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Introduction and Motivation
Monte Carlo simulations of QCD
Stabilised Wilson fermions
Master field simulations
OpenLat initiative

Outlook
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Seek balance in numerical simulations

P. Fritzsch

Physical aspects
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Algorithmic aspects

P. Fritzsch

Physical aspects

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

it
v
a



Efficiency/Cost aspects
Algorithmic aspects
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Efficiency/Cost aspects
Algorithmic aspects
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Lattice QCD

4D Euclidean space with gauge group SU(3) and N¢ quark flavours:

N¢
1 —
EQCD = —@’I‘I‘[FMUFMV] + Z’(pz[’yMDM + mz]"/)z
=1
gauge invariant
i 2
Nt + 1 free parameters { strong coupling g
quark masses

mii=1,....Ns } require physical input

P. Fritzsch
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Lattice QCD )

4D Euclidean space with gauge group SU(3) and N¢ quark flavours:

N¢
1 _
LCP = _@“[FMVFW] + Z V[V Dy + ma]i;
=1
gauge invariant
strong coupling g2 . -
Nt + 1 free parameters { quark masses  mg,i=1,...,N; require physical input

Lattice regularization

lattice spacing (a) and physical volume (V; = L*)
— finite lattice A

fermions 1, 4 on lattice sites = € A
gluons U(z + afl, z) ~ e~4« @ on lattice links
a variety of lattice actions § = Sg + Sg

gluons " Y4

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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Choose a lattice discretisation

Only minor differences in discretised gauge actions.

Fermion action

Advantages
Clover-improved Wilson

computationally fast
Twisted-mass Wilson

Disadvantages

computationally fast
automatic improvement
staggered type

computationally fast
domain wall

improved chiral symmetry
overlap

These actions differ at order a?

exact chiral symmetry
= <O>1at = <O>cont + O((LQ)

P. Fritzsch

breaks chiral symmetry
needs operator improvement
breaks chiral symmetry

flavour breaking effects

fourth root problem

complicated contractions

computationally demanding
needs tuning

computationally expensive
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Choose a lattice discretisation
Only minor differences in discretised gauge actions.
Fermion action Advantages
Clover-improved Wilson

computationally fast

Disadvantages

breaks chiral symmetry

needs operator improvement

These actions differ at order a2.

— <O>1at = <O>cont + 0(02)

P. Fritzsch

Here we use Clover-improved Wilson fermions
Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024



The standard lattice QCD approach

Markov Chain Monte Carlo simulations of QCD
Goal: produce sequence of gauge fields {U;|t = 1,..., Ny}

= expectation values of physical observables O
from ensemble-average

1

(0)=~

= /D[U] O e—SclU]=SealU]

with Wilson—Dirac operator ) and
et = [[det(@s),  f€{uds,...}
f

P. Fritzsch
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The standard lattice QCD approach

Markov Chain Monte Carlo simulations of QCD

MD

o

Goal: produce sequence of gauge fields {U;|i = 1,..., Ny}

i

S

s

7

h

= expectation values of physical observables O
from ensemble-average

1

(0)=~

= /D[U] O e—SclU]=SealU]

with Wilson—Dirac operator ) and
et = [[det(@s),  f€{uds,...}
f
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employs Hybrid Monte-Carlo (HMC) algorithm
with importance sampling

draw conjugate momenta 7 &
integrate molecular dynamics (MD) equations

made exact by (global) Metropolis accept-reject step
(AH = AS)

ergodicity maintained by redrawing the momenta



The standard lattice QCD approach

Markov Chain Monte Carlo simulations of QCD

Goal: produce sequence of gauge fields {U;|i = 1,..., Ny}

MD ]

MD /”4? MD :

s

il

o
i

5

= expectation values of physical observables O
from ensemble-average

(0) = i /D[U] O e—SclU]=SealU]
Z

i=1

with Wilson—Dirac operator ) and

e~ Sett szet(Qf) , fe{uds,...}
f

P. Fritzsch

—
MD

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

employs Hybrid Monte-Carlo (HMC) algorithm
with importance sampling

draw conjugate momenta 7 &
integrate molecular dynamics (MD) equations

made exact by (global) Metropolis accept-reject step
(AH = AS)

ergodicity maintained by redrawing the momenta
and advanced techniques to solve large linear systems:

various (Krylov) solvers

precondition techniques (eo, det-splitting, ...)

mixed-precision arithmetic

symplectic integrators w/ multiple time-scales

architecture dependent optimisations
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The master-field approach”

Master-field lattice
single master-field replaces classical (Markov chain) ensemble
£ 3
v

NV:74=HN,»z100—1000mNU

=0

= expectation values from translation average ((O))
(0(@@)) = (O@) + 0o, %),
(O@) = =X, 0@ +2)
\%

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =

based on stochastic locality due to short-range interaction

QCD field variables in distant regions fluctuate largely
independent

their distribution is everywhere the same
(with periodic bc.)

translation averages replace ensemble averages
provided localisation range of O <« L (lattice extent)

uncertainties estimated using standard methods
through correlations in space

Concept successfully applied to SU(3) YM theory.[z]

It isn’t straightforward to simulate QCD on very large lattices!
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-



A (naive) stochastic picture of Lattice QCD
Sketch employs Gaussian for simplicity
Simulating QCD ~» induces sampling distribution of gauge potential A,(z) « (arandom variable)
Requires solving the lattice-Dirac equation
Dip(z) =n(z), with D(Mo)= %’Yu(vt + V)

. .
+ Mo + acsw 30w Flu

P. Fritzsch
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A (naive) stochastic picture of Lattice QCD
Sketch employs Gaussian for simplicity
Simulating QCD ~~

induces sampling distribution of gauge potential A,,(z) « (a random variable)
Requires solving the lattice-Dirac equation
Dy(z) =n(z), with D(Mo) = 37u(Vji + V) + Mo + acow 30,0, By
Bounded spectrum of 5 D: Lowest eigenvalue distribution:
Im(\)
Amin

