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Abstract:

In this talk, I will discuss the projects | have done in my Ph.D. https://scholar.google.c
My research lies at the intersection of quantum many-body physics and quantum inform
complexity of many-body dynamics using both analytical methods and quantum informati
we develop several analytical frameworks, including solvable quantum circuit dyne
non-equilibrium field-theoretic calculations, to study both non-equilibrium physics and ¢
proposed the concept of mixed state deep thermalization, a new paradigm that extend
ensemble of conditional mixed states. In the second direction, we investigate the quan:
many-body systems, establishing Lieb Robinson bounds and determining the optimal di
simulate such dynamics.
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Research Experience

Intrinsic complexity of many-hody dynamics
Quantum many-body physics + Quantum information:

Question I: Analytical Insights

How much faithful insight into highly
entangled quantum dynamics can we
capture with tractable, analytical

models?

4

Question 2: Information Complexity

What is the minimal resource to
represent/simulate quantum many-body

physics on a digital quantum device?
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Research Experience

Free-fermion Page curve [8]

Yang-Le€ zeros in BCS Mixed-state Deep
superconductivity [6] Thermalization [1]

+

Dissipative superfluidity Dual-isometric PEPS [4]

in molecular BEC |7}
Hierarchical generalization
of dual unitarity [5]

Talking: xiehangyu

Quantum Simulation of
Open Systems [2]

Lieb-Robinson bound for
non-Markovian dynamics [3]

[1] XH Yu, WW Ho, P Kos, ArXiv (2025); [5] XH Yu, Z Wang, P Kos, Quantum (2024);

[2] XH Yu, H Li, JI Cirac, R Trivedi, ArXiv (2025); [6] H Li*, XH Yu*, M Nakagawa, M Ueda, PRL (2025);
[3] R Trivedi, XH Yu, M Rudner, ArXiv (2024); [7] H Li*, XH Yu*, M Nakagawa, M Ueda, PRL (2023);
[4] XH Yu, JI Cirac, P Kos, G Styliaris, PRL (2024); [8] XH Yu, Z Gong, JI Cirac, PRR (2023)
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Talking: xiehangyu

Outline

Y
Part 1: Analytical methods for Complex Dynamics

Part 2: Informational complexity of Quantum Resources

Part 3: Summary and Future Directions
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Free-fesmion Page curve [8]

Yang-Lee zeros in BCS ~ Mixed-state Deep
superconductivity [6] Thermalization [1]

Dissipative superfluidity Dual-isometric PEPS [4]

in molecularBEC [7]
Hierarchical generalization
of dual unitarity [5]

Part 1: Analytical Insights

Developing analytically methods to understand static,

dynamic, and open quantum systemes.
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Analytical solution in many-body physics

L

Many-body quantum dynamics reveal rich phenomena, such as chaos,
localization, and thermalization...

They can generate highly complex entanglement, rendering classical
simulation intractable.

Analytical insights provide intuitions on this complex problem, confirming
many conjectures.

Analytical solvable models include both the integrable and non-
integrable cases.
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Topic 1: Mixed State Deep Thermalization

XH Yu, WW Ho, P Kos, ArXiv:2505.07795 (2025)

L
Classical statistical mechanics: phase-space ergodicity
I'={All possible microscopic states}

Ergodicity principle: The system can explore all the states in the
ensemble I with equal (uniform) probability.

Phase-space ergodicity is a foundation of classical statistics.

How can we understand the phase-space ergodicity in quantum statistics?
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Projected Ensemble

In quantum statistics, the thermalization can happen at almost all
late times even without time average.

At a certain time, we only have a single wave function. How can
we talk about therergodicity of an ensemble?

Conventional perspective of ETH: In each energy eigenstate,
expectation values of local observables agrees with Gibbs ensemble.

However, ETH only considers expectation value of an observable,
which is still far away from the ergodicity of states.
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Projected Ensemble
A trivial example:

GHZ state=(|0 - 0) + |1--- 1)) /V2.

If one only measures the expectation value of single-site operator, the
GHZ state cannot be distinguished from the Haar random ensemble.
1

However, the GHZ state is far away from the ergodicity.

