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A 16-month sequence of radio images of the active galaxy 3C120with the Very 
Long Baseline Array reveals a region in the relativistic jet where superluminal 
components flash on and off over time scales of months, while the polarization 
angle rotates. This can be explained by interaction between the jet and an 
interstellar cloud located about 8 parsecs from the center of the galaxy. The 
cloud, which rotates the polarization direction and possibly eclipses a section 
of the jet, represents a "missing link" between the ultradense broad-emission- 
line clouds closer to the center and the lower density narrow-emission-line 
clouds seen on kiloparsec scales. 

Relativistic jets, which are presumably by- Very Long Baseline Array (VLBA) obser- 
products of the accretion of gas onto super- vations of 3C120 at 22 and 43 GHz over 16 
massive central black holes (1, 2), are com- epochs that allow us to study, with the 
monly observed in active galactic nuclei finest linear resolution available (0.2 h,,-' 
(AGNs). Broad (corresponding to motions of pc) (7, 8) , the inner magnetic field structure 
thousands of kilometers per second emission and the evolution of bright features ("com- 
lines from very dense (on the order of 10" ponents") as they propagate down the jet at 
electrons ~ m - ~ )  are apparent superluminal speeds. clouds commonly ob- 
served close to the "central engines" of The VLBA images (Fig. 1) show a richer, 
AGNs, together with somewhat narrower more rapidly changing structure in total and 
lines from less dense (on the order of lo3 to linearly polarized intensity than that found in 
lo4 electrons ~ m - ~ )  other relatively nearby compact extragalactic clouds located hundreds 
or thousands of parsecs farther out (3). It has jets (9-11). An animation generated through 
remained unclear whether these clouds rep- the combination of the 16 total and polarized 
resent matter that is flowing out of, falling intensity images of Fig. 1 can be viewed and 
into, rotating around, or engaged in random downloaded at Science Online (www. 
motions about the central black hole. Obser- sciencemag.org/feature/data/l052657.shl). 
vations of clouds at intermediate ranges Multiple components can be distinguished in 
would help to resolve this issue. the images (Fig. l), with apparent motions 

Very long baseline interferometry (VLBI) between 4 and 6 he,-' c (c is the speed of 
observations at high radio frequencies (22 light) relative to the unpolarized core, which 
and 43 GHz) can produce images of the jets lies at the eastern (upstream) end of the jet 
in AGNs with resolutions ranging from 0.1 and is presumed to be stationary. The stmc- 
to 0.3 milliarcsecond (mas), which corre- ture of the inner 2 mas in the jet is dominated 
spond to linear scales as small as about 0.1 by the appearance of a new superluminal 
pc in relatively nearby (100 to 200 Mpc) (apparent velocity of 4.4 h,,p' c) component 
powerful AGNs. One of the best candidates (labeled 0 in Fig. l), associated with a major 
for such a study is the radio galaxy 3C120 outburst [from -3 to a peak of -6 jansky 
[redshift z = 0.033 (4 ) ,  placing it at a (Jy; 1 Jy = lop2, W m-2 Hz-') in April 
distance of -140 h,,p' Mpc, where h,, is 19981 in the radio flux of 3C120 (12). The 
the Hubble constant in units of 65 km s p '  passage of this new component across a 
Mpc-'1, which is among the first objects in stationary component (M, 0.8 mas from the 
which superluminal motion was detected core) caused the polarization of both compo- 
(5, 6). Here we report monthly polarimetric nents to increase. 

From the observed maximum proper mo- 
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outer 2 to 8 mas (Fig. 2) and find that the 
components do not fill the entire jet width. 
Rather, they are ejected along different posi- 
tion angles and travel along different, gently 
curved paths. (The curvature is amplified by 
projection effects because the jet is viewed 
within 20" of end-on.) This supports the idea 
that the bright components are created by 
perturbations in the flow velocity or energy 
flux, leading to the formation of shock waves 
(15) that are restricted to regions smaller than 
the jet width. 

Between about 2 and 4 mas west of the 
core there is an asymmetry across the jet 
width. Two different types of components 
can be distinguished: those lying on the 
northern side and those on the southern side 
of the jet axis (Fig. 2). Northern components 
commonly contain magnetic polarization 
vectors oblique to the axis but constant in 
orientation, whereas southern components 
have magnetic polarization vectors whose di- 
rections rotate as the components travel 
downstream, with the vectors eventually be- 
coming perpendicular to the components' ve- 
locity vectors. 

