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Fireball baryogenesis from early structure formation due to Yukawa forces
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We show that viable electroweak baryogenesis can be realized without a first-order phase transition if
plasma is heated inhomogeneously by nongravitational structure formation in some particle species.
Yukawa interactions can mediate relatively long-range attractive forces in the early Universe. This creates
an instability and leads to growth of structure in some species even during the radiation dominated era. At
temperatures below the electroweak scale, the collapsing and annihilating halos can heat up plasma in
fireballs that expand and create the out-of-equilibrium high-temperature environment suitable for
generating the baryon asymmetry. The plasma temperature at the time of baryogenesis can be as low
as a few MeV, making it consistent with both standard and low-reheat cosmologies.
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Yukawa forces are generically stronger than gravity, and
they can lead to the formation of structure during both
matter and radiation dominated eras [1-7]. The growth of
these structures can lead to bound states [8—10] or, in
combination with radiative cooling by the same Yukawa
interactions, can lead to collapse and formation of primor-
dial black holes [4,6]. Alternatively, the halos can disappear
via annihilation of their constituent particles. However, if
the halo particles have some interactions with Standard
Model (SM) particles, the formation, collapse, and decay of
the halos can result in local heating of the ambient plasma.

In this work we will show that this inhomogeneous
heating of plasma creates suitable conditions for electro-
weak baryogenesis if the halos form when the plasma
temperature is below the electroweak phase transition. The
requisite departure from thermal equilibrium [11] is
achieved in the expanding fireball at the site of a halo
collapse. This allows for electroweak baryogenesis, which
makes use of the baryon-number-violating sphaleron tran-
sitions [12], even in the absence of a first-order phase
transition. Our scenario is consistent with both high and
extremely low reheat temperatures, broadening the range of
viable cosmological models. Unlike some other models of
low-scale baryogenesis [13,14], we do not require
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preheating or any particular inflationary scenario. The
paradigm we propose is consistent with any viable infla-
tionary model. This is similar to the scenario of Ref. [15],
where inhomogeneous heating of plasma was due to
hadronic jets of decaying heavy particles.

As in Ref. [4], we will consider a dark sector heavy
fermion y interacting with a scalar y via a Yukawa
interaction,
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We have included a quartic coupling, as is required for
renormalizability. We choose { < 1 and neglect its effects
on structure formation. In general, as shown in Ref. [7], a
quartic does not preclude the formation of structure during
a radiation dominated era.

The fermions are assumed to be either stable or have a
total decay width I'<<my, / Mp), where Mp~2.4x10'® GeV.
This allows for an era during which the y particles become
nonrelativistic and decouple from the plasma, and interact
via a long-range force mediated by the y field. Once freeze-
out of Yy <> yy interactions occurs and the mean-free path
of y particles becomes sufficiently large, y halos can start
to form and collapse.

In view of the previous discussion, halo formation begins
at the growth temperature 7, = min{Trq,m,/3}. The
freeze-out temperature, Tgg, is determined by solving
I'(T) = H, where T is the interaction rate for yy <> yy
interactions given by
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I(T) ~ ” (1) 2)
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and ny(T) is the equilibrium number density for fermions.
Unlike in gravitationally bound systems, the binding energy
within systems bound by long-range scalar interactions can
be non-negligible. This binding energy can become a non-
trivial component of the energy budget for certain values of
{y.my,,,m,}. To account for this, we include an additional
energy component in the Friedmann equation,

31‘4[2)1[—12 = Prad + Py» (3)

where p, accounts for the energy density of Yukawa
potential energy. The limited range of the mediator y,
determined by m; !, requires that we consider two regimes:
(i) the mediator acts on all particles within the horizon
(H™' < m;") or (i) the mediator can only act on subhor-
izon patches (H™' > m;'). In the latter scenario, the
number of regions subject to scalar interactions within
the horizon is N;, = (m,/H)>.

