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Universal relations for dilute systems with two-body decays in reduced dimensions
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Physical systems in reduced dimensions exhibit intriguing properties. For instance, the dependences of
two-body and many-body physics on scattering lengths are distinct from their counterparts in three dimensions.
Whereas many studies of ultracold atoms and molecules in reduced dimensions have been focusing on closed
systems, two-body losses may occur in such systems. Here, we show that the two-body inelastic loss rate
in reduced dimensions can be expressed in universal relations that are governed by contacts. These universal
relations correlate the two-body decay rate with other physical observables at zero and finite temperatures and
generic interaction strengths. Our results will provide experimentalists with a new protocol to study inelastic
scatterings in both few- and many-body systems in reduced dimensions.
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I. INTRODUCTION

Ultracold atoms have provided physicists with a highly
tunable platform to explore quantum few-body and many-
body systems in both three dimensions (3D) and reduced
dimensions [1-4]. In reduced dimensions, microscopic pa-
rameters control few-body and many-body physics in distinct
means. For instance, the dependence of phase shifts on en-
ergies in one dimension (1D) and two dimensions (2D) is
distinct from that in 3D [5,6]. Furthermore, in the celebrated
universal relations that underlie ultracold atoms and other
dilute quantum systems in arbitrary dimensions, the s-wave
scatterings enter these relations in terms of @y and Inag in
1D and 2D, respectively, while universal relations in 3D often
include 1/ag [7-29]. ay is the s-wave scattering length. It is
thus an important task to find the counterparts of 3D universal
relations in reduced dimensions, which helps us to study how
contacts manifest themselves in reduced dimensions. In such
studies of universal relations, most works have been focusing
on systems with elastic scatterings. However, two-body losses
due to inelastic collisions may occur in realistic systems [30].
It is thus desirable to explore how inelastic scatterings may
change the universal relations or provide us with conceptually
new relations in 3D and reduced dimensions.

In addition to ultracold atoms, ultracold molecules have
also been well established as a powerful platform to study a
wide range of important topics in condensed matter physics,
atomic, molecular and optical physics, and chemical physics
[31-34]. One of the key issues emerged in experiments is the
inelastic loss of molecules [35-53]. For instance, two reactive
molecules can get close and react as AB + AB — A; + By,
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which leads to the loss of AB molecules [43,54]. Even in the
absence of reactions, the formation of complexes could also
lead to two-body decays [42,44,55-59]. Similar to atoms, ul-
tracold molecules can also be prepared in reduced dimensions
[60—66]. A recent pioneering experiment has made an attempt
to explore how the two-body decay may change with reducing
the dimension by increasing the transverse confinement [60].

In 3D, it has been recognized that universal relations ex-
ist in systems with two-body losses [67—69]. Such relations
directly correlate two-body decays with other many-body
properties such as the momentum distribution and the density-
density correlation function. Motivated by the importance of
studying ultracold atoms and ultracold molecules in reduced
dimensions, in this paper, we explore universal relations in 1D
and 2D systems when an arbitrary partial wave scattering is
inelastic. We show that the two-body inelastic loss rate can be
expressed as contacts multiplied by microscopic parameters
determined purely by two-body physics at short range, similar
to those obtained in 3D. As such, our results are valid at
zero and finite temperatures and generic interaction strengths
and will provide experimentalists a useful protocol to explore
two-body decays in a many-body environment in reduced
dimensions.

The rest of this paper is organized as follows. In Sec. II,
we provide a generic method of deriving the two-body in-
elastic loss rate, the momentum distribution, and the density
correlation function in d-dimensional (dD) systems, where
d =1,2,3. In Sec. III, we consider single-component ultra-
cold reactive molecules in 1D and derive the exact relations
between contacts and physical quantities including the two-
body inelastic loss rate, the momentum distribution, and the
density correlation function. Similar discussions for 2D are
given in Sec. IV. Furthermore, we discuss the temperature
dependence of the loss rate in both the homogeneous systems
and the harmonic traps in Sec. V. We conclude our results in
Sec. VL.

©2024 American Physical Society
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II. TWO-BODY INELASTIC LOSS RATE FOR REACTIVE
MOLECULES IN d DIMENSIONS

We consider a single-component system of N reactive
molecules. The Hamiltonian is written as

i = Z[_—v et | + T U,

i<j
where M is the mass of each molecule and x; =
(xfl), fz), .. (d)) is the coordinate of the ith molecule

in dD space. X,j =X, —X; = (x(l) (2) (d)) Vext (X;) 18
the external trap. U (x;;) = UR(X, i) + 1U1(x, j) 1s the complex
two-body short-range interaction, which captures the two-
body inelastic collisions and is nonzero only when [x;;| < .
Ui(x;;) is nonpositive and nonzero at an even shorter distance
characterized by r*, |x;;| < r* < ry, where the chemical re-
action happens. The many-body wave function, which is an
eigenstate of the system, satisfies the Schrodinger equation
ih%W(Xl,Xz,...,XN)ZH\IJ(X],XQ,...,XN). (2)
We consider a finite system, the net current of which vanishes
at large distance. The two-body inelastic loss rate is written as

