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Abstract
We develop an efficient method for solving transport equations, particularly in the context
of electroweak baryogenesis. It provides fully-analytical results under mild approximations
and can also test semi-analytical results, which are applicable in more general cases. Key
elements of our method include the reduction of the second-order differential equations
to first order, representing the set of coupled equations as a block matrix of the particle
densities and their derivatives, identification of zero modes, and block decomposition of the
matrix. We apply our method to calculate the baryon asymmetry of the Universe (BAU) in a
Standard Model effective field theory framework of complex Yukawa couplings to determine
the sensitivity of the resulting BAU to modifications of various model parameters and rates,

and to estimate the effect of the commonly-used thin-wall approximation.
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I. INTRODUCTION

A long-standing challenge of particle cosmology is to understand the mechanism by which
the baryon asymmetry of the Universe (BAU) is generated. The Standard Model (SM)
prediction [1, 2] is many orders of magnitude smaller than the observed value of Y3 ~
8.6 x 107'" measured by PLANCK [3]. The requirement for the dynamical process that
generates the asymmetry to occur out of thermal equilibrium implies a particular structure
for the particle dynamics. In electroweak baryogenesis (EWBG, for reviews, see e.g. Refs. [4-
6]), one calculates the asymmetry that is produced during the electroweak phase transition,
as bubbles of non-vanishing vacuum expectation value (VEV) of the Higgs field form and
expand to fill the Universe [4, 5, 7-10]. The important dynamics in such a scenario arise
from the CP-violating interactions, which occur across the bubble walls and lead to a chiral
asymmetry. Weak sphalerons then convert this chiral asymmetry into a baryon asymmetry
by acting only on left-handed fermions and changing the baryon number. The importance of
diffusion and the role of leptons was identified in Refs. [8, 11-15]. Since the strong sphalerons
only wash out the quark asymmetries, and the diffusion into the symmetric phase is larger
for leptons, the 7 as a lepton with a sizable Yukawa coupling becomes an efficient source for
CP violation [12, 14, 16].

Typically, the calculation is performed semi-classically, such that the particle dynamics
is encoded in transport equations - a set of coupled, linear, non-homogeneous differential
equations. The solution to these equations determines the eventual densities of each par-
ticle species, yielding a prediction for the baryon asymmetry. The current state-of-the-art

approaches for solving these transport equations are the following:

e Making a set of approximations that simplify the transport equations into a single

equation that is analytically solvable and qualitatively understandable [12, 14];

e Solving the full set numerically, which is more accurate but makes it difficult to gain

physical insight into the solution [14];

e Solving the full set semi-analytically through a process of redefinitions that allow

singling out equations to be solved individually as a recursive process [17].

We propose a new, semi-analytic method, which is similar to the latter approach, but
simpler in several respects. Its implementation and usage are clear, and the understanding
of algebraic features provide an intuitive picture of the physical process. Moreover, under

mild approximations, this method allows for a fully-analytic solution, which is useful for



estimating the accuracy of the corresponding semi-analytic calculation. Because the ap-
proximations are mild, a good agreement between the semi-analytic and the exact solution
suggests that the semi-analytic results are reliable also in the original form of the equations
and can be extended to more general scenarios.

The paper is organized as follows. In Sections II and III we solve a general set of trans-
port equations, and impose the suitable boundary conditions. In Section IV we discuss the
importance of zero modes and illustrate a way to treat them in a numerically stable way.
Section V describes techniques that can be applied to produce a fully-analytic solution in
applicable cases. In Section VI we apply our method to calculate the baryon asymmetry
in several scenarios within the SM effective field theory (SMEFT) framework of complex
dimension-six Yukawa terms, testing the sensitivity of the produced asymmetry to modifi-
cations by factors of O(10) to model parameters such as the bubble wall parameters and
the rates that are an input to the transport equations and have sizable uncertainties. We
summarize and discuss our results in Section VII. The Appendices A - C provide details of

derivations, definitions and benchmark parameters, as well as several consistency checks.

II. CONSTRUCTION AND GENERAL SOLUTION

In the following two sections, we will work in what is known as a two-step approach [11,
18], where the particle dynamics are approximated as a two-step process: In the first step,
CP-violating interactions generate a chiral asymmetry, and in the second step, the weak
sphaleron process acts on the chiral density and converts it into a baryon density!'. This
decoupling is possible because the weak sphaleron rate is typically slow compared to other
processes (see App. A 3). In App. B4 we show a comparison between the two-step approach
and the one-step approach, where the weak sphaleron is incorporated to the transport equa-
tions directly.

The second step consists of solving a single differential equation for the baryon density,
and is described in detail in Appendix C. Solving the transport equations of the first step
generalizes the solution of a single equation to a set of equations, one for each particle, and
is the focus of this paper.

Taking the diffusion approximation [7, 8] for the particle density f with the notation
Of = 0,f" = vy, f' — Dy f", where v, is the wall velocity and Dy the diffusion coeflicient, a

! Throughout the paper, the density of a quantity always refers to the difference between the corresponding

particle and anti-particle densities.



typical set in the two-step approach is the following

ot = _F§\4M§\J - F%/:utY + Dysptss + S
Ob = _FIJ)WMIJ)W - Fl})f:ul})/ + FSSMSS + Sb

dg = —t — b
Ot = —Thppiy — Uypy +5- (2.1)
ol = —0r

Oh = +Typy — Ty — T3 u5
ou = _’_Fssﬂ/ss .

The CP-violating sources S;, the k;-functions and the rates I'; are calculated by standard
methods [10, 19-21] and their values in our framework appear in App. A. The chemical
potentials are related to number densities via n; = T?u;k; /6+O(u?). If we absorb the factor
T?/6 in the definition of the effective chemical potentials for each process, their values are

given by [14, 22]

o _toa v b4 oL
ILLM kt kq Y Iu’M kb kq Y /”l’M kT kl Y
t q h b q h T l h
t b T
= _*_ = = - L = — — — + — 2.2
/"LY kt kq kh ? ILLY kb kq + ]fh Y ILLY kT kl kh Y ( )
o & 2(]1 Uj dz
Hss = kul kdi

The up quark is a representative of the other light quarks (d, s and ¢): since they interact
only via the strong sphaleron to a good approximation, they are linearly dependent and

hence redundant [14].

