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Abstract. The molecular outflows associated with the twa. Introduction

Class 0 sources L1448-mm and L1448-IRS3 have been mapped . . .
with the spectrometers on board the ISO satellite aIIowir?ﬁe flows from protostars proceed at high supersonic velocities

to study in detail the physical and chemical structure of t eoducmg strong shocks which compress, heatand put into mo-

shocked gas. The far infrared cooling is mainly due to the emiﬁ%&hi?ﬁb;:itsgig'#?ﬁﬂg’;%ﬁ;’ ;f;lf‘?enrqear:?{x(;rr:d;g\tfrhe/s
sion from pure rotational lines of CO,. and H excited at 9 9 P )

temperatures between 500 and 1200 Ki]g3,:m emission is The exact way in which this cooling is achieved strongly de-
: . nds on the amount of protostellar energy transferred to the
also widespreadly observed along the flows. Additional grourﬁ’g

based observations of tHéCO 4-3 and 3-2 transitions in the]c Oow, on it; acceleration mechanism and on '.[he properties.oflthe
surroundings of the L1448-mm source allow us to localize th%'r.roundlng cloud. Therefore the observation of the radiation
warm emission in the extreme high velocity clumps formin mitted by shock excned_ mqtenal alpng protostellar flows can
the collimated molecular jet responsible for the entrainment . powgrful way to retrive qurmgﬂon about the mechanism
at the origin of the outflows and indirectly also about the nature

the outflow. Our analysis shows therefore that this jet is hottetr : "
of their exciting source.

than previously thought on the basis of millimeter observations . . .
P y 9 Shocks in protostellar outflows can be formed in a variety of

alone. ifferent ways. In jet-driven outflow models, shocks can devel-
A comparison with existing models suggests that the exg'- ways. nJ lven outriow 17 v
tation along the outflow from L1448-mm is mainly due to lo pe along the length of the jetin tur.bu!ent mixing layers (@ant
velocity (V. < 20kms-1) non-dissociative shocks (C-shocks Raga 1991) or at the head of the jet in the form of bow shocks
= at[!e to sweep outthe ambient material at large distances from the

probably qlevelope_d as the Je.t proce_eds through a mEdluijg axis (Raga & Cabrit 1993; Chernin & Masson 1995). In mod-
ready put into motion by previous episodes of mass loss. E

tation from turbulent mixing layers along the molecular jet ax%ls for outflows driven by collimated winds, shocks of different

seems not able to explain the observed cooling ratios among?rﬁgggttszC::;Sﬁ:g;ﬁgi:i tt%eegzﬂe(l\;véﬁlzsggg ig%"?;hrectly
different molecular components. P 9 '

. o I . All these mechanisms produce temperature gradients and
An higher excitation shock component is likely presentégifferent chemical structures along the flows. Therefore, a com-
the direction of the source L1448-IRS3, as testified by the de- 9 : '

tection of the [Sir] 35um line and by a larger contribution Ofprehensive view of the outflow process needs a sampling of the
the [O1] emission all components contributing to the cooling along with the def-

Finally the abundance of gas-phasgHs largely enhanced mslgzati?afl g“rar:ruIﬁ)ir\;\yas\llce:z?elnpr?hpzsgséi;—%r?ggrlﬁve;rgsn? 0IilteIt C!Zn-
with respect to its interstellar value all along the flow. Both the . >Ny Y 9 P
S . . .sus of the different excitation components.
total luminosity of water and its abundance correlate with sity!

at high excitation, implying that both4® and SiO are released . E_m|SS|on of milimeter molecular Imeg (usually CO) at ex-
in the low-velocity shocks developed along the outflow. citation temperatures of about 10-20K is commonly used to

probe the outflow large scale morphology and dynamics. This

Key words: stars: formation — ISM: jets and outflows — ISM: in.Cold emission component is however commonly associated with

dividual objects: L1448-mm —ISM: individual objects: L1448l\|’nUCh hlgher excitation conditions, usually Iocall_zed _along_ the
. . T outflow axis, and traced by molecular hydrogen vibrational lines
—infrared: ISM: lines and bands

(atT,x ~ 2000K) or by optical and UV lines in Herbig-Haro
objects (atT., ~ 10*K). This hot gas is directly probing the

Send offprint reqUEStS.‘tB' Ni.smi (bruni@coma'mporZif)'a_Stm'it) shock interactions taking place along the flows (e.g. Reipurth
* Based on observations with ISO, an ESA project with |nstrumenéLsRaga 1999)

funded by ESA Member States (especially the Pl countries: France, . .
Germany, the Netherlands and the United Kingdom) with the partici- Observations performed with the Infrared Space Observa-

