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Abstract. Observations over the last two decades have shown thatificaghfraction of all flat-spectrum, extragalactic radio
sources exhibit flux density variations on timescales of yaataess at frequencies of several GHz. It has been demosdtra
that interstellar scintillation (ISS) is the principal cguof such rapid variability. Observations of ISS can be usguobe very
compact, microarcsecond-scale structure in quasar iet®rgs well as properties of turbulence in the local Gald&M. A
few sources show unusually rapid, intra-hour variationgjantly due to scattering in very nearby, localized tueimaie. We
present recent findings for the rapidly scintillating quaBKS 1257326. The large-scale MASIV VLA Survey showed that
such sources are extremely rare, implying that for mosttilaimg sources, longer-term, dedicated monitoringgueans are
required to extract detailed information on source stmastu

1. Introduction PKS 0405-385, a quasar at redshift2.285, was the most

) ) ) ) _extremely variable source discovered in the ATCA IDV Survey
Since the discovery of inter-day and intraday flux densif Kedziora-Chudczer et all_(2001). Kedziora-Chudczetlet a
variationg (IDV) in extragalactic radio sources (Hees:hqmgg-r) found that the frequehcy dlependence of the observed
1984;|Witzel et all 1966; Heeschen etlal. 1987), obsenatiqiy was consistent with what is expected from ISS, with
have shown that a significant fraction of all flat-spectrum rg e preak between strong and weak scattering occurring near
dio sources exhibit such variations at frequencies of sévet gy, Unequivocal evidence that the rapid variations in
GHz (Quirrenbach et &l. 1992; Kedziora-Chudczer Bt al. 2008k 5 0405-385 are a result of ISS came from the detection
Lovell et al.l2008). For a number of sources, it has been peg-5 time delay between the variability pattern arrival time
sible to show unambiguously that the rapid variations a di the VLA and the ATCA [(Jauncey eflal.2000). Such time

to interstellar scintillation (ISS) and to constrain sitiation delay measurements are only possible when changes in flux
parameters, mainly through two types of observation: (i) agensity can be detected on timescales of order tens of sec-

nual modulations in the characteristic timescale of valitgh ;4s. Subsequently, a detailed analysis of the scintadif
and (ii) for the three fastest scintillators, discusseddnt®r2, gigkes I, Q, and U parameters was used to construct a model of
through observations of delays between the variabilityepat e ,as-scale polarized structure of this soulce (Rickettlet al.
arrival times at widely separated telescopes. Moreoverces [500%). This analysis also found that scattering in an unusu-
which show intrinsic changes on short timescales are liteely ally nearby screen, only 3-30 pc from the observer, is reguir
contain compact components with angular sizes of order 10 explain the observations. A source brightness temperatu
croarcsecondgés) or less, which will beféected by ISS at cm Ty, Of ~ 2 x 101 K is then implied. The rapid ISS of PKS
wavelengths. On one hand, ISS may complicate interpretati9os_385 is episodic, lasting for several weeks to months at a
of_radlo variability, but on the othgr, the stat|§t|cs of BR®tU-  {ime. Between these episodes, the source shows largeioasiat
ations can be used as an ultra-high resolution probe of 80U, timescales of months to years, but appears to be stable on
structurel(Macguart & Jaundey 2002). short timescales, with observed rms variations not exogedi
1% in 48 hours at 4.8 and 8.6 GHz. After a quiescent period of
4 years, PKS 0405385 has recently started scintillating again
2. The intra-hour variables (IAUC 8403).

