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Abstract

Heavy vector boson dark matter at the TeV scale or higher may be produced non-
thermally in a first-order phase transition taking place at a lower energy scale. While the
production of vector dark matter has previously been studied for bubble wall collisions, here
we calculate production by bubble wall expansion in a plasma, which can be the dominant
production mechanism. We compute the results numerically and provide an analytical
fit for the vector dark matter density. The numerical fit is also validated for scalar dark
matter production, obtaining results in agreement with past literature. We find that vector
pair production leads to bubble wall friction with a novel boost factor scaling behaviour
compared to transition radiation emission of a single vector. We conclude that TeV-scale
WIMP vector dark matter can be efficiently produced non-thermally by first-order phase
transitions in a wide region of parameter space where thermal freeze-out is inefficient. In
this scenario, the phase transition scale is predicted to be in the sub-GeV to O(10) TeV
range and could therefore be accessible to future gravitational wave detectors.
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1 Introduction

Despite a substantial body of observational evidence for dark matter [1, 2], our understanding of
its particle nature and origins in the early universe remains extremely limited. Weakly interacting
massive particles (WIMPs), and their production through the thermal freeze-out process, are one
of the simplest and most promising candidates for dark matter and its production mechanism [3—
6]. In this scenario, dark matter particles were once in thermal equilibrium with the Standard
Model (SM) plasma but underwent freeze-out as their interactions with the plasma failed to
keep pace with the expansion of the Universe. Since their relic density is fixed by the efficiency
with which they annihilate away before freezing out, it typically increases with greater dark
matter mass and diminishes with stronger interaction strength. In the freeze-out framework, the
mass of dark matter particles is capped at an upper limit of about 100 TeV due to unitarity
constraints [7-9], a threshold known as the Griest—-Kamionkowski (GK) bound.

Alternative dark matter production mechanisms, that exhibit non-thermal characteristics,
have been proposed. A notable example is the freeze-in mechanism [10, 11], where dark mat-



ter particles are generated from the primordial plasma starting from an initial vacuum density,
never reaching thermal equilibrium due to their feeble interactions with the SM plasma. Such
non-thermal mechanisms result in an inverse relationship between the relic abundance and in-
teraction strength. The sheer scope of possibilities for the nature of dark matter, as well as its
potential experimental and observational detection signatures, motivates exploring other produc-
tion mechanisms and their resulting phenomenology.

In recent years, several non-thermal dark matter production mechanisms have been proposed
involving first-order phase transitions (FOPTS). For instance, heavy scalar dark matter produc-
tion has been investigated during the rapid expansion of bubble walls [12-14] and from dramatic
wall collisions [15, 16] for the case of scalar, fermion, and vector dark matter [17-21], or from
filtering effects [22-24].) FOPTs are particularly intriguing because they can lead to interest-
ing phenomenology such as the generation of the cosmic matter-antimatter asymmetry [38-45],
production of Fermi and Q balls [46, 47], magnetic fields [48-51], and the formation primordial
black holes [52-65]. In particular, FOPTs can generate a stochastic gravitational wave back-
ground (SGWB) [66-71] potentially detectable with current and future gravitational wave (GW)
detectors [72-75].

The production of very heavy particles from a fast bubble wall is possible because (i) the
wall (assuming a planar wall expanding in the z-direction) breaks z-translation symmetry and
thus the total z-momentum of the particles in a microscopic particle process is not necessarily
conserved and (i7) the energies of particles moving towards the wall are boosted by the Lorentz
factor of the wall velocity compared to the nucleation temperature [12, 76-78]. Particles much
heavier than the phase transition scale, which would be Boltzmann suppressed right before the
phase transition, can therefore be produced from bubble expansion, and indeed also from bubble
collisions [17, 21, 79].

In this work, we study the non-thermal production of heavy vector dark matter from the
expansion of relativistic bubble walls. This has previously been considered for the case of bubble
collisions; however, as we argue in Sec. 2, bubble expansion in a thermal plasma can generically
be the dominant production mechanism. Moreover, the production of vector bosons in FOPTs
is of particular phenomenological relevance for bubble wall dynamics. It is well known that
extra friction, linear in the bubble wall’s Lorentz boost factor, ~,, is introduced by transition
radiation, where a gauge boson is emitted by a particle as it passes through the bubble wall |76,
80]. This effect prevents electroweak walls from reaching the relativistic velocities needed for
significant particle production. One may then ask whether the decay of an excitation of the
scalar undergoing the FOPT into a pair of vector bosons, such as our dark matter candidate,
leads to similar friction. In Sec. 5 we find that the pressure from vector pair production resulting
from bubble expansion exhibits a novel quadratic dependence on ~,, (which may arise from a
Ywlog (1 + ¢v,) scaling with ¢, > 1) but with a small overall coefficient such that the bubble
wall can still achieve highly relativistic velocities.

We illustrate the potential impact of non-thermal bubble wall production of vector dark
matter for the case of TeV-scale WIMPs whose annihilation cross-section is too large to generate
the observed dark matter density through thermal freeze-out. As the temperature drops below

!For other impacts on dark matter from FOPTs, see e.g. Refs. [25-37].



the phase transition temperature of a dark sector scalar, a FOPT is triggered and TeV-scale
vector dark matter coupled to the scalar is abundantly produced by relativistic bubble walls
expanding through a plasma containing the scalar particle. The number density of this non-
thermal population of vector bosons is then subsequently reduced by annihilations to the observed
relic density. We find that the required phase transition temperature is likely to be in the sub-
GeV to O(10) TeV range. This raises the intriguing possibility of correlating the mass and
couplings of WIMP dark matter with a possible detection of stochastic GW signals at future
GW observatories.

This paper is organised as follows. In Sec. 2 we provide a rough criterion for when the fraction
of vacuum energy going into the plasma is larger than the energy in bubble wall collisions.
Sec. 3 starts with the case of scalar dark matter production in order to validate our numerical
calculation and methods with previously known results. We also provide convenient analytical
fitting formulae to our numerical results to ease future phenomenological analyses. We then study
the case of vector dark matter production in Sec. 4, comparing its effect on bubble wall friction
with the scalar dark matter and transition radiation case in Sec. 5, and apply this production
mechanism to TeV-scale WIMP vector dark matter in Sec. 6. GW signals are discussed in Sec. 7
before some concluding remarks in Sec. 8.

Note added: As this work was being completed, a preprint [81] appeared which also consid-
ers vector dark matter production from bubble expansion. Their interesting and complemen-
tary study focuses on interactions through higher-dimensional operators with heavier and more
weakly-coupled dark matter closer to the freeze-in region of parameter space.

2 Bubble expansion versus bubble collision

When dark matter is coupled to the order-parameter scalar that undergoes a FOPT, it can
be produced from both bubble expansion [12] and bubble collisions [17, 21]. Therefore, one
may wonder which process dominates the dark matter production. This is a difficult question
whose answer depends on the production efficiency of each process as well as the fractions of the
vacuum energy transferred into kinetic energy of the bubble wall, Ky,u, and the plasma, Kplasma-
The production efficiencies require detailed studies of the microscopic particle processes and are
therefore rather model-dependent. In this section, we shall briefly discuss the energy fractions
Kwall ald Kplasma, and take the rough criterion that one process dominates over the other when
its corresponding energy fraction is larger.

