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Work extraction using Gaussian operations in noninteracting fermionic systems
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We investigate work extraction from noninteracting fermions under arbitrary unitary operations and the
more restricted class of Gaussian unitary operations that can be feasibly implemented. We characterize general
quantum states in fermionic systems according to their ability to yield work (or not) under such transformations
and study the limit for which multiple copies of passive states in fermionic systems can be activated for work
extraction. We find that a sufficient number of copies of nonthermal passive states can achieve this, yielding an

upper bound on the number of copies needed.
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I. INTRODUCTION

Since the inception of quantum thermodynamics, one of
the important areas of research is the search for minimal
resources and the least work-intensive protocols for the ex-
traction of work out of thermal systems. This task entails
finding quantum states that are freely available and quantum
operations that can be feasibly implemented. In this context,
the classification of passive states [1,2] as “freely available”
[3,4], may have been overrated; this is because over a long
period, “passive states” were generally believed to have no
extractable work under cyclic unitary transformations. Sur-
prisingly, recent studies [5—7] have shown that this situation
holds if we have access to only a single copy of the state.
However, if we collectively process many copies of the same
system, extractable work can become available. If no work
can be extracted unitarily, no matter how many copies are
available then the state is said to be completely passive;
thermal states are the only completely passive states [1,2].
The fact that passive states can be “activated” in such a way
that work can be extracted from them is drawing increasing
interest amongst researchers [5,8—10]. In this context, it seems
that the underlying entanglement structure of the quantum
system plays a crucial role. Indeed, recent results call into
question the role of entanglement, free energy, correlations
and coherence for such work extraction.

Ideally, work can be extracted from nonpassive states
whose average energy can be lowered by acting on it with
cyclic unitary operations. Generally in a cyclic Hamiltonian
process [7], the maximal extractable work (called the er-
gotropy) between states p and o is given as

Winax(p) = maxy tr[H(p — 0)], (D

where H is the system’s Hamiltonian, 0 = UpU . and U the
unitary operator. For n copies of passive states, U would be a
nonlocal (entangling) unitary acting on the total system with
total Hamiltonian given by H.
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Nonlocal (and thus entangling) unitary operations are ca-
pable of extracting more work than local operations from a
set of quantum systems. However, the dynamics involving
a nonlocal operation is slow, in the sense that it requires
many different operations. Since such operations are difficult
to implement, we are therefore left to consider which work
extraction protocol is practically achievable when subjected
to a restricted unitary operation. A large class of transfor-
mations that are easy to describe are Gaussian unitaries,
which map Gaussian states into Gaussian states. The Gaussian
unitary transformations being generated by quadratic Hamil-
tonians are in general more constrained than general unitary
transformations.

A characterization of bosonic quantum states from which
no (or maximal) work can be extracted using a Gaussian
unitary transformation was recently established [11]. In this
context, bosonic Gaussian passive states (and non-Gaussian
passive states), from which no (or maximal) work can be ex-
tracted using a Gaussian unitary transformation, were defined.
In this paper we investigate the corresponding situation for
fermionic systems. Fermionic systems are similar to bosonic
systems but differ in their statistics (Fermi-Dirac in the former
and Bose-Einstein in the latter). There is a one-to-one map
between n fermionic modes and the Hilbert space of n qubits.
This allows for easy computations with fermions, providing
an added advantage for quantum computational tasks [12]. It
is the main aim of this paper to see how useful a fermionic
system is for work extraction. We will show how Gaussian
unitaries can yield a characterization of Gaussian passive and
Gaussian nonpassive fermionic states, respectively.

Energy storage and its subsequent extraction has both
fundamental and practical importance. The main goal of our
study of work extraction from noninteracting fermion systems
is to understand from which quantum states of fermionic
systems energy can or cannot be minimized. We first con-
sider general unitary transformations and then investigate the
more restricted class of Gaussian unitary operations. Specif-
ically, we consider a 1D noninteracting continuous variable
fermionic systems composed of n modes.

In Sec. II, we describe the features of such systems and
then discuss the characterization of fermionic Gaussian states.

©2018 American Physical Society
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Identical thermal states do not allow for work activation no
matter how many copies are available since a product of
thermal states is a thermal state itself and hence passive. As
a proof, we give an illustration of activation in product of
thermal states using a general unitary transformation in Sec.
III. Our main results are presented in Sec. IV where we char-
acterize Gaussian and non-Gaussian passive states based on
the availability of extractable work using Gaussian operations.

II. THE FERMIONIC SYSTEM

A system of N canonical fermionic modes « is described
by a Hilbert space (with dimension 2V) H = ®,1(V:,7-l,(
spanned by the basis |n, = 0) and |n, = 1) known as the
Fock or number state basis. The annihilation and creation
operators a; and a,]: of a fermionic particle in mode k (with
frequency wy) satisfy the canonical anticommutation relation
(CAR) {a,a;} =8y, {al.a]} ={ar, a;} =0, where § is
the Kronecker §. Over the Fock state, the action of a4 and
a' operators is given as a|0) =0 =af|1), a|l) = |0), and
a'|0) = [1). The number operator /i = a'a is an eigenstate of
the Fock state, i.e., n|n) = n|n).

