Constraining Gravitational Waves
from Inflation
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GW background from inflation
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What kind of sources?

e Spectator Pelds with small sound sp
Fij + 3HAi; 4+ k*vi; = 16nGIL;" o< ;0050

[Biagetti, Fasiello, Riotto 2012, Biagetti, ED, Fasiello, Peloso 2014, ...]

e Auxiliary scalars with time-varying ma:

2
% (¢ — ¢*)2 X2

[Chung et al. 2000, Senatore et al 2011, ...] ~ natura”y Ilght In3ator

e Sub-Planckian axion decay const

e Axion-gauge Peld mode —=" ¢ support reheatin

~

AX FI e Interesting for baryogenes

4f

[Anber - Sorbo 2009, Cook - Sorbo 2011, Barnaby - Peloso 2011, Adshead - Wyman 2011,
Maleknejad - Sheikh-Jabbari, 2011, ED - Fasiello - Tolley 2012, ED - Peloso 2012,

Namba - ED - Peloso 2013, Adshead - Martinec -Wyman 2013, ED - Fasiello - Fujita 2016
Agrawal - Fujita - Komatsu 2017, Caldwell - Devulder 2017, Domcke et al. 2018, ... ]




Axion-Gauge fields models: SU(2)

1 1 A -
L = Linsiaton = 5 (0X)° = U() = 7FF + 4—XFF

} -

P%Vacuum ﬁspectator —> Pfy,sourced

e Inf3aton Peld dominates energy density of the univ

e Spectator sector contribution to curvature Ructuations negli

a p— O
0 i
slow-roll backaround attractor solution
A = aQoy d

0A; = 1lq; + ... TT-component % !

'\/\/\f\‘__._._.

[ED-Fasiello-Fujita 2016]



Axion-Gauge fields models: signatures

e Scale dependence

e Chirality

e Non-Gaussianity



Scale-dependence

basic single-pPeld inf3ation axion-gauge belds models
nr o~ —r/8
(nearly Rat spectrum) ;Z
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e detectably large and runnimr

e bump may occur at small scales

[ED-Fasiello-Fujita 2016, Thorne et al, 2017]



basic single-Peld inf3ation

'L — 'R
non-chiral

l

(TB), (EB) = 0
(parity conservation)

Chirality

axion-gauge Pelds models

YL E VYR
chiral

l

Detectable at 2 by LiteBIRD for>» 0.03
[Thorne et al, 2017]




Chirality

basic single-pPeld inf3ation axion-gauge belds models
'L = 'R YL E YR
non-chiral chiral
Interferometers:

need advanced design with multiple
(non co-planar) detectors
[Thorne et al. 2017, Smith-Caldwell 2016]




Tensor non-Gaussianity

basic single-Peld inf3atic axion-gauge belds models

too small for detectiol _ o
e detectable by upcoming CMB space missit

[Agrawal - Fujita - Komatsu 2017]




Mixed (scalar-tensor) non-Gaussianity

testing interactions of tensors and matter pelds

potentially observable!

[ED - Fasiello - Hardwick - Koyama - Wands 2018, Fujita - Namba - Obata 2018]
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Squeezed non-Gaussianity

short wavelength k1

m K2

wavelength short ©

amplitude of long-wavelength modes
coupled with amplitude of short-wavelength modes
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Soft limits and fossils

squeeze@pf affects the2pf

short-wavelength modes

¥ No squeezed non-Gaussianity==p- (4,

¥ Squeezed non-Gaussianity == (07

—

K&

ko

6. ) = 0¥ (ky + k) P(ky)

long-wavelength mode
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Soft limits and fossils
Z o T ~ S
If % comes from  -------- <
super-Hubble K / \ sub-Hubble K

constrain tensor modes amplitude/interactions ~ €stimate tensor modes amplitu
with induced quadrupole anisotropy from ofi-diagonal correlations

PC(k7 XC)”YL — PC(k) (1 T ng(Xc, k)]%EI%m)

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



Soft limits and fossils
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[ED, Fasiello, Tasinato 2019]



