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FIG. S4. Snapshots of the values of the Modulus (first row) and Higgs (second row) fields on a two-dimensional slice through
the simulation box at four di↵erent times. Around the time of backreaction, t ⇡ 23m�1 (second column), the Higgs field forms
domains (‘bubbles’) with � = ±p

2|�|f/q. They disappear within �t ⇠ 10m�1, due to collisions, as well as oscillations of the
remnant � condensate. The used parameters are b = 1, q = 102, M = 10�12m

pl

, f = m
pl

.

S2 Gravitational Waves and Lattice Simulations

1. Equations of Motion

We calculate the gravitational waves generated by the nonlinear field dynamics using

ḧTT
ij + 3HḣTT

ij � r2

a2

hTT
ij =

2

m2

pl

⇧TT
ij (S15)

where hTT
ij is the spatial, transverse, traceless part of the metric perturbations (gµ⌫ = gFRW

µ⌫ + hµ⌫), and ⇧TT
ij is the

transverse-traceless part of the energy momentum tensor of the fields which sources the gravitational waves. This is
a “passive calculation” where the (small) backreaction of the metric perturbations on the fields is ignored.

2. Characteristic Scales

Let us consider a gravitational wave generated at a = a
g

in the early universe with a co-moving wavenumber k.
By taking into account red-shifting due to expansion and conservation of entropy after thermalization, the frequency
today of this GW signal is
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where H
g

is the Hubble parameter of the universe at the time of generation of the gravitational waves, g
th

and g
0

are the e↵ective number of relativistic degrees of freedom at the epoch of thermalization (a
th

) and today (a
0

), ⌦
r,0 is

the fractional energy density in relativistic species today and w
mod

is the mean equation of state between generation
and thermalization (after which we assume a standard thermal history). We can parametrize the characteristic
wavenumber at which the gravitational waves are generated:
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main suggestion

If the Higgs potential is fine-tuned, there might be 
cosmological implications from the early universe: 
eq. of state + gravitational waves

M. Amin PASCOS 18



LHC: Standard Model Higgs 
but nothing else …
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LHC: Standard Model Higgs 
— tuned Higgs mass/ potential 

Higgs mass/potential  is “tuned”

no new particles, does not necessarily 
rule out SUSY

(Higgs is accidentally light)
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SUSY: field-dependent Higgs mass/potential
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accidentally light/tuned Higgs  
= precarious balance between broken and unbroken phase
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fine tuned / weakly broken potential:  
possible if global min. close to symmetry breaking point

�m � �0

f
⌧ 1Necessary Fine Tuning ,

f = typical field range of modulus

point of symmetry breaking

global minimum
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M = SUSY breaking scale
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light Higgs: 
possible if global min. close to symmetry breaking point

fine tuning
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fine-tuning ! small Higgs mass

M. Amin PASCOS 18
* we take this to be the quantum corrected effective potential rather than the tree-
level potential; we do not have to compute shifts in VEVs induced by loop corrections. 
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�m �0

how would we know today ? 

we cannot really go exploring in this field space, fixed  couplings/masses 

�m � �0

f
⌧ 1Necessary Fine Tuning ,
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how would we know? 
 early universe to the rescue

�m � �0
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⌧ 1Necessary Fine Tuning ,

a displaced modulus will naturally explore different Higgs potentials

h

�

�m �0

M. Amin PASCOS 18



complex dynamics of the Higgs-modulus system
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tachyonic particle production and backreaction
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f
⌧ 1Necessary Fine Tuning ,

M. Amin PASCOS 18 * related, but not identical dynamics in hybrid inflation, Dufaux et. al (2006) 

m2
h,e↵ < 0



�m

�

�0

h

modulus dynamics

* under certain conditions, later in the talk

initial oscillation, 
then fragmentation 
from backreaction
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Higgs dynamics

* under certain conditions, later in the talk
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production and 
fragmentation
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are the e↵ective number of relativistic degrees of freedom at the epoch of thermalization (a
th

