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The Biggest Ideas in the Universe | 13. Geometry and Topology - The Biggest Ideas in the Universe 
| 13. Geometry and Topology by Sean Carroll 150,999 views 3 years ago 1 hour, 26 minutes - 
The Biggest Ideas, in the Universe is a series of videos where I talk informally about some of the 
fundamental concepts, that help us ...
Non Euclidean Geometry
Euclidean Geometry
The Parallel Postulate
Violate the Parallel Postulate
Hyperbolic Geometry in Parallel
Great Circles on a Sphere
The Metric
Differential Geometry
Pythagoras Theorem
Parallel Transport of Vectors
This Is like a Little Machine at every Point It's a Black Box That Says if You Give Me these Three 
Vectors I'M GonNa Spit Out a Fourth Vector and We Have a Name for this Machine this Is Called the 
Riemann Curvature Tensor and Again no One's GonNa Tell You this until You Take General Relativity 
or You Listen to these Videos so a Tensor Is a Generalization of the Idea of a Vector You Know the 
Vector Is a Set of Components a Tensor Is a Bigger Collection of no Arranged Either in Columns or 
Rows or Matrices or Cubes or Something like that but It's a Whole Big Kind of Set of Numbers That 
Can Tell You a Map from a Set of Vectors to another Set of Vectors That's all It Is It's a Way of Mapping 
Vectors to Vectors and the Riemann Curvature Tensor Is this Particular Map
Either in Columns or Rows or Matrices or Cubes or Something like that but It's a Whole Big Kind of 
Set of Numbers That Can Tell You a Map from a Set of Vectors to another Set of Vectors That's all It 
Is It's a Way of Mapping Vectors to Vectors and the Riemann Curvature Tensor Is this Particular Map 
so the Riemann Curvature Tensor Specifies at every Point at every Point You Can Do this You Give 
Me a Point I'M Going To Give You Two Different Vectors I'M Going To Track Parallel Transport around 
a Third Vector and See How Much It Moves by that's the Value of the Riemann Curvature Tensor
Which Tells Me What Is the Distance along an Infant Decimal Path the Metric Exists at every Point 
It's a Field That Can Take On Different Value the Connection Is the Answer to How Does How Do I 
Parallel Transport Vectors and It Is Also a Field So at every Point I Have a Way of Parallel Transporting 



Vectors in every Direction so It's a Complicated Mathematical Object and I Call that a Connection if 
You Just Want To Think about What Do You Mean by a Connection It's a Field That Tells Me How To 
Parallel Transport Things It Conveys that Information What Does It Mean To Keep Things Constant 
To Keep Things Parallel
And It all Fits Together a Nice Geometric Bundle in Fact You Know When We Thought about 
Newtonian Physics versus the Principle of Least Action the Newtonian Laplacian Way of Thinking 
about the Laws of Physics Was Start with a Point and Just Chug Forward Using F Equals Ma You Get 
the Same Answers Doing Things that Way as You Do with the Principle of Least Action Which Says 
Take the Whole Path and Minimize the Action along the Path You Might Think Is this Analogous to 
these Two Different Ways of Defining Straight Lines the Whole Path and Find the Minimum Length or 
Parallel Transport Your Direction Your Momentum Vector and the Answer Is Yes They Are a Hundred 
Percent Completely Analogous It's the Differential Version versus the Integral Version if You Want To 
Think about It that Way
You Might Think Is this Analogous to these Two Different Ways of Defining Straight Lines the Whole 
Path and Find the Minimum Length or Parallel Transport Your Direction Your Momentum Vector and 
the Answer Is Yes They Are a Hundred Percent Completely Analogous It's the Differential Version 
versus the Integral Version if You Want To Think about It that Way Okay so that's Geometry for You 
There It Is that's all You Need To Know Everything Else Is Derived from that in some Sense but the 
Derivations Might Be Hard Next We'Re on to Topology Topology Is Sort of the Opposite in some 
Sense of What We'Ve Been Doing So What We'Ve Been Doing Is Working Really Hard To Figure 
Out How at every Point To Characterize the To Answer the Question How Curved Is this Space That 
We'Re Living in Topology Doesn't Care about the Curvature of Space at every Point at all Topology 
Is the Study Properties of Spaces
Deform a Sphere into a Torus
