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The motion of the electron around the proton is not described by
the same theory as the motion of the planets around the sun.
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It is described by the quantum theory

of Schrödinger and Heisenberg (1925).

Hydrogen atom
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• Schrödinger, Heisenberg (1925): Discovery of the equation obeyed by

a single electron, replacing Newton’s laws of motion. These equations

precisely described the light emission spectrum of a single hydrogen atom.

• Sommerfeld (1927): The same equations also describe the motion of

→ 10
23

electrons in a metal. Each electron is a fermion, named after

Fermi (1926), which obey exclusion—at most one fermion can occupy

each quantum orbital.

• Bose, Einstein (1924): Particles now known as bosons, which do not

obey exclusion. Many bosons can condense into a single macroscopic

quantum state, which is today understood to be the key to superfluidity

and superconductivity.

• Bardeen, Cooper, Schrie!er (1957): Pairs of electrons behave like bosons,
and this is the explanation for superconductivity.
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• Today: Many particles exhibit many emergent phenomena,
related to quantum entanglement. These are crucial to
understanding modern quantum materials, such as the high
temperature superconductors.

• Ideas on multi-particle entanglement in quantum materials
have strongly influenced quantum computing, especially quantum
error correction (and vice versa).
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Superconductors
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Kamerlingh Onnes 1911:

Mercury is a superconductor below -269
�
C



YBa2Cu3O6+x

Cuprate  
high temperature 
superconductors



Julian Hetel and Nandini Trivedi, Ohio State University

Nd-Fe-B magnets, YBaCuO superconductor



YBCO magnets allow for smaller, 
faster, and less expensive 

tokamaks for plasma fusion



YBa2Cu3O6+x Cu



YBa2Cu3O6+x Cu
P.W. Anderson and G. Baskaran (1988):  The key to high temperature superconductivity  

is the formation of a “resonating valence bond state”  
(a type of quantum spin liquid) which entangles the electrons on Cu 



 
Quantum entanglement



The double slit experiment

Interference of electrons

Principles of Quantum Mechanics: 1. Quantum Superposition

TWO$
SLITS$

Unlike water 
waves, 

electrons arrive 
one-by-one  

(so is it like a 
particle ?)



And |R〉 represents the state
with the electron in the right slit

Let |L〉 represent the state
with the electron in the left slit

|L〉 |R〉

The double slit experiment

Actual state of each electron is
|Li + |Ri

Principles of Quantum Mechanics 101: Quantum Superposition
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of lanthanum is 7/2, hence the nuclear magnetic
moment as determined by this analysis is 2.5
nuclear magnetons. This is in fair agreement
with the value 2.8 nuclear magnetons deter-
mined, from La III hyperfine structures by the
writer and N. S. Grace. 9
' M. F. Crawford and N. S. Grace, Phys. Rev. 4'7, 536

(1935).

This investigation was carried out under the
supervision of Professor G. Breit, and, I wish to
thank him for the invaluable advice and assis-
tance so freely given. I also take this opportunity
to acknowledge the award of a Fellowship by the
Royal Society of Canada, and to thank the
University of Wisconsin and the Department of
Physics for the privilege of working here.
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete' ?

A. EINsTEIN, B. PQDoLsKY AND N. RosEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufFicient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.

A NY serious consideration of a physical
theory must take into account the dis-

tinction between the objective reality, which is
independent of any theory, and the physical
concepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.
In attempting to judge the success of a

physical theory, we may ask ourselves two ques-
tions: (1) "Is the theory correct?" and (2) "Is
the description given by the theory complete?"
It is only in the case in which positive answers
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judged
by the degree of agreement between the con-
clusions of the theory and human experience.
This experience, which alone enables us to make
inferences about reality, in physics takes the
form of experiment and measurement. It is the
second question that we wish to consider here, as
applied to quantum mechanics.

