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Conversion of Gaussian states under incoherent Gaussian operations
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The coherence resource theory needs to study the operational value and efficiency which can be
broadly formulated as the question: when can one coherent state be converted into another under
incoherent operations. We answer this question completely for one-mode continuous-variable sys-
tems by characterizing conversion of coherent Gaussian states under incoherent Gaussian operations
in terms of their first and second moments. The no-go theorem of purification of coherent Gaussian
states is also built. The structure of incoherent Gaussian operations of two-mode continuous-variable
systems is discussed further and is applied to coherent conversion for pure Gaussian states with stan-
dard second moments. The standard second moments are images of all second moments under local
linear unitary Bogoliubov operations. As concrete applications, we obtain some peculiarities of a
Gaussian system: (1) There does not exist a maximally coherent Gaussian state which can generate
all coherent Gaussian states; (2) The conversion between pure Gaussian states is reversible; (3) The

coherence of input pure state and the coherence of output pure state are equal.

PACS numbers: 03.65.Ud, 03.67.-a, 03.65.Ta.

I. Introduction

Manipulating physical systems always suffers from
practical restrictions which limit the control we can ex-
ert. It is, e.g., extremely difficult to exchange quantum
systems undisturbed over long distances [1]. In order
to manipulate spatially separate subsystems effectively
within the resource theoretic framework, this restricts us
to local operation and classical communication (LOCC).
Under these operations, we have to prepare a certain
kind of states, i.e., separable states. The states which
can not be produced by LOCC are entangled. The en-
tanglement is the key resource that allows to implement
operations such as quantum state teleportation to obtain
perfect quantum state conversion by consuming entangle-
ment |2]. The restrictions are vital in quantum commu-
nication and quantum technology and also drive a deep
understanding of the fundamental laws of nature |1, 3-5].

As entanglement of pure states is among the manifesta-
tions of the superposition principle, one can naturally see
the phenomenon of coherent superposition as a valuable
resource. Recently, the resource theory of quantum co-
herence has attracted much attention, and various efforts
are made to build the coherence resource theory [6-12].
In this frame, free operations corresponding to LOCC
in entanglement theory are incoherent operations (IOs)
that can be interpreted as a measurement which can not
create coherence even if one applies postselection on the
measurement outcomes [7|.

One of the central question in coherence resource the-
ory is conversion of coherent states . It is aimed to study
whether I0s can introduce an order on the set of co-
herent states, i.e., whether, given two coherent states p
and o, either p can be transformed into o or vice versa.
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The answer to this question determines the value of co-
herent states in technological applications. The question
has been solved for pure state case [13-15] and for qubit
state case [16-1&]. More recently, the conversion between
pure states and mixed states is characterized in [19-21].

All the above results for conversion of coherence states
are implicitly assuming a discrete-variable system (fi-
nite dimensional system). Note that the first framework
for understanding quantum coherence is quantum op-
tics which must require quantum states in a continuous-
variable system (infinite dimensional system), especially
the Gaussian states which have arisen to a privileged po-
sition in continuous-variable quantum information [22-
25]. The primary tool for analyzing Gaussian states is
Gaussian operations. Indeed, Gaussian operations cor-
respond exactly to those operations that can be imple-
mented by means of optical elements such as beam split-
ters, phase shifts and squeezers together with homodyne
measurements [26-28]. Such operations are in principle
experimentally accessible with present technology [29)].
Especially, Gaussian unitary operations can be realized
as a passive operation, a single-mode squeezing operation
on each of the n modes, and a subsequent second passive
operation |30]. In fact, phase rotation, the simplest and
most common Gaussian unitary operation is an optical
implementation which preserves coherence in the process
of conversion of coherent states |25]. For the process
of evolution of optical cat states, coherence is consumed
131, 132].

In the outlook of [7], T. Baumgratz, etc. point out
that coherence theory of Gaussian systems is needed.
Closely mirroring the development of entanglement the-
ory, mathematical problems concerning continuity that
are inevitably emerging can be addressed by requiring
energy constraints |33] or by considering special, experi-
mentally relevant, subclasses such as Gaussian states |30].

The study of coherence theory of Gaussian systems is
moving ahead since the question is proposed [7]. Re-
cently, coherence theory of Gaussian systems including
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incoherent Gaussian states, incoherent Gaussian opera-
tions and coherence measures of Gaussian states is in-
troduced [34-36]. The main contribution of our paper is
to discuss conversion of coherence states in continuous-
variable systems under incoherent Gaussian operations
(IGOs).

