Propagation of high-energy neutrinos in a background o&lidiht scalar dark matter
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O Abstract

S If high-energy neutrinos propagate in a background of liginascalar field particles of dark matteng ~ 10-2%eV), neutrino-dark

(C\J ‘matter interactions can play a role arfteat the neutrino flux. In this work we analyse thifeet using transport equations that

>\account for the neutrino regeneration as well as absorpéiod we consider the neutrino flux propagation in the extsatja
medium and also through the galactic halo of dark matter. Ndsvahe results for the final flux to arrive on Earth foffdrent

E cases of point and fluse neutrino fluxes. We conclude that this type of neutriteractions with ultralight scalar particles as dark
matter can yield very dierent results in the neutrino flux and in the flavor ratios taat be measured in neutrino detectors such as

O IceCube.
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O 1. Introduction trino interaction with the ultralight scalar particles.
! _ ) This work is organized as follows. In section 2 we compute
©. The nature of dark matter (DM) remains an open issue anghe relevant cross sections and the optical depths for ineutr
there are many proposals that have been made in the last yeakgopagation. In section 3, we calculate the neutrino fluxeo b
——_.which include: the well spread possibility of WIMPs (€.8)[1  arrive on Earth from point neutrino sources located iedént
superheavy particlesi[2], primordial black holes [3], Btameu-  yedshifts, and in section 4 we study the case offasé neutrino

1 trinos [4], axions([5], and also other scalar field parti¢sIn  fiyx. Finally in section 5, we conclude with a brief discussio
> particular, ultralight scalar particles with a mags ~ 1023V

[7, €] have been argued to be a viable candidate as dark matter _ _ ]
constituent, avoiding the overproduction of both substmes 2. Interactions of neutrinos and ultralight scalar DM par-

S in the galactic haloes and satellite dwarf galaxies thanate ticles

o observed but are normally predicted within standard cold DM The neutrino-DM interactions are in principle introducad b

- -models|[719. 10]. Lagrangian contributions for each neutrino flawog { }
L0 In the present work, we focus on what could be the conse- grang &HTh

quences for a high-energy flux of neutrines,@ = {e u,7}) Lo = GuVapPrF +he, (1)
if they propagate in a universe in which DM is primarily com-
— | posed of such ultralight scalar field particles.(In a previous ~WhereF represents a new fermion field with mads andg,
= ‘work [11], the attenuation of a neutrino flux via interacon is thev,-¢ coupling. Since a neutrino of flaver is a super-
.~ with this type of particles was considered neglecting tigene  position of the mass eigenstatesi = 1,2, 3, it is possible to
" eration éfect and the flipping of mass eigenstates which argewrite the expression above as
(O .actually unavoidable if such interactions occurred. Heze p _
form a detailed calculation taking into account the mergtbn Lo = Z gvigPrF +h.c, (2)
effects by solving a system of transport equations that describ '
the evolution of neutrinos as they propagate in the extegal where we have introduced the couplings= Y, gui, With
tic medium, considering also thdfects of expansion of the g,i = U,ig, for each neutrino mass eigenstate with the scalar
universe. We also study the neutrino propagation through th[14]. This will be useful in the present context in order to
galactic halo of dark matter, which can introduce a neutrinadescribe the neutrino propagation, as is discussed in tkte ne
deficit towards the direction of the galactic center andaliom  section. For the elements of the PMNS neutrino mixing ma-
dependent flavor ratios. In view of the recent data by IceCubg&ix U,;, we assume that the mixing angles are givenlby [15]:
on the flavor composition [12, 13], although more statisiics sir?6;, = 0.308, sirf613 = 0.0234, sif6,3 = 0.437, and
necessary, there is still significant room for departuremfa § = 250 in the case of a normal hierarchy of neutrino masses
standard compositiorfd : f, : ;) =~ (1 : 1 : 1) of the neutri- (NH, my < mp < mg). If the mass ordering is inverted (IH,
nos arriving on Earth. Hence, we show here that if the nemitrinmz < m; < my), then sif 613 = 0.024 and siff; = 0.455.
mass hierarchy follows a normal ordering or an inverted oneWe shall consider, as in Ref._[11], the cases of self-corngiga
the neutrino flavor ratios will beffected diferently by the neu-  (¢* = ¢) and non-self-conjugate dark matter (+ ¢) and the
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where:

