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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 (T ≃ 30 MeV) and contains
large densities (ρ ≃ 5 × 1014 g=cm3) of baryons and lep-
tons. Detailed simulations have shown that neutrinos are
trapped inside the PNS, and that their diffusion takes τdiff ∼
tens of seconds [15,16]. During this time, the hot and dense
PNS matter supports a large chemical potential for lepton
number (μL ¼ μνe ≃ 100–200 MeV) and a corresponding
large excess of electron neutrinos. These conditions, which

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 ϕ, will have important implications for
PNSs. For a wide range of parameter space compatible
with existing constraints, ϕ 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 ϕ through a

minimal model defined by the low-energy effective
Lagrangian [3]

Leff;int ⊃ −
gαβ
2

νανβϕ
� þ H:c: −m2

ϕϕ
�ϕ −

λ

4
ðϕ�ϕÞ2: ð1Þ

Here, gαβ is the coupling between left-handed Weyl
neutrinos να;β and the scalar ϕ that carries lepton number 2.
α; β are flavor indices and the quartic coupling λ character-
izes the strength of self-interaction among ϕ’s. In general,
gαβ may involve all three flavors e, μ, τ. However, in what
follows we focus on the flavor conserving coupling to
electron neutrinos gee ¼ g, and comment on the possible
role of couplings to μ and τ neutrinos in our concluding
remarks.
The coupling g may arise after electroweak symmetry

breaking from the effective operator ðlH̃ÞðlH̃Þϕ�=Λ2

[3,17], where l ¼ ðνe; eÞT is the SM lepton doublet, H̃ ¼
iσ2H� is the flipped SM Higgs doublet, and Λ is the high-
energy scale associated with new physics. Since the
Weinberg operator ðlH̃ÞðlH̃Þ [18] carries lepton number
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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 ≃
ðv=ΛÞ2 (v ¼ 246 GeV is the electroweak scale) is expected
to be large from the model building perspective [3,17].
Laboratory constraints on the coupling gαβ are flavor

dependent. For g≡ gee, limits from exotic meson decays
demand g≲ 10−2 when mϕ ≲ GeV, and double beta-decay
experiments require g≲ 10−4 when mϕ ≲MeV [3,6,21].
Astrophysical and cosmological bounds on the parameter
space are also quite stringent. For mϕ ≲ 10 MeV and
g≳ 10−10, a thermal population of ϕ’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−11 ≲ g≲
10−6 when mϕ ≲ 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 ϕ’s with mass mϕ ≳ 10 MeV and a coupling to
electron neutrinos in the range 10−6 ≲ g≲ 10−2 to show
that novel phenomena arise in the PNS that can probe new
physics at energy scale Λ ∼ 1–104 TeV.

II. ϕ CONDENSATION IN THE PNS

As noted earlier, the PNS is characterized by high
baryon number density nB ≃ 1–3n0, where n0 ¼
0.16 fm−3 is the nuclear saturation density, high temperature
T ∼ 20–60 MeV, and a lepton fraction YL ¼ nL=nB ≃ 0.3.

In this hot and dense environment lepton number scalars are
produced rapidly through νν → ϕ. The rate of production is
given by

dnνν→ϕ

dt
¼

Z
d3p1

2Ep1
ð2πÞ3

d3p2

2Ep2
ð2πÞ3

d3k
2Ekð2πÞ3

×
jMνν→ϕj2

2
f1f2ð2πÞ4δ4ðp1 þ p2 − kÞ; ð2Þ

where jMνν→ϕj2 ¼ 4g2ðp1 · p2Þ is the square of the tree level
matrix element, and f1;2¼ 1=ð1þ exp½ðEp1;2

−μLÞ=T�Þ are
the Fermi-Dirac distribution functions for neutrinos. For g >
10−6 and T ≃ 10 MeV, the timescale for transferring lepton
number to the ϕ particles τprod ≃ nL= _nνν→ϕ ≪ τdiff . Further,
most of theϕ’s produced have shortmean free paths due to the
inverse decay process hence are trapped and subsequently
thermalizewith the star.Qualitatively, the relaxation timescale
can be calculated as

