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Introduction

Fault-tolerant quantum computation

Quantum Computers
promise speed-ups.

...but need error-correction schemes,
that in turn need many “extra” qubits

NISQ era

Present Day devices
are noisy and error
prone.

Variational Algorithms
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Hybrid Quantum-Classical
Algorithms are believed to
constitute a way around
this problem.




Excitones

Wannier exciton

(typical of inorganic
semiconductors)
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GROUND STATE WANNIER EXCITON

binding energy ~10meV

radius ~100A

Excitons
(bound
electron-hole
pairs)

treat excitons
as chargeless
particles
capable of
diffusion,

also view
them as
excited states
of the
molecule

(typical of organic

Charge Transfer (CT)
Exciton
materials)

Frenkel exciton
(typical of organic
materials)
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MOLECULAR PICTURE
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GROUND STATE FRENKEL EXCITON

binding energy ~1eV
radius ~10A

Electronic Processes in Organic Crystals and Polymers by M. Pope and C.E. Swenberg




Modelo de excitones localizados

Los excitones que vamos a considerar son “de Frenkel”: a diferencia de los de Mott, estan localizados!

Consideremos un sistema de N sitios “excitables” (cromoforos). El estado con un exciton en el sitio “m” se

notara T
I '1> = ernl())
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excitation energy of molecule m

Coupling between local excitations
on molecules m and n

La dependencia temporal tiene que ver con el movimiento nuclear, en particular con
el acoplamiento “exciton-phonon”. Para Ey V, usan MD y TDDFT.



Esquema del approach
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molecular dynamics simulations

Mediante mediciones en la computadora cuantica calculo la evolucion de mi theta(t) — psi(theta(t) ) approx psi(t)

(b) Variational implementation of ¢~ /8¢

Quantum Computer Classical Computer

Update variational
Measurements

(v(0)|6°37 [v(9))

State preparation parameters

gn = 61L+ 1

[v(8)) = U(6)|30)




Digital quantum simulation, step 0: qubit encoding

[1) = 1) = |0)]0) - - - ]0)]0)|0) Im) = |&) = |z1) ® |22) ® ... |zL) (2)
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An exciton Hamiltonian of N sites can be encoded in log2 (N ) qubits !

— In other words, three dimensional molecular systems consisting of millions of sub-units can be encoded in as few as tens of
qubits. This opens the possibility of studying exciton transport in systems of experimentally relevant sizes fully quantum mechanically.



Digital quantum simulation

Aproximo la dinamica con un estado parametrizado
[W(t)) = Tei o I ) ]¢ @) )

Producto de una secuencia de compuertas parametrizadas

[0(0)) = U 5 HUk (0r) [20) = H i1 Ry |%o) -
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Evoluciono mi vector de parametros: McLachlan’s principle |(,'_ _ H(?«)) 0 (6) ||

.
— = -

5(t + 51‘) =0(t) + H(t)(St; ()(t) = i’\:f_lv, where the matrix elements of M and V are
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Voy “midiendo” las matrices My V en la computz

My = Re({o| UF.. 0L RL..OL0;. RO, 01 o)) 2000 — i R U (0.
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where we have expressed the Hamiltonian as H = 3, c;h;.
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Numerics
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FIG. 3: Exciton dynamics in a molecular crystal of 64 bi-thiophene molecules obtained from
exact caleulations (black solid lines) and variational quantum algorithm (red dashed lines). (a)
Exciton population dynamics in molecule where the exciton is initially located. (b) Time evolution

of inverse participation ratio (IPR) defined in Eq. 10. (c) and (d) Dissipative exciton and IPR

time(fs)

crystal of 64 T2 molecules, arranged in a 4 x 4 x 2 super cell (each unit cell contains 2 molecules)
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dynamics obtained by averaging over an ensemble of 100 pure state trajectories.

a)

The exciton Hamiltonian is encoded in 6 qubits, and a VQA simulation
time-step of 0.04fs is used

a molecule at the center of the molecular crystal is initially excited and
we study the time evolution of the exciton population in this molecule
Despite the fast delocalization, clear oscillatory behavior due to quantum
coherence is also seen within the first 40 fs

(b)

We next investigate the inverse participation ratio (IPR) of the exciton
wavefunction, a global quantity that measures the extent of
wavefunction delocalization.

1

IPR= —
Z‘ITL pzn

pm is the probability of locating the exciton at molecule m.
Limites: delocalized IPR=N, localized IPR=1.



On an actual Quantum Computer: 5-qubit ibmqg_rome

linear chain (PBC) of 4 T2 molecules. “Static” setting: nearest neighbor coupling V(t)=V= 40meV
Energies: E1 =E2,E3 =E4 and ET - E3 = AE = 20meV

— encode in 2 qubits: H = %()‘i + Vo2 + Volol.
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—> Hamiltonian Variational ansatz* 17;)0> a time step of 6t = 1.97fs is used (i.e. 3heV ™)
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Pega las amplitudes pero no las frecuencias! — shift! porque?

* Wecker, D., Hastings, M. B. & Troyer, M. Progress towards practical quantum variational algorithms. Physical Review A 92, 042303 (2015).



Source of shift and mitigation/correction scheme

The accuracy of the VQA dynamics is principally determined by three factors:

1.
2.
3.

Gradient norm

the expressive power of the ansatz

error due to finite number of measurements (sampling)
imperfections of quantum devices (decoherence / noise)
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simulations. It can be seen that the norm |f;| decreases monotonically as a function of A,
an observation consistent with the experimental observations that noise in quantum devices
leads to an under-estimation of gradient norm. The under-estimation of the gradient seen
in Fig. 5 therefore leads to an effective update time-step that is smaller than the actual
time-step, i.e. dt.q < d0t, leading to the right-shift of the VQA dynamics compared to the

exact results.



Trotter approach

[U(t) =1, ™" |¥(0))
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Fail to capture the amplitudes of the oscillations, but capture frequency !
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(C) Variational (corrected)
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Transverse Field Ising Model
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