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Abstract. We discuss the conditions for oblique shocks in
extragalactic jets to produce apparent superluminal motions by
the scissors effect. It is shown that diffusive acceleration is still
possible for particular orientation of the magnetic field with
respect to the main flow. The interpretation of superluminal
motions in VLBI jets in this context yields constraints on the
physical parameters of the shock and jet. This model is more
satisfactory than the simple beaming model, but the lack of clear
evidence of contraction motions in VLBI jets is a severe
constraint.
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1. Introduction

The understanding of compact radio sources and extragalactic jets
requires very high resolution observations. The VLBI provides us
with parsec-scale details of these objects, and the major discovery
is the predominance of superluminal motions (Porcas, 1986,
Zensus and Pearson, 1988). This certainly reveals a physical
property of the radio sources (Blandford, 1986) which is not yet
understood. Explaining these observations would be a great step
toward the understanding of the nature of extragalactic jets and
their propagation. Several models were developed (see reviews by
Blandford et al., 1977; Scheuer, 1984). The currently accepted
interpretation is based on the beaming model, which involves the
relativistic aberration of a very fast blob moving nearly toward us.

Whereas some other observations find a natural explanation in
relativistic expansion, this simple model has some difficulties with
the existence of unbeamed sources (Barthel, 1989). It has also the
two important problems of the very large deprojected size of some
superluminal radio sources (e.g. 4C 34.47 in Barthel et al., 1989)
and of the brightness boosting (Scheuer, 1984; Blandford, 1986;
Marscher, 1986).

The exact nature of these very fast blobs is not clear (Lind and
Blandford, 1985), but they are believed to be of the same kind as
knots ‘in kiloparsec-scale jets, i.e. shocks which accelerate
electrons through a first-order Fermi type process (Drury, 1983;
Blandford and Eichler, 1987). These shocks should have a speed
very close to ¢ and propagate in the main direction of the jet.

In this paper, we consider shock fronts which are propagating
at some angle with respect to the flow direction. Numerical
simulations have shown that such shocks should be very common
in jets (Norman et al., 1982; Falle and Wilson, 1985). We envisage
a scissors effect betwen this shock front and a linear structure
parallel to the flow. Acceleration of electrons and synchrotron
emission are supposed to be allowed at the intersection of the
shock and this feature, because of the presence there of the
relativistic electrons or the magnetic field. The scissors effect has
been used in screen models or some models of the Christmas trees’
type (Blandford et al., 1977; Scheuer, 1984), but we consider here
that this phenomenon is internal to the jet.

Section 2 presents the basis of the model. We present in Sect. 3
the physical relations allowing the Fermi acceleration. A dis-
cussion of application of this model to VLBI jets is given in Sect. 5,
while the conclusion is in Sect. 6.

2. The model of “superluminal oblique shocks”

We consider first the scissors effect between a shock front
propagating at U, and a linear feature parallel to the main
direction of the jet. The speed U, of the intersection point along
the jet is:

U,
U= cosd,’ O

where J, is the angle between the normal of the shock front and the
linear feature (Fig. 1a). (Throughout this paper, the speeds will be
expressed in units of ¢.) For a convenient choice of U, and J,, U
can be greater than the speed of light. Note that U, and J, are
directly related to the physics of the jet (Fraix-Burnet and
Biermann, 1989).

Second, we identify the intersection point with an emitting
knot. We assume that this emission is synchrotron from relativistic
electrons which are accelerated (Bridle and Perley, 1984) through
the diffusive shock acceleration mechanism (first-order Fermi
acceleration; see reviews by Drury, 1983; Blandford and Eichler,
1987).

Third, we define the observed speed U, which is related to U,
by the relativistic aberration:

U“ sin 6,
= > 2
Uobs (1 — U” cos 90) ’ ( )
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Fig.1a and b. Sketch of the shock configuration for the model in the frames of a
the observer and b the upstream fluid. The angles are positive counterclockwise
and vectors are positive as shown

where 0, is the angle between the jet and the line of sight. These
three processes contitute the model of “superluminal oblique
shocks”.

Three types of configurations are possible for the linear
feature. First, if we follow the very simple scheme of the model, the
jetitself could define the linear feature, while the shock propagates
in an external medium. The simplest medium is the cocoon made
of material expelled from the jet at the bow shock (Blandford and
Rees, 1974; Norman et al., 1982). Numerical simulations by
Norman et al. (1982) have shown that oblique shocks occur in the
cocoon from interaction with the surrounding medium, and that
these shocks penetrate the jet. Our model thus predicts that the
knots would be localised near the surface of the jet.

