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1 Introduction

Dark Matter (DM) might be an accidentally stable dark baryon made of dark quarks ¢
colored under a new dark gauge group [1-13]. In models with an appropriate number
of light dark quark flavours the dark confinement phase transition is first-order and has
interesting cosmological implications [14, 15]: relic dark quarks tend to remain in the false
vacuum (because they are lighter than dark baryons in the true vacuum), so expanding
bubbles of the true vacuum compress them down to small pockets. In the presence of a
dark asymmetry this process can lead to macroscopic DM relics [15] (which could also be
in a color superconducting phase as we point out).

A similar first-order phase transition takes place in models with no light dark quarks.
Heavy relic dark quarks remain in the false vacuum because they cannot access the con-
fined phase as free quarks (until they meet and form dark baryons) and get compressed to
small pockets.

If dark quarks are only mildly heavy, such pockets evaporate leaving no macroscopic

remnants when dark baryon formation occurs [16].



If relic dark quarks are heavy enough that their gravity becomes relevant, after the
initial stage of compression, a gravitational collapse can take over and lead to a new kind
of macroscopic DM relic. This is one of the main new points of this paper.

Depending on the dark quark mass m, pockets can form stable relic dark dwarfs (ac-
ceptable DM candidates analogous to white dwarfs, stabilized by quantum pressure against
gravity) or black holes (that evaporate if light enough, or remain as possibly acceptable DM
candidates if heavy enough).! Dark scalar quarks only form black holes. In section 2 we
summarize when a strongly interacting gauge theory gives a first-order confinement phase
transition. In section 3 we discuss the phase transition in our model with no light quarks.
In section 4 we discuss the subsequent gravitational collapse of surviving pockets in the
unconfined phase.

In the final section 5 we discuss the possibility that the above phenomenon, studied in
the context of first-order phase transitions in strongly interacting gauge theories, is more
general. In the multiverse context, scalars might give post-inflationary first-order phase
transitions among false vacua down to the SM vacuum. Particles which are lighter in a
false vacuum than in the SM vacuum could get trapped so that pockets of false vacua and
their compressed light particles could survive within our universe, and be its Dark Matter.
In such case, finding Dark Matter in possibly macroscopic pockets of false vacua would
allow to explore the multiverse beyond our vacuum.

Conclusions are given in section 6.

2 First-order phase transitions from strong interactions

To start, we here summarize how first-order phase transitions to confinement arise in
strongly-interacting gauge theories with (section 2.1) and without (section 2.2) light quarks.

2.1 Strongly-interacting gauge theories with light quarks

A key element of the scenario is a first-order phase transition. We consider a non-Abelian
gauge group G' with Ny flavours of Dirac fermionic quarks lighter than the confinement
scale A. We focus on G = SU(N), so that it is known when non-perturbative gauge
interactions give a first order confinement phase transition [22-25]:

Ny=0 or 3<N;<3N. (2.1)

For Ny > 0 the order of the phase transition can be computed analytically from coefficients
of RG equations in the pion effective theory [26], as well as from lattice simulations. Ny =0
is special because it leads to no pions, and only lattice simulations are available.

The possibility with Ny > 0 light quarks has been studied in [15], that we briefly
summarize. At T ~ A bubbles of the true vacuum appear and expand. Quarks in the
false deconfined vacuum are lighter than hadrons in the confined true vacuum. So quarks
can only partially cross the bubble walls, and tend to be compressed in the surviving

'Our mechanism is different from black hole production via collisions of bubbles (see e.g. [17-20]) and
from the fermion soliton stars and black holes discussed in [21].



pockets of false vacuum. Assuming a dark baryon asymmetry Y, such pockets contain
Q ~ Y(R;A)? > 1 dark quarks. Here R; is the initial radius of pockets, estimated to be
of order R; ~ MF2,1/3/A5/3, where Mp; ~ 1.2 10" GeV is the Planck mass. Compression
leads to balls of dense matter, stabilised by Fermi pressure, with radius R ~ Q/3 /A. For
appropriate values of N and N, such pockets are stable because they are lighter than free
hadrons. Macroscopic objects with super-Planckian mass are easily obtained: approximate
predictions in the (M, R) plane are plotted in figure 4, where we also consider the possibility
of bosonic quarks, stabilised by their quantum pressure. We will mention a new possibility
in section 4: pockets of light dark quarks in the color superconducting phase.

Self-gravity of pockets is negligible here, as light dark quarks have the same density
of dark gluons. It will be important in the other case: Ny = 0 light dark quarks and a
heavy one.

2.2 Strongly-interacting gauge models with heavy quarks
The other possibility, no light quark flavour, has not been discussed in [15]. Heavy free dark

quarks, being heavier than Coulombian dark baryons made of them, would not give rise to
pockets stabilised by dark strong interactions. In this paper we will show that gravity can
stabilise pockets. In order to have an asymmetry, we assume the presence of one heavy
flavour of dark quarks ¢ with mass m > A. The theory is

1
L= L — ZGZVG’”“ +q(il) —m)q (2.2)

where the omitted dark topological term plays no role, and the dark gauge coupling runs as
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Qdark (E) (2.3)
We denote as Ty the temperature of the dark sector, and as Tgy the possibly differ-
ent temperature of the SM sector. We allow for the possibility that the two sectors are
negligibly coupled, and can thereby have different temperatures. We define

r= pdark/p (24)

as the fraction of total energy p = psm + pdark in the dark sector, evaluated at the critical
temperature T¢, of the dark confinement phase transition.

We have two possible DM candidates: dark baryons and dark glue-balls.

We mostly consider dark heavy quarks with number density n = Y sqark assumed to be
dominated by a (possibly small) asymmetry Y. Here sqarx = 272gdark T /45 is the entropy
of the dark sector, and gqarx = 2(N? — 1) is its number of dark gluon degrees of freedom.

