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RESUMEN

Se presenta espectrofotometria en el intervalo de 3400 a 7400 A para seis dreas en
la nebulosa de la Laguna. Se determind la contribucién atémica al continuo en emisién
y se encontré que mis de la mitad del continuo se debe a luz dispersada por particulas
de polvo. En la direccién del Reloj de Arena se detectaron las lineas AA4200 y 4686 de
He' en absorcién; este resultado también implica que la mayor parte del continuo en
dicha direccién es debido a luz dispersada por polvo, como es el caso en las nebulosas de
reflexién. El cociente efectivode gasa polvo (N /Ng404) en la direccién del Reloj de Arena
se determind a partir de dos métodos diferentes.

ABSTRACT

Spectrophotometry in the 3400 to 7400 A range is presented for six areas inside the
Lagoon nebula. We have derived the electron temperature, the electron density and the
N (He+ YN (H+) abundance ratios to determine the atomic contribution to the continuum
emission. We have found that more than half of the continuum emission is due to dust
scattered light. In the direction of the Hourglass we have detected the AA4200 and 4686
He™ lines in absorption; this result also implies that most of the continuum emission in
that direction is produced by dust scattered light as in reflection nebulae. The effective
gas to dust ratio (NH/NdO'd) in the direction of the Hourglass was determined from two
different methods.

Key words: INTERSTELLAR-DUST - NEBULAE-H II REGIONS - NEBULAE-REFLEC-
TION

I. INTRODUCTION

O’Dell and Hubbard (1965) and O’Dell, Hubbard,
and Peimbert (1966) showed that most of the
continuum observed in the visual range of the spec-
trum of H II regions is due to dust scattered light.
Peimbert and Goldsmith (1972) detected the A4686
line of He™ in absorption in the continuum emis-
sion from the Orion Nebula confirming the conclu-
sion derived by O'Dell and Hubbard and O’'Dell et
al..

1. Partially based on observations collected at the Ob-
servatorio Astrondémico Nacional of San Pédro Martir,
B.C., México.

2. Visiting Astronomer, KPNO, National Optical As-
tronomical Observatories, operated by the Association of
Universites for Research in Astronomy, Inc., under con-
tract with the National Science Foundation.

M8, also known as NGC 6523, S25, W29 and the
Lagoon nebula, is one of the most studied galactic
H II regions. The H II region forms a blister on
the surface of a giant molecular cloud that is lo-
cated behind the H II region (e.g., Ladaet al. 1976).
The open cluster NGC 6530 is embedded in M8, the
brightest regions of M8 arc to the west of NGC 6530.
Most of the ionization of M8 is due to three O stars
9 Sgr (HD 164794), HD 165052 and Herschel 36
(H36, HD 164740).

We decided to study the continuum emission
from the brightest regions of M8 to try to: a) search
for He™ lines in absorption, b) estimate the fraction
of the continuum due to dust scattered light, c)
determine Ny /Nyog4, the number of H atoms per
cm? of dust absorption, which has often been called
in the literature the effective gas to dust ratio (e.g.,
O’Dell and Hubbard 1965, O’Dell et al. 1966), and
d) improve our knowledge on the structure of M8.
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II. OBSERVATIONS

a) 2.1-m Telescope at KPNO

The observations were carried out during May
1978 with the Gold spectrograph and the intensified
image dissector scanner (IDS). The IDS is a dual-
beam multichannel spectrometer, each spectrum of
roughly 20 mm is recorded into 1024 channels. The
full width at half-maximum was of 3.8 channels.

Two gratings were used that covered the follow-
ing wavelength ranges: AA3400-5200 and AA5600-
7400. The dual entrance slits used were 0.30 x 0.98
mm where the first value is along and the second is
perpendicular to the dispersion; they correspond to
3.8” x 12.4” on the plane of the sky. The separation
between the center of the slits was 99” on the sky.
Each beam was treated independently and in all
cases the sky was subtracted from the source. The
sky measurements werc made outside the body of
MS.

The observed regions are shown in Figure 1
(Plate); details are presented in Table 1 and Figure
1. The data were reduced to absolute fluxes using
the standard stars observed by Stone (1977) and
Oke (1974) and corrected for the nonlinearity of the
detector by considering that the actual flux, F, is
related to the instrumental signal, S, by (Peimbert
and Torres-Pcimbert 1987)

L.J. SANCHEZ AND M. PEIMBERT

TABLE 1

OBSERVED REGIONS
Designation Location
M8 HG 12” S of center of Hourglass
M8 HGE 99”E of M8 HG
M8 HGW 99”W of M8 HG
M81 90”S and 175”W of 9 Sgr
M8 1E 99”E of M8 1
M8 1W 99"W of M8 1
M8 1? 90”S and 175”W of 9 Sgr

a. Observed by Peimbert and Costero 1969.

