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FOREWORD  
 
 
 
  

 

 

PRIME 
Maths Department 
Sutton Grammar School 
Manor Ln, Sutton 
SM1 4AS 

Meet the Editorial  Team of 2026 ! 
 
Chief editor: Alex Wong 
 
Deputy chief editor: Abhiraj Joshi 
 
Team members: Ojas Nigam, Kristy Ho, Samuel Chu, Nish Patkar, Jacob Daniels, William 
Tung 
 

 

5 

It  is a pleasure to introduce this new issue of PRIME magazine. Mathematics is often seen as 
rigid  and rule-bound, but this volume is a celebration of a play of numbers: mathematics as 
something dynamic, creative, and deeply connected to the world  around us.  
 
The breadth and ambition of this issue are striking. From game theory and cryptography to 
music, illusions, finance, and quantum algorithms, these articles show students engaging 
seriously with  ideas well beyond the classroom. They use mathematics not just as a tool for 
answers, but as a framework for logical exploration of creative ideas.  
 
What impresses me most is the confidence on display here. Many of the topics tackled are 
challenging, yet they are approached with  clarity  and enthusiasm. This mixture of playfulness 
and rigor  is exactly the kind of mathematical thinking  we hope to inspire at SGS.  
 
I encourage readers to explore freely, to dip in and out, and to enjoy the articles, puzzles (and 
surprises) along the way. My congratulations and thanks go to the editorial  team and 
contributors  for producing a magazine of such quality. This is mathematics very much alive.  
 
Mr  Vernazza  
Head of Further Mathematics  
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FOREWORD 
  

Dear Suttonians, 
 
Welcome to the 2026 edition of the PRIME magazine! I know you can hardly contain your 
excitement, and rightly so. 
 
���Š�‹�•���›�‡�ƒ�”�ï�•���‡�†�‹�–�‹�‘�•��comprises of 39 articles in total. Yes, we should get the �ò���
�����Ž�‘�•�‰�‡�•�–���‡�˜�‡�”��
�•�ƒ�‰�ƒ�œ�‹�•�‡�ó record for that! But in all seriousness, I would like to say a huge thank you to all writers, 
readers, the editorial team, and Mr Vernazza. Every contribution, from Year 7s to Year 13s, brings a 
unique perspective and insight �–�‘���–�Š�‡���–�Š�‡�•�‡���ò�������Ž�ƒ�›���‘�ˆ�����—�•�„�‡�”�•�ó, highlighting how every SGS 
student has an undeniable passion and talent in Maths�á���ƒ�•�†�����ï�•��glad that this magazine can 
showcase some of that. 
 
I really hope that this magazine will spark your curiosity and make you love Maths beyond just the 
lessons at school. Maybe you will read something �–�Š�ƒ�–���›�‘�—�ï�˜�‡���•�‡�˜�‡�”���–�Š�‘�—�‰�Š�–���ƒ�„�‘�—�–�å So, I invite you 
to choose your favourite section from the contents page, or have a go at the fun Maths quiz at the 
end (with a special contribution from Iestyn Ellwood-Thompson). Please read on. 
 
Keep faith, 
Alex (Kwun Wa) Wong , 
Chief editor 

 

PRIME 
Maths Department 
Sutton Grammar School 
Manor Ln, Sutton 
SM1 4AS 
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PRIZES  
���,���N�Q�R�Z���\�R�X���F�D�Q�·�W���Z�D�L�W�� 
 

 

�ò���‘�•�–�����•�‰�ƒ�‰�‹�•�‰�ó��awards: 
 

- The Birthday Problem  �� by Ben Laferton 9T 
- The Most Normal Weird Number  �� by Anchit Paudel 12B 
- The Nothing That Built Everything  �� by Kiaan Khera 8G 

 

�ò�������‡�‡�’�����‹�˜�‡�ó��awards: 
 

- The Mathematics Behind Harmony  �� by Harry Wang 12GA 
- Number Theory  �� by Alvin Leung 8M & Gabriel Banica 8M 
- A Super Crammed Article About Dimensions  �� by Simmons Wong 13ET 

 
 
Honourable mentions: 
 
Please also go and read A Model of Poker , Game Theory, Maths Magic of the Simpsons, When 
Maths Break Your Brain �á���ƒ�•�†���������������������������å 
 
Finally, a huge well done to YOU, for contributing an article or reading this magazine!! 

The Coastline Paradox  �� by Alexander Apoolingum 9G
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Winn �H�U�·�V Entry 
  

8 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

9 

The Coastline Paradox 
 

By Alexander Apoolingum 9G 
 

How long is the coastline of Britain? This question probably seems very simple compared to 
some of the other articles in this magazine. You may think, how could there possibly be a 
complex enough answer to this to write a full article about it? However, as you will promptly 
come to see, there is much more to this question than originally meets the eye. 

Let us start with a straight line. To measure it, we can just use a ruler and read off the value 
�š�Z���š���]�š���P�]�À���•���µ�•�V���š�Z���Œ���[�•���}�µ�Œ�����v�•�Á���Œ�X�����o�š�Z�}�µ�P�Z���Á���������v���•���Ç���š�Z���š���š�Z�]�•���]�•�����}�Œ�Œ�����š�U���Á�����Á�}�µ�o�����Z���À����
actually rounded it off to the resolution of the ruler we used, normally 1mm. So, we do have 
a value for the length of the line, however it will most likely be slightly incorrect (by a trivial 
amount). 

Next, we can increase our measuring to the 2nd dimension and try and figure out the length 
of the British coastline. Without a doubt, your first thought would be that it's a very large 
number, maybe thousands of kilometres, but certainly not infinite. However, 
counterintuitively, depending on how the coastline is measured, it could very much be so... 

Well, to start off, how are coastlines actually 
measured? The most common way is to place line 
segments along the coastline of a fixed length, for 
example 50km or 10km. Then, once the segments 
fully wrap around the coastline, you just simply 
multiply the length of them by the amount of them. 
For Britain, this yields a value of 3400km when 
u�•�]�v�P���ñ�ì�l�u���o�]�v���•�X���^�}�U���š�Z���š���Á���•���•�]�u�‰�o���U���Á���•�v�[�š���]�š�M����
This image on the right shows all 68 segments that 
add up to this number. Despite this seemingly 
foolproof method, this is where the problems start. 
If you were to search for the length of the coastline 
on the internet, you would come up with a very 
different value. Not just a few hundred kilometres 
more or less, but over 5 times more, at 17,820km 
(from the Ordnance Survey)! So, what did we do 
wrong? Actually, our method was perfectly fine, the 
only thing we did differently to them was use a 
different length for our line segment.         
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When looking at other examples in which lines might be used 
to measure lengths, it seems impossible that it could result in 
an increase of this proportion. Take, for example, the 
circumference of a circle. One of the ways that ancient 
mathematicians used to calculate it was by inscribing polygons 
inside the circle and then gradually increasing the amount of 
sides to get better accuracy. This is similar to us measuring the 
coastline, as it uses an amount of sides with a known length to 
find out the length of a more complex line. We can figure the 

side length of the polygon through basic trigonometry, by first drawing a triangle with two 
adjacent points on the polygon and the centre. Then we can split the triangle in half to get a 
right-angled triangle. Finally, we can multiply the radius by the sine of the angle marked x to 
get the length l, and then multiply by 2 to get the full side length. A general formula for the 
perimeter of an inscribed n-sided polygon with radius r is:              

                                     �J 
H �t�N 
H �•�‹�• �@
�5�<�4

�á
�A 

As we increase n to get more circular shapes, this will converge to the formula that we all 
�l�v�}�Á�U���‹���Æ�����X�������Œ�š���]�v�o�Ç���v�}�š���ñ���š�]�u���•���Z�]�P�Z���Œ���š�Z���v�����v�Ç���À���o�µ�����Á�����Á�}�µ�o�����Z���À�����P�}�š���µ�•�]�v�P���š�Z���������}�À����
formula. In fact, using a square in a circle with radius 1, we get a value of 5.65 (2dp), only 
�í�ì�9���}�(�(�X���^�}���š�Z���v�U���Á�Z���š�[�•���•�}�����]�(�(���Œ���v�š�������}�µ�š���������}���•�š�o�]�v�����š�Z���š���Œ�����µ���]�v�P���š�Z�����•���P�u���v�š���o���v�P�š�Z��
causes its length to skyrocket? 

Well, the reason behind all of this is that a circle is simply one line, however a coastline has 
many intricacies that go far beyond the naked eye. When we used a 50km segment, we 
missed out many finer details of the coastline that would only have been picked up with a 
smaller segment, this is the reason behind the official length being so much higher than our 
length. A larger segment may only show the rough outline, whereas if you went down to 
just metres or even centimetres, every single rock and pebble would be included, greatly 
increasing the length overall. This can be clearly visualized if you were to think about the 
difference in length between a zigzag line across a set length and a straight line. The straight 
line will always be shorter. 

The coastline is actually a type of fractal that is self-similar, meaning that similar to other 
�(�Œ�����š���o�•���o�]�l�����^�]���Œ�‰�]�v�•�l�]�[�•���š�Œ�]���v�P�o���U���]�š�����}�v�š�]�v�µ���•���}�v���š�}�����v���]�v�(�]�v�]�š�����‰���Œ�]�u���š���Œ�����•���š�Z�����•���P�u���v�š���µ�•������
gets infinitely smaller, to the point where it picks up every single atom along the coastline 
with all the nooks and crannies in between. This paradox shows that natural shapes like 
coastlines can be fractals just like geometrically precise ones. Just like fractals, the coastline 
has similar shapes at drastically different scales. A large bay looks just the same as a smaller 
bay, and a large headland has the same shape as a smaller one. Erosion works at all scales, 
leading to this explanation. But now this leads into another question, is there any link 
between the length used to calculate the coastline and the length of the coastline itself? 
�����v���Á�����‰�Œ�����]���š���Á�Z���š���š�Z�������}���•�š�o�]�v���[�•���o���v�P�š�Z���Á�}�µ�o�����������Á�Z���v���µ�•�]�v�P���o�]�v���•���}�(���í�ì�ì�u�U���í�u���}�Œ�����À���v��
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1mm? The answer to this is yes! Apart from the obvious negative correlation between the 
segment length and the coastline length, there is actually a rather simple equation that links 
the two together.                      

�.�:�@�;�� �ß ���@�:�5�?�½�;      

�d�Z���Œ�������Œ���������(���Á���À���Œ�]�����o���•���Z���Œ���U���•�}���/�[�o�o���P�}���š�Z�Œ�}�µ�P�Z�����v�������Æ�‰�o���]�v�����À���Œ�Ç�š�Z�]�v�P���v���Æ�š�X 

L(d) is simply the measured coastline length with d being the length of the segment being 
used.  

D is the fractal 
dimension of the 
coastline, which 
varies between 
different 
coastlines. Let 
me explain how 
we can figure out 

the fractal dimension of the British coastline. The main method of doing this is by first 
overlaying a grid with squares of side length L on top of a map of the coastline. Then, we 
need to count how many squares touch the coastline; let us call this N(L). After this, we have 
to repeat this with different values of L, for example if L was 200km before, we could do 
100km, 50km and 25km. Once we have the value of N(L) for all of these square sizes, we 
finally need to plot a graph with log(1/L) on the x-axis and log N(L) on the y-axis. After all of 
this, we simply have to find the slope of this graph to give a decent estimate for the fractal 
dimension of whatever coastline we used. For the British coastline, this is approximately 
1.25. We can tell how smooth or rough a coastline is depending on its fractal dimension: 
some countries have one around 1.05 meaning they have a smooth coastline, and some 
have one over 1.5, indicating a rougher coastline. Britain is right in the middle. 

Finally, we can now go back to the formula �.�:�@�;�� �ß ���@�:�5�?�½�;. Now that we know D = 1.25, we 
can calculate some values that are useful to us. If d = 10, then L(d) = 0.562. This means that 
���À���Œ�Ç���š�]�u�����Á�����u�µ�o�š�]�‰�o�Ç���}�µ�Œ���•���P�u���v�š���o���v�P�š�Z�����Ç���í�ì�U���]�š���•�Z�}�µ�o�����Œ�����µ�������š�Z�������}���•�š�o�]�v���[�•���o���v�P�š�Z�����Ç��
around 44%. We can test this with 2 values that are commonly seen when researching this 
�‰���Œ�����}�Æ�X���t�]�š�Z�������•���P�u���v�š���}�(���í�ì�ì�l�u�U�����Œ�]�š���]�v�[�•�����}���•�š�o�]�v�����]�•���î�ô�ì�ì�l�u���Z�}�Á���À���Œ���Á�Z���v���Œ�����µ���]�v�P��
this to 50km, it goes up to 3400km, as we figured out earlier. Does this follow the formula 
above? Well, if d = 2, then L(d) = 0.84. Luckily for us 2800/3400 is 0.82, very close to what 
the formula gave us, meaning that it, although not perfect, is a very good estimate. With 
smaller values, and some refinement to the fractal dimension, this formula can become very 
accurate.  

�^�}�U���v�}�Á���š�Z���š���Á�����l�v�}�Á�����o�o�������}�µ�š���Z�}�Á���š�}�������o���µ�o���š�����š�Z�������}���•�š�o�]�v���[�•���o���v�P�š�Z�U�����v�������]�À�������]�v�š�}���š�Z����
deep world of fractals, let us revisit our original question. How long is our coastline? We 
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now know that there really is no answer to this question, we can make it however long we 
want using the formula we saw earlier, 3000km, 30000km, it is technically possible. 
However, how high can we go? Infinity must be possible if we can go seemingly as high as 
�Á�����Á���v�š�J���h�v�(�}�Œ�š�µ�v���š���o�Ç�U���š�Z�]�•���]�•���v�}�š���š�Z���������•���U�����•���š�Z���Œ�����i�µ�•�š�����Œ���v�[�š���]�v�(�]�v�]�š���o�Ç���•�u���o�o���o���v�P�š�Z�•���]�v��
the world; the smallest unit of length is a Planck length, �s�ä�x 
H�s�r�?�7�<���G�I .This is purely 
�Z�Ç�‰�}�š�Z���š�]�����o�U�����•�����}���•�š�o�]�v���•�����}�v�[�š���Z���À�������v�Ç���]�v�š�Œ�]�������]���•�����š���š�Z�����W�o���v���l���o���v�P�š�Z���o���À���o���Z�}�Á���À���Œ���š�Z�]�•��
�(�]�v���o�������o���µ�o���š�]�}�v���]�•���•�]�u�‰�o�Ç���š�}���•�Z�}�Á���Á�Z���š�����}���•�š�o�]�v���•�����Œ�����š�Z���}�Œ���š�]�����o�o�Ç�������‰�����o�����}�(�X���^�}���o���š�[�•���•�����U��
how long can we possibly make our coastline. Well, we can first find how much the segment 
length has been scaled by, which happens to be �s�ä�x 
H�s�r�?�8�4. Then, assuming that d in our 
formula = �s�ä�x 
H�s�r�?�8�4 , we can see that the coastline would be a staggering �z�ä�z�{
H�s�r�= 
times larger than the value for 100km, which was 2800km. Therefore, our coastline is, with 
no further ado... 

24,895,911,740,544km! 
Sources: 

UK Coastline picture - https://en.wikipedia.org/wiki/Coastline_paradox 

Box Method Coastline picture - https://demonstrations.wolfram.com/BoxCountingTheDimensionOfCoastlines/ 

Information - https://en.wikipedia.org/wiki/Coastline_paradox, https://www.livescience.com/planet-earth/whats-the-coastline-paradox, 
https://fractalfoundation.org/OFC/OFC-10-4.html 

  

https://en.wikipedia.org/wiki/Coastline_paradox
https://demonstrations.wolfram.com/BoxCountingTheDimensionOfCoastlines/
https://en.wikipedia.org/wiki/Coastline_paradox
https://www.livescience.com/planet-earth/whats-the-coastline-paradox
https://fractalfoundation.org/OFC/OFC-10-4.html
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Applications of Maths 
 
 
  

13 
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How Maths Created Impossible Materials 
 

By Alex (Kwun Wa) Wong 12GA 
 
Have you ever seen materials that get thicker as you stretch them? Or a real-life invisibility 
���o�}���l���o�]�l�����]�v���,���Œ�Œ�Ç���W�}�š�š���Œ�M���d�Z���š�[�•���]�u�‰�}�•�•�]���o���U���Ç�}�µ���u�]�P�Z�š���•���Ç�U�����µ�š���u���š�Z�•���]�•���š�Z�����Œ�����o���Œ�����•�}�v���Á�Z�Ç��
these astonishing materials can be created and applied in so many situations! 
 
Metamaterials 
 
�d�Z�����Z�]�u�‰�}�•�•�]���o�����u���š���Œ�]���o�•�[���/�[�u���Œ���(���Œ�Œ�]�v�P���š�}�����Œ���������š�µ���o�o�Ç�������o�o�������u���š���u���š���Œ�]���o�•�U���Á�Z�]���Z�����Œ����
beyond natural materials as they are engineered to have properties not due to chemical 
reasons but mathematically designed internal structures.[1] First theorised in the 1960s by 
Victor Veselago, the theory of metamaterial was eventually proven in 2000 by John 
Pendry.[2] Here, I will explore auxetic and invisible metamaterials using the maths involved, 
�•�µ���Z�����•���W�}�]�•�•�}�v�[�•���Z���š�]�}�U���š�Œ�]�P�}�v�}�u���š�Œ�Ç�����v�����P���}�u���š�Œ�Ç�U���^�v���o�o�[�•���>���Á�U���D���Æ�Á���o�o�[�•�����‹�µ���š�]�}�v�•�U�����v����
transformations.  
 
Auxetic materials �t �í�X���h�v�����Œ�•�š���v���]�v�P���W�}�]�•�•�}�v�[�•���Z���š�]�}�� 
 
�&�]�Œ�•�š�o�Ç�U���Á�����•�š���Œ�š���Á�]�š�Z���v���š�µ�Œ���o���u���š���Œ�]���o�•�X���d�Z�����W�}�]�•�•�}�v�[�•���Z���š�]�}���]�•���š�Z���������(�}�Œ�u���š�]�}�v���}�(�������u���š���Œ�]���o��
in a direction perpendicular to the direction of the applied force.[3]  
 

 
 

 
Strain is known as the ratio of the change in length to the original length. Therefore, this 
�W�}�]�•�•�}�v�[�•���Z���š�]�}���(�}�Œ�u�µ�o���������v�����������v���o�Ç�•���������•���Á�Z���v���Ç�}�µ���•�š�Œ���š���Z�����v���}���i�����š���~�]�v���Œ�����•�]�v�P���]�š�•���o���v�P�š�Z��
so there is a strain) in the axial direction, axial strain increases and it becomes longer. 
However, the change in width (in lateral direction) is negative, as the object is contracting in 
the lateral direction. Thus,                   is negative, while we said we are increasing the length 

(in axial direction), so               is positive. �R 
L 
F
�Ç�Ø�Ú�Ô�ç�Ü�é�Ø���á�è�à�Õ�Ø�å

�É�â�æ�Ü�ç�Ü�é�Ø���á�è�à�Õ�Ø�å

L �L�K�O�E�P�E�R�A���J�Q�I�>�A�N���á��so we 

have proven that v > 0. 
 
  

Figure 1[4] shows the formula 
�R�I���3�R�L�V�V�R�Q�·�V���5�D�W�L�R�����Y���� 

Figure 2 shows the axial and 
lateral/transverse directions: 
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The same can be said about compressing an object in the axial direction, as axial strain 
becomes negative, the lateral strain is positive. You can imagine both of these situations in 
the examples: stretching a rubber band, and compressing a football. 

  
Now, we can consider auxetic materials, which are metamaterials that get thicker as you 
stretch them. In mathematical terms, this means that both axial and lateral strain are 
�‰�}�•�]�š�]�À���U���š�Z���Œ���(�}�Œ�����P�]�À�]�v�P�������v���P���š�]�À�����W�}�]�•�•�}�v�[�•���Z���š�]�}���~�Á�Z�]���Z���]�•�����]�(�(���Œ���v�š���š�}���u���š��ls for 
���Æ���u�‰�o�����Á�Z�]���Z���µ�•�µ���o�o�Ç���Z���À�����À���C���ì�X�ï�•�X�����µ�š���Á�Z�Ç�������v�����µ�Æ���š�]�����u���š���Œ�]���o�•���������}�u�����š�Z�]���l���Œ�����v�����Z�}�Á��
�����v�������v���P���š�]�À�����W�}�]�•�•�}�v�[�•���Z���š�]�}���������‰�Œ�}�À���v�M 
 
 
Auxetic materials �² 2. Hidden trigonometry and geometry 
 
Auxetic materials have this unique property due to their engineered geometry. 
 
 
 

 
Figure 4 is the key maths model that I will use to explain this property. Here, a lattice of 
identical rigid squares are connected at their corners (by perfect hinges) and are free to 
rotate. When stretched, the gaps between them expand due to this rotation. 
 
Now, focusing on only 1 unit cell, let side length of a square be a, and the angle of rotation 
�������}�X���>�}�}�l�]�v�P�����š���&�]�P�µ�Œ�����ð�~���•�U���š�Z�����š�}�š���o���Z�}�Œ�]�Ì�}�v�š���o���Á�]���š�Z���]�•���t1 �A���������}�•���}1 �=�������•�]�v���}1 �~�������}�•���}1 
�(�Œ�}�u���š�Z�����Œ�������š�Œ�]���v�P�o�������v���������•�]�v���}1 from the green triangle). Using the same idea, the total 
vertical height is H1 �A�������•�]�v���}1 �=���������}�•���}1. It is worth noticing that W1 = H1.  
 

Figure 3[5] �H�[�S�O�D�L�Q�V���K�R�Z���3�R�L�V�V�R�Q�·�V���5�D�W�L�R���D�S�S�O�L�H�V���W�R���W�K�L�V�� 

Figure 4[6] shows a type of structure for auxetic materials: 

 

 
Figure 4(a) 

Figure 4(b) 

�: 1 

�: 1 �: 2 

�: 2 

a 

a 
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The same formulae will be found from Figure 4(b). This means that W2 �A���������}�•���}2 �=�������•�]�v���}2 

and H2 �A�������•�]�v���}2 �=���������}�•���}2 . 
 

Therefore, the axial strain (let it be horizontal) can be calculated as 
�Ð�6�?�Ð�5

�Ð�5
 whereas the 

lateral strain can be calculated as 
�Á�6���?���Á�5

�Á�5
�� 

 

�R 
L 
F
�:
�*�t 
F �*�s

�*�s �;

�:
�9�t 
F �9�s

�9�s �;
 

�R 
L 
F
l
�*�t 
F �*�s

�*�s
�Û

�9�s
�9�t 
F �9�s


p 

�$�A�?�=�Q�O�A���*�s 
L �9�s�á �R 
L �� 
F
l
�*�t 
F �*�s
�9�t 
F �9�s


p 

 
As H2 > H1 and W2 > W1 , v is proven to be negative. 
 
Above, we have assumed that the height increases with the increase in rotation angle. We 
can also prove that by differentiation. 
 

�@�*���@�}���A�������~���}�•���}���t �•�]�v���}�• 
�&�}�Œ���Z���]�P�Z�š���š�}���������]�v���Œ�����•�]�v�P�U�������E���ì���~�Á�Z�]���Z���]�•�����o�Á���Ç�•���š�Œ�µ���•�����v�������}�•���}���t �•�]�v���}���E���ì 

���}�•���}���t �•�]�v���}���E���ì 
1 �t �š���v���}���E���ì 

�d���v���}���D���í 
�d�Z���Œ���(�}�Œ���U���}���D���ð�ñ 

 
The rotating-square metamaterial is only auxetic when the rotation angle is less than 45. 
 
�/�v�����}�v���o�µ�•�]�}�v�U���Á�����Z���À�����‰�Œ�}�À���v���š�Z�������µ�Æ���š�]�����‰�Œ�}�‰���Œ�š�Ç���š�Z�Œ�}�µ�P�Z���W�}�]�•�•�}�v�[�•���Z���š�]�}�����v���������u�}�����o���}�(��
its geometric structure, showing how maths can be used to manipulate this material into 
something completely different to conventional materials. 
 
Auxetic materials �t 3. Real-life applications 
 
Where are auxetic materials used?[7] 

- Protective equipment including body armour, helmets, and knee pads to increase 
impact time which can reduce injury (as you know from the momentum equation 

�( 
L
�¿�à�é

�ç
��); 

- Technical fabrics for aerospace and sports equipment; 
- Medical devices such as medical stents and implants due to its conformal lattice 

design; 
- Auxetic fabrics used to create comfortable and flexible clothing; 
- Acoustic metamaterials for controlling sound and vibration. 
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Invisible materials �t 1. A reversed refractive index 
 
An invisibility cloak? Is it magic? The short answer is no. When we see an object, we see the 
visible light waves that reflect off the object. In order to make the object invisible, the secret 
is to bend light away from it![8] But now we have to take a deeper dive into the maths 
involved in this and how this can be possible in real life. 
 
�&�]�Œ�•�š���}�(�����o�o�U�����•���Ç�}�µ���l�v�}�Á�U���^�v���o�o�[�•���>���Á���]�•���š�Z�����o���Á���š�Z���š���P�}�À���Œ�v�•���š�Z�����Á���Ç���Á���À���•���Œ���(�Œ�����š���~�Á�Z���š��
happens when travelling from two different mediums).  

 
In the equation, n is the refractive index, and n1 and n2 are both positive. 
 
�E�}�Á���Á�������}�v�•�]�����Œ���Á�Z���š�����(�(�����š�•���š�Z�����Œ���(�Œ�����š�]�À�����]�v�����Æ���µ�•�]�v�P���š�Z�����D���Æ�Á���o�o�[�•�����‹�µ���š�]�}�v�W[1] 

This equation links refractive index to electric permittivity �Ý (ability to resist the flow of 
electric charge) and magnetic permeability �ä (how easily a magnetic field can pass through 
it). In general, natural materials have �Ý > 0 and �ä > 0. However, metamaterials have �Ý < 0 
and �ä < 0, and this double-negative condition forces the negative square root to be chosen.  
 

Figure 6[9] �V�K�R�Z�V���6�Q�H�O�O�·�V���/�D�Z���D�Q�G���U�H�I�U�D�F�W�L�R�Q�� 

Figure 5[7] shows the types of auxetic structures (this article researched rotating only) and 
the applications: 
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�E�}�Á���/�[�o�o�����Æ�‰�o���]�v���š�Z�����Œ�����•�}�v���(�}�Œ�����Z�}�}�•�]�v�P���š�Z�����v���P���š�]�À�����•�‹�µ���Œ�����Œ�}�}�š���~�š�Z���š���o�������•���š�}�������v���P���š�]�À����
n): 
 
Importantly, the wave being discussed here is a left-handed wave, or backward wave. This 
means that the phase velocity is in the opposite direction of energy flow. 
 
�d�Z���•�����D���Æ�Á���o�o�[�•�����‹�µ���š�]�}�v�•���P�]�À�����š�Z�����Œ���o���š�]�}�v�•�Z�]�‰�•�������š�Á�����v�����U���,�U�����v�����l�X[11] 

Where 
- E is a vector describing the oscillation of the electric field (refer to Figure 7); 
- H is a vector describing the oscillation of the magnetic field (refer to Figure 7); 
- k is a vector pointing in the direction of phase propagation (movement of a specific 

�‰�}�]�v�š���]�v���š�Z�����Á���À���[�•�����Ç���o���•�X 
 
As you can see from the 2 equations, electric permittivity �Ý and magnetic permeability �ä 
affects k. If �ä is negative and �Ý is negative, the direction of k is reversed. 
 
S is defined as S = E x H 
Where S is the Poynting vector which represents energy flow. 
 
���v���Œ�P�Ç���(�o�}�Á���]�•�����o�Á���Ç�•�����Á���Ç���(�Œ�}�u���š�Z�����•�}�µ�Œ�������~���v���Œ�P�Ç�������v�[�š���š�Œ���À���o���������l�Á���Œ���•���•�}���^���Œ���u���]�v�•���]�v��
the same direction. 
 
After all of that, we know that k is in the opposite direction of S. 
 

Figure 7[10] shows that light (and EM waves) oscillates in 2 directions that are perpendicular 
to each other �² electric field and magnetic field: 
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Finally, the relationship below,[11] linking k to n, shows that when k reverses direction, n 
becomes negative. Therefore proving that the refractive index of this metamaterial is 
negative. 

 
�,���Œ���[�•���š�Z�����Œ���•�µ�o�š�J 

 
Invisible materials �t 2. Transformation optics 
 
Now that we have established that these metamaterials have a negative refractive index, 
we can continue to look at how they can become invisible.  
 
Transformation optics is the mathematical framework that uses coordinate transformations 
�š�}���u���l�����Z�����v���]�v�P���o�]�P�Z�š�[���‰�}�•�•�]���o���X[13] As metamaterials have structures smaller than the 
wavelength of EM waves, called subwavelength structures, this allows for different effective 
electromagnetic properties (like �Ý < 0 and �ä < 0 talked about before). But importantly, �Ý and 
�ä can change depending on how the metamaterial is engineered. Therefore, this changes 
the refractive index and the movement of light, and changing the path of light becomes a 
possibility. 
 
�d�Œ���v�•�(�}�Œ�u���š�]�}�v�•���~�o�]�l�����µ�•�]�v�P���u���š�Œ�]�����•�•�����Œ�������‰�‰�o�]�������š�}���š�Z�����D���Æ�Á���o�o�[�•�����‹�µ���š�]�}�v�•�X�����Ç�����Œ�����š�]�v�P������
distribution of refractive indices, the geometrical path (actual path) of light that minimises 
the optical path (optical path length = refractive index x geometrical path length) of light can 
bend according to the need.[14]  
 
By bending light, you are actually seeing everything behind the object �t this is the very idea 
that gives metamaterials the invisible effect. 

Figure 8[12] compares positive and negative refractions: 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

20 

 

 
All in all, it is definitely interesting to find out about the mechanism behind invisibility �t 
�Á�Z�]���Z���]�•���v�}�š���š�}�����������Z�]�v�À�]�•�]���o���[���‰���]�v�š���}�Œ���‰�µ�š���}�v�������u���P�]�����o���P���Œ�u���v�š�U�����µ�š���š�}�������•�]�P�v��
metamaterials that have a negative refractive index, proven by maths, which is the key to 
how they bend light. Now that you know invisible materials can indeed exist, although it will 
be extremely hard to engineer the perfect invisibility cloak due to their small structures, and 
even harder for it to become an everyday item. 
 
Invisible materials �t 3. Real-life applications 
 
Where are invisible materials used?[16] 

- Stealth technology that exceeds just radar absorption, instead these materials can be 
hidden even from our eyes; 

- MRI imaging quality enhancement; 
- Screen displays and optical devices; 
- Transparent solar panels which can be used instead of windows for increased energy 

generation. 

 
 

Figure 9[15] shows how light would bend around a metamaterial: 
 
 

Figure 10[17] is a potential result of invisibility: Figure 11[18] is a transparent solar panel: 
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Conclusion  
 
�D���š�Z�•���]�•�������Z�]�v�������o�u�}�•�š�����À���Œ�Ç�š�Z�]�v�P�Y�����v�����]�š�[�•���Z���Œ�����š�}�������o�]���À�����š�Z���š�����(�š���Œ���Z�‰�o���Ç�]�v�P���Á�]�š�Z��
�v�µ�u�����Œ�•�[�U���•�}�u���š�Z�]�v�P���•�}���]�u�‰�}�•�•�]���o���������v�����������Œ�����š�����X�����µ�š���š�Z�Œ�}�µ�P�Z���š�Z�����‰�Œ�}�����•�•���}�(���Œ���•�����Œ���Z�]�v�P��
�����}�µ�š���u���š���u���š���Œ�]���o�•�U���Á�����(�]�v�����š�Z���š���^�v�}�š�Z�]�v�P���]�•���]�u�‰�}�•�•�]���o�����š�}���Z�]�u���Á�Z�}���Á�]�o�o���š�Œ�Ç�_�X 
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How Maths Predicts the Weather 
 

By Abeeshan M 7M 

 
�/�u���P�]�v�����Á���l�]�v�P���µ�‰�U���P�o���v���]�v�P�����š���Ç�}�µ�Œ���‰�Z�}�v���U�����v�����•�����]�v�P���š�}�u�}�Œ�Œ�}�Á�[�•���(�}�Œ�������•�š�W���^�W�Œ�����]�‰�]�š���š�]�}�v��
chance - �ó�ì�9�����Z���v�����X�_���/�š���(�����o�•���v�}�Œ�u���o�U�����}���•�v�[�š���]�š�M�����µ�š���Z���À�����Ç�}�µ���š�Z�}�µ�P�Z�š���š�Z���š�������Z�]�v�����š�Z���š��
tiny percentage is a play of numbers �v  millions of equations, billions of data points, and 
computers racing against time to predict the sky above us. 
 
���µ�š���Z���Œ���[�•���š�Z�����š�Á�]�•�š�W���š�Z�������š�u�}�•�‰�Z���Œ�����]�•�����Z���}�š�]���X���������µ�š�š���Œ�(�o�Ç���(�o���‰�‰�]�v�P���]�š�•���Á�]�v�P�•���]�v�����Œ���Ì�]�o���Œ�����o�o�Ç��
�����v���Œ�]�‰�‰�o�����]�v�š�}���•�š�}�Œ�u�•�������Œ�}�•�•�����µ�Œ�}�‰���X���d�Z���š�[�•���Á�Z�Ç���(�}�Œ�������•�š�•�����Œ���v�[�š���í�ì�ì���‰���Œ�����v�š�U�����µ�š��
�‰�Œ�}�������]�o�]�š�]���•�X���t�Z���v���Ç�}�µ���Œ���������^�ó�ì�9�����Z���v�������}�(���Œ���]�v�_�U���]�š�[�•���v�}�š�������‰�Œ�����]���š�]�}�v���v i�š�[�•���š�Z�����Œ���•�µ�o�š���}�(��
running the same model dozens of times with tiny tweaks, to see how the numbers play 
out.  
 
And yet, this play of numbers saves lives. Storm warnings give families time to prepare. 
Heatwave alerts protect the vulnerable. What looks like a simple icon on your weather app 
is maths working quietly in the background, turning chaos into something we can 
understand. 
 
Using math to model the future state of the atmosphere is called numerical weather 
prediction, a branch of atmospheric sciences that was pioneered after World War II but 
really took off in helping make reliable weather predictions in the U.S. in the 1980s with 
advancements in computing and the development of the global model system. 
 
Today, powerful supercomputers and advances in modelling capabilities continue to 
improve weather, climate, and water prediction, especially for extreme events. 
 

 
Survivorship Bias �² The Biggest Error You Ignored in Life 

 
By Samuel Chu 12E 

 

In WW2, the Allied Force faced a huge issue. A sizeable number of their bombers were 
destroyed due to enemy fire, which significantly weakened the aerial force of the Allied 
Force and caused many deaths. 

In order to solve this, they recorded the number of bullet holes on damaged planes during 
�Œ���‰���]�Œ�u���v�š�X���d�Z���Ç�����}�µ�o���v�[�š�����Œ�u�}�µ�Œ���µ�‰���š�Z�����Á�Z�}�o�������}�u�����Œ�����•���]�š���Á�}�µ�o�����•�o�}�Á���]�š�����}�Á�v�U���u���l�]�v�P���]�š��
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an easy target, plus it would be too costly and inefficient. Thus, they produced the idea of 
armouring up the area that contains the most bullet holes �t a justifiable solution, as 
patching up the most damaged area should make it less likely for the bomber to be 
destroyed. 

However, Abraham Wald, a Hungarian-Jewish statistician, came up with a drastically 
different solution �t they should armour up the least damaged area of the plane instead. 
�/�•�v�[�š���š�Z�]�•���š�Z�����Á�}�Œ�•�š���‰�}�•�•�]���o�����•�}�o�µ�š�]�}�v�M 

But turns out, that was the best decision, since the prior action had a major flaw. The only 
reason damaged planes could return is because their critical areas (the engine and cockpit) 
were not destroyed, hence little bullet holes showed up on these regions; the most 
damaged areas �t the wings and outer parts of the plane �t did not cause the plane to fail. 

Despite everyone being doubtful towards his decisions, his solution was adapted into the 
war - �]�u�u�����]���š���o�Ç���š�Z�����v�µ�u�����Œ���}�(�������•�µ���o�š�]���•���Á���•���Œ�����µ���������•�]�P�v�]�(�]�����v�š�o�Ç�X���,�µ�v���Œ�����•���}�(���•�}�o���]���Œ�•�[��
lives were saved, as well as the budget of the army, and most importantly, his work was 
deemed as contributing for future operational research �t �^�Œ���u���Œ�l�����o�����‰�]���������}�(���Á�}�Œ�l�_�����Ç��
James O. Berger. 

Although it has been over 60 years since survival bias appeared, it had only become more 
relevant to us in the modern days, as you will see with its extension �t publication bias, or 
known as file drawer problem. 

�^�����•���o�����š�]�}�v�����]���•���š�Z���š���}�v�o�Ç���š���l���•���•���u�‰�o���•���š�Z���š���‰���•�•���•���š�Z�Œ�}�µ�P�Z�������•���o�����š�]�À�����(�]�o�š���Œ���]�v�š�}���������}�µ�v�š�_ 

Drug advertisement in USA often exaggerates their 
effectiveness, showing biased clinical result and hiding 
negative ones. Take Cymbalta, for instance, which not only 
�µ�•���•���‰�•�Ç���Z�}�o�}�P�]�����o���š�����š�]���•���~�š�Z�����^���µ�š���Á�]�o�o���•�Z�����(�����o���o�]�l�����•�š�}�Œ�Ç��
�š�]�u���_���Z�]�P�Z�o�]�P�Z�š�•���š�}�������‰�š�µ�Œ����the attention of the person 
reading, but also used a high number (2.75 time more 
effective) to make it appear to be really effective, when in 
reality such results are nearly impossible to be re-created, 
plus they did not provide sufficient details of the study to 
proof its reliability.  

 

 

 

 

In fact, the study �^���}�v�š���v�š�����v���o�Ç�•�]�•���}�(���&���o�•�������v�����D�]�•�o�������]�v�P�����o���]�u�•���]�v���d���o���À�]�•�]�}�v�������À���Œ�š�]�•�]�v�P��
�(�}�Œ���W�Œ���•���Œ�]�‰�š�]�}�v�����v�����E�}�v�‰�Œ���•���Œ�]�‰�š�]�}�v�����Œ�µ�P�•�_ by Faerber&Kreling in 2010 found out that in 84 
prescription and non-prescription cases, 57% of advertisement were potentially misleading, 
and 10% were literally false �t that means over half of the drug advertisement were 
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intentionally lying to you, trying to get you to blindly use their product, despite the severe 
side effects it may have on you, such as increased risk of bleeding, confusion and aggression 
by the build up of serotonin, and liver damage. 

Fortunately, in the UK television channels, these advertisements were much rarer, due to 
the strict guidelines for advertisement (MHRA and ASA). Though this problem is still 
common in the world, as shown by the recent paper �^���Œ�]�š�]�����o�����]�•���}�µ�Œ�•�������v���o�Ç�•�]�•���}�(���•�}���]���o��
media advertisements for GLP-�í���Œ�������‰�š�}�Œ���~�Y�•�_��by Rad & Melendez-Torres (2024), which 
highlights the lack of focus on clinical testing on GLP-1 receptor drug advertisement. 

Survivor bias is not just limited to statistical or any scientific research, but also in our lives, 
and the choice we make. 

In many other articles regarding survival bias, the cases with Mark Zuckerberg and Steve 
Jobs were used quite often �t making the hypothesis that dropping out of college would give 
you a better change for business opportunities, then proving it wrong by the 2018 Graduate 
Labour Market Statistics, which showed that graduates have a higher employment rate and 
median salary than non-graduates. 

In fairness, this case is quite the effective example to show survival bias, as there is a real 
case of someone who tried to do what Zuckerberg did and failed, costing his life �t Ilya 
Zhitomirskiy. 

Due to the increasing data collection by Facebook, he planned to replace it with Diaspora �t 
a social media for users to have more control over how much data they would give. 
However, due to depression and the high stakes (perhaps he sees this as being the only 
option for success), he was overwhelmed and committed suicide in 12th November, 2011. 

Survival bias is often used in the field of scientifically research, from the famous cases of 
Abraham Wald, the frequently mentioned of the obsession over successful people and 
misleading advertisement that affects our daily health. 

Hopefully, after reading this, you will realise that survival bias affects your daily lives, and 
that you should pay more attention to it, whether it is realising that other journalism or 
advertisement have issues with publication bias, or you accidentally making a wrong 
conclusion because of it.  

 

The Wonders of e and Exponents in Finance 
 

By Ahmad Wahaj 12E 
 

The constant e is used ubiquitously throughout mathematics, and what has interested me 
most is its vital application in finance. Let us start by defining e. The definition of e comes 
from the idea of continuous growth, expressed as a limit as n tends to infinity: repeatedly 
adding a small fraction of the current amount. 
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This explains why the exponential function has the unique property that its rate of change is 
proportional to its current value, accentuating its importance in finance. In fact, e is the only 
known constant with this property. 

 

In financial modelling, continuous compound interest can be described using the following 
formula: 

 

where P is the initial investment, r is the annual interest rate, and t is time. This simple 
formula can lead to dramatic growth of the initial investment. For example, investing £1,000 
at an interest rate of 5% for 40 years results in a final value of approximately £7,389.06�v
nearly 7.5 times the original investment. This exponential behaviour is the primary 
mathematical principle behind savings accounts, pension funds, and long-term market 
growth. 

As much as we might hope , market values do not grow smoothly. They fluctuate constantly 
due to factors such as human behaviour, news events, and economic cycles. This behaviour 
can be roughly modelled using a combination of exponential growth and trigonometric 
functions, for example: 

 

Here, x represents time. The exponential term models long-term economic growth, while 
the cosine term represents major market cycles and the sine term adds short-term volatility, 
making the model more realistic. Multiplying these components together means that the 
size of the fluctuations increases over time, which closely resembles real financial markets. 

Below, I have plotted together multiple exponential�ttrigonometric models on Desmos to 
simulate different asset behaviours, including stable growth, cyclical markets, and highly 
volatile speculative assets. When compared to a realistic trading simulator, the overall 
trends appear quite similar. 
A real example of such behaviour can be seen at: 
https://www.trading-game.uk/ 

https://www.trading-game.uk/
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Lastly, not all financial 
equations can be solved 
using standard algebra, 
particularly those that 
include variables both 
inside and outside an 
exponential. This is where 
the Lambert W function becomes important. Although it is rarely encountered at school 
level, this function is used to calculate how long it takes for an investment to reach a specific 
value under continuous growth, or when solving repayment models involving exponential 
interest. 

In practice, suppose £1,000 is invested at a continuous annual interest rate of 6%, and the 
value of the investment after time t years is given by 

 

We want to determine how long it takes for the investment value A to double. Substituting 
this condition into the formula gives 

 

This particular case can be solved easily using logarithms. However, in a more realistic 
situation, we would need to take account of regular fees or repayments, leading to an 
equation of the form 

 

Here, t appears both inside and outside the exponential, meaning standard algebraic 
methods can no longer be used. The following steps show how the equation can be solved 
for t using the Lambert W function, which is defined by: 
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In short, the Lambert W function allows financial models involving exponential growth and 
time-dependent effects to be solved exactly, rather than relying on trial-and-error methods 
or numerical approximations. 

In conclusion, the constant e and exponential functions play a pivotal role in shaping 
modern financial markets and systems, and in the future these models will only keep on 
getting more efficient with the help of automation and quantum computing. 

Challenge: Try solve for x using the Lambert W function 

 

Sources used: Chat GPT to format the formulas/equations, Desmos 
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Applications of Partial Differential Equations and Multivariable 
Functions 

 
By Isaac Li 12D 

 

�����.�v�]�v�P�������(�µ�v���Ÿ�}�v���Á�]�š�Z���š�Á�}���À���Œ�]�����o���•                                                       
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�&�]�P�µ�Œ�����í�W�����v�����Æ���u�‰�o�����•�Z�}�Á�]�v�P���š�Z�����À�����š�}�Œ���.���o�����Á�]�š�Z�����Œ�Œ�}�Á�•���Œ���‰�Œ���•���v�Ÿ�v�P���š�Z�����P�Œ�����]���v�š���À�����š�}�Œ 

�t�]�š�Z�������À�����š�}�Œ���.���o���U���Á���������v���]�u���P�]�v�����š�Z���š���š�Z���Œ�����]�•�������Ÿ�v�Ç�����Œ�Œ�}�Á�����©�����Z�������š�}�����À���Œ�Ç���‰�}�]�v�š���}�v���š�Z����
�•�µ�Œ�(�������X���d�Z�������Œ�Œ�}�Á���‰�}�]�v�š�•���]�v���š�Z�������]�Œ�����Ÿ�}�v���Á�Z���Œ�����š�Z�����•�µ�Œ�(���������Z���•���š�Z�����•�š�����‰���•�š���]�v���Œ�����•�����]�v��
�Z���]�P�Z�š�U�����v�����]�š�•���o���v�P�š�Z���]�•���Z�}�Á���•�š�����‰���š�Z�����•�µ�Œ�(���������]�•�����š���š�Z���š���‰�}�]�v�š���~�]�X���X���š�Z�����u���P�v�]�š�µ�����•�X 

���Ç�������.�v�]�v�P���š�Z�����À�����š�}�Œ���.���o�����Á�]�š�Z���������}�u���]�v�����•���•�µ���Z�W 

�����������������������������������������������������������������������������������������������������������������������������������������������������������& 
L�<�:�T�á �U�; �Ð �9�6�=�� 

�t�����Z���À�������•�•���v�Ÿ���o�o�Ç�����]���š���š�������š�Z���š���(�}�Œ�����À���Œ�Ç�����}�}�Œ���]�v���š�����Á�]�š�Z���~�Æ�U���Ç�•���š�Z���š���]�•�����v�����o���u���v�š���}�(���š�Z����
�î�������µ���o�]�������v���‰�o���v���U���š�Z���Œ�����Á�]�o�o�������������Z���]�P�Z�š���^�Ì�_�X 

�D���š�Z���u���Ÿ�����o�o�Ç�U���Á���������v�������o���µ�o���š�����š�Z�����P�Œ�����]���v�š���À�����š�}�Œ�����Ç���µ�•�]�v�P���š�Z�����‰���Œ�Ÿ���o�����]�+���Œ���v�Ÿ���o��
���‹�µ���Ÿ�}�v�W 

�Ø�V
L 
l
�ò�V
�ò�T

�á
�ò�V
�ò�U


p 

�d�Z�]�•���.�Œ�•�š�������Œ�]�À���Ÿ�À�����u�����•�µ�Œ���•���Z�}�Á���•�š�����‰�o�Ç���š�Z�����•�µ�Œ�(���������Œ�]�•���•���}�Œ���(���o�o�•�����o�}�v�P���������]�Œ�����Ÿ�}�v�X��
�Z���u���Œ�l�����o�Ç���š�Z�����u���P�v�]�š�µ�������}�(���]�š�������v���������(�}�µ�v�������Ç���µ�•�]�v�P���š�Z�������‹�µ���Ÿ�}�v�W 

���Ø�V�� 
L 
¨ 
l
�ò�V
�ò�T


p
�6


E
l
�ò�V
�ò�U


p
�6

 

�t�Z�]���Z���]�•�������Œ�]�À���������Ç���µ�•�]�v�P���š�Z�����W�Ç�š�Z���P�}�Œ���•���š�Z���}�Œ���u�� 

�=�6 
E �>�6 
L �?�6 

���€���o�o���Œ�}�������o�������•���š�}���Z�}�u���• 

���µ�Œ�À���š�µ�Œ�����}�(�������•�µ�Œ�(������ 

�W�]���š�µ�Œ���������‰�]���������}�(�����Œ�]�•�‰�U���}�Œ�������•�������o�����]�(���Ç�}�µ�[�Œ���������Z�}�Œ�•�����‰���Œ�•�}�v�r���š�Z�����P�Œ�����]���v�š���À�����š�}�Œ���~���]�Œ�����Ÿ�}�v�•��
�š���o�o�•���µ�•���Á�Z���Œ�����š�Z�����•�µ�Œ�(���������Œ�]�•���•���š�Z�����‹�µ�]���l���•�š�U�����v�����]�š�•���u���P�v�]�š�µ�������š���o�o�•���µ�•���Z�}�Á���•�š�����‰���]�š���]�•�����š���š�Z���š��
�‰�}�]�v�š�U�����µ�š���v�}�š�Z�]�v�P�������}�µ�š���Z�}�Á���š�Z�����•�µ�Œ�(�������������š�µ���o�o�Ç�������v���•�X�� 

�K�v���š�Z���š���������}�µ�v�š�U���Á���[�o�o���v���������š�}���]�v�š�Œ�}���µ�������š�Z�����•�����}�v���������Œ�]�À���Ÿ�À���U���Á�Z�]���Z���u�����•�µ�Œ���•���š�Z�������Z���v�P����
�]�v���š�Z�����•�o�}�‰�� 

�Â�V
L
�ò�6�V
�ò�T�6


E
�ò�6�V
�ò�U�6

 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

30 

�&�µ�Œ�š�Z���Œ�u�}�Œ���U���š�Z�����>���‰�o�������[�•�����‹�µ���Ÿ�}�v���~�v���u���������L���Œ���š�Z�����&�Œ���v���Z���•���Z�}�o���Œ���W�]���Œ�Œ���r�^�]�u�}�v���>���‰�o�������•��
�•�š���š���•���š�Z���š 

�������������������������������������������������������������������������������������������������������������������������������������������������Â�B
L �r�����}�Œ�������Ø�6�B 
L �r 

�t�Z�]���Z�������•���Œ�]�����•�����v�����‹�µ�]�o�]���Œ�]�µ�u���•�š���š�����}�(���š�Z�����Z���Œ�u�}�v�]�����(�µ�v���Ÿ�}�v���(�X 

���}�v�•���‹�µ���v�š�o�Ç�U���Á���������v�����Æ�‰�Œ���•�•���}�µ�Œ���}�Œ�]�P�]�v���o�����‹�µ���Ÿ�}�v���~�(�}�Œ���������Œ�]�•�‰�•�����•�W 
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L
�ò�6�V
�ò�T�6


E
�ò�6�V
�ò�U�6

 

�^�µ���Z���š�Z���š���š�Z�����•�µ�u���}�(���•�����}�v���������Œ�]�À���Ÿ�À���•���]�•���Ì���Œ�}�U�����v�����š�Z���š���]�š���Z���•���Œ�������Z���������������o���v��������
���µ�Œ�À���š�µ�Œ���X 

�E�}�š�����š�Z���š���š�Z�������µ�Œ�À���š�µ�Œ�����š���o�o�•���µ�•���Z�}�Á�������•�µ�Œ�(�������������v���•���]�v�����]�+���Œ���v�š�����]�Œ�����Ÿ�}�v�•�X�����v�����]�(������
���µ�Œ�À���š�µ�Œ�����]�•���‰�}�•�]�Ÿ�À�������v�����v���P���Ÿ�À�����]�v�����v�}�š�Z���Œ�U���š�Z���v���š�Z�����•�µ�Œ�(���������Á�]�o�o�����‰�‰�����Œ���•�������o�����•�Z���‰�����X 

 

���Œ���Á�]�v�P�������‰�]���������}�(�����Œ�]�•�‰ 

�K�v���š�Z�����������}�µ�v�š���}�(�����o�o���Á���[�À�������}�À���Œ�����U���Á���������v���.�v���o�o�Ç�������P�]�v���š�Z���������•�š���‰���Œ�š�W�����Œ���Á�]�v�P�������•�]�u�‰�o����
�•�µ�Œ�(�������X 

���}�v�•�]�����Œ�������(�µ�v���Ÿ�}�v 
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���Ç�����]�+���Œ���v�Ÿ���Ÿ�v�P���]�š���š�Á�]�����U���Á�����}���š���]�v���š�Z�����•�����}�v���������Œ�]�À���Ÿ�À���•�W 
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�d�Z�]�•���‰�Œ�}�À���•���š�Z���š���š�Z�����•�µ�Œ�(���������]�v���Æ�����]�Œ�����Ÿ�}�v���Z���•�������h�r�•�Z���‰�������‰���Œ�����}�o���U�����v�����]�v���š�Z�����Ç�r���]�Œ�����Ÿ�}�v�����v��
�]�v�À���Œ�š�������h�r�•�Z���‰�������‰���Œ�����}�o���X���'�Œ���‰�Z�]�����o�o�Ç���š�Z�]�•���(�µ�v���Ÿ�}�v�������v�����������Œ���Á�v�����•�W 
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�t�Z�]���Z���Œ���À�����o�•���š�Z���š���š�Z�����•�µ�Œ�(���������Á�]�o�o�����‰�‰�����Œ���o�]�l�����������Œ�]�•�‰�U�����µ�š���µ�v�(�}�Œ�š�µ�v���š���o�Ç���v�}�š�����v�������]���o�����}�v���X 

�Z���u���Œ�l�����o�Ç�U���š�Z�����u�}�����o���Á���[�À�����µ�•�����������}�À�����Z���•���•���À���Œ���o���G���Á�•�W���/�š�����}���•���v�}�š���Z���À���������.�v�]�š�������}�u���]�v��
�}�Œ�����������Ç�•���š�}�Á���Œ���•���š�Z���������P���•���o�]�l���Á�]�•�����š�}�������Œ�����o���‰�]���������}�(�����Œ�]�•�‰�X�� 

���Œ�����Ÿ�v�P�����v�����Æ�‰�Œ���•�•�]�}�v���(�}�Œ�������Œ���.�v���u���v�š���}�(���š�Z�]�•���u�}�����o���]�•���o���L�����•�����v�����Æ���Œ���]�•�����(�}�Œ���š�Z�����Œ���������Œ�•�X 

 

�,�}�u���Œ���^�]�u�‰�•�}�v�[�•���&���À�}�µ�Œ�]�š�� 

���}�v�µ�š�U���}�Œ���u���š�Z���u���Ÿ�����o�o�Ç���}�š�Z���Œ�Á�]�•�����Œ���(���Œ�Œ���������•�������š�}�Œ�µ�•�U���Á�Z�]���Z���]�•�������•�µ�Œ�(���������Á�]�š�Z�������P���v�µ�•���}�v����
�~�š�Z���Œ���(�}�Œ�����Z���•�������Z�}�o���•�X���/�š�������v�����������Œ���Á�v�����Ç���o���«�v�P���š�Z�����Œ�����]�µ�•���(�Œ�}�u���š�Z���������v�š�Œ�����}�(���š�Z�����Z�}�o�����š�}��
�š�Z���������v�š�Œ�����}�(���š�Z�����š�}�Œ�µ�•���š�µ���������� � �̂��_�U�����v�����š�Z�����Œ�����]�µ�•���}�(���š�Z�����š�µ�������������^���_�X 

 

�&�]�P�µ�Œ�����î�W�����v���]�o�o�µ�•�š�Œ���Ÿ�}�v���}�(�������š�}�Œ�µ�•���Á�]�š�Z���P���v�µ�•���}�v�����Á�]�š�Z�����E�� 

�d�Z�����]�u�‰�o�]���]�š�����‹�µ���Ÿ�}�v���(�}�Œ�������š�}�Œ�µ�•�������v���š�Z�µ�•�����������Æ�‰�Œ���•�•���������•�W 

�@�? 
F
¥�T�6 
E �U�6�A
�6


E �V�6 
L �=�6 

�t�Z���Œ�����š�Z�����‰���Œ���u���š�Œ�]�������‹�µ���Ÿ�}�v�•�����Œ�� 

�T 
L�:�? 
E �=���?�K�O �R�;�?�K�O �Q
�U 
L�:�? 
E �=���?�K�O �R�;�O�E�J �Q

�V 
L �ƒ���•�‹�• �R
 

�t�]�š�Z���š�Z�������}�u���]�v���(�}�Œ���µ�U���À�W���������������������������������������������������������������������������������� 

�Q�á �R �Ð�>�r�á�t�è�? 

 

�t�Z���š���]�(���š�Z�������µ�Œ�À���š�µ�Œ�����]�•���]�v�.�v�]�š�Ç�M 

�'���v���Œ���o�o�Ç�U�����v���]�v�.�v�]�š�������]�P�����µ�Œ�À���š�µ�Œ�����Á�}�µ�o�����u�����v���š�Z���š���š�Z�����•�µ�Œ�(���������]�•���]�v�.�v�]�š���o�Ç���•�Z���Œ�‰�U�����v�����š�Z�]�•��
�‰�Z���v�}�u���v�}�v�������v���]�v�š���Œ���•�Ÿ�v�P�o�Ç���������(�}�µ�v�������š�������•�]�v�P�µ�o���Œ�]�š�Ç�U���]�v�•�]�������������o�����l���Z�}�o���[�•�������v�š�Œ���X���d�Z�]�•��
���o�•�}���u�����v�•���š�Z���š���v�}���o�]�P�Z�š�������v�����•�����‰�����š�Z�]�•���‰�}�]�v�š���~�v�}�š�����À���v���,���Œ�Œ�Ç���,�}�µ���]�v�]�J�•���Á�Z���Œ�����š�Z�����o���Á�•���}�(��
�‰�Z�Ç�•�]���•�����}���v�}�š�����‰�‰�o�Ç�X�� 
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�&�]�P�µ�Œ�����ï�W�������•�]�u�‰�o�]�.�������•���Z���u���Ÿ�����Œ���‰�Œ���•���v�š���Ÿ�}�v 

���o�����]�š���š�Z�]�•�����]���P�Œ���u���]�•���À�]�•�µ���o�o�Ç���u�]�•�o�������]�v�P�U�����•���š�Z�����•�‰�������Ÿ�u�������µ�Œ�À���š�µ�Œ�����]�v���š�Z�����•�]�v�P�µ�o���Œ�]�š�Ç��
�•�Z�}�µ�o�����������]�v�.�v�]�š���U���Ç���š���š�Z�����P�Œ���‰�Z���•�Z�}�Á�•���š�Z���š���š�Z�������µ�Œ�À���š�µ�Œ�����]�•�����o�u�}�•�š���Ì���Œ�}�����š���•�]�v�P�µ�o���Œ�]�š�Ç�X 

�d�}���]�v�.�v�]�š�Ç�����v���������Ç�}�v�� 

���•���Á���[�À�������}�À���Œ�����U���]�š���]�•�����À�]�����v�š���š�Z���š���Á���������v�����‰�‰�o�Ç���‰���Œ�Ÿ���o�����]�+���Œ���v�Ÿ���o�����‹�µ���Ÿ�}�v�•�����v����
�u�µ�o�Ÿ�À���Œ�]�����o�������‹�µ���Ÿ�}�v�•���š�}���À���Œ�]�}�µ�•���.���o���•�X���/�š���Z�}�o���•���š�Z�����l���Ç���š�}���•�]�u�µ�o���Ÿ�v�P���G�µ�]���•���G�}�Á�U���Œ���v�����Œ�]�v�P��
�Á���À�����u�}�Ÿ�}�v�•�U���u�����Z�]�v�����o�����Œ�v�]�v�P���~�•�‰�����]�.�����o�o�Ç���P�Œ�����]���v�š�������•�����v�š�•�����v�����•�}���u�µ���Z���u�}�Œ�������Æ�š���v�•�]�À����
�µ�•���X���d�Z�����u�}�����o�•�������v�����o�•�}���������(�µ�Œ�š�Z���Œ���Œ���.�v���������Ç���š���l�]�v�P���]�v�š�}���š�Z�����������}�µ�v�š���}�(���u�}�Œ�����Œ�����o�r�o�]�(����
���}�v�•�š�Œ���]�v�š�•�U���•�µ���Z�����•�����o���•�Ÿ�������v���Œ�P�Ç���u�]�v�]�u�]�•���Ÿ�}�v�U���v�}�v�r�µ�v�]�(�}�Œ�u�����µ�Œ�À���š�µ�Œ�������v�����š�Z�]���l�v���•�•�X�� 
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�Z�©�‰�•�W�l�l�Á�Á�Á�X�l�Z���v�����������u�Ç�X�}�Œ�P�l�u���š�Z�l�u�µ�o�Ÿ�À���Œ�]�����o���r�����o���µ�o�µ�•�l�u�µ�o�Ÿ�À���Œ�]�����o���r�����Œ�]�À���Ÿ�À���•�l�‰���Œ�Ÿ���o�r�����Œ�]�À���Ÿ�À���r���v���r�P�Œ�����]���v�š�r���Œ�Ÿ���o���•�l���l�š�Z���r
�P�Œ�����]���v�š�������������.�P�µ�Œ�����í 

�Z�©�‰�•�W�l�l�u���š�Z�Á�}�Œ�o���X�Á�}�o�(�Œ���u�X���}�u�l�d�}�Œ�µ�•�X�Z�š�u�o���������.�P�µ�Œ�����î 

�Z�©�‰�•�W�l�l�•�µ�Œ���•�Z���u�Œ���X�Á�}�Œ���‰�Œ���•�•�X���}�u�l�î�ì�í�î�l�ì�ð�l�í�ð�l�]�v�.�v�]�š���r���µ�Œ�À���š�µ�Œ���r�}�(�r�•�‰�������Ÿ�u���r�•�]�v�P�µ�o���Œ�]�š�Ç�l���������.�P�µ�Œ�����ï 

�Z�©�‰�•�W�l�l�Á�Á�Á�X�l�Z���v�����������u�Ç�X�}�Œ�P�l�u���š�Z�l�u�µ�o�Ÿ�À���Œ�]�����o���r�����o���µ�o�µ�•�l�u�µ�o�Ÿ�À���Œ�]�����o���r�����Œ�]�À���Ÿ�À���•�l�‰���Œ�Ÿ���o�r�����Œ�]�À���Ÿ�À���r���v���r�P�Œ�����]���v�š�r���Œ�Ÿ���o���•�l���l�š�Z���r
�P�Œ�����]���v�š�� 

�Z�©�‰�•�W�l�l�����o���Á�}�Œ�l�•�Z�}�‰�X���}�u�l�À�����š�}�Œ�r�����o���µ�o�µ�•�l�À�����š�}�Œ�r�.���o���l 

  

https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives/partial-derivative-and-gradient-articles/a/the-gradient
https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives/partial-derivative-and-gradient-articles/a/the-gradient
https://mathworld.wolfram.com/Torus.html
https://sureshemre.wordpress.com/2012/04/14/infinite-curvature-of-spacetime-singularity/
https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives/partial-derivative-and-gradient-articles/a/the-gradient
https://www.khanacademy.org/math/multivariable-calculus/multivariable-derivatives/partial-derivative-and-gradient-articles/a/the-gradient
https://calcworkshop.com/vector-calculus/vector-field/
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How Mathematics Allows Computers to Break Classical Ciphers 
 

By Ali Yousuf Sheikh 12ET 
 

�^�����•�����Œ���š���}�Œ ���]�•�P�µ�]�•�������Á���Ç���}�(���Á�Œ�]�š�]�v�P�_�X���d�Z���š�[�•���š�Z�����'�}�}�P�o���������(�]�v�]�š�]�}�v���}�(���������]�‰�Z���Œ�X���/�š�•���‰�µ�Œ�‰�}�•�����]�•��
meant to hide information. But what we will find out is that for more classical ciphers, we 
can expose the secrecy and break the so-�����o�o�������Z�•�����Œ���š�[���Á�]�š�Z���u���š�Z���u���š�]���•�����v����������it of 
computational effort. 

