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Inflation and supergravity

Inflation
@ exponential expansion of the universe
@ solves the horizon, flatness, and monopole puzzles
@ seeds the large scale structure of the universe
@ being tested by precise cosmological observations
Supergravity

o local (gauged) supersymmetry (SUSY)
cf. GUT, dark matter (LSP), naturalness

@ automatically including gravity
o a low-energy effective theory of superstring/M-theory

@ a reasonable candidate theory to describe inflation
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What this talk is about

It is a minimal framework of inflation in supergravity using a chiral

superfield [Ketov and Terada, 2014b], but it is nevertheless a powerful
one accommodating various inflation models.
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What this talk is about

It is a minimal framework of inflation in supergravity using a chiral
superfield [Ketov and Terada, 2014b], but it is nevertheless a powerful

one accommodating various inflation models.

In particular, arbitrary positive semidefinite scalar potentials can be
approximately embedded in supergravity if tuning is

accepted [Ketov and Terada, 2014al.
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Inflation in supergravity — some history

1983 Goncharov & Linde
first viable inflation model in SUGRA

2000 Kawasaki, Yamaguchi, & Yanagida

shift symmetry & stabilizer superfield of 2010 Kallosh & Linde
generalization to arbitrary potential
H H cf. 2013 Farakos, Kehagias, & Riotto
2013 Ferrara, Kallosh, Linde, & Porrati Starobingly. model . newminimal
chiral & vector/linear superfield SUGRA

cf. 2010, 2011 Alvarez-Gaume et al.
2012 Achucarro et al.

2014 Ketov & Terada sGoldstino inflation
various potentials with a single superfield

2015 Roest & Scalisi, & Linde
single superfield attractors
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Difficulties of inflation in supergravity
Scalar sector of 4D A = 1 supergravity

1 - .
L=~ R—K;D'¢/Dyé’ — V.,

(1)
K ji = 2 92 AB
V =e (K”DiWD3W—3|W| ) + L H{"DADg, (2)
where D;2W =W, + K;W.
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Difficulties of inflation in supergravity

Scalar sector of 4D A = 1 supergravity

N

— 1 i 3
(~9)#L =~ 3R~ KD"§ Dyt~ V,

(1)

V =K (KﬁDiWDﬂ/_V ~3 |W|2> . (2)
where D;2W =W, + K;W.
We focus on the F-term inflationary models.
There are an exponential factor and a negative definite term.
But inflation requires a sufficiently flat and positive potential s.t.

1/V'? v’
=3 () <1 =1 < 3)
oy P = = =
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1 problem

Difficulties of inflation in supergravity

Even if we construct inflation models in global SUSY,

V=" Vgiobal

= Vglobal
71 =Tglobal

(5)
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Difficulties of inflation in supergravity

Even if we construct inflation models in global SUSY, supergravity
corrections give an O(1) contribution to the 7 parameter for
e.g. the minimal Kahler potential, K = ¢¢.

2
Vv :eKVg|oba| + ... = Vgiobal + Vglobal

— + ...,
Mg
n:nglobal+1+---a

(5)
where Mg = (87G)~1/2 = 1 is the reduced Planck mass.
Something like tuning or a symmetry is needed.
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V=K (KﬁDiWDjﬁ/ 3 |W|2>
We require the Kahler potential to be invariant under the following
shift transformation [Kawasaki et al., 2000],

®— & =P —ia,

(6)
(inflaton).

where & is the inflaton superfield, and a is a real transformation
parameter. Then, the Kahler potential does not depend on Im®

(7)
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Shift symmetry and a stabilizer superfield

Shift symmetry

V=K (KﬁDiWDjW ~3 |W|2>

We require the Kahler potential to be invariant under the following
shift transformation [Kawasaki et al., 2000],

®— ' = — ia, (6)

where & is the inflaton superfield, and a is a real transformation
parameter. Then, the Kahler potential does not depend on Im®
(inflaton).

