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Figure 6.20: Energy dependent maps - Excess (Left) and significance (Right) maps
of MGRO J1908+06 for the energy range of 0.5-1.25 TeV (top row), > 1.25 TeV
(middle row) and the full energy range (bottom row). The search window size is 0.2◦.
The blue X mark specifies our source position from analysis 2, the green cross is the
position of PSR J1907+0602, and the ellipse of the light blue line is SNR G40.5-0.5,
in each map. The scale of the excess maps is -70 to 165, and the scale of significance
maps is -4 to 9.
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6.7.1 2D-Gaussian Fitting of the Two Maps

MGRO J1908+06 is an extended source, and may have an energy dependent

structure. To investigate its nature, we created excess maps for two energy bands,

0.5-1.25 TeV, > 1.25 TeV as well as the full energy range, and fitted these with 2D-

Gaussian functions, as we did in Sec. 6.6.2. These energy bands were chosen such

that each contains approximately the same number of photons.

Fig. 6.21 shows the excess maps for the energy range of 0.5-1.25 TeV (Left) and

> 1.25 TeV (Right) with the source position (blue X), the PSR J1907+0602 position

(green cross), and our best fitting 2D-Gaussian circle (light blue circle, centered on the

Gaussian’s centroid and the radius set to the Gaussian’s σ.). The radius of the search

windows, from which ON counts were taken, was set to be 0.2◦. The left side of this

figure shows that the low energy emission (0.5-1.25 TeV) is concentrated on a small

area around the pulsar. The centroid of the Gaussian, (RA, Dec)=(286.940◦±0.034◦,

6.177◦ ± 0.043◦) for 3.0◦ × 3.0◦ fitting region size (see Table 6.15), is closer to the

position of PSR J1907+0602 as compared with that of the > 1.25 TeV map.

Table 6.15 shows the fitting results for the excess map of 0.2◦ window radius for

the energy range of < 1.25 TeV. Because the fitting is centered on the target position

of the analysis, when the fitting size is smaller than a certain value, the 2D-Gaussian

does not fully cover the region of the highest significance, which might result in an

inaccurate fitting. In this case, when the fitting range is 2.0◦ × 2.0◦ or larger, the

values for the Gaussian size and centroid are consistent within statistical errors.

The Gaussian centroid for the > 1.25 TeV map, (RA, Dec)=(287.000◦± 0.033◦,

6.290◦± 0.035◦) for 3.0◦× 3.0◦ fitting region size (see Table 6.16), is close to the SNR

and shifted away from the pulsar. The separation of this centroid from that at lower

energy is (∆RA, ∆Dec)=(0.060◦ ± 0.047◦, 0.113◦ ± 0.055◦), and the total separation

is 0.128◦ ± 0.072◦, significant at the level of 1.8σ. Also the extent of the emission at
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Fitting Region Gaussian Size (σ) Centroid (RA, Dec)

(RA×Dec)

2.0◦ × 2.0◦ 0.42◦ ± 0.03◦ (286.965◦ ± 0.017◦, 6.231◦ ± 0.019◦)

2.2◦ × 2.2◦ 0.44◦ ± 0.02◦ (286.968◦ ± 0.017◦, 6.239◦ ± 0.019◦)

2.4◦ × 2.4◦ 0.45◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.243◦ ± 0.019◦)

2.6◦ × 2.6◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.248◦ ± 0.019◦)

2.8◦ × 2.8◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.247◦ ± 0.019◦)

3.0◦ × 3.0◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.246◦ ± 0.019◦)

3.2◦ × 3.2◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.246◦ ± 0.019◦)

3.4◦ × 3.4◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.245◦ ± 0.019◦)

3.6◦ × 3.6◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.245◦ ± 0.019◦)

3.8◦ × 3.8◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.245◦ ± 0.019◦)

4.0◦ × 4.0◦ 0.43◦ ± 0.02◦ (286.966◦ ± 0.017◦, 6.245◦ ± 0.019◦)

Table 6.14: Results of 2D-Gaussian fitting of excess maps for the full energy range.

higher energy may be slightly larger than that at low energy, but is consistent within

errors.
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Fitting Region Gaussian Size (σ) Centroid (RA, Dec)

(RA×Dec)

