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In this paper, we show that the quantum Zeno effect can occur for generalized quantum measurements
or operations. As a consequence of frequently performing nonselective measurements (or trace-preserving
completely positive maps), the evolution of a certain measurement-invariant state is governed by an
effective Hamiltonian defined by the measurement (or map) and the free-evolution Hamiltonian. For selective
measurements, the state may change randomly with time according to measurement outcomes, but some physical
quantities (operators) still evolve according to the effective Hamiltonian.
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I. INTRODUCTION

The phenomenon that the time evolution of a quantum
system can be slowed down by frequent measurements, and
eventually “frozen” in the large-frequency limit, is known as
the quantum Zeno effect (QZE) [1,2]. As an interesting phe-
nomenon in quantum physics, the QZE has been theoretically
studied for decades and demonstrated in many experiments
(see Ref. [3] for a review, and recent articles [4-6]). If
instead of frequently projecting a system into its initial state,
measurements project it into a multidimensional subspace that
includes the initial state, the QZE allows the dynamics within
the subspace, which is known as the quantum Zeno subspace
effect [7]. In a recent work [6], some of us proposed a version
of the QZE, which is called the operator QZE. In the operator
QZE, the evolution of some physical quantities (operators) are
frozen by frequent (noncommuting) measurements, while the
quantum state may change randomly with time according to
measurement outcomes.

In general, a quantum measurement corresponds to a set
of measurement operators {M,} satisfying the completeness

equation »_ g M;Mq =1 [8]. The postmeasurement state for
the measurement outcome ¢ is given by p, = pq_qu oM T,

where p, = Tr(M, pM;) is the probability of the outcome ¢,
and p is the state of the system before the measurement. If
the measurement is nonselective, which means outcomes are
not recorded, the measurement transforms the state as a trace-
preserving completely positive (CP) map Pp = Y g MqpM IR
where Kraus operators are measurement operators. Any trace-
preserving CP map can be formalized in the operator-sum
representation [8].

In this paper, we show that the QZE can occur for
generalized quantum measurements or operations. By means
of frequently performing nonselective measurements (or trace-
preserving CP maps), if the initial state is invariant under the
measurement P, the evolution is governed by an effective
Hamiltonian defined by the measurement and the free-
evolution Hamiltonian. As a result of frequently performed
selective measurements, the state may change randomly with
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time according to measurement outcomes, but some operators
still evolve according to the effective dynamics. In the effective
dynamics, each measurement invariant subspace (MIS), which
is an irreducible common invariant subspace of measurement
operators {M,}, behaves like a single quantum state. Actually,
each set of isomorphic MISs contains a noiseless subsystem
of the map P [9], and the effective Hamiltonian drives the
evolution of noiseless subsystems. If there is not any nontrivial
invariant subspace of {M,} or MISs are not isomorphic with
each other, the system is always totally frozen in the initial
state. The quantum Zeno subspace effect corresponds to the
case that MISs are one-dimensional.

The most remarkable practical application of the QZE
consists in suppressing decoherence and dissipation, which
is crucial for practical quantum-information processing. The
QZE can protect unknown quantum states in the Zeno subspace
[10]. Recently, it is shown that the decoherence can be
suppressed by the Zeno subspace effect while allowing for
full quantum control [11]. Some of us proposed a protocol of
protecting unknown quantum states from decoherence based
on the operator QZE [6], which has the advantage over
previous protocols that only two-qubit measurements rather
than multiqubit measurements are required. In this paper, we
find that by frequently performing a quantum measurement
or operation with isomorphic MISs, quantum information
encoded in the noiseless subsystem associated with these
isomorphic MISs can be protected while full quantum control
is allowed. Compared with generating noiseless subsystems
with a sequence of pulses as in the theory of dynamical
decoupling [12] and other QZE-based protocols [6,10,11], the
QZE of general operations significantly enlarges the set of
operations that can be used to protect quantum information.

II. ZENO EFFECT OF NONSELECTIVE MEASUREMENTS

We consider a system whose free evolution is governed by
the Hamiltonian H. The superoperator corresponding to the
free time evolution is /(1) = e*', where the generator Le =
—i[H,e] is the Liouvillian of the system. As a typical model
of the QZE, we suppose the measurement is performed N
times during the entire time of evolution t at equal intervals
and each measurement is performed instantly, meaning that
the measurement can be implemented in a negligible amount
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of time. If the measurement is a nonselective measurement P,
the time evolution of the state reads [11]

p(T) = [PU/N)I" p(0). (M

Here, the initial state is a measurement-invariant operator
MIO), i.e., Pp(0) = p(0).

For projective measurements [1-3] or weak projective
measurements [11,13], a MIO state is a state in the Zeno
subspace, and the dynamics is governed by an effective
Hamiltonian H,, = w7 Hmz in the limit N — oo. Here, 77 is
the projector of the Zeno subspace.

As the main result of this paper, we prove that, for any
nonselective measurement P, the state evolves driven by an
effective Hamiltonian H in the limit N — o0, i.e.,

p(t) = e~ p(0), 2)
where Lo = —i [H,e]. Here, we assume that the Hilbert
space of the system is finite-dimensional, and ||H||; = J and

|H|l; = J are both finite, where || o ||; denotes the trace norm
of an operator. Importantly, this result also applies to any
trace-preserving CP maps.

