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Cygnus X-3 is a potent source of high-energy ¥ rays, with energies up to 10* TeV. In the context
of a model where these y rays are produced by the collision of a high-energy proton beam with
matter we calculate the flux, spectrum, and “light curve” of the neutrinos produced. Neutrinos with
energies of 3—100 TeV may be detectable in large, underground detectors by the muons they pro-

duce in the surrounding rock.

I. THE CYGNUS X-3 SYSTEM

The Cygnus X-3 system is a very robust source of ra-
dio, infrared (IR), x-ray, medium-energy (ME) y ray
(~100 MeV), and ultra high-energy (UHE) y ray
(>TeV) photons. A 4.8-h period is observed in all but
the radio emission and appears to be associated with the
orbital period of a binary system, thought to consist of a
compact object (possibly a young pulsar) and ~4M com-
panion.}? Eclipsing of the compact object by the com-
panion is believed to be responsible for the observed
periodicity (see Fig. 1).

Characteristics of the light curves from Cygnus X-3 al-
low one to construct models of the system. The x-ray
light curve does not contain a zero-flux minimum but in-
stead is smoothed to a sinusoid.! The absence of a com-
plete x-ray eclipse can be understood if the binary system
is shrouded by a cocoon of optical depth unity for x rays,
which scatters x rays originating from the compact object
during eclipse.>* ME y rays from the compact object
pass directly through the cocoon without being scattered,
resulting in the zero-flux minimum (centered about x ray
minimum which we take to occur at phase 1=0) observed
by Lamb et al.’ at ~100 MeV. The duration of the
eclipse (AY~40%) and the orbital period establishes an

upper limit for the companion mass of 4M, assuming a

1.4M g compact object.

Although the UHE y-ray light curve exhibits a 4.8-h
period, it is much. different in structure than those ob-
served in IR, x ray, and ME y ray, suggesting a different
mechanism for the UHE photon production. The UHE
y-ray light curve seems to show two pulses, occurring just
before and just after x-ray minimum separated by 0.4 in
phase, and having a width Ay <0.05. The mean UHE y-
ray flux above 2 TeV in the pulses is®~® ~10% erg/sec.
In addition, a 4.8-h periodic signal from Cygnus X-3 has
been detected in the energy range 2 10!° eV to 2 10'°
eV by Samorski and Stamm® and Lloyd-Evans et al.’
Their data, combined with lower-energy measurements,

can be fit by a power-law spectrum:
dN,/dE~3Xx10""°E~%! cm~?sec™! (1.1)

(E in TeV) for the average photon flux. The uncertainty

32.

in the slope is 2% and in the normalization a factor of 2.
Assuming isotropic emission and a distance of'® 12 kpc,
the luminosity of Cygnus X-3 above 1 GeV is ~10%
ergsec™!, making it the brightest y-ray point source in
the galaxy.

Vestrand and Eichler’ have proposed the following
model for the UHE-y-ray flux from Cygnus X-3. The
compact object is a source of UHE protons which collide
with the companion star, producing 7”s whose subse-
quent decays lead to UHE photons. If the region of
neutral-r production is optically thin to TeV photons,
they can pass through the companion and are observed.
Only for a small fraction of the orbital phase, around the
time that line of sight to the compact object just grazes
the companion star'! (¥y~+0.25), are both of these condi-
tions met—sufficient material to produce 7%s and optical
depth from the production site to the observer of less than
order unity, thereby accounting for the two narrow
UHE-y-ray pulses which are observed.

In addition to making 7”s, pN interactions in the com-
panion will also produce 7*’s whose decays results in a v
flux from the system.>!? In this paper we will discuss the
characteristics of the neutrino flux from Cygnus X-3 and
the possibility of detecting these neutrinos in large, under-
ground detectors.!3
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FIG. 1. A schematic diagram of the Cygnus X-3 system.
The dashed circle shows. the atmosphere, y is the distance be-
tween the compact object and the surface of the companion star,
¥ is the phase angle, and 6.is the angle between the line of sight
and the line which connects the intersection of the line of sight
with the star and the center of the star. We have omitted the
shroud from this diagram and have assumed that the line of
sight lies in the orbital plane.
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II. HIGH-ENERGY NEUTRINO PRODUCTION
IN CYGNUS X-3

In this section we use the UHE photon spectrum to cal-
culate the spectrum and phase diagram of the neutrinos
that also must be produced. The origin and spectrum of
the incident proton beam is irrelevant for our purposes.
We need only assume that 7°, 7+, and 7~ are produced in
equal numbers.

