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Quantum supermaps are a higher-order generalization of quantum maps, taking quantum maps to
quantum maps. It is known that any completely positive, trace non-increasing (CPTNI) map can be
performed as part of a quantum measurement. By providing an explicit counterexample we show
that, remarkably, not every quantum supermap sending a quantum channel to a CPTNI map can be
realized in a measurement on quantum channels. We find that the supermaps that can be implemented
in this way are exactly those transforming quantum channels into CPTNI maps even when tensored
with the identity supermap.

One of the most puzzling aspects of quantum mechanics has always been the need to consider probabilis-
tic processes to describe the observation of physical systems. The development of quantum information
theory has turned this puzzling feature into a resource for many protocols. Think, for instance, of the
implementation of quantum computation through measurements (measurement-based quantum computa-
tion) [49,150], of quantum cryptographic protocols [9, 42,5, 53], or of the generation of random numbers
[38]].

Specializing our attention to finite-dimensional quantum systems, the most general quantum measur-
ing device can be described by a set of linear maps that are completely positive and trace non-increasing
(CPTNI). The maps in this set must sum to a quantum channel, namely to a completely positive and
trace-preserving (CPTP) linear map [44} 55| 54]. This situation is described by a quantum instrument
[29] 40, [1, 154], a quantum channel that takes a quantum system as input, and outputs a a classical-
quantum system, where the classical system represents the “meter” read by the experimenter. From the
classical outcome read on the meter, one can infer which CPTNI map occurred during the experiment.
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2 Necessary and Sufficient Conditions on Measurements of Quantum Channels

This characterization of quantum experiments, in conjunction with the fact that quantum channels with
trivial (i.e. 1-dimensional) input represent states [13], singles out channels as the fundamental objects of
quantum theory, encapsulating all the other processes.

For this reason, it is important to understand how to manipulate quantum channels. The study of
such manipulations, initiated in [13} 14, 18], has both practical [34} 12, 13} 19, 48| 43| 20] and founda-
tional consequences [56}, 45, [18] 146, |43]], and has led to the development of new research areas, such as
resource theories of quantum processes [27, (8}, 23} 131, 130, 132]]. The manipulation of quantum channels
is implemented by supermaps 13} 14, 18, 147, 10, 31]], which are linear transformations sending linear
maps to linear maps. In this setting, superchannels [13| 31] represent the way a channel can evolve
deterministically, in the same way as channels represent the deterministic evolution of a quantum state.
Superchannels are the supermaps that take quantum channels to quantum channels even when tensored
with the identity supermap [18]. Measurements on channels are then described by a set of supermaps
that sum to a superchannel, giving rise to the notion of a quantum super-instrument.

In this letter we focus on measurements performed on quantum channels, and we show that a naive
application of a condition similar to CPTNI in quantum theory is not enough to single out physical
supermaps, viz. those that can arise in an experiment performed on quantum channels.

We will adopt the following notation.

Notation. B () denotes the set of bounded linear operators on the finite-dimensional Hilbert space
JC, By, () the set of bounded hermitian operators on .77, and Z (¢ ) the set of density matrices on
. Every letter without a subscript denotes a pair of systems A := ApA|, where Ag is usually regarded
as an input system, and A; as an output system. Thus P4 := W4~41 denotes a linear map with input
Ap and output A, and £4 := L4741 is the set of such linear maps, from 2 (%) to B (A#41). |A|
denotes the dimension of J#4°. A supermap ®*~5 takes elements of .# to elements of .#’5. Finally,
a tilde over a system, like in AoAo, indicates that we are considering two identical copies of a system
(in this case Ag). We adopt the following convention concerning partial traces: if MA? is a matrix on
AoAByB;, M4Bo denotes the partial trace on the missing system Bj: MABo .— Trp, [MAB]. In summary,
when a superscript is missing, we have taken the partial trace over the missing system of the original
matrix.

The first condition one must require of physical supermaps is that they be completely CP-preserving
(CPP): they should send CP maps to CP maps even when tensored with the identity supermap. In formula,
a supermap ®2~C is CPP if for all bipartite CP maps W48 € #48, we have

(jA®®B—)C) [\PAB] Z 07 (1)

where .#4 := #4724 is the identity supermap. This is analogous to the CP condition for quantum maps.

The second condition, analogous to being TNI for quantum maps, is that a physical supermap should
send CPTNI maps to CPTNI maps. If a supermap is CPP, demanding this is equivalent to requiring that
it should take CPTP maps to CPTNI supermaps (see Appendix . More precisely, a supermap @2 ~C is
CPTNI-preserving if it is CPP and

Tr [@57C [PP] (p)] < 1, 2

for any CPTP map W € % and any p© € 2 (#%).

A measurement on quantum channels (called a super-measurement) is described by a set of CPTNI-
preserving supermaps { es—C }x cx» indexed by the outcome x of the measurement, such that Y., -y es~¢
is a superchannel. This gives rise to the super-instrument

TBHXIC [\PB] — Z ‘)C) <x’X1 ®®§%C [lPB] 7 (3)
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where system X represents the classical meter and {\x)xl } is an orthonormal basis of Xj.

Our main result is that, surprisingly, not all CPTNI-preserving supermaps can arise in a quantum
super-measurement, therefore not all CPTNI-preserving supermaps are physical. An example is the
supermap ®5~C whose action on a generic CPTP map P2 is

@B%C [\PB] (pCO) —Tr |:1PB()*>C() (MB()) YCO (pCO)TYcOi| l/tCl, (4)

where all systems are qubits, « is the maximally mixed state, and Y is the Pauli ¥ matrix (p° is a generic
density matrix, used to define the action of the CPTNI map @5~¢ [‘PB} on its input). Full details are
presented in Appendix [C|

We find that the right condition to ensure that a CPTNI-preserving supermap ®@®~C is physical is that
it be completely CPTNI-preserving. This means that it is CPTNI-preserving even when tensored with
the identity supermap:

Te (570 07C) [W47] (10)] < 1 ®)

where W48 is a CPTP map, and pA© ¢ & (%A"CO). The example in Eq. (@) highlights that, in general,
not all CPTNI-preserving supermaps are completely CPTNI-preserving.

For superchannels the situation is different: it is sufficient to demand that they be CPP and TP-
preserving (TPP), without requiring that they be TPP in a complete sense [31]. The situation of generic
supermaps is also different from linear maps acting on quantum states. In the latter case, to have a
physical CP map, it is enough to require that it be TNI, without demanding it in a complete sense. The
ultimate reason for these different behaviors is related to causality and no-signaling [[15], and it is fully
examined in Appendix

Following [[14} 31], we work in the Choi picture for quantum maps and supermaps. A summary of
useful facts is presented in Appendix m Let Jg)c be the Choi matrix of a supermap @5, and J\‘f,
the Choi matrix of a linear map W2 € #”. Then ®3~C is a CPTNI-preserving supermap if and only if
J g)c > 0 (since it is CPP), and it satisfies the additional condition deriving from Eq. (2)):

T I8 (e p®)] <1, ©)

for every CPTP map W# € %, and every p© € 2 () (see Appendix [B.1). In a similar spirit, we
can express the requirement of complete CPTNI preservation in Eq. (3)) in the Choi picture as ch >0
plus the remarkably simple additional constraint

Tr T8 (M) '] <1, (7)

for every positive semi-definite matrix MB with marginal MP¢ = 150 @ p©, for some p© € & (%” CO).
The technical details are provided in Appendix [B.2]

It is not hard to check that all the matrices of the form J\If, ® p© are a strict subset of the matrices
MBS confirming that complete CPTNI preservation is at least as strict a condition as CPTNI preserva-
tion. In fact, it is stricter, as our counterexample in Eq. (@) shows: the supermap in Eq. (@) is CPTNI-
preserving but not completely CPTNI-preserving. Consequently, the set of completely CPTNI-preserving
supermaps is strictly contained in the set of CPTNI-preserving supermaps. The situation is illustrated in

Fig.[1]
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Figure 1: Inclusions between sets of supermaps. Here c-CPTNI denotes completely CPTNI-preserving
supermaps.

