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We initiate the study of “bubbletrons,” by which we mean ultrahigh-energy collisions of the particle
shells that generically form at the walls of relativistic bubbles in cosmological first-order phase transitions
(PT). As an application, we calculate the maximal dark matter mass My, that bubbletrons can produce in a
U(1) gauge PT, finding Mpy ~ 10°/10' /10" GeV for PT scales v, ~ 1072/10°/10° GeV. Bubbletrons

realize a novel link between ultrahigh-energy phenomena and gravitational waves sourced at the PT, from

nanohertz to megahertz frequencies.

DOI: 10.1103/PhysRevLett.134.061001

Introduction—Particle accelerators of different sorts
continue to play a prominent role in physics. Laboratory
accelerators gave us an immense amount of knowledge
about the fundamental building blocks of nature.
Astrophysical accelerators (supernovae, active galactic
nuclei,...), furthermore, contributed not only to our under-
standing of the universe, but also shaped the way it looks.
In this Letter we point out that cosmological particle
accelerators may also have existed, if a first order phase
transition (PT) took place in the early Universe, and we
begin to quantitatively explore their implications.

Along with the electroweak and QCD transitions, known
to be crossovers in the standard model (SM) [1,2], one or
more first order PTs may have taken place in the first
second after inflation. They are commonly predicted in
motivated extensions of the SM, such as extra-dimensional
[3], confining [4,5], or supersymmetric models [6], and
solutions to the strong CP [7,8], flavor [9], or neutrino mass
problems [10]. Independently of where they come from,
such PTs may have far-reaching consequences through the
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cosmological relics they can leave behind, e.g., primordial
black holes [11-22], topological defects [23-27], magnetic
fields [28-34], dark matter (DM) [35-48], the baryon
asymmetry [49-62], together with a background of gravi-
tational waves (GW) [63-72].

As the Universe expands, sitting in its lowest free energy
vacuum, another vacuum may develop at a lower energy
due to the fall in temperature, eventually triggering a PT. If
a PT is first order then it proceeds via the nucleation of
bubbles of broken phase into the early Universe bath (see,
e.g., [73,74] for reviews). Bubble walls that expand with
ultrarelativistic velocities store a lot of energy, locally much
higher than both the bath temperature and the scale of the
PT. Wall interactions with the bath then necessarily accel-
erate particles to high energies and accumulate them into
shells, as first worked out in specific cases in [42,75-77].
Collisions of shells from different bubbles constitute a
ultrahigh-energy collider in the early Universe, which
we dub “bubbletrons” [78]. In this Letter we initiate a
quantitative study of bubbletrons.

First order phase transitions with relativistic bubble
walls—We consider a cosmological first-order PT between
two vacuum states with zero-temperature energy density
difference AV = cvacvj), where ¢, < O(1) is a model-
dependent parameter and v, is the VEV of the PT order
parameter ¢ (e.g., a scalar field) in the final vacuum. As the
universe expands and cools its temperature falls below
the critical temperature 7., i.e., when the two minima of the
thermal potential have the same free energy density, and the
PT becomes energetically allowed. The PT happens around
the temperature 7 =T, < T, defined by the condition
I(T,) = H*(T,), where H is the Hubble parameter and
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I' the tunneling rate, per unit volume, between the two
vacua. At T, bubbles of the broken phase (i.e., where the
order parameter sits in its zero-temperature vacuum) are
nucleated and start expanding to eventually fill the
Universe. The time they take to do so and complete the
PTis set by !, with # = (d"/dt)/T’, which is shorter than
a Hubble time H~'.

The bubble walls are defined as the spherically sym-
metric regions of space where the background field ¢
rapidly varies, from the high-temperature value outside the
bubble, to v, inside it. The pressure density inside is larger
than outside, so the bubbles expand. If friction pressure on
the walls is negligible, then they run away with a Lorentz
boost y(R) = R/(3R,,.) [75], where R is the bubble radius
and R, ~ T, is its radius at nucleation, see, e.g., [42]. If
the walls runaway until colliding, they reach

¥ — Rcoll
e 3Rnuc

T,Tev 1 20
~27x 10M. 20 2° (1)

Teq U(/’ (Cvacgb)%ﬁ/H,

where R,y =~ ()3~ is their radius at collision [80], Teq =
[30¢yac/ (ﬂng)]‘ivlﬁ is the temperature when the radiation

energy density, prq = g,7°T*/30 with g, the number of
relativistic degrees of freedom before the PT, equals AV, and

cvac/3v§§/MPl-
A number of effects can exert pressure on walls and slow
them down. Collisional plasma effects are expected to exert
a negligible pressure for 7, < T, (see, e.g., [81-84]),
which is the case we will be interested in. One then
enters the so-called ballistic regime, where particle inter-
actions can be neglected. Then, one has pressure from
single particles getting a mass across the wall, P =
g.Am?T?% /24 [85], with g, the number of degrees of

freedom getting an average mass squared Am? 1155 at

the PT. Another pressure that could be relevant in some
models, Ppeayy, is that from degrees of freedom heavier than
v, that couple to the particles that feel the PT [86]. P and
Pheavy are both smaller than AV for T7; < v7, up to order-
one model-dependent coefficients. In this case, which will
be the focus of this Letter, the velocity of bubble walls
becomes ultrarelativistic.

