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We study the trimer state in a three-body system, where two of the atoms are subject to Rashba-type spin—orbit cou-
pling and spin-dependent loss while interacting spin-selectively with the third atom. The short-time conditional dynamics
of the three-body system is effectively governed by a non-Hermitian Hamiltonian with an imaginary Zeeman field. Re-
markably, the interplay of non-Hermitian single particle dispersion and the spin-selective interaction results in a Borromean
state and an enlarged trimer phase. The stability of trimer state can be reflected by the imaginary part of trimer energy and
the momentum distribution of trimer wave function. We also show the phase diagram of the three-body system under both
real and imaginary Zeeman fields. Our results illustrate the interesting consequence of non-Hermitian spectral symmetry
on the few-body level, which may be readily observable in current cold-atom experiments.
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1. Introduction

Open quantum systems exhibit remarkably different
properties from their closed counterparts and are essential for
understanding quantum systems in realistic environments. =3
An effective non-Hermitian description is often employed
to characterize these systems, particularly for capturing the
short-time conditional dynamics where quantum jumps are
absent.!#l A significant feature of non-Hermitian Hamiltoni-
ans is the possibility of hosting spectral singularities, known as
exceptional points.>~7! At these exceptional points, eigenvec-
tors and eigenvalues coalesce, giving rise to unique dynamical
and topological phenomena, which have potential applications
in areas such as sensing and non-reciprocal transport.[8-13!
Many of these properties have been demonstrated in open
quantum systems that are typically non-interacting or single-
particle systems, where non-Hermitian Hamiltonians naturally

14-20] For instance,

emerge under post-selection conditions.
non-Hermiticity can be realized in cold atom experiments
through laser-induced one-body!'??"! or two-body!?!=?4 dis-
sipation. As a result, the particle-number or internal-spin dy-
namics in these systems are governed by PT-symmetric non-
Hermitian Hamiltonians. In this context, given the flexible
control of interactions in quantum gases, it is highly desir-
able to gain a deeper understanding of the effects of interac-
tions in non-Hermitian systems. This contrasts with previous
studies on few- or many-body phenomena in open systems
driven by the full Lindblad master equation, which primar-
ily focus on steady-state properties in long-time unconditional
dynamics.[>>-26]

Few-body system serves as a starting point for studying
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interacting non-Hermitian systems. On one hand, few-body
systems are the fundamental building blocks of many-body
phenomena and are more easily realized in experiments.[?’31]
On the other hand, existing studies on non-Hermitian few-
body physics have revealed that non-Hermiticity can lead to
novel few-body phenomena, such as the enhancement of dimer
formation, the emergence of super-stable dimer states, and the
Efimov physics.[2%-37-38]

In this work, we study a two-component Fermi atom (de-
noted as a) subject to Rashba spin—orbit coupling (SOC) and
Zeeman field, while interacting with a free atom (denoted as
b), as shown in Fig. 1(a). In this context, an imaginary Zee-
man field can be interpreted as spin-selective atom loss, a phe-
nomenon recently demonstrated in several experiments.!1%20]
The single-particle dispersion spectrum of the two-component
system under Rashba SOC alone forms a degenerate ring in
momentum space, referred to as the Rashba ring.!*3! In the
presence of an additional imaginary Zeeman field, an excep-
tional ring emerges. Previous studies have shown that the
spectral symmetry of the Rashba SOC dispersion plays a cru-

