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Abstract

We prove that a strong converse theorem holds for the classical capacity of all phase-
insensitive bosonic Gaussian channels, when imposing a maximum photon number constraint on
the inputs of the channel. The pure-loss, thermal, additive noise, and amplifier channels are all
in this class of channels. The statement of the strong converse theorem is that the probability
of correctly decoding a classical message rapidly converges to zero in the limit of many channel
uses if the communication rate exceeds the classical capacity. We prove this theorem by relating
the success probability of any code with its rate of data transmission, the effective dimension of
the channel output space, and the purity of the channel as quantified by the minimum output
entropy. Our result bolsters the understanding of the classical capacity of these channels by
establishing it as a sharp dividing line between possible and impossible communication rates
over them.

1 Introduction

One of the most fundamental tasks in quantum information theory is to determine the ultimate
limits on achievable data transmission rates for a noisy communication channel. The classical
capacity is defined as the maximum rate at which it is possible to send classical data over a
quantum channel such that the error probability decreases to zero in the limit of many independent
uses of the channel [14) 25]. As such, the classical capacity serves as a distinctive bound on our
ability to faithfully recover classical information sent over the channel.

The above definition of the classical capacity states that (a) for any rate below capacity, one can
communicate error free in the limit of many channels uses and (b) there cannot exist an error-free
communication scheme in the limit of many channel uses whenever the rate exceeds the capacity.
However, strictly speaking, for any rate R above capacity, the above definition leaves open the
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possibility for one to increase the communication rate R by allowing for some error € > 0. Leaving
room for the possibility of such a trade-off between the rate R and the error ¢ is the characteristic
of a “weak converse,” and the corresponding capacity is sometimes called the weak capacity. A
strong converse, on the contrary, establishes the capacity as a very sharp threshold, so that there
is no such room for a trade-off between rate and error in the limit of many independent uses
of the channel. That is, it guarantees that the error probability of any communication scheme
asymptotically converges to one if its rate exceeds the classical capacity.

Despite their significance in understanding the ultimate information-carrying capacity of noisy
communication channels, strong converse theorems are known to hold only for a handful of quantum
channels: for those with classical inputs and quantum outputs [20, B1] (see earlier results for all
classical channels [32] [I]), for all covariant channels with additive minimum output Rényi entropy
[16], for all entanglement-breaking and Hadamard channels [30], as well as for pure-loss bosonic
channels [29].

In this paper, we consider the encoding of classical messages into optical quantum states and the
transmission of these codewords over phase-insensitive Gaussian channels. In particular, we prove
that a strong converse theorem holds for the classical capacity of these channels, when imposing
a maximum photon number constraint on the inputs of the channel. Phase-insensitive Gaussian
channels are invariant with respect to phase-space rotations [7], and they are considered to be
one of the most practically relevant models to describe free space or optical fiber transmission, or
transmission of classical messages through dielectric media, etc. In fact, phase-insensitive Gaussian
channels constitute a broad class of noisy bosonic channels, encompassing all of the following:
thermal noise channels (in which the signal photon states are mixed with a thermal state), additive
noise channels (in which the input states are randomly displaced in phase space), and noisy amplifier
channels [7, [11], 12].

In some very recent studies [I1], 8 18], a solution to the long-standing minimum output entropy
conjecture [I5, 9] has been established for all phase-insensitive Gaussian channels, demonstrating
that the minimum output entropy for such channels is indeed achieved by the vacuum input state.
The major implication of this work is that we now know the classical capacity of any phase-
insensitive Gaussian channel whenever there is a mean photon-number constraint on the channel
inputs (the capacity otherwise being infinite if there is no photon number constraint). For instance,
consider the thermal noise channel represented by a beamsplitter with transmissivity n € [0, 1]
mixing signaling photons (with average photon number Ng) with a thermal state of average photon
number Np. The results in [I1] imply that the classical capacity of this channel is given by

g(nNs+ (1 —n)Np) — g((1 —n)Np),

where g(x) = (z + 1)logy(z + 1) — xlogy = is the entropy of a bosonic thermal state with mean
photon number z. However, the corresponding converse theorem, which can be inferred as a
further implication of their work, is only a weak converse, in the sense that the upper bound on
the communication rate R of any coding scheme for the thermal noise channel can be written in
the following form:

R < ;—lg(oNs + (1= n)Ng) — g((1 = m)Ng) + ha(c),

where € is the error probability, and hy(e) is the binary entropy with the property that lim._gho(e) =
0. That is, only in the limit ¢ — 0 does the above expression serve as the classical capacity of the



channel, leaving room for a possible trade-off between rate and error probability. This observation
also applies to the classical capacities of all other phase-insensitive Gaussian channels mentioned
above.

