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The master-field approach i

replace classical (Markov chain) ensemble with a single master-field

me 3
4 H N; ~ 100 — 1000
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~Stochastic locality*
QCD field variables in distant regions fluctuate largely independent
their distribution is everywhere the same (with periodic bc.)
translation averages of observables (O(z)) = V' _O(z + z) coincide with
their field-theoretical expectation values up to O(V‘1/2) corrections,
provided localisation range of O < lattice extent
Concept successfully applied to SU(3) YM theory.”?!

QCD with Wilson fermions requires additional stability measures.!
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Stabilising measures for QCD" al

Stochastic Molecular Dynamics (SMD) algorithm*~"}

solver stopping criteria v uniform norm |7« = sup,|n(z)]2 V-independent
global accept-reject step v quadruple precision in global sums
new clover-term in Wilson—Dirac operator v guarantees invertibility

D = % {A,'N(Vﬁ +V,)— (IV??V“} + 0D, +my

uses exponential variant in diagonal part (Mo =4+ my)

A

0

of even-odd preconditioned operator (f) = Do — Deo([)[,‘,)*lDoe)
...together with well-established techniques

V' SAP, local deflation, mass-preconditioning, multiple time-scales, ...
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Multiple checks against std SW-improved action” &

N¢ = 2 + 1 published!”!

Non-p‘erluvba‘lwe\m;‘arovem‘ent: b1 = W'H(%'”i _H”“z( = 111 ~ TY[My]
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MeV _ MeV
410 410 6.3
294 458 4.5
220 478 3.4
410 410 6.4
410 410 5.5

v 97.5%  0.19(10)
V' 98.6% 0.19(10)
98.1%  0.10(7)
Vo 988% 0.0

v 987% 0.0

A 0.095 3.8

Bi  0.064 4.0 -4
C1 0.055 4.1 96- 48’

OTvUVTUTT
\

3 = 3.8 SMD simulations: (y=0.3, e = 0.31, 2-VOMF-4, N,y < 8, Rgeg < 10)
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Progress
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dynamical master-field simulations

M. Cé, M. Bruno, J.Bulava,

A. Francis, P.F, J. Green, M. Lischer,
A.Rago, M.Hansen.

N; = 2 + 1+stabilising measures'”
a = 0.095fm, m, = 270 MeV
using openQcD-2.0""" and

60 Mch from PRACE
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1%t dynamical master-field simulations

running on superMUC-NG @ LRZ, Munich

Goal: show viability of master-field approach
2 master-field lattices at coarse lattice spacing a = 0.095 fm
96* (L = 9fm)at m, = 270 MeV = 2mP™
1924 (L = 18 fm) at mr < 270 MeV

Follow well-established thermalisation strategy:
start from smaller lattices + periodically extend one direction at a time
adapt algorithmic parameters as needed
iterate
starting from Ay lattice (m, = 294 MeV):
change hopping parameter to target and twisted-mass o = 0
96 x 323 — 962 x322 — 96°x32 — 96*

lattice #cores  tsvplsec]  tumpulsec]  Mcore-h  MDU

o 96 x32°  16-48 246 794 0.03 155
Thermalisation cost 962 x 322 48.48 277 1108 0.09 125
for 1st master-field: 96 x 32 64 - 48 672 2800 0.42 176
96 128 - 48 1080 5020 1.77 206

total: 2.31 662

subsequently 96 — 192% with gradually changed pion mass
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Monitoring observables

964, a = 0.095 fm, mx = 270 MeV, Lmy = 12.5 (L = 9 fm)
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Simulations without TM-reweighting:

no spikes in AH
(e~ AHY = 1 within errors
acceptance rate 98% or higher

checked that o(Ds) € [ra, 3] of
Zolotarev rational approximation

adapt solver tolerances to exclude
statistically relevant effects of numerical
inaccuracies

autocorrelation times: 20-30 MDU

std.-deviation oy of strange-quark
Lreweighting factors” within strict bound

oW
W <01
(W)

to guarantee unbiased results
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dynamical master-field simulations
Thermalisation towards 1924
Obstacle:

very large physical volumes (periodic b.c.) still promote issues
We observe

(at least at coarse lattice spacing)
they could always be solved through restarts so far

deflated solver fails occasionally for the little Dirac op.
spikes in AH

origin unknown (multiple sources?)
Mitigation strategy?

no. of such events increases with larger V' and smaller m

require better understanding of the problem (algorithmic and/or physical origin?)
use fallback-solver (less performat)

P. Fritzsch

Lattice 2021, MIT



Master-field simulations

Study deflation subspace

Small/Large eigenvalue spectrum of eo-preconditioned DFL operator Awhat on A-lattices (96 x 323):

I Riins manaansiss nasas
] [20-96 small cgematues hunae) + 1T []

006 |-
0.04 B . “
Deflation subspace <> ,low-modes* {¢1,- - , ¥, }
0.02 - —
# . A
B Ay = PhDPy : restricted Dirac op.

