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An Experimental Realization of QZE/QZD
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To further investigate the coherence of the dynamics in the
two-level subspace, we realized a Ramsey interferometric scheme
within the two-level subspace (corresponding to rotations around
the y axis in the Bloch sphere in Fig. 1). In the presence of
constant Raman beams, two RF pulses are sent onto the atoms
separated by a variable delay time T. Each RF pulse encompasses
a p/2 area such that the first pulse evenly populates the two states
of our subspace. Note that this is impossible in the absence of the
Raman beams as was already observed in ref. 15. The populations
after the second pulse are then recorded as a function of T. An
oscillatory population distribution between the two sublevels is
expected if and only if there is coherence between both states16.

We report our experimental findings in Fig. 5. The populations
show clear oscillations with fringe contrast close to unity over the
whole observed pulse delay range T. Only a small damping of the
oscillations is perceivable. This concludingly confirms that QZD
preserves the coherence of the dynamics in protected subspaces.

Discussion
We have demonstrated that measurements and strong couplings
can be tailored to create disjoint Hilbert subspaces. We have
shown that a two-level system initially localized in one of this
subspaces will evolve coherently without leaking probability to
neighbouring Hilbert subspaces. This realizes a dynamical
superselection rule, which, in analogy to the ‘W3’ superselection
rule for charge17, imposes that if two initial states are separated in
different regions of the Hilbert space, the separation will persist at
all times.

A general crucial problem of quantum information is to protect
experimental protocols from decoherence and probability
leakage. A strategy discussed in the literature is to encode the
information on a part of the overall Hilbert space where noise
cancels out. The existence of such decoherence-free subspaces
was demonstrated in refs 18,19. Moreover, strategies for bath-
optimized protection of quantum information were discussed20.
Here we provide the proof-of-principle of an alternative noise-
protection scheme, which is realized via four different protocols.
The idea is to dynamically exploit QZD to drive the dynamics
inside a designed region of the full space of accessible states
and preserve quantum coherence against any leakage to the
environment. It is noteworthy that, although in a different
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Figure 4 | Dephasing and lifetimes in a protected subspace. The
dephasing rates (a) and lifetimes (b) of the atom population in the
protected subspace under constant Raman beams illumination are reported.
The factor 2p in the coupling frequencies is suppressed. The RF-induced
Rabi coupling is constant at 2p! 15 kHz. The data (points) are well fitted
(red lines) by a constant dephasing rate and by an exponentially increasing
lifetime, respectively. The error bars indicate the uncertainty in the
parameter estimation (see Methods for details). The dephasing rates
display only a weak dependence on the Raman coupling strength. The
lifetimes are observed to increase hundredfold.
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Figure 5 | Demonstration of coherent dynamics. A Ramsey scheme
experiment reveals interference fringes as function of the delay time T
between the two RF pulses. For better resolution, we show the data
obtained only in three ranges of T. Each window has a temporal width of
0.5 ms. Reported are the populations of the |kS (red) and |mS (blue) states.
Shown are the raw data (points, three measurements per delay time), their
mean values (connected straight lines) and the model prediction (shaded
areas) with the corresponding parameters taken from Fig. 4. The Raman
beams induced a coupling strength of 2p! 140 kHz. In the observed pulse
delay range, only a small loss of fringe contrast is noted.
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Figure 3 | Comparison of four different protocols to induce QZD. Shown
is a comparison between RF-induced Rabi oscillations for all four
experimental protocols: (a) discrete measurements (green down triangles),
(b) continuous measurements (violet circles), (c) unitary kicks (yellow up
triangles) and (d) continuous unitary coupling (blue squares). See Methods
section for details on the chosen parameters. (e,f) The relative populations
in the mF¼ 2 and mF¼ 1 states, respectively, as a function of total RF pulse
length. We report the average populations with error bars (mostly
comparable to the data symbol size) indicating the spread of the data. The
lower four sets of lines illustrate the time sequences of the four protocols.
The Raman beams are in green, the Dissipative Light is in orange. The
horizontal time axis is not to scale.
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considered a measurement even if the emitted photon is not
detected. Note that this radiation will only affect atoms in the
F¼ 1 state, that is, atoms that were originally in |2, 0S.

