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Abstract: We show that if a condensed matter system (a quantum gbit system) is in a string-net condensed state, then the low energy excitation in
such a system can be gauge bosons (such as photons) and fermions (such as electrons). Such a system is actually the ether that we have been looking
for 150 years. We will also discuss a guantum gbit system that may even give rise to emergent gravitons.
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How to gain a deeper understanding of our world?
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Reductionist approach
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We may want to go even deeper

What are the smaller parts of an electron or a photon?

What is the origin of elementary particles?
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We may want to go even deeper

What are the smaller parts of an electron or a photon?
What is the origin of elementary particles?

Superstring theory (the old version):

e~ ). ey %

photon graviton quark electron
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Emergence approach

e Reductionist approach: space is EMPTY

e Emergence approach: space is a dynamical medium
Elementary particles are the motions, the defects, the “whirlpools”,
etc in the medium.
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Emergence approach

e Reductionist approach: space is EMPTY

e Emergence approach: space is a dynamical medium
Elementary particles are the motions, the defects, the “whirlpools”,
etc in the medium.

e Space ~ Ocean Elementary particles ~ Bubbles in ocean
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What is an empty space?

e Space is formed by “degrees of freedom™ .
No degrees of freedom, no space.

e Degrees of freedom = quantum states |0). |1, = quantum gbits
(spins | 1).] 1))
Space = a quantum gbit system

™ ™
® °
® ® ®
e K
®
S
® - e o

e "Empty” space = ground state of a quantum gbit system

e ‘Elementary particles’ = motions/excitations above the ground
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Experimental evidences of space as a dynamical medium

Casimire effect:
zero-point quantum fluctuations of a dynamical medium

photodicdes

laser

cantilever
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Emergence of elementary particles

e Do elementary particles really arise from the motion of gbits that
form the space?’
e Can photons originate from the motions of gbits?
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Emergence of elementary particles

e Do elementary particles really arise from the motion of gbits that
form the space?’
e Can photons originate from the motions of gbits?

But how can we even address such a question?
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Emergence of elementary particles

e Do elementary particles really arise from the motion of gbits that
form the space?’
e Can photons originate from the motions of gbits?

But how can we even address such a question?
e Particle-wave duality — Origin of particles = Origin of waves

e Empty space = ground state of the gbits
Qbits in the ground state are organized in a certain way to
minimize their energy.

e Excitations above the ground state — deformed gbit organization
— propagating waves.
e [f the motion of the wave satisfies the Maxwell equation, then we

can view the wave as electromagnetic wave and claim that photons
arise from the motions of gbits.
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H=——Y% S-5
ij

Ground state = a ferromagnetic state
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First try

H=—% S;-5
ij

Ground state = a ferromagnetic state
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First try

Ground state = a ferromagnetic state

v v

Excited states = deformed spins = spin waves
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Wk x k?* — The spin wave cannot satisfies the Maxwell equation
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Second try

H—Y S-5

Ground state = an anti-ferromagnetic state
Excited states = spin waves

b

® ., X k same as light.
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Second try

H—3Y S-S,

Ground state = an anti-ferromagnetic state
Excited states = spin waves

(5
-t
-

lJ"*.

® ., X k same as light.

T he wave equation % -~ S;S — 0 is Euler equation,

e oyt Maxwell equation. AL




Principle of emergence

e Spins have different organizations (orders) in the ferromagnetic
and anti-ferromagnetic ground states.

e Different spin organizations lead to different waves:

Ferro: 2 S x 43 _¢ Anti-ferro: 23 43 _
dt dx< dt= dx=

e In quantum theory, different waves — different kinds of
“elementary particles’ or emergent particles.

Organization in ground state — type of waves — type of particles

What organization of spins give rise to Maxwell equation and
photons?
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Symmetry breaking theory of states of matter

e We used to believe that all organizations of gbits (spins) are
described by symmetry breaking.

e Massless excitations arise from continuous symmetry breaking
(Goldstone modes)
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Symmetry breaking theory of states of matter

e We used to believe that all organizations of gbits (spins) are
described by symmetry breaking.

e Massless excitations arise from continuous symmetry breaking
(Goldstone modes)

e But non of those Goldstone modes satisfy the Maxwell equation.
Non emergent photons.

e Non of those Goldstone modes satisfy the Dirac equation.
Non emergent electrons.

e Non of those Goldstone modes satisfy the Einstein equation.
Non emergent gravitons.

e Maybe ether really does not exists and
photons, electrons, and gravitons are really elementary.
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Principle of emergence

e Spins have different organizations (orders) in the ferromagnetic
and anti-ferromagnetic ground states.

e Different spin organizations lead to different waves:

. i2s _ . . d%s  d?s _
Ferro: 52 —S x 53 =0 Anti-ferro: =5 — 55 =0

e In quantum theory, different waves — different kinds of
“elementary particles’ or emergent particles.