ol . ¥ 3 i
oo | ol J Py: orthogonal projector to DFL subspace
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Upgrade of openQCD A

to support multilevel deflation in version 2.0.2

Possible solution: Multilevel deflation
effectively results in a preconditioning of the std. little Dirac op.
introduce stack of deflation subspaces (block grid levels 0 < k& < kmax)
little Dirac ops. at block-level k: A = Py Ax_1 Py = Py DPy
derived from the same set of global low modes {1, - -+ , %, } (at top level, kmax)
especially large lattices profit from additional levels (smaller cost)

projection/lifting now implemented in double precision for stability (larger cost)

lattice #eores  Igyp(sec] tvpulh] | Mcore-h  MDU
192 x 96° 12848 2740 794 | 232 95

- 092 « 962 956 . 48
Thermalisation cost: 1922 % 967 25648 3080 4.73 | 2.54 45
192% x 96 512-48 3190 534 | 4.49 35
1924 768 - 48 4789 971 | 3512 102
total | 4447 217
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Master-field simulations
Thermalising 1924 (a = 0.094 fm, m, = 270 MeV) at LRZ using 768 nodes (36864 cores)

openQCD-2.0.2: multilevel DFL solver (full double prec.)

SMD parameters: Update cycle no 48
actions = 012345678 dH = -1.4e-02, iac = 1
npf = 8 Average plaquette = 1.708999
mu = 0.0 0.0012 0.012 0.12 1.2 Action 1: <status> = 0
nlv = 2 Action 2: <status> = 0 [0,0/0,0]
gamma = 3 Action 3: <status> = 0 [0,0]/0,0]
eps = 0.137 Action 4: <status> = 0 [0,0]0,0]
iacc = 1 Action 5: <status> = 2 [5,2]7,6]
Action 6: <status> = 271
Action 7: <status> = 21 [3,2]5,3]
Action 8: <status> = 22 [3,2]5,3]
Rational 0: Field 1: <status> = 139
degree = 12 Field 2: <status> = 31 [3,2]6,4]
range = [0.012,8.1] Field 3: <status> = 38 [5,318,7]
Field 4: <status> = 33 [5,2/7,6]
Level 0: Field 5: <status> = 267
4th order OMF integrator Field 6: <status> = 26 [3,2]5,3]
Number of steps = 1 Field 7: <status> = 24 [3,2]5,3]
Forces = 0 Force 1: <status> = 91
Force  2: <status> = 22 [3,216,41;23 [3,2]5,4]
Level 1: Force  3: <status> = 28 [5,317,61;30 [5,317,6]
4th order OMF integrator Force  4: <status> = 29 [5,217,61;32 [5,2/7,6]
Number of steps = 2 Force 5: <status> = 28 [5,217,51;30 [5,2/7,6]
Forces = 1 23 4567 8 Force 6: <status> = 303
Force 7: <status> = 22 [3,215,3]1;23 [3,2]5,3]
Force  8: <status> = 23 [3,2]5,3];26 [3,215,3]
Modes 0: <status> = 0,010,0
Modes 1: <status> = 4,2]5,5 (no of updates = 4)
Acceptance rate = 1.000000
Time per update cycle = 4.34e+03 sec (average = 4.38e+03 sec)
Cost: 0.33 Mch / MDU => 10 Mch / indep. cnfg => 30 Mch / 3 indep. master-fields
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Master-field simulations of QCD ko

Summary

192% runs mostly smoothly at m, = 270 MeV, a = 0.095 fm (o = 0)

96 + 192* master-field lattice ready for physics applications v

master-field approach not compatible with reweighting techniques X

stabilising measures with exponential clover improve our ability to simulate coarse lattice spacings v
very large volumes (or mP™®), like (18 fm)*, still challenging but doable v

No Free Lunch theorem confirmed: stability & accuracy have a cost

observed issues will be further investigated & reported

we move on: smaller lattice spacing, lighter pion masses

stay tuned: next talk (M. Ce) provides 1st physics calculations on master-fields
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Algorithmic improvements for stability )

volume dependence, sampling, reversibility, ... — Suggestion:

Stochastic Molecular Dynamics (SMD) algorithm!*~"]
Refresh 7(x, 1), ¢(x) by random field rotation
T — 1T+ Cv ¢y =exp(—ey), ca=(1-— c%)l/2
é — c1d+ oDy, (v > 0: friction parameter; e: MD integration time)

+ MD evolution + accept-reject step + repeat

ergodic!'? for sufficiently small e

exact algorithm

significant reduction of unbounded energy violations |[AH| > 1

a bit “slower“ than HMC but compensated by shorter autocorrelation times
smooth changes in ¢;, U; improve update of deflation subspace

P. Fritzsch Lattice 2021, MIT

i
=



Towards large scale simulations

How does the lowest eigenvalue distribution scale with quark mass?

