Probing the ISM of a Starburst Galaxy at z = 3.8 with medium-resolution spectroscopy
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ABSTRACT We recently reported the discovery of FORJ0332-3557, a lensed Lyman-break l ' | ' . ' . ' ' ' l ' ' . '
_ : o : — 1 cB58 z=2.73 Source
galaxy at z = 3.77 in a remarkable example of strong galaxy-galaxy gravitational lensing. We o L Source z—3. 77
present here a medium-resolution rest-frame UV spectrum of the source, which appears to be ———  error spectrum Lens
similar to the well-known Lyman-break galaxy MS1512-cB58 at z = 2.73. 1 Ly Limit .
The spectral energy distribution is consistent with a stellar population of less than 30 Ma, with 1 |
an extinction of A = 0.5 mag and an extinction-corrected star formation rate SFR , of 200- I lﬁé
300 hm'1 M, a’. The Lyman-a line exhibits a damped profile in absorption produced by a 0 - . 1
column density of about N = (2.5 +1.0) x 10** cm®, superimposed on an emission line shifted i v | — i J
both spatially (0.5arcsec with respect to the UV continuum source) and in velocity space i W | | | | , | | | Lyy , , -~ LyB | | | | | | | | , | , | . o
(+830 km s™) with respect to the low-ionisation absorption lines from its interstellar medium), a 90 95 100 105 110 115
clear signature of outflows with an expansion velocity of about 270 km s™. A strong emission
line from Hell A164.04 nm indicates the presence of Wolf-Rayet stars and reinforces the | ___ o
(7))
interpretation of a very young starburst. The metallic lines indicate sub-solar abundances of
: . - - - i
elements Si, Al, and C in the ionised gas phase. - - ' .
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Table 1. Description of spectroscopic data with VLT FORSZ. E B (Wl | _ h & ] N
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Table 2. Interstellar absorption lines The spectrum of FORJ0332-3557 shows characteristic absorption lines from starburst galaxies. They are summarised in Table~2. The medium-resolution spectrum of the
- Veb b redem Weo p og'b X/H]o®  Comment LBG cB58 (Pettini 2000)_is ShOWﬂ _in Figl_Jre_ above in red, superimposed on our source, for a direct comparison of the insterstellar features. It is immediately obvious that the
e e o 2 S FORJ0332-3557 source is qualitatively similar to cB58.
——— 103 om0 All common interstellar absorptions are found in FORJ0332-3557. The strong ab;or_pthn fef':ltures |ncll_Jde Iow.-lonlsatlon lines assomqted with neutral gas (Sill AAA126.04
HIL;_}_; 102 57 EZID:I:DZ&D'E%% 0.07012 ] 130.47 152.67, CIll A133.45, Ol A130.22, Al 1l A167.08, Fell A160.84) and high-ionisation lines associated with a hot gas phase (Si IV AA139.38 140.28, CIV AA154.82
HiLya  1215.7 . - - 04164 21.44+0.2 155.08). Table 2 lists the ion line identification, vacuum rest-frame wavelength A _'*°, observed wavelength A _°> , redshift z, rest-frame equivalent width W, oscillator
?E I 12-31'24 ;g?g? ig —Df{iﬂfmﬂdggaﬁi : 1_2?3 - DlE‘n_:I: NP . :]-"R;'?meehc 133 57 strengths f, column density, ion abundance with respect to solar [X/H]_ and comments. Additional uncertain identifications are question-marked, the lines noted /? might
Crv sis2 8T 3776 0.10 £ 0.037008 1008 A0 L0021 - g P A belong to interlopers at unknown redshift(s). We emphasize that the derived W, are very sensitive to both sky subtraction and continuum normalisation, hence the
Crv 15508 74000 37718  0194+0.057002 000522 14974025 > —30  sky contamination systematic errors caused by the continuum normalisation have tentatively been computed and are shown to be close to photon counting errors, while the sky subtraction
N1? ~120 57270 37718 036+ 0.18F000  0.04023 15844025 —1.67  triplet N1A 119.95 120.02 120.07 error is much more difficult to quantify. As a sanity check, we computed the equivalent widths of absorption lines in the spectrum of cB58 and found our measurements to be
ﬁim Sgi Egif ? gﬂ 0.15 + D-CIE."":"':'E‘ 0 DLI-EET 15.30 :I: 017 = —--3. 0 Eﬁﬂgiﬂ E:EE 51111111133%3:1%1 fully Consistent_wi.th th.ose published by (Pettini 2002). : ,
O1v 13434 B4127 37735 0144+ D:mfﬁ@% o o . photospheric | No nebular emission lines are detected in the present spectrum other than Hell A164.04nm (S~f{Hell}). A weak detection of ClII] A190.87 seen on a previous spectrum
