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Abstract: <p style="margin:0cm;margin-bottom:.0001pt"><b><span lang="EN-US"
style="font-size:10.5pt;font-family:&quot;Arial&quot;,sans-serif;color:#555555;

mso-ansi-language:EN-US">A central theme of modern condensed matter physics is&nbsp;the study of topological quantum matter enal
guantum mechanics, which provides a further "topological” twist to the classical theory of ordered phases. These quantum-entangled pr
matter such as fractional quantum Hall phases, spin liquids, and some non-Fermi liquids, are typically strongly-correlated and thus cannot be
within conventional perturbative approaches.&nbsp;Because of the spectacular emergent phenomena as well as their potential for |
applications, there has been much recent interest in exploring the physics of these exotic phases.&nbsp;In this talk,&nbsp;l show that the p
methods&nbsp;of quantum field theory, namely quantum anomaly and duality, can expose the global landscape in parameter space «
gapped&nbsp;and gapless topological quantum phases and&nbsp;lead to several novel&nbsp;insights on these phases. As a demonstrati
principle, we study clean&nbsp;fractional quantum Hall&nbsp;transitions, composite Fermi liquids, and the surface of fractional topolo
insulators. Despite long and storied histories, these three systems are at the frontier of our knowledge of two&nbsp;and three dime
topological phases. | show that the&nbsp;non-perturbative approach for these systems,&nbsp;i.e., the duality,&nbsp;sheds some new light «
systems and allows us&nbsp;to resolve some longstanding&nbsp;puzzles, which have not been clear previously. Furthermore, it uncover
physics of these intrinsically strongly-correlated phases of matter. </span></b><span lang="EN-U
style="mso-ansi-language:EN-US"><o0:p></0:p></span></p>
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. Topological Phase Transition and Landscape of FQHE, CFL, and FTI

Ref. GYC-Teo-Fradkin, to appear
Sahoo-Sirota-GYC-Teo, arxiv:1701.08828 (2017), submitted to PRL

2. Future Research Directions
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Part 1. Topological Phase Transition and Landscape of FQHEs, CFLs, and FTIs

Ref. GYC-Teo-Fradkin, to appear
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A focus of modern condensed matter physics: Emergent Topological Phenomena

~ breaking down of classical intuitions by quantum mechanics & many-body physics

Before Topological Phases

o : Universal & Quantized Response Gapless Edge Modes

. T K R

efefefaefole

cyciotron orbis
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QHE

Nothing topological ' ‘ - V

TN
2D surface

states

Fractional Excitations: Magnetic field (T)
e.g., O,y i HE “valence- N
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momentum
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Much effort has been devoted to classify...
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...and to understand their physics.

Reviews & Books: Wen (2004), Fradkin (2013), Qi, Zhang, RMP (2011), Hasan, Kane, RMP (2010),
Hasan, Moore, Ann. Cond. Matt. Phys. (2013), Senthil, Ann. Cond. Matt. Phys. (2015), and many others
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Quantum Hall system as the representative member of topological phases

Motif for various topological phases, spin liquids, topological insulators etc. !

& one of the oldest and best-understood topological phases !
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Quantum Hall system as the representative member of topological phases
Motif for various topological phases, spin liquids, topological insulators etc. !

& one of the oldest and best-understood topological phases !

FQHEs: important open problems

- ) A 2% 1004
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Brief Review on FQHE

Quantum Hall System: 2DEG in magnetic field 3 T
Defining the filling: L /l/_&
= unit flux quantum @, o = electron 2 e | n

“Filling v”= (# of electron)/(# of arrows)

q
2p+1

Stable gapped phasesat v =

FQHE @ v :é:

Magnetic lield (T)

(i) Universal Quantized Responses {0y, Kxy, 7, S}

(ii) Fractional excitations and topological order

27 1005
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FQHEs: important open problems
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1. FQH Plateau Transition
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Insulating phase
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1. FQH Plateau Transition

T | T

(c)

Insulating phase

Disorder-driven Insulator

Strongly-correlated phase
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1. FQH Plateau Transition

——— ——

(c)

Insulating phase

Disorder-driven Insulator

Strongly-correlated phase
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“Magnetic Field”
Problems of Strong disorders, Strong interactions, and Topology !
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1. FQH Plateau Transition

A. Super-universality:

Universal correlation exponent v, =~ 2.4

¢
Independent of fillings !

Universal dynamical exponent 'z’ =~ 1

All the plateau transitipns belong to the same universality class !

2% 1007
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1. FQH Plateau Transition

A. Super-universality:

Universal correlation exponent ‘vé x~ 2.4

Independent of fillings !
Universal dynamical exponent 'z’ =~ 1

All the plateau transitions belong to the same universality class !