Organization in ground state — type of waves — type of particles

What organization of spins give rise to Maxwell equation and
photons?
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Symmetry breaking theory of states of matter

e We used to believe that all organizations of gbits (spins) are
described by symmetry breaking.

e Massless excitations arise from continuous symmetry breaking
(Goldstone modes)
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Symmetry breaking theory of states of matter

e We used to believe that all organizations of gbits (spins) are
described by symmetry breaking.

e Massless excitations arise from continuous symmetry breaking
(Goldstone modes)

e But non of those Goldstone modes satisfy the Maxwell equation.
Non emergent photons.

e Non of those Goldstone modes satisfy the Dirac equation.
Non emergent electrons.

e Non of those Goldstone modes satisfy the Einstein equation.
Non emergent gravitons.

e Maybe ether really does not exists and
photons, electrons, and gravitons are really elementary.

Pirsa: 08110003 Page 24/61




New states of matter beyond symmetry breaking

— Long range entanglements

But the symmetry breaking states are basically direct product
states: ---| ) @ | )@ | 1) @] 1)
with only short ranged entanglement
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New states of matter beyond symmetry breaking

— Long range entanglements

But the symmetry breaking states are basically direct product

states: --- | )@@ |IDH®|])®--

with only short ranged entanglement
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e States with long range entanglements do exist and represent new
states of matter (new kind of order — topological order)

e [ heir collective modes may satisfy Maxwell equation, Dirac
equation, and/or Einstein equation.
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Third try: a rotor model on cubic lattice

i

i

i O

one rotor

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

H=U} Q' —g) (Bp+he)+J) (L)
! p i

&= ¥ Lk B—HL I

i next to |

[ = idy: the angular momentum of the rotor
oo — o '¥- the raising/lowering operators of L Page 2711




String-net condensation

? Open

. . ® e - -1 Sinngs———
» . » » » » »
— e 3 & » - #

Closed
Stnngs

P P R

e the U-term — closed strings. Open ends cost energy.
e J-term — string tension
e the g-term — strings can fluctuate
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Third try: a rotor model on cubic lattice

i

i

i = E

one rotor

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

H=U) Qi—g) (Bp+he)+J) (L)
1 p i

&= Y L B-—EHLIJL

i next to |

[ = iJy: the angular momentum of the rotor
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String-net condensation

Open —
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e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate
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Third try: a rotor model on cubic lattice
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String-net condensation

1 Open

L ] L] L ] L] L] L ] L]
e i - - - e L
I ° Closed -
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e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate
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Third try: a rotor model on cubic lattice
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String-net condensation

? Open

» ° » 3 3 » *
— e = & » - '@

Closed
Strings

e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate
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String-net condensation

»®
Open
Strings

Closed
Stnings

e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate

J

e [ he ground state of the rotor Hamiltonian H when U > g >

String-net liquid) = Z

all closed string conf.

N

e [ he string-net liquid is new state of quantum matter
P ogfbhy long range entanglement e




The waves in string-net liquid satisfy Maxwell equation

/Lero-point fluctuations in ground state Waves in string-net liquid

e String density wave: “string density” E(r. t) satisfies @ - E =10
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The waves in string-net liquid satisfy Maxwell

EEERAOGATEOEE ] i

oy EFTFE S S Adobe(R) Flashitm) Player ' SIEENE , EaLI =2 HIEERINE
o AR ST R R TR

* NESBREZREENEO
7S S Ee s e s L S a e =l (8)

/ero-point f

equation

1g-net liquid

' | [ mme | ms |

e String densmnmemw—mmre%+

Pirsa: 08110003

E=—19

Page 37/61




String-net condensation
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e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate

. . T
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Third try: a rotor model on cubic lattice

one rotor

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

H=U) Qi—g) (Bp+he)+J) (L)
I p i

G— ) L &-—ELIJL

i next to |

[ = idy: the angular momentum of the rotor
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The waves in string-net liquid satisfy Maxwell equation

/ero-point fluctuations in ground state Waves in string-net liquid

e String density wave: “string density” E(r. t) satisfies 9 - E =0
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The waves in string-net liquid satisfy Maxwell equation

/ero-point fluctuations in ground state Waves in string-net liquid

e String density wave: “string density” E(r. t) satisfies 9 - E =0

Pirsa: 08110003 Page 41/61




The waves in string-net liquid satisfy Maxwell equation

/ero-point fluctuations in ground state Waves in string-net liquid

e String density wave: “string density” E(r. t) satisfies 9 - E =0

Pirsa: 08110003 Page 42/61




The waves in string-net liquid satisfy Maxwell equation

/ero-point fluctuations in ground state Waves in string-net liquid
e String density wave: “string density” E(r. t) satisfies 9 - E =0

e 150 years after Maxwell wrote down his equation, we finally find
out what kind of medium produce Maxwell equation.
Ether may be a string-net liquid
Light may be collective motions of string-nets
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Semi-classical picture

e Each cube has three rotors on the links in the x-, y-, and
z-directions. The three #'s form the three component of a vector

field A = (6%,67.67).

e If we treat the rotor system as a classical system, the classical

equation of motion is determined from the phase-space Lagrangian
L =Y Lifi — H(L.6;)

e Dispersions of three modes is designed to have the following form

E =
-
_.-"'.-'"-'

a
_.z"’-" - a.
7 helicity +/-1
/

helicity O

classical wave &k
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Semi-classical picture

e Each cube has three rotors on the links in the x-, y-, and
z-directions. The three #'s form the three component of a vector

field A = (6%, 6”.67).

e If we treat the rotor system as a classical system, the classical
equation of motion is determined from the phase-space Lagrangian
L=7% L#— H{L;. &)

e Dispersions of three modes is designed to have the following form

E o
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helicity O

classical wave &k
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Semi-classical picture

e Each cube has three rotors on the links in the x-, y-, and
z-directions. The three #'s form the three component of a vector

field A = (6%,6”.6%).

e If we treat the rotor system as a classical system, the classical
equation of motion is determined from the phase-space Lagrangian

L =Y L — H(L. &)

e Dispersions of three modes is designed to have the following form

—

E e

-
A
s

Z helicity +/—1
/

helicity O

classical wave &k

e Quantum fluctuations: When
reoifodpe Nelicity-0 mode is gapped in quantum theory.

E

&
r
/ helicity 0
helicity +/—1

quantum wave k

- J - \;H 11 << 2 T a nd "PH 0 o 2 0.
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Is space really a string-net liquid?

Even after knowing that string-net liquid explains the origin of
photons, we are still not sure if the space really is a string-net
liquid or not.
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Is space really a string-net liquid?

Even after knowing that string-net liquid explains the origin of
photons, we are still not sure if the space really is a string-net
liquid or not.

String-net picture also explains the origin of electrons and
Fermi statistics Levin & wen 04

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

()

(8%

They are charges of the gauge field.
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Origin of Fermi statistics

e H=UY Q@ —g> ,(Bp + h.c.) + I3 ;(L)?

V%
£ sall conf.
T he ends of strings are bosons.

e H=UY, Q? —g > ,[(-)*>"Bp + h.c] + J35(L)

‘:"/_..rp

gives rise to the string-net condensed state

gives rise to the string-net condensed state >, __  *

H‘“‘mﬁ,- e

T he ends of strings are fermion.
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Is space really a string-net liquid?

Even after knowing that string-net liquid explains the origin of
photons, we are still not sure if the space really is a string-net
liquid or not.

String-net picture also explains the origin of electrons and
Fermi statistics ievin & wen 04

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

()

(8%

They are charges of the gauge field.
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Origin of Fermi statistics

= f__;p
V% >
£ sall conf. >
T he ends of strings are bosons.

e H=UY, Q° —g X ,l(-)>"Bp + h.c] + J (L)

'f-_-'/_.fl:]

gives rise to the string-net condensed state

gives rise to the string-net condensed state >, __ £

® \

T he ends of strings are fermion.
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Origin of Fermi statistics

o

gives rise to the string-net condensed state >, __ -

The ends of strings are bosons.

e H=UY,Q _gzp[( )TL*BP+h*C+]+JEi(Li)2
gives rise to the string-net condensed state >, __ £ - >

The ends of strings are fermion.

