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Organisation

- Lectures ° Staff
» Tuesday @ 10:00-11:00 « Prof Carl Gwilliam (Rm 315)
* In Thomson-Yates Lecture Theatre (Rm 104) « Module Coordinator

« CGwilliam@liverpool.ac.uk

« Computer Classes

- Monday @ 09:00-11:00 * Prof Neil McCauley (Rm 310)
« In CTL PC teaching centre (PCTC) ' Academic Demonstrator
. - + N.McCauley®@liverpool.ac.uk

* Assessment
« 100% coursework (no exam)
 Exercises in computing classes
« Several formative / week
« One summative / week (equal weighting)
« Released before lecture; deadline end of Mon

 Note: this course is exempt from the default
Uni extension policy to allow rapid feedback

« All students: 1 day extension (i.e. end of Tues)
* Support plan: additional 3 days (i.e. end of Fri) - Please get in touch at any point if need help

« Along with several postgrad demonstrators
« For the computer labs
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Introduction to Computational Physics (PHYS105)

Aims & Syllabus Assessment & Feedback Key Contacts & Locations Eurther Resources

Core Values & Support

All' info is available on the course Canvas page
http S //Ca n\/a S . | |\/e rpo O | a C U k/CO u rseS/84543 ! Please Note: This course is exempt from the default University extension policy (both standard and support-plan related) to allow rapid feedback

between weekly assignments. For more information see Assessment and Feedback

Click on links at top for course details

e.g. Aims & Syllabus, Assessment & Feedback,
Contacts & Locations, Further Resource, etc

Lecture 1 Lecture 2 Lecture 3 Lecture 4

The basic structure of a How to read in and store data, How to write functions to How to execute pieces of
python program and how to in particular using NumPy manipulate data and use code conditionally or multiple

Click on each image for that week's material e g g o o
Slides will be released 24h before the lecture resuls
Video recordings shortly after the lecture

i v Lecture 1: Introducing Jupyter and Python ° v
i [E How to access CoCalc o Lecture 5 Lecture 6 Lecture 7 Lecture 8
How to retrieve user input, How to use the least-squares How to avoid, understand and Evaluating equations using
i [E  Tools used in PHYS105 and how they relate [] format output and read/write method to find the best fit of fix various coding issues numerical techniques
files. a function to data
i & Phys105_Lecture01.pdf [ - )
i 4% Phys105_Lecture01.pptx ' - |
e PHYS105 Lecture 1 Assignment: Introduction to Python and Jupyter o | 5““’!
- 60ct | 10 pts
Sl B |
Lecture 9 Lecture 10 Lecture 11 The end

How to generate random How to create your own We hope you enjoyed the

. H H H sing numerical techniques to
Submit work by clicking on assignment el | | mEe R | || et
An d U p | Oa d | ng S a\/ed P D |: O]C N Ote bOO k air resistance produce Monte Carlo models code to be reused
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Aims and outcomes

« The main aim of the course is to be able to create and run computer algorithms to solve real
physical problems, breaking the problems down into steps amenable to such methods

« lllustrating the insight into physics which can be obtained using computational methods

* In doing so, we will introduce
 Basic computer algebra (using the python language)
« Techniques for analysing and presenting data
 Elementary numerical methods and “Monte Carlo” techniques

+ By the end of the course you will be able to
« Program and use simple (python) algorithms on a computer
 Produce algorithms to solve simple physical problems.
« Analyse (including numerically) and present physical data
» Produce simple “Monte Carlo” (MC) models * We will not assume any
prior coding knowledge




“u

What is your current programming level in general (not python specific)?

None - | have never done any computer programming before

Basic - | can write a simple computer program

Good - | am confident writing longer programs

Excellent - | have significant programming experience and am confident writing detailed programs

Start the presentation to see live content. For screen share software, share the entire screen. Get help at pollev.com/app

0%

0%

0%

0%




Outline syllabus

The first part (a bit less than half) will develop your python skills
The second half will focus on practicing these by applying them to solve various physical problems

Lecture 1 Lecture 6

Python basics + Jupyter notebooks Fitting data
Lecture 2 Lecture /

Data structures Good practice and debugging
Lecture 3 L ecture 8

Functions and graphs Introduction to numerical methods
Lecture 4 L ecture 9

Looping and conditional execution Further numeric techniques (projectile motion)
Lecture 5 Lecture 10

Input, Output and formatting Monte Carlo methods

Lecture 11

Python modules + fitting revisited



Recommended Textbooks

A Student's Guide to Python for Physical Learning Scientific Programming with
Modelling - Kinder and Nelson Python - Hill
Princeton University Press Cambridge University Press

A STUDENT'S GUIDE TO

PYTHON

FOR PHYSICAL MODELING
UPDATED EDITION

LEARNING
SCIENTIFIC
PROGRAMMING
WITH PYTHON

JESSE M. KINDER
PHILIP NELSON L ¢

CHRISTIAN HILL




Why do | need to program?

