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MULTIPLE JOINT WEAK MEASUREMENTS
AS A WAY TO SUPPRESS THE DECOHERENCE

We apply the multiple, equally spaced in time, weak measurements, to the two-qubit entangled
system to decrease the rate of its decoherence, i.e., to prevent the decrease of the off-diagonal
elements. The scheme is similar to the Quantum Zeno Effect, but differs by the frequency of
the measurements. While the conventional Quantum Zeno Effect assumes rapid measurements
which mitigates the Hamiltonian dynamics, the proposed method makes use of entanglement
between the qubits to decrease the decoherence rate. We will show that it allows us to partially
suppress the decoherence in the case of Lindblad evolution.
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1. Introduction

Although quantum computing technologies and quan-
tum error correction methods have advanced rapidly,
decoherence remains a persistent challenge [1-5]. Un-
wanted interactions between qubits and external de-
grees of freedom, such as the electromagnetic modes
of experimental setups, induce joint dynamics that
transform pure quantum states into mixed states.
This non-Hamiltonian behavior can be modeled by
quantum kinetic equations [6-8] or through the ac-
tion of Kraus operators [7,9].

A variety of strategies have been developed to
counteract these deleterious effects. For instance,
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Quantum Error Correcting Codes [10] protect in-
formation by encoding a single logical qubit into
an entangled state of several physical qubits, al-
lowing the recovery procedures to be rectified er-
rors introduced by environmental interactions. Al-
ternative methods exploit inherent symmetries to
construct decoherence-free subspaces [11] or imple-
ment bang-bang (dynamical decoupling) pulses [12—
15] to combat noise. However, such pulse sequences
are typically limited to countering noise with char-
acteristic frequencies lower than the applied control
frequency.

A well-known non-Hamiltonian approach to pre-
vent the unwanted dynamics is provided by the con-
ventional Quantum Zeno Effect (QZE), where re-
peated strong (projective) measurements “freeze” the
evolution of the system, thereby mitigating both de-
coherence and dissipation [16]. However, the strong
back-action of projective measurements can limit flex-
ibility in controlling the system’s evolution. In con-
trast, the method presented here is built upon a series
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of weak, equally spaced joint measurements applied
to an entangled two-qubit system.

The key innovation in our approach is the use
of weak measurements, to decrease the loss of co-
herence during non-Hamiltonian Lindblad evolution.
This brings two principal advantages. First, they al-
low for a continuous, tunable interaction with the
system, enabling an adjustment of the measurement
“strength” or influence so that the disturbance can
be optimized relative to the system dynamics. Se-
cond, unlike the conventional QZE, which requires
rapid, strong measurements to halt the system evolu-
tion, our strategy operates at measurement frequen-
cies below the thermal bath’s characteristic frequen-
cies. This relaxed timing requirement is compensated
by tuning the measurement strength, so that the sys-
tem is gently steered toward the subspace correspond-
ing to the prescribed entangled states dictated by the
quantum algorithm.

Many conventional methods focus on protecting in-
dividual qubits or using the symmetry of noise to
form decoherence-free subspaces. However, in many
quantum algorithms the qubits are inherently en-
tangled in predetermined configurations. By using
prior knowledge of these allowed entangled states,
our method actively suppresses decoherence through
joint measurements that project the overall state
onto the desired entangled subspace. This flexible
control, implemented within the framework of Lind-
blad evolution, not only reduces decoherence but also
preserves the crucial entanglement between qubits
more effectively than conventional strong measure-
ment techniques.

The paper is organized as follows. In Section 2,
we review the principles of the conventional Quan-
tum Zeno Effect and detail our proposed method
for decoherence suppression via joint weak measure-
ments. Section 3 demonstrates the application of this
method to a two-qubit system and provides both nu-
merical results and analytic asymptotic relations to
analyze the effectiveness of preserving the entangle-
ment. Section 3.3 investigates how the method effi-
ciency depends on key system parameters, such as
measurement frequency, decoherence rate, and the
system initial state, with special emphasis on the
tunability afforded by the weak measurement ap-
proach. Finally, Section 4 summarizes the results and
discusses potential applications in quantum algorithm
design, where the exploitation of predetermined en-
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tangled configurations offers a promising route to mit-
igate decoherence.

