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Introduction

Neutrinos The most illusive particle in the SM

Electroweak  
interaction

Secret 
Interaction ❓

Self interaction, interaction with Dark sector etc.

 Anomalous signal in short- baseline experiments  
 Supernova Neutrinos 
 Cosmological signatures
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Cosmological signatures of  Neutrino self  interaction

ℒint ⊃
1
2

gijνiνjϕ, gij = gδij
Flavor universal
Self-interaction

ℒeff = Geff(νν)(νν), Geff =
g2

m2
ϕ

Moderately interacting 
 (MI)

Strongly interacting 
 (SI)
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(Mediator can be vector)
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(Using Planck 2015 data)



Cosmological signatures of  Neutrino self  interaction
ℒeff = Geff(νν)(νν), Geff =

g2

m2
ϕ

Degeneracy of  with  ( )Geff Neff H0

Proposed as a solution (?) of Hubble tension
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CMB (Planck) 
H0 = 67.36 ± 0.54

Local measurement (Reiss et. al.) 
H0 = 74.03 ± 1.42∼ 4.4σ
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Cosmological signatures of  Neutrino self  interaction
ℒeff = Geff(νν)(νν), Geff =

g2

m2
ϕModerately interacting 

 (MI) Strongly interacting 
 (SI)

Degeneracy of  with  ( )Geff Neff H0

Proposed as a solution (?) of Hubble tension 

 (Doesn’t work when CMB polarisation data is included)
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CMB (Planck) 
H0 = 67.36 ± 0.54

Local measurement (Reiss et. al.) 
H0 = 74.03 ± 1.42∼ 4.4σ
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Laboratory constraint
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SI mode decoupling 
happens roughly at 

matter-radiation equality

·τν = − a(Geff)2T5
ν

MI mode is virtually
the CDM mode Λ
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Sensitivity of Planck experiment
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Laboratory constraint
Universal coupling is strongly ruled out by laboratory constraints

Constraints are comparatively weaker for coupling with  and  νμ ντ

Need for cosmological analysis of Flavor specific neutrino self interaction

(gϕ ≡ g)

Blinov et. al., 1905.02727
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(Also see,

Lyu et. al.,  2004.10868)
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Flavor Specific Self  Interaction



Flavor specific neutrino self  interaction in cosmology
CMB is insensitive to specific flavor  of Neutrino 

(— Not sensitive to weak interaction)
(νe, νμ, ντ)

CMB is sensitive to flavor specific interaction ‘collectively’ though free-streaming properties

 
(Flavor universal)

3c + 0f 2c + 1f 1c + 2f

coupled (interacting) 
free-streaming (non-interacting)

c =
f =

Can be νe /νμ /ντ

Massless neutrinos 
 flavor  

Flavor diagonal interaction
3 (Neff = 3.046)
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Same coupling strength Geff

Common coupling strength  for coupled flavors (CMB insensitive to specific flavor)Geff
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0 0

0gij =

Coupling 
matrix

CDMΛ ≡0c + 3f



Effect on CMB spectrum
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Strong flavor specific interaction preferred by CMB

°5 °4 °3 °2 °1
log10[GeÆ/MeV°2]

P18-TTTEEE+lowE+Lensing

3c + 0f

2c + 1f

1c + 2f

Significance of the SI mode increases dramatically in flavor specific scenario

The position of the SI peak remains approximately the same

Anirban Das, SG : 2011.1231512
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Strong flavor specific interaction preferred by CMB
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Why SI mode is a good fit to CMB data?
SI mode interaction strength keep neutrino coupled till matter-radiation equality

Affects all the CMB peaks (ℓ ≳ 100)

CDM parameter  compensate for the changesΛ (As, ns . . )
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Spectral changes due to modes  
between MI & SI 
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changes in CDM parametersΛ
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SI mode enhancement in flavor specific scenario
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Λ

In flavor specific cases SI mode value of  does not changeGeff

Changes are milder with less 
number of coupled neutrinos 

More freedom to fit
The residual
(smaller )χ2

SI mode fits some 
features of the residual

The existence of SI mode is connect with the value of Geff

°5 °4 °3 °2 °1
log10[GeÆ/MeV°2]

P18-TTTEEE+lowE+Lensing

3c + 0f

2c + 1f

1c + 2f

SI

15

CDMΛ ≡0c + 3f
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Parameter Values

3c + 0f 2c + 1f 1c + 2f

Planck 2018: TTTTEEE+lowE

Significance of the SI mode is increasing
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Parameter Values

3c + 0f 2c + 1f 1c + 2f

Planck 2018: TTTTEEE+lowE+lensing+BAO+Sh0ES

Better fit than CDMΛ



Constraints with other dataset
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Effect on  : Phase shiftH0
Neutrino self interaction can enhance  even when  is kept fixedH0 Neff

Photon transfer function —  cos(kr*s + ϕν)

Phase shift due to 
 free-streaming neutrinos

ℓ ≈ kD*A = (mπ − ϕν)
D*A
r*s

Rν = RΛCDM
ν ×

0, for 3c + 0f
1
3 , for 2c + 1f
2
3 , for 1c + 2f

ϕν ≃ 0.19πRν

 D*A = ∫
z*

0

1
H(z)

dz

r*s = ∫
∞

z*

cs(z)
H(z)

dz

Change in  is compensated (mostly) by change 
 — through change in  and 

ϕν
D*A ΩΛ H0

Rν =
ρν

ργ + ρν

19

Bashinsky et. al. ,  astro-ph/0310198 
Baumann et. al. , 1508.06342 
Ghosh et. al. , 1908.09843 