Finer structure is needed for ergodicity!
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Projected Ensemble |
WZ)Ar o - 0

| ARRREGER

[ A ; B J|‘IJ>AB

<

NA NB
M. Ippoliti, PRXQ.4.030322

Conditioned on the measurement outcome of the environment B, Z;, we got a collection
of projective states on A |y(Zp)) with probability P(Zp).

oy < Zolbas)
Projected Ensemble: £ = {|Y(Z3)), P(Z3)}. BT IPZy)

The phase-space ergodicity = Distribution of the projected ensemble £.
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Deep Thermalization

€ ={lY(Zp)), P(Zp)}

Deep thermalization: the universal distribution of the ensemble £.

Conventional thermalization: local density matrix, first moment of £

pa = P(Zp)|Y(Zp)){Y(Zp)|

IExample: without any symmetry (infinite temperature),
Conventional thermalization: p, « I, first moment.
The deep thermalization corresponds to € - Haar random ensemble.

l

The most ergodic ensemble in the Hilbert space.
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Projected Ensemble 2 P
WZ)A .

| BRREEE
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NA NB
M. Ippoliti, PRXQ.4.030322

Conditioned on the measurement outcome of the environment B, Z;, we got a collection
of projective states on A |y(Zp)) with probability P(Zp).

oz < Zolan)
Projected Ensemble: £ = {|Y(Z3)), P(Z3)}. BT IP(Zy)

The phase-space ergodicity == Distribution of the projected ensemble £.
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Deep Thermalization

€ ={lY(Zp)), P(Zp)}

Deep thermalization: the universal distribution of the ensemble £.

Conventional thermalization: local density matrix, first moment of £

pa = P(Zp)|Y(Z))Y(Zp)|

Example: without any symmetry (infinite temperature),
Conventional thermalization: p, « [, first moment.
The deep thermalization corresponds to € - Haar random ensemble.

l

The most ergodic ensemble in the Hilbert space.
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Projected Ensemble
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M. Ippoliti, PRXQ.4.030322

Conditioned on the measurement outcome of the environment B, Z;, we got a collection
of projective states on A |(Zp)) with probability P(Zp).

oty < Zalban)
Projected Ensemble: & = {|{/(Z3)), P(Zp)}. BT JPZy)

The phase-space ergodicity = Distribution of the projected ensemble €.
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Deep Thermalization

€ ={lY(Zp)), P(Zp)} .

Deep thermalization: the universal distribution of the ensemble £.

Conventional thermalization: local density matrix, first moment of €

pa = P(Zp)|Y(Zp))Y(Zp)|

Example: without any symmetry (infinite temperature),
Conventional thermalization: p, « I, first moment.
The deep thermalization corresponds to € - Haar random ensemble.

l

The most ergodic ensemble in the Hilbert space.
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Deep Thermalization

XH Yu, WW Ho, P Kos, ArXiv:2505.07795 (2025)

Conventional thermalization: universal behavior of local observable (density
matrix p, = Trg|Y)45{(¥|, which is only determined by the macroscopic
quantities, such as energy —— We know nothing about the environment.

Deep thermalization: a new perspective by considering the universal
distribution of Projected Ensemble E—— We know more things about the
environment.

In real experiment, some information of the environment can be obtained,
such as the global measurement in AMO platforms. Conventional
thermalization is insufficient.
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Deep Thermalization

Deep thermalization: the universal distribution of the entire ensemble £

The distribution of £ can be characterized by higher moments

P = ) P(Z5) (W) (Zp)N®
Zp

k = 1 returns to the conventional thermalization. Therefore, deep
thermalization strictly includes and goes beyond the conventional one.

Deep thermalization is well established for pure states, where the
universal distribution only depends on the global conserved quantities.
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Mixed State Deep Thermalization

Deep thermalization has been already
observed in experiment.

Y
However, the above setting assumes
perfect experimental conditions.

Evolution and measurement can
be imperfect.

How does this universal
distribution change?

¥a)a - ~ -
| ARRRARA R

[ A E B J|\I]>AB
NA NB

Measurement outcome lost
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* We initiate the study by erasing
the measurement outcomes in
B2 subpart.

