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1.2.1 vacuum state, number state
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Thsb. 2%, FEHNITILEFB Db L WIRETH 2,

X2, number state # number operator n := afa DEHIRFE
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L% %, D%, coherent state IZ 1} 2 WA ED I IZIFHE |o|? D Poisson 73 Hill %> T 3,
7% 2 [HAMHD coherent state [FAl-1:D N IE

1 1
(o] B) = exp [a*ﬁ - 5]04\2 - §]ﬁ\2 (1.18)
CHBBE, a£BTh (alf) £0THEB. LinL la— B> 1 OBOICIBEBIC (a]f) ~ 0 & BAED, >
£ O oL A D coherent state Fl-L: 13 (78Tl WV) BIIFHERL TW5, £
71T/d2a\a) (] = 1 (1.19)

DD SEOH 6, {|a)} & overcomplete TH 5.

1.2.3 Quadrature
A IS EIEH 11X non-Hermitian TH %. D % 1) observable Tlx 7>, —Jf, observable 72 Bk O A 1
E LT,
Xi(w)=a+ad, Xo(w)=(a—al)/i (1.20)
& X1, Xo ZEAT 3, 22 1 F1 amplitude quadrature, phase quadrature & W5, qudrature T4 i Jki

Hrzfeild
Xi+iXs X1 —iXs

a=——F—"a 5 (1.21)
&R 5B,
quadrature CELEZ KT &
E(z,t) = ae~@t=2/) 4 gfeiw(t=2/0) — X cosw(t — z/c) + Xy sinw(t — z/c) (1.22)
EHTB, 2FD Xy, Xp BZNENELD cos BT, sin BT OIRIEICHY § 2. H% diditiyic
E(t) = A(1+ a(t)) cos(wt + ¢(t)) (1.23)

ERLZN, a(t) 28 Xq 12, ¢(t) % Xo ICHY T %, 244 amplitude, phase quadrature & FEIL4L % FTbAT
H5.
Vacuum state 12 &) 2 HRHH, %5 Xk

(0] X1 10) = (0] X2 ]0) =0, (1.24)
(0] X7 10) = (0] X3 [0) =1 (1.25)

7%, %D, vacuum state (ZFHIE 0 20D D TiE 7 K, & quadrature T1 2 DS &Ko
THH DL S,
o El2oWwTE, Robertson AR & — M DIREEIZ DT

AX AX, > %|[X1,X2]|2 —1 (1.26)

VIR LD, FaDFERD 5 vacuum state TIRFF VKD 2> T 505, vacuum state (Zi/NAHEERIE T
b5,
[AkRIC, coherent state 123 1) % HIFFE, %5 Ei3
(o] X7 o) = a4+ a* = 2Re[q],
(o] Xo ) = —i(a — ™) = 2Im]]
(o] (X1)? a) = a% + (0°)? + 2laf? + 1,
(o] (X1)? a) = — (0 + (a*)? — 2Jaf? — 1)

(1.27)
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THLHE
(AX1)%) = ((AX2)?) =1 (1.28)

TH 3. DFD coherent state b vacuum state & [[ U /NAHEEIRETH 5 *3

1.2.4 Displacement operator

Displacement operator D(«a) %
D(a) = explaa’ — a*d] (1.29)

LEET D, EFEDS, Dia)=D(—a)=D"'a) TH3. Thbb D) ld1=%)Tbh3.
Campbell-Baker-Hausdorff formula 2> 5

D(a) = eral gma’a (1.30)

EET LS, INE vacuum state ICTEZ 3 &

1 2 > OéCLT n
D(a)]0) = ezl Y~ ladl)n _ o) (1.31)

n!
n=0

&% %, D%Db, Displacement operator D(a) % vacuum state \ZfEH L CTHEIE{E o D coherent state % K
THHATTH 5.

Z Z % T coherent state % Schrodinger picture fJIC BT & 7223, 41X Heisenberg picture NIZH 2 %,
Baker-Hausdorff lemma ** 225

Df(a)aD(a) = a+ a, DT (a)a'D(a) = o' + o* (1.32)

DILD D, TnkHAv S L, ROt —L Yy MRED S 2 YR WIRHEIL, O BEE T 0 BAAHE I E
EMZ D ENTED, RE |o) 1B 2 H 2HE T O(a,al) OWIFHEIZ,

(a| O(a,a’) |a) = (0] DT[a]O(a, a")D]a] |0) = (0] O(a + a,a’ + a*)|0) (1.33)

DEICO(a+a,a + o) OEEMRHEE L AT 2 2L TES, LEd> T, HORHFEEZE ) FFIC o
RIRTE L, RBICOLTIAIS L 2 CTOMIRMEZ RS 5 2 L3 TE 3,
#lziE, O(a,a’)=E DL &

E(z,t)a == D' (a)E(2,t)D(a) = (a + a)e =%/ 4 (af 4 a*)e(t=2/)

. (1.34)
= (2Re[a] + X1) cosw(t — z/c) + (2Im[a] + Xs) sinw(t — z/c)

TH%. 2%, |of ITHELELOMRIEICAHY L, HEDS cos Ky, MDY sin RITIC7% 5, —J quadrature
RIS S T2 RT.

