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Dark lepton superfluid in protoneutron stars
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We find that sub-GeV neutrino portal bosons that carry lepton number can condense inside a
protoneutron star (newly born neutron star). These bosons are produced copiously and form a Bose-
Einstein condensate for a range of as yet unconstrained coupling strengths to neutrinos. The condensate is a
lepton number superfluid with transport properties that differ dramatically from those encountered in
ordinary dense baryonic matter. We discuss how this phase could alter the evolution of protoneutron stars
and comment on the implications for neutrino signals and nucleosynthesis.
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I. INTRODUCTION

Hidden sectors (HSs) that couple to the standard model
(SM) often contain a rich spectrum of particles that can
constitute dark matter (DM) [1]. Their self-interactions and
their interactions with the SM lead to interesting phenom-
enology and strategies for detection. In particular, scenarios
where HS particles interact strongly with neutrinos has
sparked recent interest [2-9]. These interactions can gen-
erate stronger self-interactions between neutrinos mediated
by new degrees of freedom [7,8] and have been invoked to
explain hints of anomalies in neutrino oscillation experi-
ments [10,11] and puzzling cosmological observations
[12—14]. In this article we consider HS bosons that carry
lepton number L but is otherwise uncharged with respect to
the SM gauge group and demonstrate its novel implications
in extreme astrophysical environments.

A newly born neutron star, also called a protoneutron star
(PNS), provides a unique laboratory to study DM coupled
to neutrinos. A PNS born in the aftermath of core-collapse
supernovae explosion is hot (7'~ 30 MeV) and contains
large densities (p ~5 x 10'* g/cm?) of baryons and lep-
tons. Detailed simulations have shown that neutrinos are
trapped inside the PNS, and that their diffusion takes 74 ~
tens of seconds [15,16]. During this time, the hot and dense
PNS matter supports a large chemical potential for lepton
number (u; = p,, ~ 100-200 MeV) and a corresponding
large excess of electron neutrinos. These conditions, which
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are not realized in any other environment in the universe,
present an opportunity to study DM candidates that carry
lepton number.

In this article we show that lepton number scalars,
denoted by ¢, will have important implications for
PNSs. For a wide range of parameter space compatible
with existing constraints, ¢ particles are rapidly produced
in the PNS and thermalize to form a Bose-Einstein
condensate. The condensate is a superfluid that transports
lepton number from the core to the surface of PNS on
timescales that are negligible compared to neutrino dif-
fusion. This alters the radial distribution of lepton number
(see Fig. 1) and modifies the composition and neutrino
transport properties of dense matter inside the PNS.

We introduce the lepton number scalar ¢ through a
minimal model defined by the low-energy effective
Lagrangian [3]

ga * * j’ *
Lett int D _Tﬂyayﬁd) +H.c. - miqﬁ - Z(d) ¢ (1)

Here, g,s is the coupling between left-handed Weyl
neutrinos v, 5 and the scalar ¢ that carries lepton number 2.
a, f are flavor indices and the quartic coupling A character-
izes the strength of self-interaction among ¢’s. In general,
Jap may involve all three flavors e, u, 7. However, in what
follows we focus on the flavor conserving coupling to
electron neutrinos g,, = ¢, and comment on the possible
role of couplings to y and 7 neutrinos in our concluding
remarks.

The coupling g may arise after electroweak symmetry
breaking from the effective operator (IH)(LH)¢p* /N>
[3,17], where [ = (v,,e)” is the SM lepton doublet, H=
io,H* is the flipped SM Higgs doublet, and A is the high-
energy scale associated with new physics. Since the
Weinberg operator (IH)(IH) [18] carries lepton number
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FIG. 1. Superfluid transport of lepton number due to ¢
condensation rapidly quenches the spatial gradients in the lepton
number chemical potential. It transforms the initial state with an
approximately constant lepton fraction Y; ~ 0.3 (depicted on the
left) to the state on the right.

2, the Lagrangian Eq. (1) conserves L. This effective
operator is one of few dimension six operators that
generates neutrino self-interactions. In contrast to conven-
tional Majoron models where the coupling is highly sup-
pressed by neutrino Majorana masses [19,20], in this
scenario, the natural strength for the coupling g~
(v/A)?* (v = 246 GeV is the electroweak scale) is expected
to be large from the model building perspective [3,17].

Laboratory constraints on the coupling g, are flavor
dependent. For g = g,,, limits from exotic meson decays
demand g < 10~ when my < GeV, and double beta-decay
experiments require g < 10~ when my < MeV [3,6,21].
Astrophysical and cosmological bounds on the parameter
space are also quite stringent. For m, < 10 MeV and
g = 10719, a thermal population of ¢’s alters the expansion
history of the early universe during and after weak
decoupling. This spoils the concordance between the
predictions of big bang nucleosynthesis (BBN) and obser-
vations of light element abundances [8,22], and is also in
tension with the observed cosmic microwave background
(CMB) spectrum [7]. The supernovae cooling bound based
on SN1987a—the core-collapse supernova occurred in the
Large Magellanic Cloud in 1987—excludes ¢! < g <
10~ when my <50 MeV [4,23]. This constraint arises
because the duration of the observed neutrino signal is
shortened when free streaming weakly interacting particles
rapidly cool the PNS core subsequent to their thermal
production [24].

