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-
An origin of light and electrons

— a unification of
gauge interaction and Fermi statistics

Michael Levin and Xiao-Gang Wen

http://dao.mit.edu/~ wen

e Artificial light and quantum orders ...

PRB 68 115413 (2003)
e Fermions, strings, and gauge fields ...
PRB 67 245316 (2003)

e Strings-net condensation ... Quantum Field Theory
of Many-Body Systems

PRB 71 045110 (2005)
e Quantum field theory of many-body systems
(Oxford Univ. Press, 2004)
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Deep mysteries of nature
e Identical particles (Why two hydrogen atoms are exactly the same?)
e Gauge interactions (long range, massless gauge bosons)
e Fermi Statistics (Who ordered it7?)
e Massless fermions (nearly, AM;/AMp ~ 10~2Y)
e Chiral fermions (Are we edge excitations?)
e Gravity (The correct physical theory allows only integers)

A great-grand unification:
a single structure that explains all the mysteries

We will discuss a baby-grand unification that explains the first four
et iysteries from a single structure — local bosonic model. page 328




Where do Maxwell equation and Dirac equation come from?

e Eular equation: 92p — 3;;;3” — O — massless scalar identical bosons
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Identical particles — vacuum is not empty

e Maxwell equation: 9 x E+ B =0 x B — &E = 0 — photons

rezgufdirac equation: (149, — m)w = 0 — fermions Page 4126




e Both Maxwell equation and Dirac equation can come from local
bosonic models or lattice spin models if bosons/spin (a) form Long
strings and (b) strings from a quantum liquid (string-net condensed

state):
; Wy\) A su\\/g&
ZIBAN
NS NE W%,

Gauge bosons and fermions can emerge as low energy collective
modes of the condensed string-nets

&

String-net condensation provides a way to unify gauge interac-
tions and Fermi statistics

The appearance of the gauge interaction and Fermi statistics in our

s ssuR@TU e IS Not an accident. Page 5/26




A local bosonic model on cubic lattice

A rotor #;. on every link of the cubic lattice:

H=UY Qf — 9% (Bp+hec)+JY (L)’

I p i
Q= > Li. Bp=L{L;LiL;
i next to 1
L~ =10y the angular momentum of the rotor

L= = ¢*=: the raising/lowering operators of L-
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What is string-net
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Physical meaning of the three terms:
e the ['-term — closed strings. Open ends cost energy.
e J-term — string tension
e the g-term — strings can fluctuate
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A local bosonic model on cubic lattice

A rotor #;. on every link of the cubic lattice:

P

H = ir_z l‘i?% — HZ(BP — f';_:'_) - FZ(LI )

I p i
—— —rtr—rtr-
Qt= . Li, Bp=LiLL3IL,
i next to 1
L= = 10y, the angular momentum of the rotor

L* = e*¥: the raising/lowering operators of L*

Pirsa: 05110013 Page 8/26




What is string-net

—% - — = = S
® @ ® ® ® ® ® 'Y =
Open =——=
— & & * & & — Strin gs————
[ i L | » E | ] E
* o o 3 L
$

Closed
Sinngs

bo
L

|50 50 P 0 e

Physical meaning of the three terms:
e the ['-term — closed strings. Open ends cost energy.
e J-term — string tension
e the g-term — strings can fluctuate
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A local bosonic model on cubic lattice

A rotor #;. on every link of the cubic lattice:

H=UY Q% gy (Bp+hec)+JY (L)?

I p i
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i next to 1
L= =10y, the angular momentum of the rotor

L* = ¢*%: the raising/lowering operators of L°
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What is string-net
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Physical meaning of the three terms:
e the ['-term — closed strings. Open ends cost energy.
e J-term — string tension
e the g-term — strings can fluctuate
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What is string-net condensation
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Istring-net condensed) = )3 Istring-net)
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Fluctuations of condensed string-nets — /(1) gauge bosons

e When U = o, the rotor model can be mapped to U(1) lattice gauge
model, with #; on link LJ as the U(1) gauge potential:

Hl — ”II ‘ C&}

e For finite I’ and with other perturbations:

5.
L%T‘f = L,r_'{*l }(‘--‘TIJ) — S0 - €92 CDS(r'JIJJ
Since apy = ¢, iIs compact, the e-terms do not generate a mass for the
[’(1) gauge bosons, if €1 » are small enough.

Gauge bosons and “gauge symmetry”’ can be emergent
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Ends of open strings — gauge charges

e Strings are unobservable in string condensed state.
e Ends of strings behave like independent particles.

o L ~ #; = apy correspond to electric field/flux.

Ends of condensed strings are gauge charges
They also carry fractional rotor-angular momentum (L- = +1/2)
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Can get fermions for free (almost) Levin & wen 04

Just add some legs
e Dressed-string model:

H=UY Qi—gY (Bp+hec)+J)Y (L)’
I p i
Bl} = Li‘_ig.ﬂ:?ﬂ;{—l);ﬁ_l_i

e Different ground state wave function for the string-net condensed
state

Istring-net condensed) = N +|string-net)

P as
all closed-string-nets

rrsa: 05BN ICH leads to different statistics for the ends of condensed striRgs.




