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We numerically investigate the first-order electroweak phase transition in the background of a
hypermagnetic field with a three-dimensional lattice simulation. The generation of baryon asymmetry is
observed, and we present the relationship between baryon number asymmetry and magnetic field strength
and its helicity. We find that the magnetic field strength required to achieve the correct matter-antimatter
asymmetry is about 10−17–10−14 Gauss at present, depending on the correlation length of the helical
magnetic field. This study provides a mechanism for explaining the baryon number asymmetry with cosmic
magnetic fields.
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I. INTRODUCTION

The matter-antimatter asymmetry remains one of the
most fundamental and unresolved puzzles in modern
physics. Within the standard cosmological framework,
matter and antimatter are postulated to have been created
in exact equal abundance during the big bang. However, a
subsequent physical process must have disrupted this
equilibrium at an early epoch, resulting in the matter-
dominated observable Universe. To address this discrep-
ancy, physicists have proposed various baryogenesis
scenarios, including electroweak baryogenesis [1,2], lepto-
genesis [3–5], and the Affleck-Dine mechanism [6,7]. In
this work, we propose an alternative baryogenesis para-
digm rooted in a first-order phase transition (PT) occurring
in a primordial cosmic magnetic field (MF) background.
Specifically, the Chern-Simons number NCS initially
stored in gauge field configurations is converted into
baryon number via the chiral anomaly [8–11], dynamically
giving rise to the net cosmic matter-antimatter asymmetry
[12–14].
MFs permeate the Universe across diverse scales, from

the solar system and the Milky Way [15] to galaxies, galaxy

clusters [16–18], and even the cosmic voids of large-scale
structure [19–22]. These MFs are hypothesized to originate
from primordial seeds generated during high-energy proc-
esses in the early Universe, such as inflation [23–29],
first-order electroweak PTs [30–36], or the first-order
QCD PT [37], followed by various amplification mecha-
nisms and magnetohydrodynamic (MHD) evolutions
[38–43]. Primordial MFs leave significant imprints on
gamma-ray observations of blazars [43–46], axion dark
matter predictions [47], big bang nucleosynthesis [48], and
the cosmic microwave background (CMB) spectrum
[49–54].
Within the framework of the Standard Model (SM),

given the measured Higgs mass of 125 GeV, the electro-
weak PT is well established to be a crossover [55].
However, if a potential barrier is introduced into the
Higgs potential via physics beyond the SM, the transition
can be altered into a first-order one [56–58]. This modi-
fication provides the crucial “departure from thermal
equilibrium,” one of the fundamental Sakharov conditions
[2,59,60] required to explain the observed matter-anti-
matter asymmetry, and has consequently become a subject
of intense recent investigation [61]. Such a first-order PT
proceeds and completes through the nucleation, expansion,
and coalescence of true vacuum bubbles (where the
vacuum expectation value v ≠ 0) within the surrounding
false vacuum (v ¼ 0). Remarkably, the violent collisions
of these bubbles not only generate primordial seed mag-
netic fields but also produce a detectable stochastic
gravitational wave background (SGWB) [57,62–65]
which can be probed by the next-generation space-based
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gravitational wave observatories, such as the Laser
Interferometer Space Antenna (LISA) [66], Taiji [67],
and TianQin [68].
Previous works have shown that MFs modify the Higgs

vacuum structure and trigger a vortex condensate known
as Ambjørn-Olesen condensation [69–74], affect baryon-
number-violating sphaleron processes [75,76] and PT
dynamics in the SM [77,78], and drive baryon asymmetry
generation via the decay of helical primordial magnetic fields
around the electroweak crossover [79,80]. In this work, we
observe that bubble dynamics during the first-order electro-
weak PT drives the conversion of helicity variation in
primordial MFs into baryon number via the chiral anomaly,
thereby naturally accounting for the baryon asymmetry of the
Universe (BAU). Using (3þ 1)-dimensional lattice simula-
tions, we establish a quantitative relation between the result-
ing baryon asymmetry and the MF strength and determine
the present-day MF amplitude required to reproduce the
observed matter-antimatter asymmetry. To demonstrate the
robustness of our results, we consider two representative
helical MF scenarios: infinite correlation length and finite
correlation length set to the characteristic mean bubble
separation of the first-order electroweak PT.
This work adopts the natural units where ℏ ¼ c ¼

kB ¼ 1. Given the rapid completion of the first-order
electroweak PT, we neglect the effects of the cosmic
expansion, the evolution of background MFs, and the
temperature variation during the PT.

II. FRAMEWORK

To investigate the first-order electroweak PT within a
preexisting constant MF background via lattice simula-
tions, we adopt the electroweak Lagrangian extended by
the background Uð1ÞY field Yμ

ex:

L ¼ ðDμΦÞ†ðDμΦÞ − 1

4
Wa

μνWaμν −
1

4
YμνYμν

−
1

2
Yex
μνYμν − VðΦÞ: ð1Þ

Here, Φ denotes the Higgs doublet, while Wa
μν and Yμν are

the SUð2ÞL and Uð1ÞY field strengths, respectively. Yex
μν

denotes the constant background MF. In addition, the term
Yex
μνY

μν
ex is omitted here as it contributes only a constant

energy density. The covariant derivative is given by

Dμ ¼ ∂μ − ig
σa

2
Wa

μ − ig0
1

2
ðYμ þ Yex

μ Þ; ð2Þ

where σa (a ¼ 1, 2, 3) are the Pauli matrices, and the gauge
couplings are set to g ¼ 0.65 and g0 ¼ 0.53g. The fieldsWa

μ

and Yμ ¼ ðY0;YÞ represent the SUð2ÞL and Uð1ÞY gauge
bosons, respectively. The potential

