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Introduction

NGUtrinOS The most illusive particle in the SM

Electroweak : Secret ”
interaction . Interaction

Self interaction, interaction with Dark sector etc.

4 Anomalous signal in short- baseline experiments
<4 Supernova Neutrinos
4 Cosmological signatures




Cosmological signatures of Neutrino selt interaction
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Cosmological signatures of Neutrino selt interaction
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Lancaster et. al. (1704.06657)

Cosmological signatures of Neutrino selt interaction

Moderately interacting
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LLaboratory constraint
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Universal coupling is strongly ruled out by laboratory constraints

[Laboratory constraint

Universal coupling
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Flavor Specific Selt Interaction



Flavor specific neutrino self interaction in cosmology

CMB is insensitive to specific flavor (¢,, v, v;) of Neutrino
(— Not sensitive to weak interaction)

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

Same coupling strength G4

o/ @ ; ;
8ij = @ o 0
@ O O

3¢ + 0Of 2c + 1f le +2f

(Flavor universal)

Can be v,/v,/v,

¢ = coupled (interacting)
f = free-streaming (non-interacting)

Common coupling strength G, for coupled flavors (CMB insensitive to specific flavor)

Massless neutrinos
3 flavor (N4 = 3.046)
Flavor diagonal interaction

ACDM=0c + 3f

Assumptions
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Ettect on GMB spectrum
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Strong flavor specific interaction preterred by GMB

' | ' ' 1-D Posterior

Probability

logy [Geﬂr/MeV_2]

The position of the SI peak remains approximately the same

Significance of the SI mode increases dramatically in flavor specific scenario

12 Anirban Das, SG : 2011.12315



Strong flavor specific interaction preterred by GMB

BN ACDM (P18—TTTEEE+10WE+LensingJ
B 3c+0f

Bl 2c+ 1f
Bl ic+2f

Correlation
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13 Anirban Das, SG : 2011.12315



Why SI mode 1s a good fit to CMB data?

SI mode interaction strength keep neutrino coupled till matter-radiation equality

Affects all the CMB peaks (£ = 100) <—|

l
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SI mode enhancement in flavor specific scenario

The existence of SI mode is connect with the value of G ¢

'

In flavor specific cases SI mode value of G4 does not change
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Parameter Values

Planck 2018: TTTTEEE+lowE

Parameters 3c +0f 2c + 1f le +2f
SI MI SI MI SI MI
Qph? 0.022 £ 0.00016  0.022 £ 0.00015 | 0.022 £ 0.00016 0.022 £ 0.00015 | 0.022 4+ 0.00015 0.022 4 0.00015
Qch? 0.1205 £ 0.0015 0.1201 £0.0014 | 0.1205 £0.0014 0.1201 £0.0013 | 0.1203 +0.0014 0.1201 4+ 0.0013
10005 1.0464+£0.00087 1.0419 £ 0.0003 | 1.045 £ 0.00076 1.041940.00031 | 1.043 £ 0.00058 1.0419 + 0.0003
ln(loloAs) 2.984 +0.017 3.042 £+ 0.0161 3+ 0.0167 3.042 + 0.0161 | 3.024 4+ 0.0166 3.042 £0.016
Mg 0.9386 £+ 0.004 0.9626 + 0.005 |0.9473 £0.0046  0.9628 £ 0.005 | 0.9553 + 0.0049 0.963 £+ 0.005
Treio 0.0543 £ 0.0077  0.0537 £0.0077 | 0.0538 £0.0077  0.0538 £ 0.0077 | 0.0539 £ 0.0076  0.0539 £ 0.0077
log;o(Gefr/MeV~2) —1.92 +0.18 —4.35 £ 0.42 —1.93+0.24 —4.24+0.5 —-1.9+£0.37 —4.06 £0.6
Ho(kms~'Mpc™1) 69.44 4+ 0.64 67.82 = 0.61 68.81 = 0.63 67.83 = 0.6 68.3 = 0.62 67.83 £0.61
r*(Mpc) 144.54 + 0.35 144.84 1+ 0.32 144.64 +0.34 144.85 + 0.32 144.76 £ 0.32 144.84 + 0.31
o8 0.834 +0.008 0.824 £ 0.0075 | 0.829 £+ 0.0079 0.824 £ 0.0075 | 0.825 £0.0083  0.824 £ 0.0075
X — Cooont 5.14 0.18 18 0.28 0 0.1
>

Significance of the SI mode is increasing
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Parameter Values