In this article, we will focus on the, as yet, unconstrained
region for ¢’s with mass my 2 10 MeV and a coupling to
electron neutrinos in the range 107% < ¢ <1072 to show
that novel phenomena arise in the PNS that can probe new
physics at energy scale A ~ 1-10* TeV.

II. ¢ CONDENSATION IN THE PNS

As noted earlier, the PNS is characterized by high
baryon number density np=~1-3n, where
0.16 fm™3 is the nuclear saturation density, high temperature
T ~20-60 MeV, and a lepton fraction Y; = n; /ng ~0.3.

ny =

In this hot and dense environment lepton number scalars are
produced rapidly through vv — ¢. The rate of production is
given by

di’lw_)(/, _ / d3p] d3p2 d3k
dr 2E, (21) 2E, (21)) 2E; (27)°
M, _yl?
x 2 f £ (20)4 (py + py— k). (2)

2

where |[M,,_4|* = 4¢*(p; - p,) is the square of the tree level
matrix element, and f,=1/(1+exp[(E,,, —u.)/T]) are
the Fermi-Dirac distribution functions for neutrinos. For g >
1076 and T ~ 10 MeV, the timescale for transferring lepton
number to the ¢ particles 7yq =~ 17 /71,5 < Tqisr. Further,
most of the ¢p’s produced have short mean free paths due to the
inverse decay process hence are trapped and subsequently
thermalize with the star. Qualitatively, the relaxation timescale
can be calculated as

1 - 1 / d3p1 d3p2
T 2Ewg. ) 2E, (2n)32E, (2n)°

x |MW<—>¢|2 4 o4
Tflfz(Z”) (pi+p2—k), (3)
where g, = 1/(exp((Ex — py)/T) — 1) denotes the Bose-
Einstein distribution function of ¢’s. For a simple estimate we
set all the distribution functions to 1 and find that the mean
free path of ¢’s

1073\ 2 MeV\2/ E
/1¢—v1~10‘8< 0 ) (50 < ) < 2 )km (4)
g my 60 MeV

Consequently, for the range of couplings considered in
this study, ¢’s produced in PNS are in chemical and thermal
equilibrium with neutrinos.

Since ¢ carries two units of lepton number, its chemical
potential yy, = 2u; . When py, > my, there will be a macro-
scopic occupation of ¢’s in the zero-momentum state, and
the ground state is a Bose-Einstein condensate. In the PNS
where y; ~ 200 MeV at early times, we can expect con-
densation for m, < 2y . =~ 400 MeV.

In the absence of repulsive forces between ¢’s, the
density of the condensate grows rapidly in the core of the
PNS. When the total mass of bosons in the core exceeds
M i = m?, /my = (100 MeV/my) 1078 Mg, the bosons
collapse to form a black hole. The black hole once formed
is expected to subsequently consume the entire star [25,26].
Thus, the very existence of neutron stars rules out such
scenarios and viable models for ¢p must include repulsive
self-interactions. Even a small quartic coupling 4 in Eq. (1)
alters the effective potential for ¢’s [27-30],
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Veir(¢) = (m¢ ﬂ¢)¢*¢+ (@), (5)

and provides the necessary stabilization. When condensa-
tion occurs the finite vacuum expectation value (VEV) of
the scalar field that minimizes the effective potential above
is given by

(d) = \/2(ug — m3) /2. (6)
This VEV breaks the global U(1), symmetry and leads to
superfluidity.

In the symmetry broken phase the scalar excitation
spectrum is modified. The 2 degrees of freedom associated
with the complex ¢ field manifest as fluctuations around
the VEV. Denoting the massless Goldstone mode as J, and
the massive mode as o, in the condensed phase we can write
¢ = (f + 0+ iJ)/V2, where f = \/2(¢). The dispersion
relations for the goldstone mode (w?) and the massive

mode (a)ﬁ) are [27-30]

24
a)ﬁ:\/Ez ¢+—i\/f+ﬂ¢4E2+2/1f2) (7)

\/ PP+ mg.
The propagation of neutrinos is also modified in the
superfluid phase because v’s directly couple to the con-

densate. When ¢ acquires a VEV, the Yukawa term in
Eq. (1) becomes

where E =

Lyukawa D == (f + 0+ iJ)w + Hee. (8)

9
2V2
The term proportional to f, which would have led to
neutrino Majorana mass in the vacuum (¢; = 0), leads to
pairing of electron neutrinos near their Fermi surface. This

BCS-like pairing introduces a gap A = g(¢) in the neutrino
excitation spectrum:

W = A+ (p ) (9)

For the viable range of coupling g < 1072, this gap is
negligible compared to the temperature in PNS.
The grand potential per unit volume for neutrinos is

dp 1
Q — _ L L
, /—(2”)3 {2 (0% + o)
+Tlog(1 + e=®/T) + Tlog(1 +e=*~/T)|, (10)

and for ¢’s is

100
[ — my=100 MeV
8or my=50 MeV

L m,=10 MeV
60 m¢0e

T, (MeV)

1073 1072 0.1

n (o)

FIG. 2. Critical temperature of the superfluid in a gas comprised
solely of ¢’s.