The paper is organized as follows. In section II, we re-
view some background material and establish notations.
In particular, we review the definitions and characteriza-
tions of incoherent Gaussian states and incoherent Gaus-
sian operations obtained in |34]. In section III, an explicit
description of conversion of Gaussian states of one-mode
continuous-variable systems is provided and the no-go
theorem of purification for Gaussian states is built. In
section IV, we furtherly study the structure of IGOs in
two-mode continuous-variable systems and characterize
conversion of one kind of important Gaussian pure states
under IGOs. The last section is a summary of our find-
ings.

II. Background and notation

Let H be an infinite dimensional Hilbert space with
fixed orthonormal basis {|n)}f2). When we consider
the m-mode continuous-variable systems H®™, we adopt
({In)};529)®™ as its reference basis. For a quantum state

p on H®™ the characteristic function of p is defined as

X,00) = tr(pD(V),
D(\;) = e(AiaAiT*XiaAi)’

here @; and @; are the annihilation and creation operator
inmodei, A= (A1, --,An)}, i denotes the complex
conjugate of \;. A one-mode quantum state p is called
Gaussian state if its characteristic function

Xp()\) — e;[;p_%O‘m7)‘y)QVQt(kmxky)t_i(gd)t()‘zxky)t7

where A; = Re(\) and A\, = Im(\) are the real and

0 1),d_ (dy,ds)" € R2,

imaginary parts of A, {2 = < ~10

V = <U11 U12) € M3(R). Recall that V is a posi-

V12 V22
tive definite matrix satisfying V +iQ2 > 0 (all eigenvalues
are nonnegative) and detV > 1, detV = 1 if and only
if p is pure [25]. d and V are called the first and sec-
ond momemt of p which can describe Gaussian state p
completely. So p can be usually written in p(V, d).

The quantification of coherence is fundamental in the
resource theory of quantum coherence. For a given co-
herent Gaussian state, it is important to ask the amount
of coherence it has. Inspired by the idea of discrete-
variable systems |7], researchers have built the framework
for quantifying coherence of Gaussian states [34-36]. For
the convenience of reader, we give a brief overview of
results in [34]. The incoherent Gaussian states are de-
fined as diagonal Gaussian states. The set of incoherent
Gaussian states will be labelled by Z. The nondiagonal

Gaussian states are called coherent Gaussian states. In
fact, Z consists of all thermal states |[34]. A thermal state
has the form

+o0 =n
pen (M) = ; EGE In)(n|,

7 = tr(a'@pen(M)) is the mean photon number. A Gaus-
sian operation is incoherent if it maps incoherent Gaus-
sian states into incoherent Gaussian states. A one-mode
incoherent Gaussian operation is fully described by

w 0
(T, N), T=1t0, N = (O w>’
where ¢ is a real number, O is a 2 x 2 real orthogonal
matrix (00" = O'O = I) and w > [t?det O — 1| |34].
For a Gaussian state p(V,d), it performs on p(V,d) and
obtain a Gaussian state with the first and second moment
as follows:

d—Td, V—TVT'+ N.

For m-mode case, every Gaussian state p(V,d) is de-
scribed by its first and second moment d and V, where
d is a 2m dimensional column vector, V is a 2m x 2m
real positive definite matrix with V +iQ > 0, Q =
Bm _01 (1) [25]. Furthermore detV > 1 and detV =
1 if and only if p(V,d) is pure. In |34, [36], Xu has given
detailed characterizations of incoherent Gaussian states
and incoherent Gaussian operations (IGOs). The inco-
herent Gaussian states have the form ®7;psn(v)),v; is
the symplectic eigenvalue of p;p,(v;). A Gaussian opera-
tion ®(T', N, d) is incoherent if and only if

d =0,
T = {t0;}7 € Tom,

N = @;-n:lelz,

w; > |1—Zk7T(k):jtidetOk|,Vj,

where t;,w; € R, O; is a 2 X 2 real orthgonal matrix
(OjO§- = I), Tom denotes the set of 2m X 2m real ma-
trices such that, for any T' € Tap, the (25 — 1,25) two
columns have just one 2 x 2 real matrix ¢;0; located in
(2r(j) — 1,2r(j)) rows for Vj, r(j) € {k}{~,, and other
elements are all zero. For a Gaussian state p(V,d), it
performs on p(V,d) and obtain a Gaussian state with the
first and second moment as follows:

d— Td, V— TVT"+ N.

Based on the definition of incoherent Gaussian states
and incoherent Gaussian operations (IGOs), any proper
coherence measure C' is a non-negative function and must
satisfy the following conditions:

(C1) C(p) =0 for all p € T,

(C2) Monotonicity under all incoherent Gaussian op-
erations (IGOs) ®: C(®(p)) < C(p),



(C3) Non-increasing under mixing of Gaussian states:
C(>2;pip;) < X2;piC(p;) for any set of Gaussian states
{pj} and any p; >0 Wlth.zj p; = 1.

