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Abstract. The Far-Infrared Line Mapper (FILM) onboard the Infrared Telescope in Space (IRTS) made a survey
for the far-infrared [C11] 158 pm line emission with high sensitivity and moderate spatial resolution. We have found
that diffuse [C 11] line emission extends to high Galactic latitude regions. The [C 11] line intensity at |b] ~ 60° ranges
from 2 x 1077 to 1.5 x 107% erg cm™2 s~! sr™!. Comparisons of the distribution of the [C11] line emission with
those of the HI column density and far-infrared radiation show some correlations, but the [C11] line emission
differs from the far-IR and HI emission at high Galactic latitudes. These differences suggest that the [C11] line
primarily comes from ionized gas in the high-latitude regions. The intensities of the [C11] line emission on the
southern side (b < 0°) of the Galactic plane are systematically larger than those on the northern side (b > 0°).
We infer from this difference that there is a displacement of the Sun with respect to the center of interstellar
medium from which the [C11] line comes. When an exponential distribution is assumed for the [C 11] emitting gas,
it is expected that the Sun is located at the distance of about 17% of the scale height above the center of the gas.

This is consistent with the previously reported displacement of the Sun from the Galactic plane.
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1. Introduction

The interstellar matter can be classified into several states
of particular temperature and density depending on bal-
ances of energy (heating and cooling) and mass (evap-
oration and condensation of clouds) (Field et al. 1969;
McKee & Ostriker 1977; Draine 1978; Shull 1987). The
major components of the interstellar gases in high Galactic
latitude regions can be classified into three phases (three-
phase model): cold (T ~ 50 K) diffuse HT clouds (or cold
neutral medium; CNM), warm (7' ~ 8000 K) medium, and
hot (T ~ 10° K) ionized medium (HIM or hot plasma). In
addition, the warm medium can be distinguished into two
phases according to the ionization degree; warm neutral
medium (WNM; ne/n ~ 107!) and warm ionized medium
(WIM; ne/n ~ 1). The WIM has been observed exten-
sively with the optical recombination line Ha and forbid-
den lines such as [S11] and [N11] (cf. Reynolds 1990). It
is believed to be one of the major components in the in-
terstellar gas (Reynolds 1991), but the details such as the

Send offprint requests to: S. Makiuti,
e-mail: makiuti@ir.isas.ac.jp

fraction in the interstellar space and the relation to other
phases have not been well known.

The far-infrared [C11] line (2P3/272P1/2; 157.7 pm) is
emitted from gases in a wide range of physical conditions
from neutral to ionized hydrogen regions in the interstellar
space. The emitting level lies only AE/k = 91 K above
ground, which is relatively low. Therefore the [C11] line
is one of the strongest line emissions from the interstel-
lar gases and it is presumed that the [C1I] line emission
is a dominant coolant in the warm ionized medium in
particular.

Past observations with balloons and airplane-borne
telescopes revealed that the [C11] line emission in the
Galactic plane comes not only from compact areas associ-
ated with high-temperature stars but also from extensive
regions (Stacey et al. 1985; Shibai et al. 1991). Later obser-
vations by balloons surveyed the Galactic plane in detail
and have shown that the [C11] line becomes more impor-
tant in diffuse components rather than in compact sources
(Nakagawa et al. 1998).

In high Galactic latitude regions, the [C11] line emis-
sion in limited regions was observed with a rocket-borne
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telescope (Bock et al. 1993; Matsuhara et al. 1997),
and an all-sky survey was made by FIRAS onboard the
COBE satellite (Bennett et al. 1994; Fixsen et al. 1999).
The COBE/FIRAS revealed that the [C1] line emis-
sion spreads extensively to high-latitude regions, but the
7 degrees beam size of FIRAS was too large to resolve dis-
crete sources. The IRT'S/FILM has succeeded in observa-
tions of the high-latitude [C11] line emission with a mod-
erate angular resolution and a high sensitivity although
the observed region was limited owing to the short obser-
vation period. We present an analysis of the IRTS/FILM
high-latitude [C11] observations here.

The WNM and Hot Plasma cannot emit the [C11]
line efficiently since the densities inside those compo-
nents are too small (Bakes & Tielens 1994; Wolfire et al.
1995). It seems that there are few photodissociation re-
gions (PDRs) that are formed on molecular cloud surfaces
in high Galactic latitude regions, because there are few
molecular clouds (Magnani et al. 1996). Consequently the
most important candidates for the source of the [C 11] line
emission are the WIM and the cold H1 clouds.

