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Ritz variational principle

® consider a Hamiltonian H and arbitrary
normalized state
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® The ground state energy has a upperbound
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Proof
® Expand the wavefunction with eigenstates
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® (Calculate the expectation value of E
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SHO energ
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® Consider SHO H=2_ + —mw2x?
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® Trial wavefunction: Gaussian function
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® normalization constant
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SHO energy

® Calculate kinetic energy w(x) = Ae~b*’
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® potential energy
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SHO energy

® Expectation energy
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® Minimize energy in respect to b
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® Minimum energy
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It is an exact result!




Ground state of He

® The 2-particle Hamiltonian
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Electron repulsion energy

® Trial wavefunction
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® Repulsion energy
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® angular part
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Estimated energy for Z*=2
e’ VA ’ 5 (o : e’ 57
(Vee) = dreg (716’) x 20 <§> B drey 8 ag
® Replace Z by Z*
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® |f Z*=2 V=34 eV

o 7+=2,2E=8 x (-13.6 eV)=-109 &V, total
energy=2E+Vee =-109 eV+ 34 eV=-75 eV

® Exact He energy =-78.975 eV
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® Rewrite the Hamiltonian
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estimated energy for Z* £ 2

® Additional potential term
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minimize energy

® minimize E
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® minimum energy

5 1

2
(H),;, = —2Z—-—— —mc*a® | = —77.38eV
16 2

® Exact He energy = -78.975 eV



H->* ion

® Hamiltonian e
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R is bond length e

® Trial wavefunction: Linear combination of
atomic orbitals(LCAQO)
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® For simplicity, we only consider even
wavefunction.(bonding mode)



overlap integral

® normalization constant
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Expectation energy

® The expectation value of energy
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Expectation energy

® |he matrix elements
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Expectation energy
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Direct integral

® Direct integral
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optimization
® Express the <E> with x
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® Jo minimize <E> with respect to x



H> bonding

® optimum distance R~2.4 ao (~0.13 nm)

® optimum energy change ~ -1.76 eV
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® experimental R~0.106 nm

® optimum energy change ~ -2.8 eV
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We report the first electronic structure calculation performed on a quantum computer without
exponentially costly precompilation. We use a programmable array of superconducting qubits to compute
the energy surface of molecular hydrogen using two distinct quantum algorithms. First, we experimentally
execute the unitary coupled cluster method using the variational quantum eigensolver. Our efficient
implementation predicts the correct dissociation energy to within chemical accuracy of the numerically
exact result. Second, we experimentally demonstrate the canonical quantum algorithm for chemistry, which
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Variational eigensolver

® We want to optimize the energy

(w(&) | H|yw(0))

® For computation, the hamiltonian is scalable
using “local hamiltonians™

H= Z hH,
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H,={1X,Y.Z} and their combinations



2nd quantization method

° Original version of H
Ze” Z7Ze* 2
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repulsive force



2nd quantization method

® )nd quantization formulation
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|l ocal hamiltonians

® For Hz molecules (4-qubit H for p, g, r and s)

H = fol + /12y + [2Zy + [342 + [1240Z,
+ faZoZa + [sZ1Z3 + [6X0Z1X2 + f6YoZ1Y>
+ f12021\ 2y + Jalolols + [32,2,25
+ f6X0Z1 X223 + fY 021 Y223 + [7202, 2,25,

® gl and g3 do not flip. Can be simplified to
2-qubit H
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Variational eigensolver

® |nput state is parametrized by a shallow
quantum circuit

[y () = UO) | )
|¢) is a product state
0 is a list of parameters

® |n practice, U can be expressed as

U09) = U (0)Uy(6,)---U,(6,)



Prepare Measure Calculate
Hardware Initial State Expectation Values Energy
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Classical Optimizer Suggests New Parameters
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Total Energy (hartree)
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