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High-temperature virial expansion of contour Green’s functions
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High-temperature virial expansion is a powerful tool in equilibrium statistical mechanics. In this paper we
generalize this method to the study of nonequilibrium dynamics based on contour Green’s functions and present
the diagrammatic rules to calculate the virial expansion coefficients. As an application of our theory, we recover
the dynamics of a Bose gas quenched from noninteracting to finite interaction and obtain analytically the long-
time limit of the momentum distribution function of the gas, consistent with previous numerical results.
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I. INTRODUCTION

Understanding the dynamics of quantum systems far from
equilibrium is one of the most pressing problems in the-
oretical many-body physics. Although, for example, the
contour Green’s function introduced by Schwinger [1] and
Keldysh [2] provides a general theoretical frame to solve this
problem, a full description of nonequilibrium dynamics is still
mathematically challenging. Most contour-Green’s-function-
based methods presently available rely to a certain extent on a
perturbation expansion, which either requires a weak coupling
or breaks down at long times of the evolution [3]. When
dealing with quantum many-body dynamics far from equi-
librium or strongly coupled systems, refined methods beyond
straightforward perturbation expansion are demanding.

In this paper we introduce high-temperature virial ex-
pansion into the contour-Green’s-function method. Virial
expansion uses fugacity z = ¢f# as an expansion parame-
ter [4], where B and p are the inverse temperature and
chemical potential, respectively. Virial expansion is expected
to be valid when the thermal wavelength A = /27 8/m is
short compared to the average interparticle distance and
long compared to the range of interactions. As a powerful
nonperturbative method, virial expansion has been widely
used in studying dilute atomic gases [5-23], in particular
strongly interacting systems, and is consistent with exper-
imental results [24-31]. However, most of its applications
are limited to equilibrium systems. Our method combines
virial expansion with the contour Green’s function and can
be applied to strongly interacting and far-from-equilibrium
systems. As an application of our theory, we consider the
dynamics of momentum distribution when a Bose gas is
quenched from noninteracting to finite interactions. This prob-
lem was recently studied by Sun et al. using an operator-based
virial expansion method [32]. We recover their results, and
moreover, compared with the operator-based approach, our
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contour-Green’s-function-based method is expected to be eas-
ier for extension to more general and complicated situations.

II. GENERAL FORMALISM

We consider a system initially in equilibrium at a given
inverse temperature 8 and chemical potential ©. Without loss
of generality, we assume that the system is governed by a
time-independent Hamiltonian Ay when r < 0, and the Hamil-
tonian acquires some time dependence and changes to H(r)
afterr = 0.

We define the oriented contour y which goes from ¢ = 0 to
400 and then back to 0 and finally to t = —ip, as illustrated
in Fig. 1(a). The contour y consists of three paths: a forward
branch y_, a backward branch y,, and a vertical track y),. A
generic point z of y can lie on y_, y,4, or yy. We define by
z = t_ the point of y lying on the branch y_ with value ¢ and
by z = ¢4 the point of y lying on the branch y, with value 7.

The Hamiltonian with arguments on y_ and y, is defined
according to H(z = t.) = H(t), while the Hamiltonian with
arguments on yy is defined as H(z) = Ay = Hy — uN. Cor-
respondingly, the contour Green’s function is defined as [3]

—BHy 7 P el o
Gx,z;¥X,7) = —iTr[e TwH(X’AZ)wH(X » M
Tr(e—AHw)

’

where the subscript H denotes Heisenberg picture and 7 rep-
resents the contour ordering operator which orders along the
contour y, moving operators with “later” contour arguments
to the left. By introducing the contour integral, the contour
Green’s function can be rewritten as

G(x,z;x,7)
Tr (T{expl—i [, dzH @1 (x, ¥ (x, 2)})
_ ‘ .
Tr (T{expl—i [, dzH ()]})

Similar to the case of the equilibrium Green’s function, we
can utilize Wick’s theorem to expand a full contour Green’s
function into a free contour Green’s function, which has the
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FIG. 1. (a) Oriented contour y in the complex time plane. The
contour consists of a forward and a backward branch along the real
axis between 0 and +o0 and a vertical track going from 0 to i8. The
branches along the real axis are displaced from the real axis only
for graphical purposes. (b) For the calculation of the dynamics of
momentum distribution of a quenched Bose gas, the contour y can
be shrunken to a forward branch going from O to ¢ and a backward
branch going from ¢ to 0 and does not contain the vertical branch.

form

. . -
Gk z1,20) = z|:9(Z1,Zz)i ePle—m) x 1

]e—isk(m—zz)’
where &, = k?/2m, with m representing the mass of the
constituting atom, the upper (lower) sign refers to bosons
(fermions), and 6(z;, z») represents the Heaviside function on
the contour, i.e., 0(z;,22) = 1 if z; is later than z, on the
contour and zero otherwise. Here the free contour Green’s
function corresponds to a noninteracting Hamiltonian Hy =
> p;/2m.

