
The TeV gamma-ray population of the Milky-Way

the contribution of H.E.S.S. unresolved sources to VHE diffuse emission

Presented by: Vittoria Vecchiotti

Based on Cataldo M., Pagliaroli G., Vecchiotti V., Villante F.L., Astrophys.J. 904 (2020)

37𝑡ℎ International Cosmic Ray Conference 12-25 July 2021



The TeV gamma-ray luminosity of the Milky-Way:
and the contribution of H.E.S.S. unresolved sources to VHE 
diffuse emission:
Cataldo et al. Astrophys.J. 904 (2020)

We build a generic model for the TeV gamma-ray source 
population that allow us to:

• Perform a population study of the H.E.S.S. Galactic Plane 
Survey in order to estimate the total luminosity of the 
Milky-Way and total source flux and the contribution of 
H.E.S.S. unresolved sources to VHE diffuse emission;

• Infer general properties of the pulsar population in the 
hypothesis that the signal is dominated by pulsar-powered 
sources (TeV-Halos, PWNe).  
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H.E.S.S. provides observation of the 𝛾-ray sky in the 

window: −𝟏𝟏𝟎° < 𝒍 < 𝟔𝟎° and 𝒃 < 𝟑°above 1 TeV.
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H.E.S.S.:
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Unresolved sources contribute

to the total diffuse signal.

Concerning point-like sources, H.E.S.S. probes 

a small fraction of the Galaxy up to a median

distance of 7.3 kpc for bright (1034 𝑒𝑟𝑔 𝑠−1) 

sources.

H.E.S.S. provides observation of the 𝛾-ray sky in the 

window: −𝟏𝟏𝟎° < 𝒍 < 𝟔𝟎° and 𝒃 < 𝟑°above 1 TeV.

H.E.S.S. sensitivity detection limit:

4

H.E.S.S.:
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H.E.S.S.:

The HGPS catalogue:
• includes 78 VHE sources in 

the H.E.S.S. observational

window;

• provides the integrated flux

above 1 TeV of each

sources 𝜙.
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The HGPS catalogue:
• includes 78 VHE sources in 

the H.E.S.S. observational

window;

• provides the integrated flux

above 1 TeV of each

sources 𝜙.

In our analysis:
We focus on the brightest sources with flux:

𝜙 > 0.1𝜙𝐶𝑟𝑎𝑏 = 0.1 2.26 × 10−11𝑐𝑚−2𝑠−1

• The catalogue above this threshold is considered complete (no 

unresolved sources): 32 sources.

• We assumed a power-law energy spectrum with index 𝜷 = 𝟐. 𝟑
that is the average index of the catalogue for all the sources.

H.E.S.S.:
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Model: We postulate the spatial and intrinsic luminosity distribution of the TeV sources:

ⅆ𝑁

ⅆ𝑟3ⅆ𝐿
= 𝜌 𝑟 𝑌(𝐿)
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Model: We postulate the spatial and intrinsic luminosity distribution of the TeV sources:

ⅆ𝑁

ⅆ𝑟3ⅆ𝐿
= 𝜌 𝑟 𝑌(𝐿)

• The spatial distribution of sources in the Galaxy is assumed to be proportional to the pulsar distribution as in 

Lorimer et Al (2006).:

837𝑡ℎ International Cosmic Ray Conference 12-25 July 2021



Model: We postulate the spatial and intrinsic luminosity distribution of the TeV sources:

ⅆ𝑁

ⅆ𝑟3ⅆ𝐿
= 𝜌 𝑟 𝑌(𝐿)

• The spatial distribution of sources in the Galaxy is assumed to be proportional to the pulsar distribution as in 

Lorimer et Al (2006).;
• The luminosity distribution of sources in the Galaxy is assumed to be a power law:

𝑌 𝐿 =
𝑁

𝐿𝑚𝑎𝑥

𝐿

𝐿𝑚𝑎𝑥

−𝛼N

• the normalization N number of high-luminosity sources

• the maximum luminosity of the population 𝑳𝒎𝒂𝒙

We have two free 

parameters:

