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ABSTRA CT

We describe and analyzeHubble SpaceTelescope (HST) observations of tran-
sient emissionnear 4680 �A in � Car, reported earlier by Steiner & Damineli
(2004). If, as seemsprobable, this is He I I � 4687, then it is a unique clue to
� Car's 5.5-year cycle. According to our analysis,several aspects of this feature
support a mass-ejection model of the observed spectroscopic events,and not an
eclipsemodel. The He I I emissionappearedin early 2003,grew to a brief max-
imum during the 2003.5spectroscopicevent, and then abruptly disappeared. It
did not appear in any other HST spectra before or after the event. The peak
brightnesswas larger than previously reported, and is di�cult to explain even if
oneallows for an uncertainty factor of order 3. The stellar wind must provide a
temporary larger-than-normal energysupply, and we describe a special form of
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radiative ampli�cation that may also be needed.Thesecharacteristics are con-
sistent with a classof mass-ejectionor wind-disturbance scenarios,which have
implications for the physical structure and stabilit y of � Car.

Subject headings: binaries: general,line: pro�les, stars: individual (� Carinae),
stars: variables: other, stars: winds, out
o ws

1. In tro duction

Steiner & Damineli (2004) reported He I I � 4687emission1 in ground-basedspectra of
� Carinae. SinceHe I I represents a far higher excitation or ionization state than other lines
normally seenin this object, it may be a valuable clue to � Car's mysterious5.5-year cycle
and to the structure of strong shock fronts in the extraordinary stellar wind (seerefs. cited
below). Here we report observations of the samefeature with higher spatial resolution and
other advantagesusing the SpaceTelescope Imaging Spectrograph(HST/STIS). We �nd:

� During the �rst half of 2003,broad emissionappearedbetween4675�A and 4695�A. It
peaked at the time of the mid-2003\spectroscopicevent," with a maximum equivalent
width closeto 2.4 �A. He I I � 4687is the probable identi�cation.

� The emissionwas not spatially resolved from the central star. Thereforeit originated
in the densestellar wind, not in di�use ejecta at larger radii.

� This feature was not present in any HST/STIS observation before 2003.0,nor after
2003.5,with a 1-sigmadetection limit of about 40 m�A for each occasionand 15 m�A
for the average.

� Our measurement of the peak brightnessconsiderablyexceedsthe value reported by
Steiner& Damineli. The main sourceof disagreement is explainedin Section5 below.

� Even if one adopts the lower 
ux estimate, He I I � 4687 becamefar too bright to
explain with a conventional model. The hypothetical companionstar's wind cannot
supply enoughenergyfor the required shock fronts. The observed emissionprobably
required a mass ejection event on the primary star, and/or some special radiative
processesdescribed in Section8 below.

1In this paper we consistently quote vacuum wavelengths.
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� Regardingthe nature of the spectroscopicevent, several aspects of the He I I emission
all support a mass-ejectionor wind-disturbancetype of model. The observed behavior
presents severe di�culties for an \eclipse" scenario.

Theseconclusionsare justi�ed in Sections3{9 below. Qualitativ ely, one expects shock
fronts nearEta Carinaeto produceweakHe I I emission;but quantitativ ely the observed 
ux
presentsa di�cult energy-supplyproblem. Either the deducedintrinsic strength is in error
for reasonsunknown, or someextraordinary processoccurredduring the 2003spectroscopic
event.

Sincethe late 1940's,� Car has undergoneperiodic spectroscopicevents characterized
by the disappearanceof high-excitation lines such as He I and [Ne I I I], both in the stellar
wind and in its nearby slow ejecta. Zanellaet al. (1984)conjecturedthat theseareessentially
mass-ejectionepisodes. They recur with a period of 5.5 years(Damineli 1996;Whitelock et
al. 1994),and the emissionfeature analyzedin this paper was obviously correlatedwith the
event that occurred in mid-2003.

As noted by Steiner and Damineli and discussedbelow, the He I I emissionproblem
probably involves X-rays, which vary systematically. Preceding a spectroscopicevent, �
Car's observable 2{10 keV hard X-ray 
ux rises,becomingincreasinglyunstable or chaotic,
and then crashesalmost to zero(Ishibashi et al. 1999;Corcoran2005). Softer X-rays, which
are crucial for our discussion,may behave quite di�erently but cannot be observed because
they are absorbed by intervening material. The most commonexplanation for � Car's X-
ray production is a colliding-wind binary model. Someauthors believe that each 5.5-year
event involves an eclipseof a hot secondarystar by the primary wind (e.g., seePittard &
Corcoran (2002)) { instead of a massejection event, or, perhaps,in addition to it. On the
other hand, a mass-ejectionmodel, either binary or single-star,doesnot require an eclipse
(Davidson 1999,2002). The hypothetical companionstar has not beendetected,nor have
Doppler velocities in the primary wind provided a valid orbit (Davidsonet al. 2000). The two
alternative scenarios,eclipsevs. mass-ejection,di�er in fundamental signi�cancebecausethe
former is simply a result of geometrybut the latter requiresan undiagnosedstellar surface
instabilit y; seeremarks in Davidson (2002,2005b).

So far as we know, Gaviola (1953) reported the earliest suspected detection of He I I

� 4687in � Car. He listed two separateemissionfeaturesnear 4680�A and 4686�A that were
comparablein strength to He I � 4714. According to the notes in his paper, each of them
appearedonly in oneobservation during the interval from April 1944through March 1951.
Gaviola obtained data during a spectroscopicevent in 1948but understandablyhe did not
recognizeit assuch, and his notesdo not state whether that wasthe time whenthe emission
in question appeared. If he observed emissionat 4686�A on one occasionin 1948and then
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4680 �A somewhatlater, the wavelength shift would resemble that which occurred in 2003
(seeSection6). Unfortunately the publishedrecorddoesnot state whether this wasthe case,
and it is possiblethat Gaviola's spectra showing this emissionfeature did not correspond to
a spectroscopicevent (seebelow).

Thackeray (1953) reported that a weak feature occurred near 4687 �A at sometime
betweenApril 1951and June 1952. Feast(2004,private communication), examiningThack-
eray's plates, con�rms that such emissionmay have beenpresent on 1951June 14 and 1951
July 10. In itself this evidenceis weak, since Thackeray and Feast both expresseddoubt
and the observations did not coincide with an \event" in the 5.5-year cycle. However, we
note that 1951was an unusual period in � Car's recovery from its Great Eruption.2 He I

and other moderately high-excitation emissionhad �rst appearedonly a few years earlier
(Feast et al. 2001;Humphreys & Koppelman 2005;Gaviola 1953), and the star brightened
rapidly during the sameera (O'Connell 1956;de Vaucouleurs& Eggen1952). Thus its wind
may have changedfrom onestate to another in the yearspreceding1953;seeMartin (2005),
Davidson et al. (2005a), Davidson (2005b), and refs. cited therein. Thus we should not
dismissthe possibility that Thackeray's plates really did show He I I � 4687in 1951.

Sincethe Hubble TreasuryProject for � Carinaewas intended primarily to observe the
spectroscopicevent in 2003, we obtained STIS data repeatedly during that year. Similar
observations had beenmadeon a few earlier occasionsfrom 1998to 2002. In this paper we
discussemissionnear 4680�A in the STIS data; we also note somepertinent ground-based
VLT/ESO observations, seeStahl et al. (2005). Often we refer to the feature in questionas
\4680 �A," its approximate peakwavelengthat maximum strength, becauseit is quite broad
and in principle the He I I identi�cation has not beenfully con�rmed. (SeeSection4.) We
also present a theoretical assessment of the energy budget implied by the line's strength,
which appearsalmost paradoxical. In general,we shall concludethat the observations favor
a mass-ejectionor wind-disturbance scenario,consistent with suggestionsby Zanella et al.
(1984),Davidson (1999),Davidson (2002),and Smith et al. (2003);and that an eclipsedoes
not explain the He I I problem.

We describe the observations in Section2, the observational constraints on the spatial
extent of the emitting region in Section 3, identi�cation of the feature in Section 4, the
emissionstrength and behavior in Sections5 and 6, the theoretical problem in Section7 and
8, and { most important{ a summary of implications in Section9. A number of technical

2Beginning about 180 yearsago eta Carinae entered a period of remarkable variabilit y culminating in its
famous\Great Eruption" from 1837to 1858when it becameoneof the brightest stars in the sky. The Great
Eruption produced the familiar bipolar \hom unculus" nebula that surrounds the central star. SeeDavidson
& Humphreys (1997) for many pertinent references.
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details and equationsare presented in separateAppendixes.

2. STIS CCD Data

The main spectra in this paper were obtained as part of the � Carinae HST Treasury
Project (Davidson 2004a)and were reducedusing a modi�ed versionof the Goddard CAL-
STIS reduction pipeline. The modi�ed pipeline usesthe normal HST bias subtraction, 
at
�elding, and cosmicray rejection procedureswith the addition of improved pixel interpola-
tion and improved bad/hot pixel removal. Information regardingthesemodi�cations can be
found online at our web site3 and in a forthcoming publication (Davidson et al., in prepa-
ration). Each one-dimensionalSTIS spectrum discussedhere is essentially a 0.100 � 0.2500

spatial sample: the pixel sizewas0.0500, the slit width wasabout 2 CCD columns,and each
spectral extraction sampled5 CCD rows. Complex details of our pixel interpolation meth-
ods, etc., do not materially a�ect theseresults. The CCD column width corresponded to a
wavelength interval of about 0.28 �A or 18 km s� 1. The instrument's spectral resolution was
roughly 40 km s� 1 (FWHM), much narrower than the 4680�A emissionfeature. We applied
an aperture correction to the absolute 
ux, basedon an observation of the spectrophoto-
metric standard star Feige110 with the sameslit and extraction techniques. Absolute 
ux
measurements, however, are not critical for our results; the worst uncertainties involve other
nearby emissionlines which a�ected the choice of continuum level relative to the overall
spectrum.

It is important to note that the HST/STIS resolvesthe central star from nearby bright
ejectathat heavily contaminate all ground-basedspectra of � Car. Therefore,unlike ground-
basedobservations, thesespectra speci�cally excludematerial outsider � 300AU. When we
refer to \the star" or \ � Carinae," we meanthe central object and its wind, not the di�use
ejecta and Homunculus nebula. If it is a 5.5-year binary system,then the two stars are not
separatedby the HST.

Experienceshows that standard data-reduction software often underestimatesthe mea-
surement errorsin high-S/N cases.Thereforeweestimatedour r.m.s.noiselevelsby carefully
assessingthe variations among nearby pixels, with adjustments for correlations causedby
interpolation. Non-statistical \pattern noise" causedtheseestimatesto be about 30%larger
than we would have gotten from only the readout and count-number noise. Fortunately the
characteristic sizescaleof this pattern noisewas only a few pixels, much narrower than the
observed emissionfeature; so it a�ected our measurements no worse than statistical noise

3http://etacar.umn .ed u
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with the samer.m.s. amplitude. In summary, around 4680�A the overall r.m.s. S/N ratios
in our one-dimensionalspectrum extractions ranged from 80 to 150 for a samplewidth of
0.28 �A (the CCD column width); seeTable 2. However, the most relevant measurements
are sumsor integrations over wavelength intervals of 4 to 19 �A, i.e., 14 to 70 CCD columns.
Continuum-to-noise ratios formally exceed300 for such measurements, but systematic er-
rors presumablydominate when such wide samplesare taken. Systematic e�ects must be
assessedfrom other considerations. In most analysesand �gures in this paper, we do not
averageor smooth the spectra; exceptionswill be clearly speci�ed.