Sources which show very rapid IDV allow a useful sample Even more rapid variations were discovered in the
of the variability pattern to be obtained in a relatively ghoz=0.54 quasar J18%8845 by|Dennett-Thorpe & de Bruyn
observing time. The discoveries of large-amplitude, ihtoair  (2000). Frequent monitoring with the WSRT has shown
variations in three sources have thus made important tontria persistent annual cycle in the characteristic timescale
tions to our understanding of ISS of extragalactic sources. of IDV, and time delays between the IDV pattern ar-
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Fig.1. The annual cycle in characteristic timescale for
PKS 1257326 at 4.8 GHz. The line shows a best fit for th%ig. 2. The 2-D scintillation velocity, in kmg, over the course

scintillation velocity and an elliptical scintillation garn, us- of the year for PKS 1257326, and two-station time delay data

ing these data combined with two-station time delay data. 5y 4 9°GHz observed at three epochs. The velocity ellipse is
centered on the best fit screen velocity, with error ellipse i
dicated. The local standard of rest (LSR) velocity is alsti-in

rival times at the VLA and WSRT were observedated. The smallfilled ellipse shows the orientation of tastb
in_January 2001 L(Dennett-Thorpe & de Bruyn 2002} anisotropic scintillation pattern.

Dennett-Thorpe & de Bruyn| (2003) used the annual mod-
ulation in characteristic timescale to constrain the pacul

velocity and d.istance of the scattering screen, and to qmimscales. In order to compare accurately the flux densitielseof t
the screen distance (1-12 pc), source size and brightngsiasoived, scintillating component measured at eacly,ara
temperature. The scintillation pattern is hzlghly anispicoand 1, de| of the arcsecond-scale extended structure, imaged us
the favoured source model impligs ~ 10* K. ~ ing VLA data, was first subtracted from the visibilities oftho
PKS 1257326, at z1.256, was the third quasar discovig|escopes. The light curves observed at both telescoges ar
ered to show intra-hour variations. Similarly to J18B845, ggsentially identical apart from a displacement in time. i
this source has shown persistent rapid variations sin@lisits ghows three of the simultaneous observations at 4.9 GHz. The
covery in 2000. Bignall et all (2003) presented results AT easured time delays were found to be very similar for both
monitoring of PKS 1257326 over more than a year, showingrequencies and on consecutive days. We detect no sigrtifican
an annual_ cycle in the characteristic timescale of vaiitgbil change in delay over the course of each observation, althoug
The combined results of these and more regent obseryaﬁ_ong_ @mall change might be expected due to the rotation through
this source are presented below, and ongoing analysis-is diS of the projected ATCA-VLA baseline. For the May 2002

cussed. epoch, the best fit delay is 42060's, while for January and
March 2003, the time delay is shorter, 3380 s during January
2.1. PKS 1257-326: ISS geometry, long-term and 320: 40s in March.
changes and pas-scale polarized structure The time delay and annual cycle measurements are com-

bined to fit simultaneously for the peculiar velocity of theat

Frequent monitoring of PKS 125826 with the ATCA was tering screen, assumed to be the same for both frequeneis, a
undertaken from early 2001 until September 2003, revealitige length scaley, axial ratioR, and position angle of an el-
a persistent annual cycle in the characteristic timescéle liptical scintillation pattern, which was allowed to beferent
IDV. Fig. @ shows the characteristic timescale, defined hsreat the two observed frequencies. HiYy. 2 shows how the scintil
the half-width at Ye of the intensity autocorrelation functionlation velocity changes over the course of the year. Theelarg
(ACF), from each ATCA dataset at 4.8 GHz, plotted againsflipse is centred on the best fit screen velocity. The dGinti
day of year. The methods bf Rickett el al. (2002) was usedtion pattern is found to be highly anisotropic. The orieiatat
compute estimation errors in the ACFs. Errors are dominatadd anisotropy of the fitted scintillation pattern is indexhby
by the limited sampling of the scintillation pattern. the small filled ellipse in FidlJ2. The line plotted in Fid. losvs