) and today (a
0

), ⌦
r,0 is

the fractional energy density in relativistic species today and w
mod

is the mean equation of state between generation
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* under certain conditions, later in the talk

* 3D simulation with “real” Higgs, actual Higgs is complex— higher dimension in field space M. Amin PASCOS 18



fine tuning — non-perturbative dynamics — implications
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an important parameter in the Higgs-modulus potential
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for violent nonlinear dynamics: 2 conditions
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non-perturbative dynamics — non-trivial equation of statenon-trivial eq. of state : 1/4 . w . 1/3
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non-perturbative dynamics — non-trivial equation of state
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for high frequency gw-detection ideas see:
 Akutsu et. al (2010), Goryachev & Tobar (2014), Arvanitaki & Geraci (2016) 
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Fig. 5: Left: Self interactions of the inflaton can lead to fragmentation and soliton
formation in the inflaton field at the end of inflation. The plot shows soliton (os-
cillon) formation after inflation where the inflaton potential flattens away from the
minimum.70 Right: Fragmentation in a model where the inflaton is governed by a
quadratic potential, and is coupled to a daughter field through a quartic interaction
term g2�2�2 [figure on the right, courtesy K. Lozanov]. The surfaces are iso-density
surfaces (several times the average density). In both cases the size of the box is
smaller than H�1 at that time.

the oscillating inflaton can fragment on a much faster timescale compared to the
gravitational one. Such self-interactions are present in all but the simplest models,
and depending on their form they can lead to complex, nonlinear phenomena.

In a class of models in which the potential opens up away from the minimum,
such fragmentation can lead to the formation of soliton-like configurations known as
“oscillons.”69,70,104–107 (See Fig. 5.) Oscillons can dominate the energy density of
the universe for some time in a class of models that are observationally consistent
and theoretically well-motivated (for example, see Ref. 70). Oscillons eventually
decay away,108 leading to a radiation-dominated universe. In models in which the
scalar field is complex, one can also get nontopological solitons called Q-balls.109,110

Oscillons and Q-balls could play an important role in baryogenesis (see, for example,
Refs. 111, 43), or generate high-frequency gravitational waves.112,113 Along with
self-interactions, non-canonical kinetic terms can also lead to nontrivial dynamics
during this phase.98,114

4.3. Nonlinear dynamics in multifield models

In models in which the inflaton’s couplings to other fields dominate the inflaton’s
self-couplings, the nonlinear evolution of the system often leads to the formation
of temporary bubble-wall-like structures which collide and fragment further.115 In
most cases the initial structures have coherence on large spatial scales (still smaller
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FIG. S4. Snapshots of the values of the Modulus (first row) and Higgs (second row) fields on a two-dimensional slice through
the simulation box at four di↵erent times. Around the time of backreaction, t ⇡ 23m�1 (second column), the Higgs field forms
domains (‘bubbles’) with � = ±p

2|�|f/q. They disappear within �t ⇠ 10m�1, due to collisions, as well as oscillations of the
remnant � condensate. The used parameters are b = 1, q = 102, M = 10�12m

pl

, f = m
pl
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2. Characteristic Scales
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FIG. S3. The evolution of the normalized fields power spectra for the orange curve in Fig. 3 (with b = 1, q = 102, f = m
pl

).
The normalized power spectrum of a field F (x) is PF (k) ⌘ ��2

osc

(d/d ln k)F 2(x), where �
osc

is the amplitude of the background
modulus oscillations. For this normalization, when P�(k) = O(1), the modulus becomes inhomogeneous. Initially, the tachyonic
instability in the Higgs is closely followed by excitations in the modulus (due to re-scattering). Comoving modes k < m�q1/2

grow exponentially. At the third oscillation of the modulus backreaction takes place. The spectra then settle down and power
slowly propagates towards higher comoving modes.
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first begins its oscillations from �
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, passes through � = 0, causing the Higgs potential to develop minima.
After a few oscillations, the fields start exploring these minima in a spatially inhomogeneous manner, leading to
the formation of temporary domains. This is also the time when the backreaction on the oscillating modulus field
becomes relevant. These domains quickly interact with each other and the still oscillating modulus field leading to
complex spatio-temporal behaviour of the fields. The domains annihilate and the modulus field fragments spatially.
The formation and dynamics of these domains turn out to be the dominant source of the gravitational wave signal
(see § S2).