A. Measurement invariant subspaces

Before discussing MIOs, consider the following orthogonal
decomposition of the Hilbert space:

H = [@(Hgf’ ® H(,{))} @ He. 3)
J

Here, H(S]) and H(,",’) are spanned by {|®Y")} and {|v")},

respectively, and H¢ is spanned by {|¢>]C )}

The subspaces {H(S]) ® H(,{)} are invariant subspaces of
{M,}, and each of them is composed of a set of isomorphic
MiSs HY @ HY) = @, HY. Here, each MIS 1.’ is spanned
by {|D) ® [} such that r = 1,2, ...,dY’}, where d¥ is
the dimension of the subsystem H%). Each set of isomorphic
MISs is maximized, i.e., ng ) and Hi{ ) are isomorphic
if and only if j = j'. Here, two MISs are isomorphic,
meaning {JTS(])qu(’)} and {ns(/’,)qus(,”)} are the same up to
a unitary transformation, where m(’ )
subspace HY.

The complement subspace H¢ neither is nor has a nontrivial
invariant subspace of {M,}, but it is an invariant subspace of
{MqT}. If the algebra generated by {M,} is a { algebra, Hc is
always empty [14]. In general, the algebra generated by {M,}
may not be a t algebra; thus, H¢ could be nonempty (see the
example in Sec. VI A).

If there is not any nontrivial invariant subspace of {M,},
the Hilbert space H is irreducible and the decomposition reads
H= (’Hg) ® Hg)) @ Hc, where Hg) is one-dimensional and
Hc is empty.

With this decomposition of the Hilbert space, measurement
operators read M, =3, 7 DIMyx + M€, where 7
(€) is the projector of the subspace H(SJ '® H(,g) (Hce)- Up
to a unitary transformation, 7'M,z ) = ]1(51) ® M;’ ). where

is the projector of the

ﬂgj) (]1%)) is the identity operator of the subsystem H(Sj)
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(Hg{)), and {M;J )} are operators of the subsystem Hg{). Due
to the completeness equation of {M,}, the operators {M(SJ )}
also obey the completeness equation ), MM =19
Because each Hﬁj) is a MIS, H%) is irreducible; i.e., H(Rj)
does not have any nontrivial invariant subspace of {M,;’ )}.

A decomposition similar to that in Eq. (3) is generally
used to study noiseless subsystems [9,12], and it is based on
the representation theory [14] of the T algebra generated by
{Mq,M,;}, the interaction algebra. In this work, instead of
considering the interaction algebra, we look at the algebra
generated by {M,} for the purpose of analyzing MIOs. In fact,
for unital maps, the complement subspace is always empty,
and previous results of noiseless subsystems based on the
interaction algebra [9,12] can be applied here. We would like to
remark that whereas each S subsystem is a noiseless subsystem
of the map P [9], not all noiseless subsystems are S subsystems
that correspond to isomorphic MISs.

B. The limit of the map Sy

To ensure the existence of MIOs, we define a map Sy =
(1/N) ZfZ:l P™, which is a trace-preserving CP map. For any
operator A with a finite trace norm, Sy A converges to a MIO
in the limit N — oo. If A is nonzero, Sooc A = limy_, oo SN A
is always a nonzero MIO.

One can prove the limit of the map Sy by noticing
ISn11A =Sy Alli=(N+DHPNTTA-Sy Al <2(N + 1)7!
IAll;  and  [|[PSyA —SyAlL = NT'|P¥*TTA — Al <
2N~ A|l. Here, P¥*! and Sy are both trace-preserving CP
maps, which do not increase the trace norm of a Hermitian
operator. Notice that, whereas the operator A may not be a
Hermitian operator, it can be written as a linear superposition
of two Hermitian operators A + Af and —i A + i Af.

C. Measurement-invariant operators

A MIO A is a fixed point of the map P. If P is unital, i.e.,

P1 =1, A commutes with {Mq,M;} [15]. We now show that
for a general trace-preserving CP map P, A can always be
written as

A= Ay & AY). (4)

J

where A(Sj) is an operator of the subsystem H(Sj), and A(Rf) =
(l/dg))Séé)]lg) is a MIO of the subsystem H(,{). Here, SY) =
limy oo (1/N) N _ PO™ and PV e = >, MY o MY are
maps of the subsystem HY'. If PU) is unital, AY =
(1/dH1y).

To prove Eq. (4), first, we consider Hermitian MIOs. In
Appendix A, we prove that a Hermitian MIO A satisfies
€A =aDAgD) =0 for j#j, ie, A=), 7PDAxD.
Because each m)An/) is an operator in the invariant
subspace H(Sj) ® H(,;,j), each 71 AxY) is a Hermitian MIO. In
Appendix A, we also prove that Ag) is the unique Hermitian
MIO of the measurement ) up to a scalar factor. Therefore,
7D A7) is proportional to AY’, ie., 7WAxY) = Agj) ®
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A%), and the Hermitian MIO A can also be written in the
form of Eq. (4).

If A is a MIO but not Hermitian, A + Af and —i A +iAf
are two Hermitian MIOs that can be written in the form of
Eq. (4). Therefore, any MIO can be written in the form of
Eq. (4).

