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ABSTRACT

We report the results of a search for new lines of sight in which to study the CN excitation and a statistical
analysis of all the excitation temperatures measured using interstellar CN. This data set strongly confirms that
the cosmic background radiation (CBR) is the dominant contributor to the excitation of CN, and demon-
strates the homogeneity of the CBR. Thirty-five observations is a sufficiently large sample to look for the
presence of systematic effects in the CN excitation. The weighted average of the CN excitation temperatures
exceeds the Tigg obtained by COBE and the Canadian rocket by 82 + 30 mK. With the aim of looking at the
origin of this difference, we have considered in detail the known mechanisms that could contribute to exciting
the CN molecule. None of the data necessary to quantify these mechanisms are of sufficient quality to provide

a clean explanation of the observed difference.

Subject headings: cosmic microwave background — ISM: general — ISM: molecules

1. INTRODUCTION

Over the past 2 decades several experiments of increasing
sensitivity have been carried out to search for anisotropies and
spectral distortions of the cosmic background radiation (CBR)
which might help in understanding phenomena such as galaxy
formation. Recent measurements from the COBE satellite
(Mather et al. 1990) and from a Canadian rocket (Gush,
Halpher, & Wishnow 1990) in the millimeter and sub-
millimeter wavelength range have determined the shape of the
CBR spectrum and found it to be very nearly a perfect black-
body. In the following, we refer to COBE and Gush results as
the space observations. The derived temperatures, 2.735 + 0.06
K and 2.736 + 0.01 K respectively, are very close but ~2%
below the most precise measurements obtained at 2.64 mm
from CN observations toward { Ophiuchi (Crane et al. 1989).

This paper reports results from an extensive program to
search for new lines of sight in which to study the CN excita-
tion. The original purpose of the search was to verify the
precise result toward { Oph. When the COBE results became
known, the interest turned toward trying to understand an
apparent difference between the two results. It should be
emphasized that the CBR is the main contributor to the rota-
tional excitation of CN. Therefore the data and results present-
ed here make one of the strongest arguments for the
homogeneity of the radiation field.

A careful review of the literature revealed that almost all the
ground based T, measurements of interstellar CN, which in
the absence of local excitation, would coincide with T¢gg, are
systematically greater than the space observations. In order to
investigate this apparent discrepancy we have considered a
statistically significant sample of measurements of the CN exci-
tation temperature to search for systematic effects that could
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be responsible for the discrepancy. In addition to the sample
collected from the literature, we have observed the CN absorp-
tion line system at 3875 A toward 10 new stars.

Since all the available data are consistent with an excess of
the T, (CN) at 2.64 mm with respect to the space observations,
we might conclude that some local pumping mechanism,
present in all the observed clouds, contributes with the CBR
photons to exciting the rotational levels of the CN molecule.
We define the excitation temperature of the observed tran-
sitions, measured from the optical data, such that

Rxc(CN) = TCBR + T;oc

where T, is the contribution due to local excitation mecha-
nisms. These local excitation effects could be determined from
a measurement of CN emission at 2.64 mm in the clouds
studied (Crane et al. 1989; Palazzi et al. 1990). Since it is well
known (Thaddeus 1972; Black 1988) that the most effective
local mechanism is electron collisions, when no millimeter CN
data are available, a determination of the electron density (n,)
in a cloud combined with the knowledge of the electron cross
section is an alternative means of estimating the local contribu-
tion to the CN excitation.

Assuming that the true value of the Tigg is the one found
from the space observations and that the T, is the excess in
the measured T, (CN), Black & van Dishoeck (1991) have
derived the electron density in some observed clouds with
accurate data on CN. From their results it turns out that for
more than 70% of the cases studied the electron densities esti-
mated from the model are bigger than the ones derived from
millimeter observations of CN.

The approach in this work is different from that of Black &
van Dishoeck (1991) in that we do not assume an origin for the
excess excitation temperature. We attempt to understand if
there are any observable quantities which would indicate the
origin of the excess excitation over the CBR. Using available
data for electron densities, H, densities, and other parameters,
we find that none of the standard approaches to understanding
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the excess can be shown to explain the observed CN excitation
temperature. We emphasize that this does not mean that none
of the mechanisms considered are ruled out, but that the data
available are not adequate to demonstrate it.

The most common method of estimating the electron
density, assuming that the ionization equilibrium is determined
by photoionizations and recombinations only, is to use the
Ca1 to Ca n abundance ratio. In this work we applied this
method to the stars of our sample to search for the expected
correlation between the derived electron densities and
T..(CN). No correlations have been found. We will discuss
some implications in the final section of the paper.

Another possible local effect that could contribute to CN
excitation is the radiation due to dust present in the cloud. We
find that whatever the temperature of the dust in the cloud, it
will never produce a radiation field that can account for the
observed discrepancy between the space observations and the
CN results.

In the following section we give details on the construction
of the data sample, with particular discussion of our observa-
tions and relative analysis. In § 3 we discuss the local effects
such as electron and neutral collisions and the radiative effects
such as diffuse and local starlight and IR dust radiation.
Section 4 is the final section in which we discuss the results.

2. DATA SAMPLE

The data discussed here come from the following sources: (1)
high-resolution spectroscopy in the wavelength region of the
(0, 0) B2Z-X2% absorption-line system of the CN molecule
(3875 A) toward 10 new lines of sight; (2) optical data on
interstellar molecules taken from the literature; millimeter
measurements of our own and those found in the literature.

