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Physics of the Early Universe

Primordial perturbations as inferred through Planck are

adiabatic, (almost) scale invariant and Gaussian
Planck '18

— single-field slow-roll inflation, however, very plausible to
have other fields during inflation

Extra light fields can give rise to isocurvature

perturbations — do not contribute to total curvature

e.g. axion DM isocurvature baryon, DM, v

1
— <10%

R Planck '1
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Isocurvature Perturbations in Dark Radiation

Dark radiation (DR) commonplace in extensions of
Standard Model, e.g., dark photon, ultralight axions,

graV|tat|0na| WaVeEs... Bashinsky, Seljak '03
Hu, Sugiyama 95 ...

Parametrized by AN, adiabatic case extensively studied
e.g. damping, phase shift

They are "dark” — can easily come from a separate field

during inflation, e.g., curvaton

Coupled DR
New consequences depending on their nature
similar to v Free-Streaming DR
Kawasaki '11 3
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Summary

x10-10 Isocurvature Initial Conditions

- For isocurvature initial conditions, i —
FDR leads to more CMB 4 .
anisotropies than CDR—opposite &

to well-known scenario with -

adiabatic initial conditions.
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14

Il AD: CDR
Il AD+DRID : CDR

- Presence of blue-tilted

P18-TTTEEE+lowE-+Lensing
+BAO+SHOES

Isocurvature perturbations

compensates extra Silk damping
due to AN, — higher value of H, N &

3.0 3.5 40 68 70 712 T4
Nt t Ho(kIn/S/MpC)

Constraints on CDR (new) and FDR (updated) Isocurvature
soubhik@berkeley.edu 4
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Outline

Setting up Isocurvature Initial Conditions

- Analytical Comparison of FDR and CDR

MCMC Results

Conclusion
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Conventions

- “Iso’curvature: perturbations that do not give rise to
curvature

Bucher et al. '99 *Synchronous gauge
- Example, neutrino density isocurvature:

and vanishin e DT
(5,01/ —|— 510}/) — O . g 10 socurvature Initial Conditions
metric pert.

5 —— NDI

S
2 .
*suppressing ~ 107>
1 .
. 5:01/ 5'0 /4 :01/
51/ — =1, = T 07 . . . . .
pl/ p)/ p}’ 500 1000 1500 2000 2500 3000
l
I =

soubhik@berkeley.edu 6



mailto:soubhik@berkeley.edu

Dark Radiation Isocurvature

Proceed analogously,

Pyt Pyt PpR
(Gppr+0p,+p,)| =0
7—0 R
DR
5DR — 1’ 0, = 50 —

- Above gives initial conditions for density perturbations,
and identical for CDR and FDR

However, important difference once anisotropic stress o
comes into play!

soubhik@berkeley.edu
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Deriving Initial Conditions

Need to set superhorizon initial conditions for other
quantities such as, 6,9, .-

+ Solve coupled Boltzmann Einstein equations order-by-order

la.
: . _ k*n—-—h = 47Ga*5T%(Syn),
in k7 and @7: w = HoQmo// o 1= 5" = 4TGa T ()
k7 = 4nGa®*(p+ P)O(Syn),
4 9 h+ 2%5 —2k*n = —81Ga*6T%(Syn),
ODR = — §9DR - ghv + standard h+6ﬁ+2% (h+67‘7) —2k*n = —247Ga®(p+ P)o(Syn)
_ equations
Opr =k l(5DR — ODR : 4 2.
S M : 1
.... 1 2. 4, 0, = k2(—5 —a)+aneaT(9b—9
OREe Lt e b= e (Ga). S ”
= -~ . 1.
o . 8 3 4. 8 o = —Oh—h
p—rt 3 —_ — — — —_— _. 2
F,o 20, 159,, 5kFU3 + 15h+ 57) ) 1.
CDR =t

e.g., Ma & Bertschinger, '95
soubhik@berkeley.edu 8
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Superhorizon Initial Conditions

