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Abstract: The aim of this work is to search optical spectra of Herbig-Haro objects in Taurus
star-forming region and analyse it to make a diagnosis on their physical conditions. We study the
degree of excitation, tracers of electron density, electron temperature and degree of ionization that
are properties which are studied by the analysis on the forbidden emission lines. From a total of 57
catalogued objects, the lines of a sample of 30 knots are presented. It is obtained a range on electron
temperature from 0.9 × 104K and > 1.5 × 104K, an average electron density of 2.5 × 103cm−3 and
a minimum electron excitation of 15%.

Key words: Herbig-Haro Object (HH), Taurus region, nebular diagnosis, optical spectra.

I. INTRODUCTION

The study of the star formation regions provides wide
information on the primarily period of the star’s evolu-
tion.

A star is formed within a molecular cloud due to the
gravitational collapse of dense cores. Due to the preser-
vation of angular momentum and the gravitational pull
between the particles into the nebulous, the surround-
ing material accumulates in an accretion disk around the
protostar. Material from the disk is added via accretion
at the star mass, it loses energy by viscosity, and falls into
the star. The star ejects part of this additional material
at high speeds. The accretion disk acts as a collimator,
imposing a privileged direction that the ejected material
will follow. These collimated high speed ejections of mat-
ter (of the order of hundreds of km/s) are the outflows.
The particular ones that are manifested in the optical
and infrared spectrum are called jets.

The ejected matter will interact with the surrounding
material producing shocks, thus forming dense and ex-
cited aligned knots until a bow shock. This phenomena
is called Herbig Haro (HH). The gas heated in the colli-
sions is cooled via radiation, emitting permitted or for-
bidden lines (following electrical dipole selection rules).
The forbidden lines are typical of the jets as they are
characterised by low densities.

More than sixty years ago, George Herbig and
Guillermo Haro independly detected the first object with
these characteristics in the Orion region. From then,
more than four hundred HH have been identified in dif-
ferent regions and catalogued [1]. In this work we focus
on the study of the HH objects in the Taurus region.

The main objective of this work is to determine the
physical properties of the HH in Taurus via the spectral
analysis of the optic emission lines.

The work is divided in two parts: In the first one, we
present the data acquisition of the optical line fluxes on
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Hβ, [O III] λ 5007Å, [OI] λ 6300, 6364Å, [NII] λ 6548,
6583Å, Hα and [SII] λ 6716, 6731Å. In the second part,
the tracer ratios are analysed to obtain the physical char-
acteristics of the objects.

Other similar study has been done in the Orion region
by A. Algarra [2]. The obtained results are compared in
the discussion section.

II. DATA COLLECTION

The data analysed in this work describe the HH objects
located in the Taurus region, the nearest star-forming
molecular cloud (140pc) which has specific properties be-
cause of its young age (1Myr) [3]. These data include
fluxes from the lines mentioned in the previous section in
which we are interested. The followed steps for the data
collection has been the selection of objects via Reipurth
catalogue obtained with the VIZIER database [4] by its
coordinates and the search for optical spectra database.
This step has been the most complex one. From more
than 57 catalogued HH objects and more than 300 pub-
lished papers, only a sample of 30 knots has numerical
published accessible spectra information that we present
in Table III. Our starting point regarding line fluxes has
been the paper by A. C. Raga et al. ”A Compilation of
Optical Spectrophotometry of HH Objects and its Ten-
tative Interpretation” [5]. Thus, the main part of the
information in this section has been taken from papers
from 1996 until 2019.

III. RESULTS

In this section, an analysis of the data presented in Ta-
ble III (see Appendix) is carried out. Next figures repre-
sent the tracers of the studied physical conditions. The
analysis of the spectra excitation characteristics of the
studied objects has been based in the criteria showed in
[5]. The analysis of the electron temperature, electronic
excitation and electronic density are based on radiative
transport equations (see example at [6]).
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Due to the different sources of information, it has been
complex to establish a common criteria to present and
analyse the data. It has to be mentioned that the data
from [7] do not correspond to the HH objects alone, since
it is a study of young embedded stars. However, we ratify
the use of this information due to the fact that the knots
it presents are close to its star: HH 360A is a compact
nebula close to IRAS 0416+2610 (360A and 360B are the
names we have chosen for two knots found by Kenyon et
al. [8]), HH 156 is a small bipolar jet near Coku Tau 1
[9], HH 31 IRS 2 is the name of a likely energy source
(HH 31) found by Cohen & Schwartz [10], HH 414/413
is a small bipolar jet coinciding with its source IRAS
04264+2433 [11] and HH 408 is a bipolar flow consisting
in two short jets and other bow shock associated with
the T Tauri star Haro 6-33 (IRAS 04385+2550). It is
important to stress that the information used emains the
jet part that is closest to the star. Thus, we can consider
it. The case of HH 30 is an example, whose data comes
from both two different papers and allows us to compare
the differences between one [7] (regarding the star) and
the other [5].

