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The HE galactic diffuse gamma (and neutrino) fluxes

The interaction of HE cosmic rays (CRs) with the gas contained in the galactic disk is a
guaranteed source of HE neutrinos and gammas. The flux at Earth can be written as:

do;(E, E;
©; i (B, 1) = [/ dE/ dl = (dE ) X pcr(E,re +11;) X nH(r@+lm)]
L=U,7
where: A, =1 A,=1/3 (Ve: Vi Vo) = (1:1:1) because of v-flavour oscill.

do;(E,F;) o(F) P E; B nucleon-nucleon cross section
dE E ’

E [Kelner & Aharonian, PRD 2008, 2010]

Gas density — same as Galprop

"t (r) [http://qgalprop.stanford.edu]

) Differential CR flux

por(E,r - See next slides

N.B. At E,> 20 TeV, gamma-ray absorption should be also included (see back-up slides).



The CR flux: local determination

The local CR flux between 1 Tev and 1 EeV

At the Sun position the CR flux is — Dembinsi . ICRC 2017
constrained by observational data - sx10°
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Note that:

Diffuse gamma and neutrino fluxes are determined by the total nucleon flux
(that may depend on the assumed CR composition)

d¢
pore(E) =) A2m(AE)
A

If we increase heavy element contribution at expenses of hydrogen, we
obtain a smaller CR flux (since the flux decrease faster than E2)



The CR flux in the Galaxy

The local determination has to be related to the CR flux in all the regions of the
Galaxy where the gas density is not negligible.

ocr(E,r) = ¢cr,0(E) g(r) h(E,T)

where:
— 1 7 F(lx|/R
g(r) = N / &’z fs(r — x) “T’]/) Solution of 3D (isotropic) diffusion equation
- It takes into account the effect of sources
- distribution fs(r);
[ 1 9 - R = Diffusion radius;
Flv) = /,/ dy Vo OXp (_7 /2> - Normalized to 1 at the Sun position
_ E\ Ar) - It introduces a position-dependent variation
h(E,r) = (f) A(r) of the CR spectral index;

- Ay = 0.3 represents the difference between CR
. spectral index at the Sun position (¢ = 2.7 at
A(r,z) = Ao (1 - —) E = 20 GeV) and its value close to the galactic
center
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CR Spectral hardening in the inner Galaxy was suggested by Gaggero et al. 2015 and then
reported by two different model-independent analyses of (Acero et al. 2016) and (Yang et
al. 2016) of Fermi-LAT data.

More recent analysis (Pothast et al. 2018) reports the same behavior. = The spectral

hardening is observed in different energy ranges and resilient wrt different prescriptions in
the analysis
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The diffuse y and v fluxes in different scenarios

Gamma-ray flux

I(deg)

No hardening (standard scenario):

., = (7.0-8.0)x 107 ecm 257! GeV !
(Angle-integrated y-ray flux a 1 TeV)

Hardening (non factorized):

* The angle integrated flux increase by a factor ~1.2
* More significant increase in the central region
(factor ~2 in the direction of the Galactic center)




The diffuse y and v fluxes in different scenarios
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No hardening (standard scenario): * The angle integrated diffuse neutrino

flux is globally ~ few % of the isotropic

_ _ 13 =2 —1 (ay-]
Oy = (7.0-8.0) x 107" cm™" ™" GeV flux observed by IceCube

(Angle-integrated y-ray flux a 1 TeV)

* it provides a dominant contribution in

Hardening (non factorized): the central region (—60° < [ < 60°)
* The angle integrated flux increase by a factor ~1.2

* More significant increase in the central region « Small but not negligible. Potentially
(factor ~2 in the direction of the Galactic center) observable.

Pagliaroli et al, JCAP 2016
Pagliaroli et al, JCAP 2018



Before comparing with observational data ...

The results that | have presented for HE photon and neutrino fluxes are from:
- Pagliaroli et al, JCAP 1611 (2016), 004

- Pagliaroli et al, JCAP 1808 (2018), 035

- Cataldo et al, JCAP 12 (2019) 050

A similar (bottom-up) approach to ours was used by Lipari and Vernetto, PRD 2018 with
different prescriptions for CR space and energy distribution.

- Factorized flux = No hardening

- Non-factorized flux - Hardening

KRAYy, Dragon (+ Hermes), etc. - CR Propagation model with radially dependent transport
properties, see e.g. Gaggero et al., APJ 2015, De la Torre Luque et al, 2022

A very recent calculation was presented few days ago (standard scenario, no CR spectral
hardening; detailed comparison with local CR measurements) — Schwefer et al, arXiv 2211.15607

—> There is generically a good agreement between different calculations (when performed
with similar assumptions)



Comparison with observations

5 ¥~,diff = CR diffuse emission
Dy tot = Py, diff T Pr,8 T %C ¥~,8 = flux produced by sources
/ \ ¥~,IC =inverse Compton emission by diffuse
Observed Predicted 3 HE electrons.

