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Neutrino spin oscillation in screening models revisited
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We study, using the Mathisson-Papapetrou-Dixon equations, the spin oscillation of neutrinos when the
latter are coupled to the scalar field of screening models of dark energy. First, we derive the transition
probability formula for a left-handed neutrino to become a right-handed neutrino within a general static and

spherically symmetric metric. We then apply our general formula to neutrinos deflected around a central
mass described by the Schwarzschild metric. Our results show that, contrary to what one might expect, the
scalar field of chameleonlike and symmetronlike screening models would not show any effect on the spin
oscillations of neutrinos. The origin of such an outcome is discussed.
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I. INTRODUCTION

Neutrinos have become a valuable alternative tool for
probing gravity in various environments [1] thanks to their
nonzero mass, their zero electric charge, and their nonzero
spin. Their nonzero mass makes them change their flavor as
they propagate in space. First theoretically proposed in
Refs. [2,3], and then theoretically predicted to exhibit a
resonance inside matter in Refs. [4,5], these (experimen-
tally well established [1,6]) flavor oscillations of neutrinos
are the favorite solution to the solar neutrino problem. On
the other hand, neutrinos’ zero electric charge and their
weak interaction have prompted many authors to also
investigate the effect of gravity on such oscillations, both
within general relativity and within extended theories of
gravity (see, e.g., the more recent Refs. [7-11] and
references therein.)

Being half-integer spin particles, however, neutrinos may
exhibit yet another kind of oscillation beside the flavor
oscillation. Indeed, as other spin particles, neutrinos pos-
sess a helicity and the latter may flip as they propagate in
space. In fact, this possibility has been considered very
early on [12-14] in an attempt to provide an alternative
solution for the solar neutrino problem. For, as detectors
respond only to left-handed neutrinos, any flip of neutrinos’
helicity to right-handedness would indeed show up as a
deficit in the expected number of detected neutrinos. This
was the original motivation for considering spin oscilla-
tions since a nonzero magnetic moment of neutrinos could
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make the latter flip their helicity as they interact with a
magnetic field along their path toward the detector. See the
review [15] and the compilation [16] and references therein
for the early works, as well as Ref. [17] and references
therein for more recent ones.

The possibility of spin flip caused by gravity has also
been considered in the literature, first by studying arbitrary
Dirac particles in Refs. [18-21], and then by focusing on
neutrinos in Refs. [22-28]. In fact, it is well known that the
general relativistic description of gravity entails that even in
the absence of torque spinning bodies should exhibit a
precession of their spin, caused either by the curvature of
static spacetimes [29] or by the frame dragging induced by
a spinning gravitational source [30]. Now, if this kind of
spin precession also occurs for neutrinos a left-handed
helicity neutrino could flip and become a right-handed one.
This would then give rise to gravitationally induced spin
oscillations of neutrinos analogous to the ones suggested in
earlier works to occur due to magnetic fields. Furthermore,
just as with the effect of gravity on neutrino flavor
oscillations, the gravitationally induced spin oscillations
of neutrinos could be studied within the framework of
general relativity and within extended theories of gravity,
including the much-studied screening models that offer an
alternative explanation for dark energy. In this paper, we are
interested in the latter category of gravitationally induced
spin oscillations of neutrinos.

The first motivation behind the present work is the fact
that among the many interesting models proposed for the
origin of dark energy [31] are the so-called scalar-tensor
theories of gravity and, more specifically, screening models
in which a scalar field couples to matter via the spacetime
metric. This special coupling to matter takes place in such a
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way that the unwanted “fifth force” interaction is screened
(i.e., is rendered undetectable) at the Solar System level.
Among the very well studied ones in this class of models
are the chameleon model [32,33] and the symmetron model
[34]. The review [35] offers a discussion of the various
feasible experimental tests on such screening models.

The second motivation behind the present work is to
consider the spin precession phenomenon within such
screening models using a different and more general
approach than the one adopted in Ref. [28]. We first derive
the general formula for the precession angular velocity as
well as the probability for neutrinos helicity flip in arbitrary
spacetimes and with an arbitrary screening scalar field.
We then apply our results to the case of the spherically
symmetric and static gravitational source described by the
Schwarzschild metric. We consider the more realistic case of
neutrinos deflected by a gravitational source along general
paths, as opposed to the purely radial or circular paths. Our
results show that, in contrast to what was reported in
Ref. [28], the scalar field of chameleonlike and symmetron-
like models has no effect on neutrinos’ spin oscillations.

