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A very natural class of slow-roll inflation can provide:

e Detectable equilateral NG

e Detectable GW at CMB scales

e Detectable running of P (k) and fyr (k)

e Detectable GW at interferometers




Inflation is a postulated era of accelerated expansion at ¢t <« 1s that
solves many problems of big-bang cosmology (horizon, flatness, monopole,....)

Guth '81, Linde'82, Albrecht and Steinhardt '82

e Simplest source: scalar field ¢ with flat potential ~ A

e 0o — inhomogeneities & structures in the universe
Bardeen, Guth, Hawking, Kodama, Mukhanov,
Pi, Sasaki, Starobinsky, Steinhardt, Turner, ...

e Perturbations consistent with simplest inflationary models:

Adiabatic, nearly scale invariant, nearly gaussian, GW < dp

e Strong experimental effort to probe details of inflation through GW

and through NG of the scalar perturbations
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Typical example, n problem in supergravity
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During inflation, su/éy by an F-term, F)Q( = A%

K (o,
~ v = eK/Mp [/\4+...] = A? (1+M+...)
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e A canonical Kidhler, K = ¢ ¢, leads to n = M]?VV" =1+4...
e Symmetry ! Shift symmetry K = ¢ + ¢, and inflaton =Im¢

Kawasaki, Yamaguchi, Yanagida '00




QCD axion — Inflaton axion

~

AL = 1—6922 OF F Limit neutron electric dipole
QCD instantons — m moment = § <1010

V = A%[1 — cos#b]

Peccei, Quinn '77: Chiral U(1) symmetry

spontaneously broken & = (f + p) e?/f

¢

Symmetry is anomalous = 60— 04+ -

e Smallness of A is technically natural. No perturbative ;hﬁft
e UV completion (p) relevant only at scales > f

e ¢ only derivatively coupled




Natural Inflation: Freese, Frieman, Olinto '90
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Savage, Freese, Kinney '06

e U(l)pg broken above QG scale (gravitational instantons)

e Hard in weakly coupled string theory

Kallosh, Linde, Linde, Susskind '95
Banks, Dine, Fox, Gorbatov '03

Effective theory under control for H < f < M,




Two axions & gauge groups
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Dimopoulos, Kachru, McGrevy, Wacker '05
n dV;
V:ZA?LCOS<¢_) —_—> ¢z+3H¢z+£ 0
n n 7

x V12~ N2y,

Collectively drive inflation, feff = VN f




Axion monodromy McAllister, Silverstein, Westphal '08

4D axion from a 10D two form

e Periodic S/HfrﬁT from instantons

e Nonperiodic S);kll/:T from

Spersp o« Ts /d%\/—det (g+ B2) = AV xTsVL*4+a°~Tsa

Dante’s inferno Berg, Pajer, Sjors '09

Controllable realizations of large field inflation (V « ¢, ¢?), with f < M,

Alternative: Slow roll due to particle production
Anber, Sorbo '10, '12




Couplings restricted by:

e Shift symmetry C — Q -
Lint = = 0ud Yy v5¢ + — ¢ Fpp FFY
e Parity / /
e Gauge invariance
C? 5 02
Mo = 5 5 Mo Co—Aa = gz m3

Q@ O — A+ A non-perturbative depletion oc (%)
—> Exponential growth of A

Q@ A+ A— by, inverse decay
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S — Significant contribution to d!
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K —Important only AFTER inflation
(reheating)




£ —EFQ _ 250 p R Classical motion ¢(9 (¢) affects
4 f dispersion relations of & helicities
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The eigefrequency of one helicity (say Ay, for ¢(® > 0) becomes

tachyonic for a H > k, namely after horizon crossing
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Q@ A+ A— by, inverse decay

A

dp

S — Significant contribution to J¢!

Barnaby, MP '11; Barnaby, Namba, MP '11
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e Full equation from 2nd order perturbation theory (dgi;scalar = 0)
e Curvature pert. on uniform density hypersurfaces ¢ = —% 5o

e Disregard gravitational vertices for f < M,
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0¢ = dPvacuum + &binv.decay \FT
/
Homogeneous solution, \ /dn/ G, (77, 77/) Ty <"7/)

standard cosmological pert.
e Operatorial nature of d¢iny.decay from A (through j; )

* (0pvacuum 5¢inv.decay> =0

Namely, <5¢2> — <5¢\2/ac> + <5¢i2nv.dec> ) <5¢3> — <5¢\?/)ac> + <5¢i3nv.dec>
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Non-gaussianity (6(x) 3 (y) 6(2) )

. — local ¢2
o Local fOI’m 5 (QZ‘) - 59 ('CU) + fNL 69 ('CU) KOmatSU, Spel’gel 700

Multiple fields (curvaton); enhanced for k1 < ko @ ks ____———

e Equilateral form:
Inflaton interactions A
e Orthogonal form, flattened form .....
~10 < /19 < 74

WMAP7 95% CL bounds  —214 < &84 < 266

—410 < fAt" < 6

Substantial improvement in near future from CMB (Planck) and LSS

However, signal from vacuum modes in single field slow roll inflation,

fne =0 (10—2), out of reach
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Shape of NG {91 %1,06k,) = 6 (k1 + k2 + F3) (k_l k1>

e At any moment, only gauge modes with A\ ~ H~1 present

e Inverse decay 64 + §A — §¢ with X ~ H1

e Gives correlations only between d¢ modes of comparable A
S maximal for k1 = ko = k3 (k — %)

Inverse decay Equilateral template
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Distinctive scaling of correlators M, ~ ————
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Backreaction

e Gauge fields produced at expense of kinetic energy of ¢

e ¢~ 20 — sufficiently long inflation from dissipation
Anber, Sorbo '10

e £ 2.5 from NG. No backreaction when CMB perturbations produced

However, ¢ o< ¢/H can increase, and backreaction at later stages

Barnaby, Pajer, MP 12
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Gravity waves

e Gauge quanta also produce GW. hy > h_ — (I'B), (EB) # 0

o Phan << Py When NG limit respected Barnaby, Peloso '11

e Decrease NG using ~ 1000 gauge fields, or curvaton Sorbo '11

e Decrease NG is gauge field produced by ¢ #= ¢
Barnaby, Moxon, Namba, MP, Shiu, Zhou '12

Planck o
lo limits from
SPIDER Gluscevic, Kamionkowski '10
P, —P_
P.+ P
+ CMB Pol (Saito, Ichiki, Taruya '07)

o | Cosmic variance




GW at interferometers

e NoO problem with ¢ at
interferometer scales

Cook, Sorbo '11

e Precise computation requires

EcmB

taking backreaction into account
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Conclusions

e Inflaton = axion in a very simple

and motivated class of models

e (surprisingly) natural coupling for axion

inflaton can lead to a very rich, and

possibly correlated, phenomenology
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