Ultrarelativistic bubble walls can either run away until
they collide with those of other bubbles, or reach a terminal
velocity beforehand, set by yet another source of pressure
given by the bremsstrahlung radiation, off bath particles, of
particles that get a mass m at wall crossing. If this radiation
is soft enhanced, as for emitted gauge bosons, then their
pressure grows with y [87]. Its size is enhanced by large
logarithms, that have been resummed in [75], which gives
the pressure Py = [((3)/7*]g> gerrymy T log(my /),
where ¢ is the gauge coupling, g.; a weighted sum of
the radiating degrees of freedom times their charges, my, is
the gauge boson mass, and u a physical IR cutof [88]. If

we have assumed 7', < T so that H =~

PrL(y) reaches AV = cvacv; before collision, then walls
attain a terminal velocity
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where we have chosen my = gv, for definiteness. The
typical boost of bubble walls at collision then is

YLLYrun

Yeoll =
0 YLL + Yrun

~ Min [yLL ’ }/run} . (3)

Large boosts at collision are realised for small gauge
coupling g, or for large v,/T),, or in global (rather than
gauged) PTs because there Py does not grow with y.

Shells of particles at the walls—The mechanisms at the
origin of the pressures above also cause particles to
accumulate into shells, which we list below: (1) Particles
acquiring their mass [61,85]. (2) Particles radiated and
transmitted in the wall [75]. (3) Heavier particles if
produced by lighter ones that feel the PT [61,76,86].
(4) In confining PTs, hadrons from string fragmentation
[42]. (5) Vectors acquiring a small part of their mass [77].
(6) Particles produced by oscillations of the wall ¢ [89].
(7) In confining PTs, ejecta from string fragmentation [42].
(8) Particles radiated and reflected by the wall [75]. Shells 1
to 6 follow the bubble walls, shells 7 and 8 precede them.
When bubbles collide, so also do these shells. If their
constituent particles still have an center-of-mass energy
much larger than v, by that time, then they realize what we
define a bubbletron. Whether that happens depends on a
number of propagation effects; their study can be model
dependent and pretty complicated, and we are aware of
very few attempts at carrying it out in some detail
[42,75,76]. Accordingly, we have made a novel systematic
study of shell propagation, that we present in another
paper [90], because its interest goes beyond bubbletrons
(for example, it could affect GW from PTs), and whose
results are used in this Letter.

To give a quantitative idea of the center-of-mass energies
achievable, let us consider as an example in this Letter the
case of radiated reflected gauge bosons [75,90] with mass
my in the broken phase. Those gauge bosons are radiated
by charged particles entering bubble walls and are reflected
back due to their low energy in the wall frame. They form
shells propagating in front of the bubble walls. If those
shells free stream until they collide, one has typical center-
of mass collision energy squared (see Fig. 1)

Scoll = 47/3011E%/ = 0‘4}/3011”[%/’ (4)

where Ey, is the typical energy of a reflected shell particle
in the wall frame and we have assumed head-on collisions
for simplicity. In the second equality we have used
E% ~0.1m?, which we computed from the distribution
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FIG. 1. Center-of-mass scattering energies of two gauge bosons

radiated and reflected at the walls of different bubbles.

dPy o (dk3 /Kki)(dEy/Ey)[mi/(my + k3)]> [75], with
k, the component of V momentum parallel to the wall.
Interestingly, collision energies can lie above the scales of
both grand unification [91] and inflation [92],

Yeoll 3 1 20
Vrun Teq (cvacgh)%ﬂ/H

Vean = 1.7 x 1017 GeVyg (5)

For simplicity, from now on we consider a gauged U(1)
with coupling g spontaneously broken by a scalar ¢ with
charge 1. In [90], we show that the condition that shells free
stream until collision is realized for small g, large vy, or
large v,/T,. Then, for those parameters, one does obtain
collisions with the high energies of Eq. (5), opening up the
possibility to test them with cosmology.

