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Cygnus X-3: A source of highly symmetric quark bound states?
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The point source Cygnus X-3 continues to show puzzling features related to underground
modulated muon signals and also an excess of hadron groups recently reported. We propose that
the neutral particle responsible for these unusual facts could be a highly symmetric bound QCD
state (quark a) recently hypothesized. Interactions of these primaries with ordinary matter and
astrophysical expectations are addressed and it is concluded that this proposal is in principle cap-
able of providing some desirable ingredients for an explanation of the data.

I. IIV IRODUCTION

$ince its discovery more than 20 years ago the astro-
physical point source Cygnus X-3 has become an exceed-
ingly interesting object to watch because of several chal-
lenging features revealed by successive studies. Not only
is this system emitting enormous amounts of energy in ra-
dio, x rays, and y rays' but recently puzzling observations
of underground muons coming from Cygnus X-3 coordi-
nates and having arrival times modulated with its 4.8-h
orbital period have been reported. 23 These observations
also report a broad angular spread in the signal which is
about 10' x 10' in the nucleon stability experiment
(NUSEX) and 3 &3' in the $oudan one. The muons
should have mean energies E„=5 and 0.65 TeV, respec-
tively, for reaching these underground detectors. Al-
though the very strength of these data has been ques-
tioned these reports have been seriously considered by
several authors' 7 as evidence for a new particle trigger-
ing air showers with a high muon content. This is
motivated by the very low chance of explaining the events
in terms of conventional photon- or neutrino-induced air
showers: while the former are thought to produce an ab-
solute flux of muons 2 or 3 orders of magnitude below the
reported one, the latter would require an incoming neutri-
no flux far above the actual occurrence (charged particles
are ruled out because they cannot preserve the direction
relative to the source as they are deviated by interstellar
magnetic fields).

As the initial excitement was decreasing and the nega-
tive reports of other experimental groupss put severe
doubt on the significance of the muon observations, anoth-
er striking report came to complicate considerably the
very confusing preexisting situation. The Erevan (US$R)
group claims to see groups of hadrons coming from
Cygnus X-3 with fluxes around 2x10 " cm sec ' for
groups having more than four, five, or six hadrons. Re-
markably the signal also shows a large angular spread of
—10' x 10' as in the case of the NUSEX report, although
it has some other peculiar features that remain to be ana-
lyzed. They also assign large significance to the signal,
even increasing with the multiplicity of hadrons and

reaching 5.5 a for n ~ 6 groups. Undoubtedly this obser-
vation calls again for a theoretical explanation of Cygnus
X-3 incoming primaries. Let us briefly state the con-
straints imposed on the parent particle (hereafter desig-
nated as "cygnet" following the terminology of Ref. 6).
As already mentioned, it must be neutral in order to be
unaltered by magnetic bending. It also must have a life-
time r ) 10' /yL (where yL is the Lorentz factor) neces-
sary to make the —10-kpc journey to Earth, which forces
an energy of —109 GeV for a neutron to be the primary,
making it unlikely as a candidate. In addition to these
constraints the primaries must produce muons locally at a
rather high rate and finally they must interact semistrong-
ly with ordinary particles, otherwise NUSEX would see
signals at much larger zenith angles. "

It can be further shown that if the cygnets are required
to maintain the phase coherence observed in the signals
one can get a lower bound on the Lorentz factor yL,

E,/trt, ) 10, with E, and m, the energy and the mass
of the cygnet, respectively. All these features make it
difficult for an elementary particle already known to satis-
fy them simultaneously. In several attempts to explain the
data glueballinos (G), photinos (y), and free gluons (g)
have been proposed (see Refs. 5 and 10), none of them be-
ing fully satisfactory. " Another class of candidates which
are not truly elementary particles has also been suggested.
They consist of stable or quasistable bits of matter with a
high-strangeness content. Two specific candidates are
strange-quark nuggets (an almost symmetric plasma bub-
ble with the mass number of u, d, and s quarks

'z'3) inves-
tigated in Ref. 7, and the lowest-mass droplet of strange
matter (the dihyperon H) proposed in Ref. 6. While the
high strangeness per baryon has the desirable feature of
yielding a large muon content because of the intermediate
production of A's or K's with their subsequent decays, one
still has to face some problems not easy to solve in order to
explain the data. Regarding the quark nuggets, it is im-
portant to point out that they are thought to be charged'
(which helps their acceleration) but a neutral beam
should be supplied by whatever the production and emis-
sion mechanism would be, and it is more likely that they
can be associated with other more spectacular events

3548 1990 The American Physical Society



CYGNUS X-3: A SOURCE OF HIGHLY SYMMETRIC QUARK. . . 3549

(Centauros' ) having a higher hadronic multiplicity. To
our knowledge there is no clear reason for expecting
different types of behavior in each case, although, as will
be evident below, we believe that Centauros and Cygnus
X-3 signals are certainly related. It also appears that the
dihyperon H has a lifetime too short' to solve the puzzle,
although this point is not still completely well established.

