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Abstract. We have used the ROSAT14 keV all-sky survey to-
gether with HI observations to derive the total column den-
sity of hydrogen nuclei,N (H), of the Draco nebula [= G91+38
(vLSR= −21 km s−1)], which casts a deep shadow in the soft
X-ray background. Adopting a two-component model for the
X-ray plasma in which one component is located behind the
Draco nebula, the other in front of all the absorbing material
(the so-called Local Hot Bubble, LHB), we fit the parameters
of the radiation transport equation to the observed X-ray count
rates. The optical depth in this equation is derived from HI
column densities obtained with the 100-m telescope and the
appropriate X-ray absorption cross sections. The solutions ob-
tained by this approach are biased since HI column densities
underestimate the absorption in regions where molecular hy-
drogen is abundant. The bias is avoided by excluding regions
with strong X-ray shadowing from the fit and by comparing fits
which are obtained on the basis of hydrogen column densities
derived from IRAS 100µm data.

We find that the absorbing column densities at the deepest
X-ray shadows are up to about 3 1020 cm−2 larger than the ob-
served HI column densities. At the edge towards low galactic
latitudes and longitudes, up to 70% of the hydrogen is in molec-
ular form. In other parts of the nebula the molecular abundance
is <∼ 25%.

We also find an approximately constant FIR-emissivity per
hydrogen nucleon (HI + 2H2) of about 1.0 10−20 MJy sr−1 cm2.
This is close to the mean value for the galactic cirrus
(0.86 10−20 MJy sr−1 cm2). In contrast, the FIR-emissivity
per HI atom is varying strongly across the nebula.

The xWCO values (≡ N(H2)/W (12CO)) found in the
Draco nebula are typically in the range0.34 < xWCO <
0.52 1020 cm−2 (K km s−1)−1, similar to other cirrus clouds.
We find a very lowxWCO ratio of 0.17 cm−2 (K km s−1)−1 at
the edge of the Draco nebula towards low galactic coordinates
where the CO abundance could be altered in a low-velocity
shock.
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Finally, the X-ray emission measure for the distant compo-
nent of the X-ray emitting plasma is found to be about 5 times
larger than that for the LHB, assuming constant plasma tem-
peratures of106.3 K and105.85 K respectively. Since the Draco
nebula (distance> 300 pc) is located outside the galactic gas
layer, this is evidence of a bright Galactic X-ray corona or an ex-
tended coronal hot spot. The intensity of this coronal emission
is constant over the observed7◦-field within the uncertainties
of our analysis (< 15%).

Key words: ISM: atoms – ISM: clouds – dust, extinction – ISM:
individual objects: Draco nebula – ISM: molecules – X-rays:
ISM

1. Introduction

The determination of total hydrogen column density,N (H),
plays an important role in studies of the structure and the evo-
lution of galaxies. This value controls quantities like the total
mass, extinction, and density of interstellar clouds or cloud com-
plexes. For molecular clouds, estimates ofN (H) are compli-
cated as direct measurements of the column densities of molec-
ular hydrogen,N (H2), are only feasible for selected small-scale
regions, via far-ultraviolet or near-infrared absorption line anal-
yses toward strong continuum sources.

Frequently used secondary tracers for total hydrogen col-
umn densities are diffuse galacticγ-rays (see e.g. Strong et al.
1988) and the diffuse infrared emission at 100µm wavelength.
Their calibration by the observed atomic neutral hydrogen col-
umn density,N (H I), gives the emission per hydrogen nucleus of
γ - and 100µm radiation. The velocity-integrated intensity of the
J= 1 → 0 transition of12CO at 2.6 mm,W (12CO), is also used
as a tracer of molecular hydrogen. Applying a conversion factor
between the observed12CO line intensity and the H2 column
density,xWCO ≡ N (H2)/W (12CO), givesN (H2) if W (12CO)
has been measured. Analyses near the galactic plane suggest an
averagexWCO factor between 1.6 1020 cm−2 (K km s−1)−1

and 2.3 1020 cm−2 (K km s−1)−1 (Strong et al. 1988, Bloemen
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et al. 1990). For diffuse and translucent clouds of the galactic
cirrus, de Vries et al. (1987) have determined anxWCO factor
of about 0.5 1020 cm−2 (K km s−1)−1. Similar values have
been found by Heithausen & Mebold (1989), Meyerdierks et al.
(1990) and Heithausen & Thaddeus (1990) for other high lati-
tude clouds. Herbstmeier et al. (1993) even found values in the
range 0.02 1020 < xWCO < 0.26 1020 cm−2 (K km s−1)−1.
These large quantitative differences between different regions
of the Galaxy or even within one molecular cloud complex show
that the appropriate conversion factor depends on the physical
and chemical state of the cloud observed and the conditions im-
posed by the environment. Meyerdierks & Heithausen (1996)
even found a large-scale infrared excess in the direction of the
Polaris Flare, without corresponding CO emission, which they
interpret as evidence for diffuse molecular hydrogen. A method
to determine the H2 content of interstellar clouds independent
of CO emission is therefore highly warranted.

A direct way to derive the total hydrogen column density of
galactic clouds can be achieved on the basis of soft X-ray obser-
vations. If such a cloud is located in front of a bright emission
region of the soft X-ray background (SXRB), it is visible as an
X-ray shadow. Once the intensity of the X-ray source is known,
theN(H) distribution can be obtained from the analysis of the
depth distribution of such a shadow.

In this paper we use the ROSAT14 keV survey (see Sect. 2.1)
together with 21 cm observations performed with the Effelsberg
100-m telescope (Sect. 2.2) to derive theN (H) and theN (H2)
distribution of the Draco nebula (also called IVC G 091.0+38.0,
vLSR = -21 km s−1, IVC 91+38-21; LBN 406, 412, 415; MBM
41, 42, 43, 44; and G 90.0+38.8, G 94.8+37.6), a molecular
cloud with a distance from the galactic plane ofz > 180 pc
(Lilienthal et al. 1991).

The Draco nebula is a useful object to perform such stud-
ies. Deep X-ray shadows in the ROSAT14 keV diffuse back-
ground cast by two parts of the Draco nebula (Snowden et al.
1991, Burrows & Mendenhall 1991) give evidence of a bright
(' 106 K) X-ray corona of the Galaxy in this direction. Further-
more, Herbstmeier et al. (1993; hereafter HHM) have compared
the IRAS 100µm intensity,I100, of the Draco nebula together
with N (H I) andW (12CO) and derivedxWCO ratios (simulta-
neously they determined FIR-emissivities) which are presently
the lowest known in the Galaxy (see above). An independent
confirmation of their results is therefore important for under-
standing the physical and chemical processes in high latitude
molecular clouds.

We approximate the soft X-ray background by a two-
component emission model (see Sect. 3.1) where one compo-
nent comprises galactic halo and extragalactic emission which
are attenuated by the Draco nebula and other absorption struc-
tures in the line of sight (Sect. 2.2.1) and one local unabsorbed
X-ray source associated with the Local Hot Bubble (LHB, see
e.g. Snowden et al. 1990). We fit the two-component model
to the observed X-ray count rate distribution (Sect. 3.2) in re-
gions outside the Draco nebula where no molecular hydrogen
is expected. The absorbing medium is given by the observed
H I column density and appropriate absorption cross sections

(Sect. 3.1). This allows the derivation of the intensities of the dis-
tant X-ray source and of the LHB and, with certain assumptions,
the corresponding emission measures (Sect. 4.1). We show that
at several positions on the Draco nebula, the observed X-ray
count rates are lower than expected with atomic gas as the only
absorber. This deeper shadow is due to an excess absorbing col-
umn density,Nexc, associated with molecular gas of the Draco
nebula (Sect. 4.2). Special care is taken in checking the homo-
geneity of the X-ray background because unmodeled variations
in the X-ray emission can also produce deviations in the fitted
parameters.

We compare the derived total hydrogen column densities,
N (H) ≡ N (H I) + Nexc, with I100 (see Sect. 2.3) to derive the
FIR-emissivity of the Draco nebula (Sect. 4.3) and estimate the
xWCO factor in regions whereW (12CO) has been observed
(Sect. 4.4). This allows a direct comparison of our method with
that presented by HHM. Finally, the mass and extinction of the
Draco nebula are determined (Sect. 4.5).