[34.35] Here we

cial role in the formation of few-body states.
show that a trimer bound state, particularly a Borromean state,
as schematically shown in Fig. 1(b), in which any subsystem
of its two components is unbound, can emerge in a dissipa-
tive spin—orbit coupling system. Here we focus on the physics
of three-body state under this non-Hermitian setting. We find
that the single-particle dissipation deepens the strength of a
trimer bound energy, which is much deeper than the strength
of the dimer bound energy, leading to an enlarged region for
the existence of the trimer phase.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Fig. 1. (a) A schematic diagram of the interaction between dissipative atom
a and atom b. (b) A schematic diagram of a Borromean ring, where remov-
ing any one of the three rings causes the remaining two rings to decouple.
(c) Real parts of the single-particle spectra under Rashba SOC in the presence
of areal (dashed lines) or imaginary (solid lines) Zeeman field. (d) Imaginary
parts of the single-particle spectra under Rashba SOC with an imaginary Zee-
man field. Here, kgp and kg denote the radius of the exceptional ring and the
location of the energy minimum, respectively. In panels (c) and (d), k; =0
is considered, and the real or imaginary Zeeman field has the same magni-
tude, |B| = Ep. In all plots, the units of momentum and energy are A and
Eo = A%/(2m,), respectively.

The rest parts of this paper are organized as follows. In
Section 2, we set up the basic model of the non-Hermitian
system and study the single-particle properties. We then study
the trimer state and phase diagram in Sections 3 and 4, respec-
tively.

2. Model and single-particle properties

We consider a three-body problem, where the internal
spin states of one Fermi atom species a are coupled through
a Rashba-type SOC. One of the spin states, say the spin-down
component (] })), is also subject to a Zeeman field which can
be either real or imaginary, depending on its physical origin.
Specifically, the Zeeman field is real under a spin-selective
light shift or external magnetic field; it is imaginary when rep-
resenting laser-induced loss. We then consider an s-wave inter-
atomic interaction between the spin-up component of a species
and the second atom species b. The non-Hermitian effective
Hamiltonian of this system is (we take 7 = 1 throughout the

work)
H = Z ekakcakg+28bbT
k,o=1,|
A . ¥
+ 72 [(kx —iky) ay, rax, —|—H.c.]
my 4 ,
_ZBZ“MC‘MJF Z am r kba-wawt, (1)

where the operators ag. ¢ (0 =1,]) and by, represent the an-
nihilation of two different types of atoms, where k denotes
the atomic momentum. The kinetic energies of the atoms are
given by & = k*/(2m,) and &) = k*/(2my,), with m, and m,

being the respective atomic masses. The parameter A charac-
terizes the strength of the Rashba SOC, and B is the effective
Zeeman field strength, which can be either real or imaginary,
corresponding to a real or imaginary magnetic field. The bare
interaction strength between the atoms, denoted by U, is re-
lated to the s-wave scattering length a, through the renormal-
ization equation 1/U =m,/ 2r(1+n)as)—(1/V) Y, 1/(1+
1n)€;, where V is the quantization volume and 1 = mg/my, is
the mass ratio. The single-particle Hamiltonian of atoms with
Rashba SOC and dissipation can be expressed in momentum
space as
A
Hg (k) = €500+ —

a

(kyOy + ky0y) + Bo, — Boy, 2)

where o; (i = x,,z) are the Pauli matrices, and oy is the 2 x 2
identity matrix. To facilitate later discussions, we transform
the annihilation (creation) operators into biorthogonal field op-
erators in the helicity branches:

R+ i
a a
ag, a, |
aL a
( ot =t ( ’“’T)7 “
.- Ak,|

where + represents the helicity index. The matrix Uy, is given

by
0 )
Yo+ Y —)
U = ' ), ©)
(#ﬁ T

with the elements defined as

eifr/2 Ckiel¢k/2

y,ti:— = ©6)

’ 1+ Jer V1l 2l
W By /m2B2 I3 A2
e Lol JR+ k2, and ¢y, =

where ¢+ = — k, =
arg(ky,ky). The single-particle dispersions in the two helicity
branches are

l 2
Eps=¢€f+ <m> k2 +B?—B. (7)