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

Parameters 3c +0f 2c + 1f le +2f
SI MI S1 MI SI MI
Qph? 0.023 £0.00014 0.022 £+ 0.00013 | 0.022 £ 0.0001  0.022 4 0.00013 | 0.022 £ 0.0001  0.022 £ 0.00013
Qch? 0.1206 £0.001  0.1188 £0.0009 0.12 £0.001 0.1188 £0.0009 | 0.12 £0.0009 0.1188 4 0.0009
1006, 1.0465+0.00079 1.042 £ 0.00029 |1.045 + 0.00068 1.042 + 0.00029 [1.043 £ 0.00056 1.042 + 0.00029
ln(lOlOAs) 2.98 +0.0153 3.044 +£0.0144 3.0 £0.0151 3.044 +0.0145 3.0 £ 0.0151 3.045 £+ 0.0142
Mg 0.9383 £+ 0.004 0.966 £+ 0.0045 | 0.9483 4+ 0.004 0.966 £ 0.0046 | 0.9572 + 0.004 0.966 + 0.0042
Treio 0.0532 +0.007  0.0563 £+ 0.0071 | 0.0544 £+ 0.007  0.0565 4+ 0.0071 | 0.0554 +0.007  0.0566 £ 0.0071
log;o(Gefr/MeV~2) —1.91+0.16 —4.34 +0.43 —1.91 £ 0.22 —4.22 +0.52 —1.86 = 0.36 —4.03 £0.61
Ho(kms~'Mpc™1) 69.45 £+ 0.42 68.46 + 0.41 69.08 £ 0.42 68.47 + 0.4 68.75 = 0.41 68.48 + 0.41
r*(Mpc) 144.5 £+ 0.26 145.12 +£0.24 144.73 £ 0.26 145.12 £0.23 144.93 £+ 0.24 145.12 £0.24
o8 0.833 +0.0065 0.821 £0.006 | 0.827 £ 0.0065 0.821 £ 0.0059 | 0.822 £ 0.0071 0.821 £ 0.006
X — Cooont 1.99 0.17 1.35 0.25 167 0.33
Better fit than ACDM
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3¢ + Of

¢+ If

le +2f

Constraints with other dataset

— PI18-TT+lowE
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—— PI18-TTTEEE+lowE+lensing+BAO-+HO
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Eftect on H,, : Phase shift

Neutrino self interaction can enhance H, even when N, is kept fixed

z* 1
D* = —d
4 L HG)
%k J'Oo CS(Z)
rr =
’ 7* H(z)

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

Photon transfer function — cos(kr* + ¢,) Ghosh et. al. , 1908.09843

N

Phase shift due to

D free-streaming neutrinos

— _ =4
 ~ kD;f = (mr — ¢,) -

S

¢, ~0.197R,

p,
P, +p,

R =

v

for 3¢ + Of

R = R}j\CDM % 4 5> for 2¢ + 1f

1
3
3, for le+2f
Change in ¢, is compensated (mostly) by change

D;‘; — through change in €2, and H,
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Eftect on H, : Phase shift

Bl 1c+2f
Bl 2c -+ 1f
B 3c -+ Of

—9 —4 -3 —2 —1
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Eftect on H, : Phase shift

D*

[PlS—TTTEEE+10WE+Lensing

z* 1
D = J L4 ]
SI: 3c + Of SI: 2c + 1f ACDM

Ho( km S_lMpC_l) 69.47 £+ 0.59 68.87 £+ 0.58 67.90 £ 0.54

Qa 0.7035 £+ 0.0071 0.6989 £+ 0.0072 0.6912 +0.0073
1006, 1.0463 £+ 0.00094 1.0447 4+ 0.00079 | 1.04186 + 0.00029

r;‘(Mpc) 144.58 £+ 0.32 144.69 £+ 0.31 144.87 + 0.29

DZ(MpC) 12.69 £ 0.036 12.72 +0.034 12.773 £+ 0.028

Anirban Das, SG : 2011.12315




Flavor specific SINU - with varying N : 1c + 2f + AN 4

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

In addition to enhancement of H, due to phase shift , larger V.« can also boost the H, value

lc + 2{+ ANeffk

1 coupled 2 free Additional
flavor streaming  free streaming v
flavor (e.g. sterile 1)
=
< Parameters | TT+lowE | TTTEEE+lowE+lensing | TTTEEE+lowE+lensing+BAO+HO
?_\i, Hy 69.7713 68.7710:58 70.0410:84
+ Negr < 3.76 < 3.38 < 3.58
Q
Y—
67.9 = 1.00 68.3 £ 0.62 68.75 = 0.41

