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Electroweak stars: how nature may capitalize on the standard model’s ultimate fuel
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We study the possible existence of an electroweak star – a compact stellar-mass object whose
central core temperature is higher than the electroweak symmetry restoration temperature. The
source of energy of the electroweak star is standard-model non-perturbative baryon number (B) and
lepton number (L) violating processes that allow the chemical potential of B + L to relax to zero.
The energy released at the core is enormous, but gravitational redshift and the enhanced neutrino
interaction cross section at these energies make the energy release rate moderate at the surface of
the star. The lifetime of this new quasi-equilibrium can be more than ten million years. This is long
enough to represent a new stage in the evolution of a star if stellar evolution can take it there.

PACS numbers: 04.50.Kd

Introduction. The last stage of the evolution of a
star whose original mass was below the Chandrasekhar
limit is believed to be a neutron star. A neutron star
has no active energy source which balances the force of
gravity. Instead, it is supported by degeneracy pres-
sure, which arises due to the Pauli exclusion principle.
However, this pressure can support only neutron stars
lighter than about 2.1M⊙, which is known as the Tolman-
Oppenheimer-Volkoff limit. Neutron stars heavier than
this limit eventually become black holes.

Recent studies point out the existence of a state be-
tween the neutron star and black hole. It is called a
quark star. This state owes its existence to the QCD
phase transition in which the original nuclear matter be-
comes quark matter. This process can release 1053 erg in
about 10−3 to 10−2s [1, 2] in the form of νν̄ bursts. While
this a huge amount of energy, it is released in too short
a time to provide the pressure to prevent gravitational
collapse. After this energy release, a star containing ef-
fectively only three quark flavors (u,d,s) can exist in a
stable equilibrium where the pressure is provided by the
Pauli exclusion principle. However, at higher densities
where four or more quark flavors are present, quark mat-
ter cannot avoid gravitational collapse.

Since in the gravitational collapse matter gets com-
pressed to ever increasing densities/temperatures, it is
natural to explore what could happen at the electroweak
phase transition, the next (and last) within the standard
model. In the standard model, both baryon and lep-
ton number U(1) global symmetries are accidental, con-
served perturbatively, but violated by non-perturbative
processes such as those mediated by instantons. At tem-
peratures well below the electroweak symmetry-breaking
scale, T <∼ 100GeV, these non-perturbative processes are
suppressed by the extremely small factor e−8π/α (giving,
for example, a proton life-time of 10141yrs [3]). (Note,
unless otherwise indicated we shall employ natural units

where ~ = c = kB ≡ 1.) However, above this scale,
baryon and lepton number violating processes are ex-
pected to be essentially unsuppressed (although the com-
bination B − L remains conserved). Quarks can then be
effectively converted into leptons. In this process, which
we call electroweak burning, huge amounts of energy can
be released.

Let us assume that in the core the temperature is
above, or at least very near, the weak scale, and the mat-
ter density is also comparable ρ >∼ (100GeV )4. At these
densities, the matter is opaque even to neutrinos and the
energy released at the center cannot stream freely out
of the star. Nevertheless, the energy can be carried out,
mostly by neutrinos and anti-neutrinos. These can also
carry out any excess anti-lepton number generated in the
electroweak burning, and thus prevent the lepton num-
ber chemical potential from halting the consumption of
the baryon number. This mechanism can likely provide
a stable energy source which can counteract gravity for
a while. In this paper, we study the inner structure of
such a star and calculate its lifetime. We find that this
new phase can last up to 1015s, which is long enough
to give a new name to this type of stars - electroweak
stars. Future work will consider questions of stability,
of evolution – if and when the electroweak star arises
in the late-phases of evolution of ordinary stars – of the
structure of the outer cooler layers, and of observational
signatures of these objects.

Density, pressure, and particle number density inside

the electroweak star. We separate the core of the elec-
troweak star into three regions, as shown in Fig. 1. The
central region is hotter and denser than the electroweak
symmetry restoration temperature (T >∼ 100GeV). This
region is very dense (ρ > 108GeV4), but small (several
cm). We find that the total mass inside this region is
∼ 5× 10−6M⊙. Since the lepton and baryon number are
not conserved in this region, but B − L is, baryons are
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freely transformed to anti-leptons so long as it is ther-
modynamically favorable to do so. A SU(2)-preserving
instanton interaction can convert 9 quarks into 3 anti-
leptons [4], for example:

udd css tbb → ν̄e, ν̄µ, ν̄τ (1)

and all B−L and electromagnetic charge conserving vari-
ations involving quarks, anti-quarks, neutrinos, antineu-
trinos and charged leptons.

