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We study the role of coherence in closed
and open quantum batteries. We ob-
tain upper bounds to the work performed
or energy exchanged by both closed and
open quantum batteries in terms of coher-
ence. Specifically, we show that the energy
storage can be bounded by the Hilbert-
Schmidt coherence of the density matrix in
the spectral basis of the unitary operator
that encodes the evolution of the battery.
We also show that an analogous bound
can be obtained in terms of the battery’s
Hamiltonian coherence in the basis of the
unitary operator by evaluating their com-
mutator. We apply these bounds to a 4-
state quantum system and the anisotropic
XY Ising model in the closed system case,
and the Spin-Boson model in the open
case.

1 Introduction

With the improvement of technology able to
manufacture and manipulate solid-state devices,
we are now able to harness the properties of phys-
ical systems at the nanometer scale [5, 6, 21, 31,
64, 71, 74]. In this regime, their behavior can be
affected by quantum phenomena, and thermody-
namic laws have to be investigated in detail [3, 4,
8,9, 19, 25, 26, 38, 40, 47, 48, 50, 51, 58, 60, 65,
66, 75-77, 79, 80, 87, 93, 96]. This includes phys-
ical systems designed to store energy [1, 7, 12—
14, 23, 33, 35, 36, 41, 45, 46, 61, 68, 88]. Gen-
Francesco Caravelli: caravelli@lanl.gov, Corresponding au-
thor

uine quantum phenomena are connected to either
some interference pattern, or to the incompati-
bility of different observables. Such notions are
unified within the framework of quantum coher-
ence [2, 17, 27, 43, 63, 67, 76, 78, 86, 93, 102],
that, in simple words, is a way of evaluating
the anticommutability of a given observable with
the state of a system [17]. Quantum coherence
can be also described in term of resource theory
[11, 20, 90, 91]. Since resource theories serve a
the bedrock of thermodynamics [20], it is natu-
ral that quantum coherence and the role of en-
tanglement [8, 10, 53, 54, 85, 87, 105] have also
been thoroughly studied in the context of quan-
tum thermodynamics [76].

Among the quantum devices capable of per-
forming work, quantum batteries have a special
place. Quantum batteries are of fundamental im-
portance, and are an area of intense study [1, 3—
5, 7, 11, 37, 71, 74, 79, 90, 95], in thermody-
namics [6, 12-14, 31, 33, 41, 61, 68]. We model a
quantum battery by a Hamiltonian Hgy that gives
a notion of energy, and a quantum state p; evolv-
ing in time as &(p) = pt. Here the map & is
a generic quantum channel that needs not to be
unitary, as we consider also the possibility of open
quantum systems [34, 49, 90]. The extracted or
stored work results from populating the levels of
Hj in a different way from the initial state.

Previous work has shown the importance of
quantum coherence in extracting work from a
quantum system. In [66], the authors stud-
ied the amount of coherence in the eigenbasis
of the Hamiltonian that can be extracted by
a thermal process. Meanwhile, [75] shows how
the behavior of quantum coherence poses fur-
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ther constraints to thermodynamic processes, in
particular, coherence transformations are always
irreversible. There are already other various
bounds on the performance of quantum batter-
ies [37, 49, 61, 71, 95] and recently some appeared
in which, specifically, coherence has been inves-
tigated [28, 44], and in particular [; coherence
[29].

In this paper, we obtain quantitative and
rather general bounds on work (extracted en-
ergy), and power in both closed and open quan-
tum systems in terms of the coherence of both
the state or the Hamiltonian Hy in the eigenbasis
of the time evolution operator. By coherence of
Hamiltonian in a given basis we mean the amount
of non commutativity of the Hamiltonian in that
basis and discuss in what regimes the bounds are
tight. We show applications to several systems
of physical interests: arrays of closed quantum
batteries, a spin chain after a quantum quench,
and an open system described in the spin-boson
setting.

The paper is organized as follows. In Section
IT we introduce the coherence operators which we
use in the paper, and obtain upper bounds to the
work, power in terms of the coherence of the bat-
tery Hamiltonian and the density matrix in the
basis of the evolution operator. In Section III
we show how these results can be generalized to
generic quantum channels, by finding bounds in
terms of both Kraus and Lindblad operators con-
necting the energy exchange to the coherence in
the basis of these operators. Finally, in Section
IV we show applications of these bounds. For
the closed quantum system case, we consider a
4-level system composed of two interacting spins,
and a many body system given by the anisotropic
XY model. We show that our bounds are fairly
tight for small systems in which coherence is im-
portant. For the open system case, we consider
a spin-boson model, showing that the coherence
bounds give the right dependence at short times.
Conclusions follow.

2 Coherence and work in closed quan-
tum batteries
2.1 Energy storage and coherence bounds

We describe a closed quantum battery by a quan-
tum system on a Hilbert space H ~ C™ with time

dependent Hamiltonian H(t) = Ho+ V(t). Time
evolution generated by the Hamiltonian is uni-
tary and reads p; = i[H, p|, where we use units
in which A = 1. The energy of the battery is
measured as the expectation value of the bare
Hamiltonian Hj so that the work extracted from
the battery is [31]

W (t) = Tr((po — p)Ho), (1)

where we used the fact that no entropy change
occurs for unitary dynamics. This kind of
quantum battery is described by a closed time-
dependent quantum system. The battery is ex-
ternally driven by V(t) in order to modify its
population levels and change its energy. We de-
rive upper bounds to the energy, and thus also
find maximum bounds on the ergotropy, which
is the maximum energy change when maximiz-
ing over unitary operations [31], and in partic-
ular of the isospectral twirling of the work, e.g.
the spectral-preserving unitary average over the
time evolution [33, 70, 81], or entangling power
[52].

We are interested in obtaining bounds in terms
of (generalizations of ) quantum coherence. There
are different ways of defining quantum coherence
in a quantum system. First of all, there is the
coherence of the state in a given basis B = {|i)}.
The norm of coherence for the state p can be
defined as the weight of the off diagonal ele-
ments in the basis B, namely C(p) := 7, ., |pij|?
[17, 94, 101-103]. If we define the dephasing
super-operator D(-) = Y, II; - 1I;, with II; = |i) (i
are rank one projectors, then in terms of the de-
phasing superoperator, we have that

C(p) = llp — D(p)|7 (2)

where ||A||p = VTr AAt is the Frobenius norm.
A simple calculation shows that C(p) = Tr p? —
Tr (Dp)?. As quantum coherence in a state is
a basis dependent notion, it is important to de-
termine what is the relevant basis. In a typical
quantum experiment, quantum coherence is rele-
vant in the basis of observables that will display
interference.

Here, we consider the instantaneous eigenbasis
of the unitary evolution operator Uy:

U= eI (t), (3)
j=1
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where p; = UtpoUtT . For instance, if one
deals with a time-independent Hamiltonian H =
Zi NI, then Uy = Zz G_Mitﬂi.

One can easily see that the work, expressed as
the energy storage, can be written as [33]

W = W4 = Te(U] Holpo, Ui)), (4)
A

W = Wp = Tr(U,[U] Ho, po)), (5)
B

W =We = Te(po[Us, U[Ho)).  (6)
C

Lower and upper bounds to work can be found
by applying the Von Neumann’s trace inequal-
ity to the energy storage, resulting in bounds in
terms of the singular values of the Hamiltonian.
While these bounds are given for completeness in
App. A, the present paper focuses on bounds in
terms of the norm of the dephased operator.
The identities above show that the amount of
work one can extract from a quantum battery
is related to how much the initial state py an-
ticommutes with the evolution operator U; (A),
with the operator UJHO (B), or how much these
last two operators anticommute with each other
(C). The amount of non-commutativity between
two operators is related to how much off diagonal
weight one operator has in the eigenbasis of the
other. For a state, this is the definition of quan-
tum coherence. More generally, we can define an
operator-coherence in the basis B as

Co(X) =3 S IK LR ()
J

We refer to the above super operator C(-) as
generalized coherence operator and the quantity
Cp(X) as the generalized coherence of an ar-
bitrary operator X in B. In the following, all
the definitions of norms are provided in App. B.
The proof of the identity relationship between
Eq. (7) and Eq. (2) is provided for completeness
in App. C. For quantum states, this reduces to
the usual definition of Frobenius-norm coherence.
Given the notation above, let us now introduce
some useful bounds that we will use in the fol-
lowing, and proved in App. D. We will denote
with || - || the operator norm and with || - || the
Frobenius norm.

In general, one has the following Frobenius in-
equality:

tr(A"B)| < || Allr| Bl F- (8)

Also, following from Holder inequality, one has
(see App. B for details):

[tr(A'B)| < (| All\/r(B)|IB| F, (9)

where || A|| is the operator norm, that is, the max-
imum eigenvalue of the operator A; and r(B) is
the rank of the operator B, i.e., the number of
its non-zero eigenvalues. Moreover, we will use
the following two inequalities:

Lemma 1 - Single Normal Coherence Inequal-
ity. Let A be a normal operator and let B be an
Hermitian operator. Then,

1[4, BI|IF: < 4]l Al*Ca(B). (10)

PTOOf. Let U = Zz ’I’]Z‘Hi, with HlH] = 51]1_[1
Then, we have

I, AlllE = > man;te(11, AJ[IL;, A])
ij
=2 E ninjtr(A2Hi6ij - AHZAHJ)
]

= 23" [Pt (A% — ATLATL)

— 2annjtr<AH1AHj) (11)
i#j

We note that 23, |i[%tr (A%I1; — AILAIL) <
2sup; [n?Cy (A) and that

*227’]1‘77;131‘<AH1AH]') < 22 |77i77;| |aij|2
i#j ij
<2InpiCu(4). (12)

It follows that
U, A]|l% < 4]|A|*Cu(A),

as claimed. OJ

A similar lemma applies to the following com-
mutator, whose proof is shown in App. D.

