FhL (FW o E)
AR E S
FANRESOHM

FAUEEOEMS

% fi % X H

mXBEEEER

& &
ft (EE2E)
RPTRFEETI05

Ykl 54 3H24H

FEBEVZER LREER
ARG 4 &8 1 HEY

Entanglement manipulation using linear optical
elements,photon detectors, and parametric

dam-conversion -Proposal and Experiment-

E E EE AR BARRK
i Hr Bz
Bh#gx | K
Bha& % OB (FEBEERT)

— 311 —




BrmXOES

Entangled states are physical states in terms of quantum mechanics, which are inseparable,
states described in a Hilbert space. Especially, maximally entangled states can lead us to
non-local feature and it ensures that there is a physical state can lead us to non-local feature and
it ensures that there is a physical state that cannot be described using classical mechanics. The
argument of Einstein, Podolsky, and Rosen is an example in which the non-local feature was
hard to be accepted by us. Multipartite entangled states have been researched since the 1990s
relating quantum non-locality. For two particles systems (or one particle systems), we can obtain
this kind of a strange feature. For multiparticle systems, we can understand easily by classical
statistical mathematics theories and physical systems in which the strange phenomenon, i.e.,
non-local feature, appears increases exponentially with the number of particles.

On the other hand, in the past several years, information theoretical applications utilizing
mathematical structure of quantum mechanics using multipartite entangled states have
investigated very much. Experimental realizations have been paid much attention by many
physicists. The first step of this process is creating a multipartite entangled state. Several
theoretical proposals concerning to creating multipartite entangled states were reported. This
kind of science fields can be enable us to understand the non-local feature of quantum mechanics
as feedback. V

Thus, not only to get deeper understanding of quantum mechanics, but also to improve an
information technogy, it is indeed necessary to research multipartite entangled states. Moreover,
several experimental groups reported that they detected multipartite entangled state, for
tripartite systems and for systems. At this stage, we should develop the mathematical theories
that enable us to analyze experimental data. In this thesis, we propose the theories that are
capable to judge whether the given quantum state is a multipartite entangled state or not. This
thesis is organized as follows.

In Chapter 2, we review some basics of quantum theories. We first give the framework of the
theories that we can get some knowledge for an input state from expectation values. Next, we
can get some knowledge for an input state from expectation values. Next, we review the
definition of entangled states for two-partite systems, which was proposed by Werner. According
to his arguments, there are three kinds of states. The first one of these is uncorrelated states,
which represent the physical state that the measurement outcomes with respect to the two-party
system to be measured by two measurement apparatus, respectively, yield that the covariance of
the measurement outcomes is zero. The second one is classically correlated states, which
represent the physical state that the measurement outcomes are indeed correlated in such a way
that the correlation can be described by random variables of probability space, and hence the
correlation is interpreted in a classical manner. The remaining one is called entangled state,
which cannot be written as both of uncorrelated states and classically correlated states. We
define next the mathematical notation of multi-party entangled states. We mention the number

of partition of the system, say &, and using it we define k separable states. The very important
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tool to investigate the structure of composite systems is positivity of partial transpose; therefore,
we mention about it.