To obtain our main result, namely the characterization of which CPTNI-preserving supermaps are
physical, we consider a semi-definite program (SDP) inspired by Eq. (7):

Find a = max Tr [cho (MBCO)T}
M
Subject to: MB% >0
MBCo — [Bog pCo, (8)

If we consider the dual of the SDP (8]

Find B = |Bo|minr
Subject to: r|Bo| J @bt > JE°0
Jgoco >0
ngco _ [BiG
r>0
relR

@ superchannel,

we convert Eq. (8) from an SDP having a constraint on M3 into one having an explicit condition on
cho. This condition is exactly what we need to derive our main result.

Theorem 1. A CPTNI-preserving supermap can be completed to a superchannel if and only if it is
completely CPTNI-preserving.

The full proof is presented in Appendix

To summarize, for the first time we exactly pinned down the necessary and sufficient conditions
governing the construction of quantum super-instruments. Specifically, we determined that only com-
pletely CPTNI-preserving supermaps can be implemented in a quantum super-instrument. Additionally,
we showed an explicit example of a supermap that is CPTNI-preserving, but not completely CPTNI-
preserving (Eq. (@)). Viewing CPTNI preservation as a higher-order generalization of the CPTNI condi-
tion for quantum maps, we cannot fail to note the difference between the theory of quantum supermaps—
where CPTNI maps are regarded as states—and quantum theory. Indeed, in quantum theory, all CPTNI
maps W5 are also completely CPTNI, the latter meaning

Tr [ (id% @ ¥#) (pB0)] <1, 9)
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for every pAoBo ¢ 9 (%AoBO). The ultimate reason for this difference is that the theory of quantum
supermaps does not satisfy the fundamental property of causality [[15].

Axiom 2 (Causality). The probability of a transformation occurring in an experiment is independent of
the choice of experiments performed on its output.

Loosely speaking, causality means that information cannot “come back from the future”. One of its
consequences is that all bipartite states are non-signaling. The existence of signaling bipartite channels
[7,139] is a clear signature that causality does not hold in the theory of quantum supermaps. A rigorous
proof of this, and of the implications of the failure of causality for the theory of quantum supermaps, is
presented in Appendix

The results we obtained in this letter improve our understanding of the operational viewpoint in
quantum theory, and more generally in physics. In particular, we showed that the correct conditions
to impose on a linear transformation to guarantee its physicality, be it a quantum map or a quantum
supermap, must always be formulated in a complete sense. This means that they must always involve
the tensor product with the identity transformation. Thus, for quantum supermaps we have the CPP
condition and the complete CPTNI preservation condition. For quantum maps we have the CP condition
and the complete TNI condition of Eq. (9). Since quantum theory satisfies causality, Eq. (9) becomes
equivalent to the TNI condition we impose ordinarily on quantum maps (see Appendix [E.2). However,
the fundamental requirement is still the one expressed by Eq. (9).

The fact that conditions expressed in a complete sense are the right thing to demand is apparent if
one adopts the framework of operational probabilistic theories [15,[16,35. [36]], presented in Appendix[El
This is an operational approach to physical theories based on the notion of circuits, and of composition
of physical transformations occurring in experiments. Our results confirm and strengthen the validity of
this approach to the study of the fundamental operational properties of physical theories.
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A General facts about quantum maps and supermaps

Quantum maps describe the evolution of quantum systems, in both the deterministic and the probabilistic
case (e.g. when a measurement is performed). To be consistent with the interpretation of mixed states as
probabilistic ensembles, a quantum map P2 must be linear, W2 ¢ #2 . This is not enough, because a
quantum map must send quantum states to quantum states even when applied only to half of a bipartite
state. For this reason we first demand that it be completely positive (CP): for every poBo € @ (#40%)
it must be (idAO ® P8 ) (pAUBO) > 0, where id® is the identity map on system Ag. This means that P?
sends positive semi-definite operators to positive semi-definite operators even when tensored with the
identity. We also require that a map W2 be trace non-increasing (TNI): Tr [‘I’B (pBU)} < 1, for every
ph e g ().

In particular, if the trace is preserved, that is Tr [‘PB (pBO)] =1, for every p? € 9 (%BO), we say
that the map is trace-preserving (TP). The allowed quantum maps are those that are both CP and TNI
(CPTNI). CPTP maps are also called quantum channels and represent the most general deterministic
evolutions a quantum system can undergo. CPTNI maps that are not CPTP represent non-deterministic
transformations. This is what happens in a quantum measurement, which can be seen as a collection of
CPTNI maps {‘Pf }, indexed by the outcomes x of that measurement, such that ¥, ¥% is a CPTP map.
If we know the outcome x of the measurement, then we know that the system evolved under the CPTNI
map W2, We can therefore construct a quantum instrument

gh=XB Y |y M owE, (10)
X

where {|x)x1} is an orthonormal basis of system X;. &207XB1 is a quantum channel with classical-
quantum output. Here X is the classical system, recording the measurement outcome. As such it repre-
sents the meter read by the experimenter performing the quantum measurement {‘Pf }

These notions can be easily generalized to quantum supermaps [13| 14} 47], namely to transforma-
tions sending quantum maps to quantum maps. Again these are linear maps, and an easy translation of
the requirements of CP and TNI leads to the requirement of CPP (Eq. (1)) [13,31]] and TNI preservation.
Specifically, a map is CPTNI-preserving if it is CPP, and sends CPTNI maps to CPTNI maps:

Tr (@5 7€ [WP] (p©)] < 1, (11)

for any CPTNI map W2 and any p € 2 (%ﬂ CO). In fact, if ®~C is CPP, it is enough to require that
inequality (TT) be satisfied by quantum channels W2, namely by CPTP maps.

To see it, let W& be a CPTNI map. We can always find another CPTNI map ¥’ such that W& +¢’8
is CPTP. Now assume that ®~C is CPP, and sends CPTP maps to CPTNI maps. Then, for every
ph e 7 (AP,

1> Te 7€ [ 17] ()] = Tr 07 [97] (p)] + Tr 07 [#7] (p™)]

Since ®%7C is CPP, then Tr [@% 7€ [W5] (pB0)] > 0 and Tr [@F ¢ [W'8] (p%)] > 0, therefore we con-
clude that it must be Tr [@57C [W&] (p#)] < 1, which means that ®%~C satisfies Eq. (TT).

