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4 C alif o r ni a I n stit ut e of T e c h n ol o g y, D e p a rt m e nt of A st r o n o m y, P a s a d e n a, C A, U S A

( D a t e d: M a y 2 2, 2 0 2 3 )

I t i s of t e n s t a t e d t h a t t h e o b s e r v a ti o n of hi g h- e n e r g y n e u t ri n o s f r o m a n a s t r o p h y si c al s o u r c e w o ul d
c o n s ti t u t e a s m o ki n g g u n f o r t h e a c c el e r a ti o n of h a d r o ni c c o s mi c r a y s. H e r e, w e p oi nt o u t t h a t t h e r e
e xi s t s a p u r el y l e p t o ni c m e c h a ni s m t o p r o d u c e Te V- s c al e n e u t ri n o s i n a s t r o p h y si c al e n vi r o n m e nt s. I n
p a r ti c ul a r, v e r y hi g h- e n e r g y s y n c h r o t r o n p h o t o n s c a n s c a t t e r wi t h X- r a y s, e x c e e di n g t h e t h r e s h ol d
f o r m u o n- a nti m u o n p ai r p r o d u c ti o n. W h e n t h e s e m u o n s d e c a y, t h e y p r o d u c e n e u t ri n o s wi t h o u t a n y
c o s mi c- r a y p r o t o n s o r n u cl ei b ei n g i n v ol v e d. I n o r d e r f o r t hi s m e c h a ni s m t o b e e ffi ci e nt, t h e s o u r c e i n
q u e s ti o n m u s t p r o d u c e v e r y hi g h- e n e r g y p h o t o n s w hi c h i nt e r a c t i n a n e n vi r o n m e nt t h a t i s d o mi n a t e d
b y k e V- s c al e r a di a ti o n. A s a n e x a m pl e, w e c o n si d e r t h e a c ti v e g al a x y N G C 1 0 6 8, w hi c h I c e C u b e h a s
r e c e ntl y d e t e c t e d a s a s o u r c e of Te V- s c al e n e u t ri n o s. We fi n d t h a t t h e n e u t ri n o e mi s si o n o b s e r v e d
f r o m t hi s s o u r c e c o ul d p o t e nti all y b e g e n e r a t e d t h r o u g h m u o n p ai r p r o d u c ti o n f o r r e a s o n a bl e c h oi c e s
of p h y si c al p a r a m e t e r s.

I N T R O D U C T I O N

T h e c o n v e nti o n al wi s d o m i n t h e fi el d of n e utri n o a s-
tr o p h y si c s i s t h at t h e d et e cti o n of hi g h- e n er g y n e utri n o s
fr o m a gi v e n s o ur c e w o ul d b e u n a m bi g u o u s e vi d e n c e t h at
t h at o bj e ct a c c el er at e s c o s mi c-r a y pr ot o n s or n u cl ei. I n
p arti c ul ar, w h er e a s g a m m a r a y s c a n b e g e n er at e d t hr o u g h
b ot h l e pt o ni c (i n v er s e C o m pt o n s c att eri n g, s y n c hr otr o n)
a n d h a dr o ni c ( pi o n pr o d u cti o n) pr o c e s s e s, it h a s l o n g b e e n
t h o u g ht t h at hi g h- e n er g y a str o p h y si c al n e utri n o s w o ul d
b e p r o d u c e d o nl y t hr o u g h t h e pr o d u cti o n a n d d e c a y of
pi o n s, w hi c h ar e g e n er at e d t hr o u g h t h e i nt er a cti o n s of
hi g h- e n er g y pr ot o n s wit h g a s or r a di ati o n. I n t hi s s e n s e,
n e utri n o s pl a y a criti c al r ol e i n o ur e ff ort s t o i d e ntif y t h e
s o u r c e s of t h e h a dr o ni c c o s mi c-r a y s p e ctr u m.

