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Problem of Coherence in Modern Theoretical Physics”

The problem of coherence in modern theoretical physics is discussed. Classical and quantum conceptions of
coherence, including uncertainty principles, are analyzed. Problem of coherence in Relaxed Optics (RO) is represented
as a problem of creation and change of coherent structures. Problems of coherence breakdown, including phase
coherence, and its applications in modern physics, including RO, are discussed too.
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Introduction. The problem of a coherence (from Latin word coaherens — is being in bond) is one of the
central problems of modern optics. This problem has three representations and applications in classic,
guantum and relaxed optics and other chapters of modern physics [11;12].

In physics coherence is an ideal property of waves that enables stationary (i.e. temporally and spatially
constant) interference. It contains several distinct concepts, which limit cases that never occur in reality but
allow the understanding of the physics of waves, and has become a very important concept in quantum
physics. More generally, coherence describes all properties of the correlation between physical quantities of
a single wave, or between several waves or wave packets [1-14].

Quantum theory of coherence is based on the concept of harmonic oscillator.

An analogy between classical and quantum concepts of coherence was demonstrated on the basis N.
Bohr modification of Rayleygh principle and uncertainty principle. Concept of harmonic oscillator allows
determining minimal possible difference between incoherent and coherent part of energy. This concept is
basis for the Heisenberg, Robertson, Heisenberg — Robertson and Schrodinger — Robertson uncertainty
principles [10; 13].

Roughly speaking, pure coherence is corresponded of resonance of proper phenomenon and therefore
coherence theory is the theory of resonance processes and phenomena.

Concept of coherence was used in RO as concept of coherent structures. Therefore this question is
discussed too.

Basic results and discussions

In classical optics basic principle of coherence is Rayleygh criterion [1, p. 580]

Ak AX = Ak Ay = Ak, AZ = AwAt =1, 1)

where AK , Aky , AK, AX, Ay, Az, Ao, At — changes of wave numbers, coordinates, frequency and

time properly. This criterion is used for the separation of the spectral lines. Formally spatial part of Eq. (1)
may be used as criterion of spatial coherence and time part — as criterion of temporal coherence. Strictly
speaking, for the separation of spectral lines sign = before 1 must be change on sign =, and for coherence —

on sign <. These conditions for coherence have next form:

© Trokhimchuck P., Dmytruk 7., 2013
* JIpyKy€eThes B aBTOPCHKIH peaaKilii

46



PO3ALJ II. Teopernuna ¢izuka. 2, 2013

AKAX<1 Ak Ay<1, Ak,Az<l, (1a)
AwAt <1. (1b)

Eqg. (1a) is condition of spatial coherence, Eq. (1b) — condition of temporal coherence.

Basic principle of Quantum Mechanics (uncertainty principle) and basic principle of quantum theory of
coherence (Quantum Optics) are receiving from Eq. (1) after here multiplication by Planck's constant 7
according by N.Bohr [1, p. 580]. Therefore we have:

Ap Ax=Ap Ay = Ap,Az = AEAt < 7, (2a)

Ap AX=Ap Ay = Ap,Az = AEAt > 1, (2b)

where Ap,, Ap,, Ap,, AE — changes of proper components of linear momentum and energy. Eq. (2a)

may be represented as the basic principle of Quantum theory of coherence and Eq. (2b) is the uncertainty
principle.
Spatial and temporal coherence can not be divided separately. Therefore in classical optics the

difference between spatial and temporal coherence (phase coherence) @ = IZF — ot is used.

In classic optics coherence is the coordinate passage in space and times few oscillate or wave
processes, which is appeared for its addition.

Oscillations are called coherent if its phase difference is stable (or change according to some law) in
time and for an addition it determined an amplitude of summary oscillation®

Harmonic oscillation may be represented in the next form:

V(t)= Acos(at +¢), ©)
where basic characteristics of an oscillation — amplitude A, frequency @ and phase ¢ are constant.

For the addition two oscillations with one frequency @ and various amplitudes Al, A2 and various

phases ¢, , @, the resulting harmonic oscillation has frequency @ too. An amplitude of this oscillation:

A=A+ A +2AA, cos(p, —p,), (4)

may be change from A + A, to A — A, and it depending on phase difference @, — ¢, .

