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Anisotropies

4

Cross correlation with CMB anisotropies

1 K3 dy _,;
Cuclh7) = 5 rmes | Gyt oGk, 7)ok, 7) G )
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Scalar Fluctuations

b(r %) = do(r) + 86(r,x)  —  (=—25

Po

g T Inflation Standard Evolution

£l Comoving Hubble Horizon . -

Fourier decomposition:

2 dk -
8p(1,%) = | ——==00p(T)e X
NONPZ R b
SO} + 2HIP), + k2d¢y, = 0
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Scalar Fluctuations

¢(Tv X) = ¢O(T) + 6¢(77 X) — (= _%5(?

Inflation Standard Evolution
Comoving Hubble Horizon

Fourier decomposition:

- dk —ikx
T T 09(r,%) = / (2m)3/2 O (r)e
SO 4 2HP, + k20 = 0

Macroscopic modes with

Wavelengths are stretched — _
constant amplitudes

k3 H2 - H2 2
Scalar Power Spectrum: | P, = 5n2 7 6|2 for=0, (2 3 )
0 %o
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Tensor Fluctuations

Gravitational Waves
d82 = a2(7') [—dT2 + (51] + hij(X, 7')) d.’L’i dl‘j] s hii = 81111] = 0
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Axion Inflation

Action:

¢ Euup)\

M? 1 1
— Ao /—gl|l 2R _ B _Z wy
S /d x g|: 2 R 26u¢6 ¢ V(¢) 4F/WF Sf\/— ,ul/ p)\

F,, =0,A, —0,A,
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Axion Inflation

Action:

M} 1 1 ¢ e“””)‘
_ 4. /= Ppp 1 o B
s= [dovg | BE R 00000 - Vo) - (R - EE R,
F,, =0,A, -0,A,

Perturbations:
Inflaton:  ¢(x, 7) = ¢o(7) + dp(x, 7)
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Axion Inflation

Action:

L &0
ZFHVFH Sf ,— p,y p)\

i [Mb, 1
S= [ dzv/—yg TR_ §6u¢5“¢— V(g) -
F,, =0,A, -0,A,
Perturbations:
Inflaton:  ¢(x, 7) = ¢o(7) + dp(x, 7)
Metric: ds* = a®(1) [~d7? + (8;5 + hij(x, 7)) da' da’]
CL(T) = —% hii = (9th] =0

Canonically Normalized Perturbations:

Mp

O(x, 7) = a(r) dp(x, T) Hij(x, 1) = 5

a(7) hij(x, T)
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Axion Inflation

Equations: o
Al = V2 A; — 7062’3”“ 9;AL =0

" a// 2 1 ijk Al
® —;@—V@-ﬁ-ﬁe ALDj AL =0

"
1
H;;'_%Hij_vzHij‘i‘m [A; A; — (aZAk — 6}€A1) (6jAk — (9]614])] =0
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Axion Inflation

Equations: o
Al — V%A, — 7061‘1"9 0jAr =0

" a” 2 1 ijk Al
® —;(I)—VCI)-FEE ALDj AL =0

a”’ 1
Hz{g'_;Hij_VQHij‘i‘i [A; A; - (az‘Ak - 6}0141) (@Ak — 8kA])] =0

a Mp
Scalar: Tensor:
b= Dy + &g Hij= Hijv + Hijs
Homogeneous  Particular Homogeneous  Particular
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Axion Inflation

Equations: o
Al —V2A; — 2R 9,45 = 0
f
a// 1 -
P — — D V>0 —€F A0 AL =0
a fa
a// 9 1
Scalar: Tensor:
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Axion Inflation

Equations: o
Al —V2A; — 706”'“ 0;A; =0

w 2 Lo iik g0
(I) —;@—V (I)—i-ﬁ(‘ AIdJAkZO

/I
Hji— - Hi; VQH”—i— v [AL AL — (0;A) — OuAs) (0;A) — 9 Aj)] =0

Scalar: Tensor:
b= Py + &g H;j = H;;v + Hys
Homogeneous  Particular Homogeneous  Particular
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Axion Inflation

A, 7) / 2;112/2 Z e [ A (b, 7) (k) + A3 (b, 7) ] (~1)]
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dk
Ai (X, T / 27‘( /2 Z

Axion Inflation

d? Ay
dr2

+ <k2i2k§> Aq
T

=0

ek [AA (k, 7) ax(k) + A% (k, 7) &1(71{)}
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Axion Inflation

dk ~ ikx ~ * ~
Ai(x, 7) = / i 2 A [Ax(k, 7) ax (k) + A3 (k, 7) @} (k)]
A=+
d? Ay 2 3 o
= +<k i2k:T) AL =0 S F i
!
1 Er\'4
Ap(k, 7))~ — (-) e2VT2EhTHTL EXPONENTIALLY
V2k \ 28 AMPLIFIED

