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Gamma Rays and Neutrinos from the Crab Nebula Produced by Pulsar Accelerated Nuclei
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We investigate the consequences of the acceleration of heavy nuclei (e.g., iron nuclei) by the Crab
pulsar. Accelerated nuclei can photodisintegrate in collisions with soft photons produced in the pulsar's
outer gap, injecting energetic neutrons which decay either inside or outside the Crab nebula. The
protons from neutron decay inside the nebula accumulate, producing gamma rays and neutrinos in
collisions with the matter in the nebula. Neutrons decaying outside contribute to the galactic cosmic
rays. We compute the expected fluxes of gamma rays and neutrinos, and find that our model could
account for the observed emission at high energies and may be tested by searching for high energy
neutrinos with future neutrino telescopes currently in the design stage. [S0031-9007(97)04179-3]

PACS numbers: 98.70.Sa, 95.85.Ry, 97.60.Gb, 98.70.Rz

The Crab nebula is a well establishedray source given by Chodorowsket al. [9]. The results are shown in
with a spectrum extending up to at least TeV energie$ig. 1, and it is clear that these latter processes are not im-
[1]. Its emission below a few tens of MeV is interpreted portant loss mechanisms compared to photodisintegration.
as synchrotron emission by10'5~1¢ eV electrons in the ~ We assume that Fe nuclei can escape from the polar
Crab nebula magnetic field of strengtf8 X 107* G [2].  cap surface of the Crab pulsar, and move along magnetic
These models interpret the emission at higher energies digld lines to enter the outer gap where they can be
being due this same population of electrons by inversaccelerated in the outer gap potential as in the model of
Compton scattering (ICS) of synchrotron photons (SSCChenget al.[7] and Ho [6]. The nuclei accelerated in
models). The TeVy rays might also originate near the the outer gap will interact with photons either producing
light cylinder as a result of ICS of infrared photons secondarye™ pairs (with negligible loss of energy) or
from another outer gap [3]. The possibility of hadronic extracting a nucleon. The pairs could eventually saturate
processes has also been considered by Céaealg[4] who  the electric field of the gap, although this is far from
assumed that relativistic protons accelerated in the Crabtertain. We shall assume that for some reason the field
pulsar outer gap interact with the matter inside the nebulds not shorted. Possibilities include: (a) Nuclei, having
and noted that this may result in Te}/rays. much larger Larmor radii and much lower synchrotron and

In this Letter, we analyze the consequences of accekurvature losses than electrons, more easily drift across the
eration of heavy nuclei in the pulsar magnetosphere as magnetic field lines away from the region of the gap where
possible mechanism of energetic radiation from the Cralthey had produced pairs; (b) the secondafypairs may
nebula. The importance of photodisintegration of nuclei
is determined by the reciprocal mean free path which we
calculate using cross sections of Karakuta and Tkaczyk [5]
and show in Fig. 1 for nuclei during propagation in the ra-
diation field supposed to be present in the outer gap of the
Crab pulsar. Ho [6] has shown that the total luminosity
and spectrum of the outer gap radiation is not strongly de-
pendent orP. ForP = 33 ms we adopt the photon hum-
ber density given by Eq. 7.1 in Paper Il of Cheegal.

[7], and for other periods we scale this by. We as-
sume this radiation is produced by cascading due to elec-
trons and positrons accelerated in the gap, and so is highly
anisotropic and directed across the gap (in both directions).
The dimension of the outer gap is of the order of the ra-
dius of the light cylinder,ly,, = roc = ¢/€Q. For the
case of the Crab pulsaf,c = 1.5 X 10® cm, and itis evi-
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dent from Fig. 1 that multiple photodisintegrations of pri- FIG. 1. Reciprocal mean free paths for photodisintegration of
mary Fe nuclei will occur provided they can be acceleratediuclei with mass numbersy = 56, 40, 32, 24, 16, 8, and 4

to Lorentz factors above-10°. We have also computed (full curves from the top) in the radiation field of the Crab
pulsar's outer gap as a function of the Lorentz factor of the

the mean interaction length for pion photoproduction UShuclei. The reciprocal mean free path for pion photoproduction

ing the cross section given by Stecker [8], and the energiotted curve) and the energy loss lengthdérpair production
loss length for pair production using the approximations(dashed curve) by iron nuclei are also shown.
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not be able to saturate the electric field in the outer gap We estimate the evolution of the Crab pulsar’'s period
which is close to the light cylinder since the Goldreichfrom birth to the present time taking account of magnetic
and Julian [10] density tends to infinity where the gapdipole radiation energy losses and gravitational energy
approaches the light cylinder. losses for an ellipticity o8 X 10~ [12]. Magnetic dipole

