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Tém tat: Trong bai béo nay, ching toi nghién citu cac tinh chit nén
tong hai mode, nén hiéu hai mode, nén Hillery bac cao, tinh phan két
chiim bac cao, tinh chat dan r6i va syt vi pham béat ding thitc Cauchy-
Schwarz clia trang thai hai mode két hgp SU(1,1) them mot va bt
mot photon 16. Ching t6i thu duge két qua la trang thai nay thé hien
tinh nén tdng hai mode nhung khong thé hién tinh nén hiéu hai mode.
Hon nita, trang thai nay thé hién hoan toan tinh nén Hillery bac cao
v6i k = 2, thé hién tinh phan két chiim bac cao tity theo céc gia tri [, p.
Ngoai ra, trang thai hai mode két hgp SU(1,1) them mot va b6t mot
photon 1¢ vi pham bat déng thitc Cauchy-Schwarz va chi thé hién tinh
dan réi khi bac n 1é.

Tir khéa: Trang thai hai mode két hop SU(1, 1), Tinh chét phi c6 dién,
Tinh dan roi.

1. G101 THIEU

Ngay nay, trong linh vic xit Ii thong tin va truyén thong, cac trang thai phi cd dién dang
dugce tap trung nghién citu vi chiing c¢6 rat nhiéu lgi ich nhu tang tdc do truyen tin, tinh
b4do mat cao va chéng nhiéu. Bén canh do, cac trang thai nay la co s6 nghién cttu va ap
dung vao cac linh viyc nhu: 1y thuyét chat ran, quang lugng t1, thong tin lugng ti va may
tinh lugng tit. Thé nhung phai lam thé nao dé tin hiéu truyén tin cé tinh loc lia cao vi
gidm thiéu dugc téi da tinh nhidu. Trong thuc nghiém trang thai hai mode SU(1,1) da
dugc tao ra béi cong nghé trang thai lugng tit. Céc tinh chat phi c6 dién ctia trang thai
hai mode SU(1,1) da dugce khao sat trong nghién ciu ctia Lé Dinh Nhan [1]. Trang thai
hai mode SU(1,1) da dugc Perelomov [2] dinh nghia nhu sau:

[hap = exp (K = a"K_) g, 0},
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trong d6 £ = — tanh(60/2) exp(—ip) vé6i r, ¢ thyc. V6i viec them va bét photon vao trang
théi |¢),, ta duge mot trang thai phi ¢d dién méi. Vi vay, chiing toi dé xuit trang thai hai
mode két hgp SU(1,1) them mot va b6t mot photon 16 ¢6 dang

[y = N (@ +0) ([0, = =) ap): (2)

trong d6 a'(a),bt(b) 1a toan tit sinh (hity) photon ciia mode a va mode b, |+¢),, 1a cic
trang théi hai mode SU(1,1) c6 dang

NI

o) = (- 160 F Y | (e + Q

n=0

Trang thai hai mode két hgp SU(1,1) them mot va b6t mot photon 1é duge viét lai thong
qua cac trang thai Fock dudi dang

1

oy = N (1 — €15 3 | Cl] * (1 - (-1 e n

n=0

x{yn+tq+in+q+1,n),+nn+qgn-—1),},

trong d6 N 1 hé s6 chuan hoa duge xéac dinh béi

-1
2

N = [(1 gty {(””)!] (1= (~1)"Pen@n+q+1)| . (5)

nlq!

n=0

Trong bai bao nay, ching to6i kho sat cac tinh chat phi c6 dién ciia trang thai them mot
photon ¢ mode a va b6t mot photon ¢ mode b vao trang thai két hop hai mode SU(1,1)
1é.

. TINH CHAT NEN TONG

Chiing toi stt dung tieu chuan nén tdng do Hillery dua ra [3]. Toan ti nén téng duge dinh
nghia nhu sau

. 1/ ., .n o
Uy =5 (e%TbT + e—’%b) , (6)

trong do6 ¢ la géc xac dinh huéng cta (&Ti)dag> trong mit phang phitc. Mot trang thai thé
hién tinh nén téng néu

S = <Vj>—<V¢>2—i(ﬁa+ﬁb+l> <0, (7)

trong do6 7, va 7y 1an lugt 1a toan t1t s6 hat clia mode a va b. Do nén cang cao néu S cang
am. D6i vdi trang thai hai mode két hgp SU(1,1) thém mot va b6t mot photon 1&, chiing
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Hinh 1: Su phu thudc cia S vao r va q co
dinh cos2(p + ¢) = —1. Tw trén (duong
lien) zuong dudi ing véi q =1,2,3 .

