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Abstract: | will introduce the notion of Pivot Hamiltonians, a special class of Hamiltonians that can be used to "generate” both entanglement and
symmetry. On the entanglement side, pivot Hamiltonians can be used to generate unitary operators that prepare symmetry-protected topological
(SPT) phases by "rotating” the trivial phase into the SPT phase. This process can be iterated: the SPT can itself be used as a pivot to generate more
SPTs, giving a rich web of dualities. Furthermore, a full rotation can have a trivial action in the bulk, but pump lower dimensional SPTs to the
boundary, allowing the practical application of scalably preparing cluster states as SPT phases for measurement-based quantum computation. On the
symmetry side, pivot Hamiltonians can naturally generate U(1) symmetries at the transition between the aforementioned trivial and SPT phases. The
sign-problem free nature of the construction gives a systematic approach to realize quantum critical points between SPT phasesin higher dimensions
that can be numerically studied. As an example, | will discuss a quantum Monte Carlo study of a 2D lattice model where we find evidence of a
direct transition consistent with a deconfined quantum critical point with emergent SO(5) symmetry.

Thistalk is based on arXiv:2107.04019, 2110.07599, 2110.09512
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Topological Phases of matter

| | ljt

Magnetie fieid (T}

Fractional Quantum Hall Quantum spin liquids Fractons (Haah’s code)

Laughlin, Starmer, Tsui see Savary, Balents: Rep. Prog. Phys. 80, 016502 (2017) B SRR

wnny
. "

Majorana chain
Kitaev

Toric code

Quantum error correcting codes that can perform topological quantum computation
see Nayak, Simon, Stern, Freedman, Das Sarma: RMP 80, 1083 (2008)
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Topological Phases of matter

Magnetic feid (T}

Fractional Quantum Hall Quantum spin liquids Fractons (Haah’s code)
Laughlin, Stormer, Tsui see Savary, Balents: Rep. Prog. Phys. 80, 016502 (2017)

Chamon, Haah

Trivial phase

wnny
. "

Majorana chain
Kitaev

Toric code

Quantum error correcting codes that can perform topological quantum computation
see Nayak, Simon, Stern, Freedman, Das Sarma: RMP 80, 1083 (2008)
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Phases of matter with symmetry

Symmetry group G Spontaneous symmetry broken (SSB) phases
Trivial phase SSB I § é é é * ‘ SSB II
Hl C G -+ H2 C G
9 @ O O O O preserved é * * * * * preserved
SPT phase I SPT phase II SPT phase III
=g 3I=g)

Symmetry protected topological (SPT) phases

B
We have a pretty good understanding of

what phases can exist given a symmetry G

Q1. How are SSB and SPT phases related?

Pollmann et al 2010; Fidkowski, Kitaev 2011; Chen et al 2011, Kapustin 2012
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Phases of matter with symmetry

Symmetry group G Spontaneous symmetry broken (SSB) phases
Trivial phase SSB I § é é é * ‘ SSB II
—~>H CG H,cG

—.-p _..p _..> T—.h-b —.-> —.—> preserfre.? * * * * * *—}_ pI'GSGI'VGd

SPT phase 1 SPT phase II l SPT phase III

4——»?

=g =g

Symmetry protected topological (SPT) phases

— o Trivial . SPT
H=-Y XZX
[ [Ep ——0 O_|_>Q,
D R i e 0 +0.5 +1

$s1 AKLT

Verresen, Moessner, Pollmann 2016 (Dupont, Gazit, Scaffidi 2008.11206)

Q2. How to systematically study strongly interacting SPT phase transitions?
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Pivot Hamiltonians

Q1. How are SSB and SPT phases related?

A1l. Evolving with SSB/SPT phases can generate entanglement for other
SSB/SPT phases

/://—\‘

o

Heppp  Hggp  Hy | Hggp  Hgpr  Hggpr  Heppe

YXy Yy X ZZ  ZXZ ZXXZ ZXXXZ

Pl

g

. P
Q2. How to systematically study strongly interacting SPT phase transitions?

