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Abstract. We present a survey of the formaldehyde emission in a sanfigliglat Class O protostars obtained with the IRAM
and JCMT millimeter telescopes. The range of energies ddltiserved transitions allows us to probe the physical anchictzs
conditions across the protostellar envelopes. The da&been analyzed with threefidirent methods with increasing level of
sophistication. We first analyze the observed emissionarLIfE approximation, and derive rotational temperaturds/éen

11 and 40 K, and column densities between 1 anc 2@ cm2. Second, we use a LVG code and derive higher kinetic
temperatures, between 30 and 90 K, consistent with subtilgrpopulated levels and densities from 1 to<6.0° cm 3.
The column densities from the LVG modeling are within a factiolO with respect to those derived in the LTE approximation
Finally, we analyze the observations based upon detailetttafor the envelopes surrounding the protostars, usingeeature
and density profiles previously derived from continuum obstons. We approximate the formaldehyde abundance sites
envelope with a jump function, the jump occurring when thetdemperature reaches 100 K, the evaporation temperdture o
the grain mantles. The observed formaldehyde emissionligegroduced only if there is a jump of more than two orders of
magnitude, in four sources. In the remaining four sourcesitita are consistent with a formaldehyde abundance jurhthéou
evidence is more marginak(2 o). The inferred inner LCO abundance varies betweerx 1078 and 6x 10°5. The absolute
values of the jump in the }€O abundance are uncertain by about one order of magnitedaube of the uncertainties in
the density, ortho to para ratio, temperature and veloaityilps of the inner region, as well as the evaporation teatpes

of the ices. We discuss the implications of these jumps forumderstanding of the origin and evolution of ices in low mas
star forming regions. Finally, we give predictions for thémiillimeter HCO lines, which are particularly sensitive to the
abundance jumps.

Key words. ISM: abundances - ISM: molecules - Stars: formation
1. Introduction tion temperature is around 20 K, is the best studied speoibs b
because it is the most abundant molecule afterdrdd because
Low mass protostars form from dense fragments of moleculgriig important role in the gas thermal cooling. CO depletio

clouds. During the pre-collapse and collapse phases, ¥8-phot more than a factor of ten has been observed in the centers of
cal and chemical composition of the matter undergoes swbsigyese condensatiorls (Caselli fal. 1998, Pb02; Bacmarh et a
tial, sometimes spectacular, changes. From a chemicat p@ifin3). This large CO depletion is accompanied by a variety
of view, the pre-collapse phase is marked by the freezing 9f -hanges in the molecular composition; the most spectacu-
molecules onto the grain mantles. In the very inner parts (gt js the dramatic increase in the molecular deuteratiprtgu

the pre-stellar condensations, molecules have been ®IS&V gjght orders of magnitude with respect to thgHDelemental
progressively disappear from the gas phase (e.g. Tafala el ndance) observed in formaldehyde (Bacmanr bt all 2003).
2002;Bergin et al. 2002). The CO molecule, whose condenggye changes are recorded in the grain mantles, where the pre-
collapse gas will be progressively stored. When a protastar
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evaporate into the gas phase, returning information froen tin which not only the ices have evaporated but also a subse-
previous phase. guent hot core chemistry has ensued. Furthermore, Maré&t et a
Most of the studies of the composition of the grain mantl¢2002) argued that NGC1333-IRAS4, another low mass very
have been so far carried out towards massive protostars, éebedded protostar, has also such a warm region, somewhat
cause they have strong enough IR continua against which kbss than 200 AU in size.
absorption of ices can be observed (2.9. Gerakineslet &; 199 Formaldehyde is a relatively abundant constituent of the
Dartois et al. 1999; Gibb et &al. 2000). The absorption tegirai grain mantles and it is a basic organic molecule that forms
allows one to detect the most important constituents of there complex molecules (elg. Charnley et al. 1992). For this
grain mantles: KO, CO, CQ, and sometime Nkj CH;OH and reason, we studied the formaldehyde line emission origigat
H,CO (Schutte et al. 1906; Keane etlal. 2001). In much casegsthe envelopes of a sample of very embedded, Class 0 low
the mantle composition of low mass protostars has been wiass protostars. In this article we report the first resiilthie
rectly observed. In these cases, the observations havecbheensystematic study. This is part of a larger project aimed &rch
ried out towards protostars that possess a strong enouginiR @cterize as far as possible the physical and chemical cdmpos
tinuum (e.gl.Boogert et El. 2000b). If our understandinghef t tion of low mass protostars during the first phases of foromati
evolution of a protostar is basically correct, those priatiss Jargensen et Al. (2002) determined the temperature anifydens
typically Class | or border line Class Il sources, represami- structure for these sources and the CO abundance in the outer
atively evolved stage, where most of the original enveloge hregions. A forthcoming paper will address the methanol line
already been dispersed (e.g. Shu ¢t al. 1987; Andrélet@0)20 emission in the same source sample, as methanol is another
Furthermore, the observed absorption may be dominatedKey organic mantle constituent, linked by a common fornmatio
foreground molecular clouds (Boogert etlal. 2002). Thus, dibute with formaldehyde.
rect observations of the chemical composition of the prahev  One of the ultimate goals of the present study is to under-
dust mantles of low mass protostars have so far proven todtand the fiiciency of HCO against CHOH formation in low
elusive. mass protostars, whether and how it depends on the parental
Alternatively, one can carry out an “archeological” studyloud, and to compare it with the case of massive protogiars.
looking at the composition of the gas in the regions, whidmmediate goal of the present article is to study the formald
are known or suspected to be dominated by the gas desorbgde abundance profile in the surveyed sample of low mass
from grain mantles. This technique has the advantage of Ipeetostars. In a previous study that we carried out towards
ing much more sensitive than the absorption technique, asRAS16293-2422, we concluded that formaldehyde forms on
can detect molecules whose abundance (with respeck)Yo Hrain mantles and is trapped mostly in®trich ices in the in-
is as low as~ 107! against a limit of~ 10 — 1077 reach- nermost regions of the envelope and mostly in CO-rich ices in
able with the absorption technique. Indeed, several veny-cothe outermost regions (Ceccarelli etlal. 2000c, 2001). &s th
plex molecules observed in the warm (00 K) gas of the dust gradually warms up going inwards, formaldehyde is re-
so calledhot cores have been considered hallmarks of graiteased from the icy mantles all along the envelope. In the hot
mantle evaporation products (el.g. Blake et al. 1987). Oncecore like region ( < 200 AU) the formaldehyde abundance
the gas phase, molecules like formaldehyde and methaiol, jamps by about a factor 100 te 1 x 10~ (Ceccarelli et al.
tially in the grain mantles, trigger the formation of morexco 2000¢; Schdier et al. 2002). Similarly, formaldehyde erdea
plex molecules, referred to as daughter or second-geaeratnent is observed in several outflows, because of ice man-
molecules (e.g._Charnley etial. 1992; Caselli ¢t al. 1998 Ttle sputtering in shocks|_(Bachiller & Perez Gutieriez _1997;
gas temperature and density are other key parameters in(fatalla et all 2000). In contrast, no jump of formaldehyderab
chemical evolution of the gas, which has the imprint of thee prdance has been detected in the sample of massive protostars
collapse phase. studied by _van der Tak etlal. (2000). To firmly assess whether
So far, hot cores have been observed in massive protostarg] by how much formaldehyde is systematically more abun-
and are believed to represent the earliest stages of masaivedant in the interiors of low compared to high mass proto-
formation, when the gas is not yet ionized by the new born s&tars, a survey of more low mass protostars has to be carried
(Kurtz et al.| 2000). Recently, however, it has been proposedt. This will allow us to answer some basic questions such
that low mass protostars might also harbor such hot cores. Nas how, when and how much formaldehyde is formed on the
that the definition of hot core is not unanimous in the literggrain mantles. Given that it forms more complex molecules
ture. Here we mean a region where the chemical compositi@ng.|Bernstein et al. 1999) knowing the exact abundance of
reflects the evaporation of the ice mantles and subsequemit réormaldehyde is fundamental to answer the question of vareth
tions between those species (e.9. Rodgers & Chafnley 20@8)not pre- angbr biotic molecules can be formed in the 200 or
In this respecl,_Ceccarelli etlal. (200i0a,c) claimed thatidhv  so inner AUs close to the forming star.
mass protostar IRAS16293-2422 shows evidence of an in- Inthis article we report observations of formaldehyde emis
ner region £ 400 AU in size) warm enough>(100 K) to sion in a sample of eight Class 0 sources. After a preliminary
evaporate the grain mantles, a claim substantially confirmanalysis (rotational diagrams and LVG analysis), the olzser
by ISchoier et &l.| (2002). Indeed, very recent observatins tions are analyzed in terms of an accurate model that acgount
Cazaux et al.[(2003; see also _Ceccarelli et al. 2000b) revéal the temperature and density gradients in each source, as
also the presence of organic acids and nitriles in the corevedll as the radiative transfer, which includes FIR photompu
IRAS16293-2422, substantiating the thesis of a hot corieneging of the formaldehyde levels. The article is organizedds f
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lows: we first explain the criteria that lead to the source atides were observed at the JCK|R 15 meter single dish tele-

line selection and the observations carried g&)(In §3 we scope located at the summit of Mauna Kea, Hawaii. The choice

describe the results of the observations§fhwe derive the of the two telescopes allows us to have roughly similar beam

approximate gas temperature, density an@€@ column den- sizes over the observed frequencies.

sity of each source by means of the standard rotationalatagr

technique and by a non-LTE LV(_3 model. § we derive the 22 IRAM observations

formaldehyde abundance in the inner and outer parts of the én

velope of each source, with an accurate model that takes iitee IRAM observations were carried out in November 1999

account the structure of the protostellar envelopes. Kinal and September 2002. The various receivers available at the

