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AUS 1 KA(J T 
We present a total intensity VLA image of the inner lobes of M87 at 6 cm. The map has a resolution of 0"4 

and a dynamic range of ~ 10 . We find several bright features—loops and filaments—within the lobes These 

fhewn aPP7 wbeu°VerPueSSUre 1
comPared t0 the surrounding gas. We consider several possible origins for 

ako nni ÍT ^ ^ ^ C0<?mg Instabilities cannot acc°unt for the features. Resistive instabilities are 
k Et K o?y Un eS,S, "Î SltU Partlde acceleration is occurring. Transonic turbulence or shocks in the lobes might be the most likely explanation of the features. 

Subject headings: galaxies: individual (M87) — galaxies: 

I. INTRODUCTION 
Over the past few decades the giant elliptical galaxy in the 

Virgo cluster, M87 (also designated 3C274, NGC4486, Virgo 
A), has become a prime laboratory for the study of active 
galaxies. The peculiar nature of M87 was first noticed by 
Curtis (1918) with the discovery of the optical jet. Optical 
observations show the jet to be highly linearly polarized with 
no detectable emission lines, suggesting that the emission is 
synchrotron (Burbidge 1956). The jet has been resolved into 
several emission features, designated A-I in order of decreasing 
brightness (Neito and Lelievre 1982 and references therein). 

X-ray observations show that M87 sits in the center of an 
envelope of hot gas (e.g., Cañizares et al. 1979; Lea, Mush- 
otzky, and Holt 1982, Stewart et al. 1984) which is a thermal 
bremsstrahlung source. The short bremsstrahlung cooling 
times in this gas, and the cooler temperatures in the inner 
regions, suggest a cooling flow in the inner ~60 kpc of this gas 
(e.g. Cañizares et al. 1982; White and Sarazin 1988). Optical 
line emission from clouds or filaments is seen in the inner few 
kpc of this gaseous halo (Ford and Butcher 1979; Owen and 
Keel 1989). We take the distance to the system to be 17 Mpc, 
which means that 1 '' corresponds to 81 pc at the source. 

The galaxy was first identified as a strong radio source by 
Baade and Minkowski (1954). M87 is a core-halo, Fanaroflf- 
Riley type I radio source (Fanaroflf and Riley 1974). The halo 
extends to ~ 12' from the nucleus (Andernach et al. 1979; Fei- 
gelson et al. 1987). The inner radio core is ~ L5 x 2:0 and can 
be divided into four regions of emission: the nucleus, the jet, 
the North Preceding (Np) lobe, and the South Following (Sp) 
lobe(Turland 1975; Forster 1980). 

The radio properties of the jet have been extensively studied 
(Turland 1975; Laing 1980; Owen, Hardee, and Bignell 1980; 
Biretta, Owen, and Hardee 1983; and Owen, Hardee, and 
Cornwell 1989, hereafter OHC). These observations show that 

1 ,he Nationa* Radio Astronomy Observatory is operated by Associated Universities, Inc, under cooperative agreement with the National Science 
Foundation. 

structure interferometry — radio sources: galaxies 

the radio emission corresponds well with the optical jet, that 
the jet is continuous (rather than a sequence of discrete knots) 
and that the emission is probably from the surface of the jet 
(OHC). Recent proper motion observations of Biretta, Owen, 
and Cornwell (1989) find subluminal motion ~0.3c ± 0.2c for 
knot A, the brightest knot in the jet. The nucleus has been 
studied with VLBI on milliarcsec scales (Schmitt and Reid 
1985; Spencer and Junor 1986; Reid et al. 1989). These obser- 
vations indicate that the jet material must collimate less than 1 
pc from the central engine, and that the ejection of the material 
must occur on scales less than 0.01 pc. They also measure a 
velocity ~0.3c in the milliarcsecond jet. 

In this paper, we present new radio observations of the core 
source in M87. The observations use new data reduction tech- 
niques to yield extremely high quality images of the radio 
structure. We have found previously undetected structures in 
both the Np and Sf radio lobes. These structures are remi- 
niscent of the filaments seen in some Fanaroff-Riley type II 
double sources such as Cyg A (Perley, Dreher, and Cowan, 
1984), and in some wide-angle tailed sources such as 
1159 + 583 (O’Donoghue 1989), although the features in M87 
do not appear as ordered as in other sources. After describing 
the observations, we present basic properties of the brighter 
features, and then consider possible formation mechanisms for 
the features. We find that thermal instabilities will not account 
for the bright features in the M87 environment. We are led to 
suggest that the features arise either from strong turbulence or 
shocks, or both, or possibly from tearing mode instabilities in 
the relativistic plasma. In this latter case, in situ acceleration 
must be occurring in order to maintain the synchrotron lumi- 
nosity of the features. 

II. OBSERVATIONS 
We observed M87 on 1986 April 25, using the VLA at 6 cm 

in the A array (Thompson et al. 1980). In order to improve («, 
v) coverage, we used the ability of the VLA to measure four 
different frequencies simultaneously, to construct a bandwidth 
svnthesis image (Braun, Gull, and Perley 1987; Wilkinson, 
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; Conway, and Biretta 1987). We observed M87 for a full 12 hr 
¿ period at 4.635, 4.735, 4.835, and 4.935 GHz each with a 50 
S? MHz bandwidth. In principle, spectral index gradients over the 
S source can limit the dynamic range of a bandwidth synthesis 
^ image. In practice, this problem is usually negligible unless the 

gradient is very large; the errors introduced are proportional 
to the difference in sidelobes at the different frequencies (0.1, 
typically), the differential spectral index, and the fractional 
bandwidth (Conway, Cornwell, and Wilkinson 1989). In the 
present case, these errors were comparable to the thermal noise 
for the observation and limit the dynamic range to a few times 
105 (where dynamic range is the ratio of the peak flux density 
to off-source rms noise). To reduce the instrumental errors, we 
reset the antenna delays just prior to the observations to mini- 
mize closure errors caused in part by delay drift. 

The absolute flux densities for M87 were calibrated by 
observing the primary calibrator, 3C286, for 5 minutes at each 
frequency at the beginning and the end of the run. The 
observed flux density of 3C286 was calibrated using the Baars 
scale (Baars et a/. 1977). The secondary calibrator 1252 + 119 
was observed for 1 minute every 20 minutes to track phase 
errors caused by changing atmospheric conditions over the 
array. The raw data were calibrated in the standard way using 
ANTSOL to calculate the antenna gain corrections 
(Thompson et al 1980). The gain corrections based on the 
3C286 data were applied to both M87 and 1252+119 data. 
Then 1252+119 was used to calibrate the antenna polariza- 
tion and the antenna based gains for the M87 data. 

All data reduction was performed on a VAX 11/780 using 
NRAO’s AIPS software package. Since our goal was to 
produce a total intensity image with the highest dynamic range 
possible, we were very concerned with errors on the order of a 
few tenths of a per cent. The standard reduction procedure 
usually yields images with only -103 dynamic range. But the 
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VLA is theoretically capable of producing images with 
dynamic range ~ 106. The problem lies in instrumental errors 
and in baseline dependent gains. 

The standard data reduction procedure employs several iter- 
ations of the Clark (1980) implementation of the CLEAN algo- 
rithm (Hogbom 1974) and self-calibration (Pearson and 
Readhead 1984). However, self-calibration corrects only for 
antenna based effects, and this only reduces errors to a few per 
cent. There are also baseline dependent effects that must be 
corrected. At the VLA, these corrections (called closure 
corrections) can be applied using BCAL1 and BCAL2 in AIPS 
(Walker, Benson, and Unwin 1987). We note that the baseline 
gains may vary in time. BCAL uses a time-averaged offset for 
each baseline calibration, so some residual errors may still 
persist (e.g., the concentric rings around the point source in 
Figures 2, 3, and 4 below). 

