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ABSTRACT

We consider a conical jet from a massive, young star, which also powers a compact H i1 region.
The high density at the base of the jet traps the stellar, ionizing radiation, so that the jet beam
is neutral (at larger distances). This neutral beam then becomes progressively photoionized
by the diffuse, ionizing radiation field emitted by the surrounding Hu region. We derive a
simple, analytic model for this flow, and use it to calculate the contrast between the free—free
emission of the jet and the background H 1 region. We find that for appropriate parameters,
the jet is brighter by ~20 per cent, which should be relatively straightforward to detect in
interferometric maps of regions around massive, young stars.

Key words: stars: formation — ISM: evolution — H 11 regions— ISM: kinematics and dynamics.

1 INTRODUCTION

A considerable amount of observational (see e.g. Reipurth
et al. 1998; Bally & Reipurth 2003; Andrews et al. 2004; Smith,
Bally & Walborn 2010; O’Dell et al. 2015) and theoretical (Raga
et al. 2000; Masciadri & Raga 2001) work has been done on ex-
ternally photoionized Herbig—Haro (HH) jets. These are typically
outflows from low-mass stars, which are immersed in H 1 regions
powered by massive stars (which are not the sources of the outflows).

A few known protostellar bipolar outflow systems appear to
be ejected by massive young stars (see e.g. Poetzel, Mundt
& Ray 1992; Alvarez & Hoare 2005). The best example of
such a system is the HH 80/81 outflow (see e.g. the discov-
ery paper of Reipurth & Graham 1988, and the recent paper of
Masqué et al. 2015), which is ejected from a 1.7 x 10* L source
(Aspin & Geballe 1992). This source might reach the main sequence
as a B star (Heathcote, Reipurth & Raga 1998).

Guzman et al. (2012) made a multifrequency radio continuum
systematic search of jets from high-mass stars with ATCA. From
their detection rate, they estimated that the jet phase lasts 4 x 10* yr.
Purser et al. (2016) have recently carried out a radio survey of
~50 massive young stellar objects (YSOs), in which they iden-
tified 26 sources with jets and 14 with compact H1 regions (see
e.g. the review of Churchwell 2002). Also, Moscadelli et al. (2016)
have started a survey of outflows from massive stars combining
22-GHz maser and radio continuum observations with high angular
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resolution. They find that 5 out of 11 sources clearly show a col-
limated outflow with very high momentum rates in the range of
1073-10° M@ yr~' kms™".

Furthermore, there is currently an intensive search for discs
around massive stars (e.g. Cesaroni et al. 2017; for a recent review
see Beltran & de Wit 2016). The existence of these discs would indi-
cate that massive stars form by disc accretion as a scaled-up version
of low-mass stars. In this process, jets are a necessary ingredient to
get rid of angular momentum and allow disc accretion. Thus, the
detection of jets inside hypercompact (HC) and ultrahypercompact
(UC) Hu regions would also indicate that the accretion phase is
active in this very early stage of young massive stars. In general,
candidates to find these embedded jets are bipolar HCH nand UCH 1
like the prototype sources NGC 7538 IRS1 and MWC 349 A, which
have been modelled as photoevaporated discs (e.g. Lugo, Lizano &
Garay 2004). Other candidates are the HCH n regions G24.78+0.98
Al (e.g. Beltran et al. 2007), G11.92—061 MM1 (Ilee et al. 2016)
and G023.01—00.41 (e.g. Sanna et al. 2016), which have associated
bipolar outflows close to the plane of the sky, and the HCH i1 region
G35.20—0.74N associated with an expanding precessing radio jet
(Beltran et al. 2016).

In this paper, we consider the situation in which a massive, young
star (still embedded in the parental molecular cloud) that is powering
a compact H1 region is also ejecting a bipolar jet system. It is, of
course, not completely clear if this situation actually occurs, and
our paper is an attempt to predict the observational properties of
such jets. These predictions will be useful for interpreting radio
observations of massive YSOs.

