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Cosmological phase transitions in the primordial universe can produce anisotropic stochas-
tic gravitational wave backgrounds (GWB), similar to the cosmic microwave background
(CMB). For adiabatic perturbations, the fluctuations in GWB follow those in the CMB, but
if primordial fluctuations carry an isocurvature component, this need no longer be true. It is
shown that in non-minimal inflationary and reheating settings, primordial isocurvature can
survive in GWB and exhibit significant non-Gaussianity (NG) in contrast to the CMB, while
obeying current observational bounds. While probing such NG GWB is at best a marginal
possibility at LISA, there is much greater scope at future proposed detectors such as DE-
CIGO and BBO. It is even possible that the first observations of inflation-era NG could be
made with gravitational wave detectors as opposed to the CMB or Large-Scale Structure

Surveys.
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I. INTRODUCTION

Since the first gravitational wave (GW) signal was detected in 2015 [1], LIGO and VIRGO have
continuously observed new astronomical events like the merging of massive black holes and neutron
stars [2] with a surprisingly high event rate. Looking forward, we can hope to see cosmological signatures
at the next generation GW detectors including LISA [3], KAGRA [4], LIGO-India [5], Einstein Telescope
(ET) [6], Cosmic Explorer (CE) [7], DECIGO [8, 9], TianGO [10], BBO [11, 12], NANOGrav [13],
EPTA [14], PPTA [15] and SKA [16] through the observation of a stochastic GW background (GWB) [17,
18].

Such a stochastic GWB can originate, for example, if a new beyond Standard Model (BSM) physics
process violently changes the energy density of the early universe through a strong first order phase
transition (PT). For a review see [19]. It is possible that the associated BSM particles are too heavy or
too weakly coupled to the Standard Model (SM) particles to be studied at particle colliders, in which
case the GW frequency spectrum would give us unique insight into the new physics (for example, see [20—
24]). Alternately, the GW signal may be accompanied by BSM collider discoveries, providing invaluable
complementary views of the new physics (for example, see [25]). Unlike photons, GW from an early
PT can propagate almost freely though the cosmological plasma to reach us. In this way, they can
probe deep inside the primordial “dark age” before the Big-Bang Nucleosynthesis (BBN). Therefore, by
studying the large-scale anisotropy in the GWB map, we can obtain a complementary insight into the
nature of inflationary fluctuations relative to the Cosmic Microwave Background (CMB) and Large-Scale
Structure (LSS).

If the PT happens at roughly T" ~ TeV, as motivated within many extensions of the SM, the observable
universe today would contain ~ 103 Hubble patches during the PT time. Therefore, given the limited
angular resolution of GW detectors (e.g., 660 ~ O(0.1) rad for LISA [26, 27]), the resulting GW from the
PT time would form a diffuse background since the GW arriving from every direction in the sky is an
average of GW originating from a very large number of Hubble volumes undergoing PT. With this large
statistics of the number of causally independent Hubble patches that went through the PT, the average
temperature when the PT completes in each finite region of the sky is nearly identical and equals ~ T,
the critical temperature for the PT. However, since the thermal history of each Hubble patch depends
on the primordial energy density fluctuation, each point on the T' = T, surface has a varying distance in
redshift from us. This leads to a modulation of the GW energy density pgw (6, ¢) as a function of angles
0, ¢ on the sky,

paw (8, ¢) = paw + dpaw (6, @), (1)



and any stochastic GWB produced in the early universe must be anisotropic.! As discussed in [31], the
GWB power spectrum (dpgwdpcw) and cross correlation with the CMB (dpgwdpcms) can probe the
quantum fluctuations of the inflation-era fields that reheated the PT sector, without presuming that this
is identical to the source of fluctuations in the CMB and LSS. While such GWB anisotropies would be
challenging to measure, it was argued in [31] that they were within the reach of proposed detectors for

plausibly strong PT.

Moreover, just as primordial non-Gaussianity (NG) in the CMB or LSS can arise as reflections of
interactions of the inflationary (and possibly other) fields, and is being actively searched for, it is possible
for the GWB fluctuations to also exhibit NG. This would be captured by the GWB bispectrum correlator
(0paw (n1)dpaw (n2)dpgw(ng)) where n;’s for i = 1,2, 3 denote three angles on the sky. Again, this GWB
bispectrum does not have to closely approximate that of the CMB if the PT sector and SM are originally

reheated by different (combinations of) reheating fields, with different interactions.

