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Non-hermitian Hamiltonians

Hermitian Hamiltonians

» In quantum mechanics we have an axiom that says that the
Hamiltonian, H is hermitian

H = Ht

» Energies are real.
» The eigenvectors are a complete basis of the Hilbert space.

Non-hermitian Hamiltonians

What happens if we remove the condition that the Hamiltonian must
be hermitian?

» FicC
» H|vyi) = Ei|yi), the eigenvectors is not necessarily orthogonal.
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The real world is hermitian, so why consider nop

hermitian quantum mechanics? @ b
Z )

Why consider something so silly?
» Effective description for open systems
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The real world is hermitian, so why consider nop

hermitian quantum mechanics? @ b
Z )

Why consider something so silly?

» Effective description for open systems
» A lot of recent experiments
» Enginer systems?
» |t is interesting from both a mathematics and physics perspective

» What concepts changes when H # H'
» What is still the same?
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Biorthogonal quantum mechanics

Before we start looking at topological phases, we need a a way
around the problem that the eigenvectors don’t form a basis

Left eigenvectors and right eigenvectors
> H|yT) = Ei[4f)

> Hf WL> =E

Yh) & (Yt H = (4t B
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Biorthogonal quantum mechanics

Before we start looking at topological phases, we need a a way
around the problem that the eigenvectors don’t form a basis

Left eigenvectors and right eigenvectors
> H|yT) = Ei[4f)

> Hf WL> = Ei*

Yy & (Y| H= (4| E

Biorthogonalization

<¢H¢]E’> = 0jj

Can be used to diagonalize operators

M= 3" ) (o
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General about topological phases and restri
tions

Symmetry protected topological phases

» Two gapped states of matter are in the same topological phase of
matter if you can continously deform the Hamiltonian from one to
the other without closing the energygap or break the symmetry.
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General about topological phases and restrj

Symmetry protected topological phases

» Two gapped states of matter are in the same topological phase of
matter if you can continously deform the Hamiltonian from one to
the other without closing the energygap or break the symmetry.

» Study systems that are in the groundstate (zero temperature)

» We have an energygap between the groundstate and the first
excited state

» This makes the system more stable
» Topological invariants that differentiates phases
» What the invariant is depends on the symmetries and dimension of
the system

» Phase-transitions when the energygap closes
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» Boring bulk

» Just an insulator?
» But they are topologically different
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Topological insulator

» Boring bulk
» Just an insulator?
» But they are topologically different
» Interesting things happens if we have a boundary

» Bulk-boundary correspondence
» "zero-modes at the boundary"

Some restrictions

» Fermionic systems
» Non-interacting systems (not necessary)
» Translational invariance (not necessary)
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Hermitian SSH model

t t T A < %
A to A 4, pt At B Yo Y
— /'\ s o f"
<\i.(\_’/ <\_/.< a \/(:/k\-/‘k—
to tl -60 -t/ to -tl ‘to

H=1)Y (Im B)(mAl+hc)+t Y (Im+1,A) (mB|+hc)

m m

» Translation symmetry — momentum space (Blochs theorem)

—ik
H(k) = (fo +0t1 ok o+ ge ) = (to + t) cos(k)oy + ty sin(k)ay, ke S
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Hermitian SSH model 2

- 0 to + e*”‘ - —ik

» Two energy bands with an energy gap E; — E_
» This model has two different phases
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AZ-symmetry classes 1

Definition (Particle-hole symmetry(PHS))
A Hamiltonian H has PHS if there exist a unitary C such that

CH*(K)C = —H(—kK)

Definition (Chiral symmetry(CS))

A Hamiltonian H has CS if there exist a unitary ' such that

I H(k)Tt = —H(k)

\

Definition (Time reversal (TRS))
A Hamiltonian H has TRS if there exist a unitary 7 such that

T H*(k) T = +H(—k)

4
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AZ-symmetry classes 2

Symmetry Class | Time reversal symmetry | Particle hole symmetry

Chiral symmetry

A No No No
Alll No No Yes
Al Yes, T? = 1 No No
BDI Yes, T2 =1 Yes, C? =1 Yes
D No Yes, C? =1 No
DIl Yes, T? = —1 Yes, C? =1 Yes
Al Yes, T? = —1 No No
cll Yes, T? = —1 Yes, C? = —1 Yes
© No Yes, C? = —1 No
Cl Yes, T? = 1 Yes, C? = —1 Yes
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AZ-symmetry classes 3

SymmetryClass d=0 d=1|d=2 d=3 d=4 d=5d=6|d=7 d=38
A Z Z Z VA VA
Alll Z Z Z Z

Al Z 27, Zo Zs Z
BDI Zs Z 27, Zy Ly
D Zs Loy Z 27, Zs
Dl Zo Zo Z 27,

All 27 Zs Zs Z 27,
[o]]] 27, Zs Lo Z

© 27 Zs Zs Z

¢]] 27 Zs Zs Z
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Hermitian SSH model 3

The SSH model is in the BDI class

- 0 o+t E
9= <t0 + 1 el 0 )

» 7 Topological number
» We have to extend the model to get higher winding numbers
» Chiral symmetry I' = o,
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Hermitian SSH model 4

More generally for a 1D system with chial symmetry
r — O-z

> w=[%qg'oqeZ
» If the system has a boundary it will have w zero modes at the
edge
» Bulk-boundary correspondence
» Everything is still fine with more bands
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K-theory classification

Table of classification How did we get to the classification we saw
earlier?

