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Abstract. Using large scale maps inD(2 - 1) and in the continuum at 1.2mm obtained at the IRAM-30m rmmaevith the
Heterodyne Receiver Array (HERA) and MAMBO?2, we investeghthe morphology and the velocity field probed in the inner
layers of the Horsehead nebula. The data reveal a non—seftating (m/m,;; ~ 0.3) filament of dust and gas (the “neck”,
@ = 0.15- 0.30 pc) connecting the Horsehead western ridge, a Photonisiaged Region illuminated by Ori, to its parental
cloud L1630. Several dense cores are embedded in the ridgb@neck. One of these cores appears particularly peakbd in
1.2 mm continuum map and corresponds to a feature seen irpsibscon ISO maps aroundum. Its C80 emission drops at
the continuum peak, suggestive of molecular depletion ool grains. The channel maps of the Horsehead exhibit atalbve
north-east velocity gradient whose orientation swivetst-@#est, showing a somewhat more complex structure thamegastly
reported b03) using BIMA CG{(0) mapping. In both the neck and the western ridge, the nahtermiotating
around an axis extending from the PDR to L1630 (angular Wglee 1.5 — 4.0kms?t). Moreover, velocity gradients along
the filament appear to change sign regularly (3 khps™, period=0.30 pc) at the locations of embedded integrated intensity
peaks. The nodes of this oscillation are at the same vel&iityilar transverse cuts across the filament show a shaigtiear

of the angular velocity in the area of the main dense core dBite also suggest thatfidirential rotation is occurring in parts of
the filament. We present a new scenario for the formation salligon of the nebula and discuss dense core formatiodénsi
the filament.

Key words. ISM: clouds — kinematics and dynamics — individual objektsr6ehead nebula) — Stars: Formation — Radio lines:
ISM
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> 1. Introduction self-gravitating filament connected to the low-mass depse c

. . . L1512. Theoretical models with and without magnetic fields
~Dense molecular cores are the basic units of isolated lommguggest power-laws with exponents ranging frem? (Fiege

star formation. It is now common that molecular line mapg : - )
) L Pudritz [2000) to—4 trikei{ 1964 Nak t]dl. 1993;
ping from dark clouds reveals clumps embedded in filamentasy uer2 1)93) (Ostrikey] 1964 Nakamura et|

— : odolkiewicH
Lostructurescé.g. nishi et a|/1998], 1999; Obayashi ef|al. 211990 : o .

Loren [1989a] Chini et &l 19P7). These filaments can be ej- The importance of the velocity field in the formation of
Other self-gravitating or not. The clumps are mostly graiota: clumps in filamentary clouds has f_ilready been.noted several
O ally bound, and in many cases, star formation is known to ha@(/%?rs. ago b "’ b), W?lo did a systemhatlcr;strdy c.)f the
O already started. Therefore, molecular filaments are thblmghve dgCItly p?ttgrn 0 weh— hown '*’;‘]r_g‘?”ts 'g,Op . The ohng;-
I_play a crucial role in low-mass star formation. tudinal velocity was shown to exhibit gradients near thaioc
© However, little is known about the general physical prOFEI-OﬂS of the main clumps harboured in the filament. From the

¢ erties of these filaments. For example, the density distribttrjgeorett'ﬁal ar|1d r}utrr?erlc?l ptow}_tslé)f S'eV\I'.’ rece_tnr;c Stlffd ;_al
Otion is very likely not uniform, but instead varies accongjiinS rtef_s € role tc') de vle_ %C' %a i%v(;ogse h- \Zns' th

to a power-law] Stepnik et al[ (2003) have investigated g mlg rT:a%_”?d'Z? cyllnder : dennetr:e € (I i ). St 0 i

observationally in a filament of the Taurus molecular clougte velocity Tield strongly depends on the reialive Intens

and concluded that &2 profile was compatible with the ob-t € torou_jal component of the magnghc fields with respec_t to
servations. Steeper density profiles can however be otlter\?:%i Ft))(;lor':;lnl(; nt?];n(ic ?rfgi?j %ﬁ;’;fﬁ?}i;;;cgéginrt(i):tlo
as is shown by Hily-Blant & Falgaronen(prep) in a non— . o '

y niy 9 n(prep) The importance of the velocity field has been further stigsse
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distinguishing between collapsing and equilibrium cyticdl (HERA,[Schuster et §l. 2003, 2004) operated at the IRAM-30m
distributions and between magnetized and unmagnetized tillescope. The data were obtained in the On-The-Fly mode
aments| Fiege & Pudrjta (2000) performed numerical studigdth an array inclined on the sky by 18.5n the equatorial

of the fragmentation of pressure truncated isothermal éla frame, providing a direct sampling of & Declination, while
threaded by helical magnetic fields and found that the tafoich derotator located in the receiver cabin was used to keep the
velocity could change sign periodically when magnetic fielHERA pixel pattern stationary in the Nasmyth focal planee Th
dominates over gravity. More recently, Sugimoto et|al. @00half-power beam-width is 12 The data were obtained under
numerically studied the decay of Alfvén waves in filamepntaigood-to-average weather conditions and system tempesatur
clouds. They show that the propagating circularly polatizevere on the order of 400K, providing an average noise r.m.s.
waves generate longitudinal sub-waves that steepen intiksh in the regridded map of 0.2 KT, scale) within 0.1 km'' ve-
where the initial energy is being dissipated. While propimga locity channel. The final data are scaledTipnc, a temper-

the circularly polarized Alfvén waves make the filamenatet ature scale which takes into account the emission peaked-up
In some cases, the filament can fragment into regularly shads the 30-m error beam at 1.2mm (See Abergel ¢t al. [2003,
clumps. and references therein for details). Figlfe 1 shows the cor-

Instabilities (gravitational, magnetic, or both) are afte- responding integrated intensity map in the velocity ingrv
voked to explain the formation of dense cores in filamenf&.1 : 11.8]kms™.

