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ABSTRACT

Magnetic precursors of C-type shocks accelerate, compress, and heat molecular ions, modifying the kinematics
and the physical conditions of the ion fluid with respect to the neutral one. Electron densities are also expected
to be significantly enhanced in shock precursors. In this Letter, we present observations of strongly polar ion
and neutral molecules such as SiG?GD", HN**C, and H°CN, which reveal the electron density enhancements
associated with the precursor of the young L1448-mm outflow. While in the ambient gas the excitation of the
ions and neutrals is explained by collisional excitation kywith a single density 0£10° cm™3, H**CO* shows
an overexcitation in the shock precursor component that requiyeehkities a factor cf10 larger than those
derived from the neutral species. This overexcitation #f0®* can be explained if we consider an additional
excitation by collisions with electrons and an electron density enhancement in the precursor stage by a factor of
~500, i.e., a fractional ionization of &% 107°. These results show that multiline observations can be used to
study the evolution of the ion and electron fluids at the first stages of the C-type shock interaction.

Subject headings. ISM: individual (L1448) — ISM: jets and outflows — ISM: molecules — stars: formation

1. INTRODUCTION sion and the enhancement of the ion abundance have been
interpreted as signatures of the shock precursor (lin&erra

In dense molecular clouds, the fractional ionization of the €t al- 2004). Multiline observations of strongly polar species
gas is very low €10 7; Gudin et al. 1982; Caselli et al. 1998). like HCO", HNC, and HCN toward this outflow are expected

Electron densities are therefore insufficient to excite the first 0 show differences in excitation between the ambient gas,
rotational levels of even strongly polar molecules like HGCO where electron excitation is neghglble_, and the shock precursor,
HCN, or HNC whose collisional cross sectiorsl(°to 10°° where electron collisions should be important. _

cn? s % Bhattacharyya et al. 1981; Saha et al. 1981; Faure & In this Letter, we present observations of several rotational
Tennyson 2001) are a factor®100 larger than those of weakly ~ transitions of SiO, FCO", HN*C, and H’CN toward the
polar species like CO~102 cm?® s'; Saha et al. 1981). All ambient and shock precursor components of the L1448-mm
attempts to use molecular excitation to measure the effects ofoutflow. The excitation differences observed betweeiCB"

collisional excitation by electrons in these regions have been@nd SiO, HN'C, and HCN in the ambient and precursor
so far unsuccessful (Langer 1985). components can be explained by the electron density enhance-

Modeling of the early stages of C-type shocks predicts that ment expected at the first stages of the C-type shock evolution.
the ion and electron densities are enhanced by the magnetic

precursor (Draine 1980). For molecules like HC®ICN, or 2. OBSERVATIONS AND RESULTS

HNC, the electron density enhancement by a factor- 00 We observed several transitions (fram= 1 to 5) of SiO,
produced by the precursor (see, e.g., Flower et al. 1996) wouldpisco+ HN*C, and H’CN toward three different positions
make electron collisions competitive with excitation byddl- in the L1448-mm outflow. Except for the = 4 — 3 lines of
lisions for the typical densities of dark clouds1(0® cm). HXCO*, HN*C, and H*CN, all the molecular transitions were
Since the electron collisional coefficients for high initidran- observed with the IRAM (Instituto de RadioastrorianMili-

sitions of HCO are a factor o210 larger than those of neutral  marica) 30 m telescope at Pico Veleta (Spain). We used the
molecules like HCN at low temperatures10-20 K; Chu & wobbler-switched and frequency-switched modes with position
Dalgarno 1974; Bhattacharyyg et al. 1981), dlffer_ences in the gpg frequency throws of 24@nd 7.2 MHz, respectively. The
molecular excitation between ion and neutral species are thereeam sizes were28’, 19', and 11 at~90, 130, and 260 GHz,
fore expected in the precursor stégaward the young L1448-  respectively. The SIS receivers were tuned to a single sideband
mm molecular outflow, the detection of very narrow SiO emis- yith rejections of>10 dB. We used the spectrometers of