S = I’T‘Ii + I'T"2 + 2E1rﬂ¢, (6)

Pl 5 9 % v Esem = (s+nF-nP)/(2V9), (7
F4 = Z FA Ei+m, 1

‘?>_ """ »'""(b i7j=1 Z’—ga'i""y """ (p )’ = \/§ ’ ﬁ = 1_ F (8)

The total cross section for the mentioned process can ob-

tained as .
3max dO’ij (E]_, E3)
o1 (E,) = f dE, =L =) 9)
! E3min dE
with Eg,min(max) =% |:E3,cm - (+)ﬂ A/ E%,Cm - n’f]. We show
in fig. [2 the obtained cross sections for théfelient initial
Figure 1: Diagrams for theip — vj¢ interactions. and final mass eigenstates and for self-conjugate and nbn-se

conjugate scalar fields. We have assumed in this plot a normal

diagrams for the possible processes are shown ififig. 1, wheféérarchy or ordering for the neutrinosmasses (NH) in tf;eempp
the regeneration cases are the ones \ith i, while in those ~Panelsimg = 0.05eV,m, = 8.7 x 10~V andmy = 10m,
with j # i the neutrino mass flips form from to m;. for the lightest neutrino. In the lower panels, we show the
As for the bounds, they have been placed omthe cou- ~ ¢@ses of an inverted hierarchy (IH), assuming = 10%my
plings, g, as noted in Ref.[[14]. The most stringent boundsWith M =~ m, = 0.049 eV [15]. . _
come from the decay of and K mesons,gd?2 < 107 and As itcan be seeninfifl 2, the cross sections are vefgréint
|g.[> < 1074 if the mass of the fermion Mg < My, while for the diferent mass eigenstates in both the self-conjugate and
for higher fermion masses these bounds could be avoidell. Stinon-self-conjugate cases. This is because we have kepilthe f
since the least constrained couplingds < 1, in this work ~ Scattering amplitudes without neglecting the neutrinoseas
we shall adopte = g, = 0, and onlyg, # O in order to il- Wh|9h happen to play a very important role within .the k-me-
lustrate the possiblefiects on the fluxes and flavor ratios of Matic regime that corresponds to the present scenarid.dtil
neutrinos caused by-¢ interactions through the correspond- results for the cross sections would agree with those of Ref.
ing couplingsy;. [11] if the mass of the scalar was 1078 eV and if the final
In the case of non-self-conjugate dark matter, only the char@nd initial neutrinos have gqual masses, as.in their case. We
nelu contributes and we obtain the following averaged squaref©te that, apart from the fierent masses, aftrent coupling
scattering amplitude (assumiog 1, /i = 1), corresponds to each neutrino mass eigenstates and thisxalso
plains why the cross sections ard&dient for each of them.
e 2~2
T 2 0705
Mlj — J
‘ ‘ Mé

|8 - m2)(py - ps)

+2(p- Pa)(P2- Ps) mé)] 3) Here we consider the propagation of neutrinos in the extra-
where thep; andp, are the initial neutrino and scalar momenta, gajactic space and also in the galactic halo. The targetted-ex
respectively, angh; is the momentum of the outgoing neutrino. ga|actic dark matter at a given redstaf supposed to present
We have not neglected the neutrino massesn; since they 3 comoving number density given by
happen to play a role as we show below.

