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ABSTRACT

Observations at a resolving power R = A/AX =5 X 10° or a velocity resolution Av = 0.6
km s~ ! are reported of the interstellar D, line of Nalin the spectra of ¥ Cas, § Ori, € Ori, 7. Sco, § Cygq,
and o Cyg. An echelle grating was used in a double-pass configuration with a CCD detector in the couce

- spectrograph of the 2.7m refiector at McDonald Observatory. At least 42 kinematically distinct cloucs
are detected along the light paths to the five more distant stars, in addition to a single cloud seen towarc
§ Cyg. The absorption lines arising in 13 of the clouds are sufficiently narrow and unblended to reveal

clearly resolved hyperfine structure components split by 1.05 km sq. An additional 13 clouds apparently

show comparably narrow, but more strongly blended, lines. For each individual cloud, upper limits Ty
and (Vt)max on the temperature and the turbulent velocity, respectively, are derived by fitting tre
observed lines with theoretical absorption profiles. Twenty-three of the 43 clouds show Tmax < 480 <
and ¥ 3 X (Vi)pay < 0-70 km s~! the sound speed which corresponds to T = 80 K. The most stringent
upper limits obtained for any of the clouds, from unblended lines, are T,y < 160 K 2nd (Vidmax < 0-24

km s~

Subject Headings: interstellar: matter -- line profiles -- hyperfine structure



I. INTRODUCTION

Observations of the generally muitiple components of an intersteltar absorption line at a
spectral resolution near the fundamental limit set by the thermal widths of the individual line comporents
can provide two valuable advantages in studying the absorbing gas. Firstly, a nearly full enumeraticn cf
the various kinematically distinct parcels of gas along the observed light path is realized, within tte
unavoidable limits set by any negligible differences between the radial velocities of spatially separate cas
clouds and by the minimum column density which corresponds to the threshhold for detection of the lire.
Secondly, accurate measurements can be made of the widths of the resclved line components, ard hence
of upper limits on the temperature and on the internal mass moticns of each distinct cloud. Such rigcrcus
temperature limits have hitherto been particularly difficult to obtain for mest single interstellar clcucs.

The potential utility of the readily accessible D lines of Na I for such purposes was pcirtec
out by Hobbs (1968b), who emphasized that the splitting, Av = 1.05 km 5'1, of the two s-rescivec
hyperfine structure components oxceeds the thermal line wigth at T = 80 K by a factor of almcst three,
An instrumental resolving power of R=X/AX 23 X 105. or aresolution of AA s 12mAcr Av<0E
km s']. therefore will partially resolve a thermally broadened pair of hfs components formed in a clcuc
with T <500 K, thereby immediately revealing a conspicuous signature of cold gas. The first successful
observational detecticn of the resolved hfs components of the interstellar D lings was achieved with a
Michelson interferometer by Blades, Wynne-Jones, and wayte (1980; hereafter BWW), in four cloucs
along the light paths to § Cyg and oc Cyg. Those authors deduced temperature upper limits which averacec
260 K for the clouds in question, and they also showed that the turbulence in these ciouds must te
subsonic. More recently, Pettini (1988) thained spectra of SN 1987a near its peak brightress arc
similarly identified several cold clouds showing resclved hfs components alcng that light path.

Since 1987, we have been conducting a somewhat wider survey of the interstellar D, line in
the spectra of bright stars at distances d < 500 pc, recorded at a resolving power R = 3 X 10°. The
survey, which is still in progress, currently extends tc more than 30 bright stars; the illustrative

results for six of those stars are reported here.

I1. OBSERVATIONS

The spectra were obtained with the coude spectrograph of the 2.7 m telescope at Mcbcnald
Observatory, beginning in June 1987. The echelle grating was used in the double-pass configuraticn, with

the 800 x 800 TI-2 CCD detector placed at the "scanner” focus and with grating C used fcr crcss

dispersion (Tull 1972). The resulting reciprocal dispersion at the D; line is0.10 A mm™! ,or 0.15 km
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s per two pixels of the detector, each pixel being 1S um wide. This very high dispersicn is produced by
a camera mirror with a focal length of 8.05 m, which is also identically the collimator mirror in this
Littrow configuration. A S0 um entrance slit, which corresponded to 0.21 arcsec on the sky, was used
for nearly all of the spectra reported here. This choice yielded an actual instrumental resolution (FwWHM)
of Av=0.6 0.1 km s", or a resolving power R = 5 x 105, as deduced from the profiles of the lines
measured in the various comparison lamp spectra noted below. The two-pixel binning of the CCD alcng
the dispersion thus yielded a data format oversampled by approximately a factor of two. The varicus
exposure times were strongly governed by the seeing; in 2 arcsec seeing, a signal-to-noise ratic S/N =
120 was achieved for ¢ Ori (V = 1.70) in abouf 30 minutes.

