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Unitary drivings of quantum systems are ubiquitous in experiments and applications of quantum mechanics
and the underlying energetic aspects, particularly relevant in quantum thermodynamics, are receiving growing
attention. We investigate energetic advantages in unitary driving obtained from initial nonthermal states. We
introduce the noncyclic ergotropy to quantify the energetic gains, from which coherent (coherence-based) and
incoherent (population-based) contributions are identified. In particular, initial quantum coherences appear to be
always beneficial, whereas nonpassive population distributions not systematically. Additionally, these energetic
gains are accessible only through nonadiabatic dynamics, contrasting with the usual optimality of adiabatic
dynamics for initial thermal states. Finally, following frameworks established in the context of shortcut to
adiabaticity, the energetic cost related to the implementation of the optimal drives are analyzed and, in most
situations, are found to be smaller than the energetic cost associated with shortcut to adiabaticity. We treat
explicitly the example of a two-level system and show that energetic advantages increase with larger initial
coherences, illustrating the interplay between initial coherences and the ability of the dynamics to consume and

use coherences.
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I. INTRODUCTION

Most quantum experiments and quantum technologies re-
quire manipulation of quantum systems’ Hamiltonian. Among
the infinite variety of drivings realizing the desired Hamil-
tonian transformation, the least energy-consuming ones are
of high interest for energy controlled applications, like in
thermodynamics but soon in quantum information processing
and computation [1,2].

These least energy-consuming unitary evolutions are com-
monly associated with the well-known family of adiabatic
drives. The traditional criterion for adiabaticity relies on the
slow variation of the driving with respect to the velocity
of the system’s evolution [3] (see also [4-6] for recent re-
formulation and extension). The energetic aspects and the
origin of nonadiabaticity—the breakdown of adiabaticity—
were recently shown to stem from the noncommutativity
of the time-dependent Hamiltonian [7-9], giving rise to the
generation of quantum coherences and consequently extra
energetic costs [10] as well as irreversible work [11-13].
Such manifestations of quantum friction [7-9] can be cir-
cumvented using techniques like shortcut to adiabaticity
[14-17], widely applied in theoretic and experimental ther-
modynamics [18-24], adiabatic quantum computing [25],
experimental state engineering [26], and quantum information
processing [27].

Nevertheless, the above considerations and results are valid
for initial thermal states. Here, we focus on initial nonthermal
states and the energetic consequences for driving operations.
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We show that nonadiabatic drives become energetically op-
timal, highlighting the ongoing interplay between the initial
coherences contained in the system and the capacity of the
drive to consume coherences. We introduce the concept of
noncyclic ergotropy to quantify the corresponding energetic
gains. We also investigate the energetic cost required for the
implementation of the optimal drives. Compared to shortcut-
to-adiabaticity techniques, we show explicitly in an example
with a two-level system that nonadiabatic drives combined
with initial nonthermal states can bring higher energetic gains
simultaneously with lower energetic costs.

Let us consider the operation consisting in driving a quan-
tum system S from an initial Hamiltonian H; to a final one Hy,
with their respective eigenvalues and eigenvectors denoted
by e, and |e;), for x =i, f, in increasing order, ¢, , > e,.
We start the analysis by one of the central quantities of the
problem: E; :=Tr(psHy), the energy of the final state py,
reached at the end of the driving. For a given arbitrary initial
state p; of initial energy E; := Tr(p;H;), there is an infinite
variety of driving Hamiltonians H(¢) satisfying H(t;) = H;
and H(ty) = Hy, leading to an infinity of different final en-
ergy. Independently of whether the driving operation injects
energy in § (Ef > E;) or extracts energy from S (Ef < E)),
the optimal drive, which is in fact not unique, has to minimize
Ey, so that it minimizes the energetic costs or maximizes
the energetic gains of the operation. Therefore, our first aim
is to find the minimum Ef = minUEuTr(U,inTHf), where
U 1is the ensemble of unitary operations generated by drives
H (t) satisfying H(f;) = H; and H(t;) = Hy. As we will see
in the following, U/ is indeed simply equal to the ensemble
of all unitary transformations—in other words, any unitary
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transformation can be expressed as a unitary transforma-
tion generated by a time-dependent Hamiltonian satisfying
H(t;) = H; and H(t;) = Hy.

Since all unitarily accessible final states have necessarily
the same entropy as p;, one might first think of E  as the
smallest energy over the ensemble of states of the same en-
tropy as p;. Then, given that the state of smallest energy at
fixed entropy is a thermal state, one would conclude that £/
corresponds to the energy of (,0,)th the thermal state with
respect to Hy of the same entropy as p;. However, reminding
one that unitary evolutions conserve eigenvalues, (o; )55‘ cannot
in general be reached unitarily, unless the eigenvalues r, of the
initial state p; are equal to the populations of a thermal state of
Hy, as highlighted in [28]. Therefore, the state of lower energy
which is always achievable through unitary operations is not
(pi )‘h but (p;);, a state diagonal in the eigenbasis of Hy with
elgenvalues equal to r,,

(fi(;;)f = Zrn|e£><e£ 5

n

(D
where 1,11 < r,,. The associated minimal difference of energy
is

—Ene 1= Te[(p) (Hy] = Te(piHy) = ruef

n

— Tr(p:H)).

2)

The state in (1) belongs to the family of passive states
[29,30], defined as follows. For a given Hamiltonian H =
> . enlen){e,|, where the energies are ordered in increasing
order, e, > ey, a state p is said to be passive with respect to
H if (i) it is diagonal in the energy eigenbasis {|e,)},; and (ii)
it has decreasing populations, p,+1 = (ex+1lpl€nt1) < pn =
(en]plen). The violation of any of these two conditions leads
to two different types of nonpassivity: nonpassivity stemming
from populations when (ii) is not fulfilled, and nonpassivity
stemming from coherences when (i) is not fulfilled. These dif-
ferent physical origins of nonpassivity will be used in the next
paragraph. Of course, it is also possible to have nonpassivity
stemming from both populations and coherences when neither
(1) nor (ii) is fulfilled. Finally, a famous example of passive
states is the thermal states.