PP . .
3. Neutrino flux propagation

In the case of self-conjugate scalars, the chasm@édo con- (eq) 3H§ m,\ ™ 3
tributes and we find that (@ = | g | <2om ) (1+2°, (10)
T2 g%d?
'M2*=w|2 _ 99 [2mfm? + (p1- pa)(MP + )| (4)  with Ho = 67.3 km s™Mpc™*, Qpy = 0.26, andm, expressed

4 . .
Mg in grams. As for the DM component of the galactic halo, the
The diferential cross section for the procesg — vjp is  corresponding number density can be described by a NFW pro-

given by file [16] or by the proposed by Einasto et al. [[17]:

0.3GeV cnt®

doij(E1,Es) 1 ® Es — yEscem 1 nM™W(r) = ( - ) ; (1 - )2 (11)
dE  32r 2 - Gev) R 1T R

E —
B Eiem =¥ © 7.2x 102 GeVent® (-z|() -}
T n®r) = o e . (12)
(5) (Gev)

X .
2 2
VSyemfem \/E3»°m ny \/E3»°m M + M + Esem wherea = 0.15,Ry = 20 kpc andn, expressed in GeV.
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Figure 2: Cross sections for the procesges— vje. The left (right) panels correspond to (non-)self-confegecalar DM, and the upper (lower) panels correspond
to the NH (IH) case. Blue, green, and red lines correspona faitial v1, v2, andvs, respectively. Solid, dashed, and dotted lines correspmadinalvy, v2, and
v3, respectively.

Integrating the number densities times the DM mass along We now describe how we treat the neutrino propagation over
the neutrino path, we can obtain the DM column densities coreosmological distances, but easily adaptable to the cge®pf
responding to neutrinos propagating from a source at a giveagation through the galactic halo. The procesges- vj¢ in-
redshiftz, X,(2), and at diferent angles through the galactic clude regenerationj(= i) and flipping processeg ¢ i). The
halo X,(l, b), wherel andb are the galactic longitude and lati- latter processes represent absorptifieas for the flux ofy;
tude, respectively. We show the results in fi§g. 3. The neatrin neutrinos and also implies a re-injectioffieet ofv; neutrinos.
optical depth in the case of galactic propagation can bersda In terms of the comoving neutrino density for each mass eigen

ast,(E) = oy, (E)X, (1, b) (%)71, while for extragalactic prop- StateN,,, we can write

agation it can be obtained as
(eg) dz|™ )
7 Y(E, = fdzc—} n. 20, [E(1+ 2], (13 ON,,
(E.2) G| O QA N gy IHEND e

wheredZ = —Ho(1 + 2) VQx + Qm(1 + 2)3, with Q, = 0.315. © _ doji(E,E)
dt _ _ 4 Z f der ==

In fig. [4 we show the optical depth as a functlon(ﬁ;) G3sJE dE

for a neutrino energy of = 10’ GeV as an example case, for

reference. In that figure, we consider a DM column depth of

X, ~ 2 x 10%%GeV cn?, which as can be seen from fi§l 3, which on the right member includes the neutrino injection by

corresponds to a redshift 6f0.5 or to a path going through the the sourceQ,,, the dfects of expansion of the universe in the

galactic halo atl(b) = (0°, 70°). From fig.[4 it can be seen that second and third terms, absorption in the fourth term, and re

in order to have significanty interactions in the propagation, generation and re-injection in the last term/[18]. Here tthal

it should hold that(,fj,—’F pe 0.0ZGe\fl) in the self-conjugate cross section is denoted by, 1ot = X.j-12307j- In the present

case, anaﬂ,\%—; e 0.0SGe\fl) in the non-self-conjugate case. In case, the dferential cross sectiorﬁjér% are very sharp func-

these cases, the heaviest neutrino faces an optical deggttegr  tions of E’ which are significant only foE’ ~ E. This means

than one, and hence it wouldfect the flux of the dterent fla-  that the energy loss in each interaction is very small. Henee

VOr neutrinos to arrive on Earth Et= 10’ GeV. can treat the process as a continuous loss one, in which @ase w

HHEN,]

cnyN, (B, 1), (14)
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Figure 3: Left: extragalactic dark matter column depth \dshift. Right: Galactic dark matter column depth vs gataktitude 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 enerfy= 10’ GeV if the DM column depth i, 2% 10%2GeV cnT? for non-self-conjugate (dashed lines) and
self-conjugate scalar DM (solid lines), and for NH and IHhe feft and right panels, respectively.