Now, we are in a condition to explain how to decompose
the Hilbert space as in Eq. (3). Consider the MIO A =
Ssl = @j(léj) ® A%))’ where I;J) > dglg is an invertible

Hermitian operator of the subsystem H(S]). Because A(R’) is also
invertible (see Appendix A), the complement subspace H¢ is
spanned by eigenstates of A with zero eigenvalues. Then,
one can decompose the Hilbert space as Eq. (3) by applying
the representation theory [14] of the | algebra generated
by {nSRquSR,nSRM;nSR} to the subspace spanned by
eigenstates of A with nonzero eigenvalues. Here, 758 =
1 —n€ is the projector of the subspace spanned by non-
zero-valued eigenstates. Actually, one can prove that the
subspace spanned by zero-valued eigenstates of A neither
is nor has a nontrivial invariant subspace of {M,}, and each
irreducible invariant subspace of {7 S8 M, 5% 758 M, I SR) s
an irreducible invariant subspace of {M, }

D. The effective Hamiltonian

The effective Hamiltonian reads

A= (A 1), 5)
J

where I:Iéj) = TrR[n(j)Hn(f)(ﬂ(S]) ® AY)] is a Hermitian op-
erator of the subsystem H(S’). As shown in Appendix B, the
effective Hamiltonian satisfies SooHp = Hp and SyopH =
pH for any MIO state p. Operators that can be written in the
form of Eq. (5) are called dual MIOs.

Driven by the effective Hamiltonian, the state
initialized in a MIO state p(0)=@D;(p{ ) ® AY)
evolves as p(t) = @; (,o(J)(t) ® A%)), where ,o(J)(t) =

e_iHé'j)’pg’)(O)e’HS ! Here, p(t) is always a MIO.

If the Hilbert space is irreducible, there is only one MIO
A, up to a scalar factor. In this case, the state is frozen in A
as a result of the QZE. Similarly, if S subsystems are all one-
dimensional, i.e., MISs are not isomorphic with each other, the
system is always frozen in the initial state.

For projective measurements, one can find that the effective
Hamiltonian coincides with the one predicted by the Zeno sub-
space theory (see the example in Sec. VIB). For unital maps,
the effective Hamiltonian H(]) (l/d(’))TrR(n“)Hn(’))
which is the same as the one generated by a sequence of
pulses as in the theory of dynamical decoupling [12] (see the
example in Sec. VIC).

E. The effective dynamics

In order to show the emergence of effective dynamics,
we suppose that even in a very short time 7/N,, a large
amount (N;) of measurements are performed, ie., N =
NiN,, where N; and N, are both large numbers. First,
we consider the time evolution of the first time interval
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of /Ny, p(t/Ns) = [PU(t/N)IV p(0). After expanding the
free-evolution superoperator /(7 /N ), we have

p(t/N2) = [PM + (¢/N2)Ty, 1p(0), (6)

where Ty, = (1/Ny) Zﬁ;l
state p(0) is a MIO,

prLp®i—m Because the initial

p(t/N2) = [1 + (t/N2)Sn, L1p(0). (7

If Ny is large enough, Sy, Lp(0) = Soc Lo(0) = Lp(0) (see

Sec. [I D), and

p(t/Ny) = [1 + (t/N2)L1p(0) ~ “7/N p(0),  (8)

where the right-hand side is a MIO. For subsequent time
intervals, the same reasoning applies. Therefore, p(7) =~
=7 p(0).

A rigorous analysis in Appendix C shows that p(t) =
e“*p(0) + A, where

Al < B +685 +96). )
Here, we have  dp = Ny[e2!T/N — (1 + 2Jt/Ny)l,
similarly 85 = Na[e?’/N — (1 +2J7/N>)], and § =

(T/N2) Y02 1(Sw £ = L)pall1. where p, = E0=D7/N: p(0)
is a MIO. Without loss of generality, we set Ni,N, = JN.
Then, in the limit N — oo, all of §5, 3, and § vanish.

III. ZENO EFFECT OF SELECTIVE MEASUREMENTS

If measurement outcomes are recorded, the final state
p(t;{gq}) depends on all measurement outcomes {g} during the
entire evolution. The final state may not be a MIO. And even
if the driven Hamiltonian H is absent, the state may change
according to outcomes during the evolution. In the limit N —
oo, the evolution of the state w1th selective measurements
reads p(t; {q}) = B;[p§"(r) ® pi (g1, where pg () is
the state of the S subsystem that evolves driven by the effective
Hamiltonian, and ,o(j )({q}) is the state of the subsystem Hg)
whose evolution depends on the measurement outcomes (see
Appendix D). We would like to remark that, due to the
probabilistic nature of Trp(’ )({q}) the probability of finding
the state in the subspace H(j) ® HY, Tr[,o(j)(r) ® p(J)({q})],
depends on measurement outcomes.