3. Mapping the Emission Region

Our measurements con�rm that the 4680�A feature spatially coincideswith the central
star, as previously remarked by Gull (2005). To the accuracy of our measurements, the
emissionis unresolved from the central star within a radius of the order of 0.0300or about
70 AU in STIS slits roughly oriented with the presumptive equatorial or orbital plane (slit
angles:70� , 62� , 38� , and 27� measuredfrom north through east).

Figure 1 showsthat there is no detectableHe I I emissionoriginating in the nearby ejecta.
Thesedata do not rule out the possibility that emissionis extendedonly in the southeast
direction or at large radii along the polar axis. However, such a con�guration would seem
contriv ed.

4. Line Iden ti�cation

Strictly speaking the He I I � 4687identi�cation hasnot beencon�rmed. Under normal
circumstancesother He I I recombination lines should also be present. However, several
factors conspire to make those lines di�cult to detect: extinction (mostly circumstellar),
blends with other spectral features (esp. hydrogen Balmer lines), and relative weakness
of most of the transitions. The strongest relevant transitions are listed in Table 1. The
detection limit assumesa Gaussianshaped pro�le with a Doppler width of � 600km s� 1 but
the results are not very sensitive to this assumption.

The strongestaccessibletransition, � 1640,doesnot appear in the STIS/MAMA/Ec helle
data (Gull 2005). This is understandable,however, sincethe UV spectrum is complicated
by strong overlapping absorption complexes(Hillier et al. 2001,2005). If the He I I emission
region is, as expected, closelyrelated to the secondarystar's location in its orbit, then the
� 1640photonsmay escape moreeasilynearapastron. However, our mid-cycleMAMA E140
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observation (MJD 51267= 2000March 23), shows no signof � 1640. As explainedin Section
6.3 we did not measureany � 4687at that time either.

The two other He I I lines most favorable for detection are � 5413and � 10126.In Figure
2 we have plotted for each of these as the di�erence (
ux at time of 4680�A maximum) {
(averageof data at times when4680�A wasnot detected). Thesedi�erential 
uxes are scaled
with respect their respective transition strengths(Table1) andextinction factors(Fitzpatric k
1999;Cardelli et al. 1989)relative to � 4687.

� 10126is adversely a�ected by higher detector noiseand uncertainty in the 
ux cali-
bration becausethis wavelength is near the physical edgeof the CCD and the red limit of
STIS sensitivity. There is a signi�cant increasein 
ux near � 10126on MJD 52813.8,but the
velocity pro�le is notably di�erent from 4680�A. � 5413appears to have a similar pro�le to
4680�A but the noiselevel negatesthe signi�cance of the match. We concludethat we have
not detectedany additional He I I lines in our data but the limits are not strong enoughto
contradict the � 4687identi�cation.

Under thesecircumstancesit is prudent to examinepossiblealternative identi�cations.
A pair of N I I I lines near 4681�A might contribute to the feature. However, they are high
excitation lines and our own inspection of the spectrum agreeswith Thackeray (1953) that
the speciesN I I I is \doubtfully present." A cluster of Ne I lines from 4680�A to 4683�A might
alsobe responsiblefor the observed emission,but there is no reasonto expect such emission
in the stellar wind. Unidenti�ed lines exist near 4679.21�A in the Orion Nebula (Johnson
1968)and 4681.38�A in RR Tel (McKenna et al. 1997);but it is obviously di�cult to relate
the � Car feature to another unidenti�ed line in an object with appreciablydi�erent physical
conditions.

He I I � 4687 seemsthe \most natural" identi�cation becauseit plays a well-known,
moderately unusual role in nebular astrophysics. Helium is abundant in � Car, and the He+

3{4 transition is simple in most respectsbut hasspecial characteristicsemployed in Section
8 of this paper. Thereforethis identi�cation is the best working hypothesis.

5. Flux and Equiv alent Width of the Feature

Figure 3 shows that the underlying continuum level canbe a major sourceof systematic
error. Relatively strong featuresbracket the 4680�A emission: Fe I I around 4660�A to the
blue and He I � 4714to the red. They make it di�cult to set the local continuum level when
the 4680�A feature becomesstrong and broad. Thereforewe measuredthe continuum 
ux
in a separate,nearby wavelength interval 4742.5{4746.5�A, which is devoid of substantial
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features. This level always agreedwell with another likely continuum samplenear4605�A, it
matched the 
ux near 4680�A on every occasionwhen the emissionfeature was absent, and
in generalthe data give no hint of a strong continuum slope or related error (seethe lower
horizontal line in Fig. 3). Thus we adopt it as the best available measureof the underlying
continuum around 4680�A.

The adoptedcontinuum levels,continuum-subtractedemission
uxes of the feature,and
corresponding equivalent widths are listed in Table 2. Our integration range(4675.0{4694.0
�A) omits the extremewingsof the feature in order to excludeHe I � 4714P-Cygni absorption
and [Fe I I I] � 4702emissionwhich varied during the spectroscopicevent. Thereforesomeof
our measurements probably underestimatethe 
ux in the 4680�A feature to a small extent
that must be judged from Figs. 3 and 4. The S=N column in Table 2 is well de�ned by
the standard deviation in the continuum, corrected for pixel-to-pixel correlations caused
by interpolation. The uncertainty estimatesfor the line 
ux and equivalent width are in
turn basedon the S=N and the r.m.s. scatter of the measurements madebefore2003when
the feature was not present. Theseuncertainty estimatesomit somesourcesof systematic
error that are commonto all spectroscopicdata, i.e. irregularities in the continuum slope,
possibleweak featureseverywherein the spectrum, 
ux calibration errors, variation in slit
throughput, etc.

The maximum equivalent width that we measured,2.4 �A at MJD 52813.8,is more than
twice as large as the highest value quoted by Steiner& Damineli (2004). This disagreement
results mainly from the placement of the the underlying continuum, relative to the total

ux. The continuum level adopted by those authors can be deducedfrom their Fig. 1 and
their net equivalent width for the He I I emission. At the time when the � 4687feature was
brightest, they appear to have useda continuum near the upper horizontal line in our Fig.
3; which of courseled to a smaller net equivalent width. 4 If oneviews only the wavelength
interval 4650{4720�A shown in their Fig. 1, then the broad wingsof the emissionfeature are
indistinguishable from local continuum; compareMJD 52813in our Fig. 4. At most other
(non-maximum) times, Steiner and Damineli's continuum levels appear to have beenclose
to ours.

For � Car the worst uncertainties are systematic rather than statistical. Basedon the
internal consistencyof Fig. 3, and on the absenceof seriousdiscrepanciesin the STIS data
around 4680�A, we concludethat the pseudo-sigmauncertainty in our adopted continuum

4Steiner & Damineli determined their continuum using a third order polynomial, which is a�ected by line
blending and noise in their 
at �elds. They remark that thesecausedan underestimate of the net 
ux and
FWHM of the feature.
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level at the time of the event wasof the order of 1%and no worsethan 2%. If we include this
in addition to the statistical uncertainties listed in Table 2, then, informally and somewhat
pessimistically, the maximum equivalent width was 2.4 � 0.4 �A. Given the crowded nature
of � Car's spectrum, there is no evident way to improve this result.

Someother details are worth noting. We have veri�ed the absolute 
ux calibration in
our STIS data to a few percent, and the 4680 �A feature occurred in an optimal position
near the physical center of the CCD. In the wavelength range of interest the instrumental
p.s.f. was well focusedand the slit-throughput correction was 
at. Thesefactors make us
reasonablycon�dent that no unexpectedly large systematicerrors lurk in the data.

Basedon reasoningpresented in Appendix A, the peak intrinsic He I I � 4687luminosity
was of the order of 1036 ergs s� 1. To forestall later misunderstandings,we note that the
energysupply problem described in Section7 below is not merely a result of the equivalent
width disagreement discussedabove, our value vs. that of Steiner and Damineli. The main
conclusionsof Section7 remain valid even if oneadopts their lower estimate.

6. Temp oral Evolution

6.1. Changes in Line Pro�le

The �rst signi�cant detection of the 4680�A feature in the STIS data was on MJD
52683.1(2003 February 12), about 140 days before the mid-2003 event. It increasedin
strength until it reached a strong maximum on MJD 52813.8(2003 June 22), at the time
of the event. During the period of growth its pro�le undulated signi�cantly (Figure 4).
In general, its width was roughly 600 km s� 1 and most of the 
ux was blueward of the
He I I � 4687rest wavelength. The main pro�le was usually either roughly symmetric (MJD
52778.5)or slopped toward the blue (MJD 52791.7).At maximum, however, a pronounced
peak appeared at � 450 km s� 1 and the pro�le slopped toward the red (MJD 52791.7).
Steiner& Damineli (2004) report similar activit y in their observations with better temporal
sampling. Similar velocity shifts may explain why Gaviola (1953) reported two separate
emissionfeatures,if they appearedin two distinct observations (seeSection1).

6.2. The Sudden Disapp earance

After reaching a strong maximum, the feature abruptly disappeared between MJD
52813.8and 52825.4(2003 June 22 and July 5), an interval of only 12 days. In fact the
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disappearancetimescale was even shorter than that, since Steiner & Damineli observed
strong emissionseveral days after MJD 52813.8. Their data indicate a decay time of only
about 5 days. The feature was not detectable in any of the subsequent STIS observations
through MJD 53071.2(2004March 6, Fig. 5).

The VLT/UVES spectra (Stahl et al. 2005) reveal an interesting wrinkle in the disap-
pearanceof the 4680�A feature. A location called FOS4 in the Homunculus Nebula givesa
re
ected pole-on view of the stellar wind, with a light-tra vel delay time of about 20 days
relative to our direct line of sight (Meaburn et al. 1987;Davidson et al. 2001;Smith et al.
2003). Stahl et al. show that the 4680�A emissionre
ected at FOS4 disappearedsomewhat
earlier (when corrected for light travel time) and perhapsalso more gradually than in the
direct view. This is di�cult to gauge,however, becausethe VLT/UVES observations were
infrequent comparedto the duration of the event. A comparisonwith the STIS data (whose
temporal samplingwaseven moresparse)suggeststhat the phenomenondependson viewing
angle; seeFigure 6. Thesedi�erences merit detailed study becauseany serioustheoretical
model should account for them.

6.3. Before and After The Event

The STIS spectra before2003.0and after 2003.50(MJD before52640and after 52820)
all resemble MJD 52825.4,shown at the bottom of Fig. 4. Fig. 5 illustrates the situation
fairly well. Table2 showsno detectionsat the times in question,and below weobtain stricter
detection limits. In Table 2, small positive and negative valuesof net \emission 
ux" at the
times of non-detectionare largely due to changesin the wing of the Fe I I complexat 4660�A,
which creepsin on the blue side of our integration range(Fig. 3). Thosesmall 
uctuations
mirror the generalbehavior of broad Fe I I featuresin � Car's spectrum.