In the context of cyclic work extraction, where the aim
is to extract as much work as possible from a quantum
state p through time-dependent driving under the cyclic con-
straint H (¢;) = H(ty) = H, it was shown in pioneering studies
[28,31] that no work can be cyclically extracted from passive
states with respect to H. For states which are not passive,
the maximal amount of cyclically extractable work is called
ergotropy. Contrarily to what one could have expected, the
ergotropy is not directly related to the minimal energy dif-
ference —&,.—the relevant quantity in our problem. We call
the quantity &, the noncyclic ergotropy since it is related
to noncyclic operations H; # Hy. In particular, contrasting
with the ergotropy, the noncyclic ergotropy can be positive
or negative. When positive, it represents the maximal energy
extractable from p; while realizing the driving from H; to
Hy. When negative, its absolute value represents the minimal
energy needed to take the system from H; to H; when starting
from p;. Additionally, passive states with respect to H; are not
always the states of smallest noncyclic ergotropy, as shown

in the following (neither are the passive states with respect
to Hy). Before continuing, a small note on the notations: &
denotes the passive state of the same entropy as o (also called
the passive state of o) with respect to H;. (o), denotes the
passive state of o with respect to Hy.

II. NECESSITY OF INCOHERENT AND COHERENT
NONADIABATIC TRANSFORMATIONS

It should be emphasized that any dynamics leading to a
final passive state is necessarily nonadiabatic if and only if the
initial state is a nonpassive state with respect to H;, contrasting
with the usual adiabatic dynamics required for initial thermal
states [10—13]. This can be easily seen by writing the initial
state in its diagonal form.

Furthermore, we notice that there are two kinds of nona-
diabatic transformations: the incoherent ones, which generate
transitions between different initial and final energy levels but
do not generate coherences in the eigenbasis of Hy, and the
coherent ones, which do generate coherences in the eigenba-
sis of Hy. This finds an interesting parallel with the type of
nonpassive features—with respect to H;—initially present in
p;. If the initial state contains nonpassive features stemming
only from populations, nonadiabatic evolutions yielding (p;)
are incoherent (see Appendix A). Alternatively, if the nonpas-
sivity of p; is coherence based, evolutions yielding (p;), are
necessarily coherent nonadiabatic. This highlights the inter-
play between coherences contained in p; and the ability of the
evolution to consume and use coherences.

This difference in the nature of the required transformation
is mirrored in &,.: the noncyclic ergotropy can be decomposed
in a sum of an incoherent, a passive, and a coherent contri-
bution, &y = EN° + X + £0. The incoherent contribution
can be defined as 5}3;0 := Tr(p:H;) — Trlpi, H;], where p;, :=
> (€ |pilel)]el) (e | is the “diagonal cut” of p; and py, its
associated passive state with respect to H;. The passive contri-
bution can be identified as EX." := Tr[p;, H;] — Tr[(/,o;r,))fo]
where (/,o?,/\v) s is the passive state of p;, with respect to Hy.
Finally, the coherent contribution can be identified as E,fgh =

Tr[ (,o,‘ ») e Hpl — Tr[(f,(;,/ )rHy]. Additional technical details can
be foundf in Appendix A.

This extends similar considerations presented in [12,32] on
ergotropy.

III. ENERGETIC GAINS

We are now in a position to evaluate the energetic advan-
tages in driving operations provided by nonpassivity. These
advantages are given by the amount of energy gained (or
saved) thanks to the use of the best strategy starting from a
nonthermal state compared to the best strategy starting from a
thermal state of the same energy.

As detailed in the following, such energy gain is directly
given by the difference of noncyclic ergotropies between the
initial thermal and nonthermal states.

More precisely, for an initial thermal state, it is well known,
as mentioned in the Introduction, that energetically optimal
drives are either adiabatic (quasistatic), or use shortcut-
to-adiabaticity techniques [14—17]. Then, from the initial
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thermal state p" = 3", pi" [el) (¢}|, where pii :=Z~le~Fer,

Z :=Tr(e P") and B plays the role of the inverse temper-
ature, such drives yield the final passive state (plh) I given

by (1) substituting r, by pm. Note that (,ol‘h) f is generally
not a thermal state if the energy spectrum of H is not “pro-
portional” to that of H;. The noncyclic ergotropy, applicable
also for initial thermal states, is reached by these optimal

drives and is glven by (2) & = Tr(,o‘hH) Tr[(p}h)fo] =
Z"l pl l’l(e - e )

Thus, the noncyclic ergotropy difference, representing the
energy difference between the best strategies starting either
from a thermal state p" or from a nonthermal p; of the same
energy, is given by

—

Aépe :=Tr[ (o) Hy] - Tr[(}}{) Hy
Z I 3)

Is A&, always positive? Quite surprisingly, the answer is
no, contrasting with cyclic ergotropy. This means that some
thermal states have a larger noncyclic ergotropy than some
nonpassive states of the same energy, or in other words, more
work can be extracted noncyclically from some thermal states
than from some nonpassive states of the same energy. We
provide explicit examples in Appendix B.

A general condition guaranteeing the positivity of A&, is
given by the property of majorization. We recall that for any
two density operators p and o, p majorizes o when [28,33]

k k

o= s “4)

n=1 n=1

for all k > 1, where r, and s, are, respectively, the eigenval-
ues of p and o, in decreasing order. Then, the positivity of
A&, is guaranteed when p; majorizes ,ol-th, which can be seen

using summation by part [28], A&, = Zn(p}lfn — el =

Yisi(€ley =€) Xy (o = pl) 2 0.

In particular, this implies that coherence-based nonpas-
sivity always leads to positive A&, while this is not true
for population-based nonpassivity. This unexpected difference
stems from the passive contribution to A&,., which is zero
for coherence-based nonpassivity, whereas it can take any
sign—and, in particular, the negative one—for population-
based nonpassivity (Appendix A 3).

We mention briefly an alternative figure of merit quanti-
fying the energetic advantages stemming from the optimal
driving itself. It simply consists in the energy gained or saved
by applying an optimal drive to a given initial state p; instead
of applying an adiabatic drive orash shortcut to adiabaticity. It is
given by G,,, := Tr{[UapiUyy — (01)/1Hs} = 3,(Py — rue,
where U,y denotes the unitary transformation generated by the
adiabatic drive or shortcut to adiabaticity and pi, := (el | p;|€’)
are the populations in the initial energy eigenbasis. This quan-
tity corresponds to the cyclic ergotropy of the state UadpiU;d
(and therefore also of p;) with respect to H, and thus is always
positive by contrast with A&,.. Note that for initial states with
nonpassivity stemming from coherences, as in the examples
considered below, we have A&, = G,,,.

