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Scientific Developments: A Vision

G. Baskaran 2009’ 2020’?

Institute of Mathematical Sciences
C.I.T. Campus, Chennai 600 113, India

...some people say “Quantum computers are a nice game that

theorists will keep playing for a while, until they get tired. But

there are optimists. | am one of those optimists for no logical
reason, it is simply a gut feeling.”

..."Will there be quantum computers of reasonable size 10
years from now? As | said earlier, | have no logical
arguments or vision arising from deep insights...”



Quantum science

® 3%

® Microsoft Quantum: probably > $300M per year.

® Many others!
U.S. QIS R&D Budgets

$1,000 M

$800 M |
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$400 M |
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SOM |

FY 2019 FY 2020 FY 2021 FY 2022 FY 2023
Actual Actual Acutal Estimated Proposed

m NQl mBase

Figure 2.1: U.S. R&D budgets for QIS since the inception of the NQI Act. The bar heights represent the total budget for each
fiscal year (FY 2019 — FY 2021 actual expenditures, FY 2022 estimated expenditures, and FY 2023 requested budgets). The
portion of each bar marked “NQI” identifies funding allocated for NQI Act-authorized activities; this additional funding is on
top of the budgets for baseline QIS R&D activities.




Quantum science

® People:
® Compare arXiv “new” listings:
® 1/2 CM vs 131 Quantum
® Experimentalists going to private sector
® Theorists mass movement to Ql:

® | et's look at UCSB faculty
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= A discussion with Sankar Das Sarma and Cheta... © ~»
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Application to quantum
materials?

® Try to apply quantum algorithms to actual quantum
problems

® For example: how would we obtain S(k,w) on a quantum
computer?
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R. Dally et al, PRL (2020).



Quantum Ising chain
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Quantum theory done classically

Exact . Perturbative about C O N b 2 O 6
INS Data Diagonalization  Two soliton localized limit

 Qualitative and
quantitative
understanding of
complex spectrum
based on strongly
interacting flat band
solitons

v
x
X

Leonie Woodland  Radu Coldea

Oxford Oxford Izabella Lovas
KITP

L. Woodland et al, PRB 2023



Possible quantum approaches

® Direct time evolution? Q: Isn’t that what a quantum computer
is good at?

® A: Maybe a special purpose simulator, but a digital
quantum computer like google machines can't. They apply
controlled 1 and 2 qubit gates

® You can Trotterize but this introduces substantial errors that
can only be improved by scaling to many gates.

® |nstead we will try to use a variational approach to obtain
elgenstates.



VQE

® Variational quantum eigensolver:

Peruzzo et al, 2014 quantum
circuit

C 7 Quantum variational eigensolver |
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state preparation |

data acquisition + EHT

Exploring Large-Scale Entanglement in Quantum Simulation

Manoj K. Joshi,% 2> * Christian Kokail,'3>* Rick van Bijnen,!'3 * Florian Kranzl,!»2
Torsten V. Zache,'3 Rainer Blatt,’»? Christian F. Roos,»2 and Peter Zoller"3
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state preparation and analysis
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PHYSICAL REVIEW B 105, 094409 (2022)

Probing ground-state properties of the I

h

g model
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Jan Lukas Bosse 2" and Ashley Montanaro !
1School of Mathematics, University of Bristol, Bristol, BS8 1QU, United Kingdom
2Phasecraft Lid, Bristol, BS1 SDD, United Kingdom

JAN LUKAS BOSSE AND ASHLEY MONTANARO

10*1 J -‘- per ham.
< ]
I
= E 1072 E \
= E \
& ]

3 ] El
10779 |Eo]

—@- per edge color

\\
l~“ "t
\ R
S &n
\ o

-V¥- per edge color ii

- per edge

*-0-0-0-¢-
& -3

HV layers p

FIG. 12. Scaling of the relative energy error as a function of
p for the 3 x 8 lattice with different ansatz circuits. Results are
shown for three runs per data point and with the initial parameters
chosen uniformly random within [0, i]. The error bars reflect the
standard deviation between the different runs.
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5SS VQE

® Subspace Search VQE: for excited states

10000) —»
10001) —

u(e)

. Choose N
K. Nakanishi et al, 2019
|an({91})> = U({Qi})|‘I’n,0> orthogonal
initial states
—— — 1 (0))
— _’|‘/’1(9))> <‘Pn’| lPn> — <\Pn’,0 | ‘Pn,0>
i Wi{y;|H|Y;) minimization
(wi>wy > >0)
Evar = Z Wn<\Pn | Hl an> Wn > 0
n

Just repeat the VQE with the same circuit on N initial
orthogonal states and minimize (weighted) energy sum.



Elementary excitations

® Transverse field Ising chain

L L
=1 1=1 § V:;? " spin-iip
quasiparticles N quantum 7" quasiparticles
MM ./ e
. EXCitatiOHS a.t J<<h: 0 Ordered  f, Paramagnet p old h

|k> =— eikxi| —; > Momentum eigenstates

Exact energy ¢, = 2\/h2 +J? —2hJcosk

? Can we get this from (SS) VQE?