B. Hidden Particle-Vortex Duality near Transition:

MIZIU2ZB
911

21k

-5 00 0s
Vo o (odimVio Vo (103 mVo
Across the transition, "I’ (current) and 'V’ (voltage) exchange roles !

(This is an incidence that duality plays an important role in topological phases!)

m a9V O €

A . G
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1. FQH Plateau Transition

No successful microscopic theory & Largely unsolved problem!

e

Strong Disorders

N

J

/ N

Change in Topology

4 2

Strong Interactions
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2. Gapless States: Composite Fermi Liquid

v
. 20
MAGNETIC LD [T]

atpe 1 i
At the filling v = o ---, metallic states appear !

291009
2017-03-28
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2. Gapless States: Composite Fermi Liquid
QH State @ v =

s
= unit flux quantum @, ° o e °

= electron, charge-1
e : i p

Natural to work with composite fermion theory : O = °

Finite density of composite fermions

O O O O with no background magnetic field !

= Fermi liquid (composite Fermi liquid)

\

| -

Halperin-Lee-Read wrote down the QFT for the state:

| ;
L L@f -5l ) 4 e '\frﬂﬂ,,u\
ST

Problem: Lack of particle-hole symmetry, etc.

ky 4

rd

2% 10m

2017-01-20

L

Pirsa: 17030090 Page 20/87



2. Gapless States: Composite Fermi Liquid
QH State @ v =%:

(
= unit flux quantum @, ° o o o

= electron, charge-1
e : 9 y

Natural to work with composite fermion theory : O = °

Finite density of composite fermions

O O O O with no background magnetic field !

= Fermi liquid (composite Fermi liquid)

\

Halperin-Lee-Read wrote down the QFT for the state:
k
Vv A

s’ T T

2% 101
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2. Gapless States: Composite Fermi Liquid

Son’s theory for Composite Fermi Liquid @ v = %:

To solve the problem of particle-hole symmetry,

e(k)
L

e
-

I’H-\ 1“(-)1” l.\
ST

Neutral Dirac fermion at the finite chemical potential

Support from numerics !
And argument based on fermion-fermion duality

(which is another incidence of duality playing important role!)

2% 1x12
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2. Gapless States: Composite Fermi Liquid

Son’s theory for Composite Fermi Liquid @ v = %:

To solve the problem of particle-hole symmetry,

e(k)
L

e
-

I’H-\ 1“(-)1” l.\
ST

Neutral Dirac fermion at the finite chemical potential

Support from numerics !
And argument based on fermion-fermion duality

(which is another incidence of duality playing important rolel)

Generalized for v = ﬁ ,n > 1 (conjecture based on some phenomenology of CFLs):

k_),

A <+

2% 112

2017-03-28

Page 23/87



2. Gapless States: Composite Fermi Liquid

1. Halperin-Lee-Read Descriptions

2. Son/Wang-Senthil Descriptions

k-v 0\ l"y A
ral S N
[ , // \ )
> Ky | ] > K,
I JizA JisA
L" C[ \]l‘ N 1) 4 __—1”"\”1‘»‘.')1._”‘\ L LCiwp(Foa) = u"‘l'},. 1\ + .\.*H 1,0, A\

SN
(i) Fermion carries EM charge 1

(ii) Fermion is coupled to Chern-Simons term

Ref. Halperin, Lee, Read, (1993), DH Lee, (1998)
(See, however, Wang, Cooper, Halperin, Stern, 2017)

(i) Fermion is neutral under EM gauge A

(ii) No self Chern-Simons term for a

Ref. Rezayi-Read, (1994), Read, (1994), Son, (2015)
Wang-Senthil (2015, 2016)
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We will shed some new light on these problems !
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We will consider :

Trivial Insulator

4 % i >

Strong Disorders Change in Topology| |Strong Interactions

L 7\ \. o

Ref. GYC-Teo-Fradkin, to appear
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We will consider :

Trivial Insulator

By focusing only on...

- % .

Change in Topology| |Strong Interactions

“ 7 N\ J

—\ -
) Clean quantum Hall transition !