)
0

Re(X)

P. Fritzsch
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A (naive) stochastic picture of Lattice QCD &

Sketch employs Gaussian for simplicity

Simulating QCD ~» induces sampling distribution of gauge potential A,(z) « (arandom variable)

Requires solving the lattice-Dirac equation

DT/’(x) = 77(«'”) ) with D(MO) = %Vu(v/ﬂi + vu) iy MO + G,Cswiauuﬁwf
Bounded spectrum of 5 D: Lowest eigenvalue distribution:
A
Im()\) f( ) !
)\min i
P e 2> !
0 Re()) %<0 :
)\nllin A
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A (naive) stochastic picture of Lattice QCD &

Sketch employs Gaussian for simplicity

Simulating QCD ~» induces sampling distribution of gauge potential A,(z) « (arandom variable)

Requires solving the lattice-Dirac equation

DT/J(x) = 77(«'”) ) with D(MO) = %Vu(v/ﬂi + vu) iy MO + G,Cswioﬁuﬁwf
Bounded spectrum of 5 D: Lowest eigenvalue distribution:
A
)\min
¢ 2>0
0 Re()\) 90

)\min A
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A (naive) stochastic picture of Lattice QCD &

Sketch employs Gaussian for simplicity

Simulating QCD ~» induces sampling distribution of gauge potential A,(z) « (arandom variable)

Requires solving the lattice-Dirac equation

Dy(z) =n(z), with D(Mo) = 57u(Vii + V) + Mo + acew 10, Fp
Bounded spectrum of 5 D: Lowest eigenvalue distribution:
m () ™ :
Ao i
0 Re() ge >0 :

increased change of encountering near-zero mode

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =



Critical aspects of lattice QCD simulations )

Various choices (strongly) impact simulation cost and reliability of a simulation.

4 Discretisation aspects }

~

gauge action (impacts UV fluctuations)

fermion action (lattice Dirac operator D)

spectral gap of D ~ Amin (near zero-modes in MD evolution)

J

4 Algorithmic aspects ‘

N

update algorithm: Hybrid Monte-Carlo (exploration of phase space

integration schemes and length (symplectic integrators

)

)

numerical precision, e.g. in global sums (Metropolis step) (double precision)
)

solver parameters (stability & performance

4 Physical aspects ‘

‘ \

coarse a ~ promote large fluctuations of gauge field (roughness of U fields)
small myq ~ result in small eigenvalues Amin (myq) of lattice Dirac operator
large (L/a)* ~ increase risk of exceptional behaviour (e.g. from MD force)

Large potential for algorithmic instabilities and precision issues. = Additional stability measures required.m

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = =



Stabilising measures for QCD
ak.a.

Stabilised
Wilson

Fermions

P. Fritzsch
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Stabilising measures for QCD“’a] Comput . Phys.Commun. 255 (2020) 107355 -

include ...

new fermion action / Wilson—Dirac operator
new algorithm: stochastic molecular dynamics (SMD) algorithm[4’7]

solver stopping criteria

1Dy —nl2 < plnl2,

1/2
Inl2 = (Z (n(a:),n(a:))) x VV v V-independent uniform norm: [nce = sup, |n(x)|2
x
[n]loo for all forces (resp = 10712 ...1071%) and some actions (resg = 10712)
global Metropolis accept-reject step (numerical precision must increase with V')
AH x VV \/quadruple precision in global sums

well-established techniques

\/Schwarz Alternating Procedure, local deflation, multi-grid, ...
even-odd & mass-preconditioning, multiple time-scales, ...

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 11



New Wilson—Dirac operator”

with exponential clover term

*
D= %W’M(Vu +Vu)
Even-odd preconditioning:

+ Mo + acswio',u,uF,u‘u

f)=Dee_Deo( )_lDoe
with diagonal part[8]
Dee + = Mo + Cswiauuﬁuu
X

small mass, rough gauge field, large lattice promote instabilities in (

) -1
P. Fritzsch

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

Comput.Phys.Commun. 255 (2020) 107355

(Mo = 4+ myg)



New Wilson—Dirac operator”
with exponential clover term

D= %’YM(V: +Vu)
Even-odd preconditioning:

+ Mo + acswio',u,uF,u‘u

f)=Dee_Deo( )_lDoe
with diagonal part[8]
Dee + = Mo + Cswiauuﬁuu ~
X

Csw 1 A

My ex — —ou F
0P { Mo 47 “”}
small mass, rough gauge field, large lattice promote instabilities in (

v Employ exponential mapping

)—1
regulates UV fluctuations

valid Symanzik expansion/improvement
guarantees invertibility

P. Fritzsch

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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New Wilson—Dirac operator”

with exponential clover term

D = 37u(Va + V)

Comput.Phys.Commun. 255 (2020) 107355

+ Mo +aCswi0'uuFuu ~

(Mo =4+ mo)

Csw 1 A
M() exp {]\Z_V;ZJ[J,VF[JV}

Pion correlator in pure Yang-Mills theory (N = 0, m, ~ 200 MeV, 8 = 6.0,a ~ 0.094 fm):

std. Wilson—Dirac operator

10 .
3
a’G(y T=48, std =
1| T=32 o
T=24
T=16 o |
.
0.1
]
+
el |4 - =
80% 14T ° o
001 | AP K o2°
Baga” J}I i S5
111
| Tﬁﬁﬁﬂ*
0.001 -
0.000 va
. 1
0 10 15 20 25 30 35 40 45
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new Wilson—Dirac operator

10
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Algorithmic improvements for stability

Comput.Phys.Commun. 255 (2020)

Stochastic Molecular Dynamics (SMD) algorithm[4’7]

