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Abstract

We consider two-component fermions with a zero-range interaction both in two and three dimensions and
calculate the bulk viscosity for an arbitrary scattering length in the high-temperature regime. We evaluate
the Kubo formula for the bulk viscosity using an expansion with respect to the fugacity, which acts as a small
parameter at high temperatures. In the zero-frequency limit of the Kubo formula, pinch singularities emerge
that reduce the order of the fugacity by one. These singularities can turn higher-order vertex corrections
at nonzero frequencies into the leading order at zero frequency, so that all such contributions have to be
resummed. We present an exact microscopic computation for the bulk viscosity in the high-temperature
regime by taking into account these pinch singularities. For negative scattering lengths, we derive the
complete bulk viscosity at second order in fugacity and show that a self-consistent equation to resum the
vertex corrections is identical to a linearized kinetic equation. For positive scattering lengths, a new type
of pinch singularity arises for bound pairs. We show that the pinch singularity for bound pairs leads to
a first-order contribution to the bulk viscosity, which is one order lower than that for negative scattering
lengths, and that the vertex corrections also provide first-order contributions. We propose a new kinetic
equation for bound pairs that derives from a self-consistent equation to resum the vertex corrections.
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1. Introduction

The bulk viscosity is one of the fundamental transport coefficients in hydrodynamics, which determines
the dissipation during isotropic expansion [1, 2]. One intriguing property of the bulk viscosity is that it
vanishes in conformal fluids because they can expand isotropically without dissipation [3]. On the contrary,
the nonvanishing bulk viscosity serves as an indicator of breaking conformal invariance in various systems [4,
5]. For example, a dilute two-dimensional Fermi gas is scale invariant classically, but this scale invariance is
broken by quantum fluctuations leading to a quantum scale anomaly, which is theoretically predicted [6-8]
and experimentally observed via the isotropic expansion and contraction mode (breathing mode) [9-11].

In this study, we consider a two-component Fermi gas realized in ultracold atoms, which provides an ideal
ground to study strongly correlated quantum many-body systems owing to the tunability of the interparticle
interaction via the Feshbach resonance [12, 13]. This system has the universality that the interaction effect
appears only through the scattering length, and its universal properties have been actively explored not
only in thermodynamics but also in transport phenomena [14]. In particular, the system shows nonrela-
tivistic conformality in the unitary limit [15-17]. The vanishing bulk viscosity at unitarity was confirmed
experimentally [18].

One simple approach to compute the transport coefficients is the kinetic theory founded on the quasi-
particle approximation [19-27]. However, while kinetic theory is capable of predicting the high-temperature
behavior of the shear viscosity and the thermal conductivity of short-range interacting Fermi gases, the
quasiparticle approximation does not capture all relevant contributions to the bulk viscosity at high temper-
atures [28]. As another approach in the high-temperature regime, the transport coeflicients can be calculated
from the Kubo formula in the quantum virial expansion, whose expansion parameter is the fugacity [29-
36]. In the zero-frequency limit of the Kubo formula, there is the pinch singularity due to a particle-hole
excitation with vanishing energy and momentum exchange [37-40]. The pinch singularity reduces the order
of the fugacity by one and changes the power counting with respect to the fugacity, so that a resummation
is required. The shear viscosity and the thermal conductivity were computed with an approximate resum-
mation [29, 30, 32, 33|, and their exact resummation was shown to be equivalent to solving the linearized
Boltzmann equation [41]. On the other hand, the bulk viscosity has not yet been calculated taking this
singularity into account. The purpose of this paper is to give an exact microscopic computation of the bulk
viscosity in the high-temperature regime by taking into account the pinch singularity.

Before we dive into the details, we give a brief summary of the results of this paper for the bulk viscosity.
We evaluate the bulk viscosity in the high-temperature regime, where the fermion fugacity z = e®* is small
and serves as an expansion parameter with 8 the inverse temperature and p the fermion chemical potential,
respectively [42]. We consider two-component fermions with a short-range interaction that is characterized
by an s-wave scattering length a. At positive scattering length a > 0 there exists a two-body bound state
of two distinct fermions forming a bound pair. In this work, we focus on the fermion-dominated regime
where the pair fugacity zpair = 22¢8/(ma®) is smaller than the fermion fugacity z. The parameter region
in fugacity and interaction where this expansion applies is schematically shown in Fig. 1. In the following
we discuss the bulk viscosity separately for negative scattering lengths, when there is no two-body bound
state, and for positive scattering lengths when the bound state is present. At negative scattering length in
three dimensions the bulk viscosity ¢ ~ 22/A3. is of second order in fugacity z with the thermal de Broglie
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Figure 1: The regime where the quantum virial expansion is valid (the shaded region). The horizontal and vertical axis represent
the inverse dimensionless scattering length Ar/a and the fugacity z = ePr | respectively. At positive scattering length, the
expansion is valid when the pair fugacity 22e8/(ma®) ig smaller than the fermion fugacity z, which itself should be less than
O(1). Hence, the applicability of the fermionic virial expansion is limited to z < e=B/(ma®) for g > 0. The free-fermion and
dimer limits are often referred to as the BCS (Bardeen—Cooper—Schrieffer) and BEC (Bose—Einstein condensation) limits, but
we avoid those terms because we work above the superfluid critical temperature.
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Figure 2: Bulk viscosity in the high-temperature limit for d = 3 as functions of Ar/a in thermal units as A3.{/22 (left) and in
interaction units as Ara®(¢/z2 (right). The solid lines represent the total bulk viscosity ¢ = Cpair *Cfermion, Which is much larger
than the purely fermionic contribution (fermion (dashed lines). The single data point in the right panel shows the fermionic
contribution to the bulk viscosity at unitarity derived in Ref. [25], while the present work gives the complete bulk viscosity
over the entire range of negative scattering lengths.



wavelength Ay = h\/278/m, as plotted in the left panel of Fig. 2. We find that the bulk viscosity is divided
into two contributions, ¢ = (pair + Crermion, Where (pair and Crermion are computed as
2v/2
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and
2
02 {2 (4 + 9v% 4+ 20) + Ve v (15 + 200% 4 4v*) erfc(—v)}

2
: 384+/2 2 —v? 4+ v + v0e? Ei(—v?) (2)

2,,2
v—=0 27U

12¢/2

with dimensionless interaction parameter v = Ar/(v2ma) = hy/B/ma~!. The pair contribution was
computed previously from the contact correlation function [30-32] without vertex corrections. We find
that vertex corrections contribute at the same order in fugacity due to the pinch singularity and give
rise to the additional fermionic contribution C(germion. The fermion contribution at resonant interaction,
A3 Cermion (v — 0) = 2?02 /124/2, agrees with a previous result from fermionic kinetic theory [25], but the
extension to all scattering lengths a is new. We show that both (pair and Ceermion contributions individually
are incomplete, and only together they yield the total bulk viscosity at leading order in fugacity.

On the other hand, at positive scattering length in both two and three dimensions, there are also bound
states of pairs in addition to the scattering states of pairs included above. We show below that the bound
pairs exhibit their own version of the pinch singularity that arises for pair-pairhole excitations at vanishing
frequency and momentum exchange. This pair pinch singularity has a dramatic effect on the pair bubble
contribution to the bulk viscosity, which is reduced by one order in fugacity and thus contributes to the
bulk viscosity already at first order in z as ¢ ~ zef/™*"/ A3.. This bound-pair term seems to dominate over
the O(2?%) contributions from scattering pairs and from fermions at high temperature. Furthermore, we find
that the bound-pair vertex corrections are of the same order O(z) due to the pair pinch singularity, and
therefore the vertex corrections are equally important and need to be resummed. We present a self-consistent
equation to resum these vertex corrections. While the numerical solution of this self-consistent equation is
difficult and the scaling of the bound-pair contribution to the bulk viscosity remains an open question, the
combination of the Boltzmann equation for fermions with the kinetic equation for bound pairs provides a
consistent description of transport in strongly correlated many-body systems with bound states.