» Mixed State Projected Ensemble
(MSPE): {p4(Zp,+B,), P(Z,+8,)}

7 _ Trp,[(Ja+B,®(Zp,+B; DY a)X W 4Bl a+B,®|ZB, +B3))]
pa( Bl+B3~) = P(Zgy455)

* To analytically track the evolution, we consider dual-unitary circuits with solvable
conditions at infinite temperatures.
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Mixed State Deep Thermalization T

Talking: Dominic Else

Z

- [tha)a - A -
Deep thermalization has been already L IS ISIZIZERS
observed in experiment. R il sl 5 i 0
[ ]|‘I’>AB
NA NB

However, the above setting assumes
perfect experimental conditions.

Measurement outcome lost

Evolution and measurement can
be imperfect.

How does this universal
distribution change?
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Deep Thermalization

Deep thermalization: the universal distribution of the entire ensemble £

The distribution of £ can be characterized by higher moments

U= Z P(Zg) (1Y (Zp)Xp(Zp) )"

k = 1 returns to the conventional thermalization. Therefore, deep
thermalization strictly includes and goes beyond the conventional one.

Deep thermalization is well established for pure states, where the
universal distribution only depends on the global conserved quantities.
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* We initiate the study by erasing
the measurement outcomes in
B2 subpart.

» Mixed State Projected Ensemble
(MSPE): {p4(Zp,+B,), P(Z,+8,)}

7 _ Trp,[(Ia+B,®(Zp,+B; DY ap)X W 4Bl a+B,®|ZB, +B3))]
pa( Bl+Bg) = P&y 1)

* To analytically track the evolution, we consider dual-unitary circuits with solvable
conditions at infinite temperatures.
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Analytical models: dual-unitary circuits
. —0 _o—
G CPO W

Unitary also in the spatial direction

_
spatial direction

« The dual-unitary gates produce the universal gate set for quantum computation. As
a result, in the spatial direction, the steady space can be determined, i.e., the
permutation matrices.
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Mixed State Deep Thermalization

* In the thermodynamic limit, our Mixed State Projected Ensemble deeply
thermalized to the generalized Hilbert-Schmidt ensemble.

+ Atlarge t, this approach is exponentially fast. For the k-th moments to
be € close, it takes time t;~log(k/€).

Generalized Hilbert-Schmidt ensemble: Tracing out m qudits from a Haar random
state on Ny + m qudits (m = Np,):

€= {Trm|¢A+m)(IpA+m|: |¢A+m) ~ Haar(dNA+m)}
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Analytical models: dual-unitary circuits

CEDY M W

Unitary also in the spatial direction

—
spatial direction

« The dual-unitary gates produce the universal gate set for quantum computation. As
a result, in the spatial direction, the steady space can be determined, i.e., the
permutation matrices.
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Mixed State Deep Thermalization

* In the thermodynamic limit, our Mixed State Projected Ensemble deeply
thermalized to the generalized Hilbert-Schmidt ensemble.

+ Atlarge t, this approach is exponentially fast. For the k-th moments to
be € close, it takes time t;,~log(k/€).

Generalized Hilbert-Schmidt ensemble: Tracing out m qudits from a Haar random
state on Ny + m qudits (m = Np,):

€= {TrmllpA+m)(¢A+m|r |¢A+m) ~ Haar(dNA+m)}
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Mixed State Deep Thermalization
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Talking: xiehangyu

Numerical simulation further
confirms that generality of
mixed state deep
thermalization across
different models.
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Mixed State Deep Thermalization

We further study the informational property of the MSPE, like the conditional mutual
information, which indicates the capacity of quantum teleportation.

M

A 4
(k) (k) (k) Trp’j”-‘, (]

t. Ipa=Sxpr—Syx = _logﬁ_

Irp’y

* When Ny <m, Igfj = log(d), which indicates that the subsystem A and the reference R are
decoupled, we can not teleport any quantum information —— decoupled phase.

* When Ny > m, Igsz —log(d). It is possible to teleport the quantum information from the
reference R to A teleportation phase.

* The two phases are separated by N, = m, where Igfj = 0.
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Mixed State Deep Thermalization

* Deep thermalization is a new perspective of quantum thermalization
regarding the ergodicity in the Hilbert space.

