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Acoustic Phase Shift
ÅRadiation pressure in photon-baryon plasma leads to sound 

(i.e. pressure) waves before recombination ςthis produces 
the acoustic peak structurein the CMB power spectrum
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CMB Acoustic Peaks

ÅLimited causes:phase shift produced by propagation behaviour of dark radiation/neutrinos 
(or isocurvaturefluctuations). Use this feature to zoom in on specific kinds of new physics

ÅPhase shift produced in acoustic oscillations leads to shift 
in CMB peak positions



Phase Shift in the CMB
Å Phase shift effect in the CMB has been studied before, for when neutrinos are free-streaming vs when 

they are fluid-like (Ref: Baumann et. al. arXiv:1508.06342v3)

Å/ƻƳǇǳǘŜ ǇƘŀǎŜ ǎƘƛŦǘ ƛƴ ǘƘŜ /ƭΩǎ w.r.t. Lambda-CDM model with free streaming neutrinos using CLASS: peak 
positions of CMB power spectrum shift depending on proportion of neutrinos that self-interact
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Zoom

https://arxiv.org/abs/1508.06342v3


Maximum Phase Shift?

ÅFor maximal effect, suppose from now on that the role of 
dark radiation is played by neutrinosςi.e. no additional 
radiation component
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Å No. Phase shift can be enhanced with:

Å Effect can be produced when dark radiation/neutrinos scatter efficiently with a fraction 
of the dark matter to form a radiation fluid

(DM) (DM)

e.g.

(Q1):Does the fully self-scattering neutrino case produce the 
maximum possible phase shift?
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ÅSound speed of efficiently scattering 

radiation-matter fluid:

ÅMatter loading effect occurs through 
energy ratio R(t), slows down sound 
speed over time

Åf :̝ proportion of total dark matter that 
scatters with neutrinos, appears in R(t)  

ÅApproximateconstraint on f̝ from matter 
power spectrum suppression: 

;

5



Observable Enhancement
ÅShift in peak positions in temperature and E-mode Cl power spectrum w.r.t. free-streaming 

neutrinos increases with f̝(calculated using CLASS) 

ÅShift for DM-loaded cases significantly larger than the fully self-scattering neutrino case

ÅEven for the smaller f̝ŎŀǎŜǎΣ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǎƘƛŦǘ ƛǎ ƻŦ ƻǊŘŜǊ Ғ мΥ ŜŦŦŜŎǘ ƻƴ /a. ƛǎ observable
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Order 1 difference 
in l-modes

(Q2):Is there a 
simple way to 

understand what 
is going on? 



Toy Model: Coupled Oscillators

Gravitational 
Coupling

Å(Highly) simplified model derived from the cosmological 
perturbation equations 

ÅTight coupling approximation for coupled photon-baryon 
and neutrino-DM system respectively

ÅSimplified gravitational coupling as Poisson equation 
with Hubble pre-factor

Radiation 
energy ratios
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Radiation Era



Toy Model: Qualitative Picture

ÅTwo competing effects on coupling between 
oscillators:

1. Hubbledecreases with time: coupling weakens

2. Energy ratio increases with time: frequency 
difference between oscillators grow

Phase Shift

Time

Matter effect: 
dependent on f̝
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Enhancement Over Time
ÅCompute shift in peaks w.r.t. pure self-scattering neutrinos 

ÅCompare time evolutionof phase shifts from toy model with 
exact CLASS results 
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ÅCaptures qualitative trend (up to y-scaling) of phase shift produced in photon oscillations over 
time: flattening at later time more obvious for smaller fb̝ut phase shift grows for larger f˔


