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DISCOVERY OF BLUE LUMINESCENCE IN THE RED RECTANGLE: POSSIBLE FLUORESCENCE
FROM NEUTRAL POLYCYCLIC AROMATIC HYDROCARBON MOLECULES?
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ABSTRACT

Here we report our discovery of a band of blue luminescence (BL) in the Red Rectangle nebula. This enigmatic
proto—planetary nebula is also one of the brightest known sources of extended red emission as well as of
unidentified infrared (UIR) band emissions. The spectrum of this newly discovered BL is most likely fluorescence
from small neutral polycyclic aromatic hydrocarbon (PAH) molecules. PAH molecules are thought to be widely
present in many interstellar and circumstellar environments in our Galaxy as well as in other galaxies and are
considered likely carriers of the UIR band emission. However, no specific PAH molecule has yet been identified
in a source outside the solar system because the set of mid-infrared emission features attributed to these molecules
between the wavelengths of 3.3 and 1pm is largely insensitive to molecular sizes. In contrast, near-UV/blue
fluorescence of PAHs is more specific as to size, structure, and charge state of a PAH molecule. If the carriers
of this near-UV/blue fluorescence are PAHSs, they are most likely neutral PAH molecules consisting of three to
four aromatic rings such as anthracengk{;) and pyrene (GH,,). These small PAHs would then be the largest
molecules specifically identified in the interstellar medium.

Subject headings: ISM: individual (Red Rectangle) — ISM: molecules — radiation mechanisms: general
On-line material: color figures

1. INTRODUCTION fluorescence, a transition from the upper excited level to the
ground state, is more specific (RéyeBréchignac 2000). In
The family of emission bands at 3.3, 6.2, 7.7, 8.6, 11.2, and particular, the wavelength of the first electronic transition in
12.7um (called the unidentified infrared [UIR] bands) is found neutral PAHSs is closely dependent on the size of the molecular
in almost all astrophysical environments, including the diffuse species. In general, this fluorescence wavelength increases with
interstellar medium (ISM), the edges of molecular clouds, re- te molecular weight of the molecule (Fig. 1). An observation
flection nebulae, young stellar objectsjiHegions, star-form-  ©f fluorescence in an astronomical source in the UV/visible
ing regions, some C-rich Wolf-Rayet stars, post-asymptotic "219€ offers the possibility of estimating the size of the PAH
giant branch (AGB) stars, planetary nebulae, novae, normalMmolecules; the observation of the UIR band emission in the
galaxies, starburst galaxies, most Ultraluminous infrared gal- Same source does not.
axies, and active galactic nuclei (see Peeters et al. 2004 and
references therein). Approximately 20%—-30% of the Galactic 2. TARGET AND OBSERVATIONS
IR radiation is emitted in these UIR bands, and 10%-15% of
the interstellar carbon is contained in the UIR carriers (Snow The Red Rectangle (RR; Cohen et al. 1975; van Winckel
& Witt 1995), indicating that the carriers represent an abundant 2003) is a unique proto—planetary nebula. Its bipolar struc-
component of the ISM. These UIR bands are the signatures ofture is a result of mass loss from an evolved central binary
aromatic C-C and C-H fundamental vibrational and bending star, HD 44179, directed by a circumbinary disk. Different
modes and are generally attributed to a family of polycyclic aspects of the nebula become apparent in images at different
aromatic hydrocarbon (PAH) molecules containing 50-100 car- wavelength regions shown in Figure 2. At blue wavelengths
bon atoms (Hony et al. 2001; Cook & Saykally 1998; Leger (3800A < A\ <4900 A bottom panel), the nebular structure
& Puget 1984; Verstraete et al. 2001; Allamandola, Tielens, & is dominated by a bright spherical blob of abolidgameter,
Barker 1985; Sellgren 1984). Although the presence of PAHs embedded in a faint rectangular envelope with approximate
in space is widely accepted by most astronomers, their specificdimensions ofl2” x 24" . The blue spectrum of the nebula
sizes and ionization states remain elusive. On absorption of ais dominated by dust-scattered light of the central A-type
far-UV photon, a PAH molecule usually undergoes a transition star. At red wavelengths (6228 ), the nebula appears to
to an upper electronic state. If the molecule undergoes iso-have sharp radial structures, representing the projected walls
energetic transitions to highly vibrationally excited levels of of a biconical outflow cavity, as shown in the high-resolution
the ground state, then the molecule relaxes through a series oHubble Space Tel%cope (HSF) Wide Field Planetary Cam-
IR emissions in the C-C and C-H vibrational and bending era 2 (WFPC2) image in the middle panel. The nebular
modes. These transitions are largely independent of size, strucspectrum in the red regiol\ (5400 A ) is dominated by
ture, and ionization state of the molecule. Howeeksgtronic extended red emission (ERE; Witt & Vijh 2004; Witt &
Boroson 1990), following a spatial distribution (Schmidt &
! Ritter Astrophysical Research Center, University of Toledo, 2801 West Witt 1991) totally different from that of the dust-scattered
Bancroft Street, Toledo, OH 43606. light at blue wavelengths\(< 5000 A ). The carrier of the
Z_Visiting Astronomer, Cerro Tololo Inter-American Observatory (CTIO), ERE is still under investigation (Witt & Vijh 2004). The top
\IIZVQLIJCnhd;ioOrEeratEd by AURA, Inc., under contract to the National Science panel shows a high-resolution short-exposure WFPC2 near-
s Steward Observatory, University of Arizona, 933 North Cherry Avenue, IR image of the central source, demonstrating in fact that
Tucson, AZ 85721-0065. the star itself is not directly visible from Earth. Instead, we
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Fic. 1.—First electronic transition in the fluorescence spectra (Berlman
1965; Peaden et al. 1980; Ewald & Garrigues 1985; Ewald & Garrigues 1988)
of neutral PAH molecules as a function of their molecular weight. We distin-
guish between condensed and noncondensed PAHs, with condensed PAHs
considered to be more stable under interstellar conditices.the electronic
edition of the Journal for a color version of this figure.]

