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Prominence as a discriminator of gravitational wave signals
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The concept of prominence is familiar to signal engineers, topographers and mountaineers. We introduce
Prominence P as a discriminator of gravitational wave (GW) signals. We treat black hole and neutron star
binaries as astrophysical background sources, and show how P can be used to distinguish between GW
spectra produced by first-order phase transitions, domain walls and cosmic strings, and combinations
thereof. Prominence can also be used to discriminate between these and off-piste sources of GWs. The
uncertainty in the measured energy density in GWs at pulsar timing arrays needs to be at the subpercent to
percent level for P to achieve discrimination at 36. LISA and ET data are expected to have sufficiently
small uncertainties that Prominence can play a central role in their analysis. We define and apply a y?
statistic based on an inner product in signal space to show that sources indistinguishable at 2¢ using the
signal-to-noise ratio can be distinguished using P with significances above and in some cases far above 3c.
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I. INTRODUCTION

Gravitational waves (GWs) constitute a powerful tool for
probing both the dynamics of the early Universe and
various astrophysical phenomena. In addition to transient
signals, such as those originating from binary black hole
mergers [1], a stochastic gravitational wave background
(SGWB) from the superposition of numerous unresolved
sources may be detectable [2]. Beyond the expected
astrophysical contributions, a cosmological component
may also be present. If detected, such a component could
serve as evidence for new physics beyond the Standard
Model [3].

Cosmological backgrounds can originate from processes
prior to the era of big bang nucleosynthesis at energy scales
that may far exceed the electroweak scale. Among the
possible sources, first-order phase transitions (FOPTs),
proceeding via bubble nucleation, generate GWs through
sound waves in the plasma, bubble collisions, and turbu-
lence [4]. Topological defects, such as cosmic strings
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(CSs), linelike false vacuum remnants formed after the
spontaneous breaking of a global or gauge symmetry, may
also produce GWs via the oscillation and decay of string
loops [5]. If instead a discrete symmetry is broken, domain
walls (DWs) are formed and their decay can similarly give
rise to a GW signal [6]. Another possible source arises from
standard inflation during which quantum fluctuations of the
metric generate tensor perturbations. These perturbations
are stretched to superhorizon scales and, upon reentering
the horizon, manifest as GWs.

Extensions of the Standard Model featuring new gauge
symmetries and extended scalar sectors predict such
cosmological GW sources. The same underlying sym-
metry-breaking mechanism responsible for a phase tran-
sition could simultaneously generate CS or DW relics [3].
Thus, a multipeak structure in the SGWB spectrum is
likely, underscoring the importance of observables capable
of discriminating between the components contributing to
these peaks. In this context, we introduce the concept of
prominence, a measure employed by topographers and
mountaineers to quantify the height of a peak relative to its
surrounding peaks. Unlike the absolute peak amplitude,
Prominence is sensitive to the shapes of both the back-
ground and SGWB peaks, offering the ability to distinguish
between different SGWB sources, which is not achievable
with only the signal-to-noise ratio (SNR).

The structure of this article is as follows. In Sec. II,
we introduce the concept of prominence. In Sec. III, we
discuss the SGWB spectra from CSs, DWs and FOPTs,
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scalar-induced GWs (SIGWs), and the expected astrophysi-
cal backgrounds. In Sec. IV, we describe the statistical
methods used to quantify the discriminating power of
Prominence and then present several illustrative examples.
We summarize in Sec. V.

II. PROMINENCE

Prominence, a concept originally designed for topo-
graphical applications, is a measure of how much a
mountain or hill rises above the surrounding terrain.
Formally, the Prominence of a peak is defined as the
height of the peak’s summit above the lowest contour line
encircling it that contains no higher summit within it. In a
broader context, Prominence also finds application in
signal processing. To compute the prominence of each
peak, we apply the following algorithm:

(1) In addition to the global maximum, identify all local

maxima.

[@)

(i)

(iii)

By convention, the window border is defined by the
edges of the plot. We modify the conventional
definition to one that is more suitable for our
application. We define the window border as the
horizontal segment between the points at which the
signal intersects the sensitivity curves of GW experi-
ments in the frequency-amplitude (f — h>Qgw)
plane. Select a peak and extend a horizontal line
on both sides of the peak maximum until it reaches
either the window border or intersects the signal at
the slope of a higher peak. These are shown as red
dot-dashed lines in the top panel (conventional
definition) and bottom panel (our definition) in
Fig. 1. An intersection with a degenerate peak height
is ignored.

On either side of each peak, find the minimum signal
in the interval defined by the corresponding red dot-
dashed line. These points define the two valleys of
the peak and correspond to either a minimum or a

log1g h*Qcw

FIG. 1.

Ilustration of Prominence in a multipeaked SGWB spectrum. Top panel: by convention, the edges of the plot define the

window border. Bottom panel: we define the window borders by the points at which the signal intersects the experimental sensitivity
curves; in this case for LISA [7] and ET [8]. The blue dotted lines indicate the bases of the peaks and the vertical dashed lines define the
Prominences. The labels correspond to two examples described in the text. Also shown is the LVK bound [9].
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signal endpoint on the border. The base of the peak,

indicated by the blue dotted lines in Fig. 1, is defined

by the level of the higher valley and is bounded by

the two valleys. The Prominence of the peak is the

height of the summit measured from the base, or

equivalently from the higher of the two valleys.
(iv) The Prominence of peak i is computed as

P; = log;o [2Q]; — logyo [R2QE%1,. (1)

which is defined to be O(1). Note that this procedure
ignores the signal beyond the endpoints, regardless of
its magnitude. In other words, the endpoints are always
treated as valleys relative to the neighboring peak. This is
reasonable given that an experiment is sensitive in a fixed
frequency range.