In the present work, we prove that a strong converse theorem holds for the classical capacities
of all phase-insensitive Gaussian channels when imposing a maximum photon-number constraint.
This means that if we demand that the average code density operator for the codewords, which are
used for transmission of classical messages, is constrained to have a large shadow onto a subspace
with photon number no larger than some fixed amount, then the probability of successfully decoding
the message converges to zero in the limit of many channel uses if the rate R of communication
exceeds the classical capacity of these channels.

This paper is structured as follows. In Section [2, we review several preliminary ideas, including
some definitions and notation for phase-insensitive Gaussian channels, and we recall structural
decompositions of them that we exploit in our proof of the strong converse. We also recall the
definition of the quantum Rényi entropy and an inequality that relates it to the smooth min-
entropy [23]. In Section [3| we then prove our main result, i.e., that the strong converse holds
for the classical capacity of all phase-insensitive Gaussian channels when imposing a maximum
photon-number constraint. We conclude with a brief summary in Section [4 along with suggestions
for future research.

2 Preliminaries

2.1 Phase-insensitive Gaussian channels

Bosonic Gaussian channels play a key role in modeling optical communication channels, such as
optical fibers or free space transmission. They are represented by completely positive and trace
preserving (CPTP) maps evolving Gaussian input states into Gaussian output states [28] 6, 4]. (A
Gaussian state is completely characterized by a mean vector and a covariance matrix [28].) Single-
mode Gaussian channels are characterized by two matrices X and Y acting on the covariance matrix
I" of a single-mode Gaussian state in the following way:

I - I'=XIXxT +v, (1)
where X7 is the transpose of the matrix X. Here X and Y are both 2 x 2 real matrices, satisfying
Y >0, detY > (det X —1)2,

in order for the map to be a legitimate completely positive trace preserving map (see [28] for more
details). A bosonic Gaussian quantum channel is said to be “quantum-limited’ if the inequality
above (involving det X and detY’) is saturated [8, [1I]. For instance, an amplifier channel AN
(characterized by its gain G and the number of noise photons N) is quantum-limited when the
environment is in the vacuum state (we will denote such a quantum-limited amplifier by A%).

A whole subclass of these bosonic Gaussian channels consists of the phase-insensitive Gaussian
channels [12], 28, [TT], 18] [7, 24]. Phase insensitive channels correspond to the choice

X = diag (\ﬁ, \ﬁ) , (2)
Y = diag (v,v),



with 7,7 > 0 obeying the constraint above. The action of such phase-insensitive channels on an
input signal mode can be uniquely described by their transformation of the symmetrically ordered
characteristic function, defined as

x(p) = Tr[pD(p)], 3)

where D(u) = exp(pa’ — p*a) is the displacement operator for the input signal mode a [28]. For
the Gaussian channels, the transformed characteristic function at the output is given by x'(u) =

x(v/7w) exp(—v [l /2) [6 L1].

2.1.1 Examples

The canonical phase-insensitive Gaussian channels are the thermal noise channel, the additive noise
channel, and the amplifier channel.

The thermal channel &, n,, can be represented by a beamsplitter of transmissivity n € [0,1]
that couples the input signal of mean photon number Ng with a thermal state of mean photon
number Np. The special case Ng = 0 corresponds to the pure-loss bosonic channel &), where the
state injected by the environment is the vacuum state.

In the additive noise channel N5, each signal mode is randomly displaced in phase space ac-
cording to a Gaussian distribution. The additive noise channel N} is completely characterized by
the variance n of the noise introduced by the channel.