The remainder of this paper is divided into four sections
as follows. In Sec. II, after giving a brief introduction to the
formalism used to describe spin dynamics in curved
spacetimes, we derive the spin-precession angular velocity
for neutrinos coupled to a general screening scalar field in
an arbitrary spacetime. In Sec. III, we use our results from
Sec. II to derive the probability formula for a neutrino to
flip its helicity as it propagates in space. An application of
the probability formula to chameleonlike and symmetron-
like screening models will then be made in Sec. IV for the
case of neutrinos deflected by a static spherically sym-
metric gravitational source. We conclude this paper with
the brief Sec. V in which we summarize and discuss our
main results.

II. GRAVITATIONALLY AND SCALAR-FIELD-
INDUCED SPIN PRECESSION

Thanks to the seminal work of Mathisson [36] and the
subsequent works of Papapetrou [37] and Dixon [38], it
became possible to describe the dynamics of any test
particle (including quantum particles) in curved spacetimes
[39] (see also Ref. [40] and references therein). It was
shown in those works that spinning bodies in curved
spacetime should exhibit not only nongeodesic motion
but also a spin precession. When keeping only the zeroth-
order terms in spin on the right-hand side of the first
set of Mathisson-Papapetrou-Dixon (MPD) equations, the
deviation from the geodesic motion of spinning bodies can
safely be neglected. However, spin precession holds even if
one restricts oneself to the zeroth-order terms in spin on the
right-hand side of the second set of MPD equations. This
fact allows one to seriously consider spin precession of
quantum particles such as neutrinos in curved spacetimes.
In fact, while the extremely weak magnetic moment of

neutrinos makes it hard to rely on spin precession caused by
magnetic fields when dealing with the solar neutrino
problem, the spacetime-induced spin precession occurs
for any nonvanishing spin regardless of the value of the
particle’s magnetic moment.

In this paper, we use (following Refs. [22-24,26-28])
the zeroth-order approximation of the second set of MPD
equations to describe the dynamics of neutrinos’ spin as
they propagate in curved spacetime. In fact, although
neutrinos in curved spacetime are governed by the
curved-spacetime Dirac equation,’

(ir'V, —m)y =0, (1)

where y# are the curved-spacetime gamma matrices and
V, is the spin covariant derivative, it was shown in
Refs. [41,42] that when using a Wentzel-Kramers-
Brillouin (WKB) approximation to first order in A, one
does indeed recover the MPD equations from the Dirac
equation. The MPD equations emerge from the Dirac
equation by plugging into the latter the WKB ansatz,
w(x) = exp[—L8(x)] Y%, A"w " (x), and then equating
to zero the coefficient of each power of 7. The result up to
the power #! is a Hamilton-Jacobi equation for the phase
function S(x) and a transport equation for the amplitude
w©(x), from which emerge the MPD equations after
using the Gordon decomposition of the Dirac probability
current.’

In Ref. [46], such an approach was also applied to extract
the MPD equations for charged particles in curved space-
time in the presence of a Maxwell field, as well as the MPD
equations for massless particles. The latter case, on which
we shall come back briefly below our result (23), is
particularly interesting whenever one works within the
approximation of massless neutrinos by neglecting their
mass or by considering them within the ultrarelativistic
regime.

The covariant description of spin (as required by a
curved-spacetime representation of gravity) is achieved
by conveniently introducing the spin four-vector S¥. In
special relativity, the latter four-vector consists of the
Lorentz boosted four-vector (0,S), where S is the usual
three-dimensional spin vector of the particle as measured
by an observer at rest in the center-of-mass frame of the
particle. In such a frame, the four-velocity u# = dx*/dz of
the particle, where 7 is an affine parameter usually chosen
to be the proper time of the particle, is simply (1, 0, 0, 0).
As such, the covariant identity S¥u, = 0 applies, and it

'We set throughout the paper ¢ = G = 7 = 1, and we adopt
the metric signature (—, 4, 4, +).

