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The Orion-Eridanus superbubble, formed by the supernovae and supersonic winds of massive
stars in the Orion OB associations, has likely fostered cosmic-ray production. The large level of
magnetohydrodynamic turbulence in the bubble can also locally alter the diffusion of cosmic rays
in space and in momentum. We have studied the cosmic-ray spectrum inside the superbubble by
measuring the γ-ray emissivity of gas clouds located in the bubble and along its rim. We have
compared these spectra with the average found in other clouds in the solar neighbourhood. To
this aim, we have used ten years of data from the Fermi Large Area Telescope (LAT) between
250 MeV and 63 GeV. We have modelled the γ radiation from hadronic interactions using multi-
wavelength tracers for the hydrogen column densities in the different gas phases, and using the gas
distribution in space and velocity to separate the superbubble medium from its foregrounds and
backgrounds. The model includes other ancillary components such as inverse-Compton emission,
point sources, and solar and lunar emissions. Despite the stellar activity in the superbubble, we
find the gas emissivity spectrum to be consistent with the average spectrum measured in the local
interstellar medium (ISM). Yet, a small cirrus cloud lying just outside the superbubble exhibits a
significantly lower cosmic-ray flux. We will discuss this change in the light of the magnetic-field
geometry inferred from the Planck data on dust polarisation.
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1. Introduction

The Orion-Eridanus superbubble is the nearest site of active high-mass star formation. Located
on the far side of the Gould’s Belt, it has been the subject of many studies to understand the
relationship between stars and interstellar gas such as star formation in a giant molecular cloud,
cloud destruction by newly formed stars, and molecular cloud formation. This superbubble has
formed from the supernova explosions of the most massive members of the Orion OB associations,
at a rate of about one per Myr over the past 12 Myr [1, 20]. Together with the winds of massive
stars, these explosions have created an approximately 150 by 300 pc elongated cavity [15] of low-
density, high-pressure gas, with a mix of temperatures in the 0.5 to 5 MK range [11]. The slow
expansion speed close to 20 km/s and the compression of the swept-up gas behind the outer shock
wave has formed a dense outer shell, the near wall of which may be as close as 180 pc from the Sun
[1, 11]. The combination of ionising radiation, supersonic stellar winds, and supernovae maintains
a turbulent medium in the bubble. Its effect on cosmic rays is to be determined.

2. Gas and dust data

We have analysed the Eridanus part of the superbubble which extends from 43◦ to 78◦ in right
ascension and from -29◦ to 21◦ in declination, as shown in Fig. 1. This region and its perimeter
have been chosen to avoid complex gas distributions behind the superbubble. All maps have been
projected onto the same 0.25◦-spaced Cartesian grid.

Figure 1: Hα intensity map of the Orion-Eridanus superbubble. The dashed line traces the perimeter of
the analysis region. The white labels annotate key Hα features towards Orion. The black solid contours
delineate the main H I shells related to the superbubble: the North Rim (N), South Loop (S), East Shell (E),
and West Rim (W). The dash-dotted contour marks the Eridu cirrus (C) located outside the superbubble.
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For the atomic gas, we have used the H I emission line HI4PI survey data at 16’2 resolution
[10]. In order to investigate the effect of the unknown H I optical depth, we have derived all the
column density NH I maps for a sample of uniform spin temperatures (125, 150, 200, 300, 400,
500, 600, 700, and 800 K) and for the optically thin case. For the molecular gas, we have used the
8′.5 resolution 12CO (J=1−0) observations at 115 GHz from the moment-masked CfA CO survey
[4, 5]. We have completed this dataset with the CO observations of the MBM 20 cloud obtained
with the Swedish-ESO Submillimetre Telescope (SEST) [17].

Warm ionised gas is visible through Hα emission. It is displayed in Fig. 1 using the composite
map of the Virginia Tech Spectral line Survey (VTSS), the Southern H-Alpha Sky Survey Atlas
(SHASSA), and the Wisconsin H-Alpha Mapper (WHAM) [8]. The velocity and angular resolu-
tions are 12 km s−1 and 6′ (FWHM). Hα emission can, however, be efficiently absorbed by dense
clouds and it does not directly trace the column density of ionised gas. We have therefore created
a uniform template based on Hα emission above 14 R, in order to keep only the morphology of the
main features, the normalisation being left as a free parameter in our models (see Sec. 4).

