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ABSTRACT

We present the detection of deuterated molecular hydrddB®) i the remote Universe in a damped Lymarmioud atz,,s = 2.418
toward the quasar SDSSJ143912.041740.5. This is a unique system in which Bhd CO molecules are also detected. The
chemical enrichment of this gas derived fromizand St is as high as in the Sun. We measigHD)/2N(H,) = 1.55¢ x 10°°,
which is significantly higher than the same ratio measuretthénGalaxy and close to the primordiafHDratio estimated from the
WMAP constraint on the baryonic matter densify,). This indicates a low astration factor of deuterium thattcasts with the
unusually high chemical enrichment of the gas. This can t&preted as the consequence of an intense infall of priimogds
onto the associated galaxy. Detection of HD molecules dt-hiso opens the possibility to obtain an independent canstra the
cosmological-time variability of:, the proton-to-electron mass ratio.
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1. Introduction (2001), wherey is the baryon-to-photon ratio. We consider this
_ . . . . [D/H], value as the primordial D abundance in this work.
Deuteriumis produceq by primordial nucleosynthesis asdls Damped Lyman systems (DLAs) are absorbers with the
sequen_tly de_stroyed In stars. Therefore measurementsl-bf I:Plighest neutral hydrogen column densities amongaBsorp-
from primordial gas provide important constraints on theyba tion line systems N(H%) = 10%° cmr?) and are thought
onic ma:[ter densmﬂb_7|n the framework of Big-Bang CoS- 4, 5rise from the neutral interstellar medium (ISM) of dis-
momgy (Wagoner, 191 3). Measurements afedent r_edshl_fts tant galaxies| (Wolfe et al., 2005). Only a small fractiel Q-
in_turn provide important clues on the star formation h¥t0r15%) of them show detectable amounts of {edoux et al.
(Daigne et al.; 2004; Steigman et al., 2007). All the_ av_ekdabzoo:g. Noterdaeme etial.._2008). Among the 14 highl-z-’
D/H meg\surergents_ at highare basgq on the determlnatlo_n 0beari’ng DLAs known to date, only two show HD absorption
the N(D7)/N(H") ratio in low-metallicity QSO absorption line (7 shajovich et 21. 2001: Srianand et al., 2008). The -
systems. These_ measurements affodit ma|.nly .beca.use the 3 418 system toward SDSS J14391121740 we present here is
velocity separation betweeniand Hr absorption lines is small the only one where, in addition toHand HD, CO is detected
(%\(’j'?l/m Nlc?i% an1 s) |rr:1ply|ng the Imfesharf easn%/Oblended.kAnFrom the excitation of CO it is possible to derive in a straigh
additional dificulty Is the presence of the Lymanforest, mak- ¢4y way an accurate estimate of the Cosmic Microwave
ing hard to find t_he true continuum position and to d'scef!‘ b%’ackground Radiation temperature at the redshift of therdies
tween Dr absorption lines and intervening loyforest lines. This (Srianand et al., 2008). Here we focus on the/Hpratio and its

explains why, despite more than a decadeffirés, only seven ; .. 3 ; ; ;
robust measurements of/i® at high-redshift have been per_|mpI|cat|ons for the star-formation history in the DLA gaja

formed (O’Meara et al!, 2006; Pettini et al., 2008a). It heqpp
that these measurements are consistent with the val¢]{D 2. Observations and Analysis
= 2.55+0.10 x 10°° derived from the Wilkinson Microwave
Anisotropy Probe (WMAP) five year dala (Komatsu €etlal., 200
together with then < [D/H], conversion from_Burles et al.

bservations were performed with the Ultraviolet and Visua
chelle Spectrograph of the Very Large Telescope at the
European Southern Observatory on March 21-25, 2007 with to-

* Based on observations carried out at the European Southifh€Xposure time on source exceeding 8h. Both blue and red
Observatory, under programme 278.A-5062 with the Ultdatiand SPectroscopic arms were used simultaneously using dickedi
Visual Echelle Spectrograph installed at the Very Larged3ebpe, unit tings with central wavelengths of resp. 390 nm and 580 nm (or
Kueyen, on mount Paranal in Chile. 610 nm). The resulting wavelength coverage is -3B800 nm
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1ok 1 Tablel1l. Observed metal abundances
o5t B lon (X) log N(X) X/H]J?
r ] St 1527+0.06 -0.03+0.12
r H1 A1215 7 Zn* 1293+ 0.04 +0.16+0.11
0.0 = Si*  1480+004 -0.86+0.11
1.0 Fe 1428+ 0.05 -132+0.11
[ 3 NO > 1571 >-0.34
0.5 - 1 with respect to solar abundances from Mdrton (2003).
r HI )\10[25 ]
0.0—
100 1 19.25,19.20 and 19.20 at velocities: —892,-594,-382, and
E 1 =117 kms?, relative to the main clump studied here. The com-
0.50 4 plex velocity structure andr insuficient signal-to-noise ratio
E 1 in the blue prevent the determination N{D°) in these indi-
0.00 OIM302 1 vidual components directly from Dines. From fitting together
~2000 ~1000 0 1000 o00c Vvarious optically thin transitions of § Znu, Siu and Fei, we
Relative velocity (km S) derive metallicities in the main clump (at = 0 kms?; see