VðΦÞ ¼ −μ2Φ†Φþ AðΦ†ΦÞ3=2 þ λðΦ†ΦÞ2 ð3Þ

features a cubic term that induces a potential barrier,
facilitating a first-order electroweak PT as motivated by
some new physics beyond the SM [56–58]. Such a model
can be probed by future high-energy colliders [81,82]. The
parameters μ2, A, and λ will be specified below. The initial
profile of these bubbles is determined by the potential
function (3) using FindBounce [83],

ΦðrÞ ¼ v
2

�
1 − tanh

�
r − R0

lw

��
Φ̂; Φ̇ðrÞ ¼ 0; ð4Þ

where v is the vacuum expectation value of Higgs field,
jΦ̂j ¼ 1 has a random SU(2) phase, r is the radial distance
from the bubble center, R0 is the bubble radius, and lw
represents the bubble wall thickness. After nucleation, the
vacuum bubbles expand and collide with one another,
driving the PT forward.
Applying the Euler-Lagrange equations to Eq. (1) and

using temporal gauge W0 ¼ Y0 ¼ Yex
0 ¼ 0, we obtain the

equations of motion for the Higgs and gauge fields:

∂
2
0Φ ¼ DiDiΦ −

∂V
∂Φ† ; ð5Þ

∂
2
0W

a
i ¼ −∂kWa

ik − gϵabcWb
kW

c
ik þ g Im½Φ†σaðDiΦÞ�; ð6Þ

∂
2
0Yi ¼ −∂kYik þ g0 Im½Φ†ðDiΦÞ�: ð7Þ

During bubble collisions, Φ and DiΦ undergo rapid and
violent variations, thereby sourcing changes in the gauge
fields via Eqs. (6) and (7), which is presented in Ref. [31].
The relationship between the electromagnetic field and the
original gauge fields is given by [84]: Aμν¼naWa

μν sinθW þ
ðYμνþYex

μνÞcosθW− i 2
gv2 ½ðDμΦÞ†ðDνΦÞ−ðDνΦÞ†ðDμΦÞ�×

sinθW with na ¼ −Φ†σaΦ=v2. This constitutes the core
mechanism of magnetic field generation in first-order phase
transitions. A strong background MF further enhances this
PT-induced MF. We present the corresponding findings
in Sec. IV.
Moreover, the evolution of the gauge fields directly

governs the dynamics of both the hypermagnetic helicity
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hY ¼ HY

V
¼ 1

V
εijk

Z
d3xðYi þ Yex

i ÞðYjk þ Yex
jkÞ

¼ 1

V

Z
d3xðY þ YexÞ · ðBY þ Bex

Y Þ ð8Þ

and the Chern-Simons number

NCSðtÞ
V

¼ 1

V
1

32π2
εijk

Z
d3x

�
−g02ðYi þ Yex

i ÞðYjk þ Yex
jkÞ

þ g2
�
Wa

i W
a
jk −

g
3
εabcWa

i W
b
jW

c
k

��
; ð9Þ

with V ¼ L3 being the lattice volume. Comparing the
above two equations reveals that the hypermagnetic helicity
(8) is precisely the U(1) component of NCS (9), up to an
overall negative factor. We have verified that the SUð2ÞL
contribution to NCS is subdominant, with the explicit
results presented in Sec. IV; hence, we restrict our sub-
sequent discussion to the Uð1ÞY component. In the absence
of a background hypermagnetic field, the variation of NCS
is dominated by the Y · BY term, causing it to oscillate
around zero. In contrast, when a background hypermag-
netic field is present, the initial NCS is nonvanishing and
directly proportional to the Yex · Bex

Y term. Furthermore,
during the phase transition, the variations in Yi and Yij

induce shifts in the Y · Bex
Y and Yex · BY terms [85].

Provided that the external magnetic field is sufficiently
strong, the evolution of NCS becomes pronounced, ulti-
mately settling into a distinct stationary plateau compared
to its pretransition value. Our numerical simulations
directly substantiate this picture.
The chiral anomaly of the electroweak theory establishes

a rigorous topological correspondence between the change
in the Chern-Simons number and the baryon number
violation during a first-order electroweak PT [8–11],

∂μj
μ
B ¼ Ng

16π2

h
−g02YμνỸμν þ g2Wa

μνW̃μνa
i

¼ Ng

32π2
εμνρσ∂μ

h
−g02YνYρσ

þ g2ðWa
νWa

ρσ −
g
3
εabcWa

νWb
ρWc

σÞ
�
; ð10Þ

where Ng ¼ 3 is the number of fermion generations and
X̃μν ¼ 1

2
εμνρσXρσ denotes the Hodge dual of Xρσ.

Integrating this equation over a finite time interval and
performing the volume average yields a relation between
the baryon number density and the variation of the Chern-
Simons number:

ΔnB ¼ lim
V→∞

1

V

Z
t

0

dt
Z
V
d3x∂μj

μ
B

¼ Ng

32π2
εμνρσ lim

V→∞

1

V

Z
t

0

dt
Z
V
d3x∂μ

h
−g02YνYρσ

þ g2ðWa
νWa

ρσ −
g
3
εabcWa

νWb
ρWc

σÞ
i

¼ Ng

32π2
εijk lim

V→∞

1

V

Z
t

0

dt
Z
V
d3x∂t

h
−g02YiYjk

þ g2ðWa
i W

a
jk −

g
3
εabcWa

i W
b
jW

c
kÞ
i

¼ Ng
NCSðtÞ − NCSð0Þ

V
¼ Ng

ΔNCSðtÞ
V

: ð11Þ

In our calculations, we invoke Gauss’s divergence theorem
and assume that the physical quantities vanish at spatial
infinity, such that the total divergence yields a vanishing
boundary surface integral, i.e., limV→∞