1.2.5 Squeeze operator, squeezed state

(One mode) squeezed operator S(§) %

S(€) = exp B(@Tz - f*a2)} (1.35)
EEFRT D, TN vacuum state IS X & 7 IRAE
10,£) :==5(£)10) (1.36)

*3 ¢ L A vacuum state 75 o = 0 @ coherent state TH 5 EE I N E D,
*4 G B.1
*5 G B.3.1



% squeezed vacuum & \»9 . Squeezed vacuum 2 X 5 12 displacement operator Z{EfH &7 b D
|, &) = D(a)5(8) 0) (1.37)
% squeezed coherent state & FF5. Displacement opeator @ & & L [H U X 912, squeezed operator 12X 5T
Tz
a,a

€)= STJEg)aS(g) = acoshr + a'e *?sinhr, (1.38)

a'(€) := ST(€)a’S(€) = a' coshr + ae®*? sinh r

L ZET 3, %6
INGDERTHEDZTL NPT TS0, 0 FTAD quadrature Xy = cos0X, +sinfX, ZEET 5.
Xo=e Wa+efal EETFBDD,

Xg(€) = e (acoshr + a'e 2 sinhr) + ¢ (af coshr + ae**® sinhr)

) (1.39)
= Xgcoshr + X_g_g4sinhr
ThH 5, L7235 T, Y = X_¢, Y = X_¢+% EBX &,
Y1(§) = Yy coshr + Yy sinhr = €'Y,
(1.40)

Y2(€) = Yo coshr — Yo sinhr = e?"Ys
DEHWCEHEINS. T T XD, squeezed operator S(€) ICX 5T —¢ HADRETHES EH e” 53 1,
—¢+ 5 HADRTFFES ED e 315 2 EBRTHMN S, FEHE,
<O>§| Yl ’07£> = <O7§| Y2 ’O>£> = 07
0,6 (Y1)?10,€) = (0] Y1(€)* [0) = €, (1.42)
(0,€] (¥2)?0,8) = (0] Y2(£)*[0) = e

ThHsb., £, HTFBITOVT
(0,€]a’al0,€) = sinh?r (1.43)

DK D 32D, vacuum state & IFE squeezed vacuum O FEDETEUL 0 1IT1E 72 6 720,
Squeezed coherent state D A1E S 512 D(a) ZFH I UETR VD5

ala, ) = ST(E)DT(a)aD(a)S(€) = acoshr + a'e™ %% sinhr + «

. 1.44
al(a, &) = ST(€)D'(a)a' D(a)S(€) = al coshr + ae*® sinhr 4 o* (1.44)
Db, a=0DE E squeezed vacuum IZfiE 9 5. quadrature 122V T,
Yi(a,€) = €'Yy + 2Re[ae™], (1.45)
Ya(a, &) = e "Yy + 2Im[ae’?] '
EERING, s, _ 4
(Y1) = 2Re[ae’®], (Y3) = 2Im[ae®?] (1.46)
Thb, F1 4 ‘
(Y1)? = (0] (€"Y; 4 2Re[ae™®])?|0) = %" + (2Re[ae’?])?, (1.47)
(Y2)? = (0] (e7"Ya + 2Im[ae’®])? |0) = 2" + (2Im[ae’?])? '
*6 G B.3.2 2
T InsldEEDT )
Y1 4iYs = (X1 + iX2)e® (1.41)

EHIT 3,



THH175

AYl = er, AYQ =e " (].4.8)
L% 5,
KD, i
(n) = sinh® 7 + |o? (1.49)
(n?) = sinh* 7 + 2sinh? r cosh® r + |a|?(3 sinh? r 4 cosh® r) (1.50)
+ 2sinh r coshr(a?e?® + a*?e2%) 4 |a* (1.51)
An? = |accosh r — ™ sinh 7’\2 + 2sinh? 7 cosh? r (1.52)
TH 5.
126 E—LRTUvyH—
ZOMTRERDE—FEK). BE—F q; 1200 TR
[as, al] = iy, las 5] =0 (1.53)

E9 5%,
E—AA Yy —izkoT

()= ) () =2 () s

e = 7|, [t) =], PP+t = P+ P =1, v+t =t =0 (1.55)

LEEINSG, 22Tt

2729, D% Bi32=2V{TiITH 5. B DFEHDOAAIL, HAMITE YL ICHTETUL 0 IcHKS, L

3o T—HRIZ
cosf —siné
B = <sin9 cos 8 > (1.56)

EBUIS, RIZ, TOE—LATV) Y —DMEE s B #2127 )AL —% U T
b _yi (M) p (1.57)
by) as '

U =exp {0(@1@2 - alag)] (1.58)

B EHICTBE,

L#EF 5,8
FHZ 50:50 E— LR 7Y v ¥ —DHify, 0=2 THE0H

B= 7 <_1 1> , U=-exp [Z(aIGQ - alaQ)} (1.59)
TH 5.

