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IntraDay Variability & violation of 
the 1012K Inverse Compton limit

2-20 day flickering reported by Heeschen 
(1984) and followed up with Effelsberg 
(Heeschen, Krichbaum et al. 1987)

Intrinsic?
6cm/3cm spectral index - 650nm correlation in 
0716+714 (Quirrenbach et al. 1991)

T
B

 > 10
18

 K ?



Intra-Hour Variability

If intrinsic θ ~ c Δt/D ⇒ TBintrinsic ~ 1021K

If scintillation @1kpc TB~1015K

PKS 0405-385 (Kedziora-Chudczer et al. 1997)

3.6 cm

6cm

13cm

21cm



J1819+3845 - 
The “Scintillator”

• The fastest, most variable 
intra-day variable AGN 
known

• 25-40% modulations at 6cm

9 hours

discovered by Dennett-Thorpe & de Bruyn 1999



Scintillation-induced variability

Dennett-Thorpe & de Bruyn,  Nature 2002

VLA

WSRT

~30 km/s

Δt = few mins

Time delay between telescopes
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Annual cycle
Dennett-Thorpe & de Bruyn 2003

Requires highly elongated 
(R>14) scintillations!



The Size of a Scintillating Source

Scintillation physics implies a size: 

DISM ~ 1-2000pc, and for DISM=30 pc at 6 cm this means a size of 

20 micro-arcseconds

θsrc ∼ θF =

√

λ

2πDISM



“This is all very good, but what 
does it mean?”

• The scattering is from a cloud less than 1-2 pc from Earth 

• One of the nearest objects outside the solar system! 

• The turbulence is highly anisotropic

• There is micro-arcsecond structure in I, Q and U and it 
changes on timescales of years (or less)

• J1819 has stopped scintillating: screen properties

What have we learnt from the scintillations in J1819?

details in de Bruyn & Macquart, A&A submitted



RIP J1819

de Bruyn & Macquart: The long-term evolution of J1819+3845

Fig. 3. The long term trend in the mean flux density and modulation
index at 4.9GHz. Determining the intrinsic flux density and modulation
index of a scintillating source requires a measurement that extends over
a large number of independent realisations of the scintillation process.
Monte Carlo simulations (Dennett-Thorpe and de Bruyn 2003) suggest
that the relative error in the flux density decreases as ≈ 1/3N−1/2 where
N is the number of peak to peak variations, or scintles, exhibited by the
lightcurve. In order to minimize errors in the long-term lightcurve we
therefore only include data taken in observations extending over at least
6 scintles. The flux density and modulation index observed in the 8GHz
VLBA observation on 23 Feb 2007, were scaled to 4.9GHz using the
average WSRT values observed at those frequencies in the preceding 3
years. The 2009.0 data points are from Koay et al. (2011).

and 2002 the total flux density increased significantly and the
polarized flux density along with it. Typical peak flux densities
in Stokes Q andU since 2002 are 4–5 mJy, i.e. about 1.5% of the
total flux density. Assisted by the boost in WSRT sensitivity by
the availability of a larger bandwidth since April 2002, detailed
polarization analysis became possible. These turned out to be
very informative as we will describe now.

Like the total intensity, the polarized emission is variable on
a timescale of tens of minutes. However, changes in the nature
of the polarization variability are also observed on a timescale of
years (cf. Fig. 6), and we can use this to gain additional insight
in the evolution of structure internal to the source, as opposed
to scintillation induced apparent variability. From these data we
will derive the apparent speed of internal source motions.

There is a strong cross-correlation between the fluctuations
in Stokes parameters I, Q and U. Figure 7 illustrates the nature
of this correlation for a clear-cut and unambiguous case on 26
Feb 2006. The peaks in both Q and U are delayed by about 55
minutes from those in Stokes I. The systematic nature of the off-
set — the delay is the same for all I and Q (or U) scintles within
each 12 h observation — indicates that the delay reflects sub-
structure in the emission of the scintillating source. Such a delay
arises naturally if there is an angular displacement between the
components housing the polarized and unpolarized emission; a
time delay is observed as the structure in the ISM responsible for
the scintillation passes first in front of one component and then
the other. The magnitude of the time delay is related to the mag-

Fig. 4. The lightcurves of J1819+3845 at wavelengths of 3.6, 6, 13 and
21 cm using all available data between 1999 and 2012.5. All flux den-
sity data were obtained with the WSRT with exception of the following
three epochs: Feb 2007-8, 8.4GHz-VLBA (Cimò 2012) and Jan 2009,
5-8GHz-VLA (Koay et al. 2011).

Fig. 5. The broadband spectra of J1819+3845 for two epochs around
2000.0 and 2006.0. At most frequencies data at closely contemporane-
ous dates could be used. Data used in the construction of these spectra
came from WSRT, VLA, VLBA and JCMT observations presented in
this paper, and from Moloney (2010, his Table 3.3, 8–43 GHz, VLBA).
The lowest frequency data were taken in 1996 (92 cm) and 2005.3
(85 cm).

nitude of the separation between components. The correlation
between Stokes I, Q and U is particularly good in most of the 8
observations in the 6-month period from Dec 2005 to Jun 2006.
The time delay, however, varies systematically from 240 min on
10 Dec 2005, 75 min in Jan 2006, 55 min in Feb-Mar 2006, and
increases again to 80 min in Jun 2006. The good correlation —
with a correlation coefficient typically 60% or more — implies
that the polarized emission remains dominated, in that period,
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• Modulations now <1%

• Scintillations ceased because the 
screen moved past the line of sight

• ...not because the source expanded

• decrease in modulations require 
source >360 μas

• VLBA observations post-cessation 
place a 3σ upper limit of 350 μas

• Abruptness of cessation (<7mths) 
means screen edge is <5 AU



RIP J1819
• Duration of scintillations 1999-2007 

implies a transverse  cloud extent of 
>59 AU (>1” at 1pc)

• Indications that J1819 was variable 
in 1986-7 Greenbank survey data

de Bruyn & Macquart: The long-term evolution of J1819+3845

Table 3. The J2000 positions of the compact sources in the vicinity of
J1819+3845. These positions are accurate to 0.5′′.

Source Label RA (h m s) Dec (◦ ′ ′′)

J1819+3845 (S0) 18 19 26.55 + 38 45 01.8
S1 18 19 28.99 + 38 35 17.9
S2 18 17 50.42 + 38 44 30.1
S3 18 17 49.76 + 38 52 22.1
S4 18 18 42.00 + 38 52 20.5
S5 18 19 12.06 + 38 56 16.5

field for variability. Two relatively nearby bright sources have
flat spectra between 6 and 85 cm, suggesting them to be com-
pact. These sources are labeled S 2 and S 3 in Fig.12 and are lo-
cated about 20′ West of J1819+3845. Three other field sources,
designated S 1, S 4 and S 5, have a steep spectrum. The positions
of these sources are listed in Table ??.

The lightcurves of these five sources, which are the brightest
sources in the field next to J1819+3845, are shown in Fig. 13.
Sources S 2 and S 3 show significant long-term variations with
modulation indices of 11% and 12%, respectively. Up to 40%
variations are seen in observations only 2 months apart in both
S 2 and S 3. The sources S 2 and S 3 are too faint at 21 cm to de-
tect intra-day variations. The weak 2–3% variations apparently
exhibited by the steep spectrum sources S 4 and S 5, however, ap-
pear to be correlated. The simplest explanation is that source S 1,
which was used for the normalization of the lightcurves, is per-
haps itself slightly variable at a level of about 3%. Even if true,
this does not affect the magnitude of the modulation indices de-
duced for sources S 2 and S 3. The long-term 21 cm variations
in S 2 and S 3 are still a factor 2–3 lower than those shown by
J1819+3845 in the same time span. These variations may well
be due to turbulence in much more distant material in the inter-
stellar medium.