For the cardinal estimation the coherency of oscillations a correlative function R(T) was introduced,
where 7 is time interval of the change of phase in interval @, — @, <.
An amplitude of the addition two oscillations from one source with time interval 7 has next form:

A=A+ A? + 2AAR(z)cosa, (5)
where @ is average frequency of an oscillation.
Value of 7, for its R(T) = 0,5, is called the time of coherency or period of harmonic train.
For the propagation of plane electromagnetic wave in homogeneous matter phase of oscillation is
constant at the time 7,,. In this time wave is propagated on distance Cz,, where C is the velocity of light.

This distance |, = C7, is called the length of coherency or length of train.

A notion of coherency is used for the representation autooscillations with constant amplitude.
For the representation of coherent properties wave in the perpendicular direction to a direction of wave
propagation the notions of coherent space and coherent length are introduced. Coherent length may be

determined with the help of correlative function RL (l) where | is the corresponding space size. Condition

RL (l ) = 0,5 is determined size or radius of coherence. All space of wave propagation may be fractured on
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the regions with constant coherence. The volume of its region (coherent volume) is determined as multiplication
the length of coherence |, on the area of figure, which is bounded of line R (I)=0,5R, (0).

In general case the correlative function isn’t be pure time or space. But in experiment these two cases
may be discriminated: Michelson interferometer is example of temporal coherence and Yung interference —
spatial coherence. In mathematical sense for this case the correlation function may be represented in the next

o R(r1)=R (FR (t) ©

The conception of coherence is used for the representation wave properties electrons, neutrons and
other particles. In this case the coherence is called the directional coordinated flux of particles.

The Hanbary Brown — Twiss stellar interferometer (Fig.1) allows measuring the fluctuations of
intensity, which fall into detector, only. This experiment is differed from Michelson method. It is detected
the mean value from multiplication from two probabilistic intensities but no one. A signal of quadratic
detector [11, p.217] is proportional to value:

E(r,t) =|A +|B[ + AB'e"™) + A'Be (). ()

This signal isn’t included of quick oscillation the detected wave, but mean value from this transforming
signal doesn’t include interference component (since mean value <AB*> =0). Hanbary Brown and Twiss

interferometer multiplied these two transformed signals and after this it measuring statistic mean value.
Mean value from the multiplication of two intensities of type (7) may be represented in the next form:

BV B ) ) = (A7 +[8F) )+ 2( AT Jeoslk kN - R ) @

where next conditions were taken into account: <W2 A’ B> =0, <‘B‘2 AB*> =0 and other.

Fig. 1. Schematic diagram of Hanbury Brown — Twiss stellar intensity interferometer [11, p. 217].
Here P, and P, are the photodetectors, A, and A, are the mirrors, B, and B, are the
amplifiers, ¢ is the delay time, C is a multiplier, and M is the integrator
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Though interferometric experiments are interpreted with help of universe average but in these
experiments time averaging is realized too. But time averaging is more difficult as universe average. For the
time averaging interferometric measurements necessity give into account that plane waves aren’t absolute

monochromatic in general case. It allow to conclude that 4 and B are stochastic time functions A(t) and B(t).

Role of coherence in Quantum theory is more important as in Classic theory. Phase in Quantum (Wave)
Mechanics is the basic characteristics of wave functions, unitary (canonic) transformations and scattering
matrix. Roughly speaking coherence in Quantum theory was beginning by d'Broglie, more precisely his
concept of wave—corpuscular dualism (particle is the standing wave).

Quantum theory of coherence is based on the idea by E. Schrodinger (1927) and was developed by R.
Glauber and E.C.D. Sudarshan [2—7; 9]. Quantum harmonic oscillator is the basis of quantum theory of
coherence. Coherent state of electromagnetic field may be represented with help of displaced vacuum state:

|@)=D(a)[0),
where Iﬁ(a) :exp(aé+ —a*é) is the shift operator, &, &" are the annihilation and creation operators.

Coherent state is an eigenvector of the annihilation operator 4 with eigenvalue & [6, p.189].