1.3 Two-photon formalism

CZOiTIE 1.2 TEA L ZIRRE, HET2EET— NI L, two-photon formalism & FEIZN 2% 8 A
5.

*8 Baker-Hausdorff lemma 2> S HEZRTE 5,



1.3.1 Sideband picture

L= -85 2 LT 217D, w 2HAE—F, ZORDD wy £ Q OMZME L LTHEI DAL,
ZD wy + Qwy — N) % upper(lower) sideband & M3,

Sideband picuture IZ#&E 72V TR S EAPEEZITH L THRI T ENTE S, wy DL —H =23 HE Q <H)
CE7—TRHPIND & wy+Q D sideband BRI N5, THitORTHE X, 55 sideband &L ETHES &
? sideband @ SN HiTk % 5. Sideband F-LIZMHEEZ K> T3, L723> TR TORBEEZMAHR L LTk
&0 b, EMD sideband SHHEAZFE > Tw 2 & LCEdih T 2 /7258 ¢hH 5. 2D, MHBEIZEFD sideband
R T 21X % two-photon formalism & W5,

Sideband DHE 1%

a4+ (92) :=a(wo + ), a_(2) :=a(wy — N) (1.60)
LB, SR
[y (), al ()] = [a_(Q),a] (Q)] = 276(Q2 — ), Otherwise = 0 (1.61)

Ths, IhozHOTED 2K w O ICERT 2. LIZs DBV TuAREE2EIRS ¢S L
(+) e iw(t—2/c)
m 0 \/; (1.62)
_ [T [h(wo + ) —i(wo+Q)(t—z/c)
- /0 o m alwo + e (1.63)

WOdQ/’WHQ Je—ilwo—)(t=/0
- i(w z/c 1.64
0 2cep A 0 (1.64)
[ P —iwo(t-z/c)
~ 1wo z/c 1.65
2C€0.Ae ( )

o] 0 . —Q i
% / diw [ wo + a+(Q)e—zQ(t—Z/C) + “o a_ (Q)ezQ(t—z/C)] (166)
0

2 wo wo

D & 91T, upper sideband wg + Q & lower sideband wg — Q IZOHEL THEHLS Z LB TE S, 2L Q< wy &
L T lower sideband DD FR%Z wy — oo ISEBIL 72, EC) 2OV THABRICERT 22 LN TE, b
FELODE

o etmzge [T dw —iQ(t—z/c) iQt—2/c)
E(z,t) = 2660./46 o [)\+a+(ﬂ)e +A_a_(N)e } + H.c.

P o g (1.67)
_ 0 aw —iwo (t—2z/c) T iwo(t—z/c)| —iQ(t—z/c)
\/ 2660A/0 o [A+a+(Q)e +A_a' (Qe } e + H.c.
. — wO:tQ
EHITB, L A= \V ee
1.3.2 two-photon quadrature
E(z,t) OB OHEHIZOWVT,
)\+a+(Q)e*iwo(t*Z/C) +Aa_ (Q)eiwo(tfz/c) (1 68)
= Apar(Q) + Aa_ ()] coswo(t — z/c) — i[Apar(Q) — A_a' (Q)]sinwy(t — z/c) '
LR TESL, 22T
Aray () +A_al (Q Apai(Q) —A_al (2
(@) M@ T AL @) o M (@) Al () (169

V2 iv2



& a1(Q),a2(Q) ZE&E L, two-photon quadrature & M-85, F#1Z ay % amplitude quadrature, as % phase

quadrature & MESS,
NS EZMHCT, E(zt) X

(z,t) \/7/ )e"SHE=2/0) cos wo(t — z/¢) + ag(Q)e ™" =2/ in wq (t — z/c)} + H.c.
C€Q

EHESIENTESL, 51

a;(z,t) ::/ ;Lw [ai(Q)e—iQ(t—z/c) _|_a;[(Q)eiQ(t—z/c)
0

T
EBUITIL,
| Twg :
E(z,t) = [a1(z,t) coswy(t — z/c) + azsinwy(z — t/c)]
CE().A
L5,

1.3.3 Quadrature D3IEBIR, HAFHE
Quadrature D ZHAEIR X

(2

(60, of ()] = 2602 - ),

[ai(©2), a; ()] = 0,

01(9), al()] = [a], ax(00)] = 2i6(2 — )
TH5. (i,7=1,2,i# j) 7 vacuum state (25|} % HIFFHHEIZ