We observe significant differences in the single-particle spec-
tra under real and imaginary Zeeman fields. As shown in
Figs. 1(c) and 1(d), in the case of a real Zeeman field, the en-
ergy remains real and a gap opens at k; = 0. However, when
the Zeeman field is imaginary, an exceptional ring emerges at
kep = A|B|/(2Ey), with Eg = A?/(2m,). The radius of this
exceptional ring increases linearly with the field strength, and
at this point, the energy levels and eigenstates coalesce. For
k, < kgp, the energies become complex. Additionally, a de-
generate ring forms in the x—y momentum plane at the local

minimum of the lower helicity branch, éky_, located at kg =

Re(Ay/1—B2/4E?), which we refer to as Rashba ring. Un-
like the exceptional ring, the radius of the Rashba ring changes
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non-monotonically with the Zeeman field. Both the excep-
tional ring and the Rashba ring play important roles in various
few- and many-body phenomena, as previously shown. [3437]
In particular, under the imaginary Zeeman field, the align-
ment of the molecular state’s wave function along the excep-
tional ring kg results in a super-stable dimer state. Moreover,
the Rashba ring has been shown to facilitate the formation of
exotic Borromean states within a Hermitian system.**] The
Rashba ring persists under finite Zeeman fields, whether real
or imaginary, and the radius of the exceptional ring varies with
the strength of the imaginary Zeeman field, suggesting signif-
icant effects on three-body bound states. As we will show
later, the imaginary Zeeman field has a profound influence on

the properties of the trimer state.

3. Dimer and trimer states

Now we come to the two- and three-body problems. Un-
der the biorthogonal field operators, the Hamiltonian in Eq. (1)
becomes

k,f=+ k

U
+V Z Z RkvﬁLk/ﬁ/alIS.ﬁbZ*ka*k/ak/,ﬁ/7 (8)
kk'q.p'=+

where Ry, + = £ . /Det (Uy) and L+ = 7, ..
To determine the dimer state, we use the wave function
for the two-body bound state given by

W)= L vty

k@ pl0), ©)
kp=—t

where the superscript R and L denotes the right and left eigen-
states of the molecule. The molecular state satisfies the eigen-
value equations H‘l//ll\{,[> =F |‘VI§1> and H' |1//1{7[> =E; |‘l’1\]71>’
with E, representing the energy of the dimer. Here, Q is the
center-of-mass momentum of the molecule, l//g/ L(k:) are the
variational coefficients, and |0) is the vacuum state.

By minimizing the energy functional <l//1\]7[ | H—-E, ’l//llé[>,
we derive the following self-consistent equation for the dimer
energy E»:

1 Ly gRi g

1
—=— _— (10)
v ko B2 — Skp — SCbek:

The dimer binding energy is given by Ey, = E> — Eyp,, where the
scattering threshold is Eg, = min [Re(&k,—)].

Now, let us consider a system with two particles of type
a and one particle of type b, and express the three-body wave
function as

) =L L v -

k.0 q.I"

k—q:ko;qD)b' ,_aball]0), (11)

(—k—q;ko;ql) sat-
isfies the Schrodinger equation H \l//l(f )= E3W’1(23)>~ Here,
and I" denote the helicity branch, and E3 = Ej3p, + 2Ey, repre-

sents the total three-body energy, where E3;, is the three-body

where the wave function coefficient 1//1%3 )

binding energy. By solving the Schrodinger equation, we ob-
tain the following equation:

wi) (~k— q: ko ql)
1
E; 8k-+q gka éq,l"

( Z‘VR‘

K',o’

_7ZWR

/1"/

q;k/G/;qF)Rkp-Lk/’a/

—k— q/;kG;qT’)Rq,qu/I/). (12)
By defining an auxiliary function
3
Uy (-
ql’

we derive the equation

1 | « Fo(k)RqrLqr — Fr(q@)Rk,cLk.c
—Fy(k)=— = .
U 14 q. E3 — 8k+q - gk,c - éqI

k—q;ko;ql')LisLqgr,

13)

For a system with rotational symmetry about the z-axis,
we can decompose the auxiliary function Fi (k) into different
angular momentum sectors:

ZF kJ_7

where 6, is an arbitrary phase shift independent of the binding

Ycos(ndg + 6,), (14)

energy solution. For the ground state, due to Fermi statistics,
only the n = 1 angular momentum sector needs to be retained,
giving the equation

11
(0 haa e, )