A2. Continuous symmetries generated from pivot Hamiltonians can help

stabilize direct continuous transitions
Néel VBS

-

tuning g

G-Trivial Connections to other unconventional

transitions such as deconfined criticality!
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Example: 1D Cluster state

G=27,%x27,
P, = HX” P, =][]x,
R B
Hy = — Z X, Hgpr = — Z Zy1XnZni1
Trivial (pa?;amagnet) SPT (1D cluster state)
B
L ]
1 (3 4 ] —
Hlsing = Z Z (— l)nZnZn-}-l @ ®
7 » j—
— T | E,
— —;;iHﬂ.n — —
U= et = [ [ €2, Bt =g
Raussendorf, Briegel N =
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General Idea of Pivoting

Start with two Hamiltonians: H, (typically a G-paramagnet) and H

pivot
H(g) f— e_ingivotHOe ingiw)r J
H,;,, is chosen such that
1. Hgpr = H(r) is a non-trivial SPT
2. H2x) = H(0)
G symmetric 7 interpolation G symmetric
Hy ' Hgpr >
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Outline

Part I: creating SPT models Part II: SPT criticality

“pivots generate entanglement” “pivots generate symmetry”

G symmetric G symmetric
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Part I: creating SPT models

n rotation: SPT entanglers

A tool for relating SPT phases
via a network of lattice dualities

HSPT H 0 Hpi vot H SPT HS'P'["-’
* @ *——@ e . TS
YXy Yy X ZZ ZXZ ZXXZ ZXXXZ
S

2n rotation: Quantum pumps

Preparation of cluster states for
Measurement-based quantum
computation

1D Cluster
state

TIME

Product

- state
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The pivoted becomes the pivot

A lattice of fixed-point models /\‘
Hepr Hgsp  Hy Hgp  Hgpr Hgspr Hgpr

YXY YY X Y/ ZXZ ZXXZ ZXXXZ

T?=-1 (PT)?*=-1 (PT)?=-1
T T?=-1
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The pivoted becomes the pivot
A lattice of fixed-point models .
e i .
A1 N

Hepr Hgsp Hy @ Hssp  Hgpr Hsspr Hspr
---------  SUPEUPRY PUPRUPRCY PURESPRET SUPRURRY SYTELPRY SEUPRLPRY SERRRTTRR
YXY YY X : ZZ 7ZXZ ZXXZ ZXXXZ

T?=-1 \/ (PT)?*=-1 (PT)?=-1
. T T?=-1
G=2Z,XZ

Kramers-Wannier Duality
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The pivoted becomes the pivot
A lattice of fixed-point models .
W ~—eu .

YXY YY X 27 ZXZ ZXXZ ZXXXZ

T?=-1 \/ (PT)?*=-1 (PT)?=-1
. T T?=-1
G=2Z,XZ

Kramers-Wannier Duality

A network of dualities. Note that Hy, KW and pivoting can generate
the whole sequence of models!
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General Idea of Pivoting

Start with two Hamiltonians: H, (typically a G-paramagnet) and H

pivot
H(g) =€ _ingivotHOe ingimr
H,;,, is chosen such that
1. Hgpr = H(r) is a non-trivial SPT
2. H2n) = H(0)
G symmetric ,‘ interpolation G symmetric
HO ) HSPT L g
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The pivoted becomes the pivot

A lattice of fixed-point models /\‘
Hepr Hgsp  Hy Hssp  Hgpr  Hgspr Hspr

YXY YY X 27 ZXZ ZXXZ ZXXXZ

T?=-1 (PT)?*=-1 (PT)?=-1
T T?=-1
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Bootstrapping up in dimensions

h
Given a pivot that creates an 1D G-SPT of order two, we can construct a pivot that creates

2D 7 15l )
22D 2,xG5 Zy,XZyX Z,

VA
H;%i?at = Z EH;:EOE HXV HXV HX"
R B

A
CZ
1 1D & o
H0=_ZXV H. =__E(_1)Azzzb HSPT=_E
pivot r A
. 8 A L 3
Trivial Pivot SPT 2
Yoshida 1505.07208
3 . ¥ : -~ Cluster state decorated on Z, domain walls
[, ; £ : poiy i P Chen, Lu, Vishwanath 1308.4301
B VZ ‘
Z. Z PN
- L A, . : P = N W :
W (e e i ey
. : \i(, - g P
7 , :
- ..' ¥ . . ' .
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Part I: creating SPT models

7z rotation: SPT entanglers

A tool for constructing SPT
phases via a network of lattice

dualities
‘/E”/f_\‘
Hspr H, éHpivof Hgpr Hgpy
L 4 L ' ] ' o ° P Py
YXy YY X ZZ  ZXZ ZXXZ ZXXXZ
o

2z rotation: Quantum pumps

Preparation of cluster states for
Measurement-based quantum
computation

1D Cluster
-
state

TIME

Product

_ state

Page 19/39



Pumps in higher dimensions

Pumps in higher dimensions pump SPT phases to the boundary.
This has been studied in the context of Floquet SPT phases

Else, Nayak; Potter, Morimoto, Vishwanath, von Keyserlingk, Sondhi; Roy, Harper...

