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In this paper, we study the spin transitions of neutrinos caused by the interaction with a gravitational
field. We consider a model with a scalar field (describing screening effects) conformally coupled to matter
and neutrinos. The presence of screening effects suppresses the neutrino spin-flip probability as compared
with general relativity predictions. Such a result could be used, combined with neutrino astronomy, for
testing modified theories of gravity and, in turn, screening effects invoked to bypass the solar system and
lab tests. Such an analysis has been also extended to the case of the quintessence field surrounding a black
hole. Here we investigate the flavor and spin transitions, showing that also in such a case exists a
suppression of the effect compared to general relativity prediction.
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I. INTRODUCTION

Extended theories of gravity (ETG) have been mainly
proposed to account for the recent cosmological observa-
tions that suggest that our Universe is currently undergoing
an accelerated expansion [1-6]. To account for such a
behavior of the Universe, an unknown form of energy (dark
energy) must be necessarily introduced. ETG can be
obtained in a different way, by generalizing the Hilbert-
Einstein action either by introducing higher-order curvature
invariants, £ ~ f(R, R, R", (¥R, ...) [here R is the Ricci
scalar, R, the Ricci tensor, and [1 = ﬁﬁﬂ(\/—_gg””ay)

the D’ Alambertian operator in curved spacetimes, with g
the determinant of the metric tensor g, ], or introducing
one or more than one scalar fields, obtaining the so-called
scalar tensor theories [7-10]. These generalizations of
general relativity (GR) are also related to the fact that, at
high curvature regimes, curvature invariants are necessary
in order to have self-consistent effective actions [11-13].
The ETG allows us to address the shortcomings of the
cosmological Standard Model (for example, higher-order
curvature invariants allow to get inflationary behavior,
remove the primordial singularity, explain the flatness
and horizon problems) [9,10] (for further applications,
see Refs. [7,8,14-38]). Among the various scalar-tensor
dark energy models proposed in the literature for explain-
ing the cosmic acceleration of the Universe, it is worth
mentioning the model of Refs. [8,39-41] based on the
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interaction of the quintessence-neutrino. Such an interac-
tion is described by a conformal coupling in such a way
that when the massive neutrinos became nonrelativistic,
by activating the quintessence, the Universe acceleration
starts. In these models, the quintessence and matter
(including neutrinos) interact, and the interaction is
given by a conformal coupling [42-44] that induces in
turn screening effects. The latter are mainly classified
as chameleon models [45-48] and symmetron models
[49,50]. The relevant consequence of the screening effects
is that the scalar fields behavior is strongly related to the
matter density of the environment, with the consequence
that in a dense region they are screened.

This paper aims to investigate the propagation of
neutrinos in geometries described by ETG and coupled
to quintessence, focusing in particular on the spin-flip
of neutrinos when they scatter off black holes (BH).
Experiments on neutrino physics provides clear evidence
that neutrinos oscillate in different flavors [51-53]. These
results not only give indirect proof of the fact that neutrinos
are massive particles but, in turn, they represent an indi-
cation of physics beyond the Standard Model. New possi-
bilities to study the neutrino properties are offered by the
interactions with external fields, which could be magnetic
fields or gravitational fields, which we are interested in. In
the first case, the formulas of the oscillation probabilities of
neutrinos in different flavors are affected if neutrinos inter-
act with external fields [54], as well as interactions with
electromagnetic fields which may also induce a helicity
transition of neutrinos with different helicities. These
processes are generically called spin oscillation and/or
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spin-flavor oscillations [55]. The latter is also influenced
when a neutrino propagates in a curved background. It is
well known that the gravitational interaction can affect the
neutrino oscillations or induce the change of the polariza-
tion of a spinning particle [56-74].

Here we study the helicity transitions (spin oscillations)
of neutrinos vy, — vy, in which neutrino flavors do not
change under the influence of external gravitational fields
(the case of neutrino flavor oscillations has been studied in
[75]). Since in the Standard Model neutrinos are produced
with fixed left-handed polarization, a change in right-
handed polarization induced by a gravitational field would
mean that they become sterile, and therefore do not interact
(except gravitationally). As a consequence, a detector
would register a different neutrino flux, giving a signature
of the coupling of neutrinos with quintessence fields
screening the gravitational source.

