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Some motivations

Some motivations/concerns and expectations
O Pseudoscalar fields offer a rich phenomenology in inflationary physics.

@ Signatures of statistical anisotropies and parity violation in CMB correlators.
Parity violating Non-Gaussianity for instance.

@ Enhancement of gravitation waves. Chiral GW.

O Effects on LSS. Non-Gaussian & anisotropic bias.
Q
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Stable gauge invariant abelian models. Scalar + vector J

@ General scalar(pseudoscalar) + vector models (allowing for derivative
interactions):

[ —[ME
S— d'x —g TR-E(@[,A;L)
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Stable gauge invariant abelian models. Scalar + vector J

@ General scalar(pseudoscalar) + vector models (allowing for derivative
interactions):

M2
5= /d4x\/_—g {TPR —L(®1, A,)
O Stable and causal gauge invariant (A, — A, + d,«) models:

1 v 1 vV T
5= /d4x\/_—g {EG Loy (1,001) — L [i(®1)F" Fuy — 1 (@) F™ Fy
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Stable gauge invariant abelian models. Scalar + vector

@ General scalar(pseudoscalar) + vector models (allowing for derivative

interactions):

[ —[ME
S— d x —g TR_E((bI’A'u)

O Stable and causal gauge invariant (A, — A, + d,«) models:

1 v 1 vV T
S = /d4ac\/_—g {EG — Lo, (®7,00;) — Zfl(d)[)F“ Fo, — ng((bz)F” Fo.

A scalar-vector-gravity model:

Lo (r,00r) = L(¢,0)
f1(¢)FW1fw
f2(¢) " Fu

vl

Non-minimal coupling with gravity

Inflaton plus auxiliary fields

Non-diluting anisotropic source (“anisotropic hair”).

Parity symmetry breaking.

v
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Signatures of vector fields during inflation

Anisotropic and parity violating correlations in models of the form (some type of)

f1(@)F? + f2(¢) FF, Golovnev, Vanchurin, Mukhanov, Dimopoulos, Karciauskas, Wagstaff,
Anber, Sorbo, Ackerman, Carroll, Wise, Bartolo, Dimastrogiovanni, Matarrese, Riotto, Liguori,
Ricciardone, Peloso, Valenzuela-Toledo, Rodriguez, Lyth, Gumrukcuoglu, Himmetoglu, Shiraishi,
Komatsu, Barnaby, Watanabe, Kanno, Soda, Emami, Firouzjahi...

Angle dependent correlations. Both scalar and tensor correlations

- - 71_2 ne—1
Pk = (CFe)y = T (%) P~ (B x 1070y

P(k) = P(R) = Pc(k) [1 +gc(h- ﬁ)Q] . gc~03 (backin 2009),
B¢ = (C(F1)¢(R2)¢ (k3))’ Z e Pr (k1 - ko) P(k1) P (ko) + perm.

¢y, = encodes information about the VF couplings, P;, = Legendre polynomials

Planck 2015 — —0.0225 < g¢ < 0.0363, —10.7 < ¢g < 16.7, =89 < c1 < 324, —57 < ca < 47 .

Optimal estimator for tracking the parity odd features.
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Natural inflation and electromagnetic dissipation

Natural inflation pseudoscalar coupled to U(1)

f1=1/4, f2 = ag/4f,V($) = A*(1 + cos(¢/[)).

1 -
S¢,A = _Z /d4x\/—g |:FMVF;“/ + %¢FuVFuV:|
!

Vi (FW + %&W”) =0, & V" =o.

v
Background metric
Nearly de Sitter geometry a(7)

~
~

—1/Hr with constant Hubble parameter H,

1 )
ds® = ﬁ(_dTQ + dz;dz").
T

=] (=)
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Natural inflation and electromagnetic dissipation

Steep inflation V (¢) = A*(1 + cos(¢/f)). f ~ Mp

Small f

~

Large f

01 Flat potential
Steep potential

v
Background metric
Nearly de Sitter geometry a(7) ~ —1/H7 with constant Hubble parameter H,
2 1 2 7
ds® = W(—dT + dz;dz*).
v
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Equations of motion

Homogeneous scalar field 9;¢ = 0 = 9; f1 = 9; f2 = 0.
av P /

2% - %aQ(E .B), Al —VZ%A; - %eijkaj,qk =0,

(%¢2+V(¢)+%<EQ+J§2>) , H=-

¢" +2aH¢ +a

H2 = 1 1 <f;2— 1
3M§

2M2 3M2

(E? + B?)

Vector field solution. Polarization decomposition
N A3k - R e
A@n =3 /7,63( VA (7, B)ax(R)e® T 4 c.c
= (2m)3

ak) k=0, Exé =—idkler, & & =0y_x, &x(k)=2e_x(k)=2er(—k).

