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Elucidating the appropriate microscopic degrees of freedom within neutron stars remains an open 
question which impacts nuclear physics, particle physics and astrophysics. The recent discovery of the 
first non-trivial dibaryon, the d∗(2380), provides a new candidate for an exotic degree of freedom in 
the nuclear equation of state at high matter densities. In this paper a first calculation of the role of the 
d∗(2380) in neutron stars is performed based on a relativistic mean field description of the nucleonic 
degrees of freedom supplemented by a free boson gas of d∗(2380). The calculations indicate that the 
d∗(2380) would appear at densities around three times normal nuclear matter saturation density and 
comprise around 20% of the matter in the centre of heavy stars with higher fractions possible in the 
higher densities of merger processes. The d∗(2380) would also reduce the maximum star mass by around 
15% and have significant influence on the fractional proton/neutron composition. New possibilities for 
neutron star cooling mechanisms arising from the d∗(2380) are also predicted.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Neutron stars are valuable laboratories to study the fundamen-
tal properties of dense nuclear matter at low temperatures. Despite 
the major advances in neutron star astronomy in recent years, sig-
nificant gaps remain in our knowledge of their internal structure. 
The appropriate microscopic degrees of freedom are only estab-
lished for densities comparable to atomic nuclei, which are found 
in the neutron star crust or at shallow depths in typical stars. The 
properties of this nucleonic matter can be constrained by preci-
sion measurements of nuclei and nuclear reactions. This has led 
to a flurry of recent theoretical [1–5] and experimental [6–8] nu-
clear physics programmes to improve constraints on the equation 
of state for pure nucleonic matter.

However, for higher densities existing in the cores of heavy 
neutron stars or in neutron star mergers [9] “exotic” phases beyond 
simple nucleonic matter are postulated. A number of possibilities 
have been investigated theoretically, such as pion condensates [10], 
kaon condensates [11], hyperonic matter [12], � isobars [13,14], 
quark matter [15] and dibaryonic matter [16]. Some of the pro-
posed exotic phases were resolved and rejected. The astronomical 
observation of heavy neutron stars with ∼ 2M� [17–19], places 
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stringent constraints on the contribution of exotic components. 
Any extra degree of freedom, in addition to protons, neutrons 
and leptons tends to make the nuclear Equation of State (EoS) 
softer, consequently reducing the maximum stable mass for a neu-
tron star. Apparent inconsistencies with the observed neutron star 
properties when including some of the exotic phases has led to 
“puzzles” e.g., the “hyperon puzzle” [12] or the “� puzzle” [14]. 
However, such exotic phases are generally in competition and the 
inclusion of one process may strongly influence the role of the oth-
ers. To reach firm conclusions on the microscopic composition of 
dense nuclear matter a comprehensive investigation of all poten-
tial processes appears crucial. Achieving this goal would be very 
timely. Neutron star mergers, such as recently observed by LIGO 
with both electromagnetic and gravitational wave signals, have 
properties which depend strongly on the EoS [19] and are now 
proposed as the main site of galactic heavy element production. 
A better understanding of matter at high densities is also needed 
for studies of black hole formation [20] and neutron star black-hole 
mergers [21].

Dibaryonic degrees of freedom have the potential for major im-
pact on the properties of the dense nuclear matter. The existence 
of dibaryons has long been predicted by phenomenological models 
based on the theory of the strong force, quantum chromodynam-
ics (QCD). Dibaryons are predicted to be colourless QCD objects 
comprising 6 valence quarks and having integer spin. In the quan-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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tum mechanical environment within a neutron star a dibaryon 
would essentially become a stable particle and its bosonic nature 
would lead to a very different physical behaviour than for the 
(fermionic) nucleons. For example, the dibaryon can form into a 
Bose–Einstein condensate [22]. This, as well as the small predicted 
size of the dibaryons (6 quarks occupying similar size to a single 
nucleon [38]) indicate they could be a new way to distribute en-
ergy in matter under compression.