The last column of Table 2 o�ers independent detection limits in each observation
without any assumptionsabout the emissionpro�le. However, it is possibleto obtain stricter
limits by assumingan emissionpro�le with the characteristicsspeci�ed by Steiner& Damineli
(seebelow): FWHM � 550 km s� 1 and a central Doppler velocity in the range from -250
to +150 km s� 1. For each STIS observation we performed a conventional least-squares�t
to the function f (� ) = A + B� + C� (� ) over the 57 pixels within the 4677{4693�A range
where � (� ) is the assumedpro�le. (We assumeda Gaussianshape but this has little e�ect
on the results.) In one respect we deviated from the proper statistical testing procedure.
Instead of solving for the best �t central Doppler velocity we choosethe value that resulted
in the largest C in the least squares�t. This overestimatesthe suspected emissionbut for
the present purposeit providesa conservative upper limit. The uncertainty in C is assessed
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by a numerical Monte Carlo technique.

The results are presented in Table 3. The S=N ratios and statistical errors are critical
here,and we estimatedthem in two ways. One method employed r.m.s. di�erences between
wavelengthsamplesseparatedby 2, 3, 4, and5 CCD columns,while the other useddi�erences
between the data and the least-squares�ts. Both methods agreedwell (their average is
quoted in Table 3); moreover, the r.m.s. scatter in equivalent width turns out to be very
closeto the expected value basedon our error estimates. Therefore the S=N ratios and
uncertainties listed in Table 3 are quite robust.

As a check, we included one date (MJD 52683)when the feature was present to verify
that our method could detect weak emission. At �rst sight, the equivalent width found for
that date seemsto con
ict with the value in Table 2. However, a rather large uncertainty is
stipulated in Table 2 and at that time the feature appearedsigni�cantly broader than the
assumedpro�le. We emphasizethat the valuesin Tables2 and 3 wereobtained by two very
di�erent, nearly independent methods.

Aside from the 2003.12(MJD 52683)observation, Table 3 shows no evidencefor He I I

emissionbefore2003and after 2003.5. Each observation individually allows an equivalent
width of 40 m�A at the onesigmalevel; but combining the eleven independent observations
we obtain an averageof nearly zerowith a formal error of � 11 m�A.5

Steiner & Damineli (2004) reported that the 4680�A emissionline maintained an equiv-
alent width of 50 to 150 m�A throughout most of the spectroscopiccycle. However, this
assertionis not supported by the STIS data, nor by the VLT/UVES observations described
by Stahl et al. (2005). A speci�c comparisonwith Steiner & Damineli's data appearsnear
the bottom of Fig. 5. The tracing labeled \SD 52986" is copied from phase1.083in their
Fig. 1. A feature with that strength would be obvious in the STIS data even without a
formal analysis, e.g., compare our data for MJD 52961and 53071. Their measurements
could have beena�ected by somesystematic o�set in their continuum (seeSection5). Or
it is possiblethat they measureda contribution from any of three nebular lines near that
wavelength which could not have been resolved from the central star in their data: N I

� 4679,Cr I I � 4680,and [Fe I I] � 4688 (Zethson 2001). They may have observed emission
from an extendedregion (r & 0:400), but if so that requiresan additional emissionprocess,
quite di�erent from thosewhich they consideredand we entertain that below.

5The last line in Table3, � 11� 14m�A, refersto a pixel-by-pixel sum of the relevant spectra. It di�ers from
the averageof the eleven individual equivalent width measurements becausethe individual least-squares�ts
did not all have the samepeak velocity. This distinction is obviously academic,sinceboth typesof average
give null results with � < 15 m�A.
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6.4. Timing Relativ e to Other Phenomena

As Figure 7 shows, the development of the 4680�A featurecoincidedwith other observed
changesin the stellar wind. As its brightnessgrew during April and May of 2003(MJD �
52740to 52300),sodid the near-infraredcontinuum (Whitelock et al. 2004)and the depth of
the H� P Cyg absorption (Davidson et al. 2005a). Meanwhile the 2-10keV X-rays reached
their maximum (Corcoran 2005). Here we note a signi�cant fact that previous authors
have neglected:The spectroscopic event, including the 4680 �A emission, culminated nearly
a month after the apparent X-ray maximum. By the last week of June 2003, when every
major UV-to-IR indicator reacheda climax, the observed 2-10keV 
ux had alreadydeclined
to a small fraction of its peak value. The dramatic �nal rise of the 4680�A feature wasanti-
correlatedwith the observed hard X-ray 
ux (Fig. 7).6 We shall discussthe implications in
Section9.

7. The Energy-budget Problem

7.1. Generalities

He I I � 4687 emission is normally a recombination line in a He++ region, arising in
decays from the He+ n = 4 level to n = 3. Eta Car, however, cannot produce su�cien t
He++ in the usualway; the extremelyhot stellar continuum required for that purposewould
also create a bright high-excitation photoionized region in the inner Homunculus nebula,
contrary to observations. Therefore,asSteiner& Damineli (2004)noted, the He++ probably
occursnearshock fronts that produceionizing soft X-rays and extremeUV photons. Herewe
review the problem; the � 4687brightnessseenin June 2003turns out to be moredi�cult to
explain than thoseauthors indicated. A massejection event or at least a major inner-wind
disturbanceappearsnecessary. Where no speci�c referenceis cited herefor a parameter,see
Osterbrock (1989) for ionic data or Davidson & Humphreys(1997) and Hillier et al. (2001)
for � Car.

To put the question in a more de�nite context, here are three alternative scenariosfor
� Car's spectroscopicevents:

6The STIS observation on MJD 52791.7nearly coincidedwith the hard X-ray peak. Therefore, even if the
4680 �A maximum occurred before the next STIS observation on MJD 52813.2,the hard X-rays had begun
their decline. Steiner & Damineli (2004) indicate that the peak 4680�A brightnessprobably occurred several
days after MJD 52813.2.Note that Figure 7 is plotted in terms of MJD rather than \phase" in the 5.5 year
cycle. This avoids confusionover a largely arbitrary zero-point which is not the samein every discussion.
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1. The shocksmay occurat a wind-wind interfacein a binary system,asmostauthorshave
supposedfor the observable hard X-rays. In this casewe can classifyseveral distinct
emissionzonessketched in Fig. 8. Regions1 and 2 are undisturbed parts of the two
stellar winds, with speedsaround 500km s� 1 and 3000km s� 1 respectively. Region3
contains shockedgaswith T > 106 K. In regions4 and 5 nearthe shock surfaces,helium
is photoionizedby soft X-ray photons from region 3. Region6 consistsof shocked gas
that has cooled below 105 K as it 
o ws outward within region 3; densitiesare very
high there becausethe local pressureis comparableto the nearby ram pressureof each
wind. (Depending on several parameters,region 6 may be farther from the star than
our sketch indicates.) In reality each of these\regions" probably consistsof numerous
unstable corrugationsor separatedcondensations(see�gures in Stevenset al. (1992)
and Pittard & Corcoran(2002)),but the our classi�cation of zonesseemsbroadly valid.
There is no reasonto expect detectableHe I I � 4687emissionin regions1 or 2; region
3 is too hot for e�cien t � 4687emission(seebelow); and region 5 has a much smaller
density than region 4. Evidently, then, regions4 and 6 harbor the best conditions for
He I I emission.Finally, Region7 in the �gure is the accelerationzoneof the secondary
wind, where Steiner & Damineli (2004) proposedthat the He I I emissionoriginates.
That idea seemsunlikely for reasonsthat will becomeevident below.

2. A spectroscopicevent of � Car may be a stellar mass-ejectionphenomenon,possibly
including oneor more shock fronts moving outward from the primary star (Zanella et
al. 1984;Davidson 1999,2002,2005b). In someversionsof this story, the secondary
wind shown in Fig. 8 may be unnecessaryand the hypothetical companionstar might
not exist; but in any casean ejectionevent would producea relatively large temporary
energysupply. As we emphasizelater, this can be useful for the He I I � 4687emission.
The term \ejection event" is rather elasticin this context andmay referto a disturbance
in the wind or a temporary alteration of its latitude structure (Smith et al. 2003).

3. Conceptually, at least, it is easyto combine ideas(1) and (2) if the companionstar
triggers an instabilit y near periastron. A massejection or wind disturbancemay sud-
denly increasethe local density of the primary wind, regions1 and 4 in Fig. 8, thereby
changingthe colliding-wind parametersand further destabilizingthe shocks (Davidson
2002,2005b). In this connectionwe note a signi�cant discrepancy. The often-quoted
mass-lossrate of � Car, about 10� 3 M � yr � 1, would imply a density of the order of
1010:5 ions cm� 3 at r = 2:5 AU in a spherical wind. Pittard & Corcoran (2002),
however, found that colliding-wind X-ray models seemto indicate considerablylower
values. As Smith et al. (2003)later explained,relatively low densitiesmay exist in low-
latitude zonesof � Car's non-sphericalwind if most of the massusually 
o ws toward
high latitudes. Thus, if a massejection or wind disturbanceoccursduring a spectro-
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scopic event, the low-latitude wind may suddenly change from the low-density case
exempli�ed by Pittard & Corcoran'smodel to a higher-density state. This a�ects the
He I I � 4687emissionrate for several reasonsthat will appear later in this discussion.

Other scenariosmay be possible,but thesethree seemmost obvious. In the remainder of
this sectionwe present a quantitativ e assessment of the He I I � 4687problem. We �nd that
the observed emissionrequireseither a very large temporary energysupply rate, or a highly
unusual enhancement of the � 4687emissione�ciency , or both.

As explainedin Appendix A, the STIS data imply a peakHe I I � 4687luminosity of about
1:4� 1036 ergss� 1. The uncertainty factor is of the orderof 2, but this is non-Gaussianand an
error factor appreciablyworsethan 3 seemsquite unlikely. A main conclusionbelow will be
that the He I I emissionwassurprisingly bright. In order to be quite sureof this, we prefer to
lean in the direction of underestimatingthe � 4687luminosity rather than overestimating it.
Therefore,at the outset we round the estimate downward to 1036 ergss� 1 or 1047:4 photons
per second.(Additional allowanceswill be madelater.) This is just oneemissionline, which
must be accompaniedby brighter emissionin lessobservable parts of the spectrum. The
total greatly exceeds� Car's 2{10 keV hard X-ray luminosity.

Steiner& Damineli (2004) reported a smaller � 4687
ux at its maximum (seeSection5
above), and their peak luminosity estimatewasonly about 4 � 1035 ergss� 1. This disagree-
ment is not crucial in the following analysis. The most important conclusionswill remain
valid even if oneadopts a � 4687luminosity somewhatbelow their estimate.

7.2. The Energy Budget for Normal Excitation Pro cesses

Most of the ionic parametersemployed here can be found, explicitly or implicitly , in
Osterbrock (1989). If He I I � 4687 is a recombination line, the peak emissionluminosity
quoted above implies about 1048:1 recombination events per second,only mildly dependent
on the assumedtemperature and density.7 In order to estimate the maximum plausible

7Recombination is more e�cien t than collisional excitation for this emissionline. If T < 60000K in the
emitting gas, then the collisional excitation rate is hopelesslysmall by any standard. At temperatures of
the order of 105 K, collisionally excited � 4687 emissioncan be comparable to the recombination emission
only if the He+ /He ++ ratio is orders of magnitude larger than the valuesallowed by photoionization, with
any photon and electron densities that seemreasonablefor this problem. At T > 3 � 105 K { e.g., in gas
that has recently passedthrough a shock { collisional ionization of He+ becomesconsiderably more rapid
than collisional excitation of � 4687. In that case,� 4687 emissioncarries away an even smaller fraction of
the total energy than we estimate for the recombination processat lower temperatures.
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e�ciency for conversion of thermal energyto He I I � 4687emissionvia \normal" processes,
we make the following assumptions.

