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Dynamics of dilute nuclear matter with light clusters and in-medium effects
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We investigate the dynamics of dilute systems composed of nucleons and light clusters within a linear
response approach, taking into account the in-medium Mott effects on cluster appearance, through
a density-dependent momentum cut-off. We find that spinodal instabilities and associated growth
rates are severely affected by the presence of light clusters and, in particular, by the treatment
of in-medium effects, foreshadowing intriguing consequences for fragment formation in heavy-ion

collisions and in the broader astrophysical context.

Introduction. The understanding of the composition
and of the thermodynamical properties of nuclear mat-
ter, including the possible occurrence of phase transitions
and condensates, is of crucial importance in several ar-
eas of nuclear physics, playing a considerable role also
in astrophysics and cosmology [1-7]. In particular, the
properties of nuclear (and neutron) matter at very low
densities have recently attracted a lot of interest [8, 9.
For instance, they have a considerable impact on the
characteristics of exotic neutron-rich nuclei [10, 11], as
well as on the dynamics of supernova collapse, influenc-
ing the possible emission of neutrino and gravitational
wave signals [12, 13] and the structure of proto-neutron
stars [14-16].

In the density regime below the saturation value
(po), nucleon correlations are expected to play a lead-
ing role [17]. A typical example of the emergence of
large-scale correlations are fragmentation processes, inti-
mately connected to liquid-gas phase transitions and the
occurrence of volume (spinodal) instabilities [18]. Few-
body correlations remain important even at lower densi-
ties (< 1072pg), as the system can minimize its energy
by forming light clusters such as deuterons, or strongly
bound « particles [2]. Up to moderate temperatures, due
to Pauli-blocking effects exerted on their constituent nu-
cleons by the surrounding nuclear medium, the effective
binding energy of the clusters is expected to decrease
with density until it vanishes and the clusters dissolve
(the so-called Mott effect), no longer being bound [19].
Hence, owing to the delicate interplay between mean-field
instabilities, nucleon correlations and in-medium effects,
a unified theoretical understanding of the composition of
nuclear matter as a function of density and temperature
still represents a true challenge. Thermodynamical ap-
proaches aiming at a fully consistent description of the
concurrent appearance of light clusters and heavier frag-
ments have recently been proposed [20-22].

On the other hand, a relevant source of information
on the nuclear Equation of State comes from the study
of heavy-ion collisions, which represent a unique tool to
create, in terrestrial laboratories, transient states, possi-
bly locally equilibrated, of nuclear matter under several

conditions away from saturation values [23, 24]. In par-
ticular, central collisions at Fermi/intermediate energies
lead to compression in the initial stage, which allow to
probe the high-density regime by experimental observ-
ables such as collective flows and particle/meson produc-
tion, but also to explore low-density regions, in the sub-
sequent expansion phase |25, 26]. Being, in general, out
of equilibrium processes, heavy-ion reactions are usually
modeled with transport theories [27, 28]; among them,
only a few approaches include, beside nucleons, light-
nuclei as explicit degrees of freedom [29-36]. Specifi-
cally, the production and dissociation of the deuteron,
triton, *He, and o particles appear in the formalism
of Ref. [33] as many-particle scatterings. On the other
hand, stochastic approaches of the Boltzmann-Langevin
type [18, 25, 27, 37, 38| have shown to well reproduce the
emergence of intermediate mass fragments as resulting
from the occurrence of spinodal instabilities. The formu-
lation of transport theories accounting on equal footing
and in a consistent manner for the description of few-
body correlations and mean-field instabilities would be
thus highly desirable. In such a context, in this Let-
ter we present a novel approach to solve, within a linear
response framework, the nuclear dynamics in the hetero-
geneous sub-saturation regime. In particular, we investi-
gate the fragmentation dynamics of a system initialized
at low density and at a given temperature, composed of
nucleons and light clusters, to scrutinize how the presence
of light clusters, emerging from few-body correlations,
can affect the mean-field evolution and the development
of spinodal instabilities (and associated growth times),
eventually leading to the full disassembly of the system
into pieces of various sizes.