The observed profile of the interstellar Dy line is shown in Figure 1 for each of six stars;

relevant data for the stars are collected for reference in Table | (Hobbs 1969a; Hobbs 1976: Hoffleit
1982). The results derived from the spectra will be discussed in § III. At least 13 examples of rescivec
hfs components are immediately apparent in the spectra; the pertinent line pairs are split by 10Skms
and the strength of the component at the longer wavelength is greater by a factor 5/3, in the cptically
thin limit. Except for § Ori, the data shown are the respective averages of two separate expcsures,
which in each case showed good mutual agreement. The spacing between data pcints in the incivicual
exposures corresponded to 0.15 km s” ! these individual exposures were interpolated onto standarcized
velocity grids having points spaced by 0.1 km s~! and then were respectively acded. In each cf these
summed spectra, adjacent pairs of such points were added to yield the final, average spectra shcwr,
which consist of data points spaced by 0.2 km s~! For all six stars, these final spectra in Figure 1 shicw
120 £ S/N < 170.

Owing to the spectrograph’s high dispersion, the useful spectral interval included in a sincle

exposure at the D lines was oniy 1.2 A, or 60 km s~!. All observations made so far were recorcec at the

D1 line, rather than the 02 line, in order to minimize both line saturation and interference from telluric

lines. The relatively few teiluric lines originally present in our spectra did not overlap with any of the
interstellar lines and have been removed through division of the relevant region of each program-star
spectrum by a Gaussian line profile which was empirically fitted to the telluric absorption.

Because the interstellar absorption toward each of & Ori, € Ori, and o« Cyg spans about half
of the 60 km s range recorded in a single exposure, an uncertainty exists in each of these three cases

in carrectly interpolating the continuum across the regions of absorption. This uncertainty is largest fcr

o« Cyg. which, at a spectral type of A2 Ia, also shows a strong, fairly narrow, stellar Dy line. This

stellar line has been empiricaily fitted by a polyncmial curve and removed from the data in Figure 1. Fcr

the simpler cases of § Ori and € Ori, such continuum placement errors probably amount to No mere than

4% of the continuum intensity.



The double-pass configuration of the spectrograph effectively suppresses all scattered light
(Tull 1972). The principal error in determining the true zero-point for residual intensities therefcre
arises in subtracting the background levels recorded by the CCD detector. After the one echelle crcer
which falls on the detector was flat-fielded, the ~ane-dimensional” spectrum was extracted using the
IRAF apextract routines. The background spectrum was estimated by fitting at each wavelength point the
background recorded on either side of the stellar spectrum; a smoothed version of that backgrcund
spectrum was then subtracted, to obtain the corrected stellar spectrum. Except possibly for o Cyg, the
final uncertainty in the intensity zero-paint should not exceed 2% of the continuum intensity, in each cCf
the spectra in Figure 1. .

Accurate wavelength scales were determined from the D, line emitted by a Na/Ne hollcw

cathode lamp and from the comparison spectrum provided by an iodine absorption cell illuminated by 2

tungsten-filament lamp. The I5 spectrum is quite rich near the D, line (Gerstenkorn and Luc 1878: 1€7S5.

The instrumental resolution (FWHM) of Av =0.6 £ 0.1 km s~! cited above was determined empirically Ly
comparing the measured profiles of various I lines, the D, line from the Na/Ne lamp, the Th I

A5760.551 line from a Th/Ne lamp, and the 26328 line of a He-Ne laser. In the latter two cases, the
spectrograph was tuned to the adjacent wavelengths by making small adjustments to the setup at the D,
line.

A more complete description of the calibration and data-reduction procedures will be given

in a subsequent account of the full observational program.
III. RESULTS

The method of profile fitting has been used to determine the radial velocity, the line-widh
parameter b, and the column density N(Na I) for each distinct absorbing cloud along each light path (Hctbs
1968b; Vidal-Madjar gt al 1977: Welty, Hobbs, and York 1990). A Maxwellian form was assumed for the
distribution of the radial velocities within each cloud, and, in order to fit the observed spectra, the
resulting theoretical profiles were convolved with a Gaussian instrumental function having a FWHM of

AN = 12 mA, or Av = 0.6 km s~!. Because the excitation energy of the upper hfs level of the grcund