An independent way to estimate the total hydrogen content
of the Draco nebula is to directly correlate the ROSAT1

4 keV sur-
vey withI100 (Sect. 5). This is possible since the FIR-intensity
appears to be a good measure for the total hydrogen column
density. Here the FIR-emissivity is derived simultaneously with
the intensities of the foreground and background X-ray compo-
nents. We compare the results to those obtained in Sect. 4 and
discuss the pros and cons of this method. Some conclusions are
drawn in Sect. 6.

2. The observations

2.1. The ROSAT observations

Our X-ray observations are part of the ROSAT (Röntgen Satel-
lite; Trümper 1983,92) all-sky survey (Snowden & Schmitt
1990, Voges 1992, Snowden et al. 1995,97) performed with
the XRT (X-Ray Telescope; Aschenbach 1988) during the sec-
ond half of 1990. For the XRT all-sky survey, only the Position
Sensitive Proportional Counter (PSPC, Pfeffermann 1987) was
used. The all-sky survey was performed in such a way that one
great circle perpendicular to the current position of the Sun in
the ecliptic was scanned on the sky each orbit. The plane of the
great circle was rotated by4′ each orbit around the ecliptic poles.
Since the Draco nebula is located not far away from the north
ecliptic pole the cumulative vignetting-corrected exposure for
all parts of our region was larger than about 1500 seconds.

The data were derived from photon-event files and ancil-
lary data provided by the Standard Analysis Software System
(SASS, Voges et al. 1992). Due to the relatively limited spectral
resolution of the PSPC (E/∆E ∼ 1 at 1

4 keV) the photon events
were binned into a limited number of broad pulse-height or en-
ergy bands. These bands are defined in terms of pulse-height-
invariant (PI) channels (Snowden et al. 1994a). Our data were
processed in two pulse-height bands: the R1-band (PI channels
8 to 19) and the R2-band (channels 20 to 41). The R1- and R2-
band data were combined to produce the1

4 keV band image
(' 0.08 - 0.284 keV) analysed in this paper. The response func-
tion of the 1

4 keV band as well as the procedure of the image
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Fig. 1. ROSAT 1
4 keV all-sky survey of the Draco nebula region.

Contours are plotted from 400 to1000 10−6 counts s−1 arcmin−2 in
steps of150 10−6 counts s−1 arcmin−2 and from 1250 to1750 10−6

counts s−1 arcmin−2 in steps of250 10−6 counts s−1 arcmin−2. Dark
corresponds to large intensities, white to low ones.

construction from the photon-event files are similar to the ones
described by Snowden et al. (1994b).

The data have been corrected for the particle background
(Snowden et al. 1992; Plucinsky et al. 1993) as well as for scat-
tered solar X-rays (Snowden & Freyberg 1993). The less well
understood “long-term enhancements” have also been removed
using an empirical model. Its rate was determined by using the
redundancy of the ROSAT geometry (Snowden et al. 1995).
These enhancements appear primarily in the1

4 keV band, are
approximately uniform around an orbit, last about 20-30 orbits,
and have peak intensities occasionally comparable to the dif-
fuse X-ray background in the14 keV band. In addition, point
sources have been removed down to a limiting flux of about
0.02 counts s−1 using masks created from the source list de-
rived from the all-sky survey.

The map of the final count rate distribution of the region of
the Draco nebula is shown in Fig. 1. The image has a resolution
of 9.6′. The relative statistical count rate uncertainty is between
5 and 18%.

2.2. The Hi observations

The 21-cm line spectra have been obtained with the 100-m tele-
scope of the Max-Planck-Institut für Radioastronomie at Effels-
berg during several observing periods between 1977 and 1993.
These observations are fully described by Herbstmeier et al.
(1996). All measurements have been calibrated using the IAU
standard position S7 and have been corrected for stray radiation
(Kalberla et al. 1980,1982). Baseline corrections have been per-
formed using the method described in Wennmacher (1994).

2.2.1. Hi structure in the region of the Draco nebula

In the region of the Draco nebula, HI emission is found at
various velocities in the range -210 to +15 km s−1. The corre-
sponding HI channel maps of the mean brightness temperature
are presented by Herbstmeier et al. (1996). Towards the high
latitude part of our figures and towards the center region of the
Draco nebula at (l,b) = (91.5◦,38.5◦) filamentary and clumpy
high-velocity clouds (HVCs) are visible having centre veloci-
ties of -120 km s−1and -140 km s−1, respectively. They belong
to the HVC Complex C described e.g. by Wakker (1991). So-
called intermediate velocity clouds (IVCs) are mainly seen at
galactic longitudes l> 94◦. The bulk of this HI emission is
found at velocities between−50 and−30 km s−1. These clouds
are probably related to the nearby IVC loop GS155 + 38 − 58
(Heiles 1984). The Draco nebula filaments show up at velocities
in the range−30 to−10 km s−1. The distance of the Draco neb-
ula is larger than 300 pc and has a most probable value at about
600 pc (see Lilienthal et al. and references therein). The emis-
sion at low velocities is dominated by the diffuse warm interstel-
lar medium. This component is seen all over the whole region
and decreases towards higher latitudes. Wennmacher (1994) has
determined its mean distance to 290 pc. Furthermore, towards
low galactic coordinates the emission of the cold dense filament
LVC 88 + 36 − 2 is visible which has a mean distance of only
about 60 pc. This filament is discussed in detail by Wennmacher
(1994).

To separate the emission of the Draco nebula from the other
cloud structures, the spectra have been decomposed into gaus-
sian components by a method described by Haud (1993). A
component is associated with the Draco nebula if the centre
velocity is in the range between−30 and−13 km s−1, and if
the velocity dispersion is smaller than 7 km s−1 as described in
HHM. The HI column density of each component is calculated
assuming that the 21-cm line is optically thin. Fig. 2 shows the
map of the total HI column density in the velocity range -50
to +15 km s−1 which does contain all features described in the
last paragraph except the HVCs. It has an uncertainty of about
2 1019 cm−2. The HI column density of the Draco nebula alone
is shown in Fig. 6. Its uncertainty is about 3 1019 cm−2. The
maps have the same projection and pixel size as Fig. 1 and are
smoothed to the resolution of the X-ray data.

2.3. The IRAS observations

The IRAS measurements of the Draco nebula have already been
presented by Odenwald & Rickard (1987) and by HHM. Here
we use the same 100µm data set as described by the latter au-
thors. The 100µm IRAS Sky Flux image has been corrected for
scanning effects using a procedure of van Albada et al. (1984) at
Groningen (NL). The resolution of the 100µm maps is 3’× 5’ in
equatorial coordinates. The data have been smoothed and repro-
jected to the resolution and pixel size of the X-ray data. We have
subtracted the emission of the zodiacal dust which contributes
to the FIR-intensity withI100,Z = 2.15/ sinβ (Boulanger &
Pérault 1988) whereβ is the ecliptic latitude.
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Fig. 2. Total H I column density of the region of the Draco nebula in
the velocity range -50< vLSR < 15 km s−1. Contours are plotted at
1.0, 1.6, 2.2, 2.8 and 3.4 1020 atoms cm−2. Dark corresponds to large
intensities, white to low ones.

The 100µm intensity,I100, is used as a measure of the
sum of the atomic and the molecular neutral hydrogen column
densities,NH . However, there are strong indications that the
FIR-emissivity per hydrogen nucleon of the dust associated with
the Draco nebula differs from that of the dust associated with
the diffuse HI layer (see HHM). We take this into account by
treating the contributions of the diffuse gas and the Draco nebula
separately.

Regions outside the Draco nebula and other local cloud
structures (see Sect. 2.2) show only the FIR-emission of the
diffuse HI layer. We use the observed column densities in these
regions and find

I100,BG = a100,BG N(H I)BG + I100,OS

= 0.87 10−20MJy sr−1cm2 N(H I)BG

+1.84 MJy sr−1 (1)

with a correlation coefficient of 0.92 . The slope of this relation,
the FIR-emissivity of the diffuse HI gas,a100,BG, as well as
the offset background emission,I100,OS, are in good agreement
with corresponding values found by Boulanger & Pérault (1988)
for the diffuse HI layer. They identify an offset emission of
(1.8±0.3) MJy sr−1 that they find for the polar caps(|b| > 50◦)
as a combination of extragalactic emission, emission of dust
associated with ionized hydrogen, uncertainties of the zero-level
calibration of the IRAS data, and deviations of the zodiacal
contribution from the cosecant-law.

