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®(z,7) : Hubbard-Stratonovich Multidimensional integral
(or arbitrary field with > Monte Carlo
predefined dynamics)

One body problem in external
field > Polynomial complexity
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[ﬁ—ﬁo—l—Z(ﬁz—l)‘/z’j(ﬁj—l)} L. AT =7
i)
e L. I

o—S{B(LT)} _ A%, ATV R,y H o—ATHo ,—iAT 3, @(i,7) (R —1)

T=1

_ o= So{®(i,7)} (det M(@)]Q V has to be positive definite !

& The action is real ( particle-hole / time reversal symmetry ) /
BSS: Work with the Fermion determinant. - Memory intensive. CPU time L3dLT Flexible and robust.
HMC: Getrid of fermion determinant - Not memory intensive CPU time (LAL, )5 provided that M is well conditioned.

(i.e. far from GN critical point)

det(M)? = det(MMT) /D {n,n"} e (MMT) "y
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ALF 1.0: SciPost Phys. 3 (2017), 013  ALF 2.0 https://arxiv.org/abs/2012.11914
Kinetic Potential (sum of perfect squares)

MT col Nfl Ndlm

col IV Ndim
OSSN e zvk{zli[(dza;wvgsw )+

2
k=1o=1s=1 =z,y o=1s=1 T,y }
Coupling of fermions to bosonic fields with predefined dynamics

M col Nfl Ndlm
ot pks)g T
Block diagonal in flavors, Ny Z (Z Z Z Croslay Cy S) + Hising

o=1s=1 z,y

SU(N¢o)) symmetric in colors N

Arbitrary Bravais lattice for d=1,2

Model can be specified at minimal programming cost
Fortran 2003 standard

MPI implementation

Global and local moves, Parallel tempering, Langevin

. Huffman A. Gotz F. Parisen Toldin

Projective and finite T approaches Z. Liu

Wissenschaftliche
Literaturversorgungs K ON W I HR

Predefined models und Informationssysteme (LIS)

PYALF: easy access python interface DFG
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Ve (106ms™)

Dirac cones reshaped by interaction effects in
suspended graphene 1}

D. C.Elias', R. V. Gorbachev', A. S. Mayorov', S. V. Morozov?, A. A. Zhukov3, P. Blake3,
L. A. Ponomarenko, I. V. Grigorieva', K. S. Novoselov', F. Guinea** and A. K. Geim'3

-40 -20 0 20 40 60
n (10° cm=2)

week ending
TheoD{ PRL 106, 236805 (2011) PHYSICAL REVIEW LETTERS 10 JUNE 2011 Graphene Graphite
Bare cRPA Bare cRPA
Strength of Effective Coulomb Interactions in Graphene and Graphite Us™® (eV) 17.0 9.3 17.5, 177 8.0, 8.1
Ugyy (eV) 8.5 55 8.6 39
T.O. Wehling,' E. Sasioglu,” C. Friedrich,? A.1. Lichtenstein,' M. 1. Katsnelson,® and S. Bliigel® U8 (eV) 5.4 ALl 54,54 24,24
Ugs (eV) 4.7 3.6 4.7 1.9

Add tail that interpolates between cRPAand € =1

Comparison Experiments involve finite doping.

Numerical calculations are done at the particle-hole symmetric point. One then carries out a ridged band shift
to compare with experiments.




UN|\J/IERMs|n-1|-IA-|- Fermi velocity renormalization:
WURZBURG Bridging the gap between experiment and theory
M. Ulybyshey,
S. Zafeiropoulos,

1

102 X 102 6 = 16eV ™~ C. Winterowd,

2.8 — FFA

- QMC KK proflle —o—i )

26 1 _— QMC KM profile —=— | arXiv:2104.09655
QMC KK profile, points 1 and 2

24 te A— QMC KM profile, pomts 1 and 2 ,,,

- erimental —e—
Experiment: I e flt QMC KK Vf0(1+CFog(A/n))) - Theory

Screening kicks
in at finite doping

Deviations from
logarithm.

—> Deviation from
logarithmic form

vr (10°m/s)

Temperature effects?
Size effects ?

- 204 X 204 Lattices
are achievable
and would bridge
the gap between
experiment and
theory.