Theoretical framework. Let us consider a system con-
stituted by nucleons, namely neutrons n and protons p,
and one light cluster species d introduced as explicit de-
gree of freedom, in thermodynamical equilibrium at a
temperature T (the discussion can be easily extended to
the presence of several light cluster species). Let us de-
note by pp = >, p;A; the total baryon density, as ex-
pressed in terms of the densities p; and mass numbers
A; of the three constituents (j = n, p, d) considered. The
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phase-space distribution functions f; are given by

fie=lew (55 -0t

where p7 is the effective chemical potential and €; =
2

2p—, with m; denoting the mass of the considered con-
mj

stituent. The latter is defined as mj; = Ajm — Bj, where

m = 939 MeV! is the bare nucleon mass and B; is the

binding energy in vacuum of the cluster, obviously van-

ishing for free nucleons. The number density p; of each

species is defined as

d
pj = gj/AA ﬁfa’ (2)

where g; is the spin-degeneracy and an (infra-red) cut-
off momentum A; (Mott momentum) is introduced (only
for the clusters, i.e., A; =0 for j = n,p) to take into ac-
count that, owing to in-medium effects related to Pauli-
blocking, nuclear clusters can only form if their center of
mass momentum is larger than the Mott one [19, 22, 33].
In the most general case, the cut-off A; depends on the
densities of the constituents involved and on tempera-
ture, thus embedding effects similar to a (momentum-
dependent) binding energy shift within a quasi-particle
picture [39, 40]. Within the present formalism, we as-
sume that when clusters survive, they keep the vac-
uum mass, regardless of the density of the surrounding
medium. A consistent treatment, incorporating the ef-
fects related to the mass shift and to the momentum
cut-off, goes indeed beyond the scope of the present work.
Moreover, it is worth noting that correlations in the con-
tinuum, which might become important with increasing
density [19, 40], are also neglected here. Moreover, it is
worth noting that correlations in the continuum, which
might become important with increasing density [19, 40],
are also neglected here.

The thermodynamical properties of the system can be
fully characterized by its thermodynamical potential. At
finite temperature, one has to consider the free-energy
density F = £ — TS, where S is the entropy density and
€ is the energy density £ = K + U, expressed as the sum
of the kinetic () and potential (i) terms [see Egs. (S1)-
(S4) in the Supplemental Material]. In the framework
of the energy density functional (EDF) theory, the latter
is obtained from a (density-dependent) effective interac-
tion. In this work we concentrate on temperature values
T 2 5 MeV, which are relevant for fragmentation pro-
cesses in heavy-ion collisions at Fermi/intermediate en-
ergies and also for several astrophysical scenarios?. Then

1 A unitary value is adopted for the speed of light.
2 These temperature values mainly lie beyond the critical one for

the functional F does not include any contribution from
boson condensation.

Our aim here is to account, within a unified theoret-
ical framework, for the formation of heavy fragments
driven by the volume instabilities and the presence of
light clusters. For that purpose, we undertake a linear
response analysis of the collisionless (Vlasov) limit of the
Boltzmann equation [18, 42, 43|, considering the inter-
play between nucleonic and light-cluster degrees of free-
dom and including in-medium effects. Then, by applying
a small amplitude perturbation 6 f; to the distribution
functions, starting from the initial condition f;, the lin-
earized Vlasov equations take the form

9 (6f5) + Ve(df;) - Vpej — Vpfj - Vi(de;) =0, (3)

where €, is the single-particle energy, which is defined as
the functional derivative of £

(27h)3  6E
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One should note that, even in the case of a density-
dependent momentum cut-off that we will adopt here-
after, the mass-energy conservation laws are fully sat-
isfied within the first-order approximation here consid-
ered. As shown in the Supplemental Material, the single-
particle energy writes as ¢; = ¢; + U; + 5?-, where

(4)

EjE

U
U; = — denotes the (momentum-independent) mean-

j
field potential and the effective potential term
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with ag = gd%, stems from the density depen-
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dence of the (cluster) kinetic energy cut-off A\q = 2—d.
mq

It is interesting to note that, by virtue of Eq. (2), one
can write

ot =ag [ P _sp s ar
5pj(rat)—9J/Aj (27rh)35f] 5Jd;(1)>\59l (6)

where §;4 denotes the Kronecker function. The second
term in the r.h.s. of Eq. (6) represents the change of light-
cluster density due to the variations of the Mott momen-
tum, triggered by density fluctuations. This change leads
to the local appearance (or dissolution) of the light clus-
ters, as their density adapts instantly to the local Mott

the transition to the Bose-Einstein condensate phase for the light
clusters [41]. The emergence of such a phase is further suppressed
when introducing a momentum cut-off.



momentum. From a dynamical point of view, this would
imply a scenario in which the cluster formation (or disso-
lution) rate driven by the in-medium effects, R4, is much
larger than the changing rate, Rs,,, of the local baryon
density (Rq > Rs,,). However, to better highlight the
impact of in-medium effects on the dynamics, we also
consider the opposite case (Rq < Rs,,), where the lat-
ter are neglected, assuming that the cut-off momentum
remains constant during the propagation of density fluc-
tuations (@‘;ﬂ =0).

