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Quantum hypothesis testing is one of the most basic tasks in quantum information theory and has
fundamental links with quantum communication and estimation theory. In this paper, we establish
a formula that characterizes the decay rate of the minimal Type-II error probability in a quantum
hypothesis test of two Gaussian states given a fixed constraint on the Type-I error probability. This
formula is a direct function of the mean vectors and covariance matrices of the quantum Gaussian
states in question. We give an application to quantum illumination, which is the task of determining
whether there is a low-reflectivity object embedded in a target region with a bright thermal-noise
bath. For the asymmetric-error setting, we find that a quantum illumination transmitter can achieve
an error probability exponent stronger than a coherent-state transmitter of the same mean photon
number, and furthermore, that it requires far fewer trials to do so. This occurs when the background
thermal noise is either low or bright, which means that a quantum advantage is even easier to witness
than in the symmetric-error setting because it occurs for a larger range of parameters. Going forward
from here, we expect our formula to have applications in settings well beyond those considered in

this paper, especially to quantum communication tasks involving quantum Gaussian channels.

Introduction—Hypothesis testing is critical for the sci-
entific method [1], underlying our ability to distinguish
various models of reality and draw conclusions accord-
ingly. It also has fundamental links with both commu-
nication [2] and estimation theory [3]. By increasing the
number of independent samples observed in a given ex-
perimental setup, one can reduce the probability of mak-
ing an incorrect inference, thus increasing the confidence
in conclusions drawn from the experiment.

In the most basic setting of binary hypothesis test-
ing the goal is to distinguish two hypotheses (null and
alternative). There are two ways that one can err: a
Type-I error (“false alarm”) occurs when rejecting the
null hypothesis when it is in fact true, and analogously a
Type-II error (“false negative”) occurs when incorrectly
rejecting the alternative hypothesis. If it is possible to
obtain many independent samples, one can study how
error probabilities decay as a function of the number of
samples for an optimal sequence of tests. Most promi-
nently, the Chernoff bound [4] tells us that both error
probabilities decay exponentially fast (in the number of
samples) for an appropriately chosen sequence of tests.
Beyond this, it is often desirable to treat the two types
of errors asymmetrically. For example, the experimenter
may only require a fixed bound on the “false alarm” prob-
ability and then seek to minimize the “false negative”
probability subject to this constraint. The well known re-
sult here is the Chernoff-Stein lemma (sometimes called
Stein’s lemma) [4], which establishes how fast the “false
negative” probability decays in this setting.

Since the rise of quantum information science, re-
searchers have generalized these notions to the fully

quantum setup, which is arguably more fundamental
than the classical settings discussed above. Here the ba-
sic setting involves determining whether M > 1 quantum
systems are described by the density operator p®M or
another density operator ¢®™, and the experimenter is
allowed to perform a collective quantum measurement on
all M systems in order to guess which is the case. The
fundamental results are the quantum Chernoff bound
[5, 6], which states that the quantum Chernoff informa-
tion is the optimal decay rate when minimizing both er-
ror probabilities simultaneously, and the quantum Stein’s
lemma [7, 8], which states that the quantum relative
entropy between p and o is the optimal decay rate for
the Type-II error probability given a fixed (independent
of M) constraint on the Type-I error probability. In more
recent years, we have seen strong refinements of quantum
Stein’s lemma [9-13] that characterize the decay in higher
orders of M and are crucial for a finite-size analysis.
One of the major applications of the results of quantum
hypothesis testing is quantum illumination [14]. In the
setting of quantum illumination, a source emits photons
entangled in signal and idler beams, and the signal beam
is subsequently subjected to a modulation, loss, and en-
vironmental noise. A quantum receiver then makes a
collective measurement on both the returned signal and
idler beams in order to determine which modulation was
applied. The typical task considered in previous work is
to determine whether a target region containing a bright
thermal-noise bath has a low-reflectivity object embed-
ded [14, 15]. Alternatively, one could also use the quan-
tum illumination setup as a secure communication sys-
tem, as proposed in [16]. After the original proposal of



quantum illumination [14], a full Gaussian state treat-
ment appeared [15] and strengthened the predictions of
[14]. The upshot is that quantum illumination can of-
fer a significant performance advantage over a classical
coherent-state transmitter of the same average photon
number, when considering the sensing application men-
tioned above. To date, several experiments have been
conducted that demonstrate the advantage quantum il-
lumination offers [17-20].

Hitherto quantum illumination has mostly been con-
sidered in the symmetric-error setting [15, 20], and as
such, one of the main technical tools employed in the
analysis of quantum illumination is the quantum Cher-
noff bound. However, there are many scenarios where one
is interested in the performance of quantum illumination
in the asymmetric-error setting. Indeed, one might be
willing to accept a particular Type-I error (“false alarm”)
probability (the error being to declare a target present
when in fact it is not), and then minimize the Type-II
error (“false negative”) probability subject to this con-
straint.