Shell collision products—We assume that a collision
of particles i and j from two different shells produces
one much heavier particle Y with cross section times
Moeller velocity ovyl;;(s). The probability that a par-
ticle i undergoes one such interaction is given by

L (dA /v, )n;(A)ovylyls(F;. A)], where Ly is the
length of the shell of particles j, »,, the speed of the wall,
A a radial coordinate and X a space one, and s depends on
them because particles in different layers in a shell
have different energy (e.g., in the run-away regime par-
ticles reflected later are more energetic, because y grows
with R). Spherical symmetry of the layers implies
di = d°X;/(4xR2,;). We can then multiply by the total

coll
number of particles i, N; = [, ., d°X;n;(X), and using

v,, =~ 1 and vy ~ 2, write the total number of Y produced as
Nshells 3 = - 3= = N
Ny=——1— dx;n;(X;) dx;n;(x;)oy[s (X, X)),
4nR=y; Jshellt shell2
(6)
where N, 1s the total number of shells (i.e., of bubbles)

that collide and we have divided by 2 to avoid double-
counting the initial i, j particles when summing over all

shells. Let us now write for simplicity s(X;,X;) = scon,
which is an excellent approximation in the terminal
velocity regime, and only overestimates s by an O(1)
factor in the run-away one. Then we can take of?! =
0;;(5con) out of the integrals, and write the average number

density of Y from collisions as

coll 2 coll
n = NY NiNjGij . Nbe—H'Pb—’jGij (7)
Y == - 2 b
N, shells Vuni4”R

~N, shells
2
Vuni Vuni4” R coll

coll

where V,, is the spatial volume of the Universe,
Ny, = n,V,, is the number of bath particles in the entire
universe and P,_,; ; the probability that they produce one
particle i or j upon encountering a bubble (which is
independent of x). In the last equality we have used
Ni,j = Nbe—n',ijubble/Vuni = Nbe—>i,j/Nshells- We now
use Viuble = 47R3 /3 to finally write the yield
n 1 R
Yy= é = gninainajUffH %ﬂ (8)
where sy is the entropy density at reheating after the PT.
This result is valid as long as YY — ij is not efficient, we
checked this holds in the parameter space of our interest.
The discussion above applies to any bubbletron, includ-
ing those where different populations are colliding. For
concreteness, we now specify it to the case of a gauged
U(l), with i = j =V, for which [75]

2
Jemit 9 2
— —1 )
b—-V 9 1671’2 ogy
m2 2
log} = log— <log 7 - 2>, 9)
u

where g, is the number of relativistic degrees of freedom in
the bath and g,;; is the subset charged under U(1), which
can thus emit a vector boson V. For reference, in our figures
We US€ Jemit = Jeit = 10 and g, = 106.75 + gomir- Here p is
an IR cutoff which, dealing with an Abelian theory, we take
as the thermal mass p? =~ g.nig”T2/10. In principle, one
should also include the screening length due to the high
density of particles in the shell (see, e.g., [42]), but the V’s
are U(1) singlets and so do not contribute at this order, and
the density of fermions or scalars in the shell is suppressed,
with respect to ny, by extra powers of g> or 1/y.,. We
assume further that a heavier fermion Y with charge gy
under the U(1) exists in the spectrum. We compute the Y
production cross section as

4 4
— M(logi—l>, (10)

2
s>M} drs My

4 4
_4qy9 )
Oyyyy = _4n's Yy

where in figures and numerical results we use the
full expression fyyly=(4m3/s)]={—vT—y(1+y)+
24 (2—y)yJtanh~' (y/T—y)}. Using Eq. (3), my = guv,,
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FIG. 2. Yield of secondary particles Y produced from collision
of radiated reflected U(1) gauge bosons V. Lines become lighter
when the shell free streaming conditions are not respected [90],
the shell properties change before collision, and thus our
derivation of the yield should be changed.

n, = g (3)T5 /7> and sgy = gru2n* Ty /45, with Ty =
(1 + T4/T4)H30¢ 0/ (grun®)]7v, the reheating temper-
ature and gry the number of relativistic degrees of freedom
after the PT, we find for s > 4m?

TANT Ty \*(Voun \ 2
YU(I-)zZ.OXIO_zOgZ(l-i-—n) (—) <“’)
Y+Y qu Teq Y coll

o Yo BIH G (639°/47\? (v \F (1005
TeV 20 g, 0.1 0.1) \gru
fyylogé/

Jyv o8y 11

ST (11)

Y ;/S; is visualized in Fig. 2 for some representative values
of the parameters. We stress that Egs. (11), and the more
general one (8), apply only in regions of parameter space
where the free-streaming conditions of [90] are satisfied.
We display this in Fig. 2 by interrupting the lines of ¥ ,L,[ M) as
soon as the free-streaming conditions are violated. Our
calculations have potentially wide applications, which we
begin to explore here for the production of heavy dark
matter.

