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https://github.com/ALPSCore/CT-HYB

» SparselR jl/sparse-ir  JEKf[E] 7Y — VD A N— A€ 7 1) 7 (Python/Julia)

https://github.com/SpM-lab/SparselR .l
https://github.com/SpM-lab/sparse-ir

« DCore HIHY 5T GETH (Python)
https://github.com/issp-center-dev/DCore

+ SpM  BUEFENTEEHL (C+)
https://github.com/SpM-lab/SpM
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https://github.com/SpM-lab/SparseIR.jl
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Computational materials science based on quantum-
classical hybrid algorithms

H RS 7L 3 Y X L0 K SR ERS

A01: Quantum embedding A02: Wave function theory A03: Quantum circuit

Hiroshi Shinaoka (Saitama Univ) Tsuyoshi Okubo (Univ. Tokyo) Wararu Mizukami (Osaka Univ.)
Construction of effective models for matter using Development of wave function theory combined Pioneering quantum circuit for computational
quantum embedding theory with quantum algorithms material science
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QQuantics tensor train

* HS etal., Physical Review X 13, 021015 (2023)
M. K. Ritter, Y. N. Fernandez, M. Wallerberger, J. von Delft, HS, X. Waintal,
arX1v:2303.11819

https://github.com/shinacka/MSSTA jl



I. V. Oseledets, Doklady Math. 80, 653 (2009)

Quantlcs tensor traln (QTT) & j: ? B. N. Khoromskij, Constr. Approx. 34, 257 (2011)
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N. Gourianov et al., Nat. Comput. Sci. 2, 30 (2022)
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Vlasov-Poisson equations for collisionless plasmas % 2 | HS et al., PRX 13, 021015 (2023)
E. Ye and N. F. G. Loureiro, arXiv:2205.11990 " ’
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['lensors -Jl Flatiron institute CHAYEDMED SALTV D\ pihman, 5. R, White, E. Miles

\ _ § 5 Stoudenmire, SciPost Phys.
« MPS226 X ODINHNZT YV %y FT7—7%T Codebases 4 0002

o PR G
- Ny 7 LV F:NDTensors.jl M ZEEZ R @ik 74 7 7 V)
- MPSa— F: BjfYCHIKZ a2 — F

« GPUXY)L (multi GPU?)

i = Index(3,"i") A —_ UZVT

j = Index(4,"j")

k = Index(5,"k") (_‘;] B -
T = randomITensor (i, j,k) i ok 1k ]

U,S,V = svd(T,(i,k))

@show norm(UxS*V-T) https://itensor.github.10/I'Tensors.jl/stable/examples/I Tensor.html



QTT O) i & &) (1 / 3 J\O —_— \\) I. V. Oseledets, Doklady Math. 80, 653 (2009)

B. N. Khoromskij, Constr. Approx. 34, 257 (2011)

Scalar-valued function f(x) with0 <x < 1 oe caurren
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Same length scale
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S5

f(X) — ¢ = e—x1/2€—x2/22“.e—xn/Z”“. D=1
x = (0.x;%5:0x,-++), € [0,1)

The Sum of N exponential functions can be represented as a QTT of rank at most V.
. Bond dimensions are added when MPSs are added.

% I/\ ;T:t D <1 M. Ali and A. Nouy, “A. Approximation Theory of Tree Tensor Networks:
— + P Tensorized Univariate Functions™, Constr Approx (2023)

%‘{jfﬁ:ﬁu f(x y) — = xlyl x2y2 - D=1
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Representation of Continuous Functions: https://tensornetwork.org/functions/ ~ Written by Miles Stoudenmire
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Nonequilibrium system (real-time Green’s function)

HS et al., Physical Review X 13, 021015 (2023)
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F(r) = J'dk F(k)e'*

K. J. Woolfe et al., Quantum Inf. Comput. 17, 1 (2017), J. Chen et al.,
arXiv:2210.08468v1
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TuliaZ 4 7 7 ) DFEH: MSSTA.jl (multiscale space-time ansatz)
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https://github.com/shinaoka/MSSTA .l
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o STHOAETERL, GPUN IR
» XOKMEZR TV VIV Ry BT — T NDILRIE
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e Quantics Tensor Cross Interpolation (TCI): FF 22l 57 % D A%
M. K. Ritter, Y. N. Fernandez, M. Wallerberger, J. von Delft, HS, X. Waintal, arXiv:2303.11819




