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Abstract We simulate the evolution of cometary H Il regions based erise¢ cham-
pagne flow models and bow shock models, and calculate thdgsrafi the [Ne II]
fine-structure line at2.81 um, the H3@ recombination line and the [Ne IlI] fine-
structure line at5.55 um for these models at differentinclinationsist 30° and60°.
We find that the profiles in the bow shock models are generifigrdnt from those
in the champagne flow models, but the profiles in the bow shaottets with lower
stellar velocity € 5 km s~!) are similar to those in the champagne flow models. In
champagne flow models, both the velocity of peak flux and thevlaighted cen-
tral velocities of all three lines point outward from moléuclouds. In bow shock
models, the directions of these velocities depend on thedspé stars. The central
velocities of these lines are consistent with the stellationan the high stellar speed
cases, but they are opposite directions from the stellaiomat the low speed cases.
We notice that the line profiles from the slit along the symmmat axis of the pro-
jected 2D image of these models are useful for distingugshoow shock models from
champagne flow models. It is also confirmed by the calculdtiahthe flux weighted
central velocity and the line luminosity of the [Ne Ill] liran be estimated from the
[Nell] line and the H3@ line.
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1 INTRODUCTION

Massive stars always form in dense molecular clouds andfgaa great amount of energy from
their ionizing fluxes and stellar winds to the surroundingpistellar medium (ISM). This affects
the kinetic and thermal energy of the molecular clouds smahange the velocity structure and
morphologies of the clouds substantially. The ionizingtohs from a massive star can ionize the
surrounding ISM and form an H Il region. In a uniform enviroemb, the H 1l region will be spherical
and is called a Stromgren sphere (Stromgren 1939). Haywaservations show that a large number
of young H Il regions have a cometary morphology (Wood & Chuwell 1989; Kurtz et al. 1994;
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Walsh et al. 1998). Tenorio-Tagle (1979) pointed out thaséhcometary H Il regions result from
the density gradients in the molecular cloud. In this exatem, the comet-shaped H Il regions are
called blister H 1l regions or champagne flows. The Orion Nesl the archetype of this kind of
H 1l region. Observation shows that there is a bright ioniarafront on the surface of a molecular
cloud and ionized gas flows away from the cloud (Israel 19T8 champagne flow model was
first created by Tenorio-Tagle and coworkers (Tenorio-8d§79; Bodenheimer et al. 1979; Yorke
et al. 1983). In these studies, the H I region is assumedrta fo a uniform molecular cloud, but
close to its boundary. The H Il region will expand and breakioto the intercloud medium that has
low density to form a shock. The Mach numbers of the resuliimagcks are shown to 3% — 42,
and the velocities of the ionized gas can reach ugltdem s~*. Since then, a series of models
have been developed by including the effect of a stellar wnthagnetic field or an exponential
density distribution (Comeron 1997; Arthur & Hoare 2006;n@elev & Krumholz 2012). In all of
these models, a density gradient is assumed to exist, whicbrisidered as the main cause of the
cometary morphology.

There is an alternative explanation to the cometary shap¢lbfegions called a bow shock
model. In this kind of model, a wind-blowing ionizing star w&s supersonically with respect to the
dense molecular cloud, and forms a shock in front of the A&tabmetary H Il region can also form
in this case (Mac Low et al. 1991; van Buren & Mac Low 1992).Rivil(1996) created an analytic
model that can explain characteristics of the bow shocketsearchers made a series of numerical
models to simulate bow shocks (Comeron & Kaper 1998; Arthtia&are 2006). The presence of the
density gradient seems unavoidable in the non-homogerewirsnment of molecular clouds. High
speed stars are not common in the galaxy. However, they ggrehan a region with a high stellar
density, such as massive star forming regions. Hence, gdgssary to compare the two possible
causes of a cometary H Il region to interpret observations.

Arthur & Hoare (2006) pointed out that simple champagne flawithout a stellar wind will
not show a limb-brightened morphology. By contrast, bowcghmodels always display this mor-
phology. They also pointed out that the two kinds of models lsa distinguished by using their
kinematics. For example, the highest velocity of ionized wéh respect to molecular clouds is at
the head of a cometary H Il region in the bow shock models lisitéicated at the tail in a champagne
flow model. It is most notable that the directions of motiontfee ionized gas at the head are always
toward the molecular clouds in bow shock models but coulddme/drom the clouds in champagne
flow models (Arthur & Hoare 2006). Since the profiles of entadsines are partly determined by
kinematics, this difference in kinematics could lead tdedi#nt line profiles. Line profiles, which
can be observed with high resolution observations, yialdalimeasurements of properties associ-
ated with the clouds. Therefore, line profiles can be usetastiterion to select better models for
certain observations.

In this paper, we present the profiles of the [Nel2]81 um line, the [Ne 111]115.55 um line and
the hydrogen H3Q (31 — 30) recombination line from cometary H Il regions by simulgtinow
shock models and champagne flow models with different paensierhe [Ne 11]12.81 um line is
the brightest line from H Il regions in the mid-infrared, whican be accessed by TEXES on IRTF
or EXES on Stratospheric Observatory for Infrared Astrop®OFIA). The [Nelll] 15.55 um
line cannot be observed from the ground. In order to invagtithe profile of the [Ne llI15.55 um
line, we have to rely on future space telescopes. TheaHB8% can be observed by the Caltech
Submillimeter Observatory (CSO). These lines are useftiénstudy of gas kinematics in compact
H 1l regions. We compare the line profiles of the bow shock ndad champagne flow models
and discuss the possibility of distinguishing betweenéha® kinds of models based on these line
profiles. The organization of this paper is as follows: Inttec2, we describe the method of our
numerical simulation. In Section 3, we present the resiltse@numerical models and in Section 4
we present our conclusions.
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2 METHOD
2.1 Method of Hydrodynamics, Radiative Transfer and Thermd Processes

It is necessary to simulate the time evolution of the conyekhll regions in order to obtain the
profiles of lines of interest. To correctly describe the tiewelution of the regions, one has to treat
the transportation of energy properly. In the situationmission nebula, gravity is not important,
but the hydrodynamics and radiative transfer are essgmtaksses for energy transportation. In this
paper, both hydrodynamics and radiative transfer are densil.