We are here interested in a new generic phenomenon that can happen with dark
baryons, so we only say a few words about dark glue-balls. They tend to be long-lived
in models with no light dark quarks. If stable enough, dark glue-balls can be acceptable
DM candidates provided that the dark sector temperature is initially much smaller than
the SM temperature, for example because the dark sector is populated via gravitational
freeze-in [27, 28]. In such a case, after confinement dark glue-balls undergo ‘cannibalistic’



3 <> 2 processes [29, 30] that decouple when Tyak = Tgee = Ter/3Inx = T, /25 where
x ~ O(1)(Mpy/Te)" 4gé§f{lr1/ 8. Taking into account that comoving entropy is separately
conserved in each sector (SM, dark gluons, dark quarks), the cosmological DM abundance
is reproduced if?

FYm 4 Thee ~ 0.4 e\/@ (2.5)

gdardeark

where the second contribution comes from dark gluons, and the first contribution from
dark quarks. In our context, their initial abundance can get reduced by a factor f < 1 if
black-holes form and evaporate converting dark quarks inside into radiation. Such effects
arise because the first-order dark confinement phase transition leads to qualitatively new
features, as we now discuss.

Dark quarks, despite being massive, can enter the confined region only if they find
other dark quarks to form dark baryons [14, 16]. Compression of relics much heavier than
the rest of the Universe results in a higher density, and ultimately into a gravitational self-
attraction that can form compact objects, leaving gravitational relics. Indeed, the potential
energy of a pocket with radius R at low temperature is

A R3 9 (37@)1/3 Qr  3Q%m2

U(R) = AV

(2.6)

ATR* 4+ — - :
Toim oo \aNe ) Rz T sRAE

The first term is vacuum energy; the second term is the wall energy; the third term is
the quantum pressure (with p = 5/3 for a non-relativistic fermion, and p = 1 for a non-
relativistic boson); the last term accounts for gravity.> As well known, it allows for non-
trivial minima of U(R).

3 The pre-transition bubbles phase

The phase transition to confinement that happens in the dark sector is of first order. At
the critical temperature Tyan = Ter ~ A the two phases coexist, as a bubble of one vacuum
within the other vacuum is kept in equilibrium by energetic plus entropic forces. This is
formally described by degeneracy of the effective thermal ‘potential’, AVp = 0. At lower
temperature, large enough bubbles of the true vacuum expand in the false vacuum releasing
a latent heat density £. In our situation L is positive because the low-temperature phase
is more ordered than the high-temperature phase. Furthermore L is significant because
thermal effects grow with couplings, and we are at strong coupling.

The universe super-cools below the critical temperature, and expanding bubbles of the
confined phase start nucleating. In the thin-wall approximation bubbles have surface ten-
sion o and appear with initial radius R, = 20/L£0. The space-time density of nucleations

2The final DM abundance is different in models where dark glue-balls instead decay, possibly injecting
significant entropy; for example the dark gauge group might be unified with a part of the SM gauge group
at a scale not much above A.

30rder one coefficients are here computed for a fermionic dark quark sphere with uniform density and
weak gravity. We will later consider the realistic case with deviations from this. For a boson with gboson
degrees of freedom the coefficient in front of its quantum pressure becomes gbosonw2. In the boson case an
extra term that accounts for short-range dark nuclear interactions can be relevant.
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According to lattice computations performed for the SU(3) gauge group [24], the critical

v TC4r exp {—;} , where

temperature is T, ~ A, the latent heat density is £ ~ 1.4 T+, and the wall surface tension is
o~ 0.02T3. So k ~ 0.7 10~ is small, and the exponential suppression is lost when §2 ~ &,
after little super-cooling [14] (which justifies the thin-wall approximation). According to
lattice simulations,  is similarly small at least up to N < 10, as £ ~ (0.76—0.3/N?)*N2T4

Ccroy
o~ (0.015N% — 0.1)T3. (o might instead grow linearly with ) [24].

3.1 Calculation of the distance between bubbles, Ry

The average distance between bubbles, Ry, can be computed as follows. Since latent heat is
significant, nucleation and expansion of bubbles reheats the dark sector: this slows bubble
walls and blocks nucleation of new bubbles. This happens when the fraction z of the
Universe volume in the confined phase is large enough that its released latent heat reheats
the rest of the universe up to almost the critical temperature T¢,;:

47r2.gdark Tfr

~N— . 3.2

vy v et e, (32)

We ignored dark quarks, assuming that, at this initial stage, their energy density is much

smaller than the energy density of dark gluons. When the phase transition starts, the
growing x < 1 can be approximated, up to order one factors, as

o~ /t(5o) 47[G (80, 6) Rer 47T[G(60,5P)Rcr}37(6 )5710
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where Hep = /473 gqark /457 T2 /Mp is the Hubble rate at the critical temperature. Indeed

the nucleation rate ~ is exponentially sensitive to §. If this were the dominant factor,

~v(9) dt =

(3.3)

the integral would be dominated by dp. However, it is dominated by a mildly earlier dp,

because the growth factor G of bubble radii, despite being only polynomial, is enhanced

by an Mp; /T, factor

v(do)(t —tp) ~ €do(So — 0p)
Rex (dp) HerRex (6p)

As discussed in the next section, bubble walls move with speed v = €d, possibly suppressed
6

G(0o,0,) ~ 1+

(3.4)

by a mild Boltzmann factor € ~ e Mpc/Ter 2 ¢=6 in models where heat exchange between

the two phases only proceeds through dark glueballs. Equating eq. (3.3) with eq. (3.2) gives

[k Jdark 10125r* L Mgy 5. o 3
dp = /=~ 0.001 ~ 0.1 =1 — 0p65 (00 — 0. 3.9
p Y] v 2o 100’ n 8”793ark Télr Télr € 0p 0( 0 p) ( )

with little dependence on parameters such as T, or gqark that appear in the log; moreover,

we can approximate dp =~ 0, ~ /K in the log.
The average distance Ry between bubbles is thereby related to their size R(dy) when

nucleation stops as
-1/3 €62
RO ~ X R(éo), R(éo) ~ VAL ~ 0. (36)

Ccr

In view of §p < 1 a Hubble volume contains many bubbles, as illustrated in figure 1a.



a) Nucleation, x ~ 0.1 b) Percolation, x ~ 1/2 ¢) Coalescence, x ~ 1/2 ¢") Coalescence, x ~ 1/2 J) Compression, x ~ 1
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Figure 1. Sketch of the phase transition. Blue: false vacuum; white: true vacuum; black dots:
heavy quarks. a) Bubbles appear. b) Bubbles start merging; ¢) Bubbles merged. ¢’) The compu-

tation switches to the pockets approximation. d) Pockets contract.