Note that it is also possible to extract the MPD equations from
the Dirac equation using an eikonal approximation [43,44]. Yet,
another way of describing spin dynamics of quantum spinning
particles in curved spacetime is to use the curved-spacetime Dirac
Hamiltonian in the Foldy-Wouthuysen representation [45].
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readily supplies us with the time component S° of the spin
vector $* in any other frame. However, the MPD equations
are written in terms of the spin tensor $** rather than the
spin four-vector S¥. Indeed, at the zeroth order in spin on
the right-hand side of the second MPD set of equations, the
latter reduce to DS*/dr = 0, where D is the covariant total
derivative operator. Within the WKB approximation of the
Dirac equation, the spin tensor emerges when one identifies
S* with 2 (gy) "y [y*, y*lw, where i is the Dirac adjoint
of w and [y#, y*] is the commutator of the gamma matrices.

Nevertheless, the spin vector S* can still be extracted
from the spin tensor $** in a similar manner as done in
the flat-space special relativistic framework [47]: S$* =

— ﬁ o P’ SP (also known as the Pauli-Lubanski pseudo-
vector), where £//° is the totally antisymmetric Levi-Civita
tensor and p* is the effective four-momentum vector of the
spinning particle. Although p* is not the usual four-
momentum mu* of a particle of mass m [48], at the zeroth
order in spin we do have the identity p* = mu#. On the
other hand, since at the zeroth order the MPD equations for
pt reduce to the geodesic equation Dp#/dz =0, we
immediately see that at the zeroth order in spin we also
have DS#/dr = 0. This is the equation that describes the
dynamics of the spin four-vector as seen by an observer in
the laboratory frame.

To properly describe spin precession, however, one
needs to cast the equation DS¥/dz =0 back into the
spinning particle’s rest frame [49]. This is done by using
the projection S% of the spin vector S* into the local tangent
space of the moving particle thanks to the spacetime

comoving vierbeins eﬁ. These vierbeins are defined for

. . abh .
any spacetime metric ‘?”” by n,epe) = g, Where 1,5 is
the Minkowski metric.” The inverse comoving vierbeins e/,
are defined by e“ ” = 5“ where 5% is the Kronecker
delta symbol. Therefore, writing $* = ¢%S# and using

DS*/dz =0, we learn that the dynamics of S% is described
by the following equation:

ds? De?
=S — 2
dz dr )
Next, recall that general spacetime vierbeins are
related to the spin connection j, »* and the Christoffel
symbols I, by @il = —e*?0, et + e} ed = —e??V e,

where V, denotes here the covariant derlvative acting on
tensors carrying curved-spacetime indices. Therefore, we

3We use the first letters (a, b, ¢) of the Latin alphabet to denote
tangent-space indices while we reserve the Greek letters for
curved-spacetime indices. The letters (i, j, k) from the middle
of the alphabet will be used to denote indices of the three-
dlmemlonal space.

“This spin connection wy;” is what is also denoted by yy,,, in the
literature and called the Ricci rotation coefficients.

ab

have that Ve = —e hua)ﬁb. Using this identity and the fact
that u* = dx*/dr and u® = dt/dz, we extract from Eq. (2)

the dynamics of the spin three-vector S (of components S')
in the rest frame of the particle in terms of the spin

connection a) b as follows:

]
% = —Sutwf. (3)
In Refs. [22-24,26-28], the authors proceed from here by
following Ref. [50] (see also Ref. [51]), where one relies on
a similarity between Eq. (3) and the equation derived from
the electrodynamics of relativistic particles [52]. However,
to achieve our present aim, which is to investigate the effect
on the spin precession of a particle coupled to a scalar field
through the spacetime metric, it is very important to keep
working solely with the spacetime tensors and not rely on
analogies with flat-spacetime electrodynamics R

Using the spin connection’s antisymmetry, o’ = —a}?,
and the fact that S5 =0, we extract from Eq. (3) the followmg

dynamics for the three-dimensional spin vector NE

dsi
dr

ithe dS
= -S;u'w, & & QxS. (4)

In the second step we introduced the precession angular
velocity vector  which can be read off from the first
equation to be

1
@ = et an (5)

where €;- 5k is the totally antisymmetric Levi-Civita symbol.

The problem of finding the precession angular velocity
reduces thus to finding the four velocity u* of the particle and

the coefficients of the spin connection a),’/ . The latter is, in
turn, found as soon as one chooses the spacetime metric g,
from which one extracts the comoving vierbeins efj corre-
sponding to the four-velocity u*.

