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Correlated surface states
of 341D Tls

AN

Coulombic spin-liquids in 3+1D

QHE atv=1/2

[U(1) gauge-theories]
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Bulk duality

* Electric-magnetic duality of T-invariant Coulomb spin-liquids in 3+1D
[U(1) gauge theories].

Gauged Tl (class All) P > Gauged Tl (class Alll)
Gapless photon Gapless photon
ANANN (AVAVAVAL
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Surface “duality”

* Particle-vortex duality of single Dirac cone on Tl surface
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Surface dictionary

Yy - qeaty,
Liree = ey (0 — 1AL )Y,
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Flux 47 instanton of a,

Double (flux 47 vortex) Uy

Pirsa: 15110075 Page 6/37



Time-reversal

(D, — PAST Y,

| 0
Ny : : 2 fext puvA
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Particle-hole symmetry

. N R Y - Aexty, ),
L_[!'r'r' = ey (()N o "'1;1 )(""

- : 2 U ent puh
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PH: ¢.+ — z_,-"j— , | PH: g1+ — =4, . ,
v I — —1 L — —1
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Particle-vortex duality of bosons

Lxy = |((-.)“ N i.;'l;“”)(,-’)‘z n ”’_2|(;,-)‘2 4 H|(,-")"l
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Surface “duality”

Liree = e (8 — 1A,

L9

5 I”/_{_ y 1(”’ ;H/\()
] s

Loep, = YaY" (0, — ta, )Y + — LN

Same anomaly under U(1),,, and T symmetries - yes!

Same at the IR fixed point, i.e. at w < _(}2 <L Ay ?
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T-Pfaffian,

] )
Iy . . 2 Aext jvA
Loep, = Yay" (0, — iay,)a + 152 v + yy AT
i — z ‘n-

Charge 2 Higgs: ()1 C'py) # 0

Symmetric gapped topologically ordered surface of Tl: T-Pfaffian,
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T-Pfaffian,

] l
e . . 2 Aext jLvA
Loep, = Yay" (Oy —iay,)tba + 12l """ 0y a
‘ am

Charge 2 Higgs:  (¢)F C'pyg) # 0

Symmetric gapped topologically ordered surface of Tl:  T-Pfaffian,

T — Pfathan, C Ising x U(1)_g

k=] 0 [ 1] 23 4]5]6 7] Quu=ql
/ l —1 l —1

o 1 -1 ] [ ==

t —1 l -1 !

T | N -n|-1|-n 0

P. Bonderson, C. Nayak, X.L. Qi (2013), X. Chen, L. Fidkowski, A. Vishwanath (2013)
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Duality in B-field
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Duality in B-field

Pe — - n =2
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Spin-liquid 1

* Parton construction:  § — /Ty W) - fermion

Gauge-symmetry: u

Emergent gauge field: «a,,

T : Wr — U
UG T? = -1
(‘Il»_>_("T s -
Place 1) into Tl bandstructure: gapped 1)
AVAVAVAXY
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Spin-liquid 2

~

« Parton construction: § = ¢

-~ ~

| K% ) - fermion

~ ~

Gauge-symmetry: a(1): Y(x) — @y ()

Emergent gauge field: a,

1 (‘*'I — {|' 4 P — Y
“N'l — —1)] Yy = —¥1
(1) charge inverted by T u(1l) charge preserved by T
Non-interacting symmetry Ordinary Tls: class All

class Alll (T and S? preserving SCs)
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1" : hr — Y]

Parton construction:

Gauge-symmetry:

-~ -~ |

(o8] — —(_'T

Place ¢ into p = 1

class Alll band-structure

Spin-liquid 2

S = U'T ) - fermion

gapped
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Bulk duality
Spin-liquid 1 (gauged TI) Spin-liquid 2 (gauged Alll)
T - e = Yy 1 Uy — ('
by = —ty by — g

Same T-invariant 3+1D phase!

0 < » Double monopole of a,,
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Bulk duality
Spin-liquid 1 (gauged TI) Spin-liquid 2 (gauged Alll)
T P = Yy 1 Uy — ('
Yy — =Py )y — —1))

Same T-invariant 3+1D phase!

) < »  Double monopole of ¢,
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Parton construction:

Gauge-symmetry:

1" : hy — Y]

-~ ~ |

(o8] — —(_'T

Place ) into p = 1

class Alll band-structure

Spin-liquid 2

S = (,‘Tr(,' 1) - fermion

gapped
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Dyon excitations: spin-liquid 1 (All)

| 10

2 WA f
DI ¢ i 6 . L/
4e2” M " 3272 :

Lbu”f = -/.f\”’

Maxwell theory with 0 = 7

Bulk excitations: electric charges and magnetic monopoles

Witten effect: qgq=n-+ ©
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Dyon excitations

All Alll
q
}
- o o ® ®
® ;; o
o e~ o - o 1 o
m | ® m
O ® ® o ® o
1 q—q T q— —q
nm — —1m m — M
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Surface duality”