Bennett et al. (1994) found that the [C11] line inten-
sity observed by COBE/FIRAS is consistent with the pre-
dicted values from the neutral gas, when they assumed a
column density of the H1 gas averaged in the whole sky to
be N(H1)/ csc |b] = 3.3 x10%° cm =2 (Lockman et al. 1986)
and the neutral gas to be cold H1 clouds that have typical
temperatures of 80~100 K and densities of 10~30 cm™3.
They concluded that cold H1 clouds dominate the high
Galactic latitude [C11] line emission. However, the per-
centage of the HI gas in cold clouds as well as most of
the physical conditions of the interstellar medium in high
Galactic latitude regions are not well known. The ionized
gas is also believed to be a major component in high-
latitude regions, so it can contribute largely to the [C11]
line emission. In Sects. 4.1 and 4.2, we discuss the con-
tribution of the WIM to the [C11] line emission in high-
latitudes.

Systematic differences between at the northern and the
southern side of the Galactic plane are seen in the [C11]
line intensity observed by the IRTS/FILM. The Galaxy
consists of various forms of matter such as stars, interstel-
lar dust and gas. However, the structure of our Galaxy
and the position of the Sun have not been elucidated in
detail since we cannot get sufficiently unobstructed views
at most wavelengths owing to the extinctions by interstel-
lar matter. We have now a new data set to probe this. In
Sect. 4.3, we will discuss the position of the Sun relative
to the [C11] line emitting gas distributed around our solar
system, founded on the distribution data of the [C11] line
emission at high Galactic latitude.

2. Observations and data reduction

The Infrared Telescope in Space (IRTS) onboard the Space
Flyer Unit (SFU) satellite was launched with an HII rocket
in March 1995. The IRTS has a primary mirror 15 cm
in diameter, cooled with liquid helium, and succeeded in
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the survey observation for about one month until all the
helium was consumed (Murakami et al. 1996). The Far-
Infrared Line Mapper (FILM) is one of the focal plane in-
struments of the IRTS (Shibai et al. 1994). It is a grating
spectrometer dedicated to observations of the far-infrared
[C11] 158 pm line emission and uses stressed Ge:Ga pho-
toconductors as the detector (Hiromoto et al. 1992). It
has a spectral scanner and the line intensity components
were extracted as modulated signals (Shibai et al. 1996a).
The IRTS/FILM surveyed the [C11] line emission in high
Galactic latitude regions up to about |b| ~ 60° under the
low background conditions of space. The beam size of the
instrument was 8 x 13’ (FWHM).

The detector noise levels were stable during the obser-
vations. However the responsivity of the stressed Ge:Ga
detector continually changed mainly due to cosmic ray im-
pacts. The FILM has internal calibration lamps in order to
correct the changes in the detector responsivities. Signals
for the calibration lamps were acquired at 1024 s intervals
during the observations and the slow components of re-
sponsivity changes have been corrected by the post-flight
analysis with those data. Most of the fast components by
cosmic rays have been removed.

The absolute calibration has been made indepen-
dently from the preflight experiments (Shibai et al.
1994). However, the calibrated [C11] line intensity of the
IRTS/FILM is different from the results of other observa-
tions at present. We compared the independent observa-
tions of the IRTS/FILM and the balloon-borne telescope
BICE (Nakagawa et al. 1998) for objects near the Galactic
plane. The [C11] line intensity from the IRTS/FILM is
~65% for Ijc(BICE) > 1 x 107 ergem™2 s ' sr7! and
~85% for Ijc(BICE) < 1 x 1074 ergem =2 s 1 sr ! It is
also reported that the observation from the BICE is about
65% compared to the COBE/FIRAS (Nakagawa et al.
1998; Bennett et al. 1994). Therefore the [C11] line inten-
sity of the FILM is (42-55)% of COBE/FIRAS. Recently
the ISO satellite (Kessler et al. 1996) has also observed
the [C11] line emission, but it is difficult to compare the
ISO with the IRTS/FILM since the beam sizes are sig-
nificantly different. The uncertainty of the absolute line
intensity does not affect the discussions in this paper.