IV. OPERATOR QUANTUM ZENO DYNAMICS

If the initial state is a product state of two subsystems,
p0) = p(J )(O)®A(j ), the state is always confined in the
subspace H(Sj) ® ’H(J); ie.,, p(t)= pgj)(r) ® A%) for the
case of nonselective measurements. For selective measure-
ments, po(t;{g}) —ps’)(r)®p(’)({q}) In this case, for a
dual MIO B = @;(BY’ ® 1), we have that Tr[p(1)B] =
Trlp(t;{g})B]. Therefore for product-state initial states, we
can define the effective evolution of operators B(t) = e Lt B,
so that for both selective and nonselective measurements
Tr[p(r)B] = Tr[p(t; {q})B] = Tr[p(0)B(1)]; i.e., some oper-
ators always evolve according to the effective dynamics for
both selective and nonselective measurements.
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V. ZENO QUANTUM MEMORY WITH GENERAL
MEASUREMENTS

An important application of the QZE is protecting quantum
states from decoherence [6,10,11]. In general, the free evo-
lution of a quantum memory is governed by a Hamiltonian
H = Hy + H,s, Where the control Hamiltonian H, drives
the evolution of the stored quantum state, and the noise
Hamiltonian H)jse induces decoherence due to the coupling
with the environment.

If a measurement P has a multidimensional S subsystem,
e.g., H, the quantum state stored in the subsystem ’Hgl) canbe
protected from decoherence by frequently performing the mea-
surement P when the corresponding effective noise Hamilto-
nian I:Iéfr)loise x ]l(Sl). Here, H;}x)mise = Trp [JT“)Hnoisen(l)(]l(Sl) ®
AY)]. With a control Hamiltonian satisfying 7" Hor " =
I:Iy()) ® ]1(]), the evolution of the stored quantum state is

governed by I:I_gl()). Therefore, the stored quantum state can

be fully controlled.

VI. EXAMPLES

A. Example 1: Decay channel

We consider a system with three states |g;), |g2), and |e).
Measurement operators are M| = |g1){(gi1| + |g2)(g2], M =
(1/+/2)|g1) (e, and M3 = (1/+/2)|g2) (e]. In this example, HE
is nonempty and only includes the state |e), and |g;) and
| g») form two isomorphic one-dimensional MISs, respectively.
Any state initialized in the subspace spanned by |g;) and |g>)
is a MIO. As a result of the QZE, the evolution of such an
initial state is frozen in the subspace.

B. Example 2: Zeno subspace

For a projective measurement Pe = )~ 7'/ o 7V/), where
the projectors {7/} commute pairwise, each common eigen-
state of {7} forms a one-dimensional MIS, and states in
the same subspace m/) are isomorphic. In this example,
H=) j 7D Ha ), If the state is initialized in the subspace
7, the evolution is driven by the effective Hamiltonian
7 Hr W, which coincides with the Zeno subspace theory [7].

C. Example 3: Symmetrizing operation

A symmetrizing  operation [12] reads Pe =
(1/|G|)Zg6Ggog*, where G is a group and |G| is the
number of group elements. In the theory of dynamical
decoupling, the symmetrizing operation describes the effect
of a sequence of pulses used for generating noiseless
subsystems. Here, the symmetrizing operation is supposed to
be implemented as a general measurement (or trace-preserving
CP map). In this example, MISs could be multidimensional
if the group has multidimensional irreducible representations
(is non-Abelian), and the effective Hamiltonian H = PH.

D. Example 4: Bacon-Shor code

To illustrate the quantum control and the protection on a
logical qubit encoded in an S subsystem, we consider the
3 x 3 Bacon-Shor code [16,17] (see the inset of Fig. 1) as
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FIG. 1. (Color online) The expected value of the logical operator
Z, of the 3 x 3 Bacon-Shor code. In the inset, each black sphere
represents a physical qubit, and each (blue or red) bond represents
a gauge operator (GO). The overall measurement is constructed
by projectively measuring blue GOs first and then red GOs, and
it is performed N times during the entire time of evolution T
at equal interval. Here, the black dotted, blue short-dashed, green
long-dashed, and red solid lines correspond N = 0, 500, 1000, and
5000, respectively. In this simulation, a total of eight Hadamard gates
are performed.

an example. For the 3 x 3 Bacon-Shor code, only one logical
qubit is encoded in nine physical qubits and the Hilbert space
canbe decomposedas’ H = H; ® Hg, where H, is the Hilbert
space of the logical qubit, and H is the Hilbert space of eight
gauge qubits. Logical Pauli operators are Z; = 0,050 and
X = ojofof, where of and o are Pauli operators of the
ith physical qubit. In the figure inset, each blue (red) bond
represents a gauge operator 0,0 (0;'07).

The idea of using the QZE to protect logical qubits of
the Bacon-Shor code is first mentioned in Ref. [11]. By
frequently measuring gauge operators, decoherence induced
by one-local and two-local noises can be suppressed [6].
Hence, we employ the measurement P = - - - P,,, P, to protect
the logical qubit, where cy,c», ... are gauge operators. The
measurement of the gauge operator ¢ reads P.({)e = [(1 +
£)/2]1 e +[(1 — ¢)/2]c @ ¢, where 0 < ¢ < 1. These two-qubit
measurements can be implemented with two-qubit noisy
interactions [6]. When ¢ = 0 the measurement P.(¢) is a
projective measurement, and when ¢ > 0 the measurement
P.(¢) corresponds to a weak measurement [18-20]. Weak
measurements can protect quantum states, which has been
proved in protocols based on the Zeno subspace [11], while
evidence has been found numerically for the protocol based
on the operator QZE [6].

