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Abstract. Long-slit spectrophotometry obtained simul-
taneously in the spectral ranges AA3950-4900 A and 8000~
10500 A is presented for a number of giant extragalactic
H 11 regions (GEHRs) in the spiral galaxies NGC 628 and
NGC 2403. These ranges include lines from the Balmer
and Paschen series of hydrogen separated by a wide wave-
length interval. The Paschen and Balmer lines with special
emphasis on the corresponding multiplet lines Pé§/He are
used to examine the dust extinction towards the GEHRs
in these galaxies. We find good internal consistency for
the observed/predicted line ratios used for derivation of
the visual extinction, Ay .

Our results for Ay are in general larger than previ-
ously published values based on the Ha/HS ratio with
the GEHRs in NGC 628 exhibiting the largest extinction.

Key words: galaxies: spiral — galaxies: ISM - dust, ex-
tinction — H 11 regions

1. Introduction

Studies of both Galactic and extragalactic HII regions rely
on correction for the effect of dust on the observed spectral
energy distribution. Interstellar extinction remains one of
the most serious sources of systematic error in visible and
UV measurements of H 11 regions and star forming regions
in galaxies. Knowledge of the dust extinction and its spa-
tial distribution is consequently important for our under-
standing of the physical state in such dusty objects.
Usually, the total visual extinction, Ay, is determined
by comparison of the emergent flux ratio at two distinct
wavelengths for which the intrinsic ratio is known, but also
broad-band optical and near-IR colours, the FIR and sub-
millimetre continuum, the 10 gm absorption feature, etc.
have been used. For a comparison of the various methods

Send offprint requests to: larsp@obs.aau.dk
* Based on observations collected at the Nordic Optical Tele-
scope, La Palma, Spain

for the center of M82 see Gotz et al. (1990), Puxley (1991),
McLeod et al. (1993).

In the optical regime a number of spectral lines from
recombination of hydrogen are available for extinction de-
termination. Most often Ha and HS have been used due to
their large strengths and positions at wavelengths spectro-
scopically easily accessible. On the other hand 1t is clearly
an advantage to use line pairs, which are separated by a
wide wavelength interval over which the extinction has a -
large effect. For example recently Puxley & Brand (1994)
used the near-IR Paschen and Brackett lines together with
existing data on optical lines for determination of the dust
extinction in two starburst galaxies. In addition the intrin-
sic ratio of any two lines from the Balmer series relies on
a recombination line model (cf. Osterbrock, 1989) and the
knowledge of the electron temperature and density (7,
ne), since the transitions originate at different levels in
the hydrogen atom.

To benefit both by a wide wavelength interval and by
minimized dependency on recombination line model calcu-
lations it has long been proposed (cf. Greve et al. 1994 and
references therein) to use corresponding multiplet lines
from the Paschen and Balmer series, Pn/Hn, originating
from the same upper atomic level, as ideal extinction indi-
cator, since the relative strengths depend primarily on the
transition probabilities (Greve et al. 1989, 1994) and only
slightly on the excitation conditions (Osterbrock 1989).

Many of the Paschen and Balmer lines can be observed
with modern CCD detectors provided a correct elimina-
tion of the strong OH sky emission lines at A > 7000 A is
carried out. Thus, we aim at measuring the flux from the
blue Balmer lines and as many Paschen lines as possible
simultaneously with the same telescope and through the
same aperture, with special emphasis on the correspond-
ing multiplet lines to study the dust extinction of giant
extragalactic H1I regions.

Here we present two-channel blue and near-IR spec-
troscopic observations of a number of H 11 regions in NGC
628 and NGC 2403 as part of a larger study of the dust
extinction of GEHRs in spiral galaxies. The blue wave-
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length region covers the Balmer lines He-Hf, while the
near-IR region contains the Paschen lines P6-P14 making
the Pd/He line ratio available.

2. Observations

Observations were carried out at the 2.5-m Nordic Opti-
cal Telescope, La Palma, Spain with the long-slit Arhus-
Tromsg Low Dispersion Spectrograph (LDS) in January
1994 supplemented with observations from July 1994.

The spectrograph consists of two channels optimized
for the red and blue part of the spectrum with a dispersion
of 7.5 A /pixel and 2.0 A/pixel, respectively, and equipped
with a P8603 and a TK512 CCD. The length of the slit is
~ 4" and when possible the spectrograph was rotated to
a position angle allowing two H II regions to be observed
simultaneously. A journal of the observations is presented
in Table 1.

