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THE ROTATIONAL EXCITATION TEMPERATURE OF THEN6614 DIFFUSE INTERSTELLAR BAND CARRIER
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ABSTRACT

Analysis of high spectral resolution observations ofx#6614 diffuse interstellar band (DIB) line profile shows
systematic variations in the positions of the peaks in the substructure of the profile. These variations—shown
here for the first time—can be understood most naturally in the framework of rotational contours of large molecules,
where the variations are caused by changes in the rotational excitation temperature. We show that the rotational
excitation temperature for the DIB carrier is likely significantly lower than the gas kinetic temperature—indicating
that for this particular DIB carrier angular momentum buildup is not very efficient.

Subject headings: ISM: lines and bands — ISM: molecules

1. INTRODUCTION 2. THE A6614 DIB PROFILE

. _ _ The N\6614 DIB was first observed at high resolution by

The diffuse interstellar bands (D|BS) are over 300 interstellar Sarre et al. (1995), revea"ng a clear trip|e-peak substructure
absorption bands commonly observed toward reddened stargind a red degraded wing (see Fig. 1). In a few stars, a weaker
from the UV to the near-IR and whose carrier molecules are fourth and a fifth peak show up at longer wavelengths. As these
still unidentified (Herbig 1995; Kretowski 2003). The identi- are only clearly observed in two of our spectra, we will not
fication of the carriers of these bands remains an importantdiscuss these peaks in this Letter. The substructures are intrinsic
problem in astronomy to date, and the current consensus orto the band profile, as the same profile shape is observed in
the nature of the carriers is that they are probably large carbon-lines of sight that only cross one interstellar cloud.
bearing molecules that reside ubiquitously in the interstellar The very presence of these substructures has been explained
gas (Ehrenfreund & Charnley 2000). The most promising car- by two differ_ent_ scenarios. The most pop_ular explanation is
rier candidates are carbon chains, polycyclic aromatic hydro- that the profile is due to unresolved rotational contours of a
carbons (PAHSs), and fullerenes (Salama et al. 1996, 1999;Iarge molecule, in wh|qh the th(ee peaks_represent individual
Foing & Ehrenfreund 1994; Schulz et al. 2000; Motylewski et Frt"?‘”ChﬁS of ;‘ rOV'brf]{”'C ”g”bs'“g”- Rott?vl“ona' ioftourhfzi‘ggé)
al. 2000). Studies on the environmental behavior of DIB car- '210NS have been perjormed by Lossart-Magos « Leac
riers suggest that the strength of the DIBs results from an ?ndf K”err et al. (1996) for E AIHS' byl Edwardsf& II__each (%]993)
interplay between ionization, recombination, dehydrogenation, Or:reunf(raéi?fjsé ig?ﬁ%@gg ;n':yié d(%r?g?))roﬁlreslr:)?)?éécljms.
?ggm?eestt;fggg7?;82?8“[:?33'(;:36?';’_ igg@?rﬁfgsgs& T:%ei%e IB and compared them to calculated rotational contours, con-

5000). Th lecul i f the DIB P ted cluding that the carrier of the6614 DIB has a rotational con-
)- The molecular nature of the Carriers IS SUppored giant compatible with PAHs larger than 40 C atoms, chains of
by the detection of substructures in the line profiles of some

: ! _ ~ 12-18 C atoms, 30 C atom rings, of,@ullerene compounds.
DIBs (Sarre et al. 1995; Ehrenfreund & Foing 1996; Kretowski Alternatively, the substructures might be due to isotope shifts

& Schmidt 1997; Walker et al. 2001). Furthermore, a recent j, |arge, highly symmetric molecules (Webster 1996). In this

analysis of the profile of the strongest DIB4428) shows a  scenario, the individual peaks correspond to entities of the same

Lorentzian profile remarkably consistent with rapid internal molecule with a different number dfC atoms. The relative

conversion in a molecular carrier (Snow et al. 2002). intensities of the peaks then determine the abundances of the
In this Letter, we present an analysis of high-resolution ob- isotopic varieties (see, e.g., Walker et al. 2000).

servations of the.6614 DIB in so-called single-cloud lines of

sight. The profiles show a systematic variation in the wave- 3. THE \6614 DIB PROEILE VARIATIONS

lengths of the observed substructure peaks. We show that these

variations are most naturally explained as changes in the ro- Recently, Galazutdinov et al. (2002) presented new high-

tational excitation temperature in rotational contours of a large resolution R~ 220,000), high signal-to-noise ratio observa-

molecule. The particular band profile of this DIB also allows tions of thex6614 DIB toward single-cloud lines of sight,

one to uniquely determine the rotational excitation temperature. clearly showing variability in the precise wavelengths of the
peaks and in the intensity ratios. In this Letter, we analyze those
same observations; we therefore refer to Galazutdinov et al.

