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Introduction



Star forming regions
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Protostellar jets
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Young Stellar Objects (YSOs)

• Central
protostar

• Accretion disc
• Fast and
collimated jets
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Jet velocity inferred from proper motions

• Low-mass protostars:
vj ∼ 50− 200 km/s

• High-mass protostars:
vj ∼ 200− 1500 km/s
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The inner jet in HH 211 (M⋆ ∼ 0.06M⊙)

ALMA observations show that the jet is launched at ∼ 0.021 AU in the
disc with a velocity ∼ 107 km s−1 (Lee et al. 2025)
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Thermal and non-thermal emission

• Well known thermal emitters
• Increasing population of non-thermal protostellar jets (e.g.
Purser et al. 2016)

HH 212 - Hubble Space Telescope 7



Non-thermal (synchrotron) emission from protostellar jets
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Jet density

Mass conservation across the jet:

nṀ
cm−3 ≈ 150

(
Ṁi

10−6 M⊙ yr−1

)( vj
1000 km s−1

)−1( Rj
1016 cm

)−2

Upper limit given by free-free emission (ϵff < ϵsynchr):
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Magnetic fields and non-thermal particles content

Ue
erg cm−3 ∼ 5×10−8
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Radiative and adiabatic shocks

Radiative shocks (lth < Rj): Compression of cosmic rays in the
molecular cloud1 (e.g. Chevalier 1999)

Adiabatic shocks (lth > Rj): Local particle acceleration (Bell 1978)

Thermal cooling time:

tth =
3
2
kBTps
nλ(Tps)

Thermal cooling length:

lth = tth
vsh
4

Blondin et al. (1989)
1As for old supernova remnants emitting synchrotron radiation in the radiative phase. 11



Adiabatic and radiative shocks

Thermal cooling length: lth
cm ≃ 6.9× 1016

( nj
104 cm−3

)−1 ( vsh
1000 km s−1

) 9
2

Critical shock velocity (lth = Rj): vsh
km s−1 = 650

( nj
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) 2
9
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) 2
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Maximum energies and
gamma-ray emission



Bell instabilities in YSO jets

Maximum growth rate:
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Protons maximum energy - Ep,max

• Ep,max upper-limit due to the escape of particles upstream of
the shock (Zirakashvili & Ptuskin 2008, Bell et al. 2013)

• For a distribution of protons Np ∝ E−sp

Γmax,NR

(
Rj
vsh

)
> 5⇒ Ep,max

mpc2 =


(2− s)F s < 2

log
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GeV

)−1
F s = 2[

(s− 2) 1
mpc2 F

] 1
s−1 s > 2

F ≃ 65.83
(

Up,tot
10−5erg cm−3

)(
Rj

1016cm
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)− 1
2
.

14



Gamma-ray emission

GeV-TeV protons (electrons) produce gamma-rays by proton-proton
collisions (relativistic Bremsstrahlung)

0.0001 0.001 0.01 0.1 1

Eγ [erg]

1e-18

1e-17

1e-16

1e-15

1e-14

F
γ,

p
p
 [

er
g
 c

m
-2

 s
-1

]

Fermi (10 yr)

(3)

(5)

(6)

(2)

(8)
(9)

(10)

(7)

(11)

(4)

(1)

n
lobe

 = 4n
M

dot

1e-16 1e-14 1e-12 1e-10 1e-08 1e-06 0.0001 0.01 1

Eγ [erg]

1e-17

1e-16

1e-15

1e-14

1e-13

F
γ [

er
g
 c

m
-2

 s
-1

]

IRAS 16547 N4 (9)

IRAS 16547 S1 (10)

IRAS 16484 NE (7)

Fermi (10 yrs)

Synchrotron

Rel. Bremsstrahlung

proton-proton

Araudo et al. (2021)

15



Density enhancement via Rayleigh-Taylor mixing2

n′max
nmc

∼ 1000
( nj
104 cm−3

) 1
2
( vj
1000 km s−1

)( Bmc,⊥
0.1mG

)−1

del Valle, Araudo & Suzuki-Vidal (2022)
2Self-similar solutions for the dynamics of the collision between radiative and
adiabatic planar shocks (Gintrand, Moreno, Araudo, Tikhonchuk & Weber, 2021)
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Gamma-ray emission from
HH80-81



Herbig Haro (HH) objects HH80 and HH81

Located where the southern jet from the massive protostar IRAS
18162-2048 terminates. Due to their proximity (d = 1.4 kpc) and
because these HH objects are located at the edge of the molecular
cloud in which they are embedded, these sources are very well
observed along the electromagnetic spectrum, from radio to X-rays.