Main idea without any details

1. Kitaev 2009

2. K-theory give you information to differentiate vector bundles
3. Construct vector bundles of eigenstates over Brillouin torus.
4. Symmetry constraints
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Some natural questions bout non-hermitia

topological phases

» What do we mean by an energy-gap when the energies are
complex?

» AZ-symmetry classes?
» Classification of topological phases
» Bulk-boundary correspondence?
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Symmetries in non-hermitian topological phas

@

H#H = H* £ HT

TeH (KT =+H
CeHT (k)CifiH
rHT(k

H(k) S~ 1T _

k), T T1* = £
—k), CiCi* =41
H(k), T?=1
H(k), S*>=1
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Symmetries in non-hermitian topological phasgg

What happens to time reversal?
» The hermitian Time reversal symmetry, 7 H*(k) 7! = H(—k),
has two non-hermitian counterparts
1. T+ H* (k) T:" = H(—kK) called TRS
2. C. H™(k)C:' = H(—k) called TRS'
» This gives us a lot more symmetry classes
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Symmetries in non-hermitian topological phas

Symmetry TRS PHS TRS" PHS" CS
class Ty (€ €y (T @O
Complex AZ A 0 0 0 0 0
AT 0 0 0 0 1

Real AZ Al +1 0 0 0 0
BDI  +1 +1 0 0 1

D 0 +1 0 0 0

DIII -1 +1 0 0 1

All -1 0 0 0 0

CIt -1 -1 0 0 1

C 0 -1 0 0 0

CI +1 -1 0 0 1

Real AZ' AT 0 0 +1 0 0
BDI* 0 0 +1 +1 1

D' 0 0 0 +1 0

DIIT* 0 0 -1 +1 1

Allf 0 0 -1 0 0

CIr’ 0 0 -1 -1 1

Cf 0 0 0 -1 0

crf 0 0 +1 -1 1

Figure: 10 Altland-Zirnbauer classes to 38 Bernard-LeClair classes. From
Kawabata et al. 2019
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Symmetries in non-hermitian topological phas

)
Complex AZ A 0 0 0 0 \{
Alll 0 0 0 0 1
Re Whe_re are the other classes? ‘ ‘ . (l)
0
1
0
1
0
: , , - <1
Real AZ' AT 0 0 +1 0 0
BDI' 0 0 +1 +1 1
DY 0 0 0 +1 0
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Symmetries in non-hermitian topological phas

Complex AZ A 0 0 0 0
Alll 0 0 0 0 |
B Where are the other classes? 0
1. The chiral symmetry, I, also splits into two different kinds of 1
symmetries. The other kind is not shown here is called Sub 0
lattice symmetry. 1
2. It was long believed that there were actually 42 classes.Bernard [()
and LeClair 2002 1
3. Kawabata et al. 2019 showed that there were some 0
overcounting. 1
Real AZ' AT 0 0 +1 0 0
BDI' 0 0 +1 +1 1
DY 0 0 0 +1 0
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Hermitian energy gap
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Line-gap and point-gap




General idea for classifying

Hermitization

» Map the system to a hermitian system in a "good" way

» Then we can use the classification from hermitian systems directly
» We have to distinguish between point-gap and line gap
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General idea for classifying

» Map the system to a hermitian system in a "good" way

» Then we can use the classification from hermitian systems directly
» We have to distinguish between point-gap and line gap

4

What do we mean by classifying nh topological phases?

» A littlebit unclear

» Don’t change symmetry class

» Don’t close gap

» Should not matter if you add more bands far away from the gap
» don’t change "topological" properties
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Two theorems 1

Theorem (Hermitian flattening for line gaps)

If a non-Hermitian Hamiltonian H(k) has a line gap in the real
(imaginary) part of its complex spectrum [real (imaginary) gap], it can
be continuously deformed into a Hermitian (an anti-Hermitian) matrix
while keeping the line gap and its symmetry

N imE
ORI 5% N

%
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Two theorems 2 y
/24

» We send the system to a hermitian system with the same
classification

. | ML
o AN o
/ R
N e T e
%
-
H ) S
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Two theorems 3

Theorem (unitary flattening for point gaps)

If a non-Hermitian Hamiltonian H(k) has a point gap, it can be
continuously deformed into a unitary matrix U(k) while keeping the
point gap and its symmetry.
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Two theorems 3

Theorem (unitary flattening for point gaps)

If a non-Hermitian Hamiltonian H(k) has a point gap, it can be
continuously deformed into a unitary matrix U(k) while keeping the
point gap and its symmetry.