In this paper, we determine the second-order refine-
ment of quantum Stein’s Lemma in Gaussian quantum
hypothesis testing. As our main result we derive an ana-
lytical formula that expresses the second-order behavior
for any two Gaussian states as a function of their vector
means and covariance matrices. Our result has appli-
cations to quantum illumination in the asymmetric-error
setting, where we find that there are significant gains over
a classical coherent-state emitter. Notably, we find that
the quantum advantage is even easier to witness than in
the symmetric-error setting because it occurs for a larger
range of parameters.

We expect our formula to have applications well be-
yond the setting considered here, to various tasks in
quantum communication theory. In fact, it is the basis
for the strongest known upper bounds on quantum key
distribution protocols conducted over quantum Gaussian
channels [21, 22]. In light of this, we expect our result to
be useful in establishing sharp refinements of various ca-
pacities of quantum Gaussian communication channels,
when combined with generalizations of the methods from
[23-27].

To elaborate on our main result, if the task is to distin-
guish p®M from 0®M and the Type-I error cannot exceed
e € (0,1), then the optimal Type-II error probability g
takes the exponential form

exp [— (Ma +VMb () + O(ln M))] )

The optimal constant a > 0 was identified in [7, 8] to
be the quantum relative entropy [28], defined as a =
D(pllo) = (Inp —Ino), for faithful o where we used the
convention (), = Tr{p-}. The optimal constant b > 0
was identified in [9, 10, 13] to be the quantum relative
entropy variance, defined in terms of the variance of the
operator Inp —Ino

b=V(pllo) = (Inp—Ino—D(po))*),. (2

In the above, we have also used the cumulative distri-
bution function for a standard normal random variable:
O(y) = \/% [? . dx exp (—x?/2). The derivation of [13]
also applies to particular states on separable Hilbert
spaces [29], of which Gaussian states are examples.

An explicit formula for the quantum relative entropy
between any two Gaussian states, as a function of their
mean vectors and covariance matrices, was given in [30]
and refined in [31]. Here we derive an explicit formula
for the quantum relative entropy variance of two Gaus-
sian states, given as a function of their mean vectors and
covariance matrices. The formula allows for a deeper un-
derstanding of quantum hypothesis testing of Gaussian
states. We state our result after a brief recollection of
the Gaussian state formalism (see [32, 33] for detailed
reviews), and provide a detailed proof in the appendix.
Finally, we apply our formula in the context of quantum
illumination, giving a characterization of its performance
in the asymmetric-error setting.

Related work—The authors of [34] considered asym-
metric hypothesis testing of quantum Gaussian states,
deriving a formula for the quantum Hoeffding bound
[6, 35-37] in the context of Gaussian state discrimination.
However, the setting of the quantum Hoeffding bound is
conceptually different from what we consider here.

Gaussian state formalism—We begin by reviewing
some background on Gaussian states and then review a
formula for quantum relative entropy from [30, 31] (see
[31, 32] for more details on the conventions used). Our
development applies to n-mode Gaussian states, where n
is some fixed positive integer. Let £; denote each quadra-
ture operator (2n of them for an n-mode state), and let
Z=1[G1y--+Gn,P1y---+Dn] = [Z1,- .., T2n] denote the vec-
tor of quadrature operators, so that the first n entries cor-
respond to position-quadrature operators and the last n
to momentum-quadrature operators. The quadrature op-
erators satisfy the commutation relations:

(&5, &k] =19 1, (3)
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tity matrix. We also take the annihilation operator
a = (G+1ip) /v/2. Let p be a Gaussian state, with the
mean-vector entries (Z;), = pf, and let p” denote the
mean vector. The entries of the Wigner function covari-
ance matrix V# of p are given by

where Q = ® I, and I, is the n x n iden-

N | =

Vie= s (e i), @
A 2n x 2n matrix S is symplectic if it preserves the sym-
plectic form: SQST = O. According to Williamson’s
theorem [38], there is a diagonalization of the covariance
matrix V? of the form, V? = $7 (D? & D) (5°)" , where
SP is a symplectic matrix and D? = diag(vy,...,V,) is
a diagonal matrix of symplectic eigenvalues such that
v; > 1/2 for all i € {1,...,n}. We can write the density



operator p in the exponential form [30, 39-41],

_ 1, . .
p=2, 12 exp —2(x—,up)TGp(x—,up)}, (5)

with G, = —2Q5” [arcoth(2D?)]®* (5")" Q,  (6)

and Z, = det(V? +i€2/2), where arcoth(z) = %ln(fc—ﬂ)
with domain (—oo, —1)U (1, +00). Note that we can also
write G, = 2iQ arcoth(2iV°Q), so that G, is represented
directly in terms of the covariance matrix V* (see Ap-
pendix A on how to compute the symplectic decompo-
sition of V?). By inspection, the G and V matrices are
symmetric, which is critical in our analysis below. As
a result, Tr{GQ} = Tr{VQ} = 0 because G and V are
symmetric while €2 is antisymmetric. In what follows, we
adopt the same notation for quantities associated with a
density operator o, such as u°, Vo, 5%, D°, Z,, and G, .