In Chapter 3, we review historical backgrounds. We start with the argument by
Einstan-Podolsky-Rosen. They invoked the physical reality in order to construct their argument,
which says that the mathematical structure of quantum theories is not complete in the sense
that it fails to refer to some physical reality that must exist logically. They suggest that the
reason why we can predict only probability or the statistical phenomena with respect to
measurement outcomes is due to the lack of completeness in a physical theory, i. e., due to the
lack of completeness in quantum mechanics itself. Next, we see Bell's theorem relating physical
reality in the following sense. He constructed his argument assuming that the measurement
outcomes have entity. If we suppose the existence of the probability space, which can reproduce
all the measurement outcomes, we get an upper bound as to a linear function of some set of
correlations. However, the inequality (physicists call it as Bell inequality) cannot be satisfied
when the measurement outcomes are given some two-party maximally entangled state by some
measurement setup. We review Svetlichny inequality, which is the first inequality that classifies
physical states into two classes, that is, only two-party entangled states are allowed or
three-party entangled states exist. And then we review the multi-party Bell-Mermin inequality
and the violation of this inequality by quantum mechanics. In his very famous work, published
in 1990, Mermin derived Bell-type inequality that bounds the range of a linear function of
correlations, assuming the measurement outcomes simulated by classical probability space, for a
multiparticle state (he made use of a Greenberger-Horne-Zeilinger (GHZ) state) and showed
violations of his inequality grows exponentially with the number of particles. After this work,
Werner and Wolf generalized Mermin’s argument in 2000. Here, we mainly review the work
along the arguments of Werner and Wolf. Finally, we review the theory of experiment of Pan and
co-workers, whose experimental data will be analyzed by the theory in this thesis in Chapter 5.

In Chapter 4, we propose some formula that enables classification of a given quantum state
using an expectation value. This formula gives us a sufficient condition that a given state is
multipartite entangled state, which is that the fidelity to maximally entangled state, so called
GHZ states is larger that 1/2. The obtained formula about the fidelity helps us to see how we
judge whether an input state is a multipartite entangled state in the following chapter.

In chapter 5, we deal the method how to analyze the fidelity to a GHZ state by some kind of
expectation values. We get a formula that gives an upper bound and a lower bound for the fidelity.
Applying the formula, we analyze experimental data by Pan et al and we discuss that the
observed state in the experiment is a tripartite entangled state under some assumptions. And we
discuss, by minimum variance principle, the quantum state estimation problem as to the fidelity
to a GHZ state.

In Chapter 6, we further generalize the theory in such a way that an auxiliary assumption that
we are sure what observables are measured in a real experiment is excluded. For a detail
relation among Chapters 4,5, and 6, see Appendix in this thesis. We derive the formula that

enable us to judge whether or not a quantum state is a full n-partite entangled state using the
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Bell-type experiments. The formula is described by an inequality of quadratic form in the
expectation values. The formula is to so useful such that the adaptation ability for analyzing
experimental data is very wide, in fact, the fewest assumption is requested in theories proposed
in this thesis in order to analyze experimental data. We also discuss that the formula is modified
when we select some kind of observables in Bell type experiments.

Chapter 7 concludes research result of this thesis.
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BT NENERNZEHBROICRENICRRZLAELT IDEBLAEEDOZRICHE
LTREIZEZRDIE, BEEOHEMBER, ARER. AILHREROEAEDRETH
ATERNWDDONDH D) TENBTESNE, COZEEBPCERBLEDRT T
aFA42 RN AF—-O0—ED3AT,. WhWBEPR/NRT K7 (1935 4) &
EENS  CNAEBRHNICAERTEREINEZDIR1960FERICASTOIETHD.
INEREAEFOLHZEST Bell fEREFEENZ., ZOREXMNBENATVLNIE, TE
SOREAEELTVE] WIS BRE TREROERTIELY] 0550 3RHE-
TWBH I EITARD, LB 1980 FRIT/A > T Aspect KXV EBRMICENTVNS Z &2
REIN. RE. WEEEOMTIE THRERMNMESR] BELL., TB<0RIISEL T
W BNEE-> TR ERINTVSE, TREBE> TOWRWYEBERIZAN? F0—
DOBRMAEBEFNFTHED, BETRERZIBEBREVWYFOHMICGENEENS S
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SR EVWSIBMETERT. ChidEk, BEETHH#ORBEREE 2 BEBYICH A
LTHLWERLEZR A2 TEFERLE] OMENEEINTWED, 22108
WTERREBREZEZET 3,

