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Particle-particle correlations, characterized by the second-order Glauber correlation function, play an impor-
tant role in the understanding of various phenomena in radio and optical astronomy, quantum and atom optics,
particle physics, condensed matter physics, and quantum many-body theory. However, the relevance of such
correlations to quantum thermodynamics has so far remained illusive. Here, we propose and investigate a class
of quantum many-body thermal machines whose operation is directly enabled by second-order atom-atom cor-
relations in an ultracold atomic gas. More specifically, we study quantum thermal machines that operate in a
sudden interaction-quench Otto cycle and utilize a one-dimensional Lieb-Liniger gas of repulsively interact-
ing bosons as the working fluid. The atom-atom correlations in such a gas are different to those of a classical
ideal gas, and are a result of the interplay between interparticle interactions, quantum statistics, and thermal
fluctuations. We show that operating these thermal machines in the intended regimes, such as a heat engine,
refrigerator, thermal accelerator, or heater, would be impossible without such atom-atom correlations. Our re-
sults constitute a step forward in the design of conceptually new quantum thermodynamic devices which take

advantage of uniquely quantum resources such as quantum coherence, correlations, and entanglement.

Quantum thermal machines (QTM), such as quantum heat en-
gines (QHE), refrigerators, and quantum batteries, are central
in the theoretical and experimental development of the emerg-
ing field of quantum thermodynamics [, 2]. Their primary
utility is to explore the fundamental laws of thermodynamics
in the quantum realm and to demonstrate possible advantages
gained by utilising quantum resources. Accordingly, under-
standing QTM’s are expected to play a similar role in the de-
velopment of quantum technologies as classical heat engines
played in fostering scientific advances during the Industrial
Revolution. In the past decade, progress in the control over
quantum platforms, such as single ions [3, 4], nitrogen va-
cancy centers [5], and single-atom impurities immersed in an
ultra-cold atomic bath [6], have led to the realization of single-
particle QHE’s. Such single-particle QHE’s represent the ulti-
mate limit in the realization of an ‘infinitesimal machine’ [7].

However, in order to utilize the breadth of quantum re-
sources available, one must move beyond single-particle
systems—to engines that utilize interacting many-particle sys-
tems. Such QHE’s are uniquely positioned to take advantage
of quantum resources, such as entanglement [8, 9], correla-
tions [10, 11], or quantum coherence [12, 13], to enhance
the performance of classical heat engines [14] or perform en-
tirely new tasks that would be impossible classically [15]. In
particular, control over inter-particle interactions allows for
the creation of strictly many-body QHE’s, [14, 16—19] which
have recently been realized in the laboratory [20, 21]. These
very recent experimental developments underscore the need
for further studies of thermodynamic processes in the context
of interacting quantum many-body thermal machines.

Here, we propose a quantum many-body Otto heat
engine—as well as related thermal machines such as Otto re-
frigerator, thermal accelerator, and heater—using a uniform
one-dimensional (1D) Bose gas with repulsive contact inter-
actions as the working fluid. In the proposed Otto cycles, the
unitary work strokes are driven by a sudden quench of the
interaction strength, and we demonstrate how the thermody-

namic performance, in particular net work and efficiency, of
these many-body QTM’s can be calculated through the exper-
imentally measurable atom-atom local pair correlation [22—
24]. The atom-atom local correlation, g(*) (0), is described by
the second-order Glauber correlation function g() (r) at zero
interparticle separation (i.e., when r = 0, where r = |z — /|
is the distance between the two particles with positions x and
7' ) and characterises the probability of pairs of atoms to be
found at the same point, relative to uncorrelated atoms.

The benefits of using the 1D Bose gas as the working fluid
in the proposed Otto cycles is that the underlying theoretical
model—the Lieb-Liniger model—is exactly solvable in the
uniform limit via the Yang-Yang thermodynamic Bethe ansatz
(TBA) [25-27], in addition to being experimentally realizable
using ultracold atomic gases confined to highly anisotropic
traps [28-30]. This offers unique opportunities for gaining
physical insights into the performance of such Otto QTM’s as
a tractable and testable quantum many-body problem. Addi-
tionally, the Lieb-Liniger gas has a rich phase diagram span-
ning several nontrivial regimes [22, 23], from the weakly
interacting quasicondensate through to the strongly interact-
ing Tonks-Girardeau regime of fermionization [31, 32]. The
atom-atom correlation within these regimes takes on a wide
range of values between 0 < 9(2)(0) < 2, depending on the
temperature and interaction strength, which aids the operation
of the proposed Otto cycles under a variety of conditions. We
evaluate the performance of the 1D Bose gas Otto QTM’s, but
we emphasise that the broad conclusions arrived at here are
not limited to the Lieb-Liniger model.

