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We present a comprehensive derivation of a set of universal relations for spin-orbit-coupled Fermi gases
in three or two dimensions, which follow from the short-range behavior of the two-body physics. Besides
the adiabatic energy relations, the large-momentum distribution, the grand canonical potential, and pressure
relation derived in our previous work for three-dimensional systems [Phys. Rev. Lett. 120, 060408 (2018)], we
further derive high-frequency tail of the radio-frequency spectroscopy and the short-range behavior of the pair
correlation function. In addition, we also extend the derivation to two-dimensional systems with Rashba-type
spin-orbit coupling. To simply demonstrate how the spin-orbit-coupling effect modifies the two-body short-range
behavior, we solve the two-body problem in the sub-Hilbert space of zero center-of-mass momentum and
zero total angular momentum, and we perturbatively take the spin-orbit-coupling effect into account at short
distance, since the strength of the spin-orbit coupling should be much smaller than the corresponding scale of the
finite range of interatomic interactions. The universal asymptotic forms of the two-body wave function at short
distance are then derived, which are independent on the short-range details of interatomic potentials. We find that
new scattering parameters emerge in the universal asymptotic forms, apart from the traditional s- and p-wave
scattering length (volume) and effective ranges. This is a general and unique feature for spin-orbit-coupled
systems. We show how these two-body parameters characterize the universal relations in the presence of
spin-orbit coupling. This work probably sheds light on understanding the profound properties of the many-body

quantum systems in the presence of the spin-orbit coupling.
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I. INTRODUCTION

Understanding strongly interacting many-body systems is
one of the most daunting challenges in modern physics.
Owing to the development of the experimental technique,
ultracold atomic gases acquire a high degree of control and
tunability in interatomic interaction, geometry, purity, atomic
species, and lattice constant (of optical lattices) [1-5]. To date,
ultracold quantum gases have emerged as a versatile platform
for exploring a broad variety of many-body phenomena as
well as offering numerous examples of interesting many-body
states [6—8]. Unlike conventional electric gases in condensed
matter, atomic quantum gases are extremely dilute, and the
mean distance between atoms is usually very large (on the
order of um), while the range of interatomic interactions
is several orders smaller (on the order of several tens of
nm). Therefore, the two-body correlations characterize the
key properties of such many-body systems near scattering
resonances, where the two-body interactions are simply de-
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scribed by the scattering length and become irrelevant to the
specific form of interatomic potentials.

A set of universal relations, following from the short-
range behavior of the two-body physics, govern some crucial
features of ultracold atomic gases, and provide powerful
constraints on the behavior of the system. Many of these
relations were first derived by Shina Tan, such as the adiabatic
energy relation, energy theorem, general virial theorem, and
pressure relation [9-11]. Afterwards, more universal behav-
iors were obtained by others, such as the radio-frequency (rf)
spectroscopy, photoassociation, static structure factors, and
so on [12]. All these relations are characterized by the only
universal quantity, named contact, and therefore known as
the contact theory. During the past few years, the concept of
contact theory was further generalized to higher-partial-wave
interactions [13-20] as well as to low dimensions [21-29], and
more contacts appear when additional two-body parameters
are involved.

The reason why the contact theory is significantly im-
portant in ultracold atoms is attributed to its direct connec-
tion to the experimental measurements. Some of the univer-
sal relations were experimentally confirmed, involving vari-
ous measurements of the contact itself. For two-component
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https://orcid.org/0000-0001-5941-4441
https://orcid.org/0000-0003-3126-4335
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.101.043616&domain=pdf&date_stamp=2020-04-22
https://doi.org/10.1103/PhysRevLett.120.060408
https://doi.org/10.1103/PhysRevLett.120.060408
https://doi.org/10.1103/PhysRevLett.120.060408
https://doi.org/10.1103/PhysRevLett.120.060408
https://doi.org/10.1103/PhysRevA.101.043616

ZHANG, PENG, AND JIANG

PHYSICAL REVIEW A 101, 043616 (2020)

Fermi gases with s-wave interactions, D. S. Jin’s group
measured the contact according to three different methods,
i.e., the momentum distribution, photoemission spectroscopy,
and radio-frequency (1f) spectroscopy, and tested the adia-
batic energy relation when the interatomic interaction was
adiabatically swept [30]. The asymptotic behavior of the
static structure factor at large momentum was confirmed by
C. J. Vale’s group, by using Bragg spectroscopy technique
[31,32]. Recently, the temperature evolution of the contact
was resolved independently by M. Zwierlein’s group and C.
J. Vale’s group, especially the characteristic behavior of the
contact across the superfluid transition [33,34]. For single-
component Fermi gases with p-wave interactions, the feasi-
bility of generalizing the contact theory for higher-partial-
wave scatterings was confirmed experimentally by Thywis-
sen’s group [35], in which the anisotropic p-wave interaction
was tuned according to the magnetic vector [36]. Nowa-
days, the contact gradually becomes one of fundamental
concepts in ultracold atomic physics both theoretically and
experimentally.

In the past decade, the realizations of the spin-orbit (SO)
coupling in ultracold neutral atoms have sparked a great deal
of interest [37—44]. It provides an ideal platform on which to
study novel quantum phenomena resulted from SO coupling
in a highly controllable and tunable way, such as topological
insulators and superconductors [6,7], and (spin) Hall effect
[45—47]. Nevertheless, it is still challenging to theoretically
deal with the many-body correlations for SO-coupled sys-
tems. Unlike the situation in condensed matter, where the in-
teractions between electrons are dominated by the long-range
Coulomb potential, the intrinsic short-range feature of inter-
atomic potentials is unchanged for neutral atoms even in the
presence of SO coupling. The natural question may be raised,
from the point of view of the contact theory, as to whether the
two-body physics could provide crucial constraints on many-
body behaviors of SO-coupled atomic systems. In addition, it
was pointed out that although the short-range feature remains,
the SO-coupling effect does modify the short-range behavior
of the two-body wave function [48]. Therefore, the existence
and exact forms of universal relations for SO-coupled atomic
systems attract a great deal of attention. In [49], we prelim-
inarily discussed some of the universal relations for three-
dimensional (3D) Fermi gases in the presence of 3D isotropic
SO coupling. We proposed a simple way to construct the
short-range wave function, in which the SO coupling effect
could be taken into account perturbatively. Since SO-coupling
in general couples different partial waves of the two-body
scatterings, additional contact parameters appear in universal
relations. Before long, our theory was verified by different
groups near s-wave resonances [50,51].

So far, the generalization of the contact theory in the
presence of SO-coupling is mostly discussed in 3D, while
the derivation of these universal relations is still elusive in
two-dimensional (2D) systems. The short-range behavior of
the two-body physics in 2D is different from that in 3D: the
two-body wave function in 3D is power-law divergent, while
one has to deal with the logarithmic divergence in 2D. From
the point of view of the contact theory, different short-range
correlations in two-body physics result in different forms of
universal relations. Therefore, it requires a direct extension

to 2D in the similar manner as in 3D in the presence of SO
coupling.