pation of ISAS and NASA tory (ISO, Kessler et al. 1996) have allowed to identify the pres-
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ence of gas excited at temperatures intermediate between tithsBbservations and results
sampled by ground based observations, i.e. 100-2000 K (Lis%af 1SO
et al. 1996; Nisini et al. 1998). The contribution to the gas cool-™"
ing due to this “warm” gas is not at all negligible and oftefThe two 1ISO spectrometers (Short Wavelength Spectrometer,
represents a significant fraction of the total shock luminosi§WS, de Graauw et al. 1996, and Long Wavelength Spectrom-
emitted along the flow (Nisini et al. 1999a; Benedettini et agter, LWS, Clegg et al. 1996) have been used to observe differ-
2000). The presence of warm gas has been identified alsodpy positions along the L1448 outflow. In Fig. 1 we show the
means of ground-based observations of CO lines at higher pyintings of the two instruments, together with their focal plane
citation (Hatchell et al. 1999). However, as also pointed out #pertures, superimposed on a H12:mimage of the region
those works, it is difficult to constrain the warm gas conditiortaken from Davis & Smith (1995). We have targetted six dif-
by means of ratios between lines having excitation temperatufegent positions; two of them are centered on the two Class 0
much lower than the traced kinetic temperature. sources L1448-mm and IRS3. This latter, which corresponds to
We report here a detailed study conducted with the 1ISBe IRAS source 03225+3034, is actually separated into three
spectrometers towards the L1448 outflow. This outflow is owkifferent objects associated with peaks of millimeter continuum
of the first well studied examples of strong and well collimatesimission (Terebey & Padgett 1997; Barsony et al. 1999). The
flows emitted from a so called Class 0 protostar (Andt al. IRS3 position is close to the strongest of these peaks, corre-
2000). This exciting source (called L1448-mm or L1448-C) isponding to the binary L1448-N(A) and N(B). The LWS field
an isolated millimeter source strongly emitting also at radisf view (~ 80" in diameter) includes also the northest source
wavelength and in water masers (Curiel et al. 1990; Chernin448-NW which is, on the contrary, missed by the smaller
1995). North of this main outflow is located an IRAS source§WS beam (which has values of 4 207, 14’ x 27"or 20" x
originally named IRS3, which has been separated in two distir83’, depending on the wavelength). The other pointings are lo-
peaks (Barsony etal. 1999; Chandler & Richer 2000)i.e. L144@ated both in the blue (referred as BI) and in the red (referred
N and NW, the first of which dominates over all the millimeteas RED, Rl and RIl) lobes of the outflow.
emission of the cluster. A second outflow originates from this We clearly see from the figure that, due to the different beam-
cluster, which overlaps and interacts with the main outflow frogize, the two instruments sample different regions along the flow.
L1448-mm. A recent, large field Hmap of the L1448 region, In particular, the six LWS measurements overlap each other by
shows that this second outflow may actually be more extendssbut half of the beam, while the SWS observations heavily un-
than previously recognized (Eidfel 2000). The L1448-mm dersample the region. This fact needs to be taken in mind when
outflow is characterized by the presence of a very collimatedmparing the results from the two instruments.
jet consisting of well separated extreme high-velocity (EHV, The observational procedure and the results obtained for
i.e. more than 50 kmrs') molecular clumps (“bullets” follow- the L1448-mm spectrum are fully described in Paper I. In Ta-
ing Bachiller et al. 1990, hereafter B90). CO at lower velocitlgle 1 we report the journal of the observations for all the other
delineates a biconical cavity which has been probably creaigdasurements including coordinates of the pointed positions
by the material swept out from the molecular jet (Bachiller §Columns 2 and 3), observing mode, orbit and date of each mea-
al. 1995); the K emission morphology as well suggests thaurement (Columns 4,5 and 6) and the total integration time of
the collimated jet is entraining the ambient material throughe observations (Column 7).
successive bow shocks developed at its head (Bally et al. 1993;With LWS we obtained full scans (43—18i#) at low reso-
Davis et al. 1994). lution (R~200), oversampling by a factor of four the resolution
In a previous paper (Nisini et al. 1999b, hereafter Paper glement (which is 0.2émfor A < 90umand 0.6m for \ >
we have shown that a strong contribution to the gas coolio@um). Each spectral sample was integrated for 4.8 s; this inte-
in the surroundings of the mm source is accomplished througtation time was obtained by performing 12 different full scans
emission of HO and high-J CO lines at a temperature in excessth 0.4 s integration each. SWS in its grating mode SWS02 has
of 700K. It has also been suggested that such a warm gapden used to scan the (0-0) khes from S(1) to S(7) (with a
originated in shocks developed along the molecular bullets cldseamsize of 14x 20" for the lines from S(2) to S(7) and 14
to the mm source, indicating that the temperature of the EHA7” for the S(1) line) and the [$i] 35um (with a beamsize of
jetcaninfact reach values much larger than previously though’ x 33”) with a resolution ranging from 1000 to 2000. Each
Inthis paper we complementthe ISO observations presenlig@ was integrated for 200s. The LWS spectra were reduced
in Paper | with ground based measurements of high-J (4-3, 3td)ng the standard pipeline version 7, while the SWS data were
CO transitions in order to better constrain the physical condeduced with the interactive analysis software dbmhe final
tions in the innermost parts of the molecular jet. In addition, weerage of the various spectra and cleaning for spurious sig-
present several ISO spectra from mid- to far-infrared takeniimls have been performed with the ISO analysis software ISAP
different positions of the outflow, including a position centered
on IRS3, which will be used to characterize the physical and
chemical structure of the flow and to define its main cooling
channels.

1 OSIAis ajoint development of the SWS consortium. Contributing
institutes are SRON, MPE, KUL and the ESA Astrophysics Division.
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Fig. 1.Narrow-band image of the L1448
outflow at 2.12m (Hz+continuum)
from Davis & Smith (1995) with super-
imposed the LWS (long-dashed circles)
and SWS (short-dashed rectangles)
beams on the targetted positions. For
SWS only the smallest field of view
of 14"x 20’is shown. The various
observed positions are labelled as
defined in the text. The thick and thin
solid lines delineate respectively the
contours of the blue- and red-shifted
CO outflow from the L1448-mm source
(adapted from Bachiller et al. 1990).
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A(um) Fig. 3. Continuum subtracted SWS spectra of the (0-)ikes. We

) o » ) also plot the spectra in positions were no line emission has been de-
Fig. 2. Observed [Q] 63 umline in all the positions pointed by LWS. 4 tad to show the intensity gradients along the flow.
The different positions are named as in Fig. 1.

v.1.68. The final absolute flux calibration error due to this prg20intings performed with LWS. From the tables and figures,
cess results to be better than 30%. LWS spectra on the positim%re are some fe_atures Wh.ICh. can bg noticed. First of all there is
Bl and RI, having strong off-axis emission due to the presen@é& ear decrease in thei@mission going from the IRS3 source

of the two Class 0 sources at the edge of the beam, are affedfeffie red lobe which is not followed by the,l@mission; the

by the presence of interference fringes (Swinyard et al. 1996 ,I|nes have_a_l minimum of |ntenS|ty_ south of the mm source
thus routines available inside ISAP have been used to corrd@Ne Rl position) and increase again towards the peak of the
for this effect. Finally, line fluxes have been calculated by singi§d loPe- [Si1] 35umand [O1] 145:m are detected only in the

or double (in presence of blendings) gaussian fitting. The sta—s3 Position. Finally, Fig. 4 shows that the two Class 0 sources
tistical errors on the line intensity correspond touncertainty Present slightly different spectra; although som@tines are
derived from the rms fluctuations of the local baseline. In TRPServed towards IRS3, the water spectrum is not so rich as in
bles 2 and 3 we report the parameters of the lines detected Vit MM source. Some fairly intense water linesare als_o observed
LWS and SWS respectively, together with their identified tra/f2 the red lobe of the outflow together with few CO linek,(
sitions. For the LWS data, the difference between the observey 17 and 18).

