Oxford Seminar
Saturday, March 28, 2009
6:45 PM Title: TOP?

Topological Phases of Matter : Why they are interesf’ing and Useful

Ref: Rev Mod Phys Sept 2008 Nayak, Simon, Stern, Freedman, DasSarma I ,
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* Some have heard stories sound similar -- new perspective

* Success if everyone learns something new

~* Story starts with Lord Kelvin around 1867

FARLEFT

e Kelvin had a friend Tait
© [comments on tate -- golf -- success]

:* Tait had built a machine that created smoke rings
= and this caught Kelvin's attention:

They are stable (kelvin theorem)

(=&

¢ Also at the time everyone believed that we are surrounded by Aé_’@her

* Atthe time one of the big mysteries in science was the fact that elements were

discrete

* Kelvin had a brilliant idea: Elements corresponded to Knots of Vévitices in the Aether
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7:16 PM

* Being sloppy about knot vs link

* Thisis a nice idea - it explained discreteness - l
And was popular for a while, but eventually most ’

&
Pphysicists had decided it was no good. /-J@ ((\2

* But for a few decades it had some strong
Proponents - perhaps the strongest being Tait

* Tait was so enamoured of this idea that he spent
much of the rest of his life trying to compile a
"periodic table of knots" - i.e, list all possible knots
ergo all elements.,

- Tait is often considered the father of the mathematical theor\} of knots (which has
been a very rich branch of mathematics) 3'

* During exploration, Tait hit on what is now the fundamental question of knot
theory. "can one be smoothly deformed into another without cutting"

For example

Hﬁ O — C add to prio

* Sounds easy, but is not.

* Overthe last 150 years, mathematicians have been studying:fﬁis question and it is
still considered a hard problem, but one tool has been useful n partially
solving the problem - the idea of a "knot invariant" -

* About to take a short detour into knot theory
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« Topologically equivalent knots must give the same output

Ivfliddle board
(keep for a bit)

» So if the output for two knots comes out different, they must be
topologically different knots

« However, sometimes two inequivalent knots give the same iogutput

+ Most important question in knot theory is if you can find a knot
invariant that can distinguish all knots from each other

- FARRIGHT (KEEP)

K wernar  (owe

* Example of a knot invariant: Kauffman Invariant : )
(closely related to Jones polynomial.. I'll explain the differience fater)
e Two Rules ~t
\/ =~ A ) ( A | e
e N

1 Leave!

PLUS ROTATION I Room
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O — . A — ﬂ = aQ Below
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OxfordSeminar Page 3




4

saturday, March 78, 2000
7:59 P

» An example Add to prior left
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* We get d, which is not surprising since the open loo:j is d, and this is
just the open loop in disguise and the result depends only on topology

* Tothe mathematician, the Kauffman invariant is an Ei_i'wariamt of regular
isotopy. .

€0 Pw‘m‘"’m -‘,,/()8 LMA\ 74,_\
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8:07 Piv - ATOM AND PRIOR LONG
CALC

* Return to physics now, to something that sounds different but is actually related

f’]’és”ow@/cﬂm QuAnTUr]  Frelo 77;{?»/1/ f

* Thisis a quantum field theory, or quantum mechanical system where
amplitudes depend only on the topology of a process.

* Think about quantum mechanics as Feynman taught us

1S (path)

q Ao
Diuk“/ _\H@/\) or
-y

This is some 2D system (alwéys think in 2+1)

I've drawn some space- tlme= process
That contributes to the sum

For a theory to be topological, the
amplitude for this must be =

A\

Since they are topologically

the same, @:
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» What should be clear is that for topological theory e is a knot irfvariant

« Famously Witten showed made the relationshi
a certain known knot invariants,

TQFT is knowrnras

Where

SU[Z)}L = /4? <

- 7 (ATl

L= Jes (5,)

» This was the work that won Witten the Field's medal, along wit

* Finally, explain the title of my talk:

A Topological Phase of Matter is a Phase of Matter whose low en

description is a TQFT.