Soft limits and fossils
]—() El q/ /x’
% from --e----- e
super-Hubble K /

constrain tensor modes amplitude/interactions
with induced quadrupole anisotropy

P (k) |y, = Py (k) (1 + Qo (e, Wkekin

[ED, Fasiello, Tasinato 2019]

Important remarkprimordial bispectrum highly suppressed on small scales
(superposition of signals from a large number of Hubble patches
+ Shapiro time-delay)

[Bartolo, De Luca, Franciolini, Lewis, Peloso, Riotto 2018]




Soft limits and fossils
K El ’y T
% from --e----- e
super-Hubble K /

constrain tensor modes amplitude/interactions
with induced quadrupole anisotropy

P (k%) |y, = Py (k) (14 Qpp (e, Kk

Crucilal observable for tensor non-Gaussia

at Interferometer scales!

[ED, Fasiello, Tasinato 2019]



Soft limits in inflation

SINGLE-FIELD (single-clock) inf3ation: soft-limitsnot observable

Intuitive understanding

e Super-horizon modes freeze-ou_> Soft mode rescales background for hard mode
e Standard initial conditions Effect can be gauged away!

[Maldacena 2003, Creminelli, Zaldarriaga 2004]



Soft limits in inflation

@ Extra belds
[Chen - Wang 2009, ED - Fasiello - Kamionkowski 2015, Biagetti - ED - Fasiello 2017, ...]

Non-Bunch Davies Initial states
[Holman - Tolley 2007, Ganc - Komatsu 2012, Brahma - Nelson - Shandera 2013, ...]

@ Broken space diffs

(e.qg. space-dependent backgrou
[Endlich et al. 2013, ED - Fasiello - Jeong - Kamionkowski 2014, ...]

probe for (extra) pelds, pre-inf3ationar

dynamics, (non-standard) symmetry patterns

22



Outline

e Particle sources during inf3ation

e lensor fossils

e Polarized SunyaevbZeldovich tomography



Primordial
Gravitational Waves




Polarized Sunyaev-Zel’dovich effect

¥ Polarization from Thomson
scattering of (quadrupolar)
radiation by free electrons

¥ Used to obtain a map of the
remote (= locally observed)
CMB quadrupole

¥ Additional information w.r.t.
orimary CMB (scattered
photons from off our past
ight cone)




PGW phenomenology with pSZ tomography

full set of correlations between primary CMB and
reconstructed remote quadrupole peld

ang primary CMB temperature

a?,,],i (X) E-mode remote quadrupole pPeld

a?ﬁ (X) B-mode remote quadrupole Peld

E
Aypm
B
Aypm

primary CMB polarization

[A.-S. Deutsch, ED, M. Fasiello, M..C. Johnson, M. Muenchmeyer - 2018]



PGW phenomenology with pSZ tomography

Improvements on constraints on phenomenological models of

tensor sector w.r.t. using the primary CMB (only)

Observers: optimize future missions to go after these signals

[A.-S. Deutsch, ED, M. Fasiello, M..C. Johnson, M. Muenchmeyer - 2018]



Primordial gravitational waves

e avetryiimportanpprabe: ofiindation

e canlleaddtaldiscevery ot new physics

o testableran amastirangesofiscales! (and trom -cross:corielatio







Scalar field (I)

e Spectator pPelds with small sound speed = (90)?
P(X, O-) (32 — PX <1

* subdominant at the background lev
* relevant for perturbations

small sound speed
from integrating out heavy pbeld:

\ 4

Pspectator X

1 H*
cr M3

Sourced may be comparable to vacuum Buctuat

Breaking standard rNH relation: 7 = f(€, cs)

[Biagetti, Fasiello, Riotto 2012, Biagetti, ED, Fasiello, Peloso 2014, Fujita, Yokoyama, Yokoyama, 2014]



