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ABSTRACT

Context. Starburst galaxies produce the most massive star clugtersrk with masses up to several million,Mrhe work presented
here is part of a larger study with the goal to gain a more ttainderstanding of the nature of these so-called supeclsisters,
their stellar populations and the surrounding gas and dushich they are formed.

Aims. The objective of this work is to accurately determine vasiguoperties of massive star-forming regions: the age oftbiar
populations, the amount of extinction obscuring the stastelrs, the present-day upper mass utbe cluster masses and the density
of the surrounding interstellar matter.

Methods. We obtained medium-resolution spectra in the J-, H-bKnd of the four brightest near-infrared peaks in the Anéen
(NGC 40384039) overlap region. By comparing the continuum emissiuh the observed strength of the hydrogen recombination
lines with predictions by models of embedded star clusteesjetermine the cluster masses and ages. Furthermoresrikigydof the
molecular gas is constrained by comparison of the obsemadbrational H lines with results from models of photon-dominated
regions (PDRs).

Results. The near-infrared spectra show the characteristic feamfra recent episode of active star formation: stronghid He re-
combination lines (hydrogen Brackett series up to Br30prgj [Fen] fine-structure lines and numerous ro-vibrationalles. Our
models indicate that three of the four clusters are yourtgar 8 Myr. The fourth is somewhat older, 3 — 5 Myr, which is apparent
from the presence of (weak) CO bandheads in iidh&nd spectrum, indicating the presence of a somewhat nvoteeel stellar
population. In the H-band we observe several high vibratidevel ¢ = 3,4,5,6,7) H emission lines. These lines have such high
upper level temperatureg (L5,000K) that they can not be excited thermally, and thueakthe presence of fluorescent UV-pumped
H, emission.

Conclusions. The four clusters are all very young (5 Myr or younger) andyverassive (two clusters have masses greater than a
million My). The relative strength of the Hatios strongly indicates that UV fluorescence in dense PiBRa important excitation
mechanism in all four star-forming regions. To explain theerved H line ratios, the molecular gas densities have to fall in #rge

of several 16to 1.5 times 1Bcm=.

Key words. galaxies: individual (NGC 4038039) — galaxies: starburst, star clusters — ISM: HIl regier ISM: PDR — ISM:
H, emission — infrared: ISM

1. Introduction brightest sources in the Antennae. Hidden from view at ghort
. .. wavelengths by massive amounts of dust, the most activeregi
The Antennae galaxies (NGC 408839) are the most striking o star formation located in the overlap region outshinésthler
nearby examples of a major merger in action. The'|n|t|al ©EQpurces (Vigroux et al., 1996; Mirabel et al, 1998). Thisrsey
counter took place approximately 210 Myr ago and simul&tiogy hich is only~100 pc in diameter (from ground-based N-band
indicate that these two giant spirals will eventually meng® o seryations, Snijders et al, 2006), is solely responsifsl&5%
a elliptical-like galaxy (Mihos et al, 1993). Triggered yeten- ¢ 51| 15 ;m emission from the Antennae. After its initial dis-
counter vigorous bursts of star formation took and stiletakace covery, this star cluster has been studied extensivelycltrster
across the system, resulting in numerous massive staecsusig highly obscured (& = 4.2 — 10), very young< 2.5 Myr)
(Whitmore & Schweizer, 1995). Most of these are young, lrigh ey “massive (several million solar masses), and it resides
intrinsically very blue stellar populations, but cluste_vsth an a4 high pressure environment (ionized gas density0* cm3:
age of several hundreds Myrs, probably formed during the firghitmore & Schweizer, 1995; Whitmore et al., 1999; Gilbért e
fly-by, can be identified as well (Whitmore et al., 1999). al, 2000; Mengel et al, 2001, 2005; Snijders et al, 2006; &ilb
Observations from Infrared Space Observatory (ISO) & Graham, 2007; Snijders et al, 2007). Close to this extrgmel
vealed the region where the two spirals overlap as the logatipright and massive cluster, several other super star cl(iteh
of most recent (or even still on-going) star formation. OIS 1 a5ses> 10° M,) can be found in the overlap region.

mid-IR images the NGC 4038 and NGC 4039 nuclei are not the
One of the important questions is whether these stellar pop-

Send offprint requests to: Paul van der Werf ulations are and will stay gravitationally bound to formides

* Based on observations collected at the European Southé®Rd-lived, massive star clusters, like the globulars obesein
Observatory, Paranal, Chile, under programme no. 68.80®and our own Milky Way and other nearby galaxies. Observational
69.B-0688(A) evidence exists that most clusters in the Antennae disperse




timescale of~ 10 Myr (infant mortality; Fall et al, 2005; Mengel
et al, 2005; Gilbert & Graham, 2007). To be able to answer this
guestion we need to gain detailed knowledge of the stellpf po
ulation, its stellar content, age, mass, and morphology, Gin
the characteristics and the geometry of the surroundin@gds
dust. Determination of these various properties are the gzél

of this work.

As already shown by 1SO, observations at longer (infrared)
wavelengths are crucial in identifying and studying the &te
mation in these dusty system, specially since we are intates
in the youngest, most massive, and thus most deeply embed-
ded star clusters. So, we obtained near-IR medium-resaluti
spectroscopy with the Infrared Spectrometer And Array Qame
(ISAAC, Moorwood et al, 1998) at the Very Large Telescope
(VLT). In these J-, H-, and kband spectra many features are
available to study the physical characteristics of the shas-
ter and the surrounding ISM. Originating from thenHegion
directly around the cluster, strongithnd Ha recombination
lines excited by massive O and B stars can be found. Furtf@- 1. ISAAC Ks-band image of NGC 40389 kindly provided by S.
out from the cluster, molecular hydrogen residing in the -phd!engel, with the positions of the observed clusters ingidgNorth is
ton dominated region (PDR) can be observed through rotitionP "d Eas’lt ;ot:]he Ief%. The wo blr\ll%l(t:eztoggaas é’“t‘; therm:;]gér’%-N
vibrational H, emission lines. Direct starlight combined With;noe?’rger nuclet, the horthern one 15 and the sou
nebular emission makes up the near-infrared continuum. '

In Section 2 the observations and data reduction are dis-
cussed, and a description of the results can be found ind®ecti
3. In Section 4 the derived properties of the stellar poporhest

are presented. Section 5 deals with the excitation mecimeofis tector. The total integration time was 20 minutes for eagftsp
the ro-vibrational H lines. Lastly, the conclusions can be foun‘ﬂroscopic setting in J-, H- and #band and 80 seconds in L-

in Section 6. band. Before or after the science target observations, B2, B
and B5 stars (and one G2 star) were observed near the tar-
get to provide telluric standards at similar airmass (HP®FO,
Hip053690, Hip058587, Hip065630, Hip075577, Hip087287,
Medium-resolution spectra in the J-, H-, ang-tkand were ob- and Hip095652).