Herbig-Haro 80/81. Credit: NASA, ESA, and B. Reipurth
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IRAS 18162-2048 (HH80/HH81)

• M⋆ ∼ 20M⊙

• Lbol ∼ 104L⊙
• d = 1.7 kpc
• vj ∼ 1000 km/s

18



HH80-81 associated to 4FGL J1818.5−2036
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Spectral energy distribution

Best fitting
parameters:
• Γe,p = 2.62
• n = 100 cm−3

• Ee,max = 3 TeV
• Ep,max = 12 TeV
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Note however that αGHz = 0.3 =⇒ Γe = 1.6
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Thermal contamination

α = 0.3
T ∼ 1.3× 106 K

vbs = 294
√

Tps

1.3× 106 K km s−1

dth

cm = 3.14×1016
( nmc

100 cm−3

)−1

RHH80 = 5× 1016 cm
RHH81 = 7× 1016 cm
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Pure synchrotron emission spectral index

η ≡ Vshell/VX < 0.03 for the bow shock to be radiative

Stot > Sff at ν = 5.5 GHz =⇒ nmc < 10/√η cm−3
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Radio to X-rays spectral energy distribution

A. Araudo et al. (in prep.)

23



Gamma-ray emission from S255
NIRS3



S255 NIRS3 (M⋆ ∼ 20 M⊙)

13CO map. Green contours: C18O tracing the two extense filamentary
structures. White contours: Fermi above 1 GeV. Blue dashed line: direction of

the 1 arcmin molecular bipolar outflow (de Oña Wilhelmi et al. 2023)
24



Spectral energy distribution

Associated with the Fermi source 4FGL J0613.1+1749c

• ϕ0 =
(6.21± 0.73)×
1013MeV1cm2s1

• α = 2.54± 0.07
• E0 = 1.231 GeV

de Oña Wilhelmi et al. (2023)
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Currently, only HH80-81 and S255 are GeV emitters

Pandey et al. 2026 26



Collective and diffuse gamma-ray
emission



Massive star formation

Massive stars are formed in groups, in the filaments in molecular
clouds (Beuther et al, 2025)
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ρ-Ophiuchus star forming region (d ∼ 120 pc)
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Collective and diffuse emission

Collective emission
• Jet speed vjet(m⋆)

• Jet mass loss rate
Ṁj(m⋆) = ηṀacc(m⋆)

• Protostellar mass
function dN/dm⋆

Diffuse emission Electrons
and protons that do not
cool down in the jet will
escape and radiate in the
molecular cloud.

Guszejnov et al. (2020)
These particles can be a source of ionizing cosmic rays
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Fermi associations (first catalogue)

Munar-Adrover et al. (2011) found 13 Fermi sources being positionally
coincident with 24 massive YSOs, and 8 of these Fermi sources have
not any proposed counterpart (like SNR, PWN, pulsar, etc.)
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Conclusions

• Synchrotron emission evidence the presence of relativistic
electrons MYSO jets.

• Jets from high mass protostars (velocities ∼ 500 km s−1 and
densities ∼ 100− 104 cm−3) have enough kinetic power to
accelerate particles and destabilise non-resonant (Bell) modes

• Rayleigh-Taylor mixing can make protostellar jets detectable in
the gamma-ray domain

• HH80/81 and S255 NIRS3 are currently the only two protostellar
jets associated with Fermi sources.

The detection of gamma rays from protostellar jets is very
important to study DSA and magnetic field amplification in the
high-density and low-velocity regime
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Questions?
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Polarization measurements

Polarization measurement
in IRAS 18162 (Herbig-Haro
objects HH80 and HH81)

• Low spatial resolution
VLA data
(C-configuration)

• Magnetic field parallel
to the jet axis

• Equipartition magnetic
field ∼ 0.2 mG
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Magnetic fields

Scalling law Bj ∝ nβj
0.5 < β < 1

Hartigan et al. (2007)

Equipartition magnetic fields in synchrotron jets: Beq ∼ 100− 500µG
⇒ Beq ∼ 100Bj ⇒ Magnetic field amplification?

Beq ∼ 100µG⇒ Up > Ue ∼ 10−8(Beq/500µG) erg cm−3 ⇒ Local
particle acceleration! (Padovani et al. 2016, Fontani et al. 2017)
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HH 81 (Radio + X-rays)

Shift between radio and X-ray emission (peak possition)

Rodríguez-Kamenetzky et al. (2019)
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HH 80 (Radio + X-rays)

Shift between radio and X-ray emission (peak possition)

Rodríguez-Kamenetzky et al. (2019) 35



HH 80: Non-thermal X-ray emitter?

Synchrotron origin of the X-rays (light-blue in the figure) was claimed
by López Santiago et al. (2013)
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Maximum energy of non-thermal particles

• Bell (non-resonant)
Γmax−NR ∼ ηcrMA

• Alfvén (resonant)

Γmax−RES ∼ r−1g

√
ηcrv3sh
c

Amato & Blasi (2009)

Γmax−NR > Γmax−RES

tacc ∼ 1
Γmax

⇒ in the Bell regime particles achieve higher energies in
the available time

37



Cosmic-ray streaming instabilities
Dispersion relation

ω2 − k2v2A − kζ v
2
sh
rgm

= 0

• Alfvén (resonant):
k2v2A > kζ v2sh

rgm

• Bell (non resonant):
k2v2A < kζ v2sh

rgm

Magnetic field
amplification!

Bell (2004, 2005) 38
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