HHM have shown that the FIR-emission of the Draco neb-
ula can be well separated from the background FIR-emission by
fitting a cosecant-law to the total FIR-emission (including zodi-

Fig. 3. IRAS 100µm image of the Draco nebula region. Zodiacal dust
emission and emission associated with the diffuse galacticH I layer
have been subtracted in this image (for details see Sect. 2.3). The con-
tour lines are plotted at 0.5, 1, 2, 3 and 4 MJy sr−1. Dark corresponds
to large intensities, white to low ones.

acal emission) in regions outside the Draco nebula. The 100µm
emission associated with the Draco nebula is thus given by

I100,DN = I100 −
(

4.17
sin b

− 2.15
sinβ

− 1.52
)

MJy sr−1 (2)

The map of the 100µm distribution of the Draco nebula is shown
in Fig. 3.

Combining the above, the total neutral hydrogen column
density,N(H), as a function ofI100, of the nebula and the diffuse
gas in the line of sight is given by

N(H) =
I100,DN

a100,DN
+

I100,BG − 1.84MJy sr−1

0.87 10−20MJy sr−1cm2
, (3)

wherea100,DN is the FIR-emissivity of the dust associated with
the Draco nebula. HHM find large variations of this value across
the Draco nebula by comparingI100 with H I and CO line emis-
sion. The comparison of the ROSAT14 keV survey with HI
allows an independent check of the FIR-emissivities of HHM.

2.4. The CO observations

The Draco nebula has been observed with the POM1 telescope
at Bordeaux (Mebold et al. 1985) and the KOSMA 3 m tele-
scope (Mebold et al. 1989) in the J= 1 → 0 line of the12CO
molecule. The observational parameters of all these measure-
ments are summarized by HHM. These authors have performed
a decomposition of the observed spectra into gaussians to derive
the CO line integrals,W (12CO). In Sect. 4.4 we compare these
values to the molecular hydrogen column densities of the Draco
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nebula,N (H2), obtained from our X-ray and HI data in order
to get a new estimate of the conversion factor,xWCO.

3. The model

3.1. Radiative transfer

The shadow in the soft X-ray count rates at the position of
the brightest FIR or HI features of the Draco nebula (shadow
depth: 70%) suggests a two-component model to approximate
the hot plasma layer along the lines of sight. In this model the
observed14 keV band count rate in a given direction,Cobs, is the
sum of foreground emission,CFg, and attenuated background
emission,CBg:

Cobs = CFg + CBg exp(−τ) (4)

The foreground component is associated with hot plasma
from the Local Hot Bubble (Snowden et al. 1990). The distant
component consists of contributions from the galactic halo and
truly extragalactic sources (see Hasinger et al. 1993).CBg is
attenuated by photoelectric absorption both by the Draco neb-
ula and the galactic HI layer including the clouds observed at
velocities larger than -50 km s−1. We neglect the possibility of
X-ray emission intermixed with these clouds. The simple two-
component model is not valid in the direction of LVC88+36−2
(see Sect. 2.2) because this filament is located inside the LHB
and therefore attenuates also the LHB component (Kerp et al.
1993). The two-component approximation is also questionable
in the direction towards the HVC filaments (Sect. 2.2) because
these clouds are associated with soft X-ray emission (Kerp et
al. 1994). Furthermore, the unknown and probably large dis-
tance of these clouds does not permit the assumption that the
HVCs are located in front of the halo component. Therefore
these regions are avoided in the present model fits.

We assume standard interstellar elemental abundances
which are constant along the line of sight and adopt a con-
stant degree of ionization of hydrogen. Then the optical depth
is given by

τ = σ̄T (NH) NH (5)

NH = N (H I) + 2 N (H2) is the total neutral hydrogen col-
umn density in the line of sight.̄σ is the photoelectric absorp-
tion cross section averaged for the bandpass observed with the
ROSAT PSPC. Because the absorption cross section decreases
with increasing photon energy (see Morrison & McCammon
1983) the band-averaged value depends on the absorbing hydro-
gen column density and on the intrinsic spectrum of the X-ray
emission which is mainly a function of the plasma temperature
T . Kerp (1994) has found an approximately constant temper-
ature of106.3±0.1 K for the plasma behind the Draco nebula.
Therefore we take the14 keV band cross sectionσ(NH) for
T = 106.3 K as described in Snowden et al. (1994a). Devia-
tions of the true band-averaged cross section from this model
may arise if a larger amount of absorbing gas is in molecular
form. Denne (1970) has found an individual1

4 keV absorption

cross section of one hydrogen atom in an H2 molecule which
is about 1.3 times larger than that of a single hydrogen atom
(Henke et al. 1982). However, the effect on the total absorption
cross section is small: having half the hydrogen atoms in molec-
ular form increases the net interstellar cross section by less than
5% at 0.1 keV (Cruddace et al. 1974).

In addition, helium associated with the diffuse HII layer
(Reynolds 1993) will possibly also contribute to the absorp-
tion of the distant soft X-ray source. Snowden et al. (1994b)
discuss the distribution and absorption cross section of such a
component for the region of the Lockman Hole (Lockman et al.
1986) and derive a value for an equivalent absorbing HI column
density of 3.4 1019 cm−2.

3.2. The method to deriveN (H) using Hi data

As discussed in Sect. 4, we regard the model parameters, i.e.CFg
and CBg, to be constant over the entire region of this analysis
and select all positions where only the HI column density of
the diffuse galactic layer contributes to the X-ray absorption.
The area of the Draco nebula is excluded in this first step. The
subsequent fit of the two-component model (Eqs. (4) and (5))
to the observed soft X-ray distribution gives a first estimate of
the intensity of the X-ray emission in front (CFg) of the Draco
nebula and behind (CBg).

Next, we take these parameters to predict an observed count
rate,Cexp, at each position of the whole field, assuming the ab-
sorbing medium is determined by the total HI column density
including the Draco nebula (see Fig. 2). At positions where sig-
nificant amounts of X-ray absorbing material are not in the form
of H I, the shadow in the count rates will be deeper, i.e. the ob-
served count rate,Cobs, will be lower thanCexp. The residuals,
Cexp - Cobs, indicate the presence of “missing” hydrogen, i.e.
hydrogen which may be in molecular form, H2. We interpret this
excess absorbing gas as molecular hydrogen if it is coincident
with the Draco nebula.

However, local variations in the soft X-ray background
could also produce such residuals. In order to search for such
variations and to check whether they are responsible for the
derived residuals, we test the two-component model in several
smaller regions of the Draco nebula (see Fig. 6). The results are
presented in Sects. 4.1 and 4.2.

3.2.1. The fit procedure

We fit the two-component model to the observed (Cobs, N (H I))
(Sect. 4) and (Cobs,I100) (Sect. 5) data pairs by using the method
of non-linear least-square fits. The count rates are weighted
by their individual1σ errors. The uncertainties of the derived
parameters are calculated using the covariance matrix method
which gives similar results as the method described in Lamp-
ton et al. (1976). To compare the significance of the numerical
fits we give the reducedχ2 (χ2

red = χ2
obs/χ2

0.05) values for a
level of significance of 0.05 . However, theχ2 test is of minor
importance to prove the physical significance of the fit results.
It requires a sufficient coverage of both fit variables,Cobs and
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Fig. 4.Scatter plot of the (N (H I),Cobs) data pairs for the diffuse galac-
tic H I layer showing their anticorrelation. The soft X-ray count rates
are given in10−6 counts s−1 arcmin−2; the column densities are given
in 1020 cm−2. The plotted curve is representing the best-fit solution for
the two-component model (Eqs. (4) and (5)). We getCFg = (230 ±
30) 10−6 counts s−1 arcmin−2 and CBg = (2730 ± 100) 10−6

counts s−1 arcmin−2.

N (H I) (respectivelyI100), with data pairs in the (N (H I) [I100],
Cobs)-diagram. This is tested by the normalized variances,σ2

C,n
andσ2

τ,n, the variances of the mean observed count rates and
the variances of the mean optical depthτ respectively, normal-
ized to the scatter expected on the basis of observational errors
(∆N (H I) = 2 1019 cm−2, ∆I100 = 0.2 MJy sr−1). To be con-
sistent with a similar analysis of Herbstmeier et al. (1995) our
two free parameter fit is considered significant only if both nor-
malized variances are> 2 .