Whatever the meaning assigned to the term
conzp/eEe, the following requirement for a com-
plete theory seems to be a necessary one: every
element of the physical reality must have a counter
part in the physical theory We shall ca. 11 this the
condition of completeness. The second question
is thus easily answered, as soon as we are able to
decide what are the elements of the physical
reality.
The elements of the physical reality cannot

be determined by a priori philosophical con-
siderations, but must be found by an appeal to
results of experiments and measurements. A
comprehensive definition of reality is, however,
unnecessary for our purpose. We shall be satisfied
with the following criterion, which we regard as
reasonable. If, without in any way disturbing a
system, we can predict with certainty (i.e. , with
probability equal to unity) the value of a physical
quantity, then there exists an element of physical
reality corresponding lo this physical quantity. It
seems to us that this criterion, while far from
exhausting all possible ways of recognizing a
physical reality, at least provides us with one
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Einstein, Podolsky, Rosen (1935)
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Quantum Entanglement
Einstein, Podolsky, Rosen (1935)

Measurement of one 
electron instantaneously 

determines the state of the 
other electron very far away
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Quantum Entanglement

_

Einstein, Podolsky, Rosen (1935)

Measurement of one 
electron instantaneously 

determines the state of the 
other electron very far away

Spooky action at a distance !



I cannot seriously believe in it because the 
theory cannot be reconciled with the idea that 
physics should represent a reality in time and 
space, free from spooky actions at distance

Albert Einstein to Max Born, 3 March 1947
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The ouroboros, Kekulé's
inspiration for the structure of
benzene.

is single half the time and double half the time. A firmer theoretical basis for a similar idea was
later proposed in 1928 by Linus Pauling, who replaced Kekulé's oscillation by the concept of
resonance between quantum-mechanical structures.[14]

The new understanding of benzene, and hence of all aromatic
compounds, proved to be so important for both pure and applied
chemistry after 1865 that in 1890 the German Chemical Society
organized an elaborate appreciation in Kekulé's honor,
celebrating the twenty-fifth anniversary of his first benzene
paper. Here Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail
(this is an ancient symbol known as the ouroboros).[15] This is
likely an example of the exercise of a particular imaginative state,
involving homospatial and janusian processes, followed by
stepwise logical thinking.[16]

A similar humorous depiction of benzene had appeared in 1886 in
the Berichte der Durstigen Chemischen Gesellschaft (Journal of
the Thirsty Chemical Society), a parody of the Berichte der Deutschen Chemischen Gesellschaft,
only the parody had six monkeys seizing each other in a circle, rather than a single snake as in
Kekulé's anecdote.[17] Some historians have suggested that the parody was a lampoon of the snake
anecdote, possibly already well-known through oral transmission even if it had not yet appeared in
print.[18] Others have speculated that Kekulé's story in 1890 was a re-parody of the monkey spoof,
and was a mere invention rather than a recollection of an event in his life.

Kekulé's 1890 speech,[19] in which these anecdotes appeared, has been translated into English.[20]

If one takes the anecdote as reflecting an accurate memory of a real event, circumstances
mentioned in the story suggest that it must have happened early in 1862.[21]

He told another autobiographical anecdote in the same 1890 speech, of an earlier vision of dancing
atoms and molecules that led to his theory of structure, published in May 1858. This happened, he
claimed, while he was riding on the upper deck of a horse-drawn omnibus in London. Once again,
if one takes the anecdote as reflecting an accurate memory of a real event, circumstances related in
the anecdote suggest that it must have occurred in the late summer of 1855.[22]

Lehrbuch der Organischen Chemie (https://gutenberg.beic.it/webclient/DeliveryManager?pi
d=6594362) (in German). 1. Erlangen: Enke. 1859–1861.

Kekulé's dream

Works

= | ↑↓〉 − | ↓↑〉

Kekule’s spooky dream (1865)

*

Wikipedia*

Benzene
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Quantum spin liquids 
and quantum error correction



Triangular lattice antiferromagnet

Nearest-neighbor model has ordered spins
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Patrik Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).
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Key feature: fractionalization.
Excitations are particle-like,

but cannot be created
by local operators.

The excitations are classified
under distinct
anyon sectors.
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Cn → Cn (↑1)Number of dimers across green line
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Read and Sachdev (1990):
Determined the anyon structure of the resonating valence bond spin liquid.

The anyon structure of this spin liquid is the same as
Kitaev’s toric code (1997).

