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ABSTRACT

Observational and theoretical studies on the traditional canopy model, which described
the spatial structures of magnetic tubes in the solar atmosphere, have been discussed in

this dissertation. The author's main contributions are:

1. Center-to-limb photospheric magnetic fields of small-scale magnetic flux tubes
have been observed from near solar disk center to solar west limb. The
observation shows that the small-scale magnetic elements in quiet-Sun regions
show little horizontal components and have not formed that kind of magnetic

canopies observed near the active regions.

2. Solar polar and equatorial limb photospheric magnetic fields have been observed
and analyzed. It is found that the spatial configurations of small-scale magnetic
flux tubes near the solar southern and northern poles are different from those near
the equatorial limbs. The horizontal components of those small-scale magnetic
elements near the equatorial limbs are quite small, while those small-scale
magnetic elements near solar southern and northern poles show a certain horizontal
components. This phenomenon is also found by the observation of photospheric

magnetic fields near the whole solar limb.

3. Using deep integration method, high signal-to-noise chromospheric magnetograms
of quiet-Sun regions have been archived. The intranetwork magnetic elements have
been found in the solar chromosphere. It is found that the magnetic structures of
photospheric and chromospheric elements look similar each other and there is a

corresponding  variation between identical photospheric and chromospheric
magnetic elements.

4. Theoretical analysis has been made on a simple canopy model. The analysis shows
that the shapes of magnetic tubes and the magnetic structures within the tubes may
be diversified. The calculated canopy heights may be different due to different
definitions. The different estimated values of canopy heights by different authors

may partially caused by their different definitions of canopy heights.



5. The formation heights of FeI5324 and H, lines have been discussed briefly. The

formation width of the H; line above the photosphere has been measured in the

solar limb.

6. Observational constrains of our deep chromospheric observations on the canopy
models have been discussed. If the Hy line formed above a certain height above the

photosphere, then some canopy models may have difficulties in fitting our quiet-

Sun observations.

7. By comparing the TRACE ultraviolet observations with our photospheric magnetic
field observations, the possible magnetic structures in the solar transition region
and corona have been discussed. The fibril structures in the ultraviolet image root
near the centers of photospheric magnetic elements. The little-changed fibril widths
may imply that the thin magnetic tubes have little expansions when extending from

photosphere to high solar atmosphere.

8. Based on various observations and analysis, a possible magnetic structure model
(fibril-tree model) has been proposed. The meaning of this model on heating the

solar chromosphere and coronal is also mentioned.
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Fig.2.1 Solar disk positions of the fields observed
on May 30 1998.



Fig.2.2 Photospheric magnetograms observed on 30 May 1998.
FEach field of view is 5.2'x3.6". Bright (dark) structures
correspond to positive (negative) polarities.
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Fig.2.5 Photospheric limb observations on 3 October 1998. The observation is
from solar north pole to west limb, south pole, east limb and then
back to north pole. Each field of view is 5.2'x3.2".



Fig.2.5 continued.
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Fig.2.5 continued.

@3



Fig.2.5 continued.
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Fig.2.5 continued.
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Fig.2.5 continued.
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Fig.2.5 continued.
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Fig.3.1 A photospheric magnetogram (a) and a chromospheric

magnetogram (b) of the field observed on 14 April 1998.
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Fig.3.2. The photospheric magnetogram (a) and chromospheric magneto—
gram (b) in a quiet—Sun region near the disk center. The observation

duration is from 02:07 to 06:00 on 14 April 1998. The field of view is

4.6'x3.4'. Bright (dark) structures correspond to positive gnegative)
polarities. Black (white) contours correspond to positive (negative) fields

of 10, 20, 40, 80, 160 Guass.
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Fig.3.3 Observed integrated photospheric (a) and chromospheric (b)
magnetograms of field A on 30 May 1998. The field of view is
4.9'%3.4'. Bright (dark) structures correspond to positive
(negative) polarities. Black (white) contours correspond to
positive (negative) fields of 20, 40, 80, 160 Guass.

3



Fig.3.4 Observed integrated photospheric (a) and chromospheric (b)
magnetograms of field B on 30 May 1998. The field of view is

4.9'+3.4'. Bright (dark) structures correspond to positive
(negative) polarities. Black (white) contours correspond to
positive (negative) fields of 20, 40, 80, 160 Guass.
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Fig.3.5 Observed integrated photospheric (a) and chromospheric (b)
magnetograms of field C on 30 May 1998. The field of view is
4.9'%3.3". Bright (dark) structures correspond to positive
(negative) polarities. Black (white) contours correspond to

positive (negative) fields of 10, 20, 40, 80 Guass for Figure a
and 20, 40, 80, 160 for Figure b.



Fig.3.6 Observed integrated photospheric (a) and chromospheric (b)
magnetograms in a quiet—Sun region near the disk center.
The observation duration is from 01:45 UT to 06:45 UT on
15 September 1998. The field of view is 4.9'%3.1". Bright(dark)
structures correspond to positive (negative) polarities.
Black (white) contours correspond to positive (negative) fields
of 10, 20, 40, 80, 160 Guass.
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Fig.3.7 The photospheric (a) and chromospheric (b) magnetograms for
duration from 02:07 UT to 04:15 UT in the quiet—Sun region
near the disk center observed on 14 April 1998. The field of view
is 4.6'%3.4'. Bright (dark) structures correspond to positive
polarities. Black (white) contours correspond to positive

negative
negative) fields of 15, 30, 60, 120 Guass.
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Fig.3.8 The photospheric (a) and chromospheric (b) magnetograms for
duration from 04:20 UT to 06:40 UT in the quiet—Sun region
near the disk center observed on 14 April 1998. The field of view
is 4.6'x3.4'. Bright (dark) structures correspond to positive
(negative) polarities. Black (white) contours correspond to
positive (negative) fields of 15, 30, 80, 120 Guass.
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Fig.3.9 The normalized flux density profiles of the strongest 37 identical
magnetic elements in the field observed on 14 April 1998. The X—
axis is the angle distances from the centers of magnetic elements
to their edges. The Y-axis is the normalized flux densities at
different positions from the centers of magnetic elements.
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positions from the centers of magnetic elements to their edges.
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Fig.4.1 Magnetic field configurations (magnetic field lines) for four magnetic
parameter series (a=0.1,b=1.0), (a=0.1,b=0.5), (a=0.1,b=0.1) and
(a=0.1,b=0.05). The X—axis is the distance from the Fenter of_ a network
segment (x=0) in the unit of 15000 km. The Y—axis is the height from the

solar photosphere (z=0) to higher atmosphere (z=b) in the unit of 15000 km.
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Fig.4.2 Magnetic field configurations (magnetic field lines) for four magnetic
0.1.b=1.0), (a=0.07,b=1.0), (a=0.03,b=1.0) and

parameter series (a=
(a=0.01,b=1.0). The ¥—axis is the distance from the center of a network

=0) i i Y-axis is the height from the
segment (x=0) in the unit of 15000 km. The : ‘
solar photosphere (z=0) to higher atmosphere (z=b) in the unit of 15000 km.
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Fig.4.3

Vertical magnetic flux density profiles at different heights for four magnetic
parameter series (a=0.1,b=1.0), (a=0.5,b=1.0), (a=0.1,b=0.1) and
(a=0.1,b=0.05). The X—axis is the distance from the center of a network
segment (x=0) in the unit of 15000 km. The Y—axis is the vertical magnetic
flux densities in the unit of Gauss by assuming B=1.0 Gauss. (See text)
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Photosphere (100 km)

a=0.1b=1.0

a=0.1b=0.1_

Fig.4.4 Model-predicated photospheric (100 km) magnetograms
near the solar limb (70° away from the disk center) for
four magnetic parameter series (a=0.1,b=1.0), (a=0.1,b=0.1),
(2=0.01,b=1.0) and (a=0.01,b=0.1).
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Photosphere (200 km)

a=0.1,b=0.1

Fig.4.5 Model—predicated photospheric (200 km) magnetograms
near the solar limb (70° away from the disk center) for
four magnetic parameter series (a=0.1,b=1.0), (a=0.1,b=0.1),
(a=0.01,b=1.0) and (a=0.01,b=0.1).



