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Phase transitions in the early Universe can readily create an observable stochastic gravitational wave
background. We show that such a background necessarily contains anisotropies analogous to those of the
cosmic microwave background (CMB) of photons, and that these too may be within reach of proposed
gravitational wave detectors. Correlations within the gravitational wave anisotropies and their cross-

correlations with the CMB can provide new insights into the mechanism underlying primordial
fluctuations, such as multifield inflation, as well as reveal the existence of nonstandard “hidden sectors”

of particle physics in earlier eras.
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With the recent observation of gravitational waves (GW)
by LIGO-VIRGO [1,2] we have entered a new era of
astronomy, which will illuminate the most mysterious
objects in the sky such as black holes and neutron stars.
Remarkably, with future improvements in GW detectors we
will also enter a new era of observational cosmology. The
early Universe can readily contain a variety of GW sources:
inflationary fluctuations [3], cosmological particle produc-
tion [4,5], (p)reheating [6], phase transitions (PT) [7-15],
and cosmic strings [16,17].

Many extensions of the standard model (SM) of particle
physics, whether ambitious paradigms such as supersym-
metry or particle compositeness, or relatively modest exten-
sions (such as the addition of just one gauge singlet scalar
field), can undergo strong first order PT at high temperatures
of order the electroweak scale or higher, 7 2 TeV. The PT
proceed through the nucleation and dynamics of large
bubbles of the low temperature phase, acting as a strong
source of long wavelength GW. (See Ref. [13] for a review.)
This GW background is analogous to the cosmic microwave
background (CMB) of 3K photons. Just as CMB radiation is
emitted from the surface of last scattering, the GW are
effectively emitted from a distant surface at the periphery of
our Universe at the time of the PT. These GW then travel to us
undergoing a significant cosmological redshift en route,
thereby obtaining frequencies, wgw ~ mHz-Hz, and signal
strength that can be detected at proposed GW observatories
such as LISA [18], BBO [19], MAGIS [20], DECIGO [21],
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ALIA [22], or even LIGO [23]. While the fates of individual
bubbles formed during the PT are essentially random, the
resulting GW would be seen today as a diffuse background
arriving from all directions, coarse grained over an extremely
large number of bubbles. The detailed frequency spectrum of
this stochastic GW background would reflect the physics of
the PT during a cosmological era otherwise difficult to
access. Furthermore, particle collider experiments, such as
the CERN LHC or beyond, may provide a complementary
view of the associated particle physics (e.g., see Ref. [24]).

Stochastic GW generated by cosmological PT will
appear as an approximately isotropic background with
average energy density pgw. In this Letter, we will argue
that there necessarily are also anisotropies in this back-
ground, pgw = pgw + OpPgw, again analogous to the CMB,
providing a unique window onto the physics generating
primordial inhomogeneities, plausibly during an inflation-
ary era well before the PT itself. (See Ref. [25] for a review
of inflation.) We will show that such anisotropies may be
accessible with sensitive directional detection at the pro-
posed GW observatories. In this way, while the GW
frequency spectrum can teach us about the physics of
the PTs at multi-TeV scales, the anisotropies can teach us
about physics at vastly higher energy scales.

The key observable is given by the differential energy
density of GW arriving from an infinitesimal solid angle of
the sky:

dpaw = pcw (0. @) sin 0dOd¢. (1)

From this we can compute two-point correlations,

CGW(Q) — <pGW(1_)fGW(2)>0 ’ (2)
PGw

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.121.201303&domain=pdf&date_stamp=2018-11-16
https://doi.org/10.1103/PhysRevLett.121.201303
https://doi.org/10.1103/PhysRevLett.121.201303
https://doi.org/10.1103/PhysRevLett.121.201303
https://doi.org/10.1103/PhysRevLett.121.201303
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 121, 201303 (2018)

where we are averaging over all pairs of points on the
sphere, 1, 2, separated by a fixed angle @. It is standard to
expand anisotropies in Legendre polynomials,

V() = %zl:(zz L 1CEVP(cosd).  (3)