Given that our problem is to deal with neutrinos coupled
to the scalar field of the screening models, however, we
cannot just use Egs. (4) and (5) as they are. In fact, what is
special about the screening models of interest to us here is
that particles in those models are coupled to spacetime only
thanks to a scalar field ¢(x). As such, matter within those
models behaves as if it evolves in a spacetime of metric g,
rather than in the original spacetime metric g, . Indeed, the
metric g, “seen” by matter in those models is the Weyl
conformally rescaled metric §,, = A*(¢)g,, [53], for some
regular and nowhere vanishing functional A(¢) of the
scalar field ¢(x) of the models.

This approach is motivated by the application of dilaton-
field models to astrophysics and cosmology [54,55]. The
action of dilaton models is a scalar-tensor type action that
can be chosen to have the form [54]
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8_/\/;_é(gi{—ggﬂpaﬂﬁayﬁ)d4X+/£m(Ti’guu)d4x’
(6)

where o(x) is a scalar field, R is the curvature scalar
corresponding to the metric g,,, @ is a Jordan-Fierz-
Brans-Dicke parameter, and W;(x) are matter fields. The
gravitational part of this action takes the more familiar
Einstein-Hilbert form,

1
S=16s | VEIR=g 00,0+ [ L0010
)

after one performs the following metric and field redefini-
tions: g,,, = exp[/ (@ +3)?g,,, and o=rizexp[~/ (@ +3)?),
respectively. Matter fields ¥;(x) in such models are thus
described within any spacetime of metric g,, by replacing
the matter Lagrangian L, (¥;, g, ) by the Lagrangian
L,,(¥;.§,,). For more generality, however, one allows for
an arbitrary metric rescaling g, = A%(¢)g,,. The functional
A(¢) has the form A(¢) = exp(fi¢) in the chameleon model
[32], and it has the form A(¢) = 1 + f¢? in the symmetron
model [34], where f is an arbitrary constant with the
dimensions of an inverse mass.

Therefore, to extract the modified equation describing
spin precession within such screening models, one needs to
figure out not only how the spin connection is altered but
also how the spin vector S* gets modified by the coupling
with the scalar field and how the four-velocity u* is
modified. Concerning the latter, it is straightforward to
see that the effective four-velocity of the particle is
#* = dx*/d7 = A~'(¢)u¥. For the spin connection, we
also easily work out the new expression it takes under
the metric rescaling by using its definition in terms of the
covariant derivatives of the vierbeins (see Ref. [56] for
detailed steps of the calculation). We find
b b e (gagh

i A "= e”i’e&). (8)

"
In deriving this expression, we used the fact that the
spacetime vierbeins to which the particle couples are

&% = A(¢)e?. On the other hand, to find the effective spin

vector S* of the particle, we need to recall the original
definition of the spin tensor as being an integral associated
with a pole-dipole test-particle approximation [38]. More
explicitly, one first sets ox* = x* — X* for some arbitrary
coordinates X* of a worldline chosen along the four-
dimensional tube described by the motion of the particle.
Then, one assumes that for all times the energy-momentum
tensor T# of the particle vanishes outside a sphere of radius
R — 0 and centered at X' on some spacelike hypersurface
2. The integral giving the tensor $* then reads

Sw = / (64T — 5x*TH)dE,, (9)

where the integration is performed over all the spacelike
hypersurface X. The effective spin tensor S* is thus
obtained by using the effective energy-momentum tensor
T that does satisfy the conservation equation vV, T =0
[33], where the covariant derivative vﬂ is associated with
the rescaled metric g,,. Under the rescaling of the space-
time metric, the usual definition of the energy-momentum
tensor allows us to deduce that the energy-momentum
tensor of a particle coupled to the scalar field that needs to
be plugged into Eq. (9) is

2 5['/11(‘}‘[’9/41/)7 2 55,,1(‘1,[,9/”)7 L

_g 5g/w B \/_—g A6(¢>5g/w B A6<¢) .
(10)

T —

The energy-momentum tensor 7+ is obtained by replacing
inside the explicit expression of the familiar tensor 7% of a
spinor field the metric g, by its rescaled version g,,.

As the pole-dipole approximation on which integral (9)
relies assumes that the dimensions of the spinning particle are
very small compared with the characteristic length of the
gravitational field under consideration [48], the scalar field
¢(x) can, to a very good approximation, be taken to be
constant over the nonvanishing integration region in Eq. (9).
Hence, we can move out of the integral all functional terms
A(¢p). This implies that we end up with §* = A=2(g)SH.
Note that this scaling of $** is also what one arrives at using
the spinor-based definition given above for $** when recall-
ing that y* = e,y“, where y“ are the constant gamma
matrices, and that [7#, 7] = &4&} [y, y"] = A72(¢)[y*. v"].
From this observation, we deduce that the effective spin
vector $* of the coupled particle expressed fully in the metric
Gy isrelated to the vector $* of the coupled particle expressed
in the metric g,, by $* = A~'(¢)S". Consequently, we
conclude that we have §% = §#% = $%, which implies that
the invariant squared spin magnitude S'”S’M =% is, as it
should be, not altered by switching metrics either.