Due to the potential significance of dibaryons in understand-
ing the properties and structure of neutron stars it is very im-
portant to explore the influence of the first non-trivial dibaryon, 
the d∗(2380) recently discovered by the Wasa-at-Cosy collabora-
tion. In this work we perform the first evaluation of the effect of 
this specific d∗(2380) dibaryon on the nuclear EoS. The paper will 
firstly summarise the evidence for the d∗(2380) and then present 
the first theoretical investigation of its influence on neutron star 
properties.

2. The d∗(2380) dibaryon

Theoretical predictions of dibaryons, such as the d∗ , have a long 
history. Calculations started with the pioneering work of Dyson 
and Xuong [23] in 1964 and have developed in many studies since 
then [24–39]. Despite the use of different ansatz in the mod-
els (constituent quarks, �� molecule, compact hexaquark with a 
σ -meson cloud) the majority of the models indicate the d∗ is a 
compact object, I( J P ) = 0(3+) with a size comparable to that of 
a single nucleon or somewhat larger in the case of molecular pic-
ture. Calculation of the d∗ dibaryon properties directly from the 
QCD lagrangian is ongoing but challenging. First Lattice QCD cal-
culations indicate very strong �� attraction where their spins are 
aligned, as expected from a d∗ [40].

Experimentally, a solid candidate for the d∗ has only emerged 
in recent years. Measurement of the basic double-pionic fusion 
reactions pn → dπ0π0 and pn → dπ+π− revealed a narrow 
resonance-like structure in the integrated cross section [41–44]
at a mass M ≈ 2380 MeV with unusually narrow width of � ≈
70 MeV. The data are consistent with a I( J P ) = 0(3+) assign-
ment for this resonant structure. Additional evidence has been 
obtained in the pn → ppπ0π− [45], pn → pnπ0π0 [46] and 
�np → dπ0π0 [47] reactions. Partial wave analysis including new 
polarised �np elastic scattering data [48–50] confirms the existence 
of a resonance pole at (2380 ± 10) − i(40 ± 5)) MeV. For a recent 
review of dibaryon searches see Ref. [51].

The d∗(2380) is the only exotic particle which can be produced 
copiously at modern experimental facilities. Its basic properties 
and all major decay branches have therefore been determined in 
a short period of time [52]. All the data [48,49,41–43,45,46,53]
collected so far suggest that in 88 percent of cases the d∗(2380)

decays into �� and in 12% to pn, with high angular momentum 
L = 2 or 4 between nucleons [52,54,55]. Further d∗(2380) studies 
indicate it also has an electromagnetic coupling [56–60].

From measurements of pd → 3He ππ [61,62], dd → 4He ππ
[63] and heavy ion collisions [64,65] it is established that the 
d∗(2380) exists in the nuclear environment. The visible d∗ width is 
increased but consistent with the expected trivial effects of Fermi 
motion, the (known) increase of the � width in medium [66] and 
also from additional open decay channels such as d∗(2380)N →
N N N [61–63]. No significant change in the mass of the d∗(2380)

was obtained in medium from these experiments. We will there-
fore use the free space d∗(2380) mass and width in our neutron 
star calculations, and modify these within realistic limits to ex-
plore the sensitivity for neutron star properties. The limits we use 
are consistent with predicted modifications for dibaryons based on 
chiral symmetry restoration calculations [39]. We hope the cur-
rent work will provoke further studies in the area of modelling 
d∗(2380) interactions in medium. In any case the interactions be-
tween d∗(2380) and nuclear matter may be expected to be weaker 
than for nucleons.1

