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Propagation of high-energy neutrinos in a background of ultralight scalar dark matter
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Abstract

If high-energy neutrinos propagate in a background of ultralight scalar field particles of dark matter (mϕ ∼ 10−23eV), neutrino-dark
matter interactions can play a role and affect the neutrino flux. In this work we analyse this effect using transport equations that
account for the neutrino regeneration as well as absorption, and we consider the neutrino flux propagation in the extragalactic
medium and also through the galactic halo of dark matter. We show the results for the final flux to arrive on Earth for different
cases of point and diffuse neutrino fluxes. We conclude that this type of neutrino interactions with ultralight scalar particles as dark
matter can yield very different results in the neutrino flux and in the flavor ratios thatcan be measured in neutrino detectors such as
IceCube.
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1. Introduction

The nature of dark matter (DM) remains an open issue and
there are many proposals that have been made in the last years,
which include: the well spread possibility of WIMPs (e.g.[1]),
superheavy particles [2], primordial black holes [3], sterile neu-
trinos [4], axions [5], and also other scalar field particles[6]. In
particular, ultralight scalar particles with a massmϕ ∼ 10−23eV
[7, 8] have been argued to be a viable candidate as dark matter
constituent, avoiding the overproduction of both substructure
in the galactic haloes and satellite dwarf galaxies that arenot
observed but are normally predicted within standard cold DM
models [7, 9, 10].

In the present work, we focus on what could be the conse-
quences for a high-energy flux of neutrinos (να, α = {e, µ, τ})
if they propagate in a universe in which DM is primarily com-
posed of such ultralight scalar field particles (ϕ). In a previous
work [11], the attenuation of a neutrino flux via interactions
with this type of particles was considered neglecting the regen-
eration effect and the flipping of mass eigenstates which are
actually unavoidable if such interactions occurred. Here per-
form a detailed calculation taking into account the mentioned
effects by solving a system of transport equations that describe
the evolution of neutrinos as they propagate in the extragalac-
tic medium, considering also the effects of expansion of the
universe. We also study the neutrino propagation through the
galactic halo of dark matter, which can introduce a neutrino
deficit towards the direction of the galactic center and direction
dependent flavor ratios. In view of the recent data by IceCube
on the flavor composition [12, 13], although more statisticsis
necessary, there is still significant room for departures from a
standard composition (fe : fµ : fτ) ≃ (1 : 1 : 1) of the neutri-
nos arriving on Earth. Hence, we show here that if the neutrino
mass hierarchy follows a normal ordering or an inverted one,
the neutrino flavor ratios will be affected differently by the neu-

trino interaction with the ultralight scalar particles.
This work is organized as follows. In section 2 we compute

the relevant cross sections and the optical depths for neutrino
propagation. In section 3, we calculate the neutrino flux to be
arrive on Earth from point neutrino sources located at different
redshifts, and in section 4 we study the case of a diffuse neutrino
flux. Finally in section 5, we conclude with a brief discussion.

2. Interactions of neutrinos and ultralight scalar DM par-
ticles

The neutrino-DM interactions are in principle introduced by
Lagrangian contributions for each neutrino flavorα = {e, µ, τ},

Lναϕ = gαν̄αϕPRF + h.c., (1)

whereF represents a new fermion field with massMF andgα
is theνα-ϕ coupling. Since a neutrino of flavorα is a super-
position of the mass eigenstatesνi ; i = 1, 2, 3, it is possible to
rewrite the expression above as

Lναϕ =
∑

i

gi ν̄iϕPRF + h.c., (2)

where we have introduced the couplingsgi =
∑

α gα i , with
gα i = Uαigα for each neutrino mass eigenstate with the scalar
[14]. This will be useful in the present context in order to
describe the neutrino propagation, as is discussed in the next
section. For the elements of the PMNS neutrino mixing ma-
trix Uαi , we assume that the mixing angles are given by [15]:
sin2 θ12 = 0.308, sin2 θ13 = 0.0234, sin2 θ23 = 0.437, and
δ = 250◦ in the case of a normal hierarchy of neutrino masses
(NH, m1 < m2 < m3). If the mass ordering is inverted (IH,
m3 < m1 < m2), then sin2 θ13 = 0.024 and sin2 θ23 = 0.455.
We shall consider, as in Ref. [11], the cases of self-conjugate
(ϕ∗ = ϕ) and non-self-conjugate dark matter (ϕ∗ , ϕ) and the
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Figure 1: Diagrams for theνiϕ→ ν jϕ interactions.

diagrams for the possible processes are shown in fig. 1, where
the regeneration cases are the ones withj = i, while in those
with j , i the neutrino mass flips form frommi to mj .

