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i "The total: intensity and linearly polarized emissiocn from the Crab |
Nebula (Taurus A) ware synthesized to a resolution of approximately 1
arc-minute at both 1420 and 2880 MHz. From these data were calculated

the spectral index, rotation measure, intrinsic position angle, and

depolarization ratio d4istributions. Then, combined with a source model,
the physical conditions within the supernova remnant were established. ,
The strength and orientation of both the homogeneous and randém com-

_ ponents of the magnetic field were determined and a measurement of th§

thermal electron plasma distribution obtained. '
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ABSTRACT

The total intensity and linearly polarizéd emission from
the Crab Nebula (Taurus A) were synthesized to a resolution of
approximately 1 arc-minute at both 1420 and 2880 MHz. From thase
data_were calculated the spectral index, rotation measure, intrin-
$ic position angle, and depolarization ratio distributions.
Then, combined with a swurce model, the physical conditions within
the supernova remnant were established. The strength and orienta-
tion of both the homogeneous and random components of the magne-
tic field were determined and a measurement of the thermal elec-

tron plasma distribution obtained.
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I. INTRODUCTION

Earth rotation synthesis observations of the total and

. w“m-uwmwm\\}'m&g&‘&m- ZW

linearly polarized radiation from Taurus A (The Crab Nebula)

were taken concurrently with those of the two supernova rem-

A LRI

nants 3Cl0 (Tycho's Supernova) and 3C58 (Weiler and Seielstad

TITen

1971, hereafter referred to as Paper I). The Owens Valley Radio

retliar A g b

Observatory's interferometer was used at frequencies of both

1420 and 2880 MHz at multiple spacings East-West and North-South

and over all hour anyles available to the telescopes (--4h to

+4h). The resulting coverage in the Fourier transform (u, v)

plane is illustrated in Fig. 1.

The observing methods, dates of observation, and calibration
procedure are fully described in Paper I. Biriefly, the observa-
tions were done by alternating the receiving horns between three
different configurations of orthogonal position angles to obtair
measures of the Fourier components of the Stokes parameters
I+Q, U-iV, and -Q-iV. Since we previouslv measured an upbver
limit of 0.2 per cent to the integrated degree of circular polari-
zation of Taurus A at 1418 Milz (Seielstad and Weiler ;968)1, we

assumed that there was no circularly polarized radiation, i.e.,

v=0.

LAY Iy S AR £ SR 2D BT 0L e 2 W) e e 4 M Y R

These three uncorrected sets of data were then inverted into

Soeh aedts

the real plane. However, because of the large gaps evident in

lG. L. Berge and G. A. Seielstad (unpublished) have measured an
upper limit of 0.2 per cent at 1602 MHz also.
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Fig. 1 in the information coverage of the Fourier plane, the
inversion technique eaployed in Faper I was no longer appropriate.
Instead, we used an inversion scheme developed by J. A. Hdgbom
and described by Rogstad and Shostak (1971). Finally the instru-
mental correctionz (< 0.3 per cent at 1420 MHz and < 0.4 per cent
at 2880 MHz) were applied and the solutions combined to yield

the distributions of the total radiation (Stokes parameter I),

< et S e A it

of the linearly polarized radiation (¥Q? +U?), and of the pcsi-

tion angles of the maximum electric vectors (% tan™t (U/Q)).

II. SOURCE DISTRIBUTIONS

The resulting synthesized maps are displayed in Figs. 2

ané 3. All details of position and scale are identical among %
the several diagrams. The origin is %
«  (1950.0) = o05® 31™ 31520,
¢ (1950.0) = +21° 59°* 1770

Relative to the Sp of the central double stars, this position is

0°26 earlier and 22.2 north. The error analysis and the effects

of ionospheric Faraday rotation are discussed in Paper I. The
error estimates for the three fundamental maps (I, Q, U) are

collected in Table 1.
A. Distributions of the Total Radiation

The brightness distributions of the total radiation at the
two frequencies show the same smooth appearance already noted

by several previous studies with comparable resolution (Branson

i
i
3
i
{
. , s . < Y A e
m;mt PERTTRITY AR WGP ONE WINC I PP PRICE WA PR R L0 PO @i b T § WSTA ML £ NLLATTY M EALRILA i LV £ 50,




T TR I T T T I T AR R TR A B et 7 r e o E e TR

-4~

1967; Mayer and Hollinger 1968; Braun and Yen 1968; Johnston
and Hobbs 1969; Wright 1970). Only the maps with resolution
better by an order of magnitude (Hogg et al. 1969; Wilson 1971)

begin to reveal further structural detail. It seems worthwhile
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repeating that the most remarkable feature of the brightness

pCk< DnsAld

distributicn is its central concentration. Milne (1971) has

demonstrated that it is much more common for supernova remnants to

ARt A FE A TR TE T

show at least partial shell structure.