§6 we discuss the implications of our findings, and conclude 30-m were used in ffierent combinations to observe at least

§7. four transitions simultaneously. The image sideband tigjec
was always higher than 10 dB, and typical system tempera-
tures were 200-300 K at 2 mm, and 200-500 K at 1 mm. The

2. Observations intensities reported in this paper are expressed in maimbea

2.1. Target and line selection temperature units, given by:

We observed a sample of eight protostars, all of tf@ass T, = FiffT; (1)

0 sources [(André et Al._2000) located in the Persgus, eff
Ophiuchus and Taurus complexes, except L1157-MM that "WﬁereBeﬁ is the main beamfBciency, andFe; is the forward

in an isolated clump.(Bachiller & Perez Gutieriez 1997). Tr@ﬁciency. The main beanfleciency is 69%, 57% and 42% at

eight selected sources are among the brightest Class Oesouigfo' 220 and 280 GHz respectively, and the forwafidiency

in thel André et 21.(2000) sample. Their physical struc{drest ;¢ 93%, 91% and 88% at the same frequencies. Each receiver

density and temperature profiles) has been determined frWQs connected to an autocorrelator unit. For the 1 and 2 mm

their continuum emission by Jargensen etal. (2002) exoeptf,,n4s 5 spectral resolution of 80 kHz and a bandwidth of 80

L1448-N, which is analyzed in this paper (see Appedidix A). \iHz was used. These spectral resolutions correspond to a ve-
The source distances quoted by Jargensen etal. |(2002}y resolution of 0.09-0.17 km 4 depending on frequency.

were adopted. The list of the selected sources is reporigfl [RAM observations were obtained in position switching

in Table[d together with their bolometric luminosity, envemode. The absolute calibration was regularly checked arsd wa

lope mass, the ratio of the submillimeter to bolometric kimgp ot 10%, 15% and 20% at 140-170 GHz, 220-240 GHz and

nosity, and the bolometric temperature and distance. In %8y GHz respectively. Pointing was also regularly checket a
same Table, we also report the data relative to IRAS1629355 petter than 3”.

2422, which was previously observed ibD transitions
by lvan Dishoeck et all (1995) and Loinard et al. (2000), and )
studied in_Ceccarelli et Il (2000c) ahd_Schaier btlal._£2002.3. JCMT observations

IRAS16293-2422 will be compared to the other sources of tlcme JCMT observations were obtained in February 2001,
sample. . - August 2001 and February 2002. The single sideband
A list of eight transitions was selected, three orthgE® g5 polarization receiver B3 was used with the Digital
transitions and five para4€0 transitions (Tabl&€l2). When pytocorrelation Spectrometer (DAS). Typical system tempe
possible, the corresponding isotopic lines were obsemvet-i a1 res were 400 to 800 K. A spectral resolution of 95 kHz for
der to derive the line opacity. The transitiqns were setectg 125 MHz bandwidth was used for most of the lines, while a
to cover a large range of upper level energies (betwe@0  resolution of 378 kHz for a bandwidth of 500 MHz was used to
and ~ 250 K) with relatively large spontaneous emission CQspserve some of the lines simultaneously. These spectral re
efficients A, (> 10 s™). The latter condition is dictated oytions correspond to a velocity resolution of 0.08-0.38 k

by the necessity to detect the line, whereas the first congdit The antenna temperatures were converted into main beam
tion aims to obtain lines that probefidirent regions of the en-emperature scale usihg

velope. Finally, practical considerations, namely havimgre
than one line in a single detector setting, provided a furtba- TA
straint. In the final selection we were helped by our pilotigtu '™ = 7 (2)

: Mmb
on IRA816293-2422‘ (Ceccarellllet.al. _2030c) and by previols 1. 5cmT is operated by the Joint Astronomy Center in
studies of the formaldehyde emission in molecular clouds 3fljlo, Hawaii on behalf of the present organizations: ThetiBtar
protostellar envelopes (Mangum & Wooften 1993; Jansen et@hysics and Astronomy Research Council in the United Kingdo
1994,1995; Ceccarelli etial. 2003). the National Research Council of Canada and the Netherlands

The formaldehyde transitions between 140 and 280 Gl@zganization for Scientific Research.

were observed with the single dish IRAM-30m telescope 3 IRAM November 1999 data have also been presented in

cated at the summit of Pico Veleta in Spain. Higher frequenkginard et al.[(2002a)

4 JCMT does not follow the same convention for antenna temper-
1 IRAM is an international venture supported by INGINRS ature than IRAM, the JCMT antenna temperatlizebeing already

(France), MPG (Germany) and IGN (Spain). corrected for the forwardfBciency of the antenna.
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Table 1. The observed sample. IRAS16293-2422, which has been dtatliewhere (see text) is included for comparison.

S. Maret et al.: The HCO abundance in low mass protostars

Source O’(ZOOO) (5(2000) Cloud Dist Lb0|b Menvb Lsmm/ Lb0|c Tb0|b
() (o) Mo) (%) (K)

NGC1333-IRAS4A 03:29:10.3 +31:13:31 Perseus 220 6 2.3 5 34
NGC1333-IRAS4B  03:29:12.0 +31:13:09 Perseus 220 6 2.0 3 36
NGC1333-IRAS2 03:28:55.4 +31:14:35 Perseus 220 16 1.7 <1 50
L1448-MM 03:25:38.8 +30:44:05 Perseus 220 5 0.9 2 60
L1448-N 03:25:36.3 +30:45:15 Perseus 220 6 35 3 55
L1157-MM 20:39:06.2 +68:02:22 lIsolated 325 11 1.6 5 60
L1527 04:39:53.9 +26:03:10 Taurus 140 2 0.9 0.7 60
VLA1623 16:26:26.4 -24:24:30 p-Ophiuchus 160 1 0.2 10 <35
IRAS16293-2429  16:32:22.7 -24:38:32 p-Ophiuchus 160 27 54 2 43

@ From|lAndré et &1.1(2000), except for Perseus souices (£&a490D).
b FromlJargensen etlal. (2002)

¢ FromlAndré et 21..(2000)

4 Included for comparison.

wherenny is the main beamficiency, equal to 63% at the ob-  Finally, the errors quoted in Tallg 2 aid 3 include both the
served frequencies. The calibration and pointing werelegfyu statistical uncertainties and the calibration error. Fon de-
checked using planets and were found to be better than 3@%ted lines we give thes2upper limit defined as follows:

and 3" respectively. The JCMT observations were obtained in

beam switching mode, with a 180ffset. Fmax = 2(1+ @) o VAvév )

whereo is the RMS per channedv is the line width estimated
from detected lines on the same soupsas the channel width,

anda is the calibration uncertainty.
3. Results

The observed bCO line spectra are shown in Figs. 1 &hd 2 andl Approximate analysis

the results of the observations are summarized in Tdble 2. . .
4.1. Line opacities

Most of the lines are relatively narrow (FWHM 2-3 km ) N )
sY) with a small contribution £ 5%) from wings extending The_detectlo.n. of some fICO tran3|t|9ns allows to estimate
to larger velocities. The higher the upper level energy ef tihe line opacities of the reIevan%Fﬂ;O lines. Using the escape
transition the lower the contribution of the wings, whictapr Prebability formalism and assuming that thé’80 lines are
tically disappear in the lines observed with JCMT. NGc133@ptically thin, the ratio between thezFCO and HCO line
IRAS4A and NGC1333-IRAS4B represent an exception to thig!xes can be expressed as:
picture. The line spectra of these two sources are bredsl ( = ”
km s1) and the wings are more pronounced than in the othef£° _ [ C]lg )
sources. Evidence of self-absorption gwdabsorption from FH;SCO [*3C]

foreground material is seen in most sources, in particular i ] - S
low lying lines. whereg is the escape probability, which, in the case of a homo-

_ o geneous slab of gas (de Jong el al. 1980), is equal to:
In this study we focus on the emission from the envelopes

surrounding the protostars. Hence, we are interested imthe 1-exp3r)

tensity of the narrow component of the lines, that we fittét ~ 3r )
with a Gaussian. In some cases, a residual due to the “high”

velocity wings remains, and that has not been included in taed ﬁ%ﬂ is the isotopic elemental ratio, equal to 70
line flux estimate. When a Gaussian fitting was not possit{Roogert et all 2000a). In the previous equation, we assume
because of self-absorption, the flux of the lines was estichathat the H2CO to H3CO ratio is equal to the isotopic ele-
by integrating over a velocity range af2 km s around the mental ratio, as supported by the available observatios (e
sourceVis. This velocity range corresponds to the width of th8choier et gl. 2002). Using this equation, the opacitidses
lines with high upper level energies, where self-absompiso reported in Tablgl4 are obtained.

less important. For these lines, the self-absorption ikidexd The opacity values reported in Talfile 4 are relatively low,
in the line flux determination, and the flux measured is therehich indicates that the lines are moderately thick, vwita t
fore slightly smaller than the one that would have been abthi exception of the line at 351 GHz towards NGC1333-IRAS2.
by a Gaussian fitting. We observed the brightest lines ifde The uncertainty on the latter opacity is however relativaige,
isotopomer of formaldehyde, as reported in Tdble 3. as shown by the errors bars reported in Table 4.
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Fig. 1. Spectra of the eigth #CO transitions in TablEl2 observed towards NGC1333-IRASMB(C1333-IRAS4B, NGC1333-
IRAS2, and L1448-MM respectively.

4.2. Rotational diagram analysis method, and Mangum & Wootten 1993 for its application to

formaldehyde lines).