To calculate the closure corrections for M87, we imaged the 
primary calibrator 3C286 as accurately as possible. This was 
accomplished by successive iterations of CLEANing and self- 
calibration. The data taken at 4.635 GHz were processed first 
to get a reasonable model for self-calibration of the other three 
frequencies. When each of the four 3C286 data sets had con- 
verged on a solution, the data were combined to yield the total 
intensity image shown in Figure 1 (where the dynamic range is 
~ 25,000). Each image of 3C286 was used to calculate the 
closure corrections for each frequency of the M87 data. 

The 4.635 GHz data for M87 were imaged with several iter- 
ations of CLEAN and self-calibration. The resulting image was 
used as the beginning model for self-calibrating the other three 
frequencies. After each data set had converged to a reasonable 
solution, the data were combined to give a single data base 
containing ~ 1,200,000 visibility records. This combined data 
base was processed through several more iterations of CLEAN 
and self-calibration. 
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Fig. 1.—Total intensity image of the primary calibrator 3C286 at 6 cm. The dynamic range is - 25,000. The negative “ holes ” are caused by 
This image was used to calculate the baseline closure errors for the M87 image. Contour intervals are ( — 3, —2, — 1, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 20, 30, 40, 8 , 
400, 800,4040) x 0.123 mJy per beam. 
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PLATE 8 
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; To arrive at the final image, 3 hr of C array data at 6 cm 
^ were added to fill in short-spacing flux. The final deconvolu- 
§ tion was performed using the Maximum Entropy Method 
S (“ MEM VTESS in AIPS). MEM was used because CLEAN 
2 had trouble converging on a solution that was consistent with 

both the fine filamentary structure and the diffuse emission in 
the source. Prior to deconvolution with VTESS, the dirty 
image was convolved with a 074 circular Gaussian to obtain 
the proper units and avoid hyperresolution (Cornwell 1986). 
For the initial model for the MEM deconvolution, we used a 
heavily tapered, 20 cm A array image of the region. This 
allowed much better convergence than the standard default 
(flat) initial model (Cornwell 1986). The cell size of the tapered 
image was carefully adjusted to match the 6 cm cell size (0719 
pixel-1). Deconvolution was performed until the MEM algo- 
rithm had converged to a solution consistent with a noise level 
~22 fúy beam I. The resulting total intensity image has a 
dynamic range ~ 1.5 x 10s. 

m. RESULTS 
Figure 2 (Plate 7) shows the final total intensity image of 

the inner radio core of M87. The physical scale of the source 
~ 5 kpc end to end. The image is displayed with a logarithmic 
transfer function. The jet, the nucleus, and the inner Np and Sf 
radio lobes are clearly visible. In addition, there are several 
previously undetected features embedded in the diffuse lobe 
emission. Figure 3 (Plate 8) shows the same image with a 
transfer function chosen to emphasize the embedded features. 
Figure 4 is a contour image of the region showing the locations 
of bright features which we label and discuss below. 

715 

a) Structure within the Inner Lobes 
In both Figures 2 and 3, one easily picks out what look like 

rings, wisps, and filaments; the inner lobes are certainly not 
uniformly filled with radio luminous plasma. We have picked 
out the brightest and most easily identifiable of these features 
for the following analysis. We list these in Table 1, choosing 
Greek letters to identify them, to avoid confusion with the 
labeling of knots in the jet. For each of the labeled features, 
Table 1 lists the approximate position of the feature in 1950.0 
coordinates, the estimated flux density, the estimated volume 
(see discussion below) and the volume emissivity. Most of these 
features are well resolved (i.e., a few beam widths across); in 
cases where the feature is barely resolved, the dimensions were 
calculated using the method of Burns, Owen, and Rudnick 
(1979). The radio luminosity of each feature was calculated 
assuming that the spectrum is a power law, Sv oc v-a with 
a = 0.6, extending from 107 Hz to 1011 Hz. 

There are three prominent features in the Np lobe. Feature a 
is just beyond (away from the nucleus) knot B in the jet. At this 
point, the emission splits into two linear strings which intersect 
and separate again further west of knot B. The strings are only 
slightly resolved (at FWHM ~075), with a maximum separa- 
tion of 172. Each of the strings is listed separately in Table 1. 
Both features ß and y are curved regions of emission that could 
be either loops or shell-like features. Each has a projected 
radius of curvature of 175. Table 1 lists these features twice, 
allowing for each possible geometry. 

There are several features in the Sf lobe. Features <5, e, and Ç 
are each round emission regions with average FWHM ~ 177. 
These three features were assumed to be filled spheres of emis- 

FILAMENTS IN RADIO LOBES OF M87 

M87 IPOL 4635.000 MHZ M87SUB.SUBIM.1 

Fig. 4.—Contour representation of the M87 image in Figs. 2 and 3. Contour intervals are (1.0,4,5,6,10,50,100,1634) x 0.38 mjy per beam 
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TABLE 1 
Observed Properties of Features 

Feature R.A. Decl. 5(mJy) K(cm3) ./(ergs s 1 cm 3) 

^upper 
^lower 
^shell 
ßloop • 
yshell * 
y loop * 
ô — 
e   
c .... 
Y\ .... 
0 .... 
I —. 
K   

X 
Bg. 

122815.6 
122815.6 
122815.7 
122815.7 
122815.9 
122815.9 
122818.6 
122818.3 
122818.4 
122818.5 
122819.0 
122818.7 
122818.3 
122818.5 
122818.3 
122817.3 

124008.3 
124007.4 
124004.3 
124004.3 
123969.1 
123969.1 
123948.1 
123948.3 
123945.5 
123939.0 
123951.3 
123955.3 
123954.1 
123950.3 
123950.3 
123950.0 

42.5 
57.0 
66.9 
52.1 

211 
180 
43.1 
32.7 
23.4 

200 
898 
168 
83.7 
19.5 
18.6 

1.21 

2.6 x 1061 

3.9 x 1061 

1.6 x 1062 

1.5 x 1062 

4.1 x 1062 

1.6 x 1062 

4.5 x 1061 

2.4 x 1061 

7.9 x 1060 

3.1 x 1062 

3.3 x 1063 

5.7 x 1062 

7.0 x 1061 

9.3 x 1060 

9.3 x lO60 

9.2 x 1061 

2.3 x 
3.3 x 
5.9 x 
4.9 x 
7.3 x 
1.6 x 
1.4 x 
1.9 x 
4.2 x 
9.0 x 
3.9 x 
4.2 x 
1.7 x 
2.9 x 
2.8 x 
6.5 x 

10"23 

10"23 

KT24 

10—24 

KT24 

10"23 

KT23 

KT23 

lO“23 

KT25 

10"24 

KT24 

KT23 

KT23 

KT23 

lO"25 

sion in Table 1 ; we note, however, that these features appear to 
have a “C” shaped geometry at 2 cm (OHC), which may 
suggest a more complex geometry. Feature r¡ is the curved 
string of emission just below features <5, €, and Ç. Each bend has 
a radius of curvature of 1"5. Feature 9 was previously resolved 
in the observations of Biretta, Owen, and Hardee (1983), and it 
is by far the dominant feature in the Sf lobe. We discuss feature 
0 in a bit more detail below (§ Illh). Feature i resembles fea- 
tures ß and y in the Np lobe. It lies near the top of 6 and may be 
physically associated with 0. Its radius of curvature is I'.'S. 
Feature k is composed of at least three loops of emission, 
which may or may not be physically associated. Each loop has 
a radius of curvature of 1"5. The numbers presented in Tables 1 
and 2 apply only to the brightest (easternmost) loop. Features 
Ç and x are linear emission regions that extend radially from 
the vicinity of ô. These last six features—r¡, 9, i, k, £, x—were all 
assumed to be filled cylinders lying in the plane of the sky, with 
dimensions taken directly from the image. 

