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The task of factoring integers poses a significant challenge in modern cryptography, and quantum computing
holds the potential to efficiently address this problem compared to classical algorithms. Thus, it is crucial to
develop quantum computing algorithms to address this problem. This study introduces a quantum approach
that utilizes Rydberg atoms to tackle the factorization problem. Experimental demonstrations are conducted for
the factorization of small composite numbers such as 6 =2 x 3, 15 =3 x 5, and 35 =5 x 7. This approach
involves employing Rydberg-atom graphs to algorithmically program binary multiplication tables, yielding
many-body ground states that represent superpositions of factoring solutions. Subsequently, these states are
probed using quantum adiabatic computing. Limitations of this method are discussed, specifically addressing
the scalability of current Rydberg quantum computing for the intricate computational problem.

DOI: 10.1103/PhysRevResearch.6.023241

I. INTRODUCTION

Modern cryptosystems using public-key distribution rely
on the fact that finding prime factors, p and g, of a given
semiprime integer, n = p X g, is computationally inefficient
in classical computation [1]. On a quantum computer, Shor’s
algorithm is expected to run in a polylogarithimic time of n,
i.e., to solve the factorization problem efficiently [2,3]. Exper-
imental tests of Shor’s algorithm for small integers have been
conducted on various quantum gate-based computers, includ-
ing those using NMR [4], trapped ions [5], superconductor
qubits [6,7], and photons [8,9]. Improvements are expected
in gate fidelity and system size to facilitate factorization
of larger numbers. An alternative approach is provided by
quantum adiabatic computing [10], where the integer factor-
ization problem is encoded into the Hamiltonian of a quantum
many-body system, which allows the prime factors to be
obtained by adiabatically driving the system to its ground
state. Experimentally quantum adiabatic methods are carried
out with NMR systems [11,12] as well as on commercially
accessible platforms such as IBMQ [13] and D-Wave [14].
These experiments utilize quadratic unconstrained binary op-
timization (QUBO) to encode the factorization problem into
Hamiltonians.

In recent years, there has been a rapid progress in the
field of Rydberg-atom-based quantum computing [15-18].
Atomic qubits numbering in the hundreds have become avail-
able and are used for various quantum applications, including
quantum simulations, adiabatic quantum computing, and
quantum approximate optimization algorithms [19-25]. The
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versatility of atom rearrangement techniques has enabled
the creation of highly customizable atomic arrangements
in conjunction with either quantum wires [26,27], cross-
ing gadgets [28,29] utilizing local addressing [25,30,31],
or a dynamic qubit architecture [22,24]. Experimentally,
Rydberg-atom graphs, each denoted as G(V, E), where V
represents atoms and E denotes pairwise strong Rydberg
couplings, are applied to nondeterministic polynomial time
(NP)-complete problems including the maximum independent
set (MIS), maximum cut, and satisfiability (SAT) problems
[25,26,32-34].

This paper aims to program Rydberg-atom graphs for
solving the integer factorization problem and experimentally
determining its factors. Of particular relevance in the con-
text of this paper, previous theoretical considerations have
explored the use of Rydberg-atom systems employing cross-
ing gadgets and single-atom addressing [28]. In this work,
we opt for constructing Rydberg-atom graphs using three-
dimensional structures and quantum wires instead of relying
on the technically challenging single addressing.

The procedure involves an efficient two-step reduction al-
gorithm that transforms the integer factorization problem, via
(i) the SAT problem, into (ii) the MIS problem. Addition-
ally, it includes a protocol for embedding the MIS problem
onto a Rydberg-atom graph and experimentally probing the
Rydberg-atom graph’s ground state. The subsequent sec-
tions of the paper elaborate on the procedure, starting with an
overview of the use of a Rydberg-atom graph in integer fac-
torization, illustrated by the example of p x ¢ = 6 in Sec. II.
Details about encoding of the factorization into the SAT prob-
lem are provided in Sec. III. Experimental demonstrations
of p x g =15 and 35 are presented in Sec. IV. Scalability
issues related to the Rydberg-atom approach to the integer
factorization problem are discussed in Sec. V, leading to con-
clusions in Sec. VI.

Published by the American Physical Society


https://orcid.org/0000-0002-9751-1290
https://orcid.org/0000-0002-7219-8955
https://orcid.org/0000-0001-8705-7795
https://orcid.org/0000-0002-1811-8950
https://orcid.org/0000-0003-1806-9762
https://orcid.org/0000-0002-5837-6372
https://ror.org/05apxxy63
https://ror.org/047dqcg40
https://ror.org/00htggt94
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.023241&domain=pdf&date_stamp=2024-06-04
https://doi.org/10.1103/PhysRevResearch.6.023241
https://creativecommons.org/licenses/by/4.0/

JUYOUNG PARK et al. PHYSICAL REVIEW RESEARCH 6, 023241 (2024)

Classical Quantum
(a) Multiplication table (b) 3-SAT representation (c) Rydberg atom graph optimizer
6 = (p1po)2 % (q190)2 W = p1q1(po + ) (Po + o) Ges = Ki(p1) UK (q1)

U K (po, g0) U Ka (P, 7o)

+ e(p()?pO) + e(‘]()a QO)

P1 Po
X q1 4o
P14o0 Podo

D141 Poq1

| F
@ 9 Qo

Pod1P190
1 1 0

p—

<
<

(e) (d)
Factoring solutions 0.5 05
2x3
6: 2 X 3 0.4 0.4
= = 0,1,1,1;1,0) | 1,1,0,1;0,1)
(= 203l eels| eef3
= 3Ix2——> =
£02 £0.2
0.1 0.1
0 0
EEEEEEEEE R 0 10 20 30 40 50 60
XEXE XXX XXEXE XXX X o, 1, 90, 413 Po, Qo)
88883333222 =C== 0, #1540, 41, 01 40
(P1po)2 x (q190)2

FIG. 1. The procedure of addressing the integer factorization problem using a Rydberg-atom graph. (a) The instance p x ¢ = 6 and its
associated multiplication table. (b) The 3-satisfiability (3-SAT) representation of the given factoring problem, along with the corresponding
graph Ge. (c) Implementation of Rydberg-atom quantum adiabatic computing, where G¢ is manifested as a Rydberg-atom graph. (d),(e)
Experimental probability distributions in |po, p1, qo, q1; Po» 9o) basis and (p1po)2 X (q190)2 basis, respectively.