Nonetheless, molecular observations of filamentary sirast As a complement, we also use continuum emission maps
at high spatial and spectral resolution are still lackingjo at 1.2 mm obtained with MAMBO2, the MPIfR 117-channel
would allow both the density and the velocity fields to be coolometer array operated at Pico Veldta (KrE 992).8hes
strained. The scales of interest are typically of the order data are partially shown in a companion paper (Teyssiel et al
0.1pc and velocity gradients of the order on 1 krhsc?. p004), but are presented here infull for the first time. Wertf

In this paper, we investigate the velocity field and its linkhis article for further details about the observationsoAlised

to the density distribution in the Horsehead nebula, a elosa this analysis is the ISOCAM map obtained on this source
by (400 pc) dark protrusion emerging from its parental clously Abergel et al. (2002, 2003) in the LW2 filter (5.-8).
L1630 in the Orion B molecular complex. This condensatiothe corresponding maps are displayed in fig. 1, in combina-
is illuminated by the 09.5V starOri (distance 0.5from the tion with the Hx coverage obtained by Reipurth & Bally (pri-
cloud) and presents a Photon-Dominated Region (PDR) onvtge communication) at the KPNO 0.9 m telescope.

western side seen perfectly edge-on (Abergellét al.|2008)l. U

some years ago, molecular observations of this source were

still scarce and limited to low spatial resolution (@solution, 3 Morphology

Kramer et a][1996). New insights at higher resolution (10}-2 3.1. Spatial distribution

have recently been revealed oy Abergel ¢fal. (R003) anddPoun

etal. ),Who observed the Horsehead in various mitliene Observation of an optically thin species provides a dedaile
transitions and isotopes of CO. In particu[ar, Pound ptelid- picture of the inner molecular layers of this complex object
after PRB03) analyse the velocity field of this source, uging for the first time. The spatial distribution correlates rekaa
terferometric CO(20) data (10x8" resolution), and reported aably well with the visible dust absorption (well represehte
general NE-SW velocity gradient of order 5knt gc* across here by the | image) and the optically thin dust continuum
the nebula. They also note that star formation may havedyjre@mission at 1.2 mm, revealing a somewhaiadent shape than
started in the cloud and discuss possible scenarios th&d cahe Horsehead silhouette as traeayl by the BIMA CO(1-0)
have driven the formation of such a structure. The use of araps 03 (10<8"resolution). Also, the &0 map pre-
optically thick probe may however, have hindered them frosented here extends further east than#1®© map of these au-
obtaining a thorough picture of the structure in the innesmahors. In particular, the western ridge forming the PDR appe
layers of this object. In the present study, we make use of tbennected to the parental cloud through a thin’(60.2 pc at
rarer isotopomer &0, as well as the emission of dust at mila distance of 400 pc) dust and gas east-west filament (hereaft
limeter wavelengths. called the “neck”) exhibiting three noticeable integraireten-

The paper is organized as follows. After a brief descriptiagity peaks. This filament penetrates further inside the 0163
of the observations in Sed}. 2, we analyst in SHct. 3 thealpatiloud following a SW-NE orientation. In this study, we disti
distribution of the G80(2- 1) emission and of support data obguish between these two sections of the neck and refer to the
tained in the continuum at various wavelengths to derivesrep“inner” (eastmost) and “outer” (westmost) necks, respetyi
sentative physical parameters. The analysis of the vglfieitl ~ Similarly, we refer to the northern part of the PDR as the &ios
is then explained in Secﬂ. 4, and its consequences on the gemal to its southern part as the “mane”, following some of the
sis and evolution of the object are then discussed in §edte5. naming already used by PRBO03. The material voids present
finally summarize our conclusions in Seﬂt. 6. north and south of the outer neck will be respectively catled
jaw and the optical hole. These areas are indicated ir[FWeS.
note that our €0(2- 1) integrated intensity map is much less
clumpy than that it?CO(1-0) from[PRBOB, particularly in the
The C80(2 - 1) data presented in this paper have been obuter neck. Sinc&CO(1-0) traces the lower density material,
served in May 2003 using the new Heterodyne Receiver Arrthyis suggests that the external envelope is clumpier thaimth

2. Observations
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Fig. 1. (Upper left): Ha line emission map obtained at the 0.9 m KPNO telescope (esyidf Reipurth & Bally) (Upper right):
Integrated emission mayf Tmncdv, Kkms™, v e [9.1: 118]kms™) of C*¥O(2- 1). Offsets are in arcsec and contours are 1.2
to 7.2 by 1.2 Kkm . The half-power beam width (HPBW) is plotted at the top rigttner.(Bottom left): continuum emission
around 7um (mostly aromatic emission) covered by 19Bottomright): Continuum emission at 1.2 mm observed by MAMBO?2.
Contours are 0.15MJsr to 2.65 MJysr by 0.5 MJysr.