To show which ingredients are really mandatory to achieve
QZD, we implement four different experimental protocols: in the
first one, we realize a series of discrete measurements by a
periodic application of our state-selective measurement scheme.
In the second protocol, we apply continuously both the Raman
beams and the Dissipative Light, and we perform a continuous
measurement. In the third and fourth protocols, no Dissipative
Light is used and the dynamics is unitary. In the third
experiment, unitary kicks are realized by a sequence of p-pulses
of the Raman beams. In the fourth protocol, we implement a
continuous coupling scheme and the Raman beams are kept on
continuously. See Methods for details on the parameters chosen
in each case.

In all these experiments, by means of the Raman beams we are
effectively observing the absence of any population in the |2, 0S
state. In the language of QZD11, this accounts to projecting our
Hamiltonian equation (1) into an effective one, H0¼ PHP,

H0 ¼

0 O 0 0 0
O 0 0 0 0
0 0 0 0 0
0 0 0 0 O
0 0 0 O 0

0

BBBB@

1

CCCCA
and

P ¼

1 0 0 0 0
0 1 0 0 0
0 0 0 0 0
0 0 0 1 0
0 0 0 0 1

0

BBBB@

1

CCCCA
;

ð2Þ

where P is the projector on the subspace spanned by all sublevels
except the observed one, |2, 0S. As we start with all the
population in state |mS, we expect the evolution to be restricted
to the two states |mS and |kS. A typical result obtained with our
fourth protocol (continuous unitary coupling) is reported in
Fig. 2b. In contrast to the case of purely RF-induced oscillations
(Fig. 2a), the population now oscillates between the first two
sublevels only (rotations around x axis in the Bloch sphere13 in
Fig. 1), with nearly negligible decay toward the other levels. This
is the hallmark of QZD.

Experimental results. A comparison of the results obtained with
the four different protocols is given in Fig. 3. For the chosen
parameters, we observe a similar population dynamics. This is in
close agreement with the prediction11 that frequent projective
measurements, strong continuous coupling or fast unitary kicks
should all asymptotically lead to a confined dynamics according
to equation (2). As indicated by our experimental results, the
degree of confinement can be strong and comparable (within the
experimental error bars) even with finite measurement rates and
coupling strengths. This freedom is important with respect to
future applications of QZD.

To quantify the coherence of the dynamically created two-level
system, we describe the observed oscillations obtained with our
fourth protocol with an effective two-state model (see Methods).
We introduce phenomenologically the rate Gloss to account for
losses from state |kS to external states and gdeph to account for
the loss of coherence between the states |mS and |kS. These two
terms have different physical origin. The rate Gloss arises from the
imperfect protection of the Zeno subspace due to our finite
coupling strength14. The dephasing rate gdeph is originated in our
experiment by the presence of high-frequency noise on the
magnetic bias field and the RF signal, and by off-resonant

scattering of photons from the Raman beams. This model is valid
only for short evolution times. Because of the finite size of our
Hilbert space and the finite coupling strength, the population can
come back to the initial state, |mS. This means that for long times
we experience a revival of population into the Zeno (partially)-
protected subspace. Therefore, we apply our two-level model only
for times up to 100 ms, where the population revival is still not
affecting the observed dynamics.

In Fig. 2b, we included a fit of our model to the experimental
data of the population dynamics of the states |mS and |kS.
From the fit, we extract the values gdeph¼ 2p$ 0.3% 0.2

þ 0.3 kHz and
Gloss¼ 2p$ 0.02% 0.02

þ 0.12 kHz, corresponding to a lifetime of the
particles in the subspace of 50 ms. In the upper panel of Fig. 4, we
report the dephasing times, 2p/gdeph, obtained by a scan of the
Raman couplings in the range from 2p$ 100 to 2p$ 225 kHz.
Only a weak dependence of the dephasing rate on the Raman
coupling is observed.

