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Introduction to Algebraic Geometry
Shapes, Equations, and Applications

Xiaolei Zhao

January 26, 2026

Xiaolei Zhao Introduction to Algebraic Geometry January 26, 2026 1 / 4 8
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The Bridge Between Shape and Equation

What is Algebraic Geometry?

It is the study of geometric shapes defined by sets of algebraic equations.

It acts as a translation dictionary between:

Geometry (Visual)

Curves, surfaces, and higher

dimensions.

Intuitive properties (holes,

intersections).

Algebra (Formal)

Polynomials and Rings.

Calculation and formal

manipulation.

The Central Idea: Zeros of Polynomials

y � x2 = 0 �! Parabola

x2 + y2 � 1 = 0 �! Circle

Xiaolei Zhao Introduction to Algebraic Geometry January 26, 2026 2 / 4
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The Toolkit and Vocabulary

1. A�ne & Projective Varieties
The fundamental shapes are called Varieties.
We often work in Projective Space (adding points at infinity) so that

parallel lines meet, making the math more symmetric.

2. The Algebra-Geometry Duality
Ideals: A collection of polynomials corresponds to a shape.

Coordinate Rings: We study functions on the shape to understand

the shape itself.

3. The Modern Revolution (Schemes)
Pioneered by Alexander Grothendieck.

Allows us to do geometry over integers, bridging the gap to Number
Theory.

Xiaolei Zhao Introduction to Algebraic Geometry January 26, 2026 3 / 4
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Why It Matters (Real-World Applications)

Cryptography (Digital Security)
Elliptic Curve Cryptography (ECC): Modern encryption relies on the

algebraic structure of curves defined by:

y2
= x3 + ax + b

Hard to reverse without a key, keeping data secure.

Theoretical Physics
String Theory: Uses Calabi-Yau manifolds to model the hidden extra

dimensions of the universe.

Robotics & Coding
Kinematics: Robot movement ranges are calculated using algebraic

varieties.

Error Correction: Used in satellite data transmission.

Xiaolei Zhao Introduction to Algebraic Geometry January 26, 2026 4 / 4
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Research in Topology

Rhea Palak Bakshi
University of California, Santa Barbara

Information Session for Undergraduate Research
January 26, 2026
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Topology
• Mathematical study of objects that are highly mouldable

•Branch of abstract math - exploration of properties of ‘geometric’ 
objects

•Think of it as geometry but no concept of distance

• Tells apart objects based on the number and kinds of holes in them

≁
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Point-Set Topology 

Topological Spaces 
Continuous Maps 

Algebraic Topology 

Homotopy Groups

Homology Groups
Covering SpacesConnected and Compact 

Differential Topology

Smooth Manifolds 

Morse Theory

Piecewise-Linear Topology

PL Structures

Simplicial Complexes

Triangulations

Geometric Topology

Knot Theory 
Low-Dimensional Topology 
Mapping Class Groups 

Quantum Topology

Skein Modules
TQFTs and Anyons

Hyperbolic Geometry

Intersection Theory 
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Skein Modules 

Hyperbolic GeometryAlgebraic Geometry

Quantum Cluster algebras

Witten - Reshetikhin - Turaev Invariants

Representation Theory

Hopf algebrasHecke algebras

Homological invariants

Temperley - Lieb algebras

Topological Quantum Field Theories

Mirror Symmetry

Volume ConjectureAJ Conjecture
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Directed Reading Program

Research Opportunities With Me

3-Manifold Topology

Introduction to Knot Theory
Khovanov Homology 

Skein Modules and Algebras

2025

2026 Gram Determinants

Research Projects

2025 - 2026

Medial Quandles and Causality Detection

Summer Research (future)

2026
Problems in Combinatorial Knot Theory
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John McCammond

Stephen Bigelow

Tonie Scroggin

Quantum Algebra and Braid Groups

Geometric Group Theory and Combinatorics

Braid Varieties and Cluster Algebras

Rhea Palak Bakshi

Alfredo Ramirez

Low-Dimensional Topology 

Quinn Kolt

Category Theory and Quantum Algebra

Quantum Topology and Knot Theory
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        from   Euclidean  

XX

YY

ZZ

OO
xx
yy

zz

(x,y,z)(x,y,z)