R
V ∂iJ

id3x ¼
limV→∞

H
∂V J

idSi ¼ 0. Consequently, the interplay between
the preexisting background helical hypermagnetic field
(HMF) and those generated during the electroweak PT
provides a mechanism for BAU generation. This is charac-
terized by the baryon-to-photon ratio

ηBðtÞ ¼
nBðtÞ
s

¼ 45Ng

2π2g�ST3

ΔNCSðtÞ
V

; ð12Þ

where g�S ¼ 106.75 represents the effective number of
entropic degrees of freedom before the PT.
We note that Sakharov’s conditions require CP breaking

during baryogenesis [59], which need not arise from
intrinsic CP-violating Lagrangian terms and can instead
be provided by a macroscopic parity-odd background
[13,86,87]. In the absence of such a background, sphaleron
transitions changing the Chern-Simons number in either
direction occur equally often, producing no net baryon
asymmetry. A helical hypercharge magnetic field breaks
this degeneracy, creating unequal transition rates that
accumulate a net Chern-Simons number and hence a
baryon asymmetry. The required CP asymmetry therefore
originates from the helical magnetic background rather than
fundamental CP-violating interactions.
In what follows, we quantitatively investigate how the

hyperMF induces changes in the Chern-Simons number via
bubble dynamics during the first-order electroweak PTon a
(3þ 1)-dimensional lattice and establish the connection
between the BAU generated during this process and the
helical hyperMF, accounting for its subsequent MHD
evolution.

III. SIMULATION SETUP

We numerically solve the equations of motion for the
Higgs and gauge fields derived from the Lagrangian in (1).
Our simulations are performed on a three-dimensional
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spatial lattice with periodic boundary conditions following
the strategy of Refs. [31,88–90], utilizing initial conditions
based on the thermal fluctuations (refer to Appendixes A
and B for details). The code was developed based on that of
Ref. [31], where the LATfield2 library [91] and Eigen
library [92] are employed. At each time step, every lattice
site in the false vacuum state (Φ ¼ 0) has a probability
pbubble of nucleating a vacuum bubble with the profile
of (4).
To investigate the effect of the background hyperMF on

the baryon number, we consider various strengths Bex
Y ,

helicities, and correlation lengths λB ¼ R
dkk−1EBYðkÞ=R

dkEBYðkÞ, where the energy density is defined asR
dkEBYðkÞ ¼

R
d3x 1

2
½Bex

Y ðxÞ�2=V. First, we examine a
homogeneous MF with an infinite correlation length,
realized by Yexμ ¼ ð0; 0; xBex

Y ; hfactorLB
ex
Y Þ. In this configu-

ration, the field strength is quantized as Bex
Y ¼

ð4π=g0ÞNBL−2 with NB ∈Z [93]. We adopt representative
values of NB ¼ 10, 20, 30, 40 for our simulations; larger
values ofNB are excluded as they significantly suppress the
electroweak PT and may prevent its completion [94]. To
systematically evaluate the impact of magnetic helicity, we
employ three benchmark values for the helicity factor
hfactor ∈ f0; 1;−1g, representing nonhelical, maximally
positive, and maximally negative helicity configurations,
respectively. Second, we consider a background hyperMF
with a finite correlation length following the formalism in
Ref. [95]:

B̃ex
YiðkÞ ¼ Biniðδij − k̂ik̂j − iσMεijlk̂lÞgjðkÞPðkÞ; ð13Þ

PðkÞ ¼ ΘðkUV − kÞðk=k0Þn: ð14Þ

Here, ΘðkUV − kÞ is the Heaviside step function, kUV is the
ultraviolet cutoff of wave number, k0 is a reference wave
number ensuring that k=k0 is dimensionless, and gðkÞ is the
Fourier transform of a Gaussian random vector field that is
δ-correlated in three dimensions, i.e., giðxÞgjðx0Þ ¼
δijδ

3ðx − x0Þ. The MF strength scales as Bex
Y ðxÞ ∝

ðkUV=k0Þnþ3, where the spectral index n∈ f0; 1; 2; 3g
corresponds to different physical sources of the primordial
MF [43]. The helicity is controlled by σM ∈ f0; 1;−1g,
representing nonhelical, maximally positive, and maxi-
mally negative helicities, respectively; the relationship
between the helicity factor, and σM is hfactor ¼
2σM=ð1þ σ2MÞ. While the correlation length remains nearly
invariant with n in our simulations, it is determined by
the lattice size N, with N ¼ 128 yielding λB ∼ R�=4 and

N ¼ 512 yielding λB ∼ R�. Here, R� denotes the mean
bubble separation R� ¼ ðV=NbÞ1=3, with Nb being the total
number of bubbles generated via the bubble nucleation
probability pbubble. Detailed implementations and deriva-
tions of these hyperMFs on the lattice are provided in
Appendix. C.
To estimate the BAU generated during the first-order

electroweak PT in the presence of a helical hyperMF
background, we perform multiple simulations for each
parameter set and average the results. Specifically, we
conducted 20 simulations for the N ¼ 128 lattice, while for
N ¼ 512, we performed four simulations due to computa-
tional constraints. The parameters used in our simulations
are summarized in Table. I.