2.1. High-Resolution Spectroscopy Observations

The high-resolution spectra were obtained at the 1.4 m
Coudé Aucxilliary Telescope of the European Southern Obser-
vatory on La Silla in 1990 May. The configuration of CCD
detector plus long camera provided a resolution of ~ 120,000
at the CN 13875 wavelength, each pixel sampling 17.01 mA of
the spectrum.

The observed stars were selected from a sample obtained
during previous observing runs (1988 June, October, and
December) with the primary purpose of searching for new
diffuse interstellar clouds containing the optical absorption
features of either CH, CH*, and CN (Penprase et al. 1992). A
particular aim was to find new candidates well suited to study
the CBR excitation of the rotational states of CN at 2.64 mm.
In our search we detected 30 stars showing CN absorption
lines. For the present work we decided to study the ones with a
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measured R(0) equivalent width greater than 3 mA to be sure
that the CN column density in the cloud was large enough to
provide an accurate (~15%) determination of the excitation
temperature of the molecule.

We started the analysis of our data using the standard pro-
cedure to reduce spectra. For each frame we subtracted the
bias and divided by the nightly flat field. Then each CCD row
showing the CN absorption lines was searched for cosmic rays,
and these were eliminated by hand when well distant from the
lines. At the end we summed only the rows with higher S/N to
obtain the clean spectra. Figure 1 shows the spectra of the 10
stars.

The next step was to determine the excitation temperature of
the CN molecule T, (CN) from our data. T, (CN) can be
derived using the Boltzmann equation

NGO _ g0 < _ ﬂ) ,

NG) 9; kT
where N(j) and N(i) are the column densities, g; and g; are the
statistical weights of the lower and upper rotational states, and
T is the excitation temperature of the molecular states
involved. In the limit of unsaturated absorption the column
densities can be directly determined from the integrated inten-
sity, i.e., the equivalent width, of an absorbing line using the
relation

Io—1
W, =f °IO 2 ). =8.85 x 1072!N, ;A%
where I, is the intensity in the line, I, is the intensity in the
adjacent continuum, 4 is the wavelength of the absorption line
in microns W, is in angstroms, N; is in cm™2, and fij is the
oscillator strength of the transition.

To determine the equivalent width of the CN lines in our
spectra we selected a region around each line in such a way
that a fit could be done using a Gaussian profile and a sloping
continuum. The derived parameters for the Gaussians were
then used to determine the equivalent widths. Since we have
more than one spectrum for each star, we applied this por-
cedure to all the CN absorption lines for each spectrum, and
then we made a weighted average of the equivalent widths to
find the most probable values. The results are reported in
Table 1. The quoted errors are the standard deviation of the
individual values around their mean. The uncertainty due to
the continuum placement are also included since the procedure
determines both continuum and line parameters simulta-
neously.

The relationship between equivalent width and column
density given above would become nonlinear if saturation

TABLE 1
OUR CN OBSERVATIONS

Star Names W,R(OXmA)  W,R(1XmA) W, P(1{mA) b(km s~ 1) T,.(K)
HD 73882 ........ 3483+ 193 17314055 1023 +042 106 +009 275+ 0.23
HD 147933a ..... p Oph A 6.11 + 048 2.08 + 0.67 105+059 0844022 294 +048
HD 147933b ..... p Oph B 6.85 + 0.43 2.12 + 0.67 138+ 066 084 +022 286+ 043
HD 148184 ....... ¥ Oph 3.45 + 0.31 1.03 + 0.47 046 +047 1244042 278 +0.61
HD 148379 ....... 1.83 + 047 0.61 + 0.67 046 +0.66 148 +£045 317+ 1.73
HD 149404 ....... 773 + 043 248 + 0.60 134+ 059  067+030 277 +0.33
HD 150136 ....... 1.93 + 0.54 0.92 + 0.59 015+054 116+ 100 329+ 1.58
HD 152236 ....... ¢! Sco 6.09 + 0.32 2.09 + 0.60 074 +0.59  0.65+040 280 + 0.43
HD 169454 ....... 25104070 1550+ 088 1085+ 083 064 +0.17 284 +0.18
HD 170740 ....... 13.60 + 0.43 6.68 + 0.61 382+ 060 084+020 3494022
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FiG. 1.—Optical spectra of interstellar CN absorption line system at 3875 A toward the stars observed by the authors. The wavelength scale refers to the local

standard of rest (LSR).

effects are present. In order to correct for saturation, an accu-
rate knowledge of the true profile of the CN absorption line is
required. Unfortunately, this is very difficult to acquire at the
resolution of our optical observations.

We made the assumption that the CN has a Gaussian veloc-
ity dispersion and that the lines we observed are a convolution
of the instrumental and the intrinsic line profile. The velocity
width parameters, b, derived for each cloud from the fit to the
R(0) line are also reported in Table 1. It should be noted that
since the R(0) line is the most affected by saturation, the fact
that it is a blend of two lines separated of ~3.9 mA could in
some cases make the derived b value bigger than the true one
(van Dishoeck & Black 1989).