—=—Z/HdXzUI(xz X)W1, X, .. X))

<<j

which is consistent with the second quantization form using
bosonic (fermionic) operators
%—]j = %/dxdx’Ul(x — X)) (U )UTE)WEHP(x)), @)
which can be derived from the Lindblad master equation [69].
It is clear that a length scale separation exists in ultracold
reactive molecules, i.e., the range of interaction ry is much
shorter than the average interparticle distance characterized
by the inverse of the Fermi momentum kr while the reactive
collisions happen in an even shorter distance characterized
by r*, r* <rg K k;l. When the distance between any two
molecules is much shorter than the average interparticle dis-
tance, i.e., |X;;| < k!, the possibility of a third molecule to
get close to these two molecules and interact together at short
distance is negligible. It is thus sufficient to consider only
the two-body effect. The many-body wave function has the
asymptotical behavior at short distance, which is stated as

[xij <k
LX) —— Zx/fs(x,,,e)G (Xij; E =€),
5)

where € is the two-body collision energy and ¥,(x;;; €) is the
two-body relative wave function which satisfies

W(xp, Xo, ..

2
[ — %v;., + U(xij)}ws(xij;o = ey(x;j3€).  (6)
s is the angular momentum quantum number, which denotes
(1, m) for 3D and I for 1D and 2D. V2 = ¥"5_[0%/3(x"" 1.

X;; = {(x; +X;)/2, X ;} denotes the center-of-mass coordl—
nate of the ith and the jth molecules and the coordinates of all
the other N — 2 molecules. G(X;;; E — €) is the many-body

wave function, which characterizes the center-of-mass motion
of the ith and the jth molecules and the motions of all the
other N — 2 molecules.

Whereas G,(Xj; E — €) is usually very complex and hard
to know, ¥(x;;;€) has a universal asymptotic form when
ro < Ixijl K kgt s (Xijs €) = @5(Ixi;1; €)Ys(Ri)), where &;; =
X;;/|x;j| and Y(X;;) is the generalized spherical harmon-
ics in dD. Furthermore, ¢,(|x;;|;€) can be expanded as
o5 (Ixij1;€) = o (Ix;j 1) + 0" (Ixi;D)g2 + O(g?), where g =
(Me/R*)'/?. Equation (5) can then be written as

[xij| <k !

W(Xij, Xij) ——> Z [ Ixi;De” (X))

+ oV (x D XN, (D)

where ggm)(Xij) =) qf’”GS(X,-j;E —€). Starting from
Eq. (7) and the exact universal asymptotic form of ¢{®(|x;;])
and oV(|x;;|) at ro < |x;;] < k', a number of universal
relations determined by contact C, a fundamental quantity in
dilute quantum systems, can be derived. C ~ [ dX; jgg”)*gﬁ,v/).
In this paper, we will focus on the universal relations of the
two-body inelastic decay rate, the momentum distribution,
and the density correlation function.

Two-body inelastic loss rate. The two-body inelastic loss
rate can be obtained by solving Eq. (3). Starting from
Egs. (5)-(7), the right-hand side of Eq. (3) can be obtained
by solving the following equation, which is

TIU xi) (X5, xi )]

1
= EJ[\P*(XU, xij) Y €Gy(Xij;E — em(xw;e)]

5,€

1
- Ej[w(x,-j, X)) Y € GI(Xij;E — e)xp.:(xij;e)]

s,€

1 2
+ 5 (Xij, Xij) Vg, W(Xij, X))

— W(Xij, i)V, W (Xij, %3], (®)

where J is the shorthand notation of the summation and
integral ), _; [ dX;; J," dx;;. The last term on the right-hand
side of Eq. (8) can be further rewritten as the surface integral:

> [ ax, / i [ (Xiy, %) V2 Wi Xi7)

i<j

- ¥(X;;, Xij)vz..‘l"*(xij, xij)]

_Z/dxuf [\I’ (lev le)VX,,lI"(les Xu)
[xijl=ro

i<j
— W(Xij, x;;) Vy, ¥*(Xij, x;;)] - dS. )

One can use the mathematics given in the Appendix during the
calculation. By taking the explicit expressions of ¢{®(|x;;])
and oV (|x;;]) at ro < |x;;| < k" into Eq. (7) first, and bring-
ing Eq. (7) back to Egs. (8) and (9) then, Eq. (8) can be
calculated explicitly. Finally, by taking Eq. (8) back to Eq. (3),
the explicit expression of Eq. (3) can be obtained.
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TABLE I. The low-energy expansion of phase shift 7, in different dimensions [70]. y =~ 0.577 is the Euler’s constant.

