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We theoretically investigate quasiparticle properties of a neutron immersed in an alpha condensate, which
is one of the possible states of dilute symmetric nuclear matter. The resonant p-wave neutron-alpha scattering,
which plays a crucial role in forming halo nuclei, is considered. This system is similar to a Bose polaron near the
p-wave Feshbach resonance that can be realized in cold-atomic experiments. Calculating the self-energy within
the field-theoretical approach, we give an analytical formula for the effective mass of a polaronic neutron as a
function of alpha condensation density. Moreover, two adjacent neutrons in a medium, each of which behaves
like a stable polaron having an enhanced effective mass, can form a bound dineutron, with the help of 'S,
neutron-neutron attraction. This is in contrast to the case of the vacuum, where a dineutron is known to be
unbound. Our result is useful for understanding many-body physics in astrophysical environments as well as the

formation of multinucleon clusters in neutron-halo nuclei.
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I. INTRODUCTION

Infinite symmetric nuclear matter, where the proton charge
is switched off, is fictitious but is one of the most fundamental
nuclear systems because it is related to saturation of the bind-
ing energy and density of stable nuclei [1]. It is still interesting
to consider infinite symmetric nuclear matter at relatively low
densities, although, naively, the system is unstable to inho-
mogeneous phases at sufficiently low temperatures [2]. Once
the proton charge is switched on, the nuclear liquid has to
be a collection of nuclei. Furthermore, such symmetric matter
can contain alpha particles via alpha clustering; indeed, some
medium-heavy symmetric nuclei are predicted to be unstable
with respect to alpha decay [3].

The nuclear equation of state and the composition in
nuclear statistical equilibrium are important keys to un-
derstanding the mechanism of supernova explosions [4]
and the dynamics of intermediate-energy heavy-ion col-
lisions. To this end, dilute alpha matter and its Bose-
Einstein condensation (BEC) phase have been studied as
a good reference system for supernova matter at finite
temperatures [5-8]. Alpha particles in such an astro-
physical environment play a pivotal role in nucleosyn-
thesis, e.g., triple-alpha reaction via the Hoyle state [9].
Moreover, the alpha condensates have also been discussed in
the context of excited states of atomic nuclei [10,11], which
are expected to be present in intermediate energy heavy-ion
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collisions. However, the many-nucleon and dynamical nature
of the systems of interest here leads to a lot of uncertainties
and model dependencies.

To explore the aforementioned alpha clustering properties
more clearly, various low-energy nuclear experiments have
been performed. The existence of the alpha condensates has
been examined experimentally such as '°0 [12] and *°Ne [13].
In addition, experimental explorations of multineutron clus-
ters in nuclei of large neutron excess are ongoing [14—-17].
While the existence of the tetraneutron resonance has been
discussed based on few-body calculations with multinucleon
interactions [18-20] (see also the review [21]), it is known
that the neutron-nucleus interaction plays a crucial role in
the formation of halo nuclei [22]. There are several examples
of two-neutron halo nuclei: °He [23], ''Li [24], '“Be [25],
198 1261, 22C [27-30], and #F [31,32]. Moreover, a recent
experiment indicates that dineutron correlations play a crucial
role in understanding the cluster structure of 8He [33,34]. In
between, neutrons and alpha clusters are expected to coexist;
alpha clusters in a neutron-skin region of stable tin isotopes
with small neutron excess have recently been identified by a
knockout experiment [35].

Generally, to understand how the properties of an impurity
particle change in medium from those in the vacuum, the
notion of a polaron, which was originally proposed to see
the properties of mobile electrons in ionic lattices [36,37],
is useful. This is the case with nuclear systems in which

©2025 American Physical Society
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FIG. 1. Schematic picture of a polaronic neutron moving with
momentum p in an alpha condensate, which is characterized by the
neutron-alpha J* = 3/27 p-wave resonance (i.e., relative angular
momentum £ = 1).

the medium and impurity particles can be single nucleons or
nucleon composites (nuclear clusters). Polarons are now
one of the hot topics in cold-atomic physics because of
their tunable setup in recent experiments [38]. Some of the
present authors clarified the quasiparticle properties of im-
purity protons and alpha particles in dilute neutron matter as
encountered in the crust of a neutron star, in terms of Fermi
polarons [39-42] (i.e., impurities immersed in a Fermi sea).
In this regard, it is interesting to consider how neutrons are
affected by alpha matter, as shown in Fig. 1, which can be
relevant to intermediate energy heavy-ion collisions, stellar
collapse, and the neutron-skin region of atomic nuclei. Indeed,
a similar situation, that is, an impurity surrounded by BEC, is
realized in cold-atomic systems as a so-called Bose polaron.
Accordingly, the microscopic properties of Bose polarons
have been extensively studied experimentally [43—-46] and
theoretically [47-55] (see also the review [56]).