Chromosphere (500 km)

a=0.1Db=10 a=0.1.b=0.1

Fig.4.6 Model—predicated low—chromospheric (500 km) magnetograms
near the solar limb (70° away from the disk center) for
four magnetic parameter series (a=0.1,b=1.0), (a=0.1,b=0.1),
(a=0.01,b=1.0) and (a=0.01,b=0.1).
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Chromosphere (1000 km)

Fig.4.7 Model—predicated chromospheric (1000 km) magnetograms
near the solar limb (70° away from the disk center) for
four magnetic parameter series (a=0.1,b=1.0), (a=0.1,b=0.1),
(a=0.01,b=1.0) and (a=0.01,b=O.1).



2=0.1 (1500 km) , b=1.0 (15000 km)
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Fig.4.8 The field configuration for magnetic parameters a=0.1 and b=1.0.
The solid line is the out—most magnetic field line that outlines

the tube shape. The dashed lines are contours of magnetic field
angles (§) within the tube. 7a, Zb, Zc and Zd show the four

canopy heights of this magnetic tube.
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Fig.5.1 Contribution function of Stokes parameter I (top) and V (bottom)
of the Hj line at the wavelengths AA=0.45,0.25,0.15,0.09 and 0.0 A
from the line center. 1. is the continuum optical depth at SO00A.
The strength of the magnetic field B=1000 Gauss with inclination
y=30°, azimuth ¢=22.5° and p=1 ( from Zhang and Zhang (1998) ).
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Fig.5.2 The photospheric (Fe5324) filtergram (a)
and the chromospheric (HB) filtergram (b).
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Fig.5.3 The photospheric (Fe5324) filtergram (contours)

overlayed on the chromospheric (HB) filtergram.
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Fig.7.1 Ultraviolet image (in a narrow wavelength band around the FelX171
line) of the solar corona from TRACE satellite, taken upon the

active region (Huairou number 127) on September 11 1998.
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Fig.7.2 Ultraviolet image (in a narrow wavelength band around the FelX171
line) of the solar corona from TRACE satellite, taken upon the
active region (Huairou number 127) on September 12 1998.
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Fig.7.3 Ultraviolet image (in a narrow wavelength band around the FelX171
line) of the solar corona from TRACE satellite, taken upon the
active region (Huairou number 127) on September 13 1998.
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ge (in a narrow wavelength band around the FelX171

Fig.7.4 Ultraviolet ima
taken upon the

line) of the solar corona from TRACE satellite,

active region (Huairou number 127) on September 14 1998.



Fig.7.5 Ultraviolet image (in a narrow wavelength band around the FelX171

line) of the solar corona from TRACE satellite, taken upon the

active region (Huairou number 127) on September 15 1998.
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Fig.7.6 Ultraviolet image (in a narrow wavelength band around the FelX171

of the solar corona from TRACE satellite, taken upon the

line)
(Huairou number 127) on September 16 1998.

active region
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Fig.7.7 Utravoilet image of the solar corona from TRACE satellite with
the Huairou solar photospheric magnetogram (contours),

taken upon the active region (Huairou number 127)
on September 15 1998.
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Abstract. Solar polar and equatorial photospheric
(FeIX5324.19A line) magnetic fields have been observed
using the vector video magnetograph at Huairou Solar Ob-
serving Station of Beijing Astronomical Observatory.

It is found from our observation that the magnetic
fields of small-scale magnetic features near the solar poles
are stronger than in quiet equatorial regions near the limb
and that strong polar magnetic elements appear to have
the same magnetic polarity as the general large-scale po-
lar magnetic field, which is in agreement with previous
results by Homann et al. (1997) and Zhang et al. (1997).
It is also found from our observation that there are more
opposite polarity magnetic pairs near the solar poles than
in quiet equatorial regions near the limb.

Key words: Sun: magnetic fields — Sun: photosphere

1. Introduction

Recent studies show that polar magnetic fields differ from
quiet equatorial magnetic fields near the limb in sev-
eral ways. Zhang et al. (1997) found that polar fields are
stronger than quiet equatorial fields, but no greater than
equatorial limb data containing unipolar regions. Homann
et al. (1997) found that polar faculae appear to have same
magnetic polarity as the general polar magnetic field,
while the equatorial faculae show both magnetic polari-
ties. They also found that the sizes of polar faculae are
larger than the sizes of equatorial faculae.

In this paper, we present our study on this kind of
comparison. Observation is described in Section 2. Results
and discussion are presented in Section 3. Conclusion is
presented in Section 4.

2. Observation

The tunable birefringent filter of the solar telescope mag-
netograph at Beijing Astronomical Observatory can be

Send offprint requests to: M.Zhang
Correspondence to: zhm@sunl0.bao.ac.cn

2]

aimed at different passbands for different observation
& Hu 1986). For photospheric observations, the pass
of the filter is set at -0.075A from the FeIA5324.19.4
center for the measurement of longitudinal magnetic
The equivalent width of FeIA5324.19A line is 0.344A
FWHM of the filter passband is 0.15A.

Solar polar (southern and northern poles) and ¢
torial (eastern and western limbs) photospheric mag
fields have been observed on 11 July 1993. The fie
view is about 6’ x 4’ for each field. The pixel resol
of the CCD is about 0.7 x 0.5". The spatial resoluti
each magnetogram is actually 2" x 2" after a smoot
average of 3 x 4 pixels. The temporal resolution of
magnetogram is 3 minutes.

3. Results and discussion

Photospheric longitudinal magnetograms near solar -
and equatorial limbs observed on 11 July 1993 are
sented in Figure 1. The calibration of FeIA5324.19 A
in the magnetic field was made by Ai et al. (1982°
estimating standard deviations (rms) of Stokes parar
V in blank fields, the noise level is estimated as 3 C
for each field.

To study these magnetograms quantitatively, -w
lected to study those magnetic elements whose peak
tions are within a distance of 80” to each limb in each
netogram. Magnetic elements are detected for those
whose absolute peak flux densities are greater 10 ¢
(> 3 x noise level). 215 magnetic elements are det
in the described region near solar northern pole. 23<
and 76 magnetic elements are detected respectively i
described regions near solar southern pole, easterr
western limbs. Peak positions of these magnetic eler
are shown in Figure 2 by plus symbols over-plott.
contour maps of each region. Some elements with
absolute peak flux densities greater than 10 gauss (:
noise level) are too small to have contours in the c(;
maps (Figure 2), but these elements can be seen j
black-white magnetograms (Figure 1).
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9.1. Field strength

It is found that the magnetic elements near solar poles
are stronger than in quiet equatorial regions near the limb
and strong polar magnetic elements appear to have same
magnetic polarity as the general large-scale polar magnetic
fleld.

Numbers and ratios of magnetic elements with peak
flux densities (B) in different ranges are archived in the
four regions (northern pole, southern pole, eastern limb
and western limb) and are listed in Table 1. Table 1a lists
the number and ratio of magnetic elements whose peak
flux densities are greater than 40 Gauss or smaller than
40 Gauss respectively in each region. Table 1b lists the
number and ratio of magnetic elements whose peak flux
densities are greater than 20 Gauss or smaller than -20
Gauss respectively in each region. Table 1c lists the num-
ber and ratio of magnetic elements whose peak flux densi-
ties are greater than 10 Gauss or smaller than -10 Gauss
respectively in each region.

The ratio here is defined as the number in each number
column divided by the total number of magnetic elements
detected in that region. For example, there are totally 215
magnetic elements detected in the northern polar region.
3 magnetic elements in this region have their peak flux
densities greater than 40 Gauss. This number corresponds
t03/215 = 1.4% of magnetic elements in this region.

Table.la Numbers and ratios of magnetic elements
in different flux density ranges

Table.1b Numbers and ratios of magnetic elements
in different flux density ranges

greater than 40 Gauss, the northern polar region is domi-
nant for positive magnetic elements and the southern po-
lar region is dominant for negative ones. This trend is also
obvious in Table 1b. This is in agreement with Homann et
al. (1997)’s conclusion that polar faculae appear to have
same magnetic polarity as the general polar magnetic field.