The different statistics of ends of strings is determined by the
different kinds of string-net condensation.

The string-net picture unifies the gauge interactions and
Fermi statistics
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Emergence of “gravitons”

e Lattice model: each vertex has three Z,-rotors
(0= 1) ,3a—11.22.33 I .~ L.+ n
Each face has one Z, -rotor (Hab. .3). ab—12 23 31
=% [,,60°® — Complicated H

e [otal six modes with helicity 0.0. 1. £2

E

-3 ':I::-.
.:1:.“..' e

h=0,0+1—1

classical wave k
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Emergence of “gravitons”

e Lattice model: each vertex has three Z,-rotors
(0%, 1.)3a=11. 2.3 l,~ L .1h
Each face has one Z, -rotor (Hab. L.s). ab—12.23 31
=% [,,0°° — Complicated H

e [otal six modes with helicity 0.0. 1. £2

| E E
0y ¢
i1 ;_ h=0.0+1,—1
B :
2 h=0,0,+1,—1
T —y ¥ = :) " .
i = graviton
classical wave &k quantum wave

e [ he model is designed such that the helicity 0.0. £1 modes have
strong quantum fluctuations and are gapped in quantum theory.
e [ he helicity =2 modes have weak quantum fluctuations and
P o ain gapless. et




e Long-range entanglement — new class of quantum matter
beyond Landau symmetry breaking paradigm.

e String-net condensation — a unification of light and electrons
a unification of gauge interaction and Fermi statistics

e Long-range entanglement — emergence of gravitons
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Emergence of “gravitons”

e Lattice model: each vertex has three Z,-rotors
(= 1) 3a=11.2 3 Il .~ L.+ n
Each face has one Z, -rotor (H“’*b. 1.5) ab—=—12 23 31
=% [,,0%® — Complicated H

e [otal six modes with helicity 0.0. 1. £2

E

h=0.0+1,—1

h=0.0.+1,—1 3 3

graviton

classical wave k quantum wave

e [ he model is designed such that the helicity 0.0. £1 modes have
strong quantum fluctuations and are gapped in quantum theory.
e [ he helicity =2 modes have weak quantum fluctuations and
P oigain gapless. T




e Long-range entanglement — new class of quantum matter
beyond Landau symmetry breaking paradigm.

e String-net condensation — a unification of light and electrons
a unification of gauge interaction and Fermi statistics

e Long-range entanglement — emergence of gravitons
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How to gain a deeper understanding of our world?
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String-net condensation

L]
Open
strings

Closed
Stnngs

e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate

J

e [ he ground state of the rotor Hamiltonian H when U > g >

String-net liquid) = Z 5\

)
all closed string conf.

W,

/

e [ he string-net liquid is new state of quantum matter
PPt long range entanglement ezl




Semi-classical picture

e Each cube has three rotors on the links in the x-, y-, and
z-directions. The three #'s form the three component of a vector

field A = (6%, 67.67).

e If we treat the rotor system as a classical system, the classical

equation of motion is determined from the phase-space Lagrangian
L =3 Lo — H(L. 6)

e Dispersions of three modes is designed to have the following form

E f’:;#-‘:::—— E ..?:ﬁ:lpd—'-
o f:;;#
v 7
7 helicity +/—1 .
S/ helicity 0
helicity O helicity +/—1
classical wave &k quantum wave k

e Quantum fluctuations: When g > J, 067 << 27 and 06y > 27.

o

reoifoipe Nelicity-0 mode is gapped in quantum theory. Page G0/61




String-net condensation

»
Open
Strings
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Closed
Stnngs

e the U-term — closed strings. Open ends cost energy.
e J/-term — string tension
e the g-term — strings can fluctuate

J

e [ he ground state of the rotor Hamiltonian H when U > g >

String-net liquid) = Z o\

/
all closed string conf.

W,

/

e [ he string-net liquid is new state of quantum matter
PPt long range entanglement e s




