A global view of the inflationary landscape
In future experiments
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Cosmic inflation

Inflation in a nutshell
Flatness, horizon, absence of exotic relics problems
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Perturbation

Sp = Q =R — Pr: CMB temperature and polarisation ﬂqctuations .
Neutral hydrogen density to 21cm brightness fluctuation



The Zoo

Tensor-to-scalar ratio (ro.002)
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CMB

CMB-S4

12 telescopes: 500,000 cryogenically-cooled superconducting
detectors in South Pole and in the Chilean Atacama desert

(CMB-S4 South pole preliminary; Credit: CMB-S4)
LiteBIRD

Second Lagrange point, 1.5 million kilometers from Earth

Current and future of CMB experiments

Planck
CMB-S4: (£ € [30,3000])

LiteBIRD: (£ € [2,1350])
LiteBIRD low- #+ CMB-S4 high-£: (¢ € [2,50]) + [50, 3000])

(Brinckmann et al. JCAP’19) (LiteBIRD concept art: Credit ISAS/JAXA )
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21cm intensity mapping by SKA
Brightness tem pa rture T, ( TM, T. Plehn, L. Rover, and B. M. Schéfer, B. Schosser, SciPost Phys. 15, 047 (2023))
Resonant interaction of CMB photons & the hyperfine transition
vy = 1420.405752 MHz, A\g = 21.11 cm
Differential brightness temperature

AT, = TTb(zi_—FTV(z) , optical depth:7 <« 1

Power Spectrum

HO (1 +Z)2
H(2)

(Sprenger et al. JCAP’19)

ATy ~ 189|: j|QH](Z) h mK

p21(k7 U:z) - fAP(z) X fres(k; U’:Z) X fRSDUn(Ma:Z) X bgl(z) X Pﬁ(}ﬁ(:z)

by = A_%(Z)bHI(Z)



Neutral hydrogen fraction

Qui(z) = ”pfil = Ou(1 — Yp) ( HI@)) (1+ 2)% zui(2)

za1(2) = % [1 + %tan_l (61(2 — 52))]

Q P— XH;(Z), fitted
= o Xiij 2LPT
' X Zel'dovich
0.2 Xp Linear
8.00 825 850 875 9.00 9.25 9.50 9.75 10.00
redshift z
Fit values: ;1 = 0.9755, 05 = 7.7664 21cmFAST

three nuisance parameters: {bgy, 01,02}



SKA1-Low

z €[8,10] and 0.01 Mpc™ ' <k < 0.2 Mpc~*

The comoving radial distance line of sight to

z =8: 8943.21 (Mpc)

z = 10: 9440.25 (Mpc)

The difference translates to 37.09 Mpc/h for 20 bins

Avg. ionized patches few Mpc (Mellemaetal. 1210.0197) (SKA-Low prototype antennas: Credit SKA)

SKA1l-Low specifications

tobs = 10000 hrs, vy = 1420.405752 MHz, \y = 21.11 cm, band [50, 350] MHz,
array of 224 stations, size of the station D = 40 each with 256 antennas with

area 3.2 m?2.

Compared to LOFAR 25% better resolution, eight times the sensitivity,
and will be able to survey the sky 135 times faster.



Hubble slow-roll parameters

(TM, T. Plehn, L. Rover, and B. M. Schifer, B. Schosser, SciPost Phys. 15, 047 (2023);
TM, T. Plehn, L. Rover, and B. M. Schifer, SciPostPhys. Core *22)

Inflationary dynamics: parametrized by expansion of Hubble parameter

The parameters
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CMB
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With SKA
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Modified ACDM

power spectrum: Pr (k) = A, (H
spectral index: ng = 1+ dPg(k)/dInk

Runnings of n,: a, = dn,/dInk and B, = d*n,/dIn k?

tensor-to-scalar ratio: r = ﬁt
S

Baseline parameters

{wba Wedm s h7 Treios Ms, As> A, Bsa T}
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Starobinsky inflation

Action in different frames
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CMB

e Planck
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- e Planck
WI t h S KA = LiteBIRD low-f + CMB-54 high-£
BN LiteBIRD low-{ + CMB-S4 high-f + SKA
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Data Parameters Best-fit Mean=+o 95% lower  95% upper
100 wy 2.228 2.22710008 2.222 2.232
LiteBIRD low-¢ Wedm 0.1206 | 0.120719000% 0.1205 0.1209
+ h 0.6694 | 0.6692102002 0.6685 0.670
CMB-S4 high-/ Treio 0.04792 | 0.04734700016  0.04445 0.05033
+ 10°M/Mp  1.100 1.10619 023 1.064 1.148
SKA 10°c 4.350 432510052 2.891 5.734
N. 58.95 58.6810 7% 57.20 60.18
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Few words on uncertainties at SKA

Biasing
Assumed linear biasing with a nuisance parameter by, Correct?