A complete suppression of a leakage of atoms out of the two-
level subspace is only expected at infinite Raman coupling
strength where the projector P of equation (2) would be exactly
realized. In Fig. 4 (lower panel), we report the lifetimes 2p/Gloss
obtained for different settings of the Raman coupling strength.
We observe a crossover from a full five-level dynamics at 100 kHz
to a nearly pure two-level dynamics above 200 kHz. In this range,
the lifetime increases 100-fold at an exponential rate of about
0.05 kHz%1.
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Figure 2 | Rabi oscillations observed in the F¼ 2 manifold. (a) With only
the RF field applied. Experimental data are represented by dots. As there is
not sufficient data for statistically significant error bars, we instead report
all the data from three runs of the experiment. The shaded areas
correspond to their average values, whereas the lines are the model
predictions of equation (1). The relative populations (mF¼ þ 2: red; þ 1:
blue; 0: yellow; % 1: violet; % 2: green) are reported as function of the RF
pulse length. The observed oscillations involve all five states. (b) With RF
field plus constant Raman beams of coupling strength 2p$ 200 kHz applied.
The figure is organized as in a, but for the solid lines that here represent the
solution of equation (3). The populations oscillate between the |2, 2S'|mS
(red) and |2, 1S'|kS (blue) states. The observed oscillations decay,
because at finite Raman powers the atoms eventually leak out of the
protected subspace and into the (here unobserved) F¼ 1 hyperfine states.
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To further investigate the coherence of the dynamics in the
two-level subspace, we realized a Ramsey interferometric scheme
within the two-level subspace (corresponding to rotations around
the y axis in the Bloch sphere in Fig. 1). In the presence of
constant Raman beams, two RF pulses are sent onto the atoms
separated by a variable delay time T. Each RF pulse encompasses
a p/2 area such that the first pulse evenly populates the two states
of our subspace. Note that this is impossible in the absence of the
Raman beams as was already observed in ref. 15. The populations
after the second pulse are then recorded as a function of T. An
oscillatory population distribution between the two sublevels is
expected if and only if there is coherence between both states16.

We report our experimental findings in Fig. 5. The populations
show clear oscillations with fringe contrast close to unity over the
whole observed pulse delay range T. Only a small damping of the
oscillations is perceivable. This concludingly confirms that QZD
preserves the coherence of the dynamics in protected subspaces.

Discussion
We have demonstrated that measurements and strong couplings
can be tailored to create disjoint Hilbert subspaces. We have
shown that a two-level system initially localized in one of this
subspaces will evolve coherently without leaking probability to
neighbouring Hilbert subspaces. This realizes a dynamical
superselection rule, which, in analogy to the ‘W3’ superselection
rule for charge17, imposes that if two initial states are separated in
different regions of the Hilbert space, the separation will persist at
all times.

A general crucial problem of quantum information is to protect
experimental protocols from decoherence and probability
leakage. A strategy discussed in the literature is to encode the
information on a part of the overall Hilbert space where noise
cancels out. The existence of such decoherence-free subspaces
was demonstrated in refs 18,19. Moreover, strategies for bath-
optimized protection of quantum information were discussed20.
Here we provide the proof-of-principle of an alternative noise-
protection scheme, which is realized via four different protocols.
The idea is to dynamically exploit QZD to drive the dynamics
inside a designed region of the full space of accessible states
and preserve quantum coherence against any leakage to the
environment. It is noteworthy that, although in a different
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Figure 4 | Dephasing and lifetimes in a protected subspace. The
dephasing rates (a) and lifetimes (b) of the atom population in the
protected subspace under constant Raman beams illumination are reported.
The factor 2p in the coupling frequencies is suppressed. The RF-induced
Rabi coupling is constant at 2p! 15 kHz. The data (points) are well fitted
(red lines) by a constant dephasing rate and by an exponentially increasing
lifetime, respectively. The error bars indicate the uncertainty in the
parameter estimation (see Methods for details). The dephasing rates
display only a weak dependence on the Raman coupling strength. The
lifetimes are observed to increase hundredfold.
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Figure 5 | Demonstration of coherent dynamics. A Ramsey scheme
experiment reveals interference fringes as function of the delay time T
between the two RF pulses. For better resolution, we show the data
obtained only in three ranges of T. Each window has a temporal width of
0.5 ms. Reported are the populations of the |kS (red) and |mS (blue) states.
Shown are the raw data (points, three measurements per delay time), their
mean values (connected straight lines) and the model prediction (shaded
areas) with the corresponding parameters taken from Fig. 4. The Raman
beams induced a coupling strength of 2p! 140 kHz. In the observed pulse
delay range, only a small loss of fringe contrast is noted.
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Figure 3 | Comparison of four different protocols to induce QZD. Shown
is a comparison between RF-induced Rabi oscillations for all four
experimental protocols: (a) discrete measurements (green down triangles),
(b) continuous measurements (violet circles), (c) unitary kicks (yellow up
triangles) and (d) continuous unitary coupling (blue squares). See Methods
section for details on the chosen parameters. (e,f) The relative populations
in the mF¼ 2 and mF¼ 1 states, respectively, as a function of total RF pulse
length. We report the average populations with error bars (mostly
comparable to the data symbol size) indicating the spread of the data. The
lower four sets of lines illustrate the time sequences of the four protocols.
The Raman beams are in green, the Dissipative Light is in orange. The
horizontal time axis is not to scale.
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Zeno dynamics