Lemma 2 - Double Normal Coherence Inequal-
ity. Assume A to be a normal operator and let
B be Hermitian. Then, the following bound ap-
plies:

llAY BAZ < 4] Al*CAB).  (13)

The bound above applies in the case of open sys-
tems as we will see soon. Also, according to
Proposition 2 in App. D, one has ||[Af, BA]||% =
|[AT, AB]||%. In the following we will use also
the subadditivity property of the rank, e.g. given
two operators A : R — R", B : R" — R", we
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have r(A + B) < r(A) + r(B). Clearly, however,
r(A+ B) < min(r(A) + r(B),n), and if U is a
unitary operator, r(UTAU) = r(A). Also, as a
side remark, we note that by using a different
procedure, also bounds in terms of [; coherence

can be obtained (see for instance Lemma 2(b) in
App. D).

2.2 Bounds in terms of the generalized coher-
ence

Given the definitions above, we prove the follow-
ing three upper bounds:

W] < 20 Holl min(2x(p0). 7)Cui(p0)
A
< 2 i
- [lp0llv/ Cpo (U Ho)
B
éQHPOHF Cu, (Ho) (14)

Q

with n the dimension of the Hilbert space. We
also assumed that pyp : R* — R”. The ex-
pressions (A) and (C) bound the energy storage
in terms of the quantum coherence of pg and
Hy in the basis of U. One problem with the
above bounds is that both the rank of Hy or the
2—norm operator coherence C(X) may scale with
the dimension n of the Hilbert space. In this case,
these bounds can become very loose for a high-
dimensional systems. On the other hand, for low-
dimensional systems, or for large n systems with
low coherence, they are tighter and turn out to
be useful.

We study specific models in Sec. 4. The bound
(B) relates work to the purity of the initial state,
as ||p|% = Tr(p?). For a pure initial state work
is upper bounded by the operator norm. The
bound is saturated when the system is prepared
in the highest excited state. One can obtain a
further bound by substituting the operator norm
of p with its purity. As a side comment, it is in-
teresting to note that since the bounds (14) can
be also obtained in the interaction representa-
tion, this is also true if we use py in the interact-
ing representation p;y = ngUo, Uy = e ot and
II;’s are in the interaction representation as well.

Inequality A.— We start with the inequal-
ity |Tr(AB)| < /r(B)|A||||B||r, where r(X) is
the matrix rank (see App. B for a proof). We
now pick A = Hy and B = U[po,U;]. We

have ||U{ [po, Udlll# < ||[po, Us]||- Now note that
1r(UtJr [P0, Ut]) < min(2r(pg),n) because of the sub-
additivity of the rank.

If po has a smaller rank, e.g., r(pg) < n/2, then
using Eq. (10), we obtain

Wl < [1Holly/2e(p0) oo, U3

= [[Holly/2r(p0)4Cu, (po)

= 2v/2||Holl\/r(po)Cus,(po),  (15)

which is the upper bound we reported above.
Inequality B— If we instead start with the
general bound [24, 97]

I[A, BlIE < 20l AllplIBll» - 2(Tr A'B)?, (16)

the bound would be loose, as ||Hy||F is generally
very large. We can then apply the trace inequal-
ity of Eq. (8), and obtain the following upper
bound:

Wl [Te(U[U] Ho. po))| < |Uil|ry/ [I[U] Ho, po)) |-

(17)
We can now use pg as the operator in which we
perform the spectral basis expansion. Then, us-
ing Lemma 1, Eq. (10), we have

I Te(U[U) Ho, po))| < 2l|poll\/ Cpo (U] Ho)

as claimed.

Inequality C.— We start with the trace in-
equality of Eq. (8), with |Tr(AB)| < ||Al|7||B||F-
Using the fact that +/tr(p?) = |pllr =

V/purity(p) < 1, we obtain

Wel = Tr(po[Us, U Hol) < l|pol| £lI[Ut, Uf Ho) -

(19)
Let us now focus on H[Ut,UtTHO]H%. Using the
spectral decomposition for the unitary operator
Ui, we have

U7, HoAl||% < 4llA|*Ca(B).  (21)

We see that the expression above is not in the
form which can be directly expressed in terms of
coherence. Given the inequality above, then we
have the following inequality

(We| < 2|lpol| v/ Cu(Ho), (22)

which is the inequality we reported above. This
bound has an interesting application in terms of
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designing better quantum batteries, as it states
that better energy transfer can be achieved by a)
starting from a pure state and b) using a driving
system that is maximally not commuting with
the Hamiltonian Hy defining the energy.

2.3 Power and OTOC for closed systems

Similar bounds to those we have obtained for the
energy storage in the case of the closed system
can be obtained for the power, that is, for the
rate of change of the energy as a function of time.
The energy can be written as

W(t) = W(0) + /0 tjt,W(t’)dt’

= W(0) +/OtP(t’)dt’
< W(t) t suppe P (23)

This inequality will be useful in later sections in
particular in the case of open systems.

Bounds for the power can then be useful for
obtaining bounds on the energy. In particular,
as we will see below, the bounds on the power
can be still expressed in terms of the coherence
operator Cg(-), but where as we will see in a
moment () is different from the unitary operator.

Let us then consider the power in a closed sys-
tem. The power is given by

P= [ 9w = (e Hopr)
= |Tx(Ho |Ho + V, ] )| (24)

Following the three formulations of the work for-
mula as in the previous sections, we have

P, = %W = Tx(Hopi) = Te(Ho [Ho+ V, 1))
()
(vl

(

where in the last equality we introduced the in-
teraction picture operators V; = Ug VUy and
pl = U§pilo.

Proposition - The power obeys the following
upper bounds:

P < 2|Ho|l - [VIy/x([V.pd)) - Cv(pr),  (25)
A

P < 2| Holl - [VIly/x(lpe, Hol) - Cry(p1). (26)
B

P < 2lpoll#llVIy/Cy (Ho), (27)

Q

where € and v are the maximum eigenvalues of
the operators Hy and V.

Proof. As for the case of the work, we see that
the three different formulations of the work lead
to three different inequalities. We assume that
Hy and V are both Hermitian, and that we can
write both the Hamiltonian and the interaction
operator in a spectral decomposition

Ho=> eI}, V=) o},  (28)
i i

where 1I;’s are projector operators on the spec-
tral basis of Hy and V respectively. Let us focus
on the first inequality. Using the decomposition
above, inequality A of Eq. (25) can be written as

P < | Hol\/x([V. pi)) - IV, o] -

We now use Lemma 1, Eq. (10), using as the
normal decomposition operator V. We thus have

P <2 Hyll - [VI\/r(IVop)) - (), (29)

where Cy (p;) is the coherence of p; in the eigen-
basis of the interaction operator V. Since p; has
the same rank of pg, and r(AB) < r(A), we have
r([V, pt]) < (V) +1(po). Thus, if V' the interac-
tion of a many body system it can be very large
and thus reduce the applicability or tightness of
this bound.
Let us now look at Inequality B. We have

P < |[VIly/x(lpr, Hol) - e, Hol [ (30)

If we expand Hy = ), ekakL, then following the
steps of the previous inequality we obtain

P < 2[|Holl IIVH\/r([pt,Ho]) “Crro (pe), (31)

where we see that also here we have r([p;, Hp]) <
r(pt) + r(Hp), and for a many body system such
quantity can be very large.
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At last, let us now focus on Inequality C of
Eq. (26). We can use in this case Eq. (8), and
obtain

P < 2|lpe]l py/ [ Ho, VIIE (32)

and use Lemma 1 again, in both the eigenbasis
of Hy and V. Note that since the evolution is
unitary, we have ||p¢||r = ||po||r. We thus obtain
two equivalent inequalities

P < 2[poll#[[V[ly/Cv (Ho)
< 2[[Hollllpoll 1/ Crro (V) (33)

which shows that the the power depends also on
the coherence of Hy in the basis of V' and vicev-
ersa, and on the purity of the state. Clearly, this
is a result of the fact that if the interaction V
commutes with Hy no work can be done. Bound
C' is the most interesting, as purity(p;) < 1 and
the rank of Hy or V' does not appear explicitly.
This said, both Cg, (V) or Cy(Hp) can be large.
O

Interestingly, we note that the bounds for P
take the form of Out-of-Time-Order-Correlators
(OTOC) [22, 70, 98, 99] at infinite temperature,
which grow fast in time for typical V and p.
Moreover, note that inequalities A and B can be
combined to obtain,

2
(HH@HPHVH) < min(Q(p:), T (pr)), (34)

where we defined Q = r([ps, Ho))||[pt, Ho||% and
T = r([pt, V])ll[pt, V]||%. Here, we see observe
that if p; commutes with all projectors, the
bound collapses to zero. Finally, inequality C
shows that the power is zero for [Ho, V] = 0, as
we discussed for the case of the total work.