 

The Statistical Structure of Language 

The English Language is predictable. 

You already know this. Vowels appear more than consonants. E is the most common letter 
in the alphabet. Etc. Nevertheless, it goes much deeper than this and mathematics can 
exploit these seemingly random frequencies for letters into something more readable.  

�&�}�Œ�����Æ���u�‰�o���U���l�v�}�Á�]�v�P���š�Z���š���š�Z�����o���š�š���Œ���Z���[�����‰�‰�����Œ�•�������}�µ�š���í�î�X�ó�9���]�v���š�Z�������v�P�o�]�•�Z���o���v�P�µ���P�����}�Œ���š�Z���š��
�š�Z�����š�}�‰���š�Z�Œ�������u�}�•�š�����}�u�u�}�v�����]�P�Œ���u�•���~�‰���]�Œ�•���}�(���o���š�š���Œ�•�•�����Œ�����Z�š�Z�[�U���Z�Z���[�U���Z�]�v�[�����o�o�}�Á�•���µ�•���š�}���‰�Œ�����]���š��
and verify certain letters or words. 

�d�Z�]�•���š�Z���v���š�]���•���]�v�š�}���(�Œ���‹�µ���v���Ç�����v���o�Ç�•�]�•�W���]�v�������•���Œ���u���o�������‰�]���������}�(���š���Æ�š�U���]�(���š�Z�����o���š�š���Œ���Z�•�[�����‰�‰�����Œ�•��
�í�î�X�ó�9���}�(���š�Z�����š�]�u���U���š�Z���v���Ç�}�µ�������v���•�š�Œ�}�v�P�o�Ç���•�µ�•�‰�����š���š�Z���š���š�Z�]�•���]�•���š�Z�����o���š�š���Œ���Z���[�X���/�(���Ç�}�µ���•�������š�Z����
�Á�}�Œ�����Z�h�/�&�[�����‰�‰�����Œ���•���À���Œ���o���š�]�u���•���}�v���]�š�•���}�Á�v���Ç�}�µ�������v�����•�•�µ�u�����]�š�[�•���Z�š�Z���[���}�Œ���Z���v���[�����v���������‰���v���]�v�P��
on the type of cipher, this alone could give you enough information to crack the entire 
ciphertext (encoded text). 

 

�D�����•�µ�Œ�]�v�P���^���v�P�o�]�•�Z-�v���•�•�_ 

There are several numerical indicators that tell you how close to English your jumbled-up 
pile of letters is. These can be used to help brute force (more on this later) keys for ciphers. 

The Chi-Square Test simply tests how close the observed data is to what we expected. 
�d�Z�Œ�}�µ�P�Z���������Œ�Ç�‰�š�}�P�Œ���‰�Z�Ç���o���v�•�W���^�,�}�Á�����o�}�•�����]�•���š�Z�]�•���š���Æ�š���š�}�����v�P�o�]�•�Z���•�š���š�]�•�š�]�����o�o�Ç�M�_�X���/�š�•���(�}�Œ�u�µ�o���W 
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where �1�Ü is Observed Frequency and �' �Ü is Expected Frequency and i represents the letter 
number in the alphabet 

 

https://www.google.com/search?client=firefox-b-d&hs=gM8o&sca_esv=2e0ce5bd22b7d86a&sxsrf=ANbL-n442wdXiIA2xkAGdEke9_aKwXjxdQ:1767978415159&q=disguised&si=AL3DRZF9mDMECe4ehrGDiMmrXKhwN9IChYQR_m5MzppnlOFADUO_59N6gvLkfKyKkvs8RjH3KJLuuen3QItfGF-WSX6yCawY3RGG-voZeP6OgKApyXqNKPQ%3D&expnd=1&sa=X&ved=2ahUKEwiQu5_r-P6RAxUQT0EAHThOF5kQyecJegQIMBAQ
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�d�Z�]�•�����•�•���v�š�]���o�o�Ç���•�µ�u�•���µ�‰���(�}�Œ���������Z���o���š�š���Œ���~�����~�í�•���š�}���•���~�î�ò�•�•���Z�}�Á���(���Œ���Á���•���š�Z�����o���š�š���Œ�[�•���(�Œ���‹�µ���v���Ç��
and squaring the top to heavily penalise a larger difference compared to a small one. 
Therefore a low chi-square would mean it is closer to plain English, and a high one would 
mean the opposite. 

The Index of Coincidence (IoC) is a statistical measure used to quantify how likely it is that 
two randomly selected letters from a given text will be the same. A high IoC of 0.0677 (1/15) 
is the default for English, whereas for a completely even random chunk of text it would be 
0.0385 (1/26) as there is an equal chance of picking any letter twice.  

A higher IoC means we can more confidently predict our cipher is monoalphabetic, meaning 
our key is simply one letter mapped onto another: A -> G, B->X, C->H, etc, as this does not 
change the IoC due to the chance of picking the newly mapped letter will be the same as 
English as IoC does not look at individual letters but rather sums them up as a whole. A 
lower IoC could suggest a polyalphabetic cipher which is when multiple keys (alphabet 
mappings) are used on top of each other to flatten out letter frequency and hide traces of 
letter structure. 

���µ�š�U���Z�}�Á�����}���Á���������o���µ�o���š�����š�Z�����/�v�����Æ���}�(�����}�]�v���]�����v�����M���,���Œ���[�•���Z�}�Á�W 

 

�Ã�6�:
�Ü���@���5���� �B�Ü �:�B�Ü��
F ���s�;

�0�:�0�� 
F ���s�;
 

where �B�Ü is the frequency of that letter, i is the index number of that letter and N is the text 
length in letters 

 

�>���š�[�•�����Œ�����l���š�Z�]�•�����}�Á�v�X���d�Z�����Œ�]�P�Z�š���Z���v�����•�]�������}�(���š�Z�����v�µ�u���Œ���š�}�Œ���B�Ü�:�B�Ü��
F ���s�; calculates the 
number of ways you can pick two of that letter without replacement as IoC measures the 
probability of picking identical letters. This is then summed up for all letters and divided by 
the number of ways to pick any two letters from the text without replacement. The formula 
simplified basically calculates: 

 

�I�=�P�?�D�E�J�C���L�=�E�N�O���K�B���O�=�I�A���H�A�P�P�A�N
�=�H�H���L�K�O�O�E�>�H�A���L�=�E�N�O

 

 

What These Allow Us to Do 

The key space for a cipher is the set of all possible keys that could be used for that cipher. 
For example, for a Caesar cipher (where the alphabet is shifted along by a certain key) there 
are only 26 unique ways you can shift the alphabet. Therefore, the key space for simpler, 
more classical ciphers are relatively small and can be easily brute forced. Each new 
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���}�u���]�v���š�]�}�v���‰�Œ�}���µ�������������v���������Z�•���}�Œ�����[���Á�]�š�Z���]�š�•���/�v�����Æ���}�(�����}�]�v���]�����v���������v�������Z�]-Square result, 
allowing to show how close the text is to plain English. 

 

Limitations 

�����•�‰�]�š�����š�Z�]�•�����Œ�����l�š�Z�Œ�}�µ�P�Z���]�v�����Œ�����l�]�v�P�����]�‰�Z���Œ�•�U���]�š���]�•�v�[�š���(�}�}�o�‰�Œ�}�}�(�X���d�Z���•�������o�o���Œ���o�Ç���}�v���š�Z����
ciphertext being long enough for us to run these calculations on them. If a cipher is too 
short, then our accuracy for IoC or Chi-Square decreases by a lot especially when some 
�o���š�š���Œ�•�����}�v�[�š�����À���v�����‰�‰�����Œ���}�v�����X�����v�����Æ���u�‰�o�����}�(���š�Z�]�•�����}�µ�o���������W���^�D�����š�����š���š�Z�������Œ�]���P�������Ç�������Á�v�_�X��
�E�}�����}�u�u�}�v���o���š�š���Œ�•���o�]�l�����Z�]�[�U���Z�•�[���}�Œ���Z�µ�[�X���d�Z�]�•���u���l���•���]�š���À���Œ�Ç���Z���Œ�����š�}���Œ�µ�v���u���š�Z���u���š�]�����o�����v���o�Ç�•�]�•���}�v��
ciphers of this length. 

�W�Œ���À�]�}�µ�•�o�Ç�U���/�[�À�����u���v�š�]�}�v�������‹�µ�]�š���������(���Á���š�]�u���•���]�v���š�Z�]�•�����Œ�š�]���o���������}�µ�š���^���o���•�•�]�����o�_�����]�‰�Z���Œ�•�U�����µ�š��
�Z���À���v�[�š�����o�����Œ�o�Ç�������(�]�v�������š�Z���u�X�����o���•�•�]�����o�����]�‰�Z���Œ�•�����Œ�������]�‰�Z���Œ�•���š�Z���š���}�(�š���v���}�‰���Œ���š�����}�v���o���š�š���Œ�•���}�Œ��
symbols and preserve statistical structure, hence our ability to exploit and break them using 
computational mathematics. 

Unlike classical ciphers, modern encryption has been designed to be unbreakable, without 
knowing the key; this is often because the key space is so large that it is impossible with 
current computational power to brute force all the combinations.  

Key spaces will often start at �t�5�6�< and increase from there. To put that number into 
perspective, that number is magnitudes higher than the number of stars in our universe. 

�>���š�[�•���š���l�������v�����Æ���u�‰�o�����}�(�������u�}�����Œ�v�����v���Œ�Ç�‰�š�]�}�v���u���š�Z�}�����i�µ�•�š���š�}���•�������Z�}�Á���Á�����Z���À�����‰�µ�•�Z�������š�Z����
boundaries of cryptography. Advanced Encryption Standard (AES), is a modern technique of 
scrambling data repeatedly using a secret key until all structure is lost. This then makes it 
impossible to crack the data using mathematics as there is no structure to take advantage 
of.  

It first converts the plaintext to binary (0s and 1s) and groups them into 128-bit blocks. The 
128 bits (16 bytes) are then placed in a 4 x 4 byte grid where the bytes are replaced by a 
fixed lookup table, the rows and columns are then shifted around and then a new key is 
derived from the original to randomise the process in the next round. This process is then 
repeated at 10 times (minimum) to destroy all structure in the ciphertext so the final 
product is completely random. 

 

So, what have we learnt?  

 

Classical ciphers are vulnerable because they preserve statistical structure, allowing 
mathematics to come in and expose patterns and break secrecy. Tools such as frequency 
analysis, chi-square testing, and the Index of Coincidence turn codebreaking into a relatively 
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simple computational problem. Modern encryption, however, removes structure entirely 
and uses key spaces leaving maths with nothing.  

The difference between breakable and secure ciphers is therefore not secrecy, but 
mathematical randomness. 

 

The Prime Architecture of RSA 
 

By William Tung 12Z 
 

The great British mathematician G.H. Hardy once famously declared in his 1940 essay, A 
Mathematician's Apology, that the most beautiful mathematics was that which had no 
practical applications. To Hardy, number theory, the study of integers, was the pinnacle of 
pure mathematics with its nature seemingly perfectly insulated from the messy world of 
engineering and warfare. 

�,�]�•�š�}�Œ�Ç�U���Z�}�Á���À���Œ�U���Z�������������]�(�(���Œ���v�š���‰�o���v���(�}�Œ���,���Œ���Ç�[�•���^�µ�•���o���•�•�_���v�µ�u�����Œ�•�X 

30 years after his death, Ron Rivest, Adi Shamir and Leonard Adleman published the RSA 
algorithm. Since then, it has powered modern secure data transmission, from the HTTPS 
protocol for visiting websites securely to the encryption of credit card transactions, 
fundamentally powered by Hardy's own field, number theory, and more specifically, the 
unpredictable nature of prime numbers. 

RSA is an asymmetric cryptographic algorithm, which is to say that only the receiver has the 
private key, which is used for decryption and senders only have access to the public key, 
which is used for encryption. This means that everyone with the public key can send a 
message to the receiver but even when the messages landed on other hands, they cannot 
be decrypted as only the private key can do so. For example, if Alice wants to send a 
�u���•�•���P�����š�}�����}���U���•�Z�����Á�]�o�o���µ�•�������}���[�•���‰�µ���o�]�����l���Ç���š�}�����v���Œ�Ç�‰�š���š�Z�����u���•�•���P���U����nd Bob would 
decrypt the message with his private key when he receives the message. In essence, it is a 
mathematical equivalent of a post-box where anyone can drop a letter in but only the 
owner of the post-box has the right key to get the letters out. 

�����(�}�Œ�����Z�^�������v�����}�š�Z���Œ�����•�Ç�u�u���š�Œ�]�������o�P�}�Œ�]�š�Z�u�•�U�����Œ�Ç�‰�š�}�P�Œ���‰�Z�Ç���(���������������^���Z�]���l���v�����v�������P�P�_��
problem called the Key Distribution Problem. Consider the problem where you want to send 
a secret document in a locked safe. To let your friend open it, you must also send the key, 
which would be an issue if someone intercepts the key. By protecting the key in a safe as a 
secret you would need to send the key for the safe for the key for the safe for the original 
secret, so on and so forth that the only solution to this involves a face to face exchange of 
the key beforehand, which would not work in the context of internet that it would not make 
much sense to deliver the key that decrypt your payment information to the seller on eBay 
in person. To do it without protection would not do either for secrets of such sensitive 
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nature i.e. banking information needs to be encrypted before being transmitted over a 
network so that they cannot be exploited even when malicious actors managed to intercept 
them. 

While the post-box concept is intuitive, building a digital version requires a specialised set of 
mathematical tools, beginning with the harvesting of 2 large unpredictable prime numbers, 
usually at least 2048-bits long in binary, which is over six hundred digits in decimal. The 
importance of the unpredictability and the size of the prime number will be explained in due 
course.  

Trial and error for prime numbers is used to obtain the prime numbers rather than 
calculating for them. This is because there is no known polynomial-time formula that 
�}�µ�š�‰�µ�š�•���}�v�o�Ç���‰�Œ�]�u���•�U���Á�Z�]���Z���]�•���š�}���•���Ç���š�Z���š���š�Z���Œ�����]�•�v�[�š�����v�����(�(�]���]���v�š�����v�}�µ�P�Z���(�}�Œ�u�µ�o�����(�}�Œ��
generating primes. Mersenne primes in the form of �t�ã 
F �s where �L is a prime number as 
mentioned by the earlier article cannot be used either despite its speed and reliability as the 
prime numbers would not be random and unpredictable if it is just calculated from that 
formula.  

On the other hand, for trial and error, the Prime Number Theorem states that  �è�:�T�; 
N
�ë

�ß�á�:�ë�;
, 

which is explained in depth in the previous articles. If we take its derivative �2�:�T�; 
N
�5

�ß�á�:�ë�;
, we 

can substitute our values in to see that the probability of a number being prime around 

�t�6�4�8�< is around���2�:�t�6�4�8�<�; �� 
N
�5

�5�8�5�=
, which means that on average a prime number can be 

found in that region under 1500 iterations that it is a polynomial-time problem, which does 
not take for the computer very long at all, as well as the fact that simply skipping the even 
numbers with other simple optimisations will allow the number of iterations to cut by more 
than a half, making it a lot more viable to find prime numbers this way.  

And so, to start harvesting the prime numbers, we need to harvest entropy first. The 
random numbers are supplied by the Cryptographically Secure Random Number Generator 
(CSPRNG). To be cryptographically secure, the condition is that where if a hacker knows 
every number the generator has produced so far, they still have zero advantage in guessing 
what the next bit will be. To achieve this, the operating system gathers tiny unpredictable 
timings e.g. the exact timings of your keystrokes, thermal noises in the CPU, electrical jitter 
in your hard drive, etc; noises from the environment which are random are dumped as 
���]�v���Œ�Ç���À���o�µ���•���]�v�š�}�������^�‰�}�}�o�_���]�v���š�Z�������}�u�‰�µ�š���Œ�[�•���l���Œ�v���o���~���X�P�X���l�����À�l�Œ���v���}�u���]�v���Ž�v�]�Æ���•�Ç�•�š���u�•�U�����X�P�X��
Linux). The pool is refreshed every few seconds to keep the numbers unpredictable. Then, a 
chunk of that harvested entropy is taken and used as a seed for the generator.  

With the cryptographically random numbers generated, we can check if they are prime one 
by one. One of the simple optimisation to the algorithm would be to ensure that the 
number ends in 1, 3, 7, or 9, as all the even numbers > 2 are composite numbers (numbers 
that are not prime and compose of factors other than 1 and themselves) and numbers 
ending in 5 and 0 all have the factor of 5 in it. We are not concerned with the number 5 
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itself as the random number generated have about six hundred digits as mentioned. Then, 
the random numbers are checked for divisibility by small primes like 3, 5, 7, 11, or 13 and 
removed if they are. Finally, if the low-level tests above have been passed, then a 
probabilistic test called Miller-Rabin primality test is used to evaluate if the number acts like 
a prime. Probabilistic means that the answer the test gives is based on likelihood, and it is 
not given with 100% certainty. We will consider about the reason for that later.  

To understand the mechanisms of the primality test and the RSA algorithm, we must first 
understand some basic modular arithmetic before moving on. The easiest way to think 
�����}�µ�š���]�š���]�•���š�}���š�Z�]�v�l���}�(���]�š�����•���^���o�}���l���u���š�Z�•�_�X���/�v���v�}�Œ�u���o���u���š�Z�•�U���v�µ�u�����Œ�•���P�}���}�v���(�}�Œ���À���Œ��on a 
straight line while in modular arithmetic, numbers wrap around in a circle, much like the 
hours on the clock. Consider a normal 12-hour clock, if it is 9:00 and you fast forward 5 
�Z�}�µ�Œ�•�U���]�š���]�•�v�[�š���}�v���í�ð�W�ì�ì���}�v���š�Z�������o�}���l���(�������X���/�v�•�š�������U���]�š���]�•���}�v���î�W�ì�ì�X���K�Œ��in modular arithmetic 
terms, we would say: ���{ 
E �w � �t�����:�•�‘�†���s�t�;�ä��Or in another word, we are trying to find the 
remainder of �:�{ 
E �w�; 
J �s�t, which is 2 as mentioned above. The reason that the congruence 
sign is used instead of the equal sign is because 9 + 5 is not the same as 2, but that the 
remainder of the sum is 2 when divided by 12. 

A tool that will help us with understanding modular arithmetic is the Quotient Remainder 
Theorem, that all integer �= can be written in the form �= 
L�>�M�� 
E ���N, where �= being the 
dividend, �> being the divisor, �M being the quotient and �N being the remainder. In the context 
of modular arithmetic, �N 
L �=���:�I�K�@���>�;. 

The below will be laws of operations in modular arithmetic that will be needed for 
understanding of the RSA algorithm. 

The law of modular addition is as follows: 

�:�= 
E �>�;���I�K�@���J 
L�>�:�=���I�K�@���J�; 
E�:�>���I�K�@���J�;�?���:�I�K�@���J�; 

The proof of the above is rather intuitive as well: 

�����������������������������������������������������������������������������������������������������������������������= 
L �J�M�5 
E �N�5, �> 
L �J�M�6 
E �N�6 

�.�ä �*�ä �5�ä���� 
L �� �:�= 
E �>�;���:�I�K�@���J�; 

                                                                          
L �:�J�M�5 
E �N�5 
E �J�M�6 
E �N�6�;���:�I�K�@���J�; 

                                                                          
L �>�J�:�M�5 
E �M�6�; 
E�:�N�5 
E �N�6�;�?���:�I�K�@���J�; 

                                                                          
L �>�r 
E�:�N�5 
E �N�6�;�?���:�I�K�@���J�; 

                                                                          
L �:�N�5 
E �N�6�;���:�I�K�@���J�; 

                                                                          
L �� �>�:�=���I�K�@���J�; 
E �:�>���I�K�@���J�;�?���:�I�K�@���J�; 


L ���4�ä �*�ä �5�ä 
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As to why �J�:�M�5 
E �M�6�;���I�K�@���J � �r��, it is because any multiples of �J, �G�J���I�K�@���J 
L �r. Per the 
clock example above, the hour hand will point towards the 12 whether it is 12 at noon or 12 
at midnight in any day, or in modular arithmetic, 0. 

Other laws that we need to be aware of is the rule for modular multiplication and modular 
exponentiation. However, in this case, proofs are left as exercises for conciseness.  

Modular Multiplication: �=�>���I�K�@���J�� 
L �� �>�:�=���I�K�@���J�;�:�>���I�K�@���J�;�?���I�K�@���J 

Modular Exponentiation: �=�Þ���I�K�@���J 
L �:�=���I�K�@���J�;�Þ���I�K�@���J 

Another concept that we need to be aware of is the modular inverse, which is similar to the 
reciprocal to a number in normal arithmetic: �= �„ �T�� � �s���:�I�K�@���J�;, in the sense that the 
product of a number and its reciprocal = 1, but in the case of modular arithmetic, have a 
residue or remainder of 1. This is going to be crucial to the key generation later.  

�������l���š�}���š�Z�����‰�Œ�]�u���o�]�š�Ç���š���•�š�W���]�š���Á�}�Œ�l�•�����Ç���µ�•�]�v�P�������‰�Œ�}�‰���Œ�š�Ç���(�Œ�}�u���&���Œ�u���š�[�•���>�]�š�š�o�����d�Z���}�Œ���u�U���š�Z���š 
for a prime �L and any value of a where �= is coprime with �L (i.e. they have no common factor 
except 1): 

�=�ã�?�5� �s���:�I�K�@���L�; 
which is derived from its standard form: 

�=�ã � �=���:�I�K�@���L�; 
As the prime numbers that we have will be rather large, �= is unlikely to be greater than �L 
and hence a would not be divisible by �L. (If �= is divisible by �L, as mentioned above, �=���I�K�@���L 
would be 0 and division by 0 would break arithmetic) Therefore, we can divide both sides by 
a to get �=�ã�?�5� �s���:�I�K�@���L�;.  

�d�}�������u�}�v�•�š�Œ���š�����š�Z�����d�Z���}�Œ���u�U���o���š�[�•���•���Ç���š�Z���š���Á�������Œ�����v�}�Á���Á�}�Œ�l�]�v�P���Á�]�š�Z���u�}�����ñ�X���d�Z�]�•���u�����v�•��
�š�Z���š���š�Z�����•���š���}�(�����o�o���š�Z�����v�µ�u�����Œ�•���]�•���‚�í�U���î�U���ï�U���ð�ƒ�X���~�>�����À�����ì���}�µ�š���}�(���š�Z�]�•���(�}�Œ���v�}�Á�•���>���š�[�•���•���Ç���]�(���Á����
multiply the whole set by 3, for instance, �s 
H �u 
L 
Ü�á �t 
H �u 
L 
Ú�á �u 
H �u 
L 
Ý�á �v 
H �u 
L 
Û. i.e. {3, 
�í�U���ð�U���î�ƒ���,���Œ�����Á���������v���•�������š�Z���š���u�µ�o�š�]�‰�o�Ç�]�v�P���š�Z�����•���š�����Ç���������}�v�•�š���v�š���Œ���š�µ�Œ�v���]�š�•���o�(�����µ�š���^�•�Z�µ�(�(�o�����_�X���d�}��
express this more formally, �=�5� �5���:�I�K�@���L�; where the set �5�� 
L �� �<�s�á�t�á�u�á �å �á �L 
F �s�=.  

�:�s �„ �t �„ �u �å�:�L 
F �s�;�; � �:�s�= �„ �t�= �„ �u�= �å�:�L 
F �s�;�=�;���������:�I�K�@���L�; 

�:�L 
F �s�;�è � �=�ã�?�5�„�:�L 
F �s�;�è�������:�I�K�@���L�; 

�s � �=�ã�?�5�������:�I�K�@���L�; 

In step 1, the notation simply means the product of all the elements in the set. As �=�5� 
�5���:�I�K�@���L�;, the product of all the elements of �5 must be congruent to all the elements of 
�=�5. The constant is merely multiplied out in the RHS. For step 2, the �:�L 
F �s�;�è 
L �� �:�s �„ �t �„
�u �å�:�L 
F �s�;�; and it is just a shorthand and that there is �:�L 
F �s�; copies of a in RHS. For step 
3, we have cancelled out �:�L 
F �s�;�è and we can do so because a factor of �L is not present in 
�:�L 
F �s�;�è as every element in it is lesser than �L. 
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Since the identity would not work for values of �L that are composite numbers, we need to 
review over the premise of the proof, that �=�5� �5���:�I�K�@���L�;�X���>���š�[�•���Œ���µ�•�����š�Z�������Æ���u�‰�o�����Á�����i�µ�•�š��
had but this time working with base 6 instead. �5 
L �<�s�á �t�á �u�á �v�á �w�= this time and �u�5 
L
�<�u�á�r�á�u�á�r�á�u�=; i.e. the identity breaks when �L is not a prime. Therefore, most composite 
numbers cannot pass the test. 

�t���o�o�U���Á�]�š�Z���^�u�}�•�š�_�����}�u�‰�}�•�]�š�����v�µ�u�����Œ�•���v�}�š�������]�v�P�������o�����š�}���‰���•�•���š�Z�����š���•�š�U���]�š���u�����v�•���š�Z���š���•�}�u����
manages to. For example, some composites can pass the test for a specific base. They are 
called Fermat pseudoprimes. For example, 341 is a composite and whilst it does pass the 
test with base 2, it does not for base 3 for instance. More significantly, there are Carmichael 
Numbers, which can pass the test with every single base �=, given that �= and �J share no 
�(�����š�}�Œ�X�����•�������Œ���•�µ�o�š�U���Á���������v�v�}�š���i�µ�•�š���Œ���o�Ç���}�v���&���Œ�u���š�[�•���>�]�š�š�o�����d�Z���}�Œ���u���š�}�������š���Œ�u�]�v�����‰�Œ�]�u���o�]�š�Ç�X�� 

As a result, we need to use an extra algorithm to check if the number is a Carmichael 
number as well. Before which, square roots of unity in modular arithmetic shall be explain 
first. The lemma (i.e. a smaller or auxiliary theorem) states that the congruence �T�6 � 
�s���:�I�K�@���L�; only has the solutions �T � �s��and �T � 
F�s���:�I�K�@���L�; given that p is a prime. To 
proof this, we first start by rearranging it into: 

�T�6 
F �s � �r���:�I�K�@���L�; 

�:�T 
F �s�;�:�T 
E �s�; � �r���:�I�K�@���L�; 

As the LHS is congruent to 0, this means that the product must have a factor of p, which 
means that �:�T 
F �s�; and/or �:�T 
E �s�; have a factor of p. Therefore, with arranging, �T � 
�s���:�I�K�@���L�; and/or �T � 
F�s���:�I�K�@���L�;, with the latter just being �:�L 
F �s�; instead. The crucial 
point here is that when �L is not a prime, then values of �T other than 1 or �:�L 
F �s�; can still 
make the statement valid. For example, �v�6 � �s���:�I�K�@���s�w�; when 4 is neither 1 nor 14. With 
this property in mind, the algorithm is as follows: 

- Factorise �J 
F �s into the form �:�t�æ�„ �@�;, where n is the number that we are checking 
and �@ is an odd number (essentially taking the all the factors of two out) 

- Compute the sequence �T�Þ 
L �=�×�„�6�Ö���:�I�K�@���J�; for �G�� 
L ���r�á�s�á �å �á �O�ä 
- �J is composite if: 

o The final term �T�æ�! �s���:�I�K�@���J�; �~�]�X���X���(���]�o�]�v�P���&���Œ�u���š�[�•���W�Œ�]�u���o�]�š�Ç���d���•�š�U���Á�Z�]���Z��
would have been caught already) 

o Or there exists some �T�Þ � �s such that the previous term �T�Þ�?�5�! 
G�s. 
For the first fail condition, substituting back will allow us to see that it is just �t�æ�„ �@ for the 
exponent, which is just �J 
F �s. For the second fail condition, it means that there is a number 
that is neither 1 nor���:�L 
F �s�; managed to satisfy �T�6 � �s���:�I�K�@���J�;, which means that �J is not 
a prime number. Hence, �J is rejected.  

�>���š�[�•���µ�•�����š�Z�����•�u���o�o���•�š�������Œ�u�]���Z�����o���v�µ�u�����Œ�����•�����v�����Æ���u�‰�o���U���Á�Z���Œ�����J 
L�w�x�s, hence �@ 
L�u�w 
and �G 
L �v:  
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- �T�4 
L �t�7�9���:�I�K�@���w�x�s�; � �t�x�u 
- �T�5 
L �t�x�u�6���:�I�K�@���w�x�s�; � �s�x�x 
- �T�6 
L �s�x�x�6���:�I�K�@���w�x�s�; � �x�y 
- �ž
Ü
L 
ß
à
Û���:�“�•�Š��
Þ
ß
Ú�; � 
Ú 
- �ž
Ý 
L 
Ú
Û���:�“�•�Š��
Þ
ß
Ú�; � 
Ú 

 
As we can see when �G 
L �u, where there is a number that is neither 1 nor 560 giving a 
remainder of 1, which contradicts the lemma, hence n is not prime. In this context, 67 would 
be an example of non-trivial square roots of unity, or in another word a square root of 1 
(Put simply, unity is the fancier way of saying 1 in maths) that is neither 1 nor 
F�s, hence 
non-trivial.  

To conclude the above, the Miller-Rabin primality test checks the primality of a number by 
�(�]�Œ�•�š���µ�•�]�v�P���&���Œ�u���š�[�•���š���•�š���Á�Z�]���Z���Á�}�µ�o�����(�]�o�š���Œ���}�µ�š���š�Z�������}�u�‰�}�•�]�š���•���š�Z���š�����Œ�����v�}�v-pseudoprimes 
(with the time complexity of approx. �1�:�J�7)). Then, the non-trivial square roots of unity are 
checked for, leaving behind the primes and the few strong pseudoprimes. The good news is 
�š�Z���š���µ�v�o�]�l�����&���Œ�u���š�[�•���š���•�š�U�����À���v���š�Z�����•�š�Œ�}�v�P���‰�•���µ���}�‰�Œ�]�u���•�������v���������(�]�o�š���Œ�������}�µ�š�����•���š�Z���Ç�����Œ�����v�}�š��
strong pseudoprimes to all bases. By using 40 different bases, the probability of a number 

being strong pseudoprime to all of them drops to roughly  
�5

�8

�8�4

L �t�?�<�4, and hence 

dependable enough to be considered a prime number. 

With the two large, unpredictable prime numbers obtained, we can now finally continue 
with using RSA. The two prime numbers will be �L and �M respectively, distinct from each 
other. For the algorithm is based on the difficulty to do prime factorisation on large 
numbers, �J is the most integral part of the algorithm where �J 
L�L�M. Therefore, �L and �M 
need to be unique or else the attacker can simply take the square root of �J and calculate 
the value of �L and �M �����•�]�o�Ç�X�����µ�š�������(�}�Œ�����u�}�À�]�v�P���}�v�U�����v�}�š�Z���Œ���š�Z�]�v�P���š�}���u���v�š�]�}�v���]�•�����µ�o���Œ�[�•��
Totient, which is the function �ö�:�J�; which counts the number of numbers that are smaller 
than �J and are relatively prime to �J (i.e. they share no common factor except 1.). We need 
not to delve too deeply into it but for our purpose, but it should be clear that for any prime 
number �L, by definition any number smaller than �L will be relatively prime to �L. Therefore, 
�ö�:�L�; 
L �L 
F �s for all prime values of �L. As �ö�:�J�; is multiplicative, �ö�:�J�; 
L �ö�:�L�M�; 
L ���ö�:�L�; �„
�ö�:�M�; 
L �:�L 
F �s�;�:�M 
F �s�;. Then the encryption exponent �A is selected, where �A shares no 
common factor except 1 with �ö�:�J�;��and �s 
O �A 
O �ö�:�J), where �A is typically chosen as 65537 
(�t�5�: 
E �s). The decryption exponent �@ is the modulo inverse of �A modulo �ö�:�J�; and this is 
the reason for the requirement that �A is coprime to �ö�:�J�; is that �@ would not exist 
otherwise. The public and private key can now be obtained with the information above, 
being (e, n) and (d, n) respectively. With the public key, we can now encrypt the plaintext �I  
where �I 
O �J , that�����? 
L �I�Ø���I�K�@���J where c is the ciphertext. To decrypt, substitute the 
values into the formula �I 
L �?�×���I�K�@���J��and you will get the plaintext. 

A summary of the process: 
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�^���o�����š���‰�U���‹ �t�Z���Œ�����L�����v�����M�����Œ�������}�š�Z���‰�Œ�]�u�� 

�����o���µ�o���š�����J 
L�L�M  

�^���o�����š���]�v�š���P���Œ���� �‰�…�†�:�ö�:�J�;�á �@�; 
L �s�â �s 
O �A 
O �ö�:�J�;�� 

�����o���µ�o���š������ �@ 
L �A�?�5���I�K�@�:�ö�:�J�;�;�� 

�W�µ���o�]�����<���Ç �:�A�á �J�;�� 

�W�Œ�]�À���š�����<���Ç �:�@�á �J�;�� 

���v���Œ�Ç�‰�Ÿ�}�v �? 
L �I�Ø���I�K�@���J�� 

�������Œ�Ç�‰�Ÿ�}�v �I 
L �?�×���I�K�@���J�� 

 

It might seem at first glance that it is rather confusing as to how the original message is 
�}���š���]�v���������P���]�v�X���,�}�Á���À���Œ�U���]�š�������v���������‰�Œ�}�À���v���Á�]�š�Z�����µ�o���Œ�[�•���d�}�š�]���v�š���d�Z���}�Œ���u�U���Á�Z�]���Z���]�•������
�P���v���Œ���o�]�•���š�]�}�v���}�(���&���Œ�u���š�[�•���>�]�š�š�o�����d�Z���}�Œ���u�U���Á�]�š�Z���Œ���o���š�]�À���������•���X�����µ�o���Œ�[�•���d�Z���}�Œ���u���•�šates that: 

�I �%�:�á�;��� �s���:�I�K�@���J�; 

And by substituting the encryption formula into the decryption formula we get: 

�I 
L �I �×�Ø���:�I�K�@���J�; 

And by the definition of modular multiplicative inverse and such relationship between d and 
e: 

�@ �„ �A � �s��
k�I�K�@���ö�:�J�;
o 

Which implies that there exists an integer k where: 

�@ �„ �A 
L�G�ö�:�J�; 
E �s 

Then: 

�I �Ø�×� �� �I �Þ�%�:�á�;�>�5���:�I�K�@���J�; 
� �� �I �Þ�%�:�á�; �„ �I���:�I�K�@���J�; 

� �� �I �%�:�á�;�Ö�„ �I���:�I�K�@���J�; 
� �s�Þ�„ �I���:�I�K�@���J�; 
� �I�� �:�I�K�@���J�; 

�3�ä �'�ä �&�ä 

�/�v�����v�}�š�Z���Œ���Á�}�Œ���U���š�Z�������Æ�‰�}�v���v�š�•�����(�(�����š�]�À���o�Ç���Z�������P�}�v�������Œ�}�µ�v���������^���o�}���l�_���}�(���ö�:�J�; hours for 
exactly k revolutions and landing back exactly at one, so that effectively the message had 
���}�v���������v�µ�u�����Œ���}�(���(�µ�o�o���Œ���À�}�o�µ�š�]�}�v�•�����Œ�}�µ�v���������^���o�}���l�_���Á�]�š�Z���š�Z�����•�]�Ì�����v�U���o���v���]�v�P�����š�����Æ�����š�o�Ç���Á�Z���Œ����
it had started. This proves how the message after encryption and decryption is the exact 
same as the original message.  
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With the mechanisms out of the way, the question left would be the reason that the 
encryption cannot be easily overcome by malicious actors. The main trapdoor function is 
the difficulty to do prime factorisation on large numbers. A trapdoor function is a function 
that is relatively easy to perform in one direction but computationally nearly impossible to 
�Œ���À���Œ�•�����Á�]�š�Z�}�µ�š�������•�‰�����]�(�]�����‰�]���������}�(���]�v�(�}�Œ�u���š�]�}�v�U���š�Z�����]�v�(�}�Œ�u���š�]�}�v�������]�v�P���š�Z�����^�š�Œ���‰���}�}�Œ�_�X���&�}�Œ��
computers to multiply �L and �M, for example, every time the digits are doubled it only takes 
about 4 times longer to multiply them, hence polynomial time (of degree 2 in this case). 
However, even for the best algorithm available for factorising numbers, the General 
Number Field Sieve, the time is still sub-exponential, whilst not impossible, is still going to 
translate to billions of years for the powerful digital or classical computers (quantum 
computers are left for the end) to solve for the size of our �J. When applied, the difficulty 
specifically lies on the difficulty to find the decryption exponent �@, which is needed for 
decrypting the message �I  for given �?, �J, and �A. To find �@, the attacker needs to find �ö�:�J�;, 
which involves the attacker needing to factorise n to the form �:�L 
F �s�;�:�M 
F �s�; as mentioned 
above. Therefore, the difficulty to break the algorithm lies in the difficulty to factorise n, 
which in turn relies on the size of �J, which in turn is the reason we need to create such large 
primes in the first place. 

�/�v���Œ�����o���o�]�(�������‰�‰�o�]�����š�]�}�v�•�U���Z�}�Á���À���Œ�U���š�Z�����^�š���Æ�š���}�}�l�_���Z�^�������o�P�}�Œ�]�š�Z�u���]�•���}�(�š���v���]�u�‰�Œ�}�À�������µ�‰�}�v�X���&�}�Œ��
example, the most notable change would be the use of padding. Without padding, RSA is 
deterministic, which means that the same message when encrypted with the same key will 
always produce the same ciphertext. A scenario which this problem would be the 
opportunity for frequency analysis when an often-sent identical message is seen by the 
���š�š�����l���Œ�U�����X�P�X���^���µ�Ç�_���}�Œ���^�^���o�o�_�X���&�µ�Œ�š�Z���Œ�u�}�Œ���U���(�}�Œ���À���Œ�Ç���•�Z�}�Œ�š���u���•�•���P���•�U���š�Z�����‰�o���]�v�šext sent by a 
person can be obtained from the intercepted ciphertext by guessing the message and 
encrypting the guess with the public key to check if the ciphertext are identical, which is of 
course not feasible for long messages without any context whatsoever, but the possibility of 
such attacks means that padding is needed. A relatively simple type of random padding 
works by filling the some different random numbers of a fixed length after the message 
itself, and so for any identical message, the ciphertext will always be different and the 
problem is mostly solved, with the receiver knowing the rule of the padding and discard the 
padding bits and only keeping the message data.  

However, one of the main drawbacks of RSA from making it more widely used can be seen 
in its most widely used purpose, powering the HTTPS protocol, which is used every time you 
visit any modern websites. However RSA seems to be fitting for the job for the protocol, 
with its asymmetric nature enabling the server and the client to transmit data without 
having any prior contact, which is highly likely to be case for visiting websites, RSA is simply 
too slow. Whilst comparing encryption to decryption with RSA or prime factorisation �J 
without �L and �M, encryption is still lightning fast, but the problem lies in the sizes of the 
numbers needed to be used to make the algorithm still effective, which are still way too 
large to be transmitted and decrypted continuously, which in the context of internet means 
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that for devices with limited bandwidth or weak processor power, they will have much 
longer extra loading time and/or a fried CPU simply by visiting websites. Consequently, a 
hybrid approach is used where RSA is reserved for facilitating the initial key exchange, in 
which some secret is encrypted with RSA and sent from the client to the server, which is 
then used by both the client and the server to generate the same session key, which is then 
used to encrypt and decrypt all the data(the video stream, this ���Œ�š�]���o���[�•���š���Æ�š�U�����š���•�������š�Á�����v��
the client and the server with much faster symmetric encryption algorithms, namely AES, 
which is roughly 1000 to 10000 times faster than RSA. 

Whilst RSA remains the gold standard today for reliability, its foundation is under threat 
�(�Œ�}�u���š�Z���������À���o�}�‰�u���v�š���}�(���‹�µ���v�š�µ�u�����}�u�‰�µ�š�]�v�P�X�����•���Á�����Z���À�����•�����v�U���Z�^���[�•���•�����µ�Œ�]�š�Ç�������‰���v���•��
entirely on the fact that factorizing a massive value of n into p and q takes ages for a 
���o���•�•�]�����o�����}�u�‰�µ�š���Œ�X���,�}�Á���À���Œ�U�����v�����o�P�}�Œ�]�š�Z�u���(�}�Œ���‹�µ���v�š�µ�u�����}�u�‰�µ�š���Œ�•�U�������o�o�������^�Z�}�Œ�[�•�����o�P�}�Œ�]�š�Z�u�U��
was developed in 1994, which enables large integers to be factorised in polynomial time, 
which fundamentally rips the trapdoor of RSA off by the hinges should they become 
sufficiently powerful enough. As the quantum computing improves, scientists are already 
perfecting on other types of asymmetric encryption that would not be easily solved by the 
quantum computers. 

�d�Z�����š�Z�Œ�����š���š�}���}�µ�Œ�����]�P�]�š���o���^�‰�}�•�š-���}�Æ���•�_���]�•���v�}�š���}�v�o�Ç���u���š�Z���u���š�]�����o�����v�����š�����Z�v�}�o�}�P�]�����o�U�����µ�š�����o�•�}��
political. As we transition towards faster and more sophisticated algorithms, we face an 
increasing target from states around the world. The capacity for our activities online to be 
observed and recorded is expanding not only at an unprecedented rate, but also in an 
insidious manner. The obligation for the companies to give the government the access to 
private messages in real time (or essentially giving them the RSA keys to read and decrypt 
for those chats), which was subtly proposed as part of the original Online Safety Bill in the 
UK is an excellent example for the matter, which was only retracted after major platforms 
such as Signal and WhatsApp threatened an exit to the UK market. 

RSA was a revolutionary technology of its time that brought privacy and security to an 
�]�v�š���Œ�v���š���š�Z���š���Á���•���Ç���š���š�}���À���o�µ�����š�Z���u���À���Œ�Ç���u�µ���Z�X�����µ�š���i�µ�•�š�����•���µ�v���Æ�‰�����š�����o�Ç���‰�Œ�����š�]�����o���,���Œ���Ç�[�•��
�^�‰�µ�Œ���_���u���š�Z�•���‰�Œ�}�À�������š�}�������U���Á�����u�µ�•�š���Œ�����o�]�•�����š�Z���š���}�µ�Œ���•�����µ�Œ�]�š�Ç���]�•���v���À���Œ�������(�]�v�]�•�Z��d product and 
there is a long way to go. Any systems are only as good as their weakest links; as those 
�Á�����l���•�š���o�]�v�l�•���}�µ�Œ�•���o�À���•�U�������]�v�P���]�v�(�}�Œ�u�����������}�µ�š���Z�}�Á���š�Z���•�����u���š�Z���u���š�]�����o���^�š�Œ���‰���}�}�Œ�•�_���Á�}�Œ�l���]�•��
our first line of defence. Whether the next threat is a quantum �‰�Œ�}�����•�•�}�Œ���Œ�µ�v�v�]�v�P���^�Z�}�Œ�[�•��
Algorithm or a new government bill, the responsibility lies with us to be informed enough to 
defend our own privacy.  
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Game Theory 
 

By Kristy Ho 12GA 
 
�'���u�����š�Z���}�Œ�Ç���]�•���š�Z�����u���š�Z���u���Ÿ�����o���•�š�µ���Ç���}�(���•�š�Œ���š���P�]���•�����v�������v���o�Ç�•�]�v�P���Z�}�Á�����]�+���Œ���v�š���‰���Œ�Ÿ���•��
�u���l�����Œ���Ÿ�}�v���o���������]�•�]�}�v�•���Á�Z�]���Z���Á�}�µ�o�������+�����š���š�Z�����}�µ�š���}�u�������v�����š�Z���]�Œ���‰���Ç�}�+�•�X���d�Z�����•�����v���Œ�]�}�•�����Œ����
�Œ���(���Œ�Œ���������•���P���u���•�����v�����š�Z�����‰���Œ�Ÿ���•���Á�Z�}���u���l�����������]�•�]�}�v�•�����Œ���������o�o�������Z�‰�o���Ç���Œ�•�[�X���d�Z���Œ�������Œ�����•���À���Œ���o��
���]�+���Œ���v�š�������š���P�}�Œ�]���•���}�(���P���u���•�X���&�}�Œ�����Æ���u�‰�o���U���P���u���•�������v���������•���‰���Œ���š�������]�v�š�}���•�]�u�µ�o�š���v���}�µ�•�����v����
�•���‹�µ���v�Ÿ���o�U�����}�}�‰���Œ���Ÿ�À�������v�����v�}�v�r���}�}�‰���Œ���Ÿ�À���U�����}�v�•�š���v�š�r�•�µ�u�����v�����À���Œ�]�����o���r�•�µ�u���P���u���•�X���/�v���š�Z�]�•��
���Œ�Ÿ���o���U���Á�����Á�]�o�o�����Æ�‰�o�}�Œ�������]�+���Œ���v�š���š�Ç�‰���•���}�(���P���u���•�����v�����Z�}�Á���‰�o���Ç���Œ�•�����}�µ�o�����.�v�����š�Z���]�Œ�������•�š��
�•�š�Œ���š���P�]���•�X���&�}�Œ���š�Z�����•���l�����}�(���•�]�u�‰�o�]���]�š�Ç�U���Á�����Á�]�o�o���}�v�o�Ç���š���o�l�������}�µ�š���î�r�‰�o���Ç���Œ���P���u���•���]�v���š�Z�]�•�����Œ�Ÿ���o���X��
�~�z���•�U���/�[�u���•�o�����l�]�v�P���}�+�• 
 

�^�]�u�µ�o�š���v���}�µ�•�����v�����^���‹�µ���v�Ÿ���o���P���u���•�W 
�/�v���•�]�u�µ�o�š���v���}�µ�•���P���u���•�U���š�Z�����‰�o���Ç���Œ�•�����}���v�}�š���l�v�}�Á���š�Z�����•�š�Œ���š���P�Ç�����Z�}�•���v�����Ç���š�Z�����}�š�Z���Œ���‰�o���Ç���Œ�•��
�µ�v�Ÿ�o���š�Z�����Œ���•�µ�o�š�•�����Œ�����•�Z�}�Á�v�X���^���‹�µ���v�Ÿ���o���P���u���•�����Œ�����Á�Z���Œ�����������Z���}�‰�‰�}�v���v�š���u���l���•���š�Z���]�Œ��
�������]�•�]�}�v���}�v�������L���Œ�����v�}�š�Z���Œ�����v�����š�Z���Ç�������v�����Z���v�P�����š�Z���]�Œ���•�š�Œ���š���P�Ç�������•�������}�v���Á�Z���š���}�š�Z���Œ���‰���}�‰�o����
�Z���À�������}�v���X���t�����Á�]�o�o���������(�}���µ�•�]�v�P���}�v���•�]�u�µ�o�š���v���}�µ�•���P���u���•���]�v���š�Z�]�•�����Œ�Ÿ���o���X 
 

���}�v�•�š���v�š�r�•�µ�u�l�Ì���Œ�}�r�•�µ�u�����v�����À���Œ�]�����o���r�•�µ�u���P���u���•�W 
���}�v�•�š���v�š�r�•�µ�u���P���u���•�U�����o�•�}���l�v�}�Á�v�����•���Ì���Œ�}�r�•�µ�u�����Œ�����Á�Z���Œ�����š�Z�����•�µ�u���}�(���š�Z�����‰���Ç�}�+���}�(�����o�o���š�Z����
�‰�o���Ç���Œ�•���]�•���š�Z�����•���u�����(�}�Œ�����o�o���•���š�•���}�(���•�š�Œ���š���P�]���•�X���/�v���Ì���Œ�}�r�•�µ�u���P���u���•�U���š�Z�����o�}�•�•���•���}�(���‰�o���Ç���Œ�•�����Œ�����•���š��
�š�}���v���P���Ÿ�À�����•�}���š�Z�����‰���Ç�}�+���}�(�����o�o���š�Z�����‰�o���Ç���Œ�•���]�v�����o�o���}�µ�š���}�u���•���Á�]�o�o�����‹�µ���o���š�}���Ì���Œ�}�X���s���Œ�]�����o���r�•�µ�u��
�P���u���•�����Œ�����Á�Z���Œ�����š�Z�����š�}�š���o���o�}�•�•���•�����v�����P���]�v�•���}�(���š�Z�����‰�o���Ç���Œ�•�����}���v�}�š�����������µ�‰���š�}���Ì���Œ�}�X 
 

���}�}�‰���Œ���Ÿ�À�������v�����v�}�v�r���}�}�‰���Œ���Ÿ�À�����P���u���•�W 
���}�}�‰���Œ���Ÿ�À�����P���u���•�����Œ�����P���u���•���Á�Z���Œ�����š�Z�����‰�o���Ç���Œ�•�����Œ�������o�o�}�Á�������š�}���u���l�������]�v���]�v�P�����P�Œ�����u���v�š�•��
�����(�}�Œ�������Z�}�}�•�]�v�P�������•�š�Œ���š���P�Ç�X���E�}�v�r���}�}�‰���Œ���Ÿ�À�����P���u���•�����Œ�����P���u���•���Á�Z���Œ�����š�Z�����‰�o���Ç���Œ�•�����}�µ�o����
���}�u�u�µ�v�]�����š�������µ�š���v�}�š���u���l�������v�Ç�����P�Œ�����u���v�š�•�X�����}�v�•�š���v�š�r�•�µ�u���P���u���•�����Œ�����v�}�v�r���}�}�‰���Œ���Ÿ�À����
���������µ�•�����š�Z�����‰�o���Ç���Œ�•���Z���À�������]�Œ�����š�����}�v�G�]���š�U���]�(���}�v�����‰�o���Ç���Œ���P���]�v�•�U���š�Z�����}�š�Z���Œ���‰�o���Ç���Œ���u�µ�•�š���Z���À��������
�o�}�•�•�X���K�v���š�Z�����}�š�Z���Œ���Z���v���U���À���Œ�]�����o���r�•�µ�u���P���u���•�����}�µ�o�������������]�š�Z���Œ�����}�}�‰���Œ���Ÿ�À�����}�Œ���v�}�v�r���}�}�‰���Œ���Ÿ�À����
���������µ�•�����š�Z���Œ�����]�•���������Z���v�������š�Z���š���š�Z�����‰�o���Ç���Œ�•�����}�µ�o�������}�š�Z���������Á�]�v�v���Œ�•���}�Œ���o�}�•���Œ�•�X 
 

�W�Œ�]�•�}�v���Œ�[�•�����]�o���u�u�� 
�����(���u�}�µ�•�����Æ���u�‰�o�����}�(�������v�}�v�r���}�}�‰���Œ���Ÿ�À���U���•�]�u�µ�o�š���v���}�µ�•���P���u�����Á�}�µ�o�����������š�Z�����‰�Œ�]�•�}�v���Œ�[�•��
���]�o���u�u���X���/�v���š�Z�]�•���•�����v���Œ�]�}�U���î�����Œ�]�u�]�v���o�•�����Œ���������µ�P�Z�š�����Ç���š�Z�����‰�}�o�]���������v�������}�v�.�v�������•���‰���Œ���š���o�Ç���Á�]�š�Z��
�v�}���Á���Ç�•���}�(�����}�u�u�µ�v�]�����Ÿ�}�v�X���d�Z�����‰�}�o�]�����������u�]�š�•���š�Z���š���š�Z���Ç�����}�v�[�š���Z���À�������v�}�µ�P�Z�����À�]�����v�������š�}���(�µ�o�o�Ç��
���}�v�À�]���š���š�Z���u�����v�����}�+���Œ�•���š�Z�������Œ�]�u�]�v���o�•�����������Œ�P���]�v���š�}��
�Œ�����µ�������š�Z���]�Œ���•���v�š���v���������Ç���š���•�Ÿ�(�Ç�]�v�P�����P���]�v�•�š���š�Z����
�}�š�Z���Œ�����Œ�]�u�]�v���o�X���d�Z�����u���š�Œ�]�Æ���•�Z�}�Á�•���š�Z�����o���v�P�š�Z���}�(��
�•���v�š���v�������š�Z�������Œ�]�u�]�v���o�•���Á�}�µ�o�����Œ�������]�À���������•�������}�v��
�š�Z���]�Œ���•�š�Œ���š���P�]���•�X���d�Z�������Œ�]�u�]�v���o�•�����Œ�������]�u�]�v�P���š�}��
�u�]�v�]�u�]�Ì�����š�Z���]�Œ���•���v�š���v�����U�����v�����š�Z���Ç�������v�v�}�š���o�����Œ�v���š�Z����
�}�š�Z���Œ�����Œ�]�u�]�v���o�[�•���������]�•�]�}�v���µ�v�Ÿ�o���š�Z���Ç���u���l�����š�Z���]�Œ��
�������]�•�]�}�v�X���:�µ�•�š���(�Œ�}�u���Œ�������]�v�P�������}�µ�š���š�Z�����•�����v���Œ�]�}�U���Ç�}�µ��
�u�]�P�Z�š���š�Z�]�v�l���š�Z���š���š�Z���������•�š���•�š�Œ���š���P�Ç�����}�š�Z�����Œ�]�u�]�v���o�•���]�•��

    B 
A 

Stays silent testify 

Stays 
silent 

A: 1 year 
B: 1 year 

A: 10 years 
B: 0 year 

testify A: 0 year 
B: 10 years 

A: 6 years 
B: 6 years 
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�š�}���•�š���Ç���•�]�o���v�š�����v�����•�š���Ç���]�v���i���]�o���(�}�Œ���í���Ç�����Œ�X���,�}�Á���À���Œ�U���]�(���Á�����o�}�}�l�����o�}�•���o�Ç�����š���š�Z�����‰���Ç�}�+���u���š�Œ�]�Æ�W�� 
�>���š�[�•�����•�•�µ�u�����Á�������Œ�����‰���Œ�•�}�v�����X���/�(���������Z�}�}�•���•���š�}���•�š���Ç���•�]�o���v�š�U���Á�����•�Z�}�µ�o�����š���•�Ÿ�(�Ç���š�}���Œ�������]�À��������
�•�u���o�o���Œ���•���v�š���v�����X���/�(�������š���•�Ÿ�.���•�U���Á�����•�Z�}�µ�o�����•�Ÿ�o�o���š���•�Ÿ�(�Ç�X���d�Z�]�•���u�����v�•���v�}���u���©���Œ���Á�Z���š���������Z�}�}�•���•��
�š�}�����}�U���š���•�Ÿ�(�Ç�]�v�P���]�•�����o�Á���Ç�•���š�Z���������•�š���•�š�Œ���š���P�Ç���(�}�Œ�����X���d�Z�]�•�����o�•�}�����‰�‰�o�]���•���š�}�����X���d�Z���Œ���(�}�Œ���U���š���•�Ÿ�(�Ç�]�v�P��
�]�•�������•�š�Œ�]���š�o�Ç�����}�u�]�v���Ÿ�v�P���•�š�Œ���š���P�Ç���(�}�Œ�����}�š�Z�����Œ�]�u�]�v���o�•�����������µ�•�����]�š�����o�Á���Ç�•���Œ���•�µ�o�š�•���]�v�����������©���Œ���‰���Ç�}�+��
�š�Z���v���š�Z�����}�š�Z���Œ���•�š�Œ���š���P�Ç�X���/�v���š�Z�]�•���•�����v���Œ�]�}�U���š�Z�����}�µ�š���}�u�����}�(���u�µ�š�µ���o�������(�����Ÿ�}�v���]�•���Œ���(���Œ�Œ���������•��
�E���•�Z�[�•�����‹�µ�]�o�]���Œ�]�µ�u�����������µ�•�����]�š���]�•�������•�š�����o�����}�µ�š���}�u�����Á�Z���Œ�����������Z���‰�o���Ç���Œ�����Z�}�}�•���•���š�Z���������•�š��
�•�š�Œ���š���P�Ç���(�}�Œ���š�Z���u�•���o�À���•�X���E�}���‰�o���Ç���Œ�������v�������v���.�š���(�Œ�}�u���µ�v�]�o���š���Œ���o�o�Ç�����Z���v�P�]�v�P���š�Z���]�Œ���•�š�Œ���š���P�Ç�X 
 

�D�]�v�]�u���Æ���d�Z���}�Œ���u 
�,�}�Á���À���Œ�U���Á�Z���š���•�Z�}�µ�o�����Á�������}���]�(���š�Z���Œ�������Œ�����u�}�Œ�����š�Z���v���î��
�•�š�Œ���š���P�]���•���(�}�Œ���������Z���‰�o���Ç���Œ�M���/�š���Á�}�µ�o�����š���l���������o�}�v�P���Ÿ�u�����š�}��
���}�u�‰���Œ�����š�Z�����‰���Ç�}�+�•���(�}�Œ���������Z���•�š�Œ���š���P�Ç�����v�����.�v�����E���•�Z�[�•��
���‹�µ�]�o�]���Œ�]�µ�u�X���t�������}�µ�o�����µ�•�����š�Z�����u�]�v�]�u���Æ���š�Z���}�Œ���u���š�}���š�Œ�Ç���š�}��
�.�v�����š�Z���������•�š���•�š�Œ���š���P�Ç�X���/�v���}�µ�Œ���š�Z�]�Œ�����•�����v���Œ�]�}�U���š�Z�]�•���]�•�������Ì���Œ�}�r
�•�µ�u���•�]�u�µ�o�š���v���}�µ�•���P���u���X���d�Z�����v�µ�u�����Œ�•���}�v���š�Z�����u���š�Œ�]�Æ��
�Œ���‰�Œ���•���v�š���š�Z�����‰���Ç�}�+���}�(�����X���&�}�Œ�����Æ���u�‰�o���U���]�v���š�Z�������}�u���]�v���Ÿ�}�v��
�~�u�]�����o���U���Œ�]�P�Z�š�•�U�������Z���•�������‰���Ç�}�+���}�(���r�î�����v���������Z���•�������‰���Ç�}�+���}�(���î�X 
�/�v���š�Z�]�•���•�����v���Œ�]�}�U���o���š�[�•�����•�•�µ�u�����š�Z���š�������]�•���š�Œ�Ç�]�v�P���š�}���u���Æ�]�u�]�•����
�š�Z���]�Œ���‰���Ç�}�+�����v���������]�•���š�Œ�Ç�]�v�P���š�}���u�]�v�]�u�]�•�������[�•���‰���Ç�}�+�X���~�d�Z�]�•���]�•�����������µ�•�����Á�Z���v�������P���]�v�•�U�������o�}�•���•�U���•�}��
���}�]�v�P���š�Z�����}�‰�‰�}�•�]�š�����Á�}�µ�o�������o�•�}���Á�}�Œ�l�•�X���&�]�Œ�•�š�U���o���š�[�•���.�v�����š�Z�����u�]�v�]�u�µ�u���‰���Ç�}�+���}�(�������]�v���������Z���Œ�}�Á�W 
�d�}�‰���Œ�}�Á�W���ð�U���r�í�U���r�ï���r�E���r�ï 
�D�]�����o�����Œ�}�Á�W���î�U���í�U���r�î���r�E���r�î 
���}�©�}�u���Œ�}�Á�W���í�U���ì�U���r�í���r�E���r�í 
Then, we find the maximum of these minima: -3, -2, -1 -> -�í�X�����[�•���u���Æ�]�u�]�v���À���o�µ�����]�•��-1. 
This means if A chooses the bottom strategy, they are guaranteed a minimum payoff of -1. 
 