[ One dimension Two dimensions Three dimensions

I = ge tanny = i Z cotny = In(%52e) ge cotny = —i +réq?
I=1 gecotn = — - +rigq; FqZcotn — gZn(45e’ %) = — - +riq? g cotn = — - +rig;
I>1 %qf’ cotn; = —% +r¢q? gt coty = —i +riq?

Momentum distribution. The momentum distribution can
be obtained by using the first quantization form

N
n(k) = Z/]_[dxj
i=1

2
/dxiW(xl,xz,...,XN)e_’k""’ .
J#L

(10)

Density correlation function. The density correlation func-
tion can be obtained by using the definition

S(xi;) = / a7 xncxy)

=NWN — l)/dX,-j|\IJ(X,-j,X,-j)|2. an

Near the Feshbach resonance of a certain partial-wave scat-
tering, contacts of this partial wave will be dominant. For
simplicity, we consider single-component molecules in a
single partial-wave scattering channel s in the following dis-
cussions. The generalization of these discussions to systems
with mixed partial-wave scatterings will be straightforward.

III. UNIVERSAL RELATIONS FOR REACTIVE
MOLECULES IN ONE DIMENSION

In this section, we consider single-component reactive
molecules in 1D. We need to clarify that by universal rela-
tions, we mean the relations between the two-body loss and
other quantities that can be expressed in terms of contacts and
microscopic parameters independent of the temperature and
the total particle number. As such, the meaning of universal is
different from the other context, where effects dependent only
on the scattering length are called universal and the effective
range and other beyond-scattering-length effects are dubbed
nonuniversal.

We label s = l, X; = Zi, Xjj = Zjj, k= kz, and X,‘j = R?j
in the following discussions. The generalized spherical har-
monics in 1D is ¥(%;) = (Zij/|Z[j|)l/\/§. The two-body
wave function ¥;(z;;; €) = ¢;(|zijl; €)Y1(Z;;) has the universal
asymptotic form when ry < |z;;] < k;l, which is

ro<zij | <ky! C]El o lT
cos ziil — —
tan 1, delcifl =5

. I
— tann; sin 6]e|Zij|—7 ) (12)

where 1; is the 1D Ith partial-wave phase shift and can be
expanded under the low-energy limit g.rgp < 1, as shown in
Table L.

oi1(|zijl; €)

A. Even-wave scatterings with [ = 0

We first consider the even-wave scatterings with [ = 0. For
even-wave scatterings, it is sufficient to take the zero-energy
limit, i.e., we consider only the even-wave scattering length ag

and go(()o)(|z,-j|). Based on Eq. (12), we obtain

© ro<|zij|<ky !
@y (|zij]) ———— ao — |zl (13)

By taking Eq. (13) into Eq. (7) first, and then bringing Eq. (7)
back to Eqgs. (3), (10), and (11), respectively, we obtain the
following universal relations.

Two-body inelastic loss rate. From the calculation of
Eq. (3), we obtain that

N h
= Im(—ap)C”, 14
at o )G (14

where CI(O) is the 1D even-wave contact defined in Table II.
Momentum distribution: From Eq. (10), we obtain that

kr<lk <y’ @

n(k;) ————

AT Yo(k:)I. (15)

Density correlation function. From Eq. (11), we obtain

ikl ©) 2
S(zij) ———— zlaol"C;” Yo (Zij)I" (16)

B. Odd-wave scatterings withl =1

Next, we consider the odd-wave scatterings with [ = 1.
Based on Eq. (12), we obtain

ro< |zij|<ky!

il
0¥z 1-—L, (17)
ai
roé\Zij|<<k;] |Z"|2 |Z"|3
oV (1zij1) ———— Iz — ’5 +— ’é ., (18)
1

where a; and r{ are the 1D odd-wave scattering length and
effective range, respectively. By taking Eqgs. (17) and (18)
into Eq. (7) first, and then bringing Eq. (7) back to Egs. (3),
(10), and (11), respectively, we obtain the following universal
relations.
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TABLE II. The two-body inelastic loss rate in different dimensions. §{”(r) is a wave function obtained from extending the actual wave

function g0§0) (r) outside the potential (r > ry) into the regime r < ry. R,

ij

= (Rf, R}).

ij?