[M. M. Anber and L. Sorbo, 2006]
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Axion Inflation

Bsa ) =i [[ar' Gyt )T [ SO i, ) (a-p)Auap. )

HT d A
st m) = [ar'Gyro) = [ o Aile. ™) Af(a—p. 7)

1+ k277 sin(k(t— 7))+ k(7' —7) cos(k (r — ')
k37

Gi(r,7') = ( o(r—7')
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Axion Inflation

Bsa ) =i [[ar' Gyt )T [ SO i, ) (a-p)Auap. )

HT d A
st m) = [ar'Gyro) = [ o Aile. ™) Af(a—p. 7)

(2
Ga(r. 7)) = 1+ k277" sin(k(r— 7)) + k(7' —7) cos(k (1 — 7)) o(r—r')
k377!
H4 HS Y43
Pcng,v+7)c7327.+ 8 x 108 -
A2} % €
[N. Barnaby and M. Peloso, 2011]

H2 H4 4rm€

Pp="Pnv +Pps =~ 2M2+87 x 10~ BWS—G

[L. Sorbo, 2011] 13/28



Ch¢ correlation

3
Cnelk, 7) = ! k / dy e (b (x+y, T) hij(x+y, T) ((x, T))

P /P 2n2 | (2m)3/2
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Ch¢ correlation

3
Cnelk, 7) = ! k / dy e (b (x+y, T) hij(x+y, T) ((x, T))

P /P 2n2 | (2m)3/2

TWO CONTRIBUTIONS
N

(Cre)v (Cne)s
Correlation of gravitational Correlation of gravitational
waves with the amplified waves with the sourced

vacuum scalar fluctuations scalar fluctuations

(hijs(x+y, 7) hijs(x+y, T)Cv(x, 7)) (hijs(x+y, 7) hijs(x+y, T) (s(x, 7))
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Ch¢ correlation
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Chelle, 7) = —— / 9 e ey, ) hig ey, 7) C(x, 7))

Pa/P 22 | @2n)i
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Correlation of gravitational Correlation of gravitational
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op — A — h ¢ — A — h, ¢
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([hijhijlg (x +y)¢v (%)) = ([hijhij(p(x + ¥))]g Cv(%))

iihij
~ (g (o)) Cv () + <‘W 5¢V(X+Y)CV(X)>
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{[hijhijls (x + ¥)Cv (%)) 2= ([hijhij(o(x +¥))]g Cv(x))

(A hl
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d [hijhij(¢o)]g
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17/28



Final Results: (Ci¢)v

([hijhijlg (x + ¥)Cv (%)) =~ ([hijhij(d(x +¥))]g (v (X))

d [hishi;(
= (homls v ) + { LS 5o+ )0
d [hijhiz (o)) my L
[qujoosgzm ushs(onlls (= 3) 7
1 k'3 d —1 y47r _Q o h.. X X
(Chey =, \/>27r2/ y3/2€ ~ (¢ 2) (hishig)s (00w (x +¥) Cv(x))

(Cr¢)y =8 §m <Q —6>
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(A hl
~ (g (o)) Cv () + <‘W S (x + Y)CV(X)>

d [hijhij($0)] n 1
[ Jdgo 0/1s ~ 47 [thhz](¢0)] (6— >f
i d — y47T _ 4 s x x
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Final Results: (Ci¢)s

K3 d w
(ChC)S = ! / (2ﬂ_)};/2 € ky <hab,s(x +Yy, T) hab,s(x +y, T) CS (X, T))

= PP 2
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Final Results: (Ci¢)s

1 K3 dy i
(ChC) ,Ph r 271_2 / 2ﬂ_)3/2 € y<hab,s(x +Yy, T) hab,s(x +y, T) CS (X, T))
(h (ki,7) h (k2,7)¢s(ks, 7)) = fL(T)<H (k1,7) H (ka,7) Ps(ks, 7))
ab, s(k1,7) hap, s(ke, 7) (s(ks, 7)) = M2 do(r) @ (r) ab, s(ki, ab, s (k2, s(ks,
4H(7’ dre  dr3
G G Gk,
M4 ¢0 ‘I' f o @ 7'1 a T2 a(T3) k1 (T: Tl) ko (777'2) ka(T’T3)
dqidgzdqs ST N ey
X “(‘35;;" (Q1)€b(k14*QJ)€ (@2) e) (k2 — q2) €, (q3) €; (k3 — q3) |ks—qs|

x (A (q1, 1) Al ([ki—au|, 71) A (g2, 72) A, (ke —az], 72) A, (g3, 73) A1 (|ks—qs|, 73))

627T§H
v f

(Che)g =2x 107" — (Che)g ~ 1.5 x 1072 (Fauihl/3 - < 0,05
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Future work

~ 2 ( requily1/3
h — L. .05
(Chc)g ~ 15 x 1072 (FM13 < 0,05

Observability will depend on the amplitude of the anisotropies in
the gravitational wave spectra.