We have also searched for hourly variations at 6 cm in
sources S 2 and S 3. For these observations, taken on 18 April
2004 in the fast season, we repointed the WSRT with a duty cy-
cle of 40 minutes between 10 flat spectrum sources, including
J1819+3845, selected from an area of several degrees around
J1819+3845. The flux densities of the 7 brightest sources ranged
from 16–35 mJy; none showed detectable variations on hourly
timescales. In Fig. 14 we show the lightcurves of J1819+3845,
S 2 and S 3. The contrast between the stable lightcurves of S 2 and
S 3 on the one hand, and J1819+3845 on the other hand, is dra-
matic. The absence of strong scintillations similar to those exhib-
ited by J1819+3845 in other compact field sources suggests that
either the screen is very small or patchy, or that J1819+3845 is
abnormally compact relative to other flat- and inverted-spectrum
sources. The latter explanation is unlikely given that the bright-
ness temperature of the source is not abnormally high (Dennett-
Thorpe& de Bruyn 2003;Macquart & de Bruyn 2007). Our con-
tinuedmonitoring of this field might reveal further constraints on
the geometry of the scattering screen.

4.4. Physical Properties

The scattering region that causes the scintillations in
J1819+3845 is exceptionally turbulent. The strength of the
scattering associated with a turbulent region is derived using the
amplitude of the scintillations and the distance to the scattering
region. For the amplitude of the scintillations observed at
6 cm and with such a nearby screen distance, one requires
C
2
N
> 0.7∆L−1pc m

−20/3, where ∆Lpc is the region thickness

S0

S1

S2

S3S4

S5

Fig. 12. The field surrounding J1819+3845 at 21 cm. J1819+3845 is the
source in the centre (S 0), sources labeled S 2 and S 3 are the variable
flat spectrum sources, and sources S 1, S 4 and S 5 are steep spectrum
sources.

Fig. 13. Lightcurves at 21 cm of the five brightest field sources in the
21 cm image shown in Fig. 12. The steep spectrum source S 1 was used
for flux normalization. All fluxes given are apparent fluxes, uncor-
rected for the primary beam.

in parsecs (Macquart & de Bruyn 2007), and it is likely, for
reasons discussed below, that the region thickness is a very small
fraction of 1 pc. By comparison, values of C2

N
∼ 10−3 m−20/3

are typically deduced from the scintillations of pulsars, though
these estimates are subject to the assumption that the scattering
material is distributed homogeneously along the line of sight,
which is likely to be a poor approximation in many cases.

The large scattering measure of the turbulent region de-
duced from the scintillations of J1819+3845 places additional
severe constraints upon the nature of the scattering medium.
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• Search of nearby steep/flat-spectrum 
sources revealed no significant ISS

• Screen is either patchy or <10’



Structure & ISM Modelling

Macquart & de Bruyn, MNRAS 2007
L2 J.-P. Macquart and A. G. de Bruyn
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Figure 1. The µas structural evolution of J1819+3845, demonstrated by changes in character of the light curves and their associated spectra (black points).
The red points show the power spectra weighted by ω8/3 (see text for details). The spectra were pre-whitened to prevent leakage of low-frequency power
associated with the time-sampling window function to high frequencies. A noise bias, determined from the spectral power near 0.1 rad s−1, is also subtracted
from the spectra (see Macquart & de Bruyn 2006). To reduce the errors, at the expense of information at low ω, each spectrum shown is the average obtained by
computing separate spectra for each 3-h block of data within each 12-h light curve. The error on each point is half of its mean value and follows a χ2 distribution
with 8 degrees of freedom. It would be appropriate to normalize spectra by the source mean flux density if the entire source were subject to scintillation, but
as this is not necessarily the case and it is misleading otherwise, the plots here are not so normalized. The 2000–2005 light curves were observed with 60 s
time-resolution while the 2006 light curves were observed with 10 s resolution. The source mean flux was around 300 mJy over 2003–2006 after a fast rise
from 125 to 300 mJy between 2000 and 2003.

The light curves exhibit an increase in the degree of small time-
scale structure in 2004–2005 compared to those spanning the inter-
val 2000–2003. The power spectra of the variations develop substan-
tial structure at angular frequencies between 0.005 and 0.02 rad s−1,
and peak-to-peak variations shorter than 15 min (corresponding to
structure on a time-scale ≈4 min in the structure function) are ob-
served in the 2004–2005 light curves. This corresponds to the highly
significant ω ≈ 0.005 rad s−1 bumps evident in the 2004–2005 power
spectra. An additional feature at ω ≈ 0.008 rad s−1 is also evident,
albeit at a low power, in the 2005 spectrum. Both these bumps are
either absent or less evident in the 2000–2003 and 2006 spectra,
although several do possess a significant ‘knee’ near 0.004 rad s−1.

Analysis of similar power spectra taken on calibrator sources
allow us to be confident that the power spectrum is not dominated by

telescope noise and systematic effects down to angular frequencies
ω ≈ 0.015 rad s−1 (see Macquart & de Bruyn 2006). Another set of
observations taken on 26–31 March over the period 2001–2006 (see
Fig. 2 for a comparison between March 2004–2005 variations with
the 21 February 2004 variations) shows a similar recent increase in
the amount of small scale structure in the light curves, but we shall
concentrate on the analysis of the February data sets in this Letter.

3 S C I N T I L L AT I O N M O D E L L I N G

The differences between the character of the light curves over the in-
terval 2000–2006 can be interpreted either in terms of (i) changes in
the interstellar turbulence responsible for the scintillations observed
in J1819+3845, or (ii) changes in the internal structure of the quasar.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS
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Figure 1. The µas structural evolution of J1819+3845, demonstrated by changes in character of the light curves and their associated spectra (black points).
The red points show the power spectra weighted by ω8/3 (see text for details). The spectra were pre-whitened to prevent leakage of low-frequency power
associated with the time-sampling window function to high frequencies. A noise bias, determined from the spectral power near 0.1 rad s−1, is also subtracted
from the spectra (see Macquart & de Bruyn 2006). To reduce the errors, at the expense of information at low ω, each spectrum shown is the average obtained by
computing separate spectra for each 3-h block of data within each 12-h light curve. The error on each point is half of its mean value and follows a χ2 distribution
with 8 degrees of freedom. It would be appropriate to normalize spectra by the source mean flux density if the entire source were subject to scintillation, but
as this is not necessarily the case and it is misleading otherwise, the plots here are not so normalized. The 2000–2005 light curves were observed with 60 s
time-resolution while the 2006 light curves were observed with 10 s resolution. The source mean flux was around 300 mJy over 2003–2006 after a fast rise
from 125 to 300 mJy between 2000 and 2003.

The light curves exhibit an increase in the degree of small time-
scale structure in 2004–2005 compared to those spanning the inter-
val 2000–2003. The power spectra of the variations develop substan-
tial structure at angular frequencies between 0.005 and 0.02 rad s−1,
and peak-to-peak variations shorter than 15 min (corresponding to
structure on a time-scale ≈4 min in the structure function) are ob-
served in the 2004–2005 light curves. This corresponds to the highly
significant ω ≈ 0.005 rad s−1 bumps evident in the 2004–2005 power
spectra. An additional feature at ω ≈ 0.008 rad s−1 is also evident,
albeit at a low power, in the 2005 spectrum. Both these bumps are
either absent or less evident in the 2000–2003 and 2006 spectra,
although several do possess a significant ‘knee’ near 0.004 rad s−1.