Several possible issues in comparing theoretical calculations with observations.

1. AtE, =1TeV, sources are bright (wrt diffuse component) and extended. The
cumulative source contribution and CR diffuse emission are comparable (and
both arise from the galactic plane). Therefore, it is difficult to separate the two
components.

2. The observational horizon is smaller than the size of the Galaxy. Therefore, we
may expect a relevant contribution to observed diffuse emission from unresolved
sources




The galactic plane in gammas

HESS provided in 2014 the first detailed observation of the large-scale y-ray emission in the inner region
of the galactic plane at Ey =~ 1 TeV [Abramowski et al., PRD 90 (2014) 122007].
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The galactic plane in gammas

HESS provided in 2014 the first detailed observation of the large-scale y-ray emission in the inner region
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v’ By vetoing sources, a large fraction of the galactic plane is excluded.
Diffuse flux data largely underestimate the real signal and cannot be directly compared to predictions

v We construct a model that includes both contributions of interstellar emission and sources and we
compare it with the total flux observed by the various gamma-ray experiments.




Comparing with the total observed flux
[Cataldo et al, JCAP 2019]

Ly = Prydiff T sogr)s + V10

We include the contribution of 78 resolved sources included in HGPS
catalog (HESS coll., A&A, 2018)
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Comparing with the total observed flux
[Cataldo et al, JCAP 2019]

» If we assume CR hardening in the inner Galaxy =
resolved sources + CR diffuse emission saturate the total observed y-ray flux

* This is a potential problem if unresolved source emission is not negligible
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The role of unresolved sources

A relatively small region of the Galaxy is HESS observational horizon
resolved by y—ray telescopes (even if sources
are assumed to be very luminous).

Therefore, unresolved sources plausibly give

a substantial contributions to the cumulative 0
source emission _ \
S -2
% - Sw

unresolved sources resolved sources 8
¢ PWN . >
This contribution contaminates the diffuse -10| 3 Compostte |2
large scale flux observed by different * Rnary 10" erg/s horizon
experiments, i.e. T e

obs (nr)

P diff = Pr,diff T Py s

|

observed “diffuse” y-ray flux
i.e. residual flux after subtraction of resolved sources




The population of TeV galactic y-ray sources
[Cataldo et al., ApJ 2020]

We perform a population study of the Hess Galactic Plane Survey (HGPS)
[78 VHE sources in the ranges —110° < [ < 60° and |b| < 3°;

angular resolution 0.08°, sensitivity =~ 1.5 % Crab flux for point-like objects.]

N.B. The catalog is considered complete for sources emitting a flux ® = 0.1 ®-p4p
intherange E, = 1 —100TeV

The source space and intrinsic luminosity distribution is assumed to be:

dN
" p(r) = proportional to pulsar distribution I
i — Lori b=— E)y =3.25TeV
(normalized to 1) — Lorimer et al. 2006 172 (E) > (E)
N L \ ¢
Y(L) = We assume that sources have a
Lmax \ Lmax power-law spectrum with Sr.y = 2.3

Note that: the adopted luminosity function is naturally obtained for a population of
fading sources (such as PWNe):

a=1/y+1

- R =0.019 yr—1t
N=RT (Oz - 1) [SN Rate in the Galaxy]




The population of TeV galactic y-ray sources
[Cataldo et al., ApJ 2020]

Lyax @nd A are determined by fitting (unbinned likelyhood) the longitude, latitude
and flux distribution of observed sources with ® > 0.1 ®-p4p

s00F T "~ T T T T T T T T T T T

250 N\

100

30

10

¥ I 500

100¢

(&)}
o

-
(&)
—

HSources >Flux

(@)}
—

1
40

I
Flux>1 TeV(% Crab)

Lmax / (1035 erg 3'1)

Message #1

By assuming “standard” space and luminosity distribution, we obtain:
i. Observational constraints on the source luminosity function;

ii. Robust limits on the total TeV emission of the Milky Way;

iii. Estimates of the unresolved source contribution.



The population of TeV galactic y-ray sources
[Cataldo et al., ApJ 2020]
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By assuming “standard” space and luminosity distribution, we obtain:

i. Observational constraints on the source luminosity function;

ii. Robust limits on the total TeV emission of the Milky Way;
iii. Estimates of the unresolved source contribution.