Kitaev (1997): Place the quantum information in a superposition
of anyon sectors for fault-tolerant quantum computation.



QPTs in a Rydberg quantum simulator
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TOPOLOGICAL MATTER

Probing topological spin liquids on a programmable
quantum simulator
G. Semeghini1, H. Levine1, A. Keesling1,2, S. Ebadi1, T. T. Wang1, D. Bluvstein1, R. Verresen1,
H. Pichler3,4, M. Kalinowski1, R. Samajdar1, A. Omran1,2, S. Sachdev1,5, A. Vishwanath1*,
M. Greiner1*, V. Vuletić6*, M. D. Lukin1*

Quantum spin liquids, exotic phases of matter with topological order, have been a major focus in physics
for the past several decades. Such phases feature long-range quantum entanglement that can
potentially be exploited to realize robust quantum computation. We used a 219-atom programmable
quantum simulator to probe quantum spin liquid states. In our approach, arrays of atoms were placed on
the links of a kagome lattice, and evolution under Rydberg blockade created frustrated quantum states
with no local order. The onset of a quantum spin liquid phase of the paradigmatic toric code type
was detected by using topological string operators that provide direct signatures of topological order
and quantum correlations. Our observations enable the controlled experimental exploration of
topological matter and protected quantum information processing.

M
otivated by theoretical work carried
out over the past five decades, a broad
search has been underway to identify
signatures of quantum spin liquids
(QSLs) in correlated materials (1, 2).

Moreover, inspired by the intriguing predic-
tions of quantum information theory (3),
approaches to engineer such systems for topo-
logical protection of quantum information are
being actively explored (4). Systems with frus-
tration (5) caused by the lattice geometry or
long-range interactions constitute a promising
avenue in the search for QSLs. In particular,
such systems can be used to implement a class
of so-called dimer models (6–10), which are
among the most promising candidates to host
QSL states. However, realizing and probing
such states is challenging because they are
often surrounded by other competing phases.
Moreover, in contrast to topological systems
that involve time-reversal symmetry breaking,
such as in the fractional quantum Hall effect
(11), these states cannot be easily probed by
means of, for example, quantized conductance
or edge states. Instead, to diagnose spin liquid
phases, it is essential to access nonlocal ob-
servables, such as topological string operators
(1, 2). Although some indications of QSL phases
in correlated materials have been previously
reported (12, 13), thus far, these exotic states
of matter have evaded direct experimental
detection.

Programmable quantum simulators arewell
suited for the controlled exploration of these
strongly correlated quantum phases (14–21).
In particular, recent work showed that various
phases of quantum dimer models can be effi-
ciently implemented by using Rydberg atom
arrays (22) and that a dimer spin liquid state of
the toric code type could be potentially created
in a specific frustrated lattice (23). Toric code
states have been dynamically created in small
systems by using quantum circuits (24, 25).
However, some of the key properties, such
as topological robustness, are challenging to
realize in such systems. Spin liquids have also
been explored by using quantum annealers,
but the lack of coherence in these systems has
precluded the observation of quantum fea-
tures (26).

Dimer models in Rydberg atom arrays

The key idea of our approach is based on a
correspondence (23) between Rydberg atoms
placed on the links of a kagome lattice (or
equivalently, the sites of a ruby lattice) (Fig. 1A)
and dimermodels on the kagome lattice (8, 10).
The Rydberg excitations can be viewed as
“dimer bonds” that connect the two adjacent
vertices of the lattice (Fig. 1B). Because of the
Rydberg blockade (27), strong and properly
tuned interactions constrain the density of
excitations so that each vertex is touched by
a maximum of one dimer. At 1/4 filling, each
vertex is touched by exactly one dimer, result-
ing in a perfect dimer covering of the lattice.
Smaller filling fractions result in a finite den-
sity of vertices with no proximal dimers, which
are referred to asmonomers. AQSL can emerge
within this dimer-monomer model close to
1/4 filling (23) and can be viewed as a co-
herent superposition of exponentially many
degenerate dimer coverings with a small ad-
mixture of monomers (Fig. 1C) (10). This cor-
responds to the resonating valence bond (RVB)

state (6, 28), which was predicted long ago
but is so far still unobserved in any experi-
mental system.
To create and study such states experimental-

ly, we used two-dimensional arrays of 219 87Rb
atoms individually trapped in optical tweez-
ers (29, 30) and positioned on the links of a
kagome lattice (Fig. 1A). The atoms were ini-
tialized in an electronic ground state gj i and
coupled to a Rydberg state rj i by means of a
two-photon optical transition with Rabi fre-
quencyW. The atoms in the Rydberg state rj i
interact with one another through a strong
van derWaals potential V = V0/d