The existence of transient h-domains (with accompanying domain walls) in this class of models is novel. The
development of a non-zero � vev was first pointed out in [15] and understood in terms of the initial backreaction of
the resonantly produced h quanta on the � condensate, but the existence of domain walls in such models was not
discussed. Note that within �t ⇠ 10m�1

� , the domains disappear completely, and the fields enter a long turbulent
stage. Perhaps, the shortness of the period in which the domains exist was the reason they were not noticed in [15].

At a more detailed level, we also monitored the power spectra of the two fields PF (k) / k3|F (k)|2 (F = h, �)
to understand the distribution and time evolution of field perturbations at di↵erent scales (see Fig. S3). Note that
the power spectra have been scaled by the the amplitude of the oscillating modulus. Thus when the spectra are of
order unity, the rms fluctuations in the fields are becoming comparable to the background modulus field, signaling
fragmentation of the modulus.

Along with the fields, we keep track of the spatially averaged energy density
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grow exponentially. At the third oscillation of the modulus backreaction takes place. The spectra then settle down and power
slowly propagates towards higher comoving modes.

4. Lattice Simulations
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, (S12)

FIG. S3. The evolution of the normalized fields power spectra for the orange curve in Fig. 3 (with b = 1, q = 102, f = m
pl

).
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(d/d ln k)F 2(x), where �
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is the amplitude of the background
modulus oscillations. For this normalization, when P�(k) = O(1), the modulus becomes inhomogeneous. Initially, the tachyonic
instability in the Higgs is closely followed by excitations in the modulus (due to re-scattering). Comoving modes k < m�q1/2
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4. Lattice Simulations

We use the parallelized version of LatticeEasy [27] to calculate the non-linear evolution of the fields and the self-
consistent evolution of a(t). The initial physical length of the edge of the simulation box is L
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,
whereas we set a

in
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end
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to understand the distribution and time evolution of field perturbations at di↵erent scales (see Fig. S3). Note that
the power spectra have been scaled by the the amplitude of the oscillating modulus. Thus when the spectra are of
order unity, the rms fluctuations in the fields are becoming comparable to the background modulus field, signaling
fragmentation of the modulus.
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FIG. S4. Snapshots of the values of the Modulus (first row) and Higgs (second row) fields on a two-dimensional slice through
the simulation box at four di↵erent times. Around the time of backreaction, t ⇡ 23m�1 (second column), the Higgs field forms
domains (‘bubbles’) with � = ±p

2|�|f/q. They disappear within �t ⇠ 10m�1, due to collisions, as well as oscillations of the
remnant � condensate. The used parameters are b = 1, q = 102, M = 10�12m

pl

, f = m
pl

.

S2 Gravitational Waves and Lattice Simulations

1. Equations of Motion

We calculate the gravitational waves generated by the nonlinear field dynamics using

ḧTT
ij + 3HḣTT

ij � r2

a2

hTT
ij =

2

m2

pl

⇧TT
ij (S15)

where hTT
ij is the spatial, transverse, traceless part of the metric perturbations (gµ⌫ = gFRW

µ⌫ + hµ⌫), and ⇧TT
ij is the

transverse-traceless part of the energy momentum tensor of the fields which sources the gravitational waves. This is
a “passive calculation” where the (small) backreaction of the metric perturbations on the fields is ignored.