Analysis of similar power spectra taken on calibrator sources
allow us to be confident that the power spectrum is not dominated by

telescope noise and systematic effects down to angular frequencies
ω ≈ 0.015 rad s−1 (see Macquart & de Bruyn 2006). Another set of
observations taken on 26–31 March over the period 2001–2006 (see
Fig. 2 for a comparison between March 2004–2005 variations with
the 21 February 2004 variations) shows a similar recent increase in
the amount of small scale structure in the light curves, but we shall
concentrate on the analysis of the February data sets in this Letter.

3 S C I N T I L L AT I O N M O D E L L I N G

The differences between the character of the light curves over the in-
terval 2000–2006 can be interpreted either in terms of (i) changes in
the interstellar turbulence responsible for the scintillations observed
in J1819+3845, or (ii) changes in the internal structure of the quasar.
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Structure Modelling

• Fit the 2004 (fast oscillations) 
and 2006 (normal variations) 
data simultaneously to ensure 
identical turbulence 
parameters.  

• Model structure: two sources 
with separation Δθ, orientation 
α, sizes θ1, θ2 and flux 
densities I1, I2

• Model ISM: screen distance (z), 
SM, anisotropy (R), vISS, 
anisotropy angle 

Ultra-compact structure in J1819+3845 5
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Figure 4. A fit to the 21 Feb 2004 and 26 Feb 2006 power spectra
with the parameters of Table 1 (M1 blue line, M2 green line). The
red line represents M1 but with R = 3.5. The higher anisotropy
fit provides a better fit to the low-frequency part of the 2004
spectrum, but a worse fit overall with a reduced χ2 of 1.3 vs. 1.0.

M1 M2
reduced χ2 39.1/39d.o.f. = 1.0 45.8/42d.o.f. = 1.1
Fit Parameter

SM(1017m−5.67) 2.6 ± 0.2 2.4 ± 0.2
z (pc) 3.8 ± 0.3 2.0 ± 0.3
vISS (km s−1) 59.0 ± 0.5 42.5∗

R 2.9 ± 1.0 1.9 ± 0.6
θ (rad) 2.26 ± 0.02 0.9 ± 0.2

2004 2006
M1 M2 M1 M2

I1 (mJy) 42 ± 7 69 ± 30 67 ± 11 100 ± 45
I2 (mJy) 11 ± 4 9 ± 4 17 ± 12 25 ± 13
∆θ (µas) 240 ± 15 220 ± 20 565 ± 15 556 ± 16
α (rad) 0.00 ± 0.03 1.07∗ 2.4 ± 0.3 1.07∗

θ1 (µas) 16 ± 1 18 ± 2 20 ± 3 26 ± 4
θ2 (µas) 16 ± 2 0 ± 500 7 ± 4 9 ± 3

Table 1. Fit parameters with 1-σ errors for the 2004 and 2006
power spectra derived using the CERN MINUIT minimization
package, which estimates errors based on the second derivatives
of χ2. Fit parameters are defined in the text. Fitting models M1
and M2 differ only in that parameters marked by asterisks are
held fixed in M2. The redshift-corrected brightness temperature
of component 1 in M1 is 1 × 1013 K.

4 CONCLUSION

During 2004-5 fast, ∼ 15min, variations emerged over the
∼ 30 min variations normally observed in the lightcurve of
the scintillating quasar J1819+3845. In 2006 the source re-
verted to variations similar to those in 2000-3. The changes
are best explained in terms of evolution in the source struc-
ture. A double-component source is capable of explaining
the power spectra during 2004-5. The spectral peak at
ω ≈ 2 × 10−3 rad s−1 corresponding to the large amplitude,

slow variations and visible in all spectra, is explained by
oscillations of the ‘Fresnel filter’, from which a 5 v50 pc dis-
tance to the scattering medium is deduced. Holding the scin-
tillation velocity fixed at the value derived by DB03 yields
z = 2.0±0.3, while fitting also for vISS yields 3.8±0.3 pc. The
fast variations in 2004-5 are best attributed to oscillations
in the source visibility function caused by a double-source
structure with a component separation of 240 ± 15µas in
2004. From a fit to the 2006 spectrum one infers a sepa-
ration of 565 ± 15 µas. This implies an apparent expansion
speed of 3.4 ± 0.3 c over the two years separating the two
observations. However, we caution that it is also possible to
fit the 2006 spectrum with in a single component, in which
case no expansion speed can be derived.

The emergence of these fast variations preceded other
changes in the source, namely an increase in the modulation
index and then the intrinsic flux density. The appearance of
new structure may be connected with the diffractive scin-
tillation reported at 21 cm (Macquart & de Bruyn 2006),
but as absolute astrometry is not possible using scintillation
techniques one cannot determine the angular offset between
the components responsible for 6 and 21 cm variations.

The proximity of the scattering screen and the large
amplitude of the intensity variations requires the scattering
turbulence to possess an amplitude C2

N > 1.7 m−20/3 if lo-
calized to a region of thickness no more than 0.4 pc, 10%
of its distance. This exceeds C2

N values deduced from most
scattered pulsars (Cordes et al. 1988) by over two orders of
magnitude.
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Fig. 14. Lightcurves at 6cm of the sources S 2 and S 3 on 18 Apr 2004
shown with a scaled-down lightcurve of J1819+3845 (S0/6). The com-
pact flat spectrum sources S 2 and S 3 exhibit no significant amount of
variability on hourly timescales. By contrast, the observed variations in
J1819+3845 are typical for the source in the fast season.

The scattering measure inferred from the 6 cm scintillations is
(8.4±0.6)×10−3 kpcm−20/3 (Macquart & de Bruyn 2007), which
corresponds to an increment in the emission measure (EM) of

4.58 l2/3
0
(1 + ε2)/ε2 pc cm−6 (NE2001 eq. 14), where l0 is the

outer scale of the turbulence in AU and ε = 〈(ne− n̄e)
2〉1/2/〈ne〉 is

the rms of electron density fluctuations relative to the mean elec-
tron density. This is comparable with the value derived from the
Hα intensity towards this source from the Virginia Tech Spectral
Survey of 0.70 Rayleighs, which implies EM = 2.0T 0.9

4
pc cm−6

(eq. 1 of Haffner et al. 1998), where T4 is the temperature of the
emitting gas in units of 104 K. This emission is presumably dom-
inated by thermal plasma at much larger distances and therefore
represents an upper limit to the EM of the nearby screen.

Since the estimated scattering screen size is at least as
large as the resolution element in the VTSS H-alpha spec-
tral line survey, beam dilution is not a plausible explanation
for the apparent discrepancy between the measured EM in-
crement and that inferred on the basis of the SM. The res-
olution of this discrepancy therefore lies in one of two pos-
sible alternatives. (i) The outer scale of the turbulence may
not be comparable to the transverse dimensions of the cloud.
It is difficult to speculate on the plausibility of this possibil-
ity, since the physical origin of the turbulence is unknown; a
model based on anisotropic Kolmogorov turbulence clearly
explains the scintillation properties on very small length
scales internal to the cloud but we do not know the spectrum
of the turbulence on scales comparable to the cloud size. We
know the overall cloud does not fit well in the paradigm of
the Galactic turbulence power spectrum (i.e. there is a dis-
connect between the cloud and its internal turbulence). (ii)
The parameter ε could be considerably greater than unity.
The available data renders it difficult to distinguish between
the likelihood of these two alternatives as the resolution of
the apparent inconsistency.