In this paper, we theoretically investigate the quasiparticle
properties of a neutron immersed in the alpha-condensate
state of dilute symmetric nuclear matter, as schematically
depicted in Fig. 1. We focus on the resonant J* = 3/27 p-
wave neutron-alpha coupling, which is responsible for the
halo structure of neutron-rich nuclei such as °He [22]. In this
regard, the system we are interested in is similar to Bose
polarons near the p-wave Feshbach resonance, which would
be experimentally accessible in several Bose-Fermi mixtures
(e.g., °Li-¥Rb [57], “K-*'K [58], ¥*Na-*K [59], and
Li-133Cs [60]). This system is different from the one treated
in the previous work on polaronic neutrons in spin-polarized
neutron matter [61-63]. While p-wave Fermi polarons have
been investigated theoretically [64,65], their bosonic coun-
terpart has yet to be addressed. It is still noteworthy that
recently, the role of interspecies p-wave interactions has been
discussed in the context of a magnon in a two-dimensional
Bose-Bose mixture [66]. Here, we analyze the polaronic neu-

tron excitation by calculating the self-energy for the resonant
p-wave neutron-alpha scattering. Furthermore, by consider-
ing the residual 16y neutron-neutron attractive interaction, we
study the fate of two adjacent polaronic neutrons in dilute
alpha matter. The possible occurrence of bound dineutrons
due to the polaron effect, which is explored by solving the
Bethe-Salpeter equation, may be relevant to the formation
of multinucleon clusters in neutron-rich nuclei, intermedi-
ate energy heavy-ion collisions, and core-collapse supernova
cores. Moreover, in the presence of such a bound state, the
crossover from dineutron BEC to Bardeen-Cooper-Schrieffer
(BCS) neutron superfluid can be anticipated [67].

This paper is organized as follows: In Sec. II, the theoret-
ical model and the Bose-polaron formalism are presented. In
Sec. III, we show the result for the polaronic neutron exci-
tations and then discuss the dineutron formation in the alpha
condensate. A summary of this paper is given in Sec. IV.

II. FORMALISM

Hereinafter, we take 7 = kg = 1, and the system volume is
set to unity.

A. Model

Here, we employ the two-channel Hamiltonian [68] for the
JT=3/2" SHe resonance, which is relevant at low relative
energies, as given by

H =H,+H, + Ho + V35, (D

where the contribution of spin-1/2 neutrons (s, = £1/2) with
a mass M, reads

Hv - Z Z Sk,vvléyszvk,sz
s;  k

ot ;
+ ) Unk KW 10V ki 10
k,k’,Q

X V_40/2,—1/2VK +Q/2,+1/2 2

with the neutron kinetic energy &, = k*/2M,, the neutron
creation (annihilation) operator v,fs)w, and the neutron-neutron

coupling Uy, (k, k). The contribution of alpha particles reads
Hy = wao‘;‘xq
q

1 .
T i
+ 5 E Ux(q, q/)aq+K/2a,q+K/2
7.9 .K

X O_g 4K /20g'+K )2 3)

with the alpha-particle kinetic energy &4 = ¢°/2My — iio
(M, = 4M,, and p, are the alpha particle mass and chemical
potential, respectively), the alpha-particle annihilation (cre-
ation) operator « ;T), and the alpha-alpha interaction U, (q, q').

The kinetic term of the closed-channel He state with
JT=3/27 (J, = £1/2,+3/2) reads

Ho =) (¢po +Eo)®} , Op, )
P,J.
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with the bare He kinetic energy Ep.o=P?/(2M,+2M,)— jiy,
the bare *He energy level Eq, and the bare "He annihilation
(creation) operator CDS)JZ. Note that we set the neutron chemi-
cal potential to zero since neutrons are regarded as impurities.