1

τ
¼ 1

2Ekgk

Z
d3p1

2Ep1
ð2πÞ3

d3p2

2Ep2
ð2πÞ3

×
jMνν↔ϕj2

2
f1f2ð2πÞ4δ4ðp1 þ p2 − kÞ; ð3Þ

where gk ¼ 1=ðexpððEk − μϕÞ=TÞ − 1Þ denotes the Bose-
Einstein distribution function ofϕ’s. For a simple estimatewe
set all the distribution functions to 1 and find that the mean
free path of ϕ’s

λϕ¼ vτ∼10−8
�
10−3

g

�
2
�
50MeV
mϕ

�
2
�

Eϕ

60MeV

�
km: ð4Þ

Consequently, for the range of couplings considered in
this study, ϕ’s produced in PNS are in chemical and thermal
equilibrium with neutrinos.
Since ϕ carries two units of lepton number, its chemical

potential μϕ ¼ 2μL. When μϕ > mϕ, there will be a macro-
scopic occupation of ϕ’s in the zero-momentum state, and
the ground state is a Bose-Einstein condensate. In the PNS
where μL ≃ 200 MeV at early times, we can expect con-
densation for mϕ ≲ 2μL;max ≃ 400 MeV.
In the absence of repulsive forces between ϕ’s, the

density of the condensate grows rapidly in the core of the
PNS. When the total mass of bosons in the core exceeds
Mcrit ≃m2

pl=mϕ ≈ ð100 MeV=mϕÞ 10−18 M⊙ 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 ϕ must include repulsive
self-interactions. Even a small quartic coupling λ in Eq. (1)
alters the effective potential for ϕ’s [27–30],

FIG. 1. Superfluid transport of lepton number due to ϕ
condensation rapidly quenches the spatial gradients in the lepton
number chemical potential. It transforms the initial state with an
approximately constant lepton fraction YL ≃ 0.3 (depicted on the
left) to the state on the right.
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VeffðϕÞ ¼ ðm2
ϕ − μ2ϕÞϕ�ϕþ λ

4
ðϕ�ϕÞ2; ð5Þ

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

hϕi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðμ2ϕ −m2

ϕÞ=λ
q

: ð6Þ

This VEV breaks the global Uð1ÞL 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 ϕ field manifest as fluctuations around
the VEV. Denoting the massless Goldstone mode as J, and
the massive mode as σ, in the condensed phase we can write
ϕ ¼ ðf þ σ þ iJÞ= ffiffiffi

2
p

, where f ¼ ffiffiffi
2

p hϕi. The dispersion
relations for the goldstone mode (ωϕ

−) and the massive
mode (ωϕ

þ) are [27–30]

ωϕ
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
pþμ2ϕþ

λf2

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2f4

16
þμ2ϕð4E2

pþ2λf2Þ
rs

; ð7Þ

where Ep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

ϕ

q
.

The propagation of neutrinos is also modified in the
superfluid phase because ν’s directly couple to the con-
densate. When ϕ acquires a VEV, the Yukawa term in
Eq. (1) becomes

LYukawa ⊃
g

2
ffiffiffi
2

p ðf þ σ þ iJÞννþ H:c: ð8Þ

The term proportional to f, which would have led to
neutrino Majorana mass in the vacuum (μL ¼ 0), leads to
pairing of electron neutrinos near their Fermi surface. This
BCS-like pairing introduces a gapΔ ¼ ghϕi in the neutrino
excitation spectrum:

ων
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ ðp� μLÞ2

q
: ð9Þ

For the viable range of coupling g≲ 10−2, this gap is
negligible compared to the temperature in PNS.
The grand potential per unit volume for neutrinos is

Ων ¼
Z

d3p
ð2πÞ3

�
1

2
ðωνþ þ ων

−Þ

þT logð1þ e−ω
ν
þ=TÞ þ T logð1þ e−ω

ν
−=TÞ

�
; ð10Þ

and for ϕ’s is

Ωϕ ¼ f2

4
ðm2

ϕ − μ2ϕÞ −
Z

d3p
ð2πÞ3

�
1

2
ðωϕ

þ þ ωϕ
−Þ

þT logð1 − e−ω
ϕ
þ=TÞ þ T logð1 − e−ω

ϕ
−=TÞ

�
: ð11Þ

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
Eqs. (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 ϕ’s: nϕL ¼
∂Ωϕ=∂μL. For T > Tc, the lepton number resides in the
thermal population and the condensate amplitude vanishes
f ¼ 0. Note that the lepton number density in Fig. 2 is in
units ofn0, and in the PNSwhere the lepton fractionYL ≃ 0.3
we expect nL ≃ 0.1–0.3nB, and nB ≃ 1–3n0. Under these
conditions the large Tc 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 nB, T, and YL, the baryonic and
leptonic components are related by the conditions of beta
equilibrium and charge neutrality:

μn − μp ¼ μe − μL; ð12Þ

np ¼ ne: ð13Þ

Above, subscripts n, p, e denote neutrons, protons, and
electrons. Number densities ni include antiparticle contri-
butions, e.g., ne ¼ ne− − neþ . In this work we treat elec-
trons as noninteracting relativistic Fermi gas, and neglect
muons for simplicity.

FIG. 2. Critical temperature of the superfluid in a gas comprised
solely of ϕ’s.
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To obtain the composition of hot and dense matter in
equilibrium we need to specify a baryonic equation of state
Eðnn; np; TÞ, the nuclear energy density as a function of the
neutron and proton number densities, and the temperature.
For a given Eðnn; np; TÞ, the nucleon chemical potentials are
given byμn¼ð∂Eðnn;npÞ=∂nnÞnp;T, and μp ¼ ð∂Eðnn; npÞ=
∂npÞnn;T . In what follows we employ the Skyrme energy
functional Eðnn; np; TÞ discussed in Ref. [31].
In Fig. 3 we show the constituent particle fractions in the

presence of ϕ’s at nB ¼ n0, T ¼ 20 MeV, and YL ¼ 0.3.
The individual number densities are determined by chemi-
cal potentials μn, μp, μe, and μL which are obtained by
solving Eqs. (12) and (13), subject to the lepton number
budget

nL ¼ nBYL ¼ ne þ nνL þ nϕL;

where nνL ¼ ∂Ων=∂μL denote lepton number densities
carried by ν’s.
Effects of ϕ’s on dense matter composition shown in

Fig. 3 can be understood by noting that the condensate
amplitude decreases with increasing mϕ. For a given value
of mϕ, the condensate amplitude is calculated using Eq. (6)
and we have set λ ¼ 1. For small mϕ, 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 ν’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 mϕ, the lepton number in the condensate is
smaller and vanishes when mϕ ≥ 2μL. For the chosen
parameters, this occurs atmϕ ≃ 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 mϕ ≲

100 MeV the ϕ 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 YL ≃ 0.3 in the bulk of the PNS, and μL ≃
200 MeV in the PNS core. The baryon density, temperature
and lepton fraction profiles that roughly correspond to the
state of the PNS at t ≃ 1 s (see Fig. 1 of Ref. [34]) are
shown in the top panel of Fig. 4. The spatial gradient of μL
drives deleptonization by neutrino diffusion and simula-
tions suggest that it takes about 20 seconds for μL 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, ϕ 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 τ ≪ τdiff without
the associated Joule heating. Consequently, the PNS is

FIG. 3. PNS composition as a function of mϕ at nB ¼ n0
assuming T ¼ 20 MeV and YL ¼ 0.3. The green curve and red
curve represent lepton number carried by the condensate and
thermal ϕ’s respectively. We took λ ¼ 1. For mϕ ≳ 230 MeV the
L budget can no longer support the superfluid in this scenario.

FIG. 4. Superfluid transports L towards the surface of the star.
Solid curves in the lower panel are obtained by distributing
NL;tot ≈ 4 × 1056 according to Eq. (14) in a 1.4 M⊙ star. The
underlying temperature, baryon number, and lepton chemical
potential profiles are shown in the top panel. We chose
mϕ ¼ 50 MeV, g ¼ 10−3, and λ ¼ 1.
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characterized by a constant lepton number chemical poten-
tial in the star’s gravitational field,