- Maksim's s talk this afternoon.
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Why would it be interesting to dynamically generate a QSH state?

[ H=-t) (ele;+He)+ 2> N@)- > (wijézaéj - H.c.) }

(,9) O==z ((4,3))€C

A
N(x) € §?
= el = (¢l el
Ly =) W, (X,7)9, 7V, (X,7) i = \Gr iy

]:%—I—(Sl —+—52 — Vij = Sign [ez . (51 X (52)]

@,VV} =25,,. ¥, = wlyy




Phys. Rev. Lett. 126, 205701 (2021)

Julius-Maximilians-
A . o . Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. G d FFA
I YRR Skyrmion superconductivity — Nawre communications 10 2019), 2658

Why would it be interesting to dynamically generate a QSH state?

[ H=—t Z(éiéj +Hec)+ A Z N(x) - Z (il/ijé;fo'éj + HC-) }
O==z

(.9) ((4,3))€C

Uniform  N(x) =e,

Quantum spin Hall insulator

a

H | | ‘unif‘orm‘ ‘ | ] l

0.8 | 1
§ 0.6 | 1
S g4l 1 N(CIZ) - 52

02 | y g 1

0.0 T — e

4 -3 -2 -1 0 1 2 3 4 o At At
< _ C'L = (CZ,T’C/L’\L>
=i+ 061+ 0y — v ; =signle, - (61 X 52)]

0 Aa Ky Zna

C.L.Kane and E. J. Mele, PRL, 2005
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Why would it be interesting to dynamically generate a QSH state?

H=—t Z(éiég +H.c.) + A Z N(x) - Z (il/ijélfa'éj + H.C.)

(4,9) =z ((2,3))€0
Uniform  N(z) =e, One Skyrmion
1
Quantum spin Hall insulator @ = A /da:dyN(a:) (O N(@) x 9y N(x)) =1
& 1.0
0s | uniform
3 06+
_ 04
02 [ 5 B
0.0 o e
-4 -3 -2 -1 0 1 2 3 4

0 Aa Ky Zma

C. L. Kane and E. J. Mele, PRL, 2005 Field theories of condensed matter physics. E. Fradkin
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Why would it be interesting to dynamically generate a QSH state?

[ H=-t) (ele;+He)+ 2> N@)- > (%-&iaéj - H.c.) }

(.3) O=z ((2,9))€C
Uniform  N(z) =e, One Skyrmion
1
Quantum spin Hall insulator Q= A /da:dyN(a:) (0N (z) x 9y N(z)) =1
& 1.0 | ‘ ‘ ‘ ‘ ‘ ‘ ‘ b b 1.0 }
0s | uniform | 0g | 1 skyrmion
§ 0.6 , E 0.6 |
_ 04 R _ 04 |
02 ¢ 3 7 1 02t (Y49 N9
0.0 L L L : : : 0.0 I I I s L I I
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4

w

Skyrmion carries charge 2e > proliferation of

skyrmions destroys QSH and could lead to SC.

C. L. Kane and E. J. Mele, PRL, 2005 T. Grover and T. Senthil, PRL. 2008.
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2
= > (ele; + ey AY ST i (éjo—éj - cjac>
(i) (1.3 €O
t
i (st A
¢ (Cm’ ,¢>
j=1+01+ 06y = v;; =signle, - (61 X d2)] A

Order parameters

JQ == Z Vi j (Zéjdéj — ZéTO'éZ>

j Quantum spin Hall [SO(3) 1]
((3,5))€CO

Ci+Ci | s-wave superconductor [ U(1)]
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xQsH(qo + 0q)

1 [P . L Rosm =1— (q0)
XqQsH(q) = N/ dr Z( o,(7) Oj>e’“1(l—ﬂ) XQsH\q0
0 i Rasu(L, ) = F(L7 /B, (A = Ae) LYY L™%)
a
L=6
" =Y v | My
.| _ This study 1.11(4)| 0.80(9) [0.29(2)
= 0.0195 | Ref.* (AFQMC) 0.95(5)| 0.75(4) 0.23(4)
i = 0.0190 e Ref. 4% (HMC) 0.861 |0.872(22)] —
0.6 %’@ 0.0185 F = 1 Ref.?® (AFQMC) 1.14(9)| 0.79(5) —
~ 0.0180 LAY/ Ref.® (AFQMC) 0.98(1)| 0.49(2) [0.20(2)
0.5 0-0 10-1L 0.2 Ref.” (AFQMC) 1.19(6)| 0.70(15) | —
- - Y Ref. " (4 —¢), ¢!, Padé [2/2]]0.6426 | 0.9985 |0.1833
0017 0018 0019 0.020 0.021 Ref.7 (4— ¢), e*, Padé [3/1]]0.6447 | 0.9563 |0.1560
A Ref.*® FRG 0.795 | 1.032 | 0.071
49
Semimetal QSH, Topological Mott Insulator Rel.” FRG 076 Lol 0.08

