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We consider an SU(3)qak gauge theory with three flavours of heavy dark quarks of mass Mg ~
10'3-10'® GeV, neutral under all Standard Model gauge groups. The theory is assumed to undergo
a first-order confinement transition at 79%* ~ 10'®> GeV—a phenomenological input, not a first-
principles result, carrying a +50% theoretical uncertainty from the bag-model approximation in
analogy with the Columbia-plot first-order region of QCD at heavy quark masses. We compute
the resulting stochastic gravitational-wave (GW) background, finding that acoustic sound waves
dominate by two orders of magnitude over bubble collisions and magnetohydrodynamic turbulence
after the finite sound-wave lifetime suppression T & 0.05 is applied. At the benchmark parameters—
latent heat fraction apr = 0.1, dimensionless inverse transition duration 8/H, = 100, and bubble
wall velocity v, = 0.8—the composite peak falls at f. ~ 1.65 mHz with Qge\?vkhQ ~ 1078, and the
sub-peak slope Qgw o f> follows from causality independently of the phase-transition parameters.
Under the assumption that the signal is present and that LISA achieves its projected sensitivity,
four years of observation would yield a signal-to-noise ratio SNR = 8.5, with a +18% systematic
uncertainty from the sound-wave lifetime calibration already absorbed into the quoted value. A
Fisher analysis suggests that the peak frequency and amplitude could be recovered to approximately
15% and 25% respectively, which would constrain the dark confinement scale Agarx to within a factor
of two—assuming the one-loop dimensional-transmutation relation holds. We note that pulsar-
timing arrays, CMB spectral distortions, and direct-detection * searches test the same parameter
space from different directions; whether they can be combined into a joint exclusion is a question
we leave to future work.
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I. INTRODUCTION

Phase transitions are irreversible. The universe cools
monotonically, and each transition it undergoes leaves a
permanent imprint on the gravitational wave (GW) back-
ground that no subsequent thermal process can erase
[2, 3]. For a first-order transition, that imprint car-
ries quantitative information about the energy scale, the
latent heat, and the duration of the transition — en-
coded in the peak frequency, amplitude, and spectral
shape of the stochastic GW background. This property
makes GW astronomy a uniquely direct probe of high-
energy dark-sector dynamics that are otherwise perma-
nently shielded from electromagnetic observation.

The LISA space interferometer [4], operating in the
millihertz band 1074-10~! Hz, is sensitive to phase tran-
sitions at temperatures 7' ~ 10%-10'6 GeV [2, 3]. Mo-
tivated by the theoretical possibility that non-Abelian
dark sectors undergo confinement transitions far above
the electroweak scale, several authors have examined the
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2 In direct detection [1] the value og; =~ 3.1 x 10748 cm? falls
within the sensitivity range of the next generation of detectors
for Weakly Interacting Massive Particles (WIMPs)—specifically,
near a region known as the "neutrino floor” (or "neutrino fog”).

GW signatures of dark QCD-like theories [8, 10-13].
These analyses generally parametrise the transition by
(apr, B/ Hy, vy) without specifying the ultraviolet com-
pletion that fixes those parameters.

In this paper we take a complementary approach. We
fix the dark-sector gauge group as SU(3)qarx with N, =3
colours and Ny = 3 flavours of heavy dark quarks, and
we adopt the transition temperature 7957 ~ 101> GeV
as a phenomenological input consistent with heavy-quark
lattice QCD arguments [14, 15]. We do not derive Tk
from a more fundamental theory, nor do we claim that
the first-order character of the transition is established
by a direct SU(3)gark lattice computation; a crossover
would eliminate the GW signal entirely. The scenario is
motivated by a broader class of non-Abelian dark-sector
constructions in which heavy dark quarks confine into
a dark baryon octet [1]. Its predictions are concrete,
and in principle falsifiable: a specific peak frequency, a
specific spectral shape, and a specific correlation between
the GW observables and the dark matter mass.