In the high-temperature limit, the fugacity z = ef* is
smaller than 1 and the free Green’s function can be expanded
in powers of the fugacity

G'(k;z1, 22)

—i|:9(21 ,20)+ Z(j:)”e”ﬂskzn:|eisk(zlzz)

n=1

=GO, ), (1

n=0
with
GOV (k21 20) = —if (21, 22)e ™7,
GO (k21 22) = —i(F)"ePore™ O > 1L

Obviously, G is a retarded function, while G, for n >
1, is not.

Feynman diagrams are utilized to calculate the virial
expansion of the full contour Green’s function. Diagrammat-
ically, since G©-9 is a retarded function, we represent it as a
line with an arrow following contour time order. On the other
hand, G©", for n > 1, is not retarded and we represent it
as an n-times slashed line, which can be oriented in either
direction. Other diagrammatic rules are the same as usual,
except that we need to use G instead of G°. Different
from diagrammatic rules for virial expansion of equilibrium
systems previously given in Ref. [8], we are working in real
time rather than in imaginary time; nonetheless, we adopt
diagrammatical symbols similar to those in Ref. [8].

For convenience of calculations, we would convert con-
tour integrals into standard real-time integrals and products
of functions on the contour into products of functions with
real-time arguments. Thus we define four components of the
contour Green’s function as the following functions on the real
time axis [3]:

G (t, 1) =Gy, 1),
G<(t,t")=G@t_,t),
G, 1) =G, 0. )
G'(t,1') = Gy, 1).

As for the corresponding free contour Green’s functions
G Ok;t,t"), G=k;t, 1), GTOk;t,t'), and GTOk,¢,1"),
virial expansion of them can be readily obtained from Egs. (1)
and (2). To illustrate our method, in next section we consider
the time evolution of a Bose gas when quenched from nonin-
teracting to finite interaction.

III. QUENCH DYNAMICS OF BOSE GASES

In the following we consider a Bose gas initially in the
equilibrium state of inverse temperature 8 and chemical po-
tential 1, characterized by a noninteracting Hamiltonian Hj.
Starting from ¢ = 0, the interaction, described by an s-wave
scattering length ay, is switched on.

What we want to calculate is the density distribution func-
tion, which is related to the Green’s function via the relation

nk,t)=iG'(k,t — 0", 1).

When GT (k,t — 07, 1) is expanded into free contour Green’s
functions, all the information we need is in the interval of
(0, t) and the interaction vanishes on the y), branch; thus, for
our purpose it is sufficient to use a shrunken contour depicted
in Fig. 1(b). The density n(k, ¢) can be expanded in powers of
fugacity

n(k, t) = snV(k, 1)z 4+ n®(k, )22 + - - .

To calculate the coefficient 817, we need to find all the Feyn-
man diagrams for GT(k,t — 0%, t) of order z”, which contain
one GO or one GOP~D and one GOV, or one GOP=2 and
one G2 or one GP~2 and two GOV, etc.

The first-order coefficient can be obtained from Fig. 2(a)
as

sn'V(k, 1) =iG" "V (k, 1 — 0%, 1)

= e P,

3)
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FIG. 2. (a) Lowest-order diagram contributing to 8n‘V (K, 1). (b).
Second-order diagram contributing to §n>®(k, t). Here and in the
following figures, thin lines represent time contours, while thick lines
represent Feynman diagrams.

In order to calculate the second-order coefficient sn®(k, t),
we consider all the diagrams with one G or two G*:1). The
diagram of Fig. 2(b) gives the contribution with one G2,
that is,

sn* 9k, 1) =iG" Pk, t — 0%, 1)

— e*2ﬂ€k’

“4)

while the diagrams of Figs. 3 and 4 give the contribution with
two GV, which are denoted by §n>? (k, t) and §n>(k, 1),
respectively, and will be calculated in the following two sec-
tions, respectively.

