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I would like to do an

ab initio calculation I
of Zr isotopes! We can't do that on

a classical computer!
|
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> | 4

N

But I heard quantum
computers will solve all
problems and bring paradise! [
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SCIENCE PROBLEMS FOR QUANTUM COMPUTING?
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* Dark matter targets: some targets for dark matter (e.g. *°Ar)
are in very large model spaces. (Similarly for neutrino targets)

* Beta decays: beta-delayed neutron emission in fission fragments;
independently, look at beta decays of neutron-rich ‘rare’ nuclides.

* Hadronic parity violation: Experimental measurement of the
anapole moment in heavy nuclides is underway (D. DeMille et al)

* Inputs for reactions in medium to heavy nuclei, including
spectroscopic factors, needed for astrophysics
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All of these problems require
the quantum wave function of atomic nuclei

To answer this, we attempt to solve Schrédinger’s

equation:
)

2—%V2 +U(r)+ Y V(E - F) W Ry ..) = EW

[ i<j
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This differential equation is too difficult to solve directly
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Hence we turn to the matrix formalism
(configuration-interaction):

expand in some (many-body) basis
HY)=E|¥)
‘W>=zca a) H,; =(aH|B)

O‘ zHaﬁcﬁ = Ec,
p

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023 7




SAN DIEGO STATE
UNIVERSITY

But what do we use
for the basis states?

Maria Mayer

HW) = E|W)

= zca a) Hp = (aH|B)
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* How the basis states are represented

This differential equation is too difficult to solve directly
2

E—ﬂvz +U(r)+ Y V(E-F) W5 Fy..) = EY

] i<j

Can only really solve 1D differential equation
( n o d

— S — + U(F))¢i(r) =£,0,(r)
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* How the basis states are represented

Can only really solve 1D differential equation
( n o d

e + U(r))qb,-(r) =£,0,(r) :> {gbz(?)}

Single-particle wave functions labeled by, e.g., n,j, [, m
Atomic case: 1s, 2s, 2p, 3s, 3p, 3d etc

Nuclear: 0sy5, Opg/e, 0p1/9, 0d5/9, 1815, 0dg, ete
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* This gives rise to the shell model

ﬁ S orbital

5 ? \i ~ vy .
g T, P orbital

/‘\/\/‘p\\x

h - )3( ( D orbital
y */

3 Jg;l ~al ’ \“TT/ SN / « /V T
/f‘\ /"l ‘\A /i\j\/\ /1\ \ /7\
hn 1

g,

The orbitals are solutions to a one-particle Schrodinger

eqn: o

2m dr’

+U(r) |¢,(r) = £¢,(r)
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How do we get b-/ iust B

many-body states? We Jus m.GSh nadnhy
single-particle states

-

4
z | together!
/\/ \‘
zx/%\/ﬁf\"\\"f&
_\/\T/V\I/~ o
o~ GO, O, QY.

\\ ‘rB
S -
e,

re solutions to a one-particle Schrodinger

d— - U(r))(p () = £,(r)
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* How the basis states are represented
Product wavefunction (“Slater Determinant”)
W 71 ) = oy (F )y () (7). iy ()

Each many-body state can be uniquely determined
by a list of “occupied” single-particle states
= “occupation representation”

Agp Ay A g A 4+
‘a>=anlan2an3.. a ‘O>

ny

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023 13



SAN DIEGO STATE
UNIVERSITY

* How the basis 1s represented

“occupation representation” ‘a> = &;1 &;2 &;3 e &;N O>
n, 1 2 3 4 5 6 /
a=1 |1 0 0 1 1 0 1
a=2 |1 0 1 0 0 1 1
a=3 |0 1 1 1 0 1 0

Each basis state
“P> — E Ca ‘ OC>/ a Slater determinant

o ~ a product of
many ‘orbitals’

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023 14



SAN DIEGO STATE
A 2 UNIVERSITY
Nuclear Hamiltonian: H = Z —— Vit Z V(r,r)
2M v
I i<j
At this point one generally goes to occupation representation:
i
single-particle energies two-body matrix elements
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Boring technical points important to our story:
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Nuclear Hamiltonian is rotationally invariant
-> total ang. mom. | and z-component M are ‘good” g#s
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Boring technical points important to our story:
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Nuclear Hamiltonian is rotationally invariant
-> total ang. mom. | and z-component M are ‘good” g#s

In classical nuclear configuration-interaction calculations,
can work in the “M-scheme” with fixed total M.
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Boring technical points important to our story:
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Nuclear Hamiltonian is rotationally invariant
-> total ang. mom. | and z-component M are ‘good” g#s

In classical nuclear configuration-interaction calculations,
can work in the “M-scheme” with fixed total M.