Furthermore, the relative entropy measure has been
provided by

Cr(p) = inf 5(pll9),

S(p||9) = tr(plogsy p) —tr(plog, d) is the relative entropy.
For Gaussian states p(V1,d1), 0(Va,ds), if there exists
an incoherent Gaussian operation ® such that ®(p) = o,

we denote it by p(V1,d1) LEEN o(Va,dz2). And call p and
®(p) to be the input state and output state, respectively.

III. Conversion of Gaussian states of one-mode
continuous-variable systems

Our first result provides a complete classification of
conversion for pure Gaussian states. This offers an affir-
mative answer to the open question on coherence conver-
sion in continuous-variable systems [7,[13]. This question
is to study how can we determine if there exists an IGO
® such that ®(p(V1,d1)) = 0(Va,dz) for pure Gaussian
states p(V1,d1) and o(Va,ds).

For pure Gaussian states

Theorem 3.1.

p(Vi,dr), o(Vayds), p(Viidi) % o(Va,ds) if

and only if there exists an phase rotation operator
cosf sin6

R(9) = —sinf cos@

Vo = R(OWVIR(0)t,de = R(0)dy or Vo = I and dy = 0

(0(V2,dz) = |0) € ).

for some 8 € R such that

By Theorem 3.1, we obtain the following key peculiar-
ities of Gaussian continuous-variable systems.

(i) p(Vi,d1) <% 0(Va, da) it o(Ve, da) <=2 p(Vi,dy)
for coherent pure Gaussian states p(V1,d1),o(Va,ds).
(ii) For any coherence measure C, C(p(Vi,d1)) =

C(o(Va,do)) it p(Vi,d1) 2% o(Va,dy). This implies
that the coherence of input state is equal to the coher-
ence of output state. It shows frozen behavior of co-
herence in Gaussian dynamical systems. Frozen coher-
ence in discrete-variable systems studied in [37] is to dis-
cuss when C(p) = C(®(p)) holds true. Frozen coherence
in Gaussian dynamical systems is also listed as an open
question in summary of [34].

(iii) There does not exist a maximally coherent Gaus-

sian pure state |¢) such that |¢) 199, 5 for any Gaussian
state 0. Here we identify a maximally coherent state as
a state that allows for the deterministic generation of all
other Gaussian states by means of incoherent Gaussian
operations. Note that maximally coherent states are in-
dependent of a specific coherence measure.

Above consequences demonstrate significant differ-
ences between discrete-variable systems and Gaussian
systems. One key reason for these differences is the fact
that Gaussian states are completely specified by their
first and second moments. Intuitively, since determinant
of the second moment for any pure Gaussian state is 1,

conversion of pure Gaussian states by IGO can be real-
ized by Gaussian unitary operations.

Theorem 3.1 is also a nice tool for conversion of pure
Gaussian states because the first and second moments of
pure Gaussian states have clear analytic formulas. In the
following, we exhibit conditions for realizing conversion
of pure states under IGOs.

For a—state

_l|a‘2 +o0o a”
la) = ez 2) WW
n=

(o € C), the most important Gaussian states which are
generated by the vacuum state |0) and Weyl displacement

operator D(a) = e®@ =7 |a) = D(a)|0). Note that

d = 2(Re(a),Im(a))t, V=1 [25.

Obviously |a) ¢ Z, i.e., |a) is coherent. By Theorem 3.1,
one can see that

o) €25 18) & |of = |8].

The most general pure Gaussian state [i) of one-
mode is a displaced squeezed state obtained by the com-

bined action of Weyl displacement operator ZA)(oa) and the
squeezing operator

S(ﬁ) _ e%[ﬁat27352]7 Gec,

on the vacuum state |0) [25]:

[a,5) = D(@)S(8)]0).
The first and second moment of |1, g) are [3§]

2(Re(a), Im(a)),

< ch(2|8]) + cos 8 sh(2|3])

sin 0 sh(2|5])
sin 0 sh(2|5]) ’

ch(2|B]) — cos 8 sh(2]5)
where 8 = |B|e?, ch(z) = %, sh(z) = em*;% are
hyperbolic functions. By Theorem 3.1, one can deal with
conversion of pure Gaussian states efficiently.

A particularly key conversion of coherent states in
discrete-variable systems is purification which is the pro-
cess that extracts pure coherent states from general states
by IOs [8, 121, 139-41]. The importance of purification lies
in that the quantum systems are rather susceptible to
imperfect operations such as decoherence [42, |43] which
may jeopardize the reliability of quantum coherence and
so one key question is to extract coherent states with high
quality for application. Especially, in |21], Fang and Liu
show that it is impossible to exactly transform a full rank
coherent mixed state to a pure output coherent state by
10s, even probabilistically. This builds no-go theorem
for coherent mixed states with full rank. An interesting



question is how about purification of continuous-variable
systems?