To further investigate the coherence of the dynamics in the
two-level subspace, we realized a Ramsey interferometric scheme
within the two-level subspace (corresponding to rotations around
the y axis in the Bloch sphere in Fig. 1). In the presence of
constant Raman beams, two RF pulses are sent onto the atoms
separated by a variable delay time T. Each RF pulse encompasses
a p/2 area such that the first pulse evenly populates the two states
of our subspace. Note that this is impossible in the absence of the
Raman beams as was already observed in ref. 15. The populations
after the second pulse are then recorded as a function of T. An
oscillatory population distribution between the two sublevels is
expected if and only if there is coherence between both states16.

We report our experimental findings in Fig. 5. The populations
show clear oscillations with fringe contrast close to unity over the
whole observed pulse delay range T. Only a small damping of the
oscillations is perceivable. This concludingly confirms that QZD
preserves the coherence of the dynamics in protected subspaces.

Discussion
We have demonstrated that measurements and strong couplings
can be tailored to create disjoint Hilbert subspaces. We have
shown that a two-level system initially localized in one of this
subspaces will evolve coherently without leaking probability to
neighbouring Hilbert subspaces. This realizes a dynamical
superselection rule, which, in analogy to the ‘W3’ superselection
rule for charge17, imposes that if two initial states are separated in
different regions of the Hilbert space, the separation will persist at
all times.

A general crucial problem of quantum information is to protect
experimental protocols from decoherence and probability
leakage. A strategy discussed in the literature is to encode the
information on a part of the overall Hilbert space where noise
cancels out. The existence of such decoherence-free subspaces
was demonstrated in refs 18,19. Moreover, strategies for bath-
optimized protection of quantum information were discussed20.
Here we provide the proof-of-principle of an alternative noise-
protection scheme, which is realized via four different protocols.
The idea is to dynamically exploit QZD to drive the dynamics
inside a designed region of the full space of accessible states
and preserve quantum coherence against any leakage to the
environment. It is noteworthy that, although in a different

0

1

10

100

100 150 200 250

Raman coupling (kHz)

Li
fe

tim
e 

(m
s)

0.0

0.5

1.0

1.5

2.0

D
ep

ha
si

ng
 (

kH
z)

Figure 4 | Dephasing and lifetimes in a protected subspace. The
dephasing rates (a) and lifetimes (b) of the atom population in the
protected subspace under constant Raman beams illumination are reported.
The factor 2p in the coupling frequencies is suppressed. The RF-induced
Rabi coupling is constant at 2p! 15 kHz. The data (points) are well fitted
(red lines) by a constant dephasing rate and by an exponentially increasing
lifetime, respectively. The error bars indicate the uncertainty in the
parameter estimation (see Methods for details). The dephasing rates
display only a weak dependence on the Raman coupling strength. The
lifetimes are observed to increase hundredfold.
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Figure 5 | Demonstration of coherent dynamics. A Ramsey scheme
experiment reveals interference fringes as function of the delay time T
between the two RF pulses. For better resolution, we show the data
obtained only in three ranges of T. Each window has a temporal width of
0.5 ms. Reported are the populations of the |kS (red) and |mS (blue) states.
Shown are the raw data (points, three measurements per delay time), their
mean values (connected straight lines) and the model prediction (shaded
areas) with the corresponding parameters taken from Fig. 4. The Raman
beams induced a coupling strength of 2p! 140 kHz. In the observed pulse
delay range, only a small loss of fringe contrast is noted.
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Figure 3 | Comparison of four different protocols to induce QZD. Shown
is a comparison between RF-induced Rabi oscillations for all four
experimental protocols: (a) discrete measurements (green down triangles),
(b) continuous measurements (violet circles), (c) unitary kicks (yellow up
triangles) and (d) continuous unitary coupling (blue squares). See Methods
section for details on the chosen parameters. (e,f) The relative populations
in the mF¼ 2 and mF¼ 1 states, respectively, as a function of total RF pulse
length. We report the average populations with error bars (mostly
comparable to the data symbol size) indicating the spread of the data. The
lower four sets of lines illustrate the time sequences of the four protocols.
The Raman beams are in green, the Dissipative Light is in orange. The
horizontal time axis is not to scale.
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To further investigate the coherence of the dynamics in the
two-level subspace, we realized a Ramsey interferometric scheme
within the two-level subspace (corresponding to rotations around
the y axis in the Bloch sphere in Fig. 1). In the presence of
constant Raman beams, two RF pulses are sent onto the atoms
separated by a variable delay time T. Each RF pulse encompasses
a p/2 area such that the first pulse evenly populates the two states
of our subspace. Note that this is impossible in the absence of the
Raman beams as was already observed in ref. 15. The populations
after the second pulse are then recorded as a function of T. An
oscillatory population distribution between the two sublevels is
expected if and only if there is coherence between both states16.