The first quantity we need is the terminal wall velocity v,. Usually, its determination is
very complicated, requiring one to solve the Boltzmann equations for the particle distribution
functions (which are integro-differential equations), the background scalar equation of motion,
and the fluid equations for the hydrodynamics [82-85]. In this work, we shall simply assume
that after nucleation the bubble wall accelerates to a large terminal wall velocity v,, very quickly,
entering the so-called detonation regime, as the dark matter production mechanism under study
relies on relativistic bubble walls.



With the terminal velocity v,,, the averaged final radius of the bubbles at collision is [86]
(87)3 vy,

/8 )
where [ is the transition rate, a mass dimension one parameter related to bubble nucleation
rates, that characterises the phase transition. The total vacuum energy released per bubble is

R, = (1)

4 3
By = ?‘AV, 2)

where AV is the difference in the zero-temperature potential of the symmetric and broken phases,
AV = VT=0 Vb(TZO). The averaged bubble kinetic energy is given by [87]

Eyan = 470 R%y,, (3)

where 7,, = 1/4/1 — v2 is the Lorentz factor of the terminal wall velocity and o is the wall surface

tension.?
The fraction of the vacuum energy transferred to the wall kinetic energy is then given by

Evan 3078 30p
Evac AV(ST)%UUJ AV(87T)%

Rwall = X Y (4)

where in the last step we have used v,, ~ 1. To formulate things in terms of the usual phase
transition parameters, we introduce the phase transition strength

AV 30AV
an = = s
Prad  Gu(Tn)mT]

where p,.q is the energy density of radiation in the universe, which can be written in terms of
g«(T), the number of relativistic degrees of freedom, and T, is the nucleation temperature of the
phase transition. Assuming that the phase transition occurs in a radiation-dominated Universe,
the Hubble parameter, H, is given by

H2 _ 87T3g*(Tn) 7—"2L
o 90ME,

(5)

(6)

where the Planck mass Mp; ~ 1.22 x 10' GeV. Finally, we can write Kyan as

e BEEO()

2The surface tension may be estimated as
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where @pupble is the bubble field configuration in the rest frame of the wall.



The condition Ky, < 1 gives the upper bound, 7,

Yo < T~ 2.4 x 10" x (10956\/) (Tj> (51;)2) (O‘l"> (gléT")) . (8)

Yw can be very large as long as the phase transition scale is far below the Planck scale, opening
a window of possibility for relativistic wall velocities.
Since Kyall + Kplasma = 1, We use the rough criterion

1
Rwall < 5 (9)
for when the dark matter production from bubble expansion dominates over that from bubble
collision. According to this criterion, the bubble expansion production mechanism is likely more
important when ~,, < %,,/2, a situation which can be easily realized considering the large order
of magnitude of the Lorentz factors achievable.

3 Scalar dark matter production from bubble expansion

We first start with the well-studied case of scalar production in FOPTs. This will allow us to
establish our notation and methodology for the numerical calculation and for the fit that we
validate against previously known results, before moving on to vector pair production in the
following Section.

3.1 Model and particle production mechanism
To be specific, we consider the following model
1 1 u? m?2 A A A
L= 5@@)(0@) + 5(aﬂx)(aﬂx) + Eqﬂ — TXXQ — f@‘* — 44; ‘- Z(I)ZXZ +AL, (10)

where AL describes interactions between ® and the SM fields. The Z5 symmetry ensures that y
can be a stable dark matter candidate [88-92]. We assume that the ® field undergoes a FOPT
so that its vacuum expectation value is non-vanishing, (®(x)) = v(x) where v(x) describes the
bubble background.? In our analysis, we consider a planar wall expanding along the negative
z-direction. In the wall’s rest frame, the function v(x) typically adopts the following form:

(z) = % tanh(z/L,) + 1] | (11)

where v, > 0 is the symmetry broken value of ®(x), and L,, characterises the wall width.

3Note that the x field may also form a condensate in the early Universe, although we do not consider this
possibility in this work. For the evolution of such a Zs scalar background field in the early Universe, see, e.g.,
Refs. [93-97].
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Figure 1: Schematic illustration of the light-to-heavy 1 — 2 process in a FOPT. The grey surface
represents the bubble wall of the expanding broken phase (right side of the wall) where (®) # 0.
A ¢ excitation in the plasma passing through the fast bubble wall decays into a pair of much
heavier x particles, taking z-momentum from the wall itself.

Substituting ®(z) = v(z) + ¢(x) into Eq. (10), one obtains a Lagrangian for the fluctuation
fields ¢ and x with masses and interactions depending on the background v(z). For example, the
zero-temperature mass of the ¢-field is mj(z) = —p® + Ayv*(2)/2. The term A®*x*/4 induces
an interaction

LD —/2\@(2)¢X2, (12)

which gives rise to the transition ¢ — 2x. We consider the production of heavy dark matter
particles from relativistic bubble walls so that we have

my > (T ~ v, ~ my), (13)

where 7' is the temperature at the phase transition. With this hierarchy, the transition ¢ — 2y is
forbidden in the absence of the wall due to the inability to fulfil energy-momentum conservation.
However, the bubble wall spontaneously breaks translational symmetry along the z-direction,
and therefore the total z-momentum of the particles is not required to be conserved, rendering
the transition ¢ — 2y feasible. This process is schematically described in Fig. 1.

Because of the aforementioned hierarchy, we can ignore the field-dependent and thermal
masses for the y-particles. To make the light-to-heavy transition possible, the ¢-particle must
have a very large z-momentum. For these large z-momentum ¢-particles, we can also ignore the
field-dependent and thermal masses for ¢ and treat them as massless. We write the four-momenta



for the process under study as

¢:  p=(EY pL.p), (14a)
X1: k1= (El(é)7k1,b k’f), (14b)
X2: ko= (Eg)7k2,b k3) (14c)

where p, = (p*, p¥) and similarly for k; |, ko |, and EI()X) = |p|, EIEX) = ,/mi + k2.
In the wall’s rest frame, the flux impinging on the wall is

wa d’p p?
7o = [ e T). (15)
where the distribution function of ¢ particles is
1
f¢(p,T) = W(El(ftvaz) : (16)
e 1 —1

To derive the density of the produced y particles, we consider a duration At in the wall frame.
The total number of particles produced in this time is

&PPp p?
(2m)® gL

where dPy_,9, is the differential probability for ¢ — 2x and the factor of 2 is due to two x-
particles being produced in one process. In the plasma frame, the volume swept by the wall
is

N = wall area x At x 2 X / )d}P’¢_>2X( p) X fo(p,T). (17)

AV Pasma) — wall area X vy, X YAt . (18)

