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Abstract

The thesis explores in great detail how the advancements in machine learning could be lever-
aged to further fundamental research in physics. We use the transformer architecture to classify
different phases of matter with interpretable models. We propose a modified architecture, the
correlator transformer, that provides full interpretability in terms of correlation functions. We
also show that transformers could be a good variational ansatz generator for quantum many-
body systems and find good approximations for ground state energies for different Heisenberg
systems.

A significant portion of the thesis is dedicated to applying vision transformers for phase
classification in different systems. Considerable work has been done in regard to phase clas-
sification using neural networks, and with great success. But, despite their effectiveness, they
tend to operate as "black boxes". This work seeks to shed some light on these black boxes in
terms of physically relevant observables. By training vision transformers on a range of sys-
tems, from lattice models like the Ising and Z, gauge models to continuous systems such as the
Fermi gas, the thesis provides new insights into how a neural network "perceives" these phases
of matter. The goal is not only to classify these phases accurately but also to understand the
underlying physical correlations the models use to make their decisions, thus addressing the
critical challenge of interpretability in deep neural networks.

Deep neural networks have the potential to serve as universal function approximators, and
this capability has been used to successfully solve quantum many-body systems variationally.
Thus, the second part of the thesis focuses on this aspect of the transformer. We show that a
vision transformer can parameterise the quantum many-body wave functions and approximate

their ground state and other observables accurately.
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Chapter 1
Introduction

Our search for gaining new knowledge has always been limited by the tools we have. Un-
derstanding the complexities of quantum many-body systems is among the most exciting and
challenging areas of physics. Most models used to study many-body systems are not exactly
solvable, and we are forced to rely on numerical tools. Thanks to mathematical simplifications
and clever algorithms [1, 2, 3, 4, 5, 6, 7] we have been able to explore many interesting many-
body phenomena. Thus, developing new and improving existing tools to further our numerical
capabilities is crucial to fundamental research.

The advent of technological innovations in machine learning (ML) (particularly in deep
learning) has catapulted many fields to unprecedented levels of efficiency, accuracy, and dis-
covery. These advancements have not only reshaped existing industries but have also paved the
way for entirely new areas of application. From healthcare [8, 9, 10] and finance [11, 12, 13] to
autonomous vehicles and environmental conservation, ML is revolutionizing how we analyze
data, make decisions, and understand the world around us. Deep learning utilizes computational
models with many hidden layers to learn data representations at varying levels of abstraction
[14]. This strategy has pioneered advanced performance in areas like speech recognition, visual
object recognition, and object detection, as well as fields including drug discovery [15, 16, 17]
and genomics [18]. Deep learning uncovers complex patterns within large datasets through the
backpropagation of gradients.

As ML techniques have become more prevalent in industrial settings, there has been a
growing interest among physicists to explore its capabilities, especially in the study of quantum
many-body systems [19, 20, 21]. Models in physics are built on physical laws and constraints,
and we can interpret the outcomes of the model based on these laws. While in deep learning,
models are agnostic about the underlying rules that govern the data. Neural networks are trained
to uncover these hidden laws or features the data possesses. This makes understanding how
deep neural networks arrive at their decisions a significant challenge. To successfully model a
physical system using a neural network, it is crucial that we know what the model is "doing".
Deep learning models are infamously hard to interpret due to their inherent layered structure.

Among the plethora of deep learning models, the Transformer neural network, intended
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to improve natural language processing [22], has single-handedly allowed us to develop more
efficient large language models, for e.g., Chat-GPT, Gemini ...etc. The transformer marks its di-
vergence from existing architecture in its ability to capture long-range dependencies and its in-
herent parallelizability. This has paved the way for groundbreaking advancements in sequence
modelling tasks. With this great power comes great opaqueness in interpretability. Although it
gives state-of-the-art benchmarks, from a physicist’s point of view, the interpretability of such
models remains a problem that still needs to be tackled. The first part of this thesis endeavours
to shed some light on the black box and explain why a model can accurately classify two phases
in terms of physical observables.

In this seminal paper [20], the authors show that a class of neural networks called Re-
stricted Boltzmann Machines (RBM) can be used to generate variational ansatz and thereby
solve quantum many-body Hamiltonians using variational Monte Carlo. The second part of
the thesis focuses on using the transformer architecture to find good approximations to ground
state energies for a few correlated systems.

This thesis is structured as follows:
* Chapter 2: Reviews the Transformer architecture, focusing on its origins and evolution.

* Chapter 3: Discusses phase classification with an emphasis on interpretability. Results

for each physical system are presented in different sections.

* Chapter 4: Although related to interpretable phase classification, in this separate chap-
ter we discuss our modification to the standard transformer architecture to make phase

classification interpretable with regards to correlation functions.

» Chapter 5: Discusses Neural Quantum States (NQS) and ground state search using trans-

formers
* Chapter 6: Concluding remarks on this work and discusses possible future directions.

Therefore, this thesis is dedicated to exploring the applications of transformer neural net-

works in correlated systems.

18



19

Chapter 2
The Transformer

The transformer, initially developed to enhance sequence-to-sequence problems such as natural
language processing (NLP) was introduced by[22]. It has now become the state of the art in

not only NLP but also image classification.

Output
Probabilities

Linear

Add & Norm
Feed
Forward
Add & Norm

Multi-Head
Attention

Add & Norm

Feed
Forward

Nx

Add & Norm =

Nx I
Add & Norm Vosked
Multi-Head Multi-Head
Attention Attention
A 4 A y)

\. J | ——
Positional ®_€ A Positional
Encoding Encoding

Input Output
Embedding Embedding
Inputs Outputs
(shifted right)

Figure 2.1: Schematic of a transformer decoder and encoder modules. Fig from [22]

The transformer architecture (Fig: 2.1) is composed of an encoder and a decoder, each
constructed from a series of identical layers. The core of both the encoder and decoder layers
is the self-attention mechanism. Within the context of NLP, this makes the model capable of
attending to words at a different location in the input sentence when encoding or decoding a
particular word. This mechanism gives the transformer the ability to understand the context of

a word within a sentence, which is critical for accurate translation and text generation.

* Encoder: The encoder processes the input data and creates a set of representations that
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the decoder can use. Every layer in the encoder consists of two sub-components: the
first is a multi-head self-attention mechanism, and the second is a densely connected
feed-forward network. The transformer’s self-attention mechanism employs scaled dot-
product attention, which computes the relevance of all words in the input sequence w.r.t

each other words (tokens).

* Decoder: The decoder handles the generation of output sequences. Similar to the encoder
the decoder has two sub layers but it also has an additional sub layer that computes
attention over the encoder output. This aids the decoder in concentrating on important
segments of the input sequence, improving its ability to generate contextually appropriate

outputs.

» Self-Attention: Self-attention is a function that evaluates and links various locations
within a single sequence to derive a representation of the same sequence. That’s why
the name "self". What this allows is to enable the model to generate a contextual under-
standing of the tokens in a sequence. This is crucial in all NLP tasks. The self-attention
is used in three different ways: in the encoder for handling the input, in the decoder for
handling the output, and between the encoder and decoder (encoder-decoder attention)

to help the decoder attend to relevant parts of the input.

2.1 Attention Mechanism

The attention mechanism is among the most important concepts in contemporary machine
learning, especially in the field of NLP. It provides a way for models to concentrate on the
most pertinent segments of the input for decision-making purposes, similar to the way humans
pay attention to certain aspects of our environment over others.

Attention was first introduced as a sequence-to-sequence (seq2seq) model component to
improve machine translation. In early seq2seq models the encoder compressed the whole input
sequence (source language text) into a fixed-length vector, from which the decoder produced
the output sequence (text in the target language). However, this architecture struggled with
long sequences because the fixed-length vector became an information bottleneck. To address
this,[23] introduced an attention mechanism that allowed the decoder to look back at the input
sequence and dynamically focus on different parts of it during the translation process. This not
only improved the translation quality but also made the internal decision-making process of the
model more interpretable.

One way to think about the attention mechanism is transforming a query along with a col-
lection of key-value pairs into an output, where the output is values weighted by the similarity
score between the query and key. This similarity score can be computed in different ways, but

the most common is scaled dot product attention.

20
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The Scaled Dot-Product Attention is described by,

. OKT
Attention(Q, K, V) = softmax ( ) V. 2.1
Vd
Where Q is the query matrix, K is the key matrix V is the value matrix, d is the dimensionality
of the keys (query, value), and the scaling factor is used for stability for gradient propagation.
The softmax function is applied across the keys for each query, resulting in weights that
sum to 1 to give the attention probabilities. The output is values weighted by the degree of
similarity between the query and its associated key.
The Transformer model extends this idea with "Multi-Head Attention," which allows the
model to collectively attend to short-range and long-range information from different represen-
tational spaces. This is achieved by performing the attention function in parallel for each head

and then concatenating the results:

MultiHead(Q,K,V) = Concat (heady, head, , ..., head, )W°
Where each head is computed as:

head; = Attention(QW2, KWK vw) 2.2)

All W are projection matrices that are learned during training.

The advent of attention mechanisms has been pivotal in the field of large language models
as it enabled the development of more sophisticated models that can handle long sequences and
complex relationships within the data. It has also improved the interpretability of models, as
the attention weights give information about which part of the data is more relevant to the task
at hand.

2.2 Positional Embedding

Positional embeddings are a crucial component of the Transformer architecture, which enables
the model to take into account the order of the sequence data it processes. Since Transformers
lack the inherent sequential processing of models like RNNs, positional embeddings are nec-
essary to provide context that the relative position of tokens in a sequence can convey. We will
briefly go through the three main types of positional embeddings: sine-cosine, learnable and

relative positional embeddings.

Sine-Cosine Positional Embedding

The original Transformer model uses fixed, non-learnable positional embeddings (absolute)

based on sine and cosine functions of different frequencies. The intuition is that these functions

21
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can provide a unique signal for each time step, and their periodic nature allows the model to
generalize to sequence lengths unseen during training. The positional information is usually
encoded after a linear projection of the patched (to N patches) snapshot to a hidden dimension
subspace (d). This is done to make the model more generalizable. The embedding can be

written as,

| i
Pz =sin (1000021/d>

i
PE(i,Zj-‘rl) = COS <W> .
Here, i € {0,1,...N — 1} is the position of N patches and j € {0, 1,....,(d —1)/2} where d is
the embedding dimension. Each positional encoding dimension is represented by a sinusoidal

function, where the wavelengths progress geometrically from 27 to 10000 - 27z. This type of

encoding allows each token to have a distinct positional encoding.

Learnable Positional Embedding

Alternatively, positional embeddings can be parameters that the model learns during training.
This approach treats positions like words in NLP, assigning each position a vector just like word
embedding, and these vectors are learned as part of the model’s training process. The advantage
here is that the model can learn complex positional relationships that are specific to the task
at hand. The embeddings are initialized randomly and then adjusted through backpropagation.
Since they are trainable parameters, this increases the complexity of the model compared to

absolute positional embedding.

