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Quantum Time Evolution

Quantum Real Time Evolution

Study of real time dynamics for many-body physics systems, behavior under specific potential, etc. [1, 2, etc.]

Solve PDEs via Schrodingerisation (such as heat equations)

Quantum Imaginary Time Evolution

Finding the ground state of Hamiltonian H [3]
Prepare a Gibbs state for a given Hamiltonian H [4]

Solve PDEs (such as Black Scholes model) [5, 6]

Quantum algorithm for simulating real time evolution of lattice Hamiltonians, J. Haah et al.
Simulating quantum many-body dynamics on a current digital quantum computer, A. Smith et al.
Variational ansatz-based quantum simulation of imaginary time evolution, S. McArdle, et al.
Variational Quantum Boltzmann Machines, C. Zoufal et al.

Quantum option pricing using Wick rotated imaginary time evolution, S. K. Radha

Variational quantum simulations of stochastic differential equations, K. Kubo et al.
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Quantum Time Evolution H=) 0ih,

Quantum Real Time Evolution
E, = (W) |H|[p(t))

(222 = H p©)

Schrodinger Equation

Y () = e~ 1h(0))

Quantum Imaginary Time Evolution

Y (t))
= (E, — H t
Wick-rotated Jat (Er ) [p(©))

Schrodinger Equation

e—Ht

e =21t (0) ) (0)]

(O = — - [1(0))
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Product Formulas (PFs) for Real Time Dynamics

Suppose H.

o—iC H Dt
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Product Formulas (PFs) for Real Time Dynamics

Suppose H = Hy + H,.

e—i(H1+H2)t
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Product Formulas (PFs) for Real Time Dynamics

Suppose H = H, + H,. It [H{, H,] = 0, we can add the circuits
for e titgnd e~tHz2t in sequence

| pmi(Hy+H)E —iHqt

e —iHpt  40(t?)

~y

i seraral In general!
in general! —
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Product Formulas (PFs) for Real Time Dynamics

- Suppose H = H, + H,.It[H{,H,] = 0, we can add the circuits
for e titgnd e~tHz2t in sequence

e—i(H1+H2)t

ol

in generall —

- (Otherwise, decreasing the time to t/k and repeating the

—iH t —iHyt |

+0(t?)

in general!

sequence k times achieves a better approximation

R
e_lH1E

S A
e_lHZE -

|

Repeated k times
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k := number of Trotter steps

+0(t%/k)

SE (i) =: Lie-Trotter

—iH,t

e

—iH,t



Product Formulas (PFs) for Real Time Dynamics

| Trotter-Suzuki X
»Higher order PFs: S¥, (E) = e Ht 1 © (t (%)@) - eATB) = 1im (e(A/X)e(B/X>)

t S X —> 00
- Minimize cost

ot Lot .tk _ 3
. Example: 20 order PF: Sk = (¢~ Hizke~Hage~iHizr) = o=iHt 4 (%)

the number of terms grows exponentially with y How to Improve
| accuracy?
| \
i 1. Increasek
- 5 2. Increase
| mitnEE e—iH1% - e_iHZ% ; e—iH@ e—ing - X

| | 1 | | {g)

Hy, Hy, -+, H, Hy, -, Hy, Hy
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Product Formulas for Imaginary Time Dynamics

« By using the Hubbard-Stratonovich transtormation for positive semidefinite H one can achieve a linear
combination of unitary operators [1]

CO

1

VZn_m

o—BH/2 _

yZ
dy e 2 e WVBH

Requires the identification of VH or at least H such that H2 = H

» Forageometric k-local H = );; 6;h; one can apply a Trotter decomposition as

B

e BH — (e‘ATQOhOe_Awlhl ...)A_T + O (A7)

Approximate individual non-unitary transtormations with unitary transtormat
Expand A in the Pauli basis = fit coefficients via solving a

Method cost generally scales expone

ntially in the correlat

[1] Quantum algorithms with applications to simulating physical systems, A. Ch. N. Chowdhury
[2] Determining eigenstates and thermal states on a quantum computer using quantum imaginary time evolution, M. Motta et al.
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Inear system to ap

on length

ions e AT [2]

Drox. the imaginary dynamics.



