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COSMOLOGICAL INFLATION

A period of accelerated quasi dS expansion in the very
early universe .
i ds® = —dt* + a(t)*dz;dz’

a
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Can explains why the universe is approximately
homogeneous and spatially flat (flatness,
horizon problems).
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Accounts for the origin of primordial density @' ;
fluctuation as observed in the CMB (0p — 0T') | s




COSMOLOGICAL INFLATION

In its simplest implementation with a single scalar field
slowly rolling down along its flat potential (6¢ — dp — 6T)
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COSMOLOGICAL INFLATION

In its simplest implementation with a single scalar field
slowly rolling down along its flat potential (6¢ — dp — 6T)
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COSMOLOGICAL INFLATION

In its simplest implementation with a single scalar field
slowly rolling down along its flat potential (6¢ — dp — 6T)

£=2(0p) ~ V(9

slow roll inflation
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BEYOND THE VANILLA MODEL

There are several motivations to go beyond single (scalar)
field inflation: [Starobinsky, '85; ... ]

e The energy scale of the very early universe when
cosmic Inflation occurred is likely to be extremely high
and field range (super)-Planckian.
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beyond the standard model of particle physics, e.g.
supergravity and string theory.



BEYOND THE VANILLA MODEL

There are several motivations to go beyond single (scalar)
field inflation: [Starobinsky, '85; ... ]

e The energy scale of the very early universe when
cosmic inflation occurred is likely to be extremely high
and field range (super)-Planckian.

e Likely to be described In the context of theories
beyond the standard model of particle physics, e.g.
supergravity and string theory.

e Within these theories, usually there are multiple degrees
of freedom that could be relevant for inflation and
give interesting observational consequences o be
tested In forthcoming experiments (e.g. sourced
gravitational waves, PBHs, non-Gaussianities, etc.)

e Recently revived quantum gravity constraints would
seem to constraint single field inflation and larger.

7



PLAN

~ Revisiting Multifield Inflation: fat inflatons, large
turns and the n-problem

~ Multifield Inflation in Supergravity: large turns, fat
tachyons, PBHs and GWs

~ Fat inflation in string inflation: D5-brane natural
inflation

< Kahler inflation and chiral gravitational waves*

<~ Summary



MULTI FIELD (LIGHT) SLOW-ROLL INFLATION

The standard lore for driving inflation in the single and
multi field cases is that light fields, wrt the Hubble scale,
are needed to drive inflation, that is:
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The standard lore for driving inflation in the single and
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are needed to drive inflation, that is:
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MULTI FIELD (LIGHT) SLOW-ROLL INFLATION

The standard lore for driving inflation in the single and
multi field cases is that light fields, wrt the Hubble scale,
are needed to drive inflation, that is:

INn particular in string theory models Mp; > M, > Mgx > H > My, g

I I1
A
Mpl AL =rREw s g e AR EESEN
<—— UV-completion
Ms s e il e =
MKK”"‘ s ST Sz e
E7 14 s s spontaneously
TR TR broken SUSY
\/ﬁ AR Ll Lallss 215 fine-tuning
or symmetry

Fig. 4.1. Mass spectra of inflationary models. Phenomenological models of infla-

tion frequently assume a large hierarchy between one or more light inflaton fields

and the extra states of the UV completion (I). On the other hand, concrete ex-

amples of inflation in string theory often contain fields with masses of order the

Hubble scale (II) arising from the spontaneous breaking of supersymmetry. Ro-

bust symmetries, or fine-tuning, are required to explain the presence of scalars with [Baumann-McAllister, ‘14]
masses m ~ /nH. I



MULTI FIELD (FAT) SLOW-ROLL INFLATION

The standard lore for driving inflation in the single and
multi field cases is that light fields, wrt the Hubble scale,
are needed to drive inflation, that is:

Mz’nf < H < Mheavy
However, as | will show, it is possible to drive slow-roll

inflation when all scalar fields are heavier than the Hubble
scale, thus evading the n-problem:

Ms —+ H < Mznf =t Mhea/vy (\V/ ¢a)

H W [See Berera,,I'@él; Bastero-Gil et al, ’19 for n-problem avoidance in warm inflation]
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MULTI FIELD (FAT) SLOW-ROLL INFLATION

The standard lore for driving inflation in the single and
multi field cases is that light fields, wrt the Hubble scale,
are needed to drive inflation, that is:

Mz’nf < H < Mheavy

However, as | will show, it is possible to drive slow-roll
inflation when all scalar fields are heavier than the Hubble

scale, thus evading the n-problem:
A

Mp;
M,

Mhea'vy &l

‘Minf| &

H

H < |Mznf‘ < Mhecwy (\V/ ¢a)

Fat inflation welcomes heavy
fields: no n-problem!

[See Berera, '04; Bastellc%(}il, Berera, Ramos, Rosa, ’19 for similar result in warm inflation]



MULTIFIELD INFLATION

Consider a typical low energy Lagrangean for several
scalar fields, which may arise from some consistent theory
of quantum gravity:

2B gao N
s [ dloy=g | MBS - 20,6004~ V(&)

In FRW spacetime, equations of motion are

1 (¢
il 3M3 (% i VW))

¢ + 3HP* + T'¢ ¢°0° + ¢*?Vy = 0

sz il gabéaéb

I} : Christoffel symbols of field space metric g
14

Here



MULTIFIELD INFLATION

Consider a typical low energy Lagrangean for several
scalar fields, which may arise from some consistent theory
of quantum gravity:

2B gwy N
s [ dloy=g | MBS - 20,6004~ V(&)

