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Abstract

This paper reexamines our earlier statistical analyses of rotation
measures RM and redshifts z of extragalactic radio sources. Absolute
magnitudes of RM of 97 sources at high galactic latitudes, |b|>35°, are
shown to increase with 2. Correlation coefficients » between RM and
z cos @ are calculated for various presumed directions of the intergalactic
magnetic field, where 6 denotes the angle between a source and the
field direction. We have obtained a correlation coefficient of #=0.60
among bl sources of 2>0.5 and |b|>35°. The z-dependence of RM is
interpreted by a uniform intergalactic magnetic field of 2.7x107°G
running in the direction of [=100°, b=15° in space up to z=2.

Key words: Cosmology; Faraday rotation; Intergalactic space;
Magnetic fields; Radio sources.

1. Introduction

Measurements of Faraday rotations of linearly polarized extragalactic radio
sources have given information about the orientation and strength of galactic
magnetic fields. A plot of absolute values of rotation measures |RM| against
galactic latitudes b has shown that |[RM| are distributed below a well-defined
envelope |RM|==32 cot |b| rad m~2. This tendency in the |RM|-b diagram indicates
that the Faraday rotation is due mainly to a magnetic field parallel to the galactic
disk. A plot of RM on the (I,b) diagram has also confirmed that interstellar
magnetic lines of force are parallel to the galactic plane; this is consistent
with the distribution of polarization planes of starlights. The galactic field is
approximately along the spiral arm; namely, it runs from [=270°, b6=0° to [=90°,
b=0° in the solar neighborhood [see a review paper by Whiteoak (1974)].

In addition to the galactic contribution, Sofue et al. (1968) pointed out that
there is an intergalactic contribution. They found that sources with large red-
shifts (z=>0.5) have larger scatter in the |[RM|-b diagram than those with small
z at high latitudes (|b|>35°). From a further statistical analysis, they have
concluded that an intergalactic field of the order of 2x107° G exists, well ordered
in space at least up to z~1. Kawabata et al. (1969) and Fujimoto et al. (1971)
(see also Verschuur 1970; Reinhardt and Thiel 1970; Reinhardt 1971) also suggested
a similar result and obtained the following statistical relation:

RM=—-—380z cos f rad m™? (1)
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for sources at |b]>35°, where # is the angle between radio sources and the best-
fit direction of the intergalactic uniform field which points. to (I,, b,)=(115°, —15°).
The correlation coefficient is »=—0.6. This relation holds at least up to z=1.4
and gives n,B~2X107“* Gem™. If we assume 7.,=10"%cm™2, the field strength
is 2x107° G.

In the present paper, we reexamine our earlier studies of intergalactic mag-
netic field using new data which have been obtained in the last decade. The
statistical method used here is essentially the same as in the works by Kawabata
et al. (1969) and Fujimoto et al. (1971).

2. Rotation Measures and Redshifts of Extragalactic Radio Sources

Table 1 lists 157 sources for which both RM and z are available. The RM
data have been taken from Fujimoto et al. (1971), Vallée and Kronberg (1975),
and Haves (1975). This table includes also sources whose RM are newly determined
by the present authors, using polarization data from Gardner et al. (1975). The
RMs were determined by the least-squares fits for plots of the position angle ¢
versus the square of wavelength A% for each source, allowing for 180°X s ambi-
guities (=0, +1, +2-.+) in ¢,

¢=RM 2+, , (2)

where ¢, is a constant. We discard the sources for which the standard deviation
from this fit-line exceeds 10°. Sources whose |RM| exceeds 100 rad m~% are
excluded from our statistical analysis to avoid a spurious effect that would be
included due to the limited number of data points (wavelengths).

3. Intergalactic Magnetic Fields

Figure 1la shows a plot of |RM| of extragalactic radio sources against cot |b],
where sources of 2>>0.5 and 2<0.5 are shown with the open and filled circles, re-
spectively. Most of the filled circles are distributed below the straight line
represented by the equation |RM|=380 cot |b] rad m~2, whereas the open circles
are more scattered than the filled circles. In particular at |b|>85° the difference
between the distributions of the open and filled circles is significant. Figure 1b
enlarges the left-bottom region of figure la separately for the sources with 2<0.5
and 2>0.5 to demonstrate this difference more clearly. This difference in the
|RM|-distribution suggests strongly that RM depends not only on the galactic
latitude but also on redshift.

