PROCEEDINGS

OF SCIENCE

Type lIn supernovae as sources of high energy
neutrinos

V.N.Zirakashvili*

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation, 142190,
Troitsk, Moscow, Russia

E-mail: zirak@zmran.ru

V.S.Ptuskin

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation, 142190,
Troitsk, Moscow, Russia

E-mail: vptuski n@zmran.ru

It is shown that high-energy astrophysical neutrinos oleskim the IceCube experiment can be
produced by protons accelerated in extragalactic Typeupesiova remnants by shocks propa-
gating in the dense circumstellar medium. The nonlinedusife shock acceleration model is

used for description of particle acceleration.

The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre@vmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



I1n supernovae as sources of high energy neutrinos V.N.Zirakashvili

1. Introduction

The detection of very high energy astrophysical neutrinos in the loe@uperiment [1, 2]
opens up a new possibility for investigation of particle acceleration presésshe Universe. The
neutrino production in cosmos is possible via the and py interactions and the decay chains
mt — ptvy, ut — efvevy,. The observed astrophysical flux emerges from under more steep air
show spectrum at about 50 TeV and has a cutoff at 2 PeV. The netitgivally carries small part
of the primary proton energ{, ~ 0.05Ep, so the protons with energies up Egax ~ 10'7 eV
are required to explain the observations (this energy i€'’ eV/nucleon in the case of neutrino
production by nuclei). Assuming a2 power-law spectrum, the measured differential flux of
astrophysical neutrinos i§%F (E) = 2.9 x 10 8GeV 2?s !sr ! for the sum of the three evenly
distributed neutrino flavors. The sources of observed neutrinosoageehidentified. The detected
37 events are scattered over the sky and do not show evident comeltibany astronomical
objects [3]. It seems that Galactic sources might account only for a mirodetyents. The detected
astrophysical neutrinos could be produced in extragalactic sourc#tsaohigh energy protons and
nuclei. The discussion about potential sources of very high energyimes in the light of the last
experimental results can be found in [4, 5, 6] where other usefuleietes are given.

The rare extragalactic Type lIn supernova remnants are considetbd jpresent paper as
sources of diffuse high energy neutrinos. It is well established thagraova remnants are ef-
ficient accelerators of protons, nuclei and electrons. They are theigde sources of Galactic
cosmic rays. The diffusive shock acceleration mechanism suggestéd8n9, 10] can provide
the acceleration of protons and nuclei in the most frequent Type lIl)/lasupernova events up
to about 18°Z eV that allows to explain the spectrum and composition of Galactic cosmic rays
with a proton-helium knee at:3 10'° eV and the maximum energy 10" eV where iron nuclei
dominate, see [11]. Two orders of magnitude laf§gs ~ 10’ eV/nucleon is needed to explain
the lceCube neutrino observations. It can be achieved with the Tymaiplernovae that stand out
because of extremely dense wind of their progenitor stars with a mass tesfrd— 101 M,
yr~1[12]. As it will be shown below, the large kinetic energy of explosion aed/high gas den-
sity in the acceleration region lead to the needed energy of acceleratmtiegaand efficiency of
neutrino production irpp interactions.

Diffusive shock acceleration by supernova shocks propagatingrisedstellar winds was al-
ready considered in [13, 14, 15]. Simple analytical estimates showedthataves, gamma-rays
and neutrinos might be observable from the nearest Type lin sw@eremnants if the efficient
diffusive shock acceleration takes place in these objects. In the peegser we develop this idea
further and investigate whether the flux of neutrinos produced in exaegaType lIn supernova
remnants can explain the IceCube data. For this purpose we performiocainmeodeling of par-
ticle acceleration in a supernova remnant produced by Type IIn soygeaxplosion and calculate
neutrino production. Our model of nonlinear diffusive shock accetaralescribes the remnant
evolution and the production of energetic particles. The detailed descrigdtibe model was pre-
sented in [16] and the simplified version of the model was used in [11] f@xpkanation of energy
spectrum and composition of Galactic cosmic rays. Similar numerical models o$idéfshock
acceleration in supernova remnants were developed and employed ¥8[1A8)].

The paper is organized as follows. In the next Section 2 we describelimpaé particle
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acceleration and calculate the spectrum of neutrinos produced in Tymiplernova remnants.
These results are used in Section 3 for calculation of diffuse neutring@hb@amd in the expanding
Universe. The discussion of results and conclusions are given tio8ed and 5.