We also discuss the effects of the quintessence field
surrounding a black hole on neutrino flavor oscillations and
neutrino spin flip. The existence of a quintessence diffuse
in the Universe has opened the possibility that it could be
present around a massive gravitational object, deforming
the spacetime around a gravitational source. In [76] the
Einstein field equations have been solved for static spheri-
cally symmetric quintessence surrounding a black hole in
d = 4 dimensions. As a result, the Schwarzschild geometry
gets modified.

The paper is organized as follows: In Sec. II we review
the spin-flip transition in a general curved spacetime. In
Sec. Il we consider neutrino interaction through the con-
formal coupling [42—44] responsible for screening effects,
and compute the transition probabilities. In Sec. IV we
study the neutrino flavor and spin transition in a back-
ground described by a black hole surrounding by a
quintessence field. We briefly analyze the quintessence
field on nucleosynthesis processes. In Sec. V we discuss
our conclusions.

II. NEUTRINO SPIN EVOLUTION IN A GENERIC
GRAVITATIONAL FIELD

In this section we treat the neutrino spin oscillation
problem in a generic gravitational metric. We follow the
papers by Dvornikov [77] and Obukhov-Silenko-Teryaev
[78]. The motion of a spinning particle in gravitational
fields is related to its spin tensor $** and momentum p*

Ds™

Dy = P (1)
Dpﬂ 1 v c

D = —ERI;/)(;U SP s (2)

where v* is the unit tangent vector to the center of mass
world line, 4 is the parameter, D/DJA is the covariant
derivative along the world line and R’lf,,,, is the Riemann
tensor. One can define the spin vector as

1
Sp = 2mV —gem,/lppf‘S’”l, (3)

with €,,,, the completely antisymmetric tensor, g the
determinant of the metric g,, and m? = p,p". Using the
principle of general covariance, the particle motion has to
satisfy the following relations

DS*

Dr )
i

DDU 0. (5)
T

where U* = dx*/dr and 7 is the proper time. This means
that

ds-
ar = Tl (6)
dU*
= -, UeUr. (7)

However, in the particle description, what is relevant is the
spin measured in the rest frame of the particle; we will use
the tetrads Vj; to do the transformation. They are defined as

9w = Vzvfﬂahv (8)

where 7, is the Minkowski metric. The equations in the
local frame have the form

ds® 1
=~ Gds,, 9
dr y Sp ( )
du® 1
= —Gby,, 10
dr y up (10)

where s = S#V4, ut = UV, y = U° =dt/dr, G =

nacnbd}/cdeue9 Yabe = ﬂadVﬁ;yVZVlé and

DV4
d — £, 11
b= (11)
The evolution of the spin vector s¢ is given by
ds® 2
o :;(g‘xG):%‘ng, (12)
where £ and G are defined as
a u(-u)
s :<§.u,C+1+MO>, (13)
1 E xu
G=-(B , 14
2 < * 1+ u0> (14)
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u=(u'u), (15)

with Go; = E; and G;; = —¢;3By. In the metric of our
interest Q, = (0,€,,0), and therefore we can use the
following representation: & = (£, 0,¢3) = (cosa, 0, sina).

We are interested in studying the neutrino spin oscil-
lation and therefore we focus on the helicity of the
particle 7 =& - u/|u|. The initial helicity for a neutrino
is h_o, = —1 and defining the initial condition u_, =
(=VE?-m?,0,0) one can get that ¢_o = (1,0,0),
a_, =0. Moreover, we can write that
(+VE? —m?,0,0) and therefore h_ o, = cosa.