As for the bounds, they have been placed on theνα-ϕ cou-
plings, gα, as noted in Ref. [14]. The most stringent bounds
come from the decay ofπ and K mesons,|ge|2 < 10−5 and
|gµ|2 < 10−4 if the mass of the fermion isMF ≪ mπ,K , while
for higher fermion masses these bounds could be avoided. Still,
since the least constrained coupling is|gτ| < 1, in this work
we shall adoptge = gµ = 0, and onlygτ , 0 in order to il-
lustrate the possible effects on the fluxes and flavor ratios of
neutrinos caused byνi-ϕ interactions through the correspond-
ing couplingsgi .

In the case of non-self-conjugate dark matter, only the chan-
nelu contributes and we obtain the following averaged squared
scattering amplitude (assumingc = 1, ~ = 1),

∣

∣

∣

∣
Mi j
ϕ∗,ϕ

∣

∣

∣

∣

2
=

g2
i g2

j

M4
F

[

(m2
3 −m2

ϕ)(p1 · p3)

+2 (p1 · p2)((p2 · p3) −m2
3)
]

, (3)

where thep1 andp2 are the initial neutrino and scalar momenta,
respectively, andp3 is the momentum of the outgoing neutrino.
We have not neglected the neutrino massesmi ,mj since they
happen to play a role as we show below.

In the case of self-conjugate scalars, the channels also con-
tributes and we find that

∣

∣

∣

∣

Mi j
ϕ∗=ϕ

∣

∣

∣

∣

2
=

g2
i g2

j

M4
F

[

2m2
i m

2
j + (p1 · p3)(m2

i +m2
j )
]

. (4)

The differential cross section for the processνiϕ → ν jϕ is
given by

dσi j (E1,E3)

dE
=

1
32π
Θ
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sγcmβcm

√

E2
3,cm−m2

i

√

E2
3,cm−m2

i +m2
ϕ + E3,cm

, (5)

where:

s = m2
ϕ +m2

i + 2E1mϕ, (6)

E3,cm = (s+m2
i −m2

ϕ)/(2
√

s), (7)

γ =
E1 +mϕ√

s
, β =

√

1− 1
γ2
. (8)

The total cross section for the mentioned process can ob-
tained as

σi j (Eν) =
∫ E3max

E3min

dE3
dσi j (E1,E3)

dE
, (9)

with E3,min(max) = γ

[

E3,cm− (+)β
√

E2
3,cm−m2

i

]

. We show

in fig. 2 the obtained cross sections for the different initial
and final mass eigenstates and for self-conjugate and non-self-
conjugate scalar fields. We have assumed in this plot a normal
hierarchy or ordering for the neutrino masses (NH) in the upper
panels:m3 = 0.05eV, m2 = 8.7 × 10−3eV andm1 = 10−2m2

for the lightest neutrino. In the lower panels, we show the
cases of an inverted hierarchy (IH), assumingm3 = 10−2m1

with m1 ≃ m2 = 0.049 eV [15].
As it can be seen in fig. 2, the cross sections are very different

for the different mass eigenstates in both the self-conjugate and
non-self-conjugate cases. This is because we have kept the full
scattering amplitudes without neglecting the neutrino masses,
which happen to play a very important role within the kine-
matic regime that corresponds to the present scenario. Still, our
results for the cross sections would agree with those of Ref.
[11] if the mass of the scalar was∼ 10−18 eV and if the final
and initial neutrinos have equal masses, as in their case. We
note that, apart from the different masses, a different coupling
corresponds to each neutrino mass eigenstates and this alsoex-
plains why the cross sections are different for each of them.

3. Neutrino flux propagation

Here we consider the propagation of neutrinos in the extra-
galactic space and also in the galactic halo. The target of extra-
galactic dark matter at a given redshiftz is supposed to present
a comoving number density given by

n(eg)
ϕ (z) =













3H2
0

8πG













ΩDM

(

mϕ
g

)−1

(1+ z)3, (10)

with H0 = 67.3 km s−1Mpc−1, ΩDM = 0.26, andmϕ expressed
in grams. As for the DM component of the galactic halo, the
corresponding number density can be described by a NFW pro-
file [16] or by the proposed by Einasto et al. [17]:

n(NFW)
ϕ (r) =

0.3GeV cm−3

(

mϕ
GeV

)

r
R0

(

1+ r
R0

)2
(11)

n(E)
ϕ (r) =

7.2× 10−2 GeV cm−3

(

mϕ
GeV

) e

{

− 2
α

[(

r
R0

)α

−1
]}

, (12)

whereα = 0.15,R0 = 20 kpc andmϕ expressed in GeV.
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Figure 2: Cross sections for the processesνiϕ→ ν jϕ. The left (right) panels correspond to (non-)self-conjugate scalar DM, and the upper (lower) panels correspond
to the NH (IH) case. Blue, green, and red lines correspond to an initial ν1, ν2, andν3, respectively. Solid, dashed, and dotted lines correspondto a finalν1, ν2, and
ν3, respectively.