And I CanNot Deform One into the Other I CanNot Do that Smooth Movement of the Circle in 
this Plane That Doesn't Go through the Point so these Are Topologically Different Okay so the 
Fundamental Group of the Plane Is Just Trivial It's Just One Element There's Only One Way To Map 
a Circle into the Plane but the Plane-a Point I Clearly Have Different Ways this Orange Curve I Can 
Deform Back to the Identity and by the Way I Should Mention this There's a Sense There's a Direction 
so the Circle Has a Clockwise Nisour Anti-Clockwise Ness Notion So Let Me Draw that I'Ve Drawn 
It this Way I Can that's that's a Different Topological
Okay I CanNot Deform the Loops That Go Around Twice to either the Loops That Go Around Once or 
the Loops That Go Around Zero Times What this Means Is They Put Braces around Here so You Know 
that this Is the Space I'M Mapping It to the Fundamental Group of the Plane-a Point Is Characterized 
by Something We Call the Winding Number of the Map We Have all Sorts of Ways of Mapping the 
Circle into this Space and all That Matters topologically Is How Many Times the Circle Wraps around 
Winds around that Point so the Winding Number Could Be 0 for the Orange Curve It Could Be 1 for 
the Yellow Curve It Could Be 2 for the Green Curve
That's Why It's Called a Group because You Can Add Integers Together We'Ll Get Later to What the 
Technical Definition Is Well What I Mean by Group but the Point Is this Is a Top this Feature of the 
Space Is a Topological Invariant and the Feature Is Quote-Unquote the Integers the Integers Classify 
the Winding Numbers the First the Fundamental Group of the Plane so We Can Do that with Other 
Spaces Right What about the Sphere so What We'Re the to the 2-Dimensional Sphere in this Case 
Right So Actually Then Let's Do the One Dimensional Sphere Why We'Re at It
And those Are Different Things That Green Circle and that Orange Circle CanNot Be Continuously 
Deformed into each Other There's Basically Two Distinct Topological Ways of Wrapping a and the 
Taurus and Once I Wrap Around once I Can Wrap around any Number of Times so that Is a Very 
Quick Hand Wavy Demonstration of the Fact that Pi One of the Tourists Is Z plus Z It's Two Copies of 
the Integers Two Different Winding Numbers How Do You Wind around this Way How Do You Wind 
around that Way so You Might Think You Might Think for these Brief Numbers of Examples That the 
Fundamental Group Pi One of any Space Is either Zero or It's the Integers or some Copy of the 
Integers
I Get another Curve That Is Deformable to Zero Right That Doesn't Wind At All and that's a That's a 
Perfectly Good Reflection of the Fact that in the Integers Z Has the Property That plus 1 Plus minus 
1 Equals Zero Right Not a Very Profound Mathematical Fact but There It Is So if that Were True if It 
Were True that the Same Kind of Thing Was Happening in this Doubly Punctured Plane I Should Be 
Able To Go around a and Then around B and Then I Should Be Able To Go Backward around a and 
Backward around B and I Should Be Equivalent to Not Doing Anything At All but that's Not Actually 
What Happens Let's See It's Unlikely I Can Draw this in a Convincing Way but Backward



And It Comes Out but Then It's GonNa Go Up Here so that Means It Comes Over There That Goes 
to that I'M GonNa Keep Going so You Can See What's Happening Here My Base Point Is Fixed but 
I Have this So I'M Going To Make It Go Down and that's GonNa Go Up this Is GonNa Go like this 
I'M GonNa Keep Going and Then I Can Just Pull this All the Way through So in Other Words I Can 
Contract this Down to Zero I Hope that that's Followed What I Did Here if I Call this Aabb this Is Aa 
the Be Aa the Be Aabb and They Just Contract Right Through
Basis for topology (intro) - Basis for topology (intro) by Andrew McCrady 5,685 views 3 years ago 8 
minutes, 28 seconds - This is a short lecture to introduce the concept of, a basis for a topology, on 
a set. In a nutshell, a basis for a topology, are a ...
Theoretical Physicist Brian Greene Explains Time in 5 Levels of Difficulty | WIRED - Theoretical 
Physicist Brian Greene Explains Time in 5 Levels of Difficulty | WIRED by WIRED 2,186,501 views 
11 months ago 31 minutes - Time: the most familiar, and most mysterious quality of the physical 
universe. Theoretical physicist Brian Greene, PhD, has been ...