: &p [1
0 =Lt =) - [ S5t o)

+Tlog(1 — e=/T) + Tlog(1 — e—w‘”/T)] . (11)

The first term on the right-hand side of Eq. (11) accounts
for the condensate, and the second term contains the
contribution from thermal excitations. UV divergences in
Egs. (10) and (11) are regulated by imposing a momentum
cutoff while demanding the Goldstone mode remains
gapless with the VEV given in Eq. (6).

In Fig. 2 we show the critical temperature as a function of
the total lepton number density carried by ¢’s: n? =
0Q4/0uy. For T > T, the lepton number resides in the
thermal population and the condensate amplitude vanishes
J = 0. Note that the lepton number density in Fig. 2 is in
units of 7y, and in the PNS where the lepton fraction Y; ~ 0.3
we expect n; ~0.1-0.3np, and ng ~ 1-3n,. Under these
conditions the large 7. indicates that condensation will
persist even at the highest temperatures encountered in the
PNS when the lepton fraction is large.

By accommodating a large fraction of the lepton number,
the condensate alters the composition of hot and dense
matter in the PNS. At given ng, T, and Y, the baryonic and
leptonic components are related by the conditions of beta
equilibrium and charge neutrality:

Hn = Hp = e = He, (12)

p =N, (13)

Above, subscripts n, p, e denote neutrons, protons, and
electrons. Number densities »n; include antiparticle contri-
butions, e.g., n, = n,- — n,+. In this work we treat elec-
trons as noninteracting relativistic Fermi gas, and neglect
muons for simplicity.
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FIG. 3. PNS composition as a function of m, at ng = ng
assuming 7' = 20 MeV and Y; = 0.3. The green curve and red
curve represent lepton number carried by the condensate and
thermal ¢’s respectively. We took 4 = 1. For m 2 230 MeV the
L budget can no longer support the superfluid in this scenario.

To obtain the composition of hot and dense matter in
equilibrium we need to specify a baryonic equation of state
&(ny,,n,,T), the nuclear energy density as a function of the
neutron and proton number densities, and the temperature.
Fora given £(n,,, n o T), the nucleon chemical potentials are
givenby u, = (ag(nn’np)/ann)np.T’ andﬂp = (ag<nn7 np)/
on,), 7. In what follows we employ the Skyrme energy
functional &(n,,, n,, T) discussed in Ref. [31].

In Fig. 3 we show the constituent particle fractions in the
presence of ¢’s at ng = ny, T =20 MeV, and Y; = 0.3.
The individual number densities are determined by chemi-
cal potentials u,, u,, p., and p; which are obtained by
solving Eqgs. (12) and (13), subject to the lepton number
budget

n, =ng¥; =n,+nj —I—nf,

where nj = 0Q,/0u; denote lepton number densities
carried by v’s.

Effects of ¢’s on dense matter composition shown in
Fig. 3 can be understood by noting that the condensate
amplitude decreases with increasing m,. For a given value
of my, the condensate amplitude is calculated using Eq. (6)
and we have set A = 1. For small m,, the condensate
amplitude is large and it accommodates a large mount of
lepton number as shown by the green curve. Consequently,
the populations of e’s (blue curve) and v’s (orange curve)
are suppressed. Further, owing to charge neutrality
Eq. (13), the condensate lowers the proton fraction and
amplifies the isospin asymmetry of PNS matter at early
times. At larger m,, the lepton number in the condensate is
smaller and vanishes when m, > 2u;. For the chosen
parameters, this occurs at m,, ~ 230 MeV. At finite temper-
ature, a thermal bath of excitations also contributes to the
lepton number density, and this contribution is shown by
the red curve. It is interesting to note that for mgy <

100 MeV the ¢ condensation reduces the proton fraction
by about a factor 2.

III. IMPLICATIONS FOR PNS EVOLUTION

A. Lepton number transport

In the standard scenario, the evolution of the PNS and the
associated neutrino signal is largely determined by the
diffusion of neutrinos [32-34]. Neutrino trapping during
collapse leads to Y; ~ 0.3 in the bulk of the PNS, and y; ~
200 MeV in the PNS core. The baryon density, temperature
and lepton fraction profiles that roughly correspond to the
state of the PNS at r~ 1 s (see Fig. 1 of Ref. [34]) are
shown in the top panel of Fig. 4. The spatial gradient of y;,
drives deleptonization by neutrino diffusion and simula-
tions suggest that it takes about 20 seconds for yu; to
decrease substantially [34]. During this time, the lepton
number current carried by neutrinos leads to heating in the
core akin to Joule heating in ordinary conductors [32]. As
we discuss below, ¢ condensation fundamentally alters
lepton number transport in PNS.