The fermionic system may be described by another set
of field operators known as the Majorana operators. The kth
mode Majorana operators cp; and cy—; are related to the
creation and annihilation operators through the relation

1 N i
t
1= (7= +a), on=—72@—a) (2
ARV A 2t
where k =1,2,---, N labels the N modes of the system
under study. The Majorana operators are Hermitian and satisfy
the relation {c;, ¢;} = §;;. They can be arranged into a vector

. ) T
X:=(c1,€3, " ,CoN=1;C2,Ca," " ,CoN)",

so that in a compact form, the fermionic canonical anticom-
mutation relations (CAR) become

{X[,Xj}z&'j. (3)

Linear transformations on fermionic operators that pre-
serve the CAR are of the form

= ¢ = E Oycy,
i

where O € O(2N) is an element of the orthogonal group.
These transformations can be implemented by unitary oper-
ations which are generated by quadratic Hamiltonians in the
Majorana operators c;.

A. Fermionic Gaussian states

Gaussian states for bosonic modes are easily accessible in
laboratories and Gaussian unitaries for bosonic systems can be
easily implemented [11]. The idea that the unitary operation
necessary to extract work from passive states is rather general
led to considerations of the set of more restricted set of
Gaussian transformations as they are more practically imple-
mented [11]. This brought the notion of bosonic Gaussian pas-
sive states as those states from which work cannot be extracted
using Gaussian transformations in the bosonic regime [11].

In the sequel we shall consider the analogous problem for
fermions. Although there have been relatively few studies of
fermionic Gaussian systems, we note that they can in prin-
ciple be rendered useful for quantum computation purposes
because of their analogy with two qubit systems [13,14]. To
this end, we recapitulate some basic formalism on fermionic
Gaussian states, which may be defined based on either covari-
ance matrix approach or a Grassmann approach [15].

1. Covariance matrix approach

Here, arbitrary fermionic Gaussian states are operators that
are exponentials of quadratic form in the Majorana operators

=z liTG 4
0= exp | X Gx |, 4)

where Z is a normalization constant that can be obtained
from the condition tr(p) = 1; we provide its derivation in the
Appendix. G is a real antisymmetric 2N x 2N matrix, which
can be broughttoa2N x 2N block diagonal form by a special
orthogonal matrix O € SO(2N), that is

Noroo B

G:OGOT=@< f), Q)
P

where the B; are real numbers that characterize G. With

an inverse transformation G = 07 GO, the density matrix
Eq. (4) can be written as

p=2Z"exp [—:TXTOTGOX]

and upon defining a new set of transformed Majorana opera-
tors X = Ox, the density matrix becomes

p=2"" exp I:—iiTGi] (6)

Substituting f(:(ézj_l,fzj)T and Eq. (5), we get the
fermionic Gaussian state in standard form [16]

1 . i\ -
p = 2—nl_[’]l~:1 (]1 — itanh <%>02]‘_162]‘>, 7)

using (C2j—1Ca; )2 = —1 for any j (see the Appendix).
Let us define a real and antisymmetric matrix I" with
elements

i(CkCl), for k 75 l

0, fork =1’ ®)

i
I'u = ={ck, cl) =
M= ([exs erl) {
where for a given state p and an observable A, we define
(A) = Tr[pA]. In terms of the transformed Majorana opera-
tors ¢ = Oc, the antisymmetric matrix I" transforms as
i

- i
Iy = ETT(,O[ﬁk, al) = E([Okmcmv Oicnl)

3" Oun Tr(plem, ca)) O = OTO.
kl

Using the density matrix from Eq. (7), we can calculate Ty=
5 Tr(p[&, ¢]), obtaining

- . - B Bi
Aj=T2j 12; =iTr(p[C2j-1, C2j]) = tanh <71 ,
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with all other T'}; zero, yielding

M
ﬁ:oroTz@(_(l)\, AOJ) 9
J

j=1

and demonstrating that I" and G can both be brought to block
diagonal form by the same orthogonal matrix O.

By definition, I' is the covariance matrix of the fermionic
Gaussian state. The direct link between G and I' indicates
that a fermionic Gaussian state can be fully characterized by
either its density matrix or its covariance matrix. Hence, every
" corresponding to a physical state has to fulfill il' <1 or
equivalently I'T'7 < 1 with equality if and only if the state is
pure.

Thermal states with inverse temperature (8),

T(B) = %e"m,

are examples of a more general class of Gaussian state.
Here, Z = tr(t H) is the partition function. If we define the
Hamiltonian for a single fermionic mode with frequency w
as H = wa'a, then in the Fock basis, a thermal state can be
expressed as

1
1
— —npow
T = e n){n|,
N n§:oj ) (n]
with covariance matrix

_ 0 A 2 2
F_<_X 0), r? < -1,

where A = tanh (’%‘“). For n noninteracting fermionic modes,

the Hamiltonian is defined as H = Z?:l w;aj a; and the
covariance matrix for the product of n fermionic thermal
states is

Y
T =EB(_A, 0), (10)
A; = tanh (%). We will make reference to this later in the

paper.