From these results, we finally deduce that the spin
precession of the coupled particle is governed by
Egs. (4) and (5), where the proper time element dz should
be replaced by dz, the four-velocity u* should be replaced
by 1, and the spin connection should simply be replaced
by the modified spin connection @%” as given by Eq. (8).
We thus conclude that the angular velocity vector of spin
precession of neutrinos coupled to the scalar field reads

N 1 ~s A A A
92282}'1%: <§wﬁk—f€”€5>- (1)
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Note that this final expression of the angular velocity is
valid for any spacetime metric g, and for any four-velocity
i* = A~ (¢)u" of the particle. The latter follows a space-
time geodesic given by Dii* /d# = 0, whereas a noncoupled
particle follows a geodesic described by Du*/dz = 0. In
the next section, we shall drive a general formula for the
spin-flip transition probability for any spin-precession
angular velocity.

III. HELICITY FLIP PROBABILITY

We can extract the spin-flip transition probability
for any spin-precession angular velocity € thanks to
the effective Hamiltonian H..g(r) = %G.Q, where ¢ =
(61,0,,03) are the three Pauli matrices. In the spherical
coordinates (r,0,¢) of interest to us here, we have
(Q, Q). Q) = (9;.9,,Q,). When using the Pauli matri-
ces in such coordinates [57], the effective time-independent
Hamiltonian takes the following explicit form:

&, ( cos@  sinfe”? )
sin@e'” —cosf
- ( —sinf cosfe )
Q .
sin @

1
Hg(r) = 3

cos fe'?

1~ 0 —ije"i®
Al Y

ie'? 0

Next, the general formula for the probability that a spin
flips from an initial value |S;,) at proper time 7; to a final
value |Sg;) at any other position at a later proper time 7, is
given by

2

P(Si = $0) = SufTesp -1 [ Hrae] )] (13
In writing this expression, we introduced the usual time-
ordering operator T. Using that H ¢ (r) = %G.fl(r), as well
as the well-known exponential identity exp(iin.c) =
cos A+ in.e sin A, which is valid for any parameter 4 and
for any unit vector n, we can rewrite Eq. (13) as follows:

P(Sin = Si) = '<Sﬁ| {cos <l%f@d%)

i

(14)

2

’

where Q(r) stands for the magnitude of the angular velocity
vector at the position r of the particle.

What we are interested in here, is the case of left-handed
neutrinos deflected by a spherical massive gravitational

source. In what follows we assume, for definiteness and
simplicity, that the motion of the particle is along the
equatorial plane & =7 of the spherical coordinates.
Suppose the particle came from infinity and got deflected
counterclockwise by the gravitational source. We therefore
take the initial spin of the particle to be antiparallel to the
direction of its initial motion, such that the initial spin state
satisfies n.6|S;,) = —|S;,), where n is the unit vector along
the direction of motion of the particle. The initial ortho-
normalized spin state of the neutrino then reads

1 /-1
Sin) = —= ), 15
S ﬁ(ne"”> 1)
where n = (u' +iu?)/\/(u 2. We are looking for

the probability that the hehclty becomes positive, i.e., for
the spin to be found aligned along the positive direction of
motion at a detection point very far from the gravitational
source. Such a final spin state has the form

Plugging these two spin states into the general formula (14),
we find, after taking account of the Hamiltonian (12), the
following probability for a left-handed neutrino |v;) to
become a right-handed neutrino |vg):

Pll) = o)) = | I o] st} [ e

i

«(| [ ol e) - (e |

+U1f§2

Here, Sm (5[Q; (r) — iQ;4(r)]) stands for the imaginary part
of the complex expression 7[Q;(r) — iQ;3(r)]. In the next
section we apply this general formula to neutrinos experi-
encing a spin precession of angular velocity (11) as they get
deflected by a static and spherical gravitational source.