�E���Æ�š�U���o���š�[�•���.�v�����š�Z�����u���Æ�]�u�µ�u���‰���Ç�}�+���}�(�������]�v���������Z�����}�o�µ�u�v�W 
�>���L�����}�o�µ�u�v�W���ð�U���î�U���í���r�E���ð 
�D�]�����o�������}�o�µ�u�v�W���r�í�U���í�U���ì���r�E���í 
�Z�]�P�Z�š�����}�o�µ�u�v�W���r�ï�U���r�î�U���r�í���r�E���r�í 
Then, we find the minimum of these maxima: -4, 1, -1 -> -�í�X�����[�•���u�]�v�]�u���Æ���À���o�µ�����]�•��-1. 
This means if B chooses the right strategy, they are guaranteed a minimum payoff of 1. 
 
�^�]�v���������[�•���u���Æ�]�u�]�v���À���o�µ�����A�����[�•���u�]�v�]�u���Æ���À���o�µ���U���š�Z�����•�������o�����‰�}�]�v�š���}�(���š�Z�]�•���P���u�����]�•���r�í�X 
�d�Z�����}�µ�š���}�u�����}�(���~�r�í�U���í�•���~���}�©�}�u�U���Œ�]�P�Z�š�•���]�•���E���•�Z�[�•�����‹�µ�]�o�]���Œ�]�µ�u�����������µ�•�����v���]�š�Z���Œ���‰�o���Ç���Œ�������v��
�]�u�‰�Œ�}�À�����š�Z���]�Œ���}�µ�š���}�u�������Ç�����Z���v�P�]�v�P���•�š�Œ���š���P�]���•�����o�}�v���X 
 

�D�]�Æ�������•�š�Œ���š���P�]���• 
�D�]�Æ�������•�š�Œ���š���P�]���•���u�����v�•���š�Z���š�������‰�o���Ç���Œ���Z���•�������‰�Œ�}�������]�o�]�š�Ç���š�}���‰�]���l���}�v�����•�š�Œ���š���P�Ç���}�Œ���}�š�Z���Œ��
�•�š�Œ���š���P�]���•���~�d�Z���Ç�����}���v�}�š���‰�]���l���í���•�š�Œ���š���P�Ç���(�}�Œ�������Œ�š���]�v�•�X���d�Z�����•�š�Œ���š���P�]���•���]�v���š�Z�����‰�Œ���À�]�}�µ�•�����Æ���u�‰�o���•��
���Œ�����‰�µ�Œ�����•�š�Œ���š���P�]���•�����������µ�•�����]�š���]�•�������u�]�Æ���Á�]�š�Z�������‰�Œ�}�������]�o�]�š�Ç���}�(���í���}�v���}�v�����•�š�Œ���š���P�Ç�����v�����ì���}�v���š�Z����
�Œ���•�š���}�(���š�Z�����•�š�Œ���š���P�]���•�•�X 

    B 
A 

left middle right 

top 4 -1 -3 

middle 2 1 -2 

bottom 1 0 -1 
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�t�Z���v���µ�•�]�v�P���š�Z�����u�]�v�]�u���Æ���š�Z���}�Œ���u�U���Á�Z���š���Á�}�µ�o����
�Z���‰�‰���v���]�(���š�Z�����u���Æ�]�u�]�v���À���o�µ�������}���•���v�}�š�����‹�µ���o���š�}���š�Z����
�u�]�v�]�u���Æ���À���o�µ���M���/�v���š�Z�]�•���v���Á���•�����v���Œ�]�}�U���š�Z�����u���Æ�]�u�]�v��
�À���o�µ�����]�•���î�����v�����š�Z�����u�]�v�]�u���Æ���À���o�µ�����]�•���í�X���d�Z���Ç�����}���v�}�š��
���‹�µ���o���•�}���Á�����Z���À�����š�}���µ�•�����u�]�Æ�������•�š�Œ���š���P�]���•���.�v�����š�Z����
�}�‰�Ÿ�u�µ�u���•�š�Œ���š���P�]���•�X���d�Z�����.�Œ�•�š���•�š���‰���]�•���š�}���Œ���u�}�À����
���}�u�]�v���š�������•�š�Œ���š���P�]���•�X���d�Z�]�•���u�����v�•���Á�������}�u�‰���Œ�����š�Z����
�}�µ�š���}�u���•���}�(���î���•�š�Œ���š���P�]���•���}�(���š�Z�����•���u�����‰���Œ�•�}�v���]�v�����o�o��
�•�]�š�µ���Ÿ�}�v�•�����v�����Œ���u�}�À�����š�Z�����Á�����l���Œ���•�š�Œ���š���P�Ç�X 

 
�^�š���‰���í�W�����}�u�‰���Œ�]�v�P���š�}�‰���•�š�Œ���š���P�Ç���Á�]�š�Z���u�]�����o�����•�š�Œ���š���P�Ç���}�(�����W 

�>���L�����}�o�µ�u�v�W���r�ï���D���í 
�D�]�����o�������}�o�µ�u�v�W���í���D���î 
�Z�]�P�Z�š�����}�o�µ�u�v�W���r�ð���D���ï 
Middle strategy strictly dominates top strategy (middle strategy always gives a 
higher payoff for A than top strategy), so we remove the top strategy. 

 
�^�š���‰���î�W�����}�u�‰���Œ�����o���L���•�š�Œ���š���P�Ç���Á�]�š�Z���Œ�]�P�Z�š���•�š�Œ���š���P�Ç���}�(�����W 

�D�]�����o�����Œ�}�Á�W���ð���E���ï 
���}�©�}�u���Œ�}�Á�W���r�í���E���r�î 

�Z�]�P�Z�š���•�š�Œ���š���P�Ç���•�š�Œ�]���š�o�Ç�����}�u�]�v���š���•���o���L���•�š�Œ���š���P�Ç�U���•�}���Á����
�Œ���u�}�À�����š�Z�����o���L���•�š�Œ���š���P�Ç�X���~�t�������Œ�������}�]�v�P���š�Z�]�•���Œ�}�µ�v�����}�(��
���}�u�‰���Œ�]�•�}�v�•�����v�����Œ���u�}�À���o���]�v�����[�•���‰���Œ�•�‰�����Ÿ�À���U���•�}���Á����
�Œ���u�}�À�����}�v�����}�(�����[�•���‰�}�•�•�]���o�����•�š�Œ���š���P�Ç���š�Z���š�����o�Á���Ç�•���P�]�À���•��
���������Z�]�P�Z���Œ���‰���Ç�}�+�X�• 

 
���L���Œ���P���«�v�P���š�Z�����•�]�u�‰�o�]�.�������î�Æ�î���‰���Ç�}�+���u���š�Œ�]�Æ�U���Á�����v���������š�}�����}��
�•�}�u���������o���µ�o���Ÿ�}�v�X���^�š���‰���ï�W���>���š�� 
�y �‰���������š�Z�����‰�Œ�}�������]�o�]�š�Ç���}�(���������Z�}�}�•�]�v�P���u�]�����o�����•�š�Œ���š���P�Ç�� 
�y �í�r�‰���������š�Z�����‰�Œ�}�������]�o�]�š�Ç���}�(�����Z�}�}�•�]�v�P�����}�©�}�u���•�š�Œ���š���P�Ç 
�y �‹���������š�Z�����‰�Œ�}�������]�o�]�š�Ç���}�(���������Z�}�}�•�]�v�P���u�]�����o�����•�š�Œ���š���P�Ç�� 
�y �í�r�‹���������š�Z�����‰�Œ�}�������]�o�]�š�Ç���}�(�����Z�}�}�•�]�v�P���Œ�]�P�Z�š���•�š�Œ���š���P�Ç 
 

�d�Z�������Æ�‰�����š�������‰���Ç�}�+���}�(���‰�o���Ç���Œ�•�������‰���v���]�v�P���}�v���š�Z���]�Œ���•�š�Œ���š���P�Ç�W 
���~�u�]�����o���•���A���î�‹�=�ï�~�í�r�‹�•���A���ï�r�‹ 
���~���}�©�}�u�•���A���ñ�‹�r�î�~�í�r�‹�•���A���ó�‹�r�î 
���~�u�]�����o���•���A���î�‰�=�ñ�~�í�r�‰�•���A���ñ�r�ï�‰ 
���~�Œ�]�P�Z�š�•���A���ï�‰�r�î�~�í�r�‰�•���A���ñ�‰�r�î 
 
�^�š���‰���ð�W���•�}�o�À�����(�}�Œ���‰�����v�����‹�����Ç���•���«�v�P���ï�r�‹���A���ó�‹�r�î�����v�����ñ�r�ï�‰���A���ñ�‰�r�î�X 
�d�Z�]�•���]�•�����������µ�•�����������Z���‰�o���Ç���Œ���v�������•���š�}�����Z�}�}�•�����‰�Œ�}�������]�o�]�Ÿ���•���š�Z���š���u���l���•���š�Z�����}�š�Z���Œ���‰�o���Ç���Œ��
�]�v���]�+���Œ���v�š���š�}���š�Z�����•�š�Œ���š���P�]���•�X���&�}�Œ�����Æ���u�‰�o���U���‰�o���Ç���Œ�������Á�}�µ�o�����������Á�]�o�o�]�v�P���š�}���Œ���v���}�u�o�Ç���‰�]���l��
�•�š�Œ���š���P�]���•�������š�Á�����v���u�]�����o�������v�����Œ�]�P�Z�š���]�(�����}�š�Z���}�(���š�Z���u���P�]�À�����š�Z�����•���u�������Æ�‰�����š�������‰���Ç�}�+�X��
�K�š�Z���Œ�Á�]�•���U���š�Z���Ç���Á�}�µ�o�����‰�]���l���š�Z���������©���Œ���}�v�������À���Œ�Ç���Ÿ�u���X 
�/�(���ñ�r�ï�‰���E���ñ�‰�r�î�W�������Á�}�µ�o�������o�Á���Ç�•���‰�o���Ç���u�]�����o�� 
�/�(���ñ�‰�r�î���E���ñ�r�ï�‰�W�������Á�}�µ�o�������o�Á���Ç�•���‰�o���Ç�����}�©�}�u 
�d�Z���Œ���(�}�Œ���U�������Z���À�����š�}���‰�]���l���u�]�����o�����Á�]�š�Z�������‰�Œ�}�������]�o�]�š�Ç���}�(���‰���•�µ���Z���š�Z���š���ñ�r�ï�‰���A���ñ�‰�r�î 

    B 
A 

left middle right 

top -3 1 -4 

middle 4 2 3 

bottom -1 5 -2 

 

    B 
A 

left middle right 

middle 4 2 3 

bottom -1 5 -2 

 

    B 
A 

middle right 

middle 2 3 

bottom 5 -2 
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���Ç���•�}�o�À�]�v�P���ï�r�‹���A���ó�‹�r�î�����v�����ñ�r�ï�‰���A���ñ�‰�r�î�U���Á�����Á�}�µ�o�����P���š���‹�A�ñ�l�ô�����v�����‰�A�ó�l�ô�X 
�d�Z���Œ���(�}�Œ���U���š�Z�����}�‰�Ÿ�u�µ�u���u�]�Æ�������•�š�Œ���š���P�]���•���(�}�Œ���������v���������Á�}�µ�o���������W 
�W�o���Ç���Œ���� �W�o���Ç���Œ���� 
�d�}�‰�W���ì �>���L�W���ì 
�D�]�����o���W���ó�l�ô �D�]�����o���W���ñ�l�ô 
���}�©�}�u�W���í�l�ô �Z�]�P�Z�š�W���ï�l�ô 

 
 

���}�}�‰���Œ���Ÿ�}�v���]�v���P���u���• 
�t�Z���š�������}�µ�š�����}�}�‰���Œ���Ÿ�}�v�M���,�}�Á���Á�}�µ�o�����š�Z�����}�µ�š���}�u�����}�(���P���u���•�����Z���v�P�����]�(���š�Z�����‰�o���Ç���Œ�•�����}�µ�o����
�u���l�������]�v���]�v�P�����P�Œ�����u���v�š�•�M 
�/�v���š�Z�]�•���•�����v���Œ�]�}�U���������v�����������Œ�����î���Z�µ�v�š���Œ�•���Z�µ�v�Ÿ�v�P���(�}�Œ���P���u�����]�v�������(�}�Œ���•�š�X���d�Z�����v�µ�u�����Œ�•���]�v���š�Z����
�u���š�Œ�]�Æ���Œ���‰�Œ���•���v�š���š�Z�����v�µ�u�����Œ���}�(���‰�}�Œ�Ÿ�}�v�•���}�(���u�����š���š�Z���Ç���Z�µ�v�š�������š�Z���š�������Ç���~���U���•�X���d�Z���Ç�����}�µ�o����
���]�š�Z���Œ�����Z�}�}�•�����š�}���Z�µ�v�š���Œ�������]�š�•���}�Œ���������Œ�•���]�v�����������Ç�X���/�(���š�Z�]�•���•�����v���Œ�]�}���]�•�������v�}�v�r���}�}�‰���Œ���Ÿ�À�����P���u���U���š�}��
�u���Æ�]�u�]�•�����š�Z���]�Œ���‰���Ç�}�+�U�������Á�}�µ�o�������Z�}�}�•�����š�}���Z�µ�v�š���������Œ�•���v�}���u���©���Œ���Á�Z���š���������}���•�X�����U���‰�Œ�����]���Ÿ�v�P��
���[�•���•�š�Œ���š���P�Ç�U���Á�}�µ�o�������Z�}�}�•�����š�}���Z�µ�v�š���������Œ�•���š�}���u���Æ�]�u�]�•�����š�Z���]�Œ���}�Á�v���‰���Ç�}�+�X���d�Z�����}�µ�š���}�u�����}�(���~�ï�U�ð�•��
�Á�}�µ�o�����������E���•�Z�[�•�����‹�µ�]�o�]���Œ�]�µ�u�X���d�Z�]�•���•�����v���Œ�]�}���Á�}�µ�o�����������š�}�����[�•�������À���v�š���P�������������µ�•�����š�Z���Ç�������v���P���š��
�š�Z�����Z�]�P�Z���•�š���‰���Ç�}�+���]�v���š�Z�����Á�Z�}�o�����u���š�Œ�]�Æ���~�ï�U�ð�•�X���,�}�Á���À���Œ�U���]�š���Á�}�µ�o�����������š�}�����[�•�������À���v�š���P�����]�(���š�Z�]�•���]�•������
���}�}�‰���Œ���Ÿ�À�����P���u���X���������}�µ�o�����š�Z�Œ�����š���v���š�}���Z�µ�v�š���Œ�������]�š�•��
�µ�v�o���•�•���������P�Œ�����•���š�}���Z�µ�v�š���Œ�������]�š�•�X���/�(���������}�u�‰�o�]���•�U���������}�µ�o����
�P���]�v�����š���~�ð�U�ï�•�����Ç���Z�µ�v�Ÿ�v�P���������Œ�•�����v�����š�Z���]�Œ���‰���Ç�}�+���Œ�]�•���•���š�}���ð�X��
�/�(���������]�•���P�Œ�����•�����v�����Z�µ�v�š�•���������Œ�•�U���������}�µ�o���������Œ�Œ�Ç���}�µ�š���š�Z����
�š�Z�Œ�����š�����v�����š�Z���Ç���Á�}�µ�o�����•�Ÿ�o�o���Z���À�����š�Z�����•���u�����‰���Ç�}�+�����š���~�ï�U�î�•��
���v�����~�ï�U�ð�•�X���,�}�Á���À���Œ�U�����[�•���‰���Ç�}�+���Á�}�µ�o�������Œ�}�‰���š�}���î���Á�Z�]���Z��
�u�����v�•�������Á�}�µ�o�������}�������©���Œ���]�(���š�Z���Ç�����P�Œ���������š�}���Z�µ�v�š���Œ�������]�š�•��
���š���~�ð�U�ï�•�X�����•���•�Z�}�Á�v�������}�À���U���š�Z�����}�µ�š���}�u�����}�(���•�����v���Œ�]�}�•�����Z���v�P���•���Á�Z���v���‰�o���Ç���Œ�•�����Œ�������o�o�}�Á�������š�}��
���}�}�‰���Œ���š���X���/�v���W�Œ�]�•�}�v���Œ�[�•�����]�o���u�u���U���‰�o���Ç���Œ�•�����}�µ�o�������}�}�‰���Œ���š�����(�}�Œ�������Z�]�P�Z���Œ���‰���Ç�}�+���~�•�Z�}�Œ�š���Œ��
�•���v�š���v�����•�����v���������Z�]���À�����š�Z�����}�µ�š���}�u�����}�(���~�í�U�í�•�X���K�v���š�Z�����}�š�Z���Œ���Z���v���U���]�v���š�Z�]�•���•�����v���Œ�]�}�U���‰�o���Ç���Œ������
���}�µ�o�����µ�•�����š�Z���������]�o�]�š�Ç���}�(�����}�}�‰���Œ���Ÿ�}�v���š�}���]�v���Œ�����•�����š�Z���]�Œ���‰���Ç�}�+�����Ç�����}���Œ���]�}�v�X�������‰���v���]�v�P���}�v���š�Z����
�•�����v���Œ�]�}�U�����}�}�‰���Œ���Ÿ�}�v�����}�µ�o���������������š�}�}�o���š�}���]�v���Œ�����•�����Ç�}�µ�Œ���‰���Ç�}�+���}�Œ�������Á�����‰�}�v���š�Z���š���š�Z�����}�š�Z���Œ��
�‰�o���Ç���Œ���µ�•���•���š�}���(�}�Œ�������Ç�}�µ���]�v�š�}�����v�����P�Œ�����u���v�š�X 
 

���‰�‰�o�]�����Ÿ�}�v���}�(���'���u�����d�Z���}�Œ�Ç 

���L���Œ���Œ�������]�v�P���•�}���u�µ���Z�������}�µ�š���š�Z�����š�����Z�v�]�����o�����•�‰�����š�•���}�(���P���u�����š�Z���}�Œ�Ç�U�����}���Ç�}�µ���Z���À�������v�Ç���]�������•��
�Z�}�Á���]�š�����}�µ�o�����������µ�•�������]�v���Œ�����o���o�]�(���M�������š�µ���o�o�Ç�U���P���u�����š�Z���}�Œ�Ç�����}�µ�o�����������µ�•�������]�v���u���v�Ç�����•�‰�����š�•���]�v���Œ�����o��
�o�]�(���U���o�]�l�����u���l�]�v�P�����µ�•�]�v���•�•���•�š�Œ���š���P�]���•�U�������•�]�P�v�]�v�P�����o�P�}�Œ�]�š�Z�u�•�����v�����u���v���P�]�v�P���]�v�š���Œ�v���Ÿ�}�v���o��
�Œ���o���Ÿ�}�v�•�����š���X���&�}�Œ�����Æ���u�‰�o���U���Á�Z���v���������}�u�‰���v�Ç���u���l���•�����µ�•�]�v���•�•���������]�•�]�}�v�•���o�]�l�����Œ�����µ���]�v�P���š�Z���]�Œ��
�‰�Œ�}���µ���š���‰�Œ�]�����•�U���P���u�����š�Z���}�Œ�Ç���Á�}�µ�o�����������µ�•�������š�}���‰�Œ�����]���š���Z�}�Á���š�Z���]�Œ�����}�u�‰���Ÿ�š�}�Œ�•���Á�}�µ�o�����Œ�������š��
�Á�Z�]���Z�����}�µ�o�����Z���o�‰���š�Z�������µ�•�]�v���•�•���u���Æ�]�u�]�•�����š�Z���]�Œ���‰�Œ�}�.�š�•�X�����v�}�š�Z���Œ�����Æ���u�‰�o�����]�•���š�Z���š���Á�Z���v������
���}�v�š�Œ�}�À���Œ�•�]���o���]�•�•�µ�������Œ�]�•���•�U�������‰�}�o�]�Ÿ�����o���‰���Œ�š�Ç�����}�µ�o�����µ�•�����P���u�����š�Z���}�Œ�Ç���š�}���‰�Œ�����]���š���š�Z�����}�š�Z���Œ��
�‰�}�o�]�Ÿ�����o���‰���Œ�Ÿ���•�[���Œ�������Ÿ�}�v���š�}���š�Z�����]�•�•�µ�������v�����š�Z���Ç�����}�µ�o�������Z�}�}�•�����š�}���•�µ�‰�‰�}�Œ�š�U���}�‰�‰�}�•�����}�Œ�����À��������
�š�Z�����]�•�•�µ�����š�}���u���Æ�]�u�]�•�����š�Z���]�Œ���À�}�š���•���]�v���š�Z�������o�����Ÿ�}�v�X 

 

      B 
A 

deer rabbit 

deer 3,4 4,3 

rabbit 3,2 2,1 

 

It can also be used in Poker, 
as you will see later! 
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�Z���(���Œ���v�����W 

�Z�©�‰�•�W�l�l�Á�Á�Á�X���Œ�]�š���v�v�]�����X���}�u�l�•���]���v�����l�P���u���r�š�Z���}�Œ�Ç�l�d�Á�}�r�‰���Œ�•�}�v�r���}�v�•�š���v�š�r�•�µ�u�r�P���u���• 

�Z�©�‰�•�W�l�l�Á�Á�Á�X�P�����l�•�(�}�Œ�P�����l�•�X�}�Œ�P�l�u���š�Z�•�l�Œ�����o�r�o�]�(���r���‰�‰�o�]�����Ÿ�}�v�•�r�}�(�r�P���u���r�š�Z���}�Œ�Ç�l 

�Z�©�‰�•�W�l�l�‰�}�o�]�•���]�X�Á�]�•���X�����µ�l�Á�‰�r���}�v�š���v�š�l�µ�‰�o�}�����•�l�•�]�š���•�l�í�ì�ñ�ï�l�î�ì�í�ó�l�ì�î�l�����d�r�ï�ó�ò���z�ì�X�‰���( 

�Z�©�‰�•�W�l�l�Á�Á�Á�X�Ç�}�µ�š�µ�����X���}�u�l�Á���š���Z�M�À�A�����v�d�<�Æ�í�&�>�z�ô�˜�o�]�•�š�A�W�>�<�/�í�Z�z�v���l���Y�}���Ì�/�ð�Æ���/�y�Ì�Æ�ò�h�î���Œ�P�&�u�����}�˜�]�v�����Æ�A�î 

 

A Model of Poker: Game of Luck or Game of Maths? 
 

By Alex (Kwun Wa) Wong 12GA 
 

Disclaimer: this is NOT to encourage anyone to play poker. It is only an analysis of the maths behind it. 

 
Mathematics has the power to model so many real-life situations, though not 100% 
�������µ�Œ���š���o�Ç�X���t�Z���v���Ç�}�µ�[�Œ�����‰�o���Ç�]�v�P�������P���u�����}�(���o�µ���l���o�]�l�����‰�}�l���Œ�U���š�Z�������}�Œ�Œ�����š���•�š�Œ���š���P�Ç���]�•�����•�•���v�š�]���o��
and that is when game theory, rule of 2 and 4, and statistical distributions come into play. 
 
How is Poker Played 
 
To understand its secrets, we first need to analyse how the 
most basic poker game is played.[1] �&�}�Œ���•�]�u�‰�o�]���]�š�Ç�U���o���š�[�•��
ignore any bettings.  
 
From a deck of 52 cards, each player gets 2 cards, unknown 
to other players. 5 cards are placed face-down on the 
�š�����o���X���&�]�Œ�•�š���ï�������Œ���•�����Œ�����Œ���À�����o���������v�����š�Z�]�•���]�•�������o�o�������š�Z�����Z�(�o�}�‰�[�X��
The 4th �����Œ�����]�•���š�Z���v���Œ���À�����o���������v�����š�Z�]�•���]�•�������o�o�������š�Z�����Z�š�µ�Œ�v�[�X��
The final 5th �����Œ�����]�•���Œ���À�����o���������v�����š�Z�]�•���]�•�������o�o�������š�Z�����Z�Œ�]�À���Œ�[�X�����o�o��
remaining players reveal their best 5-card hand (i.e. 
combination), using their 2 cards and the 5 cards available.  
 
The hands allowed (ranked in order of priority where 1 is 
best and 10 is worst) are on the right. 
 
 
 

Game Theory 
 
An important concept of maths that can be applied to poker is game theory. This involves 
considering strategies that optimise results �t strategies of your own and more importantly, 
strategies of your opponents. The Nash Equilibrium is when no player can benefit from 
changing their strategies. In poker, this equilibrium occurs when each player ensures that 
their strategy is optimal, after considering the strategies of other players as well.[3]  
 
What are the main strategies? 
 

Figure 1[2]: poker hand rankings  

https://www.britannica.com/science/game-theory/Two-person-constant-sum-games
https://www.geeksforgeeks.org/maths/real-life-applications-of-game-theory/
https://polisci.wisc.edu/wp-content/uploads/sites/1053/2017/02/ACT-376a_0.pdf
https://www.youtube.com/watch?v=DanTKx1FLY8&list=PLKI1h_nAkaQoDzI4xDIXzx6U2ergFmedo&index=2
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1. Balancing when to bluff and when to fold 
 

This makes you more unpredictable, and as game theory requires players to predict 
how each other would react, bluffing tips the equilibrium position. 

 
2. Game of observations 

 
�/�š�[�•���•�µ�Œ�‰�Œ�]�•�]�v�P�o�Ç���]�u�‰�}�Œ�š���v�š���š�}���}���•���Œ�À�������À���Œ�Ç���‰�o���Ç���Œ�U�����•���š�Z�]�•���]�•���Á�Z���š���P�]�À���•���Ç�}�µ���u�}�Œ����
information about them, again improving your optimal strategy. By predicting their 
next move (betting, checking, or folding), you can decide on your current move. To 
go further, you can even guess how another player would react to this, and then 
readjust your strategy. 

 
3. Pot odds and odds of winning 

 

The pot odds can be calculated as 
�º�à�â�è�á�ç���â�Ù���ì�â�è�å���Õ�Ø�ç

�º�à�â�è�á�ç���Ü�á���ã�â�ç���>���Ô�à�â�è�á�ç���â�Ù���ì�â�è�å���Õ�Ø�ç
���ä��By calculating 

your odds of winning, you can then compare the two and if your odds of winning are 
higher, then calling has a positive expectation.[3] 

 
An important question must be asked. How can you calculate your odds of winning? Well, 
the answer is maths of course. 
 

Rule of 2 and 4 �t How to Calculate Odds of Winning 
 
�&�]�Œ�•�š�o�Ç�U���/�[�o�o�����o���Œ�]�(�Ç���Á�Z���š���Z�}�����•�[���Œ�����o�o�Ç�����Œ���U���]�v���š���Œ�u�•���}�(���u���š�Z�•�X���K�����•���P�]�À�����š�Z�����Œ���š�]�}���}�(�� 
�2�:�H�K�O�A�; �÷ ���2�:�S�E�J�; . Using an interesting rule in poker, you can find the probability of 
winning, P(win), which will then be converted into odds for an easier expression when 
playing the game. 
 
The rule:[4] 

1. Count the number of outs (cards that will improve your hand) 
2. If there are 2 cards to come (before the turn), then x4 
3. If there is 1 card to come (before the river), then x2 
4. Convert percentage into odds 

 
�/�[�u���P�}�]�v�P���š�}���‰�Œ�}�}�(���š�Z�����u���š�Z�•�������Z�]�v�����š�Z�]�•���•�š���‰�����Ç���•�š���‰�X 
 
Let the number of outs be O. Let the number of unseen cards in the deck be N. 
 
So the probability of getting an out (a good card that can make one of the combinations 

described earlier) is 
�È

�Ç
���ä 

 
Now, to calculate N, we consider the scenarios in step 2 and 3. 
 
Because the total number of cards in a deck is 52, the number of cards you hold is 2, the 
number of cards revealed is 3, 
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If there are 2 cards to come, N = 52 �t 2 �t 3 = 47 
If there is 1 card to come, N = 52 �t 2 �t 4 = 46 
 
 
Next, we figure out why we multiply by 2 or 4. 
 
If there is 1 card to come: 
 

�2�:�C�A�P�P�E�J�C���=�J���K�Q�P�; 
L
�1
�v�x

�Û�s�r�r 


L �t�ä�s�y�¨ �Û ���1 
�9�D�E�?�D���E�O���=�>�K�Q�P���t�¨ �Û ���1 

 
We are just multiplying our number of outs by 2% to give the probability of success. 
 
If there are 2 cards to come: 
 
For simplicity, let T be getting an out on the turn, and let R be getting an out on the river. 
 

�2�:�6�; 
L
�1
�v�y

 

�2�:�4�; 
L
�1
�v�x

 

�2�:�6�; 
E ���2�:�4�; 
L
�1
�v�y


E
�1
�v�x

 

 
But we have to subtract the probability of getting an out on both the turn and the river. 
 

�2�:�6���=�J�@���4�; 
L
�1
�v�y

�Û
�1 
F �s

�v�x

L

�1�6 
F �1
�t�s�x�t

 

 
�0�K�S���S�A���B�E�J�@���2�:�6�; 
E ���2�:�4�; 
F ���2�:�6���=�J�@���4�; 


L
�1
�v�y


E
�1
�v�x


F
�1�6 
F �1
�t�s�x�t

 


L �1
l
�s

�v�y

E

�s
�v�x


F
�1 
F �s
�t�s�x�t


p 

 

�5�A�L�=�N�=�P�A�H�U�á�S�A���B�E�J�@���P�D�=�P
�s

�v�y

E

�s
�v�x


L �r�ä�r�v�u�r�å ���S�D�E�?�D���E�O���=�>�K�Q�P��
Ý�¨ 

 

Before I address the 
F
�È�?�5

�6�5�:�6
 �‰���Œ�š�U���o���š�[�•���(�]�v�����}�µ�š���š�Z�����u���Æ�]�u�µ�u���À���o�µ�����š�Z���š���K�������v���š���l���X���d�Z�����}�v�o�Ç��

2 combinations that can lead to a high O is flush and straight. (Full house, straight flush, and 
royal flush will only give a lower O) 
 
Flush:  
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For the highest O, we have got 2 cards in our hands with the same suit, and 1 card on the 
�š�����o�����Á�]�š�Z���š�Z���š���•�µ�]�š�X���d�Z���Œ�������Œ�����í�ï���•�µ�]�š�������Œ���•���]�v���š�}�š���o�U���(�Œ�}�u���î�U�ï�Y�����X���^�}���š�}�š���o���}�µ�š�•�����Œ�����í�ï���t 3 = 
10. 
 
Straight: 
 
For the highest O, we have got 2 cards in our hands in sequence, and 1 card on the table in 
sequence. We need 2 cards on either side of the sequence (two tailed) and each number 
has 4 cards, e.g. we have 5 and 6, table has 7, we need 4 or 8 to complete the sequence, but 
there are four cards with 4 and four cards with 8. Therefore, total outs are 4x2 = 8. 
 

Addressing the 
F
�ý�?
Ú


Û
Ú
ß
Û
 part: 

 

We assume that the highest O can be is 10 (excluding special situations). Because 
�5�4�?�5

�6�5�:�6

L

�r�ä�v�s�å �¨  �Á�Z�]���Z�����}���•�v�[�š���Œ�}�µ�v�����š�}���í�9�U���]�š���]�•���v�}�š���•�]�P�v�]�(�]�����v�š���]�v���}�µ�Œ���Œ�µ�o�����t it does not change the 
4% already established. 
 
An important part of modelling is to give simple approximations rather than 100% accuracy. 
Therefore, I have proven that 4% is precise enough to give an idea of the probability of 
successfully getting an out. 
 
At the end, we convert this probability (p) into odds (which is just ratio) by the formula 
�5�4�4�?�ã

�ã
���ä 

 

 
Types of Distributions that Model Poker 
 

1. Binomial Distribution 

First, we define: 

�x X = number of a specific hand combination (e.g. number of flushes) 
�x n = number of hands played 

An example: 
 
We are holding cards 5 and 6. After the flop, on the table, K, 7 and 8 are revealed. The 
only card we need is either 4 or 9. There are four cards of each, so the number of outs 
is 8.  
 
Using the rule, 8 x 4 = 32%. 
So our odds are 2.125 : 1. 
 

Now, using actual calculations, 
�<

�8�;

E

�<

�8�:

F

�<�. �?�<

�6�5�:�6

L �u�s�ä�z�t�å �¨  

Thus, the rule is precise enough for a quick estimation. 
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�x p = probability of getting a specific hand combination 

Then, we can separately calculate p using combinatorics (which is a branch of maths that 
uses combinations nCr). 
 

�L 
L
�0�Q�I�>�A�N���K�B���B�=�R�K�Q�N�=�>�H�A���D�=�J�@�O

�6�K�P�=�H���J�Q�I�>�A�N���K�B���L�K�O�O�E�>�H�A���D�=�J�@�O
 

 
 
For example, to find the probability of getting a flush,                          which is equal to around 
�ì�X�ì�ì�í�õ�ô�Y���•�}�����Œ�}�µ�v�����ì�X�î�9���‰���Œ���Z���v���X���d�Z�]�•���]�•���í���]�v���ñ�ì�ì�X�� 
 
Other poker hand probabilities are shown in Figure 2. 

 
 
 
What is the chance of seeing at least 1 flush in 200 games? Well, we can use the Binomial 
���]�•�š�Œ�]���µ�š�]�}�v���š�}�������o���µ�o���š�����W�~�y���H���í�•�X���d�Z�����À���o�µ�����}�(���v���Z���Œ�����]�•���î�ì�ì�����v�����š�Z�����‰���]�•���Á�Z���š���Á�����(�}�µ�v���U��
around 0.002. 
 
�d�Z���v���µ�•�����š�Z�������]�v�}�u�]���o���������(�µ�v���š�]�}�v���}�v�����������o���µ�o���š�}�Œ���š�}���(�]�v�����W�~�y���H���í�•���A���ì�X�ï�î�ï���Á�Z�]���Z���]�•�������}�µ�š��
32.3%. 
 

2. Normal Distribution 
 
This distribution is for continuous random variables. The graph is a smooth bell shape curve, 
which is due to the Central Limit Theorem. 
 
�&�}�Œ���}�µ�Œ���‰�}�l���Œ���u�}�����o�U���Á�����o�}�}�l�����š���š�Z�����(�Œ���‹�µ���v���Ç���}�(���P���š�š�]�v�P���Z�o�µ���l�Ç�[���}�À���Œ�������o���Œ�P�����v�µ�u�����Œ���}�(��
hands (n). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2[5]: poker hand probabilities (p) 
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First of all, what is luck? In mathematical terms, this is the deviation from expectation and 
how frequently a player gets a specific hand combination. 
 

 
We define: 

�x X = actual results �t expected results 
�x �… �A���u�����v���~�]�X���X���š�Z�����‰�}�•�]�š�]�}�v���}�(���Z�E�}�Œ�u���o�[���}�v���Æ�����Æ�]�•�• 
�x �• = standard deviation (where 1 standard deviation is shown shaded in different 

colours) 

The Normal Distribution formula is:[7] 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3[6]: a poker luck bell curve (this varies for different people) 
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On the luck bell curve, the mean is at 0, as this is the position of the expected result and any 
value to the left or right is a deviation. Now we can standardise our X value to a z value 
(which is to ensure that mean = 0 and standard deviation = 1) using:[7]  

�^�}���Á�Z���š�[�•���š�Z�����µ�•�����}�(�����o�o���}�(���š�Z�]�•�M���t���������v�����}�u�‰���Œ�����}�µ�Œ�•���o�À���•���Á�]�š�Z���š�Z�����v�}�Œ�u���o�o�Ç�����Æ�‰�����š������
outcomes of other players. 
 
The question is: what percentile am I in? 
 
Using the bell curve, we can get an X value. Let it be 1.2. 
 
As we are using a standard normal distribution, �… = 0 and �• = 1.  
Therefore, z = 1.2. 
 
Next, we have to find P(Z < 1.2) which is the probability of choosing a player that has a z 
score of lower than 1.2. Because the area under a bell curve is 1, which is 100%, we are 
actually finding the proportion of players lower than 1.2. 
 
Using the Normal CD function on a calculator, we find P(Z < 1.2) = 0.885 = 88.5% 
 
As a result, we are luckier than 88.5% of players. 
 
Conclusion 
 
So is poker a game of maths? Absolutely. Maths can be used in so many strategies in poker, 
from game theory to probability estimations, but the most important part of maths is to 
�Z���o�‰���‹�µ���v�š�]�(�Ç���]�v�š���v�P�]���o�������•�‰�����š�•���o�]�l�����Z�o�µ���l�[�����v�����Z���Z���v�����[�X�� 
 
�Z���u���u�����Œ�U���^���•���(���Œ�����•���š�Z�����o���Á�•���}�(���u���š�Z���u���š�]���•���Œ���(���Œ���š�}���Œ�����o�]�š�Ç�U���š�Z���Ç�����Œ�����v�}�š�������Œ�š���]�v�_���~���Ç��
Albert Einstein) but it is the most useful tool to estimate and predict, and that is what poker 
needs. 
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Coin Flips 
 

By Aaryan G 7M 
 
Coin flips are not what they seem to be. Most people agree that ostensibly coin flips are 
50/50 - �ñ�ì�9�����Z���v�������Z�������•�����v�����ñ�ì�9�����Z���v�������š���]�o�•�U�����µ�š���š�Z���š���]�•���v�}�š���š�Œ�µ���W���Z���v�������^�}�•�š���v�•�]���o�Ç�_��
(apparently but not necessarily). Actually, the probability of coin flips has many more 
factors. 
 
Starting simple, when the average person flips a coin, it has been scientifically proven that 
though it is unnoticeable, people put a little wobble in it, causing it to settle a little bit more 
onto one side. After measuring hundreds of coin flips, we have proven that they are actually 
51/49, biased towards the side of the coin at the top before the flip.  
 

 
 
As you can see in the image, when a human flips a 
coin instead of it being at perfect 90-degree angles, 
it has a small tilt causing it not to be a perfect 50/50. 
 
But this is where it gets complicated. A coin does not 
have two sides, but it actually has three or more 
sides, the edges. On a three-sided coin, there is a 1 
in 6,000 chance that it lands on its edge. But on a 
seven-sided coin, it is even less, 1 in 42,000.  
 
Though the list continues of how many sides coins 
have, the truth is coin flips are not actually a 50/50 
shot. 
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�7�K�H���0�D�W�K�H�P�D�W�L�F�V���E�H�K�L�Q�G���+�D�U�P�R�Q�\�����$���¶�S�O�D�\���R�I���Q�X�P�E�H�U�V�·���L�Q���0�X�V�L�F 
 

By Harry Wang 12GA 
 
�,���À�����Ç�}�µ�����À���Œ���Á�}�v�����Œ�������Á�Z�Ç�������Œ�š���]�v���‰���]�Œ�•���}�(���v�}�š���•���•�}�µ�v���������©���Œ���š�}�P���š�Z���Œ���š�Z���v���}�š�Z���Œ��
���}�u���]�v���Ÿ�}�v�•�M���K�Œ���‰���Œ�Z���‰�•���‰�o���Ç�������]�v�•�š�Œ�µ�u���v�š�•�U�����v�����Á�}�v�����Œ�������Á�Z�Ç�������Œ�š���]�v�����}�u���]�v���Ÿ�}�v�•���}�(��
�‰�o���Ç�]�v�P���š�����Z�v�]�‹�µ���•���Œ���•�µ�o�š���]�v�����������Œ�š���]�v���v�}�š���M���&�}�Œ���š�Z�}�µ�•���v���•���}�(���Ç�����Œ�•�U���u�µ�•�]���]���v�•�����v����
�u���š�Z���u���Ÿ���]���v�•���Z���À�������•�l�������š�Z�����•���u�����‹�µ���•�Ÿ�}�v�W���]�•���š�Z���Œ�����•�}�u���š�Z�]�v�P���u���š�Z���u���Ÿ�����o���Z�]���]�v�P��
�Á�]�š�Z�]�v���Z���Œ�u�}�v�Ç�M�� 
�� 
�d�Z�����•�Z�}�Œ�š�����v�•�Á���Œ���]�•���Ç���•���r�����µ�š���š�Z���Œ�����]�•�������(���Œ���������‰���Œ���•�š�}�Œ�Ç���š�Z���v���i�µ�•�š���^�u���š�Z�•�����Æ�‰�o���]�v�•��
���À���Œ�Ç�š�Z�]�v�P�X�_���/�v���š�Z�]�•�����Œ�Ÿ���o���U���Á�����Á�]�o�o�����Æ�‰�o�}�Œ�����Z�}�Á���(�Œ���‹�µ���v���Ç���Œ���Ÿ�}�•�U���W�Ç�š�Z���P�}�Œ���•�[�•�������Œ�o�Ç��
���Æ�‰���Œ�]�u���v�š�•���Á�]�š�Z���š�µ�v�]�v�P�U���u�}�����Œ�v�����‹�µ���o���š���u�‰���Œ���u���v�š�����v�����š�Z�����Z�]�������v���u���š�Z���u���Ÿ���•���}�(��
�Z���Œ�u�}�v�]���•�����o�o�����}�u���]�v�����š�}���Z���o�‰���•�Z���‰�����š�Z�����u�µ�•�]�����Á�����Z�����Œ���•�}���u�µ���Z���š�}�����Ç�X���� 
�� 

1- Sounds as Frequencies   
�� 

�^�}�µ�v�����Á�}�Œ�l�•���š�Z�Œ�}�µ�P�Z���À�]���Œ���Ÿ�}�v�•���]�v���u�����]�µ�u�•�U���•�µ���Z�����•�����]�Œ���‰���Œ�Ÿ���o���•�U���š�Z���š���š�Œ���À���o�����•���o�}�v�P�]�š�µ���]�v���o��
�Á���À���•�����}�v�•�]�•�Ÿ�v�P���}�(���Œ���Œ���(�����Ÿ�}�v�•�����v�������}�u�‰�Œ���•�•�]�}�v�•���š�Z���š���š�Œ���À���o���(�Œ�}�u���š�Z�������u�]�©���Œ���}�(���š�Z����
�À�]���Œ���Ÿ�}�v�•���š�}�����������š�����š�}�Œ�U���•�µ���Z�����•���Ç�}�µ�Œ�������Œ�•�U���}�Œ�������u�]���Œ�}�‰�Z�}�v���X���€�í�•���d�Z�����&�Œ���‹�µ���v���Ç�U���}�Œ��
�À�]���Œ���Ÿ�}�v�•���}�(���š�Z�����•�}�µ�v�����Á���À�����‰���Œ���•�����}�v���U�������š���Œ�u�]�v���•���š�Z�����‰�]�š���Z���}�(�������v�}�š���r���Z�]�P�Z���Œ��
�(�Œ���‹�µ���v���]���•���Œ���•�µ�o�š���]�v���Z�]�P�Z���Œ���‰�]�š���Z���•�W�����µ�š���Á�Z���š���]�(���/���š�}�o�����Ç�}�µ���š�Z���š���Z���Œ�u�}�v�]���•�����Œ���v�[�š���‰�Œ�}���µ��������
���Ç�������•���š���}�(���Œ���v���}�u���•�}�µ�v���•���š�Z���š���Z���À�����Œ���v���}�u���(�Œ���‹�µ���v���]���•�W���š�Z���Ç�������š�µ���o�o�Ç���Z���À�����•���š�•���}�(���Œ���Ÿ�}�•��
�š�Z���š�����‰�‰�o�Ç���š�}�����v�Ç���•�š���Œ�Ÿ�v�P���v�}�š���X���� 
�&�}�Œ�����Æ���u�‰�o���U�������^�‰���Œ�(�����š���.�L�Z�_�U���Á�Z�]���Z�����}�v�•�]�•�š�•���}�(���š�Z�������}�u���]�v���Ÿ�}�v���}�(���š�Z�����š�}�v�]�����v�}�š�������v�����š�Z����
�.�L�Z���~�ñ���v�}�š���•���µ�‰���(�Œ�}�u���š�Z���������•�����}�Œ���š�}�v�]�����v�}�š���•���Z���•�������(�Œ���‹�µ���v���Ç���Œ���Ÿ�}���}�(���ï�W�î�U���Á�Z�]�š���������‰���Œ�(�����š��
�(�}�µ�Œ�š�Z�U���Á�Z�]���Z���]�•���š�Z�������}�u���]�v���Ÿ�}�v���}�(���š�Z�����š�}�v�]�����v�}�š�������v�����š�Z�����ð�š�Z���v�}�š�����(�Œ�}�u���š�Z�����š�}�v�]�������o�Á���Ç�•��
�Z���•���������}�u�u�}�v���Œ���Ÿ�}���}�(���ð�W�ï�X���€�î�U�ï�•���d�Z���•�����•���š���}�(���Œ���Ÿ�}�•�����Œ���������u�}�v�•�š�Œ���š�������]�v���š�Z�����(�}�o�o�}�Á�]�v�P���š�����o���W���� 

�� 
�/�š���]�•���•�]�P�v�]�.�����v�š���š�}���v�}�š����
�Z�}�Á���•�]�u�‰�o�����š�Z���•�����Œ���Ÿ�}�•��
���Œ�����š�}�����Œ�����š�����•�µ���Z��
���Æ�š�Œ���}�Œ���]�v���Œ�Ç���Z���Œ�u�}�v�]���•�X��
�,�}�Á���À���Œ�U���š�Z�]�•���]�•���v�}�š������
���}�]�v���]�����v���������������µ�•�����]�š���]�•��
�š�Z���•�����•�]�u�‰�o�����Œ���Ÿ�}�•���š�Z���š��
�Z���o�‰���o�]�v�����µ�‰���š�Z�����•�}�µ�v����
�Á���À���•���v�����š�o�Ç�U���Œ���•�µ�o�Ÿ�v�P���]�v��
�����•�u�}�}�š�Z�U�����o���v���������•�}�µ�v����
�š�Z���š���}�µ�Œ�����Œ���]�v�•�������š�µ���o�o�Ç��
�]�v�š���Œ�‰�Œ���š�����•���Z���Œ�u�}�v�Ç�X��
�€�î�U�ï�•�� 
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2-How did Pythagorean Tuning shape Early Western 
music culture?  
  
�d�Z�����o���P���v�����P�}���•�U���š�Z���š�U���}�v���Z�]�•���Á���Ç���Z�}�u���U���W�Ç�š�Z���P�}�Œ���•���Á���•���Á���o�l�]�v�P��
�‰���•�š���•�}�u�������o�����l�•�u�]�š�Z�•���Z���u�u���Œ�]�v�P�����Á���Ç�����š���u���š���o�U���Á�Z���v���Z����
�v�}�Ÿ���������•�}�u���š�Z�]�v�P�r���š�Z���š���š�Z�����Z���u�u���Œ�•���‰�Œ�}���µ�������������Œ�š���]�v���•�}�µ�v���•�V��
�v�}�š�����o�Ç���š�Z���š�������Z���u�u���Œ���š�Á�]�������š�Z�����•�]�Ì�����}�(�����v�}�š�Z���Œ���‰�Œ�}���µ�������������‰�o�����•���v�š�����}�u���]�v���Ÿ�}�v���}�(���š�}�v���•��
�Á�Z���v���•�š�Œ�µ���l�����š���š�Z�����•���u�����Ÿ�u���U���Á�Z�]���Z���Á�����v�}�Á���l�v�}�Á���š�}�����������v���}���š���À���X���E�}�Á�U���š�Z�]�•���o���P���v�����u���Ç��
�v�}�š���������š�Z�������}�u�‰�o���š�����š�Œ�µ�š�Z�U�����µ�š���š�Z�]�•�����‰�‰�o�]���•�����]�Œ�����š�o�Ç���š�}���š�Z�����(�Œ���‹�µ���v���Ç���Œ���Ÿ�}���}�(���}���š���À���•�U���]�v��
�Á�Z�]���Z���š�Z�����•�u���o�o���Œ���Z���u�u���Œ���‰�Œ�}���µ���������î���Ÿ�u���•���š�Z�����(�Œ���‹�µ���v���Ç���}�(���š�Z�����o���Œ�P���Œ���Z���u�u���Œ�U��
�š�Z���Œ���(�}�Œ�������Œ�����Ÿ�v�P�����v���Z���Œ�u�}�v�]�����}���š���À���X���,�������}�v�Ÿ�v�µ�������Á�}�Œ�l�]�v�P���}�v���š�Z�]�•�����Ç�����Æ�‰���Œ�]�u���v�Ÿ�v�P��
�Á�]�š�Z�����]�+���Œ���v�š���•�š�Œ�]�v�P���š���v�•�]�}�v�•���š�}�����•�•���v�Ÿ���o�o�Ç�����Œ�����š�����š�Z�����.�Œ�•�š���š�µ�v�]�v�P���•�Ç�•�š���u�X���,�����š�Z���Œ���(�}�Œ����
���}�v�Ÿ�v�µ�������Z�]�•���•�����Œ���Z���(�}�Œ�������u���š�Z���u���Ÿ�����o�o�Ç���‰���Œ�(�����š���Á�}�Œ�o�������•�������Á���Ç���}�(�����©���u�‰�Ÿ�v�P���š�}�����Æ�‰�o���]�v��
�š�Z�����Á�}�Œ�o�����Á�����o�]�À�����]�v���š�}�����Ç�X���€�ò�•�� 
�� 
���L���Œ�����]�•���}�À���Œ�]�v�P���š�Z���š���š�Z�����Œ���Ÿ�}���}�(�������‰���Œ�(�����š���ñ�š�Z���Á���•���ï�W�î���}�Œ���ï�l�î�U���Z�����Á�}�µ�o�����•�š���Œ�š���(�Œ�}�u������
�Œ���v���}�u�������•�����v�}�š�������v�����l�����‰���u�µ�o�Ÿ�‰�o�Ç�]�v�P���š�Z�����(�Œ���‹�µ���v���]���•���}�(���š�Z���������•�����v�}�š���•�����Ç���ï�l�î���š�}���P���š���š�Z����
�v���Æ�š���ñ�š�Z���(�Œ�}�u���š�Z���š���v�}�š���W���� 
�� 

���� �&�}�Œ�����Æ���u�‰�o���U���o���š�[�•���•�š���Œ�š���(�Œ�}�u���ð�ð�ì���,�Ì�W�� 
�� 

���� �/�(�������v�}�š�������Æ���������•���š�Z�����}���š���À�����}�(���š�Z����
�}�Œ�]�P�]�v���o���v�}�š���U���Á�������]�À�]�������š�Z�����(�Œ���‹�µ���v���Ç�����Ç��
�î���š�}���o�}�Á���Œ���]�š���������l���]�v�š�}���š�Z�����Œ���v�P���X���€�ó�•�� 

�� 
�ï�•���<�����‰���Œ���‰�����Ÿ�v�P���š�Z�]�•���(�Œ�}�u���������Z���v�}�š�����š�}��
�����Z�]���À�����š�Z�����í�î���v�}�š���•�������š�Á�����v���š�Z�����}���š���À���•�X���� 

�� 
�,�}�Á���À���Œ�U���š�Z���Œ�����Á���•�������l���Ç���‰�Œ�}���o���u���š�Z���š���š�Z�]�•�����Œ�����š�����W���µ�•�]�v�P���í�î���.�L�Z�•���š�}���P���v���Œ���š�����š�Z�����v���Æ�š��
�v�}�š���•�����]�����v�}�š���u���š�Z���u���Ÿ�����o�o�Ç�����‹�µ���o���ó���}���š���À���•�X���d�Z�]�•�������v�����������Æ�‰�Œ���•�•���������Ç�W�� 

�� 
�d�Z���Œ���(�}�Œ�����š�Z�����š�µ�v�]�v�P�������v�v�}�š���o�]�v�����µ�‰��
�‰���Œ�(�����š�o�Ç�r�������•�u���o�o���u�]�•�u���š���Z���š�Z���š���]�•��
�����š�µ���o�o�Ç���v�}�Ÿ���������o�����]�•�������Œ���•�µ�o�š���}�(��
�Á�Z���š���Á���������o�o���š�Z�����W�Ç�š�Z���P�}�Œ�����v��
���}�u�u���U���Á�Z�]���Z�����Œ�����š���������v���}�µ�š���}�(��
�š�µ�v�����^�t�}�o�(���ñ�š�Z�_���]�v�š���Œ�À���o�X���d�Z���Œ���(�}�Œ����
�W�Ç�š�Z���P�}�Œ�����v���d�µ�v�]�v�P���Á���•���v�}�š���š�Z����
�u�}�•�š���}�‰�Ÿ�u���o�����•�������Œ���•�µ�o�š���}�(���š�Z�]�•��
���}�u�‰�Œ�}�u�]�•���X���€�ò�•�� 
�� 
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�� 
�E���À���Œ�š�Z���o���•�•�U���t���•�š���Œ�v�����}�u�‰�}�•���Œ�•���Z�������š�}���Œ���•�š�Œ�]���š���š�Z���u�•���o�À���•�����Ç���µ�•�]�v�P���š�Z�]�•���š�Ç�‰�����}�(���š�µ�v�]�v�P�����v����
�•�}�Œ�š���}�(���i�µ�•�š���Z�������š�}�����������‰�š���š�Z�������Œ���Á�������l�•���š�Z���š���(�}�o�o�}�Á�����X���/�v���(�����š�U���š�Z�����^�Á�}�o�(�_���]�v�š���Œ�À���o���Á���•��
�����v�v�������]�v���š�Z���������š�Z�}�o�]�������Z�µ�Œ���Z�����µ�Œ�]�v�P���š�Z�����u�]�����o�������P���•�����v�����Á�}�µ�o�����Œ���•�µ�o�š���]�v�����}�v�����u�v���Ÿ�}�v���š�}��
�Z���o�o�X���€�ò�•�� 
�� 

�D�µ�•�]���]���v�•���š�Z���Œ���(�}�Œ�����•�š�Œ�]�À�������š�}���‰�Œ�}���µ�������š�Z���]�Œ���}�Á�v���š�µ�v�]�v�P���•�Ç�•�š���u�•�U���]�v���Á�Z�]���Z�������ñ�l�ð���Œ���Ÿ�}�U���}�Œ��
�u���i�}�Œ���š�Z�]�Œ�����Œ���Ÿ�}���Á���•�����©���u�‰�š�������š�}���������µ�•�������]�v�•�š�������X���,�}�Á���À���Œ�U���(�}�Œ���š�Z�����•���u�����Œ�����•�}�v�•�����•��
�����(�}�Œ���U���]�š���Á���•�v�[�š���‰���Œ�(�����š�X���W�Ç�š�Z���P�}�Œ���•�����•�•���v�Ÿ���o�o�Ç�����Œ�}�l�����u�µ�•�]���X���� 

�� 
�” �d�Z�����(�Œ�����Ÿ�}�v�•�����}�µ�o�����v���À���Œ���������u�µ�o�Ÿ�‰�o�]���������Ç���]�š�•���o�(���š�}��
�‰�Œ�}���µ���������v�����Æ�����š�o�Ç���Á�Z�}�o�����v�µ�u�����Œ�� 
�” �d�Z���Œ���(�}�Œ�������v�Ç���š�µ�v�]�v�P���•�Ç�•�š���u�����µ�]�o�š���š�}�������Z�]���À��������
�‰���Œ�(�����š�o�Ç���u���š�Z���u���Ÿ�����o�o�Ç���š�µ�v�]�v�P���•�Ç�•�š���u���Á���•���]�u�‰�}�•�•�]���o���X�� 
�� 

�� 
�� 

3- �D�}�����Œ�v���u�µ�•�]�������v�������‹�µ���o���d���u�‰���Œ���u���v�š�W���&�]�Æ�]�v�P���W�Ç�š�Z���P�}�Œ���•�[�•���d�µ�v�]�v�P�� 
�� 

�^�}���(���Œ�U���Á�����Z���À�������}�u�����š�}���•�������š�Z���š���š�Z�����u�}�•�š���^�‰�o�����•���v�š�_���u�µ�•�]�����o���]�v�š���Œ�À���o�•�����}�u�����(�Œ�}�u���•�]�u�‰�o����
�Á�Z�}�o�����v�µ�u�����Œ���Œ���Ÿ�}�•�r���Z�}�Á���À���Œ�U���š�Z���Œ�����]�•�������u���•�•�]�À�����]�•�•�µ���W���š�Z���•�����Œ���Ÿ�}�•�����}�v�[�š���.�š���‰���Œ�(�����š�o�Ç��
�š�}�P���š�Z���Œ�X���/�(���Ç�}�µ���l�����‰���•�š�����l�]�v�P���‰���Œ�(�����š���ñ�š�Z�•���Ç�}�µ���Á�]�o�o�����À���v�š�µ���o�o�Ç�����v�����µ�‰���Á�]�š�Z���v�}�š���•���š�Z���š���•�Z�}�µ�o����
�u���š���Z���µ�‰���Á�]�š�Z���š�Z�����}���š���À���U�����µ�š�����}�v�[�š�X���d�Z�]�•���u�]�•�u���š���Z���}�(���v�}�š���•�r���š�Z�����W�Ç�š�Z���P�}�Œ�����v�����}�u�u���r��
�u�����v�•���š�Z���š���š�µ�v�]�v�P���•�Ç�•�š���u�•�������•�������}�v���‰���Œ�(�����š���Á�Z�}�o�����v�µ�u�����Œ���Œ���Ÿ�}�•�������v���v���À���Œ���Á�}�Œ�l�X���€�ð�U�ò�•�� 
�� 
���µ�š���Á�Z���š���]�(���š�Z���Ç���Á���Œ���v�[�š�������•�������}�v���•�]�u�‰�o�����Á�Z�}�o�����v�µ�u�����Œ���Œ���Ÿ�}�•�M�� 
�� 
�d�Z�����•�}�o�µ�Ÿ�}�v���š�}���W�Ç�š�Z���P�}�Œ���•�[�•���^�‰���Œ�(�����Ÿ�}�v�_���Á���•���‹�µ�]�š�����š�Z�����}�‰�‰�}�•�]�š���r���]�Œ�Œ���Ÿ�}�v���o���v�µ�u�����Œ�•�X���/�v��
���‹�µ���o���š���u�‰���Œ���u���v�š�U���š�Z�����}���š���À�����]�•�����]�À�]���������]�v�•�š���������]�v�š�}���š�Á���o�À�����]�����v�Ÿ�����o�o�Ç���•�‰�����������(�Œ���‹�µ���v���Ç��
�P���‰�•���~�u�µ�o�Ÿ�‰�o�Ç�]�v�P���š�Z�����o���©���Œ���(�Œ���‹�µ���v���Ç�����Ç���������}�v�•�š���v�š�•�X���^�]�v�������l�”�í�î���u�µ�•�š�����‹�µ���o���î�U���l���u�µ�•�š�����‹�µ���o��
�š�Z�����í�î�š�Z���Œ�}�}�š���}�(���î�U���Á�Z�]���Z���]�•�����‰�‰�Œ�}�Æ�]�u���š���o�Ç���í�X�ì�ñ�õ�ð�ò�X���d�Z���������Œ�o�]���•�š�����À�]�����v�������}�(���š�Z����
�����À���o�}�‰�u���v�š���}�(�����‹�µ���o���š���u�‰���Œ���u���v�š���•�µ�P�P���•�š�•���š�Z���š�����Z�]�v���•�����u���š�Z���u���Ÿ���]���v�����v�����u�µ�•�]����
�š�Z���}�Œ�]�•�š���•�Z�µ���•���]�Ç�µ�������•���Œ�]���������š�Z�����í�î�r�š�}�v�������‹�µ���o���š���u�‰���Œ���u���v�š���À���Œ�Ç���‰�Œ�����]�•���o�Ç���]�v��
���‰�‰�Œ�}�Æ�]�u���š���o�Ç���í�ñ�ô�ð�X���€�ð�•�� 