To learn more about multi field dynamics, it would be useful
to project eoms in the basis:

e Kinematic basis: tangent and normal to inflationary
tfrajectory (I, N%) (most useful for perturbations’ analysis )

.a T(l
Lt

P
AR | e )

fift st et st ) e

inflationary
trajectory

[Gordon, Wands, Bassett, Maartens, '01;
I Groot Nibbelink, van Tent, '01]



MULTIFIELD INFLATION

e Projecting the eoms along these two directions, take
the simple form

where
1 (D a a
2 — LV (d° Vp =V, T% VN=V,N
g (5 V)
a __ ra a b jc
G+3Hp+Vr =0, il i eed T
Vi
QR UEE TSR U N B2 LT a V
i D h il () = N turning rate
2

~SAmEBCORNEYTT

Define also dimensionless parameter

()
W = 7 . measures the departure from geodesic trajectory
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MULTIFIELD INFLATION

e Furthermore, the projections of the Hessian elements
along the normal and tangent directions can be
W”'l:'l:@ n O S (eXO C't) [Achucarro, et al. '10; Hetz, Palma, '16;

Christodoulidis, Roest, Sfakianakis, '18;
Chakraborty et al. '19; Aragam et al. ‘21]

Vermi itk $o Vrn
R R e B e 200 ),
where

I ¢2 HISe g £} il = i
T e R AT S PP Y - £ ey

Vi = TaTbvava, etc.
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SLOW-ROLL IN MULTIFIELD INFLATION

« Slow-rollrequires €,0,,§, K1 =

I8



SLOW-ROLL IN MULTIFIELD INFLATION

o Slow-rollrequires €,0,,, <1 = 3H’V,

M2 (V)2
e | 1L (—T> il

2 V

i pETEmem——— ———eeemmcommeT

that Is, the tangent projection of € has to be small, but
not necessarily the normal projection, nor €v .

€= =l A Gl=

L) MFZ)I V“Va Q2 €T QQ
T i |
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SLOW-ROLL IN MULTIFIELD INFLATION

o Slow-rollrequires €,0,,, <1 = 3H’V,

M2 (V)2
e | 1L (—T> il

2 V

R ey ———

that Is, the tangent projection of € has to be small, but
not necessarily the normal projection, nor €v .

1) MI:Z)I Vava {i] I Q2 | ET I QQ
Y T PRy P
. ()° . .
It er ~ e, €y > € (1 | 9H2> %t if furn is large.

20 [Hetz, Palma, '16; Achucarro, Palma, '18]



SLOW-ROLL IN MULTIFIELD INFLATION

o Slow-rollrequires €,0,,6, K1 =

it Wb s P o 30
Aragam et al. 21]
Vir = 7 3 V:
e e astt {1y LR 1 v < 1
Pl V 32 ) i ( Pl 1V < & <

* Note that the minimal eigenvalue X = min(V*V,V),
does not appear anywhere

* Typical models have small turns Q/H and small Vrr/V

e A more interesting possibility arises when both terms
are large and cancel each other (fat inflation)

21



FAT INFLATONS AND LARGE TURNS

e Consider the minimal eigenvalue of the field's mass
matrix, A,

A= min(V“VbV) .

 Given any unit vector U, the following inequality is
always safisfied

AN VA LIE,

e Taking U® = T° we then have:

A< Vpr

22



FAT INFLATION

e Consider now the case H? <« )\ thatis, all scalar fields
are heavier than the Hubble scale = Vrr/H? > 1

02 o
S ﬁ > 1] MPZ—T/_ES—H_27

Large turning rates / strongly non-geodesic trajectories

e Note that this new Iinflationary attractor is also possible
for tachyonically tat fields

A
el [>T

2
H [Chakraborty et al. ’19;
Aragam et al. 21]
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FIELD THEORY FAT INFLATION EXAMPLES

[Achucarro, Atal, Welling, '15;
Chakraborty et al. ’19;]

@ Consider £ = —%(5’,0)2 —~ %pQ((%’)Q —V(p,0) with (note R=0)
M2
Vip,0) = —-p" +W(0),  W(0)=A"1+coslnf]), A<M

0.010

(n =0.002, M =10,A = 1) 0.060}
0-poB) 0.055}

w S
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FIELD THEORY FAT INFLATION EXAMPLES

[Achucarro, Atal, Welling, '15;
Chakraborty et al. ’19;]

@ Consider L= —%(3,0)2 = %,02((99)2 —V(p,0) with (note R =0)
M2

Vi(p,0) = 7p2 +W(0), W) =A*1+cos[nd]), A< M
Y (n = 0.002, M = o |
0.008 e 7 -
i 0.006 | S | |
0_004_/ . f
0.05/- | | , , , . — |

15 20 25 30
N

250

N
131 ]
H < Mz’nf 12t ,
150
/ 11 [ T
: . . , 15 20 25 30 35 40 45
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FIELD THEORY TACHYONIC FAT: ANGULAR INFLATION

[Christodoulidis, Roest, Sfakianakis, '18,'19]

® Supergravity inspired a-attractor

O 4
Gab — 5ab (R == __>
({118 el 3a
H @
V(g )—§(m¢¢ +m’ X)
1.0f | | It |
0.8l / | 0.6}
0.6} | i
o 04} S0
0.2 (Ngn = 155) | 0.2}
0.0
-0.21 7 0.0
4% 50 100 150 0 50 100 150
N N

[Seealso sidetrack inflation: Garcia-Saenz, Renaux-Petel, Ronayne, '18]



FIELD THEORY TACHYONIC FAT: ANGULAR INFLATION

[Christodoulidis, Roest, Sfakianakis, '18,'19]