tained of the four brightest near-IR peaks in the Antenna@-0v  after removal of bad pixels and cosmic rays (using the
lap region using ISAAC in February, April and May 2002. Th@rAF procedure xzap), the two-dimensional spectra were re-

location of these four targets can be found in Fig. 1. In Tabley,ceq usingeclipse v.4.9.0 (Devillard, 1997). The resulting non-
the exact positions and optical and near-IR counterpass ghearity-corrected, flat-fielded, sky-subtracted andveture-
listed. The first source, cluster 1, is the brightest mid-B&l ¢ rected frames were processed further using IRAF rostine
of the Antennae (source 1a in Snijders et al, 2006). In the Opyq cystomized scripts. The spectra were extracted Snadd
tical a faint, highly reddened source can be identified at thgq apertures (which corresponds 870 and 535 pc respec-
same location, [WS95]80 (source 80 in Whitmore & Schweizefya|y 4t 5 distance of 21 Mp¢assuming a Hubble constant of
1995, WS95 hereafter). Cluster 2 coincides with a brighebluyg iy, 51 Mpc; at this distance’Lcorresponds to 105 pc). The
cluster complex in the optical images ([WS95]86 — 90, and th@s aperture covers the continuum and the ionized gas emission
mid-IR source 2 in Snijders et al, 2006). For cluster 3 Muirhe [arger aperture contains the more extended line emissio

tiple possible counterparts are identified as well, [WS3S]1 .0 molecular hydrogen and iron as well. Wavelength calibr
[WS95]120, and [WS95]117. Lastly, cluster 4 corresponds ipy, was applied to the extracted spectra using atmospaeic
one of the reddest sources in the Antennae, [WS95]115 in tfjgg or, when the OH lines where too weak (at the long wave-

HST images. Additionally, two of these sources (cluster d afgngih end of the iband), using lines from xenon and argon
2), were observed in a medium-resolution L-band spectmscolamps_ To correct for atmospheric transmission, the wagite
setting around the hydrogen &recombination line (at 4.0523 cajiprated spectra were divided by the B star calibraticecsia.
p#m). With a 1’ slit the medium-resolution mode provides a resrpg requction procedure for these standard star spectriiems
olution of 3100 (J), 3000 (H, L) and 2600 K Given the de- (icq) 1o that for the science frames, with the additionapsiere-
tector's spectral coverage at these resolutions, it takeeral .y ing the few stellar absorption features present in tieetsg.
settings with varying central wavelength to cover a full R T resulting calibration spectra were divided by a blaokiyp
band. The J-band was only partly observed; one spectréigetic e of the appropriate temperature to compensate fordhe ¢
was chosen to cover both the hydrogers R2.2822um) and i um shape of the standard star. Finally, flux calibratics

the [Fex] (1.2572um) emission lines (central wavelength of thg,eformed by normalization to the broad-band fluxes of the ca

setting was 1.27(3)m). The H- and K-band were almost fully ;paion stars (from the Hipparcos Catalogue, Perrymanl,et a
observed, each in 4 or 5 settings. The seeing varied fr8r® 1997).

1”3 during the observations.

Chopping and nodding along the slit was applied with a
chop throw of 30. Given the pixel scale of’048pix, the de- 1 Note that the distance of the Antennae is under debate. Bgcen
tector's coverage is 15t the spatial direction, which is largea lower distance of 13.& 1.7 Mpc was found (Saviane et al, 2004),
enough to have both the positive and negative beam on the dhich would dfect the values derived here.

2. Observations and data reduction




3. Results

The spectra of all four sources show clear signatures ofntece
star formation (Figs. 3 and 4): strong hydrogen and helium re
combination lines from the H region surrounding the star clus-
ter, strong [Fei] fine-structure lines, revealing shocked gas from
recent supernovae, and a number of ro-vibrationdimés, orig-
inating from warm gas in the PDR. The weakness of the CO ab-
sorption bandheads in thes#6and shows that the emission is
dominated by very young stellar populations. Red supertgian
do not play an important role yet, so these clusters musteall b
younger than-7 Myr (Leitherer et al, 1999)

Line fluxes were measured with ISAPFor each emission
line a linear fit to the local continuum was subtracted. The li
flux was calculated by integrating over a gaussian fit to the
continuum-subtracted emission line. In case of blendihg, t
lines were fitted simultaneously. All HHer, and [Fam] lines,
were measured from the spectra extracted in the &oerture.
The H, and [Fen] lines are more extended thafis3 and are
measured from the spectra extracted irf & &perture. The spec-
tral calibration is accurate to 0.00Q86n, which is about one
resolution element. Faint emission lines are identifiedgishe
wavelength-ffset relative to bright lines with undisputed identi-
fications (e.g. from the Brackett series). The resulting finxes
are listed in Table 2.

,.

4. Cluster properties

To derive various properties of the stellar populations ae the
results of Snijders et al (2007, SKWO7 hereafter). In thatgra
the evolution of the near- and mid-IR spectral energy digtri
tions (SEDs) of young, embedded star clusters is modelegl. Th

stellar populations plus their surrounding ISM are modddgd 2 165 2 170 2175 2 180 185

combining synthesized SEDs from the stellar populationecod _

Starburst 99 v5.1 (Leitherer et al, 1999; Vazquez & Leitherer, lambda (micron)

2005) with the photoionization coddappings IlIr (Dopita et .

al, 2000, 2002; Groves, Dopita & Sutherland, 2004). The a§ .2. The 2D Ks-band spectra between 2.163 — 2.188 for all four

evolution of a one million M star cluster, formed in an instan- Usters. The wavelength axis is horizontal and the spasii is ver-
! tical. The By emission is clearly more extended than the continuum

taneous burst with a Salpeter IMF between 0.1 and 100iM  oission. The aperture sizes indicated in the top plot shetat 35 is
modeled for various values of metallicity, ionized gas d§Ms required to cover the Bremission.

and of the characteristic ionization parameter of the surding

dusty nebula. The SEDs are evaluated from 0 — 6 Myr, for 0.4, 1

and 2Z,. The ionized gas density is varied from?t® 10° cm3. , . "

The ionization parameter q is defined as QLyc/47rR2nion, with derive the attenuation factors by Ieas_t-squares fittindn lloe _
Quye the hydrogen ionizing photon flux, R the distance betwe&§S€ ©f a foreground screen of extinction as well as the case |
the radiating source and the inner boundary of the surragndiVhich the obscuring matter is mixed with the cluster stafe T
cloud, andhen the gas density. The ionization parameter rangddrinsic hydrogen line ratios were obtained from Hummer &
from 2- 10’ cm st to 8- 10° cm s, It relates to the com- >torey (1987) for case B recombination with ¥ 10,000 K and

