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In this paper, we investigate the generation of gravitational waves (GWs) from a first-order QCD
confinement-deconfinement phase transition under an external magnetic field from holography. We
analyze the GW spectra across both hard-wall and soft-wall models for Jouguet detonations and
nonrunaway scenarios. Our results indicate that increasing the magnetic field shifts the spectral peak
to lower frequencies. The predicted GW signals are potentially detectable by observatories such as IPTA,
SKA, BBO, and NANOGrav. Decomposing the spectra reveals that sound waves typically dominate the
signal around the peak frequency, bubble collisions prevail at spectral extremities, and the contribution
from magnetohydrodynamic turbulence is significant only for nonrunaway bubble scenarios at high
frequencies. This work suggests that magnetized QCD phase transitions are viable cosmological sources
for observable GW backgrounds, offering a potential pathway to constrain primordial magnetic fields

through future pulsar timing array observations.
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I. INTRODUCTION

The detection of gravitational wave (GW) signals at
LIGO [1] has opened an unprecedented probe into strong-
field gravity and cosmic evolution. Concurrently, the pur-
suit of a stochastic gravitational wave background (SGWB)
in the nanohertz regime has progressed significantly, driven
by pulsar timing array (PTA) collaborations [2-6]. The
sources of gravitational waves can originate from astro-
physical or cosmological phenomena [7]. Among the
plethora of potential cosmological sources for this signal,
first-order phase transitions in the early Universe are
particularly compelling candidates [8—11].

A prime candidate for such a cosmological first-order
phase transition is the QCD confinement-deconfinement
transition [12-14]. As the Universe cools through this
scale, a violent first-order transition involving bubble
nucleation, expansion, and collision can generate a sig-
nificant SGWB via three primary mechanisms: bubble wall
collisions, sound waves in the relativistic plasma, and
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magnetohydrodynamic (MHD) turbulence [15-25]. A
first-order phase transition is characterized by the coexist-
ence of two local minima of the free energy across a finite
temperature interval. Within this regime, the scalar field
may transition into the new phase via quantum tunneling or
thermal activation, initiating the nucleation of bubbles in
the symmetry-broken phase. These bubbles subsequently
expand, merge, and collide in a highly dynamic and
inhomogeneous manner. Such a violent spacetime disturb-
ance serves as a potent source of gravitational wave
radiation. The characteristic frequency of this signal nat-
urally aligns with the PTA observational window [26-28].

One critical factor is the potential influence of a magnetic
field, which was produced in the heavy ion collisions and
the early Universe [29-31]. The impact of strong magnetic
fields on the QCD phase structure is profound and non-
trivial. Lattice QCD simulations reveal the phenomenon of
inverse magnetic catalysis [32-34]. This stands in contrast
to magnetic catalysis predicted by many effective models
and early holographic approaches [35-38]. Understanding
this interplay is essential not only for mapping the QCD
phase diagram under extreme conditions [39—43] but also
for accurately predicting the resulting gravitational wave
signature. The magnetic field modifies the thermodynamics,
transition dynamics, and plasma properties, thereby imprint-
ing distinct features on the SGWB spectrum [44,45].

In recent years, the investigations of gravitational
waves by using the AdS/CFT correspondence [46—48] have
attracted much attention. The authors of Refs. [49-51] have
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studied the GWs within the AdS/QCD. Further analyses
have discussed the effect of finite chemical potential on the
GWs under varied bubble wall velocities [52]. The influ-
ence of coupling corrections on the GW spectrum has
been systematically investigated in [53,54]. The GW
production associated with the QCD phase transition has
also been studied in the holographic QCD models [55-60].
Additionally, the impact of gluon condensate and hyper-
scaling violation on the GWs has been studied in [61,62],
respectively.

In this work, we investigate the stochastic gravitational
waves generated by a first-order QCD confinement-decon-
finement phase transition in the presence of a strong
external magnetic field from holography. We employ the
bottom-up holographic framework, building upon the
magnetized black hole solutions [63,64] and incorporating
a phenomenological dilaton to model confinement [42,43].
Within this setup, we explore the effect of a magnetic field
on the GW spectrum. Our analysis aims to determine if
magnetized QCD phase transitions remain viable cosmo-
logical sources for the observed PTA signal and to establish
the potential of future PTA observations to constrain the
strength and effects of primordial magnetic fields.

