
The dynamics of quantum information

Tibor Rakovszky
Department of Theoretical Physics

rakovszk@gmail.com



Frontiers of Physics
short distance long distance complexity

Higgs boson

Neutrino masses

Supersymmetry

Quantum gravity

String theory

Large scale structure

Cosmic microwave 
background

Dark matter

Dark energy

Gravitational waves

“More is different”

Many-body entanglement

Phases of quantum 
matter

Quantum computing

Quantum spacetime

[credit: John Preskill]



Frontiers of Physics
short distance long distance complexity

Higgs boson

Neutrino masses

Supersymmetry

Quantum gravity

String theory

Large scale structure

Cosmic microwave 
background

Dark matter

Dark energy

Gravitational waves

“More is different”

Many-body entanglement

Phases of quantum 
matter

Quantum computing

Quantum spacetime

[credit: John Preskill]



Frontiers of Physics
short distance long distance complexity

Higgs boson

Neutrino masses

Supersymmetry

Quantum gravity

String theory

Large scale structure

Cosmic microwave 
background

Dark matter

Dark energy

Gravitational waves

“More is different”

Many-body entanglement

Phases of quantum 
matter

Quantum computing

Quantum spacetime

[credit: John Preskill]

Quantum systems of many correlated (entangled!) particles

Emergent properties: “More is different”

How to describe and control such systems? Technological applications?
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Quantum systems of many correlated (entangled!) particles

Emergent properties: “More is different”

How to describe and control such systems? Technological applications?



Experimental motivation: controlled synthetic quantum systems

Appears as a closed system for long (but not infinite!) times, coherent quantum dynamics

Many-body systems far from equilibrium

Control over dynamics, geometry, measurements etc.  quantum computing!⇒
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).

desired qubit arrangement.

Figure 1 demonstrates our ability to transport qubits
across large distances while preserving entanglement and
coherence [20]. We initialize pairs at an atom-atom dis-
tance of 3 µm (Fig. 1b) and then create a Bell state
|�+i = 1p

2
(|00i + |11i) in the hyperfine basis (Meth-

ods) [5]. To probe the resulting entangled-state fidelity,
we apply an additional ⇡/2 pulse with a variable phase
that results in oscillations of the two-atom parity h�z

1�
z
2i

(Fig. 1c) [5]. We then repeat this experiment, but now
move the atoms apart by 110 µm before applying the
final ⇡/2 pulse. Our transport protocol is optimized
to suppress heating and loss by implementing cubic-
interpolated atom trajectories (Methods), and is further
accompanied by an 8-pulse XY8 robust dynamical decou-
pling sequence [28] to suppress dephasing. The resulting
parity oscillations indicate that two-atom entanglement
is una↵ected by the transport process [20, 29]. Perform-
ing this experiment as a function of movement speed

shows that fidelity remains unchanged until the total sep-
aration speed becomes > 0.55 µm/µs, corresponding to
the onset of atom loss (Fig. 1d). We note that the entan-
glement transport in Figure 1b corresponds to moving
quantum information across a region of space that can
in principle host ⇠ 2000 qubits (at an atom separation
of 3 µm), on a timescale corresponding to < 10�3

T2

(Extended Data Fig. 3), directly enabling applications in
large-scale quantum information systems.

Programmable circuits and graph states

To exemplify the ability to generate nonlocal connec-
tivity between qubit arrays in parallel, we carry out
preparation of entangled graph states: a large class of
useful quantum information states, with examples rang-
ing from GHZ states and cluster states to quantum error
correction codes [30]. Graph states are defined by ini-

Bluvstein, … , Lukin: Nature (2022)



…and many theoretical questions
 How does quantum entanglement spread in times?

 (Information is retained, but gets delocalized)

 Is it possible to follow this dynamics on a classical computer?

[von Keyserlingk, Rakovszky, Pollmann, Sondhi: PRX (2018)]

[Rakovszky, von Keyserlingk, Pollmann: PRB (2022)]
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 Robust behavior in the presence of dissipation and decoherence? 
   (“active quantum matter”)

[Rakovszky, von Keyserlingk, Gopalakrishnan: PRX (2024)]

 How to hide quantum information from the environment?
[Rakovszky, Khemani: arXiv 2310.16032]

 How does quantum entanglement spread in times?

 (Information is retained, but gets delocalized)

 Is it possible to follow this dynamics on a classical computer?



Quantum error correction

U

Quantum processor Classical 

“decoder”

Measurements

Correction ✤ Use non-local interactions to better  
   protect information

[Rakovszky, Khemani:  
arXiv 2310.16032]

Questions, problems:

✤ How to decode? 
  Active vs. passive, global vs. local

[Rakovszky, von Keyserlingk, Gopalakrishnan: PRX (2024)]
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