ner parts evidenced by thé®(2-1). Indeed som&CO(1-0) sities and cold temperatures. In th&CO(1 — 0) map from

peaks of integrated intensitg.¢. in the mane) do match opti-, an elongated maximum is seen north of Peak2 posi-

cal features, with no counterpart if&®(2 - 1). However, itis tion, but it does not coincide with either of ouf®(2 — 1)

not clear whether this is due to excitation or photo-dissti@n or continuum maxima in this area. A detailed study of this

selective &ects, or to a combination of both. condensation is, however, beyond the scope of the present pa
A noticeable emission peak is observed at the bager and will be addressed in a forthcoming work (Teyssier

of the pillar formed by the outer neck (hereafter Peak&, Hily-Blant, in preparation). Three other peaks are seen in

@2000=05"41M06%, 52000 = —2°27°30"), which coincides with an the neck: Peaklafo=05"40"5%, §x000 = —02°2718.7"),

embedded structure seen in absorption at 7 andrifAbergel Peak3 (2000=05"41M12.2, 62000 = —02°2559"), and Peak4

et al.[200p, see also Fig. 1) and a strong emission featuhein far2000=05"41m15.3, 62000 = —02°2539.5,, see also Fig[]5).

continuum at 1.2 mm, also prominent in other submm contiliVe note that Peakl has counterparts in the 1.2mm continuum

uum maps obtained by SCUBA at the JCMT (850 and4%Q map; however, it does not stand out at all in the interferoimet

Sandell private communication) and SHARC-II at the CS@ap of PRBOB. On the other hand, Peak3 and Peak4 are only

(350um, Lis private communication). It is interesting to notisible in the molecular data, and in limited velocity rasge

that the position of the peak associated with this clump d{©.9 : 101] and [103 : 106]kms* respectively (see Fid] 2).

fers in the 1.2mm continuum and in the¥O(2 — 1) maps,

a phenomenon often associated with molecular depletiom ont

grains €.g. [Caselli et a].[1999) and indicative of high den-
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Fig. 2. Channel maps of the’0(2- 1) emission between 9.6 and 11.2 knh.Contours are 1.1K to 7.4 K by steps of 0.9K;(

scale, rms0.2K).
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3.2. Physical conditions

This section is not meant to study the variation of the phys-
ical parameters at small scale in detail but rather to give an
overview of the typical conditions associated to the areas i
troduced above. This analysis has already been conducted in
the PDR by| Abergel et al] (2003) and Teyssier gt fal. (R004),
who report peak visual extinctions in the range 12-25 mag and
densities on the order 0B 0*cm 3. However, based on high
resolution B NIR data,|Habart et al| (20p3, see also Habart
et al[200H) have shown that this last parameter could beshigh
by one order of magnitude at the PDR border. At the scales
of interest, we used the 1.2mm continuum emission in order
to compute the column densities. We applied the formula pre-
sented in Motte et al] (1998), assuming dust temperatures of
35K in the PDR ared (Teyssier effl. 2])04) and of 10K for all
areas eastward of the ridge. The dust mass opacity at 1.2mm
is known to vary depending on the temperature/andensity

(e.g. [Ossenkopf & Hennidg 1994 Stepnik e} l. 2p03). To ac-

Fig. 3. Map of the C®0(2- 1) velocity centroids. Indicated by count for this uncertainty, we considered values of thispar
stars are three IRAS sources identified by Sandellef alg)198ter in the range 3+610-3gcnr2. Excluding the 3 peaks in-

The arrows indicate the velocity gradient orientationsi fied

ent positions across the neck and ridge.

troduced above, the computed column densities vary between
some 18'cm2 in the most difuse parts (distributed over the
inner and outer necks) and 1.0-21%?cm2 (e.g. in the mane

or the PDR). While Peakl and Peak3 exhibit quantities in the
range of those in the PDR, the Peak2 column density is calcu-
lated to be 3.81.0x107?cm2,
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Fig.4. Map of C*0O(2 — 1) spectra averaged over areas of>0’. The vertical dotted line indicates the systemic velocity
(10.33km sY). The channel width is 0.1 knts Offsets are in*).

In order to compare these estimates with quantities deable 1. Physical conditions in the Horsehead (see Sedt. 3.2).
rived from the molecular tracers, we used complementary dB-corrected from molecular depletiof¥) from [Abergel et .

servations of CO(2 1) (Giisten, private communication) andp003).
C'80(1 - 0) (Teyssier, private communication) at positions

of interest to run LVG simulations. Assuming optically tkic diffuse parts Peal® PDRY
emission from CO(% 0), we inferred lower limits to the ki-

netic temperature to be applied t3%0. Ty, are found in the Ny, (cm) 3-5x10° 4x10* 2x10*
range 20-30K, translating into volume densities of &®3 in Ne, (cmr2) A 35+ 10x1072  1.2-2 51072

most of the ridge and outer neck. Somewhat lower values (fac-
tor 2-3 below) are found in the inner neck, while Peak?2 exkibi

a higher density ofy,=4x10*cm 3. The G0 column den-
sity was simultaneously constrained and translated intodh

umn densities using the calibration describefi in Teyssiaf e
(004):Ny, = (25+ 0.6 x 10P) x N(C!80) + 1.4x 1Pt cm2.  3.3. Mass estimates
Nu, is found to be in very good agreement with the est\'l-v

i- .
mates based on the dust emission, except at the position d“h these numbers, we estimated the overall mass of the ma-

Peak2 where a value of %a0P2cm2 is measured, Suggles_terlal traced by €0(2 - 1). The analysis presented above

tive again of molecular depletion in the cold condensatve. shows thatH, column density estimates based on either our

X : TN . )
estimate from this that the quantities derived in this cooenf 1.2mm dust continuum or the'®(2 — 1) integrated inten