To obtain a first order estimate, we derived the beam-avdrage Fig.[4 shows the KCO rotational diagrams of the observed
column density of formaldehyde and rotational temperatuseurces. In these diagrams, the ortho to para ratio of fatenal

by means of the standard rotational diagram technique ($8ele was kept as a free parameter, and was derived by min-
Goldsmith & Langen 1999 for a general description of thignizing they? between the observed fluxes and the rotational
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Fig. 2. As Fig.[2 for the sources L1448-N, L1157-MM, L1527 and VLAB62

diagram predictions. The best agreement is obtained fdua vathe sources can lead to systematic errors on this value. & mor
of about 2 on all the sources. The fact that this value is lowaccurate derivation of the ortho to para ratio would needra co
than the high-temperature limit of 3 suggest that the fod®al rection for the line opacities, which has thi#eet of scattering
hyde is formed at low temperature, around 20 K (Kahanelet tile points in the rotational diagram (see Goldsmith & Langer
1984). However, while this ratio seems to be the same for [aB99, for a review on thefect of opacities in a rotational
sources, we emphasize that it is highly uncertain. In particdiagram). This correction is not possible here as only a lim-
lar, the fact that the same transitions have been observati orited number of H*CO transitions has been observed. Theg-5
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Table 2. Integrated fluxes of LCO lines inTyp dV units . Upper limits are given as®. The “-” symbol indicates lack of the
relevant observation.

0-H,CO p-H,CO
Transition 22-111 414-313 515-414 303-202 32221 50,5-40.4 54-423 542-44,12
Ey (K) 21.9 45.6 62.4 21.0 68.1 52.2 96.7 234
Ay (s 54x10° 6.0x10* 1.2x10°3 29%x10* 16x10* 1.4x10°% 1.2x10°% 5.0x10*
v (GHz) 140.839 281.527 351.769 218.222 218.476 362.736 9363. 364.103
0u 5 9 11 7 7 11 11 11
Telescope IRAM IRAM JCMT IRAM IRAM JCMT JCMT JCMT
HPBW (") 17 9 14 11 11 14 14 14
Nmb OF Best/Fet 0.74 0.47 0.63 0.62 0.62 0.63 0.63 0.63
NGC1333-IRAS4A 9.k 1.4 10.6+2.6 5.5+1.2 9.3+ 1.9 2.2+ 0.4 29+ 1.0 1.2+ 0.6 1.7+ 0.9
NGC1333-IRAS4B 6.8 1.0 12.1+43.0 7.5+1.7 9.6+ 1.9 47+ 1.0 59+ 2.1 3.6+ 1.0 0.9+ 0.6
NGC1333-IRAS2 4.3 0.6 58+1.5 1.6+ 0.4 4.9+ 1.0 1.0+ 0.2 1.8+ 0.6 0.6+ 0.4 <04
L1448-MM 3.3+ 0.7 47+ 1.1 1.0+ 0.2 3.4+ 0.6 0.4+ 0.1 1.3+ 0.4 0.2+ 0.1 <01
L1448-N 7.9+ 0.9 6.9+ 1.6 3.8+ 0.9 5.7+ 0.9 - - 0.6+ 0.2 -
L1157-MM 1.2+ 0.2 2.1+ 0.5 1.2+ 0.3 1.1+ 0.3 <0.2 0.5+ 0.2 <0.1 <01
L1527 2.8+ 0.7 45+1.1 1.0+ 0.3 3.0+1.3 0.2+ 0.1 0.4+ 0.2 - -
VLA1623 3.8+1.2 27+1.2 0.9+ 0.2 5.0+ 1.5 - 1.2+ 0.4 <0.2 <0.3
a Blended with the 5;-4,0 H,CO line.
NGC1333—-IRAS4A NGC1333—-IRAS4B NGC1333—-IRAS2 L.1448-MM L1448—-N L1157-MM
TlE
E\\‘H\\‘\\\\‘\\H‘\: 70]7\\\\‘\\\\‘\\\\‘\\\\77
:\ T ‘ TTTT ‘ TTTT ‘ TTTT ‘ \: Dji\ TT ‘ TTTT ‘ TTTT ‘ TT \:
C?g c E oos [ =
’0‘17\‘\\\\‘\\\\‘\\\\‘7: : 7?\\\ LLirbrlre \H;
0‘1;\‘\\\\‘\\\\‘\\\\‘% :\\ TTTT TTTT TTTT \: 7\\ TTTT T 7T TTTT T lME?’ TTTT \\\\‘\\\q :\ TTTT TTTT TTTT \\E
5 0.05;— 7; ﬂ;
‘“% ok R 7° ] =
70‘053\‘H\\‘\\\\‘\\H‘\iv :T\‘\\H‘\H\‘H\\‘TE us:\‘\\\\‘\\\\‘\\\\‘? 75\\\\‘\\\\‘\\\\‘\\\\5 7\7‘\\\\‘\\\\‘\\\\‘\\:
D.DE:L‘“H‘“H“HH‘J:.ﬂéjL“HH“H“HH‘Ji 05 \‘\\\\‘\\\\‘\\\\‘7:'0‘:7\\\\‘\\\\‘\\\\‘\\\\* u,ns—‘“”“””“”“”
—0.05 [ H\\‘\\\\‘\\H‘7;'04:7\\‘\\\\‘\\\\‘\\\\‘\7; 05 \‘H\\‘\\\\‘\\\\‘; 75\\\\‘\\\\‘\\\\‘\\\\: 7\‘\\\\‘\\\\‘\\\\‘\\7
Vier (ki 571) Vige (km 57) Vige (km 577) Vier (km s71) Vigr (km s7") Vigr (km s7)

Fig. 3. Spectra of the observedfCO lines.

4,3 line was only detected towards NGC1333-IRAS4A anib keep the derived parameters comparable from one source to

NGC1333-IRAS4B. Because of its high energy (234 K), thike other.

line is probably excited in hotter regions, and would ine®a  Table[l summarizes the derived total column densities and

the derived rotational temperature. This line was not idetli rotational temperatures. The column densities range from 2
7x 10" cm2, and the rotational temperatures from 11 to 40 K.
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Table 3. Integrated fluxes of b3CO lines inT, dV units. Upper limits are given as® The “-” symbol indicates lack of the
relevant observation.

o-H*CO p-H*CO
Transition 22-111 414-313 515414 524423
E, (K) 21.7 44.8 61.3 98.5
Ay (s-1) 15x10% 1.7x10°% 3.4x10°3 1.1x 1073
v (GHz) 137.450 274.762 343.325 354.899
HPBW (") 17 9 14 14
Telescope IRAM IRAM JCMT JCMT
Tmb OF Be/Feg 0.74 0.47 0.63 0.63
NGC1333-IRAS4A 0.4:0.1 0.3+ 0.1 0.3+ 0.2 <01
NGC1333-IRAS4B - - 0.30.1 <01
NGC1333-IRAS2 0.20.1 - 0.4+ 0.2 <0.1
L1448-MM - - <0.1 <0.2
L1448-N 0.2+ 0.1 <01 - -
L1157-MM - - <0.1 <0.1

Table 4. H,CO lines opacities derived from the;FCO observations.

0-H,CO p-H,CO
Transition 2-111 44313 Si5-dia S24-423
NGC1333RAS4A 1.6, 0527 1.2 <2
NGC1333-IRAS4B - - 0.93 <05
NGC1333-IRAS2 119 - 5.5 55 <4
L1448-MM - - <2 -
L1448-N 0431 <01 - -
L1157-MM - - <14 -

The values are both only lower limits to the actual gas tempethen compared with observations to constrain th€@ col-
ture and column density, as the gas temperatures can gdtaallumn density.
significantly higher in the case of non-LTE conditions, anelt  The gas temperature and density have been determined by
derived column density can also be higher in case of opyicathinimizing they? , defined as:
thick emission. To correct for thisffect, the derived column N . )
densities were recalculated adopting the average valugaafo 2 _ _ 1 Z (Observations- Mode) ©6)

N-2

1

. . . Xred =
ities quoted in TablEl4. The corrected column densitieslace a " o2

. 4 —2
reported in Tablgl5, and range from 0.8 te 20" cm™, where all the observed4€O lines were included. Fifl 5 show

the x? contours. The derivedgas and n(H,) are reported in

. Table[®. The HCO column densities were then constrained us-
4.3. LVG modeling ing the observed 0-4CO 5 5-4 4 line flux, under the assump-
In order to derive the physical conditions of the emitting gdion Of optically thin emission.
under non-LTE conditions, the formaldehyde emission has 1he derived temperatures are between 30 and 90 K. These
been modeled using an LVG cdd@he collisional cofficients (€Mperatures are significantly higher than the rotatioesl-t
from[Greeh[(1991) and the Einstein ¢beients from the JPL Perature, suggesting that the opserved transitions althev{ub
databasel (Pickett etldl. 1998) were used. The LVG code Wa&lly populated. Indeed, the derived densities suppasibim-
three free parameters: the column density to line widttoraff!usion, as they vary between 1 andx610° cm 2. It is re-
N(HAZ\/CO) (which regulates the line opacity), the gas temperatd[’éarkat_’le that Fhe de_nsny range is so small, bl_Jt the der\slty e
Tgas and the molecular hydrogen densit#). When the lines t!mate is cert_amly biased be_c_ause of the choice of the itrans
are optically thin the line ratios only depend on the latten t tions. In particular, the densities are sllghtly lower thhase
parameters. Since we measured only marginally opticeilt}(th found by Blake et all. {19()5) and_van Dishoeck et Al. ”.995)
lines, the gas temperature and density were first constraifi@’ NGC1333-IRAS4A, NGC1333-IRAS4B, and IRAS16293-
based on the line ratios predicted in the case of opticaily tr¢422. This is probably due to the fact that those studies in-

lines. The absolute line fluxes predicted by the model wefiided only the higher frequency lines whereas we here in-
cluded also lower frequency, and thus lower critical densit

lines. This re-inforces the conclusion that a range of densi
5 Details on the used LVG code can be found_in_Ceccarellilet 4les are present in the envelope, as predicted by the power-
(2002). law density structure derived from continuum observations
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Fig. 4. H,CO rotational diagrams derived for the observed sourcesleSiand squares mark the ortho and pgr@®l transitions
respectively. Fluxes of the para transitions have beeriptief by the ortho to para ratio, obtained by minimizing fifeoetween
the observations and the predictions of the rotationalrdiag see text). Solid lines show the best fit curves.