The paper is organized as follows: In Sec. II, we discuss
the holographic QCD phase transition with a magnetic
field. In Sec. 111, we explore the effect of a magnetic field on
the gravitational wave spectrum. The conclusion and
discussion are given in Sec. I'V.

II. HOLOGRAPHIC QCD PHASE TRANSITION
WITH A MAGNETIC FIELD

In this section, we review the research of Refs. [42,43],
who study the confinement-deconfinement phase transition
in the presence of an external magnetic field from hard-wall
and soft-wall models. The Einstein-Maxwell action is given
by [63,64]

S = Sbulk + Sbndy’ (1)

where Sy 1S
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with /=g = /—det g,,. Fyy and R denote the electro-

magnetic field strength and the Ricci scalar, respectively.

The negative cosmological constant is given by A = —i—%,

where L represents the AdS radius. In our calculations,

we set L = 1. The 5D Newton constant G5 = %}_}1)

obtained by requiring that the high-temperature limit of the
free energy reproduces the Stefan-Boltzmann result, ensur-
ing correct counting of the degrees of freedom in the
deconfined phase [42]. N. = 3 is the number of colors.

Shndy 18 the boundary action, which incorporates both the
Gibbons-Hawking boundary term and holographic counter-
terms introduced to cancel UV divergences. The form of
Sbndy 18 [42]
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where r is the radial holographic coordinate. r; is used to
regulate the divergence at r = 0. Meanwhile, y represents
the determinant of the induced metric y,,. K denotes the
trace of the extrinsic curvature.

The confinement-deconfinement phase transition is dual
to the Hawking-Page transition between the magnetized
thermal AdS (confined) and black hole (deconfined)
phases. The confinement-deconfinement phase transition
occurs when the free energy density difference AF reaches
zero. The free energy F can be calculated from the on-shell
actions as S = fF. In the hard-wall model, the bulk action
is [42]

N bulk —

vy [P ’ 4 2
dte | drval = +ZB2g=gv ). (4
SJTGS/O EA r‘/§<L2+3 99 ) (4)

where V5 denotes the volume. It should be mentioned that
r" = Ry in the black hole case, while ¥ = r in the thermal
AdS case. The hard-wall IR cutoff r, = 3.096 GeV~! is
determined by matching the mass of the lowest p
meson [65].

The boundary action is [42]

r

The action of the black hole (deconfined phase) for the hard-wall model is [42]
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The action of the thermal magnetized AdS geometry (confined phase) for the hard-wall model is [42]

— (th th
S th — Sbulk + Sbndy
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The phase transition takes place when the state of minimum free energy shifts between the two phases. Consequently,
we determine the transition temperature by AS = 0 and the expression of AS is [42]

AS = Sph — St
VLR P -1
" 87Gs' |2RY,

B

Since the horizon Ry is determined by the temperature 7" and magnetic field B via the Hawking temperature formula, this
equation establishes the functional dependence of the phase transition temperature on the magnetic field.

As noted in [65], studying the Hawking-Page transition within the soft-wall model requires the assumption that the
dilaton field ¢ = cr*> does not strongly backreact on the metric. The influence of the dilaton field on the gravitational
dynamics is taken to be negligible. The parameter ¢ = 0.151 GeV? is fixed by the linear Regge trajectory of p meson radial
excitations, directly linking the model to the QCD spectrum [65].

