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Detection of a Compact Radio Source near the Center of a 
Gravitational Lens: Quasar Image or Galactic Core? 

Abstract. By use of a new, very sensitive interferometric system, a faint, compact 
radio source has been detected near the center of the galaxy that acts as the main 
part of a gravitational lens. This lens forms two previously discovered images of the 
quasar Q0957+561, which lies in the direction of the constellation Ursa Major. The 
newly detected source has a core smaller than 0.002 arc second in diameter with a 
flux density of 0.6 t 0.1 millijansky at the 13-centimeter wavelength of the radio 
observations. This source could be the predicted third image of the transparent 
gravitational lens, the central core of the gala,uy, or some combination of the two. It 
is not yet possible to choose reliably between these alternatives. 

Albert Einstein's theory of general rel- 
ativity predicted that mass would deflect 
light rays and hence could form images. 
The theoretical properties of such gravi- 
tational lenses have been studied in de- 
tail over the past five decades (1, 2), but 
no astronomical examples were discov- 
ered until 1979 (3) ,  a few weeks after the 
hundredth anniversary of Einstein's 
birth. The two images, A and B, of the 
quasar Q0957+561 then discovered are 6 
arc sec apart on the sky, with A almost 
due north of B (4). They have the same 
emission features in their optical spectra, 
which yield redshifts of 1.4136, identical 
within their measurement uncertainties 
of 0.0002 (5). The imaging is caused by a 
cluster of very faint foreground galaxies 
(redshift = 0.36) (6) ,  with the principal 
role being played by a large elliptical 
galaxy (designated G l ) ,  the brightest 
member of the cluster, located 1.00 
k 0.03 arc sec north and 0.19 k 0.03 
arc sec east of the B image (7). The 
cluster is spread over a region about 4 
arc min in diameter and comprises over 
100 galaxies. 

Because such a gravitational lens is 

transparent, one can predict (2, 8)  from 
theory that, except for degenerate cases, 
there should be an odd number of im- 
ages. After the discovery of the galactic 
lens, the central remaining question con- 
cerned the missing third image. Different 
models predicted that it would be very 
near to either the B image or the center 
of G1 (6). Observations with the Very 
Large Array (VLA) of radio telescopes 
near Socorro, New Mexico, showed 
pointlike emission which came from the 
positions of the A and B optical images 
and weaker emission (designated G) 
which came from a position 1.06 k 0.02 
arc sec north and 0.15 & 0.02 arc sec 
east of the B radio image (9, 10) coinci- 
dent, within the measurement uncertain- 
ty, with the apparent optical center of 
G1, referenced to the corresponding cen- 
ter of B .  The angular resolution of these 
VLA measurements, about 0.3 arc sec 
FWHM (full width at  half-maximum), 
was too crude to allow one to discern 
any structure within the images. The flux 
densities of the A, B, and G components, 
interpolated to our 13-cm observation 
wavelength (- 2300 MHz), were 49 * 1, 

Table 1 .  Positions of G I ,  G ,  and G 

Position relative to B image 

Resolution (epoch 1950.0) 

Object Method of 
observation (FWHM 

arc sec) 
Right Declination ascension (arc sec) (arc sec) 

G 1 Optical (7) 0.5* 0.19 + 0.03 1.00 t 0.03 
G V L A  (10) 0.3 0.15 + 0.02 1.06 t 0.02 
G '  VLBI  0.002 0.181 + 0.001 1.029 t 0.001 

*The resolutions for the optical and VLA observations are from the respective references; the VLBI 
resolution is given as one-half the fringe spacing on the long Californ~a-Europe baselines. 
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37 & 1, and 3.3 * 0.3 mJy, respectively 
(9). The spectral index of the radio emis- 
sion from G differed significantly from 
those of the A and B images, suggesting 
that part, if not all, of this weak emission 
was from G I  (1 I ) .  