Refresh 7(z, 1), ¢(z) by random field rotation
T —> C1T+ C2V ,

cp=e 7, c%—i—cg:l,

+ MD evolution + accept-reject step + repeat. If rejected: {U, 7, (Z)} —{U, —m, q~5}

ergodic[g] for sufficiently small e
(typically e < 0.35vs. 7 =1—12)

exact algorithm

significant reduction of unbounded energy violations
|AH| > 1

a bit “slower” than HMC but compensated by shorter
autocorrelation times

smooth changes in ¢¢, Uy improve update of deflation
subspace

P. Fritzsch

path switch
H M c possible
& Momenta redrawn
© Integration errors
accumulate
© Possible long
jumps in T’
 Possible path
switch after jump

Phase Space Trajectory
|  Phase Space Trajectory,

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

v(z, ), n(x) € N(0,1)

(v > 0: friction parameter; e: MD integration time)

=Y
107355 i
© Momenta rotated
& Shorter traj. length
© Acc./Rej. after each
% High acc. required
© Less integration
errors accumulated
© Stochastic path
Pa®
L7
i
Prew = R (P Pu)
Phase Space Trajectory
= = = 14



Comparison to traditional Wilson—Clover action

e.g: Nf = 2 + 1 data of Coordinated Lattice Simulations (CLS) effort!

wp, F

1710 -

1709 =

1.708

Non-perturbative improvement:

22—

20F

a=0.094 fm ‘; —

i
7

plaquette (energy density) with SMD: a = 0.095 fm

MJMVMNMJMMM“M\MM o v{ 3
LA R L

wp,

1.578

1.577

1 1576

Gu‘mmm‘mm

0

ZODO 4000 6000 8000 10000

exp. clover (A7)

P. Fritzsch

2000 4000 6000 8000 10000

std. clover (X71)

10-12]

Chiral trajectory:

to and ¢4 = 8to(3m2 + m¥%) = 1.11 ~ Tr[M,]

Stabilised Wilson

Standard Wilson

= — T T Y e B ——
1.02 102
& 100 & 10 Iy + +
098 + 098 f 4
096 [~ 096 [~ L)
I L I I TR
1.04 — T T | 1.04 - T T T j
102~ 4 12 [ .
E| .
o100 2 100 - +
098 — - 098 -
096 - 0.96 —
L k| | | |

a = 0.095 fm

key observation

smoother fluctuations

08

smaller lattice spacing effects

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

0

02 04 [P

a = 0.064,0.086 fm
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Master field

approach

negligible finite-volume effects

evade topological-freezing problem

access to new kinematic regimes

ideal for position-space methods

new tool to perform different/new calculations

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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Nt = 2 + 1+all stabilising measures®®

M. Cé, M. Bruno, J.Bulava, A. Francis, P.F,,
J.Green, M. Luscher, A. Rago, M. Hansen

QCD my = 270 MeV = 2m5rhys
masier flold& openQCD-2.0, openQCD-2. 4"
Master-field error estimation discussed in
JHEP11(2023) 167"

In preparation:
paper on master-field simulations & spectrum

P. Fritzsch
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https://arxiv.org/abs/2307.15674

Summary of Ny = 2 4+ 1 master-field simulations
Std. lattice: myx = 270 MeV, V4 = 324, L = 3fm, m,L = 4.1

Mr
MeV

450

400

350

300

250

200

150

100

Nt =2+ 1 QCD master-field simulations

= b o o N EYE!

E ‘ o o o a/fm e

F- ~ Mak
F ¥ ° =270
o > -, phys
S T 3 M
B el LT LRt A TRR) HELLESLtes RIS LSS St Rttt

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

(a/fm)?
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Summary of Ny = 2 4+ 1 master-field simulations &
. Nt =2+ 1 QCD master-field simulations Std. lattice: My = 270 Mev’ V4 — 324’ L =3 fm, an =4.1
MeVE T T T T~ T T~ T~ T T T T T 14
wp [ o comz P V = 96* (L = 9fm, m,L ~ 12.3)

400 o

w0 b E V/Va=34=81 (Neore = 6144)
300 E E Cost: 3Mch (thermal.) + 0.2Mch (add. cfg.)
250 , Y * : 270 Total memory used: 1.8 TiB (= 309.1 MiB per core)
20 [ 3 On disc: 132 GiB (=46 GiB U + 61 GiB ¢ + 20 GiB )
10 ? € imf,h“

100 £ B

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

(a/fm)?

ul
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Summary of Ny = 2 4+ 1 master-field simulations

Nt =2+ 1 QCD master-field simulations

Mr

MeV

450

400

350

300

250

200

150

100

R T T R L
E o o> o N E

F ‘ o9 o o a/fm o H

£ =] MrK
E ¥ ) H270
F & o pphys
£ ‘Continuum limit 3 M
= 1 1 1 1 1 1 1 1 |

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

P. Fritzsch

(a/fm)?

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =

Std. lattice: myx = 270 MeV, V4 = 324, L = 3fm, m,L = 4.1

V =96* (L = 9fm, m,L ~ 12.3)
V/Va=3%*=81 (Ncore = 6144)
Cost: 3Mch (thermal.) + 0.2Mch (add. cfg.)
Total memory used: 1.8 TiB (= 309.1 MiB per core)
On disc: 132 GiB (=46 GiB U + 61 GiB ¢ + 20 GiB )

V =192% (L = 18fm, mL =~ 24.7)
V/Vy = 6* = 1296 (Ncore = 36864)
Cost: 45Mch (thermal.) + 9 Mch (add. cfg.)
Total memory used: 35.9 TiB (= 1019.8 MiB per core)
Ondisc: 2TiB (=729 GiB U + 972 GiB ¢ + 324 GiB )
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Summary of Ny = 2 4+ 1 master-field simulations &
e Nt =2+ 1 QCD master-field simulations Std |attiCe: My = 270 Mev’ V4 — 324’ L — 3fm, an — 4'1
MV F T 7 T~ T T T T T T T T T

