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1 Introduction

The complexity of a quantum circuit is an insightful notion of quantum information the-
ory [1-6]. During the last few years it has attracted increasing attention also because it
has been proposed as a new quantity to explore within the (holographic) gauge/gravity
correspondence between quantum (gauge) field theories and quantum gravity models from
string theory. In this context, different proposals have been made to evaluate the complex-
ity of a quantum state by considering different geometric constructions in the gravitational
dual [7-16].

A quantum circuit constructs a target state by applying a specific sequence of gates to
a reference state. The circuit complexity is given by the minimum number of allowed gates
that is needed to construct the target state starting from the assigned reference state. This
quantity depends on the target state, on the reference state, on the set of allowed gates



and, eventually, on the specified tolerance for the target state. Notice that this definition
of complexity does not require the introduction of ancillary degrees of freedom.

Remarkable results have been obtained over the past few years in the attempt to
evaluate complexity in quantum field theories [17-43]. Despite these advances, it remains
an interesting open problem that deserves further investigations.

In order to understand the circuit complexity in continuum theories, it is worth explor-
ing the complexity of a process that constructs a quantum state in lattice models whose
continuum limit is well understood. The free scalar and the free fermion are the simplest
models to consider. For these models, it is worth focussing on the Gaussian states because
they provide an interesting arena that includes important states (e.g. the ground state
and the thermal states) and that has been largely explored in the literature of quantum
information [44-48]. The bosonic Gaussian states are particularly interesting because, de-
spite the fact that the underlying Hilbert space is infinite dimensional, they can be studied
through techniques of finite dimensional linear algebra.

Various studies have explored the complexity of quantum circuits made by pure Gaus-
sian states in lattice models [17-27]. In these cases the gates implement only unitary
transformations of the state. It is important to extend these analyses by considering quan-
tum circuits that involve also mixed states; hence it is impossible to construct them by
employing only unitary gates [6]. A natural way to construct mixed states consists in
considering the system in a pure state and tracing out some degrees of freedom. This
immediately leads to consider the entanglement entropy and other entanglement quanti-
fiers (see [49-52] for reviews). The same consideration holds within the context of the
holographic correspondence, where the gravitational dual of the entanglement entropy has
been found in [53-55] (see [56-58] for recent reviews).

The notions of complexity are intimately related to the geometry of quantum
states [59]. While for pure states a preferred geometry can be defined, when mixed states
are involved, different metrics have been introduced in a consistent way [60]. Furthermore,
for quantum circuits made also by mixed states, the notions of spectrum complexity and
basis complexity can be introduced [29].

A method to quantify the complexity of circuits involving mixed states has been re-
cently investigated in [23]. In this approach, the initial mixed state is purified by adding
ancillary degrees of freedom and the resulting pure state is obtained by minimising the
circuit complexity within the set of pure states. This procedure requires the choice of a
fixed pure state to evaluated this circuit complexity for pure states.

In this manuscript we explore a way to evaluate the complexity of quantum circuits
made by mixed states within the framework of the Information Geometry [61-63]. The
method holds for bosonic Gaussian states and it does not require the introduction of ancil-
lary degrees of freedom. It relies on the fact that, whenever the states provide a Riemannian
manifold and the available gates allow to reach every point of the manifold, the standard
tools of differential geometry can be employed to find the optimal circuit connecting two
states. Since the pure states provide a submanifold of this manifold, this analysis also
suggests natural quantum circuits to purify a given mixed state.



We focus only on the bosonic Gaussian states occurring in the Hilbert space of har-
monic lattices in any number of dimensions. These are prototypical examples of continuous
variable quantum systems; indeed, they can be described by the positions and the momenta,
which are continuous variables. The bosonic Gaussian states are completely characterised
by their covariance matrix, whose elements can be written in terms of the two point corre-
lators, and by their first moments. The covariance matrices associated to these quantum
states are real symmetric and positive definite matrices constrained by the validity of the
uncertainty principle [44-48]. We mainly explore the bosonic Gaussian mixed states with
vanishing first moments. This set can be described by a proper subset of the Riemann
manifold defined by the symmetric and positive definite matrices [64—68] equipped with
the metric provided by the Fisher information matrix [61, 62, 69—71]. We remark that our
analysis considers quantum circuits that are made by Gaussian states only. Despite this
important simplifying assumption, the resulting quantum circuits are highly non trivial
because non unitary states are involved in the circuit. In this setting, by exploiting the
Williamson’s theorem [72], we can consider circuits whose reference and target states have
either the same spectrum or can be associated to the same basis. This allows us to propose
some ways to quantify the spectrum and the basis complexity for bosonic Gaussian states
with vanishing first moments.

The manuscript is organised as follows. In section 2 we introduce the quantities and
the main results employed throughout the manuscript: the covariance matrix through the
Gaussian Wigner function, the Fisher-Rao distance between covariance matrices and the
corresponding geodesics, that provide the optimal circuits. The particular cases given by
pure states, thermal states and coherent states (the latter ones need further results dis-
cussed in appendix B) are explicitly considered. In section 3 we provide explicit expressions
to evaluate the spectrum complexity and the basis complexity, by employing also the first
law of complexity [73, 74]. The purification of a mixed state is explored in section 4, where
particular optimal circuits are mainly considered. In section 5 we discuss some lower and
upper bounds on the complexity. In section 6 we focus on the circuits that do not contain
pure states because they can be also parameterised through the entanglement hamiltonian
matrices. The Gaussian channels underlying the optimal circuits are briefly discussed in
section 7. In section 8 we describe the approach to the complexity of mixed states based on
the purification of a mixed state through ancillary degrees of freedom. The last analysis re-
ported in section 9 focuses on the periodic harmonic chain in one spatial dimension and on
its limiting regime given by the harmonic chain on the infinite line. Numerical results are
reported both for some quantities introduced in the other sections and for other quantities
like the mutual complexity for the thermofield double states and for the reduced density
matrices. Finally, in section 10 we summarise our results and discuss future directions.

Some appendices (A, E and D) contain the derivation of selected results reported in the
main text and related technical details. Other appendices, instead, provide complementary
analyses that expand the discussion of the main text, adding further results. In particular,
in appendix B we explore Gaussian states with non vanishing first moments, in appendix C
the Bures and the Hilbert-Schmidt distances are discussed, in appendix F the complexity of
the thermofield double states is explored and in appendix G we describe the two particular
bases employed in [23] to study the complexity of mixed states through the F} cost function.



2 Complexity as Fisher-Rao distance and the optimal path

In section 2.1 we introduce Gaussian Wigner functions (defined in terms of the covariance
matrix and of the first moment) to characterise a generic Gaussian state. The Fisher-
Rao distance and other distances are defined in section 2.2. In section 2.3 we discuss
the Williamson’s decomposition of the covariance matrix, a crucial tool largely employed
throughout the manuscript. The optimal circuit in the Fisher information geometry is
analysed in section 2.4. The special cases given by pure states and thermal states are
explored in section 2.5 and section 2.6 respectively. Finally, in section 2.7 some results
about the complexity for the coherent states are discussed.

2.1 Gaussian states in harmonic lattices

The hamiltonian of a spatially homogeneous harmonic lattice made by N sites with nearest
neighbour spring-like interaction with spring constant x reads

N 2

i = ;(;Lﬁ?‘FW@%)JFZ;(@—QjF = %f’tH"hysf (2.1)
where the second sum is performed over the nearest neighbour sites. The position and mo-
mentum operators ¢; and p; are hermitian and satisfy the canonical commutation relations
[4s, 4j] = [Pi»Dj] = 0 and [, pj] = i0;; (we set h = 1 throughout this manuscript). The
boundary conditions do not change the following discussion, although they are crucial to de-
termine the explicit expressions of the correlators. Collecting the position and momentum
operators into the vector # = (G, ..., 4N, p1, - - -, Pn)", the canonical commutation relations
can be written in the form [, 7;] = iJ;;, where J is the standard symplectic matrix

JE(O 1) (2.2)
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and we have denoted byy 1 the N x N identity matrix and 0 the matrix with the proper
size having all its elements equal to zero. Notice that J2 = —1 and J* = J~! = —J.

The real symplectic group Sp(2N, R) is made by the real 2N x 2N matrices S charac-
terising the linear transformations # — # = S # that preserve the canonical commutation
relations [75-79]. This condition is equivalent to SJS* = J. Given S € Sp(2N,R), it can
be shown that det(S) = 1, S* € Sp(2N,R) and S~ = JS*J~!, hence S~% = J*SJ (we
have adopted the notation M ~* = (M*')~!). The real dimension of Sp(2N, R) is N(2N +1).

The density matrix p, that characterises a state of the quantum system described by
the hamiltonian (2.1), is a positive definite, hermitean operator whose trace is normalised
to one. When the state is pure, the operator p is a projector.

A useful way to characterise a density matrix is based on the Wigner function w(r),
that depends on the vector » made by 2N real components. The Wigner function is defined
through the Wigner characteristic function associated to p, that is [46-48]

X(€) = Tr(pe™ 7€) = Tr(p Dy) ¢ e RN (2.3)
where in the last step we have introduced the displacement operator as

~

Do = ei0'J7 ac RN, (2.4)



The Fourier transform of the Wigner characteristic function provides the Wigner function
_ 1 —irtJg
w(r) = o [X(© g (25)

where d§ = ?ivl d¢; denotes the integration over the 2N real components of &.
In this manuscript we focus on the Gaussian states of the harmonic lattices, which are
the states whose Wigner function is Gaussian [45, 46, 49, 80-83|

ek )
wG(”‘?’Y? <T>) (27T)N \/m

The 2N x 2N real, symmetric and positive definite matrix ~ is the covariance matrix of

(2.6)

the Gaussian state, whose elements can be defined in terms of the anticommutator of the
operators 7; as follows
1 i

vig = 5 UFi = (7). 75 = (75)}) = %Hﬂw@}) — (i) (g) = (Pi ) = (Fi) (g) — 5 Jigg - (2.7)

The covariance matrix v is determined by N (2N +1) real parameters. The expressions (2.6)
and (2.7) tell us that the Gaussian states are completely characterised by the one-point
correlators (first moments) and by the two-points correlators (second moments) of the po-
sition and momentum operators collected into the vector #. It is important to remark that
the validity of the uncertainty principle imposes the following condition on the covariance
matrix [46, 76]

v+%J>O. (2.8)

In [68] a real, positive matrix with an even size and satisfying (2.8) is called Gaussian
matrix. Thus, every symmetric Gaussian matrix provides the covariance matrix of a Gaus-
sian state.

A change of base # — #' = S# characterised by S € Sp(2N,R) induces the transfor-
mation v — 7 = S S* on the covariance matrix.

In this manuscript we mainly consider Gaussian states with vanishing first moments,
i.e. having (7;) = 0 (pure states that do not fulfil this condition are discussed in section 2.7).
In this case the generic element of covariance matrix (2.7) becomes

Vi = %Hﬂ ,7j}) = Re[(:i75)] (2.9)

and the Wigner function (2.6) slightly simplifies to

67% rty= 1y

w6(T) = o dei(y)

where we have lightened the notation with respect to (2.6) by setting wg (r; ) = we(r; 7, 0).

(2.10)

The quantities introduced above characterise generic mixed Gaussian states. The subclass
made by the pure states is discussed in section 2.3.1.

The most familiar way to describe the Hilbert space is the Schrédinger representation,
which employs the wave functions 1(q) = (g|¢)) on RY (elements of L?(RY) depending on



q=(q,...,qn)") for the vectors of the Hilbert space and the kernels O(g, q) = (q| 9] lq)
for the linear operators O acting on the Hilbert space [75]. In the appendix A.1 we relate
the kernel p(q,q) = (q| p|q) of the density matrix to the corresponding Gaussian Wigner
function (2.10). In the appendix A.2 we express the kernel pa(ga,q,4) for the reduced
density matrix of a spatial subsystem A in terms of the parameters defining the wave
function of the pure state describing the entire bipartite system.

2.2 Fisher-Rao distance

The set made by the probability density functions (PDF’s) parameterised by the quantities
~ is a manifold. In information geometry, the distinguishability between PDF’s charac-
terised by two different sets of parameters 1 and o is described through a scalar quantity
D(v1,72) called divergence [62, 63], a function such that D(y1,72) = 0 and D(y1,72) =0
if and only if v; = 5 and

D,y +dv) = 5 3 g3y dysdy; + O((dy)°) (211)
0.
where g;; is symmetric and positive definite and y denotes the vector collecting the indepen-
dent parameters that determine v = y(y). In general D(vy1,72) # D(7y2,71); nonetheless,
notice that the terms that could lead to the loss of this symmetry are subleading in the
expansion (2.11). Thus, every divergence D introduces a metric tensor g;; that makes M
a Riemannian manifold.

A natural requirement for a measure of distinguishability between states is the infor-
mation monotonicity [62, 63]. Let us denote by s = s(r) a change of variables in the
PDF’s and by D(v1,72) the result obtained from D(71,72) after this change of variables.
If s(r) is not invertible, a loss of information occurs because we cannot reconstruct r
from s. This information loss leads to a less distinguishability between PDF’s, namely
D(y1,7%) < D(y1,72). Instead, when s(r) is invertible, information is not lost and the
distinguishability of the two functions is preserved, i.e. D(y1,72) = D(y1,72). Thus, it is
naturally to require that any change of variables must lead to [62, 63]

D(v1,72) < D(71,72) - (2.12)

This property is called information monotonicity for the divergence D.

Let us consider a geometric structure on M induced by a metric tensor g;; associated
to a divergence satisfying (2.12). An important theorem in information geometry due to
Chentsov claims that, considering any set of the PDF’s; a unique metric satisfying (2.12)
exists up to multiplicative constants [61, 62].

The Wigner functions of the bosonic Gaussian states (2.6) with vanishing first moments
are PDF’s that provide a manifold M parameterised by the covariance matrices v. The
Chentsov’s theorem for these PDF’s leads to introduce the Fisher information matriz [61,
62, 69, 71, 84]

gy — / wo () 810%[13);(7“;7)] 310%[3;(7";7)} dr (2.13)



which provides the Fisher-Rao distance between two bosonic Gaussian states with vanishing
first moments. Denoting by 1 and ~» the covariance matrices of these states, their Fisher-
Rao distance reads [65-68, 70, 85]

d(1,72) = \/Tr[(log A)2] = [|log(n 7?21 )], A=yt (214)

This is the main formula employed throughout this manuscript to study the complexity of
Gaussian mixed states.

In appendix B we report known results about the Fisher-Rao distance between Gaus-
sian PDF’s with non vanishing first moments [69, 70, 84, 86-88]. We remark that (2.14) is
the Fisher-Rao distance also when the reference state and the target state have the same
first moments, that can be non vanishing [70, 85, 89]. Although an explicit expression for
the Fisher-Rao distance in the most general case of different covariance matrices and dif-
ferent first moments is not available in the literature, interesting classes of Gaussian PDF’s
have been identified where explicit expressions for this distance have been found [85, 89-91].

The distance between two states can be evaluated also through the distance between the
corresponding density matrices. Various expressions for distances have been constructed
and it is natural to ask whether they satisfy a property equivalent to the information
monotonicity (2.12), that is known as contractivity [59, 92, 93]. A quantum operation ©
is realised by a completely positive operator which acts on the density matrix p, providing
another quantum state ©(p) [46, 59, 92] (see also section 7). A distance d between two
states characterised by their density matrices py and ps is contractive when the action of a
quantum operation © reduces the distance between any two given states [92, 93], namely'

d(pr.p2) = d(O(p1), O(p2)) (2.15)

This is a crucial property imposed to a distance in quantum information theory.
The main contractive distances are the Bures distance, defined in terms of the fidelity
F as follows

dQB(/A)hﬁQ) = 2(1 - f(ﬁhﬁ?)) F(ﬁlvﬁ?) = Tr( \/Eﬁz \/ﬁ>1> (216)

the Hellinger distance
& (p1, p2) = 2 [1—Tr(\/ﬁ1 vﬁ2)} (2.17)
and the trace distance

dra(pr, p2) = Tr|py — pol. (2.18)

The trace distance is the LP-distance with p = 1 and it is the only contractive distance
among the LP-distances. For p = 2 we have the Hilbert-Schmidt distance [59]

duss(pr, p2) =/ Tx(p1 — p2)” (2.19)

which is non contractive. In appendix C we further discuss the Bures distance and the
Hilbert-Schmidt distance specialised to the bosonic Gaussian states.

Tn [59] both the properties (2.12) and (2.15) are called monotonicity.



The Bures distance and the Hellinger distance are Riemannian,? being induced by
a metric tensor, while the trace distance is not. Another difference occurs when we re-
strict to the subset of the pure states. It is well known that the only Riemannian dis-
tance between pure states is the Fubini-Study distance d2, = 2 (1 — |[(11]t2)]), where
p1 = Y1) (1| and pa = |1p2) (2. Restricting to pure states, the Bures distance becomes
exactly the Fubini-Study distance, while the Hellinger distance and trace distance become
dZ =2 (1—|[(¢1|v2)]?) and d2, =4 (1 — |[(¥1|2)[?) respectively, namely a function of the
Fubini-Study distance [93].

2.3 Williamson’s decomposition

The Williamson’s theorem is a very important tool to study Gaussian states [72]: it provides
a decomposition for the covariance matrix ~ that is crucial throughout our analysis.

The Williamson’s theorem holds for any real, symmetric and positive matrix with even
size; hence also for the covariance matrices. Given a covariance matrix -y, the Williamson’s
theorem guarantees that a symplectic matrix W € Sp(2N, R) can be constructed such that

y=W'DW (2.20)

where D = diag(oy,...,o0n) @ diag(o1,...,on) and o, > 0. The set {0y} is the symplectic
spectrum of v and its elements are the symplectic eigenvalues (we often call D the symplectic
spectrum throughout this manuscript, with a slight abuse of notation). The symplectic
spectrum is uniquely determined up to permutations of the symplectic eigenvalues and
it is invariant under symplectic transformations. Throughout this manuscript we refer
to (2.20) as the Williamson’s decomposition® of v, choosing a decreasing ordering for the
symplectic eigenvalues. The real dimension of the set made by the covariance matrices is
N(2N +1) [48].

Combining (2.8) and (2.20), it can be shown that o4 >  [46]. A diagonal matrix is
symplectic when it has the form YT @ Y~!. This implies that a generic covariance matrix
is not symplectic because of the occurrence of the diagonal matrix D in the Williamson’s
decomposition (2.20).

Another important tool for our analysis is the Fuler decomposition of a symplectic
matrix S (also known as Bloch-Messiah decomposition) [77]. It reads

S=LXR X=eétape™ L,R e K(N)=Sp(2N,R)NO(2N)  (2.21)

where A = diag(A1,...,Ay) with A; > 0. The non-uniqueness of the decomposition (2.21)
is due only to the freedom to order the elements along the diagonal of A. By employing the
Euler decomposition (2.21) and that the real dimension of K (N) is N2, it is straightforward
to realise that the real dimension of the symplectic group Sp(2N, R) is 2N2 + N, as already
mentioned in section 2.1. The simplest case corresponds to the one-mode case, i.e. N =1,
where a 2 x 2 real symplectic matrix can be parameterised by two rotation angles and a
squeezing parameter Aj.

2In [64] Petz has classified all the contractive Riemannian metrics, finding a general formula that pro-
vides (2.16) and (2.17) as particular cases.
3Tt is often called normal modes decomposition [48].



The quantities explored in this manuscript provide important tools to study the entan-
glement quantifiers in harmonic lattices. For instance, the symplectic spectrum in (2.20)
for the reduced density matrix allows to evaluate the entanglement spectrum and there-
fore the entanglement entropies [52, 80-82, 94, 95] and the Euler decomposition (2.21)
applied to the symplectic matrix occurring in the Williamson’s decomposition of the co-
variance matrix of a subsystem has been employed in [96] to construct a contour function
for the entanglement entropies [97, 98]. The Williamson’s decomposition is also crucial to
study the entanglement negativity [80, 99-102] a measure of the bipartite entanglement for
mixed states.

2.3.1 Covariance matrix of a pure state

A Gaussian state is pure if and only if all the symplectic eigenvalues equal to %, ie.
D = % 1. Thus, the Williamson’s decomposition of the covariance matrix characterising a

pure state reads
1 1
yziwthithﬂR W=LXR. (2.22)

The last expression, which has been found by employing the Euler decomposition (2.21)
for the symplectic matrix W, tells us that the covariance matrix of a pure state can be
determined by fixing N? 4+ N real parameters.

The covariance matrix of a pure state satisfies the following constraint [103]

(iJ7)* = 31. (2.23)

After a change of basis characterised by the symplectic matrix S, the covariance ma-
trix (2.22) becomes 7/ = $SW!'WS'. Choosing S = KW, where K € K(N), the
covariance matrix drastically simplifies to 7/ = % 1.

In the Schrodinger representation, the wave function of a pure Gaussian state reads [77]

v(q) = (de;EVE))M e~z 4" (FHE) g (2.24)
where E and F are N x N real symmetric matrices and F is also positive definite; hence the
pure state is parameterised by N(N + 1) real coefficients, in agreement with the counting
of the real parameters discussed above. The L? norm of (2.24) is equal to one.

The covariance matrix corresponding to the pure state (2.24) can be written in terms
of the matrices E and F' introduced in the wave function (2.24) as follows [77]

1 E! —E'F 1
- =_W'w 2.25
7 (—FE—1 E+FE—1F> 2 (2.25)

where the symplectic matrix W and its inverse are given respectively by

E71/2 _E71/2F B E1/2 FEfl/Z
W_( 0 E1/2 ) w 1_( 0 E-1/2 ) (2.26)

The expression (2.24) is employed in the appendix A.2 to provide the kernel of a reduced
density matrix in the Schrédinger representation.



2.4 Mixed states

Considering the set P(/N) made by the 2N x 2N real and positive definite matrices, the
covariance matrices provide the proper subset of P(N) made by those matrices that also
satisfy the inequality (2.8).

The set P(N) equipped with the Fisher-Rao distance is a Riemannian manifold where
the length of a generic path 7 : [a,b] — P(N) is given by? [65-68, 71]

oh) = [ B e e (227)

The unique geodesic connecting two matrices in the manifold P(N) has been con-
structed [67]. In our analysis we restrict to the subset made by the covariance matrices
~. Considering the covariance matrix g and the covariance matrix v, that correspond to
the reference state and to the target state respectively, the unique geodesic that connects

Yr to yr is [67]

1/2( —1/2 —1/2\% 1/2
Golrm,1m) = W2 () W 0<s<1 (2.28)
where s parameterises the generic matrix along the geodesic (we always assume 0 < s < 1
throughout this manuscript) and it is straightforward to verify that

Go(Vr,7r) = G1(Vr,Yr) = Ve (2.29)

The geodesic (2.28) provides the optimal circuit connecting g to vr. In the mathematical
literature, the matrix (2.28) is also known as the s-geometric mean of vx and ~yp. The
matrix associated to s = 1/2 provides the geometric mean of vy and vy. We remark that
since vg and v are symmetric Gaussian matrices, it can be shown that also the matrices
belonging to the geodesic (2.28) are symmetric and Gaussian [68].
By employing (D.1), we find that the geodesic (2.28) can be written in the follow-
ing form
Gs(Vr,yr) = (% %21)5% = T (’7;?1%)5- (2.30)

The Fisher-Rao distance between g and vy is the length of the geodesic (2.28) evalu-
ated through (2.27). It is given by

d(1r,72) = \/Tr[(log Arg)?] = [log(v > v2 7 /2|y (2.31)

where®
Arg = vryst. (2.32)

This distance provides the following definition of complexity

¢y = 21ﬂ A ) (2.33)

4An explicit computation that relates (2.13) to (2.27) can be found e.g. in appendix A of [71].
®The expression (2.31) cannot be written as |log(yr 75 ")|2 (see appendix D).

~10 -



It is straightforward to realise that, in the special case where both vy and ~r correspond to
pure states, the complexity (2.33) becomes the result obtained in [22] for the F; complexity,
based on the F; cost function; hence we refer to (2.33) also as F» complexity in the following.
The matching with [22] justifies the introduction of the numerical factor 2\#@ in (2.33) with
respect to the distance (2.31). Equivalently, also the x = 2 complexity given by Cr—s = C3
can be considered.

We remark that the complexity (2.33) and the optimal circuit (2.28) can be ap-
plied also for circuits where the reference state and the target state have the same first
moments [70, 85, 89].

The symmetry d(vg,vr) = d(yr,7vr), imposed on any proper distance, can be ver-
ified for the Fisher-Rao distance (2.31) by observing that Arp < Arl under the
exchange vy <> Yr.

Evaluating the distance (2.31) between v and « + dv, which are infinitesimally close,
one obtains [67, 104]

d(y,y+67)? = Tr{[log(l + 577*1)]2} = Tr{[é'yfyfl +... }2} =Tr[(y16y)%] +...
(2.34)
where the dots correspond to O((67)3) terms.
Performing a change of basis characterised by the symplectic matrix S, the matrix

Arr changes as follows
Al =72(m) =S Am ST (2.35)

From this expression it is straightforward to observe that the Fisher-Rao distance (2.31),
and therefore the complexity (2.33) as well, is invariant under a change of basis. We
remark that (2.33) is invariant under any transformation that induces on Ay the trans-
formation (2.35) for any matrix S (even complex and not necessarily symplectic).

From the expression (2.28) of the geodesic connecting v to 7, one can show that the
change s — 1 — s provides the geodesic connecting v+ to vg; indeed, we have that®

Gios(m,vn) = 12 (95 2w ) % = Golw, ). (2.36)

Another interesting result is the Fisher-Rao distance between the initial matrix vz and the
generic symmetric Gaussian matrix along the geodesic (2.28) reads [67]

d(’YR ) Gs(’YR ) ’YT)) = sd(vr,7r)- (2.37)

The derivation of some results reported in the forthcoming sections are based on the
geodesic (2.28) written in the following form”

Gs(¥svr) = Usyn U U, = A2 (2.39)

5This result can be found by considering e.g. the last expression in (2.30), that gives G1_s(yr ,yT) =
y1 gfyT_lfyR)s and becomes (2.36), once (D.1) with M = 7,}/2 is employed.
The expression (2.39) can be found by first writing (2.28) as

_ _ s/2 _ _ s/2
G, yr) = [,Yl}{/z(v;/zw,y;m) ] {(’YRUQVTWRUQ) 71;/2} (2.38)

and then employing (D.1) in both the expressions within the square brackets of (2.38) with f(z) = z*/2.
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Y D+

Tr

Figure 1. Pictorial representation of the optimal circuit (2.28) connecting g to yr (solid black
curve). Coloured solid curves represent the sets made by symmetric Gaussian matrices having the
same symplectic spectrum. The red curve corresponds to Dg and the blue curve to Dr.

