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What are the driving science questions we are 
trying to understand? 

Why do we need High-Performance-Computing?  

How do we make optimal use of  the Leadership 
Class Supercomputers (like Summit at Oak Ridge 
National Laboratory)?  

Preliminary new results from new machines

This Talk
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Science Drivers
Can we understand the properties of  matter (protons, neutrons, atomic 
nuclei) directly from the Standard Model of  particle physics?  

Can we understand the evolution of  stars from their solar fusion cycle 
through supernovae explosions and collapse to neutron stars and black 
holes (directly from the Standard Model)?  

See Bronson Messer’s talk just prior - we are hoping to start a new 
effort connecting our research  

Why does the universe contain more matter than anti-matter? 

…





Standard Model
of particle physics
Everything we know… 



To the best of  our knowledge, the Standard Model matter in the 
Universe is comprised entirely of  matter and not anti-matter

We observe there are more protons than anti-protons in the universe by 
an amount of  roughly

matter 
(electron)

anti-matter 
(positron)

radiation  
(photon)

Nproton �Nanti�proton

Nphoton
' 10�9

<latexit sha1_base64="PqOM6i9JRb0CF+LhFy3k1Sz87NI="></latexit><latexit sha1_base64="PqOM6i9JRb0CF+LhFy3k1Sz87NI="></latexit><latexit sha1_base64="PqOM6i9JRb0CF+LhFy3k1Sz87NI="></latexit><latexit sha1_base64="PqOM6i9JRb0CF+LhFy3k1Sz87NI="></latexit>

While tiny, this is still 10,000 times or more greater than we would predict with the 
Standard Model - why is there so much matter in the universe?





Standard Model of Particle Physics



Formation of Matter 
T ≃ 1 trillion K (1012 K)

t ≃ 30 micro seconds (3x10-5 s)



T t



Formation of light nuclei

Nuclear physics to the rescue!

T ≃ 1 billion K (109 K)
t ≃ 3 minutes



Formation of Hydrogen (electrons captured by protons)

Photons are liberated and run free!

T ≃ 4,000 K
t ≃ 380,000 years



Formation of first stars

Formation of our solar system

T ≃ 20 K
t ≃ 200 Million years



Death of stars, creation of heavy nuclei and life, 
creation of new, ultradense states of nuclear matter



From Quarks to Protons and Neutrons

uu

d

proton

u

d

neutron

d

protons and neutrons are not fundamental - but they are composite states of  
quarks and gluons



Confinement of Quarks

cooler

computed by hot-QCD and Budapest-Wuppertal Lattice Collaborations
with previous generation supercomputers

Tc ' 145� 170 MeV

' 1012K



Formation of light nuclei

Nuclear physics to the rescue!

T ≃ 1 billion K (109 K)
t ≃ 3 minutes



Big Bang Nucleosynthesis



Our initial condition is a soup of  radiation plus a small excess amount of  matter, in 
the form of  protons, neutrons, electrons and photons



when systems cool, they settle into the lowest energy state

n p
mass/energy

Mn �Mp = 1.29333217(42) MeV
<latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit><latexit sha1_base64="dw/EZ6t3ppCIg1t3OV0qdJBD4TM="></latexit>

Mn +Mp

2
= 938.9187473(58) MeV
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EHydrogen = 13.6 eV
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1 MeV = 106 eV
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what prevented this from destroying all the neutrons?

if nothing else were to happen in the next few minutes, 
our universe would be full of only Hydrogen

when systems cool, they settle into the lowest energy state

n p
mass/energy

⌧n ⇠ 15 min



a system with protons and neutrons can collapse to a compact
bound state, the deuteron:  the attractive binding of a neutron
and proton allows neutrons to survive when embedded in nuclei

Answer: formation of nuclei

(Hydrogen energy = 13.6 eV)

➥

deuteron: 2.2 MeV binding

mass/energy

➥

when systems cool, they settle into the lowest energy state



helium:  -28.3 MeV

The deuterium “bottleneck” is broken, neutrons flow into He 

➥ deuteron:  -2.2 MeV

tritium:  -8.5 MeV

➥

➥

He stability:  ↑,↓ protons and ↑,↓ neutrons can be packed together

mass/energy



{

The early universe contains 75% H and 25% 4He by mass fraction
(“all” deuterium converted to 4He)

Helium

Hydrogen

The evolution of the universe is very sensitive to 
- what is the lifetime of a neutron?
- what is the excess of matter over anti-matter?



this picture very sensitive to binding energy of deuterium which is 
finely tuned (most nuclei have ~8 MeV binding per nucleon)!

more finely tuned
all neutrons decay - no helium
mostly hydrogen stars?

natural scenario
all neutrons captured in deuterium and 
helium - no hydrogen
no stars like ours!