Note that, unlike what one does when studying neutrino
flavor oscillations under the effect of gravity where one
works in the mass eigenstates basis (|v}), |v2),|v3)), we
work here in the flavor basis where |v;) and |vg) simply
denote the helicity of the specific flavor we are interested
in: an electron-neutrino |v,), or a muon-neutrino |v,), or a
tau-neutrino |v,).

(r)d%} 2) . (17)

[SH)

IV. NEUTRINOS DEFLECTED BY A STATIC
SPHERICAL GRAVITATIONAL SOURCE

It is easy to see from formula (11) that for a static
spherical gravitational source, only orbiting neutrinos
would display a nonzero spin-precession angular velocity.

083025-5
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The reason is that a spherical gravitational source would
also give rise only to a radially varying scalar field ¢, and
hence only the component A , of the gradient of A(¢) is
nonvanishing in Eq. (11). Therefore, we assume here
deflected neutrinos (as opposed to radially propagating
neutrinos) around a static spherical mass M, using the
Schwarzschild metric given by

2M 2M\ !
ds2——<1——>dt2—|— (1——) dr?
r r

+ r*(d6* + sin*0dg?). (18)

Next, we assume the particle starts moving from infinity
with an energy & = —goop° = —joomil® before getting
closer to the static mass and getting deflected around the
latter in the equatorial plane. Note that, as opposed to what
one does when studying flavor oscillations, the mass m
used here is that of a flavor state rather than one of the three
different masses associated with the mass eigenstates. This
energy of the neutrino is again related at each position r to
the conserved energy £ at infinity of a neutrino not coupled

to the scalar field by & = A(4)E. Also, we denote the
conserved orbital angular momentum by L. The particle
follows then a constant-L and a constant-£ (rather than
constant-L. and constant-£) path with four-velocity
i* = A~ (¢)u", where u* is given by [58]

¢
W = <Z,j:\/e2—ZA,0,2>. (19)
r

For convenience, we set here A=1-2M/r, X = 1 + £2/r?,
e=&/m,and £ = L/m. The (+)/(—) signs stand, respec-
tively, for neutrinos moving outward/inward relative to the
central mass. On the other hand, with the help of this four-
velocity we easily compute the corresponding vierbeins
and the corresponding spin connection coefficients dis-
played in the Appendix. Plugging the vierbeins (A1) and
(A2) and the nonzero spin connection coefficients (A4) into
formula (11), we find the following expression for the
single nonvanishing component of the spin-precession
angular velocity:

~ et

Qs =+ =TSk (20)
Again, the (+)/(—) signs stand for particles moving
outward/inward relative to the central mass. We notice
that no dependence on the radial gradient of the scalar field
¢ appears in this formula.

Next, we also need to convert the d7 in the integrals in
Eq. (17) into a dr. Referring to the four-velocity (19), we
deduce that the proper time of the neutrinos is governed by
the following differential equation relating the proper time
element d7 to the coordinate radius element dr:

Adr
di=4+——\1 21
Ve?—3ZA @D

Here, we used the (4) sign to guarantee a positive proper
time, for dr is positive for outward moving particles and
negative for inward moving ones. The coordinate radius r
decreases along the trajectory of the neutrino until it
reaches its minimum value r at the turning point where
dr/dz = 0, and starts increasing as the particle continues its
journey away from the gravitational source. The coordinate
radius r = r of the closest approach of the particle to the
gravitational source is thus found by solving the equation
YA = ¢%. To evaluate the probability integrals over r in
Eq. (17), we need to pick up the same relative signs from
expressions (20) and (21). This amounts then to integrating
over r from r = r to r = oo using an overall (+) sign, and
multiplying by a factor of 2 the resulting integral.

Plugging Eq. (20) into Eq. (17), after setting Q; =
fl3 = 0 and making use of identity (21), we find

P(lur) = vg)) = sin? < /“ij__md) )

This result shows no trace of the scalar field ¢. The latter
disappeared from the integral after the factor A(¢) in the
denominator of the angular frequency QQ got canceled by
the same factor in the numerator of expression (21) of the
proper time. All one extracts then from formula (22) is the
spin-flip probability of neutrinos moving within the purely
gravitational field of the central mass, as if the particles
were completely decoupled from the scalar field. Thus, the
spin-flip probability is not affected by the scalar field of the
screening models considered here. Nevertheless, the result
(22) is general enough and is thus interesting for its
own sake.