A. Contribution én*? (k, t)

‘We now consider the contribution of the diagrams in Fig. 3,
where Figs. 3(a) and 3(b) correspond to contributions from
branch y, and branch y_, respectively. Both diagrams contain
the effect of interactions through the two-body 7" matrix. We

3 ta _ ty t  (a)
. 72 o ——>
®
e
0

FIG. 3. Second-order diagram contributing to 1> (k, t).
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FIG. 4. Second-order diagram contributing to 2> (K, t).

first calculate the contribution of Fig. 3(a), that is,

sk, 1) =) f dndn[iGT OV P — Kk, 6 — 1)]
p D

x [iTy(P, ty — t)IGT OV (K, 1 — 1,)]
x [iGT OOk, 1, — 1)],

where 7T, denotes the two-body 7 matrix and is given by
the sum of ladder diagrams. The time integration is in the
time domain {0 < #, < #; < t}, corresponding to the domain
for time differences {7y > 0,7, > 0,¢t — 7y — 7» > 0}, where
71 =t —t and T, = | — 1p; thus we have

sn®bV(k, 1) = iZ/drldrz®(tl)®(rz)®(t -7 —-10)
P

x T»(P _-L—z)e*(iTZﬁL/S)EP—ke*[i(THr‘rz)wL/S]Ekeit]sk.

The integration on 1 is easily done, resulting in

sn*PD(k, 1)

= iZ/dQ@(TZ)@(f — )t —)h(P, —1)
P
Xe_(ilz‘f‘ﬁ)(sk"’@l’—k). (5)

On the other hand, the contribution of the graph of Fig. 3(b) is

SRk, 1) = / dndn[iG" VP -k, —1)]
p YD

x[—iTa(P, 1 — )I[iIGT OV (k, 1 — 1)]
x[iGT Ok, r — )]
= [6n®PV (K, )]*. (6)

Combining Egs. (5) and (6) and using the convolution theorem
for Fourier transforms, we have

sn®P(k, 1)
= "Dk, 1) + sn>"(k, 1)
1 o) P2
— —Blextepi) dst - _jo*
IXP:e 2”/—00 sz(s am 1 )

eit (s—i0" —ex—ep_k)

.C., 7
X(S—i0+—8k—8pfk)2+cc @
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where 1, (s) for two identical bosons reads [33]

8 1
O e —
m a-!' —/=ms
Letting s’ = s — P?/4m and q = P/2 — Kk, Eq. (7) is rewritten as
@.b) 3 B 27 k2 ) L[~ + o
, . Q: - m+2q* /m+2q-k/m) ,—iteq _~ / ’ .
n'“?(k,t) = —8i a e e Mt 7 /_OO ds'ty(s' — i0 )(s’ Z 07 — g + c.c. (8)

We choose the branch cut of the function +/—s’ along the positive imaginary axis and deform the above integral on s’ along the
positive imaginary axis, which results in two extra terms according to the residue theorem. The two terms come from the pole of
t(s)at —|Ey| = —1 /ma2 (if a > 0) and the pole s’ = &g, respectively. Thus we have

snP(k, 1)

32a /Oo dqqe—ﬁ(kz/m+2q2/m) sinh <2ﬂkq) { [1 —208(a)cos(Ep + e,)t1/Ep + (g4/Ep + 1)(8q/E1,)1/2t
0 m

7Bk (64/Ep+ 1)

0 . ! 1 1
_ d 7(S+l£q)t < : _ : ) +ec. i| } 9
/0 s[e | — e 5B, 1— el By ) s —e)? | © ©)

B. Contribution érn>° (k, t)

We now calculate the contribution of Fig. 4, which is

1
sk, 1) = 5 > /D dndnddts[iG™CO® — k, 1 — )I[—iTa(P, 1] — )I[IGT OO (k, 1 —1])]
P q

x [iIGT OOk, 1, — HIGZODP — q. 1) — )T (P, 1, — )G D(q, 1 — 1),

where the domain of time integration is {0 <#, <# <t,0 <t; <t <t}. Performing the integration on t;, %, ], ), the
remaining integral is of the form

1
2.0 - —Bley+er—q)
8=k, 1) = 5 EP Eq e P H (P, K, 1),

with
2
HP,k,t) =

L[ P ! i(s—i0 )t
— dst| s — — —i0 - - e
27 J_o dm (s —i0t — gq — ep_g)(s — i0F — ek — €p_k)