2. Modeling of diffusive shock acceleration in the remnant offype lIn supernova

Details of our model of nonlinear diffusive shock acceleration can beddn [16]. The
model contains coupled spherically symmetric hydrodynamic equations atdrisport equations
for energetic protons, ions and electrons. The forward and regfiseks are included in the
consideration.

The blast wave produced by Type lIin supernova explosion pragagarough the wind of
the presupernova star. We assume that the initial stellar wind density profiésdsibed by the
following expression:

M

S — 2.1
4y, r2 (2.1)

P

HereM is the mass-loss rate of the supernova progenitor stas the wind velocity and is the
distance from the center of explosion.

We use the following parameters of the supernova explosion. The expersiogyEgy = 10°2
erg, ejecta mashle; = 10 Mg, M = 102 M., yr 1, the parameter of ejecta velocity distribution
k = 9 (this parameter describes the power-law density prpfije] r—K of the outer part of the
ejecta that freely expands after supernova explosion), the stellar wlodity u,, = 100 km s1
that are the characteristic values for Type lIn supernova [12].

The injection efficiency of thermal protomsis taken to be independent of time= 0.01. Pro-
tons of massnare injected at the forward and reverse shocks. The high injectioreafficresults
in the significant shock modification already at early stage of the supgereomant expansion.

The secondary electrons and positrons are effectively produced otetise medium of Type
IIn supernova remnant vipp interactions. That is why we do not take into account injection of
thermal electrons at the shocks in the present calculations.

Cosmic ray diffusion is determined by particle scattering on magnetic inhomitigsnd he
cosmic ray streaming instability increases the level of magnetohydrodynarhiddnce in the
shock vicinity [8] and even significantly amplify the absolute value of magnedid fn young
supernova remnants [20, 21]. It decreases the diffusion coeffiaih increases the maximum
energy of accelerated particles. The results of continuing theoretiahl sfuthis effect can be
found in review papers [22, 23].

In our calculations below, we use the Bohm value of the diffusion coefii€dg = pvc/3gB,
whereqis the electric charge of particles. The amplified upstream magnetic figte \é; /4170 /M.
HereV; is the speed of the forward shock. The value of the paranvtet 10 describing the mag-
netic field amplification is assumed.

Figures (1)-(2) illustrate the results of our numerical calculations.

We stop our calculations at= 30 yr when the stellar wind mass swept up by the forward
shock is of the order of 2M.,. This value of the total mass loss is expected if the initial mass
of the Type lIn supernova progenitor is 60/0M,. The rest goes into ejecta-(10M) and the
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Figure 1. Spectra of particles produced in the supernova remnamgi30 yr after explosion. Spectrum of
protons (thick solid line ), spectrum of secondary electronultiplied on 186, thin solid line), spectrum of
neutrinos (thick dashed line) are shown.
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Figure 2: Dependencies on time of fluxes from supernova remnant atrdistl Mpc. We show the neutrino
flux at 1 PeV produced via pion decay (thick dotted line), ga¥ay flux at 1 GeV produced via pion decay
(thick dashed line). The evolution of synchrotron gammgafliiac at 1 MeV (thick solid line) and radio-fluxes
at 14 GHz, 5 GHz and 15 GHz (thin solid, dashed and dotted lingzectively) are also shown.

black hole & 40M.). At later times the forward shock enters rarefied medium created byshe fa
tenuous wind of supernova progenitor at the main sequence stage. [godoetion of neutrinos
becomes negligible at this time.

The spectra of particles produced during 30 years after explosioshaken in Fig.1. They
are calculated as the sum of the spectra integrated throughout simulatiomdordaf the time-
integrated outward diffusive flux at the simulation boundary at2R; whereR;s is the forward
shock radius. The maximum energy of accelerated protons is about30vRige higher energy
particles have already left the remnant. We also show the time-integratetiuspexf neutrinos
produced inpp interactions. We checked thay interactions result in the negligible contribution
to neutrino fluxes for realistic supernova optical luminosity.

About 25% of the kinetic energy of explosion goes to cosmic rays.
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Evolution of non-thermal emission produced in the supernova remnaigtahde 1 Mpc is
shown in Fig.2. We take into account the synchrotron self-absorptiofresdree thermal absorp-
tion that are important for radio-supernovae [24]. We use the tempefBtarl 0°K of circumstel-
lar wind that is a characteristic value for dense stellar winds ionized byti@aigoming from the
forward and reverse shocks [25].

