
©
 C

o
p

y
ri

g
h

t 
2

0
1

6
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

Revista Mexicana de Astronomı́a y Astrof́ısica, 52, 347–355 (2016)

VARIABILITY OF THE EMISSION LINE FLUXES AND RATIOS OF HH 1/2

A. C. Raga,1 B. Reipurth,2 A. Castellanos-Ramı́rez,1 and J. Bally3

Received April 18 2016; accepted June 7 2016

RESUMEN

Comparamos datos espectrofotométricos obtenidos en 1978 (por Brugel et al.
1981a) con los flujos de ĺıneas de emisión de imágenes calibradas obtenidas con el
Hubble Space Telescope (HST) en 1994 y 2014. Esta comparación muestra que los
cocientes de ĺıneas de emisión de estos objetos se han mantenido sorprendentemente
invariantes durante los últimos 36 años. Por otro lado, las intensidades de las ĺıneas
śı han cambiado, y muestran un incremento por un factor de ≈ 4 para HH 2, y un
decremento de ≈ 30% para HH 1. Estos resultados apoyan la idea de que HH 1 y 2
son cabezas de jets densos, viajando en un medio ambiente con densidad decreciente
(para HH 1) o creciente (para HH 2).

ABSTRACT

We compare spectrophotometric data of HH 1 and 2 obtained in 1978 (by
Brugel et al. 1981a) with the emission line fluxes from calibrated Hubble Space
Telescope (HST) images obtained in 1994 and 2014. This comparison shows that
the emission line ratios of these objects have remained surprisingly invariant during
the past 36 years. On the other hand, the line intensities have indeed changed, with
HH 2 brightening by a factor of ≈ 4 and HH 1 becoming ≈ 30% fainter. These
results would be consistent with HH 1 and 2 being leading working surfaces of heavy
jets travelling into an environment of decreasing (for HH 1) or increasing (HH 2)
densities.

Key Words: Herbig-Haro objects — ISM: individual objects (HH1/2) — ISM: jets
and outflows — shock waves — stars: formation — stars: winds, out-
flows

1. INTRODUCTION

Even though it is clear that the Herbig-Haro ob-
jects HH 1 and 2 have strong time-variabilites (Her-
big 1969, 1973; Herbig & Jones 1981; Brugel et al.
1985; Raga et al. 1990a; Böhm et al. 1993; Eislöffel
et al. 1994), the study of their time-dependent emis-
sion spectrum has proven to be quite difficult. The
difficulties arise from the heterogeneity of the data.

The older images of HH 1 and 2 (before ≈ 1985)
are relatively broad band photographic plates, and
have been analyzed by Herbig (1969, 1973) for time
variabilities. The analysis presented in these papers

1Instituto de Ciencias Nucleares, Universidad Nacional
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to some extent stands alone, since it is not straight-
forward to relate it to more recent observations (ob-
tained with different techniques).

More recent CCD images of HH 1 and 2 obtained
through narrow-band filters, cover very few emission
lines, and in general lack any calibration. As far as
we are aware, the only attempts to use ground based
CCD images for an evaluation of the variability of
HH 1 and 2 were presented by Raga et al. (1990a)
and by Eislöffel et al. (1993).

Spectrophotometric observations of HH 1 and 2
have generally been obtained either with “short”
(Hartigan et al. 1987) or “long” (Solf et al. 1988;
Giannini et al. 2015) spectrograph slits. Though the
obtained spectra are generally well calibrated, it is
difficult to disentangle the time-variability of the an-
gularly extended HH 1 and 2 objects from effects due
to different slit sizes and positions of the successive
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observations. Also, spectrophotometric observations
of Brugel et al. (1981a, b) are available, which cover
at least most of the emitting regions of HH 1 and 2
(see below and § 2).

The HH 1 and 2 images obtained with the Hub-
ble Space Telescope (Hester et al. 1998; Bally
et al. 2002; Hartigan et al. 2011; Raga et al.
2015a, b; Raga et al. 2016) have calibrated fluxes,
and are therefore appropriate for studying the time-
dependence of the emission. An analysis of the time-
variability of the [O III] 5007, Hα and [S II] 6716+30
emission of HH 1 in this images was presented by
Raga et al. (2016). Also, a “pre-COSTAR” set of
HST images of HH 2 (in Hα, [S II] and [O III]) was
obtained by Schwartz et al. (1993).