The IRTS/FILM has a cold shutter at an entrance
aperture, and it was closed at 1024 seconds intervals.
The zero flux level for the [C11] line intensity was de-
termined by those data. The zero flux level is the dom-
inant uncertainty for the estimation of high-latitude [C11]
line emission that is very weak. The zero flux level was
stable on the whole. The uncertainty in the determi-
nation of the zero level is estimated to be less than
3x107 7 ergem 2 st srl.

3. Results
3.1. Intensity distribution of the [Cui line emission

The IRTS/FILM has succeeded in the detection of the
[C11] 158 pm line emission from high-latitude regions of
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Table 1. Observed regions (definition™).

Region name Longitude Latitude
Inner North +45° S 1 < 4+135° b>0°
Inner South +315° < 1 < +45° b<0°
Outer North +135° <1 < 4+225° b>0°
Outer South +225° <1 <+315° b<0°

* See also Fig. 1.
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Fig. 1. The region observed by the IRT'S/FILM. It is along
a great circle on the sky, which cut across the Galactic plane
around [ ~ 50° and [ ~ 230° and reaches approximately up to
|b| ~ 60°. There are two different data sets at each latitude.
They are defined as data at inner and outer regions respectively
in this analysis (see Table 1). Note that the two regions are not
symmetric with respect to the Galactic center.

the Galaxy. The surveyed area consists of two bands along
great circles about five degrees in width. In this paper, we
use only the data from one of them, which includes high
Galactic latitude regions up to |b| ~ 60° as shown in Fig. 1.

The observed data were averaged into one-degree bins
in the Galactic latitude in order to obtain higher S/N
ratios in high-latitude regions, although the instrumen-
tal beam size of the IRT'S/FILM was 8 x 13’ (FWHM).
The resultant integration time is nominally 1500 s and at
least 500 s for every one-degree bin. The statistical error is
7x1078 erg cm2 s7! st=! (10) for bins having the nom-
inal integration time. This statistical error in the diffuse
[C11] line emission is about 30 times smaller than that of
COBE/FIRAS with its beam size of 7 degrees (Bennett
et al. 1994).

The obtained latitudinal profiles are shown in Fig. 2
for individual quadrants (defined in Fig. 1 and Table 1).
The [C11] line emission was clearly detected at the high
Galactic latitude regions, even at the region of |b] ~ 60°.
The errors indicated in Fig. 2 do not include the sys-
tematic error due to uncertainty of the estimation of
the zero flux level. This systematic error is less than
3 x 1077 erg cm™2 s7! sr! as described in the previous
section. Even if this systematic error is included, it can be
concluded that the [C11] line emission was detected posi-
tively in high-latitude regions except for the inner north
region.

However, the line intensity of the [C1I] emission
varies among the four regions at high latitudes. The
outer south region has the largest intensity of ~1.5 X

1075 erg em™2 s=! sr~!, whereas the inner north region
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Fig. 2. Galactic latitudinal distribution of the far-infrared
[C11] 158 pm line emission obtained by the IRTS/FILM. Each
data point is calculated by averaging all data at intervals of
one-degree in Galactic latitude. Error bars are £1o values. It
appears to have a discontinuity at |b] = 0° in outer regions
owing to the shift of peak position to the south (see text).

has the smallest, ~2 x 1077 erg cm™2 s~ ! sr~!. They
show a tendency that the intensities on the southern
side (b < 0°) are larger than those on the northern side
(b > 0°), both in the inner regions and in the outer
regions.

In regions near the Galactic plane, |b] < 10°, the
[C1] line intensity rapidly increases as the Galactic lat-
itude decreases. The present result is consistent with
those of Shibai et al. (1996b) and Makiuti et al. (1996),
who have also analyzed the data set obtained by the
IRTS/FILM. According to their interpretation, the [C11]
emission component from the inner low-latitude regions
can predominantly be attributed to the emission from pho-
todissociation regions (PDRs) that are consistent with the
detailed model calculated by Mochizuki & Nakagawa
(2000), whereas the emission from the outer low-latitude
regions can be attributed to H1 atomic gas clouds.

In the outer regions, the peak of the [C11] line emission
is not on the Galactic plane but is shifted to the south-
ern side from the plane (Fig. 2). This displacement of the
peak is consistent with distributions of FIR radiation, H1
emission and stars (Djorgovski & Sosin 1989; Freudenreich
et al. 1994).