We note that the simplest likely geometries were assumed in 
describing all of the features. No attempt has been made to 
take projection into account. Further, while the spherical fea- 
tures could of course be cylinders seen end-on, and the linear 
features could be sheets seen edge-on, no such complications 
were assumed in calculating the values presented in Table 1. 

We did explore this possiblity in some detail for the bright 
feature 9 in the Sf lobe. One might argue that this feature is not 
a linear filament, but rather a luminous shell around the 
eastern edge of the lobe. For instance, such a shell might be due 
to the interaction of an invisible “ counterjet ” with the ambient 
medium. We explored this possibility by calculating surface 
brightness profiles from a hemisphere of low emissivity plasma 
surrounded by a shell of higher emissivity plasma. Figure 5 
shows the surface brightness for two cuts through the Sf lobe, 
including feature 9. This can be compared with Figure 6 which 
shows several simulated brightness profiles for the spherical 
shell, for various shell thickness and emissivity ratios. We see 
that the simulations do not match the data well. We conclude 
that 9 is probably a discrete, cylindrical feature. 

In addition to these labeled features, there are other regions 
of enhanced brightness in both the Np and Sf lobes that could 
be physical features as well. We have, however, listed only the 
brightest features which we are reasonably sure are likely to be 
real structures. 

Finally, the numbers for the background (Bg) were derived 
assuming a pencil beam with diameter ^074 and length 307 
The volume emissivity was estimated by measuring the flux 
density (S = 1.2 mJy beam-1) in a region of the source free 
from obvious filaments, and assuming that this value rep- 
resents the background, interfilament gas. 

TABLE 2 
Minimum Pressure Analysis 

Feature B(ßG) pnlin(dyn cm 2) fsy(yr) 

^upper 
^lower 
ßshell 
ßloop • 
7shell ' 
y loop • 
ô .... 
€   
C .... 
rj .... 
e .... 
1   

£ .. 
X •• 
Bg. 

86 
84 
58 
56 
62 
77 
74 
82 

100 
66 
52 
53 
79 
93 
91 
22 

6.2 x 
5.9 x 
2.8 x 
2.6 x 
3.2 x 
5.0 x 
4.6 x 
5.7 x 
8.8 x 
3.7 x 
2.2 x 
2.3 x 
5.2 x 
7.2 x 
7.0 x 
4.0 x 

KT10 

KT10 

KT10 

10-10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT10 

KT11 

8.2 x 105 

8.5 x 105 

1.5 x 106 

1.6 x 106 

1.3 x 106 

9.7 x 105 

1.0 x 106 

8.8 x 105 

6.3 x 105 

1.2 x 106 

1.8 x 106 

1.7 x 106 

9.4 x 105 

7.3 x 105 

5.3 x 105 

4.4 x 106 

b) Minimum Pressure Analysis of These Features 

Assuming that the observed radio emission from the inner 
radio lobes is synchrotron emission, we can derive minimum 
pressures and minimum-pressure magnetic fields from the 
observed flux densities and assumed volumes (Burns, Owen, 
and Rudnick 1979; O’Dea and Owen 1987). These numbers are 
listed for each feature in Table 2, along with the lifetime of 
particles which radiate at 5 GHz under these conditions. We 
have assumed a uniformly filled volume (that is, a filling factor 
of unity) and that there is equal energy in ions and electrons (so 
that the usual factor k = 1). We again assumed a spectral index 
of a = 0.6 and a frequency range of lO7-^11 GHz. 

An important question is how these minimum pressures 
compare with the pressure in the X-ray emitting thermal gas 
which surrounds the radio source. We follow OHC, who esti- 
mated the conditions in the inner few kpc of the X-ray gas 
using the models of White and Sarazin (1988), scaled to our 
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ARC SEC CENTER AT RA 12 28 18.832 DEC 12 39 55.20 
ROT 108.435 

Fig. 5a 
Fig. 5.—Surface brightness for two cuts through the Sf lobe, centered at (slice a) a = 122818.8, <5 = 123955.2, and (slice b) a = 122818.8 and <5 = 123950.8. Slice (a) 

begins in the middle of the lobe, has the same position angle as the jet, and passes through feature 9. Slice (b) begins in the same place and passes through the brightest 
part of features. 

assumed distance of 17 Mpc. The White and Sarazin models 
are spherically symmetric models of a cooling inflow, at a rate 
~ 20-30 M© yr 1, inside of ~60 kpc; the inflow rate is an 
increasing function of distance in these models. Between 0.7 
and 2 kpc, OHC take the pressure of the ambient thermal gas 
to be px ~ 5.1 x lO-'Vpc 35 dyn cm“2. (OHC note that 
scaling to 17 Mpc amounts to multiplying the pressure and 
density in the White and Sarazin models by a factor of 1.2 and 
decreasing the linear scale by a factor of 0.7). The projected 
distance of the labeled features from the core ranges from 1.0 to 
2.3 kpc; the thermal gas pressure in this region, from the OHC 
relation, ranges from 3.7 x 10“10 to 5.0 x 10“10 dyn cm“2. 
From Table 2, we see that six of the 12 labeled features (<xupper, 
^lower» ß, y, £> C. and x) appear to be overpressure by a factor of 2 
or more. We note that some of the features (ocupper, alower, y) 
are only partially resolved, so that their true minimum pres- 
sure may be greater than that listed in Table 2. Also, these pmin 
values were calculated assuming that the ratio of ion pressure 
to electron pressure, /c = 1 ; any increase in k, whether from 
relativistic ions or thermal gas, will also increase pmin over the 
values in the table. 

Further, we recall that any deviation from the minimum- 
pressure condition [in which prel = (4/3)pB] will result in the 
true pressure exceeding pmln. We show this behavior in Figure 

7, in which we plot the total (relativistic plus magnetic) pres- 
sure in a bright filament. 

(1 + k) L 1 & 
3 Cl2 V B312 + 8jt ’ (1) 

as a function of the magnetic field in the filament. (Here, L is 
the total luminosity, V is the total volume and c12 is a numeri- 
cal constant. We have assumed a uniformly filled feature and 
have related the relativistic particle pressure to the magnetic 
field, luminosity and volume by prel = ^(1 + k)cí2 L/VB312 ; see 
Pacholczyk 1970). We picked our bright feature to have a 
minimum-pressure magnetic field of 100 /xG. We also indicate 
the range of the thermal gas pressure, from OHC; this is below 
any allowed value of the pressure in the feature. 

Now, a factor of 2 difference between the minimum pressure 
inferred from the radio data and the thermal gas pressure 
inferred from cooling-flow deconvolutions of the X-ray data 
may not be enough to force one to the conclusion that the 
luminous features cannot be pressure confined. However, the 
caveats listed above, along with some theoretical arguments on 
the possible origins of the filaments (§§ IV and V, below) lead 
us to suspect that the features are, indeed, strongly over- 
pressure with respect to the surrounding thermal gas. 
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Fig. 5b 

Finally, we note that the minimum pressure for the back- 
ground plasma in the radio lobes is well below pxi so that our 
data is consistent with that plasma being confined by the pres- 
sure of the surrounding thermal gas. 

