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GWs FROM INFLATION
Tensor fluctuations:

ds? — a2(7') [—d’r2 - (5’53 )dgj@dxj} T

transverse & traceless independent
@%é — 0 qi= degrees of

o ; freedom
%jj(f, t) :/ 3/2 eg(k)ﬁo\(k,t)em'x
22 —

Inflationary GWs : standard vacuum production

1/4 __ 1016 1/4
e Energy scale of inflation: Vinn &2 107GeV (r/0.01)

H =~ 2 x10'3%/r/0.01 GeV
® Scalar field excursion (Lyth bound): A¢/Mp = (r /().01)1/ 2
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® Redtil: nr ~ —2¢=—r/8
One or more of these predictions
may be easily violated beyond
the minimal set-up!

® Non-chital:: P —= 5.

® (Gaussian
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Beyond standard vacuum fluctuations

/

NEW SYMMETRIES

breaking of space-diff invariance
and non-zero graviton mass
[Endlich et al., 2013, Bartolo et al, 2015]

o

NEW FIELDS

additional GWs production next to
(irreducible) vacuum generation

e »Cinﬂaton =+ ['spectator
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 GW FROM INFLATION
Beyond standard vacuum fluctuations

/

NEW SYMMETRIES

breaking of space-diff invariance
and non-zero graviton mass
[Endlich et al., 2013, Bartolo et al, 2015]

o

NEW FII

* Auxiliary scalars with time-varying masses :
[Chung et al., 2000, Senatore et al, 2011, Pearce et al, 2016]

»Cspectator ) Z X? (qb o ¢’L)2

* Spectator fields witzh small sound speed

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

['Spectator o P(Xa U)

* Axions and gauge fields

[Sorbo 2011, Mukohyama et al. 2012-2014,

ED-Fasiello-Fujita 2016, ...]
ﬁspectator ) XFF

ELDS

additional GWs production next to
(irreducible) vacuum generation

e Linﬂaton =+ »Cspectator
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NEW FIELDS: overview of the approach
: »Cinﬂaton = Espectator ,
Pinflaton > Pspectator
P’y,vacuum 5 P’y,spectator ,
¥ij (B, t) + 3H A5 (k, t) + ki (k, t) =
Al =9 _a2p(5.. + vii)
i i i i
(anisotropic stress)
* Main challenge: s
sourcing tensors to observable level without badly affecting scalar sector! ;

- TPy 7 TR

W ‘ T IR AT

6.



,A“g»—%_“ AR DI A L s 4

e & DA LS i o i il Ll b S i S i

B o T N 4

AXION-GAUGE FIELDS MODELS: GENESIS/MOTIVATION

» Generic requirement for inflation: nearly flat potential: €, || < 1

... but flatness may be spoiled by radiative corrections!

» Flatness protected by a (nearly exact) axionic shift symmetry @ — @ + ¢
=P Spirit of Natural Inflation [Freese, Frieman, Olinto 1990]

Viip) = A |1 — cos(p/f)]

* Agreement with observations requires:

undesirable constraint on the theory
[Kallosh, Linde, Susskind, 1995, Banks et al, 2003]
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AXION-GAUGE FIELDS MODELS: GENESIS/MOTIVATION
+ 1If also gauge fields are around (why not?) we must include C-S coupling:
1 9 1
L:inaon:__a -V ——F'LWFV——F'LWFV
U(1) case:
F,Lw o a'u,Az/ e 8,/14“
ﬁ’ﬂv i _%e,uz/aﬁFaB
* Gauge field quanta are produced by the rolling axion: )
2k
{aﬁ e =L ﬂ Ai(r, k) =0
i
_ a9
Ay (T, k) o €™ ; o 2fH
A(r,x) = }2/ () 2 [gA(k)aA(k)AA<T, ki s h.c.} }-
[Anber, Sorbo 2009 - Barnaby, Peloso 2011, Barnaby, Namba, Peloso 2011 ] ¢
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AXION-GAUGE FIELDS MODELS: U(1)

* Gauge quanta in turn back-react on the background:

2 p ’ G s

SH Vv = —«(F-B = S
9+3Ho+V (¢) f< ) el
3H2M2=1¢2+V(¢)+1<E_’2+§2> . a21 -

» ... as well as source scalar fluctuations:

L i e s AN s e oy N LT LY Ria

072 + 21O, — V? + a’m?| (1, x) = a2% (E wB(h §>)

590(7_7 X) o 590vac (7_7 X) = 59050urced (7_7 X) A 1
homogeneous particular f 5 gb- -7- ;
* ... and tensor fluctuations: |

3, 2
VAR e el )y L T

[Anber, Sorbo 2009 - Barnaby, Peloso 2011, Barnaby, Namba, Peloso 2011]
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AXION-GAUGE FIELDS MODELS: U(1)
* Power spectra:
k ns—1
P (k) =P (ko> 1+ Pfa(f)et™]
2H- by H: ”
i ) b UES
* Scalar bispectrum: the sourced scalar fluctuation 1s a convolution of ;
two gauge field fluctuations — non-Gaussian field! ;
In the regime where sourced GWs dominate over
vacuum GWs, non-Gaussianity becomes too large
:
(3
| [Anber, Sorbo 2009 - Barnaby, Peloso 2011, Barnaby, Namba, Peloso 2011] "