� Include only helium and hydrogenrecombination plus bremsstrahlung,and omit exci-
tation of heavy ions and expansioncooling. This simpli�cation will lead to an overes-
timate, not an underestimate,of the He I I � 4687e�ciency .

� The relevant gas is hotter than 50000K. In reality, lower temperatures may occur if
additional processesdominatethe cooling; but in that casethe fraction of energywhich
escapesas He I I recombination radiation is reduced.

� The massfraction of helium is not much larger than 50% (Davidson & Humphreys
1997;Hillier et al. 2001).

� He+ is ionized mainly by photons between54.4 and 550 eV; and we assumethat all
such photons are absorbed by this processrather than escaping.Most photons above
550eV either escape, or are converted into 54.4{550eV emissionfollowing absorption
by nitrogen and other heavy elements.

� Temporarily neglectthe radiative excitation processesdiscussedin Section8 below.

In thesecircumstances,we calculate that He I I � 4687emissionaccounts for lessthan
0.6%of the escapingradiative energy. This result is unsurprising, since� 4687accounts for
only about 1% of the total He I I recombination emissionin a conventional high-excitation
nebula. We emphasizethat 0.6%is only an upper limit, and the true e�ciency is probably
much lower for reasonsnoted above. Even if we adopt this optimistic value it implies an
overall energy supplyof at least 1038:2 ergss� 1, or more than 40000L � . If this originates in
shocks it is a formidable requirement, exceedingthe total kinetic energy
o w usually quoted
for � Carinae'sentire primary wind. According to Corcoranet al. (2004),other observations
appear to suggestthe sameorder of magnitudefor the soft X-ray luminosity during the 2003
spectroscopicevent. Processesdiscussedin Section8 may allow the stellar UV radiation �eld
to contribute, thereby reducingthe X-rays required,but they needspecialconditions. Before
exploring them, let us review the requirements for a model with lessthan 0.6%e�ciency .

Can the wind of a hot companionstar provide most of the relevant energy? Its speed
must be about 3000km s� 1 to account for the observed 2{10 keV X-ray spectrum (Corcoran
et al. 2001;Pittard & Corcoran 2002;Viotti et al. 2002;Hamaguchi et al. 2004). A kinetic
energy output of 1038:2 ergs s� 1 would thus require a mass-lossrate � 10� 4:3 M � yr � 1.
But this is surely an underestimate; expansionand escapingX-rays above 2 keV, rather
than soft X-rays, should account for most of the post-shock cooling, and part of the wind
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escapesto large radii without passingthrough the main shock front. Therefore, in a simple
model of this type the peakobserved He I I � 4687brightnessimplies an impressive secondary
mass-lossrate of more than 10� 4 M � yr � 1. Even if we have overestimatedthe peak � 4687
brightnessby a factor of 3 or 4, the remaining deducedrate of � 10� 4:5 M � yr � 1 would be
extraordinary for a hot massive star. Evidently this type of theory requiresthe extremely
unusual primary star to have a very unusual companion,without any clear evolutionary or
physical reason. Moreover, a secondarystar with such a fast and massive wind must be
very hot and luminous, and should therefore produce far more ionizing UV photons than
the primary does, including photons capableof ionizing He0. Although we do not yet have
enoughdata for a formal calculation, one would expect such an object to photoionize the
inner parts of the Homunculus nebula, causinghydrogen and He I emission,[Ne I I I], etc.,
brighter than the modestamounts observed there. We plan to addressthis detail in a future
paper.

In the above assessment, we consciouslytrimmed the values to favor the hypothesis
being tested. The adoptedpeak � 4687luminosity of 1036 erg s� 1 is, strictly speaking,about
30% lessthan we actually estimated in Appendix A; the assumedconversion e�ciency of
0.6%is most likely too high by a factor of 2 or 3; and weapplieda brightnessreduction factor
of 3 or 4 merely for the sake of moderation. If one repeats the exercisewith the peak 
ux
we observed and the \most likely" values,then the requiredmass-lossrate for the secondary
star becomesroughly 10� 3:5 M � yr � 1 or more instead of 10� 4:5 M � yr � 1.

Steiner& Damineli (2004)favored the fast secondarywind asthe main power sourcefor
He I I emission,even with a masslossrate of only 10� 5 M � yr � 1. They assumedthat most
of the secondarywind's kinetic energyis converted to He+ -ionizing photons between54 eV
and 100eV, and they also invoked a higher-than-normal e�ciency for � 4687recombination
emission. Both assumptionsrequire unspeci�ed physical processes.8 In standard colliding-
wind calculations for � Car (e.g., Pittard & Corcoran (2002)), most of the secondarywind
energyis accounted for by expansioncooling and moderate-energyX-rays, rather than pho-
tons below 100eV. Applying normal e�ciency factors, onepredicts a He I I � 4687luminosity
considerablybelow the value Steiner and Damineli quoted { as implied by our analysispre-
sented above. Their model also has a geometricaldi�cult y. For reasonsnoted in Section
9.1 below, those authors concludedthat most He I I emissionoriginated in the acceleration
zoneof the secondarywind, region 7 in Fig. 8. That small locale,however, cannot intercept

8The �rst of thesetwo assumptionswas basedon an extrapolation downward from X-ray energies,using
a steeppower-law energydistribution f � � � � 2:7. The exponent wasestimated from a �gure showing Pittard
& Corcoran's calculations for the range 1.2{10 keV, i.e., far above 100 eV. There is no stated theoretical
reasonfor the spectrum to follow such a power law below 1 keV.
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more than a few percent of the He+ -ionizing photonsproducednear the much larger shocked
regions. In other words, such a model entails a geometricale�ciency factor smaller than 0.1,
not included in any of the calculations.

The 3000km s� 1 secondarywind hasother disadvantagesfor the present purpose.With
such a high wind speed, most of the radiation created near a shock normally has photon
energieswell above 500eV, very ine�cien t for ionizing He+ . Moreover, the secondarywind
is expected to be relatively steady becauseno proposedtidal or radiative e�ects would ap-
preciably alter it, even near periastron. This fact precludessomeuseful e�ects that can be
invoked for the more sensitive primary wind (seebelow). In summary, basedon a combina-
tion of factors sketched above, the secondarywind is not likely to be the main power source
for the observed He I I � 4687emission.

The primary star's slower, denserwind providesa more likely energysupply, soft X-ray
supply, and location for the He++ region. With velocities in the range300 to 1000km s� 1,
it producescharacteristic shock-front temperatures kT . 1 keV, most likely 200{400 eV,
suitable for ionizing He+ . Steady massloss at a rate of 10� 3 M � yr � 1 (Cox et al. 1995;
Davidson et al. 1995;Hillier et al. 2001) is not adequatefor our purpose,but several e�ects
may improve the situation. For instance, there are independent reasonsto suspect that
a rapidly growing density enhancement occurs in low-latitude zonesof the primary wind
during a spectroscopicevent (Zanella et al. 1984;Davidson 1999,2002,2005b;Smith et al.
2003). Our analysisof the STIS data indicate that roughly 1053:5 He I I � 4687photons were
emitted during a 60-day interval in 2003,requiring a total input energyof the order of 1044:7

ergsif we assumean e�ciency of 0.3%. This equalsthe kinetic energyof 10� 4 M � moving
at 700km s� 1. A temporary \extra" mass-
ow rate of several times 10� 3 M � yr � 1, passing
through shock fronts for several weeks,would thus produce the observed amount of � 4687
emission. Moreover, if the velocities are unsteady, a complex structure of unstable shocks
can form around the star, not just at the interface with the secondarywind. Admittedly
the mass-ejectionidea is not an entirely satisfying solution to the energysupply problem for
� 4687,sinceit requiresa rather large temporary mass
o w rate; but it appearsbetter than
any proposedalternative, and the e�ects discussedin Section8 may help.

Regardingthe abrupt peak in the He I I � 4687brightness,note that the apparent time
scalemay be compressedin this scenario. If velocities tend to increaseduring an event, or
if an instabilit y in the shocked gasspreadsrapidly, then the time interval for conversion to
He I I emissioncan be shorter than the time during which the sameenergywasejectedfrom
the star. In other words, a moderate-speed wind (V < 1000 km s� 1) has somecapacity
for storing energywhich can then be releasedwith suitable time and sizescales.Sincethe
hypothetical material moves roughly 0.4 AU per day, the likely size scale is of the order
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of several AU, comparable to the periastron distance in a binary scenario. The abrupt
collapseof � 4687 emissionalso seemsreasonablein a mass-ejectionscenario,becausethe
ejectaquickly move outward beyond the localeof interest.

Here we have described somecharacteristicsthat appear favorable for a proper quanti-
tativ e model, which hasnot yet beendeveloped. Theseideasare broadly consistent with the
nature of � Car, the generalappearanceof a spectroscopicevent, and the requirements for
explaining the He I I emission. The energysupply appearsmarginal, but certain radiative
processesmay enhancethe � 4687production rate in this type of model. They are outlined
in the next section. Later, in Section9 we review broader interpretations.

8. Indirect Ampli�cation by He I I � 304

In a He++ region, trapped � 304 resonancephotons (He+ 1s{2p) greatly increasethe
population of He+ ions in the n = 2 level. This fact can enhanceHe I I � 4687emissionin
several ways:

1. Ordinary stellar UV photons with � > 13:6 eV can ionize He+ from its n = 2 level,
thus increasingthe extent of the He++ .

2. Trapped hydrogen L� photons may excite He+ ions from level 2 to level 4. (Stellar
continuum photonsshould alsobe consideredfor the samepurpose,seeAppendix C.)

3. If the optical depth for the 2{4 transition is appreciably larger than unity, then di-
rect decay from level 4 to level 2 becomesine�ectiv e becausethe resulting 1215.2�A
photons cannot easily escape. In that case,unlike a low-density nebula, almost every
\successful"decay from level 4 goesthrough level 3, producing a � 4687photon. This
is \nebular caseC" in the samesenseas the more familiar \case B."

Below we investigate these e�ects. Note, however, that our idealized approach tends to
overestimatethe enhancement factors, for reasonsmentioned later; a truly realistic analysis
would require a far more detailed model of the con�guration.

Suppose that someregion of interest, within a stellar wind, is expanding with local
velocity gradient jdv=dxj = � averagedover directions. Then, �a la Sobolev, the optical
thicknessin the � 304 feature along a straight path through the region is

� � 304 �
(3:4 � 10� 8 cm3 s� 1) n1

�
; (1)
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where n1 is the density of He+ ions in the 1s level at the location that contributes most
strongly to the path integral; this is fairly well de�ned if the local turbulent and thermal
velocity dispersion is not too large. The constant factor in eqn. 1 involves the oscillator
strength. In normal circumstances� � 304 >> 1, and the averageescape probability for a
� 304 photon is � � 1=� � 304 per scattering event (seeSection 8.5 in Lamers & Cassinelli
(1999)). Caveat: By assumingsimplehomogeneousexpansion,weareconsciouslyoptimizing
the entrapment of resonancephotons. Local instabilities and small-scalevelocity gradients
may decreasethe e�ects discussedbelow, possiblyby large factors.