It is possible to estimate the density internal to the scattering
region based on estimates of the screen thickness. One has EM =
∫

n
2
edl =

∫

〈ne〉
2(1 + ε2)dl. So, for a medium of thickness ∆L

whose mean and rms density are constant throughout its depth,
the mean electron density is,

〈ne〉 =

√

EM

(1 + ε2)∆L
. (5)

Given the EM calculated on the basis of the scattering measure
above, we can estimate the electron density subject to an esti-
mate of the depth of the scattering region. To this end, we first
we note that the optical properties of the scintillation are well-
modelled using the thin-screen approximation often used in scin-
tillation theory (Dennett-Thorpe & de Bruyn 2003; Macquart &
de Bruyn 2007), so from an optics point of view the screen depth
cannot exceed more than ∼ 10% of its distance, i.e. 0.1–0.2pc.
A more stringent constraint, however, is derived from transverse
extent of the cloud which we estimate above to be 59AU or
larger. Assuming that we are not observing the scattering re-
gion from a special viewpoint, the depth of the region should
be comparable to its transverse extent. Thus the emission mea-
sure places a constraint on the ambient electron density inside
the scattering region of,

〈ne〉 = 97 l
1/3
0
ε−1
(

∆L

100AU

)−1/2

cm−3, (6)

where we normalise to a fiducial screen depth of 100AU, based
upon the arguments outlined above. However, we note that even
if the screen thickness is as large as 0.1 pc, the implied ambient

density of 6 l
1/3
0
ε−1 cm−3 still exceeds the average density in the

warm ionized ISM by over two orders of magnitude 4.
The overdensity problem may be partially alleviated by ap-

pealing to a small turbulent outer scale (i.e. l0 much less than
1AU). However, this cannot account for the large discrepancy.
Observations of the variability of J1819+3845 over 12 hour du-
rations, which probe length scales in the scattering region of
0.01AU, show no evidence for a turnover associated with an
outer scale (Macquart & de Bruyn 2007). This limit suggests
that a small outer scale can reduce the above density estimates
by only as much as a factor of 4.6.

The dispersion measure associated with the scattering region
follows from the estimate of the mean density:

DM = 4.7 l1/3
0
ε−1
(

∆L

100AU

)1/2

pc cm−3. (7)

Such an increment should be easily measurable if the scattering
region were to move across the line of sight of a pulsar.

Extreme densities such as those derived here are also in-
ferred for the clouds implicated in Extreme Scattering Events
(ESEs; Fiedler et al. 1987; Romani et al. 1987), and it appears
that many of the puzzling issues related to the confinement of
ESE clouds pertain also to the scattering region associated with

4 One reason to consider such large depths is the alternative view-
point that one of the reasons this scattering region is peculiar is that
it may relate to a special viewing geometry. In this case the scatter-
ing region may be highly aspherical, so the screen thickness∆Lmay
be much larger than the transverse extent. This would be the case if
the scattering region consisted of a thin sheet viewed nearly edge-on
(see the suggestions along these lines by Goldreich & Sridhar 2006
and Pen & King 2011) or, in an even more special geometry, if it
consisted of a thin cylindrical filament.
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Fig. 14. Lightcurves at 6cm of the sources S 2 and S 3 on 18 Apr 2004
shown with a scaled-down lightcurve of J1819+3845 (S0/6). The com-
pact flat spectrum sources S 2 and S 3 exhibit no significant amount of
variability on hourly timescales. By contrast, the observed variations in
J1819+3845 are typical for the source in the fast season.

The scattering measure inferred from the 6 cm scintillations is
(8.4±0.6)×10−3 kpcm−20/3 (Macquart & de Bruyn 2007), which
corresponds to an increment in the emission measure (EM) of

4.58 l2/3
0
(1 + ε2)/ε2 pc cm−6 (NE2001 eq. 14), where l0 is the

outer scale of the turbulence in AU and ε = 〈(ne− n̄e)
2〉1/2/〈ne〉 is

the rms of electron density fluctuations relative to the mean elec-
tron density. This is comparable with the value derived from the
Hα intensity towards this source from the Virginia Tech Spectral
Survey of 0.70 Rayleighs, which implies EM = 2.0T 0.9

4
pc cm−6

(eq. 1 of Haffner et al. 1998), where T4 is the temperature of the
emitting gas in units of 104 K. This emission is presumably dom-
inated by thermal plasma at much larger distances and therefore
represents an upper limit to the EM of the nearby screen.

Since the estimated scattering screen size is at least as
large as the resolution element in the VTSS H-alpha spec-
tral line survey, beam dilution is not a plausible explanation
for the apparent discrepancy between the measured EM in-
crement and that inferred on the basis of the SM. The res-
olution of this discrepancy therefore lies in one of two pos-
sible alternatives. (i) The outer scale of the turbulence may
not be comparable to the transverse dimensions of the cloud.
It is difficult to speculate on the plausibility of this possibil-
ity, since the physical origin of the turbulence is unknown; a
model based on anisotropic Kolmogorov turbulence clearly
explains the scintillation properties on very small length
scales internal to the cloud but we do not know the spectrum
of the turbulence on scales comparable to the cloud size. We
know the overall cloud does not fit well in the paradigm of
the Galactic turbulence power spectrum (i.e. there is a dis-
connect between the cloud and its internal turbulence). (ii)
The parameter ε could be considerably greater than unity.
The available data renders it difficult to distinguish between
the likelihood of these two alternatives as the resolution of
the apparent inconsistency.

It is possible to estimate the density internal to the scattering
region based on estimates of the screen thickness. One has EM =
∫

n2edl =
∫

〈ne〉
2(1 + ε2)dl. So, for a medium of thickness ∆L

whose mean and rms density are constant throughout its depth,
the mean electron density is,

〈ne〉 =

√

EM

(1 + ε2)∆L
. (5)

Given the EM calculated on the basis of the scattering measure
above, we can estimate the electron density subject to an esti-
mate of the depth of the scattering region. To this end, we first
we note that the optical properties of the scintillation are well-
modelled using the thin-screen approximation often used in scin-
tillation theory (Dennett-Thorpe & de Bruyn 2003; Macquart &
de Bruyn 2007), so from an optics point of view the screen depth
cannot exceed more than ∼ 10% of its distance, i.e. 0.1–0.2pc.
A more stringent constraint, however, is derived from transverse
extent of the cloud which we estimate above to be 59AU or
larger. Assuming that we are not observing the scattering re-
gion from a special viewpoint, the depth of the region should
be comparable to its transverse extent. Thus the emission mea-
sure places a constraint on the ambient electron density inside
the scattering region of,

〈ne〉 = 97 l
1/3
0
ε−1
(

∆L

100AU

)−1/2

cm−3, (6)

where we normalise to a fiducial screen depth of 100AU, based
upon the arguments outlined above. However, we note that even
if the screen thickness is as large as 0.1 pc, the implied ambient

density of 6 l
1/3
0
ε−1 cm−3 still exceeds the average density in the

warm ionized ISM by over two orders of magnitude 4.
The overdensity problem may be partially alleviated by ap-

pealing to a small turbulent outer scale (i.e. l0 much less than
1AU). However, this cannot account for the large discrepancy.
Observations of the variability of J1819+3845 over 12 hour du-
rations, which probe length scales in the scattering region of
0.01AU, show no evidence for a turnover associated with an
outer scale (Macquart & de Bruyn 2007). This limit suggests
that a small outer scale can reduce the above density estimates
by only as much as a factor of 4.6.

The dispersion measure associated with the scattering region
follows from the estimate of the mean density:

DM = 4.7 l1/3
0
ε−1
(

∆L

100AU

)1/2

pc cm−3. (7)

Such an increment should be easily measurable if the scattering
region were to move across the line of sight of a pulsar.