2.0◦ × 2.0◦ 0.40◦ ± 0.5◦ (286.934◦ ± 0.035◦, 6.168◦ ± 0.042◦)

2.2◦ × 2.2◦ 0.40◦ ± 0.04◦ (286.941◦ ± 0.034◦, 6.173◦ ± 0.042◦)

2.4◦ × 2.4◦ 0.40◦ ± 0.04◦ (286.940◦ ± 0.034◦, 6.176◦ ± 0.042◦)

2.6◦ × 2.6◦ 0.38◦ ± 0.04◦ (286.941◦ ± 0.034◦, 6.168◦ ± 0.043◦)

2.8◦ × 2.8◦ 0.40◦ ± 0.04◦ (286.940◦ ± 0.034◦, 6.176◦ ± 0.043◦)

3.0◦ × 3.0◦ 0.40◦ ± 0.04◦ (286.940◦ ± 0.034◦, 6.177◦ ± 0.043◦)

3.2◦ × 3.2◦ 0.40◦ ± 0.03◦ (286.940◦ ± 0.034◦, 6.177◦ ± 0.043◦)

3.4◦ × 3.4◦ 0.39◦ ± 0.03◦ (286.941◦ ± 0.033◦, 6.173◦ ± 0.041◦)

3.6◦ × 3.6◦ 0.39◦ ± 0.03◦ (286.941◦ ± 0.034◦, 6.174◦ ± 0.042◦)

3.8◦ × 3.8◦ 0.40◦ ± 0.03◦ (286.941◦ ± 0.033◦, 6.174◦ ± 0.041◦)

4.0◦ × 4.0◦ 0.40◦ ± 0.03◦ (286.940◦ ± 0.034◦, 6.176◦ ± 0.043◦)

Table 6.15: Results of 2D-Gaussian fitting of excess maps for energies in the range
0.5-1.25 TeV.
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Fitting Region Gaussian Size (σ) Centroid (RA, Dec)

(RA×Dec)

2.0◦ × 2.0◦ 0.42◦ ± 0.04◦ (287.000◦ ± 0.033◦, 6.280◦ ± 0.034◦)

2.2◦ × 2.2◦ 0.46◦ ± 0.05◦ (287.000◦ ± 0.033◦, 6.280◦ ± 0.035◦)

2.4◦ × 2.4◦ 0.48◦ ± 0.05◦ (287.000◦ ± 0.032◦, 6.290◦ ± 0.033◦)

2.6◦ × 2.6◦ 0.47◦ ± 0.04◦ (287.000◦ ± 0.032◦, 6.300◦ ± 0.035◦)

2.8◦ × 2.8◦ 0.45◦ ± 0.04◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.035◦)

3.0◦ × 3.0◦ 0.45◦ ± 0.04◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.035◦)

3.2◦ × 3.2◦ 0.44◦ ± 0.03◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.034◦)

3.4◦ × 3.4◦ 0.44◦ ± 0.03◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.033◦)

3.6◦ × 3.6◦ 0.44◦ ± 0.03◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.034◦)

3.8◦ × 3.8◦ 0.44◦ ± 0.03◦ (287.000◦ ± 0.033◦, 6.290◦ ± 0.034◦)

4.0◦ × 4.0◦ 0.44◦ ± 0.03◦ (287.000◦ ± 0.032◦, 6.290◦ ± 0.034◦)

Table 6.16: Results of 2D-Gaussian fitting of excess maps for energies above 1.25
TeV.
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Figure 6.21: TeV emission in two energy ranges - (Left) excess map of MGRO
J1908+06 for the energy range of 0-1.25 TeV. The blue X mark specifies our source
position given at analysis 2, and the green X mark is the position of PSR J1907+0602.
The light blue circle is centered on the centroid of the best fitting 2D-Gaussian for
this map, and its radius is equivalent to the σ value, 0.40◦ (the size of the fitting
region is 3.0◦ × 3.0◦). (Right) excess map of MGRO J1908+06 for energies above
1.25 TeV.
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6.8 Discussion

MGRO J1908+06 is an extended TeV source that lies between the supernova

remnant SNR G40.5-0.5 and the pulsar PSR J1907+06. What we are looking for is

the mechanism of the TeV gamma-ray emission from J1908. It is possibly related to

these objects in the vicinity, and the candidates for the origin of the emission are the

SNR, the PWN, and the combination of these two objects.