2. Method for Suppression of Decoherence
2.1. Freezing of unitary evolution

In contrast to the conventional Quantum Zeno Effect
(QZE) based on strong (projective) measurements,
our method continuously and gently guides the sys-
tem state toward a pre-selected subspace. This sub-
space is determined by the allowed entangled states
known from the quantum algorithm. Instead of an
regular collapse, weak measurements exert a back-
action that can be tuned to balance the interplay be-
tween the unitary dynamics and decoherence induced
by the environment.

Traditionally, the QZE is illustrated by starting
with an initial state |¥g) that evolves under a time-
independent Hamiltonian . In the projective case,
after each interval At, the state is fully projected back
onto |¥y) according to

_ (P e*iHAt)N P W) (Wy| P (eiHAt P)N
t TT[(Pe—iHAt)N P W) (Wo| P (emm P)N} )

with the projector P = |¥y)(¥y| and N + 1 number
of projections. This result can be easily obtained by
subsequent applycation by Hamiltonian propagator
and projector P to the initial state pg = | o) (Ty|.
A short-time expansion of the evolution operator,
e AL ~ 1—iHAt—LH?At?, shows that the survival
probability

E (1)
deviates from unity only quadratically in At. Thus,
in the limit of rapid projective measurements the
state appears “frozen” with respect to the unitary
dynamics.

However, when the system interacts with an en-
vironment, its evolution becomes non-Hamiltonian.
Such effects are commonly modeled by Lindblad
equation with Liouvillian £:

p(AL) = [(Tole A W)

p=Lo=—ilH. o+ Y <L,-pLI - ALl p}). 2)

As the initial state, we take the maximally entan-
gled state — the Bell state: py = |¥T){(¥T|, where
0+) = (100) + (11]).
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In this situation the additional dissipative terms
yield corrections of order At (not merely quadratic),
and frequent projective measurements do not fully
suppress decoherence.

To address this, our approach replaces strong mea-
surements with joint weak measurements that can be
applied at frequencies below the thermal bath char-
acteristic rates, while still harnessing the structure of
the entangled state space.

2.2. Joint weak measurements
for partial decoherence suppression

Rather than projecting the state entirely onto a single
initial state, we now consider an evolving algorithm
where a subset S of qubits is known to lie in a specific
entangled subspace with basis {|¥;)}. In our scheme
the state preservation is achieved by means of a series
of joint weak measurements.

To illustrate this, one may define a set of weak mea-
surement operators {M;} associated with the basis
states |U;). A typical model for a weak measurement
operator is

M; = /1 —qI+/q|V) (¥, (3)

where ¢ (with 0 < ¢ < 1) quantifies the measure-
ment strength. In the limit ¢ — 1 these operators ap-
proach full projective measurements, while for small
q they impart only a partial bias toward the desired
subspace.

Assuming the system state evolves under the Liou-
villian £ for a time interval At, the weak measure-
ment update is then expressed as

S M eEA ), M;r
T (32, M; €5 py M)

Pt+At =

Repeating this process N = t/At times, the cumu-
lative evolution filters out components that do not
belong to the allowed entangled subspace, thereby re-
ducing the effective decoherence rate.

This mechanism offers two key advantages. First is
a tunable back-action: the parameter q provides con-
trol over the measurement-induced disturbance. Un-
like projective measurements, weak measurements al-
low one to balance the perturbation against the natu-
ral dynamics of the system. Second, exploiting known
entanglement: because the set {|¥;)} encodes prior
information about valid entangled configurations in
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the algorithm, the joint weak measurements selec-
tively suppress transitions into states outside this
subspace.

In summary, by integrating the non-Hamiltonian
dynamics via the Lindblad generator and interleav-
ing it with appropriately tuned joint weak measure-
ments, our method leverages both the slow mea-
surement cadence (relative to the noise frequencies)
and the known structure of entanglement among
the qubits. This results in a partial, yet effective,
suppression of decoherence. While the overall prob-
ability of preserving the desired state becomes less
than unity, and diminishes with increasing measure-
ment frequency, the flexibility of adjusting ¢ offers a
promising route to optimize decoherence control in
realistic quantum computing architectures.