Considerthe equilibrium densitiesof He+ ions in levels1 and 2, within the He++ region.
Critical parametersare:

� Rc2 � � B ne n(He++ ), the e�ective recombination rate per unit volume. Here we use
� B , the standard recombination rate passingthrough level 2. Although we do not
discussthis detail here,� B is a good approximation in the parameterrangeof interest.

� A1c, the photoionization rate per ion from level 1 (� > 54:4 eV). Note that the pho-
toionization cross-sectiondecreasesrapidly with photon energy, roughly � (� ) / � � 3.

� A2c, the UV photoionization rate from level 2 (� > 13:6 eV); this depends on the
Lyman continuum of the primary star, the secondarystar, or both.

� A21 � 7:5 � 109 s� 1, the � 304 decay rate. Here \level 2" includes both 2s and 2p,
sincecollisional transitions strongly mix them at relevant densities.

Other e�ects, e.g., collisional de-excitation from level 2 to level 1, are negligible. The equi-
librium equationsthen lead to the following densities:

n1 � (
� A21

� A21 + A2c
)

Rc2

A1c
� (

A21

A21 + A2c � � 304
)

Rc2

A1c
(2)

and

n2 �
A1c

� A21
n1 �

A1c � � 304

A21
n1 : (3)

If we de�ne a dimensionlessquantit y

� =
(3:4 � 10� 8 cm3 s� 1) Rc2 A2c

� A21 A1c
; (4)

then eqns.1, 2, and 3 together imply

n1 �
2

(1 +
p

1 + 4� )
Rc2

A1c
; (5)
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n2 �
4 �

(1 +
p

1 + 4� )2

Rc2

A2c
: (6)

With thesedensities,the optical depths in the 1{2 and 2{4 transitions turn out to be

� � 304 � (
2�

1 +
p

1 + 4�
)

A21

A2c
; (7)

� � 1215 �
1:13A1c

A21
� � 304

2 : (8)

We shall �nd that � & 1 is required for strong enhancement of � 4687 emission. This
parameterdependson location within the He++ region; � � 304 and � � 1215 are\lo cal" quantities
becausethey refer to the local Doppler velocity in the expandingmedium, in the standard
Sobolev manner.

Now let us review the enhancement e�ects. If � > 2, then A2c > � A21 in eqn. 2, and
most of the photoionization is causedby UV acting on level 2. In e�ect the � 304 photons
amplify the extent of the X-ray ionization, by tapping the stellar UV radiation �eld. The
local ampli�cation factor is

q1 =
A1cn1 + A2cn2

A1cn1
�

1 +
p

1 + 4�
2

: (9)

Next, one �nds that � � 1215, the optical depth for He+ 2{4 transitions, can be substantial.
Then \case C" rather than \case B" describesthe He+ recombination cascadeasmentioned
earlier; so we have a secondenhancement factor for the He I I � 4687production e�ciency
comparedto standard low-density nebular formulae. An adequateapproximation is

q2 �
1 + 0:44� � 1215

1 + 0:26� � 1215
: (10)

Meanwhile, trapped hydrogenL� photonswith suitable Doppler shifts can excite He+ from
level 2 to level 4, with rate A24. Since� � 1215 is large wherever this e�ect is signi�cant, we
canassumethat a � 4687photon results from every such event. The production rate per unit
volume is thereforen2 A24. A useful way to write this, using eqn. 6 for n2, is

n2 A24 = q3 Rc2 ; (11)

where

q3 �
4 �

(1 +
p

1 + 4� )2

A24

A2c
: (12)

We estimate A24 in Appendix B.
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Taking thesee�ects into account, the ratio of He I I � 4687photons to X-ray photoion-
ization events is approximately

Qe� � (0:2q2 + q3) q1 ; (13)

where the factor 0.2 is the corresponding production e�ciency in the standard low-density
casewhere� << 1. At a given location in the He++ region,Qe� can be estimatedfrom eqns.
9, 10, and 12.

SinceQe� is a local quantit y, in order to take a valid averagewe must exploremodelsof
the He++ region. Fortunately a simpli�ed geometricalstructure is adequatefor plausibility
assessments. Imagine,for example,a con�guration illuminated from onesideby soft X-rays {
crudely representing zone4 in Fig. 8. Becausethe lowest-energyphotonstend to beabsorbed
�rst, the ionization rate A1c decreasesrapidly with increasingdepth into the region. With any
reasonableionizing spectrum, A1c has a stronger gradient than the other quantities in eqn.
4; therefore� increaseswith depth. Thus the � 4687enhancement factors tend to be largest
in regionswhereonly the higher-energyphotons penetrate, typically � & 250eV. Provided
that the gasdensity is not too strongly correlatedwith depth in the region, local valuesof �
and Qe� are essentially determinedby the averageenergy� of photonsbeingabsorbed there;
consequently, the large-scaleshape of the He++ region{ plane-parallel,convex, concave, etc.
{ doesnot strongly a�ect the main results. Therefore,idealizedplane-parallelmodelsappear
adequateto estimate Qe� within a factor of two or most likely better. We calculated such
models for � Car with the following assumptions:

� The region of interest is located near r � 2:5 AU relative to the primary star. This
does not appear explicitly in the formulae, but it in
uences our choicesof the other
parameters. In a binary model, r � 2:5 AU is nearly optimum for the enhancement
e�ects; smaller valuesof r would require excessive orbital eccentricities and very rapid
periastron passage,while larger r implies smaller densities(seebelow).

� The expansionparameter is � � 0:8Vwind =r � 10� 6 s� 1. The true value cannot be
appreciably smaller than this near r � 2:5 AU in the expanding wind, while larger
values inhibit the � 304 entrapment by decreasingthe � -values.9 We shall say more
about parameterdependenceslater below.

9Incidentally , if the spatial thicknessof the He++ region is lessthan about (5 km s� 1)=� � 0:03 AU,
then the resonancephoton escape probabilit y � depends on the turbulent and thermal velocity dispersion,
not on the expansion rate � . In that caseone must use formulae in Section IV of Davidson & Netzer
(1979) rather than � � 1=� . This is one reasonwhy the calculations used here tend to overestimate the
enhancement e�ects. However, most of the � 4687enhancement occurs in \deep" zonesof the He++ region,
whosecharacteristic sizesare su�cien tly large.
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� The electron density is ne = (1010:5 cm� 3) � , where � is an adjustable parameter.
Note that � is of the order of unity in a wind-disturbance model but � � 0:25 in
the Pittard & Corcoran (2002) colliding-wind X-ray model. We also assumethat the
helium density is 0:15ne, appropriate for � Car.

� Consistent with the adopted densities, the local He++ recombination rate per unit
volume is Rc2 = (108 cm� 3) � 2. This is appropriate for a gas temperature around
30000K; and di�erent temperatures can be represented by small adjustments to � .
Inhomogeneitiesin the wind tend to increasethe volume-averagedvalueof � 2 but they
also increaselocal valuesof � ; here we ignore this detail becauseother uncertainties
are worse.

� The incident energy 
ux of photons between 54 eV and 550 eV is
R

F� d� = (5 �
1021 eV cm� 2 s� 1) � , where � is another adjustable parameter which we take to be
unity in most of our calculations. If � = 1, the total 
ux between54 eV and 550 eV
is 1037 ergss� 1 in an areaof 5.6 AU2.

� The assumedspectrum between54and 550eV hasshapeF� = constant , while photons
above 550 eV are absorbed by nitrogen instead of helium (and, therefore, may be
converted to lower-energyphotons which are included in our � parameter). A more
realistic spectrum shape would emphasizelower photon energies,thus decreasingthe
� 4687enhancement e�ects.

� Weassumethat the rate for ionization from n = 2 by stellar UV photonsis A2c � 104:1

s� 1, which seemsrealistic for either a binary or a single-starmodel (see,e.g.,Hillier et
al. (2005)).

� A21 = 7:5 � 109 s� 1 for He+ , a standard atomic parameter.

� A24, representing excitation by trapped hydrogenL� photons, is given by formula 4 in
Appendix B. We alsocalculatedmodelswith A24 = 0.

Figure 9 shows the resulting ratio of He I I � 4687 luminosity to the input soft X-ray
luminosity, as a function of � . This is a ratio of energy 
uxes, not photon numbers. The
upper curve includesexcitation by L� as estimated in Appendix B; the lower curve omits
that process.At least in principle, this �gure suggeststhat � 304entrapment can induce an
impressive amount of � 4687emission,possibly more than 10%of the soft X-ray luminosity
if � & 1. (In that case,of course, most of the energy supply comesfrom L� and the
stellar UV radiation �eld, not from the X-rays. The latter are necessaryto initiate the
process,but then the e�ects discussedabove amplify the results by large factors.) Equally
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important, theseprocessesare not strong enoughto explain the observed � 4687 emission if
the relevant density is low, � . 0:25. At moderately low densitiesthe emissione�ciency
F (� 4687)=F(soft Xrays) can be of the order of 0.01, which, though much higher than one
would get without the enhancement e�ects, is not adequateto explain the observations {
seeSection 7. Thus the e�ects discussedabove can play a major role in a densewind-
disturbanceor mass-ejectionscenarioasdiscussedin Section7, but they are of little help in
the lower-density colliding-wind model proposedby Pittard & Corcoran(2002).10

Can the other variable parameters � , � , and A2c alter this assertion? Within the
plausible ranges, we �nd that F (� 4687)=F(54 to 550eV) is approximately proportional
to � � 0:5 � � 0:45. The e�ect of the UV photoionization rate A2c is more complex: For � � 1
the � 4687production rate is roughly proportional to A � 0:7

2c , for � � 0:5 the precisevalue of
A2c scarcelya�ects the results,and for � . 0:25 the enhancement factors increasewith A2c;
but the enhancement is insu�cien t in that caseanyway. We also calculated somemodels
with a pseudo-thermalfactor exp(� �=500eV) in the input spectrum, and found � 4687e�-
cienciesabout 20%lessthan in the modelsoutlined above. In summary, � is the dominant
parameter.

Realistic � 4687enhancement factors may be far lessthan we estimatedabove, because
instabilities in the wind can produce local velocity gradients that help resonancephotons
escape. Moreover, any unrecognizedprocessthat destroys � 304 or L� photons would also
reducethe e�ects discussedhere. Thus, in a sensewe have derived upper limits .

The essential result for � Car is that � 4687emissioncanbe substantially enhancedonly
in a regionwherethe electronand ion densitiesexceed,roughly, 1010:2 cm� 3 (� & 0:5). This
may reduce the energy supply di�cult y for the type of model we advocated above, with
temporary high densities. The observed rapid growth and declineof the feature around its
maximum seemto make sensein this case,becausethe ampli�cation factor is quite sensitive
to the gas density. However, the same e�ects do not provide su�cien t ampli�cation at
densitiesbelow 1010 cm� 3 (� < 0:3). Therefore they seemunlikely to account for � 4687in
the lower-density type of colliding wind model calculatedby Pittard & Corcoran(2002).