Neutral hydrogen fraction
Better modeling for the nutral hydrogen fraction instead of fitting function
High reshift galaxies observed by JWST

Foreground removal
Foreground: much higher than the actual signal
Assumed sufficiently smooth to be removed



Outlook

Many models of inflation: Need narrow down or discover
Future CMB experiments will provide sensitive probes
21cm inetnsity mapping by SKA: Complementary probes with CMB

Thank you!!
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Additional Slides




Flatness problem

2
The curvature: Q — 1 x ﬁ, (= p_PC’ pe = ng
) — 1 =0 = flat Universe
Q-1lp . %M T2 6a
Planck epoch: aily agP o O(10764);

Q—-1|pBN a? T2 _16
BBN: | ~ %BBN ~ _To (10 :
12—1Jo ag TéBN ( )7

|2 — 1|g ~ 1072 = small curvature at earliest epochs
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Horizon problem

From epoch of last-scattering, photons free-stream and reach us untouched

/ Sined

Ls / %/
;» today < ]
y

AN /

(Ho ).
H,.?
CMB photons: > 1° or £ < 200 no causal contact

~ 109 causally disconnected Hubble volumes

Excotic relic problem
Magnetic monopoles, ....
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CMB

Current and future of CMB experiments
Planck
CMB-S4: (£ € [30,3000])
LiteBIRD: (¢ € [2,1350])
LiteBIRD low-¢ + CMB-S4 high-£: (¢ € [2,50]) + [50,3000])

CMB-S4 (CMB-S4 South pole preliminary)

12 telescopes: 500,000 cryogenically-cooled superconducting
detectors in South Pole and in the Chilean Atacama desert

CMB-54: foky = 0.4, 150 GHz channel, FWHM = 3 arcmin, AT = 1.0 uK arcmin
and AP = 1.41 pK arcmin.

LiteBIRD
Second Lagrange point, 1.5 million kilometers from Earth

LiteBIRD: Sky fraction: fsy, = 0.7, Channel: 140 GHz with full-width-half-max
or FWHM = 31 arcmin, AT = 4.1 uK arcmin, and AP = 5.8 uK arcmin

(LiteBIRD concept art: ISAS/JAXA)

(Brinckmann et al. JCAP’19)
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Quantum fluctuations to CMB anisotropies

Primordial fluctuation imprinted in CMB temperature and polarization anisotropies
Scalar (density) perturbations create E-modes but no B-modes

Vector (vorticity) perturbations not excited during inflation
Tensor (gravitational waves) perturbations create both E- and B-modes

E.g., the power spectrum of temperature and B-mode anisotropies:
CH / k2dkPr Are(k)Are(k),

CPP o [ BakPran(tAmb),

23



Power spectrum

Por(k, 1, 2) = fap(2) X fres(k, 11, 2) X frsp(k, i, 2) x (burATy)? x Ps(k, 2)
P201bs(k7:u7 z) = Pai(k, p, 2) + Pn(2)

SKAl-Low
z € [8,10] and 0.01 Mpc™* < k < 0.2 Mpc~!

The comoving radial distance line of sight: z = 8: 8943.21 (Mpc); z = 10: 9440.25 (Mpc).
The difference translates to 37.09 Mpc/h.

Avg. ionized patches few Mpc ( Mellema et al. 1210.0197)

tobs = 10000 hrs, vy = 1420.405752 MHz, Ao = 21.11 cm, band [50, 350] MHz,
array of 224 stations, size of the station D = 40 m, maximum baseline Dy ,q = 1
km, 64000 channels, fqy, = 0.58, field of view of Q = (1.2A\/D)?, an area A =
Ngisnm(D/2)? per station, and the covering fraction feover = Ndish(D/Dpase )

(SKA Red book)
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Neutral hydrogen fraction

Qui(z) = ppff = Oy(1— Yp) ( Hh(’(;)) (1+ 2)% zui(2)

1 2
ZIJHI(Z) = 5 [1 -+ ; tan_l (51 (Z — 52))]
Fitting
21cmFAST

1st order perturbative approx
2" order 2LPT of velocity field

Fit values: 9; = 0.9755, 05 = 7.7664

— xuil2), fitted
= XHj 2LPT

xn Zel'dovich
Xy Linear

8.00 825 850 875 9.00 9.25 9.50 9.75 10.00

redshift z
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SKA specifications

A

P21(k7:uvz> - fAP(Z) X fres(kp,u, Z) X fRSD(lA{MELvZ) X bgl(Z> X P5(kj7z)
P201bs(k7:u7 Z) - P21(k7/~L7 Z) + PN<Z)
| 4An T2, fag A2y DY

Pr(z) = A%ﬁf ton

Tsys - Tsky + Trx

408 MHz

2.75
> and T, = 01T, +40 K (SKA Red book)
1%

with Tyy = 25K (

tons = 1000 hrs, vo = 1420.405752 MHz, A = 21.11 cm, band [50, 350] MHz,
array of 224 stations, size of the station D = 40 m, maximum baseline Dy s = 1
km, 64000 channels, fy, = 0.58, field of view of = (1.2A/D)?, an area A =
Ngisum(D/2)? per station, and the covering fraction feover = Ndish(D/Dpase)?.
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Noise SKA