* Rather shockingly we believe these things exist (not just figment)

p between certain known TQFTs of
For the Kauffman invariant the corresponding

Put thisjunder
kauffman rules (KEEP)

« Plus other possibilities with cold atoms, JJ arrays, spin systems,

superconducting Top ins junctions... but none of these have bee:{ realized yet

« Evidence that these are TQFTs is not iron clad

good.

* Strongest evidence is in FQHE, so I'll describe those in a moment é_but first
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saeRM (For honesty in advertising).. | should explain the différence between
Kauffman and Jones.
Consider the following (dots mean closed upina knoit somewhere
else) |
—
. MIDDLE
b = A O -+ A
f' z -1 |
= |ALAA ) e p ) j
< SAve
= A | THS
L f

» Isit not a topological invariant?

» Need to realize that particles have finite width
ADD TO PRIOR

b * When pulled tight, we introduce a twist. So left and right are
not identical =

// * In Quantum mechanics, rotating a partic e with spin gives
a phase, and that is exactly what we find | opat STARSTICS.

* SoKauffman correctly accounts for the sp:ijn of these particles

* Jones is cooked up to remove the phase of the self-rotation
( And give an invariant that will not care about introducing
/\ Self twists. :
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Saturday, March 28, 2009 STATISTICS PART
9:00 PM

Comments on FQHE (MIDDLE)

LD s vTBpcive + R

* Make electrons 2d by trapping in a thin semiconductor heterostructure
* Then cool down 3

LD s imvTELAenoG ) 4

+ Nuis ratio of density of electrons to magentic flux density |
« Near certain values of nu you see FQHE - a dissipationless state

« All of these are believed to be TQFTs although most are trivial and
uninteresting (I'll explain in what sense}

I L
2D e's S IV TERACTI O & + (8

dd last / dotted

« {a) Thisis symmetry emergence, not symmetry breaking

» {b) would like to integrate out high energy degrees of freedom to ge'
TQFT - but must take roundabout route :
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Saturday, March 28, 2009
8:15 PM

* Return to general properties of TQFTs :

* One important property is that when there are quasiparticles

n the

. system, there becomes a degeneracy of states with the same energy.

Leave Space Above and Below (START LEFT)
{and a bit left)
=

* The energy is determined by

* System with 2 qps and 2 qhs

how far apart they are.

I claim there is more than one state with the
particles in the same position.

Look at the spacetime historyi

Add kets last

» The particles could have come from the vacuum in (at least) two d_fferent ways

Different space-time histories to get to the same positions.

* Toshow these are distinct, we must also construct the time reversed states, which

are the bras corresponding to these kets
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* To find matrix elements, just connect together the bras a::nd kets

aly= () am-

SN L =4

Py

RS
o Tsed

» This tells you that 1 and 2 are not the same, and must be Iiri(}:arfy independent

() AU 2R g4,
et

* The exception is k=1 which unfortunately describes most FC[HE states

* Only these special FQHE states are nontrivial

Note: If in between bottom and top linserted some arbitrary braid, |
would get a different result. This means that braiding :}jartfcies around
each other changes the state of the system. |.e, makes transitions
within the hilbert space. -

C 2\ %pe1Yy = .
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+ When you see a two state system you should immediately think of a qubit.

* Andinfact, this idea, known as Topological Quantum Computation, aea
credited to Freedman, Kitaev, and collaborators. Actually has some réal
adr\gntages to it. (in principle) :

f\\ﬂ/\ﬂ—-——-————'i

7 i 7 ! :E
L' / (,' / / \ }l p Y [
/// ( Add this last in the
\ Discussion about
/ noise
/7
N .

HATT

' ' L/
A

o

—

- ® Start with a bunch of groups of quasiparticles, each group representing
a qubit. 5

* Do aquantum computation (which is just some unitary operation on
the hilbert space) by braiding the particles around each other

* Then measure the particles - one way being trying to return the
particles to the vacuum. This is the readout.

+ If you choose the right TQFT, this is just as powerful as any other quantumicomputer

' The advantage is resistance to noise and coupling to the environment. Ser;isitivity to
noise (or coupling to the environment) is the bugaboo of all guantum com'pfjuting, but
here... it is robust. To see why imagine one of the particles gets hit by noise...

The possible application is why this is potentially useful - and why microsoﬁ is interested
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