2. Grassmann approach
The connection between the covariance matrix approach
and Grassmann approach is the map assigning the Grassmann
variables to each Majorana operator,

0)(C2M71,02M, V): Y2M—1Y2M s Ll)(ﬂ, V): 11 (11)

where y; € Gy, is the algebra of Grassmann variables. Then
we define a state p of n fermionic modes to be Gaussian if its
Grassmann representation w(p, y) is Gaussian,

1 i
w(p,y) = 2 CXP (EV*FJ/), (12)

where I" is a 2n x 2n real antisymmetric matrix also known
as the covariance matrix of the state as defined in (8) [16].

3. Coherent states

Under the Grassmann representation, one can define a
fermionic coherent state [15]. For any set of variables {y;}
of Grassmann numbers, a normalized coherent state |y)
is defined as the displaced vacuum state |y) = D(y)|0),
where D(y) is the displacement operator, which acts on
fermionic a and af operators as D(y)aD'(y) =a + y and
D(y)a'D'(y) = a' + y* respectively [15]. This operation
preserves the anticommutation relations. In this paper we
restrict ourselves to Gaussian operators that contain no Grass-
mann variables [17].

B. Gaussian unitaries

Gaussian unitaries are generated by Hamiltonians
quadratic in Majorana operators and transform Gaussian
states to Gaussian states. This definition applies to the specific
case of unitary transformations that preserve the Gaussian
character of a quantum state. Gaussian transformations in
Hilbert space are special orthogonal transformations on phase
space. In terms of the statistical moment X and I", the special
orthogonal transformation is defined by the action

x=0%, I'=oro’, oo’'=1. (13)

Unlike boson field operators, whose algebraic properties
are preserved by symplectic transformations, fermion anti-
commutation relations are invariant under rotations. Examples
of such Gaussian transformations that preserve the canonical
anticommutation relations of fermionic modes (thus trans-
forming fermionic Gaussian states to fermionic Gaussian
states) are as follows.

(1) Phase rotation operator:

R(@) — efiGa*a ,

cos(9)

X—> 00)%, 0@0)= <— sin(@)

sin(6)
cos(f )) ’ 14)

(2) Two-mode squeezing operator [18]:
S(r) = exp[r(ab — b'ah)),

cos(r)l
in(r)o,

& = S(IR, S(r) = Q _Si“(r)az), (15)

cos(r)1
where o, = diag(1, —1) is the usual Pauli matrix.
(3) Beam splitting operation:

B(¢) = explg(ab’ +a'b)]

cos(¢)1

& - B@)R. B<‘/’)=(sm(¢)n _Si“(d’)ﬂ). (16)

cos(¢p)1

II1. PASSIVITY AND ACTIVATION

A state p is passive if its average energy cannot be lowered
when a unitary operation acts on it, that is

Tr[Hp] < Tr[HUpU'], (17)

where H = 2;1:—01 E;|i)(i| is the Hamiltonian of the finite di-
mensional quantum system associated with the Hilbert space
H = C?, with energy eigenstates |i) and eigenvalues E;. A
state may be passive given only a single copy but can become
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active for n copies. Completely passive states remain passive
no matter how many copies of the system are available, while
those states that become active for some k > n copies of
the system is termed k-activable [7]. This naturally leads
to the question of what the class of states is that remains
passive, even given an infinite number of copies. Thermal
states defined by p = Le## with Z = Tr[e~#/"] are the only
completely passive states [1,2].

Given that some passive states can be activated for some
k > n copies of the system to yield work, the aim of this
section is to find the value of k for which a passive but not
thermal state of fermionic modes can be activated to yield
work.

A. Passive states

Passivity of a quantum state is often expressed as a property
of the state and its Hamiltonian. Consider a state p and a
reference Hamiltonian H, both written in their respective
eigenbasis,

H:=Y Eyln)(n|. with E,. > E,Vn,
=3 paloa)(oal,  With  pusi < po Vi,

where 0 < p, < land ), p, = L. p is passive if and only if
it is diagonal in the same basis as the Hamiltonian H of the
system, that is [p, H] = 0. This can be interpreted as {|p,)}
coinciding with {|n)}, with no population inversion, that is
with decreasing population p; < px and increasing energy
E; > E;. Otherwise, we say p is nonpassive.

In a two-dimensional continuous variable system spanned
by the states |m) and |n), it can be shown[11] that a product of
two thermal states of two bosonic modes at the same inverse
temperature  and frequency w, form an example of a passive
state, whereas given the modes with the same frequency and
at different inverse temperature, the state is non passive. We
ask if this is true for fermionic systems.