The light curves of the individual fea- 
tures (Fig. 3) reveal a remarkable brighten- 
ing of components (especially the southern 
ones), starting at a distance from the core of 
-2 mas. The most pronounced (in terms of 
change in flux density) flare corresponded 
to component L, which increased its total 
flux density by a factor of 9 (from 50 to 450 
mJy), thereafter momentarily (on 3 Decem- 
ber 1998) becoming the strongest feature in 
polarized intensity (Fig. 1). This flare was 
accompanied by a rotation of the magnetic 
vector by about 140" (Fig. 3) and an in-
crease in degree of polarization from 12 to 
18%. A similar flare in total and polarized 
flux densitv was also observed at 43 GHz, 
during which the degree of polarization 
increased from 7 to 17% while the magnet- 
ic vector rotated by 43" (Fig. 3). This slow- 
er rotation of the magnetic vector at 43 
GHz reveals a progressive increase in the 
rotation measure (RM) of component L, 
reaching a value of -6000 2 2400 rad mp2 
at peak emission (December 1998). Com- 
ponent H underwent a similar flare and 
probably a similar rotation of the field, 
although we can distinguish its polarization 
from component J only after the 7 February 
1998 epoch, when it was observed to have 
a magnetic vector perpendicular to the 
component's motion. 

The rapid flares in the flux densities of 
components H and L were followed by 
equally fast declines when they reached -3 
mas from the core. Component H was ob- 
served to decrease its flux density so much 
that it appeared to be blended with the outer 
contours of component J between Septem- 
ber and December 1998. By January 1999, 
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component H could once again be distin- Fig., 1. VLBl images of 3C120 at 22.22 GHz (27). 
guiShed from J, emerging at the extrapolat- Obse~ing epochs are indicated at the right of 
ed position based on its previous proper each image. Vertical image separation is pro- 

portional to the time differences of the epochs motion (Fig. 3, with a similar orientation Contours give the total intensi- .. -~~ 

of its magnetic vector. ty; colors (on a linear icale from green to 
It is difficult to explain such rapid white) show the polarized intensity; and bars 

changes in the total and polarized flux den- (of unit Length) indicate the direction of the 
sity, as well as polarization angle, for corn- magnetic polarization vector. Synthesized 
ponenh located between a dis- beams are plotted at the left each image@ 

with a typical size of 0.6 X 0.3 mas (0.3 mas of and lo  PC from the 'Ore. The corresponds to 0.2 h,,-' pc). The root mean 
bending of the jet appears to be too slight to square (rms) noise (peak of brightness) in PO- 
cause such variations in brightness (from brization corresponds to 1.5 mJy per beam 
changing relativistic beaming of the radia- (52.4 mJy per beam). Seven logarithmic con- 
tion relative to the observer) without an tours are plotted for each total intensity image 

accompanying acceleration of the apparent between the rms noise (typically -2 mJy per 
beam) and 90% of the peak of brightness. Rel. velocity and the presence of a stationary R.A., relative right ascension. 

component at this site (16, 17). Rather, 
interaction between the jet and a dense 
cloud in the external medium seems the Assuming an intrinsic spectral index between 
most plausible explanation. Similar interac- 22 and 43 GHz of a = -0.8, we obtain a 
tions between the jet and the interstellar lower limit for the cloud free-free opacity at 
medium were inferred previously from the 22 GHz of T, 2 0.4. Free-free opacity is 
discovery of an emission line counterpart to given by (21) T, = 9.8 X 1 n2, T-'.' 
the more extended radio jet in 3C120 (18, v-2 C17.7 + In (TI.' v-')I, where 1 is the 
19). It appears that this interaction is column length, n, is the electron density, T is 
most intense along the southern border of the temperature, and v is the frequency. For a 

I 
the jet, where the gentle northward curva- cloud at T = lo4 and a column length 1 - 0.4 
ture causes components with higher than pc (estimated from Fig. 4), free-free absorp- 
average momentum to collide with the ex- tion would provide the required opacity for 
ternal medium or cloud. It is at the begin- an electron density n, 2 4.6 X lo4 ~ m - ~ .  
ning of this bend that component L, which The observed RM of -6000 -+ 2400 rad m-2 
is the closest to the southern jet border and would then require a magnetic field strength 
the one exhibiting the largest flare, began BII 5 0.4 pG. Similarly large RMs have been 
to increase its flux density. This behavior is found in several extragalactic jets (22, 23), 
explained if the magnetic field and popula- with estimated magnetic fields of the same 
tion of relativistic electrons in component L order. 
are enhanced by the shock wave produced This electron density and distance from the 
by the interaction of the jet with the exter- central engine are intermediate between those 
nal medium, resulting in a rapid rise in of the broad and narrow (actually, less broad) 
synchrotron emission. The observed in- emission-line clouds in AGNs. Given its high 
crease in the degree of polarization is then column density (-6 X 10" such a 
explained as a consequence of ordering of cloud could easily be detected in absorption if 
the field by the shock wave. The rotation of there were a substantial neutral atomic or mo- 
the magnetic vector observed in component lecular component, as expected. Such an obser- 
L can be interpreted as Faraday rotation vation, which could be carried out with the 
(20), the level of which can be estimated VLBA in spectral-line mode, would determine 
from the different polarization angles ob- the radial velocity of the cloud and therefore 
served at 22 and 43 GHz (Fig. 3). After whether it is moving toward or away from the 
removing this effect, the relative orienta- central engine. 
tion of the magnetic field and velocity vec- Although rapid increases in brightness can 
tor (which rotates as the component follows result from the interaction of components 
the bend in the jet) remains at 40° ? lo0, in with a dense cloud, it is in general difficult to 
good agreement with the orientation of reproduce the rapid decays observed in 
35" 2 10" observed for component D, components H and L (Fig. 3) as fast as d-'' 
which appears to be a more evolved version (here, d is the component's size). The general 
of component H. expansion of the jet is too gradual to produce 