) _ ~ (2002) for more observational details.
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Fic. 2.—Peak positions for the three main peaks inXbé14 DIB profile.
Error bars are determined using a statistical approach (see text).

0.94
I optimistic since it does not deal with systematic errors—such
as the components not being true Gaussians. We therefore fol-
lowed a statistical approach in which we determined the noise
level on the spectra from the continuum parts outsiden6614
DIB, subsequently added random noise with the same rms to
the entire spectrum, and then fitted the profile. This procedure
was repeated 100 times for each spectrum, and subsequently
each parameter value was taken to be the average of these 100
simulations, with the standard deviation providing a more re-
alistic error estimate on the parameters. Using the wavelengths
of the central peak (peak 2 in Fig. 1), we then shifted the
individual profiles in velocity space to the same “rest” wave-
6613 6614 length of 6613.56A for the central peak (Galazutdinov et al.
2000).
Rest wavelength (A) Figure 2 shows the peak positions for each of the three main
Fic. 1.—Profiles of thex6614 DIB for the observed stars. All profiles are peaks as a function of the Pe?k sgparatlon between the first
centered on the central peak (peak 2). Note how the position of the redwardand the third peak. The variations in the wavelengths of the
peak (peak 3) clearly changes from one line of sight to another. At the same subpeaks now become much more obvious. When the redward
time, the width of the subpeaks seems to become marginally larger. For an peak (peak 3) shifts to longer wavelengths relative to the central
identification of the individual spectra, see Galazutdinov et al. (2002). peak, the blueward peak (peaksytematically shifts to shorter

in the exact positions of the remaining two main peaks with wavelengths. Whereas peak 1 shifts by about @03 (one res-
: xact post Ining twi In p WM 5jution element), peak 3 shifts by twice that amount.

::Tesgr'e\(;;:ic;:irgﬁscﬁn\t/:/glvpe)(leeank. tll—rlzlg\?ﬁ/ve\ligdtﬁgiigﬁ)riﬁk 2;; Tﬁ:ﬁs These variations rule out the scenario in which the substruc-
are much larger than the iné}ividual variations in radialr\)/elocity tures are QL{e to isotope shifts; in such a case, the wavellengths
and therefore these variations are intrinsic. To assess the natl’Jro-f the individual peaks should be the same for each line of
of these variations, we proceeded in the fbllowing way. In all glght: On the_other hand, the observe_d variations are completely
’ ' consistent with the substructure being due to unresolved ro-

Fr:gpgssgrfgglaP;E;gr}z fé’gr;hissggsgﬁﬁt(;(ﬁ dzzfﬁt?;r? dgl?ﬁ the tational contours and the observed variations due to changes
X P p ) in only one parameter: the rotational excitation temperature.
rotational contour framework, these bands correspond to un-