In order to trace the dust column density, we have used the optical depth at 353 GHz, τ353,
which has been obtained from Planck and IRAS data on the thermal emission of the large dust
grains [12]. We have downgraded the map resolution from 5’ to 16.2’ to match the lower resolution
data in our analysis.

3. Gamma-ray data

We have used ten years of Pass 8 photon data provided by the LAT between 0.25 and 63 GeV,
together with the associated instrument response functions for event type P8R3_SOURCE_V2, and
the corresponding isotropic spectrum for the extragalactic and residual instrumental backgrounds1.
We have analysed the data in seven independent energy bands bounded by 102.4, 102.6, 102.8,
103.0, 103.2, 103.6, 104.0, and 104.8 MeV. The positions and spectra of the γ-ray sources in the
field come from the Fermi LAT 8-year FL8Y source list2, but we have kept their fluxes free in
our models since we have analysed a longer period dataset. The GALPROP2 parameter file 54-
LRYusifovXCO4z6R30-Ts150-mag2 has been used to generate an energy-dependent template of
the Galactic inverse Compton (IC) emission across the analysis region [6].

3.1 Cloud distribution

Joubaud et al. have decomposed the observed H I and CO velocity spectra into a sum of in-
dividual lines with pseudo-Voigt profiles. The spatial and velocity distribution of the lines across
the region, joined with distance information from dust reddening maps [9], has enabled the identi-
fication and separation of eight nearby cloud complexes that are coherent in position, velocity and
distance in front of the more distant Galactic background. The contours of the main entities are
displayed in Fig. 1. The structures associated with the superbubble are the North Rim, the South
Loop and the East Shell, detected both in H I and CO emission lines, and the West Rim seen only in
the H I data. The North Rim and West Rim trace the shell of compressed gas behind the expanding

1https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
2https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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shock. This outermost layer surrounds arcs of warm ionised gas emitting Hα lines as it recombines.
The bubble interior is filled with hot X-ray emitting plasma (see Fig. 7 of [11]). The East Shell also
relates to an Hα arc, but its distance and lack of X-ray shadow indicate that it is likely located inside
the superbubble. Other cloud complexes seen in these directions are not related to the superbubble.
The foreground MBM 20 molecular cloud lies at a distance of 120 to 180 pc between the nearest
superbubble wall and the Local Bubble [18]. The nearby Eridu cirrus cloud is found just outside
the West Rim at a distance of about 200 pc. Clouds behind the superbubble include the Cetus and
North Taurus complexes [16], and background Galactic structures at low Galactic latitudes.

4. Model and analysis
The LAT data we have used probe cosmic rays with energies above a few GeV that uniformly

permeate all gas phases up to the molecular phase seen at 115 GHz [16]. The hadronic γ-ray
emission therefore traces the total gas column densities, NH, and can be modelled by a linear com-
bination of the column densities present in the ionised, atomic, molecular, and dark neutral phases.
The latter contains large amounts of gas at the H I-H2 interface, but it is invisible in H I and CO
line emission because of H I self-absorption and of the photo-dissociation and weak excitation of
CO molecules in diffuse H2. In order to trace this dark neutral medium (DNM), we have itera-
tively coupled γ-ray and dust analyses as dust column densities also trace the total NH in the local
ISM, albeit in a non-linear way [12, 16]. We have therefore extracted the significant γ-ray and dust
residuals over the H I and CO expectations and we have used the spatial correlation between those
residuals to infer the additional DNM gas column density.

