Supplementary Information for “Experimental signature of
programmable quantum annealing”
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Supplementary Figure S1: Annealing temperature schedules. Temperature as a function of anneal-
ing step n for three different schedules: exponential T'(n) = Tirg,, linear T'(n) = T;/(nri, + 1), and
constant T'(n) = .5 temperature, where T; is the initial temperature, Ty is the final temperature, and

Texp = (Tf/Ti)l/"mt, Tiin = (T /T; — 1) /N0t fOr nior total number of annealing steps.



Supplementary Figure S2: Contour used in our proof of the KMS condition.



Supplementary Methods.
First-principles derivation of the master equation

Here we derive the master equation used by SA from first principles within the open quantum systems
formalism. This motivates classical SA as a model for a system dominated by classical thermalization of the
final Ising Hamiltonian.

Let Hg(t) be the time-dependent system Hamiltonian and Hgp = Za A,® B, be the system-bath Hamil-
tonian. We have previously established that the Lindblad equation within the rotating wave approximation
has the form'®
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where
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{]a)} is the instantaneous eigenbasis of Hg (we have suppressed its explicit time-dependence) for spin vector
a=1{ai,...,ay}, where a; € {1,1} , and

Yoeale) = [ dren(BL)By(O) (s3)
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is the Fourier transform of the bath correlation function. The star adornment on the first subscript (*)
is a reminder that the first operator in the bath correlation function is Hermitian-transposed. We have
ignored the Lamb shift in Eq. since for a time-dependent Lindblad evolution it amounts to a small
perturbation of the system Hamiltonian. We used this form of the master equation for our quantum open
system numerical simulations, as detailed elsewhere'®.

We show below that for a bath in thermal equilibrium at inverse temperature f3

Va*ﬂ(_w) = e_ﬁw’}/ﬂa* (w) 5 (84)
where
o) = [ " dre T (By(r)BL(0)) | (5)

We assume that the system-bath coupling Hamiltonian has the form

N
Hsp=Y, Y. g/ 0j®B", (S6)
J=1lre{t,z}

where ot = (0% £ i0¥)/2, we identify |1) with [0) and ||) with |1), and where we neglect higher-order
interactions of the form o} ® o} ® B%‘” or above. Since Hgp is Hermitian we also have Bj(i)T — B]G),
B](Z)T = BJ(-Z), gﬁi)* = g](;), g;Z)* = ](-Z), and where the asterisk denotes complex conjugation. In the
computational basis of spin vectors {a}, we introduce the notation

) = oFa) , (S7)



which denotes either a flipping of a;, or 0 if either o acts on a; =T oro;

; ; acts on a; =|. Then

<a|0-ji|b> = (Uji)ab = 5a,bji ’ (SS)

where the § function is defined to evaluate to zero also when aji annihilates |b). We are interested in classical

thermalization, in which the density operator is diagonal in the computational basis {a}, so we set psp = 0
for a # b. Equation then gives pop = 0. Using indexes o = (r,j) and S = (s,k) in Eq. , where
r,s € {£,z} and j,k € [1,..., N], and taking the diagonal (a| - |a) matrix element, the Lindblad equation
becomes

paa= > g g x (89)
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D Ay sy @) (03) 4 o6 ((09)7),,
blb#a

- 'Y(r,j)*(s,k)(wba) ((U;)T)ab Paa (Jlsc)ba )

where wg, = Ep — E,. Note that the sum in Eq. (S1)) involving the resonant contribution 7,+5(0) from the
terms Lgq g pLZb’a and % {Lga,aLbb, 85 p} vanishes since they cancel after taking the diagonal matrix element.

Moreover, since Eq. involves only off-diagonal terms (b # a), contributions due to ¢* all vanish, and
using Eq. , we are left with

N
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where we denoted p, = paq, the probability of spin configuration a. We can furthermore identify
P(a = ) = |95 (s (r.j) (Wara) (S11a)
P(a;" = a) = 93" Py ) @ar) (S11b)
as the transition probabilities, so that Eq. becomes the rate equation
N
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j=lr=+

This can be further simplified using the KMS condition. Indeed, note that, using B, (7) = of

J
Eqgs. and , we have
V() (2.9) (W) = V(z,5)(F5)* (W) (S13)

Using this along with w + 6 = —w, + and Eq. , we have
J J

—Bw, +
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Therefore Eq. (S11)) yields
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This, together with g§i)* = gj(-:F), gives the detailed balance condition for thermalization dynamics

Pla— a;-t) B +-B Ji(Ba— Ea]i)
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where we introduced transition functions f;(AFE), which we identify with the transition probabilities in