In Table 2 we present the intrinsic line intensities
in ergs em™ 2571 I(}), relative to I(HPB) given by

log [I(A)/I(HB)] =log [F()/F(HB)}+

+C(HB)g()) N ©))

where F()) is the observed linc flux corrected for at-
mospheric extinction, C(I1f) is the logarithmic red-
dening correction at HA and g() is the reddening
function normalized at HB. The continuum contri-
bution to each emission line was subtracted and was
estimatcd by interpolating the continuum values on

S « F107, (1) both sides of the line.
TABLE 2
LINE INTENSITIES

A ID g(A) g HG  HGE HGW 1 1E 1w

3727 [OII] +0.315 +0.19 +0.44 +0.14 +0.28 —0.02 +0.11 +40.21
3798 H10 +40.290 +0.17 —-130 —-132 —-130 -135 —136 —1.31
3835 H9 +0.280 +0.16 -1.16 —-1.14 -—-1.20 -—-1.19 -—1.14 -—1.15
4102 Hé +0.200 +0.13 —0.61 —-0.64 —-0.60 —-057 —-0.65 —0.62
4340 H~y +0.135 +0.09 —033% —-034 —-035 —-034 —-034 —-0.31
4363 [O 1111 +0.130 +0.09 —244 —2.07: —-2.10: —2.14: —2.07:
4472 Hel ++0.105 +40.07 —147 —-131 —148 —-13%3 —136 —1.34
4861 IIﬂ 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4959 [O IITI] —n.020 —0.01 —0.48 —0.16 —046 —0.03 —-0.15 —0.05
5007 [OIII] = 1».030 —0.02 —0.02 <4036 -—0.06 +045 +037 +0.38
5755 [NII] —0.190 —0.14 —1.98 .

6548 [NII] —0.330 —0.25 —-0.40 —-0.86 —-051 —-0.87 —-0.85 —0.66
6563 Ha —0.335 —0.25 +0.45 <4+0.45 +0.45 +045 +0.45 +0.45
6583 [NTI] —0.340 —0.25 +0.14 —-0.43 —-0.05 —0.43 —0.41 —0.16
6717 [SII] —-0.370 —0.28 —-1.08 —-1.15 —0.87 -—1.19 -1.13 —0.98
6731 [SII] —0.370 —0.28 —-091 -—-131 —-089 —-124 —125 —0.94
C(Hﬂ) 1.00 0.40 0.45 0.15 0.30 0.45
log F(Hﬂ) —11.24 —12.49 —-12.11 —12.37 —1250 —12.17
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In Table 2 we present two different reddening
functions: a) g(A) derived from the normal extinc-
tion law (Whitford 1958), that corresponds to a total
to selective extinction ratio, R, equal to 3.1, and b)
g’(X) derived by Mathis (1990) for R = 5.0. With the
exception of M8 HG all the other observed regions
are mainly ionized by 9 Sgr and most of their red-
dening is due to foreground interstellar dust (e.g.,
Hechtet al. 1982 and references therein), therefore
for all of them we adopted the normal reddening
function. M8 HG is mainly ionized by H36 (see § V)
and shows considerably higher extinction than the
other observed regions, and it has been found that
for H36 R is equal to 4.6 (Hecht et al. 1982) or 5.3
(Mathis 1990); consequently to correct the M8 HG
observations we will adopt the reddening function
for R = 5.0. Fortunately after correcting for red-
dening, the line intensity ratios in the visual region
are almost unaffected by deviations from the nor-
mal extinction law; alternatively the C(Hp) changes
are significant and are proportional to the ratio of
the R values.

The C(11f) values were obtained by fitting
the observed H~/HB and Hé/HB ratios to the
theoretical ones computed by Hummer and Storey
(1987) for T, = 10000 K and N, = 100 cm~3, which
are very similar to thosc computed by Brocklehurst
(1971). We compared the free-free emission of M8
HG from the work by Woodward et al. (1986), that
for Te = 8 000 K amounts to an emission measure of
1.29 x 108 ¢~ pc, with the F(HpB) value in Table
2 and obtained C(118) = 0.96 £ 0.10 in excellent
agreement with the value derived from the Balmer
decrement.

Since the blue and the red part of the spectrum
were not observed simultaneously the I(Ha)/I(HR)
ratios were adjusted to the theoretical one by
applying a gray shift correction to the red part of
the spectrum,; the average gray shift was of 0.05 dex
and it is due to small displacements of the entrance
slits. The accuracy of the line ratios presented in

Table 2 is better than 0.04 dex for all the lines with
the exception of those lines with a colon, where
the accuracy is better than 0.06 dex; the accuracy
of F(Hp) is better than 0.08 dex and the accuracy
of C(Hp) is better than 0.1 dex. The H9/HB and
the H10/Hp ratios are on the average 0.04 dex and
0.05 dex smaller than predicted which is attributed
to the presence of underlying absorption in the
continuum due to dust scattered starlight.

Similarly in Table 3 we present the continuum
intensities in ergs cm~% s™! A1, (), relative to
I(HpB) given by

log [¢(A)/I(HB)] = log [f(A)/F(HB)]+
+ C(HB)g(}) , 3

where f(A) is the observed continuum flux cor-
rected for atmospheric extinction and where the
C(HpB) values of Table 2 were used to correct
for interstellar extinction. The accuracy of the
1(A)/I(Hp) ratios is better than 0.06 dex with the
exception of the values of M8 HG for which the ac-
curacy is better than 0.04 dex.