251 /2 leve! is equivalent to T = AE/k = 0.085 K, the ratio of the populations of the upper F =2 level and

the lower F = 1 level was always set equal to 5/3, the corresponding ratio of the statistical weights.
The corresponding hfs transition at 16.9 cm, which is analogous to the 21-cm line of H I, has not et

been detected in atomic or molecular intersteliar clouds (Turner 1987).
The results of fitting such thecretical profiles to the observations of the six program siars
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are given in Figure ! and Table 2. The number of clouds assumed in fitting each spectrum was restrictec

to the minimum possible value which permitted all of the various components unambiguously present in

the data to be accounted for. The upper limits Trax ON the respective cloud temperatures given in Tatle
2 were calculated from the relation Ta. = (m/2k)b2. in the limit of exclusively thermal broadening of
the line. In the alternative limit of a gas at T =0, upper limits (v¢)pmax ON the respective "turbulent”
velocities within the clouds were similarly calcutated from the relation (V¢dmax = b/y 2, which cbtains
under the assumption of a Gaussian spectrum of turbulent velocities which have an rms value v for the
radial components of the velocities. In general, b2 = 2Vt2 + (2kT/m), so that the actual values of beth T
and vy in any cloud are almost always simultaneous!y smaller than the alternative limiting values given in
Table 2. The values Of T,y and (Vt)max necessarily refer to the relatively dense, cool regicns cf egach

cloud, into which the Na I atoms are expected to be concentrated preferentialiy.

Partially resolved hfs components are apparent for 13 cool clouds whose lines happen tc te
sufficiently unblended with those of other clouds to preserve this signature of cold gas. In all 13 cases,
which are indicated in Table 2 (see footnote), the derived line widths are characterized by b < 0.€ km
5! as is to be expected. An additional 13 clouds, whose lines are more severely blended with thcse cf
other clouds which in nearly all cases have larger Na [ column densities, also show line widths which
satisfy the same criterion. A prototype of this group is cloud 7 seen toward § Ori, with b = 0.33 km 57!

or Trmax = 150 K. This cloud shows only the longer-wavelength, stronger hfs component in 2 nearlu

unblended, and quite narrcw, form. Thus, apart from the effects of blending, at least 26 of these 43
clouds would show resolved hfs components, at our resolution. Consequently, this signature is
apparently the normal one for diffuse interstellar ctouds.

The spectra in Figure 1 and the derived cloud parameters in Table 2 generally agree with the
results obtained in two previous, related investigations. Either or both of the D lines in the spectra cf
all six stars were previously observed by Hcbbs (1969a; 1976), using the interferometric PEPSICS
scanner at a lower effective resclving power. Apart from some small differences in the residual
intensities which presumably arise from differences in continuum placement or errors in backgrcunc
subtraction in either set of spectra, the overall agreement between them is excellent. The cbvicusly
superior resolution of the new spectrum constitutes the critical difference between the two. Fcr § Cug
and o Cygq, the profiles of both D lines were alsc measured previously by Bww at a resolving power R =
6 % 105. approximately 20% higher than that selected in thé present survey. Cur results show ¢ccc

agreeement with their data at the Dy line. In particular, the values of b and N(Na 1) derived for the only
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cloud detected along the light path to the nearby star & Cyg disagree in the two investigations by only
11% and 16%, respectively. For o« Cyg, BWW derived a nine-cloud fit to the D lines which is similar, ir
all of its major features, to our ten-cloud result for the same velocity interval, =25 £ v £ +3 km
s~ !(Table 2). Some differences exist with respect to line components which are either strongly blencec
or intrinsically quite weak; in both circumstances, the inferred parameters of the absorbing clouds are
necessarily less certain, in both studies. )

These very narrow, apparently non-variable lines which appear in the spectra of bright stars
may have some future value as radial velocity standards (Welty, Hobbs, and York 198Q). A ccmpariscn
of the absolute radial velocities listed in TaDl.e 2 with those found in the two previcus studies therefcre
deserves some comment. The present velocities can be compared first with the earlier PEPSICS resuls
for the five program stars other than « Cyg. For these five stars, there is an apparent systematic
zero-point offset of -0.5 * 0.2 km s~! (new minus PEPSIOS). After these systematic offsets are
removed, the randem velocity differences among the many ling compenents in the five pairs of specira
show an rms scatter smaller than £ 0.2 km s’l, although the difference in instrumental rescluticrs
makes an exact value difficult to estimate. In contrast, a difference of about 2.8% exists between tre
overall velocity scales in the two specta of « Cuyg, an unexplained difference which protably cannct te
accounted for by the presence of a strong stellar line. An additional comparison of our absclute
velocities with those of BWW for two stars in common gives the following results. For the single clcuc
seen toward § Cyg, and for the relatively unblended lines toward o« Cyg, the zero points for the racial
velocities agree essentially exactly, while the additional random errors are again smaller than = 0.2 km
s7.In summary, except for the PEPSIOS scan of « Cyg, the absclute velocities in all three sets of data
are typically accurate to ¢ 0.5 km s™! or better. An analysis, now in progress, of the full set cf caza