A 2D explicit Eulerian hydrodynamic method is used to trdeg €volution on a cylindrically
symmetric grid. Most of the models in this work are compute@d50 x 500 grid. A large grid with
a size 0f400 x 400 is used when computing the blister H Il region model to chéekdontribution
of the ionized gas far from the star at the sides of the ennidsie profile. The results show that the
grid with a size o250 x 500 is enough. The cell size of the grids is chosen tabe- 0.005 pc. An
HLLC Riemann solver (Miyoshi & Kusano 2005) is used to solwe hydrodynamic conservation
equations.

When treating the radiative transfer, we consider the staa aingle source for ionizing and
dissociating radiation. We solve the radiative transfeefdreme ultraviolet (EUV)K{v > 13.6 eV)
and far ultraviolet (FUV) {1.26 eV < hv < 13.6 ¢V) (Diaz-Miller et al. 1998). The black body
spectrum is assumed for the ionizing star. We assumed thtbémspot’ approximation when treating
ionizing photons. For dissociating radiation, becauseciilemn density of molecular hydrogen
exceedsl0'*cm~2 in our models, the FUV lines are optically thick. Thus, thé-shielding by
H, becomes important (Hollenbach & Tielens 1999). The disgmri rate and reformation rate
of hydrogen molecules are calculated by using a simplessadfiding approximation introduced
in Draine & Bertoldi (1996) and the method in Hollenbach & I€ies (1999), respectively. The
dissociation and reformation of CO molecules are also ohedlin the models, following the methods
given by Lee et al. (1996) and Nelson & Langer (1997).

In the ionized region, the photoionization heating is cdestd as the only heating process
(Spitzer 1978). We use the cooling curve for solar abundaigoesn by Mellema & Lundqvist
(2002) to compute the radiative cooling rate. This coolingve is derived on the assumption that
the cooling of the gas is due to collisional excitation of togen and metal lines and hydrogen
recombination. Outside of the HII region, the heating psses of the gas include photoelectric
heating, heating from photodissociation, reformationydrogen, and cosmic ray and FUV pump-
ing of Hy, molecules as heating processes. The following coolinggeses are considered: atomic
fine-structure lines of [O 13 um, [O 1] 146 um and [CII] 158 um, the rotational and vibra-
tional transitions of CO an#,, dust recombination and gas-grain collisions (HollenbadhcKee
1979; Tielens & Hollenbach 1985; Hollenbach & McKee 1989%&=a& Tielens 1994; Hosokawa
& Inutsuka 2006). Since the results of the photodissoamatagion will not be presented in this
paper, the purpose of including the radiative transfer effthotodissociation radiation is mainly to
conserve the energy and momentum of the gas.

2.2 Line Profiles

After we solve the continuum, momentum and energy equatibtise hydrodynamic models, the
method derived by Glassgold et al. (2007) is applied to cdmthe line luminosity for the [Ne Il],
[Ne lll] and H3(x lines. The line luminosity. at a given velocity is as follows:

1) =~ [ew <—%> furli)dv . (1)
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kakAuthuh for H30a, k= 31, = O,
ful (2) = AbNCX(Ne+)nPuAu1hVu1 , for [Ne ||], 1=1, (2)
Abne X (N2 nPy Ayhiy for [Nelll], i =2,

whereus(r) is the line-of-sight component of the velocity vectbr,, is the photon energyy,

is the thermal velocity of ga$y Ny, is the number density of hydrogen atoms in e electronic
energy level ¥ = 31 for H30x), NV}, is the theoretical value for the number density in #tk
level expected in LTE and is proportional 3, by, is the departure coefficient (Seaton 1959), and
n is the number density of H nuclei. The abundance of Mey. = 1.0 x 10~%, is adopted in
these models (Holweger 2001, is the Einstein emission coefficient for correspondinggitions
(Alexander 2008; Glassgold et al. 200X)(Ne™) and X (Ne?*) are the fraction oNe™ andNe?*
ions, respectivelyP, is the excitation fraction of the upper state and is compateth Glassgold

et al. (2007)

[2(1 + ner/ne) exp(1122.8/T) +1]71, for [Nell]
Py = [14(5/3)(1 4+ ner1/ne) exp(925.3/T) (3)
+(1/3)(1 + nera/ne) exp(—399/T)] 71, for [Nelll]

where the critical densityt, = 5.53 x 1037°%° cm ™3, ne1 = 3.94 x 1037%° cm ™2 andnegs =
7.2 x 10*T%-% cm~3. The relative fractions of NéYe™ andNe?™ (X (Ne) + X (Ne™) + X (Ne?t) =
1) are computed through the ionization-recombination bzdaquations. The photoionzation cross
sections, the recombination rate coefficients and the ehaxghange rate coefficient are given by
Henry (1970), Pequignot et al. (1991) and Glassgold et DT, respectively. The collisional ion-
ization of Ne is not considered in the photoionized regioexetemperature is much lower than the
critical temperaturd, = 2.50 x 10° K, and the gas density is relatively low. The contribution of
the hot stellar wind bubblel{ = 10° — 10® K) to line luminosities is negligible because of its low
density (@ < 5 cm~3). Hence, collisional ionization of neon atoms is not coasidl. In addition,
since the average energy of photons is not high enough taédhe neon atoms to the ionization
states abovde?t, the fractions of highly ionized ions a&3* andNe** are generally not consid-
ered (Morisset et al. 2002). This conclusion is also su@gelsy our calculations. We have tested
calculating the relative fractions ®&fe3* ions and other Ne ions in higher ionization states. They
are always lower thaf.002 in the photoionized region, and can be safely neglectedcays-and
EUV photons with energies greater than 21.56 eV can bothopdrdze neon, but we neglect X-ray
ionization because of the lack of X-ray sources relative tb/Ephotons. The results of the H30
recombination line can be applied to other H recombinatioes. They have the same normalized
profile when the effect of pressure broadening can be neglect

In this paper, we assume that the observers are viewing thetemy regions from the tail to the
head. Therefore, a blue-shifted velocity suggests thagifisemainly moves in a direction from the
head to the tail and a red-shifted velocity suggests the gaslymoves in the opposite direction.