IV. THE NATURE OF THE FEATURES WITHIN THE LOBES 

The striking result of these observations is the discovery that 
the inner lobes of M87 are not uniformly filled with luminous 
plasma. Rather, a wealth of substructure is seen; the eye picks 
out luminous filaments or clouds within a diffuse, low-surface 
brightness background. In § III we labeled and measured the 
brighter of these features; other structures, at a lower contrast 
to the background, can also be picked out in the images. These 
luminous features are reminiscent of the bright linear filaments 
found in other extended radio sources such as Cyg A (Perley, 
Dreher, and Cowan, 1984) or 1159 + 583 (O’Donoghue 1989), 
although the features in M87 are not as clearly linear and 
ordered as those in these other, larger objects. 

Any discussion of the features must address two important 
points: the higher emissivity and the geometry of the features. 
The monochromatic synchrotron emissivity from a power-law 
electron spectrum [that is, N(E) = N0E~S for E > Emin] can be 
written (e.g., Pacholczyk 1970), 

jsy(v) = Cnrel£(*-1)/2 . (2) 

In this expression, we used the total number density, nrel = 
[l/(s - and the mean energy, E = [(s — 1)/ 
(s — 2)]£min (assuming s > 2); C contains numerical constants. 
We see that the higher emissivity of the features must reflect a 
higher density, magnetic field or mean particle energy than in 
the surroundings (or a significantly different electron spectrum 
in the two regions). 

The geometry of the features is also important. In M87, we 
see that many of the features tend to be linear (that is, they 
have one dimension longer than the other two). This includes 
fairly straight structures such as 6 or a, and could also include 
“loop” features such as ß or y. Many of the lower contrast, 
unlabeled features—if real—also appear linear. On the other 
hand, some of the features appear spherical, or at least closed, 
structures—the “loops” could be described this way. In the 
absence of information on the direction of the projected mag- 
netic field, we cannot be certain of the geometry or even the 
identity of many of these structures. (In Cyg A, and in the jet of 
M87, the projected magnetic field tends to follow the filaments, 
confirming their physical reality and suggesting that they are 
truly linear structures; Dreher, Carilli, and Perley 1987; OHC). 

In this paper, we discuss several possible origins for these 
structures: embedded stellar objects, cooling instabilities, 
resistive instabilities, and transient effects such as turbulence or 
shocks. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
7.

 .
71

3H
 

No. 2, 1989 FILAMENTS IN RADIO LOBES OF M87 719 

One possibility is that the bright features are simply due to 
normal stellar objects embedded in the radio source. One is led 
to this idea in M87, unlike the larger radio sources with fila- 
mentary structure, by the round morphology of many of the 
features. This idea was presented by Blandford and Königl 
(1979) as the origin of the knots in the jet; they proposed the jet 
was overrunning dense interstellar clouds or supernova rem- 
nants in the galaxy. The newer observations which reveal that 
the “ knots ” in the jet are filamentary structures (OHC) seem 
to disprove this idea for the jet. While the geometry of some of 
the features within the lobe is more consistent with such a 
model, we do not think the model is likely to work. 

The most likely candidate object might be supernova rem- 
nants (SNRs), as they are sources of synchrotron radiation. 
However, the round features in M87 are both larger and 
brighter than typical galactic SNRs. The integrated lumin- 
osities of features ß, y, <5, €, and C fall in the range 0.5-1.0 x 1039 

ergs s-1, and all have sizes ~ 100 pc. For comparison, typical 
SNRs in our Galaxy have luminosities in the range 1033-1034 

ergs s-1 and sizes ~4-10 pc (Braun, Lyne, and Goss 1989; 
here a spectral index a = 0.8 was assumed to convert 6 cm 
fluxes to integrated luminosities). Even though differences in 

ambient conditions will affect the size and radio luminosity of a 
supernova remnant (e.g., Dickel et al. 1989), we doubt that this 
large difference in size and luminosity can be accounted for by 
different conditions in M87 and in our Galaxy. Furthermore, 
we note that the work necessary to push aside a ~ 100 pc 
sphere of gas at a pressure ~4 x 10“10 dyn cm“2 is 
~5 x 1052 ergs, which is greater than the total energy of a 
supernova (~1051 ergs; e.g., Woolsey and Weaver 1986). We 
therefore do not believe the round features in M87 are due to 
embedded SNRs. 

One might argue that other, larger stellar objects might be 
the cause of the round features : embedded H n regions, globu- 
lar clusters or molecular clouds, for instance. (It is not obvious 
that H ii regions or molecular clouds would be found in the 
center of the elliptical galaxy M87, but star formation has been 
proposed to occur in cooling flows; Sarazin and O’Connell 
1983; Silk et al. 1986). However, we do not consider this a 
likely picture, either. None of these objects are themselves syn- 
chrotron sources; the features in M87 would have to be due to 
the interaction of the radio luminous plasma with the embed- 
ded objects. Blandford and Königl (1979) suggested bow 
shocks in a supersonic flow as a model for the knots in the jet; 
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(£> 

the White and Sarazin (1988) model, as described in the text. 

we do not necessarily see evidence for supersonic flow in the 
lobe, nor are the round, closed shapes of many of the features 
consistent with a bow shock. 

Finally, embedded stellar objects will not lead to linear fea- 
tures like those seen in M87 and which are common in larger 
radio galaxies. We thus do not believe embedded stellar objects 
can account for the features. In what follows, we consider 
thermal and resistive instabilities as the origin of the features. 
We conclude that thermal instabilities cannot account for the 
features, while resistive instabilities require special circum- 
stances in order to account for them. 

V. THERMAL INSTABILITIES AS THE ORIGIN OF THE FILAMENTS 

One mechanism which can lead to a two-phase medium is 
the thermal instability, first proposed by Field (1965) and 
extended to relativistic plasmas by Simon and Axford (1972). 
These instabilities lead to dense, cool regions within a hotter 
external medium: the collapse is driven by the external pres- 
sure as the enhanced cooling within the higher-density pertur- 
bation reduces the internal energy of the perturbed region. 
Flux freezing in the collapse will increase the magnetic field in 
the perturbed region. The time scale for the collapse is the 
cooling time scale for the energetically dominant component of 
the plasma. A magnetized plasma is thermally unstable only if 
ß = 87i(prel + pth)/ß2 ^ a few (the exact instability criterion 
depends on the details of the system; Eilek and Caroff 1979). A 
high-/? plasma can be driven unstable either by thermal cooling 
(such as bremsstrahlung), if the thermal plasma dominates the 
internal pressure, or by synchrotron cooling if relativistic elec- 
trons dominate the internal pressure. 

The smallest scale in a plasma which is thermally unstable is 
set by thermal conduction: small scales will find heat trans- 
ported in from their surroundings by conduction more quickly 

than they can radiate away their internal energy, so the insta- 
bility is quenched. But the thermal conductivity across a mag- 
netic field is much smaller than that along the field (e.g., Spitzer 
1962). This suggests that linear filaments will tend to form in 
regions of ordered filelds, but spherical condensations can 
grow if the field is tangled on scales smaller than the pertur- 
bation. 