From that, we can state that the helicity states of the
neutrino can be written as

Vow=|-1) (16)

Viw=ayl 1) +a_|1). (17)

Ui =

where a? +a*> =1 due to the normalization and
a3 —a® =cosa = (h), .. From that, one obtains that
a’. = (1 £ cosa)/2 and the probability to find a neutrino

with right-handed helicity is

1 —cosa,

Pigr=la_|* = 18
Lk = la_| 3 (18)
Using Eq. (12), we obtain
dsi
S;;“:zcosagz S a =201 (19)
Therefore, it is possible to write
da dadt dadtdr (20)

dr  drdr dtdedr’

where dt/dr = U° and dr/dr = U'. Finally, the angle
o reads

d
Ay oo :/drd—(:. (21)

III. NEUTRINO PROPAGATING IN CONFORMAL
METRIC (SCREENING EFFECTS)

We consider the action with a scalar field conformally
coupled to matter

ME 1
S = / d*x\/=g [;’R - Eg””aﬂqﬁ@ycb - V(o)

+ / XL (¥, G, (22)

where L, is the Lagrangian density of the matter fields ¥;,
the metric g, is related to the metric g,,, by the relation
[79-81]

g/w = A? (¢)gﬂl/7 (23)

and M, is the reduced Planck mass. The conformal factor
A(¢) appearing in Eq. (23) is a function of the scalar
field ¢ and induces screening effects. Different screening
mechanisms have been proposed in literature, such as, the
chameleon [45-48] and symmetron [49,50] mechanisms
(see also the Vainshtein mechanism [82]). They differ-
entiate by the different choices of the coupling and potential
functions. For example, in the case of chameleon mecha-
nism one chooses

AW) = exp [Mi / ﬁ<¢>d¢} (24)

where ¢ is the chameleon conformal field, and f(¢) is a
field-dependent coupling parameter [a simple choice is to
choose S to be a constant value of the order f ~ O(1)]. In
the case of the symmetron mechanism, the Z,-symmetry
imposes to choose a quadratic coupling function, A(¢)=

1+ (ZEI?. In what follows we shall assume that A(¢) is

universal in order to respect the equivalence principle.
To apply the results of Sec. II, we consider neutrino

propagation near a nonrotational BH in a conformal metric

[see (23)], with g, given by

1
9v=A¢<—fr,—,r2,rzsin29>, 25
and f(r) = 1-2M/r (Schwarzschild geometry). Since the
metric is spherically symmetric, we can take the motion of

the neutrino in the equatorial plane (§ = z/2 and df = 0).
With this condition, we obtain

/1 —2M 2M\3 M
QZZL rAm( —T)2+E( —37) (26)

2Er? Am(1 -) + E

From Eq. (21) we can define

+oo da dx
_ agaar
oo —1 rdr, (27)

m

where x,, is the minimum value of x = r/2M allowed in
the expression of da/dx. Indeed, it is possible to write

da_4L

1 2M A
dr  m

r B’ (28)
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2
AEA<—2+L> +2<1—3) 1M

M

A

M

(-1+ ) E _nglz)(l_z ) E 2M\ Ar3 2M
m>A(1-2M/r)  Am*r? r r r r

B= Al—2+ D)+ 22 =) 2 (228,

\/ <\/_< > mM r ) M3 < r )

where the x,, is given by the condition

LM —oM
) r >0. (29

E2
(mZA(l —2M/r) Am*? Ar

Moreover, it is useful to use the following variable

b
-7 30
Y=5u (30)

L 1
b=" : (31)

E 1_}/_2

E
:—’ 32
r=- (32)

where y > y, with y the critical impact parameter that for a
massive particle depends on y. The critical impact param-
eter can be found from the effective potential of black hole

Am*(1 = %) M L?
S A I Tt 1 N [
Ver L? ( r > ( +Am2r2> ’ (33)

imposing dVg/dr = 0, finding the maximum and then
solving the equation

dr\? 1
<E> =0= 52~ Ve (34)
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FIG. 1. Probability of spin flip plotted respect to the value of the
variable y. As it can be seen, for larger values of y the probability
goes to zero. We have used the values y = 10 and A = 1.