3 RESULTS

In this section, seven models are presented. Four of therhaveshock models, and the rest are
champagne flow models. The parameters of these models aenped in Table 1. These models
are selected to test the effects of different model ingredi®n the line profiles. The values of
stellar parameters are based on Diaz-Miller et al. (1998)ale et al. (2013). The initial density
is consistent with the condition in the compact H Il regianthe following section, the models will
be described and analyzed individually.
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Table 1 The Model Parameters in Models A-G

Model M Vs U log[Suv] no Scale height
(107 Moyr))  (kms™!)  (po) 6 | (em™?)

A 9.93 10 2720.1 48.78 8000 0

B 9.93 0 2720.1 48.78 8000 0.05

C 9.93 0 2720.1 48.78 8000 0.15

D 9.93 15 2720.1 48.78 8000 0

E 9.93 5 2720.1 48.78 8000 0

F 3.56 0 1986.3 48.10 8000 0.05

G 3.56 10 1986.3 48.10 8000 0

3.1 Model A

In Model A, we simulate a stellar bow shock in a uniform mediwith the number density of
no = 8000 cm—3. The velocity of the moving star is assumed tode= 10 km s~'. When
simulating bow shock models, we carry out the calculatioth@rest frame of the star first, so that
the same procedures can also be used in the champagne fl@vAfisethe calculation, we convert
all velocities to the values in the rest frame of moleculadls. The velocities presented in this
paper are all in the frame of reference of molecular cloudslll models, the:-axis is parallel to
the symmetrical axis and the positive direction is from thétb the head of the cometary region.
The star is at the position @f, z) = (0,0). The effective temperature of the starli3000 K. The
numbers of ionizing photongi{) > 13.6 ¢V) and the photodissociation photond 26 < hv <
13.6 V) emitted from the star per second a'®"®s~! and10*7%s~!, respectively. The mass-
loss rate isM = 9.93 x 10~ "My yr—!, and the terminal velocity of the stellar wind ig, =
2720.1 km s~*. These parameters are consistent with a star of Mass- 40.9 M, (Diaz-Miller

et al. 1998; Dale et al. 2013).

Our simulation is stopped dt20 000 yr. Before that time, the ionization front ahead of the
star has been approximately motionless relative to thefstaa few 10 years. In Figure 1, the
number density of all material®[*, Net andNe?* ions, in model A are presented. A stellar wind
bubble with low densitys¢ < 5 cm~3) can be seen around the star. The bubble is surrounded by
the photoionized region with high density (~ 200 — 20000 cm—3), and a dense neutral shell
(n ~ 10° — 105 ecm~3). In the right panel of Figure 1, the density distributioris\e* andNe?*
ions are shown in greyscales. Thie™ and Ne?* ions are distributed in the whole HII region,
but we only show the number density higher tharm - cm =3 in order to highlight the different
distributions betweeNe™ andNe?* ions. Although the high densities in the head of the H Il regio
which is defined as the ionized region with> 0, lead to the high densities of baNe™ andNe?+
there, the density dfe™ ions roughly increases with the distance from the star iméeal of the H I
region. The density dRe?*, by contrast, decreases with the distance in the head rdgioge fluxes
of the photons with energy higher than the ionization paa¢iof Net can increase the ionization
rate fromNet into Ne?* at the locations near the star. By contrast, high electrositiein the head
region would increase the recombination rate. This leatisatdifferent density distributions &fe™
andNe?* ions.

In Figure 2, the velocity field of photoionized gas is showmeTresult of the bow shock
(model A) is shown in the left panel. A large proportion of imed gas in the head of the HII
region has red-shifted velocities in the direction from taiéto the head, and the velocities of the
ionized gas in the boundary region, which is defined 8$)25 pc wide layer in the H Il region near
the ionization front, are approximately perpendiculatt® ibnization front. In particular, the gas in
front of the star moves in a similar direction to the stellastion. The directions of motions of the
ionized gas in the other part of the H Il region are gradualipéd toward the tail. This phenomenon
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Fig. 1 Gas density at logarithmic scales at the ag&20f000 yr. In the left panel, the top half of the
figure shows the total density of the gas and the bottom halfisithe density ofi™ ions. The right
panel shows the densities Nt ions ¢op half) andNe?* ions (pottom half.
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Fig. 2 The velocity fields of photoionized gas in model A (bow shdek) and model B (champagne
flow, right). The velocity fields in the stellar wind bubble & 50 cm ™) and outside the H Il region
(X(H") < 0.1) are not shown. The arrows represent velocities of 1 km s~', and their lengths
are proportional to their absolute values. The positiomefdtar is (0, 0). The five contour levels are
at50, 500, 2000, 20 000 and100 000 cm 3.

occurs because of the accelerations toward the tail duetorégssure density in the H 1l region. The
details of this reason are discussed in Section 3.3.2.

In Figure 3, the profiles of the [Ne II] line, the Ha0ine and the [Ne IlI] line from the H Il region
for different inclinations § = 0°, 30° and60° from thez-axis ) are presented. The profiles are all
asymmetrical, but the H30line is more symmetric than the other two lines. Both the [[{kie and
the [Ne 1] line profiles are skewed to the right and have altail at the left side. With increasing
inclination angles, these line profiles become less asynicakand narrower. It is obvious that the
H30« line is much broader than the [Ne Il] line and the [Ne 1] lirnkhis is due to the larger thermal
broadening of lower mass hydrogen.

