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Abstract

This paper examines how diffusion changes a finite, globally compensated baryon-
asymmetry profile in an expanding, spatially flat Friedmann-Lemaitre-Robertson-Walker
universe. Coupled baryon and antibaryon balance equations are reduced to an equation
for the signed asymmetry, and the conditions for conservation of its spatial integral
are stated. Using the accumulated comoving diffusivity, we derive the exact three-
dimensional heat-kernel response for a spherical positive core surrounded by an
oppositely signed shell whose amplitude is fixed by volume compensation. The resulting
central-contrast function gives a 95% retention threshold that depends on the shell-to-
core radius ratio. For a radius ratio of two, the dimensionless diffusion time must satisfy
Ip/R? < 0.06164, compared with 0.13016 for a planar step. At late times, cancellation
of the monopole moment leads to a central decay proportional to u~%2. A separate
conditional scalar-field benchmark, normalised to the baryon-to-photon ratio, gives
my = (5.073 £0.016) x 107'% GeV for the stated parameters.

Keywords: baryon asymmetry; matter-antimatter domains; compensated configuration;
FLRW cosmology; diffusion; scalar field; baryon isocurvature.

1 Introduction

The observable universe contains a substantial excess of baryons over antibaryons.
The present baryon-to-photon ratio is very small, but its nonzero value has important
consequences for the formation of nuclei, stars, galaxies, and the large-scale matter
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distribution. The origin of this asymmetry remains an open problem in cosmology.
Charge-parity violation has been observed in baryon decays, but that observation alone
does not identify the mechanism responsible for the cosmic abundance [1]. Recent
model-dependent proposals continue to connect baryogenesis with other early-Universe
observables, including primordial magnetic fields [2]. Sakharov’s conditions provide
the basic requirements for a dynamical explanation: baryon-number violation, charge-
conjugation and charge-parity violation, and a departure from thermal equilibrium
[3]. These requirements have motivated electroweak baryogenesis, grand-unified
mechanisms, Affleck-Dine models, spontaneous baryogenesis, and leptogenesis [4-9].

A separate question concerns whether the signed baryon excess can vary in space.
Such profiles have been studied in the context of baryon isocurvature, scalar-field
dynamics, inflation, nucleosynthesis, and annihilation radiation [10—19]. Their viability
depends on the origin of the initial profile and its subsequent transport and annihilation
history. Gamma-ray observations and cosmic-ray antinuclei searches provide further
constraints, although their interpretation depends on astrophysical production and
propagation models [20—23].

Recent work has continued to examine the evolution of antimatter domains in a
baryon-asymmetric environment. Weiss and co-authors study domain survival, anni-
hilation at the boundary, chemical evolution during the nucleosynthesis era, and the
possible production of primordial antihelium-4 [24]. Earlier analyses by Khlopov and Le-
cian considered the evolution of dense domains in an expanding background, including
boundary annihilation and possible nested structures [25]. Their related proceedings
paper examined diffusion-length-based evolution and interactions in a spherical bound-
ary shell [26]. The present work does not claim that spherical antimatter domains,
diffusion, or boundary annihilation are new subjects. It addresses a more restricted
question: after a signed source has switched off, how does linear diffusion change
the central contrast of a finite, exactly compensated core-shell profile? This question
can be answered for the specified initial condition without replacing the species-level
reaction calculations used in studies of physical domain evolution. The result depends
on the time integral of the proper diffusivity weighted by the inverse square of the scale
factor, as well as on the geometry and compensation of the initial profile.

The contribution is an analytic transport result for a specified initial-value problem.
It is not a replacement for the moving-boundary, species-level annihilation, or plasma-
chemistry treatments in the earlier literature. The closed-form convolution is derived
from the standard heat kernel; the quantities evaluated here are the compensation-
dependent central-contrast function, its radius-ratio-dependent retention threshold, and



the coefficient of its late-time decay. These results should be read as a geometry-
specific mathematical comparison, not as a claim that the full physical evolution of a
primordial antimatter domain has been solved.