4.1 Dust model

We have modelled the dust optical depth at 353 GHz in each direction as a linear combination
of the gaseous contributions from the different phases (H I, DNM, CO, H II), with free y opacities
to be fitted to the data, as in [14]. We have added a free isotropic term, τiso, to account for the
residual noise and the uncertainty in the zero level of the dust data [13]. The τ353(α,δ ) model in
each direction can be expressed as

τ353(α,δ ) =
9

∑
i=1

yH I,iNH I,i(α,δ )+
3

∑
i=1

yCO,iWCO,i(α,δ )+ yDNMNDNM
H (α,δ )+ τH IIIH II(α,δ )+ τiso,

(4.1)

where NH I,i(α,δ ), WCO,i(α,δ ), and IH II(α,δ ) denote the NH I column density, WCO intensity,
and H II maps of the different clouds respectively. NDNM

H (α,δ ) stands for the DNM column density
deduced from the coupled γ-ray and dust analyses. The model free parameters (yH I,i, yCO,i, yDNM,
τH II and τiso) have been fitted to the data.

4.2 Gamma-ray model

We have modelled the γ-ray emission by a linear combination of the same gaseous compo-
nents as in the dust model. We have assumed that the emissivity spectrum of the gas follows the
average of the local ISM, qLIS(E) [3], but we have left a free normalisation in each energy band
to account for possible deviations in cosmic-ray density and spectrum. The model includes other
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radiation components such as the Galactic IC radiation, IIC(α,δ ,E), the isotropic intensity ac-
counting for extragalactic and instrumental backgrounds, Iiso(E), emission from the Sun and the
Moon, ISM(α,δ ,E), and point sources with individual flux spectra, S j(E). The total γ-ray intensity
I(α,δ ,E), expressed in cm−2 s−1 sr−1 MeV−1, can thus be modelled as :

I(α,δ ,E) = qLIS(E)×

[
9

∑
i=1

qH I,iNH I,i(α,δ )+
3

∑
i=1

qCO,iWCO,i(α,δ )+qDNMτ
DNM
353 (α,δ )

]
+qiso(E)Iiso(E)+qIC(E)IIC(α,δ ,E)+qSM(E)ISM(α,δ ,E)+∑

j
qS j S j(E)δ (α−α j,δ −δ j),

with τDNM
353 (α,δ ) being the dust optical depth map resulting of the joint dust and γ-ray analyses.

The model free parameters (qH I,i, qCO,i, qDNM, qiso, qIC, qSM, qS j ) have been fitted to the photon
data in each energy band using a binned maximum-likelihood with Poisson statistics.

5. Results

Hadronic γ-ray emission results from the integral along the lines of sight of the cosmic-ray
flux times the gas volume density, so the average γ-ray emissivity per gas nucleon in a cloud can
only be inferred in the H I phase where we can directly measure the hydrogen column densities,
provided corrections for self absorption. This is not possible in the other phases which require the
knowledge of the CO-to-H2 conversion factors and dust emission opacities which are known to
vary with environmental conditions [16].

We present in Fig. 2 and 3 the emissivity spectra obtained in different clouds in and around the
superbubble for two choices of H I spin temperatures: the 100 K value preferred by the maximum-
likelihood fit and the optically thin case. The H I spin temperature has no significant impact on
the shape of the emissivity spectra. The optically thin case corresponds to the minimum amount
of gas possible and hence gives an upper limit to the γ-ray emissivity per gas nucleon, i.e. to the
cosmic-ray flux. The results are compared with the local average emissivity, qLIS, measured in the
local ISM within 500 pc from the Sun, and derived by [3] for an H I spin temperature of 140 K.

5.1 γ-ray emissivity spectra in the superbubble

We have first measured the average γ-ray emissivity in the superbubble gathering all of its
clouds into a single component. The resulting average, qSB, has a similar spectral shape as qLIS, but
is 6% lower with a high significance. This difference can be attributed to systematic uncertainties
in the H I optical depth and is fully compatible with the ±9% dispersion found in other nearby
clouds for the same reason [16]. Despite its turbulent environment, the global emissivity spectrum
in the superbubble is therefore consistent with the qLIS average in the local ISM.

