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MGRO J1908+06 is an extended and powerful source of gamma-ray emission located at (lon=
40.39, lat= —0.79). It was first detected by the Milagro observatory in a northern galactic plane
survey in 2007 [1]. It has been the subject of numerous studies in an effort to understand the
origin of its gamma-ray emission. Several potential counterparts have been suggested, including
the supernova remnant G40.5-0.5 and the pulsar J1907+0602 [2]. The observed Tera-electronvolt
emission may originate from interactions between the pulsar wind nebula and molecular clouds
or the supernova remnant shell. However, the question of the true nature of the source remains
open, mainly due to the existence of multiple potential counterparts. Recent observations of
emission exceeding several hundred TeV [3] make MGRO J1908+06 a strong contender for a
Pevatron — a source with the ability to accelerate particles to Peta-electronvolt energies. The
detected emission at such high energies indicates the presence of an extremely powerful and
efficient particle acceleration mechanism within this source. Over a span of more than 10 years,
the MGRO J1908+06 region has been observed by VERITAS for approximately 130h. This allows
to study the energy dependent morphology of the source and a leptonic origin of the gamma-ray

emission is investigated.
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1. Introduction

The VERITAS air Cherenkov telescope array is located at the Fred Lawrence Whipple Ob-
servatory (FLWO) in southern Arizona (31 40N, 110 57W, 1.3km a.s.l.). VERITAS observes
gamma-ray sources over the energy range from 100 GeV to >30TeV with an energy resolution of
15-25 %, angular resolution of < 0.1 ° (68 %) at 1 TeV and detects a point source with 1 % of the flux
of the Crab Nebula within 25 h. MGRO J1908+06 was first detected by the Milagro observatory in
the VHE range (300 GeV - 20 TeV) in a northern galactic plane survey in 2007 [1] and subsequently
confirmed by other observatories such as H.E.S.S. [4], VERITAS [5], ARGO-YBIJ [6], HAWC [7],
and LHAASO [3].

2. Observation and Analysis

VERITAS observed the MGRO J1908+06 region for more than a decade. The analysis
presented here incorporates observations taken between 2009 and 2022 with a total livetime of
approximately 130h. The analysis uses updated 3D maximum likelihood methods together with
the FoVbackground estimation technique, relying on novel 3D VERITAS background models,
that take into account changes in observing conditions and upgrades to the instrument [8]. The
background models describe the background rate as a function of FoV camera coordinate and
energy. MGRO J1908+06 is a strong and extended source located approximately 1° from the
western jet lobe of SS 433. The MGRO J1908+06 region has been measured to harbour largely
extended emission at TeV energies and is populated with several gamma-ray sources. Hence,
exclusion regions are placed to assure that the background model is fit only to regions devoid of
gamma-ray signal: a 1.5° exclusion region around 3HWC J1908+063 and 0.5° exclusion regions
for the pulsars J1907+0602, J1906+0722, SNRs G40.5-0.5, G41.1-0.3, and the eastern and western
emission hotspots of SS 433 (el,e2), (wl,w2). In order to evaluate and address systematic effects,
five independent "mimic" datasets are generated that closely replicate the observation conditions
of the MGRO J1908+06 dataset in terms of azimuth, zenith angle, night-sky background rate,
exposure, and VERITAS instrument status. These mimic datasets are derived from actual VERITAS
observations of gamma-ray-free regions, by changing the pointing to a new derived pointing at the
region of MGRO J1908+06. Each mimic observation is selected and transformed based on the
distribution of observation conditions in the MGRO J1908+06 dataset. This means that the mimic
observations are modified on a run-per-run basis, adjusting the event list and pointing information
according to the computed mimic pointings. The mimic observations are then processed alongside
the actual MGRO J1908+06 observations using the VERITAS low-level analysis tool Eventdisplay.
Gamma-hadron separation cuts are used, which are optimized for sources with hard spectral indices
of ~ 2. The MGRO J1908+06 dataset is corrected by the average excess bias obtained from the
five mimic datasets, which match the observation conditions of the MGRO J1908+06 observations.
Comparing the flux between the uncorrected and corrected datasets, it can be inferred that the
influence of the large exclusion mask on the absolute change in flux is minimal. The systematic
error, determined as the RMS of the flux from the five mimic datasets (see table 1), is in the range
of 5 — 12 % in the selected energy ranges. Taking into account statistical errors and the systematic
flux error estimate of 25 % for VERITAS, the total uncertainty for the flux points can be estimated
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Dataset Differential flux (1/ (TeV cm? s))
Energy range (GeV)
794 - 1580 1580-3160 3160-6310 6310 - 12600
m.1 3.37e-13 2.33e-13 1.14e-14 -11.1e-15
m.2 -4.55e-13 0.12e-13 1.71e-14 -3.48e-15
m.3 4.03e-13 1.47e-13 6.17e-14 -6.37e-15

