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Abstract. We study the gravitational wave (GW) spectrum produced by acoustic waves in
the early universe, such as would be produced by a first order phase transition, focusing on
the low-frequency side of the peak. We confirm with numerical simulations the Sound Shell
model prediction of a steep rise with wave number k of kY to a peak whose magnitude grows
at a rate (H/ky)H, where H is the Hubble rate and k, the peak wave number, set by the
peak wave number of the fluid velocity power spectrum. We also show that hitherto neglected
terms give a shallower part with amplitude (H/k,)? in the range H < k < kyp, which in the
limit of small H/k rises as k. This linear rise has been seen in other modelling and also in
direct numerical simulations. The relative amplitude between the linearly rising part and the
peak therefore depends on the peak wave number of the velocity spectrum and the lifetime
of the source, which in an expanding background is bounded above by the Hubble time H~!.
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For slow phase transitions, which have the lowest peak wave number and the loudest signals,
the acoustic GW peak appears as a localized enhancement of the spectrum, with a rise to
the peak less steep than k. The shape of the peak, absent in vortical turbulence, may help
to lift degeneracies in phase transition parameter estimation at future GW observatories.

Keywords: cosmological phase transitions, physics of the early universe, primordial gravi-
tational waves (theory)
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1 Introduction

Relic gravitational waves (GWs) from the early universe can reveal valuable information
about the underlying generation mechanism and thus the physical conditions at that time [1-
3]. A particularly interesting epoch is the electroweak (EW) era, which may have involved
a first-order phase transition [4-7]. A first-order phase transition is characterized by the
formation, expansion, and subsequent merging of bubbles containing the low-temperature
phase, leading to a transition of the entire universe to a new phase, and the release of latent
heat. During this process, the kinetic energy transferred to the plasma can be a considerable
fraction of the total available energy and would therefore be an important source of GWs,
peaked at a frequency set by the inverse of the mean bubble spacing. For GWs from the
electroweak phase transition, the relevant frequencies lie in the mHz range, which is accessible
to the Laser Interferometer Space Antenna (LISA) [8]. Studies of GWs from that epoch have
therefore attracted considerable attention.

The generation of GWs during a phase transition is often divided into three stages:
(i) the bubble collision phase, (ii) the acoustic phase, and (iii) the turbulence phase. The
contribution from the bubble collision phase is typically small compared to that from the
other two stages, except in the case of a vacuum phase transition, where bubble collision
becomes the only source of GW production [9-13]. There has been extensive research on
GW production by fluid flows in the early Universe through both numerical simulations [14—
22] and semi-analytical or analytical models [23-33]. For phase transitions where the kinetic



energy fraction is small, or for those proceeding by detonations, simulations indicate that the
kinetic energy in vortical modes is subdominant compared to the acoustic or compressional
modes [19]. This paper concerns the acoustic contribution to the GW spectrum, and focuses
specifically on its shape to the low-frequency side of the peak about which there is some
uncertainty in the literature.

Relic GWs can be characterized by their normalized energy spectrum, Qgw (k), where
k is the wave number, and [QgwdInk is the fraction of the critical energy density of
the universe in gravitational waves. The GW spectrum depends on the spectrum of the
hydrodynamic stress, which depends on the spectrum of the velocity field, how the stress is
correlated in time, and on how quickly the stress appears [25].

Velocity spectra can be characterized by the wave number of the peak &, (also referred
to as the energy-carrying wave number), a declining inertial range spectrum for k& > &, and
a rising subinertial range spectrum for £ < k,. When the subinertial range spectrum is blue
(steeper than that of white noise), the spectrum of the stress is always white — regardless
of how blue the turbulence spectrum is [34].

Subject to certain assumptions about the time-dependence of the stress amplitude and
its correlations, various arguments can be applied to conclude that the GW spectrum is
peaked at wave numbers around £, and that the behavior of the GW spectrum on the low-
frequency side of the peak should be linear [18, 20, 25, 30, 35]. The linear behavior applies
down to a frequency set by the inverse source duration or the Hubble rate, whichever is the
shorter. Below this frequency the GW spectrum is white noise.

The most developed semi-analytical model for acoustic production of GWs is the Sound
Shell model [26, 36]. Studying fast transitions, where the peak wave number is much less
than the inverse Hubble length, it was found that sound (or acoustic) waves produce a very
steep kY GW spectrum at low frequencies. Other models, based on modelling the flow by
expanding shells of shear stress, have indicated a k' spectrum at wave numbers below the
peak. Direct numerical simulations of the sound wave phase of the phase transition conducted
in refs. [17, 22] show a peak, but no steep rise. It remains unclear whether this discrepancy
arises due to the inability of the simulations to capture the infrared part of the spectrum
accurately, due to limited volume and duration, or for some other reason.

The purpose of the present work is therefore to reconsider the model of ref. [36] with a
range of different approaches to clarify the origin of the apparent conflict.