Exciting Times

 Theinternationaljournalof science/15June2023 %’

~ Error mitigation empowers quantum
~ processor to probe physics that classical
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IBM Quantum

* Simulation of an Ising model on 127 qubits

* Proof that error mitigation techniques work in practice

* Notyetaqua
classical met
models

We are getting close to showing a quantum advantage and

ntum advantage since sophisticated

nods (tensor networks) exist for Ising

doing useful things
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Exciting Times IBM Quantum

Chemistry Beyond Exact Solutions on a Quantum-Centric Supercomputer

Javier Robledo-Moreno, Mario Motta, Holger Haas, Ali Javadi-Abhari, Petar Jurcevic, William Kirby, Simon Martiel, Kunal Sharma, Sandeep Sharma,
Tomonori Shirakawa, Iskandar Sitdikov, Rong-Yang Sun, Kevin J. Sung, Maika Takita, Minh C. Tran, Seiji Yunoki, Antonio Mezzacapo

arXiv:2405.05068

* Good approximate solutions to electronic structure calculations beyond exact diagonalization

* Upper bounds guarantee an unconditional quality metric for quantum advantage
- certifiable by classical computers at polynomial cost

* Quantum circuits of up to 10570 (3590 2-qubit) quantum gates
* N2 triple bond breaking (58 qubits)
* Active-space electronic structure of [2Fe-2S] (45 qubits)
* Active-space electronic structure of [4Fe-4S] clusters (77 qubits)

Combining powertful classical and quantum resources!
- up to 6400 nodes of the supercomputer Fugaku + a Heron superconducting quantum processor
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It you build it, they
will use It...

Multiple utility-scale
experiments within
last 6 months

(more to come)

Evidence for the utility of qguantum
computing before fault tolerance

127 qubits / 2880 CX gates

Nature, 618, 500 (2023)

nature

CUTTING ,
THROUGH

Error mitigation empowers quantum
processor to probe physics that classica
methods can't reach

»

Simulating large-size quantum spin
chains on cloud-based superconducting
quantum computers

102 qubits / 3186 CX gates

arxXiv:2207.09994

Uncovering Local Integrability in
Quantum Many-Body Dynamics

124 qubits / 2641 CX gates

arXiv:2307.07552

Quantum reservoir computing with
repeated measurements on
superconducting devices

120 qubits / 49470 gates + meas.

arxXiv:2310.06706

.....................................................................
o "

.......................................................................
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Realizing the Nishimori transition
across the error threshold for constant-
depth quantum circuits

125 qubits / 429 gates + meas.

arxXiv:2309.02863

0.30(1)
034(1)

Scalable Circuits for Preparing Ground
States on Digital Quantum Computers:
The Schwinger Model Vacuum on 100
Qubits

100 qubits / 788 CX gates
arxXiv:2308.04481

Efficient Long-Range Entanglement
using Dynamic Circuits

101 qubits / 504 gates + meas.

arXiv:2308.13065

e P H
oy —— |o) ’E \f T
jo— = |
0 [é ==
|o) —H - E‘
o o —&-GHTH T SOXHTHA ey
|0> —_— |O> S) T'I H ==X
19 - pri——; !!
o — - EHE— “
" 1 - -p——1 &
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Quantum Advantage IBM Quantum

b “Nature isn't classical, dammit, and if you want
| to make a simulation of nature, you'd better
¥ make it quantum mechanical”

i
=iy

“‘ 7' 8 i
R. Feynman

Solve a practically relevant problem faster or better
than any known classical algorithm on the best

E.g.

What is here? finding prime
factors, Trotter
Hamiltonian

simulation)

classical computer

(1) Fighting noise:
better error correction / fault-tolerance

(2) Finding new problems:
new quantum algorithms Many problems
on shallow

quantum circuits

Hardness for classical computers

Quantum hardware requirements
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Variational Quantum Algorithms 1BM Quantum

Paradigm problem

Approximate the solution with a parameterized state algorithm pre-processing
4 ’ D

logical circuit

) ~ [4(0)), 0 € R

with [¢(0)) = U(0)|0) acting in the . EM + compiler
| compiled circuits
0)— 00—  — .
- 0)- v 00 update | pulse generation
- 0)- ] 0)- én_ o parameters OPU