A;’[+(k2i%>,4i=o with  g= 990
T

1 e \1/4
Ap ~ —— 72/ 2¢k/aH  for |arge ¢, kr/2.
+ R (2@]{) e ge&, £ kr/

Anber & Sorbo JCAP 0610 018 (2006), PRD 81 043534 (2010), PRD 85 123537 (2012).
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Steep potential slow roll

Backreaction effect due to the gauge field coupling. Large ¢

Final remarks

= 4T H*
S(E? 4 B n 2 p2me
a B R S
where Z =~ 2.4 x 10~* Anber & Sorbo PRD 85 123537 (2012)
Hubble parameter H? ~ V/3M32
1, = AT H* 4¢
~(E? + B2 ¥~ Z 2 fV, <1 for :
2 T e PG a><
Slow roll parameter ¢ = —H /H?
28212 8€ [V
~ R !
Tt T rav €
v
[m] [l = =
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Perturbations
Equation for the scalar perturbations

56" + 2aH5¢ — V256 + a®Vyy0¢ = a2V [E . é] .

no o LamVe(go) o 1 Vipl(do) o o Nao
8¢ +7_ TH? ¢’ + = dp~a 7 05 5
Sp(r, k) = % . dria®(m)G(r, Tl)/d?’:te*iﬁ'féié(n,f)

Green'’s function

where

by =L (1 _ m%(m)) 1A ad s \/(1 _ ﬂaV¢(¢o))2 _ WVasl(d0)
2 fH? 2 fH? 2

J./
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Perturbations
N-point correlation functions Na
o) -5 = 8+ 47 (P1) [ dmaad @26 m) Gl

x /d3w1 e B FUT APE) (5 (1) 1) 5 (7, D))

where a; = a(7;).
Spectrum of the perturbations

(0 (P)3¢(P"))

Il
(=%
=
Sy

+75) ('/\%) /dTldTQ af a2 G(r,m1) G(1,72)

></cl3 PE(5 s 5(11,0) 05 5(2, @)

Approximations used:

2,272
2N7raV¢ '2_4f2H2§2
Toprga 0 0T g2 ’

v
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CMB signatures

Scalar power Spectrum
Primordial curvature perturbation ¢ = —Héqﬁ/zz}()

F 5x 1072
Pelp) ~ 78#1(;;5)2 (—=2%¢pT)?+ =~ N (—2%¢pr)?+.

o 2fVge(do)
ns —1l~x2vy = 7raV¢(q5o) .

Gravitational waves

2 2 - S oo -
Y= 2Ry RPhy = S T T, R (R) = V2 37 A (R)e (R)ha (7 k)

A==+

™ = &, (K)e™, (k) /V/2,

Tij = —a*(Bi Ej+BiBj)+(- -+ )0ij = —a” 2 A{ A+

@) = =22 [ G = [ S A AR - )
A - M}Q) T Gp\T, T T (27_‘_)5/2 X ilg, T J q,7 ),
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CMB signatures

Chiral gravitational waves spectrum Sorbo JCAP06(2011)003, Barnaby,
Moxon, Namba, Peloso, Shiu, Zhou PhysRevD.86.103508, Cook & Sorbo JCAP11(2013)047, ...

H? 7€ 1 H? %7€ 1
hih ) mAT - — — = (h_h )m A —— .
(hyhy) ME €6 ( ) ME €6

With AT =8.6 x 1077, A~ = 1.8 x 10~ 9. Testing the statistics of (sourced) GW, Shiraishi,
Hikage, Namba, Namikawa, Hazumi Phys.Rev.D94, 043506, arXiv:1606.06082. (Scale
dependent and sizeable GW due to source fields like axions)

(BTBYBT) at 30 with LiteBIRD

Tensor to scalar ratio r =

1
P¢ 372 M§ V(¢o)

0.25

4 \% 2
2V (¢0) +2.7><102%(f ¢(¢0)) 7

0.20
0.15

0.10
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ne
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CMB signatures

Non-Gaussianities Anber and Sorbo PhysRevD 85, 123537. Equilateral 3-point
correlator of scalar perturbations.

5(F1 + Fo +
R e

3-point correlator of the primordial curvature perturbation

I, )5/
By = S PRI s 4 o+ o)

6
Fnr ~ 44 x 100P3E

Large NG for large £, Barnaby and Peloso Phys.Rev.Lett.106, 181301 (2011).
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Non minimal coupling with gravity

We add nonminimal coupling with gravity to the previous system

2
e[ F (105 n g vor - e o]
P

where h(¢) = 3 X2
Einstein frame We define the metric g, = Q(¢)gu, Wwhere Q(¢) = ( + h(g’ ) .
_ P
1 e Lo 1ad(d) o ﬁw] 7

P 722 T & XA - _ -
L= \/_|: R 29“ Vu¢vu¢ V(¢) 4F F;w i f

where d¢/d¢ = K'/2, V(¢) = W&, FrvF,, = gt §"P Fop Fpu and

a2 2 1+6(X+l)x(i)2
K@) =g+ or (55) = T\ )
@ 2 Ao (1+X(i)2)2

Mp

Why this is useful? Correlation functions are invariant under conformal transformation of the

metric. Often, it is easier to calculate the correlators in the Einstein frame.
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Non minimal coupling with gravity

Applications. Resurrect models disfavored by Planck.
Example: Natural inflation. o = 0 and V(¢) = A*(1 + cos(¢/f))

0.