In Table 2, the peak locations, full width at half maximumg{HMs) and flux weighted central
velocities (FWCVs) of the lines for three inclinations@f, 30° and60° are shown. For the [Ne ll]
line, the peak locations and FWHMs of the profiles decreask increasing inclination angles.
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Fig. 3 Profiles of the [Ne l1]12.81 um line, the H3@ line and the [Ne 111]15.55um line from the
cometary Hl regions in model A for three inclination ang(és, 30°, 60°).
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Fig. 4 The line profiles of the [Nell]12.81 um from the whole H Il region, the head and boundary

region and the other part of the H Il region. The left panebisrhodel A, and the right panel is for
model B.

Although the peak locations are all red-shiftgdl( 2.5 and 0.9 km s1), the flux weighted central
velocities are all blue-shifted-3.32, —2.92 and—1.70 km s~1). This suggests that the contributions
of the blue-shifted tail in the profile are significant. Besathe line profile for the inclination oF
seems to consist of two components, we calculate the [NeWk] profile from the head and the
boundary regions and the line profile from the other part efithl region separately. These two
line profiles are plotted in Figure 4. It can be seen that thisgon from the head region and the
boundary region leads to the red-shifted peak location eftttial line profile, and the gas from
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Table 2 Peaks, FWHMs and FWCVs of Lines at Different Angles in Model A

Line Inclination Peak FWHM FWCV Luminosity
(kms™ 1) (kms™ 1) (kms1) (ergs™1)
[Ne Il] 12.81 um 0° 3.1 20.8 —3.32 7.75 x 10%°
30° 25 19.0 -2.92
60° 0.9 13.0 —-1.70
H30a 0° —1.4 36.8 —3.28 1.07 x 1039
30° —1.4 35.6 —2.85
60° -1 33.2 —1.64
[Ne Ill] 15.55 um 0° 1.7 17.6 —3.40 1.03 x 1036
30° 1.7 16.6 —2.99
60° 0.9 13.0 —1.74

the other part of the HIl region mainly contributes to theeskhifted tail of the line profile. The
luminosity of the [Ne ll] line is7.75 x 1035 erg s~ which is independent of inclination.

For the [Ne IlI] line, the peak locations are slightly redfsd (1.7, 1.7 and 0.9 km s1), and the
flux weighted central velocities are all blue-shifted3(4, —2.99 and—1.74 km s~!). The reason
for this is the same as in the [Nell] line profile. The line lumosity of the [Nelll] line is1.03 x
1036 erg st. This value is larger than that of the [Nell] line. For the H30ne, both the peak
locations (1.4, —1.4 and—1.0 km s~!) and the flux weighted central velocities$.28, —2.85 and
—1.64 km s™1) are blue-shifted. This is due to the large thermal broatgaf lower mass hydrogen.
By increasing the broadening, the peak locations of alkliwél approach the flux weighted central
velocities. The blue-shift of the flux weighted central \@ties of the hydrogen line suggests the
blue-shifted gas motion dominates for the ionized gas irbtive shock model. It seems odd that the
ionized gas moves mainly in a direction opposite to the timaof the star and the shock structure.
The reason is also the accelerations toward the tail dueetptbssure density in the HIl region.
The luminosity of the H38 line is 1.07 x 103° erg s'! in model A. This is much lower than the
luminosities of the [Ne ll] line and the [Ne ] line.

3.2 Model B

In model B, the evolution of a champagne flow including a atelind is simulated. The density
distribution follows an exponential law agz) = ngexp(z/H), wherez is the axial coordinate
along the symmetrical axis which is directed towards thearesf the molecular cloud. The density
at the position of the motionless massive star{ 0) is initially no = 8000 cm—2 and the scale
height isH = 0.05 pc. The parameters of the massive star and the stellar windharsame as in
model A. In model B, the simulation of the time evolution isased atl60 000 yr when the line
profiles are roughly stable. The H Il region and the neutigiore should reach approximate pressure
equilibrium, and the champagne flow has completely cledredow-density material from the grid
at that time.

The density distribution in model B at the end of the simuolatis presented in Figure 5. As in
model A, there is also a stellar bubble surrounded by theqgitwized region and a dense neutral
shell which separates the H I region from the dense cloué. Site of the H I region in model B
is bigger than in model A, but the total numberldf ions is only 0.74 of the number in model A.
Hence, the average density of electrons in model B is lowan ih model A. The low electron
density decreases the recombination rat&ef* so that the number dfe* ions is only 0.38 of
the number oNe?* ions in model B. In the tail, for the same reason, the reldtiaetion of Net is
generally lower than 0.3 in model B but it is always highentBz6 there in model A. The difference
in the numbers between thé+ andNe?* ions is easily found in the right panel of Figure 5 where
the density distributions dfe™ andNe?* ions are presented. The velocity field of photoionized gas
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Fig.5 Gas density at logarithmic scales at the agé@if 000 yr in model B. The top half in the

left panel shows the density of all materials. The bottonf imathe left panel shows the density of
H ions. The top half in the right panel shows the densiti)Wef™ ions. The bottom half in the right
panel is forNe?* ions. The density is in the unit @in 3.

in model B is presented in the right panel of Figure 2. In therstary region, the axial components
of the velocities are low, and the ionized materials in theeofpart of the H Il region all have an
apparently blue-shifted velocity for the inclination@f.