The purpose of this article is to present a comprehensive
derivation of universal relations for SO-coupled Fermi gases.
Besides the adiabatic energy relations, the large-momentum
distribution, the grand canonical potential and pressure rela-
tion derived in our previous work for 3D systems [49], we
further derive high-frequency tail of the rf spectroscopy and
the short-range behavior of the pair correlation function. Then
we generalize the derivation of universal relations for 3D
systems to 2D case with Rashba SO coupling in a similar way.
For the convenience of the presentation, we still construct the
short-range behavior of the two-body wave function in the
sub-Hilbert space of zero center-of-mass (c.m.) momentum
and zero total angular momentum as before, and then only s-
and p-wave scatterings are coupled [49,52,53]. This simplifi-
cation might be valid at extremely low temperature. However,
when the temperature becomes higher, the contributions from
nonzero c.m. momentum and nonzero total angular momen-
tum channels come into the problem. We may expect more
partial waves should be involved, which in turn introduce
additional two-body parameters. Our results show that the SO
coupling introduces new contacts and modifies the universal
relations of many-body systems.

The remainder of this paper is organized as follows. In
the next section, we present the derivations of the short-range
behavior of two-body wave functions for SO-coupled Fermi
gases in three and two dimensions, respectively. Subsequently,
with the short-range behavior of the two-body wave functions
in hands, we derive a set of universal relations for a 3D
SO-coupled Fermi gases in Sec. III, and then generalize them
to 2D SO-coupled Fermi gases in Sec. IV, including adiabatic
energy relations, asymptotic behavior of the large-momentum
distribution, the high-frequency behavior of the rf response,
short-range behavior of the pair correlation function, grand
canonical potential, and pressure relation. Finally, the main
results are summarized in Sec. V.

II. UNIVERSAL SHORT-RANGE BEHAVIOR
OF TWO-BODY WAVE FUNCTIONS

The ultracold atomic gases are dilute, while the range of
interatomic potentials is extremely small. When two fermions
get close enough to interact with each other, they usually far
away from the others. If only these two-body correlations
are taken into account, then some key properties of many-
body systems are characterized by the short-range two-body
physics, which is the basic idea of the contact theory. In this
section, we are going to discuss the short-range behavior of
two-body wave functions for 3D Fermi gases in the presence
of 3D SO coupling and 2D Fermi gases in the presence of
2D SO coupling, respectively. Let us consider spin-half SO-
coupled Fermi gases, and the Hamiltonian of a single fermion
is modeled as

7, = K PP s (1)
Tom T M T e
where k; = —iV is the single-particle momentum operator, M

is the atomic mass, and 7 is the Planck’s constant divided by
2. Here, the SO coupling is described by the term A°A % /M
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with the strength A > 0, and % takes the isotropic form of ﬁl .
6 in 3D or the Rashba form of 6 x lA(l -1 in 2D [54], where 6
is the Pauli operator, and fi is the unit vector perpendicular to
the (x — y) plane.

Provided that the c.m. momentum K and the total an-
gular momentum J for two particles with SO coupling are
conserved [52], we can conveniently deal with two-body
problem in the subspace of K =0 and J = 0. Hereupon,
other partial-wave scatterings are avoided, and only s- and
p-wave scatterings are involved in the problem [49,52,53].
Consequently, the Hamiltonian of two spin-half fermions can
be written as

7 i S /A 7?32 v 5
z—M+MQ(I‘)+M+ (r), 2)
where k = (k, — Rl)/2 and V(r), respectively, denote the
momentum operator for the relative motion r = r, — ry and
the short-range interatomic interaction with a finite range e,
O(r)=(6,—671) -k in 3D or O(r) = (62 —61) x k- f in
2D, and 6; labels the spin operator of the ith fermion. In the
following, let us consider the two-body problems in the 3D
systems with 3D SO coupling and 2D systems with 2D SO
coupling, respectively.

A. For 3D systems with 3D SO coupling

In the subspace of K = 0 and J = 0, we may choose the
common eigenstates of the total Hamiltonian H, and total
angular momentum J(= 0) as the basis of Hilbert space,
which take the forms of [49,52,53]

Qo() = Yoo(®)1S), 3)

QE) = =N B + V@) — Ye@®IT)L @)
V3

where Y,,(f) denotes the spherical harmonics with az-
imuthal quantum numbers (I, m), ¥ = (6, ¢) is the angu-
lar degree of freedom of the relative coordinate r, |S) =
) =t/ /2 indicates the singlet spin state with total
spin S = 0, and {[11). [L ). IT) = (114) + [11))/+/2} indi-
cate the three triplet states with total spin § = 1. Then, in the
basis of {Q(F), Q21(T)}, the two-body wave function can be
generally written as

W (r) = Yo(r)Q() + ¥1 (N2 (F), ®)

where ¥;(r) (i = 0, 1) is the radial part of the wave function.
Note that we here consider an isotropic p-wave interaction and
the radial wave function v, () is identical for three scattering
channels, i.e., m =0, £1.

Typically, in the low-energy scattering limit, the relative
energy of two atoms as well as the SO-coupling strength can
be treated as a perturbation, as long as the atoms get as close
as the distance € [38,39,49]. Therefore, we assume that the
two-body wave function may take the form of the following
ansatz as in Ref. [49],

W(r) ~ ¢(r) + k2 f(r) — Ag(r), (6)

as the distance of two fermions approaches €. Substituting
the ansatz Eq. (6) into the Schrodinger equation H,oW(r) =

EW(r), and comparing the corresponding coefficients of the
term k2 and A on both sides, we obtain

[—W + A%fr)}p(r) =0, (7)
MV
[—VZ + %]f(r) = ¢(r), (8)
s,  MV(r) A
[—v + T}g(r) = O(r)¢(r). 9)

These coupled equations can easily be solved for r > €, and
we obtain

1 1
o(r) = 010(— - —)Qo(f')
r ap
11 . )
tai| = — )@ + o00), (10
r 3611
1 1
fr)= ao(zbo - EV)Qo(f')
1 b . 2
+a1<§+€r)§21(r)+0(r ), (11

g(r) = —a1uQ(#) — ap(1 + vr)Q(#) + 0(r?). (12)

Here, oy and «; denote two complex superposition coeffi-
cients, a; and b; are s-wave scattering length and effective
range for i = 0, and p-wave scattering volume and effective
range for i = 1, respectively. What makes sense is that, as we
anticipate, two new scattering parameters u and v emerge in
s- and p-wave channels, respectively. They characterize the
modification to the short-range behavior of the two-body wave
function because of SO coupling.

