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We discuss the high frequency conductivity and absorption coefficient
of an electron — positron plasma (EPP) created from the vacuum in a
strong nonstationary electric field (nonstationary Schwinger mecha-
nism). It is shown that the basic contribution here is due to vacuum
polarization effects. For subcritical linearly polarised fields, we obtain
the general expression for the induced conductivity and the absorp-
tion coefficient, which is investigated in a wide range of frequencies
from the optical to the y-ray region.
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OCHOBHbIE BbIDAXEHUS 11 MHAYLMPOBAHHON NPOBOAUMOCTU U KO-
3dduumMeHTa NOrNoLLEHNS, KOTOPbIE UCCNENOBaHbI B LLMPOKOM Aua-
Na3oHe 4acToT.
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1. Introduction

The formation of a relativistic EPP created
from the vacuum under the action of an ultra-
short optical laser pulse is one of the topics of
modern fundamental physics and forthcoming
experimental efforts [1,2]. It has been estimated
that a zetawatt laser with intensity 10%® W/cm?
could be built. That would allow to approach
the Schwinger limit of the electric field for
electron-positron pair creation E_=m?/e=1.3 x
x 10'°V/cm. Vacuum creation of light mesons
becomes also possible for such subcritical fields
[3]. It is discussed as one of the perspectives at the
X-ray laser [4,5]. Thus the experimental observa-
tion of vacuum EPP has become an actual problem.
Some of the observable effects have been discussed
before in the literature, see, e. g., Ref. [6,7].

In the present work, we avoid to detail methods
of the generation of acoherent quasiclassical time
dependent electric field and rather focus on the discus-
sion of the optical properties of the created EPP. We
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use a kinetic approach for the description of vacuum
particle creation [8,9] and investigate the absorption
of the EPP in the case of subcritical electric fields
E/E_<<I, which justifies to limit ourselves to the low
density approximation only. It is shown that the basic
contribution to the induced conductivity stems from
the vacuum polarization effects in the external field.
The general expression for the induced conductivity
and absorption coefficient is obtained and investigated
in detail in two ranges of the adiabaticity parameter
corresponding to the optical and y-ray regions. The
absorption of a weak probe signal sent through the

high density region in the focus of the acting strong
electric field can be considered in the present formal-
ism too.

2. The basic equations

We start from the collisionless kinetic equation
for the description of vacuum EPP creation due to
a spatially homogeneous, time dependent electric

field of the linear polarization with the field strength
E(0,0,E() [8.,9].

. t
f(ﬁ,t):%A(Za,t) [dr' A(B.t )1 - £ (B.6)]cosO(B.t.t") O
where L
A(ﬁ,t)=%f(p), ) 0(p.t,t')= 2}61:5(13,1), 3)
e (p.1) ;

e(p.r)= \/8%_ (p)+ (pH —eA(t))z, £ = \/mz +pJ2_. @)

Here, E(t)z —A(t), and f(p,?) is the time de-
pendent distribution function of EPP quasiparticles
generated from the vacuum during the period of the
field action. For the investigation of the optical prop-
erties of the EPP droplet it is important to consider
the structure of the total current

J(t): jcond (t)+ jpol (t): (5)
where the conduction and the vacuum polarisation

currents are equal to ( J; = Id ’ p(27t )_3)

jcond :46_[) %’I) f([;’t)’ (6)

. € =
szzzeL gGiBZAPJ)’ ()
where u(ﬁ, t) is the vacuum polarization function,
t
u(p,t)= [dt' A(p,t")1- £(p.1)]cosO(p.t,t").(8)
i
We will use below the low density approximation,

f ([3, t)<<1. From Egs. (1) and (8) follows that
2
t
fdt'A(ﬁ,t')exp (i@(ﬁ,t,t’)) , (9
)

u(p,0) = [d' A, )cosO (5, 1,1"). (10)
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This approximation corresponds to the assump-
tion of the weakness of the external field with the
characteristic strength £, i. e.

E,/E. <<1. (11)

Below it is assumed that the external, linearly po-
larized field is a harmonic one with the frequency v ,
E(t)=Egcos vi,

(12)
A(t)=—(Ep/ V) cos vt.

The considered theory is characterized also by
the adiabaticity parametery , which defined as [10]
1 _eEO _E()m (13)

y vm E,v '

Given the condition (11), there are two limit-
ing situations: the case of low (optical) frequencies
m /v>>1, where y<<1 and the case of ¥ —ray fre-
quencies V ~m , where y>>1.