C'80(2-1) are under-estimated by a factor of atmost:%.TEbleS_iEy maps are in good agreement pravided molecular deple-

compiles these values for various areas of interest. .tlon. pnto grains I not a concern. This assumption is fairly
justified here, with the exception of the dense core asso-

ciated to Peak2. Assuming an overall conversion factor of
We finally compared the values b, and ny, to infer the Ny,/W(C*0O(2- 1)) = 2.5 x 107 cm ?/(Kkm s™1), the total
cloud depth along the line of sight. Their ratio indicate tthsp mass derived from the'®0(2- 1) integrated intensity is found
in the range 0.15-0.30pc, very similar to the filament width do be 19M,, of which 0.6 Myare located in the cold core.
the sky. Within the ffects of projection, this is consistent withAssuming a depletion factor on the order of 3 (see previous
a more or less cylindrical shape of the filament. section) in the Peak?2 area, the total corrected mass amiounts
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20 My, showing that depletionfiects are negligible as regards 115 r—— N
the total area considered. This is lower by 25% than the value L 1
reported b 3, and very likely does not account for @l th 11 L ]
material present in the nebula, since here we are probing onl r \,\:
the gas in the inner layers. = i \
:5; 105 [ N:
o 10t Ci( \/\_,_/v,
2 i ]
4. Study of the velocity field 2 o ANEA
In this section, we present the detailed analysis of thecvelo .
ity field based on the ¥O(2 - 1) data. The systemic velocity 9L e b
as deduced from the integrated spectra over the whole field is 0 100 200 . 300
Vo=10.33km s'. The shape is very nearly Gaussian with a to- offset position from north (")

tal FWHM of 0.8 kms?. This value falls in between typical Fig. 6. C'80(2 - 1) position-velocity cut performed along the
linewidth in dark clouds (nearly thermal, O-5k”3‘\f‘ar.‘d that \yestern ridge and the mane (from north to south, Rig. 5). The
of the more difuse molecular phase (1 km'y. This in fact gashed horizontal line indicates the systemic velogityThe
reflects the wide range of velocities in the nebula where th&ee vertical lines delineate the four segments formiegtt.
overall linewidth is broadened by velocity gradients. indiial o large (+2.6 km s pct) north—south velocity gradient is ob-
spectra indeed have FWHA.66:0.11kms?, as illustrated ggryeq until the mane, where the gradient is suddenly iedert

in Fig. E where averaged spectra over small areas are plotr[%dﬁna”y end up at the systemic velocity with a slope of —
While the centroid velocity changes within the nebula, thed 4 3 m st pc L. Contours start at@(0.6 K), in steps of 8-

shape remains Gaussian.

Another picture of this #ect is shown in the line centroid
map displayed in Fig[]3. The computation was done in such
a way that the spectral window used to deduce the centroid,i

| . .
optimized foreach spectrum. This method is described in Pet?l'ﬁ' Longitudinal cuts

& Falgarone [2043), and consists in maximizing the sigoal-twe first consider cuts performed along the filamentary struc-
noise ratio on the integrated area in the actual spectral wilres introduced in Sedt.$.1. The positions of these twe cut
dow. The centroid is then Computed in the usual way, i.e. @éspective|y a|0ng the neck and the western r|dge) are dis-
the velocity weighted by the temperature. As was already fstayed in Fig.[F. Although there is some subjectivity in the
ported by[PRB(3, the map in Fi. 3 reveals an overall Norghoice of these segments, we followed, as much as possible,
(blue-shifted emission)-South (red-shifted emissiondciy the morphology traced by the filamentary structures in the in
gradient of about 4-5 knT$pct. However, this gradient has ategrated intensity map.

somewhat more complex morphology, as its orientation seems Figure|]3 displays the first of these cuts computed along
orthogonal to a parabolic-like curve starting (at leashimibur 1o \western ridge, showing a large north-south velocity gra

map boundaries) from the inner neck basis and slowly foldiRgent extending over more than 0.4pc. The relatively linear
towards the Horse’s nose. The gradient orientation is tvixs s slope of this gradient (on the order 8.6 kms®pc?) sug-

elling east-west, as indicated by the arrows drawn on IEig'_glftests that the material is rotating. The PDR and nose thus
The NE-SW gradient mentioned by PRBO3 thus only appligger to be wrapped around an axis coincident with the outer

to the western part of the dark protrusion. The data also iack. Further along the cut, the velocities associatedetgéts
dicate that both red and blue velocity components seem tope- in the mane experience a fast drop with a gradient of
wrapped around an axis coincident with the neck shape. It.ig 3 m 1 pcl. The mane thus appears to be braked back
interesting to note the coincidence between the peaks @tvely, the systemic velocity found in the filament. We discuss in
ity centroids (around 10.8 knTY and the locations of three OfSect.DS an interpretation of this peculiar behaviour.

the IRAS stars identified in the field (Fi. 3). A similar phe- The respectivé— v map in the neck is shown in Fiﬂ 7 In
nomenon could already be seen on the mBO3. Wetf"jlg gas associated to the outer neck, departures from the sys

not, however, see any obvious explanation for tiffisa. h . . i
temic velocity are less pronounced than in the ridge. Howeve