3.2. Comparisons of the [Cu] distribution with the H1
and FIR distributions

Figure 3 shows the distributions of the [C11] 158 pum line
intensity (present work), the HT column density (Dickey &
Lockman 1990), and the far-infrared continuum intensity
at 140 pum observed by COBE/DIRBE along the same
area. If the interstellar matter has a plane-parallel dis-
tribution along the Galactic plane, the intensity profiles
tracing each component would be proportional to csc|b]
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Fig. 3. Galactic latitudinal distribution of the [C11], HI (Dickey & Lockman 1990), and FIR (COBE/DIRBE 140 pm). The
horizontal axis in sin|b| (sin|b] = 0.1 corresponds to |b| = 5.7°). When each interstellar matter component has a plane-parallel
density distribution and follows the cosecant-law, the intensity profile is expected to be along the downward line shown in each
panel. An intercept of the line at sin|b| = 1 is proportional to the thickness of interstellar matter, or line intensity perpendicular
to the Galactic plane. The left column shows the distributions in the inner regions. The right column shows those in the
outer regions. a—b) The [C11] 158 pm line emission obtained by the IRTS/FILM. The intercepts of the lines at sin [b] = 1 are
2 x 1077 erg cm™2 57! sr™!. Error bars are 1o values. c—d) H1 column density calculated in the same regions observed by
the IRTS/FILM. The intercepts at sin |b| = 1 are 2 x 10?° cm™2. e—f) FIR radiation (COBE/DIRBE 140 pm band) calculated

in the same region observed by the IRTS/FILM. They are proportional to the total FIR luminosity since there are no large
1

variations in dust temperature. The intercepts at sin |b] = 1 are 3 MJy sr™".
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(the cosecant-law), or straight lines with the slope of —1
in Fig. 3.

As seen in Fig. 3, all distribution profiles decrease with
sin |b] in an overall scale, but there is a wide variety in their
profiles, as follows. Firstly, most parts of the Galactic lat-
itudinal profiles are nearly proportional to csc|b| in the
inner regions, which means that the interstellar matter
has distributions similar to plane-parallel disks. However,
the [C11] line profile has a remarkable excess emission com-
ponent at b < —35°, and the H1 and FIR profiles have a
peak at b ~ —40°.

The [C11] and HT profiles in the outer regions do not
show the same sin |b| dependence as that in the inner re-
gions; the [C11] emission has gentler dependence, whereas
the H1 has steeper dependence. Only the FIR has de-
pendence similar to that expected for the plane-parallel
distribution.

In addition, there are some local features with scales of
several degrees to some dozens of degrees on each latitu-
dinal distribution of the [C11], H1, and FIR; for example,
at b = —15° and —40° on the inner side and at b = 30°
on the outer side. They correspond to high-latitude cirrus
components (Low et al. 1984).

3.3. Ratios among the [C 1] line, far-infrared radiation,
and the Hi gas

Although the FIR continuum and the H1 gas locally have a
good correlation with each other, there is some variation in
FIR to Hr ratios vs. Galactic latitude as is shown in Fig. 4.
In the inner regions, the FIR/HI ratio is almost constant
except for the region near the Galactic plane (|b] < 5°
or sin|b] < 0.1). In the outer regions, the FIR/H1 ratio
is significantly smaller than that of the inner regions at

sinjb| larger than at low-latitudes (see text).

low-latitudes and it increases rapidly as Galactic latitude
increases.

We show the Galactic latitudinal profiles of the [C11]
line to FIR continuum flux ratio in Fig. 5. In the outer
regions, the [C11]/FIR ratio evidently increases with the
Galactic latitude. In the inner regions, it is not conspicu-
ous compared to that of the outer regions, but the ratios
at |b] > 10° are 10 to 30% larger than those at [b] < 10°.
These ratios are liable to be affected by the uncertainty of
zero flux level since the observed intensity at high-latitude
is generally very weak. However, the tendency for the ra-
tio to increase does not change within the range of uncer-
tainty estimated for the zero level in the [C11] line intensity
(see Sect. 2). This result is different to that reported by
Bennett et al. (1994) with the COBE/FIRAS data (see
Fig. 7 in their paper), in which the [C11]/FIR ratio de-
creases with latitude.