Relative entropy for Gaussian states—We first revisit
the relative entropy calculation from [30], but following
the particular aspects of [31]. Suppose for simplicity that
p and o are zero-mean Gaussian states. By employing the
exponential form in (5), we see that

1 AT
(Inp—Ino), = [m Zy—InZ, - <xTFa:>p} G
where I' = C;D — G, is symmetric. To evaluate the ex-
pectation <£ Fi)p, we can use that Z,2; = %({il,ik} -

[&1,21]) = $({&1, 2} — iQ,x) and write <33"TI‘92>p as
D Twgindn), = Y TraVi = Tr(TV7}, (8)
k,l k.l

implying that D(p|lo) = [In(Z,/Z,) — Tr{T'V*}] /2. For
states p and o that are not zero mean, one can incorpo-
rate a shift into the above calculation to find that

D(pllo) = [n(Z/Z,) = Te{TV"} + 47 Gon] /2, (9)

where v = p? — p?. Alternatively, one can write the

formula for relative entropy as D(p|le) = [In(Z,) +
Tr{G,VP} +9"Gon/2 = 300, 9(v] —1/2), where {v/};
are the symplectic eigenvalues of p and g(x) = (x +

Dln(z+1) — zlnzx [42].
Relative entropy variance for Gaussian states—The
following theorem is our main result.

Theorem 1. For Gaussian states p and o, the relative
entropy variance from (2) is given by

T (Lo L

+97 GV Gy,
(10)

where I' = G, — Go, G, and G, are defined from (6),

is defined in (3), V? is defined in (4), and v = pP — u°.

To begin with, let us suppose that the states p and o
have zero mean. The calculation then begins with the

definition of the relative entropy variance and proceeds
through a few steps:

V(plo) = <(§§:Tl“5c +3 <55Trj>p)2>p (11)
_1 K(@TF:?:)Q% - <56Tfi“>j (12)
_1 [<(;@Tm)2>p - [Tr{FVP}]Q] o (13)

where the last line follows from (8). At this point, it
remains to calculate ((27T#)?),, which we do in Ap-
pendix B. To summarize the calculation, one needs to
expand the operator (£7T#)?2, leading to an expression
of order four in the quadrature operators. After employ-
ing commutators and anticommutators to bring this op-
erator into Weyl symmetric form [43] and at the same
time employing symmetries of the dihedral subgroup of
the symmetric group Sy, we can invoke Isserlis’ theorem
[44] regarding higher moments of Gaussians to evaluate

it. We find that 1 <(50TF£)2> is equal to
p

LT {Tve? + S Te{TVPTVe) + L Te{TQra},  (14)
which, after combining with (13), leads to the formula
in (10) for zero-mean states. Incorporating a shift then
leads to the full formula in (10). We provide full details
of the calculation described above in Appendix B and
generalize it to arbitrary Gaussian states in Appendix C.
Appendix D argues how the formula is well defined even if
p does not have full support, and Appendix E provides a
further simplification of the formula for two-mode Gaus-
sian states with covariance matrices in standard form.

Application to quantum illumination—In the setting
of quantum illumination a transmitter irradiates a target
region basked in thermal noise in which a low-reflectivity
object may be embedded. Let ag denote the field-mode
annihilation operator for the signal mode which is trans-
mitted. We take the null hypothesis to be that the object
is not there, and if this is the case, the annihilation opera-
tor for the return signal is ag = ap, where ap represents
an annihiliation operator for a bath mode in a thermal
state (Ng) of mean photon number Ng > 0. We take
the alternative hypothesis to be that the object is there,
and in this case, ar = \/nas—++/1 —nap, where n € (0,1)
is related to the reflectivity of the object and ap is now in
a thermal state of mean photon number Np/ (1 — ) [45].

If we prepare the signal mode in the coherent state
|v/Ngs) of mean photon number Ng > 0, then the null hy-
pothesis state peon is a thermal state 8(Np) with mean
vector (0,0) and covariance matrix (Np + 1/2) I3, and
the alternative hypothesis state o.on is a displaced ther-
mal state, with mean vector (/27Ng,0) and covariance
matrix (Np +1/2) I. It is also easy to check that the
G matrix from (6) for both of these states is equal to
2arcoth(2Np + 1)1s.



Plugging into the formula for relative entropy and rel-
ative entropy variance, we find that these quantities sim-
plify as follows for the coherent-state transmitter:

D(pcoh”acoh) - 77NS ln(l + 1/NB)7 (15)
V(peon||oeon) = nNs (2Np 4+ 1) In*(1 +1/Np).  (16)

In calculating the above, note that the covariance ma-
trices for pcon and ocon are the same, so that I' = 0 in
this case, and we only need to calculate the terms in-
volving v in (9) and (10). What we see is that as the
signal photon number Ng increases, so does the first or-
der term M D(pconl||0con) in the Type-IT error probability
exponent, indicating a more rapid convergence to zero.
However, the second order term v Mb®~(¢) is actually
decreasing for all € € (0,1/2) as Ng increases, due to the
fact that ®~1(g) < 0 for this range of ¢.