One dimension (s = [)

Two dimensions (s = [)

Three dimensions [69] (s = Im)

N — 2y Yo l'cvc(j) (2n)2M Y- IK“C(S) - (4712)rTZM Yokl
cY 2N(N — 1) [ dRj| g0’ (27)®N(N — 1) [ dR?, }g@ (4m)’N(N — 1) [ dR;; \g@f
cy 2(2%)N(N — 1) [ dR;;Re(g™*g") 2(27)>N(N — 1) [ dR”Re(g"*g") 2(4m > N(N — 1) [ dR;Re(g"glD)
cy’ 202)N(N — 1) [ dR;Im(g@*g(") 227’ N(N — 1) [ dR/,Im(g"*g\") 2(4m NN — 1) [ dR;;Im(g@*gD)
k1 — 8 [ e Uierdr — 2 L O Ui dr — 2 OO Uirrdr
2 —aRe[ [T " (" (U (r)dr] —aRe[ [77 0\ (e (Ui (r)r dr] —aRe[ [77 @ (e (U (r)rdr]
K3 m[ [% o ()" (U (r)dr] m[ [ O (e (U (r)rdr] m[ [ @O (re (U, (r)r*dr]
K1 Im(—ao) Im[In(1/a0)] Im(1/ao)
K Im(1/a;-0) Im(1/ay=0) Im(1/a;0)
12 Im(—rf_y/2) Im( —rfy_0/2) Im( — rf.y/2)
2 2 . B 2 2
5 S g %) = [me ] Yar " {[img 0] = [imgl )] Jrar 0 {[Imp0)] — [me® (] }2ar
Two-body inelastic loss rate. As shown in Sec. I, to calcu- one has
late Eq. (3), we could calculate Eqs. (8) and (9) first. From the 9
calculation of Eq. (9), we have (see Appendix) o1 (zijl €) oz |¢1(|Zij|; €)
Zij |zijl=ro
9 (127l )1 (2l )
91 (i ) z——@1(Izijl; €) T etk ey etz e
9z |zij1=ro / laijl=ro
: g U+ )]
— o1(lzijls 6)8| |¢71(|Zij|;€) a a2 I 71/ €
Zij lzijl=ro
p ©) ()«
1 2 2+ 2/0 o, OO + [0 0]
= — 4t ex — [Im<p (r)] + dr
a a Nge —n (qe) 0 1 4
rof1 1 1 2 2\ * X [q? - (q?)*] +0(gd),
loreralata) " vag e @]
! ! % where <Z)§O)(r) is obtained by extending the universal asymp-
+O(qg). totic form of <p10)(r) in the range ry) < r K k_ into the

By using a trick that the first term on the right-hand side of the
1D odd-wave effective range in Table III can be rewritten as

range r < ro, i.€., @, Oy=1- r/a;. Following the proce-
dure given in Sec. II, Eq. (3) can be written as

3
N h
o = o 220G @0
v=1

it rg 1 1 rg 1 1
fo=""5 2\ Ta) "6 \&@ T @)y where C(D are the 1D odd-wave contacts that fully cap-
| ture the many-body physics and k, are the microscopic
0 2 0 i . -
+ = / {[(pi )(r)] [ ( )*(,,)] } (19) parameters deterI}uned purely by the t\yo body short-range
2 Jo physics. Both C(V and «, are defined in Table II. x; and
TABLE III. The effective range 7 in different dimensions [70].
Dimension =1 [ >1
3 . 2
1D =r—rna+ttE - L "] dr
D e_ 1 _ 1 1 ) d . _Q@e)n@i—an g1 A I ©) d
n=3-724%1s e f [ (r)] rdr Isp = 2 2 a (21)H(21+2)H P 0 [ (r)] rar
e @=DI@EI=3) 2 243 1 0 [, (0)
3D Tizo = — P — 3 at (21+1)?!(21+3)1! a7~ o [(pl (r)] r?

o
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k> can simply be expressed as Im(1/a;) and Im(—r{/2),
respectively. k3, however, is a new microscopic parameter
emerged in the system with inelastic losses. As shown in
Table II the physical meaning of k3 is the integration of
[Imgo1 (r)]2 subtracted by [Im<p1 (r)] with respect to r
from O to rg. We note that k, is the real part of the in-
tegral regarding ¢ ©*@(VU;, while k3 is the imaginary part
of this integral. In general, the real and imaginary parts of
9©*@My; are independent functions. x> and k3 are thus
independent parameters. Whereas it is possible to express
k3 in terms of other microscopic parameters characterizing

J

ro<|zij|<ky!

the two-body interactions, here, we keep k3 in the expression
of the universal relation since all these parameters, k| » 3, are
independent on the particle number and temperature. As such,
k12,3 are measurable quantities.

Momentum distribution. From Eq. (10), we obtain that

ke <Jk:|<ry! C(l)
nk,) ——
(k) e

2y

Density correlation function. From Eq. (11), we obtain

1
s<zi,j>—>Z{c;w[Re(rf)c;“— (al)c(” (rf)d“]laﬂ

1 1
+ [—zc“’ Re <—+ ;>c<”+lm< )cm} il
lar] 2 a; 1

By fitting the data of quantities such as the momentum
distribution and the density correlation function obtained
in experiment, all quantities in Eqgs. (14) and (20) can be
measured.