In order to obtain the energy spectrum of neutrons exlosses determine the pulsar period at present, but the initial
tracted from Fe nuclety, (y,), we simulate their accelera- period is determined largely by gravitational losses and is
tion and propagation through the outer gap using a Montprobably shorter thar-10 ms. Hence, we consider two
Carlo method. To obtain the rate of injection of neutronsinitial periods, 5 and 10 ms.
per unit energy we multiplyv, (y,) by the number of Fe The spectrum of protons from neutron decay outside
nuclei injected per unit tim&yg., which can be simply re- the Crab nebula is given by
lated to the total power output of the pulsa¢;., (B, P)

fen .
[11], Ny rpates) = [ dt R

NFe = fLCrab(BsP)/Z(D(B’P)9 (l) X eiT“H(t)eivtCN/cyanv (3)

where¢ is the parameter describing the fraction of the totaherer, = 900 s is the neutron decay time, and we make
power taken by relativistic nuclei accelerated in the outefhe approximation that the Lorentz factor of protons is

gap,Z = 26 is the atomic number of F& is the surface €qual to that of parent neutrong, =~ y,.
magnetic field P is the pulsar’s period, and For the spectrum of protons injected inside the Crab

nebula we must take account of proton-proton collisions
B P \*/3 and adiabatic energy losses due to the expansion of the
m) (K) (2)  nebula. The Lorentz factor of these protons at tinaéter
the explosion such that their present Lorentz factoy js
is the potential difference across the outer gap [4]. WdS given by
assumeB = 4 X 102 G.
Soon after the supernova explosion, when the nebula vp(t) =
was relatively small, nearly all energetic neutrons would
be expected to decay outside the nebula. However, at eaflyhere 7,,(1) is the optical depth for collision of protons
times we must take account of collisions with matter. Theyijth matter betweem and ¢y, and is given byr,, (1) =~
optical depth may be estimated fromy =~ oppnur = 13 x 107M,v5° (72 — 153), andK =~ 0.5 is the inelas-
8.6 X 10"*Mvg’t2, where M = MM, is the mass ticity coefficient in proton-proton collisions.
ejected during the Crab supernova explosion in units Since we are interested in protons interacting inside the
of solar massesy = vt, ny = M/(4/3mr’m,) is the  nepula at the present time, we must also include those
number density of target nuclei, amd= 10°vs cms™'is  neutrons which decayed at locations outside the nebula
the expansion velocity of the nebula. Note that =1  at time s but which will be inside the nebula at time
atr = 0.93M11/2v8_1 yr, and that in this paper we consider ¢cn. Taking account of all these effects, we arrive at the
only interactions in the ejecta and have neglected swept-ujprmula below for the proton spectrum inside the nebula at
interstellar matter. time tcn,

N} (yp.ten) = v, ! fo h dthe(t)e‘“H(’)an[yp(t), yp(0){l — exd—vt/cy,(O)7,]}

®(B,P) =5 X 1016<

(t + tcn)
7P KT ()

vexd—vt' /cy,(t')1,]
C')’p(t/)Tn

+ j @t Nalyy () 1y, (1) (5)

The first term gives the contribution from neutrons decéy— The diffusion distances discussed above also suggest
ing initially inside the nebula while the second term givesthat even protons from neutrons decaying initially outside
the contribution from neutrons decaying at points initially the nebula may eventually be captured by the nebula as
outside the nebula which will be inside the nebula at timdt expands, and this is what we have assumed in Eqg. (5)
tcn-  Using the minimum diffusion coefficient we esti- (second term). However, it is possible that energetic pro-
mate the typical diffusion distance during timgy for  tons from neutrons decaying outside the nebula may have
protons withy, = 10° in a magnetic field of the order exerted sufficient pressure on the surrounding gas such
of B =15 X 107% G to be comparable to the radius of the that it expanded rapidly together with the energetic proton
Crab nebula. Hence, in Eg. (5) we have assumed that prgas, reducing the probability of capture of energetic pro-
tons from neutrons decaying inside the nebula will remairtons by the nebula. If this occurred, it would have had the
inside the nebula. effect of reducing they-ray and neutrino fluxes, and we
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FIG. 2. Spectra of protons from the decay of neutrons injectedFIG. 3. Spectra ofy rays from interactions of protons with
by the Crab pulsar inside and outside the Crab nebula assumirgatter inside the Crab nebula for the different proton spectra
M, = 3 for the following parametersP, = 10 ms, and Crab shown in Fig. 2 and for the different models of the nebula (I-
nebula radiuscy = 1 pc (dot-dashed curve) and 2 pc (dashedV) considered in the text. Observations: Whipple Observatory
curve), and forP, = 5 ms andrcy = 1 pc (full curve). The [16] (dotted line and error box); THEMISTOCLE [17H();
dotted curve shows the effect f@f, = 5 ms andrcy = 1 pc and CANGAROO [18] (solid line and error box). Upper limits
of no capture by the nebula fs from n’s decaying outside it. from various experiments mentioned in Ref. [19]: T—Tibet,
H—HEGRA, C—CYGNUS, and U—CASA-MIA.

