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e CMB in agreement with simplest models of slow-roll inflation
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e Flatness and gaussianity — small inflaton self-couplings

A
(e. g., AV = Z¢4 = A< 1013)

e Shift symmetry on couplings to other fields Freese, Frieman, Olinto '90; ...

(review Pajer, MP '13)
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has the advantage that

= Smallness of Vapise technically natural. AV o Vggire

= Constrained couplings to matter (predictivity)



Classical motion ¢(9 (¢) affects

1 -
Lo —-F2— 2O pF
4 4 f dispersion relations of + helicities
82 5 B B qu'ﬁ(o)
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At any moment, only 0A
with A ~ H—1 present
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Nearly equilateral NG

M= —4+£43 planck '15
§A ~ e™ so large variation in a
small window of £ = O (1)

¢ =0(1) for f/a = O (10'° GeV)

More production — smaller r

(sourced GW < sourced d¢)



e f7M,needed inV = A4 [1 -+ cos (%)] Values f ~ 102 M, relevant for

models with sub-Planckian axion scale, but effective A¢ > M, Kim, Nilles, MP "05
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E.g., Monodromy, N-flation, Aligned Natural Inflation

V =ANA1] {1—cos<i—|—ﬁ)] + A3 [1—COS(£+£)} 0
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fere > fi, gi if 11 ~ J2 ”
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(gravitational instanton corrections may still be a problem if fe > M)

figo— foq1

a = <1 alignment parameter MP, Unal '15
fig2+ f291 o o - ,
; Fields rescaled
¥ = heavy combination : ~ curvature
Effective scale: f, = O (fi, 9i) ' In 2 directions
W 1 much heavier
¢ = light combination O Inflation along
Effective scale: f, = O (g, %) > valleys g_:; —0




oV 82‘/ = lI.S; a =|0.4144:; rg = 1.; a=0.{]|1;f¢=5l.5 M, |
Stablevalleys, — =0, ——= >0 — inflationary trajectories
oY o2
oV 0’V
Unstable crests, — =0, — <0
oY o2

For some parameters inflationary trajectories ending because

(1) reach a minimum or (2) become unstable in heavy direction
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All above natural inflation !
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e With latest Keck Array : r < 0.07

e Strong experimental program, from ground, balloon, and (proposed) satellite

Ground Based Balloons
Chile Have data Current or planned freqs
* ABS — 145 GHz
ACTPol/AdvACt 1 30, 40, 90, 150, 230 GHz Have data Current or planned freqs
POLARBEAR ] 90, 150 GHz
%k CLASS |:| 40’ 90’ 150 GHz * EBEX _ 150, 250, 210 GHZ
Antarctica LPSE TBD 5 chan 40-250 GHz
*  BICEP/KECK I 90, 150, 220 GHz * PIPER 2015 200, 270, 350, 600 GHz
SPTPol I 90, 150 GHz
QUBIC-Bolo int. 2016 90, 150, 220 GHz * SPIDER 1 90,150, 280 GHz
Elsewhere (for now)
B-Machine ~-WMRS I 40 GHz
* GroundBIRD, LiteBIRD 2016 150 GHz
* GLP - Greenland TBD 150, 210, 270 GHz
* MuSE-Multimoded TBD 44,95, 145, 225, 275 GHz |_ . Page’ Ferra ra ’ Dec_ 20 14

QUIJOTE —Canaries, HEM |IIGS 11-20, 30 GHz

e Multi-frequency is key, to eliminate dust



CMB-S4 Science Book 1610.02743

2.6.3 Distinguishing vacuum fluctuations from other particle physics sources of B modes
r 1/4 r 1/2
e Vacuum modes : V14 =10 GeV (—) . AP M, ( )
0.01 0.01
How robust 7 Lyth "96