22
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Anirban Das, SG : 2011.12315
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Part I : Summary : CMB favors Flavor specific selt-interaction

o} Flavor specific neutrino self interaction is phenomenologically motivated
— takes into account laboratory constraints
o The significance of the SI mode is increased dramatically
— similar in y? to ACDM fit
o The position of the SI mode peak in Flavor specific interaction
remains almost the same in Flavor universal case

o However, does not predict a larger H, than flavor universal case

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

— e S — = i = =

| o Effect of non-diagonal interaction

— aries naturally when considering massive Neutrinos

Future
direction

(’ o Phenomenological model for flavor specific interaction

— . ——— — e s — I —

1

‘Cosmology favors Flavor specific neutrino self interaction
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Part II : Dark Radiation Isocurvature

(Flavor specific)
Neutrino-self interaction

\
Hubble tension

Neutrinos

Dark Radiation (DR)
Isocurvature
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Isocurvature Perturbation in CMDB

Primordial perturbation

Other fields during inflation
(Multi field inflation)

DR from decay of

Observation from Planck

>

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

20

>

Adiabatic
(almost) scale invariant
Gaussian

l

Single field slow roll inflation

Isocurvature
Non Gaussianity

Probe using CMB and LSS data

Isocurvature perturbation in DR



Dark Radiation (DR)

Parametrized by AN,

Free-streaming DR (FDR) Coupled/fluid DR (CDR)

Similar to (SM/free-streaming) neutrinos Similar to (strongly) self-interacting neutrinos

Non zero anisotropic stress Zero anisotropic stress

Aiso(k*) [OI‘ ﬁso = Aiso/ Aadia] P ](]1) ( = Aiso(kl))

OI‘ PI(IZ) ( = Aiso(kZ))

1SO

Isocurvature
parameters
\/

k; = 0.002 Mpc™!



Isocurvature Initial conditions

(In synchronous gauge)

variable |  O(0) O(kT) O((kT)?) O(wk?13)
Rp Rp
T —— oo Adiabatic intial condition : §, = &, =
0., /k 0 _4(1IEDRDR) 0 1apatic intial condition : y = 0y = 5DR
5 _ _Rpr 0 Rpr
v 1-Rpr = 6(1—RpRr)
6,/k 0 _4(1—%9;)11) 0
0 O . 19RpR
Ov 30(1—Rpr)(15+4Rpr +4R,)
DR 1 0 —%
Opr/k 0 : 0
B —15R R,
9DR 0 0 30(1—121R1)5215Df4}iﬁ+43u)
0 0 _RDR+R2DR+RDR_RV
n 6(1—RpRr)(15+4Rpr+4Ry)
RprR
h 0 0 0 ————40(1[’_RR I;’R)
R
0 0 0 8(1—Rom)
RorR
S 0 0 0 — 80012 Re)
FDR - Isocurvature variable | O(0) O (k) O((k7)?) O(wk?7°)
5 _ _Rpr 0 __Rpr
v 1—Rpr = 6(1—RDR)
0, /k 0 — i 0
51/ _%_ 0 6(1#[1){_)
For both CDR & FDR isocurvature: E Ro,=0 0./ T 0
v 4(1—RpRr)
: R
! Ov 0 B 2(1—RDRI))(I;5+4RV)
R.=5./(p — - dDR 1 0 —%
i = Pi (py+py+pDR) Opr/k 0 L 0
RorRy
n 0 0 6(1—RDE§{(15+4RV)
RorR,
h 0 0 0 —40(1D—RR D"R)
RpRr
Ob 0 0 8(1—RpR) s
Oc 0 0 0 e S—b_O(lD—RRDR)

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
o8 opr =0  CDR -Isocurvature



FDR vs GDR Isocurvature spectrum

«10-10  Adiabatic Initial Conditions

g - —— CDR
—— FDR

=
Hs
4_ *

500 1000 1500 2000 2500 3000

14
ZRiéi =0 5

For isocurvature metric fluctuation is sourced

by anisotropic stress (o) at leading order l - 3

]
2
FDR: 0., > 0 — More anisotropy 1
CDR: 6, ,, < 0 — Less anisotropy 0

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
29

Adiabatic : 6, = 6, = opg

FDR free-streams out of potential well
6 - — Smaller potential — Smaller CMB anisotropy

CDR does not free-stream
— larger CMB anisotropy

x10~10 Isocurvature Initial Conditions

—— CDR
—— FDR
---- NDI
500 1000 1500 2000 2500 3000
(
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DRID = Dark Radiation density Isocurvature