From Eq. (34), one can obtain the critical impact para-
meter. Finally one can use Eq. (21) to find the probability of
a neutrino spin flip. Results, for y = 10, are shown in
Figs. 1-3. In Fig. 1 we have used a factor A = 1, recovering
the results in Ref. [77] (with a factor of 1/2 overall). In the
case of the chameleon theory, the conformal factor A(¢) is
given by (24). The simplest conformal model is that with j
constant and A = exp(f(¢)p/M ,). Referring to [75] (see
Figs. 10 and 11), it turns out that (f, ¢) may assume the
values 1,1.483 x 10?7 eV or 10,4.69 x 10%° ¢V which leads
to A >1.1. However, in general, using the exponential

0.020 - ]
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0.00 0.02 0.04 0.06 0.08 0.10
y=Yo/¥o

FIG. 2. Probability of spin flip plotted respect to the value of the
variable y. As it can be seen, for larger values of y the probability
goes to zero. We have used the values y = 10 and A = 1.0005.

0.0030 - .
0.0025 - i
&
o
0.0020 - .
0.0015 | .
0.00 0.02 0.04 0.06 0.08 0.10
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FIG. 3. Probability of spin flip plotted respect to the value of the

variable y. As it can be seen, for larger value of y the probability
goes to zero. We have used the values y = 10 and A = 1.1.
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definition the results are that A > 1. As shown in Fig. 3, the
neutrino spin oscillation probability in chameleon theories
is suppressed respect to GR, so that the flux of (non-
relativistic) neutrinos with initial fixed (left-handed) polari-
zation arriving at detector remains unaltered. It is also
worth noting that small deviations from A = 1 (GR case)
induce suppression of the spin-flip probability, as shown in
Fig. 2 for A = 1.0005.

IV. NEUTRINOS INTERACTING WITH
QUINTESSENCE FIELD

As a second example, we consider neutrinos propagating
near a nonrotational black hole surrounding by a quintes-
sence field [76,83]

w = (—fl(r),]ﬁ,rz,r2 sin? 9), (35)

where f(r) = 1-2M/r — ¢/r’®«*!, where c is a positive
constant and —1 < w, < —1/3.

A. Neutrino flavor oscillations

Let us briefly review neutrino oscillations in curved
space-times (see, for example, Refs. [64,84], and references
therein). Neutrino flavor oscillations occur owing the fact
that neutrino flavor eigenstates |v,,) are linear combinations
of neutrino mass eigenstates |v;) as

=S Ve ), (36)

where a(i) labels the neutrino flavor (mass) eigenstates,
while U,; is the (unitary) mixing matrix between the flavor
eigenstates and the mass eigenstates. The phase ®; is
associated with the ith mass eigenstate, and in a curved
spacetimes reads

q)i = /P(,-de”. (37)

Here P, indicates the four-momentum of the mass
eigenstate i. In what follows we shall assume that neutrinos
just have two flavors, so that introducing the mixing angle
0, the transition probability from one flavor eigenstate « to
another S is given by

P(v, = vp) = sin?(20) sin? <%>, (38)

where @ =®; — ®;. The explicit form of ®; in a
Schwarzschild like geometry reads [62,64,84]

0.8
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FIG. 4. Oscillation length ratio between GR and the quintes-
sence framework in function of r/M. The legend shows the
values of ¢ and w used.

q)f':/dr_ /\/Ez - )&+ m?] >

- 900

where L represents the angular momentum of particles.
Equation (39) is exact. The phase ®; vanishes for null
geodesics.1

From [62] one infers the neutrino oscillation length,
which estimates the length over which a given neutrino has
to travel for ®j to change by 2z. Assuming that the
particles involved have the same energy E, with £ > m;,
the oscillation length is given by

dl,, 2nE
d®;/(27) ~ \/goo(m; —m})’

where dl,, = (—g;;)dx'dx/ is the infinitesimal proper
distance (for a Schwarzschild-like geometry), with i,
j=1, 2, 3 (here we are using the natural units—the
conventional units are restored multiplying the right-hand
side of (40) with /c?). As we can see from (40), the
oscillation length decreases whenever gy, increases. In
Fig. 4 it is possible to see the ratio between the oscilla-
tion length in GR and that in the quintessence frame-
work with w =—-04,¢=04, w=-04,¢c=0.2 and
o = —0.6, ¢ = 0.02 respectively. As it can be seen, increas-
ing ¢ with the same w, or lowering w, with the same
¢ tends to enhance the difference between GR and the
quintessence metric.