This expression is interesting because the generic matrix of the optimal circuit is written
in a form that reminds a symplectic transformation of i through the Us. Nonetheless,
we remark that in general U, is not symplectic because the covariance matrices are not
symplectic matrices. The steps performed to obtain (2.39) lead to write (2.36) as follows

Gs(yr,mw) = Us_l Yr Us_t' (2'40)

It is enlightening to exploit the Williamson’s decomposition of the covariance matrices
discussed in section 2.3 in the expressions for the complexity and for the optimal circuit.
The Williamson’s decomposition (2.20) allows to write vg and 1 as follows

TR = WFt{ DR WR Yr = Wr]t; DT WT WR 5 WT € Sp(QN, R) (241)

where Dy and D+ contain the symplectic spectra of vx and =y, respectively. Let us introduce
also the Williamson’s decomposition of the generic matrix along the geodesic (2.28), namely

Gs(’YR ) 7T) = Wst Ds W Ws € Sp(?N, R) . (2'42)

It would be insightful to find analytic expressions for Wy and D, in terms of ~ and .
This has been done later in the manuscript for some particular optimal circuits.

In figure 1 we show a pictorial representation of the optimal circuit (2.28), which
corresponds to the solid black curve. The figure displays that the symplectic spectrum
changes along the geodesic because the black curve crosses solid curves having different
colours, which correspond to the sets of matrices having the same symplectic spectrum.

In order to write the complexity (2.33) in a convenient form depending on the symplec-
tic spectra and on the symplectic matrices Wy and W, let us employ that, after a canonical
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transformation characterised by the symplectic matrix S, the covariance matrices in (2.41)
become
v = S WL Dp WgS* v = SWEDy WSt (2.43)

By choosing S = Kp, W;;* where Kp, is symplectic and such that Kp, Dy K%R = Dy, (the
set of matrices made by Kp, is a subgroup of Sp(2N,R) called stabilizer [22]), we have
that (2.43) become respectively

Yr = Dr e = (Wrr KtDR)t Dy (War Kp,) (2.44)
where we have introduced the symplectic matrix Wiy defined as follows
Wag = We Wit (2.45)

For later convenience, let us consider the Euler decomposition (defined in section 2.3) of
the symplectic matrix Wirg, namely

Wir = Log Xor Rrr (2-46)

where
Lig , Rig € K(N) X = MR @ e MR € Sp(2N, R) (2.47)

and Arg is a diagonal matrix with positive entries. By specifying (2.35) to (2.44), we
find that
AiFR = K/DRW’};‘R Dy Wrr DglKE; (2.48)

which allows to write the Fy complexity (2.33) as®

Cy = 2\1/5 \/Tr { [og(Dx Wae D W)} (2.49)

This expression is independent of Kp, and tells us that, in order to evaluate the F» com-
plexity (2.33) we need the symplectic spectra Dy and Dy and the symplectic matrix (2.45).

By employing the Euler decomposition (2.46), the second covariance matrix in (2.44)
can be decomposed as follows

/y’/r = KDRRtTR XTR LtTR DT LTR XTR RTRKtDR (2.50)

which cannot be further simplified in the general case. Similarly, the Euler decomposi-
tion (2.46) does not simplify (2.49) in a significant way.

From (2.28), one finds that the geodesic Gs(vk,7%) connecting ~i to . defined
in (2.44) reads

_ _ S
sk 7e) = D (DR /? Ko Wi D Wan Kb, D %) D?

S
= (K Wiy Dy Wa Kb, D) Dy (2.51)

8The expression (2.49) can be obtained also by first plugging (2.41) into (2.33) and then employing the
cyclic property of the trace.
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which is simpler to compute than (2.28) because 7/, is diagonal. Let us remark that
Gs(Vg,Ve) is different from Gg(vm,yr) but they have the same length given by (2.49).
Furthermore, while the optimal circuit (2.51) depends on the matrix Kp, its length (2.49)
does not.

For pure states, both (2.49) and (2.51) simplify in a significant way, as discussed in
section 2.5.

2.4.1 One-mode mixed states

For mixed states defined by a single mode (i.e. N = 1), the results discussed above signif-
icantly simplify because the diagonal matrices Dy and Dy are proportional to the 2 x 2
identity matrix; hence the covariance matrices of the reference state and of the target state
become respectively

where or > 1/2 and op > 1/2.

In this case the Williamson’s decomposition for the optimal circuit (2.28) can be ex-
plicitly written. Indeed, from (2.52) one finds that Ay = or oyt WE W Wit and this
leads to write the expression (2.39) for the optimal circuit as follows

Gs(yn,vr) = s Wy W (2.53)

where

t
gy = 03 gl Wy = W (W Wa W) (2.54)

which provide the Williamson’s decomposition of the generic matrix along the
optimal circuit.
By specialising the complexity (2.49) to the one-mode mixed states in (2.52) we get

Cy = 2\1@ \/Tr{[log(aT o Wi W%R)]Q} . (2.55)

Thus, the formal expression for the complexity does not simplify significantly for the one-
mode mixed states with respect to the general case with N > 1.

2.5 Pure states

It is very insightful to specialise the results presented in section 2.4 to pure states.

When both the reference state [ir) and the target state |¢)r) are pure states, the corre-
sponding density matrices are the projectors pr = |¢r){¥r| and pr = 1) (¢r| respectively.
In this case the symplectic spectra drastically simplify to

1
Dp=Dr=1 (2.56)

where 1 is the 2N x 2N identity matrix. This implies that the Williamson’s decompositions
in (2.41) become respectively

1 1
Tr = 9 Wg\ Wk T = 9 VVTt Wr. (2~57)
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The complexity of pure states can be easily found by specialising (2.49) to (2.56). The
resulting expression can be further simplified by employing (2.46), (2.47) and the cyclic
property of the trace. This gives the result obtained in [22]

Co = 2\1/5 \/ Tr{[log(WTRW%R)]Q} = 2\1@ Tr{[log(ng)f} = | (A} (258)

(2

which can be also obtained through the proper choice of the base described below.

Since we are considering pure states, (2.26) can be employed to write Wy and Wi
in terms of the pairs of symmetric matrices (Ex, Fr) and (Er, Fr) occurring in the wave
functions (2.24) of the reference state and of the target state respectively. The matrix Wig
in (2.45), that provides the complexity (2.58), can be written as follows

~1/2 41/2 ~1/2 —1/2 ~1/2 ~1/2
E E E R E - F L E
Win, = T R T R LR s _1}“2 T LR (2.59)
0 EV2E
which becomes block diagonal for real wave functions (i.e. when Fy = Fr = 0).
As for the optimal circuit (2.28), by specialising the form (2.30) to the covariance

matrices of pure states in (2.57), we obtain
1 s
GS (7R ) ’YT) = 5 Wft{ (W;"R WTR) WR . (260)

We find it instructive also to specialise the expression (2.39) for the optimal circuit to pure
states. Indeed, in this case Ay is symplectic and the result reads

1
Gs(’YRv’YT) - 5 Wst Ws Ws = WR U; (261)

This expression provides the Williamson’s decomposition of the optimal circuit made by
pure states, given that Wy € Sp(2N, R).

A proper choice of the basis leads to a simple expression for the optimal circuit. Since
Dy = % 1, we have that Kp, introduced in the text below (2.43) is an orthogonal matrix.
For pure states the convenient choice is Kp, = Rrg. Indeed, by specifying (2.44) to this
case we obtain that in this basis the covariance matrices vg and ~v; become the following

diagonal matrices

1 1
T = 51 Vo = B R (2.62)

We remark that this result has been obtained by exploiting the peculiarity of the pure states
mentioned in section 2.3, namely that, after a change of basis that brings the covariance
matrix into the diagonal form %1, another change of basis characterised by a symplectic
matrix that is also orthogonal leaves the covariance matrix invariant. The occurrence of
non trivial symplectic spectra considerably complicates this analysis (see (2.49) and (2.51)).
Specialising the form (2.30) of the optimal circuit to the covariance matrices in (2.62),
the following simple expression is obtained [22]
Gs(,7r) = % - (2.63)
This expression tells us that, for pure states, this basis is very convenient because the
optimal circuit is determined by the diagonal matrix Xrg.
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2.6 Thermal states

The thermal states provide an important class of Gaussian mixed states. The density
matrix of a thermal state at temperature T' = 1/8 is py, = e‘ﬁﬁ/Z, where H is the
hamiltonian (2.1) for the harmonic lattices that we are considering and the constant Z =
Tr(e*ﬁf{ ) guarantees the normalisation condition Trp,, = 1.

In order to study the Williamson’s decomposition of the covariance matrix associated
to a thermal state, let us observe the matrix H*™* in (2.1) can be written as

HPhvs = Qphys gy prhys (2.64)

where PPYs = %1 and Q" is a N x N real, symmetric and positive definite matrix whose
explicit expression is not important for the subsequent discussion.

Denoting by V the real orthogonal matrix that diagonalises Q*™* (for the special case
of the harmonic chain with periodic boundary conditions, V has been written in (9.6)
e (9.7)), it is straightforward to notice that (2.64) can be diagonalised as follows

1 ~
HPws — 7 — diag((mQ)%,,,.,(mQN)Z,l,...,1)] vt V=vVeV (2.65)

where 2 are the real eigenvalues of QP"°/m. It is worth remarking that the 2N x 2N
matrix V' is symplectic and orthogonal, given that V is orthogonal. By employing the
argument that leads to (D.10), the r.h.s. of (2.65) can be written as

vt (2.66)

phys

H™ = V X, [diag(Ql, QN ,QN)} X
where we have introduced the following symplectic and diagonal matrix

X,

P

e = diag (M2, (O, (m) T2, (mS) ). (2.67)

The expression (2.66) provides the Williamson’s decomposition of the matrix HP"*
entering in the hamiltonian (2.1). It reads

thys — Wt

phys

Dphys thys (2 . 68)

where

Dphys = diag(Ql, ey QN, Ql, e ,QN) thys = Apnys Vt . (269)

The Williamson’s decomposition (2.68) suggests to write the physical hamiltonian (2.1)
in terms of the canonical variables defined through W,,,.. The result is

phys § 8= thys T = (g) . (270)

Following the standard quantisation procedure, one introduces the annihilation oper-
ators Ek and the creation operators BL as

. o . L N T 1/1 1

b= (by,....65, 6f,... 6l,) =0 b= TP g < )

(17 s UN, Vg, 7N) S k \/5 \/§ i1 i1
(2.71)
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which satisfy the well known algebra given by [5,, BJ] = J;j. In terms of these operators,
the hamiltonian (2.70) assumes the standard form

. X PO
H_I;Qk<bkbk+2). (2.72)
Thus, the symplectic spectrum in (2.69) provides the dispersion relation of the model.
The operator (2.72) leads us to introduce the eigenstates |ny) of the occupation number
operator ELEk, whose eigenvalues are given by non negative integers ny, and the states
In) = @1, |nk). The expectation value of an operator O on the thermal state reads

(0) = Tr(pn0) = 5 S (nfOlm) e T e t1/2), (2.73)

n

Considering the covariance matrix of a Gaussian state defined in (2.9), by employ-
ing (2.70), where W, is a real matrix, one finds that the covariance matrix of the thermal
state can be written as

Y = Wik Re (88") Wt (2.74)
in terms of the covariance matrix in the canonical variables collected into 8, whose elements
are given by the correlators (Gx i), (Px Pr) and (G Pr/). These correlators can be evaluated
by first using (2.71) to write Re (3 3') = Re (©(b Bt>®t), where we remark that © is not a
symplectic matrix because it does not preserve the canonical commutation relations. Then,
by exploiting (2.73) and the action of by, and 6,1 onto the Fock states, one computes (b Bt)
This leads to a diagonal matrix Re (5 8") whose non vanishing elements are given by [46, 48]

n a n A 1 A
Re(qqu) = Re(pkpk> = 5 COth(,BQk/Q) Re(qkpk) =0. (275)

Combining these results with (2.74), for the Williamson’s decomposition of the covariance
matrix of the thermal state one obtains

Yon = W, Do W, (2.76)

where the symplectic eigenvalues entering in the diagonal matrix D,, and the symplectic
matrix W, are given respectively by

phys

1
e = 5 cOth(58/2) W = W, - (2.77)

We remark that W,, is independent of the temperature.

Taking the zero temperature limit 8 — 400 of (2.76), one obtains the Williamson’s
decomposition of the covariance matrix of the ground state. This limit gives oy, —
1/2, as expected from the fact that the ground state is a pure state, while W, does not
change, being independent of the temperature. Thus, the Williamson’s decomposition of
the covariance matrix of the ground state reads

1
Ve = 3 WLl w (2.78)

phys phys

where W,y has been defined in (2.69).
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It is worth considering the complexity when the reference state and the target state
are thermal states having the same physical hamiltonian H but different temperatures (we
denote respectively by Sx and Sr their inverse temperatures). From (2.76), we have that
the Williamson’s decomposition of the covariance matrices of the reference state and the
target state read respectively

Yth,R = VVtth Dth,R Win Yth,T = thh Dth,T Win (2-79)

where W, is independent of the temperature; hence Wy = Wiy. This means that Wiy =
1 in this case (see (2.45)); hence the expression (2.49) for the complexity significantly
simplifies to

N 2
Coy = 2\1/§ \/Tr{[log(pth,T Dt_}x,lR)]2} - ;\J Z {{10g<221$((g%>} } - (280)

k=1

The optimal path connecting these particular thermal states is obtained by plug-
ging (2.79) into (2.39). Furthermore, by exploiting (D.1) and some straightforward matrix
manipulations, we find that the Williamson’s decomposition of the generic covariance ma-
trix belonging to this optimal path reads

Gs(’Ych,R 3 ’Vch,T) = thh Ds VVth Ds = Dtsh’T Dtlh_s 0 <s < 1 (281)

where the same symplectic matrix W,, of the reference state and of the target state occurs
and only the symplectic spectrum depends on the parameter s labelling the covariance
matrices along the optimal path.

It is worth asking whether, for any given value of s, the covariance matrix
Gs(Venr s Yenr) in (2.81) can be associated to a thermal state of the system characterised
by the same physical hamiltonian underlying the reference and the target states. Denoting
by o5 the symplectic eigenvalues of (2.81) this means to find a temperature Ts = S
such that o, = & coth(3,82/2). This equation can be written more explicitly as follows

coth(Br Q/2)

coth(ﬁRQk/Q)} coth(fr Qk/2) - (2.82)

coth(Bs Qi /2) = [

We checked numerically that a solution Ty = Ts(Tx, Tr) for any 1 < k < N does not exist.

The quantities discussed above are further explored in section 9.3, where the thermal
states of the harmonic chain are considered.

2.7 Coherent states

The coherent states are pure states with non vanishing first moments [48]. They can be in-
troduced through the displacement operator defined in (2.4), where the real vector a € R*V
can be parameterised in terms of the complex vector a € CV as a' = v/2 (Re(a)!, Im(a)?).

The displacement operator (2.4), which is unitary and satisfies 13; 1 = D_,, shifts the
position and the momentum operators as follows

D g#Dg=%+a. (2.83)



The coherent state |a) is the pure state obtained by applying the displacement operator
to the ground state
la) = Dg|0) . (2.84)

This state is Gaussian and, from (2.4), we have that the ground state corresponds to the
coherent state with vanishing a [48]. From (2.83), (2.84) and the fact that (0[#|0) = 0, for
the first moments of the coherent state (2.84) one finds

(a]f|a) = (0|D_q # Dqa|0) = (0|7 + al0) = a. (2.85)

By employing this property, from the definition (2.7) for the covariance matrix v, of a
coherent state we find that

~

Yot 5 = (@l(F —a) (* — a)']a) = (0|D—a(F — a)Da D—a(# — a)*Dal0) = (0]##']0)
(2.86)
where (2.83) has been used in the last step. Thus, the coherent states have the same
covariance matrix of the ground state, but their first moments (2.85) are non vanishing.
Combining this observation with (2.78), for ., we find

phys phys

1
Yoo = 5 W lwt . (2.87)

The distance (2.31), that is mainly used throughout this manuscript to study the circuit
complexity of mixed states, is valid for states having the same first moments [67, 70, 85],
as reported in the appendix B.

In the appendix B it is also mentioned that an explicit expression for the complexity
between coherent states is available in the literature if we restrict to the coherent states
having a diagonal covariance matrix and @ = (v2a,0,...,0) [85, 90, 91]. These states

provide a manifold parametrised by («,v1,...,van), where v,% is the k-th entry of the
diagonal covariance matrix, and whose metric is given by (B.10) with n = 2N and u = v/2a,
namely
5 2da® +2dv} 2N dvi
ds® = ———++2> —. (2.88)
vy k=2 Uk

Let us remind that the covariance matrices that we are considering must satisfy the
constraint (2.8), which is equivalent o > 1/2 for the symplectic eigenvalues, where
k =1,...,N. By using (D.10), one finds that the symplectic eigenvalues of the diago-
nal covariance matrix diag(v?,...,v3y) are ox = vgvgpy for k= 1,...,N. Thus, in our
case the manifold equipped with the metric (2.88) must be constrained by the conditions
v vgeN = 1/2 for k=1,...,N.

The coherent states are pure states, hence their covariance matrices must satisfy the
condition (2.23), which holds also when the first moments are non vanishing [48, 103]. For
the class of coherent states that we are considering, the constraint (2.23) leads to

v,%+N:4v k=1,...,N (2.89)
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which saturate the constraints vg viyn > 1/2 introduced above. By imposing the condi-
tions (2.89), the metric (2.88) becomes

2 2 N 2 2 2 N 2
d82zw+426§;’€:2(m+22%) (2.90)
k

2 2
U1 k=2 Y1 k=2 Yk

which is twice (B.10) with n = N and pu = «. The geometry given by (2.90) has been
found also in [18]. The constraint (2.89) tells us that the metric (2.90) is defined on a set
of pure states, but we are not guaranteed that the resulting manifold is totally geodesic.
This is further discussed in the final part of this subsection.

Given a reference state and a target state parametrised” by ¢, = (ag, Ur,1s-- -, UR,N)
and ¢, = (ar,vr1,...,vr N) respectively, the square of the complexity of the circuit
corresponding to the geodesic connecting these states in the manifold equipped with (2.90)
is easily obtained from (B.11). The result reads

0 (b be) = 2V J [arccosh(l N (ag—ar)?/2+ (UR,I_UT11)2>:|2+ i\’: [log<%7k>r
k=2

2 VR 1071 UR,k
(2.91)
By adopting the normalisation in (2.33), which is consistent with [17, 18], one can introduce
the complexity between coherent states as follows

1
C2 = ﬁ dcs(¢R>¢T)- (2-92)

Setting ag = 0 (or ar = 0, equivalently) in (2.92), one obtains the complexity between a
coherent state in the particular set introduced above and the ground state. As consistency
check, we observe that, by setting ag = ar in (2.92), the complexity (2.58) between pure
states is recovered.

It is instructive to compare (2.92) with the results reported in [18], where the com-
plexity C—2 = C5 between the ground state and a bosonic coherent state has been studied
through the Nielsen’s approach [1-3]. The analytic expression for the complexity in [18]
has been obtained for reference and target states with diagonal covariance matrices and
first moments with at most one non vanishing component. Since these are the assumptions
under which (2.92) has been obtained, we can compare the two final results for the complex-
ity. The analysis of [18] allows to write the complexity Cx—2 in terms of a free parameter
xg which does not occur neither in the reference state nor in the target state. We observe
that the square of (2.92) with ay = 0 coincides with the result in [18]'0 with zg = 2vg ;.

In the following we consider circuits in the space of the Gaussian states with non
vanishing first moments such that the reference and the target states are given by two
coherent states (2.84) originating from the same ground state, denoting their first moments
by ar and a; respectively. These states have the same covariance matrix o (see (2.86)),
whose symplectic eigenvalues are equal to 1/2, given that the coherent states are pure states.

9The vector ¢ corresponds to the vector 8 used in appendix B restricted by the condition (2.89).

10T eqs. (4.23) and (4.24) of [18], set i = 1, V2WR there = 1/vR &, /2 TMithere Whthere = 1/vr) and
@i, there = athcrc/x() - OZT/(\/ﬁ’UR,l).
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Parametrising the reference state by 0r = (ar,70) and the target state by 8, = (ar, ),
a recent result obtained in [89] and discussed in appendix B allows us to write the circuit

complexity as follows
1

2v2
where dpgr has been defined in (B.13). We are not able to prove that o > 1/2 for the
symplectic eigenvalues of the symmetric and positive matrices making the geodesic whose
length is (2.93).

It is worth remarking that the expressions (2.92) and (2.93) for the complexity are

defined for different sets of Gaussian Wigner functions with a non vanishing intersection.
Indeed, (2.93) holds between PDF’s with the same covariance matrix (that can be also
non diagonal), while (2.92) is valid for diagonal covariance matrices that can be different.
Moreover in (2.92), ar and @y can have only one non vanishing components, while in (2.93)
they are generic. Thus, in order to compare (2.92) and (2.93) we have to consider reference
and target states which have the same diagonal covariance matrix and whose first moments

have only one non vanishing component. Setting vy = vrp = v with & = 1,... N
in (2.92), we obtain
_ 2
Cy = arccosh<1 + w) . (2.94)
4 vy

Plugging o = diag(v},...,v%, (2v1)72,..., (2ux)72) and as = (V2 as,0,...,0) for S=R
and S =T in (2.93), one finds

1 o 2
Cy = 7 arccosh(l + (QRQU%O[T)> . (2.95)

A simple numerical inspection shows that (2.95) is always smaller than (2.94). This
example allows to conclude that the submanifold of pure states with diagonal covariance
matrix equipped with the metric (2.90) is not totally geodesics.

3 Spectrum complexity and basis complexity

In this section we discuss the spectrum complexity and the basis complexity for mixed
Gaussian states in harmonic lattices.

By exploiting the Williamson’s decomposition we introduce the W path as the optimal
circuit connecting two covariance matrices with Wy = Wy = W and the D path as the
optimal circuit connecting two covariance matrices having Dy = D = D. In order to study
these circuits, in section 3.1 we discuss the first law of complexity for the Gaussian states
that we are considering. The lengths of a W path and of a D path are employed to study
the spectrum complexity (section 3.3) and the basis complexity (section 3.4) respectively.
In figure 2 the dashed curves correspond to W paths (see (3.18)).

3.1 First law of complexity

It is worth investigating the first law of complexity [73, 74] for the states described in
section 2. The derivations of the results reported below are given in the appendix E.
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Figure 2. The solid black curve and the solid coloured curves have been defined in figure 1.
Eq. (3.18) tells us that the dashed black curves represent the Wy path and the Wi path that pass
through g and ~r respectively (the auxiliary covariance matrices 4z and 4t have been defined
in (5.1)). The arcs of the dashed curves that connect the blue curve to the red curve have the same
length given by (3.19).

Let us consider the following functional

t1

Sla®)] = | Llq(t),q(t), 1] dt (3.1)

to

where g9 = q(tp) and ¢q; = ¢(t1) are the initial and final configurations respectively.
It is well known that the first variation of (3.1) under an infinitesimal change of the
boundary conditions ¢; — ¢; + dq; for i = 0,1 evaluated on a solution of the equations of

motion is

(3.2)
t to

The functional we are interested in is the length functional (2.27) and the solution of
its equations of motion is given by the optimal circuit (2.28), that satisfies the boundary
conditions (2.29). In order to apply (3.2), one considers the infinitesimal variations vy, —
Yr + 6yr and g — g + 0yr of the covariance matrices of the reference and of the target
states that preserve the properties of these matrices. In other words, these variations are
such that also the resulting matrices are covariance matrices.

The length functional (2.27) leads to introduce the following cost function

F(v,4) = yTe[(7"19)*]. (3-3)

By applying (3.2) to the length functional (2.27), one obtains the first law of complexity

OF
5=

s=1

5'71']‘ (34)

s=0

where the r.h.s. is evaluated on the geodesic (2.28).
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Equivalent expressions for the variation (3.4) have been derived in appendix E. For
instance, it can be written as

1

6d = (Tr {06 g om} - T {0.GY_, 5%}) (3.5)

where G is the geodesic (2.28). Another useful expression for (3.4), which is simpler to
evaluate than (3.5), reads

1

od = d Tr {(5'YT 'Y;l — R 7};1) log(ATR)} (3.6)

where Aqr has been defined in (2.32).
We find it worth providing also an expression for the variation (3.4) that is based on
the Williamson’s decompositions (2.41). It is given by

1
od = {21&« { log (vr ' ve) (Wit oWy — Wit 6WT)} (3.7)

+Tr { [Wrlog(vg 'yr) Wi ] Dt 0D — Wi log (v 'ye) Wit Dyt 6Dx }}

where, by using (D.1), one can write the matrices within the square brackets in terms of
the matrix Wiy introduced in (2.45) as follows

W log(vi 'y2) Wi = log(Was D! Wiy, Da) (3.8)
Wr log (v ') Wi b = log(Dy ! Wiy, Dy Wag) - (3.9)

The form (3.7) for dd tells us that this variation can be written as the sum of four
contributions: two terms from the variations dWy and Wy of the symplectic matrices

in (2.41) and two terms from the diagonal and non negative variations 6Dy and Dy of the
symplectic spectra.

3.2 Solving 6d =0

It is natural to look for relations between vy and r that lead to dd = 0 and, in order to
find them, let us consider the first law of complexity written in the form (3.7).

First we focus on the variations of Wy and Wy. When 6Dy = 6Dy = 0 in (3.7), the
equation dd = 0 becomes

Tr { log (vz ') (Wi 6Wr — Wit W) } = 0. (3.10)
A trivial solution of this equation is given by
Wy = Wi (3.11)

Another solution of (3.10) is Wi = M W, where M is a constant symplectic matrix
whose elements are just real numbers, i.e. it does not contain parameters to vary. Notice
that these two simple solutions require that both Wy and Wi are allowed to vary.
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In order to find solutions to (3.10) for any choice of the independent variations 6Wg
and 6Wr, let us first observe that, by taking the first variation of the relation W'J W = J,
that characterises a symplectic matrix W, it is not difficult to realise that X = W*.J W
must be a symmetric matrix. By using that W~ = J=1W*'J, for the two terms in the r.h.s.
of (3.10) one obtains Tr[A W~ W] = Tr(Y6X), where Y = A J~!. Since §X corresponds
to a generic infinitesimal real and symmetric matrix, Tr(Y§dX) = 0 is satisfied for every 6 X
e.g. when Y is a real antisymmetric matrix. These observations lead us to write (3.10) as

Tr { log (75 9w) J ! [0Xn — 0X4] } =0 (3.12)

where Xy = WL J oWy and §Xr = WL J Wy are real and symmetric matrices. Thus,
from (3.12), we have that (3.10) is satisfied for 77y = ¥/, i.e.

T = TR e’ (3.13)

where Y is a real antisymmetric matrix that can depend on 7y or 7. We remark that (3.13)
solves (3.10) for any choice of the independent variations §Wg and Wi

It is worth asking when the case Wy = M W, mentioned above, where M is a symplec-
tic matrix made of real numbers, becomes a special case of (3.13). The Williamson’s decom-
positions (2.41) and Wy = M Wy lead to log(vy ') ! = log(Wi 'Dr M Dy MW,)J L.
Then, (D.1) allows us to write the transpose of this matrix as J log(WM*Dy MD; W, t).
By inserting the identity 1 = J~1.J between all the factors within the argument of the loga-
rithm occurring in this matrix, using (D.1) again and exploiting the properties of the sym-
plectic matrices, one arrives to [log(yT_lvR)J_l]t = —log(W; M Dy M Dy Wr)J L.
Comparing this expression with the one reported above, we conclude that the matrix
log(yytyr)J 1 is antisymmetric when Wi = M Wy and M~ 'Dy Mt = MYDy M. This is
the case for a symplectic matrix that is also orthogonal, i.e. M € K(N). In particular,
the special case given by M = 1 € K(N) corresponds to (3.11). Summarising, in the
special case given by Wy = M W, the matrix Y introduced in (3.13) can be written as
Y =log(W DM Dy MW,)J~1 with M~ 1Dy M ~* = M*Dy M.