| variable | 0(0) | O(kr) | O((k7)?) | O(kwr?) | O((k7)?) | Owk?*r?) |
oy | —hRR 0 ) 0 0
0y/k 0 _4(113%211) 0 16(1—R§S?F—Rﬁnli—m> 72(31)1}%{1311) .
| |0 L 0 0 matches with
[k 0 - 4(113{1“) 0 0 af
oo 0 0 T 30(0-R )1(%15%223 L F4R,) 0 0
T DR 1 0 BT 0 0 NDI after
fpr/k |0 i 0 0 B!
. _aor_ 0 0 0 30(1-11?.513—,{1)5(?513-?44;{111"+4R,,) 0 0 . .
:: : 27:: 0 0 (5(1__%3};;(}1%;)4}_{:11@??:?&,) 0 0 RU — O’ RDR — RI/’ {5’ 9’ O-}DR — {5’ 6’ 6}1/
h 0 0 0 0 0 4UﬁD—RA’§)R)
8 0 0 ey Y] 0 0
3 0 0 0 0 0 | sty
F D R variable | O(0) O(kT) O((k7)?) O(kwT?) O((kT)?) | O(wk?m3)
67 — lszDR. 1(2) 6(1}ERDR) " 0 = RO
67/k 0 _4(1—?{1{311) 0 16(1_RDR)[()1R_}$DR_R1/) 72(1—D1§DR)
R R
6’/ 1—Rpr 2 G(T%BIF) 0 0
9,,/1@ 0 _ZI(_I—LI'ZZL) 0 0 af
can not be matched! s el - -
S _’/_ _ e 2(1—Rpr)(15+4R,)
qualitatively new i | 0| o o G
‘s__:]_‘) 0 0 6(1—R§21;(}12g+4Ru) 0 0 —%
— DR {1p
because opgr = 0 3 I 0 0 I
5 0 0 i 0 0
S 0 0 0 0 0 — ot

ds* = a®(1) (—dr* + (8;5 + hij)dz'da?)

: S B PR N 7 > 1 -
soubhik@berkeley.edu hij (T, %) = /d ke (ki’fjh(ﬂ k) + (k‘z"fj - g%’) 67)(, k))
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Outline

Setting up lsocurvature initial conditions &

- Analytical understanding of FDR vs. CDR properties
MCMC results

Conclusion

soubhik@berkeley.edu
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Adiabatic Initial Conditions

- All the species follow the same density
perturbations:

- FDR — free stream out of potential

wells — smaller metric potential —
smaller CMB anisotropy

N (D
{ CDR
1 1 4R,
S 7—0 FDR
S |15 + 4R, + 4Rpg

- CDR — no free streaming — larger
CMB anisotropy

soubhik@berkeley.edu

5}, — 51/ — 5DR"'

Bashinsky, Seljak '03
Hu, Sugiyama 95 ...

«10-10 Adiabatic Initial Conditions

g —— CDR
—— FDR

500 1000 1500 2000 2500 3000
14
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Isocurvature Initial Conditions: Shear

Primary ditference between CDR and FDR is opp

Ops = Z R0,
( kT)2 5FS i=FS

Rpgs = prs/ prot

"7 2(15 + 4Rpo)

CDR: only v free-streams — 6pg =6, <0 =06 <0

RDR
Spr=1, 6,=8,=—

FDR: both v, DR free-streams — dpg = Z Ro6,>0=>06>0
i=v,DR
soubhik@berkeley.edu 12
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Effect on the Metric Perturbations

Convenient to go to Newtonian gauge: similar to Einstein eq.

20 PR 6
PV Gy T

For isocurvature initial conditions, metric perturbations
determined by ¢ to the leading order

CDR and FDR sources
different metric perturbations

CDR: 6 <0 FDR: 6 > 0

o+y >0 ¢o+y<0

soubhik@berkeley.edu



mailto:soubhik@berkeley.edu

Implications on CMB spectrum

Metric potentials directly affect the CMB via Sachs-Wolfe
redshifting,

1
= Gk pmt, 5= =

Isocurvature initial condition has ¢, ~ 0, <0

021 —— CDR,0.1Mpe™!
CDR FDR — FDR,O.lMEclq Q =
0.1 A
¢+y>0 p+y<0 2 n
+ 00 - I
smaller |{, + ¢ + v larger [, +d+y| < _ el
. . e U, ___________ CDRIC ___
|eSS arnsotropy more arnsotropy _0.9 4 , , ................... I. ,FDRIC, .......
10 10 102 10 10
[Mpc]

soubhik@berkeley.edu 14
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CMB Spectrum