6.8.1 Energy Dependent Morphology

As we have seen, MGRO J1908+06 is an extended source with some structures

inside it. For a morphological study, we need to examine the source in different energy

ranges. Fig. 6.22 is a two color image made from the excess maps in the energy ranges,

0.5-1.25 TeV (red) and > 1.25 TeV (blue) with an integral window size of 0.2◦. This

figure and several others in this section reproduce the results of Sec. 6.7 for ease of

comparison with multi-wavelength data.

From this map, we can see that the low energy emission (red: 0.5-1.25 TeV) is

centered around the PSR and the high energy emission (blue: > 1.25 TeV) is on the

rim of the SNR facing the side of the PSR.

6.8.2 Shock Acceleration by SNR G40.5-0.5

SNR G40.5-0.5 is a supernova remnant where particles are still being accelerated

at the shock front. So, this is a possible source of the TeV emission from MGRO

J1908+06. Fig. 6.23 compares the TeV emission around the source (the left one

is 0.5-1.25 TeV and the right one is > 1.25TeV) with the VGPS 1420 MHz radio

continuum intensity map (Fig. 6.8). There is a region of strong radio emission inside

the SNR, but there is little or no radio emission in the regions of strong TeV emission.

How does this compare with other SNRs with ages similar to SNR G40.5-0.5?

Table 6.17 shows data on middle aged SNRs having TeV emission. For all of these, the
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Figure 6.22: Two color excess map - Two color VERITAS excess map for the energy
ranges of 0.5-1.25 TeV (red) and > 1.25 TeV (blue). The search window radius is
0.2◦. The blue cross near the center is the J1908 source position we found in analysis
2, and the green cross is the PSR. The ellipse of a white broken contour is SNR
G40.5-0.5.

TeV emission is positionally correlated with radio continuum emission or CO emission,

but this is not true for MGRO J1908+06. So it is unlikely that TeV emission from

J1908 is only from shock acceleration of SNR G40.5-0.5.
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Figure 6.23: Radio contours on VERITAS excess maps - VERITAS excess maps for
the energy ranges of 0.5-1.25 TeV (left) and > 1.25 TeV (right) with a search window
radius of 0.2◦. The green contours are calculated from the VGPS 1420 MHz radio
continuum intensity map shown in Fig. 6.8. The blue cross near the center is the
J1908 source position we found in analysis 2, and the green cross is the PSR. The
ellipse is SNR G40.5-0.5.
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Name Age Luminosity Radio continuum CO emission

at TeV emitting at TeV emitting

region? region?

MGRO 20-40 kyr 3× 1034 ergs/sec No No

J19008+06 (1-10TeV)

HESS 27 kyr 2× 1034 ergs/sec Yes Yes

J1731-347 (1-10TeV)

W51C 30 kyr 2× 1033 ergs/sec Yes Yes

(1-10TeV)

W28 58 kyr 2× 1033 ergs/sec Yes Yes

(0.3-3TeV)

IC 443 1-30 kyr 1× 1033 ergs/sec No Yes

(0.3-3TeV)

Table 6.17: Properties of SNRs comparable with SNR G40.5-0.5 in age.
The information for HESS J1731-347, W51C, W28 and IC 443 are taken primarily
from Acciari et al. (2009), Aleksic et al. (2012), Aharonian et al. (2008) and Paredes
& Persic (2010), respectively. The luminosity of W28 was taken from Aharonian et
al. (2008), but for other sources, the luminosities were calculated from the differential
fluxes found in the references.



108

Figure 6.24: Size vs. age of PWNe - Relation between the sizes and ages of some 40
TeV PWNe, using the data of Kargaltsev & Pavlov (2010). There is a correlation
between these two parameters. The dotted line is the age of PSR J1907+0602 (Log
age is 4.28). The red error bar specifies the size (σ) of the 2D-Gaussian functions
fitted to the full energy map allowing for the systematic errors discussed in the text.
The blue error bar is that for 0.5-1.25 TeV map.