0.020;
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FIELD THEORY TACHYONIC FAT: ANGULAR INFLATION

H < ‘Minf‘v (\V/ qba)

20! \
10} }
~10}
_20!l
Al AL
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MULTIFIELD INFLATION: DEMYSTIFYING LARGE
TURNS/NON-GEODESIC TRAJECTORIES

[Chakraborty et al. ’19;
Aragam et al. '21]

@ Slow-roll mulfifield inflation does not require light
ﬂe|dS (|Mznf| <K H)

® Large furning rates in multifield inflation do not
require complicated, fine funed potentials

® Strong non-geodesic inflation does not require
negative fields space curvature

29



MULTIFIELD INFLATION: DEMYSTIFYING LARGE
TURNS/NON-GEODESIC TRAJECTORIES

[Chakraborty et al. ’19;
Aragam et al. '21]

@ Slow-roll mulfifield inflation does not require light
ﬂe|dS (|Mznf| <K H)

® Large furning rates in multifield inflation do not
require complicated, fine funed potentials

® Strong non-geodesic inflation does not require
negative fields space curvature

® A natural way to generate transient large turns
arises through transient violations of slow-roll*

[Bhattacharya, 1Z, in progress]
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FAT (MULTIFIELD) INFLATION AND THE SWAMPLAND

Recenily proposed asymptotic dS conjectures require that

[Obied, Ooguri, Spodyneiko, Vafa; Garg, Krishnan; Ooguri, Palti, Shiu, Vafa, '18]

VvV C min(V*V,V) d
= o) =5
Vi 7 Mp V e

@ |In multi field inflation, these conditions can be satisfied as
(multi field inflation & non-geodesic frajectories)

Fat inflation has H? « )\ < Vi, sSecond condition is not
satistied, while first condition may e satisfied In

Sifonciy AoREdeaaesicindieCTories | s e e e 1o
0?2 | |
1 feddath el
ey = € (1+ 9H2> 2 O0(1) ifturnis large.

Fat tachyonic inflation has |A/H?|>1 = second
condition Is safisfied, while first condition may be
satisfied in strongly non-geodesic frajectories

31

[Aragam et al. ’Q1]



PART II:

LARGE TURN MULTI FIELD ATTRACTOR IN
SUPERGRAVITY
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LARGE TURNING RATES IN SUGRA INFLATION
e / d*z\/—g [Mglg — K70,9'01®7 — V(®F F)
Scalar potential for complex scalars: & = rI + 67
V = 5/Me (KT D;W DWW — 3|W [2M52)

K(®,®) = Kahler potential

W (®) = superpotential

33



LARGE TURNING RATES IN SUGRA INFLATION

[Aragam, Chivoloni, Paban, Rosati, IZ, ‘Q1

Large scan in literature reported single examplel
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LARGE TURNING RATES IN SUGRA INFLATION

[Aragam, Chivoloni, Paban, Rosati, IZ, ‘21

Large scan in literature reported single examplel

Focus on two superfields with nilpotent Goldstino §2 = ¢

[Kallosh et al, ’10-14]

K(®,®:5,5): S— -5, ®—®+ia = K(S55,5+5%0 + o)

W = SF(®)
Scalar potential for inflaton is

i 2 A% =
- eK(cb,cb,o,O)/Mplngl(q)7 ®,0,0) |F(®)[?

35



LARGE TURNING RATES IN SUGRA INFLATION

[Aragam, Chivoloni, Paban, Rosati, IZ, ‘21

We can use knowledge from field theory models to
understand non-geodesic trajectories in sugra.

For this class of models, we can readily write

M2, <F¢F I FFq))Q
ET == ==

4Kgs FF
Q He M2 Z (F@F i FF(I)) (QKCI)(TD,(I)) 1) MPI\/E (QKCIDCT),CI))
i atean 30N | I S FE :
H i FF (2K 5)>2 (2K 55 )3/2

Tune F to ensure slow-roll, tune K to increase Q/H

36



LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 1

No-scale inspired model

[Aragam, Chivoloni, Paban, Rosati, IZ, '21]

K = —3aMgp log[(® + ®)/Mp)] + 5SS, F(®)=po+pi®.

V:Mf’,f‘\_FP EQQE. ]R:—i
(® + ®)3a”’ H /3« 3
By tuning a. Q/H can be made large

14— N :

| — a=10"? /|

121 a=2.3X107 /|

10} =2.3X10"* ]

£ gl |—a=23x10° T /1

6 | £

—

2} ]




LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 1

No-scale inspired model

[Aragam, Chivoloni, Paban, Rosati, IZ, ‘@1

K = —3aMgp log[(® + ®)/Mp)] + 5SS, F(®)=po+pi®.

V:]ng’?‘F|2 QQQE. R:_i
(@ + @)3 H 3« 3a

By tuning a. Q/H can be made large
How about masses?



LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 1

No-scale inspired model

[Aragam, Chivoloni, Paban, Rosati, IZ, ‘21

K = —3aMgp log[(® + ®)/Mp)] + 5SS, F(®)=po+pi®.