Exposures of P14-Pé and He-HB3 were taken simul-
taneously in the two channels ensuring that all lines are
influenced by the same atmospheric conditions in order to
obtain very precise relative spectrophotometry.

The spectrophotometric standard stars from Oke
(1983) indicated in Table 1, which all have the flux distri-
bution given out to 1.2 pm, were observed several times
during the night at airmasses encompassing those of the
objects to enable flux calibration and correction for the
atmospheric HoO absorption band at AA8900-9800 A by
means of the method outlined by Osterbrock et al. (1990).

2.1. Data reduction

The CCD frames were reduced with standard IRAF pack-
ages including flat fielding, illumination correction and at-
mospheric extinction correction appropriate for La Palma.
Calibration spectra of Cd/Hg and Cs spectral lamps were
taken just prior to and right after the observations for
wavelength calibration. Rectification of the 2-dimensional
frames were carried out by introducing a special mask with
a series of equally spaced holes parallel to the slit in the
light beam. Due to the different physical sizes of the CCD’s
this produces 5 and 7 parallel spectra in the blue and red
channel each separated by 44”4, that are used for mapping
the spatial direction along the slit.

Since the exposure times were long, generally 20 min
to accomplish a proper sampling of the object spectra,
most of the frames are hampered by cosmic ray hits. These
events were rejected by applying the IMSYS routine cos-
mic (Thomsen, priv.comm.) that fits polynomials at every
pixel accounting properly for readout noise, gain and the
spectral nature of the frame.

Careful measures were taken to make the extraction
apertures match exactly in the rectified frames of the two
wavelength ranges, with the lengths set to cover all pix-
els showing emission in each GEHR and with the widths
of the apertures dictated by the slit width of 2”2 corre-
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sponding to 4.7 pixels in the blue and 2.6 pixels in the
red channel. The sky background has been sampled over
a large part of the frame around the H1I regions to in-
crease S/N of the many disturbing OH sky emission lines.
In Fig. 1 we present an example of the final calibrated blue
and near-IR spectra. In the blue spectrum note also the
broad feature at A ~ 4650 A assigned to Wolf-Rayet stars
(Fierro et al. 1986). At P15 we tend to reach the series
limit giving rise to a false continuum, which makes flux
measurements unreliable.

Region 3 in NGC 2403
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Fig. 1. a Blue spectrum of H 11 region 3 in NGC 2403 showing
four strong Balmer emission lines. b Near-IR spectrum of the

same region. The faint Paschen lines down to P14 are clearly
identified

2.2. Fluz determination

The flux in the individual spectral lines were measured
both by simply summing under the line and by fitting a
Gaussian profile to the line and integrating under this pro-
file. The two methods give values which differ only slightly.
We have deblended the He emission line from the [Ne111]
line at 3967.46 A by fitting two Gaussians.
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Table 1. Journal of observations with the numbering of H1I regions following Fierro et al. (1986) and Belley & Roy (1992)

Date Object Aa® Aé*  Aperture  Total exp. Standard stars
(O IENY *) (s)

1994 Jan 2 NGC 2403 Reg. 1 +10 +32 10.0x 2.2 3600 HD 19445, HD 84937
1994 Jan 2 NGC 2403 Reg. 2 —45 455 5.8x 2.2 1200 HD 19445, HD 84937
1994 Jan 2 NGC 2403 Reg. 3 496  +35 26.7x 2.2 3600 HD 19445, HD 84937
1994 Jan 2 NGC 2403 Reg. 4 —-186 +45 8.3 x 2.2 1200 HD 19445, HD 84937
1994 Jul 31 NGC 628 Reg. 27 +46 449 7.5x 2.2 3600 BD 174708
1994 Aug 1 NGC 628 Reg. 79 —56 —110 7.5 x 2.2 6000 BD 174708
1994 Jan 1 NGC 628 Reg. 83 —48 —152 11.2x 2.2 3000 HD 19445, HD 84937

2 Offsets are from nucleus of galaxy east and north being positive

The measured line fluxes for all Paschen and Balmer
lines detected in the 7 regions (3 in NGC 628 and 4 in NGC
2403) are given in Table 2 as well as parameters necessary
for calculating Ay. The accuracy of the fluxes is = 5%
in the blue region, except for He where the deblending
may be uncertain by ~ 20%, judged from the rms scatter
of the sensitivity functions and from a comparison with
published data for regions in common with McCall et al.
(1985) and Fierro et al. (1986). In the near-IR wavelength
region the sky subtraction is much more critical, leading
to accuracies of 10-20 %. In column (3) the normalized
extinction function is given and in column (4) we list the
intrinsic line ratios for case B recombination (standard
values T, = 104 K and n. = 10?2 cm~3).