This paper is organized as follows. In Section 2, we describe
how a jet will trap a photoionization front close to the surface of
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the star, and will be neutral at larger distances. In Section 3, we
derive a simple model for the Hu region powered by the outflow
source, and use it to compute the flux of diffuse, ionizing photons
produced by the nebula. In Section 4, we derive a simple model
for a conical, constant velocity jet that gets progressively ionized
by the diffuse flux of the nebula that impinges on the walls of the
cone. In Section 5, we choose possible physical parameters for the
Hu region/jet system, and estimate the values of the dimensionless
parameters and characteristic distances that appear in our model. In
Section 6, we compute a model for the chosen parameters, and make
a prediction of the jet/surrounding Hu region free—free intensity
contrast. Finally, the implications of our results are discussed in
Section 7.

2 THE EFFECT IN THE JET OF THE DIRECT,
PHOTOIONIZING RADIATION
FROM THE STAR

A massive young star is expected to have a very high mass-loss
rate of ~10~* M@ yr~! and a velocity of ~1000 kms~". If this jet
is confined to a cone with an opening angle of a few degrees, the
density at distances comparable to the stellar radius will be very
high.

For example, for the above mass-loss rate and jet velocity, and
for a stellar radius R, = 10R¢ (as appropriate for an O7 main-
sequence star) and a half-opening angle o = 5° (for the jet cone),
assuming a constant velocity jet one obtains a number density n &
5 x 102 cm~3 close to the star. Because of this high density, the
jet cone will trap an ionization front (IF) at distances comparable
to the stellar radius, and will be neutral at larger distances from the
star.

A realistic model of this region would require a description of
the flow close to the stellar surface (including the jet acceleration
region, which probably has strong departures from a radial flow).
However, it is unavoidable that this region will have densities of the
order of magnitude estimated above, and that the ionizing radiation
from the star will be trapped by the jet at distances comparable to
the stellar radius.

Therefore, at larger distances from the source, the jet from a
massive, young star will be neutral. This neutral beam will then
be bathed by the diffuse, ionizing radiation of the compact Hu
region that surrounds the star (which is produced as a result of the
action of the stellar ionizing radiation on the surrounding interstellar
medium). This radiation is described in the following section.

3 THE DIFFUSE, IONIZING RADIATION

As concluded in Section 2, a conical jet ejected from a young, mas-
sive star traps the stellar ionizing radiation, and at a distance ~ R,,
it becomes neutral. The outer walls of the neutral cone will then
be photoionized by the diffuse ionizing radiation emitted by the
associated, compact H 11 region.

For the case of a conical shape with a small opening angle,
the radiation flux coming through the outer surface of the cone is
approximately equal to the radiation flux through a surface parallel
to the axial direction (which points away from the central source).
This flux can be estimated as follows.

We first construct a simple model for a homogeneous, dust-free
ionization-bounded nebula. To this effect, we consider a homoge-
neous gas sphere with almost fully ionized H, extending out to the
Stromgren radius Rs, as shown in the schematic diagram of Fig. 1.

Photoionized jet from a massive star 4911

Figure 1. Schematic diagram of a Stromgren sphere of radius Rs. We
consider a point (xp, 0, 0) along the x-axis. We then solve the radiative
transfer equation (for ionizing radiation) along lines of sight that go through
this point. The angles 6 and ¢ specify the direction and / is the distance
along the line of sight.

The flux of ‘direct’ (i.e. emitted by the central star) ionizing photons
at a distance R can be obtained from the relation

47t
S* = 47TR2F + ?R3n2HaH, (l)

where S, is the stellar ionizing photon rate, ny is the (homogeneous)
H number density, ay is the case B recombination coefficient (eval-
uated at a temperature ~10*K) and F is the number of ionizing
photons per unit time and area going through a sphere of radius
R. The second term on the right-hand side of equation (1) is the
total number of recombinations per unit time inside the region of
radius R. From this equation, we can obtain the flux as a function
of radius:

R\*| /Rs\? S,
e e N e )
R R 47'[RS
where

3S 173
Ry = —— 3
s (47rn2HaH) 3)

is the Stromgren radius of a homogeneous nebula. We note that
equation (2) is the ‘inner solution’ of Stromgren (1939), which can
be obtained combining the radiative transfer equation (for ionizing
photons) and the photoionization equilibrium condition (also see
Raga 2015).