In infinite nuclear matter, as appropriate in neutron stars, the 
d∗(2380) exists in a very different quantum mechanical environ-
ment than atomic nuclei. This can have important consequences 
such as the possible formation of a Bose–Einstein condensate of 
d∗(2380) in the interior of neutron stars, analogous to the ones al-
ready identified for other exotic phases of bosons such as pions 
and kaons [67]. Where the sum of neutron and proton chemical 
potentials is equal to that of the d∗(2380) it becomes energet-
ically favourable for the system to store baryons in the form of 
d∗(2380), making the d∗(2380) population stable in nuclear mat-
ter and producing an abrupt cut in neutron Fermi-momentum at 
pF ermi

n ∼ 450 MeV/c. For the typical separations of d∗(2380) in 
neutron stars it can be assumed as a first approximation to be a 
point-like particle. We have used this assumption in our calcula-
tions.

3. Effect of the d∗(2380) dibaryon on neutron stars

The effect of dibaryons on the EoS for nuclear matter has been 
considered in various theoretical investigations, see e.g., Refs. [68,
69,16,70]. However such studies are generic and do not study a 
candidate identified experimentally, as in this present study. To 
study the impact of d∗(2380) on the composition, EoS and struc-
ture of neutron stars, we start from a commonly used approach 
based on a relativistic Lagrangian describing the interaction of nu-
cleons by means of the exchange of σ -, ω-, and ρ-mesons plus a 
free Fermi gas of leptons (e− and μ−). In particular, we use the 
GM1 parametrization of the Glendenning–Moszkowski model [71]. 
The EoS resulting from this choice of potential is consistent with 
the latest stringent constraints on the radius of the 1.4M� star, 
extracted from the recent merger observation with gravitational 
waves [76]. These valuable new data did not support the validity 
of NN potentials with a stiffer EoS. The GM1 potential also per-
mits star masses compatible with current observational limits [17,
18]. It would be premature to carry out a broader study including 
all existing NN potentials, as the d∗(2380) would also need to be 
included consistently for the NN potential itself.2

Although the d∗(2380) interaction in matter is thought to be 
weaker than for nucleons and no significant modification is ob-
served in nuclear matter, we presently lack detailed constraint of 
its interaction with other particles. Quark models tend to predict 
some attraction between the d∗ and the nuclear matter, while in 
molecular picture the d∗ interaction might become repulsive at 
higher densities [72]. Therefore, in this work we include it just 
as a free gas of pointlike bosons. Clearly, the inclusion of inter-
actions between the d∗(2380) and nucleons or mesons should be 
a focus for future work when experimental information becomes 

1 Due to the isoscalar nature of the d∗(2380), isovector meson exchanges between 
the d∗(2380) and nucleons are prohibited. Therefore π and ρ meson exchanges, the 
strongest contributor to NN-forces, are excluded and higher mass meson exchanges 
(e.g. the η, η’ mesons) are known to have weak coupling to nucleons. The most 
likely mechanism of d∗(2380) interaction with matter would be expected to be from 
σ -meson exchange (scalar–isoscalar two-pion exchange). From consideration of the 
relative coupling of the σ with nucleons and d∗(2380) it may be expected that even 
the σ − d∗ contribution would be strongly suppressed.

2 The d∗(2380) has recently been shown to have a significant impact on the basic 
NN interaction in free space, even influencing the total cross section [48,49], ef-
fects which are not included in any current NN potential. Future calculations would 
therefore need to modify the existing NN-potentials incorporating d∗-mediated NN 
interactions as an explicit degree of freedom. We should also remark that the 
d∗(2380) may also influence 3N and 4N forces.
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Fig. 1. (Colour online) Particle fractions as a function of baryon density in units of 
saturation density ρ0. The predictions assuming md∗ = [2280, 2480] MeV/c2 and 
md∗ ≡ 2380 MeV/c2 are shown by the shaded bands and dashed lines respectively, 
without explicit � degrees of freedom (model (a), top) and with (model (b), bot-
tom). The vertical dash–dot line indicate the density of a heaviest possible neutron 
star for a nominal d∗(2380) mass (see Table 1 for details).

available. To explore sensitivities to in-medium modifications of 
the d∗(2380) in our model, we have varied its mass by ±100 MeV, 
in an attempt to asses the effect of an attractive or repulsive inter-
action.

