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Multichannel effects in the Efimov regime from broad to narrow Feshbach resonances

T. Secker®, D. J. M. Ahmed-Braun, P. M. A. Mestrom®, and S. J. J. M. F. Kokkelmans
Eindhoven University of Technology, P. O. Box 513, 5600 MB Eindhoven, The Netherlands

® (Received 29 November 2020; accepted 20 April 2021; published 6 May 2021)

We study Efimov physics of three identical bosons with pairwise multichannel interactions for Feshbach
resonances of adjustable width in magnetic field. We find that the two-body multichannel realization of the
interaction can affect the universal Efimov spectrum, especially for resonances of intermediate width. We analyze
two scenarios that are equivalent on the two-body level but differ in their realization in three-body multichannel
spin space. The deviations in the Efimov spectra of these scenarios are caused by trimer states in the closed
interaction channels whose binding energy and coupling strength to the Efimov states depend on the spin
realization. However, in the narrow resonance limit the Efimov spectrum is set by the resonance width parameter
r* only and does not depend on the realization in spin space. We find this limit to be even independent of the
interaction potential considered. In the broad resonance limit all excited Efimov trimer energies approach the
ones from the corresponding single-channel system for the scenarios investigated.

DOI: 10.1103/PhysRevA.103.052805

I. INTRODUCTION

As originally analyzed by Efimov, three particles that
interact with resonant pairwise interactions show universal be-
havior independent of the details of the interaction potentials
[1]. Whereas Efimov first analyzed this effect in the context of
nuclear physics, over the past decades ultracold alkali-metal
atoms have proven to be an ideal platform to study Efimov
physics experimentally for Bose gases [2—6], Fermi gases
[7-10], and mixtures [11-19]. In these atomic systems, the
pairwise interaction can be tuned into the resonant regime
close to Feshbach resonances by applying external magnetic
fields [20]. This tunability is a consequence of Zeeman shifts
in the atomic hyperfine states of the individual atoms. Combi-
nations of these internal hyperfine states on the two and three
atom level form the different scattering channels of the system
which are coupled by a multichannel interaction potential
when the atoms approach each other.

The strength of the interaction in the underlying two-body
system can be parametrized by the s-wave scattering length
a in the ultracold regime. The behavior of a near a Feshbach
resonance can then be characterized by a background scat-
tering length ay,, and a resonance width parameter r* [20].
The parameter r* is related to the width of the resonance
in magnetic field AB = hz/m d L apg ¥, with m the mass of
the atoms and du the magnetic moment of the bound state
associated with the resonance. Large values of r* therefore
correspond to narrow Feshbach resonances, whereas small
values correspond to broad ones. The term AB can be deter-
mined from the magnetic-field dependence of a

AB |
B_BO>, (1)

a(B) = abg<1 —

where B and B, denote the magnetic-field strength and the
resonance position in magnetic field, respectively.
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The universal Efimov regime is characterized by large
absolute values of the scattering length, which diverges on
resonance (|a| 3> ryaw), where ryw = (mCs/H>)'/4/2 is the
range associated with the —Cg/r® van der Waals tail of the
atomic interaction. In the universal Efimov regime a single
three-body parameter determines the location of three-body
features, e.g., the binding energies E, of an infinite sequence
of weakly bound three-body states, referred to as Efimov
trimers, that emerge successively when the interaction is
tuned to resonance. The binding energies follow the univer-
sal scaling relation, E, | /E, = e~ 2"/ with sy ~ 1.00624 for
identical bosons [1,21]. The three-body parameter is often
determined by the scattering length value a“ at which the
lowest Efimov trimer state meets the three-body continuum
and leads to an Efimov resonance.

The three-body parameter a" has been measured for many
species and Feshbach resonances [3-6,22-25]. Surprisingly,
most early experiments for identical bosons found the three-
body parameter to be close to a? /rvaw ~ —9 over different
species and Feshbach resonances [4,6,22-25]. Following the
experiments, this universal value of a“ could be theoretically
explained [26-28] relying on single-channel models for the
interaction potential. However, such single-channel models
cannot correctly describe the two-body physics close to nar-
row Feshbach resonances.

For narrow resonances a' can deviate from the univer-
sal value as has been predicted theoretically [29-36] and
observed experimentally [34,35,37-39]. However, agreement
between theory and experiment has been achieved only in a
few instances [34—36]. The deviation in a'® from the universal
value thus indicates the importance of multichannel effects
for narrow resonances. To represent narrow resonances on
the two-body level simple two-channel models can be used
to correctly account for the resonance width parameter r*.
Generalizing those models to the three-body case resulted in

©2021 American Physical Society
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studies of ag)) as a function of r* [29-31,33], as well as of
both r* and ay, [32]. All those models find a dependence

of a” on r*; however, opposite trends for the behavior of

|a§)) | have been obtained. On the one hand, Ia@l can increase
with increasing r* reaching a narrow resonance limit (* —
o0), where r* sets the three-body universal regime as well
as the three-body parameter [29-31] or, on the other hand,
|a”| can decrease with increasing r* [33]. Interestingly both
increasing [34,37] and decreasing [38,39] trends have also
been observed experimentally. One of the major differences
in the models that predict opposite behavior is the way the
two-body multichannel spin structure is generalized to a three-
body multichannel scenario. This indicates the relevance of
an accurate representation of the multichannel spin structure
for the three-atom system. For the decreasing trend of 1a9|
with increasing r* observed in Ref. [33] the two two-body
spin channels are directly promoted to two three-body spin
channels, whereas the models with increasing trend of |a§))|
for increasing r* [29-33] resemble a system with a two-body
closed channel formed by identical internal spin states of the
individual atoms that we study and extend in this work.

On the two-body level, a symmetric spin channel is in
general either of the form |cc) or |cc)s = (Jec) + 1d0)/V2,
with ¢ and ¢ labeling the different internal spin states of
the individual atoms. For identical bosons such symmetric
spin channels need to be considered when combined with
even partial wave components of the interaction. In this paper
we analyze both realizations |cc) and |cc)s for the closed
channel and are thereby extending earlier studies [29-32] to
the |cc)s scenario. We consider pairwise separable interac-
tion potentials that have been used to study the dynamics
of the many-body system [40,41] and generalize them to a
multichannel interaction. We find that the realization of the
two-channel model in spin space affects the Efimov spec-
trum in the broad and especially intermediate resonance width
regime, leading to both increasing and decreasing trends of
|a_| depending on the realization, while the narrow resonance
limit can be recovered for r* — oo in all considered cases.
Additionally, we find the narrow resonance limit to be inde-
pendent of the form of the interaction we consider.

The paper is outlined as follows. In Sec. II, we start with
the analysis of the three-body bound-state equations in mo-
mentum representation for a general multichannel system.
To keep the system clean whilst retaining the multichannel
characteristics, we proceed to analyze a simple two-channel
model in Sec. III, where we restrict ourselves to the case of
separable s-wave interactions and two internal spin states |a)
and |b) per particle. Here, we distinguish between the two
different closed-channel realizations |bb) and |ab)g we men-
tioned earlier. The two-body details are discussed in Sec. IV.
The results of our analysis and a comparison of the differ-
ent closed-channel realizations are presented in Sec. VA.
For the |bb) realization they resemble earlier multichannel
studies and allow for an effective field theory description
containing a dimer field [30-32] as we discuss in Appendix
C. In Sec. VB we analyze the narrow resonance limit of
the two realizations. We then conclude in Sec. VI with a
summary of the most important findings and suggestions for
future research.

II. THREE-BODY BOUND STATES IN A MULTICHANNEL
SETTING

For the three-body multichannel model system with sepa-
rable interactions that we want to focus on in Secs. III to V,
we choose to work in a momentum space representation. This
enables us to study Efimov physics by solely considering a
one-dimensional integral equation. Therefore, we outline the
general multichannel version of the three-body bound-state
equations for three identical bosons in momentum space here.
Since we do not yet restrict ourselves to any special kind
of model system, the equations presented should apply to
any short range interaction including those coupled-channels
models, which currently provide the most accurate theoretical
description of the interatomic interaction.