A defining characteristic of a superfluid is that it supports
dissipationless supercurrents that eliminate gradients in the
chemical potential. Superflow redistributes the lepton
number in the PNS on a short timescale 7 < 74;; without
the associated Joule heating. Consequently, the PNS is

200 —— 3.0

— Nnp 12.5
—T
L w/o superfluid |

< o . =
2 100 pL in superfluid 115 &
=~ e
1.0
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E — Ye=Y,
> 0010 yv
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FIG. 4. Superfluid transports L towards the surface of the star.
Solid curves in the lower panel are obtained by distributing
Ny o ®4 x 10% according to Eq. (14) in a 1.4 My star. The
underlying temperature, baryon number, and lepton chemical
potential profiles are shown in the top panel. We chose
my =50 MeV, g=107%, and 1 = 1.
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characterized by a constant lepton number chemical poten-
tial in the star’s gravitational field,

H#L(r)\/ 9u(r) = Hy = const, (14)
where y; (r) is the local chemical potential, and g,,(r) is the
time-time component of the metric tensor. The value of 4
is set by the total lepton number (N, ) in the star which at
early times is N o &~ 3-5 x 10°.

The bottom panel of Fig. 4 shows how the superfluid
transport of lepton number alters the composition of the
PNS. In the presence of the condensate, it ensures that the
chemical potential y; (r) satisfies Eq. (14). To obtain metric
functions we solved the Tolman-Oppenheimer-Volkoff
equation assuming the Skyrme equation of state mentioned
earlier. At fixed N ,,,, curves shown in the top panel reveal
that u; (r) in the core is greatly reduced relative to the
standard scenario, and is enhanced in the surface regions.
Thus, in stark contrast to the standard scenario, the electron
and the neutrino fractions are reduced in the core, and
increase towards the surface of the PNS. A comparison
between the solid and dashed curves in the lower panel
reveals that the electron (and proton) fraction is reduced by
about a factor of 2 in the core, and is enhanced in the low-
density surface regions. The rapid increase in the neutrino
fraction at intermediate radius is due to thermal effects and
is sensitive to the chosen temperature profile. We exper-
imented with a few different initial profiles of 7" and y; , and
found that qualitative features of lepton number transport
by the superfluid seen in Fig. 4 are robust. The results
shown in Fig. 4 are obtained by setting mj, = 50 MeV and
A = 1. We find that the superfluid can extend to large radii
at early times for m, < 50 MeV.

B. Energy transport

While condensation greatly accelerates deleptonization
in the inner PNS core by superfluid transport of lepton
number, in what follows we shall argue that it has a modest
effect on energy transport. The temperature gradient in the
PNS drives neutrino diffusion, and all flavors of neutrinos
contribute to the energy flux. We can expect the transport of
energy in the condensate to differ from the standard
scenario because the v, and 7, mean free paths are altered.
In particular, we find that the mean free path due to the
Cherenkov process v — vJ,

1 / d*p' K
ME,) E,J 2E,(2n)’2Ey(2n)’
X My P(1 = f)2a)*8* (p = p' = k), (15)

is significantly shorter than other processes previously
considered. In Eq. (15), p = (E,, p) is the four-momentum
of the initial neutrino, and p’, k" are the four-momenta of
the neutrino in the final state and the Goldstone boson,

1000
10
£ 0100+
= _ — v, Neutral Current
oootf T e __ y, Cherenkov
10—5 L
10—7 s s s s s s
0 10 20 30 40 50 60
E, (MeV)
FIG. 5. Neutrino mean free paths at nz = ng in the condensate

depicted in Fig. 4, where T ~ 27 MeV and y; ~ 30 MeV. As E,
increases, v — v+ J becomes forbidden at sufficiently large
Goldstone momenta (see main text), resulting in the rising tail for
the Cherenkov mean free path.

respectively. This process is kinematically feasible because
the Goldstone mode [cf. Eq. (7)] exhibits a linear dispersion

with velocity v, = \/(/,% —mg)/(3pg —mg) < 1 at small

momenta. However, with increasing momenta, when |k’| =
(¢) the dispersion relation resembles the vacuum mode of
¢’s and the process is kinematically forbidden. We there-
fore require that |k’| < (¢) in Eq. (15).