~120- ‘ ‘ ‘ f
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Irl
toi thu dugce tham s6 nén tong dudi dang

nlq!

tanh?r cos 2 Z {M} [1 — (=1)"] tanh®"r(2n + q + 3)
g =

nlg!

2 2 [“L*q } [1— (—1)"] tanh®"r(2n + ¢ + 1)

> (G - ) anks {n(n + g + 1) + (= D0+ )}

2 z [ ntq)! } [1— (—1)"] tanh®7(2n + ¢ + 1)

nlg!
. 2tanh?r cos(6 + 2¢) ni {W‘;"Ii;:?)'} [1 — (=1)"] tanh?"72" ®
_4[ éngfqu—(—nﬂmm£%@n+q+u
2cos ¢ Z [ ntﬁ;l)'} [1 - (=1)"]tanh?"rn -2

> [<"+Q>} [1— (—1)"] tanh?r(2n + g + 1)

nlq!
n=0 1

Két qua khéo sat cho thiy trang thai hai mode két hop SU(1,1) them mot va bt mot
photon 1é ¢6 nén tong. Tinh chat nay cang biéu hién ré khi 7 cang 16n hodc ¢ cang cao
(xem hinh 1).

3. TINH CHAT NEN HIEU
Toéan tit nén hiéu [3] duge dinh nghia nhu sau
oo L (isgit 4 midsti
qu:i(e ab" + e ab). (9)
Mot trang thai thé hien tinh nén hiéu néu

:<ﬁ@>_<ﬁ%>2_%yma—ﬁg|<o. (10)
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D6i v6i thai hai mode két hgp SU(1,1) them mot va b6t mot photon 18, ching toi thu
duge tham s6 nén hiéu duéi dang

> (I~ (<)Y amh®r(2n +q 4 1)

D =

4 Z (! 11— (—1)"] tanh2r(2n + q + 1)

nlg!

S CEH L~ (1 Ypanh2r {(n 4 )+ g+ 1 4 0% +)

+ 1= (11)
4 z () 11 — (—1)"] tanh2r(2n + g + 1)

nlq!

z (L = ()" tanh?r {(n+ g+ 1) = n(1+n—ng)}

42 (nta)l (1 — (—1)"] tanh2r(2n + q + 1)

nlg!

Duta vao do thi ta thay rang D luon duong véi moi gia tri r» va ¢. Do vay, trang thai hai

Hinh 2: Su phu thuoc ciia D vao r va q co
dinh cos2(p + ¢) = —1. T dudi (duong
lien) len trén 1ing vdi q = 1,2, 3.
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mode két hop SU(1,1) them mot va bt mot photon 1é khong thé hién tinh chat nén higu
(xem hinh 2).

4. TINH CHAT NEN HILLERY BAC CAO

D@ tién khéo sat ching toi dua ra tham s6 nén Hy(¢) nhu sau

HL(8) = VX (6) 5 [Fu(B)].

Nén kiéu Hillary [3] phuong sai bién do tryc giao chi xuat hién khi

H(¢) < 0. (12)
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Hinh 3: Su phu thuoc ciia Ha(¢) vao r va q
c6 dinh cos2(o+¢) = —1. Tu trén (duong
lien) zuong dudi wng véi q = 1,2, 3.

Bay gio, ching toi khao sat trudng hop cu thé k = 2. Chiing t6i thu duge tham sé nén nhu
sau:

3tanh?r cos 27 320, (a2 (1 _ (—1)") tanh®r (2n + g + 3)

nlq!

9500 by (L)) tanh®r (20 + g + 1)

n=0 nlq!