. . 0° cm ! ! : combl el OF o
monly used dimensionless ionization parameter U through UNe = 10* cm~* (consistent with ionized gas densitie4.0* cm
y b gh -ng@nved from mid-IR fine-structure lines, SKW07). We use the

account (for a more detailed description and examples afthe '€ddening curve presented in Draine (1989). The geometay of

sulting model SEDs, see SKWQ7). foreground screen of obscuring material provides a much bet
ter fit than the mixed morphology (having a significantly sieral
x-squared value), so in further analysis we will use extotti

4.1. Extinction values derived by fitting a foreground screen (see valueéfor

. o . . in Table 1
To determine the extinction that igfacting the measurements able 1)

of the Hu region, we use Rin the J-band and all lines of the

Brackett series with dficient signal-to-noise in the H- andsK 4.2. Cluster ages

band (plus Bw in the L-band for cluster 1 and 2). From the ob- ) o )

served ratios of each of these hydrogen lines relative jovix Under the assumptlon.that the near-IR radlathn is dommaf[e

by stars formed in a single bust of star formation, the equiv-

2 The ISO Spectral Analysis Package is a joint developmenhby talent width (EW) of the hydrogen recombination lines can be

LWS and SWS Instrument Teams and Data Centers. Contribinitig used to estimate the age of the star cluster. The hydroges lin

tutes are CESR, IAS, IPAC, MPE, RAL and SRON. rapidly weaken during the first 10 Myr. The underlying negr-I




| |
—1f  [Fell] Pog

(8 Y | | | | |
Brackett series

'gi >f Hel [Fell]  [Fell] Hel  Br10
c 4] \ Cluster 1 |

) Hel | H,

o

T2 \ \

o

Ncu 1 M 'M % VAR, v L
o Of

L= -

1.25 1,30 1.50 1.55 1.60 1.65 1.70 1.75
lambda (um)
e 4} Cluster 2
o
o 2
N(D L i V WY V
T MJ“
o / -
~ o} 1 l l l |
e ! = ! ! ! ! !
1.25 1.30 1.50 1.55 1.60 1.65 1.70 1.75
& [Fell]
e 4} Cluster 3
G fHel Hel
C;D 1 / Vi W \/ W v
~ o} 10 O l l l l
LI_'< 1 [ 1 1 L L L L
1.25 1.30 1.50 1.55 1.60 1.65 1.70 1.75
T/\ 5 L ! '/ T T T T T T
g Hel / Hel [Fell] Hel Hel
e 4 Cluster 4
« 318 <8 S3200 <
Im <} / O OO O Olno <}
- i / Ty T T K
] 2F « . n o< © v~ ~
N 1b v . v W vV VW v
T Ur\ PH,%,MWMM,N
2 of | AT | | |
= 1 [Fell] PaoB / Brackett series
- 1.25 1.30 1.50 1.55 1.60 1.65 1.70 1.75
lambda (um)

Fig. 3. Medium-resolution J- and H-band spectra with various eimisbnes labeled. The wavelengths of the i¢combination lines from the
Brackett series are indicated below the H-band spectsaoHibrational lines are marked with triangles, which aabdled in the spectrum of
cluster 4. In the other three spectra, only triangles aravaho
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Fig. 4. Medium-resolution K-band spectra. For cluster 1 and 2 the right hand panel shebkand medium-resolution spectroscopy. For cluster
3 and 4 a blow-up of the spectral range around the CO bandheadsied. The wavelengths of the kb-vibrational lines are indicated below
the Ks-band spectra and labeled in the spectrum of cluster 4. &umibre, the location of sever®3CO and'*CO bandheads are indicated in the
bottom panel.



Table 1. Properties of the star clusters.

# RA2 DEC? [\/\/895]#a |DW|RCC Ay Ter Age Mas§
(mag) (16K)  (Myn  (10°Mo)

1 12:01:54.96 -18:53:06.2 80 157 603 =380 0-25 11-12
2 12:01:54.54 -18:53:04.0 fA#H7/888990 136 0.740.1 39.01 0-3 12-1.7
3 12:01:55.36 -18:52:49.2 142G117 176 4.8 0.4 37.Q§:§ 1-3 01-24
4 12:01:54.75 -18:52:51.7 115 148 1&®.5 =>39.0 3-5 0.1-29

aPositions are obtained from a SOFJlifoad-band image.

bFrom Whitmore & Schweizer (1995).

°From Brandl et al. (2005).

9The errors given are the fit errors given a Salpeter IMF betw@é — 100 M. A different IMF would change
the masses derived here.

continuum is dominated by less massive stars. To estimate #ge< 3 Myr can only occur in combination with very extreme
age of the Antennae star clusters we use model predictians fooperties of the surrounding ISM. Since the density of tre i
the EW(Br) (see Fig.7 in SKWO07). In Fig. 5 the values meaized gas in cluster 1 and 2 is derived tob&0* cm2 (Snijders
sured for the EW(By) for all four clusters are compared withet al, 2007), we do not expect cluster 4, which is generally
the model predictions. Only the curves for solar metalficite thought to be located in a less active part of the overlapregi
shown, although the 0.4 and 2Zhodels are taken into accountto be surrounded by gas two orders of magnitude denser. 60, fo
in the analysis. The derived ages are listed in Table 1. cluster 4 the 19 cm3 curve (long-dashed) in the lower right

Cluster 1 has the highest value for EW(@rand is 2.5 Myr Panel of Fig. 1 is ignored and we conclude that the age must
or younger. This is consistent with the results of Mengellet A€ in the range of 3 — 5 Myr. A lower age<(3 Myr) would be
(2005), 2.3 — 4.0 Myr. It is significantly lower than the age ofnconsistent with the presence of the CO bandheads in tie spe
3.5+ 0.1 Myr found by Gilbert & Graham (2007). trum as well. These absorption features indicate an age clos
to the red super giant phase. Our age estimate agrees wiell wit
&hﬁ: age range of 3.7 — 5.1 Myr found by Mengel et al (2005).

llbert & Graham (2007) again find a higher age, £.0.1 Myr.

Cluster 2 is age-dated 3 Myr as well, in agreement with,
although somewhat younger than the age found by Mengel e
(2005) (2.3 — 4.0 Myr).