For a two-body system of a neutron with momentum p,
and an alpha particle with momentum p,, using the center-
of-mass momentum P = p, + p, and the relative momentum

k= Mr(% — %) with the reduced mass M;' =

M;'+M;", one can rewrite p, and p,, as

M, P
y=k+——"P=k+ _, 5
P M, + M, 5 ©)
M 4P

=—k+—"—P=—k+—, 6
Pe * M, + M, + 5 ©)

respectively. Then, the interaction term V3,- responsible for
the J™ = 3/2~ p-wave resonance is given by

dr . .
Vip-= ) > (kgk,/?Y,ﬁ—‘(kxl,m; 1/2,5:13/2, )

J.,s;,m Pk
X q);),jz Vk4P/5,5,00—k+4P/5 + H.c.), 7

where (1,m;1/2,s,|3/2,J,) is the Clebsch-Gordan coeffi-
cient [69]. We employ the Yamaguchi-type form factor
_ 8

1+ (k/A)?°
where A is the cutoff scale and g is the coupling strength at

k = 0. These parameters are related to the low-energy con-
stants as [68]

8k ®)

Mg (Ecp ~ Mrg2A3)_1,

= 6 127
(/4 24JTE¢
S TN 9
=g T mgal ©

Here, a,=— 67.1 fm® and r,=— 0.87 fm ™' are the J"=3/2"
p-wave scattering volume and effective range, respec-
tively [39]. Also, we set A =0.90 fm~! in such a way as
to reproduce the He resonance energy Egs ~ 0.93 MeV.
We can then determine Eg = 449.607 MeV and M,g* =
113.388 fm? from the empirical values of a, and r,.

B. Bose-polaron self-energy

As for a medium of dilute symmetric nuclear matter,
we consider a zero-temperature alpha condensate. The al-
pha condensate density denoted by p, controls the polaronic
properties of an impurity neutron. Within the mean-field ap-
proximation, the alpha condensation energy density reads
Eo = —MapPo + %Uza (0, 0),05, from which we obtain u, =
U, (0, 0)p,. However, since the value of U,, (0, 0) has a large
uncertainty in the matter, for simplicity, we take u, >~ 0,
which is valid in the dilute regime. In this regard, the infor-
mation on the alpha condensate is incorporated only via p,.

We are interested in the neutron retarded Green’s function

1
wy —&py — X (P, w)’

Gs.(p, ) = 10)

FIG. 2. Beliaev-type self-energy of a polaronic neutron in an
alpha condensate, which is accompanied by the dressed *He propaga-
tor D. The dotted line describes the alpha condensate wave function
or, equivalently, the square root of the condensate density ,/po,. The
circles represent the neutron-alpha-"He coupling kg,Y,! within the
J™ = 3/27 channel.

where w; = w + i§ involves an infinitesimally small imagi-
nary number 8. Then, as diagrammatically shown in Fig. 2,
the self-energy of a neutron embedded in the alpha condensate
is given by the Beliaev-type diagram [47]:

4
B 0) = —pua Y Y (1 mi1/2,5:13/2, 1)
J; m

x K2y, )Y, )] Dy.(p, w), (11)

which incorporates the resonant scattering between a neutron
with momentum p = p, = k + P/5 and an alpha particle with
zero momentum p, = —k +4P/5 =0 (i.e., in the conden-
sate). In such a case, the relative momentum is given by

1 4
p= 2D (12)

k=
1+%; 5

More explicitly, in the case of 5, = +1/2, we obtain

2, 12
N
X1, w) = 8P > D3 (p, w)

kZ + k2 + 4k?
“TDl/z(P, )|, (13)
where the dressed >He propagators D 7. (p, w) are given by

1
oy —&po—Ep — T, (p,w)

Dy.(p. @) = (14)

Note that X, —_12(p, w) = X.—1,2(p, ®). The one-loop self-
energy I1; (P, w) for the neutron-alpha scattering reads

2 2
0+ a
Ms2(P. Q)=Zg§( 5 ))

q
1
X , (15
Qp —&,1p50 — E_grarssa
2, Gitaq
M2 (P, Q) = 283;(34? +— “V)
q
1
(16)

X
Qp —&i1p/50 —E—grap/5
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FIG. 3. Polaronic neutron spectral weight A, (p, ») in the alpha condensate. For comparison, the bare neutron dispersion &,, = p*/2M,
(dotted curve) and *He resonance branch p?/(2M,, + 2M,,) + E (dashed curve) are plotted in each panel. The alpha condensation densities
are taken as (a) p, = 107° fm >, (b) pe = 10~ fm~>, (¢) po = 3 x 10~* fm~>, and (d) p, = 7 x 10~* fm .