1D Cluster
—
state

Product

tate
/ S

We can use this to prepare cluster states for measurement based
quantum computation (MBQC)

TIME

Unlike the z evolution, this is robust against
prepreration errors that respect the symmetry
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2D Cluster state pump

FCC lattice

~ subsystem
symmetries




Questions”’

Part I: creating SPT phases Part II: SPT criticality

“pivots generate entanglement” “pivots generate symmetry”

G symmetric G symmetric
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Part II: SPT criticality

Symmetries Criticality
k
Anomalous continuous Connecting SPT transitions and
symmetries on the lattice deconfined quantum critical points

0.3

0.1

U(1) SF

&
0.01

—0.11

—0.2
0.0
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U(1l) pivot symmetry

G symmetric G symmetric
HSPT L
Ho + HSPT

—inH

pivot Bultinck 1905.05790

M1dway point has additional Z, symmetry e

But in some cases, it is enlarged to a full U(1) symmetry!
The pivot generates the symmetry at the midpoint

[ pivot? HO + HSPT] -

U(1) is not onsite. Furthermore, there is no basis for which both U(1)
and G are onsite (if so, no entanglement would be created)

Mutual anomaly
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U(1l) pivot symmetry in 1D

B Z Xn Hpivat 1 z ( 1)?1 n+1 HSPT B Z n+1
n

Trivial (paramagnet) Plvot (Ismg) SPT (1D cluster state)

[ pivot? HO + HSPT] =0
Hy + Hgpy has a conservation of domain wall number  Zevin, Gu 1202.3120

In fact, Hy+ Hgpy is described by a compact boson CFT (¢ = 1)

How to see? Use Kramers-Wannier duality (denote dual Ham. with tilde)

Hy+ Hgpr = 2 X, X1 + XXy Hivor = z Z,
n
XY chain m Number conservation
H(] Hpivor HSPT
° ° — o ° ® ®
YXY YY X | ZZ ZXZ ZXXZ ZXXXZ
(Z) | (XX)

Kramers-Wannier Duality

Pirsa: 21110042 Page 25/39



2D Pivot on A lattice

[Ix IIx IIx

CZ
A o
= 1 -3 {x§
H, = sz H. =—-%(-1)2zz7 Hepr=
pivot r b A
= 8 = v 34
Trivial Pivot BPT =
Yoshida 1503.07208
¥ : . Cluster state decorated on Z, domain walls
i Chen, Lu, Vishwanath 1303.4301
A Z
. - - - - .
A} ’j *
- \#’ .'_.-
» - [

Remarkably, we also find that [Hp Hy+ Hgpr] = 0 ! How general is this?

ivot®
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Sufficient criterion for U(1)
pivot symmetry

1
Let H, = EX and consider pivots of the form H,,,,, = o Z (i Z; Z:N)

Vv
Let k be the number of times that each vertex v is included in Z; ---Z;

Theorem: if k < 2¥ then [H ., Hy+ Hgpr] = 0

pivot

1D chain P g &b \ .Z.L____qz.
Pwot Z( l)n n+l - " . ’ ' ' .
Z [Z H,,=——) (-1)*227 N=3
® m & = z‘
k =2 — U(1) symmetry k=6-> U(l) k=8 — no U(1)

NT, Thorngren, Vishwanath, Verresen
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Part II: SPT criticality

Symmetries Criticality
Anomalous continuous . Connecting SPT transitions and
symmetries on the lattice deconfined quantum critical points

0.3

0.1

~
0.0

—0.11

—0.2
0.0

Pirsa: 21110042 Page 28/39



SPT' transitions in higher
dimensions

Although phase transitions in 1D are well studied, continuous
direct transitions in 2D need fine tuning

Scenario 1: Scenario 2:

H H, - ! b H,
o b Intermediate SR
phase

The U(1) X G anomaly constraints what can happen at the
midpoint, helping us to fine-tune to multicriticality!
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2D Phase Diagram

The direct interpolation was recently studied numerically (Dupont, Gazit, Scaffidi 2008.11206)

Trivial ' cz
y & &
. a, ~ 0.375(5) \':3 Q(,\)

+0 5 +1 CZ

In search of a continuous direct transition, 7
we further add antiferromagnetic Ising coupling L5 S . -
J > 0 for each sub-lattice to suppress FM order N 5 S A
(which commutes with the pivot)

. -
Ising coupling allows us to use efficient e . g S

Quantum Monte Carlo algorithms, such as non-
local cluster updates! Sendvik PRE 68 056701. Melko et. al.
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Numerical Study

H=(-aHy+aHgpr+] Y, ZZ,

{cc"ER,G,B . )
/
J

Sign problem free for a < 0.5, but the pivoting by z rotation g SNWi
maps @ — 1 —a \