To make our discussion clear, consider two concrete
examples: peaks (1) and (2) in Fig. 1. We begin with peak
(2). Starting from the summit, extend a horizontal line
across the entire frequency range until it intersects either
the slope of a higher peak or a window border. This
corresponds to the second highest red dot-dashed line in the
figure. In the top panel, the window border is set by the
edges of the plot, so the line intersects the right edge of
the frequency window and defines a valley at (d). On the
left of the summit, the line intersects the right slope of peak
(1). In the bottom panel, the window is defined by the
segment between the points at which the signal intersects
the ET sensitivity curve. Then, the red dot-dashed line ends
almost on the ET sensitivity curve on the left, and close to
this curve on the right. The intersection of the signal and the
ET sensitivity curve on the right defines valley (d). Within
the frequency range covered by the red dot-dashed line, in
the top panel we identify two minima on the left of the
peak, labeled (b) and (c), while in the bottom panel we
identify only one minimum, labeled (c). In the top panel,
since (c) is lower than (b), it is the second valley. In the
bottom panel (c) is the second valley because it is unique.
The Prominence of peak (2) is the vertical distance between
the higher valley (d) and the summit. The base is marked by
the blue dotted line that passes through the higher valley (d)
and extends to the location of valley (c) in both panels.

For peak (1), begin by extending a horizontal line from
the summit. Because peak (1) is the highest peak, in the top
panel the (highest) red dash-dotted line intersects the
window border on both sides. In the lower panel, the
red dot-dashed line ends close to (but not on) the LISA
sensitivity curve on both sides. The two valleys are the
lowest minima on either side of the peak. In the top panel,
these correspond to (a) and (c). In the bottom panel, (b) is
the valley on the right of the peak, and valley (a) on the left
is the point of intersection of the signal and the LISA
sensitivity curve. In the top panel, since (c) is the higher
valley, it determines the base (blue dotted line) between (a)
and (c). In the bottom panel, since (b) is the higher valley, it

determines the base between (a) and (b). The Prominence is
the height of the peak from the base, or equivalently the
height of the peak from the higher valley (c), in the top
panel, and the higher valley (b), in the bottom panel. Note
that the Prominence of peaks (1) and (2) are different in the
two panels because of the difference in definition of the
window border.

Prominence is sensitive to both the background structure
and the shape of the signal, providing a more nuanced
measure than SNR.

III. ANALYTICAL TEMPLATES
FOR COSMOLOGICAL GW SIGNALS
AND BACKGROUNDS

A. Cosmic strings

Cosmic strings are linear accumulations of energy
formed during the spontaneous breaking of a continuous
symmetry in a phase transition [10]. For gauge symmetries,
CSs mainly decay via gravitational radiation, generating a
SGWB. Their gravitational interactions depend on a single
parameter, the string tension or energy per unit length y, set
by the symmetry breaking scale [11]:

@“wfﬁﬁﬁ)’ 2)

where v is the vacuum expectation value of the broken
phase, and the gravitational constant is G = 1/M?2, with
M, =122 x10" GeV the Planck mass.

The SGWB spectrum depends on the properties of the
CS network. The contribution of long strings stretching
across the Universe is generally smaller than that from
loops [12]. For oscillating loops, the spectral energy density
is a weighted sum over harmonic modes k:

8

:T]_I%(Gu)zfipkck(f)v (3)

Qcw(f)
where Hy = 100 hkm/s/Mpc is Hubble constant today.
The power emitted in mode k is [11]

k=4
Py = m (4)

with total power I~ 50 in units of Gu? [13], and ¢(q)
the Riemann zeta function. The index ¢ depends on the
emission mechanism: ¢ =5/3 for kinks, ¢ =4/3 for
cusps, and ¢ = 2 for kink-kink collisions. We only consider
emission from cusps because it is dominant. The weight
function C,(f) is defined as

2k [ dz 2k
w03 [ o (i ©) O
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FIG. 2. The orange dashed curve is the SGWB spectrum for DWs for spectral parameters b = 0.75 and ¢ = 1.65, and the gray band

corresponds to the DW spectrum for b€[0.5,1] and c€[0.3,3].

The DW parameters are log,o[€/GeV?] =27.36 and

logo[Viias/GeV#] = 19.15. The black dash-dotted curve is the GW signal from CSs with Gu = 10~!'!. The black dotted curve is

the SGWB for an FOPT with 3/ H (

T,)=50,T, =37.81 GeV, v,, = 1 and @ = 1.64. The black solid curve is the SIGW signal with

logjgA = —7.32, logo(f./Hz) = —6.59, agig = 1.21 and fgg = 2.78. The 15-year NANOGrav dataset is shown as gray periodo-
grams [18], and the LVK bound and sensitivities of various experiments are also shown.

where z is the redshift, n(l, t) is the loop number density
and 7(z) is cosmic time. Assuming a flat Friedmann-
Robertson-Walker cosmology, the Hubble parameter is

H(z)
H,

_ \/1 — Q= Qp + Q1+ 2)* + QpC(2) (1 + 2)*,
(6)

with Q,, = 0.3081 and Qg = 1.291 x 107 [14]. The
correction factor,

9.(z) (h.(2)\ ™3
C<Z) - G+« (h*(o)) <7>

arises from the varying relativistic degrees of freedom in the
early Universe. Here, g, and h, are the energy and entropy
d.o.f., respectively. Although C(z) varies with redshift,
fixing C = 0.8 is a good approximation in the frequency
range [1073,10] Hz [15].

Analytical approximations for the SGWB spectrum in
different frequency ranges are provided in Ref. [15]. In the
nHz range, relevant for pulsar timing arrays (PTAs), the
energy density spectrum is approximated by

32T / G 2
hZQGw( F)lpra #4.2 x 107 9<f> zn <10—ﬂ11>
yr

o) k—l7/6
X 8
Z (1 +2.075u;)9%¢(17/6) ®)
where f,, ~ 32 nHz and
289 f I' [ Gu
=——|—=]. 9
Tk £,,50 (10—“) ©)

Above a mHz, relevant for space-based and ground-based
detectors, the spectrum is approximately flat and given by

P2 Q6w () aser = 4.78 x 1075C+/Gp. (10)

B. Domain walls

If a phase transition spontaneously breaks a discrete
symmetry, domain walls form [10]. Cosmologically
stable DWs overclose the early Universe because their
energy density falls slower (~1/7), than radiation in the
radiation-dominated era (~1/¢*) and matter in the matter-
dominated era (~1/ ?). However, if the discrete sym-
metry is softly broken, the DWs become unstable and
collapse. These effects can be parameterized by an
explicit symmetry-breaking term that introduces a bias
in the potential, Vy;,, and lifts the degeneracy in the
vacua. The energy released during DW collapse is a
source of gravitational radiation.

