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Far-Ultraviolet Dust Scattering and Extinction in 1C 405
Kevin France (JHU), Eric B. Burgh (UW - Madison), Stephan Re@andliss (JHU), and Paul D. Feldman (JHU)
- Y
[ Abstract ] ] - [ First Resultsfrom FUSE ] h

We present results from a NASA/JHU sounding rocket missg&61198 UG) during which we acquired a longslit
(12" x200") spectrum of the reflection nebula IC 405 in the 900 - 1A0@avelength region. Several pointings within
the nebula were obtained, including a high quality (5$NLO-15 atR = 300) spectrum of the central star, HD 34078.
Observations of the nebula reveal a surface brightnes®liarstlux ratio that rises by two orders of magnitude to the
blue in our bandpass. This is in contrast with the relatifielynebular dust scattering observed during a prior sogndin
rocket observation of the reflection nebula NGC 2023.

Several possibilities have been suggested to explain treeride that is exhibited in IC 405. Differential extinction
within the nebula, such as a particular clump of dust alomglitie of sight, is one possibility. Unresolved fluorescent
molecular hydrogen emission is another possible explamatModels of nebular dust scattering, similar to those of
Burgh et al. 2002, have been compared to the data and redllitsewdiscussed. We will explore the possibility of
differential extinction with an observing program to me@&sBalmer line ratios within the nebula with the Dual Imaging
Spectrograph at Apache Point Observatory. Additional,405 has been observed as a Cycle 4 target of the Far
Ultraviolet Spectroscopic Explorer, and preliminary fésare presented.

[ Sounding Rocket Observations of | C405 ]

IC 405 is a reflection nebula in Auriga, shown below with thievant aperture overlays. It is illuminated by a central
star, AE Aur (HD 34078), a runaway from the Orion Nebula mgwwith a large proper motion through the nebuta (
17 AU/yr). AE Aur is thought to be cospatial with the nebulaatistance of about 450 pc. It is bright in both the visible
(V = 6.0) and the ultraviolet (HD 34078 — O9.5 Ve), although itather extincted(B — V) = 0.53).

One method of determining the physical properties of gasdusd in the interstellar medium (ISM) is to study their
interaction with stars. Reflection nebulae offer an oppotyuo study dust absorption and scattering propertiesit@ax
tions of the atomic and molecular gas species present, amthey alter the intrinsic stellar spectrum. One measurémen
that can shed considerable light on the processes occumrthg nebula is the ratio of its surface brightness to thiéaste
flux (S/F). In principle, this requires two measurements, a specwobithe exciting star(s) and a separate spectrum
of the nebular region. This measurement was made in a sitglereation through the use of a rocket-borne imaging
spectrograph. A telescope focuses the target at the eataperture of the instrument, an evacuated Rowland Circle
spectrograph, using a microchannel plate stack detectbradBr photocathode, readout by a double delay-line anode.
The spectrograph achieves a pointing limited spectraluégsa of ~ 3 A . This experiment was launched aboard a Mark
70 Terrier-Black Brant IX sounding rocket from White Sands$ile Range. Figure 2 illustrates the long-slit spectrum
of the star and nebula measured during the flight.

The stellar spectrum obtained during the flight,
shown in Figure 3, is consistent with previous
FUV measurements. Following the extraction of
both the stellar and nebular spectra, 8/é&, ra-

tio can be measured, and it is this ratio that dis-
plays the rise of roughly two orders of magnitude
to the blue from 1400 to 908 . The case for this
“blueness” is strong for the nebular regions near
the central star and a similar trend appears in the
nebular offset pointing. Figure 1 shows tB&~,
ratios. This result is in rather stark contrast to pre-
vious observations of a fl&&/F, in other reflec-
tion nebulae. An identical measurement has been
made for NGC 2023, using the same instrument
and experimental configuration and an analogous
observation was made of NGC 7023, using a com-
bination of data from Voyager 2 and the Hopkins
Ultraviolet Telescope (HUT), aboard Astro-1.
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Figure 1. The ratio of nebular surface brightness to stéliaras measured by the JHU rocket experiment. Note the tweraidmagnitude rise

to the blue across the bandpass of the instrument. At waygiisshorter than 1158, the on-star pointing displays a rough lo(5/F.) ~ A1
dependence.
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Figure 2. Raw spectral image of IC 405, the broad verticdlfeais geocoronal Lymaa-

Burgh et al. have modeled the dust scattering in NGC 2023 atefmine that the observed spectrum is due to a
decreasing albeda,balanced by an increasing phase function asymmetry pagagiet (cos0)), implying an improved
absorption efficiency balanced by more strongly forwardtecag grains. Murthy et al. explain the flat spectrum in NGC
7023 by having a decreasing albedo balanced by an incredise flux of fluorescent molecular hydrogensjHacross
the bandpass. There are a number of possible explanatiotisef¢C 405 result, such as nearby, lightly extincted stars
contributing to the nebular scattered light. Differengatinction within the nebula, i.e., a particular clump oktalong
the line of sight, could explain the result. Dust scattemmgdels similar to those of Burgh et al. have been compared
to the data and suggest unrealistic valuesa@nd g for the simple geometries modeled (see below). In particula
albedos that approach unity, suggesting an emission @mo&msne sort of “extended blue emission” from dust is only
speculative, and emission from nebular gas is the moretiwadl explanation. kifluorescence in IC 405 was detected
by HUT (unpublished), and as the majority of the UV emissioeg of H fall within our bandpass, we propose this as
another possible explanation.
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Figure 3. The spectrum of HD 34078, overplotted with a Kurstetlar model extincted by the parametrization of Fitzp&tand Massa (1990).
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[ Dust Scattering Models ]