resolved rovibronic branches; in the isotope shift scenario, they
correspond to different isotopomers. To accurately determine
the peak positions of these individual components, we need to In the framework of rotational contours, the three peaks in
first decompose the profile into its components, rather thanthe N6614 DIB correspond to unresolvéR-type branches
measuring the peak positions directly in the observed profile. associated with a molecular species. For any molecular species,
Galazutdinov et al. (2002) showed that nearly perfect fits to the peak positions of these branches are determined by both
the observed line profiles can be achieved by fitting about five molecular properties and physical parameters (such as the ro-
Gaussians to the line profiles. The three main Gaussian com-ational temperature). The added value from this work—where
ponents correspond to the three main peaks observed in thave observevariations in the peak positions—stems from the
line profile; a fourth and fifth component are required for the fact that the molecular properties should be the same for all
additional peaks and/or the red wing. We followed a similar lines of sight. Moreover, the triple-peak structure of N&614
approach to decompose the profile into Gaussian componentsDIB profile allows one to determine the molecular and physical
The fitting routine provides a formal error estimate on the parameters independently. This is most easily illustrated for
derived parameters (such as peak position), which is generallymolecules exhibiting a linear or spherical top geometry.
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4. ROTATIONAL CONTOURS
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For linear (e.g., CQ N,O) or spherical top (e.g., fullerenes) TABLE 1
geometries, the energies of the rotational levels within a vi- THE OBSERVED PEAK SEPARATIONS IN THE A6614 DIB
bronic band are determined by the single rotational con&ant AND DERIVED Tior VALUES
and the quantum numbel (angular momentum). Selection Av,, Avg Av,, T Tl
rules onJ areAJ = +1 P- andR-branch transitions) and, in Star (em?)  (em?) (m?) K (K
some cases (see § B)) = 0 Q-pranch). For a given rotational HD 144217, ... 0774 0753 1527 255°¢ gs
level J, the frequencies of the andR transitions relative to HD 145502, ... 0.775 0743 1518 253° 9o
the correspondin®® transition can then be written as HD 147165. ... 0771 0735 1507 24.9°% 64
HD 144470...... 0.744 0736 1481 2367 73
Avgg = 20+ 1)(B" + AB) = 2(J + 1)B”, 1) HD 179406...... 0719 0.667 1.386 2155 .
HD 149757...... 0723 0633 1356 2127 54
Avge = 2)(B" + AB) = 2JB", ) HD 184915...... 0712 0618 1330 21.0% 69
Y —3 —1 1 1
whereAvg, = vg — 5, andAuye = 1, — »p ; the double primes argiff'_B = (164 3.0)x 107 cm . Quoted uncertainties
refer to the lower vibronic level, andB s the difference in 2From Savage et al. (1977). For HD 179406,  is unknown
rotational constants between the upper and lower vibronic level. from observations.

Furthermore, the common approximation has been used that
AB/B” < 1. All other things being equal, the peak absorption by —(A — C)K2. Additional selection rules atK = 0  (“par-
will arise from the most populated rotational level in the lower g]jg|” transitions) orAK = +1 (“perpendicular’ transitions).
vibronic state. ASSUming an LTE-like pOpulatiOI’l distribution The Observed prof”e will now be the Superposition OmR_
of the rotational levels in this lower state, it is straightforward pranches arising from differett-values.
to show that the most populated rotational level is (see, e.g., For parallel transitions from th& = 0 level, the additional
Ehrenfreund & Foing 1996) energy term vanishes, and therefore equations (1) and (2) still
yield the correct peak separations. For parallel transitions from
1 K # 0, the frequencies of the transitions will change by
Jon = Vot — 2, (3) (AA — AB)K? or (AA — AC)K? compared to th& = 0 fre-
2 guencies. These shifts are generally small, and therefore the
) ) ) ) _ overall shape of the profile in terms of peak positions will not
with B” in units of cm*. Equations (1), (2), and (3) nicely  change much. In such a case, the estimates of the rotational
show how the peaks of tte- andP-branches move away from  constant and the rotational temperatufg,  derived from the
the Q-branch peak (at a different rate) wh&p,  increases; asiinear or spherical top case will still be good estimates.
T, increasesJ,,, becomes larger, and therefore both peak For perpendicular bands, the situation is more complex. For
separations increase. This corresponds exactly to what we obeachK, there are now two sets ¢fQR-branches. Compared
serve (see Fig. 2), and therefore the central peak (peak 2) ino the linear or spherical top case, the transitions in the first
the A6614 DIB must correspond to the unresol@ebranch  set shift to the blue and in the second to the red by an amount
and peaks 1 and 3 to tie andP-branches, respectively. of typically 2(A — B)K for prolate tops o2(A — C)K for oblate
The triple-peak structure of the6614 DIB profile offers 14 tops. The superposition of all these branches now leads to a
independent measurements{,  ahgl,  for seven lines ofproadening of the observed branches, most noticeable in the
sight) for eight free parameterB’(  and seven rotational tem- Q-branch. Moreover, the- andR-branches for oblate tops will
peratures), so that all parameters can be uniquely determinedmove away from theQ-branch by~2J,.(A — C); those for
Although it is possible to determir®’  afid,  independently prolate tops move closer to ti@-branch by~2J,..(A — B).
for each line of sight by manipulating equations (1)—(3), the when using the formalism for linear or spherical top geometries
uncertainties on the derived parameters are large. Instead, Wgo determineT,,, , we will therefore generally overestimate

performed a¢* minimization to determine the eight parameters T, for oblate geometries and underestimatg  for prolate
that provide the best fit to the 14 observed peak separationsyeometries.