CIl_Jster 3is very young_as_v_vell, 3 Myrorless. Thi_s i_s CONSiS-  The observed values of the line ratio @ 64.m/Bry con-
tentwith the absence of significant CO bandheads indte&0d  irm the spread in cluster ages. First of all, the observed val
spectrum. Mengel et al (2005) estimated the age for _clusteq@s for [Fau]y e4.m/Bry are considerably higher than typical val-
to be somewha’g oIder, 3.2 - 4.9 Myr. Results from Gilbert &g for purely photoionized gas. In our sourcesiF@4m/Bry
Graham (2007) indicate a higher age as well,80.1 Myr. In - ghans the range of 1.8 — 6.4, while a value of 0.06 is observed
both papers the age was determined from EW|Bwhich was i the Orion Nebula (Lowe et al, 1979). Depending on the char-
obtained from the combination of broad- and narrow-bandjima,cteristics of the stellar population and the nebula the SRW
ing (Ks and the By narrow-band filter Mengel et al, 2005) andy,ggels predict values of 41073 — 5 - 102 for this line ra-
from the combination of high-resolution spectroscopy of BIO  ig in case of photoionization, significantly lower than ta-
continuum detected) with K narrow-band imaging (Gilbert &,e5 gpserved. This means that shocks from super nova resnnant
Graham, 2007). Apertureffects are most probably responsiblgsNRs) are most probably the dominant excitation mechanism
for the diference between the age estimates. Mengel and Gilbgyt the [Fen] lines. In that case the value for [ e4.m/Bry is
use an aperture of’2 and 20 diameter respectively. From oureypected to increase with cluster age, due to the increabein
spectra we know that the continuum indeed originates froé a ymber of SNRs and the decrease of FUV photons originating
gion smaller than 2in size. However, the Brline emission is from massive, short-lived O stars. Cluster 1, 2 and 3 have sim
more extended with significant emission outside the ce@l@l 5, values for [Farl; 64m/Bry (1.9+ 0.3, 1.8+ 0.3 and 2.3¢

(see Fig. 2). Since the Bremission is centred on the continuuny 3 respectively), which is 3 times smaller than the ratio value
emission anq there is no other source available for theai@it pserved in cluster 4 (6.4 0.9). This strongly indicates that
of the Hu region than the clusters under study, we conclude th@tster 4 is considerably older than the other three clastand

all Bry emission (and that of all other hydrogen recombinatiapshows that our assumption to ignore the option that ctuste
lines as well) is associated with the central clusters. Figrrea- very young & 3 Myr) is reasonable.

son we chose the larger aperture ©53which results in a higher
EW(Bry) and thus a lower age than Mengel and Gilbert find.

Cluster 4 has the lowest value for the EW(@r 114+ 114, 43 Ter f the stellar radiation field
Almost all model curves for the age evolution of EW{Bhave The value of Hey 7q.m/Br10 is a good indicator of the temper-
an initial plateau at~300 A during the first 3 Myr, which is ature of the radiation field. If the radiation is relativelgfs
followed by a steep decline between 3 and 6 Myr. Howevenany photons are available in the range of 13.6 — 24.6 eV, ca-
when both the ionization parameter and the gas density aye vpable of ionizing hydrogen but not helium. Photons with en-
high (g= 8- 10 cm s, ni, = 10° cm3), the dust competes ergies above the helium ionization boundary 24.6 eV) are
successfully with the gas for FUV photons, resulting in adow scarce. This results in weak Hescombination lines relative to
value for the EW(By) during the first 3 Myr (see long-dashedhe Hr lines. With an increasingly hard radiation field the he-
curves in the right panels in Fig. 5). This means that cludterlium Stromgren sphere gradually fills that of hydrogenuitsg
can essentially have any age in the range of 0 — 5 Myr, but anan increasing He 7¢.m/Brl10 ratio. When both the Heand



section. The lowest ratio value is observed for cluster 3his

0.04 case the He 7q.m/Brl0 ratio can actually help to constrain the
— age further. Taking the error bars into account, cluster 3trhe
§ 0.03¢ older than 1 Myr, which narrows the age range for this cluster
S downto 1 — 3 Myr.
T 002t If the stellar populations of cluster 1, 2, and 3 are young
< enough to be pre-W-R-phase, the radiation temperaturellis st
W 0.01¢ dominated by main-sequence stars. The most massive star
N 107N R present would then be a star of O6 or earlier spectral type for
0.04F clusters 1 and 3, and an 06.5 or earlier type star for cluster 2
. (using O star calibrations from Martins et al, 2005). Howeve
€ 003 FooTI ] we can not rule out the presence of W-R stars, since all cluste
< : X L are possibly old enough for the first W-R stars to have appeare
/S 0.02¢ T : 1
% 001 F e 4.4, Cluster masses
q=2-10 g S10% D Cluster masses were determined by fitting model SEDs to the
e T extinction-corrected kband spectra of the clusters. From the