Table[1). No ionisation correction is applied. The preseofce
strong neutral carbon and molecular lines in the main clump,
(9uding easily photo-dissociated CO (Srianand et al., P0@8-
cates that theflect of ionisation on abundances should be neg-
' , ; B ligible. Indeed, in the abscence of neutral carbon, thesation
model. Profiles are plotte_zd ona velomtylscale with originage .o tion for logN(H1) = 20.1 is smaller than 0.10 dex (see
Zaps = 2.41837. Blue profiles at = 0 kms " represent the main ¢ 53 o paroux et all, 2007). The S and Zn metallicities ar
H” component and the associated uncertainty as a shaded.regigfl . and the relative depletion pattern (from Si and Feyps t

cal of what is seen in cold neutral ISM clouds in the Galaxg (se

with a small gap between 452 and 478 nm. The CCD pixeTgbleﬂ)'

were binned 22 and the slit width adjusted to”1matching
the seeing conditions of 079. This yields a resolving power 53~ j1umn densities of molecules and D/H ratio
of R = 50000, as measured on the thorium-argon lines from
the calibration lamp. The data were reduced using the UVE®sorption lines from more than one hundred tiansitions
pipeline v 3.3.1 based on the ESO common pipeline library syisom rotational levels = 0 up to J= 5 are detected in the
tem. Accurate tracking of the object is achieved even in cas&in Hi component in six components spread over 50 ki s
of very low signal-to-noise ratio. Both the object and skesp Column densities in dlierent J levels are obtained by simulta-
tra are optimaly extracted and cosmic ray impacts and CCD desous fits and are especially well constrained by the presenc
fects are rejected iteratively. Wavelengths were rebirtngtie of damping wings seen on the corresponding lines from the
vacuum-heliocentric rest frame and individual scientifip@ Lyman 2-0, 4-0, 5-0, 7-0, 8-0, 9-0, and 10-0 bands and from
sures were co-added using a sliding window and weighting tttee Werner 0-0 and 1-0 bands. Examples are shown oriFig. 2,
signal by the total errors in each pixel. The dispersion adouwith y? = 1.04, 0.99 and 0.98 for3 0, 1 and 3, respectively. We
the wavelength calibration solution is 150 m.sStandard Voigt- measure a total column density of INgH,) = 19.38+ 0.10 and
profile fitting methods were used for the analysis to deteemim molecular fractionf = 2N(Hz)/[2N(Hz)+N(H%)] = 0.2773.%0.
column densities, redshifts, and Doppler paramdiers The uncertainty otN(H,) is dominated by the error from fitting
H1 absorption corresponding to the DLA is spread ovehe damping wings of low rotational level lines£D and 1).
~1000 km s'. The velocity structure can be modeled using Deuterated molecular hydrogen is detected in the first ro-
the asymmetry of the Ly line and the profile of the Ly tational level in three components associated to the sésing
line (see Fig[ll). The derived structure is consistent wlh t H, components. Five HD absorption lines (L3-0R0, L5-0RO,
velocity profile of the Q absorption. The latter species is bet7-0R0, L8-0R0 and W0-0R0) are clearly detected and were
lieved to track H closely through charge exchange reactions fditted simultaneously. The fits are shown on Fijy. 2. Signal-to
logN(H®) > 19.0 (Viegas| 1995). The continuum is fitted at theoise ratios are-12 for L0-OR0, L3-OR0 and L5-0RO0, and
same time as the absorption lines with a large-scale lowford-6 for the remaining linesy? values for the fit to these lines
spline. are 0.43 (LO-ORO0), 1.04 (L3-0R0), 1.36 (L7-0R0), 1.07 (L8-
The column density in the main clump is strongly con® R0O) and 1.49 (WO0-0RO0). Note that fittings were done inde-
strained by the red damping wing and the gaps in the3Lypendently by two of us (PN and RS) with twofldirent tools
absorption. The best fit gives ldgH?) = 20.10*3.% for the (FITLYMAN and VPFIT), yielding same results. The strongest
main clump atzgps = 2.41837. Note that a column density oftonstraint comes from L3-0 RO transition which has good SNR
log N(H®) = 20.2 would fill in the whole red profile (see Fig. 1).and is optically thin (see Fig. 2). Note that L5-0RO0 is bleshde
For a column density smaller than IdgH®) = 20, the shape of with another absorption and is not included in the fit. Resoit
the profile can not be reproduced by any absorption locatedtla fits are summarized in Talilé 2. Errors correspond the fit of
-117 kms?. both the lines and the continuum. The total HD column density
The overall fit is represented in red on Hig. 1, while the coris logN(HD) = 14.87 + 0.025.
tribution from the main clump only is shown by the blue profile Although each HD component is associated to one of the
and the associated uncertainties by the shaded regiocathéi H, components, the strong blending of the latter, especially i
column densities for other components are Mggi®) = 17.9, low rotational levels, does not allow for the determinatiafn