K(®,®)=K(®+ ) (7)

We break the shift symmetry by the superpotential with a small
coefficient, which is determined by the normalization of CMB

anisotropy. This is natural in the 't Hooft's sense [t Hooft, 1980].
10/41



flat but negative |
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Let us take the minimal shift symmetric Kahler potential,
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Let us take the minimal shift symmetric Kahler potential,

2
5 (@+2)°
The scalar potential

(8)

V=t (W 4 (2 + @) WP 3w ]?) 9)
has an approximate Zy symmetry under (® + ®) — —(® + ®), and
steep in the real direction.
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flat but negative |

Shift symmetry and a stabilizer superfield

Let us take the minimal shift symmetric Kahler potential,

S (2 +@)°. (8)
The scalar potential
_ oa(e+®)? 5 2 2
V =e2 W + ( + @) W|™—3|W]| (9)
has an approximate Zy symmetry under (® + ®) — —(® + ®), and

steep in the real direction. So, the effective potential of the
inflaton in the large field region (|Wg| < |W|) becomes negative,

VvV~ -3|W|* <.

(10)
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Shift symmetry and a stabilizer superfield

This problem is generic for other choices of the Kahler potential.

Strong dependence of the exponential factor on the real part leads
to the extremization of the Kahler potential,

Kq;.l"o.

(11)
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flat but negative Il

Shift symmetry and a stabilizer superfield

This problem is generic for other choices of the Kahler potential.

Strong dependence of the exponential factor on the real part leads
to the extremization of the Kahler potential,

K¢ ~ 0. (11)

The potential becomes
V =e® (K™ Wy + Ko W[* =3[ W)
~eK (K‘N’ Wl —3|W|2)

~e (—=3|W]*) <0

(12)
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12/41



stabilizer superfield |

Shift symmetry and a stabilizer superfield

To eliminate the negative definite term, a VEV-less superfield S
in a way W is proportional to it,

((S) = 0) is introduced [Kawasaki et al., 2000, Kallosh and Linde, 2010]

W =S (®).

(13)
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Shift symmetry and a stabilizer superfield

To eliminate the negative definite term, a VEV-less superfield S

((S) = 0) is introduced [Kawasaki et al., 2000, Kallosh and Linde, 2010]
in a way W is proportional to it,

W =Sf(®). (13)
It is followed that
(W) =Ws) =0, Ws =f(®). (14)
If there are no kinetic mixings, the potential becomes

V= GK(¢+§’S’S)KSS|f(<I))‘2.

(15)
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Shift symmetry and a stabilizer superfield

@ The form of W = Sf(®) is guaranteed by the R-symmetry.
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Shift symmetry and a stabilizer superfield

stabilizer superfield |l

@ The form of W = Sf(®) is guaranteed by the R-symmetry.

@ The stabilizer field S is the sGoldstino during inflation due to
V o |DsW|2.

@ Arbitrary positive semidefinite scalar potential can be
approximately realized if we further impose Z5 symmetries for

S and Re® [Kallosh and Linde, 2010, Kallosh et al., 2011]. In this
case, the potential becomes

V = K000 850 0,0, 0)| £ (iIm®)|?. (16)
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Shift symmetry and a stabilizer superfield

Sometimes, S is lighter than the Hubble scale or even tachyonic at
the origin with the minimal Kahler potential,
K=585+K®®+ o).
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Sometimes, S is lighter than the Hubble scale or even tachyonic at
the origin with the minimal Kahler potential,
K=585+K®®+ o).

This is cured by a higher dimensional term in the Kahler potential,

K =585—-¢(89)?+ K®(®+d), (17)

where ( is a real coefficient [Lee, 2010].
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Shift symmetry and a stabilizer superfield

stabilizer superfield Il

Sometimes, S is lighter than the Hubble scale or even tachyonic at
the origin with the minimal Kahler potential,
K=585+K®®+ o).

This is cured by a higher dimensional term in the Kahler potential,

K =585—-¢(89)?+ K®(®+d), (17)

where ( is a real coefficient [Lee, 2010].
We call this the stabilization term for the stabilizer superfield S.
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Motivation

Basic strategy and implementations

Is the double-superfield mechanism the only way to realize (large
field) inflation in supergravity using chiral superfield(s)?

in supergravity?

Are there any more economical ways to embed inflationary models

Is it impossible to realize various inflationary potentials with a
single chiral superfield? (cf. [Goncharov and Linde, 1984])
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Basic strategy and implementations
Single-superfield models and stabilization

Ve (KMo & (WoK®W + WKW ) + (K Ky —3) W)

The last term is most important in the large field region.
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V= (KM Wal? + (Wo KW + WoK*W ) + (K Kq - 3) [W]?)