Our aim is an estimation of the effectiveness of
the quasiparticle EPP creation by means of optical
methods of registration. As the first step, we intend
to construct the theory of electromagnetic field ab-
sorption by the generated quasiparticale EPP. We are
guided here by the deep analogy with the Bloch theory
of electron — hole interaction with an electromagnetic
field in solid stats physics (see, e. g., Ref. [11]).

Below we restrict ourselves to the case of a
spatially homogeneous system, and define the ab-
sorption coefficient as the ratio of the spectral power
densities of the instantaneous absorbed and incoming
energies, i. e.

@ (©)=0 @)/ w©).

(14)
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where O (®)and w ((x)) are the Fourier transforms of
the corresponding energy functions

0)=jEQ). w)=E" () 4r,

with the conservation law W (t)z -0 (t)

Thus, the next problem is the determination of
the components of the conductivity tensor compo-
nents corresponding to the chosen symmetry of the
system.

(15)

3. Absorption coefficient

The relative orders of the distribution function
(9) and the function of vacuum polarization (10) are
defined by the amplitude (2), for which approximately
holds A~AV~E/E_, so that

S~ fO~Ey I E ), u-u"~(E,JE). (16)

However, the function f® can be an even one
with respect to p; and thus does not give a contribu-
tion to the conductivity current (6). Hence, the leading
approximation for the conductivity and polarization
currents will be

. .(2+3) . (1)
Jeond ™ Jeond > ]POI ~ ]p”l (17)
(the uncertainty in the order of the leading approxi-
mation of the conductivity current j,, stems from
the of the field in the one particle energy e(ﬁ,t)
(4) and the phase (3), see below). In any case, the
polarization current gives the basic contribution in
the total current,

. )
]iju/ ~Jp0]

(18)

0 0.

Below the absorption coefficient will be inves-
tigated for the two asymptotic ranges of the adiaba-
ticity parameter (13) where analytic results can be
obtained.

Case of the high frequency region: v <m,
v>>1. A considerable simplification is reached here
as the field influence in the one particle energy (4)

can be neglected,

e (5.1)—e (p)=+lm* + p*. (19)

Then it follows from Egs. (7), (10), (18) and
(19) that )

t
€

jO = 262 J‘pg—é' I dt’E(t’)cos[280 (t - l’)]. (20)

0 1
The structure of this expression allows to extract
the vacuum polarization contribution to the conduc-
tivity. The generalized Ohm law in a nonstationary

medium is [12]

t
Ji©=[dis, ~1.0)E, ).

if j

2n
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The conductivity tensor G, (t—1,1") depends
on two times: the first argument ¢ — ¢’ takes into ac-
count the retardation effects while the second one #'
corresponds to the nonstationary state of the medium
induced by the influence of an external field. In the
considered linear approximation (20), nonstation-
ary medium effects are absent and hence Eq. (21)
transforms to

(0= [ dro(-r)E@),

where we accoun{gﬁi for the presence of one field
polarization only.
The comparison of Egs. (20) and (22) leads to

the following result for the polarization conductivity
(fO —> —OO)

2
o(t)=2¢"[ “tcos(2¢1).

. PE0 .
The angular integration here gives the result

2 o
cs(t)zzi2 J'ﬁ\/xz/4—m2><
3

2 o X2 (24)
x(2m2 + x2 /4)cosxt.

Finally, performing the Fourier transforma-
tion, we obtain a result for the frequency dependent
conductivity which is in full analogy with the Bloch
theory of electromagnetic wave interaction (in the
dipole approximation) with free carriers in a semi-
conductor [10],

2
G((D)Z e—\/(oz —4m? x
2412

x(1+8m2/u)2) 9(0)—2m).

The main prediction of this result is the threshold
® = 2m in the frequency dependence of the polariza-
tion conductivity.