Eq. (S15).
We can now rewrite Eq. (S12) as the classical master equation that we used in our SA numerical simu-
lations

N
o= (fj(Ea;- = Ea)pay — fi(Ba — Ea;.)pa) : (S17)
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Correlation functions and the KMS condition
Here we derive the detailed balance condition Eq. from first principles. Our calculation closely
follows Ref. (19), but differs in that it applies also to non-Hermitian bath operators.
The correlation function of a thermal bath is assumed to satisfy the KMS (Kubo-Martin-Schwinger)
condition?
(BL,(r)Bs(0)) = (B4(0)BL(7 + iB)) - (s18)

This expression has the advantage that it also applies to operators which are not trace class. For trace class
operators the KMS condition can be derived assuming that the bath is in a thermal state, pp = e PH5,
where Hp is the bath Hamiltonian. In this case:
(Bl(7)B5(0)) = TrlppU (7, 0) B{Us(r, 0) Bs]
1 ) )
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= Tr[ppBsUL (T +iB,0)BiUs(r 4 if,0)]
= (Bs(0)BL(7 +1iB)) (519)

where Up is the bath unitary evolution operator. Note that
(BL(1)B3(0)) = (Bs(—7 — iB)BL(0)) - (520)

If in addition the correlation function is analytic in the strip between 7 = —if3 and 7 = 0, then it follows
that the Fourier transform of the bath correlation function satisfies the detailed balance condition Eq.
as we show next.

We compute the Fourier transform:

taral) = [ " dreT (BL(1)Bs(0)
= /:)o dre™T (Bg(—7 — iB)BL(0)) . (S21)

To perform this integral we replace it with a contour integral in the complex plane, fc dre™T(Bg(—1 —

iB) B} (0)), with the contour C as shown in [Supplementary Figure S2 This contour integral vanishes by the




Cauchy-Goursat theorem®® since the closed contour encloses no poles (the correlation function (Bg(7)B],(0))

(o7
is analytic in the open strip (0, —i) and is continuous at the boundary of the strip®?), so that

7{(...):0 (S22)
C

_/T(...)+/¢(...)+/ﬁ(...)+/e(...) ,

where (...) is the integrand of Eq. (S21)), and the integral f_> is the same as in Eq. (S21)). After making the
variable transformation 7 = —x — if3, where z is real, we have

/ (...)=—ebP® /OO e~ (Bg(x) B} (0)) . (S23)
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Assuming that (B (oo —if3)Bs(0)) = 0 (i.e., the correlation function vanishes at infinite time), we further
have [, (...) = [ (...) =0, and hence we find the result:

/ ¥ dre T (By(—7 — iB)BL(0)) (S24)

—0o0

=t [T B BLO) = s ()

— 00

which, together with Eq. (S21)), proves Eq. .

Classical master equation explanation for the enhancement of the isolated state
We now explain why, as seen in the numerical simulations shown in the main text, the probability of the
isolated state never exceeds that of the average of the 16 cluster ground states, i.e., why

1 16
Ps 2 E ;pi . (825)

Let us first derive a rate equation for the isolated state. A single spin-flip of a core spin in the isolated
state raises its energy by 4, since it violates two couplings between the core spins and corresponds to a
transition from |})) to [t]) (where the second, ancilla, spin is unchanged), which doesn’t change the energy
according to Eq. (5).Likewise, a single spin-flip of an ancilla spin in the isolated state violates no couplings
and corresponds to a transition from [} 1) to [|1) (with the core spin unchanged), which raises the energy by
4 according to Eq. (5).There are 8 ways this can happen (4 core and 4 ancilla spins can be flipped). Since
this accounts for all the single spin transitions, Eq. (13) yields the rate equation

Ps = 8f(=4)pe — 8f(4)ps , (526)

where p. is the population of the excited states with energy —4. States connected by single spin-flips have
similar populations, and all states with energy —4 are connected (see main text). Here we are assuming that
the spin flip rate is the same for all sites [corresponding to assuming gy) = ¢ in Eq. ]

We next derive the rate equation for the cluster, once again accounting only for single spin flips. For states
in the cluster the core spins are all up, and ancilla-spin flips are energy-preserving transitions between states
in the cluster. For core-spin flips we need to analyze two different situations. The first is a configuration in
a ground state where the core-ancilla pair starts as |11) and the core spin flips, so the state becomes ||1).
This violates two couplings, with energy cost 4, and according to Eq. (5) the energy difference between these
two states is 4, so the overall result is an excited state with energy 0. The second is a configuration in a
ground state where the core-ancilla pair starts as |1]) and again the core spin flips, so the state becomes



[44). This again violates two couplings, with energy cost 4, but costs no energy according to Eq. (5), so the
overall result is an excited state with energy —4.