The quantum amplifier channel .Ag is characterized by its gain G > 1 and the mean number of
photons N in the associated ancilla input mode (which is in a thermal state).

The transformed characteristic functions for these Gaussian channels are given by [18], 9] [12]

X(yap)e W2 for g,
2
X' () = § x(p)e ! for N (4)
(VG- G- DNHDU  for AN,

2.1.2 Structural decompositions

Using the composition rule of Gaussian bosonic channels [3], any phase-insensitive Gaussian bosonic
channel (let us denote it by P) can be written as a concatenation of a pure-loss channel followed
by a quantum-limited amplifier |7, 1T]

P=A%oér, (5)

where & is a pure-loss channel with parameter 7' € [0, 1] and A% is a quantum-limited amplifier
with gain G > 1, these parameters chosen so that 7 =7TG and v =G (1 —T) + G — 1 (with 7 and
v defined in (2)).

For instance, the additive noise channel NV; can be realized as a pure-loss channel with transmis-
sivity T' = 1/(n+1) followed by a quantum-limited amplifier channel with gain G = n+1. Also, we
can consider the thermal noise channel &, v, as a cascade of a pure-loss channel with transmissivity
T = n/G followed by a quantum-limited amplifier channel with gain G = (1 — n)Np + 1. These
two observations are equivalent to

Ni(p) = (-An+1 ° Sﬁ)(p), (6)

Envs (P) = (Al _pyn g1 © E1)(p)- (7)



The above structural decompositions are useful in establishing the classical capacity as well as the
minimum output entropy for all phase-insensitive channels [111 [I8], [§].

2.1.3 Classical capacitites of phase-insensitive channels

Holevo, Schumacher, and Westmoreland (HSW) characterized the classical capacity of a quantum
channel NV in terms of a quantity now known as the Holevo information [14] 25]

XWNV)= max I(X;B),, (8)
{px(x).pz}
where {px(x), p, } represents an ensemble of quantum states, and the quantum mutual information
I(X;B),=H(X),+H(B),— H(XB),, is defined with respect to a classical-quantum state pxp =
Y. px (@) ]z) (x| y @ N (pz) 5. The above formula given by HSW for certain quantum channels is
additive, in the sense that

XN = nx(N), (9)

for any positive integer n. For such quantum channels, the HSW formula is indeed equal to the
classical capacity of those channels. However, a regularization is thought to be required in order
to characterize the classical capacity of quantum channels for which the HSW formula cannot be
shown to be additive. The classical capacity in general is then characterized by the following
regularized formula:

Xreg(N) = nILI& %X(_/\f@m) (10)

The recent breakthrough work in [II] (along with earlier results in [15]) has established the
following expressions for the classical capacities of various phase-insensitive channels:

C(&yNg) = 9(MNs + (1 —=n)Ng) — g((1 —n)Np), (11)
C(Na) = g(Ns + 1) — g(n), (12)
C(AZ) = g(GNs + (G = 1)(N +1)) — g((G = 1)(N + 1)), (13)

where Ng is the mean input photon number. In general, the classical capacity of any phase-
insensitive Gaussian channel is equal to [11]

9(Ng) — 9(Np), (14)

where Ng = TNg+ (1+v —1)/2 and N = (1+v —1) /2, with 7 and v defined in (2)). In the
above, N¢ is equal to the mean number of photons at the output when a thermal state of mean
photon number Ng is input, and Nj is equal to the mean number of noise photons when the
vacuum state is sent in. Note that the capacities in , , and all have this particular
form (difference in the corresponding mean number of photons). The classical capacities specified
above are attainable by using coherent state encoding schemes for the respective channels [15]. We
will show in Section [3| that these expressions can also be interpreted as strong converse rates.