VESPA (VErsatile SPectrometer Array) with a spectral reso-

* Departamento de Astrafica Molecular e Infrarroja, Instituto de Estructura  |ytion of 40 kHz, i.e., with velocity resolutions ef0.14, 0.09,

de la Materia, CSIC, C/Serrano 121, E-28006 Madrid, Spain; izaskun@ - -
damir.iem.csic.es, martin@damir.iem.csic.es, arturo@damir.iem.csic.es. and 0.05 km s' at 90, 130, and 260 GHz, reSpeCt'Vely' Typ-

2 Department of Physics and Astronomy, University College London, Lon- iCa@l System temperatures ranged from 100 to 500 K.

don WCIE 6BT, England, UK; sv@star.ucl.ac.uk, j.tennyson@ucl.ac.uk. TheJ = 4 — 3 lines 347 GHz) of H*CO*, HN**C, and

3 Instituto de RadioastroncmMilimétrica, Avda. Divina Pastora, Local 20, H®CN were observed with the James Clerk Maxwell Telescope
E-18012 Granada, Spain; martin@iram.es. Y QWi

4 Escuela Universitaria de fica, Departamento de Matétita Aplicada (JC(;VIT) ?]t Mfauna Kea ngawalil)lénl\/fne f_'i_ehqugncy SWItChed
(Biomateniéica), Universidad Complutense de Madrid, Avda. Arcos dénJalo mj(-)4”e Wf:t ha retql;enc%t IrIgVXI\(/I) 30 bz‘ ]? ?ﬂam Sslze was
s/n, E-28037 Madrid, Spain. ~14°, which matches the m beam for tde= s —

° Laboratoire d’Astrophysique, Observatoire de Grenoble, BP 53, 38041 2 lines of H*CO" and HN®C. We used the B3 receiver in the
Grenoble Cedex 09, France; Alexandre.Faure@obs.ujf-grenoble.fr. dual-mixer and single-sideband modes with an image rejection

® These excitation differences between ion and neutral molecules reflect a . -
fundamental difference between the corresponding electron-impact cross sec-Of 12-14 dB. The D|g|tal Autocorrelation Spectrometer (DAS)

tions at low energy: for neutrals, cross sections go to zero at the threshold; Provided a spectral resolution of 156 kHz0(14 km s*). The
for ions, they are large and finite (e.g., Chu & Dalgarno 1974). system temperatures were of 450-560 K. All the intensities
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were calibrated in units of antenna temperature and converted (0,0) (0,—10) (0,2
to main-beam temperatures using efficiencies of 0.82, 0.74, and o ’ C
0.52 at~90, 130, and 260 GHz for the IRAM 30 m data, ‘
respectively, and 0.63 for the JCMT data.

Figure 1 shows the line profiles of all transitions measured
toward L1448-mm (0, 0), (0;-10), and (0,—20), and Table 1 T, o
gives the observed parameters for the different velocity compo- (k) ,,
nents. As expected for a shock tracer in the precursor fdime 0
Serra et al. 2004), the narrowd.6 km s*) SiOJ = 2— 1 and
3 — 2 lines have single-peaked profiles whose peak emissionis 0.1
slightly redshifted£5.2 km s*; Fig. 1) with respect to the ambient 0
4.7 km s* cloud. TheJ = 1 — 0 lines of H*CO", HN**C, and 0.1
H®CN show double-Gaussian profiles (the ambient and shock e
precursor components) and have line widths-0f6—-0.7 km s*
for each of the velocity components. ThEEIO" emission peaks
at the shock precursor component toward the positions where 2 Cocot ooy | [ O 00 (e
narrow SiO is detected (Jimez-Serra et al. 2004). However, the s i i .
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HN™C peak emission is centered at the ambient cloud in L1448- c M P
mm (0, 0). Toward L1448-mm (0;10) and (0,—20), the HN°C 0 et T s o,
emission is progressively redshifted to 5.4 and 5.6 ki - | e e
spectively (see vertical doted lines in Fig. 1}3€0" and H*CN F .
also peak at 5.4 and 5.6 km'soward these positions, as if we 0 [ A A S e

HN"¢(1-0) T

[ HN'C(1-0)(5 4 HNB¢(1-0) | (!

were observing the evolutionary effects of the propagation of C-
type shocks through the unperturbed gas. The detection of broad
SiO emission (terminal velocity 0£25 km s*) toward L1448- 0
mm (0, —10) and (0,—20) supports this idea.

