CrrTicaL Stowing Down v HMC FOURIER ACCELERATION RiemanNIAN MantroLpo HMC NEexT STEPS
[} [e]e) 0000 00000

Riemannian Manifold Hybrid Monte Carlo in
Lattice QCD

Tuan Nguyen
in collaboration with Chulwoo Jung, Yong-Chull Jang,
Norman Christ, Peter Boyle, ...

Columbia University

July 2021

This research was supported by the Exascale Computing Project
(17-SC-20-SC), a collaborative effort of the US DOE'’s Office of Science and
National Nuclear Security Administration.



CrrTicaL Stowing Down v HMC FOURIER ACCELERATION RiemanNIAN MantroLpo HMC NEexT STEPS
[} [e]e) 0000 00000

OVERVIEW

Critical Slowing Down in HMC

Fourier Acceleration

Riemannian Manifold HMC

Next Steps

2/14



CrrTicaL StowiNng Down v HMC FOURIER ACCELERATION RiemanNIAN MantroLpo HMC NEexT STEPS
[ ] [e]e) 0000 00000

AUTOCORRELATION INCREASES AS LATTICE SPACING
DECREASES
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» Consider fixed physical L with open boundaries in time
and 7 ~ L

» Liischer and Schaefer show 7;,; ~ a2 for HMC [1]

larXiv: 1105.4749v1 [hep-lat]
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Fourier AccELERATION: ADD COORDINATE DEPENDENT
Mass TerM so ALL MobDEs MoVE AT SAME RATE

» Free scalar field theory: H = %71‘2 + %qb(mz — Vz)qb

> M=1
> o=—(m*—V?)¢
> (k) =m? + k>
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Fourier AccELERATION: ADD COORDINATE DEPENDENT
Mass TerM so ALL MobDEs MoVE AT SAME RATE

» Free scalar field theory: H = %712 + %qb(mz — Vz)qb
> M=1
> o= —(m*-V?)¢
> 2(k) = m? + K2
1 - 1
» Consider: H = 577[(1 — k) — kV?] br 4 Egb(mz - Ve
> M=(1-k)—rV?
> b= —[(1—k)—kV2] (2 - V2)

m? 4 k?
» w2(k) = 7(1 — n) e

4/14



CrrTicaL Stowing Down v HMC FOURIER ACCELERATION RiemanNIAN MantroLpo HMC NEexT STEPS
[} [ o) 0000 00000

Fourier AccELERATION: ADD COORDINATE DEPENDENT
Mass TerM so ALL MobDEs MoVE AT SAME RATE

» Free scalar field theory: H = %712 + %qb(mz — Vz)qb
> M=1
> o= —(m*-V?)¢
> 2(k) = m? + K2
1 - 1
» Consider: H = 577[(1 — k) — kV?] br 4 Egb(mz - Ve
> M=(1-k)—rV?
> b= —[(1—k)—kV2] (2 - V2)

2 k2
> 20k — _mte
w (k) (1 — k) + Kk?
» Adding interactions, we generally want

dS
M(k d*x pf ==
( )oc/ X 56 e
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HMC Gauce Force PowEer SpecTtRUM Is NEARLY LINEAR

351 == DBW2 ‘
g 307 W?Ison, B=10on 16* i > DBW2: 1/a = 2GeV
2 5 === Wilson, B=6.4 on 324 1
] : » Wilson, 5 = 10:
o200 1/a = 270 GeV
g1 ! > Wilson, § = 6.4:
S i 1/a =3.6GeV
59 1 1
1 1
0 T . . . 1
0.0 0.2 0.4 0.6 0.8 1.0

Eigenvalue of —V2/16

> Define bandpass filter B(A) &~ Py yyax(V%/16)
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HMC Gauce Force PowEer SpecTtRUM Is NEARLY LINEAR

351 == DBW2 ‘
g 307 W?Ison, B=10on 16* i > DBW2: 1/a = 2GeV
2 5 === Wilson, B=6.4 on 324 1
] : » Wilson, 5 = 10:
o200 1/a = 270 GeV
g1 ! > Wilson, § = 6.4:
S i 1/a =3.6GeV
59 1 1
1 1
0 T . . . 1
0.0 0.2 0.4 0.6 0.8 1.0

Eigenvalue of —V2/16

> Define bandpass filter B(A) &~ Py yyax(V%/16)
» Measure <FHB(A)’FG> /Tr[B()\)]
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RMHMC: Mass Term DePENDS SOLELY ON COVARIANT
LarrLace OPERATOR

» MD Hamiltonian: [2]

H= %Tr [P0 M U ()1Pu(x) } + SIUL ()] + log |M]
(1)

2https://doi.org/10.1111/j.1467-—9868.2010.00765.x

3https://doi.org/10.1016/0370—2693(86)90940—8
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RMHMC: Mass Term DePENDS SOLELY ON COVARIANT
LarrLace OPERATOR

» MD Hamiltonian: [2]

H=imy [P0 M U ()1Pu(x) } + SIUL ()] + log |M]

2
(1)
VZ
» Duane and Pendleton: [3] M = (1 — k) — ml—g

2https://doi.org/10.1111/j.1467-—9868.2010.00765.x

3https://doi.org/10.1016/0370—2693(86)90940—8
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RMHMC: Mass Term DePENDS SOLELY ON COVARIANT
LarrLace OPERATOR

» MD Hamiltonian: [2]

H=imy [P0 M U ()1Pu(x) } + SIUL ()] + log |M]

2
(1)