The values of log F(H3) agree well with those found
by McCall et al. (1985) and Fierro et al. (1986), but these
absolute numbers are naturally very sensitive to the size
of the aperture used and the exact position of the slit.

3. Determination of the visual extinction

The total extinction is derived from comparison of the
observed emission line flux ratios Ry, and the flux ratios
Ry, predicted in the absence of extinction.

3.1. Predicted line ratios and extinction function

Theoretical line ratios for case B recombination of hydro-
gen have been calculated by Hummer & Storey (1987) for
a total of 48 levels taking full account of collisional effects.
Due to the I-degeneracy of the energy levels in the hydro-
gen atom the line ratios, even for corresponding multiplet
lines, depend weakly on excitation conditions, T¢, ne.

GEHRs have low densities with ne ~ 10 to 100 cm™—2
(McCall et al. 1985) and for T, = 7500-12500 K the vari-
ation of Ry is very small, e.g. 0.34-0.36 for Pé/He. Values
for T. and n. determined by Fierro et al. (1986) for the
regions in NGC 2403 confirm that they are within these
intervals.

We used typical values of 100 cm™3 and 10000 K, and
as pointed out by Greve et al. (1994) neglecting the weak
dependence introduces an uncertainty, over the wide wave-
length interval used, that is smaller than the expected
overall observational errors.

Assuming an (effective) uniform absorbing foreground
screen, Ay can be calculated from the observed and pre-
dicted ratios of two emission lines at A\; and A5 as

2.5 Ry log (%:)

A= Fo0—F )

(1)

where F(A) = (Ax—Av)/(Ap — Av) is the normalized ex-
tinction curve (Savage & Mathis 1979; Scheffler & Elsasser
1988) and Ry = Av/FEp_-v. The extinction function can
also be expressed in terms of Ay /Ay, in that case Eq. (1)
transforms into

2.5 log (%‘:)

Ay = .
YT A, /Av — Ay, JAv

(2)

Here we shall use Eq. (2) adopting the average extinction
law as derived from stellar photometry by Cardelli et al.
(1989) in the form of
Ax/Av = a(A) +b())/Rv (3)
with a(A) and b(A) given as polynomials or power laws.

Studies of the extinction in the LMC (Koornneef 1982;
Howarth 1983) and the SMC (Prévot 1984; Bouchet et
al. 1985) reveal extinction laws that look similar to the
average Galactic curve for the optical and near-IR regions,
confirming the assumption that the Galactic extinction
function can be used for these wavelengths even in galaxies
of different chemical compositions.

When observing extended regions the actual geomet-
rical distribution, e.g. clumpiness or patchiness, of the
dust and the scattering of in particular blue photons back
into the line of sight by dust situated close to the emit-
ting source can make the effective extinction curve more



Table 2. Observed line fluxes (normalized at F(HB) = 1)
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()
F(HB) )
NGC 628 NGC 2403
Ax _ I(A b
A ID 4> (Rv =3.1) (ﬁgH—ﬁ%)p Reg. 27 Reg. 79 Reg. 83 Reg.1 Reg. 2> Reg.3 Reg. 4

3970 He 1.474 0.159 0.131 0.093 0.101 0.121 0.119  0.113  0.103
4102 H$ 1.431 0.259 0.247 0.211 0.195 0.208 0.234 0.209 0.181
4340 Hy 1.346 0.468 0.390 0.391 0.391 0.406 0.434 0416 0410
4861 Hp 1.164 1.000 1.000 1.000 1.000 1.000 1.000 1.000  1.000
8598 P14 0.519 0.00666 0.013