At these temperatures each particle carries about
100GeV of energy, so this process can release about
300GeV per neutrino. This energy flows out of the cen-
tral core, and eventually out of the star. However, in
the central region, the mean free paths of all particles
are short compared to the size of the star. The energy
must therefore diffuse out of the central core. Similarly,
the non-perturbative B-violating processes, while reduc-
ing B, reduce L. Initially B − L > 0 in stars, because
neutrinos escape, and thus there are more neutrons plus
protons than there are electrons. Thus, the B-violating
processes would cause an anti-lepton number to build up.
This must either stop the burning, or be carried out of
the core by a flux of anti-leptons. Outside the central
core, baryon and lepton number are conserved. The den-
sity falls with increasing radius, and particle mean free
paths increase, however, they are still too short for parti-
cles to stream freely out of the star. Eventually, however
we reach the star’s neutrino-sphere, where the neutrino
(and anti-neutrino) mean free path is long enough for
these particles to flow freely. (This is well within the ra-
dius at which the same is true of photons.) The neutrinos
and anti-neutrinos carry off not just most of the energy
produced in the core burning region (the rest is carried
off by photons), but also the lepton number, thus permit-
ting the burning to continue. Since the fuel is predomi-
nantly baryons not anti-baryons, resulting in the produc-
tion of an excess of anti-leptons over leptons, there will
be a greater flux of anti-neutrinos than neutrinos from
the star. But the excess is very small. This may be a
signature of this phase – albeit a rather difficult one to
detect. An eventual discovery of anti-neutrino flow from
a compact star can be a hint for the electroweak star.

The size of a quark star is about 10km, while its mass
is about 1M⊙. The electroweak core cannot significantly
change the region outside the core. We use the so-called
“bag model” [5] as an approximate solution of the region
outside the core. The pressure and energy density are [6]

P =
∑

i

pi − B (2)

ǫ =
∑

i

ǫi + B. (3)

Here, P is the total pressure, pi is the partial pressure
of particle i, B is the bag energy density, ǫ is the total
energy density, and ǫi is the energy density of particle
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FIG. 1: The structure of an electroweak star. We separate the
core of the star into three regions: I. central core where the
electroweak symmetry is restored, II. region where the high
energy neutrinos are trapped, III. region from which high en-
ergy neutrinos can escape. Neutrinos will be emitted between
the regions II. and III. Photons are emitted at the surface of
the star. We find the size of the core to be at most several
cm.

i. The subscript i runs over all types of particles. We
choose the specific value B1/4 = 145MeV. The condition
for electric charge neutrality is

∑

i qini = 0. Here, qi is
the charge of the particle i. The pressure, energy density,
and number density of particles can be well approximated
from an ideal gas distribution:

pi =
gi

6π2

∫ ∞

mi

dE(E2 − m2
i )

3/2fi(E) (4)

ni =
gi

2π2

∫ ∞

mi

dE(E2 − m2
i )

1/2Efi(E)

ǫi =
gi

2π2

∫ ∞

mi

dE(E2 − m2
i )

1/2E2fi(E).

Here, gi is the number of degrees of freedom of particle
i (e.g. g = 2 for leptons and g = 6 for quarks), mi is
the mass of the particle, µi is the chemical potential of
the particle and T is the temperature. The distribution
function is

fi(E) =
1

1 ± e(E−µi)/T
(5)

for bosons and fermions.
Outside the central region I, baryon and lepton num-

bers are conserved. We assume for simplicity that the
chemical potentials of the left- and right-handed fermions
are the same, and that all fermions of the same flavor
have the same chemical potential. An antiparticle has
the chemical potential of the opposite sign. The interac-
tion d → u + e + ν̄e indicates that µd = µu + µe − µν .
We also assume µν = 0 outside the electroweak core, so
that neutrinos or anti-neutrinos can propagate away, and
use 1 to add the condition, µu +2µd + µν = 0, inside the
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FIG. 2: The pressure, energy density and particle number
density change with the radius of the star. The total radius
of the star is about 8.2km, while the mass is about 1.3M⊙.

