
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

THE ASTROPARTICLEPHYSICS CONFERENCE

Quantum statistical multifragmentation model for the production of astrophys-
ical strangelets
SAYAN BISWAS1,2, J.N. DE3, PARTHA S. JOARDER1,2, SIBAJI RAHA 1,2 AND DEBAPRIYO SYAM 4.
1 Department of Physics, Bose Institute, 93/1 A.P.C. Road, Kolkata, India 700009.
2 Centre for Astroparticle Physics and Space Science, Bose Institute, Block EN, Sector V, Salt Lake, Kolkata, India 700091.
3Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Kolkata 700064, India.
4Barasat Government College, Barasat, N-24 PGS, Kolkata 700124, India.

sayan@jcbose.ac.in

Abstract: Determination of possible baryon number (or mass) distribution of astrophysical strangelets, that may
fragment out of the warm strange quark matter (SQM) ejected during the merger of companion stars in compact
binary stellar systems of the Galaxy is attempted here by invoking a quantum statistical multifragmentation
model. The simplifying assumption of zero quark-mass is considered to obtain the preliminary mass-spectrum
of those strangelets. Here, we confine ourselves only to the fragmentation into ‘color flavor locked (CFL)
strangelets’. An approximate estimate for the possible intensity of absolutely stable CFL strangelets in solar
neighborhood is also attempted by using a simple diffusion model for their propagation in the inhomogeneous
galactic magnetic field.
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1 Introduction
‘Strange Quark Matter (SQM)’, containing roughly equal
numbers of up, down and strange quarks enclosed in a
‘bag’ that simulates color-confinement of the multiquark
system, has been proposed [1, 2] to exist in the local uni-
verse in the form of finite lumps (or ‘strangelets’) that may
be more stable than the ordinary nuclei. Depending on
the hitherto unknown ‘actual’ values of the empirical bag
parameter, the strangelets may even be in a ‘color flavor
locked (CFL)’ configuration with their stability being sig-
nificantly improved over the ‘ordinary strangelets’ due to
the additional binding energy of ‘(color superconducting)
Cooper-like’ coupling between quarks of different color
and flavor quantum numbers [3]. Such ‘CFL strangelet’ is
believed to be the true ground state of hadronic matter.

A possible scenario for the formation of astrophysical
strangelets is the fragmentation of bulk SQM ejected dur-
ing tidal disruptions of strange stars in compact binary stel-
lar systems [4]. Recent simulations of merger between (or-
dinary) strange stars [5], in fact, show clumpy structures
in SQM-ejecta that is possibly the signatures of initial for-
mation of strangelet-clusters. It is perhaps reasonable to
assume that further fragmentation and separation of those
lumps, as the ejected material approaches its thermody-
namic and chemical equilibrium, would ultimately yield
a strangelet mass-distribution that contributes to primary
cosmic rays [4, 6].

While applying the above scenario in the case of pro-
duction of CFL strangelets in particular, we encounter the
constraint [7] that cold (T ∼ 0.01 MeV), bare CFL stars
are inconsistent with most of the pulsar data. This con-
straint seems to have been circumvented recently in refer-
ence [8] by invoking the idea of quark novae (QNe) with
sufficiently massive (25M⊙ ≤ M ≤ 40M⊙) neutron stars
(NSs) as their progenitors so that the NSs undergo decon-
finement phase transition to quark matter in their interiors
thus leading to core collapses that, in turn, result in mass
ejections from their outer crusts. Stable CFL state is likely

to be reached by the QN compact remnant as it cools down
to T ≥ 1 MeV. The CFL remnant may further collide with
another NS and the debris of wide range of sizes produced
by such collision may serve as a major source of CFL
strangelets in primary cosmic rays. We may note here that
the possibility of simultaneous existence of strange stars
(SSs) and NSs was mentioned earlier in Ref. [5]. In view of
the ongoing efforts for detecting astrophysical strangelets
in cosmic rays by AMS-02 [9] and other experiments, we
therefore determine the preliminary mass-spectra of CFL
strangelets “at their source” with the help of the simpli-
fying assumption of massless quark flavors and by invok-
ing the formalism of quantum statistical multifragmenta-
tion model, the variants of which are often used in the anal-
ysis of fragmentation of hot nuclear matter [10] in various
contexts.