The above two scenarios lead to two possible expres-
sions for the Yukawa energy density,
3y? M3 /H™! H' <m}!
 damiH™3 { NyMi,/m;" H™' > my!,

py(T) (4)

where
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The three parameters {m,,, y, m, }, establish three impor-
tant temperatures. The Universe originally begins in a
radiation dominated epoch and transitions to Yukawa
domination at Tx>~YP. The horizon size continues to
grow until H~' exceeds m;" at T, _p. Lastly, the number
density of the y fluid rapidly decreases as the temperature
falls below m,,. This allows for reestablishment of radiation
domination at TP~ RP. Taking this into account, the
evolution of the Hubble parameter becomes
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Depending on the parameters, radiation domination may be
reestablished before the horizon exceeds the Compton
wavelength of the mediator. In this case, the evolution
of the Hubble parameter is instead given by
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ool TSTYP-RO&TZTRD-
H(TR={ " (7)
2n eq YD—RD RD—-YD
o ynyl(T) TEP=RD ST S TRP-YD,

Given the Hubble parameter in this more general frame-
work, determining when the yyw < yy freeze-out is a
simple matter of computing the temperature, Ty, Where
I'(Tro)/H(po) = 1, where I'(T) is given by Eq. (2).

Given Tgg and therefore the growth temperature 7', we
can estimate the properties of the y halos formed as a result
of long-range interactions. The halo mass is approximated
by the mass enclosed within the radius R, = m;l at the
growth temperature,

4z
M, = ?mwnW(Tg)Rz. (8)

In the absence of dissipation, these dark matter halos
would remain as such until their constituent particles
decayed. However, the same Yukawa interaction introduces
a dissipation channel for energy and angular momentum
through emission of scalar radiation. Scalar cooling pro-
ceeds through different emission channels depending on
the size and density of the y halo. For dilute systems,
incoherent oscillatory motion of y particles leads to
emission power P « y’w*R>M,. For halos with higher
densities, pairwise interactions lead to scalar bremsstrah-
lung similar to free-free emission of photons from plasma.
The final stage of collapse begins with y radiation becom-
ing trapped, leading to surface emission from a fireball
configuration of the halo. This stage sets the timescale for
collapse since surface radiation is by far the least efficient at
removing energy from the halo. In particular, for a halo of
radius R, 7., ~R < H™' [4]. Therefore, we take the
temperature of the plasma outside of the halo to be the
growth temperature 7.

The final state of y halos depends largely on their size
and their ability to overcome Fermi pressure. If the
Compton wavelength of the heavy fermions fits inside
the Schwarzschild radius of their respective halos,
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then the halo will collapse into a black hole. However, this
condition is not satisfied for the parameter space we
consider in this study. Instead, the halos collapse until
the average particle spacing within the halo is comparable
to 1/m,,. At this point, the halos annihilate as there is no
asymmetry in the y population.

We note that thermal corrections to the y mass might
impede the formation or collapse of y halos. First, coupling
the scalar y to the SM might induce thermal corrections due
to the ambient SM plasma. In what follows, we will directly
couple y to the Higgs sector. During the formation and
collapse of the dark sector halos, the SM background
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temperature always remains below 7'~ 100 GeV. Therefore,
temperature corrections arising from the direct coupling of
the y particle to the Higgs sector will be Boltzmann
suppressed, i.e., 6m, « exp(—my/T). Thus, we do not
expect the SM plasma to offer any major corrections to the
scalar mass m,,. Inside the collapsed halo, the temperature
increases beyond 100 GeV, and the temperature corrections
to m, may be significant, but as the halo has already
collapsed and transferred energy to the SM sector, these
corrections are unimportant.

Second, temperature corrections from the dark sector
may come into play in the later stages of halo collapse.
Eventually, the scalar radiation becomes trapped in a
collapsing halo, resulting in a correction to m, due to
the local y density. A decrease in the range of the scalar
interaction does not necessarily affect the halo stability, in
analogy with large atomic nuclei which are maintained by
attractive interactions whose range is much smaller than
their physical size.