The equivalent widths of the emission lines can
be obtained from the data presented in Tables 2 and
3. Representative spectra of our data are shown in
Figures 2, 3, 4 and 6.

b) 2.1-m at San Pedro Mdrtir

The observations were carried out during May
1990 with the spectrograph Boller and Chivens of
the University of Milano and a Thompson CS F TH
7883 CDA chip. The CCD has 576 pixels along
and 384 pixels perpendicular to the dispersion. A
600 grooves per mm grating blazed at 4550 A was
used that covered the 4200 to 5300 A wavelength
range. These observations were used to determine
the equivalent widths in absorption of the He™ lines
in 9 Sgr and H36 and of the A4430 band in H36 (sce
Tables 9 and 10).

TABLE 3

CONTINUUM OBSERVATIONS®
A g(X) g’(A) HG HGE IIGW 1 1E Iy

3500 +0.375 +0.20 —2.00 —2.08 —1.98 —2.16 —2.10 —2.11
3620 +0.340 +0.19 —2.00 —2.07 —1.99 —2.15 —2.07 —2.09
3930 +0.250 +0.16 —2.44 —264 —248 —2.71 —2.69 —2.66
4200 +0.175 +0.11 —-254 —277 —258 —282 —279 —92.76

4510 +0.090 +0.06 —2.66 —2.83 —2.68 —2.89 —2.85 —2.83
4800 +0.015 +0.01 —2.73 —281 —269 —2.87 —2.80 —2.83
6400 —0.305 —0.23 —2.90 —268 —2.69 —2.98 —291 —2.94

a. logt(A\)/I(HB)in A1
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Fig. 2. Blue spectrogram of M8 HG showing the strongest lines measured.
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Fig. 3. Blue spectrogram of M8 HG showing the weakest lines measured.

T T T T T T ITI. PHYSICAL CONDITIONS

6.0 | | a) Densities and Temperatures

The atomic parameters needed to derive the
| clectron densities and the electron temperatures
were taken from the compilation by Mendoza
(1983). The electron densities were derived from
- the I(6717)/I(G731) line intensity ratios and are
presented in Table 4. The density errors in Table
4 correspond to errors in the intensity ratios of
0.02 dex for M8 HG and of 0.04 dex for the other
regions.

2.0 — The Te(O IIT) and Te(N IT) values were derived
from the I(4363)/I(5007) and the I(5755)/I(6583)
ratios respectively and are presented in Table 4.
The listed errors in the temperature correspond to
errors in the intensity ratios of 0.04 dex for M8 HG
and of 0.06 dex for the other regions. Also in Table
4 we present the Te(O II1) and Te(N II) values for
M8 1 derived from the observations by Peimbertand
Fig. 4. Red spectrogram of M8 HG, detail in the vicinity Costero (1969) and the newer atomic data available.
of Ha. The Balmer continuum temperatures, 7(Bac),

Ha——~|
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TABLE 4

DENSITIES AND TEMPERATURES

Region log Ne(SII)  Te(Bac) Te(OI1T) T (N II)
+0.15 +1100
HG 33510082 660075000 8600+200 8450+300
HGE  <2.20 660071800 86004300
+0.10 +1700
HGw 2751022 580077700
4005 og00+2100
1 2657092 780013390 8000£300
1IE < 2.50 570071590 8200+300
+0.05 +1900
1w 3.007900 690071300 8100£300
I 7850200 7950£300

were obtained from the ratio of the Balmer con-
tinuum, (3646, Bac), to I(H)f. To estimate
1(3646,Bac) it is necessary to determine the contri-
bution of the other continua to the observed fluxes.
For a pure nebular continuum' this is done by sub-
tracting the flux of the red side of the discontinuity,
1(36461), from that of the violet side, 1(36467),
since the intensity variation of the non-Balmer con-
tinua should be nil from A3646™% to 3646~. Never-
theless in the presence of a contribution to (1) due
to starlight scattered light a small Balmer disconti-
nuity in absorption is expected; Peimbert (1971) has
suggested for the Orion ncbula that ’

i(3646, Bac) = (3646 7) — 0.88:(3646™), (4)

a similar relation in expected for M8 based on the
spectral type of the O stars and on the similar
underlying absorption for 19 and H10 in M8 and
the Orion ncbula (§1I and Peimbert 1967). The
(3646, Bac) values were derived by extrapolating
the data in Table 3 and from equation (4). To
derive the T¢(Bac) values we made use of following
equation (Peimbert 1971 and references therein).

. —1.52
T,(Bac) = 2.65 [M@] ; ®)

1(Hp)

in Table 4 we present the T, (Bac) values where we
adopted errors in the ¢(Bac, 3646)/I(Hp) ratios of
0.04 dex for M8 HG and of 0.06 dex for the other
regions.