A CPTNI-preserving supermap ®3~C is called superchannel if it sends CPTP maps to CPTP maps
[31]. The original definition in [18]] required that it should send quantum channels to quantum channels
in a complete sense, i.e. even when tensored with the identity supermap. In other words,

TI'[(]A ®®B%C> [\PAB] (PAOCO)} =1.
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— e e e = = = = = = = = = = ===y

Output Map

Figure 2: Realization of a superchannel. Here an input quantum channel is inserted between a CPTP
pre-processing map and a CPTP post-processing map. The output is another quantum channel. The
ancillary system E plays the role of a quantum memory between the pre- and the post-processing.

for any CPTP map W% and any p©0 € 7 (7#40), where .#4 is the identity supermap on A. Actually,
in [31, theorem 1], using the Choi picture, it was proved that we need not consider this requirement in a
complete sense: a CPTNI-preserving supermap ®®~C is a superchannel if and only if

Tr [077C [W7] (p)] = 1,

for any CPTP map W2 and any p©® € 2 (ji” CO). In Appendix we will prove this result in an alterna-
tive way, without using the Choi isomorphism.

Superchannels are intimately related to channels: it was proven that all superchannels can be rep-
resented in terms of a pre- and a post-processing CPTP map [13, 31]], as depicted in Fig. 2] Such a
representation is called a quantum 1-comb [13]. From this we can get an intuitive grasp of the failure
of causality in the theory of quantum supermaps. Consider a superchannel ®3~C acting on a CPTNI
map W2, which means that the superchannel occurs after W5 is prepared in a laboratory or in a quantum
circuit. The presence of a pre-processing in the realization of every ®%~C implies that @€ acts on
the input of W8 too, meaning, in some sense, that part of @3~C also acts before W2. Somehow in this
situation there is not a well-defined notion of what comes “before” and “after”, so causality cannot hold;
for it would select a clear “arrow of time” in information processing. A more formal treatment and a
proof of this fact is provided in Appendix [E]

Superchannels play an important role because they represent all physical ways a quantum channel
can evolve in an open system, and provide a framework for measurements on quantum operations, called
super-measurements. These are described by a set {©®57C} of CPTNI-preserving supermaps such that
Y., ®27C is a superchannel. Then we can construct a quantum super-instrument as the generalization of
the quantum notion (see Eq. (3)):

YB—>X]C [IPB] _ Z|x> <x|X1 ®®)IC3—>C [\PB] ’
X
where system X; again represents the classical meter, like in Eq. (I0). The main result of this letter is
that, unlike CPTNI quantum maps, not all CPTNI-preserving supermaps can be part of a quantum super-

instrument. In Appendix [E| we link this fact to the failure of causality [15] in the theory of quantum
supermaps.

B The Choi picture for quantum maps and supermaps

In this Appendix we collect some results about the Choi representation of quantum maps and supermaps.
Specifically, Appendix provides the general background information and some basic results about
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the Choi isomorphism. Appendix [B.2] instead focuses on the derivations related to complete CPTNI
preservation in the Choi form, and in particular on obtaining Eq. (7).

B.1 Choi matrices of quantum maps and supermaps

The first ingredient to define the Choi isomorphism is to consider the super-normalized maximally entan-
gled state |, )40 = Z‘jio‘l /)01 j)4, where {| j)AO} is a fixed orthonormal basis of 7740 (and therefore

of M t0o, since Ag is Just another copy of Ag). The Choi matrix of a linear map WA € 24 is defined
asJg = (idAO @ Pho—A ) (q)foA“) ,where 97204 := |6, ) (¢, |"*%  Again, since Ay is just another copy

of Ay, the linear map W40~41 is well defined.

In particular, ¥ is CP if and only if J& > 0. ¥ is CPTP if in addition one has Jg° = I, Instead,
Y4 is CPTNI if, besides J{%, > 0, one has J@O < [%. The Choi matrix Jé, encodes all the information
about W because one can reconstruct the action of ¥4 on quantum states from its Choi matrix:

WA (ph) =Trg, |73 ((p™) 1) (12)

for every pA € 9 (%).
To define the Choi matrix of a supermap ©4 5, we follow the approach presented in [31]]. Let us
consider the following basis of the space .Z:

Ehm (P) = GilplR)™ 11) (m[*

for j,k € {1,...,|Ao|} and [,m € {1,...,|A;|}. The Choi matrix of the supermap ® % can be defined
as

AB . __ A B
Jo = Z Jgjk1m®‘]®[éa-

1k1m Jklm]'
JaTa By

Again, J&F encodes all the information about ® 8. For instance, ® 8 is CPP if and only if J§¢ > 0.
Moreover, we can express the action of a supermap on a quantum map W using their Choi matrices: if
®F = @478 [P4], we have [31]

JB = Try [Jé,B ((J(I‘,)T®IB)]. (13)

A full characterization of superchannels from their Choi matrices was given in [31]: A8 is a
superchannel if and only if Jf > 0, and one has JgB 0 = JgOB " ®ut and Jé)lBo = "% Here v =
ﬁlAl is the maximally mixed state. The fact that superchannels send CPTP maps to CPTP maps can
equivalently be written as Tr [@Bﬁc [‘I’B ] (pCO)] = 1, for every CPTP map W2 and every density matrix
p€. Combining Eqgs. (T2) and (T3), we have

e [\PB] (pco) = Trge, [ch ((J@@)pco)T@Iclﬂ :
therefore,

Te [0FC [W¥] (p)] = Trc, { Trc, (3 ((Hh@p®) 21|} =T 10 (G2 p®)].  a4)
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Hence ®27C is a superchannel if and only if
Tr |38 (G2 p)| = 1.

Similarly, we can characterize CPTNI-preserving supermaps in the Choi picture. By Eq. (), a su-
permap is CPTNI-preserving if Tr [G)B_’C [‘PB] (pcﬂ)] < 1, for every CPTP map W5 and every density
matrix p<0. By Eq. (T4) we can rewrite this condition in the Choi picture as

Tr |15 (Fp®)'| < 1.
This proves Eq. (6).

B.2 Some technical derivations about completely CPTNI-preserving supermaps

Now we will focus on expressing the complete CPTNI preservation condition in the Choi picture. Look-
ing at Eq. (3)) tells us that we need to find an expression for Tr [(,ﬂ A® @B_’C) [‘PAB } (pAOcO)] in the Choi
picture. Note that the identity supermap does not change the systems it acts on. Therefore, to express
Eq. (3)) in the Choi form, we only consider how W42 is acted on by the supermap ®2~C, representing the
action of the identity superchannel with the identity matrix /4. Therefore combining Eqs. (T2) and (T3)
this time yields

Tr[(4 0 ©%7) (W4 (p2)] = Tr [ (1 0. 0&) (%)™ @1°) ((p) w145 ) | =

= Tra,zc, {TfAlcl [(IA ®J8) ((J‘?'B)TB ®IC) <(pAOCO)T®IAIBCI)} } -

= Tragsc, [(IAO ® cho) ((J‘?’03> e Ico) <(PA°C°)T ®© IB)} ' ()
Now let us define T
MBC() = TI'AO |:(PAOCO ®IB) ((J$OB> Ag ®ICO>:| , (16)

and let us calculate

JA0 & B JAoB Tag JCo T AoCo o B T
(vea2) (57) o9) prescm

~Tr [(IA"@JgCO) <<J§‘,°B)TB®ICO> ((pAOCO)T@JIB)] .