Interaction-driven Otto engine

We start by considering an interaction-driven Otto heat en-
gine cycle with a uniform 1D Bose gas as the working fluid.
In a uniform 1D Bose gas, described by the integrable Lieb-
Liniger model [25] (see Methods), the interatomic interac-
tion strength y can be expressed in terms of the harmonic
trap frequency w, in the tightly confined (transverse) direc-
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FIG. 1. An interaction-driven quantum many-body Otto cycle, op-
erating between two interaction strengths, x. and . Unitary work
strokes (BC and DA) are shown in black, while non-unitary thermal-
ization strokes (AB and CD) are color-coded to the cold (blue) and
hot (red) reservoirs at temperatures 7. and T}, respectively.

tion and the 3D s-wave scattering length a5 as x ~ 2Aw as
[33]. Accordingly, changing the interaction strength y may
be achieved by either tuning the external trapping potential
that controls the transverse confinement w,; or by changing
the scattering length as by means of a magnetic Feshbach res-
onance [34]. The former option leads to a volume change of
the gas (i.e. transverse expansion or compression), and hence
can be thought of as analogous to mechanical work in the con-
ventional Otto cycle, however, changing  via a change of the
scattering length leads to identical results, which then justifies
our referral to the engine cycle as the Otto cycle regardless
of the means of tuning the interaction strength (see Methods).
We emphasize, however, that the dynamics of the quantum
Otto cycle explored here are strictly longitudinal, with the gas
always remaining in its transverse ground state.

The interaction-driven Otto engine cycle, which we thus
consider, consists of four strokes (see Fig. 1):

(1) Thermalization with hot reservoir, A—B: the working
fluid, consisting of [V total atoms at interaction strength
X, 18 connected to a hot (h) reservoir at temperature
T}, where it is left to equilibrate, taking in heat Q; =
(H)—(H)x >0, which is to be partially converted into
beneficial work in the subsequent stroke. Here H is
the system Hamiltonian (see Methods), and (H); is its
expectation value, i.e., the total energy of the system, in
state j = {A,B,C,D}.

(2) Unitary expansion, B—C: the working fluid, now in
a thermal equilibrium state at temperature 1}, is de-
coupled from the hot reservoir and has its interaction
strength quenched from y, to x. < xn, generating ben-

eficial work W1 = (H)¢— (H ) <0 done by the fluid.

(3) Thermalization with cold reservoir, C—D: the working
fluid is connected to a cold (c) reservoir at temperature
T. < T}, and allowed to equilibrate at constant interac-
tion strength . while dumping energy in the form of
heat Q, = (H)p— (H)¢ <0 into the cold reservoir.

(4) Unitary compression, D—A: disconnected from the
cold reservoir, the working fluid has its interaction
strength quenched from x. — xn, with work Wy =

(H)a — (H)p > 0 done on the fluid, and the system
returning to the initial state of the overall cycle.

Such an engine cycle generates net beneficial work (done
by the fluid) if the total work W = W74+ Wy < 0, ie., if
[Wi| > Wa (or Q1 > |Q2|), with efficiency n=-W/Q; =
1 —|Q2|/Q1, where we used the conservation of energy
W + @ = 0, with Q = Q1 + Q2 being the total heat [35].

Work from second-order Glauber correlations

In this work, we specifically consider a sudden or instan-
taneous quench of the interaction strength y in the uni-
tary strokes (2) and (4). (For a discussion of “instantane-
ity” of the sudden quench, see Methods). Under a sud-
den interaction quench, the initial (¢) and final (f) expecta-
tion values over field operators in the system Hamiltonian,
i.e., the expectation values before and after the quench, re-
main unchanged as the system did not have sufficient time
to evolve into a new state. Hence, the only contribution to
the difference in total energy before and after the quench,
(H); — (H);, comes from the difference between the inter-
action terms, 2x; [ dz(UTOH W), — Ly, [dz(UTOHOTD),,
where (U1 WU W) ; = (ITUTUF); in a sudden quench, and
WT(z) and U(z) represent the field creation and annihila-
tion operators. Accordingly, the energy difference can be ex-

pressed as (H); — (H); = 2(xs —Xi)GZ(-z), where we have
defined the total (integrated) second-order correlation of the

thermal equilibrium state GEZ) = f dz(\iﬁ\iﬁ\il\il% [23].