Figure 5 shows the Cherenkov mean free paths for
neutrinos and antineutrinos as functions of their energy. For
reference, the mean free path due to neutral current
reactions is also shown. These mean free paths are
calculated assuming nonrelativistic nucleons under the
influence of mean field potentials [35] obtained from the
Skyrme model discussed earlier. The drastic shortening, by
orders of magnitude, of the v, and 7, mean free paths
suggests that they will not contribute to energy transport in
the PNS. However, in our scenario since x and 7 neutrinos
do not couple to the Goldstone modes, they will dominate
energy transport. Thus, we expect condensation to reduce
the energy flux in the PNS by 1/3. This would increase the
corresponding cooling timescale by about 50%.

C. Evolution of the condensate

The radius at which the superfluid terminates, which we
denote as R;, is sensitive to the net lepton number in the
star and my. From Fig. 4, we see for my ~ 50 MeV the
condensate can extend to large radii at early times. As the
PNS evolves and lose lepton number, the superfluid
boundary will recede. Since the neutrino mean free path
is generally very large at the low temperatures encountered
at large radii, the edge of the superfluid is expected to
retract to a location inside the conventional neutrino sphere
quickly. Here we shall show that the timescale associated
with subsequent evolution is on the order of 10s, and is set
by the cooling timescale of the PNS.
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FIG. 6. Contours of constant neutrino mean free path. Results
shown were obtained for g = 107, n,, =1 and neutrino
energy E, = 3T.

The electron neutrino mean free path in the region r >
R; due to the reaction v,v, — ¢ given by

I [ &p &k
5E) =3 | 35 il
2E, ) 2E, (27)°" “2E,(2x)

X |Muu—>¢|2(2ﬂ)454(pl +p2- k)a
2

g2m¢T mé
- log|1 _ 16
87E2 Og[ 0 eXP < 4E1T)] (16)

is very short at early times due to the high temperature
encountered in the PNS. Here, 7, = exp (¢, /T) ~ 1 is the
neutrino degeneracy factor, and E; is the energy of the
neutrino.

Figure 6 shows contours of constant neutrino mean free
path for g = 107> and neutrino energy E, = 37 in the g —
m, plane. At the high temperatures realized in the PNS at
early times, the v, mean free path is significantly shorter than
the mean free paths of 4 and 7 neutrinos that contribute to
cooling. However, the v, mean free path increases exponen-
tially atlow temperature. The short v, mean free paths at high
temperature and its steep temperature dependence at low
temperature (7'/m, < 0.1) imply that lepton number trans-
port in the region r > R; will accelerate rapidly as the PNS
cools to T < my,/10. Consequently, we can expect the
timescale associated with the recession of the superfluid
boundary to be set by the PNS cooling timescale. Earlier
studies find that PNS cooling occurs on a timescale of order
10s, and since lepton superfluidity has only a modest effect
on energy transport we can expect the superfluid to persist
during this timescale. However, given the dynamical nature

of this process, feedback can be important for neutrino
transport and self-consistent PNS simulations [16,33] will be
needed to draw definitive conclusions about the extent of
lepton superfluidity in the PNS and its evolution with time.

D. Neutrino decoupling

For small m,, and large coupling g, the reactions v,v, <
¢ and U0, <> ¢* in the vicinity of the neutrino-sphere can
alter the energy spectrum of electron neutrinos emitted
from the PNS. Here, we will make a few simplifying
assumptions to identify regions of the m, — g parameter
space that will impact neutrino decoupling. First, we shall
assume that all neutrinos decouple from a neutrino-sphere
of radius R,. Our second assumption is that the propagation
of neutrinos in the vicinity of the neutrino-sphere is
dominated by their interaction with other neutrinos. This
will depend sensitively on the degree of anisotropy of the
neutrino radiation field in this region. To model the
anisotropy we employ the neutrino light-bulb model
[36]. This model is based on simple geometric consider-
ations, and predicts that the distribution of neutrinos at a
distance r > R, is given by

_ O(u—+/1-&)
7B = fuE)E D)

where £ =R,/r <1, p =cos@ and 6 is the angle mea-
sured with respect to the radial direction. Here, f,(E,) is
the Fermi-Dirac distribution function at the neutrino-sphere
which is characterized by temperature 7,. The Heaviside
step function ensures that the neutrino flux becomes
increasingly forward peaked for r > R,, and the factor
&2 accounts for the dilution.

The inverse mean free path of electron neutrinos with
energy E; propagating in an anisotropic neutrino distribu-
tion can be calculated similar to Eq. (16), with f, replaced
by f(E,.r.u) from Eq. (17). It is found that 1, (E,.r) =
Ay, (Ey)/G(&) where

gm>T m?
-1 _ [ _ ¢
i) = e (<gp ). (8)
and

e e (s)
Gl =—"—e - :
© 1- 1—§2eXp 4E\T, \1 - /1 =&

(19)

In obtaining the results above we have approximated the
Fermi-Dirac distribution function with that of Boltzmann.
This is justified since PNS simulations indicate that the
neutrino chemical potential is small in the outer low-
density regions of the PNS and 7, = e" /T~ 1 in the
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vicinity of the neutrino-sphere in the standard scenario. The
presence of a lepton superfluid that extends to regions close
to the neutrino-sphere could enhance 7, at early times.
However, the discussion in the preceding subsection
suggests that the superfluid would recede to regions of
higher temperatures rapidly. In what follows, we shall
assume that 77, =~ 1 in the decoupling region. This suggests
the v, and U, mean free paths will be similar in the
decoupling region.