String operators — creation operators of gauge charges

e A pair of gauge charges is created by an open string operator which
commute with the Hamiltonian except at its two ends.
Strings cost no energy and is unobservable.

ol o ¢
crossed leg ® » ®

dressed string

e In simple-string model — simple-string operator
F5—5p—
Li1£12Li3L14---

e In dressed-string model — dressed-string operator
-7+ - L;
(LillizilgLM"') H (—1)

i R i on crossed legs of C Page 16/26
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Can get fermions for free (almost) Levin & wen 04

Just add some legs
e Dressed-string model:

H=UY Oy—g) (Bp+hec)+IY ()
I p i
Bp =L Ly L L (—1)"5" s

e Different ground state wave function for the string-net condensed
state

Istring-net condensed) = b3 +|string-net)

P
all closed-string-nets
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String operators — creation operators of gauge charges

e A pair of gauge charges is created by an open string operator which
commute with the Hamiltonian except at its two ends.
Strings cost no energy and is unobservable.

ol o
crossed leg ® » ®

dressed string

e In simple-string model — simple-string operator
Fy—5Fp—

e In dressed-string model — dressed-string operator
S Sl ol o L;
(Li1£12£1-3L14"‘) H (—1)
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A dressed-string operator creates a pair of fermions

e [ he statistics is determined by particle hopping operators Levin & Wen

02.
-®
Ibd lch Tha b,
c
' 5 ﬂ/l\d

e An open string operator is a hopping operator of the gauge charges.
Open string operator determine the statistics.

e For simple-string model: #;,, = Ljr b= T = Lf
We find ﬁmf' ?'ffﬂ — ?Lh ?5{3
The ends of simple-string are bosons.

e For dressed-string model: #,, = (—)ifri"iﬁ; = (—}L%}Lg. fig = Lf
We find ﬁ}ﬂa ! ir_;,{.x = —fﬁa} ﬁ_}r_.g

Page 19/26
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String operators — creation operators of gauge charges

e A pair of gauge charges is created by an open string operator which
commute with the Hamiltonian except at its two ends.
Strings cost no energy and is unobservable.

o leg O c
crossed leg ® » e

dressed string

e In simple-string model — simple-string operator
F5—5F5=
Lil‘iigﬁig_i’i4"'

e In dressed-string model — dressed-string operator
74— L;
(Li1£12£1-3L14"‘) H (—1)
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A dressed-string operator creates a pair of fermions

e [ he statistics is determined by particle hopping operators Levin & Wen

2.
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e An open string operator is a hopping operator of the gauge charges.
Open string operator determine the statistics.

e For simple-string model: #;,, = I_;r b =Ly, g = Lf
We find %4t 1t = tpof bted
The ends of Simpie-strmg are bosons.
e For dressed-string model: #;,, = {—)51+LEL§F, = (—}L — Ll

—

We find &4t .18, = —Tpatoblnd
e ends of dressed-string are fermions.
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VWhat make fermions massless?

e Consider the hopping Hamiltonian for a single end of string

L]

H may realize translation symmetry only projectively.

e | he translation 1{,— of the two ends of a string satisfies the translation
algebra

=t 1=

[;|[2 Ak 2)
! 'Ih I JllrIl l*"—‘

e

1

2)
= ab=x v 2

The translation 7, of the one ends of a string satisfies

-

T2 5, = vl Ta, n=+1

e = —1 — mw-flux through each square — massless fermions
e The string-net wave function ®(X) = (—1)VX given rise to the =flux,
restfffhere Ny=number of spares enclosed by the closed string X . Fe#




VWhat make fermions massless?

e Consider the hopping Hamiltonian for a single end of string

ij
H may realize translation symmetry only projectively.

e | he translation 1{,—\ of the two ends of a string satisfies the translation
algebra

~(2).=(2) =(2)+(2)
Jf;} ilr-k; =l|' fa a,b=x.y,z

The translation 7, of the one ends of a string satisfies

f}.iﬂj;, _ f}j] : T st

e = —1 — mw-flux through each square — massless fermions
e The string-net wave function ®(X) = (—1)YX given rise to the =flux,
esifffhere Ny =number of spares enclosed by the closed string X . fe#




Comparison with superstring theory

Superstring theory
e gauge boson = small open string of size /p.
e fermion comes from “super world sheet” (o1, 52, 89).
e graviton = small closed string of size (p.

Fermions do not have to carry gauge charges.

String-net theory
Every thing comes from local bosonic model — locality principle

j rL[ tot — H H
2. Local operator = operators acting within H,.

3. Hamiltonian = sum of local operators.

e gauge boson = fluctuations of large string-nets that fill the space.
e fermion = one end of open string.
e graviton = 777,

rsasufm@rmions (including composite fermions) must carry gauge chasges.




A picture of our vacuum
- a recipe for making an artificial vacuum in condensed matter




A picture of our vacuum
- a recipe for making an artificial vacuum in condensed matter
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