2.2 Quantum Rényi entropy and smooth min-entropy

The quantum Rényi entropy H,(p) of a density operator p is defined for 0 < a < 0o, a # 1 as

Ha(p) = 5 i - log, Tr[p®]. (15)
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It is a monotonic function of the “a-purity” Tr[p®], and the von Neumann entropy H(p) is recovered
from it in the limit o — 1:

lim H,(p) = H(p) = — Tr[plogs p] .
a—1
The min-entropy is recovered from it in the limit as o — oo:
Jim Ho(p) = Huin (p) = —log [lpll »

where ||p||, is the infinity norm of p.
The quantum Rényi entropy of order o > 1 of a thermal state with mean photon number Npg
can be written as [13]
log [(Np +1)" — Ng]
a—1

For an additive noise channel Nj, the Rényi entropy H,(Nz(p)) for o > 1 achieves its minimum
value when the input p is the vacuum state |0) (0| [18]:
_ logy[(n +1)* — n?]

min (N (p) = Ha(Na(0) (0])) = —— for o > 1. (16)

Similarly, for the thermal noise channel &, n,,, the Rényi entropy Hq (&, Ny (p)) for a > 1 achieves
its minimum value when the input p is the vacuum state |0)(0| [18]:
. lo 1-n)Np+1)*—=((1—-n)Np)~
min o (6,3, (9)) = Ho (€5, (10) o)) = 2= 0N PR Q2N g,y 1)

a—1

In general, the main result of [I8] shows that the minimum output Rényi entropy of any phase-
insensitive Gaussian channel P is achieved by the vacuum state:

Iﬁinga(P@"(p("))) = nHq (P(|0)(0]). (18)

The above definition of the Rényi entropy can be generalized to the smooth Rényi entropy. This
notion was first introduced by Renner and Wolf for classical probability distributions [23] and was
later generalized to the quantum case (density operators). For a given density operator p, one can
consider the set B%(p) of density operators p that are e-close to p in trace distance for £ > 0 [22].
The e-smooth quantum Rényi entropy of order « of a density operator p is defined as [22]

infsepe () Ha(p) 0<a<1
HE(p) = peBE(p) Hrall, = 19
a(p) { SUPsege(p) Ha(p) 1< a<oo (19)
In the limit as o — oo, we recover the smooth min-entropy of p [22, 27]:
min(P) = sup [—logy [|pll ] - (20)
pEB(p)
From the above, we see that the following relation holds
inf ||p|l. =2 Haon() 21
Lt 7] 1)

A relation between the smooth min-entropy and the Rényi entropy of order ov > 1 is given by the
following inequality [23]

fan (0) 2 Ho )~ 210 (1)) (22)

We will use this relation, along with the minimum output entropy results from [I8], to prove the
strong converse theorem for the classical capacity of all phase-insensitive Gaussian channels.



3 Strong converse for all phase-insensitive Gaussian channels

In this section, we consider the transmission of classical messages through phase-insensitive channels
and show that a strong converse theorem holds for the classical capacity of these channels. Before
doing so, we first make the following two observations:

e If the input signal states are allowed to have an arbitrarily large number of photons, then
the classical capacity of the corresponding channel is infinite [I5]. Thus, in order to have
a sensible notion of the classical capacity for any quantum channel, one must impose some
kind of constraint on the photon number of the states being fed into the channel. The most
common kind of constraint is to demand that the mean number of photons in any signal
transmitted through the channel can be at most Ng € [0,00). This is known as the mean
photon number constraint and is commonly used in establishing the information-carrying
capacity of a given channel [15] 10, 11]. However, following the same arguments as in [29]
(and later in [2]), we can show that the strong converse need not hold under such a mean
photon number constraint. So instead, we prove that the strong converse theorem holds under
a maximum photon number constraint on the number of photons in the input states.

e Our proof of the strong converse theorem for the phase-insensitive channels can be regarded
as a generalization of the arguments used in establishing the strong converse theorem for the
classical capacity of the noiseless qubit channel [19, [16]. However, a comparison of our proof
here and that for the noiseless qubit channel reveals that it is a significant generalization.
Furthermore, our proof here also invites comparison with the proof of the strong converse
for covariant channels with additive minimum output Rényi-entropy [16], especially since
additivity of minimum output Rényi entropies plays a critical role in the present paper.