We would like to propose in this work another likely
candidate which has several features that can potentially
give a satisfactory explanation of the observed muon and
multihadron events, and in addition arises consistently
from a specific astrophysical scenario. This is the quark-a
particle (Q, ) first proposed in Ref. 16, which we address
in the following sections.

first excited state because the ground-state shell has all its
quantum numbers saturated. In this higher state the en-
ergy of the quark will be of the order E,-5 4/.R (corre-
sponding to the simple MIT bag model'9), with R the ra-
dius of the Q, estimated as —1.7 fm. ' If we denote by p
the transferred impulse and ko the energy of the quark in
the ground state, the reduction in o is given by the factor

k-„p( &e(lp+kl Er)d(k ko)dk/„p(k&dk,

where p(k) is a suitable smoothed density of states for the
bag. For a cavity containing massless fermions we have
the expression"

II. QUARK-a'S FROM CYGNUS X-3 AND THEIR
ATMOSPHERIC INTERACTIONS

Vk '
1

p(k) g — do48~s R
+ (2)1

R2

!t is well known from conventional nuclear physics that
binding energies are highly dependent on the symmetry of
the state under consideration. This observation is the
basis of the proposal of Michel who speculates that the
most symmetric possible configuration in a shell model of
"strange nuclear physics,

" with quarks u, d, s as funda-
mental entities, could lead to a tightly bound object re-
ferred to as the quark-a particle because it is evidently
parallel with the He nuclei. The wave function sym-
metric in color, spin, and fiavor spaces contains eighteen
quarks which build up a spin-0 chargeless boson having a
mass -5 GeV, that is to say, a large binding energy of
—100 MeV+aryon. '6 These features would make Q, the
most stable known particle, and the bulk strange matter
should necessarily be metastable against the formation of
Q, 's at low enough pressures or temperatures. "

In this sense we can expect that Q, 's can arrive at Earth
as the final state of the high-energy process associated
with strange-matter formation in the death of stars (see
the next section). It is also a better candidate than H par-
ticles concerning its binding energy as we expect an abso-
lutely stable object (if it exists at all). It is very important
to note that, in fact, a relatively heavy particle such as Q,
can satisfy the constraint on the Lorentz factor yL, be-
cause as it is built up of A baryon units (albeit possibly
with different qualitative properties due to its peculiar
binding structure) it will satisfy AE, /Am, yL) 10".
This means that muons are indeed fragments of a larger
system breakup (see Ref. 18).

Let us consider the fate of an incident Q, particle as it
collides with normal matter penetrating the atmosphere.
In the following, we refer all the calculations to the rest
frame of Q,. At typical incident energies the quarks in-
side Q, will see the incident air nucleus contracted with a
cross section ~=2A 10

—2s cm2, ~here the A factor
accounts for the shielding of the interior nucleons in the
air. We take A 14 as the typical component of the at-
mospheric gas (nitrogen). It is necessary to note that
there exists an important dynamical reduction factor to cx

coming from the following: For scattering to occur a
quark should be given enough energy to reach at least the

with g 18 as the degeneracy of the quarks, V the volume,
S the area, and R~,R2 the local radii of curvature of the
cavity (note the lack of a term proportional to S). In Eq.
(1) the upper limits of the integrals are set by an energy
scale E& beyond which enough energy would have been
given in the scattering to trigger the breakup of the Q,.
An estimate based on the energetics for Q, decays, which
would be preferably into 6A or 3H states, yields values of
E~-I GeV and thus h=(ko/Eikr)3= (&4. We should
then have a cross section erg, ;,-1.7)k'10 cm2 corre-
sponding to a semistrong interaction. Note that the con-
sistency with the multihadron production seen at the Ere-
van experiment requires og.„, to be +3&10 2scm2, 9

contradicting previous estimations on upper bounds. " An
interesting quantity to estimate is the mean number n of
collisions for each Q,-air interaction. According to the
model of Ref. 20 this quantity is given by

n 2nA og e,„pn 2p(R —p ) dp/nR
N 0

~
3 A ag-epgR (3)

where og n is the Q,-nucleon cross section, pn is the num-
ber density of particles inside the nucleus, and Rz the ra-
dius of the air nucleus. In addition to the multiplicative
factor 6 we should also correct for an incomplete overlap
factor in an average non-head-on collision which gives a
factor of order —,

' for comparable sizes of the Q, and the
nucleus. Inserting appropriate values n turns out to be—1.3 indicating that multiple scattering is unlikely in our
problem.