3.2 Calculation of the distance between pockets, Ry

The growth speed of bubbles is limited by the fact that the latent heat released by bubble
expansion raises the temperature of the false vacuum, and that bubbles only expand if
Taark < Ter. Their speed satisfies the bound R < § [14, 16].* The system then rapidly
approaches an attractor solution, where T,k stays at the special value just below T¢, such
that released latent heat is compensated by Hubble expansion

deark L dl‘/dt
0~ =—HTlgyx+ ——7—
dark dpdark / deark

dt
So the volume fraction in the true vacuum, x, grows linearly with time: & ~ g4,k H, having

1.1Tcrd£

~ —HTqax + .
* 9dark dt

(3.7)

inserted order one numerical factors appropriate for SU(3). The time needed to fill about
half of the space reaching & = Zpere = 1/2 is a fraction of a Hubble time independently of

Tsm/Taark: 0

gdarkH .
We neglected xo compared to zpere and the fact that ggark changes when glue-balls become

(3.8)

tperc ~

relevant. At this ‘percolation time’ bubbles start meeting while having average radius Ry.
The correction due to the overall Hubble expansion of the universe is small: despite their
slow non-relativistic velocity, bubbles merge faster than the Hubble rate because there
are many bubbles per Hubble volume, Nyupbie ~ 1/(HRg)3. This situation is plotted in
figure 1b.

When bubbles collide a new phenomenon starts: coalescence of small bubbles into
bigger ones. The time needed for changing shape by moving the mass such that two bubbles
with radius R merge into one bubble with bigger radius 2!/3R is estimated as [14, 16]:

/ 27r2gdarkTC3r 1/2 3/2
tcoa](R) ~ MTCI/ R/ . (39)

4We assumed a homogeneous temperature, neglecting possible warming around bubbles. Furthermore,

this general upper bound on bubble speed is stronger in our case: as we have no light quarks and thereby no
light pions, bubbles must convert outside gluons into inside glue-balls to expand. So this rate is suppressed
by a mild Boltzmann factor that makes walls slower, v ~ e~Mvc/Ter ndeed the glue-ball mass is Mpg ~ 6A
and gluons at Tc, are presumably lighter than glue-balls. At leading order, the thermal mass of a vector is
mi = g*T?N/6 in the absence of matter lighter than T (see e.g. [31]). This mild Boltzmann suppression is
avoided assuming that the DM and SM sectors interact. We anyhow assume that the speed limit on bubble
velocity is sub-dominant with respect to the bound discussed next.



At the beginning coalescence is fast and bubbles that touch with R ~ Ry immediately form
bigger bubbles. Merging progresses and the size R of bubbles grows exponentially. At some
point, when R ~ Rj, coalescence becomes slower than bubble growth, t..a(R1) & tperc-
We thereby obtain the radius of bubbles

2/3 2/3
4 Gdark Ydark Tcr/ gde/xrk CST/

This situation is plotted in figure 1lc.

4 The post-transition pockets phase

After bubbles have merged, the typical size of the remaining big regions in the false
vacuum is

R,; ~ maX(Ro,Rl), (41)

smaller than the horizon size 1/H,,, which is also the Schwarzschild radius of the homo-
geneous universe. The universe can now be approximated as being in the confined phase
(true vacuum), up to remaining relic bubbles in the free phase (false vacuum). These bub-
bles can be approximated as spherical and dubbed ‘pockets’ in order to avoid confusion
with the bubbles of the condensed phase studied in the previous section.® This situation
is plotted in figure 1¢/, equivalent to figure 1c.

The pockets with initial radius R; shrink compressing the relic dark quarks that cannot
enter the confined region, as long as particle-physics processes are negligible (in section 4.3
we will show that dark-baryon formation is negligible). The number density of relic dark
quarks at percolation, Zpere = 1/2, is n & Y Sdark/Tperc, and the initial number of dark
quarks in a pocket is Q ~ n4nR}/3 ~ Y(R;A)3. The total excess mass of a pocket
compared to the cosmological average is M = Qm.

The true-vacuum expansion described in section 3.1 keeps going on, rephrased from
the old language (expansion of bubbles) to the new language (compression of pockets). The
compression speed remains limited by the rate at which the expanding Universe absorbs the
latent heat released during the compression, W = L V. The steady state with Ty, very
close to T, prevents formation of bubbles inside pockets and proceeds until, after another
time ~ fperc, the isothermal compression reaches R < R; and most of the Universe is the
true vacuum. At this point the kinetic energy of walls is small enough that pockets do
not get crunched and various new contributions to the pressure on the small pockets start
becoming relevant. We list such pressures according to how they scale with R, starting
from those more important at larger R:

>< The inward pressure due to latent heat or (at T' < T¢y) vacuum energy,

py = L,AV x R°. (4.2)

SSimilar objects containing light quarks have been dubbed ‘nuggets’ in [14]. A possibly more appropriate
name is ‘Asterix villages’ resisting to the compression by expanding Romans. Then, our pockets containing
heavy quarks could be dubbed ‘Obelix villages’.



>< The inward pressure due to the wall tension, p, = 20 /R. This is negligible compared
to py for R 2 1/A.

<> The outward pressure due to the thermal gas of trapped dark quarks, pg.s = n1" =
QT/V in the non-relativistic limit. This scales as pgas o< 1/R? if T' is constant (see
later).b

>< The inward pressure due to gravitational attraction inside the pocket. The gravita-
tional energy is Ugray ~ —GNM 2/R in the Newtonian limit, and thereby

Dgrav ™~ _Ugrav/R3 ~ Q2m2/R4M1%1' (43)

<> The outward quantum pressure, approximated by

Pquantum Dirac fermion Boson
C . 9 3 1/3 Q5/3 n’/3 IbosonT™ @
non-relativistic 10 \ a2 oy ~ R (4.4)
e e . 3 9 1/3 Q4/3 4/3 9boson Q
relativistic 6 (47T2N> ST M / i

where order one factors assume constant density. In the fermionic case the Fermi
pressure prermi ~ NI arises because fermions with number density n ~ @/ R3 fill
energy levels up to the Fermi momentum k ~ n!/3, that corresponds to kinetic
energy K = k?/2m (non-relativistic) or K = k (relativistic). The Fermi pressure can
be written in terms of n, and is thereby an intensive quantity.