(Jargensen et Al. 2002). Finally, the®O column densities de- alyze the observed lines by means of an accurate model that
rived with the rotational diagram method are typically lolog takes into account the source structure.

less than a factor 5 than the ones derived using the LVG method

with the exception of NGC1333-IRAS2.

Table[® also reports estimates of the averag€® abun-
dance in each source, pbtained dividing theCB by the 5.1. Model description
H, column densities derived hy Jargensen &tlal. (2002) from
submillimeter continuum observations. The latter refethi® The model used computes the line emission from a spherical
amount of material with a temperature larger than 10 K, typénvelope. Dust and gas have density and temperature gradi-
cally at a distance of several thousands of AUs, more than #ms, that are approximated as follows. The density prdile i
envelope encompassed by the beam of our observations. Thascribed by a power lan(Hy) o« r=, wherea is between 0.5
material is likely an upper limit to the column density of thend 2. The case = 1.5 corresponds to an entirely free-falling
gas emitting the KCO lines, but it provides a first approxi-envelope, whereag = 2 would mimic an isothermal sphere
mate estimate of the #£0O abundance. Tablgé 5 shows rathen hydrostatic equilibrium. The densities and dust tempeea
large variations in the $CO abundance from source to sourcearofiles of all the sources of the sample have been derived by
Given the approximation of the method used to derive theliwrgensen et al. (2002), except for L1448-N, whose anabysis
this spread may not be entirely real. In the next section we aeported in AppendikdA.

5. Protostellar envelope model
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Table 5. Results of the rotational diagram and LVG analysis.

Rotational Diagram LVG
Source Trot Nthin(HZCO) N(Hzc())a Tgas n(Hz) N(HZCO)D Hch/HZC CO/sz
(K) (em?) (cm™) (K) (em?®) (cm?)

NGC1333-IRAS4A 25 & 108 2x 10% 50 3x10° 1x10% 5x 1010 8x10°
NGC1333-IRAS4B 40 X 10%8 2x 10% 80 3x10° 2x 10" 7 x 10710 1x10°
NGC1333-IRAS2 24 X 1018 1x 104 70 3x10° 5x101 1x 1010 2x10°
L1448-MM 19 2x 1013 - 30 3x10° 6x101 4x 10710 4% 10°
L1448-N 22 5x 10'° 8 x 10 90 1x10° 3x108 7 x 10710 -

L1157-MM 18 1x 108 - 80 3x10° 4x101 3x 10 6x10°
L1527 16 3x 1013 - 30 6x10° 4x101 1x10° 4% 10°
VLA1623 11 3x 10t - 80 1x10° 8x 101 3x 1010 2x10*

a Corrected for opacity féects, assuming a value of= 1 for NGC1333-IRAS4A, NGC1333-IRAS4B and NGC1333-IRAS2lan= 0.4
for L1448-N respectively (see Talilk 4.

b Averaged over a 10” beam.

¢ From H, column densities quoted by Jgrgensen 21 al. (2002)

¢ FromlJgrgensen etlal. (2002)
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The gas temperature profile has then been computed by ‘
using the model developed by Ceccarelli etial. (1996), which ||
solves the thermal balance in the envelope. In order to ctenpu i
the gas temperature, one needs to solve the radiativedrasfsf i
the main coolants of the gas, i.e;®l, CO and O. For the water |51
abundance in the inner and outer regions we used the values |
derived by the analysis of IRAS16293-2422 (Ceccarelliztal® |
2000a) and NGC1333-IRASY (Maret eflal. 2002 4076 and g Lo7h
4 x 1077 respectively. The CO abundance in the outer regioriy |
is taken to be 1€ (e.g.Jargensen etlal. 2002), lower than the® |
canonical value, as this species is depleted in the cold part 108k
the envelope. Finally, the oxygen abundance is taken tobe 2. i
1074, Fig.[@ shows as a typical example the case of NGC1333- i
IRAS2. The gas temperature tracks closely, but not comlglete |51
the dust temperature. In the very inner region the gas isecold E
than the dust because of the increase of the water abundance
caused by the icy mantle evaporation (wWhigs; > 100 K),

which increases the gas cooling capacity. In the very oeter g g Density (solid line), gas (dashed line) and dust (dotted

gion the gas is colder than the dust too, because of fiit¢ §jne) temperature across the envelope of NGC1333-IRAS2.
cient gas cooling by the CO lines (see also the discussion in

Ceccarelli et &l. 1996 and Maret etlal. 2002). Thesedinces
concern however small regions in the envelope, and thexefar the infalling region of the envelope (where ar¢asis the
the results would be essentially the same if the gas and dastle with the radial outward direction) and
temperature are assumed to be equal. To fully quantify fhis e
fect, we ran a model for NGC1333-IRAS2 with a gas tempef, _ (q__"
ature equal to the dust one, and no significaffedences were = " — Renv
found.

The velocity field, which regulates the line opacity in théh the static region (wherBeny is the envelope radius). In the
inner envelope, has been approximated as due to free fallffg§Vvious equationsivy, is the thermal velocity width and
gas towards a 0.5 Mcentral object in all sources (no turbulents the infall velocity. In practice, the photons emitted ine t
broadening is taken into account). In view of the importamice dust can be absorbed by the gas and can pump the levels of the
ice evaporation, the formaldehyde abundance across tee ef@rmaldehyde molecules. At the same time, photons emitted
lope has been modeled by a step function: when the dust tdh4-the gas can be absorbed by the dust (at the submillimeter
perature is lower than the ice mantle evaporatibng < 100 Wavelengths the dust absorption is however negligible).
K) the abundance has the valXg,; , whereas it increases to
Xin_in the Tgust > 100 K region._FinfiIIy, a BCO ortho to para 5.2. Results
ratio of 3 was assumé&dWe will discuss the dependence o
the obtained results on these “hidden” parameters in the nbkxorder to constrain the inner and outer formaldehyde abun-
section. dance in the envelope, we run a grid of models, varyfgg

Finally, the line emission is computed by solving the radid&etween 16'? and 108, and X, between 16' and 10* re-
tive transfer in presence of warm dust in the escape prdtabibpectively for each source. Both parameters were consttain
formalism where the escape probabilitys computed at each by minimizing theyZ,. The best fit model for each source was
point of the envelope by integrating the following functiover then obtained from the2 | diagrams shown in Fi@l 7, and the

T (K)

100 1000
r (AU)

(9)

the solid angle (Ceccarelli et al. 1996): parameters are summarized in Table 6. The list of predicted
0-H,CO spectra for each source are reported in AppeHix B.

= kK fd 1-exp[-(k + kg) AL % Xout is well constrained in all sources, and varies between
ke + kg (kL +kg)? H AL 8 x 101! and 8x 10710, These values ffier on average by a

) ) ) factor 3 from the abundances derived by the LVG analysis. In
wherek_ andkq are the line and dust absorption @o@ents oy sources (NGC1333-IRAS4B, NGC1333-IRAS2, L1448-
respeg:tively, a”d‘_'-th is the line trapping region, given by theyip and L1527) the value oK, is also well constrained by
following expressions: the observations, with as3confidence level. In three sources

i (NGC1333-IRAS4A, L1448-N and L1157-MM) we also de-
) 8) tected formaldehyde abundance jumps, but the level of confi-
denceis less or equal to-2VLA1623 is the only source where
6 Since the value of 2 obtained with the rotational diagrams & évidence of a jump is detected, although the data would not
highly uncertain, we prefer to adopt the canonical value &rdhe b€ inconsistent with it. The measurg values are between
standard model. We will show in sectiBii5l3.3 that the resae not  1x 1078 and 6x 1078, and the jumps in the formaldehyde abun-
substantially &ected by this value. dance are between 100 and*10

Y 3
ALt = 2Avin | = |1 — =42
th Vth(r' 2#
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Fig. 7. Protostellar envelope modgd,, contours as a function of the outer and inne€® abundances. The contours levels show
the 1, 2, and 3 confidence levels respectively.

Table 6. Formaldehyde abundances as derived from the envelope rimotthel outer parts of the envelop¥y(: ) and the inner
parts of the envelopeX{, ). The table also includes the radius where the dust temperit 100 K and 50 K, and the density at
the radius where the dust temperature is 100 K.

Source Riook Rsok  Niook Xout Xin

(AU)  (AU) (cm™3)
NGC1333-IRAS4A 53 127 2100 2x100 2x10°8
NGC1333-IRAS4B 27 101 210F 5x101° 3x10°
NGC1333-IRAS2 47 153 2100 3x10% 2x107

L1448-MM 20 89 2x 108 7x100 6x107
L1448-N 20 95 x 100 3x101 1x10°®
L1157-MM 40 105 81 8x101 1x10°®
L1527 20 140 x10° 3x100 6x10°
VLA1623 13 48 2x 108 8x 100 -

IRAS16293-2422 133 266 x 108 1x10° 1x107

& FromlCeccarelli et all (2000c).
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Fig. 8. Ratio of the model predictions over the observed fluxes I e

of H,CO lines as a function of the upper energy of the line, 104/@
for NGC1333-IRAS2. In the left panel a jump in the abun- : | — "~ |
dance (Talil6) is adopted, while the in the right panel a emst ~ e ——
abundance across the envelope is assumed. The circleseand th
squares representFCO and H3CO lines respectively. The ar-

rows represent lower limits. 0 107 10 i0s

. .
To illustrate the reliability of the derived jumps, Figh &19-9- Xieq diagrams of L1448-MM for three fierent veloc-
shows the ratio between the model and the observations in {ieProfiles. The upper left and upper right panels show the

cases of no abundance jump and with a jump, for NGC1338ed contours derived for a free falling envelope with a central

IRAS? as an example. The constant abundance model can'7@SS of 0.3 and 0.8 M respectively. The lower panel shows

produce the observed fluxes of the lower transitions wel, bttrfe static envelope case, with a 1 kit surbulent velocity.

it definitively underestimates the flux of the lines origingt ~ONtours indicate the 1, 2 and-Ionfidence levels respec-
from the higher levels. tively.
In the next section, we discuss thféeets of the other model

parameters on the@0 abundance determination. imply a higher velocity gradientin the central parts of thee

lope, and as a consequence, a lower opacity of HeHlines.

