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Spin Light of neutrino in polarized matter
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Abstract: The Spin Light of neutrino (SLv) is electromagnetic radiation produced by the neutrino magnetic mo-

ment when a neutrino moves under external conditions, such as fields or matter. This effect may be significant in the

extremely dense matter of compact astrophysical objects, such as neutron stars (NS). If detected, this radiation could

provide a valuable opportunity to study the properties of neutrinos and of the medium through which they move, be-

cause the properties of the radiation depend on both. Motivated by the possibility of nuclear matter spin polarization,

in this paper, we study the new properties of SLv that arise under the influence of net matter polarization. We

demonstrate that polarization can either enhance or completely suppress the radiation. It also introduces a character-

istic asymmetry into the total radiation from the compact object, which could be an observable feature depending on

the matter polarization and the magnetic field inside the star, if the field is connected to the stellar matter polariza-

tion. This research may have implications for the physics of NS and magnetars, bringing us closer to the possibility

of studying their internal structure.
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I. INTRODUCTION

The neutrino is one of the key topics in modern re-
search on fundamental interactions and cosmology. This
elementary particle is associated with direct evidence for
the existence of "New Physics" beyond the Standard
Model (SM) of elementary-particle interactions: the phe-
nomenon of neutrino oscillations, for the definitive proof
of which the 2015 Nobel Prize in Physics was awarded.
In space physics and astrophysics, the neutrino plays an
important role in many highly relevant problems, both in
the recent past, such as the model of nuclear reactions in
the Sun, and at present, including the mechanism of ultra-
high-energy cosmic-ray generation and the theory of su-
pernova explosions [1, 2].

Because the neutrino interacts extremely weakly with
other particles, its fundamental parameters remain largely
uncertain; however, oscillation experiments clearly indic-
ate the existence of neutrino mass. In contrast to the SM,
in which the neutrino is massless and does not participate
in electromagnetic interactions, a nonzero mass provides
grounds for assuming the presence of nontrivial electro-
magnetic properties [3]. Thus, even in the simplest exten-
sion of the SM with neutrino mass (the so-called minim-
ally extended Standard Model), the Dirac neutrino has a
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magnetic moment
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where e is the absolute value of the electron charge, m is
the neutrino mass, and ug = e¢/2m, is the Bohr magneton.
The neutrino electric charge is expected to be vanish-
ingly small; it remains exceptionally small even within
the framework of more specific theories beyond the SM
[4]. Current experimental constraints on the neutrino
magnetic moment are at the level of u<(2.8-2.9)x
107" ug [5, 6], while more stringent constraints have been
obtained from astrophysical data: u < (1.1-2.6)x 107"%ug
[7-9].

Although apparently very small, the neutrino magnet-
ic moment can lead to important phenomenological con-
sequences. A well-known example is neutrino spin oscil-
lations and spin-flavour oscillations, which are associ-
ated with changes in neutrino helicity under external con-
ditions, such as a magnetic field or a matter environment.
This effect has previously been invoked in attempts to ex-
plain the solar-neutrino problem, and on its basis a satis-
factory theory of Type II supernova explosions is still be-
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ing sought.

Another phenomenon directly related to the magnetic
moment is the S Ly in matter, which has been studied in a
series of papers [10—14]. The effect consists of the emis-
sion of electromagnetic waves by the neutrino magnetic
moment during transitions of neutrinos between their
quantum states in a medium. Owing to the net interaction
with background particles, the corresponding energy
levels become spin-dependent, and the energy gap arising
between them powers the process. As a result, during the
transition the neutrino changes its helicity, which gives
the effect its name. This radiation has been studied in de-
tail for various types of astrophysical media [15]. It has
been shown that it can be sufficiently effective to be of
potential interest under certain conditions associated with
compact astrophysical objects, such as proto-neutron stars
of supernovae, neutron stars, gamma-ray bursts, and
third-family compact stars. This circumstance is connec-
ted with the fact that in these environments the density
reaches its highest values, which, together with the as-
sumption of ultra-high neutrino energy, makes it possible
to "compensate" for the extremely small value of the
neutrino magnetic moment. These settings are also inter-
esting because, within them, the S Lv has specific polariz-
ation properties that can be used to distinguish this kind
of radiation from other types.