As for the terms corresponding to the variations of Dr and Dr in (3.7), let us observe
that, for a diagonal matrix A > 0, we have that A=10A = §log A and that Tr(H 6log A) = 0
holds for a generic §A when all the elements along the diagonal of H vanish. The matrices
having vanishing elements on their main diagonal are called hollow matrices. By employing
these observations in the equation dd = 0 with dd given by (3.7), where the variations of Dr
and Dr are independent, we conclude that the main diagonals of the matrices within the
square brackets in (3.7) must vanish. By introducing two non vanishing hollow matrices Z
and Z , this gives

log (Vg ') = Wit Z Wy log(y5 1ye) = Wi lZ Wy (3.14)

which correspond to the terms containing dDr and §Dr respectively in (3.7). By employ-
ing (3.8) and (3.9), one finds that the relations in (3.14) can be written respectively as

W DRt Wi, Dy = €? D WE, Dy Wiy = €7 (3.15)
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These observations tell us that dd = 0 for generic variations of vy and -~y when these
covariance matrices are related by (3.13) with Y constrained by the conditions that the
elements on the diagonals of Wy Y J Wt and Wi Y J W, ! vanish.

A rough analysis shows that this problem is too constrained for N = 1 and N = 2.
Indeed, the antisymmetric matrix Y depends on N (2N — 1) parameters and imposing that
the diagonals of Z and Z vanish provides 4N constraints. In particular, when N = 1 the
2 x 2 antisymmetric matrix Y has only one non vanishing off diagonal element a in the
top right position and it is straightforward to check that Y.J = —a 1. By using also (3.13)
and (3.14) specialised to this case, we obtain that the above procedure leads to impose
that Wy Y J Wyl with S = {R, T}, must have vanishing elements along the diagonal. This
is possible only for a = 0, i.e. Y = 0. Thus, when N = 1 we cannot find a solution of the
form (3.13) for the equation dd = 0 with dd given by (3.7).

3.3 Spectrum complexity

It is worth exploring the possibility to define the circuit complexity associated to the change
of the symplectic spectrum.

Let us consider a reference state and a target state such that in the Williamson’s
decompositions of their covariance matrices vy and vy (see (2.41)) the same symplectic
matrix occurs, namely

Yr =W D W V=W 'Dr W W € Sp(2N,R). (3.16)

We call W path the optimal circuit (2.28) connecting these two covariance matrices.

In order to study the Williamson’s decomposition of a matrix belonging to a W path,
we consider the expression (2.39) for the optimal circuit. When (3.16) holds, from (2.32)
it is straightforward to find that Arg = W'Dy D! W=t Then, by employing (D.1) both
in Us and in U! occurring in (2.39), we obtain

Gs(r.yr) = WDy * D)W (3.17)

which tells us that the Williamson’s decomposition of the matrix along the W path is (2.42)
with
D, = DL~* D3 W,=W. (3.18)

It is remarkable that the symplectic matrix Wy is independent of s. This means that
in the Williamson’s decomposition of a matrix belonging to a W path the same symplectic
matrix W occurs. In figure 2 the dashed curves correspond to the Wy path and to the Wy
path. Considering e.g. the Wy path in figure 2, from (3.18) we have that the Williamson’s
decomposition of a generic matrix « belonging to this Wy path is given by the symplectic
matrix Wy and by the symplectic spectrum corresponding to the coloured line intersecting
the dashed line of the Wy path at ~.

An interesting example of W path is given by the thermal states of a given model at
different temperatures (see section 2.6). Indeed, in the Williamson’s decomposition (2.76),
the symplectic matrix W,, is independent of the temperature.
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For a W path we have dd = 0 (see (3.11)); hence the W paths provide a preferred
way to connect the set of covariance matrices with symplectic spectrum Dy to the set of
covariance matrices with symplectic spectrum Dy.

We find it natural to define the spectrum complexity as the length of a W path because
this quantity is independent of the choice of W. In particular, from (3.16), we have that
Wirr = 1, hence (2.49) simplifies to

OR,k

Aepeotram (VR Y1) = \/Tr{[log(DT Dgl)]Q} = \JQ Z [log<m>] (3.19)
k=1

which is independent of W. This implies that d,cctrum(Yr s Y1) = spectrum (Pr , Dr). Thus,
in figure 2 the arcs of the dashed curves that connect the blue curve to the red curve have
the same length given by (3.19).

Another natural definition for the spectrum complexity is the distance between the set
of covariance matrices whose symplectic spectrum is Dy (red curve in figure 2) and the set
of covariance matrices whose symplectic spectrum is Dy (blue curve in figure 2). It reads

epectrum(Dr , D) = min[ d(W Dy W, Wt Dy W) ] W, W € Sp(2N,R)  (3.20)

where the minimisation over the symplectic matrices W and W is difficult to perform. It
is straightforward to realise that Jspcctmm (Dr, Dr) < depectrum(Dr , Dr).

In the simplest case of one-mode mixed states (i.e. when N = 1), the optimal cir-
cuit (3.17) simplifies to

S
GS(’YR)’YT) — 0-1}{_80-:; WtW — (0’) ’YR (321)
R
which tells us that the 2 x 2 matrix belonging to the W path is a proper rescaling of the
covariance matrix of the reference state.

3.4 Basis complexity

In order to study the circuit complexity associated to a change of basis, let us consider
the Williamson’s decompositions of two covariance matrices vz and yr having the same
symplectic spectrum, i.e.

Yo =Wy D Wy Yo =WLDWr (3.22)

that have been obtained by setting Dy = Dy = D in (2.41). An important example is
given by states whose density matrices pr and pr are related through a unitary transfor-
mation U, namely pr = UprUT. Indeed, this means that the corresponding covariance
matrices are related through a symplectic matrix (that does not change the symplectic
spectrum) [46, 48].

We denote as D path the optimal circuit connecting the covariance matrices having
the same symplectic spectrum, identifying its length as a basis complexity. This basis
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complexity can be found by specifying (2.49) to (3.22) and the result is'!

s 70) = | T { [lo8(D Wi D1 W)} (3.23)

where Wiy has been defined in (2.45). Notice that we have not required that all the
matrices along a D path have the same symplectic spectrum.

We find it reasonable to introduce also another definition of basis complexity as the
minimal length of an optimal circuit that connects a covariance matrix whose Williamson’s
decomposition contains the symplectic matrix Wy (i.e. that lies on the dashed curve on the
left in figure 2) to a covariance matrix having the symplectic matrix Wy in its Williamson’s
decomposition (i.e. that belongs to the dashed curve on the right in figure 2). This basis
complexity is defined as follows

Aoasie (W, W) = min[d(WED Wy, WEDWy)] D, D € Diag(N,R) (3.24)

where the minimisation is performed over the set Diag(2N,R) made by the diagonal matri-
ces of the form diag(o)@diag(o), with o vector of N real numbers o; > 1/2. It is immediate
to notice that (3.24) is a lower bound for (3.23), i.e. Ayasis W s W) < dyasis (YR 5 Y1)

Specifying the form (2.39) for the optimal circuit to (3.22), it is straightforward to find
that the D path is given by

Gs(Yr 1) = WEDW, W, = Wy U (3.25)

where we remark that WS is not symplectic in general.
It is worth asking when Wj is symplectic because in these cases (3.25) provides the
Williamson’s decomposition of the D path. The requirement Us; € Sp(2N,R) leads to

[Wen,D] = 0. (3.26)

When this condition holds, (3.23) simplifies to the following expression

yasis (’YR ) ’YT) = \/Tr { [log(WTR W"PR)} 2} (3'27)

which is independent of D.

For pure states, which have D = % 1, the condition (3.26) is trivially verified. Another
interesting example where (3.26) holds is given by the one-mode states, where D is pro-
portional to the 2 x 2 identity matrix. In this case we can always connect two covariance
matrices with the same symplectic spectrum through the optimal circuit (2.53), that can
be written as

Gs(Ve,vr) = o WEW, (3.28)

where ox = 0p = 0 and Wy is defined in (2.54); hence from (3.25) we have that W = Ws.

When N > 1 the condition (3.26) is a non trivial requirement. For instance, when
Wog is diagonal, (3.26) is verified and (3.25) holds with W, = X5, Wy. The basis complex-
ity (3.23) simplifies to d2,_.(vr ,7r) = Tr{[log(X%,)]?}, that is independent of D.

basis

“The result (3.23) can be obtained also by employing (2.48) with Dr = Dr.
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Writing Wi as a block matrix made by four N x N matrices, it is straightfor-
ward to find that the condition (3.26) holds whenever every block of Wi commutes with
diag(o1,...,0n). Then, we can exploit the fact that a diagonal matrix with distinct ele-
ments commutes with another matrix only when the latter one is diagonal.'?> Thus, if the
symplectic spectrum is non degenerate, all the blocks of Wiy must be diagonal to fulfil the
condition (3.26). We remark that the non-degeneracy condition for the symplectic spec-
trum is not guaranteed; indeed, the symplectic spectrum has some degeneracy in several
interesting cases. For instance, for pure states all the symplectic eigenvalues are equal to %
Another important example is the reduced covariance matrix of an interval in an infinite
harmonic chain with non vanishing mass [94].

We find it worth discussing the relation between the optimal circuits considered above
to study the basis complexity and the solutions of the equation éd = 0 described in sec-
tion 3.2. For the set of paths occurring in (3.24), which includes the D paths, we have
OWx = 6Wy = 0in (3.7). In this case, in section 3.2 we found that a solution of dd = 0 is
given by (3.15), where Z and Z are non vanishing hollow matrices. Restricting to the cases
of D paths that Sa~tisfy also (3.26), these relations simplify respectively to Wy Wi, = e?
and WTtR Wrr = €2, whose solution is non trivial because a matrix does not commute with
its transpose in general (the matrices satisfying this property are called normal matrices).
Notice that Wiy € K(N) are not admissible solutions because Z and Z are non vanishing.

A slightly more general solution can be obtained by restricting to the D paths
(see (3.22)). In this case, from (3.24) with Wy = Wy = 0 and 6Dy = 0Dy = 6D,
we have that dd = 0 becomes

Tr {[WT log (Vi 'yr) Wit — W log (s 'y ) Wit | D1 (57)} =0. (3.29)

By using (3.8), (3.9) and the discussion made in section 3.2, one finds that (3.29)
is solved when log(Wyr D~ WL, D) — log(D~! W, DWyg) is a non vanishing hollow
matrix. When (3.26) also holds, this condition simplifies to the requirement that
log(Wyg Wi) —log(WE,Wrg) is a non vanishing hollow matrix, which is independent of D.

4 Purification through the W path

The purification of a mixed state is a process that provides a pure state starting from a
mixed state. This procedure is not unique. Considering the context of the bosonic Gaussian
states that we are exploring, in this section we discuss the purification of a mixed state by
employing the results reported in section 3.

Given a mixed state that is not pure and that is characterised by the covariance matrix
Yr, any circuit connecting vy to a pure state provides a purification path. A purification
path connects the covariance matrices vz to yr whose Williamson’s decompositions are
given respectively by

1

2Consider the diagonal matrix A = diag(\1, ..., An) with A; # A; and a matrix M such that [A, M] = 0.
The generic element of this relation reads M; ;j\; = XM, j, i.e. M; j(As — A;) = 0. Since A; # A; when
i # j, we have M; ; = 0 for i # j.
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Figure 3. The optimal purification paths for 4 and 1 correspond respectively to the Wy path and
to the W path, that are represented through dashed lines. The straight black solid line represent
the set of the pure states, whose symplectic spectrum is given by D = %1.

where Wy € Sp(2N,R) and D # %1 are assigned, while Wy € Sp(2N,R) is not. Among
all the possible paths, the optimal circuit is obtained by specifying (2.28) to (4.1). The
result is

1 _ _ s
GO (o, W) = o5 (W W2 ) (4.2)

which depends on the symplectic matrix Wy that determines the final pure state. The
length of the purification path (4.2) can be found by evaluating (2.31) for the special case
described by (4.1). It reads

do(Y, W) = \/Tr{[log(27R Wt wirh))*) (4.3)

The optimal purification path is the purification path with minimal length, which can
be found by minimising (4.3) as Wy € Sp(2N,R) varies within the symplectic group. This
extremization procedure selects a symplectic matrix Wy that determines the pure state
through its covariance matrix %Wg Wo. The matrix Wy is obtained by solving ddy = 0,
where dj is defined in (4.3). This is a special case of the analysis performed in section 3.2
corresponding to 0Dy = 6D = Wy = 0.

In section 3.2 we have shown that a W path provides a solution to this equation,
namely

WO - WR (44)
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which is the trivial solution corresponding to §Wy = 0. In the following we focus on the
purification process based on the W paths. We cannot prove that, among all the solution
of ddy = 0 (see section 3.2), the W path corresponds to the one having minimal length.

The Wy path connects the mixed state v, = Wt D Wy, to the pure state vo = 1 W Wi.
By specialising (3.17) to Dy = % 1, we find that this Wy path is given by

1
Gs(7,70) = GO (yr, Wr) = % WD Wy (4.5)

and its length can be easily obtained by setting Dy = % 1 in (3.19), finding an expression
that depends only on D

N
do(Vr, Wr) = depectrum (Y, 70) = \/Tr{ [log(2 D)]z} = J 23" [log(204)]° . (4.6)

k=1

It is instructive to focus on the one-mode mixed states, when the covariance ma-
trices (4.1) become vy = o Wi Wy and yn = 2 WEIW;. Any purification path corre-
sponding to a geodesic can be written as in (2.53) with o5 = %(20)173 and Wy defined
in (2.54). In particular, for the Wy path we have W, = Wy and its length is given by
do(Yr, Wr) = V2 | log(20) |.

The thermal states are interesting examples of mixed states to explore. The
Williamson’s decomposition of the covariance matrix of a thermal state is given by (2.76).
By specialising (4.5) to this case, we obtain the W path that purifies a thermal state.
It reads

1
Gs ('Yth a’YO) = ; thh Dtlh_s Win (4'7)

where it is worth reminding that the symplectic matrix W,,, given in (2.77), does not
depend on the temperature of the thermal state, but only on the parameters occurring in
the hamiltonian.

It is natural to ask whether the W,, path (4.7) is made by thermal states. This is the
case if, for any given s € [0, 1], the symplectic spectrum of (4.7) is thermal at some inverse
temperature 3; determined by the inverse temperature § of the thermal state that plays
the role of the reference state in this purification path. Using (2.77), this requirement leads
to the following condition

[coth(8%/2)]' "= coth(B:%/2) (4.8)

which corresponds to (2.82) when fr — oo, as expected. This condition depends on the
dispersion relation of the model. A straightforward numerical inspection for the periodic
chains (see section 9.1) shows that (4.8) cannot be solved by 85 = B4(8) for any 1 < k < N;
hence we conclude that the purification path (4.7) is not entirely made by thermal states.

The W paths provide a natural alternative way to connect two generic mixed states
vr and ~yp by using a path that passes through the set of pure states. In particular, by
exploiting the Williamson’s decompositions given in (2.41), one first considers the Wy path
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that connects i to the pure state 4z, and the W, path that connects vr to the pure state
Aro- From (4.5), these W paths are given respectively by

5 1 _ - 1 _
GS(’YR 77R,0) = 9s ng Dllx " Wy GS(’YT a’YT,o) = 95 W; D% "Wr (4-9)

where ) )
WR.,O = 5 ng WR ;yT,O = 5 W; WT . (410)

Then, within the set of the pure states, we consider the geodesic connecting Az to Jr .
Our preferred path to connect vz and -, passing through the set of pure states is obtained
by combining these three paths as follows

Yr — Yr0 — Y10 — VT (4.11)

The length d,.. (V& ,7r) of this path can be found by summing the lengths of its three
components. From (3.23) and (4.6), we get

dpur (’YR 9 f)/T) = dO (’YR7 WR) + dbasis (;)‘/R,O 7’~YT,O) + dO (/YTv WT) (412)

which can be written more explicitly as follows

o 70) = |/ To{ [1og(2 D))} + |/ 15{ [1og(2D0)]*} + 18] [og(Wan W)}
(4.13)
This expression provides an upper bound d(vg , V1) < dpuw:(Vr , ) 0on (2.31).

5 Bounding complexity

Explicit formulas to evaluate the circuit complexity for mixed states are difficult to obtain;
hence it is worth finding calculable expressions which provide either higher or lower bounds
to this quantity. In this section we construct some bounds in the setup of the bosonic
Gaussian states that we are exploring. In section 5.1 we focus on the states with vanishing
first moments, while in section 5.2 the most general case of states with non vanishing first
moments is considered.

5.1 States with vanishing first moments

The complexity (2.33), which holds for states with vanishing first moments, is proportional
to the length of the optimal circuit (2.28) connecting v to vr; hence it is straightforward
to observe that the length of any other path connecting these two covariance matrices
provides an upper bound on the complexity. The analysis reported in section 3 and in
section 4 naturally leads to consider some particular paths.

The simplest choice is a path made by two geodesics that connect v and ¢ to an
auxiliary covariance matrix ... that does not belong to the optimal circuit (2.28) (i.e.
that does not lie on the black solid curve in figure 2). Natural candidates for 7,,, are the
covariance matrices whose Williamson’s decompositions contain either Dy or Dy or Wy or
Wr. For instance, we can choose for v,.. a covariance matrix whose symplectic spectrum
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is Dy or a covariance matrix whose symplectic spectrum is Dy (that lie respectively on the
red solid curve and on the blue solid curve in figure 2). Different choices for ~,,, lead to
different bounds; hence it is worth asking whether a particular choice provides the best
bound. The answer depends on the set where ~,,, is allowed to vary.

Let us consider some natural paths where only a single auxiliary covariance matrix
Yaux 18 involved. In section 3.2 we have shown that the W paths satisfy the first law of
complexity with d = 0. Thus, natural candidates to consider for ~,,, are

A = WEDR W Ar = WE D Wy (5.1)

that have been represented by black squares in figure 2 and figure 3.

By first applying the triangle inequality for the paths 7% — 4z — ~r and g —
Ar — v, and then picking the one that provides the best constraint between the D paths,
we obtain

d(fYR )r)/T) < dspectrum (’YR bl rYT) + min [dbasis (’YR 9 ;5/1'{) 9 dbasis (’?T )r)/T) ] . (52)

Denoting by d(yx ,7vr) the r.h.s. of this inequality, by using (3.19) and (3.23) we find that

dom.ve) = /] [log(D; D )]} (5.3

+ min [\/Tr{ [log (Ds Wae D Wii)]*} \/Tr{ [log(Dy Wrr Dr ' Wiy)] 2}] :

The path yg — A1 — = corresponds to an explicit realisation of the proposal made in
figure 6 of [29] within the approach that we are considering, that does not require the
addition of ancillary degrees of freedom.

Better bounds could be obtained by constructing paths that involve more auxiliary
covariance matrices 7,,.. For instance, one can consider paths 7 — Yaux,1 = Yaux,2 = V1
that involve two auxiliary covariance matrices 7,ux,1 and v,..,2. Referring to figure 2, natural
paths to consider within this class are the ones where 7,..,1 belongs to the Wy path and
Yaux,2 t0 the Wy path, or the ones where ~,,,,1 belongs to the red curve (i.e. its symplectic
spectrum is Dy) and 7,2 belongs to the blue curve (i.e. its symplectic spectrum is Dr).

Another interesting path to consider is the one constructed in (4.11): it involves the
two auxiliary matrices Vau,1 = Yro and Yau,2 = Y70 and its length is (4.12) (see figure 3).
It is straightforward to observe that d(ys,vr) < dpuw(Yr,7Vr), but it is non trivial to find
the best bound between d(vg ,vr) and dyu(yr,7r). Since we cannot provide a general
solution to this problem, in the following we focus on simple special cases where we can

show that d(yr ,7r) < d(7r, V1) < dpur(Vr, 72)-

When ~; is pure, from (5.3) it is straightforward to observe that d(ym,vyr) <
dyor (YR ,yr). Another class of special cases that we find interesting to consider is given
by the pairs (vg,yr) such that all the matrices along the Dy path connecting g to g
have the same symplectic spectrum Dy and, similarly, all the matrices along the D, path
connecting vy to 4r have the same symplectic spectrum Dy. This means that (3.26) holds

~32 -



for both D = Dy and D = Dy; hence (5.3) simplifies to

J(VR,’YT) = \/Tr{ [log(Dy Dgl)f} + \/Tr { [log(Wrg W%R)]Q} . (5.4)

The first square root in the r.h.s. can be bounded as follows

\/Tr{[log(DT DY)} = \/Tr{[log(wT) ~ log(2D)]%}
< \/Tr{[log(2DR)]2} + \/Tr{[log(2DT)]2} (5.5)

where we have employed first that all the elements of 2D are larger than or equal to

1 (in order to discard a positive term under the square root) and then the inequality
Va+b < y/a++/b, that holds for any a and b. By employing (5.5) in (5.4) and comparing
the result against (4.13), we can conclude that d(yx ,Vr) < dypur (Y8 , Y1)-

5.2 States with non vanishing first moments

In the most general case where the first moments are non vanishing (7*) = a # 0, a closed
expression for the Fisher-Rao distance is not known, as also remarked in the appendix B,
where the notation 4 = a and ¥ = ~ has been adopted. Nonetheless, lower and upper
bounds on the complexity can be written by employing some known results about the
Gaussian PDF’s [85, 89, 91, 105, 106].

Given a reference state and a target state, that can be parameterised by Oy = (ag, V)
and 01 = (ar,vr) respectively, let us introduce the following (2N + 1) x (2N + 1) matrix

t
I = ( Y5 0s A “S> Se{R,T}. (5.6)
ag 1

A lower bound for the Fisher-Rao distance, first obtained in [105], is given by

1/2 1/2 2 Y 2 V2
Grower (B, 0) = \/Tr[(10g Ar 1)?] = ||log (T /* T T/ )HQ:[ >~ (log(A) ]

=1
(5.7)

_ N . ~1/2

where Ap g =1I'y FRI and \; are the eigenvalues of I'y _1/2

I'x
T

Upper bounds for the Fisher-Rao distance have been also found for non vanishing first
moments [85, 89, 91, 106]. An upper bound can be written through d%llpz defined in (B.4)
as follows [106]

1/2
2
dupper 1 0R7 OT = [ Zd a”L’ )\Z)) ] (58)
where ); is the i-th eigenvalue of ygl/i% fyl;l/ a; is the i-th component of ar r = =O'ay R
being arr = fyR 172 (ar — ag), and O is the orthogonal matrix whose columns are the

2
eigenvectors of VR YT VR

— 33 —



Another upper bound has been found in [91]. It has been written by introducing
the 2N x 2N orthogonal matrix O such that O arr = (|arg],0,...,0) and the following
2N x 2N matrices

Dry = diag(y/(Jarr| +2)/2,1,...,1) Yrr =0 1Drr O7F. (5.9)

These matrices are employed to identify the states corresponding to the following vectors

0o = (07 1) 0o = (O arg, DT,R) 0, = (a'T,R 771;1/2'7T '71;1/2 ) 07 = (a'T,R, ) 'YT,R) .
(5.10)

The upper bound reads
dupper,2(0R7 OT) = ddiag(007 00) + daT’R(a*a 9"/) (511)
where dqp is defined in (B.6) and du., in (B.9). Since an inequality between the two

upper bounds in (5.8) and (5.11) cannot be found for any value of 8y and 6 [89], we pick
the minimum between them.
Combining the above results, one obtains

dlower(0R7 OT) < d(0R7 OT) < mln [dupper,l (0R7 GT)) dupper,2(0R7 OT)] (512)

In order to provide a consistency check for these bounds, let us consider the case
ar = ap = a. From (5.6) we obtain

—1 1— —1
o= (73 ey -

By employing a formula for the determinant of a block matrix reported below (see (8.14)),
one finds that the first 2N eigenvalues of (5.13) are the eigenvalues of vy !, while the last
eigenvalue is equal to 1. Thus, d).., in (5.7) becomes (2.31) in this case, saturating the lower
bound. As for the upper bound in (5.12), we have (5.10) simplify to 8y = 8p = 6., = (0,1)
in this case. This implies that d,;,e.2 in (5.11) becomes (2.31); hence also the upper bound
is saturated.

6 Optimal path for entanglement hamiltonians
The density matrix of a mixed state can be written as follows
poc e i (6.1)

where the proportionality constant determines the normalisation of p. We denote the
operator K as entanglement hamiltonian, with a slight abuse of notation. Indeed, the
operator K is the entanglement hamiltonian when p = pg = Try, po is the reduced density
matrix obtained by tracing out the part Hp of a bipartite Hilbert space H = H4 ® Hp.
Instead, for instance, the thermal states are mixed states that do not correspond to a
bipartition of the Hilbert space. For these states K= I5) H , where H is the hamiltonian of
the system and [ the inverse temperature.
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The entanglement hamiltonians associated to some particular reduced density matrices
have been largely studied for simple models, both in quantum field theories [50, 107-114]
and on the lattice [52, 95, 115-121]. The spectrum of the entanglement hamiltonian, that
is usually called entanglement spectrum [122], is rich in information. For instance, in
conformal field theories the entanglement spectrum provides both the central charge [123]
and the conformal spectrum of the underlying model [110, 113, 114, 120, 121, 124-126].

For the bosonic Gaussian states that we are considering, the entanglement hamiltonians
are quadratic operators in terms of the position and momentum operators; hence they can
be written as follows

— 1 q

K=-#H# f«:(‘f) (6.2)
2 p

where H is a 2N x 2N symmetric and positive definite matrix that characterises the

underlying mixed state. We denote H as the entanglement hamiltonian matrix. It can be

written in terms of the corresponding covariance matrix 7 as follows [50, 95, 115-117, 121]
H = 2iJarccoth(2ivy J) = h(7) (6.3)

where J is the standard symplectic matrix (2.2). The expression (6.3) holds for covariance
matrices that are not associated to pure states. Thus, in particular, the purification pro-
cedure reported in section 4 cannot be described through the entanglement hamiltonian
matrices H defined by (6.2).

Since the matrix H is symmetric and positive definite, we can adapt to the entan-
glement hamiltonian matrices many results reported in the previous discussions for the
covariance matrices.