For the measurement P, the subsystem H; and the subsys-
tem H¢ correspond to an S subsystem and an R subsystem,
respectively. Because P is unital, any MIO can be written as
A = A; ®15/32, and the effective Hamiltonian reads H =
(Trg H) ® 15/32. For logical operators, (TrgZ;) ® 16/32 =
Z; and (Trg X)) ® 15/32 = X . For any one-local and two-
local Pauli operators, Trgo = Trg (cri"‘crf3 )=0.

As an example, we consider performing Hadamard gates
via the control Hamiltonian Hy = (w/ V2)(Z, 4+ X1), and the
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decoherence is induced by the noise Hamiltonian

Hye=0 Y > o*+> > ol ]|. (10

i a=x,y,z i,)) a,p=x,y,z

where the first (second) term corresponds to one-local (two-
local) noises, and (i,j) are two neighboring qubits. By
frequently measuring gauge operators, decoherence of the
logical qubit can be suppressed while logical operations
(Hadamard gates) are performed, as shown in Fig. 1.

VII. DISCUSSIONS

We have shown that the QZE can occur for generalized
quantum measurements or operations. While in this paper
measurements are supposed to be performed instantly, this
time scale needs to be considered in future works.

We used the trace norm rather than the operator norm to
describe the Hamiltonian strength. Although for the finite-
dimensional Hilbert space, a finite trace norm implies a finite
operator norm for Hermitian operators, using the operator
norm may be helpful in improving the bound in Eq. (9).

Besides suppressing decoherence, there are many other
potential applications of the QZE [21-30].
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APPENDIX A: MEASUREMENT-INVARIANT OPERATORS

First, we prove a lemma that is very useful for our
discussions about MIOs. We consider a Hermitian MIO A
in a Hilbert space that can be decomposed as H = HX @ H!,
where H' is an invariant subspace of {M, }, i.e., 7 * M, 7! = 0.
Here, 7% (') is the projector of the subspace HX (H').
Because A is a Hermitian operator, 7X Ar¥ can be diago-
nalized. According to eigenstates of 7%¥ A X, we can further
decompose the Hilbert space as H = H, & Ho & H_ & H!,
where H, (M) is spanned by {lg\")} (lg/)D: 1=+, 0,
and — correspond to positive, zero, and negative eigenvalues
of m¥AnX, respectively. Then, A can be written as A =
A, —A_+ A;, where

Av=3 0 e e (A
l

and

A =r7"An" + 7T A7D + 7T A7 @ + 7' Az + Hoe).
(A2)

Here, {#\*} are all positive, and 7™ = 3, |¢\”) (™| is the
projector of the subspace H,,.

Lemma 1.H+ are two invariant subspaces of {M,}, and A
are both MIOs.
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Proof. Because P is a trace-preserving CP map, Tr(PA;) =
TrA;, where TrA, =), A;H and
Tr(PAL) = Tr(r P PAL) + Tr(x OPA,)
+Tr(r OPA) + Te(r'PAL).  (A3)
Because A is a MIO, PA = A and Tr(r P PA) = Tr(n P A4),
where Tr(mPA) =Y, A;Jr). By noticing H; is an invariant
subspace of {M,} (t P M,x! = 0), we have Tr(x 'PPA;) = 0
and
Tr(r P PA) = Te(rPPAL) — Tr(rn P PAL).  (Ad)
Combining Egs. (A3) and (A4), we have
Tr(r OPAL) + Tr(x OPAL) + Tr(n ' PA,)
= —Tr(zPPA), (AS)
where each term on the left-hand side is non-negative while
the term on the right-hand side is nonpositive (A, and A_ are

both positive and P is a positive map), which implies all terms
are zero. Because

Tr(r OPA) = > 247 el 1Myl ) =0, (A6)
q.l,l'

Trr OPAL) = D4 e IMylef )P =0, (A7)
q.ll

Tr(r'PAD) = ) 47 el IMle )P =0, (A8)
q.l,l'

we have
0 —
(oM, |0) = (0 IM Loy = (@l Myl ) = 0.
(A9)
Similarly,
(0" |M,lo ) = (0 IMy 1ol ) = (0l 1Myl ) = 0.
(A10)

Therefore, H .+ are two invariant subspaces of {M,}.

Because H; and H_ are invariant subspaces, 71(+)qu’ =
n—(-!—)qu(—) = 0. Thus, 7.[(+)(73A1)7T(+) — 7T(+)(7)A_)7T(+) —
0. Then, we have A, =7PA7® =7HPATD =
a(PA ). Because H, is an invariant subspace,
aH(PA )T =PA, . Therefore, PA, = A, and A, is
a MIO. Similarly, PA_ = A_, and A_ is a MIO. |

Now, we apply Lemma 1 to the case that H = Hy and H,
is empty. For any Hermitian MIO, positive eigenvalues and
negative eigenvalues correspond to two invariant subspaces of
{M,}, respectively. And, any Hermitian MIO can be written as
a linear superposition of two positive Hermitian MIOs.

