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LECTURE SERIES OVERVIEW

Quantum dynamics in the pre fault tolerant era

Lecture 1: From Classical and quantum chaos to thermalization in
isolated quantum systems

Lecture 2: Analog and digital quantum simulators from unitary
dynamics to midcircuit measurements.

Lecture 3: Monitored quantum dynamics in random quantum
circuits

Lecture 4: Adaptive quantum circuits and control induced phase
transitions

Lecture 5: Open quantum dynamics software tutorial



ADVERTISING LECTURE 5

Lecture 5: Open quantum dynamics software tutorial

Classical simulations of quantum circuits
in the Pre-fault-tolerant era

Matrix Product States: & —

Measurement-induced phase transition Control-induced phase transition

https://github.com/hainingpan/QuantumCircuitsMPS.j|l



LECTURE SERIES,
LEARNING GOALS

[. Lecture 1: Classical and Quantum Chaos, from single
particle to many-body

II. Lecture 2: Quantum platforms

[II. Lecture 3: Entanglement phases and phase transitions
driven by interplay of unitary and projective evolution.

IV. Lecture 4: Controlling chaos in classical and quantum
systems.

V. Lecture 5: Numerical approaches to adaptive quantum
dynamics



LECTURE 4: LEARNING GOALS

Adaptive Quantum Dynamics

Understand how to control classical chaos. Apply to control several
quintessential chaotic systems.

Quantize this procedure to find a route to controlling quantum
dynamics.

We will understand the universality classes discovered, their
interplay with the measurement induced phase transition, and the
role of quantum fluctuations.

Experimental data on trapped ions and superconducting qubits will
be presented.



OUTLINE

I. Motivation

e Controlling classical chaos
 Examples of classical control transitions

II. Quantum Control Induced Transition

e Control with an Exact Dark State
e Controlling the quantum top
e Controlling the Bernoulli map

III. Realization across circuits

e [BM’s quantum computer
e Accessing Quantum fluctuations




QUANTUM PLATFORMS OF

Cold atomic gases Trapped ions

AN R RS

Periodic potential

made by optical
interference C. Monroe group

M. Kozuma group Superconducting qubits
Neutral atoms

M. Endres group J. Martinis group

Lecture 2: We reviewed each of these systems in detail.
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QUANTUM PLATFORMS OF

Cold atomic gases Trapped ions

AN R RS

Periodic potential

made by optical
interference C. Monroe group

M. Kozuma group Superconducting qubits
Neutral atoms

M. Endres group J. Martinis group

Lecture 2: We reviewed each of these systems in detail.
Lecture 3: The role of measurements in their dynamics.

Today (Lecture 4): How can we control and manipulate quantum systems?

Lets start by controlling classical systems!



UNPREDICTABILITY OF

CHAOS

Classical Chaos: unpredictable deterministic evolution of
the classical equations of motion.

In lecture 1 we reviewed chaotic dynamics in maps and
Hamiltonian dynamics

Single particle models

Logistic map Bernoulli map

Kicked rotor Kicked top

Many-body models

Heisenberg spin chain

d-dimensional hyper cubic spin models
Feldman, Chaos and Fractals an Elementary Introduction, (2012)



UNPREDICTABILITY OF

CHAOS

Classical Chaos: unpredictable deterministic evolution of
the classical equations of motion.

In lecture 1 we reviewed chaotic dynamics in maps and

Hamiltonian dynamics
Lets control each of the

Single particle models models highlighted below!

Logistic map Bernoulli map

Kicked rotor Kicked top

Many-body models

Heisenberg spin chain

d-dimensional hyper cubic spin models
Feldman, Chaos and Fractals an Elementary Introduction, (2012)



CANNOT GENERICALLY CONTROL

CHAOS......

We have to exploit structure to control the dynamics.

Generic quantum evolution cannot be controlled or error
corrected (without exponential resources)

Exploit classical chaotic structure to control some
quantum systems.
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To control classical chaos, have to exploit its underlying
structure.
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To control classical chaos, have to exploit its underlying
structure.
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(ie each chaotic attractor)
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APPLICATIONS OF CONTROLLING

CHAOS |I.

Designing trajectories of space craft travel
(“chaotic targeting”)

Touring the moons of Jupiter

' . . ‘Transfer _ Ganymede’s
- Ganymede: ?Orb-lt”" O

y (Jupiter-centered inertial frame)

y (Jupiter-Ganymede rotating frame)
vy (Jupiter-Europa rotating frame)

................... . Buropa’s N
{ orbit v :
= | UPiter . - - - .-
x (Jupiter-Ganymede rotating frame) X (Jupiter-centered inertial frame) x (Jupiter-Europa rotating frame)

F igure 1.3: The “Petit Grand Tour” space mission concept for the Jovian moons. In our example, we
show an orbit coming into the Jupiter system and (a) performing one loop around Ganymede (shown in
the Jupiter-Ganymede rotating frame), (b) transferring from Ganymede to Europa using a single impulsive
maneuver (shown in the Jupiter-centered inertial frame), and (c) getting captured by Europa (shown in the

Jupiter-Europa rotating frame).

Koon et al, Chaos (2000)



APPLICATIONS OF CONTROLLING

CHAOS |I.

Designing trajectories of space craft travel
(“chaotic targeting”)

From earth to the moon

[ ] [ ]
Touring the moons of Jupiter s
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F igure 1.3: The “Petit Grand Tour” space mission concept for the Jovian moons. In our example, we
show an orbit coming into the Jupiter system and (a) performing one loop around Ganymede (shown in Macau and Grebogll Royal SOClety (2006)
the Jupiter-Ganymede rotating frame), (b) transferring from Ganymede to Europa using a single impulsive
maneuver (shown in the Jupiter-centered inertial frame), and (c) getting captured by Europa (shown in the

Jupiter-Europa rotating frame).

Koon et al, Chaos (2000)

Both trajectories minimize fuel usage along the trip



APPLICATIONS OF CONTROLLING

CHAOS Il.

Overcoming heart arrhythmias

Controlling Cardiac Chaos
Alan Garfinkel, Mark L. Spano, William L. Ditto, James N. Weiss

The extreme sensitivity to initial conditions that chaotic systems display makes them
unstable and unpredictable. Yet that same sensitivity also makes them highly susceptible
to control, provided that the developing chaos can be analyzed in real time and that analysis
is then used to make small control interventions. This strategy has been used here to
stabilize cardiac arrhythmias induced by the drug ouabain in rabbit ventricle. By admin-
istering electrical stimuli to the heart at irregular times determined by chaos theory, the
arrhythmia was converted to periodic beating. SCIENCE * VOL.257 * 28 AUGUST 1992
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CONTROLLING THE BERNOULLI
(DOUBLING) MAP
Tpi1 = 2, mod 1 0<z<1

Starting from an irrational number, this map is chaotic
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CONTROLLING THE BERNOULLI
(DOUBLING) MAP
Tpi1 = 2, mod 1 0<z<1

Starting from an irrational number, this map is chaotic

The rational numbers yield periodic orbits ~ Zo = a/b

e L L 0T L/3
33‘122/3

But, the irrationals are dense on the number line:

hence, these sets of rationals are all unstable orbits of the map



CONTROLLING THE BERNOULLI
(DOUBLING) MAP

Now lets design the control protocol:

define the control map C with strengthad  Neighborhood of 5"™™

/ ]
Qrbit

Tny1 = (1 —a)xi™" +ax, if z€A;
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Now lets design the control protocol:

define the control map C with strengthad  Neighborhood of 5"™™

/ j
Qrbit

Tnt1 = (1 — a)xj +ax, if T€AH;
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Now lets design the control protocol:

define the control map C with strengthad  Neighborhood of 5"™™

/ j
Qrbit
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CONTROLLING THE BERNOULLI

(DOUBLING) MAP

B Bernoulli map
Tpi1 = 2, mod 1 0<z<1

(' Control map

Tpai1 = (1 — a)z?rbit +ax, if z€A;

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

B Bernoulli map
Tpi1 = 2, mod 1 0<z<1

(' Control map

Tpai1 = (1 — a)z?rbit +ax, if z€A;

Now put this together stochastically applying one or

the other map
Apply Bernoulli map with probability 1 — Pctrl

Apply Control map with probability — Pctrl

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

To understand the phase diagram lets go through this stochastic process.

For simplicity control onto x; = 0

0
Write the number x in binary representation: x = Z yj2_j
j=1

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)
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For simplicity control onto x; = 0

0
Write the number x in binary representation: x = Z yj2_j
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CONTROLLING THE BERNOULLI

(DOUBLING) MAP

To understand the phase diagram lets go through this stochastic process.

For simplicity control onto x; = 0

Write the number x in binary representation: x = Z yj2_j
j=1
The Bernoulli map B(x) = x,,; = 2x, mod 1 has the action:
B(x) = Zij‘(j—l) = ZyjHZ—j
=1 =1

The control map C(x) = ax with |a| < 1 taking a = 27" has the action

C(x) = Zy,z () = Z Vo2

j=14n

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
o J=1 /
. j=1
Control map has the action C(x) = Z Vin2™
j=14n

To find when a bit string’s chaos begins, consider the first domain wall (FDW)

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)
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The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
o J=1 /
. j=1
Control map has the action C(x) = Z Vin2™
j=14n

To find when a bit string’s chaos begins, consider the first domain wall (FDW)
A periodic orbit will have a repeating decimal expansion y; =y, yfor N > 1

When this pattern *first* breaks for an irrational number we call the first
domain wall.
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CONTROLLING THE BERNOULLI

(DOUBLING) MAP

The Bernoulli map has the action: B(x) = Z Vig12™ &
] — A= nyz ’
Control map has the action C(x) = Z Vin2™

Jj=1+n
To find when a bit string’s chaos begins, consider the first domain wall (FDW)
A periodic orbit will have a repeating decimal expansion y; =y, yfor N > 1

When this pattern *first* breaks for an irrational number we call the first
domain wall.

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy — ya. g

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
0 j=1 J |
. j=1
Control map has the action C(x) = Z Vin2™
j=14n

To find when a bit string’s chaos begins, consider the first domain wall (FDW)
A periodic orbit will have a repeating decimal expansion y; =y, yfor N > 1

When this pattern *first* breaks for an irrational number we call the first
domain wall.

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy — ya. g

The Control map acts with probability p and moves the domain wall to the
Right by n as yy — yy

—n
CE—

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

The Bernoulli map has the action: B(x) = Z Vig12™ &
j=1 x= Q27
= . j=1
Control map has the action C(x) = Z Vin2™

j=14n

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy = Y.

The Control map acts with probability p and moves the domain wall to the
Right by n as yy — yy_,

log(a)
The velocity of the first domain wall Vg, =np — (1 —p) = — p—>U-p)

log(2)

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)
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The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
o J=1 /
: j=1
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j=14n

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy = Y.

The Control map acts with probability p and moves the domain wall to the
Right by n as yy — yy_,

log(a)
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CONTROLLING THE BERNOULLI

(DOUBLING) MAP

The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
o J=1 /
: j=1
Control map has the action C(x) = Z Vin2™
j=14n

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy = Y.

The Control map acts with probability p and moves the domain wall to the
Right by n as yy — yy_,

log(a)

The velocity of the first domain wall Vg, =np — (1 —p) = — p—>U-p)
log(2)

Chaos= FDW keeps moving to the left Critical point=v, =0

Control= FDW keeps moving to the right

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



CONTROLLING THE BERNOULLI

(DOUBLING) MAP

o)

The Bernoulli map has the action: B(x) = Z Vig12™ 0 .
o J=1 /
: j=1
Control map has the action C(x) = Z Vin2™
j=14n

The Bernoulli map acts with probability 1 — p and moves the domain wall to
the Left by one yy = Y.