TheJ = 3 - 2 and 4— 3 lines of H3CO*, HN'C, and 0%

FENPc(s-2) ) | HN'0(3-2) | HN"c(3+2) | |

H*CN tend to be single-peaked and have line widths-@f7 0

km s (Table 1). The HRC emission arising from the ambient o T o

gas toward L1448-mm (0, 0) is weak. However, the high- 0rE i
H™CO" emission measured toward L1448-mm (0, 0) and (O, oL MWMWW
—10) is very bright and mainly arises from the precursor com- F Ei P L
ponent. H3CO" also shows faint emission centered at the am- HON(1+0) HEON(140) N0

bient cloud toward L1448-mm (0, 0). The SiD= 5 — 4 and 0r L

H®CN J = 4 — 3 lines have not been detected in any of the oL

| CHOCN(-3) |

velocity components toward L1448-mm.

HCN(4-3) | | HUCN(4+3) | |

3. EXCITATION DIFFERENCES BETWEEN ION AND NEUTRAL
MOLECULAR SPECIES

Afirst look at the highd lines of H*CO", HN™C, and H'CN Fic. 1.—Low- and highd lines of Si0, H'CO", HN¥C, and H'CN observed
clearly shows that the emission of¥80" is anomalously bright  toward L1448-mm. Offsets in arcseconds are shown in the upper part of the
in the shock precursor component compared to that of the neu-columns @, = 03257380, 6,00, = 30°44'05"). The vertical dotted lines show
trals. Since the emission of all these species is expected to béhe ambient gas at 4.7 km'sand the precursor component at 5.2 krhtsward
optically thin, the line intensity ratio between different transitions -1446-mm (0, 0), and at 5.4 and 5.6 km’soward L1448-mm (0--10) and
. . e . (0, —20), respectively.
is directly related to the excitation temperature of the ion and
neutral fluids in the ambient and shock precursor gas. The in-
tegrated line ratios between the=] 3 — 2 and 1— 0 lines for
H**CO" and HN®C, and between th@ = 4 - 3 and 1— 0
lines for H*CO" and H3CN, in the ambient and precursor com-
ponents are shown in Table 2. In the ambient cloud, the line
ratios of H*CO" are very similar to those of HRC and H°CN.
However, the line intensity ratios of 'B®CO" in the precursor
component are up to a factor of 9 larger than those of the neutrals
indicating a higher excitation for the ions in this component.
H®CO" is “selectively” excited in the precursor gas.

We can estimate the Hiensities required to explain the line
intensity ratios of Table 2 by using a model for the excitation
of the observed molecules. Let us consider the large velocity
gradient (LVG) approximation and the only excitation by H
collisions. We have used the,ldollisional rates of Turner et
al. (1992) for SiO, Flower (1999) for ¥#CO", and Green & Since the ions have been selectively excited in the precursor
Thaddeus (1974) for HRC and H®CN. Considering that the  component by an extra mechanism besides tharpact, we
emissions of all molecules have similar spatial distributions, explore the possibility that this selective excitation is produced

4 6,8 2 4 6,8 2 4 6 8
Vg (km s7) Visg (km s77) Visg (km s77)

and a kinetic temperature of 21 K (see Curiel et al. 1999), the
estimated H densities and molecular column densities are
shown in Table 3. For the ambient gas, the derivedéhsities

for all molecules are of fewx 10° cm 3, consistent with ex-
citation by H, collisions. The H densities derived from SiO,
HN*®C, and H3CN in the precursor are similar to those of the
ambient gas. However, as expected from the larf€@" line
ratios, the H densities required for this ion in the precursor
gas are a factor c#10 larger than the Hdensities derived
from the neutral species (Table 3). This clearly illustrates that
excitation only by H collisions with a single density cannot
explain the excitation of HCO" in the precursor.