and determined the & uncertainties on these parameters. The
best-fit parameters are listed in Table 1 and yield a redyéed

value of 1.45, indicating a good, but not a perfect, fit. The 5. DISCUSSION

derived rotational constar?. 016 + 0.003 cH) is compatible The observed variations in the peak positions of the sub-
with published values for linear and aromatic molecules, e.g., structures in the\6614 DIB can be explained at least quali-
C, (0.014 cm*; van Orden et al. 1993), HE™* (0.018 cm*; tatively in the rotational contour framework where the varia-
Sinclair et al. 2000), and @H N or C,;H,N (0.018 cm'*; Mat- tions are due to changes in the rotational excitation temperature.
tioda et al. 2003). The formalism for linear or spherical top geometries further-

For the more general case of symmetric rotors (we will not more yields convenient expressions to uniquely deterrBihe
discuss the case of asymmetric rotors), the rotational energieand T,,, from the observed peak separations. Crucial in this
will depend on all three rotational constatsB, andC (where formalism is that the central peak in the obserw@é14 DIB
by conventionA > B > C ) and on the quantum numbgrthe line profile is theQ-branch. However, linear and spherical top
component of the angular momentuirparallel to the sym- molecules only exhibiQ-branches for very specific vibronic
metry axis of the molecule. The constafitcan have values transitions. In those cases, tii@branch is generally much
=J, =J+1, ..,J—1,Jso that each level is now split up narrower than thé>- and R-branches and in many cases also
into 2J + 1 levels with differentK-values. For prolate geom- much stronger. Tha6614 DIB, on the other hand, shows a
etries (whereB = C ), these levels differ in energy @ — central peak that has by and large the same width a$the
B)K? for oblate cases (whews = B , e.g.,G), they differ andR-branches and a comparable strength. It seems therefore
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unlikely that then6614 DIB carrier conforms to a linear or 6. CONCLUSIONS
spherical top geometry. Rather, the broadening ofgH®anch

is presumably due to the superposition of the various stacks in
a prolate or oblate top molecule. As discussed in § 4, this means,
the values fofT,,, in Table 1 are either too low (prolate) or too
high (oblate). It is interesting to note in this context that the
detailed rotational contour calculations by Kerr et al. (1996)
for planar oblate tops (whe = 2C ) do indeed reproduce
the width and strength of the observed subpeaks in\@ti4
DIB profile. Such detailed model calculations to compare to
the\6614 DIB variations are in progress and will be presented
in a future paper. However, for the value®f  we derived, the
rotational temperatures from Kerr et al. (1996) do indeed in-
dicate slightly lower values than those in Table 1.

It is therefore tempting to conclude that the rotational tem-
peratures for th&\6614 DIB carrier are indeed relatively low
and, as indicated in Table 1, significantly lower than the kinetic . . )
gas temperature in the same lines of sight. This is somewhat Y& would like to thank Bernard Foing and Xander Tielens
surprising, as it has been argued that the rotational excitationfor Stimulating discussions and the anonymous referee for mak-
temperature should actually be higher than the gas temperaturdd valuable suggestions. J. C. gratefully acknowledges the
(see, e.g., Rouan et al. 1992; Malloci et al. 2003). support of the Natlo_nal Res_earch Council’'s Research Associa-

Clearly, either the rotational excitation processes (rocket ef- teship Program. This work is supported by the NASA APRA
fect, intramolecular vibration-rotation energy transfer, ...) in- Program (RTOP 188-01-03-01). J. K. is grateful to the Polish
cluded in those calculations are less important than assumedState Committee for Scientific Research for support under grant
or the relaxation processes are more efficient. However, these2 PO3D 019 23. G. G. is grateful to KOSFT for providing
calculations are generally carried out for largd @0 C atoms) ~ an opportunity to work at the Korea Astronomy Observatory
PAH-like molecules. Smaller molecules or molecules of a dif- through the Brain Pool program and acknowledges the Ministry
ferent geometry might show a different excitation and relax- of Science and Technology, Korea, for support under grant M1-
ation balance. The rotational constant we derive here is indeed)22-00-0005 and the Russian Foundation for Basic Research
indicative of smaller molecules. for financial support under grant 02-02-17423.

We have analyzed high-resolution and high signal-to-noise
atio spectra of the\6614 DIB toward single-cloud lines of
sight. The spectra clearly show a systematic shift in the relative
peak position of the subpeaks, shown here for the first time.
This cannot be understood if the substructure is due to isotope
shifts. On the other hand, this effect can be explained both
qualitatively and quantitatively by rotational contours in which
only the rotational excitation temperature changes.

The rotational excitation temperatures are likely to be lower
than the kinetic gas temperature, indicating that for this par-
ticular DIB carrier, rotational excitation is not very efficient.
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