II. RYDBERG-ATOM APPROACH TO THE INTEGER yielding

FACTORIZATION PROBLEM _ _

Ws = p1g1(Po + qo0)(Po + qo) = 1. (2)

Further details will be described in Sec. III. The Boolean

equation W = 1 readily translates into the following Boolean
satisfiability (SAT) problem of four clauses:

We describe the method of programming the integer fac-
torization problem with a Rydberg-atom graph, using the
simplest possible example of p x ¢ =6 as illustrated in
Fig. 1. Initially, we reduce the integer factorization problem

to a SAT one. Considering the three-bit binary representation Ye(po, P1,90,91) = CI ANC AC3 A Cy =1, (3a)
6 = (110),, we assume that the factors p and ¢ are two-bit in- C =p (3b)
tegers, denoted as p = (p1po)2 and ¢ = (q149o)2- The Boolean ! b

equations governing the binary variables po, pi, qo, q1 are G =q, (3¢)

then derived from the multiplication table in Fig. 1(a) as Cs = po Vv qo, (3d)
follows: o

Cs =Dy V G- (e)

Pogo = 0, (1a) Subsequently, we translate this SAT problem into a MIS prob-

lem on a graph, as depicted in Fig. 1(c). The first two clauses

poq1 ® pigo = 1, (Ib) ¢ and G, in Egs. (3b) and (3c) are incorporated into isolated

Poqipigo ® pigi = 1, (Ic)  single-vertex graphs denoted as K{s in graph nomenclature:
Ki(v) =GV = {v}, E =¥). “

where @ is XOR and poqp1qo in Eq. (1c) denotes the carry
arising from Eq. (1b). These equations can be efficiently (i.e.,
in a polynomial number of steps in the bit number of n)
converted to a Boolean equation in conjunctive normal form, Ky(vy, vp) := GV = {vy, vp}, E = {(vy, v2)}. 5)

For C; and Cy4, two-vertex connected graphs, or Kés, are
employed:
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Now, we introduce additional edges to represent interclause
relations between variables pg, go and their negations py, g,
creating connections between C; and C;. These interclause
edges impose constraints between the vertices encoding
the same variables. Consequently, the graph Gg expressing
the factorization problem p x g = 6 as a MIS problem on the
graph is defined as follows:

Gs = Ki(p1) UK (g1) UKa(po, gq0) U Ka(Py, gp)
+e(p0’ ﬁo)—i_e(q()» q()) (6)

Here, G¢ has maximum independent set of size 4, which is
equal to the number of clauses in W¢. Therefore, any maxi-
mum independent set configuration of size 4 corresponds to an
assignment satisfying W = 1, ensuing that the corresponding
binary representation of numbers p, ¢ meet p x g = 6.

By transforming the integer factorization problem into a
MIS one, we can leverage a Rydberg-atom experiment to
address it, exploiting the Rydberg blockade phenomenon to
inherently encode the independence condition in the spa-
tial configuration of the atoms. Specifically, the graph G is
implemented as a Rydberg-atom graph, where each vertex
corresponds to an atom, and edges are established by po-
sitioning the respective pairs of atoms in close proximity,
ensuring that their simultaneous excitation to the Rydberg
state is hindered by the blockade phenomenon [35,36]. Fol-
lowing a quantum evolution, the collection of atoms in the
Rydberg state delineates a subset of vertices of Gg. These
subsets sampled from this final state are expected to be good
candidates for the MIS of the graph.

The Hamiltonian is defined for a general graph G (an
unweighted graph) as follows:

ﬂ(G)z% > (65”+1)(6§“+1)—%A265”7 ()

(j,k)eE JEV

where |0) and |1) are pseudospin states denoting the ground
and Rydberg-atom states, respectively, 6, = [1)(1] — |0)(0|,
U is the interaction between each pair of “edged” atoms
(of the same separation distance), and A is the detuning
of Rydberg-atom excitation. The MIS phase requires two
conditions: U > 7i|A| enforces the Rydberg blockade phe-
nomenon; and A > 0 maximizes the number of atoms being
excited to the Rydberg state. The many-body ground state
|H(G)) is then the superposition of MIS’s of G [26,37]. For
the Rydberg-atom graph Gg in Eq. (6), the many-body ground
state |ﬂ(G6)) of H(Gg) is given by

|H(Ge)(| )y = Q10+ [110101)
6)UPoP190915 Poqo!)) = 7

, (&)

which is the superposition of two factoring solutions, p x ¢ =
(10); x (11), and (11), x (10),.

Experimental verification can be performed with the adi-
abatic evolution of the Rydberg-atom graph Gg from the
paramagnetic phase to the antiferromagnetic phase, which
corresponds to the MIS phase [33]. (See experimental details
in Appendix A). We used rubidium atoms (*’Rb) with ground
state |0) = [581,2, F =2, mp = 2) and Rydberg state |1) =
|71S81/2, m; = 1/2). The Rabi frequency 2 is ramped up from
0 to Q¢ = (27)1.5MHz, while the laser detuning is main-
tained at A = —(27)3.5 MHz for 0.3 us. Then the detuning is

ramped up from —(27)3.5 to +(27 )6 MHz for 2.4 us, with
8r = 3.5 and fixed Rabi frequency 2. (The p x ¢ = 15 and
35 experiments in Sec. IV are performed with 6 = 3.5 and
3.9, respectively.) Finally the Rabi frequency is ramped down
to zero and the detuning is maintained at +(27)3.5 MHz
for 0.3 ps. The entire evolution time is 3.0 us. The detun-
ing and Rabi frequencies are changed with the frequency
and the power of the excitation lasers with acousto-optic
modulators (AOM), which are controlled by a programmable
radio-frequency synthesizer (Moglabs XRF). After the quasia-
diabatic evolution, the population of each atom is measured by
illuminating the conventional cycling transition lights where
the atoms in the ground state show fluorescence whereas the
atoms in the Rydberg state do not. The experimental results
obtained with G are depicted in Fig. 1(d), where the expected
states |pop19goq1; Podo) = 10111;10) and [1101;01) in Eq. (8)
are measured with high probabilities, confirming that the inte-
ger factors are (11); = 3 and (10), = 2.

