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Abstract: <p>Cosmology has seen great progress thanks to precision measurements and is bound to greatly benefit from upcoming Lare
Structure and Cosmic Microwave Background data. | will point out a number of interesting directions. In particular, | discuss how the micropt
of inflation may be tested in galaxy surveys through a€cefossila€e signatures originating from squeezed primordial correlations. | further ele
on the constraining power of CMB spectral distortions on small-scale cosmological fluctuations and on particle decays in the very early Univi
relation to reheating. | also describe some of the possible constraints on inflation and reheating from future B-mode observations.</p>
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Outline:

Fossils from inflation :
signatures of long-short mode
couplings in galaxy surveys

testing small scales primordial
perturbations and BSM physics

Inflation and primordial
gravitational waves:

production mechanisms
and r-H correspondence
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A glance at cosmic history ...

Dark ages ot Reionized universe

Primordial /
fluctuations

R —

_— Reionization
Cosmic microwave '

background
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Inflation

_ : A : : : Ht
' * Era of accelerated (nearly exponential) expansion in the primordial Universe : a(f) ~ e

AVAVAY

" »

Hubble radius: ~ 1/H ~ const.

A~ a(t)

Physical scales are stretched by the expansion!

* Mechanism for the generation of cosmological fluctuations

¢(£v t) = 50(1-) &y O‘Qﬁ(i: t) {'-‘—--"* NPT 7 R TATE

.

By

Inflaton quantum fluctuations

1

CMB perturbations
and LSS of the Universe
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Inflation

* Simplest realization: single-scalar field in slow-roll (SFSR)

Accelerated expansion : a. >0

B : £ 1
Einstein egs. : 2 = — Sl e P g
Rier 1 ot 3
2
Scalar field : Pe = Vip) = =V(e)
H2

Py +V(p) = Vip)

Slow-roll

S R - NV(‘P)
Einstein eqs. : ——» H* = 3 M3 = 3M2 b
G+3Hp+ V(@) =0 7

~ const.

i) pilee LM
Slow-roll lL'_'_HQ_Z( L) ik

[ & [ & - vy 2 f
parameters M £ Voo

v

<1
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Predictions: power spectra (SFSR)

2
= . « 1 H e
Scalar fluctuations : §¢ — (5’]‘/7‘-0p/p) Fg r~ 2 (M,_») ik

2

: : : : EPEN
Tensor fluctuations / primordial gravity waves : Pr ~ ( Vi ) e
P Energy-scale

of inflation !

What have we learned from observations?

Multipole moment, {

calar fluct. : _‘ 10 50 500 1000 1500 2000 2500

* nearly-scale invariant |
ns = 0.968 =+ 0.006 |

primordial
fluctuations

Tensor fluct. :

tensor-to-scalar ratio

r<0.07 mecg’
Qv,\(“ﬁ?’1

*?\ﬁi\c\(' 0.2
Angular scale

Temperature fluctuations [ j K? ]
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Predictions: power spectra (SFSR)

2
P A = 1 H i
Scalar fluctuations : §¢p —» (67/T — (Sp/p) Pg ~ p (M,_.) ke

: : . : FEONES
Tensor fluctuations / primordial gravity waves : Pr ~ ( v ) s
P Energy-scale

of inflation !

What have we learned from observations?

Multipole moment, {

calar fluct. : 10 50 500 1000 1500 2000 2500

* nearly-scale invariant |
ng = 0.968 &£ 0.006 |

primordial
fluctuations

Tensor fluct, :

tensor-to-scalar ratio

Temperature fluctuations [ K? ]

\'d .
B\C‘i’?\wc\l 5 0.2

Angular scale
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One or more
active fields

Any spectator
field

What are the masses

of the extra fields

What happens
at Reheating

How do fields
interact

Energy scale
of inflation

How does
inflation end
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Microphysics of inflation: primordial non-Gaussianity

local

loc :
foi, =08%5 equilateral forth _ _96 4 91

nl

eq
fnl 7

fi9°> O(1) = singleclock

f:l:;,ort,h > O( ) —_— blg)w-‘ﬂt)“’
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There is more:
e.g. intermediate shapes

| Case study: Quasi-Single-Field
~\‘39ﬂ
. NSO ™ ed
tangent: inflaton U’m v at®

Miso —» H

i
radial: massive isocurvaton J-

Bispectrum shape between local and equil.