4. Modelling the shadows by Hi column densities

4.1. Shadowing by the diffuse galactic Hi layer

In this section we only consider data from regions where the X-
ray absorbing medium is determined by the diffuse galactic HI,
specifically, where the HI column density of the Draco nebula
is lower than 4 1019 cm−2. Regions where neutral clouds exist
in the LHB as well as regions where we find HVCs are excluded
(see last section). The latitude interval of the dataset covers the
range fromb = 35◦ to b = 40.5◦ and the longitude interval
from l = 88.5◦ to l = 95◦. The scatter plot of the data from
the selected regions is shown in Fig. 4, together with the best-fit
solution for the two-component model (Eqs. (4) and (5)). The fit
results are listed in Table 1 under the field name “DG HI”. The
coverage of the data axes is sufficient to get significant results
(σ2

C,n = 6.3,σ2
τ,n = 2.8).

We derive a mean foreground count rate of(230± 30)10−6

counts s−1 arcmin−2. This value is about a factor 2 smaller than
the 1

4 keV LHB count rate derived by an analysis of a PSPC

pointed observation towards the Draco nebula (Kerp 1994) and
about a factor 3 smaller than the foreground count rate derived
by a similar analysis of ROSAT survey data in the direction to-
wards the HVC complex M (Herbstmeier et al. 1995). The larger
foreground count rate found in the pointed observation is pos-
sibly due to problems with the contamination due to long-term
enhancements (see Sect. 2.1). If we identify the local compo-
nent as emission from the LHB, the larger foreground count rate
found in the direction towards complex M suggests an about 1.5
times larger extend of the LHB in that direction than towards the
Draco nebula. Note that Herbstmeier et al. (1995) adopt a back-
ground plasma temperature of 106.0 K which implies a larger
absorption cross section. Assuming this temperature our fore-
ground count rate rises toCFg = 400 10−6 counts s−1 arcmin−2.

The mean background count rate is(2730 ± 100) 10−6

counts s−1 arcmin−2. Kerp (1994) finds that the contribution
of extragalactic sources to the distant1

4 keV emission is low
in the Draco region. If we identify this component as emission
from the galactic halo we can conclude that in the1

4 keV band
the galactic halo in the region of the Draco nebula is about 12
times brighter than the LHB. This is larger than the value of 7.6
found by Snowden et al. (1991) for a smaller part of the Draco
nebula around region E (see Fig. 6) by comparing preliminary
ROSAT 1

4 keV band data with HI column densities. Again, this
difference can be explained by the different cross sections used:
for T = 106 K we getCBg = 2900 10−6 counts s−1 arcmin−2 and
thus a background to foreground ratio of 7.25, in good agree-
ment with the results of Snowden et al. (1991). A background to
foreground ratio of< 2.5 is found by Burrows & Mendenhall
(1991). This rather small value is derived from a comparison
of ROSAT pointed observation with IRAS 100µm emission
around region A (see again Fig. 6). These authors, however,
neglect the absorption by the diffuse galactic layer. Therefore
their results can not be compared with the other values.

We have calculated the X-ray emission measures,EMLHB
andEMdist, by assuming a Raymond & Smith (1977) spec-
trum with temperaturesTLHB = 105.85 K and Tdist =
106.3 K. The derived foreground count rate,CFg = 230 10−6

counts s−1 arcmin−2, corresponds toEMLHB = 0.0011 cm−6

pc. CBg = 2730 10−6 counts s−1 arcmin−2 corresponds to
EMdist = 0.0055 cm−6 pc. The ratioEMLHB/EMdist = 0.2
is in agreement with the value derived by Kerp (1994) whereas
our absolute values are lower by about a factor of 2.

Furthermore, if we include the diffuse HII layer into
our analysis by taking the equivalent HI column density
of 3.4 1019 cm−2 (see Sect. 3.1) and assuming that this
layer is located in front of the background X-ray emis-
sion, the derived background count rate would increase by
590 10−6 counts s−1 arcmin−2, i.e. EMdist would be about
20% larger than the value derived above. While this correction
is uncertain, placement of the X-ray emission on the far side
of the HII layer provides a reasonable upper limit to the halo
emission.
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Fig. 5. The map of the excess absorbing hydrogen column density in
the region of the Draco nebula,Nexc, derived from the two-component
model fit for the diffuse galacticH I. The contour levels are plotted
from 0.5 to 2.5 1020 atoms cm−2 in steps of 0.5 1020 atoms cm−2.

4.2. Shadowing by the Draco nebula

We adopt the derived foreground and background intensities
for the whole Draco region and calculate the residuals,Cexp -
Cobs, as described in Sect. 3. The distribution of the excess
column density,Nexc , which must be added to the observed
H I column densities to reduce the expected count rates to those
observed is shown in Fig. 5. We show only column densities
above 4 1019 cm−2 which are clearly above the variations in-
troduced by the uncertainties of the count rates or the column
densities. Values up to 3 1020 cm−2 are found in field A (see
Fig. 6), about a factor of 2 more than the observed HI column
density of the Draco nebula at that position. Note that the result-
ing total hydrogen column density still allows about 7% of the
background photons to penetrate the nebula even at the position
of maximum column density which is more than a factor of two
larger than the uncertainty of the observed count rate.

The features displayed by Fig. 5 (except those at positions
below l = 90◦ andb = 37.5◦; these positions have been ex-
cluded from the fit) show a good positional coincidence to the
bright H I filaments of the Draco nebula (Fig. 6). An even better
correlation shows up between these features and the dust pro-
ducing the IRAS 100µm intensity distribution (Fig. 3), espe-
cially in region A. This is a good hint that the missing absorbing
material is molecular gas:Nexc = 2 N (H2). The features be-
low l = 90◦ andb = 37.5◦ are due to LVC 88+36−2 where the
two-component model is not valid (see Sect. 3.1).

Fig. 6. Regions of the Draco nebula for which separate analyses are
performed as an overlay on theH I column density distribution of
the Draco nebula. The column densities are derived from a gaussian
decomposition of the 21-cm spectra as described in Sect. 2.2 . Contours
are plotted beginning at 0.4 1020 in steps of 0.4 1020 atoms cm−2.

4.2.1. Variations of the SXRB across the Draco nebula

Not only the molecular hydrogen content but also the fore- and
background X-ray emission may vary across theNexc image.
Therefore, we derive the parameters of the two-compnent model
in selected regions of the Draco nebula. These regions are de-
fined by Fig. 6 and displayed as overlays to the HI column
density (see Sect. 2.2). The choice of the fields follows HHM.
We have selcted all regions where we expect molecular hydro-
gen (regions A through E), but exclude the region around (l,b)
= (91.5◦,38.5◦) where larger amounts of high velocity gas are
found. For the same reason, we exclude those points at the north-
ern boundaries of region A and B from the fit, which were also
left out of the fit using the diffuse HI. In addition, we take one
field (region F) where we see filamentary structure inI100 and
H I but no significant amounts of excess hydrogen (Fig. 5).

Fig. 7 shows the scatter plots of the (N (H I),Cobs) data pairs
for the selected fields, the curves represent the solutions for
the two-component models listed in Table 1. Preliminary fits
have been performed using only points withCobs > 700 10−6

counts s−1 arcmin−2 . This has been done so that the results will
not or only marginally be affected by the deep shadows produced
by the molecular gas. A two-component fit enclosing all data
pairs would lead to a negative foreground count rate. However,
this restriction does reduce the statistical significance of the fits
so that the criterionσ2

τ,n > 2 (see Sect. 3.2) is not fulfilled.
Therefore we fix the foreground count rate to the valueCFg =
(230±30) 10−6 counts s−1 arcmin−2, the value derived for the
diffuse HI layer. This assumption seems reasonable because it
is unlikely that the foreground count rate does vary by more
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Table 1.Fit results

Region CFg CBg points χ2
red

(10−6 counts s−1 arcmin−2)

DG H I 230 ± 30 2730 ± 100 559 1.20
A 230(fixed) 2520 ± 120 29 0.40
B 230(fixed) 2460 ± 140 44 1.30
C 230(fixed) 2630 ± 130 43 0.60
D 230(fixed) 2750 ± 140 77 0.99
E 230(fixed) 2950 ± 160 38 1.03
F 230(fixed) 2910 ± 140 51 1.44

than 15% on scales of a few degrees if there are no individual
dense clouds along the sightlines in the LHB.