B. Activation of passive states to generate work

In the Fock basis, a thermal state for a fermionic mode with
inverse temperature § is given as

1
7(B) = (L + e )™y " e n) (n]

n=0
= (1+e77)71(0)(0] + e P21)(1])  (18)

Consider a noninteracting two-mode fermionic system of
equal frequency w each with local Hamiltonian h; = a)aiT a;.
The total Hamiltonian H of the system is simply the sum of
the individual local Hamiltonians: Hy; = w(aIal + a;az). The
fermionic two-mode thermal state in the Fock basis may then
be expressed as

1

1
N D e B m) (m| @ |n) (nl,

m,n=

where Z, 2, = (1 + e P1®)(1 + ¢~ #®) and up to a common
factor, the matrix elements are

€ = efw(ﬂanrﬂzm) — e*T]waZ(MT]+nT2).

We see that H; commutes with the product state 7(8;, B2)
composed of states of the form in Eq. (18). The occupational
numbers n, m € {0, 1}. The sum of the occupational numbers
in the state is N; = m + n. Consider a unitary transformation
from the state T(81, B2) to t/(B, B2) such that

1 1

T (B1, B2) ==—=

efa)(n’ﬂ]er’/Sz) m'\ ' ® n I/l,,
Z.Z ") (m'| @ [n7)(n']

m’,n'=0
with new occupational number given as N/ = m’ +n’ and

1
matrix element proportional to

€ = = @B +pam') _ i (' TiAn'To)

The state T(B, B,) is nonpassive if there exist pairs of non-
negative integers m, n, m’, n’ such that

€ > e,

while m' +n > m+n, (19)
which up to a common factor yields the condition

while m' +n' > m+n,

(20)

mTl +I’lT2 > m’Tl ~|—YZIT2,

by making use of the fact that e 4% > ¢=4" = X < Y. Given
that m,n € {0, 1}, Eq. (20) cannot be satisfied. We then
conclude that for two-mode fermionic states, regardless of
frequencies of the modes and its temperature, the product of
two thermal states is always passive, this is in contrast to the
bosonic case [11].

However, for a product t(8;, 8, f3) of three fermionic
thermal states,

1

1 -
(Br. . Bs) = D

VAVAYA)

m,n,l=0
X |m)(m| @ |n)(n| & |){], 1)
the situation changes. The nonpassivity condition becomes

npi+mpy +1B3 > n'B; +m'py +1'Bs, (22)
while m' +n' +0' >m+n+1.

The matrix element is now proportional to e~@("Ai+mb+Ip3)
and m,n,l € {0, 1}. One can now find a three-dimensional
subspace in which a unitary can reduce the average energy,
proving that the state 7(8;, B2, B3) is not always passive. For
example, let m' =n'=1,'=0and m =n =0,/ =1, it is
obvious thatm’ +n' 4+1' > m +n +1. Also,

ﬂ3 > 131 + ,32, (23)

which can hold for sufficiently large 85. In general, the condi-
tion Eq. (22) can be satisfied provided g; < B;, By for distinct
i, j, k. Hence, a product of thermal states p = ]_[;’ (B;) =
(1) ® - ® t(B,) for fermionic modes can be activated to
become nonpassive for n > 3. In other words, the state is
3-activable [6].

From the above we can construct the following.

042121-4



WORK EXTRACTION USING GAUSSIAN OPERATIONS IN ...

PHYSICAL REVIEW E 98, 042121 (2018)

Protocol: Consider the three-mode fermionic system de-
scribed by the state Eq. (21). From the nonpassivity condition
Eq. (22), we note that for the above transformation to be
possible, the action of the unitary operation must be such that

(1) The initial state with a composition of the three modes
should consist at least of an unpopulated mode and a popu-
lated mode. That is, initial states of the system of the form
[111) and |000) are not allowed.

(2) The action of the unitary should take the initially
populated (unpopulated) mode to an unpopulated (populated)
mode of the final state.

(3) One can always guess the temperature relationship of
the different modes: The sum of the inverse temperature of
the initially unpopulated modes must be less than the inverse
temperature of the populated mode.

(4) If a transformation leaves a mode unaffected, then
the temperature of such mode does not matter during the
transformation process.

We now turn to a practical example of such transformation.
The three mode state can be written as

Pnmi = [e=“P11100)(001] 4 ¢“*|001) (100]

VYA
+¢7P21010)(010] 4 e~ “P1)1101) (101
+ e PR 110)(011] + e~ +F)1011) (110
+1000)(000] 4 e~ @PrHBH8) 111y (111]],

upon expanding the sum in Eq. (21). Consider a unitary of the
form

U = [101)(010] 4+ [010)(101| — [101)(101]
—1010)(010| + 1, (24)

where U induces a transition between the two degenerate
states,

1010) <> [101). 25)

We note that U = U'. This type of unitary has been applied to
generate a mixed state of the Werner- type thermal state [19]
necessary for quantum information processing. The amount
of work extracted from the system (the change in its average
energy) is given by [7]

W = Tr[H (pnm — U,Onm[Ur)]
= Tiwe= P (1 — ¢~ @(BitB)—P2)y

which must be positive for the state to be nonpassive. Clearly
this will hold whenever (8 + B3) — B> <0, or in other
words,

B2 > B1 + B, (26)

which agrees with the nonpassivity condition in Eq. (22).
Alternatively one could employ a unitary that interchanges the
|001) and |110) states and one would obtain Eq. (23).