Identifying the ¢ and f states as points B (hot, /) and C, or
as D (cold, ¢) and A in the digram of Fig. 1, the net work of
the Otto engine can be expressed as

_ 1 @ @
W= =200 —x) (GF - 6?). M

Likewise, the efficiency of the engine may be expressed as

() = (H)e = & o= xe) G
(Hyp, — (H). — 2 (Xn — Xe) G

n=1- 2)

These equations allow for investigation of the interaction-
driven Otto engine under a sudden quench protocol through
solely the equilibrium properties of the gas, as all expectation
values involved are with respect to i (B) or ¢ (D) states.
Finite-temperature uniform 1D Bose gases have no phase
transition to a true Bose-Einstein condensate in the thermo-
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FIG. 2. Atom-atom correlations, described by Glauber’s g (0) correlation function, for the uniform 1D Bose gas evaluated using the exact
Yang-Yang TBA [22, 26]. Panel a shows g(2) (0) as a function of the dimensionless interaction strength, , and temperature, 7. In panel b,
this is translated into a contour diagram, in which we also show the crossover boundaries (white solid and dashed lines) between the different
asymptotic analytic regimes [22]. Panel (c) shows line plots of g(2) (0) vs +, at different fixed values of 7, together with two possible choices,
D-B or D-B’, of the thermal equilibrium operating points of the Otto cycle from Fig. 1; as we see, according to Eq. (1), operating the Otto

(

cycle as an engine (w1th W < 0) can be achieved between the points D-B (y. <— ), where g )(O) < gh2)(0), but not between D-B’

(Ye <— v}), where gc (0)

dynamic limit, unlike Bose-Einstein condensation in three di-
mensions [36]. However, there still exists a rich crossover
phase diagram of different regimes that can be characterised
by the normalized local (same-point) atom-atom pair corre-
lation function g(?(0) (see Methods and Refs. [22]). The
pair correlation function is a thermodynamic quantity that can
be calculated from the exact TBA, as well as using approxi-
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FIG. 3. Performance of the interaction-driven quantum Otto engine.
Columns, a, b, and ¢, demonstrate net work, W, and efficiency, 7,
as a function of the ratio of interaction strength, -y /7., and temper-
ature, 75, /7, between the hot (h) and cold (c) thermal equilibrium
states. The example of panel a is for v, = 1072 and 7. = 1072,
where vy /. and 75, /7. explores the parameter range within the re-
gion II of the equilibrium regimes diagram of Fig. 2b. Similarly,
panel b explores region IV, with 7. =1 and 7 = 10, whereas panel ¢
explores region VI, with 7. =10 and 7=1.

,(12)( 0) due to the stronger interaction quench, even though the temperature at D is still lower than at B'.

mate analytic methods [22], and is shown in Figs. 2 a and b.
This function, and hence the different regimes of the uniform
1D Bose gas, can be parameterized by dimensionless interac-
tion strength, v = my/ K2 p, and dimensionless temperature,
7=2mkpT/h?p?, where m is the boson mass and p= N/L
is the 1D density for /V atoms in a system of length L.

For a uniform 1D Bose gas, the total correlation in the hot

or cold thermal equilibrium state may be expressed as G, (2)

N pg,(1c (0) (see Methods). Combining this with Eq. (1), the
net work per particle can be expressed as

wo_ B’ (2)

M 0) - 92(0)) 3

~ = 5 =) (6170 =P ), B
i.e., the net work is directly proportional to the difference be-
tween atom-atom correlations of the 1D Bose gas in the hot
and cold thermal equilibrium states. This simple relationship
between thermodynamic work and Glauber second-order cor-
relation function represents one of the key results of this work.

From Eq. (3), and given that ;, is always larger than 7.,
we see that if the local pair correlations did not depend on the
respective interaction strengths and temperatures, i.e. if they
were the same, g( )( 0)= gg2)(0), then the net work per par-
ticle would vanish. We therefore conclude that extracting net
work (W < 0) from this Otto cycle, and hence operating it as
a heat engine, can only be enabled by atom-atom correlations;
more speciﬁcally, the only way to extract net work is to have

(2) (0) >gc ( ) (see Figs. 2 ¢).

