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Electron ± positron plasma generation
in the magnetospheres of neutron stars

Ya N Istomin

1. Introduction

In this report we discuss the processes of the generation of
relativistic electron ± positron plasma in magnetospheres of
rotating magnetized neutron stars. Both not very strong
magnetic fields, B ' 1012 G, typical for radio pulsars, and
superstrongmagnetic fields,B ' 1014ÿ1015 G, typical for so-
called magnetars, are considered. It is shown that superstrong
magnetic fields do not suppress particle production. Intervals
of neutron star parameters, first of all rotation periods and
magnetic field strengths, allowing effective plasma generation
have been found.

Neutron stars are the smallest observed stars in the
Galaxy. Their radius R is around 10 km (for comparison,
the solar radius amounts to 7� 105 km). So, the ratio of the
radius of a neutron star to that of ordinary stars is about 10ÿ5.
However, with such a small radius, neutron stars have a mass
M on the order of the solar one M�, with the average
magnitude being 1:4M�. The mean density of the neutron
star matter is �r �3M=4pR 3�7�1014 g cmÿ3, which exceeds
the standard nuclear density r0 � 2:8�1014 g cmÿ3 by
several times (�r ' 2:5r0). Therefore, a neutron star can be
considered as a huge atomic nucleus with a radius of about
10 km. The matter density at the center of the star can exceed
the nuclear one by 10 ± 20 times. At such densities in the
neutron star center, pion, hyperon, and kaon condensations

are made possible. The possibility of the appearance of
quarks, mostly strange, is also discussed. Such stars are
termed strange stars.

The body of a neutron star consists of outer and inner
crusts, where the neutronization of matter occurs, and of
outer and inner cores. The number of protons and electrons in
the inner crust and outer core is much smaller than the
number of neutrons, the ratio being of the order of several
percent. Neutrons and protons probably form superfluid and
superconducting pairs, so that neutron star matter possesses
superfluid and superconductive properties. It should also be
noted that the gravitational energy of a neutron star amounts
to a substantial fraction of its rest energy: Eg � GM 2=R '
5� 1053 erg � 0:2Mc 2, whereG is theNewtonian constant of
gravitation.

The existence of neutron stars was predicted by Baade and
Zwicky [1] in 1934, two years after the discovery of neutrons.
Despite their small size, neutron stars are among the most
active stars, radiating energy in the entire electromagnetic
spectral range from radio waves to ultra-high energy photons
beyond 1 TeV.

Neutron stars were discovered in 1967 by Bell andHewish
[2] as sources of periodic radio emissionÐradio pulsars. In
1974, Hewish was awarded the Nobel Prize in Physics for his
decisive role in the discovery of pulsars.

Presently, more than 1500 radio pulsars are known. Their
pulse-repetition intervals, i.e., the periodicity of recurring
radio pulses, are very stable and span the range from 1.5 ms
to 8.5 s. The high stability and small intervals can only be
explained by the rotation of a small body with radius
R < 5� 107 cm. Only neutron stars have such small radii. A
constant increase in the pulse-repetition intervals P of radio
pulsars with time is also observed, dP=dt'10ÿ15 s sÿ1,
implying a loss in the rotational energy of a neutron star.
The measured energy loss dE=dt � �2p�2IPÿ3 dP=dt for the
standardmoment of inertia I � 1045 g cm2 of a neutron star is
on the order of dE=dt ' 4�1031 erg sÿ1. However, rapidly
rotating neutron stars actually lose much higher energy. For
example, the Crab Nebula pulsar emits 1038 erg sÿ1, which is
by many orders higher than the solar luminosity. The energy
emitted in the radio frequency band amounts to only a tiny
fraction, 10ÿ5ÿ10ÿ6, of the total energy losses. The most
powerful radio pulsars also radiate in other spectral ranges,
including the optical, X-ray, and gamma-ray ranges. The
emission power increases with frequency, but nevertheless
remains much smaller than the total energy losses. The
question arises as to what is mainly emitted by a rotating
neutron star?