If the single-particle states have good j,m,

easy to construct many-body states with good M.
(Good | emerges from diagonalizing H.)
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Boring technical points important to our story:
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Nuclear Hamiltonian is rotationally invariant
-> total ang. mom. | and z-component M are ‘good” g#s

In classical nuclear configuration-interaction calculations,
can work in the “M-scheme” with fixed total M.

If the single-particle states have good j,m,
easy to construct many-body states with good M.
(Good | emerges from diagonalizing H.)

Because we can generate such single-particle states

with a rotationally invariant one-body Hamiltonian,
we call this the spherical basis.
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Boring technical point important to our story:
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However, in principle, we can choose
single-particle states that mix j,m.

In particular, deformed Hartree-Fock naturally leads to
states mixing j (and sometimes mixing m -> “triaxial” states)
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Boring technical point important to our story:

SAN DIEGO STATE
UNIVERSITY

However, in principle, we can choose
single-particle states that mix j,m.

In particular, deformed Hartree-Fock naturally leads to
states mixing j (and sometimes mixing m -> “triaxial” states)

The Hartree-Fock state is a single Slater determinant which
has the lowest energy, i.e.,

let ¥ be a general Slater determinant:

Minimizing. <TJJTLLT> leads to the Hartree-Fock equations.
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= Zgl.a. a + V..a a.aa,

In the spherical basis (s.p. states with good j,m),
many matrix elements Vi3 =0
due to angular momentum selection rules.
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= Zgl.a. a + Viud; a;a,a,

i ijkl
In the spherical basis (s.p, states with good j,m),
many matrix elements Wi =0

due to angular momentym selection rules.

Coupled matrix element: {(aj,, bj,; \plVIcic, dja; Jea)

Uncoupled matrix element: {(j;m4, j,m,|V|jzms, jzms)
(uncoupled used Clebsch-Gordan coefficients)
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H = Z g4, a + Z kla Za L
ijkl
In the spherical basis (s.p. states with good j,m),
many matrix elements Vi3 =0
due to angular momentum selection rules.

In the single-particle Hartree-Fock basis, there are
more nonzero matrix elements Vi

due to mixing/breaking of symmetries.

(Overall symmetry is still conserved,

if you keep all matrix elements.)

This will be important later!
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Hence we turn to the matrix formalism
(configuration-interaction):

basis

How can quantum
computers help with

this problem? Ja/g _ <OC ‘H‘ﬁ>
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Nuclear shell model on a quantum computer

Lv, Wei, Xie, Long, arXiv:2205.12087 Package’ for computing shell model (not public)

Romero, Engel, Tang, Economou, PRC 105, 064317 (2022). Advanced VQE for shell model.
Stetcu, Baroni, Carlson, arXiv: 2110.06098. Uses unitary coupled cluster for p-shell
Siwach, Arumugam, PRC 105, 064318 (2022) Computing quadrupole moment of deuteron

Kiss, Grossi, et al, arXiv:2205.0864. Unitary coupled cluster for 6Li (really: frozen o
+ deuteron all over again)

Talks this week: Romero (next talk)
Robin (Thursday); Perez-Obiol (Thursday) (entanglement)
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How are we going to tackle nuclear
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structure on a quantum computer? UNIVERSITY

Can we adapt our current approaches to quantum computers?

Lattice

* Coupled cluster 2 “unitary’ coupled cluster

Advanced VQE (cf. next talk)

« Configuration-interaction = Lanczos

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023
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S The Lanczog
Algorithm!
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The Lanczog
Algorithm!

Note: these quantum algorithms may not : Q\}\Nl
be practical on current machines, % &
but reflect thinking about longer-term )

applications

g
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A‘71 = al‘_}l + /31‘_;2
Av, =BV, +a,v, + p,v;
Av, Py, +avs+ By,

Av, Psvi+a,v, + [,V

(Cornelius Lanczos)

Starting from some initial vector (the “pivot”) v; ,

the Lanczos algorithm iteratively creates
a new basis (a “Krylov space”).

This is an example of a ‘reduced basis method’
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This transforms the matrix A intfo a new basis,
in which A is now tridiagonal

(Cornelius Lanczos)
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This transforms the matrix A intfo a new basis,
in which A is now tridiagonal

(Cornelius Lanczos)

The extremal eigenvalues of the transformed, truncated matrix quickly
converge to the extremal eigenvalues of the original matrix!
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(Cornelius Lanczos)
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Lanczos vectors =
dimension of truncated
matrix
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SAN DIEGO STATE
UNIVERSITY

Whitehead, R. R, et al.
Advances in nuclear physics.
(1977) 123-176.

