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Motivation
@00

Inflation is one of leading candidates describing the evolution of the early
Universe.

® The Universe undergoes a brief period of exponential expansion after the
Big Bang;

® The generated scalar perturbations are supposed to be adiabatic, almost
Gaussian and close to scale-invariant, which are consistent with the
full-sky CMB measurements.

0.25 - Planck TT,TE,EE+lowE+lensing

Constrains on the amplitude of PGWs: +BK18+BAO
Planck 2018 data: 020 N % B
ns = 0.9649 + 0.0042 (68% C.L.), N

ro.002 < 0.10 (95% C.L.), A; =2.10x107° o151

® Combine with BK15:
10.002 S 0056 (95% CL)

® Combine with BK18: 0.05 4
ro.0s < 0.032 (95% C.L.)

Big challenge to inflationary models!

r0.002

0.10

Ns

Planck Collaboration, 1807.06211; and BICEP/Keck Collaboration, 2110.00483, 2112.07961,
2203.16556
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Motivation
oeo

® Supergravity, low-energy effective theory derived from string theory,
is a natural framework for inflationary model building.

® No-scale supergravity
® can elegantly avoid 7-problem
® has a vanishing cosmological constant
® evades the Anti-de Sitter(AdS) vacua

® can be realized by string compactifications *

® The simple no-scale supergravity inspired from string
compactifications is

K = —3log(T + T— 2|<p,-|2)

where T is the Kdhler moduli and ¢; denote the matter, Higgs and
inflaton fields.
® R+ R? Starobinsky model can be obtained by considering a
Wess-Zumino superpotential 2
® Detectable predictions: lower r ~ 12/N? ~ 0.001, PBH and SIGW
formation, NANOGrav data ...

1E. Witten, PLB 1985; T. Li, J.L. Lopez and D. V. Nanopoulos, PRD 1997
2J. Ellis, M. A. G. Garcia, D. V. Nanopoulos and K. A. Olive, PRL 2013
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Motivation
ooe

® Generalizing the factor 3 to 3, the unified no-scale attractors® are
studied with -
K = —3alog(T + T —2|¢|?)

® « < 1, may occur if not all the complex Kihler moduli contribute to
driving inflation;

® o > 1, may occur if complex structure moduli also contribute to
driving inflation

® The whole ovservational ng — r plane is covered by the complement
of “exponetial a-attractor" models (left) and the “polynomial
a-attractor" models (right)*.

® Exponetial a-attractor inflation:

ng=1-— 3 r= aE
¢ N’ N2
® Polynomial a-attractor inflation:
2k+1 1

R T M

3J. Ellis, D. V. Nanopoulos, K. A. Olive and S. Verner, JCAP 2019
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No-Scale Supergravity
[ ]

No-scale supergravity

e The N =1 supergravity Lagrangian can be written in the form
1 s

where the Kahler metric is K,j = 82K/(8<pi8@j).
® The effective scalar potential is

0G ( ,1)187G B
i J 0%;

where the Kihler function is G = K + In|W/|?, and (K‘l);—: is the
inverse of the Kihler metric.

® |ntroducing Kahler covariant derivative D; W = W; + K; W, the
scalar potential can be rewritten as®

V=& [DW (K1) D'W - 3|WP| .

5J. Ellis etal., 2009.01709 and Refs. in there
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No-Scale Supergravity
[ JeJele]

@® No-Scale Supergravity
Generic no-scale supergravity from string compactification

Lina Wu(57 p 2 a-generalized no-scale inflation



No-Scale Supergravity
oe

Generic no-scale supergravity from string compactification

We propose inflationary models in the general no-scale supergravity
theories inspired by various compactifications of M-theory®.

® Generic Kahler potential
K = —Nx log(T1 + T1 — 2|¢|*) — Ny log(T2 + T2) — Nz log(Ts + T3),

where Nx + Ny + Nz = 3 and Nx v,z are integers.