The paper is structured as follows: In Section 2, we start with the general formulation of two-component
fermions with a zero-range interaction and the Kubo formula for the bulk viscosity. Next, we briefly review
an order counting method with respect to the fugacity in the quantum virial expansion. We then introduce
two kinds of pinch singularities in the quantum virial expansion: the fermion pinch singularity and the pair
pinch singularity. The fermion (pair) singularity appears in the product of fermion (pair) propagators. The
fermion pinch singularity was introduced in Ref. [41] and enhances the contribution of on-shell fermions,
whereas the pair pinch singularity is a new type of singularity and enhances the contribution of bound pairs.
In Section 3, we discuss the bulk viscosity for negative scattering lengths. Since the system with a negative
scattering length has no bound state and there is no pair pinch singularity, we only need to take into account
the fermion pinch singularity. We present the complete result of the bulk viscosity up to second order in
fugacity. In Section 4, we discuss the bulk viscosity for positive scattering lengths. We show that the bulk
viscosity appears at first order in fugacity due to the pinch singularity, and derive a self-consistent equation
for a vertex function to compute the first-order bulk viscosity. We also reduce the self-consistent equation
to a kinetic equation for bound pairs by employing a simple approximation. Finally, Section 5 is devoted to
a summary of this paper.

Our study partially follows the analysis described in Ref. [41] and applies it to the bulk viscosity. In
what follows, we will set A = kg = 1 and implicit sums over repeated spin indices ¢ = T, | are assumed
throughout this paper. The bosonic and fermionic Matsubara frequencies are denoted by w? = 27m/s
and wl’ = 27(m + 1/2)/3, respectively, for m € Z. Also, an integration over d-dimensional wave vector or

m

momentum is denoted by fp = [dp/(2m)? for the sake of brevity.
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Figure 3: Diagrammatic representation of the bare pair propagator. The dot denotes a bare coupling constant, while the thin
single and double lines represent the bare fermion and pair propagators, respectively.

2. Preliminary

2.1. Microscopics

Let us consider a two-component Fermi gas with a zero-range interaction in d spatial dimensions, whose
Hamiltonian is provided by

= [aei@) (~5 )o@+ [de 03] @) (@)iato). ®

We work in the Matsubara formalism at inverse temperature § = 1/7 and chemical potential p, and write
the bare fermion propagator in the Fourier space as

1

Gliom:P) = or =
m p

(4)

and the full fermion propagator as

1
Wk —ep+ p— Sk p)’

G(iwk,,p) =

(5)

where €, = p?/(2 m) is the single-particle energy and % (iwl, p) is the fermion self-energy. We also introduce
the pair propagator in vacuum, represented diagrammatically in Fig. 3, as

‘ Qg1 d—2
D(iwB _ 6
(Z(Um?p) m a2,d N [7771,(1(&)7'; — Ep/2 ¥ 2/1/)](1/271’ ( )
and the full pair propagator as
. B 1
D(iw),, p) = (7)

D(iwB,p)~1 — A(iwE, p)’

where Qg1 = (47)%?/[2T(2 — d/2)] = 2, 27, 47 coincides with the surface area of the unit (d — 1)-sphere
for d =1, 2, 3 and A(iwZ, p) is the pair “self-energy”.! Here, the scattering length a is related to the bare
coupling g in Eq. (3) via
Qg d—2 )
97 T @4~ A2J[D(d/2)T(2 — d/2)] (
in the cutoff regularization [28]. We note that the bare pair propagator is simply the two-body scattering

T-matrix.
In the high-temperature regime, the fermion self-energy is evaluated as

ik, p) = = / e PaD ik 1 cq - jp+q) + O(2), (9)
q

1 Although A(iwﬁ, p) does not have dimension of energy, we call it “self-energy” in analogy with the fermion self-energy.
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Figure 4: Diagrammatic representations of the fermion self-energy (upper left panel) and the pair self-energy (upper right
panel) in Egs. (9) and (10). Here, 73 is the three-body scattering T-matrix in vacuum between a pair and a fermion (lower
panel).

whose diagrammatic representation is depicted in the upper-left panel of Fig. 4. Just as the fermion self-
energy Y(iwl  p) is expressed with the two-body scattering T-matrix, the pair self-energy A(iwZ, p) is
expressed with the three-body (i.e., pair-fermion) scattering T-matrix 73 as (See Appendix A for the
detailed derivation)

Aliwfp) =2 [ e P9lG(WE - e+ mp+ a)
q (10)

+ Ta(iws  pyeqg — 11, qliws, preq — p, q)] + O(2?).

Note that we define A(iwZ,p) by removing the O(z°) part because it is included in the definition of
D(iwZ,p), and thus A(iwZ,p) is O(z). Here, T3(iwZ, p;iwl, qliwB,,p';iwk, q') is the three-body scat-
tering T-matrix in vacuum between a pair and a fermion from incoming (iwﬁ,,p’;iwﬁ,q’ ) to outgoing
(iwB p;iwk’ | q) frequencies and momenta, and is expressed by the sum of an infinite number of diagrams
depicted in the lower panel of Fig. 4.

2.2. Kubo formula
According to linear response theory [28, 43, 44], the Kubo formula for the bulk viscosity is provided by,
I - 0"
¢ = tim X+ 0T (11)

w—0 w

where yo(w +i0™) is a retarded correlation function at zero momentum for an operator O. Here, 11 is the
modified trace of the stress tensor operator defined by

d
1 . oP N oP -
SN () N-(55) H 12
de (éw)&a (ae)Nya ’ (12)

with f[ij and N being the stress tensor and particle number operators and P, A/, and £ the pressure, the
particle number density, and the energy density, respectively. In the Matsubara formalism, the retarded
correlation function is obtained from the corresponding imaginary-time-ordered correlation function,

15
I

B B . .
Yoliw?) = - / dr " (T O(1)0(0)), (13)

with an analytic continuation of iw? — w +i0T [45].



In the system described by Eq. (3), the stress tensor operator satisfies [46]

. . C
My =20+ —— 14
2 et (14)
which leads to A
2 C oP - P 2|
m=—" (22} ~N-|(Z) -Z|& 15
dQg—1mad—2 (8]\/'>5’a (35 )N,a d] ’ (15)

with C being the contact operator defined by [47]

= @ / da 1 ()3 () ()b (). (16)

The expression (15) enables us to calculate the bulk viscosity via the contact correlation function, ¢ =
(dQq—1ma?=2)~2lim,, 0 Im[xc(w +i07)]/w + - - -, but one has to be careful that the other terms are non-
negligible.? It is worth noting that the contact, which is a two-body operator, is essential for the bulk
viscosity. Because the correlation function of a one-body operator is dominant for the shear viscosity and
the thermal conductivity at high temperatures in contact interacting systems [29, 33, 41], the bulk viscosity
is inherently different from the other transport coefficients.?

For later use, we note that the pressure fluctuations in Eq. (15) are calculated as

oP d -+ 4 0b 2 9%
(5%). =55 + 35 +oe (172)
oP 2 2 _0b 02b
(36), . = =755 + 5] 0 )

with the virial expansion of the pressure P = B%[z + ba(B,a)2? + O(23)]. The second virial coefficient
T
ba(f, a) is given by [30]

1 24/2=2 %0 (e m2D(e — 2u + 07, 0)
— —Be }
i) =g = g [T P | 1

With the use of the binding energy ez = 1/(ma?) and

Im

m2D(e — 2p — 0", 0)
(—me +i0+)2-d/2

3 _ _ int 2
4725(5+6B)_6(€)%|D(8 2lj/ 57/0 70)‘ (d:2), (19)
m
= 3 _ _ N0t 2
9(a)87r25(5+63)*9(6)m7|D(6 21— 107, 0) d=3),

dma \/me

the second virial coefficient is divided into the bound- and scattering-state contributions as

1 oun Sca’
b2(8,0) = =gy + 00" (5, @) + 6657 (5, a), (20)

2 Although the retarded correlation functions containing the number density and Hamiltonian operators vanish, when divided
by w they can give a finite contribution in the zero-frequency limit. We see, in fact, that the terms proportional to the conserved
quantities in Eq. (15) are essential in Eq. (49).

3In long-range interacting systems, one-body operator correlation functions do not necessarily dominate for the shear
viscosity and the thermal conductivity at high temperatures [17, 48, 49].
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with

ePen -
6bébound) (B’ a) — {g(a)\/ieﬁeg Ej _ ;;: (21)

and

_/m% = (d=2)
o & [In(mae)]? - s ’ (22)

\/77ra/ Ve(e +ep) (@=3).

