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1.1 STANDARD ANNEALING

» To use quantum annealing for solving a problem - Map it to a 2
Hamiltonian 06 |
N A(s)
04 f B(s)
Hp = — 2 hioi" — z]iz,jaizajz
i=1 0} °21
e Annealing Hamiltonian H = A(s)H; + B(s)Hp 0 = " pye v
where, >
s =t/T A(0) > B(0)
T, = Total annealing time A(1) « B(1)
N
HI = — z O'l'x
i=1
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1.2 FAST ANNEALING

« Standard annealing: Shortest annealing time possible = 500 ns

* Fast annealing:
= (Can explore shorter annealing times (up to 5 ns)

= However, it is not possible to have non-zero fields (h;) in Hp

« Way around for having effective h; fields using flux bias offset:
= Select an unused spin k on D-Wave
= Bias the spin by a large flux offset (h) = Fixes the extra spin to 1 or | depending on
sign of h
= Set the field of spinito 0 and J;;, = h;
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1.3 REVERSE ANNEALING

e Description:

= Start in a (low-energy) classical state

* Increase the strength of quantum fluctuations (increase A(s) and 0

decrease B(s)) till certain reversal distance s, t, t '
= Optional wait at s,

» Decrease the strength of quantum fluctuations (decrease A(s) and
increase B(s))

e Schemes:

= Waiting time scan (WTS): Do different runs with fixed ¢, = ty = 1us,
and varying t,,,, collect the final p(t.,,4),

» Annealing times scan (ATS): Do different runs with t,, = 0 and
varying t, = ts, collect the final p(t.q),
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Il. D-WAVE RESULTS

Member of the Helmholtz Association J Forschungszentru



2.1 REVERSE ANNEALING

s = 0.7
211 1-spin
HP = 0.1 0%
WTS WTS
1 M | - I I
Initial state = | T)
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N N \QQ N N \QQ
tend (“S) tend (HS)II,,'/
. . . . gi e~ PEj ;
Fit to Boltzmann distribution: p; = TP
Zj gje "1 e —
, Pr = 0.2 i
B =6.93 (T = 29.7 mK) —— - p=08
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2.1 REVERSE ANNEALING 5= 0.7

2.1.2 2-spin B =693 (T = 29.7 mK)
251 253
Hp = —0{ —aj +0.950{ 05 Hp = —0.950{ —0.950% +0{ a5
WTS
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2.1 REVERSE ANNEALING 5= 0.7

2.1.3 Ferromagnetic spin chain °] ® DWavedata
——— Fit (beta=7.64)
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2.2 STANDARD ANNEALING 5= 0.7

2-spin B =693 (T =29.7mK)
251 252 253
Hp = —0{ —aj +0.950{ 05 Hp = —oy —07 +o{0; Hp = —0.950{ —0.950% +0{ a5
1 . 1 1
‘TT§ — iTTg —
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2.3 FAST ANNEALING 5= 0.7

2-spin B =6.93 (T = 29.7 mK)
251 252 253
Hp = —0{ —aj +0.950{ 05 Hp = —oy —07 +o{0; Hp = —0.950{ —0.950% +0{ a5
1 . . . - - . . ] . 1

Il == ™
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lll. SIMULATIONS
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3.1 TIME-DEPENDENT SCHRODINGER EQUATION

« The time evolution of an ideal closed quantum system is governed by the time-dependent
Schrodinger equation (TDSE)

0
ih— [(6) = HORPO)
D
() = ) aild)

1=0

= H(t): time-dependent Hamiltonian modeling the quantum system
= |yY(t)) describes the state of the whole quantum system at time t
* |i): basis states

= ¢;: complex valued coefficients

D: Dimension of the Hilbert space
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3.2 LINDBLAD MASTER EQUATION

« Master equation that approximates the time evolution of a density matrix p(t) of a system

interacting with an environment

dp(t) _
dt

\

= p: density matrix
= L;: dissipation operators
= y;: dissipation rates
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3.3 BLOCH EQUATIONS

 For a general 1-spin system, H = —%B O
- Density matrix can be written as p(t) = %(1 + 27, Si(t)ay)

. ChoosingL1=a+=(g (1)),L2=a‘=((1) 8),L3=az

« Lindblad equation reduces to Bloch equations

g S1(t) [/ 0 B, -—B, 1/T, 0
I S |=|\-B, O By |- ( 0 1/T>
\ss) [\ By -Bc o0 0 0
1 2 Y1~V
Where Sk (t) — Trp(t)o-kl Tl = Y1+V> ’ Tz = Y1t+Y2+4Y3 ’ - yi'l'yz
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3.4 MARKOVIAN MASTER EQUATION

« Lindblad master equation

dp(t) _

= = —ilH,p()] +

ZV](ZL pOLT — LTLip(t) — p(OLTL;) = Lp(t)

LH(t) = 26340, + B()Hp
and Pij = 0 (l :/:])
>[H,p(®)] =0

« Markovian master equation: dl;—it) = WP(t)

<t () = () ) G)

P11 Y2 " Y5 T~ Y7 Va Ve V1 [2%%)