available in our present survey may further clarify this question.
IV. DISCUSSION

we anticipate that the most useful results of these observations will be the rigorous upper
limits (Vt)max and, especially, Tpay eventually to be derived for a large number of single interstetlar
clouds. These limits should be valuable in future, intensive "case studies” of various individual clcucs. Cf

the 43 values Of T4y ID Table 2, the lowest is Tnag = 75 K, seven occupy the domain T, < 200 K,

< 600 K. The most stringent upper limit obtained from unblended lines is Tyay < 1€0

and 26 show Tmax <

K (€ Ori, cloud 1 and o Cyg, cloud 10). The actual temperatures presumably are often appreciably lcwer

than these already fairly stringent upper limits. There are alsc six values T,y 2 2850 K, which reveal



gas that may be much warmer and/cr more turbulent than most of the interstellar material which
absorbs effectively at the D lines. Because Na [ is formed primarily by radiative recombinaticn in
interstellar gas, there is a strong, inherent selection effect against the detection of relatively warm,
low-density gas by means of Na [ lines. Only one component in the spectra of these six stars (¥ Cas,
cloud 1) apparently is broad encugh to allow the possibility that it arises in predominantly ionized gas.
several other important features of the temperatures deduced here should also be painted
out. The FWHM of an individual, thermally broadened hfs component formed ingas at T < 200 K is Av <
0.63 km s~ |. Because the instrumental resolution (FwHM) of our survey is alsc 0.6 £ 0.1 km s,
the instrumental broadening of the observed profiles therefore will make reliable measurement cf the
temperatures progressively more difficult at T £ 200 K, where the intrinsic thermal line widths beccrre
increasingly narrower than the instrumental width. A histogram of even this preliminary porticn cf tre
survey illustrates this effect (Figure 2), because the typical temperature of most neutral interstellar ¢as

probably is T = 80 K (Spitzer 1978). The general increase in the number of clouds as Ty, Cecreases

below 1200 K is in fact reversed here at T <200 K, owing to the effects of instrumental broadening. Cn
the other hand, some of the broader line components could in fact consist of two or more, narrcwer,
biended components which arise in spatially separate clouds with similar radial velocities. The tctal

number of clouds identified in Table 2 therefcre is only a lower limit, and even the small numters of

clouds with relatively large values oOf Tya, May also be overestimated.
Among the 43 values of (Vi) 4, liSted in Table 2, twenty-three provice upper limits (Vi)maw

< 0.4 km s~ !, or corresponding three-dimensional limits V3% (Vedpax £ 0.7 km s~!, the value of tre

isothermal sound speed at T = 80 K. Thus,lif the actual temperature of the clcuds along these six lichz
paths typically is T = 80 K, more than half of the clouds do indeed show turbulence or internal mass
motions which are demonstrably subscnic, in agreement with the conclusion reached previously by BEwWW.
If a standard thermal broadening appropriate to T = 80 K is conservatively assumed and is adgiticrally
taken into account, by calculating v'3 x v4 = { 3(b2 - (2kT/m)1/2 } /2 with T = 80 K, then three

additional clouds show v 3 x v4 < 0.7 km s,
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of the observations. Finally, we are grateful to the National Aeronautics and Space Administraticn fcr
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star
¥ Cas
8 Ori
€ Ori
T Sco
& Cug
o« Cug

BO.5 Ivp
09511
BO Ia
B1V
BS.S I
A2 1a
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TABLE 1

Stellar Data

RV vsint

-7 300:
16v 152
26 87
-3v 100:
=21 149

-Sv 21



§ Ori

€ Ori

(3 I O VX N

S.5

8.3
15.1
21.8
24.5
25.3
26.6

3.0
5.0
8.6

11.0

12.5

14.8

17.3

22.8

23.95

24.9

26.0

28.1

11

TABLE 2

Cloud Properties

b

(kms™")