3 Coherence and energy in open quan-
tum batteries

In the previous sections we discussed the case
of closed quantum batteries undergoing unitary
evolution. More generally, we can consider the
case of non-unitary quantum evolutions that de-
scribe, e.g., open quantum systems.

3.1 Bounds in terms of Kraus operators

A generic quantum operation can be described
by a quantum channel, that is, a completely pos-

itive, trace preserving map
E:prrp =E(p) (35)

In the Kraus operator sum representation such a
map can be described as

E(p) = AxpA] (36)
k

where the Kraus operators Ay are linear opera-
tors satisfying »°, A;LA;C = I. This description
can be used to model the evolution of a sub-
system interacting with other quantum systems.
Indeed, for a composite system H = Hs Q@ Hp
evolving unitarily with a Hamiltonian H € B(H)
by U = exp(—iHt), the evolution of the re-
duced system is given by a completely positive
map ps = Trg(UpUT) = 32, AkpAA};. For open
quantum systems, or more generally for non uni-
tary evolution, work cannot be identified with the
difference of energy but one has to consider also
variations of entropy. Here we focus thus just on
the energy exchanged AE(t).

Now we move on to generalize the bounds to
energy exchange in terms of coherence for the
evolution map &

Let us define p,(t) = Aup(0)Al. Also, we de-
fine &€ as

E(X) = AXAl,  E(X)=> AIXARB)

a

First, we note that because of the Hilbert-
Schmidt duality, we have

Te(E(p)Ho) = Tr(pEo(Hp)).  (38)

Then, we can rewrite

AE = 3" Tr((ps(0) = pa(t)) Ho)

A a

ps(0)[AaHo, A]]),  (39)

We can upper bound |AFE| as in the case of the
closed quantum system, with the difference that
now instead of a unique evolution operator, we
have a Kraus representation, which albeit satisfy-
ing || >, Al A,| = ||I|| = 1, are not unitary oper-
ators. We can also write ||A; + 2 aj AILAQA}H =
A5
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Proposition The following inequalities apply
for Hermitian Ag:

AB] < 2Hol 140l RiCalps(0),
A

|AE] < 2[ps0)][[[ Holl
b

" [ Aally/R2 Cpg0)(AaHo),

|AE’\S/2HPS(O)HF2”AaH2\/Ca(HO)7 (40)
C a

where R. = r([Al,ps]) and R? =
t([ps(0), AaHol); Cg(-) is the coherence op-
erator in the spectral resolution of A,, while
Cps(0)(+) is the generalized coherence operator in
the spectral basis of the reduced density matrix.

Proof. As an example, let us consider first the
latter equality in Egs. (39). We can write, for
Equality C,

AE =Y Tr(ps(0)[AaHo, Af]).

We can thus write, using the trace inequality of
Eq. (8), the following expression:

[AE| < [lps(0)|r Y -/ I[AaHo, Al][13. (41)

We now make some assumptions about the
Kraus operators, i.e., that these are Hermitian
operators, in order to obtain an upper bound for
I[AaHo, Agll|F in terms of the coherence of the
Hamiltonian in the A, basis. While this assump-
tion is unphysical, it is a loss of generality and
extension of these bounds will be considered in
the future.

Using Lemma 2 in Eq. (13), we have that if A,
is Hermitian, then,

|AE] < 2[lps(0)]lF Y 1 4all*y/Ca(Ho), (42)

where C,(+) is the coherence operator in the spec-
tral basis of A,

ColHo) = 5 3 NHo, TR (43

The final upper bound above is given in terms
of the sum of the coherences of pg with respect
to the Kraus operators A,, with the assumption
that r(Hp) > 1. While these bounds might be
useful in some cases, typically it is easier to work

in terms of Lindblad operators, as we we do in
the next section.

If instead we start from FEquality A and B
in Egs. (39), and using the same procedure we
used in the closed system, we obtain the bounds
thanks to Lemmas 1 and 2, we obtain the follow-
ing bounds:

I[AL, ps]llF < 2/|Aall\/Ca(ps(0)),
[lps(0), AaHolllF < 2(ps(0)[/C s (0)(AaHo).

If we combine these with the inequality of Eq. (9),
we obtain

B < 2Hol 3 4ol RiCalps(0))

|AE] < 2|ps0)]

tu{l/\ S

1o | - | Aally/B2 Cpg(0) (AaHo),

and R2

where R; = x([A] ps])

r([ps(0), Aato)). O

3.2 Bounds in terms of Lindblad operators

Consider the case of a quantum system Hg in-
teracting with a bath Hp. Under standard as-
sumptions such as Markovian evolution and small
couplings to the environment, the evolution of
the density matrix pg of the subsystem can be
described by the Liouvillian operator £ through
the master equation:

< ps(t) = Lips(t).

‘We can then write

: Li n Lt
ps(t) = lim (14 —=)" = e~ ps(0).
Then if we assume that pgs(t) has a Kraus repre-
sentation, at the order dt we must have

Ag = I+ at(—iH + Y LLY),
i=1

Ay =Vt Li,i > 1,

see, e.g., [50].

The Kraus operators in fact contain both the
battery Hamiltonian and the interaction with the
bath. These enter in a non-trivial way into the
density matrix evolution for the battery in terms
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of Kraus operators. One way to overcome this
problem is via the fundamental theorem of cal-
culus, which gives
t

B0 - E0) = [ d—Edt / Pudt’. (44)
In order to bound the energy difference for
t > 0, we can use the integral inequality, e.g.
that for arbitrary scalar functions A(7) we have
LAY < [HAMIr <t sup,cpgl AT
This bound works in particular well for short
times t. In an open system we have that

= tr((;[ps, Ho+V]+ L(Pt)>HO>7
where

Z 711( npS - %{LLLm ,OS(t)})
with {-,-} the anticommutators, and where the
Lindblad operators L,, satisty tr[LpL;r | = 0pt. We
assume below that L, is Hermitian that, while
not being the most general case, does include
many physically relevant models.

Following the definitions above, then, we prove
the following

Proposition (Upper bound on stored energy).
Consider an open quantum system with Hamil-
tonian Hy evolving under Hermitian Lindlad op-
erators. Then, the stored energy, as defined in
eqn. (44), satisfies the following upper bound:

hE(t) — Eol

<t(Wa + Wp),
[ Hol|

(45)

where the quantity W4 can be expressed in the
following forms:

IVIIvr(lps(7)
lps (Tl v/ Crro (V)
IVIIVx(lps, Ho])Crio (ps(7)),

,V)Cy(ps(T))
Wa=2 minTG[O,t]

while

Wp=3 Z YnSUPr¢(0,4 Tn(CLn (pS (7-))7 (47)

where Cr, (ps) is the coherence in the spectral
basis of Ly, of ps(7). Let us call II?* the spectral
basis of L,. Then,

ZH

Cr,(ps) " ps)||E- (48)

The constant 7, is given by r, = r(ps) + r(Ly).
Proof. Following from the integral inequality,
we begin with,

WAE®) < [ lixlps(r), VIHoldr

+ / (L (ps (7)) Ho)ldr.  (49)
0

The first term can be bounded as we did in the
case of the closed system, thus we have the iden-
tities
ltr([ps(7), V]IHo)| = [tx([V, Holps(T))|
Wi wi
= |tr([ps, HolV)| .
—_——
wi

It follows that can use, following the bounds of
Sec. 2.2, we immediately write the three possible
inequalities

Wh < 2l|Ho||[[V[ly/x([ps(r), V)Cv (po),

W3 < 2|lpsl| el Holl\/Tro (V),
W4 < 2|V || Holl\/x([ps, Ho))CTr, (po). (50)

In the expressions above we defined Cy(-) =
S I T ]][%,, and we wrote IT) is the spectral
basis of the interaction operator V', and of course
similarly Cp,(-) = X [ T1°]||%, with TI;° the
spectral basis of the battery Hamiltonian. Let us
now focus on the Lindbladian. First, note that
we have, because {A, B} = [A, B] + 2BA,

Z 777, npSLT

=— Z%([psLL, L] +

L(ps {LILanpS})

L L ps(7)]).

(51)

(46) We thus have

HAB(D) < W
+ X5 [ ee(ILh Lo ps(r))Ho dr

+Z%/ [er([os(T)LE, Lol Ho ) |dr.
(52)

Let us now make the assumption the Lindblads
are Hermitian operators, e.g. L;[L = L,. This
bound is the one we use in the following for the
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case of the Spin-Boson model, for which such con-
dition holds true.

For the term of Eq. (52), we use the trace in-
equality of Eq. (9), and the fact that L L, is an
Hermitian operator, it has a spectral decomposi-
tion of the form

L} = LiLy =) gLy (53)
k

We can now use the bounds we used in terms
of coherence. We have, using Lemma 1 and
Eq. (10), we have

LY L, ps (I < 4I|Lnll*Cr, (ps (7)), (54)

where Cp,(ps(r)) = Sy I, ps(r)]I%. Since
tr(Lf L,) = 1, we have || L,,||r = 1 and || L, || < 1.
If we call R!, = v([L} Ly, ps(7)]), then

[ (i ps(r)Ho) i

<2t | Ho| - sup-epo9\/ BnCr, (ps(7))

For the second term, in Eq. (52), we need to
use the fact that L, is Hermitian.