VQE for Ising chain

® Natural circuit: preserve translational symmetry

L L
Hr=-JY ZZi1—h) X,
Ii:l , =1

H1 H>

|¢P(% B)) — e~ WBpH1 =i H2 | ,—if1H1 p—i71H |¢1>

2

82 52 52 2 2 k2

% 0> -1 b b 5
@ o> -1 b b 5
E % 10> - - B ——
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@ 0> 1 b 5 5
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VQE for Ising chain

Scil SciPost Phys. 6, 029 (2019)

Efficient variational simulation of non-trivial quantum states

Wen Wei Ho'* and Timothy H. Hsieh?3

-
N

-
o

T
®

[ I T N N I I S

1 1 1 1

8 10 12 14 16 18
P L

Figure 4: Preparation of critical state. (Left) Many-body overlap |(y,|+),|* of
the prepared state with the target ground state of (9) found by exact diagonal-
ization. Ones sees perfect fidelity for p > L/2. (Right) Total minimum time
T = ming, ) [Z‘: =L/ 2(yi + /31')] required for the VQCS to produce the critical state
with perfect fidelity using VQCS,_; /5. One sees a linear trend T ~ L.



VQE for excited states?

|_i>:|++"'_i+"'+>
1 .
| k) =Wzi:€lkxi| =) For J/h << 1

€ = 2/ h* + J* = 2hJ cos k

Issue: translation operator T cannot be generated with a
finite depth circuit (depth proportional to L).

c.f D. Gross et al, 2012
Amount of translation is a “topological index” for 1d
quantum cellular automata




VQE Attempt 1

® | et's not worry about it and just initialize a momentum state.

| .
YRy = —= D | -,
wo(k)) \/N i € )

® (Generate

lw(k)) = U{AAD lwy(K)

® Momentum conservation helps: k is conserved as is P = @; X;



Works!

E(k)

E(k)
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Simulations with QISkit
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VQE attempt 2

® Make the system generate k state
® Trick 1: Parity conservation P = Q; X..

Ground state P=+1, k=0 |1GS)=U,[++ - +)

Excited state P=(-1)N, k=0 |k=0)=U_|——"--—)

Generates quasiparticle state if N odd!
® |n general this U depends on J/h (and is non-trivial
even for J/h=0).



VQE attempt 2

® |t works! |GS)=U,|++ - +)
k=0)=U_|—— - —)
2.0 — o
| \\ VQE
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N\
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N\
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VQE attempt 2

® (Generate other k values?

® Trick 2: for ideal single spin-flip state, can change k via
local unitary

1
[k)o = Uyl k = 0)g |k=0>o=ﬁg|—i>
Ue = 11, otk (3= )

® So we have a protocol

|k> — Uint|k>0= UintUkUgl — e —>



VQE attempt 2
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This also works!



VQE attempt 3

® Can we work in real space instead of k space?
® What if we initialize to a localized excitation?

|x=0>o=|++"'_x=0+"'+>=ZoH|+>i
® Fvolved state

|x =0) = ULl{p;}1]|x=0)
® Since U is translationally invariant and parity
conserving, we have



VQE attempt 3

® Variational energy

1 1
(x=0|H|x=0)=— > (K|H|ky=— ) (k|H|k)
Nix N
* Minimum is reached only if it is reached for each k state
individually!
® Quantum parallelism! Just running VQE on this
single state encodes the entire band of excited

states!



VQE attempt 3

® \ariational energy of this state gives the mean
energy of the band

2.75 {—=
B /
E E : '
=0~ FGs = 7 Z €k /
_ Y
With some work we can extract the entire band, but 7
we're still trying to make it efficient 20 L—

® \\We can also look at the state itself

(x=4|X|x=4)

1.00
0.75 1
0.50 1

0.25 4

0.00 4

M(r)

—0.25 A
—0.50 1
-0.751 —®— ] =0.0

J=0.4
-1.0041 —® J=06

® Physically, we are generating
the interacting analog of a

Wannier state.

“The quasiparticle”



VQE attempt 3

One can investigate many more aspects of the quasiparticle, since we
have its wavefunction. For example, we can ask what is the probability
distribution of the number of spin flips?

Magnetization

Can also extract "bandwidth”.

M(r)

ly) = — (%) + [x+ 1))

1
2

dk
(wlH ) - (x| H]x) = Jz— e(k)cos k.

T




Domain wall QPs

1
o g
5N Gap /7
g Nam) /
o) \ ’
o N /
£ \ /
o) \ /
= . N A
domain-wall ,7 spin-flip
quasiparticles \\qua}r)tum ,7 quasiparticles
\critical »
MM =
| \‘/ -
0 Ordered he  Paramagnet Figid h

Magnetization of wavepacket

1.00 ]

0.75 A

0.50 A

0.25 A

| Slightly modified
B algorithm produces
\ —e— /) =0.70 - -
localized soliton

—&— initial state

M(r)

—0.25 A

—0.50 A

—0.75 A

—1.00 A ¢




Conclusions

® VVQE can generate an “exact” (in the sense of variational
convergence) localized quasiparticle state

® This procedure benefits from quantum parallelism and unitarity
to encode the entire band of quasiparticle states in the
localized state

® Extensions to many other quasiparticles seem possible.

® Q: is there a classical algorithm that can do the same, i.e.
directly produce the maximally localized exact quasiparticle
state?



s a QC useful for guantum

materials?

Applications of Google quantum computing based on physical qubits

This s! gle quartum computing applications based on phy; s required. s key components are quantum gravity, certifiedrandomins iclear magnetic resonance, fopological data an:

Physical qubits required (with quantum error correction)
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