IV. NUMERICAL RESULTS

We first examine the MF generated when bubbles collide
with each other, as proposed in Ref. [31] and discussed
under Eq. (7). As shown in the left panel of Fig. 1, at the
onset of bubble coalescence, the MF exhibits a pronounced
enhancement at the collision interfaces. Conversely, the
right panel illustrates that after the completion of the PT the
MF gradually approaches homogeneity. Figure 2 illustrates
the evolution of the PT-induced MF in the presence of a
homogeneous background MF. The magnitude of the
generated MFs is comparable to that of the background
MF. This implies that a stronger background HMF yields a
correspondingly stronger generated magnetic field.
We now investigate the Chern-Simons number NCS

during the PT associated with the evolution of the
PT-induced MF. Figure 3 displays the evolution of ΔNCS
(solid lines) alongside its Uð1ÞY component (dashed lines),

TABLE I. Parameters setup in the simulations. Δx and Δt denote the lattice spacing and the time step interval, respectively.

v Δx Δt μ2 A λ R0 lw kUV k0 pbubble

1 0.2 0.04 0.68 2.59 1.60 13Δx 6Δx 2Δk 1 5 × 10−8

FIG. 1. 2D slice of the background-subtracted MF
ðB − BexÞ=Bex, corresponding to the specific epoch indicated
by the lightest red curve in the top panel of Fig. 2. The early
configuration at the onset of bubble coalescence and the late-time
snapshot after the completion of the PT are shown in the left and
right panels. The white contours denote the position where
jΦj ¼ 0.5, which delineates the locations of the bubble walls.

YUEFENG DI, LIGONG BIAN, and RONG-GEN CAI PHYS. REV. D 114, 095029 (2026)

095029-4



representing the contribution from the hypermagnetic hel-
icity hY. As can be seen, a stronger background MF results
in a more pronounced variation inNCS. Crucially, the Uð1ÞY
component provides the dominant contribution to ΔNCS,
directly arising from the interaction between the helical
background MF and the PT-generated MF, as described by
Eqs. (9) and (8). For the background MFs with a finite
correlation length, the evolutions of the MF strength and
ΔNCS exhibit similar behavior and are provided in the
Appendix. D.
We now investigate the generation of baryon asymmetry

during the first-order PT. Figure 4 illustrates the variation of
ηB with respect to the MF strength for a background
hyperMF with infinite correlation length. The results in
Fig. 4 demonstrate two key findings. First, ηB increases with
the hyperMF strength, indicating enhanced baryon produc-
tion. Second, the sign of ηB is determined by the sign
of hfactor; notably, a nonhelical background hyperMF
(hfactor ¼ 0) results in no net baryon production. The data

points in Fig. 4 are fitted by the dashed line, yielding the
following relationship:

ηB ¼ 5.5 × 10−6hfactor

�
Bex
Y

104 GeV2

�
3

: ð15Þ

Consequently, to have the observed BAU requires a positive
helicity factor hfactor.
We then consider the scenario of a hyperMF with a finite

correlation length comparable to the mean bubble separa-
tion. Numerical simulations confirm that as the field energy
increases ηB for σM ¼ �1 deviates significantly from zero.
In contrast, for the case of σM ¼ 0, ηB vanishes due to the
absence of helical effects. The results are presented in
Fig. 5, where the dashed lines represent the following
fitting relations:

ηB ¼ 2.5 × 10−5σM

�
Bex
Y;rms

104 GeV2

�
; λB ∼ R�=4: ð16Þ

ηB ¼ 3.0 × 10−5σM

�
Bex
Y;rms

104 GeV2

�
13=7

; λB ∼ R�: ð17Þ

Here, Bex
Y;rms ¼

ffiffiffiffiffiffiffiffiffiffi
2ρexBY

p
, where ρexBY is the volume-averaged

hyperMF energy density. Again, generating the observed
BAU requires a positive σM.
Inspecting Eqs. (15), (16), and (17), we observe that the

prefactors on the right-hand side are consistently of order
10−5, whereas the discrepancies arising from different
background hyperMF correlation lengths predominantly
manifest in the exponents. Specifically, the exponent equals
3 in the limit of an infinite correlation length but reduces to
13=7 when the correlation scale is comparable to R�. Based
on this observation, we obtain the BAU as a function of the
hyperMF parameters and the phase transition parameter:

FIG. 2. Evolution of the ratio of the PT-generated MF strength
(with the background field subtracted) to the background field
strength, ðB − BexÞ=Bex, for various homogeneous background
MF strengths and helicities.

FIG. 3. Time evolution of ΔNCS=V (solid lines) and its Uð1ÞY
component (dashed lines). The background MF is homogeneous,
with field strength increasing with darker line shades.

FIG. 4. ηB as a function of the homogeneous helical hyperMF
strength for hfactor ¼ �1, 0. The dashed line represents the fitting
formula Eq. (15). The gray region indicates the MF strengths
where Higgs condensation does not occur. Error bars denote the
95% confidence interval of the data.
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ηB ≃ 10−5σM

�
Bex
Y;rms

104 GeV2

�12λBþR�
4λBþ3R�

: ð18Þ

We observe that the correlation length of the hyperMF
significantly influences the power-law dependence of ηB on
Bex
Y . Specifically, for hyperMFs with a finite correlation

length, a larger mean bubble separation R� enhances the
generation of baryon asymmetry. This process is funda-
mentally driven by the variation of the Chern-Simons
number NCS during the PT, the direction of which is
dictated by the sign of σM. Further analysis regarding these
dynamics and the associated electroweak sphaleron rate is
available in the accompanying article [94].