® The renormalizable superpotential in ploynomial form

W=> a(V2p), with Wr=0.

3
i=0

® The general scalar potential can be written as

V — |W(P|2
2Nx XNx=1YyNy ZNz

where X =T14+T1—-2|¢)?, Y=T2+T2and Z= T3+ Ts.

6E. Witten, Nucl. Phys. B (1985); T. Li etal., hep-ph/9704247; T.cLi, hep=th/9801123
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No-Scale Supergravity
[e]e] o]

CMB predicitons

® One Modulus Model: The E-model for ? or Starobinsky inflation model
can be realized. The spectrum index and tensor-to-scalar ratio are

2 12 _
ns >~ 1-— N’ N2 10

2
® Two Moduli Model: The higher order term (“d ex) in the numerator

in potential is not small and cannot be ignored. Then the tensor-to-scalar
ratio r is approximate to be

83.60 _
r~ N ~107°

® Three Moduli Model: Similar to that with global supersymmetry:
V o |W,|?. The cosmological predictions ns and r, and e-folding number
are given by

2(n—|—\/4n2+1+4nN) 1 2

ns = — ~ - —,
n+2Nv4n2 + 1+ 4nN2 N
16n

4
T n+2NVARZ + 1+ 4nN2 N2
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No-Scale Supergravity
[e]e]

Special case

Taking the Wess-Zumino superpotential,

W= Mcpz — A4,03, with W7 =0.
2 3
the inflation potentials become (d = \/M)
v Mt —de)* | MPQP(1—de)? | MPP?(1 - dyp)’
YT 3c—¢?)? T 2a(a-—¢?) 0 c2c3 ‘
oa00f _ "\ eo

0.010

Top: one modulus model r ~ 10—3
______ Middle: three moduli model r ~ 10™%

-------------- Bottom: two moduli model r ~ 10~°

0.001 =3 TteesL

107

1

05 L L
0.950 0.955 0.960 0.965 0.970 0.975 0.980

The tensor-to-scalar ratios are much smaller than 0.032.
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No-Scale Supergravity
[ leJele]

@® No-Scale Supergravity

a-Generalized No-scale inflation
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No-Scale Supergravity
o

a-generalized no-scale inflation

The Kahler potential is given by
K=-3aln(T+T—|p?) —31-a)n(T' +T).

Here, the parameter 0 < o < 1 will continuously connect the above three
models with each other.

® Given the Wess-Zumino superpotential, 3 = \/M

® Stabilize the muduli fields, 2(Re(T;)) = ¢i and (Im(T;)) =0

® Assume that the inflation goes along the real components of ¢
The scalar potential becomes

V() = Vor?(1 — Bp)? (a1 — ) "
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No-Scale Supergravity
[e]e] o]

The kinetic term in Lagrangian is noncanonical, so we need to define a
new canonical field x, which satisfies

1 _
2 X0 x = KppOupd* @

By integrating the above equation, we get the field transformation

x = V6atanh ™! (%) , @ =+/ctanh (\/%)

Then the potential in Einstein Frame is

Ve(x) = Vo tanh® (\/%) sech? (\/271)130‘ (1 _ Btanh (\/%))2
with x = (x +1y)/Vv2

Lina Wu(57! 7 | K% a-generalized no-scale inflation



No-Scale Supergravity
L]

Starobinsky-like inflation model

K=-3aln(T+T—|p]*) =31 —a)In(T' + T,
W =V3a(2T — )3 f(y).

Then the scalar potential becomes
V= (1-¢*)* ()
Field transformations:
¢ = V2tanh(y/V6a), x = Vbatanh ™ (¢/v2)

The Starobinsky-like inflation potential:

1
V=M (l-e 50 X)2

_1+43a

Here, we choose f'(¢) = Mp(1+ ¢)(1 — @)™ 2
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Inflation and Cosmological Predictions

[ Jelele]e}

Slow-roll phase

Background evolution of the
canonical scalar field

X+3Hx+ V'(x)=0
3H? = %x+ V()

Here, we set Mp) = 1.

