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Exponential wall problem in Quantum Chemistry

Electronic Schrodinger Equation:

ﬁ|Tj> =E}'|Tj>

Second Quantized Hamiltonian (finite basis of M orbitals ):

] = TG 4 — Stath
= thqapaq Z(pqlrs)ap a,agda,
pqrs

2M
Fock space with spanned by oM many-particle states | lP> = C; | (D->
l l

l
Hamiltonian matrix of size 2 x 2M

Alternatives:
Truncate the number of many-particle states (CISD, CCSD(T), CAS, SCI, ...
Quantum Monte Carlo

Reduced quantities (density, 1RDM, Green's function)
Embedding



Exponential wall problem in Quantum Chemistry

Electronic Schrodinger Equation:

I'AI“P]} =E}|le>

Second Quantized Hamiltonian (finite basis of M orbitals ):
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2M
Fock space with spanned by oM many-particle states | \P> = C; | (I)-)
l l

Hamiltonian matrix of size 2 x 2M




Quantum Computers: Origins

Richard Feynman

Arute et al., Nature (2019)

Richard Feynman 1981:

"Nature isn’t classical, dammit,
and If you want to make a
simulation of nature, you'd better
make it quantum mechanical,
and by golly its a wonderful
problem, because it doesn’t look
So easy"”


https://www.nature.com/nature
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and If you want to make a
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So easy"”

50th birthday of the Laboratoire de Chimie Quantique de Strasbourg:

Alain Dedieu and Jean-Marie Lehn gave historical conferences about the state of the art
of quantum chemistry at the time...
using PUNCH CARDS !

Arute et al., Nature (2019) 3
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Quantum Computers: Origins

Richard Feynman

Richard Feynman 1981:

"Nature isn’t classical, dammit,
and If you want to make a
simulation of nature, you'd better
make it quantum mechanical,
and by golly its a wonderful
problem, because it doesn’t look
So easy"”

October 23, 2019: Google claims quantum advantage on 53-qubit device.

For a particular problem:
Sampling the output distribution of random quantum circuits

Arute et al., Nature (2019)


https://www.nature.com/nature
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Replace classical bit (either 0 or 1) with qubit (superposition of |0) and | 1))

M-qubit state is a superposition of 2M states
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Quantum Computers: Exponential speed-up

Replace classical bit (either 0 or 1) with qubit (superposition of |0) and | 1))

M-qubit state is a superposition of 2M states

Example with 3 qubits:

1
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8
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Quantum Computers: Exponential speed-up

Replace classical bit (either 0 or 1) with qubit (superposition of |0) and | 1))

M-qubit state is a superposition of 2M states

Example with 3 qubits:

|P) =%(|000>+ 1001) + |010) + [011) + | 100) + [ 101) + | 110) + | 111))
8

Example with 4 qubits:

1
|P) = —( |0000) + |0001) + |0010) + | 0011) + |0100) + [0101) + |0110) + |0111)+
16

1 1000) + [1001) + | 1010) + | 1011) + [ 1100) + [1101) + | 1110) + | 1111))

Example with 5 qubits:

1
|P) = —< |00000) + | 00001) + |00010) + | 00011) + [00100) + |00101) + |00110) + [00111) + |01000) + | 01001) + [01010) + |01011) + |01100) + |01101) + |01110) + |01111)+
V32

|10000>4—|10001>4—|10010>4—|10011>4—|10100>+—|10101>4—|10110>4—|10111>4—|11000>4—|11001>4—|11010>+—|11011>4—|11100>4—|11101>4—|11110>4-|11111>)

Quantum Corollary to Moore's law:
double power for every additional qubit



Quantum Circuits

Example: 3-qubit state

1
|¥) = — (]000) + | 001) + [010) + |011) + [ 100) + [ 101) + | 110) + | 111))

\/8
CLASSICAL COMPUTER INPUT AR OUTPUT
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M. A. Nielsen and |. L. Chuang, Quantum Computation and Quantum Information



Quantum Circuits

Example: 3-qubit state

1
|¥) = — (]000) + | 001) + [010) + |011) + [ 100) + [ 101) + | 110) + | 111))
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M. A. Nielsen and |. L. Chuang, Quantum Computation and Quantum Information



