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ABSTRACT

Context. Protostellar jets driven by massive protostars are collimated outflows producing high-speed shocks through dense interstel-
lar medium. Fast shocks can accelerate particles up to relativistic energies via diffusive shock acceleration, producing non-thermal
emission that can originate γ-ray photons. HH 80-81 is one of the most powerful collimated protostellar jets in our galaxy, with non-
thermal emission detected in radio, X-ray, and γ-ray bands. Characterize the γ-ray emission originated by the accelerated particles of
the region is crucial for demonstrating the capability of protostars to accelerate cosmic rays.
Aims. Our goal is to determine the particle distribution that is producing the γ-ray spectrum of HH 80-81 in order to ascertain the
leptonic/hadronic origin of the γ-ray emission. We aim at associating the high-energy emission in the region with the HH 80-81
system, characterize its spectrum, and elaborate emission models based on what we expect from the diffusive shock acceleration.
Methods. We use the 15 yr database provided by the Fermi-LAT satellite to study the high-energy emission of the jet, spanning from
300 MeV to 100 GeV. In addition, we perform a source association based on positional arguments. Then, we employ the naima and
Gamera softwares to analyze the possible mechanisms that are producing γ-rays considering the ambient conditions. We perform a
radiative fitting and study the nature of the particles behind the γ-ray emission.
Results. By analyzing all the candidates to produce the γ-ray emission that we detect, we conclude that HH 80-81 is the most probable
candidate to explain the γ-ray emission in the region. The detected spectrum can be explained by both hadronic and leptonic particle
components.
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1. Introduction

Massive young stellar objects (MYSOs), typically characterized
by masses above 8 M⊙, have been objects of study due to their
unique properties and their impact on star-forming regions. Mas-
sive protostars have higher luminosities than low-mass proto-
stars, regulating the star-forming environments heating and ion-
izing the medium (Tan et al. 2014; Kölligan & Kuiper 2018).
In addition, their powerful stellar winds and jets are essential to
understand the mechanical feedback of the star-forming com-
plexes, affecting the entire population of star-forming objects
in the region. Evolutionary models indicate that MYSOs evolve
rapidly, reaching the zero-age main sequence stage while still
embedded within the giant molecular clouds, where the star
formation takes place in the galaxy (Kahn 1974; Wolfire &
Cassinelli 1987). This rapid evolution limits their capability to
continue accreting mass. However, the detection of significantly
more massive stellar objects highlights the necessity for mech-
anisms enabling the effective mass accretion once the star be-
gins heating the surrounding medium. Theoretical studies ap-
proach this issue using massive accretion disks and collimated
jets (Hosokawa et al. 2010; Kuiper et al. 2010), which are con-
sistent with observations (Beltrán & de Wit 2016; Fedriani et al.
2018; Frost et al. 2019; Fedriani et al. 2019; Backs et al. 2023).

Surveys carried out by Caratti o Garatti et al. (2015),
Moscadelli et al. (2016), and Purser et al. (2021) on MYSOs
demonstrate a significant presence of jets associated with these
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sources. The outflows interact with the ambient medium, com-
monly producing knot shocks within the jet interior, as well
as the powerful termination shocks. Charged particles crossing
shocks gain energy via first-order Fermi acceleration, hereafter
diffusive shock acceleration (DSA) (Bell 1978; Blandford & Os-
triker 1978). This is one of the most common mechanism to
accelerate cosmic rays (CRs) in the Milky Way. Consequently,
jets can be associated with non-thermal emission (Obonyo et al.
2019), dominating different parts of the source spectrum. Ra-
dio frequencies are dominated by synchrotron emission, show-
ing a negative spectral index consistent with non-thermal emis-
sion (e.g. Araudo et al. 2008; Anglada et al. 2018). On the other
hand, γ rays can trace the non-thermal emission directly origi-
nated by the interactions of relativistic particles in the region.