Table 1a and 1b also show that the magnetic elements
near solar poles are stronger than in quiet equatorial re-
gions near the limb. The numbers and ratios of strong
magnetic elements in polar regions are greater than in
quiet equatorial region (western limb) and is in agreement
with Zhang et al. (1997)’s conclusion.

The eastern limb region, which has an unipolar region
nearby in the right side of the magnetogram of Figure 1c,
shows a stronger field than the quiet western limb region.
It has a fleld almost as strong as northern polar field al-
though it is still weaker than the field near southern pole.
This partially supports Zhang et al. (1997)’s conclusion
that polar fields are not greater than equatorial fields con-
taining unipolar regions. Our data show that one of polar
fields (northern pole) is not evidently greater than equa-
torial field containing unipolar regions, although another
polar field (southern pole) is.

Homann et al. (1997) found that the equatorial faculae
show both magnetic polarities. This can also find evidence
from our data. Our data show more balanced numbers of
positive and negative magnetic elements among weak el-
ements. Since quiet equatorial fields lack strong magnetic
elements, they show more balanced numbers of positive

B > 40 Gauss | B < —40 Gauss | and negative magnetic elements as a whole.
Number | Ratio | Number | Ratio
Northern pole 8 1.4% 0 0 3.2. Opposite polarity magnetic pai
2. pairs
Southern pole 0 0 6 2.6% e F y meg -
Eastern limb 0 0 2 12% | It is also found that there are more opposite polarity mag-
Western limb 0 0 0 0 netic pairs near solar poles than in equatorial regions near

the limb.
Opposite polarity magnetic pairs are defined as those
magnetic elements which have an opposite magnetic ele-

B > 20 Gauss B < —20 Gauss | ment nearby with the distance between these two elements
Number | Ratio | Number | Ratio | less than 6”. Numbers and ratios of magnetic elements
Northern pole 22 10% 3 19 | with a paired opposite polarity ma.gx}etic. element are pre-
Southern pole 11 5% 25 11% | sented in Table 2. The ratio definition is the same as in
Eastern Limb 5 3% 13 8% | Teblel.
Western limb 1 1% 1 1% Table.2 Numbers and ratios of magnetic elements
with a paired opposite polarity magnetic element
Table.1c Numbers and ratios of magnetic elements | B|> 20 Gau§s | B|>10 Gaus's
in different flux density ranges Number | Ratio | Number Ratio
B > 10 Gauss | B < —10 Gauss Northern pole 9 4% 50 23%
Number | Ratio | Number | Ratio Southern pole 23 10% 78 34%
Northern pole 128 60% 87 40% FEastern limb 4 2% 21 12%
Southern pole 117 50% 115 50% Western limb 0 0 4 5%
Sastern h.mb L 44? gg 22?70 From Table 2, we can find that the numbers and ra-
 Western limb 50 667 : tios of magnetic elements with a paired opposite polarity

From Table la we can find that: for those strong magnetic element are greater in solar polar regions than in
magnetic elements whose absolute peak flux densities are equatorial regions near the limb. This is different from the
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finding of Homann et al. (1997). Presumably, it is because
the sensitivity of the observations of these authors was
lower than in our measurements, especially for detecting
those close-by pairs as we detected here. There are also
more opposite polarity magnetic pairs near the northern
pole than near the eastern limb, even though the field
strength near the northern pole is not so evidently greater
than that near the eastern limb as discussed before. If we
explain these opposite polarity magnetic pairs as evidences

of horizontal components of the magnetic field, then this -

imply that magnetic elements in polar fields have greater
horizontal components than those in equatorial fields.

4, Conclusion

From our observation and analysis, we find that:

1. The magnetic elements near solar poles are stronger
than in quiet equatorial regions near the limb and strong
polar magnetic elements appear to have same magnetic
polarity as the general large-scale polar magnetic field,

which are in agreement with previous results by Homann

et al. (1997) and Zhang et al. (1997).

2. There are more opposite polarity magnetic pairs in
solar southern and northern polar regions than in equato-
rial regions near eastern and western limbs, which disagree
with the findings by Homann et al. (1997), possibly due
to the higher sensitivity of our observations than those of
these authors.
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Figure caption:

Fig.1. Photospheric longitudinal magnetograms near
solar poles (Figla: northern pole; Figlb: southern pole)
and equatorial limbs (Figlc: eastern limb; Figld: western
limb) observed on 11 July 1993. The field of view is 330" x
220" for each field. Bright (dark) structures correspond to
positive (negative) polarities.

Fig.2. Contours of photospheric magnetograms near
solar poles (Fig2a: northern pole; Fig2b: southern pole)
and equatorial limbs (Fig2c: eastern limb; Fig2d: western
limb) observed on 11 July 1993. The field of view is 330" x

220" for each field. Solid (dashed) contours correspond to
positive (negative) fields of 10,20,40,80,160 Gauss. Plus
symbols indicate peak positions of magnetic elements in
areas within 80” to each limb.
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A comparison between photospheric and chromospheric
quiet-Sun magnetograms
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Abstract. Photospheric (FeI\5324.19A line) and chromospheric (Hjp line) mag-
netic flelds in quiet-Sun regions have been observed in the solar disk center by
using the vector video magnetograph at Huairou Solar Observing Station of Beijing
Astronomical Observatory.

Observational results show that the quiet-Sun magnetic elements on the solar
photosphere and chromosphere present similar magnetic structures. Photospheric
and chromospheric magnetograms show corresponding time variations. This sug-
gests that the magnetic fields in quiet-Sun regions propose different 3-D magnetic
configurations compared to those in solar active regions.

Keywords: Quiet Sun - Photospheric magnetic field - Chromospheric magnetic
field

1. Introduction

It is generally believed that the magnetic field plays an important
role in solar performances and activities. To better understand the
behaviors of magnetic fields in the solar atmosphere, understanding
3-D structures of magnetic fields and how magnetic fluxes (and hence
magnetic energies) are transported in the solar atmosphere becomes a
critical problem.

Most of the observations of the solar magnetic fields are made in the
solar photosphere. To understand the coronal magnetic fields, we have
either to use observational photospheric magnetic fields to infer possible
spatial magnetic field configurations (Demoulin et al., 1997; Cuperman
et al., 1997; Wang, 1997; Yan and Wang, 1995; Van Driel-Gesztelyi et
al., 1994) or to use ultraviolet and soft X-ray images to outline coronal
magnetic fields (Worden et al., 1999; Neupert et al., 1998) or to combine
both above methods (Wang, Wang and Qiu, 1999).

For active regions, the magnetic fields in the solar chromosphere
usually show different structures compared to the photospheric ones.
For example, the Hg chromospheric magnetograms show that they are
different from photospheric ones in at least two respects. First, pho-
tospheric and chromospheric magnetograms sometimes show opposite
polarity in some active regions (see Almeida (1997) and references
therein), even though different authors have given different explana-
tions. Liu et al. (1995) explained this phenomenon as a real flip and

p‘ﬁ © 1999 Kluwer Academic Publishers. Printed in the Netherlands.
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2 M.Zhang & H.Q.Zhang

Almeida (1997) explained it due to radiative transfer effects. Second
Zhang.(1996) presented the evidences that the chromospheric magneti(;
fields in active regions are different from the photospheric one. By
ol?servmg chromospheric magnetic fields at different wavelengths in the
wing of the Hpg line, he found that the magnetic fields extend up from
the photosphere to the chromosphere continuously in the form of the
fibril-like magnetic structures.

In this pa&er, we will inspect and compare quiet-Sun photospheric
(FeIX5324.19A) and chromospheric (Hz) magnetograms and try to find
whether there are also different magnetic structures existed between
photospheric and chromospheric magnetograms in quiet-Sun regions.
Observation and data reduction are presented in Section 2. Data anal-

ysis is presented in Section 3. Conclusion and discussion are presented
in Section 4.

