Far-Ultraviolet Dust Scattering and Extinction in IC 405
Kevin France (JHU), Eric B. Burgh (UW - Madison), Stephan Re@andliss (JHU), and Paul D. Feldman (JHU)

| Abstract |

We present results from a NASA/JHU sounding rocket miss8611(98 UG) during which we acquired a longslit
(12 200 ) spectrum of the re ection nebula IC 405 in the 900 - 140Wavelength region. Several pointings within
the nebula were obtained, including a high quality (S/NLO-15 atR = 300) spectrum of the central star, HD 34078.
Observations of the nebula reveal a surface brightnes&larstux ratio that rises by two orders of magnitude to the
blue in our bandpass. This is in contrast with the relativatynebular dust scattering observed during a prior sougdin
rocket observation of the re ection 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 uorescent
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 resdllitsewdiscussed. 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 résare presented.

| Sounding Rocket Observations of IC405 |

IC 405 is a re ection nebula in Auriga, shown below with théexant aperture overlays. It is illuminated by a central
star, AE Aur (HD 34078), a runaway from the Orion Nebula mgwwth a large proper motion through the nebula (
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 — 09.5 Ve), although itather extincted BV 0 53).

One method of determining the physical properties of gasdusd in the interstellar medium (ISM) is to study their
interaction with stars. Re ection nebulae offer an oppaoityito study dust absorption and scattering propertiesitax
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
ux (S F). In principle, this requires two measurements, a specwtithe exciting star(s) and a separate spectrum
of the nebular region. This measurement was made in a sitgereation through the use of a rocket-borne imaging
spectrograph. A telescope focuses the target at the entegerture of the instrument, an evacuated Rowland Circle
spectrograph, using a microchannel plate stack detectbradKBr photocathode, readout by a double delay-line anode.
The spectrograph achieves a pointing limited spectralugsa of 3 A . This experiment was launched aboard a Mark
70 Terrier-Black Brant IX sounding rocket from White Sandséile Range. Figure 2 illustrates the long-slit spectrum
of the star and nebula measured during the ight.

| | IC 4Q5 | |
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Figure 1. The ratio of nebular surface brightness to stallans measured by the JHU rocket experiment. Note the tweood magnitude rise

to the blue across the bandpass of the instrument. At wayiisshorter than 1158, the on-star pointing displays a rough lg(s F) | 1
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 atetmine that the observed spectrum is due to a
decreasing albeda,balanced by an increasing phase function asymmetry pagagiet cosq ), implying an improved
absorption ef ciency balanced by more strongly forwardtsaang grains. Murthy et al. explain the at spectrumin NGC
7023 by having a decreasing albedo balanced by an incredie iox of uorescent molecular hydrogen (Bl across
the bandpass. There are a number of possible explanatiottsef¢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 @o&msne sort of “extended blue emission” from dust is only
speculative, and emission from nebular gas is the moretimadl explanation. B uorescence in IC 405 was detected
by HUT (unpublished), and as the majority of the UV emissiors 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 Fitz&tand Massa (1990).
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| Dust Scattering Models |

The dust scattering in IC 405 was modeled using a modi edigarsf the code described by Burgh et al. (2002),
employing a Monte Carlo dust radiative transfer model (dese &ordon et al.,, 2001). The model follows the path
(direction and position) of each photon in the nebula fraYigteation” at the position of the star, until it leaves tleduola
(i.e, its radial position is outside the de ned size of thdula). The factors that determine the position and direabio
the photons during their propagation through the nebul#&&reptical depth of the dust, the fraction of photons soadte
by the dust versus absorbed (the albedo), the angularudistn for the scattered photons (parameterized)pynd the
geometry of the dust distribution. The scattering distiitiuis given by the Henyey-Greenstein phase functionpaigin
Draine (2003) has argued that the H-G function is inappateiin the FUV bandpass. A revision of our model replacing
the H-G phase function with a function that depends on thi#éesaag 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 brightnes€éfm 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 sllt
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Figure 4. Spatiab F measured with the rocket experiment compared with modéls.tdp panels are models using theoretical valuesasid

g at 1350A, the bottom panels attempt to t the short wavelen§tlfr , using a differential extinction of 50 % wit=0.9 andg=0.1. The models
differ from the one described in Burgh et al. by the use of awgoy that employs a larger inner cavity cleared out by teéastwind 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€of0d5 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 (atretiie nebular “blueness”). The second model, in the bottom
three panels, shows the best t to the short wavelength dataalinga = 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- t 950-1050A model, the stellar ux directly along the line of sight todlobserver was reduced by a factor of
two. As this model begins to reproduce the short wavelergghlt, it is clearly inappropriate at longer wavelengths.

| First Results from FUSE |

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 region 1000 to the north of the star (Position
4), a lament exhibiting Extended Red Emission (unpublgdhdosition 1 shows the scattered stellar continuum, ket |i
evidence for emission from uorescenbkvhile further away from the star where the contribution frecattered light is
reduced by about an order of magnitude, the uorescent eomss clearly detected. The intermediate pointing, Positi
3, displays a mix of scattered light and hydrogen emissiat $hown). Below are the nebular surface brightness to
stellar ux ratios for the 3 positions so far observed by FUSEpower law was t to the data at points that were not
contaminated by airglow or strong scatteresiathsorption troughs, and a lggS F) | 1 relation holds throughout
the nebula, consistent with the rocket result. (We restri¢che t to | 1150A to avoid “The Worm” in the stellar
spectrum) The fact that th® F ratio is strongly blue even where little or no le¢mission is detected seems to rule
out a population of uorescing molecular hydrogen as thesedior 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 fronpthstion to the west of the star and the bottom panel is froemibrthern most

pointing. The more distant pointing shows a more pronoursigdature of uorescent Bl 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 stalbafrom the rst 3 pointings within IC 405 con rm the “bluenss” 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 spectrosadifie re ection nebula IC 405. The surprising rise3nF
by two orders of magnitude to the blue was observed duringetaabservations. The possibility of the nebular surface
brightness being caused by the uorescent emission froneouddr hydrogen was explored with FUSE observations of
several regions within the nebula. The FUSE spectra shoististered stellar light dominates near AE Aur and that
molecular hydrogen emission is more pronounced furtheydween the star, but that th® F ratio is insensitive to the
relative contribution of H. We conclude that differential extinction along differéines of sight within the nebula is the
cause of the “blueness” of IC 405.

Results presented from the sounding rocket experiment sgsported 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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