In the bosonic case all quanta with gpeson degrees of freedom can fill the lowest-energy
states, with momentum k£ ~ 1/R for an object of size R. The bosonic pressure
is thereby a smaller finite-size effect, similar to Casimir energy, that can be sub-
dominant with respect to effects due to interactions.

<> Interactions among quarks could give larger effects than the bosonic pressure. En-
hanced long-range interactions arise if dark quarks are charged under some Abelian
gauge interaction (such as electromagnetism): a pocket containing a quark asym-
metry is subject to a Coulomb pressure pcoulomb ~ Q> /R4, outward because like
charges repel. Our non-Abelian dark gauge interactions generate no such pressure, as
two dark quarks can attract or repel. Thereby formation of dark baryons is not en-
hanced by Q2. Short-range particle physics processes can lead to formation of dark
baryons or annihilation of dark quarks. For the moment we neglect such possible
effects, to be discussed in section 4.3.

The final stage of the compression proceeds with constant small speed [16]. One might
worry that compression heats the pocket, triggering reactions inside. We now argue that

5The outward pressure due to gluons is included in py, with V being the potential at finite temperature
and zero chemical potential. The full dynamics could also be studied using finite temperature and density,
considering the Landau potential. We prefer to separately include the pressure due to quarks.
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Figure 2. Radius dependence of the various contribution to total pressure on pockets. Dashed
pressures with left-wing arrows tend to expand pockets. Continuous pressures with right-wing
arrows tend to compress pockets. Left: usual case where gas pressure is more relevant than the
pressure due to gravity. Right: gravity more relevant than gas.

the pocket temperature tends to remain close to T,. The energy flow is approximated by
the Stefan-Boltzmann law times a suppression €

A7 R?
Wrad - 120

As discussed in the previous section, we expect €, ~ e Mpc/

72 (Tiﬁein — Ts‘utﬁout) . (4.5)

Tin " as gluons inside with
energy ~ Ti, must become glue-balls outside with mass Mpg. The same factor egy ~
e~Mpa/Tout griges for the flux going into the pocket, as the dark glue-ball density outside
is Boltzmann suppressed. In view of this large exponential factor, the temperature inside
tends to stay roughly constant at T ~ Tg.: temperatures higher than T, cool easily.
Cooling of pockets below T, needs an exponentially slow time if the dark sector negligibly
interacts within the SM sector.

4.1 Possible final states, ignoring gravity

Figure 2a shows how the pressures depend on radius. The pockets can evolve in different
ways depending on which contributions to the pressure on the walls dominates. For the
moment we assume that gravity is negligible, and summarize what can happen:

a) Thermal balls. In the case plotted in figure 2a, the thermal pressure of dark quarks
trapped inside pockets can temporarily stop their compression, pg.s = py, while

all other pressures are negligible. Then, pockets reach a minimal radius Rrggisn ~
2R;(YT/A)Y? where T ~ To, =~ A.

Later, quarks can leak out, the Universe cools down, the pockets slowly cool and
compress further. As pockets get compressed more, different things can happen.

b) Nothing. One possibility is that pockets evaporate because dark quarks either anni-
hilate with anti-quarks, or (in models with quarks only) form dark baryons, that leak
out [16]. Furthermore, cold pockets can be destroyed by bubbles that form inside.



c) Fermi or Bose balls. Alternatively, particles in the pocket might have no way to
escape, and compression can slowly proceed up to when pockets get stabilised by
quantum pressure, while gravity remains negligible. In some models with light dark
quarks, m < A, strong dynamics makes it energetically favourable for baryons to
stay inside pockets [15]. A similar situation can happen in models with ad-hoc first
order phase transitions [32-34]. In general, relics remain if friction keeps walls non-
relativistic and if trapped particles are enough heavier outside than inside, so that
the relativistic quantum pressure inside gives pquantum = pyv with radius R ~ Qr/4 /A,

where p = 1 for bosons, p = 4/3 for fermions.

d) A new possibility that can happen in strongly-interacting models with light quarks is
that a new phase, known as Color Superconductivity [35], exists at large density. In
this phase (qq) condensates break the dark color gauge group and the approximate
accidental global symmetries. Therefore, the equation of state of dark quark matter
would be consequently modified compared to the ¢). For three light dark flavours,
a color-flavor locking phase [36], which leaves an unbroken global SU(3) symmetry,
would be favored.”

4.2 Possible final states, including gravity

A new possibility arises in models with sufficiently heavy quarks: the pockets with initial
radius I?; may get compressed so much that, at some point, the inward pressure pgra, due
to gravity becomes larger than the pressures pgas, py assumed to be dominant so far, see
figure 2a. If instead the number @ of heavy quarks with mass m inside pockets is large
enough that

M3, T?

4.6
m3 T2 (4.6)

Pgrav Z Pgas = PV ie. Q z ch ~ 0.1

we are in the situation of figure 2b, and a gravitational collapse happens. For later conve-
nience, we notice that for T' ~ T, this is parametrically the same as the Chandrasekhar
condition. Assuming that no heavy dark quarks exit from the pocket, their number is given
by Q ~ n4nR3/3 with n ~ 2Y sqark.

In order to keep formulz simple, from now on we assume that heavy quarks alone
reproduce the total DM density, and that it is given by eq. (2.5) in the limit Tge. = 0, such
that the contribution of dark glue-balls is negligible. With this assumption, the condition
in eq. (4.6) for immediate gravitational collapse at T = T¢, is satisfied if dark quarks are

107722 3007, | Mp
> ~ mi
m 2, Me A~ min ( V2,380 /s Y (4.7)

which is plotted figure 3b and is sub-Planckian for low enough T... For simplicity, we here

heavier than

set N = 3 dark colors. The corresponding homogeneous pre-compression energy densities
of dark quarks and dark gluons is p,/py ~ mY/A ~ eV/m < 1, which justifies our
assumption of neglecting heavy quarks in section 3.