We turn now to the problem of the Q, breakup. When
a collision is such that a quark is given an energy
( p+ ko ( & EI(d this will be enough to trigger the fragmen-
tation of the Q,. One can expect this to be the case in al-
most every collision due to the very high energies of the
incoming projectiles. Althou h it would appear as if the
dominating mode is n+X+n (where X has the quantum
numbers of 5A) this fragmentation would cost a lot of en-
ergy because the strange fragment would be uphill from
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the strangeness barrier, '6 so that it is not only a matter of
paying the energy cost I of liberating one n (this is to be
contrasted with the reaction A+I+I A+n in bulk
strange matter, where the remnant lump has A particles
and it is also energetically preferred). The same argu-
ment holds for the reaction Q, +energy H+X', with X'

having quantum numbers of a 4A state, and so on. This
indicates that the dominant modes for Q, fragmentation
are Q, +energy~ 6A and Q, +energy 3H. The 3H
mode will dominate if the H particle is below the An
threshold (although it has been argued to be above the nn
state' ). The dominant fragmentation chains would be

Q, +energy

6A 6p+6z ~ 6p+6p +6v,

3H 3A+ 3n 3n+3p+3m 3n+ 3p+ 3@ +3v,

where possibly kaons can also contribute in other chains
not shown. The proposed chains have the nice feature
that they lead to an important zo suppression, which is
known to initiate electromagnetic cascades via x yy
incompatible with the observations as they would far out-
number the hadronic components (this suppression of z
should also be true for any other model of Cygnus X-3
events). Production of x is contained in some decay
chains (not shown above) which comprise a priori -30%
of the decays. Unfortunately, until detailed interactions
of Q, objects with nucleons are understood there is no
hope of accounting for this feature properly.

Another puzzling feature of the data that should be ex-
plained by the theoretical picture is the angular spread of
the signal, reported in Soudan, NUSEX, and Erevan ex-
periments. Let us address the specific case of the muons
detected at NUSEX because this experiment is well docu-
mented and has the largest angular spread.

There have been essentially three possibilities con-
sidered in the literature to explain the observed spread.
These are direct muon production in the atmosphere by
the reaction c+n~ @+X, muon production through
secondaries with high P&, and prompt muon production
in the neighboring rock. From the physical features of the
Q, particle we can safely exclude prompt production be-
cause of the large og.„, (see also the criticisms of rock-
produced muons in Ref. 1). Regarding atmospheric direct
production we note that Q, 's increase somewhat the final
angular spread quoted in Ref. 11 by a factor (m, /
m„) 'i -2.2, which still falls short by a factor of -2 to
agree with NUSEX observations. Finally, if muon pro-
duction through high-P~ secondaries were taking place,
this would require secondary particles with P~) 350
GeV, which is enormous for any hadronic interaction.
Unless Q,-nucleon interactions are completely different
from ordinary nucleus-nucleon collisions, it seems that
such high values pose a serious constraint on this muon
production mechanism. In this sense, our proposal has no
great advantage to offer over some other works concerning
a compelling explanation of the angular spread.

It might be useful to draw a parallel with other puzzling
events which we believe to be closely related, as will be ex-
plained in the next section. The Centauro events ' have
been seen to yield a high multiplicity of baryons —100
particles having a high average I'& approximately five
times the ordinary nucleon-induced one, and more impor-
tantly x and e multiplicities consistent with zero. In
our opinion Cygnus X-3 events are similar to Centauro

I

ones but have smaller multiplicities and higher transverse
momenta, features which can be related to the structure
of the primaries. We turn now to address the problem of
the origin of the primaries.

III. ASTROPHYSICAL SCENARIO

Independently of the specific Cygnus X-3 observations,
any primary particle coming from a compact point source
should have a reasonable expectation of being produced
and accelerated if we observe it in terrestrial experiments.
This in turn depends on the very nature of the source and
environment, a point that deserves attention being as im-
portant as the detection themselves for guiding us to un-

derstand exotic new phenomena. Let us now examine the
expectations for Q, production and acceleration in the
Cygnus X-3 system.

Cygnus X-3 is widely thought to be a binary system
composed by a nondegenerate star of M-4M' and a
compact star (possibly a pulsar) companion with a 4.S-h
orbital period. From this period observation we conclude
that the distance between the two stars is approximately
d-1.5&10" cm. "Standard" formation arguments dic-
tate that the compact object would have been formed after
gravitational collapse of a massive progenitor star which
exhausted its nuclear fuels, although another formation
mechanism might be possible. We shall assume that a
type-II supernova explosion indeed happened and the
event did not disrupt the companion star, as seems to be
required by the binary picture.