> (Zqu,)' (1 —(=1)") tanh?"r
n=0

8 Z (ntq)! (1= (=1)") tanh®"r (2n 4 ¢ + 1)

“nlgl

x [(n+q+1)(n—|—q+2)

(2n—|—q-|—3)—|—4(n+q+1)(n+q+2)(n+1)+4n2(n+q+1)
+(n+1)(n+2)(n+q+1)+n2(n+1)+(n+q+1)}

5o (0l () (Z1)") tanh2r

nlq!
- — ":' x[n(n—i—q)(n—i—q—l)
8> (n+q)! (1-(-1)" tanh?"r (2n+q+1)

nlq!
n=0 a

+ann+q+ 12 +4nn—1)(n+q)+m—-Dnn+q+1)+n—-1)(n—2)n

1 [ 2tanh®r cos(¢ + 2¢) 3200, (nfﬁ;?m! (1 — (=1)") tanh®"y

9 e (n+q)! (1— (=1)") tanh®"r (2n 4+ ¢ + 1)

n=0 nlq!

2c0s Y%, jjq;{], (1= (=1)")tanh®"r

300y W (1 — (—1)") tanh®r (20 + ¢ + 1)
Soto G (- Otk {(n 4 g + 17 40 @+ 200}
8y (n+q)t (1= (=1)") tanh®*r (2n 4 ¢ + 1) '

n=0 nlq!

2

(13)

Két quéa khéo sit cho thiy trang thai hai mode két hgp SU(1,1) them mot va b6t mot
photon 1é ¢6 nén Hillery tng véi trudng hop k = 2. Tinh chat nay cang biéu hién ré khi
r > 0,8 hodc g cang 16n thi mitc do nén Hillery cling tang lén (xem hinh 3).
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5. TINH CHAT PHAN KET CHUM VA SU VI PHAM BAT DANG THUC CAUCHY-
SCHWARZ
5.1. Tinh chit phan két chiim

Tiéu chuan cho sy ton tai tinh phan két chiim ctia mot trang thai hai mode dugc viét
dudi dang sau [4]

<ﬁgl+1)ﬁl(7p—1)>+<ﬁ((l )nl()l+1
(p

(D) + (P

Sau khi tinh toan gia tri trung binh cac toén tit trong trang thai hai mode két hop SU(1, 1)
thém mot va b6t mot photon 18, két qua nhu sau

)
R(l,p) = —1<0. (14)

> [ - (- e
R(vp):<oo n=0'
> [ - ()M 4+ 1)

nlq!
n=0 1

(n+q)!n! (n+q+Dnl(n+q+1)
(n+g—l+Dn-p)! (n+qg-DH(n—p+1)!

(n+q)'n! (n+q+Dnln+q+1)
m+q—p+D(n—-1-2)! (n+q—p+2)!(n—-101-1)!

( > [ 1 - (e
>

)

(15)

n=0
[ L - (1 @2+ g+ 1)

n=0
(n+q)!n! (n+qg+Dnl(n+q+1)
(n+q-Din—-p-1) (n+q =Dl n—p)!
(n+q)!n! (n+q+Dnln+q+1)

-1
—1.
m+qg—p!n—-1-1)!"" (n+qg—p+1)l(n-10)! )
Khéo sat v6i gia tri cu thé [ = 3, p = 1 bing do thi cho thiy trang thai dugc khéio sat
mang tinh chat phan két chiim. Tinh phan két chiim ting hay gidm con tiuy thudc vao gia
tri ctia r va g (xem hinh 4).

5.2. Su vi pham bt ding thiic Cauchy-Schwarz

Dé khdo sat sy vi pham bat ding thitc Cauchy-Schwarz [5] ctia trang thai hai mode
két hgp SU(1,1) thém mot va b6t mot photon 18, chiing t6i tinh toan bicu thitc sau:

i )
‘<a bt 6&>‘

I =

1 (16)
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I

Hinh 4: Sy phu thudc cia Rap(3,1) vao r va ¢ =1,2,3 ¢6 dinh cos2(p + ¢) = —1. Duong
biéu dién cdc tham so theo thit tu tuong ing vdi duong mau dé, duong mau zanh, mau den.