4. COLLISIONAL EXCITATION BY ELECTRONS
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TABLE 1
OBSERVED PARAMETERS OF THE SiO, H®*CO*, HN**C, AND H“*CNLINES
(0, 0) (0, —10) (0, —20)
Visr Av Ta Visr Av Ta Visr Av Ta
LINE (kms?) (kms? (K) (kms?*  (kms? (K) (kms?) (kms? (K)
SiI0O(2—1) .......... ~4.7 <0.012 ~4.7 <0.048 ~4.7 <0.060
5.170(8)  0.62(2) 0.107(5)  5.18(3)  0.60(8) 0.11(2)  5.11(2) 0.41(8)  0.10(2)
SI0O(B=2) .o ~4.7 <0.084  ~47 <0132 ~A47 <0.183
5.08(7)  0.6(2) 0.14(1) 5.02(6)  0.5(1) 0.17(3)  5.20(7)  0.9(1) 0.18(4)
SIO(5—24) .......... ~4.7 <0.171 ~4.7 <0.130 ~4.7 <0.084
~5.2 <0.171 ~5.2 <0.130 ~5.2 <0.084
H®CO* (1~ 0) ...... 4584(7)  0.59(1) 0.629(8)  4.685(6) 0.70(1) 0.62(2) 4.84(2)  0.84(5)  0.46(3)
5.300(5) 0.81(1) 1.160(8)  5.424(0) 0.796(8)  1.26(2)  5.545(9)  0.84(2) 1.00(3)
H®CO* (3 2) ...... 4.7(0) 0.6(0) 0.28(8) ~4.7 <0.168  ~4.7 . <0.225
5.356(6) 0.69(2) 2.25(8) 5.48(2)  0.95(5) 0.66(8) 5.72(7)  0.6(2) 0.24(4)
H3&CO" (4 3) ...... 47000 0.55(0) 0.08(5) ~4.7 <0.162 ~A7 . <0.138
5.338(7) 0.62(2) 1.43(5) 5.47(2)  0.63(4) 0.52(4)~5.2 <0.138
HN®C (1-0) ....... 4785(3) 0.806(7)  0.72(1) 481(2)  0.65(2) 0.56(2) 4.85(2)  0.50(4)  0.34(3)
5.468(6) 0.78(2) 0.36(1) 553(2)  0.88(3) 0.71(2) 559(1)  0.86(4)  0.68(3)
HN®C (3 2) ....... 475(5)  0.6(1) 0.35(4) ~4.7 <0261 ~4.7 <0.264
~5.2 <0.237 ~5.2 <0.261 ~5.2 <0.264
HN¥C (4—3) ....... . ~4.7 <0117 ~47 <0.108
~5.2 <0.117 ~5.2 <0.108
HECN (1-0) ....... 4.86(5)  1.06(7) 0.18(2) 4.89(2)  0.80(6) 0.27(1)  4.9(1) 6. 0.16(1)
5.32(2)  1.25(4) 0.21(2) 5.52(2)  0.70(6) 0.30(1)  5.5(1) 0.7(2) 0.28(1)
H®CN (4—3) ....... ~4.7 <0.141 ~4.7 <0.138 ~4.7 e <0.141
~5.2 <0.141 ~5.2 <0.138 ~5.2 <0.141

#The upper limits of the line intensities correspond to the Boise level in the spectra.