2. Characteristic Scales

Let us consider a gravitational wave generated at a = a
g

in the early universe with a co-moving wavenumber k.
By taking into account red-shifting due to expansion and conservation of entropy after thermalization, the frequency
today of this GW signal is
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where H
g

is the Hubble parameter of the universe at the time of generation of the gravitational waves, g
th

and g
0

are the e↵ective number of relativistic degrees of freedom at the epoch of thermalization (a
th

) and today (a
0

), ⌦
r,0 is

the fractional energy density in relativistic species today and w
mod

is the mean equation of state between generation
and thermalization (after which we assume a standard thermal history). We can parametrize the characteristic
wavenumber at which the gravitational waves are generated:
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Planck Collaboration: Cosmological parameters
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` � 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ⇤CDM. Note that
for base ⇤CDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ⇤CDM between the Planck 2013 and Planck
2015 analyses (about 0.7�). As explained in Sect. 3.1, part of
this shift was caused by the ` ⇡ 1800 systematic in the nominal-
mission 217 ⇥ 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of ⌦ch2, which at fixed ✓⇤ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4�). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ⇤CDM
model and the temperature power spectrum at multipoles ` <⇠ 40,
partly driven by the dip in the multipole range 20 <⇠ ` <⇠ 30. If
this mismatch is simply a statistical fluctuation of the ⇤CDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ⇤CDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ⇤CDM can give sig-
nificantly di↵erent results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated

34

15

FIG. S6. The lower bound on m� as a function of ns (left) and r (right) with the inflation model in Eq. S40 and ↵ = 1.
The red solid and green dotted lines correspond to w

mod

= 0 and 0.1 respectively. In the left panel, the light blue shaded
region corresponds to the current 1� bounds on ns from Planck TT+lowP+lensing. The narrower darker blue shaded region
corresponds to the 1� bounds of a future CMB experiment of ns with sensitivity ±2 ⇥ 10�3 [34], assuming the same central
value as Planck. In the right panel, the blue shaded region corresponds to the 1� bounds of a future CMB experiment of r
with sensitivity ±5 ⇥ 10�4 [34], assuming a measured central value of r being 0.085.
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where we use ln
�
1010As

�
= 3.062 (central value of Planck TT+lowP+lensing) at k = 0.05 Mpc�1 [29], T

0

= 2.725 K,
g
0;s = 3.91 and g
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= 10.76. Thus we obtain a lower bound on m�,
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Note that generically we expect 0 < w
re

< 1/3 and (1/4)(1 � 3w
re

)N
re

> 0, which leads to a conservative bound on
m� independent of the details of the inflation reheating stage
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The presence of a non-zero w
mod

could change the bound on m� dramatically compared to the case with w
mod

= 0.
Since the logarithmic terms in the exponent in Eq. S38, S39 are usually tiny, a crude rule of thumb is that when
Nk < 57, the bound could be significantly weakened with w

mod

> 0 while when Nk > 57.0, the bound is more
tightened with w

mod

< 0. The details of the bounds depend on specific inflation models. Let’s take a look at the
model with a polynomial potential

V
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where �
inf

is the inflaton and ↵ > 0. In this case, Nk, r and ⇢k/⇢
end

can be written in terms of the spectral index ns

and the power ↵:
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↵ + 2

2(1 � ns)
, r =

8↵(1 � ns)

↵ + 2
(S41)
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* assuming an inflationary model, the eq. of state can significantly 
affect the lower bound on the modulus mass
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gravitational waves: scalings
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2. Characteristic Scales

Let us consider a gravitational wave generated at a = a
g

in the early universe with a co-moving wavenumber k.
By taking into account red-shifting due to expansion and conservation of entropy after thermalization, the frequency
today of this GW signal is
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where H
g

is the Hubble parameter of the universe at the time of generation of the gravitational waves, g
th

and g
0

are
the e↵ective number of relativistic degrees of freedom at the epoch of thermalization (a

th

) and today (a
0

), ⌦
r,0 is the

fractional energy density in relativistic species today and w
mod

is the mean equation of state between generation and
thermalization (after which we assume a standard thermal history).