Many cases where this will be essential in your physics degree

Analyse + visualising experimental data Calculating results with no analytic solution
E.g. fitting data from Boyle's law experiment E.g distance travelled by tennis ball thrown
at 20 m/s at an angle of 30° to horizontal
Full name of (CSV or Excel) file to fit - type it in or browse Browse \/\/e knov\/ hov\/ tO So|\/e ‘[h|S UsH’]g equathﬁS O‘[‘-
/Users/gwilliam/cernbox/Teaching/PHYS105/PHYS105-106 data.xlsx mOt|O n, but FESU|t doesn’t agr—ee W|th rea| hfe
Excel sheet number or name 4 CSV delimiter ' . . . .
Rows to skip 0 Specific columns to use (comma separated) B,D,E,F Need tO lnC|Ude a|r reS|Stance 9 numerlca|
Polynomial order 1 Inital params (comma separated) 150,40000
= Trajectory of tennis ball
= Without[ air resistarlwce
Fit result 5 === With air resistance 1
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Why do | need to program?

Used in“almost all real physics (and wider scientific) research

Particle physics (my research area) Astronomy
E.g. finding the Higgs boson in ATLAS data E.g Gravitational wave detection with Ligo

T " ATLAS '[f:lpEI'l Data I I H M= wntened h(t) T
2 for education 3 —  Template(t)
=400 V5=13 TeV,[Ldt = 0.4 fb~? g osp
2 H—yy »
£ 0f *

200 F ‘s;

-10 |
-0.15 =0.10 -0.05 0.00 0.05

. Time singe 1126259462 4324
L1 Residual whitened c{gta a]ster subtractzmg template around event

—— 5ig+EBkg Fit (mx = 125 GeV)

10

100 === Bkg i4th order polynomial) é
& Data % 5
E‘ 5’0 N : : : : : ] é f \ f \ A f
5 o erJ—“Tr—'/H ¢ ‘\1 VTSI YOL I A it AM AN A s
£ ] T
& _sql + : - - - . i
100 110 120 130 140 150 1a0 z ‘
di-photon invariant mass m,, [GeV] o T mesmceadsetczanze °
https://atlas.cern/resources/opendata https.//www.gw-openscience.org/tutorials/
Analyse ATLAS Open Data with Jupyter Notebooks Guide to GW detection and noise



https://atlas.cern/resources/opendata
https://atlas.cern/resources/opendata
https://mybinder.org/v2/gh/atlas-outreach-data-tools/notebooks-collection-opendata/master
https://mybinder.org/v2/gh/atlas-outreach-data-tools/notebooks-collection-opendata/master
https://www.gw-openscience.org/tutorials/
https://www.gw-openscience.org/tutorials/
https://www.gw-openscience.org/tutorials/
https://www.gw-openscience.org/tutorials/
https://mybinder.org/v2/gh/losc-tutorial/Data_Guide/master?filepath=Guide_Notebook.ipynb
https://mybinder.org/v2/gh/losc-tutorial/Data_Guide/master?filepath=Guide_Notebook.ipynb

Why do | need to program?

Top Companies using < Python

@ twilio » NETFLIX ﬁ s oo YAHOO!
i JPM Chase (3
PayPal aExpedla I_—I ‘ S organChase ()

amazon

lyrt

shutterstnck: %= m M SendGrid
. l I Al

, freelantermm
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U Bltbucket i

Bankof Ameri ) :Vlatsiachu:etts

anKkor America. . o nstitute o
//\7/‘ @ Spotify e redis PANDORA m hjke DISQUS Technology

* https://data-flair.training/blogs/python-career-opportunities/ 1
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Why python?

 Powerful but easy to learn and use PYPL PopularitY of Programming Language May 1, 2025
 Readable syntax 50% Python: 303% _ cices
— Go
» Most popular and fastest growing Java
- From google trends using PyPL 10% e
« Similar trend within physics — Rust
= : 1%
- I
ey [§ 6
By| v \HEP \
’ . U n = 3 ﬂy 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
more

~ xsm%fi:*f‘fe‘iw‘ ' g;; scikit-image ™

X matplotllb] %
/380keh | pandas g A
= P C Numpy] .