Hubble slow-roll parameters
€H = —H/HZ, nu = €n/(Hen)
Slow-roll conditions

eH,MH K 1

Number of e-foldings

te
N:/ H(t)dt ~ 50 — 60
ty

Lina Wu(ZFI45) [E-ENIFN

Mukhanov-Sasaki equation:
equation of motion for the
inflaton fluctuation v = adx,

v, > 1d%z\
k = —
dr2 ( zadrz )k 0

Bunch-Davis vacuum:
—ikT /
Vk‘krﬁfoo =€ / 2k
Power spectrum

K® 2
Pr =2 | =

T 2n2

Z lk<aH
CMB observations

ns =14 2ny — 4en, r = 16€y,
Pr = H?/(87%en)

«a-generalized no-scale inflation



Inflation and Cosmological Predictions
(o] lele]e]

Ultra-slow-roll phase

® The Friedman equation and the Klein-Gordon function can be written as

2v

X"+ @B—en)x =0, szm.

(= N=1Ina)

® The velocity of inflaton x’ = 73", and then the Hubble slow-roll
parameters become

oy = Ly ey Lk
H= X o TH=EH =5

® When potential is perfectly flat, the slow-roll conditions are violated and
the power spectrum experiences a notable enhancement:

2

6N

SHZESRNO,’I]HZ3,,PR:W .
H
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Inflation and Cosmological Predictions
[e]e] Tele]

Inflationary predictions

2

® o =1 and 8 = 1: Straobinsky inflation, V = % (1 - e’\/gx)

® 0 < < 1/3: Define Y = cosh 22, then the predictions are

Vea
1 1 64
ns(Y)_174(1+£) Ty ,r(Y)_m
or
4(90% - 1)

ns(N)=1-— - (6a+e(2*%)’\’_4)

When Y ~ 10% — 103, we have ns ~ 0.92 — 0.99 and r ~ 107% — 1073,

00014f  — Nosg
00012f — N=60
0.0010
> 0.0008
0.0006

0.0004]

00002 .

-5 -10 05 00 05 10 15 20 0945 0950 0955 0960 0965 0970 0975
xiMp) n,

Figure 1: (a) Potential with « =1/6. (b) The observations ns vs r

Lina Wu(5F155) [E-ENIFN a-generalized no-scale inflation



Inflation and Cosmological Predictions

[e]e]e] o}

endence on parameters o and 3

0.001256 ® 50
0.0014 =10
0.001254 o p30
0.0012
. ~ 0001252
0.0010 AN
00008 0.001250
0.0006 0.001248
0954 095 0958 0960 0962 0964 0966 0968 0.96308 0.96310 096312 096314 096316
n, n,
X
_____ - 0.965
00014 a=1/3.000
a=1/3.001 5
0.0012

a=1/3.01 0.960

0.0010
\
\ .
0.0008 ) € loss
0.0006 S
0.0004 0950
0.0002f- = _
0.955 0.960 0.965 0970 40 [
n s

Figure 2: The observations ns vs r.
Upper: a < 1/3 and 8 = 0(left), @« = 1/3.001 and N = 55 (right);
Down: For given « (left) and the dependence of ns on 3 (right).
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Inflation and Cosmological Predictions
[ee]e]e] ]

Models with 1/3 < o < 1: whole ng — r plane

w(B8,x) =0, with x>0
w(a, B,x) =0, with x>0

R
N
=
°
=
=
12
o
s o

0100

N=60
0010

0.001

Figure 3: The observations ng vs r for models with parameters from
space P1(left) and P2(right) .
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PBH and SIGW formation
00000000

e PBH will give useful information for early Universe and
produce various astrophysical consequences

® primordial density perturbations, ...
® seed for supermassive BHs, generation of large-scale structure,

PBH as cold dark matter candidates.