Thus, a state with [ ancillae with spin | and 4 — [ ancillae with spin 1 connects (via single spin-flips)
to | excited states with energy —4 and 4 — [ excited states with energy 0. To write a rate equation for
po = 21121 p;/16 we shall assume that all excited states with energy 0 (—4) have probability p(0) (p.), and
all states in the ground state cluster have equal probability pc. Summing over the number [ of ancilla with
spin | for each cluster state, the rate equation is

4

16
>oii= 3 (7). - 15 pe

+ (4 =0f(=8)p(0) = (4= 1)f(8)pc) (S27a)
=32(f(—4)pe — f(4) pc
+ f(=8)p(0) = f(8) pc) , (S27b)
so that
pe =2(f(—=4) pe — f(4) pc + f(—=8) p(0) — f(8) pc) - (528)

For most temperatures of interest, relative to the energy scale of the Ising Hamiltonian, the dominant
transitions are those between the cluster and states with energy -4. Transitions to energy O states are
suppressed by the high energy cost, and transitions from energy 0 states to the cluster are suppressed by the
low occupancy of the 0 energy states. Then

pc = 2f(=4)pe — 2f(4) pc - (529)

In classical annealing at constant low temperature starting from arbitrary states (that is, the high energy
distribution), probability flows approximately p;/pc = 4 times faster into the isolated state initially, and
it gets trapped there by the high energy barrier. This matches well the numerical results of Fig. (3). To
show that ps > pe for slow cooling schedules, assume that this is indeed the case initially. Then, in order
for pc to become larger than p,, they must first become equal at some inverse annealing temperature ('

ps(B') = pc(ﬁ ) = pg, and it suffices to check that this implies that p, grows faster than pc. Subtracting

Eq from Eq. - ) yields

Ps —Pc =6 (f(_4)pe - f(4)pg)
= 6f(~4)p, (pe Rt ) : (830)

Pg P(e —g)

where in the second line we used Eq. (S16). Now, because the dynamical SA process we are considering

proceeds via cooling, the ratio between the non-equilibrium excited state and the ground state probabilities

will not be lower than the corresponding thermal equilibrium transition ratio, i.e., g—; > JZEZ:Z; — 4B’

Therefore, as we set out to show,

implying that at all times ps > pc.

The quantum Singular Coupling Limit does not agree with the experimental results Interest-
ingly, an open system QA master equation in the singular coupling limit (SCL) yields results in qualitative
agreement with classical thermalization, and opposite to our weak coupling limit (WCL) master equation
(S1)). Here, following Ref. 36, we present a derivation of the SCL master equation.

We consider a Hamiltonian of the form:

H(t)= Hs(t) + ¢ 'Hr +¢ *Hp , (532)



where we take the interaction Hamiltonian Hy to have the form A ® B, where the system (A4) and bath (B)
operators are both Hermitian. The formal solution in the interaction picture generated by Hg and Hp is
given by:

1) = 5(0) i [ s [7r(6). 505 (533)

0
Plugging this solution back into the equation of motion and taking the partial trace over the bath, we obtain:

%ﬁs(t) — 2 /O dsTrp ({ﬁf(t), {ﬁl(s), ﬁ(s)”) : (S34)

where we have assumed that Tr[ppB] = (B) = 0. Under the standard Markovian assumption that p(t) =
ps(t) ® pp and under a change of coordinates s = ¢t — 7, we can write:

Lhslt) = / dr [(A()p(t - 7)A(t - 7) (535)
—A()A(t — 1)p(t — 7)) (B(7)B(0)) + h.c.]

where A(t) = Us(t)AU. g(t) and where we have used the homogeneity of the bath correlation function to
shift its time-argument. We change coordinates 7 = €27’ and observe that under this coordinate change
(B(1)B(0)) is independent of e. We assume that this bath correlation function decays in a time 7p that is
sufficiently fast, such that 75 < t/€2. This allows us to approximate the integral by sending the upper limit
to infinity. We also assume that 75 < 7’'¢%, which forces the correlation time of the bath to zero, hence
its spectral density to become flat, and hence—using the KMS condition—amounts to taking the infinite
temperature limit. Under these assumptions, we can now take the ¢ — 0 limit, yielding the SCL master
equation

%ps(t) = —i[Hs(t) + Hys, p(t)]
#90) (4004 5 {22,900} ) (536)

where

/ - dr'e” ™™ (B(")B(0)) , (S37)
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where Hyg is the Lamb shift (renormalization of the system Hamiltonian) and where P denotes the Cauchy
principal value. Thus, even if Hg is time-dependent, we recover the same form for the SCL master equation
as in the time-independent case!3?
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