Reference case: 
𝛼 = 1.5
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Model: We postulate the spatial and intrinsic luminosity distribution of the TeV sources:

ⅆ𝑁

ⅆ𝑟3ⅆ𝐿
= 𝜌 𝑟 𝑌(𝐿)

• The spatial distribution of sources in the Galaxy is assumed to be proportional to the pulsar distribution as in 

Lorimer et Al (2006).;
• The luminosity distribution of sources in the Galaxy is assumed to be a power law:

𝑌 𝐿 =
𝑁

𝐿𝑚𝑎𝑥

𝐿

𝐿𝑚𝑎𝑥

−𝛼N

• the normalization N number of high-luminosity sources

• the maximum luminosity of the population 𝑳𝒎𝒂𝒙

We have two free 

parameters:

Goal: Estimation of the free parameters of our model by fitting H.E.S.S.      

observational results with an unbinned likelihood

Reference case: 
𝛼 = 1.5
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Results:

𝐿𝑚𝑎𝑥 → ∞
𝐿𝑚𝑎𝑥 → 0

∝ 𝜙1−𝛼

∝ 𝜙−
3
2

𝑁 = 𝑁𝑜𝑏𝑠

𝑎𝑙𝑙 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑏𝑒𝑠𝑡 𝑓𝑖𝑡 𝑣𝑎𝑙𝑢𝑒s

Best fit values for the 
reference case:
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𝐿𝑚𝑎𝑥 = 𝐿𝑏𝑓
𝐿𝑚𝑎𝑥= 2.3𝐿𝑏𝑓
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Results:

∝ 𝜙1−𝛼

∝ 𝜙−
3
2

Contribution of 
unresolved sources

Best fit values for the 
reference case:
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𝐿𝑚𝑎𝑥 → ∞
𝐿𝑚𝑎𝑥 → 0

𝐿𝑚𝑎𝑥 = 𝐿𝑏𝑓
𝐿𝑚𝑎𝑥= 2.3𝐿𝑏𝑓
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• The total TeV luminosity (1-100 TeV) of the Galaxy:

Results:

𝐿𝑀𝑊 =
𝑁 𝐿𝑚𝑎𝑥

2−𝛼
1 −

𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥

𝛼−2
= 1.7−0.4

+0.5 × 1037 𝑒𝑟𝑔 s−1

0
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• The total TeV luminosity (1-100 TeV) of the Galaxy:

• The flux at Earth produced by all sources (1-100 TeV) (resolved and unresolved) in the H.E.S.S. OW:

Results:

𝐿𝑀𝑊 =
𝑁 𝐿𝑚𝑎𝑥

2−𝛼
1 −

𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥

𝛼−2
= 1.7−0.4

+0.5 × 1037 𝑒𝑟𝑔 s−1

0

𝜙𝑡𝑜𝑡 =
𝐿𝑀𝑊

4𝛱 𝐸
𝑂𝑊׬ ⅆ3𝑟 𝜌 𝑟 𝑟−2 = 3.8−1.0

+1.0 × 10−10𝑐𝑚−2s−1

3.25 TeV
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• The total TeV luminosity (1-100 TeV) of the Galaxy:

• The flux at Earth produced by all sources (1-100 TeV) (resolved and unresolved) in the H.E.S.S. OW:

• By subtraction we can obtain the contribution of unresolved sources in the H.E.S.S. observational
window knowing that: 𝜙𝑆,𝑟𝑒𝑠 = 2.3 × 10−10𝑐𝑚−2𝑠−1 (cumulative flux due to all 78 sources):

Results:

𝐿𝑀𝑊 =
𝑁 𝐿𝑚𝑎𝑥

2−𝛼
1 −

𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥

𝛼−2
= 1.7−0.4

+0.5 × 1037 𝑒𝑟𝑔 s−1

0

𝜙𝑡𝑜𝑡 =
𝐿𝑀𝑊

4𝛱 𝐸
𝑂𝑊׬ ⅆ3𝑟 𝜌 𝑟 𝑟−2 = 3.8−1.0

+1.0 × 10−10𝑐𝑚−2s−1

3.25 TeV

𝜙𝑆,𝑢𝑛𝑟𝑒𝑠 = 𝜙𝑡𝑜𝑡 − 𝜙𝑆,𝑟𝑒𝑠 = 1.4−0.8
+1.0 × 10−10 𝑐𝑚−2𝑠−1 ∼ 60% 𝜙𝑠,𝑟𝑒𝑠
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• The total TeV luminosity (1-100 TeV) of the Galaxy:

• The flux at Earth produced by all sources (1-100 TeV) (resolved and unresolved) in the H.E.S.S. OW:

• By subtraction we can obtain the contribution of unresolved sources in the H.E.S.S. observational
window knowing that: 𝜙𝑆,𝑟𝑒𝑠 = 2.3 × 10−10𝑐𝑚−2𝑠−1 (cumulative flux due to all 78 sources):

• The inferred information in the TeV energy range can be used to estimate also the unresolved
contribution in the GeV energy range (see talk: G. Pagliaroli: the role of unresolverd PWNe to the 
gamma-ray diffuse emission at GeV )
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Model: The power-law for the luminosity distribution can be automatically obtained assuming a 

fading source population (like PWNe, TeV Halos) create at a constant rate ҧ𝑟 .
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The spin-down power is described by: ሶ𝐸 𝑡 = ሶ𝐸0 1 +
𝑡

𝜏

−2
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Model: The power-law for the luminosity distribution can be automatically obtained assuming a 

fading source population (like PWNe, TeV Halos) create at a constant rate ҧ𝑟 .
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𝐿 𝑡 = 𝜆 𝑡 ሶ𝐸 𝑡 = 𝜆 ሶ𝐸0 1 +
𝑡

𝜏

−𝛾
where 𝛾 = 2(𝛿 + 1);

The spin-down power is described by:

Considering that a fraction 𝝀(𝒕) of the spin-down power is converted into gamma-rays then the 

intrinsic luminosity decreases according to:

ሶ𝐸 𝑡 = ሶ𝐸0 1 +
𝑡

𝜏

−2
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Model: The power-law for the luminosity distribution can be automatically obtained assuming a 

fading source population (like PWNe, TeV Halos) create at a constant rate ҧ𝑟 .
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The spin-down power is described by:

Considering that a fraction 𝝀(𝒕) of the spin-down power is converted into gamma-rays then the 

intrinsic luminosity decreases according to:
𝑳𝒎𝒂𝒙

ሶ𝐸 𝑡 = ሶ𝐸0 1 +
𝑡

𝜏

−2

𝜆 𝑡 = 𝜆
ሶ𝐸 𝑡

ሶ𝐸0

𝛿

20

𝐿 𝑡 = 𝜆 𝑡 ሶ𝐸 𝑡 = 𝜆 ሶ𝐸0 1 +
𝑡

𝜏

−𝛾
where 𝛾 = 2(𝛿 + 1);

Model: The power-law for the luminosity distribution can be automatically obtained assuming a 

fading source population (like PWNe, TeV Halos) create at a constant rate ҧ𝑟 .
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The spin-down power is described by:

Considering that a fraction 𝝀(𝒕) of the spin-down power is converted into gamma-rays then the 

intrinsic luminosity decreases according to:

Then:

Where ҧ𝑟 = 0.019 𝑦𝑟−1 is the SN’s rate and 𝛼 =
1

𝛾
+ 1 therefore for 𝛾 = 2 we have 𝛼 = 1.5.

And instead of the parameter N we have the spin-down timescale of the Pulsar 𝜏.