have terms of redshift as
eff
ON, d[HEN,] Ny ____ = \B
5 = Qu = 3HN, + ——=—= = Ny o E)on, 5z =~ Hpaiy tV
0 bji NV. _ aNVi E bii
+ Z cnojiNy, + % ( 0E J|(1+2 " H@(1+2 | (7
=123
: and the solution can be found using the method of characteris
where tics as
00 E2 d Zmax eff v4
O i — Vi _ ’ ”
bji(E) = n,c f dE'= —, (15) N@B)= | Y aaae eXp[ fz Bz".E )}’ (18)
E E’ dE
s where
and an fective injection: ) . o
Tizjn,C i
B(z E) = + - — .
; ol . 0= |5 * Aes AT
" =Q,, n,.cojiN,, + ———¢. . .
Qi =Qu+ Z O oE (16) The flux of neutrinos of a flavar atz = 0 can be obtained as

j#i

c
J,.(E) = — > |U.i*Ni(z=0,E), 19
Hence, it is possible to express the transport equation in -(B) 4n Zl 7N ) (19)
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which is actually an incoherent superposition of the thre€lThus, the injection of the corresponding neutrino massreige
mass eigenstates. Although neutrinos are emitted andtddtec states that we consider in ef. 116X3s(E, 2) = fiQ,(E, 2.
as weak flavor eigenstates, the new interaction with theascal In fig. [H, we show the neutrino fluxes to arrive on out galaxy
selects one mass eigenstate and destroys coherence, iitea simfrom a point source at redshiff = 0.1 with @ = 2 andEpax =
fashion as it happens if a quantum graviton interacts with ne 10°GeV, for neutrino-DM couplings given hy. = g, = 0 and
trinos Ref [19]: if the interaction takes place, then thetiao  g./Mg = 0.2 GeVL. In this case, we consider the case of self-
exists in a single mass eigenstate. Hence, in the presest casonjugate DM, but qualitatively similar results are ob&adrin
the decoherence assumption is justified, in contrast tor othéhe non-self-conjugate case for lower couplings as we skall
cases in which coherence has to be kepti[20} 21, 22]. We cabelow. In the upper panels, we show the fluxes in the NH case,
then, proceed to work out the neutrino propagation follgwvin for which thevs mass eigenstate is the heaviest one and hence
the mass eigenstates and adding them up incoherently tmobtahe most rapidly fiected by the interaction, as can be seen in
the flavor neutrinos to be observed on Earth, as it is also dorthe upper left panel where only the fluxeswefandv, are sig-
in Ref. [14]. We also consider here the propagation throhght nificant. In the upper right panel, we show the corresponding
galactic DM halo of extragalactic neutrinos that have ayea fluxes of neutrinos of the three flavors, where it can be sesn th
decohered due to the interactions with the scalars evenéefothe ve flux dominates over the, andv, fluxes. In the lower
arriving to the halo, as we show in the next section. panels, the fluxes shown correspond to the IH case, where in

We have a system of three coupled equations, oneled. (1€pntrast to the NH case, it can be seen that the mitsttad
for each massive neutring. However, it is possible to solve mass eigenstates areand alsov,, and this implies the fluxes
for eachN,, at a time, taking into account the relative domi- of flavor neutrinos dominated by the andv, as seen in the
nances of all the possiblgy — vj¢ processes. As is shown in lower right panel.
fig2, for neutrinos with energiés < 5x 10°GeV, in the NH We show in fig. [4, for the self-conjugate case, the neu-
case we have that neither or v, neutrinos produces neutri-  trino flavor ratiosf, after extragalactic propagation from point
nos, which implies that the first to solve I§,. Then, since sources at dierent redshifts, i.e., before going through the
vz neutrinos produce; andv, neutrinos, and in turng; neu-  galactic halo. We observe here that as more DM is traversed,
trinos just generate; neutrinos of lower energy, the second the flavor ratios vary. Since in the NH case theflux is the
distribution to solve id\,,. Finally, we solve folN,, takinginto  least d@ected one of the three fluxes of mass eigenstates, in the
account the re-injection generated by the procegges> vi¢  limit case only this flux would survive, which would lead to
andv,p — vie. This procedure holds for both self conjugate a flavor ratio compositionf¢ : f, : ;) = (lUel? : |U,11|2 :
and non-self-conjugate cases of DM scalar. In the IH case, ®.1/°) =~ (0.67 : 016 : 017). This can be seen for instance in
similar analysis implies that we have to solve first i, sec-  the bottom right panel of fig.]4 far; = 3 where the coupling
ond for N,,, and last forN,,, as long as we keep within the with DM is quite strongg,/Mg = 0.2 GeVvl,
mentioned energy range, as we shall do in the presentwork. ~ We can now take a fixed neutrino ener§y= 10’ 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 figl 7 for the NH case, and
fig. [ for the IH case.
In these figures, we have assumed twidedent cases for the
v~ coupling in order to appreciate it$fect on the flavor ra-
tios: a relatively weak coupling case in the upper panelsaand
stronger coupling case in the lower ones. It can be seen that

