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exotic quantum states topological protection
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Abelian & non-Abelian anyons protected edge states & edge transport
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| A the 10-fold way

@ Topological insulators of [ — Z hw A(T) A
non-interacting fermions

T C S=TC

U}h*UT = +h Ug«h*UC = —h
Cartan label T | C|S Hamiltonian
A (unitary) 0010 U(N)
AT (orthogonal) || +1 | 0 | O U(N)/O(N)
AII (symplectic) || =1 | 0 |0 U(2N)/Sp(2N)
AITI (ch. unit.) | 0 | 0 | 1| U(N +M)/U(N) x UM)
BDI (ch. orth.) || +1 | +1| 1| O(N+ M)/O(N) x O(M)
CII (ch. sympl.) || =1 | =1 | 1 || Sp(N + M)/Sp(N) x Sp(M)
D (BdG) 0 |+1]0 SO(2N)
C (BdG) 0 | -1]0 Sp(2N)
DII (BdG) || —1 | +1 |1 SO(2N)/U(N)
CI (BdG) +1 | -1]1 Sp(2N)/U(N)




[ = s mixed states of non-interacting fermions

@ Non-interacting (Gaussian) open systems

density matrix D~ exp{ _ Z é;f G cj}
©J

single-particle correlations tanh(G/2)],, = <[6Jr &)

H = Zh’LJA(T)A L]Naé;r—Fﬁéj
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« topological invariants & polarization
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« topological pumps
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« Ensemble Geometric Phase
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» detecting polarization & realizing the effective
Hamiltonian
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topological invariants & polarization
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Testusa Unersr topological invariants: geometric phases

T/a
® Zak (Berry) phase PZak = / dk (uk|iOk |ug)

—7m/a
® 1D: winding number  H = H())

8¢Zak
Y o aA O\

® 2D: Chern number




IR e topological phases & quantized bulk transport
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Thouless, Kohmoto, Nightingale, den Nijs (TKNN) PRL (1982)

a¢Z8Lk
An = o dA O\




[ = wosesonesm symmetry-protected topological order

@ Su-Shrieffer-Heeger model

7:[SSH = —11 Z a;+1aj — 19 Z CL;_|_1CLJ' + h.a.

j:even j:odd

chiral symmetry {7_27 jz} — 0

to

Su, Schrieffer, Heeger. Phys. Rev. Lett. (1979)




[ = wosesonesm symmetry-protected topological order

@ Su-Shrieffer-Heeger model

Hesy = — 1t Z a;+1aj — 19 Z a;r-Haj + h.a.

j:even j:odd

topological phases




[ = s charge pumps (Thouless)

@ Rice-Mele model

Rice & Mele, Phys. Rev. Lett. (1982)




[ = s charge pumps (Thouless)

@ Rice-Mele model

i1 — 12




[ = s charge pumps (Thouless)

@ Rice-Mele model

i1 — 12




[ = s charge pumps (Thouless)

@ Rice-Mele model




[ = s charge pumps (Thouless)

@ Rice-Mele model




[ = s charge pumps (Thouless)

@ Rice-Mele model
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geometric phase topological pumps

A ak € > A?’L

mixed states




[ = coseoneen charge pumps at finite T

Temperature [uK]|

0.021 0.21 2.1
1.2 T T T
* » quantum Rice—Mele _!_;_
= = quantum sliding N r .'."‘ -.;*
1.0 * = classical Rice—Mele |7 \ ’-’-,1-. " o\ . /o
# = classial sliding oy I". “ / -
0.8 4

. e &S

0.4 f

v ' particle transport no
00 . | , longer quantized

107 107 10° 10*

Temperature [Ej /kj]

Wang, Troyer, Dai, Phys. Rev. Lett. 111, 026802 (2013)
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geometric phase topological pumps

A ak <€ >

mixed states




[ = s polarization to quantify topology

geometric phase topological pumps

AP

polarization




| ] [ ]
| R polarization

King-Smith, Vanderbildt PRB (1983)

2T
A¢Zak — F AP

w(x)
P = /d:cw*(:c):cw(x) ﬁﬂﬁ

R. Resta PRL 80, 1800 (1998) /\

1 oM . : °,
P=_—Imln { exp i1 X @ w
2T L o e
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topological pumps
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I. finite-temperature Rice-Mele model

Y as i
\ h :" |'| [
R AN ! \ O/

& &




[ = b finite-T Rice-Mele




[ = b finite-T Rice-Mele

to — 11

@ polarization winding remains non-trivial for all T
@ changessignatT = 0, i.e. going to negative T
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I1. reservoir-induced topological pump

A A A
o 0‘\’\0’\0‘1”\0“\‘\”‘,’“‘\“"\0
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Lindblad generators "
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@ action of Lindblad generators

4G | |
-1 |

P
N
_I_
—_




[ = s steady-state Thouless pump

@ Polarization (TEBD simulations)
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Hamiltonian disorder

L/2

A

7:(' | 27T' /d) R

-L/2
0

robust to disorder and losses |
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[ = s ensemble geometric phase

Bardyn, Wawer, Altland, Fleischhauer, Diehl (arxiv: 1706.02741)

@ finite-T Rice Mele model (Thouless charge pump)
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[ = s ensemble geometric phase

Bardyn, Wawer, Altland, Fleischhauer, Diehl (arxiv: 1706.02741)

@ finite-T Rice Mele model (Thouless charge pump)
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[ = s ensemble geometric phase