2 Quantum statistical disassembly model
In this model, the bulk CFL material ejected due to QN-NS
merger evolves in thermodynamic equilibrium and under-
goes disassembly after reaching the ‘freeze-out volume’ at
a temperatureT in which the strong interactions between
CFL-fragments cease to exist [6]. In the absence of any ob-
servation, we choose the values ofT in the range (0.01−
1.0) MeV representing possible distribution of tempera-
tures in the regions in which strangelets may form. Here,
the lower limit (∼ 10 keV) corresponds to the approximate
temperature usually associated with compact X-ray binary
systems [11]; whereas, the upper limit (∼ 1 MeV) corre-
sponds to the magnitude of temperatures attained by the
ejected materials found sometimes during the simulations
of merger between NSs [12]. At such temperatures, the
multiplicities ωi of CFL strangelets of a particular species
‘ i’ with specific baryon numberAi may be written [13] as

ωi =
2V

√
πλ 3

i

J+
1/2(ηi), for oddAi (1a)
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and

ωi =
2V

√
πλ 3

i

J−1/2(ηi), for evenAi, (1b)

where, the fugacityηi is defined as

ηi = (µi −Fi)/T = −Ωi/T, (1c)

Fi being the Helmholtz free energy of theith species and
Ωi is its thermodynamic potential. Here,J±1/2 designate
the Fermi or the Bose integral [6] andV is the ‘available
volume’, i.e., the freeze-out volume minus the volume of
the produced fragments. In equation (1c),µi = 3µqAi is
the chemical potential of theith species with the quark
chemical potentialµq being the same for all quark fla-
vors throughout the freeze-out volume of the fragmenting
complex. The mass of the species of baryon numberAi is
mi = 930Ai MeV and their thermal de-Broglie wavelength
is λi = h/

√
2πmiT . We will use Eqs. (1) to determine

the multiplicities of various fragments in the strangelet-
complex after we define the thermodynamic quantities per-
taining to a single CFL strangelet in that complex.

3 Thermodynamics of a CFL strangelet
Within the framework of the ‘liquid drop model’ with ad-
ditional assumption that the binding energy from (color-
superconducting) coupling between quarks in a CFL
strangelet is much smaller compared to the ideal Fermi-
gas free energy of its non-CFL counterpart [3], the expres-
sion for thermodynamic potential of the CFL strangelet is
written [13] as

Ωi = −
[19π2

36
T 4 +

3
2

µ2
q T 2 +

3
4π2 µ4

q +
3

π2 ∆2(T )µ2
q

− B
]

Vi +
[41

72
T 2 +

3
8π2 µ2

q

]

Ci. (2)

Here,Vi = 4
3πr3

oAi is the volume andCi = 8πroA1/3
i is

the curvature [14] of a spherical strangelet,ro being its
radius parameter. In Eq. (2),B is the ‘(QCD) bag pa-
rameter’, the values of which has to satisfy the condition
B1/4 ≥ 156 MeV [3] to avoid spontaneous decay of ordi-
nary nuclei into two-flavored color-superconducting states.
The ‘(color-superconducting) pairing energy gap (∆(T ))’
in Eq. (2) may be expressed in terms of a constant ‘gap pa-
rameter (∆o)’ [15] as

∆(T ) = 2−1/3∆o

[

1−
( T

Tc

)2]1/2
(3)

with Tc = 21/3 × 0.57∆o being the critical tempera-
ture above which the system cannot support color-
superconductivity. For the gap parameter, we may choose
“not-unreasonable” [16] values∆o ∼ 100 MeV. With
∆o = 100 MeV, for example, we getTc ≈ 72 MeV. For
values of temperature in the range (0.01− 1.0) MeV,
the conditionT/Tc ≪ 1 is satisfied so that we obtain
∆(T ) ≈ 2−1/3∆o ≈ 79 MeV.