see two blobs of scattered light above and below a disk
(Bujarrabal et al. 2003), which obscures the star at visible
wavelengths.

The RR nebula has the distinction of being the brightest
known source of UIR band emission (Russell, Soifer, & Willner
1978; Geballe et al. 1985), which is attributed to PAHs. The
central star HD 44179 is thought to be a post-AGB star in its
first stage of evolution toward a planetary nebula. It is in this
stage that substantial mass loss takes place and that a bipolar cTIo 2
structure develops. This stage in stellar evolution is considered
a stage of active dust production (Whittet 2003). Therefore,
the RR nebulais a likely location in which to find observational
evidence of small PAH molecules, which are the building
blocks for larger PAH structures (Keller 1987) and carbon
grains. In most other sources of UIR band emission, the emit-
ting particles are a component ofterstellar dust, which is
likely to have experienced substantial processing by UV ra-
diation, interstellar shocks, and chemical modification over a
very long time span of existence since leaving the environment
of its original formation. It is well established that PAH mol-
ecules with less than 40 C atoms are unlikely to survive the
harsh radiation conditions of interstellar space (Jochims, Baum-
gaertel, & Leach 1999), while they may well be abundant in
the more benign, UV-poor radiation field of HD 44179, es-
pecially when partially shielded by the opaque disk apparent
in Figure 2.