In addition to being radio pulsars, neutron stars are also
the sources of

(a) powerful X-ray emission, both periodic (X-ray pul-
sars) and irregular. These are neutron stars in close binary
stellar systems in which the star-companion provides the
neutron star with matter accreting onto it. The energy
liberated during accretion amounts to ' 0:2 of the rest
energy of the infalling flux of matter;

(b) gamma- andX-ray bursts. These are anomalousX-ray
pulsars (AXPs) and soft gamma repeaters (SGRs). Both these
groups are combined into one class of the so-called magne-
tars. They comprise neutron stars with ultrahigh surface
magnetic fields of 1014ÿ1015 G;

(c) steady X-ray emission from central compact objects
(CCOs) in supernova remnants. These are neutron stars
formed during the core collapse of pre-supernova stars;
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(d) very faint optical emission. These are nearest radio-
quiet isolated neutron stars;

(e) sporadic radio bursts from rotating radio transients
(RRATs). These are neutron stars which are not steady
working radio pulsars;

(f) unusual gamma- and X-ray emission from sources like
Geminga (Gemini gamma-ray source).

The study of neutron stars solves and provides the
possibility to solve a number of fundamental physical
problems. These include first of all the analysis of the
equation of state of superdense matter with r > r0. The
equation of state (up to now, more than ten different
equations of state have been proposed theoretically) deter-
mines the form of the dependence M�R� of the mass M of a
neutron star on its radius R. Masses of neutron stars are
measured with a good accuracy in binary systems, their radii
being inferred from intensity measurements of the emission
from the neutron star surface. Up to the present, however, the
accuracy of measurements of radii and masses of neutron
stars has been insufficient for the unique determination of the
equation of state of the superdense matter.

The superfluidity of neutron matter can be examined by
measuring interruptions in the rotation period of a radio
pulsar during neutron star rotation braking (glitch). In some
cases, the interruption dynamics is explained well by the
unpinning of a superfluid vortex from the stellar core. The
evolution of the magnetic field `frozen' in the star allows
conclusions about the superconductivity in the neutron star
core.

In strong magnetic fields B pertinent to neutron stars,
B > 1012 G, the structure of matter is unusual. In such fields,
the cyclotron radius of atomic electrons is smaller than the
Bohr radius, and the atoms are strongly compressed in the
direction perpendicular to the magnetic field and take the
form of a needle. The properties of matter formed by such
atoms can be judged from the interaction of the neutron star
surface, where the matter density reaches 105 g cmÿ3, with its
magnetosphere.

Very importantly, observations of neutron stars as radio
pulsars allow the checking of General Relativity through
measurements of post-Newtonian corrections to the
dynamics of motion of two neutron stars in a close binary
system. For example, a measured decrease in the orbital
period of the pulsar PSR B 1913+16 amounted to
dPorb=dt � ÿ2:4086�10ÿ12 s sÿ1, which corresponds to a
decrease in the binding energy of the stars due to their
emission of gravitational waves. In 1993, R A Hulse and
J H Taylor, Jr. were awarded the Nobel Prize in Physics for
the discovery of a new type of pulsar, a discovery that has
opened up new possibilities for the study of gravitation. The
timing, i.e., the precise measurement of the time of arrival of
individual pulses, is now so accurate that several of the most
stable radio pulsars can be used to construct a frequency
standard more stable than current atomic clocks. Measure-
ments of the retardation of a radio signal at different
frequencies and its polarization are used to determine the
parameters of interstellar medium: the electron number
density, the magnetic field strength, and inhomogeneities.
By this is meant that it is also possible to probe the nearby
environments of radio pulsars. The timing of radio pulsars
allows studies of the cosmic background of gravitational
waves.

Finally, observations of active neutron stars enable us to
investigate electrodynamic processes in superstrong magnetic

fields B > 1012 G typical for neutron stars. Here, we will
consider the processes of plasma generation in magneto-
spheres of rotating magnetized neutron stars.

2. The magnetic field of neutron stars

Observations revealed that the energy lost by a rotating
neutron star as radio pulsar is mainly spent on the formation
of the flux of relativistic particles called the pulsar wind. Thus,
it is precisely these relativistic particles that feed the entire
CrabNebula. The flux of such particles is about 1040 particles
per second. Observations of the unique binary system
consisting of two radio pulsars J0737-30039 A, B allow one
to show how the pulsar wind from the more powerful pulsar
compresses the magnetosphere of the star-companion several
dozen-fold. The heating of the star-companion to the
millisecond pulsar 1957+20 at orbital phases where the
companion side turned toward the pulsar has also been
observed.

