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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



Isocurvature Perturbation studies with CMB

Planck Collaboration
: Baryon Isocurvature :

CDM Isocurvature

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)
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FDR - Isocurvature

CDR - Isocurvature

opp =0




FDR vs GDR Isocurvature spectrum

«10-10  Adiabatic Initial Conditions
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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 [, + ¢ + |

05" + Y)sw
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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: PV, PO N, N _
]

I/ |

Neutrino energy density

Isocurvature initial conditions

5.0 h Ry ~R. xN
vy ’nocl_RdrN drOc dr

l

C, (DRID) o A Nz

1SO

Physical isocurvature parameters: NgrPI(ID and NgrPI(Iz)

Parameters used for MCMC runs: N C%rPl(Il), N grPI(Iz), Ny, N,
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MCMCOC results

Bl AD+DRID : CDR
Il AD+DRID : FDR
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3.187025
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SG, Soubhik Kumar, Yuhsin Tsai:
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arXiv:2107.09076
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SG,

MCMCOC results

3.501018

3.38 £0.15
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Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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Isocurvature accommodates larger N4 — larger H,,

B AD: FDR
B AD+DRID : FDR

2.89 + 0.19
3.10 &+ 0.2

P18-TTTEEE+lowE+Lensing
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H, (SHOES) = 74.03 = 1.42 km/s/Mpc

SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076

» ACDM with varying N ¢

Hubble Tension : Discrepancy between CMB
and local determination of H,,
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Isocurvature accommodates larger N4 — larger H,,
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SG, Soubhik Kumar, Yuhsin Tsai: arXiv:2107.09076
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Parameter values: FDR DRID

N

I

4 extra parameter

compared to ACDM:

PO NP Ny, N,

r I

r

SG, Soubhik Kumar, Yuhsin Tsai:

FDR | PISTTHovE | [te it | ensing - BAO.SHOES
100 wp 2.3+0.052 2.25370.9% 2.27810,017
Wedm 0.1252 06058 | 0-12200031 0.1241¥5005%
100 6, 1.042% 000077 | 1-0427500085 1.0420 G005
Treio 0.0541610:008% | 0.0553410-007° 0.0559415-007
1010pY) 99t11 2332107 22.88% 045
1010P2) 20.5510:37 20.37+04 20.6870:37
10°N2.P%) | 17.48+2] 11.227 17 11.847 L
1010N2 P2 | 228.9%SL 73.91128 102.1437
N 2.469713, 2.0317 5} 2.265" 547
Ny, 1.19+0:34 1.066+0-32 1.11179-%
Ho 74.03739 68.8116 70.7170 58
o8 0.823110:915 0.829-91 0.830210-999
1019 A, 2.079+0.015 2.087+0.036 2.105*0 034
e 0.982870017 | (.9g54+0.0091 0.97417 0063
Niso 1.72790:39 1.527030 1.6179-52
Fso 17.4+70 11.9+52 13.0433
N 366704, | 3007703 337670
far 0.328510:997 0.3444+31, 0.3293+5-995
X% — X2 —0.36 —3.54 ~9.24
AIC +7.64 +4.46 -1.24

arXiv:2107.09076
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AIC = Ay? + 2n

AIC -ve : Model preferred




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+0007 0.056430 0077
1010 P 23.0610 5 23.467035 23.1470:31
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 0.820570:01, 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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AIC = Ay? + 2n




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



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
First bound on CDR Isocurvature

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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