Given the matrices Hy and Hy corresponding to the reference state vz and to the target
state yr respectively, we can consider the optimal path connecting Hy to Hy, namely

S
Go(Hy, Hy) = Hy? (B e 12 1y 0<s<1 (6.4)

whose boundary conditions are given by C:‘O(HR,HT) = Hy and C~¥1(HR ,Hy) = Hy. The
length of the geodesic (6.4) measured through the Fisher-Rao metric reads

d(Hy, Hy) = \/Tr { log(Hx Hy )]} (6.5)
The Williamson’s decomposition of the entanglement hamiltonian matrix H is given by
H=W'" W (6.6)

where £ = diag(eq,...,en) ® diag(ey,...,en) with g5 > 0. The symplectic spectrum of H
can be determined from the symplectic spectrum of 7 as follows [95, 115, 116]
D+1/ 2)

D1 (6.7)

€ =2arccoth(2D) = log(

This formula cannot be applied for pure states, which have D = %1. The symplectic matri-
ces W and W, introduced in (2.20) and (6.6) respectively, are related as follows [117, 121]

W=J'WJ=w"". (6.8)
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We find it worth expressing the distance (6.5) in terms of the matrices occurring in
the Williamson’s decompositions of Hr and Hr, as done in section 2.4 for the covariance
matrices. These decompositions read

HR - ng SR WR HT - V/\[}; gT WT (69)

where WR and Wy are related respectively to Wy and Wy through (6.8). By using (2.49)
and the following relation

Woig = Wo Wit = J Wiy J (6.10)

we can write the distance (6.5) as

d(Hy, Hy) = \/Tr{[log (Ex Wg EF WgR)]Q}. (6.11)

The expression (6.3) (or equivalently (6.7) and (6.8)) provides a highly non trivial
relation between the set made by the covariance matrices v that are associated to the
mixed states that are not pure states and the set of the entanglement hamiltonian matrices
H. The map h in (6.3) is not an isometry, hence the distances are not preserved and
geodesics are not sent into geodesics. Thus, we find it worth comparing the distance
d(Vr,vr) = d(h™1(Hg),h"1(Hy)) from (2.49) and the distance d(Hg, Hy) in (6.11).

For the sake of simplicity, let us explore the case of one-mode mixed states, where
D =01 and £ = €1 are proportional to the 2 x 2 identity matrix. In this simple case the
expressions for d(yr,yr)? from (2.49) and for d(Hy, Hy)? from (6.11) take the form!?

Tr { [a 1 + log(Wae Wh)]*} = 2a (@ + Tr[log(Wax Wiy)]) + Tr{ [log(Was Wie)]*}
(6.12)
with a = log(or/or) = a, and a = log(er/er) = a. respectively, which can take any real
value. Since d(7yg,7yr) is symmetric under the exchange vg <> yr, we can assume oy > or

2arccoth(2z)
T

without loss of generality. Then, since the function is a properly decreasing func-

tion when z > 0, we have that

, i.e. op/og < ep/er, once (6.7)
has been used; hence a, < a.. This does not provide a relation between d(vg,~yr) and

2arccoth(20R) < 2arccoth(20)
R = oT

d(Hg, Hy) because the r.h.s. of (6.12) does not have a well defined monotonicity as func-
tion of a, given that log(Wiyg WY,) is non vanishing in general. Thus, the one-mode case
teaches us that Wiy plays a major role in finding a possible relation between d(Hg, Hy) and
d(yg,7yr). In order to find this relation in some simple cases, the expression (6.12) naturally
leads us to consider the special cases of one-mode mixed states such that log(Wrg W) = 0.
In this cases (6.12) tells us that d(yr,vr) = V2 |a,| and d(Hy, Hy) = v/2|ac|. Since a2 < a?

is equivalent to (a, — a:)(as + a-) < 0, we observe that the latter inequality is satisfied

14 = grarccoth(20r)
because a, < a. and™* a, + a. = log (aRarccoth(Zo'R)) > 0. Thus, for one-mode states such

that Wpg W, =1 we have that d(yg,yr) < d(Hg, Hy).

3The Lh.s. of (6.12) comes from Baker-Campbell-Hausdorff formula [127].
1This inequality comes from the fact that the function x arccoth(2z) is properly decreasing for =z > 0
and that or > o1 has been assumed.
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When N > 1 and Wy = Wy, i.e. Wi = 1 (this includes the thermal states originating
from the same physical hamiltonian), the distance (6.11) simplifies to

d(Hy, Hy) = \/Tr{[log (&)} = \IQé [log<€T’k>r (6.13)

ER,k

while d(yg,7yr) is given by (3.19). By applying the above analysis made for the one-mode
case to the k-th mode, we can conclude that [log(or /0w k)]*> < [log(erk/eri)]?® for any
given k; hence d(vg,vr)? < d(Hg, Hy)? is obtained after summing over the modes.

By using the decompositions (6.9), one can draw a pictorial representation similar to
figure 1 and figure 2 also for the entanglement hamiltonian matrices H, just by replacing
each v with the corresponding H, each W with the corresponding W and where the solid
coloured lines are labelled by the corresponding symplectic spectra £.

We find it worth discussing further the set of thermal states through the approach
based on the entanglement hamiltonian matrices because the simplicity of these matrices
in this case allows to write analytic results. For a thermal state H = SH?"*, where HP"* is
the matrix characterising the physical hamiltonian (2.1) and f is the inverse temperature.
This implies that the symplectic eigenvalues of H are €, ; = 8 0puys k, Where o, 1 are the
symplectic eigenvalues of HP"s,

We denote by Br and 1 the inverse temperatures of the reference state and of the
target state respectively. An interesting special case is given by thermal states of the
same system, which have the same HP»s. In this case HrH;! = (B1/Br)1; hence (6.5)
simplifies to

d(Hy, Hy) = |log(Br/Br)| V2V = \/ﬂ{[log (Er &t )]2} (6.14)

where V' is the number of sites in the harmonic lattice and the last expression has been
obtained by specialising (6.11) to this case, where War = 1. Furthermore, from (6.4) it is
straightforward to observe that in this case the entire optimal circuit is made by thermal
states having the same H*"*. The optimal circuit (6.4) significantly simplifies to

S
Go(Hn Hy) = B H™ o= fu (gT) 0<s<l. (615
R
By employing (2.68), one finds that the Williamson’s decomposition of this optimal cir-
cuit reads
Gs(Hy,Hy) = Wi Dy Wy D5 = Bs Dyrye 0<s<1 (6.16)

where W, is independent of s. Thus, (6.15) tells us that j; is the inverse temperature of
the thermal state labelled by s along this optimal circuit.

In section 9.3.3 the above results are applied to the thermal states of the harmonic
chain with periodic boundary conditions.

7 Gaussian channels

Quantum operations are described by completely positive operators acting on a quantum
state, which can be either pure or mixed, and they are classified in quantum channels and
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quantum measurements [59, 128]. The quantum channels are trace preserving quantum
operations, while quantum measurements are not trace preserving [129].

The output ©(p) of a quantum channel applied to the density matrix p of a system is
obtained by first extending the system through an ancillary system (the environment) in a
pure state |®g), then by allowing an interaction characterised by a unitary transformation
U and finally by tracing out the degrees of freedom of the environment [46, 92, 130], namely

O(p) =Trp[UT(p ® |2p)(@E) U] . (7.1)

While within the set of the pure states the unitary transformations are the only op-
erations that allow to pass from a state to another, within the general set of mixed states
also non unitary operations must be taken into account.

In this manuscript we consider circuits in the space made by quantum Gaussian states;
hence only quantum operations between Gaussian states (also called Gaussian operations)
can be considered [129]. The quantum channels and the quantum measurements restricted
to the set of the Gaussian states are often called Gaussian channels [46, 103] and Gaussian
measurements [47] respectively.

In the following we focus only on the Gaussian channels. A Gaussian state with
vanishing first moments is completely described by its covariance matrix; hence the action
of a Gaussian channel on a Gaussian state can be defined through its effect on the covariance
matrix of the Gaussian state. This effect can be studied by introducing two real matrices
T and N as [103]

vy = T~T'+ N N =N! N+i%—iT%Tt>0 (7.2)
where T is unconstrained and the last inequality corresponds to the complete positivity
condition. The Gaussian unitary transformations are the Gaussian channels with NV =0
and symplectic T. In this case the inequality in (7.2) is saturated. Further interesting
results for Gaussian operations have been reported e.g. in [47, 131].

We find it worth asking whether a matrix along the optimal circuit (2.28) can be
obtained by acting with a Gaussian channel on the reference state. This means finding T
and Ny that fulfil (7.2) for any 0 < s < 1 and such that

Gs(Yr,vr) = Us W ULl = Ts e TE + N 0<s<1 (7.3)

where Uy is defined in (2.39). Unfortunately, we are not able to determine T and Ny as func-
tions of Us in full generality. In the following we provide some simple particular solutions.
A simple possibility reads

T, =0 N, = G, (7.4)

which satisfies the inequality in (7.2), since G, is a symmetric Gaussian matrix (see sec-
tion 2.4).
Another, less trivial, solution is given by

T, = U, N,=0 (7.5)
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where the complete positivity condition in (7.2) becomes i% —iTy %Tst > 0. We have con-
sidered numerically some cases, finding that Uy satisfies the complete positivity condition
only when it is symplectic (in this case the complete positivity inequality is saturated).

An explicit example belonging to the class identified by (7.5) can be constructed by
considering a particular D path where Wy = Xz Wy (see section 3.4). In this case (3.25)
holds, hence (7.5) is realised with'®

Ts=Us =Wt X5, Wit (7.6)

A more general solution where both Ts and Ng can be non vanishing is obtained by
imposing the following relation

T, =[G - V)] (7.7)

which solves (7.3) for any symmetric Ns. The solution (7.4) is recovered from (7.7) with
Ts = 0. When N = 0, the relation (7.7) gives Ts = (Gﬂgl)l/2 = U, where the last
equality is obtained from (2.30) and (2.39). Plugging (7.7) into the complete positivity
condition in (7.2), we obtain

12 J

>t (G =N 2 0 (7.8)

o _

Ny 15 =1[(Gs = Ny) ']

Thus, for any Ny fulfilling this inequality, by using (7.7) we can implement our optimal
circuit (2.28) through Gaussian channels.

An interesting class of N that saturates (7.8) has been constructed in [132]. It is

given by
I
N, = /K' K, K =TiST— 5. (7.9)
By plugging (7.9) into (7.7) first and then employing (2.30), we find the following equa-

TS = Afp — KK ! (7.10)

whose solutions provide realisations of the optimal circuit (2.28) through Gaussian channels.
Plugging the definition of K given in (7.9) into (7.10) we find

tion for T

d S
T3+1T;§TSVR1:A§R+1§7R1. (7.11)

The real part of this relation tells us that Ty = A“’T’(f = U,, while from the imaginary part

we find that T J Ty = J, i.e. that Ty is symplectic. The latter result and (7.9) lead to
Ks=Ng=0.

Let us conclude by emphasising that all the explicit expressions for the Gaussian
channels given above saturate the complete positivity condition in (7.2) (more details can
be found in [132]). It would be interesting to explore also Gaussian channels where this
inequality is not saturated, as done e.g. in (7.7) and (7.8).

15The last expression in (7.6) is obtained by observing that W = XrrWgr and Dt = Dg into (2.39) give
Us = (W X3 Wi *)*/?, that becomes (7.6) once (D.1) is employed with M = Wi X3 and N = W "
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8 Complexity of mixed states through ancillae

In this section we discuss the approach to the complexity of mixed states explored in [23],
which is based on the introduction of ancillary degrees of freedom.

Consider a quantum system in a mixed state characterised by the density matrix p.
A pure state can be always constructed from p by adding ancillary degrees of freedom.
This purification procedure consists in first extending the Hilbert space of the system to
a larger Hilbert space Hexiondea = H ® Hane through an auxiliary Hilbert space H,,., and
then finding a pure state |Q2) € Heyenaea Such that the original mixed state is obtained as
the reduced density matrix given by

ﬁ = TrHanc|Q><Q| (81)

where the ancillary degrees of freedom have been traced out. We remark that the purifi-
cations discussed in section 4 do not involve ancillary degrees of freedom.

There are infinitely many ways to construct Heyenaea and |€2) such that (8.1) is satisfied;
hence a purification criterion must be introduced. Different purtification criteria have
been considered in the literature to study different quantities. An important example is
the entanglement of purification [133-136]. In this manuscript we are interested in the
purification complexity [29], that has been employed in [23] to study the complexity of
mixed states.

8.1 Covariance matrix of the extended system

We are interested in a generic harmonic lattice made by N sites in the Gaussian mixed state
characterised by the covariance matrix v and by vanishing first moments. The covariance
matrix v can be decomposed in blocks as follows

V= (ﬁt Ag) (8:2)

where (Q and P are N x N symmetric matrices, while M is a generic N x N real matrix;
hence N (2N + 1) real parameters must be fixed to determine ~.

We consider a simplification of the purification process by focussing only on Gaussian
purifications. This means that a mixed state characterised by the covariance matrix (8.2)
is purified by introducing ancillary degrees of freedom and construcing a 2N, X 2N
covariance matrix 7.,, that corresponds to a Gaussian pure state [2) for the extended
lattice having N,, = N + N,,. sites. For the sake of simplicity, we assume also that
/) has vanishing first moments, i.e. (Q|f..|Q) = 0, where 7', = (¢, ¢¢,. and p*, D" ),
where we have separated the ancillary degrees of freedom from the ones associated to the
physical system.

By writing also ., through the block decomposition (8.2) we have

Qext Mext >
ext = 8.3
’Y ' < Mt Pext ( )

ext
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where Q... and P.,, are N,,, X N,,, symmetric matrices. Since the covariance matrix (8.3)
corresponds to a pure state, the condition (2.23) must hold. This tells us that the blocks
occurring in (8.3) are related by the following constraints

1
Qext Pext - M2 - = 1 Mext Qext - Qext Metxt Pext Mext — Mt Pext . (84)

ext 4 ext

The first relation tells us that M., is determined by the product .., P..,, while the re-
maining two relations mean that M, Q.. and P, M., are symmetric. Thus, (8.3) is

Next(]\;ext‘i’l) real

determined by the symmetric matrices Q.,, and P.., that depend on 2
parameters, as expected also from section 2.3.1 (see (2.24)).
We can impose that 7., is the covariance matrix of a pure state also by using (2.22),

i.e. by requiring that the Williamson’s decomposition of (8.3) reads

ext ext ext

1 1
Yot = 5 We W, = 3 R' X2 R.. (8.5)

where W, € Sp(2N.,R) and the last expression has been obtained from the Euler de-
composition of W, that includes R, € K(N..). The symplectic matrix W, can be
partitioned through N, X N, matrices as follows

W — < U... y;xt) { chtY;f(t and VmZetxt are symmetric (8.6)

Zext ‘/;xt UextVt - }/etht — 1 .

ext ext

The relation (8.5) provides the blocks in (8.3) through to the ones in (8.6). The result reads
1 1 1
cht = 5 (Ut cht+Zt Zcxt) cht = 5 (Vt ‘/cxt—i_Yt Y. ) Mcxt = 5

ext ext ext ext — ext

(UetxtY;Xt—i_Z:xt cht) '
(8.7)
Another useful way to impose the purity condition on the final state of this purification
process exploits the general form (2.24) for the wave function of a pure state and the
corresponding covariance matrix (2.25). This allows us to write the covariance matrix of

the extended system as'®

1( E} —ElF.. )

Tt =9\ R Bl B+ Fo EZLFo

5 - (8.8)

ext

where the N, X N, symmetric matrices F.,, and F,, are related to the blocks occurring

in (8.3) as follows
L

5 ext
The second relation in (8.4) ensures that F.,, is symmetric. We remark that (8.9) also tell
us that the relation P, = %(Eext + F« E;tl F,,.) coming from the second block on the
diagonal in (8.3) becomes the first relation in (8.4).

Eext - Fext - - Qe_x% Mext . (89)

In order to relate vy in (8.2) to Y. in (8.3), one observes that, since 7!, =

(@', at,.,p" D ), we have that the N, x N,y blocks occurring in (8.3) can be partitioned
in blocks as follows

5 o) () (5, ar)
oxt = P, = M, =\ = 8.10
Qex (Fzg Qane TATh P AT M (8:10)

16The special case Fux, = 0 has been considered e.g. in [23, 136].

— 41 —



where @), P and M are the N x N blocks of v in (8.2), while Q... and P,,. are N,,. X
N,.. symmetric matrices. Instead, M, is a generic N,,. X N,,. real matrix. Indeed, by
plugging (8.10) into (8.3), it is straightforward to observe that the covariance matrix (8.2)
is obtained by restricting .., to the sites corresponding to the original degrees of freedom.
Instead, by restricting ... to the ancillary sites, one gets the following 2N,,. X 2N,

_ Qanc Manc
Yane = < Mt P . (811)

anc

symmetric matrix

By changing the order of the rows and the columns, the matrix in (8.3) becomes

(7 r ) (8.12)

Ft Yanc

where 7 is the covariance matrix (8.2), Yan. is the symmetric matrix defined in (8.11) and

FQ FM>
'=|( =~ 8.13
(FM Ip (8.13)

By using that (8.12) is positive definite, it can be shown that also 7,.. is positive definite;!”
hence v,,. can be interpreted as the covariance matrix of the ancillary system made by
N, sites.

An alternative approach exploits the expressions in the Schrédinger representation
discussed in appendix A. In particular, given the covariance matrix - in the block matrix
form (8.2), we can construct the N x N complex matrices © and ® by using (A.11)
and (A.12). Then, (A.19) provide the constraints for the blocks of E.,, and F.,, in terms
of the complex matrices © and .

There are many ways to construct the pure state |2). They correspond to the freedom
to fix N,,. first and then to choose e.g. the blocks in (8.10) that are different from @, P
and M, provided that the constraints (8.4) are satisfied.

8.1.1 One-mode mixed states

We find it instructive to consider explicitly the simplest case of a one-mode mixed state,
i.e. N = 1. The minimal choice for the number of ancillae is N,,. = 1.

When N = 1, only a non trivial symplectic eigenvalue o occurs; hence the Williamson’s
decomposition (2.20) and the Euler decomposition (2.21) of a symplectic matrix provide
the 2 x 2 covariance matrix given by

. _ M
v =0 W'W = o R'’R = R'diag(se**, 0e )R = < @ > (8.15)
M P
"By employing the following formula for the determinant of a block matrix
det (é g) =det(A — BD™'C) det(D) (8.14)

where it is assumed that D is invertible, one finds that the eigenvalues of vanc are also eigenvalues of vext.
If A is invertible, a formula similar to (8.14) can be written where det(A) is factorised and this result can
be used to show that the eigenvalues of v are eigenvalues of Yext as well.
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where X is the squeezing parameter and R is a 2 X 2 rotation matrix, which is completely
fixed by the rotation angle 6. Notice that @), P and M are real parameters in (8.15). Le
us remark that the pure state condition (2.23) for (8.15) gives 1 — 4d, = 0, where we have
introduced d, = det(y) = QP — M?2. This implies that 1 — 4d, # 0 for the covariance
matrices (8.15) that correspond to the mixed states that are not pure.

When N,,. = 1, the covariance matrix (8.5) of the pure state for the extended sys-
tem reads

Vext = % WE W = % R’ 1’ Ruw = % R' , diag(e?M,e?2 72N "R . (8.16)
This 4 x4 covariance matrix corresponds to a pure state, hence it depends on N (N +1) =
6 real parameters (22 from R.,, and two squeezing parameters \;), since N, = 2. Writing
the 4 x 4 covariance matrix 7. in the form (8.3), it is straightforward to realise that 3
elements are given by the real parameters @), P and M. Thus, we are left with three real
parameters to construct the pure state for the extended system.

We find it instructive to write explicit expressions for the elements of the covariance
matrix ... The constraints (8.4) for the 2 x 2 matrices Quy, Pow and M., provide six
equations: four from the first relation and one from each one of the other two relations
(that can be written in the form X = 0, where X is a 2 x 2 antisymmetric matrix).

When I'ys # 0, the solution of this system can be written in terms of I'g, I'p and I'ys as

Ou. = 1—4d, Q+8FQ(MFM_QFP)+16F§2[PP§W—FP(2MPM—QPP)]
T 1—4d, (1—4d,)?
ATQ[PT3, —Tp(2M Ty — QT
Manc:_i MFM_QFP+ Q[ M P( M Q P)]
T 1 —4d,
o A[PT3, —Tp(2M Ty — QTp)]
anc 1—4d,y
~  AToTlp+4d,—1
Ly = e 8.17
M ATy (8.17)
When I'yy =0 and I'p # 0, we find
P(4d,—1) 2MTy 4QT3, 1—4d,
anc — + - F = 8]_8
¢ AT, Ip  1-4d, @7 Tarp (8.18)
) -
p, — Qb M, = - 2QTPTym
1—4d, 1—4d,

while a solution does not exist for I'yy = I'p = 0. Notice that 1 — 4d, # 0 in these
expressions because y does not corresponds to a pure state.

We remark that also the analysis based on the Schrodinger representation reported in
the appendix A.2 allows to conclude that the purification of a one-mode mixed state can
be realised through a pure state in an extended lattice with N,,, = 2 that depends on three
real parameters.
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8.1.2 Block diagonal covariance matrices

Many interesting mixed states are described by a block diagonal covariance matrix v =
Q@ @ P. In this cases M = 0 in (8.2).

It is worth considering a pure state for the extended system such that M., = 0 in the
corresponding covariance matrix (8.3). In this case (8.4) reduce to

1
QP:Z1—FQFtP
1
1 Qancpanczi]-irtQFP

OQuiPoy = -1 4 (8.19)

Ql'p+TIgP.,..=0

PIog4+TpQu.=0

where T I'l, # 0, and v = Q @ P is the covariance matrix of a state that is not pure.

A common choice consists in considering purifications where the extended system has
twice the degrees of freedom occurring in the original one, namely N,,. = N. In these cases
I'g, I'p and I'y; are N x N matrices.

Considering the purifications with N,,. = N, a drastic simplification corresponds to
require that v = 7,.., which is equivalent to impose that @ = Q,,. and P = P,,.. In this
case, a solution is given by symmetric and commuting matrices I'g and I'p that can be
related through the last two equations in (8.19), which give

Q=-TgPT;! o PTp! =T PTg. (8.20)

Setting I'p = T’ él with a € R, the last equality is solved while the remaining relation
Q=- éI‘Q PT'q, whose validity is not guaranteed, provides I'g.

A different solution for the matrix equations in (8.20) can be written when () and P
can be decomposed through three real matrices A, B and A as follows

Q=AAB! P=BAA'. (8.21)
In this case, we can construct I'g and I'p as
Ig=AAB™! Ip=-BAA™! [A,A]=0 (8.22)

where a new matrix A that commutes with A has been introduced.

It is straightforward to check that (8.21) and (8.22) satisfy the matrix equations
in (8.20). Notice that I'p is not proportional to Fél in (8.22).

An important example where N,,. = N and 7 = 7.,. is the thermofield double state
(TFD). In appendix F a detailed analysis for this pure state for harmonic lattices is re-
ported. The relations (F.25) and (F.26) tell us that the TFD corresponds to a special
case!® of (8.21) and (8.22).

18Tn particular, A and A are the diagonal matrices in (F.13), while A = VS 'and B= 1787 in terms of
the matrices V' and S introduced in the appendix F.
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The simplest case corresponds to N = N,,. = 1, which has been discussed in sec-
tion 8.1.1 in the most general setting. Solving the system (8.19) for this case, one finds

(1 -4QP)P 4QT% 1—4QP
—— Pic= 75" Fg=—v—.

Qanc = -
aT?, 1QP — 1 ATp

(8.23)

When M = 0, the observation in the text below (8.15) tells us that 4QP — 1 # 0 in order
to have a mixed state that is not pure to purify. Notice also that, by setting M = Ty =0
in (8.18), that holds for I'y; = 0, one finds (8.23) and M,,. = 0. Thus, when M.,, = 0 and
N = N,,. = 1 we can parameterise the pure state of the extended system through a single
parameter. This is consistent with the analysis reported in [23]. As final remark about
the purifications having N = N,,. = 1, let us observe that the second equation in (8.20) is
trivially satisfied, while the first one is obtained by setting @ = Q... and P = P,,. in (8.23).

8.2 Selection criterion for the pure state

In the previous discussion we have explored the constraints guaranteeing that the covariance
matrix v.,, corresponds to a pure state under the condition that ~.,, provides the covariance
matrix v of the given mixed state once the ancillary degrees of freedom have been traced out.
These constraints identify the parameter space of the pure states allowed by ~ for a
given value of N,,.. Within this space of parameters, it is natural to introduce a quantity
F whose minimisation provides a particular pure state with certain properties. Thus, F
characterises the criterion to select the pure state provided by the purification procedure

as follows
F(3) = min[F (7)) (8.24)

Yext
where 7., is the covariance matrix for the extended system, that is constrained as described
in section 8.1, and F denotes the minimal value of F as Yext Spans all the pure states
allowed by . For the bosonic Gaussian states that we are considering, the calculations
can be performed by employing either the wave functions or the covariance matrices.

For instance, the entanglement of purification for a bipartite mixed state [133—136]
is (8.24), with F given by the entanglement entropy of a particular bipartition of Hciended-

In [23, 29], the purification complexity has been introduced to quantify the complexity
of a mixed state. The definition of purification complexity is given by (8.24) in the special
case where F is the complexity of the pure state corresponding to .. with respect to
a given fixed pure state in Heyenaea, Whose covariance matrix is denoted by 7e.,0. This
definition of purification complexity requires the choice of a cost function. The purification
complexity explored in [23] reads

CT(’Y) = min[cr(’)’exm 'Yext,())] (8.25)

Yext

where either » = 1 or r = 2, depending on whether the F; cost function or the Fy cost
function is adopted. In [23] the purification complexity based on the Fj cost function has
been mainly studied because, for the pure states, the divergence structure of the complexity
evaluated through the F) cost function is closer to the one obtained from holographic
calculations [17, 33]. The complexity defined through the F; cost function depends on the
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choice of the underlying basis, while the F5 cost function leads to a complexity that is
independent of this choice.

This approach to the complexity of mixed states is different from the one considered in
this manuscript. The main difference is due to the fact that in the purification procedure
described in section 4 ancillary degrees of freedom have not been introduced. Moreover, the
purification complexity defined in (8.25) depends on the choice of the pure state correspond-
ing to Vo0 (in [23] this pure state has been fixed to the one whose wave function (2.24)
has E., « 1 and F.,, = 0). Furthermore, in the evaluation of the complexity of a mixed
state through (8.25), no cost is assigned to the purification process of extending the system
through ancillary degrees of freedom, given that the circuit considered in (8.25) is entirely
made by pure states in Hyiended-

Explicit computations through (8.25) are technically involved and discussing them is
beyond the scope of this manuscript. We refer the interested reader to the detailed analysis
performed in [23]. Focussing on the simple case of one-mode thermal states, in section 9.7
we compare the complexity evaluated through the Fisher-Rao distance with the results
found in [23] for the C; complexity of mixed states based on the purification complexity.
The latter quantity depends on the basis: in appendix G we discuss the diagonal basis and
the physical basis, that have been introduced in [23] to evaluate this C; complexity.