Pattern arrival time delays between the VLA and ATCAhe annual cycle in characteristic timescale expected fren
have been observed for PKS 12326 at three dferent times best fit model. We findy ~ 10°km at 4.8 GHz, andR > 5. In
of the year, on two consecutive days in each epoch and simukak scatterings corresponds approximately to the size of the
taneously at frequencies of 4.9 and 8.5 GHz. We used obseffist Fresnel zoneg = +AL/(2n), at the scattering screen dis-
tions of the nearby calibration source PKS 1238%6 for rela- tanceL. Our model then impliek ~ 30 pc and an angular size
tive amplitude calibration of the two arrays. PKS 12826 has of the first Fresnel zon&g ~ 2Quas. Assuming the intrinsic
faint, arcsecond-scale extended structure, although \AtBI source angular size cannot be much larger than this, a bright
servations show that the source is dominated by an unresolness temperature ef 102 K is implied. Further investigation,
component, with no other significant structure visible orsmdor example analysis of power spectra of the fluctuationd, an
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analysis of multi-frequency and multi-Stokes data, is eedd o4

determine whether the high degree of anisotropy in theiscint
lation pattern is due to an anisotropic source, or to aroptr
scattering. Highly anisotropic scintillation patternsrbdeen
found for all three fast scintillators. Rickett el al. (2)@2gued 0
that the anisotropy is a property of the scattering screethfo
case of PKS 0405385, based on the observed power spec-
trum of the fluctuations. It is interesting to note that arernt
pretation of parabolic arcs observed in the dynamic seagnda
spectra of some pulsals (Stinebring et al. 2001) requigggyi
anisotropic scattering from compact, isolated clumps at-sc
tering material in the ISM_(Walker etlal. 2004). >
Although there has been no detectable change in the an$ o s obeircles
nual cycle over the three years of monitoring (see Elg. 1), = 1o ° Uq
there has been a significant change in the mean flux density of 20 Days since 2001 Jan 1 e
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PKS 1257%326. Fig[B shows the mean flux density (Stokes I) I PKS 1257-326, 4.8 GHz, May 2003, ATCA
and rms variations in Stokes | observed in each epoch, as well ,,,
as the mean flux density in Stokes Q and U for each epoch, at o5
4.8 and 8.6 GHz. The data show that the source has undergofe
a slow outburst, of the kind typical of flat-spectrum quasars >
peaking first at the higher frequency and later at the loweer fr
quency, with a corresponding change in polarization. The sc
tillating component has become brighter as indicated by the
increase in rms variations, but evidently the componentioas
expanded enough tdfact the measured scintillation timescale.
Fig.[d also shows all data at 4.8 GHz from 21-23 May 2003. e
Rapid variations are observed in Stokes Q and U, with a simi-
lar timescale to those observed in Stokes |, suggestingtibat
polarized sub-structure of PKS 125326 is relatively simple.
Preliminary analysis of cross-correlations between thiarpo Y bosmeo G
ized and total intensity scintillation patterns indicatieat the .
peak in polarized flux density is displaced from the peakin t19-3- ATCA data for PKS 1257326, showing the average
tal intensity, at both 4.8 and 8.6 GHz, by a distance of ordéglue of Stokes I, Q, and U in each observing session at 4.8 and
10 pas. We have observations over a range dedent direc- 8.6 GHz as well as the rms yarlanons in Stokes_ I (t_op, centre
tions of the scintillation velocity (see Figl 2), analagtmsuts Panel). The duration of a typical observing session is 1248
at different angles through the.{) plane in synthesis imag-The lower 3 panels show all data for thg observation qf 21-23
ing. Cross-correlation and cross-power spectrum anabysits May 2003, with Stokes | d_ata plc_)tted with 30_3 averaging, and
available Stokes I, Q, and U data, and a modelling procedstokes Q and U plotted with 2 minute averaging.
similar to that used by Rickett etlal. (2002), would constthe
pas-scale polarized structure of PKS 12826 and its evolu-
tion during the observed outburst. epoch, 11-15% of sources were found to be variable. For a
significant fraction of sources, rapid variability appetrde
episodic. A large range of variability timescales was obser
For those sources which show persistent rapid variatigns, a
The Micro-Arcsecond Scintillation-Induced Variabilityproximately half show evidence of an annual cycle in char-
(MASIV) Survey was in part motivated by the recent serendipcteristic timescale, although there are large unceigsirin
itous discoveries of the two fast scintillators, J18B8845 timescale estimates due to the limited sampling of the ebser
and PKS 1257326, which were both too weak to have beewations. The sky distribution of the variable source fraicti
included in previous IDV Surveys. MASIV observations weres significantly anisotropic. A preliminary analysis of mod
carried out during 2002 and early 2003 with the VLA atilation indices based on weak scintillation theory using th
4.9 GHz/! Lavell et al.|(2003) describe the source selectiwh eTayvlor & Cordes|(1993) model for the interstellar electreme
observing strategy, and present first results of the Survey. sity indicates that the peak brightness temperature ofikatn
Sources which showed rms variations larger thana2re ing sources is in the neighbourhood off4R. This brightness
selected, where is the estimated uncertainty due to errors praemperature limit is similar to those obtained from VLBI ob-
portional to flux density (antenna pointinffgets, etc.) as well servations even though ISS is not subject to the same angular
as noise and confusion. In total, 525 unresolved sources wegsolution limits. A comparison of the strong and weak seurc
observed in all four sessions. Of these, 146 (28%) showed sigb-samples showed that the fraction of variable sources wa
nificant variability in at least one epoch, while in any givesignificantly larger in the weak source population. A compar
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3. Findings of the MASIV Survey
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. PMN J1326-5256, 6.7 GHz, Ceduna 5. Summary and outlook