The one drawback of Lanczos is,
due to round-off error,

one must explicitly enforce
orthogonality of Lanczos vectors

(“reorthogonalization”)
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But ordinary linear algebra is not
straightforward on a quantum computer

(Cornelius Lanczos)
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(Cornelius Lanczos)

p—
sy

straightforward on a quantum computer

But ordinary linear algebra is not

/

(&

We can take dot products: (®|W¥)

compute matrix elements: (®|0|¥)
and of course apply unitary

transformations: |P) = U|W)

S

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023

DIEGO STATE

{AN
UNIVERSITY

35



4 3 :
:; 48
e w g i 7a
4
3 p 4 f
U\ T /R
3 >
&
* ’
e
. =
.“
15 ) '
|

(Cornelius Lanczos)
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We can take dot products: (®|W¥)

compute matrix elements: (®|0|¥)

and of course apply unitary
transformations: |P) = U|W)

o

-

o

BUT: linear combinations: |®) — a|¥)
(though possible) is not easy
(cf. linear combinations of unitaries (LCU))
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Bu’r ordinary linear algebra is not

r/

4 Let's do a hybrid approach: D

(Cornelius Lanczos)

some parts on a quantum machine

and some parts on a classical machine

R
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Quantum Lanczos in imaginary time
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Motta, et al, Nature Physics 16, 205 (2020)
McArdle et al, npj Quantum Inf. 5, 75 (2019)
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Quantum Lanczos in imaginary time
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“Quantum Monte Carlo” on classical computers

lim e~"H [Yeriar) |‘Pgs>

T—>00

-26.8 T T T T L 7 T " T — T
-27.0
=272

=274

E (MeV)

=276
=278
-28.0 1

-282

-28.4

0.000 0.002 0.004 0.006 0.008 0.010

imaginary time 1t (MeV-1)
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Key idea of “Quantum Lanczos”: take states at different ‘times’
to form a non-orthogonal reduced basis

|lpn> = e_nm-ﬁll/)O) Ny = (lpmlwn) Hpypn = (lpmlﬁllpn>

_26.8 T : 4 T v T T T . 0
| ] In this reduced basis,
~27.0 _‘l ] solve generalized
272 ] eigenvalue problem:
L 4H .
-274 + © : . .
s | !+  HB=EN®D
S =276t . :
N |
5 i ]
=278
I Motta, et al, Nature Physics 16, 205 (2020)
280 F McArdle et al, npj Quantum Inf. 5, 75 (2019)
=282 r
-28.4

0.000 0.002 0.004 0.006 0.008 0.010

imaginary time 1t (MeV-1)
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Quantum Lanczos in imaginary time
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Kev idea of “Ouantum Lanczos”: take states at different ‘times’
y

to form a non-orthogonal reduced basis Do this on a

) = e A Y0)  Noy = Wmln)  Hon = (W] HlY,) | Quantum
machine

— ] [ In this reduced basiS\,

-26.8

=210 1 J solve generalized
272 } . eigenvalue problem:
L 4H

274 © 1 . .
N - : Hv =E Nv
S 276t 14 J
~ f
4] I i

-278 1
I Motta, et al, Natu Do thlS ofa )20)
280 | McArdle et al, npj Classical 2019)
- machine
282 |
284 I

0.000 0.002 0.004 0.006 0.008 0.010

imaginary time 1t (MeV-1)
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Quantum Lanczos in imaginary time
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Key idea of “Quantum Lanczos”: take states at different ‘times’
to form a non-orthogonal reduced basis :
Do this on a
[ Yn) = e A o) Npn = (Umln)  Hpy = (W |H|10r,) ] quantum
machine
/ e? 228 3 I I —— L— \' T T ( In this reduced baSIS\,
BUT: T solve generalized
imaginary time evolution - eigenvalue problem:
. 5 € i
IS nof unitary! ) v 0% = E N3 y
\ _ Do this on a

InSfead one hClS 1-0 Flnd a a, et al, Natu 1 : ool )20)
. rdle et al, npj ClaSSiCa
unitary operator that  [°“*™ o)

. . _ machine
approximates imaginary
time evolution
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Quantum Lanczos in imaginary time
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That is, some U such that

Ulp) ~ e=27H |y)

a N\
BUT:

imaginary time evolution
IS nof unitary!

/

~

Instead one has to find a
unitary operator that
approximates imaginary
time evolution

/
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Quantum Lanczos in imaginary time
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That is, some U such that / \

Ulp) ~ e=27H |y)

-

~
BUT:

imaginary time evolution
IS nof unitary!