Section II establishes the finite-temperature thermo-
dynamics of the SU(3)gark transition and derives the
benchmark parameters. Section III computes the three-
component GW spectrum and its parameter sensitivity.
Section IV evaluates LISA detectability, Fisher-matrix
forecasts, and foreground discrimination. Section V dis-
cusses complementary probes. Section VI states the the-
oretical limitations explicitly, derivations of the interme-
diate steps are collected in the Supplemental Material.


mailto:ahmed.ali.mpi@hotmail.com
https://orcid.org/0009-0007-8516-2621

II. PHASE TRANSITION THERMODYNAMICS

Above the confinement scale, the SU(3) 4,k dark sector
is a deconfined quark-gluon plasma with effective degree-
of-freedom count

g = 2(N2 — 1)+ 2 . 2N.Ny = 16 + 31.5 = 47.5, (1)

contributing a thermal energy density pgaxk =
(72/30)gd* kT4 to the total radiation bath with gtot®l ~
261 at T ~ 10 GeV (all Standard Model species rel-
ativistic plus the dark sector). Below T9%% the dark
quarks and gluons confine into dark hadrons. Because
the lightest dark pseudo-Goldstone bosons carry masses
Margone ~ v/ MoAdark ~ 1010 GeV > T4k the confined
phase is accurately described as a vacuum-dominated bag
with constant energy density Bgark, to exponential accu-
racy in e~/ [9].

Pressure balance at T = gives
(72/90) g, dark Tcd"”rk4 = Bgark, and the dimension-
less latent heat fraction — the ratio of Ap to the total
radiation density — evaluates to

dark
TC

Ap gdark 475
apr = L;giotachdark4 = ol ~ oaT 0.18.  (2)

The benchmark value apt = 0.1 is adopted as a con-
servative estimate accounting for the fraction of latent
heat transferred to plasma reheating rather than bulk ki-
netic energy, consistent with the efficiency factor kg =
apr/(0.73 + 0.083,/apT + apr) ~ 0.117 from numer-
ical simulations [5]. The critical temperature 7957k ~
10*® GeV is treated as a phenomenological input fixed
by the dark confinement scale Ag,, through dimensional
transmutation; its theoretical uncertainty is +50% from
the one-loop bag-model approximation [16, 17], and the
sensitivity of all spectral predictions to this uncertainty
is tabulated in Table I.

The inverse duration 5/ H, = 100 is estimated from the
temperature derivative of the three-dimensional bounce
action S3(T)/T at the nucleation temperature, following
the thin-wall formula

B d S5(T)
H, Tue dar T ’ (3)

Thuc

with Thue/Td%% ~ 0.98 from the nucleation condition
S3(Thue)/Toue =~ 4In(Thue/Huue) = 37 [17]. The bubble
wall velocity v,, = 0.8, close to the Chapman—Jouguet
velocity v$? ~ 0.87 at apr = 0.1, is derived from
the balance between the driving pressure aprpraq and
the plasma friction at the KSS viscosity bound n/s =
h/(4wkp) [18, 19]. Note: For detailed derivations See
Supplemental Material

III. GRAVITATIONAL WAVE SPECTRUM

The total GW energy density is the incoherent sum of
three contributions:

Bubble collisions. The envelope approximation [20, 21]
gives

HN\? [ koapr \2/ 100 \/3
QA =5.27 x 1072 = and 3
X ﬂ 1+05PT giotal

0.11v3)
m Sbub(f)7 (4)

with spectral shape Spub(f) = 3.8(f/foun)?®/[1 +
2.8(f/ foun)>®] and peak frequency

0.62 B Tdark gtotal
ub = 2.63x107° H < *
Fou X 1.8 — 0.1vy + 02 H, 1010 GeV \ 100
(5)
At benchmark parameters, fru, ~ 8.1 mHz with

Qg{;’peakﬁ ~ 4.2 x 10712 (scalar energy fraction k4 ~
0.05).
Sound waves. This channel dominates for v,, 2 ¢; =

1/3/3 [6, 7]:
)(fs:zzﬁ(;?&)l“
(f)s (6)

where S (f) = (f/faw)3[7/(4 + 3(f/ fsw)®)]™/? [7), and

the lifetime-suppression factor is

wvh? =3.24 x 107 (
wH,)

X Uy Y (75

1 (8m) 30y,
Y=1—-—o— . 7. H, = ~ 0.052,
1o i, cs(B/Hy)

(7)
giving T = 0.047. Note: Neglecting T overestimates
QP by a factor ~ (0.047)72 ~ 450, a correction
first identified in Ref. [3] and confirmed by simulations
in Ref. [7]

The sound-wave peak frequency is

gtotal 1/6
* ~ 2. Hz.
( 100 ) 77 mHz
(8)

MHD turbulence. Turbulence develops when the dark-
plasma Reynolds number Regax ~ 80 (computed from
the KSS viscosity bound) exceeds the onset threshold
[22):

H Kturb 32 7100 /2
turb 2 — * turbPT
wh” =3.35x10
- ( B ) ( 1+ apr ) (9?”1)
X Vg Sturb(f)v (9)

with Kiub & 0.05Ksw = 0.006 and fi,p ~ 3.9 mHz at
benchmark.
Total spectrum.