Wright (1970) has called attention tco an extended low
brightness region SW of the nebula. There is little evidence
for such a feature in either the total or polarized radiation
maps. Also, recent A2l cm maps made with the Westerbork Tele-
scope fail to show such a region (R. M. Duin 1972, private
communication).

B. Distributions of Linearly Polarized Radiation

Both distributions of linearly polarized radiation reveal
similar structure, which is more detailed than that of the
totzl radiation. There is a conspicuous gap in the NW which

is near the most prominent "bay" in the optical distribution

R (BRI LA 15 L BUH S b A AL SN0 e At bbb ek 3110 430, ek AR o1 § Wi o b 140 YR S E NV

(Woltjer 1957). The rapid change of position angles in that re-
gion implies that the low radio polarization may result partly
from beam-averaging vectors having a wide range of position
angles. Higher resolution studies (Conway 1971) confirm this.
We find it somewhat surprising that our polarization distribu-

tions do not exhibit similar gaps elsewhere, since other prominent

R A 1Ly £ 3T it 3 K1 A AN 2 LA P LA T L MW N Ao
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optical bays are known to exist. The center of the polarization

AR LB Bt O X2

distribution in both cases is displaced about 0!{25 east and 0!3
3 south from the center of the total brightness distribution.
Other obser—ers (Mayer and Hollinjer 1i968; Dowrs and Thompson

5 1968; Johnston and Hobbs 1969; Wright 1970), confirm most of

T

these features over a wide range of freguencies.
The degree of polarization reaches nearly 4 per cent at
1420 MHz and nearly 8 per cent at 2880 MHz. In both cases

it is relatively constant over the main body of the nebula

QN LTt aah S bt i g o et b el R

increasing slightly at 21 cm around the disturbed region in the

NW. The position angles likewise show a constancy within the

AT RTINS

main body with a sharp rotation of angles occurring in the NW.

III. PARAMETER DISTRIBUTIONS

Since we have observations at two very different frequencies

T AL I I T RTTY

with the same resolution and with approximately the same Fourier
plane coverage, processed in an identical manner, determinations
of frequency-dependent parameter distributions are especially

reliable. For these distributions we have chosen a coordinate

3 system oriented along the major and minor axes of the source.
A. Spectral Index Distribution
The spatial distribution of spectral indices for Taurus A
(definea as Iv~v+a) between 1420 and 2880 MHz is presented in
Table 2. The spectrum is flattest near the center and steepens

progressively along any radial direction outward. This steepening

2 N 5l = - Lt S A PP e
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of spectral index toward the periphery of tne nebula was noted
between 404 and 1420 MHz alsc (Davies et al. 1966). Furthermore,
Davies et al. (1966) and Scargle (1969) have emphasized that
the optical nebula is smaller than the radio, and that the X-ray
nebula is smaller yet. These spatial variations in spectrum
reflect corresponding differences in the electron-enercy distri-
butions at different points in the nebula. As expected, electrons
with the highest energy are concentrated nearest the ceater, wnich
is now universally recognized as the seat of acceleration.
B. Rotation Measure and Intrinsic Position Angle Distributions.
The polarization parameters of the integrated radiation
from Taurus A are accurately known at several frequencies. There
is consequently no ambiguity in the determination of the inte-
grated rotation measure. Burn (1966) finds -25.6 rad mn 2. To
resolve any *n7 ambiguities in position-angle difrferencz between
1420 and 2880 MHz, we require that our cezlculated values be near
this integrated value and that variations in rotation measure
not be discontinous ovar dimensionrs comparable to the beamwidth.
Si,.ce a difference of m rad between 1420 and 2880 MHz changes
the rotation measuxe by 93 rad m-z; we feel certain that the
values presented in Table 3 are free from ambiguity.
The rotation-measure distribution varies extremely smoothly
and over a surprisingly small range of values. A contribution
to each of these rotation measures is made by the interstellar

medium between the sun and the Crab Nebula. Manchester (1971)
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has pointed out the similarities in rotation measure and disper-

sion measure of the two pulsars, 0531+21 and 0525+21, both

believed associatec. .7ith the Crab Nebula, and has argued con-

FEAN LIV E

vincingly that their rotation arises in the interstellar medium.