If t h e di ff u s e s p e ctr u m of hi g h- e n er g y a str o p h y si c al
n e utri n o s o b s er v e d b y I c e C u b e [ 1 – 5 ] i s g e n er at e d t hr o u g h
h a d r o ni c i nt er a cti o n s i n o pti c all y t hi n e n vir o n m e nt s ( i. e.,
t h o s e tr a n s p ar e nt t o g a m m a r a y s), t h e s e n e utri n o s will i n-
e vit a bl y b e a c c o m p a ni e d b y g a m m a r a y s fr o m t h e d e c a y s
of n e utr al pi o n s. N or m ali zi n g t h e pi o n pr o d u cti o n r at e t o
t h e s p e ctr u m of n e utri n o s r e p ort e d b y I c e C u b e, o n e fi n d s
t h at t h e s e s o u r c e s s h o ul d c oll e cti v el y g e n er at e a fl u x of
g a m m a r a y s t h at w o ul d a p pr o xi m at el y s at ur at e, or e v e n
e x c e e d, t h e i s otr o pi c b a c k gr o u n d r e p ort e d b y t h e Fer mi
C oll a b or ati o n [ 6 – 9 ]. W h e n t hi s f a ct i s c o m bi n e d wit h t h e
l a c k of o b s er v e d c orr el ati o n s b et w e e n t h e dir e cti o n s of I c e-
C u b e’ s n e ut ri n o s a n d k n o w n g a m m a-r a y s o ur c e s [ 1 0 – 1 6 ],
t r a n s p a r e nt s o ur c e s c e n ari o s a p p e ar t o b e s o m e w h at di s-
f a v or e d, i n st e a d s u g g e sti n g t h at m a n y of t h e s e n e utri n o s
ar e pr o d u c e d i n o pti c all y t hi c k e n vir o n m e nt s, i n w h at ar e
k n o w n a s “ hi d d e n s o ur c e s. ” Fr o m t hi s p er s p e cti v e, t h e
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d e n s e c or e s of A cti v e G al a cti c N u cl ei ( A G N) ar e s e e n a s a
p a rti c ul arl y w ell- m oti v at e d cl a s s of s o ur c e s f or I c e C u b e’ s
di ff u s e n e utri n o fl u x [ 7 , 1 7 – 2 0 ] (f or a r e vi e w, s e e R ef. [2 1 ]).

T h e I c e C u b e C oll a b or ati o n h a s r e c e ntl y r e p ort e d a n
e x c e s s of 7 9 e v e nt s fr o m t h e dir e cti o n of t h e n e ar b y a cti v e
g al a x y, N G C 1 0 6 8 ( al s o k n o w n a s M 7 7), c orr e s p o n di n g
t o a 4. 2 σ d et e cti o n of ∼ 1 − 1 0 Te V n e ut ri n o s [ 2 2 ] ( s e e
al s o, R ef. [ 1 0 ]). Alt h o u g h N G C 1 0 6 8 h a s b e e n d et e ct e d
b y t h e Fer mi t el e s c o p e at ∼ 0 .1 − 3 0 G e V e n er gi e s [ 2 3 , 2 4 ],
M A GI C h a s f ail e d t o d et e ct g a m m a r a y s fr o m s o ur c e,
pl a ci n g str o n g li mit s o n it s e mi s si o n i n t h e ∼ 0 .1 − 1 0 Te V
b a n d [ 2 5 ]. T h e l a c k of Te V- s c al e g a m m a r a y s fr o m t hi s
s o ur c e all o w s u s t o r ul e o ut t h e p o s si bilit y t h at t h e o b-
s er v e d n e utri n o s ar e pr o d u c e d i n a n o pti c all y t hi n e n vi-
r o n m e nt, i n st e a d f a v ori n g s c e n ari o s i n w hi c h c o s mi c-r a y
p r ot o n s a r e a c c el e r at e d a n d pr o d u c e pi o n s i n t h e d e n s e
r e gi o n i m m e di at el y s urr o u n di n g t hi s A G N’ s s u p er m a s si v e
bl a c k h ol e [ 2 6 ]. O b s er v ati o n s b y N u S T A R [2 7 ] a n d X M M-
N e wt o n [ 2 8 ] h a v e d et e ct e d bri g ht X-r a y e mi s si o n fr o m
t hi s s o ur c e ( c orr e s p o n di n g t o a n i ntri n si c l u mi n o sit y of
L X ∼ 1 0 4 4 er g / s i n t h e 2- 1 0 k e V b a n d, a n d e xt e n di n g u p
t o e n e r gi e s of X ∼ 1 0 2 k e V ), s u g g e sti n g t h at t h e d e n si-
ti e s of hi g h- e n er g y r a di ati o n i n t h e c e ntr al r e gi o n ( i. e.,
t h e c or o n a) c o ul d b e l ar g e e n o u g h t o e ffi ci e ntl y a b s or b
g a m m a r a y s t hr o u g h p air pr o d u cti o n, w hil e still all o wi n g
n e ut ri n o s t o e s c a p e.