Theorem 3.2. For a coherent pure Gaussian state
o(Va,ds), if there exist an IGO ® and a Gaussian
state p(Va,dy) such that ®(p(Vi,d1)) = o(Va,ds), then
p(Vi,dy) is a pure state.

Theorem 3.2 is a parallel result of no-go theorem of
purification for coherent mixed states of discrete-variable
systems [21]. It shows strong limit on the efficiency of
perfect coherent purification of Gaussian states.

In addition, by Theorem 3.2, there does not exist a
maximally coherent mixed Gaussian state which can gen-
erate all Gaussian states. Combining this with Theorem
3.1, there is not a maximally coherent Gaussian state
which can generate all other Gaussian states by means of
IGOs. It is a peculiarity of Gaussian continuous-variable
systems.

In practical applications such as evolution of quantum
coherence of optical cat states, people need to deal with
the mixed input and output states rather than pure ones
[31, 132]. We will provide structural characterization of
conversion for mixed Gaussian states in the following. It
is an answer to the question of characterizing mixed co-
herent state manipulation in infinite dimensional systems
[13]. That is, given two mixed Gaussian states p(Vi,d;)
and o(Va,ds), when p(V1,d1) EEEN o(Va,dz) holds true.
Firstly, we need to classify IGOs for a clear presenta-
tion. By the definition of IGOs, one can see any IGO of
one-mode has two kinds of types:

T=t01, N=wl (Typel)
with w > |1 — #?|,
orthogonal matrix;

detO; = 1 and O is a 2 x 2 real

T =103, N=wl (Typell)

with w > 14+ t2, detOy = —1 and Oy is a 2 x 2
real orthogonal matrix. Secondly, for Gaussian states

p(Vi,dy), o(Va,ds), there are real orthogonal matrices
U and W with det U = det W = 1 such that

t_ (M0 ¢ (m O
UVlU_<O)\2 W= ().

We also assume A\ # g, ||d1]] # 0 for generality, here
||d1|| is the Euclidean norm of d;.

Now, we are ready to give our results on conversion of
mixed Gaussian states.

IG%aussz’an states
—  o(Va,da2) by

Theorem 3.3. For
p(V17d1)7 0—(‘/27d2); p(Vladl)

type I IGO if and only if one of the followings holds true

(i) Vo=pl (p=>1), d2=0;
do|® _ p1—po
d1 2 - )\1—>\27
d . 1
(i) 71z < min{g{, li’)ﬁ},
d 2
T—p < (1—)\1)”5”2;
do|® _ p1—po
d1 2 - )\2—>\17
d . 1+
(174) o < min{g, =4}
d 2
s 0=
Theorem 3.4 For Gaussian states

pVisdi). o(Va,da),  p(Viidi) <% o(Va,da) by
type II IGO if and only if one of the followings holds
true

(i) Ve=pl (nz1), d2=0;
do|l?> _ pa—p
d1 2 )\1—)\27

(”) da||? p1—1

< .
di|? — A1+17
da 2 — HK1—p2

a2 o=

(ZZZ) dl > 2 11
2 < M1
di|[? — Ao+1°

Theorem 3.3 and Theorem 3.4 are very helpful to fulfil
conversion of Gaussian states under IGOs. By [25], the
most general one-mode Gaussian state has the second
moment

V = (21 + 1)R(0)S(2r)R(9)",

6727"

S(2r) = ( egr , 7 € R is called the squeezing

0
parameter. Note that R(6) is real orthogonal, for Gaus-
sian states p(Vi,d1),0(Va,dz2), one can decide whether
p(V1,dy) can be converted into o(Va,ds) or vice versa by
parameters m;, r;, |||, = 1, 2.

IV. Conversion of pure Gaussian states of two-
mode continuous-variable systems

Originating from Theorem 3.1, an interesting question
is to describe conversion of pure Gaussian states of m-
mode continuous-variable systems (m > 2) under IGOs.
We will firstly attempt to discuss two-mode case. The ex-
ploratory study reveals a big task for conversion of pure
Gaussian states of m-mode continuous-variable systems
(m > 2). The difficulty lies in computational complexity
of finding determinant relationship between second mo-
ments of Gaussian states and its blocks. In this section,
we discuss the structure of IGOs of two-mode continuous-
variable systems further. Based on this, conversion of
one kind of important pure Gaussian states under IGOs
is described.