V:Mf’,f‘\FP QQQE. R:_i
(@ + @)3 H 3« 3a

By tuning a. Q/H can be made large
How about masses: fat & tachyonic (SASC v)

*9 (Npn = 98@)/ [ o
4.0} ] 20} ]
3.5, . 1otk

a 30 R |
| < |

5‘; of
2.5} :
i -10¢
2.0} | :
S R A P R 5 -20¢
0 20 40 60 80 100 0 20 40 60 _ 80 _ 100



LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 2

E GN O mo del [Ellis, Garcia, Nan?;;gl;s{l (;iizle.,,’;f];
K=-3alog[®+®—c(®+P—1)"] il
— —3 alog : "Brap  (R(ca)

W = SF(®). F(@):\/g%(d)—a),

i §M2 (® 4+ )3 (a — P)(a — D)
4 a,2 ((I)—|—(I)—0[((I)—|—(I)—1)]4)3a

il 6M2r® (2r — c(1 — 2r)4)_3a ((a —r)* + 6%)

v

a

Tune K, = tuning (¢, a)to increase
Q/H

40



LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 2

Scalar curvature

(et L et e OB L e = TR

0" l ' l l i
\ [ R— —-1/3a (r — o0)
~5000} ]

-10000}

-15000} U
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LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 2

» EGNO inflation (=1, a=1/2, M =107° c¢=10°

0.52} - 20k
0.51F
1.5}
__0.50f
rd Zz
\: ~ 1.0 B
0.49 '\(‘ >
0.48F . 0.5}
0.47 T T T T 0.0 T i ww aeie ws g e s e g s s s et o
0 20 40 60 80 0 20 40 60 80
N N
120F ; ' ' : 2.0
100} I
1.8
80} j
__ 1.6}
X 60f =
G
aol 1.4}
20¢ 1.2}
0 L 2 1.0 R
0.470 0.475 0.480 0.485 30 40 50 60 70 80
r N

» Minimal eigenvalue, large and tachyonic (SASC v)



LARGE TURNING RATE INFLATION IN SUPERGRAVITY:
EXAMPLE 2

Tuning further (¢, o) can increase Q/H




PART IlI:

FAT INFLATION IN STRING THEORY

D5-BRANE FAT INFLATION

44



D5-BRANE INFLATION

e Consider a warped compactification in type IIB sftring
theory. A probe D5-brane moving in the radial and
angular directions in a warped resolved conifold

[Becker, Leblond, Shandera, '07]

[(Single field) Kenton-Thomas, '14;
Chakraborty et al. ’19]

N D3-Branes

o
92 4? D5-Brane
T E( 16l 2,1.3)

T, & 3 B

/ Yo = (01, P1)
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WARPED GEOMETRY AND D5-BRANE DYNAMICS

e The 10D metric for the WRC we consider takes the form

[Pando Zayas, Tseytlin, OO;
Klebanov, Murugan, '07]

ds® = 7‘[_1/2(97 02)dstrw + Hl/z(Pa 02)ds ke

&D resolved

Warp factor
conitfold mekbric

>
r
S5 — —T5p d6€\/—det<P6 [gab + Bab - 2mal’ ab]) —|—,LL5p P6 [06 -+ 04 A\ (B2 - 27T()4’F2)]
We q We
15 = psg, 1 (gs = string coupling) it
(g == [(Qw)%g]_l (s = string scale) V(T, 9) i ¢(T) (i ’7((1)— (T) e (I)h(rv 9))
D = Wraping number [Kenton-Thomas, ’14;

Bauman et al. ’07-10]
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D5-BRANE FAT INFLATION

e At the end of the day, the 4D action tfakes the form

1
/d4x\/ [ P1R4+ 59V ! — V(r, 9)]

where

YO fartallf I (e Mp = Vo (5en) 2‘8>_2
gi; = 4mpTs lag r+9u2’6( + 6u”) | , v = (r,60s), P = 5 g

= Z0% 4 3 + (bl

LT1,1 & 2 1 27T 4
V(r,0) = Vo + 4mpTsH ™" [F'/? — Prqg.] +7 [0 + @] , (7 = 4n*CpdTsg. )
HHI s
D = = [81(9p° —2) p* + 16210g (9 (p° + 1)) — 9 — 1601og(10)]

1 1 b1
b, = ag [———210g< +1>] + 2a, [6+IO2—2(2—|—3p2)10g (1—#/}2)] cos 6 —|—2 (2—|—3p )COS@.
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D5-BRANE FAT INFLATION

Ii

Sl = /d‘la:\/i[ P1R4+ 59iiV " — V(r, 9)]

where gi; = diag(grr (1), goo (1))

{1.x108V

5.x10°°

V(r,0) =V(r)+ W(r)cosb oy



D5-BRANE FAT INFLATION

Ii

54l = /d4a:\/ [ P1R4+ 59V " — V(r, 9)]

Parameters and constraints

® String theory models of inflation relay on
4D LEEFT, weakly coupled, perturbative
string expansion

ety i Al >

Vi(r,0)

(/)

® For a 4D effective field theory description to be valid during
iInflation, requires compactification scale smaller than string
scale (L./ls > 1)

® Thus we require the hierarchy:

S Mg S My S Mpy
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D5-BRANE FAT INFLATION

Ii

54l = /d4a:\/ [ P1R4+ 59V " — V(r, 9)]

Parameters and constraints

® String theory models of inflation relay on
4D LEEFT, weakly coupled, perturbative
string expansion

ety i Al >

Vi(r,0)

(/)

® For a 4D effective field theory description to be valid during
iInflation, requires compactification scale smaller than string
scale (L./ls > 1)

® Thus we require the hierarchy:

Mins SH S Mg S M, S Mpy
49



D5-BRANE FAT INFLATION

Ii

54l = /d4a:\/ [ P1R4+ 59V " — V(r, 9)]

Parameters and constraints

® String theory models of inflation relay on
4D LEEFT, weakly coupled, perturbative
string expansion

ety i Al >

Vi(r,0)

(/)

® For a 4D effective field theory description to be valid during
iInflation, requires compactification scale smaller than string
scale (L./ls > 1)

