the Standard Model in effective
field theory:

= Z OXOSM

Y
allowed interactions /

constrained by symmetry symmetry breaking scale

Useful to classify according to spin
— dark scalars (e.g. axions), dark fermions, dark forces, gravitinos

Brust, Kaplan & Walters (2013)



Light Thermal Relics

Relic density px (A) measured in terms of Nyg = NoM + ANg:

4/3
PX 9x,SM —4/3
( ) Puv; 9« (Tdec)

A A

effective number of relativistic  entropy production
degrees of freedom

4 1

g« x = 1, = 2,... for spin-0, 3’ I... gx.sm = 106.75

Assume:
— Negligible entropy production (y ~ 1).
— Minimal extension of the Standard Model (g.(T" > my) = g« sm)-
—» ANeg > 0.027 g, x

cf. BW (2018)



CMB Stage-4

One of the main science targets of the next-generation CMB experiments:

o(r) : o(Negt) : o(Xm,)
2017 CMB-S? . .
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2020 CMB-S3
10000
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Target 0.0005 E 0.027 :  0.015eV

CMB-S4 Science Book (2016)



Light Thermal Relics
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Light Thermal Relics

Ruled out by
Planck+BAO+BBN (20)
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Example: Constraints on Axions

__i MV_i Y
L = 4AF L F IA, tr{G,, G""}

Assume: AN g = 0.027 excluded:
— Axion was never in thermal equilibrium.
— Production rate must be smaller than Hubble rate at reheating:

| I'(A;,Tr) S H(TR) .
— Production rate depends on couplings to the Standard Model.
— Strong constraints:

T 1/2
Ay > 1.4 % 1013Gev< d ) ,

A, > 5.4 x 101 GeV (

Baumann, Green & BW (2016)



Axion Coupling to Photons

Exclusion of AN.g = 0.027 implies strong constraints on couplings to

the Standard Model:
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Axion Coupling to Gluons

Exclusion of AN.g = 0.027 implies strong constraints on couplings to
the Standard Model:

10_4 T T T v T T T T T
10—6 CASPEr
(phase 1): : (phase 2)
a
|> 10—10 |
3 ANgg > 0.027 {08
= 1070 105 =
4 = » ' Cosmology 1100 &,
10-
U '2:)[-‘\0(\ (TR f— 1010 GeV)_- 1012 é
BENeY j ~
10— 16 Q 41015
0—18 A L"l‘. . 1 L 1 ! ] L ] A 1 .
¢ . {G é/w} 10— 14 1012 1010 108 106 10—4 10~2 1
——1r
2224 m¢, [GV]
1A,
2r 3.8 % 1073 GeV ™1
gqa ~ —
Qg Ay

Baumann, Green & BW (2016)



Conclusions

(1) Cosmic neutrino background consists of free-streaming particles
(now seen in both the CMB and BAO spectra).

(2) Future cosmological observations have the potential to measure
the radiation density of the early universe at the level of

0
1%
This is an important improvement over current constraints.

Combine future
CMB and LSS.

How to get there? >

Probe cosmology

What to do with this? > . :
and particle physics.




Thank you!
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