From radio observations Rodriguez and Lichten
(1979) obtained Te(radio) = 7100 & 400 K for M8.
We consider that M8 I is representative of M8 due to
its location rclative to 9 Sgr, that is the main source
ofionization, and that T, (O 11T) and T,(N IT) of M8
I could be compared with the radio value. For the

same reason we also consider representative of M8
the T, (O II1) values derived from M8 HGE and M8
1E.

b) Average Temperatures and Mean
Temperature Variations

T.(Bac) and T¢(radio) are smaller than T, (O I11)
and T¢(N II) for M8 IIG, M8 I, M8 HGE and M8
1E; the differences could be due to the presence
of spatial temperature variations along the line
of sight. In the presence of spatial temperature
variations over the obscrved volume the methods
based on collisionally excited lines yield higher
temperatures than those based on recombination
lines, free-bound or free-free continua (Peimbert
1967).

We define an average clectron temperature, Tp,
by

f T.N;N.dQdl
. =4 =t 6
To(N:, Ne) [ N;N.dQdl ®)
where 12 is the observed solid angle and ! is the

distance along the line of sight; the root mean
square temperature variation, t, is given by

2 [ T2N;N.dQdl — T} [ N;N.dQdl )
T3 [ NiN.dQdl
It can be shown that (Peimbert 1967)
T(Bac) = To(1 — 1.70t?) , 8)
and
T(radio) = To(1 — 1.42t?) ; )
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under the assumption that in the regions where the

[O 1II] and [N II] lines originate Tp and t? are the
same it can be shown that

T,(OIII) = T, [1 +1 (90800 - 3> t2] , (10)
2 To
and
T.(NII) = Tp [1 +1 (69000 - 3) tz] . (11)
2 To

From equations (8) to (11), the T, values in Table
4 and the T¢(radio) value by Rodriguez and Lichten
(1979) the Ty and t? values presented in Table 5
were derived. For M8 HG we used Te(O III), T (N
I1) and T¢(Bac); for M8 I we used T, (O III), T.(N
IT) and T (radio); while for (M8 HGE + M8 1E) we
used T (O I1I) and T, (radio).

We will compare the t? values with those pre-
dicted by the H II rcgion models of Gruenwald
and Viegas (1991), their modecls compute physical
parameters as a function of ¢, the projected distance
from the central star in units of the Stréomgren
radius. M8 HG is mainly ionized by H36 of spectral
type O7 (Woolf 1961) or O7.5V(n) (Clayton and
Cardelli 1988), while M8 I, M8 HGE and M8 1E
are mainly ionized by 9 Sgr of spectral type O5V((f))
(Auer and Mihalas 1972).

" We will adopt an O7 spectral type for H36. It
is possible to obtain To( N II) and Tp( O III) by a
linear interpolation of the A306 and A308 as well
as the B306 and B308 models by Gruenwald and
Viegas (1991). The code for the models is such that
3 stands for N, = 103 cm~3, A for solar abundances
and B for Zg/3. From the A models we obtain To(N
IT) = 6375 K and Tp(O IIT) = 6100 K while from
B models we obtain To(N II) = 8925 K and Tp(O
I1I) = 8840 K. By looking at Table 5 we find that
the Tp values are in the range defined by A3 and
B3 models and again from a linear interpolation to
obtain agreement between models and observations

L.J. SANCHEZ AND M. PEIMBERT

we find that To(N IT) implies Z = 0.67 Zg and Tp(O
IIT) implies Z = 0.76 Zg.

The t? values in Table 5 can only be compared
with the model predictions by Gruenwald and
Viegas (1991) for the A2 series (N, = 102 cm™3)
because they did not publish their ¢? values for the

A3 and B3 scries. For A208 t2(OIII) can reach
values as high as 0.010, but for £ values higher than
0.2, that apply to M8 HG, t¥(O III) < 0.02. For
A206 t2(O 111) is smaller than 0.015 for all £ values.
For models A206 and A208 t2(N 11) is smaller than
0.012 for all £ values. The predicted t? values for
models with lower heavy element abundances and
higher electron densities, that apply to M8 HG,
should be slightly smaller according to the trends
present in the models by Gruenwald and Viegas.

The most appropriate models to compare M8 1,
M8 HGE and M8 1E are A204 and A206; these
models predict t2(O 111) and t2(N 11) values smaller
than 0.015 for all £ values.

Consequently the t? values in Table 5 are higher
than those predicted by Gruenwald and Viegas
(1991). Pcimbert, Sarmicnto and Fierro (1991)
have obtained a similar result for the Orion nebula
and have suggested that the difference could be
due to the presence of shock waves inside the
H II region. Nevertheless electron temperature
determinations of higher accuracy for M8 are
needed to corroborate this result.

¢) N(He)t/N 1)t

We derived N(ITe)t/N(H)T values based on the
computations by Brocklehurst (1972) and Hummer
and Storey (1987). Due to the relatively low N,
and T, values the collisional contribution from the
238 level of e to the A4472 line is negligible and
was not considered (Berrington and Kingston 1987;
Clegg 1987; Peimbert and Torres-Peimbert 1987).
The results are presented in Table 6, the accuracy
in the determinations is of 0.04 dex.