The planar diffusion problem provides a useful benchmark, but a finite spherical
region has curvature and a finite compensation volume. A planar step therefore cannot
be assumed to give the same retention condition as a finite spherical configuration.
The main analytical contribution of this paper is an exact heat-kernel solution for a
compensated spherical core-shell profile. From that solution we obtain a dimensionless
central-contrast function, a numerical 95% retention threshold as a function of the shell-
to-core radius ratio, and the late-time decay that follows when the net signed volume
integral vanishes. The derivation uses the standard diffusion Green function [27], but
the resulting expressions are applied here to a finite compensated baryon-asymmetry
profile.

The paper also retains a conditional scalar-field source as a possible way of pa-
rameterising the local sign of the asymmetry. A derivative interaction with the baryon
current is used in the effective form familiar from spontaneous-baryogenesis models
[7, 28]. A quadratic potential is adopted for a transparent benchmark. The scalar profile
is imposed as initial data. It is not generated by that potential, and the calculation is
not presented as a new microscopic theory of baryogenesis. The observed baryon-to-
photon ratio is used only to calibrate the source amplitude. Published cosmological
constraints are used as reference values; no raw CMB, BBN, gamma-ray, or cosmic-ray
catalogue is downloaded or analysed in this study.

The analysis has four objectives. First, it derives the signed-density transport equa-
tion and states the boundary and source conditions required for global compensation.
Second, it gives the exact planar and spherical diffusion solutions and quantifies the
central-contrast retention of a compensated core-shell profile. Third, it evaluates one
conditional scalar-source benchmark against the published baryon abundance and
the radiation energy density. Fourth, it presents an explicitly approximate isocurvature
screen and a finite-duration stochastic estimate. These calculations test specified
assumptions. They do not establish that the universe contains a primordial antimatter
region, that its global baryon number is zero, or that the assumed initial profile is
dynamically produced.

We adopt a spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime
with line element
ds? = — dt? 4+ a?(t) dx?, (1)



where a(t) is the scale factor and x is a comoving spatial coordinate. We use ¢ = 1
in the spacetime equations. The Hubble parameter is H = a/a. The background
expansion is governed by the standard Friedmann equations. No modification of gravity
is introduced, and antimatter is not assigned a negative gravitational mass. Laboratory
measurements of antihydrogen are consistent with attractive gravitational acceleration
within their reported precision [29].

Let ny(x,t) and n_(x,t) denote the physical number densities of baryons and
antibaryons. In a diffusion approximation, their transport equations are written as

on D(t
8_t+ +3Hn, = aQ—Et;VinJr — (ov)ngn_ + S+ (x, 1), 2)
on_ D(t
T +3Hn_ = a2(t; Vin_ — (ov)ngn_ + S_(x,1). (3)

Here D(t) is the proper diffusion coefficient, (ov) is an effective pair-annihilation coeffi-
cient, and S, are source terms. The equations are phenomenological. A microscopic
calculation of D(t), (ov), and the source rates is not attempted.

It is useful to define the signed and total densities,
An=n, —n_, Yn=mn,+n_. (4)

Subtracting Egs. (2) and (3) gives

0An _ D(1)
v +3HAn = 2(0)

V2An+Sp,  Sp=S5,—5_. (5)

Adding the two equations gives

o¥n _ D(1)
W +3HYn = a2(t)

Vi¥n — 2(ov)nin_ + Sr, Sr =5, +S5_. (6)

The explicit pair-annihilation term cancels from the signed equation because an ide-
alised annihilation event removes one baryon and one antibaryon. It remains in the
total-density equation. The cancellation is an identity of the adopted reaction term.
It does not imply that annihilation is unimportant for the survival of a domain, since
diffusion can bring opposite species into contact at an interface.

For an adiabatically expanding photon bath, n., o< a~3. Define the local baryon-to-

photon asymmetry by
_ An(x; 1)

n(x,t) = () (7)



If entropy production is negligible over the interval considered, the dilution terms cancel

and Eq. (5) becomes
on . D(t) 2 Sg
E = ag(t) VXn + n, . (8)

Definition 1 (Global compensation). A signed-asymmetry configuration is globally

compensated over a comoving region ) if
/ a®(t)An(x, t) d*x = 0. 9)
Q

For spatially uniform n.,, this is equivalent to [,nd*x = 0.

