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NEUTRINOS IN IeCube FROM ACTIVE GALACTIC NUCLEIO. Kalashev a*, D. Semikoz b, I. Tkahev aaInstitute for Nulear Researh, Russian Aademy of Sienes117312, Mosow, RussiabLaboratory of AstroPartile and Cosmology (APC)75205, Paris, FraneReeived Otober 27, 2014Reently, the IeCube ollaboration reported �rst evidene for the astrophysial neutrinos. Observation orre-sponds to the total astrophysial neutrino �ux of the order of 3 � 10�8 GeV � m�2 � s�1 � sr�1 in a PeV energyrange [1℄. Ative galati nulei (AGN) are natural andidate soures for suh neutrinos. To model the neu-trino reation in AGNs, we study photopion prodution proesses on the radiation �eld of the Shakura�Sunyaevaretion diss in the blak hole viinity. We show that this model an explain the deteted neutrino �ux andat the same time avoids the existing onstraints from the gamma-ray and osmi-ray observations.Contribution for the JETP speial issue in honor of V. A. Rubakov's 60th birthdayDOI: 10.7868/S00444510150302221. INTRODUCTIONDetetion of astrophysial neutrinos by the IeCubeollaboration [1℄ has opened a new era in the high-ener-gy astrophysis. The reported exess of neutrinos atenergies E > 30 TeV an be desribed by a power law1=E� with � = 2:3 � 0:3, and orresponds to the �ux3 � 10�8 GeV � m�2 � s�1 � sr�1 for the sum of three�avors, possibly with a uto� at 3 PeV [1℄. This ob-servation has a high signi�ane of 5.7 � and alls fortheoretial modeling and explanation.There are three main prodution mehanisms ofhigh-energy neutrinos. First, galati osmi rays pro-due neutrinos in the proton�proton (proton�nuleus)ollisions in the interstellar gas in the dis of our MilkyWay Galaxy. Suh neutrinos would have energies fromsub-GeV to PeV, but an ome only from diretionslose to the Galati plane. Interestingly, the three-year IeCube data do show some exess in the dire-tion of the Galati plane with a 2% hane probabi-lity [1℄, possibly exhibiting small-sale anisotropy nearthe Galati enter. Both signatures an be explainedby the neutrino prodution in the galati osmi rayinterations with the interstellar gas. It was shown inRef. [2℄ that at most 0.1 of the observed neutrino events*E-mail: kalashev�inr.a.ru

in IeCube an be desribed by osmi-ray interationswith matter inside the Milky Way assuming a loal den-sity of gas. However, the expeted signal is dominatedby the �ux from spiral arms and/or the Galati Bar,where supernova explosion rates, magneti �elds, andthe density of the interstellar gas are all muh higherthan in the viinity of the Sun [3℄. Moreover, the neu-trino �ux deteted by the IeCube is onsistent [3℄ withthe power-law extrapolation of the E > 100GeV di�usegamma-ray �ux from the Galati Ridge, as observedby the Fermi telesope, whih suggests ommon ori-gin. As result, the ontribution of the Galaxy to theneutrino �ux an be muh higher than 10%.Seond, ultra-high energy osmi rays (UHECR)interat with intergalati radiation and produe se-ondary EeV neutrinos in pion deays. The latter arealled osmogeni neutrinos and have been extensivelystudied theoretially sine 1969 [4℄ (see, e. g., [5, 6℄and the referenes therein). The expeted �ux of os-mogeni neutrinos is somewhat model dependent, buteven optimisti estimates are at least two orders ofmagnitude below the IeCube signal at PeV energies.Hene, osmogeni neutrinos are irrelevant in this en-ergy range.Finally, high-energy neutrinos in a wide range ofenergies, from TeV to 10 PeV, an be produed in avariety of astrophysial soures in deays of hargedpions reated in the proton�photon or proton�proton614



