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Why, how and purpose of computing

» Why

— Very few instances of analytical, closed form, real life

solutions exist.

Nonlinearity and emergent behavior exist everywhere

* How

We employ methods of Validation and Verification (V&V)
* Doing the problem right (numerically sound approaches)

* Doing the right problem (physically sound approaches)

* Purpose

We compare theory (as codified in equations) to
experiment

We discover new phenomena
We predict the outcomes of experiments to test theory
We quantify our uncertainties (UQ)

- sean® Ve ralways’ apply liberal amounts of physics intuition
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Some open science computers...

Touchstone Delta — Caltech

June 1993

#8 on Topd00

Rpeak=13.9 Gflop/s (#1 = 59.7 GF)

ORNL, Cray XT4 (upgraded components)
June 2008

#6

205 Tflop/s (#1 = 1.026 PF)

NERSC T3E900
June 1998

-

NERSC, IBM SP-3, 16 way
June 2003
#4

321 Gflop/s (#1 = 1,338 GF) [ Tflop/s (#1 = 35.86 TF)

ORNL, Cray XK7

November 2017

#5

17.5 Pflop/s (#1 = 93 Pflop/s)



Development with time (top500.0rg)

Projected Performance Development
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A big issue: power

#1 Power (kW)
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June 2005 Tflop/kW = 0.191
Nov. 2017 Tflop/kW =6.05

32x technology improvement




Beyond exascale landscape

x

o . .

¢ y” . “\1
". W, N Ry

O 4 S ~

» 7 <

Sqgueeze out
Quantum, everything
Neuromorphic | one can from
CMOS




Quantum computing could crack some really tough problems!

The promise of quantum computing:
Scaling of some of the most difficult algorithms
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https://en.wikipedia.org/wiki/Big_O_notation

Quantum computing in context

In the sciences If quantum mechanics hasn’t profoundly
1980s— 19905 shopked you, you haven'’t understood it yet.
A curious idea; first quantum algorithms — Niels Bohr

2000s

Proof-of-principle demonstrations
Initial QC hardware

Error correction and control theory

2010s

Focus on practicality and improving .

guality and control _ ,

Circuit synthesis Si ?&igﬁb'ts Phosphorous donor
Sydney

Current status
Qubit fragility presents tremendous challenges
Attempt to broaden suite of applications

Scientific motivator: “...potential ability to realize full control of large-scale quantum coherent systems...”
BES: Challenges at the frontiers of matter and energy, 2015

Quantum Pathfinder and Quantum Algorithms funding awarded by ASCR (FY17)

BES: Quantum Information Science Round Tables (October, 2017)

HEP funding in FY18 PBR, NP interest — this workshop



How to make a qubit

B-field splits the orbital into its projections

m=+1/2 U = ZgusB
> N\
> TN | N
8 AVAR RF induced transition
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m——— B,=0 By,>0 Magnetic field
Veldhorst et al., Nature 526, 410 (2015)
Electrons are spin Y2 fermions Order of magnitude estimates...
* Landau g factor ~1
*  up=5.8x105 eV/Tesla Types of decoherence
W = . B=Thaan T}ﬁ — ‘relaxatlo.n t’lnje
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Thermal effects
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Implies very low temperature operation (mK)

Landau g factor ~1
1p=5.8x10"> eV/Tesla
B=1 Tesla

e=0.7K

1 K=20Ghz

e=gugB
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Conceptual quantum mechanics and entanglement
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5=|0011>

4=|0101>

3=|0110>

2=|1001>

1=|1010>

0=1100>

Hamiltonian operator

H = z@Iqu)agaq +
pq

Kinetic energy

1
& té+ §V1212

_V2314

_V3412

pqrs

z (pq|VIrs)ajajasa,

Potential energy describes
interactions between particles

(Coulomb, spin-spin)

_V1213 ZV1234

1
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Diagonalize H
to obtain
energy and
entangled
many-body
wave function






FRIB Science -1

How does subatomic matter self organize and what phenomena emerge?

Many different avenues of research
« Unitary Fermi gases: dilute matter

* Nuclear Equation of State
— Impacts neutron star properties

 Clustering within nuclei
« Super heavy element discovery

120 —

v A lfl
Trmﬁ

AEE 5 N *'_’\N

152 162
Initial: Phys. Rev. Lett. 104, 142502 (2010)
Confirmed: Phys. Rev. Lett. 112, 172501 (2014) Clustering on a lattice, PRL 117, 132501 (2016)

24gBk + 48Ca — 294TS




FRIB Science - I

How did visible matter come into being and how did it evolve?

REVIEWS OF
MODERN PHYSICS

Vorome 29, Numsze 4

QOcroper, 1957

Svnthesis of the Elements in Stars”®

E. Margarer Burpinge, (6. R. Burnmmor, Wittan A, Fowier, ann F. Hovie

HST, 2011

R

Koppitz & Rezzolla, NASA

One example:
R-process: rapid neutron capture
responsible for %2 of the heavy elements
Requires:
* Neutron density: 10%9-28 n/cm3
« Fast time scale (seconds)
« Evidence that the process occurs in
neutron star mergers: LIGO
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Cowan & Sneden, Nature 440, 1151 (2006)
® C522892-052 ¥ CS31082-001
W HD115444 < HD221170
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) SRS 1 el
60 ( 90




FRIB Science - I

How did visible matter come into being and how did it evolve?