Now if the transmitter has a quantum memory avail-
able, then it can store an idler mode entangled with the
signal mode and conduct a quantum illumination strat-
egy. The state we consider is the two-mode squeezed
vacuum, with the reduced state of the signal mode hav-
ing mean photon number Ng. This state has mean
vector equal to zero and covariance matrix given by

JTAG W o—c B B
[c M}@{—C M},where,u = Ng + 1/2 and ¢ =

/1?2 —1/4. The null hypothesis state pqr for this setup
has mean vector equal to zero and the covariance ma-

. [Np+1/2 0 Np+1/2 0 . .
trix [ 0 /J ® [ 0 ME implying that the
return and idler modes are in a product state. The alter-
native hypothesis state oqr has mean vector equal to zero

. |7 Ve 7 Ve
and the covariance matrix &) ,
[\/ﬁc K } [—ﬁc K }
where vy =nNg + Np + 1/2.

While the expressions for relative entropy and relative
entropy variance for the quantum illumination transmit-
ter are too long to report here, we can evaluate them to
first and second-order in Ng (an asymptotic expansion
about Ng = oo while keeping Np fixed), respectively

NS 1—77
In(1 1 1
_nn( + ) o), (17)

n
Dlpatlloar) = § -

1]_\75771n<1+ 1”) +O(Ns). (18)

Vparlloon) = ["

Alternatively, we can evaluate them to first order in N
(an asymptotic expansion about Np = oo while keeping

Ng fixed):
_ nNs(Ns +1) € L
D(pQI”UQI) = NB In(1 + NS + o N]23 5
(19)
Ng(Ns +1)(2Ng +1 1
V(lelloQI) = 1 S( 2 N)( 5 ) In? (1 + N)
B S

1
+0|—= - 20
(%) 2
Details about the derivation are in Appendix E.

There are several regimes in which the quantum illumi-
nation transmitter outperforms the coherent-state trans-
mitter. We can consider the regime of low background
thermal noise, where Ng > 1 and Np < 1, and also the
regime Ng < 1 and Ng > 1 as considered in [15]. Fig-
ures 1(a) and (b) compare the Type-II error probability
exponents of the quantum illumination transmitter and
the coherent-state transmitter for a Type-I error prob-
ability ¢ = 0.001 and ¢ = 0.01, respectively, showing
both the first-order terms and the Gaussian approxima-
tions from (1). Not only does the quantum illumination
transmitter outperform the coherent-state transmitter in
exponent, but the Gaussian approximation indicates that
far fewer trials are required to achieve this gain. More-
over, when compared to the symmetric-error setting, the
quantum advantage is even easier to witness because it
occurs for a larger range of parameters.

Discussion—We have characterized the Type-II error
probability exponent of hypothesis testing of Gaussian
states in terms of the relative entropy and the relative
entropy variance of two Gaussian states. Our formula
for the relative entropy variance should find applications
well beyond the settings considered here, especially to
communication tasks for quantum Gaussian channels. As
an application of our result, we find that not only does
a quantum illumination strategy outperform a coherent-
state transmitter with respect to error probability expo-
nent, but in some cases it requires far fewer trials in order
to achieve the optimal error probability exponent.
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(b) Parameters: Ns = 0.01, 7 = 0.01, Ng = 20, and € = 0.01.

FIG. 1. Comparison of Type-II error probability exponent, R = —1In /M, for the quantum illumination transmitter and
the coherent-state transmitter with different parameters. In both cases, not only does the quantum illumination transmitter
achieve a higher error exponent, but the Gaussian approximation suggests that far fewer trials are needed to approach this
error exponent. The quantum advantage is easier to witness compared to the symmetric-error setting because it occurs for a
larger parameter range.
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Appendix A: Diagonalizability and symplectic decompositions

Here we show that the matrix iV * is diagonalizable, which allows for determining the symplectic eigenvalues and
symplectic matrix for any covariance matrix V*. In turn, this allows for evaluating the matrix function arcoth(2iV*Q).
Consider that

iVPQ =iSP (D @ D?) (S*)" Q= iS? (D @ D?)Q(5°) ! (A1)
= 57 (I, @ D) (—oy @ 1,,) (S) "' = S (—oy @ D) (S°) ", (A2)
where in the second equality we used that STQS = Q (implying STQ = QS~!) and in the next that (3) implies
i) = —oy ® I,,, where oy is a Pauli matrix. Since —oy is diagonalizable as —oy = U (—o0z) U, where
1
UEF 1}, (A3)
2 11 —i

this implies that we can write
VPO =8 U®I,) (~oz,0 D) (UTeL,) (") ' =S" (UL, (~-D")e D) (U ®L,)(s") . (A4)

From this last equality, we see that the symplectic decomposition of V* can be computed from the ordinary
eigendecomposition of :V7{2. The symplectic eigenvalues are the entries along the diagonal matrix —D” & D” and the
symplectic matrix S” can be computed from the matrix S® (U ® I,,) of eigenvectors of iV *§) after right-multiplying
by Ut ® I,.