The problem of generating a unitary analogous to Eq. (24)
for more copies of fermion states is rather challenging. In
the next section, we discuss a more restricted class of unitary
transformations.

IV. GAUSSIAN PASSIVITY

In the previous section we saw that, unlike the situation for
bosonic modes, for fermionic modes a product of two thermal
states at different temperatures is passive. Given that con-
structing a heat engine requires access to two thermal baths
at different temperatures, can one construct a heat engine out
of a product of thermal states in fermionic modes?

To answer this question, we note that passivity of quantum
states requires a cyclic unitary transformation. In our work,
we consider a Gaussian unitary transformation to characterize
fermionic states according to their abilities to generate work
or not.

Suppose we have access to a Gaussian unitary. We are
interested in the effect of the Gaussian transformation in-
duced by this unitary on an arbitrary state via the effect on
the corresponding covariance matrix. We ask for which (not
necessarily Gaussian) states of two noninteracting fermionic
modes with frequencies w, and w;, (w, < wp) can energy
can be extracted using only Gaussian operations. States from
which energy cannot be extracted using Gaussian operations
are called Gaussian passive [11].

V. ENERGY AS A FUNCTION OF STATE
COVARIANCE MATRIX

Before we proceed, we define the average energy of a state
in terms of its covariance matrix.

Definition 1: The average energy of a quantum state p of
a fermionic mode with frequency w is given in terms of its
covariance matrix I" by the relation

1)
ET) = 5[1 — Tr(QD)], (27)
for some real symplectic matrix
To demonstrate this, the covariance matrix I" of a quantum
state p for a fermionic mode with frequency w is

F=i< 0 ([CI:CZ]))
2 \([c2, c1]) 0 ’

in terms of Majorana operators Eq. (2) for this mode. Defining
the 2 x 2 symplectic matrix

0 -1
= V)

and taking the product QI', we find

(28)

Tr(QI") = i{[c1, e2]) = Tr(i[cr, e2]p). (29)

The average energy E(p) = o Tr[pa'a], which becomes
w .
E(p) = ) Tr [p(cf —ilcr, 2] + c%)] 30)

Substituting Eq. (29) into Eq. (30) and taking note that ¢} =
1/2 = c%, we obtain E(I') = %(1 — Tr(2I')) as expected.
This is the average energy for a single mode of the state with
frequency w.

As we consider noninteracting fermionic modes, the aver-
age energy of an n-mode state is defined as the sum of the
average energy of each of the individual modes. In terms of
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covariance matrix this is given as

w1 Wy
ET,) = 7[1 =T )+ + 7[1 = Tr(2, )],
(31

where the symplectic matrix for the entire system is Q =

@’;:1 Q]

VI. CHARACTERIZING A GAUSSIAN PASSIVE
AND NONPASSIVE FERMIONIC STATE

We are now ready to characterize quantum states with a
covariance matrix I' for which the average energy Eq. (31)
can be minimized by a Gaussian unitary transformation.

A. Standard form of a covariance matrix

Let p be the state of a two-mode system each with frequen-
cies w, and w, > w,, and define I" as the covariance matrix of
the two-mode system. Any two-mode covariance matrix can
be brought to the form

0 a 0 —e]

—a 0 —éen 0
Lsr 0 e 0 b | (32)
ee,. 0 —b 0

by a local orthogonal operation (LOO) Ojoc = Ojoca D Olocps
thatis I'yy = OO} [14].

The more restrictive set of pure Gaussian states are charac-
terized by I'>, = —1. This implies that the covariance matrix
of the two-mode pure fermionic Gaussian state can be brought
to the form

0 a 0 —e

p _|—a 0 —e O
Ly = 0 e O a |’ 33)
e 0 —a O

with e = (1 —a?)"/? [13,14] so that the fermionic system
depends only on one parameter a.

Now suppose we have a product of two fermionic modes
with the covariance matrix in the standard form Eq. (32). Its
average energy according to Eq. (31) is given as

Wy wp
E(Tyy) = 7(1 —2a)+7(1 —2b), (34)

where w, and w), are the frequencies of the modes. We shall
now prove:

Theorem 1: Any (not necessarily Gaussian) state of two
noninteracting fermionic modes with frequencies w, > w, is
Gaussian-passive if and only if its covariance matrix I" is

(i) in Williamson standard form [13]

0 a 0 0
a4 0 0 0

'=lo 0o o »l (35)
0 0 —b 0

with A, > A;, for w, # w,, or

(i) in the form

0 a 0 —e
—a 0 e 0
= 0 e 0 b | (36)
e 0O —-b 0

for equal frequencies w, = w,.

