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Gravitational wave background
from preheating after inflation
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Preheating and primordial gravity waves

Inflation Reheating Hot Big Bang model
o(t) . BANG! . Particles in

no particle “Dark Age" thermal equilibrium
— CMB, ... — 7777 — BBN, ...

In many models, the inflaton decays in a violent and highly inhomogeneous way
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= Production of gravity waves, carrying relic information about this epoch

Preheating: explosive and non-perturbative production of highly
inhomogeneous, non-thermal fluctuations of the inflaton and other fields

ni >> 1 = non-linear classical random fields = lattice simulations
“Rescattering”: highly non-perturbative and non-linear stage

Turbulent interactions between classical waves

Thermalisation: occurs on much longer time scales



Complementarity with gravity waves from inflation

Inflation: Relevant for high energy inflation

Quantum fluctuations amplified to super-Hubble scales: ngr‘;l,c X

Reheating: Relevant for low energy inflation
Classical emission from time-dependent inhomogeneities at sub-Hubble scales
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Gravity waves production from preheating

Different works, with different numerical methods (and results):

[Khlebnikov, Tkachev '97], [Easther, Lim '06], [Easther, Giblin, Lim ’06],
[Garcia-Bellido, Figueroa '07], [Garcia-Bellido, Figueroa, Sastre '07]

Ex.: “Weinberg formula”:

dEqu,
dQdw

for wave-zone approximation (localized source) in Minkowski background

=26 Ajim(k) w* Tj(k,w) Tim(k, w)

Here: extended source in expanding universe

We developed a method to study, numerically and analytically, GW production
from stochastic media of dynamical scalar fields in an expanding universe

Ty = Oud 0vd — guv (% g7 0,059 + V(d)))
S¢(x, t) ~ @(t) is not a small perturbation
Background: G, =87G (Tu) = a(t)

Linear response to inhomogeneities: §G,, = 87G (Tpuw — (Tuw))



Gravity waves emission from inhomogeneous scalar fields backgrounds

ds’ = a°(1) [—d7® + (65 + hy) dx'dx/]  with Qi = hi =0
Go to Fourier space and take h; = a h;:
_ a/l

hij (k) + (k2 - :> hij(k) = 167G alj " (k)

where M = [0i¢ ;6] — 3 (Vo)) hy

Modes inside Hubble radius: G ((V$)?) ~ a’/a ~ a’H? << k?
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where the source is the transverse-traceless part of the stress-energy tensor:

T (k) = O im(k) Tim(k) = Ojj im(k) {016 Ome} (k)

~

where O,'J"/m(l’;) = P,'/(R) ij(ﬁ) — % P,,(l?) P/m(l’i) with P,,(I?) = 5,‘] — Ki
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Spectrum of energy density in gravity waves: Numerics
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o = g e hy(e) =72 L [ o3
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{‘f; dr’ cos (k') a(r') TF™ (7, k)‘2 | [ dr sin (k') () TET (T, k)|2}

2 K dpgw dpgw G\ e\ TR
h* Qgw(f) = (E dplﬁf)o = (ptlot dplﬁk)p (i) (%0) h* Qraa

Ex:  V=X"+g2¢%? (A~107" | V/H < 10% GeV)
2
GW spectrum today: —  _1p Log[n” Qgw ]
2 n? dpgw

h” Qg (F) = (E dplﬁf)o -11
-12

For different g:
-13

Max. h* Qberk ~ 107°
-14

at 2% ~ 10° Hz
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GW from random scalar fields media: Analytics
Ensemble average:  (hj(k,7) hj*(k', 7)) = pgw
l_1,-j(7', k) = % f:, dr’ sin[k (r — )] a(7") T,;-PT(T’, k)
T (k) = Oj,im(k) {016 Omd} (k) = O im(k) [ a7z P pm 3(p) 6k — p)
<T:'JTT(T/7 k) TET*(T”7 kl)) = Oij,lm U rs f (271' 3/2 f (271. 3/2

Pi Pm P} P <>2(p,T’)>“<(kfp, DX, ) XK =P T)

Gaussian random fields:  (x xxx) = (xXx)
Linear preheating stage:  X(p,7) = xp(7) 3 + x5 (7) 37,
%P, 7) X7 (p',7)[0) = xo(7) x5 (") ) (p — P')

dpew 2GkK3 dp 4 . ap
dink = nat | @mp P Sn(B)

{1J7dr" cos (k') alr') xo(r") Xyl (7] + |7 d” sin (K ) (") xo(7') Xk ()




Ex.: Preheating by parametric resonance

Xk +wi(t)xk =0 with

Xi(t) =

Jj . ’
Xy —i ft wy dt
V2w € +

o Jfwkdt!