The Control map acts with probability p and moves the domain wall to the
Right by n as yy — yy_,

log(a)
The velocity of the first domain wall Vg, =np — (1 —p) = — = p—>U-p)
log(2)
Chaos= FDW keeps moving to the left Critical point=v, =0
log(2)

Control= FDW keeps moving to the right Pe = log(2) — log(a)

Antoniou, Basios, and Bosco, Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998). Iadecola, Ganeshan, JHP, Wilson PRL (2023)



DYNAMICAL PHASE DIAGRAM OF

BERNOULLI+CONTROL

B Apply Bernoulli map with probability 1 — Pctrl

(' Apply Control map with probability ~ Dctrl

Antoniou, V. Basios, and F. Bosco,
Int. J. Bifurcation Chaos 06, 1563 (1996) & (1998).

Find a transition when )\ — O

|2y, — | ~ e
A= (1 - pctrl) 10g(2) + Dctrl log(a)

A= —log(2)v,,

log 2

pe(a)= log2 —loga
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CLASSICAL CONTROL TRANSITION:

How do we control chaos?

Classical Chaos: exponential .
Sensitivity to initial conditions Google

Haj(t) T ZE/ (t) H ~ et)‘Lyapunov

Wikipedia



CLASSICAL CONTROL TRANSITION:

RECIPE

How do we control chaos?

Take a chaotic dynamical system.

-

Identify an unstable orbit: an orbit t

Google
nat

is stable under the chaotic dynamics

any infinitesimal perturbation will drive

the system out of the orbit.

/ T, Classical Chaos: exponential
||CE (t) — & (t) H ~ € yAPTEEY Sensitivity to initial conditions

out

Wikipedia



CLASSICAL CONTROL TRANSITION:

RECIPE

How do we control chaos?

Take a chaotic dynamical system.
Google

Identify an unstable orbit: an orbit that g

is stable under the chaotic dynamics but

any infinitesimal perturbation will drive

the system out of the orbit.

Design a control protocol:

Interleave operations that push the
dynamical system onto a specified g
unstable orbit.

Wikipedia



LETS NOW APPLY THIS

TO THE KICKED TOP

Recall from Lecture 1 Hyr = o, - k'] . Z 5(t — nT)
KlCl%Ed top a=m/(2T), {JZ, Ji} = i€k Jk
Conserved angular 5
o? momentum {J ’H} =0

dJ OH

Ny ’ Equation of Motion 3 {J’ H} = —Jx 8_J

k=+2n
Classical § _y ~o m:Jx/S,y:Jy/S,Z:JZ/s

limit

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



LETS NOW APPLY THIS

TO THE KICKED TOP

2 o0
Recall from Lecture 1 Hyr = o, - k'] Z 5(t — nT)
Kiclfzed top a=m/(2T) {JZ, R A
Conserved angular 5
o? momentum {J ’H} =0
dJ OH
; y E i i — {J7 H} = —J X ——
_—y quation of Motion dt 0J
k=127
Classical § _y ~o x:Jx/S,y:Jy/S,Z:JZ/S
limit
Tpi1 = Zp cos(kxy,) + yn sin(kx, ) r, = (Tn, Yn, 2n)
Ynt1 = —2n SI(KLTn ) + Yn cOS(ky ) rpi1 = f(rn)
“n+1 — —dn

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



FIRST FIND UNSTABLE FIXED POINTS

OF THE KICKED TOP

Recall frgm Lecture 1 Hyr = o, - k*] . Z 5(t — nT)

9.6) o= 7T/(2T)._ S

fixed points of the map Ln+1 = Tp = L0

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



FIRST FIND UNSTABLE FIXED POINTS

OF THE KICKED TOP

Recall frgm Lecture 1 Hyr = o, - k'] . Z 5(t — nT)

n=——oo

(0, &) Q= 7T/(2T)‘.

fixed points of the map Ln+1 = Tp = L0
| 20 = —Zg Yo = xg sin(kxg) + yo cos(kxg)
X Y .
k=6, Yo/ xo = sin(kxg) /(1 — cos(kxzg)) = cot(kxg/2)
k=+v2r
2 o
2 9 9 o Sl T)
Ty +ys+25 =1 To = 2 (ks
0 T Yo 0 1+ sin”® (%2°)

Linearize about x;, to find the unstable fixed points

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



FIRST FIND UNSTABLE FIXED POINTS

OF THE KICKED TOP

Recall from Lecture 1 Linearize about x;, to find the 2 sin? (£20)
$ unstable fixed points ’ >

k4 ko cot(kzo/2) sin(kxzg) cos(kxg) ] 6z
/ —

' | = —kx cos(kxg) —sin(kxo)| |dy
02" I —1 0 0 0z

Eigenvalues 1 &  Ax(k)=- [h(k) + v/h(k)? — 1]

h(k) = sin2(kzo/2) — % cot(kzo/2)

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



FIRST FIND UNSTABLE FIXED POINTS

OF THE KICKED TOP

Recall from Lecture 1 Linearize about x;, to find the sin? (£20)
$ unstable fixed points >

b ko cot(kxo/2) sin(kzg) cos(kxg) 1 [62
oy | = —kxg cos(kxg) —sin(kxo)| |dy
02" I -1 0 0 | [dz

Eigenvalues 1 &  Ax(k)=- [h(k) + v/h(k)? — 1]

h(k) = sin2(kzo/2) — ’% cot(kzo/2)

Becomes unstable when h(k) — 1 sin(kao/2) =

kro/2=7/2 x5=1/2 k. =21 ~4.44

k=+2rx

For k > k.we have found that x is unstable fixed point

Kus, Haake, and Eckhart, ZfPB Cond. Matt (1993) Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



DEFINE A CONTROL MAP FOR

TO THE KICKED TOP

For k > k. we have found
that x, is an unstable fixed point

20 = —Zo Yo = Tosin(kwzo) + yo cos(kwo)
kzo
) ro = (20, Yo, 20)

Lets define the control map to push the top
towards the unstable fixe point on the sphere

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



DEFINE A CONTROL MAP FOR

TO THE KICKED TOP

For k > k. we have found
that x, is an unstable fixed point

20 = —Zo Yo = Tosin(kwzo) + yo cos(kwo)
kzo
) ro = (20, Yo, 20)

Lets define the control map to push the top
towards the unstable fixe point on the sphere

r = (sin # cos ¢, sin # sin ¢, cos )

ar(t)+ (1 —a)rg
r(t+1) = , r(t) €
o)+ (- " S

O(t+1) =ab(t) + (1 —a)by
Ot +1) = ap(t) + (1 — a)po

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



MODEL FOR CHAOS AND CONTROL

IN THE KICKED TOP

Can now define the model

(Switch from #n to 1)

Apply the kicked top dynamics with probability 1 — p f(r(t)) — I’(t + 1)

Tpi1 = zp cos(kxy,) + yn sin(kz,)

Yni1 = —2n sin(kx,) + y,, cos(kx,)
An+l — —In
Apply the control map with probability p g(r(t)) =r(t+1)

r(t+1) = f(r(t)), with probability 1 — p,
| g(r(t)), with probability p.

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

Determine the phase diagram by computing the Lyapunov

exponent H( 4 1) f(r(t)), with probability 1 — p.
~ 1g(r(t)), with probability p.

Linearize about the fixed point r(¢) = ro + 0r(?)

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

Determine the phase diagram by computing the Lyapunov

exponent H( 4 1) f(r(t)), with probability 1 — p.
~ 1g(r(t)), with probability p.

Linearize about the fixed point r(¢) = ro + 0r(?)

f(r(t)) =ro+ or(t) - VE(rg) + O(dr(t)?)

g(r(t)) = ro + adr(t) + O(or(t)?)

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

Determine the phase diagram by computing the Lyapunov

exponent H( 4 1) f(r(t)), with probability 1 — p.
~ 1g(r(t)), with probability p.

Linearize about the fixed point r(¢) = ro + 0r(?)

f(r(t)) =ro+ or(t) - VE(rg) + O(dr(t)?)
g(r(t)) = ro + adr(t) + O(or(t)?)

Vi(ro)]i; = 0;fi(ro) Has 2 eigenvalues (due to the norm)
but only the dominant one matters

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

P(t+1) = f(r(t)), with probability 1 — p,
| g(r(t)), with probability p.

Linearize about the fixed point r(t) = ro + or(t)
f(r(t)) =rg + or(t) - VE(rg) + O(r(t)?)
g(r(t)) = ro + adr(t) + O(ér(t)?)

VE(rg)l; j = 0;f; (rg) Has2 eigenvalues 4,(k) (due to the norm)
but only the dominant one matters

5e(t) = u(t)V1 & w(t)va

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

P(t+1) = f(r(t)), with probability 1 — p,
| g(r(t)), with probability p.

Linearize about the fixed point r(t) = ro + or(t)
f(r(t)) =rg + or(t) - VE(rg) + O(r(t)?)
g(r(t)) = ro + adr(t) + O(ér(t)?)

Vi(rg)l; j = 0;f; (rg) Has2 eigenvalues 4,(k) (due to the norm)
but only the dominant one matters

5e(t) = u(t)V1 & w(t)va

u(t +

1) = A(k)u(t), with probability 1 —p
| au(?), with probability p.

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

P(t+1) = f(r(t)), with probability 1 — p,
| g(r(t)), with probability p.

Linearize about the fixed point r(t) = ro + or(t)
f(r(t)) =rg + or(t) - VE(rg) + O(r(t)?)
g(r(t)) = ro + adr(t) + O(ér(t)?)

Vi(rg)l; j = 0;f; (rg) Has2 eigenvalues 4,(k) (due to the norm)
but only the dominant one matters

Leading L /
Rt o Y 8e(t) = u(t)vi + w(t)va

A(k)u(t), with probability 1 —p

t+1)=
u(t + 1) au(t), with probability p.

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

A(k)u(t), with probability 1 —p
au(t), with probability p.

u(t—l—l):{

A given realization at time 7, with N control maps and 7' — N kicked top maps

up(t)] = [w(0)[(1 = p)" ~T[AE) T~ al T p™

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

A(k)u(t), with probability 1 —p
au(t), with probability p.

u(t—|—1):{

A given realization at time 7, with N control maps and 7' — N kicked top maps

up(t)] = [w(0)[(1 = p)" ~T[AE) T~ al T p™

To compute the Lyapunov exponent p(k), we average the log
of this over the binomial distribution, which yields

tog 1200, = 37 () tow 200 = Tlog A(W)I(1 ~ p) + Tlaly

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

u(t +1) = A(k)u(t), with probability 1 —p
) au(t), with probability p.

A given realization at time 7, with N control maps and 7' — N kicked top maps

up(t)] = [w(0)[(1 = p)" ~T[AE) T~ al T p™

To compute the Lyapunov exponent p(k), we average the log
of this over the binomial distribution, which yields

T

up(®)[, T o up(t)] — Tlo B q
pog L = 3= (1) tom iy = TR AIL ) + el
L Ju(?)]