In this work, we will study such GWB NG, and the mechanism by which they may be significantly
stronger than (the bounds on) NG in the CMB and LSS, and plausibly observable at future GW detectors.
After production, GWs free stream to us and hence the primordial GWB NG would not be significantly
affected by gravitational clustering which, however, is important for CMB and (especially) LSS NG.

When discussing the three point function of GWB, it is shown in [32, 33] that the correlation function
(h3), with h denoting an individual GW fluctuation, is almost impossible to measure—both due to the
propagation of GW in a perturbed background that would de-correlate the phases in h, and the difficulty
in separating h with nearby frequencies in measurements with finite durations. However the bispectrum
<5p?éw> in the spatial distribution of the GW energy density does not depend on the initial phase of GW
and we can always measure this bispectrum after obtaining a map of dpgw in the GWB. The prospects
of GW map-making have been discussed previously in the literature, for a review see e.g. [34], along
with some recent work [35, 36]. For previous discussions on anisotropies and non-Gaussianity of GWB,

see [37, 38].

This paper is organised as follows. After reviewing the properties of a stochastic GWB from first
order PT, we estimate to what extent the anisotropies of such a background can be visible at future
GW detectors. Following this, we discuss NG of GWB both in the case of adiabatic and isocurvature
perturbations. We find that for the latter case, provided the astrophysical GW “foreground” from binary
mergers can be subtracted, future GW detectors would be able to probe primordial NG in a stronger
way compared to the CMB and especially, LSS. We then give a simple model that demonstrates that
the NG in GW can be significantly large while ensuring theoretical control and obeying observational

bounds. Finally, we conclude.

! For ansitropic GW signals from astrophysical sources, see e.g. [28-30].



II. GRAVITATIONAL WAVES FROM PHASE TRANSITIONS

GW from first order PT get generated due to three processes: collisions of nucleating bubble walls,
magnetohydrodynamic (MHD) turbulence and sound waves in the plasma (for recent discussions see [39,
40] and references therein). According to simulations [40—42], the MHD turbulence and sound waves can
contribute dominantly to the generation of GW compared to bubble collisions, but those are dependent
on details of the plasma and model-specifics, and are being actively researched.? On the other hand,
through the envelope approximation, the contribution of bubble-wall collisions are analytically better
understood [43-47] and therefore, we focus only on this contribution. Given that we will be studying
very small GWB and its correlation functions, this is a conservative approach. Of course, in the context
of a given microscopic BSM dynamics responsible for the first order PT, the signals from sound waves
and turbulence can dominate, however, that would only increase the GW signals considered below. We
note that while the more recently considered “bulk-flow approximation” [48, 49] can change the frequency
dependence of GW away from the peak, the peak amplitude roughly matches the one from the envelope
approximation for the models considered in [50]. Hence we continue to use the result from [47] for the
peak amplitude, as needed for our discussion on GW anisotropy, using the envelope approximation. This
will allow us to give simple model-independent estimates/lower-bounds of the overall anisotropy and
NG in order to see if they can be feasibly detected, while deferring modeling/calculations of the precise
frequency spectrum as long as its peak lies within the sensitivity band of proposed detectors.

The peak energy density of GW from bubble-wall collisions in a thin-wall approximation, expressed

in terms of the critical density today, is given by [47]

k; 2 Her\? ([ o \?
Qe h :1.3><10—6< 3 ) < ) : (2)

1+«

In the above, the parameter 3 essentially captures the inverse duration of the PT, is approximately given
by f/Hpr = dInT'/dt ~ —4 + T,,dSy/dT |1, in terms of the bubble nucleation rate I' and the bounce
action S, at the nucleation temperature 7,. The quantity & = pyac/prad is the ratio of the vacuum
energy density released during the PT to the energy density of radiation bath. The Hubble parameter at
the time of the PT is given by Hp ~ \/(87r/3)—GNptot , and we assume the effective number of degrees
of freedom g, ~ 100. Furthermore, we have considered the scenario in which the bubble walls move
close to the speed of light, and efficiency factor k, ~ 1, i.e. most of the latent heat of the PT is used
up in accelerating the bubble walls.> The quantity 3/HpT is model-dependent and can range between
few — O(100), in models in the literature with a strong first-order PT [52-57]. The GW frequencies are

redshifted and the peak frequency is given by,

ea. IB Tn
wgwk = 0.04mHz (HPT Tov |- (3)