Spin-liquid 1 (gauged TI) Spin-liquid 2 (gauged Alll)
7 U X 4 (‘1—‘
gapped 1) gapped 1)
AVAVAVANYY AVAVAVANS

Introduce electron ¢, : put into a trivial insulator
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Higgs transition

Spin-liquid 1 (gauged TI)

4 (‘!
Condense /')

e

Higgs effect
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Higgs transition

Spin-liquid 1 (gauged TI)

Condense )T

e

Higgs effect
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Dual picture

Spin-liquid 1 (gauged Tl) Spin-liquid 2 (gauged Alll)
k| 4 ( ~ { ) e ) ~
(&)
gapped ) gap 0
a, .
/M / /Mwﬂ
Condense /!¢ Condense ¢,/ x monopole?
Higgs Bulk confinement

Result: ordinary Tl
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Dual picture

Spin-liquid 1 (gauged Tl) Spin-liquid 2 (gauged Alll)
k| 4 ( ~ { ) e ) ~
(2
gapped 1)) gap 0
a, .
/M / /M*’ﬂ
Condense /!¢ Condense ¢/ x monopole?
Higgs Bulk confinement

Result: ordinary Tl
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More explicit derivation

Lfree = YY*(8y — 1A )Y

)
. ext A
Loep, = VaY" (0, — ia, )t ;Jr — /m, yym A0, a0
|

Exact quasi-1d lattice” mapping:
D. Mross, J. Alicea, O. |. Motrunich, arXiv:1510.08455

Caveat i): dual theory strongly coupled: _r;"') ~ Ny

g°/Auv
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More explicit derivation
Lfree = VY (0 — 1A )

. 1
L[ . A 2 rext J
[J(‘-)lvji):_{ — (.‘f{ ‘,'! (()}! !(!l'f)( (l | .1(]-)./1'1[/ 1_‘1}‘[ fl ()IJ(IA
ay= = ¥l

Exact quasi-1d lattice” mapping:
D. Mross, J. Alicea, O. |. Motrunich, arXiv:1510.08455

Caveat i): dual theory strongly coupled: _r;"" ~ Ny

e v _(]2 / Auvy

Caveatii): 7 = translation
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Fixing the ambiguity

Spin-liquid 1 (gauged All) Spin-liquid 2 (gauged v=1 Alll)
| : | ‘ .
$10) = gz [ A" 5200 = g [ devadud®
R 4e<
+ wilN|a] +  2min(al

4
Zi(e) = 2 (—)
-

Checked on RP* CP? -rules out possible eTmT, FFF factors

MM, arXiv:1510.05663
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QH fluid atv=1/2

n=2
p - ! k| ¥y
Lieee =Y (0, — 1A )Y
free o (;! T ) ~ n=1
B
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A
pIII7777777 B |
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DMRG of QH fluid atv=1/2

1 2 /0y 2
*WLv=12, V()= e TP X =6lp
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Density-density correlator, L, = 13 |;

N
=
—~
o IJl N
= J/
P
| - r
o S
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o
v \
— q,, () q., in/ L
o ‘ ' .
Q q, = 2n/L q, = 6r/L,
0.0 0.5 1.0 1.5 2.0 2.5

Momentum g,

Pe ((D ™~ ﬂd((f)
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Entanglement entropy S
= 2

N

C

Central charge

Correlation length ¢

(%))

w

5 10 20 50 100 200
= O Jr.l 25
| & L =24 y
0 - L, =21 <
Ve C=D5 l. *— L =20 )
o ‘ w a v e
® oau"-’?-u o L =19
> gl -/ - L =18
9o aucm o L =17
o ® L =16
& L =15 S =
—— L, 14
—o— [, =13
- L, =12
1 2 3 4 5 6
log &
=cuts—1, overall charge mode killed by «,, in 1d limit
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Particle-hole symmetry

(U|PH|U) = (1 — )N

e < 6x107° e ~ 0.022
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Is the composite fermion a Dirac fermion?

PH? = (=1)V*/2 Ng -even

Ng fluxes of .4;;” D. Son, M. Levin (unpublished)
S. Geraedts et al

* To add one CF, add an electron and two flux-quanta
PH?* = (=1)Ner

* Consistent with Son’s theory:  PH : Va+ — —Y4.|
(-.‘d.i —r _(rl'ff.T

* Non-degenarate Fermi-surface
* Kramers doublet

|

* Must have a Berry’s phase of m, i.e. Dirac!
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2K. extinction

* Tl surface:
No 2K backscattering of T-symmetric disorder

TO@X)TT = O(7)

o

~K § b K O(x) X vl (K)e(~K)e* ke

« QHatv=1/2 PHO(z)PH'" = O(x)

—

O(x) }(:g-j;u\')<,.-*,,(—1C')(f-’”\"

* PH even operator: Pe (1) X

/),.(.1')V2/),.(.1') v
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