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actual value ofλ. Therefore, at different patches of the
Universe (separated at distances larger than the correlation
lengthl ! l! ), the Higgs will start oscillating with different
amplitudes, and the oscillation frequency will also be
different, see Fig.2.

Depending on the amplitude ofβ, the Higgs will start
oscillating around the minimum of its potential sooner or
later. This can be clearly seen in Eq.(11), where the
effective squared frequency of the oscillations ofh"z#
scales as" β2. For the canonical value ofλ $ λc $ 0.01
(λ001 $ 1), the probability for the Higgs to start oscillating
immediately at the end of inflation (i.e., thatβ # 1) is
extremely suppressed as10$287%, being even smaller for
λ < λc (λ001 < 1).

Therefore, at the end of inflation, the Higgs has, within
any arbitrary patch of size smaller thanl! , an initial velocity

in slow roll and a nonzero amplitude as large as
φ=H! %O"0.01#$ O"1#. This amplitude remainsÒfrozenÓ
for a finite time until the start of the oscillations. Looking
at Eq. (8), and denoting aszosc"β# the time at which
oscillations start at each patch, we see that the condition for
the onset of oscillations isa"zosc#
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p
φ"zosc# $ H"zosc#. For

simplicity, we will set the initial value of the scale factor to
unity, a! ! a"t! # $ 1, so thatH ! ! H! , z ! H! "t $ t! #,
anda"z# $ "1 %z=p#p. We will also denote any quantity
evaluated atzosc with the suffix osc, so for example
aosc ! a"zosc#. It follows that aosc
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For a given expansion rate (characterized by the post-
inflationary equation of statew), the period of oscillations
depends sensitively onβ, since the period is fixed when the
oscillation conditiona

!!!
λ

p
φ $ H is attained at the timezosc,

which is itself a function ofβ andw. The time scalezM at
which h"z# reaches its first maximum, characterized by
h0"zM# $ 0, also depends consequently onβ andw. The
period of oscillation can be easily obtained from the case of
a field with quartic potential, initial amplitudeφ! , zero
initial velocity _φ! $ 0, and RD background. In conformal
time, when the scale factor at the onset oscillations is set to
unity, it is given byT $ 7.416="

!!!
λ

p
φ! # [32]. In our case,

we just need to count the oscillations from the first
maximum at z $ zM, taking into account that in our
convention,a"zM#& 1. The period, in units ofz, is then
found to be
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Let us note that the factor 7.416 is only exact for RD.
For MD or KD, one expects a similar though somewhat
different number, simply due to the terma00=a in Eq. (11),
which affects the very early stages of the Higgs dynamics
(even if it decays very fast after the onset of oscillations).

We have obtained fits forzosc, hosc, h"zM# andZT as a
function ofβ and for each postinflationary expansion rate,
characterized by the equation of stateω. These fits will
turn out to be useful later on. We find at the onset of
oscillations

hosc $ 0.98β$ 2
3"1%w#; "16#

zosc $
2

"1 %3w#
"1.02β$ "1%3w#

3"1%w# $ 1#: "17#

On the other hand, we find the field amplitude atz $ zM,
and the oscillation period (measured fromz $ zM
onwards), as
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FIG. 2 (color online). Evolution of the Higgs field forβ $ 10$2,
2.5 × 10$2, 5.0 × 10$2, 7.5 × 10$2 and 10$1 (corresponding to
the red solid, orange dotted, blue dotted-dashed, green long-
dashed and purple short-dashed lines, respectively). The back-
ground is RD, sow $ 1=3. Dashed vertical lines mark the time
zosc"β# when the oscillation condition is attained,a
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φ ! H ,

whereas continuous vertical lines mark the timezM"β#when the
first maximum in the oscillations is reached, characterized by the
conditionh0"zM#! 0. Top: Evolution ofh"z#. Lower: Evolution
of the physical Higgsφ=φ! , which initially is frozen until the
oscillations start, and then decreases as" 1=a afterwards, as it
oscillates. Similar plots are obtained for MD and KD back-
grounds, whereas for other values ofβ the scale in the horizontal
axis changes quite significantly.
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FIG. 2 (color online). Evolution of the Higgs field forβ $ 10$2,
2.5 × 10$2, 5.0 × 10$2, 7.5 × 10$2 and 10$1 (corresponding to
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ground is RD, sow $ 1=3. Dashed vertical lines mark the time
zosc"β# when the oscillation condition is attained,a
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first maximum in the oscillations is reached, characterized by the
conditionh0"zM#! 0. Top: Evolution ofh"z#. Lower: Evolution
of the physical Higgsφ=φ! , which initially is frozen until the
oscillations start, and then decreases as" 1=a afterwards, as it
oscillates. Similar plots are obtained for MD and KD back-
grounds, whereas for other values ofβ the scale in the horizontal
axis changes quite significantly.
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All SM species
explosively 
produced!!! 