A

B

Distance traveled
Euclidean distance

Points, Vectors

Distances

Path

Interpolation

        to    Non-Euclidean

Datasets,Texts, 
Musics…

(Wasserstein) 
distances/
divergence

Geodesics

Interpolation

x = (x1, x1, …, xm) P(a ⩽ X ⩽ b) = ∫
b

a
f(x)dx
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        from   Euclidean  

Mean

Exterpolation

Affine hull

Regression

Linear 
independence, 

dimensions

        to    Non-Euclidean

Barycenter

Exterpolation knew so little

Signed Barycenter See our work

Regression Knew so little

Linear 
independence, 

dimensions

Completely new, 
and so much  
going-on!!!
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Fast Phase Prediction of Charged 
Polymer Blends by White-Box 
Machine Learning Surrogates

 1

Clayton Ellis 
PhD student Department of Statistics and Applied 

Probability 
   

 in collaboration with 
 Xinyi Fang, Chris Balzer, Timothy Quah, Scott Shell, 

Glenn Fredrickson and Mengyang Gu
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Saving the World with Recycling
• The amount of plastic waste is increasing and we need better 

ways to recycle it
• Using electric charge, we can mix polymers that normally don’t 

mix but make up a lot of waste
• Simulation methods, such as Self-consistent field theory (SCFT) 

and random phase approximation (RPA) are fast compared to 
experiments, but they can still be slow as input design is 
large.

Summary of our results:
 

➢We develop a predictive model to emulate RPA which 
achieve >99% accuracy with only around 20 training 
samples, while other predictive model needs 102-103  
samples to be 80% accurate
➢We achieve this by focusing on emulating the part of 
the RPA dependent only on the polymer architectures; 
once this is emulated, the computation is around 100x 
times faster

[1] Ellis, C., Fang, X., Balzer, C., Quah, T., Shell, M. S., Fredrickson, G. H., & Gu, M. (2025). Fast phase prediction of charged polymer blends by white-box machine 
learning surrogates. Macromolecules. 1

“Hey ChatGPT, generate an image to 
save the world of plastic by recycling” 
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System Parameters

Architecture
𝑟,  𝛼𝐴, 𝛼𝐵

Composition
𝜌𝑠, 𝑓𝐴,  𝑓𝑝

Interaction
𝑁𝜒𝐴𝐵,  𝑁𝜒𝐴𝑆,  𝑟𝜒

𝜖𝐴 /𝜖𝐵,  𝑙𝐵,  𝑎±

Random Phase Approximation 
(RPA)

Fast RPA Terms

Explicitly Calculated
𝑼(𝑘)

Slow RPA Terms

Predicted by fast Parallel Partial 
Gaussian Process (PP-GP) model 

[2]

𝚪(𝐱𝐴,  𝑘), 𝚪(𝐱𝐵,  𝑘)

Phase Type

Microphase 
Separation
(MICRO)

Macrophase 
Separation
(MACRO)

Homogeneous 
Disordered
Phase (DIS)

Workflow for Phase Generation

High-dimensional 
parameter space 
describes broad class of 
charged copolymer 
blends

Ascertaining phase 
behavior requires 
numerical evaluations of 
both easy and difficult to 
compute quantities

The RPA simulation allows 
for the classification of phase 
behavior as a disordered, 
microphase or macrophase 
separated state

5

[2] Gu, M., & Berger, James O (2016). Parallel Partial Gaussian Process Emulation for Computer Models with Massive Output.  Annals of 
Applied Statistics.10(3) 1317-1347
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Comparison with Direct Simulation 
and Alternative Methods

Accuracy ↑: 
- Over 99% prediction 

accuracy with only 50 
training points 

- 25-30% better than classical 
models with 500 training 
points

12

Time ↓: 
- For computation of form factor entries: 

50,000-70,000 times faster 
- For phase determination: ~100 times 

faster 
- For computational complexity: Linear in 

observations/grids rather than 
quadratic in bead counts 
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 Thank You!

Xinyi Fang Dr. Mengyang 
Gu

Dr. Glenn 
Fredrickson

Dr. Chris Balzer Dr. Scott ShellDr. Timothy Quah

https://sites.google.com/site/michaelmengyanggu/members
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About Me (Max Emerick)

• Originally from Seattle, Washington


• Bachelor’s at Cal Poly, Master’s at UCSB


• Now in 4th year of PhD


• Studying mechanical engineering


• In my free time, I like to surf, hike, 
mountain bike, rock climb, etc.
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My Research
• Broadly: dynamical systems and control theory


• Study systems modeled by differential equations: 


• Try to understand behavior and modify by designing 


• Specifically: continuum limits of large-scale systems


• Robotic swarms, interacting particle systems, large networks, etc.