Soon after the discovery of this gravi- 
tational lens system, we undertook a 
program of very-long-baseline interfer- 
ometry (VLBI) observations of the re- 
gion of the quasar images (12). Here we 
report on the first phase of analysis of 
our most recent observations, conducted 
on 15 and 16 March 1981 with a VLBI 
array more sensitive than any previously 
available, and within a factor of 2 of the 
highest sensitivity achievable with the 
VLA. This increase in sensitivity was 
brought about primarily by the use of the 
new Mark I11 VLBI terminals (13) in 
combination with the 100-m-diameter ra- 
dio telescope at Effelsberg, Federal Re- 
public of Germany; the 64-m-diameter 
telescopes at  the National Aeronautics 
and Space Administration's radio track- 
ing stations in Goldstone, California, and 
Madrid, Spain; and three other tele- 
scopes with smaller diameters. Our ob- 
servations with these telescopes of right 
circularly polarized radiation covered 
about 12 hours for most baselines. Be- 
cause the separation of 6 arc sec between 
the A and B images is small compared to 
the antenna beam widths, both images 
were observed simultaneously at each 
site. 

The properties of the galactic gravita- 
tional lens lead to the prediction that the 
third image, if near G I ,  should be smaller 
and therefore dimmer than the A or  B 
image, but of similar shape (6, 14). Anal- 
ysis of the data obtained in 1980 with the 
Effelsberg-Goldstone interferometer (15) 
disclosed single compact radio cores 
with largest dimensions between 0.001 
and 0.002 arc sec in both the A and B 
images. The corresponding flux densities 
in these parts of the A and B images were 
23 i- 1 and 19 * 1 mJy, respectively. In 
searching for a similar but fainter radio 
core in the vicinity of G we  used the 1981 
data from the most sensitive (Madrid- 
Goldstone) interferometer, whose fringe 
spacing was - 0.0035 arc sec. To in- 
crease detection sensitivity we used the 
technique of phase referencing to aver- 
age together coherently all the data from 
13 "scans," each 12 minutes in duration, 
obtained with this interferometer (16). 

The region around G that we searched 
showed no radio radiation above the (5 
standard deviation) noise level of 0.3 
mJy, save for a spot less than 0.002 arc 
sec in extent with a flux density of - 0.6 
mJy detected with a signal-to-noise ratio 
(SNR) of 10. This detection represents 
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the first successful use of phase referenc- 
ing with VLBI. The center of brightness 
of this new compact radio component, 
designated G' ,  is 1.029 ? 0.001 arc sec 
north and 0.181 i 0.001 arc sec east of 
the B image, referred to the mean equi- 
nox and equator of 1950.0 (17). The 
average of the corresponding data from 
the 22 scans from the Effelsberg-Gold- 
stone interferometer, also with fringe 
spacing - 0.0035 arc sec, confirmed the 
detection with an S N R  of 9; the coherent 
average of all 35 scans yielded a flux 
density of 0.6 i 0.1 mJy (18, 19) with an 
S N R  of 13. The individual scans set only 
weak limits on any structure of G' more 
complex than a single unresolved point 
source. For  example, a second (unre- 
solved) source with flux density half that 
of G' ,  located within 0.01 arc sec of G ' ,  
would be barely detectable. 

Considering the closeness of G' to  G1, 
we must ask whether this new compact 
component is an additional image of 
Q0957+561 or the radio core of the gal- 
axy. The flux density and size of G '  are 
consistent with either hypothesis. Sim- 
ple lens models yield the - 30: 1 demag- 
nification relative to B needed to account 
for the flux density of G'  (6). Alternative- 
ly, lens models can be modified within 
existing constraints to yield a third image 
sufficiently dim to fall below our detec- 
tion threshold. In this case the observed 
radio emission would be from G1, and its 
value would be well within the range 
expected from observations of the cores 
of other elliptical galaxies (20). Given the 
detection of cores about 0.002 arc sec in 
extent in the A and B images, the detec- 
tion of a smaller core in G'  with the same 
interferometers is a necessary, although 
not sufficient, condition for G' to be a 
third image. On the other hand, the limit 
on the size of G'  is also consistent with 
the higher observational bounds on the 
sizes of cores of other elliptical galaxies 
(20). 