It is instructive to compare results of the present calculations with the =ippaite analytical
expression for the maximum energy of accelerated protons derived ijpaper [11]. The maxi-
mum energy of protonEmax accelerated by a supernova shock in the stellar wind was estimated
as

. 1/2 -1/2 Mo \ 1
104 M, yr 100 km s 10°2erg/ \ 10M,,

A similar estimate for Type la supernova explosion in the uniform medium ghesknee"
energy~ 3 PeV for protons. The shocks propagating in stellar winds accelerdielgsto higher
energies. In particular Type IIn supernova remnants with their denskswiith mass-loss ratd ~
10-2 M., yr—! can accelerate protons up to 80 PeV according to Eq. (2.2). This droegmitude
estimate is in agreement with our numerical results illustrated in Fig. 1. Thulnatn of
proton acceleration up to 107 eV in Type IIn supernova remnants is in line with the acceleration
of cosmic rays up to the knee in Type la supernova remnants. The "lemeedy of accelerated
particles is reached at the beginning of the Sedov stage when a signifmetitn of explosion
energy transfers to the shock wave. In denser wind, the amplified ma@eétics stronger that
leads to largeEmax.

3. Calculation of background neutrino flux

The neutrino spectrum produced by a single supernova remi&n} (see Fig.1) can be used
for the determination of extragalactic neutrino background. Distributed itutheerse Type IIn
supernova remnants give the following diffuse flux of neutrinos:

c [Za  Q((1+2)Ey)ve(1+2)M c [(HzZe)E _ EM VanQ(E")
FE) = 4o [ 02 — e |, dE'— .
4rHo Jo VQm(1+2)3+Qp 4nHo JE, EV /QmER/ES +Qa
(3.1)

Here the adiabatic energy loss of neutrinos produced at the redshifts 0 z.x is taken
into account. The present neutrino production rate per unit energyanche isvs,Q(E, ), where
Vg is the rate of Type IIn supernovae at 0 while the cosmological evolution of the sources
in the comoving volume is described &5+ z2)™ (m = 0 implies no evolution). The evolution
parametem = 3.3 for z< 1 and no evolution at > 1, the maximum redshift,.x = 5 and the
rate vg, = 10°® Mpc=23 yr~1 atz= 0 are assumed in our calculations (see e.g. [26]). This rate of
Type lIn supernovae is 100 times lower than the rate of all core collapszsavae Hp = 70 km
s 1 Mpc1 is the Hubble parameter at the present epoch, the matter density in the flatdénis
Qmn = 0.28, and the\ -term isQx = 0.72.
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Figure 3: Calculated spectra of neutrino produced by lIn SNRs in thgaeging Universe (solid line).
IceCube data [2] are also shown.

The calculated background neutrino spectrum is shown in Fig.3. Thefigumonstrates very
good fit of our calculations to the IceCube data.

Using the same approach we can calculate the flux of extragalactic pr@demgesults are
compared with cosmic ray data in Fig.4. So the proton flux produced by elaics [In supernova
is below the measured cosmic ray fluxes.

The possible contribution of Galactic Type IIn SN events to the obsen&dicaay intensity
might be comparable with the Type llb supernovae as it was calculated ipapar [11]. Both
types of supernovae probably produce approximately the same amaodmic rays with almost
the same maximum energy of particles but SNIIn generate much more secqadtcles and
neutrinos. The low expected rate of these Galactic supernovae, at®yeo 5 thousand years,
makes estimates of their contribution to the observed intensity of very highye@aiactic cosmic
rays rather uncertain.

Simple order of magnitude estimates can be done to clarify how the obtainethadiux
depends on supernova parameters. The main production of high gragtpes and neutrinos is
finished at the beginning of the Sedov stage when the shock rBdiaan be determined from
the conditionMgj = 4nfR5drr2p = MRS/uW. The spectrunE—2 is assumed for the accelerated
particles. The neutrino energy flux expected from a supernova ahdedtacan be estimated as
(see also [14, 15])

f(E,)E2 = 3&crKy VP appM? _
Y7V 16m2In(Emax/mc2) muzRs D2

. 2 -2 1/2 AN 7
M u E M
10-8erg cnm2s 1t 1D; 2 - T2 o Y
€19 6m *s Ty Dipeder | 152, yrt ) \ 700 km's? 10°2erg 10 Mg
3.2

Hereécr is the ratio of cosmic ray pressure to the ram pressure of the sﬂMﬁka ~ 0.25 is
the fraction of energy that goes into neutrinospminteractions,op,, is the cross-section qip
interactions andEnax is the maximum energy of accelerated protons given by Eq. (2.2). The
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expression is valid when the shock radRis> Ryin = cappM/4nuWrri\/f and the energy losses via
pp interactions are smaller than the adiabatic losses.