The action for the black hole (deconfined phase) in the soft-wall model is [42]
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In the soft-wall model, the action of the thermal magnetized AdS (confined phase) is [42]

V’;L3 ) -1 C 32 1 B2 1 B2 r) B2 r)
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Then, one can get the action difference of the soft-wall case [42]
V,L3 (-1 ¢ B ) 1 1B> (Ry
AS = 2 Ry [ — 4 — — Ei(—cR%) + ——+—-——In| — | |, 11
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where 7. = 1.03 GeV~! appearing in the confined (ther-

mal AdS) phase is constrained in Ref. [42] by requiring

both the absence of naked curvature singularities and

consistency with the lattice QCD behavior of the chiral

condensate under a magnetic field at zero temperature.
The Hawking temperature is given by [42]

(12)

III. GRAVITATIONAL WAVES FROM
HOLOGRAPHIC QCD PHASE TRANSITION
WITH A MAGNETIC FIELD

In this section, we explore the GWs from a holographic
QCD phase transition with a magnetic field. A first-order

|
phase transition is characterized by bubble nucleation
within a supercooled plasma. The expansion of these
bubble walls is powered by the latent heat released from
the free energy difference between the symmetric and
broken phases. Gravitational waves are produced primarily
from the collision of bubbles (h>Q.,,) [66,67], the sub-
sequent sound waves (h’Qg,) [19,68], and the MHD
turbulence generated in the fluid (h?>Q,) [21,69]. Thus,
the total GW frequency spectrum [A*Q(f)] is

th(f) = thenv (f) + h2st(f) + h2Qturb(f)’ (13)

where
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The spectral shapes of the gravitational waves are
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The peak frequency of each gravitational wave spectrum is
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In this work, we explore two bubble scenarios:
the Jouguet detonations and the nonrunaway bubbles
[8,17,19]. For the Jouguet detonations, x;=(0.715a +

0.181y/a)/(14+0.715a), x, = /a/(0.135 + va+ 0.98),
k3 = 0.05k,, and v, = (\/1/3 + /& +2a/3)/(1 + a).

In the nonrunaway bubbles case, x; =0, x, =
a/(0.73 4+ 0.083\/a + a), k3 = 0.05k,, and v, = 0.95.
Here, a = z=—. T, is the first-order phase transition

309* *
temperature. As discussed in Refs. [49,52], we take
T,~T, (T, is the critical temperature) and g, ~ 10 at
the phase transition temperature.

HN\2 /[ ka \2/10\3
)(7 <l+(l) (E) Senv(f)’
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*
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The latent heat ¢, is obtained as

e = (-ar 7250

where AF denotes the free energy differences.

The magnetized AdS black hole solution provides a fully
backreacted and static magnetic field background, which lets
us compute the equilibrium thermodynamics of the QCD
phase transition. This is a separate and well-defined problem.
Once these thermodynamic parameters are obtained, the
subsequent GW production from MHD turbulence is a
universal process that depends on these parameters (z/H,
and v;), not on the detailed origin of a magnetic field.
Therefore, it is completely standard to take the well-tested
MHD turbulence GW spectrum from Ref. [21] with the
parameters determined from our holographic calculation.

In our holographic setup, the magnetic field B is a bulk
quantity that serves as a theoretical input parameter, not a
direct representation of the physical primordial magnetic
field (PMF) strength in the early Universe. The values we
consider (B = 0.1, 0.4, 0.7) lie well within the perturbative
validity bound derived in Ref. [42]. The magnetic field used
in this paper is compatible with cosmic microwave back-
ground and big bang nucleosynthesis constraints; our much
larger values are not in conflict with those bounds. This is
because our B is a holographic parameter that controls the
backreaction of the magnetic field on the geometry, rather
than a direct physical field strength. As such, it is not
subject to the same observational constraints. Our primary
goal is to study the qualitative effect of such a magnetic
field on the gravitational wave spectrum, not to claim a
specific physical PMF strength.

The effects of magnetic helicity, inverse cascade, temper-
ature-dependent viscosity and diffusivity, damping scales,
finite source duration, unequal-time correlators, Hubble
expansion, and a relativistic equation of state are explicitly
incorporated into the standard MHD turbulence GW frame-
work of Refs. [8,21]. In particular, unequal-time correlators
are treated with a top-hat approximation, turbulence is
assumed to end when Re(L(Tg,)) = 3*/3, and the GW
equation is solved in conformal time using p = p/3. Our
calculation employs exactly the same framework.