by collisions with electrons. The efficiency of excitation of temperatures~35-45 K), the fractional ionization in the pre-
molecular ions by electrons can be significantly larger than that cursor decreases t&6 x 10°°. Although even higher temper-
of neutral molecules at the low temperatures of dark clouds. atures £100 K) could reproduce the'fCO" intensities in the
To illustrate this, we compare the electron collisional rates of precursor component for a fractional ionization<#0~’, the
HCO" and HCN for the] = 0 — 1 and 1— 2 transitions at  derived HN*C and H3CN line intensities would clearly exceed
low and high temperatures. While the HCBICN collisional (by up to a factor of 5) the upper limits of Table 1. The derived
coefficient ratio is only~1.6 at 100 K, this ratio is increased ionization fraction implies an electron density enhancement by
to ~6 at a temperature of 10 K (Bhattacharyya et al. 1981; a factor of ~500 with respect to that of the quiescent gas
Saha et al. 1981). This difference between the H@éd HCN (1079).
rates is expected to further increase for higher inifiadnd Considering an extrapolation of the electron collisional rates
large AJ transitions (Bhattacharyya et al. 1981). New calcu- of Saha et al. (1981) for HCN, we can now estimate the expected
lations of the HCO and H3CQO" collisional rates for all tran-  line intensities of HN*C and H*CN in the precursor for the
sitions betweerd = 1 andJ = 5 (A. Faure & J. Tennyson fractional ionization €5 x 107°) derived from H}CO*. The
2006, in preparation), show that the HC@ates withAJ > 2 , expected intensities are similar to those reported in Table 1,
exceed those of HCN by more than 1 order of magnitude at except for the HY¥C J = 3 — 2 line whose predicted intensity
10 K. This naturally introduces a differential excitation between
the ions and neutrals as observed in the precursor component.
We can constrain the electron density required to reproduce
the H*CO" line intensities observed in the precursor compo-
nent by using the LVG model, including collisions with both
H, and electrons. For an,tensity of~3 x 10° cm 2 (similar

TABLE 3

DERIVED H, DENSITIES AND COLUMN DENSITIES FOR SiO, H*CO",
HN®C, aND H®CN

H, DENsITY (cm™3) CoLUMN DENsITY (cm2)

to that derived from HNC and HCN: Table 3) and a tem- MOLECULE Ambient Precursor Ambient Precursor
perature of 21 K, the estimated electron densities in the pre- (0, 0)
cursor component toward L1448-mm (0, 0) and {010) in H®CO" ...... 13x 166  20x 100 6.7 x 10* 2.2 x 10%?
the optically thin caseN(H*CO*) ~ 10" cm 2] are~240 and SIO ..o 2.7x 10° o LAx 10
600 cm®, respectively, which correspond to fractional ioni-  HNC .. S }8: s }g 14 iglll 3 igl
zations of8 x 10* and2 x 10 . However, in the optically =" -~ i i : '
thick case N(H**CO") ~ (7-9) x 10" cm 3, and for higher (0, —10)
HYCO" ...... <13x 100 6.0x 100 4.2 x 10" 1.8 x 10°
TABLE 2 SO .oienen. 4.0x 10° 1.3 x 10%
INTEGRATED LINE INTENSITY RATIOS HN™C ... <19 x 1 <11x 10 11x 10% 1.9 x 102
HYCN ....... <13 x 100 <12 x 10° 3.0 x 10" 3.4 x 10¢
(01 0) (01 _10) (0’ _20)
RATIO MoLEcULE Ambient Precursor Ambient Precursor Heco <16 x 10 <57 x 100 31 x 10° 1.0 x 10°
(3—-2/1-0)...... H=CO* 0.5 1.6 <0.1 0.6 SO ..ieaen. 5.9x 10° 1.3 x 10"
HNYC 0.4 <0.2 <0.2 <0.1 HNSC ....... <40 x 100 <13 x 100 45x 10% 1.6 x 10°
(4—3/1-0)...... H=CO" 0.1 0.9 <0.1 0.3 HYCN ....... <2.0x 100 <12 x 10° 1.9 x 10* 3.2 x 10¢
HYCN <0.2 <0.1 <0.2 <0.2