) = log [A(k)[(1 —p) + |a|p

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)

pik) = i 7 (log £y,



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

u(k) = lim l(log ‘|Z(t)‘

T T ) = log |A(K)[(1 —p) + |alp

Transition between chaos and control occurs when u(k) = 0
_ log|A(k)|
logIA(k)] — log(a)

Dc

Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)



PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

L Ju®)]

plk) = Jlim 7 (log gy

) = log [A(K)[(1 = p) + [alp

Transition between chaos and control occurs when u(k) = 0

log ‘ )\(k) | Probe the transition via the Lyapunov

De = log\ \ ( k)| 1o g( a) and the deviation from the fixed point
or(t) =r(t) —rg

02 = [or(t — o) 2,

2.0 R

1.5

NN
POPPEOODE
OCONOUIRARWNE

D 1.01

0.51

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

p p
Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)




PHASE DIAGRAM FOR CHAOS AND

CONTROL IN THE KICKED TOP

L Ju®)]

u(k) = lim —(log 2(0)

T T ) = log |A(K)[(1 —p) + |alp

Transition between chaos and control occurs when u(k) = 0

B log ‘ )\(k) | Probe the transition via the Lyapunov
Pc = log\)\( k) | _ log(a) and the deviation from the fixed point

or(t) =r(t) —rg

2.0
I 0? = 51t 5 oL,
1.5

k. = \/2m ~ 4.44

x 5.0 - 1.0

0.5
ica
0.0

0.0 0.2 0.4 0.6 0.8 1.0
p Prasad, et al, Kulkarni, JHP, et al, arXiv (2026)




EXTEND THIS PARADIGM TO CONTROL

MANY BODY CLASSICAL CHAOS

Lets control the Heisenberg spin chain

Heisenberg spin chain [O(3) vector. S, |

:—JZ (S¥SE., +SYSY, | + S7S7 )

Shmalo, Pixley, Kulkarni, Gopalakrishnan, Huse, arXiv (2026)



EXTEND THIS PARADIGM TO CONTROL

MANY BODY CLASSICAL CHAOS

Lets control the Heisenberg spin chain

Heisenberg spin chain [O(3) vector. S, |

:_JZ Sx i+1 SySzyH"'SZ z—|—1)

dsS ;
Dynamics is chaotic d—T] = —J(Sj_1+8S;41) X S;.

{ JIESSIET

“e\\%ﬁ\

Shmalo, Pixley, Kulkarni, Gopalakrishnan, Huse, arXiv (2026)




EXTEND THIS PARADIGM TO CONTROL

MANY BODY CLASSICAL CHAOS

Lets Control the Heisenberg spin chain

7 _‘]Z (STS%, |+ SYSY. | + 8287, [O(3) vector. S; |

=1 %:_J(SJ 1+ 8j11) X S;.
Control the chaotic dynamics: ds?
For the spiral ——J —
Find an unstable fixed point of the map dr

Change coordinates

ST = sj, Sy f(s;)cos(¢,), S% = f(s;) sin(¢;)
¢} = 2mj/N
S? =0
= (0, cos(mj/2),sin(rj/2)) Small deviations: ¢; = ¢; + 0¢;
§; = 3? + 055

Shmalo, Pixley, Kulkarni, Gopalakrishnan, Huse, arXiv (2026)



EXTEND THIS PARADIGM TO CONTROL

MANY BODY CLASSICAL CHAOS

Lets Control the Heisenberg spin chain

7 _‘]Z (STS%, |+ SYSY. | + 8287, [O(3) vector. S; |

ds;
?:—J(S 1—|—Sj+1> S

Control the chaotic dynamics:

Find an unstable fixed point of the map 0 = 27j /N dSO
For the spiral 0 = dT =0

Small deviations: ¢; = Cb? +0¢;
§; = 3? + 05,

d‘;‘fj = —J(0sj_1 + 9541 —2cos (2m/N)ds;)
= (0,cos(7j/2),sin(mj/2)) df;j = Jcos(2m/N) (0¢pj11 + 6¢p;—1 — 26¢,)(:

Any spiral will do but N=4 is special Unstable to leading order (unless N=2 or 4)



PUT THEM TOGETHER:CHAOS AND

CONTROL COMPETE

*one™ time step= chaotic time evolution up to 1/] and
then a control operation (pushes the system towards
the fixed point)

Chaotic dynamics Ui _ s, +8.xs, Uptoatime
Evolve the system following a7 TP =1/J

Control the chaotic dynamics with strength a:
(1— a)S? +aS;(7r)

Control onto the spiral at all sites at once (global control) S;(=') — (1= 0)SY 1 aS;(rp)]

gbgzwj/Z 39:()

Chaos

Control

Shmalo, Pixley, Kulkarni, Gopalakrishnan, Huse, arXiv (2026)
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PUT THEM TOGETHER:CHAOS AND

CONTROL COMPETE

*one™ time step= chaotic time evolution up to 1/] and
then a control operation (pushes the system towards
the fixed point)

Chaotic dynamics Ui _ s, +8.xs, Uptoatime
Evolve the system following a7 TP =1/J

Control the chaotic dynamics with strength a:
(1—a)SY+ aS;(7r)

Control onto the spiral at all sites at once (global control) S;(=') — 1= a)S

)S5 + aS;(7r)
qbg-) =77 /2 32 =0 1

Chaos

Control



REMOVING ENERGY CONSERVATION

AND SOLITONS

¢9:7Tj/2 S?:O

-~ a
Ch
Control 22272 %\

We can define the activity of the dynamics from its
deviation from the target (unstable) fixed point.

Chaos  Sair(
Control Saig(t) =0

~~

—
\V4
-

Shmalo, Pixley, Kulkarni, Gopalakrishnan, Huse, arXiv (2026) .



REMOVING ENERGY CONSERVATION

AND SOLITONS

Qb?:ﬂ'j/Q 32:()

Control

?:58‘”(75) But near the N

| transition )\, Soliton N\ W §
b “soliton like” - & "
'S solutions form -

Usoliton RJ-’_ +1




REMOVING ENERGY CONSERVATION

AND SOLITONS

) =75 /2 S? =0

j:

1
Control Chaos

§5va () But near the \ N
| transition g\ Soliton \\ 11
ifli“ “soliton like” - i '

solutions form TSN

g ®
[
'mh"é"
0
0 10

v A" | Rt ‘ . ~ 1
&“:‘\‘: @ 50 ‘m vSOllton ~ - 1

Remove the solitons by randomizing the chaotic

evolution without destroying the spiral fixed point:
L

T T 2 VA J
H= =3 (LOSESta + S!Sk + .8i55) 7 —
=1 y oo




REMOVING ENERGY CONSERVATION

AND SOLITONS

¢9:7Tj/2 S?:O

1
Control o9 Chaos
1 1
Saiff (t) = T Z Si(t) '
'” 0S2(t) But near the
: transition
I “soliton like”

solutions form TSN

&m;ﬂj%wﬂ Vsoliton ~ *1

Remove the solitons by randomizing the chaotic

evolution without destroying the spiral fixed point:
L

H= =3 (Jo(t)S7SE + Jy(0)SVSY,, + J.S7S5)

1=1




DIRECTED PERCOLATION ‘LIKE’

TRANSITION IN THE ACTIVITY

Control

cookHFHERFE
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DIRECTED PERCOLATION ‘LIKE’

TRANSITION IN THE ACTIVITY

(@) torbetale 8 Avtcey Amne

OCOOHRRRFH
NUNONUN
Lo uUIO UlO U

J J J

Activity undergoes a continuous transition
1.0

~—~
0

[
0.0 () Loz-ee
—2.5
(@ — a.)L*™

Saifr(t




DIRECTED PERCOLATION ‘LIKE’

TRANSITION IN THE ACTIVITY
(a)

T—b -------- —}—>-}

P e T

oA
1

OCOOHRRRFH
NUNONUN
Lo uUIO UlO U

J J J

Activity undergoes a continuous transition = Lyapunov exponent jumps!

1.01 0.4
— 3 29
] .
o
(I
1
w001 7l
= 2.5
O? (@ — a.) L
0.0 o— | i
0.70 0.75 0.80




CLASSICAL HAMILTONIAN CONTROL

TRANSITION:SUMMARY

We have extended this idea to a wide array of classically chaotic systems

Increasing strength of control

° 2 +o0
KICkEd l‘OtOI' Hgpr = % + k cos(x) Z d(t —nT) A, . »CL

n=—oo . K=8.0, p=0.8
Poincare pj /
0 — (1—a)d;+ ab . : . -
sections S
p— (1—a)p; +ap N
N

-2
-3
-3 -2 -1 0 1 2 3
ér2n

Same procedure works for the kicked rotor!



CLASSICAL HAMILTONIAN CONTROL

TRANSITION:SUMMARY

We have extended this idea to a wide array of classically chaotic systems

Increasing strength of control

° +o00
KICkEd l.‘OtOI‘ Hgpr = p; + k cos(x) Z d(t —nT) A, . »CL

Poincare pj
9—)(1—&)(9]'—1—&0 . 0
sections
p— (1—a)p;+ap

0@

° 2
Kldfzed top m., - aJ, + ’Z; = Y §(t—nT)
(0, ) ¢ — (1—a)p; +ad Location (2)
—e 0— (1—a)d;+ab on sphere




CLASSICAL HAMILTONIAN CONTROL

TRANSITION:SUMMARY

We have extended this idea to a wide array of classically chaotic systems

Increasing strength of control

° +o00
KICkEd I'OtOI' Hgpr = p; + k cos(x) Z d(t —nT) A, . »CL

Poincare pj
9—)(1—&)1%-1-&9 . 0

sections
p— (1—a)p;+ap

0@

° 2
Kldfzed top m., - aJ, + k;; Y 6(t—nT)
(0, ) ¢ — (1—a)p; +ad Location (2)
—e 0— (1—a)d;+ab on sphere

Interacting spin chain
H=-J) S;-Sis1




CAN THIS BE TRANSFERRED TO THE

QUANTUM REGIME?

Clear demonstrations of successtully controlling
classical chaos from the large to the small.

Central question of this talk:

Can we utilize classical control protocols (i.e. based on
unstable orbits of classical dynamics) to control
quantum systems?

Applications to: “solving” open quantum system
dynamics, state preparation, quantum error correction



OUTLINE

I

II. Quantum Control Induced Transition

e Control with an Exact Dark State
e Controlling the quantum top
e Controlling the Bernoulli map

III. Realization across circuits

e [BM’s quantum computer
e Accessing Quantum fluctuations

Magnetization




EXAMPLES OF QUANTUM

CONTROL TRANSITIONS

) 5 i t 172
ubextensive
Entanglement | @/ N / \_/ _.'&r:::'liz\l’:/
a 16 i ' : | | i 3 N\ ¢ N\ / \ ' frealow
5 g, / N/ N/ arD .
e ] e e NN N e
& I I
- ( /N / N\ / 0 , :
0 ‘ pC 1 E
Probability of control, p " " , b 2 * 5 et e~
1. Interact Meas 3. Reset 0.2 05 08 W e Wl .: e~
1 1) 1) 1) volume-law P disentangled ".:“ 111 ¥ = -
WV o . me - uncontrolled random walk controlled Pr ER t
4 — £ —> » "_..'0.‘.
3 3 1y
tem S Ancilla § L Ancilla §¢ '-. II .....
z 0 Pm 1
- ~ Control transition .
Controlling the kicked Rand e Target a FM/cluster state Clifford gates
anaom wa . . . .
quantum top Direct percolation (DP) Direct percolation (DP)
Prasad, Chakraborty, Iadecola, Kulkarni [odecols, Ganeshan O’dea, Morningst
rasad, Chakraborty, ladecola, Kulkarni, Pixley, Wilson PRL (2023 ea, Morningstar, o
Pixley, Ganeshan, Wilson arXiv (2026) ey, THson ( ) Gopalakrishnan, Khemani, PRB (2024) Piroli, Li, Vasseur, Nahum, PRB (2024)

Embed dark states approximately (via a classical construction) or exactly (after
the quantum model is constructed) into the unitary dynamics.