* Large and mature library of tools
 Both built-in and external

» Vast scientific ecosystem
/ « Storage and manipulation of large data
IPIyl: ) . 4 vicualiati
/" Tpython » Data processing and visualisation

/ [f / "3 pgthOﬂ o .2  Physics-specific packages

DASK



https://pypl.github.io/PYPL.html

CoCalc

We will be running our programmes using the web-based CoCalc platform: https://cocalc.com
A collaborative online workspace, allowing us to share documents, code and assignments

Make Sure yOU Slgn Up to Coca|c Store Features Docs Share Support News About Palicies Sign Up Sign In
Using your university email in exactly p——
the form the CoCalc invite was sent to (\
\-/l
Go to the first week's code by clicking COCALC
on PrOJeCtS aﬂd theﬂ |n turn on Collaborative Calculation and Data Science

Your Name - PHYS105
Introduction to Computational
Physics/PHYS105_2025

Phys105 Introduction to
Computational Physics

ComputerClassesStudent
Phys105-LectureQ1

by Sagemath

Mare Videos

@) p en the J U pyte r notebook Real-time collaboration for Jupyter Notebooks, Linux Terminals, LaTeX, and more,

' i lace.
Phys105-Lecture01-student.ipynb allin one place
Make sure it is the .ipynb (notebook) not the .pdf

Note: If you can't see the folder/notebook you may need to click “Restart project” button and wait a bit first



https://cocalc.com/

Jupyter notebooks

lupyter notebooks are a web-based way of developing code interactively ol
They keep documentation, computer code and the resulting output together N Jupyter
Produce nicely formatted documents, which can be shared “
J £ Projects ¢+ @ (§ Liverpool Physics « + Projects (+] Help @ $0.00 o =
o 3 Example.ipynb + Notebooks @ Chat
Z [ Save - (i) Assistant = ®Server T Jupyter Flle Edit View Run Kemel Help : O QIF|H|R & £|v|" B C 5[ X

\ J | J
Y

Jupyter Menu

Activity Bar
¥

(7

CoCalc Menu
Explorer

The basic unit of a notebook is a cell, which can be created by clicking the + icon (or Esc+b)
To delete the cell, from the menu use Edit = Delete Cells (or Esc+d+d)

A cell can contain either python computer code (default) or Markdown-formatted text
To change to text, select it (by clicking on it) then click on icon > Change Cell to Markdown (or Esc+m)
To change it back to code, select it and use Cell Type Bdicon-> Change Cell to Code (or Esc+y)

To run a cell (and move to the next) click the M iconin cell or jupyter menu (or shift + enter)

14


https://jupyter.org/
https://jupyter.org/

Breakdown of components
Collaborative online coding platform (i.e. website)
Allows lecturers and students to work together
All files are stored, saved and synchronised here
Jupyter Lab
Runs program that reads .ipynb notebook files
Notebook (.ipynDb) Can also be run directly on your local machine

N
M. A file type containing instructions for displaying text
Python Code and code cells, interpreted by Jupyter Lab

Python cells are executed by the python interpreter
Text cells are rendered by markdown interpreter
These are separate entities brought together in Jupyter

The programming language we will be using
Performs calculations and data processing
Display formatted text and equations: E = me’ Our main goa| iS |earning to COde in python

Formatted Text

Formatted text entered via Markdown syntax
CoCalc has a graphical WISYWIG editor interfaced to this




Jupyter notebooks: Text cells

Text cells allow you to enter formatted text along with formulae, hyperlinks, images and much more
These are formatted using a specification known as Markdown

CoCalc has a helpful visual WISYWIG editor to avoid having to enter markdown directly (via [+ icon)
Simple to use but does lack some of the more detailed power of Markdown

< ®| Bl I Y |5« | TI H | % |sans %
¢ Linkto a URL... R
Im Markdown
& Image... A
Q Special symbol or emoji... Headmgs
Hello

-] Block of code (shortcut: " ") Basic, bold and italic fext

Unordered list (shortcut: -_) E =md

links

Ordered list (shortcut: 1._)

UMIVERSITY

$ Inline LaTeX math (shortcut: $x$.) LIVERPOOL

$$ Displayed LaTeX math (shortcut: $$x$$.)

