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Abstract—Simultaneous observations on the RATAN-600 radio telescope at 0.97, 2.3, 3.9, 7.7, 11.1, and 21.7 GHz
during the period from January 3 to February 25, 1998, revealed variability of 0524 + 034 on time scales not
exceeding 10 days. The variations are correlated at all frequencieswhere the parameters of the variability could
be determined, including in the optically thick part of the spectrum. The mean spectrum of the variable com-
ponent was derived and is in agreement with the spectrum of a homogeneous, spherically symmetrical
source. In the optically thin part of the spectrum, the spectral index of the variable component isa = -0.2,
reflecting the initial energy distribution of the relativistic electrons. It is argued that the variable emission
is associated with the acceleration of electrons and amplification of the magnetic field and that adiabatic
expansion can be neglected. It is proposed that the observed variability is due to illumination of inhomo-
geneities in the jet by a shock front passing through them and that the light curve reflects the distribution
and characteristic sizes of these inhomogeneities (0.14-0.5 pc for angles to the line of sight not exceeding
10°, Lorentz factor y = 10, and adopted redshift z=0.5). In 0524 + 034, in addition to the rapidly variable
component, there are two slowly varying components, one of which hasa =-0.7 in the optically thin part of
the spectrum. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In[1], wereported the unusual ly large amplitude of the
long-term flux variability of the radio source 0524 + 034
at centimeter and decimeter waves. This source was
detected for thefirst timein 1979 in the Zelenchuk Sur-
vey, carried out on the RATAN-600 radio telescope at
8.7 GHz[2]; itsflux at that timewas 460 mJy. Theradio
sourceisidentified with a 19th-magnitude object on the
Palomar Survey O map; its 2000.0 coordinates are [3]

RA =05"27m32770, DEC = 03°31'31" 44.

In 19961998, the flux density continued to increase.
Over the last ten years of observations, itsflux at 7.7 GHz
has increased by more than a factor of 20. Here, we
report the detection of flux variability on time scales
shorter than 10 days at frequencies 2.3-21.7 GHz.

At centimeter wavelengths, the variability of BL
Lac objects on time scales from weeks to months has
been known for a long time and has been intensely
studied (see, for example, [4, 5]). Variability has also
been found on shorter time scales, from severa hours
[6] at 1.42 GHz to about one day over awide frequency
range [7]. These variations could arise within the
source itself or could result from propagation of the
radiation through a nonuniform medium.

If the variability isintrinsic to the source, then such
short time scales for the variability result in brightness
temperatures considerably exceeding the Compton
limit of 10'? K. Therefore, the rapid variability cannot

be explained within the framework of the standard
model of a spherically symmetric, homogeneous, adia-
batically expanding cloud of relativistic electrons [8, 9].
Brightness temperatures exceeding the Compton limit
can be explained using models with relativistic motion
of the emitting plasma under a small angle to the
observer’sline of sight.

The behavior of variable radio sources on various
time scales and over awide frequency range can best be
explained in the framework of models with shock
waves propagating in relativistic plasma[10]. Our stud-
ies support such a mechanism for the variability.

2. OBSERVATIONS

Observations were carried out daily from January 3
to February 25, 1998, as part of a program to study
rapid variability of sources from a complete flux-lim-
ited sample. The sample contains all sources with
fluxes S; g gu, > 200 mJy near 24 h in right ascension
and in the declination zone 3°30'-6°.

We included 73 sources in the observationa pro-
gram, among them 39 objects with flat and 34 objects
with power-law spectra. We used sources with power-
law spectra, which have constant fluxes, as a control
group in statistical studies of the parameters of small-
amplitude variability, and also for studies of instrumen-
tal effects that could result in additional errors in the
flux-density determinations. The observations were
carried out on the meridian on the Northern sector of
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Fig. 1. Flux densities of the source 0524 + 034 at 3.9, 7.7.

RATAN-600 in the fixed-focus regime [11], simulta-
neoudly at 0.97,2.3,3.9,7.7,11.1, and 21.7 GHz, using
the standard receivers for feed no. 1. Use of the fixed-
focus regime enabled us to eliminate flux errors due to
displacements of the feed (secondary mirror). The
parameters of the receivers and antenna beam at al fre-
gquenciesare given in [12]. Using beam switching for the
short-wavelength receivers at 7.7, 11.1, and 21.7 GHz
enabled us to considerably reduce drifts due to atmo-
spheric irregularities.

We matched the flux density scale to the scale for
the reference sources with power-law spectra published
in [13]. The data processing procedure and error esti-
mates are described in [14].