All models require a combination of measurement and feedback.

Do these transitions retain quantum fluctuations?
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CONTROL TRANSITIONS
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anaom wa . . . .
quantum top Direct percolation (DP) Direct percolation (DP)
Prasad, Chakraborty, Iadecola, Kulkarni [odecols, Ganeshan O’dea, Morningst
rasad, Chakraborty, Iadecola, Kulkarni, Pixley, Wilson PRL (2023) ea, Morningstar, o
Pixley, Ganeshan, Wilson arXiv 6) y Gopalakrishnan, Khemani, PRB ( Piroli, Li, Vasseur, Nahum, PRB (2024)

Embed dark states approximately (via a classical construction) or exactly (after
the quantum model is constructed) into the unitary dynamics.

All models require a combination of measurement and feedback.

Do these transitions retain quantum fluctuations?
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QUANTUM

MANY-BODY SYSTEMS

Controlling quantum systems in general is too ditficult.

Take inspiration from the classical success:

Can we “embed” stochastic control into a quantum system?

Step 1: First we choose quantum dynamics that have an
analog of an unstable fixed point

Embed a dark state into the dynamics: Doesn’t evolve under
the unitary dynamics

U\Ija,r:qjar
o Wpark) = |¥Dark)

Choose the generator of the unitary dynamics so that
it has a dark state (either exactly or approximately from a classical limit)
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Step 2: We need a way to determine how “far” we are from
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ne fixed point (locally) and then push the system towards
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QUANTUM

MANY-BODY SYSTEMS

Controlling quantum systems in general is too ditficult.

Take inspiration from the classical success:

Can we “embed” stochastic control into a quantum system?

Step 2: We need a way to determine how “far” we are from

t

ne fixed point (locally) and then push the system towards

t

ne dark state.

We can determine where we are through a
measurement and then can use feed back through a
unitary operation to, push the system onto the dark state



QUANTUM CONTROL

TRANSITIONS

First controlling single particle quantum chaotic systems.
Qu antum chked Top Prasad, Chakraborty, Iadecola, Kulkarni,

Pixley, Ganeshan, Wilson arXiv (2026)
We will then describe controlling the quantum Bernoulli
model, which will become a quantum many-body system

UP on qu antlz atlon- Iadecola, Ganeshan, JHP, Wilson PRL (2023)

These are both examples of embedding classical chaos and
control into a quantum system, have approximate dark
states.

We first, briefly describe the approach to embedded dark
states exactly.



QUANTUM CONTROL TRANSITIONS

EXACT DARK STATES
We first, briefly describe the approach to embedded dark

states ex aCtly. Sierant and Thurkeshi, PRL (2023) — Clifford circuit
O’dea, Morningstar, Gopalakrishnan, Khemani PRB (2024)
T4 1) )

1 0 0 O

07 a b e fgpand = [ 111 ...)
Ui,z’—|-1 — 1@U3X3 — N Dark/ —

0 b e f

O C>l< f>l< 7/

Feedback: if down is

measured correct to up with
probability p; pushes the

dynamics onto the dark state



QUANTUM CONTROL TRANSITIONS

EXACT DARK STATES
We first, briefly describe the approach to embedded dark

Sierant and Thurkeshi, PRL (2023) — Clifford circuit
O’dea, Morningstar, Gopalakrishnan, Khemani PRB (2024)

AL 1D
O 0 O

a b ¢ ‘¢Dark> — ‘ TTT . . >

states exactly.

o O O =

b* e f
X * ‘
ct f* 1
(a) t=1
Me m
2 é @ 2 D Uate : E with desired
> | | | | | [ | [3 g ¥ yicome . .
é % % f Mosurement ) Comective Feedback: if down is
an an w1 n 1T unitary
I& 6| I& 6| Ib 8| |6 6| I6 6I t=20 — d . h
®) © T  Ineasured correct to up wit
| [t | 5L | A | Ars babilit hes th
m | | 2 T rajectories
Pr . P . I P Vol. | Vol pI‘O dD1l1 y p f’ pus €5 €
A ¥ e, | W .
e b s | - o | dynamics onto the dark state
m \.'on—/\bso'*:in;.’, @1/\\’(.){1— sorbing @Absorbing smmma Cntanglement [UU0C Absorbing-State




QUANTUM CONTROL TRANSITIONS

EXACT DARK STATES
We first, briefly describe the approach to embedded dark

Sierant and Thurkeshi, PRL (2023) — Clifford circuit
O’dea, Morningstar, Gopalakrishnan, Khemani PRB (2024)

states exactly.

, T4 1) D
Absorbing state P
iy 1 0 0 O
transition separates
from the entanglement [J, . 1= 0 a b ¢ Ypark) = | 11T ...)
" ) *
transition. 0 b € f
0 c* f* 1
g éﬁ I 1-2 - -
=- - ' = 3 = Directed percolation
X X - |
6| I& 6| Ib = lnd Zz
c 1 i d
i i 0-4'\.5 . ?, 0.3 1
i S 02 .Elt':zlpi@ S 02
A :r
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CONTROLLING THE QUANTUM

KICKED TOP

First controlling single particle quantum chaotic systems.

Quantum Kleed Top Prasad, Chakraborty, Iadecola, Kulkarni,
Pixley, Ganeshan, Wilson arXiv (2026)

: . kSO
Lecturel HAxr=oalJ,+~-Z% » 6(t—nT)
25 . .
n=—o0 Quantum chaotic dynamics
(A]KT _ e—iaije—ikaz/(QS)
P(s)| B=1

COE random matrix level states




CONTROLLING THE QUANTUM

KICKED TOP

First controlling single particle quantum chaotic systems.

Quantum Kleed Top Prasad, Chakraborty, Iadecola, Kulkarni,
Pixley, Ganeshan, Wilson arXiv (2026)

: . kIS
Lecturel HAxr=oalJ,+~-Z% » 6(t—nT)
n=—o0 Quantum chaotic dynamics

—iaJ,T _—ikJ?/(2S)

UKT:6 &

Control Dynamics For k > k. we have found that x is an unstable fixed point

rg = (%0, Yo, 20) Convenient to rotate the

sin? (h20) spin operators such that ry = Z

1 + sin? (k%)

5
Yo = o sin(kxo) + yo cos(kxo) S=RJ RT — ( T Sy, Sz)
20 — — X0



CONTROLLING THE QUANTUM

KICKED TOP

First controlling single particle quantum chaotic systems.

Quantum Kleed Top Prasad, Chakraborty, Iadecola, Kulkarni,
Pixley, Ganeshan, Wilson arXiv (2026)

Control Dynamics For k > k. we have found that x; is an unstable fixed point

rg = (%0, Yo, 20) Convenient to rotate the

sin? (k) spin operators such that ry = Z

" 1+ sin? (k)

75
Yo = o sin(kxg) + yo cos(kxo) S=RJ RT — (Sa;, Sy, Sz)
<0 — — I

Now introduce an ancillary quantum top S,, and couple them and time evolve

A

Initial state, Flum = 2(S+9.)73 §,8% (S +8%)% + He.
maximal S ) ® ‘S>a Z
for the ancilla U1 () = 160 Hew



CONTROLLING THE QUANTUM

KICKED TOP

Control Dynamics For k > k. we have found that x is an unstable fixed point

A A

Convenient to rotate the S=RJR = (S, Sy, SA’z)

T'on = \2Z 4
0 = (%0, Y0, 20) spin operators such that ry = 2

Now introduce an ancillary quantum top S , and couple them and time evolve
. 1 )

Initial state, Hew = (S + $,)7%8,.8% (S +8%)"% + H.e.
maximal S ) ® \S>a
for the ancilla _i0H
UCtI‘l(e) — e ? ctrl
1. Interact 2. Measure 3. Reset
1),
2= eset
We then measure
the ancilla, and reset
it to maximal spin S
System S Ancilla S¢ m Ancilla S¢

~

ST — mg

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Control Dynamics For k > k. we have found that x is an unstable fixed point

B Convenient to rotate the S=RJIR"=(S,,5,,5.)
ro = (Z0, Yo, 20) : A
spin operators such that ry = Z
1. Interact 2. Measure 3. Reset
|S) 15) o 15)a
- : eset
@ @
System S Ancilla S¢ Ancilla S¢
S* — Mg

Measurements are given by the Krauss operators after we trace out the ancilla

S—m g\ " 7
e 100 Z b \/<S - ma> (COS §> W)= g )

m=—S p(ma)

. 0 S—myg S A )
x | sin 5 S —mg +m) p(mg) = (Y| anaKma )

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)




CONTROLLING THE QUANTUM

KICKED TOP

Quantum chaotic dynamics

—mije—q;kjj/(QS)
Apply with probability 1 — p

UKT:6

1. Interact 2. Measure 3. Reset
. 5) ), 1S, 5),
Control Dynamics S :
Apply with
probability p
System S Ancilla S¢ m Ancilla S¢
S"; — My

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Quantum chaotic dynamics [ — o—io J, T —ikJ?/(2S)
Apply with probability 1 — p KT
1. Interact 2. Measure 3. Reset
|57> 1S), 15)a 15)a

O(,

Control Dynamics

eset

Apply with
probability p
System S Ancilla S¢ /;\ Ancilla S¢
S%— myg
Quantum activity Tranfslverse quantum Fidelity

Relevant s T ' uctuations
Quantities =N (1 20))m| i i

5t (t)),, = —(S(t)),, — 1 , (S5 +(S5F) F— G\ 2

(58 (8))m = < (8(D)m d= St [(¥]S))

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Quantum activity Tranfslveise Euantum Fidelity
uctuations
Quantites =TI
A 1 (52) + (52) _ 5
Or(t))m = —=(S(t))m — 1 2 _ \"z Y F = S
(58 (t))m = 5 (S(2)) d= St [(¥]S)]

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Quantum activity Transverse quantum Fidelity
Relevant fluctuations

Quantities

F=(]5)]2

4096

H
i
3 A =
& + (c)
e |
Q 2 4
< ’ ! 1024
I
1 N / 1
o 1
T T T l
-1 0 1 1
k8 W 4
o (p—pc)L 4 256

- |inear stability

- 64

. T ll — 16
00 02 04 06 08 1.0

Observable De v Crit. Exp.

Fidelity F 0.781(16)  0.85(13) B = 0.58(13)

R? 0.76(5) 1.23(30) Agr~0

$2 0.73(7) 1.25(29) A, =0.76(58) Prasad, Chakraborty, Iadecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)




CONTROLLING THE QUANTUM

KICKED TOP

Absence of an entangling phase

Recall the ancillary from Lecture 3

Monitored quantum circuit

8
| I B
0.6
—— p=0.05
Ll —_
0.4 —+ p=030
0.2
0.0

S1(t)

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

Absence of an entangling phase

KICKED TOP

Put them in

Recall the ancillary from Lecture 3 (6, ¢)

Monitored quantum circuit A

Sa(t)

a bell pair

1.0 1

Ancilla just purifies, .
never entangles!