ALY ~0.019

Y. Liu, Z. Wang, T. Sato, W. Guo and FFA arXiv:2103.08434
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Preformed pairs ?

M
A !
SM SH

1.6 . — : Q ‘ .
1.4 | 0-6 = A . i AM ~ 0.019

) P w

1 ’ }_———fﬁ‘a‘—ar"a‘_—‘

| | | |

0 0.04 0.08 0.12 0.16

4 08 L -
0.6 -
04 k- | Two holes pair since: 2A8p — An > 0
=15
0.2 |- (a) L=18 =i
L=21 —e—
0 ' ' l
(0,-m/2) (0,0) (0,m/2)
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Do the hole pairs correspond to Skyrmions?
Imaging the Skyrmion: (r) 26N( ) 4 N( )x—a N(r)
: r)=—N(r)- T r
&g Y P 47 or, ory
1. Dope two holes away from half-filling and pin them at the origin by modulating the
chemical potential
2. Measure real space spin-spin correlations around the hole pair
10 | | | | | | | | 0002
g L@) 0. A=0026 _ !
6 o o.o.o.o.o.o.o.o o — |
0 00000OCOGEOGFOSOSOO _0001
4 | 000000000000 0 0
0000 o0 000
000 o0 000
2_.... 00 o000 |
o> oo o o0 oo eo0 oo — 0
OlLeoeooe eo0o0o0o0 00
00 o000 o000
_2 - ........ ® 00 ...O....._
4 ...0...0.0 o000 O.....O... 7] ] _0001
0000000 O0CO0COS
-6 FEERERE NN -
0000
-8 L % -0.002
-8 6 4 -2 0 2 4 6 8
rX

He
A

> )\

SM QSH
ALY ~0.019
<J'r:O : Jr>
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Nature of doping induced transition ?

Rssc

Superconducting correlation ratio

(a)

0.05

RasH

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo and FFA
Nature Communications 10 (2019), 2658

Phys. Rev. Lett. 126, 205701 (2021)

> )\

He
A L
SM QSH
ALY ~0.019
QSH correlation ratio
! | : | II |
] ] ] ]

0.02 0.03 0.04
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Nature of doping induced transition ?

Rssc

- Direct and continuous doping induced transition between a

QSH insulator and s-wave superconductor

- Resolution 6 = 0.0017

Superconducting correlation ratio
0.8 T T T T
()

0.05

RasH

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo and FFA

Nature Communications 10 (2019), 2658
Phys. Rev. Lett. 126, 205701 (2021)

e
A L

SM QSH

> )\

AL~ 0.019

C

QSH correlation ratio

| | | |

0.02 0.03 0.04
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Bandwidth induced transition.

Add an attractive Hubbard U-term

(Is technically possible and does not trigger a negative sign problem)

- U]

Ue L —" /

SM QSH

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo and FFA
Nature Communications 10 (2019), 2658
Phys. Rev. Lett. 126, 205701 (2021)
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Bandwidth induced transition.

Add an attractive Hubbard U-term Adding a Hubbard U-term is not necessary!