Recently, the authors of ref. [37] studied similar questions and find a shallow part in
the GW spectrum. While their findings are consistent with ours, we provide a more detailed
investigation of how this shallow part appears and also complement our findings by presenting
direct numerical simulations of irrotational flows. Furthermore, we compare the GW spectra
generated by acoustic and vortical flows in expanding backgrounds with similar stress spectra,
confirming that the peak is still visible in the acoustic case, and distinguishes the two types
of flow. It is worth noting that the acoustic spectra we study do not capture the onset of
turbulence, which may lead to new power laws emerging near the peak [21].

In section 2, we discuss the different approaches used to calculate the GW spectra orig-
inating from sound waves. In section 3, we present our findings and compare the results
obtained using different approaches discussed in section 2. We discuss our findings in sec-
tion 4. In appendix A and appendix B, we give details on the origin of the linearly rising
GW spectrum, while in appendix C we report on a check on the effect of the growth rate of
the stress. In appendix D, we discuss an initial condition with non-uniform energy density.
Throughout this paper, we adopt units, where the speed of light is unity.



2 Approaches to computing the gravitational wave spectrum

2.1 Gravitational wave spectrum

Gravitational waves are represented by the transverse and traceless components of metric
perturbations. In our analysis, we consider the background to be a homogeneous, isotropic,
and spatially flat expanding universe. The metric describing such a universe with tensor
perturbations can be expressed as

ds? = a?(n) [~di? + (83 + hij)da'da? ] (2.1)

where a(7) represents the scale factor and 1 denotes the conformal time. The evolution of h;;
is determined by the Einstein equation. By employing this equation, we obtain the following
linearized equation of motion for the Fourier space representation of h;;,

~ 2/ - . -
By + =By + Ky = 167Ga? I (2.2)

Here, tildes symbolize quantities in Fourier space; this convention is consistently used
throughout this paper. In the above equation, aQﬁiET represents the transverse traceless
part of the energy-momentum tensor ﬂij of a GW source. In terms of the stress tensor nor-
malized by the energy density at the initial epoch (p,) and ﬁij = aﬁij, the above equation
reduces to,

_ " ~ 6H2 4
Hjj + (kQ - a) iy = 20 (2.3)

a a

where Tij = a41:[ij /(atp.) is the normalized stress and a. represents the value of the scale
factor at the initial epoch. In the radiation-dominated era, using a = a.(n/n.), and after
replacing k — k/(a.Hy) and n — n/n. (n« and H, denote the conformal time and Hubble
parameter at the initial epoch, respectively), the above equation reduces to

Hs + K Hy; = G(n)T;. (2.4)

Here, G(n) = 6a./n. In the limit of wave number large compared with the Hubble rate
(k — o0), one can make the approximation G(n) = 6a./n., equivalent to a non-expanding
background. With our choice of units and scale factor, G(n) = 6 in a non-expanding back-
ground (see ref. [38] for details).

Usually, one is interested in estimating the GW spectrum at the present day, Qgw (k).
It represents the GW energy density per logarithmic wave number interval normalized by
the present-day critical energy density of the universe. For the case when the source is active
during the interval 7; to 7, where 1 denotes the time until the turbulence is active, Qgw (k)
is given by [24]

33 (a2H,\" [ 7 dijudny
Q kE)y=-—1|{—= k(m —n2)Ur(k 2.5
aw(b) = (agHO) [ ] coskm — m)Ur (o). (25)

i

where Up(k, n1,72) is the normalized fluid shear stress unequal time correlator. Here Hy and
ag denote the Hubble parameter and the scale factor at the present epoch, respectively and
Ur(k,n1,n2) is defined through

(T35 (kym)T™ (g, m2)) = (2m)6(k — q)Ur(k, n1,m2). (2.6)



2.2 The non-expanding universe case

When the effective duration of the GW source is shorter than the Hubble expansion time, it
is possible to neglect the expansion of the universe in estimating the GW energy spectrum.
In such cases, Qqaw is given by

3k% (a2H, 2 m o
QGW(k):W<a%HO> /77 /77 dnydipa cos k(. — 1)Uz (K, my, o). (2.7)

The above expression is similar to the expression obtained in ref. [36] after substituting their
equation (3.11) into their equation (3.6). The only difference is that in our case we have
normalized the stress tensor with the energy density of the initial epoch and the GW energy
density with the present-day critical energy density.

The main reason for considering the non-expanding case is that we want to assess the
validity of the approximations used in ref. [36], where a non-expanding universe was assumed.
This allows us to provide a more detailed understanding of the origin of particular features
in the GW spectra.

2.3 Calculation based on the sound shell model

The evaluation of the GW energy spectrum requires determining Uz (k, 71, 72) resulting from
colliding sound waves generated by a phase transition in the early universe. The stress tensor
for the fluid is given by

Hij = U)’}/Q’U,Z'u]', (28)

where w = p 4 p is the enthalpy density consisting of the energy density p and the pressure
of the fluid p. Here, u; and v = (1 — u?)~'/2 are the components of the fluid 3-velocity and
Lorentz factor, respectively. The sound shell model of ref. [36] assumes that the expanding
shells of pressurized plasma surrounding bubbles of the new phase continue to propagate
after the phase transition is completed, each of them acting as an initial condition for a
sound wave.

