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Abstract. From simultaneous 8.4 and 2.3 GHz VLBA obseral. 1995). However amore recent result from Lovell etal. (1998)
vations we have studied the morphology and properties of thigows a time delay of Zi?g days. From molecular absorption
compact components of the gravitational lens PKS 1830-21ifhes in the spectrum of PKS 1830-211, the redshift of a lens-
We have found that the size of the southwest component ing galaxy has been determined as 0.89 (Wiklind & Combes
creases as?, most probably due to scattering by interstellat996). Lovell et al. (1996) report the presence of a second lens-
plasma, while the size of the northeast component does notiimg galaxy at redshift of 0.19, and suggest that PKS 1830-211
crease with such wavelength dependence. The small separatidght be a compound gravitational lens. Moreover, the recent
between both lensed components, compared with the typidatection of the optical and infrared counterparts of PKS 1830—
size of scattering clumps in our Galaxy, suggests that the s@t4 (Courbin et al. 1998; Kochanek et al. 1998), and the mea-
tering material is located in the lensing galaxy, rather than in teerement of a redshift of 2.507 (Lidman et al. 1999) will prob-
Milky Way. Within the uncertainties, the flux-density ratios ofibly allow significant improvements in the present models for
the brightest feature in the two compact components for the tivos lens system (Kochanek & Narayan 1992; Nair et al. 1993),
frequency bands agree with each other, as expected for imagesded for an estimate optHExtensive very long baseline inter-
of the same background feature. ferometry (VLBI) observations have been carried out from cm-
(Jaunceyetal. 1991; Jones etal. 1993, 1996) to mm-wavelengths
Key words: cosmology: gravitational lensing — galaxies(Garrett et al. 1997) to monitor the morphology of the two com-
quasars: individual: PKS 1830-211 pact components. The latter, shorter wavelength, observations
show extraordinary rapid changes in the structure of the com-
pact components that should provide strong constraints to the
lens geometry.

In this paper, based on dual-frequency VLBI observations,
PKS 1830-211 is a variable flat-spectrum radio source with twe report the results of the analysis of the compact structures of
strong compact components of similar flux density separatedthg two main components of PKS 1830-211. From high-quality
1 arcsec (Rao & Subrahmanyan 1988). The unusual combineps we have checked whether the observed angular sizes of the
tion of flat-spectrum and double structure led to suggest thawo images are similarly affected by interstellar scattering, and
PKS 1830-211 was affected by gravitational lensing (Subratetermined the flux-density ratio of the two dominant features
manyan et al., 1990). MERLIN and VLA observations (Jauncey VLBI scales.
et al. 1991) confirmed such suggestion by showing the similar-
ity of the two components and, by finding the existence of @ Observations and maps

elliptical ring, interpreted as an Einstein ring, that connected _
them. The two components are interpreted in terms of a core J4¢ Observed PKS1830-211 on 1995 June 27 from 03:00

type source lensed by a gravitational potential, to 11:00 UT. Using thg complete Very Long Baseline Array
The high flux density of PKS 1830-211 and its peculia{yLBA)’ we recorded simultaneously at two frequency bands

properties combine to make this source thetargetofextensive(r“élg;'4 and~2.3 GHz) in right circular polarization. The data

dio observations at different frequencies and resolutions. Fréffi€ correlated at the National Radio Astronomy Observatory

VLA observations, the time delay between the two compadlRAC, Socorro, New Mexico, USA) using the midpoint be-

components has been estimated as@days (van Ommen et €N the two main components of PKS 1830-211 as phase cen-
ter. Manual phase calibration, visibility amplitude calibration