Gravity Visualized - Gravity Visualized by apbiolghs 138,586,268 views 12 years ago 9 minutes, 
58 seconds - Help Keep PTSOS Going, Click Here: https://www.gofundme.com/ptsos Dan Burns 
explains his space-time warping demo at a ...
The Mystery of Spinors - The Mystery of Spinors by Richard Behiel 57,962 views 2 days ago 1 
hour, 9 minutes - In this video, we explore the mystery of spinors! What are these strange, surreal 
mathematical things? And what role do they play ...
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The Most Controversial Problem in Philosophy - The Most Controversial Problem in Philosophy by 
Veritasium 3,800,240 views 1 year ago 10 minutes, 19 seconds - ··· Many thanks to Dr. Mike Titelbaum 
and Dr. Adam Elga for their insights into the problem. ··· References: Elga, A.
Exploring Hyper-V from a VMware User's Perspective - Exploring Hyper-V from a VMware User's 
Perspective by 2GuysTek 22,999 views 8 days ago 27 minutes - Welcome to our third video, diving 
deep into VMware alternatives for your #homelab and your business. In this video, I boldly step ...
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The paradox at the heart of mathematics: Gödel's Incompleteness Theorem - Marcus du Sautoy - 
The paradox at the heart of mathematics: Gödel's Incompleteness Theorem - Marcus du Sautoy 
by TED-Ed 3,615,860 views 2 years ago 5 minutes, 20 seconds - Explore Gödel's Incompleteness 
Theorem, a discovery which changed what we know about mathematical proofs and statements.
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Entanglement by Sean Carroll 269,621 views 3 years ago 1 hour, 20 minutes - The Biggest Ideas, in 
the Universe is a series of videos where I talk informally about some of the fundamental concepts, 
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The Biggest Ideas in the Universe | 15. Gauge Theory - The Biggest Ideas in the Universe | 15. Gauge 
Theory by Sean Carroll 194,491 views 3 years ago 1 hour, 17 minutes - The Biggest Ideas, in the 
Universe is a series of videos where I talk informally about some of the fundamental concepts, that 
help us ...
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- this Gives Mass to the Electron X Squared or Phi Squared or Size Squared Is Where the Is the Term 
in the Lagrangian That Corresponds to the Mass of the Corresponding Field Okay There's a Longer 
Story Here with the Weak Interactions Etc but this Is the Thing You Can Write Down in Quantum 
Electrodynamics There's no Problem with Electrons Being Massive Generally the Rule in Quantum 
Field Theory Is if There's Nothing if There's no Symmetry or Principle That Prevents Something from 
Happening Then It Happens Okay so if the Electron Were Massless You'D Expect There To Be some 
Symmetry That Prevented It from Getting a Mass
Point Is that Reason Why I'M for this Is a Little Bit of Detail Here I Know but the Reason Why I Wanted 
To Go over It Is You Get a Immediate Very Powerful Physical Implication of this Gauge Symmetry Okay 
We Could Write Down Determine the Lagrangian That Coupled a Single Photon to an Electron and a 
Positron We Could Not Write Down in a Gauge Invariant Way a Term the Coupled a Single Photon to 
Two Electrons All by Themselves Two Electrons All by Themselves Would Have Been this Thing and 
that Is Forbidden Okay So Gauge Invariance the Demand of All the Terms in Your Lagrangian Being 
Gauge Invariant Is Enforcing the Conservation of Electric Charge Gauge Invariance Is the Thing That 
Says that if You Start with a Neutral Particle like the Photon
There Exists Ways of Having Gauge Theory Symmetries Gauge Symmetries That Can Separately 
Rotate Things at Different Points in Space the Price You Pay or if You Like the Benefit You Get 
There's a New Field You Need the Connection and that Connection Gives Rise to a Force of Nature 
Second Thing Is You Can Calculate the Curvature of that Connection and Use that To Define the 
Kinetic Energy of the Connection Field so the Lagrangian the Equations of Motion if You Like for the 
Connection Field Itself Is Strongly Constrained Just by Gauge Invariance and You Use the Curvature 