Shocks propagating in the thermal plasma of the jet are a
second type of configuration. Our model then requires that the
linear feature would be defined by the localisation of the
relativistic electrons or the magnetic field. The simplest structure is
that of a hollow cylinder, the relativistic electrons or the mag-
netic field being inside the hollow core or on the cylinder. Such a
structure has been suggested in the M87 jet on very high
resolution radio maps (Owen et al., 1987) and high resolution
optical polarization maps of this jet also support this picture
(Fraix-Burnet et al., 1989). In addition, Sol et al. (1989) developed
a model where relativistic electrons are injected in the core of a
thermal jet.

Finally, the linear feature can be fictitious and this character-
izes the third type of configurations. The intersection of two
propagating oblique shocks moves along a line at the speed U, .
Such crossings shocks are present in two-dimensional numerical
simulations (Norman et al., 1982; Falle and Wilson, 1985), but the

physics of the acceleration mechanism in this configuration is
certainly more complex than assumed in the present model.

3. The Fermi acceleration

Hudson (1965) showed that first-order Fermi acceleration is not
possible when the speed of the shock front along the magnetic field
lines is larger than c¢. The present model thus a priori requires that
the magnetic field must not be aligned with the jet. In this section,
we establish the physical conditions implied by the acceleration of
particules. Most calculations in this paper are derived from Fraix-
Burnet and Biermann (1989) and Fraix-Burnet (1989), but we
consider in this paper the case U 2 1.0 (Eq. (1)).

3,1. Dynamics

Figure 1a, b define the parameters of the shock in the reference
frames of the observer (subscript “0””) and of the upstream fluid
(no subscript) respectively. The subscript “s” stands for the
reference frame of the shock front and the superscripts “u” and
“d” for upstream and downstream quantities. For simplicity and
reason of symmetry, U,, v, cos d, and cos f, (Fig. 1a) will be taken
positive.
The compression ratio of the shock is given by:

_w_ (1=0'0)

"W T Ay @
where v, and v¢, are the fluid speeds perpendicular to the shock
front. U and v® are the speeds of the shock front and the

downstream fluid respectively (Fig.1b). U is related to the
parameters in the observer frame by:

U= U, —vs cosd,
1/(cos 3, — v Uy +sin? 6, (1 + v3%)

Q)

Because we are interested to the case U 2 1, we shall assume
U, > v, without restricting the discussion. Then (1) and (4) yield:

U>0. %)

It can be shown that this inequality implies vy, <0. The only
possibility for a physical shock is thus v¢, < 0. This is to say the
“upstream’ and “‘downstream” fluids should be redefined in the
shock front frame, but we keep this denomination however. Now,
the real physical compression ratio is 1/r, and hence r < 1. v, <0
also implies that v < U and this inequality provides a condition
on the shock speed in the upstream frame, using (3):

Ul<r. ©)

Equations (3) and (6), together with < 1, imply in turn v < 0.
The condition (6) can be transformed into a condition on J,:

T = cosd,> F Uy, 1) 0
Uy
with
uy __ Uo / r (1 _ Uoz) (1 - ng)
E’(Uor vo)_ U—:— 1—r ng :

In addition, F, (U,, vs) as a function of v} presents a minimum only
for U2 > r, and its value is:

Uz —»r
Fmin= \/UO r‘ (8)

1—r
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53 1 @.6 | The condition for the first-order Fermi acceleration to work is
given by (Hudson, 1965):
U
Uy =1. —
=15 cosh (10)
66 4 0.4 -
and g (Fig. 1b) is related to the parameters in the observer frame
by:
ns Loz ] cosf= cos B, — vt U(,cos.(/i,—&(,)+v:,‘2 sind, sit(gozéo) .
1/ (cosd,—vs U,)? +sin? ,(1 — v2%) |/1—vi% sin? (B, —J,)
(11
” Thus, using (4) and (11), (10) can be expressed only with observed
¢ LD 1 8:4 1 8-6 . ° parameters:

Fig.2a-c. F, (U,, v}) given by inequality (7) versus U, for different values of v}
0.2, 0.5 and 0.8) and for compression ratios of a 1.5, b 4, and ¢ 7. The
corresponding angle J, is also given in degrees in ordinates. The hatched region
corresponds to the allowed ranges for J, and U, for v =0.5 and 1 < U <15

This yields the following necessary conditions to inequality (7) in
the case U2 > r:

U 1-r
> FaneU <U, [+5—. 9a
Uy ! VUZ=7) ©2)
When U, >]/1 —r, this is also equivalent to:
r
U, < U” lm . (9b)

The function F, (U,, v) is plotted in Fig. 2 for v* = 0.2, 0.5, 0.8 and
r=1/1.5,1/4and 1/7. For illustration, a hatched region in the case

U,
sosf, < (12)

where
= Lt vbfcosp, [eosd, J/1— 2% sin% (B, — 8,) + v¥ sin J, sin (B, — J,)]

vy cos (B, — 8,) + /1 — v2% sin? (B, — 8,
(13)

Note that when the magnetic field is parallel to the jet, i.e. 8, = 6,,
we have x = 1, so that U, > 1 (Eq. (1)) contradicts with (12): no
particle acceleration is allowed with a superluminal motion in this
case.