As we can see, this coincides with Eq. (15]). Therefore Tr [(JA ® ®B_’C) [‘I‘AB] (pAUCO)] =Tr [cho (MBCO)T} ,
where M50 is defined in Eq. (T6)). Now the complete CPTNI preservation condition of Eq. (5) becomes

T
Tr [cho (MBC") } = Tra,Bc,

Tr 357 (MP) | <1 17

for every MB0 of the form (T6). Note that Tr {J gco (MBCO)T} > 0 for every CPP supermap @5~C, whence

MB% is positive semi-definite. Furthermore,

T
MBQCO — TrAOBl |:(pAOC() ®IB) <(J\1‘I\IOB) Ag ®ICO>:| — TrAO [pAOCO:| ®IBO — IBO ®pC0’
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T
where we have used the fact that Try, 5, [(JQ,OB ) AO} = Tra,s, [J.?,OB } , and that Trg, [Jé}’B ] =Tra,3, [JQ,B} -

40 ® % because ¥ is CPTP (cf. Appendix [B.1). So MZ has marginal M%C0 = [Bo g pCo.

Now we prove a key result, namely that every positive semi-definite matrix MP% with marginal
MBoCo = [Bo @ pC_ where p© is any density matrix, can be written as in Eq. (T6)). In this way, instead
of stating complete CPTNI preservation as in Eq. for MB of the form (T6)), we will state it in a
remarkably simpler way: ®3~C is completely CPTNI-preserving if and only if Eq. is satisfied for
any positive semi-definite M5 with marginal M2 = [%o @ p©. This technical result will be crucial
for the main finding of this letter, namely the characterization of physical supermaps (see Appendix (D).

Lemma 3. Let MB% > 0 such that MB© = [50 @ p©, for some p© € 9 (%CO). Then

MPC =Ty, {(P‘“’C" 1) ((’@B)no ®’C°>] |

where WAB is a CPTP map and pA°© € @ (ijoCo).

Proof. Let q)f“BO ® @ be a purification of MBC0 = [Bo @ p©_ where 0% ¢ @ (%” C°E°) is a purifi-
cation of p©0. Now let t8%%0 be a purification of MB so 780 is also a purification of M5, Thus,
these two purifications can be related by an isometry channel ¥ B0Eo=B1fo guch that [33]]

TBCOFO — (idB()C() ® %EQEOH31F0> <¢fogo ® (PEOCO> .
Performing the partial trace on system Fy yields

MBC() — (idBOCO ® F§0E0~>3|> <¢£0§0 ® (PEOC0> (18)

where [B0E0=B1 .= Trp o ¥ BoEo=Bifo jg 3 CPTP map. The action of [Z£0=B1 on a generic state y50f0 €

9 (%B°E°> can be written in terms of its Choi matrix as

_ ~ ~ ~ T
FBOE0—>B] <%B0E0) — Tr§OEO |:]1§0EOBI <<XBOEO) ®IB]>:| . (19)

Let us substitute Eq. (19) into Eq. (I8). Note that the identity map does not change the systems it acts
on. Therefore, to express Eq. in the Choi form, we only consider how q)fOB * ® @Fo is acted on by

the map #0081 representing the action of the identity channel with the identity matrix 750€0. Thus
Eq. (18) becomes

~ -\ T=
MBC() — Tr§0E0 |:(IB()C() ®J€OEOBI) <( EOBO) By ® ((pEOCO)TEO ®IB]>:| )

Expanding ¢f°5 ° and using the cyclic property of the trace, we get

o [e5) (55) o)

=Y ) O 0 T, [(100 ® <X‘J§o§031 ‘y>§0> <((pE0c0)TEo @13)} :

x?y
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Since By is a copy of B, _
~ B
IV R
X,y

where we have replaced system §0 with system By, and we have set B := BgB; as usual. Now I is
regarded as a channel from BygEy to B;. With this in mind, we can write

MP =Ty, | (1% 219 ((50) o 2 17) |

Taking the transpose on Ey, this expression can be rewritten as
T
MBC() — TrE() |:((pE()CO ®IB) ((J?OB) E() ®ICO>:| .

Now rename Eg as Ao, and define J§'° := J2*%, and p40© := ¢4 We find that MB can be written in
the form of Eq. (16). O

This means that once we require M2 to be positive semi-definite and with marginal M2 = 50 @
p©0, for some density matrix p°, this automatically implies that MB€0 has the special form of Eq. (T6).
Consequently, we can express the requirement of complete CPTNI preservation in the Choi form as

follows: ®¥~C is complete CPTNI-preserving if and only if J5 > 0 and Tr {ch (MBCO)T] < 1 for every
positive semi-definite MB0 with marginal M2 = [0 @ p©0, where p©° € 9 (%ﬂ CO). This is Eq. (7).
In particular, ®~C is a superchannel, which is a completely CPTP-preserving supermap if and only if
Tr {ch (MBCO)T] = 1 for every MB > 0 with MBC = [Bo@ p©o_ for po € @ (%CO).

Note that, among these MB’s we can find matrices of the form JE® p<, where W2 is a CPTP

map. These matrices are those used to check the CPTNI preservation condition (cf. Eq. (6))). Indeed,
J@ ® pc" > 0, and the marginal is

TI‘BI [JLIIS‘I ®PCO] — TrBl [JLII?I] ®PCO — JBo ®pC0

because J.lf, is the Choi matrix of a CPTP map (see Appendix . Therefore, as it must be, we recover in
the Choi picture that CPTNI preservation is not stronger than complete CPTNI preservation. In fact, it is
strictly weaker, as shown in the next Appendix [C]

C A supermap that is CPTNI-preserving, but not completely CPTNI-
preserving

In this Appendix we present the concrete counterexample of a supermap @57 that is CPTNI-preserving,

but not completely CPTNI-preserving. In this construction we take |By| = |B;| = |Co| = 2. Consider a
B—C : . : : BCo __ 1By 1Co 1Co B1Co

supermap ©° ¢ that has a Choi matrix with marginal Jg° = 1" ® Y29 where y®10 = |y_) (y_ |1,

and |y_ )51 = % (\01>B 1 _10)8 1C°) is the singlet state. Given this marginal, a possible Choi matrix

of the supermap ®%~C is J5€ = 1B @ Y21 @ €1 where 1€ is the maximally mixed state of C;. Now
we will prove that this supermap is CPTNI-preserving, but not completely CPTNI-preserving.
To this end, we first show that ng)c satisfies Eq. (). If W2 is a CPTP map and p is a density matrix,

we have
T (I8 (2 p)| = Te [ (1% 2 y2 ) (G2 p)'].
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Now we express y>'<" in terms of the super-normalized maximally entangled state ¢B 16,

i = 5(1& @YD) 92 (1M 0y ), (20)

where Y is the Pauli Y matrix. Then

T35 (op®)T] = 21 [ (1M (17 0 v ) o1 (1 0 7)) (R0 p) ] =
— lTrBlCo {TrBO [(IBO @ (1B @ Y0) pBIC (1B Yco)) (/& ®pCo)T} } —