The channel map displayed in F[g. 2 shows the structureslose look at the inner neck indicates that the velocity gra
associated to the'®0(2 - 1) velocity field. The ridge and the dient appears to change sign regularly (amplitude of approx
neck appear clumpy, with the intensity peaks moving when geaately 2.5kms! pc?, rough period of 2.5 or 0.3pc). The
ing from one velocity channel to the other. This is indicatdf nodes of this modulation are found at a common velocity of
a rich velocity field inside the structure. In order to idénthe  10.2km s'(see Fig[|7). It is interesting to note that Peaks 3-4
mechanisms associated to this gas motion, we study positiare located where the velocity gradient changes sign. This g
velocity maps performed along various dedicated cuts in theent then experiences another rapid flip as one penetlaes t
following sections. L1630 cloud (new value of —4.8 km'spc™) further.
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Fig.5. Position of the position-velocity cuts drawn over the imtgd emission map of*®@0(2 — 1). The full lines correspond

to the cuts across the neck and ridge, respectively, whilattim black lines illustrate the position of the radial ¢iggsaced by
22"(~ 2 HPBW), with some numbers referring to the cuts shown in Ejgfhe crosses indicate the position of the four peaks
introduced in Sec@.l. Also indicated are the areas déistlithroughout this paper.

4.2. Radial cuts on the centroid itself, and finally fitted by a linear slopeeTh

Radial cuts across the neck allow a probe of the gas motirensult of this computation is illustrated in Fig. 9, wheregr
. . vap . 9 ents are plotted against the distance along the neck.dhe r
around the axis defined by the filament projected shape.

o . sdlting plot reveals a striking shape: while the outer nezk a
this aim, we have constructéd- v maps on a series of small gp g b o

. : . ears in rigid body rotation at 1.5 km'gpc! (correspondin
slits perpendicular to the neck longitudinal cut analyzes p Fo a rotatign perigd of 4 Myrs, roughjli?equ(al o thF:e surv%/al

viously. Their positions and associated numbers are 'mhbatime of the Horsehead, 5 Myrs, estimateBO3), parts of

n F'g'B' The corresponding collection of maps is gathemd.t'he inner neck experience a sharp increase in velocity gradi

B, ot cases, ne velocky Scles ot Inearl ont uen mowng fom east 0 st (1om 1.5 1 4 ki
P » ag 9 y .in about than 0.1 pc). This rapid jump is followed by a similar

confirming that the neck itself is spinning around its owrsaxi - . .
~“decrease back to the 1.5 kmtgc* velocity gradient. Beyond
However, some cute(g. #6, #7, #11, #12) depart from that IIn'this point, the radial cuts associated to the westmost péneo

ear behaviour, suggest!ng Fhaffelrennal rotation may@pt inner neck are found to have a 0 velocity gradient (within the
the transverse gas motion in these areas. Such veloutygr% bpe fit uncertainty). It is to be noted that all three posis
ents across the neck could also result from a velocity shexar Pt Peaks 1. 2. and 4 are found at the common velocity gradi-
pendicular to the neck. This interpretation will be complsiee ent of 1.5 k'm él oc- (it is less true for Peakd, though), while

rotation in Se_2. . . . Peak3 is found at the high velocity gradient of 4 krhsc™.

Itis also mteresp_ng t.o note.that the veloc!ty gradient Ot?hterestingly enough, Peak3 sits almost in the middle of the
served at each posmon IS varying vyhen moving from east 118ughly symmetric gradient increase bracketed by Peaksl2 an
west. In prder t(.) guantn‘y this yarlatlon, and motivated by t 4. At the eastmostftsets, the radial cuts exhibit another gradi-
assumption of rigid body rotation, we performed a systetmagnt increase, but this one is very likely due to the knowndarg

linear fit of each individual — v cut and interpreted this slope . : !
of as an anaular velocity. In each cut. spectral lines were radient found along the mane and nose, and is less meahingfu
g Y. » SP in terms of radial gradient across the neck.

ted by Gaussians, and their central velocity was storeds Thl
set of central velocities was then weighted taking into aoto Itis also interesting to compare the ratio of the gravitaio
both the signal-to-noise ratio (SNR) of the data and therertto centrifugal forces in various areas of the Horseheads Thi
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Fig. 7. Same as Fid]6 along the entire neck (from east to west, , d
Fig. ). The dashed line indicates the systemic velocitylevh i
the vertical one shows the position of Peak2 (see $edt. 3.1), B T 1 1 T 1
where the longitudinal cut changes direction. Positions of ¢ ~~  + =~ 4+ ~ —+ — &+ 4
peaks 4 to 1 are affisets 80, 140, 250 and 380espectively. 80 40 080 40 080 40 080 40 080 40 O
Recall that Peak2 is not a maximum in thééQ(2 - 1) in- 4
tegrated intensity map and was inferred from the continuu@
data. Note the 3 dlierent velocity gradients (positive, negativez<
positive) as one moves from 0 to 20Bee text for details).
Contours start at3(0.6 K), in steps of 3.

velocity

distance ()

L 3 5 .
ratio is given by = 7G(p)/w*" (with (o) the mean mass denSItyFig. 8. Transverse €0(2- 1) position-velocity cuts performed

andw the angular velocity), translating info~ 10 in the outer
neck, while¢ ~ 1 near Peak_2. This means that 9“’?“’“)’ ?S ab e cuts are separated by 2Z'he x-axis dfsets increase
to ensure the c_onfmement in the outer neck, while it is Onh’orthwise, so that the velocity decreases from South toiNort
marginally sdficient near Peak2. Dashed lines indicate the results of the bi-dimensionaldits
thel — v diagram (see text for details), showing how the radial
. . velocity gradient evolves as one moves from East to West (cf
>. Discussion Fig.@). Contours start at3(0.6 K), in steps of 3.