® during inflation, pre/re-heating, phase transition, domain wall,
cosmic string, peak theory, ...

e An important topic: formation of PBH during inflation:
® Inflection inflation model
® Multi-scalar inflation model
® Framework of non-minimal derivative coupling

Near the inflection point: the slow-roll conditions are violated
(eq ~ 1077; ny ~ 3), so the primordial power spectrum is
enhanced, at the same time the number of e-folds also
increases dramatically.

Lina Wu( =745 2 «a-generalized no-scale inflation



PBH and SIGW formation
0e000000

Inflection point model

10°

1072

Exit Pivot Scale Ik, Re-entry .
-distortion

CMB 107

M 1078
Inflation Small Scale 1/k e

fort10°e-107
1078 pranck

Comoving Hubble Radius

10710

04— r T Y r T v 1072 P . R} . .
60 -40 20 0 20 40 60 1 0-3 1 00 1 03 1 06 1 09 102 10" 10"
e-folds N

kiMpc™'
® Power spectrum at different scale:
Large scale: Scale invariant, CMB; Small scale: Enhancement, PBHs
® Ultra-slow-roll phase: An exponential term is added to bring an inflection
point into the Kahler potential,

_ae*b(<ﬂ2+¢2)(w2 + @2)
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PBH and SIGW formation
[e]e] lelelele]e]

The potential

of the cannonical scalar field x

|

107 10"

kiMpe™!

® There is an inflection point at x, = 0.877 Mpj, where the slow-roll
conditions are no longer satisfied: € ~ 1077 and 1 ~ 3.

e Near the inflection, the primordial curvature perturbations are
enhanced, which cause gravitational collapse in the overdense region
at the horizon re-entry during the radiation-dominated era.

e |f the density fluctuation is large than a centain threshold

5.(0.07 — 0.7), the gravity can overcome the pressure and hence
PBH forms.

«a-generalized no-scale inflation



PBH and SIGW formation
[e]e]e] lelele]e]

® Assuming the primordial perturbations obey Gaussian statistics, the
fractional energy density of PBHs at their formation time is given by
the Press-Schechter formalism

/P, 2
B(M) = PPEH g—Cexp (f He ) , with pc = 95./2v/2
Ptot T e 2P¢
® The fractional energy density of PBHs with the mass M to DM is’

Qpsy h?
Qpmh?

_ (M) (l)% ( g- )—% 0.12 \ [ M\ "2
3.94 x 10—°2 \0.2 3.36 Qpmh? Mg ’
where v = 0.2, Qpyh? = 0.12 and g« = 106.75.
® The mass of PBHs is

. -2
% =368 (o5) (35¢) : (W) '

7B. Carr etal., 1607.06077; B.Carr etal., 2002.12778

fPBH(M) =

Lina Wu(5F155) PRI R a-generalized no-scale inflation



PBH and SIGW formation
[e]e]e]e] Telele]

Primordial curvature perturbations and PBH abundances

10° 10° = 7
Wi ’
rdistortiogyren., i oM
104 ! 11 \subarumsc /i
i P 107 i
i i
- 10—6 f H % :I
* : i = 10 i
10-8 H ': EGy i
! 10 i
10710 ! N
H N, [
10-12 i | 107° i i
107 10° 10° 10° 10° 10'2 10" 10" 1071075 10-'2 10° 10°® 10°* 10° 10°
kiMpc™! MM

Four benchmark points where the PBH mass is around O(10~1°M,,),
O(10-1*M,,), O(10-My) and O(102M.. ).