ÆÝÒÔ, òîì 147, âûï. 3, 2015 Neutrinos in IeCube from Ative galati nuleiollisions in situ. Various kinds of astrophysial souresof high-energy neutrinos were onsidered prior to theIeCube observation, inluding ative galati nulei(AGN) [7�12℄, gamma-ray birsts [13℄, star burst ga-laxies [14℄.After the IeCube observation, the interest in theproblem has grown substantially. In a number of re-ent works [15�20℄, an attempt was made to explainthe IeCube events by various astrophysial soures ofhigh-energy neutrinos.In this paper, we develop the model originally pro-posed in Ref. [8℄, where neutrinos arise in interationsof high-energy osmi rays aelerated in AGNs withphotons from the big blue bump. Compared to the pre-vious papers developing this onept, we attempt to ex-plain the IeCube observation using photopion produ-tion by osmi rays on the anisotropi radiation �eldprodued by the realisti Shakura�Sunyaev model ofaretion diss [21℄.This paper is organized as follows. In Se. 2, wepresent theoretial details of our alulation, also re-viewing the observational knowledge about blak holearetion diss and their radiation �elds. In Se. 3, weonfront our numerial alulations with the IeCuberesult and put onstraints on the properties of suhprospetive neutrino soures.2. NEUTRINOS FROM AGNs WITHSHAKURA�SUNYAEV ACCRETION DISCSAGN are long-sought potential sites for high-energyneutrino prodution. They an aelerate protons up tohighest energies and are surrounded by high-intensityradiation �elds where photo-nulear reations with sub-sequent neutrino emission an our. At the heart of anAGN resides a super-massive blak hole surrounded bythe aretion dis. The aretion dis is hot and is emit-ting thermal radiation whih gives a prominent featurein the observed AGN spetra usually referred to as the�Big Blue Bump�. Aelerated partiles move alongtwo jets perpendiular to the aretion dis, rossingthis radiation �eld.In what follows, we use the following model for neu-trino prodution. We assume that proton aelera-tion ours diretly near the blak hole horizon (see,e. g., Refs. [22, 23℄). High-energy neutrinos appear inharged pion deays reated in p ! n�+ and n !! p�� reations in ollisions with �blue bump� pho-tons. As a �rst step, we reall the observational phe-nomenology of aretion diss and estimate the optialdepth for these photopion prodution reations.

2.1. Aretion dis phenomenologyThe e�etive temperature of the optially thik ma-terial on the sale of the gravitational radius is givenby [21℄T0 = 30 eV � M108M���1=4� L� LEdd�1=4 ; (1)where M is the mass of a blak hole and � is the e�-ieny of onverting the gravitational potential energyinto eletromagneti radiation, L = � _M , at a givenaretion rate _M . The eddington luminosity LEdd isde�ned asLEdd = 1:26 � 1046� M108M�� erg � s�1:The temperature has a power-law pro�le with theradial oordinate on the dis, T / r�� . In theory [21℄,� = 3=4. Observationally, the slope is onsistent withthe thin dis theory, � = 0:61+0:21�0:17, but would also al-low a shallower temperature pro�le that would reduethe di�erenes between the mirolensing and �ux sizeestimates [24℄.Within unertainties and with an auray su�-ient for our purposes, the observed dis sizes at theradiation frequeny E = 5 eV an be �tted by therelation [25℄ R = 1015 m � M108M�� ;whih is about two orders of magnitude larger than thegravitational radius. This estimate is somewhat largerthan the expetation from the thin dis theory. Thephoton density around the dis an be approximatedby the relation n = Ldis4�R2E ;where E is a typial photon energy. On average, spe-tral energy distributions (SED) of AGNs are peaked atthe energy E = 10 eV (see, e. g., Ref. [26℄ for a review).The optial depth to photomeson prodution anbe estimated as � = �nR, where � � 5 � 10�28 m2 isthe ross setion at the �-resonane. This gives� � 103LdisLEdd 10 eVE ;irrespetive of the blak hole mass. There are tightorrelations between monohromati and bolometriluminosities of AGNs, e. g., �L�(5100 Å) � 0:1Lbol(see [27, 28℄). An estimate for Ldis is given by �L�.For a typial bolometri luminosity, we an assume615