Miso — 0 Miso — 3 H/2
AJIJ ) 3/2_f(‘rn'f-su)

O
f(?nisn) \/ o H2
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| What happens next?

| e Galaxy surveys :

' photometric/spectroscopic
(DESI, LSST, Euclid,
SPHERE(X, ...)
and 2/cm (CHIME, ...)

Microphysics of inflation
(primordial non-Gaussianity,
running/features of primordial
power spectrum, ...)

- » CMB experiments : A window into
| primordial
et T Testing post- and perturbations

pre-recombination on small scales
physics

nflation and
S /_\‘ primordial
od G gravitational
(BICEP/KECK series, Origin of B-modes? waves
SPTPol, SPIDER, What can we learn about

PIXIE, ...) the early Universe?

(PRISM, PIXIE, ...)
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AN

‘Fossils’ : signatures from nffﬁlthk:lo%
inflationary dynamics
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long-wavelength mode

/

—

short-wavelength modes observable patch

g
29

e Gaussian initial conditions > (; (5}_52) = (5(3)(}51 i kz) P(k,) &

+ statistical homog./isotropy

e Local/squeezed
non-Gaussianity
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Probing O through off-diagonal correlation :
Azimuthal dependence:

Scalar — no % dependence

Vector —> COS@ , siny

Tensor — cos2p , sin 2p

[Jeong, Kamiomkowski, 2012]

What if 0 = tensor mode of the metric:

Learning about primordial tensors
through non-Gaussian effects!

[ED, Fasiello, Jeong, Kamionkowski - 2014] r
[ED, Fasiello, Kamionkowski - 2015]

Pirsa: 17030093 Page 14/42



Probing O through off-diagonal correlation :
Azimuthal dependence:
Scalar —— no ¥ dependence

Pyt

Vector — COSQ , siny

Tensor — cos2yp ,sin 2p

[Jeong, Kamiomkowski, 2012]

What if 0 = tensor mode of the metric:

Learning about primordial tensors

through non-Gaussian effects!

[ED, Fasiello, Jeong, Kamionkowski - 2014] |
[ED, Fasiello, Kamionkowski - 2015]
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« Optimal estimator for a single mode : inverse variance weighting

ST B,(K,k, K — k)/P2(K)|?
"B Zl : )/ P ()| e
IV thot )[)tot(‘}{'gf kﬂ) '

—

-1
|B, (K, k, K — k)/P,(K)|?
Zk: 2V Ptot(k)Ptot(|K — k) ]

random
variable

{ylagi'z}

variance

> (1/a2)
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* Optimal estimator for power amplitude:
stochastic GW background with P,(K) = A Pf(If.)

|f}/p(v )‘ i }_)}';L(K")

optimal sum over different K-modes

(PI(K})
2 2Py (K))?
] By¢c ~ BPyF;

pr = Z'“ o(B, K, K — K)/ Py (K)P?

2V Ptot(k pmr(“;’ — k'|) 1 (k'm,a:n) -
O~ X
&
52 kmin
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Which classes of models predict these
signatures at observable levels?

(n+1)-point function fixed in terms of n-point functions

(soft limit for one of the modes)

Apply if super-horizon modes freeze + standard initial conditions
(rescaling of background for short modes)

Derived from symmetries of the action (invariance under space diffs)
[Maldacena 2003, Creminelli-Zaldarriaga 2004, Goldberger et al 2013, . . . |

Isocurvature modes (multi-field)

Non-Bunch Davies initial states
[Holman - Tolley 2007, Brahma-Nelson-Shandera 2013, ...]