The final stages of halo collapse are complicated by
bound state formation, convection, etc. We leave these
considerations for future work.

Regardless of the final state of dark matter halo, the
energy released from collapse is [4]

M2 R,
AE = yz—h (1 - _L> > (10)
mV,RC Rh

where R, is the critical radius which is either the
radius where annihilations become significant or the
Schwarzschild radius. The annihilating halos also release
energy into the ambient plasma, AE,,, = €,,,M}, Where
€. parametrizes the efficiency of annihilation. The total
energy release is the sum of these two contributions,
AE = AE, + AE,,,. We assume that the dark sector
consisting of y and y is weakly coupled to the SM, and
so the sudden release of this large quantity of energy locally
heats the plasma. In particular, immediately after collapse
and annihilation of the halo the temperature of the heated
region is

. 90&AE

sl 11
' 4ng.(T)R] an

where R; is the initial radius of the heated region, g, (T;) are
the relativistic degrees of freedom at 7'; and, most impor-
tantly, &, is the efficiency of energy transfer of energy from
the dark sector y particles to the SM plasma.

The specifics of the efficiency depend on the specific
coupling of the dark sector to the SM. One may consider,
for example, the quartic coupling £ D AyyHH. In this case,
the coupling 4 and & is related through

12 :4_”3 (M)
C(3) g*(Ti)T%g

& (10675 Tef m, 100 GeV' 2
~100\ ¢,(7;) ) \100GeV ) \ 100 GeV Ty )

(12)
where T is the effective temperature of the halo given by
2 1/4
y M,
T = . 13
eff (m,,,R4> ( )

For all of the parameter space we consider, 4 < 0.1 and
therefore it is unimportant in our later discussion of CP
violation.

Once a region is heated above the background temper-
ature, dissipation of the fireball can occur via two main
channels. First, the energy release may be very rapid, via an
expanding shock wave which travels through the plasma at
the speed of sound. Utilizing conservation of energy, we
define the characteristic timescale associated with this
expansion as

T 4Ri<1+t t,-> (14)
Texp =137 7, ’
PldT/dll 3 V3R,

where ¢, is the time when the heated region formed. Since
most of the energy is released at the end of collapse, we
approximate R; = max{2GM,, R,,,}, where R,,, is the
halo radius in which the average distance between
particles is m;l and is explicitly given by

R=my! <i&) (15)

iy my,

Alternatively, the fireball might cool through diffusion
on the timescale [15]

R} (T;\%?3
Tdiff~@<7l> ; (16)

where D is a diffusion constant. As in Ref. [15], we take
D ~1/y, where y, ~ 0.3g2T and g is the strong coupling
[16]. We may then express the diffusion timescale as

3 90 &,|AE| \2/3
TdiffNEgg(T)T<mm> . (17)

The dissipation timescale is defined as

Tdiss =
min{7ey,, 7aier ). Generally, 7oy, < Tgier & T§/ ? which can
be significantly larger than the temperature of the heated
region soon after the beginning of its evolution.

The temperature in Eq. (11) is generally above the
electroweak scale. Thus, the SM plasma undergoes two
phase transitions: a rapid one as it initially heats, and
another one as it cools. This provides a natural environment
for electroweak baryogenesis, even if the postinflationary
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reheating temperature is below the electroweak scale. In
this scenario, only a fraction of the SM plasma is heated,
naturally leading to a small baryon asymmetry.