. d| P Ys —Ys O 0 P11
2-spin: o pir | % 0 -y O Dit
10 Y2 0 0 —vi/ \Pu
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4.1 1-SPIN RESULTS

Hp = 0.1 O'Z
Bloch equations
Reverse annealing Standard annealing
WTS
B
O
o
tend (!JS) .
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4.2 2-SPIN RESULTS 251

Hp = —of —05 +0.950{ 05

4.2.1 Lindblad master equation
Standard annealing

Reverse annealing L et ' ' '
Lindblad, [11) ——  DW, [t1)
ATS 0.8 | Lindblad, [T}) ----- DW, (1)) -
1 Lindblad, [41) - DW, [41)
06 | Lindolad, [{}) ——-  DW, [l)
08 B o |
Do\___ — =
0.4 | %, "
~ 0.6 | Lindblad, [t1) —— DW, [11) 3 e s
4_-“:’ Lindblad, [T) ----- DW, [T4) R ) 0.2 :——".‘."""—'Q'J—;_O_-_____'-’V—'M&'éo'owmﬁ““""‘*'U'é‘cfs‘?’oam@f
Q04 | Lindblad, [41) - DW, [t - I . @
Lindblad, 1) —-—-  DW, [) 0 F—c o ua‘
0.2 | ,;,_;,:6""3“7‘”“’3 1 10 100 1000
_oaaoa‘.e'i"'," o (a) ty (us)
0 ittt « Simulations cannot capture the initial
1 10 100 1000 dips & bumps
teng (1S) =>» Need time-dependent dissipation rates
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4.2 2-SPIN RESULTS

4.2.2 2-spin results: Tackling the dips & bumps

H = —3% |A(Bccn ()6l — 2hi| L (@ocss (s))| @3 (s)67

FAST STANDARD
ANNEALING | ANNEALING

+ 35 Ji i MarnI, (@ccs (s))?61)6Y)

For implementing B(s) &7 (s) = Marm|I,(s)|
However, for these potentially very fast ramps in ®ccj3(s), no attempt is made to
keep the relative energy ratio between h and J terms constant (through adjustments
of ®7(s), as is done by the standard-anneal protocol, where it is set to the linear

M apy ]Ip(s)|). Consequently, this protocol is used only for problems with no linear

biases (h = 0).

’
14

|
(Non-zero ' (Non-zero

h; not I R ks fi
allowed) | h; works fine)

0;5' 1
ta(ps)

So that instead of
B(hl +]i,j)’ we have

Conjecture: For short annealing times (where non-zero allowed), the h and J ratio
can no longer be kept constant...

B'(h) + B(J;;)?
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4.2 2-SPIN RESULTS

4.2.2 2-spin results: Tackling the dips & bumps

FAST STANDARD
ANNEALING | ANNEALING

Conjecture: For short annealing times (where non-zero allowed), the h
and J ratio can no longer be kept constant?

Idea for B’(s): 1) B'(t) = 0 for t < t5tart

- ( )Sln 2 tend _¢Start onset — — tonset

onset onset

3) B'(t) = B(¢t) fort > t&nd,
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4.2 2-SPIN RESULTS

4.2.2 Tackling the dips & bumps: Numerical results with Lindblad master equation

251 2S2 2S3
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4.2 2-SPIN RESULTS o= ot or

of —a3 +0.950{ 05

4.2.3 Markovian master equation N Stgnq‘qrd a"'f'?'alll"l‘g |
: Markovian, — DW, | .
Reverse annealing . m :T>
0.8 [Markovian, |T]) ----- DW, 1)) o
WTS Markov?an, iy IR DW, |41)
0.6 {Markovian, |||} —-—: DW, 1))
s Cln e pnalne W e |
0.4 | % e
-‘\\ ) 0cee o‘hu:&w
Y W S o S - 4 _‘\\..\. _O_cnct%n... -Q-g v O uo%’“‘_'
> 0.2
c
= (a)
o 0 T , N ; "
1 10 100 1000
ty (1s) _
B and B’ used to reproduce the dips &
bumps in forward annealing
* Non-quantum equations can capture the D-
Wave behavior equally well
« Can be used to reproduce W resultg for
larger systems ’ J U LICH
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4.3 FAST ANNEALING

4.3.1 1-spin
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Comparison of the D-
Wave data with ideal
quantum annealing
simulations

Data matches the
simulations closely only
fort, =5ns

Beyond that data
deviates from the
coherent simulation
results
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4.3 FAST ANNEALING

4.3.2 Fast annealing results: 2-spin
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simulations beyond t, = 5 ns
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Looking at specific cases can be
misleading
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V. CONCLUSION

- Systematic thermalization: D-Wave results show consistent relaxation towards the
thermal equilibrium across standard, reverse, and fast annealing protocols as a
function of annealing time

 Numerical agreement: Bloch (1-spin) and Lindblad/Markovian master equations (2-
spin) reproduce D-Wave data well across all protocols

« Possible implementation artifact: Standard annealing shows unexpected features
(dips & bumps) at certain annealing times, which can be explained by incorporating
a physically motivated modification to the annealing schedule

« Coherent effects: Signs of coherence observed but limited to ~5 ns annealing time
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ADVANTAGE 2 (PROTOTYPE)
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