Send offprint requests 1d.C. Guirado (jcg@Uvlbi.uv.es) (using system temperatures and gain curves from each antenna)
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Fig. 1. Maps of the NE imagdéft) and SW imager{ght) of PKS 1830-211 at 8.4 GHz. Contours are -1,1,2,4,8,16,32,64, and 90% of the peak
of brightness for each map, which is 0.57 and 1.52 Jy/beam for NE and SW image, respectively. The restoring beam (shown at the bottom left
corner of each map) is an elliptical Gaussian of 5.2r1a8 mas along P.A. -5°2

and fringe fitting at the correlation position were made witB. Results
the NRAO Astronomical Image Processing System (AIPS). e1 Separation and registration
transferred the data into the Caltech imaging program Difmap .of tﬁe imaqes at 8%1 and 2.3 GHz
(Shepherd et al. 1995) to make several iterations of phase and 9 ' '
gain self-calibration. We used a cleaning window.&f00 mil-  To analyse the size and spectra of the compact components of
liarcseconds (mas) around the a priori positions of each of thKS 1830-211 the corresponding maps at the two frequencies
compact components (since Difmap does not allow multipfeeed to be properly aligned. At each frequency our maps con-
window imaging, during the mapping process we alternatetyin two images, NE and SW, which are shown in Figs. 1 and
shifted the location of the window back and forth between bogh The separation between the images can be estimated readily
compact components). Therefore, at each frequency, we obfagm their placements in the global map. Taking the peak-of-
a “global” map of PKS 1830-211 with two main features cobrightness of the SW image as the origin (the choice of any
responding to the northeast (NE) and southwest (SW) compatHer point as reference does not affect our discussion) we ob-
components. We also mapped the PKS 1830-211 images usiig a separation between the images of-8Znas along PA
the task IMAGR in AIPS. Any differences of the maps obtaine4i8.5+0.2 and 9787 mas along PA 481, at 8.4 and 2.3 GHz,
with Difmap and IMAGR were insignificant. respectively. The quoted standard deviations are the root-sum-
At 8.4GHz PKS1830-211 was detected on baselingguare of the errors due to the signal-to-noise ratio of the map
shorter than 16010°), that is, in all baselines but those fromand the uncertainties in selecting and locating the delta com-
Mauna Kea (Hawaii) to Saint Croix (Puerto Rico) and Harponents near the peak of brightness (quantity dominated by the
cock (New Hampshire). At 2.3 GHz, the source was resolvedicertainty in selecting the peak of the NE component). Alter-
out on baselines longer than 40 10°\. Such interferomet- natively, the separations and uncertainties obtained from fits of
ric performance at 2.3 GHz was expected due to the relativeliptical Gaussian models to the visibility data are consistent
low brightness temperature of PKS 1830-211, likely caused Wjth the image-based results described above. The difference
broadening of the size of the radio images by interstellar schetween our separation estimates does not appear significant
tering (ISS) (Jones et al. 1996; see also below). given the standard deviations. Both estimates agree with other
The VLBA maps of the images of PKS 1830-211 at 8.4 anfleasurements at 5 GHz (Jones et al. 1993), 22 GHz (Jones et
2.3 GHz are shownin Figs. 1 and 2, respectively. At 8.4 GHz, th& 1996) and 43 GHz (Garrett et al. 1998). Accordingly, maps
NE image shows a rich structure with multiple features (NEX2ave been registered such that the pair of components SWX1
to NEX5) around the strongest component NEX1, the SW irand SWS1, in the SW image, and NEX1 and NES1, in the NE
age presents a one-sided core-jet structure, exterdlgnas image, coincide.
towards the northwest; the emission is dominated by the unre-
solved component labelled as SWX1. At 2.3 GHz, the NE iné-2 Size-broadening of the images
age shows features NES2 and NES3 around the strongest one,
NES1, while the SW image shows a single extended compon&atobtain quantitative estimates of the flux density and size
(SWS1). of the main components in the NE and SW images, we fitted
elliptical Gaussian models to the visibility data using a least-
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Fig. 2. Maps of the NE imagdéft) and SW imager{ght) of PKS 1830-211 at 2.3 GHz. Contours are -1,1,2,4,8,16,32,64, and 90% of the peak
of brightness for each map, which is 0.56 and 0.57 Jy/beam for NE and SW image, respectively. The restoring beam (shown at the bottom left
corner of each map) is an elliptical Gaussian of 16.3x&6 mas along P.A. -1°4 Note that scales in Figs. 1 and 2 are different.

