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abstract:

The unimpeded relativistic propagation of cosmological neutrinos
prior to recombination of the baryon-photon plasma alters
gravitational potentials and therefore the details of the
time-dependent gravitational driving of acoustic oscillations. We
report here a first detection of the resulting shifts in the temporal
phase of the oscillations, which we infer from their signature in the
Cosmic Microwave Background (CMB) temperature power spectrum.
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What Radiation does

Easy to understand:

@ 1. Increases expansion rate (Friedman eqn.)
= decreases At for a given AT

@ 2. Delays onset of matter domination
= less time for structure formation
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What Radiation does

Easy to understand:

@ 1. Increases expansion rate (Friedman eqn.)
= decreases At for a given AT

@ 2. Delays onset of matter domination
= less time for structure formation

Harder to understand:

@ 3. Drive temperature oscillations via potential decay
= increases C, and
Adds phase shift to each mode
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What Radiation does

Easy to understand:
@ 1. Increases expansion rate (Friedman eqn.)
= decreases At for a given AT
@ 2. Delays onset of matter domination
= less time for structure formation
Harder to understand:
@ 3. Drive temperature oscillations via potential decay

= increases C, and
Adds phase shift to each mode

For point 3, subtle difference in C; between neutrinos (free-streaming
radiation) and photons (acoustic radiation)

Depend on £, = p, /(p + py)
Must first understand dominanant radiation effects of

fraa = (P + )/ Pm).
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T modes superimposed on potential modes
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The modes: COS(E ) - ng(e ¢) on sky

radiation
driving

transfer function
| X baryon = modulation
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Three angular scales:

ey (modes inside horizon during radiation epoch);

Up = Dyec/rs (acoustic peaks); /p (dampled by photon diffusion)
Hu et al, (2001) ApJ 549,669
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Baryon oscillations in constant CDM wells
(t < trec)

well  plasma

) : C plasma falls into well

then

)OC pressure stops fall
then
)OC rebounds
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Modes at extrema at recombination

modes at max compression
at recombination

radiation
driving

[ transfer function
| X baryon = modulation
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Modes at extrema at recombination

modes at min compression
at recomblnatllon

radiation
driving

[ transfer function
| X baryon = modulation
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Doppler effect suppresed by baryon mass

modes at max velocity
at recombination

radiation
driving

[ transfer function
| X baryon = modulation
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Potential decay drives sub-Hubble
temperature oscillations

W

Potential decay: T  amplitude increases

+ phase shift
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Baryon oscillations in wells vs. decaying wells

well  plasma
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Potential-less oscillations: just normal everyday sound waves
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Large ¢ = Potential decay = increase in

‘ modes that oscillated

radiation
driving

[ transfer function
| X baryon = modulation
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Clirst peak/ C30 determines (p, + pu)/pm)
= Assuming N, = 3 determines py = Qh>.
note: Cfirstpeak/Csecondpeak determines (pb/pM)

Jim Rich (IRFU) The neutrino phase shift in the CMB

November, 2015

12 / 20



Large ¢ = Potential decay = phase shift

For ¢ ~ 200 near recombination, modes are oscillating as
t
Ay ~ cos(krs(t) + 0.2677) rs(t) ~ / cs(t)dt
0

Modes at a maxima at recombination satisfy

14

TDrec

krs(trec) + 0.267m = nmr k ~

For D,ec = 13891 Mpc and ry(tec) = 147Mpc:

7 x 13891 Mpc

—1 =(~0T3
" = 147Mpc

220

Both the amplification and phase shift depend slightly on whether the
potential decay is due to acoustic oscillations or to free streaming.
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High-/ modes damped by photon random walk

during one Hubble time at recombination
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Damping from photon random walk at t.
rgamp ~ (time to walk) X (photon mean free path)
1 1 1

~ X
"¢ neot VGpree Np X Ne/Np X oT
On the other hand, ry ~ 1/H,e, so

2
rdamp ~ V G,Orec

r2 Np X Ne/Np X 01

rgamp/rs2 = (pM + P + pV)

Cazo/ G0 = pm/(py + pv)

Tems = py

= N, (rgamp/rs, peak heights, T,, and Helium abundance)
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Cummulative effects of N,

o
0
8
6
4
2 s
glz f f f f
10F B
sl i
o MM%
a4l ! ]
>k +normalized at 4™ peak 8¢ i
0 L L L L
0 500 1000 1500 2000 2500

Multipole [

Frame 1: D, adjusted so that first peak at ¢ = 220. p, + p,/pm
fixed to fiducial to approximately fix amplitude of first peak.
Damping depends on N,,.
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Cummulative effects of N,
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Frame 2: He/H adjusted so that r;/ryamp = fiducial. Amplitude
depends on p,/p,.
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Cummulative effects of N,
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Frame 3: Amplitude renormalized to show phase shift due to
neutrinos.
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Calculated neutrino phase shift for AN, = 2

(The part of the phase shift that depends on p, /p., for fixed

(pv + py)/Pm)
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Constraints on (N, N%?)

N, = 3.31%7
determined by damping tail

NS¢ = 2.3+11

determined by positions of the
extrema of G,

(well-defined feature not
degererate with other parameters)

How the simultaneous fit is done in a physically consistent manner is
not entirely clear to me.

One consistent way would add anomolous neutrino-neutrino
scattering to prevent free-streaming.

Jim Rich (IRFU) The neutrino phase shift in the CMB November, 2015 20 / 20