2.60
0.59
0.23
0.40
1.26

1.65
1.90
0.91
1.30
1.10
043
0.33

0.34
1.30
1.50
0.77
0.46
0.47
0.50
0.52
0.54
0.48
0.89
0.79

N(Na I)

(100 em”

27.5
16.1
3.1
10.3
1.6

1.6
6.0
2.6
101
15.8
7.5
4.6

7.9
4.7
5.0

33.8

13.0

5.8
18.0
13.0
13.6

49.6

21.3
7.5

2)

3,760
4,990
1,140
2,340
1,670

255

150

160
2,340
3,110

820

290

305

345

375

405

320
1,080

865

0.24
0.92
1.06
0.54
0.33
0.33
0.35
0.37
0.38
0.34
0.63
0.56
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v SCO 1 -22.2 1.03 2.9 1,470 0.73
2 -17.3 1.50 14.3 3,110 1.06

32 -15.9 0.50 14.8 345 0.35

-14.9 .0.35 5.6 170 0.25

S -14.1 0.58 3.5 465 0.41

62 -12.6 0.48 4.5 320 0.34

7 -7.15 0.91 2.6 1,140 0.64

8 Cyg 1@ -18.6 0.40 29.5 220 0.28
o Cuyg ! -21.9 0.57 150. 450 0.40
2 -20.8 0.28 23.7 110 0.20

3 -13.3 0.53 120. 330 0.37

4 -12.0 0.73 49.0 735 0.52

5 -85 0.44 40.3 270 0.31

62 -8.2 0.58 66.3 465 0.41

7 -6.0 1.44 26.0 2,870 1.02

-3.9 0.42 12.9 245 0.30

9@ -2.8 0.37 29.1 190 0.26

102 1.3 0.34 30.3 160 0.24

1 5.5 0.41 0.8 230 0.29

A partially resolved his components are clearly evident, for a cool cloud whose lines are not seriously

blended with those of another cloud.



13
REFERENCES

Blades, J. C., Wynne-Jones, I, and Wayte, R. 1980, MNR.AS, 183, 849 (BWW).
Gerstenkorn, S., and Luc, P. 1978, Atlas du spectre d'absarption de la molecule de 'icde entre 14,200 -

20.000 ¢cm~ " (Editions du CNR.S., 15, Paris)
-------------------------- 1979, Rev. de Physique Appliguee 14, 791.
Hobbs, L. M. 1969a, Ap, J. 157, 135.

Hobbs, L. M. 1969b, Ap. J. 157, 165.

Hobbs, L. M. 1976, Ap,_ L. 203, 143.
Hoffleit, D. 1982, The Bright Star catalogue (4th ed.; New Haven: Yale University Observatory).

Jenkins, E. B., Lees, J. F., van Dishoeck, E., and Wilcots, E. . 1989, AD. J, 343, 78%5.

Joseph, C. L., and Jenkins, E. B. 1980, Ap. J. (submitted).
Pettini, M. 1988, Proc, Astr Soc. Australia 7, 527.

spitzer, L. 1978, Physical Processes in the Intersteliar Medium (New York: Wiley-Interscience).

Tull, B. G. 1972, Proceedings ESO/CERN Conference on Auxiliary Instrumentation for Large Telesccpes ©
(Geneva: European Southern Observatory), p. 258.

Turner, B. E. 1887, Ap, J. 314, 363.

Vidal-Madjar, A., Laurent, C., Bonnet, R. M., and York, D. G. 1877, Ap. ) 211,81,

welty, D. E., Hobbs, L. M., and York, D. G. 1990, Ap. J. suppl, (in press).



14

FIGURE CAPTIONS

Fig. 1. The interstellar D, line in the spectra of six stars. The plus signs constitute the observaticnal

data, and the solid curves are the theoretical profiles which have been fitted to the data (§ 11I). In
the cases of & Ori and § Cug, the theoretical profiles are omitted, 1o allow an unimpeded view cf the
data. The tick marks above the continua indicate the stronger of the twc s-resolved hfs ompecnents
arising in the various clouds. The radial veiocitg scales also refer to this component, which falls at
the longer wavelength of the pair. To locate the correct position for the weaker component, the hfs
splitting of 1.05 km s~ ! must therefore be subtracted from the velocities shown by the tick marks.
For observations of many interstellar lines in the ultraviolet spectrum of 1T Sco at a resoluticn Av

= 2 km s". see Jenkins gt al (1989) and Joseph and Jenkins (19980).

Fig. 2. A histogram of the upper Himits, Tpygs ON the temperatures of 37 interstellar clouds. Six clcuds

with 2,400 < Tmax < 9,400 K are not included.
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