Cook, Sorbo '11

L=(¢- ¢*)2 X2 Senatore, Silverstein, Zaldarriaga '11 Viodels T worked on
(standard GR and QM)
L =cFF Barnaby, Moxon, Namba, MP, Shiu, Zhou '12
Namba, MP, Shiraishi, Sorbo, Unal '15 Alternative mechanism in
1 / chromonatural inflation
£L=3 (602 =2 (V0)?) , es <1 Biagetti, Fasiello, Riotto '13 Maleknejad: Obata. Soda:
Biagetti, Dimastrogiovanni, Fasiello, MP '14 | Dimastrogiovanni, Fastello
Fujita; Adshead, Martinec,
A field X produced during inflation, and X — hsourced => hvacuum Sfakianakis, Wyman '16

e Real question heoyrced VS. Csourced- VWhatever sources GW is also at least

gravitationally coupled to ¢ Barnaby, MP '10; Barnaby et al’ 12;

Mirbabayi, Senatore, Silverstein, Zaldarriaga '14; Namba et al '15



Burst of particle production

5 Chung, Kolb, Riotto, Tkachev '99
g 2 o
V=V (gb) - E (¢ — ¢*) X2 Romano, Sasaki '08
Barnaby, Huang, Kofman, Pogosyan '09
Green, Horn, Senatore, Silverstein '09

\ Number. Value reached by the

) ) ) ] Lopez Nacir, Porto, Senatore, Zaldarriaga '11
inflaton during inflation

Pearce, MP, Sorbo '16

e For most of the evolution, m, ~ g¢, gp. > H , no effect

o At ¢ = ¢., nonadiabatic m, variation

= ny (L) = exp (—W—kQ>
g9

Cook, Sorbo '11

Produced x sources d¢ (later). Also, source of GW Senatore, Silverstein,
Zaldarriaga '11
2
Analogously for V (¢) + % (¢ — ps)? A, AF Cook, Sorbo '11

For the following slide, keep in mind that quanta of x, A, produced

when massless, but - due to motion of ¢ - quickly become non-relativistic.



e Few GW in simplest implementation (more possibilities Senatore et al '11)

HOW tO InCreaSG hsourced VS. Csourced ?
Barnaby et al '12

Rule 1: Source of GW in a sector gravitationally coupled to inflaton
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Canonical inflaton / GW mode satisfy (83 Ly k2> Q;~J; , with
a

gy O TP [kik; (M2 — 0 0) — M2 53] A () A; (F — )

¢ — QMPQHCL (271‘)3/2 ilvj T Ur ij | 4di J
M (F) d>p -
— _mn S ) 2 i : : >
= e [ by (<020 4 04%) + enicnspn (6 = p)] 4 A, (R )

Recall 0 ~ M > p. Big cancellation on tensor source

Non-relativistic quanta have suppressed quadrupole moment

Rule 2: Source of GW should be relativistic




Both rules satisfied by  V, (¢) + V, (o) + % FE

e Ay produced by rolling o (t), different from inflaton ¢

e Due to helicity, A+ A — h stronger than A+ A — §¢ (both gravitational)

e However, large do production. As long as o is rolling, linearly coupled
(again, gravitational effect) to d¢. Significant A+ A — do — 6o

Ferreira, Sloth '14

Rule 3: Source effective only for limited time Namba, MP, Shiraishi,

Sorbo, Unal '15

e Less time for dsource — 9o

e Can produce modes at 7 < 100 (good for GW, looser limits from NG)

Bump in dsourced, Nsourced ON scales that left horizon while source effective



A4 - = Namba et al '15
Simplest potential for a pseudoscalar : V (o) = - [cos (?) + 1} ot
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e \Vacuum mechanism for GW very robust

e Under specific conditions, can produce visible r» at arbitrarily
small rvacuum / scale of inflation
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(max speed of o) Csourced < CvaCUum

Ferreira, Ganc,
e Computations under perturbative control Norefia, Sloth '15

MP, Sorbo, Unal '16

e At small ¢4, we have H controlled by ¢ > ¢ at the bump.