Assuming DWs collapse approximately instantaneously
during the radiation-dominated epoch, the peak frequency
and amplitude of the SGWB today can be expressed as [16]

RAQPEK ~ 1.49 x 10710

1075\ /3 7/ EY3 \12 /107 GeV*\?2
“\ o 107 GeV Vo )

Foeak = 5.93 x 1076 Hz

107 GeV) 3/2 - 1/2
% 0 GC Vblas ’ (11)
g3 107 GeV*

where & is the surface energy density of the DW.
Throughout, we fix the number of relativistic d.o.f. to
g, = 106.75. We can express the GW spectrum as
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1 Qaw (f) = QG S/ fpeas): (12)
where § is a spectral smoothing function given by [17]

(a+b)°
(bf—a/c + afh/c)(r .

S(f) = (13)

Causality fixes a = 3, while numerical simulations allow
0.5 <b <1and0.3 < ¢ <3[17]. The parameter ¢ controls
the slope of the spectrum for frequencies above f,..x, and b
governs the slope below [ In Fig. 2, the gray band
shows the impact of varying b € [0.5, 1] and ¢ €[0.3, 3] on
the spectral shape, and the dashed orange curve corre-
sponds to the central values b = 0.75 and ¢ = 1.65, fixed
in our numerical analysis. For comparison, we also show
spectra for SIGW (solid black curve), CSs (dash-dotted
black curve), and an FOPT (dotted black curve).

C. First-order phase transitions

First-order phase transitions, from which cosmic strings
and domain walls may originate, produce GWs themselves.
These transitions occur as the Universe cools and the scalar
potential that governs the FOPT acquires a new global
minimum. The true and false vacua are separated by a
potential barrier, and transitions between them proceed via
quantum tunneling, thermal fluctuations, or a combination
thereof. During an FOPT, bubbles of the true vacuum
nucleate and grow, driven by the latent heat released in the
transition. These bubbles subsequently collide and merge,
eventually filling the entire Universe. The SGWB from an
FOPT is sourced by three distinct processes: (i) collisions
of highly relativistic true-vacuum bubbles; (ii) bulk fluid
motion in the form of sound waves; and (iii) magneto-
hydrodynamic turbulence. In our numerical analysis, we
only consider the sound-wave contribution, which often
dominates.

The dynamics of phase transitions can be described by
four thermodynamic parameters: (i) the phase transition
strength @, which measures the amount of latent heat
released; (ii) the bubble wall velocity »,,; (iii) the inverse
time duration of the FOPT normalized to the Hubble rate,
B/H(T,) and (iv) the temperature at which the phase
transition ends, 7,.

The sound-wave contribution to the SGWB spectrum is
modeled by a double broken power law [19],

Q%‘\};’\’(f’ Q%fl?fZ) = Qint X N<fi‘>nl

1

PG

SN

where the fixed fit parameters are n; = 3, n, = 1, n3 = =3,
a; =2 and a, =4 [19]. N is a normalization factor such
that [T S(f)dIn f = 1, where S(f) is the rhs/Q;,. The
geometric and thermodynamic parameters are related by

fl =~ 02H*Y0(H(T*)R*)_],
f2 = O-SH*,OA»;] (H(T*)R*)_l ’
Qi = 0.11Fgw oK*(H(T,)tsw)(H(T,)R,). (15)

where A, = |v,, — ¢,|/ max(v,, c;). We assume a speed
of sound ¢, =1/v/3 and fix v, = 1. In terms of the
inverse time duration, the average bubble size R, (T,) is
given by

H(T,)R,(T,) = (87)"/3 max(v,, c,) <H([;*)>_l. (16)

The lifetime of sound waves in units of Hubble time
is H(T,)rsw = min(2H(T,)R,(T,)/V3K, 1), where K =
0.6a/(1 4 a). The redshift factors are

_ g (TO\/o( T,
H.o~165%10" H
w0 % 165 x Z( 100 ) Gev )’

100 )1/3
9.(T,))

thGW,O ~ 1.65 x 10_5< (17)

D. Scalar-induced GWs

Scalar-induced GWs (SIGWs) are another possible
source of cosmological GWs. At linear order in cos-
mological perturbation theory, scalar and tensor modes
evolve independently. However, at second order, these
modes become coupled with each other. Therefore, large
first-order scalar perturbations can generate second-
order tensor perturbations. These tensor perturbations
appear as GWs when the scalar modes reenter the
horizon at the end of inflation [20]. To maintain a
model-independent approach, we consider the broken
power-law spectrum [21],

asig + Psig (18)

h2Q, =A R
ow(f) Bsic(f/fe)™ + agig(f/ fe)/se

where A is the amplitude and f. is the peak frequency.
The spectral indices agig and fg;g control the slopes for
f < f.and f > f., respectively.

E. Backgrounds

We describe the astrophysical backgrounds relevant to
our analysis. Note that different backgrounds apply in
different frequency ranges.
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FIG. 3. SGWB spectrum from ultracompact binaries in the

Milky Way. The gray points are digitized from Fig. 3 of Ref. [23].
The solid curve corresponds to n, = —7/3, the dashed curve to
ny = —2.293, and the dotted curve to ny, = —2.327. For all three
curves, the other parameters are fixed to the best-fit point of
Table II of Ref. [23], assuming an SNR threshold of 5 and median
smoothing.