𝑳𝒎𝒂𝒙

ሶ𝐸 𝑡 = ሶ𝐸0 1 +
𝑡

𝜏

−2

𝜆 𝑡 = 𝜆
ሶ𝐸 𝑡

ሶ𝐸0

𝛿
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𝐿 𝑡 = 𝜆 𝑡 ሶ𝐸 𝑡 = 𝜆 ሶ𝐸0 1 +
𝑡

𝜏

−𝛾
where 𝛾 = 2(𝛿 + 1);

ഥ𝑟 𝜏 (𝛼 -1)  

Model: The power-law for the luminosity distribution can be automatically obtained assuming a 

fading source population (like PWNe, TeV Halos) create at a constant rate ҧ𝑟 .
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𝐿𝑚𝑎𝑥 = 𝜆 ሶ𝐸0 = 𝜆
8𝜋4𝐵0

2𝑅6

3𝑐3𝑃0
4

The best fit parameters 𝑳𝒎𝒂𝒙 and 𝝉𝒔𝒅 are linked to the magnetic field 𝑩𝟎 and the initial spin-down period
𝑷𝟎 of the pulsar through the following relations:

𝜏𝑠𝑑 =
3𝐼𝑐3𝑃0

2

4𝜋2𝐵0
2𝑅6

𝑷𝟎
1 𝑚𝑠

= 94
𝜆

10−3

1
2 𝜏

104 𝑦𝑟

−
1
2 𝐿𝑚𝑎𝑥

1034𝑒𝑟𝑔 𝑠−1

−
1
2

𝑩𝟎

1012𝐺
= 5.2

𝜆

10−3

1
2 𝜏

104 𝑦𝑟

−
1
2 𝐿𝑚𝑎𝑥

1034𝑒𝑟𝑔 𝑠−1

−
1
2

For the firmly identified pulsar from the HGPS catalogue we
obtained that the parameter 𝜆 is in the range:

5 × 10−5 ≤ 𝜆 ≤ 5 × 10−2

As a reference value we take 𝜆 = 10−3
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Model: 
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Results
for 
PWNe:

𝑃0 = 33−4.3
+5.4 𝑚𝑠 ×

𝜆

10−3

1
2

𝐵0 = 4.32 1 ± 0.45 1012𝐺 ×
𝜆

10−3

1
2

𝜏𝑠𝑑 = 1.8−0.6
+1.5 × 103𝑦𝑟

L𝑚𝑎𝑥 = 4.9−2.1
+3.0 × 1035𝑒𝑟𝑔𝑠 𝑠−1
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• Evaluation of the initial
spin-down power and 
of the neutron star’s
magnetic field;

• Constrain on the 
maximum value of 𝑃0
allowed by data.
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Conclusions:

1. The total emission of the Galaxy in the TeV
domain can be constrained by present data. 

2. Using the H.G.P.S. we are able to calculate the 
total Milky Way luminosity in the energy range 1 
-100 TeV and the total flux in the H.E.S.S. 
observational window in the energy range 1 -
100 TeV;

3. The contribution of unresolved sources is not
negligible being ∼ 60% of the resolved signal
measured by H.E.S.S., ∼ 38% of the total flux;

4. We discussed the specific assumption that 
most of the bright TeV gamma ray sources 
observed by H.E.S.S. are powered by pulsar 
activity, such as PWNe or TeV halos. In this 
hypothesis we are able to predict the general 
parameters of the pulsar 𝑃0 and 𝐵0. 
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Robustness of the results:
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Why H.E.S.S?

H.E.S.S  ׬ⅆ3𝑟 𝜌 𝒓 = 0.816

H.A.W.C  ׬ⅆ3𝑟 𝜌 𝒓 = 0.389

The fraction of sources of the 
considered population which are 
included respectively in the H.E.S.S. 
(−𝟏𝟏𝟎° < 𝒍 < 𝟔𝟎° and 𝒃 < 𝟑°) and 
H.A.W.C. (𝟎° < 𝒍 < 𝟏𝟖𝟎° and 𝒃 < 𝟐°) 
observation window:

The HAWC Observatory (J. Goodman, Nov. 2016)

26



27

H.E.S.S. sensitivity:

• For 0.01𝜙𝐶𝑟𝑎𝑏 ≤ 𝜙 ≤ 0.1𝜙𝐶𝑟𝑎𝑏
the H.E.S.S. sensitivity depends
on the angular size of the 
sources.