Lettingp =P/2 — q, K =P/2 — Kk, and s’ = s — P?/4m, §n>)(k, t) can be simplified as

sn?(k, 1) =

(o] o0
n / K dK / dp pre PO K+ Ginh 2 BkK /m)H (K, p, 1)
274k Jo 0

and H (P, k, t) can be rewritten as an integral on s/,
2

47 gy ! 1 i(s'—i0" )t
H(Kapat)z - ds 1 0 2 0+ i / O+ 2 €
mJ_ o al—i/—m(s —i0T) (s —i0T — p?/m)(s’ —i0T — K?/m)

Similar to the derivation of Eq. (9), the above integral on s” changes into

. 2ie~itEs eith /m it P2 /m
H(K, p,t) =16a" |27 Ba) — - - -
(o p 1) =loa [(asz D@D T @K@K =) (ap+ D@ - a2K2>] (10)
+ '/Ood ' Epe™" 1 ! ’
i s , — ,
o OGS — K2 /m)(s' — p2im) |1 — (5'/Ep)12em/4 T 1 — (s'/Ep) 2o~/
(

C. Long-time limit of n(k, ¢) For sn??(k), the integration on s in Eq. (9) can be
In this section we consider the long-time limit of the den- ~ Seen as a Laplacian transformation of a function of s, which
sity distribution function n(k, ¢). Obviously, snV(k, 1) and should ‘Vanish in the limit of ¢t — oo.'More'over, thp Ferm
sn29(Kk, 1) are essentially time independent, so in the follow-  Pproportional to cos(Ej + &)t also vanishes in the limit of
ing we focus on the sn@?(k, ¢) and sn>9(k, 1). t — oo according to the Riemann-Lebesgue lemma. Thus we
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have
32(1 o0 2 2
S1CO (K. 1)l —> — / da g e PE/m+28/m)
=7 (K, )]s 00 = <EBE ), qqe
. (2Bkq\ 1+ (a*q* + 1)qaEyt
x sinh
m (a2q*> + 1)2

For §n>9(k, t), when we expand H (K, p,t) in Eq. (10),
the terms with integration on s and the terms proportional to
!(K*/m=Ey) and ¢i'(P*/m=Es) yanish in the limit # — oo for the
same reason as above, which results in

3K, 1)l o0
N 32m /dewadpp e*ﬂ(PZJrKZJrkz)/m
2Bk Jo 0
sinh(28kK /m)
X
@K+ D)@p> + 1)
X [IO(Ka 51) +Il (K’ q, t) +12(K’ q, t)]a

(1)

with
4a°@(a) at
(@K + 1)@ +1) (K +q)*’

I(K, q) =
J

243 sin[t(K? — p*)/m]

L(K,q,t) =
(K? — p*)(K + p)
2a*(@®Kp + D{1 — cos[t(K? — p*)/m]}
LK, q.1) = p+ DU = coslith” = p)/ml},
(K== p*)
(12)
First we consider I, (K, g, t). When t — oo, we have
2na’t8(K? — ¢?)
Lh(K,q,0)|im00 — m(K——i-q)q
. (13)
=T 5k — ¢)
2q% @

Next we consider an integral associated with (K, ¢g,t) in
Eq. (11), i.e.,

ood ) e~ B /m
L= ———h(K,q.1).
/0 ppa2p2+lz( q,1)

Letting Q = p?, the above equation is rewritten as

00 202 —-BO/my1 _ 2 _
I3 :/ an (a"QK + @)e {1 — cos[t(K Q)/ml}
0

a0 +1

(K?* — Q)

:R%/mdeW@K+v@MﬂQWI—J@KWm+MQ—K%Mﬂ
0

a?Q+1

(0 — K2)? }

According to residue theorem, the above integral can be deformed to along the positive imaginary axis, resulting in

L =Re{i/oona2(ia2QK + /Qel/*) eTPRIM | — 1K _ 4(Q 4 iK?)/m]
0

ia’Q + 1

(iQ — K2)? }

When t — oo, the terms proportional to e~/ are discarded and we are left with

a*(ia> QK + /Qe™ ) e PN 1 — 1(Q + iK?)/m]

o0
L|_ Reii d
lts00 = e{l/(; 0 20 + 1

with

JK,B)=ad

e PR BECKAD 4 (2K — D]erfi(y/ 252) 4 2a2K2e PR /m(CEKTKT 4 BKT )Ei(2K°)

(iQ — K?)? } = J(K, B) + tnKe KM, 14

2
m m

2K(a2K2 + 1)

,2(1+ a’K?) % + 2aK{a’K? + PP erfc(BE,) — aK Ei(—BE,)] + aK)

—a

2K (a2K2 + 1)?