To model the decoupling of v, and o, we rely on the
assumption that the emergent spectrum can be approxi-
mated by that of a blackbody. This will allow us to
relate the neutrino decoupling radius and its temperature
at a given luminosity. The decoupling radius R,~
[L,/(34nosgT?)]"/?, where L, is the neutrino luminosity,
T, is the decoupling temperature and ogg = 1.02 x
10% erg/MeV*/cm?/s is the Stefan-Boltzmann constant.
The optical depth of a typical electron antineutrino with
thermal energy E, = 37, is given by

[ dr R, L G(&)
o _[eb /153(37)”) _/156(37})% @ g

R /1 dé
CA,GT) ) 1-/1-&
mi (1+4++1-¢&
¢
[ HEED

Assuming that neutrino decoupling occurs at an optical
depth 7, = 2/3, and for a given luminosity, we can use
Eq. (20) to estimate the ©, decoupling temperature, 7',. In
Fig. 7 we plot contours of constant T, in the g — m,, plane.
The results suggest that the reaction vv — ¢ can influence
the neutrino decoupling when m; < 50 MeV and g 2 1076,
Further, since the analysis of neutrino events from
SN1987a favors T, Z 3 MeV [37], the parameter space
to the left of the contour labeled T, = 3 MeV is disfavored.
We note that this analysis of neutrino decoupling applies to
a wide range of models in which neutrinos couple to new
scalars.

The results presented in this section imply that when
neutrino decoupling is dominated by the reactions v, v, <>
¢ and v,vU, <> ¢p*, we should expect the v, and 7, spectra to
be similar. This could have important implications for
supernova nucleosynthesis because differences between v,
and 7, spectra are known to alter the proton fraction of the
matter ejected from PNSs [38]. If v, and 7, have identical
spectra, the composition of matter ejected will be proton
rich and would preclude r-process nucleosynthesis [39].
Instead, these proton-rich conditions are expected to
produce lighter heavy elements with A < 130, such as
Sr, Y, and Zr [40].

0.001 ¢

10—4 L

o 10—5 L

107%¢
— T,=2 MeV
107§ T,=3 MeV
10—8 L L L
10 20 30 40 50

mg (MeV)

FIG. 7. Contours of constant decoupling temperature for
electron antineutrinos with L; =3 x 10°! erg/s. In the disfa-
vored region where 7 <3 MeV, R, = 15 km is consistent with
our assumption that the (anti)neutrino decoupling is determined
by (Del_/e < ‘;b*) Vel < ¢

From Eq. (18) we can also deduce that neutrino-neutrino
interactions are exponentially sensitive to the neutrino
energy when E; <« mé /4T,. This will likely distort the
shape of the emerging neutrino spectrum, and enhance the
flux of low energy neutrinos. This strong energy depend-
ence also suggests that a more sophisticated treatment of
neutrino transport is needed to derive robust constraints on
g and my using SN1987a data. Such studies, which are
beyond the scope of this article, would rely on solving the
neutrino Boltzmann equation in the PNS which would also
include self-consistently neutrino interactions with baryons
and electrons in the decoupling region.

IV. CONCLUSION

Our main conclusion is that if lepton number scalars that
couple to neutrinos exist in nature they will condense to
form a superfluid in PNS. For the conditions realized inside
PNS, condensation is favored for an interesting range of
masses and couplings, and is likely to persist for several
seconds during which lepton number remains trapped. We
find that condensation dramatically alters the composition
and transport properties of hot and dense PNS matter.

This first study of lepton number superfluidity in hot and
dense matter suggests that the thermodynamic and trans-
port properties are dramatically altered. The large spatial
extent of the condensate, and shortened neutrino mean free
paths in the condensed phase, suggest that the energy
spectrum and the luminosity of neutrinos could be affected,
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especially at early times. However, identifying unique
observable signatures in the neutrino signal will require
self-consistent PNS simulations that include lepton number
scalars. Such studies could address how neutrino data from
SN1987a, and future galactic supernovae, can help either
discover or constrain a dark lepton sector. We also note that
the condensation of lepton number scalars could occur in
binary neutron star mergers as well where similar astro-
physical conditions are realized.

Our analysis in this article neglected the diagonal and
off-diagonal couplings of the scalar ¢ to y and 7 neutrinos.
Their inclusions could be interesting as it provides addi-
tional degrees to accommodate lepton number. It could
have an impact during the infall phase of core collapse [41]
and the PNS evolution studied here. These issues are being
investigated and will be reported in future works.