If L, is an Hermitian operator, then it does
have a spectral decomposition of the form L,, =
>oini Iy, and it follows trivially that E% =
S [nP|?TZ. In this case, we obtain directly from
Eq. (52) that, calling R = r([ps(7)LL, L,]), that

jtx ([ps (r)LE, L] Ho)|

< ||Holl /Ry lllps(T) LY, Ln]ll -

At this point, we can use the fact that L, is
Hermitian. We expand L, in the II’s basis, ob-
taining from Lemma 2 of Eq. (13):

. Using the bound above, we have

llos(T)LY, LullF < 2] Lnll*\/CL, (ps(7)).

Thus,

I[lps(T)LY, L]l r < 24/Cv, (ps(1)).  (55)

We now note that both R, < r(L,) + r(ps),
and R < r(L,) + r(ps). Let us thus call r, =

r(Ln) +r(ps)-
Thus, we have,

RIAE(t
‘HI{O|(|t)| < Wa+3 Z Ynsup-\/maCr, (ps(T)),

(56)

[A, BAJ||% < 4] A|[*Ca(B)

which is the final result which we use in the state-
ment above. [

In the following, we will apply the bounds for
the case of the slave boson model.

3.3 Ensemble of batteries

A setup of interest for practical applications
is the case of an array of batteries interacting
through a potential V', and we want to show how
the coherence enters in this case. Here we as-
sume that the system is closed, but the formal-
ism is analogous to the case of the open system
as we discuss below. We consider M copies of the
same system, a battery, coupled only via an in-
teraction potential. Formally, such situation can
be represented as follows. The M copies of the
same system are represented by a Hamiltonian
of the form H = @M, H; = @M, (H} + V'), e.g.
an ensemble of batteries If we assume that the M
copies are not interacting, since p(t) = @M, pi(t),
we have

M
W(t) = > Tei (1) — p'(0)) H) — Eo
i=1
< MWiaz,

where W,,q: 1S maximum work obtained for the
single system H{ + Vi In this case we can ap-
ply the formalism of the closed system for each
subsystem and thus it is not so interesting. If
however we only have that Hy = @f\il H{ =
Zf‘il HY ® Is\;, while V' does have support on
multiple batteries single battery, then we have
that the density matrix is in general not factor-
izable, and the energy storage can be written in
the form

M
W (1) = Te(p(t) (Y Hy ® Is\,)) — Eo
=1

e

s
Il
i

Ty (Trsyi(p(t) Hy) — Eo,

where we denote with S\ ¢ as the system S
without the battery subsystem 4, and where
pi(t) = Trg\;(p(t)) is the local density matrix
relative to subsystem ¢. In this case, the time
evolution of the reduced density matrix can be
written in terms of a positive map [84, 89].
We can write p;(t) = >, AL (t)pi(0)A%L(t), with
S, AL ()(AL ()T = I where A% are Kraus oper-
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ators. It follows that we can write

)= 33T (4]

=1 a

= Z Z Tr; (p,;(O) [A

=1 a

(0) AL ()" = pi(0)) Hy)

L HY(AL)T),

where in the second line we have used the Hilbert-
Schmidt duality. Here, we called A the Kraus
operators to avoid confusion with the open sys-
tem case, but the meaning is similar.

If the Kraus operators (A%)! = A? are Hermi-
tian, similarly to what we have done before, they
can be expanded via a spectral decomposition of
the form A% = 3", (n%)r(11%)g, and we can apply
Lemma 2 of Eq. (13), proven in App. D. Using

the spectral basis decomposition, then we have
114G, HoALNE < 41461 Cas (HG),  (57)

where Coi(HE) = 1/25, |[(11%)g, HY]||%.  We

now use the trace inequality of Eq. (8), obtaining

) < ZZ 1pi (0} ¢ [A

=1 a

M
<23 S o)l pll AL/ Cas(Hi)(58)

=1 a

o Ho (AL P

from which it follows that the energy storage of
the system can be reduced to coherence bounds
on the single subsystem.

4 Models study

In this section we study the work and charging
power for some models. We consider two closed
quantum systems. The first one is a two-body
spin model, the second one a quantum many-
body system described by a the anisotropic XY
spin chain. The third model studied is the open
quantum system of a single spin in a bosonic
bath.

4.1 A 2-body system example

As described previously, the bounds we have ob-
tained can be tight for small systems. Here
we consider first a 4-level system given by two
spins s1 and se interacting with two external field
G(t) and F(t) and among themselves [15, 10].
The Hamiltonian of the system is assumed to
be H = Hy+ V, with Hy = 2J5; ® §9, where

Figure 1: The second protocol proposed for the closed
4-level system via local fields with opposite orientation.

81 =0 ®1I and 83 = I ® 57. The external fields
enter in V, with V = 2(?@1 QI+I® ng), with
hi=&-G, hy=¢d-F.

For simplicity, here we consider F and G to be
aligned along the z direction, thus G= (0,0, By)
and F = (0,0, Bg), which is an exactly solvable
model. In this system, the energy can be stored
due to the coupling between the two spins. If
one introduces By = Bj(t) £ Bs(t),the spinor
U = (v1,v2,v3,v4) satisfies the equation

i0, U = HU,
with
By +J/2 0 0 0
B 0 B_—J/2 J 0
H= 0 J B_—J/2 0
0 0 0 J/2— By
=Ho+V, (59)

where we assume Hj to be dependent only on
the J coupling. The components 1 and 4 of the
spinor satisfy the solution, assuming that J is
constant,

.t N
Ul(t) — eflfo B+(t )dt 77,%@01 (O), (60)

ot N
’U4(t) — 6+Z fo B4 (t')dt —z%tv4(0)‘

If we define 1)’ = (vg,v3), then these components
satisfy the equation
)¢ (1),

0 (t) = (- K — (62)

where K(t) = (J 0,B_ )

4.1.1 Work and Power

Let us thus consider the following two quench
protocols.

First protocol. In the first, we have By(t) =
Bg(t) = 9(t — tQ)B. Then, B+ = 230(t — t()) and
B_(t) = 0. Thus, the spin components v2 and v
decouple from the external field. In this case, 1,
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is a equivalent to a single spin interacting via a
0, Zeeman coupling with external field By. The
work is given by W (t) = Tr(p(t)Ho) — Tr(poHo),
and the components 2 are 3 decoupled and do
not change their populations. Thus, this proto-
col while natural is not particularly interesting.
Using Eq. (61) it is not hard to see that W (t) = 0.
Another way of seeing this is through the inequal-
ity B of Eq. (14). We have in fact that IIy’s are
identical to the projectors on subspaces spanned
by Hp, and thus Cy, (Hp) = 0.

Second protocol. We consider Bi(t) =
—Bs(t) = 0(t — t9)B, as shown in Fig. 1. Then,
B_ = 2B0(t — ty) and B4(t) = 0. Also in this
case the components v; and v4 decoupled and do
not contribute to the change in energy. We fol-
low all the steps in order to calculate the bounds
later. The Stone operator for the reduced system
is given by

i [P Ew-2
U(t>t0):€ fio( K(t) Q)dt

—i (O'IJ(t—to)—l-QB(t—to)O'z —%(t—to)) .
=e

If we use the formula €% = T cos(a)+i sin(a) -
7, then we can write, using a = v/J% + 4B?2 and
n=(Z,0,28)

Ut >ty) = ei%(t_to)(f cos(a(t —tp))

J 2B
+isin(a(t — to))(g&z + 762)).

If we define pg on the basis of vy, v3, we have
a base Hamiltonian for the battery defined as
Hy = Jo, — %I (with eigenvalues J/2,—3/2.J)
and V = 2Bé, (with eigenvalues £2B). We thus
have ||[Ho|| = 2.J and |V = 2B. The eigenval-
ues and eigenvectors of the unitary operator U
are given by

2B Fa

AU) = {4, .

lve) = ( 1),

and thus we can easily obtain with projector op-

t
v ) (v
erators Iy = | Hv>i<llgtl

. It follows that, using the
identities

[Uxa Uzax] = _2023
[02,04] = 2ioy,

[O-Zu Uzam] = 20—:1:7

and after some algebra, we obtain

W (t > to) = Tr(po[Us, U Ho))
= Tr(poAH (1)),
where we defined the operator AH (t) as

. 4BJ?%sin? (a(t — tg))

AH(t) = — a(2 )

2BJ sin (2a(t — tg)) ..

— &
a

N 4B%J (1 — cos2(2a(t - to)))ﬁx

(63)

6. (64)

Y

a
Since the system in this protocol has only two
involved states, we can write

(65)

with the constraints Tr(pg) = 1. If we impose the
constraint, we must impose €y = %, and write

PO = 60[ + €104 + €20y + €30,

I
po = = + €10, + €20, + €30,. (66)

2

The purity of the state is then given by
1 1

Tr(p?) = 5 +2(e3 43+ €3) = 3

from which it follows that [|e[?> < I. The work
can then be written as

+2?,

() = 4 (480 =275) s o)
B 2¢ sin (at) cos (at) ) (&7

It is easy to see that work is zero only if 4Be; —
2Jez =0 and €5 = 0.

Let us now focus on the upper bound. In order
to calculate the upper bound, we first evaluate

Cu, (po) = [I[TL4, pol 1% + [T, pol||®

_ 4(3 (4B%+ J?) 4 4B%€} — ABJeges + J?€3)
B 4B? 4 J? '
It follows that bound A for the work is given by
(W ()] <

\/ o2 (BUB + J2) 4+ 4B°Q — 4BJcser + J°c3)
4B?% + J?

from which we see that the upper bound is of
the same order of magnitude as the work itself.
Also, it is easy to see that if e = 4Be; —2Je3 = 0,
then €3 (4B% + J?) + 4B%2 — 4BJeser + J2€} =
0, which implies that the maximum work is also
zero, showing that the bounds are tight for this
set of parameters.