® Thus we require the hierarchy:

M S H S Mg S M; S Mpy for light inflation
49



D5-BRANE FAT INFLATION

Ii

54l = /d‘la:\/ [ P1R4+ 59V " — V(r, 9)]

Parameters and constraints

® String theory models of inflation relay on
4D LEEFT, weakly coupled, perturbative
string expansion

ety i Al >

Vi(r,0)

(/)

® For a 4D effective field theory description to be valid during
iInflation, requires compactification scale smaller than string
scale (L./ls > 1)

® Thus we require the hierarchy:

HS Miny S Mg < Mg < Mpy for fat inflation
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D5-BRANE FAT INFLATION

Ii

54l = /d‘la:\/ [ P1R4+ 59V " — V(r, 9)]

JEET8 20

Parameters and constraints

® The parameter,u, is the nafural length of \
the throat, so u > £,

® The constants (ao,a1,b1) appearing in the V(r,6)
potential are undetermined but small. (Coefficients of
iIndep. solutions of the Laplace equation on the RC)

® The parameters (p,q) are the Db&-brane wrapping and flux
numbers, and N is the number of D3-branes sourcing the RC
geomeflry. Backreaction constraints require  [secker Leblond, Shandera, 07

Kooner, S. Parameswaran, IZ, '15
2

)
N>1, p<I12N@r)*H /22,  pg<4nN
/'Q
(7{1./2 i 7-[_.1/2)

man tip
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D5-BRANE FAT INFLATION

Ii

/d‘la:\/ [ P1R4+ 59V " — V(r,0)

® We fix the parameters (gs,N,u) To ensure hierarchy of
scales: M. < M. < Mop,

Y Y

@ Vary the parameters (p,q), keeping track of the
backreaction constraints.

® We then choose the coefficients (ao,a1,b1) such that the
amplitude of the scalar perturbations matches with

observations.

N gs gs U q Qo a1 bl
1000 | 0.01 | 501.961 | 50¢, | 1 | 0.001 | 0.0005 | 0.001

(M ~ 107" Mp;, Mc~10""Mp;, H ~107"Mpy)



D5-BRANE FAT INFLATION

® We expect natural inflationary like solutions, but
predictions tfo differ from single field, due to massive
inflatons and thus large furning rates

® Instantaneous decay “constant” can be defined as

f=/g00(r)
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D5-BRANE FAT INFLATION

® We expect natural inflationary like solutions, but
predictions tfo differ from single field, due to massive
inflatons and thus large furning rates

® Instantaneous decay “constant” can be defined as

f=/g00(r)

S/ Mp
7.49
6.89
6.22
H.0l
4.71

wﬂkU!@\].B
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D5-BRANE FAT INFLATION

@ With this set of parameters we have A_/H? ~ 10

» Inflationary trajectory

10f

0.8} 00042 00118}
| | ooos
» Slow-roll parameters
_ 06; 20 22 24 26 28 30 20 22 24 26 28 30
"éi . Nl
wOA-
0.2t |
5 20 30 40 50 60 70 80
4 N

\Y

6.75x107°
= 567x107°
= 4.59x107°
B 3.51x107°
2.43x107°

I 1.35x 107
M 270x107"°

| f~6.22

— €

— |ngl



D5-BRANE FAT INFLATION
@ Turning rates

gplitiidaigicer L1 J ol idiiathiiitis & bl Rt LRI G i paad £ ) i R R |

50| *
8.5/ _ |
8.0/ L
5 g 30;
I | f=6.22Mp |
— f=551Mp i
7.0/ _ |
— f=4.71Mp 10+

°5T60 58 56  -54 52 50 20 30 40 50 60 70
N Nc—1

0.15} .
i — TT,TE,EE+lowE+lensing +BK14
— f% 7.49Mp | _
| — TT,TE,EE+lowE+lensing +BK14+BAO
0.10; | — TT,TE,EE+lowE+lensing
= — = 6.22Mp | I
| m———— NI single field
0.05} — B33 1Mp | Multifield NI
— = 4.71Mp. |
1 @ N,=60
0.00 e N, =50

0.93 0.94 095 096 0.97 098 0.99 1.00
ns 55



D5-BRANE FAT INFLATION

@ N on —G AUSS | an |'|'y [Kaiser, Mazenc, Sfakianakis, '12]

i 5 NANJN,;;
NL — 6 (N,k.N’k)Q )

5—
5 |
— f=7.49Mp
l f ~ 6.89M
! — f=6.22Mp
0.50} ]
4 _ — f=551Mp
E: Z — f=4.71Mp
0.10} | .
2} | — e = 5(1-ns)
0.05} '
e N.=70
\ e N, =60
1t 1 ik ! e N, =50
~70 65 60 55 50 0.950 0.955 0.960 0.965 0.970
N ns



D5-BRANE LIGHT INFLATION

@ For a different choice of parameters, D5-brane model
gives rise to light inflation with single field predictions

N Js q (Y U ag a1 by R ~ —1()2]\41;12
1000 | 0.01 | 70 | 50Ol, | 501.961 | 0.1 | 0.0001 | 0.0001 *

with these parameters, the masses safisty standard
hierarchy M; < H < My, with M;/H ~ 0.35

Last 70 efolds
0.42 = .

