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[ Abstract ] [ FUSE Observationsof 1C 63 ] [ Flux Calibrated Far-Ultraviolet Spectrum of y Cas J

We present far-ultraviolet observations of IC 63, an eroigseflection nebula illuminated by
the BOIV stary Cassiopeia located 1.3 pc from the nebula. IC 63 was the éfisiction nebula
in which molecular hydrogen fluorescence was detected am@reaiously been studied in both
the mid-UV (UE) and far-UV ORFEUYS). Here we presenffar Ultraviolet Spectroscopic
Explorer (FUSE) observations towards three locations in the nebula, cemghted by Hopkins
Ultraviolet Telescope (HUT) data on the central nebulartms and sounding rocket data on
the stellar spectrum of Cas. Molecular hydrogen fluorescence is detected in alethtéSE

| | y Cas exceeds theU SE bright target limit by almost two orders of magnitude, but ob
‘ - l serving the instrumentally scattered spectrum of the #fiawsthe spectral characteristics to be
| ’H“{ ull u. “ ﬁ ’Vhb " V‘ 4 “ : recorded while protecting the primary science detecto3 5894 was observed ByU SE using
?WMWWW% ‘~TJ iy . J.Ab' h\_‘ il 'h'” = this offset technique on 2002 December 16 under the brigjged program (S52107). During
one . . . . R this 3.1 ks observation, the LWRS aperture was locatedd from y Cas (RA = 0056M50.65,

Wavelength (A) 0 = +60°4253.0’, J2000). Spectra were obtained on the 2A and 2B detectoresggnprovid-
ing wavelength coverage from 916.6 — 118R9A flux calibration was performed using the
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Wavelength (A) flux for imaging spectroscopy. An updated version of the Fa@ibject Telescope (0.4-meter di-
ameter, f/15.7 Dall-Kirkham; Hartig et al. 1980; McCandlet al. 1994; France et al. 2004) fo-
cuses light at the entrance aperture of the spectrographr@aa slit-jaw into which a long-slit
(10" x 300" is etched. The light entering the 600 mm diameter Rod/lspectrograph is dis-
persed by a SiC grating. Far-UV light diffracted in the +1@r@00 — 15903) is recorded
by a windowles®-doped CCD that is sensitive to bright objects whereas thardér UV light

40 (930 — 1680&) IS recorded by a photon-counting micro-channel plate fNl@etector with a Csl

_ _ _ o0 _ _ photocathode readout by a double delay-line anode. The M&E#tr has a low background
astronomical objects. The ultraviolet emission from maolac hydrogen was first predicted to Figure 2. A sample of thEU SE MDRS spectra of IC 63. These Z0windows show the strongest emission bands equivalent flux, extending our detection limit towards famdiffuse objects.

be detectable in diffuse objects by Duley and Williams (1)98@itt et al. (1989) detected this at the POS2 pointing where the background subtraction waekt. The fluorescent emission model described
' below is overplotted.

structure observed withU SE.

pointing, but the intensities of this emission as well asdbetributions from other species are é - | ] sounding rocket spectrum piCas described below.

seen to vary with position. The broad spectral coverages$tiunding rocket data (900-158p %W o = W o E _ _ _ _
allows us to reliably predict the radiation field incidentlan63. We use these data to testmodels  “5 05— M"" ' ” ’| “'h M ﬂ1 m y Cas was ob_served. by a rocket-borne spectrograph in 2003TW_EThIS was the first flight
of the fluorescent process. Our modeling resolves the pextdiscrepancy between the existing 7 %W LPRY NN LW T ‘ of the Long-Slit Imaging Dual-Order Spectrograph (LIDOSc®indliss et al. 2002). LIDOS
mid and far ultraviolet observations and achieves a satisfip agreement with the Hotational % oo oo o - . . oo employs two complimentary ultraviolet-sensitive detestm achieve a large dynamic range in

[ Fluorescent Molecular Hydrogen in Interstellar Clouds ]