At the same time, we see from (A4) that the matrix function arcoth(2iV*2) can be evaluated as

arcoth(2iV°Q) = S? (U ® I,,) arcoth [2 ([-D*] & D*)] (UT & I,,) (s7)7! (A5)
= S (U @ I,) [arcoth(—2D*) & arcoth(2D?)] (Ut @ 1)) (87) " (A6)
= S (U ® I,,) [~ arcoth(2D?) @ arcoth(2D?)] (Ut @ I,,) (S7) " (A7)
= S5°(U®I,) (—oz ® arcoth [2D”]) Ut e1,) (s (A8)
= 5° (—oy ® arcoth [2D*]) (S*) " (A9)
= §” (I ® arcoth [2D”)) (—oy ® I,) (S?) " (A10)
= §” (I ® arcoth [2D?]) i (S*) (A11)

and so we find that
G, = 2iQarcoth(2iV*Q) = 2iQS” (I ® arcoth [2D”]) i (87)"" = —208” (I, ® arcoth [2D*]) (57)" Q (A12)
= —205” [arcoth(2D?)]®* ($")" Q. (A13)

Appendix B: Calculation of (14) for zero-mean quantum Gaussian states

This appendix evaluates the expression <(56Tl"§c)2> from (13) in the main text. Consider that

P
AT\ AT rasTrs
<(x I'z) >p— (#'Tia Fx>p (B1)
Z 1_\k,l]:‘m,n <j:kj7lj:min>p- (BQ)
k,l,m,n

We need to do some manipulations of the expression (#;%;%m,2,), in order to get a sum of all permutations of the

operators (this is known as the Weyl symmetric ordering [43]—it ips necessary for us to use Weyl symmetric ordering
because we have defined a Gaussian state to be one with a Gaussian Wigner representation for which Weyl symmetric
ordering is required, and only under the guarantee of Gaussian statistics can Isserlis’ theorem [44] be applied in order
to evaluate higher moments). Consider that we can use commutators and anticommutators to help with this task, so

that we can write
<i‘ki‘li‘m£n>p = <i‘kim.’i‘ T > + ’in m <.@k§'}n> (B3)

= <§7k=@m§3 T > + ZQ[ n <55k37m> + ’LQ[ m <-73kl'n> . (B4)



Adopting the shorthand (klmn) = (&x21@min), and (kn) = (Zxn),, we can then write

p

Z Fk,lFm,n <‘%ki'l'jcm:in>p

k,l,m,n
Z Li T n [(Klmn) + (kmin) + (kmnl) + 1 (2Q ., (kn) + Qp n (km))] (B5)
k,l,m,n
> kil [(klmn) + (kmin) + (kmnl)] Z CiaTomni (2. (kn) + Q. (km)) . (B6)
k,l,m,n k JImmn

We handle these terms one at a time. For the first term consider that the quantity I'y ;I'y,  is invariant under the
swaps k <> I, m <> n, and (k,1) <> (m,n), due to the fact that T' is a symmetric matrix (note that these swaps realize
the dihedral subgroup of the symmetric group S4). Under these various swaps and invariances, the quantities (kimn),
(kmin), and (kmnl) can realize all 24 permutations of the letters klmn, which implies that

> Tkalon [(klmn) + (kmin) + (kmnl)] = > TpiLpp ({Erdrmnty) , (B7)

k,l,m,n k,l,m,n

where {2,2;& 2y}, denotes the Weyl symmetric ordering. So now we can employ the fact that p is a Gaussian state
and a well known formula for the higher moments of Gaussians (Isserlis’ theorem [44]) to conclude that

3 Tl ({Erdiminty), = > Trilmn (Vk’fan’ZL’n—ka”’ VO Ve, V{’m) (BS)
k,l,m,n k,Jl,m,n
= [Te{TV*}]* + 2 Te{TV TV} (B9)

We simplify the other term:

Z il (290 m (kn) + Q. (km)) = 3 Z i T Qm (k) + Z il Qun (km).  (B10)

k,l,m,n k,l,m,n kl m,n

Consider that

Z Fk lFm an ,m (kn Z Fk lFm an n <km> (Bll)

k,l,m,n k,l,m,n

due to invariance of the quantity I'y ;I'y, 5, under the swap n <+ m, reducing the overall sum to

Z Fk lFm an m <kn Z Fk lFm n (Ql m <k‘7’b> + Qm l <nk>) (B12)

k,l,m,n k Jdmmn
> Thilmn (Qum (kn) = Qi (nk)) (B13)

k,l,m,n
Z Fk,lrm,nﬂl,mgk,n (B14)

k,l,m,n
1

> ThilonQm Qi = 5 Tr{rare}. (B15)

k,l,m,n

Putting together (13), (B1), (B9), and (B15), we find that

Viplo) = i [Te{TV?)]? + %Tr{FV’TV”} 4 %Tr{FQPQ} - % Te{TV?}]? (B16)
- % T{TVPTV ) + é Te{TOrQ}, (B17)

concluding the proof for zero-mean states.