Extreme densities such as those derived here are also in-
ferred for the clouds implicated in Extreme Scattering Events
(ESEs; Fiedler et al. 1987; Romani et al. 1987), and it appears
that many of the puzzling issues related to the confinement of
ESE clouds pertain also to the scattering region associated with

4 One reason to consider such large depths is the alternative view-
point that one of the reasons this scattering region is peculiar is that
it may relate to a special viewing geometry. In this case the scatter-
ing region may be highly aspherical, so the screen thickness∆Lmay
be much larger than the transverse extent. This would be the case if
the scattering region consisted of a thin sheet viewed nearly edge-on
(see the suggestions along these lines by Goldreich & Sridhar 2006
and Pen & King 2011) or, in an even more special geometry, if it
consisted of a thin cylindrical filament.
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J1819+3845. Specifically, the problem is that regions that are
overpressured by at least three orders of magnitude with respect
to the ambient ISM seem to persist throughout the ISM and ap-
pear highly prevalent: the ESE event rate is 0.013 source−1 yr−1

(Fiedler et al. 1987). Given this puzzle, it is natural to consider
whether we observe evidence for changes in the internal struc-
ture of the cloud with time.

We place limits on the stability of the turbulence within the
screen by investigating whether the small-scale, 107−8 m, turbu-
lence that is probed by the scintillations evolves significantly
with time. Several arguments suggest that there is little evolu-
tion of the structure on these scales during the time in which
rapid scintillations were observed, on timescales between tens
of minutes and years:

– There is a strong degree of cross-correlation between the po-
larized and unpolarized lightcurves, indicating that the scin-
tillation pattern retains its coherence on the timescale re-
quired to traverse the angular distance in the source sepa-
rating these two components, which is of order an hour.

– There is a similarly strong degree of cross-correlation be-
tween the structure at different frequencies which, like the
polarized and unpolarized emission, are also separated in sky
position.

– The annual cycle of the variability timescale is observed to
persist overmany years and, once the scintillations are scaled
to a common timescale that removes this annual cycle, the
overall character of the scintillations is consistent with no
measurable change over the course of at least two years (see
Fig. 12 of Dennett-Thorpe & de Bruyn 2003). This is also
the case for the 7 month interval in 2006, some 4 years later.

Given the extreme pressure inferred for this turbulent region
on the basis of its high density, we are led to consider what might
confine it, i.e. why doesn’t the turbulent cloud simply blow up?
One possibility is that the turbulence is confined by a magnetic
field, or is at least in pressure balance with it. This is reason-
able to expect, given that the scattering is observed to be highly
anisotropic and thus, that the magnetic field may be dynamically
important.

Based on the density derived in eq. (6), the magnetic field
must have a value of,

Beq = 58 l
1/6
0
T
1/2
4
ε−1/2

(

∆L

100AU

)−1/4

µG, (8)

if it is in pressure balance with the plasma. This, in turn, implies
a Faraday depth of,

RM = 2.2 l1/2
0
T
1/2
4
ε−3/2

(

∆L

100AU

)1/4

radm−2. (9)

We are thus led to conclude that, if the magnetic field is roughly
in pressure balance with the plasma, the scattering material
would cause a small but plausibly detectable increment in the
rotation measure of any polarized emission that lies behind it.

4.5. RM from RM variations and diffuse Galactic polarization

Given that the screen that covered J1819+3845 may be confined
by a high magnetic field, we have searched for a change in the
rotation measure of J1819+3845 between the scintillation and
post-scintillation periods. The 6 cm band is too narrow to set
any interesting RM limits so we have confined our analysis to
the 21 cm polarization results. However, before discussing these

results we review the Galactic RM properties in the general di-
rection of J1819+3845.

We have inspected the Rotation Measure of NVSS-
selected sources whose polarized flux is larger than 2mJy
in an area of 8◦ × 8◦ centered on J1819+3845, taken from
Taylor et al. (2009). Most RM values are found between 0
and +50 radm−2. Although there is a conspicuous cloud of
higher RM values about 4◦ south of J1819+3845, we have
evidence that links this region to the screen towards the
quasar. We have used the many 12 hour WSRT observations
at 21 cm, in which we can reliably detect sources with po-
larized fluxes down to 0.1mJy, to map the distribution of
Rotation Measures close to J1819+3845. The RMs of those
sources are shown in Fig. 16 and agree quite well with the
range displayed in the NVSS data from Taylor et al. (2009).
We estimate a value of 50±10 radm−2 for the direction of
J1819+3845. There is only one known pulsar in the direction
of J1819+3845. PSR J1813+4013 is located 2◦ away, and has
a RM of +47 radm−2, in line with many of the background
sources.

In total we have more than a dozen good quality syntheses at
21 cm. In about 6 of them we have a clear detection of polarized
emission from J1819+3845 at a typical level of about 0.5–1%
of the Stokes I flux density. One of the more interesting cases
is shown in Fig. 2, data from 21 August 2004, when the source
had an unusually high and stable flux density of 240mJy. The
average polarized flux density at that epoch was about 1.5mJy,
peaking at an RM of +115 radm−2. There is some evidence for
variability in the RM of the emission from J1819+3845 in the
years 2002–2005. If those RM variations are real, they could be
due to intrinsic variations in the RM from the quasar, or they may
be due to variations in the RM contributed by the screen. For the
moment we set a conservative limit of 40 radm−2 to the variable
component of the RM from J1819+3845. Unfortunately, the two
epochs of 21 cm observations taken in May 2009 and June 2012,
when J1819+3845 had emerged from behind the screen, did not
reveal any linear polarization in the source, down to limits of
about 0.2%. (The 21cm Q and U images for the 21 August 2004
epoch also indicate temporal variability during the 12 hour syn-
thesis, with a peak polarized intensity of 3mJy. In view of the
6 cm polarization results described above, we may also expect
significant time delays between the Stokes Q and U signals. We
note in passing that these time delays will complicate traditional
RM synthesis; we defer a discussion of this topic to a future pa-
per.)

The WSRT 21cm data have also been used to image the dif-
fuse polarized emission from the Galactic foreground. We used
four 12 hour syntheses with complete short spacing coverage
with an 18 m increment to avoid confusion. The surface bright-
ness of the diffuse polarization is however very low and we
therefore smoothed the data to a resolution of 50′′× 80′′. RM
synthesis was used to make a cube of images running from -
500 to +500 rad m−2 in increments of 20 rad m−2. The polarized
intensity and polarization angle for the frame at Faraday depth
+60 radm−2 are shown in Figs. ?? and ??, where the bulk of the
emission peaks. Although the RMSF has a width of 350 rad m−2,
the S/N ratio is sufficient to establish that there are detectable
spatial variations of the peak Faraday depth between 40 and 80
radm−2. The diffuse polarized emission is confined to the inner-
most area defined by the primary beam of theWSRT 25m dishes
(the HPBW at 21 cm is 0.6◦). Most of the discrete sources visi-
ble in the inner 30′ of the image are intrinsically polarized. Their
RM values are included in Fig. 16. The morphology of the polar-
ized emission is quite complicated and there is no clear spatial
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Fig. 6. Long-term evolution of the flux density of Stokes Q and U, for
twenty-five 6cm 12 h syntheses taken in the period from May 2002 till
June 2006. Note that the plotted values are averaged over (mostly) 12 h
tracks; the peak values in Q and U often reach values of ± 5-7 mJy.
Detailed lightcurves are shown in other figures.

by a single polarized feature. We ascribe these components to
the core (I) and the tip of the jet (Q and U), respectively. The
typical flux ratios Q/I and U/I are about 1.5–3%.