Béng cach tinh trung binh trang thai hai mode két hop SU(1,1) them mot va b6t mot
photon 18, chiing toi thu duge két qua sau:

[(152)1+q2 (9t (1 — (—1)"Ptanh?"r.
V=

3 [T (1~ (<1)"] banh®"r (20 + g + 1)

nlq!
n=0 4

N|=

x {(n+q+1)2(n+q)+n(n+Q)(n+q—1)}]

(1) Y P2y (1 — (=1)"Ptanb®r x {n(n — 1)(n+q — 1)}7}

nlq!
_ > [0 [ - (1) anhr (20 + g + 1)
n=0
1+ & ! n Npen
(116" E G = (1) Pranks?
X o) =
LSS [ 11— (1) tank (204 g+ 1)

n=0
—1

X {(n+q+1)2(n+1)+n(n+q)(n_1)} _1

Sy phu thuoc ciia I vao r va ¢, mdi dudng biéu dién cho ta mitc do vi pham bat ding
thitc Cauchy-Schwarz theo bién do két hop r va ¢ nhan mdi gia tri khac nhau, ¢ = 1 tuong
ting dudng mau do, ¢ = 2 tudng tng duong mau xanh, ¢ = 3 tuong tng dudng mau den.
D6 thi cho thay I < 0 véi moi gia tri clia ¢ va r. Vay, trang thai hai mode két hop SU(1,1)
thém mot va b6t mot photon 1é vi pham bat déng thitc Cauchy-Schwarz (xem hinh 5).
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Hinh 5: Su phu thudc cia I
vao r va q. T dudi (duong
lien) lén trén ing véi q =
1,2,3.
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I

6. TINH CHAT DAN ROI

Theo Hillery-Zubairy [6], néu mot trang thai hai mode théa méan diéu kien sau thi két
luan trang thai dé bi dan réi.

(amir | > (atmam) (i), ()

Tit (18) néu m # n thi tri trung binh & vé tréi trong biéu thitc ing v6i trang thai hai mode
két hop SU(1,1) them mot va b6t mot photon 1é bang khong, trong khi vé trai luon khong
am. Do vay khong c6 roi trong truong hop nay. Chung toi xét trudng hgp m = n, ta dit
n = 2k, (k > 0), bat ding thic (18) dugc viét lai nhu sau:

‘<d2k82k>’2 > <&T2kd2k> <Z;T2kj)2k>. (19)

Dat
Ry — <&T2k&2k> <BT2k82k> B ‘<&2k62k>‘2' (20)

Trang thai dan r6i néu Ry < 0. Cu thé véi (k = 1), ta tinh toan cho trang thai hai mode
két hop SU(1,1) them mot va b6t mot photon 1é c6 dang nhu sau:

S5 G (1 (Z1)") tanh2r

nlq!
RH =|— n:O'
> [ [~ (1) tanhr (20 + g + 1)
n=0

{(n+q—|—1)2(n+q)+n(n+Q)(n+q—1)}]

S 0 (1~ (—1)"] tanh®r x {n(n —1)(2n +q— 1)} (21)
n=0
X [ee]
> [ (1 - (—1)"] tanh®"r (20 + g + 1)
n=0
[e'e) 2
> 21— (—1)"] tanh®"7|€2](2n + q + 3)

> [ (1~ (1)) tanh®r (2 + ¢ + 1)
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‘ T Hinh 6: Sv phu thudc cia Ry
ﬂ/‘ N N N Zy * 5\
8000/ e 1 wao r va q. Tu dudi (duong
4 lien) lén trén ing véi q =
AGOOO’ ’/ ”——’ 1 3 5
o /' Pl 39y e
I , P
@ 4000¢ / e
) 7
/ 7/
2000¢ R4
///
ok el ‘ ]
0.0 0.5 10 15 20

Hinh 6 biéu dién su phu thuoc ctia Ry vao r véi cac gia tri ¢ khac nhau va Ry > 0 v6i
moi 7. Vay, trang thai hai mode két hop SU(1,1) them mot va b6t mot photon 1é khong
théa man dieu kien dan réi Hillery-Zubairy.

Véim=nlé, taditm=n=2k+1,k=0,1,2,3,.... Cuthé k = 0 ta c6 két qua tinh
toan cho trang thai hai mode két hgp SU(1,1) them mot va b6t mot photon 16 ¢6 dang

nhu sau: Ry = <&T6L> <5T5> - ‘<d6>

Tinh tri trung binh ctia trang thai hai mode két hgp SU(1,1) thém mot va bt mot photon
18, chiing t6i c6 két qua

2

(22)

io: (Zqug)! [(1 - (—1)"] tanh®"r {(n +q+ 1)2 +n(n+ q)}
RH :n:0

nlq!