1. The unique MIO of the map PV

If there exists a Hermitian MIO A%)/ which is linearly
independent with A(Rf), one can compose a third nonzero
Hermitian MIO A(wa whose trace vanishes, as a linear
superposition of Ag) and Ag)'. MIO A%)” must have positive
and negative eigenvalues. The map PY) is a map in the

subsystem M’ Now by applying Lemma 1 to the map P, we
can find that positive-valued and negative-valued eigenstates

of AY form two invariant subspaces of {M,’}. However, H

042321-5



YING LI, DAVID A. HERRERA-MARTI, AND LEONG CHUAN KWEK

is irreducible. Therefore, A%) is the unique Hermitian MIO up
to a scalar factor.

2. The complement subspace

As shown in the main text, the Hilbert space can be
decomposed as H = HE @ H5R, where HC is the comple-
ment subspace and H3% = P j(H(S] '@ HY) is an invariant
subspace of {M,}. Then, we can apply Lemma 1 to the case
that H* = H¢ and H! = H5R. Without loss of generality, we
consider a positive Hermitian MIO. For a positive Hermitian
MIO A, eigenvalues of 7€ A must be all zero; otherwise,
the complement subspace includes one invariant subspace
of {M,} (there are not any negative eigenvalues). In other
words, 7€ An€ = 0. Here, 7€ (5%) is the projector of the
subspace HC (H5R). Because A is positive, all off-diagonal
elements between two subspaces HC and H5® are also zero,
ie., T5RATC = 7€ An SR = 0. Therefore, for any Hermitian
MIO A, we have A = 758 AnSR and 7€A = Ax¢ = 0 (any
Hermitian MIO can be written as a linear superposition of two
positive MIOs).

3. Off-diagonal elements between two MISs

In general, we can rewrite the decomposition as H =
HDH I ®H, D H;D - -, where Hy,Ha, Hs, ... are MISs.
Because the complement subspace is irrelevant for a Hermitian
MIO A (€ A = A€ = 0), the Hermitian MIO can be written
as A = Zi’i, m; Amy, where m; is the projector of the MIS
H; and i = 1,2,3,.... Because {H;} are MISs, 7 M,m; =0
and m;Mymy =0 if i #i’. Thus, mAny = mP(A)ny =
7;[P(m; Amy )]y = P(mr; Amy), and {mr; Amr; } are MIOs. With-
out loss of generality, we consider two MISs H; and H,. In
the following, we prove that, if the Hermitian MIO A, =
w1 Amy + my Amy is nonzero, H and H, must be isomorphic.
Hence, if H; and ‘H, are not isomorphic, 7y Am, = myAmy =0.
Therefore, 7V A7) = 0if j # .

If the Hermitian MIO A, is nonzero, there must exist two
nonempty invariant subspaces H, and H_ corresponding to
positive and negative eigenvalues of Aj,, respectively, as a
consequence of Lemma 1 (HX = H,; & H, is an invariant sub-
space of {M,} and H' is empty). Here, we would like to remark
that TrA, = 0. For convenience, we denote eigenstates of A,

. ... . u
with positive eigenvalues as vectors {(VZ )}, where the vector
I

u; (v;) corresponds to a state in the subspace H; (H3). In the
subspace H; @ H,, measurement operators can be represented

(12 _ (M" 0 M — @ _
as Mq = 0 M;z)), where Mq =m Mym and Mq =

w1 M,y are matrices which are the same as measurement
operators of corresponding R systems, respectively.
Because H is an invariant subspace of {M,}, we have

M(l) O UI ul/
9q = ,
( K M;z)) (Vl) —IZal,z (w>, (AlD)

which indicates that M;”u/ =Y, uy and M;z)v, =
sz a; pvy. We would like to remark that {u;} and {v;} are
decoupled under M{'®. Hence, {u;} and {v;} are invariant
subspaces of {M{"} and {M?}, respectively. The rank of
{w} ({v;}) must be the same as the dimension of H;
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(H>); otherwise, H; (H,) is reducible. It is similar for the
subspace corresponding to negative eigenvalues. Therefore,
the dimensions of H;, H,, H., and H_, and the ranks of {u;}
and {v;}, must be the same. And {u;} ({v;}) is a set of linearly
independent vectors.

Because the ranks of {u;} and {v;} are the same and each of
them is a set of linearly independent vectors, we can define an
invertible transformation T satisfying Tw; = v, so that M{" =
T 'MPT and MP = TM"T . Because {M?} satisfy the
completeness equation, we have

Z MPTMP = Z T MMITITMOT =1, (A12)
q q

which means Zq M;I)TTTTM;” =TT, ie., TTT is a
Hermitian invariant operator of the dual map. Here, 1, is the
identical operator of the vector space spanned by {u;} (or
{v;}). In the next section, we show TTT is proportional to 1,,.
Therefore, T is proportional to a unitary transformation and
two subspaces H; and H; are isomorphic.

4. Dual measurement-invariant operators

A dual map in the MIS H, reads PVie = 3~ Mo M».
Because {M"} satisfy the completeness equation, 1, is a dual
MIO, ie., ), M;”THUM;” = 1,. If there exists a Hermitian
dual MIO that is linearly independent with 1,, we can show
that H; is reducible. Therefore, all dual MIOs of the MIS H;
are proportional to 1.