III. ENCODING INTEGER FACTORIZATION
INTO THE SATISFIABILITY PROBLEM

The conjunctive normal form of integer multiplication can
be efficiently represented using a binary decision diagram
(BDD), as detailed in Ref. [38]. In this context, we provide
a concise overview of the BDD construction process, utilizing
the example of p x g = 6 in Sec. II, and derive W¢ in Eq. (3),
the Boolean expression in conjunctive normal form for the
SAT problem [39,40].

In a generic factorization problem for a given semiprime
number n = p x ¢, if n is an N-bit integer, finding the un-
known factors, p (an N,-bit integer) and g (an N,-bit integer),
involves identifying the preimage of n through the binary
multiplication function

[0, 1% x {0, Y — {0, 1YY, )

where Ny, > N — N,. Let p; (0 <i <N, — 1) be the ith bit

of p, q; (0 < j <N, — 1) the jth bit of g, and n; (0 < k <

N — 1) the kth bit of n. The function f is then expressed as
N,—1 N,—1

D= > pig2™, (10)

i=0 j=0

n= f(po,p1, .90, 91, "

where each term p;q;2""/ contributes a nonzero value to the
sum only when p; = ¢; = 1.

Figure 2(a) shows the BDD for the p x ¢ = 6 factoring
problem. In this constructed BDD, each column corresponds
to one of the three bit-wise calculations of px g =6 in
Eq. (1). There are three columns comprising a total of 10 unit
BDDs, interconnected based on the constraints from bit-wise
equations in Eq. (10). Assuming that we have processed the
sum in Eq. (10) up to the (i, j)th term, by defining a running
sum fi; j) = v, the subsequent running sum f; ;) is given by

v if prqy =0,

Ja i qpsv) = {v +24 ifpy =gy =1. an

These running sum relations can be represented by the unit
BDD, as depicted in Fig. 2(b). The starting and ending nodes
contains the running values f; j and f; j, respectively, with
edges distinguished as solid or dotted based on whether the
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(a) (b)

column

FIG. 2. (a) The binary decision diagram (BDD) for factoring p x
g = 6. (b) The unit BDD representing the logical relation between p;
and g in the multiplication table, depicted by the blue-colored box
labeled fy ;, where the edges in the BDD can be either solid or
dotted, depending on whether p;y g is 1 or 0.

product pyq; is set to 1 or O, respectively. The BDD for f is
formed by linking these unit BDDs representing all running
sum relations.

The first column (column 0) in Fig. 2(a) pertains to the first
bit calculation, utilizing the topmost unit BDD to compute
the running sum fo.0y(Po, o) = pogo. Two possible end node
values, f(o,0) =0 (derived from paths satisfying pogo = 0)
and f(o,0) = 1 (through the path of ppgy = 1,), emerge. Only
the former (the orange-colored, left end node) aligns with the
first bit constraint f(o,0) = no, leading to the exclusion of the
latter (the gray-colored, right end node). The second column
(column 1) initiates from the fo 0y = 0 node and computes
the second bit of n. Three possible end nodes represent the
running sums f1,0) = 0, 2, and 4, respectively. Among these,
only the second one satisfies the second bit equation f; ) =
no + np x 2. Similarly, the third column (column 2) begins
from the f(; 0y = 2 node and terminates at two possible nodes,
fa,1 =2 and 6. The second one is the only one satisfying
Suyy=no+n x24n x 22,

Now we seek a Boolean expression in conjunctive normal
form for the 3-SAT problem. Generally, the prime number
couple (p, g) for a semiprime number n = p X q is unique (up
to ordering). So, the determination of BDD paths leading to
the end node corresponding to n establishes the values of p;s
and g;s. Since p;s and g;s are involved in various paths, fixing
their values imposes constraints on the BDD paths. Con-
versely, preventing certain paths from extending beyond the
solution space by incorrectly setting a bit-wise equation for
n; introduces constraints on the potential values of p;s and
q;s. Aggregating these constraints enables the representation
of the given factorization problem through a Boolean formula
of the SAT problem.

In the illustrated BDD example in Fig. 2(a), the paths
(gray arrows) unable to meet the constraints are as follows:
Poqo = 1 in column 0, poq; - Prqo = 1 and poq1pi1qo =1 in

column 1, and ¢, = 1, p1g1 = 1, and p, = 1 in column 2.
These unsuccessful paths, which are the gray-colored arrows
in Fig. 2(b), can be expressed in disjunctive norm form as
follows:

—Ws 0 = pPoqo, (12a)
—We 1 = Poq1 - D190 + Poq1P190, (12b)
W2 = Piq1. (12¢)

The resulting Boolean equation for p x g = 6 is given by
W = —=(=We0 + =6, +—Ws2)
= p191(Po + q0)(Py + o) = 1, (13)
which is the same as W¢ in Eq. (2) in Sec. II.

IV. EXPERIMENTAL DEMONSTRATION

We now apply the process of translating factoring problems
into Rydberg-atom graphs to experimentally investigate the
integer factors of p x ¢ = 15 and p x ¢ = 35. We first derive
the corresponding Boolean expressions in conjunctive normal
form using the methodology outlined in Sec. III and subse-
quently these expressions are transformed into their respective
Rydberg-atom graphs.

