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Some motivations

Some motivations/concerns and expectations
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Pseudoscalars/axions are suitable candidates for dark matter.

If present during inflation, DM particles should leave some imprint in the CMB.

Cosmological observations can be used to constraint DM models (couplings):
isocurvature, non-gaussianity, scale dependence, anisotropies, etc.

Pseudoscalar fields offer a rich phenomenology in inflationary physics.
Signatures of statistical anisotropies and parity violation in CMB correlators.
Signatures of anisotropic and parity violating non-Gaussianity.
Enhancement of gravitation waves. Chiral GW.

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

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

5= / 457/~ [R — L(6, Au)]
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Stable gauge invariant abelian models. Scalar + vector J

O General scalar(pseudoscalar) + vector models (allowing for derivative
interactions):
5= [ dov=gir - £(6,4,)

O Stable and causal gauge invariant (A, — A, + 9,«) models:

1 v 1 vV T
S = /d4x\/—g [ﬁgmmy — Lo, (®r,0r) — Zﬁ(@;)F“ Fuw — Zf2(¢I)F“ Fuv
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O General scalar(pseudoscalar) + vector models (allowing for derivative

interactions):

O Stable and causal gauge invariant (A, — A, + 9,«) models:

1 v 1 vV T
S = /d4x\/—g [L'gmmy — Lo, (®r,0r) — Zfl(q’I)F“ Fuw — 1f2(¢I)F“ Fuv

A saucerful of (scalar-vector-gravity) secrets:

Lgravity

Lo, (®r,09r)
fi(o)F*F, F
f2(@)F* Fpy

=

=
=
=

5= / 457/~ [R — L(6, Au)]

R+ h(®)R

L(¢rngsoDM)

Non-diluting anisotropic source (“anisotropic hair”).
Parity symmetry breaking. Ex. ‘Z—}”F””FM
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Consequences of vector fields during inflation
Anisotropic and parity violating correlations in models of the form (some type of)

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

Angle dependent correlations

B¢ (k1, ko, k3)

9¢
—0,023 <

JPBA (UAN)

9¢

Be(ky, k2, ks) = B¢ [1 + gcba (s, ) +9?b2(/5i7ﬁ)] ;

0,3 (backin 2009), 7 — along the ecliptic
< 0,036 Planck 2015.
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Particle production. Equations of motion

Background metric
Background metric in conformal time
ds? = a(1)?(—dr? + dz;da?),

Assume nearly de Sitter geometry a(7) ~

~

—1/Hr with constant Hubble parameter H,

1 )
ds? = m(—alv—2 + dz;dz").
T

Equations of motion .
Son =7 / @t/ =g [F1(8)FM Ey + f2(6)F™ Fru |
4

Vi (R@F™ + 2($)F*) =0, & V™ =0,

=] =
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Equations of motion
Homogeneous scalar field 9;¢ = 0 = f1(¢) = f1(¢(7)), f2(¢)

Some expectations. NG, GW

= fa(¢(7)).
= 0if1i =0ifo=0EX. f1 = 1/4: fo= a¢/4f'
¢ +2aH¢' —&-aQ% = %az(ﬁ~§>
A"—VA ?E”kaAk—O
Polarisation decomposition
Ak) k=0, kxé =—iAker, &-ev=0s_n, x(k) = (k) =a(=k).
2 2KE 7 . _ ado
Al (k > AL =0 with £_2fH'
A~ 1 k A 67r572\/m
* 7 2k \2¢aH '
Anber & Sorbo PRD 85 123537 (2012)
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Some expectations

Multipolar expansion of the BS

Be =Y crPr(ki - ka)P(k1)P(k2) + perm.

L=0
cr, observable parameters
P;, = Legendre polynomials

cr, — encodes information about statistical anisotropy and parity violation.

48N2 vew AN 27 3
_ CMBPE — CMB € — __=2€0 — S0
g = Py » Co = 3 £3 g,Cl#O— 2 1 C2= 5

Bartolo, Matarrese, Peloso, Shiraishi, JCAP07(2015)039
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Some expectations

Multipolar expansion of the BS

Be =Y cpPr(ki - ka)P(k1)P(k2) + perm.
L=0

c;, = observable parameters
P;, = Legendre polynomials

cr, — encodes information about statistical anisotropy and parity violation.