Fluorescent ultraviolet emission is second step in thege®that gives rise to the well stud- “H ?AMWM ﬂ
‘ ‘ ﬂﬂ al ) 7‘ !_LH!J_LH ]

led near-infrared emission spectrum of photo-excited mdér hydrogen (K). These infrared ‘
] ] ] ] ] 1110 1115 1120 1125 1130 11355
emission lines are a commonly used diagnostic of the maegads phase of many classes of Wavelength (A)

b=

emission in IC 63 with the Short Wavelength Primary camerdldi, the first detection of this IC 63 was observed bUSE on 2001 September 09 and 10. Th&%20") MDRS aper- B B I B o
fluorescence spectrum pumped by a contiuum source. Luhn&n(€897) reported the detec- o \ya5 used at three positions in the nebula, as illustr@eve. The data were obtained in | : NASA /JHU 36.208 UG -
tion of the near-infrared emission spectrum of fluorescentrrbking IC 63 the first (and only time-tagged (TTAG) mode and have been reprocessed usi@plF&JSE pipeline version 3.0.2. __ - % %& } % :
published) object seen to exhibit both the ultraviolet amfdared emission excited by ultravi- p~g1 was observed for 15.9 ks, it is located in the brightiéiuip” of IC 63 and was chosen to L: 1.510°8 -
olet continuum photons. Hurwitz (1998) presented the fpsttrum of IC 63 below theUE overlap previous detections of ultraviolet fluorescencdenay|UE, the Berkeley Extreme and 0 - % ]
bandpass, using the Berkeley Extreme and Far-ultravigiettograph aboar@RFEUS— 1. Far-UV Spectrometer, and HUT (Witt et al. 1989; Hurwitz 19¢8s work). POS2 is located ('\g o & 1
In this poster, we present the resultd=af SE observations of IC 63, where we detect the fluores-alOng the limb of the bright optical emission, and was obsghfer 17.6 ks. POS3, observed for @ 1.010° o
cent emission from bland resolve the lines into their individual rotational campnts. These 31.5 ks, samples the region just outside the optical netfiadetect fluorescentttlearly at 3 - ]
results mark only the second time that continuum-pumpeded&eence has been resolved be-png1 and POS?2, and there is a tenative detection at POS3.trShgest molecular hydrogen X 5 01079 r
low 1150A (France et al. 2004). Additionally, owe use archival HUT al&b test a model of line complexes are centered on 1055, 1100, 1115, and A161* A1037 and Ni* A\1085 are T - |
fluorescent emission across the entire 912 — 18%@&nd spanned by the electronic transitions¢, ., strongly at all three positions, andi N916 is seen more weekly in the SiC 1B channel. il ,
(B'Zf — X1z andC'My — X*3§) of Ha (Figure 1). Curiously, we do not detect €A1036 at any pointing in IC 63, although it should have been Ol — — S — S — —— ]
detectable assuming it will be roughly half as strong 2337, we attribute this to self-absorption 900 1000 1100 \%\?g\?eleng tlhsgﬁ?) 1400 1500 1600
|C 63 within the nebUIi'zwe find a similar behaV|or1|(|:7the|M1084/5 and 3 )\1012153;5/21 1ons. Figure 4. Low resolution rocket-borne CCD spectruny @fas. The absolute calibration of this spectrum was used
L0 e 82 po1 e Y087 o1 log4 . to transfer calibration to the scattered light spectrunamied byFU SE.
5 2 S E N | LIDOS was launched aboard a Black Brant IX sounding rock&§N 36.208 UG) from
‘i i:ii ‘i * " i White Sands Missile Range, New Mexico (I@6West, 324 North), on 2003 December 16 at
5 1010° + %mﬁ %MO 20:00 MST. The target was obtained by referencing the ater to a bright star (Polaris) and
:’ ST 4 EMG " 3’;5-10 our target ¥ Cas). The obtained field is within a few arcminutes of the mahpointing, and
501@0 O #10° this field is relayed to the ground in real-time through a Xybil'V camera imaging the slitjaw
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il S e -” was placed in the spectrograph slit near T+200 seconds a@deacdnd exposure was obtained
5 14007 R 7 0% 2o - ] with the CCD, shown in Figure 5. Bias and dark frames were @ltgained in-flight. Following
% gt § g 50T O ) the CCD exposure, the MCP high-voltage was turned on andipgiaffsets were made to both
g G ° L g I ’ IC 59 and IC 63. The integration time was sufficiently shorttbe two nebulae that only a
< g 110107 o 0 g | o scattered light spectrum of IC 63 was detected.
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Figure 3. Line strength variations with distance measurehftheFU SE spectra. The ionic and the molecular . 1¢10°8— N
lines show an inverse relationship (with the exception ®ffNA1085). X B 7
m - .
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Synthetic spectra of fluorescent emission from moleculdréyen can be made by treating the Wavelength (A)