The last term is most important in the large field region.

condition for the potential to be positive in the large field region

K*Kgp >3 (18)
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Basic strategy and implementations
Embedding arbitrary scalar potentials

Single-superfield models and stabilization

V —eK (K‘N’|Wq,|2 i (W@K(DW n W@K&)W) + (KrbK@ _ 3) |W|2>

The last term is most important in the large field region.

condition for the potential to be positive in the large field region
K*Kgp >3 (18)

How to satisfy it?
We employ the stabilization term similar to the previous case. The
minimal example is [Ketov and Terada, 2014b]

K:c(q>+<i>)+%(q>+ci>)2_%(q>+ci>)4, (19)

with ¢2 > 3 and ¢ 2 O(1).
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Basic strategy and implementations

[minimal K] stabilization by the quartic term

K=e(@+8) + (8487~ @ +8)' ~0,  (20)
Ko =c+ (& + @) — (P + D) ~¢, (21)
Kgg =1 —3¢(®+ @)% ~ 1. (22)

NN

1

The second equalities are due to (® + ®) ~ 0.
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Basic strategy and implementations

[minimal K] stabilization by the quartic term

_ 1 _
K:c(<I>+<I>)+§(<I>+<D)2—

S@ra)~0 (20)
Kp=c+(®+3) - ((+P)° ~c (21)
Kgg =1 —3¢(®+ @)%~ 1 (22)
The second equalities are due to (® + ®) ~ 0. This is because of
the SUSY breaking mass squared

—2¢%Gepes GPG® ~ 12¢e“ G2 G2,
where G = K + In|W|2. (® breaks SUSY during inflation, i.e.
|Ga| #0.)
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Basic strategy and implementations

[minimal K] stabilization by the quartic term

K=e(@+8) + (8487~ @ +8)' ~0,  (20)
Ko =c+ (& + @) — (P + D) ~¢, (21)
Kgg =1 —3¢(®+ @)% ~ 1. (22)

NN

The second equalities are due to (® + ®) ~ 0. This is because of
the SUSY breaking mass squared
—2¢%Gepes GPG® ~ 12¢e“ G2 G2,

where G = K + In|W|2. (® breaks SUSY during inflation, i.e.
|G| # 0.) Moreover, the potential blows up infinitely at

|® + O — 1/4/3¢ — 0. The field space is restricted to the narrow
strip |® + @] < 1/4/3C.
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Basic strategy and implementations
[minimal K] quadratic model

quadratic model
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Basic strategy and implementations
[minimal K] quadratic model

quadratic model

1
V ~|m|? (5(02 -

3) (x — x0)2 4 (14 cReWo)2 - 3(ReW0)2) ,
where & = \%(qﬁ—l— ix), Xo = —V2ImW, and Wy = Wo/m.
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Basic strategy and implementations
[minimal K] quadratic model

quadratic model

1
V ~ |m|2 (5(02 —

3) (x — x0)2 4 (14 cReWo)2 - 3(ReW0)2) ,
where & = %(qﬁ—l— ix), Xo = —ﬁlmWO, and Wo = Wy /m.
SUSY is broken at the vacuum.
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Basic strategy and implementations
[minimal K] Starobinsky-like model

Starobinsky-like model

K =c(®+ ) + %(<1> + ©)? — g(@ + )%,
W =m (b — eﬁmq’) .

(26)
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[minimal K] Starobinsky-like model

Starobinsky-like model

K —c(® + ®) + %(<1>+<T>)2 - %(@4@)4, (25)
W =m (b - e‘/im@) . (26)
V >~ |m|? <(62 -

3) (Reb — e—ax)2 + (clmb - \/5(16“”‘)2 -3 (Imb)Q) .
where ¢ = %(gb +ix).
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Starobinsky-like model

K:d@+®+%@+éf—g@+@ﬂ
W =m (b — eﬁmq’) .