Relative Positional Embedding

Relative positional embeddings were introduced to improve upon the absolute positional em-
beddings used in the original Transformer. The idea is to embed the relative positions of tokens
with respect to one another rather than their absolute position in the sequence. This is especially
helpful in data where an element’s relative location is more significant than its absolute position
within the sequence. The Transformer can learn to use these relative positions effectively. The
relative positions can be either fixed or learnable.

Relation-aware positional embedding that allows for translational invariance was intro-
duced by [24] in which they add a term to the attention computation that represents the relative
position. This was modified by [25] to have both parallizabilty and interpretabilty.

T

K
Attention(Q, K, V) = softmax (Q—\/d_k —I—Fp) % (2.3)

Here, F), is the Toeplitz matrix parametrized by scoring function fg.(F));; = fo(j — i),

22
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where fp(j — i) models the how the i’ position relate to the j and can be written as [25],

S
folk) =Y aexp(—|Bsl(k—%)?) (2.4)
s=1

where k = (i — j) and a, fs, ¥, are trainable parameters for the kernel s. The kernels can be
thought of as different realizations of these set of weights (usually we use 1 to 3).

Each of these approaches to positional embedding has its advantages and may be more
suitable for different tasks or datasets. Absolute embeddings offer generalization capabilities
and are computationally simple, while learnable embeddings provide flexibility and can poten-
tially capture more complex positional information. Relative embeddings focus on the context
of token pairs and can provide a more dynamic understanding without large computational

overhead.

2.3 Vision Transformer

The vision transformer introduced by [26] modified the transformer to classify image-like data.
Traditional convolutional neural networks or CNNs have been the go-to models for image-
related tasks, utilizing layers with convolutions that process local kernels and build up an un-
derstanding of spatial features of the input data. ViT challenges this norm by leveraging the
Transformer’s self-attention mechanism to process images and, thereby, allowing the model to

have long-range dependencies. Images contain a vast number of pixels and, hence, features

Vision Transformer (ViT)

Bird MLP
o

Transformer Encoder

Transformer Encoder

e~ 0 1) D8 e)
g [ Linear Projection of Flattened Patches ]
SEE I I I
wEn——NNEEENSEE
T 1

Multi-Head
Attention

Embedded
Patches

Figure 2.2: Schematic of Vision Transformer (ViT). Fig from [26]

compared to words in a sentence. The Vision Transformer addresses this issue by viewing im-
ages as a series of flattened 2D patches, similar to words in a sentence, rather than as a grid of
pixels. The basic concept behind ViT is to divide a picture into fixed-size patches, use a linear
embedding to reduce the dimension, add position embeddings, and then run the sequence of

these embeddings through a conventional Transformer encoder.

23
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* Patch Embedding: ViT begins by dividing an image into patches. These patches are flat-

tened and changed into a series of vectors with reduced dimensions. through a trainable
linear projection. This process is similar to tokenization in NLP, with image patches

being the visual tokens.

Position Embeddings: Since the order of the input is not automatically taken into account
by the Transformer, ViT encodes the patch embeddings with the positional embedding to

retain information about the location of each patch within the image.

Transformer Encoder: The resulting sequence of patch embeddings, with positional in-
formation included, is then fed to a Transformer encoder. Multi-headed self-attention
and MLP blocks (multi-layer perceptrons) are arranged in alternating layers to form the
encoder, just like the original Transformer used in NLP. Layer normalization and residual

connections are also included, enhancing training stability and performance.

Multi-Head Attention: The self-attention mechanism lets the model focus on the most
important segments of the image as it processes each patch. This allows the model to
recognize and incorporate dependencies over long distances and understand global con-

texts within the image.

We tune the standard ViT architecture according to the demands of the data. A watered-

down simpler model is considered for simpler systems like classical ising, and a more complex

architecture is considered for Cooper pair classification. The specifics of the model and data

are given in the next section.

24
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Chapter 3

Interpretable Phase Classification

3.1 Overview

Machine learning, with its ability to discern patterns and relationships in large datasets, offers
powerful tools for phase classification. Neural networks, when trained with appropriate non-
linear function and depth, can be applied to snapshots to identify various order parameters
and extremely non-trivial states such as topological phases. [19, 27] demonstrated that we can
recognize phases and phase transitions in a variety of physical systems using fully connected
and convolutional neural networks. [28] demonstrated the scheme of confusion learning to
find critical points. Other works using unsupervised learning approaches [29, 30, 31, 32, 33],
addressing the sign problem[34, 35] and classification of topological phases [36, 37, 38, 39, 40]

has been demonstrated successfully with the use of neural networks.

Most of the time, even though the neural network successfully classifies non-trivial phases
of matter, the interpretability or "why" or "what" the model learns remains a black box. Many
works have been done towards more interpretable, physics-friendly neural networks. [41, 42]
shows support vector machines (SVM) learning the mathematical form of physical observables
that can discriminate the two phases, [43] explores the learned weights of neural networks for
interpretability, [44] uses principle component analysis (PCA) to understand phase transitions
and fermionic critical points. Other works in this direction include but are not limited to ob-
taining analytical forms of nematic order parameters[45] and looking at the learned correlation
functions [46] with CCNN. This work intends to extend the ideas of CCNN [46] with Trans-

formers that can handle continuous quantum systems and long-range correlations.

In this chapter, we explore interpretability by employing different methods, including the
attention maps from the transformer, PCA analysis and looking at the learned weights to find

correlations.
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3.2 Classical Ising 2D

The transverse field Ising Hamiltonian is given by

H=-J Y ojci-hY ol (3.1)

<i,j> i
Where J is the coupling between the nearest neighbours and 4 is the external magnetic field.
We train the model with snapshots ranging from 7" = 0.25 to T = 4. The dataset is for h =0
with ferromagnetic interaction J > 0. At low temperatures, we have a magnetic order; all spins
are either up or down. In contrast, at higher temperatures, the state has a random magnetic

order.

3.2.1 Results

10

Magnetization

~1.0

T T T T 0.0
—100 0 100 200

Figure 3.1: Principal component analysis of classification tokens 10000 snapshots.

The results are for the given hyperparameters below, and we achieve 100% accuracy.

Hidden dimd =4

Patch size =2

Number of layers = 1

Number of attention heads = 1
Hidden drop out = 0.0
Attention drop out = 0.0
Learning rate = 0.005

Epochs =5

Batch size = 64
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We use the standard ViT with classification token but without any positional embedding. The
ground state data is the ferromagnetic state, and the excited state has random magnetization.
The model achieved 99.98% accuracy in the classification. From the principal component
analysis (PCA) of the model output Fig:3.1, we can see that the model learns the magnetization
of the system to classify between the excited state and the ground state. We find three distinct
domains corresponding to +1,0(0.5) and —1(0) magnetization. We can conclude that the

model learns the magnetization of the system to classify.

33 2 LGTin(1+1)D

3.3.1 ViT

- N

[ Attention J

W

Query Key Value ]

\ [ Linear Projection ] /
Embedded
Patches

Figure 3.2: Schematic of vision Transformer Encoder

The Attention in Fig 3.2 is given by the expression,

Attention(Q,K,V) = (QKT) V. (3.2)
Vd

Where d is the hidden dimension we chose for the model, here, we do not implement a softmax

activation function to control the order of correlations the model accesses. Next, we look into

how the transformer works on the level of pixels. Consider an image of dimension (A,c¢), ¢ is

the number of channels. First, we patch the image into grids of size (p * c), p designate the

desired patch size.
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The patched input image X has shape (h/p,cp). This patched image is then linearly pro-
jected by a projection matrix W” (Eqn 3.3) to the hidden dimension space d. We do not have
any bias terms for the linear projections.

XP =XWP, where W” has shape (cp,d)
cp

XiI]’. = Z’]Xianj, where X? has shape (h/p,d) (3.3)
a=

We include a learnable positional embedding (P) by element-wise multiplication for all the
projected patches.

The Query (Q), Key (K), and Value (V') are obtained by further linear projections (by the
projectors W?, Wk W") of these projected patches, which are described below (Eqn 3.4).

Q= XPWH
d
Qij= ) XpWy
b=1

Similarly,

T d k5 pT
K=Y wy Xij
k
d
Vij= Z X;;W,Zj (3.4)
m=1

The Q, K and V serve as the representations of the image in the hidden dimension subspace.

The attention map is then computed in the following manner,

d

T T
a= Y0k = Y xowiwi
r r,b,m=1
1 Zd: X0xP wiwh! (3.5)
ij = —= ibNkj " or" rk .
\/gnbm:l l g '

The final attention is computed by weighing these attention scores (a) with values (V).

Attention (A) = aV

hip  d cp
1 T T K
Ajj= 7 Y Y ) xuxix.whwhwh Wy W Wiy
r=1p,bkm=1a,ln=1
lh/pd < T T P el wPwrd wok! yirv
:72 Z Z Xia X Xen P P PrmW g, Wy WHW, Wy Wi (3.6)
d ;21 pbim=1aln=1

For the final classification, we take the mean over all the tokens before further projecting it
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into Logits.

Logits (y) = A"“"W +B
(3.7)

where W is a dX?2 weight matrix and B are the biases. We use the Cross-Entropy loss function,
which is given by,

L=— ) yilog(§i) (3.8)

i=1

1N
_]T[:

where N is the number of classes, y is the true distribution and ¥ is the predicted distribution.

3.3.2 Theory and data
The Hamiltonian of the Z, Lattice Gauge Theory in (1 + 1)-D is described as follows [47]

L—1 L
=1y (aj%jﬁ]ajﬂ -I-H.c.> —hY B, (3.9)
=1 =1

Where d;, d; are the bosonic ladder operators acting on matter site j, denotes the gauge

Z
T+
field between the matter site j and j+ 1 and ”L';.‘ it denotes the electric field between the matter

site j and j+ 1. The local generator G of the gauge invariance is defined as

A

Gj=(=D)VE 801, (3.10)
Gily) =gjlv) 3.11)

with eigenvalues g; = £1.

a
) Single Patch

TXOT

X

.

. sz . TX3 . TX4 . TXS . TXE) . TXI

b) 0 ™
1 Ny
2 ™
3 ny

Figure 3.3: a)1d chain indicating the matter (n;) and links (7}) and the patching for patch size
2, b) the indices of elements inside a patch (P).

We generate a 1D chain of length 16, with matter values measured in the Fock space basis
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(0,1) and link values measured in the T, basis (—1,1). For the convenience of interpretability

we change the matter values to (1, —1) prior to feeding the data into the transformer.

3.3.3 Results

The results are for the given hyperparameters below, and we achieve 99.89% accuracy.