Net work, Eq. (3), and efficiency, Eq. (2), of this quan-
tum Otto engine, calculated for simplicity using analytic ap-
proximations to the atom-atom correlation function and total
energy [22], are shown in Fig. 3 as a function of the ratio



a Engine|E]

W<0

¢ Accelerator [A]

W>0 -
Q1<<0.E-Qz>o

d Heater [H]

W>0
NSz S
Q1<0 Q2<0

e Refrigerator [R]

W>0
Ql>ﬂz<0

FIG. 4. Performance of the interaction-driven quantum Otto cycles in the accelerator ([A]), heater ([H]), and refrigerator ([R]) regimes. An
energy flow diagram (left) for the interaction-driven Otto engine ([E]) is shown for comparison in panel a alongside a simplified version of the
cycle diagram (right), originally depicted in Fig. 1. Panel b shows a simplified layout of how the operating regimes of different QTM’s depend
on the ratio of interaction strengths, vy /7., and temperatures, 7 /7, of the hot and cold thermal states in same the three asymptotic regimes
as in Fig. 3. The energy flow and cycle diagrams for the accelerator QTM are illustrated in panel ¢, where we additionally plot its coefficient
of performance, CoP[A] (see text), in the chosen asymptotic parameter regimes. Likewise, in panels d and e we show the energy flow, cycle
diagrams, and coefficients of performance for the heater and refrigerator regimes, respectively.

of interaction strengths, v, /7., and temperatures, 7 /7., for
three of the six asymptotic regimes (for results outside of the
regimes of analytic approximation, see Methods). Notably,
in this Otto engine cycle, for any fixed value of the temper-
ature ratio, the interaction strength quench corresponding to
maximum net work is approximately the same as that pro-
viding maximum efficiency; this occurs as, to first order, the
heat intake Q; varies slowly with 7, /., meaning noc W (see
Methods). The observed increase of net work and efficiency
in all regimes under large temperature ratio may be attributed
to the fact that the local correlation of the hot thermal state
in Eq. (3) is always a monotonically increasing function of
7. However, as the correlation function is also monotonically
decreasing under vy, this results in no extractable net work un-
der sufficiently large interaction strength ratios for any given
temperature ratio.

At a glance, one may conclude that the net work, which
is enabled through the ¢ (0) correlation function, is max-
imized under the largest possible difference in correlation
function, i.e. 922)(0) - g£2)(0) ~ 2. However, to achieve
this, while also guaranteeing that ~y;, > 7., would require an

unrealistically high (from practical point of view) tempera-
ture ratio to operate between regimes VI and IV, shown in
Fig. 2. Rather, we observe that, while the g(®(0) correlation
function is responsible for enabling operation as a heat en-
gine, the magnitude of net work is governed more strongly
by the difference in the interaction strengths, v, — 7., which
is unrestricted. Consequently, it is in the weakly interacting
(7 < 1) region II that we observe the lowest magnitude of net
work (see Fig. 3a), where 7, — 7. is very small. In compari-
son, the magnitude of net work is largest in regime IV, shown
in Fig. 3b, where v ~ 1 and hence the difference v, — 7.
can also be on the order of one. The same considerations
apply to the strongly interacting (y > 1) regime VI, where
one can operate under the largest magnitudes of interaction
strengths, however, in this regime the net work is diminished
due to the vanishing of correlation itself (g? < 1) due to
the effect of fermionization. In contrast to these observations,
the efficiency of the engine, Eq. (2), is inversely dependent
on the total energy of the thermal states, which is minimal
in the weakly interacting low temperature regime II, which
thus has the largest efficiency. Further, we note that the effi-



ciencies presented in Fig. 3, while of low magnitude, are not
significantly reduced when compared to the corresponding re-
versible engine cycle results (see Methods).

Interaction-driven Otto accelerator, heater, and
refrigerator

Glauber’s ¢g(?)(0) correlation function for the 1D Bose gas is
inherently dependent on the interaction strength and temper-
ature [22]. This implies that the condition for the Otto cycle
to operate as a heat engine, g£2) (0) < g,(f) (0), where . < yp,
cannot hold under large quenches of interaction strength from
Y. to 7y as the gas becomes increasingly fermionized (i.e.,
g}(f) (0) — 0) in the limit v — oo [31]. However, beyond the
heat engine operation regime, a further three QTM’s are ther-
modynamically allowed [37]: namely, accelerator [A], heater
[H], and refrigerator [R]. For these QTM’s, one may define a
coefficient of performance (CoP) according to the following
principle [38]:
benefit of operation

PQTM]| = . 4
CoP[QTM] cost of operation @)

In the left two columns of Fig. 4, we show the simplified

schematics of these additional QTM’s compared to the heat
engine from Fig. 1, which we repeat here in a for comparison;
in panel b we show the operating boundaries of these different
QTM’s. Finally, in the color coded right panels in c—e, we
show the magnitudes of the respective CoP’s, which we now
defined and discuss in greater detail.
Accelerator [A].—The conditions of operating the Otto cycle
as a thermal accelerator are given by: W >0, Q1 >0, Q2 <
0, where W = 0 defines the border between the heat engine
and the accelerator. This QTM [37] enhances the natural flow
of heat, taken into the working fluid from the hot reservoir,
(1, and transferred to the cold reservoir, ()2, by investing net
mechanical work, W, in the process. According to Eq. (4), its
CoP is given by:

Q- Q1

COP[A]:—W:1+W>1, (5)
where,
R . Nh2 2
Q2 = —(H) + (H)e + == (3 =197 (0), (©)
R N NﬁQ 2
Qi = (H)n = (H)e = == =79 (0). (D

The magnitude of CoP[A] is shown Fig. 4 ¢, where we note
that, at the border between [E] and [A], the coefficient of per-
formance diverges due to its inverse dependence on W. Op-
eration of this QTM, enabled through g;f) (0) < g£2)(0), ad-
ditionally requires that the work in and out, which are pro-
portional to g((f) (0) and g,(f) (0), respectively, remain small in
comparison to the energy gap between the hot and cold ther-
mal states, as shown in the cycle diagram in Fig. 4 ¢. This is in
direct contrast with the two further QTM’s described below.

Heater [H].—Operating the Otto cycle in the heater regime
requires: W > 0,Q1 < 0, Q2 < 0, and is shown schemati-
cally in Fig. 4d. This QTM utilizes mechanical work to heat
up both hot and cold thermal reservoirs. The border with the
accelerator regime is defined by ()1 = 0. This condition de-
pends on the competition between (H);, and vhggz)(()), with
all other terms fixed by 7. and 7., defining the cold ther-
mal state. However, we note that for a fixed temperature ra-
tio, 7, /7., an arbitrarily large interaction strength quench in-
evitably incurs operation as a heater (see Methods).

The CoP for the heater regime, if one considers the benefit
of operation to be heating of both reservoirs then, due to the
conservation of energy, is trivially CoP[H] = —Q/W = 1.
Instead, in Fig. 4d, we define the benefit of operation to be
the heating of the hot reservoir , thus

@1 Q2|
CoPH|=—7F=1-— <L 8
oP[H] = — 7t =1 - <2 ®)
One may alternatively define the benefit of the heater as heat-
ing the cold reservoir,

CoP[H]' = —% =1-CoP[H] < 1. )
Both definitions of CoP[H], however, are limited by energy
conservation to be less than or equal to 1.
Refrigerator [R].—The conditions of operating the Otto cy-
cle as a refrigerator are: W > 0, Q1 < 0, Q2 > 0. The
purpose of this thermal machine is to cool down the cold reser-
voir by extracting heat and dumping it into the hot reservoir,
with the aid mechanical work done by the working fluid. The
boundary between [H] and [R] is defined by Q2 =0. The CoP
for the refrigerator is given by [38]

:@:@,1 (10)

CoP[R] = 2% = So2 — 1,

and is shown in Fig. 4 e; it diverges in the limit of infinitesimal
quenches in both interaction strength and temperature due to
the rapid convergence of W — 0, which is faster than that of
Q1 — 0 (see Methods).

The conditions on 922)(0) and g£2) (0) for operating in this
regime run directly counter to operation as an accelerator.
For refrigeration, the correlation functions must remain large
enough that the work in and out exceed the energy gap be-
tween the two thermal states, as shown in the cycle diagram in
Fig. 4 e. However, as noted above, large interaction strength
quenches inevitably reduce the work out as g,(LQ)(O) reduces
rapidly for large v, thus incurring operation as a heater for
any given temperature ratio. This implies that the refrigerator
occurs only over a finite parameter region, most clearly visible
in regimes IV and VI of Fig. 4 e.

Summary and outlook

We have proposed a sudden interaction-quench Otto cycle op-
erating in a quantum many-body regime using a repulsive



1D Bose gas as a working fluid. Extracting net work from
such an engine was shown to be enabled by atom-atom cor-
relations. Such correlations are characterized by Glauber’s
second-order correlation function, ¢(®)(0), which in fact is a
thermodynamic quantity that can be calculated from the exact
thermodynamic Bethe ansatz solution through application of
the Hellmann-Feynman theorem to the Helmholtz free energy
[22]. Further, we have investigated in detail the various opera-
tional regimes of this Otto cycle, including the thermal accel-
erator, heater, and refrigerator cycles, defining and examining
their coefficients of performance.

Though our specific results for the net work and the effi-
ciency were calculated for a uniform 1D Bose as an example,
the broad conclusions arrived at here on the basis of equa-
tions (1) and (2) are applicable to any other many-body sys-
tem with short-range contact interactions and should aid the
tests of quantum thermodynamic concepts and realization of
novel QTMs in laboratory settings.