2
1 T
2 IB1Go [ e <<JB{1> Y (pCO)T CO)] 7

using the cyclic property of the trace. Now let us expand ¢ +1C°.

e 021 () oo ()T )| = e[,y o) 1 ((28) v (o) Ty ) | -

- i ()’

;Tr[ 2 < )J ‘y> x) (y[CoyCo (pCO)TYCO] 1)

B
NI (pCO)TY%] -

B
Here the expression Ziyzl <x‘]€,‘ )y> I |x) (y| means considering W2 with its output system trans-
formed from B; to Cp. With this simplification, Eq. (21)) reads

1
Tr (167 (# 2p )] = 3Te [JY < (69) 4]
Now, both %Jg}) and Y (pCO)T Y% are density operators, therefore
JBC() JB Co T =T lJCO YC() Co TyCo <1
(fp@p®) | =Tr|{ /¢ (p°) <l

Hence ch‘) satisfies Eq. (6)); therefore ®%~C is a CPTNI-preserving supermap.
T
Now we show that @€ violates Eq. (7). To this end, let us take M5 = (ch") . This choice of

T
MP% complies with the two requests on MP< in Eq. (7). Since Jor® = %0 @ y1<0 ( gco) is positive
semi-definite; and its marginal

MB()C() — r-[\rB1 |:(JBC0) :| (TrBl |:JBC0:| > [IBO ® MCO] T _ IB() ® MCO
is of the form 7% @ p©, with p©0 density matrix. Then

T 00T (2 ) ()] < (1] -
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= Trp,c, { Trs, |10 @ y2 Y|} =2Tr [y2 @] =2 1.

This is in contrast with Eq. (7), therefore the supermap @5~ not a completely CPTNI-preserving su-
permap, despite being CPTNI-preserving.
We conclude this Appendix by reconstructing @3¢ from its Choi matrix ch =P l//lj 1G0 @ L1,

By Egs. (I2) and (13)), we have

07 [97] (%) = Trse [JE7 (4 09 1) ] = Toag, [ (1% 21 (1) "] =

— Trg,c, {TrBO [(130 ® Wflc()) (e pCO)T} } €1 = Tr [wf’lcO (J{Iil ® pC")T] uCr.

Recalling Eq. (20), we get
eB—C [q;B] (pCO) _ %Tr [ f‘co ((]@1>T ®YC° (pCO)TYC())] ucl,
and using an argument similar to the one in Eq. (2I]), we finally obtain
O [w7] (p) = 5T [157% (p%) ¥ O ut, 22)
By Eq. (12), &0~ (uP0) = %Trgo [J@"COIB‘)CO} = %Jg}’. An equivalent form of Eq. (22)) is therefore
@5C [Wh] (p) = Tr {\PBOHCO (uP) y© (pco)TYco} ey

This is exactly Eq. ().

D The main result

In this Appendix we prove the main result of this letter, namely that a supermap can be part of a super-
instrument if and only if it is completely CPTNI-preserving. To this end, it is useful to consider the
SDP (8)), reported here for the reader’s convenience.

Find o = maxTr [J gco (M BCO)T}
M

Subject to: MBC >0
MBoCo — [Bo ®pco‘

Theorem 4. Suppose @P~C is a CPTNI-preserving supermap. Then there exists another CPTNI-preserving
supermap ©'87C such that ®8C + @'8=C is a superchannel if and only if @87C is completely CPTNI-
preserving.

Proof. First we will show sufficiency, namely that any completely CPTNI-preserving supermap @5—¢
can be completed to a superchannel. Following [6]], let us write the SDP (8)) in a different form. To do
s0, consider the linear map .4 : %, (A#5%) — R® B, (A#P0), defined as

N (MB) = (Tr [MPO] ,MP% — yPo @ M©)
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for every hermitian matrix M2, We are working with positive semi-definite matrices M5 with marginal
MBC = [Bo @ p©, where p© € P (A#0), whence

Tr [MP] = Trp,c, {Trp, [MP] } = Tr [MP] = Tr [P0 @ p©] = |By| .

In addition,
M = Trg [MPO] = Trp, [MP*P] = Trg, [1% @ p©] = |By| p©.

Using .4, we can replace the condition M50 = %o @ p©0 with 4" (MB) — (|By|,080) = (0,080).
Rewriting the SDP (8) in terms of .4~ one obtains

Find o = maxTr [ch" (MBCO)T}
M
Subject to: N (MP) — (|By|,050%) = (0,0%)
MBC > .

We can now construct the associated dual problem as follows. The dual map of A" is A/ : R &
By (H5) > By, (A7) such that

JV* (r,7 GBOC()) — (I"IBOCO + GBOCO _ MBO ® GCO) ®IBI7

where (r, GBOcO) eRp %), (jf BOcO). The dual problem is then

Find B =min((r,c"%),(|Bo|,0))
Subject to: (rIBoCo + oBoC _ yBo GC()) QI — cho >0
reR

o8 ¢ B, (%BOCO) 7
where the inner product <(r, GBOcO) , (s, TB‘)CO)> is defined as
<(r, GBOCO) , (s, TB°C°)> =rs+Tr [GB‘)COTB(’CO] .

With this in mind, the dual problem simplifies to

Find B = |Bo|minr
Subject to: (r1Bo% 4 B0 B0 @ ) @ [B1 > Jo©o (23)
reR

™% € B, ().

Notice that the matrix /5% 4 gB0% — B0 %0 must be positive semi-definite, otherwise the first con-
straint could not be satisfied. In particular this implies > 0. Indeed, if r < 0, for some oB0C the matrix
rIBoC 4 gBoC — yBo % 60 would have negative eigenvalues. Factoring 7 |By| out of the first term of the
constraint in Eq. (23)), we get

(rIBOCO + GBOCO _ MBO ® GCO) ®IB] — V‘BO‘ (MBO ®IC0 + G/BOCO _ MBO ® G/CO) ®IBI7



18 Necessary and Sufficient Conditions on Measurements of Quantum Channels

where ¢/B0C0 .= r|1 |GBOC° if r #£ 0. Note that this does not alter the constraint on the dual SDP, so we

can forget the primes, and rewrite Eq. (23) as

Find B = |Bo| minr
Subject to: r|Bo (MBO @ I 4 gBoCo _ B0 & GCO) @15 > cho
r>0

o c 2, (%”BOCO) .
In particular this implies that 150 @ 1€ 4 ¢BoC — ;B0 @ 60 > 0. Now let us define
J50 = (1P @1 + 65 — 4P @ cC) @ 171, (24)
Note that JBC0 JB"C0 ® uP' because
JBOCO [JBCO} —|B| (MBO & 1€ 4 gBoCo _ Bo GC") '

