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Abstract Quantum mechanics is a special kind of description of mofidgre con-
cept ofwave functioritself implies theopennes®sf quantum system. We show that
guantum mechanics describes the quantum correlatiorgntanglement, and infor-
mation in a new kind of spacéangnetT?, where exist the basiguantum structure
of qubit and the universalut-insymmetry. This work tries to form a new view to the
fundamental problems of the foundation of quantum meclsanic
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1 Introduction

In this work, we address the basic concepts of quantum méeshé@M) relating to
the great development both on the foundation and applicdkiese years. Besides
the mathematical and experimental aspects, the physioakpts of QM need par-
ticular attentions, e.g., there are still lots of confusiarf the “weirdness” of QM

at present. From the seminal work of ERR [1], Schrodingkr2hm [3], Bell [4]
etc, the methods ofntanglemenand nonlocality have been widely studied. Here,
we do not focus on the confusions anéfeliences between the two methods; instead,
we study the physical essence of entanglement, quantummiaf@mn, and further the
new views of “quantum”. Physically, the generalizatiomfreuperposition to entan-
glement is nontrivial. On one hand, iffers new ideas on what superposition is; on
the other hand, it leads to the re-consideration of what guameans. The existence
of entanglement has led to the growth of the fields of quanthfarination and quan-
tum computation (QIQC) |5] and quantum foundation (QF).Ha tesearch of QF,
roughly speaking, there are mainly two research trendsiotiee interpretation of
guantum mechanics (IQM)|[6], such as the many-world inegiron [7]; the other is
the post-quantum mechanics (PQM), such as the generallglisbe theory [8]. In
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both IQM and PQM, entanglement plays the basic role. In thigstsvork, we do not
intend to give the detailed analysis of various theoriestgiad, we further investigate
the meaning of entanglement, information, and quantum famew point diferent
with the present ones.

In Sec[2, we begin from the well known concept of “openneast we dis-
cuss the strict physical meaning of wave function. Then vimduce the method
of “quantum structure” in Se€l] 3 which is the generalizatidrguantum state and
entanglement. We study the physical role of mutual inforomatinder the spirit of
openness. Also, we introduce the new space, “tangnet”,evinéormation is com-
monly shared, which is particularly demonstrated by QM.tLimsSec[% we briefly
analyze several related issues and open problems.

2 Openness

In this section we discuss the conceptagfennessn the study of quantum open
system. Many quantum processes are due to the opennessnéigusystem. For
example, the lifetime of micro-particle, the decay of elentfrom the excited state
to ground state etc, those are due to the interaction witlvalsaum, which cannot
be removed. When the system is coupled with the uncontre@iedronment, de-
coherence will occur, which is described by Zurek as theudisince of system to
environment/[9]. The role of openness in QM had been dematestra lot, such as
the early work of Zeh[[10]. Further, if we take a historicadwi one will find that
early in the formation of the theory of density matrix, theeapess had already been
addressed, and the conceptoiiked statevas introduced [11]. We should note that
the approach of decoherence relies on density matrix. Balevanalyze the meaning
of mixed state. Generally, there are two related views ofhistate, as follows

(I). The “tracing” view: The mixed state is an inner part of a global pure state,
tracing out the rest.

(). The “summing” view:The mixed state is the mixture of several pure states,
asp = i Pilyi){Wil, i) is pure statey;; pi = 1.

We should address that there is no standard reason why theu&de the two
views, also, whether there could be anything more. Mathiealbt, we can easily
show that the two views are equivalent. For the mixed statmraling to the tracing
view, introducing the parametery; = 3, aya;,, then
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where|¥) = ¥, ai,li)|w) is the global pure state relating gothe normalization rule
Ziy |ai;1|2 =1.

In practice, the dferences between the two views are seldom noticed, which can
be explained by the mathematical equivalence. Howeveth®physical meaning,
the two views are dierent, and we emphasize that the summing view (Il) is wrong.
From the tracing view (l), we know that in reality we often oabhdecide the wave
function of a system, as the system is often correlated withirenment (or other
systems). Thus, as assumption, we use the density matrigderibe the state of
the system; that is, density matrix is only the “fragmenthieh is not a complete
characterization of a state. In other words, there doesxistt &veral pure states, or
“relative state” using Everett's terminology, to mix upaths, the summing view is
in conflict with the tracing view, physically. Further, takj from another point, the
summing view (1) of the mixed state actually comes from thetmod of classical
statistical physics. Classically, we can say, e.g., theigtee mixture of molecules.
Yet, according to QM, the concept of “mixture”, which relsite the concept of “clas-
sicality”, does not capture the feature of coherence, wigiabls to, e.g., interference.
So, it is not proper to introduce the concept of mixture to Qhétead, we should
study quantum process from pure quantum methods, e.g.hdeswce, and to avoid
any confusion with classicality.