«10-10 Isocurvature Initial Conditions

5 —— CDR
—— FDR
4 7 ---- NDI
= 3
B~
Q
2 -
1 -
O -

500 1000 1500 2000 2500 3000
14

- FDR sources more anisotropy
. FDR matches with NDI €2

soubhik@berkeley.edu

CDR — more anisotropy
FDR gets Silk-damped

«10-10  Adiabatic Initial Conditions
— CDR
— FDR
500 1000 1500 2000 2500 3000
/
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Application to the H, Tension

- Usually larger N, implies smaller damping scale 6,

(keeping sound horizon €, the same) — more Silk damping

- However, isocurvature spectrum can have a tilt different
from adiabatic, and blue tilt can compensate Silk damping

TT
100

1 1 1 1
—— ACDM(AD) —— AD + DRID + ANt(0.2)
-- AD + DRID & Planck-2018
—.— AD + ANtot<0~2)

75

é 50
= 5 e
a Ul N \\
S 25 |IY -~ .
Q ‘ \ ——N\
i A =
S } ”nﬁ H' Hﬂ L TR }
_25_ ®
DRID(FDR) fiso = 2.0, Miso = 1.5, Nqp = 1.0]
—50 L
1000 1500 2000 2500

14

- Thus can allow a Iarger N ¢ — larger H,

soubhik@berkeley.edu 16
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Outline

Setting up Isocurvature initial conditionsQ
. Analytical understanding of FDR vs. CDR properties &

MCMC results

Conclusion

soubhik@berkeley.edu
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Choice of Isocurvature Parameters

Due to the isocurvature initial conditions,

RDR
5}” 9},, n, h ~ RDR X NdI'

, k* (niso_l)
Cf,DRID X AisoN dr Aiso — @2) (k_>
1
. Therefore are well-behaved, physical

variables to vary

In summary, vary four extra parameters compared to

ACDM

soubhik@berkeley.edu 18
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New constraints on DR Isocurvature

- FDR gives larger

anisotropy <> CDR
can have more
Isocurvature

- For the adiabatic
case, CDR allows for

larger AN_4: feature

persists for
Isocurvature as well.

soubhik@berkeley.edu

10"°N3 Pr7

10N P2

Niso

025 BN AD+DRID : FDR

3.10%+0.21

< 18.9
<125

! 4 1
lllll
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Relaxing the H,, tension

3.29 4 0.14 BN AD:FDR _ . BN AD: CDR
3.38 + 0.15 BN AD+DRID : FDR 3 50+0.16 B AD+DRID : CDR

P18-TTTEEE+lowE+Lensing
+BAO+SHOES

P18-TTTEEE+lowE+Lensing
+BAO+SHOES

~J
1SN

69.85 + 0.91

/‘g i 274 71.3 4 1.0

72 :
E i 372
< = 0

70 "
—5 i 570
= | = |
T 68 | m68- ;

i PR B | -.I....l....l.-. PR B |

l 68 — 70 . 72 3.0 3.5 4.0 68 70 .72 . 74
Niot Hy(km/s/Mpc) Niot Hy(km/s/Mpc)

. Larger N, and blue-tilted isocurvature: both help

soubhik@berkeley.edu
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Conclusions

- In the presence of isocurvature initial
conditions, FDR gives larger CMB
anisotropy compared to CDR.

- Can hide more CDR in the data.

- Blue-tilt of isocurvature perturbation
helps relax the H, tension.

+ Combined, CDR lIsocurvature can
reduce tension to 1.5¢

soubhik@berkeley.edu

«10-10 Isocurvature Initial Conditions

— CDR
— FDR
-- NDI

TT

500 1000 1500 2000 2500 3000

14

B AD: CDR
BN AD-+DRID : CDR

P18-TTTEEE+lowE+Lensing
+BAO+SHOES

1.50

3.0 3.5 4.0 I 68 70 72 74
Niot Hy(km/s/Mpc)
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Thanks for your attention!