We assume that the dominant effect of the magnetic field
comes through its backreaction on the geometry, which

: (18)

T=T,
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alters the equilibrium thermodynamics. Corrections to the
microphysical transport in MHD turbulence are taken to be
subleading. Hence, our results should be interpreted as
indicating qualitative trends. The MHD turbulence model
we employed is exactly the one developed in Ref. [21] and
subsequently used as the standard in Ref. [8]. This model
already includes cosmic expansion, finite source duration,
unequal-time correlators, magnetic helicity, viscosity, and
conductivity in a self-consistent analytical way. We readily
admit that a full dynamical description of PMFs in
holography is still an open problem. Nevertheless, our
approach follows the best available practice in the
literature.

In the calculations, we take 7/H, = 10 as discussed in
Refs. [49,52,55]. The effects of a magnetic field on the GW
spectrum are shown for the hard-wall model in Figs. 1-4,
and for the soft-wall model in Figs. 5-8.

1074 0.01 1
f(Hz)

108 107°

FIG. 1. The GW spectrum produced from the first-order QCD
phase transition with a magnetic field for Jouguet detonations
within the hard-wall model. From right to left B = 0.1, 0.4, and
0.7, respectively.
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FIG. 2. The total GW frequency spectrum produced from the
first-order QCD phase transition at B = 0.1 for Jouguet deto-
nations within the hard-wall model. The solid black line denotes
the total frequency spectrum. The contribution of a bubble
collision (dashed green line), sound waves (dashed blue line),
and MHD turbulence (dashed red line) are plotted in this figure,
respectively.

Figure 1 displays the effect of a magnetic field on the total
GW spectrum for Jouguet detonations in the hard-wall
model. This figure shows that the position of the peak
frequency moves backward as the magnetic field increases.
Moreover, the total GW spectrum could be detected by the
International Pulsar Timing Array (IPTA), Square Kilometre
Array (SKA), Big-Bang Observer (BBO), and the North
American NanoHertz Observatory for Gravitational Waves
(NANOGrav) [2,5], while it might not be detected by the
TianQin and Taiji [6].

Figure 2 shows the individual contributions of sound
waves, bubble collisions, and MHD turbulence to the total
gravitational wave spectrum for Jouguet detonations in the
hard-wall model. The spectrum from the bubble collisions
aligns with the total spectrum in the frequency bands below
2.8 x 1078 Hz and above 2.6 x 107® Hz, indicating that
bubble collisions dominate the GW signal in these regions.
Sound waves contribute primarily in the intermediate fre-
quency range between 2.8 x 107 and 2.6 x 1076 Hz, with
the spectral peak located around 1.5 x 10~7 Hz. In contrast,
the contribution from MHD turbulence to the total GW
spectrum is negligible across the studied frequency range.

Figure 3 presents the magnetic field dependence of the
total GW spectrum for nonrunaway bubbles within the
hard-wall model. The results show that the spectral peak
shifts to lower frequencies as the magnetic field increases.
In terms of detectability, this spectrum lies within the
sensitivity ranges of IPTA, SKA, and NANOGrav, but
falls outside those of BBO, TianQin, and Taiji. Figure 4
displays the contributions from sound waves and MHD
turbulence to the total GW spectrum for nonrunaway
bubbles in the hard-wall model. Sound waves dominate
the signal at frequencies below 6.4 x 10~ Hz, producing
a spectral peak near 1.7 x 1077 Hz. Above this frequency
threshold, the contribution from MHD turbulence becomes
predominant.

T
NANOGrav

1078F

107"

?Q(f

10—14 L

107"7F

1078 1076 10~ 0.01 1
f(Hz)

FIG. 3. The GW spectrum produced from the first-order QCD
phase transition with a magnetic field for nonrunaway bubbles
within the hard-wall model. From right to left, B = 0.1, 0.4, and
0.7, respectively.

