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Abstract

We consider a model of two tunnel-coupled one-dimensional Bose gases with hard-wall bound-
ary conditions. Bosonizing the model and retaining only the most relevant interactions leads to
a decoupled theory consisting of a quantum sine-Gordon model and a free boson, describing re-
spectively the antisymmetric and symmetric combinations of the phase fields. We go beyond this
description by retaining the perturbation with the next smallest scaling dimension. This pertur-
bation carries conformal spin and couples the two sectors. We carry out a detailed investigation of
the effects of this coupling on the non-equilibrium dynamics of the model. We focus in particular
on the role played by spatial inhomogeneities in the initial state in a quantum quench setup.
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1 Introduction

The study of one-dimensional quantum many-body systems out of equilibrium has seen great
progress in the past decades. Long-standing questions concerning the equilibration of observables,
spreading of correlations and entanglement, and the emergence of statistical mechanics from mi-
croscopics have been successfully tackled using a range of innovative theoretical ideas [1H9], whilst
spectacular advances in the ability to realize archetypical one-dimensional quantum many-body
sytems using cold atoms [10-14] have made it possible to test many of these theoretical develop-
ments using tabletop experiments [15-20]. However, such experimental engineering of quantum
many-body Hamiltonians relies on certain assumptions to make the experiments map onto a model
of physical interest. These assumptions often include having a low energy density, at which an
effective low-energy theory holds, and translational invariance, which can generally simplify the
problem and specifically play an important role in the integrability of the low-energy theory. When
studying non-equilibrium problems in finite quantum many-body systems, these two assumptions
are sometimes brought into question.

We here study a situation where both the successes and challenges described above are clearly
present: we consider pairs of tunnel-coupled, elongated Bose gases, as realized in the Vienna
experiments [13}/14,/17-1921-24]. An interesting feature of these experiments is that in certain
limits, density measurements after matter-wave interference [13,25] correspond to projective von
Neumann measurements of the relative phase field [26]. This allows for the reconstruction of
full distribution functions of quantum mechanical observables [21-23], which is of considerable
theoretical interest [27-41] in general. In the case at hand, situations without tunnel-coupling can
be modelled by a two-component Luttinger liquid [42H44]. This description in terms of a quadratic
quantum critical model has yielded theoretical results for the full fluctuation statistics of the
relative phase field [28,45,/46] which show a satisfying match with experimental results [17]19].

Our interest lies in the effect of a finite tunnel barrier between the gases [14,/47H49]. This
introduces a relevant perturbation and at sufficiently low energies leads to a decoupled theory of a
Luttinger liquid describing the symmetric combination of Bose gas phases (“symmetric sector”) and
a sine-Gordon model [50] describing the relative phase (“antisymmetric sector”). The sine-Gordon
model is of great theoretical importance as it is an exactly solvable, Lorentz invariant quantum
field theory that exhibits a rich range of physical phenomena like dynamical mass generation and
topological excitations and moreover has important applications to electronic degrees of freedom
in solids [51]. Its behaviour out of equilibrium has received a lot of attention in the past decade.
To be able to study dynamics, the very weakly interacting limit is amenable to a simple harmonic
approximation [52-54], while the free fermion point can also be used to obtain exact results [52].
Integrability-based methods were used in Refs. [55-58] to study quenches from “integrable” initial
states, whereas semiclassical methods [59,/60] were applied to the study of the time-dependence of
one and two-point functions as well as the probability distribution of the phase. The truncated
conformal space approach [61] was employed in Ref. [62] to analyse the time evolution of two and
four-point functions after a quantum quench. A first litmus test for the experimental realization of
the sine-Gordon model using split Bose gas experiments was performed in an equilibrium situation:
high order equilibirum correlation functions extracted from projective phase measurements in the
classical limit have been found to agree well with classical field simulations [23]. A quantum many-
body treatment of some such correlation functions is available as well, with possible generalizations
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to non-equilibrium situations [63]. For non-equilibrium initial conditions, however, experimental
studies [24}64,65] have shown puzzling behaviour: when preparing two elongated Bose gases with
an initial phase difference, applying a tunnel-coupling between them sets Josephson oscillations
of density and phase in motion. These oscillations show a rapid damping, accompanied by a
narrowing of the distribution function of the phase. To date, no satisfying theoretical explanation
of this damping is known [66]. The damping seems incompatable with a description in terms of a
translationally invariant sine-Gordon model, which fails to provide a mechanism for the observed
strong and rapid damping in both a self-consistent harmonic treatment [67] and in a combination
of truncated Wigner and truncated conformal space approaches [68].

In this work, we go beyond previous studies of the low-energy physics in two important ways:

1. We take into account the next most relevant perturbation at low energies. This perturbation
induces an interaction between the symmetric and antisymmetric sectors.

2. We drop the assumption of translational invariance. To this end we place the model in a
hard-wall box geometry and consider inhomogeneous initial conditions.

We stress that our focus is on the vicinity of the scaling regime, which is approximately described
by a sine-Gordon model as discussed above. This means that we consider energy densities that
are small compared to the cutoff of the field theory, which can be taken as the inverse coherence
length of the underlying Bose gas. In addition the energy density is of the same order as the
mass scale induced by the tunnel-coupling between the Bose gases. Translating these requirements
into parameters relevant to the existing experiments gives an energy scale of roughly 5nK. This
is lower than typical energy scales realized in current experimental set-ups, which operate above
18 nK, but sufficiently close to make this regime interesting in light of possible future experiments.