A. Solving p x g =15

The conjunctive normal form Boolean equation represent-
ing p x g = 15 is derived as follows:

s = (p1 + p2)(q1 + q2)(p1 +q1)(Pp; +¢qy)
X (P1+ D2+ @)(q1 + Dy +G2)pogo = 1. (14)

The detailed construction of W5 from the BDD is described
in Appendix C. The corresponding Rydberg-atom graph Gs
is then expressed as

Gis = Ko (p\", p2) UKa (91", 2) UK (. )
UKy (P, q1) UK; (p(l%)’ P;l)’ ‘_Igl))
UKs (¢, 75", 75)

+ Y (. m)+ D e(p. BY)

i=1,2,3 j=1,2
+ Y ed.q)+ Y e(q.35). (15)
i=1,2,3 j=1,2

which is depicted in Fig. 3(a). Each parenthesized term in
W5 corresponds to a two- or three-vertex connected graph
(K; or K3), and each variable-negation relation is represented
by an additional edge. The superscript indices in the last four
terms in Eq. (15) denote variable-atom duplicates in different
subgraphs (K, or K3). The single-vertex graphs for py and gq
are omitted in Fig. 3(a), for simplicity.

The graph G5 is not directly implementable with a two-
dimensional (2D) arrangement of atoms. To address this,
we opt for a three-dimensional (3D) atomic arrangement,
following the approach outlined in Refs. [41,42]. The re-
sulting experimental Rydberg-atom graph Gl;‘;‘p is illustrated
in Fig. 3(b). The graph features a three-layer atomic struc-

ture: the top layer contains three variables p(ll), p(lz), q(z) the
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FIG. 3. Implementing the integer factorization of p x ¢ =15 using Rydberg atoms. (a) Rydberg-atom graph G;s. (b) Experi-
mental Rydberg-atom graph Gl;:;(p and (c) image of atoms in 3D configuration. (d) Experimental probability distribution for all
microstates in the basis of variable and negation atoms of G];:;‘p. The four blue peaks are 000, 1,111, 0; 100010) corresponding to
((p2p1P0)2, (929190)2) = (101;011), |111, 0, 000, 1;0, 01, 1, 00) corresponding to (011;101), |000, 1, 110, 0; 1, 00, O, 11) corresponding to
(101;011), and |110, 0, 000, 1;0, 11, 1, 00) corresponding to (011; 101). (e) Result of factorization. The portion of peaks in (d) following the
3-SAT logical constraints is mapped to (011; 101) = (3, 5) and (101, 011) = (5, 3), demonstrating the correct answer to the factoring problem
15=3x5.

middle layer encompasses five variables ps, p;, p1 .G, q\V; 0 the ((p2p1po)2; (929190)2) basis. The standard variable
and the bottom layer includes the remaining six variables ~ assignment method for duplicate variables [43] was used,
ﬁgl)’;él)’ q§3>’ﬁ§2)’6—1;2>’ ¢». Three Rydberg quantum wires op- ~ Wherein a variable x is binary one if any duplicate x® is
)y =(1) one, and all of its negations ¥'/)s are zero at the same time.
—(1) 3) .4 =) N P2 ) Conversely, it is binary zero if all duplicates x'”) are zero, and
for e(p 2(’5§7 2 )(’6) Pa(a2, u()l 0 ’11(11) 4y ) for _e((gz, q;") and any variable duplicate X/ is one. If neither condition is met,
Pg(g2, w™’, w™, -+ »Ew +q, ") for e(g2,q;"). The total ¢ s marked as “undecidable.” As a result, the Rydberg-atom
number of atoms in G 5" is 24, comprising 14 variable atoms experiment involving G];:;(p identifies the integer factors of
(P(ll), D2, qﬁl), etc.) and 10 quantum-wire atoms (w", w®, p xq=15tobe (p,q) = (3,5) and (5,3), with probabilities
etc.). The atom images of G2° are presented in Fig. 3(b) and  of 13.5(5)% and 16.0(6)%, respectively.
the 3D coordinates of all atoms are detailed in Table I.
Experimental results of G?;p are shown in Fig. 3(c). The

erate on the middle and bottom layers: P4(p,, w®, w

B. Solving p x ¢ =35
quantum adiabatic evolution of the Hamiltonian H (GEXP) is
performed, following the experimental procedure outhned in
Sec. II. A total of 12575 experimental events were recorded.
We applied the single-vertex error mitigation protocol from
Ref. [34] and the Rydberg quantum-wire compilation method U35 = poqgo(p1 + p2)(p1 + q1)(p1 + ¢2)(P; +G,)

of antiferromangetic chain states from Ref. [26] to obtain _ _

11274 usable events. The resulting probability distribution (@ + @ +P)Pp2+ g+ +g) =1 (16)

is depicted in Fig. 3(d) for all microstates in the basis - i i
o F()z) 5] i (2§ 23) (10 o 2z ) It can be reformulated for 3-SAT implementation as
Py Py Py P24 41 4y 92515 Py P v‘h"]z q, ") Cov _ _

ering all variable and negation atoms of G;2". In Fig. 3(d), W3s = pogo(p1 + P2)(P1 + q1)(p1 + ¢2)(P1 +41)

the experimental probability distribution P(p, g) is presented X (q1 + @ +D)(p2+qi+s) - P+, +5)=1. (17)

Let us examine another example: p x ¢ = 35. The proce-
dure is similar to the previous p x ¢ = 15 example. The SAT
formula W35 is derived as follows:
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TABLE L. Atom positions of G;2°, G5.".