For generality, we assume that the second moment of
output state is not diagonal. By the definition of IGOs,
it is easy to check that IGOs of 2-mode have two kinds
of types:



_ t101 0 . wll 0
T‘( 0 t202>’ N‘( 0 w21> (Type 1)

with

wi > |1 —t3det Oy, wa > |1 —t3detOy;

. 0 t202 o w1] O
T_(t101 0 ), N—( 0 ng[> (Type II)

with

wi > |1 —t5det Oz, wa > |1 —t]det O],

where 01,02 are 2 x 2 real orthgonal matrices with
det O; = +1, (i=1,2). We find that if the above IGOs
transform one pure state into the other pure state, then
det O; = 1(i = 1,2) as following.

Theorem 4.1.
p(Vlvdl)a U(‘/27d2>;

(Vi1 Via _ (Vi Vi, /
form Vi = (V1t2 Vag )’ Ve = (Vfé Vi, )’ Vi 7 0,
where Vi; and V;(i,j = 1,2) are 2 x 2 matrices, if there

exists some IGO ® such that ®(p(Vi,dy)) = o(Va,dz),
then det 01 = det 02 =1.

For pure Gaussian states
writing V1 and Vo in their block

Theorem 4.1 is useful to realize the conversion of pure
Gaussian states. An important class of two-mode Gaus-
sian states has second moments in standard form

al C . c 0
V_<C bI> with O_<Od>’

a>1,b>1,c,deR|25,44,45]. Any Gaussian state can
be transformed to the Gaussian state with the second mo-
ment in standard form by local linear unitary Bogoliubov
operations |44]. We will give a complete classification of
conversion for such kind of pure states. One can check
that such Gaussian states are pure if and only if

ab—c® >0, (ab—c?)(ab—d*) =1,a> + b* + 2cd < 2.

Let

/I C/ . /O
V’:(%, b,j), with c’:(% d,)

be the second moment of pure target states. The key

step for realizing p(V,d) — 1o, o(V',d') is

7= Ve

We will firstly classify the transformation on second mo-
ments. Based on this classification, conversion of pure
Gaussian states can be investigated easily.

In the followmg7 assume cd # 0,c'd # 0 and denote

a = % or a = Iy, there are four important closed inter-
vals which are needed to classify transformation between
V and V"

(1) [ gli?){laﬁ,a}],
(2)  [max{a, abl; % b 1],
(3)  [max{1, aélbill)} min{a, £ }],
(4) [max{a, 2= 1}, <l
Theorem 4.2.
VEL Y e £,
here @ = (1)U (2) U (3) U (4).
For p(V,d),o(V',d), if Q # 0 and the desired IGO is

type I, from the proof of Theorem 4.2 in appendix, then
we choose arbitrarily t; € €. t2, w1, ws are decided by ¢1.
One can check easily that whether there exists suitable
T such that T'd = d’. Therefore the conversion between
p(V,d) and o(V',d’") can be ascertained. If the IGO is
type II, then we pick any t; € Q. The existence of T
satisfying T'd = d’ can be checked directly.

V. Summary

In this work, we have studied conversion of coher-
ent Gaussian states under incoherent Gaussian opera-
tions. An explicit description on conversion of one-
mode systems has been provided. Compared with the
finite dimensional results on conversion of coherent states
|7,19,[12, 13], there are some peculiarities as following: (1)
There does not exist a maximally coherent Gaussian state
which can generate all coherent Gaussian states; (2) The
conversion between pure Gaussian states is reversible;
(3) The coherence of input pure state and the coher-
ence of output pure state are equal. This implies frozen
behaviour [37] in Gaussian dynamical systems which is
listed as an open question in [34]. Conversion of pure
Gaussian states of two-mode systems under incoherent
Gaussian operations is also discussed. We classify con-
version for an important class of two-mode pure Gaus-
sian states with second moments in the standard form
|25, 144, 45].

Our results raise some interesting questions. It would
be of great interest to classify conversion of pure Gaus-
sian states or mixed Gaussian states for m-mode (m > 2)
continuous-variable systems. This is very helpful for com-
prehending behaviours of coherence of Gaussian dynam-
ical systems.
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Appendix: Proof of main results



Proofs of all results in this paper are given in appendix.
The proofs of our theorems need structural classifica-
tion of real orthogonal matrices and determinant formula
of sum of two matrices borrowed from [46].
.y cosf sinf
Proposition 1. Let R(f) = _sinf cosd
0 is a real parameter. O is real orthogonal if and only if
O = R(0) or O = <(1) _01)3(9).
Proposition 2. For A, B € M3(R),

, where

det(A + B) = det(A) 4 det(B) + tr(A*B),

where (-)¥ denotes the adjugate map given by
Mﬂ=<d _b), where M=(ab>.
—c a cd

The following characterization of Gaussian states can
be found in [47, 48].
Proposition 3. For any Gaussian state with second

é}t g), where A, B,C are real 2 x 2
matrices. Denoting A = det A+ det B+ 2det C, we have

moment V =

V>0, detV>1 A<1+detV.