These expressions separating the bound- and scattering-state contributions are consistent with the standard
Beth—Uhlenbeck expression for the second virial coefficient [50] and were derived for d = 2 in Refs. [27, 51, 52]
and for d = 3 in Ref. [53].%

5b§scat) (ﬁ, a) _

2.8. Order counting in the quantum virial expansion

We compute the bulk viscosity via the imaginary-time-ordered correlation function in the quantum virial
expansion. When we use the propagators in the Matsubara frequency representation, the fugacity appears
through the expansion of the distribution function resulting from the Matsubara frequency summation. It
is a little tricky to find the fugacity dependence in the Matsubara frequency representation before summing
over the Matsubara frequency. For this reason, it is helpful to use the knowledge of the propagators in the
imaginary time representation only when we count the order of diagrams. The bare fermion propagator in
the imaginary-time representation has an explicit fugacity dependence,

G(r,p) = =T 10(r) — fr(en - Zz"G("’ mP) )
with
—e~(epmmg(7) (n=0)
TR B ) : 24
(7,p) {_e—r(ep—m(_eﬂep) (n>1), 2

where fr(g) = 1/(e?¢ —1) is the Fermi distribution function and 6(7) the step function. Using G (1, k), we
can directly provide the coefficients of each order for the fugacity in the quantum virial expansion. In fact,
the diagrammatic computational method for the quantum virial expansion is established in the imaginary-
time representation, not in the Matsubara frequency representation [53, 55]. In particular, the zeroth-order
component GO (7, p) runs only in the forward direction for the imaginary time because it involves 6(r).
Thus, we can estimate the order of each diagram in the fugacity from the number of propagators going
backward in imaginary time when an imaginary time is assigned to each vertex. In fact, each of the
self-energy diagrams in the upper panel of Fig. 4 has just one propagator running backward in imaginary
time (running from right to left). Nevertheless, we mainly employ the Matsubara frequency representation
because it is more convenient than the imaginary-time representation for the resummation discussed later.

2.4. Pinch singularity

In the zero-frequency limit of the Kubo formula, there emerges the product of the retarded and ad-
vanced propagators with the same frequency and momentum. For the fermion propagator, the product is
decomposed into partial fractions as

Im[G" (e, p)]

R )

€ g, 25
G )T EP) = s g (25)
4In three dimensions, the second virial coefficient can also be expressed simply as ba(B,a) = fﬁ + %(1 +

erf(y/B/ma~1))e’¢B, which is a monotonic function of the inverse scattering length [31, 54].
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with G® (e, p) = G(e+i0™, p) and G (e, p) = G(¢—i0T, p). Because of Im[GE (e, p)] = —76(e —€ep+pu) +O(2)
and Im[X(e + 0", p)] ~ O(2) in the high-temperature regime, the product is expressed as

78( — ep + 1)
Im[S(e + 0+, p)]

G"(e,p)G% (e, p) = — +0(2%), (26)

and is proportional to the inverse of the fugacity. Thus, the appearance of the product (26) complicates the
order counting in fugacity; this is the so-called pinch singularity [37-40]. The order counting discussed in
the previous section is valid only at nonzero frequencies and is not valid in the zero-frequency limit due to
the pinch singularity.

We now move on to discuss the pinch singularity of the pair propagator. In contrast to the bare fermion
propagator GF (e, p), the inverse of the bare pair propagator D® (e, p) has a finite imaginary part,

m
R 1 Z (d == 2),
Im[D*(e,p) | =0(e —€p/2 +2) X { 1 (27)
E\/m(e —ep/2+2u) (d=3),
so that the product is decomposed into partial fractions as
Im[DF
D(c. p)D*(e.p) = D 16.p) (25)

Im[A(e +i0*, p)] — Im[DE(e, p)~1)’

with DF(e, p) = D(e + 0%, p) and D4 (e, p) = D(e — i0*, p). The imaginary part of the pair propagator is
provided by

21—
R _ d—1
Im|[D"(e,p)] = —H(Q)WJ(E—EP/Q—FZM—l—eB) (20)
—0(e — €p/2+ 2u)pp (e — €p/2 + 2p1) + O(2),
where pp(g) is the scattering continuum of D% (e, p) defined by
A2 1
(¢) = ~Im[D"(c — 21,0)]| % I(maep+= =2 (30)
pple) = —1lm € — a4, e>0 =
im_yme (d=3)
ma~<+me
Therefore, together with Im[A(e + 0T, p)] ~ O(z) we find that
21— — 242
DA (e, p)DA (e, p) = 0(a) it YA B C8) (o) (31)

m2a*=4 —Im[A(e +i0t, p)]

is also proportional to the inverse of the fugacity. This singularity appears only when the scattering length
is positive and enhances the contribution of the bound pair whose energy is given by the sum of the kinetic
energy €p/2 — 2p and the binding energy —ep. Our goal is to give the exact bulk viscosity taking into
account the fermion and pair pinch singularities, Egs. (26) and (31), respectively.

3. Resummation of the fermion pinch singularity

Let us first consider the case where only the fermion pinch singularity (26) is relevant, which corresponds
to systems with a negative scattering length in three dimensions. For later convenience, we proceed with
the discussion keeping it in general d dimensions.



Figure 5: Diagrammatic representation of the imaginary-time-ordered contact correlation function. The crossdot represents the
bare vertex for the contact density (see the caption of Fig. 3 for further notation). We refer to the first term as the pair-bubble
diagram and the second term as the box diagram. Only the pair-bubble diagram provides the lowest-order contribution at
O(2?) at nonzero frequencies.

3.1. Contact correlation function

We first consider the contact correlation function to find the fermion pinch singularity. If the expansion
with respect to the fugacity at nonzero frequencies is applied, its leading term at O(z2) is simply provided
from a pair-bubble diagram, depicted in the first term of Fig. 5, whose contribution is expressed as

XCspair (iw® 5 Z/ (iwB +iw? p)D(iwB, p) + O(%). (32)

Here, it is sufficient to evaluate the correlation function with the full pair propagator replaced by the bare
one for the leading order in fugacity. The pair-bubble contribution has no fermion pinch singularity because
it has no product of the fermion propagators. With the use of the spectral representation of the pair

propagator,
* de Im[D(e — i0F
O (33)
T w—¢€

—00

the pair-bubble contribution is calculated as [28]

2d/2m *° de / ds e=Pe — g he
T iwB +e—¢ (34)
X Im[D(e - 2u — 40", 0)]Im[D(¢" — 21 — 30T, 0)] + O(z%).

X C;pair (in) — _Z

The next-to-leading-order contribution at O(z%) at nonzero frequencies is provided from an infinite set
of diagrams. Among them, the diagram with one fermion pinch singularity becomes O(z2) in the zero-
frequency limit and has a comparable contribution to Xc;pair(in ). For diagrams to have a product of the
fermion propagators with the same frequency and momentum in the zero-frequency limit, they must have
the shape where the left and right sides are connected just by the two fermion propagators, which we refer
to as the fermion-bubble shape. Among the infinite series of diagrams with O(z?), only the second term in
Fig. 5, which we call the box diagram, has such a fermion-bubble shape. The box-diagram contribution at
nonzero frequencies is given by

XC;box ( iwP Z/CF iwk +iw? iwk p)GliwE +iw?, p)
B (35)
x G(iwl p)CF (iwk +iw?iwk ; p),
with )
CF (iwky +iw® ik p) = % 3 / D(iw? +iw®, q)D(iw?, q)Cliw? — vk, q — p). (36)
n Ja

We can regard Eq. (35) as the fermion-bubble shape; the two vertex functions C¥ (iw?Z + iw?,iwk ; p) are

connected by the two fermion propagators. The product of the fermion propagators in Eq. (35) replaced by
10
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Figure 6: (Left) Diagrammatic representation of Eq. (39), which is the imaginary-time-ordered correlation function for IT with
the fermion pinch singularity. (Upper right) Diagrammatic representation of the self-consistent equation for the vertex function
I'F to resum all relevant contributions. (Lower right) Maki-Thompson and Aslamazov—Larkin diagrams for the four-point
function represented by the rectangle. The thick line represents the full fermion propagator, whereas the white and gray bulbs
denote the bare vertex function IIF and the full one I'F', respectively. It is sufficient for the leading-order vertex function to
evaluate the four-point functions with the full propagators replaced by the free ones.

the full propagators results in the fermion pinch singularity, so that the box-diagram contribution becomes
O(2?) in the zero-frequency limit. Therefore, the box-diagram contributions need to be resummed. Since
the fermion-bubble shape is the same as that of the diagrams providing the shear viscosity and the thermal
conductivity at high temperatures [41], the box diagram allows us to find other contributions which have to
be resummed. They are provided as diagrams in which the four-point functions for the Maki-Thompson and
Aslamazov—Larkin types and their iterations are inserted between the vertex functions in the box diagram.