M 0.40} - 5|
p f/ Pl — f=7.07Mp
90 7.07 0.38} ] af
0.36} :
77 654 | = _reoom 2
65 6.01 w4 | _f=55Mp 2}
0.32} ]
51 5.52 — f=5.05Mp 4|
46 | 5.05 | —reasome |
37 4.53 “ 60 s 56 54 52 -50 10 20 30 40 50 60 70 80
N N

57 [(p, Q)KT . (0.22, 5929)]



D5-BRANE LIGHT INFLATION

® Cosmological parameters:

Indistinguishable
from single field -
S

0.00 :

093 094 095 0.96 097 0.98 0.99 1.00

— TT,TE,EE+lowE+lensing +BK14+BAO
— TT,TE,EE+lowE+lensing +BK14
— TT,TE,EE+lowE+lensing
-== NI single field
e N, =60
e N,=50

ns
50t
10
too large NG «
o— 30 i —
-d -
Z E
20f
0.10}
10
ol : . . . 0.01
=70 -65 -60 -55 -50

R — f=7.07Mp
\ ) f = 6.54Mp
— f=6.01Mp
__ f=552Mp
| — f=5.05Mp
__ f=453Mp
— fn = %(1—%)
o N.=70
e N, =60
o N, =50
————
0.9-45 0.9.50 0.9-55 0.9.60 0.9.65
ng



Fat natural inflation Light natural inflation

N Js gs u q ao ai bl N Js q u €S Qo aq bl
1000 | 0.01 | 501.961 | 50¢, | 1 | 0.001 | 0.0005 | 0.001 1000 | 0.01 | 70 | 507, | 501.961 | 0.1 | 0.0001 | 0.0001
0.15!} -_ il 0.15|
14 | — f=7.07Mp | — TT,TE,EE+lowE+lensing +BK14+BA
— TT,TE,EE+lowE+lensing +BK14
0.10+ ___ 0.0}
i i c — f=6.01Mp — TT,TE,EE+lowE+lensing
18 L -== NI single field
- — f=5.52Mp
0.05} 0.05} — fosOeM
! e N,=50
o N — f=4.53Mp
0.00'77—--'-- . —— . WEOUR 000 . e . . :
093 0.94 0.95 0.96 0.97 0.98 0.99 1.00 093 094 095 096 097 098 099 1.00
ng ns
p| MR g% 104052 R R A —102M
= | 749 Pl 90 | 7.07 4
6 | 639 | A_/H? ~10 77| 6.54 A\ /H? ~ 0.1
5 6.29 65 6.01
4 | 551 /H ~ 10 55 | 5.52 Q/H ~ 0.4
3 477 46 | 5.05
fne ~ O(1) 37 | 4.53 fnr ~ O(10)
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FINAL COMMENTS

< Multifield inflation allows new inflationary attractor with
(sfrong) non-geodesic frajectories.
< Light fields are not needed, all fields can be heavy.

Avoid n-problem

< Large-turns in supergravity rare and tachyonic, SASC
satisfied, but theoretically unmotivated

<« Fat D5-brane model has challenges that would need

to be addressed in a more complete model (moduli
stabilisation, heaviest inflaton too heavy )

< Transient large turns induced from transient slow-roll
violations in sugra. Rich phenomenology  shastacharya, 1z, in progrese]

« Fat trajectories in D3-antiD3-brane multi-field inflation?

[Bhattacharya, Chakraborty, 1Z, in progress]
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DISCUSSION SLIDES



PART IV:

CHIRAL GRAVITATIONAL WAVES IN STRING
INFLATION?

(SPECTATOR) CHROMONATURAL KAHLER
INFLATION

62



PRIMORDIAL GRAVITATIONAL WAVES AND THE
LYTH BOUND

In scalar single field inflation, r is related to field
displacement and scale of inflation: Lyth bound

[Lyth, '96; Boubekeur-Lyth, '05]
[Garcia-Bellido, Roest, Scalisi, 17 ’14]

slow-roll inflation

V(e) r \ 1/4
' V4%~ 1.8 x 1016GeV (ﬂ) ~ 1072 Mp;

gt .
Ao r \1/2
s saiE el
\/ Mp; ™ ( )(0.002)




SOURCED PRIMORDIAL GRAVITATIONAL WAVES

e However if spectator fields are around during inflatfion,
can have interesting effects.

e E.g. In chromonatural inflafion originally proposed fo
relox need for super-Planckian decay constant. A

spectator SU(2) sources tensor fluctuations:

[Adshead-Wyman, '12;

Dimastrogiovanni, Peloso, 12

Adshead, Martinec, Wyman, ’13]
// / 2 2 T ) 9 ’

LY,



SOURCED PRIMORDIAL GRAVITATIONAL WAVES

e However if spectator fields are around during inflafion,
can have interesting effects.

e E.g. In chromonaftural inflafion originally proposed to
relox need for super-Planckian decay constant. A
spectator SU(2) sources tensor fluctuations:

[Adshead-Wyman, '12;
Dimastrogiovanni, Peloso, 12
Adshead, Martinec, Wyman, ’13]

hi; 4+ 2Hh;,; — V2hi; = 2a°m;

LY,

» sources tensor fluctuations may be distinguishable on

the basis of its chirality,
» If large enough, may disentangle tensor-2-scalar ratio
from inflationary scale and field range (Lyth bound)
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SPECTATOR CHROMONATURAL INFLATION

< A modified version, compatible with observation recently
pl’OpOSed, SpeC TOTOI’ CN' (SCN') [Dimastrogiovanni, Fassiello, Fujita, ’16;

Fujita, Namba, Tada, '17]

5= [ dtevg | SRR - 2007 - V(6) - 3 (007 - UG - JELF + R o
inflationary sector spectator sector |
(F@ = dA® — gA® A A%
- Syccesstul cosmological evolution requires %A > 1

> Backreaction from the amplified tensor fluctuations ¢ < 1

w  Theoretical control is problematic A o< ¢g*

[Agrawal, Fan, Reece, '18]