"We thank Michele Redi for pointing out this possibility.
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Figure 3. Left: mass M and gravitational mass M seen from outside as function of the radius of a
dwarf formed with IV colors of a free fermion with mass m. Right: minimal dark quark mass m as
function of the dark confinement scale and of r = pgark/p, for N = 3 and € = 1, such that objects
made of dark quarks collapse gravitationally and reproduce the cosmological DM abundance in
minimal cosmology. Dark glueballs are extra DM candidates, if stable: in the shaded red region
they exceed the DM abundance. In the shaded blue region, bound-state formation during the
gravitational collapse can modify it. In the hatched region black holes evaporate between BBN and
now, so their possible abundance is constrained.

Once the gravitational collapse starts, pgas cannot prevent further compression, because
Pgrav has a stronger dependence on R, pgray < —1/ R* while Dgas X 1/ R3. Dark quarks
get closer than 1/A when the vacuum energy pressure py oc RY is no longer relevant:
independently of the possible survival of the higher vacuum, matter can remain trapped by
gravity. For the moment, we keep considering the simpler case where the number of heavy
quarks inside the pocket stays constant, while the heat due to the collapse is radiated away
as gluons and glue-balls (or, depending on the model, as SM particles), cf. eq. (4.5).

Two final states are possible: dark dwarfs or black holes.

e) Dark dwarfs. Gravitational collapse proceeds up to when quantum pressure becomes
relevant. Non-relativistic Fermi pressure stops the gravitational collapse giving a
dark analogous of white dwarfs, that we call “dark dwarf”. Minimising the quantum
plus gravitational terms in eq. (2.6) gives a radius that decreases with mass as

1/3
8172 ) M, M3, (48)

Rawart ~ (16]\72 m3Q2—p ~ mltpp2—p’

where p = 5/3 for a fermion, p = 1 for a boson. The order unity numerical factor
holds for a fermion in approximation of constant density and weak gravity. The key
new point is that when finally the condensed phase fills the pocket, baryons remain
trapped by gravity.
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f) Dark black holes form if Rawart < Rsen = 2M/M3,. Let us discuss what this means:

— In the bosonic case this condition implies relativistic momentum k ~ 1/R ~ m,
so that the critical number of dark quarks that leads to black hole formation is
Qpu ~ (Mp1/m)? (i.e. M = Qm ~ MZ,/m) exceeded by eq. (4.6). So bosonic
quarks form black holes.

— In the fermionic case this condition implies a relativistic Fermi momentum,
kp ~ m, radius R ~ Mp;/m? and Q ~ (Mp1/m)?® (i.e. M = Qm ~ M3 /m?). So
the condition for forming black holes is parametrically the same as the condition
for forming dark dwarfs, eq. (4.6).

Then, order one numbers are needed to understand if dark dwarfs or black holes form. A
precise computation is done using the Tolman-Oppenheimer-Volkoff (TOV) equations [37,
38] for spherical hydrostatic equilibrium in general relativity

dp G (M +4mr’p)(p +p) dM

__ 7 = 4d7r? 4.
dr r2 1—2GM/r ’ dr e (4.9)

with boundary conditions p(R) = 0 and M(0) = 0. In our case, the equation of state is
well approximated by N dark colors of free fermions with mass m. It can be parameterized
in terms of the Fermi momentum k(r) as

t
p = po(sinht —t), p= % (sinht — 8sinh 3 + St) (4.10)

TNm* k k2
= —-— t=4In| — 1+—]. 4.11
po 4(2mh)3’ " (m + \ + m2) (4.11)

We here explicitly kept A = 1 to show that N # 1 can be compensated by a change

where

of units using the known TOV result (computed for neutron stars in the ideal limit of
free neutrons, N = 1). We recomputed it, because unlike TOV we are not interested in
the mass M as seen from outside gravity. We are interested in the mass M = Qm =
o dr 4772 p//1 —2GM(r)/r. Because of gravitational binding energy, M is smaller than
M. Our computation shown in figure 3a finds that M is 14% higher than M at the
threshold for black hole formation. Thereby the bound on the number @ = M /m of dark

quarks is

Q>QBH:(3;JLV»4<

Comparing this with eq. (4.6) suggests that, at least for not too large N, there is a range

— (4.12)

Mp) ) ’
of m for forming dark dwarfs, rather than black holes.
This is an important difference, as black holes lighter than Mevap S Mlil/ 3 / TO2 3 1017 g
evaporate via Hawking radiation in a cosmological time, and cannot be DM. Black holes
with initial DM density evaporate fast enough not to damage BBN if lighter than 10 g [39].
Assuming that dark quarks have the DM density, black holes heavier than Mey,p can only
arise if Te, < 3MeV r1/4 independently of m, i.e. above the hatched region in figure 3b. To
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precisely predict the relative fraction of dwarfs vs black holes we would need to know the
distribution in size of pockets, while we only computed their typical radius. Furthermore,
both dwarfs and black holes can accrete.

On the other hand, dark dwarfs can be stable DM candidates even if lighter than Meyap.
Indeed, the TOV equation implies the Buchdahl bound R > %GM > Rgen, saturated for
a constant density p(r). It implies that a finite distribution of mass, like a dark dwarf,
qualitatively differs from a black hole. Even if small compact objects emit some precursor of
Hawking radiation (see [40, 41]), it is negligible. Furthermore, non-renormalizable operators
that induce decays of dark quarks must be suppressed enough. This automatically happens
at larger N [27, 28, 42], that also makes baryon formation more difficult.

