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Diffuse PeV neutrinos from hypernova remnantsin star-forming galaxies
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We demonstrate that the excess of sub-PeV/PeV neutrinestigaiscovered by IceCube could originate
through hadronuclear processes from the same sourcesgiisiecfor cosmic rays (CRs) with energy above the
second knee at 5 x 10'7 eV. We furthermore propose that hypernova remnants withi-selativistic ejecta
in star-forming galaxies are these sources. By virtue oif fast ejecta, such objects can accelerate protons
to 2 EeV energies, and the resulting CRs can interact with thealearrounding medium during propagation
in their host galaxies to produce high-energy neutrinos gawhma rays via proton—protomz) collisions.

A scenario in which hypernova remnants account for the aleseCR flux above the second knee can also
account for the neutrino flux detected by IceCube. The aceoyipg gamma ray flux remains below the
diffuse isotropic gamma ray background observed byRéreni Large Area Telescope (LAT).

PACS numbers: 98.70.Sa, 97.60.Bw, 98.70.Rz

Two PeV neutrinos were detected by the IceCube neutrinfil1]) or at the ankle £ 10'°eV, [13]) in the CR spectrum.
detector during the combined IC-79/IC-86 data peribd[1].If the neutrinos are produced by the sources of extragalacti
More recently, follow-up analysis by the IceCube collabo-ultrahigh energy CRs (with energies above the second knee,
ration uncovered 26 additional sub—PeV neutrinos [2]. If ithereafter simply UHECRS), the neutrino spectrum should ex-
is confirmed with adequate statistical significance, thisiite  tend to> 20/(1 + z) PeV without any abrupt cutoff. This
may have importantimplications, in particular forundarst-  would not conflict with the current IceCube observations if
ing the origin of PeV-EeV cosmic rays (CRs), because théhe neutrino spectrumis softer that2.2. Note that the source
collisions of hadronic CRs with background nuclei or phaton proton spectrum is not necessarily as soft as the neutrieo sp
producejnter alia, charged mesons whose decay products intrum, since in some specific scenarios, higher energy psoton
clude neutrinos: At — etv,puve, 77 — e vDuT). A have lower production efficiencies of secondary pions. On
preliminary analysis shows that these 28 events, rangorg fr the other hand, gamma rays will be simultaneously generated
60 TeV-2PeV, correspond to a 4d3excess over the back- in the pion—production processes, and a source proton spec-
ground of10.6f§:g from atmospheric neutrinos and muons, trum that is too soft (with power—law index< —2.2) would
and their sky distribution is consistent with isotropy [8lig-  over—predict|[[/] the 0.1-100GeV diffuse isotropic gamma—
gesting an extragalactic origin, although a part of thenld¢ou ray background observed by Fermi/LAT [14]. We thus assume
come from Galactic sourced [4]. Non-detection of higher en-a harder proton spectrum here.
ergy events implies a cutoff above 2 PeV for a hard spectrum The single-flavor neutrino flux at PeV 8, = (1.2 +
with power-law index of-2. Alternatively, it is also compat- 0.4) x 1078 GeVem=2s~1sr~! [2]. This flux is approxi-
ible with a slightly softer but unbroken spectrum with index mately related to the flux of parent protods, by [7, |12,
~ —(2.2-2.3)[2/8,9]. 20] 2@, = §fx(c2®,), wheree, ande, are the ener-

Several possible scenarios for the origin of these neldrinogies of the neutrino and proton respectively afidis the
have been discussed, including that they are ‘cosmogenichion-production (viapp- or py-collisions) efficiency. Thus,
arising inpy-collisions between CRs and cosmic backgroundUHECR sources that account for the sub—PeV/PeV neutri-
photons, or that they are generated within CR sources eithertos need to provide a proton flux eﬁ@,, =6(e2®,)f ! ~
in py- or pp-collisions between CRs and ambient radiation7 x 1078 f-1GeV cm~2s~!sr~! at 10-100 PeV energy. This
fields or gas respectively/[6-9]. A cosmogenic origin for theflux corresponds to a local proton energy production rate of
IceCube events is excluded because the predicted PeV flux is

well below the observed ong [6)-collisions inside sources . &\ 9 445 o1 3 1
are not favored either because these would over—predict the 7° — \ 47 F, a(e,®p) = 1077 [ erg Mpe ™ yr
flux above 1PeV, unless strong magnetic fields are present (1)

inside the sources |[9]. In the case pf-collisions, each wherec is the speed of lightH, is the Hubble constant,
daughter neutrino typically takes 0.03—0.04 of the parestp &, ~ 3 is a factor that accounts for the contribution from
ton’s energyl[10]. Thus, to produce a 1 PeV neutrino, we rehigh-redshift sources [12], and ~ 10 comes from nor-
quire a source located at redshiftto accelerate protons to malization of the proton spectrum (e.g., for= -2, a =