#The upper limits to the Hdensities were estimated from thes3evel.
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exceeds the upper limits in Table 1 by a factor@f Given the sion and low temperatures, the derived fractional ionization is
uncertainties in the rates, and the relative spatial distribution of ~10°2. Flower et al. (1996) and Flower & Pineau des Fsre
the ion and neutral gas, we find that the data are consistent with(2003) predicted that the ionization fraction is increased to
the idea of an electron density enhancement in the precursor~10"° in the precursor stage. Our estimate of the fractional
component. High angular resolution observations are requiredionization clearly exceeds these results by a factor of 100 and
to establish the spatial distribution of the ion and neutral specieseven exceeds the cosmic abundance of atomic carbon (the main
in the precursor. repository of positive charge in dark cloudgC) ~ (2—3) x

10% Cardelli et al. 1996) by a factor cf5. However, if we
increase the kinetic temperature (ions are expected to be rapidly
heated by the precursor; Draine 1980) and consider optically
Toward the quiescent gas of L1448-mm, the ion and neutral thick emission, the ionization fraction can be decreased to

5. ON THE ORIGIN OF THE ELECTRON DENSITY ENHANCEMENT

fluids show similar excitation conditions. In fact, the #en- ~5 x 107°. This result is consistent with the model predictions
sities obtained from the ions and neutrals are all consistent with(Flower et al. 1996; Flower & Pineau des Fsr@003).

few x 10° cm3 for this component. Since the fractional ion- We cannot rule out the possibility that the ion and electron
ization is expected to be &f10 7 in the ambient cloud (Glie enhancement in the precursor component is produced by the

et al. 1982; Caselli et al. 1998), the hightH*CO" and HNC radiative precursor of J-type shocks (Shull & McKee 1979).
excitation in this component is completely dominated by H Chemical models that include illumination by UV photons pre-
collisions. dict the enhancement of molecules such as HQ@CO, and

In contrast to the quiescent gas, the precursor componentHCN for t < 300 yr (Viti & Williams 1999; Viti et al. 2003).
shows an overexcitation in BCO". The line ratios and H However, HCO (a typical photon-dominated region tracer;
densities estimated for this ion in the precursor gas are a factorSchenewerk et al. 1988) is not detected in the precursor com-
of 10 larger than those for SiO, HIC, and HCN. In § 4, ponent (Jimaez-Serra et al. 2004), which suggests that the ion
we have shown that an electron density enhancement by a factoand electron enhancements are likely due to the magnetic pre-
of ~500 in this component could explain the overexcitation in cursor of C-type shocks.
H**CO". Modeling of C-type shocks shows that the UV fluo- In summary, the differences in the kinematics and excitation
rescence radiation generated by the collisional excitation,of H between the ion and neutral components in the L1448-mm
in the magnetic precursor rapidly enhances the ion and electrormolecular outflow are clear indicators of the early interaction
densities in this regiont € 100 yr from the inception of the of C-type shocks with the ambient gas. The overexcitation in
C-type shock; Flower et al. 1996; Flower & Pineau des'Bore H'CO" has allowed us to measure, for the first time, the elec-
2003). One may think that the probability of detecting this tron density enhancement in the precursor of a C-type shock.
enhancement toward molecular outflows for such short time- The estimated fractional ionization in the precursor component
scales is negligible. However, L1448-mm is a very young out- is of ~5 x 107%, which implies an enhancement of the electron
flow (t,,,~ 1000 yr), and the dynamical timescales derived densities by a factor g¢500 with respect to the ambient gas.
from the proper motions of the SiO bullets90 yr; Girart &

Acord 2001) are consistent with the possibility of detecting the . .

shock precursor as predicted by C-type shock models. In fact, We a(_:knowledge the Spanish MEC for the support provided

the more redshifted velocities toward L1448-mm+{0,0) and by projects AYA2002-10113-E, AYA2003-02785-E, and
ESP2004-00665 and by the “Comunidad de Madrid” Govern-

(0, —20) are consistent with the observation of different evo- )
- ) e " : ment under PRICIT project S-0505/ESP-0237 (ASTROCAM).
lutionary stages of C-type shocks in different positions in the This work has benefited from research funding from the Eu-

outflow as predicted by models. ropean Community’s Sixth Framework Programme
We can use our results to constrain the electron density en- P y 9 '

hancement produced by the precursor. For optically thin emis- Facilities:. JCMT, IRAM 30 m.
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