- J

. ost-processin
Ground-state preparation |P P &

result
Ey =~ ming (¢(0)[H|o(0))
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Variational Quantum Time Evolution H=) oihy

Variational Ansatz
Y, () = U(w(t))|0)
Approach:

e State evolution - Parameter evolution with McLachlan [1]
* Minimize the error between the variational trajectory and the actual gradient using a constant depth Ansatz

Properties: ()
» Ensures that w € R \y
* In the case of real time evolution not necessarily energy preserving ;Lé—o\o
» Unlike PFs: circuit depth does not (necessarily) increase with o) 1) \O
the number time-steps and the locality of the system \‘
“TTIT 0)— 0)—fp- —
[1] A variational solution of the time-dependent Schrédinger equation, A. McLachlan : O-wuE) - — 196 -
) 0)— 06—  —

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com 16



McLachlan’s Variational Principle H=) oihy

Variational Ansatz

Quantum Real Time Evolution _ g 0
3 VarORTE N) (w())[0)
0 B

5 (i = H) () =0
Quantum Imaginary Time Evolution
= VarQITE

0

5||(5 +H — Ee) o) =0

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com 17



Derivation tor VarQRTE

| et’'s move to the blackboard

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com
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McLachlan’s Variational Principle H=) oihy

Variational Ansatz

W, (1)) = U(w(t))]0)

0
o) (la—H) |l/)w _O
0o ()] 011h, (£))  0(Pyy (2)] 0, (D)) . <l/Jw(t)I <1/Jw()l
R( 7 e ol QUG iy ) —Im( So = HIb () - —52 |¢w<t>><¢w<t>|H|¢w<t>>)

Quantum Imaginary Time Evolution

0
5||(&+H‘Et) Ve

a1 2a®) _ AW ol (D)) (Yo (O]
R( T A s e @XPOI—52 )w,- R( "

H Ile(t)))
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McLachlan’s Variational Principle H=) oihy

Variational Ansatz

Quantum Real Time Evolution W, () = U(w(t))|0)

5 (: 0 H) .
ot Ve - Real
0|Y(t))
JURO) o = )
Quantum Geometric Tensor (QGT) Q . _ | @
prop. to the Quantum Fisher Information (QFI) Fijew; = Im (Cl 0w ll/)“’(t»Et)
Imaginary
. . . d|Y(t))

Quantum Imaginary Time Evolution 5> = Ec—H) YD)

0

(5 + 7~ E:) watn|| =0
A(E,, (¢
Fg w; = —Re((;) « <6w(- )

=» Application to ground state search!
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Quantum Geometric Tensor — Interpretation IBM Quantum

Slightly ditterent
tation...
What's the distance of the parameters? Notation
((0) = (¢(0)|H|p(0)) . o
Model-independent measure: F: fidelity
3.5 - HH(O) B 9(1)H2 g QGT
3.0 -
Model-aware measure:
2.5 -
] F(6,6") = |(6(6")|p(6")[
S 2.0
15- 00 For 60 - 0, we can Taylor expand the fidelity
—29(0)
_ O o
= wr@e) VSHE@O | , 503
oo o=

—1-860"¢(0)86 + O(]|66]3)

1.5

m) the QGT captures the local model sensitivity to parameter changes

Fisher Information in Noisy Intermediate-Scale Quantum Applications, J. J. Meyer, 2021
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Numerical IBM Quantum

Solution to Variational Quantum Time Evolution (VarQTE)
ODE =» Ordinary Differential Equation (ODE)

Initial value problem (IVP)

w(t) = f(t, o(t))

VarQRTE VarQITE

w ~1
Fua (W) = (]:Q)_l Im (C’ agf | %) E,‘f’) fsta (W) = — (]-"Q) Re (C})

State evolution 2 Parameter evolution
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Residual Errors

H — zgihi
L

Variational Ansatz

Y, (D)) = U(w(t))]0)

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com

Quantum Real Time Evolution

Quantum Imaginary

el =

iIme Evolution

lleo)l = (

(5~ H) W)

a+H E
ot t

2

) 10 (©)

2

IBM Quantum



Derivation tor the VarORTE Error Bound

| et’'s move to the blackboard

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com
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Residual Errors