RTINS, &

2
g
:

We +herefore adopt -4. rad m_2 as the intexrstellar rctation

Y

measvre. By subtracting this value from those measured. we

obt: ~ the rnistion measures nroduced.internally in the Crab

LN A 4 PRk M

Nebuu . Thes¢ r -wults are presented in Table 4.

fcis Lot
-
YA 2

..7ept nesr e eastern tdge of the nebulz, lines of con-

stant rntation measure are parallel to the major axis. It seems

ALAD Y S AR

unlikely ~-hat a gradient in the intervening interstellar medium

£

N b

would coincide with a principal axis of Taurus Az, so that ' '

AR L

the variation in Table 4 probably represents changes in its

internal magneto-ionic medium.

ACTRLRIRATCAFENTETNY

We have also calculated the distribution of intrinsic
% position angles using the rotation measures in Takle 3 and.the

position angles measured at 2880 MHz. These results are shown

in Fig. 4. Except in the northwest corner, the intrinsic
angles vary little across the source. Over a central regién
of angular diameter ~ 2', the total scatter in angles is less

than 1G°. Over the main body of the nebula the intrinsic

LR EE P2 LN v L A UL LI F AL S AN 2 0 AL S e DA VAN LR A B AN T

position angles arxe ~ 15° greater than the position angle of

the major axis.

2Since the major axis of the Crab Nebula is closely parallel to
2: the galactic equator (Minch 1958), this argument may be weakened
somewhat. ;
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. C. Depélarization Ratio Distribution
. . . . .

The depo}arlzatLon ratio (‘1420/P2880) is computed over
the fuce of the Crab and presented in Table 5. The percentage
polarization at the lower fréquency is nedrly everywhere very
close to half that at the higher. There is no obvious system-

atic spatial trend in theé raties. Coupled with the prceviously

noted systematic variation in rotation measures, this indicates
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that devolarization and rotation are not strongly correlated.

Since correlation would be expected in a uaniform Faraday medium,
we ‘concglude that the magneto-ionic medium internal to the Crab
Nebula has non-uniformities on alscale much smaller than our
beamwidi.h (i.e:,<<0.5 parsec).
IV. DISCUSSiION
With our resoiution of ~1 arcmin (corresponding to ~ 0.5
. pc at a distance of 1.7 kpc), the overall impression of Taurus
A is cne of extraordinary large-scale uniformity in its struc-
'
ture, as Fevealed by the following evidence:
' (a) The totél brightness distribution is very smooth and
simple (Figs. 2 and 3);
(b) The intrinsic polarization.angles show little variation
over host of the main body of the-nebula (Fig. 4). This implies
. a uniform direction for H,, the component of internal magnetic

field normal to the line of s;ght.
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3 (c) The rotation measures vary smoothly, slowly and only

over a small range. (Table 3 or 4). This implies the product
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< 3 neﬂll' where ng is the density of thermal gas, is relatively

LU 2 2038800 0 o dnn b,

E: Constant.
'i (d) The depolarization ratios are nearly constant (Table 5),
implying that the scale of irregularities and the energy density %

3 in turbulent magnetic fields changes little.

3 However, coexisting with this large-scale ordering of the

SATAM st s tad e

Crab Nebula is a chaotic fine structure. This can be seen by:

(a) The prominent optical filaments (Woltjer 1958; Trimble

1968) reveal directly high density concentrations on a scale

~10"%pc.

Ut dasa el

(b) The optical continuum emission has a fine, fibrous

o
R A O

structure with details at the limit of resoclution (£ 1 arcsec

D £ R AN S ot LA o s 4

-2
(corresponding to < 10 pc: Scargle 1969).

L

USRIEN 1Y,

(c) Fine structure is seen in high resolution radio studies

3 (Wilson 1971).

3 (d) The continuum radiation from optical to long radio

e R T TR U R)

3 wavelengths is strongly depoiarized. Burn (1966) has explained

s this in terms of a spread in Faraday depths over several orders
of magnitude. The available decimetric wavelength polarization

distributions reveal that portions of the polarized emission

R0 L R e o g M

3 radiate through gaps in a highly depolarizing screen (Downs and
Thompson 1968; Wright 1970; present paper). The highest resclu-
3 tion radio polarization study {Conway 1971) reveals that this

depolarizing screen has a scale < 7" (or <0.06 pc).

ST ey o - o e S e -y
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(e) The polarized radiation from the pulsar 0531+21,
presumably located at the center of the nebula, apparently
receives little or no Faraday rotation from the nebula (Man-

chester 1971). This is direct evidence for at least cone hole

in the magneto-plasma.