Now it is easy to find the connection between
the conductivity (25) and the absorption coefficient
(14). From Eq. (22) follows

Jj@)=0 @)E @),

and for the spectral densities of the energies (15) we
obtain

(22)

(23)

(25)

(26)

Q@)= [do'c @)E@)E@-0). (7
@) [do' E@)E@-), (o)

Let us apply these formulas to a monochromatic
signal (12), where

E@) %EO B@-v)+5@+v), (29
so that

Q)=nw,0,(V)B@)+3@-2v)l, (30)
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w(u)):iwo[zﬁ(w)wtﬁ(w—zv)], 31)

were W, = Eé /41 . Disregarding the static parts of
these relations and comparing the spectral densities at
the frequency @ =2v , we obtain for the absorption
coefficient the result

o (v)=4n 6 (v)- (32)

Thus, in the applied approximation, the EPP will
absorb the energy of an external field starting with
the threshold frequency v =m (in Eq. (25) ® =2v(!),

which corresponds to a two-photon process, see Eq.
(30)). Otherwise, the EPP is optically transparent up
to the pair creation region. It is worth noting, that this
effect is rather large ~ e’ and it can be expected that
the absorption at Vv <m will appear in some higher
order as, e. g., O(e*).

The optical region. Let us write the general
expression for the polarization conductivity, that
follows from Egs. (7), (10) in the low density ap-
proximation

S pol (t,z"):2e2 -[p s;%p) {si + [pH + e(A (t)— A(t'))} 2 }1 x

xcosZZJ:dT {Si + [p” + e(A (t)_ A(t,))] ? }

Here a substitution was used, which makes ex-
plicit the dependence on ¢ (p) defined by Eq. (19).
In the high frequency region (v <m, y>>1).
Eq. (33) leads to the results (25), (32) again. The case

2( 2 2
p (so—p /3) 4e2Eg

(33)
12

of the «optical» region (V <<m,y >> 1), after using
the averaging procedure over harmonics of the laser
field, leads to the result

-1/2

(0—2¢ )2 , (34)

2 2eEy |\
S pol ((D):i_y](%( VZOJ Idp

were J, (x) is modified Bessel function. This result
is valid under the condition

2ekE,

A%

that is fulfilled certainly in the considered range. The
corresponding absorption is defined by Eq. (32). The
presence of two frequencies v and ® has a simple
meaning: the frequency o is the response frequency
of the polarized vacuum under the influence of the
monochromatic laser field which has the frequency v.
These frequencies are identified in Eq. (32).

Let us remark, that the response of the EPP with
respect to a weak probe signal with a linear polariza-
tion collinear with the basic strong electric field can
be considered also in the framework of the present
formalism. For this aim it is sufficient to consider the
bichromatic signal with the electric field

0< —2m = 2my, (35)

E(t)=E,cosv t+ E, cosv t (36)

were E, v correspond to the basic high intensity field
and E,,v, to the probe laser.

4. Summary

The results of the work can be summarized as
follows. In the case of subcritical fields (11), it was
shown, that the absorption coefficient is defined
mainly by the vacuum polarization effect in Eq.

Przrka

0 £ (8(2) +e2E§/v2) v

(18). A general expression (33) was obtained for the
induced polarization conductivity, which is valid for
all values of the adiabaticity parameter (13). Eq. (33)
was investigated analytically in two asymptotic cases:
v <<1 (the high frequency limit, Egs. (25), (32)) and
v >>1 (the low frequency (optical, x-ray) region, Egs.
(32),(34)). These results have preliminary character
and require a more detailed investigation.

The condition (11) of the field weakness is in
need of joint consideration with the quasipartical
condition [13]

E>>E=v2. (37)

Thus, the electric field should be satisfy to the
double inequality

EclzeEc(v/m)2<<E<<Ec, (38)
These conditions are fulfilled well in the region
v<<m. The high frequency limit v~m is the upper
bound of validity of requirement (38).
We thank A. V. Prozorkevich for the useful
remarks.
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PA3BUTUE NPEACTABJIEHMIA O NPUPOAE 3PEH
OT JIEOHAPAO AA BUH4YU 1O TOMACA IOHIA
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B koHTekcTe npobniem, CBS3aHHbIX C r'yMaHW3aLUuei U rymaHuTa-
pusauveit puanyeckoro 06pa3oBanus, BKNOYas GUNOCopckme u
OMOAKTUYECKUE BOMPOCH! MOBLILLEHUS TBOPYECKOr0 MOTeHuMana
MoJslofiblx MccnenoBaTeneii B obnactu dusnonorudeckoin n du-
314ECKON ONTUKM, NPELCTABNEHO Pa3BUTUE B3rNAL0B HA NPUPOLY
3peHud B Tpynax JleoHapao aa Bunuu, Mcaaka Hetotona u Tomaca
lOnra.
KniouyeBble cnosa: uctopus Gusnku, TBOpLbI GU3NHECKOIA ONTUKK,
npuUpoAa 3peHus.
Uctunnas HayKa — Ta, KOTOPYIO OIIBIT
3aCTaBHII l'lpOFlTlxl CKBO3b YYBCTBa U Ha-
JIOKUJI MOJTYaHUE Ha A3BIKU CIOPLIMKOB U
KOTOpasd HE NMUTACT CHOBUACHUAMU CBOUX
HCCJIeI(OBaTeIIeﬁ, HO BCE€raa OT MEPBBIX HUC-
TUHHBIX W BECAOMBIX Ha4dall MIPOABUTACTCH
NOCTCNCHHO U MPHU MNOMOIIU MCTHHHBIX
3aKJIFOYEHUH K IIeNH. . .
Jleonapoo da Bunuu