For thermodynamic equilibrium, the strangelet-fragments,
in addition to being in chemical equilibrium, are also
in mechanical equilibrium; their internal quark pres-
sure thus exactly balances the external bag pressure, i.e.,

−
(

∂Ωi
∂Vi

)

T,µq
= 0. From Eq. (2), one then gets

BVi =
[19π2

36
T 4 +

3
2

µ2
q T 2 +

3
4π2 µ4

q +
3

π2 ∆2(T )µ2
q

]

Vi

−
[ 41

216
T 2 +

1
8π2 µ2

q

]

Ci. (4)

Using Eqs. (2) and (4), one obtains the baryon number

− 1
3

(

∂Ωi
∂ µq

)

T,Vi
of a CFL strangelet at equilibrium. This ex-

pression is

Ai =
[

µqT 2 +
1

π2 µ3
q +

2
π2 ∆2(T )µq

]

Vi −
1

4π2 µqCi. (5)

Eqs. (2), (4) and (5) further allow to determine the energy
of a CFL strangelet in mechanical equilibrium. We thus
obtain

Ei =
(19π2

12
T 4 +

9
4π2 µ4

q +
3

π2 ∆2(T )µ2
q

+
9
2

µ2
q T 2−

3
0.41π2 µ2

q T 2 + B
)

Vi

−
(41

72
T 2 +

3
8π2 µ2

q

)

Ci

= 4BVi −
6

π2 ∆2(T )µ2
qVi −

3
0.41π2 µ2

q T 2Vi. (6)

We also note that, from Eqs. (4) and (5), it is straightfor-
ward to derive an algebraic expression for the radius pa-
rameterro, an approximate estimate of which is obtained
by ignoring the contribution of curvature in the above ex-
pression and by settingT ≈ 0. Thus

r3
b ≈

3π
4

(

µ3
q +2∆2µq

)−1
, (7)

whererb is the bulk radius parameter. Upon substitution of
µq from the solution of a quadratic equation obtained by
considering the cold, bulk limit (T = 0,Ci = 0) of Eq. (4),
Eq. (7) provides us with an approximate valueVb = 4π

3 r3
bAb

for the volume of the initial bulk CFL-SQM withAb being
the baryon number of that SQM.

4 Mass-spectra of CFL strangelets
Eqs. (1)-(7), with the added condition for the conservation
of baryon numberAb, namely [6]

Ab = ∑
i

Aiωi, (8)

allow us to evaluate the mass-spectra of CFL strangelets
for values of temperature in the range (0.01−1) MeV. The
available volumeV , which is a free-parameter in the prob-
lem, is chosen as 5Vb. This is consistent with the range(2−
9)Vb usually considered in nuclear fragmentation models;
eg. [10]. For the baryon number of the initial bulk CFL-
matter, we chooseAb = 1.2×1052; this corresponds to the
lowest value in the estimated range (10−5−10−2) M⊙ [4]
for the average mass of strange-matter ejected during the
tidal disruption of two inspiralling SSs in binary stellar sys-
tem. We here note that similar estimate for the ejected CFL-
mass per QN-NS merger was also considered earlier in
Ref. [8] in which it was argued that the amount of ejected
mass would be smaller in this particular case as the CFL
matter is ‘stiffer’ than the nuclear or the ‘ordinary’ strange
matter.
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5 Results
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Figure 1: (color online) Variation of the logarithm of quan-
tum multiplicity (lnω) of CFL strangelets with the varia-
tion in their baryon number (A) at fixed values of the bag
and the gap parameters but for two different temperatures
at freeze-out as indicated in the diagram. The available vol-
ume is chosen to beV = 5Vb. Here,Ab = 1.2×1052.

Figure 1 displays the multiplicity of CFL fragments at
fixed values of the bag (B1/4 = 160 MeV) and the gap
(∆o = 100 MeV) parameters but at two different tempera-
tures, namely T = 10 keV and T = 1 MeV, at freeze-out.
The figure shows a tendency towards the suppression of
heavier fragments and enhanced production of lighter frag-
ments with increasing temperature. This tendency may be
interpreted as being principally due to a reduction in quark
chemical potentialµq of the fragmenting system with an in-
crease in the temperature at freeze-out. ForT ≪ µq, curva-
ture energy of the strangelets varies asµ2

q [17], as a conse-
quence of which less curvature energy is required at higher
temperature to produce smaller fragments from the initial
bulk CFL-SQM. We here note that such pattern of decreas-
ing fragment-sizes with increasing temperature at freeze-
out is also familiar from nuclear multifragmentation mod-
els [18].
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Figure 2: (color online) Energy per baryon (E/A) vs.
baryon number (A) of strangelets with different parameter
values as indicated in the diagram. Here, the available vol-
ume is taken asV = 5Vb at T = 100 keV at freeze-out.
Also, Ab = 1.2×1052.