As an aside comment, let us assume that only black holes are formed, that later evap-
orate. Even in this worst-case scenario, something interesting happened: the physics dis-
cussed in this paper provides a cosmological mechanism by which the relic DM abundance
can be reduced, despite that DM particle number is conserved. Furthermore, we estimate
one possible signal: two DM dark dwarfs that collide with cross section ov ~ (GM)?/v
forming a BH that evaporates into SM particles. The resulting energy flux in SM particles
received at Earth, dE/dtdS ~ ovre M (ppy/M)? ~ (M/10Y g) eV /Gyrkm?, is negligibly
small in the Milky Way (1o ~ 10kpc, v ~ 1073).

In summary, figure 3 shows the minimal dark quark mass m that leads to gravitational
collapse as a function of A =~ T, and of r, the energy fraction in the dark sector. The
shaded regions are excluded because m is super-Planckian or because dark glue-balls over-
close the Universe, if assumed to be stable. A wide region of parameter space is open and,
as we now show, unaffected by dark baryon formation.

4.3 Dark baryon formation

The discussion above ignored possible particle-physics processes that change the particles
trapped in pockets. While many models are possible (for example, dark quarks charged
under the SM would avoid the possible extra suppression of wall velocity), one process
is possible in any model: the dark quarks can form dark baryons and escape from the
pockets, possibly preventing the formation of stable gravitational relics. The crucial point
to understand is whether the dark baryons form before of after the gravitational collapse at
R~ Rg‘aisn. In the former case, the dark baryons are free to escape from the pocket because
they are gauge singlets. In the opposite case the gravitational energy of one dark baryon
becomes bigger than its thermal energy so that it cannot escape and the system becomes
gravitationally bound (unless the energy released by baryon formation is large enough to
destroy the pocket).

As we now show, baryon formation has negligible effects in most of our parameter space.
Perturbative baryons are bound states with binding energies of order Ep ~ oz?larkm.8 Such

8For our SU(N) gauge group, a two-body qg state in the antisymmetric channel has an attractive
Coulomb-like potential V' = —(1 + 1/N)aqark/2r, not enhanced by N. The large enhancement of the
baryon formation cross section studied in [43] is not present in our first order phase transition, as the quark
string tension vanishes for dark quarks inside the false vacuum.

~13 -



10]() (T T T T T 7T T T 7T T T 7T T 7T T T T T T T T T T T T T T T T T T T NT T

- Excluded by cosmology 2

of 2

LE &

£ - D

o - 24 5

£ 10°F .

2 n .

'é 10-10 F .

5 : :

g 105 ' » g o .

= : . . o 3

_;:3 - - Gravity N M 0\0& o® -

- ¢ balls P _ath g 3

A 20 [ . RS> o0 u
10 : = 2 4

- = b g ) =

» g \&*" 3

C 4. 3

10-25 - é Black hole .

C A I\ ]

10-% [ 3 I\; g

C1 111 h*| Y T T T Y T T T T O N A TN T A T TR RN T FM T T G

10-10 10-5 1 10° 1010 1015 1020 10%

Dark matter mass in gram

Figure 4. Predictions for DM as a macroscopic object with mass M and radius R produced by first-
order phase transitions to confinement at scale A. The upper colored curves are the predictions for
Fermi (upper) and Bose (lower) balls in models with light dark quarks and 107° < pga/p < 1. The
colored curve around the black hole boundary is the prediction for gravitational objects in models
with heavy dark quarks. Values of A are indicated for r ~ 1 (gray) and r ~ 10719 (black). Shaded
regions are excluded by cosmology, Skylab, ancient mica [44], collisions [45], white dwarfs [46],
micro-lensing [47, 48], black hole evaporation [39], assuming a cross section on matter o ~ mR?.

bound states form with cross section ov ~ a3, /m?. The large mass of heavy quarks leads
to small cross sections o because the binding energies E'p are large.

During the phase transition, baryon formation is negligible because its time-scale
Teoll ~ 1/onw is much longer than the time-scale of the phase transition Tans ~ 1/gdarkH -
Indeed, when the pocket size reaches R ~ Rg;sn, dark quarks are not yet gravitationally

bound and have density ng ~ T3, independently of their asymmetry Y. So Tirans [Teoll ~

crs
Mpchragark / Gdarkm? < 1 in all the parameter space relevant for us.

When gravitational collapse starts at R ~ Rg;‘sn, the gravitational energy of one dark
quark, Ugray ~ GNmMM /R ~ mRgen/R, starts being bigger than its thermal energy ~ To,.
At this moment the energy density in dark quarks is large, p; ~ mT, 3. During gravitational
compression, bound state formation can release a fraction Eg/m ~ a?lark of such large
energy, and this could destroy the pockets. This is analogous to the onset of nuclear
reactions in a star, that can undergo explosive thermo-nuclear runaways. In our case the
released energy depends on density, rather than on temperature. Indeed, after gravitational
compression starts, the pocket radius R decreases, reducing the time-scale for bound state

formation, and the time-scale of the gravitational collapse:

Teoll ™~ m2 ~ m2R3 T, ~ MP] ~ MP1R3/2 (4 13)
co grav .
agarknq agaer’ vimn \% mQ
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These two processes can be compared in two different ways:

1) Bound-state formation becomes numerically significant when 7con ~ Tgrav, that cor-

. 2/3 :
responds to pocket radius ng;g;‘g’gg ~ MPI/ aﬁaerl/ 3 /mb/3,

2) Since a large energy Ep is released, bound-state formation becomes energetically
significant earlier when the total power Wyoung ~ EFpQ/Tcon released by all bound-

state formations is comparable to Ugyay. This happens at ngnfiﬁgn ~ MEall  /mTQ.

The released energy can possibly destroy the pockets if, at one of two ignition radii, E'p is
larger than the gravitational energy of one baryon (i.e. that vese < augark). In both cases 1)

m \2/3 m \1/6
a2 QY (15) 2 (41 (414)

where, in the last step, we used the Chandrasekhar-like threshold for gravitational collapse

and 2) this happens if

of eq. (4.6). In most of the parameter space agark, given by eq. (2.3), is below the critical
value of eq. (4.14), such that the released energy cannot destroy the pockets.”

