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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)



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 y-ray sky in the

window:

H.ES.S. Collaboration: The H.E.S.S. Galactic plane survey
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above 1 TeV.
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H.E.S.S. provides observation of the y-ray sky in the

window:

H.ES.S. Collaboration: The H.E.S.S. Galactic plane survey
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and above 1 TeV.

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

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 (103* erg s71)
sources.

Unresolved sources contribute
to the total diffuse signal.

Galactic y (kpc)

Abdalla et al, A&A, 612, A1 (2018)
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. . . Abdalla et al, A&A, 612, A1 (2018)
H.E.S.S. provides observation of the y-ray sky in the

window: and above 1 TeV.

H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey
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* Includes 78 VHE sources in
the H.E.S.S. observational
window;

e provides the integrated flux
above 1 TeV of each
sources ¢.



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

window:

H.ES.S. Collaboration: The H.E.S.S. Galactic plane survey
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* Includes 78 VHE sources In
the H.E.S.S. observational
window;

e provides the integrated flux
above 1 TeV of each .
sources ¢.

We focus on the brightest sources with flux:

Abdalla et al, A&A, 612, A1 (2018)

and above 1 TeV.

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 (103* erg s71)
sources.
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The catalogue above this threshold is considered complete (no
unresolved sources): .
We assumed a energy spectrum with index g = 2.3
that is the average index of the catalogue for all the sources.



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

dN B E/L A
dr3dL _\( ))




|\/|Od6|: We postulate the spatial and intrinsic luminosity distribution of the TeV sources:

dN
dr3dL

The spatial distribution of sources in the Galaxy is assumed to be proportional to the pulsar distribution as in
Lorimer et Al (2006).:

(L)

PWN distribution PWN distribution
35F ] 1.4f
3.0} - 12}
25f ; 10f
=~ 20F = 08}
[&] [ [&] -
< 1 g I
= 15¢ = 06¢
Q X ] Q [
1.0F - 0.4f
0.5F j 02}
0.0F . 0.0F
0 5 10 15 20 25 30 -2 -1 0 1 2
Radius[Kpc] z[Kpc]



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

dN
dr3dL

* 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:

(L)

N L @ Reference case:
Y(L) — a=1.5

Lmax Lmax

We have two free * the normalization &# number of high-luminosity sources
parameters: e the maximum luminosity of the population L.,



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

dN B E/L )
dr3dL _\( )J

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:

N L @ Reference case:
Y(L) — a=1.5

Lmax Lmax

We have two free * the normalization &# number of high-luminosity sources
parameters: e the maximum luminosity of the population L.,

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

observational results with an unbinned likelihood G S
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ReSUItS Best fit values for the

reference case:
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ReSUItS Best fit values for the

reference case:
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Results:

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

N Linax x=2 _
Luw = o [1 ] =1.7102> x 1037 erg s™1
0

wn
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* The total TeV luminosity (1-100 TeV) of the Galaxy:

I a N Lmax 1 -2 -1 7+O.5 X 1037 er S—1
MW (2—a) 7 —0.4 g
0

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

—2-—1

Pror = %ﬁwd% p(r)r~% =3.81179 X 10~ %cm=2s

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

I a N Lmax 1 -2 -1 7+O.5 X 1037 er S—l
MW (2—a) 7 —0.4 g
0

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

Lypw —2-—1

Pror = @&Wd% p(r)r~% =3.81179 X 10~ %cm=2s

3.25 TeV

« By subtraction we can obtain the contribution of unresolved sources in the H.E.S.S. observational
window knowing that: ¢g .5 = 2.3 x 107*cm™2s~! (cumulative flux due to all 78 sources):

— _ +1.0 —10 -2 .—1
¢S,unres — ¢tot — ¢S,res — 1-4‘—0.8 X 10 cm S ~ 60% ¢S,T€S
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The total of the Galaxy:

N Linax x=2 _
Luw = o [1 .\] =1.7102> x 1037 erg s™1
0

The (resolved and unresolved) in the H.E.S.S. OW:

Dror = %ﬁwd% p(r)r 2 =381 x 107 % m2%s~1

3.25 TeV

By subtraction we can obtain the contribution of In the H.E.S.S. observational
window knowing that: ¢g .5 = 2.3 x 107*cm ™25~ (cumulative flux due to all 78 sources):

— _ +1.0 —10 -2 .—1
¢S,unres — ¢tot — ¢S,res — 1-4‘—0.8 X 10 cm S ~ 60% ¢S,7‘€S

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 ) G

S
|
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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 r .

17



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 r .

. . t\~*
The spin-down power Is described by:  F (t) = E| (1 + _)
T




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 r .

. . t\~*
The spin-down power Is described by:  F (t) = E| (1 + _)
T

Considering that a fraction A(t) of the spin-down power is converted into gamma-rays then the
Intrinsic luminosity decreases according to:

L(t) = A(DE(®) = ALy (1+2) "wherey = 2(5 + 1);
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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 r .

. . t\~*
The spin-down power Is described by:  F (t) = E| (1 + _)
T

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

Intrinsic luminosity decreases according to:
max

L(t) = @E‘(t) =(AE, (1 + %)_ywhere Yy = 2(6 + 1);

Abdalla et al, A&A, 612, A2 (2018)
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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 r .