VZ

» Duane and Pendleton: [3] M = (1 — k) — ml—g
» Generalize to: 5
+a1(-VZ%/16 -

M:[c+z @+ (- Vo/16) 2]

bo + b1 (=V%/16) + (—VZ%/16)

2https://doi.org/10.1111/j.1467-—9868.2010.00765.x

3https://doi.org/10.1016/0370—2693(86)90940—8
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INSTEAD OF AUTOCORRELATION STUDIES, INVESTIGATE
LoNG-ScaLE OBSERVABLES

» Full many-trajectory autocorrelation studies take months

*arXiv: 1006.4518
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INSTEAD OF AUTOCORRELATION STUDIES, INVESTIGATE
LoNG-ScaLE OBSERVABLES

» Full many-trajectory autocorrelation studies take months
» Instead, study movement of long-distance observables

» Wilson flowed observables, such as Wilson flowed energy
E(t) = > pReTr[1 — V(7)p], probe length scales O(/7) [4]

*arXiv: 1006.4518
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FOURIER ACCELERATION

[©] [e]e]

Riemannian MantroLp HMC

NEexT StEPS
00000

Frowep WiLsoN ENERGY PROBES MOVEMENT OF Low
Mobes (WiLsoN 3 = 10 on 16* LATTICE)

102 4
— M=1(HMC) 10-7 4
___ s -2
M= [f7+1 (—%+1.1)2]
—_— -5 ]
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: g 1094
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Eigenvalue of —V2/16

» MD trajectory momenta generated with p =

== M=1(HMC)

M=[ 50 _
[——+l

= M= Wilson, B = 10
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Frowep WiLsoN ENERGY PROBES MOVEMENT OF Low
Mobes (WiLsoN 3 = 10 on 16* LATTICE)

102 q
— M=1(HMC) 10-74 == M=1(HMO)
_ 50 -2 M=] 500 _ 500 -2
M= [77+1 (7§+1.1)2] [——+1 (-Z+1a)
-8 4
1014 M= FG, Wilson, B = 10 ) 10 = M= FG, Wilson, B =10
o Il
3 £
2 10—9 4
10° 10-10
0.0 0.2 0.4 0.6 0.8 1.0 0.0 O.IZ 0j4 0:6 0.‘8 1.0
Eigenvalue of —V2/16 Eigenvalue of —V%/16

» MD trajectory momenta generated with p = M1/2¢

» RMHMC algorithms generate larger momenta
corresponding to low Laplace eigvals
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Frowep WiLsoN ENERGY PROBES MOVEMENT OF Low
Mobes (WiLsoN 3 = 10 on 16* LATTICE)

1024
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Eigenvalue of —V2/16 Eigenvalue of —V%/16

» MD trajectory momenta generated with p = M1/2¢

» RMHMC algorithms generate larger momenta
corresponding to low Laplace eigvals

» E(7 = 8) most sensitive to low Laplace eigval momenta
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RMHMC Moves FLoweD WiLsoN ENERGY FASTER THAN
HMC (WisoN 3 = 10 oN 16* LATTICE)

5 le-5
== M=1(HMC)

S {ietal = Fevs e | > HMC:
EIT\ 5| = M= FE yitson, g = 10 A7 =0.03125
1%:2_ _— » RMHMC:

AT =0.025
1_
0 , . .
0 20 40 60 80

Evolution Steps

» Step sizes tuned to give similar acceptance rates
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RMHMC Moves FLoweD WiLsoN ENERGY FASTER THAN
HMC (WisoN 3 = 10 oN 16* LATTICE)

5 le-5
== M=1(HMCQ)
4 M= e
[(z—mﬂ) (-5+11) ] » HMC:
? 5| = M=FG wison, =10 AT = 0.03125
é ] _— » RMHMC:
AT =0.025
1 -
0 : . .
0 20 40 60 80

Evolution Steps

» Step sizes tuned to give similar acceptance rates
» Distribution width of E(8) for thermalized configs is
~1x107*
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RMHMC Moves FLoweD WiLsoN ENERGY FASTER THAN
HMC (WisoN 3 = 10 oN 16* LATTICE)

5 le-5
== M=1(HMCQ)
4 M= e
[(Z_K+1) (-5+11) ] » HMC:
i'? 5| = M=FG wison, =10 AT = 0.03125
é ] _— » RMHMC:
AT =0.025
1 -
0 : . .
0 20 40 60 80

Evolution Steps

» Step sizes tuned to give similar acceptance rates

» Distribution width of E(8) for thermalized configs is
~1x107*

» RMHMC moves E(8) same amount as HMC in fewer steps /14
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SiMILAR REsuLTs SEEN FOR WILSON 3 = 6.4 on 32*
LATTICE
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Evolution Steps

» Step sizes tuned to give similar acceptance rates
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StmILAR ResuLrs SEEN FOR WILsON 3 = 6.4 oN 32*
LATTICE
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Evolution Steps

» Step sizes tuned to give similar acceptance rates
» RMHMC moves E(16) faster than HMC

NEext StEPS
00000
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HMC FermioN Force Has A MILDER SPECTRAL
DEPENDENCE
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Eigenvalue of —V2/16

» Fermion force has milder spectral dependence

NEext StEPS
0®000
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HMC FermioN Force Has A MILDER SPECTRAL
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» Fermion force has milder spectral dependence

NEexT StEPS
(o] lelele]

» In hierarchical scheme, implicit integration only needed in

lower (gauge only) levels
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NEeXT STEPS

» Demonstrate reduction in autocorrelation from long
evolution time

» Tune and run RMHMC with fermions. Investigate spectral
dependence of forces from Hasenbusch ratios.
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Thank You!
Questions?
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