Hidden dimd = 16

Patch size =2

Number of layers = 1

Number of attention heads = 1
Hidden drop out = 0.0
Attention drop out = 0.0
Learning rate = 0.01

Epochs = 10

Batch size = 64

From Eqn: 3.6 we can construct the weights of the 3 point correlator in the following way

d
: T T
in= Y, PoPLPWLWE WIWI Wy Wy (3.12)

aln
pbkm=1

Where a,l,n € {0,1,2,3}, denotes the 4 elements inside a patch (Fig: 3.3 b)). We fix
i =r = 0. That is, we look for the correlations inside the first patch specifically (and ignore the
superscript for convenience). Of the physically relevant correlations, the ones we are interested
in of the index Cpy3, which would contain the relevant terms from Gauss’s Law (Eqn: 4.14).

Since we changed the matter values from 0,1 to 1,—1, the (—1)" would just become nj,
allowing us to directly get the Gauss’s Law from the 3’ order correlation. From Fig: 3.4 we

can see that the weights of the term 023, which denotes the terms of the kind 71 %}‘_1 j have

T
greater weightage. We sum over all permutations of a given index. It is important to note that
the weights of the correlators of the type {Caaq, Cann, Caan--- } €tc are non-zero (at most the same
order). But of the unique (of the type C,;;,) 374 order correlators, we find that the transformer is
focusing on the most physically relevant one, i.e. those which constitute the Gauss’s law.

Fig: 3.5 depicts the weights of all possible 3" order correlations. All third order terms that
has index 1 (C1,4y,) has significantly reduced weights compared to the other. The large weights of
correlators such as Cyyq,Co00, Cooo --. indicates towards the transformer giving similar weights

to the individual elements 0,2,3 and ignoring 1.
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Figure 3.4: Absolute weights of unique 3" order terms in the Attention averaged over 50
different realizations. The indices denote the position of the relevant elements as described in
Fig:3.3
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Figure 3.5: Absolute weights of all possible 3’¢ order terms in the Attention averaged over 50
different realizations

3.4 Ising Gauge Theory 2D

34.1 VIiT

The Attention in Fig 3.6 is given by the expression,

Q T
Attention(Q,K,V) = ( > V. (3.13)
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Figure 3.6: Schematic of vision Transformer Encoder

Where d is the hidden dimension we chose for the model. Here, we do not implement a softmax
activation function to control the order of correlations the model accesses. Next, we look into
how the transformer works on the level of pixels. Consider an image of dimension (A, A, ¢), ¢
being the number of channels. First, we patch the image into grids of size (p * p), p designate

the desired patch size.

The patched input image X has shape ((h/p)?,cp?). This patched image is then linearly
projected by a projection matrix W” (Eqn 3.14) to the hidden dimension space d and appended
by the classification token. The classification token is a learnable parameter of shape (1,d). We

do not have any bias terms for the linear projections except for the final classification projection.
XP = XWP, where W? has shape (cp?,d)
cp2
X/ = Z’IXmij, where X? has shape ((h/p)?,d)
a=

Now the classification token (1,d) is added as the first element of X”
where X” now has shape ((i/p)*+1,d) (3.14)

Importantly, we do not implement positional embedding. Though positional embedding helps
to capture inter-patch correlations, the discriminating feature for the Ising gauge data lies within
the patches. Therefore, positional embedding could be omitted to make the model simpler and

more accurate.
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The Query (Q), Key (K), and Value (V') are obtained by further linear projections (by the
projectors W4, WX W") of these projected patches. The attention map is calculated as follows,

d

T K’ 5 pT
ajj= Z QirK;; = Z Xy Wiwy X]fj
r r,b,m=1
1 d T T
ai; = — xPx? wiwk (3.15)
) \/E r,b;—l ibkj "br'rk

And as discussed before, the attention is given by,

Attention (A) =aV (3.16)
(h/p)*+1 4 cp? . T o
Aij= ) Y ) XX X.Whwbwh Wy W Wi
r=1 p,bkm=1a,ln=1
For the final classification, the transformer receives only the classification token part of the

attention output (Aﬁljs =Ayj).

1 1 (gt g P yr" a k" v

CLS

Al = Vi Y Y xpxpxhwiwgwr (3.17)
p=1krbm=1

X lp , represents the classification token. This is then linearly projected to get the logits for

the loss function.
Logits (§) = AW + B

1 (Wp32+1 4 ’ o d
fi= Y XLXD XD WAWE WAW+Y By (3.18)

d p=1 skrbm=1 s=1
where W is a dX2 weight matrix and B are the biases. We use the Cross-Entropy loss function

to optimize the weights and biases.

3.4.2 Theory

The Z, Ising gauge theory in 2D is a model of tremendous interest in quantum computation
and condensed matter physics, known for its applications in understanding topological order
and quantum error correction. The theory is described in terms of spins on the links of a two-
dimensional lattice.

The Z, Ising Lattice Gauge Theory Hamiltonian in two dimensions is defined as

H=-JY []of (3.19)

p lep
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Figure 3.7: a) Ground state where Gauss’s law is satisfied, b) Excited state where Gauss’s law
is violated.

Here, the coupling constant is denoted by J, and the first sum covers all plaquettes p in the

lattice.

Gauss’s Law Constraint:

For the gauge invariance, each plaquette p of the lattice must satisfy the Gauss’s law:

Gy=[]oi =1 (3.20)
lep

The system has a highly degenerate ground state, comprising all possible configurations where
G, = 1 is obeyed. At finite temperatures, the gauge constraint is violated locally. This excited

state is characterised by

Gp=[]of =+1 (3.21)
lep

3.4.3 Results

We consider a system of size 16X16, with 2 channels for horizontal and vertical links. The

results are for the given hyperparameters below, and we achieve 100% accuracy.
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Figure 3.8: a),b) Excited state snapshots and their corresponding attention maps, c),d) ground
state snapshots and their corresponding attention maps

o
Attention Value

Hidden dimd =8

Patch size =2

Number of layers = 1
Number of attention heads = 1
Hidden drop out = 0.0
Attention drop out = 0.0
Learning rate = 0.01

Epochs = 20

Batch size = 64

Surprisingly, the transformer is able to classify the phases with weighted 2-point correlators.
To understand this, we describe the possible sum of 2"¢-order correlations, represented dia-

grammatically in Fig 3.9. And find it possible to arrive at a constraint similar to Gauss’s law.

Fig 3.8 shows the attention map for the two phases, which unfortunately does not give
much insight into how the transformer is able to classify. So, we look into the weights inside

a (2X2X2) patch (Fig 3.10). We can construct the weights of these 2-point weight correlations
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a) Ground State:

b) Excited State:

Figure 3.9: We look for a possible sum of 2-point correlators in a plaquette that could differ-
entiate the phases. The 2-point correlation is calculated w.r.t the spins inside the red dots and
summed for each possible plaquette configuration. a) The ground state can take the values £2,
b) while the excited state can take 0 and +2

0.05
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0.03

0.02

0.01
0 1 2 3 4 5 6 7

Figure 3.10: The weights (C) of the attention map in the first patch. The weights are computed
for 100 realizations and summed over by taking the absolute value.
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from the weights of the attention maps Eqn: 3.15

cir = i W W wiw (3.22)
r,b,m=1

We fix i = j = 0 to analyse the weights inside a single patch. Fig 3.10 shows the weights of the

attention map (Cpy) for the first patch averaged over 100 realizations. It is important to note that

a single patch consists of 8 link variables (spins), and only 4 of them constitute a plaquette. We

take the absolute value of each realization to minimize any loss of information. The weights

suggest links 2,5,6,7 contribute to the classification. This pattern remains the same for any

given patch. We calculate Gauss’s Law using these 4 spins for the 2 phases (Fig: 3.11).

By design, the transformer output (of the classification token) computes all possible 2-point
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Figure 3.11: a) Gauss’ law for the high-temperature phase, b) Gauss’s law for zero temperature
state
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Figure 3.12: Mean of the transformer output(of the classification token) for each phase.

correlations. Fig: 3.12 shows a histogram of the transformer out for the 2 phases. We can
conclude that the model doesn’t need to look into 4th order correlations as the theory suggests

to differentiate the phases accurately.

3.5 Cooper Pairs

3.5.1 ViT

The Attention in Fig 3.13 is given by the expression,

. OKT
Attention(Q, K, V) = softmax V. (3.23)

Vd
Where the softmax is applied on both the dimensions with the tokens, and d is the hidden
dimension we chose for the model. Next, we delve a bit deeper into how the transformer works
on the level of pixels. Assume an image of dimension (A, 4, c), ¢ being the number of channels.

First, we patch the image into grids of size (p * p), p designate the desired patch size.

The patched input image X has shape ((h/p)?,cp?). This patched image is then linearly
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Figure 3.13: Schematic for Vision Transformer Encoder module

projected by a projection matrix W” (Eqn 3.24) to the hidden dimension space d and appended
by the classification token. The classification token is a learnable parameter of shape (1,d).

(The bias terms are present but are not explicitly written for the sake of simplification)
XP = XWP, where W7 has shape (cp?,d)
sz
X[ =Y XiW};, where X? has shape ((h/p)*,d)
a=1

Now the classification token (1,d) is added as the first element of X?

where X” now has shape ((i/p)*+1,d) (3.24)

Next, we add positional embedding(P;;) to X? to obtain the Embedded Patches in Fig 3.13. We
choose a learnable positional embedding. Interestingly, we find that the element-wise multipli-
cation of positional embedding provides better results than the traditional approach of adding
them. The Query (Q), Key (K), and Value (V) are obtained by further linear projections (by
the projectors W9, W, W") of these embedded patches. The attention map is computed as

Lo — L NSNS wpwa p Nk yo pr
aij = 70K =ﬁ2 Y X Wi Pio Y WilX(; Bij
p=1b=1 k=1
L % wred" p ol wd wh
aij == Y XpXi PuPiWi, W (3.25)
p,b.k=1
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We apply Scale Norm (SN), which is

X
SN(x) = —— (3.26)
|Ixlla
where ||.|| is the L, norm and « is a learnable parameter. Now, we take softmax along the last
two dimensions, which denotes the tokens, to attenuate irrelevant portions and focus more on
the relevant parts of the snapshots that contribute to classification. This gives us the attention

probabilities (Eqn 3.27).

1 vd Py P’ p. pTwd wk
exp <73 Y b k=1XipXij FinBy jWprpk)

(h/p)*+1 = (h/p)*+1 1 yvd T T w4 wk
Zmzl anl €xp <\/_3 Zp,b,kzl Xn]szli PmbPknWprpk>

softmax (a;j) =

(3.27)

The final attention output is obtained by weighing these attention probabilities by their respec-
tive Value (V).

Attention (A) = softmax (a)V
d
Aij = Z softmax (ail) Vlj
I=1
T
W Pz),i“ exp (\/Lg Y5 a1 XXty PPy Wpr§k> T Xp P W,
N (h/p)2+1 - (h/p)?+1 | vd T k
=1 Yot > exp (73 Yo b=l Xrﬁbxlfn Pinp P anWl?prk>

XP=XP+A (3.28)

n=1

For the final classification, the transformer receives only the classification token part(X C’; =X fj)

Eqn (3.29) of the transformer output (X7). ZXIPJ. represents the learnable classification token.