(as(al (@) = 2 oms( - ),
wo
(ol @aa()) = 22" oms(0 - )
20.}0
(n(@a()) = 0 oimi( - ),
wo
(a](Q)ax () = “’02_ Loins( - ),
wo
(a(@al () = =28 Doims( - )
wo
(a}(Q)ar () = —“02;092@'775(9 — )

SRS AL A 1D, 2 = 0 OBIRTEZIUT AL ~ 1 LTE,

a4 (Q) + ab(2)
CLl(Q) — T T

EHHIC 2 B, SCHABEERIZ

THY, WifrE
(Q)al (V) = 276(Q — ),

(Q)az(Q)) — 2i75(Q — Q'),
(Q)a1(Q)) — —2imd (2 — Q)
L% 5,

10
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(1.71)

(1.72)

(1.73)

(1.74)

(1.75)

(1.76)

(1.77)

(1.78)



134 L—Y-BEOEFL
Displacemnet operator % #ifii € — NIZIE#RT 5. Do %

Dla] = exp [/00 g—:{a(w)aT(w) — a(w)a(w)} (1.79)

0

EEEL, I %Z vacuum state|0) I/ S 7 IREE D[a] [0) % coherent state|a) &€ T 5, H—E—FDLEL
ik, Dla] i2X > Ta(w),al(w) 1Z

D'[a]a(w)D[a] = a(w) + a(w), D'[ala’(w)D[a] = a (w) + o (w) (1.80)

LEBE NG, v, HET Ola,dl] DWIFHEIL Ola + o, al + o] DBEZEWIFHMEL RIC 14 2 2 L2
bbb,
Dla] 2fli>T, ERE—F wy DEHHZETNMLT 5. o(w) =2mapd(w —wy) EBL L, (oo 1FFEE)

DYalE(z, ) Dla] = /0 b ‘%, /5 Z‘)’ - {16) + a1 4ot (@) + a* @) ) (1.81)

o 2hwo > dw hw —iw(t—=z/c) t iw(t—z/c)
= ”ceo.AaO cosw(t — z/c) +/0 5 \/ CEOA[a(w)e +a'(w)e ] (1.82)

E %, E5ICH 2% two-photon quadrature TFEEIE

D'[a]E(z,t)Da] = CZ/:; [(@4 a1(z,t)) coswo(t — z/c) + az(z,t) sinwo(t — z/c)] (1.83)

&7:3? D, (f:?l'f.b a = \/5060) }%{EZ%‘Q wo @E‘ﬁﬁ@&%% (7)) k%?ﬂ@&ﬁ%%? ai, as é’_ LVC%‘K).Z) Z &7173‘(? Z)
N B DT —% Py £ 55 L,

Py = ceo/dardy]EP (1.84)

THALNS, (1.82) D 1H%E (1.84) IcfRAT 2 &

Py = ceg fiwo a?cosZw(t — z/c) /dxdy]u(r)|2 = @@2 (1.85)
CEOA 2
THH15,
_ 2R
ERIGLTW2S, LEddosT, N7 — Py OL—¥ -5
[l 2P, .
E.(z,t) = e [( T + al(z,t)> coswy(t — z/c) + az(z,t) sinwy(t z/c)] (1.87)
ERBITE S,
1.3.5 Two-mode squeeze operator
Two-mode squeeze operatorS[{] %
°dQ t n .
SIe] = exp / e (e@al @0l (@) - € @)ar (o) (1.88)
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TEFT S, £ £Q) =7(Q)e 2¢O LB L. ZhF one-mode squeeze operator DILHETH %A%, one-mode
DEZLEFRLY ay La, THhODL wyQDE—FIHBELH S, S[E]I2L>T, as,a_ & one-mode DY
& & FRRIC

a. (Q:8) = STi¢la =a coshr al (92)e 2D ginhr
+(©:6) 1= 57[glar (VS[E] = a4 () coshr(Q) +al () hr($2) (1.89)

a_(Q€) := ST[¢)a_(Q)S[¢] = a_ () coshr(Q) + al (2)e=2¢CV sinh ()
EEEINS, Zh%E quadrature THRT &
a1(€;€) := S'[¢Ja
= coshr — z,/ 5 Sin2¢ sinhr + H 5 €08 2¢ sinh r]
—as(Q i\ / QQ cos 2¢ sinh r + 1/ 5 Sin 2¢ sinh 7"]
(2:€) := S'[¢las A
= coshr + iy / 5 sin2¢sinhr — / 5 cos 2¢ sinh r]
/ QQ [
— a1 (9 — 2 °°8 2¢sinhr + 5 Sin 2¢ sinh 7“]
LS. - 0 OfERT
a1(§2;€) = a1(Q2)(coshr + cos 2¢ sinh r) — a2(€2) sin 2¢ sinh r,
az(2;€) = azx(Q)(coshr — cos 2¢ sinh r) — a1 () sin 2¢ sinh r (1.91)
L%,
Z 2T, oneemode D& ZF EHLU S
ag(2) :=a1(Q) cos O + az ()6 (1.92)