Quantum Circuits

Example: 3-qubit state

1
|¥) = — (]000) + | 001) + [010) + |011) + [ 100) + [ 101) + | 110) + | 111))
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M. A. Nielsen and |. L. Chuang, Quantum Computation and Quantum Information



Quantum Circuits

Example: 3-qubit state

1
|¥) = — (]000) + | 001) + [010) + |011) + [ 100) + [ 101) + | 110) + | 111))

NG
IN OUTPUT
CLASSICAL COMPUTER PuT QUANTUM COMPUTER
OUTPUT  (Querrs) (Querts) .
BITS 000 - 000 — proba | ¢y
Sl o
010 TQuantum e
011 - ; 011 5
100 Gates [ 100 — proba |cgo]
101 = 101 o
110 110 2
111 111 — proba |c|
|'¥) - | )
10) H — . — =
Unitary -
one- or
10) H | ‘P) — two-qubit —— ‘ ‘P>— A=
Quantum
|O> H Gates .

M. A. Nielsen and |. L. Chuang, Quantum Computation and Quantum Information



Quantum Chemistry and Quantum Computer

https://github.com/bsenjean/Openfermion-Dirac




Quantum Chemistry and Quantum Computer

Encode the spin-orbital occupation into the qubit state:

n Ny
|P) = 2 Gy |1+ Ty ) |n1...nM)=<c7{> <C]Tv1> | vac)

ny..n;..Ny

|0) and | 1) — unoccupied/occupied spin-orbital - M spin-orbitals = M qubits

https://github.com/bsenjean/Openfermion-Dirac




Quantum Chemistry and Quantum Computer

Encode the spin-orbital occupation into the qubit state:

|W) = Z w1V -+ Tl ) |[ny...myp) = ( T>n1-

1
ny..n;..Ny

. <6L> | vac)

|0) and | 1) — unoccupied/occupied spin-orbital - M spin-orbitals = M qubits

Mapping the second quantized Hamiltonian into a qubit Hamiltonian:

M4
H= Z hpq&};&q + — Z (pqlrs)d;A:f A, = Z h.P; P, e {X,Y,2}®"
Pq PQ”S '

Jordan-Wigner transformation
(1 0 0 0 0 1 0 1 0
i=(p S)ee(p %) o 0)e()) ey )
I i+1 M
. (1 0 0 0 1 1 0 1 0
i=(o 5) o0 1) 00 0) 0o 1), 200 ),

7®i-1 X+iy @M=
https://github.com/bsenjean/Openfermion-Dirac 2




Quantum Phase Estimation (QPE)

Goal: Estimate the phase Ejt of the unitary operator U = eHt with '] ) = e'Er | ¥
with precision given by the number of ancilla qubits

Two qubit registers: one encoding the state and the other composed of ancilla qubits

Start with Hartree-Fock !

0) 4H ® ~
0y I o - QFT—' [~
0) 4 H ® ~
0) 4 H ® —

U2
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=
=
=
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Quantum Phase Estimation (QPE)

Hadamard gates

to create

Superposition

1
V2

1
(|0>+|1>)®...®7(

0) 4H
0y I .
0) 4H ®
0) 4H ®
Zaﬂ@ﬂ U20 U21 U22 ;

0)+11) ® ) a]'P)
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Quantum Phase Estimation (QPE)

Hadamard gates

to create

Superposition

Controlled-Unitaries leading to

2’12_1 Z ajeiEjtk | k) |‘Pj>

n .
2k=0]

0) 4H
0y I .
0) 4H ®
0) 4H ¢
Zaﬂ@ﬂ U2O U21 U22 ;

QFT—!
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Quantum Phase Estimation (QPE)

Inverse Quantum

Hadamard gates Controlled-Unitaries leading to :
Fourier Transform

to create
Superposition

eS| ky | W) —)Za |Et) |¥,)

k=0 j

0) H|H P /%

o) {H >—— - QFT
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Quantum Phase Estimation (QPE)