To prove this theorem, we start with the most general co-
variance matrix that any state p may have and apply Gaussian
operations to reduce its average energy until minimal. At this
point we obtain a state o’ with minimal energy. We compare
the energy of p’ with that of p and identify under which
conditions the energy of p has been lowered. We thus can
identify the characteristics of Gaussian-passive states from
these conditions. We consider here even fermionic systems
for which Tr(X) = 0. As noted in Sec. IT A, these have no
Grassmann variables and so have vanishing first moment.

B. Local orthogonal transformations

We note that the covariance matrix I" of a two-mode
fermionic system can be brought to its standard form through
alocal orthogonal transformation Ojoc = Oioc, ® Olgc,, that is

olocrogczrsf=<_} g) (37)
with
o _(cos(qsa) sin<¢a)>
loca = \ —sin(¢,) cos(¢,) )’

and where each element of I'ss is a 2 x 2 matrix

(0 a (0 b (0 e
= (5 ) o=(% o) #=(2 9)

A and B describe the local covariance matrix of each mode
and E describes the correlation between the two modes. By
inverting Eq. (37), we can write the local covariance matrix of
a two-mode system as

OL .5 O =T, (38)

and we note that the inverse operations are also local orthog-
onal transformations.

We ask here: Given a state with a two-mode covariance
matrix ', can work be extracted from the system? That is,
can the average energy corresponding to I' be reduced? To
answer this question we compute the average energy E(I")
corresponding to the covariance matrix I and find using
Eq. (37) that E(I') = E(T'sy) as given in Eq. (34). Since
the energies are the same, it becomes clear that states with
covariance matrix I' = Iy are Gaussian passive under a local
orthogonal transformation.

However, the energy of such states may be reduced by
global orthogonal transformations, as we will show in the next
section.

C. Two mode Squeezing

Now suppose a state has a covariance matrix in the standard
form Eq. (37). We have seen in the previous subsection that
such a state is Gaussian passive under a local orthogonal
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transformation. In this section, we will apply the global or-
thogonal transformation Eq. (15) to the system and see if its
average energy can be reduced. Computing the corresponding
two-mode squeezed covariance matrix fm=S (TS )T,
we find

0 a 0 —e]
N —a 0 —é 0

v = 3
™ 0 ¢ 0 b | 5%
e} 0 =bv 0
where
r_ 2 2 1
a' = ac; —bs; — 5(e1 + e2)sa, (402)
b = —as} +bc} — Le1 + e2)sa, (40b)
¢; = Sa+b)sy +erc? — ers?, (40c)
¢y = 1(a+b)sy + exc; — ey, (40d)

with ¢, = cos(r) and s, = sin(r), respectively. To see if this
transformation can reduce the average energy, we compute
E(I'rv) using Eq. (27), obtaining

A Wy ’ wp ’
E(T'ty) = 7(1—2a)+7(1—2b ), 41)
and substituting Eq. (40) into Eq. (41), we get
E(f‘TM) = w,[b sinz(r) —a cosz(r)]

+ wpla sinz(r) —-b cosz(r)]
(a)a + U)b)
+ —

and minimizing this with respect to the squeezing parameter
r, we find the condition

[14 (e1 + ep)sin(2r)], (42)

0 A
EE(FTM) =0,
= (a + b)sin(2r) + (e; + ex)cos(2r) = 0, 43)

whose solution is

1
r=——tan"! [m} =

-
5 @1 ——tan " (A), 44)

2
where A = (e; + e2)/(a + b). The minimized energy is

EwnPo) = 0 p /15 72)

+ %(wb —wq)(a —Db). (45)

Defining e = (e; — e3)/2, the elements of the covariance ma-
trix Eq. (40) are now

b —-b
a = M 1+)\2+¥7 (46a)
~ b —b
p= D e D e
e =e &=—c. (46¢)

We pause to comment on the interpretation of these matrix
elements. In addition to minimizing the system’s average

energy, the squeezing parameter Eq. (44) reduces the off-
diagonal elements in Eq. (39) to a single parameter e so that
the resulting covariance matrix is of the form
0 a’ 0 —e
—-a 0
0 —e O 4
e 0 —i

e

Lep = (47)

If the state is a two-mode pure fermionic Gaussian state
whose covariance matrix is of the form of Eq. (33), the two-
mode squeezing operation takes the state’s covariance matrix
to the form

0 1 0 O
-1 0 0 0
P __
1_‘GP_ 0 0 0 1 (48)
0 0 -1 0

with property (I'&p)* = —1. This corresponds to the co-
variance matrix of a pure fermionic Gaussian state in the
Williamson normal form [13]. To achieve a Williamson
normal form covariance matrix for the general two-mode
fermionic system, we consider further Gaussian unitary trans-
formations on the system.