’

where erfc, erfi, and Ei represent the complementary error function, imaginary error function, and exponential integral function,

respectively. With Egs. (9) and (11)—(14) we have
fk) =80 (k) + 50> (k)

7 Bk

3 = =
> Bk 0 0

1ond e, /°°K i w2 STHQBRE M) 3m e, /DOK A ot SHCBRE /)
0 (a®K? +1)? 0

gk J(K.B)

sinh(2B8kK /m)

a’K? +1

(a’K? + 1)(a?p* + 1)

Ih(K, q)

. 3 —BK%/m
_32m e /°°K JK o2 m SNQBKK /m) {J(K,ﬁ)_ nTa e /00 dp et & D) }
0 0

T 2Bk a*K? + 1

a’K? + 1 ap? + 1
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(b)
10 20
A

FIG. 5. (a) Plot of f, as a function of kA. The star indicates the
zero point of f,, which is at k* ~ 4.51417!. (b) Plot of (kA)’f, as a
function of kA, which is proportional to the variation of occupation
in a momentum shell with radius & long after quench up to second
order.

In unitary limit, f(k) has a simplified form

3267(“)2/271 o)
k) = [ apsinbiyp/ )
w(kr) Jo (15)
eip2/2n [gpz/znerﬁ(%> _ g]

Combing Egs. (3), (4), and (15), we obtain the long-time limit
of the momentum density distribution function in the unitary

limit up to order of 22,
n(k, lioo & € Pz + [e72P% 4 (k)]

Compared with the second-order virial expansion of the initial
distribution function n(k, t)|;—o ~ e Pz 4+ e=2P% 72 it is ob-
vious that f;, (k) represents the change of momentum density
distribution up to second order and it depends on kA in a
nonmonotonic way, as shown in Fig. 5. From Fig. 5 it can
be seen that f,(k) has a zero point at k* ~ 4.514)~", where
n(k*, t)|;- 00 = n(k*, t)|;—o. Furthermore, for k < k*, n(k) de-
creases long after quench, while for k > k*, n(k) increases. In
Ref. [32] the authors numerically obtained the limit density
distribution function; here we give the analytical expression.

IV. CONCLUSION

We have developed a contour-Green’s-function-based
virial expansion method, which is applicable to strong-
coupling and far-from-equilibrium situations. In addition, we
present corresponding diagrammatic rules, and analytical re-
sults could be obtained by computing a small set of diagrams
linked with few-body problems. Our approach can in princi-
ple solve more general nonequilibrium problems other than
quench dynamics and can incorporate high-order contribution
as well, although it may be harder to tackle numerically.

ACKNOWLEDGMENTS

This work was supported by the Special Funds for Theo-
retical Physics of the National Natural Science Foundation of
China (Grant No. 11147117).

[1] J. Schwinger, J. Math. Phys. 2, 407 (1961).

[2] L. V. Keldysh, Sov. Phys. JETP-USSR 20, 1018 (1965).

[3] G. Stefanucci and R. van Leeuwen, Nonequilibrium Many-
Body Theory of Quantum Systems: A Modern Introduction
(Cambridge University Press, Cambridge, 2013).

[4] K. Huang, Statistical Mechanics, 2nd ed. (Wiley, New York,
1987).

[5] T. L. Ho, Phys. Rev. Lett. 92, 090402 (2004).

[6] X. J. Liu, H. Hu, and P. D. Drummond, Phys. Rev. Lett. 102,
160401 (2009).

[7]1 D. B. Kaplan and S. C. Sun, Phys. Rev. Lett. 107, 030601
(2011).

[8] X. Leyronas, Phys. Rev. A 84, 053633 (2011).

[9] Y. Castin and F. Werner, Can. J. Phys. 91, 382 (2013).

[10] X.-J. Liu, Phys. Rep. 524, 37 (2013).

[11] V. Ngampruetikorn, J. Levinsen, and M. M. Parish, Phys. Rev.
Lett. 111, 265301 (2013).

[12] M. Barth and J. Hofmann, Phys. Rev. A 89, 013614 (2014).

[13] M. Barth and J. Hofmann, Phys. Rev. A 92, 062716 (2015).

[14] M. Y. Sun and X. Leyronas, Phys. Rev. A 92, 053611
(2015).