In the absence of SO coupling, if atoms are initially pre-
pared near an s-wave resonance, then the contribution from
the p-wave channel could be ignored, and we have o ~ 0.
Naturally, the two-body wave function W(r) reduces to the
known s-wave form of (up to a constant «),

1 1 bok* k? A )
U(r) = <— -+ — - —r)Qo(r) + 0@, (13)
r o ap 2 2

at short distance r 2 €. Subsequently, when SO coupling is
switched on near the s-wave resonance, a considerable p-wave
contribution is involved, and the two-body wave function
becomes

1 1 bok? k2 A
W(r) = (; - % + - E”) Qo(F)
+ (1 4+ vr)AQ(F) + O, (14)

which recovers the modified Bethe-Peierls boundary condi-
tion of Ref. [48] by noticing Qo(F) = |S) /47 and Q;(f) =
—i(6y — 61) - (r/r)|S)/+/16m. We can see that the parameter
v characterizes the hybridization of the p-wave component
into the s-wave scattering due to SO coupling. If atoms
are initially prepared near a p-wave resonance without SO
coupling, then the s-wave scattering could be ignored and
we have oy = 0. The two-body wave function W (r) takes the
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known p-wave form at short distance, i.e.,

1 1 2
\p(r):<r—2_§ +k—+%r> Qi(#) + O(r?). (15)
1

2 6

In the presence of SO coupling near the p-wave resonance,

an s-wave component is introduced, and the two-body wave
-+

function becomes
! Qi ()
2 3aq, ke

+ ur0 (&) + 0(r?)

at short distance. We can see that the parameter u describes
the hybridization of the s-wave component into the p-wave
scattering due to SO coupling. In general, both s- and p-wave
scatterings exist between atoms in the absence of SO cou-
pling. Therefore, when SO coupling is introduced, the two-
body wave function is generally the arbitrary superposition of
Egs. (14) and (16) and can be written as

k? bik?

6

1
\ij(r) = |:ﬁ +

(16)

1 1 bk> « K2
‘I-’sD(I‘)—Ol0<———+OT+—1 )»—7?)90(1‘)
. 1+k2+a°/\+ 1 +bk2
* r2 2 o 3a; 6

+ %vk)r}ﬁl(f') +0(?) (17)

1
at short distance r 2 €. Equation (17) can be treated as the
short-range boundary condition for two-body wave functions
in 3D in the presence of 3D SO coupling, when both s- and
p-wave interactions are considered.

B. For 2D systems with 2D SO coupling

Let us consider two spin-half fermions scattering in the
x-y plane. We easily find that the total angular momentum
J perpendicular to the x-y plane is conserved as well as the
c.m. momentum K [55]. Therefore, we may still focus on the
two-body problem in the subspace of K = 0 and J = 0, which
is spanned by the following three orthogonal basis

1
Qo) = ——18), 18
o(@) ml ) (18)
el
Q_1(p) = , 19
1(p) mITT) (19)
() = <10} (20)
1 (0 - \/E E) ‘
r T (0%
Wop(r) = ap |:ln a0 +y - Zbokz + (mZ:;l 010)
L, ( n 1-2,
+Zam[;+< y e

for r 2 €. It is apparent that W,p(r) naturally decouples to the
s- and p-wave short-range boundary conditions in the absence
of SO coupling. However, Rashba SO coupling mixes the s-
and p-wave scatterings, and two new scattering parameters

4

oo

where ¢ is the azimuthal angle of the relative coordinate r
Then the two-body wave function can formally be expanded
as

UEy = Y Yn()Qu(e), 1)

m=0,%£1

and ¥,,(r) is the radial wave function. Analogously, the
strength of SO coupling as well as the energy can be taken
into account perturbatively at short distance. We assume that
the two-body wave function has the form of the ansatz Eq. (6),
and the corresponding functions to be determined can easily
be solved out from the Schrédinger equation outside the range
of the interatomic potential, i.e., r 2 €. After straightforward
algebra, we obtain

$(r) = o (m ZL + V)Qo((ﬂ)
ao

(57 pr) T w00t e

r 4(11 —

fr) = ﬂlo(%bo + Zﬂ In Ziao>szo<go)

(=
4

gr) = —( > am>u90(¢)
m==1

— ool vr+ —
0( ﬁ 2b1)

for r 2 €, where y is Euler’s constant, o,, (m =0, 1) is
complex superposition coefficients, a, and b, are s-wave
scattering length and effective range for m = 0, and p-wave
scattering area and effective range for |m| = 1, respectively.
Here, we have assumed that the p-wave interaction is isotropic
and thus is the same in m = %1 channels, and applied the
p-wave effective-range expansion of the scattering phase shift,
ie., k2cotd; = —1/a; + 2k>In (kby)/m [56]. We find that
two new scattering parameters are similarly introduced, and
they demonstrate the hybridization of s- and p-wave scattering
in the presence of Rashba SOC in 2D. Finally, the asymptotic
form of the two-body wave function at short distance can be
written as

2y 1 2
r— Erln£> Z () + O(?),

(23)

> Qulp)+007) (24)

m==%1

k2
uh — —r? ln— Qo(p)

2ay

-
o [> ] Qu(p) + 0(?) (25)

u and v are introduced. We should note that the short-range
behaviors of the two-body wave function, i.e., Egs. (17) and
(25), are universal and does not depend on the specific form
of interatomic potentials.
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C. New two-body parameters for a spherical-square-well
potential

As we have discussed, new two-body parameters need to
be introduced in the presence of SO coupling. These new
two-body parameters are independent from the well-known
scattering length (volume) as well as the effective range, and
should be determined by the specific form of the two-body
interaction. To provide a clear picture for these new parame-
ters, we take the spherical-square-well potential as an example
to demonstrate how the new parameters are evaluated. For a
3D system, we assume that the two-body interaction has the
following form:

_‘/05

V(l’):{o Ogrge,

r> €,

(26)
!

where € is the range of the potential and Vy > 0 is the depth of
the well. Outside the potential, i.e., r > €, ¢(r) has the form
of Eq. (10). Inside the potential, using V (r) = —V), we obtain

B(r) = aocojo(/ Vo) Q0 (®) + arcr i VY (), (27)

where j,(-)’s are the spherical Bessel function of the first
kind, c,’s are real coefficient, ¥ = r/e, Vo=V, /Eoy, and Ey =
1i? /M €?. The continuity conditions of ¢(r) at r = € as well as
those of its first derivative provide four independent equations,
which uniquely determine the s-wave scattering length a,
p-wave scattering volume a;, and c¢; and c;. Then ¢(r) is
obtained for a spherical-square-well potential.

With ¢(r) in hand, the new two-body parameters u and v
can be calculated from Eq. (9). We have obtained g(r) outside
the potential, i.e., Eq. (12). Inside the potential, i.e., 0 < r <€,
we easily obtain

o ~ |~ ~ . ~ n (07 o ~ | ~ | . ~ /55 .o~ I
gr) = —~ [—2c17y/ Vo cos(y/ Vo) + Ay sin(Fy/ Vo)]20 () + — (A2 + cory/ Vo cos(2ry/ Vo) — 2co sin(2ry/ Vo)l j1(ry/ Vo)
2?’[/0 21"/0

+col—2 + 2727 + 2.cos @Ry Vi) + 7/ Vo sin@7y o)l 7y V)21 ), (28)

and n,(-) is the spherical Bessel function of the second kind.
We find that there are totally four parameters to be determined,
i.e., Ay, A, u, and v, which can be solved out from the
continuity conditions of g(r) as well as those of its first
derivative at r = €. After some straightforward algebra, we
obtain

V%
tan(+/Vo) — vV

For a 2D system, we can also calculate the new two-body
parameters introduced by SO coupling for a model potential
following the similar procedure.