Our strategy is to treat the resulting perturbed sine-Gordon model in the self-consistent time-
dependent harmonic approximation (SCTDHA) as described in [67]. We consider the dynamics
after initializing the system in a state in which the sectors are uncorrelated and observe how the
new coupling term causes correlations between the two sectors to develop over time. In addition
to this, energy starts to oscillate between the sectors. Depending on the initial density profile
imprinted on the gas, Josephson oscillations of density and phase are affected by the presence of
the additional term, showing modulations of the amplitude that differ from the ones observed in
the SCTDHA treatment of isolated sine-Gordon dynamics [67].

This paper is organized as follows. In Sec. we introduce the low-energy effective theory in
a box geometry, the additional interaction term and the observable relevant for experiment. We
also establish some notational conventions. In Sec. we recapitulate the self-constistent time-
dependent harmonic approximation as well as the framework to compute observables and some
important distribution functions. In Sec. we apply our formalism to an initial state which is
commonly used in the literature, and present results on energy flow and growth of correlations be-
tween the sectors, along with the effect on Josephson oscillations, due to the additional interaction
term. Sec. |5 summarizes our conclusions and discusses questions for further study.

2 Tunnel-coupled bose gases in a hard-wall box

An appropriate model for the experiments carried out by the Vienna group is an interacting Bose
gas confined in three-dimensional space by a tight harmonic potential in the z-direction, a double-
well potential V| (y) in the y-direction and a shallow harmonic potential in the z-direction. We will
refer to the z-direction as longitudinal, and to the remaining directions as transverse. To simplify
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the problem, we take the longitudinal potential to be an infinite square well

V|(x):{o ifo<a<L, O

oo  otherwise.

Just like a shallow harmonic potential this breaks translational invariance in the longitudinal
direction, but has the advantage to be considerably simpler to analyze. Our starting point is thus
the following Hamiltonian

2 mw?

Hsq = /dm dy dz {\I/T(:L‘,y,z) [—Zm +Vij(@) + Vi) + %2 ] U(x,y,2)

2 2
re (W) (Ve )’ @
where ¥(z,y, z) are complex Bose fields obeying the usual bosonic commutation relations.

2.1 Low-energy effective theory

In situations where the transverse potentials are sufficiently tight, the dynamics in the y- and z-
directions can be integrated out, in a way analogous to Ref. |[71]. Details of this procedure will be
reported elsewhere |72]. Projecting to the lowest two states of the transverse potential, and taking
appropriate linear combinations of these, we obtain a Hamiltonian for two species of bosons, ¥ o,
which are approximately localized in wells 1 and 2:

L

Jj=12 gk, lm=1,2

- (TL\I:{(Q;)\IJQ(:U) + h.c.) ] . (3)

Here the Bose fields ¥(z) have commutation relations |:‘IIZ(:L‘), ‘Iij(x’)} = 0;;0(z — «’). The two

Bose gases are coupled by a tunnelling term as well as contact interactions. The corresponding
coupling constants I ji;,, follow from the details of the low-energy projection [72]. For our purposes,
we will assume the diagonal elements to be equal to the usual Lieb-Liniger interaction constant,
I'jj;; = gV j. Hard-wall boundary conditions are imposed by restricting our problem to states |®)
where the density at the boundary has a vanishing eigenvalue:

wl(L)W,(L)[®) = T (0)T,(0) |9) = 0. (4)

The one-dimensional model gives an accurate description of the full theory Hszq at energies
that are small compared to the energy F| 5 of the second excited state of the transverse confining
potential. In the actual experiments this is a large energy scale. The physics of interest occurs at
energies that are small compared to v/{ < E| o, where £ is the coherence length and v the speed
of sound. This enables us to make a second low-energy projection by employing bosonization [42]

\II; (33) ~ po + 8x0]/71' 6_i¢j(iﬂ) Z Bn62ni(w7rp0+6’j) ‘ (5)

n=—oo

This provides a low-energy description of (3) in terms of phase fields ¢; and 6; with a cutoff length
scale set by the coherence length of the gases, which for weak interactions is given by £ = 7/mv
(the sound velocity v is defined below). The hard-wall condition is encoded in the boundary
conditions of the f-fields in a way that is described in Sec. 2.3 Let us first consider the case

4



SciPost Physics

where interactions and tunnelling between the two gases are absent, meaning that both 7', and
the non-diagonal elements of I' are zero. This leaves us with two Lieb-Liniger models in a hard-wall
box, with interaction strength g. Under the mapping , the low-energy physics of this model
maps to a pair of Luttinger liquids

L
v 1 2 2 .
Hj=— — (0,0 K (0y¢; , =s,a.
1= g [ e | 00,0 + K a0 = sa (6)
Here we have defined (anti)symmetric combinations of the phase fields by
0y01 £ 0,0
¢s/a =¢1+ 92, aﬁﬂes/a = % . (7)

These fields are compact ¢ = ¢ + 2m, 8 = 0 + 7 and fulfil commutation relations

(0205 (), di(y)] = imdji6(x — y). (8)
This implies that the canonically conjugate fields to ¢/, are given by
0,0;
() = 2000 ©
T

For weak interactions, the sound velocity v and Luttinger parameter K are related to the param-
eters in the Lieb-Liniger model in a simple way [73]

vzﬁiﬁ(l—g)lﬂ, K:2\7Tﬁ<1—\2/:>1/2. (10)

Here v = mg/po is the dimensionless interaction strength and pg the average density of each of
the two Bose gases.