To probe the stability of strangelet-fragments, we ex-

amine the energy per baryon (Ei/Ai) of each species of
the fragments against its baryon numberAi. An exam-
ple of such investigation atT = 100 keV (at freeze-out)
is displayed in Fig. 2 for fixed value of the bag parame-
ter B1/4 = 160 MeV but for two different values of the
gap parameter, namely∆o = 0.0 MeV (representing nor-
mal or non-CFL strangelets) and∆o = 100 MeV (repre-
senting CFL strangelets). The enhanced stability of CFL
strangelets is apparent in this diagram. A closer examina-
tion of the figure shows that, a reasonable approximation
for the energy per baryon of strangelets with large baryon
numbers atT ≪ µq may be given by their bulk limit (at
T ≈ 0), i.e.,Ei/Ai ∼ 3µq [19] with µq being approximately
given by an analytical expression as obtained from the pro-
cedure mentioned in the last paragraph of section 3. For
smallAi, on the other hand, curvature of strangelets intro-
duces a minimum baryon numberAmin for their absolute
stability (Ei/Ai < 930 MeV) [3]. We have checked that
Amin ≤ 10 for CFL strangelets with large range of values of
their bag and the gap parameters at temperaturesT ≪ µq
at freeze-out.

6 Discussion
In this article, we have attempted to determine the possi-
ble size-distribution of absolutely stable CFL strangelets
“at their source” by adopting a recent astrophysical pro-
duction scenario for those strangelets from QN-NS colli-
sions. For such a purpose, we developed a version of quan-
tum statistical disassembly model that is suitable for treat-
ing the liquid drop model of CFL matter. Here, a num-
ber of simplifying assumptions has been made to arrive at
the preliminary mass-spectra of CFL strangelets. The most
important among such simplifications seems to be the as-
sumption of massless quarks, as a consequence of which
we obtain perfectly chargeless strangelets that limits our
ability to directly use the determined mass-spectrum in a
rigorous galactic propagation model as its input. We can,
nevertheless, estimate an approximate magnitude of the
galactic flux of CFL strangelets of a certain baryon num-
ber if we consider the strangelets to possess small charges
(Zi/Ai ≪ 1/2) that do not appreciably change the mass-
spectrum of those strangelets. The CFL strangelets would
then propagate randomly in the inhomogeneous galactic
magnetic field so that we can use a simple diffusion equa-
tion [20] to describe their propagation. An approximate
order of magnitude estimate for the total fluxF(Ai) of
CFL strangelets with baryon numberAi at solar distance
R ≈ 8 kpc from the galactic center is then given [6] by

F(Ai) ∼ 4πR2L2Rmωi

2VGR
particles s−1. (9)

Here,Rm is an estimated rate of QN-NS merger in the
Galaxy,L is the root-mean-square distance traveled by the
CFL strangelets within their galactic confinement time and
VG is the effective confining volume of those strangelets
in the Galaxy. After the substitution of a conservative es-
timate Rm ≈ 10−7 yr−1 [8], L ∼ 10 kpc [14] andVG ∼
1000 kpc3 [4], we finally arrive at an estimate for the inten-
sity of CFL strangelets of sizeAi in the neighborhood of
the Sun. This estimation reads

Ii ∼ 5×10−50ωi particles m−2 sr−1 yr−1. (10)
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with ωi given in Eq. (1). Considering all stable CFL
strangelets withAi ≥ 10, the ‘integrated strangelet inten-
sity’ above Earth’s atmosphere is thus found to be∼
10 m−2 sr−1 yr−1, that is not too sensitive to the values of
temperature at freeze-out provided that such temperatures
remain within the range considered here. The integrated
intensity, thus calculated, is orders of magnitude smaller
than the one estimated earlier in Ref. [8] but it is still an
order of magnitude larger than the limit of detectability
(∼ 1 m−2 sr−1 yr−1 [9]) of the AMS-02 experiment. We
have checked that the reduction of the average mass-loss
per QN-NS merger to 10−6 does not appreciably change
the distribution of fragment masses as displayed in Fig. 1
but it reduces the values of multiplicities roughly by one
order of magnitude so that integrated flux of stable CFL
strangelets in solar neighborhood is now at the limit of sen-
sitivity of the AMS-02 detector. It is relevant to note [5]
that a negative result from AMS-02 would not necessarily
rule out either the strange matter hypothesis or the conjec-
ture regarding the existence of QNs. On the other hand, it
may simply be consistent with very compact products of
the QN-NS mergers that may rapidly collapse into black
holes before their tidal disruptions have sufficient time to
spew out enough CFL-masses outside the gravitational in-
fluence of the combined systems.