Ue = ve = 29)

II1. UNIVERSAL RELATIONS IN THE PRESENCE
OF ISOTROPIC 3D SO COUPLING

In the previous section, we have discussed the two-body
problem in the presence of SO coupling, and obtained the
short-range behaviors of the two-body wave functions with
zero c.m. momentum and zero total angular momentum.
However, for a many-body system, the c.m. momentum of a
pair of fermions as well as their total angular momentum is
generally not conserved any longer. In this case, all the partial
waves should be taken into account besides the s- and p-wave
scatterings. Therefore, we may anticipate that additional new
two-body parameters in high-partial-wave channels should be
introduced besides u and v, then our perturbation method
can still be generalized to many-body systems if more new
two-body parameters are included. To simplify the discussion
of Tan’s universal relations of SO-coupled Fermi gases, we
assume that only a few partial waves come into the problem,
for example, only s- and p-wave scatterings are taken into
account as discussed before. Then we are ready to consider
Tan’s universal relations of SO-coupled many-body systems,
if only two-body correlations are taken into account. Owing

(

to the short-range property of interactions between neutral
atoms, when two fermions (i and j) get as close as the range of
interatomic potentials, all the other atoms are usually far away.
In this case, the many-body wave functions approximately
take the forms of Eq. (17) in 3D systems with 3D SO coupling,
when the fermions i and j approach to each other. We need
to pay attention that the arbitrary superposition coefficient
«,,(X) then becomes the functions of the c.m. coordinates of
the pair (i, j) as well as those of the rest of the fermions,
which we include into the variable X. In the follows, we
derive a set of universal relations for SO-coupled many-body
systems by using Eq. (17) for 3D SO-coupled Fermi gases.
These relations include adiabatic energy relations, the large-
momentum behavior of the momentum distribution, the high-
frequency tail of the rf spectroscopy, the short-range behavior
of the pair correlation function, the grand canonical potential,
and pressure relation. Let us consider a strongly interacting
two-component Fermi gases with total atom number N. For
simplicity, we consider the case with by ~ 0 for broad s-wave
resonances in the follows.

A. Adiabatic energy relations

To investigate how the energy varies with the two-body in-
teraction, we consider two many-body wave functions W and
W', which are corresponding to different interaction strengths,
respectively. And they satisfy the Schrodinger equation with
different energies

N
> AVw =Ew, (30)
i=1
N .
YAV =Ew, (31)
i=1
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if there is not any pair of atoms within the range of the
interaction, where 7:[,?) denotes the single-atom Hamiltonian
Eq. (1) for the ith fermion. By subtracting [31]* x W from
W™ x [30], and integrating over the domain D, the set of all
configurations (r;, r;) in which r = |r; — r;| > €, we arrive at

(E — E)/ Hdr,\ll/*
fl 1

2
_%N/ dXdr[W* VIV — (V2W™)w]
hz)\, 1% 7 A A A%
+ﬁj\/’ / dXdr[¥*(OW) — (QV)* W], (32)

where N' = N(N — 1)/2 is the number of all the possible
ways to pair atom. Using the Gauss’ theorem, the first term
on the right-hand side (RHS) can be written as

2
- h—/\/f dXdr[V* VI — (ViU™*)w]

= ——j\/# V7V W — (V,U™)W] - 2dS

h22 a "
NZ/dX(w —wi—wiaw,-) NER)

r=e

where S is the boundary in which the distance between the
two atoms in the pair (i, j) is € with, fi is the direction normal
to S but opposite to the radial direction, and ¥ () is
the s-wave (p-wave) component of the radial two-body wave
function. In addition, for the second term on the RHS of
Eq. (32), we have

R 2 Yo
Or)v = ———(r Y)Q(EF) + 28—91( ), (34)

then it becomes

hz)‘ 1% ¢ A A A%
WN/ dXdr[¥™(Q(r)V) — (Q(r)¥') V]

_2MRE?

N f AXWE — Vv (35)

Combining Egs. (32), (33), and (35), we obtain

(E — E)/ l_[dr,\IJ/*\Il

fl 1
hZ 2 9 "
A fox(v v

20h%€?
+ 2N [axun - i), Go)

Inserting the asymptotic form of the many-body wave func-
tion Eq. (17) into Eq. (36), and letting ' — FE and V' — W,

we find
/ l_[dr,|\IJ|2 (I<°> ATp)day’
‘1 1
R & 3AR2
— —day! —15b1+ Sar T8
AR 1 1 b
— (2270 — ~7, )8 -+ — JZWsE, (37
M(“2*”+e+2“ 37)
where
I = N / X (X)P2, (38)

& =N [ dXeq,XUE = T X0k X0. 39
T, = N/ dXoy (X (X) +c.c., (40)
& = N[ dXey(X)E — TX)]a;(X) +cc.  (41)

for m = 0, 1, and T'(X) is the kinetic operator including the
c.m. motion of the pair (i, j) and those of all the rest fermions.
Using the normalization of the many-body wave function
(see Appendix A)

b
/Hdr,|\lf|2_1+( 2@

Etl

we can further simplify Eq. (37) as

w 0 1 RT) 1
SE = ——(I; ) —T)8ay — ——8a;
& 3MRPT, AR
+58b S+ =— (T, — 40ZV)ou, (43
vt vt (@ a')du, (43)
which yields the following set of adiabatic energy relations
dF "
— = —— (T —1,), 44
86161 M ( a )‘) ( )
dE T
= (45)
da; M
dE &
—= =2 (46)
ab; 2
JE AR
T, — 42TV 47
Fol ( A ) (47)
OF 3mzz
— = 48)
ov 2M

Interestingly, two additional new adiabatic energy relations
appear, i.e., Egs. (47) and (48), which originate from new scat-
tering parameters introduced by SO coupling. These relations
clearly describe the relationships between the macroscopic
internal energy and the microscopic two-body scattering pa-
rameters for an SO-coupled many-body system.

B. Tail of the momentum distribution at large ¢

Let us then study the asymptotic behavior of the large
momentum distribution for a many-body system with N
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fermions. The momentum distribution of the ith fermion is
defined as

ni(q) = / [Tar %@, (49)
t#i
where lili(q) = f dr;Ws3pe % and then the total momentum

distribution can be written as n(q) = Zf\lzl n;(q). When two
fermions (7, j) get close while all the other fermions are far
away, we may write the many-body function W;p at r =
[r; —r;| ~ 0 as the following ansatz:

ap(X)

r

Y3p(X,r) = [ + Bo(X) + Co(X)r} Qo(F)

—+ [@ + BI(X) + C] (X)V:|Ql(f') + 0(r2)’
(50)

where «,,, B, and C, (m =0, 1) are all regular functions.
Comparing Eq. (17) with Eq. (50) at small r, we find

BoX) = -2 4 0l (51)

ao
Otlk2

Bi(X) = T + oA, (52)
apk?

