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Tém tat: Ching toi nghién citu cac tinh chat phi ¢ dién ciia trang
thai hai mode két hgp thém hai photon tich SU(1,1) ch&n. Két qua khao
sat cho thay trang thai hai mode két hgp them hai photon tich SU(1,1)
chin thé hién tinh chat nén tdng hai mode nhung lai khong thé hién tinh
chat nén hiéu hai mode. Trang thai hai mode két hop thém hai photon
tich SU(1,1) chan thé hién tinh phan két chiim va tuong ting véi cac gia
tri ¢ vi r cang nhé thi mitc do phan két chiim cang lén. Ngoai ra, cic
két qua khao sat khéac cho thay trang thai nay vi pham bat dang thiic
Cauchy-Schwarz va 1a mot trang thai dan réi hoan toan theo céc tiéu
chuan dan réi Hillery — Zubairy va entropy von Newmann.

T khéa: Céac tinh chat phi c6 dién, trang thai hai mode két hop them
hai photon tich SU(1,1) chan

1. G101 THIEU

Vao nam 1991, Agarwal va Tara da dé xuat § tudng vé trang thai két hop them
photon [1]. Sy thii vi ctia diéu nay la sy xuat hién cac tinh chat phi ¢d dién & trang thai
dugce them photon ma trude d6 trang thai két hgp khong hé ton tai ching. Do syt hap dan
clia viéc thém photon ma cho dén nay, nhiéu tai lieu van nghién citu vé cac trang thai phi
co dién st dung cac thao tac non-Gaussian nay. Khi cac két qua ting dung nhiing trang
thai phi ¢ dién trong nhiéu nhiém vy lugng ti cang thé hién tinh wu viét ctia minh thi
cac thao téac them hay hiiy photon lai cang khing dinh tam quan trong khi c6 thé nang
cao do phi co dién nhu do nén, do réi,... Hoa chung xu thé dé, trong bai bao nay ching
toi nghién ctu 4nh huéng ctia them photon lén trang thai hai mode SU(1,1) chén d6i véi
mot s6 tinh chat phi c6 dién nhu nén téng, nén hicu, phan két chtim, sy vi pham bat déng
thitc Cauchy-Schwarz va dan r6i trén co sd 1a trang thai hai mode SU(1,1) ctia Perelomov
[2]. Trang thai hai mode két hgp thém hai photon tich SU(1,1) chdn dugc ching toi viét
nhu sau

e = N (a78) (1) + 1= 0as) (1)
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trong d6 af(a) va bT(b) 1a toén tit sinh (hity) photon ctia mode a va mode b, |£¢),p 18 cac
trang thai hai mode SU(1,1) c6 dang
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trong dé ¢ = tanhre™ " véi r, ¢ thyc. Trong khong gian Fock, trang thai hai mode két hop
thém hai photon tich SU(1,1) chén dugc viét nhu sau
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Nhu vay, dé thu dugce trang thai hai mode két hgp theém hai photon tich SU(1,1) chin
ching toi thic hién thém hai photon ¢ méi mode a va b dudi dang tich vao trang thai két
hop hai mode SU(1,1) chan.

. TINH CHAT NEN TONG

Nén 1a mot tinh chat duge tng dung rat nhiéu trong cac nhiém vu luong ti hién nay
nhu gidm do nhiéu, khuéch dai tin hiéu va do trung thuyc clia thong tin nhan duge. Co
nhiéu tiéu chudn dé phat hien tinh chat nén nhu tiéu chudn nén don mode, hai mode va
da mode, nén téng va nén hiéu, nén thong thuong va nén bac cao. Tuy nhién, § day ching
toi stt dung tiéu chuan nén téng do Hillery dua ra [3,4]. Toan tit nén tdng duge dinh nghia
nhu sau

N o
Vs =3 (mw + e—“f’ab) , (5)

trong d6 ¢ 1a goc xac dinh hudng cua <&U§dag> trong mat phang phitc. Mot trang thai thé
hién tinh nén téng néu