Throughout this section we will use the observations to con- 
strain the density and emissivity ratios between the filaments 
(subscript “f”) and the interfilament medium (“IFM”; sub- 
script “i”). We will assume that conditions in the IFM are 
similar to the original conditions in the plasma before the 
instability took place. This is probably a good assumption 
unless the entire lobe has evolved during the growth of the 
instability (as in the expanding flow models of dal Pino and 
Opher 1989), or unless a large fraction of the mass in the lobe 
has gone into filaments. 

a) Synchrotron Instability 
This instability goes if the plasma is initially high-/?, and if 

the pressure of the plasma is dominated by the radiating par- 
ticles. The latter condition requires either that the plasma be 
electron-positron, or that the ions required for charge neutral- 
ity do not carry much of the internal energy. If these conditions 
are satisfied, an overdense perturbation will collapse on a radi- 
ative (synchrotron) time scale. The final state of the pertur- 
bation will be a cloud or filament which is supported by its 
enhanced magnetic pressure against the external, hot medium; 
the relativistic particle energy will be in large part radiated 
away so that the cloud is now low-/?. We do not believe this 
instability can account for the features seen in M87. Filaments 
produced by a synchrotron instability are likely to be darker 
than their surroundings, not brighter. Even if local conditions 
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conspire to allow a filament to be bright at low frequencies, the 
filament spectrum will be steeper than that of the surround- 
ings, so its observability will be a strong function of frequency. 
We show this as follows. 

From the condition of pressure balance between the dense 
filament and its surroundings, we find a relation between the 
final and initial densities: 

n_i = (L±£Y12 

", \1 + ßfj 
(3) 

From this and the definition of ß (and with pth prel in this 
case), we also have 

Pi = lf(L±h\ 
Pi ßi \1 + ßfj 

(4) 

Since p = nE, equations (3) and (4) also relate Ef to We note 
that Ef <4: Eh since the electrons which supply the bulk of the 
internal energy must have time to cool in order for this insta- 
bility to go. In particular, if the initial electron spectrum is a 
power law with s > 2, then E ^ £min. The time scale on which 
the filament collapses is the synchrotron time scale of electrons 
at Ei. During this cooling, the electron spectrum steepens at 
energies £ £ £, at least to N(E) oc £"(s+1) (e.g., Pacholczyk 
1970; this ignores pitch ange scattering during the collapse and 
will be the most favorable case for seeing the filaments). 

Taking this spectral steepening into account, we can use 
equation (2) to write the emissivity ratio in terms of the initial 
electron spectral index as 

¿(v) ni {bJ yEj \vf 

where vf = 3ËfBf/4nml_c5 is the characteristic synchrotron 
frequency of particles at Ef in the magnetic field Bf. 

We will use the fact that the initial magnetic field must 
be larger than the inverse Compton equivalent field, Bic = 
3(1 + z) pG, in order for the instability to go (inverse Compton 
losses are thermally stable). This limits the allowed initial & : 

ßi< - 1 . (6) 

For the high pressures in the center of M87, this limit becomes 
ßi < 1100. We also need the relationship of B to n in the col- 
lapse: flux freezing predicts B oc n in a linear collapse, and 
B oc n2/3 in a spherical collapse (as might occur in a region of 
tangled field). We use these relations, equations (3) and (4), and 
the upper limit on ßi to derive an upper limit on the emisssivity 
ratios. For a linear collapse, 

^<40P^ro5,/4/w(^)’1/2 (7 a) 

and for a spherical collapse, 

Here, 

fs(ßf) = ßir1)/(i + ßf)i4s+1)/6 ; 
we have assumed ßi > 1 and written px l0 = pJ10~10 dyn 

cm 2. Now, the functions f£ßf) and fs(ßf) have upper bounds: 
max tgßfft - (0.40)is_1), for ßf - 2-3; max [fsiß/)'] ^ 
(0.52)(s 1), for ßf ~ 3-5. Choosing s = 2.4 (corresponding to a 
photon spectral index of 0.7 as an estimate for the interfilament 
plasma), and px ^ 4 x 10~10 dyn cm“2 for M87, we derive the 
upper limit for a linear collapse. 

jf(v) 
JAy) 

<27 — 
-1/2 

and for a spherical collapse, 

(8a) 

jf(v) 
Uv) 

(8a) 

Thus, extreme conditions (Bf > Bic and the optimum value of 
ßf) do just allow ;7(v) >ji(v) if v>vf; but this calculation also 
predicts a steep spectrum for the filaments. This latter contra- 
dicts observations which suggest that the filament spectrum 
may be flatter than the interfilament spectrum in M87 (F. N. 
Owen, private communication). In addition, Table 1 shows 
that a typical filament-to-background ratio is jf/ji - 10 at 6 
cm. For linear filaments, equation (8a) requires Vy > 0.14v ~ 
600 MHz (the filaments should not be visible below this 
frequency). For spherical features, equation (8b) does not allow 
jf/ji ~ 10 for any frequency. We therefore feel it highly unlikely 
that the synchrotron instability is the origin of the filaments in 
M87. 

We note that this conclusion disagrees with that of Achter- 
berg (1989), who argues that a synchrotron cooling instability 
will lead to bright filaments. However, his models invoke a 
couple of special conditions in order to achieve this. He 
assumes a fairly flat electron spectrum [N(E) oc £“2, as from a 
strong shock], which extends to energies which radiate at 
optical frequencies. The mechanism which accelerates the elec- 
trons to this flat spectrum must avoid accelerating the ions, as 
mentioned above; it must also be local to the filaments, as the 
synchrotron lifetime of particles which radiate in the optical 
will be quite short. If such a flat electron spectrum is produced, 
it will put most of the energy density in the high-energy elec- 
trons. They will cool quickly without disturbing the low- 
energy spectrum, and the resulting adiabatic compression will 
indeed lead to bright filaments. Thus, the radio spectrum of 
both the filaments and the interfilament material in this model 
will be flat, ocv“0 5. Observations, however, find that both the 
filaments and the interfilament emission in M87 have some- 
what steeper spectra than this, and that the filament spectrum 
may be flatter than the interfilament spectrum (F. N. Owen, 
private communication); this does not agree with the model. 
We therefore do not feel that synchrotron cooling explains the 
filaments in this source. 

b) Bremsstrahlung Instability 

Having argued that the pure synchrotron instability does 
not work, we might consider an alternative : a relativistic parti- 
cle population mixed in with and dynamically tied to the 
thermal plasma in the core of M87. This might occur in M87 if, 
for instance, the jet entrained thermal gas before entering the 
lobe, or if the relativistic particles which fill the lobe have 
diffused into the thermal gas. If this mixed plasma is dominated 
by the thermal gas pressure, so that pih > prel + pB (which is 
consistent, we note, with our value of the minimum pressure in 
the interfilament background of the inner lobes, as in Table 2), 
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the thermal instability will simply be driven by the bremsstrah- 
lung losses of the thermal gas. 

This instability goes on the thermal cooling time, 
j-l/2 

ith ^ 1.0 x 107 —^ yr . (9) 
nth 

This limit has two consequences. First, Bf<^Bminp and 
Bj Snpth. Thus, the filaments must be supported by rela- 
tivistic particle pressure. Pressure balance between the fila- 
ments and the IFM gives prel>/ ^ pih i + preM. But we know 
that pTel oc n4/3. We can thus relate the thermal and relativistic 
particle pressures before the collapse : 

We normalize the temperature as T7 = T/107 K; we keep the 
density in units of cm-3. The synchrotron lifetime of the par- 
ticles which initially (before collapse) radiated at a frequency v 
in the initial magnetic field Bt is 

tsy - 1.1 x 109 
d3/2 1/2 y1“ ni,nG VGHz 

(10) 

If tsy > ith, the relativistic particles will be adiabatically com- 
pressed in the collapsing perturbation. Due to the increased 
magnetic field, density, and relativistic particle energy in the 
collapse, the dense perturbation will have a higher synchrotron 
emissivity than the background. Thus, this mechanism can in 
principle lead to bright clouds or filaments in radio sources. 
However, this model does not work quantitatively for M87, for 
reasons which we present in the rest of this section. 