IV. UPPER BOUND AND ACHIEVABILITY
The noncyclic ergotropy is naturally upper bounded by
Enc = Tr(piy) = Trl (o) Hy )
< Tr(piHi) — Te[ (o)} Hy ], (5)

where (p; )3? is the thermal state of H; of the same entropy as
i, already introduced previously. We denote by g; its inverse
temperature. The ergotropy difference (3) is therefore upper
bounded by

A& < T () Hy] — Te[ (o) H ]
— B AS + B7S[(0") |00 ]. ©)

where AS := S(p}h) — S(p;) is the difference of von Neu-
mann entropy and is positive since ,ol?h and p; have the same
energy. This upper bound is automatically saturated when the
final passive state (p;) is a thermal state [and therefore equal

to (pl)th] However, when (,o,)f #* (,o,) the upper bound
can stlll be saturated asymptotically by using many copies
of the nonthermal state p; (see Appendix C). This relies on
the theorem shown in [31]. Similarly, G,, is upper bounded
by G,, < Tr{[UwpiU,; (p,)‘h]Hf} which can be saturated
in the same conditions as Eq. (6) thanks to [31].

As aresult, any nonthermal features are energetically ben-
eficial in the asymptotic limit of many copies, whereas for
a single copy, nonthermality and even nonpassivity are not
sufficient to guarantee some energetic benefits with respect
to initial thermal states—only majorization is sufficient.

V. COST OF DRIVING

The remaining questions concern the existence, the explicit
form, and the associated energetic cost of optimal drivings
saturating the noncyclic ergotropy. For a given initial nonther-
mal state p; = Y r,|ri) (ri], we are looking for Hamiltonians
H(t) that generate the final unitary transformation R =
>, e le}) (ri| with the constraints H (1;) = H; and H (tr) =
Hy at initial and final times #; and #7. The phases ¢, can be
chosen freely if one assumes an experimental setup able to
control and adjust them, otherwise they will be left random.

For arbitrary initial and final Hamiltonian H; and Hy
we define Ho(¢) := A;(t)H; + Ly (t)H, where A;(t) and A ¢(¢)
are real positive functions such that A;(#;) = A¢(tf) = 1 and
Ai(ty) = As(t;) = 0. Besides these initial and final conditions,
Ai(t) and Ag(t) can be chosen freely, in particular to suit
experimental constraints.

One can show (Appendix D) that a family of driv-
ings reaching (p;), is of the form H(r) = Ho(t) + V(1)
with V(1) = —hf(1)Up(t)x U, (t). We introduced Up(r) :=

¢ WMT Ji duth@) o the unitary transformation generated by

the original drive Hy(¢), T is the time-ordering operator, x :=
—i ln[UOT (/)R] represents a kind of “overlap” between the
aimed transformation R and the one actually generated by the
original drive Hy(t), and f(¢) is a real function which can be
chosen freely besides the following conditions f(#;) = f(;) =
f(y) =0and f(t;) = 1. This also shows that the ensemble I/
introduced in the beginning of the paper contains indeed all
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unitary evolutions since the above reasoning can be repeated
for any unitary instead of R.

The additional driving V(¢) seems energetically cost-
less at first sight since it does not contribute explicitly to
the total work, [ du Tr{p, 2% [Ho(u) + V w)} = Tr(psHy) —
Tr(p;H;). Still, there is an intrinsic energetic cost associated
with the additional driving V(¢). This was pointed out in
the context of shortcut to adiabaticity [34—37] and captured
by the time-averaged norm of the additional Hamiltonian or
instantaneous additional driving energy [38]. Note that the
Hamiltonian norm is also shown to be the relevant quantity
to express energetic cost in extended Landauer principle [39].
Following these energetic analyses, the energetic cost asso-
ciated with the additional drive V(¢) is w := % f;f at||\V ()|,
where T :=t; —t; and ||V (¢)|| is the Frobenius norm of V (¢),
equal to

IVl = {Te[V OV @O = RIFONTe( OV (7)

The relation defining x can be rewritten as
ex =3 ePeln(ril with |els) = Ug(tf)|e£). Since
>, €% el (rl] is a unitary matrix, it is diagonalizable
in the form Y e |u,)(u,|, with 6, € [-m;7w[ and |u,)
is the associated eigenvector. Then, a suitable choice is
X = 22, Onlun) (o, implying [Vl = Al fFOICE, 6",
and an energetic cost equal to w = (}_, 62)"/*2 fttf dt|f(@)].
Since ftlf dt| f ()] > 1, with the inequality saturated when

f(@) = 0forallt e [t;t7], we have the following achievable
lower bound:

12
h
W > Wpin 1= ;(Zﬂ: 93) . (3

The term (3, 93)1/ 2 can depend on the choice of the
phases ¢,. If we assume that we have experimentally the
full control of such phases, we can choose them in order to
minimize (), 6’3)1/ 2. Otherwise, the phases are random and
we will simply average (", 62)!/? over all possible phases to
obtain an average cost. Finally, note that (}_, 62)!/? is upper

bounded by 7+/d, where d is the dimension of the system.

VI. ILLUSTRATIVE EXAMPLES

So far, we showed that nonthermal features can be used to
gain or save energy in driving operations. On the other hand,
we also saw that there is an intrinsic energetic cost associ-
ated with optimal drives. Then comes the following question:
how large can the energetic gains and the intrinsic energetic
costs be? We answer this question in two practical exam-
ples involving a two-level system. In the first example, we
analyze the situation where H; is proportional to Hy and
compare the energetic gains provided by quantum coherences
versus the energetic costs associated with the optimal drives.
In the second example, we consider the more general situation
where H; and Hy are not proportional. Then, the bare dy-
namics Up(7) is not adiabatic and shortcuts to adiabaticity are
needed in order to reach (p}h ) I when starting from a thermal

state ,o}h. Thus, in this second example, beyond evaluating
the energetic gains provided by quantum coherences, we also

0.5¢
0.25

0

FIG. 1. Top panel: Plot of the energy gain A&, = G, (textur-
ized surface) and the energetic cost wp,, (solid green surface) both
in units of /iArw, in functions of the initial population p; € [0;1]
and coherence |c;| € [0; /pi(1 — p;)]. We assume a driving velocity
slower than the free evolution, setting 1/t = A;w/10, which allows
one to convert /i/ in units of /il yw. Bottom panel: Same plot with
the upper bound 0.89%” (yellow horizontal plane) and the lower
bound 0.77”7” (green horizontal plane just below the yellow plane)
of the average energetic cost W, (When no experimental control of
the phases is available).

compare the intrinsic energetic costs between the optimal
drives and shortcut to adiabaticity.