What if

Bd � 2.22 MeV

Bd ⌧ 2.22 MeV

Can we understand the emergence of Bd and how 
fine-tuned it is in terms of the fundamental theory?  



this picture very sensitive to binding energy of deuterium which is 
finely tuned (most nuclei have ~8 MeV binding per nucleon)!

more finely tuned
all neutrons decay - no helium
mostly hydrogen stars?

natural scenario
all neutrons captured in deuterium and 
helium - no hydrogen
no stars like ours!

What if

Bd � 2.22 MeV

Bd ⌧ 2.22 MeV

Can we understand the emergence of Bd and how 
fine-tuned it is in terms of the fundamental theory?  

Yes!  
With            !



⌧n =
(5172.0± 1.1) seconds
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Czarnecki, Marciano, Sirlin

This picture is also very sensitive to the lifetime of the neutron

877.5 880.0 882.5 885.0 887.5 890.0 892.5 895.0

⌧n/s

0.2460
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0.2480

0.2485

0.2490

0.2495

0.2500
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Predicted primordial 4He mass 
fraction of the universe as a function 
of the neutron lifetime

Observed primordial 4He 
mass fraction of the 
universe

Two different methods of measuring the neutron 
lifetime disagree at the 99% level
bottle and beam

Is one of the experiments 
wrong?  Or is there new 
physics hiding here?



⌧n =
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This picture is also very sensitive to the lifetime of the neutron
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fraction of the universe as a function 
of the neutron lifetime

Observed primordial 4He 
mass fraction of the 
universe

Two different methods of measuring the neutron 
lifetime disagree at the 99% level
bottle and beam

Is one of the experiments 
wrong?  Or is there new 
physics hiding here?

In order to predict 
this number, we 
need to use massive 
super-computers



Solar Fusion



One needs neutrons and protons to make new nuclei.

Small stars burn protons only, manufacturing the needed neutrons

mass/energy
➥ deuteron:  -1.2 MeV

helium:  -28.3 MeV➥

➥

p+ p ! d+ ⌫e

2 deuterons:  -2.4 MeV

2 3He:  -12.4 MeV➥

pp chain

another bottleneck

thermal energy 
to support star



This is how our Sun generates its energy

80% of all stars generate their energy by hydrogen burning

At its very center the Sun generates 275 watts/m3 - similar to 
the energy generated by a  compost (garbage) heap (of the 
same size)!  

And this is why the Sun has burned for 4.6 b.y., and will burn for 
5 b.y. more, fortunately -- a very big, very slow reactor



This fundamental reaction can not be measured!
(Coulomb Repulsion)

We believe we know the rate, but we have not been able to 
predict it directly from the fundamental theory,

can we?



This fundamental reaction can not be measured!
(Coulomb Repulsion)

We believe we know the rate, but we have not been able to 
predict it directly from the fundamental theory,

can we?

Yes!  
With            !



Large stars use He and neutrons to build new nuclei.

Higher temperatures and higher densities are needed.

The Big Bang could not do this because the density was too low.

mass/energy
3 4He:  0 MeV

when matter is cold



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

but when matter is 
hot, T > 108 K

even more finely tuned



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

and then the 3rd 4He can be captured

➥

➥

➥
 12C:  -7.3 MeV

the triple-α process

can we understand this process 
from the fundamental theory?

even more finely tuned - source of complex life

Hoyle State

 12C*



mass/energy
 4He + “8Be”:  +0.09 MeV3 4He:  0 MeV

and then the 3rd 4He can be captured

➥

➥

➥
 12C:  -7.3 MeV

the triple-α process

can we understand this process 
from the fundamental theory?

even more finely tuned - source of complex life

Hoyle State

 12C*

Yes!  
maybe with            !



He, C, O, ... Si burning produces energy until Iron (Fe) 



core collapse supernova, shock-wave-aided ejection of 
mantel



Supernova

neutron star

black hole



“We are all made of star stuff”

much coming from the ejecta of supernova



Can we understand properties of neutron stars 
directly from the fundamental theory?



Can we understand properties of neutron stars 
directly from the fundamental theory?

Yes!  With



Can we understand properties of neutron stars 
directly from the fundamental theory?

Yes!  With Will it have GPUs?  
I hope so!



The inherent challenge in understanding properties of  matter (nuclear physics) directly 
from the fundamental theory, the Standard Model of  Particle Physics - is that the nuclear 
interactions are very strong - so perturbative methods fail 

Analogy:    1/(1-x) = 1 + x + x2 + x3 + …  
If  |x|<1, then each successive contribution is smaller.  
If  |x|>1, then contributions grow. 