Dividing N by AV (Plasma) then gives the density of produced y-particles in the plasma frame,

2 d’p p?
= e | Gy g e () X Sop.T). (19)

The differential probability is given by [78]

N2 w d3k;
Ponlp) = 33292 21 2/ (2m)32EX m)*3(BY — BY — B (pr — kit — ko)
=1, kz
L, Ap?
x csch? <7r2p> : (20)

where Ap* = p*— ki —k3. The hyperbolic cosecant function originates from the Fourier transform
of the wall profile. Integrating over k; in the above equation and relabeling k, as k, we obtain

2,212 3 ANz
0By (p) = ST [ L (TR (21)
64p* (2r)32EX |\ [H(p. k) 2




where
Ap* =p" —k* —/H(p,k), (22)
is the on-shell z-momentum transfer, and
H(p,k) = (p°)> + (k*)> +2p. -k, —2|p|EL” . (23)

In the above equations, there is the constraint H(p,k) > 0 which is enforced by kinematics.
Following Ref. [78], one can make the following two further simplifications:

(i) Integrate over p* using the method of steepest descent, making use of the fact that the
distribution function f,(p,7") is exponentially suppressed away from the stationary point

P* = YwlPL|

(ii) Set a cutoff 7L, Ap?/2 < a, making use of the fact the hyperbolic cosecant function is
exponentially suppressed for large L, Ap?/2. Taking a = 10 already gives a very high
accuracy.

We refer the reader to Ref. [78] for more details of this simplification procedure. The final result
Is

V2rTAEL? 1 o1 ks lmax(PL])
—_ w_ d 1/26="5 dlk k
nX 10247'('3 wa ‘pl'min ’pJ-HpJ-’ € 0 ‘ J—H J—‘
|kzlmax(‘p |=|k |) 1 1 LwA ?
></ S e ) csch? <7rp> . (24)
e lma(po e B G(Ipol, kL], k#) 2
where
7 Lym?
’pj_‘min = . s
Yo
a'7w|pJ_|
K1 [max(IPL]) = \/7er —m3,
K nas(p . ) = 1207 — 29ulp i+ m2. (250)
and
G(Ip.l, [kl k%) = 42p? + (k)? — 27u|pL | B . (26)
Now the on-shell z-momentum transfer reads
857 = (qulpsl = k* = \/Gllpul. k], k) (27)



3.2 Numerical results and fit

In this subsection, we compute the integral (24) numerically. Defining the following dimensionless
variables

k k*
x:|pji_|’ y:|L|7 2= "7 52%7 HZLWT’ <28)

the integral (24) can be written as

V2 N2 k2T3
nxzmxj<£77w7’i)a (29)
X
KT w:pfszl/Q
52 o 1/2 ymax(x) |Z|max($7y) CSCh2 < [’y 2 ¢ ]>
1) = = [ daate [T ayy [ dz _ ,
711; Lmin 0 7|Z|max(17y) EG1/2
where
E =€ 42+ 22, G =724 2% — 2y,2F (30)
and
TKE? YT /
Lmin = CL’Y ) ymax(m) = ? - 527 |Z‘max<x7y) = \/73)'1'2 - 2’le’ 52 + y2 . (31)

Note that we have absorbed the explicit factor of £2/v, in Eq. (29) into the definition of the
integral I. For the convenience of future use, we denote

/2 )\2 2 2T3
A= YEIALE S (32)
102473m2
We shall also compare our results with those given in Ref. [12]. There, n, is estimated as*
T3NvE  _1rerm™X 64 1 1 _irerm™y
nX7AVY:We 2 yw T2 :AX 3%96 2 yw T2 . (33)

Next, we perform our numerical calculation and fit for a fixed value of kK = L, T before fitting
the k-dependence in (£, vy, k).

Results for fixed Kk = 10 — A typical value of k at the electroweak phase transition with or
without supersymmetry is of O(10) [85, 98]. In this subsection we fix x = 10. Let us first look
at the behaviour of the integral I(&,v,, x = 10) as a function of v, for fixed values of m, /T. In
Fig. 2, we show n, /A as a function of v, for fixed m, = 507", 5007", 10007", respectively.

“Note that the ) in this work is double that of Ref. [12] and that a factor of 2 in the expression of Ref. [12]
has been corrected in the recent paper [81].
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Ly = 10/T;my = 50T;a = 10 Ly =10/T;my = 500T;6 = 10
0.0015 -
0.00175 - .

- < 00010

% 0.00170F 1~ F;

& & s

N 0.0005 .
0.00165 . .
| | | | : 0.0000 ¢ | | | | g
0 2x108 4x108 6x10°8 8x10° 1x107 0 2x107 4x107 6x107 8x107 1x108
Yw Yw
L, = 10/T;m, = 1000T;a = 10
0.0015 - 1
< 00010 ]
~L J
> s
£ N
0.0005 ]
0.0000 £¢ ‘ ‘ ‘ ‘ g
1x108 2x108 3x108 4x108 5x108

0
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Figure 2: Numerical results of n, /A as a function of v, for fixed m, /T = 50, 500, 1000, respec-

(34)

tively.
We fit the numerical results with the following expression

gk
L

I(&, Y,k =10) =c1e”
We find the best fit ¢; = 0.00175, co = 22.7. The numerical results and the fit are compared in

Fig. 3. The AVY formula Eq. (33) corresponds to ¢; = 0.02709, ¢y = 5.
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Ly, =10/T;m, = 50T;a =10
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""" Fit :¢; = 0.00175, ¢, = 22.7
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Yw
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0.0015 - Numerical result ]
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Ly, = 10/T;m, = 1000T;a = 10

Numerical result
0.0015

Fit :c; = 0.00175, ¢, = 22.7
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ny /A
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1x108 5x10%1x107

Yw
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Figure 3: Comparison between the numerical results presented in Fig. 2 with the fit function

given in Eq. (34) with ¢; = 0.00175, co = 22.7.

We can use the numerical result of n, /A for a fixed 7, as a cross-check of the fit. In Fig. 4,
we show n, /A as a function of m, /T as well as its comparison with the fit. We see that the
fit function slightly underestimates the number density in the range m, /T between 200 and 500

but provides a good overall parameterisation.