In Figure 1 we present a comparison between a
photograph of HH 2 obtained by Herbig in 1959 (in
red light, with the Lick Observatory 120-inch reflec-
tor shortly after its inauguration), and the addition
of an Hα and a [S II] 6716+30 frame obtained with
the Hubble Space Telescope in 2014 (see Raga et al.
2015a, b). The two images have been scaled and
centered in an approximate way. From this figure, it
is clear that the structure of HH 2 has changed in a
dramatic way over the past ≈ 55 years.

In the present paper, we use the two sets of HST
images which cover a broader range of emission lines,
namely,

• the 1994 images of Hester et al. (1998), which
include filters isolating the [O III] 5007, Hα and
[S II] 6716+30 lines,

• the 2014 observations of Raga et al. (2015a,b)
which include the Mg II 2798 (not described
in the published papers), [O II] 3726+28, Hβ,
[O III] 5007, [O I] 6300, Hα and [S II] 6716+30
lines.

The second (2014) set of HST images covers most
of the bright near-UV to optical emission lines of
HH 1 and 2, and is therefore appropriate for study-
ing the time-evolution of the spectra of these objects.
Unfortunately, the first (1994) set has only three im-
ages, and can only be used for an analysis of the
time-evolution of the three line combinations.

For an analysis of more emission lines, we can use
the spectrophotometric observations of Brugel et al.
(1981a). These authors used a multi-channel spec-
trophotometer with apertures that covered most of
the emitting regions of HH 1 and 2. These observa-
tions can be directly compared with line fluxes cal-
culated by angularly integrating the 1994 and 2014
sets of HST images over the emitting areas of HH 1
and HH 2.

In this way, we use the immensely detailed HST
images only for obtaining an angularly integrated
emission line spectrum of HH 1 and 2, and we com-
pare the resulting spectra with the spectrophotomet-
ric observations of Brugel et al. (1981a). We feel that
the somewhat brutal angular integration of the HST
images is justified by the very interesting comparison
that can be made with the older spectrophotometric
results.

The paper is organized as follows. The HST im-
ages and the older, spectrophotometric data sets are
discussed in § 2. The 2014 Mg II 2798 HST image
(which has not been presented before in the litera-
ture) is also presented in this section. § 3 presents
an evaluation of the time-evolution of the emission
line spectra of HH 1 and 2. § 4 discusses a simple
working surface model which is used for interpreting
the observed time-dependence of the line emission.
Finally, the results are discussed in § 6.

2. THE OBSERVATIONS

2.1. The reddening correction

Brugel et al. (1981a) used Miller’s (1968)
method, which is based on the fixed ratio of the
transauroral (4069, 4076Å) to the auroral (10318,
10336Å) [S II] lines, and obtained E(B − V ) = 0.47
for HH 1 and E(B−V ) = 0.35 for HH 2. Raga et al.
(2015b) used the average of the Hα/Hβ ratios of the
individual emitting pixels of HH 1 and 2 to derive
E(B − V ) ≈ 0.27 for the two objects.

In this paper, we present the observed
line fluxes and ratios, as well as the val-
ues corrected for a standard Galactic extinction
curve with E(B − V ) = 0.27. This extinction
curve (see Fitzpatrick 1999) corresponds to the
R = AV /E(B − V ) = 3.1 case of Cardelli et al.
(1988). This choice is not unique, since there has
been a considerable amount of discussion as to which
extinction curve is actually relevant for the HH 1/2
region (see, e.g., Böhm-Vitense et al. 1982 and Böhm
et al. 1991). The choice of extinction curve of course
has a particularly strong effect in the UV.

2.2. The first epoch spectrophotometric observations

In September 1978, Brugel et al. (1981a) ob-
served HH 1 and 2 with the MCSP II spectropho-
tometer (see Oke 1969) at the Palomar 5.1 m tele-
scope. In the configuration that was used the spec-
trophotometer had an aperture of 6′′ diameter (see
Brugel et al. 1981b), and several positions (2 for
HH 1 and 3 for HH 2) were used to cover the emit-
ting regions of HH 1 and 2. We have now co-added
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VARIABILITY OF HH 1 AND 2 349

Fig. 1. Comparison between a photograph of HH 2 (ob-
tained by G. Herbig in 1959 at the Lick Observatory 120-
inch reflector, top) and an Hα+[S II] image (obtained in
2014 with the HST, shown with a linear greyscale). The
two images have been approximately scaled and centered
relative to each other. The identifications of the conden-
sations of HH 2 are given in the top frame, and the an-
gular scale is shown in the bottom frame. N is up and E
to the left.

the spectra from the two HH 1 apertures and the
three HH 2 apertures to obtain two spectra: one for
HH 1 and one for HH 2.