0.3

U(1) SF

0.0 0.2 0.4 0.6 0.8 1.0

o)

We argue in favor of a multicritical point described by the DQCP

NT, Thorngren, Vishwanath, Verresen 2110.09512
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Deconfined criticality

VBS
C, rotation SSB
(U(1) at DQCP)

Néel
SO3) SSB

Mutual anomaly between SO(3) and C,
Believed to be enhanced to SO(5) at the DQCP

Senthil, Vishwanath, Balents, Sachdev, Fisher; Sandvik et. al.; Xu et al; Wang, He et. al.
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Deconfined criticality

L - - C, rotation SSB

(U(1) at DQCP)

Néel
SO3) SSB

Mutual anomaly between SO(3) and C,
Believed to be enhanced to SO(5) at the DQCP

Senthil, Vishwanath, Balents, Sachdev, Fisher; Sandvik et. al.; Xu et al; Wang, He et. al.
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Deconfined criticality

Trivial
A Dimerization I
" (C, broken down to C,)

Néel

DTP V]::’JS
SO(3) SSB = C, rotation SSB

(U(1) at DQCP)

SPT

Dimerization II

\ 4
Mutual anomaly between SO(3) and C,

Believed to be enhanced to SO(5) at the DQCP

Senthil, Vishwanath, Balents, Sachdev, Fisher; Sandvik et. al.; Xu et al; Wang, He et. al.
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Another incarnation of DQCP

VBS
o C, rotation-3SB
Trivial (U(l) & DQCP) o d Sl

U(1) piyot SSB
DQCP

Trivial 7} SPT

Z5 SSB
(SO(3) x Z§ at DQCP)

Néel
SA(3) S9B

Néel-VBS Pivot
Mutual anomaly between SO(3) and C, — Mutual anomaly between Zg and U(1)
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(GGeneral construction of
topological criticality

@ | & |
— CEE 5 i
= ¢DQCP =
73 TO
(Color code) : SET
AFM
Honeycomb lattice
2
Gauge Z5 subgroup

\_/A honeycomb XY model

H0=_2Xv —(Hg-l-Hspr ZZO’ o or B,
0O v;eQ
Hpjyor = 2 Z Can drive to the

Q
A A multicritical point using
v —
cZ v I I Zy=—1 NN Ising interactions

NT, Thorngren, Vishwanath, Verresen
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Outlook

® Web of dualities in higher dimension: what’s the total lattice
of “space of models from pivoting”?

® Experimental platforms to realize the cluster state pumps.
e Pivot Hamiltonians beyond order two SPT phases

® Studying XY models to reach larger system size and extract
critical exponents. Efficient QMC update schemes.

® Exploring higher dimensional versions of DQCP
(both global and subsystem symmetry versions)
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Other topics I am interested in

Interacting Fermionic SPT phases Topological & Fracton orders
\ / \ / \ / N\ X J/ \\V/ b . | ® m
N =
N o, e &1
L f=m
icfelelel - ! / m X m
AN \_a_/ i VAN o) i :
h? - - Pou P . €
>1|‘/ 1 \a/ :;\'/ Y/ . i ] {
N\ /N % P \ T
/ \ / N LN \ - \ U=2
Meng Cheng, NT, Chenjie Wang 1705.08911
NT, Ashvin Vishwanath 1806.09709 NT, Sager Vijay 1912.02626
Yu-An C’hen, Tyle’r Eliz’son, NT 2008.05652 NT, Wenjte Ji, Sagar Vagay 2106.03842, 2107040195
Lattice Hamiltonian vs TQFT Bosonization & Dualities in lattice models
Generalized Kw Doubled CSS

Ising model code

Replace X with P = iyy’ )I( IF hagpin
ngs

eplace Z wit oy s
_H otice Z Wity oty don’t commute

) w “Twisted”
Fermion model | .~ ., stabilizer code
W Bosonized
Majorana code | —+
Majorana code

Fidkowski, Haah, Hastings, NT 1906.04188

NT 2002.11345
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Sufficient criterion for U(1)
pivot symmetry

1
Let Hy = EX and consider pivots of the form H,,,, = o Z (i Z; Z:N)

v
Let k be the number of times that each vertex v is included in Z; ---Z;

Theorem: if k < 2V then [H ., Hy+ Hgpr] = 0

pivot:
Examples: | | = - - Z . o
7 7 A
Hpor = Z (-1)'2,Z, ., - '. ' — T
z @ . Hyor = ——Z( 12,22, N=3
k =2 — U(1) symmetry k=6-> U(l) k=8 — no U(1)

NT, Thorngren, Vishwanath, Verresen
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