3.2. Pair-bubble and fermion pinch-singular contributions
To combine CF (iwf +iw?, iwk ; p) with the second and third terms of Eq. (15), we introduce the vertex

c o TIF (7yF o iy B 5 F. :
function II* (iwy, + iw”,iw,,; p) as

- CF(iwk +iwPiwk; p) oP oP 2
T (iwF + iwB iwF p) = m Wy P) (97 _ | (2= _z ) 37
(iwpy, + iw” iwp,; P) A0 mad=2 N )., o€ ). d €p (37)
The first term is evaluated as
CFiwk +iwB iwk; p)
dQg_1mad—2
o (38)
= U0 a2 / e aD(eq — p+ iwp, +iw?, p+ q)D(eq — p+iwh, p+ q) + O(z?),
d—10 q

so that fIF(inI:L—HwB, iwk: p) together with Eq. (17) is O(2). Thus, ﬁF(inIfL—HwB, iwk; p) can be interpreted
as an effective vertex function for II at O(z) connecting to the two fermionic propagators.

With the use of TI¥ (iwf, + iw?,iwk;p), we can write down the correlation function for IT with the
fermion pinch singularity. To resum all the relevant contributions, we start with the formal expression of

the correlation function for II as
. 2 = . . . .
Xf[;fermion(sz) =5 Z/ HF(,LWE; + Zva waz;p)g(lwgl + ZWva)
B )p (39)
x G(iwk  p)TF (iwk +iw? vk p),
which includes all contributions with the fermion pinch singularity. The diagrammatic representation of

Eq. (39) is depicted in the left panel of Fig. 6. The spin degeneracy is accounted for by the prefactor of 2
and T'F (iwl +iwB iwl; p) represents the full vertex function.
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The correlation function for I up to O(z2) taking into account the fermion pinch singularity are fully

incorporated in
B) XC;pair(in)

= @aeama=2)2 + Xisermion (17) + O(). (40)

Accordingly, the bulk viscosity up to O(z?) is obtained as

X (iw

§ = Cpair + Cfermion + 0(23) (41)
with
. 1 Im[XC'pair(w + i0+)]
air = 1 : ) 42
% w50 (dQg—1mai=2)? w (42)
Im[xs.. (w4307
Grrmion = lim " iernion© £ 7)) (43
w—0 w

Eq. (41) provides the complete bulk viscosity up to O(z?) as far as the pair pinch singularity does not occur.
The substitution of Eq. (34) into (42) leads to

d 2
/\TCpair =z

24/2 3?2 > de
p / —e‘ﬁspp(a)z, (44)

(dQq_1ad=2)2

™

which was obtained in the previous studies [28, 30-32].
We can calculate Cgermion using the resummation method in Ref. [41], so that (feymion is provided by

Crormion = 28 / B IE | (p)p(p) + O(%), (45)
P

where we introduced the rescaled on-shell vertex function

(p) = —ma®) (46)
—2Im([%#(p)]

and employed shorthand notations for on-shell f[gA(p) = ﬁF(ep — u+i0%,ep — p — 075 p), Tk 4 (p)

I'F (e, —pu+i0T, ep — u—i0T;p), and 2 (p) = B(ep — p+1i0%, p). Since p(p) is O(2) we find that Cermion 1S

of the same order as (p,ir-The resummation for the fermion pinch singularity is achieved by solving the self-

consistent equation for the vertex function depicted in the upper-right panel of Fig. 6. The self-consistent

equation for the vertex function is reduced into the linearized Boltzmann equation for ¢(p) as

ﬁﬁA(p)Z/ / /e"*"W(nqlp’,q') o(p) +¢(q) — v(p') — ¢(d')], (47)

Here, W(p, q|p’, ¢’) is the transition rate from initial (p’,q’) to final momenta (p, q) provided by

W(p,qlp'.q') = |D(ep + e¢q — 2+ 0T, p + q)[*(2m)*+!

(48)
X 0(ep+€q— e —€q)d(p+q—D —q').

In order for the linearized Boltzmann Eq. (47) to have a solution, the on-shell vertex function IT% , (p)
must be orthogonal to 1 and €p,, which correspond to the conserved particle number and the energy, respec-
tively. Here, the orthogonality is defined in terms of the inner product of (A, B) = fp e~P A(p)B(p). From
the viewpoint of the kinetic theory, the orthogonality to each is necessary for ¢(p) to represent fluctuations
around an equilibrium state with fixed particle number and energy. We can confirm that the orthogonality
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relations are satisfied as

_BEpﬁF — —Bep _ Y RA\FJ RA(p) _ ﬁiéb(scat) —0 49
/pe /pe a0, 1 mad—2 )\%35 5 (8,a) , (49a)
~Bepe T —pep, _ Cra(P)
/pe epH /pe ded “mad=?
< 0 sca sca
YA {Gﬂéb Y(8,a) - *5375255 Y(8,a)| =0, (49D)

with CE,(p) = CF(ep — u +i0%, €, — pp — i0T;p). Here, in each first equality, we substituted Eq. (17)
into the pressure fluctuations of Eq. (37) and used the fact that the 8 dependence of b2(8,a) in Eq. (20)
is contained in 5béscat)(ﬁ,a) at a negative scattering length. Also, in each second equality, the first term
after integrating over all except the radial direction of the relative momentum is equal to the derivatives of
6béscat)(/6’, a). Therefore, the pressure fluctuations, i.e., the second and third terms in Eq. (37), are essential
for ensuring orthogonality and making the integrals (49) vanish. Note that these integrals become nonzero
at positive scattering lengths because, in addition to the appearance of the pair pinch singularity, the second
virial coefficient in the pressure fluctuation terms in Eq. (37) has the bound-state contribution. This means
that the resummation discussed in this section is valid only as far as the bound-state contributions are
negligible.

In particular, 1:[11; 4(p) for d = 3 near the unitary limit has the asymptotic form of

i1f,(p) = =20 [1E2LV0)
raP) = 7570 5e,

with Fp(z) being the Dawson function and the use of the asymptotic form of the second virial coefficient
by = 3/(4v/2)+Ar/(ma) +O(a~2). In two dimensions, although the scattering length is always positive, near
the free-fermion limit (e — 0), where the bound-state contribution is negligible, we can use the asymptotic
expansion of the second virial coefficient [27],

2
— 14 §ﬁep + 0(22, a_Q), (50)

_ 1 1 v (Ben]=3
b=~ T B T e T CnBen)l ), (51)

with 4 = 0.577 ... being Euler’s constant, and I1% , (p) is given by

2_ 1
B [In(Bes)]?

where Ei(x) is the exponential integral. Eq. (50) is the same as X, in Ref. [25], and Eq. (52) is also the
same as X, in Ref. [27].° Therefore, (fermion agrees with the kinetic result in Refs. [25, 27]. Although (pair
was calculated in Refs. [30-32] and Cfermion in Refs. [25, 27], it is worth emphasizing that it is their sum that
provides the complete bulk viscosity when only the fermion pinch singularity is relevant.

5 4(p) = 2 ~9Ei(~fep) + 2In(Bep/2) + 142y — fep| + O, [m(Ben)] ™), (52)

3.3. The resulting bulk viscosity for d = 3 at negative scattering length

Let us compute the resulting bulk viscosity for d = 3 at negative scattering length, where the pair pinch
singularity is irrelevant. First, substituting Eq. (30) into Eq. (44), we obtain an analytic expression of (pair

as [30-32]
2/2
A-Cpair = 22 —9\[1}2 —1-(1+ vz)e"ZEi(—v2) , (53)
v

5Eq. (52) is different in the sign from X, in Ref. [27], but it has no effect on the bulk viscosity. Also, because the bound-state

contribution 5bébound>(,3, a) is approximately independent of 8 in Eq. (51), lzlgA (p) of Eq. (52) has no bound-state contribution
and results in the integrals in Egs. (49) being zero.
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with v = A\ /(vV27a) = \/B/ma~!. Next, to obtain (fermion We solve the linearized Boltzmann equation (47)
by expanding ¢(p) in terms of the generalized Laguerre polynomials L% (x),

)\T N+1
op) =35 3 enlif (B (54

Here, the n = 0 and n = 1 terms are in the kernel of the collision operator and vanish when substituted into
Egs. (45) and (47). Since even the simplest truncation N = 1 provides a good approximation as discussed
in Refs. [25, 27], we employ the same truncation and find

AT c2

o(p) = 22 (15 +208ep + 4(56,,)2) (55)

with

1 e e g3 o ez 5
g = —F— dt ————— dt ————(15 — 20z + 4x7). o6
© 32ver </0 1(”)2+x> /0 i(%)ux( ) (56)

2w\ a 27

Substituting Eq. (55) into Eq. (45) leads to

A\’ o —w
)‘%Cfermion - 22 (T) e / dzx %(15 — 20z + 41’2)
0

a 2473/2 =(22)2 + 2
2 4 2 2 4 ? (57)
_ 02 [2 (44 902 + 20*) + /me¥ v (15 4 2002 + 4v?) erfc(—v)}
-7 384V/2 2 — 02 + vt + vBe??’Ei(—v2)

with v = Ar/(v/2ma) = \/B/ma~!. This expression (57) provides the contribution to the bulk viscosity from
the fermionic kinetic theory for an arbitrary negative scattering length and is an extension of the results
near the unitary limit in Ref. [25]. The resulting bulk viscosities of Egs. (53) and (57) are plotted in Fig. 2
as a function of the inverse scattering length. As seen in Fig. 2, Ctermion is sufficiently smaller than (pair.
While a2Cpair diverges in the unitary limit, a®Crermion converges to a finite value.