2 Their relative contributions depend also on efficiency factors that govern how much of the latent heat released during PT

goes into accelerating the bubble walls, sound waves and turbulence.
3 More precisely, xy =1 — 222 where o is a threshold value such that if o > ao, then wall velocity v, = 1. The precise

value of aoe is model-dependent but can be ~ 0.01 [39, 51]. With a choice of a 2 0.01, we then get rp ~ 1.



III. ANISOTROPIC GRAVITATIONAL WAVE SKY

In the simplest scenario where there is a single, adiabatic source of primordial fluctuations, such as
single-field inflation where the inflaton decays to reheat all sectors, the primordial fluctuations in each
sector will be identical. This means the perturbation of the GWB, follows the almost scale-invariant
adiabatic result, and is determined in terms of the primordial power spectrum Ag: dpcw = %@pgw =~

6 x 1079 paw [58], just as for the CMB. Therefore

5
sapeaky? — qpeakp2 ( pGW) : (4)
PGW

~ —u (Her ? a \’
coeno (M) () o

In analogy to the CMB, we can calculate the two point function of GW perturbation dcw =

dpaw/pGw,
CEW(O) = (Saw (fn)daw (R2)), (6)
and the coefficient of Legendre polynomials CEW from

1
GW _ GW
CNO) = - g(zu 1Y Py(cosb) (7)
with 77 - g = cos#. In the above, dgw would get additional imprint from the Sachs-Wolfe (SW) and
the integrated Sachs-Wolfe (ISW) effects [59, 60]. Since the ISW effect is a known, standard ACDM
contribution in our setup, we only consider the SW effect, and take dgw as the sum of the primordial
prim prim

density contrast .y and Newtonian potential ®, dqw = dyy + 4P. Here we are using the Newtonian

gauge,
ds* = a*(n) (—(1 4 2®)dn® + (1 — 20)dz?), (8)

to characterize metric fluctuations, with a(n) being the scale factor written in terms of the conformal
time 1 and ®, ¥ are Newtonian gauge potentials. More detailed discussions on the characterization of
GW anisotropy can be found in e.g. [29, 61-64]. From the CMB observation, besides small deviations
coming from the physics of inflation/reheating [65], we expect the large-scale GWB perturbation should

be almost scale-invariant. An exact scale invariant spectrum would correspond to
CEW o [e(e+ 1)L, (9)

Our ability to observe such GW anisotropies will be limited by detector sensitivity, as well as our
understanding and ability to subtract the GW “foregrounds” arising from astrophysical mergers. The
first of these limitations can be estimated simply as follows. The best LISA sensitivity, with Signal-to-
Noise Ratio (SNR) > 1, is Q%e\?\}{hZ > 2x 107 in the frequency range w%’i,?,k ~ 1—10 mHz, see e.g. [51, 66].

If (B/HPT)2 = 10 and Tpy =~ 10 — 100 TeV, the GW frequency is inside this range, and §Qqwh? with



a ~ O(0.1) is comparable to the LISA sensitivity for ¢ < few. With its expected angular resolution,
LISA then may probe perturbations with ¢ < 10 (see [27, 36] for discussions on LISA sensitivity to
stochastic GWB). However, due to the asymptotic falloff \/CFW oc 1/¢ (¢ > 1) from Eq. (9), it is very
challenging to probe beyond ¢ ~ O(10) in LISA. This is where proposed space-based missions such as
DECIGO [8, 9] and BBO [11, 12] can make significant progress. The best DECIGO and BBO sensitivity,
with SNR > 1, is around Qge{;\}(hQ > 10717 (see e.g. [66, 67]), around a frequency wge\f{,k ~ 100 mHz and
T,, ~ 10* TeV. Thus we can observe §Qqwh? up to £ ~ 100 in DECIGO and BBO even for a shorter PT
(8/Hpr)? = 100 with & ~ O(0.1). For a recent discussion on angular resolution of future GW detectors
for various configurations, including those in deci-Hz range, see [68].