We can also calculate the power. We observe
that
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(Jes — 2Ber) sin (26V/AB? + J?)

- SBJ<

while our bound A on the power is given by || Ho||-
IVIIVr([V.p]) - Cy (pr). We have IIy, = (1,0)" @
(1,0) and 112, = (0,1)! ® (0, 1), or

10 0 0

It follows that

(69)

Cy (po) = 2(e7 + €3).
Po < 2% 3/2J % 2B % /2(2¢2 + 23 =

12BJy/€2 + €3), which is also of the same order
as the power.

(70)

4.2  The anisotropic XY model

With increasing experimental control over larger
unitary quantum systems, it becomes more press-
ing to study the thermodynamics of many-body
quantum systems.  Theoretical studies have
shown advantages by exploiting collective effects
in quantum batteries [23, 32, 36, 41, 69, 83].
Here, we apply the bounds on work extraction
to a simple many-body spin system described by
the XY model [18, 39, 73], which can be investi-
gated experimentally [59, 104].

The (anisotropic) transverse-field XY model in
one dimension is a well-known spin model in Sta-
tistical Mechanics. One of its advantages is that
properties of the ground and excited states are
known exactly. The transverse XY Ising model
has an interesting phase diagram in which also
quantum phase transitions are present. In re-
cent years the transverse field XY model has been
studied in relation to quantities of interest in
quantum information theory, such as entangle-
ment and quantum discord. Also, it has been
shown that fidelity measures present signatures
of QPTs.

The Hamiltonian of the anisotropic XY spin
chain reads

1 1+n 1—n
HZ_QZ( 5 O'mO',Lx_’_l‘i‘ 9 7%!0'24_1"_]7/0'
i=1
(71)
where h is the external magnetic field, and 7 is
the anisotropy parameter. We also assume per-
odic boundary condition.

NZVZEe

— €9 COS (Qt\/ 4B?% + J2> ,)

(68)

For any value of 7, h, the XY model can be
diagonalized using the Jordan-Wigner transfor-
mation:
= Cgemzi;i che;

z _ (PR
o; =1-2cc;, o;

(72)

The Hamiltonian is then diagonalzed in the form

H=Y A (%i’m +7 vk — 1) :
k>0

(73)

Here, the fermionic operator ~; is defined by the
Bogoliubov transformation of the Fourier trans-
formed operators, ¢ i.e.

¢, = cos Oy, + isin GkVT_k, (74)

with the dispersion ralation given by Ay =

\/W, € = h — cosk, and the angle

Or = tan~1[(nsink)/(ep + Ag)].

4.2.1 Work and power

We take the XY model Hamiltonain without ex-
ternal field h as the internal Hamiltonian of the
battery, and the battery is initially prepared in
the ground state of its internal Hamiltonian. The
charging process is achieved by turning on a con-
stant field, i.e., via a standard quantum quench.
In the following, we use superscript (1) to la-
bel the operators with initial parameters, and (2)
(or no superscript for simplicity) to label the op-
erators with quenched parameters. The initial
and quenched fermionic operators ~; are linked
through

(1) (2)

Vi = COS XKVt % sin Xk’)/( )T, (75)

where y, = 91(62) — 9,(61). This allows us to express
the initial Hamiltonian in terms of the operators
with the quenched parameters, i.e.,

=3 Al

k>0

1

[cos® xk %ﬂkJrv B V—k)+

+sin? xx (s +vwy )+

+ 2i sin x% cos xr (Ve Y-k + ’Y;Z’Yik) —1].
(76)
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Figure 2: Work W (t) (left) and power P(t) (right) after
a quantum quench of the anisotropic XY model (71) for
N = 1000 spins, with the anisotropic parameter n = 0.5.
The battery internal (unquenched) Hamiltonian has zero
field, K1) = 0. Colors label various quenching field h()
at both non-critical (black dashed and blue dotted) and
critical values (red solid).

The initial ground state of the battery internal
Hamiltonian can also be written in terms of the
quenched operators,

1(0)) = T (cos xx — isinxwyfrl p)0k), (77)
k>0

where |0) is the vaccum state of y1g. The time
evolved state is then,

() = [ (cos xpe™* —isin xekly 17T 1)108).

k>0
(78)
Now, the time-dependent work and power can
be computed explicitly, i.e.,

W(t)=2) Agﬁl) sin 2y, sin? A,(f)t, (79)
k>0

and

t) =23 AVAPY sin? 2y, sin 2401 (80)
k>0

For non-zero anisotropic paramaters 7, the
XY model exhibits two regions of criticality at
h = £1. Figure 2 depicts the charging work
(79) and power (80) with the battery Hamilto-
nian quenched to critical and non-critical values.
The battery reaches a more stable charging pro-
cess and a higher work with a critical quench.
However, even though non-critical quenches fi-
nally charges the battery to a lower work, the
initial power is higher for larger quench fields.
Therefore, an optimal protocol could use an ini-
tial high field to fast charge the battery, and then
switch to a critical field to maintain the maximal
work.

4.2.2 Upper bounds

We now apply the some of the upper bounds de-
rived in the previous sections to the work and
power of the anisotropic XY model.

The first example we studied is the bound (C)
for work, which involves the coherence of the in-
ternal Hamiltonian Hy = H™ in the basis of the
evolution operator. The coherence of Hy can be
computed as well, i.e.,

Cu,(Ho) =
Z Z oy o k Bk( )A(l)(l + cos (2xx))
a | k>0
X Z Sog,or_ ( ﬂk(a)A( )(1 —cos (2xx)) | ,
k>0

(s1)
where the outer summation ranges over all
possible configurations of the strings a =
{ak,a_k} >0 and aiy is either 0 or 1. 0 is the
Kronecker delta. Also,

0, ifap =a_p =1,

1, if ap = a_ =0. (82)

Br(a) = {
This result gives a quantitative evaluation of
the energy extracted in a quantum many-body
quench since the work extracted is basically up-
per bounded by twice the square root of the
coherence of Hy (See Eq. (14)). As confirmed
by our numerical evaluation, this upper bound
increases exponentially fast in the number of
spins. Consequently, for the quench parameters
in Fig. 2, this bound is larger than the exact work
for a few orders of magnitude. The exponential
scaling is more apparent for the upper bounds of
the power. Hence, these upper bounds can be
very loose for many-body systems.

The more interesting case is the upper bound
(A) of the work in terms of the coherence of the
initial state in the basis of the time evolution op-
The the quench Hamiltonian is time-
independent, hence the eigen-basis of the unitary
evolution operator U is the basis of the Hamilto-
nian itself, i.e.,

o = [T (71 )2 =#[0)(01yg* 725k (83)
k>0

erators.

Here, ayj, is either 0 or 1, and the string o =
{ak, a_k } k>0 labels posibble configurations of all
ay’s. There are 2%V possible configurations corre-
sponding to the 2V projectors.
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For each given projector, its average over the
initial state pg = |¥(0))((0)| is

(¥(0)[Ia|¥(0))
= H (COS2 Xk6ak,06a7k70 + sin2 Xkéak,léa,k,l) .

k>0
(84)
The coherence is then

TrPo Z (¥

=1- H (cos Xk + sin* Xk) .
k>0

Cu,(po) 0)|Halt(0))?

(85)

The maximum eigenvalue of initial Hamiltonian
is
B = A (86)
k>0
Together with the coherence of the initial state,
we get the upper bound (A) of the work,

t) < 2v/2 Z A,(Cl)] 1- H (cost y; + sin* x;)

k>0 >0

(87)
Since xi = «9,&2) - 9,(61) is cannot be zero for all ks,
unless the quenched Hamiltonian is the same as
the initial Hamiltonian, the product term in the
above bound vanishes exponentially fast with the
system size. Hence, this upper bound of the work
is only determined by the largest eigenvalue of
the internal Hamiltonian, i.e., its operator norm,
which scales linearly in the number of spins, and
again can be very loose for many-body systems.
However, they could be very useful for small sys-
tems which are more sensitive to the coherence of
the initial state. In this case the product term in
the above equation can have non-trivial contribu-
tions. Fig. 3 shows the upper bound (A) and the
maximum work extracted from the exact solu-
tion (79) at various number of spins. The bound
becomes tighter for smaller particle numbers.

4.3 Spin-Boson model

As an application of the bounds in the open
system, we consider the simplest exactly solved
model, the spin-boson model [30, 42, 82]. The
spin-model model describes the precession of the
two-level system of a spin in an open environ-
ment. The open environment is described by a
reservoir of Harmonic oscillators. The model is

o Upper bound A A Maximum work

10§ 000
800 °
8600 . )
5. 400
%0 6200} : . s 4y
= 200 400 600 800 1000 N
= 4 . A
A
2t A
a
0 L N . . .
2 4 6 . 8 10
Number of spins
Figure 3: Comparisons between the upper bound

(Eq. (87)) of the work for the anisotropic XY model
and the maximum value of the exact work solution (79).

well known because it serves the purpose of de-
scribing decoherence in a simple exactly solvable
setting [89].