Example of a specific model that illustrates the new
paradigm. Although we do not need a first order phase
transition, we do need additional CP violation beyond that
present in the SM. In principle, any electroweak baryo-
genesis scenario is applicable here. As an example, we
consider a well-motivated scenario, a two Higgs doublet
model, with the tree-level potential

i i) t v7)\?
Vtree:)q(H]Hl_?) +/12<H2H2—7)

1)2 1}2 2
+ 15 <<H}H1 - 71) + (HQH2 - f))

+ s (Re(HIHQ) - %cos(g)(ylvz)f

+ 1¢ (Im(Hin) —%sin(i)(vlvz))z. (18)

The fields acquire vacuum expectation values ¢, e /1/2

and ¢, e'®2 /1/2. We note that the potential (although not the
Lagrangian) is invariant under the transformation
H, - H,e, H, - H,e. Therefore, it depends only on
the difference of the phases 6 = 6; — 6,. Specific values of
the coupling constants are given in the Appendix; they were
chosen so that when the potential V. + V/_joqp i$ mini-
mized, the lowest mass eigenstate and the vacuum expect-

ation value (VEV) y/¢7 + ¢ match observed values.
The chosen parameters also have tanp = 2.68 and
p —a=1.63, consistent with observational constraints
[17]. Since & = 0, there is no additional CP violation at
low temperature, allowing us to bypass constraints from
negative searches for electric dipole moments. We also can
avoid flavor changing neutral currents by coupling only one
doublet to fermions. In the Appendix, we give expressions
for V| _jo0p as well as the finite temperature corrections V.

The above example is by no means unique, and there are
many other possibilities for coupling y to the SM and for
the sources of CP violation.

At sufficiently high temperatures, the minimum of the
potential is at & = z/2. As the plasma cools, it undergoes a
smooth transition to a minimum with @ = 0, as shown in
Fig. 1. Because of the symmetry mentioned above, we
expect 6; + 6, to remain constant as long as the phase
transition is slow enough that 6_ remains in the value that
minimizes the potential. Therefore, 8, = —0, = 0/2.

To avoid flavor changing neutral currents, we consider
here a “type I’ two Higgs doublet model [18], in which all
fermions are coupled to H,. Consequently, after sponta-
neous symmetry breaking the Yukawa terms acquire the
phase e, This can be removed via a rotation of either the
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FIG. 1. The evolution of the value of @ in the minimum of the

potential, as a function of temperature. Although 6 evolves
rapidly at times, the smooth evolution indicates a second order
phase transition.

left- or right-handed fermion, but because 6, is time
dependent, the Lagrangian acquires a ;J% term (where
J%., is the baryon number density), from the fermion
kinetic energy terms. This can be generalized to types I, X,
and Y two Higgs doublet models.

This term is analogous to ones that appear in sponta-
neous baryogenesis models and, in the presence of a
baryon-number-violating process, an asymmetry is pro-
duced [14,19-25]. During the second order phase transition
when 6, evolves slowly, it may be possible to treat it as
a background field, while the plasma remains in approxi-
mate thermal equilibrium biased by an effective chemical
potential [22,25]:

0 1 T do
Hett = 7= 27ge dT’ (19)
where dT/dt ~ —T /74 measures the rate of change of
temperature. In our case, the second-order phase transition
takes place in an expanding fireball, in which the departure
from thermal equilibrium [11] is much more dramatic
than in the case of a cosmological phase transition
(tgiss < H™'). We note that as shown in Fig. 1, d/dT
and thus the effective potential changes sign at temper-
atures around 125 and 200 GeV. The effective chemical
potential leads to a baryon asymmetry only in the presence
of baryon-number-violating processes; during the electro-
weak phase transition, sphalerons are such a process. The
evolution of baryonic number density in these heated
regions is described by

dnB (T) _ 1—‘sph (T>

dinT Taiis(T) (nB(T) - //lefsz) (20)

while the fireball cools. This equation, which is similar
to the Boltzmann equation in traditional freeze-out
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calculations, demonstrates that at some temperature 7y, the
baryonic number density was frozen into

np= /"effT2|T=Tf’ (21)

where the temperature 7, is approximated by solving
FCon(T) = 755(T). For the sphaleron rate we use an
expression that reduces to the lattice result at small v/T,