Scalar field (II)

e Auxiliary scalars with time-varying mass

92 2 9
? (¢ T ¢>|<) X
particleburst when inBaton crosses oVer  va

\

graviton @and scalar fluctuations!) production

features in the power spectra

[Chung et al., 2000, Senatore et al, 2011, Pearce et al, 2017]
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Axion-Gauge fields models: genesis

o Generic requirement for inf3ation: nearly 3at potentiale, || < 1

2
M? (V' V" V(9)
€2p<> ,nEM2— !

E but Ratness may be spoiled by radiative correctit

o Flatness protected by axionic shift symmetry— ¢ + ¢

— Natural Inf3ation V(Sp) — A4 [1 — COS (gp/f)]
[Freese, Frieman, Olinto 1990]

e Agreement with observations requir

undesirable constraint on the theory
[Kallosh, Linde, Susskind, 1995, Banks et al, 2003]



Axion-Gauge fields models: SU(2)

One helicity of the gauge Peld Ructuations is amplibed from cou
with axion—— the same helicity of the tensor mode is amplibe
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[ED-Fasiello-Fujita 2016]



Polarized Sunyaev-Zel’dovich effect

o V6
(Q -+ ZU)(n€)|pSZ — _EOT dXe a(Xe
qgtff(nea X Z qeff ne;Xe) 2Y2m( )

m=—2

0 (e, o) = / 271 [B(e, Xos ) + O (s Xe, )] Yoo ()

\

ORemoteO (observed at the location of the scatterer) CMB quadrupole

Notice Gofe (e, Xe — 0) = ag,, . (‘)\



pSZ tomography

Reconstructing the remote quadrupole Peld from CMB-LSS cross-correlation:

((Q+iU)|,5,(6(xe)) ~ (6 ¢* 8) ~ g (ite: Xe) (O O)(Xe)

tracer of electron / \

number density ensemble average
over small-scales
(g treated as a bPxed
deterministic beld)

long-wavelength
modulation of
small-scale power

[Kamionkowski, Loeb 1997, Alizadeh, Hirata 2012, Deutsch, ED, Johnson, Muenchmeyer, Terrana - 2017]



pSZ tomography

Bin-averaged quadrupole Peld moments decomposition:

q_j: a(ﬁe) — Z aznfaj:Z}/Km(ﬁe)

im
Q7E (8 1 q —|— 8% q— & SCalarS/
m 9 (aﬁm T Gy, ) ) tensors
aq’Ba = | — aq+ @ aq! @ tensors
tm C gy tm T TUm only
binned
Optimal unbiased estimatoiX = E, B dEr:éty
..q,)(! . . X E E X.B 5 . !
Fm - W"mulmluzmz A imy " W"m"lml"zmz A m, ! !"2m2
"1mitomo

[A.-S. Deutsch, ED, M.C. Johnson, M. Muenchmeyer, A. Terrana - 2017]



Ciae = / dink A (k)AL (k) P, X = {qE,qB}
CI:X = / dink A (k)AY (k) Py, X ={T,E}
CoBB / dink AYE(K)AE(K) Py,

Cit¥ = /dlnk A (k)A] (k) P, X,Y ={T,E}

c‘”""" A, / dink A" (k)ALE (k) Py,

Citl = A, / dink A% (k)AB(k) Py,

dink AB(k)AX (k) Pn, X ={T,E}

07 ‘/dmk/_\.f (k)A; (k)‘ X = {T, E}
7 < primordial tensor
chirality

power spectrum

[A.-S. Deutsch, ED, M. Fasiello, M.C. Johnson, M. Muenchmeyer - 2018]



Fisher matrix forecast to derive exclusion bounds

¥ Our parameters
amplitude r
scale-dependenc 1

chirality /\.

[A.-S. Deutsch, ED, M. Fasiello, M.C. Johnson, M. Muenchmeyer - 2018]



Forecasted parameter constraints
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¥ green: zero-noise cosmic variance limit using primary CMB T, E
¥ red: T, E, B, qE, gB with instrumental noil /i — arcmin
¥ blue: T, E, B, gE, gB with instrumental noi:0.1 4/ — arcmin

¥ grey: T, E, B, gE, qB with no instrumental noi

[A.-S. Deutsch, ED, M. Fasiello, M.C. Johnson, M. Muenchmeyer - 2018]