In fact, formula (22) is valid for any energy e per unit
mass of the neutrinos, for any angular momentum ¢ per
unit mass of the latter, for any possible closest approach r
of the particles, and for any mass M of the gravitational
source. Unfortunately, no analytic expression of the integral
in Eq. (22) could be found for such a general set of
parameters. Only a numerical integration can be performed
once one chooses specific values for each of those four
parameters.

For that purpose, we shall assume e — 1 ~ 2, which is a
good approximation for the neutrinos of interest to us here
as the latter are necessarily coming from interstellar high-
energy sources before they get deflected by a gravitational
source located on their path. Further, we set x = £/r and
make use of the usual definition of the impact parameter

b=7¢/Ve*—1~¢/e that describes the trajectory of
deflected particles by the gravitational field of a central
mass. Therefore, we have x &~ be/r. For definiteness, we
choose ry = b, so that xy = be/ry~ e, and we choose
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e = 107 for a typical parameter of supernovae neutrinos
(see, e.g., Ref. [59] and the references therein). Allowing
for large-curvature scenarios, we choose the impact param-
eter b to be only twice the Schwarzschild radius of the
gravitational source, so that by introducing the dimension-
less parameter y = M /¢, we have y~ M/be =5 x 1078,
The integral in Eq. (22) can then be evaluated numerically,
yielding

P(lvL) = lvr))

- s (/o (14 27)y/e? —?THW ~ ) dx)

~ sin?z. (23)

This result shows that the spin-flip probability vanishes for
such high-energy, i.e., ultrarelativistic, neutrinos. This
conclusion is in agreement with what has been found in
Ref. [21]. This conclusion is also in agreement with what
the MPD equations extracted from the Dirac equation

|

Ps) = loe) zsinz{_”_z’?< .

(1+n2)\/1+;(2+\/1+;(2+ﬁn(1+ 1+%)

imply for massless particles [46]: static curved spacetime
does not induce spin precession on massless particles.
Since our main goal here is rather to study the depend-
ence of the spin-flip probability on the variation of those
four parameters listed above, we shall focus now on the
more analytically tractable small-curvature case for which
the approximation M/r < 1 applies. For M/r < 1, we
may expand the integrand in Eq. (22) up to the leading
power in M/r. Performing again a change of variables by
setting x = #/r, and introducing the dimensionless param-
eter u = M /¢, formula (22) takes the following form:

P(lve) = lvr))

x 2e(1
zsin2< / ! e(l +px) dx>, (24)
0 (1+x2)\/e* +2ue*x — x?

where we set xq = £/ry. The integral in this equation can
be analytically evaluated, yielding

T2 +1\?

L (\/14-)(2—1)%1
n
202 V14 52

with
1+42 \2 2u?
1= () i 9
V1+4u 1+ 3u

The spin-flip probability (25) is thus expressed solely in
terms of the parameter 4 = M /£. It has no dependence on
the radial coordinate r, of the neutrinos’ closest approach
to the central mass. The disappearance of r, from Eq. (25)
came about due to the fact that at this order of the expansion
in M/r, the denominator in Eq. (24) vanishes at x = x,.

To examine the dependence of the probability (25) on the
variation of the energy of the neutrinos and on the variation
of the shape of their deflected paths, we replace u by M/be
in Eq. (26). The latter yields then

b2e? + M? 2M3
n= ( (27)
be

1
Vb*e? +4M2> C AT be(b*e* +3M*)

Using these expressions of # and y, we not only can track
down the dependence of the probability (25) on the

(1 +n2)\/1 2V = V21 + 1+ 27)

}, (25)
|

variation of the parameters e and b of the neutrinos, but
we can also find out about the dependence of the proba-
bility on the variation of the mass M of the gravitational
source. In fact, let us consider typical values of the energy e
per unit mass of the neutrinos by allowing e to be as low as
e~ 10 for solar neutrinos and as high as e~ 107 for
supernovae neutrinos. We also consider an impact param-
eter b as small as a few dozens of M, that might occur for
deflections around compact neutron stars. Indeed, for such
impact parameters around such compact stars we may keep
the second order in M/be in the parameter 7, discarding
only the parameter y for being third order in M/be. From
Eq. (27), we then have

MZ

n=1

Note that at the first order in M/be, we have n = 1 and
x = 0. Plugging these two values into Eq. (25) we recover
the vanishing spin-flip probability. On the other hand,
plugging the approximations (28) into Eq. (25), the latter
takes the form
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M*

P(lvr) = |vg)) NI

(29)

Since the impact parameter cannot be smaller than the
gravitational radius of the central mass, we clearly see from
Eq. (29) that although the result increases as the fourth
power of the central mass, the spin-flip probability is
suppressed as the inverse fourth power of the energy per
unit mass of the neutrinos for typical neutrino energies and
for any realistic impact parameter b.

