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Motvation: Isocurvature Perturbation in CMB

: : - Observation from Planck Adiabatic
Primordial perturbation > (almost) scale invariant

Gaussian

l

Single field slow roll inflation

Other fields during inflation Isocurvature
(Multi field inflation) Non Gaussianity

Probe using CMB and LSS data

DR from deqay of » Isocurvature perturbation in DR
separate field during inflation (e.g. - curvaton)

Implication for the Hubble Tension
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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

Additional variables to define the initial Isocurvature power spectrum

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

Or P 1(12 ) (= A, (k)

1SO

Isocurvature
parameters
v

. k; = 0.002 Mpc™!
Ny, » Amount of Dark Radiation k, = 0.1 Mpc-!

N, > Amount of Neutrinos

Additional
parameters

Ndr + Nur = ]Vtot = Neff



Two Scale parametrization

A (ki) — Amplitude at the pivot scale & pl(ll) (= A (k)

1

n — Tilt

P (= Ayl

1

(1) (2)
_pW o Fox P - ki
Ajso = Pr; exp [(nlso 1) In (kl):| Miso = 1 + In k1 — In ko




Isocurvature Perturbation studies with CMB

Planck Collaboration

: Baryon Isocurvature :

CDM Isocurvature Akrami et. al., arXiv:1807.06211

s > generalized
:  FDR Isocurvature :
SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076 :
CDR Isocurvature :

DR — Adiabatic + Isocurvature
Neutrinos — Adiabatic



Recipe

Derive DR Isocurvature initial conditions

¥
Calculate the effects on the CMB spectrum| (Using CLASS)

¥

Perform an MCMC analysis to find the constraints| (Using Montepython)

Results for un-correlated DR Isocurvature

N

No correlation between isocurvature and adiabatic spectrum



Isocurvature Initial conditions

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

Adiabatic intial condition : 57, =0

v

= OpRr

(In synchronous gauge)

l

Isocurvature initial conditions: Z Ro; =0

R, =p/(p,+ P, + PpRr)

op;
l
5= —
Pi
variable |  O(0) O(kT) O((kT)?) O(wk?73)
S5 R 0 __Rpr
v 1-RpR = 6(1—RpRr)
6 /k 0 ——QB_4(1—RDR) 0
O e 0 SR
DR R DR
0,/k 0 — 4—(1_’3{‘;@ 0
o 0 0 - L9RpR
v 30(1—RpRr)(15+4Rpr+4R,)
DR 1 0 —5
Onn/k 0 i 0
15—15RpR+4R,
DR 0 0 30(1—RDR)(15T4RDR+4R,,)
O O _RDR+R%)R+RDRRV
n 6(1—RpRr)(15+4Rpr+4Ry)
RprR
h 0 0 0 4—0(1D_RR D”R)
R
% 0 0 8(i-Rpn) —

variable | O(0) O(kT) O((kT)?) O(wk?73)
R R
Oy 1—Rpr 2 6(1—RpRr)
97/’9 0 o 4(1—%1311) 0
5 ___Rpr 0 __Rpr
v 1—Rpr = 6(1—RpR)
bu/k 0 | ~d-rom 0
Oy 0 0 - 2(1—RDR§)(1}5+4RV)
DR 1 0 -
Opr/k 0 % 0
RprRu
M 0 0 6(1—Rpr)(1514Fs)
RprR
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FDR - Isocurvature

CDR - Isocurvature

opp =0




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

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
(




FDR vs CGDR Isocurvature spectrum

20
(kt)?

In Newtonian gauge: ¢ + y = —

FDR: 0, >0 —>0c+y <0

1
Metric potential affects CMB via Sachs - Wolfe redshifting: —6," + w =+ ¢ +y

|

Gauge invariant photon perturbation

e . 021 -1
Isocurvature initial condition: £, ~ 5, < 0 CDR, 0.1Mpe .
FDR,0.1Mpc™! W
0.1 1 —— CDR,0.01Mpc? |

—— FDR, 0.01Mpc™* \

FDR: 6, > 0 - 0 +y <0 — larger [, + ¢ + |
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AD@/DE\CDM(AD)

[socurvature accommodate larger N, ( = N,,,)

Blue tilted (n

1SO
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DRID = Dark Radiation density Isocurvature

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076



MCMC varnables

New parameter w.r.t. ACDM

Fixed N, ( = 3.046) [FN]| — P\, P\¥.N;, ~——  3new parameters

Varying N, [VN] —— PP Ny N, —>  4new parameters

Isocurvature initial conditions

5.0 h Ras ~R, x N
vy » I X _RdrN drOc dr

l

C, (DRID) o A, N2,

1SO

Physical isocurvature parameters: N (%IPI(ID and NC%rPI(I2 )

Primary parameters used for MCMC runs

. 2 p(l) A2 p(2)
Fixed N, — N2 P, N2 PP Ny,

Varying N, — N PI(II), N grP[(lz), Ny, N,




MCMUC results : FN - Planck

< 0.244 Bl AD+DRID (FN & NC): CDR
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Small perturbation in CDR

e .
— weak constraints

—=— Blue tilt
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076 13



MCMC results : VN - Planck

3 18+0.21 I AD-+DRID (VN & NC) : CDR
S0 Bl AD+DRID (VN & NC): FDR
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076 14



MCMU results : FN - Planck + BAO+ SHOES(Latest)

0.43 +0.13 Bl AD+DRID (FN & NC): CDR
Bl AD+DRID (FN & NC): FDR

0.36 £0.13

e ngher Neff

100 ] < 15.8

1 14.87%}
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e .
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076 15