Proposition 1 (Conservation of the integrated signed density). Suppose that there is
no diffusive flux through the boundary of Q and that [, Sp d*x = 0 at every time. Then
the comoving integral o* [, An d*x is constant. In particular, an initially compensated
configuration remains compensated even when its local signed density is nonzero.

Proof. Multiply Eqg. (5) by «® and integrate over 2. The derivative of a® cancels the
dilution term 3H An. The diffusion term reduces, by the divergence theorem, to a
surface flux, which vanishes under the stated boundary condition. The integrated
source also vanishes. Therefore

4 {a?’(t) / And3x] —0. (10)

g

For two approximately uniform regions with asymmetries 7. and 7n,, and volume
fractions f and 1 — f, compensation requires fn. + (1 — f)n, = 0. Equal magnitudes
of opposite sign follow only when the two volumes are equal. Compensation alone
therefore does not prescribe equal domain sizes or equal local amplitudes.

2 Diffusion time and the planar reference solution

After the signed source has switched off, Eq. (8) reduces to

on - D(t) 2

O] N/ (11)

Introduce the integrated comoving diffusivity

Ip(t;t;) = /t %i dt’. (12)
5



It has dimensions of comoving length squared. With = = I, Eq. (11) becomes the
ordinary heat equation,
v (13)

Thus the expansion history and the time dependence of the transport coefficient enter
through a single accumulated quantity. An instantaneous value of D(t) is not sufficient
to determine the total amount of smoothing.

For a planar interface with initial data n(x, ;) = nosgn(x), the exact solution is

X
) =noerf | ———] . 14
n(x;t) = no (2 ID(t;ti)> (14)
At a comoving distance R, from the interface, the retained contrast is
C7t C
Co(Rot) = MWD (B ) (15)

For a required retained fraction 1 — ¢, with 0 < ¢ < 1, the condition C,; > 1 — ¢ is
equivalent to

R. > 2\/Ip(t;t;) erf (1 —¢). (16)
At 95% retention, erf ~'(0.95) = 1.38590, so that R.//Tp > 2.77181. This result is exact
for the planar step and serves below as a geometric reference.

A simple expansion history illustrates the time dependence. Let

t\" AW
Then (¢ /i) 1
pi, | L s= 1A,
© | In(t/ty), s—2p+1=0.

The integral may converge or diverge at late times, depending on the transport law and
the expansion exponent. No specific early-Universe diffusion law is imposed here.

For reference, define the local annihilation rate per particle by Iy, = (0v)n0pp, Where
nepp 1S the density of the opposite species available for annihilation. A reaction-to-
diffusion comparison on a physical scale R,y = aR, is

R

2 T
. phys' ann
Dagyn = .

D



A large value indicates that particles reaching an interface tend to react on a shorter
timescale than the diffusion time across that scale. This parameter is a diagnostic only.
Its value cannot be fixed without a microphysical calculation of the relevant densities
and rates.

3 Exact diffusion of a compensated spherical core-
shell profile

Consider a spherically symmetric initial asymmetry with a positive core of comoving
radius R. and an opposite-sign shell extending to radius R, > R.:

77i(7”) = Me @(Rc - T) + s [G(Rs - T) - @(Rc - T’)], (20)

where r = |x|, © is the Heaviside step function, and 7. > 0. The exterior is taken to
have zero signed excess. The global compensation condition is

47?/ r2n;(r) dr = 0, (21)
0
which gives
s 1 Rs
R (R B =0, = =L (22)

The shell amplitude is therefore fixed by the core and shell volumes. It is not an
independent fitting parameter.

The Green function for Eq. (13) in three spatial dimensions is

1 2
G(r,7) = ———= exp (—ﬂ> : T > 0. (23)
T
Define the convolution of this kernel with a unit spherical top-hat of radius R by

F(r,R,7) = / G(r—r' 7)d*". (24)
|r’|<R



Performing the angular integration gives, for r > 0,

e (82 v (7

() () e
The continuous central limit is
2
F(0,R,T) = erf (%) — \/er_Texp (—%) : (26)

The expression tends to the unit top-hat as = — 0% and is regular at the origin.