3. Preserving the Entanglement
in a Two-Qubit System

3.1. Free and measurements-assisted
evolution of the system

In this section, we illustrate the weak measurement-
assisted protection of entangled states by consider-
ing a simple two-qubit system. As before, the qubits,
with frequencies wy, and we, interact with an exter-
nal thermal bath that induces decoherence. However,
in contrast to the conventional quantum Zeno effect
based on projective measurements, we now employ
joint weak measurements to gradually steer the sys-
tem back toward the entangled subspace prescribed
by the quantum algorithm.

We begin by considering the uncontrolled evolu-
tion. The two qubits are assumed to be initially pre-
pared in a coherent superposition of two Bell states,

L _VPHVI—p VIi-p—\b
|Win) = 7 NG |10).

so that for p = 0 or p = 1 the state is maxi-
mally entangled. In many quantum algorithms the
proper encoding guides the system to evolve within
a known subspace even though the exact state is not
predetermined.

The system Hamiltonian is given by

[01) +

==
5
AS, =5, -1R®s,.
H=wiS,+w_AS,.

w4 = S, =5, RI+1®s,,
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with s, = 0, /2. Decoherence imposed by the thermal
bath is modeled within the Lindblad framework. For
simplicity, we use a set of Lindblad operators:

(1) (2)

sy =512 @1, sy’ =I®sy,
sV=s,0I, s?=Is,.

Lgifl =\ (ﬁ-l— 1) s@,
Ly; = V7iﬁ8$)a (4)
Liv; = s s¥), i=1,2, j=1,2,

where sy = s, £is, and the Planck number 7 (as-
sumed identical for both qubits) characterizes the
equilibrium temperature. Operators L;—L4 describe
the linear energy-exchange interactions with the bath,
while Ls and Lg model dispersive effects.

In the free evolution, the off-diagonal element ps3
of the density matrix (expressed in the computational
basis) evolves as

fr 1 At
pé3ee) = 75 <1 - 2)7

A= @+ 1) (11 +72) + Y1 + Y2 + 24 (W1 — w2).

indicating that both the Hamiltonian dynamics and
the linear qubit-bath couplings contribute to deco-
herence and phase evolution. Figure 1 schematically
illustrates the two-qubit setup in contact with the
thermal bath.

To counteract decoherence without fully freezing
the dynamics, we now introduce a measurement pro-
tocol that changes the state toward the desired en-
tangled subspace. In contrast to projective measure-
ments, our approach uses a measurement superop-
erator M that induces only partial collapse. In this
formulation the measurement update reads

Mlpl=(1—-q)p+q Z 1) (Wil p [ W) (Wl
i—t

where the parameter 0 < ¢ < 1 quantifies the mea-
surement strength and the projectors W4 ) (¥ | select
the allowed subspace. After evolving freely for a time
interval At under the Liouvillian dynamics e£2?, the
state is updated as p(t + At) = A~' M[e“2 p(t)]
where A = Tr{ M[e“2 p(t)] }.

This formulation emphasizes that, at every up-
date, the system undergoes an unperturbed evolu-
tion and then a weak projection onto the entangled
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‘Weak measurements

Entangled — — Weak

states Decoherence Mmeasurements
Fig. 1. Schematic representation of a two-qubit system inter-
acting with an external thermal bath. The protocol alternates
between periods of Liouvillian evolution and successive joint
weak measurements. These measurements project the system
state onto the allowed subspace of entangled states (here, the
Bell states) in order to suppress decoherence

subspace. By iterating this process, the protocol con-
tinuously suppresses deviations from the target state
configuration while still allowing for a controlled in-
terplay with the system intrinsic dynamics.