0.6 -
W
0.4 1

0.2 1

00 02 04 06 08 1.0
p

Now couple it to the kicked top

128

64

32

- 16

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Absence of an entangling phase

We can also compute the entanglement of the quantum kicked top by
decomposing the big S spin into several spin-1/2s

R We can now make a partial trace
Jo = B Z i, =1,Y,2, in this space of states
¥) = Loners ¥m Im)
Basis of J, eigenstates
m) = Dy nya)
S > )

(i /2) 2€{0,11N [w(z)=m+N/2

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



CONTROLLING THE QUANTUM

KICKED TOP

Absence of an entangling phase

We can also compute the entanglement of the quantum kicked top by
decomposing the big S spin into several spin-1/2s

1 We can now make a partial trace
_ = X _ : .
Jo = 9 E :Uz  a=5LY, 2 in this space of states
i=1 S
) = 2 e ¥m M)
8 8-
Basis of J, eigenstates . ‘. i 5 0. :
< L S
5 41 =
6 g b=0.4 %10-2- Vi |
'm) = |Dpy i /o) ) SRS ==cttee 4 ¥ %
1 g 7 0-? $ 'T in=i0'.9! ! S __1_ “ponOQZ(Sl
- N Z ) §4; ’ |092(|09325) " oxone
(e nv/2) 2€{0,131¥ w(z)=m+N/2 5
27 (a)
1_
0 1.0

00 0.2 04 06 0.8 1.0
p

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



SUMMARY: CONTROLLING THE

QUANTUM KICKED TOP

Successfully embedded a control transition into the quantum

kicked top.

Note, a consequence of our results is that the classical limit
S — oo and the long time limit # - oo don’t commute.

Found the absence of an entangling phase, cannot encode a
qubit of information into the adaptive quantum kicked top.

Prasad, Chakraborty, ladecola, Kulkarni, Pixley, Ganeshan, Wilson arXiv (2026)



OUTLINE

I

II. Quantum Control Induced Transition

e Controlling the Bernoulli map

III. Realization across circuits

e [BM’s quantum computer
e Accessing Quantum fluctuations

Maybe time for a break?




QUANTUM CONTROL TRANSITION

IN THE BERNOULLI MAP

Apply Bernoulli map x,,,; = 2x, mod 1 with probability 1 — Pctrl

Apply Control map x,,, | = (1 — a)xjorbit + ax,with probability  Pctrl

Lets represent the z = 0.b1bobs ... b; €{0,1}

number using binary

Iadecola, Ganeshan, THP., Wilson PRL (2023)
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Apply Control map x,,, | = (1 — a)xjm'bit + ax,with probability  Pctrl

Lets represent the z = 0.b1bobs... b €{0,1}

number using binary

The basis of the quantum system can

then be represented with a series of qubits z) = |b1babs . ..)

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL TRANSITION

IN THE BERNOULLI MAP

Apply Bernoulli map x,,,; = 2x, mod 1 with probability 1 — Pctrl

Apply Control map x,,, | = (1 — a)xjm'bit + ax,with probability  Pctrl

Lets represent the z = 0.b1bobs... b €{0,1}

number using binary

The basis of the quantum system can

. . .. |x) = |b1bobs. ..
then be represented with a series of qubits z) = [b1b2bs ...
e The model can be written as a quantum

L
N circuit! The control map quantization
uyjun requires measurement and feedback

Tadecola, Gar{eshan, THP. Wilson PRL (2023)



QUANTIZING THE

BERNOULLI MAP

Consider the state of the quantum system |z) = |b1b2b3 ... )

r — 2x modl on the infinite bit string x = 0.b1b2b3 - - -
2x mod 1 = O.bgbgb4 s

04
chaotic

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE

BERNOULLI MAP

Consider the state of the quantum system |z) = |b1b2b3 ... )

r — 2x modl on the infinite bit string x = 0.b1b2b3 - - -
2x mod 1 = O.b2b3b4 s

Ofn " @ o =8,T Translation (with periodic bcs)
chaofic Ccnaotlc

TTTTT \T|blbg---bL>:|bgb3---bLbl>

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE

BERNOULLI MAP

Consider the state of the quantum system |z) = |b1b2b3 ... )

r — 2x modl on the infinite bit string x = 0.b1b2b3 - - -
2x mod 1 = O.bgbgb4 s

" o o =8,T Translation (with periodic bcs)
cnaotc 1

TTTTTI / —_ T b1bg - - -br) = |babs - - - brby)

“scrambling operation”

Classical model: 3-site random
permutation on the last 3 qubits

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE

BERNOULLI MAP

Consider the state of the quantum system |z) = |b1b2b3 ... )

r — 2x modl on the infinite bit string x = 0.b1b2b3 - - -
2x mod 1 = O.bgbgb4 s

" o o =8,T Translation (with periodic bcs)
cnaotc 1

TTTTTI / —_ T b1bg - - -br) = |babs - - - brby)

“scrambling operation”

Classical model: 3-site random Quantum model: 2-site Haar random
permutation on the last 3 qubits  unitary choose to act on the last 2 qubits

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE CONTROL

MAP:

Consider the state of the quantum system |z) = |b1b2b3 ... )

m r—x/24x;/2 if t€EA; a=1/2

Lets start with controlling onto the two Neel states
;) = {lzo) = [1/3) = |0101...01),
z1) = [2/3) = [1010...10)}

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE CONTROL

MAP:

Consider the state of the quantum system |z) = |b1b2b3 ... )

m r—x/24x;/2 if t€EA; a=1/2

Break into 2 steps

z) = |27 1x) 27 z) = |27z + 27 )

Lets start with controlling onto the two Neel states
;) = {lzo) = [1/3) = |0101...01),
z1) = [2/3) = [1010...10)}

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE CONTROL

MAP:

Consider the state of the quantum system |z) = |b1b2b3 ... )

“ r—x/24x;/2 if t€EA; a=1/2

Break into 2 steps

o) o l) 2t 22y
—1
C p— ActrlT RL. P0|¢) ,
s ——— L with probability Pg )
Rilv) = |)|<Plb|ﬁ>z/|)|> 2
z_ L ith probability || P}
measurement/ | P21} with probability || P |¢)
+feedback!

T—1 |b1b2 .. bL_10> = |Ob1b2 s bL_1>

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE CONTROL

MAP:

Consider the state of the quantum system |z) = |b1b2b3 ... )

“ r—x/24x;/2 if t€EA; a=1/2

Break into 2 steps

27 z) = |27z + 27 )

C =AnT 'Rp

fEcn e Saa

Ay — {7 0-00101--0L1) if by =0
controlled “adder ctrl |7/ = [z 4+ 0.01010---101) if by =1

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTIZING THE CONTROL

MAP:

Consider the state of the quantum system |z) = |b1b2b3 ... )

“ r—x/24x;/2 if t€EA; a=1/2

Break into 2 steps

|2_1:13> — |2_1a: + 2_1xj>

C =AnT 'Rp

Quantum realization of this adder is global!

Ay |2y = 4 12T Q00101 - 011) it by =0
T ) 12 4 0.01010 - 101) if by = 1

has to act on all the qubits
Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL (ONTO THE

) TRANSITION

Lets represent the z = 0.b1bobs ... b; €{0,1}

number using binary

The basis of the quantum system can _
then be represented with a series of qubits

The model can be written as an adaptive quantum
circuit! The control map quantization
requires measurement and GLOBAL feedback

ladecola, Ganeshan. THP. Wilson PRL (2023) Very simple “error correction



QUANTUM CONTROL (ONTO

NEEL STATE) TRANSITION

Local order parameter

| L
O = 7 ;Zizi—i—L
v ~1

0.6 o /,
(p - 0.48)L110

Clear signature of the transition!

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL (ONTO

NEEL STATE) TRANSITION

Local order parameter Entanglement entropy
1 < L
O:—EZZZ'ZH-L 5" v ~|1
1=1 4 - ~
=20
1.0 - V =~ 1 |V3<3— ! ' )
Jo0d L =20 ) | (P — 0.5)L1/0.9
0.8 - / 2
0.6 o /, 1-
|§ (p — 0.48)L"° 0 I I I T 1
047 02 03 04 05 06 07 08
0.2 _ p 0
S(t>L)~L

b Area law at the transition!

Clear signature of the transition!

Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL (ONTO

NEEL STATE) TRANSITION

Local order parameter Entanglement entropy
1 & L
O:_EZZ’iZ’i-I-l' 5" v ~|1
1=1 4 -
20
1.0 - V =~ 1 |V1<3— ! ' )
Jo0d L =20 ) | (P — 0-5)L1/0.9
0.8 1 / ~. 2
06 | luee? 1-
|§ (p — 0.48)L"° 0 I I I T 1
04 - 02 03 04 05 06 07 08
0.2 - _ p
0.0 T T T T T 1 S(t >> L) Y LO
0.2 0.3 0.4 0.5 0.6 0.7 0.8
p Area law at the transition!

Clear signature of the transition!
PCIPT_= PMIPT D

unentangeled
volume law area law control phase



QUANTUM CONTROL (ONTO NEEL

STATE) TRANSITION: DYNAMICS

Brighter color = larger entanglement entropy

Red line = ave. location of 1st domain wall , ,
5 First domain wall

Single trajectories

010101011011100..... )

ontrolled Uncontrolled

Becomes a wave packet
in the quantum limit

0.2 0.5 0.8

volume-law P disentangled
uncontrolled random walk controlled

Iadecola, Ganeshan, JHP, Wilson PRL (2023)



QUANTUM CONTROL (ONTO NEEL

STATE) TRANSITION: DYNAMICS

Brighter color = larger entanglement entropy

Entanglement entropy
Red line = avg. location of 1st domain wall dynamics at the transition

Single trajectories

0.8 -
0.6 -
<
A 4
0.2 -
0.0‘ ' : T T T 1
00 O. 04 06 08 10
vt/ 2
Diffusive growth
. . S(t < L)~ +/t/L?
0.2 0.5 0.8
volume-law P disentangled The transition is diffusive,
uncontrolled random walk controlled

random walk universality class

ladecola, Ganeshan, THP, Wilson PRL (2023) vl o z2=2



STRUCTURE OF CLASSICAL

CHAOS IN THE WAVEFUNCTION

Decompose the wavefunction in terms of the fixed
point overlap




STRUCTURE OF CLASSICAL

CHAOS IN THE WAVEFUNCTION

Decompose the wavefunction in terms of the fixed
point overlap

S

z|ih(t))]3

Bit string distribution in the steady state f(x) = lim |
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STRUCTURE OF CLASSICAL

CHAOS IN THE WAVEFUNCTION
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SUMMARY: QUANTUM

CONTROL TRANSITION

Here, the control and

1.0

entanglement transitions 08 -

coincide. 5, | ¢

0.2 1

00—+
02 03 04 05 06 07 08

0.2 03 04 05 06 0.7 08

Is this fundamental?
PCIPT_— PMIPT

. unentangel

volume law area law control D ase



SUMMARY: QUANTUM

CONTROL TRANSITION

Here, the control and

1.0

entanglement transitions 08 -

coincide. 5, | ¢

0.2 1

00—+
02 03 04 05 06 07 08

0.2 03 04 05 06 0.7 08

Is this fundamental?
PCIPT_— PMIPT

. unentangel

volume law area law control D ase

Can we “pull” them apart?

Can we construct stabilizer models to reach
larger system sizes?