In the next step we take into account the tunnelling term in as well as “off-diagonal”
interaction terms proportional to I';jx; with not all indices being equal. These introduce relevant
perturbations (in the renormalization group sense) with respect to the critical Hamiltonian @
Inserting the bosonization identity and assuming I' to be real, permutation symmetric and
symmetric under 1 <+ 2, we find that the perturbations with the lowest scaling dimensions can be
written in the form

L
F— /O dz [po + oT1,(2)] cos ¢ () | (11)

where t|; and o depend on the microscopic parameters in . Importantly, the two terms in
get generated independently and we therefore will treat £ and ¢ as independent phenomenological
parameters in the following. The Hamiltonian Hg + H, + H, should be viewed as the result of
integrating out high energy degrees of freedom in a renormalization group sense. As t| grows
much faster than t; o under the renormalization group it would be unphysical to consider very
large values of 0. We have therefore restricted the numerical analyses reported below to the range
0 < o < 2. In addition to there are other perturbations with higher scaling dimensions. Their
systematic derivation as well as an analysis of their effects will be presented elsewhere [72]. In
the case 0 = 0 the full low-energy theory decouples into symmetric and antisymmetric sectors
H = H, + H], where H| is the Hamiltonian of a quantum sine-Gordon model [50]

L

/ v L 1 2 2
=2 /O d [K (0,00 (x)) +K(ax¢a(:c))]—2upo /O d €0 du(z). (12)

:271'

The non-equilibrium dynamics of this model was analyzed for the translationally invariant case
in the framework of a SCTDHA in our recent work [67]. The additional o-term in couples
the sine-Gordon model to the Luttinger liquid Hamiltonian Hs. In the following we extend the
analysis [67] to

H=H,+H,+H,. (13)
5
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2.2 Time-of-flight measurements

In the Vienna experiments [13,|14}17-19,23,[24} 74,75 measurements are performed by turn-
ing off the trapping potential at some time %, letting the gas expand freely and imaging the
three-dimensional boson density after a time-of-flight ¢;. The outcome of each such “single-
shot” measurement is determined by the eigenvalues e3%as(@) of the bosonic vertex operators
e2%as(®:10) [9698]. As shown in [26], the result of a single measurement of the boson density after
a time-of-flight ¢; in the regime relevant for the Vienna experiments can be well approximated by
2

Otof (7, 7 t1, to) =~ Po‘f(ﬁtl)} X

’ / ' Gl fx”tl)[ei%ﬁdqe%(ws(ﬂﬂ',to)ﬂoa(ﬂi/,to)) +6—%%%(sos@',to)—saa(m',to))] ‘2, (14)

Here d is the distance between the minima of the double well, z, 2" and 7 = (y, z) respectively denote
longitudinal and transverse coordinates, and G(z,t) is the Green’s function for a free particle

T e (172
G(x,t) = omit exp <z Qt’)’w ) : (15)

The function f(7,¢) is an overall envelope whose precise from follows from the details of the
trapping potential. By measuring gif, the system collapses to a simultaneous eigenstate of all

e2%a5(@)  The outcome of such measurements can be simulated if one has access to distribution
functions of the corresponding eigenvalues ez%#++(®%  Such distribution functions will be computed
in Sec. In principle, the observable also contains small contributions from the density
fields II, s(x) [26]. In order to treat these, the above description of a projective measurement has to
be preceded by a diagonalization of the full observable, which now contains noncommuting fields.
We do not pursue this further here because these effects are expected to be small in the regime
where our low-energy approximation applies.
Experiments typically report results related to the quantity

xo+4
R(xg,7,t1,t0) = / dx orof (2,7, 11, t0)

zo—F4

=l [ e [l @ + o+ 2Re(020gt 0] )

where we have defined

92(0) = [ da' Gla o ty)eie IR0 (17)

2.3 Mode expansions for the two-component Luttinger liquid

The free boson Hamiltonians H, s are diagonalized by the mode expansions (see e.g. |73])

T . TK\Y?
05(x) =050+ 0N +i) (qL> singa (b, — b}, ) (18)
q>0
o\ .
oj(x) = djo0+ Z <qKL> cos qx (bj,q + bj’q) ) (19)
q>0

where ¢ = 7%, n € Z, [bq,bi] = 6, and [ON;, ¢10] = i0;;. The zero modes dN; have integer
eigenvalues. The Hamiltonians then take the form

5Nj2 + qu b;}qu,q’ j=a,s. (20)
q>0

v

H, =
7 9LK

6
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Going back to Eq. (), we see that the hard-wall condition is guaranteed by choosing the
c-number 6y such that

0(0) = 6, ¢ Z. (21)

It turns out to be useful in what follows to rewrite the mode-expansions in the form
dil,t) = uld (@) (b,(1) +B(1)) (22)
001w, t)/m = 3w (@) (b,(H) — b)) , 1=a.s. (23)

Here we have introduced a multi-index v = (I, q) that runs over all positive momenta ¢ > 0 and
the two sectors [ = a, s and we have defined

(3 )1/ ’ if g £ 0
— cosqr, 1gq ,
Mo, (z) = 6; qKL (24)
(qu) 1 1 lf q= 0
2 \/ K - )
. (qK) 1/2 if # 0
1| cosqr, 1 ,
wy (@) =858 "\ ar. e (25)
%\/I? ifg=0,
i [1
bjo=VEKdjo— 3 Fszvj . (26)

3 Self-consistent time-dependent harmonic approxiation

Our aim is to determine the non-equilibrium evolution after a quantum quench: the system is
prepared in a density matrix p(0) that does not commute with the Hamiltonian (13). We moreover
take the density matrix to be Gaussian for simplicity. The ensuing time evolution is described in
the Schrodinger picture via the time evolving density matrix

p(t) = e Mp(0)e . (27)

As our Hamiltonian of interest is not solvable we resort to an analysis by means of a SCTDHA
[41,67,[76H78]. Below we generalize the analysis of [67] to include the nonlinear interaction between
the symmetric and antisymmetric sectors. The SCTDHA amounts to replacing the exact time
evolution operator with

e~ 1t s Ugon(t) = Te~*Jo Hson(mdr (28)
where
Hscn(t) = Ho + Hy + / dw [f(ar, t) + ¢al(2)g (2, 1)