How can the precise position of G' 
relative to the other relevant objects aid 
in resolving this issue? The vastly differ- 
ent resolutions of the instruments used 
to determine this position and, to a lesser 
extent, the differences in observing 
wavelengths complicate the answer. The 
positions of G I ,  G, and G '  were each 
determined with respect to the corre- 
sponding position of the B image (Table 
1). The agreement among the coordinate 
differences seems to indicate that G I ,  G ,  
and G' all coincide and hence are the 
same object (21). The identification of 
G1 as the center of the galaxy then 
suggests that G'  is the radio core of GI .  
Moreover, it is difficult to reconcile this 
agreement if G' is not the core of G I ,  but 
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rather the third image: lens models that 
yield a - 30: 1 demagnification of the 
third image relative to B also require the 
third image to be about 0.2 arc sec south 
of the center of the galaxy (6, 9, 22). 

On the other hand, the reference point 
in B may well depend significantly on the 
technique used. VLBI observations 
made with a lower resolution at  a radio 
wavelength of 18 cm revealed a radio 
feature about 0.040 arc sec in extent 
centered about 0.046 and 0.056 arc sec 
north of the cores of the A and the B 
images, respectively (23). The flux densi- 
ties of these "jets" were equal to those 
of their respective cores within the - 50 
percent uncertainties of the determina- 
tions. Hence the reference point in B for 
the VLA measurements may be about 
0.03 arc sec north of the corresponding 
point for our observations, thus placing 
G' 0.06 i 0.02 arc sec south of G.  Even 
if significant, the offset of 0.06 arc sec 
could be interpreted either as a possible 
location for the third image or  as  evi- 
dence for an asymmetric brightness dis- 
tribution for G. The issue could be set- 
tled if we could detect or rule out the 
presence of a jet in the region of G '  
consistent with the jets accompanying 
the A and B images. Detection of such a 
jet in the region of G' would be convinc- 
ing evidence that G' is a third image of 
the quasar; conversely, a significant limit 
on extended emission would rule out this 
possibility (24). Our present weak limits 
on the presence of any extended emis- 
sion near G' and the large uncertainty in 
the flux density of any demagnified jet 
preclude this elimination. 

It is also unlikely that we will be able 
to resolve this issue after complete anal- 
ysis of our present data. More sensitive 
VLBI observations with submillijansky 
sensitivity in the G '  region seem to be 
required. 
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Lines of T Lymphocytes Induce or Vaccinate Against 

Autoimmune Arthritis 

Abstract. The pathophysiology of autoimmune arthritis was studied by selecting 
and isolating lines of effector T lymphocytes from rats administered an arthritogenic 
dose of Mycobacterium tuberculosis in complete Freund's adjuvant to  induce 
adjuvant arthritis. Irradiated rats were intravenously inoculated with a cell line 
characterized by proliferative reactivity t o  Mycobacterium tuberculosis and,  to  a 
lesser degree, t o  rat collagen type II .  This produced arthritis in all the irradiated rats. 
Nonirradiated recipients failed to  develop arthritis. However, such rats, and those 
recovering from cell-mediated arthritis, were resistant to  subsequent attempts to  
induce adjuvant arthritis. Lines of T lymphocytes selected for responsiveness to  
other antigens had no ef fect .  Therefore, a line of T lymphocytes responsive to  
bacteria or to  collagen type I I  could either induce autoimmune arthritis or serve as 
an agent of vaccination against i t .  

Rheumatoid arthritis is characterized 
by a chronic proliferative and inflamma- 
tory reaction in synovial membranes, 
producing pain, disability, and eventual 
destruction of joints (I). Although the 
etiology of this disease is unknown, it is 
thought that autoimmune processes are 
involved (2). 