Using Eq. (22), the evolved compensated profile is

ng(T? RC71D) - F(T, R87]D>

77(7"7 t) - (Uc - ns)F(TJ RC? [D) + nSF<T7 RS7 ID) = Tc (]3 1

(27)

This expression is exact for the stated top-hat core-shell initial condition and the diffusion
equation in Eq. (11). It is not a numerical solution of a full baryon-antibaryon reaction
network.

Introduce the dimensionless diffusion time

v = ID%“). (28)
At the centre of the core, Eqgs. (26) and (27) give
C,y(u) = 77(2;) _ ngO(l’;;)__lFO(q’U)7 (29)
where )
Fo(z,u) = erf (2\2/5) . \/%exp (—Z—u> . (30)

For a chosen shell-to-core radius ratio, the 95% retention time wugs is obtained from
C,(ugs) = 0.95. The values in Table 1 were calculated with a bracketed Brent root finder,
using an absolute tolerance of 107!3. The closed form in Eq. (25) was checked against
independent one-dimensional radial quadrature at representative radii and diffusion
times, with absolute and relative integration tolerances of 10~%. The calculation evalu-
ates the analytical model only; it does not use an observational data file. The numerical
table is supplied in Online Resource the Python script used for the calculations and
figures is supplied in the same.



Table 1: Numerical 95% central-contrast thresholds for compensated spherical core-
shell profiles. The shell amplitude follows from exact volume compensation.

Rs/Rc 775/770 Ug5 = [D/Rg Rc/ \% [D at 95%
1.25 —1.04918  0.053765 4.31272
1.50 —0.42105  0.058201 4.14510
2.00 —0.14286  0.061636 4.02794
3.00 —0.03846  0.063300 3.97464
5.00 —0.00806  0.063835 3.95794
10.00 —0.00100  0.063963 3.95398

Planar step n/a 0.130159 2.77181

For R,/R. = 2, the central contrast falls below 95% when I,/ R? exceeds approxi-
mately 0.06164. The planar comparison allows a larger accumulated diffusion time,
Ip/R? ~ 0.13016, at the same nominal distance from the interface. The difference
is expected: diffusion acts in all three spatial directions around a finite core, and the
compensating shell contributes an opposite-sign component to the convolution. As
the shell becomes larger relative to the core, its required amplitude decreases and the
95% threshold approaches the value for an isolated spherical top-hat. The threshold
is not a universal domain-survival limit; it belongs to the specified initial geometry and
to the signed-diffusion equation. The radial profiles at selected diffusion times are
shown in Fig. 1. The dependence of the central contrast on dimensionless diffusion
time, including the planar reference, is compared in Fig. 2.

The central solution also has a simple asymptotic form. The heat-kernel representa-
tion at the origin is

n(0,7) = W /R3 n:i(r') exp <—2—T> d3r. (31)

For 7 >> R?, expand the exponential in powers of 1/7. The leading term is proportional
to the monopole integral M, = [ n; d*”, which vanishes by compensation. The first
nonzero contribution is controlled by the second radial moment,

4 - 1)

M 2 N d3 R5q3(q2 30
Q/IR;3T nl(r) *_Enc c q3_1 ( )
It follows that
3( 2
¢’(g-—1 _ _
Cylu) = m“ oW ™), u> (33)



= |nitial compensated profile
Ip/RZ =0.02
— == Ip/R?=0.06
— = Ip/RZ2=0.15

Normalized signed asymmetry n/n.
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0 1 2 3 4 5
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Fig. 1 Compensated spherical profile with R,/R. = 2 and n,/n. = —1/7. The initial core-
shell profile is compared with its heat-kernel evolution at three accumulated diffusion
times Ip/R?
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Fig. 2 Central contrast as a function of dimensionless diffusion time for several com-
pensated shell-to-core radius ratios. The planar step is shown as a reference
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An uncompensated spherical top-hat retains a leading monopole contribution and
decays at the centre as «~%/2. In the compensated case that term is absent, so the
leading central tail decays one additional power of u. This conclusion follows directly
from the zero signed-volume integral and the finite second moment of the initial profile.

Proposition 2 (Late-time central decay). For the compensated profile in Eq. (20) with
finite ¢ > 1, the leading late-time central contrast is given by Eq. (33).