A. Example 1

We start by analyzing the simple but common situation of
a two-level system driven by a drive of the form Hy(t) :=
A(t)h5 o, which is naturally adiabatic since [Ho(t), Ho(t")] =
0 for all ¢ and ¢’ [7,8]. The time-dependent parameter takes
the initial and final positive value A(#;) := A; and A(t) := Ay,
and o, denotes the z-Pauli matrix, with |1) and |0) the excited
and ground states, respectively. A general initial nonthermal
state is of the form p; = (i | f"p[) in the basis {|1), [0)}. The
associated noncyclic ergofropy is given by (2) with the eigen-
values r| and ry functions of ¢; and p; (expressions detailed in
Appendix E). The minimum energetic cost associated with the
family of optimal drivings V (¢) is, according to the previous
paragraph, given by wpi, = @ ;

On the other hand, the initial thermal state of the same
energy as p; is simply p" = diag(p;, 1 — p;), and the original
drive Hy(t) is already adiabatic as commented above. Then,
the energetic gain provided by the coherences c; is given by
the noncyclic ergotropy difference (3), which gives here

Aéne = finpoly/(1/2 = pi)? + [ci2 = 1/2 4 pil >0,

and is also equal to the alternative figure of merit G,,,.
Figure 1(a) presents a plot of A&, = G, and wpyin as-
suming a driving velocity slower than the free evolution,

arctan2=1L
ro—Ppi
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1/t = Arw/10. One can see that the energetic gain is always
larger than the cost for large initial coherences, as long as
pi = 0.025 (obtained numerically, not visible on the figure).
Note that, rigorously speaking, A&, becomes ill-defined for
pi = 1/2 because then p" is no longer passive (negative
temperature). Still, we can use G,, to consider the energetic
gain beyond p; = 1/2. Then, the sudden step in the driving
cost at p; = 1/2 happens because at this point the populations
become inverted. This implies that, for ¢; = 0, optimal drives
must swap the two eigenstates |0) and |1), whose cost is
precisely ;%.

If the experimental setup does not offer control of the
phases ¢; and ¢,, the average energetic cost W, takes a value
between 0.77 2 and 0.89 2, displayed in Fig. 1(b).

B. Example 2

We consider now the same system but with H; := %hwooz
and Hy := h%az + @ax not commuting, implying that Hy(t)
is necessarily nonadiabatic. We focus on the following fam-
ily of driving, Ho(t) = 3hw(t)o; + 3he(t)ox, with (1) =
wo, €(t;)) =0, w(ty) = wyr, and €(ty) = €7. In order to allow
for analytic treatment of the dynamics, we assume that the

time-dependent frequencies are such that u := %&(’)wm

is constant [8,23], where Q(¢) := \/w?(¢t) + €2(¢). This in-
cludes, for instance, time-dependent frequencies of the
form w(t) = wocos[m(t —¢;)/2t*] and €(t) = wy sin[x (t —
t;)/27*], commonly used experimentally [40]. Such choice
implies p = —1/Qwot*), wy = wgcos[wrt/21*], and €5 =
wo sin[rt/27t*], whose exact value will depend on one’s
choice of 7*. In particular, for wyt* — 00, the adiabatic pa-
rameter [23] p goes to zero, indicating adiabaticity, while
|| — oo for wgt™ — 0, indicating strong nonadiabaticity.
Since Hy(t) is nonadiabatic (at least for finite wy7), optimal
drives for initial thermal states ,ol?h use shortcut to adiabatic-
ity [18-24]. It consists in adding an extra drive, like for
instance the so-called counterdiabatic drive Vcp(t) [14—17],
whose aim is to suppress generation of coherences and level
transitions. Then, for an initial thermal state p}h = p;|){1| +
(1 — p)|0){0], the addition of the counterdiabatic drive Vep (1)

yields the final passive state (p}h)f = pi|e{)(e{| + (1 —

pi)|e£ )(eg| (which happens to be also a thermal state since
there are only two energy levels), and reaches the noncyclic
ergotropy equal to Ex™ = E; — Tr[(p") .H]. The expression
of Vep(¢) tailored for our problem is provided in Appendix F 2
(see also [8,23]) as well as the derivation of the associated
energetic cost wsta according to the criteria discussed above.
We find wsra = || %2, with Q@ := [ drQ(0).

It is also interesting to estimate how much energy is
indeed gained or saved thanks to the shortcut to adiabaticity,
and compare it to wsta. This requires one to compute the
energy of the final state oy we would obtain using only
the bare drive Hy(¢). We obtain Tr(psHy) = Qr(py — 1/2),
where Qf := Q(t;) and py = (e{|pf|e'{) is the population
in the final excited state (analytical expression provided in
Appendix F). Thus, the energetic gain associated with
the counteradiabatic drive is AESTA := Tr(prHy) —

Trl(of) Hyl = 52 — p)'SU=22,  with

e Ve = cos 2

v/ 1+ 2. Note that the energetic gain AESTA is positive only
for initial positive temperature (p; < 1/2). This is because
thermal states of negative temperature are nonpassive, and
then shortcut-to-adiabaticity techniques stop being optimal.
We now focus the noncyclic ergotropy achieved by

an arbitrary nonpassive state p; = (%
tial eigenbasis). Using the family of optimal drives
V(t), we can achieve the optimal final state (p;), =

_ ,,) (in the ini-

r1|e{)(e'{| +r0|e‘6)(eg|, with the expressions of r; and ry
as in example 1. The energetic gain with respect to
the performance of the shortcut-to-adiabaticity technique
applied to initial thermal states is A&y = &y — ESIA =
th[x/(%—p,-)—z—i-lc,-l2 — (4 = p)] >0, the same as in ex-
ample 1, which is also equal to the alternative figure of
merit G,,. However, differently from example 1, one can now
compare the energetic costs wsta and Wy, Which provides
a fairer comparison of performances between initial thermal
states and nonpassive states. The values taken by wpi, now
depend on some phases like the phase of the initial coherence
¢; (see technical details in Appendix F 1). We find that wy;,

belongs to the interval @wl,mm — 02 min| < Wmin < @n,

pi—n
To—pi

corresponds to the minimal en-

ergetic cost in example 1 and 6 i, := arctan— =V g
24+ (14v,)

only due to the nonadiabaticity of Uy(t). Importantly, if one
has experimental control of the phases, the minimal energetic

where 6} nip := arctan

cost @ |61.min — 02.min| can always be achieved.