a =0.095fm, V = 96 x 32° (historical data missing for detailed comparison)
04l T - 1 Overall behaviour of smallest eigenvalue
a\ = min {spec(DLDu)lﬂ}
03r ] ~q
021
011

median p < Zm

(aX = 0.001 ~ 2 MeV)

width o decreases with m

=)
o
j—\
——
T
I

somewhat similar to Ny = 2 case'”!
(unimproved Wilson)
(non-)Gaussian ?
0.002 0.604 0.606 0.608
ak
my = 410 MeV, m.L = 6.3
myx = 294 MeV, m.L = 4.5

empirical:"*l ¢ ~ a/VV
my = 220MeV, m,L = 3.4

P. Fritzsch

Lattice 2021, MIT



Bibliography | &

0l

2

3]

4]
5]
6]
[7

8

9

[10]

1]
2]

3]

%Y

M. Lischer, Stochastic locality and master-field simulations of very large lattices, EPJ Web Conf. 175 (2018) 01002,
[1707.09758].

L. Giusti and M. Lischer, Topological susceptibility at T > T, from master-field simulations of the SU(3) gauge
theory, Eur. Phys. J. C79 (2019) 207, [1812.02062].

A. Francis, P. Fritzsch, M. Luscher and A. Rago, Master-field simulations of O(a)-improved lattice QCD: Algorithms,
stability and exactness, Comput. Phys. Commun. 255 (2020) 107355, [1911.04533].

A. M. Horowitz, Stochastic Quantization in Phase Space, Phys. Lett. 156B (1985) 89.
A. M. Horowitz, The Second Order Langevin Equation and Numerical Simulations, Nucl. Phys. B280 (1987) 510.
A. M. Horowitz, A Generalized guided Monte Carlo algorithm, Phys. Lett. B268 (1991) 247-252.

K. Jansen and C. Liu, Kramers equation algorithm for simulations of QCD with two flavors of Wilson fermions and
gauge group SU(2), Nucl. Phys. B453 (1995) 375-394, [hep-1at/9506020]. [Erratum: Nucl.
Phys.B459,437(1996)].

M. Bruno, D. Djukanovic, G. P. Engel, A. Francis, G. Herdoiza et al., Simulation of QCD with Ny = 2 + 1 flavors of
non-perturbatively improved Wilson fermions, JHEP 1502 (2015) 043, [1411.3982].

G. S. Bali, E. E. Scholz, J. Simeth and W. Séldner, Lattice simulations with Ny = 2 + 1 improved Wilson fermions
at a fixed strange quark mass, Phys. Rev. D94 (2016) 074501, [1606.09039].

M. Bruno, T. Korzec and S. Schaefer, Setting the scale for the CLS 2 + 1 flavor ensembles, Phys. Rev. D95 (2017)
074504, [1608.08900].

M. LUscher, open@CD, . https://luscher.web.cern.ch/luscher/openQCD/index.html.

M. Luscher, Ergodicity of the SMD algorithm in lattice QCD, unpublished notes (2017) .
http://luscher.web.cern.ch/luscher/notes/smd-ergodicity.pdf.

L. Del Debbio, L. Giusti, M. Lischer, R. Petronzio and N. Tantalo, QCD with light Wilson quarks on fine lattices. Il.
DD-HMC simulations and data analysis, JHEP 0702 (2007) 082, [hep-1at/0701009].

P. Fritzsch Lattice 2021, MIT =

i
>


http://dx.doi.org/10.1051/epjconf/201817501002
http://arxiv.org/abs/1707.09758
http://dx.doi.org/10.1140/epjc/s10052-019-6706-7
http://arxiv.org/abs/1812.02062
http://dx.doi.org/10.1016/j.cpc.2020.107355
http://arxiv.org/abs/1911.04533
http://dx.doi.org/10.1016/0370-2693(85)91360-7
http://dx.doi.org/10.1016/0550-3213(87)90159-3
http://dx.doi.org/10.1016/0370-2693(91)90812-5
http://dx.doi.org/10.1016/0550-3213(95)00427-T, 10.1016/0550-3213(95)00619-2
http://arxiv.org/abs/hep-lat/9506020
http://dx.doi.org/10.1007/JHEP02(2015)043
http://arxiv.org/abs/1411.3982
http://dx.doi.org/10.1103/PhysRevD.94.074501
http://arxiv.org/abs/1606.09039
http://dx.doi.org/10.1103/PhysRevD.95.074504
http://dx.doi.org/10.1103/PhysRevD.95.074504
http://arxiv.org/abs/1608.08900
https://luscher.web.cern.ch/luscher/openQCD/index.html
http://luscher.web.cern.ch/luscher/notes/smd-ergodicity.pdf
http://dx.doi.org/10.1088/1126-6708/2007/02/082
http://arxiv.org/abs/hep-lat/0701009

	Literatur