Bk Quote selected text (shortcut: =_)

—  Horizontal rule (shortcut: ---.) Click the Markdown button, to see underlying structure

+!  Line break (shortcut: <br/>_)

Formulae are entered using LaTeX syntax
Bl Table

To finish editing the text, simply run the cell


https://guides.github.com/features/mastering-markdown/
http://tug.ctan.org/info/undergradmath/undergradmath.pdf

Jupyter notebooks: Text cells

Text cells allow you to enter formatted text along with formulae, hyperlinks, images and much more
These are formatted using a specification known as Markdown

CoCalc has a helpful visual WISYWIG editor to avoid having to enter markdown directly (via [+ icon)
Simple to use but does lack some of the more detailed power of Markdown

{E} Link foa URL... ¥ Run v [E Save 2
Narkdown and LaTeX formulas. Use @name 1o mantion peopla (enable the Internet Access upgrade to sand amails). Attach images by drag & drop, salect Text m
&l Image... 1+ ### Headings 1
2
Q Special symbol or emoji... ;; Hello
. 5 " Basic, bold and italic** _text
-] Block of code (shortcut: " ") 6 s
!
__ i B |[E=mch2
‘= Unordered list (shortcut: -._) 1‘_3] ]
O
o . 11 [links](www.google.con)
= Ordered list (shortcut: 1..) 12

13 <img src="Logo.png" width="169px" height="43px" style="object-fit:cover"/>
14
% Inline LaTeX math (shortcut: $x%._) 15

$$ Displayed LaTeX math (shortcut: $$x$$.)

Bk Quote selected text (shortcut: =_)

—  Horizontal rule (shortcut: ---.) Click the Markdown button, to see underlying structure

+!  Line break (shortcut: <br/>_)

Formulae are entered using LaTeX syntax
Bl Table

To finish editing the text, simply run the cell


https://guides.github.com/features/mastering-markdown/
http://tug.ctan.org/info/undergradmath/undergradmath.pdf

Jupyter notebooks: Code cells

Text cells allow us to write attractive documents quickly and efficiently, but the power of
notebooks is that they allow these documents to be combined with computer code

We can describe a problem and work on the program to solve it in the same place
Output is displayed inline

Code cells used to write python code e.g. Together, the separate code cells in a
notebook build up a program
I In [ ]z 344 The results of previous cells, once run,

can be used in subsequent ones

When the cell is run, code is executed
And result output inline l I result = 3+4

In [1]): 344
1 result = result 4+ 2
out[l): 7 ? result

9

Can edit the cell and rerun
During the course, we will learn how to

‘ In [2]: 342 develop python programs from scratch

Out[2]: 5 Starting with the basics in the lecture 1 notebook
18



Hello, World!

 The canonical first program in any computing course is “Hello, World!”
« The following python program does just that, highlighting some of the basics features of python

In [1]: 1 # This program prints Hello, World! Pﬁﬂe:ﬁtheyamenot
2 name = "World" # Assign a variable cﬁspbyed,waushoukj
3 print("Hello", name, "!") # Print the result turn on line numbers
Out[1]: Hello World ! for all cells via the View
menul!

 The basic building blocks of any program are variables
« Store some value and provide a symbolic label to refer to it =y "
name = "World

 Assigned avalue, here "World”, with the equals “=" sign

 The other main building blocks of programs are functions
* Pieces of code that do something with the variables print ("Hello,", name, "!")

 (Called using brackets, with input variables as arguments

» Finally, we can document the code with comments - .
. . SS1dn a varla e
 Start with a # and don't actually do anything when code runs g

* You will lose marks for not writing appropriate comments where needed 19



Python as a calculator

The power of any programming language is allowing us to perform calculations
Often those which are too difficult or time consuming to do by hand

Python can perform all the basic arithmetic 't can also do more complex mathematics
Using the math operators you might expect Such as trigonometric functions
Although some are a bit more obscure These live in the math module
In [1l]: from math import cos, pi
In [1]: 333+666 In [3]): 666/333 cosine = cos(pi)
print(cosine)
out[l]: 999 Out[3]: 2.0 cosine = cos(2*pi)
print(cosine)
In [2]: 666-333 In [4]: 666%333 1.0
out[2]: 333 Out[4]: 221778 1.0

Note, variables can be reassigned to new values

A module is simply a library (i.e. collection) of python code, such as variables and functions
Code in a module has to be imported before use
We will come across many useful modules as the course progresses

20



Errors

Often when coding you will make a mistake and introduce a bug into the code
Don't panic, this happens often even to experienced programmers!

In many cases python will display an error message to help you debug what is wrong
These contain lots of useful information - please read them!