The fit results are listed in Table 1. The columns give the
field name (column 1), foreground count rate,CFg, in units of
10−6 counts s−1 arcmin−2 (column 2), background count rate,
CBg, in units of 10−6 counts s−1 arcmin−2 (column 3), number
of data points used (column 4), and theχ2

red (column 5). Here
the HI errors have been transformed into an additional count
rate error by estimating the difference betweenCexp(N(H)) and
Cexp(N(H) ± ∆ N (H)) for a given background count rate of
2700 10−6 counts s−1 arcmin−2.

The values ofχ2 show that the two-component model gives
a good solution for the SXRB. The somewhat largerχ2 value
of the DG fit in comparison to most of the other fits are pos-
sibly due to slight variations in the background intensity (see
above). It is also possible that unresolved X-ray sources pro-
ducing small-scale variations in the SXRB, or larger true errors
in the HI column densities than the adopted measurement error
of 2 1019 cm−2 (regions B and F), can be the reason for the
enhancedχ2 values. The derived background count rates show
that the intensity of the halo emission component does not vary
strongly across the region of the Draco nebula. We find only
a weak intensity gradient in the distant component from the
north-west (regions A and B) to the south-east (regions E and
F). However, none of the derived values differs by more than
10% from the average intensity of the whole field. This fact also
justifies our assumption of a constant foreground intensity: Due
to the strong correlation betweenCFg andCBg in the fit pro-
cedure a reduced foreground intensity would result in a larger
background intensity and vice versa.

4.2.2. A non-constant plasma temperature

In our analysis we have adopted a constant temperature of106.3

K for the plasma behind the Draco nebula, derived by an analysis
of the whole X-ray spectrum (Kerp 1994). However, it can not
be ruled out that this plasma has a temperature gradient which
depends on distance to the galactic plane if we bear in mind that
the temperature of the local component (105.85 K, Kerp 1994)
is significantly lower. Such a gradient has been predicted by the
model of Hirth et al. (1991). In this case the distribution of the
1
4 keV photons would be shifted to smaller energies because the

Fig. 7a–f. Scatter plots of the (N (H I), Cobs) data pairs for the re-
gions of the Draco nebula. The soft X-ray count rates are given
in 10−6 counts s−1 arcmin−2. The column densities are given in
1020 cm−2. The plotted curves represent preliminary fits to the
two-component model (only data pairs withCobs > 700 10−6

counts s−1 arcmin−2are used for the fits) for a fixed foreground count
rateCFg = 230 10−6 counts s−1 arcmin−2. Crosses represent points
with N (H I,DN) < 3 1019 cm−2 (”OFF”), circles represent points
with N (H I,DN) > 3 1019 cm−2 (”ON”).

amount of emitted photons in this energy range has a maximum
at a temperature between 106.0 K and 106.1 K (Raymond &
Smith 1977).

The direct consequence of a lower temperature for our model
is an increase of the band-averaged absorption cross section.
Numerically, the fit results for the foreground count rate,CFg, is
more sensitive to variations of the absorption cross section than
the distant count rate,CBg. For increasing cross sectionσ and
increasingCBg, which both lead to a stronger negative gradient,
a good fit can only be achieved by a simple shift of the curve
towards larger count rates, i.e. by an increase ofCFg. In addition,
there is only a small number of data points at low count rates
(large column densities) which could give more stringent limits
toCFg. However, the increasing cross section (together with the
corresponding largerCFg) does not strongly affect the resulting
mean excess absorbing column densities. We have verified that
for T = 106.0 K these values do not differ by more than 20%
from those for a background plasma with T =106.3 K. However,
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we have to note that for T =106.0 K the resulting values forCFg
are larger than the lowest observed count rates. Since the two
should be identical, this is an unphysical result. Hence only a
lower limit for the maximum absorbing column denisty can be
given.

4.2.3. The excess column density

The diagrams in Fig. 7, in particular that for region A, show that
the data pairs with low count rates fall far below the fit curve.
This is due to the deep depression in the count rates which
can not be explained by HI alone. Also in the other diagrams
(mainly for regions B, C and D) a large part of the data points lies
below the model curve. However, the scatter in these diagrams
is markedly larger than in the data points of region A.

The missing column density at each position of our maps
can be read directly from Fig. 7 by estimating the horizontal
distance of the data points to the model curve. A point which
lies below the model curve shows excess column density which
means that there is more absorbing hydrogen than indicated by
H I. A point significantly above the curve indicates an enhanced
background count rate. Of course, points below the curve can
also be due to a reduced or enhanced background count rate.

Although we excluded points with low X-ray count rates
from the fit, we can not rule out that the fit is still biased by
data which are affected by molecular hydrogen. In order to
test this we checked the regions where the X-ray absorbing
gas is completely determined by HI. If molecular hydrogen
is still present we would expect an excess of absorbing gas at
the ”ON”-positions (N (H I, DN)> 3 1019 cm−2) which have
been included in the fit, i.e. a significant deviation of the cor-
responding data points below the fitted two-component model.
However, this is not the case: for all regions the average excess
column density at these points is zero within its limits.

In Table 2 we list the average and the maximum excess hy-
drogen column densities for the different subregions. In order
to make sure that the excess hydrogen is indicative of molecu-
lar gas belonging to the Draco nebula, we distinguish between
points whereN (H I, DN)> 3 1019 cm−2 (ON) and points where
only H I of the diffuse galactic layer (OFF) is seen. We do not
find any excess of X-ray absorbing gas outside the area of the
Draco nebula. In the corresponding parts of regions C through
to F the average of the excess column density is zero within the
error limits.

We find negative values for the excess in region A and
in particular in region B. This indicates excess X-ray emis-
sion from the background, since these values are mainly
found at the galactic northern boundary of the Draco nebula,
i.e. at positions which have been excluded from the fit. For
this part of region B we derive a background count rate of
CBg = 3200 10−6 counts s−1 arcmin−2 which is about 17%
larger than the value found for the DG-fit. The enhancement is
obviously associated with the HVCs north of the area (Kerp et
al. 1994).

In all regions “ON” the Draco nebula – except region F
– we detect excess absorbing gas. At least 80% of the excess

hydrogen is found at those positions which have been excluded
from the fit. The largest fraction of excess hydrogen is found
in the south-west boundary of the Draco nebula. In region A
only about 50% of the optical depth comes from HI gas, in
regions C and D about 65%. This means that in these parts of
the nebula about 35 to 50% of the neutral hydrogen are bound
in molecules, in the densest parts even 70%. In the other regions
the average molecular abundance is not larger than 20% whereas
the maximum values are around 50%.

4.3. The correlation betweenNH andI100

To give further evidence that the excess X-ray absorbing gas is
molecular hydrogen in the Draco nebula we analyse the corre-
lation between the derived total hydrogen column density and
the FIR-intensity at 100µm. The FIR-intensity,I100, can be
regarded as a linear measure of the total hydrogen column den-
sity in diffuse clouds at high galactic latitudes, if the dust tem-
perature is isothermal and the gas-to-dust ratio constant (see
Sect 2.3). Independently,Nexc has been determined in such a
way that the column density of hydrogen nuclei calculated from
NH,DN = N (H I) + Nexc is a linear measure of the total X-ray
absorbing material. Assuming thatNexc = 2 · NH2, i.e. the
excess X-ray absorbing material is molecular hydrogen gas be-
longing to the Draco nebula we expect a linear relation between
I100 and NH,DN . In Fig. 8 (right) we show the corresponding
diagrams. For all fields a linear correlation is found within the
limits of the observational and methodical errors.

In Table 3 the results of the best linear fits are given, repre-
sented by the solid lines in Fig. 8 (right). For these fits, we have
only considered those points where the column density and the
FIR-emission are significant. The slopes of these lines corre-
spond to the FIR-emissivity per hydrogen nucleon of the Draco
nebula,a100,DN (column 2). The offsetIoff (column 3) is zero
within the error limits. This means that the contribution from
material in front or behind the Draco nebula has been subtracted
adequately (see Sect. 2.3). Due to the large uncertainties of the
column density (about 4 1019 cm−2) the correlation coefficients
(column 4) are somewhat low, in particular for region C.