These spectra include the [O II] 3726+28, Hβ,
[O III] 5007, [O I] 6300 and Hα lines. Unfortunately,
the channels of the MCSP cover the [S II] 6716 but
not the [S II] 6730 line. Because of this, we have

taken the [S II] 6716+6730/Hα ratio from a lower
quality spectrum obtained by Brugel et al. (1981a)
at the KPNO 2.1 m telescope.

Finally, for the Mg II 2798 line we have taken
the fluxes obtained in 1980 with the International
Ultraviolet Explorer (IUE) by Böhm-Vitense et al.
(1982). The IUE spectrograph had a 23′′×10′′ aper-
ture, which included most of the emitting regions of
HH 1 and 2. As this UV observation was carried out
only a couple of years after the Brugel et al. (1981a)
optical observations. In the following we consider
them as taken at the same time.

2.3. The HST images

We consider two epochs of HST images:

1. the [S II] 6716+30, Hα and [O III] 5007 images
of Hester et al. (1998), obtained in 1994.6,

2. the [S II] 6716+30, Hα, [O I] 6300, [O III] 5007,
Hβ, and [O II] 3726+28 images of Raga et al.
(2015a), obtained in 2014.6.

To the 2014.6 set of images, we have added a
Mg II 2798 image (a 5484 s exposure through the
F280N filter) which was not analyzed by Raga et al.
(2015a). Figure 2 shows the brighter region of HH 2
in the Hα, Hβ, and Mg II 2798 dereddened images,
and the Mg II/Hβ line ratio map. HH 1 is barely
visible in the Mg II 2798 frame, but an angularly
integrated flux for HH 1 can be obtained.

There are two other epochs of HST images of
HH 1 and 2 (see Bally et al. 2002 and Hartigan et
al. 2011), but we do not include them in the present
study because they only cover the [S II] 6716+30 and
Hα lines.

As discussed by Raga et al. (2015a), the contin-
uum emission of HH 1 and 2 affects the line fluxes
obtained from the HST images. This continuum con-
tamination is more important for the blue lines, and
it could be as large as ≈ 30% for the Mg II 2798
line. However, this is unlikely to have a large ef-
fect for the qualitative interpretation of the emission
proposed in the present paper.

In order to compare the HST line fluxes with the
spectrophotometric data of Brugel et al. (1981a),
we carry out angular integrations over the emit-
ting areas of HH 1 and 2 in the HST frames. In
order to do this, we add the emission within the
5 × 10−15 erg s−1cm−2arcsec−2 (dereddened) Hα
isophotes of HH 1 and 2. In this way, we avoid defin-
ing arbitrary “boxes” around both objects.
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2.4. The Mg II 2798 image

Figure 2 shows the Mg II 2798 HST image ob-
tained in 2014 (see subsection 2.3). We see that the
Mg II emission has an angular extent comparable to
that of the Hβ emission (fainter, more extended re-
gions being seen in Hα). Because of this, we have
chosen to calculate the Mg II/Hβ ratio map (which
depends much less on the reddening correction than
the Mg II/Hα ratio), which is also shown in Figure 2.
We do not display the Mg II emission of HH 1 be-
cause it is quite faint, so that it is only appropriate
for obtaining an angularly integrated line flux.

From the line ratio map, we see that most of the
Mg II emitting region of HH 2 (within condensation
H) has a Mg II/Hβ ratio of ≈ 1 → 2. If one looks at
the predictions from the plane-parallel shock models
of Hartigan et al. (1987), one sees that these line
ratios are consistent with shock velocities between
110 and 160 km s−1.

There is also a small region in the NE of con-
densation H with Mg II/Hβ ≈ 5, implying a shock
velocity of ≈ 260 km s−1 (see Hartigan et al. 1987).