V. SUMMARY AND CONCLUSION

We considered neutrinos spin oscillations within curved
spacetime when the neutrinos are coupled to the scalar field
of chameleonlike and symmetronlike screening models. We
first derived the general expression of the spin-flip prob-
ability in the flavor basis by relying on the MPD equations
that describe classical spin precession under the effect of
gravity. We then applied the formula to extract the
corresponding helicity-flip probability for the case of
neutrinos deflected in the equatorial plane of a static and
spherically symmetric gravitational source. Our result is
valid for any shape of the deflected neutrinos paths, and it is
given in terms of the impact parameter of the particles, their
energy per unit mass, and the coordinate radius of their
closest approach.

What is remarkable about our result is not only the
absence of any dependence of the spin-flip probability on
the radial variation of the scalar field but also the absence of
the scalar field altogether. This means that, although the
scalar field does have an effect on the neutrinos’ spin
precession in the comoving frame, as shown by the spin-
precession angular velocity (20), the spin-flip probability
is not affected by the coupling of the neutrinos to the
scalar field.

The reason why the spin-precession angular velocity is
affected but the spin-flip probability is not is due to the
peculiar coupling we considered here of the screening
models with matter. In fact, the scalar field ¢ of such
models couples to neutrinos only through the spacetime
metric by Weyl rescaling the latter. As such, both the
proper time of the particle and its spin-precession angular
velocity in the comoving frame are oppositely affected.
The proper time is affected by being multiplied by the
functional A(¢) of the scalar field, but the angular
velocity gets divided by the functional A(¢). The func-
tional A(¢) thus cancels out of the probability integral.
Another way of understanding this result is to recall that
the conformal rescaling of the metric caused by the scalar
field preserves angles, but rescales distances and time. It
is therefore no wonder that the total precession angle and

the corresponding probability for its occurrence both
remain unaffected.

Even though our result showed no effect of the scalar
field on the helicity-flip probability, the generality of the
latter’s final expression allowed us to examine closer the
effect of pure gravity in the absence of any coupling. In
the process, we recovered the vanishing of the probability
for high-energy neutrinos with any realistic impact param-
eter. We also extracted a closed form showing the depend-
ence of the probability on the energy per unit mass of the
neutrinos, on the impact parameter of the latter, and on the
mass of the gravitational source.

It is worth emphasizing here that our present study
focused solely on neutrinos deflected by a static and
spherically symmetric gravitational source. Nevertheless,
the physical interpretation we provided for our present
result is general enough to bring into light the main insights
and to encompass arbitrary physical situations of the
interaction of the spin with the gravitational field of the
source. Still, an extension of this work to include general
motions of neutrinos and/or rotating gravitational sources
will be provided elsewhere. Furthermore, to examine any
eventual fundamental difference between the use of the
mass eigenstates basis and the use of the flavor basis
another study based on the Foldy-Wouthuysen representa-
tion as opposed to the MPD equations, as well as a study
based purely on the WKB approximation for deriving the
MPD equations from the Dirac equation are both necessary
and will also be carried out elsewhere.
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APPENDIX: THE COMOVING VIERBEINS
AND THE SPIN CONNECTION

We display here the comoving vierbeins one builds from
the Schwarzschild metric (18) and the four-velocity (19) of
a deflected neutrino around a static and spherically sym-
metric gravitational source. We set £/m = eand L/m = ¢,
where £ is the conserved energy, m is the mass of the
neutrino, and L is the conserved angular momentum of the
latter. We also set A = 1-2M/r and £ = 1 + #?/r. Then,
the resulting vierbeins read
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On the other hand, the nonzero Christoffel symbols one
extracts from the Schwarzschild metric are

. MA o M | M
Too="73> Toa=5y Th=-a5
1
2,=r},= - I, = —raA, I3, = cotd,

'}, = —rsin®0A, I3, = —sinfcos 0. (A3)

From these expressions, we compute the following relevant
nonzero coefficients of the spin connection to be

(u(1)3 = :i:A;I—f,

et (ﬂ M 3Mf2>
Losave—sa\t PP )

wl? = TFe. (A4)
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