• Use tools from optimization, differential geometry, and PDEs

d
dt x(t) = f (x(t), u(t))

u(t)
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Research Process
• Meet every week or two weeks


• Start by talking about interests, find overlaps, share papers


• Select a problem or subproblem


• Work on problem together


• Depending on progress, possibly publish a paper
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Get in Touch
• Talk to me after the session


• Email: memerick@ucsb.edu 


• Personal Website: https://maxemerick.github.io/ 
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ÿǫƨ ˙Ƕſƨ ɄǑ ɸʯŗȳʚʯȭ ŗțǖƨſɼŗ
ÿƨȳʌɄɼ ƉŗʚƨǖɄɼǶƨʌ ŗȳƕ pɄɱǑ ŗțǖƨſɼŗʌ

çʯǶȳȳ ÿࣖ �Ʉțʚ ࣯ʌǫƨࣩǫƨɼࣱ
âǫ6 ,ŗȳƕǶƕŗʚƨ
yȳǑɄ óƨʌʌǶɄȳ Ʉȳ Ďȳƕƨɼǖɼŗƕʯŗʚƨ éƨʌƨŗɼƉǫ
�ŗȳʯŗɼ˦ ࣗࢍࡽ ࢍࡽࡱࡽ

ĎȳǶ˙ƨɼʌǶʚ˦ ɄǑ ,ŗțǶǑɄɼȳǶŗࣗ óŗȳʚŗ $ŗɼſŗɼŗ ࣯Ď,ó$ࣱ
6ƨɱŗɼʚȭƨȳʚ ɄǑ ¡ŗʚǫƨȭŗʚǶƉʌ
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eɼɄʯɱ ŗ˥ǶɄȭʌ

� ǐɮȹʠɤ Ƕʌ ŗ ʌƨʚ a ˝Ƕʚǫ ȭʯțʚǶɱțǶƉŗʚǶɄȳ ĸ

: a⇥ a! aࣗ ʯȳǶʚ ÿ

: {⇤} ! aࣗ
ŗȳƕ Ƕȳ˙ƨɼʌƨ ç : a! a ʌʯƉǫ ʚǫŗʚ

˝ǫƨɼƨ ĸ : a! a⇥ a Ƕʌ ʚǫƨ ƉɄȭʯțʚǶɱțǶƉŗʚǶɄȳ ȭŗɱ ǐ 7! (ǐ,ǐ) ŗȳƕ
ÿ : a! {⇤} Ƕʌ ʚǫƨ ƉɄʯȳǶʚ ȭŗɱ ǐ 7! ⇤ࣖ

ࢁࣩࡹ
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pɄɱǑ ŗțǖƨſɼŗ ŗ˥ǶɄȭʌ

� lȹɤǋ ŗȑǐƣŻɮŗ Ƕʌ ŗ ˙ƨƉʚɄɼ ʌɱŗƉƨ l ˝Ƕʚǫ țǶȳƨŗɼ ȭʯțʚǶɱțǶƉŗʚǶɄȳĸ

: l⌦ l! lࣗ ʯȳǶʚ ÿ

: ^ ! lࣗ ƉɄȭʯțʚǶɱțǶƉŗʚǶɄȳ ĸ : l! l⌦ lࣗ ƉɄʯȳǶʚ
ÿ : l! ^ࣗ ŗȳƕ ŗȳʚǶɱɄƕƨ ç : l! l ʌʯƉǫ ʚǫŗʚ