The equivalent widths corrected for saturation were used to
compute the CN column densities and the CN excitation tem-
peratures at 2.64 mm using the above-mentioned formulae.
The results obtained are reported in the last column of Table 1.
The uncertainties associated with the temperature are derived
from the standard procedures for propagation of errors
(Bevington 1969).

Three stars included in Table 1 have been previously
observed by other authors. Federman, Danks, & Lambert
(1984) detected the CN absorption-line system in the stars HD
147933 and HD 148184, while Crawford (1990a) observed only

the R(0) and R(1) CN line in the star HD 152236. The results of
these observations have not been included in our sample
because Federman did not include any errors in the equivalent
widths, and because Crawford reported results only for R(0)
and R(1).

2.2. Selected Stars from the Literature

In the past 2 decades many measurements of the Tggg have
been performed using interstellar CN. Many different lines of
sight have been investigated and some of them ({ Oph, { Per)
by several different groups. In Table 2 we list for the stars that
we have taken from the literature, the relative equivalent
widths of the CN lines, the velocity width parameter b and the
CN excitation temperature, corrected only for saturation. The
data in Table 2 generally include results from observations
made with high resolution (> 60,000) and made with modern
instruments. For sight lines which have been observed by
many groups we include only data with the smallest errors.

For each of the stars listed in Tables 1, and 2, we looked for
published measurements of Ca1and Can (H and K), H1, H,,
and millimeter CN with the aim of deriving the electron and
neutral densities and determining the collisional contribution
to the CN excitation. All the ancillary data that we could
collect from our search are reported in Table 3. We note that in
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TABLE 2
CN OBSERVATIONS FROM THE LITERATURE

Star Names W,R0) (mA)  W,R(1) mA) W,P(1)mA) b(kms™!) T.,. (K) References

HD 21483 ........ ... 44.05 + 0.28 23.04 + 0.20 13.79 + 0.17 1.29 +0.03 2.81 + 0.03 1,2
HD 23180 ........ o Per 4.69 + 0.10 1.39 + 0.06 0.69 + 0.06 1.30 £ 04 2.78 + 0.07 3
HD 24398 ........ { Per 8.99 + 0.02 2.89 +0.02 1.30 + 0.02 1.25 £+ 0.02 2.79 + 0.03 4
HD 26571 ........ ... 21+3 11+4 8+3 0.70 3.22 + 0.96 5
HD 29647 ........ 62+3 46+ 3 31+3 1.40 £ 0.2 290 + 0.08 6
HD 53367 ........ 122 £ 0.6 5.8+ 1.1 1.7+ 04 0.95 2.754+0.25 7
HD 62542 ........ 26.45 + 0.50 18.35 + 0.40 11.60 + 0.40 0.69 + 0.1 3.30 + 0.20 8
HD 63804 ........ 28.8 + 6.6 93+18 40+ 12 0.70 1.67 + 091 7
HD 80077 ........ 380+ 1.5 18.6 + 3.5 10.70 + 2.5 0.95 2.90 + 0.20 2,7
HD 94413 ........ 21.6 + 3.0 135+ 19 11.6 £ 0.7 0.40 1.77 £ 1.07 7
HD 110432........ 42 + 06 1.0+03 0.5 + 0.08 1.0 249 +0.21 7
BD —14°5037 ... e 13.0 +£ 35 100 + 3.5 6.0 + 3.5 0.40 4.06 + 3.70 7
HD 147084 ....... o Sco 132+13 7.7 + 3.0 29 +20 1.0 3.60 + 1.02 7
HD 147343 ....... 182 + 34 9.7 +2.7 60+23 0.80 + 0.2 3.52+ 091 9
HD 147701 ....... 243 + 2.1 141+ 1.8 75+ 15 0.80 + 0.2 3.13+0.42 9
HD 147889 ....... ... 367+ 1.5 200+ 14 102 + 1.0 1.40 + 0.3 3.19+0.18 9
HD 149757 ....... { Oph 7.75 + 0.04 2.45 + 0.02 1.25 + 0.02 0.88 + 0.2 2.796 + 0.013 10
HD 154368 ....... .. 24.62 + 0.13 15.12 + 0.11 9.74 + 0.09 0.65 + 0.01 2.87 + 0.08 11
HD 161056A ..... 87+10 1.1+1.0 20+ 1.0 1.0 222 + 055 7
HD 1610568 ..... 156 + 1.0 47+ 10 30+ 1.0 1.0 2.65 +0.27 7
HD 206267 ....... 22: 8: 3.19: 12
HD 207198 ....... 15: 4: 2.70: 12
HD 210121 ....... ... 234+ 20 10.0 + 0.9 49 + 09 1.0 2.80 + 0.20 2,7
HD 210839........ A Cep 7: 3: 3.54: 12
.................... TY CrA 21.00 + 2.75 13.00 + 2.75 80+ 45 0.60 + 0.3 3.10 + 1.05 13

REFERENCES.—(1) Meyer et al. 1989; (2) Black & van Dishoeck 1991; (3) Meyer & Jura 1985; (4) Kaiser & Wright, 1990; (5) Crawford
1990; (6) Crutcher 1985; (7) Gredel, van Dishoeck, & Black, 1991; (8) Cardelli, et al. 1990; (9) Cardelli, & Wallerstein, 1986; (10) Crane, et
al. 1989; (11) Palazzi 1990; (12) Chaffee, & Dunham, 1979; (13) Cardelli & Wallerstein, 1989.

some cases, marked with an asterix in the table, we computed
the H, column density using the relation between H, and CH
(Mattila 1986) N(H,) = 2.1 x 10’N(CH) + 2.2 x 10?°, and
that we adopted N(H) = N(H1) + 2N(H,).