3. RESULTS

Theradio source 0524 + 034 isthe only object inthe
sample in which we found such a large variability
amplitude during the observing period. Figure 1 pre-
sents the flux densities of 0524 + 034 at 2.3, 3.9, 7.7,

11.1, and 21.7 GHz from January 3 to February 25, 1998.

11.1, and 21.7 GHz obtained during the observing ses-
sion. No observations were carried out on January 10,
13, and 30 and February, 7-10, 16, and 18 due to poor
weather conditions.

Considerable variability at 3.9, 7.7 and 11.1 GHz is
clearly visiblein the figure. Thisisareal effect, not an
artifact, since no similar brightness curves are observed
for any source from the control group. The variability
index V = AS[S Wwas defined in [15] and represents the
mean relative variability amplitude for the observing
period. These indices were 0.20, 0.57, 0.76, 0.63, and
054 at 2.3,3.9, 7.7, 11.1, and 21.7 GHz, respectively.

The spectrum of the source (Fig. 2) based on the
mean fluxes grows toward higher frequencies. Thereis
aminor local minimum near 7.7 GHz, testifying to the
presence of at |east two compact components at differ-
ent stages of development in the radio source.

We studied the parameters of the variability using
various methods. It proved most informative to con-
struct the first- and second-order structure functions.
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RAPID VARIABILITY OF THE RADIO FLUX DENSITY OF 0524 + 034

3.1. Properties of the Structure Functions

The definition of the structure functions and their
basic properties are given in [16, 17]. For a measure-
ment time series f(t), the first-order and second-order
structure functions D'(1) and D?(t) are defined

D(t) = Of(M) - f(t+1)]Q (1)

D(t) = f(t+21)-2f(t+7)+ f(]T (2

where T isthe time shift. The mth-order structure func-
tion is equa to zero for polynomials of order m — 1;
therefore, theform of the structure function will depend
only on the character of random processes and on
higher order trends.

The“idea” structure function for arandom process
has a characteristic appearance: two plateaus connected
by acurve. For time delays larger than the longest cor-
relation timescale for the process, the plateau ampli-
tude D!(1) is equal to twice the sum of the dispersions
of the instrumental noise and the process studied. For
small time delays, the plateau amplitude D'(1) is equal
to twice the dispersion of the instrumental noise. For
the structure functions D?(1), the plateau amplitudes
are equal to six times the corresponding dispersions.
These plateaus are connected by a curve, whose slope
depends on the nature of the processin action.

The structure function is usually represented on a
logarithmic scale, so that the slope of the line connect-
ing the two plateaus L =dlogD /d logTt is determined
by the power spectrum of the process P(f). If P(f) O f-!
(flicker noise), D'(1) It 9; if P(f) O f-2 (shot noise),
D!'(t) [t L. In most cases, the structure function has a
more complicated form, but these simple cases can be
useful for analyses of radio-source variability. The
presence of harmonic (or cyclic) components in the
process studied decreases the magnitude of the struc-
ture function at delays comparable to the period of
these components.

We constructed the structure functions D' (1) (Fig. 3)
and D%(1) (Fig. 4) for all the observing frequencies. We
normalized the functions to the process dispersion,
which was defined

op = 3 (fi- D%/ (n-1), (3)

where f; is the flux measured on the ith day and [ Uis
the weighted-mean flux for n days of observations. This
dispersion isthe sum of the variable-component disper-

sion oia, and the mean dispersion for asingle measure-

ment oﬁ] . Note that the measurement dispersion
includesall sources of measurement error: instrumental
noise, instability of the calibration signal, inaccuracy of
the antenna pointing, etc. With this normalization, the
upper plateau of the “ideal” structure function asymp-
totically approaches the values log2 and log6 for the
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Fig. 2. The spectrum of 0524 + 034 based on the averaged
data for the period from January 3 to February 25, 1998.

first- and second-order structure functions, respectively
(thin horizontal linesin Figs. 3 and 4).

Both the first- and second-order structure functions
for 0524 + 034 display a second plateau at 3.9, 7.7,
11.1, and 21.7 GHz. At 2.3 GHz, there are only hints of
a second plateau, due to large instrumental errors and
small amplitude of the variability; it is obvious that
thereis only instrumental noise at 0.97 GHz.