_ _l Z Rk:,o‘Lk,cFF(Q) (15)
14 E g}Z+q - gk,o - ng

RqrLgr

SZJrq - ékac -

ql’ ©37

Using the integral identity f02” cos(mx) cos(nx)dx =
76 n, we can multiply both sides of the equation by the cosine
function and integrate, resulting in a solvable equation

1 1 RqrLqr (m)
7772 Fs (k| ,k
(U V& Ey— gl —ékc_éqr> @ (kuk)

al €ktq

= sn2 Z/QquL/d% Gr(kb Z5 C]L:‘IZ)F( )(QLan)

(16)

where we have defined the auxiliary function

G((j’tll)" (kL7kZ;qla QZ)

1 y2n — 02) Ry oLk
_ 7/0 d(¢k—¢q)COS( (‘Pk ‘Pq)) k,olk,

E3 - 8k+q ék o éq,l"

. (17
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3.1. Binding energy and wavefunction

We consider the system to be near a Feshbach resonance
between atom b and the spin-up state of atom a, allowing the
dimensionless interaction parameter (Aas)~! to be smoothly
varied from the resonance point, where (1as)~! = 0, to the
Bose—FEinstein condensate (BEC) regime.

In Fig. 2, we show the variation of the trimer binding
energy as a function of real and imaginary magnetic field
strengths for a fixed mass ratio of 7 = 40/6 and interaction
strength (Aas)~! = 0.5. We find that in the case of a real
magnetic field, as the field strength increases, the trimer bind-
ing energy E3p, rapidly decays to zero, indicating that the real
magnetic field suppresses three-body pairing. In contrast, un-
der the influence of an imaginary magnetic field, the behavior
of the three-body binding energy is non-monotonic as the field
strength increases. At the initial stage of increasing the field
strength, the real part of the trimer binding energy Re(E3p)
deepens gradually, and the dissipation of the trimer bound state
Im(E3p) increases, remaining on the same order as the single-
particle dissipation B. However, as the imaginary magnetic
field strength continues to increase, the trimer binding weak-
ens, and the imaginary part Im(Ej3},) begins to decrease as well.
This is because when the field strength grows, the location of
the minimum energy of the single-particle dispersion of par-
ticle a shifts from the Rashba ring to the point at zero mo-
mentum. As the imaginary magnetic field strength increases
further, we observe that the changes in both the real and imagi-
nary parts of the three-body binding energy become very slow,
which is due to the quantum Zeno effect under strong dissipa-

tion.
@ N )
a) / -
—0.5 / BMF —0.2
, — IMF
/g —1.0f/ :‘3\ —0.4
815 B o6
] £
K20 = _08
—2.5 —1.0
—-3.0 _
0 1 2 3 4 1'20 1 2 3 4
| B | B

Fig. 2. The trimer binding energy E3p, as a function of the magnitude
of the magnetic field strength. (a) The real part of binding energy de-
creases rapidly to zero as the strength of the real magnetic field (RMF)
increases, while it exhibits a non-monotonic behavior as the strength of
the imaginary magnetic field (IMF) increases. (b) The imaginary part
of the three-body binding energy as a function of the IMF strength.
The parameters used are mass ratio 11 = 40/6, interaction strength
(Aas)~! = 0.5, and the energy and Zeeman field strength are measured
in units of Ey = A2/(2my).

To further investigate the system, we also analyze the
variation of the trimer binding energy Es, with other param-
eters. In Fig. 3, we show the variation of the trimer binding
energy Es3, with the mass ratio 17 and the interaction strength
(Aas)~! under the condition of an imaginary magnetic field

|B| = Eo and an interaction strength of (1as)~! = 0.5. We
find that increasing the mass ratio 11 makes the real part of
the trimer binding energy Re(E3,) deeper while rapidly sup-
pressing the dissipation of the trimer bound state Im(Ej3p). In
the limit of large 17, we observe an extremely deep three-body
binding energy Re(E3p ), which is inconsistent with the case of
no dissipation in previous study.'**! Additionally, we find that
Im(Esp) approaches zero in the large 7 limit. The mechanism
behind this phenomenon is that as the atom b becomes lighter,
the corresponding kinetic energy dominates in the three-body
scattering matrix and therefore suppresses the single-particle

dissipation from SOC atom a.

