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Quantum Light

In the quantum description of light one would expect energy and phase to form a
canonical pair

0.4 n
but this is not so... because a phase operator proper does not exist!

Maybe not that weird: phases cannot be measured, only phase differences can.
The phase difference operator exists (Luis & Sanchez Soto) and behaves well.

Hence in describing phase properties of quantum light a different strategy
must be followed: quadratures.
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The monochromatic classical wave

E(t) = E, cos(mt + ¢,)
can be rewritten as

E(t) = E, cos(mt + ¢y) = x sin(mt) + y cos(wt)

: x = E, sing,
with {y = Eq cosdy

and quadratures can be measured
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Balanced homodyne detection

signal beam

E(r,t)

local oscillator
(control of 6)

ELOF (r)

photodetectors

M\Sﬂ

I, —1_oc X cos(0)+7Ysin(6)

intensity difference

E (7,t) = ie€ (ae™™® — ale’®) = &€ (2sin® — g cos D)
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A(t) = x sin(wt) + y cos(mt)

vt A4

----- D N/
T?éé;ﬁ_l :

2Ot Ax=] Ad
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X
coherent state
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How does a Fock state look like in this representation?
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Squeezing

N\

coherent state
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(a) Vacio comprimido (b) estado comprimido
“brillante”
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amplitude squeezed

phase squeezed




How could this be done?

One needs a unitary transformation that must be non-linear in the bosonic operators

S* ( Z) — exp [1 ( a2 — ZCALTZ)] Se define el estado coherente a dos fotones, como
18). = |z a) = 5(2)|a) = §(2) D () |0)

sq vac) = g (2) |0) se define el estado comprimido ideal, como

ja; z) = D () §(2) [0,
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Optical Parametric Oscillators

Parametric down conversion comes in two different forms

O, ®,
20, 20,
W, Wy

Non-degenerate degenerate

~

S5 (€) = exp (5*&8 _ ga*é*) | S (z) = exp E (7a* - fof”)]

and when these processes occur intracavity, they give rise to two different
types of optical parametric oscillators ...
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Best sources of

2(0(, an quadrature squeezed
DOPO ) —
pump signal

Maximum squeezing
at threshold

Above threshold
emmits twin beams,

signal
which are entangled. 2(1)() & W,
. ND-OPO
No noise in the — (),
intensity difference. pump idler
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Hence:

- DOPO gives squeezing

- NDOPO gives entanglement
- Can be connected?

—exp Tal—l-&o T)}
beam -splitter

— S (i€)
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The PDC + BS Hamiltonian

PDC: parametric down-conversion
BS: beam-spliter

A1 ~ ~ AT ~ . .
T;=a; +aj, Y;=tv\a;—a;), J=S,1,

H, = h(GiﬁiQs - gjjsgi) ;
g1+ g2 g2 — g1

G = —
279 5
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Heisenberg equations

d

d
—&; = —2¢9%;, —G; = —2GYs,,
at ILs: Y Y
d . d .
Ems — QGCUL', Eys — 2gyia

We concentrate in the special case
g,>8, (G>g), i.e., “below threshold”
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Q= VigG=1/g5—g
jiz'() cos (Ut — 2 ASO sin Qt,
G
G
giO cos Ot — _?;SO sin Qt,
)

Zs0 cos Ot +

G
g
= g . .
Us0 cOs Ut + \/ ay,;o sin ()¢,

LIAZiO SIn Qt,




The fluctuations are fully described by the
correlation matrix
Vizgs] Clzs79s C| C
C [gs; L%S] vV [?)S C st ﬁjl] C
C

Li=1 ¢ %5, 45 C
C

where
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In our case
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V |Zs] 0 Czs, z;]
0 V [9s] 0
(7 [ %;] 0 V (4]
0 —C &, Z4] 0
2 ; ..
1+ J! sin” ( g5 — gft) :
92— g1
201 9 ( : )
] — sin 2 — g%t |,
9 101 92 — 91
L sin (2\ /g2 — gft) .
92 — 91



Squeezing Influence of cavity losses

3.0 - ,
i - a5 _ A i v+ 92 — 9192
: g,=5 V&1 :2’7/ dt V [z, (t)] e 2" = — . .
25f  V[x] gi=2 (V [z (1)]) i [ (¢)] VR pp
2.0/
i vix]' | g,=10y
1.0f ] 1.0}
» _ 0.8|
0.6}
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Entanglement

"Simon-Duan-Giedke-Cirac-Zoller" criterion: the states are separable iff W,,(0)>2

T1 — T Y1 + Yo
Wio =V 1.V = 2,
. [ V2 ] [ } |

3.5 5| T T T T T T T T T T T T T T T
2.5}

2.0

] several
1 values of O
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S: entropy