Inverse Quantum

Hadamard gates Controlled-Unitaries leading to )
Fourier Transform
to create
Superposition 2"—1
ae'5 k) |¥) —> Za |Et) |¥,)

k=0

Estimation of Ejt

0) — H ® B withn b_its of accuracy
and with probability
_ y) 2
0) 11 ’ ;1> = [(Pye| V)|
0) H{H ®
2 Vi) U HU? HUu? E U? E= ‘Pj
J e C—




Quantum Phase Estimation (QPE)

Inverse Quantum

Hadamard gates Controlled-Unitaries leading to )
Fourier Transform
to create
Superposition 2"—1
ae'5 k) |¥) —> Za |Et) |¥,)

k=0
0) 4H
Long coherence time
0) T ® and
quantum correction ‘
0) qH ¢ are required
0) 4H ®
Z a;|W;) U20 U21 U22 — 72" — ‘P]
j — —




Variational Quantum Eigensolver (VQE)

Classical Device Variational principle:

E,=min (Y(0)|H|¥(0))
0

Quantum Device

A. Peruzzo et al. Nat. Commun. 5, 4213 (2014).



Variational Quantum Eigensolver (VQE)

Classical Device Variational principle:

Mean-Field calculation E,= min (\P(?) |[f]| lP(?))
Second quantized Hamiltonian 0
Transformation to qubit Hamiltonian

H=Y hp,

—

Initialize parameters 6

Quantum Device

. Peruzzo et al. Nat. Commun. 5, 4213 (2014).



Variational Quantum Eigensolver (VQE)

Classical Device

Mean-Field calculation

Second quantized Hamiltonian
Transformation to qubit Hamiltonian

H=Y hp,

Initialize parameters 6

| D) U6 ™)

2
2

| Do)

U( 5’(”))
State prepara:tion

Quantum Device

. Peruzzo et al. Nat. Commun. 5, 4213 (2014).

Variational principle:

E,=min (Y(0)|H|¥(0))
0

State preparation:

[P(6)) = U() | Dy)



Variational Quantum Eigensolver (VQE)

Classical Device

Second quantized Hamiltonian
Transformation to qubit Hamiltonian

Mean-Field calculation

H=

Initialize parameters 6

Y P,

| Do)

| Do)

U(o™)

2
y

U( ?(n))

State preparétion

R(P) I -
R(p i+ 1) l ,';:
M eésu remént

Quantum Device

. Peruzzo et al. Nat. Commun. 5, 4213 (2014).

E(6™)

T

(P i>5’<n)

<P i+1>§’(n>

Variational principle:

E,=min (Y(0)|H|¥(0))
0

State preparation:

1W(0)) = U(H)| D)

Measurement:

P <Ziml-= 1mod2‘R(13)> - % (1 _ (P))

E(9) = Z hi<pi>§’



Variational Quantum Eigensolver (VQE)

Classical Device

Mean-Field calculation

Second quantized Hamiltonian
Transformation to qubit Hamiltonian

H=Y hp,

—

Initialize parameters 6

Optimization

min £(0)
0

g’(n+1)

E( E’(n))

T

| @) 7ML U(?<">) R(fi)
y -
A

| D)) U(y(”)) R(pi+1)

State preparétion Meésuremént

Quantum Device

. Peruzzo et al. Nat. Commun. 5, 4213 (2014).
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Variational principle:

E,=min (¥(0)|H|¥(0))
0

State preparation:

[P(6)) = U() | Dy)

Measurement:

P <Zimi= 1mod2‘R(13)> - % (1 _ (P))

E(0) = Z (P



Variational Quantum Eigensolver (VQE)

Classical Device

Mean-Field calculation Optimization
Second quantized Hamiltonian .
Transformation to qubit Hamiltonian min ECO)
0
i

Initialize parameters 6

—

| Do)

| Do)

E( E’(n))

T

U(o™)

2
y

U( ?(n))

State preparétion

Quantum Device

Measurement

. Peruzzo et al. Nat. Commun. 5, 4213 (2014).