§=(V2) ~ (V) ~ Tt t i+ 1) <0 (6)

trong do6 fn, v 7y 1an luct 14 toan tit s6 hat clia mode a va b. Do nén cang cao néu S cang
am. D4i vé6i trang thai hai mode két hgp thém hai photon tich SU(1,1) chén
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T d6 tham s6 nén tong c6 dang nhu sau
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Hinh 1: Sy phu thuodc ctia S vao r va ¢, ¢6 dinh cos2(p + ¢) = —1, tit trén (dudng
lién) xubng dudi tng v6i ¢ = 0,1 va 2.

Két qua khao sét cho thay trang théai hai mode két hgp thém hai photon tich SU(1,1)
chén c6 nén tong. Tinh chat nay cang biéu hién ré khi r cang 16n hodc ¢ cang cao. Tuy vay
khi ¢ nhan gia tri nguyén duong thi xuat hién khong c6 nén trong mién hep ctia 7 (khoéng
r < 0.5) (xem hinh 1).

. TINH CHAT NEN HIEU

Toéan tit nén hiéu duge dinh nghia nhu sau [3]
~ 1 N . ~
Wo =3 (e%bf +eiogt b) . 9)
Mot trang thai thé hien tinh nén hiéu néu
s g 2 1 R
D= <w¢> _ <w¢> — | — )| < 0. (10)
Tham s6 nén hieu dude viét mot cach tuong minh nhu sau
1 N2 N2 e ..
D= <(e%bT ) + (e—“ba*b) +abtath + af babT>

— i{<ei¢dlﬁ> + <e_i¢&”;>}2 — i\ (g — Tap) |- (11)



CAC TINH CHAT PHI CO DIEN... 71

D6i v6i trang thai hai mode két hgp them hai photon tich SU(1,1) chén, sau khi bé di cac
trung binh lugng tt ¢6 s6 hang bang 0, ta c6
D = (ny(ng +1)/2). (12)

Duya vao biéu thiic trén c6 thé thay ring D > 0. Nhu vay trang thai hai mode két hgp
thém hai photon tich SU(1,1) chin khong thé hién tinh chit nén hicu.

. TINH CHAT PHAN KET CHUM VA SU VI PHAM BAT DANG THUC CAUCHY-
SCHWARZ

4.1. Tinh chat phan két chiim

Phan két chum c6 vai trd quan trong trong viéc tao ra cac trang thai don photon
diing cho céc nhiem vu lugng tii. Tiéu chuan cho sy ton tai tinh phan két chiim ciia mot
trang thai hai mode dugc viét dudi dang sau [5]

(ad 0Py + (P VaitY)
<ﬁgl)ﬁ£p)> + <ﬁgp)ﬁl()l)>
trong d6 I, p nguyén va l,p > 1 va <ﬁ£ck)> = ((2N)*2*) = (Ap(hy —1)...(Re —k+1)),2 = a, b.

Dé phat hien tinh phan két chiim trong trang thai dugc nghién ctu, dé cho don gidn ching
toi chon | = p =1, khi d6

A(lvp) -

—-1<0. (13)
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Sau khi tinh toan gia tri trung binh cic toan ti trong trang thai hai mode két hgp thém
hai photon tich SU(1,1) chén, két qua nhu sau

3 (et [(ntg+1) (1) (b )+ (kg D ) n] 1+ (1) €
nlq!
A(1,1) = =0 — ' — — —1. (15)
2 3" (ralinte i) (1)

n=0

Cac két qua khao sat bang do thi cho thay trang thai duge khdo sat mang tinh chat
phan két chiim. Mot diéu thi vi & tinh chat nay khi ngugc v6i nén tong, biéu hien phan
két chim bi gidm khi tang bien do két hgp r hodc ¢ (xem hinh 2).