The N(He)*/(N(H)* value for M8 HG is smaller
than from M8 HGE and M8 1E, the difference is
larger than thc observational errors and implies that
the fraction of helium in the neutral stage is larger

TABLE 5

AVERAGE TEMPERATURES AND MEAN
TEMPERATURE VARIATIONS

Region To(OIII) To(NII)  t3O1II) t2(N II)
HG 7100750 72004750 0.044+0.022 0.05140.028
I 73004300 74004250 0.01740.009 0.025+0.012
(1E+ HGE) 74004250 0.029+0.016
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o HELIUM ABUNDANCES
1
b Region N(HetyNHT)
HG 0.068
HGE 0.099
HGW 0.067
1 0.094
1E 0.088
1w 0.092

or M8 HG than for the other two regions. This
‘esult supports the idea that most of the ionization
f M8 HG is duc to H36 and the most of the
onization of M8 HGE and M8 1E is due to 9 Sgr.

IV. CONTINUUM EMISSION

There are at least five components to the ob-
erved continuum emission from a gaseous neb-
ila: 1) contamination due to the night sky, 2)
ontamination by stars included in the observing
lit, 3) electron scattering of starlight, 4) atomic
ontinua and 5) dust scattered starlight.

The night sky contribution was subtracted from
he data in Table 3. No star brighter than m,
= +18.5 mag was included in the observed area
ind we estimate that direct stellar contamination
s negligible. The 7())/I(HB) values determined
>y O'Dell et al. (1966) for regions 8 and 9 of M8,
hat arc the regions closest to those observed by
15, arc —2.79 dex and —2.83 dex respectively, in
jood agreement with the values presented in Table
3. It can be shown that the clectron scattering is
1cgligible for typical H II rcgions (e.g., Sdnchez
1990). We are lcft with the atomic contribution
o the continuum emission, 7(A)g, and the dust
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scattered starlight contribution to the continuum
emission, ¢(A)g. Therefore the continuum emission
presented in Table 3 is given by

i(A) =i(A)a +i(M)q - (12)

a) Atomic Continua

The energy eniitted by the atomic continua in the
interval hv to hv + dhv may be written as

d(energy) = N(HY)Nev,sydhvdVdt (13)

where 7,57 is expressed in units of a recombination

coeflicient (cm® s™1) and, for a nebula without
N(He*™), is given by

Yers = 71(H) +~(29)+
+ v(He®) N(HeT)/N(HT) , (14)

where v(H?) and v(HcP) include the free-free and
free-bound continua of the hydrogen and helium
atoms and v(2q) corresponds to the two quantum
continuum. The two quantum continuum for T,
= 8000 K is given by (Scaton 1955; Brown and
Mathews 1970)

Y0(29)
2q) = ‘ (15)
7(29) = {566 10-4N,

Based on the computations by Seaton (1960) and
by Brown and Mathews (1970) we present in Table 7
the atomic continua per unit wavelenght for the low

density limit, N, < 104 cm™3, T, = 8000 K and

TABLE 7
ATOMIC CONTINUUM®
p) AC},  HG HGE MHGW 1 IE 1w

3500 —2.25 —227 -—-225 -—226 —226 —2.25 —2.26
3620 —2.23 —224 —223 -—223 -—-223 -—-223 -—2.23
3930 —-3.08 —3.12 —-3.08 —-3.09 —3.09 —3.08 —3.10
4200 —-3.13 -3.17 —-3.13 —-3.14 -3.13 -—-3.13 -3.14

4510 —3.17 -3.21 -3.17 -3.18 —3.18 —3.17 —-3.18
4800 —3.20 —3.23 —3.20 —-3.21 -3.20 —-3.20 —3.21
6400 —3.25 —3.28 —3.25 -3.27 —-3.26 —3.25 —3.26

a. Log #(A)g/I(HB) in A~1. b. For the low density limit and
N@®etyNHT) = 0.10.
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N,
2 N(Het)/N(HT) = 0.10. The value that we derive T T T N E— | E—
%: for A4800 A is smaller than that derived by O’Dell O M8HG
& et al. (1966), probably because they used a higher A © 10 Lac -
& N(Het)/N(H")ratio. Also in Table 7 we present the _ L N & 35,000°K black-body
atomic continua for the observed regions where the 2
N, and T, values in Table 4 and the N(He")N(H™) = 28| -
values in Table 6 were used. :\2
b) Dust Scattered Light g .,
Based on equation (12), Table 3 and Table 7 the
dust scattered light to I(Hp) ratio in presented in L -
Table 8.
-3.6 I I 1 1 | 1 ]
3000 4000 5000 6000 700

TABLE 8

SCATTERED LIGHT?

A(R)

Fig. 5. Comparison of the scattered light in M8 HG with
a black body of 35000 K and 10 Lac. The vertical axis
corresponds to M8 HG and the other two curves have

A HG HGE HGW 1 1E 1W been normalized to that of M8 HG at 4800 A.

3500 —2.33 —-257 —-230 —2.85 —2.63 —2.64

3620 —2.37 —258 —236 —292 -—-2.58 —2.65 .