Instead one has to find a
unitary operator that
approximates imaginary
time evolution

That unitary
approximation will be
state dependent and

not trivial to find!

but see Jouzdani, CWJ, Mucciolo,
and Stectu, PRA 106, 062435 (2022)

for improvemi/—/
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Quantum Lanczos in real time
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& A

Quantum computers
are good at unitary
transformations
so why not use
real time evolution?
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Quanfum LGnCZOS in real time

Parrish and McMahon, arXiv:1909.08925 SAN DIEGO STATE
“Quantum Filter Diagonalization” UNIVERSITY

Key idea of “Quantum Lanczos”: take states at different ‘times’
to form a non-orthogonal reduced basis

|lpn) = ell/)0> Ny = <¢m|¢n) Hypn = (lpmlﬁllpn>

In this reduced basis,
solve generalized
eigenvalue problem:

HY =ENv
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Quantum Lanczos in real time

Parrish and McMahon, arXiv:1909.08925 SAN DIEGO STATE
“Quantum Filter Diagonalization” UNIVERSITY

Key idea of “Quantum Lanczos”: take states at different ‘times’
to form a non-orthogonal reduced basis

[Yn) = €|1/J0> Npn = (lpmllpn) Hpyp = (lpmlﬁllpn>

In this reduced basis,
solve generalized
eigenvalue problem:

HY =ENv

N

But will this filter out
the low-lying states?

N /
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Quan'l'um LAaNCZoS in real time
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We took several steps to investigate this approach NIVERSITY

Lanczos
on a classical
computer

Baseline

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023 48



Quanfum LG”CZOS in real time
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We took several steps to investigate this approach UNIVERSITY

Comparison of real-

Lanczos ) i )
: and 1maginary-time
on a classical » ) .
combuter evolution with
u i
P synthetic data
. (working 1n eigenbasis)
Baseline

Does basic idea work?
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Quanfum LGnCZOS in real time
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We took several steps to investigate this approach UNIVERSITY

Comparison of real- Partial emulation
Lanczos

»and Imaginary-time »using bit & Pauli

on a classical . . . :
evolution with string representation

computer ,
P synthetic data

, (working in eigenbasis) Chec.king technical .
Baseline details (HF vs spherical

Does basic idea work? basis, Trotterization)
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Quanfum LGnCZOS in real time
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We took several steps to investigate this approach UNIVERSITY
LAnCZOS Co;r?parls.on of t%“eal- Pa-rtlalla irrglzli?tlcig » Full %Sklt Not
on a classical »an Imaginary-tme »usmg 1 auli emulation  done

evolution with string representation
computer :
synthetic data

, (working in eigenbasis) Chec.king technical .
Baseline details (HF vs spherical

Does basic idea work? basis, Trotterization)
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Quanfum LGnCZOS in real time
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. . . U
We took several steps to investigate this approach NIVERSITY
LAnCZOS Con?parls.on of %“eal- Pa-rtlal famulatlo%rl » Full Q’l.sklt Not
- and 1maginary-time »usmg bit & Pauli emulation  done
on a classical » , _ : -
combuter evolution with string representation
E synthetic data . . ‘
, (working in eigenbasis) Chec;klng technical . %
Baseline details (HF vs spherical HUROn ot
Does basic idea work? basis, Trotterization) quantum g,

computer
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Quantum Lanczos in real time
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For this step, we fully diagonalized
a nuclear Hamiltonian (USDB) in
a valence space to get all the

eigenenergies: H|¢,) = E, |dp)

Comparison of real-

Lanczos di : i
. and 1maginary-time .

on a classical » ek S We then generated a random trial

) evolution with ¢
computer c

P synthetic data vector

. (working 1n eigenbasis)

Baseline Weria) = E Cn |®n)

Does basic idea work? n

Evolution in the energy basis is easy:

e_iﬁtll/)trial) — Z Cn e_iEntl(»bn)

n
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Quan'l'um LAaNCZoS in real time

—36 . _ SAN DIEGO STATE
T « Initial state: We evolved in UNIVERSITY
N\ imaginary time a random state
-37 ‘}t\ 20Ne until < H > = EHF
S W Real time
% —38 \\1\ ..... HF
~ \ \\ — exact
3 ‘\\\\ -®- QITE
jul \ -¥- RTE
8 -39 ‘\\ V\\
L \\ ‘~\\
40 BT
—_ e TS~e TS W e
1 - - W v
g.s. energy
—41ly 1 2 3 4 5 6
S = # iterations
—54
Imaginary time W ! ...............................................................
)
=35 kY 22Nq
— \\\
1 % “\\\
Here At = At =0.1 MeV- s —56 W Higher density of states (odd-odd) === HF
= \ _ . — exact
S \“ . = smaller separation of gs. = oI
S _ 57 \ M = more work to extract g.s. —¥- RTE
& RN R
N \\V~~
- i TN
—8 R '\-"““---v-——au——w
g.s. energy —8
=90 2 4 6 8 10 12
S = # iterations
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Quan'l'um LAaNCZoS in real time

