SUPPLEMENTAL MATERIALS: FERMIONIC
BOUND STATES

We then find the full wavefunction by applying the
Green’s function to the state |T(Q)) to get

To search for bound states of two Fermions with
3D spin-orbit coupling, we solve the two-particle
Schrodinger’s equation
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where «, 5 = £1, and the spinors x,s are most easily
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where Vs is the two particle interaction potential, and
the tensor product implies an operator the left operates
on particle 1, and the operator on the right operates on
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particle 2. We assume the interaction to be purely local
s-wave. This equation can be expressed in self-consistent
form as

W) = CVia|w) (2)
where the Green’s function is defined as
G=[(Hpw—A2)21+1® (Ho—A/2]7.  (3)

The ground state of a spin-orbit coupled atom will have
energy Fy, = —mwv? /2. We therefore search for solutions
of (?7) with energy E < 2E,, = —mv?. We define the
binding energy as ¢ = —mv? — A > 0.

The Green’s function can be calculated by applying
the unitary matrix U = Uy ® Us, where

Uj = exp {—z’ezj (n} - fr)} (4)

is the unitary matrix that rotates from the original
spin basis to the pseudo-spin basis defined by |af),
with a, 8 = =£1, where a particle of spin |+) has en-
ergy in the F = p?/2m 4 v|p| band. The vector
nj = (—sing;,cos ¢;,0), is perpendicular to both k; =
k;(cos6;cos ¢j,cosb;sinb;,sinf;) and e,. The unitary
matrix U; transforms the Green’s function to

G =) aBdasUlap)(aB|UT (5)
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where dog = [s + v(aky + Bko)] "

We now assume the interaction potential is a
short range, s-wave interaction, Vi, = —vgd(r; —
ro)Ps, where Ps is a projector into the singlet state
W) = L(M)—[4).  Using (?2), we first ap-
ply the interaction potential to the state |¥) to
get Vi2(k|Up(Q)) = f z/JS,k|\IJB( ))|ws), where
k|Pp(Q)) is the momentum space wavefunction of the
relative coordinate k = (k3 — k)/2. The center-of-mass
momentum Q = k; + ks commutes with the Hamil-
tonain, and is thus a good quantum number which la-
bels the bound state |U5(Q)). We can therefore ex-
press Vs(Q)) = N(Q)G(k,Q)[¢s), where N(Q) =
f (277)3 d)s’kiqu( )>
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in the basis of (1), [11), 1), [1))T. The X form

an orthogonal basis for each ki, ks, but are not nor-

malized, since Xl'ﬁ'Xaﬁ = 0aa’088/Cap, and cop =
8 {1 + af[cos 01 cosbs + cos(p1 — ¢2) sin b sin o] }.

In this notation, the normalization is N(Q) =

d?k s \ V2
(f Wcaﬁdaﬁ> :

The full wavefunction allows us to calculate the bind-
ing energy as follows. We substitute (??) into (?7?), and
then integrate over the relative momentum coordinate.
Due to symmetry, the triplet components of (?7) will
Vamsh under 1ntegrat10n over the relative momentum,

K (27,)3 klyp(Q)) = [ (%)377 (k|vp(Q)). Therefore, left

multiplying ("") by (k|Ps, and integrating over k allows
us to express the self-consistency equation as

d3
% / oy (UG, Q)i = (8)

The bound state |U5(Q)) will appear as a solution to
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this equation with energy A < —2 , which is twice

the ground state of of a single spin-orbit coupled fermion.
The integrals over the four modes d,s have a linear ultra-
violet divergence. To regularize the integrals we replace
the interaction with a renormalized scattering length
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where ]-/voo - Ocﬁ f (27r)3 (k+amwv)?2+(k+Bmv)?* The

form of this regularizer is necessary to cure the lin-
ear divergence A regularization scheme of 1/vs ~

4 CoE K m/k* will reduce the divergence from linear to

logarithmic. Calculating the integrals using this regu-
larization scheme above can be performed exactly, giving
a binding energy

e = A —mv? = —mv? (mvag)® (10)

at Q = 0 to lowest order in &/mv?.