(25)
(26)
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2
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Basic strategy and implementations

[minimal K] Starobinsky-like potential

V=mf (2 —3+a?) (1 - e ™)°. (27)

X
1 2 3 4 5

Figure: The deformed Starobinsky potential (27). The parameter a is set

to 0.1,0.3, 1/2/3 (Starobinsky), 3, and 10 from bottom to top. The
height of the potential is normalised to one. This Figure is from our
paper [Ketov and Terada, 2014a]. o

= =

Qe

22/41



logarithmic K

Basic strategy and implementations

K=—aln(1—i-L

7 (@ + @)) — K®® KoKy =a.  (28)

If a > 3, the |W|? term does not contribute negatively to V.
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Basic strategy and implementations

logarithmic K

1 _ -
K=—aln (1 - NG (@ + cI>)) — K*®KeKg =a.  (28)

If a > 3, the [W|? term does not contribute negatively to V.

Liin = — 1_ 50, PO, (29)
(1+(®+2)/Va)

V=>01+(®+®)/Va) "

_ ) Ja
x((1+(<1>+<l>)/\/5) Wo — s =W




Basic strategy and implementations

[logarithmic K] stabilization by the quartic term

For simplicity, let us stabilize the real part at the origin by the
quartic term,

(31)
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K=—aln<1—i—L

- ¢ —\4
O+P)+ = (P+ P . 1
SRR IRPUER O BCH
The real part vanishes approximately,
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Basic strategy and implementations

[logarithmic K] stabilization by the quartic term

For simplicity, let us stabilize the real part at the origin by the
quartic term,

K=—aln<1—i—L

= (@+9) ¢

=\4
o (®+ D) ) . (31)
The real part vanishes approximately,

O+ P ~0.
The potential for the imaginary part is

(32)

V =|Wol> - Va(WWe + WW3) + (a — 3)|W|*.

(33)

Hao
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Basic strategy and implementations
[logarithmic K] other choices for K7

1_

K=-3In (1 — §<I>@) .

After canonical normalization, the potential becomes
exponentially steep.

(34)
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Basic strategy and implementations
[logarithmic K] other choices for K7

1-

K=-3In (1 — 5@@) . (34)
After canonical normalization, the potential becomes
exponentially steep.

°

K —

1 -
= -3In (1 -5 (<I>+<I>)2) :
The combination K‘i"qu)K&> =

(35)

=\ 2
(q>+qi)2 can not exceed 3
1+(®+9)°/6
as long as the sign of the kinetic term of gravity is canonical.
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Basic strategy and implementations
[logarithmic K] The case of a = 4

quadratic model
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Basic strategy and implementations
[logarithmic K] The case of a = 4

quadratic model

1
K=—4In(1+4 - (®
n(+2( +

W =m® + W().

2
V="
2

(x — x0)> +m?* — 4mReW + (ReWp)?,

(38)
where xo = —v/2(ImWy)/m. Tuning the parameters so that they
satisfy ReTVy = (2 & v/3)m, the cosmological constant vanishes.
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Basic strategy and implementations
[logarithmic K] Real part as an inflaton

It is also possible to use the real part as an inflaton by taking a
different quartic term.
Starobinsky model

K =3I ((0+)+¢(i(B- ) —200)"),
W =co + C3QP3.

(39)

(40)
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Basic strategy and implementations

[logarithmic K] Real part as an inflaton

It is also possible to use the real part as an inflaton by taking a
different quartic term.

Starobinsky model
K=—31n((«1>+<i>)+g(z'(<i>—<1>)—2<1>o)4>, (39)
W =co + 03(133. (40)

Setting Im® = ®q, the potential for the canonically normalized real

part ¢ = 1/3/21nv/2Re® is

V= §m2 (1 —be™ Vv 2/35)2 , (41)
4
with
m? = —2Re (c3¢p) b= Im (caco) D (42)
’ Re (0360
O» B> «=» «=» =
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Embedding arbitrary scalar potentials

phase alignment condition
models of arbitrary positive semidefinite potential

1
K=—3In(1+—
( V3

!

V2

Setting Re® = 0, the potential for y = v/2Im® is
[Ketov and Terada, 2014a]

W (—/2i®). (44)

w(e)

p— _

— P~

V= ‘”W'(X)‘Q - \/gz (W(X)W (=x) — W(—X)W’(x))
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Conclusion

Basic strategy and implementations
Embedding arbitrary scalar potentials

phase alignment condition
models of arbitrary positive semidefinite potential

1
K=—3In(1+—
( V3
1

V2

Setting Re® = 0, the potential for y = v/2Im® is
[Ketov and Terada, 2014a]

w(e)

W (—/2i®). (44)

Vool - /h (PO (=0 - W0 (0) = (7).