the flavor ratios, as the fluxes arrive on to our galaxy, depend
)’ (20)  on both the coupling and the amount of DM traversed. Thus,
for instance in fig[7 fop* # ¢, the flavor ratios correspond-

where Epmay is a break or maximum energy of the neutrinos,ing to a very far source witlas = 5 for g./Mg = 0.1 GeV?!
related to the proton acceleration mechanism operatinigeat t are very similar to those corresponding to a much closercsour
particular system. (zs =~ 0.5) if the coupling was twice as much. As for the IH

We further suppose that the flavor ratidg & QVSL) as case, we note that since in this case the lightest neutrge ei

+Q, +Qyr .
emitted from the source correspond fo.f,. f.) = (X - 2 - 0), satate and the_ I.eas.ﬁact.ed by leastféected one is3, then the
P 00, f)=(5:5:0) flavor composition in this case tends tia ( f, : f;) = (Ul :

as itis typically expected for neutrinos generated aften piro- 2. > ) ) L
ductior%. This implies that the composition of emitted neutrino |Uff3| : '973' ) ~ (0.024 : Q444 : 0532), as can be seen in fig.
[8, in particular in the lower panels for a strong couplingtia

mass eigenstates isf;(: f, : f Uer? + 2U,1)? : [Ugof? ) . i

20U 2 Iger3|2 +2U ;l(z) i (0?3805 (:| 1‘311£4+: 0|8$17|) inl theél NT—| case of a weaker coupling, we see that in the non-self-catgug

caslza andfg : f, : f )”OC © 97é £ 1110 : Q912) in the IH case cases, thefiects on extragalactic propagation is more gradual
’ nen R ' " since the cross sections are lower than in the self-corgugete

for the same coupling. Also, as can be seen fromfiigs. 7 and fig.
INote that magneticfeects at the sourck [23] or th@ect of pion and muon 8, the_ overall &ect on the_ n_eumno fluxe_s is more significant
acceleration[24, 25] could yield aftérent flavor composition at the source.  than in the NH case. This is because in the former case, the

5

4. Application to point sources

Here, we show some results for neutrino point sources at di#—n
ferent redshiftgs assuming that the injected neutrino spectrum
of each neutrino flavor presents the following dependentte wi
energy at the source:

QV(E, Z) () [Z - Zs] E-@ exp(_

Emax
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Figure 5: Neutrino fluxes on our galaxy from a sourcesat 0.1, with g./Mg = 0.2 GeV* for non-self-conjugate and self-conjugate DM in the uppet wer
panels, respectively. The flux of neutrino mass eigenst&ésand the flux of the dferent flavor of neutrinos (right) are shown. A normal ordgfiior the masses
is assumed.