3. THE TIME-DEPENDENT LINE RATIOS AND
FLUXES

In Table 1, we present the observed and dered-
dened Hα fluxes obtained in the three epochs of ob-
servations described in § 2. This table gives the
measured (F ) as well as the dereddened (F0) fluxes,
which were obtained assuming a standard Galactic
extinction curve with E(B − V ) = 0.27 (for both
HH 1 and 2, see § 2.1). We have also computed the
Hα luminosities with the dereddened fluxes and a
distance of 414 pc to HH 1 and 2.

It is clear that the Hα luminosity of HH 1 has
a slowly decreasing trend, with a decrease of ≈ 4%
from 1978.7 to 1994.6 and a somewhat larger de-
crease of ≈ 24% from 1994.6 to 2014.6. On the other
hand, HH 2 has an Hα luminosity which increases by
a factor of ≈ 2.4 from 1978.7 to 1994.6 and by a fac-
tor of ≈ 1.75 from 1994.6 to 2014.6.

In Table 2, we present the observed and dered-
dened line ratios of HH 1 and 2. For both objects, the
spectrum has a surprisingly small time-dependence.
For HH 1:

• the Mg II 2798 line (relative to Hα) has not
changed appreciably from 1980.7 to 2014.6. Un-
less we have a strange coincidence, this result
seems to imply both that the variations of the
intrinsic spectrum are small and that the extinc-
tion to HH 1 has remained invariant during this
time-period,

• the [O II] 3726+29 lines have grown by ≈ 40%
from 1978.7 to 2014.6,

• the Hβ line has a relatively low value compared
to Hα in the 1978.7 spectrum. This might be
an indication that the regions of HH 1 with col-
lisionally excited lines could have contributed
more to the spectrum of HH 1 than in 2014.6
(when the regions of high Hα/Hβ ratio have
small angular extents, see Raga et al. 2015b),

• the [O III] 5007 line grew by a factor of 2 from
1978.7 to 1994.6, and then decreased by ≈ 20%
in the 2014.6 observations,

• the [O I] 6300 line has had a small increase from
1978.7 to 2014.6,

• the [S II] 6716+30 lines have grown (relative to
Hα) by a factor of ≈ 2 from 1978.7 to 2014.6.

For HH 2:

• the Mg II 2798 line has grown by a factor of 2
from 1980.7 to 2014.6. This could be due to the
fact that the aperture of the IUE spectrograph
(used for the 1980.7 observations see § 2) might
not have included all of the emitting region of
HH 2. Also, the continuum contamination in
the HST image could be responsible for part of
this increased flux (however, a corresponding in-
crease should then be seen in HH 1),

• the [O II] 3726+29 lines have grown (relative to
Hα) by ≈ 20% from 1978.7 to 2014.6,

• the [O III] 5007 line grows by ≈ 40% from 1978.7
to 1994.6, and in 2014.6 returns to a value very
similar to the 1978.7 value,

• the Hβ, [O I] 6300 and [S II] 6716+30 lines have
very small variations (relative to Hα).

4. INTERPRETATION IN TERMS OF A
WORKING SURFACE MODEL

4.1. General considerations

The variations in the emission line ratios for HH 1
are not large, but might be significant (in particular,
for the [S II] and [O II] lines). The spectrum of
HH 2 shows smaller line ratio variations, except for
the Mg II 2798 line (an effect which might be due to
part of the emitting region falling outside the IUE
spectrograph aperture of the 1980.7 observations).
Therefore, we conclude that the emission line spectra
of HH 1 and 2 have at most shown small variabilities
in their relative line intensities (see Table 2).
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VARIABILITY OF HH 1 AND 2 351

Fig. 2. Hβ (top left), Hα (bottom left), Mg II 2798 (top right) and Mg II/Hβ line ratio (bottom right) maps of HH 2.
The emission maps are shown with the logarithmic color scale (in erg s−1 cm−2 arcsec−2) displayed in the top left
bar. The line ratio map is shown with the linear color scale displayed in the bottom right bar. The angular scale and
orientation of the frames are shown in the bottom right frame. The color figure can be viewed online.
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TABLE 1

Hα LINE FLUXES AND LUMINOSITIES

Epoch HH 1 HH 2

FHα
1 FHα,0

1 LHα
2 FHα

1 FHα,0
1 LHα

2

2014.6 4.16 7.50 4.05 × 10−3 33.67 60.75 3.28 × 10−2

1994.6 5.50 9.92 5.36 × 10−3 19.21 34.67 1.87 × 10−2

1978.7 5.77 10.41 5.63 × 10−3 7.88 14.21 7.68 × 10−3

1Observed (F ) and dereddened (F0) Hα fluxes in units of 10−13 erg s−1 cm−2.
2Luminosities (in units of L⊙) assuming a distance of 414 pc.