[15] M. Y. Sun and X. L. Cui, Phys. Rev. A 96, 022707 (2017).

[16] M. Y. Sun, H. Zhai, and X. L. Cui, Phys. Rev. Lett. 119, 013401
(2017).

[17] T. Enss, Phys. Rev. Lett. 123, 205301 (2019).

[18] Y. Nishida, Ann. Phys. (NY) 410, 167949 (2019).

[19] J. Hofmann, Phys. Rev. A 101, 013620 (2020).

[20] C. E. Berger, K. J. Morrell, and J. E. Drut, Phys. Rev. A 102,
023309 (2020).

[21] A. J. Czejdo, J. E. Drut, Y. Hou, J. R. McKenney, and K. J.
Morrell, Phys. Rev. A 101, 063630 (2020).

[22] Y. Hou and J. E. Drut, Phys. Rev. A 102, 033319 (2020).

[23] Y. Hou, K. J. Morrell, A. J. Czejdo, and J. E. Drut, Phys. Rev.
Research 3, 033099 (2021).

[24] T. Bourdel, J. Cubizolles, L. Khaykovich, K. M. F. Magalhies,
S. J. J. M. F Kokkelmans, G. V. Shlyapnikov, and C. Salomon,
Phys. Rev. Lett. 91, 020402 (2003).

[25] J. T. Stewart, J. P. Gaebler, and D. S. Jin, Nature (London) 454,
744 (2008).

[26] S. Nascimbene, N. Navon, K. J. Jiang, F. Chevy, and C.
Salomon, Nature (London) 463, 1057 (2010).

[27] M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, and M. Kohl,
Nature (London) 480, 75 (2011).

[28] E. D. Kuhnle, S. Hoinka, P. Dyke, H. Hu, P. Hannaford, and
C. J. Vale, Phys. Rev. Lett. 106, 170402 (2011).

[29] M. J. H. Ku, A. T. Sommer, L. W. Cheuk, and M. W. Zwierlein,
Science 335, 563 (2012).

[30] C. Carcy, S. Hoinka, M. G. Lingham, P. Dyke, C. C. N. Kuhn,
H. Hu, and C. J. Vale, Phys. Rev. Lett. 122, 203401 (2019).

[31] B. Mukherjee, P. B. Patel, Z. J. Yan, R. J. Fletcher, J. Struck,
and M. W. Zwierlein, Phys. Rev. Lett. 122, 203402 (2019).

[32] M. Sun, P. Zhang, and H. Zhai, Phys. Rev. Lett. 125, 110404
(2020).

[33] E. Braaten and H. W. Hammer, Phys. Rep. 428, 259 (20006).

023313-6


https://doi.org/10.1063/1.1703727
https://doi.org/10.1103/PhysRevLett.92.090402
https://doi.org/10.1103/PhysRevLett.102.160401
https://doi.org/10.1103/PhysRevLett.107.030601
https://doi.org/10.1103/PhysRevA.84.053633
https://doi.org/10.1139/cjp-2012-0569
https://doi.org/10.1016/j.physrep.2012.10.004
https://doi.org/10.1103/PhysRevLett.111.265301
https://doi.org/10.1103/PhysRevA.89.013614
https://doi.org/10.1103/PhysRevA.92.062716
https://doi.org/10.1103/PhysRevA.92.053611
https://doi.org/10.1103/PhysRevA.96.022707
https://doi.org/10.1103/PhysRevLett.119.013401
https://doi.org/10.1103/PhysRevLett.123.205301
https://doi.org/10.1016/j.aop.2019.167949
https://doi.org/10.1103/PhysRevA.101.013620
https://doi.org/10.1103/PhysRevA.102.023309
https://doi.org/10.1103/PhysRevA.101.063630
https://doi.org/10.1103/PhysRevA.102.033319
https://doi.org/10.1103/PhysRevResearch.3.033099
https://doi.org/10.1103/PhysRevLett.91.020402
https://doi.org/10.1038/nature07172
https://doi.org/10.1038/nature08814
https://doi.org/10.1038/nature10627
https://doi.org/10.1103/PhysRevLett.106.170402
https://doi.org/10.1126/science.1214987
https://doi.org/10.1103/PhysRevLett.122.203401
https://doi.org/10.1103/PhysRevLett.122.203402
https://doi.org/10.1103/PhysRevLett.125.110404
https://doi.org/10.1016/j.physrep.2006.03.001