2. Observation and data reduction

The tunable birefringent filter of the solar telescope magnetograph at
the Beijing Astronomical Observatory can be aimed at different pass-
bands for different observations (Ai and Hu, 1986). For photospheric
observations, the passband of the filter is set in the FeI\5324 line:
at 0.075A from the line center for the measurement of longitudinal
magnetic field. The equivalent width of FeI\5324 line is 0.344A, the
FWHM of the filter passband is 0.15A. For the chromospheric obser-
vations, the passband of the filter is set in the Hg line: at 0.24A from
the line center for the measurement of longitudinal magnetic field. The
equivalent width of Hpg line is 4.2A, the FWHM of the filter passband

is 0.12A.

A series of photospheric and chromospheric magnetograms in quiet
solar disk center were observed on 14 April 1998. The field of view is
about 6 x 4'. The pixel resolution of the CCD is about 0.7" x 0.5".
The spatial resolution of our data is actually 2" x 2" after a smoothing
average of 3 x 4 pixels. The temporal resolution of one magnetogram
we used for this study is 3 minutes.

2.1. OBSERVATION METHOD

Since chromospheric spectral lines (such as H,, Hg, CaK and CaH
lines) usually have wide equivalent widths, the noises of the chro-
mospheric magnetograms gotten by these lines are usually high and
have difficulty to detect the chromospheric magnetic field in quiet-Sun
regions very well. i _
As an example, Figure 1 presents a photospheric magnetogram (Fig-
ure 1la) and a chromospheric magnetogram (Figure 1b) of the same
field observed on 14 April 1998. Each observation has a 3-minutes
integration time. From Figure 1, we can see that the noise level of
the chromospheric magnetogram is much higher than the noise level

/o



Quiet-Sun magnetic fields 3

of the photospheric magnetogram and many magnetic features are not
presented in the chromospheric magnetogram while they are presented
in the photospheric one. By estimating the standard deviations (rms)
of Stokes parameter V in blank fields, the noise level is estimated
as 4 Gauss for the photospheric magnetogram and 20 Gauss for the
chromospheric magnetogram.

In this study, we have used deep integration method to observe
quiet-Sun chromospheric magnetic fields. We have observed each one
photospheric magnetogram before and after ten chromospheric mag-
netograms observed. In order to get a low noise chromospheric mag-
netogram, we have integrated magnetograms for a time duration of
several hours. To keep the photospheric and chromospheric magne-
togram quasi-simultaneous, we have kept the observation time coverage
of photospheric and chromospheric magnetograms almost the same.

The long time integration may indeed decreases the noise level,
however, it may smear some intranetwork features due to their proper
motions. If an intranetwork element moves at a speed of 0.4 km/s
(Wang et al, 1995; Zhang et al., 1998), then in one hour, it moves
2", which is equivalent to the 2” spatial resolution. In 4 hours, it will
move 8” (although it may not always move in the same direction).
This will certainly smear some intranetwork features. In such a long
time, only those low speed intranetwork elements (for example, those
intranetwork elements with a speed of 0.05 km/s in Zhang et al. 1998)
will not smear much. However, if a network element moves at a speed
of 0.05 km/s (Wang et al, 1995), then in one hour, it moves 0.2”. In 4
hours, it moves 0.8”, which is below the 2” spatial resolution. So the
network and some low speed intranetwork elements will not be smeared
by this observation.

2.2. CALIBRATION

The radiative transfer of the Fel\5324.194 line in the magnetic field
and its theoretical calibration were made by Ai, Li and Zhang (1982).
The radiative transfer of the Hp line in the magnetic field was discussed
by Zhang and Ai (1986). The observational calibrations of these two
lines were made by Wang, Ai and Deng (1996).

Here, we adopt the calibration of FeIA5324.19A4 line in Ai, Li and
Zhang (1982) and set the Hp line calibration fixed to achieve equal

fluxes (on average) in FeI\5324.194 and H, 5 magnetograms for a large
number of identical networks near solar disk center. It is found that
the results with this calibration of Hy line are almost the same as the
results with the calilrration of Hy line by Wang, Ai and Deng (1996).

2.3. PRIMARY RESULT

On 14 April 1998, we had a totally 7 hours’ observation. We integrated
observations from 02:07 UT to 06:00 UT and get Figure 2. Figure
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4 M.Zhang & H.Q.Zhang

2a is the integrated photospheric magnetogram and Figure 2b is the
integrated chromospheric magnetogram.

We have integrated five 3-minutes photospheric magnetograms to
get Figure 2a and fifty 3-minutes chromospheric magnetograms to get
Figure 2b, all after position correlations of each magnetogram. The field
of view is 4.6’ x 3.4' in Figure 2. By estimating the standard deviations
(rms) of Stokes parameter V in blank fields, the noise level is estimated
as 2 Gauss for the photospheric magnetogram (Figure 2a) and 5 Gauss
for the chromospheric magnetogram (Figure 2b).

3. Data analysis

3.1. SIMILARITY BETWEEN PHOTOSPHERIC AND CHROMOSPHERIC
QUIET-SUN MAGNETOGRAMS

From Figure 2, we can see that the magnetic structures in quiet-Sun
photospheric and chromospheric magnetograms are quite similar.

To show this similarity further, we selected the strongest 37 identi-
cal network elements in both Figure 2a and Figure 2b and calculated
the normalized magnetic flux density profiles of these elements. When
calculating the flux density profiles, we have assumed the magnetic
elements are nearly circularly symmetrical. Of course, this assumption
will cause some error, but it should be correct in statistical meaning.

Normalized flux density profiles of these strongest 37 magnetic ele-
ments are shown in Figure 3. From Figure 3, we can see that the median
width for elements to reduce to half of their center flux densities is about
2.5" for both photospheric and chromospheric magnetic elements. The
variation of this half-center-density-width (HCDW) is somewhat larger
for elements in the chromosphere than those in the photosphere. This
can be understood since we have integrated 50 3-minutes magnetograms
to get the final chromospheric magnetogram (as Figure 2b) and only 5
3-minutes magnetograms to get Figure 2a.

Figure 4 presents the ratios of HCDWs between the chromospheric
magnetic elements and corresponding photospheric magnetic elements.
We found that these ratios are between 0.91 to 1.19, with the median
at 1.04. This shows that, with our observational resolution, the network
elements observed in the chromosphere present similar magnetic struc-
tures and are not evidently larger than the network elements observed
in the photosphere.

3.2. CORRESPONDING VARIATIONS BETWEEN PHOTOSPHERIC AND
CHROMOSPHERIC QUIET-SUN MAGNETIC ELEMENTS

In order to study the variations of magnetic fields, we separated our raw
data magnetograms into two groups and integrated the magnetograms
in each group. Figure 5 presents the integrated photospheric (Figure
5a) and chromospheric (Figure 5b) magnetograms for the duration from
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02:07 UT to 04:15 UT. Figure 6 presents the integrated photospheric
(Figure 6a) and chromospheric (Figure 6b) magnetograms for the dura-
tion from 04:20 UT to 06:40 UT. Figures 5a and 6a have each integrated
three 3-minutes photospheric magnetograms. Figures 5b and 6b have
each integrated thirty 3-minutes chromospheric magnetograms. The
field of view is 4.6’ x 3.4’ in Figures 5 and 6.

By comparing Figure 5a with Figure 6a, we found that some vari-
ation features of the photospheric magnetic fields. Al, A2, A3, A4
and A5 are all features where flux annihilation happened. Elements
with opposite polarities originally appeared in Figure 5a disappeared
or became smaller in Figure 6a. Bl and B2 are examples where flux
emerged. Flux elements appeared in Figure 6a in places where no ele-
ments are found in Figure 5a. C1 and C2 are examples of flux density
variations. Flux elements became stronger in Figure 6a than they are
in Figure 5a. C3 is an example of flux separation and C4 is an example
of flux combination. These features are all known features of magnetic
field variations happened in the photosphere. However, by comparing
corresponding chromospheric magnetograms with photospheric ones,
we found that all those variations happened in the photosphere have
corresponding variations in the chromosphere.

4. Conclusion and discussion

Photospheric and chromospheric magnetic fields in quiet-Sun regions
have been observed in the solar disk center. The photospheric mag-
netogram is obtained at a noise level of 2 Gauss. The chromospheric
magnetogram is obtained at a noise level of 5 Gauss.