For s-wave inelastic scatterings, only the leading term

2 1 |z 1 |zi;1*
[re(@)eromG)er [ e e @
1
{
pij < ki', which is
n<py<ky' o ql
€
ijs - J i i
@i1(pij; €) > tanm[ 1(qepij)
— tan ;N (qe pi;)], (23)

determined by scattering length ag is important in the low-
energy expansion of phase shift (See Table I). C(l) alone
is enough to describe physics in such systems. Generally
speaking, for high-partial-wave scatterings with a generic
short-range interaction, other microscopic parameters like the
effective range are required in the low-energy expansion of
phase shift. The low-energy expansion of the wave function
needs to be kept up to the g term in Eq. (7). As such, all three
contacts C'1 are required in the complete expressions of the
universal relations that apply to all parameter regimes. Nev-
ertheless, in certain parameter regimes, the terms including
C;l) and Cél) in Eq. (20) may be less important. For instance,
in weakly interacting systems when a; — 0, the contribution
to the phase shift is dominated by the scattering length and
other microscopic parameters can be neglected As such, the
universal relations are mainly governed by Cl( ), similar to the
original universal relations for s-wave scatterings. This could
simplify data analysis in experiments as fewer parameters are
required to fit the experimental results. This argument works
for 2D and 3D systems as well.

IV. UNIVERSAL RELATIONS FOR REACTIVE
MOLECULES IN TWO DIMENSIONS

We now consider single-component reactive molecules in
2D. We label s = l, X; = p;, Xjj = pij = (xij,yij), and X,‘j =
Rfj in the following discussions. The generalized spher-
ical harmonics in 2D is Y(p;;) = [(x;j + iyij)/pij1'/~/27,
where p;; = |p;;|. The two-body wave function ¥;(p;;;€) =
©i1(pij; €)Y (p; j) has the universal asymptotic form when ry <

where J; (V) is the Bessel function of the first (second) kind
and n; is the 2D Ith partial-wave phase shift and can be
expanded under the low-energy limit g.rp < 1, as shown in
Table I.

A. s-wave scatterings with/ = 0

We first consider the s-wave scatterings with / = 0. For
s-wave scatterings, it is sufficient to take the zero-energy limit,
i.e., we consider only the s-wave scattering lengths ay and

(0)(,0, ij)- We obtain

0 ro< i <kp!
9y (pij) —— Inag — In pj;. (24)

By taking Eq. (24) into Eq. (7) first, and then bringing Eq. (7)
back to Egs. (3), (10), and (11), respectively, we obtain the
following universal relations.

Two-body inelastic loss rate. From the calculation of
Eq. (3), we obtain that

N f I c® (25)
—_— = ——Im s
or 272M ao !

where CI(O) is the 2D s-wave contact defined in Table II.
Momentum distribution. From Eq. (10), we obtain that

ke <[kpl <yt C(O)

K, |4|Y0(kp)|2 (26)

n(k,)
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Density correlation function. From Eq. (11), we obtain

ro<pij<kg!

S(pij) |In oy PC7 Yo (B )P (27)

(2m)?
B. High-partial-wave scatterings with/ > 0

Next, we consider the high-partial-wave scatterings with
[ > 0. From Eq. (23), we obtain

0<pij<k;! 1 ph 1 —2)N
i "
i - ) 28
(p[>0(pj) a DN ;0,!,' (28)
ro<pij <k - . 3
7 6,01] Pij \ Pij 1 plj
ij) ———— —In|— )=+ ——,
§0, 1(/0,) " 2 n<r0>2 +a1 16
(29)
ro<pij <k ol 1 pl
o (pif) rf— — .
Lenn a2+ 21
QlI-H" 1
5 (30)
p“

t

where a; and rf are the 2D [th partial-wave scattering length
and effective range, respectively. By taking Egs. (28)-(30)
into Eq. (7) first, and then bringing Eq. (7) back to Egs. (3),
(10), and (11), respectively, we obtain the following universal
relations.

Two-body inelastic loss rate. As shown in Sec. 11, to calcu-
late Eq. (3), we could calculate Eqs. (8) and (9) first. From the
calculation of Eq. (9), we have (see Appendix)

0
lolj(pl(plj3€) <P1(,0U,6)
ij Pij=ro
ad
- ,0:]901(,01],5) (Pl(pzj,e)
Pij=To
11 o 1
== i = (4) +[—§
a
2 4
ol 1 1 2 2)* 4
+2 =+ -~ +0
4((11 a’f) 16 aya} [6]6 (qe)] (42)
for the p-wave scattering and
d
Pij P (:OU’E) (pl(pljve)
ij Pij=ro
pzj‘ﬂl(ﬁu,é) §01 (IOU,G)
Pij=ro
L1 o e | @=2N@1 =4
= +a;‘ +rig; —ri*(q2) + 22
2 2042
r_o<L L)_"o—; 2 ()
Tu\a ) T s aa [9 = (@)']
+0(qz)

for the higher-partial-wave scatterings with / > 1. By using
the same trick in 1D case that the first term on the right-hand

side of the 2D effective range in Table III can be rewritten as

1 r{ 4+ r{* rg 1 1 rg 1 1
- - S Ga)
2 2 4\a;  a; 32 (a})?
U 1 O T2 1 [0 @% (]2
+5 | Al O] + [0 )] }rdr (31)
0
for the p-wave scattering and
QL =212l -
o F2-2
To
o+ rg 1 1)
2 +41( ay
r§1+2

_ <i+ 1 )
220NQL+2)1\@2 T (a)?