+ We initiate the investigation of deep thermalization in open-system '
setting.

« With the analytical solvable models, we have proved the existence of
mixed state deep thermalization in lossy measurement.

+ We also study the information capacity of our Mixed State Projected
Ensemble. A
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Topic 2: Generalization of Dual-unitarity ﬁ’

XH Yu, Z Wang, P Kos, Quantum 8, 1260 (2024)

Talking: xiehangyu

The Problem Our Solution
Standard dual-unitary circuits are We generalized this to a "Hierarchy of Dual
physically limited (e.g., correlations Unitarity®, relaxing the condition from a single gate '
only on the light-cone edge, to multi-gate blocks. This new class is still solvable
instantaneous thermalization). but allows for richer, more realistic physics.

t 2 =2 Ha=4

| Non i ] ) e ny = 16
~ Vanishing 3 09
, . 3 “oaf

{ 3 é%‘ 19 Random
Random?2 0.3
i Non Ergodic
‘r‘:L. 0 . 2 ] Tilli?cl 30 235 30 oLt - 05 :
Non-vanishing Correlation Non-trivial Relaxing Diverse Entangement Velocity

A. Foligno et al, PRL 132. 250402
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Topic 3: 2D Quantum States

XH Yu, JI Cirac, P Kos, G Styliaris, Phys. Rev. Lett. 133, 190401 (2024) b) ¥

The Problem 8

Representing 2D state is hard. Contracting generic

Projected Entangled Pair States (PEPS) is #P-hard.

PEPS:

Our Solution

By applying the dual-unitarity idea to
PEPS, We introduced "Dual-Isometric
PEPS" (DI-PEPS), a new class with

two isometric constraints.

The Result

Efficient classical
computation of local
observables and certain two-

point correlation functions.
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DI-PEPS: Powerful & Tractable

23 /52

Not Trivial

I
cannot be efficiently

sampled classically.

DI-PEPS encode universal
quantum computation with
post-selection (PostBQP-

complete), so their output

Physically Rich
They are highly expressive,
with a large set of tunable
parameters. We showed
they can represent complex
states like the Toric Code

and topological phase

transitions.

Impact

It provides a new
analytical framework
while preserving rich
physical structures.
It serves as a new
numerical variational

ansatzes.
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Topic 4: Continuous Time Evolution

Talking: xiehangyu

We consider the realistic fermionic and bosonic systems beyond lattice
and spin models.

« Random free-fermion Page Curve: xH Yu, Z Gong, Ji Cirac, Phys. Rev. Res. 5,
013044 (2023)

I
The random free-fermion ensemble is microscopically typical while macroscopically .
atypical. Its Page-curve can emerge from clean tight-binding Hamiltonians

J
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Topic 4: Continuous Time Evolution

30 1/
* Yang-Lee zeros in BCS superconductivity: HLi*, XHYur, 25 W ?/ 7
M Nakagawa, M Ueda, Phys. Rev. Lett. 131, 216001 (2023) 20 “\ T
= 1.5 \
The Yang-Lee zeros show a universal semi-circle distribution. 10 \\\\
05 §§\\Q@?J )

Df T SN

« Dissipative superfluidity: H Li*, XH Yu*, M Nakagawa, M Ueda, Phys. .
Rev. Lett. 135, 166001 (2025) ¢

By exploiting non-equilibrium field theories, we demonstrate two-
@,

body loss induces phase rigidity, thereby leading to the superfluidity. -
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Quantum Simulation of ™
Open Systems [2]

Lieb-Robinson bound for
non-Markovian dynamics [3]

Part 2: Information Complexity

Can we simulate these complex many-body
systems on a unantum computer?
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Talking: xiehangyu

Topic 5: Digital Quantum Simulation
XH Yu, H Li, JI Cirac, R Trivedi, ArXiv:2509.02268 (2025)

* Despite the analytical solvable models, generic many-body systems are
hard to analyze.

* The simulation on a classical computer is also hard due to the quick
establishment of entropy.

* Quantum computer provides a natural and power tool to simulate many-
body dynamics.
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