T
) ) (h/p)>+1 exp (\/L;, X0 pae1 X0X{ PioP lg;WlflpW;i(k) Y XD P,WY,
X=X+ X

h/p)24+1 (h/p)2+1 T
= Z;(ng) Zfz:/f) exp (ﬁzﬁ,b,kzlxibxﬁ P ﬁWpr§k>

(3.29)

Which is then further linearly projected to get the logits for the loss function. We use the

Cross-Entropy loss function, which is given by,

L= yi log(ﬁi) (330)

N
=1

1
N !

1

where N is the number of classes, y is the true distribution and ¥ is the predicted distribution.The
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explicit expression for the predicted distribution can be written as

T
d it exp (XL XEXE PRI WE) T XL, W,
- Ls h/p)2+1 «(h/p)2+1 57
= E R e (L XX PP WA WE)
d
+ ) B (3.31)
s=1

Where W and B are the weights and biases of the final linear layer.

3.5.2 Cooper Pair Data

Cooper pairs are pairs of opposite spin momentum fermions bounded together at low tempera-
tures. We generate synthetic data of momentum space snapshots of 2D Fermi gas in a harmonic
oscillator potential with tunable interaction strength. At low or zero interaction strength, there
is no pairing, while at sufficiently large interaction strength, the opposite spin fermions tend to
pair across the Fermi surface. This pairing is important for superfluidity and superconductivity
[48]. We generate configuration on a 50X 50 (denoting p,Xpy) grid with cooper pairs and with-
out while maintaining the total number of particles. The red and blue particles denote opposite
spin fermions. The excited state (with high interaction strength) has an opposite spin pair (red
and blue denote spin up and spin down, respectively) distributed over the Fermi surface (de-

noted by the dotted circle). Meanwhile, the ground state has a random distribution. Fig 3.14 a)
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Figure 3.14: a) The excited state has two pairs of particles on the Fermi momenta b) the ground
state corresponds to randomly distributed particles. The dotted lines represent the Fermi mo-
menta.

represent one of the classes (Excited State) where there are two pairs of particles on the Fermi
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surface, and Fig 3.14 b) are snapshots where the particles are randomly distributed. The model

is trained on a set of these 2 classes of snapshots.

3.5.3 Results

The model is trained using the following hyperparameters.

Hidden dim d = 32

Patch size =5

Number of layers = 1

Number of attention heads = 4
Hidden drop out = 0.2
Attention drop out = 0.2
Learning rate = 0.005

Epochs = 20

Batch size = 64

We are able to achieve an accuracy of 96.10%.

Excited State

s
a) b)

Ground State

d)

Figure 3.15: a),b) the excited state snapshots and their respective attention maps, c),d)the
ground state snapshots and their respective attention maps

Fig 3.15 a) and b) show how the attention map focuses on the cooper pairs of the excited
state. While Fig 3.15 c) and d) shows the attention maps for the ground state, and we can see
the Transformer trying to locate the particles on the Fermi momenta but cannot find more pairs.
All attention maps are computed w.r.t the classification token. From these attention maps, we
can conclude that the transformer can identify the long-range correlations in our snapshot by

locating the cooper pairs.
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3.5.4 Analysis of Attention Maps

The attention map is computed by averaging over the attention maps of all the heads. Looking
into each attention map in the individual heads gives insights into what each head is focusing

on.

a)

o d) e @)

Figure 3.16: a) Excited state snapshot and the corresponding attention map, b),c),d),e) are the
attention map for headl, head2, head3 and head4, respectively

Fig 3.16 shows how different attention heads attend to different parts of the excited state

snapshot.

a)

0024 d) 0024 e)

Figure 3.17: a) Ground state snapshot and the corresponding attention map, b),c),d),e) are the
attention map for headl, head2, head3 and head4, respectively

Fig 3.17 shows how different attention heads attend to different parts of the ground state
snapshot. These attention maps show that the transformer is looking for the Cooper pairs at the
surface. We can also infer that head 2 contributes more to the underlying physics for fixed hy-
perparameters and seeds. Analysing these attention maps one can arrive at the conclusion that
the transformer is focusing on the particles on the surface (Cooper pairs) to make a distinction

between the two classes of snapshots.
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3.6 Percolation
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Figure 3.18: Schematic of vision Transformer Encoder

We use the same Transformer as we used for the 2D Ising Gauge Theory (Fig: 3.18) but
with positional embedding. And here, this is crucial for the model’s high performance because
it has to learn long-range correlations.

As discussed earlier, the patched input image X has shape ((h/p)?,cp?). This patched
image is then linearly projected by a projection matrix W? (Eqn 3.32) to the hidden dimen-
sion space d and appended by the classification token. The classification token is a learnable

parameter of shape (1,d). We also use completely learnable positional embedding.
XP = XWP, where W? has shape (cp®,d)
cp?
X! = ZIX,-anj, where X? has shape ((h/p)?,d)
a=

Now the classification token (1,d) is added as the first element of X7
where X? now has shape ((h/p)*+1,d)

Then we element wise multiply a learnable position embedding P.
sz

le; — Z XianjPij (3.32)
a=1

The Query (Q), Key (K), and Value (V') are obtained by further linear projections (by the
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projectors W4, WK W) of these projected patches. The attention map is given by,

ajj = ZQirK Z XquW

r,b,k=1

ajj = b; 1xf,jx,g wiwk' (3.33)
r

And as discussed before, the attention is given by,

Attention (A) =aV (3.34)
(h/ pP+l 4 ; o
Z Z Z X'I;lep Xl‘;mequrk Wrrlj'
p=1  rbkm=1a,ln=1

For the final classification, the transformer receives only the classification token part of the
. Is )
attention output (A7} = Ay;).

l 1 (h/p§)2+1 2 P P qﬂ’ q
C S
A = ﬁ [ _IXIkap X]I;mW W (335)

X]p , represents the classification token. This is then linearly projected to get the logits for

the loss function.

Logits (§) = AW + B

1 (h/p)*+1 d
= Y Z xfbx,fp XL WIWE W Wi+ Y B (3.36)
p=1 skrbm=1 s=1

where W is a dX2 weight matrix and B are the biases. We use the Cross-Entropy loss function

to optimize the weights and biases.

3.6.2 Results
Data 1

We generate a 16X16 lattice of random spins directed from one edge to the opposite edge. We
classify the 2 classes, those that reach the opposite edge as percolated and those that don’t as

a non-percolated state. The idea here is to test if the transformer can learn long-range correla-
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Figure 3.19: a),c),e) Attention maps for a few examples of percolated snapshots, b),d),f) atten-
tion maps for a few examples of non-percolated snapshots

tions. We get an accuracy of 99.99% for this classification.

Hidden dimd =8

Patch size =2

Number of layers = 1

Number of attention heads = 1
Learning rate = 0.01

Epochs = 20

Batch size = 64

Fig: 3.19 shows the attention map w.r.t the classification token (these attention maps are
interpolated to the image size). There is a concentration of attention score at the lower edge
where the percolated spins end. It seems the transformer is looking at whether a snapshot

reaches the bottom edge to decide whether it is percolated.

Data 2

Previously, we considered a simplified model for percolation, i.e. the percolated lattice random
spins directed from one edge to the opposite edge. Here, we add more complexity by randomly
rearranging the spins in the percolated images to make the non-percolated snapshots. This is

done so that the transformer can’t just look at the lower edge to make the classification. The
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data still consists of a 16X16 lattice with constant magnetization. The results are for the given

hyperparameters, and we achieve 98.69% accuracy.

Figure 3.20: a),c),e) Percolated snapshots and corresponding attention map, b),d),f) non-
percolated snapshots and corresponding attention map

Hidden dim d = 8

Patch size =2

Number of layers = 1

Number of attention heads = 1
Learning rate = 0.01

Epochs = 10

Batch size = 64

Although the total magnetization is constant across both phases, the high accuracy suggests that
the model is aware of the spatial distribution of the spins. This is confirmed by the attention
maps in Fig 3.20. The attention map seems to roughly follow the spins’ distribution in both

phases.

Fig: 3.21 shows the principle component analysis of the classification token.
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PCA of cls_token Mean of cls_token

a) ®  Percolated State b) 2.5 ®  Percolated State
24 Non Percolated State Non Percolated State

<cls_token>

-10 0 10 20 30 40 0 1000 2000 3000 4000 5000 6000
PCA_1 No: of Snapshots

Figure 3.21: a) PCA analysis of the classification token, b) The mean of classification token of
the two phases after training

3.7 Other Synthetic Data

3.7.1 Data

To simulate a bilayer material (similar to graphene bilayers) with antiferromagnetic coupling
between the layers, we generate snapshots with antiferromagnetic order about the vertical axis
(Fig:3.22). The snapshots are 16X 16 with each side representing 1 layer; therefore, the snap-
shots are unfolded bilayer. We train the transformer to see whether it can learn to classify this

ordered state against a disordered one (random magnetization).

Figure 3.22: Snapshot with antiferromagnetic coupling about the red dotted line, which is the
folding axis of the bilayer. The left-hand side would be 1 layer and the right-hand side the
other.

3.7.2 Results
The results are for the given hyperparameters, and we achieve 99.99% accuracy.
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Figure 3.23: a),c),e) Snapshots with antiferromagnetic bilayer coupling and their attention
maps, a),c),e) Phases with random magnetization and their attention maps

Hidden dimd = 16

Patch size =4

Number of layers = 1

Number of attention heads = 1
Learning rate = 0.01

Epochs = 10

Batch size = 64

Fig: 3.23 shows the attention map obtained from the transformer. We can clearly see that the
attention map for the antiferromagnetic phase reflects the underlying pattern. All the attention

maps are computed w.r.t the classification token.

3.7.3 Data

We generate spins in 16X 16 lattices with mirror symmetry about the vertical axis and train it
against a random configuration of spins. The aim of these generated data is to see whether the
transformer learns this symmetry. This could then be extended for systems with much more

complicated symmetries.
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Figure 3.24: a), b) Mirror symmetric snapshots and their respective attention maps, c), d)
random snapshots and their respective attention maps

3.7.4 Results

Hidden dimd = 16

Patch size =2

Number of layers = 1

Number of attention heads = 1
Learning rate = 0.01

Epochs = 10

Batch size = 64

The model achieves an accuracy of 99.99%. We see that the attention maps in the figure
Fig: 3.24 a) and b) do not have mirror symmetry but are similar to the case of bilayer Fig: 3.23.
We conclude that the transformer attention maps do not always reflect the exact underlying

symmetry.
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Chapter 4

Correlator Transformer

4.1 Architecture

!

ar o

1 f nth layer

o . Pos
_Embed

Figure 4.1: Schematic of the correlator transformer encoder

Here, the Attention in Fig: 4.1 can be written as

1
Attention = — QK'V 4.1)
Va2 (

Consider a snapshot of dimension (h,h,c) where h,c are the height and number of channels.