The velocity field generated by a phase transition involving a large number of expanding
bubbles is then at each point a collection of sound waves resulting from many of these sound
shells. The velocity can then be treated as a Gaussian random field. Therefore, in calculating
Ur(k,m1,n2) for a non-relativistic fluid using the standard method of expanding the resulting
connected four-point correlator using the Wick expansion, any non-Gaussianities are thus
ignored. The four-point correlator then reduces to a sum containing products of two-point
velocity correlators. The velocity correlator is assumed to be curl-free, like the flow around
a single bubble, and to satisfy the linearized wave equation. In Fourier space, it then takes
the form

(ti(q,m)i;(q',m2)) = (27)%6(q — q') cos[w(m — m2)] 47°qiq; Ex (q)/q*, (2.9)

where (adopting conventions of non-relativistic fluid dynamics) Ex(q) is the kinetic spec-
trum per linear wave number interval, w = cgq is the angular frequency, and ¢; = 1/v/3
is the sound speed in the plasma, assumed ultrarelativistic. The kinetic spectrum obeys
[ Exdq = (u?)y /2, where ()y represents a volume average. We write the kinetic spectrum
per logarithmic wave number explicitly as ¢Ek(q).



The result for Up(k,n1,72) is equation (3.34) in ref. [36], which can be written as

16m2w? [ kg . -
Ur(k, m,m) = — /0 dq/|kdq 5 (1—1*)? Bk (q) Bk (q) cos[w (1 —n2)] cos[@ (1 —n2)].

q q
(2.10)
where w = p + p is the mean enthalpy density and p = (¢? + k% — §%)/2kq is the cosine of
the angle between k and q. In our calculations, we assume a kinetic spectrum of the form

2
Uy m.s. i

2 4
EK(k) = iur.m.s (k/kp) % p EK(I{Z), (2.11)

T om ky 1+ (k/kp)S

with %k, being the nominal peak wave number, ;s the root-mean-square velocity, and
EK(k) the normalized kinetic spectrum. Whenever we plot spectra from a simulation, we
compute them for wave numbers sampled uniformly in k. For the above form of the kinetic
spectrum, the actual peak of the spectrum is at 21/ 6kp ~ 1.12 k. This form is consistent
with irrotational and causal [39] flows with shocks [21], as appropriate for phase transitions.
The peak wave number is inversely proportional to the mean bubble spacing.

We assume that the kinetic spectrum appears instantaneously, and remains at a constant
amplitude. In appendix C, we consider a simple model for the growth of kinetic energy during
the phase transition. By substituting Uz(k, 71, 72) from equation (2.10) into equation (2.7),
the GW spectrum can be obtained as

0 q+k _ _
Qaw (k) = Qo /0 dq /| 40000, DB (@) B(@ A .0, 0). (2.12)
o~
Whel‘e 2 2 2 2 2\212
o [4k*q® — (" + k* —¢°)7]
k = 2.13
p(k,q,q) 63512 (2.13)
and
g 50+ (u, N\ (a2HN o o 3.36(905 106.75)4/3Q 2o\’
0T TR kp a2Hy ) — 77 106.75 go \3.94 g., "k )
(2.14)

Here, €2, represents the radiation energy density fraction at the present epoch, g.s and gos
denote the effective degrees of freedom in entropy at the initial and the present epoch and g,
and go are the corresponding effective degree of freedom in energy density. In equation (2.12),
the time dependence is embedded into a kernel A, which now has the form

- 1 /m n ~
A(n,mi k,q,4) = */ dm [ dnao(ni,m2) cos[k(m — n2)] cos[csq(m — n2)] cos[csG(m — n2)]
Ui

2 i YA
1 n n
=3 Z/ di | dnz o (1, m2) coslwsx(m — n2)], (2.15)
++ V7 i

where w14+ = k * ¢csq £ ¢sG, and the two different previously discussed cases regarding the
expansion of the universe have been taken into account by defining

1 without expansion,

o(m,n2) = { (2.16)

(m 772)_1 with expansion.



The evaluation of the two time integrals can be carried out analytically in both cases. For
the non-expanding (i.e. Minkowski) background, the result can be written in the form

: . 2
A b0 0) = 2 30 (Sm[wﬁ(n — nl)/2]> , (2.17)

2 W4+

while for the radiation-dominated expanding universe the result is

B (1.71,5,08) = 5 - {Ci () — Ciwrsmo) 2 + [Si (waam) ~Si(wrsmo) T}, (218)
++

where Si and Ci are the sine and cosine integrals. Hence, to obtain the shape of the spectrum,
only the ¢ and ¢ integrals need to be evaluated numerically. All other numerical prefactors
have been absorbed into the constant ).

In the analytical study of the GW spectrum in the non-expanding case in ref. [36],
the term with w__ in eq. (2.17) was shown to grow linearly with conformal time after the
q integral is performed, and was argued to dominate. This is consistent with the growth
observed in Minkowski space simulations [15-17, 22]. The linearly growing term was shown
to behave as k2" ! for a logarithmic kinetic spectrum kEk (k) ~ k™. With n =5 for k < k,
and n = —1 for k£ > kp, the linearly growing contribution to the GW spectrum has a steep
kY spectrum at low wave number and a k=3 spectrum at high wave number. In between there
is a peak at a similar wave number to that of the peak in the kinetic spectrum, k. In view
of its origin, we call it an acoustic peak.