The total Hamiltonian of the system is given
by

1
H = §(woaz — A()O'x) "‘;kazbk

Hop

+3° 02 (gnb) + gibr)- (88)
k
The constants wg and wj are the level spacing
of the two-level system and the frequencies of
the bosonic degrees of freedom respectively, with
[bk, b,t,] = k- The parameter Aq is associated
to the tunneling between the two states.

Here, we consider S to be the two-level sys-
tem. Under the condition of markovianity, the
master equation for the spin-boson system can
be written in the form [89]

d 1

7Ps = ﬁ[Ps’Ho] +y0.psol — %Ulazps - %Ulaz
_iwp VAN
Y [p870z] - o [p370z] +Y0.ps0, —

where we used 02 = I. where the single Lindblad
operator are given by L = LJ{ = 0,, and thus is
Hermitian. In the derivation of the reduced equa-
tion above the assumption of a thermal reservoir
is made, with the constant v > 0 containing the
spectrum of the bath.

For the reduced system, it is easy to see that
the energy storage is given by

w A
= —Otr(pgcrz) - —Otr(pgax). (90)

E(t) 5 5
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If we define

P11 P12 wo
= — E(t) = — —
ps (Pm P22> ®) 2 (11 = p22)

A
- 70(p12 + po1).

(91)

The evolution of the system is given by the
following general dynamical equations:

. 1,
P11 = —§ZA0 (p12 — p21) »
. 1,
P22 = —§ZA0 (p21 — p12)

_ 1. L.
prz = —7p12 = 5ilo (p11 = p22) = Siprawo,

_ 1 1,
p21 = —p21 — 5ilo (p22 — p11) + Sip2icn,
(92)

from which it is immediate to see that the trace
of the density matrix is preserved, but the off-
diagonal terms change due to decoherence arising
from the interaction with the bath. Substituting
the equations above into ‘% we obtain

dFE B Ao 1wo iwo
o 2(012( Y 2)+P21< ’Y+2))
1w
= AORe(p12 <,7 + 20> )

Agw
= AgyRe(p12) — %Im(l)u)a

from which we see instead that a change in en-
ergy is associated to the tunneling, and is zero
otherwise. It is also easy to see that the energy
storage changes when coherence is present, due
to the proportionality of its derivative with pis.
We now wish to apply the bounds of Sec. 3.2,
in particular Eq. (45), in which only term Wp
contributes:
|AE(t)|

———— < 3ytsup, rnCr, 7))
||HOH = oY p E[O,t} L (PS( ))

(93)

To this end, we first calculate various quantities
that are related to the bound. The eigenvalues of

A(Hp) = {£3/A3 + wZ}. Thus we have ||Ho|| =
/A2 +wE ~ Ag/2, while |L?]| =1 and }; = 1.
Also, both R, < 4 and r, < 2. The spectral
decomposition of ¢, is given by

(i) o

from which, after an immediate calculation, we
get

\/(CLl (PS) - \/2(’P12‘2 + ‘,021’2).

Using the fact that pa; = pjy, assuming h = 1,
and applying the upper bound of Eq. (45), we
obtain

|E(t) — Eo|
t

(95)

< A3V 2ysup,e(o ] p12(7)]

< 4.24(2) Aot (96)

Let us now make some plots in the regime of
strong decoherence and tunneling, in which we
have v > Ay > wp. In this case we have
pra(t) = p3, () ~ phe™(Z+7, and thus,

2e~ 7 (— cos (WTO) + €7)
2

E(t) — Eo = |p{3] Ao
(97)

At the first order in ¢, we have instead the exact
result

E(t) — Ey
|()t| ~ 0.25A07|p%5| + O(t).

We thus see that for short times the bound has
the same functional form as the actual first order
approximation of the energy, and the two con-
stants are both of order one.

5 Conclusions

In this paper, we studied and have made an ex-
plicit connection between work and coherence
in a quantum battery. In particular, we have
provided a quantitative framework for evaluat-
ing upper bounds to energy storage in quantum
batteries, based on the notion of Hilbert-Schmidt
density matrix coherence, and its generalization
to other operators like the Hamiltonian used to
measure the energy of the system, and the inter-
nal Hamiltonian Hy. We derived two key results.
The first one is that the charging (or discharging)
of a quantum battery is governed by the amount
of non commutativity of both the density matrix
of the system and the internal Hamiltonian in the
basis given by the spectral decomposition of the
interaction. We provided bounds which clarify
the intricate interplay between coherence of the
density matrix, of the Hamiltonian and the in-
teraction in order for work to be performed by a
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quantum battery. The amount of non commuta-
tivity is quantified by using the Frobenius norm,
namely by summing the modulus squares of all
off-diagonal elements of an operator in the de-
sired basis. For a state, this is a measure of coher-
ence, and is bounded by one. For a generic oper-
ator, e.g. Hp, this form of coherence can be very
large and scale with the size of the Hilbert space
in certain cases, rather than the number of parti-
cles in the system. As such, some of our bounds,
if taken as they are, can be very loose for large
systems. Nonetheless, this also implies that some
of our bounds can capture the behaviour of small
systems well. We have tested these bounds on
two exactly solvable closed quantum models, i.e.
a 4-level system and the anisotropic XY model.
In the former, our bounds are fairly tight, while
in the latter we show under which conditions the
operator coherence is small enough in order to
obtain a tight bound.

The second result is the extension to the case
of generic quantum channels, e.g., open quantum
systems, both in terms of Kraus and Lindblad
operators. In order to see how these bounds ap-
ply quantitively, we have studied ensembles of
quantum batteries and the Spin Boson model,
showing the role of coherence in charging such
battery model. In the case of open systems we
have focused on Hermitian Kraus and Linblad
operators, but some of these bounds can be ex-
tended to non-Hermitian ones, with some techni-
cal challenges. This will be the subject of future
investigations. In perspective, we find that the
results of this paper open a certain number of
interesting questions. Since in an open quantum
system coherence is typically exponentially sup-
pressed, we are interested in showing how deco-
herence free subspaces [62, 72, 100] can be used
to obtain more efficient quantum batteries. In
the spirit of the typicality arguments used both
in [33, 81, 102] we can ask how typical quantum
maps can be used to exchange energy. Finally,
an important generalization would be to take in
consideration the entropy change in open quan-
tum systems and extend these results to the free
energy available to a quantum battery.

In the case of many-body quantum batteries,
it is natural to connect coherence to entangle-
ment within the constituents of the battery. Con-
nections between the charging of quantum bat-
teries and their entanglement have been studied

n [6, 23, 32, 61, 68]. In this paper we have
focused on an Frobenius measure of coherence.
While it does not satisfy all the coherence mono-
tones axioms defined in [17], such coherence mea-
sure is connected to entanglement, in the sense
that the more a state is entangled the less co-
herence can be stored in certain local parts of a
system, which can be seen analyzing the Frobe-
nius measure of coherence, via a Schmidt decom-
position [55]. Thus, the higher the entanglement
in a certain system the more coherent the state
can be. In addition, some of our bounds could
possibly be extended to [y measures of coher-
ence, which will be to focus of future investiga-
tions. If this is case, it is known that from the
point of view of resource theory that entangle-
ment and coherence are quantitatively equivalent
[92]. Thus, while our bounds focused on the re-
lation between energy storage and coherence, a
complementary picture can be obtained in terms
of entanglement.

Moreover, in [33, 70] it has been shown that, in
the context of random quantum batteries, there
is a quantum advantage with respect to classi-
cal devices due to the behavior of the spectral
gaps in the eigenvalues of the evolution operator
U. These gaps are relevant when the initial state
populates both eigenstates of U, and in turn this
contributes to the coherence of U in the basis of
the initial state. It would be interesting to see
whether one can bound the quantum advantage
of a battery in terms of coherence, which would
result in a guide to designing superior devices at
the microscopic level.
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A Work and von Neumann's trace inequality

Let us now consider another set of bound for the work, based on von Neumann’s trace inequalities.
Consider two operators A and B. Let «; and ; be the ordered set of singular values of A and B, e.g.
a;_1 > «y, and B;_1 > B;. Then we have

ITr AB| < ) cif3i, (98)
i=1
and if A and B are Hermitian, then
D aifnit1 <TrAB <) aifi. (99)
i=1 i=1
It follows that, if we use the equalities from the previous section:
W = To(U{ Holpo, U]) = Tr(p[Ut, U} Ho)] = Te(Ux[U] Ho, po)), (100)
A B C
we have three pairs of operators: Ay = Ut Hy, B4 = [p,U]; A = p, Bg = [Uy, Ut Hyp] and Ac = Uy,

Beo = [Ut Hy, p].