® — almost all DM with Ypgy ~ 1;
® = part of dark matter with Ypgy ~ 0.07;

® = hard to explain DM because of the significantly small value of
YeaH =~ 1083,

«a-generalized no-scale inflation



PBH and SIGW formation
[e]e]e]e]e] lele]

Primordial curvature perturbations and PBH abundances

Model B a b Xxx /Mp] ne r N
My 0.8181 0.4564032 5.4 2.034 0.9685 9.1x10°° 51.6
M2 0.8185 0.4528304 5.3 2.035 0.9642 1.4 x 1074 52.7
Ms 0.818 0.4497767 5.2 2.041 0.9689 5.6 x 104 52.4
Ma 0.814 0.447051 5.05 2.050 0.9737 5.3 x 103 56.5

Table 1: The parameters for the model with o = 39/80 and ¢; = 1.

Model k/Mpc—?T Pr Mpg /M foaH fow /Hz
My 9.6 x 1013 0.023 4.0 x 1016 0.41 1.1

Mo 2.3 x 1012 0.025 7.2 x 10713 0.39 0.026
Ms 1.2 x 10° 0.031 2.5 x10°° 0.096 1.6 x 10~°
Ma 1.7 x 10° 3.3 x 1073 - - 1.6 x 10~°

Table 2: The peak values of the power spectrum, the mass and
abundance of PBHs, and the frequency of SIGWs.
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PBH and SIGW formation
00000080

Scalar induced gravitational waves

Since the scalar perturbations and tensor perturbations are coupled at the
second order, the large primordial curvature perturbation on small scales
will induce second order tensor perturbations.

® The equation of motion for the tensor mode is
i+ 2Hhi + K = 48,

® Using Green's function, the power spectrum of the tensor perturbation
can be written as

oo 1+v 4v2 — (1 2 2y2\2
Pp(k,n) =4/ dv/ du( Ll Gl ) 125 (u, v, x)P¢ (kv) P (ku)
0 [1—v]| 4uv

and the fractional energy density of the induced GWs® is

k 1 K~
k) — pGW(T]7 ) — 7773’1(77’/()’

Q ,
aw(n prot(n) 24 32

where the overline denotes oscillation average.

8J.R. Espinosa etal., 1804.07732; F. Zhang etal., 2008.12961
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PBH and SIGW formation

0000000

The energy densities of SIGWs

107+
10-0 Ao ® Model M,: wide peak at

g [107%°, 10%] Hz

g 107 ® Model M3: peak at 107° Hz
10713 e Model M,: peak at 1072 Hz

1(;'-“ 10 ,1(;" 102 10°
fow/Hz
® The generated SIWGs will be tested by the space-based or
ground-based GW detector.

N,
[ ]

10-15 Model M;: peak at 1 Hz

® The wide bands can be interpreted as the stochastic GW
background observed by NANOGrav.

Lina Wu(57! 7 Nz a-generalized no-scale inflation



Summary
[ le]e}

® \We have studied three classes of no-scale inflation models with one,
two, and three moduli which can be realized naturally via string
compactifications.

® ns~1-—2/N ~ 0.965 for all models;
® risr=~12/N?, 83/N* and 4/N? for the one, two and three
moduli models, respectively

® We have studied a novel class of a-generalized no-scale inflation
models, where the parameter 0 < o < 1 will continuously connect
the above three models with each other.

® Formation of PBHs and SIGWs are investigated by introducing an
exponential term into K&hler potential.

Lina Wu(%7 2 «a-generalized no-scale inflation



Summary
(o] T}

The Third International workshop on Axion Physics and Experiments
(Axion 2024), 21-26 July 2024

e Axion 2022: Online

® Axion 2023: Xi'an, Shaanxi province

e Axion 2024: Zhangjiajie, Hunan province
https://indico.itp.ac.cn/event /244 /overview

The Third International workshop on Axion Physics and
nts (Axion 2024)



https://indico.itp.ac.cn/event/244/overview

«a-generalized no-scale inflation



	Motivation
	No-Scale Supergravity
	Generic no-scale supergravity from string compactification
	-Generalized No-scale inflation

	Inflation and Cosmological Predictions
	PBH and SIGW formation
	Summary