Further, relating to the tracing view (l), we discuss thecapt ofwave function
According to the standard QM, the property of a system canhdlywdescribed by
its wave function. This is definitely right, yet, not com@eT his statement relies on
the assumption that there exists the wave function of theesysYet, according to
the concept of openness we studied above, quantum systeoallyais correlated
with its environment, thus, the wave function should alsdude the environment
even when the environment is insignificant. Along this logie will eventually get
that the whole universe as a whole should be a pure statehwihi€act, is also one
assumption. Below, we study the widely concerned model ®fptlire universe. Let
universel{ be composed with systeand environmenk, labeled ag/ = S + E.
We note that there is no need to specialize the interactiteiween. The model is
depicted in Fig[1L(a). Thus,

[¥)s = trepa, 2

on the left-hand-side (LHS))s is the pure state of the system; on the RHSpdr is
a decohered state. When the rolffdet) of environmenk is trivial, we can let them
equal in mathematics, also in physics we assume they areathe.sThis kind of
approximation should be nontrivial for the understandih@mbl. So, for the method
of wave function, we should make clear the conjecture (anragpgion) as follows:

Conjecture 1In the pure universe, there exists system which has one wawatién.



(a)

Fig. 1 The openness problem in quantum mechanics. Panel (a): $ie®aS+E model; panel (b): the
multi-environment model; panel (c): the multi-world model

This conjecture addresses that the concept of wave funittiel indicates the
concept of openness in QM. Thus, pure quantum mechaniodin we study some
guantum theory, the starting point of the theory should leeofiren system, which is
just opposite to the classical mechanics (CM). In CM, oftenihdividual behavior
of a certain object is described, instead of the correlatiiimthe rest of the universe.
Conjecturd 1l is one of the mainftérences between QM and CM. We will address
later in the last section theftirences between QM and CM in detail. In addition, we
note that the similar problem has also been studied matheatipfrom a statistical
view, e.g., in Ref.[[1P].

3 Quantum Structure

In our study we view entanglement and information a$edént quantities, as the
guantity “discord” indicates that there could exist quantnformation without en-
tanglement([13,14]. Entanglement describes the quantunelation of a system,
and by information, we mean Von Neumann entropy. Here, weodotend to make
mathematical study. For the indication of entanglementiafamation to QF, there
are many progresses. For instance, Mermin stated that Qbfides the correlation
without “correlata” [15], which just demonstrated the opess of quantum theory.
Bub studied QM from a broader view, i.e., comparing to thethef Relativity, and
he claimed that QM is the “principle” theory, the CBH theortrad to serve as the
principle of QM, and QM is about quantum information insteddvave or particle
[16], which arouses great interedis[17]. Gisin viewed reatis nonlocal fundamen-
tally, and nonlocality does not exist in space-timel [18]s thbservation indicates
that there may exist another kind of fundamental symmethjriakthe standard QM.
Relating todecoherenceZurek systematically studied the relation between quantu
and classical. He introduced the symmegrywariance and viewed it as the funda-
mental symmetry([9]. With all these explorations, yet, thare still primary prob-
lems remain, e.g., the physical meaning of entanglemerttislaar, one expression
of this confusion is that there are too many quantities todattarize entanglement



at present. Below, we present a new kind of picture to undedseéntanglement and
information, i.e., we introduce a new kind of space basedarglement and infor-
mation via theld = S + E bi-party model above.

3.1 Mutual Information

We first study the property of information via the well knownitmal information. It
is direct to introduce another system or environment, ofitinld E (S) into different
parts. In Fig[JL(b) and (c), we show the two basic models. Rahshows the multi-
environment model (multi), and panel (c) shows the multi-world model (mut).
Here, we should demonstrate that one world (or universa)ldlumntain at least one
system and one environment, i.e., one system coexists titast one environment,
this is the result of openness. In panel (c), there are twieBy&S; andS;, then in
the whole universe there are multi-world, three kinds ofi@mment,Eq, E;, andE,,
coexist.