Co(X) = —OT, (53)

b k2

Ci(X) = — L LA v, (54)

3611 6

The asymptotic form of the momentum distribution at large
q but still smaller than ¢! is determined by the asymptotic

J

behavior at short distance with respect to the two interacting
fermions, then we obtain

Ui(q) ~
q

— 0

/ dr¥sp(X, r ~ 0)e /9T, (35)

With the help of V2(r~!) = —4m8(r), we have

@)= / s = (56)
r q
so that
X , 4
f draoi )Qo(f)e"“" = q—fao(X)Qo(fl), (57)
/ drBy(X)Q(#)e 4T =0, (58)

; 8
/dl’Co(X)rQo(f‘)e*""r = —q—ZCo(X)Qo((]), (59)

a(X) . 4w .
f 00 SENCICY

72

. 8
/ dr By (X)Q, ()9 _iq—fzsl<x>szl(q>, 1)

/ drCi(X)rQ (t)e 4" = 0. (62)

Inserting Eqgs. (57)—(62) into Eq. (55), and then into Eq. (49),
we find that the total momentum distribution n(q) at large q
takes the form

2

n3p(q) %N/dX p;

3272y} 21§25 (@) n i32n2[aoaTQo(fl)QT(fl) — oo 25(Q21(Q)]

q3

1
+ [327 2o Q0(@)2 (@) + 647K 01} 21 (@) R (@) + 647 Maoer} + agal)m((i)szf(qn; +0@@).  (63)

If we only show the solicitude for the dependence of the
momentum distribution on the amplitude of q, then we find
that the odd-order terms of ¢! vanish after the integration
over the direction of q. Finally, we obtain
G ©) 4 D) 1 6
nip(q) = v + (P +c,’ + /\Px)? +0(qg7%, (64)

where the contacts are defined as

Cm = 327%™, (m =0, 1), (65)
647°M

G =—m—¢ (66)

PA = 647'[2]:;\. (67)

With these definitions in hands, the adiabatic energy relations
Eqgs. (44)—(48) can alternatively be rewritten as
dE R*C® WP,

= - A : 68
bal %M ' eanM (08)

(

OE RChH
i 69
3a1_l 32n2M (69)
2 ~(1)
o (70)
ab,  12872M
E [ WP, mCy) an
du | 12872M 1672M |’
OE  3ARP,
— = 72
ov 12872M (72)

In the case of A = 0, Egs. (68), (69), and (70) simply reduce
to the common form of the adiabatic energy relations for s-
and p-wave interactions [10,17], with regard to the scattering
length (or volume) as well as effective range. We should
note that for the s-wave interaction, there is a difference of
the factor 87 from the well-known form of adiabatic energy
relations. This is because we include the spherical harmonics
Yoo(f) =1 /«/E in the s-partial wave function. Besides, an
additional factor 1/2 is introduced to keep the definition of
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contacts consistent with those in the tail of the momentum
distribution at large q. In the presence of SO coupling, two
additional adiabatic energy relations appear, i.e., Egs. (71) and
(72), and a new contact Py, is introduced.

C. The high-frequency tail of the rf spectroscopy

Next, we discuss the asymptotic behavior of the rf spec-
troscopy at high frequency. The basic ideal of the rf transition
is as follows. For an atomic Fermi gas with two hyperfine
states, denoted as |1) and || ), the rf field drives transitions
between one of the hyperfine states (i.e., |{)) and an empty
hyperfine state |3) with a bare atomic hyperfine energy dif-
ference hiws, due to the magnetic field splitting [57,58]. The
universal scaling behavior at high frequency of the rf response
of the system is governed by contacts. In this subsection, we
are going to show how the contacts defined by the adiabatic
energy relations characterize such high-frequency scalings of
the rf transition in 3D Fermi gases with 3D SO coupling. Here,
we will present a two-body derivation first, which may avoid
complicated notations as much as possible, and the results can
easily be generalized to many-body systems later. The rf field
driving the spin-down particle to the state |3) is described by

Moo=y (€ chcp+ecliesn), (73
k

where y;r denotes the strength of the rf drive, w is the rf
frequency, and C::k and ¢, are the creation and annihilation
operators for fermions with the momentum K in the spin states
|o), respectively.

For any two-body state |W,,), we may write it in the
momentum space as

W) =Y G (ki ko)l ch o 10), (74

01072 kik;

where 430102 (ki, k) is the Fourier transform of ¢q,,, (r1, I2) =
(ri, 2501, 02| Wap), i€,

Bor0, (K1, k2) = / dridrygs,o, (T1, Ty )e KT - (75)

and o; = 1, | denotes the spin of the ith particle. The specific
form of ¢,,,,(ki, ka) can easily be obtained by using that
of the two-body wave function (ri,r;;oq, 02|Wy) in the
coordinate space, i.e., Eq. (5). Acting Eq. (73) onto Eq. (74),
we obtain the two-body wave function after the rf transition,

Hie|Wap)

= yue Y [dy (ki ko)ely el — dry (ki ko)ely el
kik>

+ ¢y, (k. ko) (el el — ey el n10). (76)

The physical meaning of Eq. (76) is apparent: after the rf
transition, the atom with initial spin state || ) is driven to the
empty spin state |3), while the other one remains in the spin
state |1). Therefore, there are totally four possible final two-

body states with, respectively, possibilities of | wlz, |+ ¢|2,

| 1 ¢|2, and |¢ N ¢|2. Taking all these final states into account,
and according to the Fermi’s golden rule [29], the two-body
rf transition rate is therefore given by the Franck-Condon

factor,

My(w) =

22 ~ ~ ~
S 1P+ 160 P + 21601
ki k>

x 8(hw — AE), (77)

where AE is the energy difference between the final and initial
states, and takes the form of

AE = — — —— + hwsy, (78)

where k = (k| —ky)/2, i*q*/M is the relative energy of
two fermions in the initial state, and w3, = w3 — w is the
bare hyperfine splitting between the spin states |3) and || ),
and can be set to 0 without loss of generality. Now, we are
interested in the asymptotic form of I';(w) at large » but
still small compared to /i/Me?, which is determined by the
short-range behavior when two fermions get as close as €.
Combining Eqgs. (75) and (77), as well as the asymptotic form
of the two-body wave function Eq. (17) atr =r; —r, ~ 0,
we finally obtain the asymptotic behavior of the rf response of
3D SO-coupled Fermi gases at large w,

M(w) =

e +3¢,"/4 + aps
(Mao/h)*? ’

Vi ey
167253 | (Mw/h)'?
(79)

where cflo), cfll), c;,] ), and p, are contacts for a two-body system
with A" = 1 in the definitions Egs. (65)—(67).

For many-body systems, all possible N = NN — 1)/2
pairs may contribute to the high-frequency tail of the rf
spectroscopy, while high-order contributions from more than
two fermions are ignored. Then we can generalize the above
two-body picture to many-body systems by simply redefining
the constant V into the contacts, and then obtain

My2 c CO 43¢ /4 + 1Py
167258 | (Mw/h)'? Mw/R)>? ’

Iy(w) =

(80)

where C(V, C(V, Clgl), and P, are corresponding contacts for
many-body systems. In the absence of SO coupling, Eq. (80)
simply reduces to the ordinary asymptotic behaviors of the rf
response for s- and p-wave interactions, respectively [13,59].