Under the combined action of the bath and the
weak measurements, the contributions arising from
Hamiltonian evolution and the linear interactions
(proportional to 1 and ~2) are suppressed. For ex-
ample, the off-diagonal element now evolves approxi-

mately as
(meas) _ _1 <1 _ (7171 + 7172) t)
23 - 2 2 :

for ¢ = 1, thereby eliminating the dephasing terms
due to energy exchange and unitary oscillations. In ef-
fect, the joint weak measurements filter out unwanted
evolution components while preserving only the dis-
persive decoherence effects that cannot be compen-
sated by the measurement protocol. This suppression
is achieved without requiring a high-frequency projec-
tive measurement sequence; the flexibility afforded by
tuning the measurement strength ¢ permits the proto-
col to be applied at intervals that remain compatible
with the intrinsic system dynamics.

Figure 2 compares the time evolution of selected
density matrix elements under free evolution and un-
der repeated joint weak measurements.

Figure 3 shows the evolution of matrix elements
for three different parameters: ¢ = 0 (first row, a),
q = 0.9 (second row, b), ¢ = 1 (third row, c), for
wit = 0,10,20,30 (the four columns). The color rep-
resents the real part of the matrix elements, with all
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Fig. 2. Comparison of the evolution of the density matrix
elements in the two-qubit system. The panel shows the time
evolution (scaled in units of 1/wi) of both diagonal and off-
diagonal elements under free evolution versus under repeated
joint weak measurements. The weak measurement process sup-
presses contributions from Hamiltonian dynamics and linear
qubit-bath couplings, thereby reducing decoherence. Parame-
ters: w2 = w1, y1/wi1 = y2/w1 = 0.05, yp1/w1 = Yp2 /w1 =
= 0.005, with N = 50 measurement updates, and 7 = 0

16 elements displayed in each panel. We see as the pa-
rameter ¢ increases, the effectiveness of the method
increases from first row to the third.

3.2. Characteristics
of the effectiveness of the method

To quantify the impact of various parameters on our
scheme performance, it is necessary to select measures
that reflect the system’s coherence. In many cases the
coherence is associated with the off-diagonal elements
of the density matrix. Among several candidates, in-
cluding the relative entropy of coherence [17], the
Jensen—Shannon divergence [18], and the /; norm of
quantum coherence [19], we choose the latter. In the
computational basis the [; norm is defined as

C =Y |pijl. (5)
i#]

In our simple example the contribution to Cj, is dom-

inated by the only initially nonzero off-diagonal ele-
ment, P23

Decoherence also manifests as a loss of entangle-

ment between qubits. This deterioration can be quan-

tified by several measures, such as the entropy of

520

entanglement [20], negativity [21], and concurrence
[22]. Here we employ concurrence, defined by

¢ = max{0, V2 = v = Vs = VAl (6)

where the \; (ordered in decreasing order) are the
eigenvalues of the matrix p p with

p=(oy®0ay)p* (0, ®0y),

and p* denotes the complex conjugate of p.

Figure 4 shows the time evolution of the concur-
rence C as given in Eq. (6). It is evident that the rate
at which entanglement is lost is substantially reduced,
when the weak measurement protocol is applied. In
fact, one can compare numerical results with the
asymptotic expressions, for small times ¢t < 1/71 2,
under free decoherence the concurrence decays as

C ~ 17t{(’y1+’72)(ﬁ+%+ nm+1))+1(ym +7p2)}
(7)

whereas, with the measurement protocol with ¢ = 1,
the decay is given by

2
t
cﬁl—ii;vpi. (8)

To assess the efficiency of our scheme, we intro-
duce three quantitative characteristics. The first one
is defined as

dCrneas (dCfree)_ !

Eran = — 4 dt

; 9)

t=0

which represents the reduction in the instantaneous
rate of concurrence decay at t = 0. After calculations
for an arbitrary initial superposition state Eq. (1),
one finds, for ¢ =1,

gtan = Rm (Rf + Rs)717 (10)
where
Ry =vp1 + 2+ (11 —72) vV1—(2p—1)2,

Ry= (v +@r+1)m) + (w2 + 20+ 1) 12),

s T 1 _ % \/ﬁ(ﬁ+ 1)[(1 —2p)% (1 —72)? + 47172]-
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1 y
2 4
34123