Bell 7EAR 2 AORKHETEZIAERNTHEN. 3 Hd0WiE n Kick D&,
Bell-Mermin TRERK AR5, 2NE. n KEL THEENEIEVWERTARAERTZ O T,
BUSHU LI TN A MBI FIIANE, HHRAETHHTERNE
BWEECTHBEIITELZE LD, 20 Bell HERD S Bell-Mermin K& X 0%
N THERAEPRENICEES TLWBEIRELREERNICRTITIAFUL %
5EZ27008Mm] WS, BHTRIAINVNERCEEEZEVWSBREBTH S,

—F. BTNHH#2ROMHATIR, §RDEICF TNV AREVNS B EDR
TLEAR, EREEALSENKREELRS., bbb, n RO F T AL D
FIZE. TnE2ENSEETHERE> TVWERE] 25 NRAFTFEE->TWTED I
DEELTNS] DOET, IEIEBRBRBOIVICIINVASINNEZS, 5%
DBELHET SO REREZRDBHNINTE L, B o K2 kBEORICH WY
(nZk2 1), TR ThOHEOFTEHI I /N LTVEHEHE->TWE)ME LAKR
WAL BLSEDRkDOHBEVWICHBEL TS, EWSHKREZE k-separable EFHEL 7~
L&, ERMED S k-separable THEINENZHETAAERIC DN THEBHIFZEN
BREINTEZ, TOWMRRWETEIANED, BLAOEBETTOREREN, BEL
TR TDEBEDHAEADZRERADRDENTE R, o T DL B TIIFHEHE
EROSTIE, BO2VRLETHRENT2EHEOEVED SN+ E)ERD
DI ENEHREND T LIRS,

HEELZODTBEBNTCEZDO0EERAEZ L., ZOZDREWICEEL &V,
EHRELTH-BODIERBEITZ> TVEN, ZREUTOLIBBOTH 5,

XY TERMEENEZHENIE k-separable THRWVWEEZZ] 3B FREXD—D Mn
FOZTNENN_HEMRDOBE] 1TIFBE1999 4. 2000 E)VTRDENTER, H
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HEZEWRCORERAN ZUMNR) OBAICHBEAS I E2EHMICEHLE, DFED
MHEEEERBIIETLE FLTZORAMAELT . IZRMEDOD BREDO KA
DNTR)VIREAD B EE(fidelity) ¥ 0. 5 BLE S, DRI 2-separable Tl 7z
Wl ZEEHENWE,

INE 3HKRO GHZ REREERICEAINGE, BEEZHELTO05 UL s 3
KD GHZ REZFRALZEWVS TR, EVWHIERMITOBEH LS. ULOKER
& Physical Review B ICHEIN, W ELHXOEABRXHERIN TN S,

R, TOREEZ2ERNICHET A RIBZOL>PBEEZHETNIE I VD,
NEECRES, CNICHLULHEBFERInKOAECR (AL ETHA2N n@BOMNEL
HTFR) 2EOHT. —REmEEo L, TNE T— GHZ RKEBZEZERTHEHRR
BOPIERZBLVZTOREREASTCHINTHIVER) ZRAETHELINIEEES
TBY, DFEDRIYaFNVhY  FII9NDAE VERD Aspect DHEFEBRNZTN
WWEENDZOTHZMN, WHWS Bell lIED—{LTHS. LT, TOXIBER
No/onNHEE (OHFE) POEEEORVELIECHBEEZEASNEZENRL
oo TNET 4 —2K¥D GHZ REORSNEENTVE I LZ2HLMTT. UE
D %% B 13 Physical Review i iICHBiiI ., BELHXOEFBICHFRIN TV S,

FROFRERIIRTHERE (OHFHE) O 1 XX z250AREXTHLN, 261
BEBE+DEHEITZEVAERELT, 2 XA CEB3FEAMPNRBBIA TN E

(Phys.Rev.Lett.2002) e EZ AN ORERXOHHAICEAMNH D EERFE LR
RBL. SHRRELWEHEEZ L, ERINRBELRLIAHHEEOREZ2BA. BBLHE
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BEHDVWEHEBIIRELETE2HOTH D, LEN>TEBLEFBLEEMHBXELT
TR2ICHIELWHRETH 5,

— 316 —