LOSC =

(40)

B. Spin-flip transition

With a similar procedure as in Sec. III, we obtain the €,
value that we do not report here due to its complex analytic

'This follows from the fact that pudxt = gﬂﬂpﬁdx”  ds?,
which vanishes for null paths.
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FIG. 5. Probability of spin flip plotted respect to the value of
the variable y. As it can be seen, for larger values of y the
probability goes to zero. We have used the values y = 10,
¢=04, and v, = -0.4.

form. To account for the maximum possible difference in
the neutrino oscillation with quintessence, we have
done a theoretical analysis with w, = —0.4 and ¢ = 0.4.
Moreover, due to the complexity of the calculation, we
can only obtain a numerical approximated result that is
represented in Fig. 5.

As it can be seen, even in this case, the probability is
suppressed with respect to the probability computed with
the GR metric.

C. Electron fraction Y, in presence of quintessence

In this subsection we discuss the effects of gravity
(gravitational redshift) on the energy spectra of neutrinos
(v,) and antineutrinos (7,) outflowing from the very inner
ejecta of a type Il supernova explosion [85]. The v, — 7,
oscillations mediated by the gravitational collapse of the
supernova inner core could explain the abundance of
neutrons. This in turn affects the r-process nucleosynthesis
in astrophysical environments.’

By defining v, the neutrinosphere at r, and the 7,
neutrinosphere at ry , the electron fraction reads [35] (for
details, see also [62,86])

1

Y, =—, R
¢ 1+R%

= R, (41)

n
P P

where RY (the local neutron-to-proton ratio) and I' are
P

given by

’If indeed v, could be more abundant than v,, then the neutron
production could be higher than the proton production, and the
supernova spin-flip conversion v, — v, (for example, Majorana
type neutrinos) could be affected by gravity-induced effects
inside supernovae cores, and hence, the over-abundance of
neutrons required for the r-process in such a spacetime with
quintessence.

1.0 ‘
GR
08  eeeeeees c=0.3 ,w=-04 -
----- c=0.4 , w=-0.4
P - ¢=0.53, w=-0.35 -

1.0 1.5 2.0 2.5 3.0
Ly Ly,

FIG. 6. Electron fraction Y, vs the antineutrino/neutrino lumi-
nosity ratio Lz /L, for r = 5M. We compare the Schwarzschild
electron fraction (GR) with the ones coming from the quintes-
sence theory with the parameters in the legend.

gl el @

where L; , is the neutrino luminosity and (E; , ) is the
average energy3 (as measured by a locally inertial observer
at rest at the {7,,v,} neutrinosphere). In Fig. 6 we plot
the electron fraction given by (41). The presence of the
quintessence field surrounding a black hole changes the
neutron-to-proton ratio with respect to the Schwarzschild
case (Y, > Y9K), favoring in such a case the r-processes.

On the other hand, there are not relevant differences in Y,
between conformal theory and GR due to the fact that in
Eq. (42) the conformal factor is almost totally simplified.

V. CONCLUSIONS

In this paper, we analyzed the neutrino spin-flip and
spin-flavor phenomena in a gravitational field. After dis-
cussing the general results we applied them to two specific
cases: 1) the conformal modification of GR, which is an
effect purely geometrical, related to screening effects, and
2) the quintessence surrounding a black hole, which is
linked to dark matter and energy. Regarding the first
case, as discussed in the paper, it is characterized by the
introduction of an additional degree of freedom (typically a
scalar field) that obeys a nonlinear equation that couples to
the environment. Screening mechanisms allow the circum-
venting of the Solar system and laboratory tests by
suppressing, in a dynamical way, deviations from GR
(the effects of the additional degrees of freedom are hidden,
in high-density regions, by the coupling of the field with

Notice that it is assumed that the 7,, v, energy spectrum does
not evolve significantly with increasing radius above the 7,, v,
sphere, as a consequence of the concomitant emission, absorption
and scattering processes.
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FIG.7. Ratio between the GR probability of a spin flip and that
of the conformal theory with A = 1.1 plotted with respect to the
value of the variable y. We have used the value y = 10.

matter, while in low-density regions, they are unsuppressed
on cosmological scales [82,87,88]). Therefore, new tests of
the gravitational interaction may provide a new test for
probing the existence of these scalar fields. The gravita-
tional interaction described by deformed Schwarzschild’s
geometry, induced hence by the presence of scalar fields
around the gravitational massive source, affects the neu-
trino flavor and spin-flip transitions.