The most promising objects for the strongest mani-
festation of the S Lv have been shown to be neutron stars
(NSs) and gamma-ray bursts (GRBs) [16, 17]. For in-
stance, in the most optimistic scenario, the emission time
in a NS may attain the value 7g;, ~300 s for a neutrino
energy of E, ~ 10 PeV. The relevant astrophysical sites
may include galaxy clusters, which are thought to pro-
duce neutrinos of ultra-high energies [18]. It should also
be noted that an even higher SLv emission rate can be
achieved in hypothetical third-family compact stars,
whose density could exceed the nuclear saturation dens-
ity np = 1.6 x 10*® cm™ characteristic of NSs.

The studies mentioned above contained a straightfor-
ward calculation of the SLv process in uniform matter,
where the number density was its only characteristic.
However, more complex matter configurations may af-
fect the neutrino states and alter the results. One such
possibility is the relativistic motion of matter occurring in
GRB:s. In this case, the main feature added to the SLv is
amplification due to the Lorentz increase in the number
density, n — yn, where y =1/ V1 -2 and v is the matter
velocity [19]. Owing to the quadratic dependence of the
process on n, its efficiency can be increased almost ten-
fold.

Another factor that can affect neutrino motion and ra-
diation in dense astrophysical matter is its (spin) polariza-
tion. This matter characteristic can have different origins,
being either a source or a consequence of the magnetic

field present in the astrophysical environment. This cir-
cumstance is especially relevant to magnetars, where
magnetic fields are thought to reach magnitudes as high
as 10" — 10" G [20]. If matter generates the field, the po-
larization is thought to be due to a ferromagnetic phase
transition of nuclear matter (see [21-23] and references
therein). Another scenario utilizes concepts of some kind
of dynamo mechanism and magnetic-flux conservation
[24] (and references therein) to obtain large magnetic
fields, which then polarize the matter. We also point to
the possibility of spin-polarized nuclear matter without
necessarily generating a substantial magnetic field. For
instance, Skyrme forces have been shown to manifest
such a property under certain conditions [25, 26].

Substantial polarization and possible phase trans-
itions in the matter of dense astrophysical objects, partic-
ularly magnetars, are widely discussed in connection with
the elaboration of the equation of state (EOS) for hadron-
ic matter at high densities, up to n =~ 10n, [27, 28]. This
problem is one of the most pressing and important in
modern nuclear physics, and it is not solely of theoretical
importance. Knowledge of such an equation is required to
describe the observed properties of neutron stars, super-
nova explosions, and the emission of gravitational waves
during the merger of binary neutron stars.

Over the past decade, our knowledge of neutron stars
has expanded significantly: new mass and radius meas-
urements have been made (see [29] and references
therein). The recent observation of the GW170817 event,
conducted within the multi-messenger approach, was the
first observation of a binary neutron star merger accom-
panied by the emission of gravitational waves, together
with the detection of a short gamma-ray burst (see re-
view [30]). Analysis of the obtained results makes it pos-
sible to establish important constraints on the parameters
of the EOS and allows for the emergence of spin-polar-
ized nuclear matter in the inner regions of neutron stars,
with a possible phase transition from the unpolarized to
the spin-polarized state [31]. Moreover, a realistic scen-
ario based on data from GW170817 suggests that up to
60% of baryons have their spins polarized during a NS
merger [32].

The polarization of matter modifies its net interaction
with neutrinos and leads to changes in neutrino states. In
this article, we describe these states and the new S Lv ra-
diation properties that appear in this case. We will not
discuss in detail how the field and matter polarization are
distributed in compact objects; rather, we aim to assess
the general features acquired by S Lv due to matter polar-
ization. We would like to stress that since the magnetic
moment for Majorana neutrinos is zero, the neutrino un-
der study has to be of the Dirac type. Accordingly, below
we consider the problem of Dirac neutrino motion and
S Lv radiation in non-moving matter with uniform dens-
ity and polarization. In addition, we do not address here
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how the matter acquires the polarization and instead treat
it as an independent fixed quantity.