The phase where dark quarks burn into dark baryons continues for a time-scale smaller
than Tcoll(Rie;fﬁgign) ~ a3T | M8, /m7, certainly smaller than cosmological times. After the
dark fuel is consumed, gravitational compression continues to the dark dwarf or black hole
stage, and the escape velocity reaches its final relativistic value.

Presumably, dark dwarfs in their final state are in a color superconductor phase, at
least after that their temperature becomes small enough [35]. Indeed, the system is weakly-
coupled (vgark is small at m > A) and can be approximated as a free Fermi gas up to small
dark gauge interactions. They coherently align the color of the dark quarks on the Fermi
surface along the most attractive channel, which depends on the number of dark flavours.
This coherent alignment can be effectively described as a condensate (qq) of Cooper pairs,
which here certainly forms, given the absence of electromagnetic-like repulsion. Therefore,
in this phase dark QCD would be broken by the medium, but the equation of state would
be affected only marginally, given the weakness of dark-QCD interactions. In conclusion,
we could safely neglect these effects in the calculation above.

We mention one possible signal of a dark dwarf with mass M that interacts only
gravitationally. Passing through matter with speed v ~ 1073 it leaves two signals. A
melting track with size byer ~ GNM y/my/me/av due to energy losses, and a cylindrical
crack with larger size bpreax ~ G12\IM 2mp / av? due to gravitational forces. These are larger
than the atomic size if M 2 vMp/,/mem, ~ 10*g. However, at this mass the flux
® = ppmv/M ~ (10'9g/M)/km? Gyr is too small. A dark dwarf crossing matter with
density p can accrete mass dM/dl ~ prg(l + vgsc/vz) and collapse to a black hole that
evaporates via Hawking radiation giving a visible signal even for small masses M ~ g;
however the rate of this signal is again negligible small.

In the presence of a symmetric g, § component comparable to the asymmetric ¢ component, the gravi-
tational collapse is modified by the energy from ¢g annihilations if qark 2 (m/Mpl)l/ 2, affecting a larger
part of the parameter space. This presumably precludes the possibility of having an asymmetric number
of particles or anti-particles Nasym ~ 1/ Nsym arising accidentally inside pockets starting from a symmetric

population with average number Neym, as in [16].
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5 Dark Matter as multiverse relics?

The idea that our universe is one anthropically selected vacuum in a wide multiverse is
motivated by the unnaturalness of the vacuum energy [49], of the weak scale [50, 51], by
coincidences related to light fermion masses [52-55], and possibly by inflation and string
theory [56]. This speculation is compatible with our current understanding of physics, but
might appear scientifically untestable: studying the multiverse from our universe seems as
hopeless as studying zoology from a zoo with one animal only. Finding a few more animals
would reduce philosophical doubts.

We explore a possibility in this sense: Dark Matter as pockets of false vacua contain-
ing their particles compressed by first order phase transitions.!? So far we studied this
phenomenon focusing on strong gauge dynamics. We now consider the same phenomenon
in more general theories with scalars, as a multiverse with many vacua mostly comes from
scalar vacuum expectation values. As a quantum field theory example, 2V vacua can
arise if each of N scalars s has 2 different vacuum expectation values that minimise the
potential [60, 61].

5.1 Formation of relic pockets of false vacua

Different vacua can have different gauge groups, and thereby different sets of vectors and
light chiral fermions, plus possibly extra fermions and scalars. We thereby consider weakly-
coupled models where a DM-candidate stable particle (a scalar or a fermion or a vector)
acquires mass m = ys from the coupling y (a scalar quartic or a Yukawa coupling or a
gauge coupling) to a scalar s. Such particle is light in a false vacuum (here set to s ~ 0)
and heavy in the SM vacuum.

Macroscopic dark relics can form in cosmology if s acquires its current vacuum ex-
pectation value sgy during a first order phase transition with energy difference AV at
temperature 7' < mgym = yssm- The mechanism is the same discussed in gauge models:
bubbles of true vacuum with s # 0 appear and expand, but DM particles cannot cross
their walls, being light in the false vacuum and heavy in the true vacuum.

Pockets risk being destroyed in various ways.

First, pockets risk being crunched by the kinetic energy of their walls. This is avoided if
fast enough heat flow dissipates the latent heat keeping the walls slow enough. The strong
gauge interactions models studied in this paper provide an example where this condition
is over-met. More in general, particles light only inside pockets significantly interact with
their walls (as they get a mass outside), and thereby provide a pressure that slows the
walls. Gravitational wave signals are thereby small.

Furthermore, some interaction might allow trapped DM particles to become light SM
particles, and thereby to get out of the pockets. This process can be slow enough or absent.
For example DM might annihilate with DM into some vector X that decays back into SM
fermions ff. If DM particles are charged under the SM gauge group, X can be a light SM

"Different possible cosmological multiverse signals have been discussed in [57, 58] (collisions of bubbles
before inflation) and [59] (bubbles of other quasi-degenerate vacua that become slightly lower in regions
with high matter density).
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vector, and such process is fast. Otherwise, X could be a heavy Planck-scale vector, giving
rise to rates of order I' ~ m® /M;L(, that can be as slow as proton decay. A similar situation
arises with scalar quartics, while Yukawa couplings to heavy fermions can give larger (but
still small) rates of order I' ~ m3/M?2. A safer possibility is that DM carries a conserved
quantum number and an asymmetry, analogously to dark baryon number in gauge models.

If the above two phenomena do not occur, particles which are light in a false vacuum
remain trapped in false-vacuum pockets. Such pockets are stable because their energy
is less than that of free massive particles: () compressed particles with mgse € mgm
over-compensate for the higher false-vacuum energy density.

The number of particles in a pocket with initial size R; is Q ~ nR;?’, where the initial
pocket radius R; can be computed (similarly to section 3) for any first order phase tran-
sition. Compression stops at the radius R that minimises the pocket energy, given at low
temperature and in the thin-wall limit by

=S (= 4 A 4 R? 1
1N +AV +o4nR (5.1)

3 (971')1/3 QP AT R®
R

where p = 4/3, corresponding to relativistic Fermi pressure (bosons give instead p = 1 and
a different order unity pre-factor). The term proportional to the wall energy density o is
negligible for large Q. Minimising U gives the radius R ~ (QP/AV)Y/* [15, 32-34]. Such
pockets can be macroscopic objects with super-Planckian mass.