046020-5



MAN-MAN SUN, MAN-LI TIAN, and ZHOU-RUN ZHU

PHYS. REV. D 114, 046020 (2026)

1078

10—11 |
>
c
N
< 10—14_

10-7f

10-8 1076 10 0.01 1
f(Hz)

FIG. 4. The total GW frequency spectrum produced from the
first-order QCD phase transition at B = 0.1 for nonrunaway
bubbles within the hard-wall model. The solid black line denotes
the total frequency spectrum. The contribution of sound waves
(dashed blue line) and MHD turbulence (dashed red line) are
plotted in this figure, respectively.

1074 0.01 1

f(Hz)

1078 106

FIG. 5. The GW spectrum produced from the first-order QCD
phase transition with a magnetic field for Jouguet detonations
within the soft-wall model. From right to left, B = 0.1, 0.4, and
0.7, respectively.

Figure 5 shows how the magnetic field affects the total
gravitational wave spectrum for Jouguet detonations in
the soft-wall model. The spectral peak shifts slightly
toward lower frequencies as the magnetic field increases.
The predicted signal is potentially detectable by IPTA,
SKA, and BBO, but likely lies outside the sensitivity
ranges of NANOGrav, TianQin, and Taiji. Figure 6
shows the contributions to the total GW spectrum from
sound waves, bubble collisions, and MHD turbulence for
Jouguet detonations within the soft-wall model. Bubble
collisions dominate at both low (< 3.8 x 10~® Hz) and
high (> 4.5 x 107® Hz) frequencies. Sound waves are the
main contributor in the intermediate range (3.8 x 1078 to
45x 107 Hz) and produce the spectral peak near
2.7 x 1077 Hz. MHD turbulence remains negligible
across the entire frequency range.

10—8 L

< 107"}

h?Q(f

10—14 L

107"

104 001 1
f(Hz)

108 10°°

FIG. 6. The total GW frequency spectrum produced from the
first-order QCD phase transition at B = 0.1 for Jouguet deto-
nations within the soft-wall model. The solid black line denotes
the total frequency spectrum. The contribution of a bubble
collision (dashed green line), sound waves (dashed blue line),
and MHD turbulence (dashed red line) are plotted in this figure.
respectively.
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FIG. 7. The GW spectrum produced from the first-order QCD
phase transition with a magnetic field for nonrunaway bubbles
within the soft-wall model. From right to left, B = 0.1, 0.4, and
0.7, respectively.

Figure 7 shows how the total gravitational wave spec-
trum for nonrunaway bubbles in the soft-wall model
depends on the magnetic field. A stronger magnetic field
slightly shifts the spectral peak toward lower frequencies.
This signal may be detectable by IPTA and SKA, but likely
not by BBO, NANOGrav, TianQin, or Taiji. Figure 8
displays the contributions from sound waves and MHD
turbulence in this scenario. Sound waves dominate the GW
spectrum below 1.5 x 1073 Hz, generating a peak at about
2.95 x 1077 Hz. Above this threshold, MHD turbulence
becomes the main contributor.

Our qualitative conclusion is that a stronger magnetic
field shifts the peak of the gravitational wave spectrum to
lower frequencies. This suggests that the direction of the
peak shift is a robust feature, not just some artifact of a
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f(Hz)
FIG. 8. The total GW frequency spectrum produced from the

first-order QCD phase transition at B = 0.1 for nonrunaway
bubbles within the soft-wall model. The solid black line denotes
the total frequency spectrum. The contribution of sound waves
(dashed blue line) and MHD turbulence (dashed red line) are
plotted in this figure, respectively.

particular model. The authors of Ref. [42] show that in both
hard-wall and soft-wall models, the critical deconfinement
temperature 7. drops as the magnetic field B increases.
Since the peak frequency of gravitational waves from a
first-order phase transition basically scales with the tran-
sition temperature, that shift with B follows naturally from
this shared thermodynamic behavior. Thus, the direction of
the shift is a qualitative trend independent of the spe-
cific model.