- - S - - - object of interest as a plane-parallel slab, calculatieg#dliative transfer during the fluorescence
IC 63 is a bright emission/reflection nebula illuminated bg hot stary Cas (HD 5394), ) P P ~J J Figure 5. TheFU SE scattered lighyy Cas (HD 5394) was flux calibrated by comparison with the logohation

a lightly extincted BO.5 IV Eg _ ) = 0.03; Hurwitz 1998). Assuming that the star and theProcess. Such models assume a ground electronic stateapoputhen use photoexcitation Cross rocket-borne spectrograph. THEE spectrum ofy Cas is shown in red in the overlap region. The calibr&te&E

nebula are cospatial at a distance~oR200 pc, the optical edge of the nebula is 1.3 pc fromSections and an incident radiation field to calculate théoravional levels of the upper electronic spectrum was used as the incident radiation field in the fuwerece model.

1 1 i : i : : : : : :
the star. There exists in the literature a number of argusnientfluorescent pumping from the Staté B'2J andC-ly). The molecules will then return to the ground electronatestoliowing e wish to thank Eric B. Burgh for helpful discussion and tpéiaal image of IC 63. FUSE re-
ultraviolet continuum off Cas as the process giving rise to the observedrdmission (Witt et al. the appropriate selection rules and branching ratios,ymiod the observed ultraviolet emission sults were obtained under Guest Investigator program Bad2tee bright object project S521 of

1989: Luhman et al. 1997; Hurwitz 1998). Witt et al. (1989gent calculations of the energy lines and leaving the molecules in excited rovibrationaels. Sternberg (1989) has describedthe NASA-CNES-CSA FUSE mission operated by The Johns Heplimversity supported by
budgets for competing processes such as a collisionalagiecitfrom a stellar wind or non- calculations of the far-ultraviolet spectrum o Hhowever Hurwitz (1998) find that these models NASA contract NAS5-32985. HUT data were obtained from theS72Aarchive. The sounding

thermal excitation from electrons produced by stellar ¥stand find that these explanations are®Verpredict the observed short-wavelength intensity lghty an order of magnitude. Such rocket observations of Cas were supported by NASA grant NAG5-5122 to The Johns Hispki
trends are hinted at in the model spectrum of Witt et al. ()9&8hough it seems thaUE did  University.

not go deep enough into the far-ultraviolet to see this efidty.

insufficient to reproduce the nebular brightness obsemd@ i63. The infrared bl line ratios
seen by Luhman et al. (1997) are consistent with fluorescextber than collisional excitation.

Hurwitz (1998) discounts the possibilites of shocks by taeow line widths seen in sub-mm  Given these concerns, we adopt a modified version of the sijatpectrum presented by Wol- Author Contact:
molecular observations (Jansen et al. 1994), and we natelttaviolet emission from blcannot  yen et al. (1997) to model fluorescence induced by solaa lat-the Shoemaker-Levy 9 im- france@pha. jhu.edu
be excited thermally, the molecules would be dissociatéorbehe upper electronic states could pact site on Jupiter. These models are an improvement ovat istdescribed in Sternberg http: //www. pha. jhu.edu/~ france/
be populated. (1989) by including photoexcitation cross-sections cotagwsing the line transition probabili-
ties from Abgrall et al. (1993a,b). The ratio of atomic to emilar hydrogen column densities is
SF | | | | | | | | | | fixed to be 0.1, extrapolating the values found in the trazesiticloud survey of Rachford et al.
HIL] o]|N (2002). Additionally, the Wolven models allow for absoggtiout of upper vibrational states REFERENCES

(v > 0), includes transitions to vibrational states that reisudtissociation§ > 14, the vibra-  Abgrall, H., Roueff, E., Launay, F., Roncin, J. Y., & SubillL. 1993a, A&AS, 101, 273—+.

tional continuum), and includes a first-order correctiondelf-absorption by blat wavelengths  Abgrall, H., Roueff, E., Launay, F., Roncin, J. Y., & Subdl,L. 1993b, A&AS, 101, 323—.
less than 110@. Duley, W. W. & Williams, D. A. 1980, ApJ, 242, L179-1182.