Here, we consider all terms in equations (2.17) and (2.18). The integrations were carried
out using the Nintegrate routine in Mathematica with the adaptive Monte Carlo method,
which has proven efficient for the case at hand. The initial time has been chosen so that
7 = 1 and the upper limit in the ¢ integral has been taken to be a large finite value of
approximately 10k,. Spectra produced by the adaptive Monte Carlo method have been
compared with those produced by quadrature integration schemes, and the results are found
to be in a good agreement with each other with respect to accuracy. Our numerical analysis
demonstrates that, below the peak, there is indeed a slope of k7, although it does not extend
to very low wave numbers. Instead, there is a transition to a linear spectrum at a point that
depends on the product k,7 in the non-expanding case, and on kj, in the expanding case.!
We will provide a detailed discussion of these findings in section 3.1.

2.4 Simulations with a kinematic velocity field

To compute the GW field numerically, we need to evaluate the hydrodynamic stress in regular
time intervals, dn. In this section, we construct a three-dimensional, time-dependent, random
irrotational velocity field in Fourier space, u(k,n), as

u(k,n) =ik é(k) cos|w(k)n], (2.19)

where é(k) is the Fourier transformed scalar potential of the velocity, w(k) = csk is the
dispersion relation for sound waves, k = |k| is the wave number. The formulation in equa-
tion (2.19) ensures that at 7 = 0, the pressure is uniform. We construct ¢(k) such that
kEx (k) has a k5 subinertial range for k < k, and a k="' inertial range for k > k.

'Recall that in our choice of units k is the ratio of the wave number to the Hubble length at the initial time.



The potential ¢(k) includes a phase factor expip(k) with random phases in the range
—m < (k) < m. The amplitude of (k) is chosen such that the resulting kinetic spectrum
has a broken power law (for details, see section IIIB of ref. [40]).

The horizon wave number at the time of generation is & = 1. In our calculations,
we sometimes include wave numbers below the horizon wave number in order to see the
subsequent evolution from the Qqw o k® spectrum at early times to a linearly increasing
one at later times for kn > 1.

At each time step, we Fourier transform w(k,n) into real space, u(x,n), and compute
II;j(x,n). From this, we compute the transverse tracefree (TT) projection TgT(k,t) in
Fourier space and express it in terms of plus and cross polarization modes, denoted with the
subscript A € {4, x}. We then compute the strain field polarizations H 4 (k,n) by solving [18]

2
(;772 + k:2> Ha(k,n) =GTa(k,n), (2.20)
where G = 6 in all our calculations without expansion, and G = 6/7 in our calculations with
expansion. For the simulations, we use the PENCIL CODE [41], which is a massively parallel
public domain code, where the relevant equations have already been implemented [38]. The
computational domain is a cube of size L3, where k; = 2/L is the lowest wave number.

Although u(k,n) can be computed with high precision, regardless of the choice of o7,
we cannot choose the timestep too large, because otherwise the accuracy of H (k,n) will
become poor. The error in the solution for H(k,n) is O(61?), and the coefficient in the error
is smaller than the third-order accurate solution of the hydrodynamic equations, when those
are computed; see section 2.5 below.

2.5 Direct numerical simulations with the Navier-Stokes equation

The purpose of the kinematic velocity fields discussed in section 2.4 is to bridge the gap
between actual turbulence, which is nonlinear, and the linear random sound waves considered
in ref. [36]. To model turbulence more realistically, we also solve the compressible Navier-
Stokes equations directly, i.e.,

g‘;:iv.(pVS)—iv1np+§(v-u+u.v1np), (2.21)
Jlnp 4

_ 4. V1 2.22
o 5 (Veoutu - Ving), (2.22)

where D/Dn = 0/0n + w - V is the advective derivative, S;; = (dju; + 0ju;)/2 — 6;;V - u/3
are the components of the strain rate tensor, and v is the viscosity.

We construct our initial condition in Fourier space by multiplying a random vector field
with a superposition of a vortical and an irrotational contribution,

Qij = Qo [(1 —p)(8ij — kikj) "‘pl:?il:?j} ; (2.23)
where 0 < p < 1 quantifies the irrotational fraction. This tensor can also be written as
Qij = Qo [(1 —p)dij — (1 - 229)15%]} : (2.24)

In this work, we consider the extreme cases p = 0 and p = 1 for vortical and irrotational flows,
respectively. In all cases, the initial density is usually chosen to be uniform and equal to p.
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Figure 1. GW spectrum without expansion at different times. The amplitude of the spectrum in
the range 1 < k£ < 10 is unchanged. However, it continues increasing at k = 30 with time o« 7. By
assuming that the GW spectra below the peak maintain the k8 spectrum, the transition from k% to the
flat regime moves toward the left with a speed proportional to n'/8. The transition to k? propagates
x 71 in the horizontal direction.