We obtained low-resolution, long-slit spectra of the RR with
the Ritchey-Chreen (Cassegrain) spectrograph at the CTIO
1.5 m telescope. These observations were made on 2003 March
26 using a 25 wide slit, 7.7 long. The grating 09 with 300
lines mm*, blazed at 4008 , provided a &6 resolution and
a spectral coverage of 2600 . Using a CySitler to select Fic. 2.—RR nebula. These images illustrate the observable structures of the
the Qraings st rder, e setLp couErE &l g e b T g (A0 apbint o
OT 3400._6.00CA , including the range fromHo the Ba.lmer Anglo-AEstraIian Telescope (AATQ)J. The middle panél showdH8T WFQI]DCZ
dlscontlr_lwty. The Loral IKCCD detector yielded aSPat'a' scale image centered at a wavelength of 6280 . The geometry of the central
of 1’3 pixel™ along the slit. Weused a coronagraphic decker illuminating source, obscured from direct visibility by an optically opaque
assembly to minimize scattered light from the star while probing circumstellar disk, is shown in the top panel, obtained withH& WFPC2
as much of the inner nebula as possible. Allobservations weref,f Lo/ b e L S0, e gy s oo of e e
made using the full extent O.f thé7long slit to get SImUItaneou.S the two CTIO spectrograph slitsgare indicated 6n both the bottom and middle
sky observations. We obtained spectra at two nebular locationSpanels and are labeled CTIO 1 and CTIO 2, respectivése fhe electronic
2’5 and B south of the central star HD 44179 with the slit in  edition of the Journal for a color version of this figure]
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TABLE 1
11 ' ' ' FLUORESCENCE INTENSITY AT TwoO PoOSITIONS IN THE RR NEBULA
< 2 &l A1
WAVELENGTH INTENSITY (€rgs cm? s'A™' st )
(A) 2'5 South, 39 East B South, 85 East
B 4861.3....... (4.059+ 0.026) x 10°® (9.528 + 0.145) x 10°®
2 43405....... (1.209+ 0.008) x 105 (1.571 + 0.025) x 10°®
2 4101.7....... (2.914+ 0.020) x 105 (7.032+ 0.123) x 10’
3 3970.1....... (3.565+ 0.023) x 105 (3.441 + 0.048) x 10°®
2 3889.1....... (3.817+ 0.024) x 10° (3.164 + 0.045) x 10°°
€ 3835.4....... (3.517+ 0.022) x 105 (1.881 + 0.029) x 10°®
2 37979....... (4.438+ 0.024) x 10° (3.892 = 0.047) x 10°®
3770.1....... (5.428+ 0.023) x 105 (5.483 + 0.048) x 10°®
374938....... (6.417+ 0.019) x 105 (5.666 + 0.034) x 10°®
35700....... (1.000+ 0.019) x 105 (1.180 + 0.034) x 10°
25°S, 3_9,%' . Note.—The errors are the combined photon-statistics errors.
05 . ‘ . . :
3870 3680 2820 3900 3910 In the presence of any continuous emission, the relative line
@ depth in the nebul®k, = (C, — L,)/C, is smaller than the
Fi. 3.—Normalized spectra from two positions, zero offset affiisduth, ,relat'_ve l_'ne deptiRs = (Cs — Lo)/Cs  of the ,Same line "f] the
39 east at 388& , illustrating the filling in of the Balmer line due to fluo- illuminating star, whereC andL refer to continuum and line-
rescence. Error bars are photon-statistics errors. center intensities, respectively, and where the subsdxijaisd

the east-west direction. The nebular exposures were bracketei refer to the nebular and stellar spectrum, respectively. The
by exposures of the central star. Individual exposures were lim- uorescence intensity relative to the scattered nebular contin-
ited to 5-10 minutes on the nebula and 1 minute for the star, ;g(r)n4cf?)rr1 ;hreer\e/ifg\:ve) be expressedgiR, — 1 (see Witt & Vijh
and four to five exposures were obtained for each orientation. Given the naturé of our measuring techniaue. we can de-
Data reductions were carried out with IRAF 2.12 EXPORT, and 9 que,

all spectra were flux-calibrated via the observation of standard ©€7™Mine the fluorescence intensity only at the wavelengths of
stars. the resolvable Balmer lines as well as the Balmer discontinuity,

i.e., at 10 wavelength positions with our spectral resolution in
our spectral range. By measuring the line depths of each of
3. RESULTS the Balmer lines in the star and the nebula, we extracted the
3.1. Line-Depth Technique fluorescence intensities at those wavelengths. Table 1 shows
the fluorescence intensities at the two offset& 2outh, 39
We used the line-depth technique to initially detect and mea- east and 5south, 85 east. Independent observations by the
sure the fluorescence spectrum at each of the two nebular poauthors using the 90Bok telescope (Steward Observatory)
sitions. This technique allows us to identify and measure any and the Boller & Chivens spectrograph show corroborating

continuous emission in a reflected spectrum, such as repreevidence for this UV/blue fluorescence in the RR (U. Vijh, A.
sented by the blue spectrum of the RR, relying on the com- witt, & K. Gordon 2004, in preparation).