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076



MCMCOC results

B AD+DRID : CDR
Il AD+DRID : FDR

* Higher N ¢
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Isocurvature accommodates larger N4 — larger H,,
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B AD: FDR
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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H, (SHOES) = 74.03 = 1.42 km/s/Mpc
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Isocurvature accommodates larger N4 — larger H,,

B AD: FDR
B AD-+DRID : FDR

3.294+0.14
3.38£0.15

P18-TTTEEE+lowE+Lensing
+BAO+SHOES
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o [P 0.71£0.9
Sonf
> P18-TTTEEE+lowE+Lensing
E 0| +BAO-+SHOES
= |
o L . ] : . -
m 68 . S EEE o S I S S S — B
1 | L L 1 | L L L 1 L1 ! PO TR T [N T M T |
3.0 3.4 3.8 68 70 72
Niot Ho(km/s/Mpc)

Hy(km/s/Mpc)

Niot Ho(km/s/Mpc)

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076 3



Parameter values: FDR DRID

4 extra parameter

compared to ACDM:

N

I

NP9 Ny, N,

r I

SG, Soubhik Kumar, Yuhsin Tsai:

FDR | PISTTHoWE | [t | oneing 1BAO SHOES
100 wp 9.3+0.052 2.25310.025 2.278* 0017
Wedm 0.1252:0-9046 0.1210:0081 0.124170:0027
100 % 6, 1.042% 500077 | 10427550083 104275 6005
Treio 0.0541610:998% | 0.0553470:00%° 0.05594+3-907.
1010p0) 99+l 1 23321057 2288709
100P2), 20.5510:57 20.37+0:43 20.680:39
10°N2 P | 17.48%2%) 11.22%17 11.84+17
1010N2 P2 | 228.9%SL 73.91128 102.1737
N 2.469753, 2.03175 1o 2.2657 5 47
Ny 1.197934 1.0660-32 1111194
Ho 74.03739 68.8116 70.7170 58
o3 0.823110-013 0.8210-01 0.830210-009,
1019 4, 2.07970:045 2.087+0:036 2.10570:932
e 0.982870-017 | 0.965470:0091 0.97417+0-0068
Niso 1.72790:39 1.527030 1.6179-52
Fiso 17.4770 11.97%;2 13.015:3
Niot 3.667 054 3.0974051 3.37620.15
far 0.328570:997 0.3444+9:1 0.329313:995
¢ ~xhoou | 036 ~3.54 ~0.24
AIC +7.64 +4.46 -1.24

arXiv:2107.09076
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Parameter values: CDR DRID

4 extra parameter
compared to ACDM:

2 p(l) A2 p2)
NdrP[] ’NdrP][ ’Ndr’Nur

SG, Soubhik Kumar, Yuhsin Tsai:

ODR | PISTTHoWE | [\ vp o | oneing t BAO  SHOES
100 w; 2.2670%3% | 2.257%02 2.285*0015
Wedim 0.1301700053 | (. 192+0:0034 0.127270 0035
100 + 6, 104240000 | 1.043+9000%2 1042050081
Treio 0.05327+0:007 | ,0561+0-0075 0.056430 0077
1010 P 23.0670 5 23.467035 23.1470:2
1010p2), 20.3270.69 20.19+0:42 20.3410:43
10082 P | 9554t 16.4312 15.39117
1010N§rp7g§) 662'71_2.166%-02 218'7——|_3926+02 3906332183
Ny 3.408+94 2.938+0-24 3.16419:27
Nar 0.258919:951 | (.2444+0.964 0.337270-14
H, 717943 69.19717 71.2777
o8 0.8341+9-017 0.820570:1, 0.829810-00%
10T A, 2.077+9:054 2.07370:038 2.08170:0%8
g 0.967779-016 | .961770:0092 0.9671+9-0086
Niso 1.8310:45 1.6670735 1.877539
Fio <317 58 +22 49%%]
Ny 36661937 3.1821022 3.501+017
Fur 0.07186+0014 | 0,07591+0.021 0.09615+9.04.
2 = e 2.72 0.46 ~5.8
AIC +10.72 +8.46 +2.2

arXiv:2107.09076
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Constraint on 1socurvature parameters

00 4
— < 2x10
0}

\ Isocurvature constraints at 95 % C.L.

\ Planck Planck +BAO+ SHOES
FDR <2%10°8 <22x%x107°
CDR <6x1078 <10x 1078
%% < 5% 10~ 95 % C.L. limits of N2.P? for Ny, = 0.4
0]
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Part II : Conclusion: DR 1socurvature 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 1.5¢

THANK YOUL
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