USiIlg $q+P/5,v + E—q+4P/5,a = q2/2Mr + PZ/(ZMU + 2Moz)’
we obtain H3/2(P, Q) = H]/z(P, Q) = H()(QP) as

Mg A*A® + 6AM,Qp + 2i(2M,Q2p)>/?]
127 2M,Qp + A2)?

Mo(Rp) = —

(17
with Qp = Q — P?/(2M, + 2M,). To obtain Eq. (17), we
used Y-, q7F(q) = : >y I°F(q) (j = x,, z) for an arbitrary
function F (g=|q|). Eventually, with w,=w— P2/ (M, +2M,),
we find

k83 P
+ —&po — Eo — Ho(w))’
which is found to be isotropic in the momentum space,

in contrast with Fermi polarons with anisotropic interac-
tions [64,70].

2
X (p, w) = 3 (18)

III. RESULTS

Let us now exhibit numerical results for the properties of a
Bose-polaronic neutron and the resultant implications for the
bound dineutron.

A. Polaronic neutron in the alpha condensate

Figure 3 shows the polaronic neutron spectral weight
given by

Ay(p,w) = —%ImGsz(p, ), (19)

where we omitted the spin index A,(p, w). For the overall
structure, one can see that a sharp peak remains typi-
cally up to the threshold momentum of >He given by
2M,E;e;~0.21 fm~! in the low-density regime. In the low-
density regime, e.g., p, = 107> fm~> in Fig. 3(a), one can
see that the quasiparticle peak is located close to the bare
dispersion &,, = p*/2M, and that the spectral broadening
occurs near the YHe resonance. At Po = 10~* fm 3, as shown
in Fig. 3(b), there is a deviation between the spectral peak
and the bare dispersion in such a way that the effective mass
of the polaronic neutron branch becomes larger than the bare
one. This can be understood as the avoided-crossing behav-
ior of neutron quasiparticle and He resonance branches.
Moreover, the spectral broadening due to the coupling with
the He resonance branch is more prominent at larger alpha
condensate densities, i.e., py =3 x 107* fm~3 in Fig. 3(c).
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Finally, just below a critical density p. = 7.41 x 107* fm ™
(which we derive below), as shown in Fig. 3(d) where we set
e =7 x 107 fm~=>, the spectral weight is flattened in
the low-momentum limit, which corresponds to the almost-
divergent effective mass.

To examine the low-energy quasiparticle properties of a
neutron immersed in the alpha condensate, we perform the
low-momentum expansion of X, (p, w). First, one can find

T.(p=0,0) =0, (20)

because X (p, w) is always proportional to k* due to the p-
wave properties. Accordingly, the p-wave polaron energy Ep
is zero [i.e., Ep = X, (p = 0, w) = 0]. We expand X (p, w)
around p =0and w = §p_p, =0 as

0%;.(0, w)
Es,(pa w) 237(0’ EO,U) + é— (0 — 50,\))
@ w=£,
1 3%%, (p, &0
R 1 (0] S 1)
2 ap? =0

In this way, we obtain the approximate form of polaronic
neutron Green’s function

Z

) b
_ i
O+ = T +il'p/2

Gs.(p, w) = (22)

where X (0,%,) = 0. Here, we define the quasiparticle

residue
I 0%,.0.0) 17
Z=|1—Re——= (23)
L dw w=0
and the inverse effective mass
M, i 922, (p,
= Z|1+M,Re —f(pz Sou)l | (a
Mt i ap p=0
The low-momentum expansion of ¥ (p, w) reads
2 & pap’
T (p. ) = o )+0<p4).
3(1 + ,";—) @+ T Re — ol
(25)
We analytically obtain ITy(0) = —M,g*A*/127 and hence
822, (p,0) 8ma
| = e 20)
p p=0 M, (1 + M;)
Moreover, one can find
20X (0,
Mzo,ﬁzzly 27)
w
Im%; (0, w) =0, - I'p = 0. (28)
Taking Z — 1 in Eq. (24), we obtain
M, 8 Mya,pq
— =14+ ————<1 (a,<0), 29)