4. Resummation of the pair pinch singularity

We next compute the bulk viscosity taking into account not only the fermion pinch singularity but also
the pair one. To consider the pair pinch singularity, we discuss the system with a positive scattering length
hereafter that admits a paired bound state.

4.1. Fermion—pair four point function

Before we consider the bulk viscosity, let us discuss the four-point functions. We classify the four-
point functions depending on the propagators connected to the left and right sides of them, and focus on the
following three types: fermion—fermion, pair—pair, and fermion—pair four-point functions, which are depicted
by gray rectangles in the left, middle, and right of Fig. 7, respectively. Since the parallel propagators can
lead to pinch singularities, this classification is the key to considering the two types of the pinch singularities.
We show the following two properties of the fermion-pair four-point function Kpp(*): (i) Kep(*) acquires
an additional order in the iterations of the four-point functions, and (ii) Kyp(*) must be at least O(z) for
the propagators on both sides to have the pinch singularities simultaneously.

4.1.1. Order counting for the iterated four-point functions

In preparation for discussing at zero frequency, where the pinch singularities appear, we introduce the
order of the four-point functions with respect to the fugacity at finite frequencies based on the order of
the closed diagrams containing them. We define the order of the four-point functions as the order of the
correlation function that its minimum order is subtracted from, as shown in Fig. 7. When we refer to a
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O(z") ~ Ozt O(z") ~ O(z"+?) O(z") ~ O(2"+2)

Figure 7: The gray rectangles on the left, middle, and right represent the fermion—fermion, pair—pair, and fermion—pair
four-point functions, respectively. We define that each four-point function has order O(z™) at finite frequencies when the
corresponding correlation function with O(29) vertices (black squares) has the order written on the right-hand side of each.

—- —-— - = —= =
O(z™) O(z") O(z™) O(z")
—>— —>— —>— == P =
O(z"+m) O(z+n)

—— —4= — 4= —— 4=
O(z™) O(z") O(z™) O(z")
—>— P —>— E = —— =
O(zm 1) O(zmFn+l)

Figure 8: Order counting of the iterated four-point functions at finite frequencies. (Upper) Two iterations of the fermion—
fermion or pair-pair four-point function have the combined order of the original four-point functions. (Lower) Two iterations
of the fermion—pair four-point function have an order that is greater by one than the combined order of the original four-point
functions.

fermion—fermion four-point function having O(z™), we mean that the correlation function with that four-
point function and O(z") vertices has O(2"*!). Here, since the fermion-bubble shape diagram without
four-point functions has a minimum order of z, the order of the fermion-fermion four-point function and
its closed diagram differ by one. This order counting means that one order resulting from the propagator
running backward is counted as that of the four-point function. We count K¢ (*) as including one order of
fugacity from the propagator running backward. The orders of the other four-point functions are defined
similarly according to Fig. 7.

Based on the order counting method discussed in Section 2.3 and the definition of the order of the four-
point functions, we find that the iterations of the four-point functions contribute at a somewhat peculiar
order shown in Fig. 8. Two iterations of the fermion—fermion or pair—pair four-point functions with O(z™)
and O(z™) have the order of the product of theirs, i.e., O(z™*™). On the other hand, two iterations of
the fermion—pair four-point function have the order O(z™+"*1) which is one order greater than the order
of their product. This additional order in fugacity can be understood from the increase or decrease of the
number of propagators running backward in imaginary time due to iterations of the four-point functions.

4.1.2. Simultaneous pinch singularities by propagators on both sides

The fermion—pair four-point function is composed of an infinite number of diagrams, as shown in the
left panel of Fig. 9. Only the first term, i.e., the bare fermion propagator, is O(z°) as the fermion—pair
four-point function, while the other terms are at least O(z'). We show that the fermion-pair four-point
function in O(z") cannot have both the fermion and pair pinch singularities simultaneously on both sides of
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Figure 9: (Left) Diagrammatic representation of the fermion—pair four-point function. The first term on the right-hand side is
expressed by the thin line, i.e., the bare fermion propagator, and is the only O(zo) contribution to the four-point function. The
other diagrams are at least O(z). (Right) Diagrammatic representation of Eq. (58). While the vertical thin line represents the
bare fermion propagator, the thick line and the thick double line represent the full fermion and pair propagators, respectively.
Also, v¥ and 4P represent the vertex functions.

=) -
=®+K + | K K + -
\ o
\ > - ®+ | K —i—O(z)

Figure 10: (Left) Diagrammatic representation of Eq. (60), which is the imaginary-time-ordered correlation function for the
contact. The gray bulb denotes the full vertex function. (Right) Diagrammatic representation of the vertex function I'E in
terms of the pair—pair and fermion—pair four-point functions, Ky, and Ky . While the four-point functions do not contain
propagators leading to the pinch singularity, the explicitly drawn propagators lead to the pinch singularity.

X

it. In other words, when we take the correlation function depicted in the right panel of Fig. 9 as

Xep(iw?) = 3 Z/ Y (iwE +iwB iwk p)G(iwk +iw®, p)G(iwk  p)
ey X (58)
x Gliwy — iwy,, q = p)Dliwy +iw”, q)D(iwy, @)y" (iwy +iw”, iw;’; ),

5
and the corresponding transport coeflicient as

Im][xs. 0+
oep = lim 1BXER(@ F0T)] (59)

w—0 w

the transport coefficient o, has no contribution in which the propagators, represented by the bold lines in
the figure, lead to the two pinch singularities simultaneously. (In Appendix B, we calculate ot specifically
and show that o, indeed has no contribution with the simultaneous fermion and pair pinch singularities.)
This is understood from the fact that the energy of a bound molecule enhanced by the pair pinch singularity
differs from its on-shell energy by the binding energy ez. When the propagators on both sides of the fermion—
pair four-point function have the pinch singularities simultaneously, this binding energy is propagated in the
four-point function and is off-shell. The spectrum of the bare fermion propagator taken as the four-point
function in ¢, does not have a width, so that off-shell energy cannot be propagated and thus, two pinch
singularities do not occur simultaneously at O(z°). However, if one considers other diagrams for the four-
point function such as the ones depicted in Fig. 9, the transport coefficient can have contributions with two
pinch singularities occurring simultaneously, albeit at higher order.

Therefore, an important lesson to be learned can be summarized as follows: The fermion—pair four-
point function at O(z") does not allow the propagators on both sides of it to have the pinch singularities
simultaneously. In other words, for two types of the pinch singularities to occur simultaneously, there must
be a four-point function of at least O(z) inserted between them.
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4.2. Contact correlation function

We consider the contact correlation function to find the pair pinch singularity. Because the pair pinch
singularity appears from the product of the pair propagators with the same frequency and momentum, the
pair-bubble diagram, i.e., the first term in Fig. 5, has this singularity. Looking ahead to the resummation,
we express the contact correlation function formally as

1
xe(iw®?) = 3 > / m*D(iw] + iw®, p)D(iw), p)TP (iwh +iw? iwl; p), (60)
m P

which is represented diagrammatically in the left panel of Fig. 10. Here, I'Z(iw?Z + iw®, iwZ;p) is the full
vertex function to be determined in the following.