electroweak core. We then calculate the structure of the
star according to the Oppenheimer-Volkoff equation [7]

dP

dr
= − (ǫ + P )(M + 4πPr3)

r2(1 − 2M/r)
, (6)

dM

dr
= 4πǫr2. (7)

gtt = (1 − 2Mstar

Rsurface
)e−

R

P(r)
0

2dP

P+ǫ (8)

grr =
1

1 − 2M(r)
r

(9)

Rsurface is radius of the star. Mstar is the mass of the star.
Since we are dealing with very dense objects, general rel-
ativistic effects described by the metric components gtt

and grr will be important. We assume that the energy
density is much higher than B4. The equation of state
does not change much and is approximately ǫ = 3P .

We now study a particular case with the total size of
the star of about 8.2km and its mass 1.3M⊙. Because of
the properties of fermi statistics, fermions can have large
energies at T = 0. In that case the energy of neutrinos
is not proportional to the temperature, instead it is pro-
portional to the chemical potential µν . At such a small
radius, the solution for the profile function of the energy
density is very close to Tolman’s static solution of Ein-
stein’s equations for a sphere of fluid [8], i.e. ǫ ∝ r−2.
We can use this profile to estimate the size of the central
core. From Fig. 2, we can see that the size of the cen-
tral electroweak core can be at most several cm (this is
the distance at which the density falls below 100GeV4)).
Such a dense star cannot be stable and would collapse in
the absence of an internal energy source. [6]. The non-
perturbative electroweak interactions provide that source
of energy. Meanwhile as the baryons are burned, gravi-
tational collapse brings more material to the central part
of the core feeding the fire. We assume that eventually
a quasi-equilibrium between the burning and the refuel-
ing is achieved. If so, the star enters a quasi-stable state
that can last for a while. The question of stability will
be addressed in future work.

Location of the neutrino-sphere Neutrinos near the
central region have very high energies (but below the
weak scale) and the local density is extremely high. Their
mean free path in this region is thus very short, and they
cannot stream freely from the star. However, as the lo-
cal density falls with radius, and the neutrinos’ average
energy decreases, their mean free path increases. We de-
fine the neutrino escape radius (as a function of neutrino
energy) as the distance from the center at which a neu-
trino with that energy has a mean free path greater than
the thickness of the overlying matter and can therefore
escape the star. The neutrino-sphere is the set of such
spherical shells for neutrinos of energies characteristic of
the local temperature.

Now we study the neutrino mean free path in dense
media as presented in [9]. We assume that the cross
section of neutrino scattering is [10]

σi ∼
G2

F s

π
∼ G2

F EνEi

π
. (10)

Here, GF ∼ 1.166 × 10−5GeV−2 is Fermi constant, s is
the center of mass energy, Ei is the energy of the particle
i, while Eν is the neutrino energy. The mean free path is

1

λ
=

∑

i

σini (11)

Unlike ordinary stars (even neutron stars), particles
propagating through the electroweak stars suffer large
gravitational redshift. Thus Eν is not a constant, but
changes as

Eν(r) =

√

gtt(r0)√
gtt(r)

Eν(r0). (12)

The redshift ratio is shown in Fig 3. Obviously, the red-
shift effect near the center is much larger than at the
surface. Since inside the star ǫ ∼ 3P , the redshift can be
estimated from Eq. (8). It is

Eν ∼
(

P (r)

P (r0)

)1/4

Eν(r0) (13)

The pressure is about (100GeV)4 near the center, and
about (100MeV)4 near the surface (before the bag en-
ergy changes the pressure a lot). Therefore, a particle re-
tains only a fraction 10−3 of its original energy. Though
instanton processes release huge amounts of energy at
the center, the star emits much more moderate amounts.
The result is shown in Fig. 4. A particle with the origi-
nal energy of 100GeV near the center indeed carries only
165MeV as it leaves the surface.

We now use this energy corrected for the redshift to
calculate the mean free path on the surface. From Eq.
(10) and Eq. (11) the mean free path on the surface is

1

λ
∼ G2

F ǫ

π
Eν(Rsurface) (14)
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FIG. 3: The redshift factor
p

gtt(r) vs. radius of the star. The
redshift near the center is much larger than at the surface. A
particle with the original energy of 100GeV near the center
carries away only 165MeV as it leaves the surface.