3.4. North-south difference of the [C ] line intensity
profile

We have obtained four Galactic latitudinal distributions
of the [C1I] line emission in the range of 0° to about
60°. There are evident differences in the average levels of
the [C11] line intensity at high Galactic latitude between
the four regions as shown in Fig. 2. The average [C11]
line intensity on the southern side is larger than that on
the northern side both in the inner regions and in the
outer regions. We show the Galactic latitudinal profiles
of the intensity ratio of the [C11] line emission between
the northern side and the southern side in Fig. 6. The
south-to-north intensity ratio of the [C11] line emission
Iy<00y/I(p>00) in the outer regions varies from 1 to 3 in
|b] < 50°, with an average value of 1.8.
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Fig. 6. Latitudinal profile of the [C11] 158 pm line intensity
ratio between the southern side (b < 0°) and the northern side
(b > 0°) of the Galactic plane; I(,<o0)/I(v>00). The inner region
is represented with diamonds ({) and outer region with crosses
(x). The values of ratio are generally more than the unity.
The average value in the outer regions is about 1.8 (shown by
the horizontal line), which has no systematic dependency on
latitude. In the outer regions, the ratio increases with latitude
(see text).

In the inner regions, the averaged intensity of the [C11]
line emission on the southern side is larger than that on
the northern side as well as in the outer regions. However,
the values of the south-to-north ratio are around the unity
in low-latitude regions (|b| < 15°) and increase with the
Galactic latitude, unlike in the outer regions.

4. Discussion
4.1. Origin of the [Cu] line emission at high-latitudes

We have successfully detected diffuse [C11] line emission at
high-latitudes. The COBE/FIRAS made an all-sky [C11]
map, but with a coarse resolution of 7 degrees. The present
results have a better resolution, of one-degree in latitude,
and have better sensitivities, as described in Sect. 3.1.
Therefore, a much more precise analysis could be made
by the present result.

In lower latitudes (]b| < 30°) of the inner regions, the
[Cu], 21 cm, and 140 pm profiles follow those expected
for a plane-parallel distribution. This fact suggests that
the [C11] line emitting gas, the HI gas and the dust ra-
diating far-infrared continuum, have mostly plane-parallel
distributions in the Galactic disk.

As shown in Fig. 3, the [C11] profiles in the in-
ner regions have a remarkable excess emission over
a cosecant-law component in southern high-latitudes,
whereas the H1 and FIR profiles have smaller excess emis-
sion component in the same region of the sky. In the outer
regions, the [C11] profiles are obviously different from oth-
ers. Furthermore, the H1 and the FIR profiles have differ-
ent distributions as described in Sect. 3.2.

Changes in the ratios among the [C11] line intensity,
the H1 gas column density and the FIR radiation can be
caused by changes of gas-to-dust ratios, abundances of the
elements, gas density, far-UV field strength, and temper-
ature of gas and dust. However, it is hard to explain our
results by changes in those physical parameters. Those
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Fig. 7. Expected intensity of the [C11] 158 pm line emission
from the warm ionized medium (WIM). The horizontal axis is
effective thickness of the WIM. Solid lines represent the esti-
mated intensities of the [C11] line emission that are calculated
for the WIM with various peak densities when those distribu-
tions are assumed to be exponential. Two horizontal dashed
lines show a range (maximum and minimum) of the [C11] line
intensities in the direction of the Galactic pole estimated from
the observational results of the IRT'S/FILM.

changes are insufficient quantitatively or require unrealis-
tic assumptions in order to fit the observational results.

The global difference of dependencies on Galactic lat-
itude between the [C11] line emission and the H1 gas in-
dicates that the [C11] line does not solely arise from the
atomic interstellar medium. If the density of gas increases
with latitude, the [C11] line intensity exceeds the H1 gas
component at high-latitude because the [C11] line intensity
must be proportional to an emission measure but the H1
profile in Fig. 3 is a column density. However this is hard to
believe. It is probable that the majority of the [C 11] line ra-
diation from the high-latitude regions does not arise from
the atomic interstellar medium, but rather from the warm
ionized medium (WIM). It seems to be general through-
out the Galaxy although the observed high-latitude [C 11]
line might be coming from local ionized bubble.