Herbig-Haro (HH) objects (Herbig 1951; Haro 1952) are
composed of bright optical structures associated with knots cre-
ated in jets originated by young stellar objects, also capable to
emit from radio to infrared (IR) and even X-rays (see Schnei-
der et al. 2022). These knots are produced by shocking ma-
terial interactions, reaching hundreds of km s−1 (e.g. Caratti o
Garatti et al. 2009; López-Santiago et al. 2015; Djupvik et al.
2016; Massi et al. 2023). When ejecta interacts with the am-
bient medium or with slower structures within the jet (Cantó
et al. 2000), strong shocks are produced, specially the termi-
nation shocks, where the ejected material in the outer parts of
the outflow directly impacts the interstellar medium (ISM). Con-
sequently, HH objects usually present a clear ionization struc-
ture, showing Hα emission in the shocked regions and emitting
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Table 1. Initial parameters for the source of interest obtained from the
fitted ROI model.

Source of interest

TS E>300 MeV = 29.44 | TS E>100 MeV = 41.92
Npred, E>300 MeV = 1445 | Npred, E>100 MeV = 4673

Power-law spectral model (see Eq. (1))

Γ = 2.62 ± 0.12
φ0 = (7.6 ± 2.2) × 10−13 MeV−1cm−2s−1

Point-like spatial model

RAJ2000 = 274◦.80
DecJ2000 = −20◦.79

2.1. Detection and TS maps

The PSF of the LAT instrument varies from ∼ 5◦ at 100 MeV to
∼ 0.1◦ at 100 GeV, limiting the spacial resolution of the instru-
ment. Zucker et al. (2020) established the distance to the source
at (1400 ± 70) pc, projecting an angular extension of ∼ 0.3◦ for
the entire system. Despite the enormous size of this particular jet
of ∼ 10 pc (Masqué et al. 2015), the angular size of our source
is similar to the angular resolution at the highest energies, where
the number of photo-events tends to be less abundant in a typ-
ically decreasing spectrum. Therefore, we expect the entire HH
80-81 system (hereafter HH 80-81) to be contained within a
small angular region centered on IRAS 18162-2048, behaving
as a point-like source.

Given the lack of any bright γ-ray source in the field of view,
our ROI is dominated by the Galactic diffuse emission due to the
proximity of HH 80-81 to the Galactic plane, which accounts for
∼ 80% of the detected photo-events in our analysis. Thus, the ac-
curacy in the fitted model of this background emission is crucial
for analyzing our object. At low energies, the containment area
where we detect γ-ray photons provided by the target source is
quite large, resulting in a considerable contamination from the
background inside this region. Based on this, we studied the ex-
pected counts from the Galactic diffuse emission within the re-
gion covered by the PSF located in the same position as HH 80-
81. Then, we find that a ∼ 1% of variation in the diffuse emis-
sion corresponds to the same level of emission measured from
the new source at 300 GeV. Therefore, we decided to ignore all
data below 300 MeV since we considered them highly affected
and unreliable because of their sensitivity to the Galactic diffuse
emission. As a result, following the methodology described in
the beginning of Sect. 2, we obtain a ROI fitted model that pro-
vides an initial approach to the source of interest (see Table 1).

Once we have built a reliable dataset, we obtain several test
statistic (TS) maps in order to display our source detection (Fig.
2). We use the tsmap method from fermipy, which computes
the TS value for each spatial bin by adding a test source at each
spatial position in the ROI calculating its amplitude and TS ver-
sus the location, in order to get a significance map. The remain-
ing parameters are manually fixed. In our case, we have used the
simplest test source possible: a point-like source whose spectrum
is modeled with a power law described by Eq. (1),

φ(E) = φ0

(

E

E0

)−Γ

MeV−1 cm−2 s−1, (1)

where φ(E) describes the differential flux at a certain energy and
φ0 is the event rate at the reference energy E0. In this work, we
fixed the reference energy to E0 = 1 GeV for our spectral models

of HH 80-81. In addition, to compute the TS value in each spatial
bin, we create a test source with Γtest = 2.6 based on the results
of Table 1 from the ROI fitted model.

Figure 2 is created following this methodology. Panels (a)
to (c) represent the significance of the counts excess at different
minimum energy thresholds. These are computed by excluding
our target source from the final fitted model. The source detec-
tion is achieved if the TS is over 25, which is equivalent to a
5σ detection significance. Figure 2 shows that the source of in-
terest is still detected when considering a lower energy limit of
500 MeV. However, the emission above 700 MeV is not enough
to reach the 5σ detection threshold. On the other hand, panel (d)
shows a flat TS map (this time, considering the presence of HH
80-81 in the ROI model) for a test point source with Γtest = 2,
confirming the good quality of the fitted model.