H — zgihi
L

Variational Ansatz

Y, (D)) = U(w(t))]0)
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Quantum Real Time Evolution

el =

IBM Quantum

(i%—H) e

“let)”Z = zz W; (‘)] — Zz w; Im ( ' hl)w( )| |1/Jw(t))Et) + Var(H);

Quantum Imaginary

iIme Evolution

Mool = ||(55 + 1 — Be) b0

2

llee)l —Zzwlw, +zzw1Re<c>+Var<H>t

Var(H); =

(lpw(t)le ij(t)) T (lpw(t)lHllpw(t))z



Numerical IBM Quantum
Solution to VarQTE given as an Ordinary Differential Equation (ODE)

ODE

Initial value problem (IVP)

w(t) = f(t, o(t))

VarQRTE VarQITE

w —1
fsta (W) = (]—'Q)_llm (C 8(5)‘; | |¢§’)E§’) fsta (W) = = (F¢)  Re(Ci)

frnin (w) = argmin || |e;) ||
weRk+1
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Alternative Variational Quantum

Time Evolution Methods

Projected Variational Quantum Dynamics'Y! (pVQD)

[Wo)— U(OB;) — e 0t — U(Opy5:) —

min 1 — ‘(1/1(9t+6t)|e_iH6t‘l/)(9t)>|

Oti6t

|1/)(9t)> — U(et)h/Jo)
[Y(Or46t)) = U(O¢is6)|W0)

For 6t — 0 pVQD is equivalent to VarQRTE

[1] An efficient quantum algorithm for the time evolution of parameterized circuits, Stefano Barison, et al. 2021

0){0]

Variational & Trotterized Imaginary Time Evolution?
Geometric k-local H = );; 6;h;

5
e PH = (e=Atbohog=AT6:h1 AT 4 (A7)

Atter a single Trotter step

[P) = e~ AT0mlm|y)

Unitary approximation

I\ — l/)’> ~ ,—IATAm, _ i
W) =i = €U ), A = Zamm
min|||y') — (1 — IATIATAR) )5

Sa,, = b
S = (Wlowoy ) by = ;—Z<¢|akhm|¢>
c =1—2At(Y|h,, ) + O(AT?)
Complexity

Number of measurements for a single time:

0 (ecd) with C correlation length, d: domain size

[2] Determining eigenstates and thermal states on a quantum computer using quantum imaginary time evolution, M. Motta, et al. 2020
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Now back to
VarQTE...
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How can we verity
the preparation
accuracy?
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Bures Metric

Target state

™ (2))
p () = [P ()WY~ (0)]

Prepared variational state

P(t))
p(t) = [Y(®)) P ()]

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com

Fidelity - F(p*(),p(®) = @ ())I?

B(p*(t),p(t)) =

Further

B(p* (), p(t)) = ming|[[*(£)) — e ?|Y(@®)],

If e € [0,2] P F(p" (). p(0) =

= Global phase independent

2
1 -
2

)

2

\

2 — ZJF(P*(t):P(t)) S €

IBM Quantum



Errors

Target state

™ (6))
p () = [P ()" (t)]

Exact variational state

[Y'(t))
p' (1) = [p'ONY' (@)

Prepared variational state

Ve (£))
Pw (t) — |lpw (t»(lpw (t) |

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com

What we want

B(p* (t); Pw (t)) = €t

B(p*(t), pu(®)) < B(p*(®),p'()) + B(p'(©), po (t)

\

}

!

Error due to
variational
approximation

\

)
}

!

Error due to
numerical
ODE solution

IBM Quantum



Errors

Target state

™ (6))
p () = [P ()" (t)]

Exact variational state

[Y'(t))
p' (1) = [p'ONY' (@)

Prepared variational state

Ve (£))
Pw (t) — |lpw (t»(lpw (t) |
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What we want

B(p* (t); Pw (t)) = €t

B(p*(t), pu(®)) < B(p*(©),p'(t)) + B(p'(t), pu (1))
|

\

}

!

Error due to
variational
approximation

\

!