V. COSMOLOGICAL IMPLICATIONS

To facilitate a direct comparison with observational
constraints, we have converted the magnetic field strength
from GeV2 to Gauss (1 GeV2 ≈ 1.95 × 1020 Gauss).
For a homogeneous MF, independent of its helicity, the
MHD evolution follows the scaling law Brec=BEW ¼
ðτrec=τEWÞ−5=7 [96], where τ denotes conformal time,
and the subscripts “rec” and “EW” correspond to the
recombination and electroweak PT epochs, respectively.
Following recombination, the MF evolves adiabatically,
during which the comoving field strength and correlation
length remain constant. By integrating this scaling
with Eq. (18), we find that a homogeneous helical MF
capable of generating the observed baryon asymmetry
corresponds to a present-day field strength of approxi-
mately 5.2 × 10−18 Gauss.
For MFs with finite correlation lengths under fully

helical conditions, the comoving correlation scale evolves
as λrec=λEW ¼ ðτrec=τEWÞ2=3, while the comoving MF
strength scales as Brec=BEW ¼ ðτrec=τEWÞ−1=3 [96–98].
By applying Eq. (18) and evolving the physical quantities

to their present-day values (Bex
rms ¼ g0Bex

Y;rms=e), we deter-
mine the parameter space required to produce the observed
baryon asymmetry. Specifically, for correlation lengths in
the range λB ∈ ½2.4 × 10−4; 9.6 × 10−4� Mpc, the required
MF strength is Bex

rms ∈ ½1.8 × 10−16; 5.3 × 10−14� Gauss.
This viable parameter space is represented by the blue
band in Fig. 6. Notably, a significant portion of this region
remains consistent with current observational constraints.
Consequently, a first-order electroweak PT in the presence
of a background hyperMF provides a robust and viable
mechanism for explaining the origin of the matter-anti-
matter asymmetry in the Universe.

VI. CONCLUSIONS

In this work, we numerically investigated the first-order
electroweak PT in the presence of a background hyperMF.
Our results show that a helical hyperMF provides an
efficient mechanism for generating baryon asymmetry.
We established a quantitative relationship between the
resulting asymmetry and the hyperMF properties, demon-
strating that to achieve the observed matter-antimatter
asymmetry a homogeneous background MF would require

FIG. 5. ηB as a function of the hyperMF strength for different
correlation lengths (N ¼ 128 corresponds to λB ∼ R�=4, while
N ¼ 512 corresponds to λB ∼ R�). The dashed lines represent the
fitting formulas of Eqs. (16) and (17), respectively.

FIG. 6. The yellow, purple, and green lines illustrate the MHD
evolution of the MF strength and correlation length required to
yield the observed baryon asymmetry. The blue band denotes the
parameter space for these values based on Eq. (18). The light gray
region on the right indicates the Hubble scale. The gray region is
excluded by MHD turbulent decay and CMB anisotropy mea-
surements [43]. The projected sensitivity of the Cherenkov
Telescope Array (CTA) to intergalactic MF (IGMF) strength is
indicated by the red region [99]. Orange regions are excluded at
the 95% to 99% confidence levels by H. E. S. S. [100], MAGIC
[101], and VERITAS [102] observations. Dark and light blue
regions are excluded by the lower bounds on IGMF strength from
Fermi-LAT [45,103]. All physical quantities have been redshifted
to their present-day values.
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a present-day strength of approximately 4.6 × 10−18 Gauss.
For a spectrum-distributed MF, the required field strength
lies within the range of 10−16 to 10−14 Gauss, with a
corresponding correlation length of 10−4 to 10−3 Mpc. Such
values are within a range that can be effectively probed by
Fermi-LAT gamma-ray observations.
A key distinction of our work from the previous studies,

such as Refs. [79,80,104], lies in the underlying mechanism
of baryon asymmetry generation. In our scenario, the MF
generated during the first-order electroweak PT, acting in
concert with the preexisting helical hyperMF, ensures the
time variation of the hypermagnetic helicity and the Chern-
Simons number. This dynamic evolution serves as the
primary driver for baryon asymmetry. In contrast, earlier
studies attributed the asymmetry to the decay of MF helicity
prior to the Standard Model crossover, a mechanism that
necessitates an MF strength of approximately 10−17 Gauss
at a much smaller correlation length of 10−3 pc.
For the case of a homogeneous hyperMF, we further

observed that the Higgs field forms a hexagonally arranged
vortex lattice when g0Bex

Y =m
2
W ≳ 3, independent of whether

the MF is helical. This behavior aligns with the Ambjørn-
Olesen condensation phenomenon [69–72] predicted
within the Standard Model framework. The absence of
this effect in Ref. [78] regarding the first-order electroweak
PT may be attributed to significant fluctuations in their
specific configurations. Recent numerical confirmation of
this phenomenon in the SM crossover case is provided in
Ref. [74]. In contrast, for hyperMFs with finite correlation
lengths, the inherent randomness of the field configuration
prevents the formation of a coherent Ambjørn-Olesen
condensate. Further details on the PT dynamics and
Ambjørn-Olesen condensation in the background of the
hyperMF are available in the accompanying article [94].
Although our lattice resolution is sufficient for the bubble
wall that is comparable with the width of the electroweak
string, we did not observe the formation of them as
proposed in Refs. [105–108]. This discrepancy likely arises
because our simulations did not impose any prior ansatz on
the gauge fields, distinguishing our approach from the
methodologies employed in those studies. Physically, this

is because that the electroweak string is unstable when the
Higgs mass is larger than that of the Z boson [109–111].
Therefore, the link between electroweak strings and baryo-
genesis established through the relationship between the
Chern-Simons number and the MF helicity of the Z field
[105–108] is invalid anymore.
We hope that our study provides valuable insights for

future observations of cosmic MFs and contributes to
uncovering new physics beyond the Standard Model. It
is important to note that our current simulations do not
account for the effect of the expansion of the Universe and
relativistic fluid, both of which could influence the dynam-
ics of the first-order electroweak PT. These factors warrant
further investigation. Additionally, the gravitational waves
generated by PTs in the presence of background MFs may
exhibit distinct signatures compared to those without
preexisting magnetic fields, offering another promising
avenue for future research.
The simulation strategy developed in this work is readily

generalizable to studying the evolution of topological
defects—such as cosmic strings and domain walls—within
a primordial MF background. These defects are considered
as potential cosmic origins of the SGWB recently observed
in the NANOGrav datasets [112,113].
The numerical calculations in this study were carried out

on the ORISE Supercomputer.
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APPENDIX A: EQUATIONS OF MOTION ON LATTICE