8665 P13 0.512 0.00832 0.016

8750 P12 0.503 0.0106 0.018 0.019

8863 P11 0.491 0.0138 0.044 0.022 0.027

9015 P10 0.478 0.0184 0.072 0.060 0.032  0.031 0.038  0.039
9229 P9 0.460 0.0254 0.083 0.073 0.055 0.042 0.039 0.056  0.063
10049 Pé 0.401 0.0555 0.215 0.188 0.180 0.098 0.118 0.112 0.195
log F (HB)* -13.54  -13.66  -13.32 -13.00  -12.82 -12.43 -12.93

2 In units of erg cm~2 5!

> Corrected for underlying Balmer absorption, see text

grey than the uniform interstellar extinction which is used
when dealing with point sources, as discussed by Caplan
& Deharveng (1986), Witt et al. (1992) and Calzetti et al.
(1994).

It is therefore not straightforward to apply the extinc-
tion function derived from stellar observations to extended
regions. Consequently, we will analyse the data with the
standard extinction function with Ry 3.1 valid for
the diffuse interstellar medium (Cardelli et al. 1989) for
easy comparison with values from the literature based on
Ha/HpB, and in addition apply a much greyer curve de-
scribed by a Cardelli et al. curve with Ry = 6 to one of
the H1I regions as an illustrating example. Changing the
value of Ry will only influence the lines in the blue part of
the spectrum, since the extinction function is independent
of Ry for A > 7000 A (Cardelli et al. 1989).

3.2. Results

Ay can be derived from Eq. (2) for any pair of the ob-
served hydrogen emission lines in the GEHRs, but we
shall here concentrate on the corresponding multiplet lines
P§/He and a weighted fit of the entire data set covering
the wide wavelength interval observed.

The stellar continuum rises towards short wavelengths
in the blue spectral region and thereby increases the ef-
fect of the underlying Balmer absorption on the emission
lines, which leads to overestimation of the extinction. Of
the H1I regions observed here only region 2 in NGC 2403
seems to be affected significantly by underlying Balmer

absorption (cf. Fierro et al. 1986) and the line ratios have
been corrected by adopting the average absorption equiv-
alent width of 1.9 A from McCall et al. (1985) for the
lines H3-He That the rest of the observed H1I regions
are unaffected or only suffer from absorption to a very
small degree 1s based on three considerations. They all
have EW(HB) > 70 A, a limit below which the underly-
ing absorption lines steepen the emission decrement signif-
icantly (McCall et al. 1985). None of them show a strong
rise of the continuum in their spectra (cf. Fig. 1), and nor
do any of them display a systematic deviation blueward
of HB below the linear relation used for extinction deter-
mination (Fig. 2).

The derived value of Ay based on the P§/He corre-
sponding multiplet lines and the standard extinction func-
tion is given as the first entry in Table 3. For all other
line pairs Ay could be calculated from the measured line
fluxes in Table 2 using Eq. (2), but instead an average
value of the visual extinction based on all observed lines
was obtained from a weighted fit of the line fluxes. In
Fig. 2 the observed line fluxes measured in HII region
3 in NGC 2403 have been plotted relative to HA in the
form 2.5log(Ro/Ry) as a function of Ay /Ay for Ry = 3.1.
When displayed in this way the line ratios show, accord-
ing to Eq. (2), a linear relation with a slope equal to —Ay
and illustrate the advantage of using a wide wavelength in-
terval. The dashed line represents a weighted least-square
straight line fit to the data points with error bars indicat-
ing estimated observational uncertainties.
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Fig. 2. Observed line ratios for the Paschen and Balmer lines of HiI region 3 in NGC 2403. The dashed line represents a

least-square fit with a gradient equal to —Av
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Fig. 3. Same as Fig. 2 but for an effective extinction function with Rv = 6. Ax/Av is now closer to unity for all the emission
lines and the slope of the dashed line must therefore be larger to match the observed line fluxes

The effect of a greyer effective extinction curve is illus-
trated in Fig. 3 where the observed line fluxes are plotted
versus A, /Ay for Ry = 6. In this case a higher value of
Ay is required to fit the data points. The two dashed lines
fit the data almost equally well, with Ay = 1.00+0.03 in
Fig. 2 and Ay = 1.4440.06 in Fig. 3 and we cannot sig-
nificantly distinguish between the two effective extinction

curves from these data. With the inclusion of near-IR lines
at longer wavelengths, however, discrimination among dif-
ferent physical dust distribution can be made as shown by
Puxley & Brand (1994).