If the UHE v rays originate from a source spectrum of
the form

ds,(E,)

2.1
o @.1)

=AE"",

and are produced by 7° decays, then the 7° source spec-
trum is inferred to be

ds _o(E,)
dE,

where the factors of 2 come from counting two photons
of energy E /2 from each 7° decay. There should also be
7+’s and 7~’s produced in numbers comparable to 7°,
and

ds(r* +m~)/dE=2dS ,/dE .

=A2""E—", (2.2)

The 7% decays will produce neutrinos with an energy
that depends upon whether the 7*’s decay in flight, or in-
teract before decay. For the moment we will assume the
7t decay in flight, and later we will discuss the condi-
tions under which the 7*’ interact before decay. K
mesons will also be produced by the proton interactions,
however, at only about 10% of the rate at which 7*’s are
produced. Their decays will also produce v,’s.

The decay of a 7+ in flight produces a neutrino of ener-

gy
E,=E,(1—-m,*/m»/2,
which leads to a neutrino-source spectrum of*
ds,(E,) 2GSy (Ey)
dE, dE,

In order to relate the source spectrum to the observed
number spectrum it is necessary to propagate the source
spectrum through the companion star. The absorption of
the ¢’s and v’s by the star depends upon the column den-
sity material encountered by the ¥ or v traversing the star,
which in turn depends upon the phase .!!

The photons can only traverse the star when the source
is near phase ¥~+0.25. Since the YN cross section at
high energies is roughly energy independent, the relative
intensity of the UHE photon flux should be energy in-
dependent, and appear only at phase ¥~=+0.25. The
UHE photons are detected for a total phase of
(At), =~0.05. Although a normal stellar model would re-
sult in (Ad), at least a factor of 10 smaller, the com-
panion star in this system is expected to be significantly
altered by the compact object,> which can easily account
for the large (Ay),.

Due to their weak-interaction cross section neutrinos
more easily traverse the star. However, very energetic neu-

=(1—m,*/m,?) (2.3)

trinos are not able to traverse the star around phase =0,
and the phase diagram for UHE neutrinos will also show
an eclipse. Unlike the photons, the neutrino cross section
is energy dependent, and the phase diagram (or “light
curve”) for neutrinos will reflect this energy dependence.

The incident neutrino beam is reduced while traversing
the star by a factor of exp[ — | on(x)dx], where o is the
total cross section for muon production, v,N —uX, and n
is the number density of nucleons. At energies below
about 100 TeV, the cross section increases linearly with
energy, and above 100 TeV the cross section increases
only logarithmically, due to the effect of the W-boson
propagator, '’

0=7x1073¢E cm?, E <100 TeV ,
0=1.2x10"*nE cm?®, E>100 TeV

(2.4a)
(2.4b)

(E in TeV). At energies below 100 TeV the antineutrino
cross section is one-half this value, while at energies above
100 TeV _the two cross sections are roughly equal. We es-
timate | n(x)dx by assuming that the companion star has
radius of R =2R, a central density of 30 gcm ™3, and a
density profile given by

p(r)=p.exp(—12r/R) . \

We find that neutrino absorption is more sensitive to the
central density than to the parametrization of the density
profile. Although a central density of 30 gcm ™3 may be
reasonable for a normal 4Mg main-sequence star,'® the
structure of a 4 M, star with a companion compact object
orbiting at a distance of order its radius may well be quite
different. We have calculated neutrino absorption with
different central densities (and the results are qualitatively
similar). In principle the absorption also depends upon
the mass of the companion; for normal main-sequence

- stars the density profiles are rather similar, i.e., a function

of /R and the central density only, and R « M*S. This
implies that [ n(x)dx < M%? is rather insensitive to the
mass of the star.

The effect of absorption of neutrinos is shown in Fig. 2.

1 R

" o° 20° 40° 60° 80°

FIG. 2. The neutrino cutoff energy E u.ff, determined by
n(x)o(Eyofr)dx =1, as a function of 0 (see Fig. 1), computed
for a 4 M star.