We consider identical bosons with pairwise potentials V;;
describing the interaction between particles i and j. The
three-body bound-state equation can then be formulated in the
following form [42]:

®;; = Ti;(E)Go(E)(Py + P_)dyj, )

where 7;;(E) is a generalized two-body transition operator,
Go(E) is the free three-body Green’s operator, that in the
multichannel context also accounts for the asymptotic ener-
gies of the channels, and where Py and P_ denote the two
cyclic permutation operators. The index (i j) specifies a choice
of a two particle subsystem formed by particles i and j. We
introduce the corresponding system of Jacobi momenta

1
p= E(kj - k), 3)

1 2
=~ (ki + k) — ~kg, 4

where k;, k;, and k; denote the momentum of particles i,
J, and k, respectively, such that the relative momentum be-
tween particles i and j is now related to p. The particular
choice of the pair (ij) is arbitrary since we are considering
identical bosons. Equation (2) has a solution only when E
is an eigenenergy of the three-body Hamiltonian. The cor-
responding bound-state wave function is then given by ¥ =
(1 + Py + P_)Go(E)D;;.

In the following we discuss the operators introduced in
Eq. (2) in more detail. We start with the analysis of the
generalized two-body transition operator 7;;(E). Given the
interaction V;;, we can use the Lippmann-Schwinger equation
in order to define 7;; [42]

T (E) =[1 = Vi;Go(E)]™'Vij. (5)
Ti;(E) is related to the two-body ¢ operator ¢(z) by [42]
(C. e, p,qITHE)C, ¢, P, q)
= (C plt(E —3¢°/4m)|C, p)(c. ald,q),  (6)

where C and C represent any symmetric or antisymmetric
combination of the product of internal states of particles i and
J and where cand ¢ represent the spin of particle k.

Since we consider a three-body system of identical bosons,
where each particle i can occupy several internal spin states
labeled by ¢, we can define the permutation operators Py
as products of permutation operators P{ acting only on
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coordinates and permutation operators P{ acting only on in-
ternal states, respectively, such that

P_=P'P, P .=PP, (N

where the coordinate permutation operators can be written in
integral form as

P = f dqdaq +4/2. Q) (-q/2 - a.q].  @®)

Pi=/d¢wn—d—qﬂxmdﬂ+q4% )

with momentum states normalized according to (p’|p) =
8(p’ — p). The internal state permutation operators can be
expressed using a summation over all available internal spin
states, such that

P =" g 6. 6) a6 gl (10)
GGG

Pi:Z|Ci’ cj, CI()(QH Cia Cj' (11)
GGG |

The sum of permutation operators can then be written as [43]
Py + P_ =2[P5P, P + PP P}, (12)
where
Py =+P)/2, Pi=0-PF)/2 (13)

are the symmetrization and antisymmetrization operators in
particles 7 and j and where P;; is the operator exchanging the
particles in the pair (ij). Equation (12) then follows from the
identity

P_ = P,P.P;. (14)

For identical bosons we need ®;; = P;;®;; such that ¥ is
totally symmetric and therefore Eq. (2) simplifies to

®;; = 2T;(E)Go(E )Py ®i;. (15)

Using this we can give Eq. (2) in |C, ¢, p, q) representation,
such that

CIE_324 C’_/_ 2 I A/ /
(C,c,p,qICI)[j):QZ/dq/{( PIUE = 3q7/4m)IC. —4 “/)<C,c|Pi|C,d><C,d,q/2+q,q|<1>,-j>}.

c.c

Note how the Green’s function has evaluated to

Go(E)|C, ¢, p,q) =

E—-ECC,0—(q*+q%+qq)/m

IC ¢ p,q)

" E—E(C o—p*/m—3q*/4m’

(16)

where E (C, c) represents the asymptotic energy of the channel |C, ¢). In Appendix A we give more details on how to work out
the elements (C, ¢|P{|C’, c").

III. SEPARABLE MODEL SYSTEMS

To explore possible multichannel effects we proceed with the analysis of a simple model potential, which has a single
separable s-wave component

(CpIVIC, ) = (QvIC) ¢ (p)S™(P) A7)

with form factor ¢ and only symmetric spin combinations C and C. In addition we assume just two internal spin states per
particle, which we label with a and b (¢, ¢;, ¢ € {a, b}) and assume a difference in channel energy of €. Since the interaction
is separable, so is the two-body ¢ operator

(Cplt@IC,p) = (At @IC)E(P)E*(P), (18)

that we work out explicitly for a step-function shaped form factor in the following section. Searching for solutions with zero
total angular momentum, we can then make the ansatz (C, ¢, p, q|®;;) = £(p)(C, ¢, ql¢;;). Evaluating this ansatz in Eq. (16) and
dividing both sides by ¢ (p), we find

Y c.oe’0 -1 E—E(C,0—(¢*+q*+qq'u)/m
X <C’ C|Pi|C/’ ('j/><C/v Lj/» q/|¢1]>}v (19)
= Z/(; qlqu/<a [ q|K|C’ LJ? q/><C7 dv q/|¢ij>’ (20)
cc

where we implicitly defined the operator K in the last line. We implement Eq. (19) numerically by replacing the ¢’ integration
by a summation over a finite ¢’ grid.
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Applying the relations as presented in Appendix A in order to analyze the elements (C, ¢/P}{|C’, ¢) and dropping the index
in ¢;;, Eq. (20) can be rewritten into the following matrix form:

(aaalp) (aaa|K|aaa)  (aaa|K|aba) 0 (aaa|K|aab)  (aaa|K|abb) 0 (aaal¢)
(aba|@) (aba|K|aaa)  (aba|K|aba) 0 (aba|K|aab)  (aba|K|abb) 0 {aba|®)
(bbalg) | _ | (bbalK|aaa)  (bba|K|aba) 0 (bba|K|aab)  (bba|K|abb) 0 (bbalg)
(aablg) | — 0 (aab|K|aba)  (aab|K|bba) 0 (aab|K|abb)  (aab|K|bbb) | | (aab|p) |’
(abb|@) 0 (abb|K|aba)  (abb|K|bba) 0 (abb|K|abb)  (abb|K|bbb) | | (abb|¢)
(bbb|p) 0 (bbb|K |aba)  (bbb|K|bba) 0 (Dbb|K |abb)  (bbb|K|bbb) | | (bbb|¢)

2y

where we write out the symmetric spin states in the pair (ij) explicitly as C € {aa, ab, bb}. This equation indicates that even
a model with a single s-wave component and two internal states yields a system with six coupled channels for the Faddeev
component ¢.

We want to focus on scenarios that correspond to a two-channel model on the two-body level with open channel P = aa that
is coupled only to a single closed channel Q. For Q we can either choose Q = bb which is of the form |cc) or Q = ab which is
of the form |cc')s = (|cc) + | ¢))/~/2. For Q = bb we need to set ((u|C) = 0 when Cor C equals ab to have no coupling to
the ab channel, whereas for Q = ab we need to set (CJv|C) = 0 when Cor C equals bb to have no coupling to the bb channel.
These restrictions on v transfer also to t(z) as we will see in the following section such that ((t(z)|C) = 0 when Cor C
equals ab for Q = bb or ((t(z)|C) = 0 when Cor C equals bb for Q = ab. Evaluating this in Eq. (19) we find that some of the
elements (C, ¢/K|C, ¢) in Eq. (21) equal zero and the three-body equations can be simplified. In particular (C, ¢|/K|C, ¢) =0
when C = ab for Q = bb or when C = bb for Q = ab. As a consequence the components (aba|p) and {abb|¢) or (bba|¢) and
(bbb|¢) have to be identical to zero, respectively.