and rest wavelength is always less than half the resolution ele-

ment, with few exceptions which are marked on Table 2. In tle2. JCMT

same table are reported also some upper limits used during the
analysic P PP 9ISMall maps in thé2CO 4-3 (461.041 GHz) ané2CO 3-2

A view on how the different line emission varies along thé345'796 GHz) around L1448-mm have been obtained at the
HJpmes Clerk Maxwell Telescope (JCMT) on July 24th, 1999;

subtracted spectra of [63m and H; rotational linesin all the additional spectra were also acqyired on August 12th, 1999, as
observed positions (including L1448-mm), while in Fig. 4 waart of the JCMT Service Observing Programme. The used in-

have plotted the spectrum from 100 to 188 of IRS3, the mm struments were the heterodyne receivers RxW in the C band

o SR
source and the RED position, which are the three independg?ﬁndw'dth =12)and Rx33 (bandwidth =19 for'ghe 460 GHz .
and the 350 GHz respectively. The 4-3 observations were carried

2 The ISO Spectral Analysis Package (ISAP) is a joint developme@t With an atmospheric opacity at 225 GHz of the_ Order. of0.1
by the LWS and SWS Instrument Teams and Data Centers. Contributiigless. The measurements were performed making grid maps
institutes are CESR, IAS, IPAC, MPE, RAL and SRON. of 5x3 and &5 points for the CO 4-3 and 3-2 respectively, with

flow is given in Figs.2 and 3 where we show the continuu
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Table 1.Journal of observations.

Source «(2000)

6(2000) AOT # orbit Date dbs
h ’

" sec

L1448-IRS3 3 25 36.0 +30 45 195 LwS01 653 30 Aug 97 2590
SWS02 814 06 Feb98 1730
L1448-BI 3 25 374 +30 44 425 LWSO01 653 29 Aug 97 2590
SWS02 816 08 Feb98 1730
L1448-RlI 3 25 401 +30 43 243 LWSO01 653 29 Aug 97 2590
SWS02 847 11 Mar98 1730
L1448-RED 3 25 414 +30 42 440 LWSO01 653 30 Aug 97 2590
SWS02 847 11 Mar98 1730
L1448-RlI 3 25 414 +30 41 59.2 LWSO01 653 30 Aug 97 2590
SWS02 816 08 Feb 98 1730

o

Table 2. Emission lines measured with LWS

L1448-IRS3 BI RI RED RII

Line id. Avac F+AF?
(um) (102 Wem™?)

[P =3P, 63.18 66:1.5 39424 14.6:23  9.0£2.2 <9
0-H20 Bo5-414 99.49 8.325
CO 25-24 104.44  5K1.4°
2'5'223_222:;'110 110&?776 {5.&1.3 {6.8i2.0 {6.7i1.0 {3.&0.7 {2.3i0.6
CO 23-22 113.46
O da iaes {5.&1.3 {12.(&3.2 {5.&1.0 {3.310.6 {2.5i0.6
CO 21-20 124.19 641.7
p-H2O 494-313 125.35 2.80.8
0-H>O 514-505 134.93 6.21.4
CO 19-18 137.20 340.5 5.6£1.6
p-H20 313-202 138.53 4.61.4
CO 18-17 144.78 420.9 4.8-1.4 3.3:1.1  1.5:04
[O12P; — 2P, 145.52 4.531.2
CO 17-16 153.27 841.0 8.8:1.5 3.6:0.9  1.3:0.3 <16
[Cul®Psp —2Pyjp  157.74  7.41.0 9.5:0.9 5409  55t04 8507
CO 16-15 162.81 801.2 6.6:1.1 3.4:0.8  1.4t0.5 <2
CO 15-14 173.63  1022.0 9.6:1.9 4.6:1.4 <2.9
0-H20 303-212 174.63 4.6:1.0 9.6:1.9 7.9:1.4 41710 3.0:0.7
0-Hz0 215-1¢1 179.53 4915 10.4:1.8  12.4:1.8  7.8:1.0 8.2:1.8
CO 14-13 186.00 13823 8.9+1.8 <6.0 <4.0

# Errors are statistical and upper limits are at tadé&vel.
b Difference between the observed wavelength &ng exceeding half the resolution element.

Table 3.Emission lines measured with SWS

L1448-IRS3 Bl RI RED RII
Lineid. Avac F+AF®
(pm) (1072 Wem™?)
(0-0)S(7) 55112  <3.3 <39 <23 <4.0 <22
(0-0)S(6) 6.1086  <2.2 <24 <25 <25 <2.0
(0-0)S(5)  6.9095 <4 6.201.0 <2.8 41095 88202

(0-0)S(4) 8.0251 5804  2.3:0.6 1.3:04 2.8:044 2.9:0.28
(0-0)S(3) 9.6649  5#0.4  6.20.7 <1.8  7.105 8.2:0.4

(0-0)S(2) 12.279  <7.8 <24 <55 <56  45t15
(0-0)S(1) 17.035 320.26 1702 <14  2.6:03 2.0:0.27
[Si 1] 34814 5813 <24 <29 <26 <2.0

* Errors are statistical and upper limits are at thdéel

301
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LWS spectra of the two sources L1448-IRS3
100 120 140 160 180 and L1448-mm, and of the outflow red lobe
wavelength (um) (position RED).

a 10’ spacing, oriented along the flow (P.A. = 157.4Such a the flow axis direction with an elongation of about’2Ghile

grid comprises the extreme high velocity (EHV) bullets nameémain unresolved in the direction perpendicular to it. Since our
R1 and B1 by B90, and it roughly covers the part of the flogrimary aim is to compare the emission from such bullets with
observed with LWS towards the mm source pointing. Bearthe ISO-LWS CO emission, we have computed their absolute
switching was employed to cancel sky emission, using a throwinfensity by fitting their profiles which result to be gaussian to
180’ oriented in a direction perpendicular to the L1448 outflo@ good approximation. The resulting values integrated in the
axis. The backend was the digital autocorrelation spectromebeilets emission area are given in Table 4 for the red- and blue-
(DAS) set up with a bandwidth of 500 MHz. The system tempeshifted gas.

