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Classifying inflationary models

1. Initial conditions.

A.H. Guth, Phys. Rev. D23, 347 (1981)
* Both old and new inflation used to rely on initial thermal equilibrium. A p. Linde, Phys. Lett. 108B
 Chaotic inflation studies all possible initial conditions, even outside thermal eq.
2. Shape of the potential.

 (Quasiexponential inflation, power law inflation, etc.

3. End of inflation.

« Slow roll (e.g. chaotic inflation in the theories ¢") DL and P Stcinbardt. Phes. Rev. Lett. 62. 376 1959
.Laan . Steinhardt, Phys. Rev. Lett. 62,

: : : o : ADD. Linde, Phys.Rev.D 49 (1994) 748-754
*  Waterfall phase transition ( €.9. extended inflation scenario, hybrid inflation) ' s
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Natural and Hybrid inflation

Natural inflation [Phys. Rev. Lett. 65, 3233]
Inflation = pNGb

V(¢) = A? (1 + cos (gb/f)) f~Mp A~ Mgyt

Hybrid inflation

1 2 m? g2
Vio, = — (M? - Ao? | 2 S 422
Ending st4ages Chaotic inflation
M
V(0,0) = —
(0,0) v,
mg = —M? + gngz becomes tachyonic for ¢ < ¢. = M/g

Inflation ends due to a waterfall phase transition



1 problem O

2
The coupling %¢202 badly breaks the shift symmetry . Why is the inflation so light?
(6m4%) < (5m42)) ) o\ H o
1 loop tree > AN S (16:: n) ? Cut-off can not be arbitrarily large
2 2 42 2 2 A? 2
M r~ > H > ~/ o
Frozen ¢ et ~8 )R o5 2 1677 n~ 10 ¢0 Z A
Excursion larger than the cutoff
Even in the marginal case po~AN = M~ H" (6) ~ My

EFT requires sub-Planckian fields



The model

V(). x1, 0. H) = +Vw(d. .00  +VeuUs o, H)

Hybrid inflation Reheating

Slow-roll conditions and CMB set the symmetry breaking scale beyond Mp.

But the Weak Gravity Conjecture rules out a Trans-planckian axion decay constant f

In the presence of waterfall fields with a Z, mirror symmetry this can be avoided.

¢ > ¢’ A1 <102



The model

V(). x1, 0. H) = +Vw(d. .00  +VeuUs o, H)

Hybrid inflation Reheating
Veu(1: 0. H) = Kl()ﬁz "')(22) |H|2 + ’<2)(1)(2|H|2-

1
_ 2 Ny o202 N 2
A (_¢) = A(¢) VW(¢9)(19)(2) — B(Cb)()(l )(2) + zm)(()(l +)(2) A1
B(~¢)=-B(¢) +50 +6) + Y + )
1 1 _ 1
+Z’1Z(ﬁ +0) + 5’1)()(12)(22 + 5/1;/(()(13)(2 +115) ¢ (xi +71) suppressed
Symmetries ¢ > ¢ ) X1 < Z, protects the inflationary potential against quantum corrections

Origin of the Z2 symmetry ZXCP: ¢ — —¢, O — (DT, H—-H

Similar constructions

1 :
b = —()(1 —+ l)(z) [JHEP 07 (2021) 147 - Deshpande, Kumar, Sundrum]

2
\/_ : [J.0. Gong, K.S. Jeong, Phys.Rev.D 104 (2021)]



Extra Z, symmetry

Ly: Q=@ =X X X

> becomes a stable candidate for DM



Dark QCD

Z jocp = — muuy — mupuy — y®Ouid — y'@uyd® — iy®@,uyd — iy'®@u,d® +h.c.

Microscopic model that realizes inflation

Z, symmetry: &, - 1D, and O, - — D,

X1 and y, in our model are the real parts of ®, and O,

After QCD condensation

|

. (P
Lo = 5#2()(12 - )(3’ )Sm(z_f) The Z, symmetry remains unbroken

Potential for the waterfalls arises from

AVy = m2(|®@, >+ D, |") + L (|, |* + |, |*) + 24, | ®, |*| D, |’ Z, and i (cplcp; - cpchj) invariant



EXIt from inflation

Time dependent waterfall masses Mass mixing

2

m12(¢) — m)? — \/B2(¢) + a4 S1n 29(¢) — 2(¢)2a 2(¢)
My\@) — My

No mixing fora =0 —— jy, determines the end of inflation

m3(p) = m? +1/ B(¢) + o’