But of course, to achieve the above targets we must be able to identify and “subtract” the astrophysical
GW foregrounds that can be competitive to the cosmological GW anisotropies in the relevant frequency
ranges. These can take the form of unresolved or resolvable merger events, such as those involving white
dwarfs, neutron stars and black holes (see [69] for a review). Our ability to extract primordial GWB in
the presence of such astrophysical foregrounds has been studied in several papers including [70-78]. In
particular, Refs. [70, 71] focus on the subtraction problem for BBO/DECIGO frequencies, and shows that
almost all the mergers can be individually subtracted to isolate the cosmological signal [28]. However,
all these studies focused on situations which the astrophysical foreground competes with the isotropic
cosmological signal. Here, we are considering the possibility that the isotropic cosmological signal is
very strong, much larger than the astrophysical foreground, but where the cosmological anisotropies are
smaller. Nevertheless, astrophysical foreground subtraction may still be possible in this novel regime,
exploiting the cosmological frequency spectrum that can be precisely measured from the large isotropic

component. This deserves dedicated study, but we will proceed assuming such subtraction is possible.

IV. NON-GAUSSIAN GRAVITATIONAL WAVES WITH ADIABATIC PERTURBATIONS

Before moving on to the GW NG, we first parametrize the CMB NG. Instead of using the conventional
harmonic coefficients a;,, of the CMB anisotropies, we describe the CMB NG by simply using the CMB
density perturbations in momentum space (including the SW gravitational redshift), ¢, = 57prim + 4.
This will be sufficient to illustrate the essential physical effects of adiabatic and isocurvature perturbations
on CMB and GW NG. Thus we parametrize the CMB bispectrum as?,

2 <5V(EI)5’Y(_'2
3 Py(k1)Py (k) + Py(k1)Py(

Fomp(ky, ko, k3) = (10)

where P, (k) = <5W(l;:')57(—l;:‘))’ is the CMB power spectrum and s on correlators denote the fact that
momentum-conserving factors of (2r)33(ky + - - - + ky) are stripped off. The prefactor 2/3 ensures that

for the adiabatic perturbations, the standard definition of primordial NG [79] is reproduced. In the

4 also conventionally denoted as the fx1, parameter



above example of single-source reheating, dgw follows the same adiabatic perturbation as 4., and the

bi-spectrum from the GW observation is

Few (k1. Fo, F) _10 (Saw (k1)daw (k2)dcw (ks))’
Y 9 Pow(k1)Paw (k2) + Paw (k1) Paw (k3) + Paw (k2) Paw (k3)
—Fomp (K1, ko, ks3), (11)

where the factor of 10/9 ensures equality with Fryp for adiabatic perturbations. To obtain an estimate of
the observational sensitivity of future GW detectors, we first note that given an experiment, the cosmic-
variance-limited precision of bispectrum measurement is determined by the number of independent modes
the experiment can observe. Hence, a crude cosmic variance limited sensitivity A Fgw from the GWB

observation which can access multipoles up to fmax, is (see e.g. [80])

1 1
AFgw ~ X ~ 10t
5GW Emax (Emax + 1)

(12)

Recalling that the search of the CMB bi-spectrum has set an upper bound |Foump| < 5—>50 [79] depending
on the shape of NG, Eq. (12) implies that even if we can measure the anisotropy dpgw, the bounds on NG

from GWB will be rather weak compared to that from CMB unless /1. > 103. However, probing scales

~

such small angular scales corresponding to fmax > 103 can be quite difficult even considering DECIGO

~

and BBO, given the previously discussed benchmark points.