Also, the standard solution to the radiative transfer from a point-
like stellar source (see e.g. the book of Osterbrock 1989) is

S
F =
47tR?

where 7y is the radial optical depth given by

F =

e, “)

R
R = nHaH/ (1 - X) dR/, (5)
0
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where 1 — X (assumed to be <1 within the ionized nebula) is the
fraction of neutral H and oy is the photoionization cross-section
of H. X = ny,/ny is the ionization fraction. For photoionization
by a stellar continuum (which falls rapidly for frequencies above
the Lyman limit), we have o ~ 6.3 x 107!8 cm?, the value of the
photoionization cross-section of H at the Lyman limit.

Comparing equations (2) and (4), we obtain

R 3
o ()

and taking the logarithmic derivative of this equation, we obtain

dtg 1 3(R/Rs)
dR = Rs 1 —(R/Rs)
where the second equality is obtained by taking the radial derivative
of equation (5).

‘We now compute the flux of diffuse, ionizing photons (produced
by recombinations to the n = 1 level of H) passing through a surface
parallel to the radial direction. This is done as follows.

The number of Lyman continuum photons emitted per unit vol-
ume and solid angle by the gas is

= (1 — X)nyou, @)

n%al

47
where ny is the (uniform) H number density and «; is the recombi-
nation coefficient to the ground state of H (calculated at the uniform
nebular temperature of ~10* K).

‘We now calculate the intensity arriving at a point (xo, 0, 0) (given
in terms of the components of the Cartesian coordinate system
shown in Fig. 1) as

Ja= , ®

ls
1(x0, 0, ¢) =/ Jae™" dl, ©
0

where 0 and ¢ are the usual direction angles (defined in Fig. 1)
and / is the distance measured along the (0, ¢)-direction. In equa-
tion (9), [s is the distance along the (6, ¢)-direction from the (xo, 0,
0) point to the outer edge of the nebula. This distance is given by

Is(x0, 0, ¢) _ <X0

Rs R—S) cos ¢ sin @

2
+ \/(XO) (cos? psin?6 — 1) + 1. (10
Rs

The optical depth 7 along the /-direction is

1
r:/ I p— (1
0

where the integrand is given by the second and third terms of equa-
tion (7), computed at a radius

R= \/xé + 2x0l cos ¢ sin @ + I2. (12)

We can now calculate the diffuse flux through a surface parallel to
the radial direction as

T 7T/2
Fi(R) = 2/ / I(R, 0, $) cosOsing do de. (13)
0 0

This double integral can be straightforwardly evaluated numerically
to obtain the diffuse flux as a function of radius, the result of which
is shown in Fig. 2. We note that the resulting radial dependence can
be fitted by an analytic function of the form

Fy(R/Rs)

5 = 0.187 fy(R/Rs), 14
ngo Rs
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Figure 2. Flux Fy of the diffuse, ionizing radiation through a surface paral-
lel to the radial direction, given as a function of distance R from the source.
The solid curve is the numerical solution of equation (13), and the dashed
curve is the analytic fit given by equations (14)—(15).

with
fa(R/Rs) =1—(R/Rs)"* . (15)

This analytic fit is also shown in Fig. 2.

This calculation is done with a simple H 11 region model in which
we have assumed that the neutral fraction satisfies the condition
1 — x < 1. This is the condition under which Stromgren (1939)
derived his ‘inner solution’, and is not valid in the region close to
the Stromgren radius Rg, where we have the transition from ionized
to neutral gas at the outer edge of the ionization-bounded nebula.
This region, however, is very thin for the case of a stellar ionizing
source, and not having a correct description of this region does not
have an appreciable effect on the calculation of the diffuse ionizing
flux.

We should note that Williams & Henney (2009) have computed
similar H i region models in order to evaluate the importance of the
diffuse, ionizing photon flux. However, they show only results for
the diffuse flux through surfaces perpendicular to the radial direction
(they actually have a qualitative discussion of the fluxes through
surfaces parallel to the radial direction, but do not show graphs of
these fluxes). These authors also studied other configurations, with
radially dependent nebular densities and with different values of
oy for the direct radiation from the source (appropriate for sources
with ‘hard’ extreme-ultraviolet photon distributions).