As we will show, the GW background and the CMB can
share the same primordial source of fluctuations or have
quite different origins, and this will be visible in the cross-
correlations with the CMB,

Cross (1)) — (Pow(1)pcevs(2))e
o) = PGWPCMB ' )

Anisotropic GW backgrounds have been considered
earlier. References [26-28] have proposed anisotropic
signals due to astrophysical sources, such as white dwarf
mergers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing of
the GW by (dark) matter as they propagate to us. This
would yield an independent measure of the matter power
spectrum. References [29,30] have studied inflationary
preheating as a source of very high frequency GW
wgw ~ MHz-GHz, although this is currently challenging
for GW detection. References [27,31-33] developed ana-
lytic frameworks for characterizing the anisotropies in GW.
References [27,34] applied their formalism to the case of
astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present Letter makes four main points. (i) First-order
PTs in multi-TeV extensions of the SM are a robust and
plausible source of anisotropic GW. (ii) The anisotropies
are almost completely primordial in nature, directly reflect-
ing the era of inflation. (iii) The GW anisotropies can
exhibit a variety of behaviors, including (5p/p)gw >
(6p/p)cmp and/or varying degrees of cross-correlation with
the CMB, sensitive to the nature of inflation and reheating.
(iv) Current cosmological data constrain the GW back-
ground, but nevertheless there is considerable scope for
detecting a range of possible anisotropies at the next
generation of detectors, including LISA.

There are three contributing processes to the GW signal
from PT: bubble wall collisions, sound waves, and mag-
netohydrodynamic (MHD) turbulence in the plasma. The
latter two mechanisms depend on more details of the
plasma and model specifics and are topics of active
research. Although simulation results suggest larger signals
are produced from sound waves and MHD turbulence
[13,35], here we focus on just the signal from the envelope
approximation of the bubble wall collisions [36], which is
currently better understood. Since we will in general be
considering challengingly small GW backgrounds and
anisotropies, this approach is quite conservative.

The energy in GW can conveniently be expressed in
terms of the energy in CMB photons today, p,,

2 2

oda 14 H

Paw = 0.06- (;T) Py (5)
total

as reviewed in Ref. [37,38] (we assume the bubble wall
moves at the speed of light, and all of the latent heat goes
into GW). Here, ppr is the energy density in the sector
undergoing the PT, Hpr ~ /G npiora 15 the Hubble expan-
sion rate at the time of the PT, and f = —S‘bounce at PT,
where Spounce 1S the tunneling bounce action, with

P few - 0(100). (6)

PT

This range is spanned by models in the literature with
strongly first-order PT [13]. The larger values in this range
are natural but the smaller values can arise with modest
tuning of microphysical couplings. We have assumed that
the PT remnants consist of just SM + dark matter
(DM) + GW, as motivated in extensions of the SM related
to the electroweak hierarchy problem (reviewed in
Ref. [39]) or electroweak scale baryogenesis (reviewed
in Ref. [40]). Clearly the largest signal would arise if
the entire contents of the Universe undergoes the PT,
Protal = PPT-

The GW frequencies are also redshifted [37,38], with
peak frequency

today ﬂ TPT
=0. Hz| — || = |-
oGy = 0.03 m Z<HPT> <TeV) (7)

For PTs at temperatures 7pp 2 10 TeV, most of the
integrated GW signal can fit in the ~1-10 mHz frequency
range covered by the LISA detector, and above its expected
sensitivity there (we assume the LISA proposal with SM
km arm length and 6 laser links [13]), 10_8py [13].