II. NEUTRINO QUANTUM STATES IN
POLARIZED MATTER

It is convenient to calculate the S Lv using the meth-
od of exact solutions [11, 33], in which the initial and fi-
nal neutrino states in matter are described by the modi-
fied Dirac equation [11, 12]. The transition between these
states, accompanied by photon emission, is represented
by the usual Feynman diagram with the standard magnet-
ic-dipole electromagnetic vertex. The modified Dirac
equation for a neutrino accounts for the net coherent in-
teraction of the neutrino with matter particles and has the
general form:

1
{iy}ﬁ" — 5}/#(1 +y5)f” —m} Y(x) =0, 2

where, for y°, we follow the representation introduced in
the textbook [34]. The 4-vector f* describes the neutrino
interaction with matter and generally represents a linear
combination of the 4-vectors j; of the matter current and
the 4-vectors A of the matter polarization for each mat-
ter component f (for ordinary matter, f =e, p, n). The
coefficients in this combination are determined by the
specific type of neutrino interaction with matter particles.
The current and polarization vectors are given, respect-
ively, by [11]

7= pngvy), 3)

and

/1};= (I’lf({fo),l’lf{f \/1—V%+M), (4)

1+ /1-v}

where n, is the number density, v, is the net velocity of
component f, and ¢, (0 <|{/| < 1) is its average polariza-
tion in the rest frame. Here, {,v, denotes the scalar
product, with analogous notation used for other vectors
below. In the considered case of non-moving matter, Egs.
(3), (4) reduce to j; = (n;,0), A5 = (0,n,{y).

When choosing parameter values, we focus on mag-
netar matter. As neutron stars, magnetars consist mainly
of neutrons, whose number density conventionally
reaches values of up to n, ~10*-10* cm™ [35, 36].
Some investigations suggest even higher densities in the
NS interior, up to 10*' ¢cm™ [37]. The fractions of pro-
tons and electrons are much lower and are typically con-
sidered to be at the level of 0.05n, —0.1n,. There are in-
dications that neutrons can have very high spin polariza-

tion, which can even be complete [38]. However, there is
still no general agreement on this issue, and different au-
thors have obtained conflicting results. Recent studies of
nuclear matter in a strong magnetic field tend to con-
clude that polarization decreases as density increases
[39]. On the other hand, there is currently no consensus
on when exactly the polarization becomes substantially
low because of discrepancies among nuclear-force mod-
els and their incompleteness. Taking these facts into ac-
count, in what follows, we assume that the charged mat-
ter component is sufficiently low that its contribution to
the matter current and polarization can be omitted and
that the matter polarization |{| takes values in the full
range from 0 to 1. Finally, if we consider an electron Dir-
ac neutrino with interactions within the minimally exten-
ded Standard Model, then, in the above approximation,
the vector f* is found to be:

w_ Gr
f —2\5( s 11l . %)

This expression will be used in our study. If the polariza-
tion of matter is not due solely to neutrons, the expres-
sion for f* can also be written in the form of Eq. (5) by
redefining n, and ¢.

We first analyze the spectrum of possible neutrino
states in polarized matter that follows from equation (2).
In the momentum representation and using (5), the equa-
tion reads:

{yup' +7Q + A +y)—-m} ¥ =0, (6)

where we have introduced the notation 7 = Ggn,/2 V2. To
distinguish the states, all quantum numbers must be spe-
cified. For this purpose, we write the corresponding
Hamiltonian (a = y%y):

H = (ap) - il(@d) + A(E) -y it =i+ 'm. (7)

First, we note that it commutes with the momentum, and
therefore, its value is a conserved quantum number. De-
termining the spin integral of motion is a nontrivial task,
which was solved for the analogous problem in [40]. Fol-
lowing the approach developed there, we adopt the four-
vector spin-polarization operator [41], with the four-vec-
tor momentum replaced by the “extended” momentum

= pr-
T =y’ (y - " [m). (8)

We then construct the scalar product (Tf) =T"f, and, us-
ing an appropriate coefficient, introduce the operator
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S = - T, =y [my"+my)-H-(D], (9

where, according to the definition of the "extended" mo-
mentum, H=H+7 and p =p-7{.

The resulting operator S commutes with the Hamilto-
nian and, together with the momentum operator, defines
stationary states. Its eigenvalues are the observable val-
ues of the projection of the spin 4-vector onto f* in these
states. To determine them explicitly, we write the operat-
or in block form

G <—m(a§>

m+P

-m+ P> (10)
m(o¢) )’

where o; denote the Pauli matrices, and the notation
P =(pf)/n is used. From (10), the eigenvalues for solu-

tions of Eq. (6) are readily obtained and can be represen-
ted as sA, where the value of the spin observable is

A= /PP—m(1-0), (11)

and s = 1 is the spin quantum number.