Con(T) = 6xad Te~AEsn/T (22)

with « = 20 [26-28], as calculations of the fluctuation
determinant have only been performed in the limit v/7T >
0.1 [29,30]. We note that more sophisticated estimations of
the sphaleron rate prefactor exist, i.e., Ref. [31]. These
modifications will at best offer logarithmic corrections to
the exponential above, but should be included in a more
complete analysis.
We approximate the resultant baryon asymmetry as

np

np~f-5- (23)
Ty,
where f is the volume filling factor defined as
T\*
F= N 1R (1) 24)
Ty

and Ty, is the background temperature, approximated as
T,. f measures the fraction of the Hubble volume in the
superheated bubbles when the sphalerons freeze out. The
baryon asymmetry observed today is related to baryon
asymmetry produced through

n(To) _ 9:.5(To)
WB(Tbg) g*,S(Tbg)

where T is the present day temperature of the Universe and
g.s 1s the conventional relativistic degrees of freedom
relevant to entropy.

The baryon asymmetry is determined by four free param-
eters {m,l,,y,mx,fs}. There are numerous restrictions on
these which we have enforced to provide a conservative
exploration of the parameter space: (i) We require that
0.01 GeV < Tgpo <100 GeV, as is consistent with our
initial assumption of cold EW baryogenesis, (ii) f < 1 as
is necessary, (iii) 7; < Mp;, and (iv) T; > 350 GeV. This
final condition ensures that 6(7) is evolving as inhomoge-
neously heated regions begin to cool.

Figure 2 illustrates the regions of parameter space which
produce baryon asymmetries within 10% of the observed
value, ng = 6.129 x 10710 [32]. Each band represents a
fixed value of the coupling, while the contours correspond
to different values of the mediator mass m,.

Depending on the temperature at which the sphaleron
transition decouples, the time derivative of the phase can be
positive or negative (see Fig. 1). The temperature is
determined by the fireball expansion rate, which depends

~0.04, (25)

na(140.1)

y =005

m, [GeV]

107 10710

0"

10~12

107 -_
2 4 6 8 10 12 14 16 18

my [GeV]

FIG. 2. Regions of parameter space which produce a baryon
asymmetry consistent within 10% of the observed value np =
6.129 x 1010 [32]. Each band represents fixed values of the
coupling y, while the colors indicate varying values of the
mediator mass nz,.

on the size of the dark halo. The distribution of halos is
model dependent. While it is possible that some fireballs
have positive and some have negative signs of f at the time
of the sphaleron decoupling, no significant cancellation is
expected. The overall asymmetry per Hubble volume is a
convolution of the #(T') with a function that depends on the
distribution of the halo sizes. Since these two functions are
independent, it is implausible that the convolution integral
might vanish. The overall sign of the baryon asymmetry is
subject to convention and redefinition through the relative
phases of the Higgs doublets.

If domains with different values and signs of the
asymmetry appear from different size halos, the averaging
takes place on the timescales associated with diffusion. If
one assumes the halo separation distance of the order of
L~ f'3Hy} ~ f'3Mp/TE,, any inhomogeneities in the
distribution of the baryon asymmetry average out on the
timescale L?/4Dg ~ (L?¢*T/40) [33] at temperature 7.
This timescale equals the horizon time H~! = Mp,/T? for
T ~ (40T4,/ f*3g*Mp))'/3 > MeV for Ty, ~70 GeV and
f < 0.1. For lower temperatures, big-bang nucleosynthesis
may be inhomogeneous [34-37].

