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Dark Radiation (DR) Isocurvature
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Overview

Features of Free streaming DR Isocurvature (FDR) 
& 

coupled DR Isocurvature (CDR)

Implication for the Hubble tension

Bounds from Cosmological Datasets
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Motivation: Isocurvature Perturbation in CMB

Primordial perturbation 
Adiabatic 

 (almost) scale invariant 
Gaussian

Observation from Planck

Single field slow roll inflation

Other fields during inflation

(Multi field inflation)

Isocurvature 
Non Gaussianity

Probe using CMB and LSS data

DR from decay of 

separate field during inflation (e.g. - curvaton)

Isocurvature perturbation in DR

Implication for the Hubble Tension
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Dark Radiation (DR)

Free-streaming DR (FDR) Coupled/fluid DR (CDR)
Similar to (SM/free-streaming) neutrinos Similar to (strongly) self-interacting neutrinos

Parametrized by ΔNeff

Non zero anisotropic stress Zero anisotropic stress

Aiso(k*) [or fiso ≡ Aiso/Aadia]

niso

P(1)
II ( ≡ Aiso(k1))

P(2)
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k1 = 0.002 Mpc−1

k2 = 0.1 Mpc−1

Additional variables to define the initial Isocurvature power spectrum
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Ndr

Nur

Amount of Dark Radiation 

Amount of Neutrinos

Ndr + Nur ≡ Ntot = Neff
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Two Scale parametrization

Aiso(k*)

niso

Amplitude at the pivot scale k*

Tilt

P(1)
II ( ≡ Aiso(k1))

P(2)
II ( ≡ Aiso(k2))
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Isocurvature Perturbation studies with CMB

Baryon Isocurvature 
 

CDM Isocurvature 
 

Neutrino Isocurvature

Planck Collaboration

   FDR Isocurvature     
 

    CDR Isocurvature   
SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

generalized

DR  Adiabatic + Isocurvature 
Neutrinos  Adiabatic

→
→

Akrami et. al., arXiv:1807.06211
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Recipe

Calculate the effects on the CMB spectrum

Derive DR Isocurvature initial conditions

Perform an MCMC analysis to find the constraints

(Using CLASS)

(Using Montepython)

Results for un-correlated DR Isocurvature

No correlation between isocurvature and adiabatic spectrum
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Isocurvature Initial conditions

FDR - Isocurvature CDR - Isocurvature

(In synchronous gauge)

σDR = 0

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Isocurvature initial conditions: ∑
i

Riδi = 0 Ri = ρ̄i /(ρ̄γ + ρ̄ν + ρ̄DR)

Adiabatic intial condition : δγ = δν = δDR

δi =
δρi

ρ̄i
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FDR vs CDR Isocurvature spectrum
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CDR

FDR

NDI

Adiabatic : δγ = δν = δDR

FDR free-streams out of potential well  
 Smaller potential  Smaller CMB anisotropy→ →

CDR does not free-stream  
 larger CMB anisotropy→

For isocurvature metric fluctuation is sourced 
by anisotropic stress  at leading order(σ)

FDR: More anisotropyσtot > 0 →

CDR: Less anisotropyσtot < 0 →

∑
i

Riδi = 0

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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FDR vs CDR Isocurvature spectrum

FDR: σtot > 0 → σ + ψ < 0

CDR: σtot < 0 → σ + ψ > 0

In Newtonian gauge: ϕ + ψ = −
2σ

(kτ)2

Metric potential affects CMB via Sachs - Wolfe redshifting:  
1
4

δcon
γ + ψ = ξγ+ ϕ + ψ

Gauge invariant photon perturbation

FDR: σtot > 0 → σ + ψ < 0 → larger |ξγ + ϕ + ψ |

CDR: σtot < 0 → σ + ψ > 0 → smaller |ξγ + ϕ + ψ |

Isocurvature initial condition: ξγ ≈ δγ < 0
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MCMC variables
New parameter w.r.t. CDMΛ

Isocurvature initial conditions

δγ, θγ, h, η ∝
Rdr

1 − Rdr
≈ Rdr ∝ Ndr

Cℓ (DRID) ∝ AisoN2
dr

Physical isocurvature parameters: N2
drP

(1)
II and N2

drP
(2)
II

Primary parameters used for MCMC runs

P(1)
II , P(2)

II , Ndr

P(1)
II , P(2)

II , Ndr, Nur

Fixed  [FN] Nur( = 3.046)

