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Abstract Recent observational and theoretical results on starbatakies related to the
wavelength regime below 1200 A are discussed. The revieersmtars, dust, as
well as hot and cold gas. This wavelength region followsdsssimilar to those
seen at longer wavelengths, with several notable exceptieven the youngest
stellar populations show a turn-over in their spectral gpetistributions, and
line-blanketing is much more pronounced. Furthermore,Qhél line allows
one to probe gas at higher temperatures than possible wé &t longer wave-
lengths. Molecular hydrogen lines (if detected) providdimpse of the cold
phase. | cover the crucial wavelength regime below 912 A hadrhplications
of recent attempts to detect the escaping ionizing radiatio

1 Background

The astrophysically important wavelength region belo®200 A is still rel-
atively unexplored, at least at low redshift where restiavhservations must
be obtained from space. Prior to the launch of FUSE (Moos. 2@00), far-
ultraviolet (far-UV) studies were limited to bright objectThe earliest spectral
data for bright stars were obtained by Copernicus (Rogeesah 1973) and
ORFEUS (Grewing et al. 1991), and with the UV spectrometerthe Voy-
ager 1 and 2 spacecraft (Longo et al. 1989). Voyager 2 alscesded in
recording a far-UV spectrum of M33 (Keel 1998). HUT (Davidsk993) was
the first instrument sensitive enough to collect spectraioit fgalaxies below
Ly-a. The mission was flown on two missions and generated a riclibdaé of
far-UV spectra of actively star-forming and starburst gea. Subsequently,
FUSE with its superior resolution and sensitivity fully owel the far-UV win-
dow to starburst galaxies. Most of this review deals witlultssobtained with
FUSE and, to a smaller degree, with HUT.

2. Stellar Populations

The far-UV spectrum of the archetypal starburst galaxy M8&produced
in Fig. 1 (Leitherer et al. 2002). The wavelength region shaavers 900 —
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Figurel. Spectral region between 900 and 1200 A for M83 (= NGC 5236)joMaes are
labeled. Thick line: HUT; thin: FUSE (Leitherer et al. 2002)

1200 A, where blanketing is most severe. M83 has supersalggem abun-
dance. Therefore, line-blanketing effects due to steliad, stellar photo-
spheric, and interstellar lines are particularly stronghiis galaxy. The stel-
lar features generally originate from higher ionizatioaggts than the features
found above 1200 A. The most prominent transition is the Cegbnance dou-
blet at 1032,38 A, which displays a spectacular P Cygni grafiler a broad
range of spectral types. At the resolution afforded by FUBE blueshifted
absorption component of the P Cygni profile is resolved frearhy Ly3 and
can be distinguished from the narrow interstellar C 1l at@d@3 The (red-
shifted) emission component of its P Cygni profile is relliiunaffected by
interstellar lines and provides additional diagnostic powThe C Il 1176
line is at the long-wavelength end of the covered spectrajeaand can also
be observed with spectrographs optimized for wavelengihgward of Lye.
Surprisingly, the line has received relatively little atien in the earlier liter-
ature although it is a very good diagnostic of the propeuidsot stars. C IlI
is not a resonance transition, and consequently does rfet $tdm contam-
ination by an interstellar component. C lll, like most otls¢ellar lines, has
a pronounced metallicity dependence, either directly pacity variations, or
indirectly via metallicity-dependent stellar-wind propes.

Quantitative modeling of the stellar far-UV lines by meafh&wolutionary
synthesis was done by Robert et al. (2003). In Fig. 2 | showalutonary
sequence based on an empirical FUSE library of hot starke(Pedt al. 2002).
The computed spectra are a good match to the M83 spectrung.iri FiThe
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Figure2.  Evolution of a synthetic far-UV spectrum following a SakpetMF between 0 and
10 Myr. Stellar features (bottom),.Hines (top), and other interstellar absorptions (top;iealt
dotted lines) are labeled. The emission line at 1026 A is genal (Robert et al. 2003).

C 1l 1176 line is an excellent age diagnostic mirroring thehavior of the
well-studied Si IV 1400 line: when luminous supergiantsegrmaround 3 Myr,
wind recombination raises the emission flux (Leitherer eP@D1). The O VI
line, in contrast, is largely decoupled from stellar parsargeover a wide range
of ages. This line is powered by shock heating and remainstaonfor stellar
temperatures above30,000 K. Combining lines with different optical depths,
excitation, and ionization parameters allows age and fwtpakstimates from
far-UV spectra analogous to methods calibrated at longeelagths (e.g.,
Keel et al. 2004).