M M, + M,

indicating the heavier effective mass compared to the bare
one. This enhancement can be understood as the level repul-
sion between quasiparticle neutron and He branches where
the quasiparticle neutron branch is pushed to lower energies

by the coupling with a broad He resonance, as found in
Fig. 3. Eventually, the formation of a bound dineutron in the
alpha condensate is possible with the help of the induced
interaction [71].

If the alpha-condensation density increases further, the ef-
fective mass diverges at

M
(1 + —“) ~7.41 x 107* fm 3. (30)

Pc= M,

 8rla,l

Beyond p., the effective mass of a polaronic neutron becomes
negative, indicating a breakdown of the low-momentum po-
laron picture in the rest frame of the homogeneous alpha
condensate and possibly a signature of self-localization of
a polaronic neutron as discussed in Refs. [66,72,73]. This
is in sharp contrast to p-wave Fermi polarons [64,65], of
which a transition to a Feshbach molecular state was pre-
dicted to occur. We also note that the negative effective mass
was discussed in repulsive Fermi polarons as a precursor of
ferromagnetic instability [74]. Although we do not consider
the alpha-alpha interaction and resulting quantum depletion
explicitly—such effects would not drastically change the re-
sult for the effective mass. In fact, it is reported that the
effective mass is not strongly affected by the boson-boson
interaction in the case of s-wave Bose polarons [47].

Strictly speaking, however, the alpha-alpha interaction
should affect various properties of the medium itself even at
p =~ p.. For example, 4p, is not necessarily equal to the crit-
ical value of the total nucleon density because the depletion
of the condensate due to quantum fluctuations occurs even
at T = 0. Indeed, such a depletion is predicted to originate
from the inter-alpha interactions and the in-medium breakup
of alpha particles themselves [75]. Therefore, p. may well be
regarded as the critical density for the condensate component
of alpha matter (not for the whole system). Then, the cor-
responding total nucleon density could be much higher than
4p., which suggests that the system is more like a liquid
state rather than a gas state as usually assumed in earlier
investigations [76].

To see in more detail the structure of the neutron spectral
weight, we plot A, (p, w) at fixed momenta and different p,
in Fig. 4, where p = 1072 fm~! and p = 10! fm~! are used
in the Figs. 4(a) and 4(b), respectively. At a sufficiently small
momentum, as shown in Fig. 4(a), a stable polaron peak can
be found even near the critical density. On the other hand,
at larger py, one can find a small peak of A, (p, ) around
the “He resonance (E, =~ 0.93 MeV), implying the excited
branch is associated with the level repulsion between the
quasiparticle neutron and He branches. Because the width of
the He resonance (0.6 MeV) is substantially broad in the
present energy scale [68], however, this peak is also largely
broadened. At larger frequencies, the neutron spectral weight
monotonically decreases. Building the high-frequency limit of
Eq. (17),

. Mg at

My(w = 0) > ———nmx, 31
o(w ) 167“/% (31)
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FIG. 4. Polaronic neutron spectral weight A,(p, ®) with fixed
momentum (a) p = 1072 fm~! and (b) p = 10~! fm~! in the alpha
condensate.

into ImX (p, w — 00) as

2 & pok*ImIy(w — o0)

> + O(k*)

Im%, (p, v — 00) —

w
M.g* A po p?
=— S — + oY),
o VIV (14 4 ) V2
(32)

we obtain the high-frequency tail of the spectral weight at low
momenta as

Mr 4A4 2
A,(p,w = 00) = Pap 5 +0(p"),
Im 22V (1 + e )
(33)

indicating that the high-frequency tail is proportional to p,
as well as p?. Indeed, Fig. 4(a) shows the enhancement of
the high-frequency spectra with increasing p,. As shown in
Fig. 4(b), at a larger momentum, the polaron peak is shifted
toward high frequencies in such a way as to follow the
dispersion relation P*/2M g at relatively small p,. We remark
in passing that, in a manner consistent with the p dependence
of Eq. (33), the high-frequency contribution in Fig. 4(b) is
significantly larger than that in Fig. 4(a).