HH 1 shows a small decrease in Hα flux of ≈ 30%
from 1978 to 2014. On the other hand, the Hα flux of
HH 2 shows a clear, monotonic increase as a function
of time.

Unless we have a combination of effects cancelling
each other out, we can conclude that the invariance
of the line ratios implies that:

• a time-independent interstellar extinction cor-
rection (such as the one which we have applied,
see § 2) appears to be appropriate,

• the shock velocities associated with HH 1 and
2 do not change substantially as a function of
time.

As can be seen from steady, plane-parallel shock mo-
dels (see, e.g., Raymond 1979 and Hartigan et al.
1987), the emission line ratios of the spectrum emit-
ted by a shock are generally a strong function of
shock velocity, and only depend weakly on the pre-
shock density. Also, shocks (of a given shock veloc-
ity) with a cooling function dominated by processes
in the “low density regime” have line fluxes that scale
linearly with the preshock density.

Therefore, an increase in the emission line flux
(and at the same time keeping approximately con-
stant line ratios) such as is seen in HH 2 implies
that the emission is produced in shocks with approx-
imately time-independent shock velocities, and with
a pre-shock density that increases with time. How
can this situation be obtained in a working surface
of a jet? This question is addressed in the following
section.

4.2. The luminosity of a working surface

A working surface is composed of a “jet shock”
that slows down the jet material (on interaction with
the environmental gas) and a “bow shock” which ac-
celerates ambient material. From the standard, ram-
pressure balance argument, for the two-shock work-

ing surface one obtains a velocity of motion (Raga
et al. 1990b):

vws =
β(1 + α)

1 + β
vj , (1)

where vj is the jet velocity, β =
√

ρj/ρa (where ρj

and ρa are the jet and ambient densities, respec-
tively) and α = va/vj (where va is a possibly non-
zero velocity away from the source of the ambient
medium into which the jet is propagating). Equa-
tion (1) applies for the leading head of the jet (by
setting α = 0) or to an “internal working surface”
within a variable jet (see Raga et al. 1990b), moving
into previously ejected, slower jet material.

The jet shock has a shock velocity:

vjs = vj − vws =
1 − α

1 + β
vj , (2)

and the shock velocity of the bow shock is:

vbs = vws − va =
β(1 − α)

1 + β
vj . (3)

Now, in a highly radiative shock most of the ki-
netic energy flux arriving at the shock ends up be-
ing radiated away. Therefore, assuming that the jet
and bow shocks have approximately the same sur-
face area σ, the luminosities of the jet shock and the
bow shock are:

Ljs =
σρjv

3

js

2
=

Ṁj

2

(

1 − α

1 + β

)3

v2

j

=
Ṁj

2

(1 − α)3v2

ws

β2(1 + β)(1 + α)2
, (4)

Lbs =
σρav3

bs

2
=

Ṁj

2

(

1 − α

1 + β

)3

βv2

j

=
Ṁj

2

(1 − α)3v2

ws

β(1 + β)(1 + α)2
, (5)
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TABLE 2

EMISSION LINES WITH RESPECT TO
Hα = 100

Ion λ [Å] Epoch HH 1 HH 2

F F0 F F0

Mg II 2798 2014.6 10 39 16 60

1980.7 8 33 8 31

[O II] 3726+29 2014.6 54 115 36 76

1978.7 31 66 27 58

Hβ 4861 2014.6 26 35 24 33

1978.7 17 23 22 30

[O III] 5007 2014.6 14 19 16 21

1994.6 18 23 21 28

1978.7 9 12 15 20

[O I] 6300 2014.6 40 42 43 45

1978.7 34 36 41 43

Hα 6563 100 100 100 100

[S II] 6716+30 2014.6 87 85 46 45

1994.6 68 66 40 41

1978.7 49 48 38 37

where we have used equations (1-3) to write the
shock luminosities in terms of the jet velocity vj

(second set of equalities) and in terms of the work-
ing surface velocity vws (third set of equalities). In
these equations, Ṁj = σρjvj is the total mass per
unit time arriving at the working surface.