The curve xcos f, versus f, is plotted in Fig.3 for different
values of J, and vj. The allowed region for U, given by (12) is
below the curves and the range of allowed values for 8, depends on
U,. But the magnetic field tends to be preferentially oriented
roughly perpendicularly to the flow (8, ~J, — 90°).
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Fig. 3. xcosf, ((12) and (13)) versus f, (degrees) for two values of v; and for
6, =60° (dotted line) and 80° (solid line)

4. Discussion

The previous section shows that it is possible to have U > 1 with
Fermi acceleration, and Figs. 2 and 3 give the required conditions
on the parameters. In this section, we consider the application of
this model to VLBI jets.

Zensus and Pearson (1988) compiled the observations of VLBI
motions, made of 39 blobs (for 26 sources) plus 7 for which the
speed is still uncertain. While the sample is heterogeneous and
certainly not complete (see cautions about these data in Zensus
and Pearson, 1988), it is instructive to see that the apparent speeds
are as large as about 14, but there is a significant maximum
between 3 and 4. One speed is stated to be negative, and relatively
few (7) are subluminal.

The problem attached to screen models such as those involving
the scissors effect is that a non negligible proportion of apparent
contraction motions should be observed. No clear evidence for
contraction motions has been found yet, thus we take 20% as a
firm upper limit to their proportion. This corresponds to a
population of randomly oriented radiosources with U =1.5,
which can be considered as an upper limit implied by the
observations. In order not to increase the number of subluminal
speeds, we take U} = 1.0. The allowed range for 6, and U, is then
given in Fig.2 (hatched region).

For a uniform distribution of U} between 1.0 and 1.5 in a
population of randomly oriented radiosources, the proportions of
subluminal and negative speeds are respectively ~40% and
~ 10%. These values are modified by a selection effect due to the
limited resolution: for a given U, phenomena in jets which are too
close to the line of sight are unresolved. Conversely, for a given 6,,
higher U, (hence globally higher U,y,) are favoured. This resultsin
a decrease of the subluminal and negative speed proportions,
favouring Uy, > 2. We finally expect ~5-10% of contracting
motions and =~ 30-40% of subluminal ones. Among 39 observed
speeds, this would correspond respectively to ~2-4and ~ 12-16,
which is reasonably close to the data.

Although the comparison of models assuming so crude
distributions with a somewhat cautious sample may be meaning-
less. U;<1 (beaming model) would yield at least 50% of
randomly oriented radiosources with Uy, <1. The beaming
model eliminates nearly all these subluminal motions by consider-

ing light amplification effects that are not taken into account in
this paper. The problem with the present model could come from
the negative speeds, but the interpretation of such motions (if
actually observed) would be very difficult with the beaming
model, as is the observation of apparently stationary blobs
together with superluminal ones (4C39.25 in Shaffer, 1984;
Shaffer and Marscher, 1986). Conversely, such behaviours seem
easy to explain in the present model. Very high U, can also be
easily produced because it goes to oo for cosd,=1/U; (Eq. (2)).
The observation of U,,, =20 would not be surprising in this
context, whereas it could infirm the beaming model.

The last parameters of the present model is the direction of the
magnetic field, which is not much constrained (i.e. i, < J,) in the
case 6, = 60° and U, ~ 1.1 (Fig. 3). But the magnetic field must be
more perpendicular to the flow as U, and v, increase. For
example, U; =15, J,=60° and v;=0.8 imply B, < —10°
~¢d,—70°. The very few polarization data seem to show no
systematic orientation with respect to the jet direction in VLBI
blobs (Roberts and Wardle, 1986). A study of the correlation
between magnetic field orientation and the speed in several blobs
of the same source, would be helpful to test the present model.

6. Conclusion

First-order Fermi acceleration of electrons has been studied in the
case of a scissors effect between an obliquely propagating shock
front and a linear feature, both inside the jet. This process is
possible within some conditions which have been expressed with
the parameters of the jet and the shock in the observer frame. One
observable requirement is that the magnetic field must not be
aligned with the jet direction.