6.8.3 Pulsar Wind Nebula

We next consider whether or not MGRO J1908+06 is a PWN. Fig. 6.24 plots

age vs size of the currently known TeV PWNe, using the data from Kargaltsev &

Pavlov (2010)1. From this plot, a trend can be seen that as PWNe get older, their

size increases, which matches our intuitive image of electrons diffusing into the ISM.

1Some PWNe in Table 1 of Kargaltsev & Pavlov (2010), #11, #28 and #33, were originally
discovered in the HESS Galactic survey (Aharonian et al., 2006b). The names of these PWNe given
by HESS are J1825-137, J1616-508 and J1804-216 respectively. Using the angular sizes (in σ) noted
in the original HESS paper (Aharonian et al., 2006b), we estimated the sizes of these PWNe, using
a formula, size= 2 × σ × (180/π)×distance. The distances of each PWNe used for this calculation
were from Kargaltsev & Pavlov (2010). Then, the two different sizes of the three PWNe above were:
[Kargaltsev & Pavlov (2010), ours]=[60 pc, 31 pc], [70 pc, 22 pc] and [58 pc, 28 pc] respectively. For
this study, we adopted the sizes we calculated here as the true value.
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We can exploit this trend to address the question of whether the TeV emission can

be a PWN. On this plot, the dotted line specifies the log age of PSR J1907+0602,

and one red error bar on it shows the range of the size of J1908 for the full energy

range. This size was calculated by simply multiplying the distance to the PSR, 3.2

kpc, times the angular sizes in Table 6.14, 0.42◦ ± 0.03◦ to 0.45◦ ± 0.02◦, resulting in

the allowed range 0.39◦ to 0.47◦. The possible size of J1908 is thus calculated to be

43.6 pc to 52.5 pc. This range is above the cluster of the data points at the age of

PSR J1907+0602, 4.28, but still close to it. So, this does not immediately exclude

the possibility that MGRO J1908+06 is a PWN. Also, we did this for the energy

range of 0.5-1.25 TeV. The angular sizes we chose from Table 6.15 are 0.38◦ ± 0.04◦

and 0.40◦± 0.05◦, which result in the allowed angular size range of 0.34◦ to 0.45◦ and

the possible size of the emission range of 0.5-1.25 TeV is 38.0 pc to 50.3 pc. The blue

error bar in the plot shows this, and a part of it is included in the data point cluster.

We note that no X-ray/radio counter part has been observed that corresponds

to MGRO J1908+06. However, it is not uncommon that a PWN has only gamma-ray

emission, and is not detected in other energy ranges. So this does not exclude the

possibility that MGRO J1908+06 is a PWN.

6.8.3.1 Morphology of the TeV Emission

It is interesting to compare the morphology of MGRO J1908+06 with that of

other PWN. The best available study of the energy dependent gamma-ray morphology

of a PWN is that carried out by HESS on HESS J1825-137 (Aharonian et al., 2006a).

They measured spectra at various distances from the pulsar PSR J1826-1334, which

powers the PWN. They observed a softening of the energy spectrum at larger dis-

tances from the pulsar, or equivalently a decrease in source size with increasing energy

of gamma-rays (see Fig. 6.25). This matches our physical intuition that higher energy

particles should be found closer to the pulsar since they lose energy more rapidly than

low energy particles. The possible explanations they suggested are: (i) the electrons
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lose energy during propagation via loss mechanisms such as adiabatic expansion, ion-

ization loss, bremsstrahlung, synchrotron radiation and inverse Compton scattering.

(ii) Energy dependent speeds of diffusion or convection. (iii) The pulsar’s injection

spectrum varies with age, which, after propagation, results in a spatial variation of

spectra (Aharonian et al., 2006a). So, how does MGRO J1908+06 compare?

To see the morphology of the TeV emission, let’s have a closer look at the energy

dependent morphology as shown in Fig. 6.22. This image shows that the low energy

emission below 1.25 TeV is predominantly from the vicinity of the pulsar, while the

emission above 1.25 TeV most intensively occurs at the side of the SNR facing the

PSR direction. It seems that the morphology of HESS J1825-137 we saw above does

not apply to our case. Indeed, we observe roughly the opposite morphology: the

lowest energy photons are concentrated near the pulsar.