The first-order structure functions. The second
plateau reaches avalue of log2 for delays of 6-8 days
at al frequencies. The second plateau is most obvious
at 3.9and 7.7 GHz, dueto the lower instrumental noise.
At 3.9 GHz, we can see a decrease of the plateau mag-
nitude at delayslonger than 20 days, with the minimum
achieved at delays of about 40 days. This behavior, in
combination with the fact that the plateau maximum
exceeds log2, istypical of the presence of aharmonic
(or cyclic) component. At the remaining frequencies,
there are only hints of such a decrease.

One characteristic feature of the structure functions
is the absence of a pronounced plateau due to instru-
mental noise at frequencies below 21.7 GHz. This tes-
tifies to the small width of the correlation function of
the variable component; its magnitude changes appre-
ciably when the delay varies from 1 to 2 days. The pla-
teau at 21.7 GHz is most likely connected to the poorer
sensitivity of the equipment at this frequency.

The slopes | of the structure functions at 11.1, 7.7,
and 3.9 GHz are closeto unity. In Fig. 3, aslope corre-
sponding to p = 1isindicated by an arrow.

Thesecond-order structurefunctions. The behav-
ior of the second-order structure functionsis similar to
that of the first-order structure functions at the corre-
sponding frequencies. The main difference from D!(1)
isthe appearance of aclearly visible first plateau at 7.7
and 3.9 GHz; the extent of the plateau varies from two
daysat 7.7 GHz to three days at 3.9 GHz. The decrease
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Fig. 5. The mean spectrum of the variable component of
0524 + 034 over the observation period. The diamonds show
the spectrum of the flux variations, defined asS,,; = 60,,,
(the error is given for this definition of the spectrum). The
asterisks show the spectrum calculated using formula (4).
The solid curve corresponds to an optically thick spectral
index a = 2.5 and an optically thin spectral index a =-0.2.

of the amplitude of the second plateau isnot visible due
to the halving of the maximum delay time. The slope of
the structure functionsis close to p = 2. For D?(1), this
value of Y describes shot noise; in Fig. 4, thisslopeis
also shown with an arrow.

3.2. The Frequency Spectrum of the Variations

The mean frequency spectrum of the variations for
the observing period can be derived in several ways.

(1) The lower plateau of the first-order structure
function (without any normalization) is twice the mea-
surement dispersion, 20, . Hence, 0 = G5 — O, IS
the dispersion of the variable component of the radio
emission. Wetook D'(1)/2 for thevalueof o, and o5
was calculated using formula (3). As noted above, the
lower plateau is poorly defined in the D!(1) structure
functions; therefore, ofn is an upper estimate of the
measurement dispersion. The frequency spectrum of
the flux variations, defined to be S,,, = 60,,,, IS shown
in Fig. 5 by the diamonds.

(2) We use the formulafor the variability amplitude
givenin[15]:

S = {(N=D[Y=(n-1)/ Yo7},
Y= 5 (S-8)7a.

In this case, the dispersion of a single measurement is

2 2 2 2 2 .
taken to be 0 = OjtgmOm/ Otorm» WhEre Giom IS the

4

formal dispersion of asingle measurement and ofzorm is
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the mean measurement dispersion, taking into account
only the instrument noise and the instability of the cal-

ibration signal. Theintroduction of o7 allowsusto take

into account the remaining errors. The resulting spec-
trum, which virtually coincides with the spectrum
obtained using thefirst method, ispresented in Fig. 5 by
the asterisks.

The spectrum has the canonical form for a homoge-
neous, spherically symmetric radio source with syn-
chrotron self absorption. The slope a (S[v ¢) in the
optically thick and optically thin parts of the spectrum
are2.5and 0.2, and theflux peaksat 56 GHz. In Fig. 5,
a spectrum with the indicated parameters is approxi-
mated with a continuous curve. Precisely the same
parameters for the mean spectrum of a flare were
obtained in [18] based on the selection and analysis of
17isolated flares at an early stage of evolutionin 15 vari-
able sources.

Usually, when determining the spectrum of aflare,
the flux of the constant component is subtracted from
the observed flux. This constant flux is typically taken
to equal the minimum flux near the selected flare. The
methods we propose for determining the flare spectrum
do not involve any assumptions about the flux of the
steady or slowly varying component. The derived spec-
trum of the variations is the mean spectrum for the
50 days of observations; the character of the structure
functions testifies to the presence during this period of
a process with a timescale of 6-8 days, rather than an
isolated flare. In the case of an isolated flare, the slope
of the structure function D'(1) should be considerably
greater than unity. The reasons why the mean spectrum
of the variations coincides with that of an isolated flare
will be analyzed below.