This analysis turns out to be relevant in the optics of the
recent observations of the event horizon silhouette of a
supermassive BH [89]. Indeed, the accretion disk surround-
ing a BH is a source both of photons (which form, as is well
known, its visible image) and neutrinos [90]. The latter
suffer gravitational lensing as well as a spin precession in
strong external fields near the supermassive BH (it is worth
mentioning that similar effects occur also in a supernova
explosion in our Galaxy [91]). It is then expected that spin
oscillations of these neutrinos modify the neutrino flux
observed in a neutrino telescope. We compared the tran-
sition probability in the presence of a scalar field that
screens the gravitational field and the quintessence field. In
both cases we observe a modification of the spin-flip
probability with respect to GR, and, as a consequence,
the neutrino fluxes accounting for the interaction with an
accretion disk get modified. Results are displayed in Figs. 7
and 8). Modification of GR through a conformally coupling
model (hence screening effects) or quintessence can rel-
evantly affect these astrophysical phenomena, allowing the
possibility of finding, with future observations, deviations
from GR. In the case of the quintessence field, we have also
shown the influence of such a field on the nucleosynthesis
processes.

Some final comments are in order: 1) We have only
considered the spin-flip transitions induced by gravitational
fields. A more complete analysis requires the inclusion of
magnetic field, as in [77]. 2) The spin-flip probability (18),

3
25
5 2
25
al
%\ z 1O
o r
s
05
0: TR B ol
0 0.005 0.01 0.015 0.02
Y-y,
FIG. 8. Ratio between the GR probability of a spin flip and

that of the quintessence theory plotted with respect to the value
of the variable y. We have used the values y = 10, ¢ = 0.4
and w, = -0.4.

when applied to solar neutrinos, gives a probability below
the upper bound 0.07, obtained from the Kamiokande-II
[92]. 3) We have assumed that the conformal factor A(¢) is
universal so that the equivalence principle holds [93].
However, in the more general case, one may have a
different A;(¢), corresponding to different matter fields
Y¥;, with interesting consequences on the spin-flip and spin-
flavor oscillations, as well as to spin state abundances
of relic neutrinos. All these possibilities will be treated
elsewhere.
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APPENDIX: CHAMELON MECHANISM

In some scalar-tensor dark energy models, the quintes-
sence is interacting with matter through a conformal
coupling scalar field. This coupling may give rise to
the screening effect as was studied in the chameleon
model. The chameleon model is specified by a power-
law potential [75]

V(g) = M* g, (A1)
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with n being a positive number, and M a parameter of mass
scale. The effective potential depends on the mass density
and the equation of motion is given by

D¢ = V,¢ - A3 (¢)A¢ (¢)/4u7~”w (A2)

where T,w is the energy momentum tensor. Using the
relation ¢“T,, =T = p = —A73(¢)p, one gets
Op =V, —Au)p. (A3)

The effective mass of the field is might be defined using the
potential

o*V,
2 eff
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One can then obtain the solution for the field solving
Eq. (A3) with the boundary condition

9 o

dr (46)

at r - 0,

¢ ¢y atr— co. (A7)
The solution can be obtained by expanding the field as
d(r) = ¢o + 6¢, where ¢, is the uniform background and
Oq¢p is the perturbation induced by the spherical symmetric

body (like BH or NS). It turns out to be

d25¢ 2dog _ Pdo
dr? + ;W - mr2x11n(¢)5¢ + M_pp(r)'

(A8)
Finally, for a gravitational source of radius R, one infers
(A9)

1
¢(R) = ¢o + 6¢pin }e_m““"RO(R_”-

where 6¢;, is the value of the field at the surface of the body
and R = r/Rg. For each f constant, this procedure gives
the resulted ¢ as shown in Fig. 10 of Ref [75].
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