ﬁ{ﬁ ICIAM?2023 [00789] Algorithmic advances in

1G A

10th International Congress on Industrial and Applied Mathematics
I C AM 2 O 2 3 TQ |/< VQ applied mathematics community have played an increasingly prominent
role. This minisymposium will focus on recent algorithmic advances in

computational quantum mechanics driven by numerical linear algebra,

e Session Date & Time :
o 00789 (1/3) : 3C (Aug.23, 13:20-15:00)
o 00789 (2/3) : 3D (Aug.23, 15:30-17:10)
o 00789 (3/3) : 3E (Aug.23, 17:40-19:20)
e Type : Proposal of Minisymposium
e Abstract : Chemistry, physics, and materials science have benefited
tremendously from advances in algorithmic tools for the simulation of

quantum systems. In recent years, ideas developed in collaboration with the

numerical methods for partial differential equations and integral equations,
fast algorithms for the manipulation of structured operators, convex
optimization, tensor networks, randomized algorithms, and machine
learning methods.

e Organizer(s) : Jason Kaye, Michael Lindsey

e Classification : 81-08, 65705, Computational Quantum Physics

e Speakers Info :

o Jason Kaye (Flatiron Institute, Simons Foundation)

o Chao Yang (Lawrence Berkeley National Laboratory)
Quantl CS%% iﬁt O) ﬁ’fﬁ % J_IEI_' ! o Hiroshi Shinaoka (Saitama University)

o Fabian Faulstich (University of California, Berkeley)

o Yuehaw Khoo (The University of Chicago)

o Eloise Letournel (INRIA Paris)

o Kangbo Li (Cornell University)

o Miles Stoudenmire (Flatiron Institute, Simons Foundation)
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1 x=1.0 + 1e-30
v 0.0s

1.0

1 # MultiFloats

: MultiFloats.jl

av il

SHL (I 1+ 10-1000F

2 X = Floated4x2(1.0) + Floated4x2(1le-30)

v 0.0s

1.00000000000000000000000000000100000000000000008

1 sqrt(Float64x2(2)) @

v/ 0.0s
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MultiFloats.jl vs DoubleFloats.jl

EL~)L 7S

)= B NEMEE B 952 TR S v 5 =g i vy
H“ _ 1/(l +J - 1) 1 1/2 1/3 7N ck—%ﬂz’ﬂ?{lﬂl{lﬂ* = )E{#-jjlj\ﬁ&nn{ﬁiﬁ%7<ﬁ
Y 1/2 1/3 1/4 » SVDIZ. MultiFloats.jl?d /5 23 EEE >
/3 174 175 + MultiFloats.jlid. PURFKEEE X b ERDOEH% & T
10" R S— MultiFloatsjl 39 ms
—><¢— DoubleFloats
—l— Double n = 100
1le-30 Hmf = [1/Float64x2(i+j-1) for i=1l:n, j=1:n] # MultiFloats

DoubleFloats.jl

102 F

| | | | on Apple M1 Pro
0 25 50 75 100

umf, s mf, vt mf = svd(Hmf)

62 ms

Hdd = [1/Double64(i+j-1) for i=1:n, j=1:n] # DoubleFloats
u dd, s _dd, vt_dd = svd(Hdd)

[_a

cf. Float64 0.5 ms - HMTDHEEL A

Julia v1.91, MultiFloats v1.0.3, DoubleFloats v1.2.4

(1 thread)
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G(r) = = (T A(1)B(0)) = J

dwK(z, w)p(w)
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HS, J. Otsuki, M. Ohzeki, K. Yoshimi, PRB 96, 035147 (2017)

K(z,w) = ) SU@)V/(w)
[=0
G) =) GU) pl)= ) pV(w)
[=0 [=0

* Dimensionless parameter A=fwmax
e |G| decay as fastas S, (" |p;| 1s bounded).
e [ogarithmic growth of §; > ¢ w.r.t A

G, =—35p

10—4_

o
for

w|<w,..0<t<pf=1/T 107°

Orthonormal intermediate-representation bases 1012
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Analytic continuation

Sparse modeling (SpM)

* J. Otsuki, M. Ohzeki, HS, K. Yoshimi, PRE 95, 061302(R) (2017)

 [Application to lattice QCD] E. Itou and Y. Nagai, JHEP 07, 007
(2020)

Nevalinna/Carathéodory formalism
* J. Fe1, C.-N. Yeh, E. Gull, PRL 126, 056402 (2021)
« J. Fei, C.-N. Yeh, D. Zgid, and E. Gull, PRB 104, 165111 (2021)

All electron GW calculations
e K. Haule, S. Mandal, arXiv:2008.07727

FLEX

* N. Witt, E. G. C. P. van Loon, T. Nomoto, R. Arita, T. O. Wehling,
PRB 103, 205148 (2021)

* N. Witt, J. M. Pizarro, T. Nomoto, R. Arita, T. O. Wehling,
arXi1v:2108.01121v1

Estimation of magnetic interactions

 T. Nomoto, T. Koretsune and R. Arita, PRB 102, 014444 (2020)

 T. Nomoto, T. Koretsune and R. Arita, PRL 125, 117204 (2020)

* Y. Nomura, T. Nomoto, M. Hirayama and R. Arita, PRR 2,
043144 (2020)