If we let the individual cloud parameters free, we obtain the H I γ-ray emissivity spectra shown
in figure 2. The North Rim and the South Loop spectra are consistent with the superbubble average
emissivity, qSB, at all energies within the uncertainties. The slightly lower emissivity found in the
East Shell is not statistically significant (0.6 σ ). The 8% lower emissivity in the West Rim differs
from the qSB average at a 5.6 σ confidence level. The small difference may stem from cloud to
cloud variations in H I optical depth correction.
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Figure 2: Spectral energy distributions of the γ-ray emissivity found per H atom in the atomic clouds of
the superbubble. The data points are given for two levels of H I optical depth correction: a spin temperature
Ts = 100 K favoured by the γ-ray fit (black) and the optically thin case (grey). The common shaded area
shows the 1σ confidence region on the average emissivity, qSB, found in the superbubble for Ts = 100 K.

Figure 3: Spectral energy distribution of the γ-ray emissivity obtained per H atom in the Eridu cirrus. The
data points are given for two levels of H I optical depth correction: a spin temperature Ts = 100 K favoured
by the γ-ray fit (black) and the optically thin case (dark grey) which yields upper limits to the emissivity.
The light grey points show the average emissivity, qLIS, found in the local ISM for Ts = 140 K [3].
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5.2 γ-ray emissivity spectrum in the Eridu cirrus

The Eridu cirrus cloud lies outside the superbubble, at an altitude of about 200 pc below the
Galactic plane. Its emissivity spectrum is displayed in Fig. 3. We find a highly significant (14 σ )
drop in emissivity by 34% compared to the qLIS spectrum characterising the rest of the local ISM.
This difference cannot be attributed to H I optical depth corrections as the optically thin case gives
an upper limit that is 25% below qLIS. We don’t detect any DNM gas in the Eridu direction.
Anyhow, adding any missing gas would imply an even smaller γ-ray emissivity per H nucleon to
produce the same γ-ray photon counts. Confusion in the cloud separation in velocity is not possible
as it is the only H I structure seen towards these directions. At Galactic latitudes near -50◦, it is
indeed too far from the Galactic plane for significant background gas contamination. Given the
modest gas column densities in the cloud (1− 5× 1020 cm−2), we have checked the influence of
large-scale γ-ray structures from the IC and isotropic emission components. Varying those by 1σ

around their best-fit spectra yields a maximum variation of 2% for the Eridu emissivity spectrum.
Therefore, the spatial distribution of the gas in the Eridu cloud is significantly detected with little
influence from the large-scale structures in non-gaseous γ-ray components.

6. Conclusions
All the γ-ray emissivity spectra measured in the superbubble clouds have spectral energy dis-

tributions compatible with the average found in the local ISM. The turbulent conditions of the su-
perbubble appear to have little impact on the propagation of cosmic rays with energies between∼3
and ∼600 GeV. We find no spectral hardening indicative of in-situ acceleration or re-acceleration
of cosmic rays, even though preliminary estimates of the acceleration and spatial diffusion time
scales in the superbubble suggest that re-acceleration might take place [19]. This result contrasts
with the activity of the Cygnus-X superbubble where a cocoon of freshly accelerated cosmic rays
has been detected [7]. Inefficient cosmic-ray acceleration in the Orion-Eridanus superbubble is
puzzling given the important energy injection by massive stellar winds and past supernovae: as
many as 11 supernovae should have occurred over the last 12 Myr and 62 stars with masses above
8 M� are still present in the Orion OB1 and λ Ori associations [20]. The Eridanus side is the older
part of the superbubble, but it still contains a stream of 48 OB stars at a distance between 150 pc
from the Sun and Orion [2].

Compared to the average γ-ray emissivity found in other nearby clouds, the Eridu cirrus
presents a 34% loss of cosmic rays without any change in spectral energy distribution. This energy
independent loss cannot be explained by cosmic-ray penetration problems in such a diffuse and
low-mass cloud. A loss of this magnitude in a nearby cloud is unexpected and we are investigat-
ing if it relates to the cloud altitude off the Galactic plane and/or to its orientation with respect to
magnetic field lines in the Galactic halo.
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