10-5 10-4 10-3 10-2 10-1 100 101
102

103

104

105

En
er

gy
 (M

eV
)

radius (km)

FIG. 4: Neutrino energy as a function of the distance from
the center where only effects of gravitational redshift are taken
into account (no energy loss due to interactions). The energy
on the surface is about 1000 times smaller than the original
energy at the center.

Eq. (14) yields λ ∼ 1012MeV−1 ∼ 10−4km. A neutrino
with this energy cannot leave the star freely, and must
lose its energy while propagating from the center to the
surface. However, when we take the redshift into account,
the neutrinos have roughly the same energy as the back-
ground they are propagating in. The consequence will
be that the neutrinos do not lose much energy in the en-
ergy transport process. This is true in general for the
other types of particles. If a particle has the energy den-
sity ǫ, its energy can be estimated as ∼ ǫ1/4 ∼ P 1/4.
Comparing this with Eq. (13), the energy of a neutrino
decreases with the distance the same way as the back-
ground. Thus, the neutrinos coming from the center and
arriving to a certain point inside the star have roughly
the same energy as the neutrinos that were emitted by
thermal processes at that point.

We would like now to estimate the (neutrino) lumi-
nosity of the electroweak star. The maximum luminosity
can be obtained from the black-body radiation at the
neutrino-sphere

Lν ≤ LbbǫνπR2
nrs (15)

This places an upper bound of about 3×1041MeV 2 = 7×

1056erg/s. At this rate it would take less than a second
to release 1M⊙. Fortunately, 15 is a severe over-estimate
of the luminosity. It does not take general relativity into
account, nor does it allow for the fact that the luminosity
depends not just on the temperature and density at the
neutrino-sphere but also on their gradients, since those
determine the net outward flux of energy.

First we will estimate the energy release rate when we
include redshift effects in calculating the ratio dE/dt. An
upper bound on the energy release rate can be obtained
from the free fall time of the incoming quark shell into the
electroweak-burning core. This determines the maximum
rate at which the electroweak core burning can be fed.
The free fall acceleration over a short distance given by
the mean free path λ is roughly given by a = Mew/r2

ew,
where rew refers to a radius one mean free path (λ) away
from the electroweak core (relativistic corrections will not
change the result significantly). Therefore, the energy
release rate can be no more than

(

dE

dt

)

max

∼ 4πr2
ew

√

2λM(rew)

r2
ew

ǫ(rew) gtt(rew), (16)

This is just 1027MeV2, which is already much lower than
the earlier upper limits obtained from 15. We compare
this rate with the electroweak baryogenesis interaction
rate [11]

dEw

dt
∼ 4πr2

ew × 20α5
ewT 4 (17)

This rate is about 1034MeV2, which is much larger than
the rate in (16). Therefore we can reasonably assume
that as quarks reach the electroweak core, they are con-
verted into neutrinos instantaneously. Otherwise, the in-
falling matter would pile up and form a black hole. We
note however, that a more detailed analysis must be per-
formed to follow the time evolution of this system.

One intriguing possibility is that the authors of [14]
and [15] are correct that gravitational collapse of a stellar
mass does not result in a black hole but in an object of
very high density and temperature toward its center. In
this case, the ignition of core baryon-burning will indeed
result in an electroweak star.

We now calculate the energy release rate at infinity (or
intensity) more accurately taking into account the trans-
port of energy through the star. Gravitational redshift
and time delay along with the enhanced neutrino interac-
tion cross section at these energies will affect the energy
transport through the star and make the energy release
rate moderate at the surface of the star. The relativistic
transport of energy can be described by

4πr2λ
d(S(r)gtt(r))
√

−grr(r)dr
= −L. (18)

Here S(r) ≡ dE/(dtdA), where A is area, is the energy
flux at the radius r, while L ≡ dE/dt is the energy inten-
sity at infinity (which is practically about the same order
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FIG. 5: The energy release rate vs. neutrino release radius:
The energy release rate increases with the radius of the neu-
trino release shell. The maximum energy release rate is on
the surface, but there it exceeds the limit from the quark
shell free fall into the electroweak core (which minimizes the
denominator in (15)). This implies that the neutrino release
shell must be inside the star.