T h e c o n v e nti o n al wi s d o m i s t h at t h e n e utri n o s o b s er v e d
f r o m N G C 1 0 6 8 s h o ul d all o w u s t o d e fi niti v el y i d e ntif y
t hi s o bj e ct a s a n a c c el er at or of c o s mi c r a y pr ot o n s. I n
t hi s l ett er, w e pr o p o s e a n alt er n ati v e m e c h a ni s m f or g e n-
e r ati n g t h e n e utri n o e mi s si o n fr o m A G N w hi c h i s p ur el y
l e pt o ni c i n n at ur e. I n p arti c ul ar, c o s mi c r a y el e ctr o n s i n
or n e ar t h e A G N’ s c or o n a c o ul d pr o d u c e v er y hi g h- e n er g y
g a m m a r a y s w hi c h w o ul d s c att er wit h X-r a y s t o pr o d u c e
m u o n- a nti m u o n p air s. T h e s e m u o n s w o ul d t h e n d e c a y
t o pr o d u c e n e utri n o s, wit h o ut a n y n e e d f or hi g h- e n er g y
pr ot o n s. N o pr ot o n s w o ul d b e h ar m e d i n t h e m a ki n g of
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these neutrinos.

NEUTRINOS FROM MUON PAIR PRODUCTION

The production of very high-energy photons through
the process of synchrotron emission requires the presence
of very high-energy electrons in a region with a very
strong magnetic field [29]. Equating the timescales for
acceleration and synchrotron losses, the maximum energy
to which an electron can be accelerated is given by (see,
for example, Ref. [30])

Emax
e ∼ 300 TeV ×

(
B

0.03 G

)−1/2
, (1)

where B is the strength of the magnetic field. The in-
tensity of the synchrotron radiation from a relativistic
electron peaks near the critical frequency, νc, correspond-
ing to an energy of

Esyn ∼ hνc =
3πE2

eνg sinαp
m2
e

(2)

≈ 9 TeV ×
(

Ee
300 TeV

)2(
B

2× 103 G

)(
sinαp√

2/3

)
,

where νg = eB/2πme is the the non-relativistic gyrofre-
quency, and αp is the pitch angle. In combining Eqs. 1
and 2, we find that for the case of a uniform magnetic
field, synchrotron photons are limited to energies below
Esyn ∼ 0.1 GeV, corresponding to what is known as the
“burnoff limit” [31]. As we will show below, the produc-
tion of neutrinos through muon pair production requires
>∼ O(1− 10 TeV) photons, well above what is allowed by
the burnoff limit. Synchrotron emission, however, could
potentially reach these energies in scenarios in which
electrons are accelerated in regions with relatively small
magnetic fields (such as in the torus, for example [32], or
in shocks in the corona [33, 34]) before they encounter re-
gions of stronger magnetic fields, possibly in dense clumps
within the corona [35]. We could also consider scenarios
that feature anisotropic acceleration, or synchrotron emis-
sion that is produced from a population of electrons with
a significant bulk Lorentz factor.

Alternatively, the very high-energy photons that are
required in this scenario could be produced through the
process of inverse Compton scattering. In particular,
for target photons with energies near ε ∼ m2

e/Ee ∼
0.03 eV × (10 TeV/Ee), such scattering would occur near
the boundary of the Thomson and Klein-Nishina regimes,
yielding Eγ ∼ Ee, but without suffering from a large
degree of Klein-Nishina suppression. Note that if the
very high-energy photons are produced through inverse
Compton scattering, no large magnetic fields would be
required.