6, where d is
the interatomic distance. This strong inter-
action prevents the simultaneous excitation
of two atoms within a blockade radius Rb =
(V0/W)1/6 (27). We adjusted the lattice spacing
a and the Rabi frequency W so that for each
atom in rj i, its six nearest neighbors are all
within the blockade radius (Fig. 1B), result-
ing in a maximum filling fraction of 1/4. The
resulting dynamics correspond to unitary evo-
lution U(t) governed by the Hamiltonian

H
ℏ
¼ W tð Þ

2

X

i

sxi $ D tð Þ
X

i

ni

þ
X

i<j

Vijninj ð1Þ

where ℏ is Planck’s constant h divided by 2p,
ni ¼ rij i rih j is the Rydberg state occupation at
site i, sxi ¼ gij i rih jþ rij i gih j , and D(t) is the
time-dependent two-photon detuning. After
the evolution, the state was analyzed bymeans
of projective readout of ground-state atoms
(Fig. 1A, right) (29).
To exploremany-body phases in this system,

we used quasi-adiabatic evolution, in which
we slowly turned on the Rydberg couplingW
and subsequently changed the detuning D
from negative to positive values by using a
cubic frequency sweep over ~2 ms (Fig. 1D).We
stopped the cubic sweep at different endpoints
and first measured the density of Rydberg ex-
citations nh i. Away from the array boundaries
(which result in edge effects permeating just
two layers into the bulk), we observed that the
average density of Rydberg atoms was uniform
across the array (fig. S4) (31). Focusing on the
bulk density, we found that for D=W ≳ 3, the
system reaches the desired filling fraction
nh i e 1=4 (Fig. 1E, top). The resulting state
does not have any obvious spatial order (Fig.
1A) and appears as a different configuration of
Rydberg atoms in each experimental repeti-
tion (fig. S5) (31). From the single-shot images,
we evaluated the probability for each vertex of
the kagome lattice to be attached to one dimer
(as in a perfect dimer covering), zero dimers (a
monomer), or two dimers (representing weak
blockade violations). Around D/W ~ 4, we ob-
served an approximate plateau at which ~80%
of the vertices were connected to a single dimer
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Suppressing quantum errors by scaling a 
surface code logical qubit

Google Quantum AI*

Practical quantum computing will require error rates well below those achievable 
with physical qubits. Quantum error correction1,2 o!ers a path to algorithmically 
relevant error rates by encoding logical qubits within many physical qubits,  
for which increasing the number of physical qubits enhances protection against 
physical errors. However, introducing more qubits also increases the number  
of error sources, so the density of errors must be su"ciently low for logical 
performance to improve with increasing code size. Here we report the 
measurement of logical qubit performance scaling across several code sizes,  
and demonstrate that our system of superconducting qubits has su"cient 
performance to overcome the additional errors from increasing qubit number.  
We #nd that our distance-5 surface code logical qubit modestly outperforms an 
ensemble of distance-3 logical qubits on average, in terms of both logical error 
probability over 25 cycles and logical error per cycle ((2.914 ± 0.016)% compared  
to (3.028 ± 0.023)%). To investigate damaging, low-probability error sources, we run 
a distance-25 repetition code and observe a 1.7 % 10−6 logical error per cycle 'oor set 
by a single high-energy event (1.6 % 10−7 excluding this event). We accurately model 
our experiment, extracting error budgets that highlight the biggest challenges  
for future systems. These results mark an experimental demonstration in which 
quantum error correction begins to improve performance with increasing qubit 
number, illuminating the path to reaching the logical error rates required for 
computation.