as the intensity at the neutrino release shell). The factor
gtt(r) describes both the redshift and time delay. The
energy flux S(r) can be found from the energy density ǫν

given by (4) knowing the energy (i.e. chemical potential)
of neutrinos Eν . The metric coefficients are given by (6).
It is then straightforward to calculate L. Fig. 5 shows the
intensity L as the function of the radius of the neutrino
release shell. Larger radius implies lower energy density,
which means that higher energy neutrinos can escape.
The energy release rate therefore increases with the ra-
dius of the shell and it is maximal at the surface of the
star. However, there it exceeds the limit from the free
fall. This implies that the neutrino release shell must be
inside the star. We now perform one more consistency
check. At the neutrino release shell the following must
be true, 4πr2S(r)gtt(r) = L. From there we can find
the energy at the central electroweak core needed to sup-
port a certain intensity at the surface of the star. Fig. 6
shows the results. Higher energy release rate needs the
source of higher energy. If the neutrino release radius
is 8.1km, then the neutrino energy must be larger than
300GeV. We therefore conclude that the radius of the
neutrino release shell must less than 8.1km. If the neu-
trino escape radius is about this size, the energy release
rate is about 1024MeV2. Integrating this, we find that it
takes about 1015sec (10 million years) to release energy
equivalent of 1M⊙. This is the minimal life-time of the
electroweak star. This also implies that electroweak stars
are not likely to be visible to us in neutrinos. At 1kpc
a neutrino source of this luminosity emitting predomi-
nantly 100MeV neutrinos would produce a flux of just
103/m2s. This implies that we must reliably character-
ize the photon luminosity before we can determine how
best to observe an electroweak star.

In our calculations we neglected the fact that some
fraction of energy is carried away by photons, since they
have shorter mean free path. Further, though the net
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FIG. 6: The neutrino energy at the surface of the central
electroweak core vs. the radius of the neutrino release shell.
From Fig. 5 we that the energy release rate increases with the
radius. Higher energy release rate needs the source of higher
energy. The energy of neutrinos therefore increases with the
radius of release shell. However, the energy is already larger
than 500GeV at 8.2km. The star cannot support this amount
of energy implying that its radius must be smaller than that.

lepton number is conserved in this region, the number of
neutrinos and antineutrinos are not conserved. We also
ignored the effects of energy transport due to convection.
Finally, neutrino energy was calculated from the chemi-
cal potential change, instead of the temperature change.
However, we assume that these effects will not change
the order of magnitude estimate.

Conclusions. We studied the possibility of the ex-
istence of a new phase in the stelar evolution. After
all of the thermonuclear fuel is spent, and possibly af-
ter the supernova explosion, but before the remaining
mass crosses its own Schwarzschild radius, the temper-
ature of the central core may surpass the electroweak
symmetry restoration temperature. At this point, non-
perturbative baryon-number violating interactions in the
ordinary SU(2)xU(1) electro-weak Standard Model be-
come unsuppressed. The consequent relaxation of the
stellar baryon number chemical potential, i.e. the con-
version of baryons to anti-leptons, may provide a source
of pressure which can balance gravity. We constructed
a solution to TOV equation whose central pressure is
non-singular (and thus not a black hole). We showed
that the in-falling matter gets converted into neutrinos
at the rate much faster than the free-fall rate, which
indicates that the mater burns before crossing its own
Schwarzschild radius (assuming that the core is not
within the Schwarzschild radius itself). Our analysis
shows that lifetime of this new phase is at least 10 million
years which we propose to call an electroweak star. We
emphasize that the electroweak star (unlike the recently
proposed dark star which would be supported by dark
matter annihilation [13]) relies only on Standard Model
physics for its existence.

Electroweak stars would be an exciting addition to the
diverse menagerie of astrophysical bodies that the uni-
verse provides. Nevertheless, considerable work remains
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to be done before we can claim with confidence that such
objects will form in the natural process of stellar evolu-
tion, or that they will indeed burn steadily for an ex-
tended period. Similarly, since it seems unlikely that the
flux of neutrinos would be detectable, assessing the visi-
bility of these fascinating new objects requires a careful
modeling of their outer structure to determine the photon
luminosity and spectrum.
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