The FIR-emissivity of(1.02 ± 0.24)10−20 MJy sr−1 cm2

derived for the entire nebula (field name DRN) is only
slightly larger than the value found for the diffuse galactic
H I layer and is consistent with the average value of(1.11 ±
0.05) 10−20 MJy sr−1 cm2 found for the Draco nebula from a
comparison betweenI100, N (H I) andW (12CO) (see HHM).

The deviations of the FIR-emissivity in the different sub-
regions from one-another, and from that for the entire nebula,
are not significant. This is different from what one finds from
a correlation of the FIR-intensity with just the HI column den-
sity (see Column 5 of Table 3). For a better comparison the
offsets have been set to zero. Here one finds large deviations
between the different regions (see Fig. 8, left column). We see
that these deviations correlate with the amount of excess hy-
drogen (see Table 2). This is due to the presence of molecular
hydrogen which affects the quality of the correlations between
I100 and N (H I). In particular, the large value for region A
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Table 2.Average and maximumH I and excess absorbing column densities

Region pts. ON N(H I, DN) max(N (H I, DN)) Nexc, ON max(Nexc,ON) pts. OFF Nexc, OFF
(1020 cm−2) (1020 cm−2) (1020 cm−2)

A 37 0.85 1.6 0.88 ± 0.06 2.9 ± 0.4 20 −0.18 ± 0.08
B 64 0.78 1.4 0.17 ± 0.05 1.7 ± 0.5 6 −0.43 ± 0.16
C 40 0.59 1.0 0.32 ± 0.06 1.0 ± 0.4 26 −0.05 ± 0.07
D 65 0.56 1.2 0.29 ± 0.05 1.5 ± 0.5 40 0.00 ± 0.06
E 54 1.05 2.4 0.22 ± 0.06 2.1 ± 0.5 6 −0.11 ± 0.16
F 41 0.61 1.2 0.01 ± 0.06 0.6 ± 0.4 12 0.04 ± 0.11

Table 3.FIR-emissivities

Region a100,DN(H) Ioff r a100,DN(H I) a100(HHM)
(10−20 MJy sr−1 cm2) (MJy sr−1) (10−20 MJy sr−1 cm2)

DRN 1.02 ± 0.24 −0.03 ± 0.23 0.79 1.69 ± 0.31 1.11 ± 0.05
A 1.07 ± 0.21 0.18 ± 0.38 0.82 2.57 ± 0.10 1.8 ± 0.4
B 0.92 ± 0.37 0.24 ± 0.40 0.64 1.47 ± 0.09 1.66 ± 0.04
C 1.07 ± 0.46 0.24 ± 0.45 0.50 2.09 ± 0.05 1.22 ± 0.04
D 0.93 ± 0.15 −0.13 ± 0.08 0.67 1.61 ± 0.08 1.62 ± 0.09
E 0.92 ± 0.17 −0.24 ± 0.24 0.83 1.06 ± 0.09 1.28 ± 0.05
F 0.88 ± 0.20 −0.12 ± 0.16 0.80 0.92 ± 0.10 1.0 ± 0.1

(2.57 10−20 MJy sr−1 cm2) shows that here the majority of the
X-ray absorbing material is in the form of molecular hydrogen.

However, we note that oura100(H) values are lower than
the results of HHM for the dust mixed with HI gas only, in
particular in regions A, B and D, where molecular hydrogen is
found. For comparison we present their FIR-emissivities in the
last column of Table 3 (the value for region C is the average
from their regions D1, D2 and D3). For region F, where no
molecular hydrogen is found, the values of both analyses agree
reasonably well. Thea100 value of HHM for region E is probably
an overestimate since some of the observedW (12CO) values
have not been used in the fit. Including these data, Herbstmeier
(1990) derivesa100 = (0.92 ± 0.08) 10−20 MJy sr−1 cm2 in
good agreement with our result. The differences between the
HHM values and ours for the other fields can be explained by
the more detailed approach of HHM. In contrast to our study
the authors attempted to disentagle the contribution of the dust
emission in the molecular cores and their associated HI haloes.

4.4. ThexWCO factor

The CO molecule is used as a tracer of molecular hydro-
gen. However, the12CO line intensity is not suitable to
calculateN (H2) directly. The conversion factor,xWCO ≡
N (H2)/W (12CO), depends on physical properties of the cloud
like its kinetic temperature (e.g. Kutner & Leung 1985; Maloney
& Black 1988), the radiation field, and the CO abundance. Since
we have estimated the molecular hydrogen column densities by

a method which is independent of CO emission, we now have
a direct means to calculate thexWCO factor.

CO has been detected in all regions where we find evidence
for H2. Consistent with the non-detection of H2 by X-ray shad-
owing, CO has not been detected in region F. In region B, CO
has been searched for in only a very few positions so that we can
not derive a useful conversion factor. CO has also been detected
in the centre region of the Draco nebula. But here the anticorre-
lation betweenN (H I) and the X-ray intensity is too weak for a
reliable determination of the total absorbing hydrogen.

In general, the correlation betweenW (12CO) andN (H2)
(≡ 0.5 Nexc) in the Draco nebula is weak (see Fig. 9) for which
we do not have a simple explanation. Herbstmeier (1990) has
carefully checked the positional accuracy of the CO spectra. We
can also rule out that the weak correlation is due to a non perfect
matching of the different pixel sizes. HHM, however, have also
found hints for only weak correlation betweenW (12CO) and
N (H2) in different parts of the Draco nebula.

As can be seen from Fig. 9 linear fits are not useful to esti-
mate thexWCO ratio. Therefore we give the average conversion
factor,xWCO = Nexc(H)/(2 W (12CO)), for the regions de-
fined in Fig. 6 (see Table 4). We take all positions whereN (H I,
DN)> 3 1019 cm−2, i.e. the same area is used for calculating
the mean excess column density and the mean CO line integral.
For region B we only consider the positions where data for CO
and H2 exist.

All values for the selected regions - except for region C - are
in the range0.34 < xWCO < 0.52 1020 cm−2 (K km s−1)−1,
a range which is typical for clouds in the galactic cirrus (see Ta-
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Fig. 8. left: The scatter diagrams of the (N (H I), I100) data pairs for the regions of the Draco nebula defined in Fig. 6. The column densities
are in units of1020 atoms cm−2, the FIR-intensities in units of MJy sr−1. Note the strong deviation of the slopes in the different regions. right:
The scatter diagrams of the (N (H), I100) pairs (N (H)≡ N(H I) + 2 N(H2)). The lines represent the best linear fits performed for the points
whereN (H) andI100 are significant. The slope of these lines, the FIR-emissivity per hydrogen nucleon,a100(H), shows only slight variations
between the different subregions.

Fig. 9. The molecular hydrogen column density,N (H2), in units of1020 atoms cm−2 versus the12CO line integral,W (12CO), in units of K
km s−1for region A (left) and region C (right).
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ble 4). The value of0.17 1020 cm−2 (K km s−1)−1 found in re-
gion C is more than a factor of 2 smaller than that for the other se-
lected regions (see Fig. 9). While this trend has also been found
by HHM their xWCO factors (0.02 < xWCO < 0.26 1020

cm−2 (K km s−1)−1) are even lower than ours.
These lowxWCO ratios have been used as evidence for a

collisional interaction between HVCs (or high-z galactic gas)
and the Draco nebula (see HHM). These authors argue that such
an interaction takes place at the edge towards low galactic lon-
gitudes and latitudes where the CO abundance is altered in a
low velocity shock.

The xWCO ratio of the total Draco nebula,
xWCO(DN) = 0.24 1020 cm−2 (K km s−1)−1, calculated
using the fit results for the diffuse background, is smaller than
the ratio in most of the selected regions. This is due to the fact
that in several regions of the Draco nebula the mean observed
count rates are larger than the mean expected ones which
formally is leading to negative excess column densities and
therefore to a too low mean H2 column density. Therefore it is
more reliable to use only the positions where H2 and CO have
been detected for the derivation ofxWCO(DN). Then we get
xWCO(DN) = 0.39 1020 cm−2 (K km s−1)−1 which is more
consistent with the results of the selected regions.