Table 1.Elliptical Gaussian models for the brightest feature in each of the NE and SW images
of PKS 1830-211

A(cm) Component Flux density (Jy) Major axis (mas) Minor axis (mas) PA (

3.6 SWX1 2.6:0.2 1.5£0.2 1.2:0.2 5+9

13 SWS1 1.20.2 232 19£2 -60+£20
3.6 NEX1 1.4£0.2 3.3£0.5 2.3t0.5 -70£5
13 NES1 1.20.2 1943 6+3 -60+10

For each parameter, we adopt as standard deviation the increment of the (adjusted) parameter
value that increases the map residuals by a factor of two.

squares algorithm. We show the most relevant parameters ofdféhe size of the NE image corresponding to previous observa-
fits in Table 1, only for the brightest feature of each image. Wions at 5 and 22 GHz (Jones et al. 1996 and references therein).
tested whether the apparentsizes of the brightest feature incrédeebtain (see Fig. 3) an estimatedf 0.65+0.15. This value
as\?, as expected from broadening by interstellar scatteririg.significantly different from that obtained for the SW image,
From our data, we estimated the exponeginithe power lawd o«  which indicates a significantly smaller amount of scattering ma-
M\, whered is the source size andthe observing wavelength. terial along the line of sight towards the NE image than towards
Following Jones et al. (1996), we adopted the minor axis tife SW image.
each component, as given in Table 1, as the component size
since this quantity is less affected by the source structure. F3o§
the SW image, our estimate= 2.140.2 is in good agreement
with the value reported by Jones et al. (1996). The use of thmce gravitational lensing is a non-dispersive phenomenon, the
equivalent circular size (taken as the geometric mean of thex-density ratio of the components of the images is expected
major and minor axis) to calculaté yields a similar value. to be independent of the observing wavelength. However, at
We can also estimat@ by combining our size estimates witharcsecond scales, the flux-density ratio, R, between the images
previously reported measurements of the size of the brightdf and SW of PKS 1830-211 (in the sense NE/SW) decreases
feature inimage SW at 1.6 GHz, 5 GHz, and 22 GHz (see Jowéth wavelength (Subrahmanyan et al. 1990; Nair et al. 1993;
et al. 1996 and references therein). We then obtain (see Figv@) Ommen et al. 1995). This behavior of R in PKS 1830-211
an estimate ofs of 1.99+0.06. This value firmly supports theis attributed to the lack of resolution of the observations to iso-
hypothesis of image SW of PKS 1830-211 being broadenedlate, in the maps, the flux of a particular background feature
ISS. (i.e. the core or a knot in the jet). Thus, at arcsecond scales, the
For the NE image, assuming that the brightest peak fatx density of each image is an average of the flux densities of
both frequencies corresponds to the same component, the siliffgrent features, in general with different spectra and magni-
shownin Table 1 determine a valugbt 0.740.5. We also es- fications, which produces a dependence of R with wavelength.
timateds by combining our size estimates with measuremernitscontrast, our higher resolution and simultaneous 8.4/2.3 GHz