�� 
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again,   we   multiply   by   2 ̂ 1/ 12   to   get   the   next   
semitone   up   ( next   note   up).   We   do   this   
continuously   until   we   have   obtained   all   12   
notes   of   the   scale.   [4]   
Table   showing   the   process   of   obtaining   
equal   temperament   [7]   
  
  

�&�}�Œ�����Æ���u�‰�o���U���]�(���Á�����•�š���Œ�š���Á�]�š�Z���š�Z�����ð�ð�ì�Z�Ì 

Image/table source: ChatGPT generated via prompt [7]  
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�,�}�Á���À���Œ�U���(�Œ�}�u���š�Z�����š�����o���U���Ç�}�µ���u���Ç���v�}�Ÿ�������š�Z���š�����‹�µ���o���š���u�‰���Œ���u���v�š�����}���•���v�}�š���‰�Œ�}���µ�������‰���Œ�(�����š��
�Œ���Ÿ�}�•�X���d�Z���Ç���P���š�����o�}�•�����š�}���š�Z�����‰���Œ�(�����š���Œ���Ÿ�}�•���š�Z���š���W�Ç�š�Z���P�}�Œ���•���Á���•���š���o�l�]�v�P�������}�µ�š�U�����µ�š�����Œ����
�•�o�]�P�Z�š�o�Ç���}�+�X���d�Z�]�•���]�•�����µ�����š�}���š�Z�����(�����š���š�Z���š�U�����•�����•�š�����o�]�•�Z�����������(�}�Œ���U�������š���u�‰���Œ���u���v�š���Á�]�š�Z�����Æ�����š��
�‰���Œ�(�����š���Á�Z�}�o�����v�µ�u�����Œ���Œ���Ÿ�}�•���]�•�������š�µ���o�o�Ç���]�u�‰�}�•�•�]���o�����š�}�������Z�]���À���W���v�}�š���š�Z���š���}�µ�Œ�������Œ�•�������š�µ���o�o�Ç��
�����Œ�����š�Z�}�µ�P�Z�X���€�ð�U�ò�•�� 
�� 
As soon as equal temperament was established within the invention of the piano, it spread 
�o�]�l�����Á�]�o���(�]�Œ�����P�o�}�����o�o�Ç�����•���š�Z�����‰�]���v�}�[�•���‰�}�‰�µ�o���Œ�]�š�Ç�����Æ�‰���v�������X���d�Z�]�•���]�•���Á�Z�Ç��modern music sounds 
perfectly okay to our ears, as the notes are similar enough for our brains to accept as being  
�^�]�v���š�µ�v���_�X���^�}���Á�������]�������v�����µ�‰���(�]�Æ�]�v�P���W�Ç�š�Z���P�}�Œ���•�[�•���u�]�•�š���l���•�����(�š���Œ�����o�o�X [6]  
�� 
���•�•���v�Ÿ���o�o�Ç�U�����‹�µ���o���š���u�‰���Œ���u���v�š���]�•�������o�}�P���Œ�]�š�Z�u�]�����š�µ�v�]�v�P���•�Ç�•�š���u�U���Á�]�š�Z���������Z�����•�����v���]�v�P��
�•���u�]�š�}�v�����Z���À�]�v�P���š�Z�����•���u�����(�Œ���‹�µ���v���Ç���Œ���Ÿ�}�r���E�K�d���������]�v�P���š�Z�����•���u�����v�µ�u�����Œ���}�(���,�Ì���������Z���Ÿ�u���X����
�d�Z�]�•���}�‰���v�������µ�‰���v���Á���}�‰�‰�}�Œ�š�µ�v�]�Ÿ���•���(�}�Œ���u�µ�•�]���]���v�•�U���Á�Z�}���‰�Œ���À�]�}�µ�•�o�Ç���Z�������š�}�����À�}�]���������Œ�š���]�v���l���Ç�•�U��
���•���š�Z���Ç���i�µ�•�š���•�}�µ�v���������š�}�}���}�µ�š���}�(���š�µ�v�����š�}���������À�]�����o���U�����o�o�}�Á�]�v�P���(�}�Œ���u�}���µ�o���Ÿ�}�v���Á�]�š�Z�}�µ�š�����}�v�����Œ�v��
�����}�µ�š���Z�}�Á���^�]�v���š�µ�v���_���]�š���•�}�µ�v�������X���t�]�š�Z�}�µ�š���u�}�����Œ�v�����‹�µ���o���š���u�‰���Œ���u���v�š�U�����}�u�‰�}�•���Œ�•���•�µ���Z�����•��
�������š�Z�}�À���v�U�����Z�}�‰�]�v�����v�����������µ�•�•�Ç���Á�}�µ�o�����v�}�š���Z���À�����������v�������o�����š�}���Œ�}���u���(�Œ�����o�Ç���š�Z�Œ�}�µ�P�Z�����]�+���Œ���v�š��
�l���Ç�����Z���v�P���•�X���€�ð�U�ó�•�� 

�� 
�� 

4- Fourier Analysis and Harmonics- the Hidden Waves behind every Tone  
�� 

�t�Z���v�������v�}�š�����]�•���‰�o���Ç�����U���(�}�Œ�����Æ���u�‰�o���������A���ð�ð�ì�Z�Ì�U���š�Z�����]�v�•�š�Œ�µ�u���v�š���‰���Œ�(�}�Œ�u�•���À�]���Œ���Ÿ�}�v�•���š�Z���š��
�����µ�•�����š�Z�������]�Œ���š�}���À�]���Œ���š�����ð�ð�ì���Ÿ�u���•���‰���Œ���•�����}�v���X���€�í�•���/�������o�o�Ç�U���š�Z�����À�]���Œ���Ÿ�}�v���•�Z�}�µ�o�����������•�u�}�}�š�Z��
���v�����•�š�����o���U�����v�����Á�}�µ�o�����o�}�}�l���������]�š���o�]�l�����š�Z�]�•�W�� 
�� 

 

This is a sine wave. [10]  
�� 
�,�}�Á���À���Œ�U���]�v���Œ�����o�]�š�Ç�U���]�v�•�š�Œ�µ�u���v�š�•�����}���v�}�š���‰�Œ�}���µ�������‰���Œ�(�����š���•�]�v�����Á���À���•�r���š�Z���Ç�����Œ���������o�����š�}��
�‰�Œ�}���µ�����������u�}�Œ�������}�u�‰�o���Æ���Á���À�������}�u�‰�}�•�������}�(���u�µ�o�Ÿ�‰�o�������]�+���Œ���v�š���•�]�v�����Á���À���•���š�Z���š���Z���À�����������v��
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���}�u���]�v�������š�}�P���š�Z���Œ�r���š�Z���•�������Æ�š�Œ�����•�]�v�����Á���À���•�����Œ���������o�o�������,���Œ�u�}�v�]���•�U�����v�����š�Z���Ç�����•�•���v�Ÿ���o�o�Ç���u���l����
�µ�‰���š�Z�������Z���Œ�����š���Œ���}�(�������‰���Œ�Ÿ���µ�o���Œ���]�v�•�š�Œ�µ�u���v�š�X���� 
�t�Z���v�������•�š�Œ�]�v�P���]�•���‰�o�µ���l�����U���}�Œ�����]�Œ�����}�o�µ�u�v���À�]���Œ���š���•�U���]�š�����}���•�v�[�š���i�µ�•�š���À�]���Œ���š�������•�������•�]�v�P�o�����µ�v�]�(�}�Œ�u��
���}���Ç�r���]�š�����o�•�}���À�]���Œ���š���•�����•���•�u���o�o���Œ���•�����Ÿ�}�v�•�����š���š�Z����
�•���u�����Ÿ�u���X���d�Z�����•�}�µ�v�����Á���À���•�������š�µ���o�o�Ç���Œ���•�}�v���š����
�Á�]�š�Z�]�v���š�Z�������}�o�µ�u�v���}�(�����]�Œ�l�•�š�Œ�]�v�P�U���Á�Z�]���Z���}�•���]�o�o���š���•��
�•�]�u�µ�o�š���v���}�µ�•�o�Ç�����v�����š�Œ���À���o���]�v�����}�š�Z�����]�Œ�����Ÿ�}�v�•�U��
�����v�����o�o�]�v�P���������Z���}�š�Z���Œ���}�µ�š���š�}���(�}�Œ�u���•�š���v���]�v�P���Á���À���•��
�~�Á�Z�]���Z�������v���������•�����v���}�v���š�Z�����]�u���P�����š�}���š�Z�����Œ�]�P�Z�š�•�X�� 
�€�ñ�U�ô�•�� 
�� 
�/�š���]�•���v�}�š�����o�����š�Z���š���š�Z���•�����}�•���]�o�o���Ÿ�}�v�•���‰�Œ�}���µ�������•�}�µ�v�����Á���À���•���µ�‰�}�v���À�]���Œ���Ÿ�}�v���Á�]�š�Z�����]�Œ���‰���Œ�Ÿ���o���•�U��
�Á�Z�]���Z�������š�µ���o�o�Ç���(�}�Œ�u���Á�Z�}�o�����v�µ�u�����Œ���Œ���Ÿ�}�•�U���(�}�Œ�u�]�v�P���Á�Z���š���]�•���l�v�}�Á�v�����•���š�Z�����Z���Œ�u�}�v�]�����•���Œ�]���•�X���� 
�� 
  
Image source: Wikipedia, Harmonic Series (music) [5]  

�� 
�/�š���]�•���]�u�‰�}�Œ�š���v�š���š�}�����o�•�}���v�}�š�����š�Z���š���š�Z���•����
�(�Œ���‹�µ���v���]���•���o�]�v�����µ�‰���À���Œ�Ç�����o�}�•���o�Ç���Á�]�š�Z��
�W�Ç�š�Z���P�}�Œ���•�[�•���}�Á�v���u�µ�•�]�����o���Á�Z�}�o�����v�µ�u�����Œ��
�]�v�š���Œ�À���o�•�U���š�Z���Œ���(�}�Œ�������o�o�}�Á�]�v�P���Z�]�u���š�}�����Œ�����š�������v��
�����Œ�o�Ç���š�µ�v�]�v�P���•�Ç�•�š���u�X���&�}�Œ�����Æ���u�‰�o���U�����������µ�•�����š�Z���•����
�Z���Œ�u�}�v�]�����(�Œ���‹�µ���v���]���•���}�����µ�Œ�����š���•�]�u�‰�o�����Œ���Ÿ�}�•��
�•�µ���Z�����•���î�W�í�U���ï�W�î�U�����v�����ð�W�ï�U���š�Z�����•���u�����Œ���Ÿ�}�•��
�v���š�µ�Œ���o�o�Ç�����‰�‰�����Œ���]�v���u�µ�•�]�����o���š�µ�v�]�v�P���•�Ç�•�š���u�•�U���•�µ���Z��
���•���š�Z���š���}�(���W�Ç�š�Z���P�}�Œ���•�X�� 

�� 
�t�Z���v�������•�š�Œ�]�v�P���À�]���Œ���š���•�U���]�š���•�µ�‰�‰�}�Œ�š�•���•�š���v���]�v�P��
�Á���À���•�������Œ�}�•�•���]�v���Z���o�À���•�U���š�Z�]�Œ���•�U���‹�µ���Œ�š���Œ�•�U�����š���U��

�Á�Z�]���Z�������v���������•�Z�}�Á�v���]�v���š�Z�����]�u���P���������}�À���X���� 
�� 

�d�Z���Œ���(�}�Œ���U���š�Z�����(�Œ���‹�µ���v���]���•�������v���������Œ���‰�Œ���•���v�š���������•���(�U���î�(�U���ï�(�U���ð�(�U�����š���X���� 
�/�(���š�Z�����(�µ�v�����u���v�š���o�U���(�U�����]�•���ð�ð�ì�Z�Ì�U���š�Z���v���š�Z�����Z���Œ�u�}�v�]�����•���Œ�]���•���Á�}�µ�o�����������ð�ð�ì�Z�Ì�U���ô�ô�ì�Ì�U���í�ï�î�ì�Z�Ì�U��
�í�ó�ò�ì�Z�Ì�U���î�î�ì�ì�Z�Ì�U�����š���X���€�ñ�•�� 
�� 
�� 
�,���Œ�����]�•�����v�����Æ���u�‰�o�����}�(���Z�}�Á�������•�]�v�P�o����
�•�]�v�����Á���À�����}�(���Œ���P�µ�o���Œ���(�Œ���‹�µ���v���Ç�������v��
���������Æ�‰�Œ���•�•���������•�������(�µ�v���Ÿ�}�v���}�(���Ÿ�u���X���� 
�� 
�� 
�� 
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���Œ�}�µ�v�����í�ô�ì�ó�U���:�����v�r�����‰�Ÿ�•�š�����&�}�µ�Œ�]���Œ���‰�Œ�}�À�������š�Z���š�����v�Ç���‰���Œ�]�}���]�����Á���À���U���v�}���u���©���Œ���Z�}�Á�����}�u�‰�o���Æ��
�]�š���Á���•�U�����}�µ�o�����������Á�Œ�]�©���v�����•���š�Z�����•�µ�u���}�(���u�µ�o�Ÿ�‰�o�����•�]�v�������v�������}�•�]�v�����Á���À���•�W���€�ñ�•�� 

�� 
�d�Z�����]�v�š���Œ���•�Ÿ�v�P���‰���Œ�š���]�•���š�Z���š�����]�+���Œ���v�š���]�v�•�š�Œ�µ�u���v�š�•���Á�]�o�o���Z���À�������]�+���Œ���v�š���À���o�µ���•���}�(���������v���������U���Á�Z�]���Z��
���v���•���µ�‰�����Z���v�P�]�v�P���š�Z�����.�v���o���]�v�•�š�Œ�µ�u���v�š���Á���À���(�}�Œ�u�U���Œ���•�µ�o�Ÿ�v�P���]�v���š�Z���������š���Œ�u�]�v���Ÿ�}�v���}�(���š�Z����
�]�v�•�š�Œ�µ�u���v�š�[�•���Ÿ�u���Œ���X���d�Á�}���]�v�•�š�Œ�µ�u���v�š�•���u���Ç���Z���À�����š�Z�����•���u�����(�µ�v�����u���v�š���o���(�Œ���‹�µ���v���Ç�����µ�š��
�•�}�µ�v�������}�u�‰�o���š���o�Ç�����]�+���Œ���v�š�W���š�Z�]�•���]�•���Á�Z���š���u���l���•���š�Z�����•�}�µ�v�����}�(�������‰�]���v�}�����]�+���Œ���v�š���(�Œ�}�u���š�Z���š���}�(������
�G�µ�š���U���(�}�Œ�����Æ���u�‰�o���X���/�v�•�š�Œ�µ�u���v�š���u���v�µ�(�����š�µ�Œ���Œ�•�������v���u�}���]�(�Ç���š�Z�����•�Z���‰���U���u���š���Œ�]���o�•�U���}�Œ���Œ���•�}�v���v������
�š�}�����u�‰�Z���•�]�•���������Œ�š���]�v�����Z���Œ�����š���Œ�]�•�Ÿ���•�l�Z���Œ�u�}�v�]���•�X���� 
�� 
 
�d�Z���Œ���(�}�Œ�����&�}�µ�Œ�]���Œ�����v���o�Ç�•�]�•�������v���������µ�•�������š�}���‰�Œ�����]���š���Z�}�Á�����Z���v�P�]�v�P�������Œ�š���]�v���‰���Œ���u���š���Œ�•�������v��
�]�v�G�µ���v�������š�Z�����š�}�v�����}�(���š�Z�����]�v�•�š�Œ�µ�u���v�š�U�����v�����š�Z���Œ���(�}�Œ�����]�š�•�����Z���Œ�����š���Œ�X���&�]�v���o�o�Ç�U���Á�Z���v���š�Á�}���v�}�š���•��
���Œ�����v�}�š�����Æ�����š�o�Ç���•�]�u�‰�o�����Œ���Ÿ�}�•�U���š�Z���]�Œ���Z���Œ�u�}�v�]���•���š���v�����š�}���]�v�š���Œ�(���Œ���U���‰�Œ�}���µ���]�v�P���������š�•�U���Á�Z�]���Z�����Œ����
���•�•���v�Ÿ���o�o�Ç���‰���Œ�]�}���]�����G�µ���š�µ���Ÿ�}�v�•�X���&�}�µ�Œ�]���Œ�����v���o�Ç�•�]�•�����o�o�}�Á�•���µ�•���š�}���À�]�•�µ���o�]�•�����Z���Œ�u�}�v�]���•��
�u���š�Z���u���Ÿ�����o�o�Ç�U���Z���o�‰�]�v�P���]�v�•�š�Œ�µ�u���v�š���u���l���Œ�•���Z���À�����u�}�Œ�������}�v�š�Œ�}�o���}�À���Œ���š�Z�����•�}�µ�v���X���€�ñ�U�ó�•�� 
�� 
�D�µ�•�]�����]�•���•�}���u�µ���Z���u�}�Œ�����š�Z���v���i�µ�•�š���•�}�µ�v���r���]�š���]�•���G�}�Á�]�v�P���u���š�Z���u���Ÿ���•���]�v���š�Z�����(�}�Œ�u���}�(���Á���À���•�X��
���À���Œ�Ç���v�}�š�����Z�����Œ�����]�•�������‰���Œ�]�}���]�����Á���À�����Á�Z�]���Z�������v���������•�]�u�‰�o�]�.���������•���������}�u���]�v���Ÿ�}�v���}�(�����}�•�]�v�������v����
�•�]�v�������}�u�‰�}�v���v�š�•�U���Á�Z�]���Z�������v���������•�Z�}�Á�v���š�Z�Œ�}�µ�P�Z���&�}�µ�Œ�]���Œ�����v���o�Ç�•�]�•�X���d�µ�v�]�v�P���•�Ç�•�š���u�•���•�µ���Z�����•��
�W�Ç�š�Z���P�}�Œ�����v�����v�������‹�µ���o���š���u�‰���Œ���u���v�š�����Œ�������©���u�‰�š�•���š�}���}�Œ�P���v�]�•�����v�µ�u�����Œ�•���•�}���š�Z���š���š�Z���Ç���•�}�µ�v����
�‰�o�����•���v�š���š�}���}�µ�Œ�������Œ�•�U�����v�����Z���À�����Z���o�‰�������•�Z���‰�����š�Z�����u�µ�•�]�����}�(���š�Z�����u�}�����Œ�v���Á�}�Œ�o���X���W�Ç�š�Z���P�}�Œ���•��
���©���u�‰�š�������š�}�����µ�]�o���������‰���Œ�(�����š�o�Ç���}�Œ�����Œ�������š�µ�v�]�v�P���•�Ç�•�š���u�r�����µ�š���]�v�����}�]�v�P���•�}���Z�����Œ���À�����o�������Z�}�Á��
���}�u�‰�o�]�����š�������^�‰���Œ�(�����Ÿ�}�v�_���Œ�����o�o�Ç���]�•�X�����‹�µ���o���š���u�‰���Œ���u���v�š�����À���v�š�µ���o�o�Ç���•�š���‰�‰�������]�v���š�}���Œ���‰�o���������š�Z�]�•��
�‰�Œ���©�Ç���G���Á�������•�Ç�•�š���u���]�v�š�}���Ÿ�v�Ç���u���š�Z���u���Ÿ�����o�����}�u�‰�Œ�}�u�]�•���•���š�}�����v�•�µ�Œ�����š�Z���š���u�µ�•�]�������}�µ�o�����u�}�À����
�(�Œ�����o�Ç���š�Z�Œ�}�µ�P�Z�}�µ�š�����]�+���Œ���v�š���l���Ç�•�X���&�]�v���o�o�Ç�U���&�}�µ�Œ�]���Œ���•�Z�}�Á�������š�Z���š���•�]�v�P�o�����v�}�š���•�����Œ���v�[�š���•�]�v�P�o����
�v�}�š���•�����š�����o�o�W���š�Z���Ç�����Œ�������o���v���•���}�(���u���v�Ç�����]�+���Œ���v�š���Z���Œ�u�}�v�]���•���š�}�����Œ�����š�����µ�v�]�‹�µ�����•�}�µ�v���]�v�P��
�]�v�•�š�Œ�µ�u���v�š�•���}�(�����]�+���Œ���v�š�����Z���Œ�����š���Œ�����v�����š���Æ�š�µ�Œ���X���� 
�� 
���Z���(���Œ���v�����• 
�� 

�>���@ �^�}�µ�v�����Á���À���•���r���Z�©�‰�•�W�l�l�Á�Á�Á�X�������X���}�X�µ�l�l���]�š���•�]�Ì���l���Œ�Ÿ���o���•�l�Ì�ï�ô�u�ó�Ç���·�Ì�ò�•�š�ò�P�ô�� 
�>���@ �D�µ�•�]�������v�����D���š�Z���u���Ÿ���•���r���Z�©�‰�•�W�l�l���v�X�Á�]�l�]�‰�����]���X�}�Œ�P�l�Á�]�l�]�l�D�µ�•�]���z���v���z�u���š�Z���u���Ÿ���•�� 
�>���@ �d�Z�����•���]���v�������}�(���,���Œ�u�}�v�Ç�W���Á�Z�Ç���u�µ�•�]�����•�}�µ�v���•���•�}���P�}�}�����r���Z�©�‰�•�W�l�l�l�]�o�o�š�Z���u�µ�•�]���X�v���š�l���o�}�P�l�š�Z���r�•���]���v�����r�}�(�r�Z���Œ�u�}�v�Ç�r�Á�Z�Ç�r
�u�µ�•�]���r�•�}�µ�v���•�r�•�}�r�P�}�}���� 
�>���@ ���‹�µ���o���š���u�‰���Œ���u���v�š�r���Z�©�‰�•�W�l�l���v�X�Á�]�l�]�‰�����]���X�}�Œ�P�l�Á�]�l�]�l���‹�µ���o�z�š���u�‰���Œ���u���v�š�� 
�>���@ �,���Œ�u�}�v�]�����•���Œ�]���•�r���Z�©�‰�•�W�l�l���v�X�Á�]�l�]�‰�����]���X�}�Œ�P�l�Á�]�l�]�l�,���Œ�u�}�v�]���z�•���Œ�]���•�z�~�u�µ�•�]���•�� 

https://en.wikipedia.org/wiki/Equal_temperament
https://en.wikipedia.org/wiki/Equal_temperament
https://en.wikipedia.org/wiki/Harmonic_series_(music)
https://en.wikipedia.org/wiki/Harmonic_series_(music)
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�>���@ �,�}�Á���W�Ç�š�Z���P�}�Œ���•�����Œ�}�l�����D�µ�•�]�����~���v�����Z�}�Á���Á�����l�]�v�����}�(���.�Æ�������]�š�•�� 

�>���@ ���Z���š�'�W�d���Œ���(���Œ���v�����•���l���'�}�}�P�o�������/���K�À���Œ�À�]���Á���� 
�>���@ �^�š���v���]�v�P���t���À���•���r���Z�©�‰�•�W�l�l�Á�Á�Á�X�•�š�µ���Ç�•�u���Œ�š���Œ�X���}�X�µ�l�l���Æ�‰�o���v���Ÿ�}�v�•�l�‰�Z�Ç�•�]���•�l�Á���À���•�r�‰�Z�Ç�•�]���•�l�•�š���v���]�v�P�r�Á���À���•�l�� 
�>���@ �&�}�µ�Œ�]���Œ�����v���o�Ç�•�]�•���r���Z�©�‰�•�W�l�l���v�X�Á�]�l�]�‰�����]���X�}�Œ�P�l�Á�]�l�]�l�&�}�µ�Œ�]���Œ�z���v���o�Ç�•�]�•�� 
�>�����@ �^�]�v�����t���À�����]�u���P�����r���Z�©�‰�•�W�l�l�š�Z���Á�}�o�(�•�}�µ�v���X���}�u�l�•�]�v���r�•���Á�r�•�‹�µ���Œ���r�š�Œ�]���v�P�o���r�‰�µ�o�•���r�����•�]���r�Á���À���(�}�Œ�u�•�r�]�v�r�•�Ç�v�š�Z���•�]�•�l�� 

 

 
The Mathematical Magic of The Simpsons 

 
By Aarav Jain 7G 

 
(Inspired by the Simpsons TV show and Google research) 

Most people think The Simpsons is just a funny cartoon about a family who get into silly 
�•�]�š�µ���š�]�}�v�•�U�����µ�š���]�(���Ç�}�µ���o�}�}�l�����o�}�•���o�Ç�U���š�Z���Œ���[�•�������o�}�š���}�(���u���š�Z�•���Z�]�������v���]�v���]�š�J���d�Z�����Á�Œ�]�š���Œ�•���}�(���š�Z�����•�Z�}�Á��
are not just comedians - they include people who have master's degrees in clever subjects 
like maths and science. Because of this, The Simpsons sometimes includes secret maths 
jokes and puzzles that you might not notice at first. 

One cool example is from an episode called The Wizard of Evergreen Terrace. In this 
episode, Homer wants to become an inventor, and behind him on the chalkboard is a maths 
equation that almost looks like it solves �&���Œ�u���š�[�•���>���•�š���d�Z���}�Œ���u, which is a famous problem 
mathematicians tried to solve for hundreds of years. The answer on the board is wrong, but 
the joke shows how the writers sneak in complicated maths ideas to make the show more 
interesting. Also, in this specific example the answer is so close to the solving the formula 
that on basic calculators the answer shows that the formula has been solved unless you use 
a scientific calculator. 

Another time, in the episode Marge and Homer Turn a Couple Play, the number 8191 
���‰�‰�����Œ�•���}�v�������‰�o���Ç���Œ�[�•���•�Z�]�Œ�š�X���d�Z�]�•���v�µ�u�����Œ���]�•�v�[�š���Œ���v���}�u��- �]�š�[�•�������D���Œ�•���v�v�����‰�Œ�]�u�����v�µ�u�����Œ�X���z�}�µ��
�u�]�P�Z�š���������Á�}�v�����Œ�]�v�P���Á�Z���š���^�D���Œ�•���v�v���_���]�•�M�������D���Œ�•���v�v�����]�•�������‰�Œ�]�u�����v�µ�u�����Œ���š�Z���š�������v��������
expressed in the form Mn = 2^n - 1, where n is a prime number. The use of this number is 
like a secret message for maths fans watching! 

There are also lots of references to pi, geometry, Pythagoras theorem and even calculus. 
�t�Z�]�o�����•�}�u�����À�]���Á���Œ�•���u�]�P�Z�š���v�}�š���µ�v�����Œ�•�š���v�����š�Z�}�•�����š�}�‰�]���•���Ç���š�U���]�š���•�Z�}�Á�•���š�Z���š���u���š�Z�•���]�•�v�[�š���i�µ�•�š���(�}�Œ��
school, it's used in fun and creative ways too. When you spot these Easter eggs, it makes 
you realise that maths is hidden all around us, even in TV shows. 

I find it very interesting and magical! It can be clever, funny, and surprising. It can make 
�‰���}�‰�o�����o���µ�P�Z�U���š�Z�]�v�l�U�����v�������À���v���(�����o���o�]�l�����š�Z���Ç�[�Œ�����‰���Œ�š���}�(�����v���]�v�•�]�������i�}�l�����o�]�l�����š�Z�����i�}�l�����O-�í���î�ù���G���‹�U��
�Á�Z�]���Z�����š���(�]�Œ�•�š�����}���•�v�[�š���u���l�����•���v�•�������µ�š���Á�Z���v���Ç�}�µ���]�v�À���•�š�]�P���š�����(�µ�Œ�š�Z���Œ �Ç�}�µ�������v���•�������]�š���Œ�������•�����•���^�/��
�ô���•�µ�u���‰�]�_�X���� 

https://www.youtube.com/watch?v=EdYzqLgMmgk
https://www.studysmarter.co.uk/explanations/physics/waves-physics/standing-waves/
https://en.wikipedia.org/wiki/Fourier_analysis
https://en.wikipedia.org/wiki/Fourier_analysis
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�/�š�[�•���]�v�•�‰�]�Œ�]�v�P���š�}���•�������š�Z���š�����À���v���•�}�u���š�Z�]�v�P���o�]�l�������������Œ�š�}�}�v�������v���]�v���o�µ�������]�������•���(�Œ�}�u���•���Z�}�}�o��
lessons. It shows that maths is a big part of life and can be found in the most unexpected 
places. 

So next time you watch The Simpsons, keep your eyes open - you might spot a bit of 
mathematical magic!  

What do Irrational Numbers and Sunflowers have in common? 
 

By Jacob Daniels 12D 
 

�/�u���P�]�v���������•�µ�v�(�o�}�Á���Œ�U���Á�Z���š�[�•���š�Z�����(�]�Œ�•�š���š�Z�]�v�P���š�Z���š�����}�u���•���š�}���u�]�v���M���/�š�����}�µ�o�����������š�Z�������Œ�]�P�Z�š���Ç���o�o�}�Á��
���}�o�}�µ�Œ�U���š�Z�����������µ�š�]�(�µ�o���•�u���o�o���}�Œ���u���Ç�������]�š�[�•���š�Z�����‰���š���o�•�X�����µ�š���š�Z���Œ���[�•�������u�}�Œ�����]�v�š���Œ���•�š�]�v�P���(�����š�µ�Œ���X������
sunflower grows its seeds on a circular disc which, as you might have noticed before, 
���Œ�����š���•�������µ�v�]�‹�µ�������‰�‰�����Œ���v�����X�������Z�]�v�����š�Z�]�•���u���•�u���Œ�]�•�]�v�P���‰���š�š���Œ�v���š�Z���Œ���[�•�������u���š�Z���u���š�]�����o��
reason which creates it, and to find that out, we need to take a look at irrational numbers. 
 

�>���š�[�•���À�]�•�µ���o�]�•�����š�Z���������v�š�Œ�����}�(�������•�µ�v�(�o�}�Á���Œ�����]�•�������v�����]�u���P�]�v�����š�Z���š�����µ�Œ�Œ���v�š�o�Ç���š�Z���Œ�������Œ�����v�}���•�������•��
on the disc. Now if the sunflower wants to grow a seed, it has to take a fraction of a turn, 
place a seed at that angle and turn again. If multiple seeds are placed at the same angle they 
will stack up in a line. If we were to rotate ½ a turn every seed placement, there would be 2 
�}�‰�‰�}�•�]�š�����o�]�v���•���}�(���•�������•���(�}�Œ�u�]�v�P���������]���u���š���Œ�U���Á�Z�]���Z���Á���������v�������o�o�������Z�•�‰�}�l���[�U�������Œ�}�•�•���š�Z����
sunflower disc, like so. 

 
 �,�}�Á���À���Œ�U���š�Z���Œ���[�•�������Z�µ�P�������]�}�o�}�P�]�����o���]�•�•�µ�����Á�]�š�Z���š�Z�]�•�X���d�Z���Œ���[�•���•�}���u�µ���Z���Á���•�š�������•�‰���������]�v���š�Z����
�•�µ�v�(�o�}�Á���Œ���Á�Z���Œ�����}�š�Z���Œ���•�������•�����}�µ�o���[�À�����������v���‰�o���������U�����v�����]�v���v���š�µ�Œ�����Á���•�š�]�v�P���Œ���•�}�µ�Œ�����•���Œ�����µ�����•��
the chance of reproduction. So how can we choose how much of a turn to rotate to waste 
as little space as possible i.e. maximise seed density?   
 

�t�Z���š���]�(���Á�����š�Œ�]�������������]�(�(���Œ���v�š���(�Œ�����š�]�}�v���}�(���š�µ�Œ�v���•�µ���Z�����•���/, what would that look like? You can 
test this out using this link (https://tinyurl.com/5aavfv5p) but a rule is that the denominator 
of the fraction is the number of spokes formed - so 8 spokes in this case. This is due to the 
number of turns it takes to line back up with its starting position. The main issue of space is 
the gap between the spokes being unused. To fill the empty space in between these spokes 
we have to have less of the seeds line up with each other, which is where irrational numbers 
come in. 
 

https://tinyurl.com/5aavfv5p
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���v���]�Œ�Œ���š�]�}�v���o���v�µ�u�����Œ���]�•���}�v�����Á�Z�]���Z�������v�[�š�����������Æ�‰�Œ���•�•���������•���š�Z�����Œ���š�]�}���}�(���š�Á�}�����}�‰�Œ�]�u�����]�v�š���P���Œ�•�X��

�^�}�u�������}�u�u�}�v�����Æ���u�‰�o���•�����Œ�����‹�����v�����¾�t . No matter how many turns you take, if the fraction 
of a turn is an irrational number the seeds will never line up. Let k be the number of turns 
taken and x the fraction of a turn we rotate every seed. When x is a natural number there is 
a value �G 
H �T   which equals an integer meaning that there will be some seeds lining up to 
form spokes. But if x is an irrational number there is no value for k which equals an integer, 
�o���š�[�•���•�Z�}�Á���š�Z�]�•���µ�•�]�v�P���š�Z�����l�v�}�Á�o�����P�����š�Z���š���]�Œ�Œ���š�]�}�v���o���v�µ�u�����Œ�•�������v�[�š���������Œ���‰�Œ���•���v�š���������•��a 
fraction of two coprime integers.  
Let x be irrational and q be an integer 

 

The search is not over yet as some irrational numbers have denser packing of seeds than 
others. And the main factor that affects this is how accurately can an irrational be 
���‰�‰�Œ�}�Æ�]�u���š���������•�������(�Œ�����š�]�}�v���}�(���š�Á�}�����}�‰�Œ�]�u�����]�v�š���P���Œ�•�X���&�}�Œ�����Æ���u�‰�o�����‹�������v�����������‰�‰�Œ�}�Æ�]�u���šed as 
�î�î�l�ó���•�}���]�(���Á�����Á���Œ�����š�}���š�µ�Œ�v���í�l���‹���}�(�������š�µ�Œ�v���š�Z���š���]�•�����o�}�•�����š�}���ó�l�î�î���}�(�������š�µ�Œ�v�X���^�}���š�Z���š���Á�}�µ�o�����•�Z�}�Á��
22 spokes that appear curved as shown below: 
 

 

To further improve our seed placement, we need to have a way for less spokes to be clear 
�µ�v�o�]�l�����]�v���í�l���‹�X���t�Z���š���Á�����u�µ�•�š�����}���]�•�����Z�}�}�•�������v���]�Œ�Œ���š�]�}�v���o���v�µ�u�����Œ���Á�Z�]���Z�������v�[�š�������������•�]�o�Ç��
approximated by a rational number so that there is no clear number of spokes. Now the 
question becomes how can you make the most irrational number? 
 

To try and answer this we can express irrational numbers as a continued fraction. First, I will 
show the continued fraction for as an example.  
I am going to use the term 'a bit' which isn't very mathematical, but it represents a small 
excess which is less than one. 
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�/�v���š�Z�����•���u�����Á���Ç���š�Z���š���Á�����š�µ�Œ�v�������Z�������]�š�[���]�v�š�}�������(�Œ�����š�]�}�v���Á�������}�v�š�]�v�µ�����š�}���Œ���‰�����š���š�Z���š���u���š�Z�}����
creating a continued fraction which for would look like this. 

 
 

And this continued fraction would continue forever, but we could approximate a value for 
by truncating the continued fraction at a certain point such as 3+1/7, which is equal to 
3.142 . You could truncate at later points for more accuracy but truncating at 1/292 is 
���]�(�(���Œ���v�š�X�����d�Z���š�[�•�����������µ�•�����í�l�î�õ�î���]�•�������À���Œ�Ç���•�u���o�o���v�µ�u�����Œ���•�}�����Ç���]�v���o�µ���]�v�P���]�š���]�v���š�Z����
���‰�‰�Œ�}�Æ�]�u���š�]�}�v���Ç�}�µ�����}�v�[�š���•�]�P�v�]�(�]�����v�š�o�Ç���]�v���Œ�����•�����š�Z�����������µ�Œ�����Ç���}�(���š�Z�������‰�‰�Œ�}�Æ�]�u���š�]�}�v�X���d�Z�]�•��
means that the approximation if you were to truncate before 1/292 was very accurate 
showing that is well approximated early on, since the accuracy was only slightly improved. 
This explains why we seem to have 22 spokes forming as it is well approximated by the 
rational number 22/7. 
 

To get the most irrational number, we would have to have one where every step of the 
continued fraction is as large a value as possible so that the irrational number is not well 
approximated by a rational number. So in this case as we are adding a reciprocal the value 
we should use is 1 in our continued fraction. That would look like this: 
Let x be our irrational number and show its continued fraction 
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Now how can we solve for x? Well since the continued fraction is infinite we can sub in x 
into itself like so 
 

 

 
 
Some of you may recognise this number as the golden ratio which appears everywhere in 
�v���š�µ�Œ���X���d�Z�����(�Œ�����š�]�}�v���}�(�������š�µ�Œ�v���Á�Z�]���Z���]�•���š�Z�����u�}�•�š���]�Œ�Œ���š�]�}�v���o���]�•���ì�X�ò�í�ô�ì�Y�����•���•�µ���š�Œ�����š�]�v�P���í�����}���•�v�[�š��
affect the final turn. And that is the fraction of a turn which sunflowers use to arrange their 
seeds due to it maximising the density of seed placement. 
 

In the simple arrangement of these sunflower seeds the beauty of mathematics is expressed 
in the perfection of evolution as nature experiments with different values. Until it finally 
reaches this golden ratio. 
 

Sources:  
1. https://www.youtube.com/watch?v=sj8Sg8qnjOg 
2. https://blog.demofox.org/2020/07/26/irrational-numbers/ 

  

https://www.youtube.com/watch?v=sj8Sg8qnjOg
https://blog.demofox.org/2020/07/26/irrational-numbers/
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Recurring Binary Decimals 
 

By Hailey Ng 13 
 

�d�Z���Œ�������Œ�������]�+���Œ���v�š���Á���Ç�•���}�(���Œ���‰�Œ���•���v�Ÿ�v�P���v�µ�u�����Œ�•�X���d�Z�����v�µ�u�����Œ�•���Á�����µ�•�µ���o�o�Ç���•���������Œ�����Á�Œ�]�©���v��

�]�v�������•�����í�ì�U���Á�Z�]���Z���]�•���l�v�}�Á�v�����•�������v���Œ�Ç�X���d�Z���Œ�������Œ�������o�•�}���}�š�Z���Œ���(�}�Œ�u�•���}�(���Œ���‰�Œ���•���v�Ÿ�v�P���v�µ�u�����Œ�•�U��

�]�v���o�µ���]�v�P�����]�v���Œ�Ç���~�����•�����î�•�U���}���š���o���~�����•�����ô�•�����v�����Z���Æ���������]�u���o���~�����•�����í�ò�•���Á�Z�]���Z�����Œ�������}�u�u�}�v�o�Ç��

�•�����v���]�v�����}�u�‰�µ�š���Œ���•�Ç�•�š���u�•�X���K�µ�š���}�(���š�Z���•���U���u�}�•�š���‰���}�‰�o�������Œ�����u�}�Œ�����(���u�]�o�]���Œ���Á�]�š�Z�����]�v���Œ�Ç�U���š�Z���š��

���}�v�•�]�•�š�•���}�v�o�Ç���}�(�����]�P�]�š���í�����v�����ì�X���� 

���µ�š���•�}�u���š�Z�]�v�P���]�v�š���Œ���•�Ÿ�v�P���]�•�U���/�������v�����}�v�À���Œ�š�������Œ�����µ�Œ�Œ�]�v�P�����]�v���Œ�Ç���������]�u���o���]�v�š�}�����������v���Œ�Ç���������]�u���o��

���Ç���µ�•�]�v�P���š�Z�����(�}�Œ�u�µ�o�����(�}�Œ���š�Z�����•�µ�u���š�}���]�v�.�v�]�š�Ç���}�(���������}�v�À���Œ�P�]�v�P���P���}�u���š�Œ�]�����•���Œ�]���•�X���d�Z���v�U���/��

�Á�}�v�����Œ�������Z�}�Á���š�}�����}���š�Z�����}�‰�‰�}�•�]�š�����‰�Œ�}�������µ�Œ�����t�����}�v�À���Œ�Ÿ�v�P�������v���Œ�Ç���������]�u���o�•���]�v�š�}�����]�v���Œ�Ç��

�������]�u���o�•�X���� 

�� 

Converting a denary decimal into a recurring binary decimal  
 

�>���š���u�����•�Z�}�Á���Ç�}�µ���š�Z�����u���š�Z�}�����š�}�����}�v�À���Œ�š�����������v���Œ�Ç���������]�u���o���]�v�š�}�������Œ�����µ�Œ�Œ�]�v�P�����]�v���Œ�Ç���������]�u���o�W�� 

���� �D�µ�o�Ÿ�‰�o�Ç���š�Z�����������]�u���o�����Ç���î�X�� 

���� �Z�����}�Œ�����š�Z�����]�v�š���P���Œ���‰���Œ�š�X�� 

���� �/�(���š�Z�����]�v�š���P���Œ���‰���Œ�š���]�•���í�U���•�µ���š�Œ�����š���í�X�� 

���� �Z���‰�����š���š�Z�����‰�Œ�}�����•�•���� 

���� �K�v�������š�Z�����À���o�µ���•�������P�]�v���š�}���Œ���‰�����š�U���š�Z�������]�v���Œ�Ç�����]�P�]�š�•���(�Œ�}�u���š�Z���š���‰�}�]�v�š�����o�•�}���Œ���‰�����š�X���€�í�•�� 

�d�}�������u�}�v�•�š�Œ���š�����š�Z�]�•�U���Z���Œ�����]�•�����v�����Æ���u�‰�o���W�����}�v�À���Œ�Ÿ�v�P���ì�X�ï�ñ���]�v�š�}�����]�v���Œ�Ç�X�� 

�ì�X�ï�ñ���?���î���A���ì�X�ó�ì�U���]�v�š���P���Œ�W���ì�� 

�ì�X�ó�ì���?���î���A���í�X�ð�ì�U���]�v�š���P���Œ�W���í�U���í�X�ð�ì���t���í���A���ì�X�ð�ì�� 

�ì�X�ð�ì���?���î���A���ì�X�ô�ì�U���]�v�š���P���Œ�W���ì�� 

�ì�X�ô�ì���?���î���A���í�X�ò�ì�U���]�v�š���P���Œ�W���í�U���í�X�ò�ì���t���í���A���ì�X�ò�ì�� 

�ì�X�ò�ì���?���î���A���í�X�î�ì�U���]�v�š���P���Œ�W���í�U���í�X�î�ì���t���í���A���ì�X�î�ì�� 
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�ì�X�î�ì���?���î���A���ì�X�ð�ì�U���]�v�š���P���Œ�W���ì���~�d�Z�]�•���À���o�µ�����Z���•�����‰�‰�����Œ�����������(�}�Œ���•�����•���Á���������v���•�������š�Z����

�Œ���‰�����š���Z���•���}�����µ�Œ�Œ���������v�����Á���������v���•�š�}�‰���Z���Œ���X�� 

�Z�������]�v�P���š�Z�����Œ�����}�Œ�����������]�P�]�š�•���(�Œ�}�u���š�}�‰���š�}�����}�©�}�u�W���� 

�ì�X�ï�ñ���A���ì�X�ì�í�ì�(�í�í�ì�(���î�� 

�� 

Sum to infinity  
 

���•���u���v�Ÿ�}�v�����������}�À���U���š�Z�����Á���Ç���š�}�����}�v�À���Œ�š���Œ�����µ�Œ�Œ�]�v�P�����]�v���Œ�Ç���š�}�������v���Œ�Ç���]�•���š�}���µ�•�����š�Z�����•�µ�u���š�}��

�]�v�.�v�]�š�Ç���}�(���������}�v�À���Œ�P�]�v�P���P���}�u���š�Œ�]�����•���Œ�]���•�X�� 

�����P���}�u���š�Œ�]�����•���Œ�]���•���]�•���š�Z�����•�µ�u���}�(���š�Z�����š���Œ�u�•���}�(�������P���}�u���š�Œ�]�����•���‹�µ���v�����U���Á�Z�]���Z���]�•�������•���‹�µ���v������

�Á�]�š�Z���������}�u�u�}�v���Œ���Ÿ�}���Œ�������š�Á�����v�����}�v�•�����µ�Ÿ�À�����š���Œ�u�•�X���������}�v�À���Œ�P�]�v�P���P���}�u���š�Œ�]�����•���Œ�]���•���Z���•���n�Œ�n���D��

�í�X���� 

�d�Z�����•�µ�u���}�(���š�Z�����.�Œ�•�š���v���š���Œ�u�•���}�(�������P���}�u���š�Œ�]�����•���Œ�]���•���]�•���P�]�À���v�����Ç�W�� 

�� 

�t�Z���Œ���������]�•���š�Z�����.�Œ�•�š���š���Œ�u���}�(���š�Z�����•���‹�µ���v���������v�����Œ���]�•���š�Z�������}�u�u�}�v���Œ���Ÿ�}�������š�Á�����v�����}�v�•�����µ�Ÿ�À����

�š���Œ�u�•�X�� 

�t�Z���v���n�Œ�n���D�� �����������µ�•�����N�J���W���ì�����•���J���W���L�X�� 

�d�Z�����•�µ�u���š�}���]�v�.�v�]�š�Ç���}�(���������}�v�À���Œ�P�]�v�P���P���}�u���š�Œ�]�����•���Œ�]���•���]�•���P�]�À���v�����Ç�W���� 

���� 

Using the sum to infinity equation  
 

�/�v�����]�v���Œ�Ç�U���š�Z�������]�P�]�š���]�v���š�Z�����v�š�Z���‰�}�•�]�Ÿ�}�v�����L���Œ���š�Z�����������]�u���o���‰�}�]�v�š���Z���•���À���o�µ�����î�>�J�X���/�(���������o�}���l���}�(�����]�P�]�š�•��

�Œ���‰�����š�•���]�v�����.�v�]�š���o�Ç�U���]�š���(�}�Œ�u�•�������P���}�u���š�Œ�]�����•���Œ�]���•���Á�]�š�Z���Œ���Ÿ�}���N���A���î�>�G�U���Á�Z���Œ�����l���]�•���š�Z�����o���v�P�š�Z���}�(���š�Z����

�Œ���‰�����š���������o�}���l�X���� 
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�/�v���}�µ�Œ�����Æ���u�‰�o�����Á�Z���Œ�����Á�������}�v�À���Œ�š�������ì�X�ï�ñ���š�}���Œ�����µ�Œ�Œ�]�v�P�����]�v���Œ�Ç���������]�u���o�U���š�Z�����Œ���‰�����Ÿ�v�P�����o�}���l���]�•��
�ì�í�í�ì�U���Á�Z�]���Z���Z���•���À���o�µ���W�� 

�î�>�ð���=���î�>�ñ���A���ì�X�ì�õ�ï�ó�ñ�� 

�d�Z�������o�}���l���o���v�P�š�Z���]�•���ð�U���•�}���š�Z�������}�u�u�}�v���Œ���Ÿ�}���]�•�W���� 

�N���A���î�>�ð���A���ì�X�ì�ò�î�ñ�� 

�h�•�]�v�P���š�Z�����•�µ�u���š�}���]�v�.�v�]�š�Ç���(�}�Œ�u�µ�o���W���� 

�� 

�&�]�v���o�o�Ç�U���Á�������������š�Z�����v�}�v�r�Œ���‰�����Ÿ�v�P�����o�}���l���ì�í�U���Á�Z�]���Z���Z���•���À���o�µ���W���� 

�î�>�î���A���ì�X�î�ñ�� 

�d�Z���Œ���(�}�Œ���U���š�Z�����š�}�š���o���À���o�µ�����]�•�W���� 

�ì�X�î�ñ���=���ì�X�í���A���ì�X�ï�ñ�� 

���v�����š�Z�]�•���u���š���Z���•���š�Z�����v�µ�u�����Œ���Á�����•�š���Œ�š�������Á�]�š�Z�X�� 

 

Conclusion  
 

���]�v���Œ�Ç���������]�u���o�•�������Z���À�����À���Œ�Ç���•�]�u�]�o���Œ�o�Ç���š�}�������v���Œ�Ç���������]�u���o�•�W���•�}�u�����v�µ�u�����Œ�•���š���Œ�u�]�v���š�������v����

�•�}�u�����Œ���‰�����š���]�v�����.�v�]�š���o�Ç�X���d�Z�������}�µ���o�]�v�P���u���š�Z�}�����P�]�À���•�������Œ���o�]�����o�����Á���Ç���š�}�����}�v�À���Œ�š�����v�Ç�������v���Œ�Ç��

�������]�u���o���]�v�š�}�����]�v���Œ�Ç�U�����v�����š�Z�����(�}�Œ�u�µ�o�����(�}�Œ���š�Z�����•�µ�u���š�}���]�v�.�v�]�š�Ç���}�(���������}�v�À���Œ�P�]�v�P���P���}�u���š�Œ�]�����•���Œ�]���•��

���o�o�}�Á���µ�•���š�}�����}�v�À���Œ�š���Œ���‰�����Ÿ�v�P�����]�v���Œ�Ç���������]�u���o�•���������l���]�v�š�}�������v���Œ�Ç���Á�]�š�Z�}�µ�š�����‰�‰�Œ�}�Æ�]�u���Ÿ�}�v�X���� 

�d�Z�]�•���‰�Œ�}�����•�•�������u�}�v�•�š�Œ���š���•�������������µ�Ÿ�(�µ�o���o�]�v�l�������š�Á�����v���v�µ�u�����Œ�������•���•�U���]�v�.�v�]�š�����•���Œ�]���•�����v�����š�Z����

�•�š�Œ�µ���š�µ�Œ�����}�(���Œ���Ÿ�}�v���o���v�µ�u�����Œ�•�X�����À���v�������•�]�u�‰�o�����������]�u���o���o�]�l�����ì�X�ï�ñ���Z�]�����•�������v�����š���Œ�����µ�Œ�Œ�]�v�P�����]�v���Œ�Ç��

�‰���©���Œ�v�������v�����š�Z���]�š�X�� 

���]���o�]�}�P�Œ���‰�Z�Ç���� 

�€�í�•���Z�©�‰�•�W�l�l�Ç�}�µ�š�µ�X�����l�h�d�&���>�>�z���l�]�ð�M�•�]�A�Œ�,�ì�Á�r�ï�P�]�ô�š�:���u���ï�z�� 

���������•�•�������š���W���í�•�š�����������î�ì�î�ñ�� 

https://youtu.be/UTFaLLYbki4?si=rH0w-3gi8tJAmb3_
https://youtu.be/UTFaLLYbki4?si=rH0w-3gi8tJAmb3_
https://youtu.be/UTFaLLYbki4?si=rH0w-3gi8tJAmb3_
https://youtu.be/UTFaLLYbki4?si=rH0w-3gi8tJAmb3_
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The Relation between Riemannian Geometry & Gravity 
 

By Amogh Srivastava 12B 
 

Riemannian geometry is named after the famous mathematician, Bernhard Riemann. He 
�]�v�š�Œ�}���µ���������Z�]�•���]�������•���}�v���:�µ�v�����í�ì�U���í�ô�ñ�ð���]�v���Z�]�•���P�Œ�}�µ�v�����Œ�����l�]�v�P���‰���‰���Œ�U��� Ôn the Hypotheses 
�t�Z�]���Z���>�]�������š���š�Z�����&�}�µ�v�����š�]�}�v�•���}�(���'���}�u���š�Œ�Ç�_�X��[1] 
 
What is Riemannian geometry? Riemannian geometry is the study of curved surfaces 
(manifolds) and this generalizes Euclidean geometry (the geometry that we are familiar with 
e.g. x-axis & y-axis) to spaces that are curved. Manifolds are spaces that look completely flat 
but they may have a complex global structure. For example, a small patch of a sphere can 
look flat if you zoom in enough. By having manifolds, measurements can be calculated such 
as lengths, angles & volumes. These values can be calculated through the use of a 
Riemannian metric which is a mathematical object that assigns an inner product to each 
tangent space. An inner product is simply a way to measure lengths and angles between 

tangent vectors at a single point on a manifold.  
 
 [2]        As you can see, the white paper is the 
tangent space in this case to the point, p. The two 
tangent vectors are u & v. If you wanted to 
calculate the length of the vector u then the 
equation needed is:  
 

 
 
g - Riemannian metric  
p - point on manifold  
u - tangent vector  

 
To calculate gp (u, u) as shown above, more complex maths is required and the equation 
required in this case is:  

 
The tangent vector u can be written as: u = (u1, 
u2,...., un). All of these can be expressed as ui which 
is a component of the vector along the i-th 
coordinate direction. Similarly, the same can be 

done for the j-th coordinate direction which is a different direction compared to i. gij is a 
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matrix to explain how the i-th and j-th directions interact. Therefore, all of these complex 
calculations are required just to calculate the length of the singular vector, u.  
 

Now, if we had to calculate the length from one point of the 
curved surface to another point, integration would be 
required. Let the path be expressed as �v�~�š�•.  

[a, b] is an interval of real numbers and M is the manifold. Therefore, when t falls in this 
interval, �v�~�š�• gives a point on the manifold. The derivative �v
;�~�š�• is a tangent vector at the 
point �v�~�š�•. The integral used to calculate the length is as shown below:  

 
This uses the same maths as explained above for calculating the length of vector u but now, 
we just integrate and then apply the limits to calculate the total length of the curved path.  
 
As we can see, this is a completely abstract concept and it seems to have no relation to the 
physical world. However, the rules and equations for this form of geometry became 
���Æ�š�Œ���u���o�Ç���µ�•���(�µ�o���(�}�Œ�����]�v�•�š���]�v�[�•���š�Z���}�Œ�Ç���}�(���P���v���Œ���o���Œ���o���š�]�À�]�š�Ç�X���/�v���E���Á�š�}�v�]���v���‰�Z�Ç�•�]��s, space is 
treated as flat which is perfect for Euclidean geometry. However, Einstein discovered that 
celestial objects with a large mass actually curve the space around them, and other celestial 
objects in orbit move around this curvature. Using Euclidea�v���u���š�Z���Á�}�µ�o�����u���l�������]�v�•�š���]�v�[�•��
equations inconsistent with the observed effects of gravity. Another form of geometry was 
needed to explain his theories. This is when the completely abstract nature of Riemannian 
geometry actually became real. By using Riemannian geometry instead of Euclidean math, 
Einstein could more rigorously test his gravitational field equations. The foundations already 
set by Riemann allowed for Einstein to explain general relativity. For example, the equation 
given above to calculate length was adapted by Einstein to also include time and he 
�Œ���‰�o�����������š�Z�����Z�]���u���v�v�]���v���u���š�Œ�]�����Á�]�š�Z���š�Z�����Zspacetime metric tensor�[���Á�Z�]���Z���]�v�À�}�o�À���•���u���•�•���˜��
���v���Œ�P�Ç�X���^�}���]�v�•�š���������}�(���o���v�P�š�Z�U�����]�v�•�š���]�v�[�•���������‰�š�������P���v���Œ���o���Œ���o���š�]�À�]�š�Ç�����‹�µ���š�]�}�v�������o���µ�o���š���•���Z�}�Á��
much time passes for an object moving through curved spacetime (proper time). From this, 
we can determine orbits around stars or black holes, showcasing the hidden importance of 
Riemannian geometry. 
 
This perfectly showcases how theoretical & abstract concepts in pure mathematics become 
essential for practical applications decades later. Geometry has shifted from describing 
shapes to predicting events in the physical world as showcased by Riemannian geometry. 
Maths can reveal certain patterns in nature even before experiments and observations. This 
illustrates the deep connection between mathematics and nature. By understanding more 
mathematics, we inadvertently understand more about the universe, as demonstrated by 
Riemannian geometry which became the foundation for new theories of gravity.  
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A Super Crammed Article About Dimensions 
 

By Simmons Wong 13ET 
  

�/�v���v�}�Œ�u���o�������]�o�Ç���o�]�À���•�U���Ç�}�µ�[�À�����‰�Œ�}�������o�Ç���Z�����Œ�����š�Z�����š���Œ�u�����]�u���v�•�]�}�v�X���z�}�µ���o�]�À�����]�v�������ï�����Á�}�Œ�o���U��
obviously with 3 dimensions. But what does it actually mean?   

  

The Tip of the Dimension Iceberg  

  

Dimension, according to Wikipedia, is the minimum number of coordinates needed to 
specify a point within it. [1] To clear the confusion that Wikipedia tends to always give, let 
me raise some examples.    

  

Imagine a number line, the numbers on the line are each defined by only one literal number, 
and that forms our coordinate for one unique point on the line. Since only 1 number is 
needed to define this point, hence a line is a 1D space, which only contains �š�Z�����Z�o���v�P�š�Z�[�� 

  

�>���š�[�•���]�v���Œ�����•�����}�µ�Œ�����]�u���v�•�]�}�v�����}�µ�v�š���š�}���î�X���d�Z�]�•���]�v�À�}�o�À���•���š�Z�����������]�š�]�}�v���}�(�����v�����Æ�š�Œ�������Æ�]�•�U���}�Œ�����v��
extra number in our coordinate to define a point in this 2D space. Instead of only having a 
coordinate in the form (x), now we have coordinates in the form (x, y). This adds an extra 
�u�����•�µ�Œ���u���v�š�U���š�Z�����Z�Z���]�P�Z�š�[�U���Á�Z�]���Z�����o�o�}�Á�•���µ�•���š�}���u���l�����š�Z�]�v�P�•�������o�o�����������•�Z���‰���U���o�]�l���������•�‹�µ���Œ���X���� 

  

Now the final increment. We increase the dimension count to 3, making a 3D space. Like 
before, this adds an extra axis, and an extra measurement called width. This turns our 
coordinates from (x,y) to (x,y,z).   

  

Application of Calculus  

  

https://www.cs.jhu.edu/~misha/ReadingSeminar/Papers/Riemann54.pdf
https://en.wikipedia.org/wiki/Riemannian_manifold
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One of the reasons why Maths is like the language of the universe, is because it links up the 
dimensions in existence, and even the theoretical ones. I think we all know what a power is 
called in Maths, raise a number to a certain power and multiply the number by itself n 
times, where n is the power. For instance, x^n means x multiplies itself n times. But a lesser-
known fact is, raising a number to the nth power means putting a number in the nth 
dimension as well.  

For instance, the number 2^1  means a line (1D) of length 2, 2^2 means a square (2D) of 
area 4.   