5.3. Dependence on other parameters of the model This lower opacity would decrease the formaldehyde abun-

) dance needed to reproduce a given flux. Thefflerdinces are
The derived formaldehyde abundances depend on four hifinected to fiect mainly the high lying lines, which originate
den parameters: the adopted velocity and density proffies,  the inner parts of the envelope.
H2CO ortho to para ratio and the evaporation temperature. In |, order to quantify this fect on the derived formaldehyde
the following we discuss the influence of all these pararsetefy ,ngances, two models of L1448-MM were run, using a cen-
on the determination of the4€0O inner abundance. tral mass of 0.3 and 0.8 M respectively. A third model was
also run to check the case of a static envelope, where a turbu-
lent line broadening of 1 km™$ has been added. This model
was adopted by Jgrgensen et al. (2002), and reproduced well
In our analysis, we assumed a velocity profile of a free fgllinhe observed low J CO emission, which originates in thecstati
envelope, given by: envelope.

Figure[5.31 shows the? | diagrams obtained in the three
cases. While the derived outer formaldehyde abundance is no
much dfected by the adopted velocity field, the inner abun-
dance changes significantly when adopting a static envelope
where G is the gravitational constant and M the mass fther than a free-fall profile. Yet, the inner abundanceed w
the central star. The choice of a free falling velocity pefilconstrained in the first two cases (free-fall witlffeient central
seems natural, as these protostars are believed to be inraasses), and very weakly depends on the adopted central mass
cretion phase (e.g._André e al. 2D00). Yet, the centrabniss 8 x 10" and 5x 10~/ for 0.3 and 0.8 M, respectively. On the
a poorly constrained parameter. Receritly, Maretlei al. {p0&ontrary, only a lower limit is obtained if a static enveldpe
and.Ceccarelli et all (2000a) derived a central mass of a5 amlopted> 3 x 1078, This is due to dferent line opacities in
0.8 Mg for NGC1333-IRAS4A and IRAS16293-2422 respedhe three cases. In a static envelope, the high lying linesrhe
tively. Here we adopt a central mass of 0. Nbr all the ob- more easily optically thick, because of the reduced lin¢wid
served sources, but this parameter could vary from one soundth respect to the free-fall cases. For this reason, thiess |
to the other. do not depend oiX;, , whenX;, is ~ 1077, because they be-

A different choice for the velocity profile could change theome optically thick. This explains why only a lower limit on
derived abundance. In particular, a higher central masddvoiXj, can be computed in that case.

5.3.1. Velocity profile

1/2
ZGM) (10)

v(r) = (—

r



14 S. Maret et al.: The $CO abundance in low mass protostars

5.3.2. Density profile

T T
NGC1333—IRAS4A XPrea=R.7
N=12

T T
NGC1333-IRAS4A Xorea=2.0
o/p =1 N=12

The H,CO abundances depend on the density profile derived e
from the continuum observations. In particular, the obaerv
tions used to derive the physical structure of the envelope$ @
have been obtained with a typical beamwidth of lide. 2200

AU at the distance of NGC1333. The observed continuum is 107°f ] 1omop
therefore not very sensitive to the physical condition$min- ‘ ‘ ‘ ‘
nermost regions of the envelope, at scales smaller than a few 1o 10 MR oo oo
hundred AUs. Consequently, the derived density powerHaw i

dex reflects rather the density in the outer part of the epeglo 1o o o
and the inner density, extrapolated from these power law, ma o/p =3 Net2
be a rough estimate. Finally, the determination of the dgnsi
profiles of some of the sources of the sample wéiscdit be- @
cause of the existence of multiple components (Jargenseh et ~

2002).lJgrgensen etial. (2002) reported an average umdgrtai  o-:| ]
of £0.2 on the power-law index. If the density at the outer
radius of the envelope is assumed to be correctly determined o 100 100 10
by the continuum observations, the uncertainty on the power Xin

law mdex corre_sponds t_o an uncertainty of a factor five on tf&e 10, 2  diagrams of NGC1333-IRAS4 for threefiirent
density at the inner radius of the envelope. In order to chec re

the dfect of this uncertainty on the derived abundances, vz{eshghtgv\s)sa[s rfgtlocs(.)r']l;zirl;pg;ri\llzg, fL(j)Fr)iner: S%Et)atr(])d lg\r’\;e:ﬁ%
ran models of NGC1333-IRAS4B with an inner density arti- Hred P

ficially multiplied by a factor 5 (note that the outer densiy ggr%fidzeizg IB; \;lespreecstlveecl:)t/i.vglontours indicates the 1, 2 and 3
not changed). Whereas the & outer abundance remains un- P Y-

changed, the inner abundance decreases by about the same fac

)

tor 5. Uncertainties in the inner density could therefoeslleo 10-° FGe T3 TS T 10-° (YeeTm s ™ asEs
uncertainties on the derived inner abundances of the sahee or Ter100% e Termo0K weu
of magnitude.

| @) \
5.3.3. The H2CO ortho to para ratio
The derived formaldehyde abundances depend also on the 1o ‘ ‘ ‘ 10-10

10-8 1077 10-8 1078 1077 10-8

value of the HCO ortho to para ratio. Given the relatively X Xin

low number of observed lines, this parameter cannot be con-

straineq by the present observations. Actually, it is veagilp  Fig. 11. x24 diagrams of NGC1333-IRAS2 for an evapora-
constrained even in the case of IRAS16293-2422, where maji, temperature of 100 K (left panel) and 50 K (right panel).

more formaldehyde lines have been obserived. Ceccarelli et@ntours indicates the 1,2 and-2onfidence levels respec-
(2000¢) and_Schaier etlal. (2002) report a value for thecortiyely.

and para ratio around 3, but with a large uncertainty. We thus
adopted the canonical value of 3 in our analysis (Kahane et al

1984). Rodgers & Charnléy 2003). For example, a detailed analysis
As an example, Fig. 10 shows the influence of this paramg-the formaldehyde spatial emission in IRAS16293-2422 has
ter on the derived bCO abundance of NGC1333-IRAS4A. Weshown that the formaldehyde abundance has a first jump, of
ran models with the ortho to para ratio 1, 2 and 3 respectivefihout a factor 10, wher€q,s > 50 K, and a second jump of
While the derived inner and outer abundances are almost idgBout a factor 25 wher&qus; > 100 Ceccarelli et 4. 20D1).
tical for the three ratios, the abundance jump is slightltdse However, given the relatively small number of observeddine
constrained for a ratio of 1 (3 than an higher ratio (2). and the absence of spatial information on the formaldehyde
emission in the source sample of the present study, we limite
the HLCO abundance profile to a single step function. In order
to check if the data are also consistent with a jump at 50 K,
Finally, the evaporation temperatur€,, at which the a model with a jump in the abundance at 50 K for NGC1333-
formaldehyde desorption occurs, is also a hidden parani@AS2 was run (see Fig1L1). Whib&, is very little sensitive
ter of our model. As described i§5.1, in the present studyto this parametei, is about ten times smaller when assuming
we adoptedTe, = 100 K, which corresponds to the evapoa jump at 50 K (2x 10~7 and 2x 1078 for 100 and 50 K re-
ration of water ices|(Aikawa etlal. 1997). However, part afpectively). We note, however, that the best agreementhéth
the desorption could also occur at the evaporation tempdata is obtained for an evaporation temperature of 10}9%(
ature of pure formaldehyde ices (50 K; Aikawa €tlal. 199% 1.1 against 2.3 respectively).

5.3.4. Evaporation temperature
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5.3.5. Summary

1074 ‘ : ‘ 10-4
In the)(rzed analysis 0f§5.2, we adopted the most reasonable 105} 10-sF
values of the various hidden parameters in the model. In thiss | o’ Tl g ©
section we have explored théfect of variations in them on }fﬁ % ;j o
the derived abundance jumps. We emphasize that the actual ° | * . £ 107 . b
value of the jump as well as the precise location are quiternc 1076¢ ° 1 107°r °
tain. Based on the previous analysis, the adopted veloelty fi 1o-* \ \ \ 1079 ‘
seems to fiect most strongly the amplitude godthe presence O ey e )

of the derived jump, in particular when a static, turbuleeltfi

is considered. The other three parameters, the inner gengi{g. 12. Derived HCO X;, abundances as a function of the den-
the ortho to para ratio, and the evaporation temperatuma sesity (left panel) and the radius (right panel) whergsT= 100

to play a minor role. In this sense, the model assumption of g The star represent IRAS16293-2422.

infalling envelope is probably the most critical in the pres
analysis. As already mentioned, we favor the hypothesislef ¢
lapsing envelopes, both because evidences are accungufatin

this direction (e.g. Di Francesco el jal. 2001), and becduse i 1o
the most natural one. i 1
To summarize, the sources (i.e. NGC1333-IRAS4B, 107° 3 O ]
NGC1333-IRAS2, L1448-MM and L1527) where thée., — i o ]
analysis yields & evidence for jumps, the presence of an 8 1076+ o O E
abundance jump is rather firm in our opinion. Although more o] o
marginal, the data are consistent with the presence of a jump £ 10-7¢ e §
in the other surveyed sources as well. Apperidix B lists the > i ]
predicted fluxes of the brightest ortho formaldehyde lines. sl O
Predictions of para $CO line fluxes can be found on the web 10 3 © E
site MEPEW (Ceccarelli et 2l 2003). In particular, the sub- 795
millimeter lines are sensitive to the presence and amgitufd 10 e S
the jump in the HCO abundance, and future observations with 1 10
existing (JCMT, CSO) and future (e.g. SMA, ALMA) submil- Lemm’ "bol (%)

limiter telescopes will better constrain this value.