> 60(1—;“) PeV. The transition from Galactic to extragalactic In (¢, max/€p,min)). FOr comparison, the required local CR
CRs is thought to be either at the second kneex487eV,  energy production rate is 10%5-5 erg Mpc—2yr—! if the tran-
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sition from Galactic to extragalactic CRs occurs at the secadvected. The diffuse gamma-ray emission from the Galac-
ond knee andv 104 erg Mpc—2yr~! if the transition oc- tic plane impliesf, ~ 1% for TeV protons|[22], so we may
curs at the ankle for a = —2 source spectrum[13]. Thus, expect thatf, for > 10PeV protons is< 1% in our Galaxy.

if a certain type of source can only account for UHECRsHowever, since the hypernova rate should generally trage th
above the ankle, an extremely high efficiency (if. ~ 1) cosmic star formation rate (SFR), which is known to increase
is needed to produce a sufficient PeV neutrino flux. On thedramatically withz from z = 0 up to at least ~1-2, the
other hand, if the transition from Galactic to extragalkacti properties of galaxies at ~ 1-2 (hereafter ‘high-redshift’
CRs occurs at the second knee, we reqyife~ 0.1 — 0.3 galaxies) are likely to be more important for determining th
since the observed CR flux at the second kneéds; ~  total diffuse neutrino flux. As our template systems, we con-
(3 —8) x 107 "GeVem~2s~tsr~ L. This puts severe con- sider such galaxies of two types, normal star-forming gakax
straints on possible sources of UHECRs. (NSG) and starburst galaxies (SBG).

In short, the source population responsible for both PeV High-redshift galaxies display different properties from
neutrinos and UHECRs should be able to prodgcé EeV  nearby ones. High-redshift NSGs generally do not reveal
CR and have high pion conversion efficiencf; (= 10%).  well-developed disk structure and show more extended mor-
Supernova remnants (SNRs) have been widely discussed phologies with typical scale height~ 1 kpc for massive sys-
promising proton accelerators (see a recent review [15] antems|[23, 24]. They also have much higher fractions of molec-
references therein). But normal SNRs with ejecta veloci-ular gas|[23] with typical column density ~ 0.1gcm2,
ties < 10%ms~! are not able to accelerate protons+4o implying volumetric average ISM densities of~ ¥ /2h ~
60 (1£2) PeV [16], even considering a turbulently—amplified 10 cm 3.  High-redshift SBGs typically have scale height
magnetic field (but see [17]). A subset of very energetic suh ~ 500 pc and average gas density~ 200 cm ™3 [25]. As
pernovae, called semi—relativistic hypernovae (hypesedar  for diffusion coefficients, recent studies on CR propagatio
short), has ejecta with much faster velocitigs).1c, expand-  and anisotropy in our Galaxy suggest ~ 10?2 cm?s~! at
ing into their progenitor stellar winds [18]. Assuming a CR- 3GeV and ~ 0.3 [26]. Since little is known about the diffu-
amplified magnetic field with a strength close to equipantiti  sion coefficient in high= galaxies, we adopt the same values
hypernovae satisfy the Hillas conditian [19] for accelemat of Dy andd as inferred in our Galaxy for high—redshift NSGs.
of > 10'8 eV protons and have thus been proposed as sourcéte assume a lower diffusion coefficief ~ 102" cm?s~1
of UHECRs above the second kneel[20], or even up to théor high-redshift SBGs, because the magnetic fields in nearb
highest CR energies when considering the fastest part of thBBGs such as M82 and NGC253 are observed te-bE)0
ejecta and heavy nuclei acceleration [21]. In the followiwg  times stronger than in our Galaxy and the diffusion coeffitie
will investigate whether hypernovae could also be the arigi is expected to scale with the CR’s Larmor radius £,/ B)
of the recently discovered sub-PeV/PeV neutrinos provided27]. Regarding advective escape, the velocity of the Galac
that they are responsible for UHECRs above the second knetic nuclear wind is~ 300 kms~! [28,129], while optical and

Neutrino emission from hypernova remnantéeeelerated  X-ray observations show the velocity of the outflow in M82
protons will interact with the ISM before escaping from thei are~ 500 — 600 kms~! [30] and 1400 — 2200 kms~* [31]
host galaxies and produce neutrinos, gamma rays and elemespectively. Since galactic winds are probably drivenipy s
trons/positions. The energy loss time of CR protons in thepernova explosions [32] whose rate is higher in high-reftishi

ISM via pp-collisions is galaxies, we may expect their winds to be faster and take
. Ve = 500kms~! and1500kms~! as the reference values
Tpp(€p) = [Kopp(Ep)nc] for NSGs and SBGs respectively. Then we obtain
=60PeV)] ™" =
=6x107yr Upp(g}foomb : )] (1;173) N =5 x 100y ()2 (20 =120
diff 1kpe’ “1028 cm2s—1 60 PeV
2) 3