+ o (2) g (2, 1) + @2 (2)h D (2, 1) + ¢ (@) Ms ()P (2, 1) |. (29)

Here the functions ¢"?)(z,t) and h(1:?)(z,t) are determined self-consistently. In order to derive
(29) we decompose the fields into their space and time dependent expectation values and their
fluctuations

¢l($vt) = <¢l(x?t)> + Xl(xvt)a (30)
I (z,t) = (I(x, b)) + m(z,t), l=a,s. (31)

7
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Substituting this decomposition into the interaction part of the Hamiltonian gives

L
H, = —2@_/ dx [po + o (Ils) 4+ o] [cos (¢g) cOS Xa — sin (Pq) Sin Xq] - (32)
0
In the next step we expand the Hamiltonian to quadratic order in fluctuations following [67], which
gives
1
H| ~ -2t /dm (po +oms — 3 (po+ o (IL)) X2 — 0 (XaTs) Xa) cos (¢q) (33)

g

~ (oo + 0 (ms + (L)) xa = 5 (xa ) X2 sim () ] e 3 06) 4 const

After re-expressing this in terms of the original fields ¢, and II;, we arrive at Eq. , where the
functions h)(x,t) and ¢\ (x,t) are determined self-consistently by

A (z,t) = ReF(x,t)/2,

h?(z,t) = olmF(z, 1),

g (@, 1) = TmF (2, 1) — 2 (¢a(z, 1)) K (2, 1) — ([Ls(2, 1)) H'? (x,1),

gD (x,t) = —oReF(z,t) — (a(z, 1)) B (2, 1). (34)

Here we have defined two functions
F(x,t) =2t Tr [USCH(t) p(O)U%LCH(t)ei‘b“(I)} ,
F(z,t)=2t, Tr [USCH (1) p(0)Ud oy (1)@ (pg + o114 (2)) ] . (35)

One subtlety associated with the SCTDHA concerns the zero mode ¢,0. The spectrum of ¢,
originally reflected the compact nature of the phase field ¢,(z) = ¢o(z) + 27. The latter feature
is lost in the SCTDHA, where fluctuations are assumed to be small but the fields themselves take
arbitrary real values.

3.1 Gaussian initial states

In order to investigate the effects of the o-term that couples the symmetric and antisymmetric
sectors we want to start from a factorized state and study how correlations develop over time. An
important requirement is related to our use of the SCTDHA: its accuracy strongly depends on the
initial state obeying Wick’s theorem. These two considerations lead us to consider the same class
of initial states previously used in the literature [43-46]

p(0) = pa(0) ® ps(0) , (36)
where p,(0) = |V, 7, 0)aa(V, 7, ¢| is a Gaussian pure state

\V,r,¢), =N exp ZVP (sechr - aq+ Z b (tanhr), "pqvkb;k |0)q. (37)
pa p.ak

It is useful to define new annihilation operators «, j satisfying
ok |Vir ), =0, (38)

8
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which are related to the b-operators via the canonical transformation

bag = Z(cosh )k [k + Vi] + (sinh rew)qk [al’k + Vk*} . (39)
k

In previous works it has been assumed that the symmetric sector is initialized in a thermal state
[46]. We will follow this assumption, but in order to study the effects of spatial inhomogeneity we
take our initial state to be given by a “displaced” thermal density matrix

DR)-_p 4
ps = (R)W (R), (40)
where the displacement operators are defined via

D'(R)b;.D(R) = bjx + Rjx , j=a,s. (41)

This suggests the definition of displaced annihilation operators o, via a constant shift
bo i = sk + Reg (42)
so that
(k) =0 (43)

on the initial state. Since p,(0) satisfies Wick’s theorem, it is then completely fixed by the vector
R, i, along with connected two-point functions of the fields. Using the mode expansion of H from
Eq. we simply find bosonic occupation numbers for ¢ > 0,

Og k
<bl,qbs,k>c = eﬁug —1 - Msap (44)

the anomalous expectation values (bsbs ), being zero. For the zero mode, the only expectation
values on p,(0) that we will need are

_BLnQ 2
(6N2), = 2n® TIN5y, (45)
¢ Ene_BQKLn

where the second identity implies ImR,(0) = 0. As will become clear in the next section, ex-
pectation values involving the field ¢50 will never be required for the computation of physical
quantities.

3.2 Equations of motion

The SCTDHA allows for a closed-form expression of the equations of motion. We will work in the
Heisenberg picture from here onwards. The SCTDHA guarantees that time evolving annihilation
operators can always be written as

bu(t) = Ru(t) + S, (), + Tj#(t)ozL (46)

where o, are a set of bosonic creation and annihilation operators. We choose these to be given by

ak fv=I(ak
au:{ak if v =(a,k)

. ) (47)
asy ifv=(sk)
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where the o, are defined in and the o,y in . For to be a canonical transformation

we require

sst—r 1t =1, STT-1*sT=0. (48)
The initial condition on R,S and T are given by

Zq(COSh 7)pg Vg + (sinhre’?), Ve ifp=(a,p),
Ru(0) = 0 else
(

0 else,
T;,(0) = (sinhre’)yg if v = (a,p), p = (a,q),
' 0 else.

We note that the «,’s satisfy Wick’s theorem on the initial state, along with (c,) = 0 for all p.

The time evolution of any operator is then encoded in the time-dependence of the tensors R, .S
and T, which we will now determine. To this end, we write the SCTDHA Hamiltonian in the
generic form

1
Hson(t) = bLA,, (006, + 5 (BLBL, (0L + b, Buyu()b, )
+C) + D, (1) (b, +0}) + B, () (b, — 8] - (50)
The matrices A, B and vectors D, E depend on the self-consistency functions g2 and A2 cf.