O. Kalashev, D. Semikoz, I. Tkahev ÆÝÒÔ, òîì 147, âûï. 3, 2015Lbol � 0:1LEdd (see, e. g., Ref. [29, 30℄). Therefore,� � 10 would be a typial value for the optial depthto photomeson prodution after the traveling distaneomparable to the aretion dis size.2.2. Radiation �elds and reation ratesIn the laboratory frame, the rate of reations withthe photon bakground is given by the standard expres-sion R = Z d3p n(p)(1� os �)�(~!); (2)where n(p) is the photon density in the laboratoryframe, �(~!) is the ross setion of the relevant reationin the rest frame of the primary partile as a funtionof the energy of the inident photon ~! = p(1� os �),and  is the gamma-fator of the primary partile inthe laboratory frame.For the blak-body radiation with a temperature T ,we have nT (p) � 2(2�)3 1exp(p=T )� 1 : (3)We assume that the dis segment at a radius r emitsblak-body radiation with a loal temperature T (r),T (r) = T0 F (r); (4)where T0 is given by Eq. (1) and [21℄F (r) = �rgr �3=4�1�rrinr �1=4 : (5)Here, rg = 2�M is Shwarzshild gravitational radius,rg = 3 � 1013 M108M� m;and rin is the radius of the dis inner edge. The on-tribution of suh a segment to the photon density at apoint z along the dis axis isn(p) = Æ(n� n0)r dr(r2 + z2) nT (p; r); (6)where n0 is the unit vetor in the diretion from r toz. Its ontribution to the reation rate in Eq. (2) anbe expressed asR(z; r; ) = 1� os �4�3(r2 + z2) 1Z0 dp p2 �(~!)exp(p=T (r))� 1 ; (7)
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Fig. 1. Optial depth as a funtion of the proton energyfor several values of T0 (in eV)where os � = z=pr2 + z2: Finally,R(z; ) = 2� 1Zrin r drR(z; r; ): (8)The dis inner edge rin is related to the radiatione�ieny as � = 32 1Zrin r dr F 4(r):In what follows, we use � = 0:1, whih is a usual as-sumption in the existing literature.The optial depth with respet to this reation forprotons aelerated near the blak hole horizon andmoving along the jet axis from z0 to in�nity is given by�() = 1Zz0 dz R(z; ):The resulting funtion �(E) for photomeson produtionis shown in Fig. 1 for several values of T01) and z0 = rg .To produe neutrinos with the energy E� � 1015 eVe�iently, we need the optial depth with respet tothis reation to be larger than unity for protons withE � 1017 eV. This requirement translates intoT0 > 10 eV (see Fig. 1).3. THE OBSERVED SPECTRUMIn this paper, we do not study the proesses of par-tile aeleration but simply assume that protons are1) We note that the average bakground photon energy isroughly 0:1T0.616
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Fig. 2. Seondary neutrino (red line) and gamma-ray (magenta line) �uxes from protons (blue line) with the 1=E2 power-law injetion spetrum and Emax = 100 PeV for the dis temperature T0 = 15 eV, the blak hole mass 108M�, and theluminosity evolution of soures (1 + z)3. Red points with errorbars represent the IeCube astrophysial neutrino �ux fromRef. [1℄. The atmospheri neutrino �ux is taken from Ref. [34℄, the Fermi di�use gamma-ray �ux is from Ref. [35℄, and theproton �ux is from Ref. [36℄. (Color online see arXiv:1410.8124)aelerated by eletri �elds in a lose viinity of theblak hole horizon (see, e. g., Ref. [22℄ for relevant mo-dels). For de�niteness, we assume that the spetrum ofaelerated protons at z = z0 has the power-law formja(E) = E��; E < Emax; (9)their momenta are direted along the dis axis, andeletri �elds and aeleration proeses are negligibleat larger z. In what follows, we hoose � = 2 andz0 = 2rg.The alulation of the observable neutrino spetrumis performed in two steps. First, we simulate propaga-tion of protons through the radiation �eld at z > z0and alulate the resulting spetrum of nuleons andof produts of their interation. To be onservative, weassume that the magneti �eld is negligible and there-fore both protons and neutrons with energies below thepion prodution threshold may freely esape the soure.This allows alulating the maximal possible ontribu-tion of the proess to the observed spetrum of osmirays. As regards the seondary eletron�photon as-ade alulation, to obtain its upper bound, we always