Wheren =0.17isthe i.nelasticityapp is the cross s.e(_:tion, Qnd N9 5 105y ( h \( Vi = @
nis the number d_ensny of ISM protons. Tpphcolh_smn effi- adv iy kpe’ 500 km s
ciency can be estimated by = min (1, tese/7pp) With tegc @S
the escape timescale. Generally, there are two ways for CRer NSGs, and
to escape from a galaxy. One, diffusive escape, is energy— D
dependent and the other, advective escape via a galactic win tgiﬂ =10%yr ( )3( 0 ) “p )y~0-3
is energy—independent. The associated escape timesaales ¢ 0.5kpe” "10?Tcm? s~ 60 PeV 5)
be estimated byuig = h%/4D andt.q, = h/V,, respectively.
HereD = Dy(E/Ey)? is the diffusion coefficient wher®, B 5 h Vi, .
and E, are normalization factors, and= 0 — 1 depending taay =3 % 10 Yr(0_5kpc)(1500 kms—l) (6)

on the spectrum of interstellar magnetic turbulencés usu-
ally taken as the scale height of the galaxy’s gaseous didk arfor SBGs. The escape timescale can be approximated
V. is the velocity of the galactic wind in which the CRs are by tese = min (taav, tair), and we may expect a
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break occurring int.sc when t,q, = taig, i-€., sg{b = andQ, = 0.73. While neutrinos can reach the Earth with-

300 GeV(“f )3.3(5001\{/71”71)3.3(102#7%)73.3 and outinteraction, very high energy (VHE; 100 GeV) gamma
pc ms cm=« s . . .

55}) _ 1.6Pev(1£ch)3,3(l500¥%571 )3_3(1027 ?mo%il )33 rays can be absorbed by pair production on the intergalac

for NSGs and SBGs respectively. We then find that thetic radiation field, initiating cascade processes and dépgs
pp-collision efficiencies for production of 1 PeV neutrinos in energy into< 100 GeV photons. As Io_ng as the pascade IS
NSGs and SBGs are respectively well developed, the VHE gamma rays injectec atill form

a nearly universal spectrum which only depends on the total
N = tgiff/T;l)\;I) ~ 0.0l and fB = tdBiH/Tz}fp ~0.4 (7) energyinjected and the injection redshiff4C]. We integrate
over redshift to sum up the contributions of cascades tettia
The single-flavor neutrino flux at PeV is thene2®, =  at differentz.
s fsBfB+(1—fsp) fN]e2®cr ~ 1078 GeVem™2s ™ s, Panel (a) of Fig. 1 presents our calculated diffuse neutrino
which is comparable to the observed neutrino flux. Hereand gamma-ray fluxes. The red dashed and dash-dotted lines
fs ~ 10% — 20% [3€] is the fraction of the SFR con- represent the neutrino flux from NSGs and SBGs respectively.
tributed by SBGs. If we assume that hypernovae account foat low energies, energy—independent advective escape-domi
CRs above- 5 x 10'7eV, they should provide a CR flux of pates over energy-dependentdiffusive escape, so thespect
e2®Pcr ~ 7 x 1077 GeVem s~ s~ ! at this energyl [33]  of neutrinos roughly follows the = —2 accelerated pro-
and the required local CR energy production rifg is then  ton spectrum. As the energy increases, the neutrino spectru
~ 10%-5erg Mpc—3yr—!. Assuming that each hypernova re- breaks because diffusive escape becomes faster than advec-
leasesEy, un = 5 x 10%2 erg of kinetic energy [18], a fraction tive escape. Becausgs x £~ %3, the spectral index above
7, =10% of which goes into CRs, we find the required localthe break increases by about 0.3. But the increase ofjthe
event rate is about00 Gpc—3yr~!, consistent with the ob- cross section at higher energies|[10] compensates this-some
served value [34]. what, making the final spectral slope close to -2.2. Noteithat
The fluxes of secondary neutrinos and gamma rays prothis case the UHECRs are mostly produced by hypernovae in
duced by one hypernova, andé,, (in unit of ev-!) are cal- NSGs while the PeV neutrinos mainly arise from hypernovae

culated with the following analytical approximation [10], in SBGs. This is because most hypernovae occur in NSGs
o while thepp-collision efficiency is much higher in SBGs.
oi(e;) = @ ~ / f—ﬂjp(gp)ﬂ(i’ gp)@ (8) Given the uncertainties i at high redshift, we also con-
de; e N p Ep sider an alternative case in whidby in high-redshift NSGs

is 10 times smaller than in our Galaxy. There is observa-
tional evidence for stronger magnetic fields in such galax-
ies [41], so a smaller diffusion coefficient is plausible. thVi
Dy = 10%"cm?s~! and assumingsz = 10%, we find that