0.00

094

096 0.0 100
Primorial it (1)
0.25
— £=0
- =107t
—— £=-10"
&
0.94 0.96 0.98 1.00 : 0.94 0.98 1.00
ns

= Dac
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Non minimal coupling with gravity

Scalar perturbations. Back to the pseudoscalar model. Some boring details...

by +2aHey+a’V; = _a Ne .5

0 @ oTa Vg - Q2 K1/2 f .
I raVz e dIn(Q2K1/2) _ _ a2 N a
¢ +2a H l*m 5o +a $$+TV$ S5 =

_ Na (7 a%(7) G(7,71) _ik.® ~
350, F) = = ./700 dn oD [dae R T g 5 ),
Where:
o, 4 7\ 74 F\7— -, )
G(7,7") = |:(,_,> - (T,) ]@(T —7'), with
T T

S
W
Il

LA/ 1GI) BREV U LN/ (A WY
2 2 \ K1/2fH2 2

02 K1/2f

Final remarks

955>

dIn(Q2K1/2) _

D
Il
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Non minimal coupling with gravity

Pseudoscalar coupled to gauge fields. Results for the scalar and tensor spectrum.

Q Scalar perturbations spectrum

_ F(o
Pelp) ~ g ar )y (<o

5x 1072

N T

ns —1~20y =

_K1/22f‘733‘?’(i$0) 1+ dln(m,Km) }7‘?’(&9) .
maVz (o) d¢ Vag(40)

Q Tensor perturbations

ds? = —a?(7) [~d7? + (65 + hij)dZ;dT] TEM = —a?(B;E; + BiB;) + (-++)di;.

7

H? NH? e47é
hihe)~ — [ 1+ A% :
(hth) M2 < AR e
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ng and r

Chiral gravitational waves spectrum

O Spectral index of scalar perturbations

2fVzz (o 2K1/2y V(o
fis — 1~ 20, = —K'/? fVe5(0) (| | dIn(@2K1/Z) Vg(do) )
maVz (o) d¢ Vg (d0)
Q@ Tensor to scalar ratio
_ 2V
TR
3m2 ML Q2 P,

e 2
IS EAL
29 x 10°K>2 [ ==2 ] .
+ a? \%
f =050 Mp
0.25

001
JPBA (UAN)

0.96
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Features of the non-minimally coupled case

Q@ The amplitude of the scalar spectrum is NOT suppressed due to the presence of the
non-minimal coupling.

O Non-Gaussianities on scalar correlators are NOT suppressed either.
O Non trivial effect on the higher order statistics of the sourced gravitational waves.
Qo

F< 17 x 1072 ( ﬁ‘f)m K22,
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Inflation with a massive vector

Work in progress with L. Sorbo and M. Anber.

¢ ©0 00O

Retains the nice features of the massless case, chiral GW spectrum, etc.

A “Higssed” mechanism to add mass to the vector boson.

The transverse modes are decoupled from the longitudinal mode.

The longitudinal mode under control.

A possible way out of the large amplitude spectrum.

Hopefully, this mechanism suppress the non-Gaussianities of the perturbations.
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Inflation with a massive vector

Some details of the massive case Work in progress with L. Sorbo and M. Anber.
Equations of motion

Y, (F“” + %wfﬂ”) —m2A¥ = 0.

Longitudinal mode

dAc 2 2/z? ( MQ)}
R /A — (N N ) (7 P
dz2 + [ + 22 + (1+ p2/22)2 22

with

Adiabatic evolution:
QO —a8 (2 +2) — 32t (42 — 2) p? — 322 — B
D (a8 + 2t (32 +2) + 22 (3 — 2) + )/

<1
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Inflation with a massive vector

Some details of the massive case
Transverse modes. They are decoupled from the longitudinal mode evolution!

, .
(82+k;2+m i@)Ai(k,r):o, with = 22

H2r2 27 T 2fH’
Solution
= m2 1
e ) .
Ay = ﬁwig,w(mx), with == —kr, p= e

CMB signatures  Non-minimal coupling Massive vector

Final remarks

Analytical approximations for large £ and £ > p can be done and the estimate for the spectrum

is suppressed by the mass parameter:

_1225D(p)

Pc(p1) ~ 61211 (—8¢p17)?+.
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Final remarks and hopes

Qo

Qo

Q

Interesting possibilities for the GW production mechanism with a pseudoscalar
coupling term.

Statistical anisotropy, parity violating and scale dependent effect are interesting
effects that naturally arise in vector field models.

DM models can be constrained by cosmological observations. Selfcouplings and
couplings with the inflaton of the DM sector can be constrained by cosmological
parameters such as isocurvature, non-gaussianity, GW, etc.

Non minimal coupling with gravity is an interesting avenue to explore. This can
bring some interesting models such as natural and chaotic inflation inside the
allowed ns, r region.

Non trivial modification of the tensor correlators due to non-minimal coupling
with gravity.

Suppression of the correlation functions for massive vector field case.
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