Moreover,
JBICO _ |:JBC0:| — (ICo + 5% — GCO) @181 = [B1%,

Since J5<° >0, by AppendingC(J is the marginal Choi matrix of a superchannel ®2~C. Eq. (24) can
be taken as the definition of the marginal cho of the Choi matrix of any superchannel. This is because
any such marginal ch can be written as in Eq. (24) for some hermitian matrix 6200 it is enough to

take 6% to be B IJBOC0 Indeed, substituting ¢50¢ = ‘JBOC0 in the right-hand side of Eq. (24)) yields

1
‘Bl‘ (uBo ®ICO—|— JBOCo_iuBo ®J )

BB B 19+ 10 - @ IP) et

|Bl | uBo ®IC0 +JBOCO Bo ® TrBC. [ch]) ® uBl

| |u30 ®IC0 +J§>0C0 uBo ®TI‘B [J31C0]> ® ub

(|B1 | MBO ®IC0 +JBOCO Bo ®Tr31 {TTB()Q [ch] }) ® MBI
<|B |uBo ®IC0 +JBOC0 uBo @ Trp, [131(70]) ®MBI

|B1 | MBO ®IC0 +JBOCO ’Bl ’ MBO ®IC()> ®MB]

JBOCO ubi

Therefore, in the light of these remarks, the dual SDP can be equivalently formulated in the following
terms:

Find = |By| minr
Subject to: ]Bol JE @bt > JBC0
JB()C() > O

ngco — B1G

r>0.
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Strong duality states that the primal and dual problem have the same optimal solution, therefore o = 3.
Since ®~C is completely CPTNI-preserving, o = maxy; Tr {J Co (MBCO) } < 1. Hence B < 1. Clearly

taking r|By| = B satisfies the constraint r|By| JB 0€0 @ yB1 > JBC0 and we have
Jgoco Qubt > ﬁJgOCO Qubr > cho

because B < 1. Now define @57C to be a new supermap such that JBCO = JBOCO @ ub —ch‘). By

construction J ,0 > (; and by substitutin J % into the left-hand side of E one obtains
o Yy g q.
T
Tr [JBC" (V& 2 p) ] Tr [JBCO I8 (78 @ p©) } -
=T [157 (0 p)" | ~Tr (160 (W @p®) | = 1T [ I (2 p™)' .

where we have used the fact that ®57C is a superchannel (see Appendlx . Now, Tr [JB Co (J8® pCO)T} >

0 because @3C is CPP. Therefore Tr [JB O (B pCO)T} < 1 for every J§ @ p©0, thus @7C is CPTNI-

preserving.

To conclude the proof, let us prove necessity. Assume that @3~C is a CPTNI-preserving supermap
such that ®87C = @F~C 1 @B~C is a superchannel, where ®587C is another CPTNI-preserving su-
permap. We will prove that ®3~C must be completely CPTNI-preserving. In the Choi picture we have

Jo +Jo0 = JE%. (25)

Let us multiply both sides of Eq. by the transpose of any matrix M2 > 0 with marginal MBC =
1P @p%, p© € 9 (A#0), and then take the trace.

Tr [JBCO ( MBCO) } [JBCO ( MBCO) } [JBCO ( MBCO)T} (26)

By the results in Appendix the right-hand side is 1 because ®27C is a superchannel. Thus Eq. (26)
becomes

Tr [JBCO (MBC0) } [JBCO (MBCO)T} —1,

which implies Tr {JB Co (MBCO) } < 1 for all MBS because @€ is CPP. Therefore ®@%~C satisfies
Eq. (7), which means that it is completely CPTNI-preserving. This concludes the proof. O

Applying the statement of this theorem to @27C, we get that @2~C is completely CPTNI-preserving
too.

E OPT interpretation of the result

The theory of quantum supermaps, where generic evolutions of quantum maps are described by su-
permaps, can be analyzed using the framework of operational-probabilistic theories (OPTs) [15} [16} 11}
17,135,136, 137, which is a formalism to describe arbitrary physical theories admitting probabilistic pro-
cesses. OPTs differ from the convex set approach to general probabilistic theories [4, 2, 3] in that they
take the composition of physical processes and systems as a primitive. Mathematically, this is based on
the graphical language of circuits [[24} 25|52} 26] and probability theory.
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E.1 The general framework

OPTs describe the experiments that can be performed on a given set of systems by a given set of physical
processes. The framework is based on a primitive notion of composition, whereby every pair of physical
systems A and B can be combined into a composite system AB. Physical processes can be connected in
sequence or in parallel to build circuits, in the very same way as the corresponding devices are connected
in a laboratory to build an experiment. For instance,

6 TP D
B [, B '

El D,
In this example, A, A’, A”, B, and B are systems, p is a bipartite state, o, </’ and A are transformations,

a and b are effects. Note that inputs are on the left and outputs on the right.
For generic systems A and B, we denote by

27

e St(A) the set of states of system A,
e Eff(A) the set of effects on A,
e Transf (A, B) the set of transformations from A to B,

o Aol (or B, for short) the sequential composition of two transformations <7 and 4, with the
input of % matching the output of <7,

e .7, the identity transformation on system A, represented by the plain wire —2—,

o o/ ® X the parallel composition (or tensor product) of the transformations </ and 4.

Among the list of valid physical systems, every OPT includes the trivial system I, corresponding to the
degrees of freedom ignored by theory and to the lack of input (or output) system. States (resp. effects)
are transformations with the trivial system as input (resp. output).

A circuit with no external wires, like in Eq. (27)), is identified with a real number in the interval [0, 1],
interpreted as the probability of the joint occurrence of all the transformations present in the circuit. We
will often use the notation (a|p) to denote the circuit

(alp) = (P HHD.
Let us clarify these concepts in quantum theory.

Example 5. In quantum theory we associate a Hilbert space .74 with every system A. States are positive
semi-definite operators p with Tr[p] < 1. The reason why we also consider states with trace less than 1
will be explained in example[7} An effect is, instead, represented by a positive semi-definite operator E,
with £ <[, where [ is the identity operator. The pairing between states and effects is given by the trace:
(Elp) =TrEp.

The fact that some circuits represent real numbers induces a notion of sum for transformations, so that
the sets St(A), Transf (A,B), and Eff (A) become spanning sets of real vector spaces. We will denote
the vector space of states as Stg (A) and the vector space of transformations as Transfr (A, B). Effects
become linear functionals on Stg (A), and transformations in Transf (A,B) are linear transformations
from Stg (A) to Stg (B).

If we restrict ourselves to linear combinations of states with non-negative coefficients (conical com-
binations), we obtain a proper convex cone [[15]], called the cone of states St (A). Note that effects take
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non-negative values on the cone of states. Indeed if & € St (A), then & is a conical combination of
some states p;: & = Y, A;ip;, where A; > 0 for every i. Therefore when an effect a acts on &, we have
(a|l&)=Y,;Ai(alpi) >0as A; >0,and 0 < (a|p;) < 1, because an effect yields a probability when applied
to a state.

Example 6. In quantum theory, Stg (A) is the vector space of hermitian operators on .74, and St (A)
is the cone of positive semi-definite operators.