Varying  [VN]Nur

3 new parameters

4 new parameters

Fixed  Nur

Varying  Nur

N2
drP

(1)
II , N2

drP
(2)
II , Ndr

N2
drP

(1)
II , N2

drP
(2)
II , Ndr, Nur
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MCMC results : FN - Planck 

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Higher Neff

Small perturbation in CDR

 weak constraints→

Blue tilt
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MCMC results : VN - Planck

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Higher Neff

Small perturbation in CDR

 weak constraints→

Blue tilt
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MCMC results : FN - Planck + BAO+ SH0ES(Latest)

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Higher Neff

Small perturbation in CDR

 weak constraints→

Blue tilt
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MCMC results : VN - Planck + BAO+ SH0ES(Latest)

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Higher Neff

Small perturbation in CDR

 weak constraints→

Blue tilt



17

Isocurvature accommodates larger larger  : Planck DataNeff → H0

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

2.5 3.0 3.5 4.0

Ntot

65

70

75

H
0
(k

m
/s

/M
p
c)

SH0ES(L)

3.00 ± 0.20

3.18+0.21
°0.25

65 70 75

H0(km/s/Mpc)

P18-TTTEEE+lowE+Lensing

67.9 ± 1.6

69.2+1.6
°1.8

S
H

0
E
S
(L

)

AD : CDR

AD+DRID : CDR

2.5 3.0 3.5

Ntot

64

67

70

73

H
0
(k

m
/s

/M
p
c)

SH0ES(L)

2.89 ± 0.19

3.09 ± 0.21

64 67 70 73

H0(km/s/Mpc)

P18-TTTEEE+lowE+Lensing

66.9 ± 1.4

68.8 ± 1.6

S
H

0
E
S
(L

)

AD : FDR

AD+DRID : FDR

CDRFDR

FN
V
N

H0 [SH0ES(L)] = 73.04 ± 1.04 km/s/Mpc

2.2σ 2.0σ

H0 = 69.69+0.82
−1.3 km/s/Mpc

2.5σ

H0 = 69.57+0.88
−1.5 km/s/Mpc

2.5σ



3.0 3.5 4.0

Ntot

68

70

72

74

H
0
(k

m
/s

/M
p
c)

SH0ES(L)

3.34 ± 0.15

3.53 ± 0.15

68 70 72 74

H0(km/s/Mpc)

P18-TTTEEE+lowE+Lensing
+BAO+SH0ES(L)

70.45 ± 0.95

71.46 ± 0.87

S
H

0
E
S
(L

)

AD : CDR

AD+DRID : CDR

3.0 3.2 3.4 3.6 3.8

Ntot

68

70

72

H
0
(k

m
/s

/M
p
c)

SH0ES(L)

3.37 ± 0.13

3.42 ± 0.13

68 70 72

H0(km/s/Mpc)

P18-TTTEEE+lowE+Lensing
+BAO+SH0ES(L)

70.38 ± 0.78

71.04 ± 0.81

S
H

0
E
S
(L

)

AD : FDR

AD+DRID : FDR

18

Isocurvature accommodates larger larger  : Planck 
+BAO+SH0ES(L) Data

Neff → H0

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

CDRFDR

FN
V
N

H0 [SH0ES(L)] = 73.04 ± 1.04 km/s/Mpc

1.5σ 1.2σ

H0 = 70.94 ± 0.80 km/s/Mpc
1.6σ 1.3σ

H0 = 71.28 ± 0.85 km/s/Mpc
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Model Comparison

Planck+BAO+SH0EsPlanck

Schöneberg et. al., arXiv: 2107.10291 
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Parameter values: FDR DRID

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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Parameter values: CDR DRID

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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Constraint on isocurvature parameters

Planck Planck +BAO+ SH0ES

Planck  TTTEEE+lowE+lensing≡

Isocurvature constraints at C.L.95 %

FDR

CDR

 C.L. limits of  for 95 % N2
drP

(2)
II Ndr = 0.4

≤ 2 × 10−8 ≤ 2.2 × 10−8

≤ 6 × 10−8 ≤ 10 × 10−8

P(2)
II = Aiso (k = 0.1Mpc−1)

δσ
σ

≲ 2 × 10−4

δσ
σ

≲ 5 × 10−4
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Conclusion
• DR isocurvature is a very generic in multi field inflation models 

• In presence of isocurvature perturbation :  

FDR gives more anisotropy than CDR

• First bound on CDR Isocurvature

• Blue tilted isocurvature accommodates a larger Hubble constant


• For CDR isocurvature - the Hubble tension is reduced to 2.0σ

THANK YOU