FIG. 1: Spectra excitation. The line limits the high excitation
zone (left). Only the objects with [OIII] data are showed. All
of them have high excitation spectra.

In Figure 1 we present the studied knots according to
the excitation degree of their spectrum (high, intermedi-
ate or low), using the criteria given in [5]:

i) “high excitation spectra”, with [O III] 5007/Hβ >
0.1 and [S II] (6716+6731)/Hα ≤ 1.5,

ii) “intermediate excitation spectra”, with [O III]
5007/Hβ ≤ 0.1 and [S II] (6716+6731)/Hα ≤ 1.5,

iii) “low excitation spectra”, with [O III] 5007/Hβ ≤ 0.1
and [S II] (6716+6731)/Hα > 1.5.

In Figure 2 a diagram of the behaviour of the tracers
of electron density versus excitation is showed. From this
representation, electron density can be obtained.

FIG. 2: Density tracer ([SII]6716/6731) versus excitation.

FIG. 3: Regions with HH, SNR (Supernova Remnants), and
HII regions characteristics are delimited with dashed lines.

In Figure 3 we represent tracers of excitation: Hα/[SII]
(6716+6731) and Hα/[NII] (6548+6583) these tracers
give us information on the mechanism of emission lines.
The represented regions are outlined using figure from
[12] which is used in other articles as [13].

It is remarkable that, both in Figure 2 and Figure 3,
the 360B and 360A objects appear considerably distant
of the others. Thus, it might be because they are strongly
perturbed by their surrounding sources.

Figures 4 and 5 show histograms regarding the deci-
mal logarithm of the tracer of electron temperature ([O
I]/[S II] (6300+6364/6716+6731)) and the decimal log-
arithm of the tracer of degree of ionization ([N II]/[O I]
(6584/6300)).

IV. DISCUSSION

In this section we discuss the studied characteristics of
the knots.

The criteria used for the study has provided the general
characteristics of the discussed HH objects.
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FIG. 4: Histogram of the distribution on the logarithm of the
tracer of electron temperature [OI/SII].

FIG. 5: Histogram of the distribution on the logarithm of the
tracer of ionization degree. The range of ionization of our
studied objects is from 15% until more than 60% (limit on
x = 0.4).

A. Physical Conditions

It is worth to highlight that the majority of the HH
objects that have been studied are the ones with more
excited spectra defined as ”high” or ”intermediate ex-
citation spectra”. In Figure 1 there are only presented
the objects that have [OIII]5007 and the excitation of its
spectrum has been fully analysed. However, we notice
that, regarding [SII]/Hα, the rest of the objects will be-
long to the high excited and intermediate excited spectra.
From the results we can extract the statistical values on
the physical conditions of our sample (Table I).

In Table II, corresponding values of the magnitudes
from the tracers showed in Table I are presented.

Comparing these sample results with the ones pre-
sented in A. Algarra work [2], it is remarkable that,
in general, Te of the Taurus jets is higher than in the

[OI]/[SII](Te) [NII]/[OI](χe) (6716/6731)(ne)

Average 0.98 0.67 0.68

Deviation 0.49 0.48 0.13

Minimum 0.44 0.25 0.51

Maximum 1.85 1.65 0.93

TABLE I: Statistical values obtained for the studied ratios.
Tracers of electron temperature, ionization degree and elec-
tron density.

Te(104K) χe(%) ne(103cm−3)

Average - - 2.5

Minimum 0.9 15 0.8

Maximum > 1.5 > 60 11.0

TABLE II: Limit values obtained for each magnitude. The
average value on electron density is showed.

Orion region jets. The sample of study of this work has
a shorter range regarding electron excitation (χe) than in
the Orion sample. Furthermore, the maximum value of
the density tracer (ne) is lower than in the Orion sample.