In the second equality, we have assumed the following condition,

phase alignment condition

VA, W(A) =W(4). (45)
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restoration of SUSY after inflation

— 2
Ve~ (W’(X)) .
superpotential.

Cosmological constant vanishes at extremal points of the

Embedding arbitrary scalar potentials

(46)
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Embedding arbitrary scalar potentials

restoration of SUSY after inflation

Vo~ (W/’(X))2 . (46)

Cosmological constant vanishes at extremal points of the
superpotential.

Because the potential does not depend on the constant term in the
superpotential, it can be ensured that SUSY is restored after
inflation by tuning of the constant.

!
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Embedding arbitrary scalar potentials

restoration of SUSY after inflation

Vo~ (W’(;@)Q . (46)

Cosmological constant vanishes at extremal points of the
superpotential.

Because the potential does not depend on the constant term in the
superpotential, it can be ensured that SUSY is restored after
inflation by tuning of the constant.

These facts are clear for the ideal case ({ — o0), but they actually
hold for finite values of (.
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Embedding arbitrary scalar potentials
Examples of the (super)potential — 1. monomial

K:—31n(1—|-i

7 (®+ @)
W(®) :%W

(—V2i®).

It is possible to approximately embed arbitrary positive semidefinite
scalar potentials into supergravity with a single superfield.
superpotential

W(X) = Can
potential

V = n2|cn|2X2n_2
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Embedding arbitrary scalar potentials

Examples of the (super)potential — 2. Starobinsky-like

K:—3ln(l+%(¢>+§>)+g(@+@)4),

W(®) :%W(—ﬁz@).

It is possible to approximately embed arbitrary positive semidefinite

scalar potentials into supergravity with a single superfield.
superpotential

o V3a —
Wi = 5 %m
potential
3
V= Zam S
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Embedding arbitrary scalar potentials

Examples of the (super)potential — 3. (double) well

K=-3n (1+%(<I>+¢>)+g(<1>+<1>)4),
1~ .
W (®) :EW(—\@Z@).

It is possible to approximately embed arbitrary positive semidefinite
scalar potentials into supergravity with a single superfield.
superpotential

n—i—lx

W(X)_\/X( : ”“—v”x)- |

potential

V=A(x"—v")?




Embedding arbitrary scalar potentials
Examples of the (super)potential — 4. sinusoidal

K:—3ln<1+L

\/§(<I>+Q>)

W () =%W(—\/§i@).

—~

It is possible to approximately embed arbitrary positive semidefinite
scalar potentials into supergravity with a single superfield.
superpotential

Wi = 20

Vo nx
v/ 1 — cosnycot —
n 2
potential

V =Vy(1—cosny) /2
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Embedding arbitrary scalar potentials

Examples of the (super)potential — 5. polynomial chaotic

K=—31n(1—|—i

¢
/3 (<I) + (I)) + 9
W (®) \}ﬁ/v( \/QZ(I))

It is possible to approximately embed arbitrary positive semidefinite
scalar potentials into supergravity with a single superfield.
superpotential

= (b dovs

- == -b
5 3T X
potential

V =22 (1 —ax + bx2)2




Embedding arbitrary scalar potentials
Examples of the (super)potential — 6. T-model

K:—3ln(1+i

\/§(<I>+<I>)

W(®) :%W(—\@z@).

It is possible to approximately embed arbitrary positive semidefinite
scalar potentials into supergravity with a single superfield.
superpotential

o X
w = +/6VpIn | cosh ==
(x) 0 < \/5)
potential

V =V tanh? (i)
0 NG
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@ We proposed a large class of single superfield models of
inflation which can realize various large as well as small field
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Conclusion

@ We proposed a large class of single superfield models of
inflation which can realize various large as well as small field
inflationary models.

@ We reduced the number of d.o.f. required for large field
inflation in supergravity without tuning.

@ Once tuning is allowed, arbitrary positive semidefinite scalar
potentials can be embedded approximately.

@ These have a great impact on inflationary physics in
supergravity.

@ Cosmological consequences are to be further explored in
future.
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