ature during the observations was abifiyt = 800 K for the B3

receiver and 'y, = 2500 K and 1600 K for the W receiver during )

the two nights in July and August respectively. To convert the Properties of the warm gas

antenna temperaturé() into brightness temperature, a mairhe H, (0-0) lines are very good termometers of warm gas.
beam efficiency),, 5 equal to 0.7 was adopted for receiver B3geing originated from quadrupole transitions, they have low
Since the RxW efficiency was not well known at the time of thgg|ues of radiative coefficients implying that they are optically
observations, spectra of Mars and Uranus were obtained dufifg and thermalized as soon as the density exceeds values of
the different runs and the meaSUmB was 0.4@:-0.05. Point- ~10°cm=3. The gas temperature can be derived using an ex-
ing sources were W3(OH) and NGC7538 IRS1, which was algRation diagram in which the natural logarithm of the column
used as a secondary calibrator. Pointing accuracy was aboutdgnsity of the upper level population, divided by its statistical
In Fig.5 we show the spectra obtained close to the mgkight, is plotted as a function of the energy of the leigl

source. From this figure we clearly see, in addition to the higihder LTE, these two quantities are related by a linear relation-
velocity wings, the presence of the EHV gas bullets havingspip, in which the kinetic temperature is given by the reciprocal
global velocity of about 60 km's'. Contour maps of the CO of the angular coefficient. To construct the excitation diagrams
3-2 and 4-3 line intenSity integratEd over the VelOCity intervafér each of the observed positionS, we have taken the sponta_
relative to these bullets are plotted in Fig. 6. These maps shgibus radiative rates from Turner et al. (1977), while an ortho-
that the bullets are partially resolved by the JCMT beam alogg para-H equal to 3 was adopted. The validity of this lat-
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Co(4-3) 7 Table 4. Parameters of the gaussian fits to the CO 4-3 and CO 3-2
(0,+10) 71 emission relative to the EHV components. The error is given by the

residuals of the fit.

(0,410) 7

fTMB dv Error VLSRR Av
Kkms! Kkms?' kms! kms

1

:

z - -+ o [ } + T | T [ } : 12CO 4-3
T o) T 1 redlobe 27.7 1.3 640 125
4 -+ —  blue lobe 35.7 3.2 -54.0 11.9
- T ] "cos2
2 — —  red lobe 11.84 0.9 63.1 9.7
M T 1 blue lobe 18.4 1.1 -53.3 9.7
o Ll | ‘ | ‘ I | ‘ L Ll ‘ I | ‘ Ll ‘ | L
—-50 6] 50 100 —-50 0 50 100
Vi (km s we have used thdy 7 ,im /A, value given by Rieke & Lebofsky

1985). ThisA, estimate is affected by a 50% of relative error
ue to the uncertainty on the exctinction curve at this wavelength
(see e.g. Draine 1989). Finally, arange of temperatures has been

L1448 —mm derived from each plot, considering the straight lines with the
40 I \ \ T maximum and minimum slopes compatible with the statistical
Co(3-2) | errors associated at each line flux.

Q In Fig. 7, these excitation diagrams are shown for all the
observed positions butthe RI pointing, where only one transition
has been detected. An upper limit of 800K in the position RI
is obtained by comparing the detected S(4) line flux with the
upper limits in the other transitions; consequently, a lower limit
of 8.6 mag on thedy is derived. In Fig. 7 we also report, for

[ comparison, the diagram relative to the observations on L1448-
:4//\ L - 4 / mm taken from Paper I. Finally, the derived temperature and
AN 1 "7 o< extinction values are listed in Table 5. We note that, with the

Fig. 5. 2CO 3-2 and*2CO 4-3 spectra of the blue- and red-shifte
peaks of EHV gas in the surroundings of L1448-mm.

20

Dec. Offset (arcsec)
o
T

—20

‘ N ‘ ‘ +98 70 ki s"'|  exception of the mm source position where the temperature
740 1 1 1 L . .
20 0 —50 20 0 50 rises above 1000 K, there are no strong gradients along the flow
RA Offset (arcsec) and the temperature is maintained at yalues between 500 and

800 K. The extinction appears to be higher towards the mm

Fig. 6. Maps of the CO 3-2 and 4-3 line intensity integrated iT the vesource (11-16 mag) and in the RI position, while there is not a

locity intervals from -62 to -50 km's' and from 58 to 70 kms' for  sjgnificant increase of extinction towards the position of IRS3
the blueshifted (solid contours) and redshifted (dashed contours) en@@_g mag), despite a mm map of the region shows that the IRS3

sion respectively. The instrumental beams are reported in the UPREFe has definitely an higher column density with respect to the
left corner of each diagram. For both maps, the first contour is r%tm source (Barsony et al. 1999). This may indicate that the H
2.5Kkms !(about & from the rms noise) which is also the valu y : ) y

of the contour intervals. Offsets are with respect to L1448-mmdp ellnes do not originate from the Inn_e_rmost part OT the core.
= 3" 25" 388, 52000 = 30° 44 05"). Beam-averaged column densities are listed in Table 5; these
have to be considered as a lower limit on the true values since
we do not know the real size of the emitting region.
ter assumption has been checleplosterioriby verifying that CO and HO line emission has been analysed using a Large
the observed (ortho and para) transitions do not appear shiftedocity Gradient model in a plane-parallel geometry. The de-
relative to each other once plotted in the excitation diagraails of this model together with the procedure to derive the main
When calculating the column densities, no correction for thehysical parameters are fully described in Paper I. Very briefly,
beam-filling has been applied since all the lines but the S(1) ave take the temperature as derived from thelides analysis
observed with the same aperture and the beam size of the 3fiJ use the CO line ratios to give an estimation of the volume
observation is only about 30% higher. density. We then apply these valuesiodndny, to the water
Given the particular sensitivity of the S(3) line at @mto lines in order to derive, from their ratios and absolute intensi-
the extinction correction, due to its location inside the silicatees, both the column density and the size of the emitting region.
band, we have not included this line in the construction of tlénally, if we assume that CO and water are emitted in a region
excitation diagram. We have instead used it to give an estimafeéhe same size, we can also derive a CO column density.
of the extinction by imposing that it should stay on the same In Table 5 we list all the physical parameters derived from
straight line defined by the other transitions. For this purpogbe procedure described above.
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Table 5. Physical parameters