We first divide this snapshot into equal patches of dimension pX p, where p is the patch size.
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The snapshot now will have the dimension ((%/p)?,cp?). After this patching, we have a linear
projection of the hidden dimension subspace d. This is done to make the model more general-
izable. This projected patch (x') can be used as it is for the input of the correlator attention or
can be provided with additional learnable positional embedding depending on the input data.
We call this the first order term x! in Fig: 4.1, which remains the first input of all subsequent
correlator transformer layers. By default, we don’t use any layer norm (denoted by Norm in
Fig: 4.1), and it is used only if it is crucial for the model’s performance. This is chosen to keep
the model as simple as possible for better interpretability. The projected snapshot X! can be

written as,
X! = XWP, where W has shape (cp®,d)

2

cp
xi=Y XigW,;, where X” has shape ((h/p)?,d) (4.2)

a=1

In the first layer, both the query and key projections are computed from X!, which returns
the second-order terms X2. The query projection in the second layer remains the same, while
the key projection is now computed from the output of the first layer X2. This now computes
the third-order terms X>. Therefore, using n transformer layers would enable us to compute
up to (n+ 1) " order terms. We use a dropout layer to guide the network in obtaining the most

critical features. The query and key for the first transformer layer can be written as

01 =x'w2
K =x'wk (4.3)

Meanwhile, the value is a linear projection of the sine cosine embedding. The sine cosine

positional embedding is,
) i
PE(ivzj) = s (100002j/d)
PE = !
(12741) = “9\ 100002774 ) °
Here, i € {0,1,...N — 1} is the position of N patches and j € {0,1,.....,d — 1} where d is

the embedding dimension. Since these are not learnable parameters, they do not increase the

complexity of the model. The value, then, is
Vi = (PE)W, (4.4)
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The attention score of the first layer (X 2) can now be written as,

X? = 0KV,
= x'WewK' x" (PE)W, (4.5)

The n'” layer attention can be defined as,
Any1 = Q1K V, =X"! (4.6)

Where Q; denotes the query projection from X!, K;, denotes the key projection from X" and
Vi, is the value projection from the positional embedding at each layer n. This attention can be
thought of as weighing the different correlations in QK with their positional information.

We take a mean over each order correlator and have a linear projection to form the logits
for the Cross-Entropy loss function coupled with an L1 regularization loss with strength A.

After the training, we collect these learned correlators and do a regularization path analysis
to understand which order terms influence the classification the most.

This modified architecture shares the same number of parameters as that in a traditional

vision transformer.

4.1.1 Regularization Path Analysis

Regularization path analysis is a method for feature selection. We use the L; regularization or
the lasso regression. The idea is to collect all the learned correlators x”* and do a lasso regression

to see which of these n— point correlators is the most important for phase classification.
y=Bo+Bix! + Box® + ...+ Bux" (4.7)

Now, we need to find the appropriate 8 that would give us the best fit (Linear regression),
and by looking at which f, is the more prominent, we can say x" is the important order of
correlation in the system. To make sure that we isolate the crucial 3, we add a regularization

term L

L=A(IB1]+[B2] + -+ [Bal) (4.8)

Now we do a linear regression and find the f3, by minimizing

2
@—m—Zﬁw>+AZmﬂ (4.9)
j=1 j=1

We solve Eqn:4.9 for varying strengths A starting from very high where the regression fails

and slowly reduces it. And by looking at the coefficients 3, for all A, we can deduce which
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particular order of correlation is the most crucial in a quantum phase.

4.2 Heisenberg 2D

The Hamiltonian is given by
A=Y (8:85+ 818+ 5585) (4.10)
Where J is the nearest neighbour coupling constant and $** are the spin operators. We train

the transformer on a class of antiferromagnetic state (AFM) (J > 0) against completely random

magnetization. The AFM ground states are projective measurements of S° on each site. Here,

10 12 14

Figure 4.2: a) A ground state configuration, b) a random configuration, c) the position of the
spins inside a 2X?2 patch denoted by the red square

we multiply an additional learnable positional embedding to x!' before it enters the attention

mechanism. The results are for the given hyperparameters:

Hidden dimd = 16
Patch size = 2
Number of layers = 3
Learning rate = 0.02
Epochs = 50

A =0.001

Fig: 4.3 shows the accuracy and loss for the classification. Since the transformer is able
to classify the ground state and excited state of the Heisenberg AFM, we ask which are the
important correlations that the model learns to do the classification with such high accuracy.
For this, we do a regularization path analysis of all order terms that the transformer computes.
Fig: 4.4 depicts the regularization path for each 4 order correlators the transformer learns, and

it says that the 2" order correlations are the most crucial for the classification between the
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Figure 4.3: Accuracy and loss metrics for Heisenberg AFM classification
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Figure 4.4: Regularization path analysis for the given hyperparameters

2 phases. Now we ask which 2" order correlator is important, so we compute the 2"¢ order
weight matrix inside a patch Eqn: 4.11.
2 T 1 T
R WL AA A @11)
Here, the sum r,s goes through the 4 spins inside a patch (first patch), and P denotes the learn-
able positional embedding, W? denotes the linear projection matrix for the hidden dimension
projection whereas W!'@ WK are query and key projections of the first layer. Fig: 4.5 repre-

sents the weights of 2" order correlations between the 4 spins of a patch. This indicates that

the transformer is focusing more on the nearest neighbour correlations. That is, the correlations
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Figure 4.5: The mean absolute weights inside a patch over different realizations. P; goes over
the spins inside the patch.

between the nearest neighbour spins 01,02 have more weight than the next nearest neighbour

spin correlator 03.

43 Z LGTin(1+1)D
We use the same data as we discussed in Chapter 3, the Hamiltonian being
A L—1 . L
Ao=J Y (af%5 0501 +He ) = Y &0, (4.12)
j=1 j=1

Where d;,d ; are the bosonic ladder operators acting on matter site j, ’ci 41 denotes the gauge
field between the matter site j and j+ 1 and ’c}‘ it denotes the electric field between the matter

site j and j+ 1.
The local generator G of the gauge invariance is defined as

Gj= (=1t 5 s (4.13)

Gily) =gjlv) (4.14)

with eigenvalues g; = £1. Our ground state is where g; = 1V j, and the excited state is where
8j = +1.

We use a layer norm layer before the linear projection of x' and x”. The results are for the
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Figure 4.6: a) Schematic of the 1D Z, LGT, b) the positions of the elements inside a patch (only
elements 0,2, 3 contribute to the gauge constraint

given hyperparameters:

Hidden dimd =8
Patch size =2
Number of layers = 3
Learning rate = 0.001
Epochs = 100

A =0.002

Fig: 4.7 shows the classification results, and we achieve near-perfect accuracy. Now, we

0.7 r1o
0.6 ~
0.9

0.5 4

0.8
— Train Loss

— Test Loss
— Accuracy

0.4

Loss

Accuracy

r0.7
0.3 1

0.2 0.6

0.1+

T
0 20 40 60 80 100
Epoch

Figure 4.7: Accuracy and loss metrics for the 1D LGT classifications

look into the regularization path (Fig: 4.8) to see which order correlations the transformer
focuses on. The transformer focuses on the 3"“-order correlations needed to calculate the gauge

constraint. Now, we plot the weights of correlations inside a single patch Eqn: 4.15(which
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constitutes 4 elements, as detailed in Chapter 3).

Ky 2K vt (4.15)

m "Vcb

3 T 1 T 2
Cops = Y PaPLPaWLWE whw ! w2,

Where W denotes the projection of i layer and M € Q, K,V denotes the query, key and value
projection. From Fig: 4.9, we see that it gives more weightage to the correlations between the
terms that constitute the 3"“-order gauge constraint. We can conclude that the transformer is

learning 3’? order gauge constraint to classify the 1D Z, LGT phases.

0
_2 -
— _4 1
N [—
6
— o
3
-8 e -B{ !
— '3{43
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Figure 4.8: Regularization path analysis for 1d LGT
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Figure 4.9: 3’ order weights corresponding to all the combinations of the elements inside a
patch over 10 different realizations
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4.4 Ising LGT 2D

We use the same data as we discussed in Chapter 3, the Hamiltonian is given by

H=-JY []of (4.16)

p lep

Here, the coupling constant is denoted by J, and the first sum covers all plaquettes p in the
lattice. Fig: 4.10 depicts both channels of a sample ground state snapshot and the positions of
the spins inside a 2X2X?2 patch.

Channel 1

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
- 1

Figure 4.10: Position of the 8 spins (links) inside a patch. Only the spins 2,5,6,7 forms the
plaquette

We use a layer norm layer before the linear projection of x! and x”. The results are for the

given hyperparameters:

Hidden dimd =6
Patch size =2
Number of layers = 3
Learning rate = 0.01
Epochs = 100

A =0.0001

Fig:4.11 shows the classification results of the transformer on the 2 phases. We now look into
the regularization path analysis Fig:4.12, which indicates that the transformer is learning 4'-

order correlations to differentiate between the 2 phases. This is promising because the gauge
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Figure 4.11: Accuracy and loss metrics for the Ising LGT classifications
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Figure 4.12: Regularization path analysis for the Ising LGT snapshots

constraint is a 4-point correlator. To check whether our model is learning the correct correlator,

we construct the 4-point correlation matrix (Eqn: 4.17), where the indices go through all 8
spins inside a single (2X2X?2) patch.

C Y WP WP wPw? wilw2e  wlw 1K 2K 3K 1V 2y 417

hdrs—Z hg"ad "rk"ls "km "ea Ygp "'ml "bc Ypg Ynb "Wqf (4.17)

Fig:4.13 depicts the weights of the 4-point correlators that the transformer learns, and we can

see that the index 2567 has more weightage. As discussed in the classification in Chapter 3,

we know that the spins at position 2,5,6,7 include the 4 links that form the plaquette. We
can clearly say that the transformer is learning the 4-point gauge constraints (Gauss’s law) to
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Figure 4.13: The 4 order correlator weights learned by the transformer

distinguish between the zero-temperature and high-temperature phases.

4.5 Cooper pairs

Here, we demonstrate the ability of the transformer to capture long-range correlation, which
most existing architectures find challenging. The synthetic data depicting momentum space
snapshots are generated by distributing +1 for the spin up and —1 for the spin down on a
30X 30 grid with a Fermi radius of 10. The excited state has 2 cooper pairs and 2 pairs randomly
distributed inside the Fermi surface. The ground state has 2 pairs on the Fermi surface, but none
forms a pair. This is done so that the transformer won’t just count the particles on the surface

to make the classification. Fig: 4.14 shows one example from both the classes.