At energies above 100 TeV, the absorption cross section is
relatively energy independent, so all energies above 100
TeV will have the same phase structure for the relative in-
tensity. The predicted neutrino light curves are shown in
Fig. 3.

We now return to the question of whether or not the
K’s and m’s decay in flight. The decay distance (Ap) of
m¥’s and K *’s in the star frame is

(yer) +=5.3X10°E cm ,
' 2.5)
(yer) +=7.5X10°E cm

(E in TeV). The cross section for the (7,K) interaction is
0;~3x1072° cm? at high energies (> TeV) and so the
interaction distance is

Ay=(nop) " '=(6Xx10"/p_¢) cm , (2.6)

where p_¢=(p/107%) cm™3. Since the decay length is

less than the scale height for density change in the star we
have assumed a constant density in Eq. (2.6).!7

There will be a cutoff energy, above which mesons will
interact before decaying. We estimate this energy by set-
ting 3A;=Ap. This critical energy is given by

(300/p_¢) TeV (K*),
~ |(30/p_¢) TeV (7%),

Therefore the source function for neutrinos produced by
K’s and 7’s should be cut off at an energy of the order of
E,.~(100/p_g¢) TeV. (More precisely, the slope of
dN,/dE will steepen by one unit, E"SE""1! as a
fraction (< E~') of the m*’s that will decay before in-
teracting.) The cutoff energy is most sensitive to the den-
sity in the envelope of the star. By detection of E, it is
possible to gain information about the density in the en-
velope. In addition to #’s and K’s, charm and other
heavy flavors will be produced. The lifetimes of D and F
charmed mesons are less than 10~!2 sec, and they will de-
cay promptly and produce neutrinos before interacting.
At energies greater than E_ the neutrino flux will be due
to prompt decays (as in a beam-dump-type experiment).

(2.7)
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FIG. 3. The neutrino light curve for different neutrino ener-
gies. In constructing the light curve we have assumed that
i~90° and y/R < <1 so that 6~y (see Fig. 1 and Ref. 11).
Since the muon events in an underground detector are primarily
due to neutrinos of energy of order 10 TeV, that is the light
curve which would be observed.

However the efficiency for charm and heavy-flavor pro-
duction is expected to be 1072—10~3 that of ,K produc-
tion. Therefore above E, the flux the neutrinos will be
suppressed by 10*—10°.

Some fraction of the #’s and K’s initially more energet-
ic than E, will interact and have their energy degraded to
less than E, before they decay or are absorbed. Once the
energy of a m or K has been reduced to the order of E, it
will on average decay before interacting again. Thus we
expect some “piling up” of those #’s and K’s initially
more energetic than E, at an energy ~E_, in turn leading
to more decay neutrinos of energy E.. If the initial spec-
trum of 7’s and K’s decreases with energy this will be a
small effect (at most order unity). However, if the initial
spectrum of 7’s and K’s is approximately monoenergetic
this could be a very important effect—as we will discuss
in the next section.

We can now relate dN, /dE to dN, /dE. Using the ob-
served photon spectrum from Eq. (1.1), we infer the
phase-averaged neutrino spectrum (for E < E,)

(Ad), dN
Vo1 2/ 2321 v GlVy
aE =\ ma ) TdE

Although (Av), is energy dependent, (Aw),~0.4 is a good
approximation for all energies. Therefore

dN,/dE~4x10"1°E~2! cm~2sec™! (E <E,) (2.9)

(E in TeV) and about 10°—10° times smaller for E > E,.
We note that the normalization of the predicted neutrino
spectrum is uncertain by at least a factor of order 10, due
to uncertainties in A, the photon spectrum, and the pos-
sibility of some absorption of UHE photons even during
the bright phase. (In fact it is very likely that there is
some photon absorption, since a column density of order
60 gcm™? is needed to produce pions, while a column
density of order 20 gcm ™2 is needed for UHE photons to
be absorbed.) In the next section we use this result to cal-
culate count rates in large, underground detectors.