In Fig. 2(a), we compare these energetic costs providing
a plot of wgta for p; = 0.4 and wy, for p; = 0.4 and ¢; =
V0.4 x 0.6). We use the specific form of the time-dependent
frequencies mentioned above, implying Q(t) = wy, Q2 = wyT,
and wgta = ;’;ﬂ Thus, the plots are in units of Zwy and in a
function of wyt*, directly related to the level of nonadiabatic-
ity, and wyt, related to how fast is the driving with respect
to the free evolution of the system. One can see that wpy;,
is smaller than wgys for most values of wot and wot*. In
particular, while wsta diverges for high nonadiabaticity, wm;,
remains finite. However, wy,, diverges for very fast drives.
Interestingly, one can show that this divergence of wy;j, is only
due to the contribution from 6} ni,. In particular, for ¢; = 0,
Wmin Temains finite and strictly smaller than wsta, meaning
that the driving V(¢) is more performant than shortcut to
adiabaticity.

In Fig. 2(b), we compare the energetic gain A&, = Epe —
ESTA (also equal to G,,) brought by the optimal drives with
its energetic cost wy,. In Fig. 2(c), we compare the energetic
gain AES™ brought by shortcut to adiabaticity with its en-
ergetic cost wsta. One can see that the performances of the
optimal drives are significantly better than the performances
of shortcut to adiabaticity. Additional plots in functions of
the more general parameters  and |u| are available in Ap-
pendix F 3, allowing us to conclude that the above tendency
remains valid in more general settings.

VII. CONCLUSION

We initiate the exploration of energetic advantages in driv-
ing operations of quantum systems obtained from nonthermal

062221-5



CAMILLE L. LATUNE

PHYSICAL REVIEW A 103, 062221 (2021)

A&ne,Wmin

(©) T

FIG. 2. Plots of (a) wgta (texturized surface) and w,y,;, (blue solid
surface); (b) A&, = G, (horizontal texturized plane) and Wy, (blue
solid surface); and (c) AES™ (lower blue surface) and wgrs (upper
yellow surface). All plots are in units of Ziw, and in functions of wyt
and wyt*, for p; = 0.4 and ¢; = /0.4 x 0.6.

states. These energetic advantages with respect to initial ther-
mal states are captured by the noncyclic ergotropy, composed
by the sum of a coherent (coherence-based) contribution,
an incoherent (population-based) contribution, and a passive
contribution. A more specific figure of merit can be intro-
duced, G,,, focusing on the energetic gain brought by the
optimal drive itself. It was shown to be equal to the noncyclic
ergotropy difference A&, for coherence-based nonpassive
states, as considered in the examples.

We saw that any nonthermal feature can bring energetic
gains in the limit of many copies of the state. By contrast, for
single state, we show, relying on majorization properties, that
only quantum coherences can systematically bring energetic
gains compared to initial thermal states. In particular, such
gains are only achieved by dynamics able to consume co-
herences, emphasizing the interplay between the presence of
coherences and the ability to use them. It would be interesting
to see if this mechanism could be the underlying phenomena
behind the interference effects enhancing the performance of
cyclic engines pointed out in [41], which would allow one to
extend its applications.

Additionally, the energetic costs associated with optimal
drives can be significantly smaller than those associated with
shortcut-to-adiabaticity techniques while energetic gains can
be significantly larger. Future investigations should be con-
ducted to analyze other systems and potentially other criteria
to evaluate the energetic costs of drives [21].

All these energetic advantages rely on the availability of
nonthermal states. There are indeed many realistic situations
producing nonthermal states, including strong interaction with
a thermal bath [42,43], many-body systems interacting with
a common bath [44-50], non-Markovian evolution [51,52],
and interaction with several thermal baths at different temper-
atures [53].

Additional applications could be to explore questions sug-
gested by our approach, like the lower energetic cost offered
by the driving V (¢) compared to shortcut to adiabaticity, the
tradeoff speed versus energetic cost of usual (cyclic) work
extraction, as well as noncyclic work extractions in quantum
batteries. Finally, we anticipate direct applications in quantum
engines operating with strong bath coupling [54-58] or with
structured bath [59], where it has been reported mostly neg-
ative effects from the nonthermal properties and coherences
naturally generated by these rich dynamics. A possible reason
could be that such resources have not been fully exploited.
Our results provide one possible direction.
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APPENDIX A: INCOHERENT AND COHERENT
NONADIABATIC TRANSFORMATIONS

1. Nonadiabatic transformations

Any evolution leading to a passive state with respect to
Hy is necessarily nonadiabatic if and only if the initial state
is a nonpassive state with respect to H;. This can be easily
seen by writing the initial state in its diagonal form, p; =
> ralri)(ri]. The final state is passive if and only if the
applied evolution U satisfies the condition (ef, |U\|rw) = 8pw,
where §,,/, is the Kronecker delta. Then, if p; is a passive state,
we have |r,1) |e‘ ) for all ', and the previous condition
becomes (e \U |e /) = 8., Which corresponds to an adiabatic
transformation, or more precisely, to an “integral or global”
adiabatic transformation, a looser condition than a dynamics
which is adiabatic at all intermediate times. By contrast, if p;
is not passive, it means there exists at least one n such that
AETAN implying that there exists at least another index
m # n satisfying (e, ) 7& 0. The condition for having a final
passive state requires (e, |U |r,) = 1, implying in fine that U
contains the transition |e£ ) (e£n|, so that U necessarily realizes
a nonadiabatic transformation.