2.2.1. HD 24398 ({ Per)

For the HD 24398 cloud, the data reported in Table 2 are
those published by Kaiser & Wright (1990). We have used their
value for the equivalent widths and the velocity parameter b to
derive the T,,(CN) and the resulting value is 2.816 + 0.03 K
instead of the published one 2.79 + 0.03 K. Moreover, from the
calcium data (White 1973), we derive a correction for local
excitation of 0.013 K instead of the 0.04 K used by Kaiser &
Wright. The difference between theses two results depends on
the adopted values mostly for the kinetic temperature of the
cloud and hence for the recombination coefficient a(a oc Tx;o”)
and less importantly on the photoionization rate I.

We note that if our values for T, (CN) and T, for the HD
24398 cloud are correct, then the resulting Tegg is 2.80 + 0.04,
exactly the same as for the { Ophiuchi cloud.

2.2.2. HD 21483

For the HD 21483 cloud, the values reported are from
Meyer, Roth, & Hawkins (1989). Since, as we mentioned
above, the most precise result for T, (CN) for each line of sight
have been included in Table 2, we note that for this cloud a
more precise result for T, (CN) than the one reported has been
published by Black & van Dishoeck (1991), T,,(CN) = 2.81
+ 0.03 K. However, we did not include this last result in Table
2 because the relative values for the equivalent widths have not
been published.

2.2.3. HD 23180 (o Per)

For the HD 23180 cloud, a T,,(CN) = 2.78 + 0.07 K has
been measured by Meyer & Jura (1985). They applied a correc-

tion due to a local excitation of 0.085 K about a factor of 7
bigger than the value we obtain from our analysis of the
calcium data. Also in this case, as for the HD 24398 ({ Per)
cloud, we impute the discrepancy between the different results
to the values adopted for the kinetic temperature of the cloud
and for the I parameter.

2.2.4. HD 73882, HD 149404, HD 169454 and HD 170740

In compiling Table 2, we have not included results from
other observations of the stars in Table 1. Four stars in Table
1, HD 73882, HD 149404, HD 169454, HD 170740, were also
observed by Gredel, van Dishoeck, & Black (1991).

Since for many of the stars of their sample, Gredel et al. have
used CN observations of the violet system at 3875 A and of the
red system at 7900 A in deriving the saturation corrections,
they adopted b values that yielded the same CN column den-
sities for both systems. In comparing our results to theirs, we
find no evidence for systematic differences in the equivalent
widths or b values.

In particular, for the four stars in common with Gredel et al.,
the derived temperatures agree within the errors for the stars
HD 73882 and HD 169454. For HD 149404, T, (CN) derived
by Gredel et al. is 2.2 K, much lower than our derived value
2.77 + 0.33 K. The difference can be explained by the fact that
they did not measure the b parameter from the CN observa-
tions but adopted the value derived from '3CO observations
which is lower than the one we determined from our CN obser-
vations. For HD 170740, our measured T, (CN) does not
agree with the result of Gredel et al. In this case we adopted the
same b value for the analysis, the differences are in the mea-
sured equivalent widths of the CN lines. We have a larger
number of spectra on this star than Gredel et al. and this
allows a more certain determination of the CN equivalent
widths. We have included only our results for these four stars
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FiG. 2—Measured T, (CN) with the associated 1 ¢ errors vs. increasing
HD number of the observed stars. The data are from Tables 1 and 2. The solid
line represents the space result for Tegg, T = 2.735 + 0.020 K, the dashed line
in the weighted average of the T, (CN) values, T = 2.818 + 0.018 K.

in the analysis below, because we have a better understanding
of the systematic effects in our own data than for Gredel’s.

2.3. CN Excitation T emperature

As a first comparison between all the CN data available and
the recent COBE and Gush et al. results, we have plotted (Fig.
2) the T, .(CN) with the relative errors for all the stars of Tables
1 and 2 together with Tggy value of 2.735 K. From a first
analysis of Figure 2, it is evident that most values of T, (CN)
exceed the space results. Five of the six values which lie below
the solid line in Figure 2 are results from Gredel et al. (1991).
This is most likely due to random errors in the measurements
of the equivalent widths. The fact that most measurements lie
above the space results should not be surprising, since, as men-
tioned in § 1, there may be some pumping mechanisms at work
which may fully or in part be the cause for this excess in the
excitation temperature. For instance, for the known dense
cloud in the direction of HD 147889, there is likely local excita-
tion.

What is surprising instead is that the weighted mean of our
sample (excluding the most well studied case { Oph) gives a
value (T, (CN)> = 2.817 £+ 0.022 K which is in good agree-
ment with the { Oph value, 2.796(+0.014; —0.039) K. We have
not included the { Oph result in the weighted average since this
value has a considerably greater weight and an undue influ-
ence. We recall that for the { Oph sightline, the local effects are
negligible and do not contribute substantially to the T, (CN)
(Crane et al. 1989).

The distribution of T, values found in Figure 2 is what
would be expected if the main excitation were from the CBR
radiation and there was another contribution of unknown
magnitude due to local effects. The weighted average is mostly
determined from the few precise measurements which have
been chosen a priori to have small local excitation effects.