B. Dineutrons in the alpha condensate

Here, we show that a dineutron can be a bound state due
to the enhanced M. together with the 15, neutron-neutron
interaction U, (k, k’). A similar binding mechanism of two
alpha particles in dilute neutron matter has been examined
theoretically [40]. On the basis of the results of the polaronic
neutron spectra shown in Fig. 3, we employ the approxi-
mated form of the polaronic neutron propagator in dilute alpha
matter as
Gy (pr oy = e =) k)
wy — p*[2Mese w0y — p*/2M,

where we have assumed that the low-energy polaron state
is valid up to some momentum cutoff k.. Equation (34)
imitates two branches induced by the avoided crossing of
neutron quasiparticle and >He resonance branches except for
the region near p, = p.. In this work, we specifically focus
on the role of the enhanced neutron effective mass at low
momenta below k. found in Fig. 3. The precise value of k.,
which is controlled by the properties of the alpha condensate
and the neutron-alpha interaction, remains to be known, and
hence will be taken arbitrarily in the range of 0.1 fm~! < k. <
10 fm~!. While the spectral broadening due to the coupling
with the He resonance should also be important above k =
k., we consider two bare neutrons in a virtual state there for
simplicity because we are interested in the ground state of the
two-neutron system in the alpha condensate, where the low-
momentum properties, namely, enhanced effective masses,
play a pivotal role. We note that the higher-momentum prop-
erties of neutrons would be important when neutrons undergo
the Fermi degeneracy at finite excess neutron densities.

The two-neutron T-matrix T»,(k, k', ) in the 'Sy channel
is given by

, . * dw
To(k, k', Q) = Uny(k, K)+i ) / 7 Un (k. @)
q -0

(34)

x Gii(g, 0+ 2)G_12(—q, —)
x Th(q, K, Q). (35
Using the separable 'Sy neutron-neutron interaction

Uy, (k, k') = Uy xx xx with the form factor yx; to be specified
below, we obtain 15, (k, k'; Q) = 15, () xx xx With

1 (Q) = Yo
2T T T UE(Q)

where the polarization function & reads

2 2
Xq0(ke — q) Xq0(q — ke)
EQ) =) ——— Y —— (37
T Q4 — ¢7 /My QL —¢*/M,

(36)

with Q, = Q + i§. The dineutron binding energy E», can be
obtained from

1 — UyB(Q = —E»,) = 0. (38)

Practically, we use x, = 1/4/1 + (¢/21)>. The parameters Uy
and A are determined by the 'S, scattering length a,, =

—18.5 fm and ry, = 2.8 fm as [77]

4 ay, 1 1 2ry,
Mv 1 - a2v)\ 2y azy

. (39
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Moreover, one can perform the momentum summation in Eq. (37) as

—1 (ke -1 ke
M,32 | My M tan (%) — V/MerEs, tan ( WrrEzv)

E(—E) = —

27‘[2 Mv Az — Mefszv
-1 (ke -1 ke
N i 1 ~ Atan (7) — M,E,, tan (W) “0)
20+ JMEs, 32— M,E,,
In this way, the bound-state equation reads
-1 kc Me" Mva -1 kc Mv A2
2 Mgt (%) — /-5 tan (7 e MUEZ\,)
apwh w| M, 1-— Aj’f/[—e:fM—”Azz“
—1 (ke MEy o —1 (ke [_22
L T 1 tan~" (5) — y T tan (7\/ MVEZU) 1)
24 [mEs 1 — Mt

The numerical results for E,, that can be obtained from
Eq. (41) are shown in Fig. 5. These results indicate that
dineutrons can be bound due only to the effective-mass acqui-
sition of polaronic neutrons and the direct 'Sy neutron-neutron
interaction, even without the help of the medium-induced
interaction. In this case, there is a threshold effective mass
Mg . for the presence of a bound dineutron, which can be
obtained by taking E5, = 0in Eq. (41) as
Meff,c s