R(P) I - <f>,->5»(n)

RP ) H -~ EPrt) g

Variational principle:

E,=min (¥(0)|H|¥(0))
0

State preparation:

[P(6)) = U() | Dy)

Measurement:

P <Zimi= 1mod2‘R(13)> - % (1 _ (P))

E(0) = Z (P



Geometry Optimization, H2 (minimal basis)

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019) ; O'Malley et al. PRX 6, 031007 (2016)



Geometry Optimization, H2 (minimal basis)

First-order derivative: Hellmann- Feynman theorem

oE, h, .
—= = <‘P0|—|‘Po> — Z — (¥l £ W)

VQE
classically 2

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019) ; O'Malley et al. PRX 6, 031007 (2016)



Geometry Optimization, H2 (minimal basis)

First-order derivative: HeIImann-Feynman theorem

oE, h, .
——<\Po| |‘Po>—>2 — (Yol P, W)

0/ ]
VQE
classically 2
Encoding ‘\ VQE
> (Jordan-Wigner) | \ > S A B - == =ccccccccccccas
\BI avyi-Kite wx/ <‘1".8)} PJIW(H)D Y
ETA
e | N\ ( ) Classical computer (VQLE-based)
( ipgs (Palrs) \ Qlldllllllll computer -~ ~
and derivatives ) S [ PPE N\
\ 4 Hybrid (Classical/Quantum) ( )
v g (QPLE-based) y

e :

/~ '. .:‘ .'. , . '. : \ {_‘E' ! : ! . BE. ’ \
[ Optimisation routine l Fuo(R). d J(.R), (() »(R) |

\\ Update R / aOR aR? )
Hy = fo + 112y + hZ, + 2y + 1h2o2, + faloZy + 52,25 + fe X021 XoFfe Y21 Y

+112yl Ly + J4lolnls + 32140 Ly + [ X021 Xo Ly + 6V 0 21 Yo 2y + 1202, 2y 25

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019) ; O'Malley et al. PRX 6, 031007 (2016)



Geometry Optimization, H2 (minimal basis)

First-order derivative: HeIImann-Feynman theorem

oE, h, .
——<\PO| |‘Po>—>2 — (Yol P, W)

oA .
VOQE
classically 2
/ Encoding \ VQE
» (Jordan-W 101101) | - L A L memmmemmmmmmmeeoan,
\BI avyi-Kits w\/ (W(h)) PJl\y(a) ) Y
ETA
- \\\ ( ) Classical computer (VQE_based)
( dlﬁiuile(rll)?l]ug\?es Qlldllllllll computer // ~
vatives L \
\ / Hybrid (Classical/Quantum) ( PPE )
: (QPLE-based) )

\ /
Y N v

//('thimiaa.tion routine — . OEO(R) PEBR)Y |,
\ Update R )( FolB). AR IR? ) -

o S/

ﬁHz = 80+ 814y + 8241 + 832402 + 84X X + 85YpY)

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019) ; O'Malley et al. PRX 6, 031007 (2016)



Geometry Optimization on H:

—1.0

Energy [Hartree]

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019)

o

____’_____________

p——+-———-———-———-

Full-CI solution -

==o== Newton (experiment)

—— Newton (single simulation)

~o= Newton (median simulation) |

1.0 I5
Bond length [Angstrom]|
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Polarizability of H>

12.5
ETA (experiment)
HF

FCI (with projection)

St
=

Polarizability (a.u.)

o
o

=
-

0.6 0.8 1.0 1.2
Bond length [Angstrom]

1.4

Dipole moment operator breaks symmetry,

transformation to two-qubit no longer valid

T. E. O'Brien, BS et al. npj Quantum Inf 5, 113 (2019)
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Perspectives

Quantum advantage is now a question of "when" and not "if"...

1. Find new algorithms for near-term/long-term quantum computers:

Excited states, Hybrids (embedding ? CASSCF?)

2. Optimize existing algorithms:

measurements, ansatz, ancillas...
3. Quantum Chemistry side:
Better embedding methods, Basis set error ... E. Giner teaser ... ;)

4. But:

Cannot copy data (hard drives), and not always advantageous

So much things to do... )
12
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