2F 5 1 ISS of extragalactic sources at cm wavelengths can be used

Tor PR £ ig Ry 1 to constrain source structure on microarcsecond scales, an
_er LI T O | potentially allows measurements of brightness tempegatur
OB I N A P ] higher than the~ 10" K limit of ground-based VLBI.
2 % w99 i m oz 1z o s 16 Dedicated monitoring of small source samples, required in
@ 22 . . . . . . . ; order to extract detailed information on source structare,
% 2F . 1 complementary to large statistical studies such as the MASI
R : i o ] Survey. A significant fraction of scintillating sources bael-

_‘-5 C £ #Loan o 7 atively stable, or slowly evolving, long-lived scintillag com-

1"2‘ | . . L ' . il ponents, allowing continued monitoring and modelling @ith

4 oms o ome T ome 118 1200 1 122 123 124 pas-scale structure. Other sources show dramatic chantes wi
Day of year 2003 time in their scintillation behaviour, which may be a refit

Fig.4. Ceduna data at 6.7 GHz for PMN J13Z®56 data either intrinsic expansion of a source component to quemeh t

at 6.7 GHz, showing a change in IDV behaviour over seversaﬁmt'”at'.on’ or a change in theffective sc_attenng aI_ong the
: Ihe-of-sight to the source. For a proper interpretation3$
weeks in 2003 July.

it is important to consider theffects of anisotropic scatter-
ing, extended source structure, and scintillation behawiear

ison of mas-scale VLBI morphologies (Ojha et al. 2004, e transition between weak and strong scattering. I1SSestud
press) indicates that scintillating sources have a higher pcombined with other available datafer a unique probe of the
portion of their flux density in an unresolved core componerysics of inner jets of radio-loud AGN.

and have smaller overall angular extent than non-scitititia . i

sources. No other source in the MASIV Survey showed Vaﬁ_cknovyledgements. The ATCA is part of the Austra_ha Telescopg,
hich is funded by the Commonwealth of Australia for openati

ations as rapid or modulation indices as large as observecﬁna National Facility managed by CSIRO. The VLA is operated

‘]181_9"3845' It_ seems that for most SOl_JrceS* s_cintillation OBS/ the National Radio Astronomy Observatory, a facility diet
curs in more distant scattering screens; most lines-dftslg  National Science Foundation operated under cooperatireeagnt
not intersect the nearby screens responsible for intrave:  py Associated Universities, Inc.

ations.
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