To start, we use the observations to estimate the density 
ratio between the filaments and the IFM. As before, we assume 
the IFM conditions have not changed much from the condi- 
tions before the instability started. Now, in an adiabatic col- 
lapse, the mean relativistic particle energy E oc n1/3. Thus, from 
equation (2), the synchrotron emissivity jsy cc n{5s+1)/6 in a 
linear collapse, and jsy oc n(2s+3)/3 in a spherical collapse. Thus, 
as s varies between 2 and 3,;sy varies as n2 8 to n31 in a linear 
collapse, and as n2 3 to n3 0 in a spherical collapse. 

From Table 1 we can choose a filament-to-background 
emissivity radio, jf/ji ~ 10. This gives us a density ratio 
rif/rii ~ 2 in a linear geometry, and nf/ni ~ 2.5 in a spherical 
geometry, for the expected range of s. 

With this, we can check the consistency of our adiabatic 
assumption. If we require tsy > ith, equations (9) and (10) show 
that conditions in the initial plasma must satisfy 

Bi<22(-^jr-)2'3 nG. (11) 
\i 7 *i,GHz/ 

Following OHC and using the scaled White and Sarazin (1988) 
model to estimate the density and temperature of the pre- 
collapse plasma at nth ~ 0.15 cm-3 and T ~ 3 x 107 K, this 
limit becomes 

Bi < 4.3v¡ nG . (12) 

This limit will be more useful if we express it in terms of condi- 
tions in the collapsed filament. We have Bf ~ 22^ in either 
geometry. The frequency at which a particle radiates most of 
its energy is v oc E2B cc n513 (linear) or n4/3 (spherical). Thus, 
particles which we observe at 4.8 GHz must have radiated at 
1.5 GHz (linear) or 1.9 GHz (spherical) before the collapse. A 
tighter constraint, however, comes from the fact that at least 
the brighter features (6, rj) are detected at 15 GHz and show no 
evidence of spectral steepening between 1.4 and 15 GHz (F. N. 
Owen, private communication). The electrons which we see at 
15 GHz must have radiated at 4.7 GHz (linear) or 6.0 GHz 
(spherical) before the collapse. The 4.8 GHz values limit the 
magnetic field in the bright features to Bf < 7.5 pG (linear) or 
7.0 pG (spherical); the 15 GHz values require Bf < 5.1 pG 
(linear) or 4.7 pG (spherical). 

This gives us preM ^ 0.66ptM (linear) or preU ^ 0.42ptlM- 
(spherical). Either geometry requires the relativistic particle 
pressure to be a significant part of the thermal pressure before 
the collapse. 

The second consequence of equation (11) is apparent from 
Figure 7. We see that B <Bf < Bminp requires p > pmin; if 
Bf < 0ABminp, as we find in M87, p > 30pmin. This pressure is 
well above the pressure of the thermal gas. Thus, thermal con- 
finement does not seem possible for this description of the 
filaments. But this invalidates the fundamental assumption of 
the model, that the filaments arose from a thermal instability, 
since this instability leads to dense regions which are in pres- 
sure balance with their surroundings. 

Another consequence of these constraints on conditions in 
the initial plasma is that thermal conduction appears likely to 
preclude the instability occurring at all. To demonstrate this, 
we recall the size scales which are unstable in a linear, homoge- 
neous thermal instability analysis (see Eilek and CarofF 1979). 
The largest unstable scale is 2max ~ cs tth if cs is the sound speed 
in the plasma. For the conditions in the core of M87, 2max ~ 
4T7/nth kpc ~ 80 kpc for the conditions in the region. 

The smallest unstable scale is that on which thermal conduc- 
tion of heat from the hot plasma outside the cooling region can 
balance the radiative losses. If q is the conductive heat flux and 
jb ~ 1.4 x 10-27nt

2
h T

1/2 ergs s-1 is the bremsstrahlung emis- 
sivity, this balance occurs when 

(14) 

This determines 2min. The heat flux in the mixed plasma will be 
carried both by the thermal gas and the relativistic particles. 
Consider conduction along magnetic field lines. The thermal 
heat flux is 

4th = K||V(/cßr), (15) 

where Kry = 20(2/7ü)3/2(/cb T)5/2/mg/2^4ln A is the parallel 
thermal conductivity; In A is the Coulomb logarithm (Spitzer 
1962). The relativistic particles are collisionless, so we cannot 
find their heat flux from an expression like equation (15), which 
is based on particle-particle collisions. Rather, we follow Cowie 
and McKee (1977) who write the heat flux in this “ saturated ” 
limit as 

3rel ^ CPrelC • (16) 

Here, C is a numerical factor less than unity (Cowie and McKee 
use Ç = 0.4 for nonrelativistic particles) and we have taken the 
characteristic velocity of the particles as lightspeed. 

By comparing equations (15) and (16), we see that the rela- 
tivistic particles dominate the heat flux on scales 

*11 f Pth 
"th Prel * 

(17) 
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But with our estimate of density and temperature, and 
assuming ÇhiA~10, we find ¿Crit - °-05pth/prel kpc. Since 
Pth ~ 2prel is required from equation (13), the relativistic parti- 
cle heat flux will be the strongest stabilizing effect for scales of 
interest (and in fact the 2min estimated from qrcl is much larger 
than this /lcrit). 

We therefore estimate the minimum unstable scale from 
equation (14): Àmin ~ qTJjh. For our temperature and density 
values this is 2min ~ 3prel> _10 Mpc (we have normalized prel to 
10“10 dyn cm“2). This very large number (in fact, Amin > 2max) 
means that the strong relativistic particle thermal conduction 
will quench all field-aligned thermal instabilities in this 
environment. 

This argument addressed field-aligned conduction; heat 
conduction across an ordered magnetic field is dramatically 
reduced, and perturbations much smaller than a Mpc which 
are oriented across the field can probably grow, at least for- 
mally. But a very special, very ordered magnetic field geometry 
would be necessary to vitiate the argument above and allow 
three-dimensional perturbations to grow. For instance, a fully 
disordered, tangled field will only reduce the thermal conduc- 
tivity by a factor of ^ over the field-aligned value (Hollweg and 
Jokipii 1972), so this geometry will not help the model. One 
would need a magnetic field which was not connected to the 
outside of the feature at all, sort of a self-contained magnetic 
“bubble”; a linear filament would not work, as heat conduc- 
tion would flow along the filament. 

Thus, we do not believe that cooling instabilities can be 
responsible for the bright filaments in the inner lobes of M87. 
However, it is interesting to apply the argument above to the 
optical filaments which lie north of the radio lobes. These fea- 
tures lie outside of the inner radio lobes at a similar distance 
from the core as the radio filaments. The relativistic particle 
pressure to which the optical filaments are exposed will be that 
of the diffuse, ~ 12' halo. This prel might be estimated from the 
equipartition magnetic field (4 pG) of Andernach et al (1979). 
With this, equation (17) leads to 2crit - 3 kpc, while equations 
(14) and (15) give /lmin ~ 9 kpc. Since these estimates, especially 
prel from equipartition, but also the density and temperature 
model fits, are probably not exact, it is possible that 2crit ~ 
2min ~ few kpc. This may suggest that the relativistic particle 
pressure is low enough to allow the instability to go in the halo, 
while the higher prel quenches the instability in the radio lobe. 
This might be related to the way the optical filamehts appear 
to “ avoid ” the inner radio lobes. 

Finally, we note that the larger question of thermal insta- 
bility in cooling flows is complex. The homogeneous, linear 
stability analysis—from which we have argued here—may not 
apply to large-scale instabilities in the gravitational potential 
of clusters of galaxies (Balbus 1988). Further, neither dynami- 
cally important magnetic fields nor transonic flows have been 
included in cooling-core stability analysis, yet there is evidence 
for both phenomena in the Virgo core (Owen and Keel 1989; 
Owen, Eilek, and Keel 1989). Thus these last comments can be 
no more than speculative. 