From our analysis, we find that:

1. Quiet-Sun photospheric and chromospheric magnetograms show
similar magnetic structures. With a spatial resolution of 2”, there is
only a limited extension of the chromospheric magnetic elements sizes
compared to the sizes of photospheric ones on average.

2. With a time resolution of 2 hours, variations of photospheric mag-
netic fields (such as flux emergence, flux annihilation, flux combination
and separation, flux density variations) are found to have corresponding
variations in the chromospheric fields.

While previous observations (Liu et al. 1995, Zhang 1996) have
found many different features between photospheric and chromospheric
magnetograms in active regions, our observations found that the quiet-
Sun photospheric and chromospheric magnetograms show quite simi-
lar magnetic structures. This imply that the magnetic fields in quiet-
Sun regions propose|different 3-D magnetic configurations compared to
those in solar active regions.

Since radiative transfer effects in the Hg line are complicated and
one might expect a broad height range for the Stokes V response
function, the Hg observations may be a combination of chromospheric
and photospheric fields. This may partially account for the similarity
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between the photospheric and chromospheric observations in quiet-Sun
regions. However, even if the Hg observations may be a combination of
chromospheric and photospheric fields, this effect should influence the
quiet-Sun regions and active regions at the same time. The difference
of magnetic features between active regions and quiet-Sun regions still
suggest a different 3-D magnetic configuration existed in some degree
between active regions and quiet-Sun regions. Also it is worth to point
out here that, with a spatial resolution of 2”, there is a possibility that
the similarities in sizes (HCDWs) discussed in Figures 3 and 4 result
from the features being unresolved in both data sets. This needs further
higher resolution observations to check out.
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Quiet-Sun magnetic fields 7

Fig.1. A photospheric magnetogram (a) and a chromospheric mag-
netogram (b) of the same field observed on 14 April 1998.

Fig.2. Quiet-Sun photospheric magnetogram (a) and chromospheric
magnetogram (b) in the solar disk center. The observation duration is
from 02:07 to 06:00 on 14 April 1998. The field of view is 4.6’ x 3.4,
Bright (dark) structures correspond to positive (negative) polarities.
Black (white) contours correspond to positive (negative) fields of 15,
30, 60, 120 Guass.

Fig.3. Normalized flux density profiles of strongest 37 identical mag-
netic elements in the field observed on 14 April 1998. The X-axis is the
angle distances from centers of magnetic elements to their edges. The
Y-axis is the normalized magnetic flux densities at different positions
from centers of magnetic elements to their edges. Figure 3a is for the
photospheric ones and Figure 3b is for the chromospheric ones.

Fig.4. Ratios between chromospheric HCDWs and corresponding
photospheric HCDWs of 37 identical networks observed on 14 April
1998. X-axis is the distances from solar disk center. Y-axis is the ratios
of HODWs between chromospheric magnetic elements and correspond-
ing photospheric magnetic elements.

Fig.5. Photospheric (a) and chromospheric (b) magnetograms of the
field observed on 14 April 1998 for the duration from 02:07 UT to 04:15
UT. The field of view is 4.6' x 3.4". Bright (dark) structures correspond
to positive (negative) polarities. Black (white) contours correspond to
positive (negative) fields of 15, 30, 60, 120 Guass. '

Fig.6. Photospheric (a) and chromospheric (b) magnetograms of the
field observed on 14 April 1998 for the duration from 04:20 UT to 06:40
UT. The field of view is 4.6 x 3.4'. Bright (dark) structures correspond
to positive (negative) polarities. Black (white) contours correspond to
positive (negative) fields of 15, 30, 60, 120 Guass.
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The origin and formation of the universe is a hot topic of modern astronomy. Since quasars
have high redshifts and high luminosity, they can be used as the probe for studying the early uni-

verse. To search for high-redshift quasars has always been an exciting and challenging project in
the world.

In this note, we introduce briefly P project to search for high-redshift quasars through our

multicolor photometry sky survey, which is under way and its early progress: a newly discovered
z=23.3 quasar. '

1 Sky-survey observation

60/90 cm Schmidt telescope was used in Beijing Astronomical Observatory with 2048 X 2048
Aerospace Ford CCD and 15-color intermediate-band filters (coverage: 300—1 000 nm) to do
multi-color photometry sky survey for finding high-redshift quasarsm . The spectral energy distri-
bution (SED) formed by the 15-color photometry can function as a low-resolution spectrum. We
can pick up sources with abnormal SEDs out of about 10 000 sources in one typical field (~ 1
square degree), and select the candidates for quasars with redshifts up to 6.

We have observed the Abell Cluster field A0566 which is centered at 659™48°, 63°22°00",
with a size of 1 square degree from September 1994 to February 1997. Photometry and calibration
for 7 colors have been done. The color bands and integration times are listed in table 1.

Table 1 Observation log for A0566 field

Central wavelength/nm | Bandwidth of filters/nm Integrated times/s
389.0 . 34.0 6 600
455.0 A 34.0 : . 13 200
527.0 34.0 9 600
579.5 31.0 9 600
607.5 31.0 12 000
666.0 48.0 9 000
705.0 * 30.0 9 400

124
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The data are reduced in standard way. The DAOPHOT( I ) software in IRAF package is

used in the photometry. After calibration, the SEDs of 10 096 sources in A0566 field were ob-
tained.

2 The select method of candidates

How to select the candidates for quasars with minimum selection effect is a key to this re-
search project. Our group has developed several methods and made cross-check of the methods.

Here we only introduce the method, in which the observed SEDs are compared with the model
SEDs.

We have built up an SED data bank which includes spectra of different types of stars, galax-
ies and quasars. The SED bank consists of

spectroscopic observations and theoretical
model spectra. The spectra of stars are
from Silva and Cornell'®), Jocoby, Hunter
and Christian!, Straiiyz ( model )14,
Gunn and Stryler'®, Kurucz (model)!®.
The spectra of galaxies are from Kenni-
cutt!”), Coleman, Wu and Weedman!®!,
Rocca-Volmerange and Guiderdom (mod-

el)'®). The spectra of quasars are from
(10l

M- Mi(mag)

Waymann and Morris

By convolution

. [ 3 1 . 1 1 i
of these spectra with our filter transmission Y = = 745
function, the SEDs of various stars, galax- Wavelength/nm

ies and quasars (with different redshifts) g, 1 SEDS of several typical stars (solid lines) and the SED of
can be obtained in our system. We call the selected z=3.3 quasar (solid line with squares).

these SEDs model SEDs.

By best fitting the SEDs of the sources in A0566 field with the model SED, we get a sample
with SEDs similar to SEDs of quasars. The fitting process is perfénned by computer automatical-
ly. -The program picks up about 100 sources out of about 10 000 sources, then the candidates are
examined one by one manually. Fig. 1 shows the SEDs of several typical stars (solid lines) and
the SED of the selected z =3.3 quasar (solid line with square) . From fig. 1, we can see that the
SED of quasar is very different from those of the stars.

3 Spectral observation

We observed the spectra of several sources selected from the A0566 field with the 2.16 m
telescope at Beijing Astronormcal Observatory on March 4, 1997. In this first round, a high red-
shift quasar with z=3.3 was found. Its coordmate (epoch of 2 000) is RA= 07:08:02.3, Dec
=63:16:01. .

We used the OMR Carsigreen Spectrograph. The dispersion used was 20.0 nm/mm, giving
the resolution of 0.48 nm/pixel. The exposure time was 1 h. Table 2 lists the identified emission
line and the deduced redshift. The average redshift from 4 emission lines is 3.324. Fig. 2 shows
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the SED (top) and the spectrum (bottom) of this quasar.

Table 2 Identification of emission line

Emission line wavelength/nm Identified emission lines Rest wavelength/nm Redshift
525.9 La 121.6 3.325
535.6 NV 124.0 3.319
605.8 SiIV } 140.0 3.327
669.6 A% 154.9 3.323

average 3.324

4 Discussion

Figure 2 shows that the SED from the multi-color photometry agrees very well with the spec-
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460 ) 30 600 ‘7(1)0
Wavelength/nm *
F ig 2. SED (top) and the spectrum (bottom) of this quasar.
trum. This suggests that our method of picking up quasar candidates based on multi-color pho-
tometry SEDs is reliable and successful.