E S o> o a/tm — e
SR ICHEN S il F V =964 (L = 9fm, m,L ~ 12.3)
100 [ Jmax
wo | E V/Va=34=81 (Neore = 6144)
300 E E Cost: 3Mch (thermal.) + 0.2Mch (add. cfg.)
250 , Y * : 270 Total memory used: 1.8 TiB (= 309.1 MiB per core)
20 [ 3 On disc: 132 GiB (=46 GiB U + 61 GiB ¢ + 20 GiB )
150 — = =
100 i ‘con‘nnu‘um Tlnll(" ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘7: V — 1924 (L — 18 fm! m_n_L z 24'7)
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 4
(fm)? V/Vs = 6% = 1296 (Neore = 36864)
4 Cost: 45Mch (thermal.) + 9 Mch (add. cfg.)
V =144" (L =92fm m. L ~12.6) Total memory used:  35.9 TiB (= 1019.8 MiB per core)
V/Vy = (144/48)% = 81 (Neore = 10368) Ondisc: 2 TiB (= 729 GIB U + 972 GiB ¢ + 324 GiB )
Cost: 20Mch (thermal.) + 13Mch (per add. cfg.)
Total memory used: 11.1 TiB (= 1.1 GiB per core)

On disc: 642 GiB (= 231 GiB U + 308 GiB ¢ + 103 GiB )

it
»
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Summary of Ny = 2 4+ 1 master-field simulations &
me MR QUD memeied s Std. lattice: my = 270 MeV, V4 = 32%, L = 3fm, mL = 4.1
MeV E7 | ' ' ' ' ' ' ™
450 * [ o EORTENING; V =96* (L = 9fm, m,L ~ 12.3)

:ZZ g ] V/Vy =3t =81 (Noore = 6144)
200 L E Cost: 3Mch (thermal.) + 0.2Mch (add. cfg.)
250 , Y * : 270 Total memory used: 1.8 TiB (= 309.1 MiB per core)
20 | E Ondisc: 132 GiB (= 46 GiB U + 61 GiB ¢ + 20 GiB )
oo [ omwmECON ] V =192% (L = 18fm, mL ~ 24.7)
0 0.002 0.004 04[)(1%[1(;(308 0.01 0.012 0.014 V/w _ 64 _ 1296 (Ncure _ 36864)
Cost: 45Mch (thermal.) + 9 Mch (add. cfg.)
V = 144" (L = 9.2fm, mr L ~ 12.6) Total memory used:  35.9 TiB (= 1019.8 MiB per core)
V/Vy = (144/48)% = 81 (Neore = 10368) Ondisc: 2 TiB (= 729 GIB U + 972 GiB ¢ + 324 GiB )
Cost: 20 Mch (thermal.) + 13Mch (per add. cfg.)
Total memory used: 11.1 TiB (= 1.1 GiB per core) tuning at finer lattice spacing
On disc: 642 GiB (= 231 GiB U + 308 GiB ¢ + 103 GiB ) a~0.035fm = 256*@L = 9fm

~ continuum limit

it
3
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How to (efficiently) calculate hadronic observables?
Variety of choices:

time-momentum correlators
C(ao,p) = Y _exp(~ipx)C(z,0)
X

have large footprint in space forp = 0
(inexact momentum projection ~ more localized)

= position-space correlators

single point source (inefficient)
Dirichlet b.c. on blocks! ! (induce boundary effect)
random source (useable)

WORK
N
PROGRESS

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024



How to (efficiently) calculate hadronic observables?

Variety of choices:

Grid of point sources:
time-momentum correlators

O(wo,p) = ) | exp(~ipx)C(x,0)

have large footprint in space forp = 0
(inexact momentum projection ~~ more localized)

= position-space correlators

single point source (inefficient) "
Dirichlet b.c. on blocks! ! (induce boundary effect) b
random source (useable)
‘WORK
rm:;.nlss
U

2D sketch of exponential decay of ,2-pt function” with
(8a/2a)? = 4% = 16 grid source points
Take away message

employ techniques compatible with MF translation average for single inversion of Dirac op.

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = =
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Hadronic observables

in position space

E.g. meson 2-pt function (like pion propagator)
Crr/(z) =

—Tr{Tys D' (z,0)yI' D~ (,0)},
with localisation range 1/m (not ultra-local)

For |z| — oo

2m
cp
Cpp(z) — | |2 —P K1(mplz|) ,
ar? |z |
CN
loxl? [Ka(mslel) + £ Kol
an? x| ||
axis/off-axis directions different cutoff effects

correlator averaged over equivalent distances r = |z|

1
CO) = e Do

P. Fritzsch

CNN (z) —

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

Hadron propagators

1D~ (z,0)]| ~ eI/
Asymptotic form of position-space correlators analytically known when a = 0 (T', L = o0)

20



Hadronic observables &
from position-space correlators & grid-points offset b = 48a (rmax = 48a/ V2 < 34a)

Effective masses of pion and nucleon (a = 0.94 fm) on 964

020+ covariant 0.8 ,\\ covariant, tr NN
[0 one-state fit \é\ covariant, tr YNN
0.184 [0 two-state fit 0718\ | one-state fit, rNN
\ ’ \‘-\«\ I one-state fit, tr Y{NN
0.16q \ \\ \‘s\\ two-state fit, tr NN
\

- _0.64 QU Q\\ [0 two-state fit, tr YNN
£ 0.141 g .
< =

0.124

0.104

0.31
0.08 1
5 10 5 20 25 30 5 10 5 20 25 30
rla r/a

Comments:

similar statistics (4096 noise src.) and computational effort on 964 (xgs = 12) and 1924 (xgs = 24)
different methods for proper calculations of uncertainties available (bootstrap, I'-method)

using empirical ansatz for excited state effects

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = 21



q v
Hadronic observables &
from position-space correlators & grid-points offset b = 48a (rmax = 48a/ V2 < 34a)