Replacing the Matsubara frequency summation with the complex contour integration over iw? — w, one
finds that the integrand can have the singularities along Im[w] = 0, —w?® [37, 41]. Deforming the integral
contour into four lines along Im[w] = £07, —w? £ 0%, we can evaluate the contour integration, and then
the analytic continuation of iw®? — w + 0% leads to

de
R\{0} 271 Jp

x [DR(*: +w,p)DP(e,p)TP (e + w+i0F, e +i0%;p)

xc(w+i0T) = m?

fB(e)

— DR(e +w,p)D (e, p)T P (e + w +i0T, e —i0T; p)

+DE(e,p)DA(e —w, p)TB(e +i0", e —w —i0F; p)

— DA, p)D(e —w,p)TB(e —i0T, e —w —i0T; p)|.
The second and third terms in Eq. (61) contain the pair pinch singularity in the zero-frequency limit, so that

they have one order less in fugacity than the other terms and provide the dominant contribution. Therefore,
by applying the pair pinch singularity (31) and keeping only the leading-order contribution, we obtain

N €B B .
| Im[xc(w +i0%)]  Bz%° / o ensz_ VitapaielP) o0 )

(dQg_1ma’=2)2 u{lg%) w - d2Qq_1m2a? —Im[AR-pair(p)]
where we introduced shorthand notations for pairing-shell I'Z,_.;.(p) = vP(ep/2 — 2 — ep + 107, p/2 —
21 — ep — i0F;p) and AFPA(p) = A(ep/2 — 2p — ep + 0%, p). Eq. (62) has an O(z) contribution due
t0 T'R A_pair(P) ~ O(2°) and Im[ARP2(p)] ~ O(z). Here, the pressure fluctuation terms in Eq. (15) are
O(z) and therefore negligible compared to the vertex of O(z°), so that Eq. (62) provides the complete
leading-order bulk viscosity. Note that, as pointed out in Refs. [28, 30-32], the spectral function of the bulk
viscosity has a term proportional to #(a)d(w) at O(22). The delta function peak is caused by the pair pinch
singularity and is removed by taking the broadening of the bound-state peak into account, leading to the
O(z) contribution discussed here.

4.3. Self-consistent equation

Our remaining task is determining the full vertex function to the lowest order in fugacity. If the naive
expansion with respect to the fugacity is applied at nonzero frequencies, its leading term is simply the bare
vertex function, which is of O(2°). The other vertex functions are at least O(z) at nonzero frequencies,
and those which become O(z°) by the pinch singularity in the zero-frequency limit must be resummed.
When we write those propagators that lead to the pinch singularity explicitly in the diagrams and include
all other propagators within the four-point functions, I'® is expanded as shown in the top row of the right
panel of Fig. 10. Here, the pair-pair and fermion—pair four-point functions, K, , and K¢, do not include
the pinch singularity. For example, the box diagram in which the fermion propagators do not lead to the
pinch singularity is included in K,.,,. Note that the fermion—pair four-point function is at least O(z) for the
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propagators on its left and right sides to have the pinch singularity. Then, diagrams such as the third term
on the right-hand side in the right panel of Fig. 10 cannot become O(2°), even when one considers the pinch
singularity. This is because the iteration of the fermion-pair four-point function K¢, has order greater than
the product of the original four-point functions, as seen in Fig. 8. Therefore, we only need to consider the
resummation of the pair pinch singularities with K, and such a resummation can formally be achieved
by replacing the bare vertex function with the full one, as shown in the bottom row of the right panel of
Fig. 10.
The bottom row of the right panel of Fig. 10 is expressed as

1

B¢; B : B : B 2 . B . B . B.p: B | B . B.

I'®(iw,, +iw”iw,,;p) = m +B§ Kppliw, +iw”, iw;,; kliw,,, +iw? iw,,;p’)
m’ P’

x D(iwE, +iw?, p\D(iwB, p )T B (iwB, +iw?,iwB,; p'), (63)

where K, (%) has to be O(z) for the lowest-order vertex function. This is the closed equation that self-
consistently determines the vertex function to lowest order in fugacity.

4.4. Towards a kinetic theory

For further computations on the self-consistent equation (63), we need a specific expression for K p(*).
However, the four-point function K, (%) is provided from infinite series of diagrams even for O(z). In
order to derive a kinetic equation as in the derivation of the linearized Boltzmann equation, we employ an
approximation that replaces K ,(*) with

B, B : B. (- B | . B . B,
Kpox (iwy, +iw”, iw;,; pliw,,, + iw”,iw;,; p')

= —% Z / G(iwB —iwl p — q)G(iwl +iw?, q)Gliwk, q)G(iwB, —iwk ,p' — q). (64)
w Ja

Here, Kpox(*) is the four-point function inserted between the pair propagators in the box diagram (right
part of Fig. 5). We evaluate the self-consistent equation with the above approximation so that it can
be analytically continued into the equation for FE A_pair(p) needed to compute the transport coefficients
according to Eq. (62). According to the above approximation, we write the self-consistent equation as

1
B (iwB +iw? iwB:p) =m? + Z/ Kpox (iw? +iw? iw?: plivd, +iw? iwB,;p')
ﬁ m’ p’ (65)
x D(iw?, +iw?, p\D(iwB,, p TP (iwE, +iw?,iws,; p').

m’

Its analytic continuation with iwl — €,/2 — €p—q — €p — p — i0T followed by iw? — 0" is found as

(See Appendix C for the detailed derivation)

Qd—l FgA— ir(p/)
B 2 / Kpox ! pair * 66
RA-pair (p) m” + Zm2a4,d ” bo (p|p ) _Im[AR_palr (p,)] ) ( )
where we introduced the pairing-shell kernel Ky ox(p|p’) for the box diagram as
2m) 15 (ep /2 —€p /2 — €pr)0 k—p -k
Kbox(p‘p/) = 2/ e*ﬁﬁk ( 71—) (GP/ + €k €p / €k )2 (p + p ) (67)
Kok 2€p/2—1 + €8]
In analogy with Eq. (46), we introduce the rescaled pairing-shell pair vertex function
Qg1 ZFgA—pair(p)

air = : 68
(pp (p) m2a4,d fIm[AR'Pa“ (p)} ( )
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and express the self-consistent equation (66) as

) _Im[AR—pair (p)] m2qt—¢ /
p

m” = . Q. P (p) —

) KbOX(p|p/)‘Ppair(p/)~ (69)
Here, we have employed the approximation for the pair self-energy in which 73(x) is truncated after the
second term in the lower panel of Fig. 4; this approximation is consistent with replacing the four-point
function K (%) with Kpox(x). This consistency can be understood from the fact that the box diagram
of the second term in Fig. 5 is identical to the self-energy diagram with the approximated pair self-energy
A(iwﬁ, p), shown in Fig. 11, except for the positions of the vertices.® The imaginary part of the approximated
pairing-shell pair self-energy is provided by

A R-pair Q4
m[ARp (p)] = m2a41d/ KbOX p‘p 2 4 dVbOX( )+O(22)7 (70)
with
m2at—? (2m)4si(p+k —p — k')
VOX = 27 _ﬁsk 9 £ £ E=€ €l —€E,/ — €,/ —€ERB 71
o) =275 — [ s LTV C SRSV ()

where pp(e) is the scattering continuum defined in Eq. (30) (See Appendix A for the detailed derivation).
Here, Vhox(p) is the potential representing the scattering from incoming (e,/2 — €p, p; €k, k) to outgoing
(ep'/2,D'; €xs, k') energies and momenta. Therefore, we obtain the self-consistent equation for ¢pa.i(p) as

P = [ oo lp )20 (8) ~ e )]+ Vo)) + O(2). (72

Once the solution of ¢p,ir(p) is determined, the bulk viscosity in Eq. (62) is provided by

2

¢ = (dQ_1a92)2

/ e Blen/2e8) 5 (p) 4 O(2). (73)
p

In the analogy to the derivation of the linearized Boltzmann equation, the self-consistent equation (72) can be
considered to be the kinetic equation for the bound pairs. In contrast to the Boltzmann equation describing
the collision process from two to two fermions, our kinetic equation, in particular the first term on the
right-hand side, describes the change of state from one to one bound pair. This process can be understood
from the corresponding Feynman diagram (the right panel of Fig. 11) as breaking and recombining a bound
pair.

We comment on the bulk viscosity at positive scattering length. By solving the obtained kinetic Eq. (72)
and computing Eq. (73), we can obtain the bulk viscosity at positive scattering length. However, we do not
present the value of the bulk viscosity because Eq. (72) is more complicated than the linearized Boltzmann
equation and even a good approximation method such as the relaxation time approximation is unclear.
Note that although Eq. (73) is proportional to zePBa4=24 it is controlled in the applicable regimes of the
quantum virial expansion shown in Fig. 1.