Yan et al. (2022) initially detected a γ-ray excess in the same
region between 100 MeV and 300 MeV. Now, by using five more
years of data and a more precise analysis, we have identified
some incompatibilities. Analysing the dataset included in this
work, we found that the count excess yields a TS of ∼ 29 above
300 MeV (∼ 42 above 100 MeV), reaching the 5σ threshold to
claim the source detection. This is notably lower than the 10σ
detection claimed by Yan et al. (2022) above 100 MeV. Fur-
thermore, the source is clearly detected above 500 MeV, indi-
cating a harder spectrum than that reported in Yan et al. (2022)
(Γ = 3.53 ± 0.11). These discrepancies can be attributed to the
energy range used in the initial detection. As we have calculated,
the Galactic diffuse emission is dominating the lowest energies,
where the first detection was achieved with significantly less ex-
posure time, suggesting that the original detection was heavily
affected by the residuals of the Galactic template.

2.2. Morphological analysis

The low spatial resolution of Fermi-LAT restricts morphological
studies on small sources like HH 80-81. However, accelerated
particles can reach large regions with high ISM densities, pro-
ducing γ-ray excess along enormous areas that can be detected
as extended sources by Fermi-LAT. To constrain the extension
of the source of interest, we employ the extension analysis algo-
rithm in the fermipy package.

We build 21 radial disk models, varying the radius from
0.01◦ to 1.0◦, all centered on the same coordinates of IRAS
18162-2048 (Table 3). For each uniform disk model, we fit the
spectral parameters of the sources by maximizing the likelihood.
Then, the global likelihoods of all the models are compared to
determine the significance of the extended model as a function
of the source radius. This significance is calculated as the square
root of the ∆TSext, obtained through Eq. (2), where we compare
the global likelihood of each extension model (Lextended) with the
likelihood obtained for a point-like source (Lpoint−like).

∆TSext = −2
(

lnLextended − lnLpoint−like

)

. (2)

The extended model that best fits to the detected γ-ray emis-
sion in the region has a radius of (0.25 ± 0.05)◦, resulting in a
hint of ∆TSext ≈ 10, which does not reach the commonly used
5σ threshold for claiming an extended source. Since our source
radius is significantly lower than our PSF at low energies, where
the majority of photo-events are expected to be, we can assume
that our source of interest behaves as a point-like source. Con-
sequently, we continue our analysis without considering any ex-
tension.
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The obtained radiative spectrum reveals a harder behaviour
than that reported by Yan et al. (2022), with an updated power-
law index of Γ = 2.62 ± 0.12 versus a previous value of
3.53±0.11. We fit the detected radiation to be originated from ei-
ther leptonic or hadronic particle distributions. Both populations
are compatible with the spectral shape of the source. In addition,
the amount of energy injected in both particle distributions is
achievable during the jet’s lifetime. As a result, the exact nature
of the particle population that is producing the γ-ray emission re-
mains unclear and will require longer exposure times to perform
more significant morphological studies. In this way, we display
IR and density maps over the detected γ-ray emission to show
the spatial coincidence with the Galactic structures of L291.

Finally, this work demonstrates that HH objects are excel-
lent candidates for studying the capability of protostellar jets
to accelerate particles. Therefore, further investigations of these
objects along all the electromagnetic spectrum are essential to
constrain the ambient conditions in order to infer the particle
spectrum from the high-energy emission. Regarding HH 80-81,
the two main knots (i.e. HH 80 and HH 81) have been studied
in radio (Marti et al. 1993; Vig et al. 2018) and X-rays (Pravdo
et al. 2004; Rodríguez-Kamenetzky et al. 2019). Nonetheless,
the large PSF of the LAT instrument detects the entire protostel-
lar jet as a point-like source. To combine our findings with mul-
tiwavelength data, especially radio and X-ray bands where the
non-thermal emission dominates, we need further studies cover-
ing the whole region of interest. In the same way, future obser-
vations using the Large-Size Telescopes (LSTs) of CTAO could
provide key insights into the morphology of the γ-ray production
region, since the theoretical cutoff for the maximum reachable
energy of the accelerated particles seems compatible with the
minimum energy threshold of the LST telescopes (see Araudo
et al. 2021).
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