Graphs Atom positions (x, y, z) or (x, y) (um)
G pl: (0.0,6.43,6.43) PP (0.0, —6.43, 6.43) P (=9.09, 0.0, 0.0)
pa: (—1.64, 12.67,0.0) q\": (18.18,0.0,0.0) g\ (9.09, —6.43, 6.43)
q: (9.09, 6.43, —6.43) @ (24.61,0.0, —6.43) g (0.0,0.0,0.0)
o (—13.64, 4.55, —6.43) P (4.55,14.3, —6.43) G (9.09,0.0,0.0)
7" (—=13.64, —4.55, —6.43) g% (13.64, 14.3, —6.43) w®: (=10.0, 16.31, 0.0)
w®: (—15.45,12.73, —6.43) w®: (27.34,8.67, —6.43) w®: (22.18,15.85, —6.43)
w®: (29.61, —7.0, —6.43) w®: (22.73, —13.64, —6.43) w®: (13.64, —13.64, —6.43)
w®: (4.55, —13.64, —6.43) w®: (—4.55, —13.64, —6.43) w10 (—13.64, —13.64, —6.43)
Gy? P (35.36,32.14) P (36.43,43.21) P (78.21,41.43)
i (29.29,27.14) e (62.14,29.29) g\ (62.14,48.21)
a\>: (60.36,36.79) a\": (42.50,48.21) - (53.93,47.14)
) (42.14,37.5) P (56.43,53.93) Y (73.21,47.14)
g, (66.79,41.79) %o (47.86,42.14) q: (71.79,36.43)
5: (55.36,33.93) 5 (48.93,34.29) w®: (84.29,47.86)
w®: (80.00,55.00) w®: (73.57,61.07) w®: (64.29,59.29)
w®: (31.43,50.36) w©: (34.64,57.50) w®: (42.50,61.43)
w®: (50.36,61.07)
This involves. replacing the la.st clause sz +q+p + qz) in e(P(ll), p13)) + e(p(12), pll)) + e(p(f)s p13)). Two Rydberg
gq. (16), Wthh ha§ four variables, Wlth (p2+q1+5)p; + quantum wires Pﬁ(p(Z) »ﬁ(lz)) and Pg( p(3) ’ﬁ?)) are
g, + 5) by introducing a dummy variable s. The correspond- introduced for edges e (p(12)’ 7 ™) and e (p(13), 7 2. respec-

ing Rydberg-atom graph Gss is given by

Gos = Kalpl 1) UK (7. ") UK 5. 44")
. 7) UK 7)
UKs(py”, 47, 5) UKs(7)”, 2, 5)

3 3 2
Z (PP P+ eld. 7)) + > e(dd. 3)
j=1 i=1
+e(s, s),

i=1

(18)

as depicted in Fig. 4(a).

Implementing G3s directly in an experiment is challenging,
even with Rydberg quantum wires. Hence, we explore a2D
version of the experimental graph, denoted as G=X expressed
by the following:

35’

Gys" = Kao(p. 1)) UKa(p. 41" UK (P, 43")
UKa(71". 7)) UKs(g;”, a5 7))
UK;(py. 47 5) UKs (5. 2. 5)

UP(p2, wh, w®, w®, w®, )
UPs(p®, w®, w®, w®, w®, )

+ e(pﬁ” )+ e(Pﬁ”» 7) +e(r”. 7)

+ Ze(qi"), a) + Ze(qé"), %)
i=1 i=1

+e(s, s), (19)

as illustrated in Fig. 4(b). In this representation, the

term Zij:l e(p(]'),pgj)) in Eq. (18) is replaced by

tively. The remaining four edges, e(p(l]),pll)), e(p(]l), plz)),

e(p(lz), p13)) e(p(f), pll)), are treated post-selectively. This
2D graph involves a total of 25 atoms, comprising 17
variable atoms and 8 quantum-wire atoms. The atom image is
presented in Fig. 4(b) and the the 2D coordinates of all atoms
are detailed in Table I.

Figure 4(d) showcases the experimental outcomes of Gg;( P,
The probability distribution is plotted in the basis of all
variable and negation atoms of G];;p . Among the 13 mi-
crostates highlighted in blue, there are correct mapping to
the solution factors. Conversely, the microstates labeled in
black are deemed W35 unsatisfiable, and those in gray are
considered “undecidable” regarding a definite set of values
for variables (p», p1, q2, g1, s). Out of 9,383 experimental
events, 5,337 usable events were collected after the proce-
dures of the single-vertex error mitigation protocol [34] and
the Rydberg quantum-wire compilation method [26] are ap-
plied. In contrast to the previous experiment with p x g = 15,
where 89.7(5)% of total events are deemed usable, the ex-
periment of p x g = 35 only yields 56.9(5)% usable events.
This discrepancy reflects the consequence of post-selective

treatment applied to the four edges e(p(ll), ]_9(11) ), e(p(ll) , plz)),

e(p(lz), 1_)(13)) e(p(13), pll)) in G3s, but not in GEXP.

In Fig. 4(e), the probability distribution for solution fac-
tors (p, g) is visually presented, employing a color-coding
scheme. Probability peaks corresponding to the correct so-
lution factors are highlighted in blue, those for microstates
failing to satisfy Wss are depicted in black, and the prob-
abilities for “undecidable” microstates are colored in gray.
Among the probability peaks showcased in Fig. 4(e), the most
prominent peaks associated with solution factors (p, g) are
(101,111) and (111,101), with probabilities of 57.6(7)% and
18.8(5)%, respectively, out of 5,003 nongray events. Con-
sequently, the solution to the factor pair in the problem of
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FIG. 4. Implementing the integer factorization of p x g = 35 using Rydberg atoms. (a) Rydberg-atom graph Gss. (b) Experimental
Rydberg-atom graph G];;( P and (c) the image of the atom configuration. (d) Probability distribution obtained experimentally for all microstates in
the basis of variable and negation atoms in G?; P The top four most probable microstates in (d) are |000, 10, 100, 11, 1; 101, 0, 0, 0) correspond-
ing to ((p2p1Po)2, (@29190)2) = (101, 111); 1000, 11, 100, 11, 0; 100, 0, O, 1) corresponding to (101, 111); |011, 11, 000, 01, 0; 000, 1, 0, 1)
corresponding to (111, 101); and 000, 11, 110, 10, 0; 100, 0, 0, 1) corresponding to (101, 111). (e) Result of factorization. The portion of
peaks in (d) following the 3-SAT logical constraints is mapped to (101;111) = (5,7) and (111;101) = (7, 5), demonstrating the correct
answer to the factoring problem 35 =5 x 7.