This work was supported through Australian Research
Council Discovery Project Grant No. DP190101515.
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Methods

The Lieb-Liniger model for the 1D Bose gas.—The uniform
1D Bose gas with repulsive contact interactions [25] is de-
scribed by the second-quantized Hamiltonian

h2 O NP
=—— [ d2VT =0+ 2 [ 20T 0T
2m Sy +2/ ‘ ’

an

where m is the atomic mass,  is the strength of the contact in-
teractions (see main text), and U (z) and ¥(z) are the bosonic
field creation and annihilation operators, respectively. We ad-
ditionally highlight the separation of the Lieb-Liniger Hamil-
tonian into its kinetic energy, H*™  and interaction energy,
H int components, to be referred to later.

Ground state solutions to this integrable model are de-
pendent only on a single dimensionless interaction strength,
v=mx/h?p, where p= N/ L is the linear density for N parti-
cles in a system of size L. Finite temperature solutions, on the
other hand, can be obtained using the Yang-Yang thermody-
namic Bethe ansatz (TBA) [26], and can be parametrised by
an additional dimensional parameter, the dimensionless tem-
perature 7 =2mkpT/h?p? [22].

Instantaneity of the sudden quench.—Realistically, a sud-
den quench of interaction strength from xpc to xc(n) would
still occur over a finite duration A¢. The “instantaneity” of
the quench utilized in the main text refers to the assump-
tion that At is much shorter than the characteristic time
scale for longitudinal dynamics, i.e. that At < ml2, /A,
where [, is the characteristic short-range correlation length
in the system, given, respectively, by: the healing length
In = h/\/mXp in regimes I and II; thermal phase coherence
length I, = h%p/mkpT in regime III; thermal de Broglie
wavelength A\ = +/27h? /mkpT inregime I'V; absolute value
of the 1D scattering length |a; p| = 2% /mY in the regime of
high-temperature fermionization V; and the Fermi wavelength
Ar =2/p in the Tonks-Girardeau regime of low-temperature
fermionization VI. Thus, it is with respect to the longitudinal
dynamics that we refer to our quench as sudden. With respect
to the transverse dynamics, on the other hand, we are assum-
ing that At is sufficiently long (At > 27 /w, ) compared to
the characteristic transverse timescale, 27/w, , governed by
the transverse harmonic trap frequency w; [33]. As a result,
the quench would retain the system in the transverse ground
state, and hence would not compromise the 1D character of
the system. As such, the work done on (or by) the system dur-
ing the unitary strokes can be regarded as transversely qua-
sistatic.

Transverse Otto cycle—For a magnetically trapped ultra-
cold 1D Bose gas, the work done via transverse compres-
sion and expansion is ultimately magnetic: it is done by the
magnetic field on the atomic dipole moments when w is in-
creased, or vice versa — by the atomic dipole moments on
the magnetic field when w is decreased. Alternatively, the
change in the interaction strength x is implemented through
control over the s-wave scattering length as via a magnetic
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Feshbach resonance [34], in which case the nature of the work
is still magnetic.

We use the term Otto cycle in the same sense as used to
describe, e.g., a harmonic oscillator Otto engine [6, 17, 18,
20, 39—44], wherein the harmonic oscillator frequency (rather
than the volume of the system) is fixed as an external param-
eter during the thermalization strokes. In our case, it is the
interaction strength that is fixed, which itself is proportional
to the transverse harmonic confinement frequency of the 1D
Bose gas.

Glauber’s second order correlation function.— The two-
point correlation function may be generally defined through

For a uniform (translationally invariant) system with p(z’) =
p(z)=p, this g®)(z, 2’) depends only on the relative distance
|z — 2'|,ie. g (2,2 )=gP (|2 — 2'|). If one is interested in
the same point (z = z’) correlation function, as utilized in the
main text for calculation of the net work and efficiency of the
quantum Otto cycle, this in turn becomes g(? (0).

The 1D Bose gas can be characterized by six distinct
asymptotic regimes defined through the same-point correla-
tion function [22], as shown in Fig. 2. The weakly interact-
ing (y < 1), low temperature quasicondensate regime can
be treated using the Bogoliubov theory for quasicondensates
[45], and is characterised by suppressed density fluctuations,
but fluctuating phase. This may be subdivided into regions
dominated by quantum (I) and thermal (II) fluctuations [22].
At higher temperatures, the gas becomes nearly ideal, and can
be treated using perturbation theory with respect to y [22, 46].
This asymptotic region may in turn be subdivided into quan-
tum degenerate (III) and non-degenerate (IV) regimes. Fi-
nally, in the strongly interacting regime (v > 1), where the
Fermi-Bose gas mapping applies, the 1D Bose gas can be
well approximated by a nearly ideal Fermi gas, and can be
treated using pertubation theory with respect to 1/ [22, 46].
This regime can be further subdivided into two regions cor-
responding to high-temperature (V) and low-temperature (VI)
fermionization.