In order to quantify the difference between the COBE and
Gush values for Tegg and the CN excitation temperature, we
take Tegg = 2.735 + 0.020 K for the COBE/Gush value. The
error in this value is our attempt to assess the statistical uncer-
tainties in the measurements and not the calibration or other
systematic errors. As consequence we find T, (CN) — Ty, =~
82 + 30 mK where the uncertainty depends on our assumed
error in the space results.
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3. LOCAL EFFECTS

In order to pursue possible origins of the difference we find
above, we have investigated a number of possible physical
effects which could give rise to this difference. Electron and
neutral collisions may both contribute to the rotational excita-
tion of the CN molecule; in addition radiative effects will be
briefly considered. Effects due to multiple unresolved clouds
and to uncertainties in the assumption about molecular struc-
ture are briefly considered.

3.1. Electron and Neutral Collisions

The electron impact is the local process that most likely
contributes to the CN excitation in diffuse interstellar clouds
(Thaddeus 1972).

The electron density is an important physical quantity which
is very difficult to determine directly. The standard procedure
for estimating n, depends on the asumption of ionization equi-
librium and the ratio of space densities of an atom in two
adjacent states of ionization

n(i + 1) "

ni@i ¢

where I is the photoionization rate (s ) and « is the coefficient
of radiative recombination (s ~! cm?).

The use of this method suffers some fundamental difficulties
such as the impossibility of directly measuring space densities.
If both ionization states are not equally distributed along the
line of sight, and this is possible since several clouds could
occur, using the column densities in the above relationship
results in an average value for n,.

On the other hand this is one of the few ways in which the
electron density can be determined in interstellar clouds. We
decided to use the Ca 1 and Ca 1 atoms to make the calcu-
lation, assuming that both are formed in the same region of the
cloud (White 1973).

The quantity I is a function of the radiation field intensity,
and it depends very strongly on position within the cloud
because of extinction of ionizing photons by grains. The values
we used are computed using the relation I' = C exp (—74y)
(van Dishoeck 1988), where C is equal to the photoionization
rate for Ca 1 due to an unattenuated radiation field
(3.4 x 107 !°, from Draine 1978), y is equal to —1.68 and A,
corresponds to half the reddening of the star considered. The a
coefficient is a function of the kinetic temperature (T;,) of the
cloud (x oc T27), and for our purpose we used the values
given by Seaton (1951). When Ti;, was not available in the
literature we assumed a value of 25 K.

Unfortunately, not all the stars in our sample have been
observed at the Ca1and Ca 1 H and K wavelengths, and the
available data are often of very poor accuracy. In columns (4),
(5), and (6) of Table 3 we report the equivalent widths of the
calcium absorption lines in the cases studied (16 with both the
measurements). To obtain homogeneous data we recomputed
the calcium column densities using the same oscillator line
strengths (f = 1.55 for Ca 1, f = 0.345 for Ca 1 H, and f = 0.690
for Ca 11 K) for all the measurements and therefore n, using the
ionization equilibrium equation. Column (13) of Table 3
reports n, computed in this way and then uses this to drive the
local contribution to the excitation temperature due to elec-
trons (Eoc,e)‘

The local excitation can be derived from n, following the
analysis described by Thaddeus (1972); namely, we computed
the rate of excitation, C,,, from the J = 0 level to all the others

r
a b
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TABLE 4
CORRECTED Tigg
Star T.(K) Toee K) T, K)  Togg (K)

HD 23180 ........ 2.78 +0.07 0.009 0.003 2.77 + 0.07
HD 24398 ........ 2.79 + 0.03 0.013 0.002 2.78 + 0.03
HD 26571 ........ 3.22 + 096 0.030 0.011 3.18 + 0.96
HD 29647 ........ 2.90 + 0.08 0.000 0.003 2.90 + 0.08
HD 62542 ........ 3.30 £ 0.20 0.028 0.018 325+ 020
HD 147343 ....... 3.52 + 091 0.047 0.010 3.46 + 091
HD 147701 ....... 313 + 042 0.049 0.011 3.07 + 042
HD 147889 ....... 3.19 £ 0.18 0.026 0.021 3.14 + 0.18
HD 147933 ....... 294 + 048 0.073 0.116 2.75 +0.48
HD 147933a....... 2.86 + 043 0.074 0.118 2.67 + 043
HD 148184 ....... 2.78 + 0.61 0.031 0.018 2.73 + 0.61
HD 149757 ....... 2.796 + 0.013 0.057 0.003 2.74 + 0.02
HD 206267 ....... 3.19: 0.007 0.010 3.17:

HD 207198 ....... 2.70: 0.034 0.011 2.65:

HD 210839 ....... 3.54: 0.022 0.010 3.51:

TYCrA ........... 3.10 + 1.05 0.008 0.008 3.08 + 1.05

using the relation Cy; = n,ry,, with ry; = {vo4,>, where v is
the kinetic velocity and is o, the cross section for excitation
by electron impact. We employ for ry; the values computed by
Allison & Dalgarno (1971) for interstellar clouds with the
kinetic temperatures reported in column (9) of Table 3. The
resulting local excitation is given in column (3) of Table 4.