parison of the depths of nebular and stellar spectral absorption
lines. It works particularly well with the strong hydrogen Bal-
mer lines at 6562, 4861, 4340, 4101, 3970, 3889, 3835, 3798,
3770A, ... . In the absence of any emission processes such Hydrogenated amorphous carbon (HAC), silicon nanopar-
as continuous fluorescence by PAH molecules, the relative lineticles (SNP), SiC grains, and small PAHs are all known to
depths in the reflected spectrum would be identical to the cor-luminesce at blue wavelengths and have also been considered
responding ones in the spectrum of the illuminating star, as- as likely candidates to explain the ERE (Witt & Vijh 2004).
suming that the wavelength-dependent scattering properties ofThe left panel of Figure 4 shows photoluminescence spectra
the dust, e.g., albedo and phase function asymmetry, remairof HAC, SNP, and SiC (Li et al. 2000; Huang et al. 2002; Liao
unchanged over the few-angstrom width of each individual line. et al. 2002; Belomoin, Therrien, & Nayfeh 2000; Patrone et
The presence of any continuous emission manifests itself byal. 2000). It reveals that the observed blue luminescence (BL)
the lines in the reflected spectrum having smaller line depthsin the RR is unlike the luminescence spectrum of HACs, SNPs,
than those in the illuminating source spectrum. The illuminating or SiC. Given the exceptionally strong UIR band emission in
source in this case is the star HD 44179, having an ideal spectrathe RR, the most likely source of the newly discovered BL
type A with strong Balmer lines. Also, at; <9000 K, the may then be fluorescence by PAH molecules. The nebular BL
star is not likely to produce Balmer line emission in the sur- spectrum suggests a peak in the fluorescence intensity corre-
rounding nebula. The decrease in the depth of a line can besponding the first electronic transiti& S near 3250 .Com-
directly related to the amount of underlying continuous emis- parison with Figure 1 suggests PAH molecules in the mass
sion (in this case, the fluorescence intensity). As the star isrange of 170-270 amu as the likely sources. Shown in the right
enshrouded by the disk and as the stellar spectrum is actuallypanel of Figure 4 are comparisons with laboratory fluorescence
seen in reflected light, if there were any fluorescence in this spectra (Chi et al. 2001a, 2001b; RegeBréchignac 2000)
zero-offset spectrum, the line-depth technique would reveal anyof gas-phase PAHs in that mass range with the BL spectrum
additional fluorescence at the offset positions in the nebula. of the RR at an offset of’3 south, 39 east.

As an example, we show in Figure 3 the normalized spectra Laboratory spectra obtained with PAHs in the gas phase are
at the zero-offset position and at an offséb Zouth, 39 east more likely to be comparable to astrophysical spectra. These
of H{ at 3889A . One can see that the line depth at the nebulargas-phase spectra show considerable variation with tempera-
position is substantially diminished. ture, becoming smoother, losing band structure, and the peak

3.2. ldentification
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Fic. 4.—UV/blue fluorescence spectra of the RR nebula compared with PAH and solid-state luminesetn€amparison with some solid-state candidates.
Right: Comparison with small neutral PAHs. The intensities are normalized for easy comparison of the spectra with existing laboratory fluorescanthespectr
dotted lines representing the RR fluorescence spectrum are drawn to guide the eye (measurements exist only at specific wavelengths indicabedeby. filled c
[See the electronic edition of the Journal for a color version of this figure.]

shifting to longer wavelengths with increasing temperatures (Bréchignac & Hermine 1994). Additional support for small
(Chi et al. 20014a, 2001b). Although anthracene suggests a goodPAHs as sources of the observed BL is found in the spatial
match to the observed spectrum, we do not have sufficientcorrelation between the BL and the PAH 3B emission in
spectral resolution to completely rule out other possible can-the RR and the presence of the distinct PAH ionization discon-
didates since the measurement technique works only at theinuity in the spectrum of the central source, HD 44179 (U. Vijh.
discrete wavelengths of the Balmer lines. A. Witt, & K. Gordon 2004, in preparation).

4. DISCUSSION We are grateful to David F. Malin for providing a rare blue
Another important factor that should be considered wheniden-image of the RR nebula. U. P. V. acknowledges a CTIO thesis
tifying possible carriers is fluorescence efficiency. Although student travel grant. This research was made possible through
many different fluorescing species may exist with similar abun- a generous allocation of observing time at CTIO and through
dances, the spectra of the most efficient ones will be dominant.grants from the US National Science Foundation and NASA.
Laboratory studies have shown that when comparing emissionWe would also like to thank Louis Allamandola for his valuable
rates per molecule, from PAH molecules placed at 1 AU from comments on the manuscript. We thank the anonymous referee
the Sun, anthracene and pyrene show 10-100 times more effifor his/her comments that have significantly improved this

ciency than naphthalene {#H;) and phenanthrene () Letter.
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