factoring p x g = 35 is determined to be (p,g) = (5,7) or  j' > j, hereafter. To approximate N¢, let us first compute
(7,5) based on the highest probability peaks observed in the the number of clauses corresponding to a single generic unit

experimental results in Fig. 4(e). BDD. For example, in an exemplary BDD in Fig. 5(a) for
factoring p x ¢ = 15, there are 14 unit BDDs, each of which
V. DISCUSSION is represented with an initial running sum v and parameters

pi»q;j, along with auxiliary variables [5/", [(:/, lr(i;ﬁiv) €

> . {0, 1}. A generic unit BDD shown in Fig. 5(b) corresponds to
Rydb.erg—ato.m approgch to the factorlz?mon problem. First, o assignment of these auxiliary variables for i =2, j =0,
we will pr9v1de an estimation of'the'requlred number of atoms v =7, extracted from Fig. 5(a). The uppermost initial node
fo'r encong the 1ntegt;r factonzatlor'l'problem' and th.en we of the unit BDD in Fig. 5(b) is assigned lﬁf;j;”) — 1 if that
will consider computational complexities associated with the o " G jiv) )
presented reduction algorithm in the context of a Rydberg- n(?‘.l,‘j)ls P assed-tl.lrough, .and bup = O otherwise. (i
atom experiment. lriéﬁl are respectively assigned 1 if the left bottom node and
Atom resource estimation (upper bound). The necessary the right bottom node of the unit BDD is “passed-through,”

number of atoms for the integer factorization of n = p x ¢ respectively, as given by

It is worthwhile to discuss scaling issues related to the

and

AR i . . . s i

in a Rydberg-atom experiment, is estimated as ll(e - v) _ lép' ) g 7 (21a)
_ 18 5.4 . .

Natom = 4.88N, 7.29(log, n) (20) lfiléﬁiv) _ ISSJ'U) - Pigj. (21b)

in terms of Nc, the number of clauses [33], in the Boolean

formula W designed for factoring the given integer  (to be These constraints among the auxiliary variables have to be

satisfied and can be rewritten in a 3-SAT form as

detailed below). . .

The determination of N involves connecting each unit W = (1) +71(;’ff;v))(1_7,» +q; +71(;’ff;v))
BDD corresponding to fi7 j in Eq. (11), as illustrated in ) - G j) .
Fig. 2(b). For simplicity, we omit primes, mapping i’ — i and x (pi + lu;’ + 18 ’v)) (q; + luI;]’ + 15 ’v))
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G = U3 pate

(1,1,3) 1,(1,1,7)
lright :lleﬂ. !

207) _ (L13) | 0,17
bip )*lright + hete

FIG. 5. (a) The binary decision diagram (BDD) designed for factoring p x ¢ = 15. (b) A unit BDD responsible for constructing the 3-SAT
formula W% _(c) Three unit BDDs collectively constructing the SAT formula %7, Refer to the text for a detailed discussion.

)y FEFV Gy G0

X (lrigﬁt +lup +lleftj )(lright +ll§pj ))

x (i + i) = 1. (22)
The subsequent step involves establishing logical connec-
tions among the “pass-through” variables for various (i, j; v)
trios, such as those among (i, j, v) = (1, 1;3), (1, 1;7), and
(2,0;7) in Fig. 5(c). The initial top node of the unit BDD
denoted by (i, j) with a running sum v on that node has two in-
coming edges from the top initial nodes of unit BDDs denoted
by (i, j) with running sums v — 2"/ and v. So, a Boolean

expression is established among the corresponding “pass-
=1 l=2%) g g1t T

through” variables, lé;;’ 2 Light ,and [ , as

follows:
(i,jv) _ 7G—1,j+1v) (i—1, j+1;v=2")
lup - lleft + lrighl . (23)
These constraint for the BDD connections can be rewritten in
a 3-SAT form as
(=1, j+1v=2")(i—1, j+ 1)
Cb(i,j;v)
_ (7T G- G, =2
- (lup + lleft + lright )
G, j) =(i—1,j+1;v)
X (lui)j 7t e )

—(i—1,j+1;v-27)
)=1.

x (llgi;j;v) + lright (24)

Upon collecting all the unit-BDD 3-SAT formulas W /)
and their connections dbg’_j;ﬁl;v_zw);('_]"’ 1) “and logically
multiplying them, we can obtain the total 3-SAT formula W,
for factoring the given integer n. The total number of clauses
is then determined by counting the occurrences of the prod-
uct, each generating 3 + 7 = 10 clauses in the total 3-SAT
formula. Since each unit BDD in Fig. 2(b) consists of three
nodes, with two nodes overlapping among neighboring unit
BDDs, each unit BDD effectively contributes two nodes to
the total BDD. Consequently, the number of unit BDDs in the
total BDD is obtained by dividing the total number of nodes in
the total BDD by two. The number of nodes in the total BDD

for factoring n, denoted as B,,, is determined by [38]

2N} —2N; —2N,+5 S B, S2N, —4N, +5,  (25)

n e~

wherein we assume p and g to be N, = N, = log, n/2-bit
binary integers. Thus, the number of clauses in the total 3-SAT
formula is, up to the leading order,

Ne = 10 x (B,/2) = 10(log, n/2)*, (26)

which results in Eq. (20).