AXION-GAUGE FIELDS MODELS: non-Abelian case

[Adshead, Wyman 2011]
1 9 1 )\X ~
Einaon:__a = = FF

Xa o 1sotropic background:
A u = SU(2) gauge field 2 — )

Aj = 07a(t)Q(t)
B s 5 a0 gt b ae

U(x) = p* [1 + cos(x/f)]

BACKGROUND EVOLUTION :

* Equations of motion for inflaton and gauge field are coupled

* Gauge field provides a damping term 1n the equation of motion
of the axion, which effectively flattens its potential
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AXION-GAUGE FIELDS MODELS: non-Abelian case
[Adshead - Wyman 2011, ED - Fasiello - Tolley 2012, ED - Peloso 2012 |

e Scalar perturbations:

{dx , 0Q, 6M }

inflaton gauge—ﬁeld

8§Az = QKZ-]-&,;A]- -+ (Q,LQJ = &UKM) Aj —i 1
=~ —kT

* scalar fluctuations undergo tachyonic growth for
Mo = g@ / o< \/5
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AXION-GAUGE FIELDS MODELS: non-Abelian case
[Adshead - Wyman 2011, ED - Fasiello - Tolley 2012, ED - Peloso 2012 |

® Tensor perturbations:

U tnr

metric  gauge field

: (1 - 3) b= 00 ) \'mea‘\giﬁ‘ﬁ"”
R.L i R,L R,L @0\-&6
t/]%,L e _1 | 2”;526 e %(mQ +- §) By o= O) (\IJR,L)
FFND gefikAiAj(?Ak - 2%[
xFF D €95y A;0; Ay |

one of the two polarization of the gauge field undergoes transient
growth, hence the corresponding polarization of the metric 1s amplified!
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AXION-GAUGE FIELDS MODELS: non-Abelian case
[Adshead - Martinec -Wyman 2013]

e Comparison with observations:

Tensors are overproduced in the region of parameter space
where the spectral index for scalar fluctuations
1s within experimental bounds
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WHERE WE ARE AT SO FAR:
* Axion+gauge field models are theoretically compelling and have an

interesting phenomenology but difficult to reconcile with observations

* But do we want to give them up? Predictions are very distinctive:
— alternative gravitational waves production
— chiral signal
— non-Gaussianity ...

Possible way forward :

Eliminating direct coupling between inflaton and axion-gauge fields,
making the latter a spectator sector

Proven to work both for Abelian and non-Abelian case, while introducing
one more distinctive signature: non-conventional spectral index
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Inflaton+|axion+U(1)]

1 1 1 Q ~
»Cinﬂaton s 5 (agp)Q = (90) e 5 (aX)Q = (X) e ZF'LWF,W/ R HXF'LWF;U/
A4 / £Spectator
Wb — L {coste/f]]

0A + 0A — 00 «— weaker (gravitational strength)!!!
O AL X € from direct coupling, but W<<V by assumption

* feature 1n the spectrum (relevant scale depends
DA == Al — Y —» on slow-roll evolution of the axion) %%

* chirality 95
* 1nterestingly large tensor nG

[Barnaby et al, 2012 - Namba et al, 20135 - Peloso et al 2016]

r— . st ey TN T gt

——

- T T

T

iz



p” LS ST i g el s ol 2 I R

Inflaton+[axion+SU(2)] [ED-Fasiello-Fujita 2016]

1 I A -
£ = Linsiaton — 5 (0X)* = U(x) — 7FF A XpF

. 4 Af
'

P’y,vacuum 'Cspectator =— Pq/,sourced

* Inflaton field dominates energy density of the universe

* Spectator sector contribution to curvature fluctuations negligible
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: Inﬂat0n+[axi0n+SU(2)] [Thorne 5 Fujita - Hazumi - Katayama '
- Komatsu - Shiraishi 2017, :
. Agrawal - Fujita - Komatsu 2017]
e Forecasts for our ability to constrain r, scale dependence,
chirality, tensor non-Gaussianity in this model
(CMB, interferometers...)
| |
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CONCLUSIONS AND OUTLOOK

Axion-gauge field models:
rich phenomenology and potentially testable predictions

* Breaking standard r—H relation and Lyth bound
* Blue spectrum: interesting also for interferometers GWs search
* Chiral signal: expect non-zero TB, EB correlations

* Non-Gaussianity

B e P—
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CONCLUSIONS AND OUTLOOK
Axion-gauge field models:

rich phenomenology and potentially testable predictions

* Breaking standard r—H relation and Lyth bound

s expect non-zero TB, EB correlations

Experiments should
be on the lookout for . . .

25
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CONCLUSIONS AND OUTLOOK
Axion-gauge field models:
rich phenomenology and potentially testable predictions

* Breaking standard r—H relation and Lyth bound

* (Chiral signal:)expect non-zero TB, EB correlations

Experiments should
be on the lookout for . . .

Thank you!
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