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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+

C© 2011 The Authors, MNRAS 417, 420–433
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

HH202 HH204698 A. Mesa-Delgado et al.

Figure 5. Physical conditions maps with Hα contours overplotted: (a) ne([S II]), (b) Te([O III]), (c) Te([N II])/Te([O III]) ratio and (d) Te([N II]).

Figure 6. Section of a PMAS spectrum of the brightest spaxel at the apex
(−5.5, −6.5). The fitted continuum contribution to the right-hand side of
the BJ was subtracted to the whole range showed.

of the FOV, while the west half shows values of about 7000 K,
encompassing HH 202-S and HH 202-N. From the comparison of
Fig. 7 and the rest of the maps, we can see that the spatial distribution
of Te(Bac) is something similar that of Te([O III]): both indicators
show the maximum values at HH 202-S, HH 202-N and the arc
connecting both features.

4.2 Chemical abundances

The IRAF package NEBULAR has been used to derive ionic abundances
of N+, O+ and O2+ from the intensity of CELs. We have assumed no
temperature fluctuations in the ionized gas (t2 = 0) and a two-zone
scheme: Te([N II]) for N+ and O+ – the low ionization potential

Figure 7. Balmer temperature map with Hα contours overplotted. The black
rectangle on the north-west corner corresponds to an area masked due to the
bad determination of Te(Bac).

ions – and Te([O III]) for O2+. The errors in the ionic abundances
have been calculated as a quadratic sum of the independent contri-
butions of errors in flux, ne and Te. The spatial distributions of the
O2+ and O+ abundances are presented in Figs 8(b) and (d), respec-
tively. In these figures, we can see that the spatial distributions of
both abundances are completely different. The O+/H+ ratio reaches
the highest values just on the bow shock, whereas O2+/H+ shows
an inverse behaviour, reflecting the different ionization structure of
the bow shock and the bulk of the background nebular gas. The
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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This distribution is attributed to differences in the way in which the
star θ1 Ori C illuminates this zone of the nebula (O’Dell et al. 1997b)
and the relatively large distance between the star and HH 204, which
makes the impinging ionizing flux too low to maintain the presence
of a substantial fraction of O2 + ions at the bow shock.

4.2 Physical conditions

In Fig. 5 we present the physical conditions determined for the
observed field, where the head of the bow shock is associated with
local peaks of electron density.

Fig. 5(a) shows the Te([N II]) map. A remarkable feature is
the narrow high-temperature zone just at the southeast border of
the head of the bow shock. This structure seems to be real, since the
temperature determination has only an error of about 2 per cent,
much lower than the temperature increase. Furthermore, it is a
rather narrow feature that can only be distinguished when the DAR
correction is applied. On the other hand, this high-temperature zone
cannot be produced by the slight extinction excess we find in a
nearby – but not coincident – area of the head. We would need
c(Hβ) differences by about unity to account for a temperature in-
crease of 1000 K. We also do the exercise of correcting the whole
set of data with two constant values of c(Hβ), 0.2 and 0.4 dex,
and the high-temperature arc is still clearly present in both cases.
Then the derived temperature enhancement is not an artefact of the
high local extinction. The nature of this structure will be discussed
later. Fig. 5(b) shows the ne([S II]) map derived in combination with
Te([N II]) until convergence. Assuming this initial ne([S II]) map we

also derived the Te([S II]) map (see Fig. 5e), which shows an arc
that delineates a zone of strong increase of temperature at the north-
east of the head. We found that this structure also appears if we
calculate the map of the S+ abundances derived from the auroral
[S II] lines when using Te([N II]) (Fig. 5a) and ne([S II]) (Fig. 5b).
Obviously, that result has no physical meaning. The simpler ex-
planation for this fact is that we are not using appropriate values
of the electron density for deriving S+ abundances and this affects
especially the calculations based on nebular [S II] lines, which have
lower critical densities than the auroral ones. In order to correct for
this discrepancy in the S+ abundance, we determined the ne([S II])
map that – assuming the Te([N II]) distribution of Fig. 5(a) – makes
the differences between the abundance obtained from the nebular
and auroral lines lower than the estimated maximum error of this
abundance, ±0.08 dex. The final electron density map is shown in
Fig. 5(c), where only half of the spaxels show values different from
the previous map. It must be said that using an iterative procedure
in which both Te([N II]) and ne([S II]) are changed we do not find
a substantially different final Te([N II]) map because the [N II] lines
involved in the temperature indicator have critical densities much
higher than the ne([S II]) values we are obtaining for HH 204. In
Fig. 5(c) we can see that this new density map fits much better the
Hα contours not only inside the head of the bow shock, but also
at the location of other structures visible in the HST images such as
the wing at the west of the head. We recomputed Te([S II]) assuming
the ne([S II]) map of Fig. 5(c) and obtained the distribution showed
in Fig. 5(f), finding a much smoother map where the arc-shaped
area of very high temperatures has disappeared. The final ne([S II])