Computational complexity. The classical computational
complexity involved in converting the integer factorization
problem to a BDD is discussed following the methodology
outlined in Ref. [38]. The number of nodes in a total BDD is
given by

B, ~2(log, n/2)’, (27)

when the BDD consists of Ny = (log, n/ 2)? unit BDD blocks,
each with an average 2 nodes, as depicted in Fig. 2(b). The
number of time steps required to build each unit BDD of the
total BDD for factoring the given integer n and the memory
space needed to arrange these unit BDD cells are respectively
given by

A]Vstep = No, (28)

A]vmemory = No. (29)

Hence, the construction of a BDD can be accomplished in
polynomial time steps and memory space, efficiently using
classical computation.

Errors in state preparation, measurement, and imperfect
adiabatic evolution. In our present experimental configura-
tion, the errors in state preparation and measurement are
quantified as P(0 — 1) = 0.03 and P(1 — 0) = 0.18 [26].In
addition, there are also inherent control errors arising from
imperfect adiabatic evolution. A heuristic approach intro-
duced in Ref. [34] estimates the successful adiabatic evolution
probability p, approximated as In(l1 — p) ~ HP~06303) ~
e V16l where C is a positive constant and |G| is the size
of the Rydberg-atom graph. The exponential increase in the
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likelihood of unsuccessful adiabatic evolution with /|G|
necessitates an enhanced approach beyond the current adi-
abatic evolution scheme. Nonetheless, recent advancements
in error detection, correction, and mitigation [24,44,45] offer
prospects for addressing these challenges.

VI. CONCLUSION

These Rydberg-atom experiments have taken on the task of
addressing the integer factorization problem, with a particular
focus on instances of p x ¢ = 6, 15, and 35. The approach
involves converting these instances into 3-SAT problems
and subsequently mapping them onto Rydberg-atom graphs.
These graphs are then subjected to quasiadiabatic quantum
experiments, producing superpositions of microstates. These
microstates are used to experimentally determine the inte-
ger factors (p, g) that constitute n = p x g. The proposed
method estimates that the number of required atoms and clas-
sical computational resources for obtaining the Rydberg atom
graph remain within polynomial orders of log, n, suggesting
the effectiveness of this encoding scheme. Nonetheless, it is
important to note that solving 3-SAT problems on a large
scale using Rydberg atoms remains challenging, primarily
due to the current limitations of imperfect quantum adiabatic
processing hardware.

The experimental data set is archived in Ref. [46] for fur-
ther analysis.
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APPENDIX A: EXPERIMENTAL APPARATUS

The experimental setup closely resembles the one de-
scribed in Ref. [47]. Optical tweezers are used to trap
rubidium atoms (3’Rb). These traps are generated using a
spatial-light modulator (SLM, ODPDM512 by Meadowlark
optics). As outlined in previous work [48], we utilize the
Gerchberg-Saxton weighted (GSW) algorithm to generate
trap phases for the SLM. Each trap beam is focused by an
objective lens with a numerical aperture (NA) of 0.5 (G Plan
Apo 50X of Mitutoyo) to a radius of 1.1 um. The depth of
each trap is approximately 1 mK. To efficiently confine 3’Rb
atoms in the optical tweezer traps, the atoms are cooled below
the trap depth. This cooling process involves initially cooling
the atoms in the vacuum chamber using a magneto-optical
trap (MOT) before loading them into the traps. Additionally,
polarization gradient cooling (PGC) is employed to further
cool the atoms to approximately ~30 uK inside the optical
tweezers. The occupation of atoms is monitored by imaging
their fluorescence onto an electron-multiplied-CCD camera
(EMCCD, Andor iXon897) while laser-cooling beams are
illuminated. An electrically tunable lens (EL-16-40-TC from
Optotune) is used to adjust the imaging focal plane to observe
the entire three-dimensional atomic array.

Initially, the atoms are randomly loaded into the tweez-
ers due to collisional blockade [49]. Following the imaging
of the initial atom loadout in the tweezer traps, va-
cancies are identified, and the Gerchberg-Saxton algo-
rithm is employed to rearrange atoms from reservoirs
to create unity-filling atomic arrays. For excitation to
the Rydberg state [0) =[5812, F =2, mp =2) — |1) =
|7181/2, j = 1/2,mj = 1/2), a two-photon transition scheme
is utilized with 780-nm (home-built external-cavity diode
laser) and 480-nm (TA-SHG Pro from Toptica) lasers via
an intermediate level |5Ps;,, F' = 3, mp = 3) with an inter-
mediate detuning A; = (27)660 MHz. Following Rydberg
excitation, the population of each atom is measured by illu-
minating cyclic transition lights, where atoms in |0) exhibit
fluorescence while those in |1) do not.

APPENDIX B: ALGORITHM AND HEURISTIC
FOR DETERMINING ATOMIC ARRANGEMENT

The algorithm and heuristics are employed to determine the
spatial arrangement of atoms corresponding to a given SAT
formula V. Given W, we generate a corresponding theoretical
Rydberg-atom graph G that initially lacks designated node
coordinates.

We first assume that G is planar and has a node degree of
at most 4. Any deviations from these will be addressed below.
Under this assumption, G can be orthogonally drawn on a
2D plane with a time complexity of O(|G|*log|G]) [50,51].
In this drawing, the appropriate number of atoms for the
quantum wire [26] is inserted along the edges, resulting in the
realization of G as Ggyp, Where nodes are assigned real spatial
coordinates satisfying the Rydberg blockade interaction crite-
rion outlined in Eq. (7).

If G is not planar, we partition the nodes into different
three-dimensional planes. It is guaranteed that any maximum
degree 6 graph has drawing on 3 three-dimensional planes
[52-54]. We apply this technique of separating nodes into
at most 3 three-dimensional planes, as demonstrated in the
formation of Glf;‘p in the text. After that, the method described
in the prior paragraph is utilized to form a graph Gg,).