Effective masses of pion and nucleon (a = 0.94 fm) on 1924

[ \
0.20 4 \\\ covariant 0.84 \ \ covariant, tr NN
\ [0 one-state fit \\\ covariant, tr YNN
0.181 ! | two-state fit o \\\ | one-state fit, tr NN
7 N\ I one-state fit, tr Y{NN
0.16q A.\A\\\ two-state fit, tr NN
0.6 S § [0 two-state fit, tr YNN
3 5 & \
= 0.14 g
5] =
0.124
0.44
0.104
0.31
0.08 1
5 10 15 20 25 30 5 10 15 20 25 30
rla r/a
Comments:

similar statistics (4096 noise src.) and computational effort on 964 (xgs = 12) and 1924 (xgs = 24)
different methods for proper calculations of uncertainties available (bootstrap, I"-method)
using empirical ansatz for excited state effects

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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Simulating StabWF: the standard way

N¢ = 2 + 1 Stabilised Wilson-Fermion simulations

P. Fritzsch

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

perform standard-sized lattice simulations

exploit all stabilising measures! ']
(Exp-Clover action, SMD, ...)

various lattices {a/L, 3, mx} to complement master-field
simulations

https://openlatl.gitlab.io
:‘:';[,
OPEN LATtice initiative

This is an effort within the Lattice QCD community
(started in 2019) for the production and sharing of
dynamical gauge field ensembles to study physical
phenomena of the strong interaction. We are
aware that not every young researcher can be in
the favourable position to belong to one of the big
collaborations with access to large scale
simulations to pursue new ideas. We want to close
this gap by forming the present initiative centered
around latest developments in the field. We offer

22
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Nt = 2 + 1 Stabilised Wilson-Fermion simulations g

OpenLat large-scale simulations

Ce0e

Francesca Anthony Pat.rickh Gigvanni PhySICS prolects:

Cuteri i Frit Py i . . . .
e Francts e ceree Moments of parton distribution functions
Neutron electric dipole moment

Nucleon elastic and inelastic resonant structure

2

W

QCD thermodynamics

Antonio Andrea André Savvas
Rago Shindler Walker-Loud Zafeiropoulos

Heavy quark physics
Renormalisation & O(a)-improvement

Dimitra
Pefkou

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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N; = 2 + 1 Stabilised Wilson-Fermion simulations &

OpenLat large-scale simulations

CPO®

Erancesca Anthony Pat.rickh Gigvanni PhySiCS prOieCtS:
teri i Frit P i . . . .
¢ Francis e eeerive Moments of parton distribution functions

Neutron electric dipole moment
b Nucleon elastic and inelastic resonant structure
, . , QCD thermodynamics
Antonio Andrea André Savvas
Rago Shindler Walker-Loud Zafeiropoulos Heavy quark thSiCS

Renormalisation & O(a)-improvement

Dimitra
Pefkou

Open for new members, collaborations, joint ventures, .. ]

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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OpenlLat gauge ensembles al

Physical run parameters from hadronic scheme

Tree-level Symanzik improved gauge action
Non-perturbatively improved exponential Wilson-Clover fermion action with M = diag(mg, mg, ms)

All stabilising measures implemented

Tr[M.] = const > 0
T

—
6 \ + \
Il «a 2 My
g M lohys 7 [L FBWS [
5 / =
z e Miy
d Tv[M.] / }
~  miklphys - — Mgym
~F - M3
g / 3
+ =~
o
am
Il /
x /
Be
= y
mZphys [ / — JL]/ d
i I I iL: ‘ ‘
0 My Mg M, 0 My Myym
2z o Mio, m2 Mo
P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = = = 24



Ni = 2 + 1 Stabilised Wilson-Fermion simulations &

Target:

m,L=3
4

5
6
Nefg a=0.12fm m——
- 0.094fm m——
P 0.077fm =
1000 . 0.064fm mmmm

1000 independent gauge configs
5-6 lattice spacings at SU (3)-flavour-symmetric point

4 lines of approx. const. pion mass:
mx/MeV ~ 410, 300, 200, 135

approaching physical points at coarse lattice spacings
a/fm = 0.078,0.094,0.12

e N 0.055fm ===
< L0 tuning
500 P N maL > 4.0
T
<X o N S
N ! N
5 S\ _— N
S LN
4\ N / \ N
A S 400
SN g 300 2P
N mEYS S 50 m, [MeV]
L[fm] NN\ 200
150
P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = = = 25



OpenlLat continuum and chiral trajectories

Following QCDSF, CLS strategy at Tr[M] = const

OpenLat Nf = 24+ 1 QCD simulations
M

MoV — T T T T [ T T T [ T T T T T T T

o R o e 90
LN R S o —a/fm— (X

P L T - @ +-

MrK

270

Y
continuum limit

| L | L | L | L | L | L | L |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
(a/fm)?

771',’,'“\

oo
3
[T T T T T T T T

¢a =8toEm.x =1.115,  m.x = 410.9(2) MeV

\/8to = 0.414(5) fm

Mgk = %(m?( +m72r/2) )

symmetric point ensembles

B bec. T/a L/a affm L/fm Lmx
4.37 ) 192 96 0.033 3.2 6.6
4.1 (0] 128 64 0.055 3.5 7.3
4.0 P 96 48  0.065 3.1 6.5
3.9 P 96 48 0.077 3.7 7.7
3.8 P 96 32 0.095 3.0 6.3

3.685 P 96 24 0.120 3.8 8.0

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024



OpenlLat continuum and chiral trajectories

Following QCDSF, CLS strategy at Tr[M] = const

OpenLat Nf = 24+ 1 QCD simulations
M

Mev [T T T T T T T T T T T
450 ok

20
o>

P i D *-

3 Rl at o I8
o (0 o« a/fm —

MrK

270

X

continuum limit

| L | L | L | L | L | L | L |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

(a/fm)?

