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OUTLINE

Goal: Wild ride (hopefully exciting)

Computational challenges in quantum many-body systems

A case study: one-dimensional Heisenberg spin chain

Density-Matrix-Renormalization-Group (DMRG) versus Monte Carlo
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FIRST COMPUTATIONAL CHALLENGE?

i o= Gm,—2 L4 G —3 1
1 _ 2 3 3 3 ° °
|ty — 1 | Ir; — 1 | Generically non integrable
problem
r—n I; — I,
1‘2 — Gml 3 + Gm3 3 . . .
IT; — 15 | T3 — 15 | Orbits are non periodic,

chaotic

https://numericaltank.sjtu.edu.cn/three-body/three-body.htm
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ELECTRON’S MAGNETIC MOMENT
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MORE IS DIFFERENT
4 August 1972, Volume 177, Number 4047 SCIE NCE

P.W. Anderson, More is Different, Science (1972)

less relevance they seem to have to the
very real problems of the rest of sci-
ence, much less to those of society.
L~ The constructionist hypothesis breaks
flown when confronted with the twin
Hifficulties of scale and complexity. The
dbehavior of large and complex aggre-¥
bates of elementary particles, it turns
put, is not to be understood in terms
of a simple extrapolation of the prop-
erties of a few particles. Instead, r;

1 + 1 ;é 2 " More Is Different

Broken symmetry and the nature of

the hierarchical = otinn ~€ ~niaman

anderson72more_is_different.pdf

properties appear, and the understand-

ing of the new behaviors requires re-
bsndaiade Eddei o o .

P. W. Anderson

* Quantum many-body systems are more than the “sum” of their constituents

III

Many-body effects are enhanced in low dimension and “smal
local Hilbert space
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SUPERCONDUCTIVITY

Heike Kamerlingh Onnes
(1853-1926)
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“Mercury practically zero”,
Leiden, October 1911
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HEISENBERG SPIN-1/2 CHAIN

H = fz ooy, +0or +oia ] (1)

CuSO,

» Exact diagonalization

|51, 82,83, .-, 51) (I|H|j) = 2"
Si — T ’ l

‘\P> — ZAsl,sz,...sL‘SPSZ’ ""SL>
{Sj}
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SPIN CHAIN HEAVEN

In 2008 Roger Hiorns transformed an empty council flat in Southwark, London into Seizure,
a sparkling blue world of copper sulphate crystals. The work was created using 75,000 litres
of liquid copper sulphate, which was pumped into the former dwelling to create a strangely
beautiful and somewhat menacing crystalline growth on the walls, floor, ceiling and even the
bath of the abandoned flat.
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GLIMPSE INTO PHYSICS

* Inelastic neutron scattering D ol struct fact
ynamical structure tactor

d20' | 0 . .
Ty I zl: I ON)
<S> =) <SoS> (Uﬂ
Time 0 Time t
individual spinon K;zy S’S*l Sy Sm ;

AR %WWW Ground state is in a “liquid”
" phase (critical state)

(o)
p—
(=%

9 2
6 I 8
4 ~ ~. °
208 3 Sos 43 Not just low energy
g 5 E 28
5 0.6f 1= 806 o
. . | ° °
E >z > T tcl :
g ° B 173 wo-parficie conrinuum
> 0.4r § — 5 04r =
5 3 5 3
= O = O [ ] [ ]
%02 1 B 5 Deconfined excitations
ol Experiment Theory | 0 oL Exp‘eriment | Thgory |
0 1/4 1/2 3/4 1 0 1/4 172 3/4 1
Momentum transfer (4,—1/2,—1/2) Momentum transfer (4,—1/2,—1/2)

VINCENZO ALBA PISA 2026



MATRIX PRODUCT STATES
A
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* Singular Value Decomposition
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WHY IT WORKS

» Entanglement scaling

pa = Trg| ¥)(V]

W

[ TL)=141) S, = — Trap, In(p,)

\/5 S, = In(2)

* In a many-body system

Von Neuman entropy

Volume-law scaling

ST — | A|In(2)
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ENTANGLEMENT SCALING