However, for a long time the activity of a rotating neutron
star was thought to be connected not with the wind emission
but with the emission of the so-called magneto-dipole wave,
an electromagnetic wave generated by the rotating magnetic
dipole frozen in the star. The emission power of the magneto-
dipole radiation, dE=dt � 2O 4m2 sin2 w=3c 3, was matched
with the rotational energy losses of the neutron star. Here,
O � 2p=P is the rotation frequency of the star, m is its
magnetic moment, and w is the angle between the rotation
axis and the magnetic dipole axis. The derived estimate of the
surface magnetic field intensity B��P dP=dtÿ15�1=2 � 1012 G
exactly matched the expected values. (The notation dP=dtÿ15
means the rotational braking in units of 10ÿ15 s sÿ1).

The idea that the activity of rotating neutron stars is
related to the presence of a strong magnetic field B ' 1012 G
was put forward by V L Ginzburg almost immediately after
the discovery of radio pulsars. Indeed, assuming magnetic
flux freezing, during the fast compression of the pre-super-
nova star by 105 times themagnetic field intensity increases by
1010 times. So, from the 100-G magnetic fields of ordinary
stars we arrive at the above estimate of neutron star magnetic
fields. Moreover, during the cooling of a neutron star after a
supernova explosion, the magnetic field can be generated in
the stellar core by the current of electrons carrying the heat
flux. Observations of absorption cyclotron lines in the spectra
of some X-ray sources also indicate a magnetic field strength
of order 1012 G on the neutron star surface. The upper limit of
the magnetic field intensity of a neutron star, 1018 G, is given
by equating the magnetic field energy to the gravitational
energy Eg of the neutron star.

As mentioned above, there are neutron stars belonging to
a rather small but very active class, which demonstrate
bright bursts of gamma- and X-ray emission and have
significantly stronger magnetic fields than ordinary pulsars.
Such stars rotate comparatively slowly with the periods
P ' 5ÿ10 s but undergo braking much faster, dP=dt '
10ÿ10 ± 10ÿ12 s sÿ1. Their energy is caused by magnetic
fields, not by rotation. The X-ray flux from such a star,
Wx ' 1035ÿ1036 erg sÿ1, is much higher than the rotational
energy losses defined as IO dO=dt. The energy stored in the
magnetic field,

� �B 2=8p� dV, is also larger than the rota-
tional energy IO2=2 of the star. This suggests that the activity
of such neutron stars is due to their magnetic fields and not
the rotational energy, as is the case for ordinary radio
pulsars. Such stars are thus termed magnetars.
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The strong magnetic field in the neutron star magneto-
sphere provides conditions for plasma generation and the
formation of a wind Ð the flux of relativistic electrons and
positrons emitted by active stars.

3. Plasma generation

Effective particle creation begins at magnetic field intensities
close to the intensity of a so-called critical magnetic field:

Bc � m 2c 3

e�h
� 4:4� 1013 G :

Here, m and e are the mass and charge of an electron, c is the
speed of light, and �h is the Planck constant. In such amagnetic
field, the distance between the adjacent Landau levels is equal
to the electron rest energy: �hoc � mc 2. In such an electric
field, the vacuum becomes unstable and electron ± positron
pair creation begins. The probability of one-photon pair
creation in the magnetic field is given by

w � bB sin b exp
�
ÿ 8

3Bk sin b

�
; B < 1;

where b is the angle between the photon wave vector and the
direction of the magnetic field, k is the photon wave vector in
units of the inverse electron Compton wavelength, the
magnetic field intensity is measured in units of the critical
magnetic field intensity, and b is a constant. Pair creation
occurs above the threshold value of k sin b > 2. It is seen that
even in not very strong fields, B < 10ÿ2, typical in radio
pulsars, photons with energy k > 102 effectively create pairs.
In a strong magnetic field B > 1, pair creation probability is
even higher:

w � bB exp

�
ÿ k 2 sin2 b

2B

�
; B > 1;

and electron ± positron pairs form immediately after reaching
the threshold.