In Fig. 1 (a), we show the predicted change in the chemical 
composition of a neutron star when we include the d∗(2380) reso-
nance as a free particle (dashed lines). The variation of the predic-
tions with an in-medium d∗ mass modification in the range md∗
[2280, 2480] MeV/c2 is shown by the shaded band. For compari-
son the composition when only nucleons and leptons are consid-
ered is also presented (solid lines). The d∗ is predicted to appear 
at densities between 2.7 and 3.2 times normal nuclear matter sat-
uration density (ρ0 = 0.16 fm−3). Note that since the d∗(2380) has 
baryon number 2 its appearance induces an important and signif-
icant reduction in the neutron and proton fractions. In addition, 
since it is positively charged, the e− and μ− fractions increase in 
order to maintain charge neutrality.

We also explored possible competition of the d∗(2380) with 
other postulated constituents of nuclear matter. As the d∗(2380)

is strongly coupled to ��, in Fig. 1 (b) we show results where we 
additionally included the � quartet as an explicit degree of free-
dom in our model. The mass of the d∗(2380) is around 80 MeV 
below the pole mass of two �’s and therefore would tend to 
be preferentially created in nuclear matter. The one exception is 
the �− which due to its favourable negative charge, appears at 
lower densities than the other members of the multiplet. How-
Table 1
Maximum mass neutron star properties.

Model Mmax� Radius 
[km]

Central 
density [ρ0]

d∗ fraction 
at the centre [%]

Pure nucleonic 2.36 11.8 5.80 0
Nucl.+ d∗(2480) 2.14 12.94 5.23 20
Nucl.+ d∗(2380) 2.05 13.06 5.03 21
Nucl.+ d∗(2280) 1.94 13.17 4.72 22

ever, in general the main conclusions for the important role of the 
d∗(2380) remain unchanged with inclusion of the �’s and in fact 
the predicted d∗ fraction at higher densities is increased.

The neutron star EoS and the corresponding mass-radius rela-
tionship (Fig. 2), obtained by solving the Tolmann–Oppenheimer–
Volkoff equations [73,74], are both influenced by the d∗(2380)

and the reduction of the neutron and proton fractions. As a con-
sequence the maximum mass of the star is reduced from about 
2.4M� to values in the range 1.9 − 2.1M� .

The EoS for nucleonic degrees of freedom alone illustrates the 
expected relationship between pressure and energy density – in-
creasing the pressure results in a rapidly and continuously increas-
ing energy density (Fig. 2 left). However, the d∗(2380) offers new 
opportunities for the matter to respond to pressure increases. With 
the inclusion of the d∗(2380) a significantly different behaviour 
is evident. The matter is predicted to undergo a phase transition 
which creates a much stronger sensitivity of the energy density to 
changes in pressure. The upper limits for the central energy densi-
ties of stable neutron stars in our model are shown by the markers 
on the figure, illustrating that such effects may contribute even 
within the mass range of stable neutron stars.

The mass-radius relationship predicted by our model is shown 
in the right panel of Fig. 2. The nucleonic and nucleonic+� predic-
tions give similar loci. However the predictions with the d∗(2380)

show an abrupt halt to the mass-radius locus at around 2M� . The 
recent LIGO observation of a neutron star merger [19] allows a 
strict upper limit to be placed on the maximal neutron star mass 
of MN S < 2.17M� [75]. It is interesting to note that the cutoff 
produced by the d∗(2380) phase transition in our model is in 
agreement with this stringent constraint. Our dimensionless tidal 
deformability parameter 	MN S =1.4M� = 740 is also consistent with 
LIGO [76]. The maximum observed star mass from x-ray observa-
tions [17,18] is also consistent with the mass cutoff predicted here. 
The predicted maximum stable neutron star mass, radius, density 
and d∗(2380) fraction are presented in Table 1. The d∗(2380) frac-
tion is predicted to be around 20% at the centre of the star with 
maximum mass and, compared to the nucleonic case, the maxi-
mum star radius is increased and the central density reduced.