Equation (3) admits plane-wave solutions d f;, periodic
in time with frequency w and wave vector k, such as
5fj ~ D 0ffK elkr=wt) - Following a standard Landau
procedure [44], one can derive a system of three coupled
equations for neutron, proton and the light cluster species
considered, which can be expressed in the following com-
pact form (see Supplemental Material)

5pj = —X; Z (Fgl + ﬁ'{l) 5pl — 5jd Z ‘bgl\ZCSPl, (7)
1 l

where x; denotes the Lindhard function, incorporating
the momentum cut-off. In Eq. (7), we have introduced
the parameters

; oU; o ol
F'=N,—L,  F'=N;-~

, il =n,p,d (8
o o J p,d (8)

where the Fil terms are defined in analogy with the stan-
dard Landau parameters Fg l, and INV; indicates the ther-
mally averaged level density (with the infra-red momen-
tum cut-off). In the following, we will consider the sim-
plest case of symmetric nuclear matter (SNM) with only
deuterons added as explicit degrees of freedom. Indeed,
although at low temperatures both microscopic quantum
statistical (QS) and relativistic mean-field (RMF) calcu-
lations predict a clear dominance of « particles [2], for
SNM at T 2 5 MeV (the temperature regime of our in-
terest) the leading role is played, to a large extent, by
two-body correlations [40, 41].

Results. We adopt a simplified Skyrme-like effective
interaction as in Ref. [23] and we assume that nucleons
bound in deuterons feel the same mean-field potential
as free nucleons. Other scenarios, proposed by recent
works [21, 40, 45], will be explored in an extended forth-
coming paper.

To parametrize the in-medium effects, we refer to the
microscopic calculations of Ref. [19] and we consider the
following form for the kinetic energy cut-off

Mott T
Aa(p, T) = Bapy* [1 + tanh <1 - gdpdT())] 9)
with B4 = 440 MeV fm?, &, = 2 and 74 = 2/3, thus
assuming a power-law dependence on the total baryon
density [33, 39, 46], properly smoothed around the Mott

density p3°® to avoid the emergence of discontinuities
in the density derivatives of the cut-off. The adopted
parameterization embeds moreover the temperature de-

pendence of p}°*, as given in Ref. [39].
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Figure 1. Spinodal border in the (ps,T’) plane in three cases:
1) pure nucleonic matter (SNM, black); 2) for nuclear mat-
ter with deuterons, including in-medium effects (Rq > Rs),,
red); 3) for nuclear matter with deuterons, neglecting (Rq <
Rsp,, cyan) in-medium effects in the dynamics. The result
from a “hybrid” case is also included (green, see text for de-
tails). The inset shows the p, dependence of the deuteron
fraction X4 for three temperature values.

As a reference point for our initial conditions, we im-
pose chemical equilibrium. However, the latter condition
is not necessarily reached during the expansion phase
of a nuclear reaction and can be easily released in the
calculations, without changing our conclusions. For the
mean-field interaction and the density dependence of the
cut-off here considered, the chemical equilibrium condi-
tion reduces to pj; = py, + pi, + Ba, which allows one to fix
the deuteron mass fraction Xy = Agpa/pp at each den-
sity. Such a quantity is shown in the inset of Fig. 1, as
a function of the total baryon density, for three temper-
ature values. One may note that the plotted curves well
reproduce the global trend predicted by QS or RMF cal-
culations in Ref. [2], as well as the cluster dissolution at
increasing densities, thus validating the adopted choice
for the (pp, T') dependence of the cut-off.