Here, we multiply an additional learnable positional embedding to x! before it enters the

attention mechanism. The results are for the given hyperparameters:
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Figure 4.14: a) A ground state snapshot with zero cooper pairs, b) an excited state snapshot
with 2 cooper pairs
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Figure 4.15: Accuracy and loss metric for Cooper pair classification

Fig: 4.16 indicates that the 2"? order correlations are the most important for discriminating
the two snapshot classes. We plot the 2"“-order attention map to see which 2"-order correlator

is the most important. Fig: 4.17 shows the attention map w.r.t the highlighted patch in red
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Figure 4.16: Regularization path analysis for the Cooper pair data
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Figure 4.17: Attention maps w.r.t the highlighted particles on the Fermi surface.

square. We see that the transformer focuses on the opposite momentum pair in a cooper-
paired state, while no such structure exists in the randomly distributed phase. We can conclude
from the regularization path analysis and the attention maps that the transformer is learning to

identify the long-range cooper pairs to distinguish between the two classes of snapshots.
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4.6 Percolation

We use the same data from Chapter 3: percolated snapshots are connected spins from one edge

to the other, and the non-percolated snapshots are where this connection is broken. Here,

Percolated State Non Percolated State

Figure 4.18: a) A percolating snapshot, b) a non-percolating snapshot
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Figure 4.19: Accuracy and loss metric for the percolation classification

we multiply an additional learnable positional embedding to x!' before it enters the attention

mechanism. The results are for the following hyperparameters:

Hidden dimd = 16
Patch size = 2
Number of layers = 3
Learning rate = 0.01
Epochs = 20

A =0.001
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Fig: 4.19 depicts the classification metric, and we reach a very good accuracy from the

beginning.  The regularization path analysis Fig:4.20 tells us that the transformer uses 2"
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Figure 4.20: Regularization path analysis for the percolation problem
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Figure 4.21: a) c) Attention maps for the percolated state, b) d) attention maps for the non-
percolated state. All attention maps are w.r.t the highlighted patch in red.

order correlations to distinguish between the 2 classes of percolation data. We now explore
what these 2" order correlations are by looking at the 2"¢ order attention map Fig:4.21.

It is unclear what particular 21d_order terms the transformer learns, but we can see that the
transformer attention map focuses on the percolation path. We plot the mean of this attention
map for a set of snapshots from each class Fig:4.22. This tells us that the transformer finds

discriminating features from the 2"?-order attention map.
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Figure 4.22: Mean of attention for both percolated (denoted by GS) and non-percolated (de-
noted by ES)

4.6.1 Note

It is important to note that the order of correlations given by the regularization paths is not 100%
robust against changing hyperparameters. For e.g., in our testing, we found the transformer
focused on 2@ order correlators for classifying Ising LGT and by inspecting the weights, we
found that it is indeed possible to construct a 2" order gauge constraint-like term. Also, we
found 4" order correlation for the cooper pair; that is, it could locate all the pairs on the surface
to make the classification. This shows the strength of the transformer in computing higher-order

long-range correlations. Thus, we have to be careful when interpreting such results.
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Chapter 5

Neural Quantum States

5.1 Overview

Neural Quantum States (NQS) represent a novel approach in the field of condensed matter
physics, leveraging the strength of artificial neural networks to model complex quantum sys-
tems. Carleo and Troyer’s [20] seminal paper on neural quantum states using the Restricted
Boltzmann Machine (RBM) opened the field of neural networks in solving many-body quan-
tum systems. This approach has gained significant attention for its potential to solve problems
that are intractable for traditional numerical methods. A neural network with a sufficient num-
ber of parameters and non-linear activation functions can be treated as a universal function
approximator [49, 50, 51]. Since then, there have been implementations using Feed Forward
Neural Networks (FFNN) [52, 53, 54, 55], Recurrent Neural Networks (RNN) [56, 57, 58, 59],
Convolutional Neural Networks (CNN) [21, 60, 61, 62] and Auto encoders [63, 64, 60]. In this
thesis, we use transformers as a variational ansatz generator. Previous works include but are
not limited to [65, 66, 67, 68, 69].

Consider a system whose wave functions are parameterized by 6 in configuration basis ©.

The expectation value of any observable O is calculated as

(Wo|O|Wo)
(Po|Wo)
_ Yo.0/(Welo)(c]|0|c") (0’| We)
B Yo [(Wolo)|?
_ Lo(¥elo)(o|¥e) (Xo(0l0|0’) (0’ |We))
Yo l(Polo)]?
_Xo [(Wolo)|? (Lo (0]0]0") (0" [¥e))
Yo |(Polo)|? '

(0)=

S.D
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We can see the above equation comprising of the following two terms,

W 2
One(0) =1, <G|0<’z/|21<,:>/ o) (5.3)

where P(o) denotes the probability amplitude of the wave function for a given config-
uration o, and Oy, is the local estimator of the observable 0. We can approximate this
quantum mechanical expectation value by sampling a sufficiently large number of samples

(69,6, ....0")from the probability distribution P(c’) and can be expressed as

N L .
<0> ~ N Z OIOC(G(I)) (5.4)
i=1

where N is the number of samples. These samples are the snapshots we used in Chapter 3 for

phase classification.

The idea of NQS is to generate appropriate variational wave function Wg and variationally

reach (O). We use transformer neural network to generate these variational anzast.

5.1.1 Variational Monte Carlo

Monte Carlo methods are a broad class of computational algorithms that estimate numerical
outcomes through repeated random sampling. These methods are particularly useful in for
solving problems that may be deterministic in principle but are too complex for analytical

solutions.

For any trial wave function y7, the energy expectation is calculated as follows

gy = \WrlHlyr) 5.5)

(wrlvr)

The true ground state energy Eq of the Hamiltonian A will always be less than Er.

< (wr|H|yr)

. 5.6
(wrlyr) -0

To obtain a reliable approximation of the ground state within the bounds of current compu-
tational power, it is essential that we parameterize the trial wave function using appropriate
variational parameters. First, we construct a trial wave function yr = yr(0,0). for a many

body configuration ¢ parameterised by m variational parameters 6 = (6,6,,...6,,). The ex-
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pectation value of the Hamiltonian is given by

_ Jdo¥}(c,0)H(0)¥r(0,0)

ElH] = (H) = [do¥i(c,0)¥7(0,0) S

We evaluate this integral using the Metropolis Hasting Algorithm. The parameters are updated

according to Stochastic Reconfiguration, which is touched upon in the next section.

Algorithm 1 Variational Monte Carlo (VMC) Algorithm

1: Initialize wavefunction W7 (o).
2: Initialize total energy accumulator Eoy = 0.
2: fori=1toM do
3: Propose a spin exchange 6 — o’. )
4: Compute Metropolis acceptance ratio A(6 — ¢”’) = min(1, ‘KPPTT(((:}g)) ‘ )
5: Generate a random number r € [0, 1].
5. ifr<A(c — o) then
6: Accept the move: o = o’.
_ AY¥7(0:6)
7: Compute the local energy Ef(0) = ———=~.
Yr(o:0)
8: Accumulate the energy: Eioa1 = Etotal + EL(O).
9: end loop
10: Compute the average energy: Eapprox = E};}‘a‘.

5.1.2 Stochastic Reconfiguration

Introduced by [70], stochastic reconfiguration (SR) is a stochastic iterative method for energy
minimization using variational Monte Carlo. Unlike standard optimization methods that use
gradient descent, which can be inefficient due to the complex, high-dimensional landscapes
typical in quantum problems, SR takes into account the curvature of the parameter space.

The goal is to find the ground state energy of a quantum system by iteratively updating the
parameters of a trial wave function. This involves calculating the energy gradient concerning
the parameters and the S matrix, which represents the metric of the parameter space.

Consider a variational wavefunction Wy parameterized by a set of parameters 6 The expec-

tation value of the Hamiltonian H is given by:

(Po|H|Wg)

E6)= (Po|Po)

(5.8)

We define an operator Oy, at each iteration and parameter 6, which is diagonal in the configu-

ration basis.

s OJo. Ve

0, = 5.9
k Ve (5.9
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The gradient of the energy with respect to the parameters 0 is:

JE(0)

F(0)= 5.10
(6)= >, (5.10)

Stochastic Reconfiguration updates the parameters 6 according to:
AB =—S"1(0)F(0) (5.11)

S(0) is defined as:
¥y|070,|¥ W O] |¥e) (WO, ¥

5,(0) =R (6|0, 0/[Ye) (¥0|0;|¥0){¥6|0,[Ve) (5.12)

(Wo|¥o) (Wo|We)?

Here, O; and O; are the operators corresponding to the partial derivatives of ¥g (log(¥(8))

with respect to 6; and 6;, and R denotes the real part.

Algorithm 2 Stochastic Reconfiguration (SR) Algorithm

Perform a VMC simulation to collect M samples of configurations {0y, Gy, ...C; }.
for each sample i =1 to M do

Compute the derivatives of the wavefunction Vg log¥7(o;; 6).

Accumulate F(6) and S(6) using E; and Vg log ¥r.

Average F(6) and S(6) over M samples.

Solve the linear system S(6)A8 = —F (6) for A@.

Update the parameters: 6+ 6+ nAé.

AN AN i el

The variational Monte Carlo and optimization are done using Netket[71], and the trans-

former is written in Jax [72].

5.2 VIiT NQS

Here, we implement ViT with talking multi-head attention, which allows all heads to share
the information between them. This is achieved by having a linear projection of all the heads,
resulting in the mixing of information from these heads. The input configurations are patched
and projected to the hidden dimension space in the Embeddings block in Fig: 5.1 (a), then it
goes through the multi-head attention and finally linearly projected and summed over all the
patches to get log(W) after applying the log(cosh(.)) non-linear activation function. Working
with the logarithm of the wave function gives more stability for gradient propagation. We use

relative positional embedding [25].

oK®

Attention(Q,K,V) = (\/d_
k

*F,,) % (5.13)
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Figure 5.1: a) Schematic of the ViT NQS (The activation function ([) we use is log(cosh(.)),
b) talking multi-head attention block

Where F), is the Toeplitz matrix parametrized by scoring function fy. (F},)ij = fo(j —i), where

fo(j — i) models the how the i"" position relate to the j* and can be written as,

S
folk) =Y ayexp(—|Bs|(k— %)) (5.14)
s=1

where k = (i — j) and o, fs, 75 are trainable parameters for the kernel s.

5.3 Heisenberg AFM 1D

The one dimensional Heisenberg Hamiltonian is defined as

=

H=17Y (SiSi+S8;Si,+55i) (.15)

i=1
S% (a0 = x,y,z) are the spin operators at site i. J is the exchange coupling constant, which
quantifies the strength and type (ferromagnetic for J < 0 or antiferromagnetic for J > 0) of the
interaction between neighbouring spins. N is the total number of spins in the chain, and the

periodic boundary condition is assumed (Sy+1 = S1).

5.3.1 Results

We use a hidden dim d = 32 and number of heads 4 = 16 for L = 14,16,22. For L =24,d =48
and h = 24. Patch size is 2 for the above lattice. The NQS ground state energy converges to
the exact diagonalization results with relative error € ~ 0.01% (Fig: 5.2). The relative error is
given by € = Engs—Eesaar|

Eexact
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Figure 5.2: The ground state energy for lattice size a) L=14, b) L=16, ¢c) L=22, d) L=24.