France, K., McCandliss, S. R., Burgh, E. B., & Feldman, P.@M4& ApJ, 616, 257-265.
Habart, E., Boulanger, F., Verstraete, L., Walmsley, C.&PBineau des Foréts, G. 2004, A&A, 414, 531-544.
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There are several differences between the model descrb®@iven et al. (1997) and the
one presented here. The first is that the we only consideribtp induced fluorescence, no
electron-impact induced contribution is included. Theastl-a profile that was the excitation Harg. G. F., Fastie, W. G., & Davidsen, A. F. 1980, Appl. Ofit9, 729-740.
spectrum has been replaced by the flux calibrételdBE spectrum ofy Cas, described in the Hurwitz, M. 1998, ApJ, 500, L67+.
next section and shown in Figure 4. We only include the 917 8214 region covered, but Jansen, D. J., van Dishoeck, E. F., & Black, J. H. 1994, A&A2,2805-620.
with the majority of the upper states populated through giism between the Lyman limitand | ;nman, M. L., Luhman, K. L., Benedict, T., Jaffe, D. T., & Biwr, J. 1997, ApJL, 480, L133-L136.
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Surface Brightness
(x 10° ergs ct s* A sr?)

' HUT \\\w L I ' the (0 - 0) band near 1108, we expect errors induced by this estimation to be minore Th - .. < & 5002 pasp. 115 651_661
One-Temp Model fluorescence code described here uses two temperature gentppthe rotational temperature T o ' _ o
0 p - . w ; McCandliss, S. R., France, K., Feldman, P. D., & Pelton, R320n Future EUV/UV and Visible Space Astrophysics Missions
— Two-Temp Model = quoted In Habart_et al. (2004), 62(_) K, and a higher “non-tletiemperature Of_2500 K that and Instrumentation. Edited b%/ J. Chris Blades, Oswald H. W. Segmund. Proceedings of the SPIE, Volume 4854, pp.
‘ ‘ ‘ ‘ ‘ ‘ ‘ | was required to find agreement with the HUT data. The feataex b578A that is produced 385-396 (2003)., pp. 385-396.
1200 1400 1600 in transitions to the vibrational continuum of the groundadlonic state was underpredicted mccandiiss, S. R., Martinez, M. E., Feldman, P. D., Pelton KRski-Kuha, R. A., & Gum, J. S. 1994. Proceedings of the
Wavelength (A) without a high-temperature component. We also use the gotensity from Habart et al. (2004; SPIE, Volume 2011.
5 x 10?1 cm™2) and an additional absorption contribution calculatechgigheH,o00ls optical ~ Rachford, B. L., Snow, T. P., Tumlinson, J., Shull, J. M.,iBIaV. P., Ferlet, R., Friedman, S. D., Gry, C., Jenkins, E. B.
Figure 1. HUT observations of IC 63 show the fluorescencetapacacross the ultraviolet emission band of H depth templates described in McCandliss (2003). While nperect fit to the data, we find g"zolrt_%rkf' C., Savage, B. D., Sonnentrucker, P., Vidal-Madp., Welty, D. E., & York, D. G. 2002, ApJ, 577,

A scattered light subtraction has been made following tloeguiure of Witt et al. (1989). The scattered light was : : : : :
assumed to have a foraF, AP whereF, was made from a composite of an archilldlE spectrum and thEU SE that this model approximately reproduces the relative simengths with smaller (factor of 2)

spectra described below. We find tleat 1.3 x 10 5 andp = 1.5. The model described in the following sections dIScreperancies in absolute flux between the longest anteshaltraviolet wavelengths.

is overplotted in blue, the normalization is based on theiregnent that the models match the data at the %608
peak. A single temperature model (620 K) is shown in red tsiliate the need for a “non-thermal” component. We Wolven, B. C., Feldman, P. D., Strobel, D. F., & McGrath, M.1897, ApJ, 475, 835—+.
find that our model nearly resolves the order-of-magnituderdperancy between far and mid-UV fluxes seen by

previous authors.

Sternberg, A. 1989, ApJ, 347, 863-874.
Witt, A. N., Stecher, T. P., & Boroson, T. A. an d Bohlin, R. ®8B, ApJL, 336, L21-L24.
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