BEHTDE, S[IckoT

| W , Q2 :
ap(2;€) = ap(2) coshr + ﬁoma_g_%(Q) sinhr +14 Wa%_g_w(ﬂ) sinhr (1.93)

BT B, Q> wy ORI ZEHUR

ag(Q: €) = ag(Q) coshr + a_g_s4(Q) sinh 7 (1.94)
LHMELE NG, Chdb,, biima g by —a gz LB E

by(Q,€) = e"by(Q), ba(Q,€) = e "ba(Q) (1.95)

DX I, S[E] & —¢ HADIES % ¢ {5, —¢+ T HADIES &% e " 51272 2 EbD 5,
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Appendix
A BHISOEFLOFH

B O R LOFEM.
Al #f&
BRGORTICHILYBELRB DEF LD S, £T Maxwell equation
V. E(rt) - p(r,t)
€0
0B
Vx E(r,t)=— T (r,t)
V-B(rt)=0
. 1 0F
V x B(r,t) = poj(r,t) — 7@(7”75)
EANT=HRT Vv b P(r,t), N7 PR T VT vL A(r,t)
B(r,t) = ~V6(r,1) ~ ot (r.1)

B(r,t) =V x A(r,t)

SHHZEM (p=0,j =0) THIL OBy —Y 20T, FTvyviid

¢(r,t) =0
V-A(r,t)=0
1 92 5
A & 3
0A

E(r,t) = —E(r,t)
B(r,t) =V x A(r,t)
&5,

RIZ, BEBONINV =T v
1

Heom = / B (60132 i B2>
% 2 20

72720 V I3#EZ T A HEEB O,

A2 3D HHZH

A21 EFiE

F 9 3 XILHmEM ORISR Z T 5. A L ORISR SEOILCo ik

A= Z Z ég’kAUVkei(k'r_wkt) + c.c.

o=p,s k

*9 BRI IE L — oo OIR%Z LS.
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(A.2)

(A.3)

(A.4)

(A.5)
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TH5, 7L o=ps BRAZETA VT Y IR, €pp BIRIANRT FIVT, €ok - €pr = 05,p 2727,
k= (ky, ky, k) \ZIEBART PV, wp = clk| = ck T, FIBERSEAED S

2mn; .
ki: 72,1 (Z:CC,y,Z, ni:05i17i27'”) (A7)

EHERIL SN TS, F (A3) 025 éop k=0TH5. ng = & LB &, 1, €k, i I FIEBERILIE £
%,
(A.6) 2 (A2) IAAATHILE, EL BIZDWwThH

E(rit)=i ) Y érpwpdore'™™) +cc.

o=p,s k

, (A.8)
B(r,t)=i Y Y A XérphAspe’®T ) 4 e,
o=p,s k
Liplt s,
RICZNEZNINVEZT Y Hop ITIRAT B,
E2 = Z Z(iég’kkag’kei(k'T_wkt) + C.C.) . (iéprlAp,lei(l'T_wlt) + C.C.) (Ag)
o,p k|l
= Z Z ok €p1 WEW] —A(,’kAp’lei(kH)'T_i(“”“‘“”)t (A.10)
o,p k,l
+ Ay A e B ity c.c.] (A.11)
V=[0,L] x[0,L] x [0,L] £ LCHEDT 2L, FMEREMELD
L L L )
/ d:z:/ dy/ dze' R DT — 35, (A.12)
0 0 0
THHNH
/ d3$E2 = L3 Z Z éa,k . épJ WEeWwi [—AmkAp’le_i(“””“”)ték,_l (A13)
4 o kil
A AT O ] (A.14)
=LY > wi [~lok €p Aok Ap ke + o g+ €pr Aok ALy + cC] (A.15)
o,p k
=—L*Y ) Wik pkAorAp ke N L LY N Wi Ag kAl + coc, (A.16)
op k o k
£ %, BIZOWTHEEERIC,
B? =) (ifg x €y pkAgpe’® T cc) - (it x €pulA, e ETTOD e (A.17)
a,p k|l
=) (A X €o ) - (P x €p1) K (A.18)
ag,p ki
« [—AUVkAp’[6i<k+l)'7‘_i(wk’+wl)t + A0—7k:14.;7lei(k_l)'T_i(wk_wl)t + C.C.] (Alg)

(A X B) : (C X D) = (EijkAjBk) : (filmCle) ( )
= (6j10km — 6jmOr1)A; BkCi1 Dy, (A.21)
= A]BijDk - AJBka;D] ( )
=(A-C)(B-D)-(A-D)(B-C) (A.23)
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£