2. Coherent and incoherent contributions

Nonthermal and nonpassive features have two distin-
guished contributions: one from populations and one from
coherences. It is possible to separate these two contributions in
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the noncyclic ergotropy, extending similar considerations pre-
sented in [32] on ergotropy. However, for noncyclic ergotropy,
it is convenient to introduce a passive contribution, described
in the following. For an initial state p;, we denote by p;,, =
> (€ |pilei)]el) (e | the corresponding dephased state. The
incoherent contribution to the noncyclic ergotropy is £ :=
Tr(p:H;) — Tr[p;, H;], where p, =3, Ponlen) eyl is the
passive state of p;, with respect to H;, with p', := (e | pi|e’)
are the populations in the initial energy basis, and o(n)
is a permutation of the indices such that pg(n 4 S Pony-
Obviously, in the particular situation where the popula-
tions pi of p; are already in decreasing order we have
Pil, = pil, and the incoherent contribution is null since
Tr(py,H;) = Tr(p;H;). By defining the unitary transforma-
tion U, := Y, eVrlel)(e é(n)| where 1, is a phase factor,
we obtain py, = Uy, p;,U, a = (UyspiU)),,. Alternatively, p;,
can be defined as [32] p;, = argmin,_gin Tr(c H;), where
Sie = {Ug ,0,~|DU{:r by and U™ denotes the ensemble of
incoherent unitary transformations with respect to the ini-
tial energy eigenbasis. Incoherent unitaries are of the form
> € lel) (el |, where &(n) is a permutation of the indices
and ©, a phase factor. Importantly, £ is always positive.

The second contribution is the passive one, defined
as & o= Trlpa, Hil — Trl(py,) Hel  with  (py,), =
> pfy(n)le{)(e',f | the passive state of p;, with respect to
Hy. Note that (/p;/b) ¢ is related to p;, through adiabatic
transformations Which are of the form Uyq = ), € le) (e
Additionally, 5" can be positive or negative.

The coherent contribution to the noncyclic ergotropy can
be defined as £ =Tr[(7),~\/|D)fo] —Tr[(f/;i/)fo]. Ech g
always positive since Tr[(/p?/b)fo] = Tr[UadUapiUJU:dHf]
and (?;) ¢ is the passive state associated with p; but also to
UadU(,p,-UjU;d. A similar expression as in [32] can be ob-
tained for the coherent noncyclic ergotropy:

g = ' [C(or) + S[(on,), [P (BY] = S[(0) s |2 (B)]]

(A

where p‘h (B) denotes a thermal state of the final Hamiltonian
at arbltrary inverse temperature 8, and C(p;) = S[pi,1 — Slpil
is the amount of initial coherences measured with the relative
entropy of coherence [60]. While (p,-\D)f can be reached by

incoherent nonadiabatic evolutions, for instance U,qU,;, (f,(;; )y
can be reached only via coherent nonadiabatic evolutions. It
can be easily seen by remembering that applying an inco-
herent nonadiabatic evolution to an initial state containing
coherences necessarily yields a final state with coherences.
Alternatively, one can see it by noticing that an evolution able
to consume coherences is also able to generate coherences.

Finally, the three contributions add up to give the noncyclic
ergotropy: &y, = ¢ 4 ERF 4 £ Note that the passive
contribution can alternatlvely be defined before the incoherent
one or after the coherent one. This could in general change
the respective value of each contribution but without changing
their nature.

3. Consequences for energetic gain

The above decomposition of &, is insightful to under-
stand the difference between coherence and population-based
nonpassivity. For coherence-based nonpassivity, the energetic
gain, given by the difference of noncyclic ergotropy [Eq. (3)
of the main text], can be decomposed as

A(E‘nc = nc(pi) - gﬂc(p;h)
= ER(p;) + £ (i) — EBS (o).

Since we assumed that p; contains only coherence-based
nonpassive features, the populations are the same as the
thermal state p" of the same energy, and consequently the
passive contributions are also the same, Exe (0;) = Exe (pM).
Consequently,

(A2)

A&ne = ESM () = 0, (A3)

from which we conclude that coherences always bring ener-
getic gains.

By contrast, for a population-based nonpassive state, the
populations can be very different from the thermal state of
the same energy, so that the passive contributions can be very
different too. Then, we have

Ane = ERS () + Ex(p1) — ER (i)
= AEPS 4 EM(py), (A4)
which can be of any sign since AER = Ene (p:1) — Exe (M)

can be positive or negative. This is illustrated in the next
section with three-level systems.

APPENDIX B: LARGER NONCYCLIC WORK
EXTRACTION FROM PASSIVE STATES THAN FROM
NONPASSIVE STATES

In this Appendix we provide an explicit example that
for noncyclic transformations, initial passive states can yield
a larger work extraction (for positive noncyclic ergotropy)
or require less driving energy (for negative noncyclic er-
gotropy) than nonpassive states. We consider a three-level
system and a noncyclic process with initial Hamilto-
nian H; = Z e'lef)(e'| and the final Hamiltonian Hy =
Zzzl e, |e,,)( e, |. Without loss of generality, we assume that
¢ =el =0 and ¢, = ¢] =1, which implies that ¢, and e}
belong to the interval [0; 1]. As passive state, we consider a
thermal state pi‘h at inverse temperature 8. We denote by p;h
its initial populations associated with the eigenvector |e' ). We
are looking for a nonpassive state such that its noncyclic er-
gotropy is strictly smaller than that of the thermal state. Since
we saw in the main text that initial coherences always increase
the noncyclic ergotropy, we choose a diagonal nonpassive
state p; = Zn 1ql|e )(e |. In other Words we need to find

nln

ql, 2, and g3 such that E; = 4+ ge) > Tr[(,ofh)fo]
2 h ptzheg , remembering that (,o;h ) E is the final passive state
associated with p}h. We introduced g3 := min,—1 23 g, and g3
is the second smallest population.
One can show for instance that choosing ¢} such that (1 —
eh) < 1, with g3 = p + &, o = p —a/el), and g1 = 1 —
g> — q3, where a := e~ ? B(e}, — (¢}))*)/3 guarantees ¢§ > p?.
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This 1mphes that we can always have Ef > Tr[(p; h) Hf] by

choosing e2 small enough.

Explicitly, let us take B =1 (in units of kp) and €}, =
0.9. With these values we obtain according to the above
choices p' >~ 0.564, ph ~ 0.229, pP ~0.207, ¢; ~ 0.565,
q» ~0.217, and q3 ~ 0.218. Thus, we have for the ﬁnal popu-
lations g5 — p' = g3 — p ~ 0. 009 54 and pi =ph—
g3 = 0.0108, so that any value of e2 smaller than O 88 leads

to Ef > Tr[(plth)fH,].