Al1l 167.08 79741 37726  019+002F0% 1833 13624022 > 25  sky contamination (Cabanac 2005) suggests that contamination of the high-ionisation lines by nebular emission is present but small. P-Cygni profiles are visible on Cll A133.45, and CIV
51.-"13' 13315 559.%9 3.7719 D.lj.:l:[l.ﬂj.}%:é% . o - %155.08.
;i? E;"Sf Eg‘?;j ii’i g};i E'SEIE:B% ggigg‘j 1590 £0.15 =111 P There are several ways to derive the abundances in the interstellar medium of distant galaxies (Spitzer 1978, Pettini 2002, Savaglio 2002). Ideally one should build a curve
v 018 71640 47741 DA D.mfgqg'ﬂz 000545 shotospheric ' of growth by_ fitting _\/0|_gt_ profiles _and Do_ppler parameters b for aI_I |ons_|ndependently. Becau_se the resolution of our observed spectrum s just gnder the re_solutlon one
s 15112 72143 37740 0.07 4+ D.m:_“g';gg ] ] ] blended with S1IIA51.21 needs for Voigt proflle fitting, and |s_p_enallsed by a low signal-to-noise ratio, most of the strong lines appear saturated, and most W_eak lines are dominated by noise.
Si1 12604 60184 37749  0.19 4+ 0.04+0°03 1007 14134011 = —28  blended with S11A125.95 A careful analysis of the ISM metallicity goes beyond the present paper and will be done elsewhere. Here we present only qualitative arguments on the curve of growth, and
SiIr 13047 62249 37710 01640017990 0004 15054 0.37 —1.97  blended with O1)130.22 Doppler parameters b. Assuming that the interstellar medium in FORJ0332-3557 is optically thin, one can infer lower limits to column densities, log(N[cm~?]), and
Siln 152.67 72830 37710  024+003%992 0130 14096+0.11 > —20 abundances (given in Table 2) by taking the optically thin approximation
Sim*? 15334 73140 37697 0.04£0.01F00 0.132  14.20£0.10 —2.87
SiTV 130.38 66500 37718 0.19+ D.GE;%:E% 05140  14.334+0.10 > —2.6 log N [cm?] = 19.053 + log[ W, / A2 f]
SiTV 140.28 66938 37718 02140037503 02553  1466+£0.12 > —2.3  blended with S1A140.157
Fe 11 160.84 76768 37728  0.12+0.02F00! 0.058  14.954+0.11 —2.0
o where f is the line oscillator strength. The equivalent width, W,, and the wavelength A are in nm. A tentative curve of growth indicates that the ion abundances could be 2-3
dex larger for a Doppler parameter of b = 50 km s. In this context, the most constraining line, besides Si II* A153.3 which may be blended, is Fell A160.8, which appears
“ Errors are given as statistical (&photon noise) and systematic (* systematic uncertainty in location of the continuum) unsaturated and whose small equivalent width is similar to the one measured in cB58 and would yield b ~ 60 km s, similar to the b ~ 70 km s reported in cB58 (Pettini
E Lower I]imits bgsed on the assumpt.inn of an optically rthm medium 2002)_
Assuming solar abundances from Asplund et al. (2005 Compared to cB58, FORJ0332-3557 W, are lower by factors of 2-3 (CIV AA155.08 155.08, Al Il A167.08, Ol 1130.22) to a factor of 1-1.2 (Si IV A1139.38 140.28, Fe
1160.84).
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The Dbest-fit Ly-a profile of an VI kmis ]
L L expanding shell To fit the profile high 20— — O o e
C B}, NOED = (2521.0) 107 em™ N_H + dust is always needed. N H :21.700 — Observed
- Typically log(N_H)>21.3 (at 1 sigma), T — 2435!<h9dt L
o b but best fits are for 21.7. Again, this is tau :4.000 - In}g:inseiclc
Z - higher than N_H obtained from Voigt Lol - .
ol profile fitting..
E - 5 osf
z © - The small "Lya peak" found at ~800-
o 1000 km/s can be reproduced with ol
shells of vexp~100 km/s, which is
@ R R B consistent with our velocity measured ol
118 123 124 125 126 127 between the IS and 2 photospheric
A [nm] Imes. o » | | | | |
Higher vexp values are difficult to 1180 1200 1220 1240 1260 1280 1300
i ' ] reconcile, since the peak is then Horenem LA
E S & E expected at higher v.
=t
% g - - EW>~100 Ang is required to get the Lya peak - again, as expected for SFR~const
£ _ vl (and from cB58 modeling).
X‘. L L | 1 1 | ....I........A..ﬁ . . .
2000 0 1000 2000 - Here the peak is found at higher velocity than the 1st-order value v_peak~2* v_exp
Av [k /s] Av [km/s] given in Verhnamme (2006). This is due to the very high N_H. This effect was also