Phase of wave functions in quantum mechanics has a deeper physical content than in classical physics.
It includes energy and momentum characteristics of proper physical interaction. Therefore coherence is one
of important notion of Quantum Mechanics. Roughly speaking wave functions of exponential form with

phase term in form Pr — Htare coherent functions, where H — Hamiltonian of system. Hamiltonian of

system is the full energy of system. Therefore, the coherence of the process or phenomenon is related to the
fundamental physical quantities of energy and momentum. These functions after additional transformations
may be used as orthonormalized basis of Quantum Mechanics. Therefore we can represent each quantum
state as function from coherent states. Representation of coherent states is more physical as, for example,
Fock representation. These two representations are bonded with help next formula [6, p. 191]:

a)=e " 55,

> ©)

where ‘0{> — coherent state, \n) — Fock state.

Equations (1a), (1b) and (2a) aren't selected coherent and incoherent part of interaction. Roughly
speaking it is the condition of interference two waves. But these correlations aren't allowed to select only
coherent or incoherent part of this interaction. This problem was resolved in quantum theory of coherence
(Quantum Optics). In this chapter of modern physics concept of harmonic oscillator is basis [6, p. 89].
Therefore uncertainty principle has next form:

_ _ _ h
Ap,AX = AP, Ay = Ap,Az = AEAL = 1Y/ (10)

It is connected with minimal (zero) energy of harmonic oscillator h% This energy is corresponded the

energy of incoherent part of electromagnetic field, other words difference between full energy of field and
coherent part of energy [6, p.194]. Thus quantized theory of coherence can tell the difference between
incoherent and coherent part of energy. This fact are corresponded to the quantum mechanical zero-point
energy of the harmonic oscillator.

Uncertainty principle may be represented in next form [10, p. 50; 13, p. 277]:

c,0, 2 h7 (11)

and its H. P. Robertson generalization for random dynamical variables [14].

K[AEDX, JC=<(AC)2>E(5C)2, AC=C-(C). (12)

0,0 2
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In modern interpretation formulas (12) are corresponded of uncorrelated states. In 1930 E. Schrodinger
and H. P. Robertson [13, p. 277] received the generalization of formula (12)

(L]

0,05 > , (13)

4(1— rZ)
where

—_On
= / omn (14)

is correlation coefficient of quantities A and B and |r| <1:

., tiansyy 7 (((A)-()(E-(e1))+((3-(@)(a-(8))) /
~((AB+BA)) 2-(A)(B)

— mutual correlation of quantities A and B, which are corresponded of average value of error operators
AK =K —(K).
Schrodinger-Robertson uncertainty principle (13) is generalization of Heisenberg —Robertson

uncertainty principle (12) for the case of correlated states and reduce to it for r=0 [13, p. 277].
Schrédinger-Robertson uncertainty principle [13, p.277] was used for analysis of motion of particle

(15)

2 2
with coordinate q(t) and linear momentum p(t) in the field of harmonic oscillator V (t) = Mg (t)a) (t%

Process of decreasing a frequency of oscillation a)(t) is caused to increasing of correlation coefficient r(t):

r(t)= (9 pq%qﬁ P, o

and the change of uncertainty principle

5q5pq Z%\/]?, (17)

where 6( z«/qz, 5pq = pj. Formally [13, 277] the change of correlation coefficient in uncertainty

principle may be represented as simple substitution 7 — A" = %1—2 At the absence of correlation
-r

(r —0)quantity 72" — &, and uncertainty principle has classical Heisenberg form:
595p, =1 (18)
For formation the strongly correlated state of particle with |r| — 1the disperses of coordinate <q2> :
momentum <p2> and its product are increased indefinitely. It is caused the more effective penetration of
particle to sub-barrier region V (q) as for this particle in uncorrelated state [13, p. 278]. Practically, formula

|r| —1 is corresponded the case of expansion of wave packet. Formally this concept is equivalence to the

concept of symmetry breakdown.

In Nonlinear Optics conditions of phase matching and phase synchronism are the representation of
conditions of coherence. But condition of phase synchronism has spatial geometrical nature [4; 6; 9]. For
example, for generation of second harmonic angle diapason of observation of maximal effect is equaled
10" — 30' [4, p. 95]. Second example is generation of laser radiation. For solid state laser angle diapason for
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stable resonator is equaled ~10', for unstable resonators — ~10"-20" [8, p. 9]. For semiconductor lasers this
value may be large [3]. For holography we must have large value of coherent length, this value is caused of
coherence of light source (lasers) [14, p. 9].