(2.8)

III. PROSPECTS FOR DETECTION
IN LARGE, UNDERGROUND DETECTORS

Consider a large (of the order of 1000 m?), underground
(distance d below the surface) detector, shown schemati-
cally in Fig. 4. For example, the Irvine-Michigan-
Brookhaven (IMB) proton-decay detector!® is 23 m
X18 mX17 m and 1500 m of water equivalent (mwe)
below ground. Such a detector can detect neutrinos which
(1) interact within the detector or (2) produce muons in
the surrounding rock which have sufficient energy to get
to and pass through the detector. We will call the first
type of event a “contained” event and the second type of
event a “muon” event.

The probability that a neutrino which is passing
through the detector interacts in the detector is

P.(E)~nol
4X107°1,,E (E <100 TeV),

~ |7X 1078 oInE (E > 100 TeV), 3.1
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FIG. 4. Schematic diagram of the detector. The distance
below the surface is d, the zenith angle of Cygnus X-3 is ¥, and
the distance to the surface at zenith angle y is x.

where [/=1,0X(10 m) is the typical (water equivalent)
linear dimension of the detector,'® E is in TeV, o is the
cross section for v,+N—u~+X [see Eq. (2.4)], and
n=6x10% cm~3 is the number density of target nuclei.

Relativistic muons lose energy at the rate (per cm water
equivalent)?

—dE /dx~1.9%10"% TeVem™!
+(4x10~¢cm™HE . (3.2)

Integrating this we find that the range of a relativistic
muon is

L (E)~(3X10° cm)In[1+2E, /(1 TeV)]
~(5x10° cm)E, /(1 TeV) (E, <1TeV) (3.3)

which rises linearly with energy up to an energy of about
a TeV and only logarithmically thereafter. Muons pro-
duced within a distance L (E,) of the detector will have
sufficient energy to make it to the detector. Thus the ef-
fective linear size of the detector for muon-type events is
L(E M ). Of course, this size can be no larger than the dis-
tance from the detector to the earth’s surface x (see Fig.
4). The probability that a neutrino of energy E (in TeV)
interacts in the rock outside the detector and produces a
muon which passes through the detector is

E
Pu(E)= [ 'o(E,)L(E,)f (E,)dE,
~1.0x 107 CE[In(1+E)], (3.4)

(E in TeV) where f(E,)dE, is the probability that the
muon produced has an energy between E, and E, +dE,,.
For simplicity we have assumed that the typical muon en-
ergy is about equal to half that of the incident neutrino.?!
Notice that the ratio P, /P, increases with energy, and for
neutrinos more energetic than a few [,y GeV the effective
size of the detector for muon events is larger than that for
contained events. Thus if the neutrinos are predominantly
very high energy (>TeV) the contained type events
should be rare.

The event rate in the detector is given in terms of the
neutrino spectrum dN, /dE and the probability P(FE) that
a neutrino of energy E interacts:

[i~a [ P{E)dN,/dE)E , 3.5

where a is the cross-sectional area presented by the detec-
tor. We assume a differential spectrum of the form:
dN,/dE=AE~". For a spectral index n <3 the muon
events are dominated by the highest-energy events. The
integral in Eq. (3.5) is cut off by the logarithmic depen-
dence of L (E) for E > few TeV, or the cutoff in the spec-
trum discussed in the preceding section, E,, if E, is less
than a few TeV:

[,=aA4x1.0x10=° [ E~"*+n(14+E)dE
~adX1.0x107% [(u —D)™"*'nudu, (3.6

where u =1+4E. The dimensionless integral in Eq. (3.6)
has the values 200, 20, 14, 5.0, 4.5 for n =1.5, 2, 2.1, 2.5,
2.75. Half the contribution to the integral comes from
neutrino events with energies between 3 and 100 TeV.

The contained events on the other hand dominated by
the low-energy events (as long as n > 2):

T ~aligd X4x10~° [ E="+\dE
~aljpA X4x 1072 x 103" =2
X(Emin/1 GeV)™"+2 (3.7)

where E_;, is the larger of the detector threshold and the
low-energy cutoff in the neutrino spectrum. The ratio of
the two types of events is given by

', /T =~250(1000)*~"] ;!
X [f(u —1)""*nu du

X(Emin/1 GeV)* 2, (3.8)

For the neutrino spectrum derived from the high-
energy photon spectrum (A~4x107 cm?sec™! and
n =2.1) and a detector cross section of order 4 10° cm?
the predicted event rate for the muon events is

I',~3x10"%a/(4x10° cm*)] Hz , (3.9)

or about 1 event per year. Recall that the normalization
A could easily be larger by a factor of 10 due to uncer-
tainties in the photon flux, the photon duty cycle, or pho-

' ton absorption.