In the irrotational case, however, this leads to a collection of standing instead of traveling
waves. We therefore also consider non-uniform initial energy density distributions in accor-
dance with the continuity equation where the initial Fourier-transformed logarithmic density
is given by Inp(k) = k - u/(c2k). We provide a detailed illustration of this in appendix D,
where we compare with the case of a uniform initial energy density.

The relevant parameters for our simulations are the root-mean-square (r.m.s.) velocity,
the Reynolds number, Re = u; ms./vkp, and the wave number kj, of the spectral peak of the
initial velocity spectrum. We recall that £ = 1 corresponds to the horizon wave number at
the initial time, n; = 1.

3 Results

3.1 Spectral evolution with time

In figure 1, we compare Qgw(k,n)/kQo for n = 2, 10, 50, and 250 in the non-expanding
universe case. The division by wave number makes a linear growth with k clear. The spectra
were obtained by numerically integrating equation (2.12). In the calculations leading to fig-
ure 1, we used equation (2.11) for the kinetic spectrum with k, = 30. We see that Qaw(k, n)
consists of a marked peak on top of a flat part with Qaw(k)/k o k. As demonstrated
below using numerical simulation, the peak does not appear for vortical flows. The flat part
corresponds to Qgw(k) o k and is therefore also referred to as the shallow part of the GW
spectrum. The acoustic peak increases approximately linearly with time. It does indeed have
a k? slope below the peak over a short range 10 < k < 30. Above the peak, Qqw (k,7n) falls off
approximately like k=3, This corresponds to Qqw(k,n)/k o< k=%, as is indicated in figure 1.
This normalization shows more clearly the extent of the flat part with Qqw(k,n)/k oc k°.
The reason why we see the k” subrange only for a relatively short k range is the presence
of an approximately stationary and linearly rising part with a shallow slope Qaw (k) o k for
1 < k < 10. This shallow rise was not present in the earlier work of ref. [36]. As demonstrated
in appendix A, the shallow part emerges because of additional contributions to the time
integral that are not negligible in practice. Indeed, as mentioned in the introduction and
discussed in appendix A, a linearly increasing GW spectrum is expected on quite general



grounds. Furthermore, as time goes on, this linear GW spectrum continues to extend to
progressively lower k values as the horizon grows, smaller k& values become causally connected,
and GWs begin to oscillate [31].

From figure 1, it appears that the linear scaling part of the GW spectrum remains
unchanged with time. This observation raises the question whether this constancy is a result
of the initial conditions we used. However, it is important to note that the linear scaling part
develops gradually with the saturation occurring over a duration equal to 27 /k for the wave
number k. We have provided a time evolution of the Qqw/kp for wave numbers within the
region of linear scaling part in appendix B. In this analysis, we consider a constant kinetic
spectrum, a choice based on the assumption that the kinetic energy turns on within a time
duration shorter than 1/k,.

With time, the acoustic peak with its Qaw(k) oc k rise continues to grow, while the
shallow part of the spectrum remains at constant amplitude. The wave number of intersection
between the two power laws therefore moves toward lower wave numbers as 1'/8. The horizon
wave number moves toward lower k like 1/7. Therefore, the shallow part with Qgw (k) o k
broadens with time. However, since the height of the Qqw (k) oc k? feature continues to grow,
this steep part of the spectrum and the acoustic peak does indeed constitute an important
contribution to the spectrum. To determine the ratio between the peak value of the spectrum
and the shallow part, it is necessary to estimate the duration of the interval when the source
remains active. In this article, we primarily focus on the contribution from the sound mode-
dominated stage of the phase transition. The sound mode contribution remains active until
the development of turbulence, and the relevant timescale for this is the eddy turnover time
corresponding to the peak of the spectrum. This timescale is equal to the inverse product
of the peak wave number of the kinetic spectrum and the root-mean-square (r.m.s.) velocity
of the fluid, i.e., the nonlinear timescale nni, = 1/(kptrms.). If this timescale exceeds the
Hubble expansion time, the effect of expansion on GW production becomes important.

The Hubble expansion time sets an upper bound on the effective duration of the sound
mode contribution. We discuss this further in section 3.4. This scenario may be applicable
to weak phase transitions and may be of observational relevance. For instance, when the
peak of the kinetic spectrum occurs at a wave number 10 times greater than the Hubble
rate and the r.m.s. fluid velocity is 0.1, the value of nnr, relevant for turbulence development,
becomes comparable to the Hubble expansion time. In section 3.4, we provide a comparison
considering the expansion for this specific case.

In figure 2, we show the compensated GW spectra k,{2qw and ngGW. This allows us
to see that the height of the peak of the GW spectrum decreases like 1/k, and the shallow
part of the GW spectrum decreases like 1/ kg. Thus, the height of the peak relative to the
shallow part of the spectrum grows linearly with k.