3930 —9.54 —9.84 —2.60 —2.94 —92.92 —92.86 cant amounts of internal dust. Therefore M8 HC

4200 —2.66 —3.02 —2.72 —3.11 —3.06 —2.99 has to be compared with a reddened source; in thit
510 80 —3.10 —985 —3.90 —8.13 —3.09 case the red excess can disappear but the blue exces:

4510 —2.80 —3.10 —2.85 :-3.20 —3.13 —3. becomes larger. This result implies that A(A)ag(A)

4800 —2.90 —3.04 —2.85 -—-3.14 —-3.02 -3.06 1 bedo i ) . .

6400 —3.13 —2.82 —2.82 —330 —3.18 —3.22 the albedo times the average extinction cross sec

a. Log 1(A)g/I(HP) in AL

In Figure 5 we present the dust scattered star-
light in M8 HG and compare it with a dereddened
09 star (10 Lac, Code 1960) and with an unred-
dened black body at 35 000 K. The three spectra are
normalized at 4800 A. From Figure 5 it can be seen
that M8 G shows a blue excess and a red excess
relative to the other two spectra. The large value of
C(Hp) for H36 (see Table 10) and the larger C(Hp)
value for M8 HG than for the other observed re-
gions (see Table 2) indicate the presence of signifi-

tion, increases at lower wavelengths.

c) Het Lines in Absorption

We have detected the AA4200 and 4686 He' line:
in absorption in the direction of M8 HG (see Figure
6). To our knowledge this is the second detection o
He™ absorption lines in the continuum of an H I
region, Peimbert and Goldsmith (1972) previouslh
reported the presence of A4686 in absorption in th
direction of the Orion nebula.

In Table 9 we present the observed equivalen
widths of AA4200, 4542 and 4686 at the M8 H(
position. We also present the equivalent widths o

TABLE 9

OBSERVED EQUIVALENT WIDTHS®

Object 24200 24542 24686 Sum  Ref?
M8 HG 03840.10  0.13+0.10  0.6740.10 12403 1
9Sgr  0.6640.10 0.76£0.10  0.85+0.10 23403 1,2
0.66+0.10  0.85+0.15  0.74+0.15 23404 23
0.66+0.10  0.7740.10  0.82+0.10 23403 2,4
H36  050£0.10 0.53+0.10  0.75+0.10 1.8403 1,2
15Mon 0.50+0.10  0.56+0.10 0.71£0.10  1.840.3 23
0.50£0.10  0.6840.10  0.8040.10 2.0+0.3 2,4

a. Given in A; b. References: 1) this work; 2) Conti 1973; 3) Conti and
Alschuler 1971; 4) Auer and Mihalas 1972.
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Fig. 6. Blue spectrogram of M8 HG, showing the absorp-
tion lines.
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H36, 9 Sgr and 15 Mon, an O7V star. Our measure-
ments for H36 and 9 Sgr are in good agreement
with those by other obscrvers. The equivalent
width of A4542 is considcrably smaller than those of
AX4200 and 4686; probably this is due to the veiling
produced by an unidentified emission line in the
neighborhood of A4542.

It is possible to estimate the fraction of dust
scattered light by comparing the stellar equivalent
widths with those observed in M8 HG. To reduce
the crrors in this comparison we have used the sum
of the three equivalent widths. The ratio of the dust
scattered light to the total continuum emission is
given by

ig(A) _ Y EW(HG)
i >~ EW (star)

(16)

For H36 we obtain i4/i = 0.67 £ 0.20, while
for 9 Sgr we obtain 14/ = 0.52 £ 0.15. The 14/7
ratio derived from the absolute value of the atomic
continuum emission in the 4200 to 4800 A range
amounts to 0.72 £ 0.06 (see Tables 3 and 8). These
results confirm that most of the continuum emission
in this part of the spectrum is due to dust scattered
starlight, and that FI36 is the most probable source
of the dust scattered light.

In §V other arguments are given that indicate
that H36 is the ionizing source of the Hourglass.
There might be a small contribution due to 9 Sgr
and Cérdoba 12043 to the dust scattered light from
M8 HG (Woodward et al. 1986). For the other five
observed regions it is likely that most of the dust
scattered light is due to 9 Sgr.

293

d) The Absorption Band at A4430

We also marginally detected the absorption band
at A4430 in M8 HG (see Figure 6). In Table 10
we present the equivalent widths and the central
absorption depths for the A4430 band in M8 HG
and H36. Our result for H36 is very similar to
that derived by Wampler (1966). The central depth
of A4430 might be more representative of the true
strength of the band in M8 HG due to the possible
presence of faint emission lines close to A4430.

The strength of A4430 could be due to the
addition of two effects: a) absorption between M8
HG and the observer and b) absorption between
H36 and the scattering particles in M8 HG. Without
additional observations we can not establish the
relative importance of these effects.

TABLE 10

EQUIVALENT WIDTHS, CENTRAL ABSORPTION
DEPTH AND LOGARITHMIC REDDENING

CORRECTION
Object  A4430(A)  P.(A4430)(%) C(Hp) Ref®
M8 HG 0.740.2 6.041.0 1.00 1
136 1.240.2 6.041.0 205 1
6.140.5 cee 2

a. References: 1) This work; 2) Wampler 1966.