1 .
2 4
34123

Fig. 3. Visual representations of the density matrix p at different stages of evolution. Columns corresponds to time moments
(w1t = 0,10,20,30): the initial state with no measurement (a); the state after the application of the joint weak measurements
with force 0.9 (b); and the state at the same time with force 1 of the joint weak measurements that more efficiently drives the
state back onto the desired entangled subspace. Positive matrix elements are depicted in light, while negative elements are shown

in dark (c)

A second measure of the protocol’s efficiency con-
siders the time required for the concurrence to drop
to a fixed threshold value (we adopt 0.9 as the crite-
rion). This is given by

-1
gtime = t‘C:O‘Q,free (t|C:0.9,meas) : (11)
Finally, in order to connect the preservation of entan-
glement with the maintenance of quantum coherence,
we compare the decay rates of the [; norm coherence
measure:

dCllmeas . (dcllfree>l

dt dt (12)

gcoh =

t=0

Figure 5 plots all three characteristics as functions
of the number of measurement steps executed on
a fixed time interval. The similar behavior observed
across these metrics confirms that the joint weak mea-
surement protocol effectively preserves both the co-
herence and the entanglement of the system. In par-
ticular, the small steps seen in the .o (V) curve arise
from the nonmonotonic nature of C'(t) when intersect-
ing with the constant threshold C., = 0.9. The solid
horizontal line in the main panel of Fig. 5 represents
the asymptotic value given by Eq. (10). Notably, for
moderate measurement frequencies (typically N ~ 50
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Fig. 4. Time evolution of concurrence for a two-qubit entan-
gled state under different scenarios.
sents the decay due solely to decoherence, following the ana-
lytic asymptotics Eq. (7). Overlaid on this, three upper curves
illustrate how repeated joint measurements can preserve the
entanglement; these curves correspond to different weak mea-
surement forces (0.1, 0.3, and 1), and the under-measurement
behavior is described by the analytic asymptotics Eq. (8). All
parameters are the same as in Fig. 2

The lower curve repre-

in our example) the protocol achieves its optimal ef-
fect, and one can reasonably expect an even greater
enhancement in coherence preservation with an in-
creasing number of entangled qubits.
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3.3. Influence of key parameters
on the effectiveness of the method

In this subsection, we discuss the role of different pa-
rameters in the effectiveness of applying multiple joint
weak measurements to mitigate the loss of coherence
and entanglement.

The simulation consisted in solving the Lindblad
master equation with Liouvillian (2) which describes
the time evolution of the system density matrix p.
The parameters of the Lindblad dynamics, namely
the ratio of frequency detunings ws /wy, the relaxation
rates 1 and 2, the dephasing rates 7,1 2, the Planck
number 7 indicating the role of temperature were
freezed. The parameter of the weak measurements
strength force ¢ in Eq. (3) were varied systematical-
ly. The time evolution was integrated numerically us-
ing a second order Runge Kutta method with a fixed
time step of At = 0.01/w;. The total simulation time
was Tiotal = 100/wq. The time step was selected to
ensure the stability and accuracy of the integration.

To evaluate the impact of measurement on the dy-
namics of the qubits two simulation protocols were
employed. In the first protocol joint weak measure-

1.0 L0 L0
: ‘ .
K] 3 |
£05 £0.5 1
081 \ 2 of L7
4 Y
g 0.0 0.0
o5 0.6 0 50 N 100 0 50 N 100
>
3}
5 2
2 04 . X
s} 1 —+— 3—— 6—— Simulation ¢=09
o 2 —e— 4—— 7—— Simulation g=1
02 5 —— Analytical limit for g=1
5 RS CABLORERO
00 20 40 60 80 100

Number of measurements N

Fig. 5. Dependence of three effectiveness characteristics, Etan,
Etime, and Egon, defined by Egs. (9), (11), and (12), on the
number of joint measurements performed during the interval
t = 100/w1. In addition to displaying analytic asymptotic be-
havior for the case with weak measurement force equal to 1,
the plot features two curves corresponding to results of nu-
meric calculations of weak measurement with forces of 0.9 and
1. One can see that even relatively infrequent joint weak mea~
surements of the entangled qubit pair effectively suppress the
loss of concurrence (as shown in the main panel and the first
inset), as well as the degradation of the coherence measure Cy,
(presented in the second inset). Parameters are the same as
for Fig. 2
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- iy i
s 8 B

w
(=]

[55]
[

Fig. 6. Dependence of the method effectiveness, as defined
in Eq. (9), on the number of measurements N and the force
parameter ¢ of weak measurements. The color scale indicates
the effectiveness

ments on the subspace of Bell states |U*) were ap-
plied at regular intervals. In the second protocol no
measurements were performed. In the first case, the
measurement intervals were distributed evenly along
the simulation timeline.