4 SIDEWAYS PHOTOIONIZATION BY THE
DIFFUSE FIELD

‘We now consider an initially neutral, conical jet flow from a massive
star, with a small half-opening angle «, constant velocity v; and
mass-loss rate Mj. This conical jet travels within a surrounding H 1t
region (produced by the same stellar source), and the outer walls
of the cone therefore receive the diffuse, ionizing flux calculated in
Section 3.

Fig. 3 shows a schematic diagram of the flow. The cylindrically
symmetric jet (shown in an x, r cylindrical reference system) has
an outer radius r;. The IF driven into the jet beam has a locus r;(x).
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Figure 3. Schematic diagram of an initially neutral, conical jet from a
young, massive star that is being photoionized by the diffuse field of the
surrounding Hu region. In a cylindrical (x, r) coordinate system, the jet
cone (of half-opening angle «) is the solid, thick straight line rj(x). The jet
velocity vj points radially away from the origin (blue line). The diffuse,
ionizing flux Fy4 drives an IF into the jet, which has a locus ri(x). The angle
between the local direction of the flow and the x-axis is y . The angle between
the IF (red curve) and the x-axis is S.

The angles 8 (between the IF and the x-axis) and y (between the
jet velocity and the x-axis) obey the relations

np=Ti~p a (16)
anfB = — ~ B, any = — Xy,
dx 14 X 14

where the second equalities are valid for the small-angle regime.
The flux of neutral jet material that comes through the IF is

. ~ ri dr, i
Fx = njvjsin(y — B) = njv; (; — a) , (17)
where the second equality is obtained using equation (16) and the
small-angle approximation.
The number of recombinations in the outer, photoionized layer
of the jet per unit area and time is

Nrec = (r| - ri)nijlH, (]8)

where n; is the (position-dependent) jet density and ay is the case
B recombination coefficient of H (in our simple analytic model,
we assume that H and He have the same photoionization and re-
combination rates, so that we do not treat them independently). As
the photoionized outer layer of the jet will have a temperature of
~10*K, we can assume that ay; does not depend on position.

For a constant-velocity, conical jet, the density as a function of
spherical radius is given by

m; 1 (19)
n=-— ——,
! R x?v
with
m;: = I s
YT o2n(1l —cosaym matm

where m = 1.3my for a gas with 90 per cent H and 10 per cent He
(by number). The second equalities in equations (19)—(20) corre-
spond to the small-angle limit.

Using the small-angle versions of equations (17)—(20), the bal-
ance equation

Fd:FN+Nrec (21)

(where Fy is the sideways flux of diffuse, ionizing photons) is a dif-
ferential equation involving the dr; /dx derivative (see equation 17).

4913

Photoionized jet from a massive star

After some simple algebra, one obtains the dimensionless differen-
tial equation

dg  §-1

=9 + K&, (22)
where
rj ri %_
q = =os —1,
L
n = r/Lj,
§ =x/Lj,
l’i’l'O{H
Lo=—1—,
] vjz
Fyrnjor?
K== (23)
v

i
where the diffuse flux Fy is given by equations (14)—(15) for the
case of a homogeneous surrounding H 11 region.

As can be seen from Fig. 2, if the region in which the conical
jet is being photoionized (by the diffuse radiation field) extends
to distances <0.3Rs (where Ry is the Stromgren region of the Hu
region, see equation 3), x is approximately constant (as a function
of distance x or £ = x/L; from the source), and equation (22) then
has the solution

1
q(€) = % EE—D+e'f E (g)] , (24)

where E; is the exponential integral. The locus r;(§) of the IF can
then be calculated using equation (23).

Using equations (23) and (24), we then obtain the dimensionless
radius n = r;/L; of the IF as a function of dimensionless distance

&:

1
n=s{a—§ {s(s—me“ﬂs. (g)” 25)

In Fig. 4, we show this solution for k = 0.1, ..., 10* (in a factor
of 10 steps), and an & = 0.1 (radians) half-opening angle for the
jet cone. This figure shows the outer radius of the jet r;/L; (dotted
lines) and the radius of the IF n = r;/L; (solid lines) as a function of
dimensionless distance § = x/L; (see equation 23) from the source.