A number of important physical effects, such as the ion-
ization energy loss and the interaction of strangelets in
the interstellar medium, their possible radioactive decay,
the acceleration and reacceleration of those strangelets by
supernovae shocks and the possible escape of strangelets
from the Galaxy during their random motion in the stochas-
tic galactic magnetic field, have not been taken into
account in this preliminary study of the magnitude of
strangelet-flux in the vicinity of the Sun. The effect of so-
lar modulation and that of the geomagnetic rigidity cutoff
are also required to be incorporated on the flux of CFL
strangelets. In near future, we plan to include the effect of
finite mass of strange quarks in our study to closely exam-
ine the mass-spectrum of CFL-strangelets. Existence of fi-
nite charge on strangelets would then allow us to consider
the detailed aspects of propagation of strangelets in the
Galaxy and in the solar-terrestrial magnetic field such that
we may finally arrive at a more reliable prediction of the
intensity of CFL-strangelets above the Earth’s atmosphere
for AMS-02 and other experiments. It is to be hoped that
the simple model of fragmentation of CFL strangelets and
their propagation in the Galaxy, that we present in this ar-
ticle, would provide a useful guidance to such more in-
volved future calculations.

7 Acknowledgments
JND acknowledges the support from the Department of
Science and Technology (DST), Govt. of India, SR and
PSJ thank the DST, Govt. of India for support under the
IRHPA scheme.

References
[1] E. Witten, Physical Review D 30 (1984) 272-285.
[2] E. Farhi and R.L. Jaffe, Physical Review D 30 (1984)

2379-2390.
[3] J. Madsen, Physical Review Letters 87 (2001)

172003-(1-4).

[4] J. Madsen, Physical Review D 71 (2005)
014026-(1-9).

[5] A. Bauswein et al., Physical Review Letters 103
(2009) 011101.

[6] S. Biswas, J.N. De, P.S. Joarder, S. Raha and D.
Syam, Physics Letters B 715 (2012) 30-34.

[7] J. Madsen, Physical Review Letters, 85 (2000) 10.
[8] R. Ouyed, R.E. Pudritz and P. Jaikumar, The

Astrophysical Journal, 702 (2009) 1575.
[9] A. Kounine (AMS-02 Collaboration) in: XVI

International Symposium on Very High Energy
Cosmic Ray Interactions, ISVHECRI 2010, Batavia,
IL, USA, arXiv: astro-ph.HE/1009.5349v1.pdf.

[10] J.P. Bondorf, A.S. Botvina, A.S. Iljianov, I.N.
Mishustin and K. Sneppen, Physics Reports, 257
(1995) 133.

[11] S. Rosswog and M. Bruggen,Introduction to High
Energy Astrophysics (Cambridge University Press,
Cambridge, England, 2007).

[12] R. Oechslin, H.-T. Janaka and A. Marek, Astronomy
and Astrophysics 467 (2007) 395.

[13] S. Biswas, J.N. De, P.S. Joarder and S. Raha (2013;
to be communicated).

[14] J. Madsen, in: J. Cleymens (Ed.), Lecture Notes in
Physics: Physics and Astrophysics of Strange Quark
Matter, vol. 516, Springer Verlag, Heidelberg, 1999, p.
162, arXiv:astro-ph/9809032v1, 1998.

[15] M. Alford, K. Rajagopal, T. Schaefer and A.
Schmitt, Review of Modern Physics 80 (2008) 1455.

[16] K. Rajagopal and F. Wilczek, Physical Review
Letters 86 (2001) 3492.

[17] J. Madsen, Physical Review D 47 (1993) 5156.
[18] S. Pal, S.K. Samaddar, J.N. De, Nuclear Physics A

608 (1996) 49.
[19] G. Lugones and J.E. Horvath, Physics Review D 66

(2002) 074017.
[20] V.L. Ginzburg and S.I. Syrovatskii,The Orgin of

Cosmic Rays (Pargamon Press, Oxford, England,
1964).


	Introduction
	Quantum statistical disassembly model
	Thermodynamics of a CFL strangelet
	Mass-spectra of CFL strangelets
	Results
	Discussion
	Acknowledgments