Apart from their sensitivity to metallicity, the far-Ulines are affected the
well-known age vs. initial mass function (IMF) degeneraty.the absence
of additional constraints, age and IMF can always be traddds applies to
the far-UV continuum as well, which in addition suffers from an age-reddening
degeneracy. In contrast to wavelengths above 1200 A, thiesitt stellar spec-
tra below 1200 A are outside the Rayleigh-Jeans regime, gackfiects are
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no longer negligible for the continuum slope generated bynatantaneous
population. Alternatively, for a population of continubu$orming stars, the
region between 912 and 1200 A becomes even less age setwsitvpulation
variations than the near-UV, because an equilibrium betwstar formation
and stellar death is reached earlier in time (see Leithdrat. €1999). Ages
and star-formation rates in starburst galaxies derivexh fiar-UV spectra are
consistent with the results from longer wavelengths.

3. Dust Obscuration

If the age and IMF can be constrained independently, therobddar-UV
spectral energy distribution is mostly a measure of the dtishuation. The
continua of star-forming galaxies are known to obey a wefirbd average
obscuration curve above 1200 A (Calzetti 2001). The cure@auts for the
total absorption and encompasses the net effects of gusysbmetry, absorp-
tion, scattering, and grain-size distribution. Extensidrihis curve down to
the Lyman limit using HUT and FUSE observations of starbgedaxies was
done by Leitherer et al. (2002) and Buat et al. (2002), respdg. Their
results are compared to stellar data and to theoreticalgbi@us in Fig. 3. The
reddening curve of Sasseen et al. (2002) applies to indiVistars; it is signif-
icantly steeper than the curves derived for galaxies. Thysipél interpretation
of the “grayer” starburst reddening curve is a non-unifoterauation. Most
of the stars are totally hidden from view, and the observedigh is emitted
by those few stars which happen to have low attenuation. 8ffést becomes
progressively more important for shorter and shorter venggths. The impli-
cation is that far-UV observations sample only the tip ofitteberg and could
be severely biased. For instance, if there were an age- ordéffendence of
the reddening, even the interpretation of spedtras in the far-UV would be
compromised with the assumption of a simple foreground sltrsten. Circum-
stantial evidence for this effect to play a role has beengmtesl by Chandar et
al. (2004).

Witt & Gordon (2000) found that the empirical starburst attation law is
most closely reproduced by a clumpy shell model with SM@-likust and a
dust column density equivalent t§; = 1.5. This corresponds to a far-UVv
attenuation correction factor of order 10 (Fig. 3).

4, Gas:. Hot and Cold Phases

The far-UV spectral region includes line transitions thatsensitive to both
the very hot £10° K) and very cold £10% K) interstellar material. Coronal
gas with temperatures of several 100,000 K can be probedtieti® VI line
whose corresponding ionization potential is 114 eV. On tteerohand, the
rotational/vibrational transitions of Hrace cool molecular gas.
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Figure 3. Comparison of attenuation curves. Solid: Buat et al. (206a)ted: Leitherer et
al. (2002); short-dashed: Calzetti et al. (2000); dot-ddstasseen et al. (2002); long-dashed:
model of Witt & Gordon (2000) for a shell distribution, a clpgpndust and an optical depth in
the V band equal tev = 1.5 (Buat et al. 2002).

The combined effects of multiple stellar winds and supeaeocare capable
of heating the interstellar medium (ISM) and initiatingdarscale outflows.
Such outflows are a significant sink for the gas reservoir. yTheae been
known for some time from optical and X-ray imagery and havendly been
analyzed withabsorption-line spectroscopy (Heckman 2005). Heckman et al.
(2001) obtained FUSE far-UV spectra of the nearby dwarbstat NGC 1705,
probing the coronall()® — 10° K) and the warm10* K) phases of the outflow.
The kinematics of the warm gas are compatible with a simpldehof the
adiabatic expansion of a superbubble driven by the supamiovthe starburst.
Radiative losses are negligible so that the outflow may neqmEssurized over
a characteristic flow time scale v®® to 10? yr, as estimated from the size and
velocity. The same conclusion was reached for M82 by Hoopat €2003)
who used FUSE to search for O &hission in the starburst superwind of M82.
No O VI emission was detected at any of the pointings. Theserwhtions
limit the energy lost through radiative cooling of coronhbge gas to the same
magnitude as that lost in the hot phase through X-ray enmissibich has been
shown to be small.