The fundamental theory of  nuclear strong interactions is Quantum Chromodynamics 
a relativistic, quantum mechanical theory of  quarks and gluons 
inherently a 4-dimensional theory

!40

Need for HPC

uu

d

proton

u

d

neutron

d
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Need for HPC

space

time

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
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ultimately, we have to perform this integral of  integrals
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Need for HPC

space

time

Probability

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
<latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit>

ultimately, we have to perform this integral of  integrals
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Need for HPC

space

time

Probability
{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
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ultimately, we have to perform this integral of  integrals
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Need for HPC

space

time

Probability
{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

⇡
1

N

NX

i=1

O(t)O†(0)[Ui]

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
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ultimately, we have to perform this integral of  integrals
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Need for HPC

+O

✓
1p
N

◆

space

time

Probability
{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

⇡
1

N

NX

i=1

O(t)O†(0)[Ui]

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
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ultimately, we have to perform this integral of  integrals
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Need for HPC

+O

✓
1p
N

◆

space

time

Probability
{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

⇡
1

N

NX

i=1

O(t)O†(0)[Ui]

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
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a ⇠ 10�16 meters ⇠ 1

10
size proton

<latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit>

ultimately, we have to perform this integral of  integrals



!41

Need for HPC

+O

✓
1p
N

◆

space

time

Probability
{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

⇡
1

N

NX

i=1

O(t)O†(0)[Ui]
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L ⇠ 6⇥ 10�15 meters ⇠ 6⇥ size proton
<latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="miwh4mTcSwr8mEZE1O5yoD0IJi8=">AAAB43icbZBPS8MwGMbfzn+zTp1nL8EheJDRetHdBC8eJ1g32MpI03QLS9OSvB2Msi/g1ZMn8WN58LuYdTvo5gOBH8+TkPd9olwKg5735dR2dvf2D+qH7lHDPT45bTZeTFZoxgOWyUz3I2q4FIoHKFDyfq45TSPJe9H0YZn3ZlwbkalnnOc8TOlYiUQwitbqjpotr+1VItvgr6EFa42a38M4Y0XKFTJJjRn4Xo5hSTUKJvnCHRaG55RN6ZgPLCqacnMdz0RuKgzLauIFubRhTJJM26OQVO7vxyVNjZmnkb2ZUpyYzWxp/pcNCkzuwlKovECu2OqjpJAEM7Jcn8RCc4ZyboEyLezYhE2opgxtSa6tw99cfhuCm3an7T95UIdzuIAr8OEW7uERuhAAgxhe4c0xzrvzsWqt5qzrO4M/cj5/AC/0jqo=</latexit><latexit sha1_base64="MDH+lchuSR/4j3O/CylIRHC/eZQ="></latexit><latexit sha1_base64="MDH+lchuSR/4j3O/CylIRHC/eZQ="></latexit><latexit sha1_base64="rIsQ5HBWx1mYqOa7cCS7TAWssAU="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit>

ultimately, we have to perform this integral of  integrals
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Need for HPC
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✓
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{U1, U2, U3, . . . , UN}

Markov Chain Monte Carlo

⇡
1

N

NX

i=1

O(t)O†(0)[Ui]

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
<latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit>

a ⇠ 10�16 meters ⇠ 1

10
size proton

<latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit><latexit sha1_base64="Rb1AnWSgIZCqhss/EtrFZfiMCfo="></latexit>

L ⇠ 6⇥ 10�15 meters ⇠ 6⇥ size proton
<latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="miwh4mTcSwr8mEZE1O5yoD0IJi8=">AAAB43icbZBPS8MwGMbfzn+zTp1nL8EheJDRetHdBC8eJ1g32MpI03QLS9OSvB2Msi/g1ZMn8WN58LuYdTvo5gOBH8+TkPd9olwKg5735dR2dvf2D+qH7lHDPT45bTZeTFZoxgOWyUz3I2q4FIoHKFDyfq45TSPJe9H0YZn3ZlwbkalnnOc8TOlYiUQwitbqjpotr+1VItvgr6EFa42a38M4Y0XKFTJJjRn4Xo5hSTUKJvnCHRaG55RN6ZgPLCqacnMdz0RuKgzLauIFubRhTJJM26OQVO7vxyVNjZmnkb2ZUpyYzWxp/pcNCkzuwlKovECu2OqjpJAEM7Jcn8RCc4ZyboEyLezYhE2opgxtSa6tw99cfhuCm3an7T95UIdzuIAr8OEW7uERuhAAgxhe4c0xzrvzsWqt5qzrO4M/cj5/AC/0jqo=</latexit><latexit sha1_base64="MDH+lchuSR/4j3O/CylIRHC/eZQ="></latexit><latexit sha1_base64="MDH+lchuSR/4j3O/CylIRHC/eZQ="></latexit><latexit sha1_base64="rIsQ5HBWx1mYqOa7cCS7TAWssAU="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit><latexit sha1_base64="uDVwCgC7OUPkE1Lpu7EAjiAXKtg="></latexit>

ultimately, we have to perform this integral of  integrals

Suppose         is an initial proton 
and        is a final state proton

O
†(0)

<latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit>

O(t)
<latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit>

0t

These objects are  
quark propagators

O
†(0)

<latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit><latexit sha1_base64="bXYmxgHXCG32tFGXpYYbawTWSH8=">AAACCnicbZDLSsNAFIYn9VbrLSq4cTNYhApSEhF0WXTjzgr2Ak0sk8kkHTqZhJlJocS+gU/hVlfuxK0v4cJ3cZJ2oa0HBj7+/xzmnN9LGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmseh6SBJGOWkpqhjpJoKgyGOk4w2vc78zIkLSmN+rcULcCIWcBhQjpaW+eeBESA0wYtnt5MHxURgSUbNO+mbVqltFwUWwZ1AFs2r2zW/Hj3EaEa4wQ1L2bCtRboaEopiRScVJJUkQHqKQ9DRyFBF56o9oIgt0s+KUCTzWpg+DWOjHFSzU38MZiqQcR57uzBeX814u/uf1UhVcuhnlSaoIx9OPgpRBFcM8F+hTQbBiYw0IC6rXhniABMJKp1fRedjz1y9C+6xuW3X77rzauJolUwaH4AjUgA0uQAPcgCZoAQwewTN4Aa/Gk/FmvBsf09aSMZvZB3/K+PwBhwuaUQ==</latexit>

O(t)
<latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit><latexit sha1_base64="Afij19VMU9p/2FgbD7GL2+XLOs4=">AAACAHicbZDLSsNAFIZP6q3WW9Wlm8EiVJCSiKDLoht3VrAXaGOZTKbt0MkkzEwKJXTjU7jVlTtx65u48F2cpFlo64GBj/8/hznn9yLOlLbtL6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjep355QqVgoHvQ0om6Ah4INGMHaSI+9AOsRwTy5m1X1ab9csWt2VmgZnBwqkFejX/7u+SGJAyo04ViprmNH2k2w1IxwOiv1YkUjTMZ4SLsGBQ6oOvMnLFIZukl2wAydGNNHg1CaJzTK1N/DCQ6Umgae6UwXVoteKv7ndWM9uHITJqJYU0HmHw1ijnSI0jSQzyQlmk8NYCKZWRuREZaYaJNZyeThLF6/DK3zmmPXnPuLSv06T6YIR3AMVXDgEupwCw1oAgEJz/ACr9aT9Wa9Wx/z1oKVzxzCn7I+fwAxhJbw</latexit>
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Need for HPC

space

time

C(t) = hÔ(t)Ô†(0)i = 1

Z

Z
DUdet(D +M)e�

R
d4xL[U(t,x,y,z)]

O[U ](t)O[U ]†(0)
<latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit><latexit sha1_base64="kehcxe3RRTp5S0G77YpyDskXTRc="></latexit>

This integral describes the probability of  finding the final state proton given the initial proton

0
t

“SQ(t,0) = Quark Propagator”

Solve the Quark Propagators with Conjugate Gradient  
- sparse Matrix-vector 
- GPUs are what allow us to do the calculations very efficiently 
- lots of  memory bandwidth 
- memory access patters are structured and predictable

[D +M ]y,z Sz,x = �y,x
<latexit sha1_base64="8qgP4thuzNQa3hWmDkoLbs/kuhI="></latexit><latexit sha1_base64="8qgP4thuzNQa3hWmDkoLbs/kuhI="></latexit><latexit sha1_base64="8qgP4thuzNQa3hWmDkoLbs/kuhI="></latexit><latexit sha1_base64="8qgP4thuzNQa3hWmDkoLbs/kuhI="></latexit>

Known Matrix 
Sparse, Large :  
~400,000,000

=

⇢
if x = y 1
else 0

<latexit sha1_base64="NrHh2j82nD8uRdxLjz4D1/jV0CY="></latexit><latexit sha1_base64="NrHh2j82nD8uRdxLjz4D1/jV0CY="></latexit><latexit sha1_base64="NrHh2j82nD8uRdxLjz4D1/jV0CY="></latexit><latexit sha1_base64="NrHh2j82nD8uRdxLjz4D1/jV0CY="></latexit>
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Need for HPC
continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem

tcomp / V 5/4
<latexit sha1_base64="uB6DidbgLIV5qDb/53qQklNHq9Y=">AAACC3icdVDLSgMxFM3UV62vqhvBTbAILqTOSEXdFd24rOC0hbYOmUzahiaTkGQKZaif4Fe41ZUrcetHuPBfTB9CfR24cDjnXu69J5SMauO6705mbn5hcSm7nFtZXVvfyG9uVbVIFCY+Fkyoeog0YTQmvqGGkbpUBPGQkVrYuxz5tT5Rmor4xgwkaXHUiWmbYmSsFOR3TJBiweUQNqUS0ghYvU1PjkrDIF/wiu4Y0P1FvqwCmKIS5D+akcAJJ7HBDGnd8FxpWilShmJGhrlmoolEuIc6pGFpjDjRh1GfSj2mrXT8zBDuWzOCbaFsxQaO1dnhFHGtBzy0nRyZrv7pjcS/vEZi2metlMYyMSTGk0XthEH78ygZGFFFsGEDSxBW1J4NcRcphI3NLzebx//EPy6eF73rUqF8MQ0mC3bBHjgAHjgFZXAFKsAHGNyBB/AInpx759l5cV4nrRlnOrMNvsF5+wSdSZsW</latexit><latexit sha1_base64="uB6DidbgLIV5qDb/53qQklNHq9Y=">AAACC3icdVDLSgMxFM3UV62vqhvBTbAILqTOSEXdFd24rOC0hbYOmUzahiaTkGQKZaif4Fe41ZUrcetHuPBfTB9CfR24cDjnXu69J5SMauO6705mbn5hcSm7nFtZXVvfyG9uVbVIFCY+Fkyoeog0YTQmvqGGkbpUBPGQkVrYuxz5tT5Rmor4xgwkaXHUiWmbYmSsFOR3TJBiweUQNqUS0ghYvU1PjkrDIF/wiu4Y0P1FvqwCmKIS5D+akcAJJ7HBDGnd8FxpWilShmJGhrlmoolEuIc6pGFpjDjRh1GfSj2mrXT8zBDuWzOCbaFsxQaO1dnhFHGtBzy0nRyZrv7pjcS/vEZi2metlMYyMSTGk0XthEH78ygZGFFFsGEDSxBW1J4NcRcphI3NLzebx//EPy6eF73rUqF8MQ0mC3bBHjgAHjgFZXAFKsAHGNyBB/AInpx759l5cV4nrRlnOrMNvsF5+wSdSZsW</latexit><latexit sha1_base64="uB6DidbgLIV5qDb/53qQklNHq9Y=">AAACC3icdVDLSgMxFM3UV62vqhvBTbAILqTOSEXdFd24rOC0hbYOmUzahiaTkGQKZaif4Fe41ZUrcetHuPBfTB9CfR24cDjnXu69J5SMauO6705mbn5hcSm7nFtZXVvfyG9uVbVIFCY+Fkyoeog0YTQmvqGGkbpUBPGQkVrYuxz5tT5Rmor4xgwkaXHUiWmbYmSsFOR3TJBiweUQNqUS0ghYvU1PjkrDIF/wiu4Y0P1FvqwCmKIS5D+akcAJJ7HBDGnd8FxpWilShmJGhrlmoolEuIc6pGFpjDjRh1GfSj2mrXT8zBDuWzOCbaFsxQaO1dnhFHGtBzy0nRyZrv7pjcS/vEZi2metlMYyMSTGk0XthEH78ygZGFFFsGEDSxBW1J4NcRcphI3NLzebx//EPy6eF73rUqF8MQ0mC3bBHjgAHjgFZXAFKsAHGNyBB/AInpx759l5cV4nrRlnOrMNvsF5+wSdSZsW</latexit><latexit sha1_base64="uB6DidbgLIV5qDb/53qQklNHq9Y=">AAACC3icdVDLSgMxFM3UV62vqhvBTbAILqTOSEXdFd24rOC0hbYOmUzahiaTkGQKZaif4Fe41ZUrcetHuPBfTB9CfR24cDjnXu69J5SMauO6705mbn5hcSm7nFtZXVvfyG9uVbVIFCY+Fkyoeog0YTQmvqGGkbpUBPGQkVrYuxz5tT5Rmor4xgwkaXHUiWmbYmSsFOR3TJBiweUQNqUS0ghYvU1PjkrDIF/wiu4Y0P1FvqwCmKIS5D+akcAJJ7HBDGnd8FxpWilShmJGhrlmoolEuIc6pGFpjDjRh1GfSj2mrXT8zBDuWzOCbaFsxQaO1dnhFHGtBzy0nRyZrv7pjcS/vEZi2metlMYyMSTGk0XthEH78ygZGFFFsGEDSxBW1J4NcRcphI3NLzebx//EPy6eF73rUqF8MQ0mC3bBHjgAHjgFZXAFKsAHGNyBB/AInpx759l5cV4nrRlnOrMNvsF5+wSdSZsW</latexit>