Ly =10/T; 7, = 10%a = 10

T T

0.0015

Numerical result

Fit :c; = 0.00175, ¢ = 22.7 |+

0.0005

0.0000

600 800 1000

Figure 4: Numerical result of n,/A in the range m, /T € [20,1000] for v, = 10°, as well as its
comparison between with the fit function given in Eq. (34) with ¢; = 0.00175, co = 22.7.
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Results fitting the dependence on k — Now we give the fit for the dependence of 1(&, 7., k)
on x. For simplicity, we fix m, = 507. The best fit parameters ¢; and ¢, for k = 10, ..., 50 are
given in Table 1. We show the comparison between the numerical results and fit function in
Fig. 5. From the table, it is easy to deduce that

1
01:0.177X7, cy =237 X K.
K

k=10 k=20 k=30 kK =40 50
1 0.175/102 0.178/202 0.178/302 0.177/402 0.177/502
Co 22.7 48.78 72.27 95.24 117.8

Table 1: Fitted parameters of ¢; and ¢y for different values of .
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Figure 5: Comparison between the numerical

parameters given in

Finally, the fit function for the produced dark matter density in the plasma frame reads
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results for different values of L, T" and the fit using

(36)



For comparison, the AVY estimate reads [12]

NO2T3 1 Ly X
e 2w T2 (37)
m
X

nyavy & 1.07 x 107% x

Assuming no additional processes that decrease the dark matter density except for redshift,
one obtains the relic abundance of the scalar dark matter today,

My Ty g*S(TO)Tg)
pc/h2 Gxs (Tafter)TSfter ’

where p, is the critical energy density, g.s is the effective degrees of freedom for entropy, Tj is
the temperature today, and («,, is defined in Eq. (5))

Otoday;2
Q peh” =

(38)

Tafter ~ (1 + an)1/4Tn (39)

being the temperature after the phase transition has been completed. Substituting our fit formula
into the above equation, we obtain (taking 7' = T,,)

- A\ /1000 100 v T N3 _osriuTe™
Qtodath ~ 066 b ( b > ( n ) Yw Tg . 40
XBE . 0.1 mx g*S(Treh) 100G€V Tafter e ( )

Above, 7, should be understood as the Lorentz factor of the terminal wall velocity. We have used
pe ~ 1.05 x 107°h2GeV - em ™3, Ty ~ 2.7255K, and g,5(Tp) ~ 2.955. The above results may be
viewed only as an upper bound since possible wash-out processes, e.g. dark matter annihilation,
may occur after the production. As we shall see in Sec. 6, wash-out processes could lead to a final
relic abundance that is not sensitive to the initial condition generated at the phase transition, as
long as dark matter is initially over-produced at the time of the phase transition.

4 Vector dark matter production from bubble expansion

4.1 Production rate of the vector bosons

Now we shall consider the production of massive vector particles. To do so, we adopt the following
phenomenological Lagrangian as an effective parameterisation of a more UV-complete theory,

1 1 1 A
L= 50,00"0 — V(®) = 2 F, I + 5rrﬂvvﬂw + Zqﬂvuw, (41)
where F,, = 0,V, — 0,V,. This vector-Higgs portal [99] can originate, for example, from the
Higgs mixing with a charged complex scalar. The details of the UV completion may affect the
particle production if the bubble wall becomes sensitive to sufficiently high scales; we assume
the UV scale to be high enough for the EFT to be valid and consider here only the dimension-4

14



effective interaction for simplicity. Substituting ®(z) = v(z) + ¢(x) into the interacting term
between ® and V,,, one has

LD ZUQ(z)VMW + ;\v(z)w/u‘/" : (42)

The first term is a field-dependent mass for V# which is assumed to be negligible compared to
my . The second term gives rise to the process ¢ — 2V in bubble expansion. Again, we assume
my > T.

Following Ref. [78], it is straightforward to obtain

Py oy (P 32E Py Z @r)s(EY) + BY) — EM)s® (p1 — ki1 — ko )Mo,
1=1,2
(43)
where
(r,r’ )\Q'UQLTQUW WLwApZ r )% » v )%
|M¢$P=2;<MW<2>HKMM)&MG“ka(WbD- (44)

Above, r = £, 0 is an index for the polarization and el(f) are polarization vectors. The polarization
vectors obey the sum relation

kHEY

S 00 = g + 8 (15)
r=4,0
where k# = (El(cv), k). Therefore, we have
(r,r’ )\Q”UZL%U’/T (k)l . k2)2 WLwApZ
Z |./\/l¢_>2)v b8 (2 + = csch? — |- (46)

Compared with the scalar case in Eq. (20), we only need to make the replacement m, — my

and insert an additional factor
ky - ky)?
<2+< : 42) ) (47)

in the integrals. We therefore need to track the form of ki - ky at each step in the calculation
outlined for the scalar particle production.
Doing the integral over k; and relabelling ks as k, we obtain

ki ks — (B9 — BOYVEY) — k*\/H(p, k) — (p1 — ki) - ki . (48)

Further applying the method of steepest descent to the integral over p* as explained above,
(k1 - k2) becomes

B ks = ulpilmd + k2 = md — (k)2 = K\ /G(Ipul, ko], k) — [pil[ki[cosd,  (49)
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where 6 is the angle between p; and k. Finally, we can write
(ky - ko)? = J} 4+ 2J1Jycos0 + J3 cos* 0 (50)

where

TPl kol k%) = qulpoly/md + K2 = md — (k)2 = k*/G(p, [ko] 2) | (5la)
Ja(|pel; ki) = [poflke]. (51b)
In the scalar case, the integrand does not have any #-dependence (to a good approximation) so
the integral over # simply contributes a factor of 27. In the present case, the term proportional

to cosf vanishes in the integral over 6 while the term proportional to cos?f contributes to a
factor of m. Therefore, we only need to insert the following factor into Eq. (24),

Ji 4 J3/2
(2_,_1+42/> (52)
my

to get the integral for ny. Using the dimensionless variables defined in Eq. (28) (with m, replaced
by my ), we have

J 1 ~
=g (/e 2+ 22— = 2= 2G2) | (53)
1%

J:
2 (53b)

my e

4.2 Numerical results and fit

As before, we first consider the case of fixed k = L,, T before presenting the fit results including
the dependence on k.

Results for fixed kK = 10 — As in the case of scalar particle production, we can write
ny = AX I(&’Ywa%)7 (54)

where A is given in Eq. (32) with my replaced by my. For fixed x = 10, we find that I can be
very well fitted by the following function

YuT?

2
my,

I(&, Y, k = 10) = ¢ X with c¢=1.41x107%. (55)

In Fig. 6, we show ny /A as a function of v, for fixed my = 507, 5007, 10007, respectively.
Clearly, the numerical results show a linear behaviour in 7, in the regions of ~,, studied. While
this linear behaviour could originate from some other functions taken in certain limits, e.g.,
log(1 + z) for x < 1, we checked a case with a smaller my (my = 107) and even higher 7,
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(7w € [10'2,10"]) and confirmed that such linear behaviour persists. We also compare the fit
function with the numerical result as a function of ¢ for fixed v, = 10 in Fig. 7.

Lur — IO/T; my = 50T;(l =10 Lw = 10/T: my = 500T; a=10

5000 F 500 - 1
4000 F 400 - 1
<
Ny 3000 F > 300r 1
N -
I <
2000 F 200 F ]
1000 100 F .
0 2x10° 4x10° 6x10° 8x109 1x1010 0 2x1010  4x10'0 6x1010 8x1010 1x10"
Yw Yw
L, =10/T;my = 1000T;a = 10
1400 - |
2
7
1200 F .{f:»“ 1
oy
1000 - “(_jr’ ]
$> 800F it ]
= 6oof ]
400 ]
200 ]
0 2x10""  4x10"! 6x1011 8x10"1 1x1012
Ve

Figure 6: Numerical result of ny /A for fixed my /T = 50,500, 1000, respectively.