The sources peak in the broken phase, and for simplicity we approximate the bubble
wall as a step function at z = 0, the center of the bubble wall (see Sec. VIC for further
discussion on this choice). We consider the rates to be constant at each phase (possibly with
different values), while for the sources we maintain their z-dependence in the broken phase,
and eliminate them in the symmetric phase. We thus obtain a set of linear equations with
constant coefficients for each phase. With N denoting the number of species appearing in
the transport equations (for the set in Eq. (2.1), N = 7), we replace these N equations of

— /

second order with 2N equations of first order by defining ¢g; = such that Eq. (2.1) is

79
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written in matrix form as

t t t 0
v On Iy b On On b 0
o Vu - Iy + S
Gt D: gt Dike gt ~5t/D,
9 On Dy 9 T On 9o ~54/D,
_ On I
e yY-Ky=5, K=["""). (2.3)
r v

Here I' is a matrix of couplings between different particles, where each entry is of the form
Ts/Dsks. The general solution to the homogeneous part for each species is a linear combination
of modes f;(z) = Afe)‘fz where A; are the eigenvalues of K. The weights A; are determined,

up to an overall normalization factor, by the eigenvectors of K. We can thus write Y in

X(2) (J_C(Z>> = Z Ceti* (fz> = d(2)C, (2.4)

i gi

vector form as follows:

where (f;, ;)" are the eigenvectors of K, and C; are integration constants. We organize
the eigenfunctions in a z-dependent matrix <i>(z) Using variation of parameters, the full

solution in the broken phase is
2(2) = B(2)C + 6(2) / b (2)S(x)da (2.5)
0

We provide the numerical agreement between g; and f/ of the solution in App. B2. The
impact of including more particles species in the set of transport equations is investigated

in App. B3. Furthermore, in App. B 1 we show the conservation of B — L numerically.

III. BOUNDARY CONDITIONS

In each phase, half of the modes decay and the others diverge or are constant. We choose

boundary conditions as follows:

e In the symmetric phase (z < 0), the integration constants of both the divergent and
zero modes are set to 0, complying with the assumption that no baryon asymmetry is

present before the electroweak phase transition.



e In the broken phase (z > 0), the integration constants of divergent modes are used to

cancel the divergent integrals coming from the non-homogeneous terms in pairs.

e The remaining modes are determined by imposing continuity of y at z = 0. Since ¥
contains the vector of derivatives g, this is equivalent to requiring continuity of each

particle density and its derivative at z = 0.

An important observation is that all modes either decay or are chosen to vanish at infinity,
except for the zero modes. These are the only ones to survive deep in the broken phase
z — oo. Therefore, their existence is crucial for the success of EWBG (and is indeed
guaranteed by the linear dependencies in Eq. (2.1)).

The solution of Eq. (2.5) in the broken phase for the i’th component of y is

Xi(2) = @] ik . cp +¢U ke . len%/o e M. S, (z)dx, (3.1)

where ) is a diagonal matrix constructed from the eigenvalues \; and gzgi]- is a matrix of the
corresponding eigenvectors. We denote integration constants of positive (negative) eigenval-
ues by +(—), and a B(S) superscript indicates the broken (symmetric) phase. For positive

eigenvalues in the broken phase we choose

OBt = —qblm/ e~ S, (r)dz . (3.2)

This choice guarantees convergence at infinity. The continuity conditions are treated as
follows. In the broken phase at the phase boundary, Eq. (3.1) reads

X(z = 0F) = ¢PCP = §ECPT + $ECP~ = b, + ¢5CP, (3.3)

LV LV LV

where b is a constant vector with entries b; obtained from Eq. (3.2).
In the symmetric phase, we set the integration constants associated with negative eigen-

values to zero, such that

X(z = 07) =505 +0. (3.4)
Continuity at z = 0 is then
P50t — 9B CP =1, 1<j<N, N+1<k<2N, 1<i<2N. (3.5)

To reach the final expressions, we need to solve a linear set of equations for the remaining

integration constants. We can organize these constants in a vector ¢ = (C°,CP~)T and
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the corresponding modes as columns of a matrix A= (gbs | — gbB), such that finding the
remaining integration constants ¢ amounts to solving the equation Ae = b. We can then
collect the relevant densities, which in the two-step approach involves summing over the
densities of the left-handed multiplets in the symmetric phase. In the case of Eq. (2.1),
we recall that u acts as a representative of the light quarks. To obtain the densities of the
left-handed multiplets of the first two generations, we relate them to u via ¢ = ¢ = —2u
[14]. The chiral density is n;, = ¢ + | — 4u, which we plug into Eq. (C10) to solve for the
baryon asymmetry. Note that since we only need the zero modes for our final result of
Y5, Egs. (3.2) of A\; =0, (3.5) and (C10) imply that Y is exactly linear in the integrated

CP-violating sources Sy.

A. One step and two step approaches

To obtain the baryon asymmetry in the one-step approach, we need to add to Eq. (2.1)

the following terms:

0q — 0q — 3 s fbys Ol — Ol — Tyysfbs Z — + 3—

Qz
In this case, the degeneracy among light quarks in Eq. (2.1) is explicitly broken. Therefore
we must reintroduce at least one left-handed quark multiplet. We may keep one quark
generation implicit as long as we add its contribution to Y3 in the end. The baryon density
is obtained by summing over the zero modes of each species in the broken phase, and
multiplying the quark densities by 1/3. The convergence of the two-step approach towards

the one-step solution for small I'y is shown in App. B4.

IV. ZERO MODES AND NUMERICAL REGULARIZATION

We have seen that zero modes are crucial for the generation of a baryon asymmetry,
since the rest of the modes necessarily decay deep within the broken phase. Here we show
explicitly that the existence of the zero modes is guaranteed by the structure of the transport
equations, and then discuss their impact on the numerical analysis. Consider again the

matrix K in Eq. (2.3). Zero is an eigenvalue of K iff det K = 0. The determinant of a
A B

block matrix M =
C D

) for invertible D is det(M) = det(A — BD7'C) det(D). With



A=0, B=1y, C =T, we obtain
det(K) = det(—T) = (—1)" det(T).

The block I' corresponds to couplings in the transport equations, which we know are not all
linearly independent: In the two-step approach, the couplings of left-handed multiplets are
the negatives of the corresponding right-handed ones (e.g. 9l = —07). Thus each generation
produces a zero mode. In the one-step scenario, the degeneracy is broken between left and

right, but reintroduced across species. For example,

0q = —0t — 0b — 3T s lbws
= 0Jqg=—0t—0b+ 30l +30T.
Ol = =07 — Dy bys

When incorporating many particle species in the transport equations, finding the eigen-
values of K is an intrinsically numerical task, equivalent to finding roots of high-order
polynomials. The zero modes, which necessarily exist, may cause numerical instabilities if
not treated carefully. A way to circumvent the problem is to first perform a partial diag-
onalization of K to extract the zero eigenvalues, and then solve for the rest of the system
independently. Let us outline the procedure. Suppose we have a matrix M for which we

know only a subset j of its m eigenvalues. We would like to find a matrix U such that

D 0
M =U"'MU = 1, (4.1)
0 M

where D is diagonal and consists of the j known eigenvalues of M, and M is arbitrary. If M
is diagonalizable, then in particular it is partially-diagonalizable. In the case of Eq. (2.1),
D = 045 If we only diagonalize a block of M, then we have U = (U,|V,) where U, consists
of the right-eigenvectors that were already found, and V, remains to be determined. We can

write U™ = (%l) where U, are the left-eigenvectors and V; the remainder. We have

U, = 1,
U,
In=U'U= (V;) (UV2) = ViV, =1, (4.2)
uv,=vU,=0.