We report our experimental findings in Fig. 5. The populations
show clear oscillations with fringe contrast close to unity over the
whole observed pulse delay range T. Only a small damping of the
oscillations is perceivable. This concludingly confirms that QZD
preserves the coherence of the dynamics in protected subspaces.

Discussion
We have demonstrated that measurements and strong couplings
can be tailored to create disjoint Hilbert subspaces. We have
shown that a two-level system initially localized in one of this
subspaces will evolve coherently without leaking probability to
neighbouring Hilbert subspaces. This realizes a dynamical
superselection rule, which, in analogy to the ‘W3’ superselection
rule for charge17, imposes that if two initial states are separated in
different regions of the Hilbert space, the separation will persist at
all times.

A general crucial problem of quantum information is to protect
experimental protocols from decoherence and probability
leakage. A strategy discussed in the literature is to encode the
information on a part of the overall Hilbert space where noise
cancels out. The existence of such decoherence-free subspaces
was demonstrated in refs 18,19. Moreover, strategies for bath-
optimized protection of quantum information were discussed20.
Here we provide the proof-of-principle of an alternative noise-
protection scheme, which is realized via four different protocols.
The idea is to dynamically exploit QZD to drive the dynamics
inside a designed region of the full space of accessible states
and preserve quantum coherence against any leakage to the
environment. It is noteworthy that, although in a different
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Figure 4 | Dephasing and lifetimes in a protected subspace. The
dephasing rates (a) and lifetimes (b) of the atom population in the
protected subspace under constant Raman beams illumination are reported.
The factor 2p in the coupling frequencies is suppressed. The RF-induced
Rabi coupling is constant at 2p! 15 kHz. The data (points) are well fitted
(red lines) by a constant dephasing rate and by an exponentially increasing
lifetime, respectively. The error bars indicate the uncertainty in the
parameter estimation (see Methods for details). The dephasing rates
display only a weak dependence on the Raman coupling strength. The
lifetimes are observed to increase hundredfold.
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Figure 5 | Demonstration of coherent dynamics. A Ramsey scheme
experiment reveals interference fringes as function of the delay time T
between the two RF pulses. For better resolution, we show the data
obtained only in three ranges of T. Each window has a temporal width of
0.5 ms. Reported are the populations of the |kS (red) and |mS (blue) states.
Shown are the raw data (points, three measurements per delay time), their
mean values (connected straight lines) and the model prediction (shaded
areas) with the corresponding parameters taken from Fig. 4. The Raman
beams induced a coupling strength of 2p! 140 kHz. In the observed pulse
delay range, only a small loss of fringe contrast is noted.
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is a comparison between RF-induced Rabi oscillations for all four
experimental protocols: (a) discrete measurements (green down triangles),
(b) continuous measurements (violet circles), (c) unitary kicks (yellow up
triangles) and (d) continuous unitary coupling (blue squares). See Methods
section for details on the chosen parameters. (e,f) The relative populations
in the mF¼ 2 and mF¼ 1 states, respectively, as a function of total RF pulse
length. We report the average populations with error bars (mostly
comparable to the data symbol size) indicating the spread of the data. The
lower four sets of lines illustrate the time sequences of the four protocols.
The Raman beams are in green, the Dissipative Light is in orange. The
horizontal time axis is not to scale.
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To further investigate the coherence of the dynamics in the
two-level subspace, we realized a Ramsey interferometric scheme
within the two-level subspace (corresponding to rotations around
the y axis in the Bloch sphere in Fig. 1). In the presence of
constant Raman beams, two RF pulses are sent onto the atoms
separated by a variable delay time T. Each RF pulse encompasses
a p/2 area such that the first pulse evenly populates the two states
of our subspace. Note that this is impossible in the absence of the
Raman beams as was already observed in ref. 15. The populations
after the second pulse are then recorded as a function of T. An
oscillatory population distribution between the two sublevels is
expected if and only if there is coherence between both states16.