Finally, we note that dark superfluid of other forms could
have interesting implications in different astrophysical
settings. For instance, an additional dark superfluid com-
ponent is used to revive modified Newtonian dynamics in
explaining the dark matter in galaxies and clusters of
galaxies [42,43]. Recently, it is also hypothesized that a
dark chiral condensate in the center of galaxies may resolve
the “core-cusp” problem [44,45].
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APPENDIX: ¢ PRODUCTION RATE

Here we present an estimate for the ¢ production rate.
Defining dimensionless quantities x; = p;/T, vy = u; /T
and z = my/T, Eq. (2) can be evaluated as

2,272 foo - d
ﬁl/) = ! ¢3 / dxl / X1—y xzx -y
32r 0 2/(4xy) [6 =Y+ ]He 27+ 1]

2/ m 2 T 2
~ 109! s~ km=3 9 ¢
0% s x (10—3> (50 Mev) \30 Mev

X I(ﬂL, m¢, T)

Note that the production rate vanishes in the limit
my — 0, since we ignored the neutrino masses. Above,
T(u.my, T) denotes the result of the double integral in the
first line. To obtain a conservative estimate we may treat
neutrinos as nondegenerate. The result is shown in Fig. 8.

[1] M. Battaglieri et al., in U.S. Cosmic Visions: New Ideas in
Dark Matter (2017), https://indico.fnal.gov/event/13702/.

[2] B. Batell, T. Han, D. McKeen, and B. Shams Es Haghi,
Phys. Rev. D 97, 075016 (2018).

[3] J.M. Berryman, A. De Gouvéa, K.J. Kelly, and Y. Zhang,
Phys. Rev. D 97, 075030 (2018).

[4] T. Brune and H. Pis, Phys. Rev. D 99, 096005 (2019).

[51 A. Berlin and N. Blinov, Phys. Rev. D 99, 095030 (2019).

[6] A. de Gouvéa, P. S. B. Dev, B. Dutta, T. Ghosh, T. Han, and
Y. Zhang, J. High Energy Phys. 07 (2020) 142.

[7] C.D. Kreisch, F.-Y. Cyr-Racine, and O. Doré, Phys. Rev. D
101, 123505 (2020).

[8] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott,
Phys. Rev. Lett. 123, 191102 (2019).

[9] A. Bally, S. Jana, and A. Trautner, Phys. Rev. Lett. 125,
161802 (2020).

[10] A. Aguilar-Arevalo et al. (LSND Collaboration), Phys. Rev.
D 64, 112007 (2001).

[11] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 121, 221801 (2018).

[12] J. L. Bernal, L. Verde, and A. G. Riess, J. Cosmol. Astro-
part. Phys. 10 (2016) 019.

[13] A.G. Riess, S. Casertano, D. Kenworthy, D. Scolnic, and L.
Macri, arXiv:1810.03526.

[14] A.G. Riess, S. Casertano, W. Yuan, L. M. Macri, and D.
Scolnic, Astrophys. J. 876, 85 (2019).

[15] S.E. Woosley and T. A. Weaver, Annu. Rev. Astron. As-
trophys. 24, 205 (1986).

[16] A. Burrows, Rev. Mod. Phys. 85, 245 (2013).

[17] C.P. Burgess and J. M. Cline, Phys. Rev. D 49, 5925
(1994).

[18] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).

023026-8


https://indico.fnal.gov/event/13702/
https://indico.fnal.gov/event/13702/
https://indico.fnal.gov/event/13702/
https://doi.org/10.1103/PhysRevD.97.075016
https://doi.org/10.1103/PhysRevD.97.075030
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevD.99.095030
https://doi.org/10.1007/JHEP07(2020)142
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1103/PhysRevLett.123.191102
https://doi.org/10.1103/PhysRevLett.125.161802
https://doi.org/10.1103/PhysRevLett.125.161802
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1088/1475-7516/2016/10/019
https://doi.org/10.1088/1475-7516/2016/10/019
https://arXiv.org/abs/1810.03526
https://doi.org/10.3847/1538-4357/ab1422
https://doi.org/10.1146/annurev.aa.24.090186.001225
https://doi.org/10.1146/annurev.aa.24.090186.001225
https://doi.org/10.1103/RevModPhys.85.245
https://doi.org/10.1103/PhysRevD.49.5925
https://doi.org/10.1103/PhysRevD.49.5925
https://doi.org/10.1103/PhysRevLett.43.1566

DARK LEPTON SUPERFLUID IN PROTONEUTRON STARS

PHYS. REV. D 105, 023026 (2022)

[19] Y. Chikashige, R. N. Mohapatra, and R.D. Peccei, Phys.
Lett. 98B, 265 (1981).

[20] G.B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411
(1981).

[21] P.S. Pasquini and O. L. G. Peres, Phys. Rev. D 93, 053007
(2016); 93, 079902(E) (2016).