47T2 . fy Ny D?
PN(Z) — A;’Zf g tob

408 MHz

Tiys = Toxy + Tox withTyy = 25K ( >

2.75
) and Ty, = 0.1T}, + 40 K

(SKA Red book)

SKAl-Low specification
z € [8,10] and 0.01 Mpc™* < k < 0.2 Mpc~!

tobs = 10000 hrs, vy = 1420.405752 MHz, Ay = 21.11 cm, band [50,350] MHz,
array of 224 stations, size of the station D = 40 m, maximum baseline Dy, = 1
km, 64000 channels, fqy = 0.58, field of view of Q = (1.2A\/D)?, an area A =
Ngisnm(D/2)? per station, and the covering fraction feover = Naish(D/Dpase)?.
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LiteBIRD and CMB-S4

For LiteBIRD the angular scales are £ = 2 ... 1350, the sky fraction is fqy, = 0.7,

while the channel is taken as 140 GHz with full-width-half-max or FWHM

= 31 arcmin, AT = 4.1 uK arcmin, and AP = 5.8 uK arcmin (as per arXiv:1808.05955).
The CMB-54 specifications are ¢ = 30 ... 3000, fs, = 0.4, 150 GHz channel,
FWHM = 3 arcmin, AT = 1.0 uK arcmin and AP = 1.41 uK arcmin. We need

to ensure that the two experiments cover mutually exclusive ¢ ranges, so just as

in arXiv:1808.05955we combine low-¢ from LiteBIRD data and high-¢ CMB-S4

data, separated at £ < 50. Noise is estimated through minimum variance es-
timator for both experiments. We use the HALOFIT model for the nonlinear
corrections throughout this paper.

(Brinckmann et al. JCAP’19)
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Q, = 0.0495. Y, = 0.24672
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fres(ks,2) = exp | —k* (u*(of —01) + 01 )]

g o
o,=—=((1 +z2 =2 and 0, =(14+2)Dsog,
H Y0
1 Ao o
Og = 1+2)z and = X
V8In2 Dbase( ) T 8z

14z dlogPs(k,z)
2b,1(2) dz

k.. 1
" s o
r'= L K2dk j du (2(;)2[ (AP (k, py 24)) ]

bins n il -1 (PZI(k: u, gn) + PN)2 g C"Eh(k, U, zn)

frsplk, ,2) = (1+ B(k,2)p2)" e X000 with  B(k,z)=—




Vi (2)
(2m)?
The correlation length Ak is assumed to be 0.05 h/Mpc as a conservative choice, matching

the BAO scale. We also choose Az = 1, which is slightly lower than the whole redshift range
probed by the experiment z_ ., — 2, = 2-

Non-linear Effects:

Ag11/2
kZAk—""“] alk, g, 5) P (k, 11, 5).

ok, u,z) = [

The prediction of the matter power spectrum, the bias, and RSD
0.33% error at k = 0.01 h/Mpc, a 1% error at k = 0.3 h/Mpc, and
a 3% error at k = 10 h/Mpc

k ) k
a,exp| ¢;log,n—— |, for < 0.3,
! p( rote ky(z) kq(z)

k k
1 — for —— >0.3
a, exp ((:2 0810 kl(z)) , for %) !

h 2
ky(2) = 1—— (1 +2) %
l(z) Mpc ( +Z) ’

a(k,z) =

with a; = 1.4806%, a, = 2.2047%, c; = 0.75056, and ¢, = 1.5120



P ower S p (o Ct rum (TM, T. Plehn, L. Réver, and B. M. Schiifer, B. Schosser, SciPost Phys. 15, 047 (2023))

Pgl(k,u,z) ~ (bH[ATb)2 X Pg(iﬂ,Z)
P201bs(k7:u7 Z) — P21(]€,,LL, Z) + PN(Z>

Neutral hydrogen fraction

Qunn(z) = 21— 01— vp) (;f;) (14 2)° 2 (2)

Pc g 0.4 — xpul2), fitted
1 2 =C | im ?::Zovich
rur(z) = = [1 + Ztant (61(2 — 52))] 02 x Linear
2 n 8.00 825 850 875 9.00 9.25 9.50 9.75 10.00
redshift z
Fit values: 61 = 09755, 52 = 7.7664 21cmFAST

three nuisance parameters: {bgy, 01,02}
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Sprenger

Sprenger without dampening

21cmFAST
Munoz

-
-
-
-
-
-
-
-

10t 5

7
o
—

10
comoving wavenumber [1/Mpc]

2

m
|

o
—

[¢(2dW) ] G0°6=Z 16 wnJ}dads Jamod WOTZ



Generally correlated isocurvature mode

Wedm
=]

10%},

10172,
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s Planck (CDI)
s CMB-S4 (CDI)
N SKA+CMB-54 (CDI)

Models with one adiabatic and

one isocurvature mode
Parameterized by power spectra of
the 2x2 correlation matrix at a certain
pivot scale PrRr, Prz, PrZ

CDI = CDM isocurvature

| e | L |
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