Bardyn, Wawer, Altland, Fleischhauer, Diehl (arxiv: 1706.02741)

@ finite-T Rice Mele model (Thouless charge pump)

.. |256 sites |
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[ = s ensemble geometric phase

Bardyn, Wawer, Altland, Fleischhauer, Diehl (arxiv: 1706.02741)

@ finite-T Rice Mele model (Thouless charge pump)
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Tecniscre Unveesri Ensemble Geometric Phase

Bardyn, Wawer, Altland, Fleischhauer, Diehl (arxiv: 1706.02741)

P(pss) = P([¥)(W]) + O (L77)

1)) ground state of [ ¢ = Z‘g

AP(ps.) = 74 AN -2 Plpus) = AP(1) ()

2
Adpgp = —WAP = Zak phase of 1))
a




[ = st topological classification
. /\T Ve
%]

@® symmetries of effective Hamiltonian classify topology

C.E. Bardyn, et al. New J. Phys (2013)

@® topological phase transitions
(I) closing of the damping gap (criticality)

(Il) closing of the purity gap = gap of effective Hamiltonian

@® extention to interacting systems ?

see also: V. Gurarie, PRB (2011)




[ = b finite-T Rice-Mele

to — 11




[ = s reservoir-induced topological pump




[ = s reservoir-induced topological pump

Re[V] a(7)
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detecting polarization




[ = oo detecting polarization

@ interferometer

(a) r ® E IA
b,
(A.
. 2 Y (,
¢ “
x
92 2 At R 1
H.g = Z]ij a;ajc'(z;)c(z;) c (25)¢(z5)
] A




[ = oo detecting polarization

@ interferometer

(a)

a,

VA [ ex 0 . 2mi
Uint—<0 1>®T+< ) 0>®1 T:exp{TX}

| ~Aﬁ — ) _p) = <T>| COS [X — arg(T}}
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4 N

realizing the effective Hamiltonian:

topology transfer
1

R. Li, M. Fleischhauer (in progress)

% % K KK
EEERE

909090 C




| o coupling to auxiliary system

@ coupling of open (finite-T) system to closed fermion systematT= 0

" % X % %

.-




| o coupling to auxiliary system

@ coupling of open (finite-T) system to closed fermion systematT= 0

% K KK K
0al ];m

e -0 @m T=0

_ T T
H = —7 Z CakCa’le Yook

k,o,af




[ = soessvomem induced Thouless pump

e mean-field limit ala,, — (ala, )

H=-—n Z Clkca’k alkaa/k h?]l'lx ™~ Gij (k)

k,o,af

winding of - quantized particle transport in auxiliary system

Popen

%d¢ 8¢ open %d¢ 8(b aux ? Anaux

T=0()




[ = soessvomem induced Thouless pump

@ reservoir-induced topological pump (numerics)

1/2 - [‘\/
- | auxiliary system An %

A

open system AP

>
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-
I % benelinsi summary

e topological classification of Gaussian systems
Her =Y Gijele,
ij

e topological invariant: Ensemble Geometric Phase =

many-particle polarization )
y Aprpap = %TAP

@ Detection of polarization & realization of effective
Hamiltonian via topology transfer
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Thaaks |
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r R
topology transfer from interacting

to non-interacting systems




| B ar extended superlattice BHM

to
NN
® model \/\/\/\/\/(W\/W\/\/
= —t Za Ait1 — t2 Z a; Qi1 + ;r I&i&i +V &I&i&;&j
odd even (4,7)

g | | \

0 0.05 0.1 0.15 0.2 0.25 0.3
t1/U




I = Tt topology transfer

e fractional charge transport

to — 11




I = Tt topology transfer

@ charge transport in boson system
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I = Tt topology transfer

@ charge transport in fermion system
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¥ Tl transported charge
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[

geometric phase & parallel transport

¢l)

\
Sim

p= Wd)\
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Tecmsce Unnessiy Berry phase and parallel transport

® Berry parallel transport

ey | 1WA = [\ + dA)) || = min

o=

Berry (Zak) phase: picked up at parallel transport cycle

T/a
¢Zak — / d/{ (uk|z(‘9k|uk>

—7/a




| R geometric phases for density matrices

e Uhlmann connection
p =W w

gauge degree of freedom: U(n)

w— w U wl — UTwl
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Tty Uy Berry for mixed states: Uhimann phase

@ Uhlmann parallel transport

Wee |w(A) — w(A + dA)|| = min

-
&j\

U(1) Uhlmann phase it _ 7{(»\ Tr[wdye]

O. Viyuela, et al. Phys. Rev. Lett. (2014)
Z. Huang, D. P. Arovas, Phys. Rev. Lett. (2014)




| B ar Berry for mixed states: Uhimann phase

® Rice-Mele model at finite T

Viyuela, Rivas, Martin-Delgado
Phys.Rev.Lett. (2014)

® 2D Cherninsulator atfinite T H(k) =) (k)6

d' =sin(k,) d* =3sin(k,) d* =1- cos(k,) — cos(k,)

. ik, (&b( ))7&0,_2# ok (&b(km))

o ok Ok,

Budich, Diehl Phys.Rev. B (2015)
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parallel transport & momentum shift
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® Berry parallel transport

T/a
gbzak = / dk (uk\zc’ik\uk>

p =)V
byar = T mH ) u(ksn)

(k) |u g+1)> (u(ki)|T (AR) u(k;))

b

momentum shift operator
T'(q) = exp {in }