Integrating the number densities times the DM mass along
the neutrino path, we can obtain the DM column densities cor-
responding to neutrinos propagating from a source at a given
redshift z, Xϕ(z), and at different angles through the galactic
halo Xϕ(l, b), wherel andb are the galactic longitude and lati-
tude, respectively. We show the results in fig. 3. The neutrino
optical depth in the case of galactic propagation can be obtained

asτν(E) = σνϕ(E)Xϕ(l, b)
( mϕ

GeV

)−1
, while for extragalactic prop-

agation it can be obtained as

τ
(eg)
ν (E, zs) =

∫

dz c

[

dz
dt

]−1

n(eg)
ϕ (z)σνϕ [E(1+ z)] , (13)

wheredz
dt = −H0(1+ z)

√

ΩΛ + Ωm(1+ z)3, withΩm = 0.315.

In fig. 4 we show the optical depth as a function of
(

gτ
MF

)

for a neutrino energy ofE = 107 GeV as an example case, for
reference. In that figure, we consider a DM column depth of
Xϕ ≈ 2 × 1022GeV cm−2, which as can be seen from fig. 3,
corresponds to a redshift of∼ 0.5 or to a path going through the
galactic halo at (l, b) = (0◦, 70◦). From fig. 4 it can be seen that
in order to have significantν-ϕ interactions in the propagation,
it should hold that

(

gτ
MF

& 0.02GeV−1
)

in the self-conjugate

case, and
(

gτ
MF

& 0.05GeV−1
)

in the non-self-conjugate case. In
these cases, the heaviest neutrino faces an optical depth greater
than one, and hence it would affect the flux of the different fla-
vor neutrinos to arrive on Earth atE = 107 GeV.

We now describe how we treat the neutrino propagation over
cosmological distances, but easily adaptable to the case ofprop-
agation through the galactic halo. The processesνiϕ → ν jϕ in-
clude regeneration (j = i) and flipping processes (j , i). The
latter processes represent absorption effects for the flux ofνi
neutrinos and also implies a re-injection effect ofν j neutrinos.
In terms of the comoving neutrino density for each mass eigen-
stateNνi , we can write

∂Nνi
∂t
= Qνi − 3H Nνi +

∂
[

H E Nνi
]

∂E
− Nνiσνiϕ,tot(E)cnϕ

+
∑

j=1,2,3

∫ ∞

E
dE′

dσ ji (E′,E)

dE
c nϕNν j (E

′, t), (14)

which on the right member includes the neutrino injection by
the sourceQνi , the effects of expansion of the universe in the
second and third terms, absorption in the fourth term, and re-
generation and re-injection in the last term [18]. Here, thetotal
cross section is denoted byσνiϕ,tot =

∑

j=1,2,3σi j . In the present

case, the differential cross sectionsdσi j (E′ ,E)
dE are very sharp func-

tions ofE′ which are significant only forE′ ≃ E. This means
that the energy loss in each interaction is very small. Hence, we
can treat the process as a continuous loss one, in which case we
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Figure 3: Left: extragalactic dark matter column depth vs redshift. Right: Galactic dark matter column depth vs galactic latitude forl = 0 for a NFW DM profile
(red) and for the profile by Einasto et al. (blue).
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Figure 4: Optical depth for neutrinos of energyE = 107 GeV if the DM column depth isXϕ ≈ 2 × 1022GeV cm−2 for non-self-conjugate (dashed lines) and
self-conjugate scalar DM (solid lines), and for NH and IH in the left and right panels, respectively.

have

∂Nνi
∂t
= Qνi − 3H Nνi +

∂
[

H E Nνi
]

∂E
− Nνiσνiϕ,tot(E)cnϕ

+
∑

j=1,2,3



















cnϕσ ji Nν j +
∂
[

b ji Nν j

]

∂E



















where

b ji (E) = nϕc
∫ ∞

E
dE′

E2

E′
dσ ji

dE
, (15)

and an effective injection:

Qeff
νi
= Qνi +

∑

j,i



















nϕcσ ji Nν j +
∂
[

b ji Nν j

]

∂E



















. (16)

Hence, it is possible to express the transport equation in

terms of redshift as

∂Nνi
∂z
= −

Qeff
νi

H(z)(1+ z)
+ Nνi B

−
(

∂Nνi
∂E

) [

E
(1+ z)

+
bii

H(z)(1+ z)

]

, (17)

and the solution can be found using the method of characteris-
tics as

Nνi (z,E) =
∫ zmax

z
dz′

Qeff
νi

H(z′)(1+ z′)
exp

[

−
∫ z′

z
B(z′′,E′′)

]

, (18)

where

B(z,E) =

[

2
(1+ z)

+
σi, jnϕc

H(z)(1+ z)
− 1

H(z)(1+ z)
∂bii

∂E

]

.

The flux of neutrinos of a flavorα at z= 0 can be obtained as

Jνα (E) =
c

4π

∑

i

|Uαi |2 Ni(z= 0,E), (19)
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which is actually an incoherent superposition of the three
mass eigenstates. Although neutrinos are emitted and detected
as weak flavor eigenstates, the new interaction with the scalar
selects one mass eigenstate and destroys coherence, in a similar
fashion as it happens if a quantum graviton interacts with neu-
trinos Ref [19]: if the interaction takes place, then the neutrino
exists in a single mass eigenstate. Hence, in the present case,
the decoherence assumption is justified, in contrast to other
cases in which coherence has to be kept [20, 21, 22]. We can,
then, proceed to work out the neutrino propagation following
the mass eigenstates and adding them up incoherently to obtain
the flavor neutrinos to be observed on Earth, as it is also done
in Ref. [14]. We also consider here the propagation through the
galactic DM halo of extragalactic neutrinos that have already
decohered due to the interactions with the scalars even before
arriving to the halo, as we show in the next section.

We have a system of three coupled equations, one eq. (17)
for each massive neutrinoνi . However, it is possible to solve
for eachNνi at a time, taking into account the relative domi-
nances of all the possibleνiϕ → ν jϕ processes. As is shown in
fig.2, for neutrinos with energiesE . 5× 109GeV, in the NH
case we have that neitherν1 or ν2 neutrinos produceν3 neutri-
nos, which implies that the first to solve isNν3. Then, since
ν3 neutrinos produceν1 andν2 neutrinos, and in turn,ν1 neu-
trinos just generateν1 neutrinos of lower energy, the second
distribution to solve isNν2. Finally, we solve forNν1 taking into
account the re-injection generated by the processesν3ϕ → ν1ϕ
andν2ϕ → ν1ϕ. This procedure holds for both self conjugate
and non-self-conjugate cases of DM scalar. In the IH case, a
similar analysis implies that we have to solve first forNν2, sec-
ond for Nν1, and last forNν3, as long as we keep within the
mentioned energy range, as we shall do in the present work.

4. Application to point sources

Here, we show some results for neutrino point sources at dif-
ferent redshiftszs assuming that the injected neutrino spectrum
of each neutrino flavor presents the following dependence with
energy at the source:

Qν(E, z) ∝ δ [z− zs] E−α exp

(

− E
Emax

)

, (20)

whereEmax is a break or maximum energy of the neutrinos,
related to the proton acceleration mechanism operating at the
particular system.

We further suppose that the flavor ratios (fα =
Qνα

Qνe+Qνµ+Qντ
) as

emitted from the source correspond to (fe, fµ, fτ) = ( 1
3 : 2

3 : 0),
as it is typically expected for neutrinos generated after pion pro-
duction1. This implies that the composition of emitted neutrino
mass eigenstates is: (f1 : f2 : f3) ∝ (|Ue1|2 + 2|Uµ1|2 : |Ue2|2 +
2|Uµ2|2 : |Ue3|2 + 2|Uµ3|2) = (0.989 : 1.134 : 0.877) in the NH
case, and (f1 : f2 : f3) ∝ (0.978 : 1.110 : 0.912) in the IH case.

1Note that magnetic effects at the source [23] or the effect of pion and muon
acceleration [24, 25] could yield a different flavor composition at the source.

Thus, the injection of the corresponding neutrino mass eigen-
states that we consider in eq. (16) isQνi (E, z) = fi Qν(E, z).