tcomp / 1

a6
<latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit><latexit sha1_base64="HUn/5SqfgUXXRUQTSUPHKb6D6Bo=">AAACEXicdVDLSsNAFJ34rPUVdSnIYBFcSElEfOyKblxWMLbQ1DCZTNqhk8wwMymUkJ2f4Fe41ZUrcesXuPBfnD6E+jpw4XDOvdx7TygYVdpx3q2Z2bn5hcXSUnl5ZXVt3d7YvFE8k5h4mDMumyFShNGUeJpqRppCEpSEjDTC3sXQb/SJVJSn13ogSDtBnZTGFCNtpMDe0UGOeSIK6AvJhebQjyXCuVvk6Pa4COyKW3VGgM4v8mVVwAT1wP7wI46zhKQaM6RUy3WEbudIaooZKcp+pohAuIc6pGVoihKiDqI+FWpE2/nopQLuGTOCMZemUg1H6vRwjhKlBkloOhOku+qnNxT/8lqZjk/bOU1FpkmKx4vijEHz+TAfGFFJsGYDQxCW1JwNcReZSLRJsTydx//EO6yeVd2ro0rtfBJMCWyDXbAPXHACauAS1IEHMLgDD+ARPFn31rP1Yr2OW2esycwW+Abr7RMTMJ4c</latexit>

V = N3
L ⇥NT

<latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit><latexit sha1_base64="x8mfGtXy1NinVZFKLkyCJKkB0AE=">AAACB3icbVDLSsNAFJ34rPUVHzs3g0VwISVRQV0IRTcuRCo0baGNYTKZtkMnkzAzKdTQH/Ar3OrKlbj1M1z4L07TLLT1wMC559zLnXv8mFGpLOvLmJtfWFxaLqwUV9fWNzbNre26jBKBiYMjFommjyRhlBNHUcVIMxYEhT4jDb9/PfYbAyIkjXhNDWPihqjLaYdipLTkmbt1eAnvvNuHE9hWNCRSFzXPLFllKwOcJXZOSiBH1TO/20GEk5BwhRmSsmVbsXJTJBTFjIyK7USSGOE+6pKWphzpRUfBgMYyo26aHTKCB9oMYCcS+nEFM/X3cIpCKYehrztDpHpy2huL/3mtRHXO3ZTyOFGE48miTsKgiuA4FRhQQbBiQ00QFlR/G+IeEggrnV1R52FPXz9LnOPyRdm+Py1VrvJgCmAP7INDYIMzUAE3oAocgMEjeAYv4NV4Mt6Md+Nj0jpn5DM74A+Mzx9SyZgL</latexit>
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Efficient Use of Sierra                 Summit
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Efficient Use of Sierra/Summit

Nodes           : 4608
Processor       : IBM Power9 (2/node)
GPUs            : 27,648 NVIDIA V100 (6/node)
Node Performance: 42 TeraFlops
Memory/node     : 512GB DDR4 + 96GB HBM2
NV-LINK Memory  : 1600GB/node
Interconnect    : Mellanox 100G InfiniBand, Non-blocking Fat Tree
Peak Power      : 13 MegaWatts

#1 on Top 500 list 

O($200M) machine 

Important to get as much science per flop as possible
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Need optimized use of NVIDIA GPUs  

Need scalability (communication avoiding algorithms)  

Need to take advantage of the heterogeneous architecture  

Need to efficiently manage hundreds of thousands of tasks

Efficient Use of Sierra/Summit

#1 on Top 500 list 

O($200M) machine 

Important to get as much science per flop as possible
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TEN YEARS OF QUDA

Solvers for all major fermionic discretizations 
Routines needed for gauge-field generation 
Maximize performance 

Exploit symmetries to minimize memory traffic 
Mixed-precision methods (16 bit / 8 bit) 
Domain-decomposed (Schwarz) preconditioners for strong scaling 
Eigenvector and deflated solvers (Lanczos, EigCG, GMRES-DR) 
Multi-source solvers 
Multigrid solvers for optimal convergence

in use as GPU backend for BQCD, Chroma, CPS, MILC, TIFR, etc.