  

Now what links these dimensions together? Calculus! (This really is just one of the ways). To 
increase the power of any number, say x, you can integrate. When integrating, you raise the 
power of x by 1 and divide your expression by this new power. You can write integration 
�Á�]�š�Z�������Z�•�š�Œ���]�P�Z�š���^�[���•�Ç�u���}�o�W���N�X���>���š�[�•�����}�v�•�]�����Œ�������•�‰�Z���Œ���X�� 

  

�^���Ç���/���Z���À���������•�‰�Z���Œ�����Á�]�š�Z���•�µ�Œ�(�����������Œ�������ð�‹�Œ�”�î�U���Á�Z�]���Z���]�•���]�v���î���X���/�������v���]�v�š���P�Œ���š�����š�Z�]�•�����Æ�‰�Œ���•�•�]�}�v�W��
�N�ð�‹�Œ�”�î�����Œ�X���Z���]�•�����š�Z�����‰�}�Á���Œ���}�(���Œ�����Ç���í�����v�������]�À�]�������š�Z�������Æ�‰�Œ���•�•�]�}�v�����Ç���š�Z�����v���Á���‰�}�Á���Œ�U���Á�����P���š��
�ð�l�ï�‹�Œ�”�ï�X���d�Z�]�•���o�}�}�l�•���(���u�]�o�]���Œ���t �]�š�[�•���š�Z�������‹�µ���š�]�}�v���}�(���š�Z�����À�}�o�µ�u�����}�(�������•�‰�Z���Œ��, which is in 3D! 
Now, onto the interesting stuff: Higher dimensions.  

  

The Fourth Dimension - Both the Physics way and the Maths way  

  

Remember how Wikipedia said that dimension is the minimum number of coordinates 
needed to specify a point within it? So in the 4th dimension, you need an extra coordinate.   

  

�,�}�Á���W�Z�Ç�•�]���•���(�]�v���•���š�Z�]�•���v���Á�����}�}�Œ���]�v���š�����]�•�����Ç�����o�����Œ�š�����]�v�•�š���]�v�[�•���(�����µ�o�}�µ�•���Á�}�Œ�l�W���Œ���o���š�]�À�]�š�Ç�U���Á�Z���Œ����
space-�š�]�u�����]�•�����v���]�u�‰�}�Œ�š���v�š�����}�v�����‰�š�X�����µ�š���š�Z���š�[�•���(�}�Œ�����v�}�š�Z���Œ���Á�Z�}�o�����‰�}�•�•�]���o�������Œ�š�]���o�����(�}�Œ���Y�µ���Œ�l��
�~�š�Z�����•���Z�}�}�o���W�Z�Ç�•�]���•���u���P���Ì�]�v���•�U���•�}���/�[�o�o���i�µ�•�š���o�����À�������]�v�•�š���]�v���Z���Œ���X���^�‰����e-time is kind of a whole 
new coordinate system where space is one of the axes and time is the other to put it simply.  

  

The reason why time can be regarded as a whole new dimension is because it specifies 
where on earth something is located at what time with a number. This number represents 
the time and we can regard it as the 4th coordinate. Imagine a basketball. It could be at 
(0,1,0) at time 0 unit time (coordinate (0,1,0,0)) and at (10,4,2) at time 5 unit time 
(coordinate (10,4,2,5)).  
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Mathematicians do this a whole different way, and it's simpler. They kind of define this new 
coordinate, or axis, by adding a new axis geometrically called the w-axis. It works the same 
way as the other axes: giving rise to a new number in a coordinate. This makes our 
coordinate into something like: (w, x, y, z).  

  

4D space can be visualised by using a 4D equivalent of a cube, a tesseract. Below is a picture 
of the tesseract:  

 [2]      

  

As you can see, the tesseract is kind of like fully putting a smaller cube into a bigger cube 
and connecting them with edges. All of these edges connect together into the faces of a 
tesseract.  

Which interestingly, forms 8 cube faces. The same thing actually happens with a cube, which 
�]�•���(�}�Œ�u���������Ç�����}�v�v�����š�]�v�P���ò���•�‹�µ���Œ�����(�������•�X���,�}�Á���À���Œ�U�����•���Z�µ�u���v�•�����}�v�[�š���Z���À�����š�Z���������‰�����]�o�]�š�Ç���š�}��
see 4D yet, we instead made a 3D shape to represent a tesseract.  

  

This actually works the same way in higher dimensions than 4. You just add a new number 
to the coordinate and you're in one higher dimension than before. And you can also 
visualise them with an n-tube, where n is the number of dimensions. Like a tesseract, which 
is a 4-cube.   
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Linear Algebra  

  

If you think drawing a tesseract is too hard, there is another widely used, cool way to 
visualise dimensions, linear algebra. This is something like a vector or a matrix and they 
allow you to do pretty impressive things.   

  

First of all, a vector is essentially a coordinate, but put vertically. Essentially, it just look  

something like this: , which is a 3D vector. So a 4D vector would have one more row at 
the bottom saying w. You can do the same thing to higher dimensions.  

  

You can transform these then by using a matrix. A matrix look like this: [3]. By 
multiplying a matrix and a vector, you can actually transform a point onto another, and the 
way a matrix does that is by transforming the whole grid.   

  

�h�•�]�v�P�������µ�v�]�š���•�‹�µ���Œ�����}�v�����������Œ�š���•�]���v���P�Œ�]�������•�����v�����Æ���u�‰�o���U���o���š�[�•���š�Œ�Ç���š�}���š�Œ���v�•�(�}�Œ�u���}�µ�Œ���P�Œ�]���X�������µ�v�]�š��
square has i and j unit vectors as 2 of the sides. This can be represented by a matrix called 
the identity matrix as follows.   

  

If I were to transform the 2 unit vectors into another 2 points, I can write the coordinates of 
the point that the vector i transformed to in the first column of the matrix. Same thing for j: 
put the point it transformed into in the second column. This is called matrix multiplication. 
By multiplying a vector (which is an nx1 matrix, n is the order of dimension) or a matrix 
representing multiple points of the nth dimension by any transformation matrix of that 
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dimension, the points will now be represented by the columns of the result matrix. That 
���}�u�‰�o���š���•�������u���š�Œ�]�Æ���š�Œ���v�•�(�}�Œ�u���š�]�}�v�X�����µ�š���(�}�Œ���v�}�Á�U���/���Á�}�v�[�š�����]�À�����]�v�š�}���š�Z���������š���]�o�•�X�� 

  

By doing this, the normal Cartesian grid will transform into a whole new grid, where the unit 
vectors, instead of representing points (1,0) and (0,1), will represent the new points they 
have transformed into.  

  

�>���š�[�•���À�]�•�µ���o�]�•�����Á�]�š�Z���š�Z�����]�u���P���������o�}�Á�W�� 

[5] 
As you can see, the i unit vector, or the point (1,0), is transformed into the point (1,1) 
represented by A, vector u. The j unit vector, or the point (0,1), is transformed into the point 
(1,3) represented by B, vector v. Now the vectors u and v became the new unit vectors, 
making the pink lines the new grid after the transformation. The 2 new unit vectors are 
represented by  

the matrix: , after the matrix multiplication.   

  

Again, the same works for other dimensions.   
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Fractals  

  

You would have thought that dimensions must be integers and discrete right? Wrong! 
�&�Œ�����š���o���•�Z���‰���•�����}�v�[�š���Z���À�����]�v�š���P���Œ�����]�u���v�•�]�}�v�•�X���d�Z���Ç�����Œ�����]�v�•�š���������•�Z���‰���•���}�(���(�Œ�����š�]�}�v���o��
dimensions.   

  

Before diving into some examples, there are 4 axioms, or properties that make something a 
fractal shape: Self-similarity, fractal dimension, having infinite complexity and having  
infinite perimeter with finite area. [6]  

�>���š�[�•���š���o�l�������}�µ�š���š�Z���•�������Æ�]�}�u�•�W�� 

1. Self-similarity: When a structure repeats itself but on a smaller and smaller 
scale.  

2. Fractal dimension: As mentioned, a fractional dimension.   

3. Infinite complexity: The shape never reaches a point of complete detail.   

4. Infinite perimeter with finite area: As the shape never reaches a point of 
���}�u�‰�o���š���������š���]�o�U���Ç�}�µ�������v���•�������]�š�����•���š�Z�����•�Z���‰���[�•���‰���Œ�]�u���š���Œ���Á�]�o�o���•�š�Œ���š���Z���]�v�(�]�v�]�š���o�Ç�X��
However, as the details are getting smaller, hence as you approach infinite detail, 
the area of those details will tend to 0. The final result of the area will then be A+0, 
where A is a finite value.  

  

How a fractional dimension works is as follows: there is another way to define a dimension 
of a shape: The number of copies that a shape takes to multiply its size. [7] For instance, to 
double the size of a square, you need 4 copies of the square, which is 2^2=4. It works the 
same as tripling the size: 3^2=9 squares are required. This also works the same as a triangle.  

  

�>���š�[�•���o�}�}�l���]�v�š�}���š�Z�����^�]���Œ�‰�]�v�•�l�]�[�•���š�Œ�]���v�P�o���U���Á�Z�]���Z���]�•�������À���Œ�Ç���(���u�}�µ�•���(�Œ�����š���o�X���/�š���]�•���•���o�(-similar as you 
have repeating equilateral triangles being removed from the shape. Secondly, it has a 
fractional dimension.  
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�d�Z�����]�u���P�����}�v���š�Z�����o���(�š���]�•���š�Z�����^�]���Œ�‰�]�v�•�l�]�[�•���š�Œ�]���v�P�o���X�����•���Ç�}�µ��
can see, you only need 3 of the shape itself to double 
its size. Hence, with the definition of fractional 
dimensions in mind, we can calculate the dimension of 
�^�]���Œ�‰�]�v�•�l�]�[�•���š�Œ�]���v�P�o�������Ç�����}�]�v�P���š�Z�����o�}g base 2 of 3, which 
���}�u���•���}�µ�š���š�}�������������}�µ�š���í�X�ñ�ô�ñ�X�����•���š�Z�]�•���]�•�v�[�š�����v���]�v�š���P���Œ�U���]�š��
is said that it has a fractional dimension.   

  

[8]  

  

Thirdly, it has infinite complexity. You can recursively cut an equilateral triangle an infinite 
number of times, leading to the fact that it never reaches a point of complete detail as the 
shape can go infinitely.  

  

Lastly, the more you cut the shape, the more equilateral triangle you will get, hence more 
perimeter, and as this goes on forever, this perimeter is thought to be infinite. However, 
because the more you cut it, the smaller these equilateral triangles are, hence the area of 
the entire shape tends to 0. This is because the equilateral triangles forming the shape all 
tend to 0 as they get infinitely small.   

  

�&�Œ�}�u���š�Z�]�•�U���Á���������v���•�������š�Z���š�������^�]���Œ�‰�]�v�•�l�]�[�•���š�Œ�]���v�P�o�����(�]�š�����o�o���š�Z�������Æ�]�}�u�•���}�(�������]�v�P�������(�Œ�����š���o���•�Z���‰���U���•�}��
it is indeed a fractal. Yay!  

  

Another one of these famous shapes is the Mandelbrot set which relates to chaos theory. 
But I'm not going to dive deep as I will probably leave it to another article about chaos 
theory if I have the chance.  

  

What do you mean the Universe has 26 dimensions!?  

  

Yes, the Universe was thought to have 26 dimensions. To show you the full story, we have 
got into the applied side of Maths. First things first, we already understand from quite a few 
pages ago that 1 of the dimensions is time, which makes up 1 of the 26 dimensions. This 
leaves us with 25, but how?  
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�d�Z�]�•�������š�µ���o�o�Ç���Œ���o���š���•���š�}���•�š�Œ�]�v�P���š�Z���}�Œ�Ç�X���d�Z�����š�Z���}�Œ�Ç���š�Z�}�µ�P�Z�š���š�Z���š���]�(���Á�����•�������š�Z�]�v�P�•�����š���š�Z�����W�o���v���l�[�•��
scale (1.6*10^-35m), we find that particles are just strings vibrating in different ways. The 
reason why it governs that there must be 25 spatial dimensions is because photons (packets 
of light waves) are required to have 0 rest mass for them to actually reach the speed of light 
and this principle is reflected perfectly when there are 25 spatial dimensions. [9] With more, 
the whole model will collapse. Anyways, �š�Z���š�[�•���š�Z�����W�Z�Ç�•�]���•���š�Z���}�Œ�Ç���•�]�������}�(���š�Z�]�v�P�•�X�� 

  

Explaining with applied Maths: Scientists found out that M_0 = (1+2+3+...)(D-1)+2 is the 
mathematical model that explains this phenomenon. [10] M_0 is the least mass of a photon.  

  

First of all, the sum to infinity (1+2+3+...) in the formula comes from the infinite amount of 
vibration modes of strings. This sum denotes the sum of the least energies of the infinitely 
different modes of vibration of strings, as rest mass is a type of energy. Now, let D be the 
���]�u���v�•�]�}�v���š�Z���š���š�Z�����‰�Z�}�š�}�v���]�•���]�v�X�����•���š�Z���Œ�����]�•�v�[�š�����v�Ç�����v���Œ�P�Ç���š�Œ���v�•�(���Œ���‰���Œ���o�o���o���š�}���š�Z�����‰�Z�}�š�}�v�[�•��
direction of travel, hence the vibrations only exist in the other dimensions. This makes the 
energy present in (D-1) dimensions. Lastly, according to quantum theory, in most vibration 
modes of string, you will need twice the ground state energy (least energy of vibration) for 
this model to be true, hence the +2. [11] We know that M_0 is 0, hence this formula can be 
used to find the number of dimensions required for string theory.  

  

Applied Maths done, back to pure Maths. We now need to find the sum to infinity of the 
natural numbers:  

1. Let S be the sum: S = 1+2+3+4+...  

2. Get a second sum by multiplying both sides by -4: -4S = -4-8-12-16-...  

3. Add the two together: -3S = 1-2+3-4+5-6+...  

4. Notice as a series expansion is   

5. If we substitute x=1 to both sides, we get the sum of the series:  

6. =-3S, -3S=1/4, S=-1/12.  

  

Substitute this result into the M_0 equation: 0=-1/12(D-1)+2, 1/12(D-1)=2, D-1=24, D=25. 
Hence, string theory predicts that the universe has 25 spatial dimensions.  
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�t�������o�o���l�v�}�Á���š�Z�]�•���Œ���•�µ�o�š���]�•�v�[�š���š�Œ�µ���X�����µ�š���]�v���}�Œ�����Œ���(�}�Œ���š�Z�����•���]���v�š�]�•�š�•���]�v���š�Z�����î�ì�š�Z�������v�š�µ�Œ�Ç���š�}��
perfect the theory, they used this result which you can kind of see as a flaw in string theory.   

  

There are other theories that improve the string theory model. However, they are really 
�u�}�Œ�����‰�Z�Ç�•�]���•���š�Z���v���u���š�Z�•���•�}���/���Á�}�v�[�š���š���o�l�������}�µ�š���š�Z�]�•���Z���Œ���X  

 

Conclusion  

  

So, this marks the end of my long article. Thank you for taking time to read this. Hopefully 
you enjoyed this as much as I did. Anyways, dimensions are a cool concept. There is still so 
�u�µ���Z���Œ���À�}�o�À�]�v�P�����Œ�}�µ�v�����š�Z�]�•���š�}�‰�]�����š�Z���š���/�����}�µ�o���v�[�š���(�]�š���]�v�š�}���š�Z�������Œ�š�]���o����either due to them being 
too physics or too complicated or just too wrong or too long. Either way, even though we 
see a lot of theories surrounding the idea of dimensions, regardless of Maths or Physics, we 
still need to do a lot of work to fully uncover the mystery of dimensions.   

Disclaimer: Almost all content in the string theory section is either completely theoretical or 
highly theoretical with no sophisticated proof that they must be true. Please take that into 
consideration. Also, my grammar and structuring is terrible. Sorry for the confusion if there 
are any.   
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Why Zero is the Most Powerful Number 
 

By Abilen K 7M, Dakshithram G 7M 
 

 
This is the most useful number and is used in our everyday 
lives. It is what links 10s to hundreds and hundreds to 
thousands. It is the crucial bond between all the place 
values we use in daily life, from maths lessons to banks. In 
this article we will explore how vital 0 is and its importance. 
 

 
 
 

 
Placeholder: 
 
It is a crucial placeholder for all numbers.  

 
This is important for not only the two displayed numbers but the many numbers that one 
can name. 
 

The number itself: 

 

https://youtu.be/WhKxTmsC4u8?si=qqWkeRoMIH3Oh3cw
https://youtu.be/WhKxTmsC4u8?si=qqWkeRoMIH3Oh3cw
https://share.google/aimode/cRqJh6g4Ml2kWHj8A
https://share.google/aimode/cRqJh6g4Ml2kWHj8A


PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

86 

The history of the number 0: 
 
Zero may seem obvious to us now after centuries of use but have you ever actually asked 
yourself where it came from or what would have happened if it did not exist? Well, it is one 
of the youngest figures in mathematical history, can you believe that? Ancient civilisations 
�o�]�l�����š�Z�����������Ç�o�}�v�]���v�•�����v�����Z�}�u���v�•���Z�������v�µ�u�����Œ�•�����µ�š���š�Z���Ç�����]���v�[�š���Z���À���������ì���•�}���š�Z���]�Œ�������o���µ�o���š�]�}�v�•��
were confusing and incomprehensible. This led to major problems. 

 
The first true figure of 0 was formed in Ancient India more than 1500 years ago where 
�u���š�Z���u���š�]���]���v�•���µ�•�����������•�u���o�o�����}�š���š�}���]�u�‰�o�Ç���^�v�}�š�Z�]�v�P�_�X���d�Z�]�•�����Œ�����š�]�}�v���•�}�}�v���Œ�������Z�������š�Z�����/�•�o���u�]����
World, then Europe, completely relieving the world from the situation of confusion. Zero 
�Á���•���•�µ���Z�������•�š�Œ���v�P�����]�����������š���š�Z�����š�]�u�����š�Z���š���u���v�Ç���‰���}�‰�o�������]���v�[�š���š�Œ�µ�•�š���]�š���}�Œ�����À���v���š�Z�}�µ�P�Z�š���]�š���Á���•��
dangerous to use. But once it became accepted, zero opened the door to algebra, negative 
numbers, and the modern maths we use every day.  
 

The Strange World of Dividing by 0: 
 
���]�À�]���]�v�P�����Ç���Ì���Œ�}���]�•���v�}�š���i�µ�•�š���^�v�}�š�����o�o�}�Á�����_���v it is 
mathematically impossible because it destroys the logical 
structure that numbers depend on. Division is defined as the 
inverse of multiplication: for any non-zero number �=, the 
expression �> 
J �= is the number �T such that �= 
H �T 
L �>. But 
when �= 
L �r, this definition collapses. If we tried to define �x 
J
�r, we would need a number �T such that �r 
H �T 
L �x, yet �r 
H 
any number is always �r, never �x. This makes the equation 
unsolvable. Even worse, if we pretend division by zero works, 
it leads to contradictions like proving �s 
L �t or that all numbers 

are equal, which would make mathematics meaningless. 
 
�K�v���P�Œ���‰�Z�•�U�����]�À�]���]�v�P�����Ç���Ì���Œ�}�������µ�•���•�������(�µ�v���š�]�}�v�[�•���À���o�µ�����š�}���•�µ�Œ�P����

without bound. For example, in the function �B�:�T�; 
L
�5

�ë
 , as �T 

approaches zero from the positive side, the value of 
�5

�ë
 grows 

larger, shooting upward towards positive infinity; from the 
negative side, it plummets toward negative infinity. 
 
 
 
 
 

���Œ���Z�u���P�µ�‰�š���[�•���Œ�µ�o���W 
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���Œ���Z�u���P�µ�‰�š���[�•���Œ�µ�o���•�������(�]�v�������Œ�]�š�Z�u���š�]�����}�‰���Œ���š�]�}�v�•��
for 0 and negative numbers(debts/fortunes) and 
include a geometrical formula for cyclic 
quadrilaterals. Key rules include debts/fortunes 
(the product or quotient of an equation is 
debts/fortunes), 0 operations (zero times any 
number is zero) and the area of a cyclic 
quadrilateral. 

 
 
 
 
Puzzles: 

 
https://i.ytimg.com/vi/Z7uIquZW4fY/hq720.jpg?sqp=-
oaymwEhCK4FEIIDSFryq4qpAxMIARUAAAAAGAElAADIQj0AgKJD&rs=AOn4CLAAD-
f_dh1heaVqm_TWDzBSFiCuuQ 
 
 

How Maths see beyond 3D: Vector in Subspace 
 

By Ojas Nigam 12ET 
 
�����À�����š�}�Œ���]�•���}�L���v�������•���Œ�]�����������•�������‹�µ���v�Ÿ�š�Ç���š�Z���š���Z���•�����}�š�Z���u���P�v�]�š�µ���������v�������]�Œ�����Ÿ�}�v�����v����
�Œ���‰�Œ���•���v�š�•���‹�µ���v�Ÿ�Ÿ���•���•�µ���Z�����•�����]�•�‰�o�������u���v�š���}�Œ���(�}�Œ�����X���,�}�Á���À���Œ�U���]�v���u�}�����Œ�v���u���š�Z���u���Ÿ���•�U������
�À�����š�}�Œ���]�•�����v���������Œ���‰�Œ���•���v�š���������•�����v���}�Œ�����Œ���������Œ�Œ���Ç���}�(���v�µ�u�����Œ�•�����v�����š�Z�]�•���]�����������o�o�}�Á�•��
�u���š�Z���u���Ÿ���]���v�•���š�}�������•���Œ�]�������•�‰�������•���}�(�����v�Ç�����]�u���v�•�]�}�v�U���v�}�š���i�µ�•�š���š�Z�����î�����}�Œ���ï�����•�‰�������•���Á���������v��
�•�����X 
 
�s�����š�}�Œ���]�v���9�W 
���9�l �]�•�������o�o�������v�r���]�u���v�•�]�}�v���o���Œ�����o���•�‰�������X���/�š���]�•�������.�v���������•���š�Z�����•���š���}�(�����o�o���}�Œ�����Œ�������•�r�š�µ�‰�o���•���}�(���Œ�����o��
�v�µ�u�����Œ�•�W���r�š�µ�‰�o���•���}�(���Œ�����o���v�µ�u�����Œ�•�X�������À�����š�}�Œ���]�v�������v���������]�v�š���Œ�‰�Œ���š���������•�������‰�}�]�v�š�U���������]�•�‰�o�������u���v�š�U��
�}�Œ�������•���š���}�(�����}�u�‰�}�v���v�š�•�X���t�Z���v���v���A���í���������Z���}�Œ�����Œ�������v�r�š�µ�‰�o�������}�v�•�]�•�š�•���}�(���}�v�����Œ�����o���v�µ�u�����Œ�U�����v����
�•�}���Z���u���Ç���������À�]���Á���������•���š�Z�����•���š���}�(���Œ�����o���v�µ�u�����Œ�•�X���d���l�����v���A���î�����v�����}�v�����Z���•���š�Z�����•���š���}�(�����o�o���î�r�š�µ�‰�o���•��
�Á�Z�]���Z�����Œ�����u�}�Œ�������}�u�u�}�v�o�Ç���l�v�}�Á�v�����•���}�Œ�����Œ�������‰���]�Œ�•�X���d�Z�]�•���•���š���Z���•���š�Z�����P���}�u���š�Œ�]�����o��
�]�v�š���Œ�‰�Œ���š���Ÿ�}�v���}�(�������•���Œ�]���]�v�P�����o�o���‰�}�]�v�š�•�����v�������]�Œ�����š�������o�]�v�����•���P�u���v�š�•���]�v���š�Z���������Œ�š���•�]���v���Æ�>�Ç���‰�o���v���X��
�d�Z�����À�����š�}�Œ���•�‰�����������U���o�]�l���Á�]�•�����]�•���š�Z�����•���š���}�(���}�Œ�����Œ�������š�Œ�]�‰�o���•�U���Á�Z�]���Z�������•���Œ�]���������o�o���‰�}�]�v�š�•�����v����
���]�Œ�����š�������o�]�v�����•���P�u���v�š�•���]�v���ï�r�����•�‰�������X�� 
 

https://i.ytimg.com/vi/Z7uIquZW4fY/hq720.jpg?sqp=-oaymwEhCK4FEIIDSFryq4qpAxMIARUAAAAAGAElAADIQj0AgKJD&rs=AOn4CLAAD-f_dh1heaVqm_TWDzBSFiCuuQ
https://i.ytimg.com/vi/Z7uIquZW4fY/hq720.jpg?sqp=-oaymwEhCK4FEIIDSFryq4qpAxMIARUAAAAAGAElAADIQj0AgKJD&rs=AOn4CLAAD-f_dh1heaVqm_TWDzBSFiCuuQ
https://i.ytimg.com/vi/Z7uIquZW4fY/hq720.jpg?sqp=-oaymwEhCK4FEIIDSFryq4qpAxMIARUAAAAAGAElAADIQj0AgKJD&rs=AOn4CLAAD-f_dh1heaVqm_TWDzBSFiCuuQ
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�s�����š�}�Œ�•���]�v�����Œ�������}�u���]�v�������µ�•�]�v�P���š�Á�}���}�‰���Œ���Ÿ�}�v�•�W���À�����š�}�Œ���������]�Ÿ�}�v�����v�����•�����o���Œ���u�µ�o�Ÿ�‰�o�]�����Ÿ�}�v�X�� 
�&�}�Œ�����Æ���u�‰�o���U���]�v���U���]�( 
 
 
 
�š�Z���v 
 
 
�,�}�Á���À���Œ�U���(�}�Œ�������•���š���š�}���‹�µ���o�]�(�Ç�����•�������À�����š�}�Œ���]�v���Œ�����o���•�‰�������U���•�����o���Œ���u�µ�o�Ÿ�‰�o�]�����Ÿ�}�v�����v�����À�����š�}�Œ��
�������]�Ÿ�}�v���u�µ�•�š�����o�Á���Ç�•���‰�Œ�}���µ���������o���u���v�š�•���Á�]�š�Z�]�v���š�Z�����•���š�V���}�š�Z���Œ�Á�]�•���U�����o�}�•�µ�Œ�����(���]�o�•�X���d�Z���Œ���(�}�Œ���U��
�š�Z���•�����š�Á�}���}�‰���Œ���Ÿ�}�v�•���u�µ�•�š���•���Ÿ�•�(�Ç�����]�P�Z�š�����Æ�]�}�u�•�X�� 
 
�d�Z�������Æ�]�}�u�•���u�µ�•�š���Z�}�o�����(�}�Œ�����o�o���µ�U���À�����v�����Á���]�v���s�����v�����(�}�Œ�����o�o���•�����o���Œ�•���������v�������X���d�Z�������Æ�]�}�u�•���]�v���o�µ�����W 
�í�•���/�(�����U�������Ð���s���š�Z���v�����=�����Ð���s 
�î�•�����=�����A�����=���� 
�ï�•���~���=���•�=�����A�����=�~���=���•�� 
�ð�•���d�Z���Œ�����]�•�����v�����o���u���v�š���ì���Ð���s���•�µ���Z���š�Z���š���ì�=�����A�������(�}�Œ�����o�o�������Ð���s 
�ñ�•���&�}�Œ�����À���Œ�Ç�������Ð���s�U���š�Z���Œ�����]�•�����v�����o���u���v�š���t�������Ð���s�U�����=�~�r���•���A���ì 
�ò�•���/�(�������Ð���s�U���r���Ð���9���U���š�Z���v���r�|�����Ð���s 
�ó�•���Ù�~���=���•���A���Ù���=�Ù���X���&�}�Œ�����o�o���Ù���Ð���9�U�����U�����Ð���s 
�ô�•���~�r�=�t�•�����A���r���=�t���X���&�}�Œ�����o�o���r�U�t���Ð���9�U�������Ð���s 
�õ�•���r�~�t���•���A���~�r�t�•���X���&�}�Œ�����o�o���r�U�t���Ð���9�U�������Ð���s 
�í�ì�•���í�|�����A���� 
 
�d�}�P���š�Z���Œ���š�Z���•�����Œ�µ�o���•�����v�•�µ�Œ�����š�Z���š���(�}�Œ�u�•�������À�����š�}�Œ���•�‰���������}�(�����]�u���v�•�]�}�v���U���‰�Œ�}�À�]���]�v�P�������Œ�]�P�}�Œ�}�µ�•��
���o�P�����Œ���]�����(�Œ���u���Á�}�Œ�l���(�}�Œ���•�š�µ���Ç�]�v�P���•�‰�������•���}�(�����v�Ç�����]�u���v�•�]�}�v�X 
 
�^�����o���Œ���‰�Œ�}���µ���š�W 
�d�Z�����•�����o���Œ���~�}�Œ���u�}�Œ�������}�u�u�}�v�o�Ç���l�v�}�Á�v�����•�����}�š�•���‰�Œ�}���µ���š���}�(���š�Á�}���À�����š�}�Œ�•���u�����•�µ�Œ���•���Z�}�Á���u�µ���Z��
�}�v�����À�����š�}�Œ���‰�}�]�v�š�•���]�v���š�Z�������]�Œ�����Ÿ�}�v���}�(���š�Z�����}�š�Z���Œ�X���^�}�U���]�(�����v�������Œ�����À�����š�}�Œ�•���Á�]�š�Z�����v�P�o���������š�Á�����v��
�š�Z���u�U���š�Z���v 
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�d�Z�]�•���•�Z�}�Á�•���š�Z���š���š�Z�����•�����o���Œ���‰�Œ�}���µ���š���]�•���o���Œ�P�����Á�Z���v���À�����š�}�Œ�•���‰�}�]�v�š���]�v���•�]�u�]�o���Œ�����]�Œ�����Ÿ�}�v�•�U���Ì���Œ�}��
�Á�Z���v���š�Z���Ç�����Œ�����‰���Œ�‰���v���]���µ�o���Œ�U�����v�����v���P���Ÿ�À�����Á�Z���v���š�Z���Ç���‰�}�]�v�š���]�v���}�‰�‰�}�•�]�š�������]�Œ�����Ÿ�}�v�•�X 
 
�>���š 
 
 
�d�Z���v 
 
 
�h�•�]�v�P���š�Z�������o�P�����Œ���]���������.�v�]�Ÿ�}�v�U 
 
 
�&�Œ�}�u���š�Z�����P���}�u���š�Œ�]�����(�}�Œ�u�µ�o���U 
 
 
�•�} 
 
 
 
�&�}�Œ���À�����š�}�Œ�•���}�v�o�Ç���]�v���U���Á���������v�����o�•�}���Á�}�Œ�l���}�µ�š���š�Z�������Œ�}�•�•���‰�Œ�}���µ���š�����v�����š�Œ�]�‰�o�����•�����o���Œ���‰�Œ�}���µ���š�X 
 
���Œ�}�•�•���‰�Œ�}���µ���š�W 
�W�Œ�}���µ�����•�������À�����š�}�Œ���‰���Œ�‰���v���]���µ�o���Œ���š�}�����}�š�Z�����v������ 
 
���������������������������������������������������������������������������������������������������������������������������������������� 
 
�z�}�µ�������v�����o�•�}���µ�•�����š�Z�����Œ�]�P�Z�š�r�Z���v�����Œ�µ�o�����š�}�������š���Œ�u�]�v�����š�Z�������]�Œ�����Ÿ�}�v���}�(���v�U�����v�����Z���v�������š�Z�������]�Œ�����Ÿ�}�v��
�}�(�������X�����X���/�(�������]�•���Ç�}�µ�Œ���.�Œ�•�š���.�v�P���Œ�U�����v���������]�•���Ç�}�µ�Œ���•�����}�v�����.�v�P���Œ�U���š�Z���v�������Æ�����������š�•���]�v���š�Z�������]�Œ�����Ÿ�}�v���}�(��
�Ç�}�µ�Œ���š�Z�µ�u�����•�}���š�Z�����À�����š�}�Œ���]�•���‰���Œ�‰���v���]���µ�o���Œ���š�}�����}�š�Z�X 
 

 
 
�,�}�Á���À���Œ�U���]�š���u�µ�•�š�����o�•�}���(�}�o�o�}�Á���š�Z���•�����Œ�µ�o���•�W 
�í�•�����?�������A���>�����?�����X 
�î�•�������?�������A���ì 
�ï�•�������?�������A���ì���œ�������A���„�����(�}�Œ���•�}�u�����„���Ð���Z���~�}�Œ�������A���ì�• 
�ð�•�������?���~�„���•���A���„�~�����?�����•�X���~�À�•�������?���~�����=�����•���A�������?�������=�������?�����X 
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�/�(���Á�����Z���À���������š�Œ�]���v�P�o�����K�����U���]�š�•�����Œ�������]�•���P�]�À���v�����Ç���*���n���K���n���Æ���n�K���n���•�]�v���}�U���Á���������.�v�����š�Z�����À�����š�}�Œ�����Œ������
���•���A���*�����n�K���n���Æ���n�K���n�X 
 
�d�Œ�]�‰�o�����•�����o���Œ���‰�Œ�}���µ���š�W 
�/�š���]�•�������.�v���������•���š�Z�� ���}�š���‰�Œ�}���µ���š �}�(���}�v�����}�(���š�Z�����À�����š�}�Œ�•���Á�]�š�Z���š�Z�� ���Œ�}�•�•���‰�Œ�}���µ���š �}�(���š�Z�����}�š�Z���Œ���š�Á�}�X��
�Œ���‰�Œ���•���v�Ÿ�v�P���š�Z�����À�}�o�µ�u�����}�(���š�Z�����‰���Œ���o�o���o���‰�]�‰�������~�ï�����•�Z���‰�����Á�Z�]���Z���Z���•�����o�o���ò���•�]�����•�����•��
�‰���Œ���o�o���o�}�P�Œ���u�•���(�}�Œ�u���������Ç���š�Z�}�•�����À�����š�}�Œ�•�����•�������i�������v�š�������P���• 
 
�d�Z�����•�����o���Œ���š�Œ�]�‰�o�����‰�Œ�}���µ���š���]�v�À�}�o�À���•���š�Z�Œ�������À�����š�}�Œ�•�����v�����]�•�������.�v���������• 
 
�Á�Z���Œ�����]�•���µ�•���•�����Œ�}�•�•���‰�Œ�}���µ���š���}�(���À�����š�}�Œ���������v�����������v�����š�Z���v�����}�š���‰�Œ�}���µ���š���}�(���š�Z���š���Œ���•�µ�o�š���Á�]�š�Z���À�����š�}�Œ��
���X 
 
�>���š���U���U�����v�����X 
�&�]�Œ�•�š���.�v�����š�Z�������Œ�}�•�•���‰�Œ�}���µ���š�W 
 
 
�E�}�Á���š���l�����š�Z�������}�š���‰�Œ�}���µ���š���Á�]�š�Z���W 
 
 
�^�}�U���š�Z�����À�}�o�µ�u�����}�(���š�Z�����‰���Œ���o�o���o���‰�]�‰�������(�}�Œ�u���������Ç���š�Z�����š�Z�Œ�������À�����š�}�Œ�•���]�•���ò�X 
 
�^�]�v�������š�Z�����}�Œ�����Œ���}�(�����U�����U���������}���•�v�[�š�����+�����š���š�Z�����À�}�o�µ�u���U���Á�����l�v�}�Á���š�Z���š�W 
�W�Œ�}�}�(�W 
 
���€���U�����U�����•���A���€���U�����U�����•���A���€���U�����U�����•���A���>�€���U�����U�����•���A���>�€���U�����U�����•���A���>�€���U�����U�����•�X 
 
�^�}�������?���~�����=�����•���A�������?�������=�������?�����X�� 
 
�>���š�������A�������?���~�����=�����•���>�������?�������>�������?�����X�� 
�t�����Z���À���������|�������A�������|���€�����?���~�����=�����•�•���>�������|���~�����?�����•���>�������|���~�����?�����•���A�� 
�~�����=�����•���|���~�����?�����•���>�������|���~�����?�����•���>�������|���~�����?�����•���A���ì 
���d�Z�µ�•�������A���ì 
 
�����µ���Z�Ç�r�^���Z�Á���Œ�Ì���/�v���‹�µ���o�]�š�Ç�W 
 
�d�Z�]�•���(�µ�v�����u���v�š���o���‰�Œ�]�v���]�‰�o�����•�š���š���•���š�Z���š���š�Z���������•�}�o�µ�š�����À���o�µ�����}�(���š�Z�����]�v�v���Œ���‰�Œ�}���µ���š���}�(���š�Á�}���À�����š�}�Œ�•��
�]�•���o���•�•���š�Z���v���}�Œ�����‹�µ���o���š�}���š�Z�����‰�Œ�}���µ���š���}�(���š�Z���]�Œ���~�u���P�v�]�š�µ�����•�• 
 
�W�Œ�}�}�(�W 
�^�]�v���� 
 
 
�Z�����}�P�v�]�•�]�v�P�������‰���Œ�(�����š���•�‹�µ���Œ���W 
 
 
�d���l�]�v�P���•�‹�µ���Œ�����Œ�}�}�š�•���}�(�����}�š�Z���•�]�����•���~���}�š�Z���•�]�����•�����Œ�����v�}�v�r�v���P���Ÿ�À���•�W 
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�s�����š�}�Œ�•���]�v���W 
�s�����š�}�Œ�•���]�v���������v�}�š���•���v�r���]�u���v�•�]�}�v���o�����}�u�‰�o���Æ���•�‰�������U�������.�v���������•���š�Z�����•���š���}�(�����o�o���}�Œ�����Œ�������v�r�š�µ�‰�o���•��
�}�(�����}�u�‰�o���Æ���v�µ�u�����Œ�•���U���Á�Z���Œ�����������Z���X�������À�����š�}�Œ���]�v���]�•���•�µ���Z�����v���v�r�š�µ�‰�o�������v���U�����o�š�Z�}�µ�P�Z���]�š�������v�v�}�š��������
�]�v�š���Œ�‰�Œ���š�������P���}�u���š�Œ�]�����o�o�Ç���]�v���š�Z�����•���u�����Á���Ç�����•���Œ�����o���À�����š�}�Œ�•�U���]�š���]�•���š�Œ�����š���������o�P�����Œ���]�����o�o�Ç���]�v�����v��
���v���o�}�P�}�µ�•���u���v�v���Œ�X 
�&�}�Œ���À�����š�}�Œ�•���U���š�Z�����•�����o���Œ���‰�Œ�}���µ���š���]�•�������.�v���������Ç 
�U 
�� 
���v�����š�Z�]�•���u�µ�•�š���•���Ÿ�•�(�Ç�W 
�í�•���µ�„���À���A���~�À�„���µ�•�Û 
�î�•���}�Œ�����o�o���•�����o���Œ�•���U�� 
�ï�•���µ�„�µ�H�ì�����v�����µ�„�µ�A�ì 
 
 
�d�Z�]�•���]�•���v�������•�•���Œ�Ç�����������µ�•�����]�(���Á���������.�v�������š�Z�����•�����o���Œ���‰�Œ�}���µ���š���]�v���Á�]�š�Z�}�µ�š�����}�u�‰�o���Æ�����}�v�i�µ�P���Ÿ�}�v�U��
�š�Z���v���(�}�Œ 
 
 
�Á�����Á�}�µ�o�����Z���À�� 
 
 
�t�Z�]���Z���P�}���•�����P���]�v�•�š���š�Z�����}�v�����š�Z�������Æ�]�}�u���š�Z���š���š�Z�����•�����o���Œ���‰�Œ�}���µ���š���u�µ�•�š���������v�}�v�r�v���P���Ÿ�À���X 
�&�]�v���o�o�Ç�U���Á�������o�•�}�������v���‰�Œ�}�À�����š�Z���������µ���Z�Ç�t�^���Z�Á���Œ�Ì���]�v���‹�µ���o�]�š�Ç���(�}�Œ�����}�u�‰�o���Æ���À�����š�}�Œ���•�‰�������•���µ�•�]�v�P��
�š�Z�����•���u�������Œ�P�µ�u���v�š�����•���]�v���š�Z�����Œ�����o�������•���U�����Æ�����‰�š���š�Z���š���Á�����.�Œ�•�š���u�µ�o�Ÿ�‰�o�Ç�����Ç���������}�u�‰�o���Æ���v�µ�u�����Œ���•�}��
�š�Z���š���]�•�������Œ�����o���v�µ�u�����Œ�X���d�Z�����(�����š�}�Œ���š�Z���v�����]�•���‰�‰�����Œ�•���Á�Z���v���Á�����š���l�����u�}���µ�o�µ�•���•�]�P�v�•�����š���š�Z�������v�����}�(��
�š�Z�����‰�Œ�}�}�(�X 
 
�s�����š�}�Œ���]�v���•�µ���•�‰�������•�W 
 
�/�š���]�•���������o���u���v�š���}�(�������•�u���o�o���Œ���À�����š�}�Œ���•�‰���������~�•�µ���•�‰�������•�����}�v�š���]�v�������]�v�������o���Œ�P���Œ���À�����š�}�Œ���•�‰�������U��
���������µ�•�����š�Z���Ç���Œ���š���]�v�����o�o���}�‰���Œ���Ÿ�}�v�•���}�(���������]�Ÿ�}�v�����v�����•�����o���Œ���u�µ�o�Ÿ�‰�o�]�����Ÿ�}�v�U���u�����v�]�v�P���š�Z���]�Œ���Œ���•�µ�o�š��
�o�]���•���]�v���š�Z�����•�µ���•�‰�������•���Á�Z���v���������������}�Œ���•�����o���Œ�r�u�µ�o�Ÿ�‰�o�]�����U�����v�����š�Z���Ç�����o�•�}���Z���À�����š�Z�����Ì���Œ�}���À�����š�}�Œ�U���š�}��
�u���l�����•�µ�Œ�����]�š�������Z���À���•���o�]�l���������À�����š�}�Œ���•�‰���������]�š�•���o�(�X 
�&�}�Œ�������•�µ���•���š���}�(�������À�����š�}�Œ���•�‰���������š�}�������������•�µ���•�‰�������U���]�š���u�µ�•�š���•���Ÿ�•�(�Ç���š�Z�Œ�������l���Ç�����}�v���]�Ÿ�}�v�•�W�� 
 
 
 
 
 
�W�Œ�}�}�(�W 
�d�}���•�Z�}�Á���š�Z���š���ƒ ���]�•�������•�µ���•�‰���������}�(���•�W�U���Á�����u�µ�•�š���À���Œ�]�(�Ç���š�Z�����š�Z�Œ�������•�µ���•�‰�����������Æ�]�}�u�•�X 
 
 
�&�]�Œ�•�š�U���Á�������Z�����l���š�Z���š���š�Z�����Ì���Œ�}���À�����š�}�Œ���]�•���]�v���o�µ�������X���^�}�U���Á�����Á�]�o�o���•�µ���•�Ÿ�š�µ�š�����ì���]�v�š�}���������v�������X�� 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

92 

 
 
�,���v�����U���X 
 
�E���Æ�š�U���Á�����Á�]�o�o���µ�•�������o�}�•�µ�Œ�����µ�v�����Œ���������]�Ÿ�}�v�X 
 
 
�d�Z���v 
 
 
�>���š�����v�����X���^�]�v�������U���Á�����Z���À�� 
 
 
�•�}���=���=���>���Ð���9 �X 
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�^�}�U���Á�������}�v���o�µ�������š�Z���š���9 ���]�•�������•�µ���•�‰���������}�(�� 
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�(�Œ�}�u���À�����š�}�Œ���•�‰�������•���•�µ���Z�����•���•�����o���Œ���u�µ�o�Ÿ�‰�o�]�����Ÿ�}�v�����v�����À�����š�}�Œ���������]�Ÿ�}�v�X�����À���Œ�Ç�����Z���Œ�����š���Œ���š�Z���š���Á����
�•�������]�v���À�]�����}���P���u���•���}�Œ�����v�]�u���š�������.�o�u�•�����Œ�����u���������(�Œ�}�u���•�]�u�‰�o���Œ���À�����š�}�Œ�•�X���d�Z�}�µ�•���v���•���}�(���Ÿ�v�Ç��
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Number Theory 
 

By Alvin Leung 8M, Gabriel Banica 8M 
 
Number theory is one of the largest branches of mathematics, stemming from the field of pure 
mathematics. It is defined as the study of integers and their properties (but it also studies more than 
just integers), and the main branches of number theory are elementary number theory, analytic 
number theory, algebraic number theory and geometric number theory. There are more branches of 
number theory, one of which is probabilistic number theory. Elementary number theory studies 
aspects of integers that can be investigated using elementary methods (for example elementary 
proofs, which make no use of complex analysis), analytic number theory relies on complex numbers 
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and techniques from analysis and calculus, algebraic number theory uses algebraic structures, such 
as fields, rings, loops and lattices, to analyze the properties of and relations between numbers, and 
geometric number theory uses concepts from geometry to study numbers. One key feature of 
number theory is prime numbers. 
 
PRIME NUMBERS 
   �d�Z�����(�]�Œ�•�š���š�Z�]�v�P���š�Z���š���]�•���v�������•�•���Œ�Ç���š�}���µ�v�����Œ�•�š���v�����]�•���Z�Á�Z���š���]�•�������‰�Œ�]�u�����v�µ�u�����Œ�[�M���/�š���]�•�������v�µ�u�����Œ���Á�Z�]���Z���]�•��
divisible completely by only two numbers: 1 and itself. All other positive numbers (excluding 1) are 
products of primes. This is known as the Fundamental Theorem of Arithmetic.The products of 
primes are known as composite numbers. 
   �>���š�[�•�������P�]�v���Á�]�š�Z�������•�]�u�‰�o�����š�Z���}�Œ���u���}�(���‰�Œ�]�u�����v�µ�u�����Œ�•�X���d�Z�����‹�µ���•�š�]�}�v���]�•���š�Z�����v�µ�u�����Œ���}�(���‰�Œ�]�u���•�X���d�Z���Œ����
is a simple and elegant proof that gives the amount of primes as infinite, dating back to 300 BC, and 
was discovered by Euclid. It proves the infinitude of primes by proof by contradiction, also Reductio 
ad absurdum. Here it is in full: 
   �^�^�µ�‰�‰�}�•�����š�Z���š���Á�����Z���À���������(�]�v�]�š�����o�]�•�š���}�(���‰�Œ�]�u���•�U���Á�Z�]���Z���•�µ�‰�‰�}�•�����o�Ç�����}�v�š���]�v�•�����À���Œ�Ç���‰�Œ�]�u�����v�µ�u�����Œ�X���t����
can disprove this claim through proof by contradiction. So, suppose the list was rewritten as this 
following statement: 
   P1 x P2  x P3 x P4 x P5 �Y���Æ���Wx + 1 = N 
   (The subscript refers to the term. For example, if in this version of the equation the list was 
2,3,5,7,19,23,101 then the term P1 would refer to 2, P2 referring to 3, P3 referring to 5, and so on up to 
P7 referring to 101.) 
   �E�}�Á�U���Z�E�[���]�•���š�Z�����v�µ�u�����Œ���‰�Œ�}���µ�����������Ç���•�}�o�À�]�v�P���š�Z�������‹�µ���š�]�}�v�X���d�Z�������v�•�Á���Œ���Z���•���š�}�������������‰�Œ�]�u�����}�Œ������
composite number. If the number is a prime, then the claim is unfounded. If the number is composite, 
the number is a product of primes. If we try to divide it by any of the original primes, we get a 
remainder of 1, because of that 1 at the end of the statement and that 1 is not divisible by any 
primes.  Hence, there has to exist at least one new prime. And when we add this to the list, we can 
just run the whole process again to find more primes not in this list. So, the number of primes is not 
�(�]�v�]�š���U�����v�����Z���•���š�}���������]�v�(�]�v�]�š�������Ç�����}�v�š�Œ�����]���š�]�}�v�X�_  
   �d�Z�]�•���‰�Œ�}�}�(���]�•���Á�]�����o�Ç�����}�v�•�]�����Œ�������š�Z�����(�]�Œ�•�š���‰�Œ�}�}�(�������}�µ�š���‰�Œ�]�u���•�����v�����Á���•���(�]�Œ�•�š���Á�Œ�]�š�š���v���]�v�����µ���o�]���[�•�����}�}�l��
,the Elements, Proposition 20 in Book IX. There are over 200 other proofs of the infinitude of primes, 
but this is the simplest and most famous proof of this.  
   �^�}�u�����}�(���š�Z�������}�v�i�����š�µ�Œ���•���(�����š�µ�Œ�������u�}�•�š���]�v���š�Z�����•�š�µ���Ç���}�(���‰�Œ�]�u���•�����Œ�������}�v�i�����š�µ�Œ���•���•�µ���Z�����•���'�}�o���������Z�[�•��
conjectures and the Riemann Hypothesis, along with the conjectures concerning the distribution of 
prime numbers, for example the twin prime conjecture.  
   �'�}�o���������Z�[�•�����}�v�i�����š�µ�Œ���•�����Œ�����š�Z�������}�v�i�����š�µ�Œ���•���š�Z���š���}�v���U�����À���Œ�Ç�����À���v���v�µ�u�����Œ�������}�À�����î���š�Z���Œ�������Æ�]�•�š�•��
exactly two primes that add up to that even number (the even conjecture, also the strong 
conjecture), and two, for every odd number above 5 there exists three primes that add up to that 
odd number (the odd conjecture, also the weak conjecture). The even conjecture implies that the 
odd conjecture, but not inversely. So far, the odd conjecture has been solved, but the even 
conjecture remains open. This particular conjecture has been verified for all numbers up to 4 x 1018 
without a counterexample found. However, this is ridiculously small in the eyes of professional 
mathematicians, and they need proof. There have been theorems proven that get significantly close 
�š�}���š�Z�������v�•�Á���Œ�U���•�µ���Z�����•�����Z���v�[�•���d�Z���}�Œ���u�U���Á�Z�]���Z���‰�Œ�}�À���•���š�Z���š�����À���Œy sufficiently large even number is 
the sum of a prime and a semiprime (a number that is the product of at most two primes). 
Mathematicians also have shown using methods  that almost all even numbers can be written as the 
sum of two primes.   The Riemann Hypothesis is one of the most famous conjectures involving 
primes and the one mathematicians are most keen to solve, and will be explained later. 
   Primes are called the building blocks of number theory, because they showcase some of the core 
aspects of number theory, including divisibility and integers. There are infinitely many prime 
numbers, the set of prime numbers. (Number sets are collections of numbers, which are in the form 
a+bi). 
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To INFINITY and Beyond 
   Infinity is a very slippery concept to begin with. The definition of infinity most people think: an 
endless number, when in fact it is not even a number. The real infinity has not just one but endless 
sets, the smallest of which we know is aleph-zero, the infinitude of the natural numbers. Georg 
Cantor proved the infinitude of sets of infinity by proving his power set theorem. Aleph-zero is 
ridiculously small in comparison with all the other sets of infinity. One of the apparent paradoxes in 
this is the �(���u�}�µ�•�U�������o�����Œ���š�������Œ���•�µ�o�š���,�]�o�����Œ�š�[�•���,�}�š���o�U���Á�Z�]���Z�������u�}�v�•�š�Œ���š���•���š�Z�����Á���]�Œ���v���•�•���}�(���]�v�(�]�v�]�š�Ç�����Ç��
the following arguments: 

�x �,�]�o�����Œ�š�[�•���Z�}�š���o�U�����v���]�v�(�]�v�]�š�����Z�}�š���o�U���]�•���(�µ�o�o���~�Z�Ç�‰�}�š�Z���š�]�����o�o�Ç�•�X�������š�}�µ�Œ�]�•�š���Á�]�š�Z�}�µ�š�������Œ���•���Œ�À���š�]�}�v�����}�u���•��
into the hotel and requests a room for the night. The manager, standing at the desk, comes 
to sort out the apparently impossible scenario by asking the tourist to have a seat while she 
�P�}���•���}�v�š�}���š�Z�������µ���]�}���•�Ç�•�š���u�����v�����•���Ç�•�U���^�W�o�����•���U���Á�]�o�o�����À���Œ�Ç�}�v�����Œ���o�}�����š�����}�v�����Œ�}�}�u���µ�‰���š�Z����
���}�Œ�Œ�]���}�Œ���(�Œ�}�u���š�Z�����o�}�����Ç�X���d�Z���v�l���Ç�}�µ�����v�����Z���À���������P�}�}�����•�š���Ç�X�_�����À���Œ�Ç���‰���Œ�•�}�v���Œ���o�}�����š���•���(�Œ�}�u���Œ�}�}�u��
n to room n+1, for their own n, and the new tourist has a room. 

�x �,�]�o�����Œ�š�[�•���,�}�š���o���‰���Œ�š���î�X���/�š���]�•���(�µ�o�o�����P���]�v�U�����v�����������µ�•���Á�]�š�Z���]�v�(�]�v�]�š�����‰���}�‰�o�������Œ�Œ�]�À���•���~���o�•�}��
�Z�Ç�‰�}�š�Z���š�]�����o�o�Ç�•���d�Z�����u���v���P���Œ���•�����•�����v�����P�}���•���}�v�š�}���š�Z�������µ���]�}���•�Ç�•�š���u�����P���]�v�U���^�W�o�����•�����Á�]�o�o��
���À���Œ�Ç�}�v�����Œ���o�}�����š�����š�}���š�Z�����Œ�}�}�u���Á�Z�]���Z���]�•���š�Á�]�������š�Z���]�Œ�����µ�Œ�Œ���v�š���Œ�}�}�u���v�µ�u�����Œ�X�_���^�Z�����š�Z���v���Œ���‹uests 
that the bus driver tells everyone to remember their seat number and to go to room 2n-1, n 
for their own seat number. 

�x �,�]�o�����Œ�š�[�•���,�}�š���o���‰���Œ�š���ï�X���d�Z�����Z�}�š���o���]�•���(�µ�o�o�U���Á�Z���v���]�v�(�]�v�]�š�������µ�•���•�����Œ�Œ�]�À�����]�v���š�Z���������Œ���‰���Œ�l���~�X�X�X�•�X���d�Z����
�u���v���P���Œ���•���Ç�•���š�}���š�Z�������µ�•�����Œ�]�À���Œ���}�(�����µ�•���í�U���^�t���[�Œ�����(�µ�o�o�����µ�š���/�������v���•�š�]�o�o���(�]�š���Ç�}�µ�����o�o���]�v�J���D�}�À����
���À���Œ�Ç�}�v�����š�}���Ç�}�µ�Œ�����µ�•�X�_���d�Z�������µ�•�����Œ�]�À���Œ���•���Ç�•���]�š�[�•���]�u�‰�}�•�•�]���o�����š�}�����}���•�}�U�����µ�š���š�Z�����u���v���P���Œ���Œ���‰�o�]���•�X��
�^�d�Z�]�v�l�����P���]�v�U�����v�����Œ���u���u�����Œ���š�Z�����•�����š�•���µ�•�]�v�P���������]���P�}�v���o���}�Œ�����Œ�X���d�Z���v�U�����À���Œ�Ç���‰���Œ�•�}�v���Z���•������
�•�]�v�P�o�����‰�o�������X�_���^�}���Z�������]���U�����v�����š�Z�����Œ���•�µ�o�š�������P���v���Á�]�š�Z���š�Z���������o�}�Á�W 

 

�d�Z���v���•�Z�����•���]���U���^�E�}�Á���/�–�À�����}�v�o�Ç���P�}�š���}�v�����]�v�(�]�v�]�š�������µ�•�o�}�����U�����v�����/���l�v�}�Á���Z�}�Á���š�}���������o���Á�]�š�Z���š�Z���š�X�_ 
�~�W���Œ�š�o�Ç���š���l���v���(�Œ�}�u���W�Œ�}�(���•�•�}�Œ���^�š���Á���Œ�š�[�•���������]�v���š���}�(���D���š�Z���u���š�]�����o�����µ�Œ�]�}�•�]�š�]���•�����Ç���/���v���^�š���Á���Œ�š�V��
there is another approach that is not here) 

   The gatecrasher was if there were decimals between 0 and 1 on the infinite bus, and the bus was 
�(�µ�o�o�U���š�Z���v���Ç�}�µ���Á�}�µ�o���v�[�š�������������o�����š�}���(�]�š�����o�o���š�Z�����������]�u���o�•���]�v���š�Z�����Z�}�š���o�X�������‰�Œ�}�}�(���]�•�������o�}�Á�X 
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   �>�]�v�����µ�‰�����o�o���š�Z�����������]�u���o�•���]�v���š�Z�����Z�}�š���o�U���(�}�Œ�����Æ���u�‰�o�����ì�X�ò���}�Œ���ì�X�ð�õ�ï�ó�õ�ï�ó�ñ�Y�U�����v�����Á�Œ�]�š�����š�Z���v�U���o�]�l���������o�}�Á�W 
 

(Table extends to infinity) 
   Now, write a new decimal, which is created by lining up the first digit of the first decimal, second 
digit of the second decimal, third digit of the third decimal, and in general the nth digit of the nth 
�������]�u���o�X���~�Á�������]�•���}�µ�v�š���]�v�]�š�]���o���ì�[�•�•���š�}�����Œ�����š���W���ì�X�ì�ó�ñ�ó�î�í�Y���~�]�v���š�Z�]�•���}�������•�]�}�v�V���š�Z�������}�o�����]�•���š�Z�����������]�u���o�•��
�µ�•�����•�X���d�Z���v�U�����Z���v�P�������o�o���š�Z�������]�P�]�š�•�U���•�}���(�}�Œ�����Æ���u�‰�o�����ì�X�í�ô�ò�ô�ï�î�Y�����v�����š�Z�]�•���������]�u���o�������v�v�}�š�����Æ�]�•�š���Á�]�š�Z�]�v���š�Z����
�Z�}�š���o�U�����������µ�•�����š�Z�����(�]�Œ�•�š�����]�P�]�š���}�(���š�Z�����(�]�Œ�•�š���������]�u���o�����}���•�v�[�š�����P�Œ�������Á�]�š�Z���š�Z�����(�]�Œ�•�š�����]�P�]�š���}�(���š�Z�����v���Á���������]�ual, 
�š�Z�����•�����}�v�������]�P�]�š���}�(���š�Z�����•�����}�v�����������]�u���o�����}���•�v�[�š�����P�Œ�������Á�]�š�Z���š�Z�����•�����}�v�������]�P�]�š���}�(���š�Z�����������]�u���o�U���š�Z�����š�Z�]�Œ����
���]�P�]�š���}�(���š�Z�����š�Z�]�Œ�����������]�u���o�����}���•�v�[�š�����P�Œ�������Á�]�š�Z���š�Z�����š�Z�]�Œ�������]�P�]�š���}�(���š�Z�����������]�u���o�U�����v�����]�v���P���v���Œ���o�U���š�Z�����v�š�Z��
���]�P�]�š���}�(���š�Z�����v�š�Z���������]�u���o�����}���•�v�[�š�����P�Œ�������Á�]�š�Z���š�Z�����vth digit of the decimal. 
   This approach always works by repeating the same process, and to be sure it can also be done with 
minor variations. 
   �d�Z�]�•�����Œ�P�µ�u���v�š���]�•���l�v�}�Á�v�����•�������v�š�}�Œ�[�•�����]���P�}�v���o�����Œ�P�µ�u���v�š�X�������v�š�}�Œ���Á���•�����v���]�u�‰�}�Œ�š���v�š���‰�]�}�v�����Œ���]�v���š�Z����
understanding of infinity, and his power set theorem was the following: Start with the set of natural 
numbers, which has the smallest infinite cardinality (the size), called Aleph-null /  Aleph-zero. 
�����v�š�}�Œ�[�•���š�Z���}�Œ���u���‰�Œ�}�À���•���š�Z�����‰�}�Á���Œ���•���š���}�(���š�Z�����v���š�µ�Œ���o���v�µ�u�����Œ�•���Z���•�������•�š�Œ�]���š�o�Ç���o���Œ�P���Œ�������Œ���]�v���o�]�š�Ç���š�Z���v��
the set of natural numbers, and in particular you can establish one-to-one correspondence between 
the power set of the natural numbers and the set of real numbers. You can then take the power set 
of the power set, which would be a bigger infinity, and this generates a sequence of ever-larger 
infinite cardinal numbers, aleph-one, aleph-two, aleph-three etc. 
 