Since Feynman’s proposal to compute using quantum mechanics3, 
many potential applications have emerged, including factoring4, 
optimization5, machine learning6, quantum simulation7 and quan-
tum chemistry8. These applications often require billions of quantum 
operations9–11 and state-of-the-art quantum processors typically have 
error rates around 10−3 per gate12–17, far too high to execute such large 
circuits. Fortunately, quantum error correction can exponentially 
suppress the operational error rates in a quantum processor, at the 
expense of temporal and qubit overhead18,19.

Several works have reported quantum error correction on codes 
able to correct a single error, including the distance-3 Bacon–Shor20, 
colour21, five-qubit22, heavy-hexagon23 and surface24,25 codes, as well as 
continuous variable codes26–29. However, a crucial question remains of 
whether scaling up the error-correcting code size will reduce logical 
error rates in a real device. In theory, logical errors should be reduced if 
physical errors are sufficiently sparse in the quantum processor. In prac-
tice, demonstrating reduced logical error requires scaling up a device to 
support a code that can correct at least two errors, without sacrificing 
state-of-the-art performance. In this work we report a 72-qubit super-
conducting device supporting a 49-qubit distance-5 (d = 5) surface 
code that narrowly outperforms its average subset 17-qubit distance-3 
surface code, demonstrating a critical step towards scalable quantum 
error correction.

 
Surface codes with superconducting qubits
Surface codes30–34 are a family of quantum error-correcting codes that 
encode a logical qubit into the joint entangled state of a d % d square 
of physical qubits, referred to as data qubits. The logical qubit states 
are defined by a pair of anti-commuting logical observables XL and ZL. 
For the example shown in Fig.(1a, a ZL observable is encoded in the joint 
Z-basis parity of a line of qubits that traverses the lattice from top to 
bottom, and likewise an XL observable is encoded in the joint X-basis 
parity traversing left to right. This non-local encoding of information 
protects the logical qubit from local physical errors, provided we can 
detect and correct them.

To detect errors, we periodically measure X and Z parities of adjacent 
clusters of data qubits with the aid of d2 − 1 measure qubits interspersed 
throughout the lattice. As shown in Fig.(1b, each measure qubit interacts 
with its neighbouring data qubits to map the joint data qubit parity 
onto the measure qubit state, which is then measured. Each parity 
measurement, or stabilizer, commutes with the logical observables of 
the encoded qubit as well as every other stabilizer. Consequently, we 
can detect errors when parity measurements change unexpectedly, 
without disturbing the logical qubit state.

A decoder uses the history of stabilizer measurement outcomes to 
infer likely configurations of physical errors on the device. We can then 
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error rates around 10−3 per gate12–17, far too high to execute such large 
circuits. Fortunately, quantum error correction can exponentially 
suppress the operational error rates in a quantum processor, at the 
expense of temporal and qubit overhead18,19.

Several works have reported quantum error correction on codes 
able to correct a single error, including the distance-3 Bacon–Shor20, 
colour21, five-qubit22, heavy-hexagon23 and surface24,25 codes, as well as 
continuous variable codes26–29. However, a crucial question remains of 
whether scaling up the error-correcting code size will reduce logical 
error rates in a real device. In theory, logical errors should be reduced if 
physical errors are sufficiently sparse in the quantum processor. In prac-
tice, demonstrating reduced logical error requires scaling up a device to 
support a code that can correct at least two errors, without sacrificing 
state-of-the-art performance. In this work we report a 72-qubit super-
conducting device supporting a 49-qubit distance-5 (d = 5) surface 
code that narrowly outperforms its average subset 17-qubit distance-3 
surface code, demonstrating a critical step towards scalable quantum 
error correction.
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Although now popular in its modern, westernized form as a kids’ game, did you know

that Snakes & Ladders traces its roots to a traditional Indian board game based on

religious philosophies? In the original, it served as a lesson in morality. Playing this

game wasn’t just about winning or losing, but finding out how close you were, to

heaven or hell.

It is believed to have been invented by Jain monks to promote the concept of
liberation

The history of Snakes & Ladders goes back around 1000 years to 10th century CE where

it is believed to have been invented by Jain monks to promote the concept of

liberation from the bondage of passions. The game was symbolic of a man’s journey in

life and the design had a few similarities with the ancient Jain mandalas in which

various squares were illustrated with the notions of karma and moksha.