The line profiles from the H I region are plotted in Figure B.rhodel B, the line profiles are
also asymmetrical as in model A. For the [Ne Il] line, we sepathe boundary region from the other
part of the H Il region because the axial velocity gradualigieges along the symmetrical axis from
~ 0kms~! atthe boundary te- —20 km s~ at the tail. The line profiles from these two regions are
plotted in the right panel of Figure 4. The [Ne II] line profiensists of two components: a narrow
component with a slightly blue-shifted peak location cimtired by the ionized gas in the boundary
region and a highly blue-shifted broad component with a pee#tion atv = —9.7 km s~* con-
tributed by gas from the other part. This suggests that giweithoundary region is not accelerated
too much. Meanwhile, the ionized gas in the other part has beeelerated to high velocities to-
ward the tail direction. When the inclination angle incessghe highly blue-shifted component is
strongly affected and the center of the component movesrtbth@ red but little change happens
to the other component. It is obvious that the profiles of thel]] line in model B are more biased
to the left side than those in model A. In addition, becausentiimber density is smaller than the
critical densities of [Ne ll] and [Ne ll1] lines in the H I regn, the collisional de-excitation is not
important for these lines. The fluxes of lines from a unit vouis f,1(i) « n2. So, the number of
[Nell] line photons emitted from the dense boundary reg®mnat negligible relative to the total
number, although the number®t ™ in the boundary region is just 0.08 of the total number. Fer th
H30a line and the [Ne Il1] line, the proportions dit andNe?* ions in the boundary region are
smaller. So, the proportions of the emission from the bogndgion in the total emission are both
less than that for the [Ne ] line.

In Table 3, the peak locations, the FWHMs and the FWCVs in mBdare provided. For the
[Ne ] line profiles, the peak locations-8.9, —6.3, —2.5 km s™!) and the FWCVs+{8.52, —7.38,
—4.28 km s71) are all blue-shifted. The values of the peak locations &edRWCVs in model B
become less blue-shifted with increasing inclination aagand they are all much more blue-shifted
than the corresponding values in model A. For the ddB&combination line, we find that both the
peak locations{9.4, —7.8, —4.2 km s~!) and the FWCVs £10.13, —8.77, —5.06 km s~1!) are
much more blue-shifted than those in model A because the paatrof the ionized gas in model B
is forced to flow away from the molecular cloud due to the dgrggiadient. For the [Ne lll] line, both
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Fig. 6 Profiles of the [Ne ll]12.81 um line, the H3@ line and the [Ne lll]15.55 um line from the
cometary H Il regions in model B for three inclination anglé$, 30° and60°).

of the FWCVs (-10.81, —9.37, —5.45 km s~ ') and the peak locations-0.3, —7.5, —3.7 km s 1)

of the profiles are easily distinguished from those in moderlis suggests that the ionized gas in
the inner part of the H Il region has a high velocity (-10 km s~—*) towards the tail. Also in Table 3,
the [Ne Ill] line profiles have the most blue-shifted peakdtions and FWCVs in the three lines. We

find that the three line luminosities are lower in model B tiramodel A. This is due to the lower
density in model B.

3.3 Comparison between Champagne Flow and Bow Shock Models

We have calculated model A as a bow shock model and model B hamapagne flow model and
obtained the line profiles, peak locations and FWCVs of thel[N12.81 um line, the H3@ line
and the [Nelll]15.55 um line. It is worth pointing out that line profiles and peakdtions can be
influenced by broadening. For example, if we change the lemiad to bes km s~ 1, the peak loca-
tion of the [Ne I1] line profile for the inclination 06° in model A will be changed to be.1 km s—!
from 3.1 km s—'. However, the FWCVs are independent of the broadening.

For the H3Q line, both of the peak locations and the FWCVs in model A aremigess
blue-shifted than in model B for every inclination. The FWEW model A are all higher than
—3.3 km s~ 1, but those in model B are all lower tharb km s—*. For the [Ne llI] line, the differ-
ence is more apparent. The peak locations in model A arehiéiegd while those in model B are
blue-shifted for every inclination. The FWCVs of the [Ndlline in model A are all higher than
—3.5km s~ !, butin model B they are all lower than5.4 km s~*. Particularly for the inclination of
zero, the difference between the FWCVs in these two mod#igikrgest and equal 41 km s~ .
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Table 3 Peaks, FWHMs and FWCVs of Lines at Different Angles in Mod&land C
Model B H = 0.05 pc

Line Inclination Peak FWHM FWCV Luminosity
(kms™1') (kms™ 1) (kms™1) (ergs™ 1)
[Ne 1] 12.81 um 0° -8.9 15.4 —8.52 3.43 x 1032
30° —-6.3 13.8 —7.38
60° —-25 10.8 —4.28
H30 0° -9.4 36.0 —-10.13 | 6.08 x 10%?
30° -7.8 35.6 —8.77
60° —4.2 35.6 —5.06
[Ne 1] 15.55 pm 0° -9.3 11.4 —10.81 | 6.60 x 103°
30° -75 11.8 —9.37
60° -3.7 12.0 —5.45
Model CH = 0.15 pc
Line Inclination Peak FWHM FWCV Luminosity
(kms™1)  (kms™1) (kms™ 1) (ergs™1)
[Ne ] 12.81 pm 0° —6.3 15.6 —6.60 3.68 x 103°
30° —-4.7 13.6 —5.70
60° -21 9.8 -3.29
H30 0° —7.4 36.4 —8.32 | 4.90 x 10%?
30° —6.2 36.0 -7.21
60° -3.8 34.4 —4.16
[Ne 1] 15.55 um 0° -6.7 12.2 —9.48 4.70 x 10%°
30° -59 11.2 —8.24
60° -29 10.2 —4.77

For the [Nell] line, it is also the case that the emission isegally more blue-shifted in model B
than in model A. The FWCVs and the line profiles between theserodels are also very different.

Using these properties, it is possible to distinguish a gregne flow from a bow shock by using
the [Ne Il] line. The difference between the champagne flod/ faow shock is more obvious in the
H30« line and the [Ne IlI] line. In order to check whether thesedarions are applicable in more
general cases of champagne flows and bow shocks, we compatenxddels and test the effects of
the density gradient, the velocity of the moving star andrttass of the star on the line profiles of
the three lines.

3.3.1 Density gradient in the champagne flow

A champagne flow model with a shallow density gradiefft £ 0.15 pc) is computed in model
C. The other parameters are kept the same as in model B. We temsvolution in model C at
160 000 yr like in model B. The line profiles are also roughly stableg @he pressure equilibrium
has been formed.