1. PTA band (f < 10~7 Hz)

Supermassive black hole binaries (SMBHBs) are
believed to be formed from the merger of two galaxies.
The black holes of each galaxy become gravitationally
bound and form a binary system. Once they become suf-
ficiently close, GW emission becomes efficient. Binaries
with a combined mass in the range [10%,10'°|M are
expected to emit GWs in the [10~°,1077] Hz frequency
range [22]. In this narrow band, the spectrum follows an
approximate power law,

271'2142 f 5—7BHB B
o) =2 (L) e, (9)

where Agyp and ypyp determine the amplitude and tilt of
the spectrum, respectively. As in Ref. [18], we sample
(logio Agug, ¥eug) With a bivariate normal distribution,
whose mean and covariance matrix are

B —15.6
HBHB = 47 5

OBHB — 10_1 X < (20)

2.8 —-0.026
—-0.026 1.2

2. Interferometer band (10~5 Hz < f < 10° Hz)

In this band, two contributions dominate: an extraga-
lactic background from black hole and neutron star mergers
outside the Milky Way, and a galactic background from
ultracompact binaries within our galaxy. The spectrum of
the galactic background is modeled as [23]

W2QG (f) = f; (é) " [1 + tanh (fik“‘;i =/ )}

2
x e~/ h2Qq., (21)

where

logo(f1/Hz) = a;logo(Tops/year) + by,
logo(fxnee/Hz) = ailog (T ops/year) + by, (22)

with a; = —0.15, by = -2.78, a; = —0.34, b, = -2.55,
v = 1.66,and f, = 5.9 x 107*. These values correspond to
the best-fit point for an SNR threshold of 5 with median
smoothing (see Table II of Ref. [23]). We vary the
amplitude within log;o(h*Qgy) = —7.85 £0.21 [19],
assuming a Gaussian prior. We consider an observation
time T, = 4 yr. In Ref. [23], the spectral index is fixed to
ng = —7/3, with the mention that allowing it to vary could
lead to better fits. Keeping the other parameters fixed, we
vary n, to determine the range of values for which the
spectra fall within the gray band of Fig. 3 of Ref. [23]. Our
analysis yields n, = —2.33f8:851§ , as shown in Fig. 3. We
sample n, assuming a Gaussian prior.

2

logig (f/Hz)

FIG. 4. The main astrophysical backgrounds in the PTA and the interferometer bands. The dashed curve is the SMBHB background,
the blue dash-dotted curve is the galactic background, and the red dotted curve is the extragalactic background. The bands show the 1o

uncertainties.
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The extragalactic background follows a simple power
law [19],

R2QEN, = h2Qp, (f%) o (23)

Based on the results of Ref. [24], we sample log,( h*Qp,, =
—12.28 +0.17 and ag,, = 0.66 £ 0.34 assuming Gaussian
priors and reference frequency f,; = 107> Hz For fre-
quencies above 100 Hz, the supernova contribution impacts
the shape of the spectrum and induces deviations from
Eq. (23) [25]. However, this contribution is subdominant,
and we neglect it in our analysis.

In sum, the background spectrum for each contribution is
shown in Fig. 4. It is evident that the SMBHB template in
the PTA band does not match the backgrounds in the
interferometer band, despite the expectation that the
SMBHB contribution should extend to higher frequencies,
and eventually fall around 10 Hz; see Fig. 17 of Ref. [26].
This discrepancy arises because, in constructing the inter-
ferometer background templates in Egs. (21) and (23),
contributions from nearby, individually resolved SMBHB
sources have been subtracted. Consequently, the expected
background amplitude in the interferometer band is lower
than in the PTA band. We present our numerical results
separately for the PTA and interferometer bands.

IV. RESULTS

To quantify how Prominence can help discriminate
among different SGWB sources, we simulate datasets with
backgrounds varied within the previously mentioned
ranges. Each combination of background parameters pro-
duces a GW spectrum with a different shape and, con-
sequently, different values of Prominence. For each signal
hypothesis, we generate spectra by sampling the back-
ground parameters according to the distributions in Sec. III.
For each individual peak, we construct a probability density
function (PDF) of P corresponding to the sampled back-
ground spectra. This PDF characterizes the distribution of
Prominence values over the possible background realiza-
tions. If the GW spectrum has multiple peaks, multiple
values of P are computed for a given background, one for
each peak. We separately construct a PDF for each
individual peak and then sum the peak-specific PDFs with
equal weights. The resulting distribution is normalized such
that its integral over the full range of P is unity. This defines
the PDF for a spectrum with multiple peaks. We compute P
within the sensitivity regions of the LISA/ET/SKA experi-
ments. The bin size is selected to match the expected
uncertainties in the measurement of hZQGW, since P is a
relative measure of h’Qgyw and therefore sensitive to its
precision. Current parameter reconstruction techniques
utilized by LISA project the amplitude of a FOPT signal
to be determined with an uncertainty at the level of 1% to
2% [19], which we take as a reference range in our

numerical analysis. To determine p values, we employ
two different statistical tests: the two-sample Kolmogorov-
Smirnov (KS) test [27] and the Cramer-von Mises (CvM)
test [28].

The KS test statistic to evaluate the similarity of two
SGWB spectra measures the maximum difference between
the cumulative distribution functions CDF; and CDF, of
their P values:

KS = mfjlx|CDF1 (P) — CDF,(P)|. (24)
The CvM test statistic is defined as
CvM = /oo [CDF, (P) — CDF, (P)]deDFl (P). (25)
0

For both test statistics, the null hypothesis is that the two
distributions are identical, i.e., CDF;(P) = CDF,(P) for
all P. Accordingly, lower values of the test statistics
(corresponding to higher p values) indicate that the dis-
tributions are similar, while higher values of the test
statistics (lower p values) suggest large differences.

Throughout, we provide the SNR value of each spec-
trum, defined as

_ fu Q2 (f)
SR \/TObS /fmin df Qgens (f)’ (26)

where Qgw (f) is the SGWB spectrum (comprised of signal
and background) and Qg (f) is the expected experimental
sensitivity. The integration limits, f i, and f ... are set to
the limits of the experimental sensitivity curve. Since the
background is treated dynamically, SNR varies depending
on the specific choice of background parameters. To adopt
a conservative approach, we report the smallest SNR
obtained. All signals are chosen such that SNR > 10.

A. Impact of amplitude uncertainties

Effects like noise fluctuations can lead to less accurate
reconstruction of the underlying GW signal, which is
reflected in a larger relative amplitude uncertainty
AQ/Q. We therefore start by investigating how the uncer-
tainty in the GW amplitude affects the performance of our
Prominence-based discrimination method. Consider the
simplest scenario by comparing single-peaked GW signals
arising from FOPTs and DWs. We focus on the most
conservative case, where both the peak amplitude and
frequency are identical for the FOPT and DW signals.