QUANTUM CONTROL (ONTO THE

) TRANSITION

Lets represent the z = 0.b1bobs... b €{0,1}

number using binary

The basis of the quantum system can _
then be represented with a series of qubits

Now lets consider controlling onto the ferromagnet
lzg) =10.0) =~ |00...0) With L qubits

Truncating the bit string

Pan, Iadecola, Ganeshan, JHP PRB (2024)
Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL (ONTO THE

) TRANSITION

The basis of the quantum system can ) = [bybobs. .. )

then be represented with a series of qubits
b; € {O, ].}

Now lets consider controlling onto the ferromagnet
xg) =10.0) =1]00...0r)  With L qubits

RERRINEER
C

LT Make quantum ‘blbL> — ‘bgbl...b[/bﬁ

a
U haotic

aiiiiiin Uchaotic — H Then apply Haar random quantum gate

||||ﬁ|||| r — 2 modl Or random stabilizer gate on b by

C
LT

a
Uchaotic
ITTTTTTTTT

Pan, Iadecola, Ganeshan, JHP PRB (2024)
Iadecola, Ganeshan, THP., Wilson PRL (2023)



QUANTUM CONTROL (ONTO THE

) TRANSITION

The basis of the quantum system can ) = [bybobs. .. )

then be represented with a series of qubits
b; € {O, ].}

Now lets consider controlling onto the ferromagnet
xg) =10.0) =1]00...0r)  With L qubits

IIIIIIIIII

Measure by, (L-th part of x)

I
a Make quantum > O
||l|]|d|1T)|n|C| | ¢ ; 9 ‘ > If we measure up,
c L :L‘/ flip the qubit down
I P q ’
c T =0 a=1/2 then translate all by 1 digit

LT

Pan, Iadecola, Ganeshan, JHP PRB (2024) |b1 e bL> — |Ob1 e bL—1>



QUANTUM CONTROL (ONTO THE

) TRANSITION

Lets represent the z = 0.b1bobs... by €{0,1}
number using binary

The basis of the quantum system can _
then be represented with a series of qubits

The model can be written as an adaptive
quantum circuit! The control map quantization
requires measurement and LOCAL feedback

5

(7

(7
J—.—U—U_P — o 1@
“ 5
(D

()
| B

2 a2 & & 2 4

=)

Iadecola, Ganeshan, THP., Wilson PRL (2023)



LOCAL ADDER AND THE
FERROMAGNETIC FIXED POINT
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Now we are controlling

onto the ferromagnetic state ‘OOO Ceo O> Control map is now local



LOCAL ADDER AND THE
FERROMAGNETIC FIXED POINT

Now we are controlling
onto the ferromagnetic state

(b)

4 4

(=

2 & 4 b & 4 4

=)
=)

1.00 ~
M0 T

0.75 -

0.50 1 ~

0.25 -

0.00

v~ 1
pcipT = 0.9

0.0 01 0.2 O

3 04 05 06 P

‘OOO o O> Control map is now local



LOCAL ADDE

R AND THE

FERROMAGNETIC FIXED POINT

$——lalln 7 0
0) = 0) 0) |0) -
¢ =0 5
$ oH  Ho (A L/4 L/4
Fp— 3 <:>
L/4 L/4
Now we are controlling 000 0 . N
onto the ferromagnetic state ‘ o > Control map is now local
Recall Lecture 3:
1 1 . B,C)=S,(A)+ S,(B)+ S,(C)—- S, (AU B
Mz:—Z—(l—a-) 3,n(4A, B,C) (A) (B) (C) ( )
L £~ 2 ¢ S(AuC) Sn(BUC)+ S,(AuBUC). (1)
M 1,0802 Tripartite mutual information is
ol ideal to probe the measurement
induced phase transition.
0.50 4 ©
v~ 1
0.25 - . Data for different sizes (L) will
| pcrpT = 0.9
0.00 Cross.

00 01 0.2 03 04 0.5 0.6 P



LOCAL ADDER AND THE
FERROMAGNETIC FIXED POINT

“HoH ™ [ ]

00 O0e
Cliu
%)
)
©
MY

=)
=)

ﬂ%

‘OOO o O> Control map is now local

Now we are controlling
onto the ferromagnetic state

Recall Lecture 3:
| | T3n(A, B,C) = S, (A) + Sp(B) + Sn(C) — Sp(AU B)
M. = — (1 = &% — Sp(AuC)—-S,(BUC)+ S,(AUBUC). (1)
4 L Z 2 ( (4 ) 68)
’L -
(b) - 0.3
M 1.00 -~
2 ‘ ) vmipr f 1.3
0.75 - o 0+ PpRTTEL
0.50 4 © 4 ”
0.25 - ]
0.00 —6 - | | _1(p _ 0_30)L1/1.37i

00 0.1 02 03 04 05 0.6 P 00 0.1 0.2 03 04 05 06 P



LOCAL ADDER AND THE

FERROMAGNETIC FIXED POINT

PMIPT PCIPT p

volume ?r €a unentangeled
law aw control phase

ﬂ%

Now we are controlling 000 0 .
onto the ferromagnetic state ‘ tce > Control map is now local

1 1 Isn(A,B,C)=S5,(A) + Sp(B) + Sn(C) — S,(AU B)
M. = = (1 = &% — Sp(AuC)—-S,(BUC)+ S,(AUBUC). (1)
© L ZL: 2 ( 2 (e)

100 -
M, o

0.75 -

0.90 1 ™

0.25 -

0.00

00 01 02 03 04 05 06 P 00 01 02 03 04 05 06 P



CONTROLLED LIMITS: LOCAL ADDER AND

THE FERROMAGNETIC FIXED POINT

Al 2 ah & 4 4
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Now we are controlling 000 0 .
onto the ferromagnetic state ‘ tce > Control map is now local

Recall, lecture 3: Controlled limits, by moving
away from Haar random gates



CONTROLLED LIMITS: LOCAL ADDER AND

THE FERROMAGNETIC FIXED POINT
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Now we are controlling 000 0 .
onto the ferromagnetic state ‘ tce > Control map is now local

Recall, lecture 3: Controlled limits, by moving
away from Haar random gates

2-qubit Clifford gates

Stabilizer circuits CAN be
simulated with classical
etficiency!

Gottesman—Knill theorem



CONTROLLED LIMITS: LOCAL ADDER AND

THE FERROMAGNETIC FIXED POINT

A& 4 b & 4 4
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El
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Now we are controlling 000 0 .
onto the ferromagnetic state ‘ tce > Control map is now local

Recall, lecture 3: Controlled limits, by moving
away from Haar random gates

2-qubit Clifford gates [ 5 2-qudit gate

A “semiclassical” limit

taking the local Hilbert space
q — OO

Stabilizer circuits CAN be
simulated with classical
etficiency!

. Analytically tractable
Gottesman—Knill theorem



CONTROLLED LIMITS: LOCAL ADDER AND

THE FERROMAGNETIC FIXED POINT

A& 4 b & 4 4
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Now we are controlling 000 0 .
onto the ferromagnetic state ‘ tce > Control map is now local

Recall, lecture 3: Controlled limits, by moving
away from Haar random gates

2-qubit Clifford gates [ 5 2-qudit gate

A “semiclassical” limit

taking the local Hilbert space
q — OO

Stabilizer circuits CAN be
simulated with classical
etficiency!

=0 Renyi Analytically tractabl
Gottesman—Knill theorem =Y RenyIs halytically tractable



CONTROLLED LIMITS: STABILIZER

CONTROL TRANSITION
2-qubit Clifford gates

LeMaire, Alloca, JHP, Iadecola, Wilson PRB (2024)



CONTROLLED LIMITS: STABILIZER

CONTROL TRANSITION
2-qubit Clifford gates

Control transition remains at
pcreT = 0.5 v =1.006

M 1.0 -
<

0.8 -
0.6 -

0.4

0.2 A

0.0 et
01 02 03 04 05 06 07 08 09

p

LeMaire, Alloca, JHP, Iadecola, Wilson PRB (2024)



CONTROLLED LIMITS: STABILIZER

CONTROL TRANSITION

2-qubit Clifford gates .
o . Entanglement dynamics
Control transition remains at

pcipr = 0.5 v = 1.006

is diffusive and
agrees with small sizes

M, =
M. 07 0.25 - (b)
z
0.8 1 0.20 -
0.6 - 0.15 -
d
1)
0.4 7 | 0.10 -
'IJ | 4Jl I
0.2 1 M (0 -0.5001(1)) - L/1-00) 0.05 -
e
O-O _d _ o & A .—:5 : L I2()0 : : I 0'00
01 02 03 04 05 06 07 0.8 09
p

LeMaire, Alloca, JHP, Iadecola, Wilson PRB (2024)



CONTROLLED LIMITS: STABILIZER

CONTROL TRANSITION

2-qubit Clifford gates  Entanglement transition splits oft

pmipt = 0.266

UMIPT — 1.24

lume-law : area-law 3 _
e \'\ disentangled VOIPT = 1.006

b |

LeMaire, Alloca, JHP, Iadecola, Wilson PRB (2024)

uncontrolled



CONTROLLED LIMITS: LARGE

LOCAL HILBERT SPACE

Make contact with large local Hilbert space limit of the
monitored circuit problem as well.

Alloca, LeMaire, Iadecola, Wilson PRE (2024) Piroli, Li, Vasseur, Nahum PRB (2023)



CONTROLLED LIMITS: LARGE

LOCAL HILBERT SPACE

Make contact with large local Hilbert space limit of the
monitored circuit problem as well.

Apply the measurement and reset with probability p

Apply a measurement and NO reset with probability g

(With p = 0, similar to lecture 3 but is an adaptive circuit)

Alloca, LeMaire, Iadecola, Wilson PRE (2024) Piroli, Li, Vasseur, Nahum PRB (2023)
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CONTROLLED LIMITS: LARGE

LOCAL HILBERT SPACE
Make contact with large local Hilbert space limit of the

monitored circuit problem as well.

Apply the measurement and reset with probability p

Apply a measurement and NO reset with probability q /}Zﬂ
(With p = 0, similar to lecture 3 but is an adaptive circuit) |
() Stochastic d-adic circuit (©) Potts model (irrogular lattice) lecture 3
? f B S0 = Za — Zo

l—-ne-1 Q-1

>

Z p#empty linkS(l . p)#occupied links ( Q!)#clusters

clusters

A

a stochastically defined graph.

Alloca, LeMaire, Iadecola, Wilson PRE (2024)

Now this Q-state Potts is defined on

Solve stat mech model numerically!




CONTROLLED LIMITS: LARGE

LOCAL HILBERT SPACE
Apply the measurement and reset with probability p J0)

Apply a measurement and NO reset with probability q |~ A

M
(With p = 0, similar to lecture 3 but is an adaptive circuit) §
IECture 3 S(n) . n 1 ZA - ZO . Z p#empty linkS(l _p)#occupied links (Q!)#clusters
A 1111 clusters
l—nmne—-1 Q-1

Now this Q-state Potts is defined on a
stochastically defined graph.
Solve stat mech model numerically!