We suppose D is a Hermitian dual MIO that is linearly
independent with 1,. Then, we always have another nonzero
dual MIO D = D — Apinl,, where Api, is the minimal
eigenvalue of D. The dual MIO D can be written as D =
> )\.§+)W§+)W;+)T, where {A;‘H} are all positive, and {W;—H}
({w}o) }) are eigenstates of D with positive (zero) eigenvalues.
We would like to remark that {W§+)} and {W;O)} are both
nonempty. Because ), M,;”TDM;') =D,

Ot Dt 1), (0)
w3 My D
l q

= > AW MPw ) = .
q.,Ll

(A13)

Therefore, w§,+ )TM;')W?)) =0 and {W;O)} is an invariant sub-
space of {M{"}.

APPENDIX B: THE EFFECTIVE HAMILTONIAN

Because {H(Sj) ® H(Rj)} are invariant subspaces of {M,},

My =M€+ 7P Mzx (B1)
J
Then,
MiM, = n“ MM+ 7 Mix P M7
J
+ 3 aOMir M7+ 3 7MiM,
J J
(B2)
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Due to the completeness equation, we have

> A MiM7C = =€, (B3)
q
Zn(j)M;fﬂ(j)qu(j) =W, (B4)
q
and
> aMixPMm D = 7P Mix P Mx = 0. (BS)
q q

if 7€An€=0
7’PAn¢ =0  and

Lemma 2. For any operator A,
and TrR(rr(j)An(/)) — A(j)’
TrR[n(j)P(A)n(j)] — AW,

Proof. Using Eq. (B1), we have

= ZnCMqAM;nC
q

=Y a°MmCAn Mz =0, (B6)
q

TSPA)TC

and
ﬂ(j)P(A)ﬂ(j) — Z n(j)MqAM;n(j)
q
— Zn(j)qu(j)An(j)M;n(j)
q
+ 79 My A M D
+7PMm P A MixD. (BT)

By noticing 7'M, =1 @ MY and using Eqgs. (B4)
and (B5), we have

Trp ( 3 n(/)quu)Aﬂ(nM;nu))

q

= Trp < Z JT(j)M;ﬂ(‘i)Mqﬂ(j)Aﬂ(j)>

q
— TrR(n(j)An(j)) — AW (B8)
and

Trg ( Z n(j)qucAn(j)M;n(j))

q

- TrR(anM;anqncAn(ﬂ) =0, (BY)
q
Trg < Z n(j)qu(j)An.CM;n(j))
q
= TrR(ZnU)AnCM;nU)quU)) =0. (B10)
q

Here, we have used that for any operator X and operator
Yg inthe subsystem R, Trg[ X (1s ® Yr)] = Tre[(ls ® YR)X]
Therefore, Trg[r P P(A)r D] = AD,

Lemma 3. For an operator A, if 7¢An€ = 0
and Trr(r P Ax)) = AV, Trg[n VS (A)mP] = AV and
TDSa(A)mD = AN @ AY.
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Proof. Using Lemma 2, we have n¢P"(A)r¢ =
0 and Trg[zWP"(A)n ] =AY for any m. Hence,
Trr[7 P See(A)r ] = AV, Because Seo(A) is a MIO and
TrAY =1, 71908, (A)r) = AV @ AY. ]

Effective Hamiltonian. If the state p is a MIO,

€ =0. Hence, m“Hpn®=0. Using Lemma 3,
we have 7S (Hp)r) = (j)®A(J), where H,o(J)
Trr(x V) Hpr D).

We  suppose the MIO p=¢p; Y ®
and rVHRD =Y 10V (0| @ ijf,.
pr) = 7D pr = (09 ® AY), and

AR,
Then,

TrR(ﬂ(thn(j)) = TrR[n(j)HjT(j)(p(J) ® Ag))]
= 3" Trr(HDAQ) |0} 0] o).

s,s’

(B11)
Therefore, Trg[7 S, (Hp)w ] = H(j)pm where
Ay = ZTrR (HOAD) |@P) 0|
= Trg[zVHAD (1Y ® AY)]. (B12)

Because Sx(Hp) is a MIO, SHp = Hp, where H =
@; (A ®19)). Similarly, SxpH = pH.

APPENDIX C: THE PROOF OF THE ZENO EFFECT WITH
NONSELECTIVE MEASUREMENTS

As we show in the following, A includes three parts for
each time interval of t/N,, and

N>

A = [A1n) + An(n) + Am()]. (Ch)

n=1

By using the notation Vy, = [PU(t/N)]M', we have

p(t) = Vy?p(0)
= VT eE N p(0) + A1) + An(l) + Ap(1)

= V11\>,12 ZEEZI/NZP(O) + Ar(1) + Ap(1) + Am(1)
+A1(2) + An(2) + Am(2)

N>
= e“"p(0)+ Y [Ai(n) + Au(n) + Am(m)].  (C2)

n=1
For each time interval of t /N,

V]I\\]Ilz —n+1 L'(n l)T/sz(O)

= V"1 + (t/N2)S, L1e50~D7N2 p(0) + Ag(n)
= VN "1+ (1/N) L1572 p(0) + Ar(n) + An(n)
= Ve N p(0) + A(n) + An(n) + Am(n).  (C3)
Here,
Ar(n) = VN Wy, — [1+ (t/N2)Sw, L)L 07N p(0),
(C4)
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An(n) = Vi "{[1 + (t/N)Sn, L] — [1 + (t/N2)L])
x £ =DT/N: 5 0), (C5)
and
Am(n) = V{1 + (t/Np) L] — 57N )LD/ ),