The presence of an extra relativistic degree of freedom,
in the form of y, also suggests a slightly different value for
the effective number of degrees of freedom, N.y. In the
dark sector the effective degrees of freedom is reduced by a
factor of 2 x (7/8) as the y population becomes non-
relativistic. Assuming the SM and dark sector have the
same temperature around 7"~ m,, then the contribution to
the measured value of N4 is [38—40]

AN ~ 14[g,/9.(T2)]*? = 0.1-0.2, (26)
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where T; ~ 1-100 GeV is the temperature where the dark
sector and SM decoupled and g, are the dark sector degrees
of freedom before decoupling. Not only is AN ~ 0.2
allowed, but it may help alleviate the tension between
different measurements of the Hubble constant [41-49].

Fireball baryogenesis is consistent with both high and
low reheat temperatures, limited only by the viability of
nucleosynthesis. Observational data allow the reheat tem-
perature after inflation to be as low as a few MeV [50-57].
Such nonstandard cosmology is only viable if the baryon
asymmetry of the universe can be generated at a very low
temperature. While some models can generate the baryon
asymmetry below the electroweak scale [13—15,58—62], not
all of them can work below 10 GeV. Our model is viable
even at Ty, ~ 10 MeV, broadening the range of nonstand-
ard cosmologies.

The model has interesting phenomenological implica-
tions. Figure 2 shows the baryon asymmetry can be
generated with sizable energy exchange between the visible
and dark sectors, parametrized by &,. While this exchange
can be mediated at any scale up to T; ~ 10'! GeV, lower
scales may be probed experimentally [63-66].

In summary, we have shown that primordial structure
formation due to the Yukawa forces can cause inhomo-
geneous heating of plasma leading to baryogenesis in the
presence of some sources of CP violation. The departure
from thermal equilibrium in expanding fireballs at the sites
of dark halos is sufficient for generating the baryon
asymmetry of the Universe. We illustrated the paradigm
on a model with two Higgs doublets, which were used for a
source of CP violation. One can imagine other models that
utilize the same out-of-equilibrium scenario but use differ-
ent sources of CP violation. This opens multiple new
avenues for electroweak baryogenesis without a first-order
phase transition.
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Appendix: One-loop and finite temperature corrections.
Our tree-level potential is given in Eq. (18). To study

the potential at finite temperature we include one-loop
Coleman-Weinberg corrections,

y M3 : M? 3
—loop — 0 -3
o Tean \ P\ 3) 2

o (e (g9
647> bi+d3) 6

12 (y2$3\? yi3 3
‘64n2< 2 ) <1°g(z<¢%+¢g>>‘z>’ (A1)

where we have coupled the top quark only to the H,
Higgs doublet, and M; and M, are the Higgs mass
eigenvalues (calculated by diagonalizing the tree-level
mass matrix). We evaluate the gauge boson masses with
the VEVs ¢ and ¢,.

We also include the finite temperature corrections,

T4 Mm? M3 M3,

M3 Vi3
+3Jp <F> - 12]F<2T2 , (A2)
where the functions Jp and Jp are
I = [TRmF et Ay
0

Note that we do not include the leading order terms from
resummation as, for a second order transition such as what
we are considering, these terms actually make the infrared
problem worse as m? + I1 vanishes at the origin near the
critical temperature. This leads to the well-known problem
of perturbation theory badly describing smooth transitions
and misidentifying them as first order transitions [67-69].
Perturbation theory struggles to capture weak or second
order transitions and as such our numerical results should
be taken with a grain of salt indicating the qualitative
dependence of the model on the parameters.

We considered a benchmark scenario with 4; = 0.01844,
Ay =0.1676, 13 =0.9513, 15 =0.8934, ¢ =0.1149,
£=0,v, =77.5484 GeV, and v, = 234.9 GeV. The mass
eigenvalues of V="V ..+ V|_jp, calculated at zero tem-
perature, are 125 and 378 GeV, and the minimum at zero

temperature has \/¢7 + ¢3 = 246.24 GeV. Observational
constraints are presented as functions of a=
myy/(myy + my,), where m;; are elements of the mass
matrix, and f = ¢, /¢,. The values of these parameters for
the zero-temperature minimum are given in the text.
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