L [
+§/0 (e + [ ] }rar - (32

for the higher-partial-wave scatterings with / > 1, one has

ad
Pij @ (pu,e) ~01(pij; €)
ij Pij=ro
- pzj(/)l(pz]vé) @, (,OU,G)
p Pij=ro
1 1 1 e ex 2 2\ *
= al+a7+2(rl u )[qe“‘(‘ie)]

" ©) (412 O 112
) /0 {[1m¢§°’(r)]2+ L") Z[“’l )] ]rdr

x [q2 = (42)"] +0(d)

for [ > 0, where @1(0)(;’) is obtained from extending the uni-
versal asymptotic form of ¢1(0)(r) in the range rp < r K k;l
into the range r < ry, i.e., (,bl(g)o(pij) = —(l/al)[pfj/(Zl)!!] +
@r-2)11/ ,ofj. It is interesting to notice that, for high-partial-
wave scatterings, the above formula suits for 3D systems as
well, which gives

_ 0
|th| (,0](| l]| €)— (01(|Xij|§€)
T .
0
— %1 (i3 6)8 @) (Ixij]5€)
Ix ’J| [xij|=ro
1 1 1 e ex 2 2\*
= al+a7+2(rl ri)aZ + (42)"]

©) 12 0% \12
B N @ (| + e ()
_2/0 {[Imwl(o)(r)]z-l-[ i ] 4[ i ] }
— (42)"] + O(?).

Following the procedure given in Sec. II, Eq. (3) can be
written as

X rd_ldr[qz

’;
oN h -
— (O]
o = 2 5 G3)
v=1
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where CV are the 2D [th partial-wave contacts that fully
capture the many-body physics and k, are the microscopic
parameters determined purely by the two-body short-range
physics. Both C¥ and «, are defined in Table II. «; and k; can
simply be expressed as Im(1/a;) and Im(—r} /2), respectively.
Similar to that for 1D odd-wave scatterings «3, however, is
a new microscopic parameter emerged in the system with
inelastic losses. As shown in Table II, again, the physical
meaning of «3 is the integration of [Img?)l(o)(r)]2 subtracted by
[Imgol(o)(r)]2 with respect to r from O to ry.
Momentum distribution. From Eq. (10), we obtain that

ke <[kl <7 !
n(k,) ————— CVk, |1 |v(k, ). (34)

Density correlation function. From Eq. (11), we obtain

ro<pij <k 1

{ a L_C(l)ln(pij/m)
ryp U7t p2 72 2

i
1
—Im()ci’] 5
2
1 In(p;i;/ro)p
P+ 1m(— )| ==
+[ (al) + [45] 3 4
1 r{—1/4
C(l) ( 1 )Cm
+ [|a |2 a* 2

b)) %

S(p;j)

1 ol
C(l) ij
a2 32

for the p-wave scattering and

]|Yl(i)ij)|2 35)

ro< i <kp! 1 [(21 — 2)”]2
S(pij) 2 ¢’ 2
@) 2
0 21— HUEL— )1
QT e
+[Re(rf)ct - Re(z)C(” Im (7 )C”)]
: a/ ! 21

_[% (;,)C(”H (;,)Cy)] (21—2[;i(jé1+2)

e 21
o _ r_z) 0 T\ | Pii
+[| ¥ (a* = +Im(a7)c3 [eHP

1
2042
) Pij

la;|2 7% 2201121 +2)!!

}|n<i>i,->|2 (36)

for the higher-partial-wave scatterings with / > 1.

By fitting the data of quantities such as the momentum
distribution and the density correlation function obtained in
experiment, all quantities in Egs. (25) and (33) can be mea-
sured. It is worth pointing out that it might be difficult to
distinguish certain terms such as In(p;;/ ro)pizj and In(p;;/ro)
in practice. It is nevertheless useful to keep the full expression
of the universal relation as a complete description, which shall
be useful even for purely theoretical studies. In experiments,

despite that the full expression may lead to difficulties in
fitting the experimental data, a unique feature is that the same
universal relation applies to both the weakly and strongly in-
teracting regimes and also any particle numbers. Furthermore,
in certain parameter regimes, some terms may be more 1mPor—
tant than others. For instance, when C <K Re(1/a))C; D
Im(1 /al)C§ ), the term dependent on In(p;; /ro)p, i shall be
more important than that dependent on In(p;;/rp). This may
simplify the fitting procedures.