Considering Eq. (21) for the situation with closed channel Q = bb, we find that the three-body equations involving the open
channel gaa can be further reduced to

(aaalp)]| _ [(aaalK|aaa) 0][(aaal) )
(bbalg) | = | (bbalK|aaa) 0|| (bbale) (22)

because the elements (aaa|K |aab) and (bba|K|aab) vanish when evaluating ((]7(z)|C) in combination with the elements of P}
in Eq. (19). The solution is thus solely determined by the open channel part

(aaal¢) = (aaa|K|aaa)(aaa|p). (23)

Since just the open-channel component of the ¢ operator is needed in this equation, we can later on use the Feshbach formalism
[44], which we generalize in Appendix B to an off shell version, to construct an approximate model system, in which the closed
channel is modeled by a separable energy-dependent interaction term added to the open channel. We analyze this model and its
narrow resonance limit in more detail in Sec. V. We note that this model system is similar to the ones discussed in effective field
theory [30-32] and the ones considered for the narrow resonance limit [29,30]. In Appendix C we show that the Q = bb model
can be approximated by the effective field theory models used in [30-32].

If we alternatively fix the closed channel Q to correspond to ab, we find that Eq. (21) can be expressed as

(aaal¢) (aaa|K|aaa)  (aaa|K|aba) (aaa|K|aab) 0 (aaa|p)
(aba|p) | _ | (aba|K|aaa) (aba|K|aba) (aba|K|aab) 0 (abalp) (24)
(aablg) | — 0 (aab|K|aba) 0 (aab|K|abb) | | (aab|)
(abb|) 0 (abb|K |aba) 0 {abb|K|abb) | | (abb|p)

Contrary to the realization where Q = bb, this equation indicates that the realization Q = ab results in coupling terms to the
closed channels. Consequently it is no longer possible to describe the model in terms of the Feshbach formalism. As such, the
system does no longer resemble the ones discussed in effective field theory [30-32] and requires a careful analysis in terms of
all four coupled channels as presented in Eq. (24). The results of this analysis will be presented in Sec. V A.

(
IV. TWO-BODY TRANSITION OPERATOR Eq. (17) are identical in both scenarios. For € we get € = 2¢,

in case of Q = bb and € = ¢, in case of Q = ab. According
to Eq. (17) we have a two-body interaction of the form

In the following we derive the two-body ¢ operator for
the separable system explicitly. As discussed in the previ-
ous section we consider two scenarios: one where the closed vpp  Upg \ 1£)(¢]
channel Q = bb and one where the closed channel Q = ab. V= <13QP f)QQ) “mA [vll£) ], (25)
Both scenarios only involve two two-body channels which
are coupled via the interaction potential. The corresponding
two-body ¢ operators are equivalent when the difference €
in closed and open channel energy and the interaction and I, p<A
coupling strengths (P[v|P), (Q|v|Q), (Q[v|P) = (Q|v|P)* of (pIg) =¢(p) = {0: »> A (26)

with potential interaction and coupling strength parameters
Upp, Vg, Upp = Vgp € R. We define the form factor ¢ as
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where A is a momentum cutoff scale. For such an interaction,
the two-body transition operator can be obtained analytically
in a straightforward fashion. Resembling Eq. (5) the two-body
operator is defined as

t@) =[1-Vg()]'V, (27)

with go the free Green’s function of the two-body system.
Since we are considering the interaction between just two
channels, we can fix the zero energy to equal the asymptotic
energy of the open channel P. By doing so, the asymptotic
energy of the closed-channel Q reduces to the energy differ-
ence € between the open and closed channel. Consequently,
the free Green’s operator of the two-body system g((z) can be
expressed as

(z—p*/m)”"

(Plgo@Ip) = ( ; e my

1) (pIp’).
(28)

Next, the separable interactions allow us to express the ¢
operator in the following separable form:

_ (ter(2)  TPo(2)
t(Z)_<TQP(Z) tQQ(Z))M)((l, (29)

where the energy dependent terms fco(z) can be computed
explicitly from

(TPP (@)

(@) _ -
7op(2) )—<1—[v]<c|go(z)|¢>> 'l (30)

‘L’QQ(Z)

For step function shaped form factors considered in this sec-
tion, the previous equation can be solved analytically using
the identity

A p2 A
dp————— = — A + p.arctanh| — 31
/0 P —p+io bz (pz> Gh

to solve for (¢|g0(2)|¢).

Here we would like to point out that it is possible to
generalize this method to any finite number of channels and
form factors. Furthermore, the model can be adjusted to match
the low-energy scattering properties of a given system. The
scattering length is then given by

a =27’ mhtpp(0)¢*(0)Z (0) (32)

and depends on the parameters vpp, Ugg, Upp = VUgp and e,
so that we have a = a(Vpp, Vg, Upg, €). We then define the
background scattering length by

ayg(Vpp, Vg, Upg) = Glgrolo a(vpp, Voo, Upg, €), (33)
the resonance energy €, by

1/alvpp, g, Upg, €0(Vpp, Voo, Tpg)] =0, (34)

and the resonance width parameter

= a(%)

With those definitions we can map any given set of
(apg, 7*, €0) to a set of system parameters (¥pp, Vgg, Upp).

To analyze the narrow resonance limit of tpp(z) we first use
the Feshbach formalism outlined in Appendix B to approxi-
mate the system. We recognize that the transition matrix is the

(35)

€=¢€

only operator in the three-body equation that depends on the
form of the two-body interactions. Following the procedure
as outlined in Appendix B, we find that the transition matrix
element tpp as introduced in Eq. (30) reduces to the following
simple form in the narrow resonance limit:

pp(2)
r*/mh
_ 1 1
reo 202002z +a ! — /=7

where we have used system parameters in units of r*, such
that 7pp = tpp/(r* /mh), and where we have introduced the
dimensionless scattering length & = a/r* and energy z =
zmr*2/h?. The above expression is valid for arbitrary form
factors ¢ and leads to a narrow resonance limit of the Efimov
spectrum which we discuss in detail in Sec. V B. From that
we conclude that the above limit also holds in the general
setting with nonseparable interaction potentials. The ¢ oper-
ator for those general potentials can be expanded in separable
terms, with a single separable term representing the resonant
component [36,45,46]. Only the open-open component of the
resonant term will approach the limit in Eq. (37). All other
terms in the open-open component are finite even on res-
onance in units related to the range of the interaction and
therefore vanish according to Eq. (36) in units of the reso-
nance width parameter r* when taking it to infinity.

Tpp (36)

(37

V. RESULTS

We study the dissociation scattering lengths a™ as well

as the binding energies of the three deepest trimer states for
varying values of the resonance width parameter r*. To com-
pletely determine the system we fix the threshold difference
on resonance €y and the background scattering length ay,,
such that we can map the scattering length a to the threshold
difference € between the open and closed channel. In the
following we denote quantities made dimensionless in units
of the cutoff scale A with a bar. This means that all lengths
are given in multiples of /i/A and all energies are given in
multiples of A?/m. The length scale /i/A then indicates the
range of the interaction. We choose a,, = —0.2 to have no
additional bound background dimer states in our model and
set the resonance position to a value of & = 1.5 to just have a
single closed channel trimer for Q = ab as will be discussed
below in more detail.