Applied to VLBI observations of parsec-scale jets, we find the
following predictions assuming a population of randomly
oriented radiosources:

U

°-<1.5
o0sd, ~ T’

— ~5-10% of observed speeds should be negative (contraction) ,
— ~30-40% should be subluminal ,

-105

Because it abandons the common geometrical property of the
radiosources required by the beaming model (near alignement
with the line of sight) in favor of a common physical property (the
existence of adequate shocks), the present model solves some
problems set by the beaming model. As a corollary, the physical
parameters of the jet are quite directly related to the observations.
Although it does not eliminate the problem of negative speeds
implied by screen models, the “‘superluminal oblique shocks”
model makes some predictions which could be checked in the
future.

Acknowledgements. T am very indebted to Pr. P. Biermann for
many discussions and suggestions and I thank him also for very
thoughtful comments on a first version of this paper. I thank A.
Alberdi for stimulating discussions, J.-L. Nieto for comments and
careful reading of this paper, and the Max-Planck Institut fir
Radioastronomie in Bonn for hospitality. I was supported by a
grant from the Buropean Doctoral Network during my stay at
MPIfR.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990A%26A...227....1F

FTOD0AEA - 2277 T2 F

References

Barthel, P.D.: 1989, Astrophys. J. 336, 606

Barthel, P.D., Hooimeyer, J.R., Schilizzi, R.T., Miley, G.K.,
Preuss, E.: 1989, Astrophys. J. 336, 601

Blandford, R.D.: 1986, Superluminal Radio Sources, eds. J.A.
Zensus, T.J. Pearson, Cambridge University Press, Cambrid-
ge, p.310

Blandford, R.D., Eichler, D.: 1987, Phys. Rep. 154, 1

Blandford, R.D., Mc Kee, C.F., Rees, M.J.: 1977, Nature 267,
211

Blandford, R.D., Rees, M.J.: 1974, Monthly Notices Roy. Astron.
Soc. 169, 395

Bridle, A.H., Perley, R. A.: 1984, Ann. Rev. Astron. Astrophys. 22,
319

Drury, L.O’C.: 1983, Rep. Prog. Phys. 46, 973

Falle, S.A.E.G., Wilson, M.J.. 1985, Monthly Notices Roy.
Astron. Soc. 216, 79

Fraix-Burnet, D.:. 1989, Thése de [IUniversité Paris 7

Fraix-Burnet, D., Biermann, P.: 1989 (in preparation)

Fraix-Burnet, D., Le Borgne, J.-F., Nieto, J.-L.: 1989, Astron.
Astrophys. (in press)

Hudson, P.D.: 1965, Monthly Notices Roy. Astron. Soc. 131, 23

Lind, K.R., Blandford, R.D.: 1985, Astrophys. J. 295, 358

5

Marscher, A.P.: 1986, Superiuminal Radio Sources, eds. J.A.
Zensus, T.J. Pearson, Cambridge University Press, Cambrid-
ge, p. 280

Norman, M.L., Smarr, L., Winkler, K.-H.A., Smith, M.D.: 1982,
Astron. Astrophys. 113, 285

Owen, F.N., Cornwell, T.J., Hardee, P.E.: 1987, Bull. Am. Astron.
Soc. 19, 731

Porcas, R.: 1986, Superluminal Radio Sources, eds. J.A. Zensus,
T.J. Pearson, Cambridge University Press, Cambridge, p. 12

Roberts, D.H., Wardle, J.F.C.: 1986, in Quasars, [AU Symp. 119,
eds. G. Swarup, V.K. Kapahi, p. 141

Scheuer, P.A.G.: 1984, in VLBI and Compact Radio Sources, [AU
Symp. 110, eds. R. Fanti, K. Kellermann, G. Setti, p. 197

Shaffer, D.B.: 1984, in VLBI and Compact Radio Sources, IAU
Symp. 110, eds. R. Fanti, K. Kellermann, G. Setti, p. 135

Shaffer, D.B., Marscher, A.P.: 1986, Superiuminal Radio Sources,
eds. J.A. Zensus, T.J. Pearson, Cambridge University Press,
Cambridge, p. 67

Sol, H., Pelletier, G., Asseo, E.: 1989, Monthly Notices Roy.
Astron. Soc. 237, 411

Zensus, J.A., Pearson T.J.: 1988, in The Impact of VLBI on
Astrophysics and Geophysics, IAU Symp. 129, eds. M. S. Reid,
J.M. Moran, p. 7

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990A%26A...227....1F