࣯ǫɄɼǶ˲Ʉȳʚŗț ɼƨ̈ƨƉʚǶɄȳʌ ȳɄʚ ʌǫɄ˝ȳࣱ

˝ǫƨɼƨ ĩ : l⌦ l! l⌦ l Ƕʌ ʚǫƨ ſɼŗǶƕǶȳǖ ȭŗɱ ǣ⌦ ȋ 7! ȋ⌦ ǣࣖ

¥Ʉʚƨࣘ ŗțț ɄǑ ʚǫƨʌƨ ŗɼƨ ʌŗʚǶʌ̇ƨƕ ǑɄɼ ǖɼɄʯɱʌࣗ ʌɄ ǖɼɄʯɱʌ ŗɼƨ pɄɱǑ
ŗțǖƨſɼŗʌ Ƕȳ óƨʚࣛ

ࢁࣩࡽ
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pɄ˝ ƕɄ y țƨŗɼȳ ȭɄɼƨࣞ

$ɄɄȕʌ Ʉȳ ɸʯŗȳʚʯȭ ŗțǖƨſɼŗࣘ

࣢ �ŗʌʌƨțࣽçʯŗȳʚʯȭ eɼɄʯɱʌ
࣢ Ee¥¶ࣽÿƨȳʌɄɼ ƉŗʚƨǖɄɼǶƨʌ ࣯ƕǶ˾Ɖʯțʚ ʚɄ ɼƨŗƕ ſʯʚ ŗȭŗ˲Ƕȳǖ ɼƨǑƨɼƨȳƉƨࣱ
࣢ ǫʚʚɱʌࣩࣩࣘ ɱƨɄɱțƨࣖȭŗʚǫࣖɄʌʯࣖƨƕʯࣩɱƨȳȳƨ˦ʌࣩࣖࡽĎçó�ࣩĎçó�ࣖǫʚȭț

İǫɄ ƕɄƨʌ ɼƨʌƨŗɼƉǫ Ƕȳ ʚǫǶʌ ŗɼƨŗࣞ

࣢ âɼɄǑƨʌʌɄɼʌ Ƕȳ ʚǫǶʌ ƕƨɱŗɼʚȭƨȳʚࣘ
࣢ óʚƨɱǫƨȳ $ǶǖƨțɄ˝
࣢ ńǫƨȳǖǫŗȳ İŗȳǖ

࣢ y ŗȭ ŗƉƉƨɱʚǶȳǖ ʌʚʯƕƨȳʚʌ ࣯ɸʯǶȳȳ৿ȭŗʚǫࣖʯƉʌſࣖƨƕʯࣱࣛ

ࢁࣩࢁ
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Research - Katy Craig

50

systems of interacting agents 

partial differential equations optimization

optimal transport

My website: https://web.math.ucsb.edu/~kcraig 

Information for prospective students: 
https://web.math.ucsb.edu/~kcraig/math/ProspectiveStudents.html

Emily Lopez 
(Minnesota)

Current/previous undergraduate students:

Ben Faktor 
(UCLA)

Haoqing Yu 
(Cornell)

Vidushi Mittal 
(UC Davis)

Ashwin Anand 
(Current)

https://web.math.ucsb.edu/~kcraig


Motivation

Given are a fixed measurement

and a noise model:

etc.

Question: Which image’s noisification is closest?

B Faktor (UCLA) OT Denoising 4 / 7

A current project (with Ben Faktor)
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Welcome and Introduction - Prof. Katy Craig (math) 

Prof. Paul Atzberger (math) 

Prof. Xiaolei Zhao (math) 

Dr. Rhea Palak Bakshi (math) 

Dr. Bohan Zhou (math) 

REU Programs - Prof. Maribel Bueno Cachadina (math) 

Clayton Ellis (statistics) 

Max Emerick (mechanical engineering) 

Quinn Kolt (math) 

Prof. Katy Craig (math) 

Directed Reading Program

Plan
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What is the Directed Reading Program?
• One-on-one or small group mentoring 

• Work with graduate students and junior faculty 

• Join math-related events throughout the year

Directed Reading Program



What do I do in the DRP?

• Winter and Spring Quarter: Read interesting math with a mentor! 

• Panel discussions: 

• Beyond a Bachelor’s, Graduate School Panel 

• Mathematical Career Panel 

• Presenting Mathematics Effectively Workshop 

• Universal Cover workshops 

• Public poster session on campus!

Directed Reading Program



What are some current projects?
• Fluid dynamics 

• Representation theory 

• Quantum computing 

• Analytic number theory 

• Rational homotopy theory 

• Cryptography and CS 

• Hopf algebras 

• Quantum topology 

• Geometric group theory 

• Computational differential 
geometry 

• Complex geometry 

• Elliptic curves 

• Mathematical music theory 

• Machine learning 

• Category theory 

• Mathematical physics

Directed Reading Program



How to Apply
Applications open in early Fall quarter. 

Pairings are decided late November. 

Check for DRP emails or visit the website!

ucsbdrp.org

Directed Reading Program

http://ucsbdrp.org


Thank you!
Do you like pizza and/or math? 

Scan this QR code to receive  
a copy of these slides  
and support future events like this!