5.4 J, —J, Heisenberg 1D

The Hamiltonian for the 1D J; — J, Heisenberg chain is defined as:

H2112§i~§i+1+122§i‘§i+2 (5.16)
; ;

The spin operator at site i, denoted as S;. This operator is a vector comprising: S, Sly ,
and S. The model is defined through two primary coupling constants, J; and J,. The J; term
quantifies the interaction energy between spins that are directly adjacent, acting as the coupling
constant for nearest neighbour (NN) spin interactions. Antiferromagnetic coupling is indicated
by a positive J;, whereas ferromagnetic coupling is suggested by a negative J;. J, represents the
coupling constant for next-nearest neighbour (NNN) spin interactions, capturing the interaction
energy between spins separated by two sites. The J, coupling adds frustration to the system if
its interactions compete with those of J;.

An important observable that we calculate is the structure factor, which is defined as

o] igi—j
(@) =7 Y (of.07)e 1) (5.17)
7

5.4.1 Results

The transformer uses d = 32, h = 16 and patch size =4 for lattice size L = 16. In the evaluation

of the structure factor (Eqn: 5.17), we compute x (¢ = 7).
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Figure 5.3: Results for system size L= 16 a),b) Energy and structure factor for J,/J; = 0.2,
¢),d) Energy and structure factor for J,/J; = 0.8

Fig 5.3 shows the results for a chain of length 16. While the transformer performs ex-
tremely well in the lower frustration limit, it has a reduced accuracy when the system is highly
frustrated. For J,/J; = 0.8 we have the relative error € ~ 1.4% while J,/J; = 0.2 have a bet-
ter convergence in energy with € ~ 0.08% For a slightly larger system of 40 spins (Fig: 5.4),
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Figure 5.4: Energy for system size L= 40 a) For J,/J; = 0, b) for J,/J; = 0.8. The DMRG
results are from [65].

we get similar convergence as previously. With € ~ 1.6% for the highly frustrated case and
€ =~ 0.07% for no next nearest neighbour coupling. We use d = 32,h = 16 and patch size= 10.

For system size L = 8 and J,/J; = 0.8 (Fig: 5.5), the transformer finds the ground state of
highly frustrated regime with excellent convergence € ~ 0.004%. We use d = 16,h = 8 and
patch size= 2.
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Figure 5.5: a) Ground state energy for system size L=8 with J, /J; = 0.8, b) structure factor for
the same system.

5.5 Heisenberg AFM 2D

The two-dimensional Heisenberg Hamiltonian is defined as

H=1J <Z> (s155+ 815} +8555) (5.18)
LJ

S (o0 = x,y,z) are the spin operators at lattice site i. J is the exchange coupling constant. J >
0 for antiferromagnetic coupling, while J <0 for ferromagnetic coupling. The sum }.; ; runs

over nearest-neighbour pairs of spins.r

5.5.1 Results

For the 4X4 lattice, we use d = 48 and h=24, with patch size =2 and for 6x6 lattice we use
d = 128, h=64 and patch size =3. The number of parameters we use are less than their respective

Hilbert space dimension, although of the same order. Fig 5.6 shows the ground state energy

) — NQS Energy b) — NQS Energy
a) -o0s0 — Exact ~0.40 — Exact
~0.45
-0.55
J 0501
>
“E _o.60 )
E —0.55
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Figure 5.6: Ground state energy for a) L=4X4, b) L = 6X6

obtained through ViT NQS with reference to the exact diagonalization results [73]. While 4X4
shows relatively good convergence (€ ~ 0.2%), 6X6 lattice has an error of € ~ 0.5%.
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Chapter 6
Conclusions and Outlook

Artificial intelligence, or, to be more specific, the application of deep neural networks in con-
densed matter physics problems, holds significant potential in discovering and probing fun-
damental physics. It has already been proven that these methods can be powerful tools in
exploring domains where the traditional methods come short. With this great power comes
great opaqueness in interpretability. This thesis has focused on making deep neural networks
more "scientific" by exploring ways to shed light on what and why the model is able to classify
certain physical states. We were successful in obtaining various higher-order correlators that
are crucial for discriminating the phases. We also find long-range dependencies in synthetic
cooper pair data, which traditional CNN models would have difficulty considering.

We also explored the transformer in its ability to parameterize many-body wave functions
and reach good approximations for the ground state energy. Thus, we demonstrate the success
of adopting transformer neural networks in the study of quantum many-body systems in the
interpretability of phases and parametrizing the wave functions.

Future directions could include a general transformer architecture that could output the
most relevant order correlations. The current thesis explored this, but the transformer was able
to classify with orders of correlations that are different from standard theory for the model
(for eg: Z; ising gauge theory). The ability of the transformer to find physically irrelevant
correlations and classify them happens to be a big bottleneck in interpretability with regard
to correlation functions. Regarding the NQS, many things could be done, including the time
evolution of states and improving the architecture itself for better convergence, especially in

the frustrated regime.






7

Bibliography

[1] S. R. White, “Density matrix formulation for quantum renormalization groups,” Phys.
Rev. Lett., vol. 69, pp. 2863-2866, Nov 1992.

[2] FE. Verstraete, D. Porras, and J. I. Cirac, “Density matrix renormalization group and peri-
odic boundary conditions: A quantum information perspective,” Phys. Rev. Lett., vol. 93,
p. 227205, Nov 2004.

[3] A.J. Daley, C. Kollath, U. SchollwA‘][ck, and G. Vidal, “Time-dependent density-matrix
renormalization-group using adaptive effective hilbert spaces,” Journal of Statistical Me-
chanics: Theory and Experiment, vol. 2004, p. PO4005, apr 2004.

[4] G. Vidal, “Efficient classical simulation of slightly entangled quantum computations,’
Phys. Rev. Lett., vol. 91, p. 147902, Oct 2003.

[5] J. I. Cirac and F. Verstraete, “Renormalization and tensor product states in spin chains
and lattices,” Journal of Physics A: Mathematical and Theoretical, vol. 42, p. 504004,
dec 2009.

[6] M. C. Baiuls, M. B. Hastings, F. Verstraete, and J. 1. Cirac, “Matrix product states for
dynamical simulation of infinite chains,” Phys. Rev. Lett., vol. 102, p. 240603, Jun 2009.

[7] M. Levin and C. P. Nave, “Tensor renormalization group approach to two-dimensional
classical lattice models,” Phys. Rev. Lett., vol. 99, p. 120601, Sep 2007.

[8] F. Shenavarmasouleh and H. Arabnia, DRDr: Automatic Masking of Exudates and Mi-
croaneurysms Caused by Diabetic Retinopathy Using Mask R-CNN and Transfer Learn-
ing, pp- 307-318. 01 2021.

[9] W. Zhu, C. Liu, W. Fan, and X. Xie, “Deeplung: Deep 3d dual path nets for automated

pulmonary nodule detection and classification,” 2018.

[10] S. Bauer, C. May, D. Dionysiou, G. Stamatakos, P. BALchler, and M. Reyes, “Multiscale
modeling for image analysis of brain tumor studies,” IEEE Transactions on Biomedical
Engineering, vol. 59, pp. 25-29, 01 2012.

[11] J. B. Heaton, N. G. Polson, and J. H. Witte, “Deep learning in finance,” 2018.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

78

78

W. Bao, J. Yue, and Y. Rao, “A deep learning framework for financial time series using
stacked autoencoders and long-short term memory,” PLOS ONE, vol. 12, pp. 1-24, 07
2017.

O. B. Sezer, M. Ozbayoglu, and E. Dogdu, “A deep neural-network based stock trading
system based on evolutionary optimized technical analysis parameters,” Procedia Com-
puter Science, vol. 114, pp. 473-480, 2017. Complex Adaptive Systems Conference with
Theme: Engineering Cyber Physical Systems, CAS October 30 a€* November 1, 2017,
Chicago, Illinois, USA.

Y. LeCun, Y. Bengio, and G. Hinton, “Deep learning,” nature, vol. 521, no. 7553, p. 436,
2015.

J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvu-
nakool, R. Bates, A. [.”Adek, A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl, A.J.
Ballard, A. Cowie, B. Romera-Paredes, S. Nikolov, R. Jain, J. Adler, T. Back, S. Petersen,
D. Reiman, E. Clancy, M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer, S. Bo-
denstein, D. Silver, O. Vinyals, A. W. Senior, K. Kavukcuoglu, P. Kohli, and D. Has-
sabis, “Highly accurate protein structure prediction with alphafold,” Nature, vol. 596,
p. 5832€7589, August 2021.

K. Preuer, G. Klambauer, F. Rippmann, S. Hochreiter, and T. Unterthiner, “Interpretable

deep learning in drug discovery,” 2019.

R. A—zA§elik, D. van Tilborg, J. JimA©nez-Luna, and F. Grisoni, “Structure-based drug
discovery with deep learning,” 2022.

J. Zhou and O. Troyanskaya, “Predicting effects of noncoding variants with deep learning-
based sequence model,” Nature Methods, vol. 12, pp. 931-934, Sept. 2015. Funding
Information: This work was primarily supported by US National Institutes of Health
(NIH) grants RO1 GMO071966 and RO1 HG005998 to O.G.T. This work was supported
in part by the US National Science Foundation (NSF) CAREER award (DBI-0546275),
NIH award T32 HG003284 and NIH grant P50 GM071508. O.G.T. is supported by the
Genetic Networks program of the Canadian Institute for Advanced Research (CIFAR). We
acknowledge the TIGRESS high-performance computer center at Princeton University for
computational resource support. We are grateful to all Troyanskaya laboratory members
for valuable discussions. Publisher Copyright: © 2015 Nature America, Inc. All rights

reserved.

J. Carrasquilla and R. G. Melko, “Machine learning phases of matter,” Nature Physics,
vol. 13, p. 431a€*434, Feb. 2017.



79

[20] G. Carleo and M. Troyer, “Solving the quantum many-body problem with artificial neural
networks,” Science, vol. 355, no. 6325, pp. 602-606, 2017.

[21] X. Liang, W.-Y. Liu, P.-Z. Lin, G.-C. Guo, Y.-S. Zhang, and L. He, “Solving frustrated
quantum many-particle models with convolutional neural networks,” Phys. Rev. B, vol. 98,
p. 104426, Sep 2018.

[22] A. Vaswani, N. Shazeer, N. Parmar, J. Uszkoreit, L. Jones, A. N. Gomez, L. Kaiser, and
L. Polosukhin, “Attention is all you need,” 2023.

[23] D. Bahdanau, K. Cho, and Y. Bengio, ‘“Neural machine translation by jointly learning to
align and translate,” 2016.

[24] P. Shaw, J. Uszkoreit, and A. Vaswani, “Self-attention with relative position representa-
tions,” 2018.

[25] U. Wennberg and G. E. Henter, “The case for translation-invariant self-attention in
transformer-based language models,” in Annual Meeting of the Association for Computa-

tional Linguistics, 2021.