9 Harmonic chains

In this section we further study some of the quantities discussed in the previous sections
by focussing on the one-dimensional case of the harmonic chain, either on the circle (i.e.
with periodic boundary conditions) or on the infinite line. In this case we obtain ana-
lytic expressions in terms of the parameters of the circuit for some quantities and provide
numerical results for the quantities that are more difficult to address analytically. After
a brief discussion of the model in section 9.1, circuits whose reference and target states
are either pure or thermal are considered in section 9.2 and section 9.3 respectively. In
section 9.4 we study the mutual complexity for the thermofield double states (TFD’s).
Numerical results for the complexity and the mutual complexity associated to subregions
are presented in section 9.5 and section 9.6. Finally, in section 9.7 we consider a simple
comparison between the complexity for mixed states discussed in this manuscript and the
one based on the purification complexity recently proposed in [23].

For the sake of simplicity, in this section we consider only examples that involve states
whose covariance matrices are block diagonal. We remark that the results discussed in the
previous sections hold also for states characterised by covariance matrices that are not block
diagonal. For instance, these states typically occur in the out-of-equilibrium dynamics of
the harmonic lattices [121, 137-139].

9.1 Hamiltonian

The hamiltonian of the periodic harmonic chain made by L sites, with frequency w, mass
m and elastic constant k reads

L 2

~ 1 mw* K . R

H =) 1:<2m R i+1_Qi)2> (9.1)
1=
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where # = (G1,...,qr,P1,--.,Pr)" collects the position and momentum operators and the
periodic boundary condition §r41 = ¢; is imposed.

Assuming that both x and m are non-vanishing, the canonical transformation given
by §; — §i/¥/mk and p; — /mk p; allows to write (9.1) as follows

L 1

(pz +— qz + (i1 — qu')2> = P H" R (9.2)

\V)

where
H* =i /m ([@*+ 21 =T @ 1) (9.3)
and we are naturally led to introduce the dimensionless parameter

2
~9 w
= —. 9.4
e (9.4)
The non vanishing elements of the symmetric matrix 7" in (9.3) are T j41 = Tj4+1,; = 1 with
1<i<L-land Ty, =Ty =1.
In order to find the Williamson’s decomposition (2.68) for (9.3), first one observes that
the matrix 7" in (9.3) is diagonalised by the following unitary matrix

e2mir s/L
VL
that implements the discrete Fourier transform and it is mdependent of the parameters w,

m and k. This implies that HP* in (9.3) is diagonalised by U = U & U.
Since the symplectic matrix entering in the Williamson’s decomposition (2.68) is real,

Ur,s

(9.5)

let us consider the proper combinations of the eigenvectors entering in (9.5) that correspond
to the same eigenvalue. This leads to introduce the L x L real and orthogonal matrix V,
whose generic element for even L is given by

V2/L cos(2mik/L) 1<k<L/2
7y (-1)!/vVL k=L/2 9.6)
V2/L sin(2mik/L) L/2+1<k<L—1

1/VL k=L

and for odd L by

V2/L cos(2mik/L) 1<k<(L-1)/2
Vik =3 /2/L sin(2mwik/L) (L-1)/241<k<L-1 (9.7)
1/VL kE=1L.

The matrix V diagonalises both T’ and 1 in (9.3); hence, by introducing the orthogonal
matrix V =V @V, that is also symplectic, we have [48]

Hows = [\/;@/m diag(Q2,..., 03,1 ,...,1)} vl (9.8)
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where €, provides the dispersion relation, which depends on the parameter & defined
n (9.4) as follows

Q = /@ + 4 (sin[rk/L])? k=1,...,L. (9.9)

By applying the observation made in the final part of the appendix D to (9.8), one
obtains the Williamson’s decomposition (2.68) with the symplectic eigenvalues given by

O-pl\ys,k‘ - \/ K’/m Qk: (910)

and the symplectic matrix W, by

Wonge = Xopye V1 KXo = diag (v, ... VQL, 1/, 1/V/Q0) . (9.11)

In these expressions the zero mode corresponds to £ = L and its occurrence is due to
the invariance of the system under translations. The comparison between the expressions
reported throughout this section and the corresponding ones in section 2.6 can be done
once the canonical transformation above (9.2) has been taken into account.'?

It is worth remarking that the canonical transformation that brings (9.1) into (9.2)
cannot be defined when « = 0. This implies, for instance, that, in order to employ the
unentangled product state of the harmonic chain as reference state (this is often the case
in the recent literature on the circuit complexity [17, 18, 22, 23, 36]), our analysis must be
adapted to the hamiltonian (9.1).

9.2 Pure states

In this subsection we study the circuit complexity for pure states that are the ground states
of periodic harmonic chains having different frequencies [17].

9.2.1 Covariance matrix

The two-point correlators in the ground state of the hamiltonian (9.2), where periodic
boundary conditions are imposed, read

. 1 1 o 1 &
(4:q5) = —L Q— cos[2mk (i — j)/ L] (DiDj) =37 Z kcos[2mk (i — 7)/L] (9.12)

IIMh

where Q is the dispersion relation (9.9). The periodic boundary conditions make this
system invariant under translations. The expressions in (9.12) define the elements of the

correlation matrices @), and P

.« respectively. These matrices provide the block diagonal

covariance matrix v, = Qg P
By introducing the discrete Fourier transform of the operators ¢; and p; in the standard
way [140], the matrices @, and P,. can be written as follows

Q. =UQ,U"' P, =UP, U (9.13)

!9This canonical transformation is responsible e.g. for the different definitions of Q in (9.9) and in
section 2.6 and also for the factor between (9.10) and (2.69), which is the same prefactor occurring in the
hamiltonian (9.2).
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where the matrix U have been defined in (9.3), while Q,, and P,. are diagonal matrices
whose elements read

1
(Qee) ik

1
= m (,Pgs)k’k == 5 Qk k= 1, e ,L. (914)

In order to find the Williamson’s decomposition of +,,, we have to consider the sym-
plectic matrix V introduced in section 9.1. Then, the observation made in the final part
of the appendix D specified to 7, leads us to introduce the following symplectic and diag-
onal matrix

Xo = diag(1/vVQ, ., 1V, VO, o VL) = T Xy J (9.15)

where X, has been introduced in (9.11). This matrix is related to (9.14) as follows
Que @ Poe = % A2, (9.16)
By introducing the symplectic matrix
We = X V° (9.17)
we have that the Williamson’s decomposition of v,, reads
Ves = % WeWe. (9.18)

Notice that the symplectic matrices W, and W, defined in (9.11) and (9.17) respec-
tively, are related as follows

We=J X (JVI)T = J X, VT = T W,od = WL (9.19)

phys

where we have also used (9.15), (9.17), the property S~ = J'SJ of the symplectic matrices
S and the fact that symplectic V' is also orthogonal (see also (2.77)).
As consistency check, we can plug (9.17) into (9.18) first and then use (9.16), find-
ing that
Ves = V(Qgs ® PgS) V= V(Qgs S Pgs) v (9'20)

This tells us that V is also the orthogonal matrix that diagonalises the symmetric matrix
Ves- Let us remark that V' depends only on the number of sites L of the harmonic chain.

9.2.2 Complexity

We consider the circuit complexity where the reference state and the target state are the
ground states of periodic harmonic chains whose hamiltonians are characterised by the
parameters (wg, kg, Mg) and (wr, K1, M) respectively.

For the sake of simplicity, in our analysis we set kg = kKt = k and mg = my = m;
hence only the parameter & distinguishes the reference and the target states.

In this case, from (9.20) and the fact that V is independent of the parameters w, x
and m, it is straightforward to find that (2.32) becomes

Arp = V(Qur Ok ® Paer Prn) V! (9.21)
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where the diagonal matrices Qur, Qusrs Pesr and Py r can be easily obtained by writ-
ing (9.14) for the reference and for the target state. By employing (9.21) and (9.14), it
is straightforward to find that, in this case, the complexity given by (2.31) and (2.33)
simplifies to [17]

_ 1 -1 —1\121 _ 1 L 2
=575 ¢ Tr { [10g(Qer Qoo @ Peor Pock)]’} = N kzl(log [Qe/Qns]) (922)
where

Qup = /@2 + 4 (sin[rk/L])? k=1,...,.L  Se{R,T}. (9.23)

Notice that the complexity (9.22) depends on m and k only through the dimensionless
parameters wg and Or.

We remark that, if kg # kr, the canonical transformation reported in the text be-
tween (9.1) and (9.2) is not the same for reference and target states. This is crucial in the
evaluation of the circuit complexity between the ground state of the harmonic chain with
k # 0 and the unentangled product state, where x = 0. In these cases we have to con-
sider the hamiltonian (9.1) instead of (9.2). Adapting our analyses to this hamiltonian is a
straightforward exercise whose details will not be reported here. For instance, considering
mg = My = m but keeping ky # Kkr, we obtain

cr= | 3 e [2mns]) 020

k=1 O phys,R,k

where 0.5 With S € {R, T} are the symplectic spectra corresponding to the reference
and the target states, evaluated through the hamiltonian (9.10). Ref [17] mainly considered
the case where the reference state is the unentangled product state and the target state
is the ground state of a harmonic chain (with periodic boundary conditions). The circuit
complexity in this case can be found by taking the limit kg — 0 in (9.24). The result is [17]

Cy = ;J i(log [WD2 (9.25)

k=1 “Wr

It is instructive to obtain (9.22) also as a special case of (2.58), that is written in terms
of the matrix Wiy introduced in (2.45). For the pure states that have been chosen, whose
covariance matrices have the form (9.18), Wy and Wy can be obtained by specialising (9.17)
to the reference and the target states considered. Since the matrix V is the same for both
of them, (2.45) simplifies to

-1/2 —1/2

— . Q 1 Q L

War = Xor XL = dia o s | =2
™ = ot e, g[(fm) (QRL> ]

— 50 —



wr=5 wr =1

0 1 2 3 4 0 1 2 3 4
log L log L
=1 wr=>5 =1 wr=10"
e c w: =10 R R o m: =102
1.5 wr =50 L5 wr =107
- wr = 100 o wp =107
N wr =500 ~ ° wr=10"
o0 o0 1.0
2 L0 o °
= =
Q L os
= =
T os T oL
« « 0.0 °
S ) S
on on
< 00 2 _0s %o,
~05 v -1.0
0 1 2 3 4 0 1 2 3 4

log L log L
Figure 4. The complexity Cs in terms of the size L of the periodic harmonic chain. The reference
and the target states are the ground states with w = wg and w = wr respectively (here kK = m = 1).
The data reported correspond to wg = 1 and different wyp. The solid lines in the top panels

represent (9.27), while the horizontal solid lines in the bottom panels correspond to the constant
values of a(@r,wr) obtained from (9.28).

where the last expression has been found by using (9.15). Thus, in this case Wig = Xrg =
Xor X5 and this leads to obtain (9.22) from (2.58).

In the thermodynamic limit L — oo, the expression (9.22) for the complexity be-
comes [17]

Co = a(@r,@r) VL + ... W # @p L — o0 (9.27)

where the subleading terms have been neglected and the coefficient of the leading term
reads

a(@r, ) = % \/ % /0 "(10g [0 /QRﬁ])Qde O # Qn (9.28)

with
Qs = @2 4 4 (sin6)? 0 € (0,m) (9.29)

which can be easily obtained from (9.23). As consistency check, notice that a(wg,or) = 0,
as expected. For large wy, the leading term of (9.28) is

1
a((I)T,(Z}R) - 5 log(I)T + o (Z)T — Q. (930)

We find it interesting to observe that, once the limit L — oo has been taken, either
@Wr or Wr can be set to zero. For instance, setting @r = 0 in (9.28) gives the following
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0.0 0.5 1.0 1.5 2.0 25 3.0

Figure 5. The complexity Cy between the ground states of harmonic chains with K = m =1 and
different frequencies, for a given wg and as function of wr. The data points come from (9.22). The
dashed lines correspond to the first order approximation (9.32) and the solid lines to the second
order approximation (9.33), in the thermodynamic limit and in the expansion where Wt = &g + 00.

finite result

- 2
a(@r, @y = 0)? = 1 /ﬂ<2 log[sin 0] — log [w% + (sin 0)2] ) de . (9.31)
167 Jo 4
On the other hand, it is well known that the correlators (g;¢;) in (9.12) diverge when
the frequency of the chain vanishes because of the occurrence of the zero mode; hence we
cannot evaluate Cy for a finite chain when either & = 0 or &g = 0. This tells us that the
limits L — oo and &y — 0 do not commute.

In figure 4 we show the complexity Cs as function of the size L of the periodic chain.
The numerical results discussed in this manuscript have been obtained for k = 1 and m = 1,
unless otherwise specified; hence &p = wy and &r = wy. In the left and right panels of
figure 4 we have wy > wg and wy < wg respectively (notice that wr = 1 for all the panels).
In the top panels the numerical data are compared against the expression (9.27) (solid
lines) obtained in the thermodynamic limit: while in the top left panel the agreement is
very good at large L, from the top right panel we conclude that larger values of L are
needed to observe a reasonable agreement as @y — 0. In the bottom panels of figure 4
we consider the subleading term in (9.27): while in the bottom left panel the data agree
with the horizontal lines corresponding to a(@r,@g) given by (9.28), in the bottom right
panel the agreement gets worse as wr — 0. Notice that the solid lines in the right panels of
figure 4 accumulate on a limiting line as wy — 0. This line can be found by plugging (9.31)
with wg = 1 into (9.27).

We find it worth considering a perturbative expansion of the complexity of these pure
states when the target state is infinitesimally close to the reference state. This means that
Or = Wr + 0w with [00] < @g. Assuming @r # 0, we expand (9.28) as 0w/wg — 0. The
first order of this expansion gives

VL@ |1 7 4 2 |66 1+2/02
— - 14+ — (sin6)2 = R L. .32
Ca o 7T/0 [ + ) (sin @) } de 2on \| @7 2702372 VL (9.32)
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Including also the O((6@)?) term in the expansion of (9.28), we find

Co VL (9.33)

6%l 1+2/@2 ) (1_ O + 402 +6 )
2R | (1 +4/02)3/? 4003 (@2 + 2) (@2 + 4)

20x
In figure 5 we compare the exact formula (9.22) for finite L against the first order

result (9.32) (dashed lines) and against (9.33), that includes also the second order correction

(solid lines).

9.3 Thermal states

The thermal states are the most natural mixed states to consider. In the following we
evaluate the complexity (2.33) when both the reference and the target states are thermal
states of the harmonic chain.

9.3.1 Covariance matrix

The two-point correlators of a periodic chain in a thermal state at temperature 1" read

1 - coth[Q/(27)]

(GiG;) = o 2 o cos[2mk (i — j)/L] (9.34)
L

(hibs) = 57 3 U cothly/(2T)] cosfmh (i — )/ L] (9.35)
k=1

where € is given by (9.9) and we have introduced the dimensionless parameter
~ T
T .
VE/m

The correlators (9.34) and (9.35) provide the generic elements of the correlation matrices

(9.36)

Q. and P, respectively, which are the non vanishing blocks of the covariance matrix
Yon = Qi D P of the thermal state.

Following the standard procedure, also for the thermal state one first performs the
discrete Fourier transform through the matrix U in (9.5), finding that (9.13) can be written
also for the correlation matrices Q,, and P,,, i.e.

ch = [~]ch U_l Pth = ﬁpth [7_1 (9-37)

with the proper diagonal matrices Q,, and P,,, whose elements are given respectively

by [140]

coth[Q/(27)]

1 ~
20 (Pth)k,k = 3 Qp COth[Qk/(QT)} k=1,...,L

(9.38)

(Quw)k ke =

which reduce to (9.14) when T — 0, as expected.

By employing the results obtained in section 9.2 for the covariance matrix of the ground
state, it is not difficult to find that the Williamson’s decomposition of the covariance matrix
Y of the thermal state reads

Yon = WED We . (9.39)
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The matrix W is the symplectic matrix (9.17) occurring in the Williamson’s decomposi-
tion (9.18) of the ground state and D, = diag(ouw 1,...,0m,) ® diag(ow1,- .., 0w 1), with
the symplectic eigenvalues given by [47]

1 ~ 1
Tuf = 5 coth[Q/(2T)] = 3 coth [0y k/(2T)] k=1,...,L. (9.40)

From these observations, we find that
Yen = V(Qin ® Pun) V= V(Qin & P) vt (9.41)

where V' is the same symplectic and orthogonal matrix introduced through (9.6) and (9.7)
for the ground state. It is straightforward to check that (9.41) becomes (9.20) as T — 0,
as expected.

9.3.2 Complexity

In order to explore the complexity of two thermal states of a periodic chain, let us consider
a reference state characterised by frequency wy and temperature Ty and a target state
characterised by frequency wr and temperature 77, assuming again that kg = kKt = k and
mg = my = m. Like (9.20), we have that also (9.21) can be adapted to this case, simply
by replacing Q.. with Qv and Py with Py, taken from (9.38), with M € {R, T}.
Thus, the complexity given by (2.33) and (2.31) for these thermals states becomes

1 _ _
=55 \/ Tr { [10g(Qunr Quk ® P Pari)]” } (9.42)
2 2

1 L QR T,k QT T,k
= —— log | ——= + | log| ——= 9.43
2v/2 kgl { [ g<QT,R,k & Qr.r.k ( )

where we have introduced

Qi = Qg coth(Qyp/(2Tx)) M,N € {R,T} (9.44)

with Qg given in (9.23). Notice that Qy nr — Qi as Ty — 0; hence in the limit given
by TR — 0 and Ty — 0, the expected expression (9.22) for pure states is recovered. Notice
that the complexity (9.43) depends on the dimensionless parameters wg, wr, Ty and Tr.

As briefly discussed in section 9.1, in order to consider the unentangled product state
as reference state, we have to keep the hamiltonian in the form (9.1) and generalise the
above analyses by setting mg = my = m and kg # k. For thermal states, this slight
generalisation leads to

L 2
1 Ophys,R, T,k O phys, T,T,k
Cy = — § log PSR log ZPhYS, 2 0R 9.45
24/2 =1 { l (Uphys,T,R,k Ophys,R,R,k ( )

where 0,y vk is defined in terms of o, s, given in (9.10) as follows

2
+

Opnys Nk = Opnysark COtM (0 n i/ (21x)) M,N € {R, T} (9.46)
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The complexity between a thermal state at temperature T and the unentangled product
state can be found by taking kg — 0 and Ty — 0 in (9.45).
In the special case where Wy = @y = @, the expression (9.43) simplifies to

1 coth(Q/T)\]” 1 BINE
CQ = 2J ]; [log<coth(ﬁi/(2fR))> = ﬁ \/ﬂ{[log (Dth,T D:h}R)] } (9.47)

This result is consistent with the general expression (2.49) for the complexity in the special

case where Wy = 1. This relation can be verified by setting wg = @ in (9.26).

In the special case of Wy = @y, from (9.39) and (9.17) we have that Wy = Wk,
hence (9.47) provides the length of the W path connecting the reference and the target state
that we are considering (see section 3.3). Indeed it is proportional to the proposal (3.19)
for the spectrum complexity.

As for the basis complexity, from (9.40), one observes that, for a generic number of
modes larger than one, the requirement Dy = Dy leads to &r = &r and Tn = Tr. This
implies Wy = Wi, as just remarked above, hence 7z = v and the basis complexity (3.23)
vanishes for the thermal states. Also the corresponding basis complexity (3.24) vanishes
because it is bounded from above by (3.23). We expect that this is a peculiar feature due
to the simplicity of the model. Notice that, for pure states or one-mode mixed states, the
constraint Dy = Dy does not imply that vz = 1, hence a non vanishing basis complexity
is obtained.

Another interesting special case to explore is given by a pure reference state, i.e. Tw = 0.
In this limit (9.43) becomes

2
+

2

0 ~
log< QTJ; coth(€q /(2TT))>
R,

(9.48)
In the low temperature limit (i.e. when Ty < @, @r), by using that cothx ~ 142727 4. ..
as x — oo and that log(1 + ) ~x 4 ... as  — 0, we find that (9.48) simplifies to

Cy = L1 Lk coth(y /(2T
2—27\& Z 0g Qs coth(Qr e/ (217))

k=1

1 L ~
Cy = = J 3 {[1og (Qek/ Q) | +46‘2QT”“/TT} +... (9.49)
k=1

where the dots denote subleading terms. This expansion tells us that the first correction
to the pure state result (9.22) as T — 0 is exponentially small. The high temperature

regime corresponds to T > wg and Tp > @y. In this limit, by using that cothx ~ 1/x
when = — 0, we find that (9.43) becomes

Cy = % J i{[log(fT/TR)r+2 [1og(QR7k/QT,k)}2}. (9.50)
k=1

In the thermodynamic limit L — oo, for the complexity (9.43) we find

Co = V'L (&g, @r, Tr, Tr) + ... (9.51)
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Figure 6. The complexity Co for thermal states as function of the size L of the periodic harmonic
chain. Here x = 1 and m = 1; hence g = wg, @r = wr, fR = Ty and Tr = Tp. In all
the panels T = 0 and various values of Tr are considered. Top panels: wg = wr = 1 (left)
and wg = wp = 1072 (right). The solid lines correspond to (9.51). Bottom panels: subleading
term log Cy — %logL as function of log L, for Tx = 0 and various values of Tr. In the left panel
wr =wr =1 and wr = wr = 1072 in the right panel. The horizontal solid lines correspond to the
constant values obtained from (9.52).

where

2
~ ~ 1 g Q Q do
CL(C:)Raa)TaTRyTT) = ﬁ /0 [log <£2R7T’Z> log (ﬂ)] ? (952)
TR, R,R,

and Qung = Qup coth(QNﬁ/(QfN)), with M,N € {R, T} (see (9.44)), written in terms
of the dispersion relation Q¢ given by (9.29). Notice that a(@g,@r, Tx, Tr) = a(@x,@r)
when Ty, — 0 and Ty — 0, where a(Qg,@r) has been defined in (9.28).

In section 9.2 we have observed that the massless limit of the coefficient of the leading

2
+

term of the complexity of pure states is finite (see (9.31)). This happens also for thermal
states. Indeed, by setting Wr = @y = 0 in (9.52), we find

IR B B coth((sin 8)/T) \ |° 6
a(@r = 0,00 =0,Tx,Ty) = 3 /0 [log<coth((sin0)/fR)>] —- (9.53)

In figure 6 and figure 7 we report some numerical results for the complexity (2.33)
between thermal states with different temperatures and wy = wr = w. The data have been
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Figure 7. The complexity Co for thermal states when Ty = 0. Left panel: Cy for a chain of length
L = 50 as function of T, reported for different values of wg = wr = w. The solid lines correspond
to (9.43). Right panel: Cy/ VL as function of Ty for different values of wg = wr = w and two values
of L. The solid lines correspond to (9.52). The dashed black line and the solid red line are collapsed
on the curve (9.53).

taken for kK = m = 1, hence TR = Ty and T + = Tr. Notice that these numerical results
display an example of spectrum complexity for thermal states, as discussed in the text
below (9.47).

In figure 6 we consider the complexity as function of the length L of the periodic
harmonic chain. For the sake of simplicity, the reference state is the ground state (i.e.
Tx = 0) and the target state is a thermal state with temperature Tp. In the left panels
w = 1, while in the right panels w = 1072. In the top panels the data are compared against
the expression (9.51) (solid lines), while in the bottom panels the subleading term of the
same expression is considered (horizontal solid lines). The data having w = 1 agree very
well with the predictions, while for the ones with w < 1 the agreement is worse because in
these cases the values of L considered are not large enough.

In figure 7 the same quantity considered in figure 6 is shown as function of 7. The
increasing behaviour of the curves tells us that the distance between the states increases
with 77, as expected. In the left panel we test numerically the analytic expression (9.43)
for L = 50 and different values of w. Instead, in the right panel we test numerically the
formula (9.52), obtained in the thermodynamic limit L — oco: the agreement is very good
when w 2 1, while it gets worse when w < 1. Thus, when w is very small, larger values of
L should be explored to observe the expected agreement between the numerical data and
the curve (9.52). When Ty = 0, in the latter case the curves for (9.52) collapse onto the
limiting curve (9.53), obtained by setting wg = wy = 0.

9.3.3 Optimal path for entanglement hamiltonians and its complexity

In section 6 we have discussed the map that provides the entanglement hamiltonian in
terms of the covariance matrix of a mixed state. In the following we explore further the
optimal path of entanglement hamiltonian matrices for the periodic harmonic chain in the
special case where both the reference and the target states are thermal states.

— 57 —



The entanglement hamiltonian matrices Hy and H of a reference state and of a target
state that are both thermal can be obtained by applying the map (6.3) to the covariance
matrix vy = Qu P P, introduced in section 9.3.1, whose Williamson’s decomposition
is (9.39). The symplectic spectrum of the entanglement hamiltonian matrix of a thermal
state can be easily obtained by plugging (9.40) into (6.7), finding

9)
gth,k:?’“ k=1,...,L. (9.54)

This provides the elements of the diagonal matrix &, entering in the Williamson’s de-
composition (6.6) for the thermal state. Comparing (9.54) with (9.36) and (9.40), we get

Eink = BOpnys k> as discussed in section 6 for the thermal states in any number of dimensions.
The distance (6.11) between Hy and Hy can be evaluated by employing (9.26)

and (9.54). The result reads
T s\ 1°
log [ -1k 9.55
g<TTQR,k>1 } (9.55)

which can be obtained also by replacing D, with &, in (9.47).

ey = |5 ()

k=1

In the special case of Wy = Wr, the summation in (9.55) can be easily performed,
finding

which corresponds to (6.14) specified to the one-dimensional harmonic chain. In this case
we can employ the discussion made in section 6 for the cases where Wig = 1 (see (9.26))
to conclude that d(yg,vyr) < d(Hg, Hy).

In the periodic harmonic chain the Williamson’s decomposition of the optimal circuit
connecting Hy and Hy is given by (6.16), with the symplectic eigenvalues (9.10) and
the symplectic matrix (9.11). Thus, the symplectic eigenvalues for the matrix labeled by
s € [0,1] along this optimal circuit are

Oks = B By *\/K/m (9.57)

where Q, is the dispersion relation (9.9). This means that the optimal circuit is made by the
entanglement hamiltonian matrices of thermal states, as also discussed in section 6. This
is not a feature of the optimal circuit connecting the covariance matrices of two thermal
states, as discussed in section 2.6. This discrepancy is consistent with the fact that the
map (6.3) does not send geodesics into geodesics.