• For 𝜙 ≥ 0.1𝜙𝐶𝑟𝑎𝑏 all the sources 
are resolved independently of 
their angular size. Above this
threshold the catalogue is
complete.



The flux distribution can be calculated as:

• ҧ𝜌 𝑟 is the sources spatial distribution integrated over the longitude and latitude intervals probed by H.E.S.S.;

• The above integral is performed in the range d/𝜃𝑚𝑎𝑥 ≤ r ≤ 𝐷 𝐿, 𝜙 = where 𝜃𝑚𝑎𝑥 = 0.7o is the maximal

angular dimension that can be probed by H.E.S.S. and d is the physical dimention of the source. While

𝐷 𝐿, 𝜙 = 𝐿/4 𝜋 𝐸 𝜙
1

2 ;

• We calculate analytically the flux distribution for the 2 limits cases 𝐿𝑚𝑎𝑥 → ∞ and 𝐿𝑚𝑎𝑥 → 0:

Cumulative distribution:

=
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We also consider the effects of dispertion of initial period 𝑃0 and magnetic field 𝐵0 around the 

references values ෨𝑃0 and ෨𝐵0. This turn into a dispertion in 𝐿𝑚𝑎𝑥(P0, B0) and 𝜏(P0, B0). 
We obtain the following luminosity distribution after integrating on P0 and 𝐵0 distribution:

Where ෨𝐿( ෨𝑃0, ෨𝐵0) and ǁ𝜏( ෨𝑃0, ෨𝐵0) are the spin down time scale and maximum luminosity for the reference

values ෨𝑃0 and ෨𝐵0 and 𝐺(𝑥) is:

Effect of dispersion in our Model:

Probability distribution for the initial period, 
it is assumed to be a gaussian distribution in 
𝐿𝑜𝑔10(𝑝) where 𝑝 = 𝑃/ ෨𝑃0

Probability distribution for the magnetic
field. It is assumed to be a gaussian
distribution in 𝐿𝑜𝑔10(𝑏) where 𝑏 =
𝐵0/ ෨𝐵0
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The gray lines correspond to a fixed number of sources above the adopted flux threshold 0.1𝜙𝐶𝑅𝐴𝐵 .
It can be shown analytically that 𝑁(𝜙) scales as:

• 𝑁 𝜙 ∝ 𝜏 L𝑚𝑎𝑥

3

2 = B0P0
−4𝜆

3

2 (𝐿𝑚𝑎𝑥 → 0)

• 𝑁 𝜙 ∝ 𝜏 L𝑚𝑎𝑥
𝛼−1 = B0

2𝛼−4P0
6−4𝛼𝜆𝛼−1 (𝐿𝑚𝑎𝑥 → ∞)

Results:



Results:

𝑃0 = 51−6.4
+8.1 𝑚𝑠 ×

𝜆

10−3

1
2

𝐵0 = 12.7−5.8
+9.61012𝐺 ×

𝜆

10−3

1
2

The best fit value of 𝑃0 does not change, 

while 𝐵0 is slightly reduced as a 

consequence of the high-luminosity tail of 

the new source luminosity. 

𝛼 = 1.8
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Milagro excess:
The total flux measured by Milagro at 15 TeV is consisten (whithin

uncertainties) with the total flux produced by the HGPS source 

population in the same observation window (−𝟑𝟎° < 𝒍 < 𝟔𝟓° and 𝒃 <
𝟐° ):

𝑑𝜙𝑀𝑖𝑙𝑎𝑔𝑟𝑜

𝑑𝐸
∼ 2.9 × 10−12𝑐𝑚−2s−1𝑠𝑟−1𝑇𝑒𝑉−1

ⅆ𝜙𝐻𝐺𝑃𝑆
ⅆ𝐸

∼ 3.6−0.9
+1.1 × 10−12𝑐𝑚−2s−1𝑠𝑟−1𝑇𝑒𝑉−1
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