Complex numbers 
   In 1545, the first written square root of a negative number was included in a book on algebra, Ars 
Magna, Latin for Great Art, and this was written by Gerolamo Cardano, who thought that the very 
ideas of imaginary and complex numbers were rubbish. He presented the solutions to cubic 
equations to problems (an example: 2 numbers sum to 10 and multiply to 40, and the answer 
required the square root of -15), but the person most central to the understanding of imaginary 
numbers was Rafael Bombelli, who established the rules for their arithmetic. Descartes coined the 
�š���Œ�u���^�]�u���P�]�v���Œ�Ç�_���(�}�Œ���š�Z���u���]�v���í�ñ�ï�ó�X 
   The square root of -�í���]�•���v���u�������Z�]�[�����Ç���u���š�Z���u���š�]���]���v�•���~�š�Z�����µ�v�]�š���]�•���Œ���‰�Œ���•���v�š���������•���i���]�v�����v�P�]�v�����Œ�]�v�P���š�}��
avoid confusion). i is quite special in the context of powers, because of its powers: as follows,  

�x i1= i 
�x i2= i × i = -1 
�x i3= i × i × i = -1 × i = -i 
�x i4= i × i × i × i = -1 × -1 = 1 

   Which revolves around an anticlockwise spiral on the complex plane. 
   Adding any value of imaginary number to any value of real number gives a complex number, an 
example of this being 3i +10.  
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   The complex numbers are a key piece of mathematics, because it enables us to solve ever more 
���}�u�‰�o���Æ���‰�Œ�}���o���u�•�U���P�]�À���•�����v�����Æ�‰���v�•�]�}�v���}�(���š�Z�����Z�v�µ�u�����Œ���o�]�v���[�U�����v�����u���l���•���š�Z�������µ�Œ�Œ���v�š���•�Ç�•�š���u��
�Z���o�P�����Œ���]�����o�o�Ç�����}�u�‰�o���š���[�U���u�����v�]�v�P���š�Z���š�����o�o���‰�}�o�Ç�v�}�u�]���o�����‹�µ���š�]�}�v�•���~���o�P�����Œ���]�������‹�µ���š�]�}�v�•���Z���}�v�•�]�•�š�]�v�P���}�(��
indeterminates and coefficients, and involves only the operations of addition, subtraction, 
�u�µ�o�š�]�‰�o�]�����š�]�}�v�U�����v�������Æ�‰�}�v���v�š�]���š�]�}�v���š�}���v�}�v�v���P���š�]�À�����]�v�š���P���Œ���‰�}�Á���Œ�•�U�����v�����Z���•�������(�]�v�]�š�����v�µ�u�����Œ���}�(���š���Œ�u�•�[��
and equal to 0. One example is 3x2+6x-3=0) can be solved within the system - the Fundamental 
Theorem of Algebra. They are used to analyze multiple items, including zeta functions and quadratic 
forms. 
 
PROBLEMS IN NUMBER THEORY 
   Problems in number theory are conjectures that concern number theory. The more famous 
problems in mathematics are the Millennium Problems, by the Clay Mathematics Institute's 
hand.The most famous unsolved problem is the Riemann Hypothesis, but it will be explained in a 
separate section. 
   Well-�l�v�}�Á�v���u���i�}�Œ���‰�Œ�}���o���u�•���]�v���v�µ�u�����Œ���š�Z���}�Œ�Ç���]�v���o�µ�������'�}�o���������Z�[�•�����}�v�i�����š�µ�Œ�����~�š�Z�������À���v���}�v�����•�]�v������
the odd one has been proven, mentioned above), the twin prime conjecture, the collatz conjecture 
(also known as the 3n+1 conjecture, 3x+1 conjecture, easiest unsolved problem, hailstone sequence, 
���v�����•�}�u�����}�š�Z���Œ���v���u���•�•�U���š�Z�����‹�µ���•�š�]�}�v���}�(���}�������‰���Œ�(�����š���v�µ�u�����Œ�•�[�����Æ�]�•�š���v�����U���š�Z���������������}�v�i�����š�µ�Œ���U���š�Z����
Beal conjecture, and the Birch and Swinnerton conjecture (also a Millennium Prize Problem). Some 
of these will be explained below: 

�x Twin prime conjecture. This conjecture is the unproven statement that there are infinitely 
many twin prime numbers (i.e. primes of the form n±1). This is considered important 
because it is a classic and seemingly simple but hard to solve problem that tests 
mathematical methods. The solution (if it exists) will most likely require a new mathematical 
area and a new strategy of tackling the problem. It will also likely provide tools to solve 
�}�š�Z���Œ���‰�Œ�}���o���u�•�U���]�v���o�µ���]�v�P���'�}�o���������Z�[�•�����}�v�i�����š�µ�Œ���U�����v�����‰�Œ�}�À�����•�}�u�����]�v�•�]�Pht of the Riemann 
Hypothesis. It also would suggest that there is some kind of pattern among the primes. Since 
primes are used for cryptography, cryptography could catch some amount of usefulness 
from a solution of this conjecture. In theory, this could lead to significant advances directly 
and indirectly. 

 
 

�x Odd perfect numbers. It is not known of the existence of any odd numbers, and if they exist 
�u�µ�•�š���Z���À�������š���o�����•�š���í�ì�����]�•�š�]�v���š���‰�Œ�]�u�����(�����š�}�Œ�•���~���À���v���u�}�Œ�����]�(���}�v�����}�(���š�Z���•�����]�•�v�[�š���ï�•�����v�����������P�Œ�����š���Œ��
than 101500�X���d�Z���š�[�•���í���(�}�o�o�}�Á���������Ç���í�ñ�ì�ì���Ì���Œ�}�•�X���/�š���Z���•�����o�•�}���������v���‰�Œ�}�À�������š�Z���š���}�������‰���Œ�(�����š��
�v�µ�u�����Œ�•�U���o���š�[�•�������o�o���}�v�����l�U���Z���•���š�}���������}�(���š�Z�����(�}�Œ�u���<�A�‰qm2, where p is a prime, q is an odd 
integer, and p and m are coprime (e.g. they have to share no common factor other than 1, 
for example 31 and 194 would work) and there are other constraints on these possible 
numbers, including needing to have a whopping 101 prime factors (not distinct factors can 
count. The prime factorization of this number 210x 33x 72x 139 - a number that is relatively 
large and the Google calculator just spits out an exponential for - would have 10 +3+2+9=24 
factors), and the variables p and q would have to be congruent to 1 mod 4 (eg. 
1,5,101,1829857 etc.), it is not divisible by 105 and must be divisible by the numbers 3, 5 
and 7, or it has many factors. It may be the oldest unsolved problem, dating back to the time 
of the Greeks. Efforts from multiple mathematicians have pinpointed it having partially 
started in 100 CE, but being pondered by mathematicians such as Descartes in 1638 to 1640 
and beyond. 

 
 

�x Collatz conjecture. This is by far the easiest problem to understand out of all of the currently 
�•�š���š�������‰�Œ�}���o���u�•�U���Z���v�������]�š�•���v�]���l�v���u�����Z�š�Z���������•�]���•�š���µ�v�•�}�o�À�������‰�Œ�}���o���u�[�X���,�}�Á���À���Œ�U���]�š���]�•��not easy. 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

97 

The basic concept is that take any positive integer, from one onwards, and if it is odd, triple 
it and add one to it, otherwise it is even, so halve it, and repeat the same process for the 
next number, and the next. You will find that eventually they fall into the same cycle 
�~�ð�E�î�E�í�E�ð�E�î�E�í�E�ð�Y�•�U�����À���v���]�(�������š�Á�}�����]�P�]�š���v�µ�u�����Œ���P�}���•���}�(�(���]�v�š�}���š�Z�����š�Z�}�µ�•���v���•�������(�}�Œ�����Œ���š�µ�Œ�v�]�v�P�X��
�>���š�[�•���š���•�š���š�Z�]�•���Á�]�š�Z���š�Z�����v�µ�u�����Œ���õ�W  
  �õ�E�î�ô�E�í�ð�E�ó�E�î�î�E�í�í�E�ï�ð�E�í�ó�E�ñ�î�E�î�ò�E�í�ï�E�ð�ì�E�î�ì�E�í�ì�E�ñ�E�í�ò�E�ô�E�ð�E�î�E�í�E�ð�E�î�E�í�Y 

 
So, the path stops after 17 steps, entering the 4>2>1 cycle. Ok, then. What about 27? 
27>82>41>124>62>31>94>47>142>71>214>107>322>161>484>242>121>364>182>91>274
>137>412>206>103>310>155>466>233>700>350>175>526>263>790>395>1186>593>1780
>890>445>1336>668>334>167>502>251>754>377>1132>566>            283>850>425>1276>6
38>319>958>479>1438>719>2158>1079>3238>1619>4858>2429>7288>3644>1822>911>2
734>1367>4102>2051>6154>3077>9232>4616>     2308>1154>577>1732>866>433>1300>6
50>325>976>488>244>122>61>184>92> 
46>23>70>35>106>53>160>80>40>20>10>5>16>8>4>2>1�Y 
The especially interesting parts are highlighted in bold. This sequence is only a part of the so-
called Collatz multiverse, which is a larger variation of the Collatz conjecture, and contains 
the standard form an+b. (To avoid wasting space, the video is linked to in the sources, but 
also contains a bit of expletives) This is a big challenge and proves that even simple rules can 
generate complex results. 

 
 

�x The abc conjecture. Also known as the Oesterlé-Masser conjecture, it is one of the most 
important unsolved problems in number theory. It was formulated in 1985, and has many 
���}�v�•���‹�µ���v�����•�U���]�v���o�µ���]�v�P���‰�Œ�}�À�]���]�v�P�������•�]�u�‰�o�����‰�Œ�}�}�(���(�}�Œ���&���Œ�u���š�[�•���>���•�š���d�Z���}�Œ���u���~�]�š���Á���•���‰�Œ�}�À���v��
by Andrew Wiles in 1995), proving other conjectures (e.g. the Beal conjecture) and 
reiterating some already proven theorems. The point of the abc conjecture is: if two 
numbers, a and b, are divisible by high powers of small prime numbers, the sum, c, will 
usually not divide by high powers of small prime numbers. The formal equation is c<K
c x 
rad(abc)1+
c. The a,b,c terms are coprime (do not share common prime factors). Rad(n), or the 
radical of n, is to find all its distinct prime factors and multiply them together. The small 
epsilon (
c) is any fixed, random small positive real number. The K
c is a constant depending on 
the starting value of 
c and the conjecture asserts that such a constant exists for any 
c. 1+
c is 
the implication of that for any exponent greater than 1, only a small finite number of a,b,c 
�š�Œ�]�‰�o���•���À�]�}�o���š�����š�Z�����]�v���‹�µ���o�]�š�Ç�X���d�Z�����Z�•�u���o�o�[�����v�����Z�o���Œ�P���[���‰���Œ�š�•�����Œ�����‰�Œ�]�u���Œ�]�o�Ç���Œ���o���š�������š�}������
sufficiently large or small number. The main significance of this is that it proposes a deep 
relationship between additive and multiplicative properties of integers. 

 
 

�x Beal conjecture. This is the conjecture relating the adding and indices of certain numbers. If 
Ax+By=Cz, and the numbers A, B, C, x, y, z are positive integers with x, y, z being greater than 
2, then A, B, C all sharing a common prime factor. It is closely related to the Fermat-Catalan 
���}�v�i�����š�µ�Œ���U���Á�Z�]���Z���Á�]�o�o�����������Œ�]���(�o�Ç�����]�•���µ�•�•�������(�}�o�o�}�Á�]�v�P���š�Z�]�•�X���������}�u�u�}�v�����Æ���u�‰�o�����]�•���Z�în+2n=2n+1�[�U��
which works because 2n+2n �]�•�����‹�µ�]�À���o���v�š���š�}���Z�î�~�în�•�[�U�����v�������•���u�}�•�š���‰���}�‰�o�����Œ�����}�P�v�]�Ì���U�������(�}�Œ�u���î���Æ��
2n can be written as 2n+1, and also because 2, 2, and also 2 shares a common prime factor 2. In 
fact, there are infinitely many solutions to this, still satisfying the same condition. There are 
only trivial solutions like this as the problem claims that there are no nontrivial solutions. 
Some near-misses to the Beal conjecture are 33 + 154 = 373 - 1 and 74 + 193 =213 - 1.  

 
The Riemann Hypothesis 
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  The Riemann Hypothesis is an incredibly famous and unproven conjecture in mathematics, 
proposed by Bernhard Riemann, predicting all non-trivial solutions (referred to by mathematicians as 
�Z�Ì���Œ�}�•�[�•���}�(���š�Z�����Z�]���u���v�v���Ì���š�����(�µ�v���š�]�}�v���o�]�����}�v���š�Z�����À���Œ�š�]�����o���o�]�v�����]�v��the complex plane (the critical line), 
based in the field of analytic number theory. It has a significant sum of money for a proof or 
disproof, and is one of the older unsolved problems. It governs the exact distribution of prime 
numbers, and would verify the existence of patterns among the irregular-seeming primes. If it was 
false, it would mean there are Riemann zeta function zeros off the critical line, therefore there are 
irregular fluctuations in the distribution of prime numbers, implying the patterns among the primes 
���Œ�����•�}�u���Á�Z���š�����]�•�Œ�µ�‰�š�����X���t�����l�v�}�Á���Á�Z���š���]�u���P�]�v���Œ�Ç�����v�������}�u�‰�o���Æ���v�µ�u�����Œ�•�����Œ���U���•�}���o���š�[�•�����]�À�����Œ�]�P�Z�š���]�v�š�}��
the Riemann zeta function. 
   The Riemann zeta function, also the Euler-Riemann zeta function, is the mathematical function 
denoted by the Greek letter �z (zeta), and is defined as the formula: 

 
�z���~�•�•���A���í�l�ís+1/2s+1/3s+...=     
  
   The Riemann zeta function does not show what most people expect to see, as if you decided to 
�Z���À�����z���~�ì�•���Ç�}�µ���Á�}�µ�o�����P���š���š�Z���š���í�=�í�=�í�Y�����‹�µ���o�•��-½, which is seemingly impossible. However, this 
answer is defined through analytic continuation, and so the answer is technically correct. Another 
���Æ���u�‰�o���W���z���~-�í�•���A���í�=�î�=�ï�=�ð�=�ñ���Y���A��-1/12, a famous example of analytic continuation. 
  The significance of the Riemann zeta function is related to the primes by the Euler product formula, 
linking a formula with the prime numbers, to the Riemann zeta function, as seen below: 
    
   The link is hard to understand, but the product on the far right is the critical one: this formula is the 

product running through all primes, p,  �š�Z�����•�µ�u���]�v���š�Z�����u�]�����o�����]�•���š�Z�����Z�]���u���v�v���Ì���š�����(�µ�v���š�]�}�v�[�•���•�µ�u�U��
and the function on the left is the Riemann zeta function.  
   The equality and identity was first discovered (and proven) in 1737 by Leonhard Euler and was 
�‰�µ���o�]�•�Z�������]�v���š�Z�����š�Z���•�]�•���Z�s���Œ�]�������}���•���Œ�À���š�]�}�v���•�����]�Œ�������•���Œ�]���•���]�v�(�]�v�]�š���•�[ (Various Observations about 
�/�v�(�]�v�]�š�����^���Œ�]���•�•�X���Z�]���u���v�v�����Æ�š���v���������]�š���]�v���Z�]�•���í�ô�ñ�õ���‰���‰���Œ���^�K�v���š�Z�����E�µ�u�����Œ���}�(���W�Œ�]�u���•���>���•�•���d�Z���v�������'�]�À���v��
�D���P�v�]�š�µ�����_�U���Á�Z���Œ�����Z�������Æ�š���v���������š�Z�����(�µ�v���š�]�}�v���}�v�š�}���š�Z�������}�u�‰�o���Æ���‰�o���v���U���•�Z�}�Á�������]�š�•���Œ�}�o�����]�v��
understanding prime number distribution and formulated the Riemann Hypothesis. 
   Since the groundwork being laid by Euler and Riemann, there have been hundreds of disproved 
proofs/disproofs of the Riemann Hypothesis, one of the more publicised ones being Sir Michael 
���š�]�Ç���Z�[�•�����o���]�u���]�v���î�ì�í�ô�X�d�Z�Œ�}�µ�P�Z�}�µ�š���š�Z�����Ç�����Œ�•�U�����}�µ�v�š�o���•�•���‰���}�‰�o�����Z���À����made fruitless attempts to solve 
it, and others have made links from the Riemann zeta function and the Riemann Hypothesis to other 
equations. Riemann himself only commented on the Riemann Hypothesis as a remark in his 1859 
paper but did not expand on it (he felt it was unneeded for the project he was working on at the 
time). Its importance was recognized by several people, and David Hilbert marked it as one of many 
of the key mathematical challenges at the time (many of them are now solved). Its solution is so 
elusive that in 2000, the Clay Mathematics Institute  (CMI) listed it as one of the Millennium Prize 
problems, a list of 7 problems they thought were the most crucial to solve at the time, and only one 
�Á�Z�]���Z���Z���•���������v���•�}�o�À�����X���d�}���‹�µ�}�š�����š�Z�������D�/�U���^In order to celebrate mathematics in the new millennium, 
The Clay Mathematics Institute of Cambridge, Massachusetts (CMI) established seven Prize 
Problems. The Prizes were conceived to record some of the most difficult problems with which 
mathematicians were grappling at the turn of the second millennium; [...] the importance of working 

https://www.claymath.org/
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towards a solution of the deepest, most difficult problems; and to recognize achievement in 
mathematics of historical magnitude�X�_���d�Z�����}�v�o�Ç���}�v�������}�v�•�]�����Œ�������•�}�o�À�������]�•���š�Z�����W�}�]�v�����Œ� �����}�v�i�����š�µ�Œ���U��
which had its solution announced in preprints  on ArXiv.org in 2002-03, written by Grigori Perelman 
(who rejected the $1 million that came with it). According to the CMI, the Riemann Hypothesis has 
been checked up to 1013 zeros, and not a single counterexample has been found. The vast majority of 
mathematicians believe that the Riemann Hypothesis is true, over 90%.  
   Unless there are some major advances on solving the Riemann Hypothesis, or a new strategy to 
tackle it works, we have no idea how to solve it, and we are only somewhere around the first tenth 
of the solution. Most mathematicians agree we are still very far from a complete solution.  
   Prominent claims have been made and are mentioned above, but for the most part they have 
�Z�}���À�]�}�µ�•�[���(�o���Á�•�X���D�}�•�š���‰�Œ�}�}�(�•���Z���À�����������v�����]�•�‰�Œ�}�À�����U�����v�������Æ�����š�o�Ç���v�}�v�����}�(  the claims are accepted by 
the mathematical community. Some are listed below: 

�x �^�]�Œ���D�]���Z�����o�����š�]�Ç���Z�[�•���Z�‰�Œ�}�}�(�[���]�v���î�ì�í�ô�X���/�š���Á���•���(�}�µ�v�����š�Z���š���]�š���Z�������•���À���Œ���o���(���š���o���(�o���Á�•�����v�����]�•��
generally regarded as an ambitious, albeit unsuccessful, attempt by a legendary 
mathematician in his final years, Atiyah having passed away in January 2019. Some links 
�o�]�v�l�]�v�P���š�}�����š�]�Ç���Z�[�•���‰�Œ�}�}�(�����Œ���������o�}�Á�W 
�d�Z�����‰�Œ���‰�Œ�]�v�š�������o�o�������^�d�Z�����Z�]���u���v�v���,�Ç�‰�}�š�Z���•�]�•�_���Á���•���(�}�µ�v�����}�v���š�Z�����Á�����•�]�š�����À�]�y�Œ���W 
viXra document (PDF version in the sources) 
The real paper was found here: THE FINE STRUCTURE CONSTANT (linked to the University of 
Exeter). 

�x �>�}�µ�]�•�����������Œ���v�P���•�[�•�����o���]�u���}�(�������‰�Œ�}�}�(���]�v���î�ì�ì�ð�����v�����µ�‰�����š�������•���À���Œ���o���š�]�u���•�����(�š���Œ�Á���Œ���•�X���d�Á�}��
versions are linked to below: 
De Branges' 2017 attempt at the Riemann Hypothesis + Earlier attempt 
More information on Louis de Branges can be found at the Purdue University website. Louis 
de Branges 

�x Popular approaches to the Riemann Hypothesis include using operators to connect zeta 
zeros to a physical system (the physics and quantum chaos approach), the Field with One 
Element approach by translation into a geometric statement about zeta functions over the 
field with one element (F1 is what it is usually denoted as - ���v�����v�}�U���š�Z�]�•���]�•�v�[�š�������i�}�l���•�����v�������]�Œ�����š��
attacks using analytic number theory. There are also others. Other more widely used 
approaches can also be applied to the Riemann Hypothesis, for example proof by 
contradiction�U���Á�Z�]���Z���Á���•���µ�•�������š�}���•�}�o�À�����u���v�Ç���‰�Œ�}���o���u�•�U���]�v���o�µ���]�v�P���‰�Œ�}�À�]�v�P���&���Œ�u���š�[�•���>���•�š��
Theorem (heavily leaning on proof by contradiction), proof by grouping zeros, and proving 
that those categories can only contain zeros of the form ½ +/- xi. 

 
PUZZLES 
�Z�/���o�]�l�����‰�µ�Ì�Ì�o���•�U���š�Z���Ç���u���l�����u�����š�Z�]�v�l�U�����v�����u�Ç���•�]�•�š���Œ�����Œ���•�Z���•���}�µ�š�J�[��- Gabriel Banica 2025 
�Z�/�(���Á�������]���v�[�š���Z���À�����‰�Œ�}���o���u�•�U���š�Z���v���}�µ�Œ���•�}���]���š�Ç���Á�}�µ�o���v�[�š�����Æ�]�•�š�X�[��- Alvin Leung 2025 
�ZThe important thing is not to stop questioning. Curiosity has its own reason for existing�[��- Albert 
Einstein 1955 
"Our greatest weakness lies in giving up." �t Thomas Edison. 
"Problems are not stop signs, they are guidelines." �t Unknown (attributed to many) 
 
 

�x The square number puzzle. If you arrange every number from 1 to 16 in a line, with the 
���}�v���]�š�]�}�v���}�(���v�µ�u�����Œ�•���Z���U�����U�����U�����U���������š���Y�[�X�����=�����u�µ�•�š�����‹�µ���o�������•�‹�µ���Œ�����v�µ�u�����Œ�U�����X�P���í�=�ï���A�ð�~��
which is a square number). Now what will the order be? (Check at the end of the article for 
answers!)  

 For a further challenge try to see if it works with cubed numbers 
 
 

https://vixra.org/pdf/1809.0481v1.pdf
https://empslocal.ex.ac.uk/people/staff/mrwatkin/zeta/atiyah_FSC.pdf
https://www.math.purdue.edu/~branges/proof-riemann-2017-04.pdf
https://www.math.purdue.edu/~branges/riemann-prop19.pdf
https://www.math.purdue.edu/people/profile/branges.html
https://www.math.purdue.edu/people/profile/branges.html
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�x The game is to put the balls in the box one at a time starting with ball number one. But 
whenever you put in a square number ball you take out its square root and put it away in a 
drawer somewhere safe. This means that the first move is a bit odd because when you put in 
ball 1, 1 is its own square root so you take it straight back out. Then you can put in ball 2 and 
3. When ball 4 goes in you take out ball 2 and put it in the drawer. Then balls 5 through 8 go 
in, before adding ball 9 and take out ball 3. The question is if you simply keep doing this, 
which balls will end up in the box and how many are safe in the drawer?   (Check at the 
end of the article for answers!)  

 
Answers 

�x 8-1-15-10-6-3-13-12-4-5-11-14-2-7-9-16 (fun fact - the pattern for the additions are 9 - 16 - 
25 - 16 and repeating again from 9) 

�x    The surprise is that the box ends up completely empty. Now that seems impossible since 
the number of balls in the box keeps getting bigger. But it is very well possible. Every 
number can be squared, meaning whatever number is in the box it can still be replaced by 
its square. This implies that there is never going to be a permanent ball staying in the box. 

 
Sources (mainly mentioned pages) 
Number theory - Wikipedia   Riemann hypothesis - Wikipedia    The Collatz Multiverse - Youtube 
Grid for hotel from https://www.ias.edu/ideas/2016/pires-hilbert-hotel  
The Riemann Hypothesis - PDF 
 
Some information based upon the book called: 
Things to Make and Do in the fourth Dimension by Matt Parker 

 
 
�%�H�D�W�L�Q�J���&�O�D�V�V�L�F�D�O���/�L�P�L�W�V�����$���*�X�L�G�H���W�R���*�U�R�Y�H�U�·�V���4�X�D�Q�W�X�P���6�H�D�U�F�K��

Algorithm 
 

By Abhinay Naresh 12D 
 

�>���š�[�•���•���Ç���š�Z���Œ�����]�•�������(�µ�v���š�]�}�v���(�~�v�•���Á�Z���Œ�����v�������v�����������v�Ç���]�v�š���P���Œ���(�Œ�}�u���ì���š�}���E�����v�����}�v�o�Ç���}�v����
number in this list would make f(n) equals  0.Understanding how the function works would 
not help in solving the problem  and you only have access to a verification function which 
returns true if n is the correct number .With a classical computer, the only way you could 
find n would be going through every number, inputting it into the verification function and 
then  trialling again. Therefore, on average it would take 1/2N number of trials to find a 
solution to this problem. In the terms of time complexity, it would take an O(N) length of 
time meaning the time taken to solve this problem is directly proportional to the size of N. 
When N is reasonably small, using a classical computer to solve this problem would be fairly 
quick. However, when N is extremely large, using a classical computer would take hundreds 
of years to solve such a problem. On the other hand, following Grovers algorithm, which is a 
quantum algorithm, the number of trials is approximately pi/4 root N resulting in a time 
complexity of O (root N). 

Before getting into the maths of Grovers algorithm, I will first explain the underlying 
principles of a quantum computer. In a classical computer the 0s and 1s that are stored are 
predetermined by the fundamental hardware of that computer, meaning we can directly 
control what series of 0s and 1s are stored but in a quantum computer the outcome is non 

https://en.wikipedia.org/wiki/Number_theory
https://en.wikipedia.org/wiki/Riemann_hypothesis
https://www.youtube.com/watch?v=n63FBYqj98E
https://www.ias.edu/ideas/2016/pires-hilbert-hotel
https://ep00.epimg.net/descargables/2018/09/25/b133e2bf9a3e7bb55f5fae26dcf9b8c0.pdf
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deterministic. For example, for 2 bits of memory there are 4 possible combinations of 
storing it 00,01,11,10. Effectively, in a quantum computer there is a distribution where each 
of these 4 possibilities have a distinct probability of being produced. This means that a 
�‹�µ���v�š�µ�u�����}�u�‰�µ�š���Œ�����}���•�v�[�š���‰�Œ�}���µ�����������‰���Œ�š�]���µ�o���Œ���}�µ�š�‰�µ�š�U���]�v�•�š�������������‰�Œ�}�������]�o�]�š�Ç�����]�•�š�Œ�]���µ�š�]�}�v��
over all possible outputs.(figure 1) How is the probability distribution determined? Where 
there are x possible outputs, imagine a vector plane with x dimensions where each possible 
output has a state vector in its own dimension. And the square of the magnitude state 
vector is the probability of that output being produced meaning the sum of each state 
vector squared is equal to  one. So, for 1 bit with either 1 or 0, the system has 2 dimensions-
the x axis where probability of one is 0 and y axis where the probability of 0 is 0. And the x 
value of the vector and the y value of the vector squared represent their probabilities which 
sum to 1.(figure 2) For a k qubit quantum computer there are �t�Þpossible states. The key 
limitation however, is that we have no possible way of observing or changing these state 
vector values apart from a select fundamental operations that I will discuss when I explain 
�'�Œ�}�À���Œ�[�•�����o�P�}�Œ�]�š�Z�u�X�����v�}�š�Z���Œ���]�u�‰�}�Œ�š���v�š���Œ�µ�o�����]�•���}�v���� �Á�����Z���À���U���‰�Œ�}�À���Œ���]���o�o�Ç���^�Œ�}�o�o�������š�Z�������]�����_��
and measured the system the bit string produced becomes fixed and from that point 
onward, the probability is 100 percent for that bit string. You have to repeat the algorithm 
again to reset the probability. This is due to the Measurement Problem, a fundamental 
principle of quantum mechanics.  

To solve the problem I listed at the start of the article the state vector of each of the N 
possible numbers is set to be equal to each other using Hadamard gate algorithm which 
ensures the value of each state vector is 1/root N(since sum of N state vectors squared 
equals 0).Out of these N planes ,visualise a 2d plane(figure 3) with the y axis representing 
the dimension of the correct value and the x axis represents the combined dimension of all 
the other possible outcomes. The angle between our balanced state vector and the y axis, 
which we can call alpha, can be calculated by the dot product of the vector representing the 
correcting solution and the balanced state vector which would be one/rootN since only one 
of the N outcomes is correct. Now let theta be the angle between the base vector and the 
axis. Due to the rules of complementary angles, sin theta is equal to cos alpha and  when N 
is high enough we can approximate theta to be sin theta meaning theta is approximately  
1/root N . Now we apply the quantum version of the verification function  to the entire 
superposition of values simultaneously, each iteration effectively rotating the base vector by 
2 theta. This occurs because the operation firstly reflects the base vector about the x axis 
and then, reflects it about the original base vector position. This process is repeated until 
the vector almost completely points to the y axis effectively manipulating the distribution 
using this operation so that the probability the correct value is outputted is almost 1.The 
optimum number of repetitions is the number of times the combined 2theta clockwise 
rotation occurs meaning it is (pi/2)/(2theta) which is pi/4root N therefore reducing time 
complexity from O(N) to O(root N).Now if there were M possible correct answers the 
optimum iterations is pi/4 root M/N  because the alpha value of the dot product would be 
different. 

Whilst this problem seems relatively simple, there are many real world situations where the 
Grover algorithm provides a significant speed up .There are a set of decision problems 
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known as NP which are solvable in polynomial time by a non deterministic Turing machine 
but verified in polynomial time by a deterministic Turing machine.NP problems include 
examples like the Chinese postman problem which finds the shortest possible closed walk 
that traverses every edge of a graph at least once that applies to social media companies 
who analyse graphs with billions of nodes as well as Cryptographic Hash functions like SHA 
256 which are pivotal to cybersecurity and games like battleships and �•�µ���}�l�µ�X���'�Œ�}�À���Œ�[�•��
algorithm is only scratching the surface of the potential of quantum computers. Whilst 
�'�Œ�}�À���Œ�[�•�����o�P�}�Œ�]�š�Z�u�����}���•�v�[�š���v���������š�Z�����À�����š�}�Œ�•���š�}���������‰�Œ���•���v�š���������•�����}�u�‰�o���Æ���v�µ�u�����Œ�•�����������µ�•����
the only operation is reflecting and changing the sign of the ve���š�}�Œ�U�����o�P�}�Œ�]�š�Z�u�•���o�]�l�����^�Z�}�Œ�[�•��
���o�P�}�Œ�]�š�Z�u�����}���Œ���o�Ç���}�v�����}�u�‰�o���Æ���v�µ�u�����Œ�•�X�^�Z�}�Œ�[�•�����o�P�Œ�}�]�š�Z�u���Z���•�������š�]�u�������}�u�‰�o���Æ�]�š�Ç���}�(���K���~�o�}�P��
�E�•�U�����š�š���Œ���š�Z���v���š�Z�����K�~�Œ�}�}�š�E�•���}�(���'�Œ�}�À���Œ�[�•�����o�P�}�Œ�]�š�Z�u�����v���������v���������µ�•�������š�}���(�]�v�����š�Z�����‰�Œ�]�u�����(�����š�}�Œ�•��
of any number. 

figure 1 

figure 2 
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figure 3 

 
Vectors and Variations: A dive into Applications of 

Vector/Variational Calculus 
 

By Johan Kota 12Z 
 

�t���[�À�������o�o���Z�����Œ�����}�(�������o���µ�o�µ�•�����v�����Á���[�À�������o�o���Z�����Œ�����}�(���À�����š�}�Œ�•�X���&�Œ�}�u�������'���^���l��-Level point of 
�À�]���Á�U���š�Z���•�����š�Á�}�����}�v�����‰�š�•���]�v���u���š�Z���u���š�]���•�����}�v�[�š���•�����u���š�}���������Œ���o���š�������Á�Z���š�•�}���À���Œ�X���,�}�Á���À���Œ��

from an undergraduate/postgraduate point of view, these two seemingly unrelated 
concepts will show to support each other time and time again. The area of study that 

involves the two is called vector calculus. 

What is vector calculus? 

�s�����š�}�Œ�������o���µ�o�µ�•�����}�u���•���µ�v�����Œ���š�Z�����µ�u���Œ���o�o�����š���Œ�u���Z�u�µ�o�š�]�À���Œ�]�����o���������o���µ�o�µ�•�[�X���h�v�o�]�l�����š�Z���������o���µ�o�µ�•��
studied in A-Level Maths and Further Maths, which typically involves dealing with two-
dimensional  space and single variable functions, this area involves studying space and 

geometry beyond the limitations of 2D space and also functions of multiple variables. For 
example, single variable calculus involves one independent variable and one dependant 

variable e. g y=f(x) where f(x)=arsinh(x). Multivariable calculus involves multiple 
independent variables and typically one dependant variable e. g z=f(x,y) where f(x,y)=3xy-
2sin(x-y). The reason why multivariable calculus is usually more important and difficult is 

because it can model real life situations that have multiple independent changes occurring 
���š���š�Z�����•���u�����š�]�u���X���/�š�[�•���]�u�‰�}�•�•�]���o�����š�}���•�š�µ���Ç���š�Z���•�����•�]�š�µ���š�]�}�v�•���µ�•�]�v�P���•�]�v�P�o�����À���Œ�]�����o���������o���µ�o�µ�•�U��

therefore the applications of multivariable calculus go far beyond single variable calculus. 
The two most fundamental concepts in vector calculus are vector-valued functions and 

fields. The two main types of fields are: vector fields and scalar fields. 

What is a vector-valued function? 

Vector-valued functions are seen as analogous to parametric equations, which are 
essentially a set of equations that trace out a curve or surface in space, with typically each 
coordinate being dependant on one or more independent variables (typically t and/or u & 

v).The only difference being vector-valued functions output a vector that goes out from the 
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global origin to the point at which the curve traces. Parametric equations come typically in 
the form (x,y)=(f(t),g(t)) which traces out a curve in 2D, or in the form (x,y,z)=(f(t),g(t),h(t)) 
which traces out a curve in 3D. Vector-valued functions come in the form �Œ�ú(t)=f(t)î+g(t)�k  or 
�Œ�ú(t)= f(t)î+g(t)�k+h(t)�l�û. They can also exist in higher dimensions, but are then too difficult to 
deal with. They are useful for modelling the path/trajectory of objects through space as 

(typically) time varies. The parameterisation of curves into these forms is especially useful 
for doing calculations with fields, as it makes the mathematics more simple. Vector-valued 
functions/parametric equations can also be used to trace out surfaces, but require multiple 

independent variables (usually u and v). See below the simple trajectory of an object in 
space over time using parametric equations. 

 

What is a scalar/vector field? 

A scalar field is a mathematical way of representing the outputs of a scalar-valued function 
in space. A scalar field is defined identically to regular functions and are typically 

multivariable. A 2D scalar field can be mapped to be a 2D surface in 3D, as both are defined 
by functions in the form F(x,y). The difference between the two is that a 2D scalar field takes 

in a point (x,y) as an input and then displays the calculated scalar value of the function on 
that specific point typically by using colour gradients that change depending on the 

magnitude of the scalar(see first diagram below), while two-variable functions take in a 
point (x,y) and displays the scalar value of the function as the height above or below the x-y 
plane, represented by the variable z. A typical use of scalar fields is for thermal heat maps 
over specific areas, as temperature of a certain region depends on the specific point that is 
being observed. Using the scalar field, an average temperature could be calculated. Scalar 

fields exist in higher dimensions, however that is a topic to discuss another time. 

�����À�����š�}�Œ���(�]���o�����]�•���•�o�]�P�Z�š�o�Ç�����]�(�(���Œ���v�š�U�����•���]�š�[�•�������•�‰�����]�(�]�����š�Ç�‰�����}�(���À�����š�}�Œ-valued function that is 
different visually. They are usually defined by a function that outputs a vector as a result, by 

taking in a point as an input. Take the 2D vector field  �&�û(x,y)= P(x,y)î+Q(x,y)�k ,in which for 
each component of the vector has a function that defines the component at each point. By 
combining  the values of those of functions, the result is a vector, in which the respective 
origin of the vector is the point from which it is defined by(see second diagram below). A 
typical application of vector fields is especially prominent in physics. The gravitational and 
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electromagnetic fields studied in physics can be represented as vector fields, as the 
quantities involved in the fields, such as forces, have both magnitude and direction, 

therefore  a single scalar value is insufficient  for such situations. Vector fields also exist in 
higher dimensions but get more complex to study like higher dimensional scalar fields. 

 

Operations on fields 

There are a few specific operations that we can apply to fields that further help us use these 
�(�]���o���•���]�v�����‰�‰�o�]�����š�]�}�v�X���d�Z�����(�]�Œ�•�š���]�•���š�Z�����P�Œ�����]���v�š���}�‰���Œ���š�}�Œ�U���Á�Z�]���Z���]�•�������v�}�š���������Ç���Z�Ï�ï. The gradient 
operator which when applied to a scalar field results in a vector field,in which each vector 

points in the direction of greatest slope/change of the scalar field at each point. It is defined 
by taking the partial derivative of the function with respect to each variable and then having 
that make up the components of the vector defining the field. An example of this in 2D is for 

the scalar field F(x,y)=3x²y-2y, in which the result of applying  the gradient operator  is 
�ÏF= (6xy,3x²-2). Its especially useful for finding the extreme values found in scalar fields. 

�d�Z�����•�����}�v�����]�•���š�Z�������]�À���Œ�P���v�������}�‰���Œ���š�}�Œ�U���Á�Z�]���Z���]�•�������v�}�š���������Ç���Z�Ï�„�ï�ä��The divergence operator is 
applied to a vector field, which results in a scalar field. It is defined by taking the dot product 
of the gradient operator with the vector field or more simply by taking the sum of the partial 
derivatives of each respective component of the vector defining the field. The divergence at 
a point is classed as being the net flow of vectors in or out of a point, which results in each 
point being either a local sink or a local source. A local sink occurs when the divergence is 
negative, while a source occurs when the divergence is positive. An example of this can be 

seen through electric fields of point charges, in which the divergence of an electric field with 
a negative charge is negative, while the divergence of an electric field with a positive charge 

is positive, as negative charges are sinks and positive charges are sources. 

�d�Z�����o���•�š���]�•���š�Z�������µ�Œ�o���}�‰���Œ���š�}�Œ�U���Á�Z�]���Z���]�•�������v�}�š���������Ç���Z�Ï�?�[.The curl operator is applied to a 
vector field, which results in a vector field. It is defined by taking the cross product of the 

gradient operator with the vector field. The curl is classed as displaying the rotational 
effect/circulation of the vector field at each point, which results in the display of a vector in 
which the magnitude represents the circulation of the field at that point. The curl can only 

be applied to 3 dimensional vector fields, as the cross product is defined using 3 dimensions. 
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These three operators are presents throughout mathematics and physics and interestingly 
���‰�‰�����Œ���]�v���š�Z�����Á���o�o���l�v�}�Á�v���Z�D���Æ�Á���o�o�•�[�����‹�µ���š�]�}�v�•�[�U���Á�Z�]���Z�����Œ�����š�Z�����(�µ�v�����u���v�š���o��equations 

governing electromagnetism as whole, which also branches into other areas such as the 
study of relativity. 

Topics for further study 

Vector calculus as a whole is intrinsically intriguing. By extending the uses of simplistic 
concepts and combining  them to make more complicated and interesting concepts, 

mathematicians and others in the field of applying mathematics have created a wonderful 
basis to visualise the beauty hidden in the world around us, which unbeknownst to most 

people is well described mathematically. Further on from vector calculus, the next step very 
�Á���o�o���u���Ç���������Z�d�Z���������o���µ�o�µ�•���}�(���s���Œ�]���š�]�}�v�•�[�U���Á�Z�]���Z�������v���������•�����v�����•�����v�����Æ�š���v�•ion of vector 

calculus and deals with problems of optimisation, very often useful in areas like Lagrangian 
���v�����,���u�]�o�š�]�}�v�]���v���D�����Z���v�]���•�����v�������o�•�}���Y�µ���v�š�µ�u���&�]���o�����d�Z���}�Œ�Ç�X���^�}���]�(���Ç�}�µ�[�Œ�����]�v�š���Œ���•�š�������]�v���•�µ���Z��

kind of mathematics, please feel free to spend time researching on these beautiful 
applications of mathematics. 

Sources used: Curl (mathematics) - Wikipedia 

 

The Perfect Number 
 

By Thomas Ho 12Z 
 

�t�Z���š���u���l���•�������v�µ�u�����Œ���š�Œ�µ�o�Ç���^�‰���Œ�(�����š�_�M  
���š���š�Z�����(�]�Œ�•�š���P�o���v�����U���š�Z�����Á�}�Œ�����^�‰���Œ�(�����š�_���•�����u�•���u�}�Œ�����‰�}���š�]�����Œ���š�Z���Œ���š�Z���v���u���š�Z���u���š�]�����o�U���u���l�]�v�P��
the question seem ridiculous right? 
���µ�š���Á�Z���š���]�(���/���š���o�o���Ç�}�µ���š�Z���Œ�������Œ�����‰���Œ�(�����š���v�µ�u�����Œ�•���]�v���š�Z�]�•���Á�}�Œ�o���X���t�Z���š�����}���Ç�}�µ���š�Z�]�v�l���]�š�[�•���P�}�]�v�P���š�}��
be: a square number, a prime number, or actually a number that is PERFECT. 
But what makes it perfect? 
 
�Z�ò�U���î�ô�U���ð�õ�ò�Y�[ 
What will be the next number in this list? 
This is a list of Perfect Numbers, but what are they? 
�W���Œ�(�����š���v�µ�u�����Œ�•�����Œ�����‰�}�•�]�š�]�À�����]�v�š���P���Œ�•���š�Z���š�[�•�����‹�µ���o���š�}���š�Z�����•�µ�u���}�(�����o�o���‰�}�•�]�š�]�À�������]�À�]�•�}�Œ�•��
(excluding the number itself). 
�>���š���Z�E�[���������š�Z�����Œ���‰�Œ���•���v�š���š�]�}�v���}�(�������‰���Œ�(�����š���v�µ�u�����Œ�X 
** This applies throughout the whole article 
Properties of perfect number : 

1.  
 
 

https://en.wikipedia.org/wiki/Curl_(mathematics)
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2.  
 

3.  
 
 

4.  
 
** These will be explained later in the article 
 

Euclid formula for perfect number 
�&�Œ�}�u���š�Z�����o�]�•�š���}�(���^�W�}�Á���Œ���}�(���î�_�U�����µ���o�]�����~�(�Œ�}�u���‰�µ�Œ�����}���•���Œ�À���š�]�}�v�•�•���(�}�µ�v�����}�µ�š���š�Z���š���Á�Z���v���À���Œ���š�Z����
sum of 2 or more numbers in the list can make a prime number (from 2^0=1), then multiply 
it by the greatest number you have used in the sum, it will give out a perfect number. For 
example, 1+2 = 3, then multiple 3 to the greatest number in the sum which is 2, where 3x2 = 
6 (a perfect number). 
And thereby, he created a general formula for finding even perfect numbers. 
                                      

 N  = �:2�ã��
F ��1�;�:2�ã�?1�; 
 
�Ž�Ž���Á�Z���Œ�����^�‰�_���]�•�������‰�Œ�]�u�����v�µ�u�����Œ���~���‰�‰�o�]�������]�v���š�Z�����Á�Z�}�o�������Œ�š�]���o���• 

** and (2�ã��
F ��1) is a prime 
�~���d�Z�����Z�‰�[���µ�•�������Z���Œ�����Á�]�o�o���������Œ���‰�Œ���•���v�š���������Ç���^�W���À���o�µ���_���]�v���š�Z�����o���š���Œ���‰���Œ�š���}�(���š�Z�����u���P���Ì�]�v���• 
 

Fun Fact 
If we write a perfect number in terms of binary, it will have a total bit length of (2p �t 1). and 
�š�Z���Ç���Á�]�o�o�����o�Á���Ç�•�������P�]�v���Á�]�š�Z���������o�}���l���}�(���}�v���•���~�^�‰�_�����u�}�µ�v�š���}�(���š�Z���u�•���t representing the 
mersenne prime part ( which we will talk about in later parts)�t and end in a block of zeroes 
�~�^�‰��- �í�_�����u�}�µ�v�š���}�(���š�Z���u�•���t �Œ���‰�Œ���•���v�š�]�v�P���š�Z�����^�‰�}�Á���Œ���}�(���î�_���(�����š�}�Œ�X 
 

4 perfect numbers that are found by Greek mathematicians  
 
 

�Z�W�[���À���o�µ�� Perfect Number 
2 6 
3 28 
5 496 
7 8128 

 
 
 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

108 

 

Why is this formula only capable of finding even perfect numbers? 

As 2 is the smallest prime number, �:2�ã�?1�; must be a multiple of 2. and anything multiplies 
by a multiple of 2 results in a multiple of 2. Hence, we can conclude that this formula can 
only find out the perfect numbers that are even. 
 

�E�]���}�u�����Z�µ�•�[���P�µ���•�•���• 
Nicomachus (an Ancient Greek Neopythagorean philosopher) had made 5 logical guesses 
�����}�µ�š���‰���Œ�(�����š���v�µ�u�����Œ�•���]�v���}�v�����}�(���Z�]�•���(���u�}�µ�•�����}�}�l�•���^���/�v�š�Œ�}���µ���š�]�}�v���š�}�����Œ�]�š�Z�u���š�]���_�U���š�Z�}�µ�P�Z���Z����
���]���v�[�š���š�Œ�Ç���š�}���‰�Œ�}�À�����]�š���]�v���Z�]�•���o�]�(���X 
      

His 5 guesses are listed below: 
1. The nth perfect number has n digits 
2. All perfect numbers are even 
3. The ending of perfect numbers alternates between 6 & 8 
4. ���µ���o�]���[�•���(�}�Œ�u�µ�o���������v���(�]�v�����}�µ�š�����o�o���š�Z�������À���v���‰���Œ�(�����š���v�µ�u�����Œ 
5. There are infinite perfect numbers 

 

Ibn Fallus 
�/���v���&���o�o�µ�•���~���v�����P�Ç�‰�š�]���v���u���š�Z���u���š�]���]���v�•���‰�µ���o�]�•�Z�������ò���u�}�Œ�����‰���Œ�(�����š���v�µ�u�����Œ�•�����v�����]�š�•���Z�W�[���À���o�µ����
�}�š�Z���Œ���š�Z���v���š�Z�����(�}�µ�Œ���(�}�µ�v�������Ç���'�Œ�����l���u���š�Z���u���š�]���]���v�•�����o�Œ�������Ç���µ�•�]�v�P�����µ���o�]���[�•���(�}�Œ�u�µ�o�����V���š�Z�}�µ�P�Z��
3 out of the 6 are proven to be wrong later on. 
 
 

�Z�W�[���À���o�µ�� Perfect Number 
9 (�© ) 130,816 
11 (�© ) 2,096,128 

13 33,550,336 
17 8,589,869,056 
19 137,438,691,328 

23 (�© ) 35,184,367,894,528 
 
From this list of perfect numbers: 
 �^���ò�U���î�ô�U���ð�õ�ò�U���ô�í�î�ô�U���ï�ï�ñ�ñ�ì�ï�ï�ò�U���ô�ñ�ô�õ�ô�ò�õ�ì�ñ�ò�U���í�ï�ó�ð�ï�ô�ò�õ�í�ï�î�ô���_ 
Some of the guesses from Nicomachus are proven to be wrong. His first guess claims that 
the nth perfect number has n digits which is wrong as the  5th perfect number has 8 digits. 
And his third guess is proven to be wrong as well as the 5th and the 6th perfect number 
both end in 6, meaning that the ending does not necessarily alternate between 6 & 8. 
 

https://en.wikipedia.org/wiki/Ancient_Greek
https://en.wikipedia.org/wiki/Neopythagoreanism
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Mersenne Prime 
This is just Mersenne numbers that are prime as well. Mersenne numbers are those that can 
fit into the formula of: 
                                                                

2�ã��
F ��1 
�d�Z�Œ�}�µ�P�Z�����µ���o�]���[�•�������Z�]���À���u���v�š�U���D���Œ�•���v�v�����l�v�}�Á�•���š�Z���š���Á�Z���v���À���Œ�������v���Á���D���Œ�•���v�v�����‰�Œ�]�u�����]�•��
found, it also indicates that a new perfect number can be found. 
 

�����•�����Œ�š���•�[���Z�Ç�‰�}�š�Z���•�]�• 
Descartes claimed that if there is odd perfect numbers, it must appear in the form: 
                                                                                              

N = p(�/ 2) 
** where M can be any number 
 
 
 
 

Euclid�tEuler proof/ theorem 
���µ�o���Œ���Z�������•�µ�������•�•�(�µ�o�o�Ç���‰�Œ�}�À���v���š�Z���š�����µ���o�]���[�•���(�}�Œ�u�µ�o���������v���(�]�v�������o�o���š�Z�������À���v���‰���Œ�(�����š���v�µ�u�����Œ�•��
which thereby proved Nicomachus 4th guess as well. 
 
 Sigma function �~�•): 
 


· First of all, he created a sigma function �~�•) which is to sum up all the 
�(�����š�}�Œ�•���}�(�������v�µ�u�����Œ�X���&�}�Œ�����Æ���u�‰�o���U���•�~�ò�•���A���í�î 


· �,�����š�Z���v���(�}�µ�v�����}�µ�š���š�Z���š�W���•�~�E�•���A���î�E 
 
 His proof: 
 

 N = (2�ã��
F1)(2�ã�?1)                          

 And since N is even, N can also be written in terms of:  N = (2�Þ)m 
 �Ž�Ž���Z�u�[���]�•�����v���}�������v�µ�u�����Œ 
 �Ž�Ž���Z�l�[���H��1 
 

 Since we know that 2�Þ & m are coprime ( gcd( 2�Þ, m ) = 1 ), primes that are a  
 factor of one cannot be the factor of the other as well.  

** gcd �t greatest common divisor 
 

Hence, ( 2�Þ 
H m ) = 2�Þ 
H prime factors of m. 
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�>���š���Z���[���������������]�À�]�•�}�Œ���}�(���~��2�Þ 
H �u���•�����W���‚�������n���~��2�Þ 
H m ) } : 

�^���_���u�µ�•�š���Z���À�����š���l���v���•�}�u�����‰�Œ�]�u�����(�����š�}�Œ�•���(�Œ�}�u�����}�š�Z��2�Þ & m 
 
�d�Z���Œ���(�}�Œ���U���Z���[�������v���������Á�Œ�]�š�š���v���]�v���š�Z�����(�}�Œ�u���}�(���W�������A���Æ�Ç 

** where x | 2�Þ ; and y | m 
 
Deriving equations 
 

�•�~�E�•���A���•�~2�Þ 
H m) = �Ã�ë��2�Ö  ���Ã�ì���à  (xy) 

= �Ã�ë��2�Ö  x �Ã�ì���à  y 

** This can be done like this as x does not depend on y and vice versa 
 
���v�����Á�����l�v�}�Á�Y 

�Ã
�ë��2�Ö  x = �•�~2�Þ) 

 

�Ã�ì���à  y = �•�~�u�• 

 
Hence: 

 �•�~�E�•���A���•�~2�Þ 
H �u�•���A�•�~2�Þ�•�•�~�u�• 

 �Ž�Ž���•�~2�Þ�•�������v���������Á�Œ�]�š�š���v���]�v���W���•�~2�Þ) = 20 + 21 �=���Y���=��2�Þ 

                                                            = 2�Þ�>1 �t 1 
  

 �•�~�E�•���A���~2�Þ�>1 �t �í�•�•�~�u�•���A���î�~2�Þ�� 
H ���I) = (2�Þ�>1)m 
 
 Euclid Lemma 
  

�/�(���P�����~���U�����•���A���í�U�����v���������n�������X���d�Z�]�•���u�����v�•���š�Z���š�������n�����U���Á�Z���Œ�����Z���[���]�•�������‰�Œ�]�u�����v�µ�u�����Œ�X 
  

In this case: 


· �>���š���Z���[���������~2�Þ�>1 �t 1)  


· �>���š���Z���[���������~2�Þ�>1)  
 

Since:  
 


· (2�Þ�>1 �t 1) | (2�Þ�>1)m  
 


· gcd (2�Þ�>1 �t 1, 2�Þ�>1) = 1 
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**We are sure that their gcd will be 1 as they are consecutive numbers. 
  

So:   (2�Þ�>1 �t 1) | m 

 �d�Z�]�•���u�����v�•���š�Z���š���Z�u�[�������v���������Á�Œ�]�š�š���v�����•�W���u���A�����~2�Þ�>1 �t 1)r 
 �Ž�Ž���Z�Œ�[���]�•���i�µ�•�š�����v���µ�v�l�v�}�Á�v���t can be any number 

���v�������������µ�•���Y 
 

(2�Þ�>1 �t �í�•�•�~�u�•���A���~2�Þ�>1)m 
 
So:  

 

(2�Þ�>1 �t �í�•�•�~�u�•���A���~2�Þ�>1) (2�Þ�>1 �t 1)r 
          
 

 �•�~�u�•���A���~2�Þ�>1)r 
  
 �&�}�Œ���]�v�P���Z�Œ�[���š�}���������í�W 
 
 ���������•�]�����‰�Œ�]�v���]�‰�o�����}�(���v�µ�u�����Œ���š�Z���}�Œ�Ç�����o���]�u�•���~���µ�o���Œ�[�•�����Œ�P�µ�u���v�š�•�W 

�^���t�Z���v���Ç�}�µ���u�µ�o�š�]�‰�o�Ç�������v�µ�u�����Œ�����Ç�����v�}�š�Z���Œ���(�����š�}�Œ�U���š�Z�����•�]�Ì�����}�(���š�Z�����v�µ�u�����Œ increases 
�(���•�š���Œ���š�Z���v���š�Z�����•�µ�u���}�(���]�š�•�����]�À�]�•�}�Œ�•���^ 

 
 The largest divisor of m is m itself and all other divisors are smaller. So if we  

�u�µ�o�š�]�‰�o�Ç�]�v�P�����u���Á�]�š�Z�����v�}�š�Z���Œ���(�����š�}�Œ���Z���[���~�Á�Z���Œ���������E���í�•�U���u���Á�]�o�o�������������š�]�u���•�����]�P�P���Œ�U�����µ�š���š�Z����
increase in the sum of its factors must be less than c times bigger.  
 

���µ�o���Œ���‰�Œ�}�À�������š�Z���š�W���������•���~�~2�Þ�>1 �t 1)r) < (2�Þ�>1)r 
 
�Ž�Ž�&�}�Œ�����o�o���Z�Œ���E���í�[ 
 
�d�Z�]�•���]�u�����o���v�������Z���Œ�����(�}�Œ�����•���Z�Œ�[���š�}���������í�����•���Á�����v�������Y 

�•�~�u�•���A���~2�Þ�>1�•�Œ���A���•���~�~2�Þ�>1 �t 1)r)  
 
Therefore: 
 

m =  2�Þ�>1 �t 1 
 
And: 

 

N = (2�Þ)m = (2�Þ)(2�Þ�>1 �t 1) 
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But why does (
Û�‘�>
Ú �t 1) need to be a prime? 
(Proof by contradiction) 
 
�>���š�[�•�����•�•�µ�u�����u���]�•���������}�u�‰�}�•�]�š�����v�µ�u�����Œ���W 
That means that m has at least 2 nontrivial divisors and at least 3 distinct numbers as  
its factors. 
** Nontrivial divisor �t divisors that are not 1 and the number itself 

 
�d�Z�]�•���Œ���•�µ�o�š�•���]�v���^���í���D�������D���u�_���Á�Z���Œ���������n���u 
���v�����š�Z���Œ���(�}�Œ�����•�~�u�•��
R 1 + d + m 
 
�^�]�v�������Z�u�[���]�•��odd ���v�����Zd > 1�[�U���Á�����l�v�}�Á���š�Z���š���Z����
R �ï�[ 

 
���v�������������µ�•�����Z����
R �ï�[�U�����Á���������v�������Œ�]�À�������v�����‹�µ���š�]�}�v���(�}�Œ���•�~�u�•���W�� 
 

�•�~�u�•��
R m + 4   �œ  �•�~�u�•���E���u���=���í 
 

���������µ�•�����Á�������o�Œ�������Ç���l�v�}�Á���•�~�E�•���A���•�~2�Þ�•�•�~�u�•���V�����v�����•�~2�Þ) = 2�Þ�>1 �t 1 = m 
 
 
�^�}�W���•�~�E�•���A���~�•�~�u�•�•�u�����œ  �•�~�E�•���E���u�~�u���=���í�• 
                                

���µ�š���]�(���Z�E�[���]�•�������‰���Œ�(�����š���v�µ�u�����Œ�U���•�~�E�•���A���î�E���A���~2�Þ�>1)m 
 

And since m = 2�Þ�>1 �t 1 �œ 2�Þ�>1 = m + 1 
 
So: 
 

�•�~�E�•���A���î�E���A���~2�Þ�>1)m = m(m + 1) 
 

Conclusion: 
 

So if (2�Þ�>1 �t �í�•���]�•���v�}�š���‰�Œ�]�u���U���E���Á�]�o�o���v�}�š�������������‰���Œ�(�����š���v�µ�u�����Œ�����•���Z�•�~�E�•��
M �î�E�[�X 
 

And therefore (2�Þ�>1 �t 1) must be prime. 
 

In this article, we have delved into the amazing and fascinating nature of maths, 
reminding us that mathematics is not just about boring and mundane calculations, but its 
patterns, sequences as well. From ancient time to modern period, perfect number is always 
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a well known manifestation of the captivating nature of numbers that mathematicians have 
been working on.  

Out of all the unsolved problems, perfect numbers always sit in the crossroad 
between simplicity and mystery, standing as a symbol that represents how even simple 
number problems can lead to complex and stunning ideas. 