We fully acknowledge that the calculation of the bubble
nucleation rate in holographic QCD is nontrivial. It would
require solving the Euclidean action in the five-dimensional
background or building an effective four-dimensional
dilaton potential [70]. We simply take z/H, = 10, a value
widely used in Refs. [49,52,55]. Even the latest state-of-
the-art holographic models still treat 7/H, as a free
parameter (with a bound z/H, > 8.59) [58]. The work
of Ref. [58] shows computing the nucleation rate from first
principles is still an open challenge, and the field typically
adopts either typical values or treats the duration as a free
parameter.

Most importantly, our qualitative conclusion does not
rely on the exact value of 7/H,. From the scaling fpeq o
(z/H,)T, in Eq. (17), the ratio for two different magnetic
Jpeak(B2) _ T,(By)
Foea(B1) = T.(By)
long as its dependence on B is subleading. Since the
dominant effects of the magnetic field are already captured
by the thermodynamic quantities, we compute from the
magnetized Hawking-Page transition; taking z/H, as con-
stant is the simplest and most natural choice. The predicted
shift of the peak is therefore directly controlled by T, (B)
and stays robust regardless of the uncertainties in the
nucleation rate. A more refined nucleation treatment in
magnetized holography is certainly an important direction
for future work.

fields becomes since 7/H, drops out as

IV. CONCLUSION AND DISCUSSION

In this work, we investigate the gravitational waves
produced by a first-order QCD confinement-deconfinement
phase transition in the presence of a magnetic field from
holography. We calculate the GW spectra for both the hard-
wall and soft-wall models, considering Jouguet detonations
and nonrunaway scenarios.

A key finding is that an increasing magnetic field
consistently shifts the peak frequency of the total GW
spectrum to lower values across all models and scenarios.
Regarding detectability, the predicted spectra from both
models are accessible to IPTA and SKA. Under certain
conditions, signals may also be detectable by BBO or
NANOGrav. In most cases, the peak of the spectrum is
generated by sound waves, which dominate the signal
within a specific intermediate frequency range. Bubble
collisions typically provide the leading contribution at both
the lowest and highest frequencies considered. Notably, the
contribution from MHD turbulence to the total spectrum is
found to be negligible in the Jouguet detonation scenarios
for both holographic models. However, for nonrunaway
bubbles, MHD turbulence becomes the predominant source
at higher frequencies, above a specific threshold.

We agree that a realistic assessment of detectability with
PTA requires careful modeling of various foregrounds and
noise sources, including supermassive black hole binaries
(SMBHBs), red noise, clock noise, and other astrophysical
and cosmological backgrounds. Our comparison with PTA
sensitivity curves is only meant as a first-order, qualitative
illustration. This is actually quite common in the literature on
gravitational waves from cosmological phase transitions
[8,49]. We simply want to show that the predicted peak
frequency and amplitude land in a range where future PTAs
could be sensitive. This is the usual way to identify promising
parameter regions before moving on to full Bayesian analyses.

More importantly, a recent Bayesian analysis by
Ref. [59] used the NANOGrav 15-year data to constrain
a holographic QCD model (without a magnetic field). Their
results indicate that first-order QCD phase transitions with
t/H,~13—2.5 are compatible with PTA data. Our
adopted value v/H, = 10 is a few times larger, yet our
conclusion that the GW peak shifts to lower frequencies
with increasing B does not depend on its exact value. So
even if the true 7/H, turned out to be closer to the value
inferred by Ref. [59], our prediction that the magnetic field
shifts the peak to lower frequencies remains unchanged.

We certainly agree that a full Bayesian model comparison,
including SMBHB backgrounds, cosmic strings, inflationary
relics, and other phase transition models, is necessary to
identify the true origin of the PTA signal. Such an analysis is
beyond the scope of the present work, which focuses on the
qualitative effect of a magnetic field on the GW spectrum.

Our analysis suggests that a first-order QCD phase tran-
sition in a magnetized early universe remains a viable
cosmological source for GW signals potentially observable
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by current and upcoming pulsar timing arrays. The char-
acteristic spectral features provide a potential observational
signature. Future, more sensitive PTA observations could
thus serve as a powerful tool to probe the conditions of the
primordial plasma, potentially constraining the strength and
cosmological impact of primordial magnetic fields.
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