From this, we see that V, and U; span orthogonal spaces, such that

U= (Ur\ (Uf)L> . (4.3)



The upshot in our case is that we found a way to reduce the original problem of finding the
eigenvalues of the singular matrix K to finding the eigenvalues of a regular matrix K, which
should be numerically stable. Going back to the general case, we now need to match the
eigensystem of the transformed matrix M’ to that of the original matrix M. The eigenvalues

are the same, as can be seen from
det(UflMU — )\I) = det(U*1 (M — XI) U) =det U ' det Udet(M — \I) = det(M — \I).

For the eigenvectors, suppose y is an eigenvector of the transformed matrix, and denote
x = Uy. Then,

U'MUy=)\y < U'MUU 2 =\ U "'z <= Mz = \z.

We find that if y is an eigenvector of M’ corresponding to an eigenvalue A, then z is an
eigenvector of M, corresponding to the same eigenvalue \.

To summarize the procedure, we start by finding the eigenvectors of the zeros of K to
obtain U, which we use to partially diagonalize K. We then find the eigensystem of K’, and

transform the eigenvectors to obtain the eigensystem of the original matrix.

V. BLOCK DECOMPOSITION FOR ANALYTICAL SOLUTION

In this section we show that, under certain approximations, we can obtain a fully analytic
solution. This is useful for checking the semi-analytic method, where the eigenvalue problem
is solved numerically, and consequently all downstream calculations are numeric as well.
Since the approximations we are going to use are mild, finding that the results are in good
agreement means we should expect the semi-analytic method to be reliable also for the exact
equations.

Using the general structure of K, we get

K& = \§ (O ]N> (&) = (ME> (5.1)
rv)\g A

I - )\Z b —. —. —.
O N (5.2)
F(bl + V@Z — )\@Z

We obtained equations that are, first, independent of ¢?, and second, close to representing

an eigenvalue problem for an N x N matrix instead of 2N x 2N. If we assume the diffusion

10



coefficients are all the same, then V' becomes a scalar matrix, and we obtain an actual

eigenvalue problem for the matrix I', with eigenvalues
A= M-\, (5.3)
given by
Lol = \o' . (5.4)
This can also be seen from determinant properties of block matrices. For a general matrix,
if A is invertible, then

A B 1
det = det(A) det(D — CA™'B).
C D

In our case,

—A Vv — A
such that if all the diffusion coefficients are the same (i.e. Vi,j:V; =V, = V), we get for
the non-zero eigenvalues

det(K — ) = (=\)" det <v — A+ §r>

= det((A2 = VA) —T) = det(X - r) . (5.5)

Neglecting the Higgs density h &~ 0 and decoupling the weak sphaleron (two-step approach)
allows us to solve the eigenvalue problem (5.4) fully analytically. Doing so allows us to
obtain the eigenvectors of K by solving the quadratic equations (5.3) for )\j-t and using the
relation (5.2) to construct ®°.
We can obtain an analytic solution also without assuming the diffusion coefficients are
all equal, and instead approximate them as equal only among fields from the same family:
D,=D,=D,=6/T,
S / (5.6)
380/T = D, ~ D, =100/T .
This approximation allows us to arrange I' in blocks of equal D’s for quarks and leptons

separately. Then, each block is a subproblem of the original eigenvalue problem, which

11



will be solved separately. If we look at Eq. (2.1) under the above approximations, we have
q,t,b,u,l, 7, which naively form a 12 x 12 matrix, but reduces to separate 4 x 4 and 2 x 2
blocks, which are easily solvable. Of course, this decomposition works also under the more
aggressive approximation of equal diffusion coefficients. If we do not make the approximation
D, =~ D,, then the quark block still forms an eigenvalue problem with an effective eigenvalue
5\(1 = A\? — \V,, but the lepton block does not. Instead, it is just a set of two equations in 3
variables: A, ¢;, ¢,, where we denote for simplicity the latter two by [, 7, respectively. The
equations are thus

Lyl +Tpm + AVl = N2l =0,
(5.7)

Lol +T 7+ ANV = XN7=0.

Setting 7 = 0 immediately implies [ = 0, trivializing the solution. We can therefore choose

7 = 1, which gives

= L (N =AV, =T+, (5.8)
I-"rl
= (Fll + ‘/l)\ - A2) (A2 - ‘/TA - FTT) + FZTFTZ - O . (59)

Plugging in the values of I';; eliminates the constant term, reproducing the expected zero

eigenvalue, and leaving us with (I' = T'y; + I'y)

w | Vw . r r Wl Wl
A3—(U—+U—)A2+( T >A+ Tw> 4 T 0.  (5.10)

D. ' D, D,D. kD, k.D. Dik-D. ' D.kD,

Note that the zero eigenvalue determines the eigenvector to be

(l,7) = (:—i 1) : (5.11)

The other eigenvalues are given numerically by
A € {0.044, —0.067,0.11}, (5.12)
where \ = 0.044 leads again to the eigenvector
k
(L,7) = (—l,l) : (5.13)
kr
and the other two eigenvalues both produce the eigenvector

(I,7) = (=1,1). (5.14)

12



The apparent degeneracy in the eigenvectors is resolved when we construct the full eigen-
vectors using @' = \;¢', where all the quark entries are 0.

The next step in the process is to invert the matrix P corresponding to the eigenvectors
of K. Instead of directly inverting <1A'>, which is computationally taxing, we will follow a
similar path to the regularization procedure, and find the eigenvectors of K7 as we did for
K. These will be the left eigenvectors of K, and when properly normalized construct the
inverse of ®. Denote the left eigenvectors by (u,v), such that

(D O-GNO-0 e

= sa=MN=V)o, I'Mo=(\-\V)D. (5.16)

The effective eigenvalues are again the same, and the eigenvectors o are solved for and used
to obtain @!. We organize the left eigenvectors as rows in a matrix A, and choose their
normalization such that A = ®~'. From here on we simply follow with the semi-analytic
procedure, and eventually plug in the numbers for the baryon asymmetry with arbitrary
precision. The agreement between the fully and the semi-analytical solution is numerically

investigated for two different sets of assumptions in App. B 5.