Relativistic particles in the star magnetosphere rapidly
lose transversal momentum due to synchrotron emission and
move along themagnetic field. The magnetic field lines have a
large curvature; the radius of curvature r near the surface
changes from the stellar radius (' 106 cm) at the equator up
to about 108 cm near the pole. Particles moving along a
curved trajectory emit so-called curvature photons with
energies k � 3g3=2r ' 104, which is sufficient for subsequent
pair creation. Here, g is the Lorentz factor of a particle, and
the radius of curvature is measured in units of the electron
Compton wavelength �h=mc. Charged particles acquire sig-
nificant energy (with Lorentz factors up to g ' 107) by
moving in the electric field E that appears in the rotating
magnetosphere, E ' ORB=c. The curvature photons, which
initially propagate along themagnetic field lines, after passing
the length l acquire the threshold angle b: l=r � 2=k, due to
the field line curvature. In a strong magnetic field B > 1, the
length l is the photon mean free path for pair creation. In a
weak magnetic field B < 1, the mean free path is somewhat
longer, l � 8r=3kBL, where L is a logarithmic factor ranging
L ' 10ÿ15. In this way, the electron ± positron cascade in the
neutron star magnetosphere is formed, as shown in Fig. 1.

In a weak magnetic field B < 1, the cascade strengthens
due to particles being created at high Landau levels and

emitting so-called synchrophotons during the transition to
the ground level. These additional photons significantly
increase the photon number. In a strong magnetic field
B > 1, particle creation occurs either on the ground or on
the first level, depending on the photon polarization.

Generally, radiation processes in a strong magnetic field
greatly depend on photon polarization. Two polarizations are
possible: (1) the longitudinal one, where the electric field of a
photon lies in the plane �k;B� and has a nonzero projection
onto the magnetic field, and (2) the transversal one, where the
electric field is orthogonal to both the k and B vectors.

In a field B > 1, the decay of a transverse photon into
two longitudinal ones, k? ! k1k � �kÿ k1�k, is possible. It
had been thought earlier that these two facts, viz. the
absence of synchrophotons and the radiation decay of a
photon, suppress the plasma generation in a strong
magnetic field of magnetar magnetosphere. This seemed to
have been confirmed by observationsÐno magnetars were
known to radiate radio emission. However, very low-
frequency observations carried out at ' 100 MHz at the
Pushchino Radio Astronomical Observatory of LPI have
shown that there is an unusual radio emission from two
magnetars [3, 4]. In addition, the anomalous X-ray pulsar
(magnetar) XTE 1810-197 started to act as a powerful pulsar
after the X-ray burst in 2003 [5]. In 2007, a magnetar emitting
in the radio band was also discovered. This means that the
generation of dense plasma in magnetar magnetospheres with
a strong magnetic field B > 1 is also possible, as in pulsar
magnetospheres with B < 1.

A plasma is called dense if the number density of particles
exceeds some value called the Goldreich ± Julian density nGJ

[6], which separates the vacuum magnetosphere of a neutron

Synchrophotons

Free
photons

Curved
magnetic éeld

Electric éeld E

Secondary
e+eÿ-pair

Neutron star

Positron

Figure 1. Schematic of the process of creation of an electron ± positron pair

in the magnetosphere of a neutron star near its surface. Particles are

accelerated by the electric field, move along the magnetic field lines, and

radiate curvature photons which, by crossing the magnetic field lines,

produce electron ± positron pairs. In a weak magnetic field B < Bc,

particles created change to the ground Landau level and emit synchro-

photons. In a strong magnetic field, particles are created on the ground or

on the first Landau level.
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star, where a nonstationary electromagnetic field is generated
(magneto-dipole wave), and the stationary magnetosphere
filled with plasma:

nGJ � ÿ BX

2pce
:

This density near the neutron star surface, both in pulsars and
magnetars, is of the order of 1012 cmÿ3. Cascade creation of
electrons and positrons in the magnetosphere of a radio
pulsar leads to a number density much higher than nGJ. The
plasma particle multiplicity l � n=nGJ reaches values of
l � 104ÿ105 [7].

In magnetars with a strong magnetic field B > 1, the
plasma particle multiplicity also turned out to be comparable
with that in radio pulsars [8]. Although for B > 1 there is no
second generation of particles, i.e., those created by synchro-
photons, the number density of the first-generation particles
created by the curvature photons is proportional to the
magnetic field strength, n / B, which compensates for the
lack of synchrophotons in a high magnetic field. The photon
radiation decay leads to the 100% polarization of gamma
quanta which become longitudinally polarized [8].