We report our experimental findings in Fig. 5. The populations
show clear oscillations with fringe contrast close to unity over the
whole observed pulse delay range T. Only a small damping of the
oscillations is perceivable. This concludingly confirms that QZD
preserves the coherence of the dynamics in protected subspaces.

Discussion
We have demonstrated that measurements and strong couplings
can be tailored to create disjoint Hilbert subspaces. We have
shown that a two-level system initially localized in one of this
subspaces will evolve coherently without leaking probability to
neighbouring Hilbert subspaces. This realizes a dynamical
superselection rule, which, in analogy to the ‘W3’ superselection
rule for charge17, imposes that if two initial states are separated in
different regions of the Hilbert space, the separation will persist at
all times.

A general crucial problem of quantum information is to protect
experimental protocols from decoherence and probability
leakage. A strategy discussed in the literature is to encode the
information on a part of the overall Hilbert space where noise
cancels out. The existence of such decoherence-free subspaces
was demonstrated in refs 18,19. Moreover, strategies for bath-
optimized protection of quantum information were discussed20.
Here we provide the proof-of-principle of an alternative noise-
protection scheme, which is realized via four different protocols.
The idea is to dynamically exploit QZD to drive the dynamics
inside a designed region of the full space of accessible states
and preserve quantum coherence against any leakage to the
environment. It is noteworthy that, although in a different
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Figure 4 | Dephasing and lifetimes in a protected subspace. The
dephasing rates (a) and lifetimes (b) of the atom population in the
protected subspace under constant Raman beams illumination are reported.
The factor 2p in the coupling frequencies is suppressed. The RF-induced
Rabi coupling is constant at 2p! 15 kHz. The data (points) are well fitted
(red lines) by a constant dephasing rate and by an exponentially increasing
lifetime, respectively. The error bars indicate the uncertainty in the
parameter estimation (see Methods for details). The dephasing rates
display only a weak dependence on the Raman coupling strength. The
lifetimes are observed to increase hundredfold.
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Figure 5 | Demonstration of coherent dynamics. A Ramsey scheme
experiment reveals interference fringes as function of the delay time T
between the two RF pulses. For better resolution, we show the data
obtained only in three ranges of T. Each window has a temporal width of
0.5 ms. Reported are the populations of the |kS (red) and |mS (blue) states.
Shown are the raw data (points, three measurements per delay time), their
mean values (connected straight lines) and the model prediction (shaded
areas) with the corresponding parameters taken from Fig. 4. The Raman
beams induced a coupling strength of 2p! 140 kHz. In the observed pulse
delay range, only a small loss of fringe contrast is noted.
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Figure 3 | Comparison of four different protocols to induce QZD. Shown
is a comparison between RF-induced Rabi oscillations for all four
experimental protocols: (a) discrete measurements (green down triangles),
(b) continuous measurements (violet circles), (c) unitary kicks (yellow up
triangles) and (d) continuous unitary coupling (blue squares). See Methods
section for details on the chosen parameters. (e,f) The relative populations
in the mF¼ 2 and mF¼ 1 states, respectively, as a function of total RF pulse
length. We report the average populations with error bars (mostly
comparable to the data symbol size) indicating the spread of the data. The
lower four sets of lines illustrate the time sequences of the four protocols.
The Raman beams are in green, the Dissipative Light is in orange. The
horizontal time axis is not to scale.
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pulsed measurement

continuous measurement

pulsed unitary

continuous unitary

Different manifestations, 

same limit
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     multi-CPTP

  multi meas.

measurements

unitary kicks


      CPTP kicks

Unified theory of Zeno through adiabatic theorem

D. Burgarth, K. Yuasa, P. Facchi, H. Nakazato, S. Pascazio, Quantum, 3/152 ’19 & 4/298 ‘20
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Non-commutativity  at heart of control theory

E. Nelson,  Tensor Analysis,  Princeton University Press, 1967

Drive

Steer

[Steer, Drive] 

{Commutative?
Of course not!

