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Acoustic Phase Shift

A Radiation pressure in photaparyon plasma leads to sound
(i.e. pressure) waves before recombinatiothis produces
the acoustic peak structurm the CMB power spectrum

CMB Acoustic PeaH{s
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A Phase shift produced in acoustic oscillations leads to shift
in CMB peak positions °

A Limited causesphase shift produced byropagation behaviour of dark radiation/neutrinos
(orisocurvaturefluctuations) Use this feature to zoom in on specific kinds of new physics
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Phase Shift in the CMB

A Phase shift effect in the CMB has been studied before, for when neutrinos arstfezening vs when
they are fluidlike (Ref: Baumann et. a&lrXiv:1508.06342v3

Al 2YLJzi S LIKI & Sw.rd KanFdaCDM yhodél Kith free Btr@aming neutrinos using CLASS: pe:
positions of CMB power spectrum shift depending on proportion of neutrinos thairgetact
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https://arxiv.org/abs/1508.06342v3

Maximum Phase Shift?

(Q1):Does the fully sel§cattering neutrino case produce the
maximum possiblphase shift?

A No. Phase shift can be enhanced with:

e

Dark Matter Loading”
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A Effect can be produced when dark radiation/neutrinos scatter efficiently with a fraction
of the dark matter to form a radiation fluid

(DM) X X (DM)
N
: (p1 + k1)
A For maximal effect, suppose from now on that the role of ¢ 4 —
. . . . . .. --—e----
dark radiation isplayed byneutrinos¢ i.e. no additional Y,

radiation component / \
p1 p2
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A Sound speed of efficiently scattering

-y . Pmats Prad) =— \Pby Pv)s \Pxs Pv
radiation-matter fluid: (Pmat; Praa) = (Pb, Py)s (Px> Pv)
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AL in peaks w.r.t. free-streaming v

Observable Enhancement

A Shift in peak positions in temperature andvi®de Cl power spectrumw.r.t. free-streaming
neutrinos increases with {calculated using CLASS)

A Shift for DMloaded cases significantly larger than the fully-selittering neutrino case

A Even forthe smallerDl 8 S4>X RAFFSNBYOS AY
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Shift in peak position for temperature spectrum
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(Q2):Is there a
simpleway to
understand what
IS going on?
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energy ratios

Toy Model: Coupled Oscillatoy Radiation
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05(7) + K°c3(7)85(7) = —5 (f285(7) + £,6,(7))
0 Radiation Era
0, (1) + ke ()d,(T) = —5 (f105(7) + £0,(7)))
A (Highly) simplified model derived from the cosmological 57 51/

perturbation equations

~ Gravitational -
~ Coupling

kc.

A Tight coupling approximation for coupled photbaryon
and neutrineDM system respectively

A Simplified gravitational coupling as Poisson equation
with Hubble prefactor

kc,



Toy Model: Qualitative Picture

5,(r) + B3 (1)6,(r) = =5 (£,8,(7) + £,6,(7))

Radiation Era

5,(7) + KB (0I1) = =5 (£,8,(1) + £,6,(7)

ATwo competing effects on coupling between
oscillators:

1. Hubbledecreases with time: coupling weakens
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Phase Shift

» Time

2. Energy ratiancreases with time: frequency
difference between oscillators grow
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Enhancement Over Time 5, GrKras (kavhe
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A Compute shift in peaks.r.t. pure selfscattering neutrinos

A Compardime evolutionof phase shifts from toy model with
exact CLASS results

A Captureqqualitative trend(up to yscaling) of phase shift produced in photon oscillations over
time: flattening at later time more obvious for smallebfut phase shift grows for larger f

time