4.2. Sy vi pham bat ding thitc Cauchy-Schwarz

Do sy vi pham bét déng thiic Cauchy-Schwarz ciing la mot trong nhitng tinh chat
phi ¢4 dién nén trong phan nay chiing toi stit dung [6]
B [(dT2&2><6T232>]1/2 .
|(atbtab)|

(16)

Mot sy vi pham bat ding thitc Cauchy-Schwarz xuét hién trong trang thai hai mode khi
I < 0. Mitic do vi pham cang cao néu I cang am. Tinh toan cic trung binh trong trang
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Al

Hinh 2: Sy phu thugce ctia A(1,1) vao r va ¢, tit dudi (dudng lién) len trén tuong tng
v6i g = 0,1 va 2.

thai hai mode két hgp thém hai photon tich SU(1,1) chén, ching toi thu dugc tham s6 I
duéi dang
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Két qua khéo sat miic do vi pham bat dang thitc Cauchy-Schwarz theo r va ¢ duge
thé hién trén hinh 3. D6 thi cho thay I < 0 véi moi gia tri ciia r va ¢, nghia I trang thai
hai mode két hgp thém hai photon tich SU(1,1) chin vi pham hoan toan bat dang thic
Cauchy-Schwarz. Tuy nhién mitc do vi pham sé gidm theo si tang ctia bién do két hgp »
va tham s6 q.

5. TINH CHAT DAN ROI

Dan 16i 1a mot tinh chat thd vi ¢6 tng dung rat 16n trong thong tin lugng ti va tinh
toan lugng tit. Viéc phat hién dan réi trong cac trang thai da mode phai diing dén cac tiéu
chuan phit hgp. Cé nhiéu tieu chuan tng véi sy phat hién céc kiéu dan rdi khac nhau da
dugc dua ra va ing dung. Tuy nhién, trong bai bao nay ching toi sit dung hai tiéu chuan
phd bién va dé tinh toan dudc dua ra béi Hillery-Zubairy va entropy von Newmann.
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Hinh 3: Sy phu thudc ctia I vao r va ¢, tit dudi (dudng lién) len trén tng véi ¢ = 1,2
va 3.

5.1. Tieu chuan dan réi Hillery — Zubairy

Theo Hillery—Zubairy [7], néu mot trang thai hai mode thdéa méan diéu kien duéi day
thi két luan trang thai d6 bi dan 16i, nghia l& trung binh trong trang thai dé théa man
bat phuong trinh

(a™o™)|? > (at™mam)(bTmhn). (18)
Dé dé khéo sit ching t6i chon m = n = 2, khi d6 bat phuong trinh (18) dugc viét lai dudi
dang
(a%0%)|* > (a2a%) (b+20?). (19)
Diéu kien trén c6 thé viét lai dudi dang phu thuodc vao tham sé dan réi Ry nhu sau
Ry = (a*2a) (bT20?) — |(a2b?)]? < 0. (20)
D6i v6i trang thai hai mode két hgp thém hai photon tich SU(1,1) chén, chting toi tinh
dugc tham sb
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Két qué khao sat cho thay trang thai hai mode két hgp thém hai photon tich SU(1,1)
bi rdi theo tieu chuan Hillery-Zubairy. Mitc do biéu hién dan rdi cang 16n khi r va ¢ cang
16n (xem hinh 4). Dé thay dugc biic tranh toan canh vé dan rdi trong trang thai nay, ching
toi khao sat them mot tieu chuan khac, tiéu chuan entropy von Newmann.
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Hinh 4: Sy phu thuoc cia Ry vao r va ¢, ti trén (dudng lién) xudng dudi ting voéi
q=0,1va?2.