These first results indicate the d∗(2380) has the possibility to 
play a significant role in neutron stars and dense cold nuclear mat-
ter. The interplay of the d∗(2380) with other postulated degrees of 
freedom in high density nuclear matter should be investigated in 
future work. The role of individual �’s in dictating neutron star 
mass limits and properties appears to be diminished when the
d∗(2380) is included in our model. Future work also investigat-
ing the interplay with hyperons would be a valuable advance. We 
note that previous work [13,14] has indicated that the onset of hy-
perons is shifted to much higher densities (∼ 5ρ0) when the � is 
included, and similar effects may be expected with the d∗(2380)

contribution. At even higher densities transitions to deconfined 
quark matter are predicted [77]. It would be interesting to inves-
tigate the influence of a bosonic d∗(2380) in a transition to quark 
matter. The location of the predicted [77] quark transition is also 
shown in Fig. 2 left.
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Fig. 2. (Colour online) Neutron star EoS (left) and mass-radius relation (right) with and without the d∗ degree of freedom. The predictions assuming md∗ =
[2280, 2480] MeV/c2 and md∗ ≡ 2380 MeV/c2 are shown by the shaded bands and dashed pink lines respectively. The effect of � degree of freedom shown as gold 
line with d∗(2380) (dashed) and without (solid). The observational masses of the pulsars PSR J1614-2230 (1.928 ± 0.017M�) [17] and PSR J0340+0432 (2.01 ± 0.04M�) [18]
as well as neutron star merger GW170817 limits from [75] and [76] are also shown. The pink markers on a left panel represent maximum achievable pressure/energy den-
sity for heavy neutron star with d∗ degrees of freedom for the md∗ = 2380 MeV/c2 (circle), 2280 MeV/c2 and 2480 MeV/c2 (triangles). Pure NJL quark matter EoS from 
Ref. [77] is shown by dashed blue line.
4. The d∗(2380) in star cooling and mergers

By comparing the predicted particle fractions with and with-
out the d∗(2380) (Fig. 1) it can be inferred that the majority of 
d∗(2380) are produced from pn-pairs. The majority, but not all. 
Since the presence of the d∗(2380) also increases the lepton (elec-
tron and muon) fraction, one can conclude that some of d∗(2380)’s 
would be produced in a weak process nn → d∗eν̄e or nn →
d∗μν̄μ . This process would be a new, unanticipated mechanism 
for neutron star cooling. The anti-neutrinos produced in such weak 
d∗(2380) formation would carry away energy right from the core 
of a neutron star. Further, the convection of d∗(2380)’s within the 
neutron star could also provide a new mechanism for star cooling. 
In regions of the star with densities below ∼ 2.8ρ0, the d∗(2380)

would become unstable to d∗ → nne+νe decay. These neutrinos 
could also carry away energy in a dibaryon-Urca way. The main 
sites of these d∗(2380) catalysed cooling processes would be rather 
non-uniform within the star. The antineutrinos would be produced 
from a spherical volume near the star centre, where the density is 
higher than 3ρ0, while neutrinos would be produced from a thin 
spherical surface at ∼ 2.8ρ0.

In this first theoretical study we did not consider the effect of 
the d∗(2380) spin on nuclear matter. The particle has the high-
est known spin for any hadron in its ground state, Jπ = 3+ . 
One should therefore consider that the formation of the d∗(2380)

dibaryon does not only condense two baryons into the space of 
one, but also takes two units of orbital angular momentum from 
the neutron star. Due to the large factor M∗

d/mq ∼ 7.6 (with mq

denoting constituent quark mass), the magnetic moment of a d∗
is expected to be very large, μ∗

d = 7.6μN [78]. The modelling of 
these effects on the rotational dynamics and magnetic field maps 
of neutron stars would be an important next step.