9.4 Mutual complexity of TFD’s

The thermofield double state (TFD) is a pure state obtained by entangling two equal copies
of the harmonic lattice and such that a thermal state of the original system is obtained
after the partial trace over one of the two copies. A detailed analysis of the TFD and of
the circuit complexity between two TFD’s is reported in the appendix F.
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It is worth comparing the circuit complexity of two thermal states with the one obtained
from the corresponding TFD’s. Following [23], we introduce the mutual complexity for
the TFD’s as

Mrpp (wRawTaﬁRaﬁT) = 2Ct2h(wR7wT7ﬁR7ﬁT) - TFD (vawTaﬁRaﬁT) (9-58)
where C,;, and Crgp, are given by (9.43) and (F.38) respectively. More explicitly, (9.58) reads
MTFD (('DR)("DT7IBR7/BT) (959)
1 & H <Qchoth(ﬁ~RQRk/2)>r [ (Qchoth(BRQRk/zL))r
= - Z log : — — | log : ———
4 k=1 Q1 coth (BTQT,k’/2) Q7 ) coth (BTQT,k/4)
N {log <QRJc coth (B2 1/2) >r B [log <QR,k coth (B 1/4) >r}

which can be written also in terms of Qy v defined in (9.44) as follows

MTFD ((DRa (DTv BR? BT)

= 53 { [ ()] s (ezt)] s0)
) P 2
[l (et ) 1o (S et )]

prgimgn:
Qi cosh ( RQRk/Z)(COSh( Brlp k/2)—1) 2
0w (xt ) +ou ( ) (cosh ( 1)” }

TR,k cosh (B9 .k/2)(cosh BRQRk/2
MTFD(@Ra(IJTaBRagT) (9.61)
B
Br

F 21lo : - F 9.62
TR,k { g [Coth 3 R,k‘/2 TR,k ( )

(5:0/2)
(5uns/2)
L3 e [0 /2o Bt ) o P2 1)
23 " coth? (BrS,k/2) cosh (BrQrk/2) (cosh (Brnk/2) — 1)

Qrork cosh

After expanding the squares and a bit of manipulation, one obtains

1
23

where

cosh (BTQT7I~:/2> ( cosh (BRQRvk/Q) — 1) ) . (963)

cosh (BrQr x/2) (cosh (BrQrx/2) — 1)
For fixed k, the argument of the sum in (9.61) only depends on BTQT,k‘ and BRQR,k and

Frg = log (

it is symmetric under the exchange of T and R; hence we can fix BTQT,k‘ > BRQRvk for
every k without loss of generality. This allows to show that every term of the sum (9.61)
is negative?® and therefore Mqypp (g, @r, Br, BT) is always negative.

2
20We use that % is a monotonically decreasing function and that <2 (‘”(/: iiﬁc(c;/};(;/ 2)-1)

monotonically increasing function when xz > 0. This implies that Frgr < 0, while the function within the

is a

curly brackets in the last sum of (9.61) is positive for any value of k.
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The formula (9.59) can be generalised to the case where ki # kr as discussed in the
final part of section 9.1. This leads to

Morep (wRa W, KRy K, Br, BT) (9'64)
_ 1 i |:10g (Uphys,R,k coth (ﬁRUPhys,R,k/z) )] ?
4 k=1 O-phys,T,k COth (ﬂTo-phys,T,k'/Q)
. |:10g (o-phys,R,k‘ COth (ﬁRo-phys,R,k’/éL) >:| 2 + |:10g <0pl\ys,R,k Coth (BTO-phys,TJ{:/z) >:| 2
O-phys,T,k‘ COth (/BTo—phys,T7k'/4) O-phys,T,k’ COth (BRo—phyS,R,k/2)

_ {log (Gphys,R,k coth (ﬁTaphysmk/‘l) )] 2 }

O—phys,T,k COth (BRo—phys,RJ{:/Zl)

where 0,5 x with S = {R, T} has been defined in (9.10). In the special case where the
reference state is the unentangled product ground state, i.e. kg = 0 and g — oo, we find
that (9.64) in this limit becomes

Morrp (WR,WT7 kg = 0, kr, Br — 00, /BT) (9'65)

1 & WR 2
=2 {1 )
4 k;l { |: Uphys,T,k’ COth (ﬁTo-physﬁT,k/2)

w 2 2
th 2
|:10g< = >:| [10g<WR €O (ﬁTo'phys,T,k/ )>:|
O oy, COtN (Br0 e 1/4) Tohyart

- wr coth (Bropmyerr/4)\ 1
1o )}

Uphys,T,k

The thermodynamic limit L — oo of (9.59) gives

MTFD ((DR’ (:-}Tv BR? BT) = atrD (@RvaTa BR) BT) L + ... (966)

where the coefficient of the linear divergence can be written in terms Qg g in (9.29) as

arrp (@r, @1, Br, Br) (9.67)
1T Qg g coth (BrQre/2) \1? Qr g coth (BrQre/4) \1?
~ i { &\ Qg coth (Bellrg/2) /)~ 17 (QT,gcoth(BTQT,g/zl))]
s (G| [ (G o)

We remark that the massless limit of Mypp /L diverges when L < oo, while it is finite once
L — oo is considered. Indeed, by setting wr = Wy = 0 in (9.67) we find

aTrp (‘DR =0,0r =0, BRa BT) (9'68)
T ~R : 2 ~R . 2
- [l [ Cgeman)] o

This feature has been observed also for the complexity of pure states (section 9.2) and for

the complexity of thermal states (section 9.3).
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Figure 8. Comparison between the mutual complexity for the TFD state (9.59) and its thermody-
namic limit in the periodic harmonic chain (here K = m = 1). In the left panel we show Mrygp/L
as function of wr setting wr = 1 and considering two values of fr = St = 8 and two values of L
(dashed curves). We also report arpp in (9.67) for the same values of the parameters (solid curves).
In the right panel the dependence on Sy is investigated by plotting (9.59) for three different values
of L (dashed curves) and (9.67) (black solid curve) both for g — oo and wg = wr = w = 1. The
massless limit in (9.69) is also reported (red solid curve) and its small St behaviour in (9.70) is
checked (green dot-dashed curve).

In the limit B3 — oo both the TFD in (F.8) and the thermal reference state become
the product of two ground states. In this regime, (9.68) slightly simplifies to

aTFp ((I)R = 0,01 =0, BR —r 00, BT) (9.69)

— /07r { [log (coth (Br sin9)>r— {10g <COth (Br Sin0/2)>]2} %

which depends only on (r and can be easily studied. This function is negative for every
value of By and it vanishes when 8 — oo, as expected. When S — 0 in (9.69), we find
the following logarithmic divergence

~ ~ ~ 3
arpp (Wr = 0,01 = 0, B — o0, Br) = log 2 (10g Br — 2 log 2) +.... (9.70)

In figure 8 we compare the mutual complexity for the TFD in (9.59) with its ther-
modynamic limit in (9.66) for various values of the parameters. In the left panel we
show Mpp/L (dashed lines) as function of wy for fixed wg = 1 and for two values of
Br = Br = B. As L increases, the dashed curves approach the solid curves representing
arpp given in (9.67). When wy — 0, Mqpp/L evalueted for finite L diverges, while its
thermodynamic limit is finite, as observed above. In the right panel we show Mgy /L as
function of S when fr — 0o and wg = wr = w = 1. Remarkably, the curves obtained for
finite number of sites coincide with their thermodynamic limit already for L = 5. In the
same panel we plot appp (wr = 0,wp = 0, fr — 00, Br) in (9.69) (red solid curve), checking
also that its behaviour for Sr < 1 is well reproduced by (9.70) (green dot-dashed curve).

We find it worth considering the mutual complexity for the thermofield double state
in the continuum limit procedure where € = \/m/k — 0 and L — oo, while L = €L is kept
fixed, as done also in [23] for the purification complexity. In this limiting regime, the sum
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over dimensionless numbers k becomes an integral over the positive momenta p. Moreover,
from (9.9), (9.4) and (9.36), we find that Qg — ey/w? + p? = €Fs, and fsQsx — BsEs p.
Thus, (9.59) becomes

Mopo (wr, wr, Br, Br) (9.71)
= 2 2
= i [T [ (oo e - o (el )]
[ (e BB I [y (B a4

Notice that, given S = {R, T}, since Es, ~ p when p > wg, all the four terms of the
integrand vanish when p — oo and the four resulting integrals in (9.71) are separately
UV finite.

Instead, if we consider the mutual complexity of the TFD when the reference state is
the unentangled product state given in (9.65) in this limiting regime, the UV finiteness is
due to a non trivial cancellation among divergent contributions. In this case, from (9.10),
we have 0.5k — Vw2 + p2 = Eg, with S = {R, T}; hence (9.65) becomes

MTFD(WR,WTwBR — OOWBT) (9.72)

- 4]:; /0°° { {log <ET,p cotha()zTET,p/ 2) ﬂ 2 - {log <ET,p cotha()ZTET,p/ 4) ﬂ 2

o (B[ (e

Up to the global factor %, both the terms of the integrand coming from 2C2 in (9.58), i.e.
the first one and the third one, diverge as 2[log(p/wr)]? when p — oo while both the second
term and the fourth term, which originate from C2,, in (9.58), diverge as —2[log(p/wr)]?.
Because of the relative factor 2 between C2 and C2., in the definition (9.58), these UV
divergences cancel in (9.72). This feature has been first observed in [23] for the mu-
tual complexity of the thermofield double state evaluated through the thermal purification
complexity.

9.5 Reduced density matrices

Important mixed states to explore are the reduced density matrices of a subsystem A.

Consider the density matrix pgr and pr of the reference and of the target states respec-
tively and introduce a spatial bipartition AU B of the system that induces a factorisation
of the Hilbert space, as already discussed in section 6. For the Gaussian states that we
are interested in, let us denote by 7z 4 and 7r 4 the reduced covariance matrices corre-
sponding to the subsystem A, that characterise the reduced density matrices pr 4 = Trppr
and pr 4 = Trppr respectively. We remark that, whenever B # (), the reduced density
matrices pr, 4 and pr 4 are mixed states, even when pr and pr are pure states. The reduced
covariance matrix y4 is obtained by just restricting the indices of the covariance matrix of
the entire system to the ranges identifying the subsystem A.
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Figure 9. Subregion complexity Cy for an interval made by ¢ sites in an infinite harmonic chain
as function of /. The chain is in its ground state and wgr # wy. Here k = m = 1; hence &g = wr
and O = wp. We fix wg = 1, considering various values for wr: wt > wg in the left panels and
wr < wg in the right panels. The subregion complexity Cs is reported in the top panels, while its
subleading term is studied in the bottom panels.

By applying (2.33) to these mixed states, one obtains the subregion complexity

Co = 2\1/5 \/Tr{[log('yTvA*y;;‘)]Q}. (9.73)

In the context of the gauge/gravity correspondence, the subregion complexity has been
studied e.g. in [10, 29, 141, 142].

In the following we provide numerical results of this complexity only for the simplest
case where A is an interval in an infinite harmonic chain and for some convenient reference
and target states. In order to construct the reduced covariance matrices, in this case we
need the two-point correlators of the harmonic chain in the thermodynamic limit. For a
thermal state, they can be found by taking the limit L — oo of (9.34) and (9.35). The

results can be written in terms of Qy = \/@? + 4 (sin6)? (see (9.29)) as follows
A 1 (7 coth[Qy/(2T .
irds = 5 [ P DL coag i )1 an (0.7
27w Jo Qy
. 1 - o
(piDj)p = %/0 Qg coth[Qp/(2T)] cos[20 (i — )] db . (9.75)
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Figure 10. Subregion complexity Co for an interval made by ¢ sites in an infinite harmonic chain
as function of £. The infinite harmonic chain is in a thermal state and Tr # Tr. Here k = m = 1;
hence Wr = wg, Wt = wr, Te = Tx and Ty = Tr. We fix Ty = 0, considering various values
for Tr. We set wr = wr = 1 in the left panels and wr = wr = 107% in the right panels. The

subregion complexity Cy is reported in the top panels, while its subleading term is studied in the
bottom panels.

The limit 7 — 0 of these expressions provides the two-point correlators in the ground
state, namely

. 1 /™1 .
(i) = 5 | g cosl26 i = )la (9.76)
MR I .
Gity) = — [ Qpcos(26 (i — 1) d6 (9.77)
21 Jo
whose analytic expressions read [97]
L i—j+1/2 Z—]—l 9 . ' . .
<Qiq]'>=u2< i—j/ oF1(1/2,i—j+1/2,i—j+1,4°) (9.78)

2 i — - 3)2 L L
(ﬁz’ﬁj>zu2< Z.J_./ oFi(—1/2,i—j—1/2,i—j+1,4%) (9.79)
where the parameter u depends only on @ as follows
1 2
= (/2
,u_4(w @ +a) (9.80)

In figure 9 we consider the subregion complexity for a block made by ¢ consecutive sites
in an infinite harmonic chain when the entire system is in its ground state and wg # wr.

— 64 —



The data reported in figure 9, where we have fixed wr = 1, allow to conclude that
1
logCy = 3 log ¢+ O(1) ¢ — oo (9.81)

where the additive constant depends on wy. Comparing the left panels and the right panels,
we observe that larger values for ¢ are needed to reach the behaviour (9.81) for these choices
of wg > wr. We checked numerically that, when wg # 1, (9.81) holds with a subleading
term that depends also on wg.

In figure 10 we have reported the subregion complexity for a block made by ¢ con-
secutive sites in an infinite harmonic chain when the entire system is in a thermal state
and wr = wy. In particular, we have chosen Ty = 0 and various values of T > 0. In the
left panels we have considered wr = wy = 1, finding a reasonable agreement with (9.81),
where the subleading constant term depends on Tr. In the right panels we have fixed
wr = wg = 107%, finding that the behaviour (9.81) is more difficult to observe as Ty — 0
because larger values for ¢ are needed.

9.6 Mutual complexity of reduced density matrices

The complexity of the ground states and of the thermal states, considered in section 9.2
and section 9.3 respectively, grow like v/L as L — oo, where L is the number of sites
composing the entire periodic chain. Furthermore, considering an interval made by £ sites
in an infinite harmonic chain, the numerical results reported in section 9.5 tell us that the
subregion complexity for this interval grows like V¢ as £ — .

Given a spatial subregion A and the density matrices pr and pr, which can correspond
to pure or mixed states, let us denote by Cg r(A) the subregion complexity between the
reduced density matrices pr 4 and pr 4 introduced in section 9.5.

In this subsection we consider the cases where the spatial subregion A is bipartite into
two complementary spatial subregions A; and As such that A = A; U As. For this spatial
configuration, various entanglement quantifiers like the entanglement entropies [143-148]
(see e.g. [149-152] for related calculations in the gauge/gravity correspondence) and the
entanglement negativity [100, 101, 153-157] have been studied.

The subregions A; and As can be either disjoint or have a non vanishing intersection.
Since Cr.r(A)? grows with the volume of A as the number of sites in A diverges, we are
naturally led to introduce the mutual complexity for subregions as follows [23, 141]

MR,T(Ala A2) = CR,T(A1)2 + CR,T(A2)2 - CR,T(Al U A2)2 - CR,T(Al n A2)2 (9-82)

which is finite as the number of sites in A; and As diverges.

In an infinite chain, let us consider the mutual complexity when A; and A, are two
equal and disjoint intervals made by £ sites and separated by d sites. In figure 11 we report
the numerical results of the mutual complexity for this configuration as function of ¢, while
d/¢ is kept fixed (d/¢ = 1/2 for the data in the figure).

In the top and middle panels of figure 11, the reference state and the target state
are the ground states of the chains characterised by wg and wy respectively. The mutual
complexity is shown as function of ¢: for the data shown in each panel wy is fixed and
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Figure 11. The mutual complexity Mgt for two disjoint equal intervals made by ¢ sites and
separated by d sites in an infinite harmonic chain. Here kK = m = 1, hence Wy = wg, Ot = wr,
TR = Tg and Tr = Tr. In the top panels, in the middle panels and in the bottom right panel the
chain is in its ground state and wg # wr: both wr < wg (top panels) and wr > wg (middle panels)
are considered. In the bottom left panel, a case involving thermal states with Tz = 0 and various
Tr > 0 is explored. The ratio d/¢ is kept fixed, except in the bottom right panel, where Mg 1 is
shown as function of d/¢.

the different curves are associated to different values of wy. When wy < wg (top panels)
the numerical curves for small values of £ are increasing until they reach a maximum at a
value of ¢ that depends on wr (top left panel). After the maximum, the mutual complexity
decreases with ¢, but for many values of wr we cannot appreciate the finite asymptotic limit
as £ — oo because larger values of ¢ are needed. In the top right panel, for small enough
values of wr, the values of ¢ that we consider are too small to appreciate the occurrence of
a maximum.

When wy > wg (middle panels) a similar behaviour is observed: also in these cases the
position of the maximum of the curve depends on wy. In these cases we observe that, as
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Figure 12. One-mode mixed states: The complexity C; from (9.83) (red solid line) and the
complexities C; and C5"" based on the purification complexity, as functions of Swr. The complexity
Cy is evaluated for the diagonal basis from (9.84) (black dashed line) and for the physical basis
from (9.85) (green dashed line). The complexity C5* from (9.86) is independent on the basis
(magenta dashed line). In the left panel Swg = 1, while in the right panel Swr = 10, hence also
CY™* and Cy™ are shown.

{ — 00, the mutual complexity decreases until the zero value is reached. By comparing the
two panels in the middle, one observes that the value of ¢ where the data vanish increases
when wg decreases. Furthermore, from the middle panels we can appreciate also the fact
that the sign of Mgy ¢ is not definite: it is mainly positive, but for some values of the
parameters (wr close to wg and ¢ sufficiently small) the curve is negative.

In the bottom left panel of figure 11, the reference state is a ground state again, while
pr is a thermal state at temperature T > 0. The curves corresponding to different values
of Tt > 0 decrease with ¢ and the asymptotic value depends on Tr.

In the bottom right panel of figure 11, the dependence of the mutual complexity on the
ratio d// is considered, when the chain is in its ground state and wg # wr. We observe an
interesting collapse for data corresponding to fixed values of wrf and wr¢, while £ changes.
Furthermore, the resulting curve vanishes after a critical value of d/¢. This critical ratio
increases as either wgf or wf decreases.

9.7 A comparison with the approach based on the purification complexity

We find it worth comparing our results in section 9.3 for the complexity of thermal states
with the corresponding ones obtained in [23] through the approach based on the purification
complexity, that has been discussed in section 8.2.

The results from [23] that we consider have been obtained using the Fj cost function
(see appendix G for details), while the complexity (2.33) is based on the F» cost function.
These different cost functions lead to a different scaling with the total size L of the chain.
In particular, the F; cost function provides a complexity that diverges with L, while the
F5 cost function leads to the milder divergence given by /L. This feature, which has been
observed already in [17] for pure states, holds also for thermal states, as remarked in [23] for
the F) cost function and in (9.51) for our approach, that is based on the F» cost function.
Because of this different scaling, a meaningful comparison between these two approaches
can be done only for one-mode mixed states, where L = 1. When both the reference and
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the target states are pure and L = 1, both the F} cost function and the F5 cost function
provide the same complexity [17].

Let us consider the circuit made by one-mode mixed states where the reference state
is the ground state with frequency wg and the target state is a thermal state at inverse
temperature 8 with frequency wr.

Specialising the complexity in (9.48) to this case and for m = k = 1 we obtain

o = o o (25 com 24)] 4 fog (22 com 225)[* o

In this simple case, analytical results have been found in [23] also through the approach

based on the purification complexity. The results for the C; complexity, which is defined
through the Fj cost function, are basis dependent. In [23] two particular bases have been
considered, which have been called physical basis and diagonal basis (see appendix G for
their definitions). In the diagonal basis, the analytic result found in [23] for this case reads

1 Wr 1 2B coth (Bwr/2) — 1 Buwr WR
“log ZR) + > log [ “x th <R
2 Og(wT> s Og( “n coth (fwr /2) «© ( 4 ) wr
oo = { log[ coth (Bwr/4)] tanh (5Z’T> < ? < coth (5Z’T>
T
1 W 1 2L coth (Bwr/2) — 1 Buwr Wr
“log (<2 4+ 21 R tanh > R
2 8 (wR) + 2 og< Z—; — coth (Bwr/2) an ( 4 > Wr
(9.84)

For the physical basis analytic results are not available. In the regime Swy > 1, the
following perturbative expansion has been found [23]

log [ coth (Bwr/4)] log(wr /wr)
Vwr/wr — wr Jwg

As for the F, purification complexity, an analytic result valid in the entire range of the

+ O(e Py, (9.85)

1
Ci)hys — 5 ’ log(wR/wT)‘ +

parameter is not available in the literature. However, in the regime where Swy > 1, it has
been found [23]

WR/WT+1):| 7ﬁwT

7WR/WT — +O(e )
(9.86)

The expressions for the complexity in (9.83), (9.84), (9.85) and (9.86) depend only on

Pwr and on the ratio wg/wr. As consistency check, we notice that in the limit Swr, —

&5 =3 \/log (wr/wr) {log (wn/we) + [log(coth (Bwn/ 4))]2(

oo, where the circuit is made by pure states, all the expressions in (9.83), (9.84), (9.85)
and (9.86) become %|log(wg/wr)], as expected from [17].

In figure 12 we show the expressions for the complexity in (9.83), (9.84), (9.85)
and (9.86) in terms of fwy for a fixed value of fwg (we choose fwy = 1 in the left panel
and Bwy = 10 in the right panel). The curves for C?"* ad C5" occur only in the right panel
because they exist only in the regime of fwy > 1. We find it worth remarking that curves
for Co always lie below the curves corresponding to the complexity evaluated through the
purification complexity. Furthermore, as Sfw, growths, all the curves collapse on the same
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curve, as expected from the above observation, since Swr — 00 corresponds to the limit
where the circuit is made by pure states. In the right panel one also notices that C5™ is
smaller than the complexity C; in the diagonal basis, which in turn is smaller than C; in

the physical basis, as already remarked in [23].

9.8 A comparison with holography

In the context of the gauge/gravity correspondence, the procedures introduced for the
gravitational dual of the circuit complexity are known as "complexity = volume” proposal
(CV) [7, 8], "complexity = action” proposal (CA) [11, 12] and “complexity = spacetime
volume” proposal (CV2.0) [15].

The subregion holographic complexity corresponding to these three proposals have
been also explored [10, 16, 23]. Considering a subregion A in the constant time slice of the d-
dimensional Conformal Field Theory (CFT) on the boundary of AdS4.1, it has been found
that the leading divergence of the holographic complexity is proportional to V(A)/ed1,
where V(A) is the volume of A and e is the UV cutoff. This divergence suggests that
the holographic results should be compared with the square of the complexity Co mainly
explored in this manuscript.

Denoting by Caqs the holographic complexity evaluated through one of the proposals
mentioned above and by the Cyq5(A) the corresponding subregion holographic complexity,
Caas is superadditive when, given two disjoint subregions A and B on the boundary of the
AdS space, the following inequality holds [29]

Caas(A) + Caas(B) < Cags(AU B) (9.87)

while Caqg is subadditive when the opposite inequality holds. Equivalently, in terms of the
holographic mutual complexity [141]

Mpas(A, B) = Caas(A) 4+ Caas(B) — Caas(AU B) (9.88)

which should be the gravitational dual of (9.82), the holographic complexity is superaddi-
tive when M 4s(A, B) < 0 for any choice of the regions A and B.

When the gravitational background is the eternal black hole, which is the gravitational
dual of the TFD state [158], and the subregions L and R are constant time-slices of the two
disconnected boundaries where the two copies of the same CFT are defined, the definition
of the holographic mutual complexity becomes [23]

Mpas(TFD) = Cpas(L) 4 Caus(R) — Cras(TFD) (9.89)

It has been found that, while the CV and the CV2.0 proposals for the holographic
complexity are superadditive, this property is not always satisfied for the CA proposal [29,
159].

It has been shown that the mutual complexity (9.89) is negative in any number of
spacetime dimensions for all the three proposals for the holographic complexity [23, 29].
This qualitatively agrees with the results that we have obtained in section 9.4 for the
mutual complexity given in (9.58) and (9.59).
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When the dual CFT is in its ground state (hence its gravitational dual is the empty
AdS spacetime) and a spatial subregion is considered, for AdSs it has been shown that the
holographic mutual complexity (9.88) is negative for all the three proposals [10, 16, 23].
This qualitatively disagrees with the results reported in section 9.6 because we do not
observe a definite sign for the mutual complexity (9.82) (see e.g. figure 11).

10 Conclusions

In this manuscript we have studied the circuit complexity of the mixed bosonic Gaussian
states occurring in the Hilbert space of harmonic lattices in any number of dimensions by
employing the Fisher-Rao distance between Gaussian Wigner functions.

Considering mixed states with vanishing first moments, by applying a known result
for the symmetric and positive definite matrices [64-68] to the covariance matrices of the
model, we have provided the optimal circuit (2.28), which holds when the set of the allowed
gates provides circuits made only by Gaussian states. The length (2.31) of this optimal
circuit in the geometry determined by the Fisher information matrix is identified with the
circuit complexity (2.33) to obtain a target state from a given reference state (the tolerance
is zero for these circuits). In the special case of pure states, the known results of [17, 22]
for the Cy complexity have been recovered. For thermal states originating from the same
hamiltonian, the expression (2.80) has been obtained.

The Williamson’s decomposition of the covariance matrix (see section 2.3) is the main
tool employed throughout our analysis. This decomposition identifies the symplectic spec-
trum, that is invariant under changes of basis that preserve the canonical commutation
relations. The role of the symplectic spectra and of the basis in the computation of the
Co complexity is made manifest in the expression (2.49). Furthermore, the Williamson’s
decomposition leads to natural ways to introduce the spectrum complexity and the ba-
sis complexity for mixed bosonic Gaussian states (see section 3.3 and section 3.4). This
provides an explicit realisation of the proposal made in [29].

The optimal circuits described in this manuscript allow us to study the purification of
mixed states without ancillae. Motivated by the first law of complexity, in section 4 we
have mainly considered the purification of a given mixed state through the W path (4.5).
Further future analyses could lead to find the optimal purification path.

The Gaussian mixed states that are not pure in harmonic lattices can be charac-
terised also through their entanglement hamiltonian matrices. The optimal circuit and the
corresponding complexity in terms of the entanglement hamiltonian matrices have been
investigated in section 6.

It is important to understand how to construct the optimal circuits. A preliminary
analysis has been carried out in section 7, where the possibility to express the optimal
circuit in terms of Gaussian channels has been explored. We have not been able to find a
general solution to this interesting problem, hence further future investigations are needed.

It is instructive to compare alternative quantitative approaches to the complexity of
mixed states. The approach described in this manuscript holds only for the bosonic Gaus-
sian states occurring in harmonic lattices and it provides computable expressions for a
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generic number of degrees of freedom. The method discussed in [23] (see section 8), that
is based on the introduction of ancillary degrees of freedom, can be formulated for every
model but it leads to expressions that are more difficult to evaluate.

A detailed analysis has been carried out in the simplest case of the harmonic chain
either on the circle or on the infinite line (see section 9). Analytic or numerical results have
been reported. For the thermal states we have explored the optimal path, the corresponding
circuit complexity (see e.g. (9.43)) and the purification. Analytic and numerical results
have been found for the mutual complexity of thermofield double states (see section 9.4).
Finally, for the mixed states given by reduced density matrices, we have studied the circuit
complexity for an interval in the infinite line and the mutual complexity of two disjoint
intervals (see section 9.6). Interestingly, in figure 11 we observe that, for two disjoint
and equal intervals of length ¢ separated by d sites, the mutual complexity vanishes as
¢ increases, while the ratio d/¢ is kept fixed. Furthermore, considering this quantity as
function of d/¢, we observe that data corresponding to given value of wr¢ and wg/ collapse
and the resulting curves vanish after a critical value of the ratio d/¢.