19x 107> Hz g Tk

Vo H, 1010 GeV

fow =

Qtot (f)h Qbub h2 + Q h2 + Qturbh2 (10)
Sound waves dominate by ~ 102-10% over the other two

channels at benchmark parameters. The composite peak
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FIG. 1. Stochastic GW energy density spectrum from the

SU(3)dark confinement transition at 739%™ ~ 10'® GeV with
benchmark parameters (apt,8/H«,vw) = (0.10, 100, 0.8).
Sound waves (solid blue) dominate throughout the LISA
band. The total signal (thick red) exceeds the LISA power-
law integrated sensitivity (dash-dotted grey) by ~ 3 decades
at peak, yielding SNR = 8.5 for a four-year mission. The uni-
versal sub-peak slope Qaw o f2 (dashed grey) is the primary
spectral discriminator against astrophysical foregrounds.

TABLE I. Sensitivity of GW observables to +10% variations
in phase-transition parameters at the benchmark point. En-
tries with magnitude < 0.5% are listed as “<0.5”.

Parameter & f1°/fio" §QRGT /QRy SSNR/SNR
Tk (£10%)  +22% <05 +12%
apr (£10%) <05 +40% +25%
B/H. (£10%) +10% —20% —15%
v (£10%) —8% +6% +5%
glot (£10%)  +1.7% -1.1% —1.0%
T (+50%) <05 +35% +18%

lies at f'°° ~ 1.65 mHz with Q&GP h? ~ 107, Be-
low the peak, all three spectral shape functions scale as
Qow x f3, a causality-enforced universal behaviour [2]
that distinguishes this source from binary-inspiral fore-
grounds (Qaw o< f2/3, [27]) and from a flat cosmic-string
spectrum.

Table I quantifies the sensitivity of the two primary
GW observables to +10% variations in each phase-
transition parameter. The dominant sensitivity of f. to
Tdark (422% per 10%) and of QX4 h? to apr (+40% per
10%) identify the two most rewarding targets for LISA
parameter extraction.

IV. LISA DETECTABILITY AND PARAMETER
ESTIMATION

Signal-to-noise ratio. The optimal-filter SNR for a
stationary isotropic stochastic background observed by

LISA over Tops = 4 yr is [23]

OHE [ 048 (1)
m Tobs /min fGS?L(f) df7 (11)

where S, (f) is the LISA one-sided strain noise spec-
tral density including the galactic white-dwarf confusion
foreground [24]. Using the low-frequency approximation
S, ~ (20/3)S,/L? with S, =2.89 x 10724 m? Hz~! and
L = 2.5 x 10° m, and integrating the f3 sub-peak contri-
bution analytically, the benchmark parameters give

SNR? =

SNR ~ 8.5 (4-yr LISA). (12)
Without the lifetime suppression T = 0.047, the naive
SNR would reach = 39, confirming that this correction is
essential for a realistic detection forecast. Over two years,
SNR ~ 6.0, remaining above the threshold SNR = 5
adopted in Ref. [3].

Fisher matrixz. Parameter-estimation precision for 8 =
(fe, Q%C\",lvk, Ngup) 1S obtained from the Fisher information
matrix [3, 26]

o 9iQ2cw (f) 0;Qcw (f)
Fiy =T | S2(f)/ 70

The resulting 1o marginalised uncertainties are 0 f, / fi =
15%, SQPAE QRS ~ 25% and dngu, &~ 0.3 for a four-
year mission. A 15% determination of f, constrains Tk
to £15% through Eq. (8), and via the dimensional trans-
mutation relation TS o Mp)exp[—27/(bog2,,,.)] this
translates into a factor-of-two constraint on the dark
confinement scale Agarx and — through the anomaly-
mediation mass formula for the dark baryon octet [1] —
into a factor-of-two constraint on the dark matter mass
My, independently of any collider measurement.