N ~ 0.1 for production of PeV neutrinos, in which case both
the contribution of secondary electrons/positrons anchary ~ P€V neutrinos and UHECRs are produced predominantly by

electrons via inverse Compton scattering and Bremsstnghlu "YPernovae in NSGs, as shown in panel (b) of Fig. 1.
radiation, because these are only importanKat.00 MeV In our model, there is no sharp cutoff in the neutrino spec-
[37]. To calculate the diffuse flux of neutrinos and gammalfum above PeV, although the spectrum becomes softer at
rays, we need to integrate the contribution from galaxiess 10PeV. This is because the energy of the corresponding

where i could be~ or v. In the above equationF; is
the spectrum of the secondasyor v in a single collision.
We assume that the accelerated proton spectrum, is=
Cpe, *exp(—ep/ep max) WhereC,, is a normalization coef-
ficient fixed by [ e,J,ds, = n,E,u~. Here we neglect

throughout the whole universe, i.e. parent proton is< 0.6(1’5—2) EeV, approaching our assumed
maximum energy of EeV. Nevertheless, our model predicts
dNPP 1 [Fmex cdz aflux of a few times 072 GeV cm~2s~tsr—! around 10 PeV.
(~O0b) — i SFR . ob ) ) . ) .
Pi(e7”) = da?b - 47T/0 p()TEN il (1+2)e] ]H(z) This flux is consistent with the present non-detection of-neu

(9) trinos above several PeV, but is likely to be detectable in
wherep(z) = poS(z) represents the star-formation history the future. Given that the all-flavor exposure of IceCube is
with po being the local SFR and/(z) describing its evo- ~ 10 cm?srs at 10 PeV [8] for 662 days, we may expect
lution with redshift. The total SFR in the local universe such a flux would lead to detection ef 10 PeV neutrinos in
is found to bepy ~ 0.01 Mg yr~'Mpc—2 and assumed to < 5 — 10yrs operation.
evolve as|[39]5(z) o (1 + 2)3* for z < 1, (1 + 2)° for Discussion —Including the cascade component, the to-
1 <z <4and(l+2)7forz > 4. Here we assume tal diffuse gamma ray flux at 100GeV is~ (7 — 8) x
the fraction of SFR from SBGs igsp = 20% at any cos- 1078GeVem 2s~!'sr~! in both cases, as shown with the
mic epoch. The factor$iF represents the ratio between the solid blue lines in Fig. 1. Note that putative additionaldes
hypernova rate and SFR (in units Mgl). Its value is nor-  due to absorption of VHE photons by the radiation fields in-
malized by requiring the local CR energy production rate ofside their host galaxies [42] and by synchrotron losses ®f th
hypernovae to match the observed CR flux above the second pairs in the host galaxy magnetic fields would lower the
knee. H(z) = HO\/QM(l + 2)3 4+ Q4 is the Hubble pa- predicted cascade flux. The resulting fluxis50% of the
rameter and we adofify = 71kms 'Mpc™!, Qa; = 0.27  flux observed by LAT. Also note that although normal SNRs
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observed one, providing a possible explanation for the mppa
ent hardening in the spectrum of the diffuse isotropic gamma

-6
o : @@@@ — v from NSF .- Cascode 7 ] ray background at- 10 GeV.
e i '+ ——total v —totaly The local SFR density is estimated to be
& 107k %@i{w e Fermi 2010 | 0.01 Mo Mpc—3yr~!, and employing the relation between
£ - SFR and infrared luminosity of a gala§FR [Mg yr—!] =
> L o oo 1.7 x 107°Lig[Le] [45], we find that a galaxy’s CR
N E luminosity, accommodated by hypernovae, Isg ~
3 - T TN ™ 10%0erg s~ (W /10%-Serg Mpc—3yr~1)(Lir /10'°Lg).
- N ) TR Given the infrared luminosity of our Galaxy is 10'°L
" 5 VI = and assuming ap—collision efficiency ofl0—3, we estimate
10 10 10 10 ; . N :
Energy (GeV) the total Galactic neutrino luminosity a0 TeV-1PeV is
< 10%%ergs~!. Note that our Galaxy might be too metal
‘ ‘ rich to host semi-relativistic hypernovae (or long GRBS)
10k, ——v from SBG - — Pionic y - for the last severa_l billion years [44], so this value c_ould
T% f @@@ :tuo[;)? NSF _tCOiZC‘O;fe 7 ] be smgller. Even if all thesg neutrllnos are produced. in the
T e, "o Fermi 2010 1 Galactic center and radiate isotropically, it would resalt
Y107 g e E < 1 event detection during 662 days operation withig°a
5 circular region around the Galactic Center|[46] and would no
§ IC 2013 cause a strong anisotropy that violates the observatigns [2
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