We can parametrize the characteristic wavenumber at which the gravitational waves are generated:

k

a
g

H
g

⌘ ��1 ⇠ q1/2

m
plp

f�
g

, (S17)

where the parameter � has been estimated from an analysis of the linear instabilities in the field perturbations (see
eq. (S9)), with �

g

being the amplitude of the modulus at the time of GW production.
The fraction of energy density in gravitational waves per logarithmic interval in wavenumber today is conventionally

given as ⌦
gw,0 = ⇢�1

c,0 (d ln ⇢
gw,0/d ln k) . Since GWs redshift as radiation, one can show that

⌦
gw,0 = ⌦

gw

⇥
✓

a
g

a
th

◆
1�3w

mod

✓
g
th

g
0

◆�1/3

⌦
r,0 , (S18)

where ⌦
gw

is the fractional energy density in gravitational waves at the time of generation. ⌦
gw

can be estimated using
the characteristic wavenumber above and assuming that a fraction �⇡ of the energy density is involved in generating
the gravitational waves (see for example [22], with significant fragmentation, �⇡ . 0.3.):
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where ⇢
g

is the total density at the time of generation of the gravitational waves. A more detailed discussion of such
scalings (with slightly di↵erent parametrization) can be found [28].

For g
th

/g
0

= 102, H
0

= 1.4⇥10�33 eV, ⌦
r,0 = 6.4⇥10�5 [29], we can get an estimate of the characteristic frequency

and amplitude of the gravitational energy density:

f
0

⇠ ��1

r
m�

102 TeV

s
�

g

m
pl

✓
a
g

a
th

◆
(1�3w

mod

)/4

⇥ 3 kHz ,

⌦
gw,0 ⇠ �2�2

⇡

✓
a
g

a
th

◆
(1�3w

mod

)

⇥ 10�5 ,

(S20)

where ��1 ⇠ q1/2m
pl

/
p

f�
g

. For the simulation parameters (q = 102, b = 1, f = m
pl

) for Figs. 4 and S5, we get
� ⇠ 0.1.

3. Lattice Simulations and Results

To calculate the GWs we use HLattice [23]. We calculate them passively, i.e., we evolve the metric perturbations
without accounting for their feedback on the fields and metric dynamics. We use the 6th-order symplectic integrator
for the self-consistent evolution of the fields and the scale factor, the HLATTICE2 spatial-discretization scheme and
k
e↵

(not k
std

) for the TT projector.
Figs. 4 and S5 are based on lattice simulations with N = 2563, L

in

H
in

= 2.0 and dt = L
in

/(16N1/3) ⇡ 0.00120m�.
The time step for the gravitational waves is dt

GW

= 4dt. At the end of the simulation a ⇡ 12, which corresponds to
t ⇡ 70m�1

� (this is also the time when the equation of state settles to a constant value, see orange curve in Fig. 3).
The results of our simulations for gravitational waves are given in Fig. S5 (right). We show the time evo-

lution of the gravitational wave spectra up to t ⇡ 70m�1

� . The initial tachyonic instability in the Higgs

scale at production red-shifting
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without accounting for their feedback on the fields and metric dynamics. We use the 6th-order symplectic integrator
for the self-consistent evolution of the fields and the scale factor, the HLATTICE2 spatial-discretization scheme and
k
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(not k
std

) for the TT projector.
Figs. 4 and S5 are based on lattice simulations with N = 2563, L
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H
in

= 2.0 and dt = L
in

/(16N1/3) ⇡ 0.00120m�.
The time step for the gravitational waves is dt

GW

= 4dt. At the end of the simulation a ⇡ 12, which corresponds to
t ⇡ 70m�1

� (this is also the time when the equation of state settles to a constant value, see orange curve in Fig. 3).
The results of our simulations for gravitational waves are given in Fig. S5 (right). We show the time evo-

lution of the gravitational wave spectra up to t ⇡ 70m�1
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where H
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is the Hubble parameter of the universe at the time of generation of the gravitational waves, g
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fragmentation: a closer look