L1448-IRS3 BI mm RI RED RII
T(K) 500-600 700-750 1200 700-800  600-650  700-850
nm, (cm3) (1-2)1C (1-2)16 610" (0.6-1)16 (1-3)10 (0.8-3)1d
Ay (mag) 6-9 4-6 11-16.5 >8.6 4.7-7 4-6

Q(sr) 410710 81071 310° 310° 210°° 510°°

Nco (cm™2)2 7107 1107 810 710 ~ 10" <107
Nu,o (cm™2)? 2107 1107 4107 710¢ ~10'7 ~10'7

N, (cm™2)P 410° 1.510° 310 6108 510 310

# Column densities computed assuming the emitting areas given in the table.
> Column densities averaged in the SWS beam.
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Fig. 8. Flux of the CO transitions observed towards L1448-mm by ISO
(Jup > 14filled circles) and by JCMTA.p = 2,3,4 open circles) as a
function of the rotational quantum number. The full line represents the

L/

B = 700 K 1  bestfit through the data obtained with the LVG model.
39 — 850 K |
36 ] 1400K andny, =(0.3-5) 106 cm~—3 (Paper I). Moreover, the
a3k -3, 4 obtained model fit gives optical depths always less than 0.01
2000 4000 6000 gooo for all the lines. Since with the JCMT beam we partially re-
E; (K) solve the emitting area, we can effectively derive the CO column

Fig. 7. H2 excitation diagrams for the five pointed positions in whic ,enS|ty from the 4-3 and the 3-2 line fluxes without the beam

three or more lines have been detected. The statistical errors of the nis4?d Problems affecting the LWS data; the resulting value is
surements are less or about the plot symbol. The full and dashed lifégo ~8 109 cm~2. The corresponding mass for each of the
represent respectively the Boltzmann distributions at the minimum ai@fl- and blue-shifted bullets is about 32, (fora CO abun-
maximum temperature compatible with the data. dance of about 10%). This is more than a factor of ten higher

than the mass estimated by B90 assuming atemperature of about
20 K.
For L1448-mm, the CO 4-3 and 3-2 data obtained at JCMT Fig. 9 shows the fit to the CO data obtained for the IRS3
have been used to check the consistency of the hypothesis #tatrce. The density derivedd£2 10 cm—3, assuming the tem-
the high-J CO emission observed by ISO comes mainly frorperature o~550 K derived from H.
the EHV bullets and, at the same time, to constrain the range of As seen for the mm source in Paper I, also the IRS3 spec-
parameters derived in Paper I. Fig. 8 shows the result of the tfum indicates the presence of two distinct components once
tained fit: a temperature of 1200 K and a density of 6ai—2  we plot the CO line fluxes as a function of the upper level rota-
are derived, which are fully compatible with the range of paional quantum number, with the transitions with, >23 lying
rameters estimated from the LWS data alone, T.e= 700— above the fit obtained with the other lines. The situation is in
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10-18 T

residuals are attributed to CO and are plotted in Fig. 9. We see
from this figure that the so derivell,,=23 and 24 fluxes are still
well above the fit obtained with the lowellines, indicating that

a second component is really present. We can identify such a
component as coming from the shocked gas strongly emitting in
the H, 2.12umline as evident in Fig. 1; such a gas is excited at
high density with a temperature of about 2000 K (Davis & Smith
1995). In Fig. 9 we show the result of a convolution of the low
and high temperature components. We note that/ttizs line
;7/3 is still much above the model at higher temperature; in fact this
line cannot be consistently fitted with the other transitions for
any value of temperature and density. We suppose that this line
has been contaminated by the presence of a spurious signal not
totally removed, as also suggested by the fact that the line center
appears more than Q.@n apart from the vacuum wavelength of
the CO line (see Table 2).

30 Fig. 10 summarizes the results obtained from the molecular
analysis showing how the temperature, density and extinction
are changing in the investigated regions along the flow. In addi-

Fig. 9. Flux of the CO transitions observed towards L1448-IRS3 (fille he already di d behavi f d
circles) as a function of the rotational quantum number. The full iirfion to the already discussed behaviour of temperature and ex-

represents the best fit through the transitions with from 14 to 19. tinction, we also note that the density is decreasing from north
The open circles are the CO fluxes of thig, = 23 and 24 transitions t0 south, following the density structure of the cores in the re-
after the subtraction of the expected contribution of the closeby 4 gion (B90). The emitting region sizes derived in the different
303 and 2;-1;0 H2O lines. The long- and short-dashed lines represepositions (see Table 5) are always very compact, which suggests
an LTE gas afl" = 2000 K and its convolution with th& = 550K gas that the “warm” emission is correlated with the EHV bullets all
respectively. along the molecular jet and not only around the mm source. If
S0, the density of such bullets is not significantly enhanced with

Tyn= 550450 K

n, =(1-2)-10° em™3

10-21
0

¢ E ] respect to the local density of the ambient medium. In particular,
o 1.5 F - our derived values are about an order of magnitude lower than
= E ] those estimated by mm observations alone both in CO and in
< MF E/@/H\E\M E SiO (B90, Bachiller et al. 1991). This is again a consequence
<05 Tkm 3 of a much lower temperature assumed for the bullets by these
55 F \ \ \ ] authors with respect to the values derived here.
C?E 5E E 4. Discussion
%] 4.5 n E 4.1. Gas cooling along the flow
o r ]
— 4F e E We are now able to derive all the energy radiated away along the
R0 ‘ B outflow by the different species and to use these determinations
15 & 3 both to estimate the global energy budget along the flow and to
0 10 E E compare the different contributions with shock models.
© E ] The total cooling rates of CO,4and HO have been com-
3 5F AV 4 puted from the derived model fits. ForHin addition to the
E ‘ ‘ ‘ ‘ ‘ ‘ ] “warm” component as derived from the SWS observations, we