When constructing the Prominence PDFs, we determine
the window border by the horizontal segment between the
points where the signal intersects the LISA sensitivity
curve. In each subpanel of Fig. 5, we present the PDFs of P
below the corresponding SGWB spectra. For these SGWB
spectra, the background parameters in Egs. (21)—(23) are
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logio h*Qaw

logio h*Qaw

FIG. 5.

— FOPT
DW

SGWB spectra and the corresponding PDFs of P. For the GW spectra, the background parameters are fixed to their central

values. Blue (orange) curves correspond to the FOPT (DW) source. The legend displays the p-values from the KS and CvM tests, the
measured uncertainty in #2Qgy. The minimum SNR of the two signals at LISA and ET are 22.1 and 102.3, respectively. The vertical
dashed lines indicate the Prominences of the peaks, and horizontal dotted lines mark their bases. Note how the discriminating power of P
changes with the uncertainty. Even for largely overlapping signals, a discriminating power above 95% CL can be achieved

for AQ/Q = 1%.

fixed to their central values. The blue curves correspond to
the FOPT, and the orange curves correspond to DWs. In all
panels, the DW signal is computed for log,o[£/GeV?3] =
26.86 and 10go[Vpias/GeV*] = 19.32. The FOPT signal is
determined with g/H(T,) = 100, T, = 1889.61 GeV and
a = 4.56 x 1072, The p values from the KS and CvM tests
and the percent uncertainties in 4*Qgy are displayed in
each panel. The minimum SNR of the FOPT and DW
signals at LISA and ET are 22.1 and 102.3, respectively.
The Prominences of the peaks are indicated by vertical
dashed lines, and their bases are marked by horizontal
dotted lines.

As a general trend, the p values from the KS and CvM
tests decrease as the uncertainties decrease. From panel (a),
which represents our most conservative case with a 5%
uncertainty in #>Qgy, we find that both the KS and CvM
tests yield large p-values (KS: 0.95, CvM: 0.17), which
indicates no statistically significant difference between
the FOPT and DW distributions. As panel (b) shows,
98.7% confidence level (CL) discrimination with the
CvM statistic is possible with a 2% uncertainty. For the
projected uncertainty achievable with LISA, AQ/Q = 1%
[panel (¢)], the distinction between the FOPT and DW cases
becomes more pronounced. Here, the CvM test returns a p
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TABLE I. Benchmark cases for the comparison of two-peaked
GW spectra. For each pair (—, —), the first (second) entry refers to
the source of the lower (higher) frequency peak.

Case Comparison

(FOPT, FOPT) vs (DW, DW)
(FOPT, DW) vs (DW, FOPT)
(FOPT, FOPT) vs (FOPT, DW)
(FOPT, FOPT) vs (DW, FOPT)
(DW, DW) vs (FOPT, DW)
(DW, DW) vs (DW, FOPT)

Tmg QW

value of 0.00045, so the two sources can be distinguished at
the 3.5¢ CL. Panel (d) presents results for an even smaller
value of AQ/Q. The discriminating power is further
enhanced as evidenced by a p value <5 x 1077, corre-
sponding to a significance greater than 4¢. This demon-
strates that Prominence provides robust discriminating
power between the FOPT and DW sources, even if their
SGWB peaks overlap.

We now extend our analysis to scenarios with two-
peaked GW spectra. As before, we focus on the case where
the peak amplitudes and frequencies of the DW and FOPT
contributions are identical. For a complete comparison, we
examine all possible combinations of the two spectra as in
Table I. Here, for each pair (—, —), the first (second) entry
refers to the source of the lower (higher) frequency peak. In
Fig. 6, we present plots similar to those in Fig. 5, for the
two-peaked GW spectra. The signal parameters for the first
peak are fixed as follows: for the DW spectrum, we set
log;o[£/GeV?] =27.36 and log;o[Vpis/GeV*] = 19.15;
for the FOPT case, we set p/H(T,) =50, T,=
37.98 GeV and a = 1.80. For the second peak, the DW
parameters are set to logo[€/GeV?] =27.36 and
10g10[Viias/GeV?] = 19.15, and for the FOPT spectrum,
the only change in the parameters for the first peak is
that T, = 1770.81 GeV.

In general, we obtain the smallest p values with the KS
test, which range from 4.2 x 107!2 (case B) to 1.3 x 107>
(case C). Clearly, the KS test indicates that Prominence is a
robust discriminator, effectively distinguishing between all
combinations of the two-peaked (FOPT, DW) spectra. In
contrast, the CvM test yields more conservative results,
with the largest p-value of 0.00065 for case C. In all cases,
the signals can be distinguished at greater than 3.4¢ with
the CvM test. This behavior can be understood from the
definitions of the KS and CvM test statistics in Eqgs. (24)
and (25). The KS test quantifies the maximum deviation
between the CDFs of the samples, making it particularly
sensitive to localized differences. In contrast, the CvM
statistic is a measure of the aggregate difference in the
CDFs over the entire P range, leading to more conservative
p values when there is substantial overlap in the distribu-
tions. To illustrate this, in Fig. 7 we show the CDFs for a

few benchmark cases. Panel (a) corresponds to the scenario
in Fig. 6(a), panel (b) to Fig. 5(c), and panel (c) to Fig. 8(b).
The Prominence axis is normalized (denoted 75) so that the
domain of each curve is the same for the different cases,
facilitating direct comparison. Since the KS statistic mea-
sures the maximum vertical distance between two CDFs,
the resulting p-value is highly sensitive to sharp, localized
variations in the CDFs. For example, in panel (a), although
the two distributions overlap below P ~ 0.4, they exhibit
large differences above it, which leads to a strongly
suppressed p value. In contrast, the CvM test integrates
the squared differences over the entire distribution, making
it less sensitive to localized features and more indicative of
global behavior. Consequently, in scenarios where sharp
features are absent, the p values from the CvM test tend to
be smaller than from the KS test. This is true if the
distributions exhibit a systematic shift or persistent
differences, in which case the differences between the
distributions span the entire range rather than being
localized, as in panels (b) and (c).