Similar time offsets are observed in other IDV sources and
are also interpreted in terms of offsets between structures in the
source (Bignall et al. 2003; Rickett et al. 2002). Although ran-
dom refractive gradients in the interstellar medium could cause
similar time offsets in principle, they would cause the offset to
vary randomly on a timescale comparable to the scintillation
timescale, and they could not explain the separation between the
linear polarization and the total intensity2.

We now return to the hourly variations in the linear polar-
ization observed in all 12 h syntheses. The variations that are
observed in a scintillating source reflect its underlying structure;
the variations in total intensity and polarization variability are
the convolution of the point-spread function of the scintillation
pattern with the brightness distribution of the source structure
(Little & Hewish 1966; Rickett et al. 2002;Macquart& de Bruyn
2007).

The time delay between any two Stokes parameters X and Y
is related to an angular offset, θXY , in the centroid of the emission
within the source by (Coles & Kaufman 1978),

∆tXY = −
DθXY · v + (R

2 − 1)(DθXY × Ŝ)(v × Ŝ)

v
2 + (R2 − 1)(v × Ŝ)2

, (2)

2 The 80min temporal displacement observed on 22 Jan 2006 is
equivalent to an angular separation of ∼ 5 × 10−9d−1pc rad, where dpc is
the distance to the Faraday active region in parsecs. In a magnetoactive
medium an RM gradient dRM/dx causes a displacement of the left- and
right-hand circularly polarized wavefronts by an angle (λ3/2π) dRM/dx
(Macquart & Melrose 2000), so to cause the angular separation ob-
served here one requires an RM gradient of 4 × 1012d−1pc radm

−2 pc−1.
However, even if such an extreme RM gradient were feasible, it would
still not cause a displacement of the linear polarization from the emis-
sion in total intensity, since the natural modes of a cold magneto-ionic
medium are circularly polarized.

Fig. 7. A demonstration of the strong correlation between polarized
and unpolarized emission. The polarized emission lags the unpolarized
emission indicating that the centroid of the polarized emission is angu-
larly offset from the bulk of the unpolarized source emission. On this
particular epoch, 26 Feb 2006, the delay was about 55min and sim-
ilar for both Stokes Q and U. To create a flux density-scaled Stokes
I lightcurve, overplotted on the Stokes Q and U lightcurves, we sub-
tracted the 12 h averaged total flux density, multiplied the difference by
a scale factor, typically 0.015–0.03, and added the average flux of the
relevant Stokes parameter as presented in Fig.6. Note that the Stokes
U signals have negative polarity on this epoch, hence we flipped the
sign of the scaled and shifted Stokes I signals. In this plot the data were
averaged to a timescale of 30 s.

≈ −
DθXY × Ŝ

|v × Ŝ|
, R2 % 1, (3)

where v is the velocity of the scintillation pattern at the epoch
at which the offset is measured, D is the distance to the scatter-
ing screen, R is the anisotropy ratio of the scintillation pattern

and Ŝ = (cos β, sin β) is the direction of its long axis measured
with respect to the RA axis. The best estimates of the scintilla-
tion parameters are given in Table 1, however we note that some
parameter estimates are subject to degeneracies in the solution
for v.

3.2.1. Evolution 2003-2006

If there are multiple polarized features in the jet, possibly
with different polarity, the comparison between I, Q and U

lightcurves can become rather difficult to unravel. We have in-
vestigated all 25 12 h syntheses in the period from Apr 2002 to
Jun 2006 to look for cases of unambiguous delays. In about half
of the 25 epochs, a unique delay with high correlation coefficient
could be derived, especially if there are one or more unusually
bright scintels in the Stokes I lightcurve. In several cases, e.g.
10 Jan 2003 (as well as 20 Jan 2003, not shown) there is good
evidence for multiple components in Stokes U. In other cases,
e.g. 21 Feb 2004, the oscillatory behaviour in Stokes I does not
permit a unique delay to be determined.

6

• Q, U are much more highly 
modulated than I

• Both show significant time 
delays relative to I

• Nature of variations change 
between epochs

• Comparison of I-Q/U time 
delay with VLBI image fixes 
the screen distance at 1.5
±0.5pc

• We can measure an 
expansion speed between 
epochs...



Polarization Modelling
de Bruyn & Macquart: The long-term evolution of J1819+3845

Fig. 8. The variations in I, Q and U in J1819+3845 over a succession of years. Each epoch was chosen to represent a similar stage in the annual
cycle of timescale variations exhibited by the source, facilitating meaningful comparison between epochs. The thin black curves in each of the Q
and U panels shows a scaled and shifted version of the Stokes I lightcurve for comparison.
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Polarization Modelling

de Bruyn & Macquart: The long-term evolution of J1819+3845

Parameter value

D 1 − 3 pc

SM (2.5 ± 0.4) × 1017 m−17/3

= (8 ± 1) × 10−3 m−20/3 kpc

vα 33.5 km s−1

vδ -13.5 km s−1

R 14+>30
−8

β 83◦ ± 4◦ (N through E)

Table 1. Parameters associated with the interstellar scintillation of
J1819+3845 collated from Dennett-Thorpe & de Bruyn (2003) and
Macquart & de Bruyn (2007). The parameters vα and vδ refer to the
velocity of the scattering screen with respect to the heliocentre. Its ve-
locity with respect to Earth changes during the course of the year. On 30
Jan the velocity with respect to Earth is (v⊕α , v⊕δ ) = (9.2,−31.9) km s

−1.
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Fig. 9. A plot of the time delay of the Stokes Q and U emission with
respect to the total intensity determined from the four epochs shown in
Table 2. The right-hand axis shows the equivalent angular separa-
tion with respect to the unpolarized emission using the relation in
eq. (4).

projected velocity during that period; they therefore are consis-
tent with a picture that the ‘tip of the jet’ in 2006 did not appear
to move substantially.

4. Screen properties

Given that J1819+3845 has not exhibited internal structural
changes capable of causing the cessation of scintillations ob-
served in 2006-7, the phenomenonmust be attributed to a change
in the turbulent scattering screen in front of the source. Here we
infer the properties of this scattering region.

4.1. Distance of the screen

The rapid scintillations in J1819+3845 have been associated
with a region of turbulent material within 1-3 pc of Earth that
moves relative to the line of sight with a best-fit scintillation
velocity of (vα, vδ) = (−33.5, 13.5) kms

−1 (Dennett-Thorpe &
de Bruyn 2003). There is some degeneracy in the solution for
vISS, and we henceforth adopt vISS = 35 kms

−1 relative to the
barycentre of the Solar System. Modelling of the power spec-
trum of intensity variations at 6 cm (Macquart & de Bruyn 2007)
yields a distance of 2.0 ± 0.3 pc, for this scintillation velocity.
However an independent, and more robust, determination of the
screen distance is possible by comparing the temporal shifts be-
tween the total intensity and polarization variations, of the sort
discussed in §3.2, with the angular separation of these com-
ponents as deduced from high-resolution VLBI observations.
Global VLBI data taken for this purpose were obtained in June