(’ka X éa,k) . (’le X ép,l) = (’fbk . ﬁl)(éa,k . épJ) — (’ﬁ,k . ép,l)(éa,k: . ’le) (A24)
EDTBDG, T AL
/ FeB? =LY (k- )€k - €p1) — (s - €p1)(€o i - )] K (A.25)
v a,p k,dl
« [_Aa kA le_i(Wk+Wl)t5k,—l + AO’,kA;Je_i(Wk_WL)t(Sk,l + C.C.} (A.26)
=L’ ZZ k2 {= Ak - k) (€oke - €p,—k) — (Rt - €p—) (€ok - —i)] Ag i Ap—e™ 2" *!
o,p k
(A.27)
+ [(’flk . ’ka)(égyk . ép,k:) — (’fbk . ép7k)(ég7k . 'flk)] + AO’,kA;’k} + c.c. (A28)
=LY > K (éok €pt) Aoy ke TN L L3N N kP Ag kA + coc (A.29)
op k o k
PLEXD
k
Hem = LP ZZ (2%,3 + 2) Ag i AG g (A.30)
3 0,2 LY
+ L Z Z 5 t (607].3 . €p7_k)Ag7kAp7_k + c.c. (A31)
op & 210
. EoL 2 1 A A* A 39
- ZZ wk+ 02 collo okok (A.32)
—fd;§:§:< 2w L )@ &y k) Ap Ay g+ cC (A.33)
op k c? eopo ok * Cp,—k) ok, —k .C. .
=€V Z Z w,%AgﬁkA;’k + c.c. (A.34)
o k

. LV = L3 3HEBOEE,
IDONIN =T vE, PRI TONINL =TV

huw
Hio = Z Tk(aLak + agal) (A.35)
k
% M LT
h
= A.
Ao,k 2€0V(A)k, Go ke ( 36)
EBLLE,
Z Z kaa E+ao kajf k) (A.37)

LET B, DS, agkal, R o, W kk O photon DIIRBEL T, AT LA B LWTE 5.
INSZHOTRIZ PVRT v vl Al

7 ,
=>4 o seto ke’ F TR + He. A.38
) 2 260‘/0%6 kOo k€ + H.c ( )

tEHbEns, FL E,BIZOowTd

o ,
E(rt)=i) ) \ ﬁéa,kaa,ke’(’“"”w’““ +He.
o k
B(r,t) = ZZZ Hofwr (Tore X €g.1) Ao’ F Tk L Hc
’ o k o,k) ok -C.
ok
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L5,
DIF, fWmnd 1 A0 AZHEZ 52 LI CTHEET S, £/, BHOREG I ap DMHZRFITZE Ty vk
VT 5,

A.2.2 IEfEIBER
SETIF UL DN SREEZ TRk RN 57208, L - 00 llT 52 ETE ZEGEICT
%, BERNZ2 BBk ORI Ak = 22 TH 505, kIZOWTORIE

1 v
%:%(Amg/d%ﬁ:@ﬂg/d% (A.40)

LEHEND, T, O — (AR)PS(k — 1) TH 2510 SSHBRIZ

2 3
k. af] = b — a(k), o (@)] = ) (A1)
&%@éh%.:h%é%ta&%+%ﬂuﬂkﬁmtf
[a(k),a"(1)] = (27)*5(k — 1) (A.42)
LB,
[Tk gt /dsk hw(k) 1 i(k-r—w(k)t)
Zk: 7260‘/@1@6 — (277)3‘/ TG \/Va(k)e (A.43)
_ k| hw(k) i(k-r—w(k)t)
_ / |3y (R)e (A.44)

DEITLVHBHEDIZTTIRWBICELS 2P TE 5, Dk, ZofMRezEZ 2.
FLDs L, KHPARI

[a(k), a(l)] = [a'(k),a’(1)] = 0, [a(k),a’(1)] = (27)°6(k — 1) (A.45)
Thbh, BEHI
A 3 .
L%,

A3 1D EHZEM

RIZ, PEAR7 Pz TRIGISREL, 2> 01 HENHET S 2 B0 R L2E 25, FTRS L, Wik
A DTIBIZ B W TEZ S, iz RS I51, oy PIZBIHEICID, RIS RSEE2I0UE, AR
AT T ,

A(r,t) =u(r) Z Z g Ag i) e, (A.47)
o k

EHIT2, T2 Tu(r) IFEREOXEME— T

0? 0? ., 0

*10 §5py DERTEARDICH LT §(k — 1) 13 (5) 3 dXTTE o956
180 [ — oo ICHB, A 1L —H —DWHRT IS,



2792 g% [doe [dy|lU(r)]? = A LRSS NT W2, BBk SRR R SN S

P
kZA%%n:QiLiZ~J

LEERL I T\ B,
s & HWWT 3 RGO & RIS TR,

h
Aa - o
k= 2egL A"k
h . il
A(r,t) = u(r) ZZ \ 2egL A kEo ke ikz—wit) L He,
o k

. [ hwr ik
E(r,t) =iu(r) ZZ %Taeo,kaa,ke i(kz—wit) L Hc.
o k
[0 o .
B(r,t) = iu(r) Z Z 'UQOLA N X émkag,ke_l(kz_“kt) +He.
o k