This quasar is very luminous. Its visual magnitude is Msz;=16.9 mag. The absolute niag-
nitude is My = — 29.5 mag (Ho =50 Km/s*Mpe). It is still one of several most luminous
quasars ever found. Another mterestmg feature of this quasar is that 1ts blue side of La emission
does not have a sharp drop compared to the red side, while such a drop is a common feature of the
high redshift quasars. If this can be confirmed by further observation with higher resolution,
“higher S/N and more accurate flux calibration, this quasar will be an important object for investi-
gating La forest and Gunn-Peterson effect.

o
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Abstract. We present 2 and 20 cm observations with the VLA
of 25 candidate peaked spectrum radio sources. These data com-
bined with those from earlier surveys have allowed us to con-
struct radio spectra spanning a range of frequency from 0.3 to 15
GHz. Ten of the 25 sources are found to be variable with no dom-
inant peak in their spectra, four are large extended sources with
simple steep spectra, and ten are confirmed as definite peaked
spectrum sources, whose spectra are dominated by a peak be-
tween 1.0 and 2.5 GHz, with peak flux densities between 0.4
and 3.8 Jy. Two of the latter group are variable in flux density,
but their spectra appear to remain peaked during the variation.

Key words: galaxies: active — radio continuum: galaxies —
quasars: general

1. Introduction

Compact steep spectrum (CSS) sources have cmerged as the
third major category of extragalactic radio source in cm wave-
length surveys, in addition to extended steep spectrum sources
and compact flat spectrum sources. In a survey at 2.7 GHz, 31%
of the radio sources was found to be compact (8 < 5") and to
have a steep spectrum (@ < —0.5, S ~ v%) (Peacock & Wall
1982). A typical CSS source has a turnover in its spectrum at
frequencies around 100 MHz. Compact steep spectrum sources
appear to be a subset of a more general class of peaked spec-
trum sources characterized by a narrow peak in their spectra,
and (steep) fall off in flux density above and below the peak.
Sources which have peaks in flux density close to 1 GHz have
been called Gigahertz Peaked Spectrum (GPS) sources.

Send offprint requests to: 1.A.G. Snellen

Known peaked spectrum sources are intrinsically powerful
(Lradio ~ 10% erg s~!) yet restricted to small dimensions (< 1
kpc, c.g., Mutel & Phillips (1988). Peaked spectrum sources
have low radio polarizations (Rudnick & Jones 1982; O’Dea
et al. 1991), which may be caused by a tangled magnetic field
or very large Faraday rotation measures. The scale of the radio
emission corresponds to the characteristic scale of the narrow
emission line region in the optical (~ 1 kpc) for sources whose
spectra peak in the 100 MHz range, but for sources whose spec-
tra peak close to 1 GHz, scale sizes of 1 to 10 pc (somewhat
larger than the broad line region) are observed. This behaviour
is consistent with the spectral turnover being due to synchrotron
self absorption, and as expected from synchrotron theory, the
shorter the wavelength at which the radio emission peaks, the
smaller the emitting source (Slysh 1963; Williams 1963).

The steep fall-off in the spectra at high frequencies probably
implies that there is no fresh injection of relativistic plasma in
the cores of these objects, or that the electrons are injected with
very steep dependence on energy (O'Dea et al. 1991). The first
is consistent with the fact that these sources are weakly if at
all variable (e.g. OQ 208, de Bruyn 1990). The stecpness in
the optically thick part of the spectrum strongly suggests that
the sources are sharply confined with morphologies not likely to
consist of a long jet or series of components peaking at different
frequencies (de Bruyn 1991).

The few VLBI observations of peaked spectrum sources in
the literature (e.g., Phillips & Mutel 1980; Dallacasaet al. 1994)
show that their morphologies are dominated by two components
with very similar spectra. It can be expected that changes in the
physical conditions in these components caused by componen!
expansion or variability in the supply of relativistic electrons
from the central source will generate changes in the spectra.
shape of the source which are coherent across the spectrum
Variability in flat spectrum sources composed of component:

(30
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peaking at different frequencies is likely not to occur in a co-
herent manner across the whole spectrum.

The nature of peaked spectrum sources and their relationship
in an evolutionary sense, to compact flat spectrum sources and
extended steep spectrum sources, is unclear. We do not know if
they are small in linear size, because they are (i) young radio
sources (Mutel & Phillips 1988), (ii) old sources smothered by
a very dense intergalactic medium, (iii) old classical doubles in
a second stage of their life (Baum et al. 1990), or (iv) frustrated
radio sources (Schilizzi 1990; O’Dea et al. 1991).

To be able to address these issues it is important to investi-
gate the propertics of peaked spectrum sources as a function of
Juminosity, redshift and rest-frame peak frequency. Until now
such studies (Fanti et al. 1990; O’Dea et al. 1991) have only
concentrated on the bright members of the class, due to the lack
of asignificant sample of peaked spectrum sources at lower flux
densities. In this paper we present the results of VLA observa-
tions at 2 and 20 cm of 25 candidate peaked spectrum sources.
These data combined with earlier survey data allow us to con-
struct radio spectra for the sample, and select the truly peaked
spectrum objects. This is the first part of a general program to
investigate a low flux density sample of peaked spectrum radio
sources. The median peak flux density of a source in our sample
is ~ 0.7 Jy, a factor 4 lower than the median flux density of the
Fanti et al. and Stanghellini et al. samples (Fanti et al. 1990;
O’Deactal. 1991).

2. Sample selection

Sources from the Texas 365 MHz and NRAO/Condon 1.4 and
5 GHz surveys were compared to select objects with optically
thick spectral behaviour at frequencies below 1 GHz. Because
initially only the images were available for the NRAO data,
it was necessary to measure the flux densities for the Texas
sources at 1.4 and 5 GHz ourselves (Rottgering et al. 1994),
We restricted our attention to the most reliable sources from
the Texas catalogue, i.e. those that had no indication of position
or structure Jobe shifts and whose structure were well modeled
(code="+++", see Douglas et al. 1980). At the location of these
Texas sources a gaussian brightness distribution was fitted to
the 4850 MHz and 1400 MHz maps using the standard program
"JMFIT” from the NRAO image processing system AIPS. In
cases of source confusion, the fitting algorithm can be unstable
and give incorrect answers. Rejecting sources that have 4850
MHz and 1400 MHz positions that differ from the Texas po-
sitions by more than the specified uncertainties alleviates this
problem. However, with this selection criterion, the number of
sources will be incomplete and biased against sources whose
structures and centroid positions change with frequency. The
resulting sample consists of 13000 sources (Réttgering 1994).
Fifty three sources were selected which had positive spectral
indices (a > 0.2) in the range 365-1400 MHz. Ten of these
were at that time included in the O’Dea and Stanghellini et al.
sample and have been excluded from our sample.

LA.G. Snellen et al.: Peaked spectrum radio sources. I

3. Observations and reduction

Twenty five sources from our sample (all sources with 3* <
R.A. < 15") were observed with the VLA* in B array at wave-
lengths of 20 and 2 cm on 13 October 1991. A bandwidth of 50
MHz was used at both wavelengths. The resolutions are 3.5 at
20 cm and 0”.25 at 2 cm. Observations of 3C286 were used for
amplitude calibration. The phases were calibrated using stan-
dard nearby VLA phase calibrators, observed about every half
hour. The sources were observed in “snapshot’mode for about
2.5 minutes at 20 cm and about 3.5 minutes at 2 cm. All the re-
duction was performed using AIPS. The maps for the 20 and 2
cmdata were produced and cleaned using the ungridded subtrac-
tion method (Schwab 1984) implemented in the AIPS task MX.
Self calibration was applied with two iterations on the phases
alone and one on both phases and amplitudes. 'The rms noise
in the maps is typically 0.5 mJy at both 2 and 20 cm. The flux
densities and positions are determined using a gaussian fitting
procedure as incorporated in the AIPS task IMFIT.

