d 1
EADE' =—3 (Q -Ef_lz) Ap; + Qwh ¢2 417 cos (S — dp;)

Z SEJQ [Ap;cos(dp; — dpi) — A cos (05, — ¢pi)| + Fpilt)

17l
d 1 w ¢2 42 sin (¢ )
Dy = —4/n Bln — 0
dt i ‘.4- ZQ T 77 1 4
—T‘lf'i (A . sin({dn: —dr) — As sin(des — dr ) 4+ G (1)
L"QHHQL Dj VD Ly Dy Vg e | RN,
21

d 1 /
E;&DE = —§ (@ — CVl ) &D?. Q‘\/H Cﬂ +77 'CDS {P.D?.

Z &JQ [Ap; cos (¢p; — ¢pi) — Ap; cos (0p; — ¢p)] + Fpilt)
J#1

d 1l w .
afﬁﬁi = 4—515 Vary/ €2 +n?sin(—8; — dp;)

Z {EJQ Ap;sin(¢p; — ¢p:) — .ﬁlﬁjsill{(z)ﬁj—gﬁm}]—I—GD?:(t)

J#l
d .. N; ) 5
—Ni=P— —Eov; (4} +Ap, +2) + Fyi(t).
Tap
. 2
nRi = ‘— Apiexp(i¢pi) Ap; exp(iop;)
2

1+ .,
—— Ap; explidp;) + TAEE' exp(iQp;)

]

1—1
Nr:; =
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4.4 Injection-locking bandwidth, phase shift and
reflection dip

If we neglect the noise term but take into account the gain induced
dispersion term in the previous working equation, the ¢ number field

amplitude obeys
—A( ) =—iw,Alt) —% %— % (X _iX-r):| A(t) + ﬂ/Q Fpe~iwt

=Xi = Eey — E, - Net gain coefficient
1
w

2Xr - assoclated dispersion _
We . cold cavity resonant Xi (gain)
frequency
W W )
Qe W
7 N N
total photon internal external X (dispersion)

decay rate  decay rate coupling rate

wo =o, + 2u2xr : free-running laser frequency
r(t) = —Fope ™! + */Q A(t) :input-output relation

The total electron number obeys

Ly = p- X0

- ECU_E’UC (7 _Ecv
= e ()

n(t) = |A(t)|* :total photon number

13



If an injection signal F,e—%* couples into a slave laser, the slave laser
frequency is locked to that of the injection signal, the internal photon
number #n(?) increases and the electron number N(t) decreases. Also if
w # wo , the phase of the internal field is shifted with respect to that of
the injection signal. Since the electron number changes, the gain and

dispersion are also modulated by the injection signal.

n(t) = A5+ 2A0AA(t)

[ro + Ar(t)] e~ et +¥)

-

—
o~

s
I

dxio
= AN(t
Xi X,o-l-ﬂw0 (1)

dx
Xr = Xro + X OAN(t)

dNO

: 1
Steady state solutions ZA(t)=0 , read

" dt
w Fo [w
Ecv_Evc:a_zA— Q—COS@
0 e
_of Jw .na
! FO w 2 X,l —_ Xﬁ(} 2"‘fl{] Qre COb(’b
W—wy=——4/=sin¢ AN = —
A(] Qe dXxio W dXxio
dl\r() ,Uvz dN(]

dx,

Lo = cos ¢

dX'rO Ao Qe
= Wn —
* Ny (%52
d,Ng

14



Fo
wh = wo — a— = cos¢

A() Q(’
N

slave laser free-running frequency before injection-locking

_ ([ dxro dxio \ . -
a= ( NG ) / ( dNU) - linewidth enhancement factor

Frequency deturning parameter between slave laser and injection

signal should be defined by

Aw = w — wp

w

—(S1n(;5+o:cogqb) Fo 0.

w
Since Eev = Eve =75 for an injection-locked laser, the phase shift
is bounded by _g <¢< g
Casel: a=0
Fo [w
\bmqﬁ\<1—>—A0 <Aw<— Qp
¢ = w/zﬂ cb = —7/2

pll‘l
Aw; = — 1/ . Injection-locking bandwidth
wL A() Q(’ Q(’ pout J g

Casell: o #£0

\/1+a2F0,HQ Aw<—1/5 (when a >0)

F,
¢o=0 at Aw——a—o —

Qp

The locking bandwidth becomes asymmetric.
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|
[ VT I |

When o > 0, the locking bandwidth extends to a low-frequency side
where the system shows a bi-state operation. When a < 0, the
locking bandwidth extends to a high-frequency side.

The output amplitude r and phase y of the slave laser are given by

1/2
ro = [iAg + F02 — 2F), /QiAg cosqb]
N
. [w Ay .
sint) = , /| — —sin
v Qe 10 ¢

2
The output power is minimum, r§, min = (1 | =4 - Fo) , and the
1 —_ —_ Qc
phase is equal to y=0 at ¢=0.

U

This is the point where we want to initialize the slave lasers before the
computation starts.

interference term
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4.5 Transient time of the injection-locked laser network

Mutual coupling via horizontal polarizer

U

Net loss difference between right answer (|R) for instance) and wrong
answer |L):

oe o (9 . .
4545 ~ Lt k@) I Ny =NR; TN =Nt

Vs

Monotonical increase in the right answer nr(t) = ~ 2ng(0)

Exponential decrease in the wrong answer ny(t) ~ nz,(0)e 2*(&)!

Vs

Overall success probability

, ]M 1/2M (20: (%) t < 1)
(t)

[nR(f) +nr

Ps(t) -

right answer wrong answer

O e ()] (e (3) )
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%

P.(t) > 1—6(5 < 1) requires the computational time

t. > In(M12¢)] 2 (g}

» The transient time has negligible dependence on the problem size

(~In (M))

« Astrong coupling constant (o) and fast photon decay rate (%)
speed up the transient time.

ez

A

1e+00

Success Probability
1e-06
Success Probability
1e-06

= — (=20
| —_— M=20 M=30
M=30 S M=40

M=40 >

T T T T
1e+00 1e+02 1e+04 1e+06

1e-12

I I I I I
0 500 1000 1500 2000
t
tft h

The overall success probability Pg(t) of the injection locked laser network
on the 1D anti-ferromagnetic Ising model with the problem size M vs.
that of the quantum computer on the quantum counting algorithm.

-1
e (5) ~1 psec for the laser network and t ~1 msec for the quantum
computer.
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