M

Q(s

= A
—_ N N
::nl L= = T

Migdal-Eliashberg theory

* T. Wang, T. Nomoto, Y. Nomura, HS, J. Otsuki, T. Koretsune, and R.
Arita, PRB 102, 134503 (2020)

Self-energy embedding calculations

* S. Iskakov, C.-N. Yeh, E. Gull, and D. Zgid, PRB 102, 085105 (2020)
* C. N. Yeh, S. Iskakov, D. Zgid, and E. Gull, PRB 103, 195149 (2021)

Extension to the two-particle level

« HS, J. Otsuki, M. Ohzeki, K. Yoshimi, K. Haule, M. Wallerberger, E.
Gull, PRB 97, 205111 (2018)

« HS, D. Geffroy, M. Wallerberger, J. Otsuki, K. Yoshimi, E. Gull, J.
Kunes, SciPost Phys. 8, 012 (2020)

* M. Wallerberger*, HS*, A. Kauch, PRR 3, 033168 (2021)
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SparseIR. Jl M. Wallerberger, S. Badr, S. Hoshino, S. Huber, F. Kakizawa, T. Koretsune, Y. Nagai,
K. Nogaki, T. Nomoto, H. Mori, J. Otsuka, S. Ozaki, T. Plaikner, R. Sakurai, C. Vogel,
N. Witt, K. Yoshimi, H. Shinaoka, SoftwareX 21, 101266 (2023)

https://github.com/SpM-lab/SparselR .l
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o FIRBHR DX 57 % T (Legendre)lZ X % G 7557 iR — K Al 70
o FERIVURTASFETEELIC X 2 Rr52{E 20 1% MultiFloats.jl + GenericLinearAlgebra.jl
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Python32% (sparse-ir) & O FLHK

/—'—r([j:

Pure Python 3£ 2% https://github.com/SpM-lab/sparse-ir

numpy D BEALAVURE G BV BN/ NSO SRR https://github.com/tuwien-cms/xprec

=35 + Python

M. Wallerberger, S. Badr, S. Hoshino, S. Huber, F. Kakizawa, T. Koretsune, Y. Nagai, K. Nogaki, T. Nomoto, H.
Mori, J. Otsuki, S. Ozaki, T. Plaikner, R. Sakurai, C. Vogel, N. Witt, K. Yoshimi, H. Shinaoka, SoftwareX 21, 101266
(2023)
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https://github.com/SpM-lab/sparse-ir

SparselRjIDTEV AL — 3 v

1 using SparselR

2 using Plots

3 using LaTeXStrings

4

5 # BIEZ{ER

6 beta = 15.0

/7 wmax = 10.0

8 basis = FiniteTempBasis(Fermionic(), beta, wmax, le-15)
9

10 plot(basis.s, title="i, xlabel=L"1", ylabel=L"S_1", label="", yaxis=:log, marker=:x)

[1] v/ B.3s

10° |
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SparselRjIDTEV AL — 3 v

end
P

v/ 0.4s

OO Ul B WIN B

p = plot(title=""
1ts = collect(LinRange(@, beta, 1000))
for 1 in [0, 1, length(basis.u)-1]

, Xxlabel=L"\tau", ylabel=L"U_1(\tau)", label="")

plot!(p, ts, basis.u[l+1](ts), label=L"1=%$(1)")
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* Jupyter Book
e FILTOE )N FEEIZ,

VS Code + Docker TH =

https://spm-lab.github.10/sparse-
ir-tutorial/

. .
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sparse-ir

Basic theory

Intermediate representation
(IR)

Sparse sampling

Discrete Lehmann
representation

Reference

API reference

Additional material

Sample codes

Transformation from/to IR
Sparse sampling

Discrete Lehmann
Representation

Second-order perturbation
The GF2 & GW method
DMFT with IPT solver
FLEX approximation
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Bogoliubov-de Gennes equations in real
space

Author: Yuki Nagai

This notebook is expensive. Running this notebook takes a few minutes.

We consider a superconductivity in a mean-field level.

Basic theory of superconductivity in real space

Let us consider a Hamiltonian for a fermion system given as H = ¢T’fl¢/ 2. The column vector 1 is composed
of N fermionic annihilation ¢; and creation operators ¢! (i = 1,2,---,N), ¥ = ({¢;}7,{c!}"), where

{¢;} = (¢q1,¢9,---,cn) T and {c;f} = (cJ{, cg, ‘o ,c}’v). The row vector 91 is also defined as

YT = ({cI}*,{c;}"). The subscription i in ¢; or ¢! indicates a quantum index depending on spatial site, spin,

orbital, etc. The “Hamiltonian” matrix I is a 2N x 2N Hermitian matrix given as

A A

. H A
H . R
At —H*

)

where H is a normal state Hamiltonian and A is a superconducting order parameter.

The BdG equations are regarded as the eigenvalue equation with respect to 7:[ expressed as

A

Hfy = f'yfv

L20a |
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