V. NON-GAUSSIAN GRAVITATIONAL WAVES WITH ISOCURVATURE
PERTURBATIONS

The above conclusions can significantly change once we consider the universe to go through three
different stages of reheating, as put forward in [31]. The inflaton ¢, whose fluctuations are mostly
Gaussian, decays into a Hidden Sector (HS) of particles which is distinct from the BSM sector undergoing
the PT, and thermally decoupled from it. We assume that the BSM sector (which includes dark matter
(DM)) is reheated by a separate field o which is a spectator field to the inflationary dynamics. We take
both the inflationary expansion and primordial perturbations to be dominated by the inflaton ¢, and the
o to contribute to isocurvature perturbations. This will enable us to have significantly NG o-fluctuations
while ensuring the observational bounds are satisfied.

After the PT, the HS also decays into the BSM sector and thermalizes with it. In this way, even
though both reheating processes ultimately populate the BSM sector, if ¢ reheats the universe to well
above the PT temperature, and the HS decay happens at a temperature below the PT, GW anisotropies
will receive contributions from the fluctuations of . Since GWs freely stream after getting generated,
the reheating mediated by the HS decays does not affect the NG nature of the GW signal. In particular,
any NG of o—fluctuations will get imprinted and preserved in NG of GW. We illustrate the history of

the two reheating processes in Fig. 1.
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Figure 1. Cosmological history of the CMB and GWB production, along with their fluctuations. The inflaton
field (solid black) carries a Gaussian (G) fluctuation and reheats a hidden sector (HS) (red). A separate field o
(dashed black) carries a non-Gaussian (NG) fluctuation and reheats the BSM sector (blue) where the PT occurs.
Following the PT, the HS decay into the BSM sector which eventually gives rise to the CMB. Depending on the
NG of ¢ and the size of fggym, the fractional energy density of the BSM sector, the GW signal (purple) can have
a large NG while CMB is almost Gaussian. The plot is adapted and modified from [31].

We label the energy densities in the two sectors (prior to HS decay) as ppsy and pps, with the

associated energy fractions,

=—P i =BSM,HS. (13)
PBSM + PHS

We take fpsm < fus to enforce that the NG BSM sector contains a subdominant energy fraction.
To compute the NG in the present scenario we will use the gauge invariant comoving curvature

perturbation on uniform-density hypersurfaces (, to characterize cosmological perturbations [81]. In

terms of the Newtonian gauge quantities Eq. (8), ¢ is given by,

(z—\II—H(;p, (14)

where p is the total energy density and the dot denotes a derivative with respect to physical time t.

Furthermore, we define isocurvature perturbation of GW with respect to photons ~ in analogy with

neutrino isocurvature perturbation, as

Sew = 3(Caw — &), (15)

where the total photon perturbation is

Gy = [BsMGypsu T+ fHSCyps - (16)

In the above, we have denoted yusBsm) to be the photons coming from the HS (BSM) respectively, and

dpi
-, 17
Pi ( )

G=-Y—-H



denotes the gauge invariant fluctuation of a single fluid . Since both ¢ and ¢ ultimately reheat the BSM
sector at high temperature where the SM and DM components are assumed to be still in equilibrium,
there is no baryon, DM, or neutrino isocurvature perturbations from the reheating scenario. However,
since GW are decoupled from the rest of the fluids after their production, but before HS decay, it does
carry isocurvature NG from the difference between the do and d¢ perturbations.

We assume the universe was radiation dominated (RD) when the PT takes place. After getting
generated, GW climb out of the gravitational potential well created by fluctuations in ¢ and propagate to
us. Thus, large-scale GW energy density fluctuations can be written in terms of primordial perturbations
as (for the derivation, see the Appendix A),

rim 4 4
daow = 5%W + 4Prp = —§CRD + g(l — faw)Saw, (18)

where ®rp, (rp are respectively the Newtonian potential and the primordial adiabatic curvature per-
turbation during RD. For later convenience, we rewrite the above in terms of fluctuations of ¢, (4 and

of o, (o,

4 4 4
P (s : 1
daw 3C¢>+35 ( 3fBSM> (19)

where the isocurvature fluctuations of o is defined as, S, = 3({s — ().
On the other hand, large-scale CMB energy density fluctuations are given by (for a derivation see the

Appendix A),
prim 4 4
0y = 05" 4+ 4®yp = —Crp + T fawSew, (20)

where we have approximated the Universe to be almost matter dominated (MD) during CMB decoupling.