V. DISCUSSION

In Table II, we list the two-body inelastic loss rate in 1D,
2D, and 3D. One can recognize that the two-body inelastic
loss rate has exactly the same form in all dD, which is

N
o= QZMZKV cw 37
or, equivalently,
on )
o QZM ZK”C ’ 38

where €2, is the solid angle in dD, which is Q| = 2, Q, = 2,
and Q3 = 47, respectively. n = N/L; and C% = C¥/L,; are
the molecular density and the contact density of the system,
respectively. L, is the size of the system in dD. Whereas «,
behave very differently in different dimensions for s-wave
(even-wave for 1D) scatterings, which is originated from the
distinct behavior of the low-energy expansion of the phase
shift in different dimensions as shown in Table I, they are
exactly the same for high-partial-wave scatterings, regardless
of the dimension of the system.

We need to emphasize that we have considered the short-
range interactions U (r) with a cutoff length ry throughout
this work to demonstrate the physics underlying the universal
relations in lossy systems at low dimensions. When an elec-
tric field is applied, the dipole moment of a polar molecule
becomes finite, and the dipole-dipole interaction ~A/|r|" with
n = 3 would become important. Generally, for dilute systems
with the power-law interaction ~A/|r|" where n > 2, a char-
acteristic length 7 = (MIA|/F)Y @2 can be defined [71].
When 7 < |r| <€ k;l, due to such a length scale separation,
the many-body wave function has universal asymptotic behav-
ior Eq. (7) as well [72]. Following the method presented in our
paper, universal relation (37) can also be obtained. While the
low-energy expansion of the phase shift might be very differ-
ent that the scattering length and effective range may not be
well defined [73,74], new microscopic parameters determined
by the details of the interactions, such as n and /, need to be
used. For instance, without losses, universal relations for sys-
tems with dipole-dipole interactions have been studied [72].
In lossy systems like reactive molecules, it will be interesting
to study how the power-law interactions influence contacts,
universal relations, and the decay rates.

Equations (37) and (38) are exact for any many-body
eigenstates. Thus, it is invariant under the thermal average.
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A. Temperature dependence of the loss rate
in homogeneous systems

We take a two-body system in free space as an ex-
ample. In this case, € becomes a good quantum number.
The two-body wave function can be written as W(xy, Xp) =
¢ (X12)¥5(X12), where ¢.(X13) is the normalized wave func-
tion of the center-of-mass motion of the two molecules.

Ys(X12) is

20Q ql ql—l
Vi(zi2) = |:‘/—1 T . :| .
Ly g2~ '(cotn, —1) |tann,
I
X [COS (qe|Z12| - 7)

I
— tan 7; sin (qg|Z12| — 7)])71(@2) (39)

for 1D systems and

| 2% q. T de
Vi(py) = o /2@ (cotm =D | 2 tan 771[ 1(gep12)
— tan ;N (ge 012)1Y1(12) (40)

for 2D systems, where L; is the length of the 1D system and
L, is the area of the 2D system. Recall that, in 3D,

295 a qé“ :
m(I12) = — ; r
Vim(r12) |: L & (cotm —1) |¢ I[Jl(qe| 120)

— tan 91y (ge|r12)) 1Y (F12), (41)

where r1» = (05, 212), ji (1) is the spherical Bessel function
of the first (second) kind, and L3 is the volume of the 3D
system.

By denoting C"l as C for 1D, C¥ + C{~" for 2D, and
> C"™ for 3D, respectively, and based on the definition in
Table II, C‘[}” in dD is expressed as

403 2
il = adL—dlqifz,d(qe) , 42)
d
i =2Re(g?)CV, (43)
ci' = 21Im(g?)Cl, (44)

where fia(ge) = 1/{[1 + 842(7/2 — Dg2+2(cot n; — i)}
and 8, 4 is the Kronecker delta. o, is the fold of degen-
eracy for the /th partial-wave scatterings in dD, which is
o1 =1, 0, =2, and o3 = 2] + 1, respectively. Based on the
results shown in Table I, f; ;(g.) can be expanded in the
low-energy limit, f4(q.) = (O) + O(ge), where fz 4 1S ge
independent and relates only to the scattering length a;. Note
that fo(oz) = 1/[In(ape? /2)]. As an example, we consider the

scattering states only and the case that only the term fz((:z) in

f1.a(ge) is important, where g, can treated as a real quantity
and Cs[l] =0.