To conclude this section, we present plots in Fig. 8
similar to those in Fig. 6, but with the higher frequency
peak in the ET sensitivity band. For the ET signal, we set
log;o[£/GeV?] =34.02 and logo[Vyius/GeV?] = 32.46
for DWs, and /H(T,) = 50, T, = 3.70 x 10° GeV, a =
1.80 for the FOPT. We find that discrimination in the
signals is generally poor. For the KS test, even in the best-
case scenario (case A), the two-peaked GW spectra cannot
be distinguished with a CL exceeding 78%. However, in
several cases the CvM test yields superior discrimination
power compared to the KS test. This lack of sensitivity of
the KS test arises from the large extragalactic background
in the ET band, which dominates the DW and FOPT
signals. This is evident from the PDFs, which nearly
overlap at small P values and differ only in their height,
thus minimizing the differences in the CDFs and reducing
the discriminating power of the KS test. However, when
small differences persist over a wide range of P, the CvM
test becomes more sensitive, as in Fig. 7(c) and case C. For
larger ‘P values, which occur in the LISA band, the ability
to discriminate between the DW and FOPT sources
improves.

B. Impact of cosmic strings

Unlike GW signals from FOPTs and DWs, the GW
spectrum from CSs in the interferometer frequency band is
quite flat and may be confused with the GW background,
which motivates a closer treatment. Another aspect that
bears consideration is that since CSs are produced from
spontaneous breaking of a continuous symmetry, the
SGWB may have contributions from CSs and an FOPT.
Moreover, in many particle physics models, a discrete
symmetry may also be broken, producing a GW signal
from DWs as well. We therefore consider scenarios in
which CSs, FOPTs, and DWs produce a SGWB together.
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FIG. 6. Similar to Fig. 5 for two-peaked GW spectra with both peaks in the LISA frequency band. Each panel is labeled in accordance
with Table I. We have fixed AQ/Q = 1% based on the projected uncertainty achievable by LISA. Observe that P offers better
discriminating power compared to the case of the single-peaked spectra in Fig. 5.
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FIG. 7. CDFs as a function of the normalized Prominence P, which facilitates direct comparison between the different cases by
making the domain of each curve the same. In each panel we provide the associated p values for the KS and CvM tests. The dotted red
curves are the magnitude of the difference between the solid blue and dashed orange curves. Panel (a) corresponds to the scenario in
Fig. 6(a), panel (b) corresponds to the scenario in Fig. 5(c) and panel (c) corresponds to the scenario in Fig. 8(b). Although the CvM test
is usually more conservative than the KS test, it can give smaller p values than the KS test. Note how localized and global features in the

CDFs impact the relative size of the p values of the two tests.

It is important to note that for Prominence to serve as an
effective observable, the GW spectrum should have at least
one peak. Therefore, we select Gu values such that the CS
contribution is subdominant to the DW and FOPT peaks.
We superimpose the CS signal on the two-peaked spectra in
panel (a) of Figs. 6 and 8. The result is shown in Fig. 9 for
Gu = 107'* in the upper panels, and for Gu = 107!2 in the
lower panels. We find that a CS signal can enhance the
discrimination power of P, even if the CS signal is weaker
than the dominant backgrounds and FOPT/DW signals, as
illustrated in Fig. 9(a). This effect is more pronounced for
larger CS signals, as is evident from the lower panels,
where the CvM test yields lower p values compared to the
case with Gu = 1074, Recall that we are considering the
most conservative case in which the DW and FOPT peaks
overlap exactly.

To understand this behavior, we present in Fig. 10 the
PDFs for two-peak signals, comparing the scenario without
a CS signal (blue) to those including a CS signal (orange),
with Gu = 10~'* (top panels) and Gu = 1072 (bottom
panels). The left panels show the (DW,DW) case, and the
right panels show the (FOPT,FOPT) case. For (DW,DW)
with Gu = 10~'* the PDFs are essentially unchanged by

the CS signal and exhibit significant overlap, as indicated
by the relatively large p-value of the CvM test (0.65).
Similarly, for the FOPT scenario shown in panel (b), the
impact of the CS signal is small. The CS signal causes a
shift towards lower P values, although the distributions
overlap significantly for P < 0.8. This manifests as a large
p value of 0.34 for the CvM test. These results demonstrate
that while a subdominant CS signal does not affect the
global behavior of the PDFs, it produces localized
differences, as is evident from the small p-values for the
KS test. This effect is more pronounced in the FOPT case
compared to the DW case. The difference arises from the
large width of the DW spectrum, so that the CS contribution
has a small effect on the PDFs. For Gu = 107!? the impact
of CSs remains important, particularly for the FOPT case,
yielding KS p values of 3.5 x 107® for DWs and 1.2 x
1073! for FOPTSs. Note that the CS signal is flat and sizable
in the interferometer band. Therefore, for certain choices of
background parameters, the CS signal dominates the back-
ground. In combination with the fact that the Prominence
window is determined by the frequency range of the
sensitivity curves, this implies that P remains fixed,
generating the spikes in the PDFs in panels (c) and (d).
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FIG. 8. Similar to Fig. 6 for two-peaked GW spectra with the higher frequency peak in the ET frequency band. The discrimi-
nating power of P is reduced if the second peak lies in the ET frequency band because the large extragalactic background obscures
the signal.
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FIG. 9. Similar to Fig. 6 for a two-peaked GW spectrum plus a CS signal with Gu = 10~'* (upper panels), and Gy = 107! (lower
panels). In the left panels both peaks are in the LISA band, and in the right panels the higher frequency peak is in the ET band. A CS
signal can enhance the discriminating power of P by burying the background.

C. Prominence in the PTA band

We now examine the application of Prominence in the
PTA frequency band (f < 1077 Hz), with a focus on the
NANOGrav 15-year dataset [29]. To determine the best-fit
parameters for the DW, FOPT, and SIGW signals that
explain the NANOGrav data, we use PTArcade [30] in its
default ceffy1 configuration [31]. The expected contri-
bution from SMBHBs is also included, with their param-
eters sampled according to Eq. (20). In addition to the
NANOGrav signal, we also assess the prospects for future
experiments. We do not consider CS sources because as
shown in Ref. [29], GWs from cusps do not fully explain
the NANOGrav data.