D. Pair correlation function at short distances

The physical meaning of pair correlation function
g2(s1, $2) is apparent, which gives the probability of finding
two fermions with one at the position s; and the other one
at the position s, simultaneously. It is defined as g»(s1, s2) =
(P(s1)P(s2)), here p(s) =), 8(s —r;) denotes the density
operator at the position s. Then we can formally write a pure
many-body state |W) of N fermions as [29]

als1,52) = f dridrs - dry (W1p(s)p(s:)| W)

=N(N — 1)/dX/|\II(X, r)°, (81)
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where r = s| — s, is relative coordinates of the pair fermions
at positions s; and s,, and X’ denotes the degrees of freedom
of all the other fermions. If we further integrate over the
c.m. coordinate of the pair, then we can define the spatially
integrated pair correlation function as

G,(r) = N(N — 1)/dX|\IJ(X, ), (82)

and X includes the c.m. coordinate R = (s; 4+ ;)/2 of the
pair besides X'. Inserting the short-range form of many-body
wave functions for SO coupled Fermi gases, i.e., Eq. (17) into
Eq. (82), we find

oy 2127

Ga(r) ~ N(N — 1)/dX{ .
"

n aE)k(XlQéQl + Ol()O[TQ()QT

3

+ I:Ol()()[:)< Qo QS

+ Ko Q1 Q + Magay + apa})QQ;
+ duorf oy (2521 + Q2027)

Olg(M]QSQ] —I—O[QOITQ()QT 1 1
— r—2+0(r )i (83)

2

Further, if we are only care about the dependence of
G,(r) on the amplitude of r = |r|, then we can integrate
over the direction of r, and use the definitions of contacts
Egs. (65)—(67), then it yields

cH G P
~ a (0) b PR
Ga(r) 167'[2|: r4 G+ 2 + 2 /r
200 2ch  pcD P\1
T T T w2 )=
ao 3a; 6 2 )r

(84)

which reduces to the results in the absence of the SO coupling
for s- and p-wave interactions, respectively [9,13,31,60,61].

E. Grand canonical potential and pressure relation

In this subsection, let us first consider the grand thermo-
dynamic potential 7 for a homogeneous system, which takes
the form of [62]

= PV =E—TS— uN, (85)

where P,V, T, S, u, N are, respectively, the pressure, volume,
temperature, entropy, chemical potential, and total particle
number. The grand canonical potential 7 is the function of
V, T, S, and takes the following differential form:

dJ = —PdV — SdT — Ndu. (86)

For the two-body microscopic parameters, we may evalu-
ate their dimensions as ag ~ Lengthl, ay ~ Length3, by ~
Length~!, u ~ Length~!, and v ~ Length~!. Therefore, there
are basically following energy scales in the grand thermody-
namic potential, i.e., kgT, p, B2/MV?3, B2 /Mad, I* /Ma}">,
hzb%/M, h2u? /M, i?v* /M. Then we may express the thermo-
dynamic potential 7 in the terms of a dimensionless function

J as [21,63]
JWV, T, u,ag,ai, by, u,v)

R/MV?3 w B*/Ma}
ksT " kgT’  kgT

’

= kBTj<

’

RMa” R M P IM R M )
kgT  ~ kgT °  kgT kT |’

Consequently, the simple scaling law can be deduced as

T 2VyT, v,y Pag, y = Pay, vy 2by, v Pu, y'?v)
=yJWV, T, u,ao,ay, by, u,v). (88)

Keeping all other variables constant, the derivative of Eq. (88)
with respect to y at y = 1 simply yields

W00
ar M

2 9V w2 dag
3611 a b1 8 u 3 v 8
St Tt R B B =J. 89
2 da 2 b 28u+28v>‘7 J (89)
Since
0T A
J-T——pu——=J+TS+uN=E, (90)
oT o

and the variation of the grand thermodynamic potential 8.7
with respect to the two-body parameters at fixed volume V,
temperature 7', and chemical potential w is equal to that of
the energy SE at fixed volume V, entropy S, and particle
number N, i.e., ((Sj)v,r,u = (0E)y sy and V% =J, we
easily obtain from Egs. (89) and (90)

3, @OE 3w 9E hIE wiE  wIE
2 2 dag 2 day 20by 20u 2 0v
oD
Further, by using adiabatic energy relations, Eq. (91) becomes
2 n* P
J=-3E - m(qﬁo) - k%)
e mPhiGY
32n2Ma;  384niM

2Py
12872M "

)\.Mhz ,P)L
- ACH 22 92
48712M( “ 8 ) + ©2)

Consequently, we obtain the pressure relation, i.e.,
P = —7J/V, which respectively reduces to the well-known
results in the absence of the spin-orbit coupling

po2E RCY ©3)
T3V 9672MVay

for s-wave interactions, which is consistent with the result of
Refs. [11,61,64], and
2 2~(1)
_ 2_E n h C(gl) B bhC,
3V 32x2MVa, 384m2MV

for p-wave interactions, which is consistent with the result of
Ref. [13].

P (94)
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IV. UNIVERSAL RELATIONS IN 2D SYSTEMS
WITH RASHBA SO COUPLING

The derivation of the universal relations for 3D Fermi gases
with 3D SO coupling can directly be generalized to those
for 2D systems with 2D SO coupling. In this section, with
the short-range form of the two-body wave function for 2D
systems with 2D SO coupling in hands, i.e., Eq. (25), we are
going to discuss Tan’s universal relations for 2D Fermi gases
with 2D SO coupling, by taking into account only two-body
correlations.

A. Adiabatic energy relations

Let us consider how the energy of the SO-coupled system
varies with the two-body interaction in 2D systems with 2D
SO coupling. The two wave functions of a many-body system
W(r) and W'(r), corresponding to different interatomic inter-
action strengths, satisfy the Schrodinger equation with differ-
ent energies, i.e., formally as Eqgs. (30) and (31). Analogously,
by subtracting [31]* x W from W™ x [30], and integrating
over the domain D, the set of all configurations (r;, r;) in
which r = |r; — rj| > €, we obtain

(E — E)/ ]_[dr,qﬂ*q/

El 1
hZ
_MN / dXdr[W*Viw — (ViW™*)V]
R oy A Ay
+WN / dXdr[¥*(QW) — (QW)*¥],  (95)

J

where N = N(N — 1)/2 is again the number of all the pos-
sible ways to pair atom. Using the Gauss’ theorem, the first
term on the RHS can be written as

2
- E—N/ dXdr[V* VW — (VZU™*)U]
= __Ny{ [W*V, W — (VU)W - hdS,

N/dXZ ( "o

m=0,%£1

_wmawr/:> . (96)

r=e

where S is the boundary of D, that the distance between the
two fermions in the pair (i, j) is €, i is the direction normal to
S, but is opposite to the radial direction, and vy (Y1) is the
s-wave (p-wave) component of the two-body wave function
as defined in Eq. (21). Since

JOVESY [—JT_—(rwm)Qo(er 2 (F )}

m==1
o7

we find that the second term on the RHS of Eq. (95) can be
written as

2 R .
gy / dXdr[" (O(r)) — (O(r)W') W]

2
th N/dXZ(I//
m==1

Combining Egs. (95), (96), and (98), we have

— ¥ Vo)=. (98)