In each of these asymptotic regimes, the pair correlation
function ¢ can be derived in closed approximate analytic
form, where we additionally define the boundary of these
regimes in terms of y and 7:

[ o@ay_ 2 1/2+7T772 [7/2 <y < 1], (13)
9= ﬂ_’y 24,}/3/2’ v ’
11:9(2)214_%, [2’}/<<T<<2\/_]a (14)
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m: ¢@~2— T—Z 27 <7< 1], (15)
@) 2n 2
IV: g ~2—~ - [7 > max{1,7*}], (16)

2T 2
V:g® o~ { <7< 2}, 17
472 2 w2
VI: @~ (14— — 1.
g 372< *w)’ {T<< Ar2q2 " }
(18)

Further, we may express the total energy of system in each
asymptotic regime as [47],

- w2 p? 4 44 9w T2
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where ((s) is the Riemann zeta function of s€R.

As described in the main text, the normalized local second-
order correlation function may be rearranged and integrated
for the total (integrated) correlation function,

o X R o L
G®) E/dz(\I/T(z)\I/T(z)\I/(z)\I/(z»:/O dzg®(0)p2.
(25)

Utilizing the linear density, p = N/L, this may be expressed
as G(2) = N pg(?)(0), which is used in Eq. (3) of the main text
for expressing the exact net work of the uniform 1D Bose gas
in terms of g(?)(0).

Exact TBA results.—Experimental realization of a 1D Bose
gas often falls outside the asymptotic regimes where analytic
approximations are applicable. In such situations, we may
utilize the exact Yang- Yang thermodynamic Bethe ansatz [26,
27] to evaluate the equilibrium properties of the gas required
for calculating net work and efficiency via Egs. (1) and (2),
respectively. This is presented in Extended Data Fig. 1a for
experimentally realistic set of system parameters that inhabit
the boundary between asymptotic parameter regimes Il and
IIT (see Fig. 2). Further, one may utilize the exact TBA to
confirm the results derived via approximate analytics in the
main text. This is illustrated in Extended Data Figs. 1 b and c,
where we see excellent agreement between these results when
the parameters y and 7 are sufficiently deep into the analytic
asymptotic regimes.

Maximum efficiency at maximum work.—For a fixed ratio
of temperatures, it was noted in the main text that the interac-
tion strength ratio corresponding to maximum work approxi-



mately coincides with that for maximum efficiency, which is
uncommon for highly nonequilibrium engine cycles [14, 40].
In the sudden interaction-quench Otto cycle, such coincidence
occurs due to the dependence of the total energy of the hot and
cold thermal equilibrium states on the interaction strength.

As shown in Eq. (11), the total energy may be separated into
its kinetic energy, which scales predominately with tempera-
ture, and interaction energy, which scales predominately with
interaction strength. Thus, for a fixed ratio of temperatures,
71/ Te, the difference between the total energies of the hot and
cold thermal state may be given as a sum of two terms: the
first is the kinetic energy difference, determined by the tem-
perature ratio and therefore approximately constant, the sec-
ond given by the interaction energy difference, which scales
with the interaction strengths, ~;, and ~., of the hot and cold
thermal states as

. . h2p?
()= (H" =N 52 (917 (0)-7e9P(0)) - 26)

However, when operating within a single asymptotic
regime under a moderate quench of interaction strength, the
g®)(0) correlation function is only slowly varying with .
This means, to first approximation, g,(f)(O) ~ 952) (0), which
in turn transforms the interaction energy difference to

A W h2 p2
<Hm>h*<HW>c5N% (Yh =) 92 (0). (27)
The heat intake, which is given by Eq. (7), is therefore well
approximated by

2.2
Nh”p @)

Q1= (H), — (H). — (Vh — Ye) gt

~ <szn>h o <Hkin>c,

(0)

which is approximately constant, as detailed above. There-
fore, under a fixed ratio of temperatures, the efficiency, which
is given by n = W/Q1, scales predominately with TV, hence
nxW.

Isentropic quench.—The conventional isentropic Otto en-
gine cycle is, by definition, fully reversible, and as such ob-
tains the maximum possible values for both net work and ef-
ficiency [38]. The isentropic interaction-driven Otto cycle for
the uniform 1D Bose gas was introduced in Ref. [18], where
they employed the Tomonaga-Luttinger liquid (TLL) theory
to derive approximate analytic results for the net work and ef-
ficiency. The TLL theory captures the low energy regimes of
the uniform 1D Bose gas [48], corresponding to regions I and
VI of Fig. 2.