[22] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Rev.
Mod. Phys. 88, 015004 (2016).

[23] L. Heurtier and Y. Zhang, J. Cosmol. Astropart. Phys. 02
(2017) 042.

[24] G. Raffelt and D. Seckel, Phys. Rev. Lett. 60, 1793 (1988).

[25] S.D. McDermott, H.-B. Yu, and K. M. Zurek, Phys. Rev. D
85, 023519 (2012).

[26] A.O. Jamison, Phys. Rev. D 88, 035004 (2013).

[27] H. E. Haber and H. A. Weldon, Phys. Rev. D 25, 502 (1982).

[28] K. M. Benson, J. Bernstein, and S. Dodelson, Phys. Rev. D
44, 2480 (1991).

[29] J. 1. Kapusta and C. Gale, Finite-Temperature Field Theory:
Principles and Applications, Cambridge Monographs
on Mathematical Physics (Cambridge University Press,
Cambridge, England, 2011).

[30] M. L. Bellac, Thermal Field Theory, Cambridge Mono-
graphs on Mathematical Physics (Cambridge University
Press, Cambridge, England, 2011).

[31] A. W. Steiner, M. Prakash, J. M. Lattimer, and P.J. Ellis,
Phys. Rep. 411, 325 (2005).

[32] A. Burrows and J. M. Lattimer, Astrophys. J. 307, 178
(1986).

[33] J. A. Pons, S. Reddy, M. Prakash, J. M. Lattimer, and J. A.
Miralles, Astrophys. J. 513, 780 (1999).

[34] L. F. Roberts and S. Reddy, arXiv:1612.03860.

[35] S. Reddy, M. Prakash, and J. M. Lattimer, Phys. Rev. D 58,
013009 (1998).

[36] H. Duan, G. M. Fuller, and Y.-Z. Qian, Annu. Rev. Nucl.
Part. Sci. 60, 569 (2010).

[37] T.J. Loredo and D.Q. Lamb, Phys. Rev. D 65, 063002
(2002).

[38] Y.Z. Qian and S.E. Woosley, Astrophys. J. 471, 331
(1996).

[39] F. K. Thielemann, A. Arcones, R. Kédppeli, M. Liebendorfer,
T. Rauscher, C. Winteler, C. Frohlich, 1. Dillmann, T.
Fischer, G. Martinez-Pinedo, K. Langanke, K. Farouqi,
K. L. Kratz, I. Panov, and I. K. Korneev, Prog. Part. Nucl.
Phys. 66, 346 (2011).

[40] Y.Z. Qian and G.J. Wasserburg, Astrophys. J. 687, 272
(2008).

[41] G. M. Fuller, R. Mayle, and J. R. Wilson, Astrophys. J. 332,
826 (1988).

[42] L. Berezhiani and J. Khoury, Phys. Rev. D 92, 103510
(2015).

[43] L. Berezhiani and J. Khoury, Phys. Lett. B 753, 639 (2016).

[44] S. Alexander, J.J. Bramburger, and E. McDonough, Phys.
Lett. B 797, 134871 (2019).

[45] S. Alexander, E. McDonough, and D.N. Spergel, Phys.
Lett. B 822, 136653 (2021).

023026-9


https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1103/PhysRevD.93.053007
https://doi.org/10.1103/PhysRevD.93.053007
https://doi.org/10.1103/PhysRevD.93.079902
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1088/1475-7516/2017/02/042
https://doi.org/10.1088/1475-7516/2017/02/042
https://doi.org/10.1103/PhysRevLett.60.1793
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.88.035004
https://doi.org/10.1103/PhysRevD.25.502
https://doi.org/10.1103/PhysRevD.44.2480
https://doi.org/10.1103/PhysRevD.44.2480
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1086/164405
https://doi.org/10.1086/164405
https://doi.org/10.1086/306889
https://arXiv.org/abs/1612.03860
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1146/annurev.nucl.012809.104524
https://doi.org/10.1146/annurev.nucl.012809.104524
https://doi.org/10.1103/PhysRevD.65.063002
https://doi.org/10.1103/PhysRevD.65.063002
https://doi.org/10.1086/177973
https://doi.org/10.1086/177973
https://doi.org/10.1016/j.ppnp.2011.01.032
https://doi.org/10.1016/j.ppnp.2011.01.032
https://doi.org/10.1086/591545
https://doi.org/10.1086/591545
https://doi.org/10.1086/166695
https://doi.org/10.1086/166695
https://doi.org/10.1103/PhysRevD.92.103510
https://doi.org/10.1103/PhysRevD.92.103510
https://doi.org/10.1016/j.physletb.2015.12.054
https://doi.org/10.1016/j.physletb.2019.134871
https://doi.org/10.1016/j.physletb.2019.134871
https://doi.org/10.1016/j.physletb.2021.136653
https://doi.org/10.1016/j.physletb.2021.136653