E\: Logarithmic negativity
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The non-degenerate optomechanical parametric oscillator

signal
— a)S

) .
;

idler

The goal:

locking the signal and idler field’s phases
by coupling them coherently.

g+ O; = O,
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Complete Hamiltonian
(Schrodinger picture)

H = Ho+ Hppc+ Hom + Heut,
Hy = hwpa)ap + hwesGlas + hwcz&‘”&z + o bTh,
Hppc = 1hg, (aJpA]L Al — &L&s&z) 3
Hom = —Ngm ( 10, + aTaz +al La; &Tds) (b + BT) :
f{ext = h (FOBTG_iwmt — ng)eiw’”t) :
We move to a more convenient interaction picture
A A —ZMT) = ~ _,2-"-’-"1)_‘-‘-’771 ¢
as — CLSB 2 , a?’ — aze 2 .

) e it & T g
ap — ape Pt b — beT "™ and perform the RWA...
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Model Hamiltonian
(interaction picture)

AN

H = Ho+Hppc+ Hou + Heut,

Hppo = ihg, (apa;faj—a;asai),
Hou = —hgn (a;aiﬂaf{asz}f)
Hewe = ih (FObT B b)
()
A
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We must incorporate the coupling with the “rest of the universe”
through the output mirror.

Input-output formalism.

v
y
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Heisenberg-Langevin equations

d

Eas = — —10g) —a? goasa a; -I-’&gmazb
mg‘. VI o

d

E&i = —10;) a; — o goaza as + zgmast

—I-Ckg‘l m = agOEznasa
d .
ﬁb = Fy— 2b—|—zgmaas—|—1/£

<&m,m(t),&j,ﬂm(t’)> = Smnd(t—1t), m,n=s,i,

<Bm (t), bl (t’)> = Qe+ 1)8(t—1t).
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Linearization below threshold

— N —
- - A . . — 7T = W V 2’77—]’7
a; = 0d4;, J=Ss,1, dt
5 - d . . 5
= b+ b, Lsp = _Jmsp Tmj
dt P i i
; = vy wnd ex ol - " At a
with @ = col(éas,Oal,Oa@,Oai), g = C01<aﬂjnaa3¢naathu(%¢n
linear operator £ given by
— (v —i0y) 0 i Gmb agoFin
ﬁ — O_ o (ﬂy + L(Sq) OdgoE;(n _zg"rnb*
- ig: b* agoll, — — (v —id;) 0
ago — i b 0 — (v +10;)

This can be readily solved for obtaining

(7p () g (1)) (7 () g (L4 7))
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Intracavity fluctuations (below threshold)

VIO = (aq (t)al () + (al (t) aq (1)) + (a2 (t)) e + (al? (t)) e,

§ B L AR Bl Aem B: mirror’s forcing
y© - 1t “_LQ - 0(25111 - B2 o optical injection
‘ B*—(1+A%)(e* - 1) A: detuning

0gopt _ m —arctan (1/A), g=s
7 | —m—arctan(1/A), g=1

Vo) _ LT A*? + B2 — Bov1 + A?

BZ—(1+A2)(s2-1) °
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1+ A%+ B?2 — Bov1 + A2

B2_(1+AY(e2-1) °

1.2}
[/(gopt)

1.0t

0.8}

0.6}

A=0

B =10

(mirror’s forcing)

8 10
O

(optical injection)



Vopt — =
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Squeezing spectrum (below threshold)

As for the squeezing spectra of the fields outgoing the cavity, we limit our-
selves to the resonant case, having obtained that
(1— B2+ 02 +w?)” +4 (B2 + 02 — 2Bosin 26)

Vout (W) = - — ; 52
() (1- B2 +0%+w?)? +4(B? - 0?) (&2

that is minimum for # = 7 /4,
8o (B = 0)
(1-B2+02+w?)’+4(B2—02)

Vst (W) =1-

out

(53)

The minimum of Voi:tWM (w) occurs for w? = B*~1—0? (whileo < VB2 —1)

and has a value

S| G
+ | |
I |

(54)

L/;nin:: = ::?
o=+/B?%-1



0.4}
A =0, B=5, ;
c—3.4 and49 0.2]
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0=m/4and A =0

Vmin
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Conclusions

The coupling of the idler and signal modes through the oscillations of the mirror of an
optomechanical cavity effectively locks the two modes.

This results, in particular, in large levels of squeezing below threshold (the larger the
squeezing the larger the mechanical forcing)

These results suggest that other means could be similarly efficient (electro-optic
coupling, idler-signal coupling thorugh additional chi(2) or chi(3) processes, etc.)
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