The population of TeV galactic y-ray sources
[Cataldo et al., ApJ 2020]

If pulsar powered sources are responsible for bright TeV sources observed by HESS (N,;,=29)
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The population of TeV galactic y-ray sources
[Cataldo et al., ApJ 2020]

If pulsar powered sources are responsible for bright TeV sources observed by HESS (N, ;,=29)
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Message #2

i. Reasonable value for

ii. Reasonable value for Py and B, (assuming A = 1073)
iii. Upperlimiton Py (N,,s > 10;A < 5 %x1072)

See Fiori et al, MNRAS 2022 — Modelling y—ray PWNe population in our Galaxy




The population of TeV galactic y-ray sources

[Cataldo et al., ApJ 2020]

lOglo efgn:z(l N loglo ngM% Dot T AX2

Ref. (a = 15)| 35697035 177" | 37.227075 | 3.8%,0( 18555 -
SNR 35.691022  18%15 | 37931012 | 3g+L0f §gHl6 gy
H=01kpc | 35651022 15t145 | 37134012 | 54404 1 g+l5 79
H =0.05kpc | 35.34703%  28%1% | 37.087013 | 4473 | 2.9730 —10.5
d =20 pc 35.691020  17+16 | 37931012 | 39+081 4 gtl9 (2
d = 40 pc 35677020 20120 | 37287012 | 44712[ 29+20 138
oa=1.3 35.611055  2573L | 3717012 | 35704 4.3T72 0.0
a=18 35831030 7S | 37.39701% | 5.975T| 05105 05

Message #3

1. Results are stable wrt assumptions (H = thickness of the disk , d = physical

dimension of sources; a = index of the luminosity function, etc.)

The total luminosity and flux of the population at TeV are constrained within a

factor ~2 (Lyy = (1.2 = 2.5)x1037 erg s™1; ¢ror = (3.5 —5.9)10 " ¥em=?s™1)

breps = 60% dyeps)

The unresolved contribution is comparable to resolved emission (¢yr= ¢or -



The population of TeV galactic y-ray sources

[Cataldo et al., ApJ 2020]
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Message #3

1. Results are stable wrt assumptions (H = thickness of the disk , d = physical

dimension of sources; o = index of the luminosity function, etc.)

The total luminosity and flux of the population at TeV are constrained within a

factor ~2 (Lyy = (1.2 = 2.5)x1037 erg s™1; ¢ror = (3.5 —5.9)10 " ¥em=?s™1)

breps = 60% dyeps)

The unresolved contribution is comparable to resolved emission (¢yr= Ptor -




Implications of TeV galactic y-ray sources at GeV energies
[Vecchiotti et al., Comm.Phys. 2022]

* TeV galactic y—ray sources are expected to emit also at lower energies.

* They represent a subdominant population at GeV energies population wrt

extragalactic objects (obscured at TeV due to y—ray absoprtion) and/or pulsars (not
relevant at TeV)

Not efficiently observed and constrained at GeV.
They may easily escape detection.

* However, they are expected to have harder spectrum than other source classes (even
harder than what observed at TeV, i.e. Bgoy < Brey = 2.3 — 2.4) and to become

dominant at TeV energies where they are bounded to produce Ly, = (1.2 — 2.5)%
1037 ergs™t; ¢ror = (3.5 —5.9)1071%m25~1 by HGPS observations.

Unresolved TeV-galactic sources may contaminate diffuse emission

determinations at GeV partially explaining the observed y—ray
hardening in the inner Galaxy

Relevance of unresolved source emission for diffuse flux determination at GeV:
Pothast et al. 2018 — Population study based on Fermi 4FGL catalog only.
Pagliaroli et al. 2022 — Focus on TeV sources and implements the information provided by HGPS.




Implications of TeV galactic y-ray sources at GeV energies

[Vecchiotti et al., Comm.Phys. 2022]

We model TeV-galactic sources - assumed
to be PWNe (Abdalla et al. 2018a) or TeV
halos (Linden & Buckman 2018; Sudoh et al.
2019; Giacinti et al. 2020) — by assuming
broken power-law average emission
spectrum:

:BGeV * ﬁT@V ~23—-24 (HGPS)
Ey= 0.1 — 1.0 TeV;
R(pE cDGeV/CDTeV = 250—-1000

‘ Validated by comparing
Fermi-LAT 4FGL-D2R and

HGPS catalogs

Message #4:

The emergence of a TeV-PWNe
unresolved component could
potentially account for the CR spectral
index in the inner Galaxy.
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Diffuse fluxes at sub-PeV
Tibet ASy

Amenomori, M., et al. 2021, Phys. Rev. Lett., 126, 141101,326

First measurement of the Galactic diffuse y-

¢Tibet
ray emission in the sub-PeV energy range. y,diff
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Diffuse fluxes at sub-PeV
Tibet ASy

Amenomori, M., et al. 2021, Phys. Rev. Lett., 126, 141101,326

Note that: Tibet ASy excludes the contribution
from the known TeV sources (within 0.5
degrees) listed in the TeV source catalog.