Proof. Expand the exponential in Eq. (31) as 1 — r2/(47) + O(7~2). The integral of the
constant term is M, = 0. The next term is — M/, /(47). Substituting Eqg. (32) and writing
u = 7/R? gives Eq. (33). O

The asymptotic result is an analytical statement about the idealised signed profile.
It does not include the feedback of annihilation products on the plasma transport
coefficient, nor does it establish that the early-Universe baryon plasma reaches the
asymptotic regime assumed in the expansion.

4 A conditional scalar-field source and abundance nor-
malisation

The transport model requires a source for the signed baryon excess. As a conditional
effective description, consider the derivative interaction

9.0

*Cint = f

T4, (34)
where ¢ is a canonical scalar field, f is a mass scale, and J% is the baryon current.
Natural units ¢ = h = kg = 1 are used in this section. The scalar equation contains a
term proportional to the divergence of the baryon current. If baryon number were exactly
conserved, the interaction could be integrated by parts into a boundary term. Baryon-
number-changing reactions are therefore required for the effective bias to influence the
net abundance. In a spatially homogeneous patch, the quantity

uﬁ=§ (35)

may be interpreted as an effective chemical-potential bias in the small-|z.| /7" limit. This
interpretation is a model assumption and is not a universal consequence of Eq. (34)

11



[28]. For the canonical scalar action with the interaction in Eq. (34), the corresponding
field equation is written as

. .1, ) 1 y

¢+ 3Hp — ?VX¢+V(¢) = —?VMJB. (36)
The right-hand side represents the back-reaction associated with baryon-number viola-
tion. The benchmark below neglects it over the selected interval.

A minimal relaxation equation for the signed physical density ng =n, —n_ is

0 D .
S+ 3Hnp = —Ving —Tp(T) [ng = ni(T, 9)], (37)
where I'5(T) is the baryon-number-changing reaction rate. In the relativistic-fermion,

small-bias approximation, write

o _ 98, o _ 9505 38

nB 6 Heft 6 f : ( )

The coefficient g summarises the relevant relativistic degrees of freedom and the

chemical-equilibrium constraints imposed by the chosen reaction network. Its value

must be calculated for a specified particle content. Here it is retained as an illustrative
effective parameter and is not identified with a derived Standard Model result.

Let Yz = np/s, where s = (27%/45)g.,T° is the entropy density. During a short
freeze-out interval in which spatial transport can be neglected, entropy conservation

gives
Vo= <To(T) ¥~ V5T, Y3(T) = s, (39
where a(T) = ¢/(fT). The solution between ¢; and t; is
Ya(ts) =Va(t:) exp {— /t ff I's(u) du]
+ /t vtf Lp(t) Y5 (t') exp {— /t N I'p(u) du] dt'’. (40)

This expression makes clear that the final yield depends on the reaction-rate history.
In the sudden-freeze-out approximation, Yz(Tp) ~ Y5;4(Tp). If entropy is conserved
afterwards, np o ~ 7.04Yp, and therefore

1056 g |6(Tp)|
model — . 41
B,0 472 s (TD) ap;, ap Tp ( )

12



The absolute value denotes the amplitude in the patch whose sign is being normalised.
The opposite-sign patch has the opposite signed yield.

For the abundance target we use the published combined BBN and CMB determi-
nation nz o = (6.120 £+ 0.038) x 10~ [30]. This value is used only as a normalisation
target. Inverting Eq. (41) gives

472 g.s(Tp) 1 (9«(Tp)
D= e =244 x 1078 [ — ) (22 42
DT 05695 120 % 95) \ 106.75 ) (42)

where the numerical coefficient carries the relative uncertainty of the adopted abun-
dance. Table 2 lists illustrative values for g, = 106.75.