VI. TEARING INSTABILITIES AS THE ORIGIN OF THE FILAMENTS 

This instability is caused by the tendency of a diffuse current 
to filament, due to the self-attraction of parallel currents. It was 
first considered by Furth, Kileen, and Rosenbluth (1963); see 
also Bateman (1978). The filamentation is allowed by the 
presence of non-zero resistivity, which violates the usual flux- 
freezing assumption and allows the magnetic field lines to 

move through the plasma and bunch together. This process is 
observed in current sheets in laboratory plasmas and in 
numerical simulations, where magnetic islands and current fil- 
aments are indeed found: high-field regions immersed in a 
low-field background. Examples can be found in Colgate 
(1978), Furth (1985, Fig. 12) and in the numerical simulations 
of Matheus and Montgomery (1981). OHC suggest this insta- 
bility as the most likely origin of the luminous filaments seen in 
thejetofM87. 

Tearing instabilities lead to ordered, high-field regions sur- 
rounded by regions of low field strength. Both theoretical 
calculations and computer simulations suggest that the tearing 
mode in a flat current sheet will saturate when the filaments are 
not too much larger than the size of the boundary layer (see 
Bateman 1978 or Furth 1985). The final state of the filaments 
may well be self-contained, and possibly self-confined struc- 
tures (where self-confined means the magnetic field locally con- 
fines the plasma). The magnetic flux ropes seen in the 
atmosphere of Venus (Russell and Elphic 1979) are examples of 
structures that are observed to be locally self-confined magne- 
toplasma systems. It has also been suggested that the 
“ plasmoids ” observed in the Earth’s magnetotail during sub- 
storms are self-confined spheroidal systems, perhaps similar to 
the spheromak structures created in the laboratory (Hones 
1985). 

We can test this idea by looking at the growth rate of the 
instability. Since resistivity is necessary, the plasma is highly 
conductive and the scales are large, we might expect the 
growth to be very slow. The linear analysis of Furth, Kileen, 
and Rosenbluth (1963) considers a flat current sheet of width a 
in a cool plasma (where Vp ^ [(V x B) x B]/4n in the current 
sheet). Following them, we define the Alfvén wave crossing 
time, 

tA = a/vA, (18) 

if vA = BKAnp)112 is the alfvén speed (p is the mass density), and 
the resistive diffusion time, 

tr = 4na2/rj , (19) 

where rj = c2/a is the resistive diffusivity (o is the electrical 
conductivity). The tearing mode is unstable for all scales >a. 
The fastest growth rate is for perturbations of scale of ~a. 
Their growth time, in the limit tr > tA, is 

¿tear = Ír3/5ÍÍ/5 • (20) 

We see that this is an intermediate time scale: tA < ftear < tr. 
In order to estimate this growth time we need the value of rj 

(or <t). The simple, Coulomb conductivity is very large (see 
Spitzer 1962), and the resultant itear for scales comparable to 
the filaments in M87 would be too long to be of interest. 
However, the resistivity in a thin current sheet is often anom- 
alous, arising from particle interactions with plasma turbu- 
lence rather than the much less frequent particle-particle 
collisions (e.g., Spicer 1982). A detailed model of the plasma 
turbulence would be necessary to determine the magnitude of 
the resistivity. Instead we use a simple upper limit which can be 
found for anomalous resistivity, as follows. 

The resistive diffusivity can be written in terms of the elec- 
tron collision rate, ve, as 
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(e.g., Lifshitz and Pitaevskii 1981); E = ymec
2 is the average 

energy per electron. The anomalous collision rate is unknown, 
but an extreme upper limit (e.g., Papadopoulos 1977) should be 
the plasma frequency: ve< copJ2n, where (û2

pe = 4%nee
2lyme 

for a (possibly) relativistic plasma (e.g., Gould 1981). Combin- 
ing these we have an upper limit to r\ : 

2c2 iv\112 

rj < — ~ 3.2 x 1022 — I cm2 s 1 . (22) 
\«e/ 

This gives us a lower limit on the growth time. From equations 
(12), (13), and (14) we get as a general expression, 

^tear ^ 
(2n(D )3/5a8/5 a8,5n1/2 {¿na>pe) a  , o 10io V ^  

( 3 )2/5 -*-0 X AU R2/5-3/10 Bl'êÿ 
yr (23) 

Here we have scaled the width of the current layer, a, in pc, and 
B in fiG; n is in cm-3; and we have assumed an electron-ion 
plasma in evaluating vA. We emphasize that ÿ in equation (23) 
is the mean electron Lorentz factor. If the electrons have a 
power-law spectrum with spectral index s > 2, then ÿ ^ ymin. If 
the plasma is dominated by thermal, subrelativistic electrons, 
theny ^ 1. 

Now, equation (23) tells us immediately that this instability 
is very slow in the high density (n > 0.1 cm-3), thermal plasma 
surrounding the radio source. For instance, if Æ ~ 10 fiG, 
¿tear ^ 6flpc5 Gyr. The width of the current layer is of course 
unknown. The fact that some of the features are resolved at 
ä;0"4 ~ 30 pc, suggests that the initial current sheet must not 
have been thinner than a ~ 10 pc or so. Thus, if the radio- 
luminous relativistic plasma from the jet is well mixed with the 
surrounding gas, this instability cannot account for the bright 
features. 

On the other hand, we can consider this instability in a 
low-density, relativistic plasma—which might describe the jet 
plasma. This will shorten itear by reducing ne and increasing ÿ. 
We find, however, that this instability is still slow. The lowest 
limit on the density is that of the radiating electrons them- 
selves. The inner lobes are detected at frequencies as low as 100 
MHz (e.g., Graham 1970). The particle energy which radiates 
at this frequency is y ~ 2400/Bp£. If we identify this with the 
mean particle energy, ÿ (an assumption which gives the lowest 
limit for ne), we have ne > 3prel/ÿmec

2 ^ 5 x 10-7prel _9 
cm-3. (Here we have scaled prel to 10“9 dyn cm-2, thinking of 
the jet; e.g., OHC). Using this estimate for the density in equa- 
tion (23) allows us to put a lower limit on itear in M87, for the 
case where only relativistic electrons contribute to the density : 

t,ear £ 3.4 x 106a%5ptf, - 9 yr . (24) 

Thus, a tearing instability might go in the relativistic jet plasma 
within the lifetime of the source. However, this limit is very 
optimistic; we have taken ve < (Dpel2n and assumed that only 
relativistic electrons radiating at or above 100 MHz contribute 
to the number density. Any loading of the plasma with cooler 
electrons, or any reduction of the resistivity from the optimum 
value, equation (22), will increase the limit in equation (24). 

In addition, this estimate of itear should be compared to the 
synchrotron cooling time, equation (10). In order for the fila- 
ments to form before the highest energy electrons have cooled, 
we must use the highest frequency at which the inner lobes 
have been observed, namely 23 GHz (Forster 1980). (This 
frequency corresponds to electrons with energy y ^ 3.6 
x 104/UÍg)* Combining this with the lower limit for itear, we 

find that itear < isy if 

<^-9^ < 64. (25) 

In the jet of M87, prel,_9 > 1 (OHC), so a¿c
6/15^G < 16 is 

needed in order to have itear < isy. We argued above that 
a ~ 10 pc might be a decent estimate for the thickness of the 
current sheet; (25) then requires B < 1 pG for the instability to 
go in one synchrotron time. This might be considered just 
plausible, since this condition refers to the preinstability field; 
but the fact that very optimistic assumptions were used in 
deriving itear make this seem unlikely. (Additionally, assuming 
B2 8np invalidates the assumption of a cold plasma which 
was used in deriving the basic growth rate). 