A. Comparison of the Q = bb and Q = ab multichannel
realizations

We start by comparing our results for a™ in the different
closed channel realizations Q = bb and Q = ab for changing
values of r*. Our results are summarized in Fig. 1(a). Here
we also compare our results to the single-channel result cor-
responding to the interaction [40,48]

a [£){¢]
2n2 —4mwa mA

with @ = aA /h the scattering length made dimensionless us-
ing the range of the interaction as defined above. We find
that in the broad resonance limit (7 — 0) we can recover the

VSC —

, (38)
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FIG. 1. We compare the three-body spectra of the systems we have analyzed. The red solid lines correspond to the Q = bb realization,
whereas the blue dashed lines correspond to the Q = ab realization of the system. In both cases the resonance positions are fixed at a threshold
difference of €, = 1.5 and the background scattering length is fixed to a,, = —0.2. In (a) we show the inverse dissociation scattering lengths
1/a™ of the three most deeply bound trimer states rescaled with the lowest (in absolute value) single-channel dissociation scattering length
a* as a function of the resonance width 7*. The open circles and diamonds correspond to experimental data [22,23,25,34,37-39,47], where
we rescaled a'® by the universal value of —9.73r,qw [26] and set 7* = r*/rqw. The diamonds correspond to very small values of r* and have
been shifted by 7* = 0.01 to fit on the plot. The red band indicates the van der Waals universal region up to £15%. The thin black dashed line
indicates a*/ayg, while the light gray horizontal lines correspond to the trimer positions of the single-channel system. The vertical gray lines
indicate the resonance widths at which we obtained full Efimov spectra shown in (b)—(d) for 7* = 0.01, 1, 100, respectively. In (b)—(d) we
show the binding energies of the lowest three trimer states (red solid and blue dashed lines) as a function of the inverse scattering length 1/a.
For better visibility both axes are rescaled as indicated by the axes labels. The thick black line indicates the dimer binding energy which agrees
for both realizations since the ¢ operator is identical. The thin gray lines correspond to the trimer spectrum of the single-channel model, while
the thick gray line corresponds to the single-channel dimer binding energy. In (b) the trimer and dimer lines stop at some positive inverse
scattering length close to 1/a'/* = 0.4, since the threshold difference related to this value of the scattering length is zero and we enter a regime
irrelevant for this investigation beyond this point.

single-channel result for all a™

. .. . . 0 e .
77 except for the dissociation where a lowering in |a”’| was observed when 7* is increased.

scattering length a'? related to the lowest Efimov trimer state
in the Q = ab realization, which still approaches a limiting
value but is lowered in absolute value.

Our finding that a limiting result is approached for broad
resonances is in agreement with earlier studies in effective
field theory [31,32] and is also in line with the results of
multichannel hyperradial calculations using van der Waals
interaction potentials [47]. Also the experimental results for
atomic systems indicated by the blue diamonds in Fig. 1(a)
confirm this behavior [25]. When 7* is increased we find that
|a(_")| increases for the Q = bb realization in agreement with
[31,32]. However, for Q = ab we find the opposite behavior
and |a(_")| decreases with increasing 7*, for moderate values of
7* < 0.3. This behavior is more in line with the results of [33],

The value of o] corresponding to the lowest trimer state in
the Q = ab realization even keeps decreasing when 7#* reaches
large values and converges to limz-_, o a® = apg. This indi-
cates that the lowest trimer state in the Q = ab realization is
in this limit no longer related to the Efimov spectrum close to
the resonance and has in fact purely closed-channel character,

as will be discussed in the following section. Note that due to

"2 /mr*

€) — €

ae) ~ apg — (39)

all a(e) for fixed € will be mapped to a, in the narrow reso-
nance limit. In this limit (7 — o0) we also find dissociation
scattering lengths related to Efimov states that scale linearly
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TABLE 1. Values of @ e""/% or @™ e~ "~D7/% as well as a"*" /a™ and ka"™ of the three lowest trimer states for values of 7* equal
t0 0.01, 1, and 100 that correspond to Figs. 1(b)—1(d). Note that for the case Q = ab and 7* = 100 we use a"’e~"~D7/% gince the trimer with

n = 1 corresponds to the lowest Efimov trimer.
Q=bb Q=ab

7 n a"™ e~ a"V/a" k™™ a™ e~ a"Va" k™M™
0.01 0 5.59 21.2 1.75 3.85 244 1.26
0.01 1 5.21 224 1.53 4.97 22.7 1.51
0.01 2 5.14 1.51 4.95 1.51
7 n a"™ e~/ a"Va" kMa™ a™ e~/ a"Va" kMa™
1 0 11.0 254 1.35 0.88 75.1 0.81
1 1 12.3 229 1.50 292 234 1.46
1 2 12.4 1.50 3.01 1.50
7 n a™ e~ a"Va" k™M™ a"e==bm/so a"Va" kMa™
100 0 1.08 x 103 26.5 1.28 0.21 5.04 x 10° 0.23
100 1 1.26 x 103 23 1.49 1.05 x 103 26.6 1.28
100 2 1.3 x 10° 1.5 1.23 x 10° 1.48

with r* for both realizations Q = bb and Q = ab. We discuss
this limit in more detail in Sec. V B.

In Figs. 1(b)-1(d) we show some trimer spectra for in-
creasing values of r*. From these spectra we extract the
dissociation scattering length a™ as well as the wave number

™ = —«/|E,|m/h related to the trimer binding energy on
resonance and collect our results in Table 1. The spectra may
be most easily understood starting from the narrow resonance
spectrum given in Fig. 1(d). In Fig. 1(d) we identify the
closed-channel trimer as the one that is most deeply bound in
the plot in the Q = ab realization. Close to the point where
the dimer state merges with the three-body continuum we
find a shrunken version of a universal Efimov trimer spectrum
for both realizations Q = bb and Q = ab. The thin gray lines
give the single-channel Efimov spectrum for comparison. As
mentioned earlier the size of the Efimov trimer spectrum is
set by r*, which is the dominating length scale in the narrow
resonance limit. Therefore, the size of the Efimov spectrum
increases when r* decreases as can be seen from Fig. 1(c). In
this intermediate resonance width regime where #* ~ 1 devi-
ations between the different realizations Q = bb and Q = ab
get pronounced, since the excited trimer states in the Q = ab
realization start to couple to and get repelled by the lowest
closed-channel trimer state. This causes the first and second
excited trimer states to be shifted to higher energies as com-
pared to the energies of the two lowest Efimov trimer states
in the Q = bb realization. Due to the coupling to the open-
channel (aaa) Efimov trimers the closed-channel (aba and
aab) trimer acquires an open-channel component. We note
that in the Q = bb realization it is not possible to couple to
closed-channel trimer states, as is indicated by Eq. (23). For
even broader resonances our results are shown in Fig. 1(b).
There the lowest trimer state in the Q = ab realization adopts
Efimov character, while the first and second excited trimer
energies are matching with the ones of the Q = bb realization
as well as with the single-channel result.

We also compare to experimental results in Fig. 1(a).
We find that almost all experimentally measured values of

a? lie between the predictions of the Q = bb and Q = ab
realizations, when rescaled according to the description in
the caption of Fig. 1(a). This is promising since interpolat-
ing between the Q = bb and Q = ab interaction potentials
while also properly adjusting €., provides us with a contin-
uous mapping between the two limiting realizations we study.
Therefore, also the spectra should be continuously deformed
into each other covering part of the area between the models,
which contains the experimental values. This indicates that
in the realistic situation a model including both realizations
Q =bb and Q = ab needs to be applied to represent the
atomic spin structure correctly. We note that in a realistic
system usually both |cc) and |cc)s type channels are involved
in the multichannel interaction [36].

B. Narrow resonance limit

For the Q = bb realization we can immediately see from
Eq. (23) that the trimer energies depend only on the three-
body open channel component (aaa|¢). For the Q = ab
realization, on the other hand, the coupling terms (aaa|K |aba)
and (aaa|K|aab) prevent this. However, these coupling terms
vanish in the narrow resonance limit when expressed in units
related to the width parameter r*, because the separation
in threshold energy is E(aba) — E (aaa) = & x 7*2. There-
fore, Gy has a suppressing effect ocl/#*2, which cancels the
leading-order diverging behavior of Tpp(z) o V7 in the cou-
pling terms (aaa|K |aba) and (aaa|K|aab). In conclusion we
find that in the narrow resonance limit Eq. (23) can be used
to solve for three-body bound-state energies in both real-
izations Q = bb and Q = ab. Since the scaling behavior of
Tpp(z) /7 holds in general, the above reasoning is also
true for realistic interactions including the full spin structure
of the three-atom system. We thus conclude that the above
limit holds in the narrow resonance limit for any multichannel
interaction potential.