Egs. , and are given in Appendix Inserting the expansion into the Heisenberg equation
of motion

i%bu(t) = Uscn(t) [by, Hscn (t)] Udon (t) (51)

yields a system of coupled, first order differential equations
iR, (t) = Ayu(t)Ru(t) + Bl () R;(t) + Dy(t) — Ey(t)
iSyu(t) = A ()Sau(t) + Bl ()T, (t (52)
_iTvu(t) = ;A(wTAu(t) B A(t)S/\u(t)-

This system of ODE’s is nonlinear: as a result of the self-consistency functions on which
the tensors A, B, D and E depend, these tensors are themselves functions of R,.S and 7', which
therefore enter the system in nonlinear combinations. To simplify some of the following
equations we introduce linear combinations

Quu(t) = S,,(t) + T,,(t),  Q,u(t) = S,,(t) = T,,,(t) . (53)

In terms of these functions mode expansions of the time evolved fields take the form

+
+

Balt) = 3 ul®) () (2ReRy<t> + 3 [Quultia, + Qiu(t)a,ﬁ]) , (54)
I(x,t) = Z w® (z) (2iImRV(t) + Z [@W(t)au — Qth)aH) ) (55)
v 7

10
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The functions can then be computed using Wick’s theorem for the a-operators, based on the
above expressions. This closes the system of ODE’s . The zero mode in the symmetric sector
¢s,0 reflects the compact nature of the phase field ¢, and therefore needs to be treated separately
from the finite momentum modes. We therefore define a field

() = 65(2) — 50, (56)

which time evolves as
ds(a,t) = Y ul(a) (2ReR,,<t> +3° [ Qe + Q,’iu(t)aLD : (57)
v#(s,0) H

Importantly the zero mode ¢4 does not get generated under Heisenberg time evolution of other
fields. This is easily checked by inspection of the Hamiltonian which is seen to not involve
¢s,0- This in turn implies that the zero mode cannot appear on the rhs of the Heisenberg equation
of motion . Since we can express the zero mode at t = 0 as

_ i
650 = (a(y0) + 0Ly ) /VAK, (58)

we conclude that this linear combination of a-operators does not appear in the sums over modes
in (54l55) except in the expansion for ¢4(x,t), where it occurs in the term with v = (s,0). This
directly leads to

Re QV,(S,O) (t) =0 Vv 7é (57 0)7 Im@u,(s,O) (t) =0 V. (59)

3.3 Self-consistent expectation values

3.3.1 One-point functions

As all relevant one-point functions of «,, and dNg are zero we have

(6sw)) =2 3" ul) (@)ReR, (1) , (60)

v#(s,0)
(Pa(z,1)) —2Zu x)ReR, (1) , (61)
(I (z,t)) = 2i Zw D(z)ImR,,(t). (62)

3.3.2 Two-point functions

Comparing the definitions from Section to the initial conditions , we find that for any
V’ IL[' % (87 O)?

B - B 0 if v € {(a,q), (s,0)}
Qv = <O‘Z%> - <O‘”O‘L> O = O {n(&q) if ve{(s,q)lg#0} o

If we define Pés) to be the projector on the symmetric zero modes, along with its complement

1=1- Pés), we then find the following connected two-point functions

8 1mQr Q"))

<5N30>

(5 (9. 8), = ) (& )(2Re<c2 50”) + QIQ +
(5 )L (5. 1)), = —u(z) (2ﬂm<di>+@ﬂQ*+ BN 110 PR ) W) . (64)

11
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In the above, indices on all matrices and vectors have been suppressed for conciseness. If we want
to consider the field ¢, instead of ¢, we need leave out the symmetric zero mode term. This leads,
for instance, to

(6ulw, Ly, )}

= w9 (z) (PO(S) - Il) X

c

x <2i1m(QgQT) +Qig" + iWﬁImQPéS)ReQT> wB(y) (65)

and analogous modifications for <$;(x,t)$;(y,t)>c and <$;(m,t)¢a(y,t)>c.

3.4 Full distribution functions

Individual measurement outcomes in interference experiments of interest [24] are fully determined
by the eigenvalues ¢, and s of the phase fields ¢, and ;b;s [26], cf. Eq. . To model the
outcomes of such measurements we therefore require the time-dependent distribution functions for
¢q and @s. These can be determined in the framework of the SCTDHA [41,/67]. For the case at
hand, we first expand the eigenvalues of the phase fields as Fourier series,

Golwt) = > ulP @) fur,  Palzt) =D u(x)fus - (66)
u#(s,0) p

Here we have again used our multi-index notations p = (j, q), where j = a, s labels the sector and
q the momentum. Each measurement selects a particular set of Fourier coefficients and we denote
the averages over many measurements by

fut s fut for ete (67)

The mean values for the Fourier coefficients can be read off from the one-point functions calculated
earlier, cf. Eqs. (60461))

Fuz = 2Re R, (t) . (68)

The object of interest is then the time-dependent joint probability distribution P of Fourier coef-
ficients {f,}. Within the SCTDHA all cumulants of ¢, other than the variance vanish, so that
this probability distribution is Gaussian

PO = oy T (—;z (Fu = 700) M0 (o —m)) SN

2214

Here N is the total number of Fourier modes retained in . Noting that

(b(z, )1y, 1), = uld (@) (Futfort — Fut Foa)ul (), 4.1 € {a, s} (70)

and comparing to Eq. , we can directly read off the covariance matrix as well:

M(t) = 2Re(QaQ") + QQ' + WI;O)ImQPéS)ImQT. (71)

Having obtained a time-dependent probability distribution for the coefficients {f, .}, we can di-
rectly model experiments: we draw coefficients {f,+} from the distribution , reconstruct the
corresponding eigenvalues , and insert these in the time-of-flight density to compute the
measured density profile. We note that in the notations used above the set {f,} contains the

12
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non-physical Fourier coefficient (5 ). This quantity does not enter the observable , and can
simply be discarded, whenever a set of coefficients is drawn from P ({j.},t).