Conceivably the He I I � 4687might be excited by stellar photonsnear1215�A, absorbed
by He+ ions in the n = 2 level. According to a brief assessment sketched in Appendix C,
this phenomenonmay account for an equivalent width of the order of 0.1 �A but not much
more { so it, too, appearsto be inadequatein a low-density model.

10The enhancement e�ects are weak in the secondarywind's acceleration zone, region 7 in Fig. 8, which
Steiner& Damineli (2004)proposedasthe He I I emissionregion. Onereasonis that the expansionparameter
� is large there.
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Unfortunately thesequantitativ e resultsdependtoo strongly on the geometricalassump-
tions for us to feel entirely con�dent about them. For reasonsnoted above, most likely we
have overestimated the enhancement factor. (This is especially true for region 6 in Fig. 8.)
On the other hand, sincethe basicparametersare poorly established,an inventive theorist
may be able to construct a low-density model by carefully tailoring the assumptions. Ob-
viously this problem needsmore work, including realistic simulations with the appropriate
radiative processesand gas-dynamicalinstabilities.

9. Implications

9.1. Concerning Eclipses

Even without emissionrate analyses,our measurements of He I I � 4687are di�cult to
reconcilewith the eclipseexplanation for � Car's spectroscopicevents advocated by Pittard
et al. (1998), Pittard & Corcoran (2002), Steiner & Damineli (2004), and others. Here the
term \eclipse" meansthat an event occurswhen the secondarystar and X-ray region move
behind the far side of the primary stellar wind. Someof the arguments listed below are
individually not strong, but collectively they indicate that the emissiondid not behave as
onewould expect in a straightforward eclipsemodel.

1. For reasonsdiscussedearlier, the He I I emissionand the X-rays probably originated in
the samelocale; no one has suggesteda plausible alternative. Yet the � 4687feature
peaked much later than the 2{10 keV X-rays { in fact, at a time when the observable
X-ray 
ux had already fallen to a small fraction of its maximum. As M. Corcoranhas
remarked (priv. comm.), in an eclipsemodel this implies that the X-rays at that time
werestrongly absorbed by the intervening primary wind, but the He I I � 4687emission
was not. The wind, however, is not fully transparent near 4680 �A; column densities
su�cien t to thoroughly block X-rays above 6 keV would also causevisual-wavelength
Thomsonscatteringwith optical depthsof the order of unity (Morrison & McCammon
1983). More important for our argument, the apparent He I I emissionrosedramatically
while the observed 2{10 keV X-rays fell. This fact hasnot beenexplainedin an eclipse
model, but is relatively straightforward in non-eclipsemodels (seeSection9.2).

2. The He I I � 4687feature disappearedquite rapidly after its peak (Section 6.2 above,
and Steiner & Damineli (2004)). During that time interval the secondarystar moved
only about 1 AU along its relative orbit { comparableto the sizeof the likely He I I

emissionregion (Fig. 8). The intervening \ob ject" in almost every proposedeclipse
model is the polar wind of the primary star, not the star itself. Therefore,if the rapid
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disappearanceof the He I I featurewasan eclipsephenomenon,the primary wind must
be unexpectedly sharp-edgedin somesense.This statement is too ill-de�ned to be a
strong argument against the eclipseidea, but it doesposean additional constraint {
while, by contrast, a disappearancetimescaleof 5{10 days is unsurprising if it wasdue
to other causesas we suggestbelow.

3. As mentioned in Section6.2 above, VLT/UVES observations of location FOS4 in the
Homunculus showed a disappearanceof the 4680�A emissionat about the sametime
as in our direct view { a little earlier, perhaps,but essentially at the sametime (Stahl
et al. 2005). Sincethoseobservations represent a re
ected pole-onview of � Car, there
is no reasonfor them to show the postulated eclipse. Thus there are two choices:
(a) If the rapid disappearanceof He I I emission in our direct view was due to an
eclipse,then a separateexplanation must be found for the VLT/UVES results, with a
fortuitous near-coincidencein timing. (2) Alternativ ely, the He I I � 4687behavior was
dominated by other e�ects which applied in both directions, and had little to do with
the X-ray eclipse. Either choice is unpalatable if one desiresa simple model. (In this
connection, note that most proposedeclipsemodels require the event to occur very
near periastron, in which casesomee�ects depend on the eclipsebut others depend
on periastron passage.This coincidenceof eclipseand periastron requiresan entirely
fortuitous special orientation of the orbit.)

4. At its maximum, the � 4687emissionpeak had a Doppler velocity near � 450 km s� 1

(Fig. 4). In an eclipsemodel, however, the emissionregion at that time should have
beenon the far side of the primary star, where the apparent Doppler velocity of the
primary wind is positive. In order to reconcile this with the observed He I I pro�le
Steiner & Damineli (2004) concludedthat the He I I emissioncomesfrom region 7 in
the secondarywind rather than region 4 in the primary wind (Fig. 8). The resulting
geometrice�ciency factor (< 0:1, noted in Section7.2)makesthat suggestiondi�cult if
not impossibleon energy-supplygrounds. Region4 hasfar better parametersfor He I I

emission. In a non-eclipsemodel the observed velocity seemsmore or lessreasonable
for Region4, becausethere is no needfor it to be locatedon the far sideof the primary
star at the critical time { seeSection9.2 below.

5. According to our analysis,the observed maximum He I I � 4687luminosity appearsto
indicate a higher primary-wind density than Pittard & Corcoran(2002) found suitable
for their eclipsemodel. The higher density is neededto provide an adequateenergy
supply for soft X-rays (Sec.7) and to allow radiative enhancement processes(Sec.8).

Evidently, then, the eclipsehypothesisrequiresone or more additional phenomenaas well
as a special orbit orientation.



{ 26 {

9.2. Mo dels Without Eclipses

There is an alternative scenariothat does not depend on an eclipse. Others are con-
ceivable, someof them with only a single star, but this one is easiestto describe. Assume
that a hot companionstar follows a highly eccentric orbit whoseapproach-to-periastron and
periastron itself are not on the far sideof the primary. Colliding winds producethe observed
2{10 keV X-rays in the usual manner (Stevens et al. 1992;Pittard & Corcoran 2002). As
the secondarystar approaches periastron, the shocked gas becomesdenser; this increases
the radiative fraction of cooling there, with two well-known results seenin the observations
(Ishibashiet al. 1999;Corcoran2005): The X-ray luminosity increasesand the shock surfaces
becomesomewhatunstable. Next, supposethat near periastron the secondary star's tidal
and radiative forces induce a major disturbance in the primary star's inner wind (Davidson
1999,2002,2005b). This may be the massejection proposedby Zanella et al. (1984), or
a temporary alteration of latitude dependencessuggestedby Smith et al. (2003), or some
combination of both; and it neednot have either sphericalor axial symmetry. Anyway the
relevant gasdensity increasesrapidly, perhapsby a large factor.

As Davidson (2002) proposed,one result may be a catastrophic breakup of the large-
scaleshock structure. High densities imply high radiative e�ciencies which promote the
instabilities described by Stevenset al. (1992). Pittard & Corcoran(2002) remarked that in
their calculated models for � Car, the primary-wind side of the shock structure is unstable
but the secondaryside,whereobservableX-rays above1 keV originate, is stableby moderate
factors. A seriousdensity increasewould reducethe stabilit y margin of the latter and may
evendestabilizeit. 11 The entire structure would thusbecomemorechaotic and morecomplex
than it was earlier. The resulting combination of oblique anglesof shock incidence and
multiple subshocks tends to reducethe averagetemperature in the shocked gas. The 2{10
keV X-rays then fade and disappear for two reasons:(1) The overall production spectrum
softens. (2) Column densitiesthrough the freshly ejectedgasare of the order of 1024 ionsper
cm2, comparableto thoseinvoked in an eclipsemodel, even though the X-ray sourceregion
is not on the far sideof the primary.

The observed X-rays becameremarkably unsteady before the 1997 and 2003 events
(Ishibashi et al. 1999;Corcoran2005). Thus it seemsfair to deduce,empirically and without

11Near periastron, their parameter � is of the order of 10 on the secondaryside; instabilit y tends to arise if
� . 1. Basedonly on their models, onemight argue that � would still exceedunit y after, say, a factor-of-ten
density increase.However, thosemodelsare simpli�ed in various respects, their quantitativ e assumptionsare
debatable,and the stabilit y criterion is rather ill-de�ned; soour suggestionis not fundamentally implausible.
Seealso an \empirical" remark a little later in the text.
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referenceto detailedmodels,that the pre-event shock structure wassusceptibleto disruption
of the type envisionedhere. Given the large-amplitude2{10 keV 
aring seennearmaximum,
it would be surprising if a large rapid density increasedoesnot alter the structure.

In this scenariomost of the observed ultraviolet-to-infrared spectroscopicchangesoccur
becausethe additional out
o w temporarily quenches the ultraviolet 
ux, as Zanella et al.
(1984) originally proposed.This is true even if the hot secondarystar producesmost of the
ionizing UV, and the observed delay betweenthe 2{10 keV X-ray maximum and the main
UV-to-IR event (Fig. 7) seemsreasonable(seebelow). We have no quantitativ e model for
the UV-to-IR e�ects, but nonehasbeendeveloped for the eclipsehypothesiseither.

A mass ejection or wind disturbance model appears well adapted to explaining the
He I I � 4687emission,for three reasons:(1) Chaotic, vigorously unstable shocked gas can
producecopioussoft X-rays and extremeultraviolet emissionsuitable for ionizing He+ . (2)
The out
o wing material provides a temporary energysupply as noted in Section 7 above.
(3) Enhanced densities in the primary wind are favorable for the radiative ampli�cation
processesdescribed in Section 8. This type of model avoids the di�culties that apply to
eclipsemodels, as listed in the precedingsub-section. The delay between the observed 2{
10 keV X-ray maximum and the He I I maximum is particularly noteworthy. During that
interval, we suspect, soft X-ray production (� < 500 eV) increasedas the shock structure
becamemore unstable. Indeed, in a model of this type the 2{10 keV X-rays play almost no
role in the main event. The duration of the wind disturbancemust be several weeks,roughly
the time from the 2{10 keV X-ray maximum to the He I I � 4687peak; this may represent
the time interval when the secondarystar is closeto periastron in an appropriate dynamical
sense. The rapid timescaleof the � 4687 decay also seemsreasonablefor the last \extra"
ejectato exit the vicinit y. A characteristic 
o w speed� 500km s� 1 and a characteristic size
scale� 1 AU would imply a timescale� 3.5 days, comparableto but comfortably shorter
than the observed times of growth and decline.

As mentioned above, this type of model requirescolumn densitiesof the order of 1024

cm� 2, or possibly more, at the time of the event. Thereforethe optical depth for Thomson
scattering of the � 4687emissionmay be appreciable.Sincethe emissionzoneis not on the
far sideof the primary star, this doesnot increasethe energyproblem; much of the scattered
light will emergein our direction. However, the line wings near maximum may be strongly
a�ected by Thomsonscattering.