Mitigate locally
using suitable ODE
solvers

IBM Quantum



VarQTE

Error Bounds

Target state

™ (2))
p () = [P ()WY~ (0)]

Prepared variational state

e (2))
Pw(t) = [Py () N1hy, (1)
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B(p*(t): pw(t)) = €t

€t

|

t

=0

llex)llz dz

IBM Quantum



Error Bounds Derivation

| et’'s move to the blackboard
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What about the
ODE

Implementation?
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Solving the IVP

Making the right choices when solving the different
components of the system Is Imperative for a successful
VarQTE simulation.

Methods

x =g~ b
Exact inversion ideally g Is always invertible if all parameters are linearly independent - not true for sampled app!

min,|[b — gx||
Least squares = more stable

miny|[b — gx|| + Al f]

Regularized least squares, e.g., eigenvalue cut-off or ridge = even more stable but possibly unphysical
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Solving the Ordinary Ditterential Equation

Main ODE solvers:
e Fuler
* Runge-Kutta

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com
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Solving the Ordinary Ditterential Equation

Main ODE solvers:
e Fuler
* Runge-Kutta

Explicit methods: Calculation of update by using the system state at the current time.
Pro: Simple to evaluate Con: For stitt problems the time steps become impractically

small

= Evolve w (1) e.g. with explicit Euler

(1) =@ (t—61) + &(r — 61)67T

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com
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Solving the Ordinary Ditterential Equation

Main ODE solvers:
e Fuler
* Runge-Kutta

Explicit methods: Calculation of update by using the system state at the current time.
Pro: Simple to evaluate Con: For stitt problems the time steps become impractically small

= Evolve w (1) e.g. with explicit Euler

(1) =@ (t—61) + &(r — 61)67T

Implicit methods: Calculation of update by using the system state at the current time and for a time that lies
in the future of the current time.
Pro: Can improve numerical stability Con: Expensive evaluation

=>Evolve w (1) e.g. with implicit Euler

(1) = & (t—67) + @(1)d1

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com
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VarQRTE

Error Bound

Open chain
transverse field
Ising model on 3
qubits

Lj L

EfficientSU2(3,reps = 1)

[1(0)) = e~]000)
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error

Runge Kutta

f std

0.10 -

0.08 A

0.06 -

0.04 -

0.02 -

0.00 -

State Error

B(|lw®), |w))

0.0 0.2 0.4 0.6 0.8 1.0
time

Runge Kutta
fres

State Error

1.00 -

0.97 -

1.000 |
0.998 -
0.996 -

& 0.994 -

< 0.992 -
0.990 -
0.988 -
0.986 -

time

Energy

0.0 0.2 0.4 0.6 0.8 1.0
time

IBM Quantum



Va. I‘QITE Runge Kutta

fst
ErrOr BOund StatdeError

1.4 )
B(lwe"), [we )

Hydrogen [1] - _—

1.0 -
5 0.8 -
Y 0.6

0.4 -

0.2 -

H= 022521+ 05716 ZZ + 0o
OLlma o o o o o o @ o
0.3435 17 — 0.4347 ZI + 0 1 2 3 4 5

0.091 YY + 0.091 XX

Runge Kutta
EfficientSU2(2,reps = 1) ferr

State Error

1.4 -
t = 1 1.2 -

1.0 A

S 0.8 -
|1/J(O)> — |+> 0 |+> 3 0.6 -

0.4 -

B(lyg), |y )

0.2 A

0.0 -
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0.25 -

energy

IBM Quantum

Energy
E/
— Et{U
0 3 4 5
time

[1] Variational ansatz-based quantum simulation of imaginary time evolution - S. McArdle, et al



What about the
trainability?
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Trainability of Variational Time Evolution

b) |

I. Prepare a state £(6) Region I P S
t) =U(0" Region II
r’ (")) = U(07)[¢o) T .
~\ - — Region | M & Region II A
IV . Update parameters IT. Apply a small evolution r e O(1) : O(1 /v
* * / i / Orc
- B +88)) = e H(¢)  Vargl£(6)] € O (1/vM)
S O Varg|L£(0)] € Q2(1/poly(n))
r . . N (Theorem 1)
[II. Train with warm start € CONVex \_ )
0 .., = argmingL(0) (Theorem 2)
\ y, -
0" 07 0

new

L(0) =1~ [(o|UT (@)~ U(6)

o)l Conditions sufficed

1. Non-vanishing variance in poly large surrounding region

> In the limit pvQD and VarQTE are equivalent 2. (e-)Convexity guarantees for poly large time steps