[26] A. Dosovitskiy, L. Beyer, A. Kolesnikov, D. Weissenborn, X. Zhai, T. Unterthiner, M. De-
hghani, M. Minderer, G. Heigold, S. Gelly, J. Uszkoreit, and N. Houlsby, “An image is

worth 16x16 words: Transformers for image recognition at scale,” 2021.

[27] A. Tanaka and A. Tomiya, “Detection of phase transition via convolutional neural net-
works,” Journal of the Physical Society of Japan, vol. 86, p. 063001, June 2017.

[28] E. van Nieuwenburg, Y.-H. Liu, and S. Huber, “Learning phase transitions by confusion,”
Nature Physics, vol. 13, p. 4354€*439, Feb. 2017.

[29] K. Ch’ng, N. Vazquez, and E. Khatami, “Unsupervised machine learning account of mag-
netic transitions in the hubbard model,” Phys. Rev. E, vol. 97, p. 013306, Jan 2018.

[30] P. Huembeli, A. Dauphin, and P. Wittek, “Identifying quantum phase transitions with
adversarial neural networks,” Phys. Rev. B, vol. 97, p. 134109, Apr 2018.

[31] S. J. Wetzel, “Unsupervised learning of phase transitions: From principal component

analysis to variational autoencoders,” Physical Review E, vol. 96, Aug. 2017.

[32] L. Wang, “Discovering phase transitions with unsupervised learning,” Phys. Rev. B,
vol. 94, p. 195105, Nov 2016.

[33] W. Hu, R. R. P. Singh, and R. T. Scalettar, “Discovering phases, phase transitions, and
crossovers through unsupervised machine learning: A critical examination,” Phys. Rev. E,
vol. 95, p. 062122, Jun 2017.

79



80

[34] P. Broecker, J. Carrasquilla, R. G. Melko, and S. Trebst, “Machine learning quantum
phases of matter beyond the fermion sign problem,” Scientific Reports, vol. 7, Aug. 2017.

[35] J.-L. Wynen, E. Berkowitz, S. Krieg, T. Luu, and J. Ostmeyer, “Machine learning to
alleviate hubbard-model sign problems,” Physical Review B, vol. 103, Mar. 2021.

[36] D. Carvalho, N. A. Garcia-Martinez, J. L. Lado, and J. Fernandez-Rossier, ‘“Real-space
mapping of topological invariants using artificial neural networks,” Phys. Rev. B, vol. 97,
p. 115453, Mar 2018.

[37] J. F. Rodriguez-Nieva and M. S. Scheurer, “Identifying topological order through unsu-
pervised machine learning,” Nature Physics, vol. 15, p. 790a€“795, May 2019.

[38] N. L. Holanda and M. A. R. Griffith, “Machine learning topological phases in real space,”
Physical Review B, vol. 102, Aug. 2020.

[39] E. Greplova, A. Valenti, G. Boschung, F. SchAﬁfer, N. LA‘][rch, and S. D. Huber, “Un-
supervised identification of topological phase transitions using predictive models,” New
Journal of Physics, vol. 22, p. 045003, Apr. 2020.

[40] N. L. Holanda and M. A. R. Griffith, “Machine learning topological phases in real space,”
Phys. Rev. B, vol. 102, p. 054107, Aug 2020.

[41] P. Ponte and R. G. Melko, “Kernel methods for interpretable machine learning of order
parameters,” Phys. Rev. B, vol. 96, p. 205146, Nov 2017.

[42] K. Liu, J. Greitemann, and L. Pollet, “Learning multiple order parameters with inter-
pretable machines,” Phys. Rev. B, vol. 99, p. 104410, Mar 2019.

[43] P. Suchsland and S. Wessel, “Parameter diagnostics of phases and phase transition learn-
ing by neural networks,” Phys. Rev. B, vol. 97, p. 174435, May 2018.

[44] N. C. Costa, W. Hu, Z. J. Bai, R. T. Scalettar, and R. R. P. Singh, “Principal component
analysis for fermionic critical points,” Phys. Rev. B, vol. 96, p. 195138, Nov 2017.

[45] J. Greitemann, K. Liu, and L. Pollet, “Probing hidden spin order with interpretable ma-
chine learning,” Phys. Rev. B, vol. 99, p. 060404, Feb 2019.

[46] C. Miles, A. Bohrdt, R. Wu, C. S. Chiu, M. Xu, G. Ji, M. Greiner, K. Q. Weinberger, E. A.
Demler, and E.-A. Kim, “Correlator convolutional neural networks as an interpretable

architecture for image-like quantum matter data,” Nature Communications, vol. 12, 2020.

[47] J. C. Halimeh, L. Homeier, C. Schweizer, M. Aidelsburger, P. Hauke, and F. Grusdt,
“Stabilizing lattice gauge theories through simplified local pseudogenerators,” Phys. Rev.
Res., vol. 4, p. 033120, Aug 2022.

80



81

[48] M. Holten, L. Bayha, K. Subramanian, S. Brandstetter, C. Heintze, P. Lunt, P. M. Preiss,
and S. Jochim, “Observation of cooper pairs in a mesoscopic two-dimensional fermi gas,”
Nature, vol. 606, p. 2874€291, June 2022.

[49] G. Cybenko, “Approximation by superpositions of a sigmoidal function,” Mathematics of
Control, Signals, and Systems (MCSS), vol. 2, pp. 303-314, Dec. 1989.

[50] K. Hornik, “Approximation capabilities of multilayer feedforward networks,” Neural Net-
works, vol. 4, no. 2, pp. 251-257, 1991.

[51] T. Kim and T. Adali, “Approximation by fully complex multilayer perceptrons,” Neural
Comput., vol. 15, p. 16412€“1666, jul 2003.

[52] Z. Cai and J. Liu, “Approximating quantum many-body wave functions using artificial
neural networks,” Phys. Rev. B, vol. 97, p. 035116, Jan 2018.

[53] K. Choo, G. Carleo, N. Regnault, and T. Neupert, “Symmetries and many-body exci-
tations with neural-network quantum states,” Phys. Rev. Lett., vol. 121, p. 167204, Oct
2018.

[54] K. Ceven, M. O. Oktel, and A. Keles, “Neural-network quantum states for a two-leg bose-
hubbard ladder under magnetic flux,” Phys. Rev. A, vol. 106, p. 063320, Dec 2022.

[55] Z. Zhu, M. Mattheakis, W. Pan, and E. Kaxiras, “Hubbardnet: Efficient predictions of
the bose-hubbard model spectrum with deep neural networks,” Phys. Rev. Res., vol. 5,
p. 043084, Oct 2023.

[56] M. Hibat-Allah, M. Ganahl, L. Hayward, R. Melko, and J. Carrasquilla, “Recurrent neural

network wave functions,” Physical Review Research, vol. 2, 06 2020.

[57] C. Roth, “Iterative retraining of quantum spin models using recurrent neural networks,”
2020.

[58] J. Chung, C. Gulcehre, K. Cho, and Y. Bengio, “Empirical evaluation of gated recurrent

neural networks on sequence modeling,” 2014.

[59] H. Lange, F. Doschl, J. Carrasquilla, and A. Bohrdt, “Neural network approach to quasi-

particle dispersions in doped antiferromagnets,” 2023.

[60] J.-Q. Wang, R.-Q. He, and Z.-Y. Lu, “Variational optimization of the amplitude of neural-
network quantum many-body ground states,” 2023.

[61] A. Chen and M. Heyl, “Efficient optimization of deep neural quantum states toward ma-

chine precision,” 2023.

81



82

[62] C. Fu, X. Zhang, H. Zhang, H. Ling, S. Xu, and S. Ji, “Lattice convolutional networks for

learning ground states of quantum many-body systems,” 2022.

[63] A.Rocchetto, E. Grant, S. Strelchuk, G. Carleo, and S. Severini, “Learning hard quantum

distributions with variational autoencoders,” npj Quantum Information, vol. 4, June 2018.

[64] 1. A. Luchnikov, A. Ryzhov, P.-J. Stas, S. N. Filippov, and H. Ouerdane, “Variational
autoencoder reconstruction of complex many-body physics,” Entropy, vol. 21, no. 11,
2019.

[65] L. L. Viteritti, R. Rende, and F. Becca, “Transformer variational wave functions for frus-

trated quantum spin systems,” Physical Review Letters, vol. 130, June 2023.

[66] Y.-H. Zhang and M. Di Ventra, “Transformer quantum state: A multipurpose model for
quantum many-body problems,” Physical Review B, vol. 107, Feb. 2023.

[67] I. von Glehn, J. S. Spencer, and D. Pfau, “A self-attention ansatz for ab-initio quantum
chemistry,” 2023.

[68] R. Rende, F. Gerace, A. Laio, and S. Goldt, “What does self-attention learn from masked
language modelling?,” 2024.

[69] R. Rende, L. L. Viteritti, L. Bardone, F. Becca, and S. Goldt, “A simple linear algebra

identity to optimize large-scale neural network quantum states,” 2023.

[70] S. Sorella, “Wave function optimization in the variational monte carlo method,” Phys.
Rev. B, vol. 71, p. 241103, Jun 2005.

[71] F. Vicentini, D. Hofmann, A. SzabAl, D. Wu, C. Roth, C. Giuliani, G. Pescia, J. Nys,
V. Vargas-CalderAtn, N. Astrakhantsev, and G. Carleo, “NetKet 3: Machine Learning
Toolbox for Many-Body Quantum Systems,” SciPost Phys. Codebases, p. 7, 2022.

[72] J. Bradbury, R. Frostig, P. Hawkins, M. J. Johnson, C. Leary, D. Maclaurin, G. Necula,
A. Paszke, J. VanderPlas, S. Wanderman-Milne, and Q. Zhang, “JAX: composable trans-
formations of Python+NumPy programs,” 2018.

[73] “2d heisenberg exact result 1=6.” https://github.com/orgs/netket/discussions/838.

82



	e93c0e35d3717bd3e88fa2a71d5c06ae859b4b70192db57c2f34841035c83586.pdf
	Declaration
	Acknowledgement
	List of Figures
	Abstract
	Introduction
	The Transformer
	Attention Mechanism
	Positional Embedding
	Vision Transformer 

	Interpretable Phase Classification
	Overview
	Classical Ising 2D
	Results

	 Z2  LGT in (1 + 1) D
	ViT
	Theory and data
	Results

	Ising Gauge Theory 2D
	ViT
	Theory
	Results

	Cooper Pairs
	ViT
	Cooper Pair Data
	Results
	Analysis of Attention Maps

	Percolation
	ViT
	Results

	Other Synthetic Data
	Data
	Results
	Data
	Results


	Correlator Transformer
	Architecture
	Regularization Path Analysis

	Heisenberg 2D
	Z2 LGT in (1+1) D
	Ising LGT 2D
	Cooper pairs
	Percolation
	Note


	Neural Quantum States
	Overview
	Variational Monte Carlo
	Stochastic Reconfiguration

	ViT NQS
	Heisenberg AFM 1D
	Results

	J1-J2 Heisenberg 1D
	Results

	Heisenberg AFM 2D
	Results


	Conclusions and Outlook