5.1. Formation and evolution of the Horsehead nebula

cross the neck, corresponding to the black thin lines oiﬂ?ig

In the scenario proposed lpy Reipurth & Bouthet (1984), the

Horsehead is assimilated to an early Bok globule emerging Based on the velocity cuts described in the previous sec-
from its parental cloud via the eroding incident radiatiaidfi tions, the overall picture is that of an elongated strucfthre
emitted byoOri. These authors also propose that the jaw cameck) spinning around its own axis, and connected at its-west
ity was the result of a collimated outflow, but this seems non end to a ridge (mane to nose) in rotation around this
highly unlikely (e.g. Harren-Smith et a[. 1985). Based on theisame axis. We found that this filament is roughly axisym-
CO(1- 0) data] PRBQ3 discuss the possible origin of this darketric with a projected diametdd ~ 0.15pc and a depth
cloud, and conclude that both the work of instabilities afid & ~ 0.15-0.30 pc. In thd PRBQ3 scenario, all that is needed is
the ionization front could be considered. They proposettimt some asymmetry at the front end of the neck, therefore ittis no
initial density enhancement in the parental cloud was asgtminconsistent with the present conclusion.

ric, at least at the western end of the neck, and that thisrraate ~ The reason the Horsehead followed such a peculiar route
has been pushed out on either side of the neck, resultingin ffom L1630 might be linked to a pre-existing rotating veloc-
mane and the jaw. They also deduce that the Horsehead'’s nigcKield in the region of the parental cloud that resisted the
is not axisymmetric but rather presents an oval crossesectiincident radiation field and gave birth to the protrusionpa-p
Their conclusions are, however, related to the generalesbfp sibility also mentioned b3. As rotation proceeded, th
the cloud, so they may have missed some of the details in ttemtrifugal force has progressively detached the noseland t
inner layers of the cloud due to the high opacity of theirérac mane from the neck. This scenario requires initial densityp#

The data obtained in*€0 thus shed new light on the formatiormogeneities within the pillar: the densest parts have forthe

and evolution of the Horsehead. neck, mane, and nose, while the most tenuous ones remained
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as the jaw cavity and the optical hole. We note that this inho- L ‘ ‘

mogeneity is also required by the scenario reported by PRB03 |
This picture is moreover consistent with the gradient seen i

the longitudinal — v cut shown in Fig[]6: the material extend-—
ing from the nose down to the middle of the PDRf¢ets O & i
to 200) is rotating, with the nose blue-shifted and part of th% -
mane red-shifted. The southern end of the mafisé¢ts 200 to ™.
300" in Fig E) is, however, braked back to the neck velocityg | o
This suggests that part of the mane has remained attached-to % % % $
the pillar (their physical link is already obvious from vauis

#1

N
T
-
ol
e
|

tracers, see Figﬂ 1), resulting in the material loop segnin r P Peakl

. . . eak? *
the optical. As a consequence of this mechanism, the nose &d 2 | Peak4 3 . .
the mane cannot lie in the plane of the sky as the neck presum- | ______ % ,,,,,,,,,,, ,%,2{7 3]
ably does. Rather, the nose would be in the foreground, wh% ] ¥ ¢ Y i |
part of the mane would be in the background. The fact that
the nose appears totally detached from the neck also irdicat i % %
that the material void associated to the actual jaw was more 0~ %> 8
pronounced than that in the optical hole. Obviously, theiioen I AR L L L
ued eroding work of-Ori has proceeded during this process. It 0 100 200 300 400
must thus have also contributed to the shaping of the streictu Position offset from East (")

we see in projection on the plane of the sky. This must be par-

ticularly true in the jaw and the optical hole, where theiait Fig.9. Evolution of the transverse velocity gradient with the
density contrast within the pristine pillar may thus haverbe distance along the neck. The gradients and associated er-
enhanced. ror bars were computed following the method described in
he§ect.. The dashed line shows the constant gradient of
k.+1.5km s1pc?, indicating the area suggestive of rigid body
rotation. Also shown are the peaks discussed in this paper.
Some cut numbers are recalled for the purpose of comparison.

In complement to thisféect, the nose may also be pus
towards us by the rockeftect resulting from eventual bac
ground ionization. However, the amplitude of thieet must
be negligible with respect to the prevailing velocity fieldce
part of the mane remains red-shifted. Moreover, the rocket e
fect would also &ect the neck which is seen to be rotating. We
therefore discard the possibility of a non-negligible lgrckund

S ferred from the column density calculation. The timescale f
ionization flux.

this motion can be roughly estimated from that of momentum
transfer between the ionized and the condensed and cold gas.
5.2. Rotation vs shear Assuming an average collisional cross-section for H-g-
counters{uo) = 2.2 x 10°%cm3s (Spitzd{1978), and adopt-
We discuss here the question whether the velocity gradéenting a mean density of protany as found in the Horsehead, one
vealed in the neck could be the signature of a velocity slreanjields At ~ 2/(n¢(uc)) ~ 10°s, which even if underestimated
a direction perpendicular to both the neck and the line dftsigby orders of magnitude, would be short enough by far to have
rather than a rotation of the filamentary neck. We see at led#rupted the cylinder shape one still sees today.
three arguments favouring the rotation interpretation. Finally, if despite the arguments given above, shear would