Age (in Myr) Age (in Myr) full model grid, all SEDs with an EW(B#) within 10% of the
observed value were selected for each cluster (e.g. modtbiaw
the correct age range). These selected model SEDs werel scale
Fig. 5. Age evolution of the equivalent width of the hydrogen recomto the total K-band flux. Most of the model spectra have spectral
bination line Bty. All curves shown are for solar metallicity. The topslopes very similar to those observed. A handful of modeilg-ho
panels show the measurements for clusters 1 and 2 (CL1 anjj i@ ever, the ones with very high ionization parameter and vegi h
the bottom panels for clusters 3 and 4 (CL3 and CL4). The @figls  jensity already discussed in Section 4.2, have rising auisté
tsrt‘g"r‘i’gt;‘tep‘;ise?sf?g;to‘c"‘; 'ﬁgﬁ?ﬂﬁ& zftfg g“;:ﬁgﬁei 'klg ' “irgg i o aqu downward slopes. In these high density cases, the dustkabsor
Curves of diferent line styles represent results of’ models witffedi 121Y FUV phOton.s a.nd QEt.S h.eated to SUCh. hlg.h tem_peratures
ent densities, ranging from 4@n2 (solid line, upper curve) to £0 t_hat its thermal emission emission makes a 5|gn|f|can_t dontr
cm3 (long-dashed line, lower curve). Curves for 0.4 and,&2 not tion to the K-band continuum. These model spectra with clearly
shown, but they are taken into account in the age estimateetty, incorrect spectral shapes were not considered furthettfeare-
the resulting ages for low or high metallicity do not altee ige ranges sulting subset of model spectra, which all obey the obsienval
derived from Z models. Line ratio values can be found tabulated aonstraints, a cluster mass was derived for each indivichoalel
www.ifa.hawaii.edyikewleyMappingglRdiagnostics SED, resulting in a range in possilildtial cluster masses (the
cluster masses as they were at 0 Myr) for each source . The ini-
tial cluster mass was determined by dividing the total lupsity
H1 Stromgren spheres are maximally filled, the ratio valua-satof the scaled model SEDs by the total luminosity for a one mil-
rates. This mechanism makes theitg,/Br10 very sensitive lion M, mass cluster of the appropriate age as tabulated in the
to the efective temperature between 30,000K and 40,000K (b@utput ofStarburst 99.
tom panel of Fig. 8 in Forster Schreiber et al, 2001, , who's Unfortunately, for cluster 3 and 4 there are no further con-
results are consistent with those of SKWO07). straints (on for example the gas density or the ionizaticampa
In Fig. 6 the age evolution of He;q.m/Brl0 is plotted as eter), which can narrow down the set of suitable model SEDs. S
a function of metallicity and gas density. As the most maessifor these two clusters this method results in a rather inkemie
stars disappear from the main-sequence, the cluster's FlJV mass range, from 100,000Mip to almost 3 million M. These
diation softens and the H@r10 ratio drops. At 2.5 — 3 Myr results are not extremely sensitive to the model paramdiats
(depending on metallicity) the first Wolf-Rayet (W-R) stafg- show a rough trend from high density and low ionization param
pear, hardening the radiation field and causing an upturhen teter for the low masses > 10° cm3, q< 8- 10’ cm s1), to
Her/Brl0 line ratio. When the last W-R stars disappear at 4 -{6w density and high ionization parameters for the highessna
Myr (again Z-dependent) the FUV field is dominated by O8 asutcomes (g < 10° cm™3, q> 1.6- 10° cm s1).
later type stars. At this stage there are not many photons ene For clusters 1 and 2 constraints on the gas density and ion-
getic enough to excite Heand the He/Brl0 ratio decreases toization parameter are available (SKWQ7). For these twdestel
the point where Helines are not observable anymore. populations we only consider the model spectra with a gas den
The extinction-corrected Hezq,m/Brl0 ratios are 0.32=  sity > 10* cm2 and an ionization parameterg4 - 10° cm s,
0.04, 0.30+ 0.03, 0.24+ 0.04, and 0.34+ 0.05 for clusters In this way a much tighter range of possible initial clustexsses
1, 2, 3, and 4 respectively (plotted in Fig. 6). The corregponis found; 1.1 — 1.2 million M for cluster 1 and 1.2 — 1.7 million
ing values for Ty derived from Fig. 8 in Forster Schreiber et aMg, for cluster 2.
(2001) are all 37,000 or higher (for clusters 1 and 4 only lowe The mass range derived for cluster 2 is consistent with the
limits can be given, since the observed value reaches the sahass derived by Mengel et al (2001), which is*_%@- 10° M.
rated regime. See Table 1). We argued in Section 4.2 thaecludn that paper a Salpeter IMF between 1 — 106i$/adopted. The
4 is the oldest of the four clusters (3 — 5 Myr). The high valueffect of the somewhat higher age they find for cluster 2*_(?},7
for Hery 7q,m/Brl0 measured in the spectrum of this cluster idyr; leading to a higher initial mass) and the highesM1 Mo;
thus an indication of the presence of W-R stars, which caityeagesulting in a lower initial mass) apparently cancel eadtent
reach temperature3 40,000K (Woosley et al, 1993, and referout. The mass for cluster 1 found by Gilbert & Graham (2007)
ences therein). The Hezqm/Brl0 values measured for clusteris much higher, 5. 0.1+ 10° M. This is probably caused by
1 and 2 are consistent with the low ages derived in the pravidihe higher age they find for this source, 4.1 Myr.
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Fig. 6. Evolution of the He, 7.m/Br10 emission line ratio with cluster age. The left panelsvgkhe curves for 0.4¢, the middle panels for Zand
the right panels for 2Z Curves of diferent line style represent results of models witfiedent densities, ranging from 4@m2 (solid line) to
10° cm 3 (long-dashed line). The Hﬁ%,m/Brlo ratio is hardly sensitive to the ionization parameté¢see SKWO07). All curves shown here can
be characterized by @of 8 - 10° cm s, which is an appropriate value for clusters 1 and 2 (deriveBKWO07). Over-plotted are the observed
extinction-corrected ratios for cluster 1, 2, 3, and 4 (CCL2, CL3, and CL4 respectively). The error bars are giverhmlbwer right panel for
cluster 3 (leftmost error bar), cluster 2 (middle error band cluster 1 and 4 (rightmost error bar). Line ratio valpesdicted by the models can
be found tabulated at www.ifa.hawaii.¢tkewleyMappingglRdiagnostics.
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The mass range found for cluster 1 is a factor of 3 — 4 low&(3) line is~26,700K, the line strength would be 0.006 of the
than published values (3:3)‘75 and~4.2+ 0.1- 10° M, Mengel strength of the 1-0 S(1) line when excited thermally at 3000K
et al, 2001; Gilbert & Graham, 2007). In both papers a signifihat case, the 5-3 O(3) line would not be observable in ow.dat
cantly higher age is found for this cluster (58§ and 3.5+ 0.1 The H line ratios are listed in Table 4 (with the;H-0 S(1)
Myr in Mengel et al, 2001, and Gilbert et al, 2000, respedyiye at 2.1218um as a reference line). Since the khes originate
resulting in a higher initial mass. And againftdrent IMFs are from the PDR, surrounding the idregion, the lines most prob-
applied. ably sufer less extinction than derived from the hydrogen re-

The comparison of the results for the cluster masses of vasmbination lines. In Table 4 both the extinction-corredigith
ious authors shows that photometric masses are very sensifhy as calculated from the Hrecombination lines, probably an
to age, and totally dependent of the assumed IMF. Dynamicalerestimate for the extinction towards the lhes) as the un-
masses would give a much more robust result. However, duectwrrected (observed) values are given.
the lack of absorption lines in the spectra of these very goun The highvlevels { > 3) originate exclusively from UV fluo-
star clusters, velocity dispersions are impossible toiobtaur rescence. However, the obserwed 3,4,5,6,7 over 1-0 S(1) line
analysis indicate cluster masses in the same range as tlsesnastios show lower values than predicted by models for pure UV
determined for globular clusters, but it is unclear whetihese excitation. This indicates that the 1-0 S(1) is (at leastiypgther-
systems are gravitationally bound and if they will survitxet malized, resulting in partial de-population of highelevels and
phase infant mortality observed to take place on a timesafalethus boosted lowarlevel populations. The thermalization of the
~10 Myr in the Antennae (Fall et al, 2005; Mengel et al, 200%; = 1 level emission lines is clear from the excitation diagrams
Gilbert & Graham, 2007). To answer this question better coas shown in Fig. 7 as well. In this figure the column density
straints on the cluster masses and sizes are required. Zé& sN(v, j,) divided by the degeneracy gs plotted as a function of
can be obtained using adaptive optics systems, but megsutime upper level energy E(J)/k.
accurate velocity dispersions will remain veryiatiult.