The onset of spinodal instabilities is identified by im-
posing that the determinant of the matrix associated with
Eq. (7) vanishes for w = 0 (xq = xa = 1) [18, 47]. The
main panel of Fig. 1 displays the spinodal border in the
(pv, T') plane, as obtained by taking into account the lo-
cal density-dependence of the cut-off in the dynamics (red
line). This represents a suitable choice, considering that
at the spinodal boundary one has w = 0, therefore the
condition Rq > R;,, always holds (note that for plane-
wave solutions, one has Rj,, ~ —iwdpp). The curve is
compared with the (cyan) one deduced by neglecting the



density dependence of the cut-off (@ij = I:";l = 0), where
the relation defining the spinodal border is expressed as

(14 Fy) (1 + F4) — 2R F9 =0, (10)

with ¢ = n or p and Fy = F§"™ + F;'", which leads to the
usual pure nucleonic matter relation (1+ Fp) = 0 (black)
for Ny — 0, that is in absence of light clusters. For the
sake of illustration, only in Fig. 1, we also plot (green) the
curve related to a “hybrid” situation in which the density
dependence of the cut-off is only neglected in the single-
particle energies, thus imposing F /{l = 0, while keeping
i)ij # 0 in Eq. (7). It appears that including light clus-
ters as explicit degrees of freedom has a strong effect on
the extension of the spinodal region. If in-medium effects
were neglected in the dynamics (@‘iﬂ = 0), instabilities
would occur over a wider region of the phase diagram,
as a result of the stronger attraction generated by the
deuteron mean-field potential, which enters the F§¢ con-
tribution. On the other hand, a remarkable shrinkage
of the unstable region is predicted in the hybrid case,
because in-medium effects tend to increase the deuteron
kinetic energy. Quite intriguingly, once in-medium effects
are fully taken into account, i.e. including the F il terms
(red), the spinodal border of the composite system re-
mains closer to the one obtained for pure nucleonic mat-
ter (black). It is also interesting to observe that the del-
icate interplay between the deuteron attractive potential
and in-medium effects is responsible for the emergence of
small disjointed regions of instability at low temperature,
both in the hybrid and full cases (see the region below
0.002 fm~3). Moreover, in the case of the full calcula-
tions, a further escape and re-entrance from the region
of spinodal instabilities is seen at a larger density, in some
analogy with the findings of recent works [48, 49|, where
the emergence of such a meta-stable region was discussed.
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Figure 2. Growth rate of the imaginary sound velocity,

Im(w)/k (for K — 0), as a function of the total baryon den-
sity pp for the same cases considered in Fig. 1 and for three
temperature values.

In general, non-trivial solutions of §p; are obtained by
requiring the determinant of the system associated with
Eq. (7) to be equal to zero. From this condition, one ex-
tracts the dispersion relation, connecting the frequency w
to the wave number k. Inside the spinodal region, a pure
imaginary w will be obtained in a certain k interval, lead-
ing to an unstable growth of those modes. In Fig. 2, we
show the imaginary sound velocity, Im(w)/k (for k — 0),
as a function of the total baryon density, for the same
temperature values as in the inset of Fig. 1. We notice
that in-medium effects associated with the density de-
pendence of the cut-off along the dynamics (Rg > Rsp, )
typically induce a suppression of the growth rate of the
instability with respect to the case of pure nucleonic mat-
ter, thus slowing down fragment formation, especially at
the largest temperature considered, where deuterons sur-
vive up to larger densities. This suppression contrasts
with the increase that would occur if the variation of the
cut-off had been ignored during the fragmentation pro-
cess (Rq < Rsp,). Moreover, the full calculations lead
to a non-trivial convex region in the density behavior of
Im(w)/k, which is connected to the features observed in
Fig. 1 for the spinodal border (see in particular the re-
sults at 7" around 11 MeV).
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Figure 3. Growth rate of the instability, Im(w), as a function
of the wave number k, for the same cases as in Figs. 1 and 2,
at various density and temperature values.

The dependence of the growth rate on the wave num-
ber, for two typical density values lying inside the spin-
odal region (p, = 0.02 fm~2 and p, = 0.06 fm=3) is
displayed in Fig. 3, for the same temperature values con-
sidered above. One notices that, due to the k-dependence
of the Landau parameters, which arises from surface
terms included in U, the growth rate exhibits a maxi-
mum, which means that the system favors the growth
of the density fluctuations with a given k. This fea-
ture has been used as an evidence to identify the spin-
odal decomposition in heavy-ion collisions [50]. As a
general result, one may argue that taking into account
the density-dependence of the in-medium effects (corre-