Under the temporal gauge Wa
0 ¼ Y0 ¼ Yex

0 ¼ 0, the action on the lattice is

S ¼
X
x;t

ΔtΔx3
�
ðD0ΦÞ†ðD0ΦÞ −

X
i

ðDiΦÞ†ðDiΦÞ − VðΦÞ þ
�

2

gΔtΔx

�
2X

i

�
1 −

1

2
TrU0i

�

þ
�

2

g0ΔtΔx

�
2X

i

ð1 − ReV0iÞ −
2

g2Δx4
X
i;j

�
1 −

1

2
TrUij

�
−

2

g02Δx4
X
i;j

ð1 − ReVijÞ
�

þ
�

2

g0ΔtΔx

�
2X

i

ðImV0iÞðImVex0iÞ −
2

g02Δx4
X
i;j

ðImVijÞðImVexijÞ: ðA1Þ
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The Higgs fieldΦ is defined on the lattice sites, while the gauge fields are defined on the links between two adjacent sites by
link fields:

Uiðt; xÞ ¼ exp

�
−igΔx

σa

2
Wa

i ðt; xÞ
�
; ðA2Þ

Viðt; xÞ ¼ exp

�
−ig0Δx

1

2
Yiðt; xÞ

�
; ðA3Þ

Vex
i ðt; xÞ ¼ exp

�
−ig0Δx

1

2
Yex
i ðt; xÞ

�
: ðA4Þ

Higgs field and gauge fields are defined on the exact time step, and their canonical momenta Π, E, and F are defined
halfway between the time steps.
We use xþ i to denote a space step forward toward the i direction and x − i to denote a space step backward. The link

fields, Uiðt; xÞ; Viðt; xÞ; Vex
i ðt; xÞ, parallel transport the Higgs field Φ that are located at site xþ i back to site x, and their

Hermitian conjugate parallel transport the Higgs field Φ that are located at site x to site xþ i. Therefore, using the leapfrog
algorithm, the covariant derivative of Φðt; xÞ is

DiΦ ¼ 1

Δx
½Uiðt; xÞViðt; xÞVexiðt; xÞΦðt; xþ iÞ −Φðt; xÞ�;

D0Φ ¼ 1

Δt
½U0ðt; xÞV0ðt; xÞVex0ðt; xÞΦðtþ Δt; xÞ −Φðt; xÞ�

¼ 1

Δt
½Φðtþ Δt; xÞ −Φðt; xÞ�:

The plaquette fields with all space indices are

Uijðt; xÞ ¼ Ujðt; xÞUiðt; xþ jÞU†
jðt; xþ iÞU†

i ðt; xÞ;
Vijðt; xÞ ¼ Vjðt; xÞViðt; xþ jÞV†

jðt; xþ iÞV†
i ðt; xÞ;

Vexijðt; xÞ ¼ Vexjðt; xÞVexiðt; xþ jÞV†
exjðt; xþ iÞV†

exiðt; xÞ:

The plaquette fields with one time index are

U0iðt; xÞ ¼ Uiðt; xÞU0ðtþ Δt; xÞU†
i ðtþ Δt; xÞU†

0ðt; xÞ ¼ Uiðt; xÞU†
i ðtþ Δt; xÞ;

V0iðt; xÞ ¼ Viðt; xÞV0ðtþ Δt; xÞV†
i ðtþ Δt; xÞV†

0ðt; xÞ ¼ Viðt; xÞV†
i ðtþ Δt; xÞ;

Vex0iðt; xÞ ¼ Vexiðt; xÞVex0ðtþ Δt; xÞV†
exiðtþ Δt; xÞV†

ex0ðt; xÞ ¼ Vexiðt; xÞV†
exiðtþ Δt; xÞ:

Setting the functional derivative of action (A1) to zero yields equations of motion:

Πðtþ Δt=2; xÞ ¼ Πðt − Δt=2; xÞ þ Δt
�

1

Δx2
X
i

½Uiðt; xÞViðt; xÞVexiðt; xÞΦðt; xþ iÞ;

− 2Φðt; xÞ þ U†
i ðt; x − iÞV†

i ðt; x − iÞV†
exiðt; x − iÞΦðt; x − iÞ� − ∂V

∂Φ†

�
; ðA5Þ

Im½Ekðtþ Δt=2; xÞ� ¼ Im½Ekðt − Δt=2; xÞ� þ Δt
�
g0

Δx
Im½Φ†ðt; xþ kÞU†

kðt; xÞV†
kðt; xÞV†

exkðt; xÞΦðt; xÞ�

−
2

g0Δx3
X
i

Im½Vkðt; xÞViðt; xþ kÞV†
kðt; xþ iÞV†

i ðt; xÞ

þ Viðt; x − iÞVkðt; xÞV†
i ðt; xþ k − iÞV†

kðt; x − iÞ�
�
; ðA6Þ
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Tr½iσmFkðtþ Δt=2; xÞ� ¼ Tr½iσmFkðt − Δt=2; xÞ� þ Δt
�

g
Δx

Re½Φ†ðt; xþ kÞU†
kðt; xÞV†

kðt; xÞV†
exkðt; xÞiσmΦðt; xÞ�

−
1

gΔx3
X
i

Tr½iσmUkðt; xÞUiðt; xþ kÞU†
kðt; xþ iÞU†

i ðt; xÞ

þ iσmUkðt; xÞU†
i ðt; xþ k − iÞU†

kðt; x − iÞUiðt; x − iÞ�
�
: ðA7Þ

The conjugate momenta relate to field updates via

Φðtþ Δt; xÞ ¼ Φðt; xÞ þ ΔtΠðtþ Δt=2; xÞ; ðA8Þ

Viðtþ Δt; xÞ ¼ 1

2
g0ΔxΔtEiðtþ Δt=2; xÞViðt; xÞ; ðA9Þ

Uiðtþ Δt; xÞ ¼ gΔxΔtFiðtþ Δt=2; xÞUiðt; xÞ: ðA10Þ

Note that Vexiðt; xÞ is static and thus lacks a conjugate momentum.
Gauss constraints derived similarly are