Thus, a strong magnetic field does not suppress plasma
generation, as was thought before. The only factor suppres-
sing plasma particle creation in magnetars is their slow
rotation. On average, the rotation periods of magnetars is
larger by two orders of magnitude than those of radio pulsars.
Thus, the size of the polar cap where plasma is generated,
' R�OR=c�1=2, decreases by one order of magnitude. This
increases the radius of curvature r of the magnetic field lines
(at the dipole axis r is infinite). As a result, the energy range of
electrons and positrons created becomes smaller. The mini-
mum Lorentz factor gmin � r=R increases, while the max-
imum one gmax � 3g30=4r decreases. The energy g0mc2 equals
the energy that particles acquire from a longitudinal electric
field induced in the polar cap region. At gmax ' gmin, plasma
generation in magnetars almost stops. This condition
determines the range of parameters, the neutron star rotation
period P and the magnetic field intensity B, where dense
plasma generation is possible in magnetar magnetospheres:

P

�
B

1012 G

�ÿ3=7
< 1 s:

For radio pulsars, a similar boundary was determined in
paper [7] (see also the book [9]): P�B=1012 G�ÿ8=15 < 1 s. The
�P; dP=dt�diagram for radio pulsars andmagnetars, inwhich
plasma generation boundaries are shown, is presented in
Fig. 2. The magnetic field intensity and the rotation braking
is related by the formula B � �P dP=dtÿ15�1=2 � 1012 G.

4. Conclusion

Observations of radio pulsars provide the possibility to
explain how plasma generation occurs in magnetospheres of
neutron stars. This possibility emerged during observations
of a small group of so-called switch-off pulsars. These are
pulsars in which radio emission temporarily disappears and
then appears again. Such `radio-quiet' and `radio-loud'
phases occurs at all times of observations. For example,
careful observations of the pulsar PSR B1931+24, which is
quiet for 20 ± 25 days and then switches on for 5 ± 10 days,
showed that its rotation braking is significantly different
during the quiet and loud phases [10]. The braking during

the radio-loud phase is 1.5 times as effective as during the
radio-quiet one. The explanation for this is that the radio
emission is related to plasma generation, and the rotational
energy of the neutron star is spent on the generation of the
pulsar wind. The absence of radio emission, in turn, implies
that no plasma is generated and the rotational energy is spent
on the generation of magneto-dipole waves [11]. Hence, the
energy losses are very different. Should one catch the moment
of the switch-on, one could observe the development of
cascade plasma generation, which should show up in the
intensity and spectral range of the radio emission. At the
switch-off moment, which lasts less than 10 s, one could
observe the interaction of the magneto-dipole radiation with
the pulsar wind. The point is that electromagnetic radiation
propagates with the speed of light, faster than the wind, and
when catching up with the wind the radiation starts interact-
ing with it. The magnetic field of the radiation excites
synchrotron radiation of relativistic particles in the wind.
Measurements of the intensity and spectral range of such a
radiation would allow the determination of the particle
number density and particle energy spectrum in the wind.

In conclusion, we should note that the observations of
neutron stars and the theory of the observed phenomena
provide us with a fundamental understanding of the behavior
of matter under extreme conditions, in particular, in super-
strong magnetic fields.
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Multichannel propagation and scattering
of phonons and photons in low-dimension
nanostructures

Yu A Kosevich

1. Introduction

Recent major achievements in the research and development
of technologically and functionally advanced materials have
markedly increased research interest in the generation and
propagation of coherent acoustic phonons in quasi-one-
dimensional superstructures (including those with `acoustic
nanocavities' [1]), nanowires, and nanorods [2]. Of much
importance in terms of potential applications is the study of
phonon heat transfer in low-dimension systemsÐ for exam-
ple, through a solid ± solid microcontact [3]. The search for
technologically feasible materials for thermoelectric transdu-
cers lent very topical significance to the recent experimental
finding that silicon nanowires with rough surfaces have a
much lower thermal conductivity than their smooth-surface
counterparts and bulk silicon [4 ± 6]. Furthermore, the
phonon contribution to the thermal conductivity of single-
crystal silicon nanowires with a diameter of less than 50 nm
approaches the limiting value found for amorphous silicon,
something which current theories cannot explain [5]. Also,
the molecular dynamics modeling of the thermal conductiv-
ity of diamond nanorods whose surfaces are coated with
hydrogen with attached phenyl groups has shown that the
thermal conductivity of nanorods is much less than that of
bulk crystals [7].