This discovery of perfect numbers explicitly shows how maths is an indispensable 
factor in our life, sparked and shaped by human wonders and endless search in 
understanding the true nature of the world. 
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The Secret Link Between The Hyperbolic And Trigonometric 
Functions: The Gudermannian Function And Mercator 

Projections 
 

By Abhiraj Joshi 12ET 
 
�d�Ç�‰�]�����o�o�Ç�U���Á�Z���v���}�v�����u���Ç���š�Z�]�v�l�������}�µ�š���š�Z�����o�]�v�l�������š�Á�����v���š�Z�����Z�Ç�‰���Œ���}�o�]�����(���u�]�o�Ç���}�(���š�Œ�]�P�}�v�}�u���š�Œ�]����

�(�µ�v���Ÿ�}�v�•�����v�����š�Z�����•�š���v�����Œ�����š�Œ�]�P�}�v�}�u���š�Œ�]�����(�µ�v���Ÿ�}�v�•�U���š�Z���Ç���Á�}�µ�o�������o�u�}�•�š�����o�Á���Ç�•���š�Z�]�v�l�������}�µ�š��

�]�����v�Ÿ�Ÿ���•�����}�v�v�����Ÿ�v�P���š�Z���u���À�]�������}�u�‰�o���Æ���v�µ�u�����Œ�•���š�Z���š�����Œ�����š�Ç�‰�]�����o�o�Ç���š���µ�P�Z�š���]�v�����r�>���À���o 

�&�µ�Œ�š�Z���Œ���D���š�Z�•�U���•�µ���Z�����• 

 ���}�•�~�]�Æ�•���A�����}�•�Z�~�Æ�• ���v�� �•�]�v�~�]�Æ�•���A���]�•�]�v�Z�~�Æ�•�X 

�,�}�Á���À���Œ�U�� ���o�š�Z�}�µ�P�Z�� �v�}�š�� �À���Œ�Ç�� �Á���o�o�� �l�v�}�Á�v�U�� �š�Z���Œ���� ���Æ�]�•�š�•�� ���� �(�µ�v���Ÿ�}�v�� �š�Z���š�� �(�}�Œ�u�•�� ���� ���]�Œ�����š�� ���Œ�]���P����

�����š�Á�����v���š�Z���•�����š�Á�}���(���u�]�o�]���•���}�(���(�µ�v���Ÿ�}�v�•���Á�]�š�Z�}�µ�š���š�Z�����µ�•�����}�(�����}�u�‰�o���Æ���v�µ�u�����Œ�•�X���d�Z�]�•���(�µ�v���Ÿ�}�v��

�]�•���l�v�}�Á�v�����•���š�Z�����'�µ�����Œ�u���v�v�]���v���(�µ�v���Ÿ�}�v�X 

�d�}���o���Ç���}�µ�š�������‰�Œ�����]�•���������.�v�]�Ÿ�}�v�U���š�Z�����'�µ�����Œ�u���v�v�]���v���}�(�����v�Ç���Œ�����o���À���Œ�]�����o�����Æ�U�������v�}�š���������Ç���P���~�Æ�•�U��
�]�•�������.�v���������Ç���š�Z�����(�}�o�o�}�Á�]�v�P���]�v�š���P�Œ���o�W 

 

�Á�Z���Œ�� 

�X 

�z���š�U���š�Z�]�•���]�v�š���P�Œ���o�������.�v�]�Ÿ�}�v���}�(���]�š�•���o�(���u���Ç���v�}�š�������š�µ���o�o�Ç���u�����v���u�µ���Z�U���•�}���š�}���u���l�����]�š���u�}�Œ�������o�����Œ��
�}�v���Á�Z���š���š�Z�����'�µ�����Œ�u���v�v�]���v�����}���•�U���]�š�[�•���Z���o�‰�(�µ�o���š�}���Œ���(���Œ���������l���š�}���Z�}�Á���š�Z�����v�}�Œ�u���o���š�Œ�]�P�}�v�}�u���š�Œ�]����
�(�µ�v���Ÿ�}�v�•�����Œ���������.�v�����U���}�v�������µ�v�]�š�����]�Œ���o�������•���•�µ���Z�������o�}�Á�W 

 

�K�(�� ���}�µ�Œ�•���U�����v�Ç�����v�P�o�����}���}�v�� �š�Z�����µ�v�]�š�� ���]�Œ���o���� �Á�]�o�o�� ���}�Œ�Œ���•�‰�}�v�����š�}�� �š�Z���� ���}�}�Œ���]�v���š���•�� �~���}�•�}�U�•�]�v�}�•�X��
�d�Z�µ�•���•�]�v�}�������v���������u�}�Œ�������‰�‰�Œ�}�‰�Œ�]���š���o�Ç���]�v�š���Œ�‰�Œ���š���������•���š�Z�����À���Œ�Ÿ�����o���‰�Œ�}�i�����Ÿ�}�v���}�(���š�Z�����Œ�����]�µ�•���}�v�š�}��
�š�Z�����Ç�����Æ�]�•�U�����v�����š�Z�µ�•���]�•���š�Z�����Ç�����}�}�Œ���]�v���š�����}�(�����v�Ç���‰�}�]�v�š���Y���}�v���š�Z�����µ�v�]�š�����]�Œ���o�����š�Z���š���u���l���•�����v�����v�P�o�����}��
�Œ���o���Ÿ�À�����š�}���š�Z�����}�Œ�]�P�]�v�����v�Ÿ���o�}���l�Á�]�•���X���^�]�u�]�o���Œ�o�Ç�U�����}�•���}���]�•���š�Z�����Z�}�Œ�]�Ì�}�v�š���o���‰�Œ�}�i�����Ÿ�}�v���}�(���š�Z�����Œ�����]�µ�•��
�}�v�š�}���š�Z�����Æ�����Æ�]�•�U�����v�����]�•���š�Z�����Æ�r���}�}�Œ���]�v���š�����}�(�����v�Ç���‰�}�]�v�š���Y���}�v���š�Z�����µ�v�]�š�����]�Œ���o�����š�Z���š���u���l���•�����v�����v�P�o�����}��
�Œ���o���Ÿ�À�����š�}���š�Z�����}�Œ�]�P�]�v�����v�Ÿ���o�}���l�Á�]�•���X���d���v�}�������•���Œ�]�����•���š�Z�����Œ���Ÿ�}���}�(���š�Z���•�����î�����]�•�‰�o�������u���v�š�•�U�����v�����]�•��
�š�Z�µ�•�����o�•�}���š�Z�����P�Œ�����]���v�š���}�(���š�Z�����o�]�v�����š�Z���š�����}�v�v�����š�•���š�Z�����}�Œ�]�P�]�v���š�}���š�Z�����‰�}�]�v�š���Y���}�v���š�Z�����µ�v�]�š�����]�Œ���o���U���š�Z�µ�•��
�š���v�}���A���•�]�v�}���l�����}�•�}�X 
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�/�v�������•�]�u�]�o���Œ���Á���Ç�U���š�Z�����Z�Ç�‰���Œ���}�o�]�����(�µ�v���Ÿ�}�v�•�����Œ���������.�v�������}�v���š�Z�����Z�Ç�‰���Œ���}�o�����~�Z���v�������š�Z�����v���u����
�Z�Ç�‰���Œ���}�o�]�����(�µ�v���Ÿ�}�v�•�•���Æ�î���>���Ç�î���A���í�X 

 

�t�Z���Œ���������‰�}�]�v�š���}�v���š�Z�����Œ�]�P�Z�š���•�]�������}�(���š�Z�]�•���µ�v�]�š���Z�Ç�‰���Œ���}�o�����Á�]�o�o�������������.�v�������š�}���Z���À�������}�}�Œ���]�v���š���•��
�~���}�•�Z�š�U���•�]�v�Z�š�•���Á�Z���Œ�����š�Z�]�•���‰���Œ���u���š���Œ���š���]�•���š�Z�����Z�Ç�‰���Œ���}�o�]�������v�P�o���U���Á�Z�]���Z���]�•�������.�v�������•�}���š�Z���š���š�Z�������Œ������
�}�(���š�Z�����•�����š�}�Œ���~�•�Z�}�Á�v���Œ�������]�v���š�Z�������]���P�Œ���u�•���(�Œ�}�u���š�Z�����‰�}�]�v�š���š�}���~�í�U�ì�•���š�}���~���}�•�Z�š�U���•�]�v�Z�š�•���]�•���š�l�î�X���t�����š�Z�µ�•��
�•�����U���š�Z���š���š�Z�����‰���Œ���u���š���Œ�•���}�����v�����š�������•���Œ�]�������š�Á�}�����]�+���Œ���v�š���š�Z�]�v�P�•�U�����µ�š���š�Z�����P�µ�����Œ�u���v�v�]���v���(�µ�v���Ÿ�}�v��
�]�•�����Æ�����š�o�Ç���Á�Z���š�����}�v�À���Œ�š�•���š�Z�]�•���Z�Ç�‰���Œ���}�o�]�����‰���Œ���u���š���Œ���]�v�š�}�������(���u�]�o�]���Œ�����]�Œ���µ�o���Œ�����v�P�o���U���•�µ���Z���š�Z���š���•�]�v��
�}���A���š���v�Z�š�U�����}�•���}���A���•�����Z�š�U���š���v���}���A���•�]�v�Z�š�X 

 

�d�Z���Œ���(�}�Œ���U�� �•�Z�}�Á�]�v�P�� �v�����š�o�Ç�� �Á�Z���š�� �/�� �Z���À���� ���©���u�‰�š������ �š�}�� �����•���Œ�]������ �š�}�� �Ç�}�µ�U�� �š�Z�]�•�� ���]���P�Œ���u��
���}�u���]�v���•�����}�š�Z���š�Z�����µ�v�]�š���Z�Ç�‰���Œ���}�o�������v�����µ�v�]�š�����]�Œ���o���X���d�Z�����]�v�š���Œ�•�����Ÿ�}�v���Á�]�š�Z���š�Z�����Z�Ç�‰���Œ���}�o�����}�����µ�Œ�•��
���š�� �~���}�•�Z�—�U�•�]�v�Z�—�•�U�� �����.�v�]�v�P�� ���� �Z�Ç�‰���Œ���}�o�]���� �•�����š�}�Œ�� �}�(�� ���Œ�������—�l�î�U�� �Á�Z�]�o���� �š�Z���� �]�v�š���Œ�•�����Ÿ�}�v�� �Á�]�š�Z�� �š�Z����
���]�Œ���o�����}�����µ�Œ�•�����š���~���}�•
´�U�•�]�v
´�•�U�������.�v�]�v�P���������]�Œ���µ�o���Œ���•�����š�}�Œ���}�(�����Œ������
´�l�î�X���d�Z�����'�µ�����Œ�u���v�v�]���v���(�µ�v���Ÿ�}�v��

´���A���P���~�—�•���]�•�������.�v�������•�}���š�Z���š���š�Z���•�����š�Á�}���•�����š�}�Œ�•�����}�Œ�Œ���•�‰�}�v�����š�}���š�Z�����•���u�����Œ���Ç�X 

�����Œ�š�}�P�Œ���‰�Z���Œ�•�� �Z���À���� ���}�u���� �µ�‰�� �Á�]�š�Z�� �u���v�Ç�� �Á���Ç�•�� �š�}�� �‰�Œ�}�i�����š�� �š�Z���� �•�‰�Z���Œ�]�����o�� �P���}�u���š�Œ�Ç�� �}�(�� �š�Z����
�����Œ�š�Z���}�v�š�}�������G���š���Œ�����š���v�P�o�����š�Z���š���]�•�����}�v�À���v�]���v�š���š�}���À�]���Á�����•�������u���‰�X���K�v�����•�µ���Z���‰�Œ�}�i�����Ÿ�}�v���š�Z���š���v�]�����o�Ç��
�µ�Ÿ�o�]�Ÿ���•���š�Z�����'�µ�����Œ�u���v�v�]���v���&�µ�v���Ÿ�}�v���]�•���š�Z�����D���Œ�����š�}�Œ���W�Œ�}�i�����Ÿ�}�v�X���/�v���š�Z�]�•���‰�Œ�}�i�����Ÿ�}�v�U���o�}�v�P�]�š�µ������
�]�•���u���‰�‰�������o�]�v�����Œ�o�Ç�U���Á�Z�]�o�����o���Ÿ�š�µ������
´���u�µ�•�š���������•�š�Œ���š���Z�������À���Œ�Ÿ�����o�o�Ç���]�v���}�Œ�����Œ���š�}���‰�Œ���•���Œ�À�������v�P�o���•�X��
�>���š��
´�������v�}�š�����o���Ÿ�š�µ�������~�]�v���Œ�����]���v�•�•�U�����v�����o���š���Ç���A���Ç�~
´�•���������š�Z�����À���Œ�Ÿ�����o�����}�}�Œ���]�v���š�����}�v���š�Z�����D���Œ�����š�}�Œ��
�u���‰�X 

���š���o���Ÿ�š�µ������
´�U�����]�•�š���v�����•���]�v���š�Z���������•�š�t�Á���•�š�����]�Œ�����Ÿ�}�v���}�v���š�Z�����•�‰�Z���Œ�������Œ�����Œ�����µ�����������Ç�������(�����š�}�Œ��

�}�(�����}�•
´���~���������µ�•�������]�Œ���o���•���}�(���o���Ÿ�š�µ�������Z���À�����Œ�����]�µ�•�����}�•
´���}�v�������µ�v�]�š���•�‰�Z���Œ���•�X���d�}���‰�Œ���•���Œ�À�������v�P�o���•�U��
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�š�Z�����u���‰���u�µ�•�š���•�š�Œ���š���Z�����]�•�š���v�����•���]�v���š�Z�����v�}�Œ�š�Z�t�•�}�µ�š�Z�����]�Œ�����Ÿ�}�v�����Ç���š�Z�����Œ�����]�‰�Œ�}�����o���(�����š�}�Œ�U���•�}���š�Z����

�À���Œ�Ÿ�����o���•�š�Œ���š���Z�]�v�P���(�����š�}�Œ���u�µ�•�š������ 

 

�d�Z�]�•���u�����v�•���š�Z���š�������•�u���o�o�����Z���v�P������
´���]�v���o���Ÿ�š�µ�������u�µ�•�š�����}�Œ�Œ���•�‰�}�v�����š�}�������À���Œ�Ÿ�����o�����Z���v�P�� 

���Ç���A���•����
´��
´�U 

�•�}���š�Z�����D���Œ�����š�}�Œ���À���Œ�Ÿ�����o�����}�}�Œ���]�v���š�����•���Ÿ�•�.���•���š�Z�������]�+���Œ���v�Ÿ���o�����‹�µ���Ÿ�}�v 

 

Solving the differential equation 
�d�Z�]�•�� ���‹�µ���Ÿ�}�v�� �]�•�� ���� �š�Ç�‰�]�����o�� �•���‰���Œ�����o���� ���]�+���Œ���v�Ÿ���o�� ���‹�W��

���Ç�A��

�•����
´��
´�X 

�d�}�����À���o�µ���š�������•����
´��
´ �U���µ�•�����š�Z�����•�š���v�����Œ�����š�Œ�]���l���}�(���u�µ�o�Ÿ�‰�o�Ç�]�v�P�����Ç���~�•����
´�=�š���v
´�•�l�~�•����
´�=�š���v
´�•�W 

 

�E�}�Á���v�}�Ÿ�������š�Z���š 

 

�d�Z���Œ���(�}�Œ���U 

 
�^�} 

 

Choosing the constant 
�/�š���]�•���v���š�µ�Œ���o���š�}���•���š���Ç���A���ì�����š���š�Z�������‹�µ���š�}�Œ��
´���A���ì�X���^�]�v�������•�����ì���A���í�����v�����š���v�ì���A���ì�U 

 �ì���A���Ç�~�ì�•���A���o�v�n�í���=���ì�n���=�������A���ì���=���� �œ �����A���ì�X 

�,���v�������š�Z�����D���Œ�����š�}�Œ���(�}�Œ�u�µ�o�����]�• 

 

Writing the inverse using the Gudermannian 
�h�•�]�v�P���š�Z�����]�����v�Ÿ�š�Ç 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

117 

�U 

�Á���������v�����o�•�}���Á�Œ�]�š�� 

�d�Z�]�•�� �Œ���o���Ÿ�}�v�� �����v�� ������ �]�v�À���Œ�š������ �µ�•�]�v�P�� �š�Z���� �'�µ�����Œ�u���v�v�]���v��
�(�µ�v���Ÿ�}�v�W 


´���A���P���~�Ç�•�X 

�d�Z�µ�•���š�Z�����'�µ�����Œ�u���v�v�]���v���‰�Œ�}�À�]�����•���š�Z�������Æ�����š�����}�v�À���Œ�•�]�}�v�������š�Á�����v���š�Z�����À���Œ�Ÿ�����o�����}�}�Œ���]�v���š�����Ç���}�v��

�š�Z�����D���Œ�����š�}�Œ���u���‰�����v�����š�Z�������}�µ�v���������o���Ÿ�š�µ���������v�P�o����
´���}�v���š�Z�����•�‰�Z���Œ���X 

�/���Á�]�o�o�����v�����š�Z�������Œ�Ÿ���o�����Á�]�š�Z�������v�]�������‹�µ���•�Ÿ�}�v���}�v���š�Z�����'�µ�����Œ�u���v�v�]���v���&�µ�v���Ÿ�}�v�U���]�v���š�Z�����•�š�Ç�o�����}�(������
�š�Ç�‰�]�����o���^�d���W���Y�µ���•�Ÿ�}�v�X�����u���]�o�������Z�]�Œ���i�i�}�•�Z�]�›�•�µ�©�}�v�P�Œ���u�u���Œ�X�•���Z�}�}�o���(�}�Œ���š�Z�����•�}�o�µ�Ÿ�}�v�•�J 
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Maths Mysteries and Paradoxes 
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The Birthday Problem 
 

By Ben Laferton 9T 
 
The Birthday Problem is one of the most famous mathematical conundrums but for those 
�Á�Z�}���Z���À���v�[�š���•�����v���]�š�������(�}�Œ���U���Z���Œ�����]�š���]�•�W 

How many people does there have to be in a room for it to be more likely than not that two 
of them share a birthday? 

Before you read on, try to estimate the answer to the question. 

 

It turns out that the answer is 23. Surprisingly low, right? When most people estimate the 
���v�•�Á���Œ�U���š�Z���Ç���P�µ���•�•���u�µ���Z���Z�]�P�Z���Œ���~�u���v�Ç���‰���}�‰�o�����P�µ���•�•���ï�ò�ñ�l�î���•�}���]�š�[�•���í�ô�î���}�Œ���í�ô�ï�•�X�����µ�š���o���š�[�•���š���l����
some time to see why the answer is what it is. 

�&�]�Œ�•�š���o���š���µ�•�����}�v�•�]�����Œ���]�(���š�Z���Œ�����]�•���}�v�o�Ç���}�v�����‰���Œ�•�}�v���]�v���š�Z�����Œ�}�}�u�X���>���š�[�•�������o�o���Z�]�u�����o���Æ���v�����Œ�X��
Obviously, he cannot share a birthday with himself (hopefully). Therefore, the chance of 
there being two people sharing a birthday is 0. The chances of there being no-one sharing a 

birthday is 1 (which is equal to 
�7�:�9

�7�:�9
 . This will be helpful later.) 

�E�}�Á���o���š�[�•���•�������Á�Z���š���Z���‰�‰���v�•���]�(�������•�����}�v�����‰���Œ�•�}�v���Á���o�l�•���]�v�š�}���š�Z�����Œ�}�}�u�U�������o�o�����������v�X���d�Z�������Z���v�����•��

of Ben sharing a birthday with Alexander is 
�5

�7�:�9
 . Therefore, the chances of there being no 

birthday-sharing is 
�7�:�8

�7�:�9
 . This is all very simple so far. 

�K�µ�Œ���Œ�}�}�u���]�•���������]�š�����u�‰�š�Ç���Á�]�š�Z���}�v�o�Ç���š�Á�}���‰���}�‰�o�����]�v���]�š�U���•�}���o���š�[�•���‰�µ�š���•�}�u���}�v�������o�•�����]�v���]�š�X���,�]�•���v���u����
�]�•���K�o�]�À���Œ�X���K�o�]�À���Œ�[�•�����]�Œ�š�Z�����Ç�����}�µ�o�����������š�Z�����•���u�������•�����o���Æ���v�����Œ�[�•���}�Œ�������v�[�•�X���/�v���(�����š�U���š�Z�������Z���v�������}�(��

his birthday being different to both others are  �7�:�7

�7�:�9
 �X���d�Z���Œ���(�}�Œ���U���š�Z�������Z���v�����•���}�(�����À���Œ�Ç�}�v���[�•��

���]�Œ�š�Z�����Ç�������]�v�P�����]�(�(���Œ���v�š���š�}�����À���Œ�Ç�}�v�������o�•���[�•���]�•�����‹�µ���o���š�}�W 

�7�:�9

�7�:�9
 �~�š�Z�������Z���v�������}�(�����o���Æ���v�����Œ�[�•�����]�Œ�š�Z�����Ç�������]�v�P���š�Z�����•���u�������•���Z�]�•���}�Á�v�• 

multiplied by 
�7�:�8

�7�:�9
 �~�š�Z�������Z���v�������}�(�������v�[�•�����]�Œ�š�Z�����Ç�������]�v�P�����]�(�(���Œ���v�š���š�}�����o���Æ���v�����Œ�[�•�• 

multiplied by 
�7�:�7

�7�:�9
 �~�š�Z�������Z���v�������}�(���K�o�]�À���Œ�[�•�����]�Œ�š�Z�����Ç�������]�v�P�����]�(�(���Œ���v�š���š�}�����o���Æ���v�����Œ�[�•�����v���������v�[�•�• 

�u�x�w
�u�x�w

�„
�u�x�v
�u�x�w

�„
�u�x�u
�u�x�w


L
�u�x�w�„�u�x�v�„�u�x�u
�u�x�w�„�u�x�w�„�u�x�w


L �r�ä�{�{�s�y�{�w�z�u�v�s�s 

Therefore, it is very unlikely that two of them will share the same birthday. 

However, we want it to be more likely than not that two of them will share the same 
birthday. It is evident that we need to keep adding more people to our room. And when we 
get to 23 people, this happens: 
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�u�x�w
�u�x�w

�„
�u�x�v
�u�x�w

�„
�u�x�u
�u�x�w

�å �� �„
�u�v�u
�u�x�v


L �r�ä�v�{�t�y�r�t�y�x�w�x�y�x�r�s�v�w�{�t�y�y 

We have found that for 23 people, the chance of them all having different birthdays is less 
than 0.5, therefore the chance of at least two of them sharing the same birthday is more 
than 0.5! 

And for 22 people... 

�u�x�w
�u�x�w

�„
�u�x�v
�u�x�w

�®
�u�x�u
�u�x�w

�å �� �®
�u�v�v
�u�x�w


L �r�ä�w�t�v�u�r�v�x�{�t�u�u�y�v�v�{�{�u�s�r�z 

...we find that the chance of at least two sharing a birthday is less than 0.5. We have solved 
the problem! 

 

�h�v�(�}�Œ�š�µ�v���š���o�Ç�U���Á�Z���v���/���Á�Œ�}�š�����š�Z�]�•�U���u�Ç���•�]�•�š���Œ�������u�����µ�‰���š�}���u�������v�����•���]���U���^�t�Z���š�������}�µ�š���o�����‰��
�Ç�����Œ�•�M�J�_���^�]�v�������/�����]���v�[�š���Z���À�������v�Ç�š�Z�]�v�P���š�}�����}���š�}���(�]�o�o���u�Ç�����(�š���Œ�v�}�}�v�U���/���������]���������š�}���Œ�������i�µ�•�š���u�Ç��
calculations. So here we go... 

�>���š�[�•�����}�v�•�]�����Œ�������(�}�µ�Œ-year block. This block will contain one leap year and three normal 
years. So 365+365+365+366=1461 days overall. Then, we have already worked out the 
chances of birthday-�•�Z���Œ�]�v�P���Á�]�š�Z�������Ç�����Œ���}�(���ï�ò�ñ�������Ç�•�U���•�}���Á���������v�����}���š�Z�����•���u�����Á�]�š�Z�������^�Ç�����Œ�_���}�(��
�í�ð�ò�í�X���~�����š�µ���o�o�Ç�U���Á�Z�Ç�����}�v�[�š���Á�����Z���À���������Ç�����Œ���}�(���í�ð�ò�í�������Ç�•�M���d�Z���š���Á�}�µ�o�����u���l�����o�]�(�����^�K���D�h���,��
�����•�]���Œ�����v�����Á�}�µ�o�����u�����v���/�����}�v�[�š�����µ�Œ�•�š���u�Ç���•���Œ�����v���š�]�u�����o�]�u�]�š���Ç���‰�‰�]�v�P�������}�µ�š�����]�Œ�š�Z�����Ç�•�X�• 

The one problem with this scenario is that only the position within the four-year block 
matters. Therefore, if I was born on January 1st 2012 and you were born on January 1st 2013, 
this method would say that we have different birthdays even though actually they are the 
same. Therefore, we will have to recalculate the chance of sharing a birthday with someone 
else. In fact, the chance that I share my birthday with you is: 

(chance of your birthday not being on a leap day * chance of my birthday being the same as 
yours if yours is not on a leap day) + (chance of your birthday being on a leap day * chance 
of my birthday being the same as yours if yours is on a leap day)  

In numerical terms this is equal to: 

�F
l
�s�v�x�r
�s�v�x�s

�„
�v

�s�v�x�s

p
E
l

�s
�s�v�x�s

�„
�s

�s�v�x�s

p�G 

Which evaluates to 0.002436424038. 1/365 is nearly identical at 0.002739726027, so 
slightly more likely, which is what we expected. Well done maths! 

Now that we have the probability for a given two people sharing a birthday, we can use it 
to solve for ANY two people sharing a birthday. Adjusting the formula from earlier, we 
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get the following (obviously continuing for more terms), which is the chance of everyone 
having the same birthday: 
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�s�v�x�s
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�s
�s�v�x�s

�„
�s

�s�v�x�s

p�G
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Using product notation, which just makes life so much easier, this is equal to: 


Ñ �s

�á�?�5

�Ü�@�4


F �E �„�L
l
�s�v�x�r
�s�v�x�s

�„
�v

�s�v�x�s

p
E �F

�s
�s�v�x�s

�6

�G�M 

where n is the number of people in the room. 

The top formula is sort of a big souped-up mess but also makes sense. The first part is just 
the chance of one person sharing a birthday with themselves, so one, the same as earlier. 
The second part is one minus the chance we worked out earlier for two people having the 
same birthday. Thus, it calculates the chance of the second person (Ben) having a different 
birthday to the first person (Alexander). The third bit calculates the chance of the third 
person (Oliver) having a different birthday to both the second and the first people. This is 
�Á�Z�Ç���š�Z�����—�Á�Z���š���]�•���š�Z�������Z���v�������š�Z���]�Œ�����]�Œ�š�Z�����Ç���]�•���š�Z�����•���u�������•���u�]�v���_�����]�š���]�•���u�µ�o�š�]�‰�o�]���������Ç���š�Á�}���š�}��
reflect that there are two people with which Oliver might share a birthday. If you think 
about it, this is, in its process, the same as the calculation from earlier, where x is the chance 

two given people share a birthday (earlier 
�5

�7�:�9
 , here the equation above): 

�s �„�:�s 
F �T�; �„�:�s 
F �t�T�; �„�:�s 
F �u�T�;�å 

However, even though the equation is more manageable than it first seems, it is still a 
MONSTER calculation to do on the calculator. This is why I asked copilot to do it for me :-) 
After telling it to do the calculation using my method, it gave the answer ���•���î�ï�U���•�}���Á���[�Œ�������o�o��
happy. (This was also the answer that I had found online.) 

�/�(���Ç�}�µ���Ì�}�v�������}�µ�š���š�Z�Œ�}�µ�P�Z���š�Z���š�U�����o�o���]�š���•���]�����Á���•�������•�]�����o�o�Ç���o�����‰���Ç�����Œ�•�����K�E�[�d���D���<��������
DIFFERENCE. Or do they? Well... 

�h�v�(�}�Œ�š�µ�v���š���o�Ç�U���}�µ�Œ�������Œ�š�Z�[�•���•�‰�]�v���]�•���•�}���u���•�•�������µ�‰���š�Z���š�����À���v���o�����‰���Ç�����Œ�•�����À���Œ�Ç���(�}�µ�Œ���Ç�����Œ�•�����Œ�����v�}�š��
sufficiently accurate. It turns out that years that are a multiple of 100 but not 400 (e.g. 2100) 
are NOT leap years. Multiples of 400 (e.g. 2000) are still leap years. So I had to adjust my 
calculations again. Using a similar method to before, the new, foolproof formula is (with 
some things simplified to keep it on a line): 
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etc. 

And using product notation again: 
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where n is the number of people in the room. 

���}�u���]�v�]�v�P���š�Z�����u���š�Z�}���•���Á���[�À�����µ�•�������š�}�������o���µ�o���š�����š�Z�����‰�Œ�}�������]�o�]�š�Ç���}�(���v�}-one sharing a 
birthday, we can now calculate a general formula for the chance of no-one sharing a 
birthday where p is the number of people in the room and your date set contains n normal 
years which have d days and l leap years which have an extra one day: 
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For the equation above (the one using the 400-year rule), d=365, n=303 and l=97. 

THEN I found out that, of course, some birthdays are more common than others. And since I 
�Œ�����o�o�Ç�������v�[�š�����������}�š�Z���Œ�������š�}�������o���µ�o���š�����Z�}�Á���š�Z���š�����Z���v�P���•���š�Z�]�v�P�•�U���/���������]���������š�}�������o�o���]�š�����������Ç�X��
�,���Œ���[�•���•�}�u�����‰�µ�Ì�Ì�o���•�������o�}�Á���]�v�������•�����Ç�}�µ�[�Œ�����]�v�š���Œ���•�š�����W 

1) There are about 1.8 million postcodes in the UK. How many people do you have to 
have in a (big) room to make it more likely than not that at least two of them share a 
postcode? 

2) On the planet of Zog, there are 676 days in the year. How many Zoggians do you 
have to have in a room to make it more likely than not that at least two of them 
share a birthday? 

3) On the planet of Zag, there are only 180 days in the year. On the first 20, five times 
as many Zaglets are born per day as on the other 80. How many Zaggians do you 
have to have in a room to make it more likely than not that at least two of them 
share a birthday? 
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When Numbers Lied 
 

By Esah Khan 11M 

Numbers are meant to be neutral. There are numerous theories related to mathematical 
paradoxes and illusions, yet the greatest illusion of numbers we face in the 21st century is 
�š�Z���š���v�µ�u�����Œ�•�����Œ�����µ�v���]���•�����X���d�Z���Ç�����}�v�[�š���o�]���U���š�Z���Ç�����}�v�[�š���š���l�����•�]�����•�U�����v�����š�Z���Ç�����}�v�[�š���Z���À����
opinions. This is inherently true. Yet when numbers are mixed with human psychology and 
the media, they stop being just maths �v  they become a tool. A tool to manipulate the 
public. The minds of everyone, including you. 

�d���l�����•�š���š�]�•�š�]���•���]�v���š�Z�����u�����]���X���^���Œ�]�u�����µ�‰�����Ç���ï�ì�9�X�_���/�š���Z�]�š�•���Z���Œ���U���]�u�u�����]���š���U���(�����Œ-inducing. But 
30% of what? From when? In which area? Was it three incidents becoming four, or 
�š�Z�}�µ�•���v���•���š�µ�Œ�v�]�v�P���]�v�š�}���š�Z�}�µ�•���v���•���u�}�Œ���M���d�Z�����v�µ�u�����Œ�����}���•�v�[�š���o�]�����v ���µ�š���]�š�����}���•�v�[�š���•�‰����k the 
�Á�Z�}�o�����š�Œ�µ�š�Z�����]�š�Z���Œ�X�����v�����u�}�•�š���‰���}�‰�o�������}�v�[�š���•�š�}�‰���š�}���]�v�š���Œ�Œ�}�P���š�����]�š�X���d�Z���Ç���(�����o���]�š�X���d�Z���š��
emotional reaction is the real product being sold. 

�d�Z���v���š�Z���Œ���[�•�����À���Œ���P���•�U���š�Z�����u�}�•�š�����������‰�š�]�À�������}�u�(�}�Œ�š�����o���v�l���š���]�v���u�}�����Œ�v���u���š�Z�•�X���d�Z�����^���À���Œ���P���_��
�•���o���Œ�Ç�U���š�Z�����^���À���Œ���P���_���Z�}�µ�•���Z�}�o���U���š�Z�����^���À���Œ���P���_���•�š�µ�����v�š�X�����À���Œ���P���•���•�u�}�}�š�Z���}�µ�š�����Æ�š�Œ���u���•��
until inequality becomes invisible. If one person earns a million and nine earn nothing, the 
���À���Œ���P�����•���Ç�•�����À���Œ�Ç�}�v���[�•�����}�]�v�P���(�]�v���X���d�Z�����u���š�Z���]�•�����}�Œ�Œ�����š�X���d�Z�������}�v���o�µ�•�]�}�v���]�•�����Œ�]�u�]�v���o�X 

���o�P�}�Œ�]�š�Z�u�•���‰�µ�•�Z���š�Z�]�•�����À���v���(�µ�Œ�š�Z���Œ�X���z�}�µ�Œ���(�������U���Ç�}�µ�Œ���Œ�����}�u�u���v�����š�]�}�v�•�U���Ç�}�µ�Œ���^�&�}�Œ���z�}�µ�_���‰���P����
�v  all governed by numbers claiming objectivity. Engagement rates. Watch time. 
Click-�š�Z�Œ�}�µ�P�Z���‰���Œ�����v�š���P���•�X�����}�o���U�������o���µ�o���š�����U���v���µ�š�Œ���o�X�����Æ�����‰�š���š�Z���Ç�[�Œ�����š�Œ���]�v�������}�v���Z�µ�u���v��
behaviour, and humans are not neutral. Bias goes in, bias comes out, multiplied at scale. The 
�]�o�o�µ�•�]�}�v���Z���Œ�����]�•�v�[�š���š�Z���š���š�Z�����u���š�Z�•���]�•���Á�Œ�}�v�P���v �]�š�[�•���š�Z���š���š�Z�����u���š�Z�•���]�•���(���]�Œ�X 

Even graphs lie with a straight face. Stretch the y-axis, compress the x-axis, choose colours 
that scream danger. The data stays the same, but the story changes completely. A gentle 
�š�Œ���v�����������}�u���•���������Œ�]�•�]�•�X�������•�Z���Œ�‰���•�‰�]�l�����������}�u���•���^�v�}�š�Z�]�v�P���š�}���Á�}�Œ�Œ�Ç�������}�µ�š�X�_���z�}ur brain trusts 
the picture before it questions the numbers behind it. That trust is exploited daily.  

All of these combined create a lethal trump card large corporations with analytics can play, 
�o�������]�v�P���š�}�������•���•���•�µ���Z�����•���š�Z�����]�v�(���u�}�µ�•�����}���������}�o�����Z�^�Z�]�(�š���š�Z�������o���u���[�������•���U where Coca-Cola 
gained negative media attention for allegedly using statistics to shape public opinion on 
obesity. In the 2010s, the company heavily funded research suggesting that lack of exercise, 
not sugary drinks, was the main cause of obesity. Some reports cited that only 25% of 
weight gain could be linked to diet, implying soda was largely innocent. 
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The truth? These studies often ignored large datasets showing that sugary drinks contribute 
significantly to obesity. By highlighting certain percentages while omitting others, Coca-Cola 
made its message seem scientific. Graphs in press releases exaggerated small differences in 
activity levels and cut out context, making minor correlations look decisive. 

Even promotional materials used selective numbers. For example, one report claimed that 
�^�‰���}�‰�o�����Á�Z�}�����Œ�]�v�l�����}�l�����Œ���P�µ�o���Œ�o�Ç�����}���v�}�š���Á���]�P�Z���u�}�Œ�����š�Z���v���š�Z�����v���š�]�}�v���o�����À���Œ���P���U�_���]�P�v�}�Œ�]�v�P��
the larger populations where excess sugar intake clearly correlates with higher BMI. 

�d�Z�]�•�������•�����‰�Œ�}�À���•���š�Z�����‰�}�]�v�š�W���v�µ�u�����Œ�•���š�Z���u�•���o�À���•���Á���Œ���v�[�š���(���l���U�����µ�š���š�Z�����Á���Ç���š�Z���Ç���Á���Œ����
�‰�Œ���•���v�š�������•�‰�µ�v���š�Z�����•�š�}�Œ�Ç�U���‰�Œ�}�š�����š�]�v�P���������Œ���v���[�•���]�u���P���X���/�š�[�•�������‰���Œ�(�����š�����Æ���u�‰�o�����}�(���Z�}�Á��
statistics can be manipulated to mislead the public. 

This is the real play of numbers in the 21st century. Not equations on a chalkboard, but 
�(�]�P�µ�Œ���•���]�v���Z�������o�]�v���•�U�������•�Z���}���Œ���•�U�����v�����š�]�u���o�]�v���•�X���E�µ�u�����Œ�•�����Œ���v�[�š���š�Z�����À�]�o�o���]�v�•�X���d�Z���Ç���v���À���Œ��
were. But in the wrong hands, or even careless ones, they become masks �v  hiding 
uncertainty, simplifying complexity, and persuading without ever needing to argue. Now, in 
a world where artificial intelligence is making such tasks even easier to do, it is imperative 
we spread such knowledge to increase awareness. 

�^�}�U���š�Z�����‰���Œ�����}�Æ���]�•�v�[�š���š�Z���š���v�µ�u�����Œ�•�����������]�À�����µ�•�X���/�š�[�•���š�Z���š���Á�����o���š���š�Z���u�X���t�����u�]�•�š���l�����‰�Œ�����]�•�]�}�v��
for truth, and confidence for correctness. And until we learn to question not just what the 
numbers say, but who chose them and why, the biggest illusion will remain untouched: that 
maths is just maths. 

And we will remain in the dark. 

Coca Cola case study: https://www.downtoearth.org.in/food/almost-every-middle-inc ome-country- is -being-
targeted- by-big-food-and- its -scientific-agents  
 
 

The Nothing that Built Everything: How an Invisible Number 
Holds the Universe Together 

 
By Kiaan Khera 8G 

Intro 

 Imagine waking up and discovering that the number "0" has been deleted from human 
memory. It sounds like a minor annoyance - until you realise your phone has become 
nothing more than a piece of metal, your bank account is a mess, and even your ruler has 
betrayed you. 

 
The Binary Blunder 

Without zero, your light goes from a helpful tool to a nuisance to sleep with. This is because 

�]�š���]�•���Œ�����o�o�Ç���i�µ�•�š���������}�o�o�����š�]�}�v���}�(�����]�o�o�]�}�v�•���}�(���š�]�v�Ç���o�]�š�š�o�����Z�•�Á�]�š���Z���•�[�X�������–�í�–���(�o�]�‰�•���š�Z�����•�Á�]�š���Z���}�v�U�����v���������–�ì�–��
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flips it off. Without zero, every switch in your light �t and other gadgets - stays stuck on at 

the same time. Your phone wouldn't be a smartphone anymore - it would just be a glowing 

���Œ�]���l���}�(���P�o���•�•�X�����v�������}�v�[�š���š�Z�]�v�l���Ç�}�µ�Œ�����}�u�‰�µ�š���Œ���]�•���•���(�������]�š�Z���Œ�X���d�Z�]�v�l���}�(�����}mputer code like a 

secret language made of dots (1s) and spaces (0s). Without zero, the spaces vanish. Your 

computer screen would turn into one giant, solid block of text with no gaps, making it 

impossible for the computer to follow a single instruction.  

 
 

 

Video Games: The End of Reality 

�z�}�µ�[�Œ�����‰�o���Ç�]�v�P���Ç�}�µ�Œ���(���À�}�µ�Œ�]�š�����P���u���X���d�Z�����(�]�v���o�����}�•�•���]�•�����}�Á�v���š�}���í���Z�����o�š�Z�X���K�v�����u�}�Œ�����Z�]�š�����v�����]�š�[�•��

all over. Your character manoeuvres below his slashing sword, through his armour and 

�����D�J�����Æ�����‰�š�Y���v�}�š���Œ�����o�o�Ç�X���t�]�š�Z�}�µ�š���^�Ì���Œ�}�_���Z�����o�š�Z���(�}�Œ���Z�]�u���š�}���Œ�������Z�U���Z�]�•���Z�����o�š�Z���Áill always be 

�i�µ�•�š�������}�À�����Ì���Œ�}�V���š�Z�����µ�v�������š�����o�������}�•�•�X�����µ�š���š�Z���š�[�•���v�}�š���š�Z�����}�v�o�Ç���‰�Œ�}���o���u�X���d�Z���������v�š�Œ����

coordinate in games is (0,0) or (0,0,0) in 3D. Without zero, there would be no trees or 

houses or anything. Instead, you would spawn into an infinite grey void.  

 

 

 

The Placeholder Panic: The Ruler and the Riches 

�t�Z���š�[�•���š�Z�������]�(�(���Œ���v�����������š�Á�����v���Z���À�]�v�P���¬�í�ì���]�v���Ç�}�µ�Œ���‰�}���l���š�����v�����¬�í�U�ì�ì�ì�M���/�š�[�•���i�µ�•�š���š�Á�}�����]�Œ���o���•���}�(��

"nothing"- but those circles are the difference between buying a couple of drinks and buying 

�����µ�•�����������Œ�X���ì���]�•�������l���Ç���‰�o�������Z�}�o�����Œ���š�Z���š���l�����‰�•���š�Z�����v�µ�u�����Œ�[�•���À���o�µ���•���š�}�P��ther. Without it, a 

multi-millionaire with 3,000,000 in his bank account becomes poorer than a 7 �t year �t old 

�•���À�]�v�P���µ�‰���‰�}���l���š���u�}�v���Ç�X�����À���v���Ç�}�µ�Œ���Œ�µ�o���Œ���•�š���Œ�š�•���o�Ç�]�v�P���š�}���Ç�}�µ�X���/�(�������Œ�µ�o���Œ���•�š���Œ�š�•�����š���Z�í�[�U�����À���Œ�Ç��

measurement becomes a subtraction sum. On top of all this, without zero, how would we 

make cars? With cars, the parts are made to fit within the exact 0.01cm. How can you get 

that without zero? The measurements would just be complete guesses instead of precise 

numbers. 

 

Romans Built the Colosseum �t ���µ�š���š�Z���Ç�����}�µ�o���v�[�š�����}���í���t 1 
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The Romans conquered the known world with swords and stone, but they were defeated by 

a simple math problem: they never learned how to count to nothing. As discussed earlier, 0 

�]�•���š�Z�����l���Ç���š�}�����]�v���Œ�Ç�U�����v�����š�Z���Œ���(�}�Œ�������}�u�‰�µ�š���Œ�•�X���t�]�š�Z�}�µ�š���Ì���Œ�}�U���š�Z�����Z�}�u���v�•���Á���Œ���v�[�š able to 

make any technological advancements �t stunting what has sometimes been called the 

greatest empire in history. The most interesting thing about the Romans, is that they used 

abacuses, in which to hold the place value, they did actually leave nothing in some of the 

���}�o�µ�u�v�•�J���d�Z�����Œ�}�u���v�•���Á���Œ�����µ�•�]�v�P���š�Z�����]���������}�(���Ì���Œ�}�����v�����š�Z���Ç�����]���v�[�š�����À���v���l�v�}�Á���]�š�X 

 

 

The Origin Story: How "Nothing" Conquered the World 

�E�}�Á���š�Z���š���Ç�}�µ���l�v�}�Á���Z�}�Á���µ�•���(�µ�o�����v�����Z�}�Á���]�u�‰�}�Œ�š���v�š���š�Z�����]���������}�(���Z�v�}�š�Z�]�v�P�[���Œ�����o�o�Ç���]�•�U���]�š�[�•���]�v���š�]�u����

to find out the origins of this number. The first evidences of the usage of zero was the 

Mayan civilization in Mexico, where they used a shell symbol to represent nothing in their 

�]�v���Œ�����]���o�Ç���������µ�Œ���š���������o���v�����Œ�•�X���,�}�Á���À���Œ�U���š�Z���Ç���•�š�]�o�o�����]���v�[�š���š�Œ�����š���o�]�l�������v�������š�µ���o���v�µ�u�����Œ�X�����v�š���Œ��

the hero of the story, a mathematician named Brahmagupta, from 7th-century India. He 

was the first to treat zero like a real number�v someone you could add, subtract, and play 

with. He called it shunya, which means "the void." 

 

Conclusion 

�������l���š�}���}�µ�Œ�����Ç�•�š�}�‰�]���v���Á�}�Œ�o�����Á�]�š�Z�}�µ�š���Ì���Œ�}�X���d�Z�������}�µ�v�š���}�Á�v���(�}�Œ���î�ì�î�ò���Z���•�������P�µ�v�X���^�ñ�U���ð�U���ï�U���î�U���í�_��

�^�]�o���v�����X���:�µ�•�š�������‰�o���]�v�����Á�l�Á���Œ�����•�]�o���v�����X���t�Z�Ç�M�����������µ�•�����]�v���š�Z�����(�]�Œ�•�š���‰�o���������Ç�}�µ���Á���Œ���v�[�š�����}�µ�v�š�]�v�P��

down to anything. Without zero, no matter how much you keep counting down, the value 

will never run out. Thankfully, you then woke up, realising that it was all just a bad 

nightmare. Thank you for reading, and I hope you are now enlightened on how influential 

�^�v�}�š�Z�]�v�P�_�������v���������}�v���š�Z�������À���Œ�Ç�š�Z�]�v�P�X�� 

 

The Most Normal Weird Number 
 

By Anchit Paudel 12B 
 

Which two-digit number is the weirdest? Some people would be drawn to a prime number 
like 37 or 29, or a more superstitious number such as 13. Some people would be suspicious 
of this question being a trick. They would be right. The real answer is 70, a particularly 
unsuspecting number that nobody could guess unless they already knew the trick. What is it 
about a number that could grant it the special and prestigious title of weird? The real 
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answer involves discovering deep mathematical truths about the nature of numbers in 
number theory and revealing the rigorous mathematical journey that numbers take to reach 
perfection. This adventure is, unfortunately, reserved only for positive integers. 

Prime Numbers and Factorisation 

Number theory is a branch of mathematics specialised in dealing with the properties of 
integers. One of the most fundamental and revealing integer properties in number theory is 
the number of factors that it has. Every number can be broken down into factors, meaning 
that it can be divided by integers into more integers. For example, 12 has six factors because 
dividing it by 1, 2, 3, 4, 6, or 12 gives an integer result. Numbers with two factors are known 
as prime numbers since their only factors are 1 and itself. Numbers with more than two 
factors are known as composite numbers. 1 only has one factor, placing it in its own special 
category. 

Factors are important since they quite literally reveal what parts a number is composed of. 
An example of this is how square numbers are the only numbers with an odd number of 
factors. This happens because factors pair together most of the time. If n is any number, and 
b is a factor of n, then n/b is also a factor of n, meaning that b and n/b are paired together. 
The only exceptions are numbers where n/b = b, i.e., when n = b². 

Even though prime numbers behave similarly to each other, 
composite numbers have a lot of internal variety. For example, 90 and 
91 are both composite numbers, although in my opinion, 91 is closer 
to being a prime number than 90. There is a way to visualise this by 
using prime factorisation: meaning to repeatedly break the factors of a 
number down into prime numbers. 90 can be broken down into four 
prime factors (2 × 3² × 5), while 91 can only be broken down into two prime factors (7 × 13). 
In this sense, having more prime factors makes a number more composite. Knowing the 
prime factors of a number is useful since there is a trick to find the number of factors of that 
number with only three steps: represent the prime factors using exponents, add 1 to each 
exponent, and multiply the results together. 

Numbers with more prime factors also have a high number of factors, however this does not 
mean that each prime factor is unique. For example, 30 has three unique prime factors (2 × 
3 × 5) and has eight factors, while 32 has five similar prime factors (2 × 2 × 2 × 2 × 2) but only 
has six factors. More unique prime factors mean more arrangements of those prime factors, 
leading to more factors. 

Quantifying Compositeness 

Counting the number of unique prime factors in a number is a quick and easy way to 
estimate how composite it is, but this method still fails to capture something crucial. Take 
two numbers, 58 (2 × 29) and 57 (3 × 19), for example. Both numbers have four factors and 
two unique prime factors, however, small factors have more uses and are therefore more 
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important, which should place 58 ahead of 57. The issue with this definition is that it does 
not consider what the factors of a number are, but only whether they are unique, leading to 
the significance of smaller factors, such as 2 or 3, not being considered. 

One solution is a new definition where compositeness is measured by summing the factors 
of a number. Numbers whose factors sum to a higher number should be more composite 
�š�Z���v�����v�}�š�Z���Œ���v�µ�u�����Œ�X���d�Z�]�•���]�•���l�v�}�Á�v�����•�������v�µ�u�����Œ�[�•���•�µ�u���}�(�����]�À�]�•�}�Œ�•�X���d�Z�]�•���•�Ç�•�š���u���‰�Œ���]�•���• 
numbers with smaller factors like 2, which is explained by the tendency of factors to pair 
together. For any number n divisible by 2, the largest factor of n is n/2, which is the largest 
factor a number can have, contributing more to the sum of divisors. By using the sum of 
divisors, 58 has a score of 90 (1 + 2 + 29 + 58), 57 has a score of 80 (1 + 3 + 19 + 57) and 56 
has a score of 120 (1 + 2 + 4 + 7 + 8 + 14 + 28 + 56).  

Even though this method works well on a small scale, it becomes more unsustainable as 
larger numbers are introduced. Because the sum of divisors of a number is heavily biased 
towards the size of that number, large prime numbers can outperform even some 
composite numbers. An easy fix is to only use the proper divisors of n, meaning all factors of 
n excluding n itself. This is known as the aliquot sum of a number. Prime numbers have an 
aliquot sum of 1, which nullifies bias from large numbers. The aliquot sum is seen as the 
best way to measure the compositeness of a number for this reason. 

Now that there is a reliable way to measure compositeness, the numbers can be categorised 
into two main groups. Numbers with an aliquot sum greater than themselves, such as 56, 
are abundant numbers since it is greater than the sum of its parts. Numbers with an aliquot 
sum less than themselves, such as 57 and 58, are known as deficient numbers. Most 
composite numbers also turn out to be deficient numbers. 

Into Open Arms: The Perfect Numbers 

�d�Z�������]�(�(���Œ���v�����������š�Á�����v���š�Z�������o�]�‹�µ�}�š���•�µ�u���}�(�������v�µ�u�����Œ���v�����v�����v���]�š�•���o�(���]�•���l�v�}�Á�v�����•�������v�µ�u�����Œ�[�•��
abundance, where numbers with abundance > 0 are abundant and numbers with 
abundance < 0 are deficient. There are a few numbers, however, with an abundance of zero. 
These are known as perfect numbers, which are numbers that are quite literally equal to the 
sum of their parts. The first four perfect numbers are 6, 28, 496 and 8128, but become 
increasingly rare afterwards. Perfect numbers are a cornerstone of number theory because 
it has remained unsolved for thousands of years whether there are an infinite number of 
them and if any odd perfect numbers exist, making perfect numbers a continuous source of 
debate. Only 52 perfect numbers have been discovered so far, with the most recent 
discovery in October 2024 being over 82 million digits long �€�^�í�_�•�X There are many more 
unproven conjectures in number theory, with some of the most famous being the Collatz 
Conjecture, the Twin Prime Conjecture, and the Riemann Hypothesis. 

Falling from Grace: The Weird Numbers 
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Not all numbers can be perfect, but some numbers still claim the less honourable title of 
�•���u�]�‰���Œ�(�����š�U���Á�Z�]���Z���]�•���Á�Z���v���š�Z���Œ�����]�•�������•�µ���•���š���}�(�������v�µ�u�����Œ�[�•���‰�Œ�}�‰���Œ�����]�À�]�•�}�Œ�•���š�Z���š���•�µ�u���š�}���v�X��
Since deficient numbers can never be semiperfect and all perfect numbers are automatically 
semiperfect, this term is only relevant to abundant numbers. It turns out that most 
abundant numbers are also semiperfect, with the rare exceptions being 70, 836, 4030, 5830, 
etc. This is the long-anticipated sequence of weird numbers, with 70 sticking out like a sore 
thumb. Nevertheless, 70 is still irredeemable. It does not help that the proper divisors of 70 
are all deficient, which unfortunately also classifies 70 as a primitive abundant number. All 
primitive abundant numbers pass the threshold to become abundant by a thread, arguably 
making primitive abundant numbers less perfect. 

Even though 70 is a weird number, however, it does have applications in real life due to 
being a multiple of 10. Not even the perfect numbers, such as 28 and 496, get recognition 
outside of textbooks. What can a number do to be hailed as a hero in the real world and 
where can these numbers be found?  

Super Composites 

The sum of divisors, aliquot sum, and abundance are all related to each other, which is easy 
to see in their special function notations in number theory: the sum of divisors is denoted 
�•�~�v�•�U���š�Z�������o�]�‹�µ�}�š���•�µ�u���]�•�������v�}�š�������•�~�v�•���t �v�U�����v���������µ�v�����v�������]�•�������v�}�š�������•�~�v) �t 2n. Each function 
�Z���•���À���Œ�]�}�µ�•�������À���v�š���P���•�����v�������Œ���Á�������l�•�������•�‰�]�š�����š�Z���u���o�}�}�l�]�v�P���•�}���•�]�u�]�o���Œ�X���d�Z�����•�~�v�•���(�µ�v���š�]�}�v���]�•��
a multiplicative function, meaning that, if a and b are coprime (they have no factors in 
���}�u�u�}�v�•�U���š�Z���v���•�~���•���?���•�~���•���A���•�~�����•�X���>���Œ�P�����v�µ�u�����Œ�•�������v����asily be split into coprime parts with 
prime factorisation, making finding the sum of their divisors quicker. The aliquot sum is used 
to measure compositeness since prime numbers receive the same score of 1. Abundance is 
great at defining abundant and deficient numbers which reveals a lot about the way that a 
number behaves. 

Because these functions only differ by n, dividing each function by n reduces them into one 
�µ�v�]�(�]�������(�µ�v���š�]�}�v�X���d�Z�����(�µ�v���š�]�}�v���•�~�v�•�l�v���]�•���v�}�Á���š�Z�����}�v�o�Ç���(�µ�v���š�]�}�v���Œ���u���]�v�]�v�P�����v�����]�•���•�š�]�o�o��
multiplicative. This determines what is known as the relative abundance of n. The relative 
abundance of a number is also equal to the sum of the reciprocals of its factors, for 
example, the relative abundance of 6 is 2 (1 + 1/2 + 1/3 + 1/6), which is true due to the way 
that the factors of a number pair together. Deficient numbers have a relative abundance < 
2, perfect numbers have a relative abundance of 2 and abundant numbers have a relative 
abundance > 2. Prime numbers approach a relative abundance of 1 as (n+1)/n as n 
increases. On the other hand, numbers with a higher relative abundance than every number 
that precedes it are defined as superabundant numbers. 

Superabundant numbers are convenient to use due to having an extremely high number of 
factors and therefore are the numbers with global usage, even with usage as far back as 
5000 years ago. One example of this is the ancient Egyptian 360-day year (with five 
celebratory days outside of the year to match astronomical observations) �€�^�î�_�•. Another 
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example is the ancient Babylonian base-60 number system. The Babylonians were known 
for huge advancements in mathematics, such as the knowledge of the Pythagorean theorem 
over 1000 years before the Greeks, as well as approximations of square roots �€�^�ï�_�•�X��The 
Babylonians also gave circles 360 degrees. The historical links to superabundant numbers 
are more reasons why they appear everywhere, such as in imperial units and time. Attempts 
to change this have been made, such as with the Revolutionary reformed decimal time, with 
100 seconds in a minute, 100 minutes in an hour and 10 hours in a day. The system failed 
since dividing days into sections became more difficult and it conflicted with trade. 

Conclusion 

Why should we care? Even on the mathematical journey to perfection, it is important to 
know what numbers are by your side because it opens a new perspective of them that 
cannot be taken for granted. Sometimes it is okay to travel with the numbers that you are 
averse to because there could be something magical about them. Sometimes it is important 
to realise that being a perfect number is not necessary to be a champion. Every number has 
something special and no number should be ashamed of what they are, especially 70. 
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The 7 Bridges 
 

By Avaneesh Piradeepan 11M 
 

The Seven Bridges of Konigsberg is a historical mathematical puzzle that originated in the 
18th century German city, Konigsberg. This city was unique for being located on either side 
of the Pregal river, with two large islands in the middle. As pictured below, 7 bridges 
connect the islands to each other, and the mainland. A curious mathematician, Carl Ehler 
questioned whether it was possible to cross all 7 bridges without ever crossing a bridge 
twice. Despite its simplicity, the problem is much harder than �]�š���o�}�}�l�•�Y�������v���Ç�}�µ���(�]�v�����š�Z����
solution?  
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�z�}�µ���u���Ç���Z���À�����v�}�Ÿ���������š�Z���š�����À���Œ�Ç���Ÿ�u�����Ç�}�µ�����v�š���Œ�������À���Œ�š���Æ�����Ç�����v�������P���U���Ç�}�µ���o�����À�����š�Z���š���À���Œ�š���Æ�����Ç��
���v�������P���V���š�Z���Œ���(�}�Œ���U���Ç�}�µ���v�����������v�����À���v���v�µ�u�����Œ���}�(�������P���•���}�v���u�}�•�š�U���}�Œ�����o�o�U���}�(���Ç�}�µ�Œ���À���Œ�Ÿ�����•�U���š�}��
�v�}�š���P���š���^�•�š�µ���l�_���]�v���š�Z�����u�]�����o�����}�(�������‰���š�Z�X���t�Z���v���š�Z���Œ�������Œ�����u�}�Œ�����š�Z���v���š�Á�}���À���Œ�Ÿ�����•���Á�]�š�Z���}������
�v�µ�u�����Œ�����������P���•�U���š�Z�����‰�Œ�}���o���u���]�u�u�����]���š���o�Ç���������}�u���•���]�u�‰�}�•�•�]���o���W�����•���Ç�}�µ���Z���À�����(�}�µ�v�����]�v���š�Z����
�‰�Œ�}���o���u�������}�À���U�����o�o���(�}�µ�Œ���À���Œ�Ÿ�����•���Z���À�������v���}�������v�µ�u�����Œ���}�(�������P���•�X�� 
�� 
Euler explained that the possibility of traversing each edge exactly once depended on the 
�����P�Œ�����•���}�(���š�Z�����v�}�����•�X���d�Z�����š���Œ�u���Z�����P�Œ�����•�[���Œ���(���Œ�•���š�}���š�Z�����v�µ�u�����Œ���}�(�������P���•�����}�v�v�����š�]�v�P���š�}���������Z��

�3�X�]�]�O�L�Q�J�����U�L�J�K�W�"���,�Q���I�D�F�W�����W�K�L�V���S�U�R�E�O�H�P���O�H�G���W�K�H��
�I�D�P�R�X�V���P�D�W�K�H�P�D�W�L�F�L�D�Q���/�H�R�Q�K�D�U�G���(�X�O�H�U���W�R��
�S�U�R�Y�H���W�K�D�W���V�X�F�K���D���V�R�O�X�W�L�R�Q���Z�D�V���L�P�S�R�V�V�L�E�O�H����
�(�X�O�H�U���L�G�H�Q�W�L�I�L�H�G���W�K�D�W���W�K�H���G�H�W�D�L�O�H�G���P�D�S���R�I��
�.�R�Q�L�J�V�E�H�U�J���F�R�X�O�G���E�H���U�H�G�U�D�Z�Q���L�Q�W�R���D�Q��
�D�E�V�W�U�D�F�W���J�U�D�S�K���W�K�D�W���U�H�S�U�H�V�H�Q�W�H�G���H�D�F�K��
�O�D�Q�G�P�D�V�V���D�V���D���Y�H�U�W�H�[�����R�U���Q�R�G�H�����W�K�H���J�U�H�H�Q��
�F�L�U�F�O�H�V�����D�Q�G���H�D�F�K���E�U�L�G�J�H���W�K�D�W���F�R�Q�Q�H�F�W�H�G���W�K�H�P��
�D�V���D�Q���H�G�J�H�����W�K�H���O�L�Q�H�V���F�R�Q�Q�H�F�W�L�Q�J���D���S�D�L�U���R�I��
�F�L�U�F�O�H�V�������<�R�X���P�D�\���I�L�Q�G���W�K�H���J�U�D�S�K���S�L�F�W�X�U�H�G���R�Q��
�W�K�H���U�L�J�K�W���W�R���E�H���Y�H�U�\���G�L�I�I�H�U�H�Q�W�����F�R�P�S�D�U�H�G���W�R���W�K�H��
�P�D�S���D�E�R�Y�H�����E�X�W���E�H���U�H�V�W���D�V�V�X�U�H�G���W�K�D�W���L�W���L�V���W�K�H��
�V�D�P�H���P�D�S���R�I���W�K�H���S�U�R�E�O�H�P�����7�K�L�V���P�D�S���L�V���E�H�W�W�H�U��
�V�X�L�W�H�G���W�R���V�R�O�Y�H���W�K�H���S�U�R�E�O�H�P���E�H�F�D�X�V�H���Z�H���D�U�H��
�Q�R�W���F�R�Q�F�H�U�Q�H�G���Z�L�W�K���W�K�H���S�D�W�K���W�D�N�H�Q���Z�L�W�K�L�Q���D��
�O�D�Q�G�P�D�V�V�����D�Q�G���L�W���K�H�O�S�V���X�V���Y�L�V�X�D�O�L�V�H���H�D�F�K��
�O�D�Q�G�P�D�V�V���D�V���D���V�L�Q�J�O�H���H�Q�W�L�W�\�������W�K�L�V���Z�L�O�O���E�H��
�K�H�O�S�I�X�O���O�D�W�H�U�����$�G�G�L�W�L�R�Q�D�O�O�\�����L�W���G�R�H�V���Q�R�W���P�D�W�W�H�U���L�I��
�W�K�H���J�U�D�S�K���L�V���G�L�V�W�R�U�W�H�G�����R�U���L�I���O�L�Q�H�V���D�U�H��
�V�W�U�H�W�F�K�H�G�����E�H�F�D�X�V�H���R�Q�O�\���W�K�H���Q�X�P�E�H�U���R�I��
�F�R�Q�Q�H�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���Q�R�G�H�V���D�U�H���U�H�O�H�Y�D�Q�W����
�+�H�Q�F�H�����Z�H���K�D�Y�H���W�K�H���V�L�P�S�O�L�I�L�F�D�W�L�R�Q���R�I��
�.�R�Q�L�J�V�E�H�U�J���E�H�O�R�Z�����D�Q�G���W�K�L�V���L�V���F�D�O�O�H�G���D���J�U�D�S�K��
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node. The desired path, from the problem, is only possible if the graph has exactly 0 or 2 
�v�}�����•���Á�]�š�Z���}�����������P�Œ�����•�U�����v�����]�(���]�š�[�•���š�Z�����o���š�š���Œ�U���š�Z���v���š�Z�����‰���š�Z���Á�}�µ�o�����•�š���Œ�š�����v�������v�������š���š�Z����
nodes with odd degrees. Now, such a path that crosses each bridge exactly once is called an 
Eulerian path. Later on, as a result of Soviet bombing in WWII, two of the bridges were 
destroyed; this left two 3-degree nodes and two 2-degree nodes, making a Eulerian path 
possible.  
�� 
A slight variation of the puzzle is to find a path that crosses each bridge once, starting and 
ending at the same point, or node. The solution to this problem is called an Eulerian circuit, 
and demands all the nodes to have an even degree. You can see why from the diagram: 
returning to the same point means that you have to leave every node you enter, which 
consequently requires an even number of bridges from each node.  
�� 
�z�}�µ���u���Ç���Á�}�v�����Œ���Á�Z���š���š�Z�����Œ�����o�r�Á�}�Œ�o�����Œ���o���À���v�������}�(���•�µ���Z�������š�Œ�]�À�]���o���‰�Œ�}���o���u���]�•�U�����µ�š���]�š���o���������µ�o���Œ���š�}��
�o���Ç�]�v�P���š�Z�����(�}�µ�v�����Ÿ�}�v�•���(�}�Œ���v���š�Á�}�Œ�l���š�Z���}�Œ�Ç�X���E�}�š���}�v�o�Ç���]�•���Z�]�•���•�}�o�µ�Ÿ�}�v���š�Z�����.�Œ�•�š���š�Z���}�Œ���u���}�(���P�Œ���‰�Z��
�š�Z���}�Œ�Ç�U�����µ�š���]�š���]�•�����Æ�š���v�•�]�À���o�Ç���Œ���o���À���v�š���š�}���}�µ�Œ�����À���Œ�Ç�����Ç���o�]�(���U�����������µ�•�����v���š�Á�}�Œ�l�•�����Œ�������À���Œ�Ç�Á�Z���Œ���X�� 
�� 
�^�}�µ�Œ�����•�W���Z�©�‰�•�W�l�l���v�X�Á�]�l�]�‰�����]���X�}�Œ�P�l�Á�]�l�]�l�^���À���v�z���Œ�]���P���•�z�}�(�z�<�9���ï�9���ò�v�]�P�•�����Œ�P��
�Z�©�‰�•�W�l�l�v�Œ�]���Z�X�u���š�Z�•�X�}�Œ�P�l���Œ�Ÿ���o���•�l���µ�Œ�]�}�µ�•�r���}�o�o�����Ÿ�}�v�r���Œ�]���P���•�� 

 
�=�H�Q�R�·�V���3�D�U�D�G�R�[es 

 
By Vanij Pandravada 7G 

Who was Zeno? 
�^�•���v�}���}�(�����o�������~���X���ð�õ�ì�t�ð�ï�ì���������•���Á���•�����v�����v���]���v�š���'�Œ�����l���‰�Z�]�o�}�•�}�‰�Z���Œ�X�_ 
�^�,�����Á���•�������(�}�o�o�}�Á���Œ���}�(��Parmenides, who claimed that change, motion, and plurality are 
illusions�v�š�Z���š���Œ�����o�]�š�Ç���]�•���}�v���U���µ�v���Z���v�P�]�v�P�U�����v�������}�v�š�]�v�µ�}�µ�•�X�_ 

Many people disagreed with Parmenides, so Zeno created paradoxes to defend him.  