By considering the second-order virial expansion only and
based on the two-body results as shown in Eqs. (42)—(44),
the thermal averaged contacts can be obtained by doing the

calculation [69]

(), =z el ST Y e, (45)
E, n

where Z is the partition function, E, = hzqg /(4M) is the en-
ergy of the center-of-mass motion with momentum ¢, €, =
Fzzqgﬂ /M is the eigenenergy of the relative motion with mo-
mentum ¢, , and kp is the Boltzmann constant. u is the chem-
ical potential, which can be extracted from N = kzT 9, InZ.
In the high-temperature regime, N/L; =~ exp[u/(kgT )] /)f;,
where Ay = [27'[7%2 [ (kgTM )]/2 is the thermal wavelength.
We have

(cin), Y Qq f cl exp( %k2>kd_ldk.
' ez 2z

(46)
Thus, we obtain (C!)7 as a function of N and T by substi-
tuting Eqgs. (42) and (43) into Eq. (46). Based on the fact that

Jo exp(—nx?)x*~'dx = 27'T'(w/2)n~"/?, we obtain
d
("), =25 (14 )adsz“ i —)F Y

d N?
(CE”) — o2, l_’+1F<l+ n 1)%Q mo) 2 )\_21 -2

(48)

B. Temperature dependence of the loss rate in harmonic traps

When a harmonic trap Vg (x) = (1/2)M?(x - X) is ap-
plied, under the local density approximation, we can replace
1 by the local chemical potential p(x) = u(0) — Ve (x) and
write n(x) = exp[u(x)/(kgT)1/ )J} in the high-temperature
regime. w is the harmonic frequency. ©(0) is the chemical
potential at the center of the trap. At any point X in the trap,
Eq. (38) still applies, we have

mx 20 N
= Q(le;KV(CV (X)), (49)

Thus, by taking the integration over x on both sides of
Eq. (49), the two-body inelastic loss rate in dD traps can be
written as

AN 2h o
— [7]
o QM 2 a{C),. (50)

v=1

Based on Egs. (47) and (48), at the center of the trap, we still
have

(e o), =210 (14 § )il Pt o, s1)

d
(), =250 (14 5 + 1)ouil 79
x n?(0)A;22, (52)

where n(0) can be expressed by N™P and T, which is

ap 2mksT \*"*
NUP = f nxdx = (-] n(0). (53)
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The total contacts (C;"*); can be determined by integrating

the local contacts in the trap,

(clhm) = (c(0)), / ¢ Ve 00/ (kaT) g

ksT \¢?
@,

Thus, based on Egs. (50)—(54), one can map the loss rate
in a harmonic trap to the one in a homogeneous system by
setting the effective size of the homogeneous system to be
Ly = [4mkgT /(Mw?)]?/?. One has

JNrap ( Nrap )2
= — - 55
o1 Bra i (55)
or, equivalently,
M e —Brai® (56)
_—= — n-,
at hd

where i = N"® /L, is the average molecular density of the
system and f; 4 is the loss-rate coefficient for dD [th partial-
wave scatterings.

VI. CONCLUSION

In conclusion, we have established universal relations for
the two-body inelastic loss rate, which are controlled by
contacts C in 1D and 2D, respectively. Whereas «, have
different forms in different dimensions for s-wave (even-wave
for 1D) scatterings, the loss rate can be written as exactly the
same form in arbitrary dimensions for high-partial-wave (odd-
wave for 1D) scatterings. Moreover, the two-body inelastic
loss rate can be related to other physical quantities such as
the momentum distribution and the density correlation func-
tion through contacts. While we considered single-component
ultracold atoms or reactive molecules, discussions can be
generalized to multicomponent systems straightforwardly. It
will also be interesting to consider a finite confinement in the
transverse direction such that the dimension crossover can be
explored in the presence of two-body losses. We hope that

our work could inspire more efforts of using contacts and
universal relations to study novel phenomena in lossy quan-
tum systems in condensed matter physics, atomic, molecular,
and optical physics, and chemical physics.
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APPENDIX: MATHEMATICS USED
IN THE CALCULATION OF EQ. (9)

For a specific partial-wave scattering only, to calculate
Eq. (9), one can first calculate

)
f dxi [¥) (xijs € Vg, Wi (Xijs €) — Yis(Xij3 V3 ) (x5 €)]
0
1o
- /O i [ (13715 €Y,y (i) V2 0y (3 €Yoy )

— 0511 €)Yi0) (Ri)) Vg, 05 (%5 €)Yy (Ri))]
d

af

= 01 (Xi11; ) 2= — (i €)

Qa Jixyi=n a1 !
a R

(Il )=} (xil: €) e - d, (A1)
x|

where Y|y = Y;—(0; means that all the quantum numbers in s
are zero. €, is the outgoing unit vector perpendicular to S.
|Y{0}|2 = 1/, is also used. Thus, to calculate Eq. (9), it is
helpful to first calculate

d
d—1_x
X.> X»- ;e —_— X>< ;E
| Ij| <PS(| ljl )8|Xij|§0s(| lj| )

[xij1=ro

. (A2)

[xij1=ro

0
— %1 (%415 €) ——— @ (Ix; 5 €)
alx;;l
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