4. Results

Table 1 shows the position and flux density information t
the 25 sources observed. The cores are sufficiently bright that
the uncertainty in the flux density is dominated by systematic
crrors (2% at 20 and 3% at 2 cm, e.g. Carilli et al. 1991), except
for the faintest sources at 2 cm. In column | the JAU name is
given, in columns 2 to 7 the position determined from the 2 cm
observations. The position uncertainty ~ 0.1 is estimated from
comparing our positions with the positions in the Patnaik sample
(Patnaik 1992) for the ten sources which appear in both samples.
Columns 8 to 12 give the Texas flux density, the Greenbank 20
and 6 cm flux densities and the 20 and 2 cm VLA flux densities.
Since the different surveys have been carried out with widely
varying beamwidths, we first checked for confusion. Since the
beam for the 20 cm Greenbank survey is 12 arcminutes, we
looked at the 6 cm Greenbank maps, and the 20 ¢m VLA maps
for confusing sources. We found no cases in which confusion
can be the reason for discrepancies between 20 ¢m Greenbank
and VLA flux densities. The last column of Table | gives the
source type. With our selection criteria, we find three types of
radio sources: truly peaked spectrum sources (10), flat spectrum
variables (10) and large extended sources (4). These sources
are indicated by peaker, var and ext. For 0805+269, no 2 cm
observations were obtained, so although we could not confirm
that it is a peaked spectrum source, it remains a candidate.
Extended steep spectrum sources appear in the sample be-
cause the interferometer used for the Texas survey underesti-
mates flux densities of sources larger than > 15" and does not
detect emission on angular scales greater than 2’ (due to poor
sampling of the uv plane), while the 20 cm Greenbank beam is
12, s0 an extended source with emission on scales of the order

*  The Very Large Array is operated by the U.S. National Radio As-
tronomy Observatory which is operated by the Associated Univer-
sities, Inc., under cooperative agreement with the National Science
Foundation.
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Table 1. The sample of candidate peaked spectrum sources observed.

AU Stozas

Position(J2000) S% SN, S Sha type

name RA Dec

h m s e " (mly) (mly) (mly) (mly) (mly)
0312+149 03 14 47.786 15 08 43.78 235 400 128 145 2 ext
04284205 04 31 03.760 20 37 3426 2760 3883 3710 2767 1110  peaker
05064056 05 Q9 25969 05 41 3531 509 805 459 1010 429  var
0642+449 06 46 32.028 44 51 16.55 392 574 460 1188 2756  var
0700+470 07 04 09.563 47 00 55.86 518 817 824 437 226  peaker
0705+486 07 09 08.008 48 36 55.53 498 672 260 240 69 ext
0706+460 07 10 10.507 45 57 24.80 227 418 412 102 17  peaker
0727+409 07 30 51345 40 49 50.82 215 401 387 461 303  var
0754+100 07 S7 06.642 09 56 34.86 731 1058 805 761 1756  var
0805+269 08 08 36.742 26 46 36.53 287 507 438 257 - cand
0829+046 08 31 48.880 04 29 39.13 641 959 1200 2113 1113 var
08514202 08 5S4 48875 20 06 30.59 1216 2259 1937 2621 5750 var
0930+493 09 34 15760 49 08 21.81 460 725 174 573 285  peaker
10484556 10 51 47396 55 23 08.50 270 426 132 135 10 ext
1059+282 11 02 14289 27 57 0870 303 430 270 400 281 var
1128+385 11 30 53.282 38 15 18.54 652 879 717 729 787  var
11314493 11 33 59.223 49 03 4342 779 1066 150 346 30 ext
11334432 11 35 55983 42 58 44.65 640 1443 1385 449 118  peaker
11444542 11 46 44201 53 56 43.07 289 410 406 477 300 peaker
11444352 11 47 22.126 35 0Ol 0745 370 679 600 670 359 peaker
11454268 11 47 59.762 26 35 42.26 260 419 300 377 407  var
1225+368 12 27. 58.724 36 35 11.69 1249 2151 2070 812 154  peaker
1324+574 13 26 50.570 57 12 06.70 198 472 506 236 224  peaker
1355+441 13 57 40592 43 53 59.80 294 781 709 452 225 peaker
14184546 14 19 46.592 54 23 1475 720 1547 1140 1704 1450 var

" - GB20em/VLAZ0em Ralio not be related to the Greenbank and/or Texas flux densities. We

~ 1 conclude that a source appears in our sample because of vari-
ability, if (1) the difference between the Greenbank and VLA
20 cm flux densities is larger than 20% (see Fig. 1) or (2) ad-
ditional fluxpoints introduce a large scatter and the eventually
cone shape of the spectrum disappears. For 19 of the sources
we have found additional fluxpoints in literature. Two additional
sources were found in this way to appear in our sample because
of variability (0727+409 and 0851+202).

The sources 1144+542 and 1144+352 do show variability
but are not excluded from the sample of truc peaked spectrum
sources because their spectral morphology appears to remain
peaked during the variability. This is discussed in more detail
in Sect. 5.

Of the ten peaked spectrum sources in our sample, two ap-
pear also in the O’Dea et al. and Fanti et al. samples (see Ta-
ble 2). A curve of the form

peakers

voriobles
extended
condidote -

OEER

number of sources

2.0 2.5

1.5
Sgb/Svia

Fig. 1. The ratio between the Greenbank and VLA 20 cm flux densities

of 10’ will also appear with a peaked spectrum when the two
surveys are combined. In this case the 20 cm VLA flux den-
sity is much smaller (like 50%) than the 20 cm Greenbank flux
density and the VLA map shows extended structure.

logS=a+bxlogy+cxlogv

M

has been fitted to ‘the four spectral data points (Texas, 6 cm

We are sensitive to flat spectrum variable sources, because
the three finding surveys were produced at different epochs. For
example, a flat spectrum source whose flux density increased in
the middle range of wavelengths will appear to have a peaked
spectrum. In this case the 2 and 20 cm VLA flux densities can

t3

Greenbank and 2 and 20 cm VLA) to determine the peak fre-
quency and peak flux density (columns 2 and 3 of table ). Col-
umn 4 gives the spectral index (S ~ v®) below the peak, which
is the spectral index between the Texas and the 20 cm VLA data
point. Because this spectral index is measured very close to the
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Fig. 2. (left) 20 cm VLA map of the components associated with 0930+493. Contourlevels are at 0.3 mJy x( -3, 3, 6, 12, 24, 48, 96, 192). (right)
20 cm VLA map of the jet eminating from the core of 1144+352. Conlours at 0.7 mJy x( -3, 3, 6, 12, 24, 48, 96, 192)

Table 2. Sources with Definite Peaked Spectra

IAU Vinaz  Smaez  Spectral Index  Opt. Z Ocq References for
name (GHz) Jy cr?f{fm a}'ﬁ';&, ID mas  additional flux densities
0428+205* 1.3 3.8 021 -0.82 G 0.22 7 a,d, g
0700+470 1.3 0.7 033 -0.60 G cef,h
0706+460 1.0 04 043 -1.62 e
0930+493 1.7 0.8 037 -0.63 Q 2.57 4 h
1133+432° 12 116 055 -1.21 e f
1144+542 2.6 0.5 024 -042 Q 2.20 2 ¢, hi
11444352 2.4 0.7 035 -0.56 G 0.06 2 b,f, h
1225+368"? 1.1 202 036 -150 Q 198 12 c,h
1324+574 2.2 04 034 -0.05 G h
1355+441 1.9 0.6 057 -0.63 G ce

! also in O'Dea et al. sample

2 also in Fanti et al. sample

? also in Ghopal-Krishna'93 sample
additional data from literature:

a) Blake (1970)

b) Colla (1975)

¢) Pauliny-Toth et al. (1978)

d) Parkes Catalogue (Bolton et al. 1979)

e) Bologna Sky Survey (Ficarra et al. 1985)
f) Cambridge 6C2 Survey (Hales et al. 1988)
g) Wright et al. (1991)

h) Patnaik et al. (1992)

i) Okudaira (1993)

peak this is an lower limit to the spectral index below the peak.
The spectral index above the peak, given in column 5, is formed
from the Greenbank 6 cm and the VLA 2 cm data points. Be-
cause of the curvature in the spectrum, these spectral indices are
peak-frequency dependent. When the peak frequency is higher,
the spectral index above the peak will be flatter, because it is
measured closer to the peak.