ΔGUð1Þðt; xÞ ¼
1

Δx

X
i

Im½Eiðt; xÞ − Eiðt; x − iÞ� − g0 Im½Π†ðt; xÞΦðt; xÞ� ¼ 0; ðA11Þ

ΔGm
SUð2Þðt; xÞ ¼

1

Δx
Tr
X
i

iσm½Fiðt; xÞ −U†
i ðt; x − iÞFiðt; x − iÞUiðt; x − iÞ� − gRe½Π†ðt; xÞiσmΦðt; xÞ� ¼ 0: ðA12Þ

We employ

ΔG2ðtÞ ¼
X
x

f½ΔGUð1Þðt; xÞ�2 þ ½ΔG1
SUð2Þðt; xÞ�2 þ ½ΔG2

SUð2Þðt; xÞ�2 þ ½ΔG3
SUð2Þðt; xÞ�2g ðA13Þ

to quantify the degree of Gauss constraint violation.
Throughout the simulation, the variation of ΔG2ðtÞ remains
strictly bounded below 10−17.

APPENDIX B: INITIALIZATION

Before the PToccurs, we assume that the Higgs field is in
thermal equilibrium. Therefore, we can use the thermal
spectrum to describe the amplitude and momentum dis-
tribution of each scalar component Φi of the Higgs doublet
Φ and each scalar component Πi of the conjugate momen-
tum field Π in momentum space

PΦi
ðkÞ ¼ 1

ωk

1

eωk=T − 1
; PΠi

ðkÞ ¼ ωk

eωk=T − 1
; ðB1Þ

and

Φ¼ 1ffiffiffi
2

p
�Φ1 þ iΦ2

Φ3 þ iΦ4

�
; Π¼ 1ffiffiffi

2
p

�Π1 þ iΠ2

Π3 þ iΠ4

�
; ðB2Þ

where ðeωk=T − 1Þ−1 is the occupation number of the Bose-
Einstein distribution, ωk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

eff

p
is the physical

frequency, and k and meff are physical momentum and
effective mass of the Higgs field.
In the continued limit, we have

hΦiðkÞΦjðk0Þi ¼ ð2πÞ3PΦi
ðkÞδðk − k0Þδij; ðB3Þ

hΠiðkÞΠjðk0Þi ¼ ð2πÞ3PΠi
ðkÞδðk − k0Þδij; ðB4Þ

hΦiðkÞΠjðk0Þi ¼ 0: ðB5Þ

Converting it into a discrete form on the lattice, we get

hjΦiðkÞj2i ¼
�
N
Δx

�
3

PΦi
ðkÞ; hΦiðkÞi ¼ 0; ðB6Þ

hjΠiðkÞj2i ¼
�
N
Δx

�
3

PΠi
ðkÞ; hΠiðkÞi ¼ 0; ðB7Þ

where N denotes the number of points per side and Δx is
the physical lattice spacing. ΦiðkÞ and ΠiðkÞ satisfy the
Gaussian distribution in the momentum space that varies
from point to point and contain all modes from the infrared
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truncation kIR ¼ Δk ¼ 2π=ðNΔxÞ to the ultraviolet cut-
off kUV.
For the gauge fields, we set their initial values to 0; then,

the values of the link fields are 1 for U(1) or 12×2 for SU(2).
However, to satisfy the Gaussian constraint

∂0∂jYj − g0 Im½Φ†
∂0Φ� ¼ 0;

∂0∂jWa
j þ gϵabcWb

j∂0W
c
j − g Im½Φ†σa∂0Φ� ¼ 0; ðB8Þ

we must assign an initial value to the conjugate momentum
field of the gauge field as follows:

1

Δx

X
i

Im½Eiðt; xÞ − Eiðt; x − iÞ� ¼ g0 Im½Π†ðt; xÞΦðt; xÞ�;

ðB9Þ

1

Δx
Tr
X
i

iσm½Fiðt; xÞ−U†
i ðt; x− iÞFiðt; x− iÞUiðt; x− iÞ�

¼ gRe½Π†ðt; xÞiσaΦðt; xÞ�: ðB10Þ

APPENDIX C: HYPERMF ON LATTICE

The MF is not well defined before the electroweak PT
occurs; we therefore use a background hyperMF Bex

Y ¼
∇ × Yex instead of MF Bex ¼ ∇ × Aex [74], where Yex is
the space part of U(1) gauge field Yμ

ex ¼ ðY0
ex;YexÞ and Aex

is the space part of electromagnetic field Aμ
ex ¼ ðA0

ex;AexÞ.
In the broken phase, the relation between the two fields is
g0Bex

Y ¼ eBex, and here e ¼ g sin θw is the electric charge.
To achieve a helical homogeneous hyperMF along the z

direction, one can easily find that the U(1) field has the
form

Yexμðt; x; y; zÞ ¼ ð0; 0; xBex
Y ; hfactorLB

ex
Y Þ; ðC1Þ

since

∇ × Yex ¼

							
x̂ ŷ ẑ

∂x ∂y ∂z

0 xBex
Y hfactorLBex

Y

							
¼ ∂xðxBex

Y Þẑ ¼ Bex
Y ẑ;