[ 1= (<1)"] tank®"r (20 + g + 1)
0

n=

- (ntg)! [(1 = (=1)" tanh®"r {n(2n + q)} .

- oon‘q. | (23)
2 [(Zqu;)'} - (=D& (2n+q+1)
n=0
> et DN (1 — (—1)") tanh®"r {|€2] (n + g + 2) + n} i
n=0

> [ ] 1 (~1) e (20 4 g + 1)
n=0

Hinh 7 cho thay sy phu thudc ctia Ry vao r v6i cac gia tri ¢ khac nhau va Ry > 0 véi
moi r > 0, 8. Mac khéc, duong cong di xudng thé hien do dan rdi cang tang. Diéu nay co ¥
nghia rang sit chénh léch s6 photon gitta hai mode cang 16n thi tinh dan réi hai mode ctia
trang thai cang thé hién 16 hon. Trang thai hai mode két hgp SU(1,1) them mot va bét
mot photon 18 thé hién tinh dan roi.
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07‘====—_--_—_--_\ Hinh 7: Su phu thuoc cia Ry
“\\\\ vao r wa q. Tu trén(duong
-20r \\‘ AN lien) Tudng dudi ing vdi q =
3 a0 N 1,3,5 .
4 N, S~o
—60 AN =
\5
N
-80¢ ~.\’
0.0 05 10 15 20
Ir
7. KET LUAN

Trong bai bao nay, ching toéi da sit dung céc diéu kién nén tong hai mode, nén hiéu hai
mode va nén Hillery bac cao, dua ra cac tham sé nén tong hai mode, nén hiéu hai mode
va nén Hillery bac cao. Qua khao sat, ching toi thu dugce trang thai hai mode két hgp
SU(1,1) them mot va b6t mot photon 1& thé hién tinh chit nén tdng nhung khong nén
hieu. Déi v6i trusng hop nén tdng hai mode, mic do nén téng cang tang khi bien do két
hop r va su chénh léch photon ¢ cang tang. Ngoai ra, trang thai nay hoan toan thé hien
tinh nén Hillery bac cao véi k = 2. Tiép theo, chiing t6i ap dung tiéu chuan phan két chium
cho truong hop hai mode dé tién hanh khao sat tinh chat phan két chiim bac cao clia trang
thai hai mode két hgp SU(1,1) them mot va b6t mot photon 18. Két quéa khéo sat cho thay
rang trang thai nay thé hién tinh phan két chiim manh, yéu tiy thudc vao bien do két
hgp r. Thém vao dé, ching toi sit dung bat ding thiic Cauchy-Schwarz dé khéo sat trang
thai hai mode két hgp SU(1,1) them mot va b6t mot photon 1é va két qua thu duge la
bat ding thiic Cauchy-Schwarz hoan toan bi vi pham. Cudi ciing ching t6i khéo sat tinh
chat dan r6i ctia trang thai hai mode két hop SU(1,1) them mot va bét mot photon 16
bing tiéu chuan dan réi Hillery-Zubairy. Két qua khao sat thi déi véi tieu chuan dan roéi
Hillery-Zubairy trang thai chi dan r6i khi bac n 1é va gia tri bien do két hop r 16n hon mot
gia tri xac dinh.
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Title: THE NONCLASSICAL PROPERTIES OF THE ONE-PHOTON-ADDED AND
ONE-PHOTON-SUBTRACTED TWO-MODE ODD SU(1,1) COHERENT STATE

Abstract: In the paper, we consider the nonclassical properties of the one-photon-added
and one-photon-subtracted two-mode odd SU(1,1) coherent state such as two-mode sum
squeezing, two-mode difference squeezing, higher-order Hillery squeezing, higher-order an-
tibunching, entanglement and the violation of the Cauchy-Schwarz inequality. The results
show that this state exhibits two-mode sum squeezing but does not exhibit two-mode
difference squeezing. The higher-order Hillery squeezing appears in k = 2 and the anti-
bunching exists depending on the variables [, p. We also show that this state violates the
Cauchy-Schwarz inequality and becomes entangled state when the order n is odd.
Keywords: Coherent states, Non-classical properties, Squeezing states.