Three sources have previously been optically identified with
quasars, and two with galaxies (column 6, Véron-Cetty and P.
Véron 1983; Stickel et al. 1994). Their redshift is known and
is listed in column 7. We looked for optical identifications on
the POSS-plates for the other sources. Faint ojitical identifica-
tions on the POSS plates (using APM data supplied by Richard
McMahon, McMahon & Irwin 1992) are found for three addi-
tional sources, which are probably galaxies. To have an estimate
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Fig. 3. Spectra of true peaked spectrum sources. The dotted line in the figure of 1144+352 indicates the spectrum of the extended emission

of the physical extent of the radio sources, we use the “equipar-
tition angular size”, 8.4, derived by Scott & Readhead (1977).
This is the size which a source with the given flux density and
frequency at the synchrotron self-absorption turnover must have
to be in equipartition. The angular size is only weakly dependent
on the internal energy. Even if the source is ten times more en-
ergetic than assumed by the equipartition condition, the angular
size will only be 25 percent larger. The equipartition angular
size is given in column 8 of Table 2, assuming Ho = 50 km

3¢

s~ Mpe~" and = 1. Upper limits for the angular sizes, ob-
tained from our 2 cm VLA observations, are consistent with
the equipartition angular sizes (6 < 20 mas). 0428+205 and
1225+368 have been observed by Spencer et al. (1989) at2 cm
with the VLA in A configuration. 1225+368 is uiiresolved, but
0428+205 has probably a double or multi-component morphol-
ogy, spread out over 100 mas. The true angular sizes and radio
morphologies should be revealed using VLBI techniques.



364 LA.G.

spectrum of 11444352
T T

Snellen et al.: Peaked spectrum radio sources. I

spectrum of 1225+368
T T

10000 10000~
L LS
i b s 2
e z L N
% 1000 - ( 1000~ -
A s & ]
. d 3
2 m % 2
. o m
& o]
S L
3
@
100 [ L " 100 1 N | N
0.1 1.0 10.0 100.0 [A] 1.0 10.0 100.0
frequency (GHz) fraquency (GHz)
spectrum of 1324+574 spectrum of 1355+441
1000 T v T 1000 T T
4
1 &
- ? %
= -
i B
z z T
H 1 & f
& -
% : | ’ )
100 A L N 1 100 1 PP | "
o 1.0 10,0 100.0 L8] 1.0 10.0 100.0

trequency (GHx)

Fig. 3. (continued)

Figure 3 shows the radio spectra of the ten definitely peaked
spectrum sources. The diamond symbols represent the VLA
data points and the 6 and 20 cm Greenbank and Texas flux
densities. The squares are data points from various papers in
the literature, and the triangles are data points from Pauliny-
Toth et al. (1978). The triangles in the figure of 1144+352 are
data points from Colla et al. (1975).

5. Discussion on individual sources

The presence or lack of variability can give us information about
the evolution of peaked spectrum sources. We shall attempt to
explain this variability in terms of expansion of the radio core.
We distinguish expansions with and without continuous injec-
tion of electrons by a central engine.

i) Aradio source expanding isotropically and adiabatically from
radius 7 to fr, without fresh injection of relativistic electrons,
will cause the peak flux density to decrease by

f(10—14a)/(5-2a)

05

where o is the spectral index of the optically thin part of the
spectrum (Moffet 1975). The peak frequency will decrease by

. f(10—8a)/(5—20t) (3)

[raquency (GHz)

ii) A radio source expanding with continuous injection of elec-
trons will undergo an increase in flux density of f2 and f3 for
respectively the optically thick and thin part of the spectrum, as-
suming that the magnetic field strength and electron density is
constant during the expansion. In this case, the internal energy
density and pressure remains the same during the expansion.
The peak flux density will increase by a factor of

f(12—4a)/(5—2a) (4)
and the peak frequency will increase by a factor of
fZ/(S-—Za) (5)

The most striking example of a decrease in flux of a ra-
dio source in our sample is 1144+542. Three flux density mea-
surements, taken by Pauliny-Toth et al. (1978) in 1972, are a
factor two higher than our measurements. If thiy is caused by
an adiabatic expansion, the expansion factor f is ~ 1.3 (using

= —0.4). This expansion mechanism would decrease the peak
frequency by a factor 1.8. We do indeed see a peak frequency
decrease of this size (see Fig.3), but unfortunately there are
only observations available at 2 epochs. Using the equipartition
size, and taking the redshift from literature, we determine the
expansion velocity to be of the order of 0.5 c.
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A second source 1144+352 has increased in flux density
over the last 20 years. In the early seventies the flux densitics
11 0.4, 1.4 and 5 GHz were respectively 330, 340 and 290 mJy
(Colla et al. 1975), so it appears that the spectrum was flat.
However, taking into account the non-variable extended emis-
sion (S1.4G 7,=100 mly, a=-0.75, see below), the flux densities
of the core can be estimated to be 70, 240 and 250 mJy at these
three frequencies. Hence the spectrum of the core was peaked
at that epoch, and has remained peaked during the flux density
increase. The flux density at 6 cm has increased from 290 mJy
in 1974 to 670 mJy in 1987 (30 = 5 mly/year, e.g. Ekers et al.
1983). An increase of this magnitude in the optically thin part
of the spectrum can be caused by an expansion of 5 x 10% km/s,
assuming expansion with continuous injcction of clectrons. The
presence of a jet in the VLA map at 20 cm hints at a continuous
outflow of matter. The flux density at 1.4 GHz in the optically
thick region of the spectrum of the core increased {rom 340 mJy
in 1974 (Collaet al. 1975) to 600 mJy in 1991. In the expansion
scenario the optically thick flux density increase should be equal
10 the increase in the optically thin part of the spectrum to the
power 2/3 (see (ii) above), which is what we see for 1144+352.

No variability is seen for the other sources in our sample, for
which the redshift is known, on timescales of 5 to 15 years. The
flux density measurements however are not accurate enough to
give useful upper limits to the expansion velocities.

Two of our peaked spectrum sources, 0930+493 and
11444352 show a change in spectral index at low frequencies
from inverted to steep. We attribute this to contributions from
extended structure with a steep spectrum, which dominates at
the low frequencies. The 20 cm VLA maps of both sources
show clearly the presence of extended structure; three compo-
nents with a combined flux density of ~ 15 mJy, within aradius
of 10" of the core of 0930+493 are detected, and a one sided jet
about 25 in extent with a flux density of ~ 28 mJy emanating
from the 1144+352 core (sce Fig. 2). The 20 cm Greenbank flux
density of 1144+352 is 80 mJy higher than the total 20 cm VLA
flux density, which is probably due to large scale extended emis-
sion, not detected with the VLA. Hence the total flux density
of the extended emission is about 100 MJy at 1.4 GHz. Assum-
ing a spectral index of & = —0.75 for the extended emission,
its contribution at 151 MHz is more than 90% of the total flux
density.

The spectrum of 13244574 shows a flattening at high fre-
quencies, which implies the existence of an even more compact
component whose spectrum peaks at frequency > 20 GHz.

VLBI and optical studies will be undertaken to investigate
their properties and compare them with those of bright peaked
spectrum sources. We have also begun to define even fainter
samples of peaked spectrum sources in the Westerbork Northern
Sky Survey (WENSS). |

6. Conclusions

We have presented 10 radio sources whose spectra peak be-
tween 1 and 2.5 GHz, with flux densities in the 1 Jy range. For
1144+542, a flux density decrease of a factor ~ 2 in about 20
years is seen, which can be explained by the source expanding

dé
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without fresh injection of relativistic electrons and with a ve-
locity on the order of 0.5 c. For 1144+352, an increase in flux
density over the last 20 years has been observed, which can be
cxplained if the radio source expands with continuous injection
of relativistic clectrons.
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