The line profiles and properties of the H Il regions for modietand C are shown in Figure 7 and
Table 3. In model C, the Hl regions can also be divided intoarulary region and the other region
as in model B. The velocities in the boundary region are oligyy blue-shifted and close to zero,
and the gas in the other part of the H Il region has an obviculsly-shifted velocity. Because of the
shallow density gradient, the peak location of the [Ne HEliprofile from the other part of the H 1l
region is at—7.2 km s~—!. This suggests that acceleration of the ionized gas is emalmodel C
than in model B. In addition, the line profiles for model C areikar to those for model B.

In Table 3, we find that the peak locations and the FWCVs oftiheetlines are all blue-shifted.
The values of the FWCVs and the peak locations in model C ayhkthsl less blue-shifted than the
corresponding values in model B. As in model B, the FWCVs &edieak locations of the [Ne 1]
line have the most blue-shifted values in the line profilethefthree lines.
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Fig. 7 The profiles of the [Ne l1]12.81 um line, the H3@ line and the [Ne Ill]15.55 um line from
the H Il regions for three inclination angles in model B anddeldC.

Our calculations suggest that the line profiles become mhre-¢hifted with an increasing
density gradient for the champagne flow models.

3.3.2 Stellar motion in the bow shock

The difference between models A, D and E is the stellar vglagith respect to the ambient molec-
ular clouds ¢, = 10, 15 and 5 km s'!). The line profiles are plotted in Figure 8. The peak location
and the FWHMSs are shown in Table 4. We find that the line profilesmore biased towards the
red-shifted side with increasing stellar velocity. Thelpkeations and the FWCVs of the three line
profiles in model D are all red-shifted. By contrast, theskiesin model E are all blue-shifted.
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Table 4 Peaks, FWHMs and FWCVs of Lines in Models D and E
Model Dv, = 15 kms—!

Line Inclination Peak FWHM FWCV Luminosity
(kms™1)  (kms™1) (kms™ 1) (ergs—1)
[Ne Il] 12.81 um 0° 4.1 25.2 0.73 7.79 x 103°
30° 3.5 19.2 0.63
60° 2.7 13.6 0.36
H30 0° 5.8 36.4 1.14 1.18 x 1039
30° 3.8 35.6 0.98
60° 1.0 34.4 0.57
[Ne lll] 15.55 pm 0° 3.9 18.8 1.26 1.14 x 1036
30° 35 16.4 1.08
60° 2.7 13.4 0.62
Model Ev, = 5km st
Line Inclination Peak FWHM FWCV Luminosity
(kms™1) (kms™') (kms™1) (ergs™1)
[Nell] 12.81 pm 0° -1.9 13.2 —5.49 | 8.24x 1035
30° -19 12.6 —4.80
60° -1.3 10.6 —2.80
H30 0° -3.8 36.4 —5.09 | 9.54 x 10%°
30° -34 36.0 —4.41
60° —2.2 34.4 —2.55
[Ne ] 15.55 pm 0° -2.3 11.4 —4.78 8.09 x 103°
30° -1.9 11.2 —4.17
60° -1.3 10.4 —2.43

This is because the proportion of ionized gas with a redesthi¥elocity is the highest in model D
and is the lowest in model E. As in model A, the red-shiftederiats are mainly in the boundary
region and the head region. In model D, the [Ne ] line prddil&o consists of components from the
red-shifted region and from the blue-shifted region. Hoevethis is not obvious in the profiles of
the [Ne Ill] and the H3@ line due to the different relative fraction dfe?t andH™ and the large
broadening ofi ™. In model E, because the proportion and the velocities oktefied ionized gas
are both low, the contribution to the red-shifted part of fNe I1] line profile is small as well. In
our results of the simulations, the size of the H Il regionrdases with increasing stellar velocity. A
shorter distance due to the smaller size causes the flux @friie@ng photons to be stronger so that
the ionization rate fronNet to Ne?* rises. However, the density of electrons could be higher and
increase the recombination ratedé?* ions. A comparison of the line luminosities of the [Nell]
line and the [Ne lll] line shows that higher stellar velocitguses a lower ratio for the [Nell] line
luminosity to the [Ne ] line luminosity. This suggestsatithe increase of the ionization rate from
Ne™t to Ne?* is more than that of the recombination rate.

In bow shock models, the ionized gas compresses the nenttaiad materials ahead of the
moving star into a dense shell. Also, the density of the iedigas in the H Il region is much lower
than the density of the shell. When the evolution reachesiegtaady state, the ionization front and
the shock front are motionless relative to the star. Aloregatched shell from the apex to the tail,
the axial velocity of the neutral gas decreases from thastetlocity to zero. In the ionized region,
the gases just peeled from the shell by the ionization arselen10 000 cm ) and have a velocity
slightly less than the velocity of nearby neutral gasesésthell. With the expansion and movement
to the tail of the H I region, the densities of the ionized gmgradually decrease to lower values
(~ 50 cm™3). This leads to a pressure gradient from the head to thedaii a champagne flow
model. Although the ionized gases ahead of the star areaaated by the stellar wind, the advection
in the head region pushes these gases to the sides wheres#sangrgradient is dominant. So if the
stellar velocity is higher, it needs more time for the pressaradient to accelerate the ionized gas
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from shell toward the blue-shifted direction, so that thegartion of the red-shifted ionized gas in
the H 1l region will be higher. In model E, the effect of the gsare gradient is dominant in the HII
region due to the low stellar velocity. Hence, the line pesfilor model E in Figure 8 are more biased
to the left side than those in model A and model D. The peakimeaand the FWCVs in model E
are not easily distinguished from those in model C.

3.3.3 The mass of the star

We assume a less massive stéf.(= 21.9 M) in models F and G. This leads to a low effective
temperature35 000 K, a weak stellar wind and a weak radiation (see Table 1). Thergparameters
in model F and model G are kept the same as in model B and modespectively.
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In model F, because of the weaker stellar wind and ionizidgateon, the size of the H 1l region
is also smaller than in model B. The lower effective tempeaeatauses the relative fractionlsé™
ions to be higher. For example, in the tail(Ne™) is generally higher thad.6 in model F but lower
than0.3 in model B.