We suggest two mechanisms to explain the location of the high energy emission.
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Figure 6.25: The energy spectra of the PWN HESS J1825-137 for different regions -
The wedges in the upper left image are the radial regions with different distances in
steps of 0.1◦ from the pulsar PSR J1826-1334. The broken lines are parallel (equal
power law index) with the uppermost spectrum, that of the innermost (closet to the
PSR) region. The softening of the spectrum occurs for regions more distant from the
PSR. Taken from Aharonian et al. (2006a).
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6.8.3.2 PWN with a Moving Pulsar

The first scenario is that J1908 is a PWN in which the pulsar is moving and the

high energy emission is caused by old electrons emitted by the pulsar in its earlier

phases. We assume that the pulsar was born in the supernova explosion. The pulsar

loses its rotational energy via the spin-down as it gets older, so the electrons emitted

earlier by the pulsar could be more energetic than the younger electrons, which are in

the current vicinity of the pulsar. If the softening of the energy spectrum of freshly

accelerated electrons due to spin-down of the pulsar is more rapid than the softening

of the energy spectrum of old electrons due to radiative (or other) loses, then there

would be higher energy TeV emissions closer to the SNR and lower energy emission

closer to the pulsar, as observed. Fig. 6.7 shows the relation between the spectral

index and the age of the observed PWNe, but it shows no clear correlation between

these two parameters, so we cannot exclude this model immediately. Also, the PWN

size is expected to be larger than the typical size due to the pulsar’s high velocity,

which matches our estimated PWN size.

However, what matters here is whether the old electrons remain highly energetic.

There are two primary mechanisms that cool down electrons. One is synchrotron

emission and the other is IC scattering.

The energy loss rate of an electron with a Lorentz factor of γ due to synchrotron

radiation is

dE

dt sync
=

3

4
σT cUmag

(v

c

)2

γ2 ∼ 3

4
σT cUmagγ

2 (6.1)

where σT is the cross section of Thomson scattering, and Umag is the magnetic field

energy density (the right hand side is the ultra relativistic limit). For IC radiation,

we have a similar equation

dE

dt IC
=

3

4
σT cUrad

(v

c

)2

γ2 ∼ 3

4
σT cUradγ

2 (6.2)

where Urad is a radiation field energy density. The energy density of CMB is known to
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be 0.26 eV/cm3 for T=2.7 K. The interstellar magnetic field is typically at least 3 µG,

leading to an energy density Umag = (1/8π)B2 = 0.22 eV/cm3. From the equations in

Kargaltsev & Pavlov (2007), the energy and the Lorentz factor of electron needed to

produce 20 TeV photon via IC are 112 TeV and γ = 2.2× 108. According to Gaisser

et al. (1998), the cooling time for electrons via synchrotron radiation is

tsyn ≈ 1.3×
(

B

1 µG

)−2(

E

1 GeV

)−1

yr. (6.3)

Then, the synchrotron cooling time for such electrons in a 3 µG magnetic field is

∼ 13 kyr. The total (both synchrotron and IC) cooling time is ∼ 6 kyr. Considering

that the age of PSR J1907+0602 is 19.5 kyr, the old electrons might not be energetic

enough to produce TeV photons via IC, so this hypothesis might be excluded.

The basic ideas for testing this model would primarily be measuring the proper

motion of the pulsar. For SNR G40.5-0.5, we know when the supernova occurred

and the separation between PSR J1907+0602 and SNR G40.5-0.5. By measuring

the velocity of the pulsar, we would be able to know if the PSR was born in the

supernova, the remnant of which is SNR G40.5-0.5. This velocity measurement can

be accomplished by simply measuring the position of the PSR some years later via

radio imaging or pulse timing. The angular separation of the PSR and the SNR is

0.5◦. Dividing this by the age of the PSR, 19.5 kyr, and multiplying by 5 years,

we estimate the change in position in 5 years as 0.45 arcseconds. This would be

detectable with the VLA or Chandra.