Fig.13. Derived HCO X, abundances as a function of
6. Discussion Lsmm/Lool. The star represent IRAS16293-2422.

The first remarkable and by far the mostimportant resultisf th
study is the evidence for a region of formaldehyde evapmmatient in high and low mass protostars, the hot cores repreaent b
in seven out of eight observed sources. In these regions, #iwsally the same process in both type of sources. Our stuely do
formaldehyde abundance jumps to values two or more ordersot address the possibility that some of thgld® ice mantles
magnitude larger than the abundance in the cold outer gp@elanay be liberated by shocks interacting with the inner empelo
The transition is consistent with the location where thet dusince the line wings have been excluded from our analysis. Th
temperature reaches 100 K. The radius of these warm regiesie of shocks could be studied by future high angular resolu
is between 13 and 133 AU, and the densftie between 1 and tion maps of the line center and line wing emission.

20 x 10 cm3. A straightforward interpretation of this result

is that the grain mantles sublimate at 100 K, releasing imo t

gas phase their components, and, among them, formaldehﬁjé: Xin

In addition, recent observations have shown the presencerfk H,CO abundance in the inner region shows a loose trend
complex molecules, typical of massive hot cotes (Cazauk et\ith a variety of source characteristics. These includeitire
2003) towards |RA516293-2422, the first studied hot core giy in the inner region and the size of the region (m 12), a
low mass protostars (Ceccarelli etial. 20008,b.c; Sctebiel well as the ratio of the submillimeter luminosity to the bolo
2002). The similarity with the well studied hot cores of thenetric luminosity,Lgmn/Lso (Fig.[I3). In assessing these cor-
massive protostars is certainly strikingarm, dense, and con+  relations, we should, of course, keep the large unceréaintan
pact regions chemically dominated by the mantle evaporation. - order of magnitude — as well as systematieets in mind. In
Even though the chemistry can be, and very probablyfie®i particular, underestimating the density will immediatesgult

7 lnttp://www-1laog.obs.ujf-grenoble. fr/~ceccarel/mepew/rﬁrép’gﬁmﬁimatln_g the abur_]dan_ce r_equwed to eXp_Iam therebs

8 1527 is an exception, with a density ok3CF cni3, but, as com- Vations (CT. sectionl3). Likewise, if we underestimatesize
mented by Jargensen et l_(2002) this may be due to the lmotiori - Of the emitting region, we will need a highep€0O abundance.
of the disk, that may dominate the continuum emission in timei  Now, which of these, if any, correlations is the prime carel
parts of this source (Loinard etial. 2002b). tion and which one is derived is not directly clear. In pare,

versus Lsmm/Lbol
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within the inside-out-collapse, the density and inneruadire the grain mantles and partly converted intgG® only when
anti-correlated as are the luminosity and the radius of¥he-€ the grain temperature increases, as suggested by the 4abora
orated region. tory experiments. Another possibility is that formaldebydr-

The apparent anti-correlation between theCB® abun- mation on grains needs UV radiation (e.g d’Hendecourtlet al.
dance and.gmm/Luo (Fig. [I3) is of particular interest. Thell986;| Schutte et al. 1996). Analogously to above, formalde-
latter is generally taken as an indicator of the evolutignahyde would be formed only in a later stage, and the older the
stage of the protostar where a larger value lfgyn/Lpo im-  protostar, the larger the UV field and the larger th€B abun-
plies “youth” (e.g. large amounts of cold material surroundiance.

ing the YSO). The anti-correlation may seem a surprising re- All these interpretations need to be taken with caution, of
sult, as the most accepted scenario predicts that formgdigehcourse, since the inferred variations in the inne€B® abun-

is formed on the grain surfaces, likely by successive hydr@ance might reflect uncertainties in the density/andize of
genation of COI(Tielens & Hagen 1982; Charnley et al. 199#e region emitting the $CO lines. A similar study on a larger
during the pre-stellar phase. Once in the gas phase becagfiple and focussing on higher energy lines is requirediw dr
of the evaporation of the grain mantles, formaldehyde is dgore definitive conclusions.

stroyed (i.e. converted into more complex molecules) on a

timescale of~ 10* yr (Charnley et gl 1992). In this picture,

the youngest sources should have the lar§gstwhich is evi- 6.2. Low versus high mass protostars

dently not the case. This picture, however, might be somewha . . .
S . = . 7 "In sectiond we have examined the evidence for the presence
over-simplified. Indeed, the process of ice evaporatioris c __ ° , :
: ; : . . of jumps in the HCO abundance in the warm gas surround-
tinuous, involving larger and larger regions as the timespas . .
o ) . ing low mass YSOs. The presence of such abundance jumps
and the luminosity of the protostar increases — as pointethou in hot cores around high mass stars is not well established. O
the models by Ceccarelli etlal. (1996) and Rodgers & Charnl 9 )

(2003) — so that the result is a shell of continuously refshibil € one hand, the prototype of hot cores in regions of massive

: . . . gstar formation — the hot core in the Orion B region — has
H,CO, moving outwards. The main point is that the region %]IH2CO abundance of 16 (Sutton et all 1995). On the other

formaldghyde_overabundance never Q|sappears, but ]ugsmolﬂand, in a study of hot cores in a sample of massive protgstars
and the jump in the HCO abundance is only governed by thg

Lantitv of formaldehvde in the arain mantles van der Tak et all (2000) did not find evidence for the presence
q y yde 9 NN of H,CO abundance jumps, but did find evidence for jumps
If the Lemm/Lpol ratio is not an age |_nqll_cator bu.t. rather 3h the CHOH abundance. It is unclear at present whether the
parameter éiected more bY. the ﬁ"-er.ent |n|t|al. conditions of Orion hot core or the van der Tak sample is more representa-
each protostar, anq s_pemﬂcally it is larger in_sources Whetlrve for the composition of hot cores in regions of massiee st
the pre—stellardensny 'S Iargt_er (e.g. Jayawardhapaéﬂﬁﬂ), formation. Presuming that theffBrences in HCO abundance
the trend of FigLT3 would imply that t_h_egﬂO ice abun- jumps are real, we note that the composition of the ices —lwhic
dance depends on the pre-stellar conditions. Less dense ére

- . . L rive the chemistry in hot cores — may welfigr between re-
stellar conditions (i.e. lowelgmm/Lpol ratios) would give rise . . .
. . . {ions of low mass and high mass star formation.
to more HCO enriched ices, because there is more atomic _ . ) i .
H and thus more grain surface hydrogenation to forsc@. Supporting this idea, the deuterium fractionation is dra-

This is indeed consistent with the fact that thiiasency of Matically diferent in the high and low mass protostars.
CO hydrogenation into ¥CO on the grain mantles is 250 Doubly deuterated formaldehyde and methanol have been ob-

times larger in HO-rich ices when compared to CO-rich iceserved to be extremely abundant in low mass protostars when

(Ceccarelliet all 2001). And since less dense regions hé&mpared to masswe protqstars. ThQCQ/H?CO ratio Is
likely more H,O-rich than CO-rich ices, because CO-rich ice®10re than 25 times larger in low than in_high mass proto-
likely form in relatively dense condensations (Bacmannlet £tars (Ceccarelli et5l. 1998; Loinard etlal. 2002a). Deéer
2002), the larger bCO abundance in sources with a |Owe;nethanol may be as abundant than |j[s main isotopomer in
Lemm/ Lbol Would therefore be due to a real largdigency of the low mass protostar IRA816.293-2.4122' (Pariselet al.|12002),
the H,O-rich ices in forming HCO. As a consequence, Owwlhereas. it is only 4% of C};QH |_n Qnon \‘Jaco: etal. 1993).
finding would suggest that thesmm/Lre ratio does not probe Since this extrem(_a deuteration is _Ilkely a gram mantle_prod
the evolutionary status of protostars, but rather mainfigces upt (e.g Ce(_:carelll et al. 2001; Parlse_ etal. 2002), thmdti _
their different initial conditions. differences in the molecular deuteration between low and high
Alternative explanations are also possible. For example, 1SS protostars are already a very strong indication that ma
cent laboratory works suggest that the formation of forraaldtles in both type of sources asebst_antlally different. This in- ,
hyde by CO hydrogenation on the grains depends on the dfi§ed does not comes as a surprise, as the pre-collapse condi-
temperature (Watanabe et al. 2003), and this may also be Jipps very likely difer: warmer in high than in low mass stars,
sistent with “older” protostars (i.e. lowelrsmm/Lyol ratios), ot the very least.
being also hotter, having larger,80O abundances. This, of
course, would imply that the bulk of th_ezEIO is formed_in 6.3. Xout versus CO abundance
a stage later than the CO condensation, namely during the
pre-stellar core phase (Bacmann el al. 2002). Whether ghisFinally, Fig.[T3 compares the 8O abundanc&,, with the
likely is difficult to say, for CO may indeed be trapped of€O abundance derived by Jargensen et al. (2002), in the outer
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rived rotational temperatures between 11 and 40 K, as@H

10-8 column densities between: 10** and 7x 10" cm. For

i ] the sources with detected{i‘ﬂ:O lines, opacity corrections in-
crease the derived column densities to the range 0.8 and 2
%10 cm2. In order to test theféect of non-LTE excitation,
1079¢ Ai% ] ] the observed emission has been modeled using a LVG code.