Bennett et al. (1994) conclude from the observed de-
crease in [C11] to FIR with latitude in the COBE/FIRAS
data that the fraction of HTI in the (poorly [C11] emitting)
WNM must be increasing in compensation for H1 in the
(efficiently [C11] emitting) cold clouds as a function of lati-
tude. However, we observed an increase in the [C11] to FIR
ratio with latitude (Fig. 5), suggesting instead, that there
is no increase in the WNM fraction at high-latitude. One
possible reason for the discrepancy in the results is that
the region observed by the IRTS/FILM is a small part
of the sky, but the COBE result, the Galactic latitudinal
profile of the [C11]/FIR ratio, were obtained from the aver-
age of nearly all-sky data. However, we believe the FILM’s
data are more reliable at high-latitude because the source-
to-noise ratio is much better than that of the COBE. From
our observational results, increase in [C11] to FIR and H1
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with latitude, it seems that the contribution from ionized
gas (WIM) is increasing at high Galactic latitude.
Another observational fact suggesting the presence of
the WIM in high latitudes is a factor of two increment
of the FIR/H1 ratio compared to that in lower latitudes,
as shown in Fig. 4. In low-latitudes of the outer regions,
most of the interstellar dust radiating the FIR continuum
is thought to be mixed in the H1 gas (cf. Boulanger &
Perault 1988), and then, the FIR/HI ratio must be the
smallest value for a constant gas-to-dust ratio. On the
other hand, the ratio in high-latitude regions may increase
due to the presence of the ionized gas (WIM). A factor of
two increment in the FIR/HT ratio can be explained with
the same amount of the WIM as that of neutral medium
in high-latitudes, which is consistent with the result of
Reynolds (1991). In the low-latitudes (]b] < 10°) of the
inner regions, molecular clouds as well as H 11 regions must
contribute to larger values of the FIR/HT ratio.

4.2. Expected intensity of the [C 1] line emission
from WIM

Next, we make a quantitative discussion. It is expected
from the transitions in the FIR/H1 ratio from low- to high-
latitude regions that roughly half of the interstellar gas is
neutral and the other half is ionized in the high-latitude
regions. The respective percentages of neutral gases that
form the cold H1 clouds and the WNM are not clear. On
the other hand, ionized gas must nearly entirely be in
the WIM phase. So we estimate the intensity of the [C11]
line from the WIM, when it has roughly the same column
density as neutral gas at high Galactic latitude.

If an electron density n. in the WIM is expressed as a
function of a vertical distance Z from the Galactic plane,
we can assume the typical column density at high-latitude
from the observed value as

/ne(Z)dZ - cse |b]
= 2.5 x 10%csc|b] em™2 (x (Ngpo)),

(Nu+)
(1)

which is consistent with whole sky average column density
of H1 gas (Lockman et al. 1986). When we assume that the
density distribution of the WIM is exponential, ne(Z) is
Z
ne(Z) = ne(Z= 0) exp (—) - 2)
Hy

The intensity of the [C11] line depends on the local number
density of the gas and significantly varies according to the
degree of clumpiness. For example, we now assume the
exponential distribution in which the density of the WIM
on the Galactic plane is no(Z = 0) = 0.3 cm™3, which is
typical for the WIM (Tielens 1995), and the scale height
is Hz = 270 pc. The intensity of the [C11] line coming
from the WIM in the direction of the Galactic pole can be
estimated by equation:

%L(TQ) / n2(2)az ¢

] 0] ®)

I[C u] =
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when L(T.) is the cooling function in the case that the
C™ ions are excited by collision with electrons (Hayes &
Nussbaumer 1994). Assuming 7. = 8000 K, [C]/[H] =
3.6 x 10~* (Anders & Grevesse 1989) and [CT]/[C] = 0.5,
the [C1] line intensity is estimated as [, = 0.9 x
10~ C%csc|b| erg cm™2 s~ sr=L. If the scale height of the
gas distribution is half of the above and the density in
the Galactic plane is n.(Z = 0) = 0.6 cm~3, the in-
tensity of the [C11] line increases and is estimated to be
1.8 x 1075 csclb| erg em™2 s71 sr~!. The [C11] line in-
tensities observed at the highest Galactic latitudes (|b| ~
60°) by the IRTS/FILM is in the range of 2 x 1077 to
1.5 x 1079 erg cm™2 s~! sr~!. Consequently, the observa-
tional results by the IRTS/FILM can be explained by the
emission from the WIM that has plausible parameters.