4.5. Determination of mass and extinction

The mean total hydrogen column densities in the dif-
ferent subregions of the Draco nebula are in the range
0.6 ≤ N(H) ≤ 1.7 1020 cm−2 (see Table 2). Using the
standard gas-to-dust ratioN (H)/AV = 1.87 1021 cm−2 mag−1

of Bohlin et al. (1978), we derive very low mean values of the
visual extinction0.03 mag≤ AV ≤ 0.09 mag. The max-
imum hydrogen column density of4.5 1020 cm−2 (region A)
corresponds to a visual extinction ofAV(max) ' 0.25 mag.

The values forAV are very low, especially for regions A and
D where more complex molecules such as H2CO and NH3 have
been found (Mebold et al. 1985; Mebold et al. 1987). Additional
results from star counts require a lower limit ofAVmin = 0.2 for
region A (Rohlfs 1986). Therefore we agree with the conclusion
of HHM that the gas-to-dust ratio of Bohlin et al. (1978) is
probably too large at least by a factor of 2 for the Draco nebula.

In Table 4 we list the H2 mass and the total masses for all
subregions. Furthermore we list the solid anglesΩ over which
the averages of the column densities (see Table 2) and CO line
integrals are derived.Ω is the sum of the sampled beam areas
scaled by the undersampling correction factor4/π for an orthog-
onal grid. The gas masses have been calculated from the column
densities and the areasΩ assuming a distance ofD = 500 pc
for the Draco nebula.

In Row 1 of Table 4 we give the total molecular mass
of the Draco nebula using the mean excess column density
Nexc(H) = 0.11 1020 cm−2, derived from the solution of
the radiation transport for the diffuse galactic HI. For the same
reason why thexWCO ratio derived for the total Draco nebula
is smaller than for most of the subregions (see Sect. 4.4), this
value is smaller than the total H2 mass found in the subregions.

Table 4.xWCO, areas, H2 and total masses and visual extinctions of
the regions of the Draco nebula

Re. xWCO Ω M (H2) M (H)
(cm−2(K km s−1)−1) (10−4 sr) (M�D2(500 pc)−2)

tot (0.24 ± 0.06) 1020 56.89 97 ± 14 696 ± 18
A (0.52 ± 0.05) 1020 3.67 51 ± 4 100 ± 5
B (0.46 ± 0.22) 1020 6.35 17 ± 5 95 ± 6
C (0.17 ± 0.07) 1020 3.97 20 ± 4 57 ± 5
D (0.44 ± 0.08) 1020 6.45 30 ± 4 87 ± 5
E (0.34 ± 0.09) 1020 5.36 19 ± 5 107 ± 6
F - 4.07 0 ± 4 39 ± 5

Therefore, in the following paragraph, we take the H2 masses
of the selected regions to calculate the total mass of the Draco
nebula and ignore the results given in Row 1 of Table 4.

The total molecular mass found in the subregions is
M(H2) = (137 ± 11) M�D2(500 pc)−2 which is about a
factor of 3 more than found by HHM. Since these subregions
cover almost all regions where CO line emission has been found,
we think that the other parts of the Draco nebula contain at
most about 10% of the molecular mass so that we get a total
molecular mass of aboutMDN(H2) = 151 M�D2(500 pc)−2.
From the mean HI column density of the Draco nebula,
N(H I, DN) = 0.67 1020 cm−2, and the corresponding
solid angle,Ω = 56.89 10−4 sr, the total HI mass of the
Draco nebula is derived,MDN(H I) = 599 M�D2(500 pc)−2.
The total hydrogen mass of the Draco nebula is thus about
750 M�D2(500 pc)−2, of which approximately 20% is molec-
ular.

The total hydrogen masses in the subregions range from 39
to 107 M�D2(500 pc)−2, and are still lower than the corre-
sponding virial masses derived by Mebold et al. (1985) if 10%
He is included. It is therefore unlikely that the Draco nebula is
a site of active star formation.

5. Modelling the shadows by the IRAS 100µm intensity

In the last section we have presented the most direct way (“HI
method”) to estimate the total hydrogen content of the Draco
nebula. This method, however, has the problem that just those
positions have to be excluded from the fit where molecular hy-
drogen is expected. This restriction can be avoided if we express
N (H) in terms of the IRAS 100µm intensity,I100, instead of HI.
After I100 is converted intoN (H) according to Eq. (3), the two-
component model (Eqs. (4) and (5)) can be fitted to the (I100,
Cobs) data pairs using the procedure described in Sect. 3.2.1.
The FIR-emissivity of the Draco nebula,a100,DN, is treated as
a free fit parameter. Further advantages of this method are the
better spatial resolution of the IRAS data in comparison to HI
and their lower relative statistical uncertainties. Disadvantages
of this method are discussed below.
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5.1. The two-component model using IRAS instead of Hi

We have selected one large field containing all striking features
of the Draco nebula (field name “DRN”). The results of the
two-component fit are listed in Table 5, together with the results
for the different subregions defined in Fig. 6 (see below). The
reducedχ2 values,χ2

red, are given for a level of significance
of 0.05 (column 6). The relative variances of the X-ray count
rates (column 7) and of the optical depth (column 8, estimated
for a100,DN = 1.0 10−20 MJy sr−1 cm2) fulfil the requirement
given in Sect. 3.2.1, but with the restriction that here we have
three fit parameters (region DRN).

The fit results are consistent with the corresponding values
derived by the HI method. The mean foreground count rate,
CFg = (230 ± 20)10−6 counts s−1 arcmin−2, is identical for
both methods while the mean background count rate,CBg =
(2610±140)10−6 counts s−1 arcmin−2, and the FIR-emissivity
a100,DN = (0.95 ± 0.05) MJy sr−1 cm2, found here are only
slightly lower. This directly shows that the absorbing column
densities are approximately equal in both methods (within about
5 to 10%). The differences are possibly due to the fact that FIR-
intensity of the diffuse HI layer is modeled by a cosecant-law
(see Sect. 2.3) or due to small offsets in theI100 intensity (see
also Table 3).

For comparison we also present the fit results for the dif-
ferent subregions. The foreground count rate,CFg, is fixed to
230 10−6 counts s−1 arcmin−2 as with the HI fits. Here, how-
ever, the reason is a strong correlation between the fit parameters
CFg anda100,DN which can easily be illustrated: A variation of
a100 results in a shift of the data points along theN (H) axis.
For example an increase ofa100 shifts the data towards smaller
N (H) values which results in a decrease of the foreground count
rate,CFg.

The background count rates are found in the range
2570 ≤ CFg ≤ 2990 10−6 counts s−1 arcmin−2, the FIR-
emissivities in the range0.78 ≤ a100 ≤ 1.11 10−20 MJy sr−1

cm2. With the exception of region E, the values do not differ
by more than 10% from the results of the HI method. In re-
gion E, we find a background count rate which is340 10−6

counts s−1 arcmin−2 lower than the corresponding value listed
in Table 1 which implies less absorbing gas than detected by
the HI method. Here HHM have found an IVC with a rather
large neutral hydrogen column density (up to 1.0 1020cm−2)
which is apparently not associated with dust, at least it is not
seen in the 100µm radiation. As the centre velocity of this gas
is at about−35 km s−1(see also Herbstmeier et al. 1996), it is
included in what we call the diffuse HI (see Sect. 2.2). The 16%
lower FIR-emissivity compared to the value of HI method (see
Table 3) could be explained by the shadow in the SXRB cast by
the IVC which thus belongs to the new class of IVCs and HVCs
that have been studied in X-ray absorption by Herbstmeier et
al. (1995) and Kerp et al. (1994). In the method presented here
this shadow is attributed to the Draco nebula decreasing its FIR-
emissivity because the FIR-emissivity of the diffuse HI layer
is fixed (Sect. 2.3).

In general the method presented in this section gives results
which are consistent with those derived in Sect. 4. However, we
have to note that a careful determination of the FIR-intensity
distribution of the spatially isolated cloudand of the diffuse HI
layer is required. First, their FIR-emissivity could be different.
But more important, it is not - or only with severe difficulty -
possible to derive the IR-intensity of the diffuse galactic layer
without using the information provided by the diffuse HI gas
(see Sect. 2.3). Furthermore, X-ray absorbing clouds which do
not have IR-emission complicate the X-ray radiation transport,
if it is formulated in terms of IR-intensities.