(d) Stochastic d-adic circuit (e) Potts model (irregular lattice

Alloca, LeMaire, Iadecola, Wilson PRE (2024)



CONTROLLED LIMITS: LARGE

LOCAL HILBERT SPACE
Apply the measurement and reset with probability p J0)

Apply a measurement and NO reset with probability q |~ A

M
(With p = 0, similar to lecture 3 but is an adaptive circuit)
1 ecture 3 S(n) n hm Z A — ZO Z p#empty linkS(l . p)#occupied links (Q!)#clusters
1 —n Q—)l Q L 1 clusters
L0 py Now this Q-state Potts is defined on a
| areadaw . gj/g stochastically defined graph.
- entangled || 8 % Solve stat mech model numerically!
g 1
< 0.6 F 8 (d) Stochastic d-adic circuit (e) Potts mo d 1 (irregular lattice)
i 2 : : : :
5 q pel‘co]atj § disentangled J] %
S 04 %  é= 5 :
7)) = g : :
s *7 z § 5
QL E : : :
0'%.0 0.2 0.4 0i6 018 1f0 ‘F:[rﬁ ﬁ PDW
P Control

Alloca, LeMaire, Iadecola, Wilson PRE (2024)



CONTROLLED LIMITS: 7 = () RENYI

ENTROPY

In the n = 0 limit we can use min-cut and simulate the
zeroth Renyi entropy

Lé{ 7 (b)\(fg 7

(a) o g Full Simulation

FM
c’loca.l

| Y

TN T
~ .
— '
'
.
.
[
'
'
.
.
.
y
.
., -
. .
g
L

Compact area law .
i £o5 8 Disentangled
& s e controlled
E 08 area-law r/g L2 & m
v entangled 0 I . 4
% 0.6 %p \
S 1 § disentangled 0.2 4. . Area law \ |
% 0.4 gi - _’ ‘A
L ~ -Y\%‘ m
> 0.0 Volume | 1
1 T
0.0 03 05 1
0.0 ! I )
0.0 0.2 0.4 0.6 0.8 0 Petal
P Control

Alloca, LeMaire, Iadecola, Wilson PRE (2024) Pan, Iadecola, Ganeshan, Wilson, Pixley PRB (2024)



SUMMARY CONTROL

TRANSITIONS

Summary: Whether the transitions coincide or not depends

on if the control operation is local or global
Pan, et al to appear (2024) Sierant and Turkeshi ACTA PHYSICA POLONICA A (2023)

Qubits with global control operations, or ¢ — oo, orn =0
pcipT = PMIPT D

volume unentangeled

law area  control phase
law



SUMMARY CONTROL

TRANSITIONS

Summary: Whether the transitions coincide or not depends

on if the control operation is local or global
Pan, et al to appear (2024) Sierant and Turkeshi ACTA PHYSICA POLONICA A (2023)

Qubits with global control operations, or ¢ — oo, orn =0
pcipT = PMIPT D

volume unentangeled

law area  control phase
law

Local control operations, qubits and stabilizers

PMIPT PCIPT p

volume 1ar €a unentangled
law aw control phase



OUTLINE

I

II. Quantum Control Induced Transition

III. Realization across circuits

e [BM’s quantum computer
e Accessing Quantum fluctuations




DATA ON IBM’S QUANTUM

COMPUTER

iii  IBM Quantum Lab e Sign in
Docs . . .
Mid-circuit measurement
Quantum Lab user guide v 2 2 O 2 1
h We are excited to announce that mid-circuit measurements are now available on

Qiskit textbook

Qiskit documentaton =~~~ | 1BMQuantumsystems.

Midcircuit measurements and resets pose a significant challenge for timing

and classical data processing. Out of reach when we first conceived of this
idea in 2022.

Jadecola, Ganeshan, JHP, Wilson PRL (2023)
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Mid-circuit measurement
_ 2/2021

Midcircuit measurements and resets pose a significant challenge for timing
and classical data processing. Out of reach when we first conceived of this
idea in 2022.
R RUTGERS-NEW BRUNSWICK Rutgers P&A Colloquium,
School of Arts and Sciences November 2022 Barbara ] ones, IBM
Department of Physics and Astronomy

About Us v Academics v People v Events v News v Research v Facil 8 B

Calendar of Events
Events Calendar

Events

Calendar

‘ By Year | By Month | By Week | Today | Jump to month ’

Observatory Nights
Simulation of some Open Quantum Systems on Near-term Quantum Computers

Date and Time: Wednesday, November 16, 2022, 03:30pm - 04:30pm

Colloquium

Seminars Location: Room 330W and via Zoom

Upcoming Conferences Speaker: Barbara Jones, IBM Quantum
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Mid-circuit measurement
uuuuuuuuuuuuuuuu = v e " 2/2021

Qiskit textbook e are excited to announce
Qiskit documentation N7 IBM Quantum systems.

Superconducting qubits

Midcircuit measurements and
resets pose a significant
challenge for timing and

classical data processing. o e Y

Bibek Pokharel Abhinav Deshpande

Barbara Jones

Feedback is NOT
yet accessible, till now!

Maika Takita
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But feedback is NOT
T ——— yet accessible, till now!

...................

Mid-circuit measurement
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Quantum Lab user guide v . .
Qiskit textbook v We are excited to announce that mid-circuit measurements are now available on e t a C C e S S 1 e tl '
Qiskit documentat ion ~ | IBMQuantum systems. , I I‘ ’ ‘/\7 .

Experiment (first real go)

M,

0.8 -

N FH = WD)

SEXX

0.6 1

0.4 A

lfinal = L2/2

0.2 -

0.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Control Probability pCt I'l

Results from quantum backend Sapporo




DATA ON IBM’S QUANTUM

COMPUTER IBM Q

o But feedback is NOT
Mid-circuit measurement
s . . o | ‘1A ] :
Qiski ) }l\é;a(;zﬁ:]t:ﬁd;;:n:zfmcethatmld—mrcmtmeasurementsarenowavallableon yet aCCQSSleEe, tlll nOW!

Qiskit documentation

Experiment (improved)

With no error mitigation

- 1.0 1 =10 —F~ L=60 :
~F—- =20 ¥~ L=70 *
0.8 4 =30 —F L=80 .
| = L=40 —F= L=90 - [,
- =50 -F~ L=100:))
0.6 -
lfinal = L2/2
0.4 - 4
10 Shots
0.2 (Quantum
averages)
0.0 -
0.2 04 06 0.8
Pctrl

Quantum computer: Fez w/ 156 qubits
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To compare with experiment
use matrix product states

Experiment (improved)

With no error mitigation

Theory

zZ1 - Mz 1.0 - =10 —F- L=60 :
- L=20 —F— L=70 -
0.84—F =30 —F L=80 : A
T =40 - 1=90 :
—- L=50 —F- L=100:p)/
0.6 -
) thnal = L*/2
0'4 - final — /
0 - 10? shots
' (Quantum
: E ) : averages)
0 - : 0.0 1" | E | '
! : ! ! 0.2 0.4 0.6 0.8
0.4 0.6 0.8 pctrl

Quantum computer: Fez w/ 156 qubits
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T ith iment : °
Theory °fmpare Wi &xpetmen Experiment (improved)
use matrix product states , L
\ With no error mitigation
M -
I B B e - Mz - =10 —F~ L=60 :
—E— - 1=20 = L=T0 :
084 =30 —F =80 @ "1
T E =t F =90 g
Y - =50 —¥- L=100:f/
T 0.6 -
} _ UEHJ o tnal = L?/2
- : ‘; 0log,(xXmax) 9 4
1o va B 0.2 - 10~ Shots
e -+ 00 . %@m‘_ (Quantum
3 0 03 05 Pctrl 1 . averageS)
O b e A ] 0-0 T T . T !
i ! ! 0.2 0.4 0.6 0.8
0.4 0.6 Pety) 0-8 Dctrl

Quantum computer: Fez w/ 156 qubits

Classical computational
complexity depends on Petrl
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Put it together! tsna = L?/2

M, _

Theory

Experiment

0.2 0.5 0.8
Pctrl
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Critical properties in the steady state tfina = L*/2

T | M OB
ol
&
6
Theory £
Experiment g M~ (LY (pe = pewn))
O
5“?
0 ___.__‘-__._1 _________________________________ 0 i-.\Mi@.ﬁ?_ _____________________________
0.0 0.5 0.8 —10 1/, 10
Pctrl (pctrl — pc)L /v
Matrix product state simulations Experimental data from IBM’s
(on a classical computer) quantum computer Fez

pe = 0.4947(5) v = 1.05(2) pe = 0.495(1) v = 1.05(2)
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Critical properties in the steady state tfina = L*/2

T | M OB
ol
&
6
Theory £
Experiment g M~ (LY (pe = pewn))
o
5"?
0 |lposp®eEe" 0 i-.\?‘.‘.’ﬁ?_{ﬂ _____________________________
0.0 0.5 1/ 10
Good agreement! ve) L1
Matrix product state simulations Experimental data from IBM’s
(on a classical computer) quantum computer Fez

pe = 0.4947(5) v = 1.05(2) pe = 0.495(1) v = 1.05(2)
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IBM’s Fez

Superconducting qubits

6 8

2.0e-4 5.0e-4 1.0e-3 2.0e-3

2qubit, 1qubit Error rates
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8000 - 2qubit unitary
J -
IBM’s Fez
o . Sizes
Superconducting qubits 6000 measurement+reset | Ty,
5000 - - %0
6 8 100 11 12 13 14 15 - - 80
g 4000 - _ Z;g
3000 - . ig
— 30
2000 - 0
1000 - —
0-
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Control Probability
2000 -
Sizes
] s 100
2 1500 - —— 90
S s 80
2 — 70
g 1000 - : gg
o s 40
2.0e-4 5.0e-4 1.0e-3 2.0e-3 O — 30
500 - — 20
— 10
2qubit, 1qubit Error rates o

0.2 0.3 0.4 0.5 0?6 0.7 0.8
Control Probability



CONTROL TRANSITIONS

ROBUSTNESS TO NOISE

1.00 ' 0.52 —

1.00 -
= 1.005 - -
S 0.75 - __
(]
N
£ 0.50 - 0.50 - & 0.50 I‘[ I 1 I < 1000 I T I I
= 1
of 0.25 - +
= 0.00 - 0.995 - |
) T T T 0.00 - T 0.48 -+ T T T
020 0.40 0.60 020 040 06 0.0 0.3 0.0 0.3
p p p{) ol

Fig. 7 | Control Transition in the Presence of Noise. Results are shown for mechanics model calculations (red circles;
L =16 — 128 ). a The magnetization density averaged over initial states, measurement outcomes and circuits (denoted (M,))

as a function of the control probability p for various system sizes L, and single qubit depolarizing error pgl) = 0.01 and two

qubit depolarizing error pg) = 0.001. (Inset) Data collapse as a function of p = L'/¥(p — p.) with p. = 0.498(1) and
v = 1.000(2) b The magnetization density for single qubit depolarizing error pgl) = 0.3 and two qubit depolarizing error
pSf) = 0.03.(Inset) Data collapse as a function of p = L'/¥(p — p.) with p. = 0.504(3) and v = 1.000(2) ¢ The fitted p. as a

function of the single qubit depolarizing error rate p,(sl), where pff) = pgl) /10 is fixed. d The fitted v as a function of the single

qubit depolarizing error rate pgl).
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Dynamics in each regime on the quantum computer, L=30

(Below are one realization of the circuit averaged over 104 shots)

D = 0.4 Dectrl — 0.5 Dectrl — 0.6

Chaotic Critical Controlled

Space, i

Time
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Dynamics in each regime on the quantum computer, L=30

(Below are one realization of the circuit averaged over 104 shots)