assume that the asade freely esapes the soure re-gion and show below that even in this extreme ase,the predited ontribution of this proess to the di�usephoton bakground is far below the present observa-tional upper limits.We model interations using the Monte Carlo ap-proah. In partiular, during the ith iteration at a po-sition z = zi, the traveled optial depth �i is sampledusing the equation �i = � log �:Here and below, � is a uniformly distributed randomvariable, 0 < � < 1. The next interation point zi+1 isalulated by solving the equationzi+1Zzi R(z; i) dz = �i; (10)where i is the urrent gamma fator of the nuleonand R(z; i) is the interation rate given by Eq. (8).The bakground photon momentum is sampled in eah617



O. Kalashev, D. Semikoz, I. Tkahev ÆÝÒÔ, òîì 147, âûï. 3, 2015

109 1010 1011 1012 1013 1014 1015 1016 1017 1018

E, eV

10

102

1

103

104

γ

νatm p

jE2, eV ⋅ cm−1 ⋅ s−1 ⋅ sr−1

Fig. 3. Seondary neutrino and gamma-ray �uxes from protons with the 1=E2 power-law spetrum and Emax = 30 PeV forT0 = 120 eV and the luminosity evolution of soures proportional to (1 + z)3. Experimental data are the same as in Fig. 2.(Color online see arXiv:1410.8124)interation point zi in the following way. First, thedis segment ri emitting the photon is sampled usingEq. (8): �R(z; ) = 2� riZrin r dr R(zi; r; ); (11)and then the photon energy pi is sampled using Eq. (7):�R(z; r; ) = 1� os �i4�3(r2i + z2i ) piZ0 dp p2 �(~!)exp(p=T (ri))� 1 ; (12)where os �i = zi=pz2i + r2i . Finally, the SOPHIAevent generator [31℄ is used to sample the reoiling nu-leon energy i+1 as well as seondary partiles andtheir momenta. The iterations ontinue while Eq. (10)has a solution. The absene of solutions means that thenuleon freely esapes the AGN site. As a result, weobtain the spetrum of nuleons, neutrinos, photons,and eletrons leaving the interation region.In the seond step, we integrate over the distribu-tion of soures taking their possible abundane evo-lution and osmologial propagation e�ets into a-