E ] In this way the derived temperatures are significantly highe
than the rotational temperatures, suggesting that thenzdxse
transitions are sub-thermally populated. The inferrecsdies,
10710 E between 1 and & 10° cm3, indeed support this conclusion.

@)

A ] To take into account the density and temperature gradients
| ] in the protostellar envelopes, the emission has been nobdele
10—t using densities and dust temperature profiles derived frem p

10-6 10-5 10-4 10-3 vious studies of t_he continuum emission of these o_bjecte. Th
X(CO) gas temperature in the envelopes was computed using a code of
the thermal balance for protostellar envelopes. The faimal

hyde abundance across the envelope has been approximated by

Fig. 14. Derived outer formaldehyde abundantg; as a func- a step function : an outer abundantg; whereTgust < 100 K,

tion the CO abundance of the outer enveloppe. Circles regmd a inner abundancé, at Tqust > 100 K. We show that the

resent Class 0 sources, The star represents IRAS16293-242%r abundanceX,: , is well constrained in all the sources,

the square represents VLA1623, and the triangles representand varies between 8 10°* and 8x 1071°. The inner abun-

pre-stellar cores of Bacmann et al. (2002, 2003) sample.  danceX;, is well constrained in four sources with as3level

confidence, while in three sources it is onlg & o evidence,

and no evidence of a jump is found in VLA1623. The derived
envelope. On the same plot we also reported the values fo% es ofX;, range between ¥ 10-8 and 6x 1076, showing
| ]

in the prestellar cores studied by Bacmann 21 al. (2002200 mps of the formaldehyde abundance between 2 and 4 orders
The first thing to notice is the similarity of the values foun f magnitude The most important conclusion of this study is

in Class 0 sources and pre-stellar cores, in both mo'“”'ﬁé’ucethatIargeamountsof formaldehyde are injected into the
despite the dferent methods used to derive the abundanc phase when the grain mantles evaporate at 100 K

The similarity of the values adds support to the thesis that ) .
the pre-stellar cores of the Bacmann et al. sample are pre-We have discussed the uncertainties on the actual values of

cursors of Class 0 sources, and that the outer regions of g hidden parameters of the model, namely the velocity and
envelopes of Class 0 sources are formed by material still {{£NSIty Profile, the BCO ortho to para ratio, and the evapora-
changed by the collapse, i.e. that reflects the pre-collapse 0N temperature. The uncertainty in these parameters snake
ditions. Second aspect to note of Figl 14 is the clear cdfoela the abundance jump value and. jump Iogat|0ns uncertam.for
between the LCO and CO abundance. In this case the interpréd®Me sources. Future observations of higher frequencg line
tation is straightforward: in the outer, cold envelope males 2nd modeling of the line profiles may distinguish between the
are depleted, and the degree of depletion is the same for #ifterentinterpretations.

CO and the HCO molecules. As discussedlin Bacmann et al. We found that sources with lowétsmm/Lpo ratios pos-
(2002), the limited CO depletion observed in pre-stellaeso sess the largest innerBO abundances. We discussed why we
strongly suggests that a relativelffieient mechanism (cos-think that this reflects very likely a fierent HCO enrichment
mic rays?) re-injects CO into the gas phase. Since the bidthe grain mantles.

ing energies of the CO and,BO are relatively dierent (e.g. ~ We found that the inner ¥CO abundances are systemat-
Aikawa et al. 1997), the linear correlation of Higl 14 str#ng jcally larger than the HCO abundances of the hot cores of
ens the claim that BCO molecules are trapped into CO-richhe sample of massive protostars studied by van der Tak et al.

Xout(H2CO)
[
&
O

ices [Ceccarelli et al. 2001). (2000). This supports to the idea that low and high mass proto
stars have a tlierent grain mantle composition.
7. Conclusions Finally, the derived outer $CO abundance shows a

clear correlation with the CO abundance, implying that both
We have presented a spectral survey of the formaldehyde emjig)ecules are depleted by a similar factor in the outer epeel

sion of a sample of eight Class O protostars, carried outtéh namely that HCO molecules are likely trapped in CO-rich ices
IRAM 30m and JCMT telescopes. A total of eight transitiong, the outer envelope.

were selected for each source, covering a large range of uppe
level energies in order to probefidirent physical conditions.

When possible, the isotopic lines were observed in ordeeto ghynowledgements. Most of the computations presented in this pa-
rive the line opacities. Most of the lines are relativelyroar per were performed at the Service Commun de Calcul Interesif d
with a small contribution from wings extending to larger verObservatoire de Grenoble (SCCI). Astrochemistry in leids sup-

locities. Using the standard rotational diagram methoddere ported by a NOVA Network 2 PhD grant and by a NWO Spinoza grant.
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TableA.1. L1448-N best fit parameters from the DUSTY mod-
elling and derived physical parameters.

DUSTY parameters

Y 1100

a 1.2

T100 0.8

Derived physical parameters
Ri 10 AU

Riox 7000 AU

' 4.9x 10° cm®
N10k 1.1x 10° cm™
Mgk 2.5Mg

Appendix A: Density and temperature profile of
L1448-N

The density and temperature profile of L1448-N have beenméted
following the method used by Jargensen ¢t al. (2002). Thetispen-
ergy distribution (SED) and JCMT-SCUBA maps at 450 and 800
have been compared to the prediction of the radiative cod§ D
(lvezic & Elitzur1997). The JCMT observations were takemnfrthe
JCMT archive. FigCAR shows the result of the fits of the birgiss
profile and SED of this source. The envelope parameters frosn t
modeling are summarized in TalpleA.1.

L1448-N shows a relatively flat density profile. This profilayn
reflect the asymmetry of the source and the extension of tligsam,
which can flatten the derived profile (see Jargensen et ak,2f0 a
discussion of theféects of asymmetries in the derived density profile).

Appendix B: Models predictions for formaldehyde
lines fluxes

In this Appendix we present the model predictions for thedtinf
selected 0-KHCO transitions. In TablEZBl1 we report the line fluxes
computed assuming a constant abundaXgg across the envelope,
while Table[B:2 reports the fluxes predicted assuming an ddnae
Xout in the outer part of the envelope whéligs < 100 K, increasing to
Xin in the inner part of the envelopes, at the radius whggg > 100K.
The adopted values ofi, and X, are the best fit values reported in
B. In these two tables, the line fluxes are expressed in#rgns2.
Although a conversion in K km=$ would have been more practical
to compare these fluxes with observations, this converspemis on
the telescope used and the extent of the line emission. Haviighe
emitting region is smaller than the telescope beam, thedloze be
approximatively converted into K kntsusing the conversion factors
reported by Ceccarelli etial. (2003).

While low lying lines fluxes are comparable in two tables Hag
energy lines fluxes substantiallyfidr. Higher frequency observations
can therefore help to distinguish between a constant alpgeda the
envelope and a jump in the abundance, especially on the emofc
our sample for which the jump in the abundance is uncertain.

% DUSTY is publicly available at
http://www.pa.uky.edu/ moshe/dusty/
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L1448N -

ay ["]

1.000

0.100¢

1(b)/1(0)

0.010¢

0.001 . . \ 1

1 10 1 10 10 100 10°® 10*
b [] b ["] R [AU]

Fig.A.1. Observations and result of the modelling of L1448N. The upgit panel shows the SCUBA observations at 450 and
850 um. The upper right panel shows the SED (diamonds) and thd fitiedel (solid line). The lower left panel shows the

brightness profile and the fitted model. The dashed line seits the beam profile. The lower right panel shows the dirive
temperature dust (solid line) and density profile (dashes)li
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Table B.1. Predicted line fluxes of selected €0 transitions for a constant abundang; across the enveloppe.

Transition Freq. Ey Fluxes
(GHz) (cnTh) (ergstcm)
IRAS4A  IRAS4B  IRAS2  L1448MM L1448N L1157MM L1527  VLA1623