In cases where G contains nodes with a degree exceeding
4, we prune certain edges in G to create another graph G’ with
a restricted node degree of at most 4. This process ensures
that the subgraph H on G, consisting of nodes representing
any variable and its negation (e.g., p(li), ]_J(lj ) in G3s as detailed
in the text), remains a connected graph. The resulting graph
is then assigned real spatial node coordinates, following the
procedure outlined in the previous paragraph, to form Ggyp.

APPENDIX C: THE BOOLEAN EXPRESSION
FORp xg=15
The binary decision diagram (BDD) in Fig. 5(a) is used
to derive the SAT formula, W5 in Eq. 14. The overall SAT
formula for the integer factorization problem is expressed as

Wis = WisoWis1WisaWis, 3, (CDH

where W5, Wis.1, Wis2, and W5 o correspond to columns O,
1, 2, and 3 of the BDD, representing bitwise relations for p =
(p2p1P0)2 X (q29190)2 = (1111),, respectively. In Fig. 5(a),
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the orange-colored circles indicate nodes that need to be
“passed-through” for successful factorization of n, while the

—W 59 = poqo resulting in the b=Boolean subformula for
column O in conjunctive normal form:

gray-colored filled circles are not to be “passed-through.”
The unsuccessful path in column O corresponds to pogo =
1. Consequently, the Boolean subformula for column 0 is

Wis,0 = Poqo- (€2)

Similarly, for columns 1 and 2, W5 ; and W5, are obtained
by aggregating failed paths in the respective columns:

J

Wis,1 = —(Poq1 - P10 + Poq1 - P14o)
= (po + p1)(po + qo)(q1 + p1)(q1 + q0) Py + G, + P1 +Gp), (C3)

Wis2 = —(Poq2 - P1q1 - P290 + Pogz - P11 - P2qo + Poq2 - P1q1 - P2qo + Poq2 - P141 - P2g0)
= (poq2 + p191 + p2g0)(Poq2 + P1q1 + P290)(Pogz + p1g1 + P290)(Poqz + P1q1 + p2g0)- (4

For column 3, paths starting at either the orange-colored “7” node or “15” node on the same horizontal position in Fig. 5(a) are
considered. Failed paths p1q; - P2q1 = 1, p1g2 - p2g1 = 1 starting at the orange-colored “7” node, and failed paths p;q, = 1,
P1qz2 - p2q1 = 1 starting at the “15” node in column 3 are identified. To distinguish between these two distinct failed paths, we
introduce auxiliary variables 4, Ig € 0, 1, with values set to 1 only if the “7” (“15”) node is “passed-through.” The Boolean
subformula corresponding to column 3 is then expressed as

Vis3 = {la > =(P192 - P2q1 + P192 - p2qHls — —(p192 + P1q2 - P2g1)}
={lx = (p1 + p2)(P1 + q1)(q2 + P2)(q2 + q1) Py + G + Py +G1)}
x{lpg = (P + @)1 + P, +41)(q2 + P, + 1)}
= {la + (p1 + p2)(P1 +q1)(G2 + P2)(q2 + q) Py + T2 + Py + G} {ls + (P +T)
x(p1+P2+9)(q2+ P, +qDh (€5)

where I, is expressed in terms of the sum of nonfailed paths in column 2: poqs - p1q1 - P2qo = 1, Poqz - p191 - P2qo = 1, and
Poq2 - P1q1 - P2qo = 1, which lead to the orange-colored “7” node

Ia = Poq2 - p1g1 - P2g0 + Poq2 - P1q1 - P2qo + Poq2 - P1q1 - D290, (Co)

and /p is expressed in terms of the nonfailed path pogs - p1g1 - p2qo = 1 in column 2, which leads to the “15” node

Ig = poq> - P141 - P2qo. ()]

Substituting /4, [p into W5 3 yields a Boolean equation in terms only of p, g.
Simplifying W s involves utilizing the fact that W5 o = pogo = 1, as single variable clauses pg and gy trivially result in values
of po and ¢gp as 1. Substituting py = go = 1, the expressions for Ws |, ¥;s2, l4, and /g become

Vis,1 = (p1 +q0)(P, +41), (C8)

Wis2 = (g2 + p1g1 + p2)(q2 + Py + G, + D)@ + pirgi + D)@ + Py + G, + p2)
= (g2 +p1 +p2)q2+q1 +p2)q2+ P +G, +DP2)(G + p1 + D)@ +q1 + D), + Py +G; + p2)
la=q2-p1q1-p2+q2-p1q1 - P2+ q2 - P1G1 - P2 = @2P191P2 + @2P191P2 + q2P1 P2 + G241 Pas (C9)

Ip = q2p191p2. (C10)

Substituting /4 and /g into W5 3 yields
Vis3 = {(g2+ p1 + P2)(q2 + q1 + P2)(q2 + Py + 41 + P2)(G2 + p1 + P2)(G, + g1 + p2) + (p1 + p2)(p1 + q1)
x(q@2+p) @+ q)P+G+P+9)H G + P+ G, +P) + Py +G)(p1 + P2 +G))
x (q2 + P> +q1)}
= (g + p1+p2) @+ q1 + D)@, + Dy + G + D).

Multiplying every subformula for each of the columns 0, 1, 2, and 3 results in the following form:

(C11)

Wis = pogo X (p1 +q1)(P1 +q1)(g2 + p1 + p2)(q2 + g1 + p2)(q2 + Py + G + D2)

X(G+p1+P)G+q1+ D) G +P1+G +p2) G+ o1 +p2) @2 +q1+ D) (G +Pr+¢,+p2) (Cl2)
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After simplification using Boolean identities A(A + B) = A and (A + B)(A + B) = A, the SAT formula corresponding to the

problem of factoring p x ¢ = 15 is obtained as

Wis = (p1 + p2)(g1 + q2)(P; + g1 + q1)(p1 + P2 +G2)(q1 + G5 + Pa)Pogo-

(C13)
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