Let p,, denote a codeword of any code for communication over the phase-insensitive Gaus-
sian channel P. The maximum photon number constaint that we impose on the codebook is to
require that the average code density operator ﬁ Y m Pm (M is the total number of messages)
has a large shadow onto a subspace with photon number no larger than some fixed amount n/Ng.
Mathematically, this constraint is given by

1
MZTI‘ {anNS‘\pm} >1 —61(’0), (23)

where 61(n) is a function that decreases to zero as n increases. In fact, the coherent-state encodings
that attain the known capacities of the phase-insensitive channels do indeed satisfy the maximum
photon number constraint, with an exponentially decreasing d1(n), if coherent states with average
photon number per mode < Ng — § are used, with 0 being a small positive number (see Ref. [29]
for an argument along these lines).

We can define a photon number cutoff projector Il projecting onto a subspace of n bosonic
modes such that the total photon number is no larger than L:

o= ), e @@ lan){anl, (24)
ai,...,an:y_; ;<L

where |a;) is a photon number state of photon number a;. The rank of the projector IIf,n ) is
never larger than 2"9(Ns)+l (Lemma 3 in [29]), i.e.,

Tr T g } < 27 00s)H0L (25)
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where § > L(logye + logy(1 + Nis)), so that § can be chosen arbitrarily small by taking n large
enough.

The first important step in proving the strong converse is to show that if most of the probability
mass of the input state of the phase-insensitive channel P is in a subspace with photon number no
larger than n/Ng, then most of the probability mass of the channel output is in a subspace with
photon number no larger than nNg, where N is the mean energy of the output state. We state
this as the following lemma:

Lemma 1 Let p™ denote a density operator on n modes that satisfies

T{IT g o™} > 1= 81 (),

where §1(n) is defined in . Let P be a phase-insensitive Gaussian channel with parameters T
and v as defined in . Then

T {1507 PE"(P™)} > 1= 61(n) — 24/61(n) —

where Ni = TNg+ (1 + v — 1) /2, P®" represents n instances of P that act on the density operator
p™ | 8y is an arbitrarily small positive constant, and d3(n) is a function of n decreasing to zero as
n — oo.

Proof. The proof of this lemma is essentially the same as the proof of Lemma 1 of [2], with some
minor modifications. We include the details of it for completeness. We first recall the structural
decomposition in for any phase-insensitive channel:

P(p) = (Ag o €r) (p),

i.e., that any phase-insensitive Gaussian channel can be realized as a concatenation of a pure-loss
channel Ep of transmissivity 1" followed by a quantum-limited amplifier channel Ag with gain G,
with 7 = TG and v = G(1—-T) + G — 1. Thus, a photon number state |k) (k| input to the
phase-insensitive noise channel leads to an output of the following form:

) (K]) =Y p(m) A (Im) (m]) (26)

where
>Tm (1—T)Fm,

The quantum-limited amplifier channel has the following action on a photon number state |m) [7]:

% (Jm) (ml) Zq (lm) |1) (

where the conditional probabilities g (I|m) are given by:

l<m

0
q(llm) = (1 _ Mz)mH MZ(Z—m)( l ) I1>m

l—m
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where i = tanhr € [0, 1], with r chosen such that G = cosh? (r).

The conditional distribution g (Ijm) has the two important properties of having finite second
moment and exponential decay with increasing photon number. The property of exponential decay
with increasing [ follows from

(1- MZ)m-ﬁ-l 20=m) <l l ) - _ug)m—i-l N2m2—2log2(;)z<l l >

—-m c
< (1 —u )m+1 M—2m2 210g< ) 2lh2( )
= (1 — MZ)m-f-l M—Q’mz*l [210g<i>,h2(l—Tm):|

The inequality applies the bound (}) < 2h2(k/m) (see (11.40) of [5]), where hs (z) is the binary
entropy with the property that lim, 1 ho (z) = 0. Thus, for large enough [, it will be the case

that 2log (i) — ho (lme) > 0, so that the conditional distribution ¢ ({|m) has exponential decay

with increasing [. We can also then conclude that this distribution has a finite second moment. It

follows from that

P (k)¢ Z [Zp l\m] 1) (- (27)

=0 Lm=0

The eigenvalues above (i.e., anzo p(m)q(llm) ) represent a distribution over photon number
states at the output of the phase-insensitive channel P, which we can write as a conditional prob-
ability distribution p (I|k) over [ given the input with definite photon number k. This probability
distribution has its mean equal to 7k + (7 + v — 1) /2, since the mean energy of the input state is
k. Furthermore, this distribution inherits the properties of having a finite second moment and an
exponential decay to zero as [ — oo.