Backup - Compensating Silk Damping

TT TT
100 1 1 1 1 100 1 1 1 1
—— ACDM(AD) ¢  Planck-2018 —— ACDM(AD)  —:— AD + ANot(0.2)
80 --- AD + DRID H 80 --- AD + DRID ¢  Planck-2018 H
[ BN q ®
~ 60 | . ~ 60 . .
% lh‘\ g/ ' 4 \\
= 40 FI1| 4 = 40 1 ,'1
&) o/ A ILANIRIE
q 20 5 205
| . ® I | 0 ? (11
Q [ ] Q 1
—20}H » —20F|
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Adding BAO and SHOES

soubhik@berkeley.edu

3.5070:16 Il AD+DRID : CDR

—0.18 BN AD-+DRID : FDR
3.38 £0.15

100 - ’ <174

w0k 1 <131

60 1 P18-TTTEEE+lowE+Lensing
+BAO+SHOES

10N Pl

20

3914300
103179

1200 T b

0.39
1.871058
0.32
'611-0.28
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FDR Parameters

soubhik@berkeley.edu

FDR | PISTTHovE | [ ot | lening 1BAG £ SHOBS
100 wp 2310052 2.25370025 2.27870 017
Wedm 0.1252%5005s | 0-12X5031 0.1241403:5658
100 6, 1.042% 000077 | 1.042555603 1.042X5:0005
Treio 0.0541670005> | 0.055347000%° 0.05594 0907
1010 ), 29+11 23321057 22.88703
1010p2, 20.55+057 20.3750°3 2068539
1010N2 p) 1748121 1122717 118471
1010N2 P2 | 228,96 73.91+26 102.1737
Ny, 246973 2,031+ 226577
Ny, 1.1970-34 1.0661032 11114938
H, 74.03+39 68.8116 70.7110 9%
o 0.8231+0013 0.82+901 0.8302+0009
1094, 20797000 | 2087155 2105 5
ns 0.9828T0017 | 0.9654700005 0.974170:0068
Tiso 1.72+9-3¢ 152703 1611032
fea 17.470 11.9752 13.0275
Neot 3.6670:4, 3.0971021 3.3760:1¢
far 0.32851 0997 0.3444701 0.329370-995
X° = Xicpm —0.36 —3.54 ~9.24
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CDR Parameters

soubhik@berkeley.edu

P18-TTTEEE | P18-TTTEEE-+lowE+

CDR P18-TT+lowE +lowE+lensing | lensing+BAO-+SHOES
100 w, 2.26710.0% 2.257%0 058 2.28510018
Wedm 0.1301+9903 | 0,122,003 0.1272+0.0031
00+, | tostgi | orostggme | Loaie
Treio 00532770005 | 0.056110 008 0.056437 0077
1010P5), 23.0650:9 2346103 23.1410:%2
101 P, 20.32702 20.197042 20.3470 4
100N2. P | 25547 164343 1539759

(1) 9 50 6e+02
1010N§rPII 662'71_6.166+02 218‘7j2.2e+02 39067—%.2:102
Ny 3.40870:25 2.93870:3¢ 3.1647037
N 0.25891 092! 0.244470-004 0.33721022
H, 71.797% 69.197 1 71.2771,
o3 0.834110:0%7 0.820570:01, 0.82980- 5090
1094 2.077+9:9%4 2.073+0-938 208170038
N 0.9677+9016 | 0.9617+9:9092 0.9671+0:0086
Niso 1.837042 1.667043 1.8715:39
Fiso < 31.7 58122 49775
Niot 3.666 7027 3.182710-22 3.5017047
far 0.07186150% | 0.075917092¢ 0.096151501.
— X?\CDM 2.72 0.46 —5.8
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Turning on Isocurvature Correlation

3091021 BN AD+DRID (with correlation) : CDR
3.09792
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Turning on Isocurvature Correlation

soubhik@berkeley.edu

(1
101°N2 P

0 (2)
101N PY7

1010 N, PY)
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3.46+0.18
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