Appendix C: Relative entropy variance formula for arbitrary Gaussian states

In this appendix we show Theorem 1, restated here for the reader’s convenience. We compute the relative entropy
variance formula for arbitrary Gaussian states (those that do not necessarily have zero mean).

Theorem 1 (restated). For Gaussian states p and o, the relative entropy variance from (2) is given by
Te{(TV*)?}  Tr{(I'Q)?}
Vipllo) = +
2 8
whereI' = G, — G, G, and G, are defined from (6), Q is defined in (3), V is defined in (4), and v = p? — u°.

Proof. Here we can see this as a shift of the zero-mean case. Let us define the centered quadrature vector of operators
T, = — pP and the difference-of-means vector v = u? — %, and then we see that

+v7G,V*G,7, (C1)

(& = p") ' Go(& = p7) = (& = pP + 1) Go (& — 1" + ) (C2)
= (&c +7)" Go(Ze + 7). (C3)
Thus,
V(pllo) = {(np—mno ~ D(pllo))*) (C4)
1 R X R R . R X . 2
= 1 <(_xZGp$c + (& + ’Y)TGa(xc +7) + <szpxc — (2 + 'Y)TGU(xc + 7)>p) > (C5)
P
1//. . R . . R R . 2
= <(fopxc — (Ze + 1) Gol@e +7) + (=22 Gpitc + (Fc +7)" Golde + 7)>p) > (C6)
P
Consider that
fZGpic — (Zc + FY)TGa(jc +7) = iZGpi'c - iZGch - 'YTGajc - i'ZGUV - FYTGU"Y (C7)
= 3T, — 7" Godte — 7 Gy — 7" G, (C8)
which implies that
<'%ZGpi‘c - (i’c + ’Y)TGU(-%C + ,Y)>p = <§7ZF§70>p - <’yTGo'jC>p - <£ZGUW>p - <7TGUW>p (CQ)
= <£erc>p - 'YTGG <£c>p - <§;Z—'>p GU’Y - VTGU’Y (ClO)
— <;a§raec>p TG, (C11)
Substituting back in above, we find that
2
Vipllo) = <<xTI‘x ~ T Gote — 80 Goy =7 Gory — (2 Tie) , + yTGﬂ) > (C12)
P

<(xTrx TGt — TGy — <£?F:ﬁc>p)2> (C13)
= <(xTra: —(#¢Tae) = [V Gote + o%ZGﬂ]);} (C14)
<(xTrx — (a7 rfcc>p)2>p ~{[aTra. - <£erﬁcp>p] (7 Goire + #1G] ) (C15)
_ <[7TG05:C + 337G ) [a:T i, — (2T Fi‘c>p} >p + <(’yTGaic + g7 GU’)/)2> . (C16)

p

Consider that the term ((21T#, — <i‘gl“§:c>p)2>p is the same as what we found for the zero-mean case, and so we
already have a simplified expression for it. It remains to evaluate the latter three terms. However, the middle two
terms are equal to zero. To see this, consider that any expression involving a product of three quadrature operators,
such as (iqkiqliqm)p, is equal to zero. Consider that

A Tr,. . . A i A
<xc,kxc,lxc,7n>p = 5 |:<xc,kxc,lxc,7n>p + <xc,lxc,kxc,m>p:| + §Qk,l <xc,'m>p (017)
Tr,. . . N ..
= 5 |:<xc,k$c,lxc,m>p + <xc,lxc,kxc,m>p] s (018)
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where the last line follows because (&), = 0. By subtracting <3Acc,ki"c,lfcc,m>p /2, we can conclude that

p

= <£c,l§:c,k§7c,m> . (C].g)

<i‘c,k§3c,lic,m> p

p

However, this kind of reasoning could be employed for any swap (and for any subsequent swap), whence we can
conclude that

<£c,kjc7l£c,m>p = <{-’ﬁc,ki‘c,l-ﬁc,m}w>p . (020)

Now we can apply Isserlis’ theorem for higher moments of Gaussians to conclude that (i;gkic,licm)p = 0. Thus,

<[mTI‘x - <@Zrazc>p] (V" Gyie + 2T Gy >p —0, <[7TG,,:%C + 37 Gor] [xTrx — <;z«cTr5cc>p] >p —0. (C21)

So it remains to evaluate the last term in (C16). Consider that 77 G,%. = 27 G, because G, is symmetric. This
implies that