'-‘-\1\\ ----------------------------------------------------------------------------------------------------- SAN DIEGO STATE
A UNIVERSITY
_37,
S T “Ne Use of multiple reference states
S -38 o improves convergence
> A (Stair, Huang, Evangelista,
Q-39 . $- RTER=3 F. Chem. Theory Comput. 16, 2236 (2022))
m \\\
-40 %\:l‘:::;\gff_‘_ ~~~~~~ L o
- —3 2 T e g.s. energy
0 1 2 3 4 5 6
S = # iterations —54
AWt e e s s s s s n e e e e e e e e e e aanasasnsnsasnsnsasaranras
—55 [
—~ \\‘ \ 221“'8.
% ‘\\\\‘\\
—56’ \\\\‘ S HF
Here At = At = 0.1 MeV! < AR — exact
> e -¥- RTE,R=1
o NN -¥- RTE,R=2
R = # of reference states =57 PN "% RTER=3
w i
-58 i
g.s. energy i i S e Foooow
=90 2 4 6 8 10 12
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Energy (MeV)

Quan'l'um LAaNCZoS in real time

—26
- — exact SAN DIEGO STATE
_og Es UNIVERSITY
—&- Es
-30 2Ne o We can also get excited states
R S . ) )
. el T o o
—34° -
-
-36. TT=- -~ - e
-38 . B _ .
—40 4 2 3 5
R
—-46 = et
\ -¥- B
—48 F &
—¢- Es
QQNa F c
;—50 -«
Here At = At = 0.1 MeV! S 52
. . S 54,*\ \\\\ x
Number of iterations fixed at S =9 T N N .
lu r \\\\\\ —— i Rt TR
—>6 = ‘E.__"‘_‘_‘_‘---:ic--__':;""‘;‘_“_‘i ------------------- x
R = # of reference states _cgl e S o
—607 2 3 4 5
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Quan'l'um LAaNCZoS in real time
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29Na

..... HF
— exact
-¥- RTE,R=1

=& - RTE,R=2
’: _—_%_: i\ =§- RTE,R=3

— Ar — ]
Here At = At = 0.1 MeV We added noise (1%) to check
robustness of solving

R = # of reference states generalized eigenvalue equation

S = # of iterations
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Quantum Lanczos in real time

Comparison of real-

Lanczos ) i i
: and 1maginary-time
on a classical » ) .
evolution with
computer

synthetic data
(working 1n eigenbasis)

Does basic idea work?

SAN DIEGO STATE
UNIVERSITY

N

Yes!
Basic idea works!

O
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Quantum Lanczos in real time

Comparison of real- Partial emulation
Lanczos . : .
: and 1imaginary-time »usmg bit & Pauli
on a classical » . .
evolution with string representation
computer

synthetic data
(working 1n eigenbasis)

Checking technical
details (HF vs spherical
basis, Trotterization)

For this next step, we generated the full wave function

using operators, e.g., aI a;r a;rairl|0), and the Hamiltonian,

H= Z i|T|j)ala; + = Zzg\V\kld&d&k,

zgkl

SAN DIEGO STATE
UNIVERSITY

These were mapped to Pauli strings. We then simulated time-evolution,

but using the operators directly, not using gates in Qiskit.

(Instead, these were applied in basis of all possible bitstrings | 0001 > etc.
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Quanfum LAaNCZoS in real time

SAN DIEGO STATE
example: *N in Op,,, -shell UNIVERSITY
Jordan-Wigner mapping
L1 . .
ay = —(XO — ZS/()) proton, m= + %
2

a; = §(ZOX1 — ZZOY1) proton, m = -1/
/\1< 1 .
Aoy = §(Z0Z1X2 — ZZOZ]_)/Q) neutron, m= + 12
41 |
ag = 5(2()21Z2X3 — ’LZOZlZQYEg), neutron, m =-1/2
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Quanfum LG”CZOS in real time

SAII\JI DIEGO STATE
. NIVERSITY
example: 1N in Op,,, -shell

Jordan-Wigner mapping

A

H =col +c1Zy+ coly + c34o + cyZs + c5 Lol + cg L1 4o
+ crZoZa + cs L1243 + coYoY1YaY3 + 10X X1 X2 X3

+ 11 YY1 X0 X3 + ¢1 20X X1YoY3 + ¢13Y X 1Yo X5

+ 14 X oY1 XoY3 + 15 XoY1Y2 X5 + 1Yo X1 X2 Y53,

Luckily, this can be automated in Qiskit and other packages!
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spherical (good j,m) basis
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- Egs e E2 o E4
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(a)

Energy (MeV)

SAN DIEGO STATE

. UNIVERSITY
Hartree-Fock basis
15
10+ —— exact E, - - E3
5 - Egs -- B -=- B4
-5 m_ \\\‘$\§ -
-10 \\-.\\ \'"'\\
_157 l\\ .~“‘-I————-.~\\ Se
—20° E— - - - -
=25, e
30 TN
—35 2 4 6 8 10
S
(b)