It is clear that for all « values the diffuse ionizing field succeeds
in photoionizing all of the conical jet beam at sufficiently large
distances from the outflow source. This full photoionization will, of
course, only be realized if the Stromgren radius of the surrounding
Hu region is large enough: If not, the jet will exit the nebula with a
photoionized envelope and a neutral core.

It is also possible to obtain the following ‘large «’, approximate
analytic solution. For large values of «, there is an approximate
balance between the two terms on the right-hand side of equa-
tion (22). Balancing these two terms, we obtain the approximate
solution

_ &
=1 :
where for the second equality, we have used the fact that for large

k values the neutral jet core extends only to distances £ < 1 from
the source (see Fig. 4). In this regime, the locus of the IF is then

Ga ~ k&, (26)

ri 4
na=f=a$—xs, 27)
]

where we have used equations (23) and (26). These solutions are
also shown in Fig. 4, in which we see that for k > 100 the 1n,(¢)
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Figure 4. Constant « solutions (i.e. with position-independent diffuse, ion-
izing flux Fy, see equation 23). The six frames show solutions with @ = 0.1
and k = 0.1 (top left-hand panel) up to k = 10* (bottom right-hand panel),
in a factor of 10 steps. In all frames, the dotted line is the rj(x)/L; dimen-
sionless outer boundary of the jet. The solid line is the n = r;/L; locus of the
IF given by equation (25) and the dashed lines are the approximate solutions
given by equation (27). The abscissa is the dimensionless axial coordinate
& = x/L;j (see equation 23).

solutions agree well with the results obtained from the full analytic
solution (equation 24).

Finally, from equation (27) we can calculate the distance from
the outflow source

()"

at which the conical jet beam becomes fully ionized.

This ‘high-«’ solution (equations 26-28) is, of course, also valid
for the case of a variable «, as would be found for the case of
a jet with a neutral core extending over a substantial fraction of
the Stromgren radius of the surrounding Hu region (see equa-
tions 14—15 and 23). Such a solution is explored in Section 6.

5 THE VALUES OF THE PHYSICAL
PARAMETERS

From Section 4, we see that in order to calculate a solution of
the sideways photoionization of a conical jet, we have to specify
the half-opening angle o and the dimensionless function « (see
equation 23). This function was assumed to be constant in the
models shown in Fig. 4.

For the case of a homogeneous, surrounding H 11 region, we can
use the definition of « (see equation 23) and the diffuse, ionizing
field of equations (14)—(15) to obtain

Kk = ko fa(R/Rs), (29)

MNRAS 471, 4910-4916 (2017)

where the function f; is given by equation (15) and

2 )
nioy Rsmjog
4
Ui

S, /3 4/3 M,
— 2083 - ( s ) i
104 s~! 105 cm—3 10~* Mg yr~!

1000 km s~ \ * /592
[ /=) () . (30)
vj o

For the second equality, we have assumed that the compact H 11 re-
gion has an ny = 10° cm™3 number density and that it is being pho-
toionized by a source producing an S, = 10* s~! ionizing photon
rate. We have also assumed a temperature of 10* K for the ionized
gas, therefore fixing the values of the recombination coefficients
ap=2.55x10"Bcm?s ! (case B)and oy = 1.57 x 107 B cm? ™!
(to the ground state of H). For the jet, we have considered a half-
opening angle « = 5°, a mass-loss rate Mj =10"* Mg yr ' and a
velocity v; = 1000kms™".

With these parameters, we obtain the characteristic distance L;
(see equation 23)

ko = 0.187

M
L =313 x 10" cm (%)
10~* Mg yr-

1000 km s~ \ > /5
[ /) (=) . (31)
v; o

and a Stromgren radius (see equation 3)

S 3 7105 em—3\ *
Rs =9.78 x 10" - ) 32
s = 9.78 x cm ( 0% s) < . ) (32)

Combining equations (32)—(33), we then obtain

R ; 1/3 10° —3\ 2/3
—S:O.O312( . ) (Ocm >
Lj 10495 ny

x (1074 1\1/‘[4? yril) (1000 llijm 7! )2 (%)2' (33)

Finally, for the chosen parameters, the position-dependent jet den-
sity (see equation 19) is given by

2 /1074 My yr-!
n=1258cm () 2 Yoy
5 M,

Vj 301
x (1o ) (34)
1000 km s~ &2
From equation (30), we see that for the Hu region + outflow
parameters chosen in this section, we expect

(i) alarge value of k( between 10° and 10%;
(ii) a jet characteristic length L ~ 10'8 cm;
(iii) a Stromgren radius (for the nebula) Rs ~ 0.03L;.