Ref. GYC-Teo-Fradkin, to appear
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We consider the clean topological phase transition of

Trivial Insulator

Oy =0

with the help of the duality

Va

which have played important roles in

physics of plateau transitions & CFLs

2% 1x14
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Duality?

e.g. Particle-vortex duality: theory of bosons ~ theory of interacting vortices

PDDZC

=3

g
2 -3

4

1 w2 T
)2 ;, [ s L= 5 |((Jﬂ - f'rl!,) "|’|Z - ; Il"

_l ) P
L"_erﬂl

Y~ “2m-flux” of a,
ref. Peskin 1978, Dasgupta, Halperin 1981
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Duality?

e.g. Particle-vortex duality: theory of bosons ~ theory of interacting vortices

1 »
L=,

r u
__1112__ 1[14+___
3 ~ W2 - 2 1]

ref. Peskin 1978, Dasgupta, Halperin 1981

L= 5 |(a, - ia,) ‘T’|2 -

1 —.2 U
o -

(NN B ¥

Y’ ~ “2m-flux” of a,

Recent progress in more broader classes of theories:

Seiberg, Senthil, Wang, Witten, Ann. Phys. (2016),
Tong, Karch, PRX (2016)

Mross, Alicea, Motrunich, PRL (2016)

Hsin, Seiberg, arxiv (2016)

Aharony, Benini, Hsin, Seiberg, arxiv (2016)

Wang, Nahum, Metlitski, Vishwanath, arxiv (2017)

with many ancestors of these dualities

O mAa T O 6

~ 1 4
@] +...

Gapless matter+ internal gauge fields
+ Chern-Simons terms
i.e., Ready-made theories

for topological phase transitions !

2% 115
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Duality?

‘)

l Z |
L = \il) ‘\II } ?_4”'\_‘“(},“1\ L \,',lr)’\ - “')\hwr}‘.h\ b =1 \I_l_“ (,, )i, Dy

Dirac fermion Another Dirac fermion
with gauge fields {a,b}

Y~ “4r-flux of gauge field a”

itten (20 * Tong, Karch (20 ‘Mro Alicea. Motrunich (20

2% 1015
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Duality?

5] I

| ; : 2 i
L =Wilp W+ T-””'\-‘,,”w-l\ L= \ilp,\ = meAL Dby 4

A :
. 1A ‘1‘“ i, )nﬁi.h\

Dirac fermion Another Dirac fermion
with gauge fields {a,b}
Y~ “4rr-flux of gauge field a”

Evidences: The same set of symmetries

The same set of nearby massive phases
The same gauge invariant operator ~ Y

Explicit derivation from quasi-1d limit

Re eiberg nthil Wane Witten (20 * Tong, Karch (20 ‘- Mrg Alicea Mg nich (20

- 3 \ 2% 116
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With the help of the duality, we consider:

0. 1QH transitionand CFL@ v = %

L

1. FQH transition and CFLs

2. Relations between different descriptions of FQH transitions

3. Surface of Fractional Topological Insulators

2% 116

a0 A
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Result 0.

To see if the duality is useful, | consider....

Trivial Insulator and | show...

Oxy = 0

SonsCFL@ v = -

2

Ref. GYC-Teo-Fradkin, to appear
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A Lattice Model for Topological Phase Transition:

0,y = €, with band structure

C; = Chern number =~ fillingv € Z
l

2% 18
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A Lattice Model for Topological Phase Transition:

0,y = €, with band structure

C; = Chern number =~ fillingv € Z

ModelwithC; =1 - C, = 0?

Huyer = Z 1/);5 [A(rrx sink, + g, sin k},) + tﬂZ(Z — COS Ky — COS ky) + MJZ] Vi
k
1.M > 0: C, = 1 and IQHE

2. M < 0: C; = 0 and trivial insulator

We have a desired transitionat M = 0!

2% 119
oA A
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At M = 0, the band gap closes at k=0

Hypr = Z Y. [A(ox sinky + oy sink,) + ta,(2 — cosk, — cosky)| ¥y

Kk

We expand near k = 0 and find:

Hupr = xp; /1( o, Ky + ayky) Py,

4

A single Dirac fermion !

W A 2% 1019
= 99
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A single Dirac fermion !

Trivial Insulator |
L‘ — 'l.lf,r./‘) ‘llf t _1‘-‘”/\-““(-)1"1_.\

Tyy = 0

[/ What do we do? Let’s perform the duality !

o |
- 125 .
— = h’,(), hy 4

In 27

_ | : ,
llJ;[)\lll } l;--“h\r‘}ﬂ-)w-\\ ) \,af)\

&), hy

) . Another Dirac fermion
Dirac fermion

2% 109

2017-03-26

Page 38/87



Result 0. ey

\ -‘\V

\
N
YV
f

& 7%
A single Dirac fermion ! i
g !
Trivial Insulator L= Wilh W+ % 1A A8, Ay IQHE

axy =0 O’_U, = ]

Duality

‘ . ,
L= (iDoy = = NapduAs + ——"2A,0, Az

NTT

Applying magnetic field B,:

1 , 1 ;
\(J/,)” 4 ;r‘“)\ = \u“f'l,,_‘.\ ¢ B \_\“U,._l_\

L7 ST

with the finite chemical potential 4 « B,

This is Son’s theory of CFL @ v l !