(17 Goie+ il Gg’y)2>p =4 <(7TGU@C)2>p = 4(iT Gy Gote) = A (i1 T 2,) (C22)

where, in the last equality, we have set r = G,. Continuing,

<f?TTT£c>p = Z <i'c,irirji'c,j>p = Z TiTj <jjc,i-%c,j>p (023)
1,7 i\J
1 A~ ~ .
=3 > iy [({mc,i, Tejt), + ZQM} (C24)
1,J
1 A A~
=5 > riry ({Eeideg)), (C25)
4,
=rTVPr =4TG,VPGyr. (C26)

Putting together (B17), (C16), (C21), and (C26), we conclude that

V(pllo) = % Tr{TV*TV*} + é Tr{TOrQ} + 17 G, VPG, 7. (C27)

Appendix D: Relative entropy variance formula is well behaved if the second state is full rank

In this appendix, we prove that the formula in (10) is well defined when o has full support (all symplectic eigenvalues
> 1/2) and when p does not necessarily have full support (some of its symplectic eigenvalues might be equal to 1/2).
We do so by establishing an alternate formula for the relative entropy variance in terms of the symplectic eigenvalues
and symplectic decompositions of the states p and o. Note that we do so only for zero-mean Gaussian states because
the extra term 77 G,V?Gy in (10) is finite whenever ¢ has full support.

Proposition 2. The relative entropy variance of two zero-mean Gaussian states p and o has the following alternate
form:

Vipllo) = Te{(A7)? [(2D9)2 — 1]} — Te{(A” [(2D#)? — 1])®25(A7)237}
+2Tr { [§(A0)®2§T(DP)@2}2} — Tr{(A%)%}, (D1)

where AP = arcoth(2D"), A® = arcoth(2D%), and S = (SP)~15°.

Before delving into a proof of the above proposition, let us comment on why the above alternate formula demon-
strates that relative entropy variance is finite when p does not necessarily have full support. Consider that the diagonal
matrices (A?)? [(2D?)? — I] and A” [(2D*)? — I have the following respective entries for A > 1/2:

£1(\) = [arcoth(2\)]? [(m)? — 1] . fo(\) = arcoth(2)) [(m)z - 1} : (D2)
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from which we readily see that limy_,q 5 f1(A) = limy_,1/5 f2(A) = 0 after an application of L’'Hospital’s rule. We now
proceed with a proof of the above proposition.

Proof. Our starting point is the formula in (10) for the relative entropy variance of two zero-mean Gaussian states:

1 1
Vipllo) = 3 Tr{TVTV?} + 3 Tr{TQr'Q}, (D3)
where I' = G* — G?. Consider that
Ve = §°(DP)E2($9)T, (D4)
GP = —205°(AP)®2(5P)TQ, (D5)
AP = arcoth(2D?). (D6)

Expanding the first term, we find that
Te{TV TV?} = Tr{GVPGV’} — 2Tr{GPVPG°V"’} + Tt{G°V GV }. (D7)

We now simplify these one at a time. Consider that

Tr{GPVPGPVP} = 4 Tr{QS?(A?)%2(57)TQSP(DP)#2(5P)T QS (A7) %2 (57) TSP (DP)#2(57)T} (D8)
= 4 Tr{Q(AP)®2Q(D")®2Q(AP)P2Q(DP)®?} (D9)
= 4Te{(A”)%%(D")®%(AP)*2(DP)*%} (D10)
= 4Tr{([A*D*]*)®?} = 8 Tr{[A’D’]*} = 8 Tr{(A”)*(D")?}. (D11)

Now, using that STQ = QS~1!, consider that
Tr{GPVPGVP} = 4 Tr{QS?(A?)®2(SP)TQSP(DP)¥2(57) TS (A7) P2(57)TQsP(DP)®2(5P) T} (D12)
= 4Te{Q(A)P2Q(D?)P2Q(57) 187 (A7) ®2(57) T (57) T DP)#2} (D13)

= 4Te{(DP AP D?)P2(57)7157(A%) P2 (57) T (57) 7"} = 4 Te{((D)?A7)*25(47)*25T},  (D14)

where in the last equality we have used the definition S = (SP)~157. Also consider that

Tr{G7VPGV*} = 4Tr{QS7 (A7) #?(S7)T Q57 (D*)#%(5P)T Q897 (A7) %2 (57) QS? (D?)#2(57) "} (D15)
= 4 Te{(57)7187(A7)2(S7)T(S7) T QD) *2Q(S°) 187 (A7) P2 (S7) T (57) T QD) 2} (D16)
= 4Tr{S(A%)®25TQ(D")920S (A7) 2257 Q(DP) 20} (D17)
_ 4Tr{g(Ao)692§T(Dp)@2§(Ao)®2§T(Dp)®2} — ATy { {g(Ao)émgT(Dp)@Q}Z} ) (DlS)

Now we expand the second term

Tr{IQrQ} = Tr{G* QG Q} — 2 Tr{G"QG"Q} + Tr{G° QG Q}. (D19)
Consider that
Tr{GPQG N} = 4 Tr{QSP(A)®2(S7)TQNNSP (AP)P2(SP)TOOY (D20)
= 4Tr{Q(AP)P2Q(AP)P2} = —4 Tr{(AP)®2(AP)®%} (D21)
= —8Tr{(A")?}. (D22)