Interestingly, the ‘constant ¥ = 10° and 10*’ models of Fig. 4 (see
also Section 4) show that the neutral core of the conical jet extends
out to a distance of ~0.02-0.05 L;, basically out to the Stromgren
radius of the nebula.

Of course, a more precise evaluation of whether or not the jet
becomes fully ionized by the diffuse radiation of the Hu region
requires calculating models with a variable k (see equation 29), as
the diffuse flux drops on approaching the Stromgren radius (see
Fig. 2). This is done in the next section of this paper.
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6 A JET WITHIN A COMPACT H11 REGION

Let us now consider a conical jet photoionized by a diffuse field
with a radial dependence resulting in

k =Ko [1 —(R/Rs)"], (35)

where 8 = 1.83 for the case of a jet embedded in a uniform Hu
region (see equation 15).

For this functional form of «, equation (22) can be integrated
(setting R = Ly& in equation 35) to obtain

1
0= foe-peren, (1)

L\?#
+2(J) é“ﬁ—ﬂ—ll@%, (36)
Rs

where E, is the exponential integral and I' is the upper incomplete
gamma function.

We now take the Hn region (ny = 103cm™3, S, = 10¥ s7! and
T = 10*K) and jet parameters (¢ = 5°, M; = 107* M yr! and
v; = 1000km s~ ") of the previous section. These parameters result
in ko = 2300, L; = 3.13 x 10'8 cm and Rg = 9.78 x 10'° cm (see
equations 30-32).

With these parameters, we can either integrate numerically equa-
tion (22) or evaluate the special functions in the analytic solution
(given by equation 36 with 8 = 1.83). From the resulting g(R), we
compute the radius r;(R) of the neutral core (see equation 23), which
we show on the top frame of Fig. 5. In this frame, we also show the
corresponding, high-« analytic solution (see equation 27).

In Fig. 5, we see that for distances from the source out to
x ~ 6 x 10'cm, the locus ri(x) of the IF follows a curve simi-
lar to the ones of the ‘constant-«’ solutions (see Fig. 4). For larger
distances from the source, r;(x) starts increasing because of the drop
of the diffuse ionizing flux Fy towards the edge of the Hu region
(see Section 3 and Fig. 2).

We now estimate the contrast between the free—free emission
of the jet and the emission of the Hu region. The intensity of the
jet (averaged over the jet cross-section) above the emission of the
surrounding nebula is

22
7Bt =
Al = - (njz ) o rjnfl> , 37)

where we have subtracted the ‘missing average emission’
Ttrjznﬁ Bir/(2r;) of the region of the nebula occupied by the jet cone.
In equation (37), n.nu By is the free—free emission coefficient (with
Bit evaluated at the local temperature, which we assume to be 10* K
for both the jet and the H 11 region).

As the central free—free intensity of the Hmn region is
I. = 2Rsn% Bir, the contrast between the jet intensity and the Hu
region is

Al 7 N\2ri—rf
oy f e R (38)
IC 4RS ny rj

where the position-dependent jet density »n; is given by equation
(34). From equation (38), it is clear that Al/I. can have both pos-
itive (i.e. the jet being brighter than the background H 11 region) or
negative (the jet appearing darker than the H 11 region) values.

In Fig. 5, we show the resulting jet/central H 1 region free—free
intensity contrast (equation 38) resulting from the numerical inte-
gration of equation (22) and from the approximate, high-« analytic
solution (see equations 26—27). From this plot, we see that close
to the source the jet has an overbrightness (with respect to the
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Figure 5. Solutions for the jet/H 11 region, ‘variable-«” model of Section 6.
The top frame shows the jet cone (dotted line) and the locus of the IF
(solid line — numerical integration of equation 22; short-dashed line —
approximate solution of equation 27). The horizontal, long-dashed line (top
frame) shows a 0.1 arcsec angular size at an assumed distance of 400 pc
to the astrophysical object. The bottom frame shows the intensity of the
jet (above the background H1 region, see equation 38) calculated with a
numerical solution of equation (22) or with equation (36) (solid line) and
with the approximate solution of equation (26) (dashed line). The x-axis
ends at the Stromgren radius.

surrounding H 1 region) of ~18 per cent of the central H1u region
brightness. At radii larger than ~8 x 10'® cm, the jet cone has a
negative intensity contrast (i.e. it shows up as a ‘dark streak’ against
the background H i1 region).