For the multiE model, the wave function of the systesns

)s =~ tre, tre,pq. 3

For the multiw model, the wave function of the syste$a (S») is

|¢>31(2) ~ trEl(Z)tr52<1)+E2<1)trEop"H- (4)

We should note again, the LHS and RHS of both equaliibn (3)@naré made equal
in both mathematics and physics.

To be more precise, we analyze the mutual information, wisigfewed as the to-
tal correlation, for the diferent models. The mutual informatidns widely involved
in the research of QIQC, such as the discord[13, 14], squlsti@nglement [19, 20,
21]], conditional entanglement of mutual informationi[22}iwthe operational mean-
ing of partial state merging [23], etc. In Figl 1(a), the be& = S + E model is
quite simple, agq, is pure, there always exists the bi-party Schmidt decontiposi
of the pure state of the univergg)q, = 3 AilSi)|E;), where|S;) and|E;) are local
basis, that is, the entanglement can always be realizedebyotation of the basis.
The mutual information is

(a) : T =Ss+ Sg — Ssg = 2SE. (5)

And the classical information Sg, then the quantum information is juSg, the von
Neumann entropy, which is the well known result.

For the multiE model in Fig[1(b), the density matrix for the pay/+ E; is
psg, = tre,pqy, and the mutual information is

(b) 1 =Ss+ SE1 - SSEl- (6)

WhenE, = @ or Ey = E;, the multiE model reduces to the model (a).
For the multiww model, here we aim to quantify the mutual information betwee
systemsS; andS,, with environmentg&; andE,, respectively. There can be mutual



information among any two of the four parties. From the Veimgchm, which we do
not show here, it is direct to get the mutual information bEwthe two systems

(C): I =I(S1E1: S2E2) — I(Ex: Ez) — I(Ey: S2lE2) — (B2 : S1E1),  (7)

where, e.g.](E1 : S2|E») is the conditional mutual information. This expression is
general, and it can be reduced to special forms under thiggartcases as below:
(1). WhenE; = E; = Eg, the multiWw model reduces to the analogy of the multi-
E model in Fig[1(b).
(2). WhenE; = E, = E # Ey, (or E1(E2)= @), the mutual information reduces to

I = I(Sl . 82|E), (8)

which is the same with the squashed entanglement phys[d&l20/21].

(3). WhenEp = @, that is, the statps,g,s,e, iS pure, then the three-party state
0s.E.S, (0s,,E,) IS mixed, and the problem becomes the same with case (2).

(4). Whenl (E; : S2|E2) andl (E : S1|E1) arezerg which can be easily depicted
via the Venn diagram, the mutual information in equatidnréuces to

I = I(S]_E]_ . SzEz) - I(El . Ez), (9)

which is physically the same with the conditional entangtatrof mutual informa-
tion defined in Ref[[22]. This indicates that our definitismore general.

From the above study, we can see that we can use the mutuahgtion to
characterize the information within thefidirent models. And from the concept of
openness, the mutual information for the miimodel in equatior({7) is the most
general one, i.e., it demonstrates that if we intend to ekttee mutual information
between two systems, we need to consider the correspondiirgements of the two
systems. In reality, the three environmelBgs E;, andE; can be the same, which can
simplify the complexity of the correlation.

3.2 Tangnet

We now turn to another aspect of QM. According to the stan@avidthe state vector
exists in the Hilbert space. The mathematical element in @bbierator or algebra,
instead of number, that is, QM describes the logical stnectf the state. In the
Heisenberg picture, the commutation relation of the operand the related group
can manifest the algebraic structure better than the Slalgér picture. Referring to
openness, we can say that QM describes the correlation forchiation of a certain
dynamics. Along the logic of the study in the above subsactioe whole universe
can be eventually depicted as a kind of “lattice”, with egiament and informa-
tion within. We can name this kind of spaceiafornet(information-net) otangnet
(tangle-net), shown as the lattice in Hifl. 2. Mathematjgdile tangnet is the topo-
logical two-dimensional complex lattice spaf& We note that it is easy to put the
multi-E and multi\wW models on the tangnet.