In general, an experiment in a laboratory can be non-deterministic, i.e. it can result into a set of
alternative transformations applied to the input system, heralded by different outcomes, which can (at
least in principle) be accessed by an experimenter. General non-deterministic processes are described by
tests: a test from A to B is a collection of transformations {%%},.y from A to B, where X is the set of
outcomes. If A (resp. B) is the trivial system, the test is called a preparation-test (resp. observation-test).
If the set of outcomes X contains a single element, we say that the test is deterministic, because only one
transformation can occur, and we can predict the outcome of the experiment. We refer to deterministic
transformations as channels. If we sum over all the transformations in a test we get a deterministic
transformation, viz. a channel: 6 := Y, x .. This is because the sum of all the transformations arising
in a test can be viewed as the full coarse-graining over all outcomes [[15]], resulting in a new, deterministic,
test.

Example 7. In quantum theory, a channel from Ay to A; is a CPTP map from % (%AO) to B (ji” Al )
A test from Ag to A is a collection of CPTNI maps from % (#*) to 2 (#*1) summing to a CPTP
map. Note that this is consistent with the fact that the sum over all the transformations in a test yields a
channel.

Deterministic states are positive semi-definite operators p with Tr[p] = 1. A non-deterministic
preparation-test is a collection of positive semi-definite operators p; with Tr[p;] < 1 (non-deterministic
states) that sum to a deterministic state p. This is essentially a random preparation: a state p; is prepared
with a probability given by Tr[p;]. This is why we consider all positive semi-definite operators p with
Tr[p] <1 as states.

Observation-tests are POVMs. In quantum theory there is only one deterministic effect: the identity
I (more precisely it is the functional Tr[/e]). This is not a coincidence, but it follows from the fact that
quantum theory is a causal theory (see definition [§).

Among all theories, causal theories [[15] are particularly important: in these theories, loosely speak-
ing, information cannot come back from the future. They are particularly simple in their structure, and
generally speaking they are well understood. Causality can also be shown to imply no-signaling in
space-like separated systems [[15]]. The formal statement of the property of causality is as follows.

Axiom 8 (Causality [15]). For every state p, take two observation-tests {a.} .y and {by} One has

yey:

Y (alp) =Y. (o).

xeX yeY

Causality can be equivalently characterized in terms of deterministic effects: an OPT is causal if and
only if, for every system A, there is a unique deterministic effect ua [15]. This characterization is very
practical to work with.

Example 9. In quantum theory there is only one deterministic effect, the identity operator (or the trace
functional). Hence quantum theory is causal.
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Causal theories enjoy an important property: the unique deterministic effect for a composite system
AB always factorizes as the parallel composition of the deterministic effects on A and on B. In symbols,
uap = ua @ ug. This is because if up and ug are the deterministic effects of A and B, then ua ® ug is a
deterministic effect on AB. Since the theory is causal, there is a unique deterministic effect on AB, so
upx @ up 18 the deterministic effect of AB.

Moreover in causal theories there is a nice characterization of channels: a transformation 4 €
Transf (A, B) is a channel if and only if [15]

URE = ua. (28)

In quantum theory, since u is the trace, this condition amounts to saying that channels are trace-preserving.
Let us conclude this section showing how the theory of quantum supermaps fits into the OPT formal-
ism.

Example 10. In the theory of quantum supermaps, every system A is a pair of input and output quantum
systems A = (Ag, A ); deterministic states are CPTP maps, and non-deterministic ones are CPTNI maps.
The cone of states is given by all CP maps. Transformations in this theory are supermaps [[13| [18, 47,
10, [31]]. As our results show, it is not immediate to pin down the mathematical properties that make a
generic linear supermap from A to B physical. We will analyze this issue from the OPT perspective in
the next subsection.

Now let us show that the theory of quantum supermaps is not causal. Suppose we want to construct a
deterministic effect in this theory. According to [12}[13}[14]], to this end it is enough to consider a 1-comb
made of deterministic quantum operations, which means a circuit fragment of the form

By Ao Ay B
% A 5

S

where both o7 and .¢7] are deterministic quantum operations. Since this comb must output a probabil-
ity, its pre-processing 2% must be a deterministic bipartite quantum state p € St(AoS), and its post-
processing .2/] must be a deterministic bipartite quantum effect u € Eff (A;S), for some system S:

Ao Ay
Qrp)

Now recall that in causal theories the deterministic effect of a bipartite system A;S factorizes as ua, ® us,
and that u is nothing but the trace (cf. example[7). Then

Ao Ay Ao
Pl THa-([ - @

where p’ = Trs [p]. In this way, for any choice of p € 2 (%Aos) we obtain all quantum states p’ €
9 (,%”AO). Therefore the generic deterministic effect on system A = (Ag,A;) of the theory of quantum

supermaps is of the form
= (P} A,

for any quantum state p € & (%AO). This means that there is a whole family of deterministic effects,
labeled by quantum states. Therefore the theory of quantum supermaps is not causal, a fact that is
confirmed by the presence of signaling bipartite quantum channels [7]. The failure of causality implies
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here that there are some deterministic effects for a bipartite system AB = (Ag,A;) (By,B;) that do not
factorize. Indeed, if we take a non-product bipartite quantum state p € Z (#*5), the associated
deterministic effect is

-

(29)

C . i
I/tp = p 3
e D)
which does not factorize. This fact will play an important role in Appendix and it is ultimately the
reason why we need the CPTNI preservation condition in a complete sense.

E.2 Necessary conditions for physical transformations

In the OPT approach, however we construct a diagram, this represents a physical object: a valid state,
a valid transformation, a valid effect. Specializing our analysis to transformations from a system A to a
system B, a linear map . from Stg (A) to St (B) is a valid physical transformation if and only if

A of B
one

is a valid state of system BS, for every choice of p and S. Here we will derive some necessary conditions
to guarantee this. In particular if (30)) is a valid state, for every bipartite effect E € Eff (BS) we have

Af)e
0< |p| | E|<], G

because this is the probability of E occurring on (&7 ® s)p.

Remark 11. Condition is only necessary, but in general not sufficient to guarantee that repre-
sents a valid physical state. Indeed, the theory may have additional restrictions on the allowed states,
as it happens in the presence of superselection rules [41), 28| 21} 22| 51]. If the theory is completely
unrestricted, like quantum theory or the theory of quantum supermaps, condition (31) is sufficient as
well.

Let us analyze the two inequalities in (31)) separately. If (& ® .%5) p is in the cone of states of BS,

then we immediately have
A @] B
s

Definition 12. We say that a transformation <7 in Transfr (A,B) is completely positive if, for every
system S and every element & € Sty (AS), we have (& ® %5) & € St (BS).

for every effect E € Eff (BS).

In words, a completely positive transformation is a linear transformation that maps elements in the
input cone of states to elements in the output cone of states in a complete sense, i.e. even when there is
an ancillary system S. This is clearly a necessary condition for a transformation to be physical.

Note that it is equivalent to define complete positivity just on states in St (AS), instead of on generic
elements of & € St (AS): & is completely positive if and only if, for every system S and every state
p € St(AS), we have (& ® Z5)p € Sty (BS). To see the non-trivial implication, recall that if & is a
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generic element of St (AS), it can be written as a conical combination of states p; of AS: & =Y; A;p;,
with A; > 0 for every i. Then, if we know that (&7 ® .5) p € Sty (BS) for every p € St(AS), we have

(o ®.75)& =) Ai(o/ ©.75) pi € St (BS),

because St (BS) is closed under conical combinations.