2003 and have been described in Moloney (2010). They reveal
that the polarized emission at 8.4GHz is displaced from the to-
tal intensity peak by about 600 ± 100 µas to the North. The
gaps in the 8.4GHz VLBI lightcurves and the largely oscilla-
tory nature of the variations during the VLBI observations did
not permit a reliable time delay to be determined from the data.
Hence we will use the 4.9GHz time delays determined from the
regular WSRT monitoring. Before we can relate this angular
separation at 8.4GHz to the linear scale determined from the
4.9GHz time delay we still need to correct for a small frequency-
dependent source centroid shift due to synchrotron opacity ef-
fects (the 4.9GHz emission of J1819+3845 was significantly
self-absorbed in the period from 2000 to 2006, see Fig. 4). Such
shifts are often seen in astrometric phase-referenced VLBI ob-
servations of compact AGN (see e.g. Bignall et al. 2012). Many
epochs of simultaneous WSRT 4.9GHz and 8.4GHz observa-
tions indeed show that in the fast season (January-June) the scin-
tillation peaks at 8.4GHz arrive, on average, about 10 minutes
ahead of the peaks at 4.9GHz (an early example is shown in
Fig. 10). There are also periods when the 8.4GHz peaks them-
selves are clearly double (see Fig. 11) with a time separation
of about 15 minutes. These results probably signify 8.4GHz
structure near the true core. At the time of the VLBI observa-
tions in June 2003 we estimate the time delay between the total
and polarized intensity peaks at 4.9GHz to be about 50 min-
utes. Augmenting this with the offset of 15 minutes between the
core at 3.6 cm and 6 cm, we estimate a temporal shift of 50 + 15
= 65 minutes between the 8.4GHz total and polarized intensity
emission regions in June 2003. Multiplying this time delay with
the 35 km s−1 N-S velocity of the quasar relative to the screen
at that time (see Dennett-Thorpe & de Bruyn, 2003) we deduce
a linear separation of the scintles at the Earth of 1.4 × 1010 cm.
Combining this with the angular displacement of 600µas then
yields a distance to the screen of 5 × 1018 cm, or 1.5 pc. We esti-
mate this direct determination to be in error by at most 0.5 pc.
We therefore find excellent agreement with the distance esti-
mate given above as deduced from the rapid 6 cm scintillations
in 2004 and 2005 (Macquart & de Bruyn 2007).

4.2. Anisotropy

The observed spatial scintillation pattern in J1819+3845 is ex-
tremely anisotropic, and this is often taken as evidence that the
turbulence in the scattering region must be similarly anisotropic.
The scintillation pattern is anisotropic by a factor of at least 6:1,
with a best fit value of 14:1 (Dennett-Thorpe & de Bruyn 2003).
The observed scintillation pattern is a convolution of the point-
spread function of the interstellar turbulence (i.e. the pattern that
a point-like source would exhibit through the same scattering
medium) with the source structure. Anisotropy, therefore, can
either reflect elongation in the underlying source structure —
which is plausible if the source exhibits a jet-like morphology, as
suggested by the analysis in §3.2— or it could reflect anisotropy
in the underlying power spectrum of the turbulence responsible
for the scintillations. This latter explanation is also highly plau-
sible, since pulsar speckle-imaging also reveals anisotropic scat-
tering in the ISM, with elongations exceeding 40:1 (Brisken et
al. 2010). In fact, it is possible to reproduce the variability char-
acteristics of J1819+3845 with an infinitely anisotropic, line-
like, scintillation pattern (Walker et al. 2009). However, as the
anisotropy is deduced primarily on the basis of the annual cy-
cle in the variability timescale, it is impossible to attribute this
to the turbulence-based anisotropy with certainty. Models of the
power spectrum of the variations (Macquart & de Bruyn 2007),

8
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Aside: IGM scattering limits

• The presence of ISS at the z=0.54 redshift of J1819 limits IGM scattering 
to

• The absence of temporal smearing in several of the FRBs detected by 
Thornton et al. (2013) limits the IGM scattering measure at comparable z 
to 

• If the temporal smearing observed in FRB 110220 is intergalactic this 
implies (for these lines of sight):

SMeff < 9.8× 1016 m−17/3

Temporal Broadening of Transient Radio Emission by the IGM 11

The largest values of SMeff indicated by our various models are of the order of 3×1013 m−17/3 for z < 1 and 1015 m−17/3

for z < 5, indicating that a conservative upper bound on the expected scattering broadening size is ∼ 100λ2 µas for
z ! 1 and ∼ 600λ2 µas for z ! 5.

The most stringent observational limits come from VLBI and from the minimum source angular sizes of sources as
deduced by interstellar scintillation at cm-wavelengths. The strongest VLBI limits are at the lowest frequencies since
the expected angular broadening size increases quadratically with wavelength but the resolution of an interferometer
degrades only linearly with wavelength. However, the limit on IGM angular broadening at z ! 1 is well beyond the
resolving capabilities of VLBI: baselines larger than 2.0 × 106 km are required at 300MHz to access sources at the
angular resolutions relevant to IGM angular broadening. At higher frequencies constraints from ISS are more stringent.

Scintillation studies of intra-day variable sources yield source lower limits on the source size of ∼ 10 µas (e.g. Rickett,
Kedziora-Chudczer & Jauncey 2002; Macquart & de Bruyn 2007) at 5 GHz. However, the predicted upper limit on
angular broadening by the IGM at this frequency is ∼ 0.4 µas, far lower than the lower limits deduced from ISS.

We may also utiliize the angular sizes of intra-day variable sources to place upper limits on the effective scattering
measure in the IGM at moderate redshifts. The z = 0.54 source J1819+3845, contains components between 9 and
26 µas in size at 5 GHz (Macquart & de Bruyn 2007). The smallest of these components therefore implies SMeff <
9.8 × 1016 m−17/3, where we assume DLS/DS = 0.5. Similarly, the smallest component size deduced for the quasar
PKS 0405−385 is 9 µas (Rickett et al. 2002), which places an identical limit on the effective scattering measure at
z = 1.285.

4.2. Comparison with existing burst characteristics

The temporal characteristics of the six extragalactic bursts reported by Lorimer et al. (2007), Keane et al. (2011)
and Thornton et al. (2013) may be used to further constrain the properties of scattering over cosmological distances.
Temporal smearing was detected in only two bursts, and only the detection of the highest S/N event reported by
Thornton et al. (2013) was not of marginal significance: this burst, FRB 110220, possessed a (smearing-dominated)
duration of 5.6 ± 0.1 ms duration at 1.3GHz. No significant detection of scattering was made in other bursts, placing
limits on the smearing timescale of between between < 1.1 ms and < 4.3ms at the same frequency. Moreover, we note
that the upper limit on the DM= 1072 pc cm−3, < 4.3 ms duration burst (FRB 110703) is smaller than the duration
of FRB 110220, despite occurring at the lower DM of 910 pc cm−3. This indicates that there is appreciable variation
in the smearing timescale of extragalactic bursts between different lines of sight.

We use eqns. (16a-16b) to determine the effective scattering measure implied by these durations. The frequency
dependence of the temporal smearing observed in FRB 110220, τ ∝ ν−4.0±0.4 is consistent with both scattering in
which rdiff < l0 (τ ∝ ν−4) or in which rdiff > l0 (τ ∝ ν−4.4). Since the observed pulse shape is the convolution of the
intrinsic pulse shape with the pulse broadening kernel, we attribute 4ms to the temporal smearing timescale in FRB
110220, which implies the following

SMeff = (1 + zL)

(

Deff

1 Gpc

)−1
{

3.4 × 1016
(

l0
1 AU

)−1/3
m−17/3, rdiff < l0,

1.8 × 1016 m−17/3, rdiff > l0.
(40)

This may be regarded as an upper limit on the effective scattering measure of the IGM in the sense that some
component of the temporal smearing may originate in the interstellar medium of the host galaxy. More generally, the
absence of broadening in the other bursts implies

SMeff < (1 + zL)
( τ

1 ms

)

(

Deff

1 Gpc

)−1
{

8.6 × 1015
(

l0
1 AU

)−1/3
m−17/3, rdiff < l0,

4.7 × 1015 m−17/3, rdiff > l0.
(41)

The scattering is particularly constraining for FRBs 110627 and 120127, with durations of < 1.4 ms and < 1.1 ms
respectively (Thornton et al. 2013).