3.3. Correlation Functions

The autocorrelation functions at 21.7 and 2.3 GHz
have no significant valuesfor any time shifts, dueto the
large amplitudes of the instrumental noise at 21.7 GHz
and the small amplitudes of the variations at 2.3 GHz.
Theautocorrelation functionsat 11.1 GHz (Fig. 6a) and
7.7 GHz (Fig. 6b) display arapid drop in their ampli-
tudes, as expected from our analysis of the structure
functions. The magnitudes of the correlation functions
become insignificant for time delays exceeding three
days (we chose the significance level to be 2%).

The correlation function at 3.9 GHz (Fig. 6c¢) is an
exception: Significant values persist for time delays as
long as six days, and a significant anticorrelation is
observed for delays of 16—22 days. The autocorrelation
function at thisfrequency isvery smooth. Thisbehavior
of the autocorrelation function, as well as that of the
structure function, testify to the presence of a periodic
component with a period of 35-40 days. The autocor-
relation function is broader, due to the appearance of
the lower plateau in the second-order structure function
at this frequency.

ASTRONOMY REPORTS Vol. 44 No.3 2000
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Fig. 6. Autocorrelation functions of the fluxes of 0524 + 034
at (a) 11.1, (b) 7.7, and (c) 3.9 GHz.

We have constructed the cross-correlation functions
for thedataat 11.1-7.7 GHz and 7.7-3.9 GHz (Fig. 7).
Their behavior is very similar to that of the autocorre-
lation functions at these frequencies. The effect of a
periodic component is visible in the 7.7-3.9-GHz
cross-correlation function, though it is much less pro-
nounced than in the 3.9-GHz autocorrelation function.

Analysis of the auto- and cross-correlation func-
tions suggests that a uniform processis responsible for
flux density variations observed in the radio source
0524 + 034 at centimeter wavelengths. The small ampli-
tude of thevariationsat 2.3 GHz preventsusfrom drawing
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Fig. 7. Cross-correlation functions of the fluxes of 0524 +
034 between 11.1 and 7.7 GHz (squares) and between 7.7
and 3.9 GHz (crosses). For comparison, the autocorrelation
function at 7.7 GHz (triangles) is presented.

any conclusions about the character of the variability at
this frequency.

It appears that the timescale for the variations at
3.9 GHz islonger than at higher frequencies. Thisisno
surprise, since the variations at this frequency are
already observed in the optically thick part of the spec-
trum.

There is some inconsistency between the short time
scales of the variations and the presence of a periodic
component in the 3.9-GHz variations. It is possible that
two processes coexist simultaneously—one with short
time scales and the other with longer ones. In this pic-
ture, the development of one process is followed over
the observation period. In this case, such a process
could resemble a periodic process.

4. DISCUSSION

Our analysis of the cross-correlation functions indi-
catesthat the variationsat 11.1, 7.7, and 3.9 GHz occur
simultaneously, though the lowest frequency is already
in the optically thick part of the spectrum. There is
every reason to believe that the variations at 21.7 GHz
are also simultaneous with those at the remaining fre-
guencies.

The simultaneity of the variations over a broad fre-
guency range suggest that electron acceleration and
amplification of the magnetic field are important,
whereas adiabatic expansion is insignificant [19].
Therefore, if the gection of material is nonuniform
along the direction of propagation of a shock, the
resulting inhomogeneous structures will be illuminated
when the shock passes through them, so that the light
curve will reflect the distribution and characteristic
sizes of the inhomogeneities. It is noted in [7] that, in
shock models, the effects of expansion can be neglected
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trum. The crosses show the spectrum of the variable compo-
nent; the solid curve passing through the crosses corre-
sponds to an optically thick spectral index a = 2.5 and an
optically thin spectral index a = —0.2. The squares show the
spectrum of the slowly varying component separated into
two components (solid lines); the optically thin spectral
index a is—0.7.

if the jet opening angle is very small, and the sizes of
the structural inhomogeneities are smaller than 1 pc.
A formularelating the variation timescale to the distance
covered by the shock in the jet over thistime is given in
[7]. For 0524 + 034, with a variation timescde of 6 days
and aLorentz factor y = 10, this distance (the size of an
inhomogeneity) is 0.14-0.5 pc for angles to the line of
sight of 10° to ~0° and an adopted redshift z= 0.5.

In the optically thick part of the spectrum (in our
case, below 5-6 GHz), the variations can be extended
in time, and individual features may not coincide with
those in the optically thin part of the spectrum. Pre-
cisely such a flattening could give rise to the appear-
ance of the periodic component at 3.9 GHz, which may
reflect the existence of larger inhomogeneities corre-
sponding to variations with time scales of about 20 days.