0 —0.8
(a) (b)
2-05 2-10
) 2
z 5
m —1.0 = —1.2
~1.5 —1.4
0 2 4 6 0 2 4 6
n 7
5
() —06 (d)
0 —~ —0.8
=2 8
5 -5 2 -1.0
S —10 g -l2
15 —1.4
—20 —1.6
0 0.5 1.0 1.5 0 0.5 1.0 1.5

(Aag)™! (Aag)~1

Fig. 3. The trimer binding energy Es3, as a function of the mass ratio n
and interaction strength (Aas)~'. (a) The real part of binding energy Ejp
increases rapidly as the mass ratio 1 increases. (b) The imaginary part of
the trimer binding energy Ej3, decreases as the mass ratio 71 increases. In
both (a) and (b), we fix the parameters as B = i and (Aas)~! = 0.5. (c) The
real part of the three-body binding energy E3;, as a function of the interaction
strength (Aas)~!. The three-body system forms a bound state at the three-
body threshold (Aas)~! = 0.26 and becomes more deeply bound as the inter-
action strength increases. (d) The imaginary part of the three-body binding
energy E3p, decreases as the interaction strength (Aas) ™! increases, remaining
on the same order of magnitude as the single-particle dissipation |B|. The pa-
rameters in (c) and (d) are B =i and 7 = 40/6. The energy and Zeeman field
strength are measured in units of Eg = A%/(2m,).

We also show the variation of the trimer binding en-
ergy with the interaction strength (Aas)~! under the condi-
tions of an imaginary magnetic field |B| = Ey and a mass
ratio of 1 = 40/6. As the interaction strength (Aas)~! in-
creases, a trimer bound state forms at the interaction threshold
(Aas)~! = 0.26, and the binding becomes stronger as the in-
teraction strength increases. It is worth noting that compared
to the interaction threshold of (Aas)~! = 0.2 in the absence
of dissipation, a stronger interaction is required to form bind-
ing in the presence of dissipation. This behavior is in sharp
contrast to previous study where dissipation promotes the for-
mation of two-body binding.[>?-37]

To further understand the role of the non-Hermicity in
three-body pairing, we analyze the probability distribution of
the wave function for the trimer bound state. As shown in

033101-4
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Figs. 4(a) and 4(e), we present the probability distribution
\1//1({3) (0;k,—;—k,—) |* in the (ky,ky) plane for the parameters
(Aas)~! =0.5,m1 = 40/6 under two conditions of B/Ey = 0.8i
and B/Ey = 4i. Similar to the probability distribution of the
three-body wave function in the absence of dissipation in pre-
vious study, the distribution exhibits a double-peak pattern in
the (ky, ky) plane, symmetric around the zero momentum point
k = 0. However, in the presence of dissipation, the axial distri-
bution of the wave function changes, and the peak of the prob-
ability distribution is no longer strictly concentrated around
the Rashba ring.

(b)

[9@) 03k, —;—k, =) |2

"o —0-8f(a)
—1.0

—-1.2

Im({;‘l,‘)

—1.4

—-1.6

0 0.5 1.0 1.5 2.0 2.5
k.

1.0
0.8

()

0.6
0.4

o0 05k, 5=k, )2

0.2

0 (03— —k,— )2

0 0.5 1.0 1.5

(8) (h)