VI. PARAMETER DEPENDENCE

In this section we discuss how various model parameters and rates affect the baryon
asymmetry. Our detailed calculations are performed in the framework of a Standard Model
Effective Field Theory (SMEFT) with dimension-six complex Yukawa terms. This frame-
work thus introduces new sources of CP violation, but does not enhance the electroweak
phase transition which is assumed to be addressed separately. The Lagrangian for dimension

4 and dimension 6 Yukawa-type terms is given by:

— 2 —
Lyvac = Yy (FLFRH + F(T;; + z'T;‘)|H|2FLFRH) +h.c., (6.1)
0

where vy is the Higgs VEV at zero temperature. The definitions of relevant quantities and
the benchmark values for the numerical calculations are given in Appendix A. In particular,
the benchmark values for TIf appear in Table II. In the examples shown here, we set T}é =0

for all species. The phenomenology of the muon and third-generation fermions, including

13



the interplay of T }J; and T If , is analyzed in detail in Refs. [16, 23]. For T}é = 0, see also
Refs. [14, 21].

A. Relaxation and Yukawa rates

Consider the relaxation rates I'y;, I'y that appear in Eq.(2.1) and explicitly defined in
Eq. (A13). These are CP-conserving terms that for large values tend to produce chemical
equilibrium and dampen the asymmetry. They are calculated to leading order in pertur-
bation theory. Higher-order corrections and terms beyond the underlying approximations
are expected to modify these rates, see e.g. Ref. [20, 24], and consequently have an impact
on the calculated baryon asymmetry. Here we do not include these higher-order terms. In-
stead, we study the sensitivity of the baryon asymmetry to modifications of I'j; and I'y. In

Figure 1 we replace

f f f
Dyry = gy Dy (6.2)

and plot Yp as a function of the modifiers /ff\} Iy allowing for large deviations from the

leading-order value.

5.x10°10 .

0.1 0.5 1 5 10

f
K'mry

Figure 1: Yp as a function of the modifier mL Iy of the relaxation and Yukawa rates shown

for the 7 and ¢ sources.

For the tau, changes of O(10) to the rates translate to only O(1) changes in Yp. The
top is much more sensitive to changes in the relaxation rate due to its large mass: an

O(10) increase (decrease) of I'y; produces an O(10) decrease (increase) in Yp. On the other

14



hand, the larger I'y, the larger Y. This may be an effect of avoiding the washout due
to I'ys by transferring some density to other species with slower rates. To illustrate this
point further, we integrate the number densities of each particle species in the symmetric
phase, prior to the weak sphaleron action. We denote the integrated density of particle f
in the symmetric phase by Ny = ffoo dz ny(2). In Fig. 2, we show for each source how the

integrated densities are affected by modification to the Yukawa rate. For a 7 source, we see

T Source b Source

0.500f ]
\ —-q 0.100} i —q
0.050f ] |
0.100} :
t t
N f IV L
0.010} { — T 0.001 —// — T
F ] —-u CUAE i —u
0.005 5.x1074f ]
—h —h

0.1 05 1 5 10 0.1 0.5 1 5 10

0.5} { — -1
— -u

0.2 1 —nh

0.1 0.5 1 5 10

Figure 2: Particle densities integrated in the symmetric phase Ny prior to weak sphaleron
action as a function of the Yukawa rate modifier J.. In each subfigure, a different source is

turned on, and the corresponding fermion’s Yukawa rate is modified.

that the densities for 7,1 (right-handed tau and left-handed third generation lepton doublet)
are mostly dominant, but decrease as the the Yukawa rate for the tau is increased, while
other particle species increase in density. For a b source, it is b, (right-handed bottom
and left-handed third generation quark doublet) which are dominant, again showing a mild
increase in other particle densities at their own expense as I'%. increases. We also have a
slight decrease in the density of u, the representative of the light quarks, as these get sourced
predominantly by the strong sphaleron, considering the smallness of their Yukawa couplings.
Thus a decrease in the bottom density results in less chemical potential for strong sphaleron

interactions and less accumulation of light quarks. Finally, for a ¢ source, we see an increase

15



in the density of every particle species. Interestingly, it is not the left-handed quark doublet
that contributes most to the baryon asymmetry via the weak sphaleron, because the strong
sphaleron quickly spreads the quark density among the quarks, and ¢ is almost canceled
against ¢qo + q1 = —4u. Rather, it is the left-handed leptons, enhanced by large Yukawa
interactions of the top, that drive the weak sphaleron into increasing the baryon asymmetry.
The reason all densities increase in the top case is that the top relaxation rate is the strongest
source of washout, and we see here that by increasing the Yukawa rate, all other species,
which experience much less washout, increase in density. To show that the relaxation rate of
the top is responsible for this behavior, we show in Fig. 3 the effect of changing the Yukawa

rate for various values of the relaxation rate. We see that for large values of I'y;, there is a

t -5
t Source ky=10

\ o 2.650x 1078}

10 M
— 107 2.640x 1078}

ol ] 104
10 . 0 \ 2.630x 1078}
Ys 10~ Ys

10-10] ///— 10 2.620x 1078}
— 107" 2.610x 1078}

107114 // 1
‘ ‘ ‘ ‘ J 10 2.600x 1078}

0.1 0.5 1 5 10 0.1 0.5 1 5 10
Kty Kty

Figure 3: Left: Yp as a function of s} for a top source. Each curve is for a particular value
of the relaxation rate, specified by x%,. Right: A zoomed-in version on the curve

k% = 1075, which corresponds to 'y, = 0.01GeV =~ 11,

positive effect of TV on Y. For small I'y;, the effect decreases, and in the order of I, ~ '},

the slope vanishes, and an opposite trend emerges (albeit with a diminished amplitude).

We also note that turning off the Yukawa rate in the symmetric phase and neglecting
the Higgs density reverses this behavior, as well as flips the overall chiral excess and hence
the produced baryon asymmetry. In this case, we would require a CPV operator with a
coefficient of opposite sign. This emphasizes the impact of the kinetic redistribution of
densities that occurs in the transport equations. In Table I we provide a summary of
the effects seen in Fig. 1 for such typical modifications that may occur given more precise

calculation of the relaxation rates.
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Particle | 0.1'%,  10r'%, | 0.1I'y 10Ty
T 1.3 0.5 1.4 0.4
I 1.009  0.93 1.008  0.93
t 7.9 0.1 0.5 1.6
b 1.1 0.7 0.99 1.0004

Table I: The ratio Y3°4/Yp of the modified to unmodified predictions of the baryon
asymmetry, for particular values of the modifier xj;/y. Every modification is made only
with the corresponding active source term. Effects of modifications to relaxation rates of

species with no active source is smaller than for the particle with the active source.