3.2 Non-expanding case with synthesized random sound waves

We now compare with the results from our model where the stress is constructed from
synthetic sound waves; see figure 3. We should emphasize here that the GW energies from
the semianalytical method and the three-dimensional simulations agree with each other rather
well. We see that the kinetic spectra have the expected Fx o k* subrange for k < kp, followed
by a k~2 subrange for k > kp. (This k~2 subrange is expected for acoustic turbulence,
especially in the presence of shocks [42], although in the present case, shocks are only present
when we solve the Navier-Stokes equation.)
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Figure 2. Scaled GW spectrum for different values of k;, at time 7 = 10. In the left panel, the
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Figure 3. Kinetic spectra (left) and GW spectra (right), obtained numerically from synthesized
sound waves in a non-expanding background, as described in section 2.4. Red curves show the semi-
analytic spectra from the sound shell model, blue curves represent numerical spectra. Oscillations in
the GW spectra at large k are an artifact of large time steps.

In figure 3, the GW spectra per linear wave number interval, Qqw/k, are shown at two
different times 7 = 1.0 and n = 100. At the early time n = 1, the spectrum starts having a
shallow subrange and a steep part and these features become more pronounced at late times;
see figure 3(d). It is evident from this figure that the steep and large wave number part of

Qaw is very well described by the spectra obtained by our semianalytical model described
in section 2.3.
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Rmm p A Kk k v UP s /2 Eaw Py ms.

Al 1 01 01 10 5x102 38x1072 27x10° 24x103
VI 0 01 01 10 5x103 75x107%2 1.1x10"* 6.9x1073
A2 1 01 1.0 30 1x10% 45x1072 3.7x107% 25x107*
V2 0 01 1.0 30 1x107® 91x1072 14x10° 81x1074
A3 1 0.05 01 10 5x107% 1.2x102 7.7x10% 6.5x1074
V3 0 005 0.1 10 5x107% 24x1072 84x10% 20x1073

Table 1. Summary of the parameters of the direct numerical simulations discussed in the paper. All
runs have a numerical resolution of 1024% mesh points.

3.3 Results from direct numerical simulations

In figure 4, we show the kinetic spectrum Fi, the stress spectrum Sp(T') = Ur(k, n,n) k? /272,
and the compensated GW spectrum Qgw(k)/kS, at different times for flows starting both
from vortically and irrotationally initialized velocity fields. The parameters of these runs are
summarized in table 1, where Eqw = [ Qaw(k, n.)/k dk is the total GW energy in units of
the critical density of the universe at the initial epoch. The value of the Reynolds number
~ 40 is small compared with what is expected in reality. This is not a major concern as
we are not interested in the development of turbulence, but in the relation between the GW
spectrum and the kinetic spectrum.

Looking at figure 4, we see that Qgw(k)/kQ has a bump at k ~ 10. .. 20 for irrotational
turbulence, while for vortical turbulence there is no such bump. Also, Sp(T') never shows a
bump. The bump in Qgw (k) is potentially an important characteristic of acoustic turbulence
in the GW spectra. We also see that the inclusion of low wave numbers in the simulations
(k < 1 for Runs A1 and V1) results in a clearer representation of the Qaw(k) o k® range,
which is not visible for the other runs where k; = 1 or larger.

The existence of a shallow part and the transition to Qqw(k) oc k2 for very small k are
independent of whether the turbulence is acoustic or vortical. In all these cases, the height
of the bump is about one order of magnitude. The relative height is also independent of the
overall amplitude of the turbulence.

At early times, some of the spectra show a wavy structure in Ex (k). These are not
caused by numerical artifacts, but are a consequence of having initialized a velocity pattern
with zero energy density fluctuation, so all modes have the same phase. This causes a
modulation of the spectrum of the form cos k&(t), where £(t) = ¢4t is the distance a sound
wave has propagated in the time ¢ since the initial condition was applied. This type of wavy
feature or ringing in the spectrum was explored and explained in a different context in more
detail in ref. [43].

As shown in appendix D, however, this ringing phenomenon is strongly reduced when
the density is initialized such that the continuity equation is obeyed.

3.4 Effect of expansion in the sound shell model

As discussed in section 2.1, when the expansion of the universe is taken into account, the
effective duration of the acoustic source is limited and the steep part of the GW spectrum
is much smaller. This is shown in figure 5, where we show Qaqw(k)/k for k, = 10 at n = 5,
15, and 30. We see that the spectra do not change much at late times after n = 4, and

- 11 -
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Figure 4. Kinetic, stress and mean GW spectra for irrotational runs (solid lines) and vortical runs
(dashed lines). The red and black curves show spectra at n = 1.5 and n = 41.0, respectively. Note
the presence of the bump in all irrotational runs, absent in all vortical runs.
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Figure 5. Left: compensated GW spectrum Qgw/k€y with expansion at different times obtained
from the analytic model. Note that the height of the peak over the shallow part is only about one
order of magnitude in Qqw/k. The gray lines indicate various slopes o< k* and k=* for orientation
but are not meant to refer to any particular theoretical prediction. Right: comparison of the GW
spectra obtained for non-expanding (dotted curves) and expanding cases (solid curves).

that the results for n = 8 and 15 are almost indistinguishable and close to those for n = 4.
Furthermore, the height of the bump is limited to about one order of magnitude.