1% 8 I% [Ahz 1%
(E - E)/ Hdr,w v = N/dx > (vf —wm—wmgwm) - N/dXZ Y = Y Wo),_.
De =1 m=0,%1 r=e m==1
99)
Inserting the asymptotic form of the many-body wave function Eq. (25) into Eq. (99), and letting E’ — E and V' — W, we
arrive at
ﬂh2I(m) )\}-ZZI(m)
/ ndrl|\ll|2 <I<°>+ Z AI(m)>81na0+ Z{ R (Sm— 2 )§Inb,
‘l 1 m==1 m==1 M ﬁM
"2 o ) V222 AR ) € .
- M[(«/ﬁ,\ m 4 EIA ) + Z, |du + WIA Sv — (m T + y)Ia( )SE ¥, (100)
where
zm =N/dX|am|2, (101)
En = N/ dXa}(E — T)ay, (102)
form =0, £1,
IEY =N f dXajos; +c.c., (103)
EFED = N/ dXai(E — TYay +c.c., (104)
1, = N/anf]al +c.c., (105)
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and T (X) is the kinetic operator including the c.m. motion of the pair as well as those of all the rest fermions. With the help of

the normalization of the wave function (see Appendix B)

/ l_[dr,|\IJ|2—1— Z (lng—i—y)I(m)

611

we can further simplify Eq. (100) as

(m)
SE (z“’) + Z,\—>5lna0 + Z

m==%1 m==%1

i ST
—r—| 2270
M a

which characterizes how the energy of a 2D system with 2D
SO coupling varies as the scattering parameters adiabatically
change and yields the following set of adiabatic energy rela-
tions:

2
OE = h_ 7O
olnaggy M\ “

m +1

Z I<'">> (108)

Senleg)
% = %Z;l[% + a2z +Ip)], (111)
= - Z_Am_zﬂz;mi (112)

Obviously, there are additional two new adiabatic energy
relations appear, i.e., Eqs. (111) and (112), which originate
from new scattering parameters introduced by SO coupling.

B. Tail of the momentum distribution at large ¢
In general, the momentum distribution at large ¢ is deter-
mined by the short-range behavior of the many-body wave
function when the fermions i and j are close. Similarly as
in the 3D case, we can formally write the many-body wave
function W,p at r ~ 0 as the following ansatz:

Wop(X, 1) = [ag Inr + By + Cor? In r]1$2 ()

+Z[ + B, rlnr+C,nr]Q F) + 0,

m

(113)

where «;, B;, and C; (j = 0, £1) are all regular functions of
X. Comparing Eqgs. (25) and (113) at small r, we find that

By(X) = ap(y —In2a0) + Y armhu,

m==1

(114)

I(m)+AI Su+— LS = TMsy
2 V2 M

(106)
m==1
h21<m> . R
TrlE, —A—=—]sInb
1 ( m ﬁM 1
(107)
{
ok? o
B,(X) = — =, 115
0 (X) > + 7 (115)
k2
Co(X) = —“(’T, (116)
14 -2y ,
CnX) = ap| —— —k
X)=«o ( da, + , )
oot (3% Y o (117)
oAV _— n
0 2 \ﬁi 1.

In the following, we derive the momentum distribution at large
q but still smaller than e~!. Using the plane-wave expansion

oo
=21 ) Y i In(gr)e QO (), (118)

m=0o==%

here n,, = 1/2 form =0, n,, =1 form >
the azimuthal angle of q, we have

1, and ¢, denotes

, 2
/ dragIn rQo)e " = —ZayQo(@),  (119)
q
/ drByS2(#)e 9T =0, (120)
2 &\, —iqr 8 ~
drCor® InrQo(#)e ™" = —-CoQ0(q), (121)
q
Ay, N —iq- 2w ~
/ Qe = i, 0@, (122)
r q
o _iqr AT N
/derrlner(r)e ar = 1—38QO(q), (123)
q
/ drCorQp(£)e 4T =0, (124)

where q is the angular part of q. Inserting Eqs. (119)-(124)
into Eq. (49), we can obtain the total momentum distribution
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nmop(q) at large q as

mn(q) ~ N f dXY " noty (2, (q) i zZ[aoamszo<q)9m<q> — arpar), Q0(4)82], (q)]—

mm

2

+{060%520((I)Q*(q)+2[ V22005, R (25, (@) + 0050 2 (@), (@) + 26700t 2 (R, ()]

m,m

82
x — +0(q7),
q

(125)

and the summations are over m, m’ = 1. If we are only interested in the dependence of nyp(q) on the amplitude of q, then the

expression can further be simplified by integrating n,p(q) over the direction of q, and all the odd-order terms of g~

Finally, we arrive at

_y C
nap(q) = —Zm; |: cO 4 Z

m==1

where the contacts are defined as

CY = 8727 (127)

for j =0, +1, and
o = 167;#5,,,, (128)
P = 8277 (129)

for m = £1. With these definitions in hand, the adiabatic
energy relations Eqs. (108)—(112) can alternatively be written
as

oE 2
= () (m)
alndo - SJTZM (C i mXi:lP ) (130)
oE B2
= (m)
da-l ~ 16nM an J (131)
1 m==1
oE 2
(m) (m)
alnb,  167°M Yo (m—arm), (132)
m==1
oE 12
(m)
RN T : (133)
du 16ﬁn2Mm=Zi1 A
OE R
= (m)
v 8VaTM 2P (134)

m==%1

In the case of A =0, Egs. (130), (131), and (132) simply
reduce to the common form of the adiabatic energy relations
for s- and p-wave interactions [24,29], with regard to the
scattering length (or area) as well as effective range. And for
the s-wave interaction, there is a difference of the factor 27
from the Ref. [24], which is because we include the angular
part 1/+/27 in the s-partial wave function. In addition, two
new adiabatic energy relations, i.e., Eqs. (133) and (134), and
new contacts P\ appear due to SO coupling.

! vanish.

1
c™ APS’”)} — 4+ 0@, (126)
q

(
C. The high-frequency tail of the rf spectroscopy

We may carry out the analogous procedure as that in 3D
systems with 3D SO coupling, and the two-body rf transition
rate takes the form

[ (w)

2wy S, . -
——E (1 1” + 1@yt ]° + 2|9, |9)8(hw — AE),
h
Kk
(135)

where
Goror (K1, ko) = / dr1dYs¢s,q, (11, To)e F1 TR (136)

If we are only interested in the high-frequency tail of the
transition rate, then we can use the asymptotic behavior of
the two-body wave function for a 2D system with 2D SO
coupling, i.e., Eq. (25). Combining with Eqgs. (135) and (136),
we obtain the two-body rf transition rate ', (w) as

Myg| <
4k’ | Mw/h

O /2 4 D72~ ph)
Ty(w) = C(2TG27M | 3y

(Mw/h)*

where céo), cél), c(]), and p(l) are contacts for a two-body
system with A/ = 1 in the definitions Egs. (127)—(129).

For many-body systems, all N' = N(N — 1)/2 pairs con-
tribute to the transition rate. Similarly, we can redefining the
constant A into the contacts, and then obtain

Iy(w) =

AniP | Mw/h

Myg | CV
(Mo/h)*

cO2+c2 - ,\Pg”}
(138)

where C0, C(V, C}El), and Pil) are corresponding contacts for
many-body systems. In the absence of SO coupling, Eq. (138)
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simply reduces to the ordinary results for s- and p-wave
interactions, respectively [29,65].