mes

oo
3
[T T T T T T T T

¢a =8toEm.x =1.115,  m.x = 410.9(2) MeV

max = 2(m% +m2/2), /8t = 0.414(5) fm

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

:'!;
symmetric point ensembles
B gbc. T/a L/a a/fm L/fm Lm.x
4.37 ) 192 96 0.033 3.2 6.6
4.1 (0] 128 64 0.055 3.5 7.3
4.0 P 96 48 0.065 3.1 6.5
3.9 P 96 48 0.077 3.7 7.7
3.8 P 96 32 0.095 3.0 6.3
3.685 P 96 24 0.120 3.8 8.0
preliminary
L Mps
T, L — L
/a /e fm MeV s
96 32 3.04 410 6.32
96 32 3.04 300 4.62
128 48 4.56 200 4.62
128 72 6.84 135 4.68
= = 26



q . . =Y
Tuning large-scale StabWF simulations &
Goal: Gaussian distributed A H (no spikes)

Advantage: short integration length € vs. 7 = 2 MDU Pace = 98% at e ~ 0.25 MDU = 2/e~ 8Xx more data

speeds up tuning process significantly
(UV fluctuations important, not autocorrelations)

helps determining likelihood of unwanted spikes
better mass-preconditioning through eigenvalue computation

high-acceptance SMD <= less spikes in AH

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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q . . =Y
Tuning large-scale StabWF simulations &
Goal: Gaussian distributed A H (no spikes)

Advantage: short integration length € vs. 7 = 2 MDU Pace = 98% at e ~ 0.25 MDU = 2/e~ 8Xx more data

keep it simple, but not too simple

speeds up tuning process significantly 2-level OMF4 integrators (gauge, fermions)
(UV fluctuations important, not autocorrelations)

Nps ~ 5 + 4 pseudofermion fields
helps determining likelihood of unwanted spikes

5: mass-preconditioning (1o = 0.00005 — 0.00012)
better mass-preconditioning through eigenvalue computation 4: RHMC 11-15 poles

high-acceptance SMD <= less spikes in AH mostly 2nd form of mass-reweighting (z1 = v/2p0)

#o(; 1) < Amin(lv5DI)
RHMC: somewhat more conservative than ms2 suggestion

[nlloo for all forces (resp = 10712...10719)
and some actions (resg = 10—12)

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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P. Fritzsch

a ~ 0.095fm

m, ~ 210 MeV

Towards the physical point.

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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Tuning large-scale StabWF simulations
Example: a = 0.095 fm, 128 x 483, my ~ 210MeV, Lm, ~ 4.8

Energy violation AH:

1M

—100
—1k

P. Fritzsch

No regions of meta-stability!

number of cycles
Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

MDU
500 1000 1500 2000 2500
T T T T T
H ‘\ ‘ “‘ [ }\ ‘ | } } I
[run 7128L48 k3.8 kud.1392888_1d203 ]
L1 | | | | | 1
£t T T T T T
El | | | | |
0 2000 4000 6000 8000 10000

29



Tuning large-scale StabWF simulations @

Example: a = 0.095 fm, 128 x 483 m; ~ 210MeV, Lm, ~ 4.8 (€ =0.25, eActg = 4MDU, po = 0)
WORK
reweighting factors: RHMC ([0.016,8.6] w/ 11 poles) e
MDU
0 400 800 1200 1600 2000 2400 2800
1.04 — run T128L48,L3.8,ku0.1392888,i(‘1203 ‘ ‘ ‘ ‘

© Wl (strange)

—

[=3

)
T

total reweighting factors
j=1 j=1
o =
(=2 [°e)
T T

e

o
b~
T

e

©
I}
T

0.9 I I I I I I
0 100 200 300 400 500 600 700

configuration number

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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. . . EAY
Tuning large-scale StabWF simulations i
Example: a = 0.095 fm, 128 x 483, my ~ 210 MeV, Lmy ~ 4.8 (€ = 0.25, eAcgy = 4MDU, o = 0)

. .‘. WORK
lowest eigenvalue of | D], D, |: FRoURESS
)
MDU
0 400 800 1200 1600 2000 2400 2800
E — run TW28L481b3.8,ku@.1392888,‘id203 ‘ ! ! ! E
[ . ﬁ‘: ; 0.000125 i
§7 0001000 %r UY" uM \W' VNM ~M il ‘M W\\H“ ‘(‘“/ /‘I( ‘W‘ ”!M y“ “‘\‘MW\”‘\ ‘W “ ”M “\‘ il i M‘ y“““ \“1\‘ W M\ E
a I “ \ I ‘l \ V W ” ]
2 [ ]
E
g
S 0000100 L 1
P |
0.000010 ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700

configuration number

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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Tuning large-scale StabWF simulations

Example: @ = 0.095 fm, 128 x 483, my ~ 210 MeV, Lm, ~ 4.8 (€ = 0.25, €Aty = 4MDU, po = 0)

lowest eigenvalue of | D D|:

MDU
400 800 1200 1600 2000 2400 2800
T T

0
‘ Jrun T128L48._63.8_Ku0. 1392885_id203
|
85 o
b L
i \ Ll i 7 i |
7.5 ‘m‘W»MM\‘\ﬂ,\w W M w‘M i) \‘/V ”UM/’”)\W MVM‘N M”W!“/“v%«nw\ww\“‘” M\‘M\ il MV“ M\ J"ML,/\\/W\VH M e ‘\“‘“‘M

M“ N i
| ”
|

igenvalue [D] D|'/? (ms2/eva2)

©0.028

B

‘W ; \‘“ Hl *y‘m'\‘“ W‘u‘\‘ t H‘i ” M« (Vi }” w"‘ ,MM i V w f)\ﬂ
}V‘M th M ‘\’ v\”m i‘r i V’AJ UU M‘ “‘ ‘\‘V\W ﬂ% il ‘ i k“‘ f/«‘m' NW{M W \W\ \ H‘