Ehh, NI T VIR

LRy EeT

H = Z Z hwka;kagvk
o k

LEIT S,
DT CRIFRE L HAOREER 5. £7 a) OFMEELT E ORKO i 15

A3.1 EFHEMEERE, 1AM
3 RICDME & [FIRE I HEGRIE 2 B3 &,

- *© dk | hw(k
ﬁxr,o::14r)}f o ikéffa(ky¥®z—w“ﬂﬂ-+ILc

la(k),al ()] = 270 (k — k')

L, KRB
L%,
Ewk) T 1R TISHIET 2, LT

a(k) = veca(w)

EBLCE, HEIRIE
[a(k),a’ (K')] = 276 (k — k')

—nqmﬂwwn:%%(%—%):mﬁ@—wq

A * dw hw -
E t) = had —tw(t—z/c) H.e.
(r,t) u(r)/o 27”/ 26chla(w)e +H.c

Ekbh, B

L% 5.

*12 5% h Gaussian Beam D Z &,
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(A.49)

(A.50)

(A51)

(A.52)

(A.53)

(A.54)

TSI ST 2> 0 AANETT2ZEZ 5. ZHUd k>0 DT ZHER 52 LIS T E056, k

(A.55)

(A.56)

(A.57)



B AXRL—7DHHWVEE

B.1 Baker-Hausdorff's lemma

XY Z#FL—=5LL, X %

oA xg iy
e._E:?T— X X
n=0

EEIRB TR T A, ZDE EROBEBRHIK D .
exya“A:Y+{XJﬂ+§ﬂXJXﬂﬂ%~~
2EL[X,)Y]:=XY —YX. ThERT.
9, B () %
ft) = Xy e tX

CERTD, IhoMarLtstE

(1) = XeXYe ™ — X ye X X = X [X,V]e ¥

S

L% %, MROWITIZOVTYH, [FRRIC

FO) = e (XX, (X Y][JenX
—_——

n

EHFIT 5.
RIS, ft)Z2t=0DDTTA 7L T

> £(n)
=3 100,
n=0

L#EF 2, U f(0) ZRATIUL,

f(t) =Y +t[X,Y] +t22![X, (X, Y]]+

ThD, mBEIct=1%2fRALT

fﬂ):eXYa“E:Y+{XJq+§ﬂX4XJm4ﬂ“

2135, L DEROEE, F(t), g(t) OREBT 2 X8% B 3ROk 515,

B.2 Baker-Campbell-Hausdorff formula

XY #4RL—% T2 L

XY — XY H5X Y]+ XY [X, Y]+

LD 2D, FFIT [A, B] = ¢(c 1Z ¢ — number) O & ZIZFEXDEIZTED T
XY _ €X+Y+%[X,Y]

e e

L%,

18

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.8)



9
F(t) = e Xet = e9(t), g(t) = log(e'¥ ™) = log f(t)

LB f() BT DL
f/(t) — etX(X+Y)€tY

[k
') =X X (X +Y) + (X +Y)Y]eY =¥ (X2 42XV + V)Y
=X (X +Y)?+[X,Y]) Y

") = X[ X +Y)2 + [ X, Y]] + [(X + V)2 + [X, Y]]}t
=M (X +Y)P + X[X, Y]+ [ X2 Y]+ [X,Y]Y + [X,YV?]) e

XoTTA4 7Bl

ﬂﬂ:1+ﬁx+yy+fax+yﬁ+pan)

=:1+ F(t)

&5,
R g(t) ZEBHT 5. log(l+a) = — $2° + 32° + O(z*) 225

g(t) = log f(t) = log[1 + F(t)]

= () = 3F(0 + 5F (0 + O(F())

TH5. t DRETHET % &

ot)=X+Y
O() = 5 (X +Y) +[X,Y]) = (X +Y)
= X, ¥]
(mﬂ:%«X+YP+XMJM¢WJMﬁXHY+MJm
—%KX+m«X+Yﬁ+mﬂm—«X+n?uxypu+Yﬂ+§X+Yﬁ
1
- E[X_Y7 [XvYH
L7=2D3-> T, ,
g@:ﬂX+ﬂ+%Mﬂ$HgX—KWXWHMﬂ

Inict=1%2RALT

€X6Y f— €X+Y+%[X1Y]+%[X7Y7[X7Y”+”'

215,

B.3 A&MHRERTFOXIE

RS T a(Q), al (W) 23 Dal, S[g] TE S AME N2 DhDEE,
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(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)
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B.3.1 Displacement operator
Displacement operator D[a] Zt{® TH L &