Broken space diffs (e.g. solid inflation/space-dependent background)
[Endlich et al., 2013, Bartolo et al, 2015]

[ED, Fasiello, Jeong, Kamionkowski - 2014]
[ED, Fasiello, Kamionkowski - 2015]
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Summary and prospects

* Squeezed limit: powerful discriminant for inflationary models
(single vs multi-clock)

* Correlations in squeezed limit from inflation: local observables affected by
long modes (Anisotropic effects / Off-diagonal correlations)

* Necessary to understand effects of long wl. modes:
— test existence of a long-short correlation
— correctly map observations to theory

ext :
* Building catalogue of fossil signatures for multi-field models
—Pp estimating masses/spin/interactions of primordial fields

* Lots more to do on tensor non-Gaussianities
(especially timely given B-modes searches!)
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A window into primordial perturbations
on small scales
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Cosmic Microwave spectrum from COBE/FIRAS

Energy/photon injections
into CMB at z < 2 x 10°

Distortion of the P
blackbody spectrum & |

7]
A e e
AIU ~ /(’;th(u,z) N (}w

dz’ 2

. : 4
temperature-shift, z, > few x 10

Hz s )

p-distortion at L - ix 10

y-distortion, Z, < 10'

I
.

Ev,-;lj{)r [ 10 W s

Deviations allowed from FIRAS:
| $9x 1075

ly| <1.5x107°

[Fixsen et al., 1996]

th

G

t
100 I
v [GHz) |

[Chluba, 2013]

{
V|
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Analytic approximations for visibility functions

Apy Apy] i [A/JTJ
B y

P~ P~

diQ/P“:)dzr

dz’

y - distortion p-ytransiton - distortion

T

Total

) ~ f::’lz/('zx;Ou)f;,,uj

Tu(2) ~ 1= J,(2)

1+ 2
 NELETS | ol e gt
Ju(2) +(sxuw

o
o

o
'

 Fraction of energy

* for energy injection +
no residual SDs!

PRl DESGSHcs BBt LT P4 GP RIS T S
10° 10°
Redshift z
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Why spectral distortions matter?

B W 4

CMB anisotropies: ks . T,/
(~20 yrs) ‘

Planck

s | -

COBE/FIRAS Mechanisms producing SDs include:

Cosmological recombination
Reionization, structure formation
Dissipation of magnetic fields
r Decay/annihilation of particles ——————*
W Sree S < Climionapimor o>
L issipation of primordial fluctuations
lyl S1.5x 107 ly| <4x107° = =

[FiXSCﬂ et Ell., 1996] [Kogut et al.. 201 1]
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Why spectral distortions matter?

EoIR K 4

CMB anisotropies: 4 o -
(~20 yrs) ‘ ‘

Planck

| COBE/FIRAS Mechanisms producing SDs include:

Cosmological recombination

Reionization, structure formation
Dissipation of magnetic fields
: Decay/annihilation of particles ——————
u| £ 9% 107 k< 206 1072 @ oo i e
£ x g issipation of primordi @
ly| $1.5x 10 ly| < 4x107°

[FiXSCH et Ell., 1996] [K()gllt etal.. 2011]
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Gravitinos in the early Universe

* predicted in SUGRA
* spin 3/2 super-partners of gravitons

* SUSY-breaking scale: " ~ , /m:;/:z Mp
V(o)

=

inflation Reheating

V(p) inflaton decays ordinary
dominates =~ "] | - radiation/

matter eras

relic gravitinos

quickly) diliited] gravitinos production by:
C e

* rapid inflaton oscillations

* scatterings in the hot plasma

24
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Input: — DVI- 1820x1080p@E0Hz
Output: SDI- 1920x1080I@E0Hz

Example : G o

— BBN --- y-FIRAS — y- PIXIE

oltl ==- u-FIRAS — u-PIXIE

100
n|GeV]

msy,

~ [ED, L. M. Krauss, J. Chluba -2015]
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Summary and prospects

* Competitive bounds from SDs on particle decays/annihilations

* Gravitinos from Reheating: constraints on SUSY/ scale of inflation

Next :

u.(lDL) ~3x1077

(DL} o -6
(10* < 2 < few x 10°) p= {1, Yy, pix } “"(Bl_ L) S

/L3)' ~7x107°

® Residual (r-type) distortions: more observables!