sponding to Ry > R;,,) has a strong impact on the
maximum growth rate, which is quenched and shifted
to lower k values. This in turn induces an increase of
the average size of the fragments produced through the
spinodal mechanism, especially when lower densities or
higher temperature values are considered. Once again,
the opposite scenario occurs when in-medium effects in
the dynamics are neglected (Rq < Rs,,), since in this
case the presence of light clusters leads to higher growth
rates. For instance, for p, = 0.02 fm ™2 and T = 8 MeV,
the wavelength of the most unstable modes can devi-
ate by ~ +20% (with the sign depending on whether
in medium-effects are considered or not) from the typical
wavelength values (A &~ 10 fm) observed in pure nucle-
onic matter [18]. It is also interesting to note that light
clusters do not affect much the growth of spinodal in-
stabilities occurring at larger densities (pp > po/3) and
moderate temperatures (7' < 8 MeV).
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Figure 4. The quantity A (see text) as a function of the
total baryon density p, for nuclear matter with deuterons,
neglecting (cyan) or including (red) in-medium effects in the
dynamics, for three temperature values. Lines are drawn only
inside the spinodal region.

An in-depth insight into the direction of the unstable
modes in the space of density fluctuations is provided by
the (6ps/dpa) ratio, where ps = p, + pp. Figure 4 ex-
hibits the quantity A = (0ps/dpa)/(ps/pa) as a function
of p, inside the spinodal region for the two options con-
sidered above (i.e., either neglecting or fully considering
the density dependence of the cut-off). Positive (nega-
tive) values indicate that pg and pg fluctuations move
in (out of) phase, respectively. One observes that, when
assuming Ry < Rs,, (i.e., neglecting in-medium effects
along the dynamics), light clusters move in phase with
the nucleons, favoring the growth of instabilities and pos-
sibly contributing to the formation of massive fragments.
Quite interestingly, once in-medium effects are taken into
account (Rq > Rs,, ), deuterons move out-of phase with
respect to nucleons, thus migrating towards lower density
regions while the nucleon density fluctuations grow and
fragments emerge.

Summary and outlook. Within a linearized Vlasov ap-
proach, we have explored the occurrence of spinodal in-
stabilities in dilute nuclear matter with light-cluster de-
grees of freedom. We show that the presence of light

clusters and, in particular, in-medium (Mott) effects on
their propagation have a crucial impact on the features
of the unstable modes responsible for the system disas-
sembly. Whereas, if in-medium effects in the dynam-
ics are neglected, the light clusters move in phase with
nucleons, cooperating in the formation of fragments, lo-
cal in-medium effects induce a sort of distillation mech-
anism [23, 47], with clusters moving towards the lower
density regions, slowing down the instability growth and
eventually leading to the dominance of different fragmen-
tation modes. These findings underline the relevance
of a proper inclusion of light-cluster degrees of freedom
and of in-medium effects in the description of dilute nu-
clear systems, revealing important consequences for the
understanding of heavy-ion collisions and astrophysical
phenomena taking place in low-density and moderate-
temperature environments [51, 52].
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Supplemental Material

I. ENERGY DENSITY FUNCTIONAL AND SINGLE PARTICLE ENERGY

In the expression of the free energy density functional F = & — T'S, the energy density functional £ = K + U is the
sum of the kinetic energy density

K= ZQJ/ 3fJ J (11)

and the potential energy density . For the latter, we adopt a (momentum-independent) Skyrme-like effective
interaction, associated with an isoscalar potential energy density:

Ap} B pi™ D )
—D — 12
2 pO «a + 2 p3+1 + 2 (Vrpb) ? ( )

u:

where A = —356 MeV, B = 303 MeV, D = 130 MeV fm® and a = 1/6 are combinations of the standard Skyrme
parameters, and pp = 0.16 fm 2 is the saturation density. S denotes the entropy density, given by

-3 / [fj I f; + %’fjlna—ajfj)] (13)

J

where 0; = %1 for fermions and bosons, respectively. Then the free-energy density functional can be expressed as

. g € =1
f:u+zujpj ZUJ/ 27rh ln{1+ajexp< 7 3)], (14)
j K2

OF
from which the chemical potentials y1; = PR can be derived.
' P
The variation of the energy density 6€ in the space of distribution function fluctuations ¢ f;