First of all, we have proposed in the previous section thatill play a role in the dynamic at work in the neck, and the
both the (likely combined)féect of an abrasive ionizing fronttorque it would exert on the mane and nose would in any case
and that of a pre-existing velocity field may have contribdutgesult in rotation in the filament.
to the peculiar shaping of the Horsehead nebula. It is very un
likely that the ionization front arising fromrOri could have
generated a shear perpendicular to the line-of-sight, abah
velocity shear present in the neck should have its origilén tDense cores are routinely observed in filaments; howevet wh
parental cloud. A careful look at the position-velocitysof triggers their formation is still an open issue. Fragmeotat
Kramer et 4. [1996) if®CO(2- 1) show no velocity gradientin of gaseous cylinders resulting from periodic instabiitie of-
the vicinity of the Horsehead nebula (Right Ascensidis&ts ten invoked, but their nature is uncertain, be they graeitat
between -4 and -12arcmin). There would thus be no shearaify or magnetically dominated, or even a combination ohbot
the parental cloud, and these would likely discard its exisé Determining the balance between these two forces appears to
in the neck. be a critical issue.

A second argument consists in considering the morpho- We have shown that the Horsehead neck is a filament har-
logical consequence of such a shear. Indeed, after some tibeing (at least) four density peaks (as evidenced by both
a shear in the neck would result in a filament far from bd-2mm and &0 maps). The longitudinal cuts in the neck
ing cylindrical, which is in disagreement with the result in(Fig.|']') show that the longitudinal velocity is not uniforratb

5.3. Dense core formation in the Horsehead
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instead varies periodically in the inner neck (pero@.3 pc), sincem/my; =~ 0.3. This value falls in the range of ratio pre-
aroundV = 10.2km s! close to the systemic velocity. This in-sented by Fiege & Pudrjtz (2000). This again raises the ques-
dicates that the filament is not located strictly in the plahe tion of the confinement of the filament. However, the ratio is
the sky. This oscillation could be explained consideringtera not that small, and the gravity is expected to play a role & th
that flows along a filament regularly bent with respect to thdynamics of the filament.
plane of the sky. Moreover, it is worth mentioning the presen  To our knowledge, no estimation of the magnetic field
of line wings around Peak3 (se€sets (200,80") in Fig. [J). strength is available for the Horsehead. Polarized absorbe
However, the spatial resolution of our data is ndffisient to  starlight is reported i Warren-Smith ej gl. (1p85), cortge
conclude a scenario such as outflow or inflow. by the large-scale dataset pf Zaritsky e} al. (1987). In the

The radial cuts shown in Fiﬂ. 8 indicate that the phenomeHarsehead, the polarization is probably due only to align-
at work are more complex: the longitudinal gradients are-coment of absorbing dust grains. The transmitted light isaher
bined to rotation. This rotation is mainly that of a rigid lyod fore aligned with the magnetic fields projected on the plane
although the angular velocity experiences a sharp incfease of the sky. Obviously, this technique does not allow detecti
1.5 to 4kms!pc? (Fig. E and Fig[|9). Interestingly, the lon-of any polarization in the densest parts of the Horsehead. Th
gitudinal gradient appears to change signs at the positibnsoverall picture is that of 8-field oriented nearly North-South
Peak3 and 4 (Fid] 7), positions that also appear to play a piae- perpendicular to the filament. Moreover, it coincides with
ticular role in the picture of radial gradients (F[g. 9). tigs the large-scale field. In the nose area, however, the patariz
gests a dynamical link between the formation of the condetien vectors appear perpendicular to the structure withnaytea
sations observed in the neck and the material flow revealedy5° with respect to the large-scale field. The nose may thus
the complex velocity structure of the filament. Finally, weten have bent the field lines in its centrifugal motion. In the fil-
that another likely ffect of the combination of both longitu-ament, though, we cannot yet distinguish between a toroidal
dinal and radial motions is the morphology change observedmponent threading the neck and pure transverse magnetic
betweeng.g., cuts #8 and #14 (Fi] 8): cut #14 is much moréeld across the neck itself. It is worth noting that the same i
rounded than the straight contours of cut #8. At this stageoibserved in some dark clouds in the Taurus and in Ophiuchus:
becomes diicult to derive an accurate picture accounting fdhe magnetic fields orientation at the scale of the dark doud
the combination of all these phenomena. We believe that diés into smooth, larger-scale fields. In the Taurus, the raign
tailed interpretation of all these signatures requiresaiged fields appear perpendicular to the cloud’s long axis, while i
numerical modelling. Ophiuchus it would be paralle] (Heiles e{pl. 1992).

We can, however, already infer preliminary constraints We therefore think that both gravity and magnetic fields
about some of the principal ingredients of this modellingyre expected to play a role in the confinement and dense core
namely gravity and magnetic field. In cylindrical geometing  formation in the Horsehead nebula.

virial mass per unit length may be writtead. Fiege & Pudrity
P000): .
BO0®) 6. Conclusions

2
ir = Ao >, (1) We have studied the morphology and velocity structure of the
G Horsehead nebula using new observations at high frequency
and spatial resolution in the (2 1) transition of G®0. Our
conclusions can be summarized as follows:

Assuming(c?) ~ 2, this gives

2
(oa
Wr\;sl) Mo/pc. (2) 1. the emission of the likely optically thin tracer reveals a

o _ _ filamentary morphology similar to the one seen in dust
For the velocity dispersion, we apply the Fuller & Myers millimetre continuum emission and visual extinction. The

Mo = 46

({1992) formula: cloud appears as a curved ridge (the PDR) connected to
1 1 L1630 by a thin (0.15pc diameter) pillar hosting several
0-\2/ = U\Z/obs+ ks Tiin (T - ) (3) condensations. One of them (Peak?2) also appears in absorp-
’ M Mops tion in the mid-IR emission atZm.