IRS3 BRI MM RI RED RII also define a “hot” component which is traced by the ground
bgsed observations of the 2;4f line at excitation tempera-
ures of about 2000—3000K (Davis & Smith 1995). The to-
tal cooling from this hotter gas has been derived by assuming
that the total H luminosity is ten times the luminosity in the
2.12umline (which is approximately valid for a 2000 K gas in
fact furtherly complicated by the tight blend of tble24 and LTE). To compare this cooling with that of the other species,
23 lines with two backbone +D lines expected to be relativelywe have integrated thest¢mission observed by Davis & Smith
strong. To separate the contributions frog0-and CO, we have (1995) inside the LWS beam, and corrected it for the amount of
subtracted from the fluxes observed at 108.5 and 1i8.the extinction derived from our analysis.

water line intensities as predicted by the model fitting the ob- Finally, the total cooling from atomic/ionic species, is di-
served 174/17@m ratio withT =550 K andn=2 10° cm~3. The rectly given by the luminosity of their forbidden transitions ob-

Fig. 10.Physical parameters (kinetic temperature, volume density
visual extinction) deduced from the analysis of the CQOHnd
H emission in the six positions pointed with ISO.
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O-1 the mm source. Given the different excitation conditions of these
F ] two components, such a decrease could indicate a lack iof H
& 0.01 3 3 the flow emanating close to the mm source, in other words a
qo oo 7 7 prevalence of hydrogen in atomic form in this r.egion. More
‘01 } } Ilkely,_ since th_e “warm” gas observed by LWS is Io_ca_ted in
TE the high velocity bullets, the bulk of the “warm”J¢mission
o1 i ] has been missed by the loosely spaced SWS beams. The “hot”
§ Hs component, on the other hand, appears really missing to-
0.001 L ] wards the base of the flow from L1448-mm, unless our extinc-
o1 by ] tion values are heavily underestimated.
L 0ol ]
2 0.01 ¢ o 3 4.2. Global energy budget
40‘001 L 4 From Fig. 11 and Table 6 we can see that no one of the different
E ! L E cooling species significantly prevails over the others. In gen-

| | | | | | |

IRS3 Bl MM RI  RED REII eral, the gas cooling is dominated by molecular emission and
Fig. 11.Total luminosity emitted by the different molecular and atomiéh particular the cooling due to the species traced by ISO con-
species detected along the L1448 outflow. “Warm” and “hot'téfer tribute by more than 60% to the total gas cooling. If we just sum
to the H; traced by the (0-0) transitions observed with ISO-SWS angh all the luminosities derived for the various species, we find
by the 2.12umline respectively. that the global gas cooling from L1448-mm and IRS3 and their
outflows amount to about 0.3:L An additional contribution

is in fact expected from the “hot” gas component in the form

served in our spectra, namely the 63 and d@%or O°, the of CO rotational emission withl,,, > 20 (which we have only
157um for C+ and the 3&m for Si*, since these transitions rep_partially detected) and from CO vibrational transitions, which
resent the main cooling routes of these species in the physR& €xpected to be excited for temperatures larger than 2000 K.
conditions we are considering here. Table 6 lists all the derived It is not easy to establish which part of this radiated power
cooling rates for the various investigated positions. We remif@n be attributed to the L1448-mm and IRS3 flows separately,
that the six LWS beams are strongly overlapping and theref&igce the flow from IRS3 is totally embedded inside the blue
the various determinations based on LWS measurements catPBgé of the mm source outflow, and probably part of the radi-
compared only in a relative way to see the general trend alot§d power also comes from the interaction of these two flows.
the flow. The total cooling for a species different from ¢an The cooling from the mm source and its redshifted lobe alone,

be therefore evaluated by summing up the contributions fradnount to 0.1 and 0.054 respectively. If we assume that the
the ‘IRS3’, ‘mm’ and ‘RED’ pointings alone. blueshifted part of the flow contributes to the total cooling as
Having this caveat in mind, we show in Fig. 11 the luminodnuch as the red lobe, we can estimate that a total luminosity of
ity radiated by the various gas components as a function of @#@out 0.2 s, is radiated from the L1448-mm outflow, and con-
position along the flow. There are a number of characterist&duently the IRS3 source and its outflow contribute to about
which are worth to be commented in this plot. First of all we€-1Lo.
notice that the G emission is basically constant in all the in- Assuming momentum balance in the shocked region be-
vestigated positions. As discussed in Paper |, such emission B4gen the stellar wind/jet and the ambient medium, Davis &
be ascribed to the excitation due to the local interstellar figkdsloffel (1996) derive the following relationship between the
and thus not directly associated to the outflow. wind mechanical powek, and the total power radiated by the
There is an evident trend for @nd, to a lesser extent, alsShOCKLraq:
for CO emission to decrease from north to south. This behaviopr v Vo2
. . . rad S s
can be due to the change in density along the flow, since t%e» =7 (1 — V)
total luminosity directly scales with the density in optically thin™" W W
regimes. Variations in abundance can however also contributkere V; and V,, are the shock and wind velocities respec-
for the oxygen, since high temperature gas-phase reactionstagly. If we assume for the mm source a shock velocity~of
easily incorporate much of the available oxygen int@OH{see 20kms ! (see next section and Paper 1) and a wind velocity of
Sect. 4.4). The cooling due to water on the other hand, doe$50 km s !(i.e. about the measured velocity of the molecu-
not follow the same path: it has a maximum towards the miar jet, corrected for an inclination of 7pDutrey et al. 1997),
source, where it has a value larger than for any other species, aedderive a wind mechanical luminosity of about 3.5.1This
decreases away from it. In fact it seems to be directly correlatealue is about 40% of the source bolometric luminosity, testi-
with the temperature, which has a peak in the surroundingsfgihg for the large efficiency of the outflow as common among
the mm source. Class 0 sources. From this wind power, a mass loss rate value of
Both the “warm” and “hot” H emission seem to follow an about 110°¢ M, yr—! can be derived. This is consistent with
opposite behaviour, showing a decrease of luminosity towattie wind mass loss rate which can be estimated from the CO

(1)
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Table 6.Line cooling

IRS3 BI mm RI RED RII Total®
L/Lg

ct 2110° 27103 2.010°3 14103 1.610°3 2410°% 57103

o° 19102 1110 8.21073 41103 25103 2.010% 3.0102

Sit 1610°% <6.610* <8010* <8.010* <7.210* <5510* 16103

Ha(“hot™)® 45102 651072 1.010°2 7.010°3 15107 1.510°2 81072
Ho(‘warm”)®  6.1107° 5.8107° 3.010°3 1.010°2 8.410°% 7.410°% 3.210°2
Cco 35102 26107 3.010°2 2.010°2 2.010% <1510 8.5102
H,0 81073 2.010°2 45102 14102 761073 7.010% 6.010°2

& Lot = 10X Lo 12 ,m,><10Ak/2'5, whereLs.12 um iS the luminosity in the 1-0S(1) line taken from Davis & Smith (1995) integrated inside the
LWS beam andiy is derived from amd,, obtained from the average of the values reported in Table 4.

b |Luminosity derived from our fit through the (0-0) lines.