In fig. 5, we show the neutrino fluxes to arrive on out galaxy
from a point source at redshiftzs = 0.1 with α = 2 andEmax =

109GeV, for neutrino-DM couplings given byge = gµ = 0 and
gτ/MF = 0.2 GeV−1. In this case, we consider the case of self-
conjugate DM, but qualitatively similar results are obtained in
the non-self-conjugate case for lower couplings as we shallsee
below. In the upper panels, we show the fluxes in the NH case,
for which theν3 mass eigenstate is the heaviest one and hence
the most rapidly affected by the interaction, as can be seen in
the upper left panel where only the fluxes ofν1 andν2 are sig-
nificant. In the upper right panel, we show the corresponding
fluxes of neutrinos of the three flavors, where it can be seen that
the νe flux dominates over theνµ andντ fluxes. In the lower
panels, the fluxes shown correspond to the IH case, where in
contrast to the NH case, it can be seen that the most affected
mass eigenstates areν1 and alsoν2, and this implies the fluxes
of flavor neutrinos dominated by theντ andνµ as seen in the
lower right panel.

We show in fig. 4, for the self-conjugate case, the neu-
trino flavor ratiosfα after extragalactic propagation from point
sources at different redshifts, i.e., before going through the
galactic halo. We observe here that as more DM is traversed,
the flavor ratios vary. Since in the NH case theν1 flux is the
least affected one of the three fluxes of mass eigenstates, in the
limit case only this flux would survive, which would lead to
a flavor ratio composition (fe : fµ : fτ) = (|Ue1|2 : |Uµ1|2 :
|Uτ1|2) ≃ (0.67 : 0.16 : 0.17). This can be seen for instance in
the bottom right panel of fig. 4 forzs = 3 where the coupling
with DM is quite strong,gτ/MF = 0.2 GeV−1.

We can now take a fixed neutrino energy,E = 107 GeV for
instance, and plot the flavor ratio expected on our galaxy as
a function of the redshift of the source, for the same emitted
neutrino flux. We show such plot in fig. 7 for the NH case, and
in fig. 8 for the IH case.

In these figures, we have assumed two different cases for the
ντ-ϕ coupling in order to appreciate its effect on the flavor ra-
tios: a relatively weak coupling case in the upper panels anda
stronger coupling case in the lower ones. It can be seen that
the flavor ratios, as the fluxes arrive on to our galaxy, depend
on both the coupling and the amount of DM traversed. Thus,
for instance in fig. 7 forϕ∗ , ϕ, the flavor ratios correspond-
ing to a very far source withzs = 5 for gτ/MF = 0.1 GeV−1

are very similar to those corresponding to a much closer source
(zs ≃ 0.5) if the coupling was twice as much. As for the IH
case, we note that since in this case the lightest neutrino eige-
satate and the least affected by least affected one isν3, then the
flavor composition in this case tends to (fe : fµ : fτ) = (|Ue3|2 :
|Uµ3|2 : |Uτ3|2) ≃ (0.024 : 0.444 : 0.532), as can be seen in fig.
8, in particular in the lower panels for a strong coupling. Inthe
case of a weaker coupling, we see that in the non-self-conjugate
cases, the effects on extragalactic propagation is more gradual
since the cross sections are lower than in the self-conjugate case
for the same coupling. Also, as can be seen from figs. 7 and fig.
8, the overall effect on the neutrino fluxes is more significant
than in the NH case. This is because in the former case, the
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Figure 5: Neutrino fluxes on our galaxy from a source atzs = 0.1, with gτ/MF = 0.2 GeV−1 for non-self-conjugate and self-conjugate DM in the upper and lower
panels, respectively. The flux of neutrino mass eigenstates(left) and the flux of the different flavor of neutrinos (right) are shown. A normal ordering for the masses
is assumed.

mass of the lightest eigenstate is higher and hence more sensi-
ble to the interaction than in the NH case. In the particular case
of IH andϕ∗ = ϕ, it also happens that the eigenstatesν1 andν2
are similarly affected by the interaction, which leads to a more
rapid attenuation of the fluxes.

Once the neutrino fluxes arrive at the border of our galaxy,
it is necessary to consider the propagation through the galactic
DM halo at different possible directions on the sky correspond-
ing to different DM column depths. We adopted in our calcu-
lation the Einasto density profile (12), which is non-singular at
the galactic center. For illustration, we show in fig. 9 the flavor
ratios as a function of the galactic latitudeb, at a fixed galactic
longitudel = 0◦ assuming fluxes emitted from a source at red-
shift zs = 0.1. Here, again we consider the non-self conjugate
case, and we show the obtained flavor ratios for the NH and IH
case in the left and right panels, respectively. The upper panels
correspond the weak coupling case, withgτ/MF = 0.1 GeV−1,
and the lower panels correspond to the stronger coupling con-
sidered,gτ/MF = 0.2 GeV−1. In the upper left panel, there is
practically no difference in all the sky in the observed flavor
ratios, although they are very different from the standard ex-
pectation (fe : fµ : fτ) ∼ (1 : 1 : 1). The reason for is that