. . t\~*
The spin-down power Is described by:  F (t) = E| (1 + _)
T

Considering that a fraction A(t) of the spin-down power is converted into gamma-rays then the
Intrinsic luminosity decreases according to:

L(t) =@E(t) =(1 + %)_ywhere Y = 2(6 + 1);
ED)°
0=1(%)
Abdalla et al, A&A, 612, A2 (2018) —~ —
rt(a-1) / L \°
Then: Y(L) = LmaX ' (Lmax>

14

Where 7 = 0.019 yr~1 is the SN’s rate and a = (l + 1) therefore for y = 2 we have a = 1.5.
And instead of the parameter ;¥ we have the spin-down timescale of the Pulsar 7.




The best fit parameters L,,,,, and T4 are linked to the magnetic field By and the initial spin-down period
P, of the pulsar through the following relations:

4 NR2p6
I _ )[E — 2 oM BO R For the firmly identified pulsar from the HGPS catalogue we
max — 0 — 3C3P4 obtained that the parameter A is in the range:
0 5X 107> <A1 <5x%x 1072
31C3P02 As a reference value we take 1 = 1073
lsa =
42 B§ RO
0
1 _1 _1
P 94 ° 1 : Linax 2
1ms 103 104 yr 103%erg s—1
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”
L

Results |

PWNe:

Evaluation of the initial
spin-down power and
of the neutron star’s
magnetic field;
Constrain on the
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Conclusions:

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

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,

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;

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 P, and B,.
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Why H.E.S.S?

The fraction of sources of the
considered population which are
included respectively in the H.E.S.S.
(—110 <1< 60 and |b| < 3)and
HAW.C. (0 <1 <180 and |b| < 2)
observation window:

HES.S [d3rp(r)=0.816

HAW.C [ d’rp(r) = 0.389




H.E.S.S. sensitivity:

* FOr 0.01¢crap < ¢ < 0.10cran
the H.E.S.S. sensitivity depends
on the angular size of the
sources.

* For ¢ = 0.1¢.,4p all the sources
are resolved independently of
their angular size. Above this
threshold the catalogue is
complete.

Flux > 1 TeV (% Crab)
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The flux distribution can be calculated as:

e / dr Amr (E) Y (4772 (E)®) 7(r)

« p(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/0,,,,, <1 < D(L, ¢) = where 8,,,, = 0.7° 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,§) = (L/4 T (E) ¢)2 ;

« We calculate analytically the flux distribution for the 2 limits cases L.,,,, » 0 and L,,,,, — O:

dN
-5 = R7(a—1) Lﬁ‘la/ dr (4m(E))' = rd729 5(7)

N _ D(Lmax.P) o .
fl‘; (—lﬂ-<E>)l (0) R (G _ 1) Lifn;;l O “:/ dr T4 20( 5(0) R T (:1 1 ) (§Lmax
0 5 - /




Effect of dispersion in our Model:

We also consider the effects of dispertion of initial period P, and magnetic field B, around the

references values P, and B,. This turn into a dispertion in L,, 4, (Py, Bg) and (P, By).
We obtain the following luminosity distribution after integrating on P, and B, distribution:

- (1) (1

Where L(P,, By) and #(P,, B,) are the spin down time scale and maximum luminosity for the reference
values P, and B, and G (x) is:

G(z) = / d64“ / d20‘49 (p~*v* — )

Probability distribution for the initial period, Probability distribution for the magnetic
it is assumed to be a gaussian distribution in field. It is assumed to be a gaussian
Log,o(p) wherep = P/P, distribution in Log,,(b) where b =

By /Bo

wn
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The gray lines correspond to a fixed number of sources above the adopted flux threshold 0.1¢ -z 5.
It can be shown analytically that N(¢) scales as:

3
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Results:

14.0' ..... a = 1.8, with dispersion
| — = 1.8 .
| mm—— Ref., with dispersion
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I The best fit value of P, does not change,
I while B, Is slightly reduced as a I
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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 < 1 < 65 and |b| <
2°):

d¢Milagro
dE

ddncps
dE

~29%x 107 14em 45 lsr—1Tey 1

~ 3.6733 x 107 2cm2%s tsr~1TeV 1
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TeV Halo

Stage 1 : The PWN is contained Sketch of the main evolutionary stages of a PWN
inside the SNR and before the FS
Stage 1 (t < 10 kyr Stage 2 (t ~ 10 - 100 kyr

reverse shock (RS) interacts with it. ge1(t=10kyn) y  CD ge 2( ")
The electrons that are responsible RS
for the TeV gamma-ray emission of pulsar
the nebula are thought to be velocity
confined within the nebula at this . E '
stage

9 ISM density
Green line : The SNR forward shock gradient

(FS) and contact discontinuity (CD)
(in all 3 panels) ISM ISM

Stage 2 : The PWN is disrupted

IIII

by the reverse shac}i, but before ~ 7 =\ supernova Stage 3 (t > 100 kyr)
the pulsar escapes its SNR. At ~ ~ _~remnant ~

this stage, TeV gamma-ray e pulsar E-..L___\hala
emitting electrons start to oulsar wind
escape from the PWN, into the O term. shock
SNR and possibly into the ISM. oulsar wind SNR
nebula
Stage 3 : The pulsar has
2 p >10 TeV e/~

escaped from its —now fading— (-

parent SNR. At this stage, high- trile_lf_:t?h{f}’
energy electrons escape into the 1 Samrr?a—rays

surrounding ISM, and may, only
then, form a halo. arXiv:1907.12121v1 [astro-ph.HE] 28 Jul 2019




