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Physics of the Early Universe

• Primordial perturbations as inferred through Planck are 
adiabatic, (almost) scale invariant and Gaussian 

•  single-field slow-roll inflation, however, very plausible to 
have other fields during inflation 

• Extra light fields can give rise to isocurvature 
perturbations  do not contribute to total curvature 

• e.g. axion DM isocurvature
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Isocurvature Perturbations in Dark Radiation

• Dark radiation (DR) commonplace in extensions of 
Standard Model, e.g., dark photon, ultralight axions, 
gravitational waves… 

• Parametrized by , adiabatic case extensively studied 

• They are “dark”  can easily come from a separate field 
during inflation, e.g., curvaton 

• New consequences depending on their nature

ΔNeff

→

3

Coupled DR

Free-Streaming DRsimilar to ν

e.g. damping, phase shift

Bashinsky, Seljak ’03 
Hu, Sugiyama ’95 …

Kawasaki ’11
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Summary

• For isocurvature initial conditions, 
FDR leads to more CMB 
anisotropies than CDR—opposite 
to well-known scenario with 
adiabatic initial conditions. 

• Presence of blue-tilted 
isocurvature perturbations 
compensates extra Silk damping 
due to   higher value of ΔNeff → H0

4
Constraints on CDR (new) and FDR (updated) Isocurvature
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Outline

• Setting up Isocurvature Initial Conditions 

• Analytical Comparison of FDR and CDR 

• MCMC Results 

• Conclusion
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Conventions

• “Iso”curvature: perturbations that do not give rise to 
curvature 

• Example, neutrino density isocurvature: 

6

(δρν + δργ)
τ→0

= 0  and vanishing 
metric pert.

δν ≡
δρν

ρν
= 1,

δργ

ργ
= −

ρν

ργ

Iν ≡
3
4 (δν − δγ) ≠ 0
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*suppressing  ∼ 10−5

*synchronous gauge 
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Bucher et al. ’99
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Dark Radiation Isocurvature

• Proceed analogously, 

• Above gives initial conditions for density perturbations, 
and identical for CDR and FDR 

• However, important difference once anisotropic stress  
comes into play!

σ

7

(δρDR + δργ + δρν)
τ→0

= 0

δDR = 1, δγ = δν = −
RDR

1 − RDR

Ri ≡
ρ̄i

ρ̄γ + ρ̄ν + ρ̄DR
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Deriving Initial Conditions

• Need to set superhorizon initial conditions for other 
quantities such as,   

• Solve coupled Boltzmann Einstein equations order-by-order 
in  and :

θγ, δb,c⋯

kτ ωτ

8

CDR

+ standard 
equations

e.g., Ma & Bertschinger, ’95
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matches with 
NDI after 

Rν → 0; RDR → Rν; {δ, θ, σ}DR → {δ, θ, σ}ν

Superhorizon Initial Conditions

9

FDR

CDR

can not be matched! 
qualitatively new 
because σDR = 0
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Outline

• Setting up Isocurvature initial conditions 

• Analytical understanding of FDR vs. CDR properties 

• MCMC results 

• Conclusion
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Adiabatic Initial Conditions

• All the species follow the same density 
perturbations: 

• FDR  free stream out of potential 
wells  smaller metric potential  
smaller CMB anisotropy 

• CDR  no free streaming  larger 
CMB anisotropy

→
→ →

→ →
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δγ = δν = δDR⋯
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Isocurvature Initial Conditions: Shear

• Primary difference between CDR and FDR is σDR

12

σ =
1

2(15 + 4RFS)
(kτ)2δFS

 sourced only 
by free-streaming (FS) 

radiation

σ

δDR = 1, δγ = δν = −
RDR

1 − RDR

CDR: only  free-streams   ν → δFS = δν < 0 ⇒ σ < 0

FDR: both , DR free-streams  ν → δFS = ∑
i=ν,DR

Riδi > 0 ⇒ σ > 0

δFS = ∑
i=FS

Riδi

RFS = ρFS/ρtot
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Effect on the Metric Perturbations

• Convenient to go to Newtonian gauge: 

• For isocurvature initial conditions, metric perturbations 
determined by  to the leading orderσ

13

ϕ + ψ ≈ −
2σ

(kτ)2

similar to Einstein eq. 

ϕ − ψ ≈
6

(kτ)2
σ

CDR and FDR sources 
different metric perturbations

ϕ + ψ > 0 ϕ + ψ < 0
CDR: σ < 0 FDR: σ > 0
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• Metric potentials directly affect the CMB via Sachs-Wolfe 
redshifting, 

• Isocurvature initial condition has ζγ ≈ δγ < 0

14

Implications on CMB spectrum

δDR = 1, δγ = δν = −
RDR

1 − RDR

1
4

δcon
γ + ψ = ζγ+ϕ + ψ

ϕ + ψ > 0
CDR

smaller |ζγ + ϕ + ψ |

less anisotropy

ϕ + ψ < 0
FDR

larger |ζγ + ϕ + ψ |

more anisotropy
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CMB Spectrum
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- FDR sources more anisotropy 
- FDR matches with NDI

- CDR  more anisotropy 
- FDR gets Silk-damped

→

Expect to hide more CDR Isocurvature in data  larger → ΔNeff
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Application to the  TensionH0

• Usually larger  implies smaller damping scale  
(keeping sound horizon  the same)  more Silk damping 

• However, isocurvature spectrum can have a tilt different 
from adiabatic, and blue tilt can compensate Silk damping 

• Thus can allow a larger   larger 

Neff θd

θs →

Neff → H0
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Outline

• Setting up Isocurvature initial conditions 

• Analytical understanding of FDR vs. CDR properties 

• MCMC results 

• Conclusion
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Choice of Isocurvature Parameters

• Due to the isocurvature initial conditions, 

• Therefore  are well-behaved, physical 
variables to vary 

• In summary, vary four extra parameters compared to 
 

N2
dr𝒫

(1) and (2)
II

ΛCDM
18

δγ, θγ, η, h ∝
RDR

1 − RDR
≈ RDR ∝ Ndr

Cℓ,DRID ∝ AisoN2
dr Aiso = 𝒫(1)

II ( k*

k1 )
(niso−1)

Nur, Ndr, N2
dr𝒫

(1)
II and N2

dr𝒫
(2)
II
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New constraints on DR Isocurvature

• FDR gives larger 
anisotropy  CDR 
can have more 
isocurvature 

• For the adiabatic 
case, CDR allows for 
larger : feature 
persists for 
isocurvature as well.

↔

ΔNeff

19
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Relaxing the  tensionH0

• Larger  and blue-tilted isocurvature: both helpNeff

20

1.5σ
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Conclusions

• In the presence of isocurvature initial 
conditions, FDR gives larger CMB 
anisotropy compared to CDR. 

• Can hide more CDR in the data. 

• Blue-tilt of isocurvature perturbation 
helps relax the  tension. 

• Combined, CDR Isocurvature can 
reduce tension to 

H0

1.5σ
21

1.5σ
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Backup - Compensating Silk Damping
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Adding BAO and SH0ES
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FDR Parameters
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CDR Parameters

26

mailto:soubhik@berkeley.edu


soubhik@berkeley.edu  

Turning on Isocurvature Correlation
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Turning on Isocurvature Correlation
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