for the particular value of the coupling, it is only the heaviest
eigenstate the one that is strongly suppressed by the interactions
with extragalactic DM, while the rest of the eigenstates remain
mostly unaffected even when traversing higher columns of DM
through the galactic halo. The situation corresponds to opti-
cal depths for each neutrino eigenstate very similar to the ones
shown in the left panel of fig. 4: only the red dashed curve,
i.e. for ν3, is above 1 for a couplinggτ/MF = 0.1 GeV−1. If
the coupling is increased by a factor of 2, then the eigenstateν2
begins to be affected differently in different directions through
the galactic DM halo, and this leads to a variation of the flavor
ratios to be observed as shown in the lower left panel of fig. 9.
A different situation arises in the IH case, for which even for
gτ/MF = 0.1 GeV−1 the flavor ratios vary over different direc-
tions in the sky. This is because the masses are different than
in the NH case and the optical depth for the heaviest eigenstate
(ν2) is a bit lower than forν3 in the NH case, but still much
greater than one, while the second eigenstate to be affected (ν1)
is also quite massive and has a higher optical depth than the one
for ν2 in the NH case. This also implies than if the coupling is
stronger, as in the lower right panel, then bothν1 andν2 are al-
most completely suppressed in all directions in the sky accross

6
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Figure 6: Neutrino flavor ratios on our galaxy from sources atresdshftszs = 0.1, 0.5,1, and 3, withα = 2 andEmax = 109 GeV. Here we have assumedge = gµ = 0,
gτ/MF = 0.2 GeV−1, self-conjugate DM, and NH for the neutrino masses.

the DM halo, and the flavor ratios to be observed on Earth cor-
respond to the unaltered propagation of theν3 flux, the lightest
eigenstate in the IH case.

5. Application to a diffuse neutrino flux

In this section, we present our results for a diffuse neutrino
flux in the case thatν-ϕ interactions are significant. The pos-
sible astrophysical sources could be for instance, gamma-ray
bursts, or active galactic nuclei, but we do not specify herethe
nature exact of the source. Rather, we consider a typical power
law emitted spectrum as that of Eq. 20, and assume that the
emitting sources are distributed over redshift as the star forma-
tion rate is [27, 26]):

WSFR(z) ∝



















(1+ z)3.4 for z< 1
(1+ z)−0.3 for 1 < z< 4
(1+ z)−3.5 for z> 4

. (21)

For illustration, in order to fix the level of neutrino flux to be
observed on Earth, we use the IceCube data to normalize the
standard prediction (SM), i.e., the obtained in the absenceof

any effects due to neutrino interactions,

J(SM)
να

(E) = Kνα

∫ 5

0
dzWSFR(z) [E(1+ z)]−α exp

(

−E(1+ z)
Emax

)

.

(22)
We adopt the powerα = 2.2 and fix the constantsKνα in order
to satisfy forE ≪ Emax = 109GeV the best fit flux by IceCube
[13]:

Jbest fit
ν (E) = 1.7× 10−18GeV−1sr−1s−1

( E
100TeV

)−2.2

.

The SMνµ flux is shown for reference in fig. 10 with black
dashed lines, and the rest of the curves in that plot correspond
to the diffuse neutrino fluxes of the different flavors that would
arrive on our galaxy after being produced by a population of
sources as mentioned above, and undergoing interactions with
ultralight scalar DM. We show the results for the NH and the
IH cases for the hierarchy of neutrino masses in the upper
and lower panels, respectively. The left panels correspondto
self-conjugate DM and the right panels to non-self-conjugate
DM. As can be seen, the interaction is stronger in the for-
mer case, particularly for the inverted hierarchy, as mentioned
above. Here we note that for neutrino energies& 106GeV, the
νe flux can become dominant even in the IH case, not only in

7
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Figure 7: Neutrino flavor ratios on our galaxy as a function ofthe source redshift in the NH case, for couplingsgτ/MF = 0.1 GeV−1 andgτ/MF = 0.2 GeV−1 in the
upper and lower panels, respectively.