This talk describes and discusses several examples of the
so-called multichannel propagation and scattering of pho-
nons and photons, two processes which can contribute to the
phonon and photon characteristics, both dynamic and
kinetic, of low-dimension systems.

The important thing about the multichannel propagation
of phonons or photons is that there are several `parallel' paths
along which propagation is effected, between which both
constructive and destructive interference can take place.
Path-to-path interference occurring during multichannel
propagation in a low-dimension system results in the
transmission, reflection, and/or absorption coefficients gen-
erally having an asymmetric (non-Lorentzian) line shape as a
function of the phonon (photon) frequency.

An asymmetric absorption line shape was first described
by Fano [8] in his study of inelastic autoionization resonances
in atoms and has been interpreted as due to discrete
resonances interfering with the surrounding continuum of

`background' states. AlthoughFano type asymmetric absorp-
tion profiles have been discovered in many atomic systems
(see, for example, Ref. [9]), they are not exclusive to them
alone and have also been detected in doped semiconductor
materials (the absorption [10] and Raman scattering [11]
spectra taken from impurities), as well as in bulk intrinsic
semiconductor GaAs and semiconductor superlattices [12,
13], and in quantum wells [14]. In the context of electron
transport, conductivity as a function of applied voltage or
gate voltage has been observed to exhibit asymmetric peaks in
quantum dots with few electron levels [15, 16], crossed carbon
nanotubes [17], and quantum wires with an attached `lateral'
quantum dot [18, 19]. The electron Fano effect in a quantum
dot on one arm of an Aharonov ±Bohm interferometer can
interact with the Aharonov ±Bohm effect [20, 21] and with
Kondo correlations in the quantum dot [22]. For photons, the
clearest manifestation of the Fano effect is the asymmetrically
shaped line of the photon transmission coefficient through a
two-dimensional system of local (plasmonic or optical-
phonon) resonances [23, 24] or through a layer of a
transparent material with a periodic arrangement (two-
dimensional lattice) of holes [25, 26].

The phonon analogue of the Fano effect was first
described in Ref. [27] and Ref. [28] independently. Reference
[27] studied, in particular, the passage of a long acoustic wave
(acoustic phonon) through a crystal two-dimensional (2D)
defect with a complex structure. A peculiarity in considering
such a 2D defect in crystal consisted in accounting for not
only the interaction between the neighboring atomic layers
closest to the defect but also the direct interaction of the
lattice matrix rims through the defect monolayer. In an
atomic model of the 2D defect this corresponds to the
interaction between nonclosest neighbors. Reference [27]
predicted that this essentially monolayer defect characterized
byweak local force bondings of both nearest andmore distant
neighbors can fully reflect in a resonant manner acoustic
phonons with wavelengths much larger than the physical
thickness of the defect. From the viewpoint of the Fano effect
interpretation, the reason for the anomalously strong reflec-
tion of an acoustic wave is the destructive interference
between two phonon wave paths: through a local oscillator
(or through the local bondings of the nearest neighbors) and
through the local force bondings of the nonclosest neighbors,
bypassing around the local oscillator. A further prediction of
Ref. [27] was that a phonon undergoes total resonant
absorption (total nonreflection and total nontransmission)
at the boundary of a crystal 2D defect with a complex
structure. As noted in Ref. [27], a normally incident, long-
wave acoustic phonon cannot suffer anomalously strong
resonant reflection (or absorption) by a laterally uniform
layer of the material (see, for example, the well-known
monograph [29]); this can only happen in the acoustics of
composite materials. What a laterally uniform layer can only
do is resonantly increase the phonon transmission coefficient
under Fabry ± Perot resonance conditions, thus demonstrat-
ing the phonon analogue of the resonant bleaching effect. The
interaction of thematrix rims directly through the defect layer
is equivalent to the lateral nonuniformity of a two-dimen-
sional defect. Introducing this additional local interaction can
also be regarded as effectively taking into account that
impurities do not always fill the entire surface of a crystal
2D defect, i.e., impurity atoms can alternate in the plane of
the defect with matrix atoms or, alternatively, there may be
two or more types of impurities in a 2D defect (Fig. 1).
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