V:A¢4+g2¢2x2

wi(t) = K>+ qd(t)  (a=2g°/A>>1)

Particle production (Wwx > w?) in
very small intervals around ¢(t) =0

Only resonant momenta amplified: K, ~ g*/*

[Kofman, Linde, Starobinsky '97]
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2 Successive scatterings

matched with exact solution around ¢ ~ 0
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ble averaged) analytical curve (bold)
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Accumulation of pg,, with time — 1.x107
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Different stages of GW production 1.x10722
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No GW production from scalar field waves (analytics)
2

Pew X /d3p p* sin®(k, p) ’/ dr’ e’ a(t") xp(7") Xjk—p| (T)
Klein-Gordon in Minkowski:  x,(7) oc eXP™  with w2 = p? + m?
< fT dr’ ei(:twp:tw“(,p‘ + k)7’ N Wp +w‘k—p| — k N p || k

— pew =0  x+x — h; forbidden by helicity conservation

Generalisation: No GW production from: h
Preheating when w? = p + g* ¢*(t) adiabatic,
well-developed turbulence and thermal bath

of scalar fields (Different for vector fields) X, X



Inflaton fragmentation and “bubble” collision See also [Felder, Kofman '06]

Present day frequency and amplitude of GW spectrum’s peak:

4 x 10"°H _
fpeak ~ # , h2 Q;g):z;mk ~ 10 6 (R* Hp)2
R. Pp/

R. = ap/k.: Characteristic (physical) size of the field inhomogeneities
at the time of GW production
ks«: Typical (comoving) momentum amplified by preheating
(Here: ki ~ \/E/\l/4 Mpi is a non monotomic function of the parameters)

(Similar to GW from colliding bubbles from first order phase transition)
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at the time of production: (ptot dﬁﬁk) per logarithmic momentum interval
P




Expectations for preheating after hybrid inflation
See also [Garcia-Bellido et al '07]

4 x 10"°H ca -
oo & SRR ~ 107 (R (R = ap/k)
R. pp
Chaotic inflation models: Different models amplify different typical sizes R.

V=m’¢*+g°¢*x* — R.~ap//gm®s: smaller than for A ¢*
Generally: QP < 107° | foeax > 10°Hz

Hybrid inflation models: May occur at much lower energy scales
2
V=3 (o =v?) + & ¢ ol + Var(9)

For g2 = 2) and small ¢inie: 1605 . BBN bound /
A A _ AL 3, A 4 / Leoiin
Vet = 55 v 3vo t g0 o ¥
Spetol MU LISA
fpeak ~ )\3/4 1010 Hz d%
2 o
2 npeak 2x10—6 v GUT inflation ;
h ng ~ TN (Mpl) 1e15 1 oMB bound) “-. BBO /
A=10""and v = 10" GeV:
2 Apeak -9 12075 Te-05 1 Ters
h* QR ~ 2 x 1077 at fheak ~ 50Hz e E R e+



Conclusions

Preheating leads to large, time-dependent field inhomogeneities
which act as classical source of gravitational radiation

We developed a formalism to calculate, numerically and analytically, GW
production from random media of dynamical scalar fields in expanding universe

Applicable to other cosmological situations, such as phase transitions
For chaotic inflation:
(o) Qg&ak depends in a simple way on typical resonant momentum
O Detailed analytical check possible
o Frequency too high to be detected
For hybrid inflation: could be observable by GW interferometers, but may

require small coupling constants. Further work needed.

Other models ? Extra fields ? Vector fields and turbulence ?