Let us thus consider the singular values of the three pairs. Given an operator (), the singular values
square are the (square roots of the) eigenvalues of the operator Qo = QTQ. Von Neumann’s trace
inequality can be applied to equality C as both p and [Uy, UtTH()] = Hy — UtT HyU, are Hermitian
operators. The singular values of p are the eigenvalues of p?. Let d; be the singular values of p, and
oi(t) be the singular values of Hy — UtTHOUt Then, it follows that

Zdn ir10i(t) < [W(t)] < Zd oi(t (101)

We can perform another upper bound: W(t) < >, diai(A + B) where A is Hy and B = —UTHyU
now, we can use Weyl’s inequality for the singular values of the sum of Hermitian matrices. This is

W(t) <max dY_ oi(A+ B) <max d Y (0i(A) + 0;(UTAV)) < 2max d > 0;(A) < 2nd max; o;(Ho)

One interesting comment is that both p and [Uy, UtTHo] are Hermitian operators. Thus, following
von Neumann’s trace inequality, we can both upper and lower bound the work with

W =) dpip104(t) < [W(t)] < Zd oi(t) = (102)
=1

where o;(t) are the singular values of é = Hy — UtHoUtT , while d; are the singular values of p. It can
be immediately seen that the inequality of Eq. (102) is tighter.
These bounds can be further simplified as follows. Consider the upper bound W = Y7, d;o;(t).
We can further upper bound it via
W< dY o), (103)
J
where d = max;d;. We note that numerically the upper bound above is hard to calculate because of
necessity to diagonalize 3 matrices. Now, for the singular values of a sum of Hermitian matrices we
have 37, 0;(A + B) < 3;(0(A) + 0;(B)) [57]. Now note that B = —~UTAU where U is a unitary
transformation, and thus o;(UTAU) = 0;(A). Tt follows that
W <2ndao(Hp) (104)
where n is the dimension of the Hilbert space and ¢(Hy) = max;o;(Hp). We thus obtain the upper
bound
W(t)| <2nda(Hy). (105)

which only requires to solve two maximum eigenvalues problems.
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B Norms definitions and upper bounds

In the paper we use various norms, so for the sake of clarity we define the following quantities. Given
a matrix A, we define the 2-norm as ||A||2 = sup; 0;(A), where 0;(A) is the i-th singular value, while
||A]|. For a square matrix A of size n, We then call the Frobenius norm (or Hilbert-Schmidt) norm

the following:
[Alr = > lagl? = VIr AtA= | Y 02(A). (106)
ij i=1

A bound for singular value of two matrices will be the following. Consider two matrices A and
B. First, let us prove a property of the Frobenius norm that will turn useful in the following. If
tr(ATB) = tr(BTA) = 0, then ||A+ B||% = ||A|% +||B||%. In order to see this, notice that | A+ B||% =
tr(A+ B)1(A+ B) = |A|% + ||B|% + tr(ATB + BT A) from which the statement follows.

In general, we have the inequalities

IA]l2 < [[AllF < VnllA]2. (107)

Let us now prove the following statement. In general, one has that [tr(AB)| < /|| A]|%|B||%. In this
paper we do use the notation ||A||p for the Frobenius norm to avoid confusion with the spectral norm
IIA||l. A tighter series of inequalities can be however:

ltr(ATB)| < o1(A Za] ) < o1(A) Zaj( ) < +V/noi(A /ZO’ (108)

The inequality follows from the following two statements, which can be proved using the singular
value decomposition. For any matrix M = A'B, we have |tr(M)| < 3, 0:(M). Also, o;(ATB) <
01(A)o;(B), which can be proved using the Fischer min-max theorem.

Another inequality in terms of the Frobenius norm for the trace can be derived as follows. Consider
again |tr(ATB)|. We can write the following Holder inequality

[tr(ATB)| < [tx(JATP)[F[tx(|BI9)|s (109)

with 1/p+ 1/qg = 1. Then, if we write p — oo (or q), we can write

[tr(ATB)| < (| A[|B]|x (110)

where || A|| is the operator norm, and ||B]|; the 1-norm. We also make use of the inequality

[1Bllr < By < /x(B)|Bllr (111)

where r(B) is the rank of B. The right inequality holds when the singular values of B are all the
same, while the left inequality when only one singular value is nonzero. We can say something more
if at least one of the two matrices can be diagonalized, which is our case in the paper.

IfB= U,;r [P0, U] = pt — po, then because of the subadditivity of the rank and the fact that a unitary
transformation does not change the rank, we have r(p; — po) < 2r(po). If the state pg is thus pure, we
have that r(B) = 2, which is of order 1.

A bound we will also use is the one for the square root. In fact we have that

Z )\Z‘CLZ‘S /Z)\i /Zai, (112)

which is due to the concavity of the square root.
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C Relation between C(-) and D(-)

Let us define the overlap in a certain basis defined by projector operators Il as
1< 9
C(x) =5 > IX 1] (113)
j=1

If the operator X is the density matrix, C(p) is exactly the coherence of p in the basis given by II’s.
First, we show that the function C(X) is the coherence. We define the super operator D(-) =
> ; IL; - 1I;, and the coherence as

IX = DX = 1X = > TLXTL|7
7
= Tr((xt = Y I X ) (X - YT ILXTL))
J i
= Tr(XTX = ST XTX - X3 XL + 3 10 X T X T )
J i

ij
= Tr(XTX - > XTI XTL;). (114)

Now we have

1 1
C(X) = Cn(X) = 5 L IX ][ =5 > T (XTI — TLX) (XL - T4X)
i %
1
=352 T (14X X — XX — XTI X+ X X))
i
2
_ t ML XTL) — 2
= 5Tr(X X—;X LX) = | X = D(X)|}. (115)

It follows that if X = p, C(p) is the coherence operator in the basis of II’s. Also, we note that,
notationally if we write X;; in the basis of IIj’s, in general 3=, x> = Cr1(X). If a certain operator
A has a spectral decomposition in terms of the projectors II’s, we will write with an abuse of notation
Cn() = Ca(").

Note that ||[X,IL]||% = 2(X |zik|* — |z4|?). Also, note that

Tr(XTX - Z XTHiXHi) - Tr(X‘fX Z I, — Z XTHiXHZ)
=5 Tr (XTXHz- _ xt HiXHZ») =Y Te(xtxI,IL])  (116)

which is an expression we will use later.

D Coherence bounds

In this section we prove various auxiliary propositions which enter into the coherence bounds lemmas
proved below and reported in the main text.

First, we prove the following:

Proposition 1. Assuming that IL;II; = 6;;1I;, we have

tr([TT;, AIL]T[IT;, ATL)]) = 65| [T, AIL;] || %
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Proof. Let us now prove some auxiliary properties related to the spectral decomposition. Note that
I1? = I, and ILII; = 0 if ¢ # j. Then we have

tr ([T, AIL] I, ATL)) = 0 (117)
for any operator A. In fact
te([IL;, ATL][IL, ATL]) = tr (T AT — ALL) (I ATL — ATL) )

= —tr((ILATL; — T1,A) (T ATL; — ATL))

= —tr (I ATL L AT — I AL ATL — TI AT ATL + T AT ATL)

- —tr(HiAHiHjAHj — ILILATL A — TI,IL AT A + HjHiAHiHjA). (118)
Since in every term there is a product of the form II;II;, the trace is given by

([T, ATL) [T, ATL]) = 63|11, ATL][ |, (119)

which completes the proof. [J
Proposition 2 If IL;II; = II;0;;, then

1L, BIL][[7 = || [1%:, 11 B || (120)
Proof. Let us evaluate both sides of the equality. On the right hand side we have

te([IL;, 11 BI [T, 11 B]) = tr((IL1 B — 11 BIL)T(ILT1;B — 11, BIL,) )

tr((BHiH]‘ — HiBHj)(HZ‘HjB — HjBHﬂ)
tI‘(BQHiH]’HiHj — BHZHJHJBHZ — HZBHJHZH]B + HzBH]H]BHl)
tI‘((;ijBQHi - 25UBHlBHl + HZBHJB) . (121)

On the left hand side instead we have
te([IL;, BIL][IL, BIL]) = tr((ILBIL; — BIGIL)T (1B — BILIL) )
= tr((T1; BII, — 11, B) (I, BT, — BILIL,))
= tr (11 BILIL; BIL; — T1; BIL BILTL; — TLIL BILBIL + LI B2,
= tr(BILBIL; — 26, BIL BIL; + 6, BTI; ) (122)

from which we see that the equality applies. [
Proposition 3 Let IL;II; = 0;;II;. Then, if A is Hermitian, we have

[T, ATL] |7 = 5 [T, AJl[7 (123)

Proof. Note that, for A Hermitian

tr[I;, AL [IT;, ATL] = tr(ILATL; — 11 A) (I ALL; — ALL)
tr(IT; AII; ATL; — TI; ATL; ATT; — T1; ATIL AT + 11 AT)
tr(AQH,- - HZAHZA) (124)

A rapid calculation shows that instead

te[IL, AL, A] = —tr(TLATLA — AT — TA? 4 ATLATL ) = 26e(A%L - TATGA), - (125)
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which completes the proof. [
From the Proposition above, it follows that Y, ||[I1;, ATL]||% = Cr(A).
Proposition 4 Let IL;II; = 0;;II; and B Hermitian. Then

tr([T1;, 11, B] ' [T1a, T, B]) = 6jadaptr (B[Bﬂz’, Ha]) + (0iadjp — 0;i05)tr(BIL; Bll,) (126)
Proof. We have
te([IL;, T1; B] [T, 1, B]) = tr((ILI; B — I1; BIL) (T1,11, B — 11, BIL,,))
= tr((BILL; — T, BIL) (L1, B - 11, BIL,,))
= tr( BT, T, — 1 BIG LI, B — BILILTLBIL, + 11 BT, BIL,
(

— tr 5Ja5m5a,,B IL; — 8000y BILLBIL; — 8136 BIL; BIL, + 0,40 BIL; BI{1PT)