In Fig. 11, we present the result of applying the same
methodology as in the interferometer band. In panel (a) we

show the SGWB spectrum for the DW and FOPT signals.
In panel (b), the bin width is the lo amplitude uncer-
tainty reported by the NANOGrav collaboration [29] at
f = 32 nHz. In panel (c), the bin width is chosen to be the
relative uncertainty expected from SKA observations of
200 pulsars over 20 years: AQ/Q ~ 10% [32]. We find that
current NANOGrav data are not yet precise enough for
Prominence to serve as an effective discriminator, yielding
p values of unity for both the KS and CvM tests. Similarly,
in its default configuration SKA will also lack the precision
required for Prominence to be a viable discriminator. As
shown in panel (d), the FOPT and DW signals can be
distinguished at 3¢ if AQ/Q = 0.13%.

In Fig. 12 we show the ability to discriminate an SIGW
signal from the DW and FOPT signals in Fig. 11, with the
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FIG. 10. PDFs of P, comparing two-peak signals without a CS signal (in blue) to that including a CS signal (in orange). In the upper
panels Gy = 1074, and in the lower panels Gu = 10~'2. The CS signal can bury the background and produce large local differences in
the PDFs, thereby yielding small p values for the KS test. The effect is larger for signals from FOPTSs than from DWs because the
spectrum from FOPTSs is narrower.
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FIG. 11. Panel (a) shows the SGWB spectrum for DW and FOPT signals in the PTA band. Panel (b) shows the P distribution based on
the uncertainties reported by NANOGrav [29], panel (c) shows results based on SKA forecasts, and panel (d) shows the minimum
uncertainty needed to discriminate between the two signals at 30. The current (NANOGrav) and projected (SKA) uncertainties in the
PTA frequency region are too large for P to be an effective discriminator. An uncertainty at the subpercent level is needed for a 99% CL
discrimination.

083048-14



PROMINENCE AS A DISCRIMINATOR OF GRAVITATIONAL ...

PHYS. REV. D 114, 083048 (2026)

---- FOPT
— SIGW

—8.75

-850 —8.25 -8.00 -7.75

logyo (f /Hz)

(Ao r o)
AQ/Q = 5.5%

—7.50 =7.25 =7.00

1024
R

@ 10

107!

0.0 0.1 0.2 0.3 04 05 0.6 0.7
P
(@)

— SIGW

—-8.75 =850 =825 -8.00 -7.75

logy (f/Hz)

(Ao 4 207)
AQ/Q = 4.4%

p—val(KS) = 8.2 x 10716

p—val(CvM) = 0.0017

=750 =725 —7.00

10t

PDF

107!

000 005 010 015 020 025 030
P

(b)

FIG. 12. SGWRB spectra in the PTA band and the corresponding PDFs. For the GW spectra, the background and signal parameters
have been fixed to the best-fit values obtained using PTArcade. The blue solid curves correspond to the SIGW source, and the orange
dashed curves correspond to the FOPT source in panel (a), and the DW source in panel (b). We set AQ/Q to the minimum uncertainty
needed to discriminate between the two signals at 30 with the CvM test. The larger amplitude uncertainties indicate that a SIGW signal
is easier to distinguish from FOPT and DW signals than from each other.

minimum experimental uncertainty required to achieve a 3¢
discrimination with the CvM test. We find that SIGW and
FOPT signals can be distinguished at greater than 3¢ with
larger uncertainties, an improvement with respect to the
FOPT and DW signals in Fig. 11. Similarly, the DW and
SIGW signals can be distinguished at 3¢ if AQ/Q = 4.4%.
SKA can achieve this sensitivity by observing ~600 pulsars
for 20 years [32].

D. Prominence versus SNR-based
signal discrimination

SNR can be used to assess whether two sources/spectra
are distinguishable by an experiment. Suppose that we want
to discriminate between the signal 4 background spectra,
Ql = QSIGI + QBkg and Qz = QSIGZ + QBkg~ Inspired by
waveform model analyses [33,34], we define the inner
product of the two spectra,

(Q]Q) = T / oo gpURBU) o)

fmin Qgens (f) ,

which reduces to (Q;]Q;) = SNR7? if the two signals are
identical; see Eq. (26). To quantify the difference between
the two signals we define the signal-space statistic,

7 =(Q —Q)Q — Q). (28)
which in terms of the mismatch,

(Q1|)

=l-— -,
Mo SNR,SNR,

can be written as

2> = (SNR| — SNR;)? + 2M,SNR,SNR,.  (30)
In the limit of identical signals, the mismatch vanishes and
x> = 0. In the opposite limit of no signal overlap, M, = 1
and y*> = SNR7 + SNRJ.

We apply this y? statistic to estimate the signal discrimi-
nation power of SKA and LISA, and demonstrate how
Prominence can aid in signal discrimination. We fit a fixed
Q; spectrum with Q, by varying Qg;g, and Qg,,. We then
employ P to distinguish between Q; and Q, if the
application of Eq. (30) finds them to be compatible with
each other at 2¢.

In the PTA band, we consider a fixed FOPT signal
corresponding to the one shown in Figs. 11 and 12, and a
fixed SIGW signal as shown in Fig. 12. In the LISA band,
the signal is fixed to the FOPT case shown in Fig. 5. These
are to be interpreted as the simulated signals detected. For
each of these signals, the background is also fixed as in the
corresponding figure. We use a Markov chain Monte Carlo
algorithm to scan over the astrophysical and cosmological
parameters of the simulated source and a hypothetical
source, as detailed in Table II, and select points with Ay?
(for each source) corresponding to the 95.4% CL (20)
threshold. Note that the best-fit y? is zero if the hypothesis
is the same as the simulated source. We require that the
background and the DW parameters b and ¢ fall within the
ranges specified in Sec. III. For the FOPT signals, we
require f/H(T,) > 1.

We present our results in Fig. 13. In panels (a) and (b),
the solid blue curves show the fixed FOPT plus background
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TABLE IL

Signals detected in the PTA and LISA frequency bands and the parameters varied for each hypothetical

source (and background), with the corresponding values of Ay? = y? — }(ﬁﬁn for compatibility at 2. We marginalize

over the background parameters.