m.4 -2.40e-13 4.00e-13 3.30e-14 6.10e-15
m.5 -4.14e-13 -1.03e-13 -2.65e-14 -3.41e-15
RMS 3.77e-13 3.21e-13 3.47e-14 6.68e-15
On 8.13e-12 1.70e-12 3.60e-13 5.66e-14
Onyeq 7.17e-12 1.78e-12 3.69e-13 5.7e-14

Table 1: Differential flux values from the five independent mimic datasets (m.1 - m.5) and their RMS error
in five bins in energy together with the flux values for the initial MGRO J1908+06 observations and the bias
corrected flux values On,..4 for MGRO J1908+06.

Type Parameter  Value Unit Error
r 2.34 0.05
spectral o 9.96e-12 cm-2s-1TeV-1 6.10e-13
Eg 1.0 TeV fixed
lon 286.97 deg 0.02
spatial lat 6.39 deg 0.02
o 0.46 deg 0.02

Table 2: Best fit parameters from a symmetric Gaussian spatial and a power-law spectral model in the energy
range between 0.8 TeV to 12.3 TeV for the MGRO J1908+06 gamma-ray emission.

between 26 % to 30 %. Figure 1 shows the resulting significance map after bias correction. The
highest significance is seen at the PSR J1907+0602 and around the 3HAWC J1908+063 position.
The VERITAS flux points of MGRO J1908+06 with statistical and systematic uncertainties are
given figure 2 along with the flux points by Fermi-LAT, H.E.S.S., HAWC and LHAASO. The
results have been cross checked by an independent VERITAS analysis optimized for the analysis of
extended sources [9]. The gamma-ray flux measured by VERITAS is in good agreement with the
values reported by H.E.S.S., HAWC and LHAASO [3, 10, 11].

The morphological properties of the MGRO J1908+06 source are determined in a 3D maximum-
likelihood analysis with a power-law spectral model and a Gaussian spatial model. The best-fit
parameters are given in table 2. The best-fit spectral index is 2.34 + 0.05 in the energy range
between 0.8 TeV to 12.6 TeV and a extension of 0.46° is obtained. The overall significance of the
Gaussian model versus the null hypothesis is 34.5 o, indicating a clear detection and a substantial
increase in significance compared to the previous VERITAS analysis, which resulted in a detection
with 14 0. To investigate if the energy dependent morphology of MGRO J1908+06 can be modelled
with individual components, the spectromorphological models are fit to the dataset in two slices in
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Figure 1: Significance map of the MGRO J1908+06 region after bias correction. The contours indicate the
significance values of 3, 5 and 7 0. Possible associated sources are indicated with white crosses: The SNR
G40.5-0.5, SNR G41.1-0.3, PSR J1907+0602 and PSR J1906+0722.

energy, from 0.8 TeV to 3.05 TeV and 3.05 TeV to 12.3 TeV.

The best fit results are displayed in table 3. The results indicate that the centroid position of the
Gaussian moves closer to the pulsar location in the selected high energy slice. The separation
between the centroid of both models amounts to 0.15 + 0.05°. This is largely exceeding the sys-
tematic uncertainties associated with the pointing accuracy of VERITAS, which is estimated at
20 arc-seconds [12]. It is also larger than the VERITAS gamma-ray point spread function, which
is < 0.1° at the position of MGRO J1908+06 in this analysis. There is no noticeable difference
between the extension of the Gaussian models at the two energy ranges. However, a softening of
the spectral index towards higher energies is observed.

To investigate leptonic and hadronic emission scenarios, an analysis of the molecular clouds
at the location of the gamma-ray emission is performed. Figure 3 depicts the velocity-integrated
column densities in 2CO, obtained from the archive of the 1.2m CO survey data-verse of the
Smithsonian Astrophysical Observatory [13]. The integrated column density maps correspond to
two distance ranges: 0.7 to 2.5 kpc (corresponding to a velocity range of 10 to 40kms~!) and 2.5 to
4.8 kpc (corresponding to a velocity range of 40 to 70kms~!). The map indicates, that the bulk of
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Figure 2: Multi-wavelength spectral energy distribution of MGRO J1908+06 (centered at the PSR J1907+06
location) emission region. The flux points are from Fermi-LAT [9], H.E.S.S. [10], HAWC [1 1] and LHAASO
[3]. The results from this work are consistent with the matrix method (MM) results [9]. The flux points are
fit with a leptonic model consisting of a synchrotron and inverse Compton component. The primary electron
spectrum is described by an exponential cut-off broken power-law spectrum.