μLðrÞ
ffiffiffiffiffiffiffiffiffiffiffi
gttðrÞ

p
¼ μ0L ¼ const; ð14Þ

where μLðrÞ is the local chemical potential, and gttðrÞ is the
time-time component of the metric tensor. The value of μ0L
is set by the total lepton number (NL;tot) in the star which at
early times is NL;tot ≈ 3–5 × 1056.
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 μLðrÞ satisfies Eq. (14). To obtain metric
functions we solved the Tolman-Oppenheimer-Volkoff
equation assuming the Skyrme equation of state mentioned
earlier. At fixed NL;tot, curves shown in the top panel reveal
that μLðrÞ 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 T and μL, 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 mϕ ¼ 50 MeV and
λ ¼ 1. We find that the superfluid can extend to large radii
at early times for mϕ ≲ 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 νe and ν̄e mean free paths are altered.
In particular, we find that the mean free path due to the
Cherenkov process ν → νJ,

1

λðEpÞ
¼ 1

Ep

Z
d3p0

2Ep0 ð2πÞ3
d3k0

2Ek0 ð2πÞ3
× jMν→νJj2ð1 − fp0 Þð2πÞ4δ4ðp − p0 − k0Þ; ð15Þ

is significantly shorter than other processes previously
considered. In Eq. (15), p ¼ ðEp;pÞ is the four-momentum
of the initial neutrino, and p0, k0 are the four-momenta of
the neutrino in the final state and the Goldstone boson,

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

with velocity vJ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμ2ϕ −m2

ϕÞ=ð3μ2ϕ −m2
ϕÞ

q
< 1 at small

momenta. However, with increasing momenta, when jk0j ≳
hϕi the dispersion relation resembles the vacuum mode of
ϕ’s and the process is kinematically forbidden. We there-
fore require that jk0j ≲ hϕi 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 νe and ν̄e mean free paths
suggests that they will not contribute to energy transport in
the PNS. However, in our scenario since μ and τ 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 RL, is sensitive to the net lepton number in the
star and mϕ. From Fig. 4, we see for mϕ ≃ 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.

FIG. 5. Neutrino mean free paths at nB ¼ n0 in the condensate
depicted in Fig. 4, where T ≈ 27 MeV and μL ≈ 30 MeV. As Eν

increases, ν → νþ J becomes forbidden at sufficiently large
Goldstone momenta (see main text), resulting in the rising tail for
the Cherenkov mean free path.
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The electron neutrino mean free path in the region r >
RL due to the reaction νeνe → ϕ given by

λ−1νe ðE1Þ ¼
1

2E1

Z
d3p2

2Ep2
ð2πÞ3 f2

d3k
2Ekð2πÞ3

× jMνν→ϕj2ð2πÞ4δ4ðp1 þ p2 − kÞ;

¼ g2m2
ϕT

8πE2
1

log

�
1þ ηνe exp

�
−

m2
ϕ

4E1T

��
ð16Þ

is very short at early times due to the high temperature
encountered in the PNS. Here, ηνe ¼ exp ðμL=TÞ ≃ 1 is the
neutrino degeneracy factor, and E1 is the energy of the
neutrino.
Figure 6 shows contours of constant neutrino mean free

path for g ¼ 10−5 and neutrino energy Eν ¼ 3T in the g −
mϕ plane. At the high temperatures realized in the PNS at
early times, the νe mean free path is significantly shorter than
the mean free paths of μ and τ neutrinos that contribute to
cooling. However, the νe mean free path increases exponen-
tially at low temperature. The short νe mean free paths at high
temperature and its steep temperature dependence at low
temperature (T=mϕ ≲ 0.1) imply that lepton number trans-
port in the region r > RL will accelerate rapidly as the PNS
cools to T ≲mϕ=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 mϕ and large coupling g, the reactions νeνe ↔
ϕ and ν̄eν̄e ↔ ϕ� 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 mϕ − g parameter
space that will impact neutrino decoupling. First, we shall
assume that all neutrinos decouple from a neutrino-sphere
of radius Rν. 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 > Rν is given by

fðEν; r; μÞ ¼ fνðEνÞξ2
Θðμ −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
Þ

1 −
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ; ð17Þ

where ξ ¼ Rν=r < 1, μ ¼ cos θ and θ is the angle mea-
sured with respect to the radial direction. Here, fνðEνÞ is
the Fermi-Dirac distribution function at the neutrino-sphere
which is characterized by temperature Tν. The Heaviside
step function ensures that the neutrino flux becomes
increasingly forward peaked for r > Rν, and the factor
ξ2 accounts for the dilution.
The inverse mean free path of electron neutrinos with

energy E1 propagating in an anisotropic neutrino distribu-
tion can be calculated similar to Eq. (16), with f2 replaced
by fðEν; r; μÞ from Eq. (17). It is found that λνeðE1; rÞ ¼
λνeðE1Þ=GðξÞ where