The presence of a linearly rising Qgw (k) is not immediately apparent in figure 5. How-
ever, it becomes more pronounced in figure 6 as we increase the value of k, to 30. We also
estimate the spectral index of Qgw(k) just below its peak. For this purpose, we fit a single
power law within the k values approximately in the range 0.5k, to 0.9k,. The index is

- 12 —
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Figure 6. Left: GW spectra for k, = 30 at times n = 2, 4, 6, and 8 for cases with expansion included.
Right: time evolution of Q(k;)/(ky€0) for the same case, but for different values of k.

spectral index

ky n=5 n=10
10 4.8 5.0
20 5.6 5.8
30 6.1 6.3
50 6.6 6.8
70 6.9 7.0
100 7.2 7.3
200 7.6 7.7
500 8.0 8.1
1000 8.3 8.3
2000 84 8.5

Table 2. The spectral index of GW spectrum below the peak for the expanding case, computed in
the sound shell model.

determined through least-squares fitting. The results for the time n = 10 are summarized
in table 2. At time n = 10, the spectrum is almost in a saturated state. From table 2, we
conclude that, as we increase the value of kj, the GW spectrum below its peak tends toward
a kY scaling.

In the right panel of figure 6, we show the time evolution of k,€Q(kp) for different values
of ky. It is evident from the figure that all of these cases have a similar time evolution and
show saturation after n ~ 5, independently of the value of k.

4 Conclusions

The present work has confirmed that there is indeed the very steep Qqw o &k rise to the peak
in the GW spectrum for acoustic gravitational wave production, as originally proposed in
ref. [36]. However, it may not be very prominent in practice, because it is superimposed on a
stationary linearly rising part for all subhorizon wave numbers above k > 1/n and below the
spectral peak at k ~ k. The absence of this shallow part in earlier analytical calculations is
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a consequence of having considered only the leading term in eq. (2.15), as discussed in more
detail in appendix A. The height of the acoustic peak grows linearly in time, so it becomes
distinct only at late times, and the k° subrange exists only in the range k:pn_l/ 8<Ek< kp.
The k? subrange therefore becomes prominent only when the flow is long-lived and kp > 1.

In appendix C we considered the effect of the growth rate of the hydrodynamic stress
on the shape of the GW spectrum, using a simple model where the stress approaches its final
value exponentially with time. This allows analytic expressions for the time integrals to be
maintained. We find that the amplitude of the shallow part of the spectrum is reduced, and
decreases the slope below linear. The steep rise to the peak is unaffected.

Given that the kY subrange takes time to emerge, we can ask whether indications of it
have still been seen in earlier work on acoustically generated GWs. Acoustic GW production
has been considered in several direct numerical simulations [18, 22, 36, 44], but none has
reported a kY slope. However, a steepening of the slope leading to a peak with time has been
observed in ref. [22], up to approximately k°. Our analysis indicates that this steepening
would continue in a longer simulation with more dynamic range between the peak wave
number of the velocity field and the inverse grid size. On the other hand, vortical flows show
no such peak. [18, 20, 44]. Both the presence and the shape of the peak therefore probe the
nature of the flow (irrotational or vortical) and provide new information about the value of
kp, which may help lift potential degeneracies in parameter estimation identified in ref. [45].
More comparative studies are needed before the shape of the peak in the GW spectrum can
be used as a diagnostic tool in future observational studies with LISA.

Data availability. The source code used for the numerical solutions of this study, the
PEeNcIL CODE, along with the additions included for the present study, is freely available [41];
see also ref. [46] for the numerical data.
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A Origin of the shallow GW spectrum

Here, we elucidate the origin of the linearly varying GW spectrum at wave numbers below
the peak. This linear behavior applies to wave numbers satisfying the condition kn > 1,
which is always below the peak. As elucidated in section 2.3, the GW spectrum is given by,

Sow () =0 [ [“da [* da Lolk0 0B B@A b0 B), (A

where .
A, i,k w, @) = 5(53, +82, +852_+52)) (A.2)
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Figure 7. Contributions to Qgw (k)hZ/k from the four terms in equation (A.2) for n = 5. Note that
the steep Qaw (k) x k2 contribution comes from the S__ term, while the linear scaling results from
the Sy_ and S_ terms.

with
sin[(k +w £+ ©)(n —n:)/2]

(ktwt) ’
in the non-expanding case, and in the kn; — oo limit of the expanding case. This expression
is the same as that of ref. [36] in which there are eight terms, because each of the four terms
in equation (A.2) contributes twice owing to a corresponding term with opposite sign in
front of k.

The term relevant for the steep k° spectrum is S%_, which was argued to be the domi-
nant term in ref. [36], as it produces a contribution linearly growing with conformal time 7
(see figure 7). However, there are still contributions from SJQF_ and S2 1, which result equally
in the formation of a shallow spectrum. These terms were neglected in ref. [36].