The best fit starburst99 models (red lines) are overlaid on the normalised spectrum of FORJ0332-3557 source
(blue line) for two extreme scenarios of star formations with a Salpeter IMF from 1-100 M_, at a metallicity

z ..=0.004 (1/5 Z ). The parts of the spectrum excluded of the fit are shown as dotted lines (see text). The

metal

top frame shows a constant SFR for 29 Ma. Ages older than 20 Ma are strongly favoured. The bottom frame
shows an 8 Ma-old instantaneous burst of star formation. No model (at any available metallicities (1/20 Z )

can reproduce the observed depths of the lines. For a constant SFR, larger metallicities produce older ages
(29 Ma at Z___ =0.001, >49 Ma at Z___ = 0.008). Instantaneous burst models tend to produce deeper lines

while constant SFR models tend to better fit the observed P-Cygni profiles of CIV A155.08 nm.

metal

The best-fit Voigt profile corresponding to a column density of
2.5+1x10%cm=(solid and red dotted lines) is shown on the rest-frame
spectrum (top frame).The bottom frames show the same fit in velocity

space Av.

On the panel at the bottom right the model is subtracted out of the
spectrum,showing a conspicuous emission feature peaking at ~830 km/
S. This feature is also offset spatially by 2 pixels (ca. 0.5arcsec) from the

main UV-continuum emitting source (see Fig. below)

E(B-V)~0.26 for a SMC law.

mentioned in Verhnamme+08, where we explain the observed increase of the Lya-1S
shift in LBGs when moving to strong absorption objects.

- Concerning the dust amount: one finds typically tau~1-4, which corresponds to
E(B-V)~0.1-0.4 for a Calzetti law. Assuming E(B-V)=0.4, this would correspond to
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Reduced y* contours are given for the best-fit Z = 0.008 sed@ models for a grid of ages and extinctions.

The contour levels are arbitrarily chosen to be 1, 3 and 10% of the reduced yx? minimum, to outline the trends.
The left panel shows the contours derived for a continuum-normalised set of deep absorption lines alone (cf.
text), the center panel shows the constraints derived from the photometric colours alone, and the right panel
shows the combined contours of the two independent sets taken together. The optimal parameter set is
age=20%5 Ma, A =0.55+0.02

Lyfalpha

Source continuum

1 pix = 0.256" = 1.8 kpc

Zoom on the 2-D spectrum around Lya, showing the spatial
offset of ~ 2+0.5 pixels (0.51+£0.13 arcsec) and the velocity
shift of Av = +830 km s, indicative of outflows (121.567 nm

position is the narrow green vertical line). The lower trace is
the spectrum of the elliptical galaxy that produces the
gravitational lensing effect.
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