B C D

Now we note that terms A + B can be written as
tr(0iad BILs = 8j000p BILaBIL ) = (8800 BILi = 1000 B1La BIL; ) (128)
= 8jaduytr (BBILTL, — BI1,BIL,)
= §jabaptr(B(BILIL, — 11, B1L;))

— bjudustr (B[BIL,, 11,))

(129)
Let us now consider the terms C' 4+ D. We have that these can be written as
(diadjt — 8507 tr(BIL BILa) = (8iadjp — 05:075)|bjal” (130)
which is the final result. [
Corollary 1 We have
005, T B3 = ot (BIBIL, L] ) + (1 — 65)tx(BTL; BIL) (131)
Proof. From Proposition 4 we set a =4 and b = j.
Corollary 2 We have
> |, 11 B]||% = 2Cu(B) (132)
(4]
Proof. From Corollary 1, we have
Z |I[T1;, 10, B]||% = Z (6:5tx (BIBIL, T1]) + (1 = 84)tx(BIL,; BIL))
- Za,]m«( [BIL, IL,]) +Z 8,:)tr(BIL,; BIL,)
= Ztr(B BII;, Hl]) + Z |bij‘2 — Z |bii|2
i ij i
= > tr(B[BIL, IL]) + Cu(B)
=2Cp(B) (133)

where we used Eq. (116). The final equation is what we claim in the statement above. O
In the main text, we have provided a proof of
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Lemma 1 - Single Normal Coherence Inequality

U, Alll < 4l AI7 D lai;|* = 4] A|*Cy (4). (134)
i#]

Lemma 1 implies the following Corollary,

Corollary For a unitary operator U, we have

11U, AlllF <4 lay|* = 4Cu(A) (135)
i

Proof. Tt follows from Lemma 1 and the fact that ||U]| = 1.
Lemma 1’ - Single Unitary coherence inequality

Let U be a unitary operator and A an Hermitian operator. Then
_1
IV, Alll < 2v2I|Al| (273 /nl| AICE(A4) + Tl (4)) (136)
P’I“OOf. Let U = ZZ nin'7 with HiHj = (5in¢. Then, we have

11U, AlE = > man ([T, AJTIL;, A))

]

= — Z nZT];ktI‘((HjA - AHJ)(HzA — AH»)

ij
=-2 Z T]in;tr(HjAHiA — 5ZJA2HZ)

ij

=2 Z nin;tr(A[AHj, Hl])

ij

(137)

We can now upper bound the quantity above with the absolute value, and using the identity

|tr(A[AIL;, IL;])| = |tr(A[II; A, IL])|, we have

IO, A7 < 23 [er(AT;A, TL))|

=23 [tr(A[IL;A, I1])|

< 20|AlI Y /r((I A, LD A, 1|3 (138)
7]

We note now that r([II;A,1I;]) < 2. Then

10, AllF < 2v2IA1 3 /I A, T (139)
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We now use the fact that, from Corollary 1,

I Al < 22141 5 |t (ALATL 1) + (1 = 6 ex(ATE AT

_2f\|A||(Z tr (A[AIL, IL]) + 3y /tr(ATLALL)

7]

:2\/§||A||(Z tr(4 Ani,ni])+2|aijl)

< 2V2IAI(VVEIAI S 0 Al + 3l
< 2v2)|4]| (2" i\/mz; IHHuA]H%;éIaijI)
= 22|14 (27|14l ;gwaik\?)% +;rjazj)

(140)

The bound above is the first step of the bound. We now use the fact that the square root is concave,

and thus Zij ,/)\ijaij < \/ZU )\ij \/ZU Qij. Then

10, Al < 2v2)l Al (275 /1 AllvVa 3 lagl? + 3 lais)) (141)

i#£] i#£j
It follows that

IV, Alll < 2v2I|Al| (273 /n]| AICE(A) + CL(4)) (142)

which concludes the proof. [

Lemma 2 - Double Normal Coherence Inequality Assume A be a normal operator and let B be
Hermitian. Then,

I[AT, BAJ|% < 4| A "Ca(B)

Proof. For simplicity, we assume that A is a normal operator, e.g. we have A = >, II;n;, where
n; are the eigenvalues of A. If the operator is normal, then A and A" have an identical spectral
decomposition and the proof goes along similar steps, which is Lemma 3.

Then

I[AY, BA|E = (1> min; [, BIG)|E = >0 manymimtr ([, BIL] [T, BIL,)).
i ij ab

(143)
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Now using Proposition 4, we have

LA, BAJIE = I D man [T, BIGE = > manmmytr([ILs, BIL) Mo, BIL])

ij ij ab
= Z Z mn;?];??b (6ja5abtr (B[BH,‘, Ha]) + ((L'a(sjb — 5ji5ib)tr(BHjBHa)>

ij ab
= > mimjn Per(BIBILTL]) + 3 (il s> — sy o

ij i#]
= an;fmﬂ?éijtr(B?Hi — BHiBHi) anj ;] tr(BH ; BI1: ) + 2772% nin; — |77¢]2)Hbij|2

ij i#] i#]
< supy el Ztr(BQH — BILBIL) + > [nin; (75 — Imif? = n )l big

i#]
< supglmel* Y 103> + D [ming (ning — [nil® — 1 ?)11161?
i#j i+
< 4 supy|ng|* Y [1big|* = 4[| A|*Ca(B) (144)
1#£]

which is what we stated we would prove. [

There is another inequality that can be obtained for a normal operator, in terms of mixed Iy
coherence. We report it below for a Hermitian operator, but a similar bound applies to general
normal operator.

Lemma 2(b) - Double Hermitian Coherence Inequality Assume A and B are Hermitian operators.
Then,

114, BAYE < 4% (1B IBIVE, 3 bl + 3 bis]) +2Ca(B)).

ki 1#£j
where b;; are the elements of the matrix B in the basis of A.
Proof. For simplicity, we assume that A is Hermitian, we have A = ) ,II;n;, where 7; are the

eigenvalues of A and are real. If the operator is normal, then A and AT have an identical spectral
decomposition and the proof goes along similar steps, which is Lemma 3.
Then

I[A, BA|% = 1> mim; [, BIL]|1F = > ninymanytr ([, BIL] [T, BIT,)).

i ij ab
(145)
Now using Proposition 4, we have
ITA, BAYIF = 11> miny [, BIL[[% = > >~ mangnamstr ([, BIL] I, BII,))
ij ij ab
= nimnam (5ja5abtr (B[BHz', Ha]) + (Giadjp — 5ji5ib)tr(BHjBHa))
ij ab
= > many s Per(BIBIL, TL)) + 3 (] — nmy) 1oy
ij ij
= > mimj s e (BIBIL, TL) + > man; (i — )b
] i#]
<3 Iyl Iy fex (BIBIL L) |+ 3 [y (s — )] b 2 (146)
(] i)

Here we wrote b;; as the elements ij of the operator B in the basis of II’s. Let us now look at the two
expressions separately. The exact expression for first term is given by Frobenius norm is thus bounded
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by another Frobenius norm as follows: First, we note that |tr([B[BIl;, I1;])| = [tr([B[II; B,11;])|. Then,
using [tr(AB)| < [|A[lv/x(B)||B]|F,

" mins| I Jex(BBIL, 1L )| = > (2 (BILB. L)) < B S menln?/e((IL:B, TL]) || (1L, 1] |2
i i

(147)
Now note that r([II; B, II;) = r(II; BII; — II;1I; B) < 2, and using Propositions 1, 2 and 3, we have
The first term can then be bounded by
Z | I Jtx (BIBIL, TL] )| < || B Z |m!4\/5utl“ [BIL;, 1)) + (1 — 0;5)tr( BIL; BIL)
= 1B 14212 ( Z \/tr [BIL, IL]) + > y/tr(BIL; BIL) )
i#]
1
= IBI A2 (275 IBINYS (O b3 + 3 (b
i k# i#]
_1
<|IBJ [142|2(273\/IIBIVA > bl + > [bi])
ki it
(149)
For the second term, we have
> g (mimg —n)| [big|* < supglming (g — n)l D bl (150)
i#] i#]
Now note that
supy; minj (ning — ;)| < 2| A% (151)
while >, |bij|2 = 1C4(B). The second term can then be bounded by
> lming(ning —n)|[bis|* < 2|| A%[*Ca(B) (152)

i#j
We thus obtain the final bound
_1
114, BAYE < 14217 (1BI@ 5 IBIVA, [3 bl + 3 [bil) +2Ca(B)) (153)
k#i i#£j

which is what we stated we would prove. [

Accepted in (uantum 2021-07-07, click title to verify. Published under CC-BY 4.0. 32



	1 Introduction
	2 Coherence and work in closed quantum batteries
	2.1 Energy storage and coherence bounds
	2.2 Bounds in terms of the generalized coherence
	2.3 Power and OTOC for closed systems

	3 Coherence and energy in open quantum batteries
	3.1 Bounds in terms of Kraus operators
	3.2 Bounds in terms of Lindblad operators
	3.3 Ensemble of batteries

	4 Models study
	4.1 A 2-body system example
	4.1.1 Work and Power

	4.2 The anisotropic XY model
	4.2.1 Work and power
	4.2.2 Upper bounds

	4.3 Spin-Boson model

	5 Conclusions
	 Acknowledgments
	 References
	A Work and von Neumann's trace inequality
	B Norms definitions and upper bounds
	C Relation between C() and D()
	D Coherence bounds