V. CONCLUSIONS

• It is found that in the Taurus region high excitation
HH objects represent the total of the HHs that has
data.

• Due to the lack of information, we cannot deter-
mine whether the used set of spectra data, and,
therefore, the set of HHs analysed, are representa-
tive of the kind of objects in Taurus region. This
lack of numeric spectroscopic observations database
implies the difficulty of performing a statistical
study of the physical conditions of these objects.

• It is corroborated that the effects of irradiation af-
fect on the emission spectra of some of the studied
HH as in HH 360.

• The comparison with the Orion region shows that
the sample used in this work has narrower ranges
of χe and ne and a smaller deviation. Regarding
Te, we obtained larger values.

VI. APPENDIX

In the last page, we present the table that contains
the studied objects and their spectral line fluxes. The
objects are ordered by right ascension. The coordinates
of the HH are mostly from Reipurth catalog. However,
those specific knots that were found in J1950 had been
transformed to J2000 using [14].

Treball de Fi de Grau 3 Barcelona, June 2019



ANALYSIS OF PHYSICAL CONDITIONS IN HH OBJECTS Maria Balaguer Prat

Acknowledgments

I would like to thank my advisor, Rosario López, for
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[12] J. Cantó, in Investigating the Universe, Dordrecht: Rei-
del, F. Khan, 1981, p. 95.
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TABLE III
FLUXES OF HH OBJECTS RELATIVE TO Hβ=100

HH R.A.(J2000) Decl.(J2000) [O III] [O I] [O I] [N II] [Hα] [N II] [S II] [S II]

(hms) (o ′ ′′) λ 5007 Å λ 6300 Å λ 6364 Å λ 6548 Å λ 6563 Å λ 6583 Å λ 6716 Å λ 6731 Å

360B 04 04 42.9 +26 18 42 56.0 1.4 1.3 1.4

360A 04 04 43.0 +26 19 00 55.5 1.5 2.0

156 04 18 51.5 +28 20 28 71.5 23.0 110.5 33.5 20.0 31.0

158 04 27 04.7 +26 06 16 28 114 378 188 92 169

31 04 27 57.3 +26 19 18

31 IRS 2c 86.0 13.0 8.0 10.0

31 IRS 2 95.0 7.5 6.5 9.0

184 04 29 23.7 +24 33 01 17 369 2074 259 115 215

414/413 04 29 30.3 +24 39 54 23.0 7.0 78.5 10.5 7.0 10.0

256-GH1 04 30 53.2 +17 59 07 263

258-GH2 04 30 58.0 +18 03 35 76

258-GH3 04 30 58.6 +18 04 02 39

258-GH4 04 31 01.2 +18 04 01 62

258-GH5 04 31 01.2 +18 03 38 158

258-GH6 04 31 01.9 +18 02 55 118

258-GH7 04 31 04.1 +18 03 49 225

258-GH8 04 31 05.9 +18 03 31 103

259-SH229 04 31 14.1 +18 04 02 50

29 04 31 27.1 +18 06 24 33

29A 50 35 22 43

29B 60 70 25 130

29C 70 50 23 90

29D 60 62 15 40

29E 40 20 19 30

29F 10 10

261-SH219/220 04 31 30.0 +18 06 53 9

154 04 31 33.8 +18 08 02 98 1477 2500 1310 803 1578

30 J 04 31 37.6 +18 12 26 526 813 132 358 443

30 IRS 110.0 35.0 185.0 30.5 47.0 77.5

262-GH9 04 31 58.9 +18 12 07 65

262-GH10W 04 32 00.1 +18 11 34 85

262-GH10E 04 32 01.1 +18 11 24 102

408 04 41 38.9 +25 56 26 20.0 3.0 2.5 3.5

TABLE III: The data for 360B, 360A (also known as 04016+2610), 156, 31 IRS 2c (also known as 04248+2612), 31 IRS 2,
414/413, 30 IRS and 408 is from [7]. HH 158, 184, 154 and 30 are from [5]. Source of HH 256, 258, 259 and 262 is [15]. The
data of the HH 29 knots is from [16].
The [OI], [NII] and [SII] fluxes of the HH 29, 256, 258, 259, 261 and 262 knots are relative to Hα = 100 due to the lack of Hβ
normalized information.
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