Example 13. In quantum theory, the cone of states is the cone of positive semi-definite operators; there-
fore completely positive transformations in the sense of definition |12|are exactly CP maps.

In the theory of quantum supermaps, the cone of states is the cone of CP maps. In this case, com-
pletely positive transformations are CPP supermaps [13}[31].

Now let us analyze the second inequality in (31), namely

A @] B

for every effect E € Eff (BS). Assume .o is completely positive. Then, demanding the validity of
inequality for every state p € St(AS) and every effect E € Eff (BS) is equivalent to demanding
its validity when p is any deterministic state and E any deterministic effect. To see the non-trivial
implication, recall that if p is non-deterministic, it arises in a preparation-test {p, p’}. Similarly, if E is
non-deterministic, it arises in an observation-test {E,E'}. Clearly p = p + p’ is a deterministic state, and
E = E +E' is a deterministic effect. Then

A {7} A {7} A {7}
S S S

s L] 8 s [}
+(p, e EJF(I), S E,)

Now, each term in the right-hand side is non-negative because <7 is completely positive. It follows that
each term is also less than or equal to 1, and specifically

A[?]B
S

We summarize these necessary requirements in the following theorem.

Theorem 14. Let o7 € Transfr (A,B). Then <f is a physical transformation only if both these conditions
are satisfied:

1. (o ®.Fs)p €Sty (BS) for every system S and every state p € St(AS);

2.
A[?]B
S

for every system S, every deterministic state p € St(AS), and every deterministic effect u €
Eff (BS).
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Note that in particular, condition 2] implies that

<1, (33)

for it is enough to take S to be the trivial system I. However, in general, this condition is weaker than
condition [2] such as in the theory of quantum supermaps. Let us analyze the role of conditions [I} 2] and
(33) in this theory.

Example 15. First of all, since the theory of quantum supermaps has no restrictions, the conditions
in theorem become sufficient as well. We have already examined condition Let us focus on
condition 2} and unfold its meaning. In this case, p is actually bipartite channel &, and </ acts as a
supermap 2l on half of €. Recalling Eq. (29), condition [2|becomes Trgg (QLA*B ®7J5 ) [%AS (pAUSO)} <
1, where J is the identity superchannel. This is nothing but requiring that 2 be completely CPTNI-
preserving (cf. Eq. (3)).

In conclusion, the two conditions of theorem[I4]are exactly the two conditions we found in this letter.
Note that condition (33)), expressing CPTNI preservation (but not in a complete sense), is weaker than
condition [2] as there is no way to recover condition [2| from condition (33). This is essentially because
not all bipartite deterministic effects can be reduced to single-system deterministic effects (cf. Eq. (29)).
Thus condition (33) cannot be used to assess whether a candidate supermap is physical or not, and
CPTNI preservation is not enough.

If theorem[14]is valid in all physical theories, why do we not need to impose the trace non-increasing
condition in a complete sense in quantum theory? This is because the theory is causal. Indeed in all
causal theories, condition 2] becomes equivalent to condition (33).

Proposition 16. In a causal theory with deterministic effect u, one has

A W B
S

for every system S and every deterministic state p € St(AS), if and only if

@A {7 <1

for every deterministic state p € St(A).

Proof. We have already seen one implication (necessity), now let us focus on the other. Assume condi-
tion holds. Take an arbitrary system S and an arbitrary deterministic state £ € St (AS). Then

G:@BD:ClI,- A <1

where we have used the fact that the deterministic effect of a composite system factorizes, and that

is a deterministic state. O
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In other words, for causal theories condition [2]can be formulated only for single systems, without the
need of an ancillary system S. Recall that in quantum theory u is the trace, so condition (33)) means that
&/ is trace-non-increasing. Proposition [16]is the ultimate reason why in quantum theory it is enough to
require that a CP map be TNI (on single system) rather than completely TNI. In conclusion, the ultimate
origin of the unexpected behavior of the theory of quantum supermaps is the failure of causality.

However, in [31]] one of the authors showed that for a CPP map to be a superchannel, instead, it is not
necessary to demand that it be completely TPP, but it is enough that it be TPP. Why do we not need CPTP
preservation in a complete sense for superchannels? Let us understand it using the OPT formalism.

Clearly, a superchannel ®®~¢ must send channels to channels in a complete sense: for any bipartite
quantum channel W42, 74 @ @8 ~C [P48] = @AC, where .#4 is the identity superchannel, and ®4€ is
still a quantum channel. By Eq. (28), this is true if and only if

(Tra, @ Tre,) (4 @ OF 7€ [WAP]) = Ty, ® Try, (34)

where we have denoted the deterministic effect u explicitly as the trace. Now let us try to prove Eq. (34)
knowing that ®3~C is just TPP. Now consider the following channel

Ay Ay
B, ([P0 Tr)
Y = R 2 (35)

0

where py is some density matrix on Ag. Since ®¥C is TPP, we have that ®'C := @%~¢ [¥'] is still a

quantum channel. In other words
TI'Cl @B%C [lP,B] = TI'CO.

Then if we take a density matrix oy € & (ji” CO) , we have
Tre, @€ [W#] (0§ ) = Trc, |of?| = 1.
Now, recalling the definition of ¥’2 in Eq. (35)), we have
Teg, Tre, (4 2 ©F7C [94%]) (p @ ol ) = 1, (36)
for any pp € 7 (%AO) and any 6y € ¥ (%‘ CO). If we manage to prove that
Trg, Tre, (I @ 7€ [WAP]) (1) =1

for every bipartite state 7400, then the validity of Eq. (34) is shown. Now, recall that in quantum the-

ory every bipartite state can be written as an affine combination of product states. Therefore t40¢0 =

Y ljpfo ® jS", with }';A; = 1. Therefore
oy, Trc, (4 9 ©7 € [$47]) (¢1960) = Tiy Tre, (4 @07 [947]) (Z Aipl e of°> )

= ¥ AyTea, Trc, (4 @ ©FC [#4%]) (plo @ o) = Z/I =1,
J

where we have used Eq. (36). This proves Eq. (34), so for quantum superchannels it is indeed enough to
require that they be TPP. Note that this proof does not use any quantum feature except causality, which
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allows us to characterize quantum channels as CPTP maps, and local tomography [[15}[37]], a property that
guarantees that every deterministic bipartite state can be written as an affine combination of deterministic
product states.

The same proofs also shows that any attempt to adapt it to supermaps transforming quantum channels
to CPTNI maps is bound to fail: even if Try, Trc, (JA ® @B—~C [‘I’AB] ) <p6‘° ® GOCO> < 1, we cannot

conclude that Tra, Tr, (#4 @ @F7C [WAB]) (740) < | for every bipartite state 740, The reason is
that we are only dealing with an affine combination, possibly even containing negative terms. This does

not allow us to conclude anything about ¥ ; A, Try Tre, (£4 ® @5 7¢ [WA5]) (p?o ® G].CO) .
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