Flux-density ratio and spectral-index
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observations are suitable to test this “color invariance” properygattering material must bel”. At Galactic distances, this cor-
of PKS1830-211 as a gravitational lens: components in thesponds to a clump diamete.04 pc, much smaller than the
images of PKS 1830-211 should be less contaminated by thgical size of the clumps of scattering material in the Milky Way
flux of nearby features with different spectra, and the ratio (§—10 pc; Cordes et al. 1984). Thus, despite the low galactic lat-
less affected by intrinsic variability (although our observationgide of PKS 1830-211€-57), it is unlikely that the plasma
are simultaneous at both frequencies, any rapid fluctuationoafusing the strong scattering in the SWimage lies in our Galaxy.
the background source seen at only one frequency in only dRather, our results favor the hypothesis of the SW image being
of the images would produce a temporal change in R). Usisgattered by interstellar plasma in the lensing galaxy@t89.
the flux densities in Table 1 we obtain R=8.0.2 and 0.6:0.2 The distinct scattering behaviour of the two images can be read-
for the brightest component at 8.4 and 2.3 GHz, respectively.explained by the separation of the line of sight of both com-
This result is consistent with R being independent of frequenpgnents in passing through the lensing galaxy:#@.89, such
as expected from gravitational images of a given backgrouadseparation corresponds to a distance of 5.6 kpc measured in
object. the plane of the sky (=75 km s ! Mpc—!, go=0.5). Assuming
The spectral indices should also be similar for both imagesilumps of scattering material similar to those in our Galaxy, it
absence of effects other than lensing. We estimated the speésrabt unlikely that two regions in the lensing galaxy separated
index of the strongest components of each image from intendity such a large distance show different scattering properties.
maps of similar resolution (we made new 8.4 GHz intensity addition, recent observations by Courbin et al. (1998) and
maps from the subset of visibility data in order to match th€ochanek et al. (1998) in the optical and near-infrared show the
resolution of the 2.3 GHz intensity maps). For the NE imagkensing galaxy slightly closer to the SW image. Hence, the line
the spectral index corresponding to components NEX1/NESbissight towards the SW image is passing closer to the center of
~0.8. For the SW image, the spectral index for the componetite lensing galaxy than that of the NE image and, assuming a
SWX1/SWS1 is~1. Given the uncertainty of the registratiorradial slope of the distribution of free electrons (similar to the
and the different broadening due to ISS for each source, bdibtribution in the Milky Way; Taylor & Cordes 1993), through
estimates do not seem incompatible. a region where scattering is stronger.
From the detection of HI absorption lines towards the line of
sight of the NE image, Lovell et al. (1996) propose the existence
4. Discussion of a second intervening galaxy at0.19. Our results do not

The simultaneity of the 8.4 and 2.3 GHz VLBA images of tthc_jic_ate ISS broadening of the angular sizes of the NE image.
main components of the gravitationally lensed radio sour |kl|nd_& Combes (1998_) have not found_ traces of molecul_ar
PKS 1830-211 makes a particular contribution to the study SO”O“OF‘ towards the line of S'ght of this 'mage, suggestmg
this source. An accurate registration of the maps at both fgat the alignment between the NE image and this second lens is
quencies is essential for a rigorous analysis of lens aspects. pfexact. Again, the I|ne.of sight towards the NE image would
observations have gone some way to improve the situation Bacs through areas relatively far from the center of the galaxy,

o . ttering is weaker.
the uncertainties (2 and 7 mas at 8.4 and 2.3 GHz, respectlvé{l@/ cre sca . .
are still relatively large. We have found that the estimated ratio R of the flux den-

From the registration adopted in Sect. 3.1, we have shoﬁ){‘y Qf the mos.t c_ompact features of the NE and SW images is,
that the size of the SW image follows)X3—dependenced( — within uncertainties, the same for the two observing frequen-
1.99 + 0.06) while the size of the NE image does ngt & cies. In addition, the values of the spectral indeat the peak

' ' \wPf brightness of the two images are also very similar. Although

0.65 + 0.15). The A2—scaling of the angular size of the S ) : .
image shows that it is clearly dominated by scattering causeg"'® differences, both in R and could be expected given the

by propagation of the wavefront through turbulent interstellg?u'ti%e spo_ts _Zround tlgttahbrigr}test gompoqetnt (t)f t.r][ﬁ lN E i_m—
plasma (e.g. Rickett 1990). age, the coincidence of the values is consistent with lensing.

Our results suggest that NEX1(NES1) and SWX1(SWS1) are

From the different\-dependence of the size of both com=—"" '~ :
ponents, it follows that the angular diameter of the clump g]rawtatlonal images of the same background feature. Compar-
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are limited by the intrinsic variability of the source. In fact, ouef Technology. Research in JPL is carried out under contract with the
values of R differ significantly from those provided by Garrefyational Aeronautics and Space Administration. The National Radio
et al. (1998) from observations at higher frequencies. Astronomy Observatory is operated by Associated Universities Inc.,
Our observations show a disparity of structures in both iander a cooperative agreement with the National Science Foundation.

ages that does not facilitate its detailed interpretation within

models proposed for this lens system. Nair et al. (1993) mogedferences
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