D. Beam splitting

The last Gaussian operation we have to consider is the
beam-splitting operation. This transformation on fermionic
phase space is represented by the transformation matrix
Eq. (16). We find

0 A 0 D
s = B(O)[gpB'(0) = —A4 0 =D 0 (49)
BS — GP - 0 D 0 B 5
-D 0 —-B 0
where
A =@ cos? 0 + b sin®(0) + e sin(20), (50a)
B = b cos® 0 + a’ sin*(0) — e sin(26), (50b)
D = 1@ —')sin20 — ecos(20). (50¢)
The average energy corresponding to I'gg is
E(Tgs) = —w,[B' sin*(0) + @’ cos?(9)]
— wpld’ sin*(0) 4 b’ cos*(0)] (51)
+ @ + (wp — wg)esin(260).  (52)

Again, energy is minimized for the value of 9 satisfying the
equation

(wp — w,)[(B' = @')sin(20) + 2e cos(26)] = 0, (33)

implying
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where p = 2¢/(b' — a'). The minimized energy under the
beam splitting operation is then

Enin(Fs) = M[(a’ — W1+ 1]

+ %(wb + w1 — @ + b1, (54)

and the corresponding minimized matrix element is

e ;rb)+(a;b)w/1+u2, (55)
=@ ;b)_(a;b)‘/wlﬂ, (55b)
D=0. (55¢)

For equal frequencies w, = wp, the average energy is
unchanged, that is Enin(Trm) = Emin(f‘Bs) and we conclude
that the state with covariance matrix Eq. (47) is Gaussian
passive. However, for different frequencies assume w.l.o.g.
that w, > w,, the covariance matrix for the minimized state
under beam splitting operation is in the Williamson normal
form [13]

0 A 0 0
. [=a 0 o o

FTee=10 o o B (56)
0 0 -B 0

with eigenvalues given as A, = +iA and A, = +iB.Ifa > b,
we find that A, > A; and so the lower frequency mode has the
higher population.

We see that the effect of the orthogonal transformation on
the fermionic two-mode covariance matrix is to decompose
the modes and bring them into a product of single-mode
locally thermal states diagonal in the Fock basis. An example
of Gaussian passive state of two modes with different fre-
quencies is that of a product of single mode thermal states, in
which each mode has different temperature. In this case, the
Williamson eigenvalues are A; = tanh(z%"l_). For T, # 0 the
condition A, > A, for Gaussian passivity can be expressed as

@ Ta (57)
wp, Tp

As shown in Sec. III B, within the framework of general
operations, the product of two thermal states at different
temperature is passive, regardless of the frequencies of the
modes involved. And from above, we see that such a state
is also Gaussian passive showing that all passive states are
obviously Gaussian passive, but the converse may not be true
[11] as we will show in the next section.

E. More general operations

So far we have focused on characterizing a general
fermionic state according to whether work can be extracted
or not using Gaussian unitary transformations. We started
with the covariance matrix of a general two-mode fermionic
system, applied Gaussian unitary operations to extract
the energy from the system and then we arrived at the
Gaussian passive state Eq. (56), where no further energy
could be extracted by an additional Gaussian unitary

transformation. A reasonable question then arises: in the
process of characterizing a (not necessarily Gaussian)
state, how much extractable work is sacrificed by using
Gaussian unitary transformations instead of general unitary
transformations? To address this question we will follow a
procedure similar to that in the bosonic case [11].

In the characterization process we fixed the second moment
of the fermionic state, which only uniquely identifies a state
if it is Gaussian. Two steps therefore lead us to answering
the above question. (1) First, we must find a non-Gaussian
state that is compatible with a given Gaussian passive state,
or in other words we must find a non-Gaussian state with the
same second moment as that of the Gaussian passive state.
(2) We must show that a general unitary transformation on
the resulting non-Gaussian state can lower its energy to the
minimal value.

To proceed, we first note that the covariance matrix of a
general two-mode Gaussian-passive state Eq. (56) is identical
to the covariance matrix of a product of locally thermal states
of two different modes each with different effective tempera-
tures. One could then consider a single fermionic mode in a
thermal state with arbitrary temperature and then find a pure
state whose second moment is that of this single mode thermal
state. Then one could certainly find pairs of states of this kind
whose tensor product is compatible with a Gaussian-passive
locally thermal two-mode state. For example, in the Fock
basis, the fermionic state

l¥) = V1= pl0) +/pIl),

has a covariance matrix of the form

0 2p—1
(1—2p 0 )’ (59)

and so by carefully choosing the continuous parameter p, we
can bring the covariance matrix to look like that of a single-
mode fermionic thermal state with inverse temperature S,

. 0 tanh (ﬂ—’”)
Fon = (— tanh (%‘”) 0 ’ ) (60)

where o is the mode frequency. Unfortunately, the state
Eq. (58) is prohibited by a super-selection rule [20] and so
does not exist.