Jain mandala, 16th century CE | www.mfa.org

As the monks travelled with the game, it acquired many regional names like Gyan
Chaupar in northern India and Mokshapat around Maharashtra, along with Leela and

Parampada Sopanapata. Meanwhile, there also developed other ‘philosophical’

variations – a Hindu and a very rare, Sufi Muslim version.

The ladders represented virtues while the snakes represented vices

In the game, the ladders represented virtues such as faith, generosity, humility and

asceticism while the snakes represented vices such as anger, theft, lust and greed. The

last square represented either a God or heaven meaning you have attained liberation.

The ladders conveyed that good deeds lead you to heaven and evil to a cycle of re-

births. The number of ladders was less than the number of snakes, a reminder that the

path of good is much more difficult to tread, than a path of sins.
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In a nut-shell the game was meant to inspire players to introspect rather than

compete with each other.

Jain version, painting on cloth, 19th century

Interestingly, the reason the game pivoted around pure luck was because it was in

keeping with the Jain philosophical notion – emphasizing the ideas of fate and destiny.

This was in contrast to other ancient games such as Chaturanga which needed skill or

Pachisi, which focused on a mixture of both.

The Pahari style of the game could run up to 360 squares

Also, it is to be noted that unlike the 100 squares game that is ubiquitous with the

Snakes & Ladder board game today, there wasn’t any standardization then. The most

common types were 84-square Jain board, 101-square Sufi board and the 72 square

Hindu (predominantly Vaishnav) board, followed by their expanded variants, which in

Pahari style can run up to 360-squares.

Often made simply of painted cloth and sometimes on paper, few boards have

survived from any earlier than the mid-18th century. The iconography on it depicts

cosmological elements, with upper regions depicting divine beings and the heavens.

The rest of the board was covered with pictures of animals, flowers and people.

Gyan Chaupar - 19th century CE | Rajasthan Oriental Research Institute, Jodhpur

The appeal of this game not only transcended religious boundaries but also

geographical ones. When it was first brought to Victorian England in 1892 for instance,

it was a big hit. Here it was customised to suit Christian sensibilities. The squares of

fulfilment, grace and success were accessible by ladders of thrift and penitence and

snakes of indulgence, disobedience and indolence caused one to end up in illness,

disgrace and poverty. While the Indian version of the game had snakes outnumbering

ladders, the English counterpart was more forgiving, as it contained each in the same

amount. This concept of equality signifies the cultural ideal that for every sin one

commits, there exists another chance at redemption.

Chutes and Ladders which taught kids about good and bad deeds | www.indoindians.com

In 1943, it was rebranded as Chutes and Ladders in the United States by game pioneer

Milton Bradley. Over time, the game was simplified, stripped of moral lessons

altogether and in its recent avatar, it came to be known as Snakes and Ladders.

This game serves as a perfect example of how even a simple game can evolve over

time and space. In this case, also how a profound lesson in morality, became a game

children play.
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A solvable model of multi-particle  
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Yields a metal whose excitations are not  
particle-like i.e. no bosons, fermions, anyons…. 
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A key consequence of the absence of the particle-like
excitations is Universal Planckian Dissipation.

The relaxation time, ω , when perturbed
at a frequency ε is given by

ω =
⊋

kBT
F

(
⊋ε
kBT

)

where ⊋ is Planck’s constant, T is temperature,
and the function F is independent of the strength of

interaction between the particles.



pc

YBa2Cu3O6+x

Strange
Metal

The “strange metal” has 
no particle-like/anyon 

excitations 
and is described by  
a SYK-type theory

Aavishkar A. Patel, Haoyu Guo, Ilya Esterlis, S. S., Science 381, 790 (2023)



pc

Strange
Metal

Aavishkar A. Patel, Haoyu Guo, Ilya Esterlis, S. S., Science 381, 790 (2023)

This linear dependence of the scattering rate calls for a com-
parison with resistivity. Hence we have also measured the tem-
perature dependence of the resistivity of our sample under two
magnetic fields H = 0 T and H = 16 T. As displayed in Fig. 2a, the
resistivity has a linear T-dependence ρ = ρ0 + AT over an extended
range of temperature, with A ≈ 0.63 μΩcm/K. This is a hallmark of
cuprates in this regime of doping10,13,14,20,53. It is qualitatively con-
sistent with the observed linear frequency dependence of the scat-
tering rate and, as discussed later in this paper, also in good
quantitative agreement with the ω→ 0 extrapolation of our optical
data within experimental uncertainties.