Input to r-process:
* B decay
properties

* masses (Trap +
TOF)

* (d,p) to constrain
(ny)

Current reach ~
ylelds

FRIB reach for
half-lives

(70) Yb
(69) Tm
(68) Er

(67) Ho
(66) Dy

RISAC
Key
Nuclei

H. Schatz

2faBeBase"



Approaching weakly bound nuclei with coupled cluster theory

A method that Effective Field Theory Basis states that incorporate
captures the physics for nuclear force (interactions) continuum effects
W=epTjo) |
Unbound
 Coupled cluster theory D'I::L
* Infinitely summed lower (bound)
class (1,2, 3loop) many- | 777 .
body perturbation theory  f==-
diagrams
* Amenable to HPC .
applications « Effective field theory

expansion of the
nucleon forces that
respects symmetries of
QCD

 2-body and 3-body
forces

» Basis includes bound,
scattering, and
continuum states

 Berggren basis

Dean & Hjorth-Jensen, PRC69, 054320 (2004); Kowalski et al., PRL 92, 132501 (2004); Wloch et al., PRL94, 212501
(2005) Gour et al., PRC (2006); Hagen et al, PLB (2006); PRC 2007a, 2007b; Dean, Phys. Today (Nov, 2007)



Investigating weakly bound nuclei
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Rep. Prog. Phys. 77, 096302 (2014)



FRIB key nucleus 78Ni

(]
>
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« Supposedly doubly magic
nucleus (Z=28, N=50)

« Extreme N/Z ratio magnifies
unknown aspects of the
nuclear force

* Relevant nucleus for r-

process physics / synthesis ~ 77>
of heavy elements l( e

N

—

Energy [MeV]

« Key nucleus for FRIB and 0
. . 68 : TONT 72 x 74 76

other rare ion beam facilities Ni “Ni "“Ni “Ni ®Ni

world wide

78 1 80 Nl

= \We predict that ®Ni is doubly magic
due to the relatively high 2* excited

> Firstresults: FY 2017 state

> Pickup, knockout, and = We predicted the single-particle
transfer reactions: FY 2019 structure in 7°Ni as basis for shell-
> Full UQ: FY 2020 model calculations

G. Hagen, G. R. Jansen, and T. Papenbrock, PRL 117, 172501 (2016)



What the future holds

 Applications on near exascale and exascale machines will provide
spectacular physics insights

» The translation of a substantial nuclear physics problem to a quantum
computing architecture will be

— Difficult
— Worthwhile if the noise from the QC is low

— QC could offer a unique platform for beyond mean-field scattering/reaction/decay
problems (time dependence)

— Usefulness depends on algorithm development for calculation of many experimental
observables (e.g., excited states, beta-decay, LAMC, nuclear-astro reactions, etc...)

* Years of EFT, Coupled Cluster theory and other many-body developments
will enable an excellent starting point for a QC application



Discussion

Pre-exascale

\ . : "“. ?
Quantum

\




Toward
entanglement

3¢ OAK RIDGE
- Mational Laboratory




The Hamiltonian DRIVES entanglement

Forapurestate 7rr*=1

For a mixed state 7r7° <1

Product state Entangled state Use a fundamental property of

(@ @) C‘@) entanglement between two
subsystems (bipartite entanglement):
ignoring information about one
-- -- subsystem results in the other

becoming a classical mixture of pure
(re | sl

quantum states.
R Islam et al. Nature 528, 78 (2015) doi:10.1038/nature15750 A A A
Trr=Trr.<Trr;, =1

frlfl :frrz :frer =1

f’rlj <7A"rer
frr;<frlfw

If AB is mixed these relations still hold



Entanglement produces "HUGE?” information storage

Tl

n!

C(n,r) = =)

Number of qubits SISl NI Fully entangled classical storage
storage classical storage

1
2 1 4 6
4 1 8 70
8 1 256 12,870
16 1 65,536 601,080,390
64 1 1.8x101° 2.4x10%7
100 1 1.2x1030 9x10%8 (number of atoms in universe)
* Issues

Fidelity of the computation
Entanglement across a large number

of qubits

Lifetime of the information

Error




A bit of the action

Science 354, 1091 (2016) — 2 December

In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.

Current

Capacitors

Inductor

——Microwaves

Superconducting loops
A resistance-free current
oscillates back and forth around
acircuit loop. Aninjected
microwave signal excites

the current into super-
position states.

Longevity (seconds)
0.00005

99.4%

Company support
Google, IBM, Quantum Circuits

) Pros
Fastworking. Build on existing
semiconductor industry.
© Cons
Collapse easily and must
be kept cold.

Electron

Trapped ions

Electrically charged atoms, or
ions, have quantum energies
that depend on the location of
electrons. Tuned lasers cool
and trap the ions, and put
them in superposition states.