6.8.3.3 PWN with Seed Photons with Higher Energies

What will the physical model be if we still suppose that MGRO J1908+06 is a

PWN? Another possibility is that the molecular clouds (MCs) around the SNR pro-

vide photons with higher energies for IC scattering. The TeV emission from PWNe is

generated via IC with energetic electrons and infrared photons (called seed photons
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in this case). In Fig. 6.25, the green contours are the contours taken from the CO

intensity map around the SNR (Fig. 6.11) and the color map shows the TeV emis-

sion as in Fig. 6.22. The areas enclosed by the contours show MCs. Typically MCs

have temperatures of at least 10 K, much higher than the CMB temperature of 2.7

K. The Stefan-Boltzmann law teaches us that black body energy density is U ∼ T 4, so

UMC

UCMB

=

(

TMC

TCMB

)

=

(

10 K

2.7 K

)

∼ 200 (6.4)

Suppose the MC is a sphere with radius R, then the radiation energy density at

a distance r from the MC’s centroid is U ∝ (R/r)2. Inside the cloud U = UMC

while outside the cloud U = UMC × (R/r)2. Then the distance r from MC for which

U > UCMB is r = 14R. Thus inside this spatial extension around the MCs, the energy

density is enhanced over the CMB. This looks large enough to cover the entire high

energy TeV emission. Because of the harder seed photons, lower energy electrons can

produce TeV photons, which means that the density of electrons able to contribute

to TeV photon creation is increased. Because of this, the slightly larger size of J1908

as a PWN is acceptable.

6.8.3.4 Shock Acceleration

Another possible physical model for the TeV emission is the acceleration of

particles at the shock front formed by high density gas and the pulsar wind. PSR

J1907+0602 is an energetic pulsar, and so it must produce a pulsar wind. If this

wind interacts with dense gas, particles in the wind could be re-accelerated via the

Fermi acceleration mechanism (see Chap. 4). We have seen that there is CO gas

near the region of the higher energy TeV emission (see Sec. 6.4), and the interaction

of this gas and the pulsar wind can create a shock where Fermi acceleration occurs.

The distance to the CO gas, 3.4 kpc (see Sec. 6.4), and the distance to the pulsar,

3.2 kpc (see Sec. 6.5), are compatible within the uncertainties, which complies with
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Figure 6.26: CO intensity contours on the two color map - Energy dependent two
color excess map where red is below 1.25 TeV and blue is above it. The green contours
show CO intensity (from Fig. 6.11), suggesting the existence of molecular clouds in
the areas enclosed by the contours. The white X mark is the J1908 position, the
white cross is the PSR, and the white ellipse is the SNR.

this model. The size of MGRO J1908+06 estimated in Sec. 6.8.3 is reasonable, or

maybe a bit larger than the observed size range for PWN of the same age, but it is

still reasonable if we think that the re-acceleration of particles and the subsequent

gamma ray emission from them would result in an expanded PWN size.

We can test this model by looking for signs of interaction in molecular lines

known to be produced by shocks (Hollenbach et al., 1989).
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6.9 Conclusion

We analyzed the unidentified galactic TeV gamma-ray source MGRO J1908+06

with 54 hours of VERITAS data. The calculated position and spectrum were com-

patible with past results from Milagro and HESS. Our energy dependent analysis

revealed that the lower energy emission in the energy range 0.5-1.25 TeV is concen-

trated around the pulsar PSR J1907+0602, and that the higher energy emission at

energies above 1.25 TeV is mainly on the side of the supernova remnant SNR G40.5-

0.5, facing toward MGRO J1908+06. Comparison with CO, HI, and continuum radio

maps excluded the SNR as the sole origin of the emission. One possibility is that

MGRO J1908+06 is a PWN, and the MCs around the SNR emit seed photons for

IC with energies higher than those from CMBs, so the TeV emission near the SNR is

energetically enhanced. The other possibility is that the higher energy TeV emission

originates from a shock formed by the pulsar wind from PSR J1907+0602 and SNR

G40.5-0.5. These models can be tested by future observations.
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CHAPTER 7

CONCLUSION

VERITAS compliments the coverage provided by spaced-based instruments such

as the Fermi-LAT (30 MeV-300 GeV) with its large effective area at higher energy (100

GeV-50 TeV). With this strength, VERITAS can contribute to revealing the physical

nature of astronomical objects and study the particle acceleration mechanisms within

them.