B. Sphaleron rates

The sphaleron rates are similarly subject to uncertainties [25-27]. It is interesting to
compare the sensitivities to these parameters between the case of a t source and a 7 source.
Introducing similar modifiers, kg and kys, Fig. 4 shows that the top-sourced BAU is sup-
pressed when the strong sphaleron rate is decreased. The tau, in comparison, is virtually
unaffected by modifications to the strong sphaleron rate: an O(10) modification to I'ys with
a tau source changes Yp by about about 0.1% (not shown in the figure). This is because the
strong sphaleron acts solely on quarks, which are only weakly coupled to the lepton sector
via the Higgs, and therefore have little impact in the case of a lepton source. Changes in
the weak sphaleron rate impact the baryon asymmetry similarly for both 7 and ¢, as seen

in the right plot of Fig. 4.

C. Ultra-thin wall approximation

Approximating the relaxation rate I'; as a step function requires choosing the point where
it is turned on/off, which is essentially choosing the position of the bubble-wall. This is the
ultra-thin wall approximation, and is a necessary step in the matrix formalism (see [17, 21],
and also [14] for a direct comparison between the characteristic bubble wall width L,, and
other typical length scales). This choice is somewhat arbitrary, since the actual bubble-wall
has a smooth profile characterized by ¢,(z) (see Eq. (A11)). Two sensible choices would be
placing the wall at z = 0, the center of the bubble profile, and shifting it by its characteristic
width to z = —L,,.
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Figure 4: Y5/YSP as a function of the strong (left) and weak (right) sphaleron rates
modifier Ky, kys. For the strong sphaleron, we show only the top source, as the tau source

is virtually unaffected by such modifications.

In this section, we estimate the impact of this choice. In Figures 5 and 6, we plot the
baryon asymmetry obtained by shifting the point chosen for the step function. We overlay
the plot of Yp as a function of the wall shift with the shape of the source, which is maintained

in this approximation, and with the shape of I'y,.

7 Source

610 /’* 7
6.x10°11 | ;] — 5
Ys Y

4.x10° " - =
L 4 YB

21011 - ]

0 |- -

| L L L L | L L L L L L L L | L L L L |
-1.0 -05 0.0 05 1.0
z (GeV1)

Figure 5: Yp with a tau source as a function of the position of the bubble wall. The blue
line is Yg; the purple line is the source shape, arbitrarily normalized to fit plot scale; the
green line is the relaxation rate, similarly normalized; and the dashed red line is the shift
by the thickness of the bubble wall to z = —L,, = —0.11 GeV~!. The black dot is the
predicted Yz placing the wall at z = 0, and the red dot the predicted value Yz = 9 x 1071}
placing the wall at z = —L,,.
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Yg

Yg

Figure 6: Yz with a top source (upper plot) and a bottom source (lower plot) as a function

of the position of the bubble wall, together with their sources S** and Fi\/f, normalized to

We can see that shifting the wall to the right quickly eliminates the generated baryon
asymmetry. This is because the source is truncated: at a shift of +0.5GeV ™!, there is
virtually no source left in the broken phase (recall that the source is taken with its z depen-
dence, but taken as active only in the broken phase), and hence no baryon asymmetry. For
negative shifts, the source is fully present in the broken phase, but we also overestimate the
relaxation rates by taking the approximating step functions to be active in regions where
the corresponding I'y;’s are in fact already highly suppressed. This explains the decrease
in Yp for negative shifts. The exact position of the peak is set by the competition between

the inhibitory effect of overestimating I'); and the enhancement by including more of the

t Source

8.x107"" -
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4.x10"" -
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15x10712
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0.0

fit the plot.
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source. We find that the variation in the predicted Yp between placing the wall at z = 0
and z = —L,, is ~ 5% for 7, ~ 20% for ¢t and ~ 50% for b.

D. Bubble wall thickness and velocity

Successful EWBG requires a strong first order phase transition. The details of the phase
transition and the subsequent bubble nucleation and growth are important features that
for each specific model will determine important parameters such as the wall thickness and
wall velocity. Such a study is beyond the scope of the present paper, we refer the reader to
recent analyses [28, 29]. In our approach, we estimate the impact of modifying the bubble
wall parameters: its wall velocity v, and thickness L,,. The wall velocity can directly
impact the diffusion time scale for successful baryogenesis and the validity of the two-step
approach. In Fig. 7, we plot the baryon asymmetry as a function of the bubble wall velocity
for each source, while in Fig. 8, we plot Yg as a function of the bubble wall width. The
numerical values of Tlf (see Tab. II) are chosen such that Y} and Y7 equal the observed
baryon asymmetry for the benchmark values of v,, and L,, whereas Y} does not reach Y3>.

We see the importance of the parameters related to the phase transition in the large

T T T T T T T T T T3

[Ygl ] t

10-10 |

10-12 | :

10_13"‘\ L L P | L L P | L L 14
0.001 0.005 0.010 0.050 0.100 0.500
Vw

Figure 7: The baryon asymmetry (in absolute value) |Yz| as a function of the bubble wall
velocity v,,. Each curve represents a source term. The benchmark value v,, = 0.05 is
marked in dashed-red which is close to the optimal value of v, for the top and the tau. The
sharp dip in the curve for ¢ (orange curve) is a point where Y5 changes sign. As explained
in Table II of Appendix A, the values for T' IT’t are chosen such that Yz = Y™ at v,, = 0.05,

while 7% is arbitrarily normalized since it cannot produce the observed asymmetry.
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Figure 8: The baryon asymmetry Yz as a function of the bubble wall width L,,. Each
curve represents a source term. The benchmark value L,, = 0.11 GeV ™" is marked in

dashed-red. The choice of T7""" is the same as in Fig. 7.

changes of the predicted asymmetry in response to changes in the wall velocity and width.
The asymmetry from a tau source is less affected by L, varying only mildly from YZ(L,, =
0.01GeV™!) ~ 8.7 x 107" down to YZ(L, = 1GeV™') ~ 7.8 x 1071, whereas the top-
and bottom-sourced asymmetry depend more strongly on L,,, with a similar slope for ¢
and b. The change of sign in Y}(v,) is yet another aspect of the sensitivity of the top
source to model parameters. While the benchmark value of v,, = 0.05 is near-optimal for
the t- and 7-sources (cf. also Ref. [14]), the formalism of Ref. [29] beyond the small-v,,
approximation shows that high yields of Yz are also possible for larger v,,. For large L,,, the
ultra-thin wall approximation (taking I" f\} as step functions) might also become less accurate,
although important length scales as migration, diffusion and interaction lengths, as defined

and discussed in Ref. [14], are still larger than L** = 1 above.