Here, we analyze the performance of the isentropic Otto
engine cycle under higher temperatures, i.e., outside of the
regime of applicability of the TTL theory. This can be done
by utilizing the conservation of entropy condition for the work
strokes W7 and W5 of Fig. 1 [18], along with the TBA or ap-
proximate analytic results for entropy available in the uniform

1D Bose gas [47],
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In Extended Data Fig. 2 we demonstrate performance of the

isentropic engine cycle (using the analytic results), which may
be directly compared against that of the sudden quench engine
cycles explored in Fig. 3 of the main text. Notably, over the
range of parameters that the sudden quench Otto cycle op-
erates as an engine, its performance remains relatively close
in both net work and efficiency to the comparative isentropic
results, despite being highly nonequilibrium and thus irre-
versible. However, further optimization of the sudden quench
Otto cycle is beyond the scope of this work.
Thermal operation regimes.—Under large interaction
strength quenches, for fixed temperatures 7. and 73, it was
noted in the main text that the heater is the inevitable mode
of operation. This scenario requires the fulfilment of two con-
ditions: the work in, W7, exceeds the energy gap between
the hot and cold thermal states, whereas the work out, W5,
remains less than this same gap (see Fig. 4d). As detailed
above, in the section on maximum efficiency at maximum
work, the total energy difference between the hot and cold
thermal states for fixed temperature ratios, 73 /7., is given
by a sum of the kinetic energy difference, which is approx-
imately constant, and the interaction energy difference, given
by Eq. (26).

Here, for a large quench in interaction strength, the correla-
tion function is no longer approximately constant, and g,(f) (0)
is strongly monotonically decreasing as a function of ~;, i.e.
g}(f) (0) < g£2) (0). We therefore find that the work input, W,
exceeds the interaction energy difference given in Eq. (26),

Wy o (7 = 7e)92(0) > 9.2 (0) =792 (0).  (34)

Further, as the kinetic energy term is approximately constant,
W5 inevitably exceeds the difference in total energy between
the hot and cold thermal states due to its linear dependence on
Yh-

Similarly, since g,(f)(O) monotonically decreases with ;,
for large quenches of interaction strength, the magnitude of



the work output, |W1| o< (v — ) g,(f)(O), remains less than

the energy gap between the hot and cold thermal states:
2 2
Wil o (v = 7e)gi” (0) < ymgs” (0) =7eg (0). (35
These two conditions, taken together, imply operation as a
heater under large interaction quenches.
In contrast, for any fixed value of v, and v, an increas-
ingly higher temperature of the hot thermal state, 75, means

that the corresponding correlation function, g,(LZ)(O), mono-

tonically increases towards its maximum value of g,(f) (0)~2,
which is achieved in regime IV, defined in Eq. (16). Thus,

there is always a value of 73, such that 922) (0)> g (0), turn-

10

ing the Otto cycle into the engine operation regime.

Finally, in the refrigerator thermal operation regime, for
T, = T. and an infinitesimal quench of interaction strength,

Yh—"e = 6, the net work vanishes as W o (y,—7.) (9;2) (0)—

g£2) (0)) o< 642. This occurs as the zeroth order terms in the
correlation function cancel when taking their difference in a
single asymptotic regime. In contrast, the heat intake, )1, de-
pends on the difference in total energy, which to first order
vanishes as Q1 o<d~y. This results in CoP[R]=|Q1|/WW —1x
d~v~1, which diverges as 6y — 0, as noted in the main text.
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Extended Data FIG. 1. Performance of the sudden interaction quench quantum Otto cycle, numerically evaluated via the thermodynamic Bethe
ansatz. Panel a demonstrates numerically evaluated net work and efficiency for a system with a cold thermal state defined by v.=0.1, 7. =0.5,
lying on the border of regimes II and III (see Fig. 2), and thus lying outside the range of the analytic approximations utilized in the main text.
Panel b is a copy of Fig. 3a for comparison with the numerical evaluation of the same cycle in panel ¢ using the TBA. Here, there is excellent
agreement in the net work between panels b and ¢, with small disagreement under large interaction strength and temperature ratios, as the hot
thermal state is approaching the edge of the asymptotic regime where it is applicable.
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Extended Data FIG. 2. Performance of the isentropic interaction-driven quantum Otto cycle, for the same parameters as in the sudden quench
scenarios of Figs. 3 a—c. As one approaches the boundary of the engine regime, defined by W =0, the efficiency, which is given by the ratio
of the net work, W, to the heat intake, ()1, is approximately constant, unlike the W itself which approaches O near the boundary. However, as
the efficiency is only a valid metric in the engine regime, it is set to gray scale outside the engine regime.
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