L, =10/T; 7, = 10%a = 10

Numerical result
----- Fit ie; = 1.41% 107 |+

nv/A

50 100 150 200
my /T

Figure 7: Numerical result of ny-/A in the range my /T € [20,200] for v, = 10° as well as its
comparison with the fit function given in Eq. (55) with ¢ = 1.41 x 1073,
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Results fitting the dependence on

— Now we give the fit for the dependence of 1(§, v, k)

on k. The best fitted values of ¢ for k = 10, ..., 50 are given in Table 2. We show some examples
of the comparison between the numerical results and fit function in Fig. 8. From the table, it is
easy to deduce that

1
c=141x 5
k=10 k=20 k=30 k=40 50
¢l 141 x1073 ] 1.76 x 107% | 5.22 x 107° | 2.205 x 107° | 1.13 x 10~°

Table 2: Fitted ¢ for different values of k.

L, =20/T;my =50T;a =10

L, =30/T;my =50T;a =10

(56)

Numerical result

----- Fit :c; = 5.22%107°

R o o -
0 2x109 4x10° 6x10° 8x109

L, =50/T;my =50T;a =10

700 5|
Numerical result 200
600 | ===== Fit :c; = 1.76 % 1074 .
500 . 150
<t 400 | <
~ ~
z = 100
S 300 | <
200 |
50
100 .|
oOF ] 0
| R L L L L
0 2x109 4x109 6x10° 8x109 1x1010
Yuw
Ly = 40/T;my = 50T;a = 10
. T T
801 Numerical result ) i w0l
----- Fit :c; = 2.205 % 107°
60 . 30
=< =<
~ ~
Z 40r 4 F o20f
20 8 10
or . of
| |

Numerical result
----- Fit ¢, = 1.13% 1070

4x10° 6x10° 8x10°

‘
2x10°

Yw

4x10° 6x10° 8x10°

‘
2x10°

Yw

\
1x1010

Figure 8: Comparison between the numerical results for different values of L,, 7" and the fit using
parameters given in Table 2.

Finally, we obtain the produced density for vector dark matter in the plasma frame,

ny ~1.1x 1077 x

YT N0}

4
L,ymy,
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Again, assuming no additional processes that decrease the dark matter density except for the
redshift, one obtains the relic abundance of the vector dark matter today,

2
Groday 2 0.5 <7w> A < 10 > (100Tn)2 <1()Ovb) 100 < v ) ( T, )3
V,.BE ~ Y. 7 .
10 0.1 Lan my my g«s (Tafter) 100GeV Tafter

(58)

Comparing with Eq. (40), we see that the production of vector dark matter from bubble expansion
grows without bound as 7, increases. This can easily lead to a strong overproduction of heavy
vector dark matter from bubble expansion for sufficiently large 7,. In the next Section, we
show that the effect on bubble wall friction from vector dark matter production does not prevent
reaching such relativistic velocities, before going on in Sec. 4 to discuss the subsequent dark
matter evolution after being produced at the phase transition.

5 Bubble wall friction from heavy dark matter produc-
tion

Any particle processes that involve interactions with the wall, either due to a background-field-
dependent mass term or a background-field-dependent vertex, can generate friction on the wall.
Since the particle production mechanism studied in this work assumes fast bubble walls, we must
check whether or not the pair production processes under study would create too much friction
on the wall to spoil this assumption. In this Section, we summarise the cases of bubble wall
friction from scalar production and transition radiation and compare them with our calculation
of friction due to vector boson pair production.

Bubble wall dynamics are very complicated. The situation is simplified dramatically if one
assumes that the wall motion has already entered into the so-called detonation regime and fur-
thermore assumes that the wall velocity is large enough such that one can ignore the collisions
between particles when they cross the wall (the so-called ballistic limit). We refer to the regime
that satisfies these two assumptions as the ballistic-detonation regime. The analysis below adopts
this simplification. However, we note that it is possible that the bubble wall never enters such a
regime due to hydrodynamic obstruction, a frictional pressure barrier purely caused by inhomo-
geneous fluid temperature and velocity distributions across the wall [100-104]. See in particular
a recent analysis [105].°

The driving force on the wall is identified as the zero-temperature potential difference between
the inside and outside of the wall [105, 107]

Pdriving =AV. (59>

In the ballistic-detonation regime described above, the friction on the wall can be studied on
a process-by-process basis. At the leading order in ~,, the contribution is from the 1 — 1

®See, however, Ref. [106] for a discussion on the stability of the hydrodynamic obstruction.

19



process [107]

Am2T2
Pl—)l Z giC; 3 (60)

where ¢; = 1(1/2) for bosons (fermions), g; is the number of internal degrees of freedom, T is
the nucleation temperature, and Am; is the mass gain of the particle as it transitions from the
exterior to the interior of the bubble.

At the next-leading order in 7,,, the contribution is from 1 — 2 transition radiation, wherein
a fermion hitting the wall emits a soft gauge boson [76, 80],5

7Dl—>2;TR ~ O X '71092 (10g ATZg.b.) A7T’/g.b.T3 ) (61)
where ¢ is the gauge coupling, Amg1, ~ gvy/ V2 is the mass of the gauge boson in the broken
phase (in the symmetric phase, the gauge boson is assumed to be massless), p is an IR cutoff re-
lated to the thermal mass or screening mass and roughly gives log(Amgy, /1) ~ O(1)—O(10) [80].
The numerical factor C' is model dependent; for example, C' &~ 1.57 for a Higgs electroweak phase
transition.

5.1 Friction from scalar dark matter particle production P9,

The friction due to the 1 — 2 process of scalar dark matter pair production has been studied in
Refs. [12, 14, 77] analytically and more precisely in Ref. [78] by numerical fitting. In Ref. [78],
the integral for Py_,o, has been simplified to the following form

|Z‘max xy EG1/2

where B = /27 \?v2k?T?/(204873) and other quantities are defined in Sec. 3.2. With numerical
results for the integral, a fit is found to be

o8} yde(x
Py =B x | dra'l?e / yy/ : (62)

o7
Posay = 1.4 x 107 x A0 T? log (1 +0.26 x ; m2> , (63)

X

with 7, scanned up to 10°. The numerical factors may change if one scans higher and higher
7w in the fitting procedure. We refer the reader to Ref. [78] for further details.

5.2 Friction from vector dark matter particle production Py_,oy

Here, we apply the same fitting procedure for the friction caused by heavy vector dark matter
production. As for the number density, the integral for the pressure from vector dark matter pair
production, P,_,9y, can be quickly obtained by inserting the factor in Eq. (52) into Eq. (62).