mass of the lightest eigenstate is higher and hence more senfor the particular value of the coupling, it is only the hessti
ble to the interaction than in the NH case. In the particudesec  eigenstate the one that is strongly suppressed by thedtitara
of IH andg* = ¢, it also happens that the eigenstateandv,  with extragalactic DM, while the rest of the eigenstatesaiem
are similarly @ected by the interaction, which leads to a moremostly undfected even when traversing higher columns of DM
rapid attenuation of the fluxes. through the galactic halo. The situation corresponds to opt
cal depths for each neutrino eigenstate very similar to treso
Once the neutrino fluxes arrive at the border of our galaxyghown in the left panel of figl14: only the red dashed curve,
it is necessary to consider the propagation through theti@la | o for vs, is above 1 for a coupling,/Mg = 0.1 GeVl If
_DM halq at diferent possible directions on the sky_ correspondipe coupling is increased by a factor of 2, then the eigemsiat
ing to different DM column depths. We adopted in our calcu-pegins to be fiected diferently in diferent directions through
lation the Einasto density profile_(12), which is non-sirgult  the galactic DM halo, and this leads to a variation of the flavo
the galactic center. For illustration, we show in fij. 9 thedla  5ti0s to be observed as shown in the lower left panel offig. 9.
ratios as a function of the galactic latituleat a fixed galactic A gifferent situation arises in the IH case, for which even for
longitudel = 0° assuming fluxes emitted from a source at red—gT/MF = 0.1GeV! the flavor ratios vary over ffierent direc-
shift z = 0.1. Here, again we consider the non-self conjugatgjons in the sky. This is because the masses aferdnt than
case, and we show the obtained flavor ratios for the NH and Ik}, the NH case and the optical depth for the heaviest eigensta
case in the left and right panels, respectively. The uppeeisa (,,) is a bit lower than fors in the NH case, but still much
correspond the weak coupling case, WiifiMg = 0.1GeV ™, greater than one, while the second eigenstate tdtbetad ¢1)
a_nd the lower panels correspond to the stronger coupling CORs also quite massive and has a higher optical depth thamthe o
sideredg./Mr = 0.2GeV™. In the upper left panel, there is oy, in the NH case. This also implies than if the coupling is
practically no dfference in all the sky in the observed flavor stronger, as in the lower right panel, then bettandy, are al-

ratios, although they are veryftérent from the standard ex- myost completely suppressed in all directions in the skyasscr
pectation € : f, : f;) ~ (1 : 1 :1). The reason for is that
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Figure 6: Neutrino flavor ratios on our galaxy from sourceatishftss = 0.1,0.5, 1, and 3, withe = 2 andEmay = 10° GeV. Here we have assumggl= g =0,
/Mg =0.2 GeVvl, self-conjugate DM, and NH for the neutrino masses.

the DM halo, and the flavor ratios to be observed on Earth corany dfects due to neutrino interactions,
respond to the unaltered propagation of thélux, the lightest

eigenstate in the IH case. ISM(E) = K, fs d2Werr(2) [E(L + 2] exp(— E(1+ Z))_
Yo “ 0 Emax
o , ) We adopt the power = 2.2 and fix the constants,, in order
5. Application to a diffuse neutrino flux to satisfy forE < Emax = 10°GeV the best fit flux by IceCube
[13]:
In this section, we present our results for &ube neutrino 22
flux in the case that-¢ interactions are significant. The pos- JoestifEy = 17 x 107 8GeVv-tsris? (1 50T V)
sible astrophysical sources could be for instance, ganaya-r €
bursts, or active galactic nuclei, but we do not specify hieee The SMy,, flux is shown for reference in fig._JLO with black

nature exact of the source. Rather, we consider a typicaépow dashed lines, and the rest of the curves in that plot correspo
law emitted spectrum as that of EQ.]120, and assume that the the difuse neutrino fluxes of the fiierent flavors that would
emitting sources are distributed over redshift as the stamé-  arrive on our galaxy after being produced by a population of

tion rate is|[2/7, 26]): sources as mentioned above, and undergoing interactidghs wi
ultralight scalar DM. We show the results for the NH and the
(1+ 234 forz<1 IH cases for the hierarchy of neutrino masses in the upper
Wser(2) ! (1+270%2 forl<z<4 . (21) and lower panels, respectively. The left panels correspond
(L+2)73° forz> 4 self-conjugate DM and the right panels to non-self-conjega