Figure 5. Physical conditions of HH 204 : (a) Te([N II]), (b) and (c) two different estimates of ne([S II]), (d) Te([O III]), (e) and (f) two different estimates of
Te([S II]). See text for details. The contours plotted are those from the HST F656N images. In the density map (b) we mark three different zones: background
gas (white box), head of the bow shock (black box) and high-temperature arc (grey box), whose spaxels have been co-added in order to analyse their spectra
and derive the physical conditions at those zones.
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 5. Physical conditions maps with Hα contours overplotted: (a) ne([S II]), (b) Te([O III]), (c) Te([N II])/Te([O III]) ratio and (d) Te([N II]).

Figure 6. Section of a PMAS spectrum of the brightest spaxel at the apex
(−5.5, −6.5). The fitted continuum contribution to the right-hand side of
the BJ was subtracted to the whole range showed.

of the FOV, while the west half shows values of about 7000 K,
encompassing HH 202-S and HH 202-N. From the comparison of
Fig. 7 and the rest of the maps, we can see that the spatial distribution
of Te(Bac) is something similar that of Te([O III]): both indicators
show the maximum values at HH 202-S, HH 202-N and the arc
connecting both features.

4.2 Chemical abundances

The IRAF package NEBULAR has been used to derive ionic abundances
of N+, O+ and O2+ from the intensity of CELs. We have assumed no
temperature fluctuations in the ionized gas (t2 = 0) and a two-zone
scheme: Te([N II]) for N+ and O+ – the low ionization potential

Figure 7. Balmer temperature map with Hα contours overplotted. The black
rectangle on the north-west corner corresponds to an area masked due to the
bad determination of Te(Bac).

ions – and Te([O III]) for O2+. The errors in the ionic abundances
have been calculated as a quadratic sum of the independent contri-
butions of errors in flux, ne and Te. The spatial distributions of the
O2+ and O+ abundances are presented in Figs 8(b) and (d), respec-
tively. In these figures, we can see that the spatial distributions of
both abundances are completely different. The O+/H+ ratio reaches
the highest values just on the bow shock, whereas O2+/H+ shows
an inverse behaviour, reflecting the different ionization structure of
the bow shock and the bulk of the background nebular gas. The
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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This distribution is attributed to differences in the way in which the
star θ1 Ori C illuminates this zone of the nebula (O’Dell et al. 1997b)
and the relatively large distance between the star and HH 204, which
makes the impinging ionizing flux too low to maintain the presence
of a substantial fraction of O2 + ions at the bow shock.

4.2 Physical conditions

In Fig. 5 we present the physical conditions determined for the
observed field, where the head of the bow shock is associated with
local peaks of electron density.

Fig. 5(a) shows the Te([N II]) map. A remarkable feature is
the narrow high-temperature zone just at the southeast border of
the head of the bow shock. This structure seems to be real, since the
temperature determination has only an error of about 2 per cent,
much lower than the temperature increase. Furthermore, it is a
rather narrow feature that can only be distinguished when the DAR
correction is applied. On the other hand, this high-temperature zone
cannot be produced by the slight extinction excess we find in a
nearby – but not coincident – area of the head. We would need
c(Hβ) differences by about unity to account for a temperature in-
crease of 1000 K. We also do the exercise of correcting the whole
set of data with two constant values of c(Hβ), 0.2 and 0.4 dex,
and the high-temperature arc is still clearly present in both cases.
Then the derived temperature enhancement is not an artefact of the
high local extinction. The nature of this structure will be discussed
later. Fig. 5(b) shows the ne([S II]) map derived in combination with
Te([N II]) until convergence. Assuming this initial ne([S II]) map we

also derived the Te([S II]) map (see Fig. 5e), which shows an arc
that delineates a zone of strong increase of temperature at the north-
east of the head. We found that this structure also appears if we
calculate the map of the S+ abundances derived from the auroral
[S II] lines when using Te([N II]) (Fig. 5a) and ne([S II]) (Fig. 5b).
Obviously, that result has no physical meaning. The simpler ex-
planation for this fact is that we are not using appropriate values
of the electron density for deriving S+ abundances and this affects
especially the calculations based on nebular [S II] lines, which have
lower critical densities than the auroral ones. In order to correct for
this discrepancy in the S+ abundance, we determined the ne([S II])
map that – assuming the Te([N II]) distribution of Fig. 5(a) – makes
the differences between the abundance obtained from the nebular
and auroral lines lower than the estimated maximum error of this
abundance, ±0.08 dex. The final electron density map is shown in
Fig. 5(c), where only half of the spaxels show values different from
the previous map. It must be said that using an iterative procedure
in which both Te([N II]) and ne([S II]) are changed we do not find
a substantially different final Te([N II]) map because the [N II] lines
involved in the temperature indicator have critical densities much
higher than the ne([S II]) values we are obtaining for HH 204. In
Fig. 5(c) we can see that this new density map fits much better the
Hα contours not only inside the head of the bow shock, but also
at the location of other structures visible in the HST images such as
the wing at the west of the head. We recomputed Te([S II]) assuming
the ne([S II]) map of Fig. 5(c) and obtained the distribution showed
in Fig. 5(f), finding a much smoother map where the arc-shaped
area of very high temperatures has disappeared. The final ne([S II])