By applying the reduction given in Eq. (37) and by chang-
ing to the scaled momenta § = gr*/h, we find that g = hg/r*
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FIG. 2. Efimov spectrum in the narrow resonance limit. The
purple (gray) lines indicate the five lowest Efimov trimer binding
energies, whereas the thick black line indicates the ground-state
dimer binding energy. The binding energies are shown for varying
values of inverse scattering length. All quantities are given in units
related to r* (see Sec. IV) and are rescaled as indicated by the axes
labels for better visibility.

approaches a value of zero in the low-energy and narrow
resonance limit. We can therefore simplify the expression of
the integral kernel as presented in Eq. (19) by replacing the
argument in the form factors ¢ by the value at zero momentum
£(0). The ¢ (0) terms cancel with the ones contained in Tpp(z)
[compare Eq. (37)]. Consequently, the three-body wave func-
tion of any model with separable interactions can be expressed
as

)  Glaga.q1e)
(aaa, qlp) ~ 4n / 4 ——1124918)
rr—o0 2m24( - @ +a' - q)

(_E +q/2+q2 _q/q)
X In = )
E+P+ P +qq
where the absence of form factors has allowed us to
carry out the angular integration explicitly and where §, =
V3G /4 —E.

As we have found a straightforward expression Eq. (40) for
the three-body bound-state equation in the narrow resonance
limit, we can proceed with the computation of the dimension-
less Efimov spectrum. In Fig. 2 we present our results for the
Efimov spectrum in the narrow resonance limit. In addition
we extract the dissociation scattering length a™ upton =3
as well as the wave number «™ related to the trimer binding
energy on resonance. Our results are collected in Table II.

In agreement with Refs. [30,48-51], we find in the nar-
row resonance limit that the dissociation scattering length of

(40)

TABLEII. Values of @ e/ as well as a”*" /a" and x"a"
for the four lowest Efimov trimers in the narrow resonance limit.

n a(_")e—nr(/xo a(_'l+|)/a(_fl) Kin)a(:l)
0 10.90 26.48 1.28
1 12.72 22.98 1.49
2 12.88 22.71 1.51
3 12.90 22.70 1.51

0.0

—0.5+

kR -1.0F

-2.0
0

€

FIG. 3. Narrow resonance limit of the closed-channel (aba and
aab) trimer binding energies relative to the closed-channel dimer
binding energy with respect to the closed-channel threshold, which in
the narrow resonance limit coincides with the resonance position &g.
The gray line indicates the value €y = 1.5 that we set the resonance
position to throughout our analysis of the multichannel system with
varying values of 7*.

the ground state a? scales as a' /r* >~ —10.90216, whereas
highly excited trimer states (n >> 1) approach a scaling
a™enm/s /r* >~ —12.9. In addition, we recognize the uni-
versal scaling laws a(_"H)/a(_") ~ —22.7 and «Ma™ ~ 151,
which are typical for Efimov spectra.

Having analyzed the trimer spectrum in the open three-
body channel gaa in the narrow resonance limit, we are left
with the narrow resonance limit analysis of the closed-channel
trimer spectrum for the Q = ab realization. In the narrow
resonance limit (#* — 00) we find that Tpo(E — 3¢ /4m) —
0 for all E considered. It follows that the coupling terms
(aaa|K|aba), (aaa|K|aab), (aba|K|aaa), (aab|K|abb), and
(abb|K |aba) vanish. We can therefore analyze the closed-
channel components aba and aab separately, which leads to
the following system of equations:

(aba|p) | _ |(abalK|aba) (aba|K|aab) || (abal¢)
(aabl¢) | | (aab|K|aba) 0 (aablp) |’

(41)

The system consists of two particles in spin state |a@) and one
particle in spin state |b) and is therefore equivalent to a system
of two identical bosons (B) and a distinguishable particle (X)
(see also Appendix C). The Efimov scaling laws on reso-
nance for such a BBX system are determined by sy &~ 0.41370
[48,52]. We find our system in agreement with those results,
when setting apg = 0 with 5o = 0.415 that we determined
from the scaling of the ground to first excited Efimov trimer
energy on resonance.

However, since we fixed €y = 1.5 the closed-channel sys-
tem we consider here has a dimer binding energy of ¢y with
respect to the closed-channel threshold in the limit r* — oo.
In Fig. 3 we show the closed-channel trimer spectrum in
the narrow resonance limit with respect to the open-channel
threshold as a function of the resonance position €;. We ob-
serve that for increasing €g the trimer binding energy increases
and more trimer states are getting bound. However, to keep
the analysis for the coupled case as simple as possible, we
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have chosen the resonance position € such that we just have
a single nonuniversal closed-channel trimer state near the
open-channel threshold in the limit of zero coupling to the
open channel. Hence we have fixed the resonance position to
€0 = 1.5in Fig. 1.

For completeness we note that the closed-channel spectrum
related to the remaining part

(abb|¢p) = (abb|K|abb)(abb|$) (42)

is equivalent to the closed-channel one we just discussed,
when ay, is set to zero [compare Egs. (C54) and (C57) in
Appendix C]. Since the abb threshold energy lies €y higher
in energy as the aba threshold for € = ¢ also the trimer spec-
trum needs to be shifted to higher energies by the threshold
difference €. Since the trimer binding energy £ < 1.5 for
€y = 1.5 the abb closed-channel trimer is located above the
aaa threshold in the considered system. This is confirmed by
our calculations that show only a single background trimer
state in the narrow resonance limit.

VI. CONCLUSION AND OUTLOOK

We present a multichannel version of the three-body
bound-state equations in momentum space. In order to probe
multichannel effects we analyze two different three-body
realizations of an interaction that on the two-body level
leads to a standard two-channel model for Feshbach reso-
nances with separable s-wave interactions. The two models,
that correspond to the different realizations, differ only in
the combination of single-particle spins employed for the
closed channel of the two-body model. Realistic full coupled-
channels models for atomic s-wave interactions include
symmetric spin combinations of the form |cc) and |cc')s for
the closed channels. We analyze the three-body bound-state
spectrum for either a purely |cc) or a purely |cc')s realization
of the closed channel for various values of the resonance
width and are thereby going beyond earlier studies [29-32]
related to the |cc) scenario. We find that the realization of

J

the interaction in spin space can strongly affect the Efimov
spectrum for intermediate resonance widths. Therefore, our
findings suggest that in this regime a full multichannel model
is needed to identify the three-body parameter for identical
bosonic alkali-metal atoms correctly. Additionally we find
that trimers related to the closed channels can appear in the
|cc')s realization. Contrary to the regime of intermediate res-
onance width, we find that both the |cc) as well as the |cc)g
configurations reduce to the same narrow resonance limit of
the Efimov spectrum. In this limit, the three-body dissociation
scattering lengths a™ scale linearly with the resonance width
parameter r*. We derive this limiting behavior by analyzing
the three-body bound-state equation. We find that the narrow
resonance limit is independent of the interaction potential
used. For the scenarios investigated and in the broad reso-
nance limit the excited Efimov states appear to be independent
of the closed channel configuration and agree with predictions
from the corresponding single-channel model.