D. Pair correlation function at short distances

Let us then discuss the short-distance behavior of the
pair correlation function for a 2D Fermi gases with 2D SO
coupling. Inserting the asymptotic form of the many-body
wave function at short distance, i.e., Eq. (25) into Eq. (82),
we easily obtain spatially integrated pair correlation function
G,(r). If we only care about the dependence of G,(r) on
the amplitude of r = |r|, then we may take the average of
momentum distribution over the direction of r and obtain

1 Zm=i1C§m) 0) r\’
Gy(r) ~ H[T +CIn —

2a0

Au r
2@ L 2 m ) 1
+<Va+ﬁsz "

m==xl

1
+ Z 5(—C,§’”> +AP"™) In zibl} (139)
m==1

In the absence of SO coupling, Eq. (139) simply reduces to the
ordinary results for s- and p-wave interactions, respectively
[24,29].

E. Grand canonical potential and pressure relation
Similarly, according to the dimension analysis, we easily
obtain
aop oE oE b] oE
—a— — —— =E.
8a1 2 8b1
Further, by using adiabatic energy relations, Eq. (140) be-
comes

" A
- _E— C(O) ~ (m)
J 16712M( a t 2 Z P

m==xl1

(140)

h2 |: C((lm) 1

- —(” =Py . (41
lorM ~ | a +2n(b )] a4

The pressure relation can be obtained by dividing both sides
of Eq. (141) by —V, which respectively reduces to the results
in the absence of SO coupling,

E rCc®
-4 —a
V o 16m2MV
for s-wave interactions, which is consistent with the result of
Ref. [22], and

E hZ C(m) C(m)
P== - | Za b
\% +m=Zil 167 MV < a + 2w

P= (142)

(143)

for p-wave interactions, which is consistent with the result of
Ref. [29].
V. CONCLUSIONS

We develop a perturbation method to construct the short-
range form of a two-body problem in the presence of the spin-

orbit coupling. For a two-body system, the center-of-mass
momentum as well as the total angular momentum is a good
quantum number. Then the simplest situation is that with zero
center-of-mass momentum and zero total angular momentum,
in which only s- and p-wave scatterings need to be taken into
account. We find that two new microscopic scattering param-
eters in s- and p-wave channels appear because of spin-orbit
coupling besides the conventional scattering length (volume)
and effective range. The obtained short-range behaviors of
two-body wave functions do not depend on the short-range
details of interatomic potentials. Based on the constructed
short-range form of two-body wave functions, we systemat-
ically study a set of universal relations for spin-orbit-coupled
Fermi gases in three or two dimension, respectively. We find
that new contacts need to be introduced in both three- and two-
dimensional systems. However, due to different short-range
behaviors of two-body wave functions for three- and two-
dimensional systems, the specific forms of universal relations
are distinct in different dimensions. As we anticipate, the
universal relations for spin-orbit-coupled systems, such as the
adiabatic energy relations, the large-momentum distributions,
the high-frequency behavior of the radio-frequency responses,
short-range behaviors of the pair correlation functions, grand
canonical potentials, and pressure relations, are fully captured
by the contacts defined.

In this work, we only consider a simplest situation of a
two-body system with zero center-of-mass momentum and
zero total angular momentum, in which only s- and p-wave
scatterings are included. Our method can also be general-
ized to the case with nonzero center-of-mass momentum and
nonzero total angular momentum. Then more partial waves
should be involved, and we may anticipate that more new
two-body parameters need to be introduced. For a many-body
system consisting of fermions, the center-of-mass momentum
of pairs is no longer conserved as well as the total angular
momentum of pairs. Therefore, we cannot discuss the prob-
lem in the sub-Hilbert space with a specific center-of-mass
momentum and total angular momentum of pairs. Then all
the partial-wave scatterings of pairs should be taken into
account. However, in the Bose-Einstein-condensation limit,
the pairs are tightly bound and their center-of-mass motion
is frozen in the zero-temperature limit. Then our discussion
in the sub-Hilbert space with zero center-of-mass momentum
and zero total angular momentum is still applicable. For a
more general situation, such as that in the unitary limit, our
results of this work need to be further developed, because all
the partial waves should be taken into account theoretically. In
experiments, many-body systems are usually prepared near a
specific partial-wave resonance, i.e., s- Or p-wave resonance.
Then in the practical discussion, we may still theoretically
focus on few partial waves [50,51].
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APPENDIX A: NORMALIZATION OF THE WAVE FUNCTION FOR 3D SYSTEMS WITH 3D SO COUPLING

In this Appendix, we are going to derive fD ]_[ﬁvzld r;|W|? for 3D many-body systems with 3D SO coupling. Let us consider

two many-body wave functions W' and W, corresponding to different energies 42k /M and 7i*k% /M, respectively. They should
be orthogonal, i.e., fDE ]_[fv= ,dr; W™ = 0, and therefore we have

N N
/ l_[dr,-\ll/*lll - —/ Hdri\Il/*\Il. (A1)
r r>€

=€ i=1

From the Schrédinger equation satisfied by W' and W outside the interaction potential, i.e., r > €, we easily obtain

- 4 0 / A I /
fmgdnw*w = k,zN/dX/ [( PR e w) + o (Vv —wl*wo)]. (A2)

In the presence of SO coupling, only s- and p-wave scatterings are involved in the subspace K = 0 and J = 0, and the wave
function at short distance takes the form of Eq. (17). Using the asymptotic behavior of the wave function, we easily evaluate

N N
/ Hdr,l\IJ| —kl/m}{ </ Hdr,-\ll/*\ll—i-/ Hdr,-\ll/\lf*>
r< - r>e ] r>e ]

2 %b 1 b
- —N/dx{%jt%} — _(E 21)1(1) (A3)

/Hdr,|\1/|2_1+< bzl>z(§”. (A4)

‘11

which in turn yields

APPENDIX B: NORMALIZATION OF THE WAVE FUNCTION FOR 2D SYSTEM WITH 2D SO COUPLING

In this Appendix, we are going to derive fD I—[fV: 1dr,»l\IJ|2 for 2D many-body systems with 2D SO coupling. Let us consider

two many-body wave functions W' and W, corresponding to different energies k> /M and 7i*k? /M, respectively. They should
be orthogonal, i.e., fD ]_[fV: ,dr; W™ W = 0, and therefore we have

N N
/ l_[dr,-\IJ’*\I/ = —/ Hdrilll’*\ll. (B1)
r r>€ ;4

<€ i=1

From the Schrodinger equation satisfied by W' and W outside the interaction potential, i.e., r > €, we easily obtain

/ l_[dr,ll-"*\ll_ k/zN/dX/ dr[(qﬂ*;w W \11) Z[ 1#,,,1#0):| (B2)

In the presence of SO coupling, only s- and p-wave scatterings are involved in the subspace K = 0 and J = 0, and the wave
function at short distance takes the form of Eq. (25). Using the asymptotic behavior of the wave function, we easily evaluate

N | N v
2 o o
/r.<€ Edrl|\p| - _g}ECE(\[>€ Udrlqj *LIJ * /r\>e l:[drlqj lIj*)
€
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which in turn yields
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De i=1 m==1
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