5. Summary

In this paper, we exactly evaluated the Kubo formula [Eq. (11)] for the bulk viscosity in the high-
temperature limit to leading order in fugacity. This task was achieved by summing up all contributions that

6The pairing-shell pair self-energy from the first term of 73 has no imaginary part, so that it does not contribute to the
self-consistent equation (69), see also Appendix A. For this reason, Fig. 11 shows the approximated pair self-energy, in which
only the second term in the lower panel of Fig. 4 is taken as T3 (x*).
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Figure 11: (Left) Diagrammatic representation of the self-energy diagram of the contact correlation function. (Right) Diagram-
matic representation of the approximated pair self-energy A. The self-energy diagram with A is identical to the box diagram,
depicted in the second term of Fig. 5, except for the positions of the vertices.

are of higher order in fugacity at nonzero frequencies but become comparable in the zero-frequency limit
due to the pinch singularity, as in the calculations for the shear viscosity and the thermal conductivity [41].
The key difference between the bulk viscosity and the other transport coefficients is that the bulk viscosity
is expressed in terms of a correlation function of two-body operators, i.e., the contact operators [Eq. (16)].
This difference not only makes the diagrams to be resummed more complicated than those for the other
transport coefficients, but also brings about the emergence of the pair pinch singularity [Eq. (31)] in addition
to the fermion pinch singularity [Eq. (26)] even at the lowest order in fugacity.

For negative scattering lengths, where the pair pinch singularity does not appear, we showed that the
bulk viscosity is reduced to the sum of two contributions: the pair-bubble contribution [Eq. (44)] and the
fermion kinetic contribution which is calculated from the linearized Boltzmann equation [Egs. (45) and (47)].
Although both contribution were calculated separately in Refs. [25, 27, 28, 30-32], we showed that only their
sum provides the complete bulk viscosity. We also obtained a new analytical expression for the bulk viscosity
at arbitrary negative scattering length [Egs. (53) and (57)] and plotted the whole bulk viscosity for negative
scattering lengths in three dimensions in Fig. 2.

For positive scattering lengths, we showed that leading-order terms arise from contributions with the
pair pinch singularity and need to be resummed. Then, under the approximation that the irreducible four-
point vertex is given by the box diagram, we reduced the self-consistent equation for the vertex function
to a linearized equation for the pair distribution ¢pair(p) [Eq. (72)]. The resulting linearized equation can
be regarded as a kinetic equation for bound molecules in analogy to the linearized Boltzmann equation
for fermions. Although the numerical solution of this kinetic equation requires further work, we identified
the pair pinch singularity, which is responsible for the peaks pointed out in previous studies [28, 30-32],
and provided a resummation method for it. We expect that this method will help to investigate the bulk
viscosity in strongly correlated quantum many-body systems also beyond the high-temperature limit.

Finally, we comment on the divergence of the bulk viscosity multiplied by the squared scattering length,
a?¢, in the unitary limit, as seen in the right panel of Fig. 2. This divergence originates from a singularity
of the pair propagator in the unitary limit, which is different from the pair pinch singularity. We briefly
provide an intuitive understanding of this divergence. The divergence of a2( in the unitary limit arises from
the integral fooo de [—dfsis(e)]DR(s,p)DA(E,p), which appears in the calculation of the contact correlation
function divided by w in the zero-frequency limit. Because of D®(e, p)D?4(e,p) = (4w/m)?(m|&])~! with
€ = e—€p/2+42p being the deviation from the on-shell energy, the integral diverges. However, the broadening
of the fermion spectrum at O(z) leads in turn to a broadening x ~ O(z) of the pair propagator of the same
order via the diagram in Fig. 3. Hence, the product of the retarded and advanced pair propagators is
replaced as

[t |- | o ey~ 2 [ T~ ) ()

and the integral is regularized for any value of z. The logarithmic divergence of 22 In(1/2) for z — 0 exactly
at unitarity is consistent with the divergence of ¢ as unitarity is approached in the right panel of Fig. 2.
This singularity is interesting as a strong coupling effect because it is peculiar to the unitary limit, and we
hope that a rigorous evaluation method for this singularity will be established in the future, as is the case
for the pinch singularity.
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Appendix A. Pair self-energy

Appendiz A.1. Derivation of Eq. (10)
The pair self-energy is provided by

| Do

A = 55 / To(iwE, py i, qliwE, psiwF, q)G(iwE , q)

B
2 . .
BZ/ B _iwl p— q)GiwE, q) , (A1)
n O(29) part

where the second term serves to remove the contribution already included in the definition of the bare pair
propagator D(iwZ,p). We divide the pair-fermion scattering 7-matrix 73 into the first term and the other
terms in the lower panel of Fig. 4 and express it as

Ts(iwh, priwk qliws, p'iivk, ¢') = GiwE —iwk,p — @)ominm1ndlp+a—p —q')
+ 75 (iwl, priw) , qliwl, p'yivk,. ). (A2)

Accordingly, the pair self-energy is divided into

Aiwp, p) = AD (iwp, p) + AP (iwy, p) (A:3)
with
(1) 2 r
A ’me, p B Z ’Lwn P — q)G( q) ) (A4)
removed O(z°) part
2
A(Q) (iwB  p) BZ/ (iwB p;iwk qliwB p;iwt q)G(iwl, q). (A.5)
n Ja
The first term A™M (iw?, p) is calculated as
AW (il p) = 2z/ e PalGliwy, — eq + 1P + @) + Glivy, — éq + 1, p — @)] + O(2%). (A.6)
q

In A (iw?,p), on the other hand, only the pole of the fermion propagator in Eq. (A.5) leads to an O(z)
contribution, which is calculated as

AP (iwl p) = 2Z/ e 9T (i, pieq — 1, qliwy,, preq — 11,q) + O(2%). (A.7)
q

The sum of Egs. (A.6) and (A.7) provides Eq. (10).
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Appendiz A.2. Derivation of Eq. (70)

We employ an approximation of truncating 73(*) up to the second term in Fig. 4. Then, the approximated
pair self-energy A(iwZ, p) is divided into

A(iwE, p) = AW (iwE, p) + AP (iwB, p), (A.8)

where A (iw? | p) is given by Eq. (A.6) and A®) (iw?, p) is approximated to A®) (iwZ  p) by the truncation.
The second term of 73(*) in Fig. 4 reads

%(iwfw p; iwfa q|iw§l, p; iwrljy Q) |sec0nd term
1
=3 Z/ G(iwE —iwl,p— k)Gliw] k) D(iwk +iwf, q+ k), (A.9)
ke
and is calculated as
E(iwfu p; iwrlja q|iw1§7,7 p; iw57 Q) |second term
= / G(iwB — ep k4 11, k)?D(iwE +iwl — ey +p,q + k) + O(2). (A.10)
k

Substituting this into Eq. (A.7) leads to

A . 75D(iw7€,+6 7€—k7q+k)
A® . p) = 2Z/qke - [iwB — ep(ik _pEk +2u]? +O(. (A1)

The approximated pairing-shell pair self-energy is defined as AfPair(p) = A(ep /2 —2u —ep +1i0", p), and
its imaginary part is obtained as

Im[D(ep/2 4 €q — €p_t — €5 — 2+ 10", q + k)]

— Im[ATPair (p)] = 22/ e Pea— , A12
[ ( )] q.k [Qekfp/Q + 63]2 ( )

where the imaginary part of AM)ifPair(p) vanishes to O(z) because of
Im[G(ep/2 —€q —€p — p+i07, p+ q)] = 0. (A.13)

Finally, by using Eq. (29), we arrive at Eq. (70).

Appendix B. Transport coefficient with the O(2°) fermion—pair four-point function

Appendiz B.1. Calculation of the transport coefficient

In this appendix, we provide detailed calculations of o, in Eq. (59). To calculate ot.p,, let us start
with xgp(iw?) in Eq. (58). With the Matsubara frequency summation over wf replaced by the complex
contour integration over iw?’ — w, the integrand of x¢.p, (iw?) has singularities only along Im[w] = 0, —w? in
addition to pole at w = iwZ — €q—p + 1t in the complex plane of w. Therefore, we can deform its contour into
four horizontal lines along Im[w] = £0*, —w®? 4+ 0" and clockwise circles around the pole. Accordingly, we
divide xt.p (iwP) and ot.p into two parts: the contribution from the pole and the contribution from integrals

on the four lines,
Xf-p (in) = Xf—p;pole(in) + Xf—p;lines(in)7 (Bl)

and Of.p = Of_-p;pole + Of_p;lines with

I -p; 0" I e 0t
Of-p;pole = lim m[Xf P,Pole(w +1 )] 7 Ot pilines = lim m[xf p,hnes(w + 4 )] '

w—0 w w—0 w

(B.2)
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Evaluating the contour integrations, we find

Xfppole ZUJ BZ/ fF —€q— p+/~’4)

x Y (iwB +iw? —eq_p + pyiwd —eqp + ;)G (WS — eq_p + 11, D) (B:3)
x G(iw? +iw? — eq_p + p, p)D(iw’ +iw?, q)D(iw?, q)7? (iw? +iw® iw?f; q),
and
Xf-p; lines iw?
=3 Z/ /oo %fF D(iwy, + iw”, q)D(iw,, q)7" (iwf + iw”,iw; q)
X {7 (e +iwP e+ i0+;p)g(€ +iwP p)G(e + i0+,p)G(iwf —£,q—D) (B.4)

07:p)G(e +iw?, p)G(e — 0T, p)G(iw? — ¢, q — p)

— 7 (e +iw e P)Y( )
+797 (e + 1407, s—sz,p)g(EJrzO*,p)G(a—wB )G(Zw +iw” —e,q— p)
)5 ( p)

B p)G(iwB +iw? —e,q —p)|.