Inthis case, the fact that the shape of the mean spec-
trum of the variations coincideswith that of aspherically
symmetric, homogeneous synchrotron source implies
similarity of the physical conditions (electron density,
electron energy distribution, and magnetic field inten-
sity) for various inhomogeneities traversed by the
shock during the observations.

Similar conclusions were drawn in [7] based on
simultaneous observations of the quasar 0917 + 624 at
five wavelengths spanning 2—20 cm. The timescale for
the variationsin 0917 + 624 is 1.3 days. The spectrum
of the variations also coincides with that of a homoge-
neous synchrotron source, but the flux peaks at about 3
GHz and the spectral index a in the optically thin
domain is—0.7. The size of theinhomogeneitiesis 0.16
pc for aLorentz factor y = 14 and angle 6 close to zero.
Asfor 0524 + 034, the spectrum of the variable compo-
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nent remains virtually constant on time scales compa-
rable to the variability timescale.

The difference in the optically-thin spectral indices
of these two sources can be explained as follows. In a
number of cases of long-timescale variability, the opti-
cally-thin spectrum of the variable component evolves
from being flat (a = -0.2) at an early stage to being
power-law (a =—-0.7) at later stages[18]. This could be
the effect of considerable radiativelossesin late stages of
the jet evolution. The vdue a =-0.2 istypicd for VLBI
core components of radio sources, which are probably
located close to the central engine. For noncore compo-
nents, which are much more distant from the nucleus, the
gpectral index increasesto o =-0.7 [20].

We believe that the optically thin spectral indices of
0524 + 034 and 0917 + 624 are different because the
variability is observed in components with different
ages. Intheformer case, the variability isdueto ashock
propagating in aregion that is close to the nucleus, and
an initial electron spectrum with y = 1.4 is observed.
In the latter case, the shock is propagating in a compo-
nent that is far from the nucleus, and the energetic el ec-
trons have already had timeto |ose some of their energy
(y=24).

Thisinterpretation is supported by the separation of
the observed spectrum of 0524 + 034 into components.
Since we have determined the frequency spectrum of
the variations, we can remove it from the observed
spectrum, yielding the spectrum of the constant or
(more correctly) slowly varying component. The
results of our separation of the spectrum into compo-
nents are presented in Fig. 8; the diamonds denote the
initial spectrum, crosses the spectrum of the variations,
and squares the residual spectrum, which, in turn, con-
sists of two components. Both components have spec-
tra close to that of a spherically symmetric, homoge-
neous source; the low-frequency component has amax-
imum at about 1.5 GHz and an optically thin spectral
index of about —0.7. Note that, according to [1], the
integrated flux of the sourcein July 1988 did not exceed
80 mJy at 3.9 GHz. In the frequency range considered,
only the optically thick part of the spectrum of the high-
frequency component is observed; judging from its
behavior, we expect that the maximum in the spectrum
lies somewhere in the range 30-50 GHz.

We believe that the low-frequency component is a
jet located at a considerable distance from the nucleus,
which has already had time to evolve. Its spectral char-
acteristicsare similar to those of 0917 + 624, but it does
not display any rapid variability.

5. CONCLUSION

We have observed rapid variability in the source
0524 + 034 with atimescale of about six days. Thevari-
ations bear the character of shot noise and result from
damping pul ses of white noise with alimited spectrum.

ASTRONOMY REPORTS Vol. 44 No.3 2000
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The variations are correlated at all frequencies
where the parameters of the variability could be deter-
mined, including in the optically thick part of the spec-
trum. In this part of the spectrum, we observe an
increase of the correlation timescale.

We suggest that the variability is due to the illumi-
nation of inhomogeneities in the jet by a shock front
passing through them and that the light curve reflects
the distribution and characteristic sizes of these inho-
mogeneities (0.14-0.5 pc for angles to the line of sight
not exceeding 10°, aLorentz factor y = 10, and adopted
redshift z=0.5).

The simultaneity of the variations over a broad fre-
guency range and the fact that the mean spectrum of the
variable component coincides with the spectrum of a
homogeneous, spherically symmetric source suggest
the importance of acceleration of electrons and ampli-
fication of the magnetic field, whereas adiabatic expan-
sion can be neglected.

In the variable component, we infer an initial elec-
tron spectrum with y = 1.4. Therefore, this component
should be located in theimmediate vicinity of the“ cen-
tral engine”

In addition to the variable component, 0524 + 034
has two stationary or dowly varying components, one
of which has y = 2.4 in the optically thin part of the
spectrum.
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