By repeating the above procedure for modelling a measurement many times over we can recon-
struct the full distribution function of any observable that depends only on the phase fields ¢ s.
In what follows, we will focus on the “interference term” in the spatially integrated density after
time-of-flight Ryof(xo, T, t1,t0) defined in . The eigenvalues of this observable are proportional
to

1‘0+£/2

T ({uhaotot) = [ degi(o)g’ (a) (72)
x0—0/2

where g4 (z) are defined in and are related to the coefficients f,, via . Motivated by the

experimental data analyses of Refs [21,22,/66] we parametrize the interference term as

To ({ fu} o, to, t1) = Celxo, to, tr, { fu})e'Pel@oto-titiud) (73)

By drawing many sets {f,} of coefficients from the distribution function P ({f,},?) and plotting
the resulting values of ®;, or Cy in a normalized histogram, we converge to probability distributions
P, c, for these quantities. These distribution functions can formally be written as

P@Z(O‘?tO?tl) = <H/dfu> (5(0[ - ArgI@ ({fu}7x07t07t1))P({fu}7t0) ) (74)
w

Fo, (v, to, 1) = (H/dfu> 6 (v — AbsZy ({fu}, zo, to, t1)) P ({Fu}. to) - (75)

4 Results for experimentally relevant initial states

4.1 Choice of initial state

We now specialize to an initial state that is often used in the literature, see e.g. [43-46]. In [43], a
quasi-classical argument is used to conjecture how the state of a pair of elongated Bose gases follows
from the splitting process of a single gas. It is reasoned that when splitting a gas, each particle
has an equal probability to end up in well 1 or in well 2. The relative particle number resulting
from this poisson process is thus a stochastic variable with mean zero and variance proportional
to the particle density. Assuming short-range correlations, one arrives at

1pPo
(T (2, 0)TLo (5, 0)), = 226 (x — ), (76)
with 7 a phenomenological parameter which we will set to 1. Following [46], the delta function
above is understood as a flat sum over plane waves running up to momentum 7/¢. To reproduce
this initial two-point function, it suffices to use the initial state , with 7 a real and diagonal
matrix and ¢ = 0. The resulting initial condition on @,

Q(0) (4 j)(ak) = i€ 77, (77)
then leads to
K _,, qK Cop
(Ha(z, 0)a(y, 0)). = 75¢ DY —7 cos(gz) cos (gjy) e 2ris (78)
§>0
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Comparing Egs. and , we can thus read off

Lnpo  :¢  _
6727"77C — 5jk 2K if q= 0 5 (79)
T ifg >0,

for the antisymmetric sector.

For the symmetric sector, we again follow Refs. [44H46]: the above quasiclassical splitting
argument applies to the relative degrees of freedom, leaving the symmetric combinations of densities
and phases unaltered. In [46], the symmetric sector is therefore taken to be in a finite temperature
equilibrium state. We adhere to this conjecture here and use the thermal density matrix described
in Section thereby fixing the initial conditions for both 7" and S in conjunction with the above
discussion. Finally, the initial conditions for R can be used to enforce various initial profiles on
the density and phase fields in both sectors, which we will explore in Sec. below.

4.2 Experimental parameters

We fix the parameters for our plots by following Ref. [21]: the one-dimensional density is taken to
be po = 45 um~!, the coherence length is & = Ar/mv = 7 x 0.42 um, the sound velocity is given
by v ~ 1.738 - 103 m/s and the Luttinger parameter in our conventions is K ~ 28. We take the
one-dimensional box size as large as we can achieve for a given value of the cutoff length scale,
which amounts to L = 80 um. This is comparable to the size reported in [21]. In all figures, time
is measured in units of the traversal time [4], ty, = L/2v, which is the time it takes for a light cone
to reach the edge of the system from the centre of the box. We work at a temperature of 5nK
throughout. This ensures that we are well in the scaling regime, at an energy density that is 1/8
times the cutoff energy e, = v /€, with £ the coherence length. We have chosen ¢; = 15 Hz, which
guarantees that the gap is of the same order as the temperature for the above parameters. The
only exception to this choice is Fig. [2 where we take t; ~ 1.17 Hz following Ref. [67], to enable a
comparison with the case of periodic boundary conditions as presented in that paper.

4.3 Time evolution

We now consider time evolution under the SCTDHA Hamiltonian , with the initial condition
described in Sec. Throughout, we choose R(0) such that

(¢a(x,0)) =02,  (Ila(z,0)) = 0. (80)

The one-point functions <$;(x,0)> and (IT4(x,0)) will be given different spatial profiles, to inves-
tigate the effects of broken translational invariance.