The total mass transported out of the starburst region Viactia super-
winds is hard to constrain, given the uncertain ionizatiorrections and the
strength of the observable spectral lines. Attempts wederbg Johnson et al.
(2000) and Pettini et al. (2000) for the nearby dwarf stagbgalaxy He 2-10
and the luminous Lyman-break galaxy MS1512-cB58, respalgti In both
cases the mass-loss rate of the ISM is rather similar to Hie@mation rate.
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Taken at face value, this suggests that the available gas/oéswill not only
be depleted by the star formation process but, more impibytdny removal of
interstellar material. Starbursts may determine their ¢ate by their prodi-
gious release of kinetic energy into the ISM.

The spectral range of FUSE includes numerous transitionsotécular hy-
drogen, making it possible to study, lih diffuse interstellar environments di-
rectly through absorption measurements, rather thamgetym the indirect CO
technique. Hoopes et al. (2004) searched foabisorption in the five starburst
galaxies NGC 1705, NGC 3310, NGC 4214, M83, and NGC 5253. Wkak
absorption was detected in M83 and NGC 5253, and upper lionitdhe H
column density were derived in the other three galaxies. upper limits on
the mass of molecular gas are orders of magnitude lower ekt mass in-
ferred from CO emission measurements. The interpretasidhat almost all
of the H, is confined to clouds with column densities in exces$@f cm—2
that are opaque to far-UV light and cannot be detected in th8HB-spectra.
The far-UV continuum seen with FUSE originates from sigte§ between the
dense clouds, which have a covering factorl. This morphology is con-
sistent with that of the interstellar dust, which is thoughbe clumpy. The
complex observational biases related to varying extincéicross the extended
UV emission in the FUSE apertures make it difficult to chaggze the diffuse
H- in these starburst galaxies.

5. Gas. Transparency of the Lyman Continuum

Star-forming galaxies are the dominant contributor to the-ionizing UV
radiation field in the universe. Are they a significant cormgunof the ion-
izing background as well? Simple arguments might suggdwreise. An
H | column density of~1x10'® cm™2 is sufficient to absorb essentially all
the ionizing radiation. Since the measured extinctiondyrmplumn densities
that are three or four orders of magnitude higher than thimight appear that
essentially no ionizing radiation can escape. Howevermthesity of the ISM
seen in the non-ionizing continuum ¢ 912 A) could very well extend be-
low the Lyman edge and may dominate the shape of the emergecirism.
The situation is sufficiently complex that the only way toetatine the escape
fraction f.s. Of the ionizing radiation is via a direct measurement.

Attempts to measurg.. fall into two categories: observations of local
galaxies with a far-UV detector, or measurements usingxgedaat cosmolog-
ical redshift, which are accessible from the ground with 8lass telescopes.
Either technique has its advantages and disadvantages:oth€ approach
faces the obvious challenge of extreme UV observationsreasdhe “distant”
measurement is affected by the radiative transfer in thergatactic medium.
In addition, a somewhat less direct method is to determiad_yiman contin-
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Table1l. Determinations of the Lyman escape fraction in galaxies.

Reference Instrument Objects Sesc

Leitherer et al. (1995) HUT 4 galaxies;~ 0 < 3%
Hurwitz et al. (1997) HUT 4 galaxies; ~ 0 < 19%
Deharveng et al. (1997) UV local luminosity function < 1%
Deharveng et al. (2001) FUSE Mrk 24~ 0 < 5%
Giallongo et al. (2002) FORS2 z = 2.96, 3.32 < 16%
Ferrandez-Soto et al. (2003) WFPC2 HDF9 < z < 3.5 < 4%
Malkan et al. (2003) STIS ll<z<14 < 1%
Steidel et al. (2001) Keck/LRIS 29 galaxies;~ 3.4 ~100%

uum opacity from a comparison of thexthind UV luminosity functions in the
local universe. Table 1 gives a summary of recent resultsepbfor the last
entry in this table, all quoted studies find more or less gaimt upper limits
on fesc both in the low- and high-redshift universe. The ISM in thesatved
galaxies is highly opaque, and very little stellar ioniziagliation leaks out.

Steidel et al. (2001) detected significant Lyman-contindluxin the com-
posite spectrum of 29 Lyman-break galaxies with redshifts 3.40 4 0.09.
If the inferred escaping Lyman-continuum radiation is tgbiof galaxies at
z = 3, then these galaxies produce about 5 times more H-ioniziotons per
unit comoving volume than quasars at this redshift, withaheious cosmo-
logical implications. Haehnelt et al. (2001) fitted the carsipe spectrum by
a standard stellar population and no intrinsic H | opacityefefore,f.sc must
be close to 100% for the observed sample. Confirmation octrefeof this
striking result will be a major objective of observationakmology.
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