The optical mass enhancement m*(ω)/m is displayed in Fig. 1d.
With the chosen normalization, m*/m does not reach the asymptotic
value of one in the range ℏω <0.4 eV, which means that intra- and
interband and/or mid-infrared transitions overlap above 0.4 eV. The
inset of Fig. 1d shows a semi-log plot of the mass enhancement eval-
uated atℏω = 5kBT, where thenoise level is low forT⩾ 40K.Despite the
larger uncertainties at low T, this plot clearly reveals a logarithmic
temperature dependence ofm*/m. This is a robust feature of the data,
independent of the choice of ϵ∞ and K. We note that the specific heat
coefficient C/T of LSCO at the same doping level was previously
reported to display a logarithmic dependence on temperature, see
Fig. 2c47,48. We will further elaborate on this important finding of a
logarithmic dependence of the optical mass and discuss its relation to
specific heat in the next section.

Scaling analysis
In this section, we consider simultaneously the frequency and tem-
peraturedependenceof theoptical properties and investigatewhether
ℏω/kBT scaling holds for this sample close to the pseudogap critical

point. We propose a procedure to determine the three parameters ϵ∞,
K, and m introduced above.

Puttingω/T scaling to the test. Quantum systems close to a quantum
critical point display scale invariance. Temperature being the only
relevant energy scale in the quantumcritical regime, this leads inmany
cases toω/T scaling22 (inmost of the discussion below, we set ℏ = kB = 1
except when mentioned explicitly). In such a system we expect the
complex optical conductivity to obey a scaling behavior 1/
σ(ω, T)∝ TνF(ω/T), with ν⩽ 1 a critical exponent. More precisely, the
scaling properties of the optical scattering rate and effective mass
read:

1=τðω,TÞ=Tνf τ ðω=TÞ ð4Þ

m*ðω,TÞ #m*ð0,TÞ=Tν#1f mðω=TÞ ð5Þ

with fτ and fm two scaling functions. This behavior requires that both ℏω
and kBT are smaller than a high-energy electronic cutoff, but their ratio
can be arbitrary. Furthermore, we note that when ν = 1 (Planckian case)
the scaling is violated by logarithmic terms, which control in particular
the zero-frequency value of the optical mass m*(0,T). As shown in
Theorywithin a simple theoreticalmodel,ω/T scalingnonetheless holds
in this case to an excellent approximation provided that m*(0, T) is
subtracted, as in Eq. (5). We also note that in a Fermi liquid, the single-
particle scattering rate∝ω2 + (πT)2 does obeyω/T scaling (with formally
ν = 2), but the optical conductivity does not. Indeed, it involves ω/T2

terms violating scaling, and hence depends on two scaling variables
ω/T2 and ω/T, as is already clear from an (approximate) generalized
Drudeexpression 1/σ ≈ − iω + τ0[ω2 + (2πT)2]. For a detaileddiscussionof
this point, see Ref. 54. Such violations of scaling by ω/Tν terms apply
more generally to the case where the scattering rate varies as Tν with
ν > 1. Hence, ω/T scaling for both the optical scattering rate and optical
effective mass are a hallmark of non-Fermi liquid behavior with ν⩽ 1.
Previous work has indeed provided evidence for ω/T scaling in the
optical properties of cuprates23,24.