However, another example would be the fermionic vacuum
state |0) and a single fermion state |1) each having covariance

matrices
0 1 0 -1
Fﬂo:<_l 0>v Fpl :(1 0)’

respectively. Given that the (|1), |0)) states are pure, their co-

0<p<l (58)

variance matrices satisfy the condition F‘ZH = —1. We define
the free energy of these states as
F(p)=E(p) —TS(p), (61)

where S(p) = —Tr[pln(p)] is the von Neumann entropy,
which is vanishing for pure states, and E(p) is the average
(internal) energy.

Now to achieve our first task, consider pairs of the single
fermionic systems encoded into a bipartite Hilbert space
Hap = Ha ® Hyp of subsystems a and b, respectively. The
state is defined by a density operator p;b = ]00),4, (00| and
pgb = |11),5(11], respectively, the resulting states correspond
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to direct sum of locally pure fermionic Gaussian states. Their
covariance matrices are, respectively,
a b _ 1a b
F ; F/Ol ® Fpl ’ szh - F/Oz ® F,Oz’

Pab

which is the same as the CM of pure fermionic Gaussian
passive state Eq. (48). For our second task, given that the
constructed states are pure, their free energy is thus identical
to the average energy. Interestingly, there is no way to lower
the average energy of the constructed state p;b; however, the
energy of the state p2, can be lowered by applying a (non
Gaussian) unitary transformation that takes the pure state to
vacuum state. This shows that ,ogb is Gaussian passive but
not passive while p/, is both passive and Gaussian passive,
as expected.

VII. CONCLUSION

We have investigated the problem of work extraction from
fermionic systems, finding a number of similarities and differ-
ences with their bosonic counterparts.

Thermal states at positive temperatures are the only com-
pletely passive states from which work cannot be extracted no
matter the number of available copies [1,6,7].

Any quantum state out-of-equilibrium is a potential re-
source for work extraction. However, for fermions the situ-
ation is somewhat subtle. We have shown that under arbitrary
unitary transformations there is no way to process a product
of two fermionic modes in different thermal states to extract
work, independent of mode temperatures and frequency. This
is quite unlike the situation for the bosonic counterpart [11]
and suggests that fermionic systems are not as useful for
quantum thermodynamic applications such as construction of
quantum heat engines [21]. However, we found that a prod-
uct of more than two fermionic modes in different thermal
states was nonpassive (under a certain temperature constraint),
implying work extraction is possible in this system. The
challenge of generating the necessary unitary operation for
this work extraction could be a limitation.

We extended the notion of Gaussian passivity to fermionic
systems and presented criteria for identifying fermionic states
according to their Gaussian (non-Gaussian) passivity; that is,
according to our ability (inability) to extract work from them
using Gaussian unitary transformations. This characterization
is based on the second statistical moment of the two-mode
fermionic system, which is known to have complete informa-
tion about the system. This implies that our characterization
provides information about the Gaussian ergotropy of the
system (that is the maximum extractable energy in a Gaussian
unitary process). Our result showed that under non-Gaussian
(general) unitaries, we showed that work can be extracted
from a general two-mode fermionic system.

There is still much that can be done with Fermionic
Gaussian systems. A classification of their dynamics for open
systems (analogous to the bosonic case [22]) remains to

be carried out, along with their time evolution under rapid
bombardment. Work on these topics is in progress.
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APPENDIX: STANDARD FORM OF FERMIONIC
GAUSSIAN STATE

In this Appendix, we give a brief calculation on how the
standard form of fermionic Gaussian state Eq. (7) is obtained
and the explicit expression of the normalization constant
[23,24]. To begin, when we substitute X = (&2;_1, C2; )T and
Eq. (5), the density matrix Eq. (7) becomes

N
ZEZj,BjEZj—I — C2j-1BjCaj

Jj=1

i
=z —
o exp | —

The relation &;_1B8;C,; = —C2;B;C2j—1 between the majo-
rana operators holds so that

Z,B]Cz/ 162

p=2Z"exp

1 i 5 1 & ﬁjc21 1C2J)n
=§£[16XP 5Bit2j-182 =§HZ :

j=1n=0
We have
(82j-182))" = E2j_182jCaj_182j = —Caj_182j_182;Caj = — 1.
This gives

N
p:%l_[[cosh <'82 )]1+1smh('82 )Cz, 1C]i| (AD)
j=

Renormalization entails that tro = 1. To take the trace of
Eq. (A1), we can transform to the Fock basis |[N) = (a')V|0)
with the Majorana ¢, operators expressed in terms of the

creation Zzl and annihilation &, operators. Hence, the normal-
ization constant becomes

N ,3
Z=]12"cosh & ).
1‘[ cos(z)

Substituting Eq. (A2) into Eq. (Al) gives the fermionic
Gaussian state in standard form

2N 1_[ [ﬂ + itanh ('32 )CZJ 1C,:|

j=1

(A2)

(A3)

where we have taken note that tanh(A) = sinh(A)/ cosh(A).
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