Table 2: Required effective source amplitude for the published baryon-to-photon nor-
malisation. Values of g are illustrative and do not represent a completed chemical-
equilibrium calculation.

lllustrative gp Required ap
1 (2.44 +0.02) x 1078
2 (1.22+£0.01) x 1078
4 (6.11 4 0.04) x 1077
10 (2.44 4 0.02) x 107°

For a transparent scalar-field example, take

1
V(p) = §m§,¢2, m3 > 0. (43)
The potential has a single minimum at ¢ = 0 and does not possess two degenerate
vacua. It therefore does not support a stable topological wall separating two vacuum
phases. The sign-changing field profile used for the benchmark is prescribed on the
freeze-out slice,

2
Mg

). énle) = i oot (44)

T

¢D(l’) = CI)D tanh (£

D

The velocity is the leading slow-roll expression when m} < Hp and the gradient force
is subdominant. For x < 0, ¢p < 0 and ¢D > 0, so the sign of the effective bias is
opposite to that in the = > 0 patch. This is an imposed long-wavelength initial condition.
The quadratic potential evolves the supplied configuration but does not explain how it
formed.

Use the benchmark values

Tp =100 GeV, ¢, = g.s = 106.75, g =4, f=10°GeV, &p =10 GeV, (45)

13



and Hp = 1.405 x 10~ GeV for a radiation-dominated background. Equation (42) gives
ap = 6.106 x 107°. Matching the magnitude of the slow-roll velocity in Eq. (44) to this
value fixes

HpfT,
m2 = SHpJThon (5,073 4 0.016) x 1071 GeV, % —0.0361.  (46)
(I)D HD

The mass is calibrated to the adopted abundance. Propagating only the quoted
uncertainty in ng o, with all other benchmark inputs held fixed, gives the uncertainty
shown in Eq. (46). The mass is not an independent prediction of the potential.
The radiation energy density at the selected temperature is
2

PR = g—og*T;; — 3,512 x 10° GeV4, (47)

The potential and kinetic energy fractions at |¢| = ¢, are

V(®0) _ 366 x 107 ob

=5.31 x 107 (48)
PR 2pR

For a transition width ¢/, = 100H ', the peak gradient estimate py ., =~ ®%/(2¢2) gives

PV, max

=2.81x 1078, (49)
PR

The scalar sector is subdominant for this selected parameter point. These are back-
ground energy estimates, not a numerical evolution of the scalar field equation.

The scalar benchmark and the spherical transport problem serve different purposes.
Equation (44) is a planar scalar initial condition used to check the effective source
amplitude and its energy budget. The spherical core-shell profile in Section 4 is a
separate idealised signed-asymmetry initial condition used to quantify the effect of finite
geometry. No claim is made that the planar scalar profile dynamically produces the
spherical core-shell configuration.

5 Isocurvature screening and stochastic seeding

For a light spectator scalar during quasi-de Sitter inflation, the field fluctuation per
logarithmic interval is approximately 73(%2 = H;/(2m) [31]. Away from the transition

14



surface, where |¢p| is of order ®,, and the local yield is proportional to ¢ x ¢, the
corresponding baryon entropy perturbation is estimated as

(50)

This linear estimate is not valid arbitrarily close to the surface where the background
field passes through zero. If cold dark matter is adiabatic and the baryons carry the
only entropy perturbation, a large-scale total-matter estimate is Péfw ~ beIg, where
fo = %/ =~ 0.156 for the Planck 2018 background parameters [32].

For a transparent screening calculation, use the Planck 2018 95% upper bound
Biso < 0.038 for an uncorrelated, scale-invariant cold-dark-matter isocurvature mode
and the reference curvature amplitude Pr = 2.1 x 10~? [33]. The associated reference
amplitude is

3 1/2
Py = (1 _5 pR) =9.108 x 107°. (51)

Requiring the estimated total-matter contribution to remain below this reference gives

Hy 2

< ZZpl? — 3668 x 1074, 52
(I)D fb S ref ( )

For &, = 10" GeV this corresponds to H; < 3.67 x 10" GeV. At H; = 103 GeV,

Eq. (50) gives a baryon entropy amplitude of 1.59 x 107> and a weighted total-matter
amplitude of 2.48 x 10~¢, approximately 0.27 of the reference amplitude.

Equation (52) is a screening proxy, not a Planck likelihood constraint on a pure
baryon-isocurvature model. Baryon and cold-dark-matter isocurvature modes have
different transfer functions and acoustic signatures. A baryon-specific analysis would
be needed for a quantitative comparison with CMB observations [34]. The use of the
CDM bound here is restricted to an order-of-magnitude check of the benchmark. The
relation between the fluctuation ratio and the adopted screening amplitude is plotted in
Fig. 3.