Not a problem: In this model ns controlled by n, ~ 1072 > ¢4, €



GW at interferometers

Back to ?FF

0A ~ e™ and ¢ x % Inflaton speeds up during inflation

= other interesting effects / signatures

e For instance, growth of F: (k) Meerburg, Pajer '12
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&« = & when Planck pivot scale left horizon

NG : & <25 (95% CL) Planck '15

PS: 0.1<¢& <23 (95% CL)

2
V=M¢ = gzo.olep v:%¢2 = L >0020 0,
«



° q'b keeps increasing. Unique opportunity to explore later stags of inflation

e As £ grows, 0A grows, and additional interactions with 0¢ relevant
Since ¢ — £ — §A, first interaction estimated to be
e V2

.. 21T I ) 5 .

a - -
?E“B Anber, Sorbo '09

Scalar perturbations may grow to above primordial black hole bound
Linde, Mooij, Pajer '13

Fraction in PBH

e Non-gaussian statistics of (sourced
enhances PBH fraction
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Cook, Sorbo '11; Barnaby, Pajer, MP '11;
Domcke, Pieroni, Binétruy '16;

Chiral GW production Ay Ay — hr
at interferometer scales

New window on inflation; CMB / LSS for 10~* < k/Mpc™! < 1071,
CMB distortions down to 10%. This is 18 e-folds, say from 42 to 60

LISA peaks at N ~ 25; AdvLIGO at N ~ 15

In chaotic inflation, PBH bound (if accurate) prevents GW from

being observable. Linde, Mooij, Pajer '13
0.1k Qgw h?
\\N_/ 1076 | aLIGO
0.001 + ..
PBH limit cLISA v
1079 ¢

10*5 L
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fous = 1.66
P Eonp = 1.66

1079 F 10-1

-30 =20
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GW Q@ interferometers vs. PBH

e PBH at N ~ 10. GW (particularly LISA) probe # scales

e Due to «x ed’, significant differences from a minor change of V

Garcia-Bellido,
MP, Unal '16

0.1k Qcw h*
1076
0.001 | — e
PBH limit =
1075 ¢ 10
éoemp =241 -
1077+ 10~
gmax =443 éomp =241
10-9 10-15F Emax = 443
B T T S S S S S S S N RN SR 20 10 £
10760 50 40 30 20 10 N 18 L L . .
10-14 10-10 100 Hz

e If N gauge fields (eg. non-abelian), more backreaction, and P;;—Zv o< N2

PBH limit — —— _ ~" """

- éowp = 241

0ok T
10-18 1 1 I I ! £
I R TR T R 10714 10710 1076 001 100 Hz
e GW signal is non-gaussian, k® (h3).  ~23P>2 and chiral
' L7equil — GW

Cook, Sorbo '13



Chiral GW Q@ interferometers
Seto, Taruya '07 applied to current

<8182> x Qaw (f) [71 (f) + Il (f) n (f)] interferometers in Crowder, Namba,

. . Mandic, Mukohyama, MP '12
Pr — P; ~ depend on orientations of the

=
Pp+Pp detectors and on the GW frequency 02— ‘ ‘ ‘ T
1 Y —
0157 11 Y:/ (H1-L1)
e Need three detectors To determine Q2gw and T 0Ap oo 3 — (L1-K1)

0.05r '

Assume || = 1. How large does

signal need to be to detect GW 0.1

and exclude N =0 at 20 7 -0.15)

=5 (1)
7 100Hz

-

0 50 100 150 200 250 300
Frequency (Hz)

Axion inflation V o ¢

10 | 1 Detector Network| p|€ (sensitivity)|£ (exclude II = 0)

o 2"! Gen H1-L1-V1-K1| 1 2.3 2.8

I e — 2" Gen. Hi-L1 * 2" Gen H1-L1-V1-K1| 2 2.2 2.6
---2" Gen. H1-L1-V1-K1 rd

B | | -~ 3%Gen | 3" Gen| 1 1.8 2.0

Vs 2 4 0 1 2 3 3'4 Gen| 2 1.9 2.0




Conclusions

e Simplest model for axion inflaton starts to be in tension with CMB.

Not so for multi-fields. f/a 2 1072M, for coupling to any gauge field.

e r = 16 ¢ very robust. Possible to violate this (existence proof)

but hard to source GW without disturbing . Distinctive

properties (running tensor tilt, non-gaussianity, chirality)

e Increase of signal at smaller scales naturally opens potential

observational window on N ~ 15 — 25. Again, fight against P - PBH

Not a no-go (uncertainty, #= scales). Distinctive properties can help

discriminate against astrophysical background