The H Il region can also be divided into the boundary regiahtae other region. For the [Ne ]
line, the proportion of photons emitted from the boundagioe is lower than in model B. This is
due to the higher relative fraction ®fe™ in the inner part of the H Il region and causes the lower
normalized flux at the velocities close @an the [Ne Il] line profile. The other two line profiles in
model F are similar to those in model B.

In Table 5, the properties of the line profiles are shown. TWECW's in model F are more blue-
shifted than the corresponding values in model B. This iateel to the higher relative fraction of
Net in the inner part and the lower fluxes emitted from the bouydagion where the velocities are
close to zero. In addition, the low effective temperature #ne ionization radiation of the star lead
to similar distributions ofNet andNe?* ions in the H I region so that the FWCVs of the [Nelll]
line, the H3@ line and the [Ne IlI] line are closer to each other in model &tm model B. Because
of the high relative fraction aNe™, the line luminosity of the [Ne ] line is higher than that thfe
[Ne 1] line in model F.

The weaker EUV flux and the weaker ram-pressure of the stgitadl in model G result in a
smaller HI1l region and in a smaller mass ratio between thel lnegion and the entire H I region
than in model A (.11/0.15 in model G/A). The proportion of the red-shifted ionized gaslso
lower than in model A{.13/0.18 in model G/A). The lower effective temperature leads to dhig
relative fraction ofNe™ ions in the H I region as in model F.

The peak locations, line luminosities and the flux weightedtial velocities in model G are
also presented in Table 5. The values of FWCYV of the three lare close to each other for every
inclination as in model F. However, it is only a coincidenkattthe FWCVs of the [Nell] line are

Table 5 Details of the Line Profiles in Model F and Model G
Model F M, = 21.9Ms H = 0.05 pc

Line Inclination Peak FWHM FWCV | Luminosity
(kms™1) (kms™1) (kms™1)| (ergs™1)

[Ne lI] 12.81 um 0° -9.3 17.0 —10.48 [6.07 x 103*
30° —-7.7 15.2 —9.10
60° —-2.5 11.6 —5.27

H30c 0° —10.2 37.2 —11.01 [5.59 x 1028
30° —8.6 36.4 —9.54
60° -5.0 35.2 —5.51

[Ne ] 15.55 pm 0° -85 12.6 —11.33 [3.36 x 1034
30° —7.1 12.4 —9.86
60° -3.1 11.2 —5.73

Model G M, = 21.9Mg v = 10 km s~ !

Line Inclination Peak FWHM FWCV | Luminosity

(kms™ 1) (kms™1) (kms™1)| (ergs—1)

[Ne 1] 12.81 um 0° 4.3 21.0 —3.82 [2.92 x 10%°
30° 2.3 18.4 —-3.34
60° 0.5 12.8 —-1.93

H30a 0° -14 38.8 —3.59 [2.25 x 10%°
30° —-14 37.6 -3.11
60° -1.0 35.2 —1.80

[Ne lll] 15.55 pm 0° 0.1 18.4 —3.82 [9.46 x 1034
30° 0.7 16.8 —3.34

60° 0.3 13.6 —1.94
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approximately equal to those of the [Nelll] line. The FWCWismodel G are all more blue-shifted
than the corresponding values in model A. This is attribtete lower proportion of the red-shifted
ionized gas mentioned above. It is also obvious that thelliménosity of the [Ne I1] line presented

is much stronger than that of the [Ne IlI] line in model G duélte low effective temperature.

3.4 Line Profiles Computed by Using a Slit

We have calculated four bow shock models, but only the FWGQ\ksthe peak locations in model D
with a high stellar velocity are all red-shifted. Most of tR&/CVs and some of the peak locations are
blue-shifted because the velocities in the low-densitylarge-volume inner part of the H Il region
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Table 6 The peak locations and the flux weighted central velocitfése[Ne I1] 12.81 pm line and
the H3Qv line from the slit along the symmetrical axis of the projec®® image.

Peak (km s~ 1) [Nell] 12.81 um H30a

Inclination 0° 30° 60° 0° 30° 60°
Model A 8.6 7.0 3.1 7.8 6.6 3.8
Model B -0.1 -0.2 -0.5 —2.6 —-2.2 —-1.4
Model C 1.4 0.3 0.3 —-1.4 —-1.4 —-0.6
Model D 12.6 12.0 7.0 8.6 7.4 4.2
Model E 4.8 4.1 2.0 2.6 2.2 1.0
Model F -0.9 -1.2 -1.1 -3.0 —-2.6 —-1.4
Model G 8.5 7.4 4.2 7.4 6.2 3.4
FWCV (km s~ 1) [Ne 11] 12.81 um H30a

Inclination 0° 30° 60° 0° 30° 60°
Model A 4.18 3.50 2.07 4,92 4.26 2.46
Model B -3.82 —-3.24 -1.77 —4.95 —4.29 —2.47
Model C —2.42 —2.09 —-1.24 —4.29 —-3.72 -2.15
Model D 7.27 6.46 3.86 6.14 5.32 3.07
Model E -0.12 —0.30 -0.57 —1.00 —0.86 —0.50
Model F —5.38 —4.60 —2.60 —-5.70 —4.94 —2.85
Model G 6.08 5.18 2.89 5.16 4.47 2.58

are always blue-shifted. As is mentioned in Section 3.8B2janized gas just ionized from the apex
of the arched shell has a similar velocity to the stellar e#jyoand is dense. So if we compute the
line profiles from a slit along the symmetrical axis of thejpoted 2D image rather than from the
whole H Il region, the influence of the dense gases in the hetibdH |1 region will be highlighted
while the emission from the low-density region will be weakd. The method is applied for all the
models, and the profiles of the [Nell] line are presented guFeé 10. The peak locations of the
profiles of the [Ne Il] line and the H30line are shown in Table 6.