In Fig. 5 (top frame), we also show the size of a 0.1 arcsec
beam (assumed for an interferometric observation) for an object at
a distance of 400 pc (e.g. in the Orion star formation region). We
see that the jet beam would be resolved (and therefore its intensity
not affected by ‘beam smearing’) at distances larger than ~10'¢ cm
from the outflow source.

7 CONCLUSIONS

We present a simple model of a young, massive star that pho-
toionizes a compact H1 region, and also ejects a conical jet. For
parameters appropriate for a young, massive star, the conical jet
will trap an IF at a distance close to the stellar radius, and will
have a neutral beam at larger distances from the outflow source
(see Section 2). The surface of this neutral, conical beam will then
be partially photoionized by the diffuse, ionizing radiation produced
by the surrounding H 11 region (Sections 3-6).
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We develop a simple model that describes the penetration into
the conical jet beam of an IF. We find a full analytic solution for
the case in which the diffuse, ionizing radiation field is constant
(i.e. without a radial dependence). We also find a simpler analytic
solution that is also valid for the case of a radially dependent diffuse
ionizing field (see Section 4).

We then present the analytical solution for a given choice of pa-
rameters for the star, Hi region and jet (Section 5), and calculate
the contrast between the free—free continuum emission of the jet
(above the emission of the surrounding H 11 region) and the central
intensity of the Hu region. We find that the region of the jet close
to the outflow source has an intensity ~20 per cent higher than the
Hu region. This should be relatively easily detected in interfero-
metric observations of compact H i1 regions.

This model has been computed for a jet surrounded by a uni-
form, dust-free H i region (see Sections 3 and 5). As many compact
Hu regions show a shell-like structure, the diffuse ionizing field
impinging on the walls of the conical jet might be somewhat higher
than the one of our model (see fig. 4 of Williams & Henney 2009),
which would result in higher free—free intensities for the jet than
the ones shown in Fig. 5. Another interesting effect is the possible
presence of dust within the compact H 11 region (see e.g. Petrosian,
Silk & Field 1972; Franco, Tenorio-Tagle & Bodenheimer 1990),
which would reduce the size of the H1 region and produce an in-
ternal density stratification (through the effect of radiation pressure
on dust, see Draine 2011 ; Rodriguez-Ramirez et al. 2016).

The prediction of our model is that a jet from a massive, young
star should stand out against the background, compact H 1 region
by ~20 per cent (in angularly resolved, interferometric maps). Such
an intensity contrast should be detectable in high signal-to-noise
ratio interferometric maps of compact H i1 regions.

Our present models have important approximations:

(1) Itis implicitly assumed that we always have a fast ‘R-type’ IF,
which does not produce a hydrodynamical perturbation of the jet
flow. This, of course, will not be the case in situations where the front
stops penetrating the jet beam (see e.g. the numerical simulations
of Raga et al. 2000).

(ii) The radiative transfer is calculated in a ‘planar approxima-
tion’. This approximation is strictly valid for a thin ionized layer at
the outer boundary of the jet cone, but will become progressively
worse for describing the full ionization of the jet cone. Better ap-
proximations would be to use the cylindrical ‘two-stream’ approxi-
mation of Cantd et al. (1998), or to carry out numerical simulations
with a full ‘discrete ordinate’ radiative transfer calculation.

(iii) In order to carry out the prediction of the free—free emission,
we have assumed that both the jet and the surrounding Hn region
are optically thin. It is clear that depending on the densities of the
object and the frequency at which the radio observation is carried
out, this might not be an appropriate assumption.

If jet flows within compact H 11 regions are identified in the future, it
will clearly become worthwhile to calculate more detailed models.
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