Figure 8.1. Numerical simulations of the QLanczos algorithm with exact real-
time evolution to solve for the lowest five energy states of the valence particles
of ®Be (two protons and two neutrons in the full p-shell). The simulation was
run using a single reference state; (a) the lowest energy configuration in the
spherical basis and (b) the Hartree-Fock state. A fixed number of real-time

evolution iterations was used (S = 8) with a time step size of At =0.1.
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Quanfum LaNnCzoS in real time
8Be in full Op-shell

spherical (good j,m) basis

H requires 975 Pauli strings

and ~ 24,000 gates

—— exact S = B
- Egs T E2 o E4
.“\
l\ \\‘i
‘\\ \\\\ \\\\
“ l\\ "~~~
\\ s Sm \\\
.. [ipintl BRR 2
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N
A3V L7 'S VAP G S—
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2 ; ‘ 8 10
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1(
/4
1

SAN DIEGO STATE
) UNIVERSITY
Hartree-Fock basis
— exact E1 -=- [E3
- Egs -- B -=- B4
n_ \\\\%\§ -
\\\..~~~ 0--___'\\\
l\ \.~“‘-I————-.~\ \\'
= ‘v---_,____* __________________
0 2 4 6 8 10
S

H requires 2,431 Pauli strings

and ~ 61,000 gates

S
S

run using a single reference state; (a) the lowest energy configuration in the
spherical basis and (b) the Hartree-Fock state. A fixed number of real-time
evolution iterations was used (S = 8) with a time step size of At =0.1.
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Quanfum LaNnCzoS in real time
8Be in full Op-shell

spherical (good j,m) basis

Energy (MeV)
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=35
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SAN DIEGO STATE
) UNIVERSITY
Hartree-Fock basis
— exact E1 -=- [E3
- Egs -- B -=- B4
n_ \\\\%\§ -
\\\..~~~ 0--___'\\\
l\ \.~“‘-I————-.~ \\'
A~ ~ S
£ 3 E— - - - :
,_\U
:} ‘v---_,____\ __________________
0 2 4 6 8 10

1 exact real-

— exact E; -=- [Ej3
-¥r Egs -<- E; -- B4
R\ ‘\\\\ \\\\‘\\\\
= e
=
\\\ S SR S
0 2 4 6 8 10
c
This is very similar to classical Lanczos:
the choice of initial reference state (pivot)

can affect the convergence of the first 1-3 states
but soon has no effect

1ce particles
iulation was
ation in the

1 .

evolution iterations was used (S = 8) with a time step size of At =0.1.
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Quanfum LG”CZOS in real time

i

8Be in full Op-shell SAII\JI DIEGO STATE
: : : : NIVERSITY
spherical (good j,m) basis Hartree-Fock basis
15
—— exact Eq -=- [E3 10 —— exact - Eq -=- [3
- r Egs - B - Eq 5 - Egs -- B -=- Eq
= .\*~\. S 0 *o
‘\\ \‘\\- \\\\\. %) -5 l\\ e
O InIme i e
o S~ S~e [@)] 'S .“‘—-.—___i S<e
~ i S5 e O-15_ o~
—) = i LlCJ 20 'I\-j" r====8% = > = S
A =20/
. [ -2{.) ) :
\,-___q—_—_"““)?g = = = _30?/ it STENEN & = = = =
0 2 4 6 8 10 o 2 k/ 6 8 10
c c
This is very similar to classical Lanczos:
the choice of initial reference state (pivot) 1 exact real-

can affect the convergence of the first 1-3 states

but soon has no effect

1ce particles
iulation was
ation in the

1 .

evolution iterations was used (S = 8) with a time step size of At =0.1.
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Quan'l'um LAaNCZoS in real time

We can investigate the importance of Trotterization

N
e—zHAtk <H ezcumAtk/N> _ Uk;

example: *N in Op,,, -shell

U L — €XP
exp

exp

exp

exp

(—
(—
(—
exp(—
(=
(—
(—

exp

icol Atk) exp(—ici ZoAtk) exp(—ice Zy Atk)

—icg ZoAtk) exp(—icy Z3Atk) exp(—ics Zo Z3Atk)

ice 2y ZoAtk) exp(—icy ZogZo Atk) exp(—icg Z1 Z3 Atk)
icgYoY1 Yo Y3 Atk) exp(—ic10 X0 X1 Xo X3Atk)

ic11 YY1 Xo X3 Atk) exp(—ic1o Xo X1 Yo Y3Atk)
ic13Y0 X1 Yo X3 Atk) exp(—ic14 Xo Y1 Xo Y3 Atk)

ic15 X0 Y1 Yo X3 Atk) exp(—ici16Yo X1 XoY3Atk)