Expression (3.2) can be used for the determination of neutrino baakgjiooduced by all
Type lIn supernovae:

F(E,)E2 erg cm 2s tsrix

V" 1672IN(Emax/Mc?)  Homu, Rmin

: M 2 Me; ~1/2 Uy -2 Equ Y2 Ve,
R\102M, yr 1) \10M, 100 km st 10°2 erg 10-6Mpc3yr-1 )’
(3.3)

The background flux is higher if the cosmological evolution of supernatgis taken into account
(see Eq. (3.1)). These estimates are valid at neutrino endegies0.05Emax. They confirm
the efficiency of high energy neutrino production in supernova expiasioery dense wind of a
progenitor star, as it takes place in Type IIn supernovae.

4. Discussion

Our calculations show that the IceCube data can be explained by the peundm Type
IIn supernovae. If so, the arrival direction of every IceCubetmeo should coincide with the
direction to some Type lIn supernova. However, we observe Typsuibernovae with the redshifts
z < 0.1 while the background is determined by the supernovae zvithl. Therefore we expect
that only several percent of observed neutrinos i.e. about onelbee@zutrino event are associated
with the known Type lin supernovae. Unfortunately, the arrival dioes of majority of IceCube
neutrinos are known with low angular resolution (about 15 degreesjoiel that several Type lin
supernovae were indeed observed in the vicinity of some IceCube resuttitowever this result
has low statistical significance.

Nevertheless we note that the arrival direction of one IceCube Petvim@eandidate (event
20) is within 5 angular degrees from the SN 1978K. This nearest llarsgpa in the galaxy NGC
1313 at distance 4 Mpc is for decades observed in radio, X-rays@iu$ ¢e.g. [28]). The mass-
loss rate of SN 1978K progenitor is estimatedvhis= 2- 103 M., yr— [29] that is 5 times lower
than we use in our calculations. Thus the fluxes expected from this iyaeane not so high as
ones shown in Fig.2. In spite of this it is possible that the PeV neutrino cardides emitted by
SN 1978K.

The arrival direction of another IceCube PeV neutrino candidate{®% is within 10 angular
degrees from the SN 1996c¢r. This nearest lin supernova in the Gsrgalaxy at distance 4 Mpc
was also detected in radio, X-rays and optics (e.g. [30]). The Circialaxygis a bright source
of GeV gamma rays [31]. It is known that the forward shock of SN19@6tered the dense shell
of circumstellar matter. The radio flux of this supernova is only several tinvesrlthan the flux
shown in Fig.2. That is why this IceCube PeV neutrino candidate could be drijtit8N 1996cr.

On the other hand, 8 of 37 IceCube neutrinos left tracks. The adikattions of these neu-
trinos are determined with good angular resolution (about 1 degree)oWie that none of these
neutrinos is associated with known Type IIn supernovae. The expeataller of coincidences is
of the order of 3. Thus, only one track neutrino can be observed from the vicinity oé Typ
supernova during one decade of IceCube operation.
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Figure 4: Comparison of calculated spectrum of cosmic ray protondymred by extragalactic [In SNRs in
the expanding Universe (gray solid line) and available dosay data [27].

5. Conclusions

Our main conclusions are the following:

1) The diffusive shock acceleration of particles in Type lin supesnamnants and the pro-
duction of neutrinos vigp interactions in the dense presupernova winds can explain the diffuse
flux of high energy astrophysical neutrinos observed in the IceCxjberienent.

2) The calculated maximum energy of protons accelerated in remnants sfipernova is
close to 187 eV. This value is higher than the maximum energy achieved in the main partRé SN
and is explained by the high density of the circumstellar matter.

3) The efficient acceleration of particles and production of secorelagtrons and positrons
result in the fluxes of radiowaves and gamma-rays that can be obdesuethe nearest Type IIn
supernova remnants.

4) Future IceCube operation and the search of correlations betwagimperrival directions
and the directions to Type lIn supernovae may check whether thesdsbijedhe sources of high
energy neutrinos but only one track event during 10 years is expgomdhese supernovae with
the redshifts less than) The bright phase of a Type lIn supernova remnant as a souee\of
neutrinos lasts for about several years after the supernova explosio

The work was supported by the Russian Foundation for Basic Resgeanh13-02-00056
and by the Russian Federation Ministry of Science and Education coh&#8.11.7046.
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