V. EFFECTIVE GAS TO DUST RATIO
IN THE HOURGLASS

a) A Simple Model for the Hourglass

We will consider that the Hourglass is an inde-
pendent H II region ionized by H36 toward the
back of M8 and close to the molecular cloud in the
back (e.g., Woodward et al. 1986). There are at least
four arguments in favor of this proposal: a) H36 is
within the boundaries of the Hourglass, while 9 Sgr
is at a significantly larger distance; b) the reddening
of M8 HG is considerably higher than that of the
other observed regions; similarly the reddening of
H36 is considerably higher than that of 9 Sgr; c) M8
HG shows a lower degree of ionization than the re-
gions closer to 9 Sgr (see Tables 2 and 6), which is
consistent with the later spectral type of H36 rela-
tive to that of 9 Sgr; and d) the polarization of the
light from the Hourglass is centered on H36 and not
on 9 Sgr (Woodward et al. 1986).

We will adopt a spherical model for the Hourglass
with a radius of 32”7, which at a distance of 1600 pc
(e.g., O’Dell et al. 1966; van Altena and Jones 1972;
Georgelin and Georgelin 1976) amounts to 0.25 pc,
and Ng(FL) = 2240 cm™3.
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The emission measure of a gaseous nebula is
given by

EM=/N¢(rms)Np(rms)dl. 17

From the I(Hp) value of M8 HG (see Table 2) and
the HA effective recombination coefficient for T, =
8000 K, it is obtained that EM = 1.41 x 10® cm~$
pc, which for I = 0.32 pc and N(Het)/NHT) =
0.068 yields an N, (rms) of 2170 cm™3.

By comparing N(FL) and N.(rms) it is possible
to obtain the filling factor from the following
equation (e.g., Mallik and Peimbert 1988)

L

€ = N2(rms)/NX(FL) , (18)

which for M8 HG is equal to 0.94.

The total number of Lyman continuum photons,
Q(HY), needed to keep ionized a sphere of 0.25 pc,
Ne(FL)=2240cm™3and e = 0.94is 1.8 x 104851,
On the other hand, for an O7V star on the zero age
main sequence Q(H%) = 4.2 x 10*8s~1 and for an
O8V star on the ZAMS Q(H®) = 2.2 x 1018 -1
(Panagia 1973); these Q(H?) values are consistent
with the idea that the ionization of the Hourglass is
due to H36.

Woodward et al. (1986) obtain Q(H?) = 1.9 x
10%® 571 from a different geometrical model of the

Hourglass, and conclude that the ionization is due
to H36.

b) Total Extinction Method

The total extinction at Hf produced inside an
H II region is given by

CHPB)NT = 0.4343Ng04(Hp)el , (19)

where Ny is the number of dust particles per unit
volume in the necbula, og(HB) is their average
extinction cross section at HB and [ is the length of
the nebula along the line of sight.” Therefore the
effective gas to dust ratio is given by

Np(FL)) = 04343Np(FL)el/C(HB)INT . (20)

Ngoy(HB

The observed C(Hf) value in the direction
of M8 HG is due to a foreground contribu-
tion, C(HB)roR, plus the extinction due to the
Hourglass, i.e.,
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C(HB)ops = C(HB)ror + C(HB) g - 1)

Based on the C(HB)ppsg values for HGE and
HGW we will assume for M8 HG that C(HB)poR =
0.45; consequently based on the C(Hp) determined
from the Balmer decrement, which is practically
the same as the C(HB) determined from the
comparison of the frce-free radio emission with
F(Hp), it follows that C(HB)g = 0.55.

CHP)g is equal to C(11f)yr only if all the
dust of the Hourglass is in front of it. In this case
CHP)g = CHP) NT = 0.55, which from equation
(20) yiclds an effective gas to dust ratio of 1.71 x
1021 cm~2.

For the case where the albedo is zero and the
(gas cmission)/(dust absorption) is uniform it can be
shown that

— ¢~ TINT
e~ TH — 1—emnr

, (22)
TINT

where 7 is the optical depth, and is equivalent to

1—10-C(HB)InT

C(HB)g = —logyq |0.4343 SE | (23)
which for C(I I,B)H <1 leldS
1
C(Hp)w = ;C(HB)InT . (24)

From C(HB)g = 0.55 and equation (22) it follows
that CHB)yT = 1.49; therefore from €quation
(20) the effective gas to dust ratio for the Hourglass
becomes 6.3 x 1020 cm™—2.

Mathis (1970) has also obtained that the observed
interstellar extinction is only a fraction of the true
internal extinction for models with albedo different
from zero.