For example, we can consider the thermal noise channel &, y, with the structural decomposition
given by

577,NB(P) = (A(()l n)Np+1 of /((1—77)NB+1))(P)-
The mean of the corresponding distribution for this channel when a state of definite photon number
k is input, following the above arguments, is equal to nk + (1 —n) Np.

The argument from here is now exactly the same as the proof of Lemma 1 of [2] (starting from
(40) of [2]). We include it here for completeness. We now suppose that the input state satisfies the
maximum photon-number constraint in , and apply the Gentle Measurement Lemma [21, [31]
to obtain the following inequality

T 5P (0) ) 2 T {05 P (Mg oM ) b = 2080000, (28)

where Ng = 7Ng + (7 + v — 1) /2. Since there is photodetection at the output (i.e., the projector
II [nN+65 ] is diagonal in the number basis), it suffices for us to consider the input ITf, v p(")H[nNS]

to be diagonal in the photon-number basis, and we write this as

P = Y pa)a") (e,

an:y a;<[nNg]



where |a™) represents strings of photon number states. We then find that is equal to

> pa) T { () PO (0" @)} - 20/5i(0)

a™:y; a;i<[nNg]

= > pla" > p(I"a™) — 24/61(n), (29)

a™y >, a;<[nNg] 13, i< [nNG+52 ]

where the distribution p (I"|a") = H p (lila;) with p (I; ]az) coming from (27).

In order to obtain a lower bound on the expression in , we analyze the term

> p(I"|a") (30)

173, i< [nNG+32 ]

on its own under the assumption that ) . a; < [nNg]|. Let L;|a; denote a conditional random
variable with distribution p (I;]a;), and let L™|a™ denote the sum random variable:

La™ = ZLi\ai,
i
so that

S>> p(a") =Pr{I"a" <nNj+ 6}
I3 < [nNg+02]
=Pr{L"|a" <n(rNs+ (r+v—1)/2) + 6} (31)

Pr{L"‘a”§n<TiZai+(T+V—l)/2+5g>}, (32)

where (7 + v — 1) /2 represents the mean number of noise photons injected by the channel, and the
inequality follows from the constraint ), a; < [nNg]. Since

E{Lila;} =Ta; + (1+v—1)/2,
it follows that

]E{Ln|an}:n(T:LZG,L—I—(T—I—Z/—:[)/Q),

and so the expression in is the probability that a sum of independent random variables deviates
from its mean by no more than d,. To obtain a bound on the probability in from below, we
now follow the approach in [2] employing the truncation method (see Section 2.1 of [26] for more
details), in which each random variable L;|a; is split into two parts:

(Lilai)sg, = (Lilai) T ((Lila:) > To)
(Lilai) <, = (Lilai) T ((Lila:) < To),

10



where Z (-) is the indicator function and T is a truncation parameter taken to be very large (much
larger than max; a;, for example). We can then split the sum random variable into two parts as
well:

Lrfa™ = (ﬁ,an)>TO + (ﬁ|an)§To
= Z (Lilai)sg, + Z (Lilai) <, -
We can use the union bound to argue t;at Z
Pr{T7a" > E{I7|a"} +nds} < Pr{(T7a");, 2 E{(T7a"),, } +nds/2}

+Pr{(T7a") _p, > E{(T7la") y, } +002/2} . (33)

The idea from here is that for a random variable L;|a; with sufficient decay for large values, we can
bound the first probability for (ﬁ|a”)>TO from above by €/dy for e an arbitrarily small positive
constant (made small by taking Tp larger) by employing the Markov inequality. We then bound
the second probability for (ﬁ|a”) <Ty using a Chernoff bound, since these random variables are
bounded. This latter bound has an exponential decay with increasing n due to the ability to use a
Chernoff bound. So, the argument is just to make ¢ arbitrarily small by increasing the truncation
parameter Ty, and for n large enough, exponential convergence to zero kicks in. We point the
reader to Section 2.1 of [26] for more details. By using either approach, we arrive at the following

bound:
> p(I"a™) > 1 - d3(n),
13, i< [nNG+32 |
where 03(n) is a function decreasing to zero as n — oo. Finally, we put this together with to
obtain