Our model can be extended by adding more separable
terms even with higher partial wave components to represent
the long-range van der Waals tail of the atomic interactions
correctly. Studying such a class of models with only two
internal spin states could help to understand the effects leading
to van der Waals universality in the multichannel system and
might lead to a better understanding of the robustness of van
der Waals universality for Feshbach resonances with interme-
diate resonance widths. For completeness we note that in a
realistic system the channels |cc')s can be such that both cand
¢ are different from the incoming channel [36]. However, to
realize this situation a third internal state on the single atom
level would be required.
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APPENDIX A: PERMUTATION OPERATORS AND SPIN PROJECTION

We can split P} in four components, by introducing the operators Ps and P4, which project the state onto either the symmetric
or antisymmetric spin combinations of particle i and j. We find that

PsP|Ps = PsP’ Ps =: Pss, (AD)

PaP_ Py = PP Py =: Paa, (A2)

PsP{ Py = —PsP Py =: Psa, (A3)

PaP{Ps = —PsP Ps =: Pys. (A4)

We define the symmetric and antisymmetric spin bases as
¢ d c ol Iud c
|d®c”,c)=| N1 ® | >2®|2>(31—:|5di,1)®| >2®|)3’ (AS)
EAd. = 11 @12 @10: =1 ®[)® CER (A6)

V2
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One can then work out the expressions for Pss, Psa, Pas, and Psy explicitly

A ; i /
PsslcO ¢, ) = Zm(v1+5wc|d Ol +/1+8001d"OC, 0), (A7)
Pulch C. d/):%qmaa—ww, o). (AS)
A ; / ’
Pus|c©O LJ,LJ) = Zm(w /\c,d)+|d AC, 0), (A9)
1
Palen é.d) = (/TH3edd @ . &) = VT+3ccld @ ¢, ). (A10)

APPENDIX B: TRANSITION MATRIX FOR THE bb-CHANNEL CONFIGURATION
The two-body ¢ operator can be defined as
1) =V +Vg@V, (B1)

where g(z) = (z — H)~! is the Green’s operator related to the relative two-body Hamiltonian. This implies that the open channel
component of the transition operator #pp(z) can be expressed as

tpp(z) = Vpp(1 + gppVer + groVor) + Veo(8orVer + 800Vor)- (B2)
In order to simplify this expression we derive an operator version of the Feshbach formalism to eliminate the contributions gpp,
gro, and gpp in Eq. (B2); we apply the definition g(z)(z — H) = 1, such that we find
800 = g(()gQ + gQPVPQgOQQ» (B3)
with g0,,(z) = (z — Hpp) ™' and
Veogor = groVor = grrWpp, (B4)

where we have introduced the operator Wpp = VPQgOQQ(Z)VQP. Substituting Eqs. (B3) and (B4) into Eq. (B2), we obtain

tpp(z) = (Vep + Wpp)[1 + gpp(Vep + Wpp)l. (BS)

We recognize that Eq. (B5) looks like a single-channel transition operator where the open channel interaction potential Vpp has
been replaced by an effective interaction Vpp + Wpp.
Proceeding with the analysis of Eq. (B5), we introduce the uncoupled transition operator t7 | defined as

unc’

= Vpp + Vppgotpp, (B6)

unc
Ipp

such that we can rewrite Eq. (BS) as
tpp = tpp + (1 + VPPg?DP)WPP[l + gpp(Vep + Wpp)l. (B7)

Equation (B7) can be simplified through the application of the single resonance approximation. Under this approximation, the
resolvent operator gOQQ can be replaced by its dominant contribution, such that gOQQ ~ (E — Ep)~! lpo) (Ppol, with closed channel
bound state |¢p) and binding energy E;,. Substituting this form of this Green’s function into the definition of the potential operator
Wpp, Eq. (B7) reduces to

(1 + VPPg(l)JP)VPQ lp0) {(bol Vorll + gpp(Vep + Wpp)]. (B3)

1
t =tunc
PP T E — Ey)

Using the resolvent equation for gpp = ghp + ghpWepgpp [which can be derived from the expression for gpp analogous to
Eq. (B3) in combination with Eq. (B4)] the last term can be rewritten as follows:
(ol Vor[l + grp(Vep + Wep)l = (ol Vor{l + ghpVer + ghpWerll + gpp(Vep + Wpp)l}. (B9)

Replacing the g%Q by the approximation we used earlier in the first Wpp of the last line we arrive at an equation, which we can
solve for

(E — Ey) (pol Vor(1 + gppVer)

(dol Vorll + gpp(Vep + Wpp)] = , (B10)
erte E — Ey, — ($ol VorghpVro I$0)
such that we find
(1 +Vepghp) V) Vor(1 + g%,V
1oy = 1116 4 ( prdpp)Vro |00) (Yol Vor(1 + gppVep) B11)

E — Ey — (¢0l VorghpVeo l90)
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wne [1+ Vpr(g0 + 80153 80) [Veo 160 (ol Vor[1 + (g0 + 8ot} g0) Vier]

=t , (B12)
o E — Ey — ($ol Vor(8o + 80145 80)Vee [90)
where we replaced the Green’s functions g%, with the identity
ghp = 80 + ot go- (B13)
We can now use the separable interaction to explicitly get
tpp = Tpp 1) (C] (B14)
with
Upp
Ty = — . (B15)
T mA — Tep(1g0l¢)
The interaction strength vpp is then related to the background scattering length
a a
Opp 2 == (B16)

T 272+ A (Clgo(O)g) 277

Note that the bar indicates quantities made dimensionless in units of A as introduced in the beginning of Sec. V. We define
£(z) = (¢1go(z)I¢) and have that tpp = Tpp|¢) (|, since |¢) also appears in Vpg, and find

me . 11+ vep[§(@) +E@TEE@)]Jvro (S10) (Dol) vor{l + [6(2) + E()TpEE (2) Jupr)

= + B17

= 2~ By — (00l¢) vor[E @) + EQTEE @) |vrg (1) B17)
2 __unc 2 2

_ ey L4 orrE+E )] 1org (ido) | 51

z—Ep — (& + E2115) lupo (¢ o) 12

In this final form #pp is solely determined by vpp, pg, and Ep, which can be related to ape [Eq. (B16)] and 7* by considering
the z — 0 limit

2721¢(0)?g% /T2

a =2 Tpp (OO = g + —p——2 05 (B19)
such that we arrive at
g = Tveo (¢1do) | = «/T+|¢<0>| (B20)
Fixing @ = a/7* and a,, we can find E}, in the narrow resonance limit
B, = - +EOPT. (B21)

00 F*a

We replace —E;, by this expression in Zpp and change to units determined by r*, that we indicate by a tilde. We have 7 = 7/#*?
and therefore z — 0 in the narrow resonance limit. This leads us to

Tpp = Tpp/F* -

o 14+ 0(/=2)
— Unc ;=% + E 3 3 3 B23
T O 15 A ¥ [P0+ B0 ©) — 50— EOE Q) (B23)

— =UNC [ =% 1 1 + 0(\/__2)
= Tpp /r + 2n2|€.(0)|27*2 54 % + [w] (B24)
1 1

(B25)

re 2O 2 +a - VE

In the first step we consider the numerator in the second term of Eq. (B18). We replaced £ by the limiting expression & (Z) ~
2m2/=Z|¢(0)| + £(0) for small ,/—Z. With that we Taylor expanded the numerator around /—Z = 0. The zeroth-order term is
then simply the 7 — 0 limit [2772]¢(0)]?7*?]~". In the second step we consider the term [...] and proceed similarly to arrive at
the lowest-order term in /—Z. We have that T4 /F* — 0 in the narrow resonance limit and rewrite Z = Z/7*2. With that we can
take the limit 7* — oo in the final step. Equation (B25) corresponds to Eq. (37) as presented in the main text.
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APPENDIX C: SECOND QUANTIZATION

We derive the second quantized form of the Q = bb and Q = ab realization of the three-body systems considered to be able
to relate them to the Hamiltonians commonly considered in effective field theories. The notation we use in this section deviates
from the one in the main text with @ = (i, o) we now label a base |i)|o) in the single particle Hilbert space H;, where o labels
the internal or spin degrees of freedom and i a base in configuration space.