VII. CONCLUSIONS AND DISCUSSION

For the calculation of the baryon asymmetry of the Universe in electroweak baryogen-
esis, we developed a simple and useful method for solving the transport equations semi-
analytically as well as fully analytically by exploiting various aspects of the structure of the
set of these differential equations which couple the participating particle species. We ob-
tained a physical picture of diverging and converging modes and identified the zero-modes as

crucial components for the possibility of generating a non-zero baryon asymmetry. Maintain-
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ing the analytical form allowed us to identify important features and analytic dependence
of the baryon asymmetry on model parameters.

While the derivation of our method is general, for the numerical evaluation we calculated
the baryon asymmetry within the SMEFT framework with complex Yukawa couplings of
the third-generation fermions and the muon. We analyzed how modifications of model
parameters and rates affect the resulting baryon asymmetry. This allowed us to estimate
the sensitivity of the baryon asymmetry to changes by a factor of O(10) that may result
from more precise calculations of these parameters and rates. This large factor is chosen as
a conservative example of modifications.

An important feature of our method is that it is straightforward to implement and avoids
possible instabilities by the analytical reduction of the system before numerical evaluations
are performed. We confirmed the robustness of our method by the following consistency

checks:

e Robustness to small changes in model parameters, such as the velocity and thickness
of the bubble wall, as well as variations of the relaxation, Yukawa and sphaleron rates,
with sensible dependence on the parameters. For reasonable values of the model pa-
rameters, we find no pathological behaviors. Furthermore, we investigated the impact
of the ultra-thin wall approximation by varying the assumed position of the bubble

wall.

e Convergence of the one- and two-step approaches (that differ by the inclusion of the
weak sphaleron rate in the transport equations) in the limit of a small weak sphaleron
rate; with a relative difference of ~ 4, 15% for the 7, t, respectively, at the nominal

weak sphaleron rate.

e Good agreement between the semi-analytic and fully-analytic results in all the scenar-
ios that can be tested with the fully-analytic method. The relative deviation remains
below O (107!1) for approximating all diffusion coefficients equal, and below O (10~*)

for distinguishing between a quark and a lepton diffusion constant.

e Derivatives of particle densities receive the correct coefficients in the eigenvectors:
precisely an extra factor of the eigenvalue, as expected by exponential solutions, up to
relative differences of O (107°).

e Summing over particle densities confirms B — L conservation up to relative deviations

of O (107°) or better.
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e Our method produces consistent results (within less than 1%) whether we incorporate
or neglect light particles, as physically expected. This implies that it does not suffer
from the increase in computational complexity when enlarging the K matrix. We
checked this consistency by explicitly solving the transport equations for various set-
ups of the full SM fermionic sector, which we used to produce the muon results in
Ref. [23].

We conclude that the main conclusions presented in our previous works [16, 23] are robust,
even when considering the various approximations made and the large uncertainties in vari-
ous parameters: A complex tau-Yukawa coupling can be the source of the CP violation that
is required for electroweak baryogenesis, while complex top-, bottom-, and muon-Yukawa

couplings can only account for a small part of it.
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Appendix A: Definitions and benchmark parameter values

In this Appendix we present the expressions and values for all parameters required to

fully reproduce the final results.

1. Benchmark parameters

We take the nucleation temperature to be Ty = 88 GeV. At this temperature, the gauge
couplings and Higgs VEV are given by [21]

¢ =0.36, g=0.65, gs = 1.23, oy =152GeV.  (Al)
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The entropy density, written in terms of the temperature and the entropy degrees of freedom

g*, is given by [21]

272

=T * = 106.75. A2
w9 N, 9 06.75 (A2)

S =
The bubble wall velocity and width are taken from [14], with values
vy =0.05, L, =011GeV"'. (A3)

The diffusion coefficients are approximately given by [11, 15]

Dy, =380/T, D, =100/T, D,=Dy=D,=6/T, D,=100/T. (A4)

2. Thermal properties

The real part of the thermal mass of a particle f is of the form

Re[ém?(T)] = (Z cigr + cyy§> T2, (A5)
where ¢; are the gauge couplings and ¢; are combinatorial coefficients. We denote a left
(right) handed lepton by l1(r), a left-handed quark doublet by ¢ and a right-handed up

(down) type quark by u (d). The thermal masses are given by [30]

1
Re[&m%R(T)] = (ggf, + gyi%) 2,
3 1 1
2 _ 2 2 2 2
Relom;, (T)] = (@gw + 329y + 1_6le) T,
2 1 2 1 2 1 2 2
Re[om,,(T)] = 595 + 139 + gYu 1,
1, 1, 1 (A6)
Refom(1)] = (G2 + 502+ ) 72,
1 3 1 1 1
(T = [ 22+ 202 & — 4 — 02 1 — 02 )| T2

3 1 1 1 1
Re[omi(T)] = (ngu + Egi +> (Ey%{ + Zyij + Z?Jﬁj)) T

2y

The k-functions related to the chemical potentials in Eq. (2.2) are calculated as [21]

kilap) = l%fcjr/QB /:0 dx%, [ —a} (af = «/Re[5mfc(T)]/T> (A7)
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where &/ counts the physical degrees of freedom in the multiplet (e.g. k=6, k7 = 4),
cr(p) = 6(3), and +(—) is chosen for fermions (bosons).

The thermal widths are given by [31]

Tiopton % 00027, Touars. ~ 0.167. (A8)
Next, we define
%Mm:¢mﬂﬂwﬁmwm &l (k) = wh (k) — il (A9)
and
1 eho/T
nr(ko) = T 1 h(ko) = (T 1) (A10)

These are used to calculate the CPV source and the CP-conserving rates. We use the kink

solution as a typical ansatz for the space-dependent Higgs VEV:

on(2) = %V (1 + tanh Li) : (A11)

3. Source and CP-conserving rates

The CP-violating source is proportional to the relative phase between the mass and its

spatial derivative. Explicitly, the source is given by the expression [19, 20]

NI v NI YY) T/ ,
Sy T) = PR Tl Jy(T) = Do 50 L BTN, (AL2)
0 (1+1h) 1
o /{ZQd]{Z TLF(EL) — nF((‘:}E) 2 TLF(SL) + TLF(SR) 2 1
J(T) = I ELEH —k°) + Erér+ k)| .
f( ) /0 WLWR m|: (EL—(C:;;L)2 ( LCR ) (8L+5R)2 ( LC¢R )

For the relaxation and Yukawa rates of the CP-conserving processes, we neglect hole

modes to get
; _ 3N
M e

rf =g e

f
N

2 [ 124k h(EL) + h(Er) o h(EL) + h(ES) )
I ELlr+ k) — ELEr—k
/o wLme[ Ert+ &L (E18p+ k) £, — &L (ELér )}7

(A13)
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where

3N.Y? 0o
Ff,3 _ ctf 2 2 2 / d h »
V' = gz (ML F MR~ M) don (wr)
L[t et et 1)
. e~ Pwr 4 ebwt pBu- _ 1 (mL — Mpgr — mH)
ePwr 4 ePu- gBus _ 1
o Lﬁw 1+ eBut ehuw— _ 1] (0(mr —mp —mpg) — 0(my —mp — mR))}
Al4
it = £92Y2T1n 8—T2 ( )
v 637/ Re[ém?(T)] ’
Wi =53 {WR|m§{ +mF —mi|

/(o R, = (4 ) o o — ).

my is the mass at the nucleation temperature, determined by the kink solution, (53 ~
1.202, N, is the number of colors, and mpg, my, and myg are short for the thermal masses
(A6). The leading contribution to F{, contains an external gluon line. Although it is not
strictly a Yukawa interaction, gauge fields are taken to be in equilibrium and are not part
of the transport equations. We approximate the rates as independent constants in each
phase. In the symmetric phase, we consider all I'y,[f] to vanish, while the Yukawa rates are
approximately equal in both phases.