P — 0.4 Pctrl = 0.9 Pctrl = 0.6

Chaotic Critical Controlled

Chaotic dynamics
randomizing all sites

Space, i

>
Time
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Dynamics in each regime on the quantum computer, L=30

(Below are one realization of the circuit averaged over 104 shots)

D = 0.4 Dectrl — 0.5 Dectrl — 0.6

Chaotic Critical Controlled

“Wave front” is
performing a
random walk

Space, i

Time
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Dynamics in each regime on the quantum computer, L=30

(Below are one realization of the circuit averaged over 104 shots)

P — 0.4 Pctrl = 0.5 Pectrl = 0.6

Chaotic Critical Controlled

A Resets are
zeroing out and
controlling the
configuration

Space, i

Time
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Critical properties of the dynamics Petr1 = Pe

0.5 -

V(D) — (M(0))|

Theory

LA LL) LA LL LA LL L
10° 10’ 10° 10°
t

Experiment

0.5 7

V(D)) — M=(0))

L =100

1072 -m

10° 10’ 10°
[
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Critical properties of the dynamics Petr1 = Pe

Theory

Experiment

0.5 -

M=(0)) — (M=(0))|

lL=40L =100

" Reasonable agreement
for the same L

10° 10’ 10°

t

10°
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Critical properties of the dynamics Petr1 = Pe

Apply finite size scaling to the critical point

z
0.25- M. ~ g(t/L”)
S .
< 0.20- Matrix product state
= , simulations (on a
| 0.15- 0 .
B > classical computer)
< 0.10- Theory z = 2.00(2)
0.05- Experiment Experimental data
from IBM’s quantum
0.0010° | | | computer Fez

0.00 0.02 004  0.06
L~ z = 2.00(1)
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IBM Q

Critical properties of the dynamics Petr1 = Pe

M=(0)) — (M=(0))|

0.25-

0.20-

0.15-

0.10-

0.05+

Apply finite size scaling to the critical point

100>
} Theory

Matrix product state
simulations (on a
classical computer)

Universal quantities

agree well!

0.00- |

z = 2.00(2)

Ixperimental data
rom IBM’s quantum

0.00 0.02 004  0.06
t| =2

omputer Fez

z =2.00(1)



NUMERICAL EVIDENCE OF STRONG

QUANTUM FLUCTUATIONS

Consider the quantum coherence of the wavefunction

:1:75:1:

(or)ew = |X2'| = ®f:1 1b; (b

ar bl
@) 0.000 {0.400 482:{0.500 $0.600 =
410200 0450 $0.550 §$0.800 .~
15 - < 27|30+ -
) o -‘- - s ’,I
ghes g
60 - 20 - S
O . 2
— 10 - - =
£ 101 227 = 5%
= &=
5 - () | eeseete o - -
1 1 I I I I I 1 I 1 1
8 10 12 14 16 18 10 20 30 40 50
L L

Pan, Iadecola, Stoudenmire, JHP arXiv (2025)



NUMERICAL EVIDENCE OF STRONG

QUANTUM FLUCTUATIONS

Consider the quantum coherence of the wavefunction
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QUANTUM FLUCTUATIONS AT THE

CONTROL TRANSITION

Can do more then averages:

Variance over measurement outcomes and circuits

Averages over samples: Euml...]=Y pml.. 1= pc > bmecl-.] M = {C,me}
M C mc / \
1Y) = |Yc,me) —E¢ [Emo|...]] -
o Measurement
Average over \ Circuits outcomes for
Circuits Average over realizations this circuit

realizations measurement outcomes
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QUANTUM FLUCTUATIONS AT THE

CONTROL TRANSITION

Can do more then averages:

Variance over measurement outcomes and circuits

Averages over samples: Euml...]=Y pml.. 1= pc > bmecl-.] M = {C,me}
M C mc / \
1Y) = |Yc,me) —E¢ [Emo|...]] -
. Measurement
Average over \ Cireuits outcomes for
Circuits Average over realizations this circuit

realizations measurement outcomes

Consider the variance of an observable O
0%,[0] = Ear [03%4] — (Ens [Ona])? Om = (V¢ me |Ote me)

Can break up the variance into two parts
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QUANTUM FLUCTUATIONS AT THE

CONTROL TRANSITION

Can do more then averages:

Variance over measurement outcomes and circuits

Averages over samples: Eum[..]= pml..1=Y pc Pmecl--] M = {€, me}
M C me / \
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o Measurement
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QUANTUM FLUCTUATIONS AT THE

CONTROL TRANSITION

Can do more then averages:

Variance over measurement outcomes and circuits

Averages over samples: Euml...]=Y pml.. 1= pc > bmecl-.] M = {C,me}
M C mc / \
1Y) = |Yc,me) —E¢ [Emo|...]] -
. Measurement
Average va/ \ (ireuits outcomes for
Circuits Average over realizations this circuit

realizations measurement outcomes

Using post selection can break up the variance into three parts
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QUANTUM FLUCTUATIONS AT THE

CONTROL TRANSITION

Using post selection can break up the variance into three parts

O-?VI[O] = ]EC]Emc [Ognc] — (EC]Emc [Omc])2 — <¢C,mc|0|¢C,mc>
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DATA ON IBM’S QUANTUM

COMPUTER

Can do more then averages:

Variance over measurement outcomes and circuits
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DATA ON IBM’S QUANTUM

COMPUTER

I B M Q Can do more then averages:
Variance over measurement outcomes and circuits
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DATA ON IBM’S QUANTUM

COMPUTER

I B M Q Can do more then averages:
Variance over measurement outcomes and circuits
Ec [E'mc [Ognc] - (Emc [Omc])z]

N J
-~

Implement on experiment quantum fuctuations

A 1
Varm, [Mz] = Em, [[Mz]fnc] _ (]Emc [[Mz]mc])2 ' O = MZ — Z Z O’;

Varg [M;] = Vare [Varm, [M.]] Dynamics
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CONCLUSIONS AND OUTLOOK

We identified a way to quantum systems following classical control
of chaos.

Control transitions may or may not coincide with the entanglement
transition, depends on the structure of the feedback operation.

Observed the Bernoulli control transition and critical properties on
IBM’s quantum computer with 100 qubits finding good agreement

with the theoretical estimate on 24 qubits.

Quantum fluctuation estimates are most likely not “spoofed” by
(dephasing) noise.

Thank you for your attention!
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NOISE COMPLICATES IDENTIFYING
QUANTUM FLUCTUATIONS

Try to ensure our approach cannot be “fooled” with noise
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trajectory?uctuations state ﬂl?c;uations

Consider, dephasing noise channel
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QUANTUM FLUCTUATIONS

Try to ensure our approach cannot be “fooled” with noise

0%,¢10] = Eme [(O)ne | = Bane [(O)n])” +Eme [(0%),,. = (O)2.]
trajectory?uctuations state ﬂl?c;uations

Consider, dephasing noise channel (grey classical, red theory, blue experiment)
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NOISE COMPLICATES IDENTIFYING

QUANTUM FLUCTUATIONS

Try to ensure our approach cannot be “fooled” with noise

0%,¢10] = Eme [(O)ne | = Bane [(O)n])” +Eme [(0%),,. = (O)2.]
trajectoryguctuations state ﬂl?c;uations

Quantify difference in the distributions p(x), q(x) -
via the Kullback-Leibler (KL) Divergence Dk (P||Q) = / p(z)log(p(z)/q(x)) dz,

— 0

Compare with dephasing noise channel (Theory)
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NOISE COMPLICATES IDENTIFYING

QUANTUM FLUCTUATIONS

Try to ensure our approach cannot be “fooled” with noise
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via the Kullback-Leibler (KL) Divergence Dk (P||Q) = / p(z)log(p(z)/q(x)) dz,
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Compare with dephasing noise channel, theory, and experimental data
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LOCAL CONTROL IN A

STABILIZER MODEL

Actually straightforward to construct a stabilizer model
from the quantum circuit with a local (identity) adder.

84
chaotic — S ol 7 : .
scrambling operation

REPLACE 2-qubit Haar random
unitary with a 2-qubit Clifford gate

AbnT 'R, Allof this s
a stabilizer

Repﬂced the adder operation

with identity.

LeMaire, Alloca, JHP, Iadecola, Wilson PRB (2024)



STABILIZER LOCAL

CONTROL TRANSITION

Control transition remains at
PCIPT — 0.5 v =1.006
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STABILIZER LOCAL

CONTROL TRANSITION

Control transition remains at Entanglement dynamics

pcrer = 0.5 v = 1.006 is diffusive and
_ 1 Y sz agrees with small sizes
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STABILIZER LOCAL

CONTROL TRANSITION

Entanglement transition splits oft
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QUANTUM CONTROL

TRANSITION
Local order parameter Entanglement entropy
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Clear signature of the transition!
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QUANTUM CONTROL

TRANSITION
Local order parameter Entanglement entropy
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QUANTUM CONTROL

TRANSITION, DYNAMICS

Brighter color = larger entanglement entropy

Red line = ave. location of 1st domain wall , ,
5 First domain wall

Single trajectories
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ontrolled Uncontrolled

Becomes a wave packet
in the quantum limit
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volume-law P disentangled
uncontrolled random walk controlled

Iadecola, Ganeshan, JHP, Wilson PRL (2023)



QUANTUM CONTROL

TRANSITION, DYNAMICS

Brighter color = larger entanglement entropy

Entanglement entropy
Red line = avg. location of 1st domain wall dynamics at the transition
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QUANTUM CONTROL

TRANSITION, DYNAMICS

Brighter color = larger entanglement entropy

Red line = avg. location of 1st domain wall

Single trajectories

0.2 0.5 0.8

volume-law P disentangled
uncontrolled random walk controlled

Iadecola, Ganeshan, THP., Wilson PRL (2023)

Entanglement entropy
dynamics at the transition
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Diffusive growth
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The transition is diffusive, very

similar to the classical model
v~ 1 z = 2




SUMMARY: QUANTUM

CONTROL TRANSITION

Here, the control and

1.0

entanglement transitions 08 -
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SUMMARY: QUANTUM

CONTROL TRANSITION

Here, the control and

1.0

entanglement transitions 08 -

coincide. 5, | ¢

0.2 1

00—+
02 03 04 05 06 07 08

0.2 03 04 05 06 0.7 08

Is this fundamental?
PCIPT_— PMIPT

. unentangel

volume law area law control D ase

Can we “pull” them apart?

Can we construct stabilizer models to reach
larger system sizes?



LOCAL ADDER AND THE

FERROMAGNETIC FIXED POINT

Start with a simpler unstable fixed point, the single orbit ferromagnet

Now we are controlling
onto the ferromagnetic state

Replace the adder

with identity. ‘()()() o ()> Control map is now local
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LOCAL ADDER AND THE

FERROMAGNETIC FIXED POINT

Start with a simpler unstable fixed point, the single orbit ferromagnet

Now we are controlling
onto the ferromagnetic state

Replace the adder

with identity. ‘()()() o ()> Control map is now local
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STABILIZER MODEL, WITH

LOCAL ADDER

Actually straightforward to construct a stabilizer model
from the quantum circuit with a local (identity) adder.

84
chaotic — S ol 7 : .
scrambling operation

REPLACE 2-qubit Haar random
unitary with a 2-qubit Clifford gate

AbnT 'R, Allof this s
a stabilizer

Repﬂced the adder operation

with identity.

LeMaire, Alloca, JHP, Iadecola, Wilson arXiv (2023)