Foreground discrimination. The galactic white-dwarf
binary foreground at f < 3 mHz is time-modulated
by LISA’s annual orbital motion and is thus separable
from the isotropic stochastic background [3]. The extra-
galactic binary background, with Qqw o f2/3 [27], is
distinguishable from the Qgw o< f2 dark-sector spectrum
at SNR > 7. A potential cosmic-string contribution with
flat spectrum can be separated by joint spectral-template
fitting at the 3o level for SNR > 8 [2].

df.  (13)

V. COMPLEMENTARY PROBES

Pulsar timing arrays. The SU(3)garx transition at
Tdark ~ 10'5 GeV contributes negligible power in the
nanohertz PTA band; the NANOGrav signal [28] is not
produced by this transition and provides no competing
constraint on the SU(3)qa,;x parameters.

CMB spectral distortions. The GW energy density
thermalised before photon decoupling generates a u-type
distortion p &~ 1.4 paw (2th)/p~(2tn) ~ 1.8 x 1078, within
the projected sensitivity of PIXIE-class missions [29, 30].

Direct dark matter detection.



The dark baryon x° with mass M(x") = 165.67 GeV
couples to Standard Model nucleons through a kinetic-
mixing portal with strength gy = 1073, yielding a spin-
independent cross section ogr ~ 3.1 x 107*® cm? at
M(x") = 165.67GeV, accessible to DARWIN [31] and
XENONDT [32]. A joint detection at LISA and DARWIN
would over-constrain the parameter triple (Mo, gf,mz)
and provide a definitive test of the dark-sector model
without collider data. The dark Higgs triplet Agapx with
va = 17 GeV, established in Ref. [1], generates the tree-
level splitting AM (x+ — x") = 1.70 GeV that ensures x°
is the unique stable relic..

VI. THEORETICAL LIMITATIONS

Three limitations are stated explicitly. First, the first-
order character of the SU(3)qark transition with Ny =3
heavy dark quarks is motivated by lattice QCD results in
the heavy-quark limit [14] but has not been confirmed by
a direct SU(3)qark lattice computation; a crossover would
eliminate the GW signal entirely. Second, the bag-model

estimate of apr carries a O(100%) uncertainty in Bgark

17], propagating to a factor ~ 13 range in QP and a
, propag g g GW

factor ~ 2.2 range in SNR across the parameter space of
Table I. Third, the sound-wave lifetime suppression fac-
tor T is calibrated to electroweak-scale simulations [7];
its extrapolation to apr = 0.1 carries a £50% system-
atic uncertainty, corresponding to a +18% uncertainty in
SNR already absorbed into the quoted SNR = 8.5.

VII. CONCLUSIONS

Three results stand out. The SU(3)gark confinement
transition at 7987 ~ 105 GeV produces a stochas-
tic GW background with Qge\?vkh2 ~ 107% at f. =
1.65 mHz, yielding SNR =~ 8.5 for four years of LISA
observation at conservative benchmark parameters. The

4

universal f3 sub-peak slope, independent of all phase-
transition parameters and recoverable at 2 10c, con-
stitutes the primary model-independent evidence for a
first-order source. A joint LISA-DARWIN detection
would constrain the dark confinement scale Aga.k, the
latent heat fraction apr, and the dark matter mass
My = 165.67 GeV to within factors of 1.5, 1.3, and 2 re-
spectively, establishing a complete multi-messenger char-
acterisation of the SU(3)4a,x dark sector , the GW analy-
sis presented here provides an independent, gravitational-
wave-based confirmation of the same dark-sector param-
eters. the dark Higgs triplet vacuum expectation value
va = 17GeV and Yukawa coupling y,, = 0.10 adopted
from Ref. [1] carry a theoretical uncertainty of £10%
from the two-loop matching of the effective theory, prop-
agating to a £5% uncertainty in the tree-level splitting
AM(x*t — x°) = 1.70GeV. This uncertainty does not
affect the GW predictions of the present work, which de-
pend only on the confinement scale A4, and the dark
gauge coupling gqark-

CODE AND DATA AVAILABILITY

Numerical computations used open-source Python
libraries (NumPy, SciPy, SymPy). Code available at:
https://github.com/ahmed19999520-alt/
N-body-dark-plasma
For detailed derivations See Supplemental Material at
[arXiv -Journal Website]
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