' [ V\
— run T128L48_b3.8_ku@.1392888_1d203
a |

\\\\Tﬁ’i

| | | | | |
0 100 200 300 400 500 600 700
configuration number

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =



Tuning large-scale StabWF simulations
Example: a = 0.095 fm, 128 X 483, m, ~ 210 MeV, Lm, ~ 4.8

topological charge: PROGRESS

MDU
50

10 ﬂ

n
\ HH | “ ‘ f |‘ ‘\'\
” i | 0 Al \‘\ L

1 \y' WH m

|
L)

o
S

)
=}
-

a? = 2.40e+00)

=}

-
<
pan Seaa s

—

\"

top. charge Q(t/
o
8 3

——“;\

)
S

|
'S
o

—50 L

i ]
0 100 700
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Tuning large-scale StabWF simulations &
Example: @ = 0.095 fm, 128 x 483, my ~ 210 MeV, Lmy ~ 4.8 (€ = 0.25, €A sy = 4MDU, o = 0)
WORK
effective masses: e
0.25 )
r . 1 MK |phys
mx = 463.8 MeV
0.2 - = 3 mwK\phys
0.15 |- N il
% am,; :
§ I * My = 209.8 MeV amg |
01 T e
b 1 Malphys
0.05 |- _
0 I | | | | | 0
0 10 20 30 40 50 60

wo/a

No fully-fledged autocorrelation analysis!

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 30
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Tuning large-scale StabWF simulations &
Example: @ = 0.095 fm, 128 x 483 m, ~ 210 MeV, Lm, ~ 4.8 (e = 0.25, eAcgg = 4MDU, po = 0)

bare current quark masses:

0.06 ‘
[ amyq A 1
AMygs | 1 . :
0.05 |- s T ]
mbare — 108.3 MeV E
0.04 - - il

?; [ - bare 7

£ 003 | - mbare = 59.6 MeV ]

g . . ]
0.02 Mes/Mua = 9.4 i
0.01 L mbare = 11.6 MeV b

. -
[ ***$$%Mwﬁ%**ﬁﬁww+ﬁm*ﬁw*+ﬁwi
0 L I ! I I | 1y
0 10 20 30 40 50 60
z0/a

No fully-fledged autocorrelation analysis!
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a ~ 0.095fm

m,; ~ 135 MeV

P. Fritzsch

Latest, most stable tuned simulation.
Very short run so far.

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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Tuning large-scale StabWF simulations
Example: a = 0.095 fm, 128 x 723 my ~ 135 MeV

effective masses:

0.25 T
|- B . SNES S & N S
L myg = 473.8 MeV ]
02 -~
E; 015 - amgq =+ |
5 | amg |
L . ]
0.1 4
L - ]
r my = 132.6 MeV 1
EIzE$"'$“’$g$$i et i EX> 5 . = IIzEII£7
F | +T1$I*I | ""zfgiz‘i TgII}I 53 ‘
0.05
0 10 20 30 40 50 60
wo/a

No fully-fledged autocorri

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

Y
&)

(€ = 0.25, €Acgg = 1MDU)

4 MK |phys

1 MxK|phys

Mo |phys

WORK
N
PROGRESS

elation analysis!
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Tuning large-scale StabWF simulations &
Example: a = 0.095 fm, 128 x 723, m, ~ 135 MeV (e = 0.25, €Acgy = 1MDU)

bare current quark masses:

0.06 : - R e T
: amyq :
| s mbare = 121.9 MeV 1
005 | M :
004 - .
H r - mbare = 62.2 MeV 1
2 003 F Frxae B sy Ty g LR o x
E L i
0.02 Mes/Mua = 25.3 —
[ - |
0.01 .
r = mbae = 4.8 MeV q
r R e o o e = o e e o = =
0 | | | | | | 0
0 10 20 30 40 50 60
z0/a
FLAG: ms /Mg = 27.4 No fully-fledged autocorrelation analysis!

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 = =
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Renormalisation and improvement in the SF

In collaboration with J.Heitger and J.Kuhlmann

Massless vs massive scheme
2 LCP’s: Tr[M] = 0 and Tr[M] > 0

enter hadronic regime with SF simulations
(i.e. close volume gap between SF and LV runs)

to vs. géF(L) scale setting
reduce ambiguities of Zx, cx, bx

confirm ren. & improvement pattern of Wilson fermions

My~0 at L~3fm

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

L/a B a/fm L/fm 6L[3fm)]
96 4.37 0.033 3.168 +5.6%
56 4.1 0.055 3.080 +2.6%
48 4.0 0.065 3.120 +4.0%
40 3.9 0.077  3.080 +2.6%
32 3.8 0.095 3.040 +1.3%
24 3.685 0.120 2.880 —4.0%
ca at the chiral and symmetric point
0.00 - 0.00
~0.011 . \ e | o0l
Ot
£
~0.02 ¥y -0.02
x

-0.031

—0.04 1

-0.051

1-loop PT
Padé fit @ chiral
—— Padé fit @ symmetric

0.00

0.25 0.50 0.75

-0.03

-0.04

-0.05
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H dibaryon: a — 0 universality (PRELIMINARY)
Summary

BaSc: Baryon Scattering collaboration — combined effort of “Mainz” and sLapHnn
40

Master-fields require stabilising measures t as l
~30 | Opent
Modified fermion action (a.k.a. exponential clover) ; ﬁ
: . . <20 i Three exp-clover
Stochastic Molecular dynamics (SMD) algorithm =0 * # ensembles with L ~ 3 fm

Uniform norm & quadruple precision

04 T T T T T
Muttil | deflati 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
Hev on a* (fm?)
ultilevel deflatio Second action at SU(3) point: exponentiated clover / stabilized Wilson (OpenLat).
So far: Smaller lattice artifacts than standard clover (CLS).

stabilising measures (action, SMD, ...) work excellent, especially at coarse lattice spacing v/
96,1924 (a = 0.095 fm) and 1444 (a = 0.065 fm) master-field ready for physics applications v
master-field prefers traget partition function v

very large volumes like (18 fm)4 still challenging but doable (or m‘,’,hys) ve

position-space correlators ~~ hadron masses, decay constants, ...