shall investigate this possibility in an approximate way by )
neglecting the second term in Eq. (5). the Crab nebula of 1830 pc [14]. Model V is the same

We compute separately the spectra of protons fron®S model | except tha’g there is no capture of energetic pro-
neutrons decaying inside and outside the Crab nebula. [#9nS by the nebula as it expands, and as expected the fluxes
Fig. 2 proton spectra are shown for two initial periods, 5ar€ lower than for model I. Comparison with the Whipple
and 10 ms, and present nebula radii of 1 and 2 pc. ProtorPservations at 10 TeV allows us to place constraints on
from neutrons decaying outside the present nebula radidge free parameters of the model, and upper limits an
will typically have high energies and diffuse rapidly, thus Which are given in Table | a§n),. Note that it is usu-
escaping to become galactic cosmic rays. In the case @ﬁly a_rgued for the s't_andard pulsar model that the rate of
ren = 1 pc andPy = 5 ms we also show the result for Injection of Fe nuclei into thg pulsar magnetosphere §hou|d
protons inside the nebula for the case where there is ngot cause the charge density to exceed the Goldreich and
capture of energetic protons during nebula expansion [i.eJulian density [10]. In the case of no additional currents
neglecting the second term in Eq. (5)]. fovv_lng through the magnetosphere, this cond|t|on_con-

The protons which have accumulated inside the Cratrains the value of to ¢ ~ 0.1 for the Crab pulsar with
nebula since the pulsar was formed (i.e., with spectra laPeriod 33 ms. However, in the presence of additional cur-
beled “inside” in Fig. 2) can produce observable fluxes'®nts the value of can be higher. o _
of y rays and neutrinos. We compute the expecjed The question of the importance of hadronic interactions
ray spectra for five different models, taking various ini-in the Crab nebula can be settled by the detection of a
tial pulsar periods, present sizes, and masses of the Cragutrino signal from the Crab. In Fig. 4 we show the
nebula, and whether or not there is capture of energetig€utrino spectrum produced in collisions of protons with
protons as a result of nebula expansion. The fluxes mafpatter inside the Crab nebula and compare this with the
possibly be enhanced if protons are efficiently trapped bytmospheric neutrino background flux withirf df the
the dense filaments as suggested by Atoyan and Ahar§ource direction [20]. It is clear that neutrino detectors
nian [13]. Filaments with density-500 cm ™3 are present with good angular resolution should be able to detect
in the Crab nebula [14]. Therefore we introduce an ef-
fective density experienced by the protons inside nebula, TABLE I. Model parameters and limits ofi.
ns = uny, whereny is defined above, and the parame-

ter u takes into account the possible effects of proton trap- Model ! I i v v
ping by the filaments. The-ray spectra are computed in Py (ms) 5 10 10 10 5
terms of a scaling model [15], and the photon fluxes exzcen (PC) 1 2 2 1 1
pected at the Earth are shown in Fig. 3fge = 1, and M , 3 3 10 3 3
are compared with observations of the Crab nebula abo(¥Pula captureg’s  yes — yes  yes  yes no
0.2 TeV. Results are shown for models | to V havikg (&p)y at 10 TeV 00'2623 16'89 02;504 01'209 3'57
ren, andM, as specified in Table |, and for a distance to(f’“)” at 10 Tev - - . - -
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of cosmic rays in the rang)' to 10'° eV has been dis-
cussed recently by Erlykin and Wolfendale [23].
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