This in terms of the field fluctuations read as,
4 4
0y =—=Cp — — Sy 21
v =—zC — 15 Bsm (21)

Since the ANeg < 0.4 (20) constraint on the effective number of new relativistic degrees of freedom

inferred from the CMB and Big-bang nucleosynthesis (BBN) analyses [58, 82] requires

paw < 0.1py, (22)

this implies, together with Eq. (2) with a &~ fgsm, a weak upper bound on fggy < 1.

Using Egs. (19) and (21), we can now estimate the large-scale NG in CMB and GW by using Egs. (10)
and (11) respectively. To satisfy the NG bounds measured using CMB, from now on we will assume
inflaton perturbations are mostly Gaussian. The CMB NG is determined by Egs. (10) and (21) and in

the limit (4 2 fvsSo they imply,

(23)

fBSM>3 (Ps(kl)Ps(kz) + perms.) .
So

5)
F N ——
CMB 6 ( 3 Py (k1) Py(k2) + perms.
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Figure 2. The projected sensitivity of the Gravitational Wave Background NG, Fgw as a function of energy fraction
fBsm of the BSM sector undergoing PT for the case of equilateral NG. Depending on different assumptions of the
PT parameter (8/Hpt), LISA and DECIGO would be able to probe regions above the green and purple lines
respectively. The reach of BBO, which we do not show explicitly for clarity, is expected to be slightly better than
that of DECIGO. The region labeled | fl‘f&uw > 40 is ruled out based on the constraints on equilateral NG from
Planck [79].

where Py(k) = (Cs(k)Co(—k)) and Ps(k) = (S, (k)S,(—k))’ are the inflaton and curvaton power spec-
trum respectively, and “perms.” include the permutations (ki,k2) — (k1,k3) and (ki, k2) — (ko, k3).
The quantity Fs, = (S2)/((52)2 + perms.), schematically defined in analogy with Eq. (10) with S,
replacing 0., (but without the prefactor), characterizes isocurvature NG. We see that even if isocurvature
perturbations are highly non-Gaussian with Fg, ~ 1/S, ~ 10%, for fggm < 0.1 consistent with the ANqg
constraint Eq. (22), and Ps ~ Py, we get Foup < 10, satisfying the NG bounds on CMB.

However, this f3q,; suppression does not appear in GW NG. In particular, Egs. (11) and (18) imply
for small fgswm,

5 (Ps(k1)Ps(ke) + perms.) Fg,
6 (P¢(k:1) + Ps(kl)) (P¢(k2) + Ps(kg)) + perms.’

Fow = (24)

For a simple benchmark in which the two sectors have comparable primordial power spectra, Ps ~ Py,
we see Fgw ~ Fg, ~ 10 then satisfies all the observational constraints.

As discussed in Eq. (12), Fqw ~ 10® — 10* can be detected with i, ~ O(10). Such values of £pax,
can be accessed in LISA for the benchmark point discussed earlier (again assuming suitable astrophysical
foreground subtraction is performed). Hence, although crude, LISA itself might give us one of the first
bounds, or a detection, of non-Gaussianity from GW. As discussed above, with DECIGO and BBO,
one can access fmax < O(100). Correspondingly one can get to Fgw ~ O(100). Note, probing such a

~

level of HS NG using CMB or LSS requires a Foump ~ 107! for fgsy ~ 0.1-—challenging for LSS (given

10



gravitationally induced non-linearities) and impossible for CMB for the equilateral shape.

Moving away from the above benchmark parameter choices, in Fig. 2 we show projections of the
LISA and DECIGO sensitivities on the Fgw measurements. We focus on the case of equilateral NG [83,
84] for which GW can probe primordial NG in a powerful way, complementary to the CMB and LSS
measurements. The limit of the Fgw measurement depends on the strength of the PT, the energy ratio
fBsm, and the isocurvature perturbation S,. The NG signal is visible when both 6Qgw is higher than
the detector sensitivity and Fow > AFgw in Eq. (12), given good enough angular resolution. The larger
fBsm region is excluded by a comparison of Egs. (4) and (23) to the the current bounds on Fryp from
the Planck (red) measurements. For equilateral NG, future LSS constraints from galaxy clustering (see
e.g. [85]) are expected to be similar to the Planck constraints, and we do not show it explicitly. The
ANyg constraints from the future CMB-S4 measurement [86] are too weak to be visible in Fig. 2. As
we can see, a large non-Gaussian signal can exist in the GWB even with the current constraint, and the
corresponding dpgw can be within the reach of DECIGO and BBO. When the PT is strong source of
GW, say with (8/H)? ~ 20, it might even be possible for LISA to probe an interesting and novel part
of the parameter space. Lastly, in Fig. 2 we have focused on the case S, = ( just for simplicity, and we

have checked that similar conclusions are obtained for other choices of S,.