ount2). The last e�et mostly redues to red shift, neu-tron deay, and eletron�photon asade developmentled by interations with the osmi mirowave bak-ground and intergalati infrared bakground. Thisproedure is performed with the use of the numeri-al ode developed in Ref. [32℄. The ode simulatesinterations of nuleons, photons, and stable leptonswith intergalati photon bakgrounds. For nuleons,it takes photopion prodution, e+e�-pair prodution,and neutron deay into aount. The seondary parti-les produed in these interations are also traed in theode. The eletron�photon asade is mostly driven bythe hain of inverse Compton sattering of eletrons onbakground photons and e+e�-pair prodution by pho-tons. We also take neutrino mixing into aount usingthe mixing angles in the tribimaximal approximation,whih is su�ient with the urrent limited statistis.The resulting spetrum has a �avor ratio of approxi-mately (1:1:1).Finally, we normalize the simulated spetra usingthe IeCube data. Namely, using 22 events with thedeposited energy above 42 TeV, published in Ref. [1℄,2) We do not average over T0 and Emax.618
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Fig. 4. Dependene of the neutrino �ux on maximum proton energy Emax for E�2 power-law injetion spetrum, the distemperature T0 = 60 eV and the luminosity evolution of soures / (1 + z)3. Red points with errorbars show the IeCubeastrophysial neutrino �ux after 3 years of exposure, taken from Ref. [1℄. The atmospheri neutrino �ux, Ref. [34℄, is shownby blak points with errorbars. (Color online see arXiv:1410.8124)and the exposure dependene on energy from Ref. [33℄,we maximize the Poisson probability of observing theabove events under the ondition that a given theoret-ial model is true.In the energy bin 0.4�1 PeV, the IeCube does nothave any events in the present data. Aording toRef. [1℄, a gap larger than this one appears in 43% ofrealizations of the best-�t ontinuous spetra. There-fore, we an safely assume that the real neutrino spe-trum is desribed by a smooth power law. On the otherhand, di�erent energy regions may orrespond to di�er-ent populations of soures, and therefore the spetrummay have features. For example, a peak at E� � 2 PeVmight be real. Presently both possibilities should beonsidered, and we follow this line of thought in pre-senting the results.In Fig. 2, we present the seondary neutrino �ux(shown in red) from protons aelerated to Emax == 100 PeV and absorbed in the dis radiation �eldwith the temperature T0 = 15 eV (the blak hole mass108M� and luminosity evolution of soures (1 + z)3 isassumed). We see that the resulting neutrino spetrum

is rather narrow3), and therefore the population of ob-jets with suh a low temperature may explain narrowbumps in the spetrum.Figure 3 orresponds to T0 = 120 eV and Emax == 30 PeV. In this, ase all high-energy part of the Ie-Cube neutrino �ux at E > 100 TeV an be explainedassuming that the absene of events in the energy bin0.5�1 PeV is due to a statistial �utuation. One wouldhave to explain low-energy data E < 100 TeV withother type of soures still, if suh data will appear, be-ause our model has a low-energy uto� at 100 TeV dueto the energy threshold for photopion prodution.The alulated seondary photon �ux in all ases issigni�antly below the di�use -bakground measuredby Fermi. The measured [36℄ proton �ux at energiesE = 1�100 EeV is dominated by Galati soures (see,e. g., Ref. [37℄). Therefore, the ontribution of extra-galati soures to the observed proton �ux should be3) We have studied the models with monohromati injetionspetra of aelerated protons as well. The resulting neutrinospetra are somewhat narrower, ompared to a power law inje-tion, but are not monohromati.619
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soures, we have hosen AGNs. To model neutrino re-ation, we study photopion prodution proesses on theradiation �eld of the Shakura�Sunyaev aretion dissin the blak hole viinity. To our knowledge, our workis the �rst where a realisti anisotropi radiation �eldof the aretion dis is onsidered for these purposes.Important parameters desribing the model are themaximum energy of aelerated protons and the distemperature. We have studied the parameter spae ofthe model and ompared the predited neutrino �uxeswith the IeCube measurement. Along the way wetook into aount the onstraints set by the di�usegamma-ray bakgroundmeasurements by the Fermi ob-servatory [35℄ and by the proton �ux measurements byKASCADE and KASCADe-Grande experiments [36℄.We have shown that the model presented in this paperan naturally explain the neutrino spetrum observedby the IeCube. The model an be falsi�ed (and bet-ter onstrained) by studying the orrelation signal be-tween neutrino arrival diretions and varios sublassesof AGNs. Suh study will beame feasible in the nearestfuture, as more data are aumulated. Current strongdiretional bounds on the possible neutrino soures aregiven, e. g., in Ref. [38, 39℄.620
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