We also have that

Tr{GPQG"Q} = 4 Tr{QS7(AP)®2(5P)TQNNST (A7)P2(S7)T Q0 (D23)
= 4Tr{QS"(AP)#2(S")TQS7(A7)®2(57)T} (D24)
= 4Tr{Q(AP)P2Q(S7) 7157 (A7) P2 (57) T (57) "} (D25)
= —4Tr{(A?)®25(A47)®25T}, (D26)
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By the same calculation above, we see that
Tr{GQGQ} = —8 Tr{(A7)?}. (D27)
Now we combine all terms together to find that
Vpllo) = % [Te{GPVPGPVP) — 2 TH{GPVPGOVP) + Tr{GIVPGOV )]
+ é [Tr{G"QGPQ} — 2 Tr{GQG"Q} + Tr{G° QG N}] (D28)
— ATE{(A7)2(DF)?} — 4T {((D")2A7)225(A7)225T)

LT { [§(AU)@2§T(DP)@2} 2} ~Te{(4P)%)

+ Tr{(A°)®285(A7) 25T} — Te{(A7)?} (D29)
= Te{(A")? [(2D?)? — 1]} — Te{([(2D*)? — I] AP)25(A”)25T}
+2Tr { [S’(Aﬂ)@QS“T(DP)@?} 2} — Tr{(A%)?). (D30)
This concludes the proof. O

Appendix E: Relative entropy variance for two-mode Gaussian states in standard form

Two-mode Gaussian states with covariance matrices in “standard form” have a covariance matrix as follows [33,

46, 47]:

V=(Loo) Vi (hoos) = {‘; Z] ® {_“c bc] : (E1)
where o is the Pauli Z matrix,
=ty (E2)
a,b>1/2, and
¢ < min{\/(a T12) (b1 1/2),\/(a+ 1/2) (b — 1/2)} . (E3)

For such states, there are less calculations to perform when calculating the relative entropy variance due to the extra
symmetry that they have. The symplectic diagonalization of the covariance matrix V' simplifies as well:

V=(L&oz)S* (I, ®07) DY (I ®0z)SY* (I D oyg), (E4)
where
fwy we _ ja+bxy _Jvo0
e R == )
vy =[\/yx(b—a)l/2, y=(a+b)®—4c. (E6)

From this, we can deduce that the G matrix defined in (6) for such states simplifies as follows:
G=-20(I:®0z) S5 (I ® 07)) arcoth(2D)®? ((Io ® 02) S§* (I B 02)) (E7)
= 2Q(I, ® oz) S¢*arcoth(2D)®2SP? (I, ® 07) Q (ES)
= —20 (I, & 0z) [So arcoth(2D)So] ¥ (I, & o) Q. (E9)
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So then
=G —G° (E10)
= 20 (L, @ 05) [} arcoth(2D?)SE — 57 arcoth(2D7)S3]%* (I, @ 04) (E11)
= 20(L®oy) [ (Lo oy)Q, (E12)
where
I = Sf arcoth(2D*) S — ST arcoth(2D7)Sg . (E13)

We can now give a simplified formula for the relative entropy variance of two-mode Gaussian states in standard
form:

Lemma 3. The relative entropy variance V(p||o), as defined in (2), simplifies as follows for two-mode zero-mean
Gaussian states p and o with covariance matrices in the standard form (E1):

Vipllo) = 4Tr{[azr’azvof’]2} ~Tr{o,o,I'}, (E14)

where VI’ and I are defined in (E2) and (E13), respectively.
Proof. Starting with the formula in (10), we find that

Te{TV/ TV} (E15)
= [(-20 8 00) 17 (12 8.02)2) (£ 02) (V) (B 9 02)] | (©16)
~11{ (20 0) 2120 02) [P (0 02) 0T @ 02) (V)] | (©17)
- 4Tr{ |0, 2w, o= } — STe{fouT oV} (B18)

We can simplify the other term as well:
Te{rQrQ} = Tr{ [(729 (L®oz) % (L, ®oy) Q) Q] 2} (E19)
_4Tr{[ O (L& oy) )% (I @UZ)Q) Qr} (E20)
11 2R 000 117 (002} (E21)
11 [(B0on) 2R oon I} (E22)
. 4Tr{ H—gz ”ﬂ [r’]@ﬂ 2} — 8Tr{o o, T}, (E23)
concluding the proof. 0

A similar analysis gives the following simplification as well:

Lemma 4. The relative entropy D(pl|lo) simplifies as follows for two-mode zero-mean Gaussian states p and o with
covariance matrices in the standard form (E1):

D(p|lo) = InZ, + 4 Tr{ozS§ arcoth(2D?)SFVY '} /2 — g —1/2) — g(v* —1/2), (E24)

where VI and T are defined in (E2) and (E13), respectively.
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