215 -111 1408 15 2.6E-15 1.6E-15 4.6E-16 1.1E-15 2.1E-15 3.7E-16 6E-16 3.8E-16
211 - 1ap 150.4 16 2.5E-15 1.4E-15 3.9E-16 9.2E-16 2.1E-15 3.5E-16 4E-G6 3.6E-16
313 - 212 2112 22 3.4E-15 1.6E-15 6.3E-16 1.1E-15 3.3E-15 5.6E-16 7E86 4.3E-16
312 - 211 2256 23 2.8E-15 1.1E-15 4.6E-16 6.5E-16 2.4E-15 4.4E-16 6E-26 3.2E-16
414—-313 2815 32 3.3E-15 1.1E-15 6.6E-16 7.5E-16 2.1E-15 5.3E-16 OE-26 3.2E-16
435 — 341 291.3 98 3.0E-17 3.3E-18 9.7E-18 4.6E-18 2.8E-18 3.7E-18 1E-39 1.5E-18
431 — 330 291.3 98 3.0E-17 3.3E-18 9.7E-18 4.6E-18 2.8E-18 3.7E-18 9E-29 1.5E-18
43— 312 300.8 33 2.6E-15 5.8E-16 4.8E-16 4.1E-16 1.1E-15 3.9E-16 6E#H7 2.1E-16
515 — 414 351.7 43 2.7E-15 53E-16 6.0E-16 4.4E-16 8.1E-16 4.0E-16 9E47 2.0E-16
533 — 42 364.2 110 8.6E-17 7.1E-18 2.6E-17 9.5E-18 5.1E-18 1.0E-17 .9E-29 3.7E-18
532 — 432 364.2 110 8.6E-17 7.1E-18 2.6E-17 9.5E-18 5.1E-18 1.0E-17 .7E-29 3.7E-18
514 — 413 3758 46 2.5E-15 3.8E-16 5.2E-16 3.0E-16 5.0E-16 3.6E-16 6E-17 1.6E-16
616 — 515 4219 57 2.3E-15 3.1E-16 5.6E-16 2.9E-16 3.4E-16 3.2E-16 4E-17 1.4E-16
634 — 533 437.1 125 1.6E-16 1.0E-17 4.7E-17 1.4E-17 6.4E-18 1.8E-17 .2E-29 5.9E-18
633 — 532 437.2 125 1.6E-16 1.0E-17 4.7E-17 1.4E-17 6.4E-18 1.8E-17 .0E-29 6.0E-18
615 — 514 450.8 61 2.3E-15 23E-16 5.1E-16 2.1E-16 2.2E-16 3.0E-16 9E-38 1.2E-16
717 — 616 4919 74 2.0E-15 19E-16 5.1E-16 1.9E-16 1.6E-16 2.7E-16 9E-38 1.0E-16
735 — 634 510.1 142 25E-16 1.2E-17 6.8E-17 1.7E-17 6.6E-18 2.7E-17 .4E-19 7.7E-18
T34 — 633 510.2 142 25E-16 1.2E-17 6.8E-17 1.7E-17 6.6E-18 2.7E-17 .3E-19 7.7E-18
716 — 615 5256 78 2.0E-15 1.5E-16 4.9E-16 1.6E-16 1.1E-16 26E-16 2E-18 9.0E-17
818 — 717 561.8 93 1.8E-15 1.2E-16 4.7E-16 1.4E-16 8.0E-17 2.2E-16 2E-18 7.4E-17
836 — 735 583.1 161 3.4E-16  1.3E-17 9.1E-17 1.9E-17 6.2E-18 3.6E-17 .2E-20 8.9E-18
835 — 734 583.2 161 3.4E-16  1.3E-17 9.0E-17 1.8E-17 6.2E-18 3.6E-17 .6E-20 8.8E-18
817 — T 600.3 68 19E-15 1.1E-16 4.7E-16 1.2E-16 6.1E-17 23E-16 3E49 6.9E-17
910 - 818 631.6 114 1.7E-15 8.7E-17 4.4E-16 1.1E-16 4.7E-17 2.0E-16 .4E-49 5.8E-17
937 — 836 656.1 183 44E-16 1.4E-17 1.1E-16 1.9E-17 5.5E-18 4.5E-17 .4E-20 9.5E-18
936 — 835 656.4 183 4.4E-16  1.4E-17 1.1E-16 1.9E-17 5.5E-18 4.4E-17 .1E-20 9.5E-18
918 - 817 674.7 121 8.0E-17 1.8E-15 4.6E-16 9.8E-17 3.9E-17 2.1E-16 .8E-19 5.6E-17
10110 — 919 701.3 137 6.5E-17 1.7E-15 4.2E-16 8.3E-17 2.9E-17 1.9E-16 .7E-19 4.6E-17
1038 — 937 729.1 207 1.3E-17 53E-16 13E-16 1.8E-17 4.3E-18 5.1E-17 .9E-20 9.2E-18
1010 — 918 729.6 207 1.3E-17 5.2E-16 1.3E-16 1.8E-17 43E-18 5.1E-17 .8E-20 9.2E-18
11,1; - 10130 749.0 146 6.2E-17 1.8E-15 4.4E-16 7.9E-17 2.5E-17 1.9E-16 .7E-20 4.5E-17
11101030 770.8 163 5.0E-17 1.7E-15 4.0E-16 6.5E-17 1.9E-17 1.7E-16 .7E-80 3.7E-17
11,10- 10,9 823.0 173 49E-17 18E-15 4.3E-16 6.5E-17 1.7E-17 19E-16 .4E-20 3.7E-17
12,1,-11;3; 8402 191 3.6E-17 1.6E-15 3.7E-16 4.8E-17 1.1E-17 16E-16 .2E-20 2.8E-17
12,1, - 11350 896.7 203 3.6E-17 1.8E-15 3.9E-16 4.8E-17 1.0E-17 1.7E-16 .3E-20 2.8E-17
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Table B.2. Predicted line fluxes of selected @€ transitions for an abundanXg,; in the outer enveloppe, increasingXg at
the radius wher& yust> 100 K.

Transition Freq. Ey Fluxes
(GHz) (cnTh) (ergstcm?)

IRAS4A  IRAS4B IRAS2 L1448MM  L1448N L1157MM L1527
215 -111 1408 15 2.7E-15 1.6E-15 49E-16 1.1E-15 2.1E-15 3.7E-16 6E-16
211 -1 1504 16 25E-15 1.4E-15 4.2E-16 9.2E-16 2.1E-15 3.6E-16 4E-46
313 - 212 2112 22 3.5E-15 1.7E-15 7.3E-16 1.1E-15 3.3E-15 5.9E-16 7E-86
32— 211 2256 23 2.9E-15 1.1E-15 5.8E-16 6.9E-16 2.4E-15 4.8E-16 T7E-26
44— 313 2815 32 3.5E-15 1.1E-15 8.9E-16 8.1E-16 2.2E-15 6.2E-16 1E-26
432 — 331 291.3 98 1.6E-16 9.7E-17 28E-16 6.4E-17 4.6E-17 4.5E-17 2E-Q9
431 — 350 291.3 98 1.6E-16 9.6E-17 2.8E-16 6.4E-17 4.6E-17 4.5E-17 O0E-99
413 -3 300.8 33 2.9E-15 6.8E-16 7.7E-16 4.9E-16 1.1E-15 5.1E-16 OE-47
515 — 414 351.7 43 3.1E-15 6.9E-16 1.0E-15 5.6E-16 9.2E-16 6.2E-16 7E47
533 — 42 364.2 110 4.6E-16 19E-16 5.6E-16 1.5E-16 1.1E-16 1.5E-16 .3E-28
532 —4s 364.2 110 4.6E-16 19E-16 5.6E-16 1.5E-16 1.2E-16 1.5E-16 .3E-28
514 — 413 375.8 46 3.0E-15 5.7E-16 1.1E-15 4.5E-16 6.4E-16 6.2E-16 5E-27
616 — 515 4219 57 3.0E-15 5.7E-16 1.3E-15 4.9E-16 5.4E-16 7.2E-16 7E-27
634 — 533 4371 125 9.2E-16 3.2E-16 9.6E-16 2.6E-16 2.1E-16  3.2E-16 .9E-38
633 — 532 437.2 125 9.2E-16  3.2E-16 9.6E-16 2.6E-16 2.2E-16  3.2E-16 .0E-48
615 — 514 450.8 61 3.1E-15 55E-16 1.4E-15 4.7E-16 4.6E-16 7.9E-16 7E-17
717 — 616 4919 74 3.1E-15 6.0E-16 1.7E-15 5.2E-16 4.6E-16 9.2E-16 O0E-27
T35 — 634 510.1 142 1.5E-15 4.9E-16 1.5E-15 3.9E-16 3.4E-16 5.7E-16 .8E-48
T34 — 633 510.2 142 15E-15 4.9E-16 14E-15 3.9E-16 3.4E-16 5.6E-16 .9E-48
716 — 615 5256 78 3.4E-15 6.6E-16 1.9E-15 5.6E-16 48E-16 1.1E-15 7E-17
818 — 717 561.8 93 3.4E-15 7.5E-16 2.2E-15 6.3E-16 5.4E-16 1.2E-15 8E-17
836 — 735 583.1 161 2.3E-15 7.4E-16 2.2E-15 5.9E-16 5.2E-16 9.1E-16 .9E-48
835 — 734 583.2 161 2.3E-15 7.4E-16 2.2E-15 5.9E-16 5.2E-16 9.1E-16 .OE-38
817 — T 600.3 68 3.9E-15 8.6E-16 2.6E-15 7.2E-16 6.2E-16  1.5E-15 5E-17
910 — 818 631.6 114 4.1E-15 1.0E-15 3.0E-15 8.3E-16 7.2E-16 1.7E-15 .5E-17
937 — 836 656.1 183 3.2E-15 1.0E-15 3.1E-15 8.3E-16 7.3E-16 1.3E-15 .9E-38
936 — 835 656.4 183 3.2E-15 1.0E-15 3.1E-15 8.3E-16 7.3E-16 1.3E-15 .0E-48
918 — 817 6747 121 4.7E-15 1.2E-15 3.6E-15 9.6E-16 8.5E-16 2.0E-15 .3E-17

10110 — 910 701.3 137 5.1E-15 1.4E-15 4.1E-15 1.1E-15 9.8E-16 2.3E-15 .0E-17
1035 — 937 7291 207 42E-15 1.4E-15 4.1E-15 1.1E-15 9.2E-16 1.8E-15 .2E-28
100 — 918 729.6 207 41E-15 1.4E-15 4.1E-15 1.1E-15 9.1E-16 1.8E-15 .2E-28
1411 -10110 749.0 146 5.8E-15 1.6E-15 4.8E-15 1.3E-15 1.1E-15 2.7E-15 .5E-88
1410-10130 770.8 163 6.3E-15 1.8E-15 5.4E-15 1.4E-15 1.3E-15 3.0E-15 .4E-88
11410-10,9 823.0 173 7.3E-15 2.1E-15 6.3E-15 1.7E-15 1.5E-15 3.5E-15 .1E-38
12,1,-11;47 8402 191 79E-15 2.4E-15 7.0E-15 1.8E-15 1.6E-15 3.7E-15 .9E-28
1211 - 11110 896.7 203 9.1E-15 2.8E-15 8.2E-15 2.1E-15 1.8E-15 4.3E-15 .4E-28
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