Our analysis mainly focusses on bosonic Gaussian states with vanishing first moments.
It is very interesting to explore also the complexity of mixed Gaussian states whose first
moments are non vanishing. The expression (2.33) for the circuit complexity holds also
when the reference state and the target state have the same first moments, that can be non
vanishing [70, 85, 89]. In section 2.7 we have provided results for the coherent states (pure
states with non vanishing first moments) and the complexity (2.92) has been discussed [85,
91], finding agreement with [18]. We emphasise that an explicit expression of the Fisher-
Rao distance in the most general case of mixed states with non vanishing first moments is
not available in the literature [85, 89]. Upper and lower bounds for the complexity have
been discussed in section 5.

The circuit complexity of mixed states is a challenging task deserving many
future studies.

The analysis reported in this manuscript in the simple setup of bosonic Gaussian states
can be extended in various directions. For instance, it is a straightforward application to
study the Cy circuit complexity in harmonic lattices in the presence of boundary, defects [24,
37, 41] or in time dependent scenarios [36, 160-162].

One of the main motivations of our work is to provide some tools to study complexity
in quantum field theories. Evaluating complexity of mixed states in quantum field theories
remains an important challenge. The complexity of pure states in quantum field theories
has been explored in various studies [21, 30-43] and it would be instructive to extend these
analyses to mixed states. The tools of Information Geometry, that we have largely employed
in our analysis, could provide further tools to handle this interesting problem [163].

Let us remark that our analysis has been performed by assuming that all the states
of the quantum circuits are Gaussian. It is important to go beyond this limitation by
exploring the complexity of circuits involving mixed states that are not Gaussian.

Finally, we remind that the results reported in this manuscript have been obtained
in the ideal situation where the maximal freedom is allowed in the choice of the gates.
Typically, only a limited number of gates can be employed in the construction of quantum
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circuits. It is worth trying to adapt our analysis to more realistic cases by introducing a
tolerance and various kinds of restrictions in the set of the allowed gates [4, 5].
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A Schrodinger representation

In this appendix we briefly discuss two aspects of the Gaussian mixed states described in
section 2.1 in the Schrodinger representation. In section A.1 we report the kernel p(q, q) =
(q|p|q) of the density matrix corresponding to the Gaussian Wigner function (2.10). In
section A.2 we consider the spatial bipartition A U B of a system in a pure state, writing
the kernel pa(gy,q,4) for the reduced density matrix of the spatial subsystem A in terms
of the parameters occurring in the wave function of the pure state of the entire system.

A.1 Wigner-Weyl transform

The density matrix p, that fully characterises a mixed state, is hermitean, positive definite
and its trace is equal to one. Being a linear operator on the Hilbert space, p is completely
determined by its kernel p(q, q) = (q|p|q) in the Schrédinger representation.

In this manuscript we are interested in the states whose kernel p(q, ) is Gaussian [75].
This means that

- 1 . e -0 q
2 t ot

— _Z Al
p(q,q) =N, exp{ 2(q,q)<_@* @*)(q)} (A1)
where O are ® are N X N complex matrices. Since the argument of the exponential in (A.1)
must be invariant under transposition, we have © = O and ® = ®'. This implies that (A.1)
is fixed by choosing N (2N + 1) real parameters: N(N + 1) real parameters in © and N?
real parameters in ®. The normalisation condition [y~ p(q,q)dq =1 for (A.1) gives

N2 = ﬁ \/det[Re(6) — Re(®) (A.2)
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which is well defined when Re(©) — Re(®) is strictly positive. We remark that p = pi is
equivalent to p(q, q@)* = p(q,q) [75]. This condition is satisfied by (A.1).
The Wigner-Weyl transform (also called Moyal transform) of p(q, @) is defined as

1 1. 1.\ atp o
w(q,p)—W/RNp(q—Qq,quﬂ)e”dq- (A.3)

1’21

By using (A.1) and (A.2) into (A.3) and performing a Gaussian integral,”* one finds

that the Wigner-Weyl transform of (A.1) is Gaussian as well. In particular, it reads

wa(q, p) = %N m eXP{—;[4thq+(p—IQ)t(T+C)1(p—1q)}} (A-5)
where
T+C= % [Re(©) 4+ Re(®) | T = % [Re(©) — Re(®) | I = Im(®) — Im(O).

(A.6)
Since Re(0O) and Re(®) are symmetric, 7" and C are N x N real and symmetric matrices,
while I is a generic N x N real matrix, given that Im(©) is symmetric and Im(®) is
antisymmetric; hence (A.5) is determined by N (2N + 1) real parameters, as expected. The
complex matrices ©® and ® can be written in terms of the real matrices T', C and I by
inverting (A.6). The result is

@:2T+C—il+p q>zc+11_2[t. (A7)
The expression (A.5) can be written in the form (2.10) with ~ given by (8.2) with
Q:%T” P:T+C+iItT*1P M:iT”It. (A.8)
This is obtained by noticing that
det(y) = det(Q) det (P — M Q~1ar) = 3T+ O) (A.9)

AN det(T) -

The matrices 7', C' and I can be expressed in terms of the blocks of v in (8.2) by invert-
ing (A.8). The result is

T:%Q*l C:P-%Q*l—MthlM I=M'Qt. (A.10)

Thus, in terms of the blocks of 7 in (8.2), the complex matrices in (A.1) and (A.7) read
S} :P—MtQ_lMJriQ_l—thQ_l (A.11)
d :P—MtQ_lM—iQ_lJrthQ_l (A.12)

These matrices are real when v = @Q @ P in (8.2) is block diagonal.

21The following Gaussian integral

—ztAztbix s 1pta=1p
de = /| ——— e1 A4
/Rn c * det(A) © (A4)

has been employed, where dx = Hn dx;.

i=1
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We remark that the Wigner characteristic function in (2.3) is related to the kernel
p(q, q) through the following relation

_g g — _iqti)dN = (q> A13
p(q 2,q+2) /RNX(E)G p €=15) (A.13)
Indeed, the Wigner function (2.5) is recovered by plugging (A.13) into (A.3).

A.2 Reduced density matrix

In the Schrodinger representation, the kernel pa(q4,q4) corresponding to the reduced
density matrix p4 of the subsystem A of a bipartite harmonic lattice in a pure state can
be computed as follows.

Considering the wavefunction (2.24) for the pure state of the entire system, the spatial
bipartition A U B of the harmonic lattice naturally leads to write the real and symmetric
matrices E and F' in (2.24) as the following block matrices

Es E Fsq F
EE( A AB) FE( A AB). (A.14)

In terms of the blocks introduced in (A.14), the wave function (2.24) becomes

¥(g4,a5) =Ny exp {— %[qh Qs+ ah V0 as+2d4 Qs } (A.15)
where
Qu=FEs+iFa Qp=Ep+iFp Qap = Eap+iFag (A.16)
and . 14
Ny = ( G;EVE)) = ﬁ {*/det(EB) det(Es — Eap Eg' EYp) . (A.17)

The kernel pa(q4,q4) corresponding to the reduced density matrix p4 is obtained by
tracing out the degrees of freedom corresponding to the part B of the harmonic lattice. By
employing (A.15) and the Gaussian integral (A.4), one obtains

pa(aa@n) = [ ¥(a1.45) ¥(@1.a5)" day (A.18)
e (55 o)) (G0}
A2 IR ™ A
- Np eXp{ 2(qA7 qA) <_(I)j<4 @2 Z]A
where 1 1
Oy = QA—iﬂABEjng%B Py = §QABE§191L43. (A.19)

Notice that © 4 is symmetric and ® 4 is hermitean, as expected from the general expression
in (A.1). We find it worth remarking that Fp does not occur in (A.19). The real and the
imaginary parts of © 4 read respectively

1 B _
Re(64) = E4 — 5(EAB E5'Elyg — Fap E5' Flip) (A.20)

1 _ _
Im(04) = Fa — 5(FAB Eg'Elip + Bap E5'Flip) (A.21)
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and for ® 4 we have respectively

1 ~ _

Re(®4) = 5(EAB E5'Elip + Fap Bp' Flip) (A.22)
1 B _

Im(®4) = §(FAB E5'Elyg — Bap B'Flip) . (A.23)

Imposing that the trace of (A.19) is one leads to

1 _
N == \Jdet (B — Eap E5' EYyp) (A.24)
which is consistent with (A.2), once (A.20) and (A.22) have been employed.

If Q4p is left invertible i.e. the Ng x N4 matrix Q;}B exists such that QZ}B Qap =1,
we have that QLB is right invertible with (QLB)_1 = (Q,p). Assuming also that ®4 is
invertible, we can isolate Q4 and Ep in (A.19), finding

B _ 1 _
Qa4 = 04+ Qs QL 04 (5 QYp Ep = Ol L 07 Qap. (A.25)

Thus, for given ©4 and ®4, we have the freedom to choose the Ng x Np real symmet-
ric matrix Fp and the N4 x Np complex matrix {245, namely w + 2N, Np real
parameters.

In the special case F' = 0, that has been considered e.g. in [23, 136], the matrices
in (A.16) are real. Furthermore, from (A.21) and (A.23), we have that also ©4 and
® 4 are real.

In section 8 we have discussed the purification of a mixed state with N sites through the
introduction of an auxiliary lattice with IV,,. sites. The results reported in this appendix
can be employed in section 8 by setting N = N4 and N,,. = Np. In particular, in the
simplest case, which is given by N4 = Np = 1, the above counting tells us that we have
three parameters to choose. This result has been found also in section 8.1.1 by using (8.17).

The above results provide a lower bound for the number Ng of ancillary degrees of
freedom that must be introduced to purify a mixed state. A theorem of matrix alge-
bra [164] guarantees that, given two matrices M and N, the rank of their product is
bounded by rank(MN) < min[rank(M),rank(N)]. Applying this result to the second
equation in (A.19), we have that rank(®4) < min[rank(Ez"), rank(Q45)], where the fact
that rank(Qap) = rank(QgB) has been used. Then, since rank(E5") = Np (given that
Egl is invertible) and the rank of the Ny x Np rectangular matrix Q4p is bounded by
rank(Q4p) < min[Na, Ng] < Np, we can conclude that Np > rank(®,4). In [23] this
argument has been applied for real matrices.

B On the Fisher-Rao distance between Gaussian PDF’s
In this appendix we report some known results about the Fisher-Rao distance between

Gaussian probability distribution functions [62, 69, 70, 84-90] in order to apply them to
the analysis of the complexity of mixed bosonic Gaussian states.
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A Gaussian probability distribution function (PDF) in one variable (also called uni-

variate PDF) reads
o3 l@—p)?/v?

V2T v

where 1 € R is the mean and v > 0 is the standard deviation.

p(x;0) = 6= (u,v) (B.1)

These Gaussian PDF’s provide a manifold M; once the metric is introduced through
the Fisher information matriz [62, 69, 84]

9i,;(6) EéalOggygf;a)] 810gép9(;c;0)] p(z;0) dx (B.2)

where 4,5 € {1,2}. Plugging (B.1) into (B.2), one obtains the diagonal matrix
diag(1/v?,2/v?), that provides the following infinitesimal distance [69, 70]

B du? + 2 dv?

2
ds 5

. (B.3)
which characterises the hyperbolic upper half plane H, after the rescaling u — /2 p.
Thus, by equipping the space of the univariate Gaussian PDF’s parameterised by the pair
(1, v) with the metric characterised by the Fisher information matrix (B.2), the geodesics
are either the lines with constant u or the half-ellipses with eccentricity 1/1/2 ending on
the axis v = 0. By evaluating the length of these geodesics, one finds that the Fisher-Rao
distance between two univariate Gaussian PDF’s associated to the parameters 61 = (p1,v1)
and 0y = (u9,ve) is [69, 70]

1 _ 2

déﬁ(al, 07) = 2arccosh<1 + [ (p1 =~ pi2) + (v1 — U2)2:|) . (B.4)
21)1’02 2

When p1 = py = p, by using the relation arccosh(x) = log(x + V22 — 1), one finds

that (B.4) becomes 2log(|va/v1]), which is the distance (2.31) specialised to Gaussian

PDF’s in one variable.??

We are interested in the manifold M,, made by the Gaussian PDF’s in n variables
x' € R", which are (see (2.6) with n = 2N)
e~ 3@t S (z—p)

(2m)"/2 \/det(D)

p(x;0) = 0= () (B.5)
where p' € R™ is the mean vector and ¥ is a n x n positive definite symmetric matrix
called covariance matrix. The parameter space for @ has n + n(n + 1)/2 real dimensions:
n parameters for g and n(n + 1)/2 for 3. In this space, it would be interesting to have
a closed form for the Fisher-Rao distance that generalises (B.4) to n > 1. Nonetheless,
important explicit results have been obtained for some interesting submanifolds of M,,.
In 1976, S.T. Jensen [70] found that the n(n + 1)/2 dimensional submanifold M,
defined by the Gaussian PDF’s with the same pu = p, is totally geodesic?® and that the

*2The normalisation of (B.4) is different from the one used in [85].

23 A submanifold M C M is totally geodesics if any geodesics in M is also geodesics in M [165].
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Fisher-Rao distance in this case becomes

n

1/2
dpy(01,02) = [Z (log(Ai))Z] 0; = (1o, X;) (B.6)
i=1

where \; are the eigenvalues of 21_1/ 2 Y 21_1/ % The distance (B.6) is employed throughout

this manuscript to evaluate the complexity of mixed bosonic Gaussian states (see (2.31)).
Another interesting submanifold My, to consider is given by the Gaussian PDF’s with

the same covariance matrix > = ¥y. The Fisher-Rao distance on this submanifold becomes

the Mahalanobis distance [85, 87]

dyy(01,02) = V2 (1) — t9)" So (11 — 1)) 0; = (p;,%0).  (B.7)

We remark that My, is not a totally geodesic submanifold of M,, [85, 90].
It is worth considering also the submanifold M;,, made by the Gaussian PDF’s whose
covariance matrix is diagonal, namely ¥ = diag(v?,...,v2), with v; > 0. In this submani-

e n
fold the infinitesimal distance becomes [90, 166]

1/2

" du? + 2 dv?
ds? =y Wt 20 (B.8)
i=1 Y
which suggests that it is convenient to arrange the parameters as 6 = (051), e ,0%1)), with

01(1) (pi,v;) in this case. The infinitesimal distance (B.8) leads to write the distance

between two PDF’s in M, in terms of (B.4) as follows
ddlag 01’ 02 |: ng‘lrx') 0 1 705’12))2 . (Bg)

From (B.8) one concludes that the geodesics in M;,, are the curves 0(s) such that 051) (s)is
a geodesic in hyperbolic upper half plane equipped with the metric (B.3), forall 1 <i < n
Notice that we are not guaranteed that a geodesic in My;,, is also a geodesic in M,, because
M i, 1s DOt a totally geodesic submanifold of M,,. Instead, a totally geodesics submanifold
of M,, is ./(/lvdmg C M giag, which is made by the elements of M,;,, such that p is a given
eigenvector of X (see e.g. Proposition 1.1 in [91]>%). For instance, the Gaussian PDF’s
whose covariance matrices are proportional to the identity are contained in /K/lvdiag and in
this case p is the generic element of R™.

Consider a diagonal ¥ and the eigenvector u® = (p,0,...,0) [91]. In this case the
metric (B.8) becomes

dp? +2dv} s dv}

ds? = YL F 2 ! (B.10)
v : v;
1 =2 1

and the corresponding geodesics can be found as discussed above [90, 91]. By specialis-
ing (B.9) to this case and employing (B.4), one obtains

1.0 = [ 214 L2 s P g2

2v1,1v2,1 =

*!In [85] the submanifold Mdiag is denoted by Mp,,.
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Notice that, when ¥ has a degenerate spectrum, its eigenvectors can have more than one
non vanishing components.

The Mahalanobis distance (B.7) can be applied on the submanifold My,,, which is not
totally geodesic. Very recently, a closed form for the distance dpg(01,02) between PDF’s
in M,, having the same covariance matrix ¥y has been found [89]. Since My, is not a
totally geodesic submanifold of M,,, the Mahalanobis distance (B.7) does not necessarily
correspond to the length of a geodesic connecting two PDF’s with the same covariance
matrix in M,,. Instead, the distance dgr (61, 02) provides the length of the shortest path in
M, between two PDF’s with the same Y. Since we are not restricting to a submanifold
of M,,, this is the proper Fisher-Rao distance in M, between two PDF’s with the same
covariance matrix. Thus, given two Gaussians PDF’s with the same covariance matrix X,
we have that dFR(é)l, 02) < dZo (91, 92).

Given two Gaussian PDF’s in M,, parametrised by 61 = (1, %0) and 82 = (4, o),
let us consider the orthogonal matrix II such that II(py — py) = (Jte — p£411,0,...,0) =
|ty — pqle1. Since Xg is symmetric and positive definite and II orthogonal, also the matrix
13, II is symmetric and positive definite, hence it can be decomposed as [89]

NI =USs, Ut (B.12)

where U is an upper triangular matrix with all the diagonal entries equal to one and Sy,
is a diagonal matrix with positive entries. The Fisher-Rao distance between 61 = (pq, ¥0)
and 02 = (uq, Xo) in M,, found in [89] reads

dFR(el) 02) = ddiag(007 eu) 00 = (O’SEO) OM = (“‘LQ - I“"l’el?SEO) (Blg)

where dg;,, is defined in (B.11).

In order to construct the matrices II and Sy, let us introduce the unit vector
m = (py — p1)/|we — py|, observing that the orthogonal matrix IT satsfies [Im =
ej. This matrix can be constructed by considering the basis of R™ given by B =
{m,ei,...,er_1,€x41,...,e,}, where my # 0 is a non vanishing component of m and
€; is the unit vector having only the i-th component equal to one. The standard Gram-
Schmidt procedure [164] allows to construct an orthonormal basis B = {m,uy,..., un_1}
from B. Then, the orthogonal matrix II in (B.12) is the matrix whose columns are the
vectors of B.

The Cholesky decomposition [167] allows to write a symmetric and positive definite
matrix M in a unique way as M = L. L!, where L. is a lower triangular matrix. This
result can be related to (B.12) by considering the matrix Z having 1 on the antidiagonal
and 0 elsewhere, which satisfies Z = 7' = Z=!. The matrix ZII Xy II'Z is symmetric
and positive definite, hence its Cholesky decomposition tells us that it can be written
as ZIISGII*Z = L. LY in term of a lower triangular matrix L.. This gives 1 ¥ Il =
IL. LT =TIL.Z(ZL.ZI)". Since L, is alower triangular matrix, we have that U. = Z L. T

is an upper triangular matrix and it satisfies
O I = U UL. (B.14)

This decomposition agrees with (B.12), provided that U, = US;{) 2,
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For any upper triangle matrix U, we have that?®
U = U diag(U) (B.15)

where U has 1 along the diagonal. Applying this to U, gives Sé/o 2 _ diag(U,) and U = ﬁc.

When n = 1, the distance dgg(01,02) in (B.13) becomes d(Flfg(Ol, 02) in (B.4).

The above discussion can be employed to define the complexity for coherent states,
which are pure states described by Gaussian Wigner functions with non vanishing first
moments (see section 2.1 and section 2.7) [48]. Let us restrict to the coherent states
with diagonal covariance matrices and first moments with a single non vanishing compo-
nent. Since the coherent states are pure states, their covariance matrices are constrained
by (2.23) [48, 103]. Applying the constraints to (B.10), one obtains the metric (2.90). This
metric and the distance (B.11) lead to the expression (2.92) for the complexity for coherent
states. This is consistent with the results found in [18], as discussed in section 2.7 in a
more detailed way. In section 2.7 we have also exploited the distance (B.13) to compute
the complexity (2.93) between two coherent states defined by (2.84) from the same ground
state. These states have the same covariance matrix, but different first moments.

C Bures distance and Hilbert-Schmidt distance

In the literature of quantum information, different distances have been constructed for
mixed states, even in the simple case of the bosonic Gaussian states. In this appendix we
discuss the Bures distance and the Hilbert-Schmidt distance [59], that have been introduced
in section 2.2. In particular, we report their expressions in terms of the covariance matrices
and then consider the special case of thermal states. An application of the Bures metric in
the context of the complexity is discussed in [168].

The Bures distance between quantum states (defined in (2.16) from the fidelity) is
Riemannian and contractive [93] (see section 2.2). An explicit expression for the fidelity
between two bosonic Gaussian states in terms of the corresponding covariance matrices ~y;
and 79 has been found in [117]. For vanishing first moments, it reads?®

Rot

Fly1,72) = e
(71,72) = 1 )

(C.1)

where F,,, is defined as

+ o J’yl> . (C.2)

aux J 72 - J
Fh = det[ < 1+ (74) + 1)%4 Yaux = S (71 +72) 7" (4

The Bures distance in terms of the covariance matrices can be easily obtained by plug-
ging (C.1) into (2.16). A canonical transformation characterised by the symplectic matrix

Writing (B. 15) in components we have U; j, = S, Ui iUn = UJ #Uk,- When j = k, the identity is
verified because UJ j = 1. When j > k, we have that U;; = 0 implies UJ & = 0, given that Uy > 0 (which

comes from the Cholesky decomposition).
26Tn [117] the fidelity (C.1) between two Gaussian states with non vanishing first moments is also provided.
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S induces the change v; — S~;S* for the covariance matrices v;, with i = 1,2. Simple
matrix algebra based on the property of the symplectic matrices leads to conclude that
the auxiliary covariance matrix v,. in (C.2) changes as Y.,x — S7.wS' and also that
Yauxd = S(YauxJ)S™L. Thus, both F2 in (C.1) and F(v1,72) in (C.2) are left invariant by
a canonical transformation. We refer to [117, 169, 170] for the Bures distance between two
density matrices that are infinitesimally close.

Let us focus on 1 and 9 corresponding to thermal states having temperatures T; in
harmonic chains with frequencies wj;, elastic constants x; and masses m;, where ¢ = 1, 2.

By using (9.41) and exploiting the fact that V' depends only on the size of the chain,
we can easily diagonalise v 4+ 9 as follows

Y+ =V[(Q1+ Q) ® (P1+P2)] V! (C.3)

where the elements of Q; and P; with ¢ = 1,2 are defined in (9.38) and the matrix V has
been introduced in section 9.1. By employing (9.20) and the fact that V' is orthogonal and
symplectic, we observe that for v,ux in (C.2) we have

Yaux = VMI,Q V_l 'YauxJ = VMLQJV_l (04)
where
_ _ J
Mg = [(Ql + Qo) o (P1+ P2) 1} <4 +(Q2®Pa)J (1@ 731)> . (C.5)

Notice that Mo is not diagonal, while Mj o J is diagonal. From (C.3) and (C.4) one
realises that V' cancels in (C.1) and (C.2), leaving the diagonal matrices Q; and P;. After
some algebra, we find that the fidelity (C.1) for the thermal states v; with ¢ = 1,2 becomes

Qe Qo (1+ /1T —4By)?

o1k % + 0260 1) (0260 K + 01 2.k

1 L 1/4
F(n, 1) = 2L/2;£[1 [( )Bk] (C.6)

where

(016211 + 0200 1) (0212 1 + 011021
(401 ko2 1k 1 + Qok) (401 02 Q2 1 + Q1 k)

1 ~
Bk = O3k = 5 COth(QZ,k/(2T’Z)) . (C7>

The Bures distance is easily obtained by substituting (C.6) into (2.16). The result
reads

1 L Ql,k QQJC (1 + 1 — 4Bk)2
=3\ =gl

1/4
. (C8)
o1xQ1% + 02622 1) (02,12 1 + 01,£Q2,1) Bi

As consistency check of this expression, we can consider the limit ﬁ — 0, which
provides the Bures distance between pure states. In this limit all the symplectic eigenvalues
are 3; hence, from (C.7) we get By = 1. Then, the fidelity (C.6) simplifies to

—1/4 L —-1/2
_ (R + Qo p)? _ 1 Qo e
f(717 ’72) - H [M = H cosh 5 ].Og Ql’k (Cg)

k=1 k=1
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and the Bures distance (C.8) becomes

LT —1/4
1 (Ql k+ Q2 k)2
— 2 1— | I P St A LA
dB(’yl’ryz) \[ k=1 _4 Ql,kQQ,k

=v2 |1- cosh [ = 1o 2.k C.10
kl;[l _ 2l g, (C.10)

which is equal to the Fubini-Study distance between the two states, as expected.

The other distance that we consider is the Hilbert-Schmidt distance, which has been
defined in (2.19) for two generic density operators. When the two density matrices are
infinitesimally close to each other (i.e. p' = p + dp), this definition gives

ds%, = Tr(dp)?. (C.11)

Focussing on Gaussian states, the Hilbert-Schmidt distance (2.19) between two mixed
states can be written in terms of their covariance matrices as follows [60]

1 2
,72) = \/\/det(271) * V/det(272) B Vdet[yr +72])

Since a canonical transformation characterised by the symplectic matrix S induces the

dus( (C.12)

transformation ; — v/ = S~; S* on the covariance matrices and det(S) = 1, it is straight-
forward to check that dyg is invariant under canonical transformations. The infinitesimal
distance for (C.12) reads [60]

ds%s { [Tr
16 \/det (27)

The Hilbert-Schmidt distance (C.12) between the thermal states introduced in the text

above (C.3) can be evaluated by employing (9.41) and (C.3), where the diagonal matrices

vty + 2Te[(vdy)] (C.13)
are given by (9.38). Thus, for the determinants involved in (C.12), one finds

where ¢ = 1,2 and

det(2v;) = H coth? (2 1/ (2T7)) (C.14)
L
1 1k
det[(y1 + ~| coth? | —=*
(71 +72)] H {4[ <2T )

() o(ly) o
(a2l

Plugging (C.14) and (C.15) into (C.12), in terms of the notation in (C.7) we get*’
dus(71,72) (C.16)

0

L —1/2
Qo ke k
2L/2\IH01k+HO _2L+1]}:[1{|:01k+02k+<£2 +Q>Ulk02k} }

#"Our definition of covariance matrix differs from the one adopted in [60] by a factor of 2.
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In the special case of pure states, all the symplectic eigenvalues are equal to %;

hence (C.16) simplifies to
LT —1/2
(Q1 k + Qz k)2
d = 2¢1 — AR L LA

- 2{1—]£[1:cosh< log<glz>>‘|l}. (C.17)

It is worth comparing the Bures and the Hilbert-Schmidt distances in the case of pure
states. From (C.10) and (C.17), one obtains

dis = V2ds /1 — (ds/2)?. (C.18)

The occurrence of this relation should be related to the fact that the Fubini-Study distance
is the natural distance between pure states [59, 93].