1. Creation and annihilation operators

We have the bosonic annihilation and creation operators a, and a, with

[, af] = 8p.
[au,ag] =0,
la}. a}] =0. (C1)

The operators a,, and al act on the symmetric part of Fock space PsH r

Hr = PHY
N
by
a,]0) = 0 (€2)
and
. . 1
i i
a, ...a, 10) = — Z Pylay . ..ay), (C3)
' ' VN LSS

with (V) the permutation group of N elements and P, the permutation operator related to the permutation p. The projector on
the totally symmetric subspace is defined as

1
Py = Vi > p,. (C4)

T pez(V)

2. Kinetic energy and interaction potential

The kinetic-energy operator 7 acts on a single particle as

Tiy =) (aITIB)la)(Bl, (C5)
af
with («¢|T|8) = (ix| — A /2m + E;,)|ig)ds,5,- The interaction potential V' acts on two particles as
Vap = Z (10| V| B1 B2} |la1002) (B1 B2l (C6)
a102B1 B2

with (o102 |V|[B182) = (ia, io,z|V[,a]%2,gﬁlgﬂ2 lig,ig,). For three particles restricting to the fully symmetric subspace we have the
kinetic-energy operator

TywPs = (T, + T3, + T7,) Ps

= ~(1+ Py + P_)(1 + Py)T;},P;

N | —
(%)

{aq |T|,81>80tz/3280t3/337)§ |o) <é|P~g

0|

(11T 1B1)8ar 8,0, L, . 10) (Olag, ap,ap,

o] o a3

(«|T|B)aag, (C7)

Il
™ @51 5™
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with P»; the permutation exchanging particles 2 and 3 and « a shorthand notation for the three indices («¢ja23). The interaction

term then is

VapPg = (VZ + V3 + VP

5(1 + Py + P)(1 4 Piy)VPP;

~(o102|V | B1B2) 8, Ps ) (BIPS
(12| V |B1 B2)Surpaatl, al, a0 (Olag,ag,ap,

1 P
E(ozlozlelﬁlﬁz)aglaézaﬁlaﬁz-

3. Q = bb and Q = ab realization

We consider a model with two internal states per particle o € {a, b}. We find that

TyP3 = Y il — B> A/2m + Eq|j)ala; + (il — B> AJ2m + Ey|j)b]b;],

ij

(C8)

(€9)

with a; = a; 4y and b; = ay; ». Furthermore, we restrict to an interaction term which reduces to a simple two-channel model on

the two particle subspace.

a. Explicit representations of the field operators

There is a unitary transformation
U PiHT = [PSaaatia] © [H16® (PSuati o)) @ [Hia ® (PSnHi,)] @ [PinHis)
connecting the representations of the field operator algebra. It is defined naturally by
alaal a for oy, =05 =0, =q,
ala}allm . l‘ﬂ i, foro, =0 =aand o, = b,
is%i,

b*b b

g1y

,10)
| )
1 b b 0) foro, =aandog = o, = b,
|0) foro, =0 =0, =b.
b. Q = bb realization
First we consider the case
(icr e | Vo, 0y o, 05, |1 82) =0 ¥ [(00y0w,) # (aa) or (bb)]or[(op,04,) # (aa) or (bb)]

such that we have

Vi Py = Z %[(iliZ|Vua,ua|j1j2)ajla;rzajlajg + (i1i2|Vow sl 1 j2) b bl b, b,

1
iti2j1j2

+ (112 Vi, aa|]1]2)b,lbl2ajlajz + <i1i2|Vaa.bb|11]2)a,]Cl,zb b;]-

It is easy to show that there is no coupling between the subspaces spanned by

iKY aa ~ aj@ja|0),  1ijk)gy, ~ ajbibi10)
and

li jK) 30 ~ BIBIBLIO),  1ijk)S,, ~ ajaibl|0).
We can rewrite the Hamiltonian acting in the aaa and abb channels as

H= Haaa,aaa + Hahh,aaa + Haaa,abh + Habh,abhy
with

| .. I
aaa aaa Z 11|T|J1 17128i3j3+§<lll2|Vaa,aa|]l]2>8i3j3 a,lal,au|O><0|aj1aj2aj3,
ij

052805-13

(C10)

(C11)

(C12)

(C13)

(C14)

(C15)

(C16)

(C17)



T. SECKER et al. PHYSICAL REVIEW A 103, 052805 (2021)

L. A 1 .
Hapm.amp = 3 | 5 01Tl 1)85,8i s + (il T 2) 8 B +5<zzzs|vbb,bb|12]3>8il,-l}a,lb,lbf 0)(0la;,bj,bj,,  (CI8)
Ll L
(1 . ;
Happraaa = Y 5 (02031Vinaal 123)811 |a} b b 10) Ol . (C19)
(1 . ;
Haga.aop = ) 5 (iaislVaa ol 123)8i, |4} @il 10) Ol by b, (C20)

ij o=
where we again introduced i as a shorthand for the three indices (iiyi3). We get

Hova.oaa = (T1+T2+T3+V23 L3 qyn

aa,aa aa,aa aa aa)PS,aaa ’

(C21)

. 1
Happ,app = (1 + Po3 abb)z ( (U1 Tal j1)8iy o 8155 + (i2|Tol j2) 0, i O js + 5

(283 Vib,oo| J2.73) 80y jy N1D avbans {J1(1 + Po3 app)/2
2 e
ij

1
=1+ Py abb)< T+ T+ 2Vb2bsbb>(1 + Poz.apn)/2
= (T + T + T, + V) (1 + Poz.awn)/2, (C22)

L. . . . .
Hubb,aaa = ‘/3(1 + P23,abb) Z |:§ (i213 |Vbb,aa|]2]3>8i1j1i| |2) abbaaa <1|P§,aau
ij

= ﬁvbi?aapg,aaa ’ (C23)

| .. "
Hagaabb = */E‘/gpg,aaa Z |:§<1213|Vaa,bb|./2]3>5i1j1i| 12} G1CL + Pa3 abb) /2

ij

(1 + P+ aaa + P_ aaa)(l +P23 aaa)z |: 1213|Vaa bb|]2]3> 1111i||l)(.]|(1 + P23 abb)/2
ij

[

1
= — (1 + Pt aaa + P aaa) Vs (1 + Po3.ap) /2, (C24)

3

when representing the model on ’H,ia OHi® ’H%, »» wWhere the indices aaa and abb of the operators P, P_, and P»3 indicate
the subspaces they are acting on and Pa3 gpp = 1, ® ’PS% b

In the following we approximate the Hamiltonian H,pp 4 by introducing a dimer field. For that we introduce relative r and
center-of-mass coordinates R for the two particles in the b state with positions r, and r3. We assume the following form of
the interaction Vbzszb =1, 0r® Vb’b, »p, With ¥ a bound eigenstate fulfilling (—AA, /m + Vb’b’ ww)VE = EYg. We introduce the
projector Py, onto the state Y such that we can restrict Hupp app 10 Happ,avb Py = Py Habb,abb = Habi b The coupling term

then acts on a state ¢ as [PwEVbzb%aalﬁ](}’l, r,r3) = Ye(rn — rg)fdr x*(N)olry, (rn+r3)/2+r, (ry +r3)/2 — r] with x*(r) =
[V 5 Vib,aal(r). With that we can approximate the total Hamiltonian by

Haua,uaa = (T + T2 + T3 + Vazc?aa + Vu3(11ua + Valazaa)PS,aua’ (C25)
Happavv ~ (I} + Ty + E)Py,, (C26)
Hahh aaa \/_,P‘/fF bb, aaPS aaa’® (C27)
Haaa,a ~ _(1 + P ,aaa + Pf,aaa)vaza3 P E° (C28)
bb A + b7V
with T; = —/® Ag/4m. By rewriting the projector
Pyy (1 + Pozapy)/2 = (1 + Paz.ars)/2 Z(izlél‘ﬂE, kY (W, Kl 27383, jy |8 abbavb (1 (1 + Pa3 abp) /2 (C29)
= Z [ (iais| e, k) (Ve K jojs) ,m}a,lb,‘zbT 10)(Ola, bj,b;, (C30)
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1 -
—Z (Z[ Zlailve. >bLbLD|0><0|ak<Z [ﬁm,kuzjg)bhbﬁ})

iri3 J2J3

= Z ald}|0)(0lacd;.
with k labeling a base in R we can single out the dimer field operator d;. We find

L., .
aaa aaa — Z |: ll |T |.]l 12/28i3_j3 + 5<ll12|Vaa,aa|]1J2>8i3j3i|a,]alza,z|O) (O|aj1aj2aj37

Habbabb = Z [Tl )3 + (KITal P)3ij + E8;87;]ad]10)(Ola;dp,
ijkp

Habb,aaa = Z |:

ve E|j2j3>8ij1 :|ajl dg|0> (Olajajaj;,
ikj

Sl -

Haaa.avh = Z[— iriz|x. k) w]a,ﬁalza 10) (Ola;,dj.

ijp

Ql_

or

H = Z (i|1Ta17) Cl ;a;+ Z (i102|Vaa, aa|]1]2)a,1a:r2ajlajz

1112/1/2

+ Y (KITy +E\p)dids + > [ﬁ X kuuﬂdgajla.,-z +He.,
kp kjij

which is the Hamiltonian usually considered in effective field theory.