4.3. The distinction between scattering due to the host galaxy and the IGM

The extension of the scattering theory above to cosmological distances allows us to immediately address an important
issue related to the origin of scattering in high-DM Lorimer-like bursts. Specifically, in several high-DM bursts the pulse
width is observed to increase as λ4.0±0.4, which suggests that these pulses are broadened by multipath propagation by
an inhomogeneous plasma along the lines of sight to the objects. For the case of the Lorimer burst itself, the predicted
temporal smearing time due to our Galaxy’s interstellar medium is 0.6 µs at 1.4GHz (Cordes & Lazio 2002), which is
much smaller than the observed ≈ 5 ms pulse duration. Thus the scattering occurs either in the IGM or in the host
galaxy of the burst itself. There is currently considerable debate about whether the observed temporal smearing is
caused by the IGM, or whether it can be fully attributed to turbulence in the interstellar medium of the galaxy in
which the burst occured (the host galaxy).

The foregoing theory makes a strong prediction about the redshift dependence of the scattering at cosmological
distances. This potentially enables us to distinguish between temporal smearing predominately due to the host galaxy
or the IGM itself. If the scattering is dominated by turbulent plasma inside the host galaxy, the SM will reflect local
conditions within those galaxies and will be decoupled from the Hubble expansion that affects the density of the diffuse
IGM. We discuss the effect of temporal smearing in relation to eq. (14). For scattering occurring at the host galaxy
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J1819 is unique

The MicroArcsecond Scintillation-Induced Variability survey

Bignall, Jauncey, Kedziora-Chudczer, Lovell, Macquart, Rickett

• Survey for intra-day variability in 525 compact, flat/inverted-
spectrum sources @ 4.8 GHz using VLA in 5 sub-arrays

• 4 x 3-day epochs spaced throughout a year (+ additional 
followup session) to eliminate annual-cycle selection effects

• >56% of all sources exhibited IDV in at least one 
of the four epochs (accounting for false positives)

• Uniqueness: no more sources like J1819 found!

Lovell et al. 2003 & 2008



µas structure of another IHV
PKS 1257-326, ATCA, 2011 Jan 15
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What’s happening here?
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The Core Shift
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This temporal offset arises as a direct consequence of an angular offset between two

compact components within the scintillating source. When an angular separation, θ, is

present between two components, this results in a spatial displacement of their respective

scintillation patterns across the plane of an observer by an amount Dθ, where D is distance

between the observer and the scattering material (Little & Hewish 1966). Since the

scintillation patterns are in motion across this plane with some velocity v, the result is a

separation in the arrival time of the scintillations associated with each component. In the

present case, a displacement in the lightcurves between closely-spaced frequencies arises

because there is an angular offset in the image centroids between the respective frequencies.

For any pair of frequencies, the time delay is, in terms of the centroid offset θ (see Appendix

A),

∆t = −
Dθ · v + (R2 − 1)(Dθ × Ŝ)(v × Ŝ)

v2 + (R2 − 1)(v × Ŝ)2
, (1)

where R is the anisotropy ratio of the scintillation pattern and Ŝ = (cos β, sin β) is the

direction of its major axis, which we measure with respect to the RA axis. The scintillation

parameters have been derived from annual cycle and two-station time-delay measurements,

and are given in Table 1. It is evident that this delay is modulated both by the annual cycle

in the magnitude of v and by changes in the angle of the velocity vector with respect to θ;

this latter effect causes the annual cycle experienced by ∆t to differ from the annual cycle

in scintillation velocity.

Phase gradients in the ISM may, in principle, also cause temporal offsets of lightcurves

as a function of frequency in a scintillating source. However, the offset observed here

is difficult to attribute to such an extrinsic cause for several reasons: (i) the sense and

magnitude of the delay is constant throughout the dataset; upon dividing the dataset in

two halves (in time) and deriving time offsets based on these two halves separately, we find

the same offsets to within the margin of error of the estimates. (ii) The delay is observed

We measure angles to a 
precision of below 
1µas=8.5 mpc or ~90 RS

Most VLBI measurements 
of other AGN show ζ=1

– 9 –

over a timescale of 10 hours, whereas refractive phase gradients in the ISM in the regime

of weak scintillation for a Kolmogorov spectrum of phase inhomogeneities would occur on

the timescale associated with the scintillations, and the time offset should converge to zero

as the average is performed over an increasing number of scintles. Any small jitter in the

offset between individual scintles appears to be dominated by the systematic offset. (iii)

An annual cycle in the time offset is reported by Bignall et al. (2003), indicating that the

offset persists on a timescale of greater than a year.

3.2. Time delay measurement

To determine the relative time delay between each pair of lightcurves, I(t, ν1) and

I(t, ν2), we computed the cross-correlation function,

C(∆t; ν1, ν2) =
〈[I(t′, ν1) − Ī(t, ν1)][I(t′ + ∆t, ν2) − Ī(t, ν2)]〉

√

var[I(t, ν1)]var[I(t, ν2)]
. (2)

A peak in the cross correlation at positive delay, ∆t, indicates that the fluctuations at

frequency ν2 precede those at ν1. We fitted a gaussian of the form,

C(t) = A exp

[

−
(t − t0)2

B2

]

, (3)

to the inner part of the cross-correlation function to obtain an estimate of the time

delay between each frequency-lightcurve pair and its associated error. An example

cross-correlation function and its associated fit is shown in Fig. 2. Typical errors in the

estimated delay are 50 s. The derived delays as a function of ν1 and ν2 are shown in Fig. 3.

In most models of jet structure the angular offset between the jet base and the centroid

of the emission at a frequency ν is fitted to a power law, ∆θ = Aν−ζ , where A and ζ are

constants to be determined. Since the time delay is linearly proportional to |θ|, we fitted a

function of the form ∆t(ν1, ν2) = K(ν−ζ
1 − ν−ζ

2 ) to the delays. The best-fitting parameters
ζ = 0.10 with 99% confidence interval ζ = [−0.14, 0.34]

∆t(ν1, ν2) ∝
∣∣∣∣[θ(ν1)− θ(core)]− [θ(ν2)− θ(core)]

∣∣∣∣ actually
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Implications

• Scintillation measures the core-shift to 8 milliparsec precision

• Standard self-similar jet in equipartition doesn’t explain the core shift or scaling 
of jet opening angle with wavelength (core shift scales as ν-1)
• Free-free absorption unlikely (no evidence for a high rotation measure)

• We instead consider a model in which the jet traverses a steep pressure gradient of 
the form                    (i.e. jet is hydrostatically confined)

• Model can explain the observed jet properties

• Steep pressure gradient may explain a long-standing mystery as to why IDV 
sources with such high Lorentz factors remain compact enough to scintillate over 
periods of years (i.e. don’t just expand and stop scintillating).

p ∝ r−np



Conclusions

• J1819 may have stopped scintillating, but the nature of its 
hyperturbulent scattering remains connected to many puzzles 
relating to ISM turbulence

• Connection to ESEs and pulsar scattering in hyperturbulent 
regions?

• J1819 and PKS1257 delivering on promise of probing AGN 
micro-arcsecond (millipc) structure

• Hydrostatic confinement keeps these sources compact?

• Will another source near J1819 start showing similarly fast 
variations within the next few years?