Figure 5. Physical conditions of HH 204 : (a) Te([N II]), (b) and (c) two different estimates of ne([S II]), (d) Te([O III]), (e) and (f) two different estimates of
Te([S II]). See text for details. The contours plotted are those from the HST F656N images. In the density map (b) we mark three different zones: background
gas (white box), head of the bow shock (black box) and high-temperature arc (grey box), whose spaxels have been co-added in order to analyse their spectra
and derive the physical conditions at those zones.
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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Figure 6. Spatial distributions of physical conditions for the BB (left-hand column) and NE-Orion-S (right-hand column). For all fields, we present ne([S II])
(top row) in units of cm−3, Te([N II]) (second row from top) and Te([O III]) (third row from top) in units of K, and the ratio of both temperatures (bottom row).
Hα contours are overplotted in all maps.

profile reaches densities of about 3200–1000 cm−3 lower than that
of our determination – but is in agreement with the results by Garcı́a-
Dı́az & Henney (2007) along a similar slit position. On the other
hand, our density determination is in agreement with the model
results of Wen & O’Dell (1995). In their fig. 4(a), they present a
spatial profile of the density with a position angle of 322◦, which
precisely crosses our BB field, finding densities of about 5000 cm−3,
similar to our values. Therefore, the small differences found here
between our physical conditions and those reported by other authors
seem to be related to the presence of local variations of the physical
conditions in the BB. Wen & O’Dell (1995), in their fig. 5(a), also
presented a spatial profile of the density with a position angle of
226◦ covering the NE-Orion-S field, which passes close to the south-
east corner of our field. They found densities no higher than 12 000
cm−3, slightly lower than our determinations but consistent within
the uncertainties.

5.3 Chemical abundances

In Fig. 7, we present the spatial distributions of ionic and total oxy-
gen abundances derived from CELs for the two fields. As expected,
the O+ and O2+ abundance distributions are rather similar to those
of the [N II]/Hα and [O III]/Hβ line ratios shown in Fig. 5. However,

unexpectedly, we find structures in the spatial distributions of the
total O abundance of both fields as we can see in Figs 7(c) and (f).
The mean values of the O/H ratio at the BB and NE-Orion-S amount
to 8.49 ± 0.03 dex and 8.48 ± 0.05 dex, respectively, which are
in complete agreement with the typical oxygen abundances – 8.50
dex – obtained by previous works in different parts of the Orion
nebula (Esteban et al. 1998, 2004; Blagrave, Martin & Baldwin
2006; Mesa-Delgado et al. 2009b; Simón-Dı́az & Stasińska 2011).
In the BB field, the O abundance variations are within the typical
error of about 0.10–0.15 dex, while in the NE-Orion-S the range
is slightly wider, finding the lowest values at the south-west cor-
ner of the field, precisely where the O2+ abundances are lower and
([O III]) has a larger uncertainty, as we mentioned in Section 5.2.
In Fig. 7, we can see that the areas with the highest total O abun-
dance coincide in general with those showing higher O+/H+ ratio.
Moreover, the structure of the spatial variations of the O/H ratio
shown in Figs 7(c) and (f) is remarkably similar to that of the ne

maps of Figs 6(a) and (e). To understand this behaviour, we have to
consider that ionic abundance determinations derived from CELs
depend very much on the physical conditions of the gas. O+/H+

and O2+/H+ ratios are both strongly dependent on Te, but not on ne

at the same level. In particular, the O+/H+ ratio derived from the
[O II] 3727 Å doublet is much more dependent on ne than the O2+
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ne([SII]) = 9,000±1,800 cm-3

ne([FeIII]) = 15,300±5,600 cm-3

ne([SII]) = 1,400±300 cm-3

ne([FeIII]) = 2,800±1,900 cm-3 

High-resolution UVES spectroscopy 
(Mesa-Delgado et al. 2009): 

ne(background) = 2,890±550 cm-3

ne(gas flow) = 17,430±2,360 cm-3
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