we note that our thin ¥O(2— 1) map is much less clumpy

than the possibly thick?’CO(1 - 0) from [PRBOB, a phe-

nomenon that could be due to either excitation or photodis-

sociation selectivefiects or the combination of both.

these cores are density peakg,(in the range 2- 4 x

10* cm3) embedded in a medium that is morefdse by

a factor of 2-3 on average. Kinetic temperatures in these
Ny R cores are found in the range 20-30K, although the brightest

m=18 (104 cm—3)(0.1 pc) Mo/pC ) of them (Peak2) shows hints of%D depletion onto grains,

pointing towards a somewhat colder environment.
Takingng, = 5x10°cm™ andR ~ 0.2 pc results in mass per 4. the overall shape of the filament is found to be fairly cylin
unit lengthm ~ 20 Mg/pc. The filament is not self-gravitating,  drical with a diameter of about 0.15-0.30pc. The total mass

whereniis the mean mass of molecular gas, taken here equal%o
2.33;mups iS the mass of the molecular tracer namelj@, and

Tkin the kinetic temperature. We adopt, = 20K andoy ops =
0.66/2.35km s, resulting in a virial massn;; ~ 65M,/pc.

On the other hand, the mass per unit length we can deduce frGm
the density and size (see S 3.2)is
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of the C80 gas probed here is 20dViof which the largest Fuller, G. A. & Myers, P. C. 1992, ApJ, 384, 523

fraction was found to be in the gaseous phase. Habart, E., Abergel, A., Teyssier, D., & Walmsley. 2004, A&A
5. the centroid velocity map suggests that the gas in then press

Horsehead is wrapped around an axis coincident with thabart, E., Abergel, A., Walmsley, C., Teyssier, D., & Pélty,

pillar. The cloud also presents various velocity gradients 2003, in The dense interstellar medium in galaxies, 443—-446

along the filaments described above. While the westdreiles, C., Goodman, A. A., McKee, C. F., & G., Z. E. 1992,

ridge presents two strong north-south gradients invertingin Protostars and Planets IIl, 279

sign at the rise of the mane, the east-west pillar exhibitdHennebelle, P. 2003, A&A, 397, 381

more complex shape where gradient oscillations occur Bnamer, C., Stutzki, J., & Winnewisser, G. 1996, A&A, 307,

a regular basis and seem bracketed by the location of thé15

embedded condensations. Kreysa, E. 1992, in ESA SP-356: Photon Detectors for Space
6. tranverse gradients are prominentalmost everywheossicr Instrumentation, 207—-210

the pillar, but some of them depart from linear shape ahdren, R. B. 1989a, ApJ, 338, 902

might indicate diferential rotation. The amplitude of theLoren, R. B. 1989b, ApJ, 338, 925

gradient is on average constant (1.5krhgc™, corre- Motte, F., Andre, P., & Neri, R. 1998, A&A, 336, 150

sponding to a rotation period of 4 Myrs, comparable to tiéakamura, F., Hanawa, T., & Nakano, T. 1993, PASJ, 45, 551

5 Myrs lifetime estimated by PRB3) at either end of th®bayashi, A., Fukui, Y., Kun, M., Sato, F., & Yonekura, Y.

neck, but a sharp increase to 4 kmgc™? is observed be- 1998, Astron.J., 115, 274

tween two of the embedded peaks. Reasons for this pecularishi, T., Mizuno, A., & Fukui, Y. 1999, PASJ, 51, 257

behaviour are still unclear. Onishi, T., Mizuno, A., Kawamura, A., Ogawa, H., & Fukui, VY.
7. this complex dynamic picture raises the question of1998, ApJ, 502, 296

whether the origin of this protrusion could be linked to &ssenkopf, V. & Henning, T. 1994, A&A, 291, 943

pre-existent velocity field that progressively separatedl tOstriker, J. 1964, ApJ, 140, 1056

mane and nose from the neck via centrifugdéets. The Pety, J. & Falgarone, E. 2003, A&A, 412, 417

presence of several condensations unveiled inside the fifound, M. W., Reipurth, B., & Bally, J. 2003, Astron.J., 125,

ment also supports the idea that dense cores are forming108

in the neck, and their characteristics share several similaReipurth, B. & Bouchet, P. 1984, A&A, 137, L1

ties with modelling works on that topic. Their origin is verySandell, G., Reipurth, B., Menten, C., Walmsley, M., &

likely due to the combination of longitudinal (infall) and-r ~ Ungerechts, H. 1986, in ASSL Vol. 124: Light on Dark

dial motions, but the actual phenomena at work may evenMatter, 295

be more complex, as the magnetic field is expected to aSohuster, K., Greve, A., Hily-Blant, P., et al. 2003, IRAMe

play a role in this process. Moreover, the origin of the aliti  nical report

velocity field invoked in this work remained unknown.  Schuster, K.-F., Boucher, C., Brunswig, W., et al. 2004, A&A

423, 1171

Firmer conclusions on the formation scenario of such @i;er | 1978, Physical processes in the interstellatiume

protrusion should, however, await comparison with nunaric (New York Wiley-Interscience, 1978. 333 p.)

models, and the relatively simple geometry of the Horseheggepnik B., Abergel, A., Bernard, J.-P., et al. 2003, A&AS3
neck should be a particularly appealing application. 551 Y ’ ’ ’
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