Taking into account the spin operator (9), we obtain
from the Hamiltonian (7) the dispersion relation for a
neutrino in polarized matter as follows:

p?—m? = 2ii(P - s\), (12)
where p* = E? — p?. The expanded form of this equation,
(p* =m*) =4(pH(p* —m") +4p'*(1-¢*) =0, (13)

is a fourth-order algebraic equation that has no trivial
solutions in the general case. The exact solution of Eq.
(13) can be obtained for longitudinal matter polarization,

dllp:

EH:g\/(p¢ﬁ§’+sﬁ)2+mzisﬁ§—ﬁ, (14)

where the upper (lower) sign corresponds to the neutrino
momentum directed along (opposite to) the matter polar-
ization. The quantity & = +1 is the quantum number of the
“energy sign”. It divides the solutions into two branches,
which, in the limit of vanishing matter density, reduce to
the positive- and negative-frequency solutions of the Dir-
ac equation in vacuum. For arbitrary orientations of the
neutrino momentum and matter polarization, only ap-
proximate solutions can be obtained. For instance, when
the neutrino mass is the smallest parameter, the disper-
sion relations for a negative-helicity neutrino v,-_; (= v.)
and a positive-helicity antineutrino v,-,; (= ¥¢) can be ex-

pressed as follows:

E =¢e+/(p-20i)?* + m? - 2. (15)

The other two solutions (for v, ~ vg and v,-_; ~¥) in
the same approximation have the trivial free-particle dis-
persion E = &p.

Thus, neutrino states in polarized matter are specified
by the momentum and the quantum numbers ¢ and s. An
exact solution of Eq. (6) for the wave functions ¥, is
impeded by the lack of a simple solution to the general
dispersion relation (13). The approximate solution needed
to calculate the matrix element of the S Lv can be found
by taking the following into account. The current bound
on the electron neutrino mass is m,, <0.45 eV [42]. As
shown in previous studies, the efficiency of the SLv in-
creases with matter density and, of course, with neutrino
momentum. Therefore, we are interested in the highest
possible density values, n, > 10*® cm™, which corres-
pond to Ggn, 2 10 eV on the energy scale. Comparing
this value with the neutrino mass bound and taking into
account that the neutrino is ultra-relativistic, we conclude
that the approximation used in Eq. (15) is well justified in
our problem. In this paper, we focus on effects at zeroth
order in the neutrino mass and this quantity will be neg-
lected in the calculations below.

One can also note that the zeroth component in (5) is
negative. This reflects the well-known fact that stable
states in neutron matter are formed by antineutrinos,
which therefore emit the spin light in our study. However,
for convenience, we refer to them as neutrinos when no
misunderstanding can arise. To rewrite the formalism
above in terms of the antineutrino field, one simply has to
change the sign of n, (and, accordingly, of 7). In particu-
lar, the energy spectrum of neutrino species in the mass-
less limit can be written as:

E = glp + 2| + 271, for v, and vg (16)

E = gp, for vg and v;. (17

The first relation applies to active neutrinos, whereas the
second applies to sterile neutrinos. In the present prob-
lem, the initial state is represented by v, with energy
E; =|p+2i{|+2#, and the final state v, is sterile, with
E f=Dp.

In unpolarized matter, the expression for the energy
of an active neutrino reduces, in the massless limit, to the
well-known formula E =p+2#i. The expression for E;
shows that matter polarization can considerably enhance
the matter potential. In highly polarized matter with lon-
gitudinal neutrino motion, (|{|— 1, {|lp), it is almost
twice as large as in an unpolarized medium.
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The solutions of equation (6) have the standard plane-
wave form W =u(p)e”*. To simplify the calculation of
the S Lv amplitude below, we choose the coordinate sys-
tem such that the initial neutrino moves along the z axis
and the polarization lies in the xz plane. In this particular
case, the normalized spinor corresponding to the initial
neutrino with energy E; is obtained as follows (the stand-
ard representation of the y-matrices is used throughout the

paper):

- sind
1 p
u;(p) = , (18
D= e VP +i2%sin® 6 filsing (18)
-p

where J is the angle between the initial neutrino mo-
mentum p and the matter polarization ¢, and L is the nor-
malization length. The spinor for the final sterile neut-
rino with energy E, propagating in an arbitrary direction
is given by:

14
p
1- %ew
1
ug(p) = YR 5 ) (19)
1+=
p
1-— &ew
p

where ¢ is defined by tan¢ = p,/p,. Since the final neut-
rino is sterile, the corresponding solution is the free-
particle spinor in the massless limit.