Coherence breakdown is caused a failure of proper phenomena. For our examples, it may be generation
of second harmonic, lasing and holograms. Coherence breakdown is associated with symmetry breakdown.

But for the interaction light and matter we have two partners of interaction: light and matter. Symmetry and
nature of light, matter and its interactions are caused the generation of proper process or phenomenon [11; 12].

The concept of coherent structures (CS) was introduced in RO [11, p. 249; 12, p. 87], chapter of
modern physics of irreversible interaction light and matter.

The CS (coherent structures) are called the structures with next properties:

1) these structures have the some order and symmetry;

2) it may be source for the generation and transformation of radiation, including light, (linear and
nonlinear optics);

3) it may be source for the generation and transformation of irradiated matter, including amorphous
and crystal materials, (the pure effects of RO);

4) it may be source for the generation and transformation of the radiation and irradiated matter,
(holography, mixed phenomena of RO);

5) it may be formed with help coherent irradiation.

Practically it is the “traces” of the interaction laser irradiation and matter in matter. These structures
may be classified as first-order and second-order structures [2, p. 40]. One has various energetic and time
conditions of the creation and stability. The problem of the classification and modeling of these structures
may be resolved with help short-range, long-range action and mixed approximations of the interaction light
and solid.

The first-order range CSs have quantum character and may be represented as photochemical or crystal
photochemical processes. One of the interesting problems of these phenomena is the problem of the
nonadiabatic scattering light on valent and impurities bonds. This problem in the classical physics of status
solid is represented as adiabatic. In radiation physics of status solid this problem is neglected. In RO it is one
of the interesting problems (the oriental effect and the creation donor layers in semiconductors [1, p. 24]).

The second-order range CS have, as rule, the wave nature (thermochemical, including annealing,
plasmic, electromagnetic hydrodynamic structures, interferometrical phenomena and other [11, p. 249; 12, p. 87]).

Quantum CS may be classified as multiphotonic (hv < E ), including monophotonic (hv ~ E_),

and fractured structures (hv >> Eg); where hv — quantum energy, Eg— band gap of irradiated

materials. The experimental research in this part of physics is almost absented.

Concept of CS allows associating radiative and nonradiative parts of interaction light and matter with
point of change coherent characteristics of this interaction.

Transition from one coherent state to another or from one CS to another may be represented as
breakdown initial coherent state or structure respectively.

Concept of CS allows associate the light-induced phase transformations in irradiated matter with
change of here coherent properties [11, p. 249; 12, p. 87]. Therefore methods of theories of phase transitions
and transformations may be used for the resolutions of problems of coherence and contrarily, methods of
coherence may be used for the resolutions of problems of the theory of phase transformations.

The basis of the RO is phenomenological kinetic-energy classification of the interaction of optical
radiation with matter. Classification of CS is corresponded of next physical systems and phenomena: basic
phenomena of RO; incommemshurate phases; polymorphoid, crystal and quasicrystal phases and other [12, p. 87].

Concept of CS allows realizing transitions from nonlinear optical processes, which can be represented
as nonequilibrium phenomena, to relaxed optical processes, these processes are irreversible. This concept
allows uniting in one system nonlinear and relaxed optical processes and phenomena in one system [12, p. 87].
Transitions between quantum states and between various structures are formal equivalence. This
equivalence is result of saturation effect for phase transition and lasing. First process is sluggish, second is
high-speed. For example, formation and creation of Bose or Fermi condensate is the effect of saturation,
which is caused proper phase transition [10, p. 269]. Therefore theory of phase transitions was used for the
explanation of nonlinear optical phenomena [12, p. 97]. Each nonlinear optical phenomenon may be
represented as coherence breakdown of proper linear optical process, in this case mechanism of light
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scattering (absorption and reflection) has conclusive value [12, p.144]. But inverse problem of using laser
theory for the explanation of phase transitions isn't developed. Therefore for the explanation of effects of the
laser annealing and laser implantation the thermal model are used, which sometimes explain the
experimental results are reversed [11]. For the resolution of this contradiction we must find new methods,
which have lasing prehistory.