APPENDIX C: ASYMPTOTIC ACHIEVABILITY OF THE
UPPER BOUND EQ. (7)

The theorem shown in [31] states that for any state p and
for N going to infinity, there exists a unitary transformation
Uy (not unique) such that

Loy @ pUSHY) — Tr(pH), (C1)
N N—o00

where H can be an arbitrary Hamiltonian, Hy :=
SV LR @H VAT, T is the identity, and p™ is
the thermal state of same entropy as p associated with
the Hamiltonian H. Then, it implies the existence of a
unitary transformation mapping asymptotically well (in the
sense stated above) ®Vp; to @V (p,) , remembering that
(p)th I denotes the thermal state with respect to Hy of same
entropy as p;. In particular, it also means that we can find a
time-dependent Hamiltonian Hy(¢) such that the generated
unitary transformation realizes this mapping with the
additional constraints Hy(t) =Y 0y T @H V1
and Hy(t;) = Y oy @1 ® Hy @' L.

APPENDIX D: OPTIMAL DRIVINGS

One can verify easily that the family of driving V (¢) given
in the main text brings the initial state p; to the optimal final
state pr. The complete transformation is given by

U = efin,if dtH(1)
oI I diHo®

t ; 1 —j 1
xe_infff dte‘Af’i duHO(u)V(l)e i gy duto ()

oI T I o) yix [ difo

oI T I dtHo®) ix f )~ @)
- X

where we used the definition of x and the properties f(#;) = 0
and f(¢ty) = 1. It is then straightforward to see that U brings
pi to the optimal final state.

; (D1)

APPENDIX E: DETAILS ON THE ENERGETIC COST OF
DRIVING FOR TWO-LEVEL SYSTEMS

The eigenvalues and eigenvectors associated with the ini-
tial state p; = (%

n=14-Vpi— 1727+ lal, ED

“ tivel
- p’) are, respectively,

=3 +V(pi— 127 +1aiP, (E2)
and
lr) = pi|1> e Vi |0) (E3)
To—n ro—T11
|7‘0) = e“ﬂi u|1> + |O) (E4)
rh—n ro —

where 1; = arg(c;). The unitary evolution Uo(t) is simply
givenby Uy(t) = e M@/ with A := ft(t)f dtA(t). Since both
H; and Hj are proportional to oy, the initial and final energy
eigenstates are the same, namely, |1) and |0). As detailed in
the main text, optimal drivings can be obtained through the
matrix y which is itself given by

eix — Z ei¢"UJ(t.f')|e£>(r£l|
n

= PN | + P e N N0) (rol. (BS)

The associated eigenvalues are ¢+ and ¢ with

o+ ¢
o = 3 L4 (@1 — o)
ro — 1
+ arctan\/ > -1, (E6)
(ro — pi)cos” (@1 — ¢o)/2
where k(¢; — ¢g) is a function equal to O when cos(¢; —

¢o) = 0 and equal to 1 otherwise [explicitly, k(¢; — ¢g) =
O[— cos(¢p; — ¢o)], where O is the Heaviside step function].
Assuming one has full control of the phases, one can achieve
the following minimal energetic cost:

V2 [Di—T1
Wmin = ——arctan
T ro — pi

_ 2 (¢<1/2—za,->2+|c|2—(1/2—p,->>”2
= ——arctan 5
T VA2 = p2 + el +(1/2 = p)

(ET)

by setting ¢; = ¢ = 0. By contrast, if one has no control of
the phases, their value for each realization is random, and the
average cost is given by

11
- -1 /92 2
W= p d¢>1 /;n degy /0y +0-. (E8)

The analytical expression is challenging to obtain, but one can
instead show that 15 |7 d¢y " d¢, V67 + 62 takes value
within the interval [0.777;0.89] depending on the values of
Di and Ci.

APPENDIX F: NONADIABATIC DYNAMICS

The time-dependent Hamiltonian considered in the last part
of the paper is of the form

Hy(1) = so(t)o; + 3€(t)oy, (F1)

and generates a nonadiabatic dynamics since [H (¢), H(t')] #
0 in general. Such kind of dynamics are challenging to in-
tegrate. Still, analytical integrations are possible when the

Hamiltonian parameters are such that p := %&(’)‘”(”
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constant [8,23]. A simple way to integrate the dynamics
is using a closed set of orthogonal observables {Bj}o<k<3
forming a basis of the Hilbert space. We use the same set
as in [8,23], namely, By = I, B} = Hy(t) = w(t)S, + €(¢)Sy,
By =€(1)S; — w(t)S;, and Bz = Q(¢)S,. In the Heisenberg
picture B;(r) := s duth) g =T Ji duHo@) dynamics is
given by Bi(t) = i[Hg (1), Bi(t)] + 5 B i(t), where Hj(t) :=

A MW H e ST LA a4 the partlal derivative denotes

the derivative with respect to the intrinsic time dependence of
the operator B;. The dynamics of the basis can be written in a
matrix form

lXt—A Q]IXt F2
5()—(+§)(), (F2)

where X (t) = {Bi(t), By(t), B3(¢)}" is a three-component col-
umn vector and

a 3 x 3 matrix. This can be integrated after diagonalizing A,
yielding (see also [8,23])

Q)
X(t) = ——o
(12 + DHQ(0)
1+ p?ve pog/ 2+ 1 (1 —v)u
X | —uvsv/i2+1 ve(u2+1)  v/p?+1
u(l —ve) —Vsv n*+1 H/2+Vc
x X(0), (F4)
with v :=cos Q1+ u?, v, :=sinQy/14+pu2, and

Q= f ' dtQ(t). Note that from B;(r) we have directly
the expressions of S;(¢), Sy(¢), and S(¢), from which we
obtain the time- dependent Bloch vector to reconstruct

the final state, py = (Iz*; lifm) in the basis {|€1f>7 Ie'(’;)}-
We obtain py = 2(141m2)[2pi + u? — wPv.(1 —2p;)] and
cp= *Sﬁhff") sgn(ef)[vm/l + u2 —i(1 —v,)]. The final
eigenstates are given by |e¢/) = [(w; + 22,)? + 717wy +