Variational quantum simulation: a case study for understanding warm starts, R. Puig-i-Valls, M. Drudis, et al. 2024
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Complexity

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com

66



VaI’QTE Number time steps o Z -
Complexity / -

Number of expectation values O (T(md + dz))

Im (C, O Wu(t)] [ (6)E;) and Re(C;) € RY

awi
0P (0)] 0|y () (g, ()] 0[P, (1)) dxd
FQ — t t €ER
; ( Gy e dw eI
Wall time for 300 iterations on IBMQ Montreal
;. —— VarQTE
1year-%
_ 145 days s
1 month-;
1dayé
109 101 102 103 104

number of ansatz parameters d
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How canh we
reduce this
complexity?
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Simultaneous (Yuantum IBM Quantum

the open journal for quantum science

Pertur b ation Simultaneous Perturbation Stochastic Approximation
StO C h 35St | C of the Quantum Fisher Information

: , Julien Gacon'+?, Christa Zoufal'3, Giuseppe Carleo?, and Stefan
Appl’OXImathﬂ Woerner!

(SPSA)

3.0 | (9 —+ E& — (9 — E& —

. FO+R) =~ FO-8) 1 G
. 2€
10 =) SPSA is (in the limit) an unbiased
0.5 - - estimator of the gradient [1]

Note: Does not apply

to real time evolution 1.5 2.0 2.5 3.0

X1

with & ~ Bernoulli{::l}

[1] Spall. IEEE Transactions on Automatic Control 37(3) (1992)
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Can we evaluate IBM Quantum
the OGT via
SPSA?

Write QGT as Hessian

1 2
Fé = — S0wdw; [(Y(w'(®)|p(w®))]

2 w' =w

Step 2 Generalize SPSA for Hessians

IBM Quantum — Christa Zoufal ouf@Zurich.ibm.com



Resource reduction

IBM Quantum

-== 1=0.05

—0— SA-QITE
—&— VarQITE

4 5 6 7 8 9 10

0.06
» Ising model with a transversal field (J = 0.5, h = 1)
n—1 n 0.04 -
H=JY ZiZia+h) X ~
i=1 i=1 0.02 -
« Hardware-efficient ansatz with L = log(n) 0.00
0) By} TRo}—4— (B} [Ra|—
0) — Ry — Rz —D Ry — Rz —
O> —— RY RZ 4 é RY RZ —
0> — R.Y R.z S, T R.Y Ry —— 109 -
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Resource reduction IBM Quantum
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...or we employ classical shadows. IBM Quantum

(a) (b)
ITE with H; molecule Hamiltonian RTE with H; molecule Hamitonian
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- Can also help to reduce the impact of shot noise 1] Credits [1]
The evolutions of the infidelity D;(|yptr8et), |y, ) for each time step. (a) QITE for H,, (b)

QRTE for H,, (c) QITE with Heisenberg model Hamiltonian, and (d) ITE with LiH. For a

[1] Measurement optimization of variational quantum simulation by classical shadow and derandomization, bricklayer HEA with d=4, n=8

K. Nakaji, S. Endo, Y. Matsuzaki, and H. Hakoshima

[2] Measurement optimization in the variational quantum eigensolver using a minimum clique cover, V. Largest degree first (LDF) grouping '?): smart combination of Pauli terms to reduce
Verteletskyi, T.-C. Yen, and A. F Izmaylov. number of required measurements

[3] Efficient estimation of Pauli observables by derandomization, H.-Y. Huang, R. Kueng, and J. Preskill Derandomization 13): variant of classical shadows which aims at minimizing the

confidence bound
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IBM Quantum Platform: https://quantum.ibm.com/
Access to quantum hardware and related information, e.g., about system noise, tutorials, learning platform, etc.

Qiskit Documentation: https://docs.quantum.ibm.com/
How to build a circult, transpile a circuit, debug, execute with simulators, or hardware, etc.

Qiskit Github: https://github.com/qgiskit
Code, building blocks, algorithms, etc.
Special note to: https://github.com/qiskit-community
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A big thank you also goes to my colleagues for all their work!
- foundation tor this lecture

Christa Zoufal
Research Scientist ouf@zurich.ibm.com
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