[Rotate, Drive] 

Drive  + Slide = Any direction

Lie Algebras, Lie Groups,  Trotter theorems,  Differential Geometry, …

How does QZD affect commutativity?

If  do we have 

?

[H1, H2] = 0
[PH1P, PH2P] = 0

= Slide

= Rotate

These techniques  let us understand where we can drive in  Hilbert space !



H3 = 3(XXX + YYY + ZZZ)123

The Power of Zeno for Control

D. Burgarth, P. Facchi, V. Giovannetti, H. Nakazato, S. Pascazio and K. Yuasa, “Exponential rise of dynamical 
complexity in quantum computing through projections”, Nat. Commun. 5, 5173, 2014.

C. Arenz, D. Burgarth, P. Facchi, V. Giovannetti, H. Nakazato, S. Pascazio and K. Yuasa, “Universal Control 
Induced by Noise”, PRA 93, 062308, 2016.
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 trivial dynamicsf(t)H1 + g(t)H2

with single qubit projection 

becomes universal for quantum 

computing
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 Heisenberg spin chainH2

H1 = X1X2

X2
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(XX + YY + ZZ)k,k+1 + Z3 + H3

P1σP1 =
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3
(σ = X, Y, Z)

P1

P1

edge driving

“normal”  Heisenberg spin chain

This happens for “almost all” systems,


even noisy ones.



Experimental demonstration at Technion
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“Demonstration of an entangling gate between non-interacting qubits using the Quantum Zeno effect”, 
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~300 𝝁m
~1 𝝁m

two transmons



Experimental demonstration at Technion

E. Blumenthal, C. Mor, A. A. Diringer, L. S. Martin, D. Burgarth, K. B. Whaley, S. Hacohen-Gourgy,

“Demonstration of an entangling gate between non-interacting qubits using the Quantum Zeno effect”, 
arXiv:2108.08549 


ℋ = ℂ3 ⊗ ℂ2 |nm⟩ : n ∈ {0,1,2}, m ∈ {0,1}

P = I − |21⟩⟨21 |

H = i( |1⟩⟨2 | − |2⟩⟨1 | ) ⊗ I

= i( |1⟩⟨2 | − |2⟩⟨1 | ) ⊗ ( |0⟩⟨0 | + |1⟩⟨1 | )

PHP =

= i |10⟩⟨20 | + i |11⟩⟨21 | − i |20⟩⟨10 | − i |21⟩⟨11 |

entangling!

local

non-local

i( |1⟩⟨2 | − |2⟩⟨1 | ) ⊗ |0⟩⟨0 |

continuous measurement: GKLS engineering



Gate Quality

E. Blumenthal, C. Mor, A. A. Diringer, L. S. Martin, D. Burgarth, K. B. Whaley, S. Hacohen-Gourgy,

“Demonstration of an entangling gate between non-interacting qubits using the Quantum Zeno effect”, 
arXiv:2108.08549 


·ρ = − i[H, ρ] + γ𝒟P(ρ)

ϵ ≡ ∥et(γ𝒟P(⋅)−i[H,⋅]) − e−it[PHP,⋅])(I + 2𝒟P( ⋅ ))∥⋄

continuous measurement formalism:

𝒟P(ρ) = PρP − (Pρ + ρP)/2

ϵ ≤
16Δh

γ (1 + tΔh +
1 − e−tγ/2

2 ) + e−tγ/2

Δh ≡ emax − emin

gate error:

Experiment: ~70%

Zeno+GKLS works!



But there is some friction…
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• Obviously  is CPTP

•  but 

• Curiously,  is not always CPTP and  not GKLS

• By Christensen/Evans, it can be modified to  of GKLS form such that 



• I don’t know the general strategy to do this. Dariusz?

Λ(t) ≡ eℒzt𝒫φ

Λ(t)Λ(s) = Λ(t + s) Λ(0) = 𝒫φ

eℒzt ℒz

𝒢z

e𝒢zt𝒫φ = eℒzt𝒫φ



Conclusions
•Quantum Zeno Dynamics can be used to create new effective generators 

through a variety of mechanisms:

measurements
strong dissipation

CPTP kicks

strong fields 

unitary kicks 

•These have applications in Quantum Control and Quantum Computation

Adiabatic Theorem

• We connected two results by Sudarshan, but not without friction

• Experiments catching up