In figure 2, we plot |RM] against 2. Here we see again that |[RM]| scatters
more widely at z>0.5 than at 2<0.5, which is consistent with the comparison in
figure 1b. (See also the discussion of a peculiar hump at 2~0.08 in the |[RM]
distribution against z in section 5.) The mean |RM| for sources with 2<0.5 and
|b] >85° (41 sources) is 13.9 rad m~? and the root-mean-square deviation for it is
11.3rad m™2. On the other hand, the corresponding values for z>0.5 (51 sources)
are 22.6 and 19.9 rad m™2, respectively. From Student’s ¢-distribution with ninety
(41--51—2) degrees of freedom, we can conclude with more than 99.5% probability
that the mean |[RM| for 2<0.5 is smaller than that for z>0.5.

If the intrinsic rotation measures RM, of the sources are independent of 2z
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Absolute magnitudes of RM of extragalactic radio sources plotted against
[RM| of the sources with large redshifts (2>0.5) are indicated with the open

circles, and those of nearby sources (2<0.5) with filled circles. The crosses indicate

IRM| of pulsars (see also figure 8).
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the RM distributions for pulsars and nearby extragalactic sources with 2<0.5.
Note that |[RM! with 2>0.5 (open circles) are more scattered than the others.
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Fig. 1b. Enlarged plots of the |[RM|-cot |b| relation from the left-bottom corner of
figure la, separately for extragalactic sources with 2<0.5 and >0.5. This figure
demonstrates the z-dependence of the distribution.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System



.31..125S

1979PASJ. .

No. 1] Intergalactic Magnetic Fields 135
100
e |bl>35 4
& 35>|b|> 20 . i
80 A -
60 - a . . ]
, RM I A .
rad m? N . ¢
40 - 4 éo —
a Al ‘. °.°
. A . N .... % °
20 LIS - * ..o .A * ]
. . * o A . : ]
. . . : ° s t R A'.
Y . Q.: [ * :.
0 o s A se 1 *° e,
0.001 0.0l [N} 1.0 10
Z

Fig. 2. Absolute magnitudes of the observed RM of extragalactic radio sources plotted
against their redshifts 2.

and no Faraday rotation takes place in the intergalactic space, the observed RM
should decrease with z as RM=RM,(1+2)"? (Sofue et al. 1968). The z-dependence
of RM in figure 2 is clearly in the opposite sense to this relation.

Two possible interpretations can be made of the origin of the z-dependence
of RM: (A) It is due to an evolutionary effect within the sources, namely, the
rotation measure intrinsic to a source was larger when it was younger and more
compact. (B) Polarized radio waves propagate in the intergalactic space with
magnetic field and plasma. Kawabata et al. (1969) and Fujimoto et al. (1971)
have stressed that the latter interpretation is more reasonable by pointing out a
directional correlation between RM and z cos ¢ among the sources, where @ is the
angle between a source and the direction of the magnetic field which has been
assumed to be uniform.

In the present paper, we examine the second possibility, following our earlier
analyses. We determine first a correlation between RM and cos @ (not z cos §) of
the form,

RM=Acos6+C (3)

for sources at high galactic latitudes (]b|>85°) in various redshift intervals,
2—-(z-+4z). Table 2 gives A, C, (1, b,), and correlation coefficients  in the intervals
2=0-0.5, 0.5-1.0, 1.0-1.5 and 2z>1.5. Here (I,, b,) are the assumed field direction
in the galactic coordinates which gives the maximum correlation in each z-range.
Figure 3a shows the variation of A against z. '

Table 3 and figure 3b give also the results of similar trials to find a correla-
tion between RM and zcosé in the form

RM=A’zcos 0+C’ (4)
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Table 2. RM-cos# correlations for radio sources at |b| >35° (RM=A4 cos §--C
is assumed).

z
0.0-0.5 0.5-1.0 1.0-1.5 >1.5

Number of sources .......... 49 24 15 12
Afradm™) .................. —21.3 —32.2 —67.5 —67.6
Cradm™2).................. 1.7 3.1 - 5.9 —12.4
loybo v 105°, 20° 135°,20° 35°,15° 75°,10°
Correlation coefficient........ — 0.33 — 0.40 — 0.72 — 0.84

Table 3. RM-z cos @ correlations for radio sources at |b|>35° (RM=A4’zcos(
+C’ is assumed).

P
0.0-0.5 0.5-1.0 1.0-1.5 >1.5
Number of sources.......... 49 24 15 12
Alfradm™2).................. —83.7 —58.2 —53.31 —33.8
C'radm™).................. 0.3 1.9 — 5.9 —12.4
Doy bo oo 95°, 20° 125°,15° 90°,15° 85°,15°
Correlation coefficient........ —0.22 — 0.53 — 0.67 — 0.82
~-10 . .
=175 7 — . r
50
'E —-0.5F .
0 1 1 1
0.0 0.5 o 1.5 2.0
0.0 : . .
0.0 05 1.0 15 2.0
(a) (b)