“Nuclear and particle physics on a quantum computer,” ECT¥, June 5, 2023
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Quan'l'um LAaNCZoS in real time

SAN DIEGO STATE

: : : L UNIVERSITY
We can investigate the importance of Trotterization

N

e—zHAtk: ~ H e—zcumAtk/N _ Uk7
m

example: *N in Op,,, -shell

For example, the circuit to compute
exp(—icy ZoZo Atk), is

|q0) * *
1)

a
A\

Rz (67)

a
A\

|CI2>

|g3)
where 0, = c; Atk.
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Quan'l'um LAaNCZoS in real time

SAN DIEGO STATE

: : : L UNIVERSITY
We can investigate the importance of Trotterization

N

e—zHAtk ~ H e—zcumAtk/N _ Uk;
m

example: *N in Op,,, -shell

For example, the circuit for
GXp(—Z'CHYOleXQXgAtk), 18

lq0) | H S gt H —
1) | HH S —& S— ST H—
92) — H & & HI—
lg3) — H &— Rz(011) — H

where 011 = CllAtk.
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Quanfum LAaNCZoS in real time

L]
8Be in full Op-shell SAN DIEGO STATE
UNIVERSITY
exact time evolution # Trotter steps = 1
-8 -8
— exact -+~ E; -=- E3 Y — exact -+- E; -=- Ej3
-12 -+~ Egs -+~ Ep -+ Eg | -12F -+~ Egs -e- E; -=- E4
e I N . At = 0.1 MeV-!
S-16 . S-16 e e v
[] = [} ~
= T Tr— = Sl Ypeyeepepeepepey-pepeyepepeypepep Sy -
520 &5~20 R = # of reference states
(] (0] . .
S-24 5-24 S = # of iterations = 8
° . o ° ° S Y Yepepepppp—— P —— = -
-287" t ? ? t -28' T
e A | I |
=325 2 3 4 5 6 321 2 3 4 5 6
R R
(a) (b)
-8 -8
— exact -+- E; -=- E3 —— exact -+- E; -=- E3
—12F T -+ Egs -e- By - By | =12} “-e__ -~ Egs -e- E; -+ E4
[ 99 \\'\\\ n_ \\"*\\\\
S-16 S-16. .
] S [ S
z —— . 2 L -
~—20 ~—20
) S
(] Q
5 -24 S-24
8™ = = = < _28~" = o > <
=32 2 3 4 5 6 321 2 3 4 5 6
R R

# Trotter steps = 4 (d) # Trotter steps = 8
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Quanfum LAaNCZoS in real time

L]
8Be in full Op-shell SAN DIEGO STATE
UNIVERSITY
exact time evolution # Trotter steps = 1
-8 -8
— exact -+~ E; -=- E3 Y — exact -+- E; -=- Ej3
-12 -+~ Egs -+~ Ep -+ Eg | -12F -+~ Egs -e- E; -=- E4
S .~ I S At =0.1 MeV!
S-16. . S-16. P
(] = [ ~
= —— = ~ Ty~ — =
520 &5~20 R = # of reference states
(O] [0} . .
&S24 S-24 S = # of iterations = 8
® ° ° o o S Y Yo - o -
—287" t * * ? —28' t
i — L I
=32 2 3 4 5 —32 2 3 7 5 6
R R
(a) (b) FOI‘ thiS At,
-8 _8 2-4 Trotter steps
— exact -+- E; -=- E3 —— exact -+- E; -=- E3 seems optimal
—12F Tl -~ Egs -e- By - By | =12} “-e__ - Egs —e- Ep  -=- Eg
[ 9 \\\\\\ [ \\"\\\\
S-16. >~ S-16. >~
[0 S [ S
3 T . = Laeer— -
~—20 ~—20
o o
2 2
S-24 S-24
—28 +- - 4 +- +- —28’ &~ ¢ ¢ <+ g
R \
g > - M -32 ‘
1 2 5 7 5 1 2 3 4 5 6
R R

# Trotter steps = 4
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Quanfum LG”CZOS in real time

SAN DIEGO STATE
UNIVERSITY
Comparison of real- Partial emulation Full Qiskit
Lanczos L : : . : » Q Not
: and 1imaginary-time »usmg bit & Pauli emulation  done
on a classical » . . ) :
evolution with string representation
computer . ‘
synthetic data
(working 1n eigenbasis) Run on
Not
quantum done
computer

8Be in full Op shell
requires 975 Pauli strings
and ~ 24,000 gates
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Quantum Lanczos in real time

/ \ SAN DIEGO STATE
UNIVERSITY

So, what have we learned?

v

4 N

Quantum Lanczos with real-time evolution works!
and is competitive with imaginary-time evolution.