1 : :
We take the values A(Q) = A% cos (?) B(p) = — —u? sin<£> — Shift symmetry broken to a discrete one

* A b — ¢ + dnf

End of inflation (¢, = 2f arcsin<\/ mj — a4/ﬂ2>

*Slow-roll conditions still hold!
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UV insensitivity

1

1 ez M? 1
Vo, = 2mZM? — m*1n r~ m-Mz

Xi

Constant vacuum
energy must be renormalized

For our particular case

A(p) = A* cos(?),
Ensures control of the

B(¢) = - %/ﬂ Sin<%>

11

during inflation



Inflationary predictions

p/im,=1.7, cos(¢./f)=0.95

cos(¢./f)=0.95
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The symmetry responsible for the PNGB is broken during inflation
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Vacuum structure

V¢ = ﬂ'f
Z, symmetry for 7, p>—m; X is a DM candidate
V. =
V4
\ A
3= g x 1020 (- )2 H, < 1.6 X 10'°GeV for £ < 10'°GeV
4V, 100H, ) \ 10°GeV I g e

A, < 1071 for m; > 100H,

[ o oasyy (100K, 5
V)(— m—lz— . P m; V)(NO.O3 MP

The inflation mass receives corrections from the waterfall couplings

2

r m; \?2
m? = 0.0495H? + (3 X 10_9)< Ea > ( lOOlHI> v)? Inflation mass settles fast in the minimum
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Preheating

Right after the end of inflation Q=ay

Preheating takes less
than a Hubble time

al/
Q" — 012(p + (myzj,effa2 + @ 1) g)qo =0

Non minimal coupling

(60
. . . 1 dk k2 W
Particles produced during the waterfall transition n,, = 52 n
/1
0
v g'lf 1 712 2 2 2 k2 2
nk——7+7k IVkI +a)k|vk| , W, = +mweﬂ

i Strength of the waterfall transition
2 2 2 2
Ansatz my/,eﬁ'(t) — mv],o + 4 CWVX(I + tanh l(t t*)) /1 — m1/2 — /IXV)(/Z

[Garcia-Bellido, Ruiz Morales, Phys. Lett. B 536 (2002)]
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Preheating

1
(m? ga) ) = m}, + Zc,,,v;(l + tanh A(n — 1+))?

v =H,y,
Analytic
2

Py 2gwﬂx > 2 >, My
7= 2 J dKKn;('” K+?+av,

0 0 1

Numerical
Py 3
70 =2Xx107"g,4, f(a“:,l.B)
Fitting function

f(a,y)=\/a+}'2—}'
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Perturbative reheating

/. A ad
2 2 )(1 Closed channels

T - ' ;
= At 15f2“2(x% —20) = ki K+ P 00

X1 hh Reheating

For non instantaneous reheating

1 H, 1
N =513——-In ——In|(1 |
3 (1.6 x 1010 GeV) 12 (

Thu < 1014 Gev  for f 5 10°GeV.

during preheating
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Radiation energy density

After preheating H,=10°GeV, ay=0.01

s Ry N

23

(9 (¢ )(1 42 )_8/3 lp r(2+) +Tv (1 + V,) V'd ’l
PR\ = Py, (1 N 7] ¢ Y|
: A Prt=) o A

PRl = 1.87% (pRa*) ¥ 1.0Apxl<t*))

-1
A= 4\/7 FXI ( e )
3 n'l}(1 MP

001  0.050.10 050 1 5 10

17



Preheating vs reheating
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Dark Matter Production

Another scalar candidate

H;=10°GeV, ay=1072

T T TTTI

d oo vl

L LI

/

U R L Frrevn LR TN LR R UL AL =

’ K
corrond o rrod o cood c oyl

L 1 l=

fﬂ((Beﬂ/)

—

1010

UL UL | UL AALL LLLLL | UL U ALY [}

. >
Mg o = Mg+ Agx7 (1)

10 10* 10°> 10° 10
1”73((56“/)

-
—

Ll L el Lol Ll Lt ranud L vl




Summary

We presented a natural inflation model, in which the inflation is a PNGB. Phys.Lett.B 834 (2022)
We showed how the Z2 symmetry arises from a larger Z4 symmetry

Large parameter space for successful inflation

We studied the possibility of preheating, but reheating is dominant.

We studied Dark Matter production