{0 P (0)

> Y by Y (e - 2V6i(0)

an:ys;ai<[nNs] 130, i< [nNG+52 ]
> (1= 81(n)) (1 = d3(n)) — 2¢/61(n)
>1—01(n) —d3(n) —24/01(n),
thereby completing the proof. m

Let A,, denote a decoding POVM acting on the output space of n instances of the phase-
insensitive channel. In what follows, we prove the strong converse theorem for the classical capacity
of all phase-insensitive Gaussian channels.

Theorem 1 Let P be a phase-insensitive Gaussian channel with parameters T and v as defined in
(2). The average success probability psucec of any code for this channel satisfying s bounded as

1
_ ®n
Psucc = M § H{Amjr (Pm)} <

" 1
gty [9(5)~HePUONOD) bty 02/9) oy o [ ) 4+ 20/510) + (), (34)

11



where a > 1, ¢ € (0,1), N, = 7Ng+ (1 +v — 1) /2, P®" denotes n instances of P, 61(n) is defined
m , do is an arbitrarily small positive constant and d3(n) is a function decreasing with n (both
defined in Lemma .

Proof. This proof is very similar to the proof of Theorem 2 of [2], with the exception that we
can now invoke the main result of [18] (that the minimum output entropy for Rényi entropies of
arbitrary order is attained by the vacuum state input). Consider the success probability of any
code satisfying the maximum photon-number constraint :

1 n 1 n
M E Tr{AmP® (pm)} < M E Tr{AmH[nN’S]P® (Pm)H(nNg}
1 n n
+ 37 > HHMNHP@ (prm) gy — P (Pm)Hl
1 n
<7 > Tr{ AT vz P2 (o) T vy

+24/81(n) + 20/51(n) + B3 (n).

The first inequality is a special case of the inequality

Tr{Ac} < Tr{Ap} +lp —oll; , (35)

which holds for 0 < A < I, p,o > 0, and Tr{p}, Tr{o} < 1. The second inequality is obtained by
invoking Lemma and the Gentle Measurement Lemma [21], B1] for ensembles.

Note that in the above, the second term vanishes as n — oo; hence it suffices to focus on the
first term, which by cyclicity of trace yields

1 mn 1 n
i > T { Ay PE™ (o) Mg = i > T {T vz AT g PE™ (o) }- (36)

At this point, we consider the set of all states 7, that are e-close in trace distance to each
output of the phase-insensitive channel P®" (p,,) (let us denote this set by B (P®" (p,,)). This
consideration will allow us to relate the success probability to the smooth min-entropy. We find
the following upper bound on :

1 1 ~
17 2o T Am vy P (om)} < 57> - Tr{Hrangg AmIl g om} + €
m m
1 ~
<97 > T {T vy AT} o + €
m

We can now optimize over all of the states 7, that are e-close to P®" (p,,,), leading to the tightest
upper bound on the success probability

1
Wi > T {T vz AT PE™ () } (37)

1 ) _
=M ; Tt Amrang amegegggwm)) 1omlloo + e (38)
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Since the quantity infz cpe(pon(p,,)) [|0mll is related to the smooth min-entropy via

nf Gl = 2 (P n)

Em eBe (’P®n (pm))

)

the upper bound in gives
1 _HeE. P®n m
m

: —He. (Pp®n

1 __; c n
= 27 Maan (PO T{ L g} +

< gnlig—inf, Hyin (PE7(p)) gn[9(Ng ) +9] + €. (39)

The first inequality follows by taking a supremum over all input states. The first equality follows
because ) A, = I for the set of decoding POVM measurements {A,,}, and the second inequality
is a result of the upper bound on the rank of the photon number cutoff projector in . We have
also used the fact that the rate of the channel is expressed as R = (logy M)/n, where M is the
number of messages.