Re(&, )
Im(ka’_)
|

k‘l kL

Fig. 4.
tion WS)(—k — q;ko;ql’)|* and the single-particle dispersion & 1.
(a) The probability distribution of the three-body wave function
[V (k. —i—k, ) in the (k. ky) plane at k. = 0. (b) The proba-
bility distribution of the three-body wave function |y’ (0;k, —;—k, —)|?
along the k, axis at ky, = 0,k; = 0. (c) The real part of the single-particle
dispersion &g, _ for particle a as a function of k; at k; = 0. (d) Another
plot of the real part of the single-particle dispersion & _ for particle a as
a function of k; at k; = 0. The parameters used in (a)—(d) are B = 0.8i,
(Aas)™' = 0.5, and 7 = 40/6. (e) The probability distribution of the
three-body wave function |W1({3)(0§k7*§*k7*)‘2 in the (ky,ky) plane at
k; = 0. (f) The probability distribution of the three-body wave function
\1[/9 (0;k,—; —k,—)|* along the k, axis at ky = 0,k, = 0. (g) The real part of
the single-particle dispersion &, _ for particle a as a function of k| at k; = 0.
(h) Another plot of the real part of the single-particle dispersion &g _ for
particle a as a function of k; at k;, = 0. The parameters used in (e)—(h) are
B =4i, (Aas)~! = 0.5, and ) = 40/6. Energy and Zeeman field strength are
measured in units of Ey = A%/(2m,), and momentum in units of A.

The probability distribution of the three-body wave func-

To visualize the change in probability distribution more

intuitively, we show in Figs. 4(b) and 4(f) the probability
distribution |‘l’1(13) (0;k,—;—k,—)|* on the k, axis by setting
ky =0 and k; = 0. It can be seen that in the case of small dis-
sipation |B| = 0.8, the peak of the probability distribution is
shifted toward higher momentum compared to the Rashba ring
in Fig. 4(c), and the probability decays slowly as momentum
ky increases. From Fig. 4(d), we can see that the single-particle
dissipation is not negligible in the region where the probability
distribution is mainly concentrated, which explains the dissi-
pation scale of the trimer state when the single-particle dissi-
pation is small.

In the case of high dissipation |B| = 4Ey, we find that
the probability distribution WII(S) (0;k,—; —k,—)|*> forms a
highly localized peak along the k, axis, as shown in Fig. 4(f).
Compared to the single-particle dispersion in Figs. 4(g) and
4(h), we observe that the peak of the probability distribution
|‘V1(23> (0;k,—;—k,—)|? is located inside the EP and Rashba
rings. This is related to the increase in the real part of the
energy at the Rashba ring, where the minimum single-particle
energy now occurs at the zero momentum, hindering the possi-
bility of low-energy scattering and pairing around the Rashba
ring. Consequently, the peak of the three-body probability
distribution |V’1(23) (0;k,—; —k,—) |* shifts closer to zero mo-
mentum. Moreover, as the single-particle dissipation |B| con-
tinues to increase, the real part of the energy at both the EP
and Rashba rings continues to rise, and the peak of the three-
body probability distribution ng) (0;k,—;—k,—)|> moves
even closer to zero momentum, which is consistent with our
analysis.

4. Phase diagram

It should be noted that in Fig. 2(a), we observe that the
binding strength of the trimer state Re(E3p) increases as the
strength of the imaginary magnetic field increases. This in-
dicates that the region where the trimer state can stably ex-
ist is modulated by the presence of single-body dissipation.
To explore this further, we calculate the phase diagram of
the system in the parameter space of magnetic field strength
|B| and interaction strength (Aas)~', with a fixed mass ra-
tio of 1 = 40/6, as shown in Fig. 5. We find that un-
der real magnetic fields, the interaction thresholds for form-
ing both dimer and trimer bound states decrease as the mag-
netic field strength increases, shifting the interaction strength
threshold (Aas)~! toward the BEC side. Meanwhile, we ob-
serve that the interaction strength interval for both the Bor-
romean phase (Re(Esp) < 0,Re(Ep) =0) and the ordinary
trimer phase (Re(E3p) < Re(Ep) < 0) decreases. This sug-
gests that the weakening effect of the real magnetic field on the
two-body binding depth E, is less than that on the three-body
binding depth E3p, which explains why, under strong magnetic
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fields, only the dimer phase (Re(Ep) < Re(Esp),Re(Ep) < 0)
and the scattering phase (Re(E},) > 0,Re(E3p) > 0) remain in
the system.
Lo BMF IMF
: L5

(a)
0.8} Dimer phase Dimer phase

Dimer phase

1.0

(Aag)™!
(Aag) ™!