The first topic of my thesis was the nova explosion in a symbiotic binary star

system, V407 Cygni, that occurred in March 2012. Fermi-LAT detected gamma-rays

from this event in the 0.1-10 GeV energy range and measured their spectrum. At the

nova shock, particles are accelerated via the Fermi acceleration mechanism. The likely

origin of the gamma-ray emission is these accelerated charged particles, either protons

(hadronic model) or electrons (leptonic model). The Fermi-LAT team modeled the

particle energy spectra with cutoff power law models. The cutoff energy for the

leptonic model is sufficiently low that no TeV emission is predicted. In contrast,

the hadronic model can produce significant TeV emission depending on the model

parameters. No TeV emission was detected with VERITAS. The TeV flux upper

limit was used to place constraints on the maximum energy of particles accelerated

in the nova shock and the high energy extension of the particle spectra.

The V407 Cygni observations were taken at large zenith angles (LZA). Most

targets are observed with VERITAS near the zenith, where the performance is better,

so the analysis procedures for LZA observations are less well developed. Also mak-

ing use of LZA observations of the Crab nebula, two different event reconstruction

methods for VERITAS were compared: the standard method and the “displacement

method”. The latter gives better sensitivity when the zenith angle is large.

The main subject of my thesis is the unknown galactic TeV gamma-ray source

MGRO J1908+06, whose discovery was reported by Milagro in 2007. HESS later
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showed that one of their new TeV sources, HESS J1908+063, is identical to this

Milagro source. A total of 54 hours of VERITAS data on this target were analyzed.

The VERITAS data show a source position and spectrum consistent with those from

Milagro and HESS. The source is located between the supernova remnant SNR G40.5-

0.5 and the pulsar PSR J1907+0602. The separation of these two objects (on the

sky) is 28 pc. The TeV emission likely originates from either the SNR, the PWN, or

a combination of the two.

Energy dependent maps were created for a morphological study. The emission

in different energy ranges is different spatially. Lower energy (<1.25 TeV) emission

is concentrated around the pulsar PSR J1907+0602. The higher energy (>1.25 TeV)

emission is strongest at the edge of the SNR on the side towards the PSR.

An origin of the TeV emission as solely due to shock acceleration in the SNR

is ruled out by the facts that the radio continuum emission is strongest emission

on the side of the SNR away from the pulsar and CO emission is seen only at the

edges of the TeV emitting region. The properties of the TeV emission are generally

consistent with those of PWN, although the spatial extent of the emission is somewhat

larger than other PWN of similar age. However, our intuitive understanding suggests

that the spectra of PWN should soften with increasing distance from the parent

pulsar, as is observed for the PWN HESS J1825-137. The morphology of MGRO

J1908+06 contradicts this. Two possible interpretations were proposed to explain the

morphological results. One is a local source of seed photons with higher energies: we

see CO molecular clouds around the SNR. They emit thermal photons more energetic

than those from the CMB and can create IC scattered photons with energies higher

than those created from the CMB seed photons. The other possibility is that the

pulsar wind is colliding with dense gas, seen in CO, at the edge of the SNR. Shocks

created by the collision could then accelerate particles at the shock front creating the

observed harder emission near the SNR. This can be tested by seeing whether there

is a shock at that location, which can be done by searching for molecular emission
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lines produced by shocks.
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Osaki, Y. 1996, Uchū Kagaku Nyūmon (Introduction to the Space Science), Tokyo,
Japan: The University of Tokyo Press

Paredes, J. P. & Persic, M. 2012, Mem. S.A.It., Vol. 81, 204

Pauliny-Toth, I. J. & Kellermann, K. I. 1966, ApJ, 146, 634

Reynolds, P. T., et al. 2005, ApJ, 404, 206

Rolke, W. A., L pez, A. M., & Conrad, J. 2005, Nuclear Instruments and Methods in
Physics Research A, 551, 493

Sabatini, S., et al. 2010, ApJ 712, L10

Shore, S. N., Wahlgren, G. M., Augusteijn, T., Liimets, T., Page, K. L., Osborne,
J. P., Beardmore, A. P., Koubsky, P., Slechta, M., Votruba, V. 2011, Astron. &
Astrophys., 527, A98+

Sokoloski, J. L., et al. 2006, Nature 442, 276

Stil, J. M., Taylor, A. R., Dickey, J. M., Kavars, D. W., Martin, P. G., Rothwell, T.
A., Boothroyd, A. I., Lockman, F. J., & McClure-Griffiths, N. M. 2006, AJ, 132,
1158 astro-ph/0605422
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