Ishibashi (2001)hasnoted that � Car's 2{10 keV X-ray variations areeasiestto explain,
through most of their 5.5-year cycle, if the major axis of the eccentric orbit is roughly
perpendicular to our line of sight; seeFig. 1 in Davidson (2002). A few spectroscopicdetails
observed with HST/STIS support the sameidea (Davidson et al. 2005a). Such an orbit
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orientation is very di�erent from the eclipsemodels cited above but it would be consistent
with a wind-disturbancemodel. If this orientation is moreor lesscorrect, then we expect the
secondarystar to movebehind the primary wind a fewweeksafter the observedevent { i.e., at
a time whenit haslittle obviouse�ect on the main observables. The post-event spectroscopic
and X-ray recovery may depend on emergencefrom the true eclipse,but detailed modelsare
neededto assessthis question.

9.3. Summary

The HST/STIS observations con�rm that an emissionfeature arosenear 4680 �A just
before� Car's mid-2003spectroscopicevent, and that it originated fairly closeto the central
star. The most likely identi�cation is He I I � 4687. Several details in
uence the theoretical
picture.

1. Our measurement of the feature'smaximum 
ux is more than twicewhat wasreported
by Steiner & Damineli (2004).

2. The relationship between the observed 2{10 keV X-rays and the He I I emissionis
complexand indirect (Section6.4). This is a good exampleof a seldom-notedcircum-
stance:For a physical model of � Car's spectroscopicevents, the UV-to-IR observables
(e.g. those shown in Fig. 7) are far more crucial than the 2{10 keV X-rays. They
represent larger energy
o ws, and they represent processesat various locations in the
denseprimary wind, rather than merely the shock surfaceof the secondarywind. The
2{10 keV X-ray peak doesnot coincidein time with the spectroscopicevent.

3. We detectedno He I I emissionbefore2003or after 2003.5.

4. Our analysis indicates that rather high densities, higher than in someproposedX-
ray models, are neededto provide an adequate energy supply and allow radiative
enhancement processes.

5. The energysupply and observed line pro�le strongly imply that the emissionoriginates
in region 4 (Figure 6).

6. The Doppler velocity of the line peak, roughly � 450km s� 1 at the time of maximum,
is di�cult to explain in an eclipsemodel.

A wind-disturbancemodel for � Car's spectroscopicevents is logically simpler than an
eclipsescenario.At �rst sight this assertionmay seemnovel, sinceeclipsesarefairly common
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in astronomy while the postulated wind disturbancerequiresa stellar instabilit y. However,
a number of observations indicate that the eclipseidea does not su�ce by itself; it needs
additional phenomenato work. In section 9.1 we listed someof these indications related
to He I I � 4687. There are others (Davidson 1999;Davidson et al. 2005a;Davidson 2005b),
and Corcoran (2005) has recently acknowledgedthat someaspects of the 2{10 keV X-ray
observations may imply a wind disturbance. Thus it now appearsthat a wind disturbanceis
required, evenif there is an eclipse. Moreover, as noted in subsection9.2 and by Davidson
(1999) and Davidson (2002), a substantial mass-ejection event would cause the 2{10 keV
X-rays to disappear with no need for an eclipse.

A mass-ejectionor wind disturbance is potentially signi�cant for stellar astrophysics
and gas dynamics in general; it requiressomeundiagnosedsurfaceinstabilit y which must
depend on the the primary star's structure. For an ordinary object one hesitatesto invoke
an \undiagnosedinstabilit y," but during the past 200years� Car has repeatedly exhibited
other phenomena�tting that description.

In view of all the unexplainedfacts, the emissionnear 4680�A constitutes a signi�cant
and interesting theoretical problem. Like many other outstanding puzzlesinvolving � Car,
it may relate to several branchesof astrophysicsand deservescareful attention.
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A. In trinsic Luminosit y of the Observ ed Emission Feature

Eta Car's large and uncertain circumstellar extinction makesit di�cult to convert the
observed He I I � 4687 
ux directly to an intrinsic luminosity. Fortunately, however, the
star's intrinsic brightness is known to a useful accuracy, independent of the circumstellar
extinction. Therefore the best approach is to use the underlying stellar continuum as a
calibration reference.Basedon theoretical considerationsaswell as the spatial resolution of
STIS, we assumethat the � 4687emissionoriginatesin the dust-freeregionwithin about 150
AU of the star. One could estimated the continuum brightnessfrom a theoretical model of
� Car's wind, but that approach seemsunsafeto us becauseit requiresa number of implicit,
mostly unexpressedassumptions. We prefer to use� Car's brightnessobserved 200 to 400
yearsago,beforethe Great Eruption producedthe circumstellar extinction. This approach
requires two critical assumptions: that the star's luminosity has not changed much, and
that circumstellar extinction wassmall before1800. Both seemconsistent with all available
theoretical and observational data.

This preprint was prepared with the AAS LATEX macrosv5.2.
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Before1800the star varied betweenfourth and secondmagnitudeat visual wavelengths,
with (probably) little changein total luminosity. In the fainter state, the continuum resem-
bled a hot star with a relatively transparent wind; and the second-magnitudestate occurred
whenever the wind becamedenseenoughto form a photospherecooler than 9000K (David-
son& Humphreys1997). The present-day state of the wind is closerto the hotter case,but,
most likely, with a somewhatincreasedmass-lossrate; therefore the brightnesswould now
be third or fourth magnitude if the circumstellar extinction were not present. We adopt
V � 3:5, which implies V0 � 2:0 when correctedfor interstellar extinction. The r.m.s. un-
certainty is perhaps0.5 magnitude,but this is non-Gaussianin the sensethat an error worse
than about 0.8 magnitude seemsvery unlikely. If the intrinsic color is (B � V)0 � � 0:1
basedon the wind's spectroscopiccharacter (this detail doesnot strongly a�ect our result),
and if D � 2:3 kpc, then � Car's intrinsic luminosity per unit wavelength near 4687�A is
about 6� 1035 ergs� 1 �A � 1. This is about 40%larger than Steinerand Damineli's calibration,
a reasonableagreement in view of the uncertainties.

Therefore an emission equivalent width of 1 �A corresponds to intrinsic luminosity
L(� 4687) � 6 � 1035 erg s� 1 or 1:4 � 1047 photons per second. If this is an over-estimate
worse than a factor of about two, then someunderlying assumption that we share with
Steiner& Damineli (2004)must be fundamentally incorrect { which would be interesting in
itself.

As discussedin Section5, the STIS data indicate that the He I I � 4687equivalent width
brie
y reached 2.4 �A around MJD 52813.8(Table 2, Fig.4), with a very broad velocity
dispersion. This value correspondsto L(� 4687) > 1:4 � 1036 erg s� 1, an impressive amount
even if we were to reduceit by a factor of two or three merely for the sake of moderation.

B. L � and the A24 Rate

Hydrogen L� � 1215.7with a suitable wavelength shift can excite He+ from its n = 2
level to n = 4 (1215.2�A), and subsequent decay to n = 3 producesa � 4687photon. If we
measurewavelength or frequencyin terms of the Doppler parameter v = (� � � L� )=� L� ,
the He+ 2|4 transition occursat vHeI I � � 120km s� 1. Let us represent the L� radiation
�eld by an equivalent temperature Trad (v), such that the photon energydensity or average
speci�c intensity at v is given by the Planck formula at that temperature. This equivalent
temperature is determinedby the hydrogenpopulation ratio n2=n1 and by the optical depth
at v. The resulting excitation rate for a He+ ion in its n = 2 level is

A24(He+ ) � (5 � 108 s� 1) exp(�
118400K
Trad (vHeI I )

) ; (B1)
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basedon the transition probability A42 for He+ , statistical weights, and transition energy.
Here we estimate Trad (vHeI I ) in the inner wind of � Car.

Again consideringa regionnear r � 2:5 AU, we usethe sameexpansionrate � and gas
density parameter � as in Section8, and the following rates for hydrogen:

� RH;c2 � � B nen(H+ ) � 108 � 2 cm� 3 s� 1, the recombination rate through level 2.
This is accidentally equal to the value that we usedfor helium in Section 8, but the
details di�er. The temperature dependenceis modestcomparedto other uncertainties,
and can be incorporated in the density parameter � .

� AH;1c � 104:4 s� 1, the photoionization rate from level 1. This is approximately equal
to 1:8A2c(He+ ) (Section 8) becauseit involves the sameUV 
ux between13.6and 24
eV.

� AH;2c � 105:8 s� 1, the photoionization rate from level 2. Sincethis involvesmainly the
primary star's 
ux in the Balmer continuum, it is lessuncertain than RH;c2 and AH;1c .

� AH;21 � 4:7 � 108 s� 1, the decay rate that producesL� .

Collisional transitions mix levels 2s and 2p, other collisional transitions are negligible, etc.
Most of the formulae in Appendix A apply to the trapped L� photons, except that for
hydrogenwe must replaceeqn. 1 with

� L� �
(1:34� 10� 7 cm3 s� 1) nH;1

�
; (B2)

and 1:34� 10� 7 cm3 s� 1 must be substituted for 3:4� 10� 8 cm3 s� 1 in the formula analogous
to eqn. 4. The latter then indicates that � H � 0:7 � 2. For example, in a densemodel
with � � 1 we �nd � L� � 360 and nH;2=nH;1 � 0:02 which corresponds to an excitation
temperatureslightly above22000K. This meansthat Trad is about 22000K at any wavelength
whereL� is optically thick.

However, at vHeI I � � 120km s� 1 the gasis probably not optically thick, sincenearly
all surrounding material has positive v relative to the location of interest. The wavelength
di�erence is solarge that the natural line wing dominates. Using the appropriate Lorentzian
pro�le in the path integral that led to eqn.B2 for the line center, one�nds an optical depth

� (vHeI I ) � � (
� L� AH;21

4� 2vHeI I
) � L� � 10� 4:8 � L� � 0:006: (B3)
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Including this factor, Trad (vHeI I ) is reducedto only about 11400K. A practical approximation
for the resulting He+ excitation rate is

A24(He+ ; L� ) � (23000s� 1) (
AH;1c

104 s� 1
)� 0:75 � 3 � (15000s� 1) (

A2c(He+ )
104 s� 1

)� 0:75 � 3 ; (B4)

which agreeswith our formulae to an accuracybetter than 15%in the range0:4 < � < 3,
103:9 s� 1 < AH;1c < 104:9 s� 1. Larger valuesof � areunlikely in this context, and for smaller
valuesthe excitation processis relatively weak.

C. Excitation by Stellar Radiation near 1215 �A

Stellar radiation near 1215.2�A can excite He+ from level 2 to level 4. The details are
very di�erent from excitation by trapped L� photons,becausestellar radiation arrivesfrom
outsidethe He++ region. As a simpleexample,imaginea small sub-regionwith volume� V ,
illuminated by a beam of continuum radiation with 
ux F� . The gas in � V is expanding
with rate � de�ned in Section /refradexcite. If the Sobolev-style local optical depth � � 1215

is fairly large, onecan show that the total amount of radiation scatteredby He+ in volume
� V is approximately (� F� )( � � V=c). This is extracted from a wavelength interval � � that
dependson the velocity dispersionwithin � V . Therefore,if � � 1215 & 1 in our � Car problem,
then the total rate of scattered photonsis proportional to the volumeof the He++ region. In
contrast to the e�ects described in Section8, this favors low-density cases.(If the density
becomestoo low, however, then � � 1215 becomessmall.)