If the spectator remains light and classical drift is neglected, independent inflationary
increments over N e-fold intervals give the optimistic random-walk estimate

7o(N) = LAV, (53)

Combining this expression with Eq. (52), the rms excursion obeys

0y(N) _ 3668 x 107 54)
(I)D ~ 2 '

15



An rms excursion of order ¢, would require

2 2
N>Npy=———) ~293x 108 55
~ freq (3.668 x 10—4> 8 (59)
For N = 60, the same estimate gives
60
76(60) < 4.52 x 107, (56)
dp

The result is far below the order-unity field excursion assumed in Eq. (44). Itis a
consistency check for an unbiased random walk under the stated screen, not an
exclusion of all inflationary histories. It neglects mass-induced suppression, classical
drift, correlations between scales, and any earlier classical field configuration. The
dependence of the estimated rms excursion on the number of e-fold intervals is shown
in Fig. 4.

I fbH[/(ZTI(DD)
————— CDM-equivalent reference
1 e Screen: H,/®p = 3.67e — 04

4

= =
o o
LI"I |
1 1l

[EnY

o
&
|

Dimensionless isocurvature amplitude
(=Y
o
1,
1

TTTIT T TTTTT T LI | T LI | T LI | T LI | T LI |
1078 1077 1076 107° 107 107° 1072
Inflationary fluctuation ratio H,/®p

Fig. 3 Approximate isocurvature screening for the benchmark field amplitude. The
horizontal line denotes the cold-dark-matter-equivalent reference amplitude. This
comparison is not a baryon-isocurvature likelihood fit
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Fig. 4 Optimistic stochastic field excursion divided by the assumed field amplitude. The
60-e-fold reference lies well below unity under the adopted screening proxy

6 Observational implications and tests

The analytical conditions derived above are necessary transport checks. They are not
sufficient to establish a viable cosmological model. Several further calculations would
be required before a particular compensated-domain scenario could be compared
directly with observations.

During Big Bang nucleosynthesis, diffusion of baryons and antibaryons toward an
interface could lead to annihilation and energy injection. The resulting light-element
yields depend on the domain size distribution, transport coefficients, annihilation history,
and thermal evolution. Earlier analyses have shown that nucleosynthesis can constrain
matter-antimatter configurations [14—16]. The present paper does not evolve a BBN
reaction network, so it does not claim that the benchmark has passed those constraints.

Annihilation at matter-antimatter boundaries can produce energetic photons and
secondary particles. A predicted gamma-ray signal depends on interface area, baryon
density, relative velocity, distance, redshift, and radiative transfer. Observations already
restrict nearby matter-antimatter admixtures and candidate antimatter objects [20, 21].
Since the domain geometry and environment have not been specified at the level
needed for a flux calculation, no absolute gamma-ray flux is quoted here.

The cosmic microwave background can constrain both isocurvature perturbations
and energy injection. The calculation in Section 6 uses a cold-dark-matter-equivalent
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amplitude only as a screening reference. It is not a replacement for a baryon-specific

transfer calculation or a likelihood evaluation. Likewise, antideuteron and antihelium

observations would require modelling secondary production, acceleration, and prop-
agation before they could be connected to primordial domains [22, 23]. No reported
antinucleus candidate is treated here as evidence for a primordial antimatter reservoir.

The main tests and their present status are summarised in Table 3.

Table 3: Tests required for a physical realisation of the compensated-domain hypothe-

sis.

Test Requirement for a viable Present status in this study
model

Microphysical Derive I's(T), g5, and the Effective relaxation closure

source signed source from a specified and illustrative susceptibility
particle-physics model. only.

Transport Calculate D(T') and evaluate  Exact analytical criteria are
the integrated diffusivity over  derived; the plasma transport
the relevant thermal history. law is not supplied.

BBN Evolve the domain distribution Not performed.
and annihilation history
through a nuclear reaction
network.

CMB Compute baryon-isocurvature CDM-equivalent screening
transfer functions and energy  proxy only.
injection, then compare with
likelihoods.