DM. As can be seen, the interaction is stronger in the for-
For illustration, in order to fix the level of neutrino flux t@b mer case, particularly for the inverted hierarchy, as noewtil
observed on Earth, we use the IceCube data to normalize trabove. Here we note that for neutrino energie$0®GeV, the
standard prediction (SM), i.e., the obtained in the absefice v, flux can become dominant even in the IH case, not only in
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Figure 7: Neutrino flavor ratios on our galaxy as a functiothefsource redshift in the NH case, for couplinggMr = 0.1 GeV'! andg, /Mg = 0.2 GeV 1 in the
upper and lower panels, respectively.
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Figure 9: Neutrino flavor ratios on Earth as a function of thiagtic latitudeb for | = 0° andzs = 0.1 in the inverted hierarchy case.

the NH case. This is because, as can be seen from the Iow(aiﬁ : d’—v

o VT) — (0.67 : 016 : 017) in the NH case, and
right panel of fig.[2, the; neutrinos that are copiously gener- (0. 024 0444 0532) in the IH case.
ated by the processy — v1¢ do not get absorbed so easily at
those energies, and this leads ta.dlux higher than the corre-
sponding to other flavors if the couplingds/Mg = 0.1GeV'. 6. Final comments

Assuming, as a first approximation, that théae flux arrives

isotropically on our galaxy, if-¢ interactions are significantas e have studied theffiects of neutrino interactions with ul-
in the cases of the previous plots, then the neutrino fluxds anyralight scalar particles as the main DM constituent. The in
the flavor ratios will depend on the arrival direction be@ab  teractions that arise from arffective term in the Lagrangian
different DM column depths across the halo. To illustrate thl%”ow that neutrino mass eigenstates can Change due to-the in
effect, we can integrate the neutrino flux of th&elient flavors, teraction, and this leads to a system of three propagatioa_eq
oo tions which we have solved in the cases of neutrino energies
o, (I,b) = f dE J, (E.I,b), (23) E < 5x 10°GeyV, for which they can be decoupled. We ad-
10°Gev dressed the cases of point neutrino sourcegtrént redshifts,
and we plot in fig.[1ll the ratio®,, /®,, and®, /®,, as a and also the case of the dfdise flux of neutrinos, considering
function of the galactic coordinateb, (), in the case of non- the interactions with extragalactic and galactic DM. Weéhav
self-conjugate dark matter and for normal and inverteddnier found that, either if the DM is self-conjugate or not, theeiratc-
chy of neutrino masses (NH and IH) in the upper and lower pantion is sensible to the neutrino masffeating more to the most
els, respectively. In the cases shown, the radjgle are such  massive ones. This implies that the neutrino flavor comjoosit
that the interactions between theffdse neutrinos and scalar is modified by the neutrino interactions, and, in particuibe
DM in trajectories close to the galactic centdieat primarily  cases of a normal or inverted hierarchy of the neutrino nzasse
the two heavier mass eigenvalues, ims;, mz in the NH case  would be clearly dierent: dominated by electron neutrinos in
andmy, m, in the IH case. In such cases, the neutrino flux inthe NH case, and by tau and muon neutrinosin the IH case. This
those directions tends to be dominated by the one of theelgght is an interesting prediction to be considered as a possibtdm
mass eigenvalue, and hence the flavor composition appreachanism for introducing departures from the normally expecte
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Figure 10: Difuse neutrino fluxes arriving on our Galaxg< 0) in the NH and IH cases fa./Mg = 0.2 GeV ! in the upper and lower panels, respectively. The
self-conjugate and non-self-conjugate cases are shove ileft and right panels, respectively.
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Figure 11: Ratio of dfuse neutrino fluxes above &®eV, ( Dre ) an d( ) arriving on Earth as a function of the galactic coordingtds).



(fe : f, @ f.) = (1 : 1 : 1) neutrino flavor composition (see [25] W. Winter, J. Becker Tjus, S.R. Kleilmpact of secondary accelera-

Ref.[28]), as more and more data is accumulated by IceCube.
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