Of course, this signal must be compared to the back-
ground of throughgoing cosmic-ray muons.?? This back-
ground depends strongly upon the zenith angle because
the energy needed by a muon to penetrate to the detector
depends upon the zenith angle, and the integrated flux of
muons at the earth’s surface decreases rapidly with muon
energy. Taking the integrated muon flux at the surface of
the earth to vary as

Ny(>E)~10""E~2 cm?sr~'sec™!, (3.10)

the rate at which background atmospheric muons pass

through the detector at zenith angle y is

dTp/dQ~a x1077E ~2%(x) cm~%sr~%sec™!
~ax3X10"HE~2(x) cm~2deg~2sec™!

~(ax1071° Hzdeg2)[exp(x;)—1]"%, (3.11)



where E (x) is the energy (in TeV) a muon must have to
reach the detector from the surface of the Earth:

E(x)g%[exp(m)—l] ,
x(¥)=~R {—(1—d/R)cosy
+[(1—d /R)*cos’y +2d /R —(d /R)*]'*}
__|d/cosy [for cosy >(d /R)'?],
—2R cosy [for cosy < —(d/R)'?],

x =x3 3 km, and R~6500 km is the radius of the earth.
For IMB (d~1.5 km and a~4X10° cm?) the back-
ground rate is approximately

dTp/dQ~(5%10~* Hzdeg~?)[exp(0.5/cosy)—1]2 .
’ (3.12)

The background muon rate decreases rapidly with increas-
ing zenith angle, as is shown in Fig. 5. To obtain the
background rate with which the signal from Cygnus X-3
must compete, one must multiply this rate per solid angle
by the solid angle acceptance of the detector. For a cone
with acceptance angle o

AQ=~(2.1x10* deg?)[1—cos(a/2)] .

The zenith angle of Cygnus X-3 varies between 6—8
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FIG. 5. The approximate background atmospheric muon rate
[see Eq. (3.11)] as a function of d;/cosy~x3;~x/3 km. The
scales on the top and right-hand side are those appropriate for a
detector at a depth d =1500 mwe with a cross section of 4 % 10°
cm?, :

and 180°—(6+8) with the sidereal period, where §~40.8°
is the declination of Cygnus and 0 is the latitude of the
detector. For IMB 6 is 41.5°N so that Cygnus X-3 only
gets about 8° below the horizon.”> As far as background
goes, the deeper, more southern detectors such as the Ko-
lar Gold Field (6=~12°N) and the Case-Wit-Irvine mine
(6~26.5°S) are much better off.

For completeness, consider the possibility that the neu-
trino spectrum is steeper than E 3, in which case both
the “contained” and “muon” events are dominated by the
low-energy neutrinos:

[,~aAX3X 107 (E /1 GeV) ™" 310" =2 /(n —3) ,
(3.13)
[,.~aAl g4 X 10~ E in /1 GeV) " +2103" =2 /(n —2) .

(3.14)

In this case the two rates are comparable, and the signal is
unlikely to be detectable unless the flux of GeV neutrinos
is many orders of magnitude greater than that of the pho-
tons, which in turn would imply an energy output in neu-
trinos much greater than 10> ergsec™!. We should em-
phasize this point; since the probability for a neutrino to
produce a “muon” event varies either as E? (for E < few
TeV) or as EIn(E) (for E > few TeV) and the neutrino
luminosity only varies linearly with neutrino energy, the
power required to produce a given event rate in the detec-
tor decreases with neutrino energy.