Gamma rays Specify the interface geometry No absolute flux calculation.

Cosmic antinuclei

and environment and
calculate the emitted and
propagated spectrum.

Model secondary
backgrounds, source specitra,
and propagation before
interpreting a candidate
signal.

No antinucleus prediction is
made.
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7 Discussion and limitations

The main result of the transport analysis is that the geometry of a compensated profile
affects how its central signed contrast is retained. The planar step provides an exact
one-dimensional reference. A finite spherical core-shell profile has an exact three-
dimensional convolution, and its 95% retention threshold depends on the shell-to-core
radius ratio. For the example R,/R. = 2, the allowed dimensionless diffusion time is
less than half the planar value. The reason is not a change in the microscopic diffusion
coefficient. It is the geometric effect of diffusion in three directions together with the
opposite-sign compensation shell.

A second consequence is the late-time suppression of the central contrast. The zero
monopole moment removes the u~3/2 contribution that would occur for an uncompen-
sated finite sphere. The leading term is set by the second radial moment and decays
as u~°/2. This result is useful when comparing finite compensated profiles, but it is not
a prediction for the actual early-Universe plasma until the function D(t) is calculated for
a specified particle content and thermal history.

The scalar-field calculation is intentionally conditional. The derivative coupling does
not provide a complete baryogenesis model without baryon-number violation and a
consistent chemical-equilibrium treatment. The susceptibility coefficient and reaction
rate are not derived from a specified microscopic theory. The benchmark mass is
inferred after normalising the source to the observed abundance. It should therefore be
read as a parameter value required by the selected assumptions, not as a prediction.
The quadratic potential has one minimum, and the sign-changing initial profile is
supplied by hand. The stochastic estimate further shows that the adopted 60-e-fold
light-field random walk does not generate the assumed amplitude while satisfying the
approximate isocurvature screen.

Several limitations remain. First, the signed-density equation removes the direct
pair-annihilation term by construction. The finite-sphere solution therefore describes
the diffusion of signed contrast, not the full coupled evolution of the individual baryon
and antibaryon populations near a reactive interface. Second, the top-hat core-shell
profile is an idealisation. A smooth profile can be treated by convolving it with the same
heat kernel, but its quantitative retention threshold will depend on the chosen transition
shape. Third, the transport coefficient and annihilation rate have not been derived
from early-Universe plasma microphysics. Fourth, no BBN network, baryon-specific
CMB likelihood, or quantitative gamma-ray calculation has been carried out. Finally,
no dynamics is supplied that generates the long-wavelength initial condition. These
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omissions prevent the model from being presented as an explanation of the cosmic
matter-antimatter asymmetry.

The conclusions are consequently limited to the stated mathematical and benchmark
results. A globally compensated signed distribution can contain local regions of opposite
asymmetry. lts subsequent smoothing can be calculated analytically for the planar step
and for the spherical core-shell profile considered here. Whether such a profile forms
and survives in the physical universe remains an open question requiring microphysical
calculations and a fully specified cosmological history.

8 Conclusion

This paper has examined the transport of compensated baryon-asymmetry profiles in an
expanding FLRW background. The signed-density equation conserves the integrated
asymmetry when there is no boundary flux and the net signed source integrates to
zero. After the source switches off, the accumulated comoving diffusivity determines
the smoothing of the profile. Beyond the standard planar reference solution, an exact
three-dimensional heat-kernel expression has been obtained for a finite compensated
spherical core surrounded by an opposite-sign shell. The central-contrast threshold
depends on the shell-to-core radius ratio. For R;/R. = 2, 95% central retention
requires Ip/R? < 0.06164. At late times, compensation removes the leading monopole
contribution and the central contrast decays as u~>/2. A conditional derivative-coupled
scalar benchmark has also been normalised to the published baryon-to-photon ratio.
For the selected parameters, the inferred scalar mass is (5.073 & 0.016) x 10~'¢ GeV,
where the uncertainty reflects only the quoted baryon-to-photon normalisation, and the
scalar energy remains subdominant. The isocurvature and stochastic calculations are
approximate consistency screens. The work therefore provides an analytical test of
transport and a clearly delimited scalar-source benchmark.
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