We will compare the effective gas to dust ratios
of the Hourglass with those derived for M8 and the
general field based on the total extinction method.
For M8 O’Dellet al. (1966) obtain 2.12x 102! cm~2;
this value could increase if part of the extinction is
produced in front of M8, alternatively according to

- equations (20) and (22) this value could decrease

if the gas is mixed with the dust. O’Dell e al.
(1966) obtained 2.0 x 102! cm~2 for the effective
gas to dust ratio of the general field, while Bohlin,
Savage and Drake (1978) obtained 3.5 x 102! cm~2,
where it has been assumed that their measure-
ment involved scattering with an albedo of 0.5.
These two values are considerably higher than the
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&' value derived from equation (22) for the Hourglass
%: probably implying either that there are intrusions
ciof neutral gas and dust mixed with the ionized
f_.’: gas in the Hourglass, or that most of the dust

AZ220

TABLE 11

EFFECTIVE GAS-TO-DUST RATIO

' responsible for C(Hp) is in the outer regions of the Object N HZ 4 N d"dz Method Ref®

Hourglass in our direction, or that there is a density (10"" ecm™%)

gradient decreasing towards the observer, but with b

N (dust)/N(gas) = constant. In this latter case the Hourglass 1.71 Total Extinction 1

emission would then be concentrated towards the ggg gom Extinction }

back of the nebula (o N2), with the dust relatively in : cattering

front (xN), so there would be more absorption per M8 2.12 Total Extinction 2

H atom than “normal”. 2.30 Scattering 2
We note that the spread in the effective gas to 1.9 Scattering (¢4 = 30") 3

dust ratios, of about a factor of three between the 4.0 Scattering (¢4 = 10°) 3

general field value and the p Oph value, derived . o

from selective extinction measurements (Savage General Field gg gou’l Extinction 2

. elective Extinction 4

and Mathis 1979) becomes considerably reduced if
to estimate the amount of dust the total extinction
1s uscd instead of the selective extinction.

¢) Scattering Method

The effective gas to dust ratio of an optically
thin spherical H II region illuminated by a central
source is given by (O'Dell et al. 1966; Osterbrock
1989)

Ny(FL) _ I(HB) 1 L'\,
A(A)Ngo4(2)  ig(A) Ne(FL)a(BB)hv(HB) 47D?
D?%cos™1(b/ro) (25)

ror1(b/ro) [1 — (8/r1)?)*

where A is the albedo, a(I18) the effective recombi-
nation coeflicient, rg the radius of the dust cloud, ry
the radius of the ionized gas, b the minimum pro-
Jjected distance from the observing point to the cen-
tral star (b/ry = £), and L* the luminosity of the
central star.

For the Hourglass: D = 1600 pc, b = 0.19 pc
and ro = r; = 0.25 pc. For an unreddened O7V
star L*(4800) is equal to 2.00 x 107! erg cm~2
s71 A™1 (Code 1960; Panagia 1973). From equation
(25) evaluated at A = 4800 we obtain an effective gas
to dust ratio equal to 2.78 x 102! cm~2.

Mathis (1971) has obtained an expression equiva-
lent to equation (25) where the assumption of an op-
tically thin nebula has been dropped. For reasona-
ble values of A(HB)and r(Hg);nT he obtains results
that differ by less than g factor of two from those of
the optically thin case.

Mathis (1971) has noted that in the presence
of spatial density fluctuations if Ne(rms) is used
in equation (25) the effective gas to dust ratio is
overestimated by e 1/2 see equation (18).

We also present in Table 11 the effective gas
to dust ratios derived by O'Dell et al. (1966) for
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a. References: 1) this work; 2) O’Dcll et al. 1966; 3)
Mathis 1971; 4) Bohlin et al. 1978. b. Dust in front. c.
Dust mixed with gas.

M8 assuming that it is optically thin, and those
derived by Mathis (1971) considering the radiative
transfer problems due to reasonable values of A and
r(HB)inT- These values are similar to the result
obtained for the Hourglass from equation (25).

VI. CONCLUSIONS

The t? values derived for M8 are larger than
predicted by photoionization models. This result
probably implies that there are additional energy
sources present in M8, like stellar winds.

The geometry, the degree of ionization of M8
HG and the value of reddening in the direction
of M8 HG, higher than in the direction of the
other observed regions, support the idea that the
Hourglass is mainly ionized by H36.

The nebular atomic continua were computed
for the six observed regions and are considerably
smaller than the observed nebular continua; the
difference was attributed to dust scattered starlight.

The Het lines AA4200 and 4686 are seen in
absorptionin the direction of M8 HG indicating that
most of the light in the blue region is due to dust
scattered light, in agreement with the result derived
from the contribution of the atomic continua to the
observed nebular continuum.

The albedo times the average extinction cross
section, A(A)og(A), increases at lower wavelengths
for all the observed regions.

The effective gas to dust ratio for the Hourglass,
determined from the total extinction method is
equal to 6.3 x 1020 cm~%.  This result is based
on the assumptions that the gas and the dust
are well mixed and that there are no regions of
neutral hydrogen in the Hourglass. This value is
considerably smaller than that of the general field,
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and probably implies that some of the assumptions
made in its determination are poor.
We obtained an effective gas to dust ratio of 2.78

x 102! cm~2 for the Hourglass based on a simple
model and on the observed scattered light. This
result is similar to that derived for M8 by other
authors based on the same method; it also supports
the idea that most of the ionization of the Hourglass
is due to H36.

Itis a pleasure to acknowledge S. Torres-Peimbert
for helping us to gather the observations pre-
sented in this paper. We are grateful to the re-
feree for several exccllent suggestions. L.J.S. re-
ceived ccongmic support from Sistema Nacional de
Investigadores SEP during the preparation of this
article.
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