Observe that the success probability is now related to the smooth min-entropy, and we can now
exploit the following relation between smooth min-entropy and the Rényi entropies for aw > 1 [23]:

S (@) > Ha(w) — — 1g<1)

a—1

Using the above inequality and the fact that the “strong” Gaussian optimizer conjecture has been
proven for the Rényi entropies of all orders [I8] (recall (18)), we get that

it 5, (P (0)) = 0 | Ha (PUO) OD) — = Lo (1) (40

The first term on the right hand side is a result of the fact that the vacuum state minimizes the
Rényi entropy of all orders at the output of a phase-insensitive Gaussian channel.
By tuning the parameters o and e appropriately, we recover the strong converse theorem:

Corollary 1 (Strong converse) Let P be a phase-insensitive Gaussian channel with parameters
T and v as defined in . The average success probability psyce of any code for this channel satisfying
is bounded as

1 on
Psucc = M %:TT{Am,P (pm)} <

27nR2n[g(N’S)—g(NJ'B)+52+55/54+54C(N]’5)]

£ 2755 12 /61(n) + 2/30(n) + s(n), (A1)

where N = TNg + (1 +v—1) /2, N = (1 +v —1) /2, P®" denotes n instances of P, 61(n) is
defined in , do is an arbitrarily small positive constant and d3(n) is a function decreasing with
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n (both defined in Lemma , 04 and 05 are arbitrarily small positive constants such that d5/04 is
arbitrarily small, and C (Ng) is a function of N only. Thus, for any rate R > g (N§) —g (Npg), it
is possible to choose the parameters such that the success probability of any family of codes satisfying
decreases to zero in the limit of large n.

Proof. In Theorem |1}, we can pick « = 1+ 34 and ¢ = 2*”55, with d5 > 0 much smaller than d4 > 0
such that d5/d4 is arbitrarily small, and the terms on the right hand side in simplify to

%

n | Hips, (P(10) (0]) — 5

The output state P(]|0) (0]) for the phase-insensitive channel with the vacuum state as the input is
a thermal state with mean photon number N = (7 +v — 1) /2. The quantum Rényi entropy of
order @ > 1 of a thermal state with mean photon number N7 is given by [9]

log[(NlB—i_l)a_Ngl]. (42)
a—1

Lemma 6.3 of Tomamichel’s thesis gives us the following inequality for a general state (for « close
enough to one):
Ho (p) > H (p) — 4 (a — 1) (logv)?,

where
v =2"3Hs2(0) 4 93H12(0) 4 |

For a thermal state, we find using that

H3/o (p) =2log [(Nf_f; + 1)3/2 B Ng’/ﬂ ’
H1/2 (p) = —2log [(N,B + 1)1/2 B N]/31/2] 7

so that
-2

o (V) = [V + 1) = NEP) 4 [+ ) - ]
We then find that

Hyys, (P(|0) (0])) > H (P(|0) (0])) — 04C (Np)
=g (Np) —0,C (Np),
where
C (Ng) =4 logv (Nj)]?.

We now recover the bound in the statement of the corollary. m

Finally, we recall the capacities of the phase-insensitive channels in , , and . Com-
paring them with the statement of Corollary [I|, we can conclude that these expressions indeed
represent strong converse rates for these respective channels, since the success probability when
communicating above these rates decreases to zero in the limit n — oo.
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4 Conclusion

Phase-insensitive Gaussian channels represent physical noise models which are relevant for optical
communication, including attenuation, thermalization, or amplification of optical signals. In this
paper, we combine the proofs in [2] with the recent results of [11] [I§] to prove that a strong
converse theorem holds for the classical capacity of all phase-insensitive Gaussian quantum channels.
We showed that the success probability of correctly decoding classical information asymptotically
converges to zero in the limit of many channel uses, if the communication rate exceeds the capacity.
Our result thus establishes the capacity of these channels as a very sharp dividing line between
possible and impossible communication rates through these channels. This result might find an
immediate application in proving security of noisy quantum storage models of cryptography [17]
for continuous-variable systems.

As an open question, one might attempt to establish a strong converse for the classical capac-
ity of all phase-sensitive Gaussian channels. Another area of research where our result might be
extended is in the setting of network information theory—for example, one might consider estab-
lishing a strong converse for the classical capacity of the multiple-access bosonic channels, in which
two or more senders communicate to a common receiver over a shared communication channel [33].
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