To estimate the spectrum of the synchrotron radiation
that is emitted from a population of electrons, we adopt

the simplifying approximation that each electron radiates
the entirety of its power at its critical frequency. While
this is not precisely correct, the power does climb until
ν ∼ νc, and falls exponentially at higher frequencies,
leading to results that are not very different from those
that would be obtained in a more careful calculation.
Under this approximation, the total synchrotron power
per unit frequency can be written as follows:

j(ν) ≈
(
dNe
dEe

)(
∆Ee
∆νc

)(−dEe
dt

)
, (3)

where dNe/dEe is the spectrum of the radiating electrons,
∆Ee/∆νc = Ee/2νc is the degree to which the critical
frequency of the synchrotron emission changes as an elec-
tron cools, and −dEe/dt is the synchtron energy loss rate.
After averaging over the pitch angle, the energy loss rate
from synchrotron is given by [29]

dEe
dt

= −2σtB
2E2

e

3µ0m2
e

(4)

≈ −2.5× 103 TeV/s×
(
Ee

TeV

)2(
B

103 G

)2

,

where σt is again the Thomson cross section
For the case of a power-law spectrum of electrons,

dNe/dEe = AE−pe , the spectrum of synchrotron emis-
sion is approximately given by

j(ν) ≈
(
AE−pe

)(
Ee
2ν

)(
2σtB

2E2
e

3µ0m2
e

)
(5)

≈ AσtB
2

3µ0m2
eν

(
2πm3

eν

eB

)(3−p)/2

,

where, in the second line, we have made the substitution,
Ee ≈ (2πm3

eν/eB)1/2. From this exercise, we can see that
a population of electrons with a power-law index, p, will
produce a spectrum of synchrotron radiation that takes
the approximate form of dNγ/dν ∝ j(ν)/ν ∝ ν−(p+1)/2.

In the hot corona, we adopt a blackbody distribution
to describe the X-rays, with a temperature of TX ∼
1− 10 keV. TeV-scale gamma rays can collide with these
X-rays to produce not only electron-positron pairs, but
also muon-antimuon pairs. In the center-of-momentum
frame, the total energy of such a collision is given by

ECM = [2EγεX (1− cos θ)]1/2 (6)

≈ 0.5 GeV ×
(

Eγ
10 TeV

)1/2(
εX

27 keV

)1/2(
1− cos θ

0.5

)1/2

,

where θ is the angle between the incoming photons, and
we have scaled the average energy of a target photon
to the temperature of the hot corona, 〈εX〉 ≈ 2.7TX =
2.7− 27 keV. Notice that for Eγ >∼ TeV × (10 keV/TX),
the energy of these collisions will typically exceed not
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FIG. 1. The ratio of the rates for muon-antimuon pair pro-
duction and electron-positron pair production as a function of
gamma-ray energy, for a blackbody spectrum of target photons
with a temperature of TX = 1 keV (dashed) or TX = 10 keV
(solid).

only the threshold for electron-positron pair production,
but also that for the production of muon-antimuon pairs.

The cross sections for electron-positron and muon-
antimuon pair production are given by [36–38]:

σγγ =
2πα2

E2
CM

[
2β(β2 − 2) + (3− β4) ln

(
1 + β

1− β

)]
, (7)

where

β ≡
[
1−

(
2me,µ

ECM

)2]1/2
. (8)

Using this cross section, we can integrate over the dis-
tribution of target photons to determine the rate of
lepton-antilepton production for a gamma-ray propagat-
ing through an isotropic radiation field:

Γγγ =

∫ 1

−1

1− cos θ

2
d(cos θ)

∫
σγγ

dnX
dεX

dεX , (9)

where dnX/dεX is the differential number density of target
photons. In Fig. 1, we show the ratio of the rates for muon
and electron pair production as a function of gamma-ray
energy. At very high energies, this curve asymptotically
approaches unity, corresponding to equal rates for the
production of electron-positron and muon-antimuon pairs.
In the relativistic limit, these muons will carry half of
the energy of the very high-energy photon, leading to
neutrinos with Eν ≈ Eγ/6.