Very stable. Highest
achieved gate fidelities.

Slow operation. Many
lasers are needed.

Microwaves

Silicon quantum dots
These "artificial atoms”™

are made by adding an
electrontoa small piece

of pure silicon. Microwaves
control the electron’s
quantum state.

Stable. Build on existing
semiconductor industry.

Only afew entangled.
Must be kept cold.

Topological qubits
Quasiparticles can be seen
in the behavicr of electrons
channeled through semi-
conductor structures. Their
braided paths can encode
quantum information.

Greatly reduce
errors.

Existence not yet
confirmed.

Diamond vacancies

A nitrogen atom and a
vacancy add anelectrontoa
diamond lattice. Its quantum
spin state, along with those
of nearby carbon nuclei,
can be controlled with light.

Quantum Diamond
Techrnologies

Can operate at
room temperature.

Difficult to
entangle.

Note: Longevity is the record coherence time for a single qubit superposition state, logic success rateis the highest reported gate fidelity for logic operations on two qubits,
and number entangled is the maximum number of qubits entangled and capable of performing two-qubi operations.

characterize

HREM, APT, SPM
Multiscale modeling

Classmal quantum interface

From mK to 300K

Program Qubits

QIS and other groups




Entropy: how to calculate something
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Prediction and Entropy of Printed English
By C. E. SHANNON
(Manuseript Received Sept. 15, rgso)

A new method of estimating the entrop i

. : v and redundancy of a |
described. This method exploite the knowledge of the langu':ge s:aﬁgt#:gp&n;%
sessed hy _lhmse who speak the language, and depends on experimental results
in prediction of the next letter when the preceding text is known. Results of

experiments in prediction are given, and some properties of an § ;
developed, Jrop an ideal predictor are

 Translation to quantum systems?
* What does it mean?
» What is the application?

Without correlation: 4.7 bits of entropy

With correlation: English text has between 0.6 and
1.3 bits of entropy for each character of message.

_O
etaoinshrdlcumwifgyphbvEk]|jxq:z S(E)_apllog2pz
I




Classical coin tosses and entropy

Generalized Re’nyi Entropies

1 g 0
H,(x)=——log,cap; =
l1-a e . g

p,=Pr(x=i)fori=120 ,n

1 Shannon is the information content of
an event when the probability of that
event occurring is %2)

o=1 is the Shannon entropy

In quantum mechanics, define 7= "
Z=TrF
1 Z 1
S = IO a,4 = IO ra
“ 1-a J 72 1-a gr,

1.0}
z/ "
o8l /
0.6}
¥ !
| — Holx, 1-x)
/ — Hi(x, 1-x)
0.24 Ha (%, 1-x)
— H.l(x, 1-x)
0.0 : - s s
0.0 0.2 0.4 0.6 0.8 1.0

Entanglement represents the unique
correlation property of quantum states,
without any classical counterpart, and as
such it can play a fundamental role in our
understanding of quantum many-body
phases from the point of view of non-local
correlations. (see e.g., Humeniuk &
Roscilde, arXiv:1203.5752)

Tagliacozzo, Evenbly, Vidal, Phys. Rev. B 80, 235127 (2009)




How to calculate Trp?

v, (b)= 20 S TrRU s
WA Z,(b) TrPU 7 ()= Z,n(b) _  TrRUU
P, =0(4-A) ’ Zi(b) TrPUTrPU
P,=d(N -N |d|N, -N See e.g., Milko et al., PRB 82, 100409 (2010
N ( P ”) ( " h) acons et al, IgReéa87, 195134 (2013) 0
A=N, +N,
av.,(b=1 7
Dean & Koonin, PRC60, 054306 (1999) o

. b e

Standard observables:

o UU observables:
one auxiliary field

two auxiliary fields



Results: Pairing

1 _

0.8 _
N I

S 0.6 |
Q I

= 04t oo N=2 -

i o—o Nf4
oo Nt Spin 72 states
0.2 - (24 levels)
| | | |
O0 0.5 1 1.5 2

L
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H=daNgaa+Gaa/a;a-a. N, =i
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Collective effect in a nucleus...

68Ni enhanced quadrupole interaction, QMC calculation

1e-02 . |
1e-04
s E— 1e-06
‘quadrupola
i irudpuiaig Le10
deformation o
“"‘:; My Avrfien 2 Y T o s R AN =0 -'~'-..')'.-;;;' - 19-14
|_
le-16
1le-18 — N=2, protons
1e-20 — N=2, neutrons
Question: Do collective effects, which Le.2 ~— N=2, neutron-proton
we have not yet anticipated, occur in 16-24
multi-qubit systems? 1626 . | . | . | .
0 0.5 1 1.5 2

Dean, in prep



Improvements

* Add SVD or UQ to give stable partial density calculation
* Do a deformed nucleus (like Zr80)

 Try this out on a slab of Si (from a DFT calculation) to simulate
gubit entanglement

— Add noise

» Use a time-dependent coupled-cluster approach to investigate
coherence time in multi qubit systems (Pigg et al, PRC86, 014308
(2012) — almost ready to show results, but not quite