66



SPECTATOR CHROMONATURAL INFLATION

< A modified version, compatible with observation recently
pl’OpOSed, SpeC TOTOI’ CN' (SCN') [Dimastrogiovanni, Fassiello, Fujita, ’16;

Fujita, Namba, Tada, '17]

M3 1 1 A
o / d*zy/—g [ Ll doyimmlalit Sl@x)t U S Fme Aija g
1nﬂat10nary Sector spectator sector

(F* = dA® — gA® A A%)

M

: ; : Pl
- Syccesstul cosmological evolution requires TA > 1

> Backreaction from the amplified tensor fluctuations ¢ < 1

= Theoretical control is problematic A oc g° L ERTRb D, Roeoe o]

< CNI-like PGW enhancement in supergravity and string

2 [Dall’Agata, 18; McDonough, Alexander, 18]
Th e O ry 4 [See also Obata-Soda, '16]

67 [Holland, IZ, Tasinato, ‘Q0]



KAHLER INFLATION AND SCNI A T

We consider a modified Kahler inflation (» <10=7) model as

host with multiply wrapped magnetfised D/-branes, as
spectator CN sector. [Conlon-Quevedo, '05;

Bond et al, ’06; Blanco-Pillado et al., '09]
[Similar set up to: Long, L. McAllister, and P. McGuirk, ’14;

Ben-Dayan, F. G. Pedro, and A. Westphal , ’15;
McDonough, Alexander, 18]

% Dp > From SU(N) == (N/2)SU(2) rcaldwen, Devulder, '17-18]

- This set-up confains three parameters
e that we can use to realise SCNI

N
%\5®
D-brane inflation (N 9 M 9 n)
(open string inflation)

/N = condensing group degree

Kahler inflation
(closed string inflation)

4 | M = D7-brane magnetic flux
CY, stringy
parameters

n = D7-brane wrapping number

(p-3)-cycles wrapped
by Dp-branes 6 8



KAHLER INFLATION AND SCNI A T

Spectator sector

Cycle wrapped n times by
N magnetised D7-branes
and once by N4 D7-branes

Cycle wrapped once
_~ by N3 D7-branes

Inflation sector

2l Cycle wrapped once
by N2 D7-branes

configuration cartoon



KAHLER INFLATION AND SCNI

[Holland, 1Z, Tasinato, ‘20]

<« We aim at readlising three goals when choosing the
parameters of the model:

® A successful cosmological background evolution

@ A sufficiently large enhancement of the fensor
fluctuations which become chiral and potentially
detectable by future experiments

® A controllable backreaction from the tensor gauge
fluctuations
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KAHLER INFLATION AND SCNI

[Holland, 1Z, Tasinato, ‘20]

< The four dimensional #'=1 supergravity effective action
INncluding gauge fields is given by

TTinee

I; = Kahler moduli

§4] | | Scalars and gauge
K;5(T;,T;) = scalar manifold metric field not canonically

F=dA— AANA non-Abelian D7-brane gauge field ennaised
fA(Tz') = gauge kinetic function
> = 1/Re(fa) gauge coupling

Mz%z T 47TVM32/9§

71 [Holland, 1Z, Tasinato, ‘20]



< The action in terms of the real fields relevant for inflation is

/d4$\/7 [ Pl 2 ’Yab;ch) alu¢a,a,u¢b L V(¢a) i f(jfa)F/flyFAuy h(jfa) F/ﬁ/}'}Aw/

Scalars and gauge field not canonically normalised
F=dA—-gAANA, g=1/ynN/2, ¢a = Mpi(72,74,b)

[Note that g is not the gauge coupling, which is given by g% = 1/f(¢%)]

f(711) = 74, h(b) = Mb,

| 3o 0 0 \
N = condensing group degree dym2V
. Yab = 0 4?17_% 0 ‘
M = D7-brane magnetic flux 0 0 2gs~/T4
\ A

n = D7-brane wrapping number

Vrars (T2) (87_2)2 +Yryra (T4) (87—4)2 + Yo (74) (ab)Q

Kes (g Mpr)* 3EW,
e (gsMpy) V2+V4+§ 0+§2

i 87 E
72

)



< The action in terms of the real fields relevant for inflation is

/d4$\/7 [ Pl 2 ’Yabégbc) alu¢a,a,u¢b L V(¢a) i f(fa)F/flyFAuy h(jfa) F/ﬁ/ﬁvAw/

Scalars and gauge field not canonically normalised

F=dA_—gAAA, g=1/y/nNj2, ¢a= Mp(72,74,b)

[Note that g is not the gauge coupling, which is given by g° = 1/f(¢%)]

f(711) = 74, h(b) = Mb,

| 3o 0 0 \
N = condensing group degree dym2V
. Yab = 0 4917_% 0 ‘
M = D7-brane magnetic flux 0 0 2gs~/T4
\ A

n = D7-brane wrapping number

8&2142\/ 16&14&4144\/ ( s 0 ) b4
2 by —alb
JarV 125 JalyV i [a4 ST ( i )]

4a.A
+ aiilon e m™ cos |& b+b4 -+
12+ m
AWoas Age™ 4™ cos (a4b4) T4

V2 73

Vy =

8(&4144)26_2%74 \/7T4
3asV




/

¢ The action in terms of the real fields relevant for inflation is

/d4£13\/7 [ Pl 230 /Yab;qbc) augbaa,ugbb " V(¢a) 11 f(jfa)F/j}/FA,uy h(jfa) F/ﬁﬁﬂA/ﬂ/