® Photon (vs energy) injection :
different treatment of thermalization problem

e Post-recombination decays :
different treatment of energy exchange as plasma recombines

e Complete particles cascade :
likely to strengthen current bounds
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SDs from diffusion damping

Primordial fluctuations
re-enter Hubble radius
after inflation

[Pl_an_ck]__ :

Isotropization | /. b o
by photon ( -
diffusion

[Hu&White, 1996] |

2
. Effective energy y =~ (4% 107°(1 + 2)**Mpe )
release into CMB ((Q/M) ~ / dk k‘LP (k)e -[2¥° / (damping scale)

dz

| [Huetal., 1994]
[Chluba et al., 2012] 0 R :
f0)0%°

b ateey J 150,109 Mpe™!  (with p distortion ) ?gob\“%“ ye
: " [1,50] Mpe™!  (with ¥ distortion ) 1200

e Sl S
28
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Power spectrum constraints: SFSR

ng = 0.968 £ 0.006
dng/dInk = —0.006 £ 0.007
[Khatri, Sunyaev, Chluba, 2012]

" 35e-08 : — N | Sensitivity for p distortion

3e-08 ; 8
- : /1] o= (1/m) x 10

| / [ M

| 25008 no running |

k n,“fH».ﬁ%{d-n_.‘/dln k}In(k/k.)
Pc(k) = A (k_)

*

n=10<— PRISM

e {1:1 < PIXIE
‘ Ege

|= 1.5e-08 |
| 1e08
| 5e-09 |
| 0 P | 3 x PIXIE = guaranteed discovery

4

B — detection exclusion
2=5x10° (95% CL) of SFSR
E.g. forns=0.96: Z2=2x10° ., i)(10~8) (95% CL)

) |
£ [Cabass, Melchiorri, Pajer, 2016]!
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Power spectrum constraints: S : e

5400 318 )J:| d, In ’t

%5) dink

Energy Release for the Standard Power Spectrum with a Bump
—r— ¥

standard power spectrum
ng=096,andn =0

k =20 Mpc
k = 400 Mpe

e

s

Effective heating rate (1+2) d (Qlp )/ dzx 0

- O S S R RS S

10°

il L P | "
1000 10000

* e.g. from particle production

* bump of amplitude A ;,localized around k;

* intermediate distortions to remove degeneracies

[Chluba et al., 2015]

R
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Bispectrum constraints

* Bispectrum in the squeezed limit from distortion-temperature correlation
[Pajer - Zaldarriaga, 2012]

3 :
Example: local ansatz R(Z) =1(Z) + = fru (&)
)

Long-short mode decomposition: R = R, +"RS

—d - 6 S
RZr~r,l7) [1 + = fai e (:1:)]
5

AT R (1 -50)Mpe ! fory
e Ci(T,d) ~ fri(ka) CtTT kq (50 — 10*)Mpe " for

Ad  §(R?) kp el

d = (R

< 0.01 Mpc ™! (large angle CMB temp. fluct.)

J. Chluba, ED, M.A. Amin, M. Kamionkowski - 2016, ED, R. Emami - 2016
R. Emami, ED, J. Chluba, M. Kamionkowski - 2015

— e - 4

31
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Scale-dependence of non-Gaussianity

. (50 — 10*) Mpc ! for u
d =
[ < ().()ll\xlp(:'_l:> kT (1 — 50) Mpc™! for g

12 ! « nin
|+ template: Bgr ~ — fu(ks)Pr(ks)Pr(kL) f},‘[') ~ 102 ( £z
\ <) 4 -

Ymin

' * uniform f,,; signal on f and Y scales §
' 2 5% 10T

smallest detectable
monopoles for a () ~ ] dlog k A% (k)W (k)

given experiment
) ~ [ diogk A (W, (1

[Emami, ED, Chluba, Kamionkowski - 2015]
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Summary and prospects

SDs from diffusion damping gives access to ~10 extra inflationary e-folds!
— Vast range of modes to uncover statistics of primordial fluctuations

kIMpc fnl

CMB anisot/galaxy surveys | (107* — 1)  |bispectrum / off-diagonal correlations, ...

Y distortion (1—50) Y -T correlation

JL distortion (50 —10%) | 14T correlation

Next :
— More non-Gaussian observables,e.g. :
* Cross-correlating distortions with polarization

* Including residual (r-type) distortions r
£ (repe) (10* < z < few x 10°)

— Evaluating non-primordial distortions:
e.g. from black-holes, (BSM/DM )particles decays/annihilations, ...
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Inflation and primordial gravitational waves
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B-modes polarization

BICEP2/KECK+Planck

r< LD

Stage-IV CMB experiments :
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