0 n 0 Q1) +€£0)] and e)) = [(wf — Q) + €217 [(wf —
A=|-u o0 1 F3) Qo)1) +€|0)].
0 -1 0 |
1. Energetic cost of the family of optimal drive
The minimal energetic cost of an optimal drive is given by (see main text) wmin = X[Try x ']"/, where x is such that e'* =

doa€ i&n |e /)(r |. The expressions of |r;) and |ry) are the same as in (E3) and (E4), respectively. We can derive the expression
of |e /) and |e0 ) (up to a phase factor included in &,) from the above expression of py, taking, respectively, |1)(1] and |0){0] as

initial state. We obtain

|€}) = ae™™|1) — BI0), (F5)

ef) = BI1) + ae® B|0) (F6)

with ael® =
2(14r

Combining (F5) and (F6) with (E3) and (E4) we have

3 it

n

. . it
il = (s

[Sg )y (L +p>)(A +v) —iy1—v]and g = ng (e)p/1 —

i —i(6—&1—6o)
sinne ) (F7)

cos ne~iE—5—k)

in the initial energy eigenbasis {|1), |0)} with », ¢, and § implicitly defined by the relations cos ne = o /;2 ’r’l €619 1

,3 ro—pi zé, _
ro— rl

c;. As a result, the eigenvalues of ¢X are ¢+ and - with

By E=te €&~V and sin e’

o,/ ﬁei(&)*%"/’” , reminding one that v/, is the argument of the initial coherence

0y =

1

S —; S0 + (&1, &, @, 1) £ arctan

control of the phase & and &, the minimum energetic cost is

(ot 2222 cos(ha — £1/2 + £0/2) + B =2 cos(yi + £1/2 — £0/2)]”

where k (&1, &, «, n) is a function equal to O when cos n cos(¢ — &,/2 — &y/2)

—1, (F8)

> 0, and equal to 1 otherwise. Assuming one has

/ np . opon
Wmin = ——arctan, | | o2 P ,32p'
T ro—n ro — rp

Contrasting with the first situation where Hy(z) generates
an adiabatic transformation, the energetic cost after mini-
mization over & and &; depends on 1;, the initial phase of
the coherence c;, and on ¢, [which depends on the original

2,30:\/(”0

—pi)(pi —11)
ro—n

—1
cos(¥; + %)} - L (F9)

(

dynamics Up(tr)]. Then, one can consider again the same
alternative. If experimentally one has control of these phases,
meaning that they have well-defined values which can be
adjusted by some controls on the experimental apparatus,
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then, the minimum energetic cost can be brought down to (for
Vi + ¢ =0if e > 0, and for ; + ¢y = mw if €, < 0)

V2

Wmin = T|91,min - 92,min|’

(F10)

with 6 nin = arctan /f(;%;‘_, contribution form the initial

state, and 05 yin = arctan 2! = arctan —2 1=V contribu-
o N 242 (14v,)

tion from the original dynamics Uy(t5). Conversely, if one has
no control over i; and ¢,, the energetic cost can take any
value between \/TEWI,min - 92,min| and \/TE(Gl,min + 02,min)~
Finally, without any control of the phases & and &, and
therefore left random, the energetic cost takes values between

V2 V2
T|91,min — 02,min| and <.

2. Counterdiabatic driving and energetic cost

According to [14-17], for a given time-dependent Hamil-
tonian H (t), the counterdiabatic drive is given by

d
Hcp = Z (_nn)nns
- dt

where m, := |e,)(e,| are projectors onto the instantaneous
eigenstates |e,) of H(t). The corresponding energetic cost is

given by the time average of the Hamiltonian norm || H (¢)]|.
One obtains |[H(®)| = (D, (é,,|e',1))1/2, using the property
(eqllen) = 0, where |e,) stands for %|en). Recalling that we
consider the family of driving Ho(t) = 2o, + Lo, the
instantaneous eigenstates are given by

(F11)

Q@) + o) Q1) — (1)
le1) —\/ 290) |1>+\/ 290 10) (F12)
and
_ Q) — w() Q) + w(t)
leo) = —\/—290) (1) + \/—290) [0). (F13)

This leads to |H ()| = W = |u|Q2(t), implying

that the energetic cost is wsta = ||Q/7.

3. Some additional plots

We finally provide some plots additional to the one pre-
sented in the main text. The following plots are in functions
of the more general parameters $ and |u|. In Fig. 3(a), we
compare the energetic cost wpi, and wsta in units of i/t
and in functions of the dimensionless parameters u € [0; 4]
and Q € [0;4], and setting p; = 0.4 and ¢; = /0.4 x 0.6.
One can see that wpi, is almost always smaller than wgra .
Additionally, for some initial nonpassive states, the ener-
getic cost wpp, 1S zero, meaning that the transformation
Uy(ty) is already optimal for these particular initial states.
Without the phase controls mentioned above, wp, takes

random values between @|91,min — 02 min| and @n, SO

one could say that on average the energetic costs wp, and
wsTa are comparable for moderate values of € and . For
large values of these parameters, the wpi, is always smaller
than wsta.

WCD,Wmin

FIG. 3. (a) Plot of wgrs (texturized surface) and wy;, (blue
solid lower surface) in units of 7/, in functions of the dimen-
sionless parameters o € [0;4] and Q € [0;4], for p; =0.4 and ¢; =
+/0.4 x 0.6. The purple upper plane is the upper bound of wp,
equal to 7+/2. (b) Plot of wsrs (green solid surface) and AESTA
(texturized surface), both in units of /€2, in functions of u € [0;4]
and Q € [0;4], assuming + = 20/7, which allows one to convert
i/t in units of i2. (c) Plot of wpi, — wsta (pink lower surface) and
A&, (upper blue horizontal plane), both in units of /2, in functions
of € [0;4] and Q € [0;4], still assuming Q =20/7. The purple
intermediate surface is the upper bound of wp, — wsrta, equal to
T ﬁ — WSTA-

In Fig. 3(b) we compare the energetic gain AES™ in
units of %2, brought by shortcut to adiabaticity with its
energetic cost wsya in units of z/7. Since these two pa-
rameters are in principle independent, in order to be able
to plot these two functions on the same graph we have
to fix a “conversion rate” of 12y into /i/t. We choose
Qr =20/7. One can see that the energetic balance is neg-
ative for most parameter values. In Fig. 3(c), using the
same unit, we compare the energetic gain A&, = & —
ESTA brought by the initial coherences with the relative
energetic cost Wmyin — Wsta, still assuming 2y = 20/7. Over-
all, it seems that the performances of the optimal drive
are significantly better than the performances of shortcut to
adiabaticity.
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