The total luminosity of the working surface then
is:

Lws = Ljs + Lbs =
Ṁj

2

(1 − α)3

(1 + α)2

(

vws

β

)2

. (6)

As discussed in the previous section, the fact that
the emission line ratios of HH 1 and 2 have changed
very little implies that the shocks giving rise to the
observed emission have relatively constant shock ve-
locities. Unless one is prepared to believe in the pres-
ence of a calibrated balancing of different effects, the
fact that we have constant jet shock or bow shock ve-
locities (depending on which of the two shocks dom-
inates the emission) implies constant values of vj ,

β =
√

ρj/ρa and α = va/vj (see equations 2 and 3).
A less restrictive requirement is obtained for the

regime of high β and low α. In this ρj ≫ ρa regime,
the bow shock dominates the working surface lumi-
nosity (see equations 4-5), and vws ≈ vj (see equa-
tion 1). Therefore, if any possible time-variability
of the ejection of the jet manifests itself only over
time periods longer than a few decades (which are
covered by the observations), we would have an ap-

proximately constant vbs ≈ vws ≈ vj (see equations 1
and 3), and the luminosity (dominated by the bow
shock emission) would be given by equation (6) with
constant vws (and α ≪ 1):

Lws ≈
Ṁj

2

(

ρa

ρj

)2

v2

ws . (7)

4.3. Application of the working surface model to
HH 1 and 2

The emission line spectrum of HH 2, which shows
basically time-independent line ratios (indicating a
constant shock velocity) and a strongly increasing
luminosity can then be directly interpreted as a jet
(of constant velocity and mass loss rate) travelling in
an environment of increasing density. From equation
(7) we see that the increase in the environmental den-
sity is expected to be proportional to the observed
increase in the luminosity.

For HH 1, we observe a small decrease in lumi-
nosity as a function of time (see Tables 1 and 2). In
terms of our working surface model, this would then
imply that HH 1 is moving into an ambient medium
of slowly decreasing density (see equation 7).

Let us note that a “high β”, “heavy jet” situation
is consistent with the high proper motions observed
in HH 1 and 2. These proper motions have remained
almost constant from the mid-twentieth century (see
Herbig & Jones 1981; Bally et al. 2002), implying
that the presence of environmental inhomogeneities
do not produce appreciable effects (as would be the
case for a low β outflow, see equation 1). Interest-
ingly, a small acceleration of the HH 1 proper mo-
tions has recently been measured (Raga et al. 2016),
which would be consistent with a high β jet moving
into a medium of decreasing density (see equation 1).

Implicit in this discussion is the expectation of
a time-independent ratio between the luminosity of
the lines we are studying (see Tables 1 and 2) and
the continuum and line luminosities (at optical, UV
and IR wavelengths) not considered in the present
study. This appears to be a reasonable assumption
given the fact that we are apparently having almost
time-independent shock velocities in HH 1 and 2.

4.4. The mass loss rate of the HH 1/2 system

From Table 2, we see that the ratio of the lu-
minosities of all of the lines (including Hα) we are
considering to Hα lies in the range of 3 to 4 for HH 1
and 2. In the 1978.7 observations of Brugel et al.
(1981a), one finds that the remaining lines (observed



©
 C

o
p

y
ri

g
h

t 
2

0
1

6
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

354 RAGA ET AL.

by these authors, but not included in our present pa-
per) contribute an extra ≈ 30% to the luminosities
of HH 1 and 2. The continuum of HH 1 and 2 has
a luminosity of ≈ 2 times the Hα luminosity in the
λ = 3000 to 8000 Å wavelength range (Brugel et al.
1981b).

The continuum in the λ = 1300 to 3000 Å wave-
length range (Böhm-Vitense et al. 1982) has a lu-
minosity of ≈ 15 times Hα. However, the reddening
correction in the far UV is very uncertain (Böhm et
al. 1991).