Difference between coherent state and coherent structures is next. Coherent state is local state of proper
macroscopic system, coherent structures it is collective macroscopic state of all system. Concept of coherent
state is useful for linear and nonlinear (equilibrium and nonequilibrium) processes, that due to the relatively
low intensity of interaction. Concept of coherent structures may be useful for irreversible processes, that due
to the relatively high intensity of interaction. For last case we can use theory of cascade processes and
regimes of saturation of excitation for each term of cascade and we can examine and explain the single
notion of linear and non-linear, equilibrium and non-equilibrium and irreversible interdependent processes
for this case [11; 12].

Problem of transition from nonequilibrium to irreversible processes is the problem of the aging the
elements of optoelectronic systems. Therefore the search of waves the transformation irreversible processes
to nonequilibrium and equilibrium is one of the central problems of creation more stable optoelectronic
system. But this problem is connected with structural properties and here changes of irradiated matter,
which affects the reliability of the optoelectronic systems as a whole and their components.

This approach allows flaring the application on coherent conception on all aspects of problem of
interaction light and matter.

Conclusions

1. Basic concepts of classic and quantum coherence are discussed.

2. Conditions of classic coherence and spectral analysis (Rayleygh principle) are analysed.

3. Was shown that uncertainty principle (N. Bohr concept) and quantum condition of coherence are
formal equivalence to proper classic principles.

4. Basic types of uncertainty principles (Heisenberg, Robertson, Heisenberg — Robertson and
Schrodinger-Robertson) are analysed.

5. Basic notions of quantum theory of coherence (Quantum Optics) are represented.

6. Concept of Coherent Structures and its possible applications are discussed.

7. Was shown that phase transitions may be represented as coherence breakdown.

8. An analogy between theory of phase transformations (in basic thermodynamic) and laser theory (in
basic coherent theory) is observed too.
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Tpoxumuyk Iletpo, Amutpyk Ipuna. Ilpodema korepeHTHOCTI B cy4yacHiii TeopernuHii ¢pizuni. Jocmimke-
HO Mpo0JeMy KOT€peHTHOCTI B Cy4acHii TeopeTuuHii ¢isuui. [IpoaHanizoBaHO KJIaCHYHY Ta KBAHTOBY KOHIIEIIIIi KO-
TepEHTHOCTI, YKITIOYal0ul MPHHININ HEBU3HAUYCHOCTI, @ TAKOXK MIPHUHIUIN HeBU3HaueHOCTI [ eit3enbepra, Pobeprcona,
Ieiizenbepra-Podeprcona Ta Lllpponinrepa-PoGeprcona, 3acrocyBaHHS NpuHUIMIY HeBu3HadeHocti lllpboxiHrepa-
PobGeprcona mnsg po3B’s3aHHA 3a7adi MPO HENMHIMHWNA MaTeMaTHIHHHA MasTHUK. [IpoOieMy KOTepeHTHOCTI B
penakcamiifHii ONTHLI NPEACTaBICHO K MPOOJeMy YTBOPEHHs i 3MiHM KOTEpeHTHHX CTpYKTyp. IIpoaHaiizoBaHO
kimacu(ikamito KOTEpEeHTHHX CTPYKTYp, IO BiAMOBimae kiacu(ikamii sBHUII HE3BOPOTHOI B3a€MOJii ONTHYHOTO
BUIIPOMIHIOBAaHHSI 3 PEYOBHHOIO, sIKa MOKJIaZieHa B OCHOBY pellakcaliifHoi onTuku. JlociikeHo npobiieMy OpYIIeHHS
KOT€PEHTHOCTI, YKITFoUarodn (a30By KOTEPEHTHICTB, Ta X 3aCTOCYBaHHS B CydacHii (i3HIli, pelakcamiiHiil onTuii.

KoarouoBi cioBa: xorepeHTHiCTh, TeopeTHuHa (i3Mka, penakcaliiiHa ONTHUKA, NPUHLUN Penes, mpuUHIUNN
HEBH3HAYEHOCTI, KOTEPEHTHI CTPYKTYPH, OPYIIEHHSI KOT€PEHTHOCTI.