4A8N2 vew 4N, 27g 3co — <o
CMBPE CMB € < <
= g » €0 = 37 €3 g1 #0 2102= 3

Bartolo, Matarrese, Peloso, Shiraishi, JCAP07(2015)039

Planck 2015 — —0,0225 < g < 0,0363, —10,7 < ¢o < 16,7,
—89 <1 <324, —57 < co <47

Optimal estimator for tracking the parity odd features.
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Gravitational waves production

Equation of motion for the tensor modes (using gauge h

ii = 8jhi]- = 0):
d2hij CL/ dh” 2 Im
— - ij = —= = —=1IL;; " Tim.
i i A= gt = M2 :
Projector operator:

I, = ™ — %Hijnlm, IL; = 6ij — afj.
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Gravitational waves production

Equation of motion for the tensor modes (using gauge h;* = 9;h;; = 0):

d2hij CL/ dh” 2 Im
— — Ahjj = =Ty = —=11;;"" Tim.
e T ar A M2 M2 !
Projector operator:
I, = /™ — %Hijnlm, I = 0;j — %.

O II,,' projects the spatial energy-momentum tensor 7 in the transverse
direction.

Q T;; is traceless and divergenceless: Ti; = 9;T;; = 0.
O Gravitational waves are only sourced by the transverse components A-.
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Gravitational waves production
EM tensor for the vector field:
T = f1 ( G F? FuaFua) —m®(AuAy — %gHVAQ)
Spacial components :
Ty = —fiFiaF;® —m* A Aj + (%ﬁ - %QAQ) 8ij.
EM components that source tensor modes equation:
Tij =L, [~ fiFlaF —m?AiAm + () 6im] -

(---) terms are projected out by IT, ;™.
Canonical variables h;; = ah;:

d2 ili]' a” ~ ~ 2(1

g2 g i Ahiy = 35Ty = QH = fiFaF = mP AiAR].

Mz T M2
| Fourier transform
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Chiral GW

Enhancement of the + polarisation (Sorbo JCAP06(2011)003, Barnaby, Moxon,
Namba, Peloso, Shiu, Zhou PhysRevD.86.103508,
Cook & Sorbo JCAP11(2013)047, ...)

H2 7 H2 e47r§

Pr=——(14+86x10"———)
m2M32 MZ €5

, H? _g H? '
= (1+1,8x 107" =5 —

P= g 0 e )
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Non minimal coupling to gravity

Adding non minimal coupling to gravity modify the results for the scalar correlators. In
particular, it modifies ns and r.

V(b,0) = Vi = L9

Slow roll parameters are modified

1 o/ Ve \°
= M
€ 2 P(VE¢/

o= (Ve _Ved
VE¢/2 VE¢/3
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GW statistics, anisotropic bias and anisotropic IC

Testing the statistics of GW, Shiraishi, Hikage, Namba, Namikawa, Hazumi

arXiv:1606.06082. (Scale dependent and sizeable GW due to source fields like
axions)

(BTBT)
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GW statistics, anisotropic bias and anisotropic IC

Testing the statistics of GW, Shiraishi, Hikage, Namba, Namikawa, Hazumi
arXiv:1606.06082. (Scale dependent and sizeable GW due to source fields like
axions)

(BTB)
Non-gaussianity in B-modes (BTBTB™) at 30 with LiteBIRD

Scale and ¢;, depending bias
P, =biP,
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GW statistics, anisotropic bias and anisotropic IC

Testing the statistics of GW, Shiraishi, Hikage, Namba, Namikawa, Hazumi
arXiv:1606.06082. (Scale dependent and sizeable GW due to source fields like
axions)

(BTB)
Non-gaussianity in B-modes (BTBTB™) at 30 with LiteBIRD
Scale and ¢;, depending bias

Py =biPn,

PQ = b?(g,C(),Cl,CQ)Pm +ee
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Final remarks and hopes

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

O 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 n, r region.

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

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