NObS(V’ ‘]) _ @ lObS(V’ ‘])

s hc A(v,J) @)
Nops(V, J) is the observed column density for level ), g;
The near-IR H- and kband are rich in ro-vibrational Hines, is the level degeneraci(v, J) the EinsteinAradiative transition
which are generally strong in star-forming regions. Thesése probability (obtained from Wolniewicz et al, 1998), angk(v, J)
sion lines can be excited by UV emission from O and B staris, the observed, extinction-corrected line flux.
andor thermally, like in shock-heated molecular gas (e.g. from The v = 1 emission lines follow a thermal distribution
supernovae, stellar outflows, or from colliding moleculluds (dashed line in the plots), while the highelines clearly devi-
in a merger event). Both physical processes will leave theite from it. The critical densities for the;H.-0 S(0), S(1), S(2),
own distinct fingerprint on the relative strength of the lihes. and S(3) lines range from 0.9 — 1.20° cn®, so the density of
Absorption of a FUV-photon excites the lrholecule to an upper the emitting gas has to be around or even above these values to
electronic state, which is followed by a fluorescent cascien  be able to produce the observed line flux ratios. Inspectfon o
to the ground state, populating the various ro-vibratiogral the observed = 2 line ratios (Table 4) reveals a trend in den-
ergy levels 'top-down’. In shock-excited regions, the lgwep- sity; cluster 4 shows line ratios which are consistent with U
ulations are thermalized, populating the energy levelsttm- fluorescence, the = 2 lines in cluster 1 are significantly ther-
up’. Typically, the temperature of gas heated by shocks &na f malized, and cluster 2 and 3 are in between. The critical den-
1000K. These temperatures are not high enough to result isities of the 2-1 S(1), S(2), and S(3) lines are 1.3 —-117°
significant population of the higher energy ro-vibratiolelel cme. So, cluster 1 has the highest molecular gas density, which
(v > 3), which have upper energy levelsvE])/k higher than is probably> 1.5- 10° cne. These densities are similar to the
15,000K. The H line ratios can thus be used to discriminate beaverage molecular gas densities in ultra-compactégions on
tween these two physical processes. sub-parsec scales(Churchwell, 2002).

Being amongst the brightest of all near-IR lhes, the ratio As expected, the plots in Fig. 7 are very similar to the exci-
between the KH2-1 S(1) (2.247&m) and 1-0 S(1) (2.1218m) tation diagrams of dense PDRs (like the diagram for S14Q, Fig
line is often used to distinguish between the excitationhmec 3 in Timmermann et al, 1996), showing cleaffdiences from
nisms. The 2-1 S(1)1-0 S(1) ratio is predicted to be 0.53 — 0.58he smooth distribution expected for thermally exciteglides
for fluorescence (Black & Van Dishoeck, 1987) and 0.1 — 0(2s for example in Fig. 5 of the shocked core in the Orion star-
for excitation by shocks (Shull & Hollenbach, 1978). Howeveforming cloud, Rosenthal et al, 2000).
in dense PDRs (with a density close the lines’ critical déesi
which are 1.2 and 1.710° cm™) the lowv levels are collision- ¢ ~ynclusions
ally re-populated, thermalizing these low-energy leviisthis
case the 2-1 S(1) 1-0 S(1) decreases towards the typical valn this paper we presented medium-resolution near-IR spec-
ues in the shock-regime with increasing density, comgfigat troscopy of four very young star-forming regions in the dapr
the analysis. region of the merging Antennae galaxies. Clusters 1, 2 and 3

In our spectra we find strong evidence for UV fluorescen@ee very young<£ 3 Myr) based on comparison of the EW{Br
for all four sources (for cluster 1 UV fluorescence was alyeadvith model predictions. In the Kband spectrum of cluster 4 CO
identified as an important excitation mechanism, Gilberlet bandheads can be found, indicating that this cluster isCdahel
2000). In the H-band spectra various lines of very high wbrapproaches the red super giant phase. The age for this sairce
tional levels, up tor = 7, are found. For example, the 5-3 O(3Yerived from the equivalent width of Blis 3 — 5 Myr.
line at 1.613%:m is observed in all four sources. In case of pure The masses of cluster 1 and 2 are determined by scaling
UV fluorescence the relative strength of the this line coragarmodel SEDs of embedded star clusters to theb®nd spectra.
to the 1-0 S(1) line is predicted to be 0.38 (Model 14, Black &his results in a possible mass range of 1.1 — 1.6 M, for
Van Dishoeck, 1987). Since the excitation temperature®st8 cluster 1 and 1.2 — 1.710° M,, for cluster 2.

5. The excitation mechanism of molecular hydrogen



Table 4. Relative strength of low vibrationaV/(< 3) H; lines compared to H1-0 S(1)..

Transition et Uv?2  thermaP ratio cl1° ratio clZ ratio clF ratio cl4
(um)

[v=12 |
1-0S(3) 1.9576 0.67 1.05 0.97-1.18 0.75-0.82 0.54-0.557 075
1-0S(2) 2.0338 0.50 0.38 0.49-055 0.44-0.46 0.30-0.302-0@834
1-0S(1) 2.1218 1.00 1.00 1.00-1.00 1.00-1.00 1.00-1.000-11000
1-0S(0) 2.2233 0.46 0.19 0.58-0.52 0.44-0.42 0.18-0.184-0@®23
2-1S(3) 2.0735 0.35 0.15 0.25-0.26 0.14-0.14 0.26-0.265-00.16
2-1S(2) 2.1542 0.28 0.05 0.33-0.32 0.19-0.19 0.20-0.204-0114
2-1S(1) 2.2478 0.56 0.14 0.50-0.44 0.32-0.31 0.14-0.146-015

[ v=34567 |
5-3Q(1) 1.4929 0.43 <2.5e-5 0.07-0.22 0.10-0.17 0.16-0.17 0.04-0.08
5-3Q(3) 15056 0.28 <2.5e-5 0.06-0.18 0.06-0.11 0.09-0.10
4-20(3) 1.5099 0.42 <2.5e-5 0.08-0.24 0.07-0.11 0.11-0.12 0.05-0.09
6-4Q(1) 1.6011 0.33 <2.5e-5 0.10-0.23 0.10-0.15
5-30(3) 1.6135 0.38 <2.5e-5 0.09-0.20 0.09-0.14 0.19-0.20 0.06-0.10
7-5S5(1) 1.6206 0.20 <2.5e-5 0.03-0.06 0.04-0.06
4-20(5) 1.6224 0.19 <2.5e-5 0.05-0.11 0.06-0.09
7-5Q(1) 1.7288 0.24 <25e-5 0.17-0.29 0.09-0.12
6-40(3) 1.7326 0.31 <2.5e-5 0.05-0.05 0.07-0.10
3-25(1) 2.3864 0.29 0.02 0.23-0.19 0.19-0.17

aPredicted line ratios for pure UV fluorescence (Model 14;cRI& Van Dishoeck, 1987).
PPredicted line ratios for thermally excitated gag4F 3000K and g = 10° cm3). The ortho-

para ratio is fixed at 3.