To Get There Third You Can Also Constrain the the Lagrangian Associated with the Matter Feels with 
the the Electrons or the Equivalent
So You CanNot Write Down a Mass Term for the Photon There's no There's no Equivalent of Taking 
the Complex Conjugate To Get Rid of It because It Transforms in a Different Way under the Gauge 
Transformation so that's It that's the Correct Result from this the Answer Is Gauge Bosons as We Call 



Them the Particles That Correspond to the Connection Field That Comes from the Gauge Symmetry 
Are Massless that Is a Result of Gauge Invariance Okay That's Why the Photon Is Massless You'Ve 
Been Wondering since We Started Talking about Photons Why Are Photons Massless Why Can't 
They Have a Mass this Is Why because Photons Are the Gauge Bosons of Symmetry
The Problem with this Is that It Doesn't Seem To Hold True for the Weak and Strong Nuclear Forces the 
Nuclear Forces Are Short-Range They Are Not Proportional to 1 over R Squared There's no Coulomb 
Law for the Strong Force or for the Weak Force and in the 1950s Everyone Knew this Stuff like this 
Is the Story I'Ve Just Told You Was Know You Know When Yang-Mills Proposed Yang-Mills Theories 
this We Thought We Understood Magnetism in the 1950s Qed Right Quantum Electrodynamics We 
Thought We Understood Gravity At Least Classically General Relativity the Strong and Weak Nuclear 
Forces
Everyone Could Instantly Say Well that Would Give Rise to Massless Bosons and We Haven't 
Observed those That Would Give Rise to Long-Range Forces and the Strong Weak Nuclear Forces 
Are Not Long-Range What Is Going On Well Something Is Going On in both the Strong Nuclear Force 
and the Weak Nuclear Force and Again because of the Theorem That Says Things Need To Be As 
Complicated as Possible What's Going On in those Two Cases Is Completely Different so We Have 
To Examine in Different Ways the Strong Nuclear Force and the Weak Nuclear Force
The Reason Why the Proton Is a Is About 1 Gev and Mass Is because There Are Three Quarks 
in It and each Quark Is Surrounded by this Energy from Gluons up to about Point Three Gev and 
There Are Three of Them that's Where You Get that Mass Has Nothing To Do with the Mass of the 
Individual Quarks Themselves and What this Means Is as Synthetic Freedom Means as You Get to 
Higher Energies the Interaction Goes Away You Get the Lower Energies the Interaction Becomes 
Stronger and Stronger and What that Means Is Confinement so Quarks if You Have Two Quarks if 
You Just Simplify Your Life and Just Imagine There Are Two Quarks Interacting with each Other
So When You Try To Pull Apart a Quark Two Quarks To Get Individual Quarks Out There All by 
Themselves It Will Never Happen Literally Never Happen It's Not that You Haven't Tried Hard Enough 
You Pull Them Apart It's like Pulling a Rubber Band Apart You Never Get Only One Ended Rubber 
Band You Just Split It in the Middle and You Get Two New Ends It's Much like the Magnetic Monopole 
Store You Cut a Magnet with the North and South Pole You Don't Get a North Pole All by Itself You 
Get a North and a South Pole on both of Them so Confinement Is and this Is because as You Stretch 
Things Out Remember Longer Distances Is Lower Energies Lower Energies the Coupling Is Stronger 
and Stronger so You Never Get a Quark All by Itself and What that Means Is You Know Instead of 
this Nice Coulomb Force with Lines of Force Going Out You Might Think Well I Have a Quark
And Then What that Means Is that the Higgs Would Just Sit There at the Bottom and Everything Would 
Be Great the Symmetry Would Be Respected by Which We Mean You Could Rotate H1 and H2 into 
each Other Su 2 Rotations and that Field Value Would Be Unchanged It Would Not Do Anything by 
Doing that However that's Not How Nature Works That Ain't It That's Not What's Actually Happening 
So in Fact Let Me Erase this Thing Which Is Fine but I Can Do Better Here's What What Actually 
Happens You Again Are GonNa Do Field Space Oops That's Not Right
And this Is Just a Fact about How Nature Works You Know the Potential Energy for the Higgs Field 
Doesn't Look like this Drawing on the Left What It Looks like Is What We Call a Mexican Hat Potential 