¢. Q = ab realization

As a next example we consider the case

0,0, | — (0u, 0 0p,08,) — |08,08,) . . o o
(ialia2|< o az|ﬁ( o m| | B ﬂ->ﬁ| B2 ﬁl>|lﬂ1lﬂ2)=<la]la2 VOiTUuz,GﬂlUﬂzhﬂllﬂz):O
and
. (04,04, | + (0,0 08,08,) + (0,0 L L.
<lallut2|< m\/%mhA ﬁl\/%ﬂlﬂ ﬂlﬂ2> (ldlla2|vr§:aa2,0ﬁ,oﬂz|lﬁll/32)’
with

(i [Viy 3, op, o, N1 182) = 0 ¥ [(00,00,) # (aa) or (ab)] or [(0,05,) # (aa) or (ab)]

and no coupling between the symmetric and antisymmetric spin components. We then have

1
VPi = 50102 Vaaaal f12)a .5, + (i1l Vaaan 1 72)1, 01,5, bj, + (12| Vaa hal 1) a1 b

i1 j2

+ (i1i2|Vap, aa|]1]2)a,lblzaj1ajz + (i172| Vi, aa|]1]2>b,]a,2aj1 aj,

+ (i1ia|Vab.avl 1 j2)a) bl aj b, + (iria|Vap pal 1 j2)a) bl bj,a,

170y i}

+ (i162|Via,apl 1 j2)b] @l aj b, + (1112|V1mba|J112)b,l ,,b].ajz]

LA »)
1 - .
= > 2[<1112|Vaaaa|]lj2>a,l ajajaj, + (i Vaaapl j1 j2) + (20t Vaaal j2 1) a},a;,bj,
ii2j1j2

+ (1182 \Vab.aal j1 2) + (i1 Voaaal j2)1))a B aja),

L)

+ (iria|Vavaw 1 j2) + (182l Vaval j2jt) + (201 Vea.aljr2) + (i2i1|Voassal j2j1))a bl aj b, ]

1 .
= Z 2[<1112|Vaaaa|]1]2)a,|aj—2aj|ajo+2(l112|vaaab|]1]2>a,1 ,,ajlbjz+2<1112|Vabaa|]1]2)a,1b,2a/|ajz

i1 j2
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+ {102 Vap,apl j1J2) + 2(i112|Vap, ba|J2Jl))a,1 lzaj,bjz]

1
= Z 2[(1112| o aa|J1J2)all lzahaj2 +/2( 1]12|Vaa ab|j1]2>(l” lzajlbj, + v 2(i1is| abaa|J|/2>allblzajlaj2
ivi2j1j2
+ ((1i2lVy i) + (il Vi L ia1))al bl aj by, ]
We can rewrite the Hamiltonian acting in the aaa, aab, and abb channels as
H= Haaa,aaa + Haah,aaa + Haaa,aab + Haah,aab + Hahh.aah + Haah,abh + Habh,abh»
with

1
Hypa,000 = Z |: (i1 Talj1) 12125i3.73 +5 (1112|Vaa aa|J1]2 812]3:|a11a:r2aT 0) 0|a./1a_iza./3’

| s L. .
Haab,aab = Z |:§<13|Tb|f3>5i1j18i2j2 + {01l Tal j1)85 o83 jy + 5 (11821Vaa.aal J1.72) 83 s
i

1

+ 5((lzl3lvbab|J2]3> + (i2i3|V,; ab|j3j2))8i1j1i|alla,7bj3|O) (Olaj,a;,bj,,

] - 1
Happ,abb = Z |: (Tl j1)8injn0ijy + (02| Tl j2)8iy jy 8ijy + 2((1112|Vbab|]112) <1112|Vbab|J2]1)) :m]a,lb,[zb |0){Ola; bj,b

7
[ 1 1+ 4.1
Huab.aca =Z —2(1213|Vbaa|]213) f allalzb |0){Ola; aj,a;,,
o .
Haaa,aahzz _2<1213|Vaaah|f2]3) i1ji1 allalza |0><0|ajlaj2bj3,
ij b
o T
Hapbaar = Y —<mz|vm|m>8m al b} b} 10)(0la;,a;,bj,.
T 2
o N -
Haab,ubb:Z _2<lllzlvaaab|.]1]2)8ij,jz 3 ,sz |0)(Ola;,b;,bj,.
T

This leads us to

Haau aaa = ( + T2 + T3 —+ Vz3 + V3l + V12

aa,aa aa,aa aa aa)PS,aaa’

Z 1 .
Haab aab = (1 + PIZ aab) [ l3|Tb|]3) 111151'2/2 (ll|T |]1> iz j2 t-;j; + = (1112|Vaa aa|]1]2)8i3j3
ij

+ (<1213|V;,ab|J213) (1213|Vbahl]3]2>)5i1j1i||i>aahaab<l|(1+P12,aab)/2

N =

1 1
- (1 +P12 aab)|: Tb + T + 2Va€1 ala2 + 2Vai a2b3(1 +P23 aab)](l +P12 aab)/2

[ T AT+ V2 (L4 Py aab)zva%a?(l + st,aab)}(l + Pi2.aab)/2,

Happapp = (1 + Pz abb)z [ (Ta) j1)8i, 5015 + (i2|Tpl j2)8i, jy 81 js
ij

+ (<1112|V;,ab|J112) (1112|Vbahl]2J1>)5i3j3:||£>abbabb(l|(1+P23,abh)/2

N =

1
= |:Ta] +4TF T + (1 + P23,abb)§Va§:,’li,2(l + P12,abb)i|(l + P3.a)/2,

1
Huab,aaa = Z |:ﬁ<1213lvbaa|]2f3 l]j|:|‘/_/\/_(1 + Pya, aab)| D) aabaaa ] |PS aaa

ij
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V3
= ﬁ(l + Pi2.aar)\V i P aaa (C60)
1
Haaa,aab = Z |:7§(i2i3lva%’ab|j2j3>8i1jl:|2’\/§,P§,aaa|i)aaaaab<l|(l + PlZ,aab)/2 (C61)
]
1
= PP Pi2.aaa)Vl i (1 + Pio.aab) /2. (C62)
| . .
Heupp,aap = Z 75(1112|Vab",aa|]1]2)5i3j3 (1 + Po3 abw) D) avbaab (J 1 (1 + P12,aab)/2 (C63)
ij
1 Se,12
=1+ P23,abb)EVab‘f;u (1 + Pi2,aab)/2, (Co4)
| . .
Haabaro =Y 750V a8, | (1 Pro ) Dasnarn (114 Prs o)/ 2 (C65)
i
1
= (1 + Pia.aar) —=Vir oy (1 + Po3 i) /2. (C66)

ﬁ aa,ab

Note that, even when the couplings between the channels are of separable form, it is not straightforward to rewrite this
Hamiltonian in terms of a dimer field. However, since we can interpret our results in terms of couplings to a closed-channel
trimer state, maybe the introduction of a trimer field could lead to a good approximation.
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