Fig. 1. Voigt profile fits to the Ly (top panel) and Lg (middle
panel) lines. The bottom panel shows the absorption profile
O1 to visualize the positions of individual HHomponents (ver-
tical dotted lines). The solid red lines indicate the oJefigl
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Fig.3. The HD/2H, ratio vs the molecular fraction. The

o050 0 oo 100 ee amets 80"_80 S0 o a0 B0 filled square is the new measurementzas = 2418 to-
Relative velocity (km <) Relative velocity (km <) ward SDSS J14393211740. The empty circles arese and

Copernicus measurements in the Galactic ISM (Lacourlet al.,
Fig.2. Molecular hydrogen absorption lines. The normalize@005%). The grey region marks theé’/BI° ratio in the Galactic
flux is given on a velocity scale with the origin setags = disk (Linsky et al., 2006), the light grey region marks ttiti@ in
2.41837. The Voigt profile fits as well as the residuals are alsige Galactic hald (Savage ef al., 2007) and the verticalshed
plotted. The blue dashed profile overplotted on HD L5-0 RG cosne that in the Local Bubble (Moos et al., 2002; Linsky et al.,
responds to the contribution from HD only. The grey regiams f2006). The obliqgue dashed lines stand fof/H® measure-
H2L4-0RO0 and H L4-0 R1 represent thesiuncertainty around ments in high-redshift quasar absorption-line systemsQQS
the best fit. Short vertical lines mark the position of indival ALS;|Pettini et al.. 2008a). Finally, the solid line corresgls to
components. the D/H ratio estimated from the baryfphoton ratio (WMAP;
Komatsu et all, 2008).

Table 2. Voigt profile fitting results for HD

Zabs v b log N(HD) (e.g..Cazaux et al., 2008) and the sensitivity of the HD abun-
(kms?!) (kms™?) dance on the particle density, cosmic ray density and UV field
241835 -19  29:08 1389+0.08 (Le Petit et al., 2002). However FUSE and Copernicus observa
2.41851 120  ®x10 1457+004 tions have shown that in the ISM of the Galaxy, the/Hpra-
2.41866 _25'3 _ 5+03 1446+0.03 tio increases with the molecular fraction and that/&iB, could
* Velocity relative t0zyps = 2.41837. trace DH well only whenf ~ 1 (Lacour et al.[ 2005), when

both HD and H are self-shielded from photo-dissociation. In
diffuse gas, the HD optical depth is expected to be smaller than

N(HD)/2N(Hy) in individual components. We therefore use thﬁmt of H, —as the deuterium abundance is low— and/2HB

column densities integrated over the whole profile for bolh Huill provide a lower limit on DH (Le Petit et al.| 2002: Liszt,

and H and obtaifN(HD)/2N(H>) = 1.5"3$x107°. In Fig.[3, we \ o -
compare theN(HD)/2N(H>) ratio with similar measurementsé?]%bve'e;rgis(go%lg)o supported by recent FUSE observations by

in the Galactic ISM [(Lacour et al., 2005). It is apparent that Finally, the DH ratio in the gas phase, as measured by

the N(Hg)/ﬁ!\l(hHZ) Lat'o r']n thel pre;sent. sylstem IIS anl orfder Olf—|D/2H2, could itself be a lower limit on the true abundance ratio
magnitude higher than the values for similar moleculartionc if depletion on dust is significant (Prochaska et al., 200%;me:
(andN(H3)) measured in the Galaxy. We also compare these %06) ) e

sults to /H° measurements in low metallicity clouds toward
high-redshift quasars_(Pettini et al., 2008a), the Galadisk,
the Galactic halo and the primordia/i® ratio estimated from
the five-year WMAP results (Komatsu el al., 2008).