Now we are in a position to give proofs of our theorems.

Proof of Theorem 3.1. “=" Assume that there ex-
ists an IGO @ such that ®(p(V1,d1)) = 0(Va,dz2). By the
definition of IGO, we can obtain

tOViO! + wl = V,, tOdy = do, (1)
where O is a real orthogonal matrix, w,t € R, w >
|1 — t?det O|. We divide the proof into two cases by
Proposition 1.
. 10

Case (i) O = (0 1 ) R(6).

It is easy to see that det O = —1 and so w > 1 + ¢2.
Combining (1) with Proposition 2, one can get

1=detVa = t*detV; + w? + wt?tr(Vy)
= t* 4 w? + wttr(y).

By w > 1+1t2 we have t = 0,w = 1. Therefore V, =
I,d2 =0 and so o(Va,ds) =10) € Z.

Case (ii) O = R(0) for some 0 € R.

It is evident that det O = 1 and so w > |1—#?|. Because
det V7 = 1, we can assume eigenvalues of V7 are \; and
}#()\1 > 0). By (1) and spectral mapping theorem, we

ave

2 L
(t )\1 +w)( +
A1

w) = 1. 2)

It follows that

2

t
w2+w()\1t2+)\—)+t4—1:0.
1

This implies that
lt] < 1.

From the relation of root and coefficient of quadratic
equation, we have

—(2n+ £ +\/)\2t4 £ _ o4y
w =
From
2 2 2 t 2
—(t)\1+/\—1)+ A1t4+v—2t4+422(1—t),
1

it follows that

t 1
Mt 4 v 2t + 4> 24+ 12 (N + v 2)]%.

1 1

A direct computation shows that

Note that A\; + A% > 2 and so
lt] > 1.

Hence |t| = 1. By (2), we have w = 0. From (1),

Vo = R(OVLR(0)',ds = R(6)d,
if t =1. If t = —1, replacing § with 6 + 7, we also get
the desired.

“<:77 If
‘/2 = I; d2 = Oa

Taking T' = tR(f),t = 0,w = 1, then the IGO induced by
T and w has desired property. If there exists R(6) such
that

Vo = R(O)VIR(9)',ds = R(0)dy,

then, choosing T' = tR(),t =
desired.

1,w = 0, we have the

Proof of Theorem 3.2. For coherent Gaussian pure
state o(V2, d2), suppose that there exists an IGO ® with
®(p(V1,d1)) = o(Va,ds). Therefore

tQOlet +wl = ‘/2, tOdl = d2, (3)

where O is a real orthogonal matrix, w,t € Rw >
|1—t2det O|. We declare O = R(6) for some 6 € R. Oth-

L0 ) R(#). This indicates det O = —1

erwise O =

0 -1
and so w > 1+ t2. By (3) and Proposition 2 , we get

1 =detVa = t*det Vi + w? + wt*tr(V4) (4).



Since w > 1+ t2, we have t = 0,w = 1. Therefore V5 =
I,d2 =0 and so o(Va,dz2) = |0) € Z, a contradiction. In
(4), for conciseness, denote tr(Vy) = a,det V4 = b. It is
evident that @ > 1,b > 1. Hence

Wt at?w+tth—1=0.

This indicates [t| < 1 and so w > 1 — 2. By the relation
between root and coefficient of quadratic equation, we

also obtain
—t%a + Vtta2 — 4t1h + 4 o

2

1—¢2.

It is equivalent to
t*(1—a+0b)<2—a.

The proof is divided into three cases in the following.

Case (i) 1 —a+b<0.

In this case, we immediately have 1E;ab < 2 < 1.
Thus 1—a+b<2—aandsob<1. Sinceb=detV; > 1,
b =1 and p(Vi,d;) is pure.

Case (ii) 1 —a+b > 0.

This tells 13;3’_17 > t2 and so a < 2. From a > 2/b, it
follows that b < 1. Therefore b = 1 and p(V1,d;) is pure.

Case (iii)) 1 —a+b=0.

By the assumption, we have 0 < 2 —a. Using the proof
of case (ii), we obtain p(V1,d;) is pure.

Proof of Theorem 3.3. For Gaussian states
p(Vi,dy),0(Va,dz), let U and W be real orthogonal ma-
trices with det U = det W = 1 satisfying

t__ At 0 ¢ (p1 O
UVlU_<O)\2)’WV2W_(Ou2'

Note that

p(Vi,dy) 2 o (Vs dy)

if and only if

P (UVLU, Udy) 259 o/ (WVW!, Wdy).