�hk / eµkt

µk / p
q

�m

�

�0

h

88

FIG. S1. The instability chart featuring the real part of the Floquet exponent normalized by the modulus mass (left) and the
Hubble rate (right), characterizing the Higgs particle production rate. When �

in

⇠ f , Higgs particle production is expected for
q > 1. In FRW space-time k

phys

= k/a(t), implying that a given co-moving mode flows towards the bottom left corner of the
chart as the universe expands as indicated with the white lines in the second chart. Note that particle production is e�cient
if |<(µk)|/H ⇠ qm

pl

/f � 1.

The Fourier modes of the canonically normalized Higgs, �h
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= a3/2�h, evolve according to
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In the last line, we have used a standard approximation for a massive oscillating background scalar field, namely
a3/2(t)�(t) / cos(m�t) and 3H2 ⇡ �2Ḣ. For small enough k
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This implies that !2(k, t) < 0 for nearly a half of the �(t) oscillation. Such co-moving modes can then be unstable,
and grow exponentially with time. In the context of preheating this amplification is known as tachyonic resonance.

To study parametric resonance in the Higgs from a periodic frequency change, one can resort to Floquet theory. If
we ignore expansion, i.e., put a(t) = const. and �(t) = �

in

cos(m�t), then Eq. (S7) is just the equation of motion of a
simple harmonic oscillator with a periodically varying angular frequency. The Floquet theorem then tells us that its
solution takes the form

�h
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(t) + e�µktPk�(t) , (S10)

where µk is called the Floquet exponent and Pk±(t) are periodic functions of time. If <(µk) 6= 0 one of the two
terms increases exponentially with time. The numerically obtained exponent is given in the left panel in Fig. S1 as a
function of the model parameters. The broad instability bands are consistent with our naive expectations, Eq. (S9).
To explain the additional features, such as narrow stability and instability bands one has to consider the evolution
of �h

ck(t) in greater detail, e.g., take into account the non-adiabatic change of !2(k, t) every time �(t) = 0 for small
enough k and large initial amplitudes.

However, these small features are irrelevant after the expansion of the universe is restored. In the right panel in
Fig. S1 we show that a given co-moving mode can flow across multiple broad instability bands. If |<(µk)| � H, the
mode amplitude can grow significantly within less than an e-fold of expansion.

FIG. S1. The instability chart featuring the real part of the Floquet exponent normalized by the modulus mass (left) and the
Hubble rate (right), characterizing the Higgs particle production rate. When �

in

⇠ f , Higgs particle production is expected for
q > 1. In FRW space-time k

phys

= k/a(t), implying that a given co-moving mode flows towards the bottom left corner of the
chart as the universe expands as indicated with the white lines in the second chart. Note that particle production is e�cient
if |<(µk)|/H ⇠ qm

pl

/f � 1.

implying that at the linear level the modulus fluctuations evolve as those of a scalar field with a constant mass,
whereas the Higgs ones have a time-dependent mass which can lead to instabilities.
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This implies that !2(k, t) < 0 for nearly a half of the �(t) oscillation. Such co-moving modes can then be unstable,
and grow exponentially with time. In the context of preheating this amplification is known as tachyonic resonance.

To study parametric resonance in the Higgs from a periodic frequency change, one can resort to Floquet theory. If
we ignore expansion, i.e., put a(t) = const. and �(t) = �
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where µk is called the Floquet exponent and Pk±(t) are periodic functions of time. If <(µk) 6= 0 one of the two
terms increases exponentially with time. The numerically obtained exponent is given in the left panel in Fig. S1 as a
function of the model parameters. The broad instability bands are consistent with our naive expectations, Eq. (S9).
To explain the additional features, such as narrow stability and instability bands one has to consider the evolution
of �h

ck(t) in greater detail, e.g., take into account the non-adiabatic change of !2(k, t) every time �(t) = 0 for small
enough k and large initial amplitudes.