5.2. Tiéu chuan entropy von Newmann
Ham entropy vé rdi khong nhitng c¢6 tic dung gitp ching ta phat hién sy dan rdi
trong cac trang thai da mode ma né con danh gia dudge mitc do dan réi trong trang thai do.
C6 hai tieu chuan entropy thudng dimg l1a entropy tuyén tinh va entropy von Newmann.
Trong bai bdo nay chiing to6i sit dung tiéu chuan entropy thit hai. Theo [8], mot trang thai
dan r6i néu thoa man
E = —Try(pzlnp,) > 0, (22)
trong do6 Trz(p,) 1a 1ay vét clia toan tit mat do p, theo mode x, In 14 ham logarit co s6 e.
Néu mot trang thai hai mode trong khong gian Fock c6 dang

e}
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n=0

trong d6 c,, la he sb khai trién théa man Y, |e,|* = 1, p, ¢ 14 nhimg s6 nguyén khong am,
ham entropy von Newmann cé dang

oo
E==>|eaIn(lcal®). (24)
n=0
V6i trang théi hai mode két hgp thém hai photon tich SU(1,1) chén thi
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trong do
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Vay, entropy von Newmann cta trang thai nay dugc xac dinh 1a
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Hinh 5: Sy phu thuoc clia tham sb E vao bien do r va g, tit dudi (duong lién) len
trén ing véi ¢ = 0,1 va 2

Két qua khéo sat trén hinh 5 cho thay trang thai hai mode két hgp thém hai photon
tich SU(1,1) chin dan r6i hoan toan. Mtc do dan r6i cang cao néu r va ¢ cang 16n. Diéu
nay phit hgp véi cac két qua duge khao sat trong tieu chuan Hillery-Zubairy. Nhu vay, diéu
nay mot lan nita khang dinh viéc them photon van lam cho trang thai méi mang tinh chéat
dan r6i manh.

5. KET LUAN

Trong bai b4o nay, ching t6i da khao sat mot s6 tinh chat phi ¢ dién ciia trang thai
két hop hai mode thém hai photon tich SU(1,1) chdn. Chiung t6i da tinh toan cho cac he
s6 nén tong, nén hiéu, phan két chiim, sy vi pham bat ding thitc Cauchy-Schwarz va dan
réi. Két qua cho thay rang trang thai nay s hitu cac tinh chat nén téng, phan két chiim,
st vi pham bat dang thitc Cauchy-Schwarz va dan réi nhung khong c6 nén higu.

Xét vé phuong dien ting bien do két hop r, céc tinh chit sau day déu dugce biéu hien
manh hon, d6 1a nén tong va dan r6i. Trong cac gia tri rat bé ctia r mic du c6 biéu hién
r6i hoan toan nhung van c6 biéu hien khong nén téng & trang thai két hgp hai mode them
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hai photon tich SU(1,1) chén. O céc tinh chat phan két chim va vi pham bat déng thic
Cauchy-Schwarz thi viéc tang bien do = lai lam giam biéu hién céc tinh chat nay.

Xét vé phuong dien ting tham s dién ¢, cac tinh chat nén téng va dan réi duge cai
thien kha dang ké. Tuy nhién ting tham s6 nay ciing lam gidm cac tinh chat phan két
chiim v& vi pham bat déng thic Cauchy-Schwarz. Céc két qua clia chiing toi c6 thé duge
md rong néu thyc hien théem nhiéu photon vao trang thai nay ciing nhu st dung ching
trong cidc nhiém vu lugng ti.
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Title: NONCLASSICAL PROPERTIES OF THE EVEN MULTIPLIED-TWO-PHOTON-
ADDED TWO-MODE COHERENT STATE SU(1,1)

Abstract: In this paper, we study the two-mode sum squeezing, two-mode difference
squeezing, antibunching properties and the violation of the Cauchy-Schwarz inequality in
the even multiplied-two-photon-added two-mode coherent state SU(1,1). We derive the
analytical expressions for this state, which occurs the two-mode sum squeezing but does
not occur the two-mode difference squeezing. Based on the antibunching criterion and the
Cauchy-Schwarz inequality we show that this state indicates the antibunching and viola-
tion of the Cauchy-Schwarz inequality. Also, the multiplied-two-photon-added two-mode
coherent state SU(1,1) is entangled according to the Hillery-Zubairy and the entropy von
Newmann criteria.

Keyword: nonclassical properties, even multiplied-two-photon-added two-mode coherent
state SU(1,1)