VI. A NON-GAUSSIAN HIDDEN SECTOR MODEL

We now discuss a simple HS model that can give rise to large NG in GW. We will assume that the
spectator scalar field ¢ is light during inflation so that it experiences significant quantum fluctuations,
m2 < Hian, where Hi,s is the Hubble scale during inflation. We also assume the energy density in o
both during and after inflation is subdominant. After the end of inflation, o dilutes like matter and
eventually reheats into the BSM sector that later undergoes the PT. The isocurvature component of the

BSM particles, before the HS decay into BSM, is then given by (see e.g. [87-89]),

5, =27 (25)

g0

where gg is the originally misaligned homogeneous VEV of the o field and do denotes its fluctuation.
For Sy ~ (4 we need, Hine/og ~ 10~%. Around a temperature T ~ TeV, the BSM sector undergoes a
strong first-order PT and release GWs. At the end of the PT, the BSM sector consists of the remnant
BSM plasma and the generated GW, and the only species eventually contributing to ANeg is the GW.

In the above set-up, any interaction involving o will induce NG in do, and eventually in GW. To
characterize interactions of o, while ensuring the radiative stability of its low mass, we will only consider

a shift-symmetric derivative interaction,

1 o 1 o9 o 1 2 2
Ly = —5((%0) = 5Ma0 + F(ﬁua) (Opo)°+---. (26)

(o

11



At the classical level, we can get the equation of motion for the homogeneous background og, which has

a slow-roll approximation [83], 69 < Hdy, under which

. G2 mg
&0 (1 + 4/\91> ~ 300 (27)

Hence to only have perturbative effects from the dimension-8 operator in Eq. (26), we will require

63/A% < 0.1.° Importantly, the Lagrangian in Eq. (26) also contains a non-trivial cubic interaction term

o)

A4

g

Ly D 4-—00(000)?, (28)

given which, the three-point function of do can be calculated in the equilateral limit with k1 = ko = k3 = k
as [83],

L 7 60 HY,
<50(1€1)50(1<;2)50(z@3)>':_gré o (29)

Using this, Eq. (25) and the definition of Fg_ given below Eq. (23) we can evaluate in the equilateral
limit,

14 Hinsoo00
Fg | = ——miz0%0,

Therefore with the benchmark choice 63 /A2 < 0.1, 69 ~ H2 ¢, 00/Hins ~ 104, we can have Faw ~ Fs, <

few x 10% which can be probed at LISA, and with much better precision at DECIGO and BBO.

VII. CONCLUSIONS

We have shown that large isocurvature non-Gaussianity (NG) can be hidden inside a stochastic GW
background arising from a PT, and yet be invisible even to the near-future LSS or CMB measurements.
If inflation and reheating involve multiple scalar fields, the reheating from some of the scalar fields can
pick up large NG perturbations and produce NG GW background even when the rest of the cosmological
fluids inherit predominantly Gaussian fluctuations. In this case, future surveys of the stochastic GW
signal by LISA, DECIGO, and BBO may give us the first glimpse of primordial NG quantum fluctuations

in the early universe!
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® Note, a choice of 62/A% ~ 0.1 requires H < Ay < 0p. Controlled effective field theory examples of such scenarios can be

constructed using bi-axion alignment models [90], as explored in some detail in [91].
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Appendix A: Derivations of large-scale CMB and GW anisotropy