¢Observed line ratios of HX-X X(X) / H, 1-0 S(1). Both the extinction-corrected and the
uncorrected ratio values are listed (values range from mected — extinction-corrected). The
actual ratios most probably fall within this range, since BDR from which the kllines
originate stfer less extinction than the idregions (for which the values for\Aare calculated,

see Table 1).

Numerous H ro-vibrational lines are observed in the specbraine, B. T., 1989, in ESLAB Symp. 22, IR Spectroscopy inrdsomy, ed.

tra, not only originating from the low vibrational levels £ 2),
but from highv levels as well, up tosr = 7. This proves that

UV fluorescence is an important excitation mechanism, sin

the gas temperatures required to excite these tilimes ther-

B. H. Kaldeich, ESA SP-290, 93
Fall, S. M., Chandar, R. & Whitmore, B. C., 2005, ApJ 631, 133
Forster Schreiber, N. M., Genzel, R., Lutz, D., Kunze, D.#®r8berg, A. 2001,
C€ApJ 552, 544
Gao, Y. & Solomon, P., 2000, BAAS 197, 9603

mally are unrealistically high. Relative,Hine strengths show Gilbert, A. M. et al, 2000, ApJ 533, 57 o
that the lowew levels are (partly) thermalized, which is expecte&ilPert, A. M. & Graham, J. R., 2007, accepted for publication ApJ,

in dense PDRs. The derived molecular gas densities can he foy,

in the range of several times 4@ 1.5 times 1&cm™3.

arXiv:0706.3935v1
oves, B. A., Dopita, M. A. & Sutherland, R. S., 2004, ApJS1%
Hummer, D. G. & Storey, P. J., 1987, MNRAS, 224, 801

The cluster at the region of most active star formation,-cluseitherer C. et al, 1999, ApJS 123, 3

ter 1, corresponding to the brightest mid-IR peak discovéne
ISO (Mirabel et al, 1998), and the highly reddened cluster

Lowe, R. P., Moorhead, J. M. & Wehlau, W. H., 1979, ApJ 228, 191
rtins, F., Schaerer, D. & Hillier, D. J., 2005, A&A 436, 194
engel, S., Lehnert, M. D., Thatte, N., Tacconi-Garman, L&EGenzel, R.,

in HST images (Whitmore & Schweizer, 1995), has the dens-,q01, ApJ 550, 280

est molecular gas of all four clusters. In this source,\the 2

Mengel, S., Lehnert, M. D., Thatte, N. & Genzel, R., 2005, A&A3, 41

ro-vibrational H lines are significantly thermalized, indicatingMihos, J. C., Bothun, G. D., & Richstone, D. O., 1993, ApJ &3,

a gas density 0£1.5- 10° cm3,
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Table 2. Emission line fluxes

Cluster 1 Cluster 2 Cluster 3 Cluster 4
Transition Arest Aobs Flux + err Aobs Flux + err Aobs Flux + err Aobs Flux + err
(um) (um) (10 B ergstcm2) (um) (10 ®ergstcem?) | (um) (10 ¥ ergstem2) (um) (10 B ergstcem2)

lonized hydrogen®
Hi1 (5-3) 1.2822] 1.2887 38.5k 4.22 1.2886 87.6Q: 5.24 1.2883 16.6% 1.53 1.2883 6.74-0.64
Hi (30-4) 1.4852 1.4923 0.13: 0.01
Hi (29-4) 1.4871| 1.4947 0.10: 0.01 1.4945 0.22+ 0.02 1.4942 0.17 0.03
Hi (28-4) 1.4892 1.4967 0.20: 0.01 1.4966 0.05: 0.01
Hi (27-4) 1.4916| 1.4992 0.08: 0.01 1.4990 0.23: 0.02 1.4986 0.12: 0.01
Hi (25-4) 1.4971 1.5046 0.22: 0.02 1.5044 0.2+ 0.03
Hi1 (24-4) 1.5005| 1.5082 0.14+ 0.02 1.5081 0.27 0.03
Hi (23-4) 1.5041| 1.5120 0.19: 0.01 1.5119 0.25+ 0.03 1.5114 0.1+ 0.01
Hi1 (22-4) 1.5087| 1.5164 0.27+ 0.04 1.5163 0.48+ 0.07 1.5159 0.33+ 0.05
Hi (21-4) 1.5137| 1.5214 0.21+ 0.02 1.5213 0.3+ 0.03 1.5209 0.15+ 0.02
Hi1 (20-4) 1.5196| 1.5274 0.22: 0.02 1.5272 0.39: 0.03 1.5268 0.23: 0.02
Hi (19-4) 1.5265| 1.5343 0.29: 0.03 1.5341 0.46+ 0.05 1.5337 0.30: 0.05
Hi (18-4) 1.5346| 1.5425 0.3%# 0.25 1.5423 0.61+ 0.28 1.5419 0.3% 0.03 1.5417 0.16£ 0.02
Hi (17-4) 1.5443| 1.5522 0.50: 0.06 1.5521 0.74+ 0.08 1.5518 0.62: 0.07
Hi (16-4) 1.5561| 1.5641 0.55:0.14 1.5639 0.94: 0.10 1.5635 0.60: 0.05
Hi (15-4) 1.5705| 1.5785 0.7Q: 0.08 1.5784 1.05: 0.09 1.5779 0.7Q: 0.06 1.5777 0.15: 0.03
Hi1 (14-4) 1.5885| 1.5966 0.83: 0.07 1.5965 1.29: 0.14 1.5960 0.82- 0.09 1.5959 0.2+ 0.02
Hi (13-4) 1.6114| 1.6196 0.98: 0.10 1.6194 1.60: 0.16 1.6190 0.99: 0.08 1.6188 0.30: 0.02
Hi1 (12-4) 1.6412| 1.6496 1.52: 0.14 1.6494 2.0+ 0.19 1.6489 1.33:0.14 1.6488 0.83: 0.07
Hi (11-4) 1.6811| 1.6895 2.3% 0.25 1.6894 3.22: 0.36 1.6891 1.74: 0.30 1.6889 1.26:£0.11
Hi (10-4) 1.7367| 1.7453 3.30: 0.37 1.7451 4.58: 0.49 1.7449 3.13: 0.83 1.7446 1.76- 0.18
Hi (8-4) 1.9451| 1.9552 9.4+ 0.87 1.9551 12.86- 0.99 1.9545 1.73: 0.20 1.9544 2.08: 0.64
Hi (7-4) 2.1661| 2.1772 14.02:1.55 2.1770 14.8% 1.59 2.1764 7.76: 1.70 2.1762 6.29: 0.79