Dla] = exp UO dfw{a(w)aT(w) —a (w)a(w)}}
TH5, ET
LB L,

* dw’

o) dlal] = |a@), [~ G2 {at)al ) - a*(Waw))]
- [ fratnit - ) = a(w)

s

TH%. K-> T Baker-Hausdorff lemma X 9

Difaja(w)Dla] = a(w) — [dla]a(w)] + 5 [dlo], [dlo], a(w)]] +
=a(w) + a(w)
E%%, al(w)ic2owTh, (B.25) o s — g E UL

LRI NG,
H—t—FoBad, FRIC DN (a)aD(a) = a 25538 5,

B.3.2 Squeezed operator
One-mode squeezing

% 9 one-mode squeezing IZ2WTH %, one-mode squeeze operator S(€) (%

S(&) = exp B (€at? — g*az):|

Thb., Iz
S(g) = e®
EBLLE, s(6) & a " ORIBARIZ
0,5(€)] = Slaat”) = €, [af,s(€)] = o', o] = €%
TH 5. ko 7TBaker-Hausdorff lemma X 0
1
S1()aS(€) = a+ [s(=8), 5] + 5;[s(=€), [s(=€), all + [ (=€), [s(=8), [s(=¢), a
HR |§|2” — P
SOUAE NS SIS W - o

= coshra + e ?*? sinh rat
EETB, L E=re”?? LB W, RIS, ol I2o0wTY

St(€)alS(€) = coshra’ + €2 sinhra
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Two-mode squeezing

Two-mode squeeze operator S[¢] &

il =exo | [ 57 (€l (@)a (@) - € @ (@a-(@)

2
ThHb, Iz
Sle) =
£,
= [ G [ @ (el @)l @) - € @ar(@)a@)]
— gl (@)
@l = [ G [, (€@)al @)al (@) - € (@ar (@)a_(@)]
= £(Q)al (@)

Th5b, TV — FEEEZIEUE

tr %,
o ORHEH{Z & Baker-Hausdorff lemma 7> 5

ay (6) == ST[E)ay (2)S[¢]

= a4 () + [s[—¢], a4 (V)] + %[S[—ﬁ], [s[=¢], at (Q)]] + %[S[—ﬂ, [s[=¢], [s[—€], a+ (D)]]]
= 04(0) + E©)al (©) + S16()Par (©) + 5 €@ PE@)ai() + -
_ N\ Q)P o €@
- 7;) n)r T nz% n @t (@)
= a4 (Q) coshr(Q) + a’ (Q)e=2* ginh r(Q)

C &FF

C.1 Two-photon coherent states

B L WIEEEHET b %
b= S(€)asS'(©)
TERT D L,

b=pa+va', |u?—v?=1
¢ Bogoliubov 2D THE 2, *1372 7L = coshr, v = —e 2P sinhr, D & IAHBIRIZ
[0,07] = |ul?[a, a"] + [v[*[af,a] = 1
THHP6, LOHEATEHUTHS, 22T, ZOHLWEET bIZBITS coherent state %

b|B)g = B1B)g

*13 Boson 72 & Z D%, BCS % & Fermion 2 & |ul?2 + [v]2 =112% %,
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T L, two-photon coherent state & W5,

b DIEEND
aS'(€) |8), = BST(€)18), (C.5)
&Esb, Lo T T
S©' 1), = 19). o)
18), = S(&)18) = S(€)D(B) 0)
Thb, FiC
0), = 5(£)[0) =10,¢) (C.7)
TH B0 5 |0), IF squeezed vacuum 2% 5.
¥ L \» displacement operator %
Dy (8) =P (C8)
& B L, coherent state & [FIfk
1B)g = Dg(B)10) (C.9)
EHITE, FInrs
S(E)D(B) = Dy(B)S(8),
B . (C.10)
Dy(8) = S(§)D(B)S™(B)
EHFITB, LEwioT
Dy(B) = S(§)D()S'(€)
= explaa(—§)" — a*a(=¢€)]
= exp[(acoshr — a*e 2 sinhr)a’ — (a* coshr — ae?*?sinhr)a] = D(acoshr — a*e 2 sinhr))
(C.11)
ThDH, ZhEHeE, ok B
8 =acoshr — a*e:%'d) si.nhr = pa + va® (C12)
a = fcoshr + f*e 2 sinhr = puf — vB*
DERICH B EBbNE. 61T
1B)g = Dg(B)10), = Dyg(8)S(£) 0) (C.13)
THHHNH
|,8>g = |Bcoshr + B*e % ginhr, €) (C.14)

& squeezed coherent state DIETEYE 5,
Coherent state D & D X 912, {[B),} b overcomplete TH 5. F7: 2 [HfED two-photon coherent state
ERR2Li={Es

J(518); = exp [5*5' — 2181~ 218 (©.15)
Thh, X
» [ #8151 (C.16)
Ths, ZITEP=dPaThHY, |B), 1<) ZRATNETHEH 5
~ [ #alag g (©.17)

EFIT A, DF D FLU squeezed factor D coherent squeezed states I% overcomplete T 5,
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