6Ref. [108] finds that the friction from transition radiation scales as 42, though it has been argued that this
may in part be due to different assumptions in the calculation [77, 80].
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Results for fixed Kk = 10 — When fixing k = L, T, we find the pressure can be fitted by the
following form (recall & = my /T)

W:qx%xlog@%—@x?). (64)

For L, T = 10, we find ¢; = 11, ¢; = 9 x 1075, In Fig. 9, we show Ps—2ov as a function of v, for
fixed my = 20T, 50T, 1007, respectively. As a check, we compare the numerical result with the
fit function by looking at the {-dependence in Fig. 10 as well.

Ly = 10/T;my = 20T;a = 10 L, =10/T;my =50T;a = 10
6
6x10 Numerical result 6x 107 Numerical result
_____ it ey = 11, ¢y — 6 ===== Fitie; = 11,0 =9 107°
5)(106 Fit :c; = 11,0 =9% 10 B 5)(107 it i) Cy *
6L 7
n 4x10 m 4x10
~ ~
= -
7 3x108F T 3x107
& &
2x108F 2107
1x108 | 1x107
0 0
104 10° 108 107 108 1x107 5x107 1x108 5x108 1x10°
Yw Yw
L, =10/T;my =100T;a = 10
1-5X109 Numerical result
----- Fit :e; = 11,05 = 9% 107
q 1.0x10°
~
1
[N
5.0x108
0
1x108 5x108 1x10° 5x1091x1010

Yw

Figure 9: Plots for the numerical results of Py_01/B vs 7, on a linear-log scale, for fixed
my /T = 20, 50, 100, respectively, and their comparison with the fit formula given in Eq. (64).

Results fitting the dependence on K — Now we fit the dependence on k = L,/ T of ¢; and
co. We find the best-fit values

1 1
¢ =1100 X =, =9%x10""x =.
K K

(65)

Some examples of the comparison between the numerical results and fit function are shown in
Fig. 11, and demonstrate excellent agreement.
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Ly, =10/T;v, = 10°;a = 10

Numerical result

----- Fit :e; = 11,¢0 = 9% 107°

my /T

Figure 10: The numerical result of P,_21-/B as a function of my /T for fixed 7, = 10°, and its
comparison with the fit formula.

Therefore, we finally obtain

WwI?
Pyoy ~ 4.3 x 1072 x NvT?y, log (1 +9x 107" x L72 — ) . (66)
w!''V

Note that when the second term inside the logarithm is smaller than one,

L2 T2 4
Yo < 1.8 x 1010 ( 1”02 > (;710;) (quadratic scaling regime) , (67)

one can Taylor-expand the logarithm and obtain

)\21}2,}/2 T4
2 — w
PPy ~ 3.87 x 1075 x Lgim%/ (68)

One may compare this result with that given in Ref. [81]. In Eq. (72) of Ref. [81], noting that
np ~ T3 and that Ref. [81] assumes L, ~ 1/uvp, one gets the same dependence on vy, Yy, T
and L,. The superscript “(2)” reminds us that this expression is only valid in the quadratic
scaling regime defined by Eq. (67). For larger 7, the quadratic scaling may be replaced by the
linear-logarithmic scaling, Eq. (66). However, we note that the scanned range for ~,, in the above
fitting procedure does not go beyond the quadratic scaling regime; the quadratic scaling may
therefore be valid for higher 7, and could even be exact.” We leave this open question for future
study.

"The reason we chose the logarithmic function is that the same logarithmic structure for the scalar case,
Py—2y, found in Ref. [78] has analytic support [14].
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Figure 11: Comparison between the numerical results of P91 /B for different values of L, T
and the fit using parameters given in Eq. (65).

5.3 Terminal wall velocity in the ballistic-detonation regime

Transition radiation friction, with its linear dependence in -, severely restricts the terminal
wall velocity. Even if we assume that the wall velocity gets past the hydrodynamic obstruction
and enters into the ballistic-detonation regime, a large Lorentz factor ~,, requires a very strong
supercooling in the presence of transition radiation. According to Ref. [80], for a first-order
electroweak phase transition, one has 7, ~ /4% On the other hand, there is a maximal phase
transition strength a, above which the phase transition can never complete [109, 110]. This
makes large Lorentz factors unlikely for a first-order electroweak phase transition. However, if
we consider a dark sector FOPT where ¢ couples only with the dark matter (and perhaps also
the Higgs field), then the transition-radiation process is absent and it is possible to have very
large Lorentz factors 7,. We now show that this is still the case when including friction from
vector boson pair production, despite a quadratic scaling in ,,.

Let us estimate the terminal wall velocity in the ballistic-detonation regime assuming that
¢ minimally couples with the dark matter vector field. In this case, we only have two leading
contributions for the frictional pressure, Py_,4 from the 1-to-1 process, and Py_oy from the 1-

8See Eq. (6.10) of Ref. [80] and notice that Tytart/Taue ~ o/t
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to-2 process.” We do not need to consider Py _,y as the number density of dark matter particles
outside of the wall is suppressed given my > T,,. The condition

can easily be arranged with a properly chosen potential V(®). Therefore, the terminal velocity
is most sensitive to Py_21. We then have the equation

P¢_>2v(’7w; Tn) = (AV — P¢_>¢) ~ AV . (70)

Dividing both the LHS and RHS by T, we get

AN /w2 /oy ~ 102\ /1007,\* 0.(T)\ [
L (2 () (2 Yo [t (1) (22) (19%') < (80 () o
X<0.1> (T) (105> 6 11T o) \ 22 ) o AN AR
where we have used the definition for «,,, Eq. (5). In the quadratic scaling regime defined by
Eq. (67) (with T'— T,,), we obtain

S () () (5 o)
w1 x10° i (= . 72
Tw ( 100 ) WS VATYANTIVANT (72)
We see that the bubble wall can indeed reach high terminal wall velocities. Note that the terminal
Lorentz factor is sensitive to the ratio (my /7)) but has a weak dependence on T, itself so that

one can consider a dark sector FOPT almost at any energy scale to get large terminal Lorentz
factors.

6 Parameter space of heavy WIMP vector dark matter

Having shown that ultra-relativistic bubble expansion during a FOPT is both possible and can
efficiently source a number density of heavy vector dark matter, we now consider the implications
of this new production mechanism on the viability of TeV-scale WIMP vector dark matter.
Specifically, we focus on the region of parameter space where thermal freeze-out is unable to
generate the observed relic abundance. For non-thermal production mechanisms of vector dark
matter to dominate over thermal freeze-out, we require its scalar coupling to be sufficiently large
for the thermal relic density to be negligible. Non-thermal bubble wall production at the time
of the phase transition could then generate a greater abundance than the observed relic density.
However, its subsequent Boltzmann evolution must be taken into account which can reduce the
non-thermally produced dark matter to its observed relic abundance. Planck constraints on
Moh? and Qpgh? tell us that Qpyeh? = 0.121 [111] is a good approximation to a couple of
percent, which is a good enough approximation for this work. The subscripts “M”, “DM” and

9Depending on the potential V(®), we may also have the process ¢ — 2¢. But we expect Py_,24 to have a
logarithmic dependence on 7, similarly to the friction from heavy scalar dark matter production, Py_2,, and
Ps—2p < Pyog [78].
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“B” correspond to matter, dark matter and baryons, respectively, and as usual the subscript 0
refers to quantities measured at t = ¢y, (i.e. today, at redshift = = 0). The dark matter relic
abundance is

PDMO 42 871G pproh? _ 87 G ppmo
Pe 3H§ 3¢?
where ¢ = 100 km s~ !Mpc~! = 2.133 x 10742 GeV. The density of dark matter is then given by

Qpmoh? = 0.121 = (73)

PDMO — YDMOSOEDMO = 8.014 x 10_47GeV4 (74)

where Y = n/s where n is number density and s is entropy density. If the kinetic energy of dark
matter is negligible, which we know today it is to a good approximation, Epyg = mpu.