Finally, consider the Hillas model** where the observed
photon flux is due to the electromagnetic shower pro-
duced by a monoenergetic beam of 10°> TeV protons with
luminosity of ~10% ergsec™! which hits the companion
star. In this model we would expect an approximately
monoenergetic flux of neutrinos of energy a few X 10*
TeV, assuming that E, is greater than 10* TeV. Assum-
ing that about 10% of the beam energy goes into neutri-
nos of average energy  E, )~10* TeV, the resulting neu-
trino flux is

N,~(15)(10*° ergsec™ " )(E, ) ~Y(4mr?)~!

o
~10"2 cm~?sec™!. (3.15)

Such a flux produces a muon event rate of
I',~(107% Hz)[a /(4 X 10° cm?)] . (3.16)

More likely is the case that E, <10* TeV, so that the
flux of 10* TeV neutrinos is due to “prompt” charm and
heavy-flavor decays and is a factor of 100—1000 smaller
than the above estimate, resulting in an event rate which
is 1072—1073 of the above estimate. However, due to the
fact that some reasonable fraction of the #’s and K’s that
are produced will interact and lose energy until E <E,
and they can decay in flight; a significant fraction,
f=~10"1-10"2, of the 10* ergsec™' should come out in
neutrinos of energy of the order of E, (the pileup effect
we discussed in the preceding section). In this case
N,=~fx(10* ergsec™ ') X (E,)~ {(4mr?)~!

~107%(f /10" ')(E, /10 TeV) ' cm~%sec™!.  (3.17)

This leads to a “muon” event rate of



[',~aN,P,(E,)
~(10~7 Hz)[a /(4% 10° cm?)](f /10~ 1)
XIn[1+E, /(10 TeV)] .

Note that for E. > few TeV the predicted event rate is
only logarithmically dependent upon E.. The predicted
rate is slightly higher than in the case that E, > 10* TeV
because the cross section for v, +N—p +X is still rising
linearly with energy at 10 TeV, whereas at energies > 100
TeV it rises only logarithmically.

(3.18)

IV. SUMMARY

To summarize, based upon two simple models>?* where

the high-energy y rays from Cygnus X-3 are produced by
a beam of energetic protons interacting with the envelope
of the companion star, we have calculated the expected
neutrino flux, normalized to the photon flux. Up to an
energy where the pions and kaons, whose decays produce
the bulk of the neutrinos, interact before they have time to
decay, the neutrino flux is comparable to the photon flux.
At higher energies the neutrino flux is primarily due to
charm and heavy-flavor decays and the flux is down from
that of the photons by a factor of about 100—1000. The
source neutrino flux is modulated by absorption of neutri-
nos by the companion star, resulting in the energy-
dependent neutrino light curves shown in Fig. 3. Normal-
izing the predicted neutrino flux to the observed y ray
flux results in a predicted muon event rate which might
be detectable in a large, underground detector such as
IMB. The predicted contained event rate is about 1000
times smaller. Most of the muon events are due to neutri-
nos of energy of 3—100 TeV and so should be heavy
track. The predicted event rate could be significantly
larger if the photon duty cycle is less than 5% or if there
is significant absorption of UHE y rays within the sys-
tem.

If the spectrum of neutrinos is not «<E~%! as the
present UHE-y-ray data suggests, and is steeper than
E =3, then the number of contained and muon events will
be comparable and dominated by GeV neutrinos. Howev-
er, unless the flux of GeV neutrinos is many orders of
magnitude greater than that of photons, the neutrinos will
not be detectable in larger proton-decay detectors.

Finally, we should mention that if other very robust
binary x-ray sources such as Vela X-1, LMC (Large
Magellanic Cloud) X-4, and Her X-1 are also potent
sources of UHE y rays,?® then they should produce high-
energy neutrinos in a similar fashion. In particular, recent
observations of the UHE y-ray spectrum of Vela X-1
(Ref. 26) and TeV y rays from Her X-1 (Ref. 27) indicate
fluxes which are comparable to that of Cygnus X-3, sug-
gesting that Vela X-1 and Her X-1 should produce com-
parable fluxes of high-energy neutrinos. If it is possible to
detect neutrinos from systems like Cygnus X-3, the neu-
trino light curve can be used to infer the core density of
the companion and E, can be used to determine the densi-
ty of the stellar envelope. Probing a system with a many-
TeV neutrino beam of luminosity 10%% erg sec‘_I offers a
multitude of new possibilities.

Note added. After this work was completed we learned
of similar work by T. K. Gaisser and T. Stanev, Phys.
Rev. Lett. 54, 2265 (1985); V. S. Berezinsky, C. Castagno-
li, and P. Galeotti, Instituto de Fisica Generale dell’
Universita di Torino report, 1985; G. Cocconi, CERN re-
port, 1985. These groups reached similar conclusions to
ours.
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