E6fn, 6fp,0fa]l = 6K [0fn, O fp, 0 fa) + U0 fn,dfp, 0 fa] (15)

is given in terms of the fluctuation d/C of the kinetic energy density

oK = ZQ]/ 6j5fj /\dzq)dj‘spj (16)

and of the fluctuation §U/ of the potential energy density

U = Z 503 > Ujdp; (17)
J
where
; o\
(I)ij = 4\ )\dfd ()\d) a—pd (18)
J

PO A2
(2ma) and fg (\q) denoting the cluster distribution function at equilibrium, evaluated at Ag = d

ith ag = gg———-7— —a
With Qd = gd 4m2p3 2my



By taking into account that, by virtue of Eq. (6) in the main text,

/ 2Wﬁ 0fi —0ja »_ ®3%0p,

q=n,p

. d
DI gq/ﬁéfq, (19)

q=n,p

opj (1 + 6jdq)§j)

one finally obtains

U — Ag®Y Uy — Ag®$? dp
E[0fn,0fp,0fa]l = Zgy/ 27rh <fj+ 1J+6-d<1>dj ofj — 1+q)dd Z / L
J A

q=n,p
(20)
Then, the single-particle energy, as defined in Eq. (4) of the main text, can be written as
Ej:€j+Uj+§?, (21)
where, beside the momentum-independent mean-field potential U;, it appears the extra term
A+ Ui _gi
A+ Ud g (22)

AT ¥ Z

playing the role of an effective potential contribution, which arises from the density dependence of the cluster kinetic
energy cut-off A\g. The variation of the single particle energy de; in the space of density fluctuations dp;, entering the
linearized Vlasov equations (see Eq. (3) in the main text), is then easily evaluated as:

oU; 92}
- _J 2
de, o 5pl+zl: o Spy (23)

II. LINEARIZED VLASOV EQUATIONS AND LANDAU PARAMETERS

Let us follow a standard Landau procedure, starting from the system of three coupled equations for the fluctuations
of neutron, proton and light cluster distribution functions Jf;, given by Eq. (3) in the main text. In the case of a
momentum-independent interaction, one has

p ofi p
— T 24
Vpej m; Vo fj Be; m;’ (24)
and the linearized Vlasov equations reduce to:
9(8f5) 0f;
a—tj +Ve(0f;) - vj — a—ejvj -V (0ej) =0, (25)

where v; = P denotes the velocity. Then, for solutions of the type 6 f; ~ >\ 5fjk ek r=wt) and exploiting Eq. (23),
mj ‘ :
the system becomes

0}
(—iw + ik - v;) 6 f; — T Ve Z(ﬁpl >5pl—0 (26)

and, taking into account the definition of the Landau parameters given by Eq. (8) in the main text, one gets

of; ik-v; 1 0 =
g E FI' 4 FY 2
o de; (—iw + ik - v; —i0F) N; & ( 0o+ A)‘Spl’ 27)




where

dp 9f;
N;=—g; 9lj
/ 95 /Aj (2mh)3 O¢;

is the thermally averaged level density of the considered species j.

(28)

Finally, by taking the momentum integrals on both sides and bearing in mind the definition of the Lindhard function:

_ 9 dp k-v; %
Nj A; (27Th)3 w—k- Vv + 10t 8€j ’

Xi (Wa k)
one may express the system in the following compact form

l l

or, more expicitly, as:
[+ (B + B3 x| 8pn + (B3 + 7 xudpp + (Pt + 27 xndpa = 0
(Fg;” + Ff") XpOpn + [1 - (ng + Ffp) Xp} Spp + (Fg’d + Ffd) XpOpa =0
(R + B xa+ 03] opn + [(FP + B2 ) a + @ 0pp + [1+ (B + B9 xea + @57) 0pa = 0
In case of SNM with deuterons, by introducing dps = dpy, + dpp, the system of Eq. (31) finally reduces to
[1 + (Fo + 2ﬁ'§q> Xq} dps + 2 (ng + I:—'fd) Xq0pa =0
[quq + (Fodq + qu) Xd:| dps + [1 + 044 4 (Fgld + Ffd) Xd:| 5pa =0

where Fy = Fj? + Foqq,, q,q¢ =n,p with ¢ # ¢'.

III. PARAMETERIZATION FOR THE DEUTERON MOTT MOMENTUM

(29)

(30)

(31)

In Fig. 5, we show the deuteron cut-off momentum Ay = /2mg\g as a function of the cubic root of the total baryon
density, (p»/po)*/? with po = 0.16 fm~3, as obtained by adopting the parameterization given in Eq. (9) in the main

text, for T'=5 MeV, 8 MeV, and 11 MeV, respectively.
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Figure 5. Mott momentum of deuteron A4 obtained by Eq. (9) as a function of the cubic root of the total baryon density,

(pv/po)*/® with po = 0.16 fm~3, for three temperature values.