However, these small features are irrelevant after the expansion of the universe is restored. In the right panel in
Fig. S1 we show that a given co-moving mode can flow across multiple broad instability bands. If |<(µk)| � H, the
mode amplitude can grow significantly within less than an e-fold of expansion.
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FIG. S3. The evolution of the normalized fields power spectra for the orange curve in Fig. 3 (with b = 1, q = 102, f = m
pl

).
The normalized power spectrum of a field F (x) is PF (k) ⌘ ��2

osc

(d/d ln k)F 2(x), where �
osc

is the amplitude of the background
modulus oscillations. For this normalization, when P�(k) = O(1), the modulus becomes inhomogeneous. Initially, the tachyonic
instability in the Higgs is closely followed by excitations in the modulus (due to re-scattering). Comoving modes k < m�q1/2

grow exponentially. At the third oscillation of the modulus backreaction takes place. The spectra then settle down and power
slowly propagates towards higher comoving modes.

whereas we set a
in

= 1, with a
end

⇠ O[few e-folds]. Note that a slightly super-horizon box was needed sometimes
to capture the tachyonic instability in h. The number of co-moving lattice points is N = 5123, and our time steps
vary between dt = 0.00125m�1

� to 0.000625m�1

� depending on the parameters chosen. The violation of the energy

conservation in the above simulations is always less than O[10�4].

At the start of the simulations � has a background value, set to �
in

= m
pl

. The initial background field velocity,
�̇

in

, is equal to �3H
in

�
in

/2, in accordance with LatticeEasy conventions. The initial Fourier modes of the fields
and field velocities (excluding the zero modes of � and �̇) are drawn from Gaussian probability distributions with
covariance matrices equal to the squared amplitudes of the corresponding vacuum fluctuations. Initially, the energy
budget is dominated by the homogeneous �, i.e., almost no energy is stored in the gradients. The values of �

in

and
�̇

in

imply that w
in

⇡ �1/4 which is equivalent to starting the simulation soon after the end of slow-roll inflation if �
was the inflaton.

Simulation Outputs: Snapshots of the evolution of Higgs and modulus fields are shown in Fig. S2. The modulus
first begins its oscillations from �

in

= m
pl

, passes through � = 0, causing the Higgs potential to develop minima.
After a few oscillations, the fields start exploring these minima in a spatially inhomogeneous manner, leading to
the formation of temporary domains. This is also the time when the backreaction on the oscillating modulus field
becomes relevant. These domains quickly interact with each other and the still oscillating modulus field leading to
complex spatio-temporal behaviour of the fields. The domains annihilate and the modulus field fragments spatially.
The formation and dynamics of these domains turn out to be the dominant source of the gravitational wave signal
(see § S2).

The existence of transient h-domains (with accompanying domain walls) in this class of models is novel. The
development of a non-zero � vev was first pointed out in [15] and understood in terms of the initial backreaction of
the resonantly produced h quanta on the � condensate, but the existence of domain walls in such models was not
discussed. Note that within �t ⇠ 10m�1

� , the domains disappear completely, and the fields enter a long turbulent
stage. Perhaps, the shortness of the period in which the domains exist was the reason they were not noticed in [15].

At a more detailed level, we also monitored the power spectra of the two fields PF (k) / k3|F (k)|2 (F = h, �)
to understand the distribution and time evolution of field perturbations at di↵erent scales (see Fig. S3). Note that
the power spectra have been scaled by the the amplitude of the oscillating modulus. Thus when the spectra are of
order unity, the rms fluctuations in the fields are becoming comparable to the background modulus field, signaling
fragmentation of the modulus.

Along with the fields, we keep track of the spatially averaged energy density

⇢ = ⇢� + ⇢h + ⇢
int

, (S12)