Ref. GYC-Teo-Fradkin, to appear
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| showed that...

Trivial Insulator

Oxy = 0

SonsCFL@ v = %

JzA '-};
I

u'j..

\(,/_)” |

;AN 4

Ref. GYC-Teo-Fradkin, to appear
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With the help of the duality, we consider:

0. IQH transitionand CFL@ v = %

1. FQH transition and CFLs

¥

2. Relations between different descriptions of FQH transitions

3. Surface of Fractional Topological Insulators

2% 101
2017-03-28
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Result 1.

For the FQHE, | show...

Trivial Insulator

Oyy =0

Composite Fermi Liquid @ v = %

with the new understandings on this state !

2% 101
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Trivial Insulator 1

Oxy =0

To see the physics clearly,

l

we use the parton picture of FQHE and Transition.

Ref. GYC-Teo-Fradkin, to appear
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Parton Picture of FQHE at v = % Ref. Wen (1999)
/‘

= unit flux quantum @, o o e o
o = electron, charge-1

This state can be represented by...

- Y
-

7 S R T A .:__,f'\\
W) W), i), 1)

S Wa)s  W3) L ) L @)
% y’J_/‘. " ._i{./ e - A _-_},- .. 3 N _3, .
' | ¥y % - - . . -'
i - 3 i 2 * . P

y,“ = fermion, charge% Each 1); in the integer quantum Hall effectat v = 1!

2% 102
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Parton Picture of FQHE at v = % Ref. Wen (1999)
/_

= unit flux quantum @, o ° ° o
o = electron, charge-1

This state can be represented by...

(@) S )y F @)L S

o S = _‘-/’ y w :.4_—*-.\ - "“
W) W) i), W)

AN LV N: STAN S VA

.
. * -
\ h : 5 ; J a _/
. . * . " - . 3
- 3 & . 2

’| = fermion, charge*% Each 1); in the integer quantum Hall effectat v = 1!

Using o, = v X Q? for charge-Q particle at fillingv € Z

1
— 1
3

2F 1023
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Parton Picture of FQH Transition

We = PyiPaips

W;) = fermion, charge--

‘ |
Trivial Insulator L FQHE @ v = >

- undergoec IQH transition!
04y = 0: How? g s

total _

Oyy

J=123

By putting all ), into v = 0: Low-E Theo ry?

1 2
oy = Z (0 X (—;) ) =0!

j=123

where all;inv = 1

2% 104
74 A By
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qlc = ]/’1 !/Jz'/}}

i

¥;) = fermion, charge-;

Trivial Insulator

Each y; forms a Dirac fermion !

i

- |
g I f
AN l Ir[‘?l‘ |--,,._’....' . e i o (s |

/

Which is now ready for application of the duality !

*)
Wil W+ —""A A0, =N = D

-

Dirac fermion Another Dirac fermion

2% 1025

l
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¥, = Y, P, with Y, in a Dirac fermion !

1
Trivial Insulator Fe A ’ S YU ERLIVE I DN U SN (A FQHE@ v = -
o A TR VR 1= 3 f3%Y] ':; T i

)

Duality

. 8 1. 6 o .
L >_.¢ (\',r]) X; = 5o g ”JJ’(J"-;’\) l'.-if ;)J"r)"'!'\ ¥

: | [ -

W, = B - x1X2X3 With x; in a Dirac fermion !

B = boson with charge-e @ the filling v =~ (here / = — db)

X j = neutral Dirac fermions (dual to 1))
with three dynamical U(1) gauge fields a; (“glues”)

h ] ﬂ w :__) e AW A D) A 2;1?0,!‘2;} [
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Duality?

*)

C=Wil) V4 Il:_ﬂ”'\_\“(')wl\ L= i), x 1_;; AL L by 4 I__ et \:_1;, a, )by
Dirac fermion Another Dirac fermion
with gauge fields {a,b}
Y~ “4r-flux of gauge field a”

Evidences: The same set of symmetries

The same set of nearby massive phases
The same gauge invariant operator ~ ¥

Explicit derivation from quasi-1d limit .

Useful ?
berg nthil Wane Witten (20 Slong Kareh 0 ‘ Mross. Alicea. Motrunich (20 e
o mQ ¥ O e " AW AEDA 700 L
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*
Y. = 1!’111"1,4’3!

1
Trivial Insulator FQHE@ v = -

Duality

Y, =B x1X2X3!

B = boson with charge-e @ the filling v = (l

)

xj = neutral Dirac fermions (dual to 1))

. ) 1 1
For this metallic state, o)) T = - X 1% = < (only B contributes!)

Any relation with Composite Fermi Liquid at v

2% 1032
2017-03-28
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