EW(Bry) = 358+ 36 A EW(Bry) = 283+ 28 A EW(Bry) = 251+ 25 A EW(Bry) =114+ 11 A
Helium?
Hel FS-F£pP7 1.2531| 1.2596 0.45: 0.04 1.2595 0.87% 0.09 1.2590 0.16+ 0.01
Hel 3FD-33F 1.2789 | 1.2854 1.73: 0.25 1.2853 3.79: 1.13 1.2850 0.53+ 0.05 1.2850 0.32: 0.03
Hel 12D-1%F 1.2794| 1.2860 0.49: 0.08 1.2859 1.00: 0.37 1.2855 0.17 0.02
Hel Fp-3sf 1.4925 1.5000 0.23: 0.02
Hel 1BF-12Dd 1.5876 | 1.5957 0.0A 0.01
Hel 3FD-3F 1.6779| 1.6863 0.06: 0.01
Hel 1F-1°D 1.6802
Hel Fp-£D9 1.7007 | 1.7092 1.02- 0.15 1.7090 1.3 0.15 1.7087 0.73: 0.08 1.7086 0.57% 0.05
Hel 12D-1'P 1.7332 1.7418 0.05+0.01 1.7410 0.38: 0.04
Hel 1¥F-12pd 1.7358 1.7439 0.28: 0.09
Hel 1P-12D 1.7482 1.7564 0.54+ 0.04
Hel 3FF-33D¢ 1.9443 | 1.9540 0.5% 0.09 1.9540 0.55: 0.19 1.9539 1.56: 0.44 1.9539 2.63: 0.57
Hel Fp-FD¢ 1.9548 1.9642 0.53+ 0.05
Hel 2s-2p 2.0587 | 2.0692 9.0Q: 0.79 2.0691 9.08: 0.80 2.0684 4.08: 0.39 2.0683 2.74: 0.26
Hel Fp-4s 2.1127| 2.1235 0.4Q: 0.03 2.1233 0.38: 0.05
Hel FD-3*F 2.1614 | 2.1726 0.45: 0.05 2.1723 0.40= 0.04
Hel FG-FFH 2.1647| 2.1758 0.69: 0.08 2.1749 0.36+ 0.04 2.1746
Hel 1P-12D 2.1847 2.1956 0.18: 0.03




Molecular hydrogen®

=5 20003 10473 10533 0.10: 0.02
H, 5-3Q(1) 1.4929| 1.5006 0.1 0.02 1.5004 0.18: 0.02 1.5000 0.23: 0.02 1.5001 0.20: 0.04
H, 5-3Q(3) 1.5056 1.5132 0.12+0.01 1.5128 0.15: 0.03 1.5129 0.17 0.01
H, 4-2 0(3) 1.5099| 1.5176 0.13: 0.02 1.5174 0.13: 0.02 1.5171 0.16+ 0.02 1.5170 0.23: 0.02
H, 6-4 Q(1) 1.6011| 1.6098 0.18: 0.02 1.6096 0.14: 0.01 1.6092 0.24+ 0.02 1.6092 0.28: 0.03
H, 5-30(3) 1.6135| 1.6218 0.1A4 0.02 1.6217 0.22: 0.02 1.6213 0.22: 0.02 1.6212 0.24+ 0.03
H, 7-5S(1) 1.6206 1.6283 0.10: 0.02 1.6282 0.08: 0.01
H, 4-2 O(5) 1.6224 1.6302 0.14+ 0.04 1.6300 0.14+ 0.02
Hs 7-50(1) 1.7288 1.7371 022003 | 1.7371 0.46+ 0.05
H, 6-4 O(3) 1.7326| 1.7412 0.26+ 0.02 1.7412 0.06+ 0.01

Ho 1-0 S(7) 1.7480 1.7564 0.68: 0.06
H, 1-0 S(3) 1.9576| 1.9679 1.82: 0.20 1.9676 0.63+ 0.05 1.9670 1.74£0.14 1.9670 2.66+ 0.22
H, 1-0S(2) 2.0338| 2.0443 0.88: 0.08 2.0440 0.35+: 0.03 2.0436 1.02:0.11 2.0435 1.35:0.15
H, 2-1S(3) 2.0735| 2.0842 0.42: 0.04 2.0839 0.30: 0.03 2.0834 0.32: 0.05 2.0834 0.67 0.09
H, 1-0 S(1) 2.1218| 2.1329 2.73: 0.25 2.1326 1.16: 0.09 2.1321 2.32:0.23 2.1320 2.73:0.24
H, 2-1S(2) 2.1542| 2.1654 0.39: 0.05 2.1652 0.23: 0.02 2.1646 0.44+ 0.05 2.1644 0.90: 0.08
H, 1-0 S(0) 2.2233| 2.2347 0.66+ 0.07 2.2345 0.2+ 0.02 2.2340 1.03: 0.13 2.2340 1.57#0.14
H, 2-1S(1) 2.2478| 2.2592 0.64+ 0.07 2.2586 0.16£ 0.02 2.2586 0.75: 0.05 2.2585 1.3 0.14
H, 3-25(1) 2.3864 2.3975 0.45: 0.04 2.3975 0.64+ 0.05
Hs 1-0 Q(1) 2.4066 2.4177 2.46: 019 | 2.4177 3.02: 0.33
H, 1-0Q(2) 2.4134 2.4246 1.38:0.17 2.4246 1.9+ 0.17
Hs 1-0 Q(3) 2.4237 2.4360 1.18: 014
H, 1-0 Q(4) 2.4375 2.4486 0.474 0.04 2.4488 1.0% 0.09
H, 1-0 Q(5) 2.4548 2.4661 0.78: 0.08 2.4660 1.16+ 0.08
Iron®

[Fell] Dy r-a'D7,  1.2572] 1.2635 3.23: 0.28 1.2634 5.94+ 0.42 1.2631 1.43:0.14 1.2631 1.56+ 0.15
[Fell] a4F9/2-a4D5/2 1.5339| 1.5417 0.22- 0.38 1.5416 0.29: 0.06 1.5412 0.14+ 0.04

[Fe”] a4F7/2-a4D3/2 1.5999 1.6077 0.16+ 0.03

[Fe”] a4Gg/2-b2F7/2 1.6145 1.6223 0.08: 0.01
[Fell] a4F9/2-a“D7/2 1.6440| 1.6524 2.8% 0.23 1.6522 3.59: 0.39 1.6518 3.05+ 0.35 1.6518 5.34+ 0.52
[Fe”] azeg/g-a4H7/2 1.7044 1.7122 0.10+ 0.02

[Fe”] a2P3/2-b4F3/2 2.1410 2.1509 0.12: 0.01
[Felll 3Gs-Hg 2.2184 | 2.2300 0.32: 0.04 2.2299 0.43: 0.03

aLinefluxes measured in &8 aperture.

bLinefluxes measured in & 5 aperture to take extended emission of molecular hydrogdriran into account.

¢Flux unreliable due to feature in standard star spectrum.
dpossible blend of several helium lines.

ePossible blend with Hel?D-1'P .

fPossible blend with K6-4 O(3).