I Do Not Know Why They Don't Just Call It a Sombrero Potential They Never Asked Me for some 
Reason Particle Physicists Like To Call this the Mexican Hat Potential Okay It's Symmetric Around 
Rotations with Respect to Rotations of H1 and H2 That's It Needs To Be Symmetric this this Rotation 
in this Direction Is the Su 2 Symmetry of the Weak Interaction
But Then It Would Have Fallen into the Brim of the Hat as the Universe Expanded and Cooled Down 
the Higgs Field Goes Down to the Bottom Where You Know Where along the Brim of the Hat Does It 
Live Doesn't Matter Completely Symmetric Right That's the Whole Point in Fact There's Literally no 
Difference between It Going to H1 or H2 or Anywhere in between You Can Always Do a Rotation so 
It Goes Wherever You Want the Point Is It Goes Somewhere Oops the Point Is It Goes Somewhere 
and that Breaks the Symmetry the Symmetry Is Still There since Symmetry Is Still Underlying the 
Dynamics of Everything
Topology & Geometry - LECTURE 01 Part 01/02 - by Dr Tadashi Tokieda - Topology & Geometry 
- LECTURE 01 Part 01/02 - by Dr Tadashi Tokieda by African Institute for Mathematical Sciences 
(South Africa) 459,134 views 9 years ago 27 minutes - This video forms part of a course on Topology, 
& Geometry by Dr Tadashi Tokieda held at AIMS South Africa in 2014. Topology, ...
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Intro to Topology-Basic Concepts - Intro to Topology-Basic Concepts by Kirby's Math 95 views 3 years 
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Lecture 04 : Concept of topology - Lecture 04 : Concept of topology by IIT Roorkee July 2018 10,819 
views 3 years ago 30 minutes - In this lecture, we are studying Concept of topology,.
Intro
Topology • Topology describes the spatial relationships between adjacent features • Using such data 
structures enforces planar relationships, and allows GIS specialists to discover relationships between 
data layers.
What Is Topology? In 1736, the mathematician Leonhard Euler published a paper that arguably 
started the branch of mathematics known as topology . Today, topology in GIS is generally defined as 
the spatial relationships between adjacent or neighboring features or • The details of the connections 
between spatial objects such as the information about which areas bound a line segment is called 
topology
What Is Topology? • Mathematical topology assumes that geographic features occur on a two-di-
mensional plane. • Through planar enforcement, spatial features can be represented through nodes 
(0-dimensional cells); edges, sometimes called arcs (one-dimensional cells); or polygons (two-di-
mensional cells).
What Is Topology? • Mathematical topology assumes that geographic features occur on a two-di-
mensional plane • Through planar enforcement, spatial features can be represented through nodes 
(0-dimensional cells); edges, sometimes called arcs (one-dimensional cells); or polygons (two-di-
mensional cells). Because features can exist only on a plane, lines that cross are broken into separate 
lines that terminate at nodes representing intersections rather than simple vertices.
Topological data structures are advantageous: • Provide an automated way to handle digitizing and 
editing errors and artifacts • Reduce data storage for polygons because boundaries between adjacent 
polygons are stored only once • Enable advanced spatial analyses such as adjacency, connectivity 
and containment (control) • Another important consequence of planar enforcement is that a map that 
has topology contains space-filling, nonoverlapping polygons
Ways that features share geometry in a • In addition, shared geomtepolo managed between feature 
classes using a geodatabase topology, e.g.: • Line features can share segments with other line 



features. Area features can be coincident with other area features. For
The Biggest Ideas in the Universe | Q&A 13 - Geometry and Topology - The Biggest Ideas in the 
Universe | Q&A 13 - Geometry and Topology by Sean Carroll 44,946 views 3 years ago 1 hour, 1 
minute - The Biggest Ideas, in the Universe is a series of videos where I talk informally about some 
of the fundamental concepts, that help us ...