Let us now see how anisotropies arise in the GW signals
in the simplest scenario when there is a single source of
primordial adiabatic fluctuations. The CMB shows us that
temperature 7 is inhomogeneous in the Universe, a
redshifted reflection of inflationary quantum fluctuations.
This implies that these fluctuations would also necessarily
have been present during the PT as long as the “reheating”
temperature at the end of inflation satisfies 7., > Tpr.
Hence the PT occurs at slightly different redshifts in
different patches of the sky (see Fig. 1), generating a
nontrivial power spectrum in Eq. (3). This GW anisotropy,
CGVW, gives us a second copy of the CMB, reflecting their
shared origins. However these GW signals are created in
pristine form: the production is long before matter domi-
nation and the nonlinear growth of density perturbations.
Therefore, CSW is simpler and less processed than CSMB
because photons interact with the charged plasma, thereby
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FIG. 1. A sketch of the anisotropies in GW produced by a
cosmic PT. GW reaching the detector from different directions
now, were emitted from distant regions of the Universe long ago
when the temperature there was Tpr, and bubbles of the low-T'
phase were produced and collided in numerous Hubble patches.
This emitting surface (dotted purple) is not a perfect sphere (solid
grey) because of temperature inhomogeneties. GW from more
distant parts of the emitting surface will redshift longer than
GW from closers parts, giving rise to anisotropies in frequency
and power.

feeling effects such as baryon acoustic oscillations and Silk
damping at high ¢ [41]. In principle then, C?W 1S propor-
tional to the scale-invariant (SI) inflationary spectrum of
fluctuations, expressed in spherical harmonics. For exam-
ple, exact SI would correspond to

GV [e(e+ D (8)

but there will necessarily be small deviations directly
sensitive to the physics of inflation or reheating [25].
The only other corrections to SI are created by the peculiar
motion of the Earth, and subdominant gravitational effects
of matter on GW en route to us—the “integrated Sachs-
Wolfe effect” (ISW) [42,43]. Each of these is however
calculable.

Because we have assumed a single source of primordial
fluctuations, (3p/p)aw = (6p/p)cmp = 4.6 x 107> [44].
Furthermore the two anisotropies are strongly correlated
in angle: “hot” and “cold” regions of the CMB directly
overlap “hot” and “cold” regions in the GW background in
the sky, as is captured by measuring C“°*. As with the
CMB, the isotropic (£ = 0) piece of the signal will be seen
first. Turning to the anisotropy, Eq. (5) implies

H 2
Spgw = 2.8 x 107 (%) Py, 9)

assuming pi. = Ppr- Lhe range of models described by
Eq. (6) then overlaps LISA’s best sensitivity z10‘8py at

frequencies @’ ~ 1-10 mHz and low ¢ <10 (within

LISA angular resolution [45,46]). It is important that the
large isotropic component be cleanly subtracted from the
signal in making the anisotropic measurements. Note that
high 7 > 10 modes are more challenging, both because
they require higher angular resolution and because of the

CS¥ « 1/¢ (¢ > 1), Eq. (8).

Even if the anisotropies are below sensitivity and only
the isotropic component is detected at LISA, this would
specify precisely what type of future detector sensitivity,
angular resolution, and frequency coverage are needed to
fully exploit the valuable and robustly expected anisotro-
pies. If this turns out to be the case, there is a known
astrophysical foreground [47] from white dwarf mergers in
the LISA frequency range and at roughly LISA sensitivity,
which would become relevant for a higher-sensitivity
detector. However this should be subtractable from the
signal in looking for primordial anisotropies [48,49], in part
because the foreground will be dominantly from within our
Galaxy.

The simple scenario above, though well motivated, is not
the only option. Observable GW anisotropies can be
completely uncorrelated with the CMB, and they can also
have a larger contrast (5p/p)gw > 107>. The current
cosmological data constrain these different options, pri-
marily through the N ; and isocurvature bounds derived
from the Planck satellite CMB data [50]. These constraints
are based on the gravitational backreaction on the CMB
dynamics of the isotropic or anisotropic GW (as free-
streaming dark radiation). Roughly, the isocurvature con-
straint is on the anisotropy,

asymptotic falloff

Spaw < 10, (10)

while the N constraint (this constraint is usually cast in
terms of the effective number of additional neutrino
species, AN < 0.4 (20) [50-52]) is on the isotropic
signal,

pow < 0.1p,. (11)

GW satisfying these limits can easily be above LISA’s
sensitivity of 10‘8py (Refs. [29,30] have also discussed
larger contrasts appearing in high-frequency GW from
inflationary preheating, but have not analyzed the cosmo-
logical constraints on this scenario).