Let us first consider the thermal freeze-out scenario before treating the non-thermal case with
simplified Boltzmann equations, following Ref. [17]. For temperatures much lower than the mass
of the vector boson, my > T, the thermally averaged cross-section of dark matter annihilation
through its scalar coupling is approximately given by

/\2

— . (75)
64mmi,

(00) |y 1 =
We assume here only that the scalar mediates annihilation to lighter states through model-
dependent couplings that we leave unspecified as we are agnostic about the scalar interactions
to the visible sector. This cross-section fixes a lower bound on the coupling to avoid over-
producing dark matter when annihilations are no longer sufficiently efficient for cross-sections
below (ov)oms =~ 1.9 x 1072 GeV ™2 [2], which sets the thermal relic density to the observed
value. We may write this thermal over-production bound, for my > T, as

my
AR 06 (103 Ge\/) ' (76)
Now, for couplings greater than Eq. (76), the thermal relic density will be a fraction of dark
matter and the remaining dark matter abundance can be due to non-thermal production from
bubble walls. We assume the non-thermal production to be strong enough to produce a greater
dark matter abundance than the observed relic density. This can easily be the case for high bubble
wall velocities with sufficiently large v,, factors, as shown in the previous Section. We also assume
the phase transition to occur at a temperature below the freeze-out temperature,’® Tpp < Tro ~
my /20. If Tpr > Tro, then the produced dark matter particles would reach thermal equilibrium
again and one simply obtains the standard thermal freeze-out relic abundance. Unlike the thermal
case where annihilations are no longer efficient below Tro, the non-thermal abundance can still
be partially washed out for T' < Tpr, as we will now see.
We start with the integrated Boltzmann equation

D) (o) [ ] @

10Here we do not consider exceptionally strong supercooling such that we have T, ~ Tager and in this Section
we refer to either of them as the phase transition temperature Tpr.
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In terms of the co-moving number density Y = ny /s where s = 2r%g,5(T)T?3/45 is the entropy
density, and the dimensionless time variable x = my /T, one can write Eq. (77) as

dy o 9 9
dr 2 [Y(I) — Yeq() } ’ (78)
where
272 90
= —0s(T) | z———M , 7
«Q 15 9xs(T) 873g, (my) pimy (0v) (79)

with g.(my) being the number of relativistic degrees of freedom evaluated at T' = my. Above,
we have used dz/dt = Hx (recall T oc a™1), the relation H(T) = H(my)/x? that is valid for
a radiation-dominated universe, and also the Friedmann equation (6). Below, we ignore the
temperature-dependence in ¢,¢ and g, and take g,s ~ g, ~ 100.
Assuming Y'(x) > Y.,(z), one simply gets
dY a 9
T x2Y(x) : (80)

Integrating Eq. (80) from the time of the phase transition at zpr to later times at lower temper-

atures, x > wpr, gives
1 ( 1 1 ) 1 1 (81)
a \Y(z) Y(xpr) rpT T

Since rpr < x and the non-thermal dark matter density produced at the phase transition is
much larger than the observed relic density at x — oo, Y (00) < Y (xpr), this simplifies to

Y (o0) =~ P (82)
o
Fixing the temperature of the phase transition and the annihilation cross-section, through the
coupling and mass of the vector dark matter, then determines the resulting relic density at late
times. We may compare the necessary cross-section for setting this non-thermal dark matter
relic density with the cross-section that would give a thermal relic abundance in agreement with
the CMB. The thermal relic density from freeze-out can be approximated by

TFO

(83)

}/thermal (OO) ~ 5
Q'thermal

where Qihermal = 2”1})/‘7* X 1/90/8m3 Mpymy (cv)cmp and zpo = my /Tro. Comparing Egs. (82)

and (83), we see that the cross-section required for non-thermal production to give the observed
dark matter relic density is greater than the one that would result from the thermal freeze-out
scenario,

T

(ov) = %@@CMB. (84)
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Figure 12: Left: Log contours of the phase transition temperature in GeV in the (my, A) plane
where the observed vector dark matter density is obtained assuming an initial non-thermal over-
production. Right: Log contours of the minimum +,, needed for non-thermal production of vector
dark matter from bubble wall expansion to exceed the observed relic density. In both plots, the
region below the dashed red line is excluded by over-production of vector bosons through thermal
freeze-out if the inflationary reheating temperature was sufficiently high, and the grey region is
excluded by the required phase transition temperature being larger than the vector boson mass.

The value of \ that ensures the correct non-thermal relic abundance at late times can then be

written as
my )3/2 102 Gev\ /2
103 GeV TPT ’

The higher cross-section for vector dark matter from bubble walls relative to the thermal freeze-
out case may improve its prospects of direct and indirect detection These limits are not shown
as this will depend on the model-dependent scalar coupling to the visible sector that we have
not specified.

The left plot of Fig. 12 shows contours of the phase transition temperature, in units of GeV
on a logarithmic scale, for the parameter space of my vs A with the observed dark matter relic
abundance set by Eq. (85). The over-production of vector dark matter from thermal freeze-out
corresponds to the region below the dashed red line; this region is excluded if the reheating
temperature prior to the phase transition is sufficiently high for the vector boson to have been in
thermal equilibrium. The grey region is where the temperature of the phase transition is larger
than the mass of the vector boson. We see that the phase transition temperature is restricted to
be in the sub-GeV to O(100) GeV range and can be at most O(10) TeV.

It may be tempting to identify the phase transition with the electroweak phase transition and
the scalar ¢ with the Higgs boson. Unfortunately, as discussed in the previous Section, transition

A~ 04 ( (85)
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radiation that involves a scalar or fermion radiating off a vector boson when passing through the
bubble wall prevents it from attaining the large -, factors necessary for our particle production
to be efficient. The minimum value of =, for non-thermal particle production to exceed the
observed relic density of Qpyoh? = 0.121 [111] is shown in logarithmic contours on the right plot
of Fig. 12. Since 7, x a/* < O(1) for a Higgs bubble wall in the Standard Model, this points
towards phase transitions in dark sectors without transition radiation such that the bubble wall
can attain much higher relativistic velocities. We give a detailed discussion on the terminal wall
velocity in Section 5.3.