— (e —i0T, e —iwB;p)G(e —i0T, p)G(e — iw?,
Furthermore, after the replacement the Matsubara frequency summation over iw? with the contour inte-
gration over iw? — w, the integrands have the branches along Im[w] = 0, —w? in both Xt p.pole(iw?) and
Xtpitines (iwB) [37, 41]. Thus, one can evaluate the integration with the deformation of its contour into four
straight lines along the branches as before.
Let us first consider ot.p,pole, Which is found as

B ° de dfg(e)
Of-p;pole = /quF( equ“‘/‘)/_oo on  de

x (e —eqp+p+i0T, e —eqp+p—i0T;p)YB (e +i0T,c —i0T; q)
X gR(‘C: — €q—p + u7p)gA(€ —€q—p + s p)DR(€7 q)DA(57 q) + O(Z )v

(B.5)

where we supposed vF (x) = 7B (x) = O(2°) in the order counting. In the omitted part as O(z2) of o¢.p.pole,
there is no product of the propagators which can lead to the pinch singularities, so that we do not discuss
it.

Next, we consider ot pilines; but it has no O(z) contribution even when the pinch singularities are taken
into account. For this reason, we take only the contribution where both the product of the pair propagators
and the product of the fermion ones can lead to the pinch singularities, as in Eq. (B.5). Such contribution
is straightforwardly found as

d= dfs(e)
Of_p;lines —/pq/_oo 2’/TfF(E €q— p+ ) de

)

x (e —eqp+p+i0T, e —eqp+p—i0T;p)YVB (e +i0T, e —i0T; q) (B-6)
x G(e — eq—p + 11.P)G" (€ — €q—p + 1. P)D" (e, 9)D" (<, @).
The sum of Egs. (B.5) and (B.6) provides
> de
sin= 8 [ [ lfr(tqpt )~ o~ oy + ] )L+ Fo(E)
P.qJ—oo
(B.7)

X gR(E —€q—p T+ N>p)gA(5 — €g—p T+ N:p)DR(E7 Q>DA(57 q)
x (e —eqptp+i0T, e —eqp+p—i0T;p)Y5 (e +4i0T, 6 —i0T; q).

23



Appendiz B.2. Pinch singularities
As we see in the following, Eq. (B.7) has no contribution with both the fermion and pair pinch singularities
simultaneously, so that we consider the cases separately where there is the fermion or pair pinch singularity:

Of.p = Jf—p|ferrni-pinch + Jf—p'pair—pinch~
First, when the product of the fermion propagators leads to the pinch singularity (26), it turns into

Uf—p'fermi—pinch = B/ e_ﬁ(€q—p+€p)LAl(%I))DR(€q_p + ep _ 2M,Q)
p.a —2Im[X%(p)] (B.8)

X DA (eqop + €p — 211, )V (€qp + €p — 2+ 10T g p + €5 — 2u —i0T; @) + O(2?),

where we supposed ¥ (¥) = 7B (¥) = O(z") in the order counting. In this expression, the product of the
pair propagators cannot have the pinch singularity because DR(eq,z7 +€p — 24, @) does not have the binding
peak at O(29):

Im[D (eq_p + €p — 21, q)] = —pp(2€q/2-p) + O(2). (B.9)

The pair propagators in Eq. (B.8) are simply replaced with the bare ones and thus we get, with 7%, (p)
denoting the on-shell vertex defined in analogy with Eq. (46),

2. F
Uf—p|fermion-pinch = B/ C_B(eq7P+EP)LIL‘1(%‘p)|D(EQ*P + €p — 2M + i0+> q)|2
p.a —2Im[%(p)] (B.10)

x VP (eqp+ep —2u+1i0T, €q_p + €p — 2 — 0T ; q) + O(2?).

Such a contribution like Eq. (B.10), where the fermion pinch singularity is incorporated, has been considered
in Section 3.

Next, when the product of the pair propagators in Eq. (B.7) leads to the pinch singularity (31), it turns
into

o _ BQdfl —Beq/2
O—f—p‘palr—plnch = 95 1-4d €
m=a p.a

x v (eq/2 —€qp —€B —p+i07,€q/2 — €q_p — €5 — 1 —i0T; D) (B.11)
Z2eﬁ€B’ygA—pair(q)

2
“tmamrn(g) ")

X gR(eq/2 —€q—p —€B — u,p)gA(eq/Q —€gq—p —€B — 14, P)

In contrast to the previous case, the product of the fermion propagators cannot have the pinch singularity
in this expression because G'(ep/2 + €q—p — €5 — 1, q) does not have the on-shell peak at O(z°):

1
Im[G™(eq/2 — €q—p — €1 — =1 O(z) =0 B.12
0§ /2~ gy —en—pp)] =t [ e b0m =06 (B
due to €q/2 —€q_p — €p — € = —[2€q/2—p + €] < 0. The fermion propagators in Eq. (B.11) are simply
replaced with the bare ones as
1
G"(eq/2 — eqp — B — 1,P)G" (¢q/2 — €q—p — B — ;D) = [ +0(2), (B.13)

2ep—q/2 + €8]

and thus we obtain

2 Be B
o ﬂQdfl —ﬂep/QZ e B’YRA—pair(p)
Jf—p'pair—pinch = €
pP.q

m2a4—d _Im[AR—pair(p)]
€p/2 —€p_q—€p—p+i07,€p/2 —€p_q — g — pu— 075 q)
[2611*17/2 + ep)?

)

(B.14)
L

+0(z%),

with exchange of the integration variables. In o¢, with 72 (x) = v (x) = O(2°), only Egs. (B.10) and (B.14)
give contributions at O(z). Therefore, we have shown that o, has no leading contribution with the fermion
and pair pinch singularities occurring simultaneously.
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Appendix C. Box diagram contribution for the bosonic vertex function

In this appendix, we derive Eq. (66) by applying the analytic continuation of iw’ — €p/2 — ep_q —
eg — p — 10T followed by iw? — 0% to I'B(iwl + iw?, iwZ;p). We take advantage of the fact that the
box diagram with T'B(*) can be regarded as a diagram in the right panel of Fig. 9. That is, when we take
B (¥) = m? and
( B iwg;p)

v iwﬁl + iw

2
=3 Z/ G(iwf —iwk  k — p)D(iwf +iw? k)D(iw?, k)T (iwP + iw?,iw?; k) (C.1)
K

in Eq. (58), xtp(iw?) becomes the correlation function of the box diagram with I'B(x). Since i, (iw?)
with the pair pinch singularity leads to Eq. (B.14), we can read off

F 0+ 0+ -
Y (€p/2 —€p—q—€B—pn+10",6,/2 —€p_g—€p—u—10";q
FgA—pair(p) :m2+/ (ep/ P—q [ »/ _ P—q )7 (C.2)
q 2¢q-p/2 + €]

by comparing Egs. (B.14) and (62). The vertex function (C.1) is evaluated to the lowest order in fugacity
as

v (iwkh +iw? iwk  p) = 2z/ e P D(iwl +iw? +ex_p — 11, k)
k (C.3)
x D(iwk + ex—p — 1, )TE (1wl +iw® + exp — pyiwk + e p — 1 k),
which is dominated by the contribution from the pole of the fermion propagator because the branch cuts of

the pair propagators contribute to O(z2). The analytic continuation of iwf, — €,/2 — €p—q — e — p — i0F
followed by iw®? — i0% leads to

Y (ep/2 —€pqg—ep—p+i0", ep/2 —€p_q —ep — pu—i0F;q)

21 _ Sep)2 — €pgq + €hq — €r/2) (C.4)
— 9,2l dmd Ber—gq P r—q i q FB )
Zm2a4*d /ke 7Im[AR-pa1r(k)] RA—palr(k)7

where the pair pinch singularity (31) is applied. Combining Egs. (C.2) and (C.4) leads to Eq. (66).
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