�� ��

����

����

����

����

����

����

����

����

��� ��� ��� ��� ���

���������	
�	
���
�
���	����	����	����	��������	���	��

����

����

����

�� ��

����

����

����

����

����

����

����

����

��� ��� ���

��������	
�	
���
�
���	���	����	���	��������	���	��

����

����

����

�� ��

����

����

����

����

����

����

����

����

��� ��� ��� ��� ���

��������	
�	
���
�
���	���	����	���	��������	���	��

����

����

����

�� ��

����

����

����

����

����

����

����

����

��� ��� ��� ��� ���

���������	
�	
���
�
���	����	����	����	��������	���	��

����

����

����

Figure 8: Neutrino flavor ratios on our galaxy as a function ofthe source redshift in the IH case. Here,gτ/MF = 0.1 GeV−1 andgτ/MF = 0.2 GeV−1 for ϕ∗ , ϕ
(right-upper and right-lower panels, respectively), andgτ/MF = 0.01 GeV−1 andgτ/MF = 0.02 GeV−1 for ϕ∗ = ϕ (left-upper and left-lower panels, respectively).
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Figure 9: Neutrino flavor ratios on Earth as a function of the galactic latitudeb for l = 0◦ andzs = 0.1 in the inverted hierarchy case.

the NH case. This is because, as can be seen from the lower
right panel of fig. 2, theν1 neutrinos that are copiously gener-
ated by the processν2ϕ→ ν1ϕ do not get absorbed so easily at
those energies, and this leads to aνe flux higher than the corre-
sponding to other flavors if the coupling isgτ/MF = 0.1GeV−1.
Assuming, as a first approximation, that the diffuse flux arrives
isotropically on our galaxy, ifν-ϕ interactions are significant as
in the cases of the previous plots, then the neutrino fluxes and
the flavor ratios will depend on the arrival direction because of
different DM column depths across the halo. To illustrate this
effect, we can integrate the neutrino flux of the different flavors,

Φνα (l, b) =
∫ ∞

106GeV
dE Jνα(E, l, b), (23)

and we plot in fig. 11 the ratiosΦνµ/Φνtot andΦνe/Φνtot as a
function of the galactic coordinates (b, l), in the case of non-
self-conjugate dark matter and for normal and inverted hierar-
chy of neutrino masses (NH and IH) in the upper and lower pan-
els, respectively. In the cases shown, the ratiosgi/MF are such
that the interactions between the diffuse neutrinos and scalar
DM in trajectories close to the galactic center affect primarily
the two heavier mass eigenvalues, i.e.m2,m3 in the NH case
andm1,m2 in the IH case. In such cases, the neutrino flux in
those directions tends to be dominated by the one of the lightest
mass eigenvalue, and hence the flavor composition approaches

(Φνe
Φtot

:
Φνµ

Φtot
: Φντ
Φtot

) → (0.67 : 0.16 : 0.17) in the NH case, and
(0.024 : 0.444 : 0.532) in the IH case.

6. Final comments

We have studied the effects of neutrino interactions with ul-
tralight scalar particles as the main DM constituent. The in-
teractions that arise from an effective term in the Lagrangian
allow that neutrino mass eigenstates can change due to the in-
teraction, and this leads to a system of three propagation equa-
tions which we have solved in the cases of neutrino energies
E . 5 × 109GeV, for which they can be decoupled. We ad-
dressed the cases of point neutrino sources at different redshifts,
and also the case of the a diffuse flux of neutrinos, considering
the interactions with extragalactic and galactic DM. We have
found that, either if the DM is self-conjugate or not, the interac-
tion is sensible to the neutrino mass, affecting more to the most
massive ones. This implies that the neutrino flavor composition
is modified by the neutrino interactions, and, in particular, the
cases of a normal or inverted hierarchy of the neutrino masses
would be clearly different: dominated by electron neutrinos in
the NH case, and by tau and muon neutrinos in the IH case. This
is an interesting prediction to be considered as a possible mech-
anism for introducing departures from the normally expected
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Figure 10: Diffuse neutrino fluxes arriving on our Galaxy (z= 0) in the NH and IH cases forgτ/MF = 0.2 GeV−1 in the upper and lower panels, respectively. The
self-conjugate and non-self-conjugate cases are shown in the left and right panels, respectively.

Figure 11: Ratio of diffuse neutrino fluxes above 106GeV,
(

Φνe
Φνtot

)

and
(

Φνµ

Φνtot

)

, arriving on Earth as a function of the galactic coordinates(l, b).
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( fe : fµ : fτ) ≈ (1 : 1 : 1) neutrino flavor composition (see
Ref.[28]), as more and more data is accumulated by IceCube.
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160), ANCyT (Préstamo Bid PICT 2012-2621), and Univesi-
dad Nacional de Mar del Plata (Proyecto 15/E755 EXA804/16)
for financial support.