(£) The constant linear polarization of the optical contin-

TUTTeer

uum near the pulsar implies that the scale of the fine structure

£ 3ot Sk et

is less than 0.02 pc (Forman and Visvanathan 1971).
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5 A. The Uniform Magnetic Field

Our measurements clearly refer primarily to the overall

large-scale magnetic field. Using synchrotron theory (Ginzburg
and Syrovatskii 1965), we can estimate the distribution of
magnetic-field strengths. These are presented in Table 6. We
have assumed that the Crab Nebula is a uniformly filled prolate
spheroid (prolate vs. oblate case argued in, e.g., Shklovsky
1968, pp. 311, 312) with semi-major and semi-minor axes, which
lie in the plane of the sky, of dimeasions 1.61 and 1.25 pc,
respectively, at a distance of 1.7 kpc (Minkowski 1971). We
have also assumed equipartition between the energies of the
magnetic field and of the relativistic electrcns (see Shklovsky
1968, pp. 316-318 for arguments for ignoring protons), and have
used the spectral index distribution from Table 2 and the bright-

ness distribution at 1420 MHz (Fig. 2).
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The field strengths in Table 6 represent the quantity
/HSY?ﬁz?, where H_ is a uniform field and H_ an isotropic random
field, averaged along lines-of-sight through the nebula. This
quantity decreases only slightly from -~ 2.5x10~4 G at the center
to -~ 1.9}(10—4 G near the edges.

We can also estimate the relative contributions of the ran-
dom and uniform components of the field. The fractional polari-
zation expected in a uniform magnetic field .is p(a)=(3-3a)/
(5-3a) , where a is the spectral index. We find that p(a) varies
from ~ 0.66 near the center of Taurus A to ~ 0.75 near the edges.

However, even at the short wavelength of 1.55 cm the fractional

[ ‘larization P; reaches a maximum of only ~ 0.16 near the center
and falls to less than half this value near the edges (Maver

and Hollingez 1968). The field obviously has a sizeable random
component, therefore, which can be estimated from the relation
(Burn 1966)

H 2
O .

p.=p(a)
(o] X

h

Using the measurements at A1.55 cm as indicative of the intrinsic
degree of polarization P; and our p(a) distribution, we estimate
that the ratio (Hr/lio)2 varies from ~ 3 near the center to ~ 9
near the edges.

Knowing the distributions of both (HI/HO)2 and /ﬁ;??ﬁzr, we

can estimate the distributior of the streagths of the uniform
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magnetic field. Referred to the peak of the polarization dis-

tribution (~0!5 southeast of our coordinate origin), the uniform

field Ho, is

(@) _ 1.2%107% G within the central 0!5;

(b) ~ 0.9x10° 2 G at 1'0-1!5;

(c) ~ 0.6x10" % G beyond 1!s.
The orientation of this uniform field can also be determined.
The components normal to the line of sight are perpendicular to
the intrinsic position angle vectors illustrated in Fig. 4. Since,
except at the northwestern edge., nearly all of these vectors are

within 10° of position angle 149°, the normal componcnt, Ho is

L’
close to position angle 59° over the main body of the nebula,
i.e., ~ 14° greater than the position angle of the minor axis.
Further, from Table 4 we see that the rotation measure produced
within the Crah Nebula is everywhere positive. Hence, the line-
of-sight component of the uniform magnetic field, HO'Y is every-
where directed tow:.rd 3. (I we assume that Holz ~ Hoﬂz ~ 5E 7,
then the strength of HOllis 0.7 times the values of Ho listed

above.
B. The Thermal Plasma.
From the known rotation measures in Taurus A (Table 1) we

obtain directly the product <(n L), where L is the pathiength

e ‘ol
through the nebula parallel to the line of sight. Assuming again
that the nebula is a uniformly filled prolate spheroid with

major axis in the plane of the sky, we can easily calculate L. We

then have the product (ne Ho”) of thermal electron density n,

- e o ay:

1 Ld ko iy & R g SRR Y

PR

BN 81 ST LN S S ST D YIS

Z
}::
vi
£
(3
£
E
:
3
z
s
2
Fy
3
3
k]
k)
~
E
»
g

0
/)
T I Y P C RVR TYRPIIP DORRRTY JERAALYP P TR Wb X LTACPITZCEION P TZARS RANALSG ot AR S O PETSIL PRI N FIPY IR TR




~13~

and line-of-sight uniform field Hoi[’ ‘This product is displayed

in Table 7. We can also estimate (n_ Ho“) from the depolariza- .
) i

tion produced by a uniform medium. The values éalculated'by
this latter method are all larger. 1In other words,'thé measured
depolarization exceeds that predicted from the rotation produced

in a uniform slab. This reinforc..s the picture of cdexisting

LR AL\ P SN A E A o

uniform and finely structured media within the nebula: i.e.,
H

come radiation is depolarized by structure so fine that there

is no net rotation. .
H

We note that (ne H ) is approximately constant along lines

of]
parallel to th2 major axis. Since we previously estimated that
Ho decreased from center to edge, the-electgon éensitf appears
to increase near the edges. We estimateeneJJ.ZS :m~3 near the
center of the nebula, increasing more or less smoothly inlail'
radial directions to ~ 0.5 cm > at the periphery. Even larger
values ray be found at the northern bounaary ané At the extreme
snu~hwestern edge. Clearly our assumption of a uniformly ‘dense

medium was at best a crude aporoximation to reality.  More l}kely,:

the thermal gas has a more shell-like distribution. ?his'would
i !

support the ideas of Scargle (1969) ancé Rees (1?71), who have

argued that the pulsar activity in the Crab Nebula evacuates the

thermal gas from tne central region.
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‘ ' : © Y. SUMMARY

From our invéstigatibns of the Crab Nebula we find that: : )

(1) . The spectrum of the radidtion is flattest at the center

., and progressively steépens in 11l cutward directicms.

4

* ' (2) The magnetic fieln strength is ~ 2.5x10 ° G at the

center and decreases to 75—86 per cent of this maximum value

near the periphery.

FRLTANETS L I AN

{3) * There is structure or a scale much less than our resolu-

tion (<<0.5 pc) co-mixed with a uniform large-scale medium.

LRl payns iy

(4) The streng*h of the small-scale random component of

LS O

" the magnetic field is ~ 1.8 time$ that of the uniform component

near: the center, changing to 2 3 .times nedr the periphery. . )
‘ .

(5) Throughout most of the nebula the projection of the
uniform magnetic field onto the-plane of the skv 1s near position

anglé 60°; there is also a component out of the plane of the sky
1

toward us.

- } [l
(6) T™he central redion of the ..cbula has a relatively less

dense thermai plasme than the periphery.

*
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THBLE 1

Taurus A Error Estimates

Error

Stokes 1420 MHz _, 2880 MHz -2
; Parameter {f.u. arcmin )| (f.u. arcmin °)
1 4.5 x 10° 5.7 x 10°
L 3
' 0 1.8 x 1071 1.1 x 10°~
U 6.0 x 1072 5.1 x 107"
:
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FIGURE CAPTIONS

Fig. 1. Portion of the Fourier (u, v)-plane covered at the
declination of Taurus A.

(a) 1420 MHz; 0-1600 feet E/W and N/S in basic increments
of 200 feet; 100 feet spacing included E/W; 1000 and 1200 foot
spacings missing N/S. Crosses mark every hour of hour angle;
scales in thousands (103) of wavelengths.

(b) 2880 MHz; 0-800 feet E/W in increments of 100 feet;
0-800 feet N/S in increments of 200 feet; 500 foot spacing
missing E/W. Crosses mark every hour of hour angle; scales in

thousands (103) of wavelengths.

Fig. 2. Distributions of total and linearly pclarized radiation

over Taurus A at 1420 MHz. North at top and east on left.

rYigi galta My S =210 i "
Origin at a1950—05 3131720, 51950 21°59°1770.

(a) total radiation; half-power beamwidth shown in upper

left-hand corner; 10=76.8 x 107250 n2 3z arcmin” 2.

(b) polarized rad:atior; 20 per centc contour darkened;
10=2.3x10—26w m“2 Hz-l arc min-z.

(c) position angle of the polarization; orientation of the
line gives position of the electric vector; degree of linear
polarization indicated by line length; line length appropriate

for 5 per ceant polarization shown in lower left-hand corner.
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Fig. 3. Taurus A; 2880 MHz (see caption te Fig. 2).
(a) total radiation; 10=56.2 x 10 2°w m 2 Hz ! arcmin™?

.

(b) polarized radiation; 20 per cent contour darkened;

10=4.3 x 10”260 m™2 #z™1 arcmin”?.
(c). electric vectors; line length appropriate for 10 per

cent polarization shown in lower left-hand corner.

Fig. 4. Intrinsic position angle of the electric vector for

Taurus A. Solid line, delimiting 1420 MHz contour; dashed line

delimiting 2880 MHz contour. Line length has no significance.-
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