Neutral particle (mainly H,) impacts could be another con-
tribution to the rotational excitation of the CN molecule
(Thaddeus 1972). To compute the local contribution to the
excitation temperature due to neutral collisions (T, y,) We
have followed a similar analysis to the one used for electrons in
the previous paragraph. In this, of course, we have used a
different value for the rate of excitation C,,; Black & van
Dishoeck (1991) report a rate of 3.8 x 10" *'n(H,) s~ for a
kinetic temperature of 20 K. Using the temperature of column
(9) of Table 3 and the n(H,) from the literature (col. [14]) we
computed T, yu, for neutral impacts. These results are given in
Table 4 column (4). The values for n(H,) given in Table 3 are
quite uncertain and represent upper bounds in many cases.
The n(H,) values were taken mostly from the references in
Tables 2 or 3.

T,,. due to both excitation mechanisms is then used to
correct the T,,(CN) in order to obtain Tegg. The resulting
values given in Table 4 show that in several cases the T, y,
not negligible with respect to T, .. Nevertheless the T,
values (T, is the excitation temperature corrected for the
local effects given in Table 4) found are statistically larger than
the space result: the weighted average, excluding { Oph, is
2.807 + 0.025 K, greater than Tgp(space) by 2 o. As we
explained above the precise { Oph result has a large weight in
the average; moreover the local contribution to the CN excita-
tion derived from the calcium analysis is much greater than the
upper limit determined by searching for CN emission at 2.64
mm (Crane et al. 1989). In any case, if we include the { Oph
result in the average we obtain 2.767 + 0.016 K, which is still
greater than the Tcgr(space). We assume that the difference
between the electron densities determined from calcium and
the limit from CN emission is due to uncertainties in the
calcium analysis.

A possible explanation for this discrepancy even after cor-
recting for collisional excitation can be that the electron
density computed using the calcium absorption lines could be
underestimated. In fact,

1S
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1. It is very difficult to extract accurate column densities
from the Ca 1 observations, since in many cases the Ca 1 has
more than one component.

2. The Ca 11 could be present in different regions (less dense)
of the interstellar cloud than Ca 1 and CN so that the com-
puted value of the electron density is a lower limit.

3. If the interstellar cloud is located close to the star, the
radiation’ field would be raised substantially above the
assumed value, increasing the actual electron density above the
derived value.

4. The ratio of n,/ny, seems low for many sources indicating
a possible systematic effect in n, derived from calcium or in the
values of ny,.

5. Similarly an underestimation of ny, or the H, CN cross
section may eventually explain the discrepancy under dis-
cussion. However, as mentioned above, the values of ny, given
in Table 3 are high in many cases.

A direct way to check these hypotheses is to measure CN
emission at 2.64 mm to derive Tj,.. The mm results are sensitive
to any excitation mechanism which heats CN above CBR. We
report in column (15) of Table 3 the expected value for the
source antenna temperature (T%) derived from the relation
(Crane et al. 1989)

Tk =0.74n[1 — exp (— 7)1 T
where 7, = 1, the source coupling efficiency, for a source uni-
formly filling the antenna beam, the optical depth t is deter-
mined from the CN column density N(1) and T, = T,,.(CN)
— T,pace- Where we assume that the space result is the true Tegg.

We have made two direct observations of CN emission in
the directions of { Oph and HD 154368 obtaining T;,, < 31
mK and T, = 35 + 9 mK, respectively. Surprisingly, the mea-
sured { Oph value is smaller than the one estimated (Table 4)
from the electron density. We do not have any calcium data for
HD 154368.

This suggests that observations of CN millimeter emission
are needed. There are already indications (Crane et al. 1989;
Palazzi et al. 1990; Black & van Dishoeck 1991) that direct
measurements of T, . from these millimeter observations (the
only true measurements of T,,.) are smaller than the values if
T, derived from electrons as discussed above.

The difference between the electron densities derived from
optical and those derived from millimeter data could be
explained if small-scale structure was present in the interstellar
medium. Observations of millimeter CN emission are typically
taken with beam sizes of ~1’ which is much greater than the
optical beam size. If a dense, but small patch (<1’) of CN
emission lies in the optical path, it would be diluted in the
beam of a typical millimeter observation and cause the milli-
meter results to underestimate the electron density.

However, in the single case where it has been possible to
evaluate the small-scale structure has shown no evidence for
structure. In particular, a comparison of the CN optical line
profile observed toward { Oph by Lambert, Sheffer, & Crane
(1990) with the CO millimeter line profile of LeBourlot et al.
(1989) shows a remarkable similarity in spite of the very differ-
ent beam sizes of the optical and radio observations. This is
evidence against small-scale structure that would compromise
the millimeter results vis-a-vis the optical. It would be excep-
tionally bad luck if the small-scale turbulence and clumpiness
in the CN were very much different than for the CO and yet
conspired to produce similar line profiles.
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In addition, the few optical and ultraviolet studies of inter-
stellar absorption lines toward both components of a resolv-
able binary (Meyer 1990) have shown that the presence of
small-scale structure in the diffuse interstellar medium is more
the exception than the rule. For this reason we believe that
millimeter observations are the only direct way to get useful
information on the local physical processes in the diffuse cloud
which could excite CN above the CBR. Nevertheless, such
studies may be confounded by small-scale structure in the
clouds.