Considerincident radiation from the primary star, or rather from the opaqueinner wind.
Initially let uspretendthat its luminosity spectrum is a smooth continuum L � . Supposethat
every photon within Doppler interval � � = � � v=c centered near 1215�A, and within solid
angle 
, is intercepted by a He+ ion in its n = 2 level and thereby converted to a photon
pair at 4687and 1640�A (the 4{3 and 3{2 decays). Then, relative to the star's continuum,
onecan show that the equivalent width of the resulting pseudo-emissionline at � 4687is

EW � (� 4687) � (1215�A) (
� v
c

) (


4�

) S � (0:4 �A) (
� v

100km=s
) (



4�

) S ; (C1)

where

S =
(� L � )� 1215

(� L � )� 4687
: (C2)

For instance, the Planck formula would give S = 0.56 and 2.2 for T = 15000K and 20000
K respectively. Consideringthat a L� absorption line is formed in innermost layers of the
wind, it would be di�cult for S to appreciablyexceed1 in the caseof � Car. In a colliding-
wind binary model, the spherical coveragefactor 
 =4� is lessthan 0.1 and the applicable
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� v is not likely to exceed200 km s� 1 even in a low-density model. Therefore the He I I

� 4687\emission" due to this processmay have an equivalent width of the order of 0.1 �A
near periastron, but not appreciablymore.

The hypothetical companionstar must be quite hot as discussedelsewhere;and, based
on the lack of an impressive photoionizedH I I regionin the inner Homunculus, its luminosity
cannot be much more than 10% that of the primary. Combining these factors, its value
of L � (� 1215) is less than 10% of the value for the continuum of the primary (or rather
the primary's inner wind), and most likely less than 5%. Therefore, even though its L�
absorptionsline is presumablyweaker and its applicable covering factor 
 =4� might be as
large as 0.5 rather than lessthan 0.1, the secondarystar cannot substantially increasethe
above estimate.

L� photons from the secondarywind are less important in this connection than the
stellar radiation, becausethe hypothetical secondarywind is not particularly dense.

Sincewehaveemployedseveral uncertain parametershere,a model with di�erent results
seemspossiblethough unlikely. More detailed calculationsare obviously needed.
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Fig. 1.| Maps of 4680�A emission(left), 4744�A continuum (right), and an HST ACS/HRC
F330W imageat the samescale(insert lower left). The mapsare madefrom seven separate
STIS slits observedbetweenMJD 52764(2003.34)and MJD 52813(2003.47)with the relative

ux scalein the center. The diagonalhashedarea is not coveredby any slit and cross-hairs
mark the location of the central star. The map is slightly smeareddiagonally from lower
left to upper right becausethere is no spatial resolution for an individual spectrum in the
dispersion direction. The slight asymmetry with respect to the position of the central star
in the map of 4680 �A emissionis a product of the pixel interpolation method and is not
present in the raw STIS data.
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Fig. 2.| A comparisonof the observed 
ux pro�les of other He I I lines observed on MJD
52813.8with the pro�le observed near He I I � 4687(solid line in both panels). Seetext for
full description. Top panel: a comparisonwith the observed 
ux near He I I � 10126(dotted
line). Bottom panel: a comparisonwith the observed 
ux near He I I � 5413(dotted line).
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Fig. 3.| A demonstrationof the e�ects of di�erent continuum levels(horizontal dotted lines)
on the 
ux measuredwithin the integration limits (vertical dotted lines). The spectrum on
MJD 52813.8(solid line) is plotted with the scaled
ux rangeobserved when the feature is
not present (gray envelope). Note that we use the the lower continuum level estimated at
4744�A. It is consistent with the continuum near 4605�A as well as the 4680�A 
ux observed
when the feature is not present.
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Fig. 4.| A time sequenceshowing the changein the 4680�A emissionfeature. The solid line
is the scaled
ux on that MJD (continuum 
ux = 1). For comparison,the gray envelope is
the rangeof scaled
uxes observed when the 4680�A feature wasnot present. Thesetracings
have not beensmoothed.
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Fig. 5.| A samplingof STIS/CCD spectra from times when4680�A wasnot present. These
weresmoothed with � � � 0.5�A. At the top is the averagescaled
ux of thesedata. Second
from the bottom is the spectrum reported by Steiner & Damineli (2004) on MJD 52986
when we detect no trace of the feature. The dashedhorizontal lines denote the continuum
as determinedby the average
ux between4742.5�A and 4746.5�A.
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Fig. 6.| A comparisonof the STIS spectrum (top panel of each set) of the central star
with a corresponding VLT/UVES spectrum at a location in the Homunculus labeledFOS 4
(bottom panel of each set), with the delay noted (picked to be comparableto the estimated
20 day di�erence introducedby light travel time). Adjacent pixels in the VLT/UVES data
have beencombined so that data is plotted with the samespectral resolution as the STIS
data (� � � 0.3 �A). The gray envelope plotted with the STIS data is the sameas in Figure
4. The vertical dotted line marks the rest wavelength of He I I � 4687in the STIS data and
is shifted in the VLT/UVES spectrum to the velocity of the re
ecting ejecta.
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Fig. 7.| A comparisonof the temporal evolution of the 4680�A emissionfeature strength
(d) relative to: the near infrared H magnitude brightness (Whitelock et al. 2004) (a), the
strength of the H� P-Cygni absorption (Davidson et al. 2005a)(b), and the 2{10 keV X-ray

ux (Corcoran 2005)(c).
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Fig. 8.| Schematic classi�cation of ionization zonesthat may exist in the wind-wind in-
terface between the primary (A) and hypothetical secondary(B) stars. Seetext for a full
explanation. In reality the shock fronts and regionsdo not have simple geometriesand they
certainly vary with time.
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Fig. 9.| The ratio of He I I � 4687to the input soft X-ray 
ux asa function of � . The upper
curve includesexcitation by Lyman � and the lower curve omits that factor.
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Table 1. Predicted He I I Line Fluxes

W avelength Relativ e Predicted Detection
( �A in Vacuum) Strength a Flux e Limit b Notes

1640 8.150 601. 5.70 High extinction d

2386 0.104 10.3 6.52 High extinction c

2512 0.193 14.2 5.81 High extinction c

2734 0.257 19.0 5.87 High extinction c

3204 0.469 34.6 6.02 Confusion with other features c

3797 0.003 0.221 9.26 Blend with Balmer line
3925 0.008 0.590 6.96
4101 0.015 1.11 8.75 Blend with Balmer line
4339 0.026 1.92 6.90 Blend with Balmer line
4543 0.036 2.66 7.18
4687 1.000 73.8 7.69
4861 0.053 3.91 7.82 Blend with Balmer H �
5413 0.080 5.90 16.0
6562 0.134 9.88 15.7 Blend with Balmer H �
10126 0.237 17.5 19.8 High CCD noise

a Relativ e to F(He I I 4687 �A )=1.0. T ak en from Osterbro ck (1989) for T=40,000 K and
4� j � 4686 =N H e++ N e = 3:48 � 10 � 25 (erg cm � 2 s� 1 ).

b Minim um detectable line 
ux (� min =
�

f �
( S =N ) 1

�
� 0

p
2� � ( vw =c)) in units of erg

cm � 2 s� 1 � 10 � 13 for the STIS/CCD data at that wavelength ( � 0 ) giv en the S=N and
lo cal con tin uum 
ux ( f � ) assuming that the line has a Doppler width ( v w ) of ab out 600 km
s� 1 .

c Hea vy line blank eting made it di�cult to sample the con tin uum so the STIS Sp ectro-
scopic Exp osure Time Calculator (h ttp://apt.stsci.edu/w eb etc/stis/stissp ec.jsp) was used
to compute the exp ected S/N for the sp ectrum.

d The detection limit is estimated for our E140M MAMA observ ation using the STIS Sp ec-
troscopic Exp osure time calculator. If the MAMA data were binned to the same resolution
as the CCD data, the detection limit would b e a factor of

p
2 smaller.

e Predicted 
ux in erg cm � 2 s� 1 � 10 � 13 . Calculated without considering extinction
e�ects.
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Table 2. MeasuredFlux and Equivalent Width of the 4680�A Feature

Con tin uum Line Line EW d

MJD Year Lev el a S=N b Flux c ( �A)

50891.4 1998.21 1.32 79 -0.12 � 0.22 -0.09 � 0.16
51230.5 1999.14 2.27 126 -0.47 � 0.23 -0.21 � 0.10
51623.8 2000.22 3.16 140 -0.10 � 0.30 -0.03 � 0.09
52016.8 2001.29 2.71 109 -0.63 � 0.32 -0.23 � 0.12
52294.0 2002.05 2.65 110 -0.26 � 0.31 -0.10 � 0.12
52459.5 2002.51 2.58 130 -0.29 � 0.26 -0.11 � 0.10
52683.1 2003.12 2.49 121 0.82 � 0.27 0.33 � 0.11
52727.3 2003.24 2.65 102 0.67 � 0.34 0.25 � 0.13
52764.3 2003.34 2.36 97 2.20 � 0.32 0.93 � 0.13
52778.5 2003.38 2.56 118 2.22 � 0.28 0.87 � 0.11
52791.7 2003.42 2.74 144 3.35 � 0.25 1.23 � 0.09
52813.8 2003.47 3.09 107 7.38 � 0.37 2.38 � 0.12
52825.4 2003.51 3.18 113 0.25 � 0.37 0.08 � 0.11
52852.4 2003.58 3.25 108 0.06 � 0.39 0.02 � 0.12
52904.3 2003.72 4.38 148 -0.03 � 0.34 -0.01 � 0.09
52960.6 2003.88 4.80 150 -0.03 � 0.37 -0.01 � 0.09
53071.2 2004.18 4.69 140 -0.28 � 0.44 -0.06 � 0.09

a The adopted con tin uum lev el f � in units of 10 � 12 erg cm � 2 s� 1 �A � 1 ,
not corrected for extinction. See text.

b Relative r.m.s. statistical error in a 0.28 �A sample of the con tin uum.
Estimated from disp ersion in the data, see Section 6.3.

c Net 
ux in the 4680 �A feature in tegrated from 4675 �A to 4694 �A, in units
of 10 � 12 erg cm � 1 s� 1 . Positiv e values are emission ab ove the con tin uum
lev el.

d Measured equiv alen t width of 4680 �A emission in the range 4675{4694
�A, with no assumptions ab out line shap e. Positiv e values are emission
ab ove the con tin uum lev el.

Table 3. Relative NoiseLevels and Constraints on He I I Emissionin STIS Data Before
2003.00and After 2003.50

MJD a Year S=N b E.W. (m �A) c

50891 1998.21 127 +24 � 36
51230 1999.14 133 +1 � 34
51624 2000.22 109 -50 � 42
52017 2001.29 114 -61 � 40
52294 2002.05 137 +14 � 34
52460 2002.51 119 +33 � 38
52683 d 2003.12 102 +182 � 45
52825 2003.51 137 -37 � 36
52852 2003.58 164 +44 � 29
52904 2003.72 128 +27 � 36
52961 2003.88 130 +43 � 35
53071 2004.18 156 +18 � 29
(a vg) e � � � 345 -11 � 14

a Mo di�ed Julian Da y Num b er

b Relativ e r.m.s. noise in a 0.28 �A sample,
see text

c Formal emission equiv alen t width in
least-squares �t

d He I I emission was clearly presen t at
2003.12; included for comparison only , see
text

eResults in sp ectrum averaged over all
these data sets except 2003.12, see text