Detecting such GW backgrounds, either uncorrelated with
the CMB and/or having a larger contrast, would be important
because it would point to having two or more sources of
primordial fluctuations. We illustrate this with a simple
example within the inflationary paradigm, where the stan-
dard inflaton ¢ is accompanied by an “axionlike particle”
(ALP) (reviewed in Ref. [53]), a, lighter than H,,q,i0n > Tpr
(an ALP is basically a pseudo Nambu-Goldstone boson
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associated to spontaneous breaking of an approximate U(1)
global symmetry). Each of these fields develops approx-
imately SI quantum fluctuations during inflation, through
repeated production, 6¢, da, gy, @, ~ Hipgaion, followed by
redshifting. But crucially the fluctuations in the two fields are
completely uncorrelated. After inflation, ¢) and a can decay
and reheat lighter particles or fields. Consider the possibility
that it is the ALP that reheats some extension of the
SM + DM, which we will call the “visible sector” (VS),
while the inflaton reheats another “hidden” sector (HS) of
light particles which only couples to VS very weakly.
Therefore, the VS inherits the quantum fluctuations of a,
and the HS inherits the quantum fluctuations of ¢, so that the
fluctuations in the two sectors are uncorrelated. Because the
inflaton, by definition, carries the most (potential) energy
until the end of inflation, it can naturally dominate the
reheating process, so that pyg > pvg, with the parameters of
the inflaton or ALP dynamics and decay allowing a very large
range of ratios pys/pus-

Subsequently, the VS and HS redshift and cool, until the
PT is reached in the VS and GW are released. At some time
later, only bounded to be earlier than Big Bang
Nucleosynthesis (as reviewed in Ref. [54]), T ~MeV,
we take the HS particles to decay entirely into the VS,
via very weak couplings, leaving just the VS in thermal
equilibrium. This cosmological history is illustrated in
Fig. 2. Late-decaying HS decays to the VS have been
discussed earlier as an attractive setting for generating the
matter and antimatter asymmetry in baryons [55-57] as
well as for some variants of DM [58-60].

inflaton

(large 6p/p)

Log p

\,
N\,
phase ‘.
e ~,
transition e
AN
[ N

! gw |
1

-
———

Log (scale factor)

FIG. 2. Cosmological history of GW and CMB production and
fluctuations in the presence of a hidden sector. The inflaton (solid
black) reheats the HS (red) while an ALP field (dashed black)
reheats the VS (blue) in which the PT occurs. The HS particles
later also decay into the VS. The dashed lines can have large
contrast, 5p/p > (5p/p)cmp ~ 1075, while the solid lines have
dp/p <1073, saturated by the final VS (solid blue), which
contains the CMB itself. Depending on the respective sizes of
fluctuations in the inflaton and the ALP, the GW signal (gray) can
have different possible values of 8p/p and can be highly
correlated with the CMB fluctuations or relatively uncorrelated.

We now turn to the history of the primordial fluctuations.
Standard single-field inflationary dynamics readily accom-
modates small fluctuations imparted by ¢ decay to the HS,
say, compared to the CMB,

<5_p) <4.6x 1073,
P /) us

However, the ALP can easily give rise to larger contrast, as
follows. The field space of an ALP Goldstone boson is
compact, its size characterized by its “decay constant,”
fa- I fu > Higflaion, SO that the associated spontaneous
symmetry breaking has already taken place during infla-
tion, then it is natural for a to have a background value of
order f,, with quantum fluctuations da ~ H,faion- This
leads to

(12)

<5_,0> N(S_(l ~ Hinﬂation > 5% 10_5, (13)
Vs f

p a o

being satisfied for a broad range of parameters. Once the
VS undergoes its PT, it imparts its 6p/p to its low-T phase
as well as the GW,

(5—”) :<5—p> >35x 107,
P/ Gow P/ vs

But after HS decay to VS, we have

(14)