For the [Nell] line, the profiles are all single-peaked. Imbshock models (models A, D, E
and G), the peak locations are slightly less thas(6)v... The champagne flow models (models B,
C and F) are different in that the peak locations of the [Ndihg profiles are close to zero. The
locations of the red-shifted peaks in model C suggest tieaptbpagation velocity of the ionization
front in model C is a little faster than in other champagne floadels at the age af60 000 yr.
For the H3@ line, because of the large thermal broadening, the relatidhe peak locations to
the stellar velocities in bow shock models is less explidgwever, the champagne flow models are
easily distinguished from the bow shock models due to thations of the red-shifted peaks in bow
shock models and the blue-shifted values in champagne flodelso

When comparing the FWCVs presented in Table 6, we find thaf¥MEVs in champagne flow
models are all blue-shifted. In bow shock models, the FWC¥sabviously red-shifted when the
stellar velocity is high. However, the FWCVs in model E aigtdly blue-shifted due to the low
stellar velocity ¢, = 5 km s~1!). This suggests that the FWCVs in a bow shock model with a
stellar velocity lower thars km s—! are not easily distinguished from the corresponding vailnes
champagne flow models.

3.5 The Flux Weighted Central Velocities

As is mentioned in Section 3.2, the number density. isc n. < n.,. Also in our calculation,
the temperature is always close to the equilibrium tempegan the photoionized region. So if we
assumel’ =~ 10000 K in the photoionized region, the flux of the [Ne II] and the [M¢lines from
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a unit volume is approximately as follows:

kakAuthuh for H30a, k= 30, 1= O,
Jui(i) = < Abne X (Net)(n2/(2ner)) Awthvar for [Nell], i =1, 4)
Abne X (Ne? ) (5n2/(3ner1)) Auhval for [Nelll], i = 2.

Since the neon atoms are almost all ionized in the H Il regi@ncan get the relation that(Ne™) +

X (Ne?*) = 1. Other parameters in Equation (4) are constant due to thetaartemperature in the
photoionized region. Hence, the fluxes from a unit volumehefthree lines are all proportional to
nZ. Then we can obtain the following relation

L(1) _ L(2) _ L(1) L(2) _
— (1) + ———L (2 = S

(1.302 X 10‘211}( )+ 1.162 x 10—210( >)/(1.302 x 1021 + 1.162 x 10—21) 0(0), (5)
whereL(1) and L(2) are the line luminosities of the [NeIl] line and the [Ne lllhé, respectively.
©(0), v(1) andv(2) are the FWCVs of the profiles of the Ha0ine, the [Ne II] line and the [Ne 1]
line, respectively. If the abundance of neon has been ddaine can approximately compute the
line luminosity and the FWCVs of the [Ne III] line from thosétbe other two lines:

L(2) = (L(O) - 5 XL%)IOAbNC) % 1.608 x 10" Abye, (6)
o L(1) Le) L(1) 71162 x 102
o(2) = [”(0)(1.302 102 W+ T 10z )) “ 1302 x 10z )} L2)

(7)
where L(0) is the line luminosity of the H3® line. The [Ne Il] line is not detectable from the
ground, but the [Ne Il] line and the H3dine can be observed with ground based telescopes. These
equations could be useful since the difference in the [Néihié between the bow shock models and
the champagne flow models is the most obvious among the times For observing the [Ne lll]
line, a typical resolutionX/AX = 30000) is needed to resolve the difference in the [Nelll] line
profiles. The line also needs to be observed by using spaasctgles since it cannot be observed
from the ground. In our models, the average deviation of pr@imate values computed with
Equations (6) and (7) from the accurate values is 6%.

4 CONCLUSIONS

When considering the gas kinematics of models that descoilmpact H Il regions, people generally
predict that the line emission from the ionized region maydskshifted along the line of sight for
a bow shock and blue-shifted for a champagne flow when lookitaythe regions from the tail.
Our simulation demonstrates that this prediction is gdhyetnae, but it is violated in the case of
a low/medium stellar speed bow shock. When the stellar itglag lower than5 km s—!, it is
difficult to distinguish the bow shock from a champagne flow. d@ntrast, a bow shock is very
easily distinguished from champagne flows if the stellaow#y is higher thani0 km s—1.

In this paper, we have simulated the evolution of the corgetdt region by bow shock models
and champagne flow models, and have displayed the denditipdisn and velocity fields in bow
shock models and champagne flow models. We have studied th#][\2.81 um line, the H3Qy
line and the [Ne Ill]15.55 um line profiles from these models. We make comparisons of tie li
profiles in bow shock models and champagne flow models. Weliid t

(1) After the champagne models reach a quasi-steady dtaténe profiles are all biased towards
the blue-shifted side and have obvious blue-shifted pea#tions and flux weighted central
velocities. The peak locations and the flux weighted cernticities of the [Ne I1] line profiles
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are the least blue-shifted in the three lines, while thosh@{Ne IIl] line profiles are the most
blue-shifted in champagne flow models. In our champagne flodets, when the inclination
angle is no more tha#0°, the flux weighted central velocities are lower thas.0 km s~ for
the [Ne 1] line, lower than-4.0 km s~ for the H3Qx line and lower than-4.5 km s~! for the
[Nelll] line.

(2) For bow shock models, we find that the line profiles becoraeerhiased towards the red-shifted
side with increasing stellar velocity. Except for model Oitwa star ofv, = 5 km s—!, in the
bow shock models computed in this paper, the flux weightettalevelocities are higher than
—3.82 km s~ ! for the [Ne II] line and the [Ne Il] line, and are higher thar$.6 km s~ for the
H30« line.

(3) The peak locations of the [Ne Il] line profiles from theslalong the symmetrical axis of the
projected 2D image are slightly less thess(6)v. in bow shock models and no more than
1.5 km s~ ! in champagne flow models. The peak locations of theddde profiles from the
slits are less red-shifted or more blue-shifted than thégeeo[Ne I1] line.

In this paper, we have shown the profiles of the [Ne Il] linéa81 um, the H30x recombination
line and the [Nelll] line atl5.55 um. These results are useful in recognizing the causes of the
cometary H I region.
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