(Co)

1. The norm of A(n)

As shown in the main text, p, = e£@=D7/M2 p(0) is a MIO.
Thus,

N,
Ain) = V"W, = [PM + (t/N) Y P"LPN ™ )p,
m=1

(€7

Because unitary operations ({/) and trace-preserving CP maps
(P) do not increase the trace norm of a Hermitian operator
(see the last paragraph of this section for an explanation), Vy,
do not increase the trace norm of a Hermitian operator, and we
have

A1) <

{[PW/N)]N'

Ny
— [PN‘ +(t/N)Y P LP™ "’i } Pn

m=1

1
(C8)

After expanding evolution operators, we have

@y
[
- [PM + (/N P’”EP(NI"W] }pn

m=1

A1) <

3

1
(€9)

where terms of the second part are all included in the expansion
of the first part (corresponding to the term without £ and terms
with only one £ of the first part). After further expanding,

Al

< Z Z O, )

{ni} {m;}

m;}”PmN] £I1N] e szﬁnzpin1£l1l73m0pn ”1,

(C10)

where {n;} and {m;} are some strings of non-negative integers
(Q_;ni =2 and ), m; = Ny) and {a,)m;)} are all positive
real coefficients. Again, because trace-preserving CP maps do
not increase the trace norm of a Hermitian operator, we have

A < DY uimg @D Nl oall1,
{ni} {m;}

(C11)

where the right-hand side can be obtained by replacing P with
1, £ with 2J, and p, with ||p,||; in the right-hand side of
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Eq. (C9),i.e.,
[>T/ — (14 2J7/N)1ll ol
=Y D g @DE"Npalli.  (C12)
{ni} {m;}
Because ||p,|l1 = 1, we have
AL < [N — (1 4+2J7/N)l. (C13)

Trace norm and the trace-preserving CP map. For a
Hermitian operator, the trace norm is the sum of the ab-
solute values of eigenvalues. A Hermitian operator A can
be decomposed as A = A, — A_, where A, and A_ are
two positive Hermitian operators corresponding to positive
eigenvalues and negative eigenvalues of A, respectively. Then,
ALl = TrAx and ||A|l; = Tr(A4 + A_). Because PAL
are also positive Hermitian operators, |PA|; < |[PAL|1 +
IPA_Il = Tr[P(A+ + A)] = [ Al

2. The norm of Ay(n)
It is straightforward that

IAn@)l < (¢/N)ISN L = L)pulls- (C14)
3. The norm of A(n)
Similar to Ay(n), after expanding, one can find that
lAm@ly < [2™ — (1 +2Jt/N)L. (C15)

4. The norm of A

In summary,

Ny
< Y A+ 1Anlh + | Am)

n=1
< Nof[e? /™ —
4 [eZ.i‘E/Nz _

1Al

(1+2J7/N>)]

(142Jt/Ny)}
N>

+(@/N2) Y ISWL = Dpallr-

n=1

(C16)

APPENDIX D: THE PROOF OF THE ZENO EFFECT WITH
SELECTIVE MEASUREMENTS

First, we consider an initial state that is a product state
of two subsystems, e.g., p(0) = ,o(J )(O) ® Ag). Without loss
of generality, we suppose p(’)(O) =3y ws|d>§j))(d>§j)|. By
introducing a virtual system H(SJ) spanned by {|<T>§j))}, the

state g’

(0) can be represented as the reduced state of
a pure state [¥(0)) =), Jus 1Y) ® |8y in the space
HY @HY, ie., p(0) = Trs| W (0)) (W(0)]. Then, the initial
state in the extended Hilbert space My’ @ My’ @ My is
pexi(0) = [W(0))(W(0)] @ AY.

For nonselective measurements, the final state 1n the ex-
tended Hilbert space is pex(T) = |V (7)) (Y (7)| ® A ) , Where

|W(T)) = e‘iﬂ3®g§”f|\ll(0)) and 1 is the identity operator
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of the virtual subsystem. And the state |W(tr)) satisfies
Trs|W(D)(B(0)] = p§ (1) = e i (0)el

For selective measurements, we suppose the final state
in the extended Hilbert space is pex(7;{g}). The final
states for nonselective measurements and selective mea-
surements satisfy ,Oexn(f)=2{q} Pext(T; {q}). Here, states
Pext(7;{g}) are not normalized. Hence, |V (7))(W(7)| =
Z{q}Terext(r;{q}). Because |W(7))(W(r)| is a pure
state, Trgpext(7; {gq}) o< |W(7))(¥(r)| for any outcomes, i.e.,

PHYSICAL REVIEW A 88, 042321 (2013)

pext(T: {g}) = [W(ONW(D)| ® p ({q}). Using p(r;{q}) =
Trspext(t; {q}), one can find that for the product-state initial

state, p(7; {g}) = p§ (1) ® pi’ ({g}).

In general, a MIO initial state is a linear superposition
of product-state initial states, i.e., p(0) = j(pgj )(O) ® A(,{) ).
Then, the final state for selective measurements is also a
linear superposition of pé”(t)@pg)({q}), ie., p(t;{q}) =

B, () ® pi (g
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