III. EMISSION OF THE SLv PHOTON

A description of the radiation process should begin by
establishing the conditions under which it can occur. The
fundamental constraint to consider is the energy—mo-
mentum conservation law:

E,~=Ef+a), p:p,+k, (20)

where k is the momentum of the radiated photon. Owing
to the presence of electrons, the photon acquires the prop-
erties of a massive plasmon, with energy w = (/k*+m2,

Since the electrons in a NS form a relativistic degenerate
Fermi gas, the plasmon mass is given by [14]:

U

1/3
W) Mev. (21)

my = 2a) 23 ) = 8.9x

The plasmon mass scale is much larger than the possible
values of the initial neutrino effective potential in matter,
which is of the order of i < 10* eV. This clearly indicates
the existence of a reaction threshold [14, 43].

Let us assume that the initial neutrino momentum is
much larger than the matter potential. Then the initial en-
ergy can be approximately written as

E; = p+2i(1l +{coso). (22)

This differs from the case of unpolarized matter by the
substitution 7 — 7(1 + cosd). Thus, the threshold condi-
tion can be obtained straightforwardly by following the
same procedure as in [14], yielding:

m2

™ 2
P = 45+ zcose) P (23)

The polarization dependence makes the threshold condi-
tion more restrictive when the polarization is directed op-
posite to the neutrino momentum and less restrictive in
the opposite case. In the latter case, for typical values
(n.~ 10 cm™, n,~10%® cm™), the threshold  mo-
mentum is estimated by order of magnitude to be
pm ~ 10 TeV. This value is much greater than possible
values of 7i, so the condition 72 < p is satisfied. Such large
values of p ~ E; are precisely why specific astrophysical
settings with ultra-high-energy neutrinos are considered,
as discussed in the introduction with reference to [15].

A solution to relations (20), taking into account (22),
can be readily found. However, for our purposes, it is suf-
ficient to use its simple form when the condition
mZ [4iip < 1 is fulfilled (the far-above-threshold regime).
In this case, one can neglect the dependence on m,, in the
photon energy to obtain

W= 2pit(1 + £ cos o)
~ p(1=cos@)+2ii(1 +cosd)’

24

where 6 denotes the angle between the propagation direc-
tions of the initial neutrino and the photon.

The coupling of an SLv photon to a neutrino is de-
scribed by the phenomenological Lagrangian for the in-
teraction between the Dirac and electromagnetic fields
via the anomalous magnetic moment:

1
_E = —E/J T@,O'WV[;F”V, (25)

where o, =1/2(y,v»—¥¥.), Y. are the Dirac matrices,
and F* isthe electromagnetic field tensor. The amp-
litude for the process, after integration over the space-
time coordinates, then takes the form:
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2
Sq=pr)ty/ i S(Ef—E;+w)

x & (p’ - p+K)it,(p )(Te )ui(p). (26)

Here, e is the photon polarization vector, and I is the
electromagnetic dipole vertex.

I'=iw{[Zx] +iy’L}, (27)

where % = k/w and X =y%yy.
The differential width is obtained from Eq. (26) us-
ing the standard technique, which yields:

2

u
dalr = -
167rw

S(E;+w—E)N5(p' +k-p)le”,j ) d’kd’p’,
(28)

where the neutrino current is jn(k, p') =i ff‘u,-. The total
rate is obtained from this formula by integrating, using
k = w, where w is given by (24). However, the resulting
expression is too cumbersome; therefore, we expand it in
the small parameter 7i/p <1 and retain the first two
nonzero orders:

T = 4%7*(1 + £ cos 8)(p(1 + £ cos 8)
+71(3% cos? 6+ 4L cosd — 7 +2)). (29)

The radiation power is calculated from the differen-
tial width as dI = wdl . Integrating this relation and apply-
ing the same expansion yields the angular distribution of
the radiation power:

dr 16
- ?ﬁ4p3/,12(1 +{cosd)!
y (p(1 —cos ) —2Liicos psinfdsind)

(p(l —cosf)+2na(1 +§cos<5))4 .