Ongoing: We just start to uncover new possibilities.
continuum limit scaling behaviour (3rd lattice spacing)
master-fields: natural setup to study spectral reconstruction Th““k, [
complementary large-scale lattice simulations (OpenLat) AOU\; )
exploration of physical calculations & benchmarking J.

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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P. Fritzsch

Backup slides

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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Exponential clover implementation
Apply Cayley—Hamilton theorem for 6 X 6 hermitean matrices

Zauvﬁuu (z) = (A+ (@)

0 4 O( )) , Expansion coefficients (px € R)
—(\T
4 po = %tr{AG} - %tr{A4}tr{A2} —
6 K
tr{A}—O = A :ZpkA p1=%tr{A5}—étr{A3}tr{A2},
=0 p2 = Alltr{A“} - étr{Az}2 ,
Any polynomial in A of degree N > 6 can be reduced to a g
5 p3 = gtr{A } ,
k ps = Str{A%},
q}cA )
with A-dependent coefficients g, calculated recursively.

N
Ak
exp(4) = Z kf converges rapidly with bound

= exp ( UWF“,, (x)) easily obstained to machine precision.

P. Fritzsch

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

N+41
I (A < R exlal)

tr{A%}” + Ltr{A%}
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Master fields prefer the target partition function
Reweighting of observables not available
QCD simulations necessitate frequency-splitting methods

Hasenbusch (mass-)preconditioning for quark doublet (ttr, > ... > o)

DD + 2

1 n
Spt = (¢o, m%) + Z(¢k’
k=1

n—k+1
Do, )
requires mass-reweighting if regulator mass po # 0

rational approximation of strange (or charm) quark determinant is given by

m—1 ot 2

D! Dg + w

det(Ds) = Wedet(R™1) | R:CH = " Tk
k=0

DIDq +v?
with reweighting factor Ws = det(DsR) to

: Zolotarev optimal rat. approx
correct approximation error (m =degree of [D;rDS]_l/2)

Complying with strict bound

o(Ws)

5)
P. Fritzsch

= Vif approximation is sufficiently accurate
< 0.1 guarantees unbiased results in all observables.

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024
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Monitoring observables (thermalisation) &
96% : @ = 0.095 fm, m, = 270 MeV, Lm, = 12.5 (L = 9fm)

2481 ]
2246 ++++++ } ‘+‘i+ 4
bt IARSRRRER :
244 - Simulations without TM-reweighting:
e e e no spikes in AH
00 T T T T T T T T T T T T T T ]
sl 4 * | + + + + { } + ] (e=2HY = 1 within errors
Ng)zooo} + + + f % + + I + + + | t i { + + + f acceptance rate 98% or higher
1300 f+ + B checked that o(Ds) € [ra, 3] of Zolotarev rational
1000~ L +‘ LT approximation
wofr T T T T T T adapt solver tolerances to exclude statistically relevant
s0F m / E effects of numerical inaccuracies
Qo E autocorrelation times: 20-30 MDU
S0 W \\/ \ /\/\/\/ \./ E
—100E ‘ ‘ ‘ ‘ ‘ A
0 @ 20 100 10 10 160 180
MD time

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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Master-field simulations
Thermalising 1924 (@ = 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 = 0 1 2 3 4567 8 dH = -1.4e-02, iac =
npf = 8 Average plaquette = 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 = 0.3 Action 3: <status> = 0 [0,0]0,0]
eps = 0.137 Action <status> = 0 [0,0]0,0]
iacc = 1 Action <status> = 2 [5,2]7,6]
Action <status> 27
Action <status> = 21 [3,2]5,3]
Action <status> = 22 [3,2]5,3]
Rational @: Field <status> 139
degree = 12 Field <status> = 31 [3,2]6,4]
range = [0.012,8.1] Field <status> = 38 [5,3]8,7]
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 [3,2]6,4];23 [3,2]5,4]
Level 1: Force  3: <status> = 28 [5,3]|7,6];30 [5,3]7,6]
4th order OMF integrator Force <status> 29 [5,2]7,61;32 [5,2]7,6]
Number of steps = 2 Force <status> 28 [5,2]7,5];30 [5,2]7,6]
Forces =12 3 4567 8 Force <status> 303
Force <status> 22 [3,215,33;23 [3,2]5,3]
Force <status> = 23 [3,2]5,31;26 [3,2]5,3]
Modes <status> 0,0010,0

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)

P. Fritzsch Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024 =
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Master-field simulations
Study deflation subspace (a = 0.095 fm)

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

0.06

0.04

0.02

0.02

0.01

0.06

0.06

0.04

0.02

0.02

0.01

0.06

T
2096 small cigonvalucs (Auhat) +

T
(]| 20%61 lurgo igomalucs (tubat) +

[Eil
my = 408 MeV
E
+ K L,
r - r e e 7
a1l
| | I | I TP R P O B
o0 001 002 003 004 005 1058 1059 1.06 1.061 1062 1.063 1.064
T T T T T
] [20%96 sl cigenotues (aunat) + [|[ [£] | 2004 lncge cigenvalucs (homat) +
mg = 293 MeV
an a1l
I | I | | TP R B O B
0 0.01 0.02 003 004 005 1.058 1.059 1.06 1.061 1.062 1.063 1.064

P. Fritzsch

0.06

0.01

0.02

0.02

0.01

0.06

Deflation subspace < ,low-modes* {1, - ,¥n,}

Ay = PoDPy

: restricted Dirac op.

Py: orthogonal projector to DFL subspace

T
2006 s

e T
amal igemvatocs (o) + ||| (2]

T
2064 largo cigemalucs (kvbat) +
mx = 215 MeV
S 4
anl

0

L
0.01

I
0.02

I
003 0.04

Stabilised Wilson fermions, HHIQCD, YITP, Kyoto, 2024

I I I I I I I
0.05 108 1.050 106 1061 1.062 1.063 1.064
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