(thanks Kate and Mathias for slide)
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RECOMPILE AND RUN
Autotuning provides performance portability

G
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/s
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1,500

2,000
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Tesla2  
2008

Fermi 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Kepler 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Maxwell 
2014

Pascal 
2016

Volta 
2017

Code from 2008 runs unchanged

(thanks Mathias and Kate for slide)
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RECOMPILE AND RUN
Autotuning provides performance portability
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RECOMPILE AND RUN
Autotuning provides performance portability
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For our research problems of  today, the majority of  computing requirements reside in the large, sparse, 
linear system solves (quark propagators)  

We use the QUDA library, which is highly optimized for NVIDIA GPUs, written using CUDA C++ - 
large open BSD developed code 
https://github.com/lattice/quda 

See the talks  
 
S9708 - Strong Scaling HPC Applications: Best Practices with a Lattice QCD case study  
Kate Clark (one of  our collaborators) and Mathias Wagner  
Thursday, 11am  
 
S9330 - Lattice QCD with Tensor Cores  
Jiqun Tu 
Thursday, 10am  
 
for a detailed discussion of  QUDA and new uses of  the tensor cores, respectively

Efficient Use of Sierra/Summit

https://github.com/lattice/quda


Our work flow:  managing millions of tasks

!52

Create a “snapshots” of the QCD 
vacuum via Monte-Carlo sampling

TASK  
GPU or CPU

O(6 - 100) Summit nodes  
serial walk through Monte-Carlo  
~1000 snapshots per “ensemble”

RESOURCE NEEDS  

Prepare source for linear solve ~1-8 Summit nodes for ~1 minute  
~8-32 sources per snapshot  
~1000 snapshots  
~20 ensembles

Perform linear system solve for each: 1-8 Summit nodes for 5min - 
2 hours depending on the ensemble for 
all sources/snapshots/ensembles

Dense Matrix 
multiplication 
with solve

subsequent solves 
based on first 
solve

for each: 1-8 Summit nodes for 5min - 
30 min; 1-8 Summit nodes for 5min - 2 
hours, ~100 subsequent solves for 
each solve

Dense Matrix multiplication with 
solve and secondary solve

for each: 1-8 Summit nodes for 5min - 
30 min;



Our work flow:  managing millions of tasks

!52

Create a “snapshots” of the QCD 
vacuum via Monte-Carlo sampling

TASK  
GPU or CPU

O(6 - 100) Summit nodes  
serial walk through Monte-Carlo  
~1000 snapshots per “ensemble”

RESOURCE NEEDS  

Prepare source for linear solve ~1-8 Summit nodes for ~1 minute  
~8-32 sources per snapshot  
~1000 snapshots  
~20 ensembles

Perform linear system solve for each: 1-8 Summit nodes for 5min - 
2 hours depending on the ensemble for 
all sources/snapshots/ensembles

Dense Matrix 
multiplication 
with solve

subsequent solves 
based on first 
solve

for each: 1-8 Summit nodes for 5min - 
30 min; 1-8 Summit nodes for 5min - 2 
hours, ~100 subsequent solves for 
each solve

Dense Matrix multiplication with 
solve and secondary solve

for each: 1-8 Summit nodes for 5min - 
30 min;

We need to run hundreds of thousands to millions of independent, small node 
tasks
Running each job separately taxes the launch nodes on these supercomputers

If we stack GPU tasks after CPU and so on, much of the wall-clock time will be 
wasted in the sense that the GPUs will not be in use - and the CPU wall-clock 
time is approaching a significant fraction of the GPU wall-clock time
Job bundling wastes significant amounts of wall-clock time as performance of 
each task can vary substantially if nodes are close together or far apart  

We need a light-weight task manager capable of efficiently using all node 
resources and scheduling the tasks



First Generation: MetaQ
Bash script system to improve efficiency of  running many jobs in a single large allocation  
https://github.com/evanberkowitz/metaq  
 
 
 
 
 
 
 
 
 
 

Naïve system resulted in waste of  ~30% of  time.  

MetaQ backfills tasks, reducing wasted (idle) cycles to about 5%
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arXiv:1702.06122

example from Titan

https://github.com/evanberkowitz/metaq


MPI_JM: MPI Job Manager
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Efficiently run a large set of  tasks of  bounded size in a large allocation of  nodes. 

Low overhead on service node. 

Guarantee that communications are always physically local. 

Support overlay of  jobs using distinct resources on the same nodes, i.e. GPU vs CPU jobs. 

Customizable collection/generation of  workload with python based front-end. 

Support pre and post actions that can be used to chain computations. 

Fault tolerance for startup on new super computers.
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Start by placing jm_master on each node in allocation.

mpirun -n 32 -map-by node jm_master jobs

Block sizes, memory, and slot description come from a configuration file.  Each block gets a sub-communicator.

B0R0 B1R0

B2R0 B3R0

R7

R7

R7

R7

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

MPI_JM: https://github.com/kenmcelvain/mpi_jm (temporarily 
private)
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B0R0 B1R0

B2R0 B3R0

R7

R7

R7

R7

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

807 1122 1123 1124 1125

1126 1127 1128 1129

1130 2101

3340 3341 3342 3343

3344 3345 3346 3347

3348 3349 3349 3350

3351 3352 3353 3354

3355

3356 3516 3517 3518

Controlling Interconnect Performance

Maximize blocks with node numbers in sequence.