Remark

The classification for point gaps is therefor equivalent with the
classification of unitary matrices with the right symmetries.
For the actual classification one uses the flattened Hermitian

hamiltonian
- ) 0 U(k)
H(k) := <UT(k) 0 ) '

| A
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Two theorems 4

\ME [MZ‘-
/\ N
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Two theorems 5 y
}27

The hermitization of the point gap has an extra chiral
symmetry

> YH(K)Z = —H(k) with ¥ = (8 _01>

4
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Two theorems 5

o= (fe %)

The hermitization of the point gap has an extra chiral

symmetry

0 -1
» Hermitian systems in odd dimensions with a chiral symmetry has
a well defined winding number.

> SH(K)T = —H(k) with ¥ — (1 0 >

n!
(2mi)t1(2n +1)!

/ tr(U='dU)>" e Z
BZ

Wopy1 =
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Two theorems 6
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Two theorems 6

© dk L aH
L= 3127”-”(” dk)

A\

1D, 1 band

» For 1 band it tells us how the band winds around origo.

1 27l

Wy = / 9K o InE(K)
S

A\
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Non-hermitian SSH 1

t tH to tH A #H
A B A to p t¥A 2B N T 3 TN 2,
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Different hopping in different directions
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Non-hermitian SSH 1

t i to p T A Y
b S L S N L S A
. to T to trr to -y to Y Tp

Different hopping in different directions

B 0 to+ (t +~v)e
H(k) a <to == (f1 = 'y)e’k 0

=(to + t1) cos(k)ax + (ti sin(k) — iy)ay, ke S

» Gapclosings at E;. = E_, thatis, ti = £(fp £7)
» Symmetry class, Al with SLS

» 7 for line gap

» 7 & Z for point gap




Non-hermitian SSH 2

M) 11t tom Y24 LEoty Ly st
Lo, PG LG
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Non-hermitian SSH 3

Why an extra Z for point gap?
» Point gap hermitization:

Fi(k) ;_< 0 H(")> _

Hi(k) 0
0 0 0 , to—|—(f1 +7)e*"k
0 0 b+ (t—n)ek 0
0 . t0+(f1 —v)e*’k 0 0
fo+ (t +~)e* 0 0 0

» Two different chiral symmetries, X = 1®oc;and S=o0, ® 1
» This gives us two different winding numbers
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What is the non-hermitian skin effect?

to g M A g, A o B

,_\)A > /%B/-\) /\“
% <t\"\//.< 5 id \f;":

. to T Il i ‘/\,/’%25/

A non-hermitian phenomena

» States pile up at the boundary for OBC
» Breaks Bulk-boundary correspondence
» Topological invariant no longer tell you the number of edge modes
» The SSH model has the skin effect for both line gap and point
gap
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Point gap < skin effect
» Okuma et al. 2020
» Zhang, Yang, and Fang 2020

» Why do we have skin effect even when we have a line gap?
» We have regions with different winding numbers!

» For obc the regions with non-zero winding number will be filled
up with states

» These states are skin states




Other classification schemes

Some potential issues

» To simple to divide systems with an energy gap into point gap or
line gap

» Does the classification make sense when talking about the
reference energies that are relevant for the skin effect?
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Other classification schemes

Some potential issues

» To simple to divide systems with an energy gap into point gap or
line gap

» Does the classification make sense when talking about the
reference energies that are relevant for the skin effect?

Homotopy based approaches

» There has been some recent work trying to study the topology of
the bands more directly
»> Liand Mong 2021
» Woijcik et al. 2020
» Hu and Zhao 2021
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Braids classifying 1D non-hermitian systems

1D systems w.o0. symmetry are just braids? Hu and Zhao

» Set of nbands, Ej(k) € C
» Bands do not touch, E;(k) # Ej(k)

y
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Braids classifying 1D non-hermitian systems

1D systems w.o0. symmetry are just braids? Hu and Zhao

v

Set of nbands, Ej(k) € C
» Bands do not touch, E;(k) # Ej(k)
Braids in C x S'

\{

» Phase transition when bands "touch"

» Consequence: The classification is just equivalent to the
classification of knots

y
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SSH braids in three different phases

e
¢



Some issues with homotopy based classificg

tions

» Only systems without symmetries
» Unclear how to generalize to symmetry protected phases
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Some issues with homotopy based classificg

tions

» Only systems without symmetries
» Unclear how to generalize to symmetry protected phases

» Sensitive to the number of bands
» Bands far away from the energy gap cannot cross each other
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Anomaly and gft picture of SPT and nop

hermitian systems
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