¢ For the species observed with LWS, the total luminosity has been computed by summing up only the values from the IRS3, mm and RED
positions

outflow properties by B90 assuming momentum conservatidracing the molecular jet decreases in temperature and density,
Our derived mechanical luminosity and mass loss rate are alguich indicate that the shock is propagating at slightly lower
in agreement with the values derived from the 2 cm radio covelocity into a more diffuse medium. This is in trend with the
tinuum emission in the hypothesis of a pointlike optically thickiO map obtained by Dutrey et al. (1997) in the red counterflow,
ionized region (Curiel et al. 1990). which shows that the velocity of the collimated jet is diminish-

A different way to address this argument is to compute dirg going from the mm source towards the red lobe apex.
rectly the momentum input rate of the molecular bullets closest The derived post-shock density in the various positionsis not
to the mm source for which we can give a reliable mass estery different from the average cloud density, suggesting a small
mate. Given our derived mass of 3T0OM, and assuming a shock compression factor. The post-shock compression can be
bullet length of about 9 16 cm (i.e. about the observed’28t limited by the presence of strong magnetic fields; in particular,
300 pc, de-projected fér= 70°), we derive a jet mass input rategiven a shock velocity of- 20 kms™!, a compression factor
and mechanical luminosity of about 510M¢ yr—! and 9L;,  npost—shock/n0 Of @bout 5, as suggested by our observations,
respectively. This values are higher than the mass loss rate anplies the presence of a magnetic field component perpendic-
luminosity derived above for all the outflow. This supports thalar to the shock velocity of the order of 3pG (Hollenbach
hypothesis of episodic mass ejections in which the single ah#97). Since the magnetic field strength scales as the square
youngest jet bullet can bring a momentum larger than the vale®t of the volume density (Troland & Heiles 1986), values up
averaged on all the outflow history. to 1 mG are expected to be found in dense environments and
are actually deduced in shocked regions along dense flows (e.g.
Chrysostomou et al. 2000).

The presence of a low velocity C-shock as the main ex-
In Paper | it has been suggested that the presence of a rgitation mechanism for the observed molecular gas, seems to
dissociative “Continuous” shock (C-shock, Draine 1980) wittontrast with the high velocity proper motion of the bullets
a velocity of about 20 km's! associated with the molecularof the order of 150 km's!. The discrepancy between high-
bullets, can account for most of the observed characteristicssefocity gas and low excitation is in fact a well known problem
the gas emission in the surroundings of the L1448-mm sourireshocked regions along molecular outflows. Typical examples
Our JCMT observations reinforce these conclusions, showiage the H near infrared jets which show proper motions well
that the CO 4-3 and 3-2 emission from the molecular bulleitsexcess of the- 50 km s~! speed limit for the H dissociation
can be consistently fitted with the higher rotational number C®ee e.g. Chrysostomou et al. 2000). One way to overcome this
transitions. discrepancy has been to assume that mass flows are variable in

The main argument adopted in Paper | to exclude a hkigne and that the present jets are moving in a medium already
contribution from a dissociative “Jump” shock (*J” shock, Holput into motion by a previous event: in this way the shock veloc-
lenbach & McKee, 1989) was the inconsistency of the observieglcan be much lower than the actual velocity at which the jet
cooling ratios among the various observed species with the demoving. Such an explanation can very well fit in the L1448
rived densities of the post-shocked gas, which would implyautflow, where the various bullets symmetrically displaced in
prevailing atomic cooling. The same reasoning can be applié@ blue and red part of the flow strongly suggest an episodic
for the rest of the flow, with the possible exception of the IRS§ection of matter.
position which will be discussed below. In particular, moving An alternative possibility could be that the warm gas is orig-
away from the mm source we find that the “warm” componeinated in a turbulent mixing layer between the flow and the am-