ðC2Þ

where Bex
Y ¼ 2

g0 2πNBL−2; NB ∈Z [93] is a constant.
For the hyperMF having the form of

B̃ex
YiðkÞ ¼ Biniðδij − k̂ik̂j − iσMεijlk̂lÞgjðkÞPðkÞ; ðC3Þ

in Fourier space, we can first verify that

Ỹex
l ðkÞ ¼ iBiniðεlmnk̂m − iσMδlnÞgnðkÞPðkÞ=k ðC4Þ

is its corresponding vector potential. Given that BexðxÞ ¼
∇ × YexðxÞ, doing an inverse Fourier transform gives

Z
d3k
ð2πÞ3 B̃

exðkÞeik·x ¼ ∇ ×
Z

d3k
ð2πÞ3 Ỹ

exðkÞeik·x ðC5Þ

¼
Z

d3k
ð2πÞ3 ik × ỸexðkÞeik·x: ðC6Þ

From this, we get B̃exðkÞ ¼ ik × ỸexðkÞ or B̃ex
i ðkÞ ¼

iεijlkjỸex
l ðkÞ. Then, using (C4), we have

iεijlkjỸex
l ðkÞ¼−εijlkjBiniðεlmnk̂m− iσMδlnÞgnðkÞPðkÞ=k

¼−Bini½ðδimδjn−δinδjmÞk̂mk̂j
− iσMεijnk̂j�gnðkÞPðkÞ

¼Binið−k̂ik̂nþδinþ iσMεijnk̂jÞgnðkÞPðkÞ
¼Biniðδij− k̂ik̂j− iσMεijlk̂lÞgjðkÞPðkÞ; ðC7Þ

which is consistent with (C3).
To obtain the background hyperMF of (C3), one should

follow the steps below:
(i) Step 1 is to generate a δ-correlated Gaussian

distributed random vector field gðxÞ in coordinate
space.

(ii) Step 2 is to perform Fourier transform on gðxÞ and
get gðkÞ ¼ R

d3xgðxÞe−ik·x.
(iii) Step 3 is that, according to (C4), we can get ỸexðkÞ.
(iv) Step 4 is to perform an inverse Fourier transform on

ỸexðkÞ to obtain YexðxÞ ¼ R
d3kỸexðkÞeik·x=ð2πÞ3.

(v) Step 5 is that, using (A4), we can finally obtain the
distribution of the link field Vex

i on the lattice.
Next, we evaluate the ratio khYðkÞ=ρBYðkÞ to establish

the correspondence between the helicity parameter hfactor
used in the homogeneous field configuration and σM
employed for fields with a spectral distribution. The
relevant quantities are defined as

khYðkÞ ¼ kỸex
i ðkÞB̃ex�

Yi ðkÞ ¼ 4VB2
iniσMP

2ðkÞ; ðC8Þ

ρBYðkÞ ¼ B̃ex
YiðkÞB̃ẽx�

Yi ðkÞ ¼ 2VB2
inið1þ σ2MÞP2ðkÞ: ðC9Þ

In the limit where the spectral distribution approaches a delta
function, PðkÞ ¼ δðkÞ, the background MF becomes homo-
geneous. While hYðkÞ ∝ δ2ðkÞ=k appears singular in this
limit, we can robustly define the physical helicity factor by
integrating these spectral densities over momentum space:
hfactor ¼

R
d3kkhYðkÞ=

R
d3kρBYðkÞ¼ 2σM=ð1þσ2MÞ. This

relation ensures a consistent mapping between the two
parameters; specifically, for σM ¼ 0;�1, the helicity factor
simplifies to hfactor ¼ 0;�1, respectively, maintaining the
physical interpretation of the field’s chirality.
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APPENDIX D: EVOLUTION OF THE MF
STRENGTH AND CHERN-SIMONS NUMBER

DURING THE PHASE TRANSITION

Analogous to Fig. 1 in the main text, we present the time
evolution of the MF strength and ΔNCS during the phase
transition in the presence of a background MF with a finite
correlation length. Figure 7 illustrates the results for a

relatively short correlation length (λB ∼ R�=4), while Fig. 8
displays the case with a longer correlation scale (λB ∼ R�).
Compared to the homogeneous background MF configu-
ration, the MF generated during the PT exhibits a slightly
lower magnitude; however, the Uð1Þ component of ΔNCS
remains the dominant contribution to the total change,
consistent with our primary findings.

FIG. 8. Left: time evolution of the ratio between the PT-generated MF strength (with the preexisting background field subtracted) and
the background field strength, ðB − BexÞ=Bex, for various background field magnitudes and helicities. Right: time evolution of the
Chern-Simons number densityΔNCS=V (solid lines) and itsUð1Þ component (dashed lines) under identical conditions. In this setup, the
background field follows a spectral distribution with a longer correlation length (N ¼ 512; λB ∼ R�). The increasing field strength is
indicated by progressively darker line colors. The red lines denote the positive maximum helicity (σM ¼ 1), while the green lines
correspond to the negative maximum helicity (σM ¼ −1).

FIG. 7. Left: time evolution of the ratio between the PT-generated MF strength (with the preexisting background field subtracted) and
the background field strength, ðB − BexÞ=Bex, for various background field magnitudes and helicities. Right: time evolution of the
Chern-Simons number density ΔNCS=V (solid lines) alongside its Uð1Þ component (dashed lines) under the same physical conditions.
In these cases, the background field follows a spectral distribution with a finite correlation length (N ¼ 128; λB ∼ R�=4). The increasing
intensity of the field strength is represented by progressively darker line colors. The red lines denote the positive maximum helicity
(σM ¼ 1), while the green lines correspond to the negative maximum helicity (σM ¼ −1).
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