We represent the expected [C11] line intensity depend-
ing on the peak densities and effective thickness of the
WIM in Fig. 7. The distribution function for the WIM is
assumed to be exponential. Two horizontal lines in the fig-
ure express a range of the [C11] line intensities toward the
Galactic pole expected by the results of the IRTS/FILM.
In order to explain our observational results, we need to
suppose that there is an ionized gas with peak density of
ne = 0.2~0.7 cm™3 and scale height of a few tens to a
few hundred parsecs. The range of values would be wider
considering the uncertainty of an ionization degree and
a volume-filling fraction of the WIM in the interstellar
space.

Considering the circumstances mentioned above, the
warm ionized medium (WIM), with typical densities and
temperatures (cf. Minter et al. 2000) therefore appears to
be a major source of the [C11] emission observed by the
IRTS/FILM at high latitudes, and a major gas reservoir
in high Galactic latitude regions.

4.3. The [Cu] line emitting gas in the solar
neighborhood and the position of the Sun

The north-south asymmetry in the [C11] intensity distri-
bution in the outer regions shown in Fig. 6 suggests that
the [C11] line emitting gas is abundant toward the south-
ern side of the Galaxy compared with the northern side.
This may be caused by the displacement of the Sun from
the mid-plane of the distribution of the [C11] emitting gas
in the local Galactic disk, or it may just be a local struc-
ture around the solar system.

We derive the displacement in the position of the Sun
from the [C11] asymmetry observed here; the average ra-
tio I(p<00)/I(p>00) is 1.8. If the distribution of the inter-
stellar matter has a symmetric structure and the Sun is
located away from the center of it, a systematic difference
in observed intensity will occur (see Fig. 8). When there
is a perpendicular displacement from the Galactic plane,
the south-to-north intensity ratio I(<go)/I(5>00) should
be independent of Galactic latitude, depending only on
the solar position from the Galactic plane (Zgun).
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Fig. 8. Simple model of the displacement of the Sun and a
systematically difference between b > 0° and b < 0°.

The value of the ratio must be different between
the FIR continuum radiation and the [C11] line emission
(Fig. 9). The former is proportional to a column density
of interstellar dust when it is optically thin. On the other
hand, the high-latitude [C11] line intensity is in proportion
to an emission measure because it comes from gases with
density sufficiently lower than the critical density. The ac-
tual distribution of source matter emitting the [C11] line
is not evident. However, an assumption that a density dis-
tribution is generally expressed as symmetric exponential
function with respect to the Galactic plane seems to be
practical (cf. Pritchet 1983; Kent et al. 1991).

Assuming that the [C11] emitting gas has an exponen-
tial density distribution in the Z-direction and that the
[C11] emissivity is proportional to the emission measure
as expected for WIM, we obtain about 17% of the scale
height for the displacement of the Sun according to Fig. 9.
Thus we can expect, for example, that for a scale height
of 100 pc, the displacement of the Sun from the Galactic
plane Zg.y is about +20 pc.

The scale height of 100 pc is somewhat smaller than
that often considered; from a few hundreds to a few thou-
sands parsec (cf. Reynolds 1991), but it is not a significant
difference. If the actual distribution of the gas differs from
the simple exponential distribution assumed above, the
estimated displacement of the Sun, Zg,,, will vary. For
example, if the distribution is more strongly concentrated
towards the Galactic plane, then a smaller value of Zgy,
will be estimated than above. On the contrary, if the den-
sity distribution is more distributed, and close to uniform,
a larger value of Zgy, is required.

Next, we compare this value with other results. Bahcall
& Bahcall (1985) calculated the periodical oscillation of
the Sun in the perpendicular direction to the Galactic
plane. They demonstrated that half-periods in the per-
pendicular motion of the Sun should be 26-37 Myr and
maximum distance from the Galactic plane Z.x should
be 49-93 pc. Many attempts to find the distance of the
Sun from the Galactic plane Zg,, based on the asymmetry
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Fig. 9. Relation between the south-to-north intensity ratio
Iy<00)/I(b>00) and the distance of the Sun Zsun from the cen-
ter of interstellar matter distribution. A density distribution of
the interstellar matter is assumed to be exponential function
of Z. The south-to-north ratio increases with Zsun. It is dif-
ferent by the case where observed intensity is proportional to
a column density (ex. far-infrared radiation; dashed line), and
the case where it is proportional to emission measure (ex. [C11]
line from the WIM; solid line).

and so on have been made for various objects and wave-
lengths. The values of Zgy,, range from 0 to 40 pc at the
present time (see Table 2). Our conclusion that the Sun is
located above the center of the interstellar medium, which
is emitting the [C 1] line, is consistent with previous work.