We have focused on the WIMP vector dark matter scenario where the coupling is O(1) or
larger and determines the annihilation cross-section for setting the relic density. We conclude
that non-thermal production from bubble wall expansion can set the correct WIMP vector dark
matter relic abundance in regimes where thermal production is inefficient and the non-thermal
abundance generated from bubble expansion is initially over-produced. For a given phase tran-
sition temperature, the scalar coupling and mass of the vector boson are set by the requirement
to annihilate the initial non-thermal vector boson density down to the observed D relic density,
in a way that is insensitive to the initial abundance.

The parameter space could open up if one considers superheavy dark matter, such as WIMP-
zillas [112-114], or feebly interacting massive particles (FIMPs) [10, 115] with very small cou-
plings. The thermal relic bound can be evaded if the corresponding freeze-out temperature, Tro,
is even larger than the maximal reheating temperature of the universe. In this case, one needs
to compare the dark matter relic abundance generated from bubble expansion with that from
freeze-in. This scenario for vector dark matter has recently been studied in Ref. [81].

7 Gravitational wave signals

The previous analysis is generic because it does not specify the model, i.e., V(®), for the phase
transition itself, leaving a large scope for model building. For WIMP vector dark matter, the
most important constraint we obtain is that the phase transition temperature is restricted in the
range from sub-GeV to O(10) TeV. Together with the requirement that -+, is extremely large,
the mechanism studied in this work may have unique features in stochastic GW signals from the
FOPT.

GW signals from FOPTs depend on four key quantities, (H, 3, ay,, vy,). Usually, these quanti-
ties are computed at the percolation time (with a corresponding temperature usually denoted by
T.) which is later than the nucleation time. For moderately strong phase transitions, T,, and T,
are very close to each other and one usually does not distinguish between them. We thus use a
unique phase transition temperature Tpr as we did in the last Section. For the GW signals, only
the dimensionless combination 5/H (estimated at Tpr) matters. We shall consider two typical
values of it: 5/H = 100 and 5/H = 1000, while fixing «,, = 1.

Following Ref. [81], we use the bulk flow model [116] for the GW power spectrum for bubble
expansion with large Lorentz factors. Simply taking v,, — 1, the power spectrum reads [116]

QGV\/h2 = Qpcakh2 X S(f7 fpcak) ) (86>
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Figure 13: GW signals predicted by the bulk flow model [116] for fixed o, = 1. The dark matter
production mechanism studied in this work could be associated with GW signals that are within
reach of future GW experiments. The PLI sensitivity curves are generated based on Ref. [117],
with strain noise extracted from Refs. [118-124].

where
S(f, foeak) = % . (a=09b=21) (87)
and
Qpearch? & 1.07 x 1076 (%)2 ( 1“:'Zn)2 <g*£gT)>l/3 , (88a)
Foeak & 2.12 x 1073 mHz <§> <10€[C);F6V> (9*53?))1/6 : (88h)

Above, Ky is an efliciency factor quantifying the fraction of the available vacuum energy that
goes into the kinetic energy of the fluid. We shall take x; ~ 1 for simplicity.

In Fig. 13 we show the GW signals predicted by the bulk flow model for the parameter space
region relevant for the dark matter production, compared to the power-law integrated (PLI)
sensitivity curves of various current and future experiments. For simplicity, we have fixed «,
to be one. A smaller «,, would reduce the amplitude of the GW power spectrum. We can see
that the phase transition temperature Tpr = 20GeV (and o, = 1,k = 1), denoted by the solid
and dashed red lines for §/H values of 100 and 1000 respectively, is near the edge of the PLI
sensitivity curves of LISA, BBO, and DECIGO. For higher temperatures, the predicted GW
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signals could be within reach of more future GW experiments such as MAGIS and the Einstein
Telescope. This will be subject to foreground uncertainties involving astrophysical processes.

8 Conclusion

Cosmological FOPTs are motivated by a wide variety of beyond the Standard Model extensions
and could provide new non-thermal mechanisms for dark matter production. Dark matter much
heavier than the phase transition scale (mpy > 207pr), which would have been out of equilibrium
and suppressed right before the phase transition, can be produced from bubble expansion and
collision in the case of ultra-fast walls. The production of heavy scalar, fermion, and vector
dark matter from bubble collisions has been studied in Refs. [17, 21], while scalar dark matter
production has been investigated in Ref. [12]. However, the production of heavy vector dark
matter from bubble expansion has not been thoroughly explored. The effect of vector boson
pair production on the bubble wall dynamics is also an interesting open question, given that
transition radiation involving the emission of a single vector boson introduces a friction linear in
the wall boost factor ~,, that prevents the wall from reaching fast terminal velocities.

In this work, we have carefully studied the production of vector dark matter pairs from
bubble expansion for walls with very large Lorentz boost factors. We numerically computed the
vector dark matter density and provided an empirical analytical formula fit to the numerical
calculation. Our results show that the vector dark matter density scales with ~,, differing from
the scalar dark matter case [12]. Consequently, vector dark matter can be easily produced during
the FOPT.

This mechanism requires very large Lorentz factors v, for the bubble wall. For an electroweak
FOPT, this is unlikely due to transition radiation friction unless there is exceptional supercooling.
Therefore, we considered a dark sector phase transition. We computed the friction generated
from the ¢ — ¢ process (Py_) and the ¢ — 2V process (Ps_21). We found that these pressures
allow for large v,,, making the mechanism viable. Additionally, we discovered that Py oy scales
as Yy log(1 + ¢7,,) or 72, which differs from the scaling of transition radiation. To the best of
our knowledge, this new scaling behaviour has not yet been noticed in the literature as vector
boson pair production has not been investigated previously. Although our computation assumed
my > Tpr, we expect this scaling to persist for smaller my and potentially be valid for the
processes h — W*TW ™ and h — ZZ in an electroweak FOPT.

We then studied the subsequent evolution of the non-thermally produced WIMP vector dark
matter with masses at the TeV scale, assuming an initial over-production in the phase transition
then accounting for dark matter annihilation in their Boltzmann equations and found that the
final relic abundance can match the observed dark matter density in a wide region of mass-
coupling parameter space in a way that is insensitive to the initial condition generated at the
phase transition when over-production occurs. Our findings indicate that TeV-scale WIMP vector
dark matter can be efficiently produced through bubble expansion in regimes where thermal
freeze-out is insufficient. The phase transition temperature of the dark sector lies in a promising
observational range below O(10) TeV where the associated stochastic GW signal may well be
within reach of future GW observatories.
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Future directions to investigate include studying the impact on the electroweak FOPT and
looking at the wider phenomenology of vector dark matter produced by bubble walls, both lighter
and heavier than the TeV scale considered here. In this work we used an effective vector-Higgs
portal parameterisation for simplicity; a more thorough study of vector dark matter production
may be sensitive to details of the UV completion if the bubble wall particle production energy
reaches sufficiently high scales. The direct and indirect detection prospects in dark matter
searches and astrophysical signals may also provide an additional handle on the model, though
this will be model-dependent on the visible sector couplings of the scalar. We leave all these
interesting aspects for future work.
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