Simulated source Hypothesis Signal parameters Background parameters ;{rznin Ay?
FOPT (PTA) DW Viiass €5 b, € ABHB, VBHB 0.13 9.70
FOPT (PTA) FOPT a,p/H(T,), T, ABHB, YBHB 0 8.02
FOPT (LISA) DW Viias» 5 b, € Qs W Qs 1y, Ay 0.90 9.70
FOPT (LISA) FOPT a,p/H(T,),T, Q1. W2 Q. Ny Oy 0 8.02
SIGW (PTA) SIGW asig, Bsig, A, fe ABHB> YBHB 0 9.70
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SGWRB spectra and the corresponding PDFs of P. The blue curves correspond to the fixed spectrum and the dashed orange

curves to the best-fit spectra. In panel (a) the background 4+ FOPT signal is fixed to the spectrum in Fig. 11. In panel (b) the
background + FOPT signal is fixed to the spectrum in Fig. 5, and in panels (c) and (d) the background + SIGW signal is fixed to the
spectrum in Fig. 12. Signals that cannot be distinguished at 2¢ using SNR can be distinguished using P at much more than 3¢ in

some cases.
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spectrum, and the dashed orange curves are the best-fit DW
spectra. In the PTA and LISA bands we use AQ/Q = 4.4%
and AQ/Q = 1%, respectively. We find that in the LISA
frequency band P exhibits strong discriminating power
even if distinct SGWB signals have similar SNRs within
20, while in the PTA band, the discrimination power is
poor. In the LISA band, the signals can be distinguished
with >99.5% CL, while the CvM test yields an even
stronger result. In particular, signals can be distinguished
with the KS test with a p value of 0.0013, which
corresponds to a 3.2¢ CL, while the more conservative
CvM test yields a p-value of 5.4 x 107!9, corresponding to
a 6.2¢ discrimination. Panels (c¢) and (d) show the case
where a fixed SIGW signal in the PTA band is fitted with an
FOPT and DW signal, respectively. We find strong dis-
criminating power, with p values from the KS test as low as
6.4 x 107> for SIGW versus DW (corresponding to 4¢) and
0.00011 for SIGW versus FOPT (corresponding to 3.870).
The CvM test can distinguish signals with a significance
greater than 2.9¢.

The comparison presented here is intended to demon-
strate that Prominence can provide spectral-shape informa-
tion lost in the SNR. By encoding information about both
the overall signal strength and the spectral shape,
Prominence can help lift degeneracies between hypotheses
with comparable significance according to SNR.

E. Direct hypothesis testing with Prominence

Only a single value of Prominence is obtainable from the
GW spectrum reconstructed from an experimental dataset.
Another way to assess its discriminating power is to
compare this extracted value with the PDF distributions
corresponding to different signal hypotheses.

As an illustration, consider the PTA spectra in Fig. 13.
We suppose that the reconstructed signal matches the
simulated source. The reference hypothesis H, is FOPT
in panel (a) and SIGW in panels (c) and (d). The other
source in each panel is the signal hypothesis H;. We
evaluate the p value for the P PDF for 'H, (by varying the
signal and background parameters) given the measured
value of P:

Fig.13(a): p — value(H, = DW|H, = FOPT) = 0.027,
Fig.13(c): p — value(H, = DW|H, = SIGW) = 0.41,

Fig.13(d): p — value(H; = FOPT|H, = SIGW) = 0.091.

The discrimination for the case in Fig. 13(a) improves and
the discrimination for the cases in Figs. 13(c) and 13(d)
worsens. The p value depends on how well within the PDF
of H; the value of P for H,, is contained. If it lies in the tails
of the PDF, the p value is smaller than if it is more central.
Only the sources in panel (a) can be distinguished at more
than 95% CL.

V. SUMMARY

We have introduced and demonstrated the effectiveness
of Prominence, a concept originally developed in
topography and signal processing, as a powerful and
model-independent discriminator of SGWB sources. By
quantifying the relative height of spectral peaks with
respect to their surrounding features, Prominence is sensi-
tive not only to the absolute peak amplitude but also to the
overall shape of the signal. Our analysis focused on SGWB
sources such as FOPTs, DWs, CSs and SIGWs, although
the methodology can be readily extended to other sources.

Employing statistical CvM and KS tests on Prominence
CDFs, we showed that this observable can effectively
distinguish between GW signal arising from different new
physics, even under the most conservative assumption that
their peak amplitude and frequency are identical. This result
holds for both single-peaked and multipeaked spectra.

As arelative measure of GW amplitude, the effectiveness
of Prominence depends on the precision with which h2Qgyy
can be determined. We find that better than 3¢ discrimi-
nation is possible if the fractional uncertainty AQ/Q < 1%,
a level expected for LISA [19]. In contrast, SGWB signals
in the PTA frequency band (f < 1077 Hz) are subject to
much larger uncertainties (AQpra/Qpra ~ 10%-50%),
which significantly limits the discriminating power of
Prominence. We estimate that AQprys/Qpra ~ 0.1%-6%
is needed for Prominence to distinguish signals at 36. A
few percent uncertainty may be achieved by SKA with
observations of several hundred millisecond pulsars over a
20-year period. It is also worth noting that the large
extragalactic backgrounds in the ET band obscure some
of the spectral features that distinguish FOPT and DW
signals, making them appear more similar and weakening
the discrimination power of Prominence.

We also find that GWs from CSs can, in some cases,
enhance the ability to discriminate between FOPT and DW
signals. While the global behavior of the PDFs remain
similar, large localized differences enhance the discrimi-
nation power. This effect is generally more pronounced for
FOPTs, as they tend to produce larger Prominences due to
their narrow peaks, resulting in CDFs that are more
sensitive to the presence of CSs.

To explore scenarios in which signal discrimination with
SNR is challenging, we studied signals with small SNRs
and substantial overlap. This is motivated by the fact that
for signals with sufficiently large SNRs (as in Fig. 6) and
small reconstruction uncertainties of ~1%, SNR alone may
serve as a robust discriminator. In contrast, if the uncer-
tainties are large enough that the SNRs expected from two
sources are nearly equal, P becomes particularly valuable,
effectively distinguishing between them even when their
overlap would render a traditional SNR-based approach
inconclusive. Thus, Prominence provides its greatest dis-
criminating power precisely when signals are significantly
degenerate, with similar spectra and relatively small SNRs.
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