In Table IT we present the numerical values for I'}; (in the broken phase) and I when
Tr = Tt = 0. We also present the benchmark values of 77 used throughout the text
(TEeneh = 0 for all species). The values for ¢, 7 are chosen to reproduce Yz = Y™, Since b, 1
cannot produce the observed asymmetry within collider bounds as single sources [16, 23],
Theneh for b,y are set to —0.05.

Particle | TP, (GeV) I'y (GeV) Tpench
T 4.9x107% 5.6x107*  —0.04363
U 1.7x107° 20x107%  —0.05
t 102 2.6 0.019455
b 53x 1072  1.7x1073%  —0.05

Table II: Numerical values for T'}; (in the broken phase), I'y (for the both phases) as given
by Eq. (A13), with T = T; = 0, and the benchmark value for Tpench,

For Tr; # 0, the expressions in Eq. (A13), and hence the values in Table II, get corrected
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according to

oo | R TR + ke |
(1+TH?2 + 1/ ’
[ 14 3p2 T))2 32 Tfy2
Ty — (14 3ryoTR)° + ( 7"1\2/0 7) Ty . (A15)
(1+TH2+ 1/

Here ryo = v(T = Tn)/v(T = 0), where Tl is the nucleation temperature.

The sphaleron rates are estimated via lattice calculations, and are given by [32, 33]

Dys = 12005 T ~ 4.5 x 1074 GeV, Ty = 14aiT ~ 0.26 GeV . (A16)

Appendix B: Consistency checks

1. B-L conservation

A simple and important check using the one-step approach is to verify that B — L is

conserved. We define the relative difference between the baryon and lepton numbers, as

(B1)

In Table IIT we show Rp_j, for each of the four fermions of interest, setting T]é =0, Tlf =
+0.05 (4 for ¢, - for b, 7, ) in each case, and the rest of the dim-6 operators to zero. We

find that across the parameter space the relative difference does not exceed ~ 107°.

2. Derivative test

We construct our solution as a set of 1st order differential equations. Thus half of the
entries are the first derivatives of the various particle densities. Recalling that the solutions
are exponents, the entries of the derivative terms in each eigenvector should be the same
as those of the corresponding particles, multiplied by the appropriate eigenvalue. In the
fully analytic case, the equality is exact. In the semi-analytic case, we define the relative
difference between a derivative entry and the particle entry times the appropriate eigenvalue

as

fl—=Xfi
Ry = max2|—%+———
I =00 S+ A

Here f; denotes the entry of the ¢’th eigenvector corresponding to particle f. In Table III

. (B2)

we show Ry ¢ for each dim-6 operator, in the broken phase. In each case, Ry denotes the

largest value of all particles and all eigenvectors.
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3. Number of particles

Increasing the number of participating particles in the transport equations may result
in numerical instabilities. Physically, very light particles should not affect the resulting
prediction for the baryon asymmetry, and are typically neglected. Light quarks participate
in strong sphaleron interactions, which are efficient at high temperatures. However, in the
approximation that first and second generation quarks are massless and weakly interacting,
they are degenerate in the transport equations, and we may choose a single representative
to capture their contribution (see Sect. II for the explicit treatment; see also Ref. [14]). We
verified that our method is robust to changing the number of participating fermions. We

quote in Tab. III the resulting Yz in two scenarios:

1. A set containing ¢, b, 7,u, h, where u is a representative of the light quarks, which we
used to produce the results in [16]. Note that the muon does not appear here. We

. . t.b
denote this scenario as Y T

2. The full SM set, as used to produce the results for the muon [23]. We denote this as
YAl

We set T}; = O,TIf = 40.05 (+ for ¢, — for b, 7, ), and the rest of the dim-6 operators to

Zero.

Particle t b T I
Rp_1, 1.0 x 107° 1.1 x 1076 1.5 x 1078 5.3x 1078
Ry g 6.4x 1077 1.4 x 1076 9.8 x 1077 9.2 x 107°

yhhT 221 x 1071 1.824x 1071 9852x 1071t —
yal 2.20 x 10719 1.820x 10712 9.846 x 107! 1.0 x 107'2

Table III: For each fermion: Relative difference between baryon and lepton number (first
row) and between an eigenvector of a particle density and its derivative (second row);
prediction of Yp with ¢, b, 7, u, h (third row) participating in the transport equations, and

with all SM particles including p (fourth row), for T}; =0,T{ = +0.05.
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4. Comparing the one step and two step approaches

Varying the weak sphaleron rate can be used to compare the one- and two-step ap-
proaches. For the full SM set of transport equations, we parameterize the difference in their

predicted baryon asymmetry as a function of the weak sphaleron modifier k., by

Y2 vl
A (k) = 2—F8 (B3)
Y+ Yp

where Y2, Y2 are the predicted baryon asymmetries as obtained in the one- and two-step

approaches, respectively. Since the one- and two step solutions differ by the inclusion of the

weak sphaleron rate in the transport equations, we expect the two approaches to converge
I'ws—0

as we decrease the rate of the weak sphaleron, i.e. A?! "% (. and indeed we see this

behavior in Fig. 9.

