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Abstract: We examine the validity of the classical approximation of the waterfall phase transition in hybrid inflation from an effective field theory
(EFT) point of view. The EFT is constructed by integrating out the waterfall field fluctuations, up to one-loop order in the perturbative expansion.
Assuming slow-roll conditions are obeyed, right after the onset of the waterfall phase, we find the backreaction of the waterfall field fluctuations to
the evolution of the system can be dominant. In this case the classical approximation is completely spoiled. We derive the necessary constraint that
ensures the validity of the EFT.
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Motivation

Several works exploit tachyonic instability

* Put the “classical approximation” to the test:
* Assumes negligible backreaction of tachyonic modes during the first

stages of instability.
* We employ standard EFT methods to study the classical approx.

* Long-wave modes grow exponentially and become classical
(Bellido et al, 2003)

* This justifies the use of real-time lattice simulations (Felder et
al, 2001)

* As well older works on tachyonic preheating, use initial
conditions borrowed from the classical approximation.
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Why EFT?

A New Physics? IIJ
- I ~
< l | >
heavy dof low-energy description
— —
Top-down Bottom-up

EFT for Inflation is a powerful tool to study consistency of the classical approximation
and look for new physics!

* Weinberg 2008
* Bottom-up: t-trans broken, spatial diffeo preserved (Cheung et al. 2008)
* Top-down: Heavy dof integrated out (Achucarro et al. 2011, 2012)
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Hybrid Inflation

Lagrangian for Hybrid Inflation

1 1
S = /d4x(13 [——g“”@uqbayqb - ig’tuaﬂxayx —V (o, X)]\a

2

A [ M? S
V(9 X) = Vins(9) + J (T - 2) - 592¢2x2,

\ Vinf = Emquza /

where ¢(t,Z) is the inflaton, V;, s is the inflaton potential, x(¢,&) is the
waterfall field, M is the waterfall field mass, g and A are coupling constants.

Linde (1994)
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Hybrid Inflation

Mfe/'fa// éeaay

Waterfall effective mass squared

Mz =g°¢"— M? >0

Mfffx +

\ Time
) 2 4%

Vo = EQ = 1m2qb Vi = .
{ i i (inflaton)

Inflation 1s occurring...
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The direction orthogonal to
the inflaton becomes massless

Mz =g°¢2 —M?> =0

¢ — ¢C Time N
(inflaton)
“Waterfall” phase transition
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Very soon the waterfall field rolls
to the minimum

False minimum y =0
Waterfall effective mass squared

M2 =g*¢* — M? <0

€

Time
(inflaton)

discrete symmetry y — —y

Mff ¢ <0 Spontaneous Symmetry Breaking ‘ Mgff’
X = :l:?) = :tT

long-wave modes grow
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EFT regimes of Hybrid Inflation

M% ;>0 MZ%; =0 M2, <0
| |

g 1 | .,
I x=x0+n Non-equil Goldstone

Callan QFT Boson

Symanzik
M <
ff O (Burgess, Cline, Holman - 2003)
® M = =)
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Time
(inflaton)

Callan-Symanzik re-summation of large logs

o M? rr <O

- Perturb around the top of the double-well potential x = xo + 7
- Goldstone description at the bottom of the double-well potential
- NE-QFT: Non-perturbative regime ( Felder et al, 2000-2001)
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Integrate out waterfall fluctuations

Perturb around the top of the double-well potential

e Expand around the classical value x = xo + 7

e The generating functional for the waterfall field:

Z[J] = exp (iW[J]) = /Dxexp {iS[Xo] + %/d‘lann}
- Klein Gordon operator (in the mostly plus metric convention)

D =9,0" - Mfff(gb) —33E=08%-m?, m?= Mfff(qb) + 3\x3

e Go to Euclidean space, t = —i7

o Integrate out with respect to n

Pirsa: 22090074 Page 10/23



The Effective Potential

Effective potential for the waterfall field

1 (|0 <o) [ ([ O]

XO + 4,”)2 -

Verr(xo) = ——[ |Xo+

bo| o

4

Not valid for: xg — 0 in the massless limit

Massless limit - Callan-Symanzik re-summation

1 ,[<  9)? =3 = A
[Veff“‘) = PP g (@ -3)] A= s%zln(%)}

- Accurate for yo — 0, as A—=0

- Ensures that the V.ss has its minimum at xo = 0.
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Ensure small logs

Quantum corrected [Lagrangian

[Eeff(xO) = Lo(xo0) + ch(XD)u]

Need to 43SUIIIe small 19’?’5 a5 |:> Set log 1nitial argument to unity
part of our initial conditions

No loss of generality as the CS expression ensures small Logs.