* Area-law scaling in ground-states of local Hamiltonians

M. B. Hastings, JSTAT, P08024 (2007)

Sy X \A\d_l

Sy =— ) 4n()
J
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DENSITY MATRIX RENORMALIZATION GROUP

DMRG convergence - line stops before error reaches zero
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QUANTUM MONTE CARLO

e Partition function in quantum statistical mechanics

A. Sandvik, Computational Studies of Quantum Spin Systems, AIP Conf.Proc.1297:135,2010
Z(T) = Tr(e ")
 Expectation values of local observables
(O) = Tr(@e‘ﬁH)

* Suzuki-Trotter decomposition

Z(T) = Tr(e—AfH)M = Z (|1 = AtH | i)y | 1 — AtH | i3)++(iy, | 1 — AtH | i;)

10,y }
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QUANTUM MONTE CARLO

Monte Carlo sampling of

» [ ] [ ]
li12)] trajectories
i11)]
| THE JOURNAL OF CHEMICAL PHYSICS VOLUME 21, NUMBER 6 JUNE, 1953
| I 1 O) - - . - .
Equation of State Calculations by Fast Computing Machines
|19)— NicroLAs METROPOLIS, ARIANNA W. ROSENBLUTH, MARSHALL N. ROSENBLUTH, AND AucUsTA H. TELLER,
H Los Alamos Scientific Laboratory, Los Alamos, New Mexico
) |
g |I8) AND
; |I7) EpwARD TELLER,* Department of Physics, University of Chicago, Chicago, Illinois
E (Received March 6, 1953)
C .
g |I6) A general method, suitable for fast computing machines, for investigating such properties as eque!,tions of
S 7 state for substances consisting of interacting individual molecules is described. The met.had consists of a
B IIS ) | modified Monte Carlo integration over configuration space. Results for the two-dimensional rigid-sphere
system have been obtained on the Los Alamos MANTAC and are presented here._Th&se results are compared
|I 4) i to the free volume equation of state and to a four-term virial coefficient expansion.
|13)1
° °
i) Fermions and/or frustration
& Configurations can have negative

; : Spatial diréction (site ingex) ; . .
p weight (sign problem)
(1 Tj |e_ATHij| T; Tj Y= lj |e_ATHiJ'| ; l]. Yy =+ e At/

_— —PN.A
<Tilj|e_ATHij|Tilj>=<~lriTj|e_ATHi"|liTj>=+eAT/4COSh(AT/2) <Sgn>F T e ﬁ ’ f

( li Tj |€_ATH’7| T lj > = < i lj |e_ATHU| li Tj > =— et sinh(Az/2)
Up to date, no general solution of the QMC sign problem is known, although it can be over-

_ _ come in certain special cases (cf., e.g., [35,51,52]). Moreover, it has been shown that a general
S. Wessel, Monte Carlo simulations of

_ solution to the sign problem essentially constitutes an NP-hard challenge [50]. It is however
spin models (2013)

generally suspected, that no polynomial-time solutions to NP-hard problem exist. Hence, we

generic so-

urge the reader to contact us immediately in case she or he finds a serious path to a

lution of the QMC sign problem! In the mean time, we hope to have stimulated your interest
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CONVERGENCE OF QMC

QMC data with weighted fit

—— Fit: a+ c/B?
- Reference = -0.441277
® QMC data
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FIELD THEORY CONTENT
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CONFORMAL FIELD LATTICE RESULT
THEORY
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LATTICE QCD DETERMINATION OF HADRON MASSES

Budapest-Marseille-Wuppertal Collaboration, Science 322, 1224 (2008)
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CHECK OF UNIVERSALITY

 Renyi entanglement entropies

L

(n) —
5, =

InTr,p)

* Renyi excess entropy function

F = expl(n — 1)(S)

x=7/L

» Conformal Field Theory vacuum correlator

2,3
Fz(@qb)

n—1 YT =
FIA) = FP() = lim Lo Tlow YU, = W,
womico (Y o(w, WY (—w, = W)L

0.8

0.7r

06}

0.5r

04r

0.3

S00))]

N
\ 4

2

- Excess entropy

Berganza Alcaraz, Slerra JSTAT (2012) PO1016
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CONCLUSIONS

* Synergistic view

 Ready for paradigm change

“Ptolemy curse”
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