4.3.1 No coupling between symmetric and antisymmetric sectors (o = 0)

We will start from the situation where
(64(w,0)) = 0 = (1, (x,0)) . (81)

and ¢ = 0. This will serve as our benchmark, as it most closely resembles the translationally
invariant scenario described in [67] in which the (anti)symmetric sectors remain uncorrelated. It
is characterized by Josephson oscillations between density and phase, see Fig. a), with a phase
variance that initially grows, and then shows oscillating behavior, see Fig. (b)

To connect with our previous work [67] we include a comparison between results from that
paper, where periodic boundary conditions were used, and the results derived for a box geometry
in the present paper. Fig. [2] shows that the two geometries give extremely similar results in the
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Figure 1: (a) Josephson oscillations of relative density (arbitrary units) and phase (radians) at
the centre of the gas, zo = L/2. (b) initial growth and oscillations of the variance of the relative
phase. The initial phase and density profiles are chosen according to Egs. and coupling
between the sectors is absent in these pictures, meaning ¢ = 0.
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Figure 2: Comparison between results for box boundary conditions (blue) and periodic boundary
conditions (red). The curves are in perfect agreement until the traversal time ty, = L/2v, after
which deviations occur. (a) Josephson oscillations of phase (radians) at the centre of the gas,
xo = L/2. (b) initial growth and subsequent oscillations in the variance of the relative phase.
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centre of the trap for times below the traversal time, whereas deviations do occur after this time.
It should also be noted that in [67] and Fig. |2 results are presented for smaller tunnel couplings
(t; ~ 1.17Hz) than in the rest of this paper. The reason for choosing these values in [67] was
that for a relatively shallow field potential, the inharmonicity of the cosine in the sine-Gordon
model manifests itself more strongly, making deviations from the purely quadratic theory more
apparent. For the purposes of this paper, however, it is more interesting to look at relatively large
tunnel-couplings (¢, = 15Hz, see Sec. , as this enhances the coupling between the sectors in
which we are interested.

4.3.2 Finite coupling between sectors (o > 0) and homogeneous initial conditions

We next investigate different values of the coupling constant o, and the resulting mixing between
the sectors. Fig. [3[ shows results for o = 0,1/2,1,3/2,2, starting from completely flat profiles,
as in Eqs. , . When increasing o, the phase oscillations remain essentially unchanged. A

stronger effect is visible in the covariance between ¢, and ;5; however. To quantify this, we define

(bs(z,t)da(z,1)),
V (9@, 0)65(2. 1)) (9. ) . 1)),
As can be seen in Fig. (b), the covariance C(z,t) increases to appreciable values as o is increased.

We also note that for larger values of o, the variance of the relative phase increases somewhat for
times below the traversal time, see Fig. [4

C(x,t)

(82)

(¢a(z0,1))

C Zo t)
L

q

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 20
t/t““ f’/th‘.
(a) (b)

Figure 3: (a) time evolution of the phase in the antisymmetric sector at the box centre xo = L/2.
Curves are displayed for different values of o, with a flat intial density profile (II;(x)) = 0. A change
of o has no appreciable effect on this observable. (b) a somewhat stronger effect is the development
of correlations between ¢, s, where the normalized covariance from Eq. is displayed, for
o — L / 2.

It is also instructive to consider the energy flow between different terms in the Hamiltonian.
To this end we define the following quantities

L
coal®) =T s =2 [V s, 0) | eaclt) = canlt) + cas(t).
2t 1o L
eint(t) = — 7 /0 dr (s(z)cosda(z)), es(t) = em(t) + (Hs(t)) /L . (83)

We note that the total energy density, which is given by es;(t) + eint(t) + (Hs)/L, is independent
of time, as required for a closed quantum system. Since we are interested in the time dependence
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Figure 4: Variance of the relative phase, for ¢ = 0 (blue) and o = 2 (red). A slight increase in the
variance is visible for the larger value of o for times below ty, = L/2v

of the various energy densities we subtract their values in the initial state and consider
Aej(t) = ej(t) — ej(O) . (84)

To quantify the effects of the o-coupling on the flow of energy from and to the sine-Gordon model
we show Aegg(t) in Fig. [5 To ascertain which fraction of the energy change is due to the kinetic
and interaction parts of the sine-Gordon model we also show Ae,(t) and Aey o(t) in Fig. [pf(a).
We observe that the change in Aegg(t) is very small, as significantly larger changes in Ae,(t) and
Ae| 4(t) largely compensate each other. In Fig. (b) we show how much of the energy from the
sine-Gordon model Aegi(f) ends up in the new interaction term ein(¢) and how much goes to

(Hs(t)) /L.

—— Aeg(t)/e, x 10° — Aea(t)/er —— Aex(t)/er —— Aem(t) /e
—— Aeg(t) /e, x 103 == Acya(t)/er —— A(H,(t)) /Le, Aeqor(t) /e
0.6 1 ’,"\‘ N 0.0002 1
[N 7N, N /7N ~Q PN . -
0.4 :‘ \‘\ III \\/I s N ~_” S ~— 0.0001
[
0.24 |
y 0.0000 1 A\ A /
0.0
—0.0001 4
—0.2
—0.0002
—0.4
—0.0003
—0.61
0.0 0.5 1.0 15 2.0 0.0 0.2 0.4 0.6 0.8 1.0
t/t. t/tu.
(a) (b)

Figure 5: Energy flow between the different terms in Egs. , as a ratio with the reference scale
er = (Hs(0)) /L.

4.3.3 Finite coupling between sectors (o > 0) and inhomogeneous initial conditions

As a next step, we investigate the effect of initial density profiles (Il;(x)) that are spatially inho-
mogeneous. These profiles will evolve in time as is shown in Fig. [6] (a,b). The profiles (¢q(z))
and (II,(z)) are strongly affected by the strength of the o-coupling to the inhomogeneous profile
(ILs(x)) and develop inhomogeneities as a consequence. This is illustrated in Figs. [f[a,b) and has
repercussions for the Josephson oscillations. The latter now displays spatial variations, which are
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Figure 6: Examples of the time evolution of the density profile for o = 0. The initial profile in (a)

is symmetric around the origin, while the one in (b) is not.