From the molecular ratio, HRH,, we derive (DH)oLa >  Evidence for infall?
0.7x107° at the 95% confidence level. This corresponds to an as-
tration factorfp = (D/H)p/(D/H)oLa < 3.6 where (DH), refers  The high DH ratio inferred above indicates that astration of
to the primordial abundance derived from WMAP. However, théeuterium is low eventhough metallicity is solar. This attan
true (OH) ratio (resp. astration factor) is probably well above thig well explained in our Galaxy by models including infall of
derived lower limit (resp. well below the upper limit) fornaus ~ primordial materiall(Steigman etlal., 2007; Romano et 802
reasons: Prodanovic & Fields, 2008).

First, the quoted H2H, ratio could represent a lower limit I we use the sulfur abundance as a proxy for that of oxygen,
on the actual ratio in individual components as &hd HD we note that the [}D] ratio in the main H component is con-
are possibly not co-spatial. Indeed, the maximum HD colunsistent with the ratio expected for secondary nitrogen petdn
density does not arise in the strongest CO component (sd¢esolar metallicityl(Centurion et al., 2003; Petitjeamlk{2008;
Srianand et al., 2008), suggesting a fraction of the mosediy- [Pettini et al.| 2008b). In addition, the /[&h] ratio is consistent
drogen is not associated with HD. with the solar value and does not indicate argnhancement.

Second, deriving the deuterium abundance from the HD The inferred lower limit on [H, the near solar value of
column density is dficult because of the complex chemistryja/Fe] and [Nea] rule out rapid star formation that is generally

4, Discussion
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invoked to explain high chemical enrichment in ellipticalax- which the gas that goes through star formation is replediblye
ies. continuous infall of ambient primordial gas. Similar rasudrise
Speculating slightly further, we note that the metal praile from recent numerical simulations and semi-analytical mod
spread over at least 800 kmtgsee Fig[ll). This, together with els (e.gl Keres et al., 2005; Erb, 2008). Interestinglypadyical
the solar metallicity, is consistent with the gas being eisged studies of nearby galaxies (Fraternali & Binhey, 2008) at we
with a deep potential well (Ledoux etlal., 2006). as interpretation of Lyr blobs at high redshift (Weidinger etlal.,
The properties of the gas in the present system are similaj2@05%;| Nilsson et all, 2006; Dijkstra et/al., 2006) providden
those of the ISM in our Galaxy. But these properties are redchpendent observational evidences for accretion of gas oate m
on a time-scale five times smaller for the DLA galaxy than faive galaxies.
the Milky Way, as the age of the Universezat 2.42 is 20% of We finally stress the importance of detecting similar system
its present age adopting the most recent cosmological garano probe the time-variation of the proton-to-electron mess
ters (Komatsu et al., 2008). This must imply that the systas htio from HD lines. Although such a independent test would be
undergone continuous star-formation and infall. welcome to characterize possible unknown systematicsifsig
If one assumes negligible production of deuterium by cosmicantly higher signal-to-noise ratio is required to obthmits
rays and that this element is completely destroyed in the@matomparable to those obtained with other techniques.
rial that goes through stars then the gas infall idtg should
on average be. of the order of the star formation M@R. In Acknowledgements. We thank an anonymous referee for comments and sugges-
order to replenish deuterium. Recently several obsemakiev- ions that improved the quality of the paper. We warmly thHiESO Director
idences have been published for cold gas accretion ontaveassiscretionary Time allocation committee and the ESO DaecGeneral,
ga|axies at highg.(Weidinger et al., 200%; Nilsson et al., 2006 Catherine Cesarsky, for allowing us to carry out these olsiens. PPJ and_ RS
Dijkstra et al. 2006) and love{[Fraternali & Binnely| 2008). In gratefully acknowledge support from the Indo-French Gefdr the Promotion
T ” ) . of Advanced Research (Centre Franco-Indien pour la Promadt la Recherche
addition, numerical simulations suggest that at2 — 3 the ac- Avancée).
cretion of cold material from the IGM dominates for halostwit
masses<~ 3 x 10'! M, (Keres et al., 2005). Interestingly, the
inference thaM;, ~ Mggr is also required to understand theReferences
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