Heavy dark matter and gravitational waves—We now
specify our discussion to the case where Y is stable on
cosmological scales, and thus a potential DM candidate.
We assume zero initial abundance of Y, ¥ and impose that
their yield from shell collisions reproduces the observed

DM one, ie., Yy} = YBM | =043 eV/Mpy [93] with
My = Mpy;. This allows us to plot lines of DM abundance
on an Mpy — v, plane, for any value of the other
parameters g, T,, etc. We do so varying the parameters
as 1>T,/Te =104 1>¢>107, 10* > /H > 10,
1> cype > 1073, 107 < ¢?q3/4m < 0.3, with the pertur-
bativity condition P;,_y < 1. We then discard all lines of
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FIG. 3. Mass of dark matter produced by a bubbletron of

reflected U(1) gauge bosons. Lines: Mpy; in two representative
scenarios, both with #/H = 100 and T,, = T',. Lines turn dashed
when they stop satisfying the condition of shells free-streaming
[90]. The champagne shaded area is the envelope of all the solid
lines we obtain upon varying g, T,/Teq, B/ H, Cyac. qy- See text
for more details.

DM abundance that do not satisfy the free-streaming
conditions of [90], except the one from VV — ¢¢ in the
shells plus ¢ momentum losses, because it does not
significantly affect the momentum nor the abundance of
the V’s (moreover one could choose mj > mi, + T to
prevent it). The envelope of the remaining lines is repre-
sented by the champagne shaded area in Fig. 3. The upper
edge of it gives the maximal DM mass as a function of v,.
For easiness of the reader, we also visualize the lines
corresponding to two benchmark values of the parameters.
One sees that in general there are two solutions that
reproduce YBM - one for M3y — s.on/4 and one for
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FIG.4. Lines: GW signal from a U(1) gauge PT. The associated
bubbletron can produce dark matter with mass Mpy; up to the
values written in the figure for each vy, for f/H = 100 and
a=(Tyq/ T,)*=1. Shaded in gray: expected foregrounds
[98-102]. Shaded in color: current [102] and projected limits
[103-109]. Blue violins: GW signal recently detected by pulsar
timing arrays [110-113].
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smaller Mpy);. At large g the latter line falls in the region
Mpy < vy At large vy, Yeon = Yrun» Which decreases
because bubbles have less volume to expand and Mpy
saturates to a constant. We stop the plots at v, = 10'® GeV
in order to avoid the “ping-pong” regime (see, e.g., [42])
where gauge bosons are reflected multiple times. At small
values of v, the free-streaming conditions derived in [90]
impose small values of g.

We finally compute the GW spectrum, Qgwh?, gener-
ated by the PT for ultrarelativistic bubble walls using the
bulk flow model [69] from [70] for both terminal-velocity
and runaway walls (see [19] for a justification), to which we
impose a scaling in frequency f3 for f < H/2x as required
by causality [94-97]. In Fig. 4 we display Qgwh? for three
different benchmark points, where we have introduced the
latent heat fraction a = AV /pqlr, = (Teq/ T,)*.

Discussion and outlook—In this Letter we have pointed
out the existence of bubbletrons, i.e., particle accelerators
and colliders in the early Universe that are generically
realized by first-order phase transitions with ultrarelativ-
istic bubble walls. Among many processes that lead to
bubbletrons, we have focused on radiated reflected particles
at the walls in gauge PTs and computed their scattering
energies (see Fig. 1) assuming they free-stream until
collision, see [90]. These collisions can produce particles
much heavier than the scale v, of the PT and of inflation,
with sizable yields displayed in Fig. 2. We stress that
bubbletrons are predicted in any PT with relativistic bubble
walls, so they do not necessarily require vacuum domina-
tion (i.e., a > 1 or T, < T¢q). As an application, we found
that they can produce DM as heavy as the PeV (grand
unification) scale for v, % 107(10%) GeV, see Fig. 3.
Production of heavy DM can also arise from bubble-wall
collisions [35-37,46,48,57]. However, for first-order
phase transitions that are not extremely supercooled
and involve gauged sectors, only a minuscule fraction

YL/ Yrun 26X 107 Bax (gb/geff)c\lfécz(vqﬁ/’rev) (B/H/100)/
g*/log(my /u) of the latent heat @ goes into the kinetic
energy of the wall [90]. This suppression reduces the
abundance of heavy DM from bubble collisions by the
same factor, making the DM production from shells
scattering presented here the dominant production channel.

Our study realizes a new connection between primordial
GW signals and physics at energy scales otherwise inac-
cessible not only in the laboratory but, so far, also in the
early Universe. In the example of heavy DM, these GW
could be accompanied by high-energy cosmic rays from
decays of DM, if unstable: this could intriguingly link, e.g.,
GW at pulsar timing arrays with high-energy neutrinos and
photons at IceCube, KM3NeT, CTA, or LHAASO.

Our study opens several avenues of exploration. These
include bubbletrons other than those induced by radiated
reflected particles, or in the region where shells do not free-
stream, and applications for baryogenesis and possible

trans-Planckian scatterings in the early Universe. We plan
to return to some of these aspects in future work.
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