O = G + @R (19
while (5)pgw is unaffected, implying that today the CMB
has

(5p> oS
P/ cvB ﬂlﬁlesmre
before before
)G G 0
PHS P/ Gw P/ us
Here, we have used that pyg > pyg originally. We see
that we can easily reconcile (dp/p)oyp = 4.6 X 1072
with larger (8p/p)gw by having pyg > pys originally.
Furthermore, we see two different patterns depending on
whether the first or second term on the second line
dominates: if the first term dominates, then the CMB
and GW backgrounds are completely correlated, even if
(6p/p)aw > (6p/p)cmps While, if the second term domi-
nates, then the CMB and GW backgrounds are completely
uncorrelated. For instance, in the uncorrelated case, if the
effects of ISW were removed from the data, then the cross-
correlator would vanish, C% = (.
The separate evolution of the fluctuations in the VS and
HS clearly requires that the two sectors are substantially

decoupled. But minimally they must interact via gravity, as
well as by the requirement that the HS decays into the VS
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after the PT. One danger is that large fluctuations in the VS,
dpvys, can source spacetime curvature fluctuations, in turn
adding to dpyg beyond that inherited from the inflaton,
threatening the ability to reconcile the small CMB
anisotropy with large GW anisotropy in Eq. (16). This
danger is simply avoided by requiring that dpys < dpus
originally, even though (8p/p)ys = (6p/p)us- The second
danger is that HS-VS interactions may equilibrate the two
sectors before the PT. But the interaction rate per HS
particle can naturally be as small as the decay rate, which is
<Hpr, corresponding to decays after the PT. This then
ensures that the interactions are also ineffective in equili-
brating before the PT.

Note that the above mechanism for generating large
(8p/p)gw > 107> implies that the GW signal strength is
weaker than the minimal scenario of a single source of
primordial fluctuations, first discussed. This can be seen
from Eq. (5), which translates here to

Pcw ~ <'[ﬁ> 2pgf\1516-source' (17)
PHS

With the weaker signal, the Ny and isocurvature con-
straints, Egs. (10), (11), are automatically satisfied. There is
also an extra relative GW redshift, due to the final large
influx of energy from HS decay to the VS but not to GW,

1/4
[ PHs /
wGW,today ~ p @
VS

This GW signal can still be above future detector
sensitivity. For example, pyg = 0.5pzs would allow
(6p/p)gw to be comparable in magnitude with the CMB
and yet only partially correlated with it. For a PT with

?=10H3y, this gives an anisotropic signal, Spgw~107"p,,
above LISA sensitivity up to £ ~ few, with wgw =~ 1 mHz
for Tpr = 10 TeV. Alternatively, we can have larger GW
anisotropy  (8p/p)gw ~ 5 x 107, either correlated or
uncorrelated with the CMB, for pyg = 10pys. For a PT
with 2 = 100H3;, this gives an anisotropic signal,
opgw ~ 3 X 10‘9py, above the sensitivity of the proposed
Big Bang Observatory (BBO) [61] of 10‘”,0], (up to
¢ ~ 100, within BBO angular resolution [26]), with wgw ~
0.1 Hz for Tpr =200 TeV. An even weaker signal with
? = 10*H3; can still have fluctuations (5p/p)gy compa-
rable to the CMB and yet uncorrelated with it, with
Spow ~ 10719, still visible at BBO up to ¢~ 10.
Again, there are astrophysical merger foregrounds relevant
to LISA and BBO [47], but these should be predominantly
isotropic or subtractable [49]. But by frequencies wgw 2
Hz (for sufficiently high Tpy), these foregrounds are
essentially absent.

We have shown that stochastic GW from PT in exten-
sions of the SM can have observable anisotropies, giving

single-source
GW today ( 1 8)

valuable new insights into inflation and reheating.
Similarly, PT in completely hidden sectors [15] can also
give GW anisotropies. Beyond the two-point correlators
discussed above, it might eventually be possible to detect
three-point correlators, giving further information on infla-
tionary dynamics.
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