Tangnet is dierent with other spaces we are familiar with. For instartee con-
figuration space or Cartesian spakgin classical physics describes the possible



Fig. 2 The tangnet spacg? (black lattice) and the quantum structure of qubit (bluesdoircles, and
lines). The two parties ar& andB (dashed-dot elliptical circles), the two basis Ajeand|0).

places of the object, which is static without time. The Miniski spaceM* is the
generalization oR® as the result of Relativity (we do not study the relation ket
QM and Relativity in this paper)M* can enclose the motion fi€ld, which is exotic
for R3, by putting time and space on the equal footing. The phaseesgaprimar-
ily different withR3® andM*. Phase space combines the object (its pljcand its
movement (the momentum= m% and time) together, thus it can describe the mo-
tion more systematically. The Hilbert spaies the space of state vector, it defines
the operation of operator and vector. The tandfteis not the diferential manifold,
which is the central feature of this space. It should be eiing that this feature
can be viewed as the origin of “quantisation”, with manifalsl the classical limit.
TangnetT? is not the same with the Hilbert spage In T?, the state is described
as the “node” on the lattice instead of a kind of vector, arellithes between nodes
cannot be described Ifi.

From the new concept of tangnet, it is not enough to say thattgm system is
open or closed, instead, the basic object becanastum structurewhich is formed
by the states of the system. QM describes the quantum steucttangnet. Informa-
tion is stored and shared in the unique and holistic quanturatsire, which indicates
that the primary feature of information$haring

Below, we introduce some symbols and rules of the quantwntsire:

(1). Label the eignstate as do# ‘or circles “o” with each party the same symbol;

(2). Label the entanglement as string “-”, the length oingfielates to the cdig-
cients in the entangled state;

(3). There is no restriction on the spatial orientatiof0pf|1), --- [n) of each party;



(4). The states of dlierent parties correlate with each other one-to-one;
(5). The phase among the branches is defined via the relgttiakorientation.

We should note that for the concept of quantum structure mveduce “string”
which may reflect more information than just “state”. Nextaigcuss the basic quan-
tum structure in QM. Fid.]2 shows the quantum structure ofjiiat, the state is set
as

1 .
l¥)ag = 72(|OA18> —i|1a08)), (10)

where the two parties ak andB, there are two branché@,1g) and|1,0g), which
have the same length, thus, equally Weighted\%\slt takes the branctA0g) 90°
anticlockwise to rotate to the same orientation with theeotiranch0a1g), thus, the
relative phase between them-s

We note that the study here can also be generalized to theaj asis

[y)As = COSal0alg) + Sina€’|1a0g)), (11)
l)5g = C0Sa|0a0g) + Sina€’|1alg)),

where|y)Ag is asymmetric, andp)is is symmetric. Here, e.g., symmetric means
|0(1)) relates td0(1)). Whena = 45°, andd = 0°,180C, the Bell basis is realized.
Whena = 45°, 6 = 270, |y Ya reduces to the state in equationl(10)ffBient states
of qubit have diferent quantum structure. It is easy to verify that there arally
eight kinds of structures relating to qubit (we do not préseem here). In addition,
for more complicated entangled state, there are more pantié more branches.

In QIQC, qubit is viewed as the element of quantum infornratiebit”, which
equals to one qubit plus one bit. Here, we demonstrate thmt iguhe basic quantum
structure, not just from the information-theoretic view.

Next, we study the property of the structure of qubit. Adyahis problem has
been studied quite widely. For instance, Zurek introduceaviarance”([9], from
which he studied the Born’s rule, we do not analyze this slifedetail. This sym-
metry states that the local unitary transformatinandUg cannot change the global
property of the entangled stg{@ag, which is

UaUgl)aB = [¥)aB. (12)

For another line of research, this problem is often menti@ssexchangpermutation
symmetry, which is studied mainly mathematically, e.gRéf. [24]. Also, we should
pay attention that the permutation symmetry has already bemlied well in quan-
tum field theory (QFT) decades ago yet without entanglentégre again, we focus
on the physical implication of this quantum structure. Ehexist two classes of basic
operations:

a. Local base rotation (e.g., flipping)
For instance, foA, if |0) — [0) +i|1), |1) — |0} —i|1), then forB, |0) — |0) +i|1),
11) — 10y —i[1).



b. Permutation (or mirrgspecular reflection)
This transformation, i.e., exchange the state8 ahdB correspondingly, causes
nothing or a global phase change.

We can draw the conclusion that the quantum structure isriaavaunder the
unitary transformation.

