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Quantum	annealing	is	a	general	purpose	optimization	algorithm,	whose	goal	is	to	find	the	ground	
state	 of	 a	 given	 “problem”	 Hamiltonian.	 This	 is	 accomplished	 by	 starting	 from	 a	 simple	
Hamiltonian,	 the	 ground	 state	 of	 which	 can	 easily	 be	 prepared,	 and	 slowly	 deforming	 the	
Hamiltonian	to	the	one	of	interest.	If	this	procedure	is	carried	out	adiabatically,	the	system	will	
end	up	in	the	desired	ground	state,	see	Fig.	1.	For	a	broad	class	of	hard	optimization	problems	it	
is	 known	 that	 the	 minimal	 gap	 between	 the	 ground	 state	 and	 the	 first	 excited	 state	 is	
exponentially	small	in	the	system	size.	Passing	this	minimal	gap	adiabatically	would	thus	require	
exponentially	long	time	and	is	unfeasible	for	large	systems.	However,	even	if	the	output	quantum	
state	at	the	end	of	an	annealing	protocol	that	is	executed	in	finite	time	is	not	the	desired	ground	
state	 but	 rather	 a	 superposition	 of	 not-too-highly	 excited	 states,	 it	 might	 still	 give	 a	 useful	
approximation	to	the	solution	of	the	original	optimization	problem.	In	our	work,	we	investigate	
how	good	of	an	approximation	one	can	expect	to	get.	To	answer	this	question	we	build	on	recent	
advances	 in	 the	understanding	of	 the	 structure	of	 excited	 states	 and	 the	 spectral	properties	of	
disordered	 spin	 systems	 (in	 other	 words:	 random	 optimization	 problems).	 In	 particular,	 by	
combining	 an	 analysis	 of	 the	 statistics	 of	 matrix	 elements	 and	 energy	 levels	 with	 adiabatic	
perturbation	 theory,	 we	 show	 that	 the	 two	 generic	 paradigms	 of	 ergodic	 and	 many-body	
localized	phases	entail	surprisingly	different	behavior	under	quantum	annealing.	

Figure	1:	(a)	Illustration	of	the	time-dependent	spectrum.	At	t	=	0,	the	system	is	initialized	in	the	(trivial)	ground	state,	
and	 quantum	 annealing	 is	 successful	 if	 the	 time	 evolution	 is	 adiabatic	 and	 the	 system	 remains	 in	 the	 instantaneous	
ground	state	until	at	the	end	of	the	protocol.	(b)	Histogram	of	the	probability	to	populate	the	ground	state	at	the	final	
time	 for	 different	 sweep	 times	 τ.	 In	 our	work,	we	 gain	 insight	 into	 the	 dependence	 of	 the	 success	 probability	 on	 the	
statistics	 of	 matrix	 elements	 and	 energy	 levels	 of	 the	 instantaneous	 Hamiltonian.	 These	 properties	 are	 qualitatively	
different	 in	 ergodic	 and	 many-body	 localized	 phases.	 Figure	 taken	 from	 A.	 W.	 Glaetzle	 et	 al.,	 A	 Coherent	 Quantum	
Annealer	with	Rydberg	Atoms,	arXiv:1611.02594.	
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Figure 4. (a) Illustration of the time-dependent spectrum for
the minimal instance shown in Fig. 1. (b) Histogram of the
success probability, i.e. the probability P0 to populate the
ground state at final time ⌧ for di↵erent sweep times.

above system parameters, we obtain a final energy gap
�⇤ = �2⇡ ⇥ 20 kHz [29]. Due to the finite lifetime of
the Rydberg states, the dressed ground state interactions
come at a cost of an e↵ective decoherence rate 1/⌧0 for
each qubit. However, since there is only a small Ryd-
berg component admixed, the e↵ective decay rate is also
only a correspondingly small fraction of the bare Ryd-
berg decay rate. Ultimately, the figure of merit for fully
coherent operation of the quantum annealer is the ratio
of the attained interaction strength versus the e↵ective
decay rate. In the enhanced dressing scheme this ra-
tio becomes particularly favorable and is of the order of
|�⇤|⌧0 ⇡ 103 for the system parameters above (see sup-
plementary information).

Using the above potentials we demonstrate numeri-
cally the feasibility of the Rydberg annealer for the min-
imal instance (see Fig. 1) with 8 qubits and 3 ancil-
las. Fig. 4 depicts the time dependent spectrum in re-
duced units. The time-dependent spectrum for instance
of Hamiltonian Eq. (A2) for random |J

i

/�⇤| < 1. The
sweep functions A

t

, B
t

and C
t

are simple linear functions.
Note, that the e�ciency can be considerably increased by
adopting non-linear sweep functions. In Fig. 4 all ener-
gies are given relative to the ground state energy. The

pronounced minimal gap is an order of magnitude smaller
than the gap in the final state. Figure 4(b) shows the
histogram of the success probability P0 = | h (⌧)| gsi|2,
defined as the overlap of the final state  with the ground
state  gs, averaged over N

r

= 40 random instances for
di↵erent sweep times far below the decoherence times
⌧ < ⌧0/K. For the fastest switching time |�⇤|⌧ = 50 the
average success probability is 75% and approaches unity
for slower sweeps.

IV. CONCLUSIONS

The proposed implementation of a quantum annealer
with ultracold Rydberg atoms in optical lattices pro-
vides a new platform for adiabatic quantum computing,
featuring a highly controllable environment to explore
the many-body adiabatic passage, the role of entangle-
ment and e↵ects of decoherence during the annealing
sweep. The large lifetimes of Rydberg dressed atoms en-
able coherent quantum annealing as an alternative to the
current paradigm of quantum enhanced thermal anneal-
ing [30]. We anticipate that due to the coherent evolution
the number of spins in future experiments can readily
be extended well beyond the minimal example presented
here, by using shorter annealing cycles with many rep-
etitions [31], or by employing counter-diabatic driving
schemes that could greatly increase the attained fideli-
ties [32]. Finally, our proposal allows to realize atomic
quantum simulators of arbitrary infinite-range Ising spin
glass models (see e.g. Refs. in [33]), and the combi-
nation of multi-color Rydberg-dressed interactions with
two-species mixtures has applications in realizing Z2 lat-
tice gauge theories beyond the present example [34].
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Appendix A: Numerical example using LHZ

A general quantum annealing problem with an infinite-range spin glass Hamiltonian consisting of N logical spins �̃
with K connections has the form

H̃
(log)
t
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t

NX

⌫=1

ã
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(A1)

with scheduling functions Ã
t

and B̃
t

, local transverse fields ã
⌫

and programmable infinite-range interactions J̃
µ⌫

.