A rectangular grid of time points was used for sam-
pling the elements of the density matrix and these
values were stored at prescribed intervals to reduce
computational overhead. After each integration step
the density matrix was regularized to ensure that its
trace remained normalized. For each simulation, the
matrix elements of p were recorded and key metrics
such as the concurrence and coherence measures were

computed.
Figure 6 presents the results of the calculation of

the effectiveness parameter &, for the different force
parameter ¢ and numbers N of joint weak measure-
ments applied over the considered time interval.

The results indicate that the measurement fre-
quency need not be very high and the effect is ob-
served for N ~ 50. The Hamiltonian evolution deter-
mined by w; o is suppressed in a manner analogous
to the conventional Quantum Zeno Effect, but with
the modification provided by the use of joint weak
measurements. The force parameter ¢ shows an in-
fluence on the effectiveness between 1.0 and 0.8, but
decreases it on scale below 0.8.

4. Conclusions
An approach for suppressing the rate of loss of co-
herence and entanglement by applying multiple joint
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weak measurements to an entangled system of qubits
has been proposed. The standard Quantum Zeno Ef-
fect mitigates the Hamiltonian evolution by applying
measurements at a sufficiently high frequency in order
to freeze the evolution of the system interacting with
its thermal bath. In contrast, the method presented
here calculates the reduction in the rate of coherence
loss for the non-Hamiltonian dynamics governed by
the Lindblad equation and demonstrates the effective-
ness of applying multiple joint weak measurements
to the entangled system. This method is applicable
in cases where the exact state to be preserved is not
known, but information about the entanglement in
the system is available. An example is provided by
quantum algorithms in which a subset of qubits re-
mains idle between the application of quantum gates.
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MHO>KMHHI CJIABKI
CIIIJIbHI BUMIPIOBAHHAA 4K CIIOCIB
[MPUTHIYEHHSA JEKOTEPEHIIIT

MuoxuHHi, piBHOMIpHO po3mnojisieHi B 4aci, cjaabki BuMipro-
BaHHSI 3aCTOCOBYIOTHCSI JIO0 JABOKYOITHOI 3aIlylyTaHOI CUCTEMU,
06 3MEHIIUTH MIBUJKICTb 11 JIeKOrepeHIlii, To0TO He JOIry-
CTUTHU 3MEHIIEHHs HeliaroHaJbHux exeMenTiB. Cxema nmomibuna
0 KBAHTOBOTO edeKTy 3eHOHa, ajie BiIPI3HSIETHCS 4aCTOTOI
[IPOBEJIEHHs] BUMIDIOBaHb. SIKINO B TPaJUIiHOMY KBaHTOBO-
My edekTi 3eHOHAa BHKOPHUCTOBYIOTHCS HIBHJIKI BUMIpDIOBAHHS
7151 IPUTHiYeHHA IaMiJIbTOHOBOI JUHAMIiKHU, TO 3aIlIPOIIOHOBA-
HUNA METOJ] BUKOPHCTOBYE 3aIlJIyTAHICTh MiXK KyOiTamu IJjist
3HM2KEHHs MBUAKOCTI nekorepentii. [Ipogemoncrposano, 1o
11e JJO3BOJISIE YaCTKOBO IIPUTHIUYBATH JEKOIePEHIliIo B pa3i eBo-
sonil 3a piBHAHHAM JIiHAOIa1A.

Katowoei caoea: CiijibHi cj1abKi BUMipIOBaHHS, IPUTHIY€H-
Hs TeKOTE€PEeHIli], KBaHTOBUl edeKkT 3eHOHa, eBOJIONisa 3a PiB-
aauaaMm Jlingbaamga.
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