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Outline of Talk

Pfafflan wave functions

px + ip, superconductor: vortices and
Majorana edge states

Hall droplet edge states, group theory, and
bosonization

generalized Pfaffians: k-clustering

Bose gas representations of su(2);
su(n)r = g-refinement of fusion rules
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Pfafflan wave functions
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Moore-Read Pfafflan States
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v = 1/2 quantum Hall state



Moore-Read Pfafflan States
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rotating Bose gas QH-like state



Moore-Read Pfafflan States
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planar p, + ip, superconductor



p. + tp, superconductor: vortices
and Majorana edge states



p» + ip, superconductors

<¢awﬁ> — X
= {(—tio9)(d-0)}ap  triplet
X (Pz + ipy) p—wave
Ifd = e, then

(Wathg) < dap (Dz + iDy)

= up/down spins decoupled
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Chiral Majorana edge mode

Spin-triplet p, + ip, SC
has edge-
mode.
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Chiral Majorana edge mode

Spin-triplet p, + ip, SC
has edge-
mode.

Why
Cooper pairhas i = h

= Andreev reflection
offset kpo,mia = h.

= one-way edge creep




Why Majorana?

S-wave, S=0, superconductor

bk = arp +ay _y

_pf
bT,k — bl,—k

distinct anti-particle = not Majorana
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Why Majorana?

, superconductor

bk = apk + ay _y

_pt
b1 = bT,—k

own anti-particle =
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vortex core states

Andreev bound state
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vortex core states

Andreev bound state

Andreev reflection not
quite retro-reflective
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vortex core states

Andreev bound state

Andreev reflection not
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vortex core states

Andreev bound state

Andreev reflection not
quite retro-reflective

= backward creep
= ¢ = —wo(l + a)
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vortex core states

Andreev bound state

Andreev reflection not
quite retro-reflective

= backward creep
= ¢ = —wo(l + a)

o?
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Core spectrum

Vortex-core bound-state spectrum always has
¢ — —c BdG symmetry = a = 0, 5.

S-wave bound states o = % = NO zero mode
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Core spectrum

Vortex-core bound-state spectrum always has
¢ — —c BdG symmetry = a = 0, 5.

bound states o« = 0 = exact zero mode
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statistics and fusion algebra

The exact zero-mode core states must
, and are responsible for:

Changing the BC'’s of the edge-mode from
antiperiodic (no edge zero mode) to periodic
(edge zero mode)

non-Abelian statistics (lvanov, Stern et al.)
The Ising-like fusion rules:

Y xy = 1
ocoxo = l1+v, 1Yxo=o0.



statistics and fusion algebra

features will occur in all wave func-
tions in the Pfafflan family, and to their natural
generalization.



Hall droplet edge states, group
theory, and bosonization



Integer Hall edge

° ° ° ° ° ° ° ° °
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edge states and Schur functions

zf‘lJrN_l zf‘QJ“N_Q |

zg‘lJrN_l 25‘2+N_2 |
AM+N-—-1 Ao+ N—2

2N 2N |

Sp(z) =21 4+ 24 +---+ 2z (Girard 1629, Isaac Newton 1666)

Uy (2) = ¥a(2)/1o(2z) (Cauchy 1815, Issai Schur 1901)

° ° ° ° ° ° ° ° °
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bosonization identity

sist sty = S us(z)

G. Frobenius 1903
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generalized Pfaffians:k-clustering



local to globalvia £-clustering

Read and Rezayi introduced a family of
generalized Pfaffian states

w(zl, Zq o o c ,ZN)

with the property that ¢)(z) = 0ifany  z’s
coincide. We will show that (for bosons at least)
these states possess an su(2) current-algebra
symmetry. Therefore the k-clustering

property lead to topological order and to
guasiparticles with non-abelian statistics.