Which then is the expected connection between a super-
nova explosion and the presence of strange complexes?
There exists a model of a type-II supernova explosion 2

based precisely on the appearance of bulk strange matter
at high pressure during the early stages of the Kelvin-
Helmholtz phase of a protoneutron star. In this picture
the remnant is converted to strange matter entirely by the
passage of a detonation wave fueled by n uds decays at
densities of approximately a few po (where po is the nu-
clear matter saturation density -2.4 x 10 '

g cm ).
This energy source is hypothesized to be the very cause of
the observed explosions and preliminary calculations sup-
port the energetics outcome expectations. The impor-
tant point is that some ejection of strange matter seems to
be required by the model as a result of turbulent convec-
tive mixing with normal matter in the tail of the velocity
distribution. The amount of ejected strange matter has
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been estimated to be -10 -10 Me per event. The
fragmentation of the strange fluid as it expands and cools
will give rise to a spectrum of droplets which would be
metastable against the production of Q, and nuclear parti-
cles. However, the decay to these states need not be in-
stantaneous. They obviously depend on the unknown dy-
namics of the processes strangelets Q, +anything. For
example, substantial supercooling of the strangelets may
occur with latent heat determined by the natural energy
scale of the bag 8=60 MeV fm ', which would retard
them and leave us with ejected strange matter in bulk
form floating around the system. This belief is reinforced
by noting that strange matter is ejected with v-v „~
(Ref. 23) and could indeed be retained by the dynamics of
the binary system.

We then picture a contamination of strangelets in the
accreted matter onto the compact star. This object should
have a net positive charge at this stage because (as its size
is smaller than the electronic Compton wavelength) it can
be easily ionized by the standard mechanisms. Strange-
lets can thus be accelerated by any mechanism that can
accelerate accreting charged particles, as seems to be sug-
gested by the near-Eddington luminosity measured in

Cygnus X-3. Our scenario does not require accelerating
strange matter stripped from the pulsar as in Refs. 6 and
24. The latter process is constrained by the Eddington
limit and thus may need a complementary acceleration
from accretion-powered sources. z4 The need of a homo-
geneous strange pulsar can be avoided in this proposal
where all the primaries coming from the system could
originate at the same accelerator. A very suitable specific
acceleration mechanism is the disk dynamo of Chanmu-
gam and Brecher, z5 but others can work as well. z6

We turn now to the fate of accelerated strangelets. As
in the models of Refs. 6 and 24 we believe that the beam
accelerated away from the compact star will suffer sub-
stantial interactions in the atmosphere of the companion,
as seems to be suggested by the correlation in phase at
&-0.7 measured in underground muon signals and x-ray
eclipse. The picture (already discussed in Ref. 24) arising
is the breakup of strangelets by high-energy collisions
with free protons in this atmosphere. After the collision,
the variety of strange fragments produced would quickly
decay to metastable or stable states via weak and elec-
tromagnetic interactions. Q, 's would be a natural product

of these interactions, and it is interesting to note that no
flavor-changing decays are needed to form these bound
states, so Q, formation would render y rays (but not neu-
trinos) coming from these processes that might be detect-
able under favorable circumstances. A flux of neutrinos
coming from strangelet decays (before colliding in the at-
mosphere) and decays of unstable produced fragments
could also be measurable, as discussed for example in Ref.
24.

Note that some small fraction of strangelets can avoid
the decay and would seed the Galaxy with strange
matter. Strangelets striking the atmosphere would be
observed as Centauros, although it is not possible to detect
them coming from point sources because they are bent by
interstellar magnetic fields. The acceleration and survival
of strangelets might happen in isolated neutron stars ac-
creting interstellar material contaminated by strange
matter ejected in their own formation events. In this
sense, the possibility of ejected strange matter could be an
important ingredient to unify the picture of exotic pri-
maries coming to Earth.

In summary, the report of the Erevan calorimeter to-
gether with the already existing evidence give support to
the idea of a hadronic primary. While in principle it is not
impossible to find some other solution to the puzzle, we
believe that the Q, hypothesis is a promising proposal to
explore in view of the advantages given by the preexisting
formation scenario, suitable physical characteristics, and
the possibility of direct experimental detection with exist-
ing techniques.

We would like also to point out that, in addition to pro-
viding a nice candidate for Cygnus X-3 observations, Q, 's
are expected to play a major role in pulsar structure' and
possibly in the dark-matter problem as well. '
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