Fig. 3. (a) Plots of the coefficient A against 2<0.5, 0.5<2<1.0, 1.0<z<1.5, z>1.5.
RM=Acosf+C. (b) The correlation coefficient of RM=A’zcosf-+C’ for sources of
the same z-intervals.

for the same data and the same redshift intervals. We find a good correlation
between RM and zcos @ for 2>>0.5.
It is to be noted that the value of A in equation (8) increases steeply with
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z beyond 2~0.5. If there is no intergalactic contribution to the Faraday rotation
and RM is determined only by the fields in our Galaxy, the value of A must remain
unchanged against z. The above results in tables 2 and 3 and in figure 3a can
be reasonably interpreted, if we assume the existence of magnetic fields in the
intergalactic space with ionized gas. Furthermore, the good correlations with
cos§ and zcosd at larger z are understood well by a uniform field extending up
to z~2, but not by random fields. This result is consistent with our earlier
conclusion that a large-scale ordered magnetic field exists in the intergalactic
space. We note that the good correlation of RM-z cos § cannot be attributed to
the evolutionary effect of the sources [interpretation (A)].

We have also calculated the correlation coefficient of RM-zcosé relations
among all sources with 2>>0.5 and 2>>1.0 at 6| >385°. The results are shown in
figures 4 and 5, which give the maximum values of »=0.60 and 0.73, respectively, for
2>>0.5 and >1.0. See also figure 3b for r of the sources with 2=0.0-0.5, 0.5-1.0, 1.0~
1.5, and >1.5. The probability that these correlation coefficients are realized among
51 sources (z>0.5) and 27 sources (z>1.0) is 0.05, which is small enough to make
these correlations significant. In figure 6 we show the distribution of » on the
(o, by) plane calculated for the sources with z2>0.5. _

The linear relationship in figures 4 and 5 is approximately expressed by the
equation,

RM=—380(%10)z cos 4 . (5)

From the coefficient, we can estimate n,B=8x107* Gem™3, where n, and B are
the electron density and field strength in the intergalactic space. If we take the
intergalactic gas density to be equal to the critical density of the expanding
universe, we have p,=—=3H?/8(G=38x10"° proton cm™? for the Hubble constant of 50
kms~tMpe™t. This leads to the strength of the intergalactic field of B=2.7x107°G.
The uniform field runs from (I, b)=(280°, —15°) toward (I,, b,)=(100°, +15°) up to
z2=~2.

100 —T T 100 T T
L] *
* z>0.5 z>1.0
S0k o ° 4 50} o« * 4
°® — . ¢
L1 e 2 o “ ‘. N
- h ! °
) . c\ = . .o
E o - L]
R S R .
= 2% * b o o e
5 S efee ~ .
o . L] 'Y
—50} ° - —sof y —
L]
100 L 1 —100 1 L

2 -1 0 2 2 -1 0 i 2

1
zeos zcos

Fig. 4. RM plotted against 2zcosf - for Fig. 5. Sameasfigure 4, but for the sources

the sources with z>0.5and |b| >385°. The with 2>1.0. The best correlation with
best correlation with the coefficient the coefficient »=—0.73 is obtained when
r=—0.60 is obtained when we choose 1,=85°, by=15°.

lo=100°, be=15°.
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Fig. 6. Distribution of correlation coeflicients r on the (Iy, by)
plane obtained for the RM-z cosf plot of the sources with
2>0.5 and [b|>85°. When (lp, by) is in the ellipse of
r=—0.8, the non-zero correlation coefficient of the RM-z
cos § relation for 51 sources is guaranteed with the 95%
probability.

We note that the correlation coefficient is reduced to less than 0.3 for the
gources with 2<0.5. This tendency could be understood as a result of the super-
position of random fields whose typical scale is about 0.2 measured in z and with
the strength comparable to the uniform component. Irregular components of the
intergalactic Faraday rotation measure have been discussed in details by Fujimoto
et al. (1971). Similar works on intergalactic irregular magnetic fields have been
developed by Nelson (1973) and Kronberg and Simard-Normandin (1976).

4. Correction for the Galactic Faraday Rotation

In the above consideration, we used only the sources at high galactic latitudes
1b| >35° in order to reduce the contribution from the galactic disk. Here we try
to correct for the galactic contribution using the RM data of pulsars with the
hope of improving our statistics. Figure 7 gives a plot of |RM]| of 38 pulsars from
Manchester (1974) against galactic latitude. Most of the pulsars are distributed
below the line,

IRM|=11cot [bjrad m™~2 . (6)

This distribution is understood by the interstellar magnetic fields which are
parallel to the galactic plane. Furthermore, the local field direction in the disk
may be determined by using the line-of-sight components of the mean magnetic
field B. between the Sun and pulsars which have been given for each pulsar by
Manchester (1974). From a correlation analysis, we obtained the following field
configuration:

B,—=—2x10"%cosd G, (7)
with a maximum correlation coefficient of 0.74 for an assumed local field direction
(g, b))=(107°, —4°). Namely, the uniform component of the local galactic field

runs toward (I, bs) with a strength of 2x107°G. (In the above analysis, we have
omitted PSR 2822—09 which has an exceptionally large RM.) From positions
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Fig. 7. Absolute magnitudes of RM of pulsars plotted against cot|d]. The
upper envelope of the plots is fitted approximately by the line |[RM|=11
cot{d| rad m2. (The same data are indicated with + symbols in figure 1.)
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Fig. 8. Same as figure 1, but for rotation measures corrected for the galactic
disk contribution: RM.;=RM—RM,, where RM;=—11cos f/sin|d| rad m2,
with 14=107°, by=—4°. No significant difference from figure 1 is found.
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of the 38 pulsars (Manchester 1974), we consider that the field distribution (7) holds
in the space within 400 pc from the galactic plane and 3kpe from the sun.

Combining equations (6) and (7), we can evaluate the galactic-disk contribution
to the observed Faraday rotation:

RM;=—11cos #/sin |b] rad m2 . (8)

Now we subtract the disk component (8) from the RM data in table 1, and make
similar statistical analyses about the |RM.z|-2, |RM.g.|-cot |b], RM,y,—cosd, and
RM.,..—z cos 8 relations, where RM.;;=RM—RM,;. (Corrected RM,,, are given in
column 12 of table 1.) An example of the results is given in figure 8 for the
|IRM...|]-2 relation. However, there is no essential difference between figures 2
and 8. Similar results are also obtained from other correlation analyses. This
may be due to the fact that the galactic disk contribution at |[b]>35° is relatively
small compared with the intergalactic contribution for sources with 2>0.5.
Finally we note that there is a significant difference of ~20rad m=2 in |RM]
between the upper envelope in figure 1 (extragalactic sources of 2<0.5) and the
envelope in figure 7 (pulsars), which suggests the presence of magnetic fields and
ionized gas in the space (halo) beyond the galactic disk whose thickness is 800 pc.

5. Conclusions and Discussion

We have found the statistical dependences of RM on 2z and 2zcosd, which
suggest the existence of a uniform magnetic field in the intergalactic space up
to z~2. The intergalactic contribution to the Faraday rotation measure is derived
from figures 4 and 5, leading to the following relation:

RM=-—30(410)zcos fradm™ , (9)

where 0 is the angle with the field direction (I, b,)=(100°,15°). If the gas density
in the intergalactic space is the critical density of the expanding universe, we
have n,=3x107%cm™2 for the Hubble constant of H=50 km s™* Mpc™!, which yields
the intergalactic field strength to be 2.7x107°G. This is in agreement with our
previous estimation.

In the course of this study, we found some interesting facts concerning the
relation between RM and z.

i) A peak of |RM| at 2=0.03: Figures 1 and 8 show that the RM distribu-
tion of extragalactic sources has a peculiar hump at 2=20.03, superposed on a
general trend to increase with 2. The width of the hump is about 42=0.04,
and no other such peak is found beyond 2=20.05. Figures 9a and 9b plot |RM]
versus 2z separately for radio galaxies and QSOs. We note that near sources
(2<50.05) are mostly radio galaxies, while those with 2=0.1 are dominated by
QSOs. If the large |RM| for distant QSOs can be attributed entirely to the
intergalactic Faraday rotation, the apparent peak of |[RM| around 2=0.03 suggests
that the radio galaxies have intrinsic rotation measures larger than QSOs. This
has been noted also by Mitton and Reinhardt (1972), although they did not take
into account the intergalactic contributions.

ii) Magnetic fields in the galactic halo: The |RM|-cot|b| plot in figure 1
shows that absolute values of RM for sources with 2<0.5 are distributed roughly
below a line given by the equation |[RM|=380cot |b| rad m™2. Such a b-dependence
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Fig. 9. Absolute magnitudes of observed rotation measures plotted against z,

separately, for (a) radio galaxies and (b) for QSOs.

of RM may be due to our Galaxy. On the other hand, |RM] of pulsars are distributed
below 11cot |blrad m™2 as shown in figure 7 (compare with figure 1), which can
be explained by an ordered magnetic field in the local galactic disk as given by
equation (7). The remaining galactic contribution to the extragalactic sources,
~20 cot |b] rad m~2, may, therefore, be due to the galactic halo beyond ~400 pc

from the galactic plane.

141

If we tentatively assume a thickness of the layer

responsible for the halo component as 5 kpc and the electron density there as 107°
em~®, then the line-of-sight strength of the halo fields is estimated to be about
a few micro-gausses.
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