The observed Faraday rotation can be ex- such a steep decline in flux density, and the 
plained by an ionized cloud along the line of radiative energy losses of the electrons are too 
sight that may also physically interact with weak this far down the jet. For the equipartition 
the jet. This cloud should also cause free-free magnetic field B, the synchrotron cooling time 
absorption of the jet emission; its location can scale in the plasma rest frame is given by 
then be revealed by studying the spectral (24) t,,, =1.38 X 1012 6(4"+9)/[2("+3)1 
index distribution of the jet (Fig. 4), yielding B-312 v - ' / ~  s, where 6 is the Doppler fac- 
a deprojected distance (for a viewing angle of tor. From the observed apparent motions 
20") of -8 pc from the center of the galaxy. we estimate 6 - 3, which, for an observed 
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cooling time scale of 1 month and cw - 
-0.8, leads to B 2 20 G. This is higher than 
the value of -0.01 G (to within a factor of 
10) expected on parsec scales, from which 
we conclude that synchrotron plus adiabat- 
ic cooling alone cannot account for the 
rapid decay in flux density of components 
L and H. 

The flashing of component H could be due 
to eithe~ the passing of the component through 
a jet rarefaction or partial occultation by the 
foreground absorbing cloud. Because the radio 
spectrum does not show evidence for large 

opacities when H is observed to merge with 
component J, the cloud must have a sharp edge 
at which it becomes opaque at 43 GHz, this 
would require an increase of the cloud density 
to values on the orde.1 of 2 X lo5 ~ m - ~ .  

Bending of the jet in the 2- to 4-mas region 
should lead to the formation of standing com- 
pression and rarefaction waves in the jet fluid 
(25). Moving components would then be ex- 
pected to show a rise and fall in their flux 
density when passing through this structure. 
The lack of a bright stationary feature in this 
region is perplexing in this context, because it 

suggests that the compression wave might not 
be strong enough to produce the flashing of 
components H and L. (It could more easily 
explain the rise in flux density in the northern 
components; these might also be affected by 
weak interaction with the external medium, 
which would account for their oblique polariza- 
tion.) The interaction of the jet with the external 
medium may therefore be a dynamic rather than 
steady-state process, perhaps owing to small 
changes in the direction of the jet ''nozzle." The 
theoretical reproduction of such phenomena 
and the study of jet-cloud collisions remain a 
challenge for three-dimensional relativistic hy- 
drodynamical jet simulations (2,26). 
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Experiments on a nearly spin degenerate two-dimensional electron system reveals 
unusual hysteretic and relaxational transport in the fractional quantum Hall effect 
regime. The transition between the spin-polarized (with fi l l  fraction v = 113) and 
spin-unpolarized (v = 215) states is accompanied by a complicated series of 
hysteresis loops reminiscent of a classical ferromagnet. In correlation with the 
hysteresis, magnetoresistance can either grow or decay logarithmically in time with 
remarkable persistence and does not saturate. In contrast t o  the established models 
of relaxation, the relaxation rate exhibits an anomalous divergence as temperature 
is reduced. These results indicate the presence of novel two-dimensional ferro- 
magnetism with a complicated magnetic domain dynamic. 