If you believe motion exists, then your logic makes you think differently 

So, Zeno used logic as a weapon. 

 

The Famous Paradoxes 
  
Achilles and the Tortoise 
Achilles races a tortoise. 
The tortoise gets a head start. 

To catch the tortoise, Achilles must: 
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1. �Z�������Z���š�Z�����š�}�Œ�š�}�]�•���[�•���•�š���Œ�š�]�v�P���‰�}�]�v�š�X 
2. But in that time, the tortoise moved ahead. 
3. �����Z�]�o�o���•���Œ�������Z���•���š�Z���š���‰�}�]�v�š�Y 
4. �d�Z�����š�}�Œ�š�}�]�•�����Z���•���u�}�À���������P���]�v�Y 

This continues forever because there are infinite points Achilles must reach. 

Zeno concludes: 

Achilles can never catch the tortoise. 

Yet in real life, he obviously does. 

 

The Key concept forgotten: 

Speed �t if Achilles is faster than the tortoise he will catch up to the tortoise before it 
reaches the next point 

 

 

 

���]���Z�}�š�}�u�Ç���~�d�Z�����^�,���o�(�Á���Ç�_���W���Œ�����}�Æ�• 
To reach any place, you must first travel halfway. 
Then half of the remaining distance. 
�d�Z���v���Z���o�(���}�(���š�Z���š�Y 
This creates an infinite number of movements. 

So, Zeno claims: 

To move, you must finish infinite tasks. 

Finishing infinite tasks is impossible. 

Therefore, motion is impossible. 

Key concept forgotten: 

If travelling to a certain place there is a certain distance therefore travelling half each time 

would then lead to reaching the end of the certain distance 

 

Example: 
Distance steps might be: 
�*���=���,���=���/���=���í�l�í�ò���=���Y 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

134 

�d�Z�]�•���]�•���]�v�(�]�v�]�š���Y 
But it adds to a finite total: 

�*���=���,���=���/���=���í�l�í�ò���=���Y=1 

So: 
Infinite as in endless time 
Infinite steps can be completed in finite time. 

 

 

The Arrow Paradox 
�^���v�����Œ�Œ�}�Á���]�•���(�o�Ç�]�v�P���š�Z�Œ�}�µ�P�Z���š�Z�������]�Œ�X 

At every single instant in time: 

�x the arrow is in one exact position 

�x at that instant, it is motionless 
If every instant is motionless, then: 

Time = a collection of frozen instants 

Frozen instants cannot create motion 

Therefore motion is impossible" 

Key concept forgotten: 

When changing to the next exact position you are creating movement to get to the next 

position. 

 

 
WHY THEY ARE CONFUSING 
Zeno is not saying: 
�^�D�}�À���u���v�š���(�����o�•���•�š�Œ���v�P���X�_ 

He is saying: 

� Îf you believe movement exists, your own reasoning becomes contradictory.�_ 

This forced philosophers and mathematicians to question: 

�x What is infinite? 

�x Is space continuous or made of tiny pieces? 

�x Is time infinitely divisible? 
 
Zeno spotted logical problems 2,000 years before calculus existed!  
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Patterns and Illusions 
 
  

136 
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When Maths Break Your Brain: Impossible Shapes and Optical 
Illusions 

 
By Muhammed Sameer 12D 

Introduction  
���D���š�Z���]�•���}�L���v���•�����v�����•���v�µ�u�����Œ�•�U���o���©���Œ�•�U�����v�����•�Z���‰���•���}�v�������‰���P���X���,�}�Á���À���Œ�U���]�š�����o�•�}���Z���•�������‰�o���Ç�(�µ�o��
�•�]�����X���/�š�������v�����]�•�š�}�Œ�š���Œ�����o�]�š�Ç�U���š�Œ�]���l���Ç�}�µ�Œ�����Ç���•�U�����v�������À���v�������v�����Ç�}�µ�Œ�����Œ���]�v�X�� 

���/�v���š�Z�]�•���]�•�•�µ�����}�(�������W�o���Ç���}�(���E�µ�u�����Œ�•�U���Á�������Æ�‰�o�}�Œ�����š�Z�����•�š�Œ���v�P�������v�������u���Ì�]�v�P�X���t�����Á�]�o�o���o�}�}�l�����š��
�u�]�v���r�����v���]�v�P���•�Z���‰���•�U���]�v�.�v�]�š�����‰���©���Œ�v�•�U���}�‰�Ÿ�����o���]�o�o�µ�•�]�}�v�•�U�����v�����v�µ�u�����Œ���š�Œ�]���l�•���š�Z���š���u���l�����Ç�}�µ��
�Œ���š�Z�]�v�l���š�Z���]�Œ���š�Œ�µ�����‰�}�Á���Œ�X�� 

 Impossible shapes that couldn't exist  
���d���l�����š�Z�����W���v�Œ�}�•�����d�Œ�]���v�P�o���X���/�š���o�}�}�l�•���•�}�o�]�������µ�š���]�š�������v�v�}�š�����Æ�]�•�š���]�v���ï�����]�u���v�•�]�}�v�•���~�&�]�P�X�í�•�� 
���K�Œ���š�Z�]�v�l�������}�µ�š�����•���Z���Œ�–�•�����v���o���•�•���•�š���]�Œ�����•���•�U���Á�Z���Œ�����‰���}�‰�o�����•�����u���š�}���Á���o�l�����v���o���•�•�o�Ç���µ�‰���}�Œ��
���}�Á�v�X���~�&�]�P�X�î�• 
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Fractals: infinity in a shape  
�&�Œ�����š���o�•�����Œ�����v���À���Œ�r���v���]�v�P���‰���©���Œ�v�•�X���t�Z���v���Ç�}�µ���Ì�}�}�u���]�v�U���š�Z�����•�Z���‰�������}�v�Ÿ�v�µ���•���Á�]�š�Z�}�µ�š���o�]�u�]�š�X��
�z�}�µ�������v���.�v�����š�Z���u���]�v�W�� 

�” �E���š�µ�Œ���W�����Œ�}�����}�o�]�U���•�v�}�Á�G���l���•�U���Œ�]�À���Œ���v���š�Á�}�Œ�l�•�U�����v�����o�]�P�Z�š�v�]�v�P�����}�o�š�•���~�&�]�P�X���ï�•�� 
�” �D���š�Z�•�W���d�Z�����D���v�����o���Œ�}�š���•���š���r�������‰���©���Œ�v���š�Z���š���Œ���‰�����š�•���]�v�.�v�]�š���o�Ç���š�}�����Œ�����š����
�•�š�µ�v�v�]�v�P���Œ���•�µ�o�š�•���~�&�]�P�X���ð�•�� 
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Optical illusions with numbers  
���E�µ�u�����Œ�•���š�Z���u�•���o�À���•�������v���š�Œ�]���l���Ç�}�µ�Œ�����Œ���]�v�X�����}�v�•�]�����Œ�W�� 

�” �D���P�]�����•�‹�µ���Œ���•�W�����Œ�Œ���v�P�����v�µ�u�����Œ�•���•�}���š�Z���š���������Z���Œ�}�Á�U�����}�o�µ�u�v�����v�������]���P�}�v���o���•�µ�u�•��
�š�}���š�Z�����•���u�����š�}�š���o�X���/�š���•�����u�•���]�u�‰�}�•�•�]���o�����r�����µ�š���]�š�����o�Á���Ç�•���Á�}�Œ�l�•�X���~�&�]�P�X�ñ�•�� 
�” �D�}���]�µ�•���•�š�Œ�]�‰�•�W���d�Á�]�•�š�������•�š�Œ�]�‰���}�(���‰���‰���Œ���}�v���������v�����š���‰�����š�Z�������v���•�X���^�µ�������v�o�Ç�U���š�Z����
�•�š�Œ�]�‰���Z���•���}�v�o�Ç���}�v�����•�]���������v�����}�v���������P���J���d�Z�����Œ���•�µ�o�š�M�������o�}�}�‰���š�Á�]���������•���o�}�v�P�����u���Œ�P���•�U��
�Á�Z�]���Z���•�����u�•�������K�]�v�P�����š���.�Œ�•�š���P�o���v�����X���~�&�]�P�X���ò�•�� 

 

 



PRIME Volume VI February 2026 

Sutton Grammar School  
© PRIME editorial team, 2026 

139 

  
Number puzzles that bend reality  
���D���š�Z�•�����o�•�}���‰�o���Ç�•���š�Œ�]���l�•���Á�]�š�Z���o�}�P�]�������v�����‰�Œ�}�������]�o�]�š�Ç�W�� 

�” �D�}�v�š�Ç���,���o�o���W�Œ�}���o���u�W�����Ç���•�Á�]�š���Z�]�v�P���Ç�}�µ�Œ�����Z�}�]�����U���Ç�}�µ���]�v���Œ�����•�����Ç�}�µ�Œ�����Z���v�����•���}�(��
�Á�]�v�v�]�v�P�����À���v���]�(���]�š���(�����o�•���Á�Œ�}�v�P���~�&�]�P�X�ó�•�� 
�” ���]�Œ�š�Z�����Ç���W���Œ�����}�Æ�W���/�v�������Œ�}�}�u���}�(���i�µ�•�š���î�ï���‰���}�‰�o���U���š�Z���Œ���–�•���i�µ�•�š�������ñ�ì�9�����Z���v�������š�Z���š��
�î���‰���}�‰�o�����•�Z���Œ�����š�Z�����•���u�������]�Œ�š�Z�����Ç���r���(���Œ���(���Á���Œ���š�Z���v���u�}�•�š���‰���}�‰�o�����P�µ���•�•���~�&�]�P�X�ô�•�� 
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Maths in art, architecture and technology  

�” �/�u�‰�}�•�•�]���o�����}���i�����š�•���]�v�•�‰�]�Œ���������•�]�P�v�W���D�}���]�µ�•�r�]�v�•�‰�]�Œ�������Œ�}�o�o���Œ�����}���•�š���Œ�•�U���]�v�.�v�]�š�Ç���•�š���]�Œ�����•���•��
�]�v���•���µ�o�‰�š�µ�Œ���•�� 
�” �&�Œ�����š���o�•���]�v���P�Œ���‰�Z�]���•�W�����}�u�‰�µ�š���Œ���P���u���•�����v�����u�}�À�]���•���µ�•�����(�Œ�����š���o�•���(�}�Œ���Œ�����o�]�•�Ÿ�����o���v���•�����‰���•�� 
�” �W���©���Œ�v�•���]�v�����Œ�š�W���d�Z�����P�}�o�����v���Œ���Ÿ�}���]�v���‰���]�v�Ÿ�v�P�•�U���•�‰�]�Œ���o�•���]�v���•�Z���o�o�•�U�����v�����Œ���‰�����Ÿ�v�P��
�š���•�•���o�o���Ÿ�}�v�•�� 
���~���}�À���Œ�]�v�P�������•�µ�Œ�(���������µ�•�]�v�P���}�v�����}�Œ���u�}�Œ�����P���}�u���š�Œ�]�����•�Z���‰���•���Á�]�š�Z���v�}���}�À���Œ�o���‰�•�����v�����v�}���P���‰�•�•�� 

 

Conclusion  
���D���š�Z�•���]�•���u�}�Œ�����š�Z���v���i�µ�•�š���v�µ�u�����Œ�•���}�v�������‰���P�����}�Œ���u���•�•�Ç�������o���µ�o���Ÿ�}�v�•�X���/�š�[�•�������‰�o���Ç�P�Œ�}�µ�v�����(�}�Œ��
�]�u���P�]�v���Ÿ�}�v�X���/�u�‰�}�•�•�]���o�����•�Z���‰���•�U���]�v�.�v�]�š�����(�Œ�����š���o�•�U���}�‰�Ÿ�����o���]�o�o�µ�•�]�}�v�•�U�����v�����‰�µ�Ì�Ì�o�]�v�P���‰���Œ�����}�Æ���•��
�•�Z�}�Á���š�Z���š���u���š�Z�•�������v���������(�µ�v�U�����Œ�Ÿ�•�Ÿ���U�����v�������u���Ì�]�v�P�X�� 

���E���Æ�š���Ÿ�u�����Ç�}�µ���•�����������v�µ�u�����Œ�U�������‰���©���Œ�v�U���}�Œ�������•�Z���‰���U���š���l�����������o�}�•���Œ���o�}�}�l�X���/�v���š�Z�����Á�}�Œ�o�����}�(���u���š�Z�•�U��
�Œ�����o�]�š�Ç���]�•���i�µ�•�š���š�Z�����•�š���Œ�Ÿ�v�P���‰�}�]�v�š�X�� 
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�h�•���(�µ�o���o�]�v�l�•�� 

���^�����v���š�Z�����Y�Z�����}�����•�������o�}�Á���(�}�Œ���Ç�}�µ���š�}�������������o�����š�}�����������•�•���š�Z�����������µ�š�Ç���}�(���u���š�Z�•�����š���š�Z�����Ÿ�‰���}�(���Ç�}�µ�Œ���.�v�P���Œ�•�X��
�W�o�����•�����v�}�š���W���š�Z�]�•���]�•���v�}�š�����v�����Æ�Z���µ�•�Ÿ�À�����o�]�•�š�U���š�Z���Œ�������Œ�����}�š�Z���Œ���Á�}�v�����Œ�(�µ�o���}�v���•�����•���Á���o�o�X�� 

 
 
Mandelbrot Set         Monty Hall Problem  

 
 Magic Squares Puzzles           Escher's Endless Staircase  

 
 Penrose Triangle        Maths Optical Illusions  
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�&�O�X�V�W�H�U�L�Q�J���,�O�O�X�V�L�R�Q�����:�K�\���:�H���6�H�H���3�D�W�W�H�U�Q�V���7�K�D�W���$�U�H�Q�·�W���5�H�D�O�O�\��
There 

 
By Bhavik Kasani 8M 

 

Scenario 
 
�^�z�}�µ���Z�����Œ�������}�µ�š���š�Z�Œ���������]�Œ�‰�o���v�������Œ���•�Z���•���]�v���}�v�����u�}�v�š�Z��
and wonder if something deeper is going on. You win 
the lottery on a scratch-off ticket, then try again, 
�š�Z�]�v�l�]�v�P���Ç�}�µ�–�Œ�����Z�}�v�������•�š�Œ�����l�[�X���z�}�µ�����Z�����l���Ç�}�µ�Œ��
horoscope after a rough day and feel like it somehow 
�‰�Œ�����]���š�������]�š�����o�o�X�_ 
 
�t�Z���š���Ç�}�µ�[�Œ�����Œ�����o�o�Ç���v�}�š�]���]�v�P���]�•�v�[�š�������‰���š�š���Œ�v�v�]�š�[�•���Ç�}�µ�Œ��
brain trying to create one. 
 
The clustering illusion is the cognitive bias that tricks 
us into seeing meaningful groupings in random data. 
�K�µ�Œ�����Œ���]�v�•�����Œ�����Á�]�Œ�������(�}�Œ���}�Œ�����Œ�U�����À���v���Á�Z���v�����Z���}�•���]�•�����o�o���š�Z���š�[�•���š�Z���Œ���X 
 

What This Bias Is 
 
The clustering illusion refers to our tendency to perceive patterns or clusters in random 
���À���v�š�•�U�����À���v���Á�Z���v���v�}�v���������š�µ���o�o�Ç�����Æ�]�•�š�X���/�š�[�•�����•�‰�����]���o�o�Ç���•�š�Œ�}�v�P���Á�Z���v���š�Z�}�•�����^���o�µ�•�š���Œ�•�_���•�����u��
emotionally relevant, statistically improbable, or narratively satisfying. 
 
We mistake coincidence for connection. Flukes for fate.�R And in doing so, we often draw 
���}�v���o�µ�•�]�}�v�•���š�Z���š���•�]�u�‰�o�Ç�����Œ���v�[�š���•�µ�‰�‰�}�Œ�š���������Ç���Œ�����o�]�š�Ç�X 
 

Why It Matters 
 
The clustering illusion feeds our need for certainty and narrative. But it leads to poor 
decisions, misplaced fear, and false patterns of meaning. 
 

�{ It reinforces superstition: We believe we can gain randomness�v through 
rituals, routines, or intuition. 

�{ It warps risk perception: We overestimate the danger or significance of 
temporary spikes or coincidences. 

�{ It undermines objectivity: Once we see a pattern, we interpret future 
information through that lens. 

�{ It leads to wasted action: We prepare for threats or duplicate success based 
on events that have no predictive value. 

 

The Psychology Behind It 
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�d�Z�]�•�����]���•���]�•���Œ�}�}�š�������]�v���}�µ�Œ�����Œ���]�v�[�•���‰���š�š���Œ�v���Œ�����}�P�v�]�š�]�}�v���•�Ç�•�š���u�vone of our most powerful (and 
sometimes misleading) survival tools. 
 
1. Pattern-Seeking Mind 
Humans evolved to detect patterns as a survival advantage. Seeing a pattern in rustling 
leaves�v even if it was just wind�v could mean avoiding a predator. Better to see a pattern 
�š�Z���š���]�•�v�[�š���š�Z���Œ�����š�Z���v���u�]�•�•���}�v�����š�Z���š���]�•�X 
 
2. Narrative Coherence 
We crave stories that explain the world. Randomness feels chaotic, so we impose cause-
and-effect�v���À���v���Á�Z���v���]�š�����}���•�v�[�š�����Æ�]�•�š�X 
 
3. Post-Hoc Rationalisation 
�K�v���������v�����À���v�š���}�����µ�Œ�•�U���Á�����o�}�}�l���������l�����v�����(�]�v�����}�š�Z���Œ�����À���v�š�•���š�Z���š���Z�o�������µ�‰�[���š�}���]�š�U���Œ���š�Œ�}�����š�]�À���o�Ç��
constructing clusters of meaning. 
 
4. Selective Memory 
We notice, remember, and retell patterns that feel emotionally relevant. The times we were 
wrong fade away. 
 

How to See Through It (Bias Interrupt Tools) 
 
�í�X�����•�l�W���^���}�µ�o�����š�Z�]�•���������Œ���v���}�u�M�_�R 
�����(�}�Œ�����Œ�������š�]�v�P���š�}�������‰���Œ�����]�À�������‰���š�š���Œ�v�U���•�š�}�‰�����v�������}�v�•�]�����Œ�W���t�Z���š���]�(���]�š�[�•���i�µ�•�š���v�}�]�•���M 
 
2. Consult the base rate�R  
Check the statistical norm. Are these events truly unusual or just part of normal variation? 
 
3. Delay your interpretation�R  
Give time for more data to emerge. Patterns that persist are more meaningful than clusters 
that fade quickly. 
 
4. Break it down numerically�R  
When in doubt, count. Frequencies and probabilities often cut through emotional distortion. 
 
5. Separate meaning from pattern�R  
�:�µ�•�š�����������µ�•�����•�}�u���š�Z�]�v�P���(�����o�•���•�]�P�v�]�(�]�����v�š�����}���•�v�[�š���u�����v���]�š�[�•�������µ�•���o�o�Ç�����}�v�v�����š�����X���Z���•�]�•�š���š�Z����
urge to turn every coincidence into a story. 
 
In conclusion, the clustering illusion plays to one of our deepest instincts: to impose order 
where none exists. 
 
�/�š�[�•���Z�}�Á���Á�����š�Œ�Ç���š�}���š���u�����š�Z�������Z���}�•���}�(���š�Z�����Á�}�Œ�o���X���/�š�[�•���Á�Z�Ç���Á�������Œ���Á���u�����v�]�v�P���(�Œ�}�u���•�š�Œ�����l�•�U��
coincidences, and flukes. But sometimes randomness is just... random. 
 
�d�Z���Œ���[�•���‰�}�Á���Œ���]�v�����������‰�š�]�v�P���š�Z���š���v�}�š�����À���Œ�Ç�š�Z�]�v�P���u�����v�•���•�}�u���š�Z�]�v�P�X���d�Z���š���v�}�š�����À���Œ�Ç���•�]�P�v���o���]�•������
message.�R 
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And that wisdom often begins where the illusion of control ends. 
 
Links 
 
https://profrjstarr.com/cognitive-biases/clustering-illusion-why-we-see-patterns-that-arent-really-there 
 
https://psychotricks.com/clustering-illusion/ 
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Maths Problems and Conjectures  
  

146 
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Cryptic Conjectures 
 

By Fareed Ahmed 7G �������������� 
�d�Z�����Á�}�Œ�����Z���}�v�i�����š�µ�Œ���•�–�����}�u���•���(�Œ�}�u���š�Z�����>���Ÿ�v���Œ�}�}�š�U��
�Z���}�v�i�����š�µ�Œ���[���u�����v�]�v�P���]�v�š���Œ�‰�Œ���š���Ÿ�}�v���}�Œ���P�µ���•�•�]�v�P�X���/�v��
�u���š�Z���u���Ÿ�����o�����}�v�š���Æ�š�U�������}�v�i�����š�µ�Œ���•�����Œ�����•�š���š���u���v�š�•���Á�Z�]���Z��
���Œ���������o�]���À�������š�}���������š�Œ�µ���������•�������}�v���•�š�Œ�}�v�P�����À�]�����v�������}�Œ��
�}���•���Œ�À�������‰���©���Œ�v�•�����µ�š�����v�}�š���Ç���š���‰�Œ�}�À���v�X 
�&���u�}�µ�•�����}�v�i�����š�µ�Œ���•�� 

�'�}�o���������Z�[�•�����}�v�i�����š�µ�Œ���W�����À���Œ�Ç�����À���v���]�v�š���P���Œ���P�Œ�����š���Œ���š�Z���v���î��
�����v���������Á�Œ�]�©���v�����•���š�Z�����•�µ�u���}�(���š�Á�}���‰�Œ�]�u���•���~���X�P�X�U���í�ì���A���ï�=�ó�•�X 

 

�d�Á�]�v���W�Œ�]�u�������}�v�i�����š�µ�Œ���W���d�Z���Œ�������Œ�����]�v�.�v�]�š���o�Ç���u���v�Ç���‰�Œ�]�u�����‰���]�Œ�•���Á�]�š�Z���������]�+���Œ���v�������}�(���î���~���X�P�X�U���í�í�U��
�í�ï�•�X 

 

���}�o�o���š�Ì�����}�v�i�����š�µ�Œ�����~�ï�v�=�í�•�W���Z���‰�����š�����o�Ç�����‰�‰�o�Ç�]�v�P���~�v�l�î���]�(�����À���v�U���ï�v�=�í���]�(���}�����•���š�}�����v�Ç���‰�}�•�]�Ÿ�À����
�]�v�š���P���Œ�����o�Á���Ç�•���o�������•���š�}���í�X�� 
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�^�š���‰�•���š�}�����Œ�����š�������}�v�i�����š�µ�Œ���•���W�� 

�x �E�}�Ÿ���]�v�P���‰���©���Œ�v�• 

�x �&�}�Œ�u�µ�o���Ÿ�v�P�������•�š���š���u���v�š 

�x �d���•�Ÿ�v�P���š�Z�������}�v�i�����š�µ�Œ�������Ç���À���Œ�]�}�µ�•�����Æ���u�‰�o���•�X 

�x �^�����l�]�v�P���‰�Œ�}�}�(���š�}�����o���À���š�����]�š���š�}�������š�Z���}�Œ���u�X 
 

�d�Z�]�•���‰�Œ�}�����•�•�����}���•���v�}�š�����}�u�����Á�]�š�Z�������Ÿ�u�����(�Œ���u�������v���������v���š���l�����������������•�X�� 

�^�]�P�v�]�.�����v�������}�(�����}�v�i�����š�µ�Œ���• 

�x ���•�•���v�Ÿ���o���(�}�Œ�������À���v���]�v�P���D���š�Z���u���Ÿ�����o���l�v�}�Á�o�����P���X�� 

�x ���v���}�µ�Œ���P�������Æ�‰�o�}�Œ���Ÿ�}�v�����v�������Æ�‰���Œ�]�u���v�š���Ÿ�}�v�X�� 

�x �'�µ�]�������Œ���•�����Œ���Z�����v�����•�Z���‰�����µ�v�����Œ�•�š���v���]�v�P���}�(���D���š�Z���u���Ÿ�����o���‰���©���Œ�v�•�X 

�x �&�}�•�š���Œ���‰�Œ�}���o���u���•�}�o�À�]�v�P�����v�����Œ���.�v�������Œ�]�Ÿ�����o���š�Z�]�v�l�]�v�P�X 

�x ���À���v���]�(���š�Z���Ç�����Œ�����‰�Œ�}�À���v���(���o�•�����]�š�������v���o���������š�}���•�]�P�v�]�.�����v�š�������À���o�}�‰�u���v�š���]�v���D���š�Z���u���Ÿ�����o��
�š�Z���}�Œ�Ç�X 

���}�v�i�����š�µ�Œ���•���u���l�����µ�•���Œ�����o�]�•�����š�Z���š���D���š�Z�•���]�•�v�–�š�������}�µ�š�����v�•�Á���Œ�•�X���/�š�[�•�������}�µ�š�����µ�Œ�]�}�•�]�š�Ç�U���Œ���•�]�o�]���v������
���v�����‰���Œ�•���À���Œ���v�������X���u�u���v�µ���o���Z�}�Ç���Œ�U�������‰�µ�š�Ç�����]�Œ�����š�}�Œ���}�(�����E�Z�^�����Æ�‰�o���]�v�•���š�Z�����š���Œ�u�����}�v�i�����š�µ�Œ���•��
���Ç���µ�•�]�v�P�����v�����v�š�Z�Œ���o�o�]�v�P�����v���o�}�P�Ç�X���/�v���Z�]�•���Á�}�Œ���•�U���^���/�v���š�Z�����u�}�µ�v�š���]�v���Œ���v�P�����}�(���D���š�Z���u���Ÿ���•�U����
���}�v�i�����š�µ�Œ���•�����Œ�����š�Z�����‰�����l�•���š�}�����������o�]�u�����������µ�š���P���«�v�P���š�Z���Œ�����u�����v�•���Z���À�]�v�P���š�}���Á�}�Œ�l���}�v���[�•���Á���Ç��
�µ�‰�����v�����o�����Œ�v�]�v�P�����o�o���š�Z���Œ�����]�•���U���š�}���l�v�}�Á�������}�µ�š�����À���Œ�Ç�š�Z�]�v�P�����o�}�v�P���š�Z�����Á���Ç�X���^ 

�5�H�I�H�U�H�Q�F�H�V 

�K�W�W�S�V�������E�U�L�O�O�L�D�Q�W���R�U�J���� 

�K�W�W�S�V�������P�D�W�K�V���R�U�J���� 

�K�W�W�S�V�������Q�H�Z�V���F�Q�U�V���I�U�� 

 
 

�7�K�H���*�R�O�G�E�D�F�K�·�V���&�R�Q�M�H�F�W�X�U�H��(1) 
 

By Ruhaan Setia 7M 
 

A Letter that haunted Mathematicians for many years. 

Most of us left prime numbers behind in primary school, but for mathematicians, they are 
the atoms of our numerical universe. They are the building blocks of all numbers, yet they 
still hold secrets we are nowhere near uncovering. Among these secrets, the Goldbach 
Conjecture stands as one of the greatest unsolved mysteries in the history of mathematics. 
The conjecture is quite simple: it states that every even natural number greater than 2 is 
the sum of two prime numbers. In mathematical terms, this is written as: 

2n = p1 + p2 
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Examples: 

4 = 2 + 2 
6 = 3 + 3 
10 = 5 + 5 
28 = 23 + 5 

 

While it may seem easy to write down, it is one of the hardest challenges in number theory. 
The mystery began in 1742 when a Prussian mathematician named Christian Goldbach 
wrote a letter to his friend Leonhard Euler. To those who aren't familiar with the name, 
Euler was a renowned Swiss polymath. He was a mathematician, physicist, astronomer, and 
engineer, known for groundbreaking work in everything from mechanics to music theory. 

When Euler received the conjecture, intrigued, he replied: 

 �^�d�Z���š�����À���Œ�Ç�����À���v���v�µ�u�����Œ���]�•�������•�µ�u���}�(���š�Á�}���‰�Œ�]�u���•�U���/�����}�v�•�]�����Œ�����v�����v�š�]�Œ���o�Ç���•���v�•�]���o�����š�Z���}�Œ���u�U�����o�š�Z�}�µ�P�Z���/��
�����v�v�}�š���‰�Œ�}�À�����]�š�_ 

 

 

 

Goldbach proposed two versions of his idea: the Strong (Binary) Conjecture and the Weak 
(Ternary) Conjecture. The formula above represents the Strong version formula which still 
remains unsolved.  In the weak conjecture, every odd integer greater than 5 can be 
expressed as the sum of three primes. Here is the formula:  

 

N=p1+p2+p3 

 

Unlike the strong Goldbach conjecture, the weak conjecture was solved in 2013 by a French 
Peruvian mathematician called Harald Helfgott. He used a very complex logic to improve the 
old formulas. He managed to prove that the formulas started working at a much lower 
number�v�•�‰�����]�(�]�����o�o�Ç�U���í�ì�ï�ì���~�����í���(�}�o�o�}�Á���������Ç���ï�ì���Ì���Œ�}�•�•�X���d�Z�]�•���]�•���•�š�]�o�o�������Z�µ�P�����v�µ�u�����Œ�U�����µ�š���]�š�[�•��
much smaller than the old starting point. Harald Helfgott split the problem into two teams: 
Team Math (The "Huge" Numbers) and Team Computer (The "Small" Numbers).  By 
���}�À���Œ�]�v�P���š�Z�����^���]�P�_���v�µ�u�����Œ�•�����v�����^�•�u���o�o�_���v�µ�u�����Œ�•�U���Z�����•�}�o�À�������š�Z�����Á�����l�����}�v�i�����š�µ�Œ���X�� 
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Information from Google 

 
�*�R�O�G�E�D�F�K�·�V���&�R�Q�M�H�F�W�X�U�H�������� 

 
By Stanley Kawase Harrison 8G 

 
On June 7th,1742, a Prussian Mathematician named Christian Goldbach sent a letter to 
Leonhard Euler, initiating one of the most famous unsolved problems in mathematics.  
 
In the letter (also known as letter XLIII), Goldbach proposed that integers could be 
expressed as sums of prime numbers. After re-reading his letter, he presented a simpler 
conjecture: 

 

Conjecture 1: �´�$�W���O�H�D�V�W���L�W���V�H�H�P�V���W�K�D�W���H�Y�H�U�\���Q�X�P�E�H�U���W�K�D�W���L�V���J�U�H�D�W�H�U���W�K�D�Q�������L�V��
the sum of three primes ���µ 
(At the time, 1 was considered a prime number) 
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23 days later, Euler replied and suggested that this conjecture should be refined into the 
modern-day version: 

 
He regarded it as a completely certain theorem, yet he could not prove it.  And, even 284 
years later, in 2026, no one has found complete proof for the conjecture. Can you prove it? 
 

Advancements in proving the theorem: 

The weak (ternary) conjecture was proven by Harald Helfgott in 2013. 

���Z���v�[�•���d�Z���}�Œ���u�W���W�Œ�}�À���v�����Ç�����Z���v���:�]�v�P�Œ�µ�v���]�v���í�õ�ò�ò�U���•�š���š���•���š�Z���š�����À���Œ�Ç���•�µ�(�(�]���]���v�š�o�Ç���o���Œ�P�������À���v��
number can be expressed as the sum of either two primes or a prime and a semiprime (a 
product of two primes).  

Mathematicians have used various methods to show that "almost all" even numbers can be 
written as the sum of two primes, in the sense that the number of exceptions becomes 
negligible as numbers get larger. 

Extra uses for proof of the theorem: 

�x It is used in structural design to identify the minimum number of precast 
components (base rods) of prime lengths needed to construct any given even-length 
structural edge. 

�x The hunt for proof tests the limit of computational power. 

�x The pursuit of a proof requires developing new techniques in analytic number 
theory. Proving it will also make significant advancements in multiple fields of 
mathematics, as well as making advancements in other conjectures, such as the 
Polignac conjecture. 

 

A Play of Numbers (1) 
 

By Jaden Siggy Simon 8G 
 

The number 0 
 
�r 
J �r has always been a mystery. Some people say it is 0 because anything else divided by 0 is 0 or 
they say infinity or it could be 0 because nothing divided by nothing would not be anything. If you 
�o�}�}�l�����š�����������o���µ�o���š�}�Œ�U���]�š���•���Ç�•���Z�u���š�Z�•�����Œ�Œ�}�Œ�[���}�Œ���Z�µ�v�����(�]�v�����[�X����ven a calculator does not know. When we 
look at the basics of division, we see circles (the divisor is the number of circles) with a specific 

Conjecture 2: �´�(very even integer is the sum of 2 primes ���µ  
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number of dots in it for the division. So, if we were to split 0 
dots into 0 circles we would call this undefined because we 
cannot split nothing (0) into more parts. 
 

The Monty Hall problem 
 
Imagine you 
are in a game 

show, and you have a chance to win a car. You are 
asked to pick 1 of three doors. You pick 1 and a goat 
is revealed in another. He asks you if you want to 
switch. Most people would not care because the 
chances are 50/50 anyway, right? Wrong, math says 
that you should change for a higher chance of 

winning. This is because you have a 
�5

�7
 chance of 

picking the door with the car and 
�6

�7
 of picking the one with the goat. The host will only pick the one 

with the goat, so you have a higher chance of winning by switching (
�6

�7
) than not switching (

�5

�7
). 

 
Scenario Your Initial Pick Monty Opens... If you stay If you switch 
Scenario A Car Either Goat A or B Win Lose 
Scenario B Goat A Goat B Lose Win 
Scenario C Goat B Goat A Lose Win 

 

The Collatz conjecture 
 

This is an unsolved puzzle with rules that state if N (a positive integer) is 
even then you divide it by 2, or if it is odd, multiply it by three then add 1. It 
has been tried up to 295 quintillion. The aim is to prove it and find out if it is 
true or false in all cases. For example, let us start with 6, 
 
 
 

�x
�t


L �u�� 

 
�u 
H �u 
E �s 
L�s�r 

 
�s�r
�t


L �w 

 
�w 
H �u 
E �s 
L�s�x 

 
�s�x
�t


L �z 

 
�z
�t


L �v 

 
�v
�t


L �t 
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�t
�t


L �s 

 
This is an unsolved problem, does this work with every number? 
 

The Goldbach Conjecture 
 

This is instead to do with prime numbers and how they add up to 
every even number above �t. For example, �v is �t 
E �t or �x is �u 
E �u. 
But higher numbers such as �s�z�x are �w and �s�z�s. It has been tried 
by numbers up to 4 quintillion. It still works in this example 
however we know that prime numbers get more sparse and less 
frequent as the range gets higher so if we try it with a very high 
number such as �y�z�x�w�z�y�u�v�v�z�y�w�t, the prime numbers are these 
�u�{�u�t�{�u�x�y�t�v�t�w�u�� 
E ���u�{�u�t�{�u�x�y�t�v�v�{�{ so is this theory true? 
Why don't you try to solve this?  
 
 

Mobius strip and the Klein bottle 
 

Have you ever heard of a 
1-sided shape? Well one 
of them is the mobius 
strip. This occurs when 
you get a rectangular 
strip and then twist one 
of the short edges and 

glue the short edges together you can get your 
very own mobius strip. This shape has only 1 side 
and edge. You can make one using paper too 
(assuming that the paper is 2 dimensional because otherwise it would not count). A similar item is 
the Klein bottle, with 1 side and no distinct outside or inside which leads to the question, can it be 
filled? In real life, a 3D Klein bottle can be filled when kept underwater and shaken, to release air 
bubbles; however, a mathematical Klein bottle cannot be filled. 
 
 

A Play of Numbers (2) 
 

By Atharv Mehrotra 7W 
 
�t�Z���š�����À���v�����Œ�����v�µ�u�����Œ�•�M���t�Z���š�[�•���š�Z�������]�P���������o���Z���Œ���M�����v���U���u�}�•�š���]�u�‰�}�Œ�š���v�š�o�Ç�U���Z�}�Á�����Œ�� 
they used in real life? 
No, they are not some alien concepts. In fact, numbers are far, far older 
than the belief of aliens itself-they've been around since Mesopotamia (in 
�•�}�u�����Á���Ç�U���•�Z���‰�����}�Œ���(�}�Œ�u�•�J���d�Z���Ç�[�Œ���������•�]�����o�o�Ç���š�Z�������o�‰�Z�������š���}�(���u���š�Z���u���š�]���•�V 
they can be understood anywhere and by anyone. 
 
We use numbers way more than we notice! Imagine all the bills printed every 
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minute: supermarket receipts, electricity and gas bills, rent papers, and 
insurance forms. There are more than two million of them popping out every 
single minute, and each one is filled with prices, dates, and codes. That adds 
�µ�‰���š�}���}�À���Œ���������]�o�o�]�}�v���v�µ�u�����Œ�•���i�µ�•�š���(�Œ�}�u�����]�o�o�•�����o�}�v���X�����v�����š�Z���š�[�•���}�v�o�Ç���}�v�����š�]�v�Ç���‰���Œ�š 
of everyday life. Numbers are everywhere, quietly helping the world stay 
organised, just like invisible helpers keeping track of everything we do. 
 
Architecture turns numbers into buildings. Skyscrapers like the Shard and 
the Burj Khalifa stand tall because engineers use math to predict and control 
forces. Numbers guide wind-load calculations, weight distribution, and 
�u���š���Œ�]���o���•�š�Œ���v�P�š�Z�U�����v�•�µ�Œ�]�v�P���š�Z���•�����u���•�•�]�À�����•�š�Œ�µ���š�µ�Œ���•�����}�v�[�š���š�}�‰�‰�o���X���d�Z���Ç�����o�•�} 
shape geometry, scale, and symmetry, and even influence beauty through 
ideas like the Golden Ratio and Fibonacci sequence. From structural integrity 
to HVAC and plumbing, numbers are the invisible framework that makes 
architecture both functional and elegant. Without numbers, the Shard would 
be a pile of glass and the Burj Khalifa - a very expensive domino. 
 
Astronomers use surprisingly simple math to understand how planets move, 
���v�����<���‰�o���Œ�[�•���d�Z�]�Œ�����>���Á���]�•���}�v�����}�(���š�Z���]�Œ���u�}�•�š���‰�}�Á���Œ�(�µ�o���š�}�}�o�•�X���/�š���o�]�v�l�•�������‰�o���v���š�[�• 
distance from the Sun to the time it takes to complete one orbit by saying that 
the distance (cubed) is proportional to the orbital period (squared). This 
means that planets farther from the Sun take dramatically longer to travel 
around it, and the relationship is so consistent that if astronomers know how 
long a planet takes to orbit, they can estimate its distance �v  and if they know 
the distance, they can predict the orbital time. With this single mathematical 
idea, scientists can map out entire solar systems and study planets around 
distant stars using nothing more than careful observation and a bit of algebra. 
 
In nature, Cicadas (a type of insect that are found in warm 
countries like Mexico) emerge every 13 or 17 (prime numbers) years to avoid syncing with predator 
���Ç���o���•�U���Á�Z�]���Z���u�����v�•���š�Z���š���‰�Œ�������š�}�Œ�•�������v�[�š���Œ���o�Ç���}�v���š�Z���u�����•���� 
steady source of food because they only come out when the predators are 
either just born or about to die. This mathematical "hide and seek" ensures they 
emerge only when their enemies are least expecting them. 
 
�D���š�Z���u���Ç���o�}�}�l���(�µ�o�o���}�(���•�š�Œ���v�P�����•�Ç�u���}�o�•�U�����µ�š���µ�v�����Œ�v�����š�Z���]�š�����o�o�U���]�š�[�•���Œ�����o�o�Ç���i�µ�•�š 
�v�µ�u�����Œ�•�����}�]�v�P���š�Z�����Á�}�Œ�l�X���d���l�����‹���~�‰�]�•�W���]�š�[�•���i�µ�•�š���ï�X�í�ð�í�ñ�õ�U�����v�����]�š���•�Z�}�Á�•���µ�‰���]�v 
everyday things like measuring pizza sizes, designing wheels, or calculating 
�š�Z�������Œ�������}�(���������]�Œ���µ�o���Œ���P���Œ�����v�X���d�Z���v���š�Z���Œ���[�•�����U�������}�µ�š���î�X�ó�í�ô�U���Á�Z�]���Z�����‰�‰�����Œ�•���]�v 
real-life situations that grow or shrink smoothly, like bank interest, bacteria 
multiplying, or radioactive materials decaying. So even the weirdest symbols 
in maths are really just numbers with specific jobs in the real world. 
 
To conclude, I say that numbers are the prime factor in the maths 
�X�Q�L�Y�H�U�V�H�����0�\���I�D�Y�R�X�U�L�W�H���Q�X�P�E�H�U���L�V�����������:�K�D�W�·�V���\�R�X�U�V���" 
 
�h�•���������/���š�}���Œ���•�����Œ���Z���<���‰�o���Œ�[�•���š�Z�]�Œ�����o���Á�U�����v�����š�Z�����]�v�(�}�Œ�u���š�]�}�v���}�v�����]���������• 
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A Play of Numbers (3) 
 

By Suryansh Pandey 7G 
 

"A Play of Numbers" is a wonderful theme because it shows that math isn't just about finishing 
messy worksheets in class and following instructions from a textbook for difficult calculations.  I 
think it's about how numbers hide in plain sight, like when you are counting beats in a song or 

checking the stats of your favourite sports player. It makes me feel like a detective searching for a 
secret code that connects everything together in the world. When we "play" with numbers, we get 

to solve complex puzzles and see patterns in nature that most people just walk past. This idea is 
fabulous because it proves that math can actually be an adventure if you look at it the right way. 

  
Using numbers as a game makes learning feel a lot less like work and more like a challenge to beat. 
You can find numbers in the way a skateboarder flips their board or in the pixels that make up the 

screen of your device. It is interesting to see how people use logic to build huge skyscrapers or even 
to invent the magic tricks that confuse us. I think this theme helps us understand that you don't have 

to be a mastermind to have fun with shapes and sequences. 
 

There is one thing in the whole of mathematics that fascinates my brain the most: The Fibonacci 
Sequence,( which works by starting with 0 and 1 (or 1 and 1) and then generating each new number 

as the sum of the two preceding ones �v  0,1,1,2,3,5,8, etc), discovered by Leonardo of Pisa, or 
Leonardo Bonacci (better known as Fibonacci), in his 1202 book "Liber Abaci", although the 

sequence itself was described earlier in Indian mathematics; he used it to illustrate a rabbit breeding 
problem, popularising it with Hindu-Arabic numerals and this fundamental pattern, like the Golden 
Ratio, which is a special mathematical proportion where a line is divided so the whole-to-larger-part 
equals the smaller-to-larger-part, creating balanced, aesthetically pleasing patterns found in nature 

(shells, flowers, trees and many more) and art. 
  
�>�}�}�l�]�v�P���������l�U���/�[�À�����Œ�����o�]�•�������v�µ�u�����Œ�•�����Œ���v�–�š���i�µ�•�š���(�}�Œ���u���š�Z�•���o���•�•�}�v�•�V���š�Z���Ç�–�Œ���������•�����Œ���š���o���v�P�µ���P�����Z�]�������v���]�v��
everything from nature to my favourite games. This 'play of numbers' shows that every digit has its 
own story and a bit of mystery behind it. So, next time you see a number, don't just solve it�v stop 

���v�����•�������š�Z�����‰���š�š���Œ�v���]�š�[�•���š�Œ�Ç�]�v�P���š�}���•�Z�}�Á���Ç�}�µ�J 
 
 
A Play of Numbers: The Hidden Stories Behind Mathematics (4) 

 
By Avik G 7M 

 
(AI has been used throughout this article) 
 
When most people think of mathematics, they imagine endless equations, exam papers, or the 
dreaded times tables. But mathematics is far more than a subject confined to classrooms �v  it is a 
language that describes the universe, a toolkit for solving mysteries, and a playground for 
imagination. 
 
Take paradoxes, for example. The famous Banach�tTarski paradox suggests that a solid ball can be 
split into pieces and reassembled into two identical balls of the same size. Impossible in the physical 
world, yet perfectly valid in the abstract realm of mathematics. This paradox reminds us that 
numbers can bend reality, challenge our intuition and force us to rethink what is possible. 
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Patterns are another way numbers play with us. From the spirals of seashells to the branching of 
trees, mathematics reveals hidden structures in nature. The Fibonacci sequence is not just a list of 
numbers; it is a code embedded in sunflowers, pinecones, galaxies, and just nature in general. What 
looks random at first glance often hides a deeper order waiting to be uncovered by eager minds. 
 
Even in everyday life, maths performs its silent magic. Algorithms decide the YouTube videos we 
watch, the routes we travel, and even the music we listen to. Behind every illusion of choice lies a 
careful manipulation of numbers. In this way, mathematics is both invisible and omnipresent �v  
shaping our world like we know it while remaining hidden in plain sight. 
 
Ultimately, mathematics is not just about solving problems; it is about asking questions and solving 
them. What patterns remain undiscovered? What paradoxes are waiting to be explained? What new 
things could reshape our understanding of reality? To play with numbers is to play with ideas, and in 
that play, we find creativity, beauty, and truth. 
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Fun Mat hs Quiz 
 
 
  

Optional Challenge : please email us at 
kwunwawong@suttongrammar.school with your answers! There is no 
deadline (but obviously it has to be done before the next edition). 

Instructions :  
- You may use a calculator if not stated 
- Round your answers to 3 significant figures if not stated  
- Please show all of your workings 

 
You may complete them on a piece of paper or digitally. 
 
There are 10 questions for each Level. 
 
You only have to complete the questions in the Level for your 
year group! 

157 
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Beginner level (suitable for Y7 �² Y8): 
 

 
 
Q1) There are 2 dice. Die A has numbers 2, 7, 7, 12, 12, 17, and die B has numbers 3, 8, 8, 
13, 13, 18. Four players roll the 2 dice at the same time for 20 times and added up all the 
results. The highest scoring player wins, but anyone who lied (i.e. score reported not their 
total) will be disqualified. 
 
Player 1 has score 385, Player 2 has score 428, Player 3 has score 840, Player 4 has score 
105. 
 
Who is the winner? 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q2) There are 100 light bulbs numbered from 1 to 100, all initially turned off. One hundred 
people are also numbered from 1 to 100. The n-th person toggles (i.e. changing bulb to 
on/off) every bulb whose number is a multiple of n.  
 
For example, person 1 toggles all bulbs, person 2 toggles bulbs 2, 4, 6�������« and so on. After 
all 100 people have taken their turns, which bulbs remain on? 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q3)1 A farmer has to get the wolf, goat and corn across the river but can only take one at a 
time in the boat. 
They must not leave the wolf alone to eat the goat or leave the goat alone to eat the corn. 
 
How many unique solutions can you find? Explain each one. 
 
 
�4�������+�H�U�H�·�V���D�Q���H�T�X�D�W�L�R�Q�����B���B����� �������� 
The rule is that you can put any mathematical symbol(s) between each 5 on the left hand 
side. Brackets are allowed anywhere. NO additional numbers can be seen in the equation, 
so no powers or roots allowed. 
 
Hint: this might require you to research more maths symbols. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
  

 
1 Question from MEI 

Disclaimer: most questions can be done without GCSE or A Level knowledge,  
so no need to overcomplicate! 
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�4�������6�D�Q�W�D�·�V���+�D�W���L�V��composed of a rectangle and a triangle on top of that rectangle. The area 
of the rectangle is ¾ of the area of the triangle. The length of the diagonal of the rectangle is 
15cm. The ratio of the diagonal of the rectangle to the length of the rectangle is 5:4. What is 
�W�K�H���W�R�W�D�O���D�U�H�D���R�I���6�D�Q�W�D�·�V��hat. 

 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q6)2 A passcode is made of 3 numbers (positive integers from 0-9). A maths teacher tries 
to solve this passcode and is given 2 hints.  
1: the product of the 3 numbers is 36.  
2: the sum of the 3 numbers is given to him.  
However, with the 2 hints, he was 100% sure that there �Z�D�V�Q�·�W enough information.  
A 3rd hint is needed: the largest number in the code appears only ONCE.  
 
What is the passcode? (Only 1 solution) 
 
 
Q7) Fill in the blanks with either +, -, / or * to make the equation true. You can use 
brackets however you like and it will NOT count as using a blank 
 
      10_9_8_7_6_5_4_3_2_1 = 2026 
____________________________________________________________________ 
 
Q8) Three friends are discussing their jobs and want to know the total monthly salary of the 
group. However, no friend wants to reveal their salary to the group. Devise a strategy for 
the group to calculate their total monthly salary. 
____________________________________________________________________ 
 
Q9) A hiker leaves the base of the mountain at 10 AM and arrives at the peak at 4 PM. They 
camp their overnight and descend back down. They leave the peak at 7 AM and arrive back 
at the base at 12 PM. Was there a time when on both days, the hiker was at the exact same 
spot? E.g. perhaps at 11:15 on both days, the hiker was exactly at the same place. Give a 
small explanation justifying your answer 
____________________________________________________________________ 
 
Q10) A drunken person comes home and tries to unlock her door. Her keychain has 10 
keys on it and one of them unlocks the door. Due to her inebriated state, she randomly 
picks a key and tries it. If it works, she goes in and if it does not, she again randomly picks a 
key. Note that she can pick the same key twice in a row even if it did not work the first 
time. What try is she most likely to unlock the door? Give a small explanation why. 
 
 

 
2 Question from maths video 
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Intermediate level (suitable for Y9 �² Y11): 
 

 
 
Q1)3 Problem of infinity 
 
�7�K�H�U�H�·�V���D�Q���L�Q�I�L�Q�L�W�H���Q�X�P�E�H�U���R�I���K�R�W�H�O���U�R�R�P�V���D�Q�G���W�K�H�U�H��can only be one person in each room 
so every room is filled.  
 

(a) A new person arrives. How can you allocate a room to them?  
(b) An infinite number of new people arrive. How can you allocate a room to every 

person? 
 
Hint: for each of these scenarios, what do you tell each hotel room guest?  
Limitations: hotel room guests can ONLY move to other rooms and cannot interact with 
each other or any other object. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q2)4 Using the following equation, �U�6 
L ���T�:�t 
F �T�; 
 
Sketch a graph, including roots, y-intercepts, and any asymptotes. Give a reason for the 
shape of your graph. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q3) As you know, the Pythagoras theorem states that �=�6 
E �� �>�6 
L �� �?�6.  
In this question, a, b, c must be positive integers. 
 

(a) Find positive integers for a, b, c which would work in this formula. How many are 
there in total? (You may try numbers without proof) 

(b) Now, can you find positive integers for a, b, c which would work in the equation 
�=�7 
E�� �>�7 
L �� �?�7 

 
Hint: as you have used the Pythagoras theorem for part (a), what can you use for part (b)? 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q4) Prove that all cube numbers are either a multiple of 9, (a multiple of 9) + 1, or (a 
multiple of 9) - 1. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 

 
3 �4�X�H�V�W�L�R�Q���I�U�R�P���+�L�O�E�H�U�W�·�V���S�D�U�D�G�R�[���R�I���W�K�H���*�U�D�Q�G���+�R�W�H�O 
4 Question from MEI 

Disclaimer: most questions here require GCSE maths content, and a bit of A Level 
knowledge and further research.  
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Q5)5 An autobiographical number is a unique number where each digit describes how many 
times a number occurs for that digit location. E.g. 1210 where first digit 1 means there is 1 
�]�H�U�R�����D�Q�G���V�H�F�R�Q�G���G�L�J�L�W�������P�H�D�Q�V���W�K�H�U�H���D�U�H�������R�Q�H�V�����D�Q�G���H�W���F�H�W�H�U�D�« 
 
Now, find the number that has exactly 10 digits and is an autobiographical number. There is 
only 1 correct answer! (Guessing not suggested) 
 
 
Q6) In Cartesian form i.e. in terms of x and y, give the equation of the line which covers 
every point where the distance from the origin to the point is equal to the angle to the 
horizontal (This is the angle which the line connecting the origin to the point makes with the 
horizontal) There is an example of a valid point (x1,y1) below: 

 
 
Hint: How would you express the x and y coordinates of each point in terms of the angle or 
distance? 
____________________________________________________________________ 
 
Q7) 
What is the sum of all the solutions to: 

  
____________________________________________________________________ 
 
Q8) Given that �} is acute, prove 

 
You may only use the ratio definitions of sin, cos and tan taught at GCSE 
____________________________________________________________________ 
  

 
5 Question from maths video 
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Q9) 
Given that 

 
(This sum goes on forever) 
Evaluate  

 
And 

 
(Hint: Research summation form and sigma notation) 
___________________________________________________________________________ 
 
Q10) 
A right-angle triangle has all integer side lengths. Given that one of the non-hypotenuse sides 
is 17, find the other two sides. 
 
 
Advanced level (suitable for Y12 �² Y13): 
 

 
Q1) From GCSE, we know that: 

 
For the following questions, use radius = r, height = h 
 
(a) Prove the equation for the volume of a sphere using integration. 
(b) Prove the equation for the volume of a cone using integration. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 

Disclaimer: questions here require Year 1 and 2 A Level pure maths knowledge at a 
minimum, but questions towards the end could require further maths or beyond. 
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Q2) For a function, �U 
L �� �T�ë���S�D�A�N�A���T 
P �r 
Find 

�×�ì

�×�ë
 

 
Hint: What do you do when you see a function that is exponential? 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q3) Find 

�×�ì

�×�ë
 of the function �T 
L �v �•�‹�•�6�U 
F �s �™�Š�‡�”�‡ ���r 
Q �› 
Q�{�r.  

Hence, sketch the function. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q4)6 
 
 
Evaluate the integral. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q5)  

 
YOU MAY NOT USE A CALCULATOR FOR THIS QUESTION AND ALL STEPS OF 
YOUR WORKING MUST BE SHOWN. 
 
�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³�³  
 
Q6) Prove that if 2n -1 is prime then n is prime. 
 
 

Q7) Evaluate �Ž�‹�•
�ë�\�4

�@
�5�>�r�_�l �ë

�5�>�� �q�g�l �ë
�A

�a�q�a �ë
 

Hint: Plainly substituting in x = 0 will result in an indeterminate form, so a different method 
must be used. 
 
 
Q8)7 Evaluate 

 
 

6 Question from the Daily Integral 
7 Q12 of Round 1 of the UK University Integration Bee 2025-2026 
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Q9) Prove that if a, b, c are positive real numbers then 

 
Hint: Consider the two ways you can solve a basic exponential equation 
____________________________________________________________________ 
 
Q10) By considering the improper integral below 

   
Evaluate the following series: 

 
 
 
 
Additional HARD questions: 
(Contributed by Iestyn Ellwood-Thompson 13A) 
 
 
1. The Dottie Number  
 
ABC is a sector of the unit circle, where A is the centre of the circle and BC is an arc of 
length x. A point D is placed on the line AB, between points A and B, such that AD is of 
length x and ADC is a right angle.  
See diagram below: 

 

a. Show that x is the solution to the equation x = f(x), where f is some function in x to 
be found. 

b. Hence, taking 0.7 as an initial guess, determine the value of x to three decimal places. 
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____________________________________________________________________ 
 
2. The Choose Function and n-Cubes 
 
A "step" along a shape is a single movement across an edge between two vertices. How 
many vertices are there on a 
 

a. Square 
b. Cube 
c. Tesseract 
d. n-Cube 

 
that take, starting from an arbitrary "start" vertex, exactly 

i. 0 
ii. 1 
iii. 2 
iv. k 

steps to reach at minimum. 
 
    e. Hence, or otherwise, show that the sum of entries in the nth row of Pascal's triangle 
is 2n 
 
____________________________________________________________________ 
 
3. The Gamma Function 
 

 
____________________________________________________________________ 
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4. Cosine Sum 
 
�6�K�R�Z���W�K�D�W���W�K�H���V�X�P���I�U�R�P���U� �����W�R���Q���R�I���F�R�V�����›�U���Q�����L�V���]�H�U�R���I�R�U���D�O�O���L�Q�W�H�J�H�U�V���Q�•2. 
 
____________________________________________________________________ 
 
5. The Error Function 
 
�7�K�H���H�U�U�R�U���I�X�Q�F�W�L�R�Q�����H�U�I���[�������L�V���G�H�I�L�Q�H�G���D�V�������V�T�U�W���›�����
���W�K�H���L�Q�W�H�J�U�D�O���R�I���H�A��- x2) 
 

a. Write down, using summation notation, the Maclaurin series of the error function 

 
Hence, show that, for X~N(�…,�•2), P(X<x) = ½ (1 + erf((x-�…)/(�•sqrt(2)) ) ) 
 