References

[1] G. Jungman, M. Kamionkowski and K. Griest,Supersymmetric dark mat-
ter, Phys. Rept.267(1996) 195

[2] D. J. H. Chung, E. W. Kolb and A. Riotto,Superheavy dark matter, Phys.
Rev. D59 (1999) 023501

[3] K. Kohri, D.H. Lyth, and A. Melchiorri,Black hole formation and slow-
roll inflation, JCAP0804(2008) 038

[4] A. Kusenko,Sterile neutrinos: The dark side of the light fermions, Phys.
Rep.481(2009) 1

[5] R. Peccei and H.R. Quinn,CP conservation in the presence of pseudopar-
ticles, Phys. Rev. Lett.38 (1977) 1440

[6] C. Boehm and P. Fayet,Scalar dark matter candidates, Nucl. Phys. B683
(2004) 219

[7] W. Hu, R. Barkana and A. Gruzinov,Cold and fuzzy dark matter, Phys.
Rev. Lett.85 (2000) 1158

[8] L. Amendola and R. Barbieri,Dark matter from an ultralight pseudo-
Goldsone-boson, Phys. Lett. B642(2006) 192

[9] B. Moore et al.,Dark matter substructure within galactic halos, Astro-
phys. J.524(1999) L19

[10] W.B. Lin, D.H. Huang, X. Zhang and R.H. Brandenberger,Non-thermal
production of WIMPs and the sub-galactic structure of the universe, Phys.
Rev. Lett.86 954 (2001) 954

[11] J. Barranco, O.G. Miranda, C.A. Moura, T.I. Rashba,andF. Rossi-Torres
Confusing the extragalactic neutrino flux limit with a neutrino propaga-
tion limit, JCAP10 (2011) 7

[12] M.G. Aarsten et al. [IceCube collaboration],Flavor Ratio of Astrophysi-
cal Neutrinos above 35 TeV in IceCube, Phys. Rev. Lett.14(2015) 171102

[13] M.G. Aarsten et al. [IceCube collaboration],Evidence for Astrophysical
Muon Neutrinos from the Northern Sky with IceCube, arXiv:1507.04005

[14] Y. Farzan and S. Palomares-Ruiz,Dips in the diffuse supernova neutrino
background, JCAP06 (2014) 014

[15] K.A. Olive et al. [Particle Data Group],Review of particle physics, Chi-
nese Physics C,38 (2014) 090001

[16] J.F. Navarro, C.S. Frenk, S.D.M. White,The Structure of Cold Dark Mat-
ter Halos, Astrophys. J.462(1996) 563

[17] J. Einasto,On the Construction of a Composite Model for the Galaxy and
on the Determination of the System of Galactic Parameters, Trudy Astrof.
Ins. Alma-Ata5 (1965) 87

[18] V. Berezinsky and A.Z. Gazizov,Diffusion of cosmic rays in expanding
universe, Astrophys. J.643(2006) 8

[19] J. Miller and R. Pasechnik,Quasi-classical Gravity effect on neutrino
oscillations in a gravitational field of an heavy astrophysical object, Adv.
High Energy Phys.extbf2015 (2015) 381569

[20] H. Päs, S. Pakvasa, and T.J. Weiler,Sterile-active neutrino oscillations
and shortcuts in the extra dimension, Phys. Rev. D72 (2005) 095017

[21] O.G. Miranda, C.A. Moura, and A. Parada,Sterile neutrinos, dark matter,
and resonant effects in ultra high energy regimes, Phys. Lett. B744(2015)
55

[22] E. Aeikens, H. Päs, S. Pakvasa, and P. Sicking,Flavor ratios of extra-
galactical neutrinos and neutrino shortcuts in extra dimensions, JCAP10
(2015) 005.

[23] P. Lipari, M. Lusignoli and D. Meloni,Flavor Composition and Energy
Spectrum of Astrophysical Neutrinos, Phys. Rev. D75 (2007) 123005

[24] M. M. Reynoso,A two-zone approach to neutrino production in gamma-
ray bursts, Astron. Astrophys.564, (2014) A74

[25] W. Winter, J. Becker Tjus, S.R. Klein,Impact of secondary accelera-
tion on the neutrino spectra in gamma-ray bursts, Astron. Astrophys.569,
(2014) A58

[26] X.-Y. Wang, R.-Y, Liu and F. Aharonian,Constraining the Emissivity of
Ultrahigh Energy Cosmic Rays in the Distant Universe with the Diffuse
Gamma-Ray Emission, Astrophys. J.736(2011) 112
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