The two-dimensional electron system (2DES) 
under low temperatures and high magnetic 
fields has become a test bed for studying 
quantum phase transitions in lour dimensions 
(1-3). Unlike classical phase transitions that 
are driven largely by thermal fluctuations. the 
phase transitions found in the quantum Hall 
effect (QHE) regime represent a class of zero' 
temperature phase transit~ons that are driken 
by strong electron-electron ~nteraction. Under 
intense magnetic fields. quantization of the 
electronic motion into Landau levels quench- 
es the kinetic energy and the interaction en- 
ergy determines the thermodynamic proper- 
ties of the underlying 2DES. At integral and 
certain fractional commensuration of the 
electron density and the applied magnetic 
flux, called filling fraction v, gain in the 
interaction energy produces transitions to the 
quantum Hall states with Hall conductance 
ax\= ve'lh (1 .  2)  The collective. many-
body nature of the QHE states is evident from 
the dissipationless longitudinal transport and 
the existence of energy gap in the excitation 
spectmm. The magnetotransport in the vicin- 
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ity of a transition between two QHE phases is 
well described in terms of critical behavior 
normally associated with a second-order 
phase transition. The universal scaling exhib- 
ited by the QHE transitions and the existence 
of well-defined critical exponents provide 
compelling evidence indicatike of a zero-
temperature quantum phase transition (3-5). 

In add~tion to the transitions betmeen trio 

different QHE states, the translationally In- 
variant quantum Hall phases can exhibit nov- 
el forms of two-dimensional ferromagnetism 
( 6 ) . Driven by gain in the anisotropy energy 
o\.er the Coulomb exchange energy, the fer- 
romagnetic transitions in the multicomponent 
QHE systems are accompanied by spatial 
ordering of pseudospin degrees of freedom 
represented by discrete quantuni numbers 
such as electronic spin. Landau level index. 
and electron layer quantum number. Analo- 
gous to the ferromagnetically ordered elec- 
tronic splns in magnetic systems, resulting 
quantum Hall ferromagnets represent a new 
class of low-dimensional ferromagnets with 
remarkable properties (7. 8 ) .The distinguish- 
ing features of quantum Hall ferromagnets 
include broken symmetry arising from spon- 
taneous magnetic ordering. existence of 
Goldstone mode in the ordered state. and 
topological objects as its low-energy excita- 
tions (6 ) .  

The underlying symmetry of the quantum 
Hall ferromagnet is determined by the asso- 
ciated pseudospin of the QHE phase. In case 
of even integral QHE states in single-layer 
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electron systems, the spin configuration of 
the associated Hall states becomes the 
pseudospin quantum number of the trans-
formed state. Because the possible spin ge- 
ometries are limited to a fully polarized state 
with all electron spins aligned parallel to the 
applied magnetic field and an unpolarized 
state nith equal numbers of up and donn 
spins, the resulting pseudospin degree of 
freedom possesses a bimodal, lsing symme- 
try. In double-layer 2DESs found In double 
quantum mells or a n ide  quantum mell. the 
in-plane degree of freedom leads to a transl- 
tlon to a two-dimensional XY ferromagnet 
(9-1 1 )  In some QHE states, ~nterplay of spin 
and the layer quantuni numbers can produce ,I 
transition to an lsing ferromagnet In n ~ d e -  
well system (8 .  12)  

Our experiment v, as performed on a high- 
quality GaAslAlGaAs heterostructure Data 
was taken at pressures above 10 kbar where a 
large reduction In the magnitude of the elec- 
tronic g factor favors formation of spin-un- 
polar~zed fract~onal quantum Hall effect 
(FQHE) states The e\olution of the v 2 5-

FQHE state v, ith pressure ind~cates enhancc- 
ivient of spin fluctuations against t h e ~ r  tenden-
cy to align parallel to the applied magnetic 
field. Under increasing pressure. the spin- 
unpolarized ground state competes against 
the spin-polarized state. leading to coexist- 
ence over a broad region of pressure The 
transition to the pseudospln ferromagnet~c 
state is distinguished by emergence of hys- 
teretic transport and anomalous temporal re-
laxation of magnetoresistance. The observed 
correlation between hysteretic and relax-
ational evolution of magnetotransport points 
toward existence of intriguing domain dy-
namics in the pseudosp~n ferromagnet 

The density of the G a 4 s  AIGa42 hetero- 
structure used In the experiment \ i d s  i i  -
3 5 X 10" cm- 'v ,~th  niob~lity of (J. = 2 4 X 

10' cm2/V s A miniature beryll~um-copper 
pressure cell was used to achieve high pres- 
sure. Samples were immersed inside a honio- 
geneous hydrostatic tnedium that transmits 
uniform pressure to the sample A small 
light-emitting diode was placed inside the 
pressure cell to illuniinate the sample at IOU 
temperatures. A gradual reduction in the elec- 
tronic density was found with incrcasing 
pressure. 

The magnetoresistiv~ty of a high-quality 
2DES sample is shown (Fig. 1 )  in the hyster- 
etic region found between 11 to 13 kbar of 
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