Independent of these disadvantages, a non-constant dust
temperature or a non-constant gas-to-dust ratio imply variations
in the FIR-emissivity and could lead to errors in the determina-
tion of N (H). Finally, further offsets in the IR-intensity which
are possibly not associated with X-ray absorbing gas (see also
HHM) can not be derived by our model fit and can therefore
affect the results.

6. Conclusions

We have used the ROSAT14 keV all-sky survey together with
H I observations from Effelsberg to determine the neutral gas
content of the Draco nebula, a molecular cloud which is found to
produce a shadow in the soft X-ray background. The X-ray emit-
ting plasma has been approximated by a two component model,
i.e. a local unabsorbed component associated with the LHB,
and a distant component including both galactic halo and extra-
galactic emission. This component is attenuated by the Draco
nebula (distance> 300 pc; Lilienthal et al. 1991) as well as by
the diffuse galactic gas. To derive the foreground,CFg, and the
background,CBg, X-ray intensities the two component model
has been fitted to the observed count rates in regions outside the
Draco nebula in order to be unaffected by molecular hydrogen.

The optical depth of the X-ray absorbing medium is calcu-
lated by using effective band averaged absorption cross sections
(Snowden et al. 1994a) and the observed HI column densities.
Based on the results forCFg and CBg one can calculate the
optical depth also for the Draco nebula. Converting the optical
depth into total hydrogen column densities and comparing these
column densities to those for HI alone allows to estimate the
molecular hydrogen (H2) content of the Draco nebula. From a
comparison of the H2 column densities with observed CO line
integrals we finally obtain a direct estimate of the conversion
factorxWCO. The optical depth has also been obtained (Sect. 5)
by converting the IRAS 100µm intensities into total hydrogen
column densities. Then the corresponding conversion factor be-
comes an additional free fit parameter, the FIR-emissivity per
nucleon,a100. This procedure leads to results forCFg, CBg and
a100 which are consistent with those found earlier in the present
paper or in the literature.

We summarize the main results:

– The method used in the present paper (Sect. 4) is well suited
to examine the X-ray emission in front and behind the ab-
sorbing cloud structures and the total absorbing hydrogen
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Table 5.Fit results for the two-component model usingI100 instead ofH I

Region CFg CBg a100,DN points χ2
red σ2

C,n σ2
τ,n

(10−6 counts s−1 arcmin−2) (10−20 MJy sr−1 cm2)

DRN 230 ± 20 2610 ± 140 0.95 ± 0.05 849 1.45 7.7 13.2
A 230 (fixed) 2710 ± 170 1.11 ± 0.11 48 1.09 11.1 44.3
B 230 (fixed) 2590 ± 230 0.91 ± 0.12 63 0.96 4.1 8.7
C 230 (fixed) 2570 ± 90 1.01 ± 0.07 66 0.53 5.0 10.4
D 230 (fixed) 2670 ± 70 0.89 ± 0.06 105 0.91 5.2 8.0
E 230 (fixed) 2610 ± 120 0.78 ± 0.07 60 1.09 9.5 26.5
F 230 (fixed) 2990 ± 140 0.79 ± 0.10 53 0.92 4.7 4.0

column densities. However, if smaller regions are consid-
ered, the strong correlation between the two fit parameters
CFg andCBg requires to fix one of them. If we only consider
regions where no significant amounts of neutral gas inside
the LHB is detected the foreground count rate can be fixed
to the value derived by the fit for the diffuse galactic HI.

– The distant X-ray emitting plasma (T = 106.3 K) is roughly
12 times more luminous in the14 keV band than the Local
Hot Bubble in the region of the Draco nebula. We derive a
lower background-to-foreground ratio(' 7), well in agree-
ment with similar analyses of Snowden et al. (1991) and
Kerp (1994), if the plasma temperature of the distant com-
ponent is about106.0 K instead of106.3 K. We did not find
variations larger than 15% in the X-ray intensity behind the
Draco nebula on scales of about one degree.

– The emission measure of the LHB component isEMLHB =
0.0011 cm−6 pc if a plasma temperature of105.85 K is as-
sumed. For the distant component (T = 106.3 K) we get
EMdist = 0.0055 cm−6 pc. The ratio of the emission mea-
sures is roughlyEMLHB/EMdist = 0.2 which is in agree-
ment with the result of Kerp (1994) whereas our absolute
values are lower by about a factor of 2.

– The most prominent X-ray shadows are deeper than can
be explained by HI alone. We conclude that there is more
X-ray absorbing gas than implied by HI. The total absorb-
ing hydrogen column densities at these positions are up to
3 1020 cm−2 larger than the observed HI column densities.
Since CO line emission has been found at these positions the
detected excess of X-ray absorbing gas can be interpreted as
molecular hydrogen, H2, associated with the Draco nebula.

– We have found a linear relation between the total absorb-
ing column density (N (H I, DN) + 2 N (H2) ≡ N (H)) and
the IRAS 100µm intensity of the dust associated with the
Draco nebula. We get a FIR-emissivity per hydrogen nu-
cleon ofI100/N (H)≡ a100(H) = 1.02 10−20 MJy sr−1 cm2

for the entire Draco nebula, which is in good agreement
with the value of 1.11 10−20 MJy sr−1 cm2 found by HHM
from a comparison ofI100, N (H I) andW (12CO). The val-
ues in the different subregions of the Draco nebula are in
the range0.88 < a100 < 1.07 10−20 MJy sr−1 cm2,
i.e. the FIR-emissivity does not show significant deviations
from the mean value. The scatter of the ratioI100/N (H I) is

much larger. This is further evidence that the excess of X-
ray absorbing gas found in these regions is due to molecular
hydrogen.

– The largest fraction of molecular hydrogen compared to HI
is found at the galactic south-west boundary of the Draco
nebula (regions A, C and D). Here we also observe the largest
CO line intensities. In regions A and D thexWCO ratio is in
the range0.44 < xWCO < 0.521020 cm−2 (K km s−1)−1.
The very low value of0.17 1020 cm−2 (K km s−1)−1 found
in region C requires a larger CO abundance or an enhanced
kinetic temperature. This result tends to a scenario devel-
oped by HHM: A collision between the Draco nebula and
HVCs (or outer parts of the galactic layer) produces shock
fronts. This is leading to chemical reactions which enhance
the abundance of the CO molecules relative to that of H2
therefore showing a very lowxWCO ratio.

– One of the key issues of this paper is the determination of
the total hydrogen content, the visual extinction and the to-
tal mass of the Draco nebula. The mean and the maximum
column densities are summarized in Table 2. The mean col-
umn densities of hydrogen nuclei of the examined regions
are in the range0.6 ≤ N(H) ≤ 1.7 1020 cm−2. This cor-
responds to very low mean values of the visual extinction
0.03 mag≤ AV ≤ 0.09 mag if the standard gas-to-dust ratio
of Bohlin et al. (1978) is adopted. The maximum hydrogen
column density of 4.5 1020cm−2 corresponds to visual ex-
tinctions ofAV(max)'0.24mag.
The total gas mass of the absorbing neutral hydrogen in the
Draco nebula is about750 M�D2(500 pc)−2 including a
molecular mass of approximately150 M�D2(500 pc)−2,
i.e. about 20%. The average molecular mass fractions range
from 50% in region A, about 35% in regions C and D down
to zero in region F.

Acknowledgements.We thank Bart Wakker for providing the scan-
ning corrected IRAS 100µm map, Wolfgang Hirth and Jürgen Kerp
for valuable discussions and Luzian Velden for providing his “Non-
linear least square fit routine”. P.M. has been supported by the
Graduiertenf̈orderung des Landes Nordrhein-Westfalen (GrFG NW)
and by the DARA under project No. 50 OR 9402 2.



696 P. Moritz et al.: X-ray shadows of the Draco nebula

References

Aschenbach B., 1988, Appl. Opt. 27, 1404
Bloemen J.B.G.M., Deul E.R., Thaddeus P., 1990, A&A 233, 437
Bohlin R. C., Savage B.D., Drake J.F., 1978, ApJ 224, 132
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