<0.1s MRun Vv (@} Assistant V & Format 16

In [3]: num = 10

) den = 0

1O result = num/den

O print(result)

),
Out[3]: #)  Q Give me a Hint... # Fix this Problem...

%O ZeroDivisionError Traceback (most recent call last)

N Cell In[3], line 3

4 1 num = 10

= 2 den = 0

C -———> 3 result = num/den

O 4 print(result)

L ZeroDivisionError: division by zero

We will look at error messages & how to debug them in more detail later
Along with tips on good coding practice to help reduce the number of errors

21



Errors

Often when coding you will make a mistake and introduce a bug into the code
Don't panic, this happens often even to experienced programmers!

In many cases python will display an error message to help you debug what is wrong

These contain lots of useful information - please read them! T
<0.1s MRun Vv [ (3 Assistant Vw s Format : |16 + The code tries to divide 10 by 0, which is
T 31: - 10 - Explal J > mathematically undefined.
noL3): 2:1:: ; 0 <l Explain * Python raises a ZeroDivisionError at
5 result = num/den CoCalc even lets you us Al jesst = fden.
. . - e print{result Ime will not run
S print(result) « To explain the code and/or for error help A
Out[3]: (AL Q Give me aHint... [ # Fix this Problem... 1 , Tou cannot clvice b_y zero. Fix o f_lmndl;:i”
) your code by ensuring the denominator is not
L e zero before dividing:
B0 ZeroDivisionError Traceback (most recent call last) .
i £ Edit g cC | R & Python 3 (sy...
©  cell In[3], line 3 t ¥ Cory [ ¥ Run yihon & (&
4 1 num = 10 num = 10
> 2 den = 0 c}ﬁﬂ; o .
— — 1 en 1= H
B > 3 rES.U1t = num/den result = num / den
= 4 prlnt(result) print(result)
L ZeroDivisionError: division by zero else:

print("Error: Division by
zero is not allowed. ")

We will look at error messages & how to debug them in more detail later

Along with tips on good coding practice to help reduce the number of errors .



Errors

Often when coding you will make a mistake and introduce a bug into the code
Don't panic, this happens often even to experienced programmers!

de‘gxa(\
IN many cases python will dlsplay an error message to help you deb \(\\)(\ , &Y\? K\Q\C)
These contain lots of useful information - please read them! \N\& def\o \S \O
<0.1s M Run Vv | (A} Assistant V K‘O \<\e a)&e (,O c de&a\ 4610 by 0, which is
In [3]: 1 num = 10 < Exs e‘\\)\ e(\e( N\O( _~ undefined.
2 den = 0 \)S O % ‘(\(\\ dises 8 ZeroDivisionError at
% 3 result = num/den CoCalc ever \]e(* d)& \NO SSult = num / den.
O 4 print(result) . Too (e \)ge N(\ « The print(result) line will notrun
O " fo) \OQ ( ) because of the error.
0OV
Out[3]: @ Q Give me a Hint (D)"\O _ You cannot divide by zero. Fix # 4 minutes ..
) ) * your code by ensuring the denominator is not
v = .00\ X\ e _LS— zero before dividing:
%0 ggroDiv g . ‘ . . (ITIOSt recent call 1351:) & Edit [Jl Copy | W Run @ Python 3 (sy...
n
% ® num = 10
den = 0
E - i? den != 0:
B result = num / den
t print(result)
LL] Zerol else: o
print("Error: Division by
. . . zero is not allowed.")
We will lod =Tror messages & how to debug them in more detail later

Along with tips on good coding practice to help reduce the number of errors .


https://www.liverpool.ac.uk/media/livacuk/centre-for-innovation-in-education/digital-education/generative-ai-teach-learn-assess/Uni,Guidance,GenAI-Guide-2025-2026.pdf

sSummary

Computer programming is an invaluable tool for many scientific problems
And python is by far the most popular language

Over the course of PHYS105, you will learn how to program in python
Starting from scratch and by the end making your own module

We will see how to use it to solve several real physics problems
Such as projectile motion, fitting experimental data, numerical solutions and MC methods

We will see how to visualise and present the results

The first computing classes next Monday will go over the basics of python and Jupyter from today
Will allow you to put into practice what we have discussed in the lecture
Demonstrators will help you to work through the material, including formative (practice) exercises

At the end you will have the first summative (counts to mark) assignment exercise

Which should be uploaded to canvas by the end of Monday (work submitted after extension period will score 0!)
24
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