BBepeHue

Bonee 70% urdopmaiun 00 OKpyKaroIeM Hac
MUPE MBI ITOJy4aeM IMOCPEICTBOM 3PEHHS, ¥ JIUIIICHUE
3TOTO Japa MPEeACTaBIACTCS IS YeI0OBEeKa OOIBIION
Tpareauei. IMEHHO 1O 3TOMY aKTyalbHOCTh pas-
BUTHS TIPEJCTABICHUIA O MPUPOJIC 3PSHHUS U MHTCH-
cubUKaIMKA ONTHYCCKUX H MEAMKO-OHOTOTHYCCKUX
WCCIIEIOBAaHUH B 00JIACTH (PU3HOIOTHIESCKON ONITHKH
HE BBI3bIBAET COMHEHHUA. TeM He MeHee B CBS3H C
TEeMOH Halei paboThl, BRIHECEHHOH B 3aT0JIOBOK, MBI
Ha4YMHAEeM HaIlly CTaTbhIO C BOIIPOCOB: 3aueM (PU3UKy,
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Development of Ideas about Nature of Sight from Leonardo
da Vinci to Thomas Young

B. A. Medvedev, A. A. Kudryashova

In the context in the problems, connected with humanization and
humanitarization of physical formation, including philosophical and
didactic questions of an increase in the creative potential of young
researchers in the field of physiological and physical optics, is
represented the development of views on nature of sight in the works
of Leonardo da Vinci, Isaac Newton and Thomas Young.

Key words: history of physics, creators of physical optics, nature of
the sight.

TOYHYIO, HE TEpIALLYI0 OTCTYIUIEHMI OT IpaBUI
HayKy, paccMaTpuBaTh B (punocopckoM KoHTeKcTe?
B uém nonb3a paccyxaenwnii o e€ uctopun? He 3arem
7Y, OTBETUM MBI, UTOOBI BCIOMHUTH: «lMcTHHA Tak
HE)KHa, 4TO YyTh TOJIBKO OTCTYIMJI OT HE€, BIIaAaellb
B 320y /IeHHe; HO U 3a01y’KICHUE 3TO TaK TOHKO,
YTO CTOUT TOJBKO HEMHOI'O OTKJIOHUTBHCS OT HETO,
1 okasbiBaewbes B uctuney (bies [Nackanp). Lena
3a0ITy’KICHUH U OMIMOOK B UCTOPUHU (DU3HKH BBICO-
Ka HaCTOJIBKO, YTO COBPEMEHHBIH HCCIIEN0BaTEIb
JIOJDKEH IIOMHUTB: OH BCETZa Ha IpaHULIe IO3HAaHUS,
€ro MBIIIUICHHUE He JOJKHO CTPaJiaTh «10TMaToOM He-
norpemMoctu». C Ipyroi CTOpPOHBI, €ro HE MOXKET
HE UHTEPECcoBaTh (hyHIaMECHTAIBHBII BOIIPOC O TOM,
KTO Aenaet oTkpeITus. [louemy ["anuneit u HeroToHs,
Bonbsiman u Maxkcsemn, [1nank u Pesepdopa, bop u
Oiiamirelin, [eitzentepr u lllpenunrep, e bpoiins,
Jupax u Ilaynu u, Haxonen, IIpuroxun? Ilouemy
UMEHHO UM OBLITO JaHO IPUBECTH K CMEHE HAYIHBIX
HapagurM 1 U3MEHEHHIO (hPH3U4eCKOM KapTUHBI MUpa?