Hence without loss of generality, we may assume

o )\1 0 o M1 0
() =5
“=" Suppose there exists an IGO ® of type I such that
(I)(p(Vl, dl) = U(Vé, dg), then
tOd; = da, t2OV,0! +wl = Vs,

here O is a real orthogonal matrix with detO =1, w >
|1 — #2| for some real number t. This implies that

(2 _ lldal®
lld1 ]
t2(A1 — 2) sin20 =0
t2(A1 cos? 0 + A sin?0) +w = g
t2(\1 sin? 6 + Ao cos? 0) + w = pa.

We divide the proof into two cases.
Case (i) t = 0.
It is evident that Vo = ul,d; =0, u > 1.
Case (ii) t # 0,sin 20 = 0.
We can assume that § =0 or 6 = 3. If § = 0, then

M tw =
t2)\2 +w = pa.

Hence

- l|da]|? W=y — AR )
A=A [ldaf? 1[I

From w > 0, we have

da]® _ ny
ldil> = M

Using w > |1 — #?|, we can obtain

[dall®* _ 1+ m | da]?
< s 1= < (1—=X .
[AEENESY =M
Therefore
do|®>  _ p1—pin
dy z - A1—A2
d . 1
df s < mln{i—i, 11‘;;}
lldz2]|
1—p < (1 —Al)W-
If § = T, then
tzAQ +w = M1
t2/\1 +w = pa.
Hence
2 e |lds|?
A2 — A1 ldif?
Combining w > |1 — 2| with w = 1 — %)\2, we can
get
d 2
A TSN
d 1+
=i < Th
1— <(1_/\ )Hd2|\2
m 2) PP
Therefore
do|®>  _ p1—pin
dy z - Ao—A1
d . 1+
di 2 S mln{)%v 1+)\;2
L—m < (1= 2) s

“<" I Vo =pul,do =0,u>1, then t = 0,w = p can
induce the desired 1GO. If

do|®> 1 —p2
dq1]|? - A1—A2
da||? s 14
di]]? < mln{)\_l’ 1+>\1}
lldz]|?
L—p < (1= M)z



then t? = ”Z?“ O=1Iw=pu — M\ ”d2|\2 can induce the
desired. If

A _ p—pp

dy 2 A2—A1

da sorpr 14

d1]|? S min A2 ? 14+ }

H
|

=

IA

d 2
(1= %)

then one can choose t? = Hjj”i,o = <(1) _01 ) W =

— )\, Lz
2Nz )
Proof of Theorem 3.4. Using the same arguments

as the start of proof of Theorem 3.3, we suppose

o )\1 0 o M1 0
s (o) e (%)
“=" Assume there exists an IGO & of type II such that
(I)(p(Vl, dl) = U(Vé, dg), then

tOdy = do, t2OV,0" + wI = Vs,

here O is a real orthogonal matrix with detO = —1,
w > 1+ t? for some real number ¢. This implies that
2
£ = |z
(/\1 )\2) sin 260 = 0
t2(A1 cos? 0 + Ay sin?0) +w = g
t2(Asin? 0 + Ay cos? 0) + w = .

We divide the proof into two cases.

Case (i) t = 0.

It is evident that Vo = ul,d; =0, u > 1.

Case (ii) t # 0,sin 260 = 0.

We assume 6 = 0 or § = 7 and will treat them sepa-
rately. If 8 = 0, then

{f2)\1 +w =

t2)\2 +w = pa.
Therefore
H1— M2 Hd2H2 W=y — ||d2||2)\1
A=Ae o [ldaf? ]2
From w > 1+ t2, we have ”Z ” < /h, as desired. If
0 = 5, then
t2A2 +w = M1
t2A1 +w = Ha.
Hence
2 e |ldsf?
A2 — At lda[?

From w = p1 — A2 |}d2”2 and w > 1 + t2, we obtain

ldall? _ p—1
ld1]]? = A2 +1

“<" I Vo = ul,do =0,u>1, then t = 0,w = pu can
induce desired 1GO. If

da|®> _ pa—pe
dy z A1—A2
da p1—1
d1]]? S A1+1

hold true, then t? = HZ?I};O = (1 0 ),w =y —

0 -1

2
A1 ”djng can induce the desired. If

ldal® _ pai—ps
ldill2 — Ae—X1
ldo]® ~ p—1
ldill? = A2+1

2 _
are true, then we take t? = IZf”z,O = ( _01 01 ) yw =

)\, ezl
2duZe ) )
Proof of Theorem 4.1. Without loss of generality,
we assume that ® is type I, the type II case can be treated

similarly. By a direct calculation one can obtain

Vo =TT+ N
_ ( t%OlvuO?j + wll

t1t201V120%
t1t202 V0%

t%OQ‘/QQOé + LLJQI
Combining Proposition 2 with Proposition 3, we have

det(t%Ol‘/llOi +W1]) Z 1,
det (t209Va2 0% + wol) > 1
det(t1t201V1205) <0

A = ttdet Vi1 + wi + wit3tr(Vin)
+t4 det Voo + w3 + wot3tr(Vas)
+2t3t3 det Oy det Oy det Vio

< 2.