As tasks finish and new ones are started, they will get consistent interconnect performance.  We rely on 
individual tasks having bounded size.   

MPI_JM
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The scheduler matches a task to block resources and sends task parameters to rank 0 of  a block.   

The task “disconnects” until it completes.
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Task  TA:   src,          4x16 CPU only  
Task  TB:   solve,       8x1  CPU/GPU 
Task  TC:   contract,  8x14 CPU only 

MPI_JM
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The scheduler matches a task to block resources and sends task parameters to rank 0 of  a block.   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The scheduler matches a task to block resources and sends task parameters to rank 0 of  a block.   

The task “disconnects” until it completes.
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The scheduler matches a task to block resources and sends task parameters to rank 0 of  a block.   

The task “disconnects” until it completes.

B0R0 B1R0

B2R0 B3R0

R7

R7

R7

R7

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

M M M M

Task  TA:   src,          4x16 CPU only  
Task  TB:   solve,       8x1  CPU/GPU 
Task  TC:   contract,  8x14 CPU only 

TA     TA      TA     TA 

TBC   TBC   TBC   TBC 
TBC   TBC   TBC   TBC 

MPI_JM



MPI_JM

!58

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

H
BM

16
 G

B

G
PU

 9
0 

   
G

B/
s

node0 node1 node2 node3

Not all problems have factors of  3 in them (Summit nodes have 6 
GPUs/node) 

MPI_JM provides micro-control of  rank placement

Three 8 GPU jobs distributed over 4 Summit nodes. 

QUDA Autotuner configures the top job differently because 
interconnect is different. 

Most CPU cores remain open for CPU only jobs. 

Try to keep all parts of  nodes doing productive work!
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MPI_JM: Scaling in Sierra

The SpectrumMPI run was done with 400 separate 
jobs. 

MPI_JM on OpenMPI was run with 7 independent jobs 
of 100 nodes due to reliability issues.

Under MVAPICH full DPM support was available and 
separate lumps of nodes were started independently.   
Successful lumps connect afterwards and are managed 
together!   ~4 min startup for all 4000 nodes! 
 

The combination of GPU performance and our 
management software got us selected as a 2018 Gordon 
Bell Finalist
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MVAPICH runs done with single job
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MPI_JM: Scaling in Sierra
Compared to other applications,  our peak 
performance does not seem impressive

Machine-to-machine, compared to Titan  @ ORNL  
(Titan is 18,688 nodes 16-core AMD + 1 K20/node)  
 
For our research  
Sierra (~4300) is ~10 times faster than Titan  
Summit (~4600) is ~15 times faster than Titan  
 
These machines are disruptively faster than 
previous computers
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MVAPICH runs done with single job

In 2.5 weekends on Sierra - we accomplished 5x 
more than in 1 year on Titan
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What did this get us?

~3 months Early Science Time on Sierra @ LLNL  
Sep. - Dec. 2018 

Early  Science Time on Summit @ ORNL  
Jan. + 

2019 DOE INCITE Allocation on Summit 
Jan. +
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The Neutron Lifetime on Sierra Early Science
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❑ The vertical gray band denotes the physical value of pion mass - these points are significantly more expensive than the rest 
to compute - but the most valuable for the final predictions 

❑ The green point in our publication cost as much computing time as all the other points combined 
❑ The green point from Sierra has 10x more statistics than our publication 
❑ The red point from our publication was not useful 
❑ The red point from Sierra came from an entirely new calculation and is now very useful 
❑ The blue point from Sierra was entirely unattainable from previous computers (it still needs more statistics to be useful)

Nature 558 (2018) no. 7708, 91-94 Sierra Early Science

Sierra

1 year on Titan (ORNL) + 2 years on GPU machines at LLNL
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Sneak peak of                   Results
We recently finished a “tuning” run on Summit 

not yet processed into a nice result 

This data set is about 5x larger than ever created for 
such a calculation (it also temporarily occupies 
about 1 PetaByte of  scratch space)  

Our theoretical understanding (fit bands) is in 
remarkable agreement with the numerical results 

This will provide us with an unprecedented 
ability extract the physics of  interest 

The results we obtain this year will help in the quest 
to understand the origin of  matter over anti-matter 
in the universe



Standard Model of Particle Physics
This is a very exciting time for basic science 
research with high-performance-computing 

Titan (K20) brought us to the edge of  making 
predictive contact with basic nuclear physics 
quantities relevant to our understanding of  
the universe 

Summit is disruptively faster than Titan 
we are still learning to expand our vision of  
what can be accomplished 

Making full use of  the new heterogeneous 
architecture requires  

Optimized GPU libraries, QUDA 

the development of  sophisticated, and 
light-weight job managers  
MetaQ, MPI_JM