Demand that:

( I ef f ¢’)’+3)\X0) :> | ¢(t_0))|+3)\x0(t—0)
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Validity of perturbative expansion

Logarithmic corrections Constraint
+ 3\
( ‘ eff(é)‘ XO) :> |X0|<| eff
Re[log] Im[log]
3
2

4+107 8«102 0

Quantum Instability

2
A, 1 (Mgl +3*Xo) (g P-sng) s
i+ In A2 —_ —

1
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Imaginary potentials

Quantum Instability
2
2 2
| Ao, 1 (FIMepsl”+30a) [ IMess2 =302\ 3
Veff(Xo)=—§|Meff|2Xg+ZX3+Z( (@n)? ) i + In fng k 3
Physical significance INTRODUCTION-TO
Imaginary part is related to vacuum decay rate El: I: El: .IIVE
(Weinberg, Wu, 1987) HH
Loss of unitarity — Loss of probability

CLBURGESS

Can trust EFT only if imaginary part is much small

//& can use the classical qﬂ/fw/}m&bﬁ ;f the backreaction is small
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System to solve — classical equations

Standard Hybrid Inflation

Kdi +3H¢+ (m® + g°x%)¢ = 0\

X +3Hx + M2 (9)x + Ax° =0,
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System to solve — Waterfall regime

e - 2
ﬂ+ 3H¢ + (m® + ¢°x5)¢ + §2¢2 (=[M25 5] + 3Ax3)
‘]\/ 3)\){% - 3
167&'2( ‘ ff‘+3AX0) |:1 ( A2 ) +?'7T_§
3\
Yo +3Hxo — |M, ff|X0 +Axg + 32X§ —| eff| +3Ax3)
SAXU ‘ ff| X0\ 3

H? =
2 2 4\ 2

3M2

9 2
1 (—1Meps +303)
T3 (47)?2

A2

im +In (IMefflz _ 3)\X%)

1 52 X 2 M4 m2¢2 1 A
{() + 0L P L T Lng i + S

)
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Slow-roll 1nitial conditions

Slow-roll parameter Eloaiictict ihat:
(6)2 + (x0)® Vg +V3
- T oMZ2HZ ].;)sz'.;if |:> Ree <1, Ime < Ree
17 P

Constraint inflaton velocity (initial conditions)

.1 o, M2 g [ @M '
*=3m [m T Tor 16w T\ 16r T T6r
X0 — 0, IH(XO, ¢’)|t:0 — 0
Constraint Swal? f?g)%&‘wr ﬁeﬁ/}w

nw < Y

- M2 — 2% M, M -

37 o " ayx age <M > sffieiently turge
° Y @af /é/é/rb‘é small
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Taylor expand Log

Impose small logs — easier control over the
perturbative regime

In(2) = Z i 13:_1)”:(:5—1)—}-0(3:2), r K1

X (_|Meff| +3)0(0)2

TR (47)? e

1
Vers(x0) = —=|Mess|*x3 +
2

A2 9

(IMegs])? —3>\x3‘ 5]

Much easier to compute EOMSs and derive constraints

Full agreement with previous calculations
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Backreaction to gravity?

De Moivre’s theorem

ﬁ‘s"fm’}ﬁ? H = \/_3/_[ |z|% [cos (% arg(z)) + isin (% arg(z))]
Shus-roll inflution s
& small /ﬁy approw, arg z = arg (a1 — a2x( + a3Xo)

Backreaction to gravity is controlled — no evidence of violating the EFT
as long as a; dominates

Mp=1—-argz<k1,
cos(argz) ~ 1, sin(argz) < 1
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Regime with two stages of inflation

Classizal approvinalion 1 valid

Re ¢
0.15
Rex
0.05
9 to
1%10° o
(a) Re ¢ plot. (b) Re x plot.
Im ¢
441071 Im y0
1%10°
2410713 -2+107"
—4x10713

1+10° 2+10°

(d) Im ¢ plot. (e) Im y plot.

Re e
1
Re[vev]
i 0P
Constr.
0.2
1%10° 2+10°
(c) Re H plot.
Re H
t 1.15%107°
1%107°

1%10° 2+10°
(f) Im H plot.

A=—50c10 14, g=2x10"7, M=3x10"% m=8x10-'2, 1 —ulF

dolt=0)=10"'2, ¢(t=0)=1.4x10"1,

A~1.1x10"8

[Clesse, 2011]

Page 20/23



Ordinary hybrid inflation

Classical approvination s not valid

€

Re ¢ 1
3«1077 0
4x1077 1 | v os standard
141077 . '{k hybrid
¢ 2x10 'i';?
1+10° 3%10° J ‘;-.l‘ Yo 0.2
) H
2+10° 410° 2+10° 4410°
(a) Re ¢ plot. (b) Re xo plot. (c) Ree plot.
Re ¢
3.6+107"
¢' €
B Red' 0,002 4. with
3.2¢107 5410 gian flip >< 1.5410°" quantum
156108 -0.004 o corrections
1+108 20108 ~3107° N Img -0.006
) %« eaec‘ nonsense]
(d) Re ¢ plot. (e) ¢ plot. (f) € plot.
=1 =1 = —16
B g =102 M = 10", _m =105 = [Linde, 1994]
B0 6(t=10) = 3.15 x 107, A~ 200 Cl0Rl EW SB, GUT
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Enforce constraint

m M Value of lambda also

E > m: Cb <M / g important for
graceful exit

Classical approvination /s valid

Re ¢ 1
8«10~ X0
11073 L Rev s
2107 f N\
| 3+10° 51 fesits V' \ ge o f
3¢10° 5x10° 3x108 5410°
(a) Re ¢ plot. (b) Re x plot. (c) Ree plot.

08 g =104 M = 10-", m = 9.9 %1012 M =
xo(t=0)=10""4(t=0)=9x10"% A ~4.35x 1078 [Linde, 1994]
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Conclusions

Take home message:

Care must be taken when using the classical approximation.

Further applications:

Opportunity to study multifield theories with curved field dynamics
during SSB.

Thank you for your attention!
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