In the following, we divide the proof into two cases .
Case (i) det V{5 # 0.
Note that det Vi3 < 0, from

det(tlthl ‘/1203) = t%t% det ‘/12 det 01 det 02 S 0,

we can get detO;detOy =
—1,det Oy = —1, then wy; > 1+ t2,wy > 1+ t3.
deduces

A > tidetVir + (1 + )2 + (L + t1)t3tr(Vin)
+t3det Vag + (1 +13)? + (1 + t3)t3tr(Va2)
+2t%t% det V12.

2t3t3(y/det Vi1 det Vig + det Vi) + 2
+2t2 + 1] + (1 + ) t3r (Vi)

+2t3 4+ t5 4+ (1 + t3)t3tr(Vag).

1.  Suppose detO; =
This

Y

Since V' > 0, we know that

vV det ‘/11 det ‘/22 + det ‘/12 > 0.



This implies that A = 2 and so t; = t3 = 0, a contradic-
tion. Hence det O; = det O; = 1, as desired.

Case (ii) det V{, = 0.

By Proposition 3,

1= det(thlvllOﬁ + wll) = det(t%OQ‘/QQOE + WQI).
Thus
téll det Vi1 + wf + wlt%tT(Vll) =1.

This tells |1 —t?det O1| < w; < 1. So det O7 = 1, other-
wise t; = 0 and hence V{, = 0, a contradiction. Analo-
gously, one can obtain det Oy = 1.

Proof of Theorem 4.2.
Type I and

“=” Assume the IGO is

TVT'*+N=V"  (5).
By Theorem 3.1 and Proposition 1, we suppose
Ol_<cps6‘ —sin@) 02_<cgs¢ —sin¢>
sinf cosf ’ sing cos¢
for some real numbers 6, ¢. A direct computation of (5)

shows that

ccosfsing —dsinfcosp =0
csinfcos¢ — dcosfsing = 0.

Therefore ¢? = d? or cosf = cos¢ = 0 or sinf = sin ¢ =
0. We divide the proof into three cases.

Case (i) ¢ = d?

From (5) and Proposition 3, the following equations
hold true

c=—d

)

ccosfsing + csinf cos¢p = 0,

ctitg cosfcos ¢ — ctitasinfsing = ¢,
and
ctito sin@sin ¢ — ctitg cosfcosp = d'.

Thus sin(f + ¢) = 0 and so £ct1ts = ¢/ = —d’. Denoting
’2

a = %, comparing the entry of diagonal position of (5),
one can obtain

at% twr=d, w1 >]1 —tﬂ
bt3 +wa =V, wy>|1—t3] (6)
212 = a.

Ift% < 1,t%§0¢, then
{wl—a’—at%ZI—t%

we=b —b% > % —1.
tl tl
Hence

If 2 < 1,t2 > a, then b't? — ba > t2 — a. Therefore

max{«, %} < t2 < min{1, (;/__11}
If 2 > 1,¢2 < o, then
wi=a —at? >t -1
{wg—b/—b%Z%—l.
So
max{1, ozéf)i——:ll)} < 2 < min{a, C;/—::ll}.

If t2 > 1,t2 > o, then V't7 — ba > 2 — . Thus

a +1
a+1’

ab—1)
b -1

max{a, 1y <<

Case (ii) sinf = sing = 0.
By a direct computation, one can get the same inter-
vals and « as case (i).

Case (iii) cosf = cos ¢ = 0.

In this case, one can get the same intervals as case (i)
’2 2 .. .
and a = &7 = Cfi—z by similar calculation.

If the IGO is type II, a direct computation shows that
we have the same intervals and a as Type I. The only
difference is that ¢; is replaced by ts.

“<«<=" If the desired IGO is type I, then one can choose
t1 € Q. to,wr,we are fixed by (6). Next, according to
the interval that ¢; belongs, we pick suitable 6 and ¢ to
construct some IGO for conversion of pure states. If the
desired IGO is type II, then one can choose t5 € ) and
other parameters can be chosen analogously.
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