As with classical Lanczos, convergence is not very
sensitive to pivot (initial reference state).

Trotterization improves convergence,
but is not huge.

<
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PN
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Let’s look at the data requirements

1 : SAN DIEGO S
in more detail AN DIEGO STATE

Consider ?C, N .=8
M-scheme dimension 0.6 billion

55 single-particle orbitals (n 1)
440 single particle states(nljm) |011001...>
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Let’s look at the data requirements

1 : SAN DIEGO S
in more detail AN DIEGO STATE

Consider ?C, N .=8
M-scheme dimension 0.6 billion

55 single-particle orbitals (n1j)
440 single particle states(nljm) |011001...>

= estimate # of qubits needed
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Let’s look at the data requirements

1 : SAN DIEGO S
in more detail AN DIEGO STATE

Consider ?C, N .=8
M-scheme dimension 0.6 billion

# J-coupled 2-body matrix elements: ~ 1.5 million
<abJ|H|cddJd>

# uncoupled 2-body matrix elements ~ 10 million
Vi @' a'jagay

# many-body matrix elements: ~ 1.2 trillion
(or 5 Tb storage)
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Let’s look at the data requirements

1 : SAN DIEGO S
in more detail AN DIEGO STATE

Consider °C, N, .,.=8

M-scheme dimension 0.6 billion by superposition

;7 lod 2 bod v ol o 15 il
<abJ|+Ht‘edJ>—input

# uncoupled 2-body matrix elements ~ 10
million! Vijkl a+i a+j ad = # ‘Pauli Strings’

’ bod v ol t o 10 el
fer5-Tb-storage}—not relevant?
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Let’s look at the data requirements

. . SAN DIEGO STAT
111 1IMMore detall UNI{IISERSITY .

Consider °C, N, .,.=8

M-scheme dimension 0.6 billion by superposition

# uncoupled 2-body matrix elements ~ 10
million! Vijkl a+i a+j ad = # ‘Pauli Strings,

= # of terms to be evaluated in a quantum circuit
(or, # of separate quantum circuits to be evaluated!)
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SAN DIEGO STATE
UNIVERSITY

We're still a long
ways from catching
the car we want!

(8
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Lessons learned

SAN DIEGO STATE
UNIVERSITY

Quantum computing requires a new way of thinking —how to use
unitary transformation as the basis for processing

The eigenpair problem is important in nuclear and other fields —
on classical machines, the Lanczos algorithm is often the method of choice.

A real-time version of the quantum Lanczos algorithm
works well and can compete with the imaginary-time version.

Multiple reference states improves performance;
so does modest Trotterization.

To tackle problems our community cares about, we will need on the
order of >10°7 logical qubits (with error correction, 10%- physics qubits)

Nonetheless, science has stared down seemingly insurmountable challenges
before
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J1h e S S SAN DIEGO STATE
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L 4

LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR The light Ll
waves bounce
and returnr:

A “beam splitter” splits the
light and sends out two
identical beams along the
4 km long arms. .
g A gravitational wave affects the
4 interferometer’s arms differently;
Laser light is sent into when one extends the other contracts
the instrument to % as they are passed by the peaks and
measure changes in h troughs of the gravitational waves.
the length of the two
arms. y y Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
each other out.

LIGHT WAVES
-» CANCEL EACH
OTHER OUT

BEAM SPLITTER  LIGHT DETECTOR

If the arms are disturbed by a
gravitational wave,the light waves  mp n UGHTWAVES HIT
will have travelled different distan-

ces. Light then escapes throughthe  ggaM SPLITTER LIGHT DETECTOR
splitter and hits the detector.
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the length of the two
arms. y y Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
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LIGO - A GIGANTIC INTERFEROMETER

MIRROR

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

The light Ll
waves bounce
and returnr:

A “beam splitter” splits the
light and sends out two
identical beams along the
4 km long arms.

A gravitational wave affects the
4 interferometer’s arms differently;
Laser light is sent into when one extends the other contracts
the instrument to as they are passed by the peaks and
measure changes in troughs of the gravitational waves.
the length of the two
arms.

Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
each other out.

LIGHT WAVES
-» CANCEL EACH
OTHER OUT

BEAM SPLITTER  LIGHT DETECTOR

If the arms are disturbed by a
gravitational wave, the light waves u UGHTWAVES HIT
will have travelled different distan-

ces. Light then escapes throughthe  ggaM SPLITTER LIGHT DETECTOR
splitter and hits the detector.
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central solenoid

poloidal magnetic field
outer poloidal field coils

helical magnetic field toroidal field coil

plasma electrical current toroidal magnetic field
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The quantum computing gold rush.... SAN DIEGO STATE
/ UNIVERSITY

Theres gold
(or at least highly cited
papers) in those calculations!
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