Riemann Tensor
Anti Symmetry of the Riemann Tensor
The Invertibility of the Maps
Right Here Is the Annulus It Does Not Include the Inner Circle or the Outer Circle It's Just the Space 
in between that Annulus Is Topologically Equivalent to or to minus a Point and What that Means Is 
There Is no no Test of Topology That You Can Do to R2-a Point That Gets You a Different Answer 
than Gets You at the Annulus You Can See that if I for Instance Mapped Circles into the Annulus if I 
Calculated Pi One with some Base Point I Would Be Able To Go around the Hole in It Just like I Did 
with with the Etc
And What that Means Is There Is no no Test of Topology That You Can Do to R2-a Point That Gets You 
a Different Answer than Gets You at the Annulus You Can See that if I for Instance Mapped Circles 
into the Annulus if I Calculated Pi One with some Base Point I Would Be Able To Go around the Hole 
in It Just like I Did with with the Etc if I Calculate the Dimensionality the Annulus Is Two-Dimensional 
Just like Our to minus a Point Is and There Is Nothing Else that Would Be Different Okay Sadly 
Topologists Are Nowhere Close to nor They Imagined They Ever Will Succeed in Getting a Complete 
Set of Characteristics for Topological Spaces That Tell You whether or Not They Are Equivalent
That Means that near Phi Equals Zero It's GonNa Be an Upside-Down Parabola Going like that but 
as Phi Gets Bigger and Bigger the Lambda Phi to the Fourth Will Be More and More Important so It's 
GonNa Turn Over Again and What You'Re GonNa Get Is Something That Looks like this Okay Let's 
See if We Can Actually Pretty that Up a Little Bit There No Clearly We CanNot Prettied Up Effectively 
so Nothing Not GonNa Worry about that the Point Is that There Is a Minimum Value for Phi Which Is 
either Here or Here There Are Two Different Minimum Values
So Maybe in One Place It Fell Down in One Direction One Place Fell down the Other Direction the 
Falling Down Happens Rapidly and There's the Speed of Light That Says You CanNot Communicate 
between Different Regions That Are Too Far Away so You Can't Make Sure that the Field Falls down 
the Same Direction Everywhere So in this It's Going To Necessarily Be the Case that There's a 
Boundary between these Two Regions and in that Boundary the Field Is Going To Have To Go from 
One Vacuum to another and that's GonNa Be a Domain Wall
There's a One-Dimensional Line through Space Where the Field Lives Here at the Top of Its Potential 
and There's Energy There and that's a Cosmic String and that Is because Hi One of Vacuum Ana 
Fold Is the Integers So in Fact There Will Be Cosmic Strings with Winding Number 2 Etc so that's 
Where the Relationship Comes from between Topology and Topological Defects It's Not the Topology 
of Space That We'Re Talking about It's the Topology of the Space of Zero Energy Field Configurations 
That We'Re Talking about that's What the Vacuum Manifold Is Ok One Final Topic and Honestly I 
Really Shouldn't Do this but I'M GonNa Try To Do It Very Very Briefly
So in Other Words There Are Functions Which I CanNot Integrate To Get another Function You Know 
the Function That Is Just One if I Integrate It It's GonNa Be this Theta Function but that's Not Well 
Defined so the Fundamental Theorem of Calculus Is Failing Us in some Way and the Reason Why 
It's Failing Us Is Ultimately because of the Topology of the Circle Okay So in Other Words What 
We'Re Saying Here Is You Can Ask the Question How Many Functions Are There That Are or Are Not 
Integrals of Other Functions Right How Many Functions Are There Whose Integral Is Well Defined Is 
another Way of Saying It and I'M Not GonNa Go into the Details but that's What Co Homology
It's another Way in some Sense of Finding Holes because You Know that We Just Noticed that the 
Real Line and the Circle Are Different in Co Homology but We Already Knew that so It's Not a New 
Fact but There's Other Spaces for Which the Ease of Calculating Comb Ology Lets Us Topologically 
Distinguish between the Spaces in a Much More Straightforward Way I Could Do a Much Better Job 
of Explaining this but It Would Take a Long Time So I Just Want To Give You a Little Hint of It because 
the Reason Why It's Worth Giving You a Little Hint
But We Already Knew that so It's Not a New Fact but There's Other Spaces for Which the Ease 
of Calculating Comb Ology Lets Us Topologically Distinguish between the Spaces in a Much More 
Straightforward Way I Could Do a Much Better Job of Explaining this but It Would Take a Long Time So 
I Just Want To Give You a Little Hint of It because the Reason Why It's Worth Giving You a Little Hint Is 
Houma Toppy Is Easy To Visualize Once Again Right You Map Circles or Spheres into Other Spaces 
Then You Deform Them and You Might Ask Well Is It Doesn't Shouldn't that Capture Everything and 



the Answer Is no It Does Not Capture Everything
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