An animal model of arthritis that has 
features similar to human rheumatoid 
arthritis is adjuvant arthritis (AA) (3). 
Adjuvant arthritis can be induced in rats 
by a single intradermal injection of a 
suspension of killed Mycobacterium tu- 
berculosis in complete Freund's adju- 
vant (CFA). Experimental evidence sug- 
gests that an autoimmune process in- 
volving T lymphocytes is responsible for 
the generation of AA. Another form of 
autoimmune arthritis can be induced in 
rats (4) and mice (5) by immunization 
with type I1 collagen, component of joint 
cartilage. The development of this arthri- 
tis is associated with both cell-mediated 

and humoral immunity to type I1 colla- 
gen (6). Immunity to type I1 collagen has 
also been detected in human rheumatoid 
arthritis (n and in AA (8). 

We investigated the means by which 
M .  tuberculosis induces the autoimmune 
joint damage seen in AA and the role that 
reactivity to type I1 collagen might play 
in the process by isolating and propagat- 
ing arthritogenic effector cells as T lym- 
phocyte lines. This approach is based on 
the observation that T cell lines reactive 
against the basic protein of myelin can 
both induce and vaccinate against ex- 
perimental autoimmune encephalomyeli- 
tis (9). Accordingly, we isolated three T 
cell lines. From Lewis rats immunized 
with CFA we selected one line (designat- 
ed Zlc) for its proliferative reactivity to 
the purified protein derivative of M .  tu- 
berculosis and a second line (designated 
A2) for its reactivity to the whole bacte- 
rium. A third line (designated D l )  was 
selected for its reactivity to type I1 colla- 
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gen from Lewis rats that had been immu- 
nized with rat type I1 collagen in incom- 
plete Freund's adjuvant. 

Table 1 shows the proliferative re- 
sponses of the three cell lines. Line A2 
reacted strongly to M ,  tuberculosis, to  a 
lesser extent to purified protein deriva- 
tive, and weakly to collagen type 11. 
Despite its low magnitude, the response 
of line A2 to collagen type I1 was similar 
to that of line D l ,  which was directly 
selected for reactivity to type I1 colla- 
gen. These relatively low proliferative 
responses may be the result of the physi- 
cochemical properties of collagen fibers 
(lo), which could make them weak acti- 
vators of T cells in vitro. Line D l  did not 
show any reactivity to M .  tuberculosis or 
the protein derivative. Line Z l c  showed 
reactivity to the protein derivative, and 
to a lesser extent to the bacterium, but 
not to type I1 collagen. 

We then investigated whether line A2 
can induce arthritis or be used to vacci- 
nate against subsequent induction of ac- 
tive AA. Because total body irradiation 
before inoculation with adjuvant in- 
creases the susceptibility of rats to AA 
(II),  we inoculated the A2 line into both 
nonirradiated and irradiated rats. Intra- 
venous inoculation with 2 x lo7 untreat- 
ed A2 cells did not lead to development 
of arthritis in rats that had been irradiat- 
ed with 200 R (Table 2). However, inocu- 
lation of the A2 cells into rats irradiated 
with 750 R led to polyarthritis within 6 to 
12 days. This arthritis lasted for up to 3 
weeks and was characterized by the in- 
flammation and histological features of 
AA. Irradiation of A2 cells with 1500 R 
abrogated their ability to cause arthritis 
in irradiated rats. Control T cell lines 
selected for their reactivity to the protein 
derivative (Zlc), to ovalbumin (Cla), o r  
to the basic protein of myelin (Zla)  did 
not cause arthritis. 

These results indicate that specific T 
lymphocytes reactive against M. tuber- 
culosis can induce autoimmune arthritis 
and that suppressor mechanisms sensi- 
tive to radiation can participate in the 
regulation of arthritis (11). Although 
antibodies to collagen type I1 may be 
capable of transferring arthritis to recipi- 
ent rats (12), it is unlikely that the trans- 
ferred T lymphocytes (negative for 
immunoglobulin markers) or the heavily 
irradiated recipients could have pro- 
duced arthritogenic antibodies. Thus, it 
appears that the A2 cells themselves 
mediated the arthritis. 

To test whether the A2 line can also 
vaccinate rats against active AA, we 
challenged rats with CFA 35 days after 
they had been inoculated with A2 or 
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