3.2. Radiative Effects

Thaddeus (1972) analyzed the most important radiative pro-
cesses, other than the CBR, that could explain the excitation of
CN. We follow his procedure to investigate if radiation could
explain the excess CN excitation.

Diffuse Galactic starlight is the first radiative field con-
sidered. The result from Thaddeus’s analysis is that the excita-
tion rate due to this radiation field is four orders of magnitude
less than that required to completely excite CN at 2.64 mm.
The diffuse Galactic starlight fails by roughly a factor of 1000
to account for the observed 82 mK. Indeed such a radiation
field would have been seen by several experiments and in par-
ticular the DMR on COBE.

The radiation due to the star beyond the cloud is the second
process considered by Thaddeus. If the cloud lies very close to
the hot OB star, but usually we do not know the distance, the
photons coming from the last scattering surface could cause
the CN excitation. If that is the case we would expect either a
molecular photodissociation rate which is too large to be com-
patible with the observed CN abundances or photoexcitation
which would give observable emission at 2.64 and 1.32 mm.
Thus local starlight is unlikely to be responsible for the dis-
crepancy we find with the space result.

Another radiative process in interstellar clouds could exist
that has not been considered by Thaddeus, but that could
contribute to the CN excitation. Dust present in the clouds
could provide a radiation field with a diluted blackbody spec-
trum. We assumed that the radiation field we measure using
CN (I.y) is given by the sum of the CBR field (Icgg) plus a
contribution due to the dust (Ipysy)

Ien = Icpr + ; Ipyst s

where 7 is a dilution factor that should be the same at both
wavelengths of the CN measurements, 2.64 and 1.32 mm. We
considered four different stars (HD 21483, HD 29647, HD
149757, and HD 154368) toward which the T, (CN) has been
measured both at 2.64 and 1.32 mm, and we used those tem-
peratures to derive the Iy in each case. To derive Icgg We
adopted the Togg resulting from the space data. At this point,
for each star, we used temperatures for the dust ranging
between 10 and 10* K to determine Ipygr.

The resulting 7(2.64 mm) and 7(1.32 mm) in the range of dust
temperatures considered never converge to the same value for
any of the stars studied. For example, in Figure 3 the values
obtained at the two wavelengths for the star HD 154368 are
shown. In this case, the values of # converge at a temperature
of Tyyst & Tcpg Within the uncertainty. This is precisely what is
expected if T, (CN) = Tigg. Thus there is no value for Tpysr
which could be the origin of a radiation field that would
explain the observed T, (CN).

Vol. 398

4000 [——T———— ey

HD154368
3000 — -
7n(1.32mm) :
£2000 ~ -

1000 7n(2.64mm) —|

0 1 L L 1 L L
0 20 40 60 80 100

T§us(

F1G. 3.— values for the star HD 153468 at the two wavelengths, 2.64 and
1.32 mm, vs. dust temperatures. # is the dilution factor of a blackbody radi-
ation field produced by the dust that could be present in the cloud and should
be the same at the two wavelengths (see text for more details).

3.3. Correlations

In an attempt to discover if there are any physical processes
which might give rise to the difference between the CN excita-
tion temperature and the Tegp(Space), we have looked for pos-
sible correlations between T, (CN) and several quantities. We
have not found any significant correlation between T, (CN)
and the Doppler broadening parameter, b (Fig. 4), the
reddening E;_,, the electron density n, (Fig. 5) the distance
from the Sun, or the distance from the Galactic center. We
note, however, that due to the often larger errors in the param-
eters, and due to the possibility that more than one parameter
may effect T, (CN), the correlations we have looked at may
not show any correlation where one may indeed exist. The
need for better data is often all to obvious.

The lack of correlation with the Doppler broadening param-
eter is important since this is one major source of possible
systematic effects. Using too small a Doppler width decreases
the T, whereas too large a value would increase T,,..

If the CN always exists in several small clumps with small b
values in each cloud, our estimate of the saturation correction

CN Texe(K)
-
T
L

0 L L L . L !
0 05 1 15 2

b (Km/sec)
F1G. 4—T, (CN) vs. b. It is clear that underestimation or overestimation of

the Doppler parameter b does not effect the mean value of T,, (CN).
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although more precise results would strengthen this conclusion.

could be in error. The one case where we can check this, { Oph
shows almost no difference between the excitation temperature
derived for a single cloud model and using the correct two-
cloud model which was based on the results of Lambert,
Sheffer, & Crane (1990). Thus there does not seem to be a
universal problem, but for certain sight lines, such clumping of
CN could lead to an overestimate of the excitation tem-
perature.

In the process of searching for correlations, we have found
marginal evidence for a dependence of electron density on
Galactic distance in the solar vicinity. Even if this is correct,
this does not effect the CN excitation.

4. CONCLUSIONS

We have presented an analysis of T, (CN) for several sight
lines. We find the value of T, (CN) is greater than Tegr(Space)
by 82 + 30 mK. Available data to estimate electron densities

“and the theory used to predict the excitation of CN by electron
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collisions are currently not adequate to explain the effect. We
have considered possible radiative effects, and these also
cannot explain the observed CN excitation. This result is con-
trary to the assumption of Black & van Dishoeck (1991), who
assumed that the excitation of CN over the space results for
Tcgr Was due to electron collisions.