(Bal z))

z/y .6 .2
08 10 00 (b) 08 10 0.0

Figure 7: (a) The time and position dependence of (¢q(x)) corresponding to the same initial
condition as Fig. @(a) with 0 = 2. We see that the initially flat profile develops inhomogeneities

due to the sector coupling. (b) the same as panel (a), but showing (II,(z)).

caused by an effective Josephson frequency that has become o- and position-dependent due to the
presence of the space-dependent II,(x)-field in the interaction term. This local and o-dependent

Josephson frequency is illustrated in Fig. [8| The spatial average of the phase, which is equal to the
zero mode ¢4, does not show any o-dependence in its Josephson frequency, see Figs. |9 In this

case, however, a o-dependent modulation in the amplitudes is visible: the Josephson oscillations
at different points in the box move out of phase due to the spatially varying Josephson frequency

mentioned above. This leads to a decrease in the spatial average.
For an inhomogeneous profile of (Il;(z,0)), the covariance grows in time, in resemblance with

the homogeneous case. This happens to an extent that is roughly proportional to o. The same can
be said of the energy flow between the (anti)symmetric sectors, as shown in Fig. We see that

the effects of the sector coupling term become stronger when we increase o, but in the window of
applicability of our bosonization based approach the effects remain small.

4.3.4 Distribution functions of the density after time of flight

As described in Sec. our formalism allows the construction of distribution functions for the
measured density after time-of-flight expansion. As a proof of principle we present such distribution

functions in Fig. for the observables ®, and C; defined in Eq. .
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Figure 8: Time dependence of the relative phase in the centre of the box for the same initial
conditions as Fig. [6|a) and (b), respectively.
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Figure 9: Time dependence of the space-averaged relative phase and the covariance C(xo,t) (82))
in the centre of the box for the profiles shown in panel (a) of Fig. [6]
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Figure 10: Time dependence of the space-averaged relative phase and the covariance C(zg,t) (82))
in the centre of the box for the profiles shown in panel (b) of Fig. [6]

5 Conclusion

We have extended the theory for non-equilibrium dynamics in pairs of elongated, tunnel-coupled
Bose gases using a self-consistent time-dependent harmonic approximation (SCTDHA) in the low-
energy scaling limit (energy scales < 5nK). In contrast to earlier works, we have studied the effect
of a relevant perturbation which couples the (anti)symmetric sectors describing (anti)symmetric
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Figure 11: Energy flow between different terms in Egs. , as a ratio with the reference scale
er = (Hg(0)) /L. Results are shown for the density profile from Fig. [6(a), with o = 1 (left panel)

and o = 2 (right panel).

0.35

Figure 12: Distribution functions Pg,(c,t,t1) (a) and Pc,(7,t,t1) for the observables ®, and C
defined in Eq. . We choose a time of flight ¢; = 15ms and integration length ¢ = 20 ym. The
density profile used for these plots is homogeneous, with ¢ = 1.

combinations of the two Bose gas phases. On top of this, we have dropped the assumtion of
translational invariance by placing the system in a box and by imposing inhomogeneous initial
density profiles.

Starting from an initial state in which these sectors are uncorrelated, the coupling of the
sectors under time evolution leads to a number of new but weak effects. First of all we observe the
development of correlations between the sectors over time. This effect is present for all initial states
we have considered, but the covariance between the sectors never reaches more than a few percent
of the geometric mean of the variances. Second, the spreading of correlations is accompanied by a
small transfer of energy between the sectors. And finally, the presence of the coupling term makes
the dynamics in the antisymmetric sector susceptible to the breaking of translational invariance
in the symmetric sector. The well-known Josephson oscillations of relative density and phase are
modulated when taking an inhomogeneous initial density profile of the symmetric sector. This
shows that the role of the trapping potential, which creates strong inhomogeneities, may play a
more important role in experiment than was previously assumed. However, the model presented
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here does not capture the puzzling damping phenomenon observed recently [24,64,65]. This is
not surprising given that our box potential is very different from the quadratic potential used in
experiment. In future experiments, however, the box potential is likely to be used, which adds to
the relevance of the calculations presented here.

We conclude that (i) the new term coupling the (anti)symmetric sectors leads to very weak
effects. This means that the simulation of a sine-Gordon model using the setup described in this
paper should not be severely hampered by the presence of this term. (ii) we have shown that
it is possible to treat states with broken translational invariance in the SCTDHA formalism as
presented in [67]. Combined with the sector coupling, we find that inhomogeneities in the density
can have weak but nontrivial effects on the amplitude of Josephson oscillations. This means that
the trapping potential is likely to have an effect on the dynamics probed in experiment. In a
forthcoming paper, we will present a study of the projected Hamiltonian in a microscopic
analysis that takes a quadratic longitudinal potential into account. It would be interesting to
combine such a microscopic approach with low-energy effective field theory calculations in the
presence of such a quadratic trapping potential. However, the calculations using the box potential
presented here may gain additional relevance when more experiments using a box potential, such
as Refs. [69,[70], are performed.
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A Tensors occurring in Hgcp(t)

The tensors occurring in Hscy(t) as written in Eq. are given by

vg 8k + 280 (1) ul) (0)ul") (0) A B u" (0w (0)
A= ’
A B w0l (0) "
— 040000 + 2800 (1) uf (0} (0) AL (1)1 () (0)
B = ’
2 a s -
AL 1) (0w l)(0) IS R
T ()i (0) 0
D= , E= (85)
0 T2 (0wl (0)

The momentum indices ¢,k run within the blocks demarcated by solid lines, whereas the sector
indices j = a, s change from one block to the other. The functions occurring above are defined via

Fgl) (t) = /0 dx g(’) (z,t) cos (qz) , (86)
) L . . )
A((;,L(t) = /0 dz W9 (z,t) cos (qx) cos (kx) = % (h((;)rk(t) + h\(;)—kl(t>> (87)
W (t) = /O ! dz hD (z, t) cos (qx) . (88)
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