0.6 L . Oridinary trimer
Oridinary trimer
0.4 Borromean 0.5
Borromean
Scattering phase X
Scattering phase
0.2 0
0 1 2 3 4 0 1 2 3 4

B |Bl

Fig. 5. The phase diagram of the system in the space of magnetic field strength
and interaction strength. (a) The phase diagram of the system under the influ-
ence of a real magnetic field (RMF) shows that as the RMF strength increases,
the interaction strength thresholds for both two-body and three-body binding
are suppressed, while the interaction strength range for the existence of the
ordinary trimer phase decreases rapidly. (b) The phase diagram of the sys-
tem under the influence of an imaginary magnetic field (IMF) shows that the
IMF suppresses the interaction strength threshold for three-body binding and
enhances the threshold for two-body binding. Moreover, the IMF strengthens
the three-body binding more significantly than the two-body binding at a fixed
interaction strength (1as)~!, expanding the region where the ordinary trimer
phase exists. The parameters used in the figure are 11 = 40/6, and the energy
and Zeeman field strength are measured in units of Eg = 12/(2my).

In Fig. 5(b), we show the phase diagram of the system
under an imaginary magnetic field. Consistent with previous
discussions, the presence of an imaginary magnetic field fa-
cilitates the formation of dimer bound states, with the inter-
action threshold (Aas)~! for the two-body bound state shift-
ing toward the resonance region as the magnetic field strength
|B| increases. At the same time, the imaginary magnetic
field suppresses the formation of trimer bound states, with
the interaction strength threshold (Aas)~! for the three-body
bound state shifting toward the BEC side as the magnetic field
strength increases, causing the Borromean phase of the sys-
tem to rapidly vanish as the Zeeman field strength increases.
We also observe that as the interaction strength increases to
the BEC limit, the system exhibits only the dimer phase, with
the trimer phase appearing only near the unitary region. This
observation aligns with the physical picture in Hermitian sys-
tems. On the other hand, although the imaginary Zeeman
field suppresses three-body binding, the trimer binding depth
Re(E3p) increases to some extent under a fixed interaction
strength (Aas)~'. In a certain range of imaginary magnetic
field strengths, this increase in depth can be deeper than the
two-body binding depth Re(E},), resulting in an expansion of
the region where the ordinary trimer phase exists within that
range. Correspondingly, a phase boundary appears between
the dimer phase and the ordinary trimer phase. We observe
that with the addition of particle dissipation, the number of
possible phases in the system changes, which also implies
more experimental ways to control the system’s states. Mean-
while, we point out that the variation of the phase boundary

differs as IMF crosses |B| = 2, consistent with our analysis
in Figs. 2 and 4, this behavior also arises from the change
in the dispersion spectrum of atom a. As the Zeeman field
strength crosses |B| = 2, the minimum of atom a’s spectral dis-
persion shifts from the Rashba ring to zero momentum. The
low-energy single-particle subspace plays a decisive role in
determining the properties of the few-body states.

5. Summary and discussion

In conclusion, we have shown that a Borromean state and
an enlarged trimer phase emerge in a three-body system under
the Rashba SOC and an imaginary Zeeman field. The occur-
rence of Borromean state is attributed to the spectral symmetry
in the single-particle dispersion of the spin—orbit coupled atom
and the spin-selective inter-atomic interaction. The expansion
of the trimer phase is due to the enhancement of the trimer
binding energy by the imaginary magnetic field. The trimer
state can be detected by measuring radio frequency spectrum
of an atomic gas, a promising example is the Y K—49K-SLi
Fermi—Fermi mixtures. Our results highlight the interplay of
interaction effect and non-Hermiticity in a few-body system.
Our studies pave the way for further theoretical and experi-
mental study of non-Hermitian physics in the few- and many-
body systems. Future studies would include a further genera-
tion of the three-body pairing to the many-body physics.
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