S DN — )
M, 2ay,Atan~! (%) “2)

Here, one needs to examine the cutoff-parameter de-
pendence of E,, and Mg .. As shown in Fig. 5, where
several different values of k./A are taken with A fixed at
0.765 fm~' [see Eq. (40)], E;, increases with k.. This is

100, | ‘ |
| kc/jL =10 i
’ 7 k/A=1 E
> gl ¥
> [
é’ i
'E 01k
0.01F
0.001F
1

FIG. 5. Dineutron binding energy E,, in dilute alpha matter as
a function of the effective mass M.y of a polaronic neutron with
various values of the cutoff parameter k. divided by A = 0.765 fm~!.

because, for larger k., each neutron more often behaves
like a polaronic massive particle; according to Eq. (41), for
ke > A, where tan~! (k. /) ~ 7 /2, E», is close to its upper
limit A2 /Mg [(Mege /M) /(1 — 1/aa, 1) — 11, while for k. <A,
where tan~!(k./A) ~ k. /X, the condition for E,, > 0 is sen-
sitive to the value of k.. Also, M . tends to decrease with
increasing k., as is clear from Eq. (42). While the notable k
dependence of E;, can be found in Fig. 5, it would be fair
to employ k. /A = 0.2 (i.e., k. ~ 0.15 fm~"), below which the
polaronic spectral weight exhibits a sharp quasiparticle peak,
as shown in Figs. 3(a) and 3(b).

In Fig. 6, we show the effective mass M. of a polaronic
neutron as a function of p,. For comparison, we also show
the critical effective mass M. . for the formation of a bound
dineutron in the alpha condensate in the case of k./A = 0.2.
In this case, a bound dineutron starts to appear around p, =~
3 x 107* fm~3, where polaronic neutrons remain stable and
become sufficiently massive. Such kind of formation of bound
dineutrons might be relevant to the alpha and dineutron clus-
tering structure of neutron-rich light nuclei such as $He [33]
and '°Be [78,79]. While the condensation density p, is sub-
stantially lower than the normal nuclear density, as already
discussed in the previous subsection, p, could be substantially
lower than the total alpha density, including the effects of
quantum depletion. Also, the dineutron formation in the alpha
condensate via the neutron-alpha p-wave coupling is similar
to the structure of two-neutron halo nuclei such as ®He and
"Li. To take a closer look at this similarity, the J* = 1/2~
channel as neglected in the present study would have to be
taken into account.

IV. SUMMARY

In this paper, we have investigated the properties of a
polaronic neutron in dilute alpha matter; the Bose polaron
picture adopted here has been extensively examined in cold-
atomic physics. We have shown that each polaronic neutron
undergoes a large enhancement of the effective mass, a
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FIG. 6. Effective mass My of a polaronic neutron plotted as a
function of the alpha condensation density p,. The horizontal dotted
line shows the critical effective mass Mg . for the presence of a
bound dineutron in the case of k./A = 0.2; for momenta below this
k., a sharp peak can be seen in the calculated neutron spectral weight.
In the shaded region beyond the critical alpha condensation density
p. given by Eq. (30), the polaronic neutron experiences divergence of
the effective mass, indicating the breakdown of the low-momentum
polaron picture in the rest frame of the alpha condensate and possibly
the resultant self-localization [66,72,73].

vanishing decay, and a constant quasiparticle residue, because
of the resonant p-wave coupling with the alpha condensate.
Such effective mass enhancement helps to form bound dineu-
trons, together with the 'Sy neutron-neutron attraction, which
is not sufficiently strong to induce the dineutron binding
in the vacuum.

To examine more quantitative properties of bipolaronic
dineutrons, effects of spectral broadening, finite neutron den-
sity and temperature, the alpha-mediated interaction between
polarons, and larger multinucleon clusters must be consid-
ered. In particular, while we have addressed bound dineutrons
only via the increased effective mass and the residual 'S,
neutron-neutron interaction, the alpha-mediated interaction
would further induce a larger dineutron binding energy as in
the case of bipolarons [71,80-84].

The extension to the medium system with quartet con-
densation or quartet BCS models [85-90] would also be a
fascinating direction. Moreover, the enhanced effective mass
may lead to multinucleon clusters [14—16].
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