Tpoxumuyk Ilerp, Imurpyk HUpuna. [IpodjieMa KOrepeHTHOCTH B COBpPeMEHHOH TeopeTHYecKoil (pusuke.
O0cyxnaercst mpobiieMa KOTEPEHTHOCTH B COBPEMEHHOI TeopeTnyeckoil gusnke. [Ipoananu3upoBaHbl KiaccuyecKas
1 KBAaHTOBas KOHIICTIIUU KOTEPEHTHOCTH, BKIOYAs MPHUHIUIBI HEOMPEICICHHOCTH, MPHUHIUIEI HEOTPEACeICHHOCTH
Ieiizenbepra, Pobeprcona, I'eiizenbepra-Podeprcona u Illpeaunrepa-PobepTcona, a Takke NMpUMEHEHHE MPUHIIMIIA
HeomnpeneneHHoctu llpennarepa-Pobeprcona mis pemreHus 3agadydl O HETHMHEHHOM MaTEeMAaTHIECKOM MasTHHKE.
[Ipob6iemMa KOTEPEHTHOCTH B PEIAKCAIIMOHHON ONTHKE MPE/CTaBICHA Kak mpobaeMa 00pa3oBaHUs U M3MCHEHUS KOTe-
PEeHTHBIX CTpYKTYp. [IpoaHamm3npoBaHa KIacCH(PHUKANNI KOTEPEHTHUX CTPYKTYP, YTO COOTBETCTBYET KIIACCHU(HUKAIINN
SIBJICHUN H606paTI/IMOFO BSaHMOI[efICTBHH ONITUYCCKOI'0 M3JIYy4CHHUA C BCIIECTBOM, 4YTO IIOJIOKEHA B OCHOBY
penakcanoHHo onTHkH. MccnemoBaHbl mpoOIeMbl HapyIIeHUSI KOTEPEHTHOCTH, BKITIOUas (ha30BYIO0 KOTEPEHTHOCTh, U
UX NPUMEHEHUE B COBPEMEHHOH (pu3nke, perakcalliOHHOW ONTHKE.

KiroueBblie ciioBa: KOTepPEHTHOCTB, TEOpETHUESCKas (PIB3HKA, PENAKCAIFIOHHAS OINTHKA, MPUHIUI PaIest, IpHHIHIIBI
HEOMPENEIEHHOCTH, KOTEPEHTHBIE CTPYKTYPEI, HAPYIIEHUS KOTEPEHTHOCTH.
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IIpo6saema BiracHux QyHKUiN Ta BJACHUX 3HAYEHb Y TeOpii HEPiBHOBAKHUX NPOLECIB
Y KOH/IeHCOBaHOMY 0o03e-ras3i

YV poborti mocmiKeHo 3a7ady Ha BIAcHI (YHKINI Ta BJIAcHI 3HAYEHHS OIeparopa JiHeapu30BaHOTO iHTErpaja
31TKHEHb KBaHTOBOTO KiHETHYHOTO PiBHSHHA Bombrnmana mis Mojerni ciaOKoHeineadpHOro 0603e-ra3y 3a HasBHOCTI B
HBOMY 003e-KoHIeHcaTy. [loOynoBaHO TepIi BiciM OpPTOTOHATI30BaHMX Ta HOPMOBAHUX BIIACHHMX (YHKIIN 1 po3pa-
XOBaHO BIJMOBIIHI BiacHI 3HadeHHs. [loka3aHo, IO TepIi TPW BiAcHI 3HA4YEHHs JOPIBHIOIOTH HyI0. Po3risHyTo
MOXKJIMBOCTI 3aCTOCYBAaHHs CHCTEMH BJIACHUX (YHKIIH onepTopa JIiHeapu30BaHOTO iHTErpaya 3iTKHEHb JJISI Teope-
THUYHOTO OIHCY CIa0KOHEPiBHOBA)KHUX IPOIIECiB y 003e-ra3i 3a HasIBHOCTI KOHIEHCATY, 30KpeMa JUlsl ONUCY 3BYKOBUX
XBHJIb, PO3PaxXyHKy KiIHETHYHUX KOE(ili€HTIB B’A3KOCTI Ta TEIUIONPOBIHOCTI TOIIO.

Karouosi cioBa: 003e-ra3, KBaHTOBe KiHETHYHE DIBHSHHS bonblMaHa, JiHeapH30BaHWI iHTErpaj 3iTKHEHB,
Mmeron Ban Yan-YnenOexka.
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