4

<hij (X) hij (X) hab(Y)hab(Y)>
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3
Che(k, 7) = ! i / 9y e ™ (hij(x+y, ) hij(x+y, 7) {(x, 7))

Pu /P 212 | (2m)3/2

GW anisotropies CMB anisotropies

(Ricciardone, Dall'Armi, Bartolo, Bertacca, Liguori, Matarrese) (ESA/Planck Collaboration)

(Ch¢)g > (Cne)y

(Che)g =~ 1.5 x 1072 (feH13 < 0.05
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Pulsar Timing Arrays

NANOGrav: North American Nanohertz Observatory for
Gravitational Waves
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Abstract
We report multiple lines of evidence for a stochastic signal that is correlated among 67 pulsars from the 15 yr
pulsar timing data set collected by the North American Nanohertz Observatory for Gravitational Waves. The
correlations follow the Hellings-Downs pattern expected for a stochastic gravitational-wave background. The
presence of such a gravitational-wave background with a power-law spectrum s favored over a model with only
independent pulsar noises with a Bayes factor in excess of 10", and this same model is favored over an
uncorrelated common power-law spectrum model with Bayes factors of 2001000, depending on spectral
modeling choices. We have built a statistical background dmnhunnn for the latter Bayes factors using a method
that removes interpulsar correlations from our data set, finding p * (=30) for the observed Bayes factors in
the null no-correlation scenario. A ncqucmm test statistic built dmn) s a weighted sum of interpulsar
correlations yields p=5x 107> to 1.9 (=3.50-40). Assuming a fiducial /> characteristic strain
spectrum, as appropriate for an ensemble m bm.m' supermassive black hole m\plmk the strain amplitude is
2.4%)7 % 107" (median + 90% credible interval) at a reference frequency of 1 yr '. The inferred gravitational-
wave background amplitude and spectrum are consistent with astrophysical expectations for a signal from a

pulation of supermassive black hole binaries, although more exotic cosmological and astrophysical sourc

cannot be excluded. The observation of Hellings-Downs correlations points to the gravitational-wave origin of this

signal.

JUNE 2023

(Max Planck Institute for Radio Astronomy)

Use of a set of pulsars
embedded in our Galaxy
to probe the passage of
gravitational waves that

modulate their radio signals.
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Axion Inflation

UV sensitivity of inflationary potentials
Solution:

symmetry that protects the potential against large radiative
corrections

)
Shift symmetry: ¢ — ¢ + const

Axion

First model of axion inflation: Natural inflation (1990)
[K. Freese, J. A. Frieman and A. V. Olinto, 1990]
Natural inflation compatible with phenomenology for f > Mp but

theoretical predictions f < Mp.
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Axion Inflation

Solutions:

® Spontaneous summetry breaking through the coupling with
4-forms.
[N. Kaloper, L. Sorbo, 2009]
[N. Kaloper, A. Lawrence, L. Sorbo, 2010]

® More than one axion.
[J. E. Kim, H. P. Nilles, M. Peloso, 2004]
[M. M. Anber, L. Sorbo, 2006]
[M. Berg, E. Pajer, S. Sjérs, 2009]

® Additional dynamics through the coupling with abelian or
non-abelian gauge fields.
[M. M. Anber, L. Sorbo, 2006]
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Phenomenology of Axion Inflation

Magnetogenesis.
Backreaction on the inflatonary dynamics.

Production of scalar fluctuations:
(1). Correction to the power spectrum.
(2). Non-Gaussianities.

Production of tensor fluctuations.
(1). Correction to the power spectrum.
(2). Non-Gaussianities.

Production of primordial black holes.

Production of fermions.
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Axion Inflation

(1” 1 1 CL”
@2) + (H,gj H{; — iak.Hj,j OpHij + — H;j Hj>

1 1
L=|-0%— 0,0
< gk AHE T o] 2 2a

2

free scalar perturbations free tensor perturbations

_ %
f

free gauge field modes

H;; [ ii
- aM]p [A] A — (0i Ay, — Ok As) (0;Ar — Ok Ay)] — Ta Ik ALO; Ak

+ (;Ag Al — %akAi O A; — L6k Al ajAk.>

interactions
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