T Source t Source
0.1 [ ! 0.6 .
I 0.5F
0.0 0.4F
- 0.3f
N -0
< 02f
—0.2f 01F
i 0.0
_0.37 I I I I I -01 L L L L L
0.01 0.05 0.10 050 1 5 10 0.01 0.05 0.10 0.50 1 5 10
KWS KWS

Figure 9: The relative difference A?! between the one- and two-step approaches as a

function of the weak sphaleron rate. As I'yg is lowered, A%! vanishes.
For the benchmark value I'ys (ks = 1) we obtain
A2H(1) ~0.02, AZ(1) ~0.07, (B4)
which corresponds to a deviation of ~ 4, 15%, respectively. At kys = 0.01, we find
A21(0.01) ~ 0.003, A?'(0.01) ~ 0.01. (B5)

The relative difference is small at the literature value corresponding to rys = 1. It grows for
large values of I'ys, but remains below 30% for the ¢ and 60% for the T at ks = 10. Hence
the two-step approach still reproduces the order of magnitude of Y3 even in the extreme

case of such a large correction factor of the weak sphaleron rate.
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5. Comparing the semi-analytic and fully analytic methods

Under certain approximations, we can solve the transport equations analytically. Below
is a comparison of the semi analytic method to the fully analytic method in scenarios where

it is applicable. We consider the two scenarios described in Section V:

o (ase 1: We neglect the Higgs density, and approximate the diffusion coefficients as
equal among all fermions, left and right, setting Dy = 100/7".

e (Case 2: We neglect the Higgs density, but the diffusion coefficients are taken to be

equal separately among quarks and leptons, i.e.

Dg, = Dqy =6/T,
D,, =D, =100/T.

In Table IV we show the largest deviations in the eigenvalues \; between the semi-analytic
and the fully analytic solution, eigenvector entries ¢;; and baryon asymmetry Yz. All these
quantities are calculated for a tau source?. We define Ry, Ry, Ry , respectively, similarly

to the definition of the B — L conservation and derivative test.

Test R Ry RY§
Case 1: Dy 20x 1071 59x1071  58x 107"
Case 2: D, D 1.8 x 10712 4.5 x 1079 1.1 x 1074

Table IV: Largest relative differences between the semi- and fully-analytic approaches for
the eigenvalues A, eigenvectors ¢, and the baryon asymmetry; approximating a universal
diffusion constant for all fermions (case 1), or one diffusion constant for all quarks and one

for all leptons (case 2).

We see that the error remains small throughout the calculation, and the resulting baryon
asymmetry is in good agreement between the semi- and fully-analytic procedures. We also
checked the case D; = 380/T and D, = 100/T, following the direct calculation outlined in

Section V. The results are very similar to Case 2, thus we do not show them here explicitly.

2 Changing the active dim-6 operator has a very mild impact on the eigensystem. We quote R’s for the

eigenvalues and eigenvectors in the broken phase.
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Appendix C: The baryon asymmetry

For completeness, we present the derivation of the expression for the baryon asymmetry,
assuming the chiral density n; has already been solved for. The solution for the transport
equations is then a straightforward generalization to this procedure.

We approximate the dynamics of the baryon density, n;, by a one-dimensional differential
equation in the bubble wall frame, placing a planar wall at z = 0, with the broken phase
chosen to be z > 0. Using the diffusion approximation, similarly to the transport equations,

the equation for the baryon density n, is

) - (o) =2 (R + ) = PRk £, (1)

where v,, is the bubble wall velocity, D, is the quark diffusion coefficient, I'ys is the weak
sphaleron rate and R = 15/4 is the so-called SM relaxation term. The sphaleron process
is efficient only in the symmetric phase [27, 32, 33](assuming a strongly first order phase
transition), and we therefore take the sphaleron rate to be a step function I'ys — T'ys0(—2),
where I'y is constant. All other coefficients are constant numbers as well, and the chiral
density acts as an external source for the baryon number density, which, due to the sphaleron
rate, is active only in the symmetric phase.

In the broken phase, the solution to Eq. (C1) is of the simple form
np(2) = Ay + Age’/Pa (C2)

while in the symmetric phase the homogeneous solution is of the form

n(z) = et (o VADIRIE) | g oo (vurt /iDTwR )

(C3)
= Blea‘z + BQ€a+Z = Blul (Z) + BQUQ(Z) .
The particular solution is obtained by variation of parameters
ny(z) = Ki(2)u1(2) + Ko(2)ua(2). (C4)
Using the Wronskian
a_z a4z
W= ’ a_z ’ a4z = (O“r - ai)e(a++a_)z
a_e age (C5)
1 « (6% z k « a—_ )z
— Hq\/4DqFWS72—l—Ufue( S qu( +to-)z
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we solve

/de @ (2)f(2) = —%/6_(a‘+a+)zea+zf(z)dz
3w [F
= O(—x)e “*ng(z)de, (C6)

Qko

O

0

() = [ deqpyo

The particular solution is thus given by

() = 3;;” {ew /0 (et (2)da — e /O 9(—a)eotng(a)dz| . (CT)

Let us impose boundary conditions. In the broken phase, the second term in Eq. (C2)
diverges as z — oo, and we set Ay = 0. The baryon number density is thus completely
determined by A; and therefore by the continuity condition at z = 0. In the symmetric
phase, the second term in Eq. (C3) vanishes as z — —oo, but the first one diverges. In Eq.
(C7), the first term vanishes while the second terms diverges. The divergence of the second
term is manifest, and in App. C1 we show that the first one does indeed vanish. For the

divergent term, we set

Blws [ o4
B, = ok /0 e ““Inp(xr)dr, (C8)
such that
. 3Fws ? —a_x a_z . 3FIUS o a_(z—x
2112100 (31 ~ ok /0 e nL(x)dx> e’ zzgmoo ok /Z e~ (2)dz = 0. (C9)

Consider now the derivative of Eq. (C7)

3]‘—"[1)8 ? — ? —
nt'(z) = ok {oureo‘*z/o O(—x)e a”nL(x)dx—oz_eaZ/O O(—x)e  “"np(z)dx

+e*F0(—z)e  “Fnp(z) — e F0(—2z)e " Fnp(z)

The second line is identically zero, and the first vanishes at z = 0. From this we obtain the

continuity condition for ny, n; at z = 0:

o
Ay =B+ By, By=-——D,
a4

and finally we obtain

5 5 o Doy s (C10)
3r e

ws —Q— d
2an+s/0 e np(x)dz



1. Vanishing term in particular solution

Here we prove that the first term of Eq. (C7) in the derivation of the particular solution of
the baryon density, nj(z), in Sect. C vanishes under the boundary conditions. For simplicity
we flip 2 — —2z and consider instead the limit z — oco. Let A\ be a positive constant, and

suppose f(x) is positive and bounded, and that fo x)dx converges. We wish to show that

lim e_AZ/ M f(x)dr =
Z—00 0

Choose some constant a < z, then

/ e)‘(x_z)f(a:)dx:/ e’\(x_z)f(x)d:v—i-/ A2 f (1) da
0 0 z—a

J/Z_ @2 f (g )dx«+b/w f(2)de (C11)

/)f dx+/ o

We eliminated the exponent in the second term because e**~%) < 1, and in the first term
we have eM®2) L eM(E=0)=2) — ¢=2a The second term clearly vanishes as z — oo because
fo x)dx is finite. The first term is a constant times e~ **. Since a is arbitrary, the first

term is an arbitrarily small upper bound, and the limit is 0.
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