We assume the validity of this symmetry without making anytfer proof math-
ematically. Instead, we discuss what this symmetry may si&athe foundation of
QM. From the concept of openness, every system should hasdide and outside
also the surface. For example, for the paktgf qubit, there are two states in it, and
B is the outside. With the permutation, the qubit remains. \bke that this property
relates to the identity principle, here the paftyndB are identical. Relating to the
entangled structure, this symmetry is a kind of “out-in” syatry, that is, there is
actually no distinction between outside and insil@ndB connect with each other
in such a coherent way that they become one unique entitputitoundary, i.e., the
guantum structure, and the information is shared commdihlis out-in symmetry
is the universal and elementary symmetry in the tangneespwaich has never been
demonstrated before. Below, we set the theorem of this syrgme

Theorem 1 In quantum mechanics, there exists the out-in symmetryeitathgnet,
under which the entangled quantum structure is invariant.

In addition to this theorem, we need to quantify the quantotture via entropy,
entanglement, etc, which we do not study here. This theoetatess to the Conjecture
(Il above. There seems a kind of confliction with the supenoosibr the one-body
system. However, relating to the Conjectlife 1 above, tteen®@ione-body problem
in QM, the simplest case should be two-party system, thahéput-in symmetry
demonstrated by Theordr 1 acts always. Thus physicallye ihao confliction be-
tween the one-body superposition and multi-party entangie. We give two simple
examples to illustrate this point.

The first one is the double-slit interference of electronwisknow, the state of
electron is the superposed state of the two slits, label@d asd|l). As the existence
of measurement, we need to include the apparatus. Whertidgtatthe slifr) (1)),
the state of the apparatus|R) (|L)), the global state of electron and apparatus is
the entangled state. By tracing out the apparatus (WReand|L) are orthogonal),
we get the statistical results. Also, we can apply the “weaasurement” to get
both the wave and particle properties of the electron. Therriaption of diferent
measurements can getférent information of the entangled state, and the entangled
guantum structure exists always and the out-in symmetg/aaiays, too.

The second example is the Rabi oscillation of the two-letatein cavity. When
the atom emits one photon, the atom evolves from the exdittd|s) to the ground
state|gy, and the vacuum from tha — 1) state to thén) state in the Fock space. The
global state of the atom and vacuum is entangled. We can Vievatom as in the
superposed state, and the out-in symmetry still acts.

From the above analysis, we can know that the generalizAbomsuperposition
to entanglement is nontrivial, most importantly, it brirgg the new out-in symmetry
underlying QM demonstrated by TheorEn 1.
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4 Discussion

In conclusion, in this work, we briefly discussed the basitoapts in QM due to the
development of entanglement and information. We statetdQMindicates another
kind of space, tangnet (or infornet), where exists the usaleout-in symmetry and
guantum structure, e.g., the most basic one, qubit. We additither work should be
carried out on the mathematical properties of tangnet. Wéeainstructed the general
form of the mutual information between two systems, i.euatipn [T) in sectioh 3]1.

For the theoreril1 we conjectured, a mathematical study detgearticularly,
the unique definition of entanglement is necessary. Sineetare too many quan-
tities at present, such as, concurrence, robustness eteg&kto compare them in
detail. Here we addressed that entanglement is not infi@mphysically; instead, it
forms the element of the quantum structure.

We need to discuss a little about thé&diences between QM and CM. At present,
there is no standard answer to this problem. According tottiedox interpretation,
QM and CM are connected by the “corresponding principlely m@ often relate to
decoherence and measurement. From our study, we can iafe®@M is a special
kind of description of motion dierent with CM, they describe motion inftiérent
ways without referring to special scales. For QM, we showed it describes the
information and entanglement of the motion of a certainesystFor a systematic
study of various descriptions of motion, we will presenttie future.

Another point is about the identity principle and the quamstatistics. Accord-
ing to the standard QMspinis viewed as the pure quantum quantity without classical
analogy, also there exists spin only for micro-particldse phenomenon of superpo-
sition is also believed forbidden on the macroscopic s¢ddevever, we have known
that the superposition can act on the macroscopic scaletteedgschrodinger cat. Fol-
lowing the method in this work, we may have new view of spinefihis no reason to
restrict spin in the micro-world and it is possible that #hekists spin on the macro-
scopic scale, one of the possibilities comes from that wellshiind more physical
meaning of spin dferent with the traditional one.

Last, we relate to the fundamental Holographic princip][2vhich deals with
entropy of black hole. This principle states that the infation in a region bounded
by a casual horizon is finite in bits and proportional to thesawf the horizon. Here,
in the context of the quantum structure and out-in symmeirgre is no definite
boundary, or, there can be boundary everywhere. This péysicture should also be
quite interesting.
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