(30)

The dependence on the azimuthal angle ¢ indicates the

Fig. 1.

IE

presence of radiation asymmetry caused by matter polar-
ization. To illustrate this effect, we plot the angular distri-
bution of the radiation in Fig. 1 for the polarization direc-
tion fixed by 6 = /2, for which the asymmetry is maxim-
al. In addition, the asymmetry vanishes as 7i/p — 0 and is
most evident for the smallest possible p; therefore, for the
plot, we choose ii/p = 0.01.
The total radiation power obtained from (30) is:

I= gpzﬁzp (1+Zcosd) (p(1+£cosd)+247isin’5).  (31)

Substituting ¢ =0 into Egs. (29) and (31), we recover
the results of our previous studies [13] for unpolarized
matter in the same small-m and small-7 limit as above
(m/p<in<p/m):

4
T =4u*i’p, I= gyzﬁzpz. (32)

The characteristic feature of the SLv in polarized matter
is the factor (1 +cosd) in the derived formulas, which
can either reduce or enhance the effect. In the most favor-
able case, when the matter is fully polarized along the ini-
tial neutrino propagation direction, this factor reaches the
value 2. In the considered limit p > 7, this leads to a
fourfold increase in the width and power. Conversely, if a
neutrino moves against the matter polarization, this factor
completely suppresses the radiation.

As pointed out in our previous studies [15], the polar-
ization properties can be important for experimental stud-
ies of the S Lv. In the case of vanishing neutrino mass, ap-
plying the analysis implemented in [11] and decompos-
ing the photon polarization vector into the corresponding
components, we obtain that the S Lv does not exhibit pre-
ferred linear polarization. At the same time, the radiation
is circularly polarized: the right-circular component is ab-
sent (the radiation power is zero), and all emission is due
to left-circularly polarized photons. This property is con-
venient for experimental identification of §Lv radiation
from astrophysical sources against the background of oth-
er radiation types.

Angular distribution of the radiation power (in arbitrary units) for the parameter set 6 = x/2, /=1, ¢ =0, and #i/p = 0.01: (a)

the three-dimensional view; (b) the two-dimensional cross-section in the plane defined by the vectors ¢ and p.

093111-6



Spin Light of neutrino in polarized matter

Chin. Phys. C 50, 093111 (2026)

IV. CONCLUSIONS AND DISCUSSION

The main effect of matter polarization on SLv is the
appearance of the factor (1+¢cosd), which establishes
the correlation between the radiation and the polarization
direction. This feature can be discussed from two per-
spectives. For a single neutrino, the most efficient radi-
ation occurs in completely polarized along the neutrino
momentum matter. In this case, the radiation time for an
ultra-high-energy electron neutrino with E ~p =10 PeV,
1u=~29x10""ug, and n, =10 cm™ is estimated from
(29) to be

Tsy = 1/T'=20s. (33)

When the polarization vector tends toward the opposite
direction, this factor approaches zero, and the radiation
disappears. This behavior is connected with the second
possible manifestation of the indicated feature: the de-
pendence of the total neutrino spin radiation emitted by a
compact source on the orientation of the matter polariza-
tion in the source, specifically on the angle between the

directions of observation and matter polarization. Thus,
we predict an asymmetry in the spin light radiation of
neutrinos moving in a compact astrophysical source if its
matter is polarized.

Along with the radiation itself, the process under
study is accompanied by the transition of neutrinos into
the sterile state v;, as indicated above. The rate of sterile-
neutrino generation can be estimated once the density of
the initial neutrino flux is specified. This process may be
supplementary to conventional neutrino conversion into
sterile states through oscillations, since both change the
active—sterile composition of the neutrino flux. The eval-
uation of the phenomena discussed here for compact as-
trophysical sources requires numerical modeling based on
plausible assumptions about the matter polarization con-
figuration and the high-energy neutrino flux distribution
within the source, and is planned for future work.
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