To see this, we estimate the GW spectrum in the range kn > 1 for wave numbers well
below the peak k/k, < 1. Hence [k+cs(q—§)]n/2 has a large value and we can approximate
sin?[(k +cs(q—§))n/2] by its average value 1/2. Using this, and taking the contribution only
from the Sy _ term, equation (A.1) reduces to,

(A.3)

St =

1
[k +cs(qg — @)*
For further analysis, we approximate the kinetic spectrum such that it takes on zero values
above the peak wave number kp,

pan = {7 {5 s

Ok =0 [ da | ‘”:l dap(k, 4,0) Brc(a) B (0) (A1)

Then we define variables z = q/k, y = q]k, in terms of which the integral can be written as

z+1 $4y4

kp /K
Qi (k) = (k)" | da:/x_lldyp(l,ﬂﬁ,y)4[1+cs(xy)]Q‘

(A.6)
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Figure 8. In this figure, we show the evolution of Qgw/(kQo) with time for k£ = 2,4,6, and 8. In
the right panel, we normalized the time with 7, = 27/k.

Considering the limit of large k,/k, the integral is dominated by the upper limit on x, while
the y can be replaced by z, and x — y is O(1). Hence, given that p(1,x,z) ~ 272, we have

kp/k
Qb (k) o Qo(k/ky)® / " dea® o Qo(k/ky). (A7)
0
This linear scaling with k/kp is shown in figure 2.

B Early time dependence of the shallow part of the GW spectrum

In this appendix, we present the time evolution of Qgw/(kQ) for wave numbers within
the linear scaling region of the GW spectrum. Specifically, in figure 8, we show the time-
dependent behavior of Qgw/ (k) for values of k equal to 2, 4, 6, and 8, for the case in
which k, = 30. In the right-hand panel of this figure, we normalize the abscissa using a wave
number-dependent time scale denoted as 1 = 27 /k. This normalization suggests an inverse
relationship between the saturation time scale and wave number.

C Effect of kinetic energy growth period on the GW spectrum

In section 3.1, we assumed that the kinetic energy remains unchanged throughout the evo-
lution. We have found that such a case produces a GW spectrum characterized by a steep
decline just below its peak, smoothly transitioning to linear scaling at lower wave numbers.
However, in the context of a phase transition, the kinetic energy increases and reaches a
constant over a certain time span.

In this appendix, we consider a simplified model for the time evolution of the kinetic
energy and study its effect on the linearly rising part of the GW spectrum at low wave
numbers. We assume that the kinetic energy evolves such that the quantity A has the form

N K -
A, maskow,@) = 5 [ [ ds cos(lm = 1)) cos(eo(im — 1) cos(@(m )
T LA
% [1 _ e—(m—m)/nd} [1 _ e—(772_77i)/77d:|
1
=3 > [gc(nﬂ?ia Nd, we+)” + gs(n, Th;ﬂd,wii)z} ; (C.1)
++
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Figure 9. Compensated GW spectra, Qaw/k€, for non-expanding cases with different values of

growth time 74, peak wave number k;, evaluated at conformal time 7 for » = 10 and 100 in the left-
and right-hand panels. In the top (bottom) panels, we have k, = 10 (k, = 30).

where
nq (sinwn; + wng cos wn;) — nge” M1/ (sin wn + wq cos wn)
e, M3 M, w) = 3
1+ (wna)
cos wn — coswni’ (C.2)
w

nq (cos win; — wng sinwn;) + nge”M=M/M4 (= cos win 4 wing sin wn)

98(777 Ni, Nd, CU) = -

1+ (wnq) 2

sin wn — sin wny

) C.3
. (©3)
and 79 is a parameter that controls the growth rate of the kinetic energy. One can check
that in the limit of instantaneous appearance, 14 — 0, one recovers the result

4sin?[w(n —n;)/2
9e(n: 1, w)? + g5 (n, i, w)* = | E:?z ) ], (C4)

consistent with equations (A.2) and (A.3).

In figure 9, we show Qqgw/k for different values of ky, 14, and 1. The upper panel
shows the spectrum for k, = 10 and the lower panel corresponds to for k, = 30. Each panel
is further divided: the left side shows Qaqw/kQo at n = 10, whereas the right-hand side
corresponds to 17 = 100. In each plot, the red, blue, and black curves correspond to the case
with no time evolution (g — 0), nq = 1/(0.1k;), and ng = 1/(0.03k;), respectively. From
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Figure 10. Kinetic and normalized GW spectra at different times. The red and blue curves represent
the spectra at ¢t = 1.5, while the black and green curves correspond to t = 41.0.

this figure, it is evident that the time evolution affects the amplitude of the shallow part of
the GW spectrum towards the peak, thus slightly reducing the slope. However, this effect
reduces as we decrease the value of 74.

D Case of an non-uniform initial energy density

To consider the case of a non-uniform initial energy density such that In p(k) = k-@/(c2k), we
have conducted new simulations A1’ and A3/, analogous to the runs Al and A3. In figure 10,
we provide a comparison between these simulations. The red and black curves represent the
uniform case, while the red and green curves correspond to the non-uniform case at simulation
times t = 1.5 and t = 41, respectively. From this figure, it is evident that the ringing effect
is reduced in the non-uniform case. Additionally, it is worth noting that the resulting GW
spectra at ¢ = 41 exhibit negligible differences between the two cases. Consequently, we
conclude that initializing the energy density in accordance with the continuity equation is
important, although its impact on the resulting GW spectrum is negligible.
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