The dust scattering in IC 405 was modeled using a modifiedored the code described by Burgh et al. (2002),
employing a Monte Carlo dust radiative transfer model (dse &ordon et al.,, 2001). The model follows the path
(direction and position) of each photon in the nebula fr@afigteation” at the position of the star, until it leaves tleduola
(i.e, its radial position is outside the defined size of theut@). The factors that determine the position and direabio
the photons during their propagation through the nebul&areptical depth of the dust, the fraction of photons soadte
by the dust versus absorbed (the albedo), the angularudistn for the scattered photons (parameterized)bynd the
geometry of the dust distribution. The scattering distiitiuis given by the Henyey-Greenstein phase functionpaltin
Draine (2003) has argued that the H-G function is inappat@iin the FUV bandpass. A revision of our model replacing
the H-G phase function with a function that depends on thiiesaag cross-sections for dust grains in the FUV (as well as
more sophisticated geometries) is underway. Given inuthe number of photons followed, the optical depth, alhedo
andg, the model outputs an image of nebular surface brightness#m be compared to the distribution measured by the
rocket experiment. The rocket data are binned by wavelemgfion to improve S/N, and then plotted as a function of
spatial posmon along the sI|t
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Figure 4. SpatlaS/F* measured with the rocket experiment compared with moddis.tdp panels are models using theoretical valuesawid

g at 13504, the bottom panels attempt to fit the short waveler@th,, using a differential extinction of 50 % with=0.9 andg=0.1. The models
differ from the one described in Burgh et al. by the use of angetoy that employs a larger inner cavity cleared out by th#astwind and high
proper motion.

Figure 4 shows how this model, which closely approximatesabserved surface brightness distribution in NGC
2023, fails to reproduce the nebular surface brightnes€ofd5 by orders of magnitude. The top model shows the
results using tha andg from Weingartner and Draine (2001) foiyR 4.0. The model shows poor agreement across the
bandpass, particularly at the short wavelength end (atrektile nebular “blueness”). The second model, in the bottom
three panels, shows the best fit to the short wavelength iatalinga = 0.9,g = 0.1, in strong disagreement with both
theoretical and other measured values in this wavelengtmee Additionally, a 50 % differential extinction was ajsul
the best-fit 950-1056 model, the stellar flux directly along the line of sight tethbserver was reduced by a factor of
two. As this model begins to reproduce the short wavelergghlt, it is clearly inappropriate at longer wavelengths.

Figure 5 shows nebular spectra of IC 405 recently obtaindeliyE. The two pointings shown are from a region near
the star that corresponds to the “on-star” rocket posititws(tion 1) and a regios 1000’ to the north of the star (Position
4), a filament exhibiting Extended Red Emission (unpubbi3hBosition 1 shows the scattered stellar continuum, tgket li
evidence for emission from fluoresceni while further away from the star where the contribution frecattered light is
reduced by about an order of magnitude, the fluorescent mmissclearly detected. The intermediate pointing, Positi
3, displays a mix of scattered light and hydrogen emissiat $hown). Below are the nebular surface brightness to
stellar flux ratios for the 3 positions so far observed by FUSEower law was fit to the data at points that were not
contaminated by airglow or strong scattereglatsorption troughs, and a lagS/F.) ~ A~ relation holds throughout
the nebula, consistent with the rocket result. (We restlithe fit toA < 1150A to avoid “The Worm” in the stellar
spectrum) The fact that th®/F, ratio is strongly blue even where little or no, lemission is detected seems to rule
out a population of fluorescing molecular hydrogen as theedor the “blueness” of IC 405. This result suggests that

differential extinction between the stellar line of sightidhe nebular sightlines is responsible for the blue rise.
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Figure 5. Nebular spectra from FUSE. The top panel is fronptigtion to the west of the star and the bottom panel is froamibrthern most

pointing. The more distant pointing shows a more pronourstgdature of fluorescentdd Overplotted in red is a synthetic spectrum of H
emission (see Wolven et al., 1997) to guide the eye.
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Figure 6. The ratio of nebular surface brightness to stéliarfrom the first 3 pointings within IC 405 confirm the “bluese found by the JHU
rocket experiment. The FUSE spectrum of HD 34078 was retddérom the MAST archive.

[ Conclusions ]

We have presented results of far-ultraviolet spectrosadpiie reflection nebula IC 405. The surprising riseSitk,
by two orders of magnitude to the blue was observed duringetaabservations. The possibility of the nebular surface
brightness being caused by the fluorescent emission froragulalr hydrogen was explored with FUSE observations of
several regions within the nebula. The FUSE spectra shoisttatered stellar light dominates near AE Aur and that
molecular hydrogen emission is more pronounced furtheydwen the star, but that th8/F; ratio is insensitive to the
relative contribution of H. We conclude that differential extinction along differdéines of sight within the nebula is the
cause of the “blueness” of IC 405.

Results presented from the sounding rocket experiment agsported by NASA grant NAG5-5122 to The Johns
Hopkins University. FUSE results were obtained undzar Gumsdstigator program D127, (Pl - McCandliss) by the

NASA-CNES-CSA FUSE mission operated by The Johns Hopkingddsity supported by NASA contract NAS5-32985.
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