D Comments on some matrix identities

In this appendix we discuss some matrix identities employed throughout this manuscript.
In many matrix computations we have used the following property

f(MN) = N'f(NM)N =M f(NM)M™~*. (D.1)

It is straightforward to prove these matrix identities when f(z) = z™ and n is an integer

number. Nonetheless, (D.1) has been often employed for f(x) = logz or for f(z) = «*

with 0 < s < 1; hence in the following we show that (D.1) holds also for these functions.
The logarithm of a matrix M is defined through the series expansion [127]

log M = Z kH M —1)". (D.2)

This definition gives

oo k+1
N~ [log(NM)] Z “YNM -1)N. (D.3)

Since for the k-th term of this series we have N~ (NM —1)* N = (MN —1)*, (D.3)

becomes
o (_ 1 ) k+1

N~ [log (NM)|N =Y —— (MN - 1)* = log (M N) (D.4)
k=1

which provides the first equality in (D.1) for f(z) = logz. The second equality in (D.1)

can be obtained by repeating the steps in (D.3) and (D.4) for M [log(NM)|M~! in (D.3).

In order to check that (D.1) holds also when f(z) = x*, let us observe that

(NM)S_ slog(NM) ZS
k=0

' [log ( NM} (D.5)
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This leads to .
NY(NMPN =Y 2 N log(NM)]*N (D.6)
25

whose k-th term can be written as N~![log (NM)]¥ N = [log (MN)]*, once (D.4) has
been employed. Thus, (D.6) becomes

o0 Sk
NTHNM) N =37 o [log (MN) 1" = (MN)® (D.7)
k=0

which corresponds to the first equality in (D.1) for f(z) = 2®. The second equality in (D.1)
for f(x) = x° can be found by repeating the steps in (D.6) and (D.7) for M(NM)*M L.

Another remark deserving more detailed comments concerns (2.31), where we intro-

/2 Y Yr 1/2)

expression is not equal to | log(vr v !)|2. Indeed, since |[M |z = /Tr (MTM) [67], we can
/ /2

)

duced the Fisher-Rao distance d(yg,vr) as |log(vs ! |2, pointing out that this

is real and symmetric to write

exploit that log(yy 1/2 Yr VR !

Hog (i Y2 e i Y2l = VT [log (v /2 7w 7 )2 = VT [log(re e ))]? (D.8)

where in the last equality the cyclic property of the trace has been used. On the other
hand, since [log(yr 75 1)]" = log(7m ! vr), the matrix log(yr 75 ') is not symmetric, we have

| tog(v2 )2 = ﬁr [log(i" 72) log(rr )] # JTr [log(2 7 h)]’ (D.9)

which tells us that d(yg,7yr) cannot be written as | log(yr 75 1) ]2

We find it worth providing further details about the construction of the symplectic
matrices occurring in the Williamson’s decompositions of Hr™* and of some covariance
matrices in section 9.

Let us consider two symmetric and positive definite N X N real matrices A and B
that are diagonalised by the same orthogonal real matrix O. It is straightforward to write
A® B =0"A®B)O, where O = O @ O is orthogonal and symplectic, while the diagonal
matrices A = diag(aq,...,ay) and B = diag(f1, ..., Bn) collect the eigenvalues of A and
B respectively. The Williamson’s decomposition of A ® B reads A ® B = W'D & D)W,

where D = diag(v/a1/1,...,vanbn ) and the symplectic matrix W is given by

W=x0 x = diag((ar /B4, ... (an /BN, (ar /B1) VA, L (an/Bn) YY)
(D.10)
where y is a diagonal symplectic matrix. We remark that (D.10) provides the Euler de-
composition (2.21) with X = x, R=0 and L = 1.

E Details on the first law of complexity

In this appendix we report some technical details concerning the first law of complexity
and the derivations of the results reported in section 3.

— 83 —



The variation of the square of the distance (2.31) under the independent variations
Yr = Yo + 0vr and g — g + d7r of the covariance matrices of the reference and of the
target state reads

6d2 - QTI'{IOg ATR 5[10g ATR}} - 2Tr{(10g ATR) A;é 5ATR} . (El)

The last expression can be found by first observing that, since M and M do not commute
in general, we can exploit the following formula [171]

1

Slog M = /01 [(1—b)M +b1]'6M [(1 - b)M +b1] " db (E.2)

When M and dM commute, by employing the matrix that diagonalises them simulta-
neously, one can easily check that (E.2) becomes M~'6M = 6M M~!. In the general
situation where M and dM do not necessarily commute, from the cyclic property of the
trace and the fact that different functions of the same matrix commute we find that the
first expression in (E.1) becomes

1
5d> =2 / Tr{ log Arg [(1 = b)Agg +b1] 5ATR} db
0

_ 9 Tr{ log ATR</01 [(1— b)Arg +b1] 2db> 6ATR} . (E.3)

Notice that log Arg and 0Arg do not commute in general. The last expression in (E.1) is
obtained from (E.3) and

/01 [(1—b)Arg +b1] %db = AL} (E.4)

Straightforward matrix manipulations and the identity 6M ' = —M =16 M M~! lead
to write (E.1) as

5d® =2 Tr{ ( log ATR) Tr 'YT_I (5’YT ’Y}?l —Tr ’erl 5’YR'YE:1) } (E.5)
=2 Tr{ (log Arr) (A;& dyr — 57R> %;1} ) (E.6)

Finally, dd? = 2d §d and (D.1) with f(z) = logz provide the expression (3.6).
In the following we compute separately the two sides of (3.4). Considering the r.h.s.
of (3.4) first, from (3.3) one obtains

OF Tr[y~ 1A~y 16y

7 O e[ (v14)°] .
From the expression (2.28) for the geodesic, it is not difficult to find that
Gl = (%?1/2 Yr %?1/2)78%?1/2 (E.8)
0,Gs = w* [log (v ve )| (v e %21/2)8%1/2 (E.9)
.Gt =~y [log (1?7 )] (P ) TP (®10)
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For the subsequent discussion, let us remark that, by specifying (E.10) to s = 0 and s = 1,
and using (D.1), we find

0G|y = — 7 og(Arg) = log (vr'vr) ¥7 " (E.11)
0G|y = — Tn " log(Arr) = log (2 ' vr) Vr - (E.12)

The denominator in the r.h.s. of (E.7) along the geodesic (2.28) reads

\/ T [(G;l QSGS)Q] (E.13)

Combining (E.8) and (E.9), we observe that, for any 0 < s < 1, this expression is equal to
d defined in (2.31). Furthermore, the numerator in the r.h.s. of (E.7) at the endpoints of
the geodesics can be expressed by using (E.8), (E.9) and (E.10). Thus, from (E.7) we get

oF
> P 0%ij

ij

|

-2 (Tr{85G31|s:0 5}~ {0,651, 5%}) , (E.14)

0

As for the Lh.s. of (3.4), let us consider d? from (2.31). First, one notices that (D.1)

gives

2 ey

i ) = 1w F(m 72

Tr (E.15)

The expressions obtained by specialising this result to f(z) = logx and (logx)z~! allow
to write (E.6) as follows

6d? = 2Tr{ 7" [1og (v 7w ?)] <’Yr:1/2’YT’Yr:1/2)_1’Y1;1/2 oyr }
—2Tr{ 7 [log (3 * e v %) 9 O (.16)

Then, by using (E.10) in (E.16), we obtain that dd = (2d)~'dd? can be written as

6d = ;(Tr{ﬁsGs_l\so oyn} = Tr{0,GTY 5%}) (E.17)

whose r.h.s. coincides with the r.h.s. of (E.14); hence (3.4) is satisfied. Furthermore, by
plugging (E.11) and (E.12) into (E.17), the expression (3.6) is obtained.

It is worth verifying that the Fisher-Rao cost function F' defined in (3.3) evaluated
along the path (2.28) satisfies the Euler-Lagrange equations, namely

[8F _ i oF }
8%’]’ ds 8%]

This consistency check can be performed first by observing that from (3.3) we have

=0 (E.18)
Y=0s

OF _ v gyt

N ]y 14)]

(E.19)

while %—5 can be read from (E.7). The expression (E.19) and %—5 along the geodesics (2.28)
can be found by using (E.8), (E.9) and (E.10). Then, some algebra leads to (E.18).
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We find it instructive specialising the above results to pure states. Considering the
geodesic given by (2.63), whose initial and final covariance matrices are given in (2.62),
we have that both Ay and Aty + 0A g are diagonal, hence they commute. This implies

that (E.6) can be obtained directly from (E.1). Indeed, since in this basis Ay = X%, we
have that (E.1) becomes
6d® = 2Tr[(log X2,) Xp2 0X2,] . (E.20)

From (2.62) we find dv4 = 0 and &v4 = 16X2,. Thus, (E.20) and (E.6) are equivalent in
the case of pure states.

In order to write (E.20) in terms of the geodesics (2.28), let us consider the a-th power
(with @ # 0) of the geodesic (2.63) and compute the derivative of the resulting matrix
w.r.t. to the parameter s along the geodesic. The result reads

sa 2a a
(log x2,) (%) =~ 0:(G)". (E.21)
Setting sa = —1 in this expression, one finds
-1 1 B
(log X2,) (%) = —5 06y (E.22)

This leads to write (E.6) for pure states as follows
0 = — {0,667} (E-23)

where we have also used that 67, = 30XZ, in the basis that we are considering. Since
975 = 0, one immediately realises that (E.23) corresponds to (E.17) for pure states.

Another natural value for s to choose in (E.21) is s = 1/2, that corresponds to the
middle point of the geodesic. Comparing (E.21) with (E.20), it is natural to consider
sa = —1,ie. a= —2, finding that (E.20) can be written as

1 -
od* = 2 Tr{0:G2 ) 6(AT) } (E.24)

We remark that Xy is the diagonal matrix providing the complexity in the case of
pure states.

Another useful expression for éd comes from the Williamson’s decompositions (2.41).
Considering variations ¢ such that v + v is also a covariance matrix (in particular, d is
symmetric). Given the Williamson’s decomposition (2.20) for ~, let us express ¢~ in terms
of the variations 0D and dW of the symplectic spectrum and of the symplectic matrix W
respectively. By using W' = (§W)', Tr(MN') = Tr(M'N) and the fact that 9,G;*! is

symmetric,?® we can write (E.17) as
1
5 = (Tr{@sGs_l oo (212 Dy 6We + W D5 Wit ]} (E.25)

- Tr{@SGs_l |, [2WE Dy Wy + WL 6Dy Wi ] })

*8This property can be proved by first transposing (E.10) and then using f(M)* = f(M") and
[f(M),g(M)] = 0, that hold for generic functions of the same matrix.
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in terms of the four contributions coming from the basis variations dWy and dWr. and from
the spectra variations 6Dy and 0Dy. The expression (3.7) for éd can be easily obtained by
plugging (E.11) and (E.12) into (E.25).

F Thermofield double states

In this appendix we consider the thermofield double states (TFD’s) for the harmonic lat-
tices [172], whose circuit complexity has been explored in various studies over the last few
years [22, 25, 26].

The TFD’s are pure states constructed by entangling two equal copies of the harmonic
lattice in such a way that a thermal state of the original system is obtained by tracing out
one of the two copies. In section F.1 we provide the Williamson’s decomposition of these
pure states, showing also that they are special cases of the analysis reported in section 8.
In section F.2 the circuit complexity for TFD’s is discussed.

Consider two harmonic lattices (that will be denoted as “left” and “right” in the
following) made by the same number N of sites. These two systems can be combined
creating a system made by 2N sites (denoted as “doubled” system) whose hamiltonian reads

H, = %ﬁg HMs gy = %%g (Qghys @ % 1) P QL™ = Q™™ @ Q™™ (F.1)
where 7! = (gf,q", pl, p), where the subiindices refer to the left and right part of the
doubled system, and Q*"* has been introduced in (2.64). For the periodic chain the matrix
Q™" has been written explicitly in (9.3).

It is not difficult to adapt the diagonalisation procedure described in section 2.6
to (F.1). This leads to construct the 4N x 4N matrix H}"™ defined in (F.1) as follows
(see (2.66))

HE™ =V, X, Dy X,V (F.2)

@©D

orthogonal matrix V; =V @ V and the symplectic diagonal matrix

where we have introduced the diagonal matrix Dy = D the symplectic and

phys phys»

Xy=8Sqpst S=SaS (F.3)

where
SEMdiag(@,...,m) (F.4)

with Qj the dispersion relation introduced through (2.65). These matrices are defined in
terms of the 2N x 2N matrices V' and D,y in (2.65) and (2.68) respectively.
Since V; and X, are symplectic matrices, the expression (F.2) leads us to write the

phys

Williamson’s decomposition of HY™* as follows
thys — W; Dd Wd Wd - Xd ‘/:it . (F5)

This decomposition suggests to introduce the following set of canonical conjugated
variables (see section 2.6)

~ ~ At A ~ A ~ ~ A N N
Sd:Wde Sd:(ql,l)"'7q1,N7qr,17'"’qr,Nupl,l)‘"7pl,N7pr717"'apr,N)' (FG)
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Defining the annihilation operators and the creatlon operators for the two parts of the
system as in (2.71), one obtains a vector b (bl,br,(b )5, (lA)j) ), where blk and brk

are the k-th element of b, and b, respectlvely In terms of the components of bd, the
hamiltonian (F.1) becomes

N
Hy =Y (E;k br i + 617,6 b,k + 1) . (F.7)
k=1

The standard quantisation procedure leads to introduce the eigenstates |n,,n,) = |n,), |n,),
of the number operator, that can be factorised through the eigenstates |n,), and |n,), of
the number operators corresponding to the two parts. The eigenstates with n, = n, =n
allow to define the thermofield double state (TFD) as follows [172]

N
N
TFD) = [[ VI— e % 3 e 2Zuma %% ), ), (F.8)
k=1 n

When  — oo, the TFD becomes the product state of the two ground states |0),|0),.
Tracing out the degrees of freedom corresponding to one of the two parts, e.g. the right
part, in (F.8) one obtains

N
N
Try, (|TFD)(TFD|) = H — e PU) 3 e P2 B ) () (F.9)
n

which is the thermal density matrix for the left half system at temperature 1//.

F.1 Covariance matrix

The covariance matrix of the TFD can be found through a slight generalisation of the pro-
cedure described in section 2.6 for the thermal states. From (2.9) and (F.6), the covariance
matrix of this pure state can be written as

vrrp = Re(TFD| #4 #% |[TFD) = W, ' Re[(TFD| 3,8% [TFD)] W, *. (F.10)

In order to compute the matrix Re(TFD|8,8,|TFD), one first expresses the operators in
84 in terms of the creation and annihilation operators in Bd and then exploits their action
n (F.8). The non vanishing elements of Re(TFD|5,8;|TFD), are

A A A A 1
Re(drkGr,k) = Re(@rrdr k) = Re(pripre) = Re(pribri) = 5 coth(5/2)

Re(Grx,k) = Re(@irdrr) = —Re(Prppir) = —Re(priphri) = 3 Smh(3/2)

where the notation (O) = (TFD|O |TFD) has been adopted. By using (F.11), the covari-
ance matrix Re(TFD|§,5,|TFD) in (F.10) can be written as

A:I‘FD :l:ATFD > (F 12)

Re(s, 5 ) = T{) & 1) T‘i)z<
< d d> TFD TFD TFD :l:ATFD ATFD
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where we have introduced the following N x N diagonal matrices

Arep = 1 diag(coth(ﬁQl/Q), . coth(BQN/2))

2
oo = Satag( L) o
TR =5 GO\ Gnh(50/2) T sinh(BQy/2)
which satisfy
~ 1
A?FFD - A?rFD - 1 1 (F'14)

and
(Arep + ZN\TFD) (Arep — /~\TFD)71 = diag(coth2 (B/4), ..., coth? (BQN/4)) - (F.15)

Plugging (F.12) into (F.10) and employing the definition of W, in (F.5), for the co-
variance matrix of the TFD we find

Yren = Va X (T5H, @ Theh ) X7 Vi = Qe © Preo (F.16)

where (F.3) and V; = V @ V have been employed to write the last expression, which is
given in terms of the following 2N x 2N symmetric matrices

Qrep = VST, 51yt P = VST, SVE. (F.17)

By using that V' is an orthogonal matrix and that

_ 1
T Theh = § 1 (F.18)

which can be obtained from (F.12) and (F.14), one finds

1

Qrrp Prep = 1 1 (F.19)

as expected, since the TFD is a pure state whose covariance matrix has non vanishing
blocks only along the diagonal.
In order to write the Williamson’s decompositions of ~rprp, let us observe that the

matrices T(Ting can be diagonalised by the 2N x 2N symplectic and orthogonal matrix O

as follows
~ ~ 1 11
T”(I‘%‘])D =0" <(ATFD + ATFD) @ (ATFD + ATFD)>O 0= ﬁ < 1 1) . (F.20)
By using (D.10), (F.14) and (F.15), these matrices can be written as
1
T = 5 O Xi 0 (F.21)

where

Xrep :diag<\/coth (B2/4),...,\/coth (BN /4),
\/tanh (8921 /4) , ..., /tanh (BQN/ZI)). (F.22)
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Plugging (F.3) and (F.21) into (F.16), one gets the Williamson’s decompositions of yrpp as
1
YTFD = B} W¥FD Wrrn (F.23)
where the 4N x 4N symplectic matrix Wrpp is
Wepp = (XTFD O S_lvt) ¥ (X;I}D oS Vt) . (F.24)

It is instructive to express the fact that the TFD is a particular purification of a thermal
state (see (F.9)) by identifying it within the analysis reported in section 8. This can be
done by setting N,.. = N and by rewriting the covariance matrix of the TFD in terms of
the matrices occurring in (8.10).

Comparing (F.16) with (8.3), we easily conclude that in this case Qrpp and Prpp
correspond to (.., and P.,, respectively, while M., = 0. Then, by employing the block
diagonal matrices (F.3), (F.12) and V =V @ V, where V is the N x N orthogonal matrix
(see (2.65) and (9.6)—(9.7) for the periodic harmonic chain), we can write Qpp and Prep
as the partitioned matrices in (8.10) with

Q=Que=VSE A S V" P=Pu=VSAuwmpSV* (F.25)

and
FQ - vS_lATFDS_l Vt FP - _VSATFstt. (F26)

We remark that (F.25) and (F.26) satisfy the conditions in (8.20). Furthermore, @ ®
P = Q... ® P,,. constructed from (F.25) provides the covariance matrix of a thermal state
given in (2.76), as expected. Thus, the TFD is a purification of the thermal state and its
covariance matrix satisfies (8.19).

F.2 Complexity

The TFD are pure states; hence the complexity of a target TFD with respect to a reference
TFD can be computed by employing (2.58). In the most general case where the target TFD
and the reference TFD originate from different hamiltonians, complicated expressions occur
because Wirp depends on the physical hamiltonian through S and V' in a non trivial way.

For the sake of simplicity, let us focus on the special case where the same hamiltonian
underlies both the target TFD and the reference TFD, which are only distinguished by
their inverse temperatures fr and Sr. In this case both the reference state and the target
state have the same S and V. Moreover, since (F.20) tells us that O does not contain
parameters, the reference and target states that we are considering can be distinguished
only through their matrices Xrppr and Xppp . In this case, by employing (F.24) we find
that the matrix defined in (2.45) crucially simplifies to the following diagonal matrix

Wi e = (Xrepr Xopn r) @ (Xips o Xreor) - (F.27)

The circuit complexity corresponding to this choice of TFD’s can be obtained by
plugging (F.27) into (2.58). The result reads

1 — - -
C2 = 2\/i\/Tl“ { [log(X%FD,TXTFZD,R)] ©® [log(XTFQD,TXTZFD,R)] } (F.28)
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which can be written more explicitly by employing (F.22) for these TFD’s, finding

cr g 3o (et ) )

An interesting regime to consider corresponds to Sz > 1. In this limit the reference

state is the product of the ground states of the two parts because only n = 0 contributes
in (F.8). In this regime the complexity (F.29) simplifies to

Cr = — $ i [log (coth (B2 /4))]? (F.30)

k=1

which is consistent with the results reported in [22].

We find it worth generalising (F.29) by considering a circuit where the reference state
and the target state correspond to different hamiltonians that have the same matrix V, in
their decompositions (F.2). This is the case e.g. for the periodic harmonic chain explored
in section 9.1, where V defined in (9.6) and (9.7) depends only on the number of sites of
the chain, hence it is independent of the parameters occurring in the hamiltonian of the
chain. From (F.16) and (F.19), we have that Yrpp = Qrep © 4Q11,, which implies

YrFD,T ’YT_Fln,R = Qrrp,r Q;}}D,R D Q’;I}D,T Qrrp g - (F.31)

This allows to write the complexity (2.33) as follows

Co = 2\1/§ \/Tl"{ [log<QTFD,T Q;I}D,R D Q;%D,T QTFD,R)] 2}

= % \/Tr{ [log(QTFD,T QI_‘I}D,R)]Q} . (F.32)

By applying (F.17) to this case, where the reference and target states have the same
matrix V', the argument of the logarithm in (F.32) becomes

Qrevr Qi = V S7 YL 2 971 Se (4150 ) eV (F.33)

where we have used that (T(Tng)D?R)_l = 4T(T7])37R (see (F.18)). The relations
in (F.3), (F.4), (F.12) and (F.13) lead to write (F.33) as follows

_ A A
QTFD,T QTFlD,R = V( SR ) % (F.34)
Arr Arr

where Ay and Arg are N x N diagonal matrices whose entries read

Qg, 1
(Aun)p = o) [COth (Bre/2) coth (Bt /2) = o o ah (B6n 2]
~ Qg [coth (BrQp/2)  coth (BrQr1/2)
(ATR)’%k o Qr ke |: sinh (,BTQTJC/Q) B sinh (BRQR,]C/Q) L<ksN. (F-35)
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By adapting the result given in (F.20) for T(TJEI)D, we can diagonalise the matrix con-
taining Aty and Arg in the r.h.s. of (F.34) through the orthogonal matrix O. This leads
to write (F.34) as follows

QrevrQripr = VO' | (Arg + Arg) ® (At — Ars) [OV? (F.36)

where the entries of the diagonal matrices within the square brackets are given by

~ Qg i coth (BrQr i /4) ~ Qg i coth (BrQg 1 /4)
Arr + A = ’ Arg — A =5 Ll
(A + A) Qr 1, coth (BrQr x/4) (Arn = An) Q1. coth (B0 1./4)
(F.37)

Plugging (F.36) into (F.32), we find that the orthogonal matrices V' and O do not
contribute to the complexity. By employing also (F.37), one obtains

1| & Qp i coth (B Qmr/4) \ 17 Qp i coth (BrQp x/4) \ 12
©=3 J,; { o <ﬂk coth (BrS2e.1/4) )|+ 1o (Qk coth (Bl i/4) )
(F.38)

In the regime gz j, > 1 this expression simplifies to

Cy— % J i\]: { [log (QT,k Cotl;)iiTQT,k/‘l) )] 2 N {log (QR,k COt};)(T,’B]:QT,k/ZL) )]2} (F.39)

k=1

which is consistent with the results reported in [22].2

G Diagonal and physical bases for the C; complexity

In this appendix we briefly discuss the definition of the C; complexity, which is based on
the F cost function, hence it is a base dependent quantity. We also introduce the diagonal
basis and the physical basis, slightly extending the definition given in [23]. Some results
reported in section 9.7 have been obtained by employing these bases.

In the Nielsen’s geometric approach to complexity between pure states [1-3], the circuit
connecting the reference and the target states is made by the unitary matrices ﬁN(s), with
s € [0, 1], which are written as follows

Ou(s) = P e o @ () =S V(o) K, (G.1)
I

where % is the path-ordered exponential indicating that the circuit is constructed from
right to left as s increases, K 7 are the hermitian generators of the unitary transformation
and the functions Y/ (o), that are called control functions, characterise the gates at a given
point of the circuit. The circuit depth is defined through cost function F' as follows

D(Uy) = /OIF(ﬁN(s), Yi(s))ds. (G.2)

29See eq. (192) of [22] at t = 0.
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The complexity corresponds to the minimal circuit depth, obtained by comparing all the
possible unitary circuits connecting the reference state to the target state. The allowed
cost functions must satisfy some properties that have been discussed e.g. in [17].

In this manuscript we consider only the F} cost function and the F5 cost function.
These cost functions are defined respectively as

1/2
F=Y Y| FR= [ 3 (Yl)ﬂ (G.3)

I

and, through (G.2), they provide the C; complexity and the Cy complexity respectively.
Consider the harmonic lattice and the corresponding covariance matrix introduced in
section 2.
In [22], the complexity of pure states has been studied by employing the fact that,
since a unitary circuit can be represented as a circuit in Sp(2N,R), instead of (G.1), for
this model we can equivalently consider

U(s) = Peh KO K(g) =Y V(o) K; (G.4)
I

where K are the generators of Sp(2N,R), hence the index 1 < I < N(2N +1).
The symplectic matrix U(s) in (G.4) has been discussed also in section 2.5. In partic-
ular, from (2.61) and eq. (57) in [22], we have

1
Gs=U(s)wU(s)" = 5 WEW, G1 = (G.5)

where v and 7r are the covariance matrices of the reference pure state and the target
pure state respectively. In [22] the symplectic matrix U(s) has been written in terms of
the matrix Ay defined in (2.32) as

s 1
U(s) = e = g2lo8 AR K = 3 log Ay . (G.6)

By setting U(s) = Us defined in (2.38), one observes that U(s) in (G.6) coincides
with (2.61). Comparing (G.6) with (G.4), one observes that both K and Y’ (obtained
by expanding K as in (G.4)) are independent of 0. Because of this feature, the integral
in (G.2) is trivial to perform. For the cost functions in (G.3), the results read respectively

=YW G- [Zm?]m. @

1 1

After a change of basis, the generators K and the control functions in (G.4) change
respectively as follows [17, 22]

K=Y 01K, V=30, (G.8)
7 ]

where Oy are the entries of an orthogonal N(2N + 1) x N(2N + 1) real matrix O. Given
that O is orthogonal, in (G.7) the Co complexity is invariant while the C; complexity is not.
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In [23] the complexity of mixed states based on the purification complexity (see sec-
tion 8) is mainly studied by employing the Fj cost function. In particular, this C; com-
plexity is investigated in two different bases: the diagonal basis and the physical basis.

The diagonal basis in the extended system, which is in a pure state, is defined by
the change of basis corresponding to the symplectic and orthogonal matrix R introduced
in (2.22).

In order to introduce the physical basis, let us consider the wave function (2.24) of the
pure state characterising the extended system. This wave function is completely described
by New X N complex symmetric matrix F.,, + iF.,, that can be written as follows

(G.9)

E+iF T i’
Eext+iFext:< +1 E+1 F)

Ih+ % Eae +iFn

where E and F are N x N real symmetric matrices, F,,. and F,,. are N,,. X N,,. real
symmetric matrices, while I'g and I'r are N x N,,. real matrices.

In the physical basis both E+iF and E,,.+iF,,. are diagonal matrices. By employing a
result of matrix algebra (see Corollary 4.4.4 of [173]), the complex and symmetric matrices
E +iF and FE,,. + iF,,. can be diagonalised as follows

D= X(E+iF)X" Dane = Xanc(Eane +1Fun) X! (G.10)

anc

where D and D,,. are real diagonal matrices with non negative entries and the matrices X
and X,,. are unitary. The physical basis is defined through the change of basis characterised
by the matrix X*»* = X®X,,., that brings the blocks on the diagonal of E.,,+iF.,, in (G.9)
in their diagonal forms. In the special case of F,, = 0, the definition of physical basis given
in [23] is recovered.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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