5.2 Post-inflationary phase transitions

It is usually assumed (lacking a better understanding) that a final stage of slow-roll inflation
ends in the SM vacuum, diluting anything produced before inflation down to negligible
levels. This makes all pockets formed before inflation irrelevant. In the multiverse context,
it is possible that slow-roll inflation ends instead in some false vacuum X, provided that:

1) its vacuum energy density is smaller than the inflationary energy, Vx < HiznﬂMgl ~
Tf‘;H. Generation of scalar fluctuations and bounds on tensor modes imply that
Vyx < (106 GeV)? is significantly sub-Planckian. Try is the maximal reheating tem-

perature after inflation.
2) it later decays before that its vacuum energy starts extra inflation.

This would allow formation of relic pockets. Let us discuss what the two conditions imply.

Condition 1) means that, after slow-roll inflation, the whole landscape with vacua up
to Planckian energy is no longer accessible, since Vx must be sub-Planckian. But it is still
possible that the SM vacuum is reached after multiple phase transitions through vacua in
a small fraction of the landscape. Presumably, these accessible sub-Planckian vacua are
associated to new sub-Planckian degrees of freedom in the SM vacuum. The existence of
sub-Planckian new physics is suggested by neutrino masses, inflation (and, possibly, gauge
unification and the smallness of fgcp). From a string-theory point of view, the SM could
arise from a compactification for which some extra dimension is mildly larger than the
string scale, so that the associated moduli in flux compactifications are sub-Planckian.
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Such moduli change some aspects or parameters of the SM and their vacuum energy is
sub-Planckian too. Then, as long as the vacuum X contains stable particles and these are
lighter than in the SM vacuum, dark compact objects as multiverse relics could form.

Concerning 2), the vacuum decay rate v ~ M 4e=5 is estimated as follows (similar
considerations hold for thermal transitions). Assuming a quartic potential V' = Vj —
M?s2/2— As3/3+)s /4 gives, in the thin wall limit, a bounce action S ~ 204872 /3\(R—1)3,
that threatens to get large if A is small and if R = (Viop — Virue)/ (Viop — Vialse) is very close to
1, namely when the two vacua are almost degenerate. This shows that fast enough vacuum
decay needs strong coupling and/or vacua which are non-degenerate enough, R ~ O(1).
So, the same vacua with sub-Planckian energy scales Vy can satisfy condition 2).

In summary, if some episodes of post-inflationary phase transitions were of first order
type, surviving pockets of the decayed false vacua and of their light particles might have
remained as relics in our vacuum, and possibly be the observed Dark Matter.

While minimality is not expected to be an ingredient in the landscape context, we
finally mention the possibility that the particles trapped in the false vacuum are SM par-
ticles, rather than new particles that happen to be light in the false vacuum. This could
happen if the landscape contains false vacua that differ from the SM because of secondary
aspects controlled by the vacuum expectation value of a relatively light scalar. For exam-
ple, one might have a proto-SM vacuum that differs from the SM only because light quarks
have smaller Yukawa couplings and thereby smaller masses. In this case, the proto-QCD
phase transition can have Ny > 3 light flavors and thereby be of first order, leading to
compressed pockets of proto-quarks. Unlike in the related scenario studied in [62] there is
no dangerous subsequent release of large weak-scale energy, if the extra scalar itself does
not have big vacuum energy. As Fermi-balls with A ~ Aqcp are constrained by impacts
with humans [45] (see figure 4), physicists who worry that the lack of testability of the
multiverse may kill physics, can now worry of being killed by multiverse signals.

6 Conclusions

We considered a dark gauge group that becomes strongly coupled at a scale A in the
presence of one heavy dark quark ¢ with mass m > A. The phase transition to confinement
is of first order: bubbles of the true confined vacuum appear and expand. The large latent
heat reheats the universe back up to the critical temperature T, =~ A keeping the expansion
of the existing bubbles slow and stopping nucleation of new bubbles. Relic heavy quarks
cannot enter the confined true-vacuum phase, unless they meet other dark quarks and
form dark baryons. When the bubbles meet and coalesce, the surviving pockets in the false
unconfined vacuum have sub-Hubble initial size estimated in section 3 and keep shrinking
compressing the heavy quarks in them.

Compression accelerates particle-physics reactions such as ¢g annihilations or (in the
presence of a ¢/q asymmetry) hadron formation, and pockets evaporate. In section 4.2
we found that an alternative final result is possible: if dark quarks are heavy enough,
pockets can gravitationally collapse under their weight before evaporating. We found that
the condition for gravitational collapse in eq. (4.6) is parametrically the same as the Chan-
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drasekhar condition for black hole formation, and that, if dark quarks have a dominant relic
asymmetry, thermo-nuclear energy from baryon formation does not stop the collapse (un-
der the condition in eq. (4.14)). As a result, depending on the value of m, two macroscopic
final states are possible:

e Dark dwarfs mildly below the Chandrasekhar limit. These are acceptable DM can-
didates.

e Black holes. These are acceptable DM candidates only above the Hawking limit on
evaporation. Black holes are the only possible final state if dark quarks are bosonic,
rather than fermionic.

The above dynamics depends on m, on A and on the dark-sector temperature Tgark/TsMm-
Figure 3b shows the values of these parameters that lead to formation of gravitational
objects with the observed DM density. Figure 4 shows possible values of the mass M
and radius R of our gravitational relics, finding that they are distinct from those of non-
gravitational macroscopic relics that can form in different theories with light quark flavours.
Such relics interact with SM particles via gravity and via SM gauge interactions, if dark
quarks are charged under them. Furthermore, we pointed out the relevance of a color
superconductor phase.

In the final section 5 we argued that this kind of DM candidates — pockets of false
vacua relics compressed by a first order phase transition — can arise in a multiverse context,
taking into account that vacuum transitions after slow-roll inflation can involve some vacua
near the physical SM vacuum. For example, DM could be pockets of compressed particles
that in the false vacuum are lighter than in the SM.
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