Energy range Right ascension Declination Extension r do
(TeV) (deg) (deg) 1 0 (deg) 1/(cm3sTeV)
(0.8 —3.05) 286.98 + 0.03 6.44+0.03 047+0.02 2.19+0.12 (9.61 £0.74)-10"'2
(3.05-12.3) 286.95+0.04 628+0.04 048+0.03 2.63+02 (1.58+0.51) 107"

Table 3: Spectromorphological fit results in two bins in energy with a Gaussian spatial and a power-law
spectral model with spectral index I" and amplitude ¢,, at Ef = 1 TeV.

the gamma-ray emission lies in a cavity of low molecular cloud density, from which can be inferred
that a leptonic origin of the gamma-ray emission is more likely.

Based on the analysis of the CO data and the proximity of the emission above the break
energy to the PSR J1907+0602, a leptonic emission scenario is considered in the following. The
multi-wavelength spectral energy distribution fit is performed with the Naima package [14]. An
exponential cut-off broken power-law particle distribution is used to describe the electron population.
The model for the multi-wavelength spectrum contains a synchrotron component and IC scattering
on soft photons from the CMB. No further seed photon fields are included due to the assumed age
of the pulsar. The parameters of the model are estimated using MCMC sampling [15]. The result
of the fit to XMM-Newton, Fermi-LAT, H.E.S.S., VERITAS, HAWC and LHAASO observations
is displayed in figure 2. The best-fit results are given in table 4.
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Figure 3: Column density map in '2CO (J=1-0) in the velocity range between (left) [10, 40] km/s and (right)
[40,70] km/s. The contours indicate the gamma-ray morphology 50 significance level in the energy of
[0.8,3.05] TeV (VERITAS, green contour, this work), and [3.05, 12.3] TeV (VERITAS, orange contour, this
work). Three possible counterparts are marked: The PSR 1907+0602 (triangle), SNR G40.5-05 (dot-circle,
circle radius according to SNR extension of 0.18°) and Fermi-LAT 4FGL source PSR J1906.9+0712 (square).

A ap az Ebreak Ecutoft B
1/eV TeV TeV uG

4 34 0.3 0.11 4000 5
4.00"_'2 - 10 1.8*_'0.5 3.36*_'0.15 19.19 +3 800t400 5"_'4

Table 4: Best-fit parameters of the model for the electron injection spectrum fit to the multi-wavelength
spectrum of MGRO J1908+06. The parameters are the amplitude A (in particles per unit energy, i.e. 1/eV),
the break energy Epreak, the indices @ (a7) for the electron power-law index before (after) the energy break
and the exponential cut-off energy Ecytoft-

3. Conclusion and Discussion

A scenario is considered where the PSR J1907+0602 is moving from the central part of MGRO
J1908+06 to its current position of the pulsar. The pulsar was previously detected and discussed
by [16], with an estimated characteristic age of 19.5 kyr. Furthermore, X-ray observations of PSR
J1907+0602, reported by [17], reveal hints of a bow shock in front of the pulsar, resulting from its
movement through the interstellar medium. The energy-dependent analysis of MGRO J1908+06
revealed a shift in the emission towards the current position of the pulsar at higher energies.
Additionally, a molecular cloud cavity was observed, indicating the remnants of a supernova
explosion that gave rise to the PWN observed by Fermi-LAT, HAWC, and VERITAS. Evidence of
synchrotron cooling was also detected, with a break in the electron and photon spectra. As a result,
electrons from recent times are concentrated around the current PSR location, while earlier injected
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electrons have cooled down and are located closer to the previous pulsar position. This suggests
that PSR J1907+0602 has moved to its current position over its lifetime. The displacement of the
pulsar can be attributed to a kick imparted by the reverse shock of a supernova explosion, which
left behind the pulsar J1907+0602, following an initial phase of free expansion. As a consequence,
two distinct PWNe are formed: a relic PWN at the previous location and a new PWN at the current
position. Proper motion measurements of the PSR J1908+06 are needed to further support this
scenario. Furthermore, a hadronic contribution can not be completely ruled out due to several
potential hadronic sources present in the region. Notably, the 4FGL source 1906.9+0712, which is
marked by a red square in figure 3, has been identified as a potential site of proton acceleration.
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