We also note that this situation is not helped appreciably if 
the jet plasma is electron-positron, rather than electron-ion. In 
this case, the Alfvén speed is likely to be vA ^ c, and the condi- 
tion which replaces (25) is a^pf/l^gBl^ < 860. Although this 
slightly eases the constraints discussed above, it is still a rather 
tight constraint on the system. 

Thus, even the most favorable estimates of the tearing 
growth rate cannot produce filaments in less time than the 
synchrotron loss time of the highest energy electrons seen. In 
situ particle acceleration within the filaments might offset this 
problem. Local acceleration is certainly possible in the currents 
which flow along filaments (e.g., Spicer 1982). We do not 
present the detailed model which would be needed to incorpo- 
rate acceleration into this argument. We just note that in situ 
acceleration might relax the instability condition to the 
requirement that itear, estimated from equation (24), be less 
than the age of the source. 

VII. WHAT ABOUT TRANSIENT EFFECTS? 

We have seen that cooling instabilities cannot account for 
the bright features in the inner lobes of M87. Resistive insta- 
bilities are unlikely to account for the features unless in situ 
reacceleration of the electrons takes place. 

A different possibility is that the bright features might be 
transient rather than long-lived phenomena. For instance, one 
might suspect that the plasma is turbulent, and that the bright- 
ness fluctuations are local regions of high density and magnetic 
field within the turbulence. The numerical simulations of three- 
dimensional MHD turbulence by Menguzzi, Frisch, and 
Pouquet (1981) find that the magnetic field tends to be high in 
fairly large, isolated regions within the system. This might give 
the appearance of quasi-discrete features as in M87. Spangler 
(1982) and Eilek (1989) have suggested that fluctuations in 
total and polarized intensity might be due to turbulence. 
However, we do not think that simple MHD turbulence can 
account for the brighter features in M87. The problem is the 
strength of the emissivity contrast. For subsonic MHD turbu- 
lence, with magnetic field fluctuation amplitude Bt and turbu- 
lent “cell” size 2(, in a region of overall scale L and ordered 
magnetic field B0, the fractional surface brightness fluctuation 
will be ~lBf2t/(Bl + Bf)L]1/2 (Eilek 1989). This is a small 
quantity for normal, low-amplitude turbulence, in which Bt < 
B0 and 2 < L, so that one expects no more than, say, 10% 
fluctuations. The lower contrast, unlabeled, features may be 
due to such turbulence; but the higher contrast, labeled fea- 
tures seem unlikely to be caused by this mechanism. (Another 
way to see this is to note that the emissivity contrast in the 
bright filaments requires both density and magnetic field 
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enhancements of a factor ~2. This does not happen in sub- 
sonic turbulence). 

Another phenomenon possibly related to turblence is the 
appearance of luminous filaments in the numerical simulations 
of Norman, Clarke, and Burns (1988). These authors included 
a passive magnetic field (B2/8tc p) in their simulations of 
supersonic two-dimensional jets, and the synchrotron emission 
from “fingers” of jet fluid in the turbulent mixing layer resem- 
ble the features seen in M87 or other radio sources. However, 
we do not think this can account for the filamentary features in 
M87. To see this, recall that features which are far from equi- 
partition between magnetic and plasma pressures, as is the case 
for the passive magnetic field in the simulations of Norman, 
Clarke, and Burns, have internal pressures which must be well 
above pmin (e.g., Fig. 7). But since the “fingers” and 
“interfinger material” in the simulations are in approximate 
pressure balance, radio observations of the “fingers” would 
find Pmin < Pexf This contradicts our data on the filaments in 
M87, for which pmin > px. Thus, unless there exist flows in the 
innerlobes which are strongly supersonic, so that the inter- 
filament pressure can be well above that of the external gas, we 
do not think that these simulations are relevant for the bright 
features in M87. 

Returning to more general turbulent models, the high emis- 
sivity contrast of the bright features seems to require strong 
turbulence, in which both the density and magnetic field have 
large amplitude fluctuations, or even shocks. In addition to the 
strong local density and magnetic field enhancements in 
shocks, the possibility of particle acceleration in the shocks 
could enhance the emissivity even more. Both shocks and 
strong turbulence are likely to be very dissipative and thus to 
require continual driving and energy input. 

The most likely driving mechanism for strong turbulence or 
shocks in the lobes is the jet, which may well enter the lobe 
supersonically. For instance, assume the jet material is well 
mixed with the local thermal plasma by the time it enters the 
lobe. If it starts at a velocity Vj in the jet, it will have decelerated 
to a velocity iW - vjrjnj/2/riobenth2 (from momentum 
conservation) when it enters the lobe. Requiring vlobc ~ 500 km 
s"1 (the sound speed in a 3 x 107 K gas), nth ~ 0.15 cm-3 and 
Vj ~ 0.3c (from Reid et al 1989) means the jet density must be 
n, ~ 1 x 10”3 cm-3 before entrainment. This is not a very 
restrictive limit; any lower density would lead to a higher 
velocity for the jet plasma when it enters the lobe. 

Thus, it seems likely that the lobe material is continually 
being stirred by a transonic or supersonic flow where the jet 
bends and enters the lobe. This could lead to large amplitude 
density and magnetic field fluctuations, either within the turbu- 
lent lobe itself, or at the boundary where the transonic flow hits 
the surrounding medium. If this is the case, transient features 
or shocks may be the origin of the bright features in M87. 
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VII. CONCLUSIONS 
We have presented new 6 cm radio observations of the inner 

core source of M87. The radio map has a dynamic range 
~1.5 x 105. We find that the inner radio lobes are not uni- 
formly filled, but that much of the emission comes from dis- 
crete knots or filaments. A minimum pressure analysis finds 
that the minimum pressure of many of the features is compara- 
ble with that of the surrounding thermal (X-ray) gas; a few 
have minimum pressures somewhat greater than the external 
pressure. 

We found that thermal instabilities cannot be the origin of 
these features. Thermal instabilities driven by synchrotron 
radiation of the relativistic electrons will lead to dark rather 
than bright features. A cooling instability driven by brems- 
strahlung cooling of the thermal gas, with relativistic electrons 
tied to the gas and compressed adiabatically, might lead to 
bright features. However, in order for this to work in M87, the 
actual internal pressure of the features must be well above the 
observationally determined minimum pressure; this contra- 
dicts the pressure-balance assumption inherent in thermal sta- 
bility analysis. In addition, the high relativistic particle 
pressure in the M87 environment will quench this instability 
by thermal conduction. 

We considered whether the features might be due to a 
restive, tearing mode instability. We found that, under very 
optimistic assumptions, the growth time for the tearing mode 
can be short compared to the age of the galaxy (say, itear ~ 108 

yr; see eq. [17]). However, we found that itear is very unlikely to 
be shorter than the synchrotron lifetime of the particles radi- 
ating at high frequencies; in situ reacceleration is needed to 
make bright features with this model. 

While in situ reacceleration is possible in a current carrying 
filament, we feel that the need for the most favorable assump- 
tions possible makes this model less than convincing. We 
therefore conclude that the bright features in M87 are likely to 
be transient, being strong density and magnetic field fluctua- 
tions either in shocks or in transonic turbulence. If this is the 
case, the bright features could either be internal to the lobes—if 
supersonic turbulence is driven throughout the lobes by the 
jet—or on the surface, if they trace irregularities in a bounding 
shock. 
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