The two best-studied sight lines, { Oph and HD 154368,
illustrate the problem most effectively. For HD 154368,
T,,(CN) = 2.87 + 0.08 K and if the Tegg = 2.735 K, we would
expect to find an emission feature at 2.64 mm with a strength of
T% = 75 mK. The line that is seen has instead a T§ = 19.0
+ 5.1 mK (Palazzi et al. 1990). A similar analysis can also be
made for { Oph although the millimeter result is only an upper
limit. Thus these two cases show no evidence for large enough
local effects that could be the cause for the difference between
’Texc(CN) and ’TCBR‘

Considering the other sight lines for which we have collected
data, the evidence for local excitation is not conclusive but
should be verifiable in some cases with improved observations.
The sight line toward HD 147889, is particularly interesting
since it should be possible to measure the 2.64 mm emission.

Either a clear explanation of the CN excitation must be
found or the temperature of the CBR is greater than 2.735 K.
As better data on the local conditions in the molecular clouds
becomes available, it is our expectation that the observed
excess excitation of CN will be shown to be a result of col-
lisional excitation.

In spite of the low precision of many of the CN results
discussed here, there is no question that the dominant mecha-
nism exciting CN is the CBR. Therefore, the results presented
here provide the largest body of data to support the homo-
geneity of the CBR even if it is only on the scale of a few
hundred parsecs.

It is a pleasure to thank G. Smoot for several suggestions
concerning possible local radiation fields, and D. L. Lambert
for several insights.

REFERENCES

Allison, A. C., & Dalgarno, A. 1971, A&A, 13, 331

Bevington, P. R. 1969, Data Reduction and Errors Analysis for the Physical
Science (New York: McGraw-Hill), 56

Black, J. H. 1988, Adv. Atom. Molec. Phys., 25, 477

Black, J. H., & van Dishoeck, E. F. 1991, ApJ, 369, L9

Bohlin, R. C., Savage, B. D., & Drake, J. F. 1978, ApJ, 224, 132

Buscombe, W., & Kennedy, P. M. 1968, MNRAS, 139, 417

Cardelli, J. A., Suntzeff, N. B,, Edgard, R. J., & Savage, B. D. 1990, ApJ, 362,
551

Cardelli, J. A., & Wallerstein, G. 1986, ApJ, 302, 492

. 1989, AJ, 97, 1099

Chaffee, F. H., Jr., & Dunham, T., Jr. 1979, ApJ, 233, 568

Cohen, J. C. 1973, ApJ, 186, 149

. 1975, ApJ, 197, 117

Crane, P., Kutner, M. L., Hegyi, D. J., & Mandolesi, N. 1989, ApJ, 346, 136

Crawford, J. A. 1990a, MNRAS, 243, 593

. 1990b, MNRAS, 244, 646

Crutcher, R. M. 1985, ApJ, 288, 604

Deutschmann, W. A, Davis, R. J., & Schild, R. E. 1976, ApJS, 30,97

De Vries, C. P., & van Dishoeck, E. F. 1988, A&A, 203, L23

Draine, B. T. 1978, ApJS, 36, 595

Federman, S. R., & Hobbs, L. M. 1983, ApJ, 265, 813

Federman, S. R., Danks, A. C., & Lambert, D. L. 1984, ApJ, 287,219

Federman, S. R., & Lambert, D. L. 1988, ApJ, 328, 777

Frisch, P. C. 1979, ApJ, 227,474

Gredel, R., van Dishoeck, E. F., & Black, J. H. 1991, A&A, 251, 625

Gush, H. P., Halpher, M., & Wishnow, E. H. 1990, Phys. Rev. Lett., 65, 537

Kaiser, M. E., & Wright, E. L. 1990, ApJ, 356, L1

Lambert, D. L., & Danks, A. C. 1986, ApJ, 303, 401

Lambert, D. L., Sheffer, Y., & Crane, P. 1990, ApJ, 359, L19

LeBourlot, J., Gerin, M., & Perault, M. 1989, A&A, 219, 279

Mather, J. C,, et al. 1990, ApJ, 354, L37

Mattila, K. 1986, A&A, 160, 157

Meyer, D. M. 1990, ApJ, 364, L5

Meyer, D. M., & Jura, M. 1985, ApJ, 297,119

Meyer, D. M., Roth, K. C., & Hawkins, 1. 1989, ApJ, 343, L1

Palazzi, E., Mandolesi, N, Crane, P., Kutner, M. L., Blades, J. C., & Hegyi,
D. J. 1990, ApJ, 357, 14

Penprase, B., Danks, A. C,, Blades, J. C, Palazzi, E., & Crane, P. 1992, in
preparation

Savage, B. D, Bohlin, R. C., Drake, J. F., & Budich, W. 1977, ApJ, 216, 291

Seaton, M. F. 1951, MNRAS, 111, 365

Shull, J. M., & van Steenberg, M. E. 1985, ApJ, 294, 599

Spitzer, L., Jr., Epstein, I, & Heu, L. 1950, Ann. Astron., 13, 147

Thaddeus, P. 1972, ARA&A, 10, 305

van Dishoeck, E. 1988, in Rate Coefficients in Astrochemistry, ed. T. J. Millar
& D. A. Williams (Dordrecht: Kluwer) 49

van Dishoeck, E., & Black, J. H. 1989, ApJ, 340, 273

White, R. E. 1973, ApJ, 183, 81

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...398...53P