Effect on  : Phase shiftH0
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Effect on  : Phase shiftH0
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Flavor specific SINU - with varying  :  Neff 1c + 2f + ΔNeff

SINU can accommodates larger   
 Enhancement of CMB spectra due to self-interaction compensates additional silk damping 

Neff
←

In addition to enhancement of  due to phase shift , larger  can also boost the  valueH0 Neff H0

1c + 2f + ΔNeff

1 coupled 
flavor

2 free  
streaming 

flavor

Additional 
free streaming  
(e.g. sterile  )

ν
ν

1c
+

2f
+

Δ
N e

ff

67.9 ± 1.00 68.75 ± 0.4168.3 ± 0.62  H0
(1c + 2f )



Effect of  BAO data
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Strong self interaction is 
disfavored by 

BAO data
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Part I : Summary : CMB favors Flavor specific self-interaction

Flavor specific neutrino self interaction is phenomenologically motivated 

  takes into account laboratory constraints 

The significance of the SI mode is increased dramatically 

 similar in  to CDM fit 

The position of the SI mode peak in Flavor specific interaction 
remains almost the same in Flavor universal case 

However, does not predict a larger  than flavor universal case 

→

→ χ2 Λ

H0

Flavor specific neutrino self interaction can provide similar (in some case better) 
fit to the CMB (& LSS) data

Cosmology favors Flavor specific neutrino self interaction
24

• Effect of non-diagonal interaction  
— aries naturally when considering massive Neutrinos 

• Phenomenological model for flavor specific interactionFu
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Neutrinos
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Part II : Dark Radiation Isocurvature

(Flavor specific) 
Neutrino-self interaction

Hubble tension

Dark Radiation (DR) 
 Isocurvature

× ❓
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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
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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)
II ( ≡ Aiso(k2))Is

oc
ur

va
tu

re
 

pa
ra

m
et

er
s

Or

 k1 = 0.002 Mpc−1

k2 = 0.1 Mpc−1
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Isocurvature Initial conditions

FDR - Isocurvature

CDR - Isocurvature

(In synchronous gauge)

σDR = 0
SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

For both CDR & FDR isocurvature: ∑
i

Riδi = 0

Ri = ρ̄i /(ρ̄γ + ρ̄ν + ρ̄DR)

Adiabatic intial condition : δγ = δν = δDR
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FDR vs CDR Isocurvature spectrum
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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



30

500 1000 1500 2000 2500
`

°50

°25

0

25

50

75

100

D
`
°

D
§

C
D

M
(A

D
)

`

DRID(FDR): fiso = 2.0, niso = 1.5, Ndr = 1.0

TT

§CDM(AD)

AD + DRID

AD + ¢Ntot(0.2)

AD + DRID + ¢Ntot(0.2)

Planck-2018

500 1000 1500 2000 2500
`

°0.03

°0.02

°0.01

0.00

0.01

0.02

0.03

¢
D

`
/D

§
C

D
M

(A
D

)
`

TT

Isocurvature accommodate larger Neff ( ≡ Ntot)

Blue tilted  isocurvature compensates for the larger silk damping due to higher (niso > 1) Neff

DRID  Dark Radiation density Isocurvature≡

SG
, S

ou
bh

ik
 K

um
ar

, Y
uh

sin
 T

sa
i: 

ar
Xi

v:
21

07
.0

90
76



31

2.5 3.0 3.5 4.0

Ntot

1

2

3

n
is

o

200

400

600

800

1000

10
1
0
N

2 d
rP

(2
)

I
I

20

40

60

80

100

10
1
0
N

2 d
rP

(1
)

I
I

3.18+0.21
°0.25

3.10 ± 0.21

20 40 60 80 100

1010N2
drP

(1)
II

< 18.9

< 12.5

200 600 1000

1010N2
drP

(2)
II

< 264

73+20
°60

1 2 3

niso

P18-TTTEEE+lowE+Lensing

1.66+0.43
°0.35

1.52+0.35
°0.29

AD+DRID : CDR

AD+DRID : FDR

MCMC results

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Higher Neff

Larger perturbation in CDR

Blue tilt
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MCMC results
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Isocurvature accommodates larger larger Neff → H0
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Parameter values: FDR DRID

4 extra parameter 
compared to CDM: 

 
Λ

N2
drP

(1)
II , N2

drP
(2)
II , Ndr, Nur

AIC

AIC =  Δχ2 + 2n

+7.64 +4.46 -1.24

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

AIC +10.72 +8.46 +2.2

4 extra parameter 
compared to CDM: 

 
Λ

N2
drP

(1)
II , N2

drP
(2)
II , Ndr, Nur

AIC =  Δχ2 + 2n

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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Part II : Conclusion: DR isocurvature alleviates Hubble tension

• DR isocurvature is a very generic in multi field inflation models  
• In presence of isocurvature perturbation :  

FDR gives more anisotropy than CDR 
• Blue tilted isocurvature accommodates a larger Hubble constant 

• For CDR isocurvature - the Hubble tension is reduced to 1.5σ

THANK YOU