(Is technically possible and does not trigger a negative sign problem)

- U

ASC/ /
Uc////// . SM
QSH SC

SM QSH

>
>\ AL N
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o Quantum spin Hall

-
;_’_{
O
0.6 ‘
0.031 0.032 0.033 0.034 0.035
A
Semimetal QSH

Skyrmion superconductivity

Phys. Rev. Lett. 126, 205701 (2021)

b 10

s-wave superconductivity

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo and FFA
Nature Communications 10 (2019), 2658

0.9

2= 0.8
At

035

0 9< 0.032 S(‘%\ |
: 0.030 T
0.0 0.1 0.2
1/L
0.6 ‘ ‘/
0.031 0.032 0.033 0.034 0.
A

S-wave su perconductor

AD ~0.019

A2 ~ 0.0333(3)

A 4
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Lo Quantum spin Hall

s-wave superconductivity

a b 10
0.9
O
2 0.8
= ]
o 0.032 | g
- 0-7 0030 -+ 1
-+ 0.0 0.1 0.2
- 1/L
0.6 ‘ 0.6 ‘ ‘
0.031 0.032 0.033 0.034 0.035 0.031 0.032 0.033 0.034 0.035
A A
a 1.5
Single particle gap remains Ll
open over the transition
0.9 t+
&
0.6 +
0.3 —
0.0 L I .
0.0 0.1 0.2 0.3 0.4
1/L
Semimetal | QSH s-wave superconductor

AD ~0.019 AP ~0.0333(3)
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Direct and continuous transition between two broken symmetry phases.

Can we understand this in the realm of Ginzburg-Landau order parameter theory?

coexistence disordered phase

¥
<

1st-order continuous

Fine tuning - not generic
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Direct and continuous transition between two broken symmetry phases.

Can we understand this in the realm of Ginzburg-Landau order parameter theory?

coexistence Mean-field calculation

T T T T T _—

15 F ) .
-
> =

. ) ]
= QSH-SSC —
Ist-order — T~ i
| | | | | — ]
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Deconfined quantum criticality . senthil, A. Vishwanath, L. Balents, S. Sachdev, and M. P. A. Fisher, Science 303 (2004), 1490-1494.

Topological defects of one phase carry the charge of the other. When they condense they simultaneously destroy one
phase and create the other.

U
I

/.

|
1
|
]
1
L]
I
]
1]
]
4

SDW > VBS (Kekulé)

v

| —

—

]

——
~

) 4
V]

I o e e

: —
— E

C, VBS vortex carries a spinon. Proliferation of vortices destroys the VBS and generates SDW order.

M. Levin and T. Senthil, Phys. Rev. B 70 220403 (2004).
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Why is the quantum spin Hall state intertwined with s-wave superconductivity?

The three quantum spin Hall mass terms are part of the quintuplet of mutually anti-commuting QSH and s-wave superconductivity mass terms.

M qsu
M = { T.041773Y5, ToOyiY0Y3V5, T=0:0Y0Y3V5: TyOylY0Y2Y3, TzOyiY0Y27Y3 }
Msc
Bogoliubov index s-wave superconductivity
( Def: Mass term H, (k) h
f—/%

H(k)=Y" ikyyy + mM

A. Tanaka and X. Hu, PRL 95 (2005), 036402.

M is a mass term if {M,Ho(k)}:O and M*=1 = E(k)=tNk*+m’
. 7
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WURZBURG Phys. Rev. Lett. 126, 205701 (2021)
=p(x,7)
(@, 7)| |M
Pz, 7
— = L1 f UL RSH
£= Lo+ Lsowxum (4(@:7) Lr = Lo + 991G, |50 ] (205 wia
- Ul
L has SO(5) symmetry & o
®(z, M , : d(z, M , Ue 1
s o0 822])- [ e 27) B s | L | o
"

Thereby the single particle gap is given by: ~ Ag, = glop|

Assume that the single particle gap remains finite across the transition, then one can omit

amplitude fluctuations of the field ¢(z.7) and retain only phase fluctuations @(x,7), |@(x,7)| =1

A. Tanaka and X. Hu, PRL 95 (2005), 036402.
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Integrating out the fermions gives and effective field theory for the field ¢(x,7)

1 R R
5= / Padr = (8,@(x, 7))’ + 21T [2] + Sso@)xv)

G
A
o(x, 7, u)
[[@] = roede / du / PEdT$ 000 Py0yPeOr PaduPe
Area(S?) J, Y G4
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Phases of (2+1) dimension SO(5) non-linear sigma model with WZW term
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Single particle Hilbert space
has dimension 4N

Phases of the (2 + 1) Dimensional SO(5) Nonlinear Sigma Model with Topological Term
Z.Wang et al, Phys. Rev. Lett. 126 (2021), 045701.
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Numerical results.
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Numerical results.
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