MOCMC results : VN - Planck

BN AD-+DRID (VN & NC): CDR

BAO
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Hy(km/s/Mpc)

Isocurvature accommodates larger N, — larger H,, : Planck Data
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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Isocurvature accommodates larger N 4 — larger H, : Planck
+BAO+SHOES(L) Data
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Model Comparison

Planck

/N

Planck+BAO+SHOEs

Scenario | Hg(km/s/Mpc) Ax? | AAIC
FN, FDR 69.691) 32 2.50 | 4.0 9.4
FN, CDR 69.571“1’@8 2.50 | 4.1 -5.1
VN, FDR 68.811C 2.20 | 4.4 -6.1
VN, CDR 69.2718 2.00 | 4.1 -3.7

19

Ho p — Ho sHoks

GT =
\/012) + OSHoEs

2 2 2
AX = Xmin,D+BAO+SHOES o Xmin,D?

AAIC = xfinm — XminacoM + 2(NM — Nacpwm).

Schoneberg et. al., arXiv: 2107.10291



Parameter values: FDR DRID

FDR (PN & NO) | 05 nming | lensing +BAO+SHOBS(1)

102w 2.26470 057 2.281 +0.015

Wedm 0.1217+0-0031 0.1245 + 0.0025

1008, 1.04219 + 0.00045 1.04193 + 0.00047

Treio 0.0563 10007 0.0561 + 0.0072

1010P{) 23.11 + 0.49 22.83 + 0.47
1010P2), 20.55+933 20.72 + 0.36
010N§r7>(1) <17.9 14.8721
101082 P2 10640 129+5

Ny, < 0.216 0.36 +0.13

Ho(km/s/Mpc) 69.6910-52 70.94 + 0.80

os 0.824910-00% 0.8313 4 0.0085

1094, 2.0987 003z 2.107 £ 0.032

ns 0.970010- 505 0.9752 + 0.0062

Niso 1.54103¢ 1.611032

fiso < 18.7 < 6.52

Niot < 3.26 3.41+0.13

far 0.05275 647 0.10470055

X* — XAcpM —1.94 —-154

FDR (VN & NO) | Jvr e | ensing BAG- SHOBS(L
10%w;, 2.252 4+ 0.025 2.282 4+ 0.015
Wedm 0.1200 + 0.0031 0.1248 + 0.0025
1000, 1.04241 + 0.00052 1.04189 4 0.00047
Treio 0.0554 + 0.0077 0.0560 + 0.0072
1010p%), 23.32 + 0.55 22.80 + 0.46
1010p2) 20.37 + 0.4 20.73 + 0.36
1010N2 P{) <13.0 <133
1010N2 P 74720 10749

Nur 2.0675°2, 2.2910 1

Ny < 1.32 < 1.44
Ho(km/s/Mpc) 68.8 % 1.6 71.04 % 0.81

os 0.820 £ 0.010 0.8318 % 0.0086
10°A, 2.086 & 0.037 2.108 £ 0.032
s 0.9655 < 0.0090 0.9756 < 0.0062
Niso 1.51+5-38 1.6215:32

fieo 14.8178 15.017:!

Niot 3.09 + 0.21 3.42+0.13
far 0.337522 0.3317035

2 — X2epm ~3.92 —14.08

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076




Parameter values: CDR DRID

CDR (FN & NO) | )00 ensing | lensing+ BAO + SHOES(L

102w 2.26270 051 2.286 £ 0.016

Wedm 0.122870-0035 0.1268 & 0.0028

1006 1.0423010-90032 1.04260 + 0.00034

Treio 0.05620-9070 0.0568 0 000

1010P4) 23.32 + 0.47 23.19 + 0.47

1010p), 20.33 + 0.35 20.22 + 0.36

1010N2 L) <206 <158
101082 P2 241%70 3397300

Ny, < 0.244 0.43+0.13

Ho(km/s/Mpc) 69.5719-88 71.28 £ 0.85

o8 0.8237 + 0.0069 0.8270 + 0.0069

10%4, 2.083 +0.032 2.072 £ 0.032

ng 0.9649 100052 0.9650" 0 00z

Ntot, 1.6975:39 1.8615:33

Frot <224 71437

Niot < 3.29 3.48 +0.13

far 0.059700%5 0.123 £ 0.034

X* — XA oM 1.34 —11.06

CDR (VN & NC) | 10 e | lensing +BAO- SHOES(L)
10%wy, 2.257 +0.026 2.287 +0.016
Wedm 0.122010 00as 0.12767 0 0035
1000 1.042581000053 1.042261 500053
Treio 0.0561 190001 0.0565 + 0.0072
1010P%), 23.45 & 0.55 23.11 + 0.50
101°P%) 20.19 =+ 0.46 20.35 + 0.45
1010N2 pL) <18.9 <176
1010N2 P < 264 407+200
Ny, 2.94+0.25 3.1810-27
Ny < 0.304 0.357035
Ho(km/s/Mpc) 69.27 13 71.46 & 0.87
o8 0.820 + 0.011 0.8304 =+ 0.0092
10%4, 2.073 +0.039 2.081 + 0.038
ns 0.9617 £ 0.0090 0.96751 0 Dooe
Niso 1.66103 1.8715:33
fiso 58123 31757
Niot 3.1870 % 3.53+£0.15
far 0.0760 00s 0.09870:974
x? — Xicpum 0.8 —11.68

SG, Soubhik Kumar, Yuhsin Tsai:

arXiv:2107.09076




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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Planck = TTTEEE+lowE+lensing

2) —
PH =A

1SO

(k = 0.1Mpc™h



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 2.0

THANK YOUL
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