Bose gas representations 6fii(2);



We will study k-clustered symmetric polynomials,
and show that they can be identified with states in
representations of the affine Lie algebra su(2);.
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affine Lie algebra

su(2) algebra
e, f and h such that:

[h76]:2€7 [haf]:_2fa [eaf]:h'

This IS a mathematician’s
Physicists usually set

e—J., f—J_., h—2J;



affine Lie algebra

su(2); algebra

€ns [ns I, k, d such that:

:emve’II] — [fma fn] =0

€, k] = [fons K] = [P, k] = [d, K] =
s ) = My [y Jiml = 2fm+na

€my frn] = Pman + mk5n+m’0, Ny b = 2mkd,, o,
d,en] =nen, [d, fo]l =nfu,  [d, hn] = nhy.




representations and weights

Can have simultaneous eigenstates

klm, A\, 4) = klm,\, i),

ch,A,i} = m|m, \, 1),
holm, A, 1) = A|m, A, 7).
k, m and \ are known as
positive integer k Is the of representation

label “” distinguishes between states with
same m and A.



highest weight

A state is a |vy) such that

falve) = hylvg) =0 n >0,
6n|V0> — O, n > 0.

One highest weight with
h()‘V()> — l|V0>, CZ‘V0> =0
INn each representation.

Use k£ and [ to label representations
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making k-clustered wavefunctions

Fiy(2) = (vle(z)e(z2) . e(z) o)




making k-clustered wavefunctions

Fivy(z) = (vie(z1)e(22) . . . e(2p)| Vo) ‘

Properties of e(z
e(2),e(2')] =
e(2)]" =0

(6_1)k—|-1—l ‘VO> — O

):
0




making k-clustered wavefunctions

Fivy(z) = (vie(z1)e(22) . . . e(2p)| Vo) ‘

Properties of Fj,(2):
F'Is a symmetric polynomial
F'Is zero if any k£ 4+ 1 2z’s coincide
F'iszeroifany k+ 1 — [ z’s become zero



counting polynomials

> mult (p,d) ¢* = g7
d

mult(p,d) = number of F’s of
degree d in p variables

M;; = min/(z,7)

m' = (my,ma,...,my)
(@m = (Q—¢q)-(1—-q™)

d = (0,...,0,1,2,...,1)
Z qmtl\/Im—i—dtm

(D (Dmsa - - (@

partitions
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k=2,1=2,reprise
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Filling the Bose sea

Connection with weights:

—m = deg(FV)_l_p7
A= [+2p

Action of affine Weyl group leads to k-clustered
ground state

Vo) = (epet )(exes ) - (ean_sehy1)|V-n)

and takes



characters: counting states

Z q

Ni+--+Np=p

Nf+N3Z+NZ+Np_j41+Ng_j4o+- Ny

(@) N, =Ny (@) Ny—N3 --- (@) Ny,

-+2Nk+qu12+N22+...N,3+Nk_l+1+Nk_l+2+...Nk

l
Chsz q,x Zx2p+
to
1 Z $2N1+2N2”
(Do > NG 2N,
where
Ny =
Ny =
N, =

(Q)Nl—N2 (Q)NQ_N3 ...

(Q)Nk_l—Nk

m1 +mg + -+ mg,
ma + -+ my,
mp
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su(n)r = g-refinement of fusion
rules






su(n); and Kostka polynomials
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su(n); and Kostka polynomials

function characters

1 1
chFi14 = chVigia+ 5Ch V0,024 + 5Ch V2,0,0:4

1 1
=+ (— =+ —2) ch Vo104
q q
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su(n); and Kostka polynomials

function characters

1 1
ch ]:fim = chVi114+ §Ch Vo,0,2:4 + §Ch V20,014

1 1
+ (— + —2) ch Vo104
q dg

su(4)4 Littlewood-Richardson

@@H@D @ﬂj@@@m@ ZH
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conclusions

have better understanding of loca
have a better understanding of bu
obtained g-refinement of fusion ru
obtained new character formulae

Edge versus

— global
k — edge
€S
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conclusions

have better understanding of loca
have a better understanding of bu
obtained g-refinement of fusion ru
obtained new character formulae

fermions: orbifolds?

— global
k — edge
eS

other groups: Kirrilov-Reshitikin modules?

general lessons?

Edge versus Bu
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