Here, we investigate whether our optical data obey ω/T scaling.
We find that the quality of the scaling depends sensitively on the
chosen value of ϵ∞. Different prescriptions in the literature to fix ϵ∞
yield—independently of themethod used—values ranging from ϵ∞ ≈ 4.3
for strongly underdoped Bi2212 to ϵ∞ ≈ 5.6 for strongly overdoped
Bi221232,55. The parameter ϵ∞ is commonly understood to represent the
dielectric constant of thematerial in the absenceof the charge carriers,
and is caused by the bound charge responsible for interband transi-
tions at energies typically above 1 eV. While this definition is unam-
biguous for the insulating parent compound, for the doped material
one is confronted with the difficulty that the optical conductivity at
these higher energies also contains contributions described by the
self-energy of the conduction electrons, caused for example by their
coupling to dd-excitations56. Consequently, not all of the oscillator
strength in the interband region represents bound charge. Our model
overcomes this hurdle by determining the low-energy spectrumbelow
0.4 eV, and subsuming all bound charge contributions in a single
constant ϵ∞. Its value is expected to be bound from above by the value
of the insulating phase, in other words we expect to find ϵ∞ < 4.5 (see
Supplementary Information Sec. A). Rather than setting an a priori
value for ϵ∞, we follow here a different route and we choose the value
that yields the best scaling collapse for a given value of the exponent ν.
This program is straightforwardly implemented for 1/τ and indicates
that the best scaling collapse is achieved with ν ≈ 1 and ϵ∞ ≈ 3, see
Fig. 2b as well as Supplementary Information Sec. B and Supplemen-
tary Fig. 2. Turning to m*, we found that subtracting the dc value
m*(ω =0, T) is crucial when attempting to collapse the data. Extra-
polating optical data to zero frequency is hampered by noise. Hence,

Fig. 2 | Scaling of scattering rate and mass enhancement. a Temperature-
dependent resistivity measured in zero field (black) and at 16 teslas (red). The inset
emphasizes the linearity of the 16 T data at low temperature. The dashed line shows
ρ0 +AT with ρ0 = 12.2 μΩcm and A =0.63 μΩcm/K. b Scattering rate divided by
temperature plotted versus ω/T; the collapse of the curves indicates a behavior 1/
τ ~ Tfτ(ω/T). c Effective quasiparticle mass (in units of the indicated band mass m)
deduced from the low-temperature electronic specific heat47

[m*
Cp = ð3=πÞð_

2dc=k
2
BÞðC=TÞ] and zero-frequency optical mass enhancement; the

dashed lines indicate lnT behavior. dOptical mass minus the zero-frequencymass
shown in c plotted versus ω/T; the collapse of the curves indicates a behavior
m*(ω) −m*(0) ~ fm(ω/T). The data between0.22 and0.4 eV are shown asdotted lines.
ϵ∞ = 2.76 was used here as in Fig. 1.
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Planckian dynamics !
of large Fermi surface

Electron scattering time ω
from optical conductivity

ω(ε) =
⊋

kBT
F

(
⊋ε
kBT

)



Quantum entanglement, 
the SYK model, 
and black holes  



Objects so dense that light is 
gravitationally bound to them.

Black Holes

Horizon radius R =
2GM

c2
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G Newton’s constant, c velocity of light, M mass of black hole
For M = earth’s mass, R ⇡ 9mm!
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Karl Schwarzschild (1916)
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Quantum Entanglement across a black hole horizon
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Quantum Entanglement across a black hole horizon

Black hole 
horizon

= | ↑↓〉 − | ↓↑〉

Quantum entanglement 
on the surface
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By computations outside
the black hole,

Hawking obtained

the black hole entropy

S =
Ac3

4G⊋

where A is area of the

black hole horizon.

All other systems have

entropy proportional to

their volume.



Quantum Entanglement across a black hole horizon
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ωring→down → ⊋
kBT

Planckian dynamics!

T is the Hawking

temperature of

the black hole



Maxwell’s electromagnetism  
and Einstein’s general relativity  

allow black hole solutions with a net charge 

~x ⇣
The quantum versions of 
Maxwell’s and Einstein’s 

equations in  
       space and time are  

also the equations describing 
electron entanglement  

in the SYK model!

⇣



The SYK model describes multi-particle 
quantum entanglement resulting in the  

loss of identity of the particles 
 

In one set of variables, it describes  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In a dual set of variables it describes 
charged black holes
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Can the complex  
quantum entanglement in 
the SYK model lead to a 

quantum advantage?