Scalars and gauge field not canonically normalised

F=dA—gANA, g=1/ynN/2, ¢o= Mpi(72,74,b)

[Note that g




RESULTS

-~ For the following parameters'’s values:

M = 10000, N ~ 10°, n ~ 25

< We achieve our three objectives:

® Successful cosmological evolution

® Large enhancement of tensor spectrum and
® Conftrollable backreaction
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(9> =1/74 ~1/15)

saxion

instantaneous
decay constant

i ; ’- - Yob(74)
gauge field | fo=MpRo2







RESULTS

<« The values of the parameters however, represent a
challenge for the string model construction

M = 10000, N ~ 10°, n ~ 25

< Considering Fibre inflation as host, it is possible to
Improve on these values with a potentially observable
chiral spectrum

M =500, N = 5000, n=1

r~10"° = r ~ 1072



FURTHER DISCUSSION SLIDES ON
MULTI-FIELD INFLATION
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D5-BRANE DOUBLE INFLATION

[Chakraborty, Chiovoloni, Loaiza-Brito, Niz, 1Z, '19]

® For a different choice of parameters one could have a
double Inflation model. Interesting phenomenological
Implications

N Js q U ZS ao aq by D
1000 | 0.01 | 70 | 50¢, | 501.96 | 0.00025 | 107 | 107 || 53

E 3.0f
0 [
: 2.5}
-10¢ [
P : 2.0f
S | c -20 1
o 30 i [
B | , 1.0}
-40} ' Y ] 0.5}
-50f, . . . . s | BT

0 10 20 30 40 50 60 0 10 20 30 40 50 60

N N

® However Initial condition for r Is Inconsistent with
approximations.
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DYNAMICS OF LINEAR PERTURBATIONS

® The dynamics of the linear perturbations and cosmological
predictions will depend on the hierarchies of the adiabatic
and enfropy modes’' masses relative to each other, the
Hubble parameter and the turning rate Q.

[Sasaki, Stewart, '96; Gordon, Wands, Bassett, Maartens, '0O0;
Groot Nibbelink, van Tent,'0l; Langlois, Renaux-Petel, '08]
[Achucarro, Gong, Hardeman, Palma, Patil, '10;

Achucarro, Atal, Cespedes, Gong, Palma, Patil, '12;

Cespedes, Atal, Palma, '12 ...]

@ The curvature of the scalar manifold R may also play an
Important role it negative and large, as it may trigger
geometric destablilisation of the entropy modes

[Renaux-Petel, Turzynski, '15]
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DYNAMICS OF LINEAR PERTURBATIONS

[Sasaki, Stewart, '96; Gordon, Wands, Bassett, Maartens, '0O0;
Groot Nibbelink, van Tent,'0l; Langlois, Renaux-Petel, '08]

® The equations for the adiabatic and entropy modes Is
given by (Qn~,Qr are the projections of the fluctuations Q. )

k2 LR et v
Qr +3HQr + T m= | Qr = (2QQN) — I i z 200 N ,
| : k2 | O - i
On+3HQN + | = + M? | Qn = —2Q—-R (R b _QT)
a H &
where:
it S Y e VN ()2

+ MR — =

R T i e e 773

I n ok
H?2 9 4 ) 2oH' H?  H?

(R = scalar’s manifold curvature)

at superhorizon scales: MZ: ¢ is related to the adiabatic
On +3HQy + (M? +49%) Qn ~ 0, perturbations speed of sound
[y Merr
My AT TN

82 [Achucarro et al. 10-12]



LARGE TURNING RATE WITH SMALL R

Transient strongly non-geodesic trajectories interesting
phenomenology: PBHs, GWs

[Anguelova, Chen, Barausse, Braglia, Domenech, Finelli, Fumagalli, Hazra, Palma, Renaux-Petel, Riquelme,
Ronayne, Scheihing, Sypsas, Slosar, Smoot, Sriramkumar, Starobinsky, Witkowski, Zenteno, ... '18-'21]

[Anguelova, ’20]/\



LARGE TURNING RATE WITH SMALL R

Transient strongly non-geodesic trajectories interesting
phenomenology: PBHs, GWs

[Anguelova, Chen, Barausse, Braglia, Domenech, Finelli, Fumagalli, Hazra, Palma, Renaux-Petel, Riquelme,
Ronayne, Scheihing, Sypsas, Slosar, Smoot, Sriramkumar, Starobinsky, Witkowski, Zenteno, ... '18-'21]

A natural way to generate transient large turns in
supergravity without large (negative) curvatures arises

through transient violations of slow-roll R Ab e 11 1 o]
K = —log[® +® — S9], 30}
R =4 25
i . —bd 20}
W =8M® +ie ") = |
a 15}
[Cabo-Bizet, Loaiza-Brito, 17, ’16; Tt i
Ozsoy, Parameswaran, Tasinato, 17, ‘18] 10}

0 - ...............................




LARGE TURNING RATE WITH SMALL R

» Transient strongly non-geodesic trajectories interesting
phenomenology: PBHs, GWs

[Anguelova, Chen, Barausse, Braglia, Domenech, Finelli, Fumagalli, Hazra, Palma, Renaux-Petel, Riquelme,
Ronayne, Scheihing, Sypsas, Slosar, Smoot, Sriramkumar, Starobinsky, Witkowski, Zenteno, ... '18-'21]

» A natural way to generate transient large turns in
supergravity without large (negative) curvatures arises
through transient violations of slow-roll ihitasharya, 12, 1n progress]

» Enhancement of primordial spectra = PBHs, PGWSs

s 2 1016 | 1020 ,
[See also Ketov, '21]