In the inner regions, there are different features in
the south-to-north ratio from the outer regions as de-
scribed in Sect. 3.4. There is a dominant component that
is highly concentrated upon the Galactic plane (Shibai
et al. 1996b). It has an approximately symmetrical distri-
bution with respect to the Galactic plane, so that the ratio
is unity. The reason for the ratio increasing toward high-
latitude regions could be because the inner region defined
by us is shifted by +45° relative to the Galactic center,
and the southern data is closer to the Galactic center than
the northern data. It is expected that the actual distribu-
tion of interstellar matter is a function of distance from
the Galactic center approximately (Unavane et al. 1998;
Mandez & Altena 1998; Chen et al. 1999). When the in-
terstellar medium emitting the [C11] line becomes denser
or has a larger scale height as it is closer to the Galactic
center, the south-to-north intensity ratio should vary ac-
cording to the Galactic latitude as actually observed. The
same effects might appear in the outer regions, but the
dependency on the Galactic longitude is expected to be
small in the outer regions, and it seems that little effect
appears actually.

5. Summary

We have obtained the Galactic latitudinal distributions of
the [C11] 158 pm line emission up to high Galactic lati-
tudes of approximately |b| ~ 60° using the IRTS/FILM.
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Table 2. Previous estimates of Zsun.

S. Makiuti et al.: Diffuse far-infrared [CII] line emission from high Galactic latitude

Author Probe ZSun

Gum et al. (1960) Hr gas +4+12 pc
Blaauw et al. (1960) Pop. I star count +22+2 pc
Stenholm (1975) Wolf-Rayet stars +26 4 20 pc
Lynga (1982) Open clusters +20 pc
Pandey & Mahra (1987) Interstellar dust distribution +10 £4 pc
Caldwell & Coulson (1987) Cepheids +36 £ 6 pc
Ratnatunga et al. (1989) Yale BSC sample and model +7 pc
Yamagata & Yoshii (1992) Faint red stars of the halo +40 £ 3 pc
Hammersley et al. (1995) COBE, IRAS, TMGS +15.5+3 pc
Cohen (1995) PSC of IRAS12 & 25 pm, FUV counts +15.0+ 0.5 pc
Freudenreich (1998) COBE/DIRBE 1.25 — 4.9 um +16.5 pc
Mandez & Altena (1998) Star counts from GSC and model +27 £ 3(30) pc
Chen et al. (1999) Star counts and extinction model +27.5+6.0 pc

The observed region is along a great circle across [ ~ 50°
and [ ~ 230° of about 5° in width. We find that:

1. We have detected the [C11] line emission in the range
of 2x 1077 to 1.5 x 107% erg cm™2 s~ ! sr~! in high-
latitude regions of |b| ~ 60°.

2. The distribution of the [C11] line emission does not
agree with those of the H1 column density and the
FIR continuum on the large scale. The differences are
conspicuous in the Galactic outer regions in particular.

3. The [C11] line component that has globally different
distribution to the H1 column density is expected to
come from the warm ionized medium (WIM). The
WIM is believed to be the major component in the
high-latitude regions. We conclude that the major
source of the [C1I] line emission observed by the
IRTS/FILM is the WIM at high Galactic latitudes.

4. The [C11] line intensities on the southern side (b < 0°)
are systematically larger than those on the northern
side (b > 0°) in both of the Galactic inner and outer
regions respectively.

5. This systematic difference seems to be due to the dis-
placement of the Sun. The Sun is located above the
center of the [C11] line emitting gas. A distance of the
displacement is estimated to be about 17% of the scale
height of the gas distribution, assuming an exponen-
tial distribution. This displacement above the plane is
consistent with previous works based on star counts
and various interstellar matters.
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