4.3. Prevailing shock conditions
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bient medium (Carit & Raga 1991). The chemical structure oHH objects embedded in it; these high excitation spots could be
the mixing layer which originates at the boundary between théso responsible for the 8iemission observed by us. The ratio
stellar jet and the molecular environmental material has be@hr] 63um/[Si11] 35:m could be in principle used to infer the
modelled in details by Taylor & Raga (1995) who predict thathock velocity and/or the pre-shock density by means of the cur-
in such a region warm molecular gas can survive at the higint dissociative shock models (i.e. Neufeld & Dalgarno 1989;
velocities characteristics of the jets. They however find that thiollenbach & McKee 1989). However, since tha énd Siit
gas temperature reaches values much highe4@00 K) than observed beams are so different and the region so crowded, the
the values deduced here and that the main cooling is achieedthined ratio, which amounts to 11, can be considered only an
through H, OH and partially CO, while KO never reaches upper limit to the real value. A lower limit of 1.5 can be instead
abundances high enough to be a significant cooler, a result whititained by assuming that ther@mission is uniformly dis-
clearly strikes against our observations. tributed inside the LWS beam, and therefore correcting for the
From Fig. 1 we see thatthe morphology of the 2.4%emis- different beamsizes. In the Hollenbach & McKee model values
sion is not uniform along the outflow; in the red lobe it is muchs low as 10 for this ratio are attained only for very low val-
more patchy and weaker than in the blue lobe, where an anes of the pre-shock densities,(< 10° cm—3) andV, <50
shaped structure typical of a bow shock is very clearly delikm s~'. On the other hand, the Neufeld and Dalgarno model,
eated. The excitation in a curved shock is in fact the most natundiich makes a more complete treatment of the Silicon chem-
explanation for the presence of different excitation conditionstry, predicts Q/Si ratios in our derived range for all of their
like those testified by the “warm” and “hot” gas respectivelgonsidered parameter space. We therefore conclude that the ob-
(Smith 1994). We can however see from Figs.1 and 11 ttesrved ratio is not able to constrain the physical parameters of
no 2.12:m emission is observed in the surroundings of the mthis fast shock.
source, where at variance we measure a strong contribution ex-
pecially from CO and HO. We can try here to delinate a possiz1
ble picture for explaining the different excitation conditions on
the L1448-mm flow. The molecular jet close to the mm sourde cold molecular clouds, almost all water is depleted onto grains
(traced by the R1 and B1 bullets) is the youngest and thus vémthe form of icy mantles. The gas-phase water abundance can
fast and warm. There is no “hot”Hemission associated withbe however largerly enhanced both by evaporation from the
it. This can be due to the larger extinction which prevents tigeains and from gas-phase chemical reactions, these latter be-
detection of the 2.12m line, or, alternatively it can be that theseeoming efficient as soon as the gas temperature exe860 K
bullets are moving in a medium which has been already eva€ktitzur & de Jong 1978). In principle, these endothermic reac-
ated by the previous jets and thus they are not able to develmms could be able to convert into water all the available oxygen
shocks strong enough to attain the higher temperatures neettgidocked in CO, causing the-® abundance to exceed a value
to excite the H vibrational transitions. The other bullets repreef 10~%. In practice, however, the amount of gaseous water can
sent older episodes of mass loss which have already had timbaceasily diminished; this can be accomplished for example by
cool and slow down. The blue lobe jet strikes directly againdte presence of UV photons which dissociate water in favour of
a high density medium creating the well defined and energe®tl, or if the medium is dense enough to have again a very quick
bow shock clearly delineated by the, B.12:m emission. On depletion on dust grains (Bergin et al. 1998). The abundance of
the contrary, the bullets in the red lobe are moving throughwaater is particularly high in L1448-mm compared to that mea-
medium where the density is decreasing and thus their assstired in other low-mass protostars (see Paper ). This result has
ated bow shocks are not very energetic. beeninterpreted as a consequence of the occurrence of multiple
Going towards the northen outflow (IRS3), the shock coshocks over a short interval of time, which have prevented a
ditions appear to slightly change. In the IRS3 position we notapid depletion onto grains. The investigation of a larger region
that, with respect to the mm source, there is a sharp decredsee on this work shows that water abundance is maintained
of the water emission, a maximum ofrCand the presence ofhigh all along the outflow even if there are variations among the
Sinmwhich is elsewhere not detected. All these evidences, and/arious positions. The maximum abundance is found towards
particular the detected 8iline, suggest that an additional conthe mm-source where water also gives the main contribution to
tribution to the gas excitation is here coming from a dissociatitiee gas cooling; an abundance as high as*i® maintained in
shock. The passage from a “C” shock to conditions favouratitee redshifted lobe while towards IRS3 this value drops to about
for a “J” shock can occur due to an increase in velocity or ®10-°. This last value is more in agreement with values derived
a higher ionization fraction and less intense magnetic field. Aor other young objects (see Paper I), confirming the peculiarity
oblique shock at higher velocity can be originated in the regi@f L1448-mm as a strong water producer.
where the flow from L1448-mm strikes against the IRS3 out- We can also compare the derived water enhancement with
flow; here the presence of a dissociative shock is also testiftaé behaviour of a similar shock molecular tracer like SiO.
by the detection of the Herbig-Haro HH197 (coincident withock reprocessing of dust can release SiO to the gas phase and
the H, knots F,G and H of Fig. 1, Bally et al. 1997). Bally et althe conditions for this process are very similar to those needed
claim that emission lines of [Sll] andddare also detected in thefor the production of water molecules through gas-phase reac-
direction of the IRS3 reflection nebula, indicating shock excitdbns (Schilke et al. 1997). SiO has been extensively observed

.4. Shock enhanced water abundance
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along L1448 and the molecular bullets originally detected Buitable in explaining the observed cooling ratios among the
CO have been found to be strong SiO emitters (Bachiller et different molecular components and the derived gas tempera-
1991; Dutrey et al. 1997). The SiO abundance derived in thee. In the direction of the source L1448-IRS3 the emission is
various parts of the flow correlates with our derivegHsalues characterized by a higher excitation, as testified by the detec-
since the larger contribution has been found toward the bulléitsn of the [Siir] 35um line and by a larger contribution to the
close to the mm source, while in the other parts of the flow a Stdoling due to the @emission. Here, it is likely that a disso-
abundance one order of magnitude lower is deduced (Bachilt&tive shock (J-shock) is also present, which could be located
etal. 1991). From an inspection of the SiO emission map in threthe region of interaction between the outflows from the two
various transitions (Fig. 2 of Bachiller et al. 1991) we also nomurces, where also optical HH objects have been detected.
that while the/=2-1 transition is widespreadly emitted in allthe  Finally, the abundance of water, which reaches a value as
bullets at about the same intensity levels, the higher excitatibigh as 5 104 towards the mm source, is maintained high along
line J=5-4 appears to be very strong towards the mm sourtlee red-shifted part of the outflow, while drops to a value of about
less intense towards the red lobe and much fainter towards IRS3:° towards the IRS3 source. A comparison with a map of the
This behaviour very closely resambles the water emission abgion in the SiO 5-4 emission shows that the water emission
served by us, indicating that there is a tight correlation betwerstrongly correlated with SiO at high excitation implying that
the warm HO and the SiO emission at high excitation. Thigas-phase water and SiO are both released in the low-velocity
last result contrasts with the finding by Ceccarelli et al. (199%hocks developed along the outflow.

who find no correlation between water and SiO emission for a _ _
sample of young stellar objects. However, given the fact trﬁgknowledgementsWe woul_d like to thank the JCMT staff for their
the water lines detected by LWS probe only warm gas (i.e. g%@port during the observations. The James Clerk Maxwell Telescope

. . ; . __.Is operated by the Joint Astronomy Centre on behalf of the Particle
with T >100 K.)’ the inclusion by.t.hese f"‘“thors O.f the emISSIqﬂwysics and Astronomy Research Council of the United Kingdom,
from all the SiO observed transitions, irrespective of their

o . . . eﬁie Netherlands Organization for Scientific Research, and the National
citation, can cause an alteration of the resulting correlationgf.search Council of Canada.

strong temperature gradients are present.
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