Higgs Condensate
Oscillations: 

1. Non-Perturbative Excitation of Þelds

Fermions?: y! "̄" : Oscillations ! " " Particle Creation
(Non-Pert., Out-of-Eq.)

d2

dt 2 uk ,± +
!

#2

k (t) ± i d(am  )

dt

"
uk ,± (t) = 0 , d

dt #k # #2

k (t)

[Greene & Kofman 99,00, Sa�n & Tranberg 2011]
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If there is Kination-Domination É

Consequences:

1) Reheating the Universe       

2) GW from Higgs decay products       

3) Inßationary GW - blue tilted ! 
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FIG. 1: We show ! GW as a function of k (in units of H ! 1
" )

for two particular resonance parameters q = 61 , 750, and each
one for KD, RD and MD post-inßationary expansion rates.
We take here ! = 0 .01. Each line corresponds to a particular
time, going from early times (red lines) to late times (purple
lines). For the RD simulations, the time step between each
spectra is approximately H " " t ! 15.5, for the KD simulations
it is H " " t ! 32.7, and for the MD simulations it is H " " t !
7.3. The last spectra for KD simulations corresponds to the
output time H " t ! 3280, while the last time plotted for RD
and MD panels is H " t ! 750. The purple, red, and orange
dashed vertical lines indicate the position of the peaks k1, k2

and k3 respectively in these spectra.
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(DGF, J. Garc’a-Bellido, Torrenti 2015)

?



Gravitational Waves from 
    Higgs decay Products        

11

q! 61, KD

0.02 0.05 0.10 0.20 0.50 1.00 2.0010" 10

10" 9

10" 8

10" 7

10" 6

10" 5

k!H#

$
G

W

q! 750, KD

0.05 0.10 0.50 1.00 5.0010" 10

10" 9

10" 8

10" 7

10" 6

10" 5

kêH#

$
G

W

q=61, RD

0.05 0.10 0.50 1.00 5.0010-10

10-9

10-8

10-7

k!H*

Q
G

W

q! 750, RD

0.1 0.2 0.5 1.0 2.0 5.0 10.010" 10

10" 9

10" 8

10" 7

10" 6

k!H#

$
G

W

q! 61, MD

0.1 0.2 0.5 1.0 2.0 5.0 10.010" 13

10" 12

10" 11

10" 10

10" 9

10" 8

k!H#

$
G

W

q! 750, MD

0.2 0.5 1.0 2.0 5.0 10.0 20.010" 11

10" 10

10" 9

10" 8

10" 7

k!H#

$
G

W
"s

#

FIG. 1: We show ! GW as a function of k (in units of H ! 1
" )

for two particular resonance parameters q = 61 , 750, and each
one for KD, RD and MD post-inßationary expansion rates.
We take here ! = 0 .01. Each line corresponds to a particular
time, going from early times (red lines) to late times (purple
lines). For the RD simulations, the time step between each
spectra is approximately H " " t ! 15.5, for the KD simulations
it is H " " t ! 32.7, and for the MD simulations it is H " " t !
7.3. The last spectra for KD simulations corresponds to the
output time H " t ! 3280, while the last time plotted for RD
and MD panels is H " t ! 750. The purple, red, and orange
dashed vertical lines indicate the position of the peaks k1, k2

and k3 respectively in these spectra.

Gravitational Wave Amplitude

Explosive Particle 
Production !

Gravitational Wave
Generation

NO 
OBSERVABLE !!

Post-Inßationary expansion history: EoSw ! p/⇢

What IF w > +1 / 3 (STIFF)? then ! BG " 1
a4+ � , " > 0

GW Today : h2! (p)
GW

!
!
t # 10! 24

"
0.01

!

#3
2

$
H !
H <

!

%4 $
aRD
a!

%|3w! 1|

GW Boost factor #
$

aRD
a!

%|3w! 1|
$ 1

10! 32
! 10�20

(DGF, J. Garc’a-Bellido, Torrenti 2015)

Equation  
of State

Hubble 
Rate

Running 
Self-Coupling



Consequences:

1) Reheating the Universe       

2) GW from Higgs decay products       

3) Inßationary GW - blue tilted ! 

If there is Kination-Domination É



Gravitational Waves 
      from Inßation       
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High-Freq. Tail  
Inßationary 

Gravitational Wave
Background
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(DGF, J. Garc’a-Bellido, Torrenti 2015)

After you re-scatter, backreact and thermalize... Is this the
end of the story?

If KD w = +1 then Boost to Inßationary GW!

After you re-scatter, backreact and thermalize... Is this the
end of the story?

If KD w = +1 then Boost to Inflationary GW!
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Summary:

Reheating the Universe into the SM!!!

* Universal Mechanism to produce the SM !!!

* SM subdominant Ñ> irrelevant?  
(baryogenesis, magnetogensis, DM ???)

*  * If Kination-Domination: SM species dominate!
(eventually)

+ Observable blue-shift Inßationary-GW