Considering that the d∗(2380) is predicted to have a significant 
influence on the EoS at high densities (Fig. 2) further investiga-
tion of its role in neutron star merger and neutron star black hole 
mergers processes would be valuable. For example, the presence 
of a significant d∗(2380) fraction could influence the ejecta in star 
mergers. Although the maximum densities found in stable stars 
are expected (in our model) to be limited to around 5ρ0, the den-
sities in mergers would be much higher [9], with the possibility of 
enhanced roles for the d∗(2380) in the collision dynamics.
Further, the decay of the d∗(2380) in delocalised ejecta mat-
ter may offer the possibility to give additional high energy gamma 
production mechanisms. The kinetic energies of the nucleons in-
ferred from the gamma ray burst spectra indicate the energies to 
produce the d∗(2380) in NN collisions is easily reached [79] and 
the π0π0 → 4γ and d∗ → dγ would both produce 100’s MeV 
gammas in the d* rest frame. The inclusion of possible d∗(2380)

contributions into gamma ray burst simulation codes would be an 
interesting option. Further study to assess the possibility of de-
tecting astronomical signatures of d∗(2380) during mergers should 
also be investigated. The detection of close to monoenergetic pho-
tons from the d∗(2380) → dγ decay would be a clear signal.

For nuclear matter out of equilibrium, as would be expected 
in the shock waves during a merger process, exotic routes may 
be followed to reach stable particle fractions. One such route is 
d∗(2380) induced n → p conversion: nn → d∗e−ν̄e . The character-
istic timescale for this process to occur can be roughly estimated 
with the Fermi golden rule, used to evaluate neutron, muon, tauon, 
etc. lifetimes. According to Sargent’s Law the rate of this process 
is proportional to excess energy Q 5. In our case Q can be evalu-
ated as an energy density difference between the d∗(2380) and the 
pure nucleon EoS at the same pressure, multiplied by the d∗(2380)

volume. The d∗(2380) appears at a density ρ = 2.8ρ0 or at a pres-
sure of 115 MeV/fm3. At this density/pressure the conversion time 
from two neutrons to a d∗ would be essentially infinite compare to 
the time scales of a merger. However a slight increase in density to 
3.0ρ0 or pressure to 120 MeV/fm3 would decrease the conversion 
time below the free muon lifetime. And at 5 − 6ρ0 this process 
would proceed faster than the free tau decay. This is fast enough 
to have an effect on d∗(2380) production in neutron star merger 
shock waves, in addition to the more trivial pn → d∗ fusion.

5. Summary and conclusion

We have evaluated the effect of the d∗(2380) dibaryon on the 
nuclear equation of state and the mass-radius relation for neu-
tron stars. The calculations used a simple bosonic gas approach 
for the d∗(2380) supplementing a nucleonic equation of state cal-
culated in a relativistic mean field approach. In our calculations 
the appearance of the d∗(2380) dibaryons in nuclear matter lim-
its the maximum possible neutron star mass to be around 2 solar 
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masses, consistent with current observation limits and having an 
abrupt cut-off compatible with recent gravitational wave obser-
vations. The results indicate the d∗(2380) could potentially be a 
new degree of freedom in neutron stars. Fractions of d∗(2380) of 
around 20% are predicted in the centre of heavy stars, resulting in 
an increased maximum star radius and a reduced central density. 
New neutrino and antineutrino cooling mechanisms are possible 
with d∗(2380) formation, which have previously not been included 
in neutron star modelling.

These first results indicate that the d∗(2380) is worthy of fur-
ther investigation theoretically and experimentally to better con-
strain its role in neutron stars and star mergers.
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