Similar fits have been applied to the other H 11 regions
and the calculated values for Ay corresponding to Ry =
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Table 3. Visual extinction Av (mag) for the 7 observed extragalactic H I regions. All numbers in this table are derived with

Ry =3.1
NGC 628 NGC 2403

27 79 83 1 2 3 4
Av, P§/He 1.57 1.78 1.65 0.84 1.05 1.06 1.59
Ay, linear fit 1.614+0.17 1.58+0.11 1.47+0.10 0.83+0.02 0.81+0.09 1.00£0.03 1.454+0.10
Av, He/HpB* 2124028 099+0.28 1.03+0.14 0.71+0.14
Ay, H(,I/Hﬂb 0.77+£0.22 10554+0.22 087+0.22 0.77+0.22
Ag 0.09 0.09 0.09 0.12 0.12 0.12 0.12

® From McCall et al. (1985)
b Derived from Fierro et al. (1986)

3.1 and their associated 1o deviations are listed in Table
3.

Results for the corresponding multiplets lines and the
linear fit are in agreement, but there is a tendency to larger
values of Ay derived from the Pé/He line pair. This could
be due to an underestimation of the He line flux in the
deblending procedure. For comparison purposes we have
listed previously determined Ay values based on Ha/Hp
in Table 3.

Except for the high value of H 11 region 27 in NGC 628
found by McCall et al. (1985) the results for Ay derived in
this study are somewhat larger than the previously pub-
lished results based on Balmer emission lines.

The Galactic foreground extinction Ay (Gal) affects
the emission lines at the observed redshifted wavelengths.
The contribution from Galactic extinction to the total vi-
sual extinction as calculated from Eq. (2) therefore takes
the form

AAZ.O/AV - A/\l,o/AV

Av(Gal) = 4 Ay, [Av — Ax, [Av

(4)

where Ay, /Ay is the extinction function at the observed
wavelengths. For the low redshifts of NGC 2403, v, =
107432 km/s (essentially no redshift) and NGC 628, v, =
632 + 23km/s (de Vaucouleurs et al. 1991), the ratio is
equal to unity, and the extragalactic extinction component
can be derived simply by subtracting the values of Ag
given by de Vaucouleurs et al. (1991) from Ay . This has
not been done for the values given in Table 3.

For NGC 628 the derived extragalactic extinctions are
in the interval 1.4-1.6, while for NGC 2403 we derive Ay
(Exgal) = 0.7-1.3. Again this is in good overall agreement
with McCall et al. (1985) who also found the former to ex-
hibit the larger extinction but with larger variations from
region to region, although they used larger values for the
Galactic extinction.

4. Conclusion

Optical and near-IR spectrophotometry of Paschen and
Balmer emission lines obtained simultaneously through
the same aperture has been used to examine to dust
extinction of giant extragalactic HII regions in the spi-
ral galaxies NGC 628 and NGC 2403. The Paschen and
Balmer lines have wider wavelength separations than the
strong Balmer lines commonly used for extinction deter-
mination. Consequently, Ay can be determined from these
weak lines with the same uncertainty as for the easily
observable strong Balmer lines in spite of larger obser-
vational errors, since the denominator of Eq. (2) will be
~ 3 times larger for the Paschen-Balmer combinations as
compared to Ha/Hp.

We consider P§/He as the best extinction indicator
based on a single line pair, since this ratio has the longest
baseline and the emission lines originate from a common
upper level, although the deblending of He can be uncer-
tain. In addition, Pé fortuitously is not affected by atmo-
spheric H,O absorption bands or OH sky emission lines.

We thus have demonstrated the feasibility of observing
Paschen-Balmer line pairs in GEHRs and of the reduction
techniques for extraction of the Paschen lines from the
crowded sky background in the near-IR region. The use
of simultaneous exposures of optical and near-IR spectra
forming a long baseline for extinction determination has
lead to accurate values of the visual extinction of giant
extragalactic H1I regions. With improving detector sen-
sitivity this method could be extended to more regions
and also include the favourable corresponding multiplet
lines Py/Hé, which has successfully been applied to the
Galactic Orion Nebula (Greve et al. 1994; Osterbrock et
al. 1992; Petersen 1994).
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