In this appendix we give a derivation of the large-scale anisotropy of CMB and GW in the context of
the reheating scenario described in the main text. To this end, we denote the homogeneous metric using

conformal time 7 as,
ds® = a®(n)(—dn? + di?), (A1)
and the scalar metric fluctuations as [81],
5900 = —2a*p; 6go; = a*9;B; 6gi; = 2a*(—pdi; + 0,0, E). (A2)

The relevant perturbed Einstein equations on superhorizon scales and in the absence of anisotropic stress

are given by,
3H(He + ') = —4rGa’dp,
(E' —B) +2H(E' — B)+v¢ — ¢ = 0. (A3)
Here s denote derivatives with respect to 1. The conformal Hubble rate and the perturbed energy

density are respectively given by H and dp. As introduced in the main text, the curvature perturbation

on uniform density hypersurface is given by the gauge invariant expression,
¢(=—9— H?. (A4)

In the Newtonian gauge B = E = 0, these equations simplify,

3H(He + ') = — 4nGa?dp, (A5)
Y =o. (A6)
Writing ¢ = ¥ and ¢ = ® and using Eqs. (A5) and (A6), ¢ can be written as,
92 )
C__\P_73(1+w)H (H@Jr\ll), (A7)

where w is the effective equation of state.

We will be interested in obtaining expressions for large-scale modes. For this purpose, it will be
useful to have the following relations between ¢ and ®(= V) during both Radiation Domination (RD)
and Matter Domination (MD):

¢rD = — 3R, (A8)
{Mp = — 5Pwmp. (A9)
In the above, we have used the constancy of ® on super-horizon scales in the absence of non-adiabatic
pressure perturbation. Now we apply the above results in the PT scenario described in the main text for
which the PT takes place in a beyond Standard Model (BSM) sector reheated by o. The hidden sector

(HS), on the other hand, is reheated by inflaton, ¢. After the PT takes place and GW are released, the
HS decays into BSM sector.
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1. Large-scale CMB anisotropy

The large-scale CMB anisotropies are given by, after accounting for the local redshift i.e., the SW

effect,
ar

T 5pr1m + &\ip = C’y + 2®\p. (A10)

8l
ovp 4

Here ¢, is the gauge invariant photon perturbation, generally given by ¢, = —v + %(57. Using Eq. (A9)

this gives,
AT

6
T = C’y - gCMD (All)

CMB
Since in this scenario both the matter and neutrino number densities track the photon number density,
the only isocurvature is in GW. Thus we have (up = ¢, implying

AT 1

= —2¢, (A12)
T CMB b !

To compare with the Planck isocurvature bounds it is more convenient to write T as a linear

’CMB
combination of curvature and isocurvature perturbations. Using the fact that after HS decay, we only

have photons, neutrinos (v) and GW diluting as radiation,

Crp =(1 = fu — faw)&y + fulv + fawlaw

1
=G+ ngWSGWa (A13)
we get
AT 1 1
— = —= — Saw. Al4
T | 5CRD+ 15fGW aw (A14)

In the above we have used the energy density fractions, f; = p;/piot for the three species i = v, v, GW
with piot being the total energy density during RD. To compute NG, on the other hand, it is more

convenient if we express T in terms of uncorrelated inflationary perturbations. For this purpose

‘CMB

we write,

4
5“7 =4 — - (C’YHS + fBSM(C’YBSM - C’YHS))

=- *C¢ - fBSMSm (A15)

To obtain the last relation we have used (gs = (¢ and (gsm = (o, since the HS and the BSM sector

respectively inherit the fluctuations of ¢ and o fields. We have also used the standard definition S, =
3(Ccr - Cqﬁ)

2. Large-scale GW anisotropy

Now we repeat the calculation for GW perturbations. Taking into account the redshift and the fact

the GWs were generated during RD we can again write,
AT 4

T 45p“m + ®Prp = Caw — *CRD (A16)
aw
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Using the fact that (rp = ¢y + %waSGw,

AT

T = _%CRD + 1(1 — faw)Saw. (A17)

3

GW

As before, it is convenient to write the above in terms of uncorrelated perturbations,

AT 4 4
420 =_Z “a-
dow T | 3CRD+3( Jfoaw)Saw
4 4 4
NGt oS, (1- 2 , Al
3C¢+3S< 3fBSM) (A18)

where to get to the last expression we have used, fow < 1.
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