λ−1νe;ν̄eðE1Þ ¼
g2m2

ϕT

8πE2
1

exp

�
−

m2
ϕ

4E1Tν

�
; ð18Þ

and

GðξÞ ¼ ξ2

1 −
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p exp

�
−

m2
ϕ

4E1Tν

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
1 −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ��
:

ð19Þ

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 ηνe ¼ eμL=T ≈ 1 in the

FIG. 6. Contours of constant neutrino mean free path. Results
shown were obtained for g ¼ 10−5, ηνe ¼ 1 and neutrino
energy E1 ¼ 3T.
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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 ηνe 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 ηνe ≃ 1 in the decoupling region. This suggests
the νe and ν̄e mean free paths will be similar in the
decoupling region.
To model the decoupling of νe and ν̄e 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 Rν≃
½Lν=ð78 12 4πσSBT4

νÞ�1=2, where Lν is the neutrino luminosity,
Tν is the decoupling temperature and σSB ¼ 1.02 ×
1036 erg=MeV4=cm2=s is the Stefan-Boltzmann constant.
The optical depth of a typical electron antineutrino with
thermal energy Eν ¼ 3Tν is given by

τD ¼
Z

∞

Rν

dr
λν̄eð3Tν; rÞ

¼ Rν

λν̄eð3TνÞ
Z

1

0

dξ
GðξÞ
ξ2

¼ Rν

λν̄eð3TνÞ
Z

1

0

dξ

1 −
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
× exp

�
−

m2
ϕ

12T2
ν

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
1 −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ��
: ð20Þ

Assuming that neutrino decoupling occurs at an optical
depth τD ¼ 2=3, and for a given luminosity, we can use
Eq. (20) to estimate the ν̄e decoupling temperature, Tν. In
Fig. 7 we plot contours of constant Tν in the g −mϕ plane.
The results suggest that the reaction νν → ϕ can influence
the neutrino decoupling whenmϕ ≲ 50 MeV and g≳ 10−6.
Further, since the analysis of neutrino events from
SN1987a favors Tν ≳ 3 MeV [37], the parameter space
to the left of the contour labeled Tν ¼ 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 νeνe ↔
ϕ and ν̄eν̄e ↔ ϕ�, we should expect the νe and ν̄e spectra to
be similar. This could have important implications for
supernova nucleosynthesis because differences between νe
and ν̄e spectra are known to alter the proton fraction of the
matter ejected from PNSs [38]. If νe and ν̄e 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].

From Eq. (18) we can also deduce that neutrino-neutrino
interactions are exponentially sensitive to the neutrino
energy when E1 ≪ m2

ϕ=4Tν. 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 mϕ 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,

FIG. 7. Contours of constant decoupling temperature for
electron antineutrinos with Lν̄e ¼ 3 × 1051 erg=s. In the disfa-
vored region where T ≲ 3 MeV, Rν ≳ 15 km is consistent with
our assumption that the (anti)neutrino decoupling is determined
by (ν̄eν̄e ↔ ϕ�) νeνe ↔ ϕ.
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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 ϕ to μ and τ 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: ϕ PRODUCTION RATE

Here we present an estimate for the ϕ production rate.
Defining dimensionless quantities xi ¼ pi=T, y ¼ μL=T
and z ¼ mϕ=T, Eq. (2) can be evaluated as

_nϕ ¼ g2m2
ϕT

2

32π3

Z
∞

0

dx1

Z
∞

z=ð4x1Þ

dx2
½ex1−y þ 1�½ex2−y þ 1�

≈ 1061 s−1 km−3 ×

�
g

10−3

�
2
�

mϕ

50 MeV

�
2
�

T
30 MeV

�
2

× IðμL;mϕ; TÞ:

Note that the production rate vanishes in the limit
mϕ → 0, since we ignored the neutrino masses. Above,
Iðμ; mϕ; TÞ 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.
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