We note that muon pair production will be further
suppressed if keV-scale photons do not dominate the
radiation fields that are present within the scattering
region. In the presence of large number densities of ∼

O(eV − keV) photons (see Ref. [39]), most of the very
high-energy photons will instead scatter with this lower-
energy radiation to produce electron-positron pairs.

NEUTRINOS FROM MUON PAIR
PRODUCTION IN NGC 1068

To calculate the neutrino spectrum from muon pair
production in the core of an AGN, such as NGC 1068,
we follow the procedure described in the previous sec-
tion, adopting an electron spectrum of dNe/dEe ∝
E−2e exp(−Ee/300 TeV). The results of this calculation
are shown in Fig. 2, for several choices of the magnetic
field strength and the temperature of the hot corona.
In each case, we have normalized the electron spec-
trum such that the total power injected above 1 TeV
is ∼ (2 − 12) × 1042 erg/s, as indicated in the caption.
This normalization has been set under the assumption
that the corona is optically thick to very high-energy
photons. If this is not the case, the normalization of the
high-energy electrons would need to be increased accord-
ingly. The shaded band in these figures represent the
neutrino spectrum observed from NGC 1068, as reported
by the IceCube Collaboration [22]. We have treated this
emission as isotropic, and have taken the distance to
NGC 1068 to be 14.4 Mpc. Note that for the magnetic
fields considered here, the timescale for muon synchrotron
energy losses is much longer than the lifetime of these
particles.

DISCUSSION AND SUMMARY

In this letter, we have proposed a novel mechanism for
the production of high-energy neutrinos in astrophysical
environments which is purely leptonic and does not rely
on the acceleration of protons or nuclei. Instead of gener-
ating neutrinos through the process of pion production,
we suggest that very high-energy gamma rays could inter-
act with X-rays in the source to produce muon-antimuon
pairs, which subsequently decay to generate high-energy
neutrinos. Such very high-energy photons could poten-
tially be generated through either synchrotron or inverse
Compton scattering, and could lead to a spectrum of
TeV-scale neutrinos that is compatible with that recently
reported from the active galaxy, NGC 1068.

We consider it unlikely that this mechanism is respon-
sible for most of the diffuse neutrino spectrum reported
by the IceCube Collaboration. In realistic astrophysical
environments, muon pair production could efficiently pro-
duce neutrinos in the ∼ 1 − 100 TeV range, but would
not significantly contribute at higher energies. Although
we have focused here on the cores of AGN, other en-
vironments in which high-energy photon are present in
high-temperature radiation fields could also generate neu-
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FIG. 2. The all-flavor neutrino spectrum from muon-antimuon pair production in the core of NGC 1068, adopting a corona
temperature of 1 keV (left frame) or 10 keV (right frame), magnetic fields of 2 or 5 kG (dashed and solid, respectively),
and an electron spectrum given by dNe/dEe ∝ E−2

e exp(−Ee/300 TeV), normalized such that the total power injected above
Ee = 1 TeV is 4 × 1042 erg/s (left dashed), 1.2 × 1043 erg/s (left solid), 2 × 1042 erg/s (right dashed), or 6 × 1042 erg/s (right
solid). The shaded band is the neutrino spectrum observed from NGC 1068, as reported by the IceCube Collaboration [22].

trinos through muon pair production. Gamma-ray bursts,
for example, could be interesting in this context.

One way to potentially determine whether the neutri-
nos from a given source are produced through muon pair
production or through pion production would be to mea-
sure their flavor ratios [40]. Whereas pion decay produces
neutrinos in a ratio of νe : νµ : ντ = 1 : 2 : 0 (which after
oscillations becomes νe : νµ : ντ ≈ 1 : 1 : 1), muon decay
yields νe : νµ : ντ = 1.5 : 1.5 : 0 (or after oscillations,
νe : νµ : ντ ≈ 1.2 : 0.9 : 0.9). Although such a mea-
surement would certainly be very challenging [41], this
information could, in principle, be used to discriminate
between these production mechanisms. We also point
out that this mechanism can only produce neutrinos at
energies above the threshold for muon pair production,
corresponding to Eν >∼ 0.3 TeV × (10 keV/T ). If the neu-
trino spectrum from NGC 1068 is observed to extend to
lower energies, hadronic interpretations would be favored.
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