Considering the line and continuum contribu-
tions described above, we see that the total lumi-
nosity of HH 1 and 2 is at least ≈ 10 times the Hα
luminosity. Therefore, in the first (1978.7) epoch,
both HH 1 and HH 2 had total luminosities of
≈ 7 × 10−2 L⊙ (see Table 1). Inserting this value
in equation (7), we then obtain an estimate:

Ṁj ≈ 1.5 × 10−8 M⊙ yr−1 ×

(

Lws

7 × 10−2L⊙

)(

200 km s−1

vws

)(

ρj

ρa

)2

, (8)

where we have used an estimate of 200 km s−1 for
the velocity of HH 1 and 2 (see, e.g., Bally et al.
2002).

Since HH 1 and 2 appear to correspond to high
β (=

√

ρj/ρa) working surfaces (see above), we
would then conclude that the mass loss rate asso-
ciated with each lobe of the outflow has a value
Ṁj ≈ 10−7M⊙yr−1. This estimate of the mass loss
rate lies within the range of mass loss rates deduced
by Nisini et al. (2005) from observations of the op-
tical and IR emission of the HH 1 jet.

5. CONCLUSIONS

A comparison of spectra of HH 1/2 obtained in
three epochs, namely

1. 1978.7: spectrophotometric data of Brugel et al.
(1981a),

2. 1994.6: 3 narrow-band HST images (Hester et
al. 1998),

3. 2014.6: 7 narrow-band HST images (Raga et al.
2015a, b),

shows that the emission-line ratios do not change
appreciably over this rather extended time period.
This result is not completely surprising because the
proper motion velocities of these objects have re-
mained almost constant over a long time period (see
Herbig & Jones 1981 and Bally et al. 2002).

More surprising is the fact that while the line
intensities of HH 1 have remained almost constant
(showing only a small decrease of ≈ 30% in the 1978-
2014 period), HH 2 has brightened by a remarkably
large factor of ≈ 4. This scaling up of the brightness
of HH 2 is unlikely to be the result of a change in
the extinction to the object (as it travels away from
the outflow source), because such a change would be
directly visible as a time-dependence of the observed
line ratios.

Therefore, we conclude that HH 2 appears to be
moving into an ambient medium of increasing densi-
ties, while preserving the same shock velocity. This
situation is consistent with the leading working sur-
face of a “heavy” jet (i.e., with high β =

√

ρj/ρa,
where ρj is the jet density and ρa the ambient den-
sity) moving into an inhomogeneous environment.
Such a scenario is not unreasonable for the HH 1/2
system, which are located above the L1641 cloud,
and with HH 2 (which is slightly redshifted) mov-
ing into a region in which denser condensations are
present (see Girart et al. 2005; Lefloch et al. 2005).

A simple analytic model of a working surface
shows that for a high β working surface the luminos-
ity is proportional to ρa/ρj . Therefore, the increase
of ≈ 4 in the brightness of HH 2 could be explained
with a similar rise in the density of the environment
into which HH 2 is travelling.

Of course, in this high β regime the changes in en-
vironmental density will also lead to (small) changes
in the motion of the HH objects. The small decrease
in the brightness of HH 1 (interpreted as the result
of a decrease in the environmental density) would
then be coupled with a small increase in the velocity
of the object. It seems that such an effect is indeed
observed (Raga et al. 2016).

Clearly, it will be necessary to carry out a new
analysis of the proper motions of HH 2 (including
the new HST images of Raga et al. 2015a, b) to see
whether or not its increase in brightness is coupled
with a small decrease in its proper motion velocities.

Another remaining point is that it is clear that
the total (radiative) luminosity of an HH object pro-
vides a direct measure of the mechanical luminosity
of the associated stellar outflow (see § 4.2). In § 4.4,
we have used an estimate of the luminosities of HH 1
and 2 to obtain an estimate of the mass loss rate
associated with this outflow. The luminosity that
we have used is based on the optical line intensities
(which have been measured at different epochs), the
optical continuum (obtained only around 1980), and
the line and continuum UV emission (also obtained
around 1980). Notably, we did not include the IR
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line and continuum emission (part ot this informa-
tion is present in Spitzer and Herschel observations
of the HH 1/2 region, see Noriega-Crespo & Raga
2012 and Fischer et al. 2010). A detailed analysis
of current observations covering all of the relevant
wavelength ranges would provide more reliable lumi-
nosities for HH 1 and 2, therefore leading to better
estimates of the mass loss rate of the outflow.
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