Diffuse measurements are contaminated by the presence of TeV-unresolved sources
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Unresolved source emission at sub-Pev
[Vecchiotti et al. ApJ 2022]

* We assume that the average source spectrum is a power-law
with an exponential cut-off.

E —BTev E
E) = Exp (———
»(E) (1 TeV) XP( Ecut)

Lrey = 2.3 from the HGPS catalogue [1-100 TeV];

E.,+ = 500 TeV still not well constrained but motivated
by recent observations of Tibet, HAWC and LHAASO;

Amenomori, M., Bao, Y. W,, Bi, X. J,, et al. 2019, Phys. Rev. Lett., 123
Abeysekara, A., Albert, A., Alfaro, R., et al. 2020, Phys. Review Letters, 124
Cao, Z., Aharonian, F. A., An, Q., et al. 2021, Nature, 594,33033

 We introduce a flux detection threshold based on the performance of H.E.S.S.
detector

¢en = 0.01¢pcrap — 0.1¢cran



Unresolved source emission at sub-Pev

[Vecchiotti et al. ApJ 2022]

We add the contribution of unresolved sources to the CR diffuse emission calculated
without assuming CR spectral hardening (green band in the figure).
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Unresolved source emission at sub-Pev

[Vecchiotti et al. ApJ 2022]

We add the contribution of unresolved sources to the CR diffuse emission calculated
without assuming CR spectral hardening (green band in the figure).

25° <1< 100°, |b| < 5°

cut = 500 TeV (a = 1.5)

Tibet
Argo

50° <1< 200°,|b| < 5°, By = 500 TeV, (a = 15)

e Tibet
e (Casa Mia

%‘V%v

Message #5:

The inclusion of the unresolved sources produces a similar effect to CR spectral
hardening at small galactic longitudes (|I| < 60°);

It better describes Tibet ASy data at large galactic longitudes (|I| = 60°);

The two effects can be distinguished by looking at different regions of the sky




Summary

1. The interaction of HE cosmic rays (CR) with the gas contained in the galactic disk is a
guaranteed source of neutrinos and gammas at TeV.

2. Diffuse CR emission is being probed by gamma-ray and neutrino telescopes and can provide
important information about CR space and energy distribution in the Galaxy (e.g. test CR
spectral hardening in the inner Galaxy).

3. The interpretation of the observational results is complicated by the difficult separation of
CR diffuse emission from (resolved and unresolved) sources. In particular, the “observed
diffuse flux” is unavoidably contaminated by unresolved source component.

4. Population studies of HGPS catalog allow us to constrain the properties of TeV galactic
sources (e.g. to determine their luminosity function and/or to test the assumption that they
are dominated by pulsar powered sources) and to estimate unresolved source component.

5. The unresolved source component has a comparable magnitude to the CR diffuse emission
at TeV and it appears to be relevant for the correct interpretation of observational gamma-
ray results from GeV to PeV.



Thank you



Cosmic ray local spectrum:

[Dembinski, Engel, Fedynitch et al. (2018)]
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The population of TeV galactic y-ray sources
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p(E) =

HSources >Flux

Implications of TeV galactic y-ray sources at GeV energies

TeV-galactic sources, possibly PWNe (Abdalla et al. 2018a) or TeV halos (Linden &

Buckman 2018; Sudoh et al. 2019; Giacinti et al. 2020), are expected to have harder
spectrum at GeV energies than at TeV. We model the average emission spectrum as
a borken power-law:
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Implications of TeV galactic y-ray sources at GeV energies
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ABSORPTION IN THE SUB PEV ENERGY RANGE:

Vernetto and Lipari, Phys. Rev. D 94,
063009 — Published 19 September 2016

The pair production cross section:

a,, = or (13—6) (1-5?%) [Zﬁ(ﬁz -2)+@B-p9n G J_r[;)]

Where: f = l—iandx=w,x>1

4m?

For a fixed values of € the energy threshold is:

2 m2 0.52

e(1 — cosB) = €.y (1 — cosO) Tev

th —
E‘y -

The absorption probability per unit path length (for CMB) is:
K(Ey) = [efda(l - cos(0))ny, cup(€)ay,, (x(Ey, €,0))

The optical depth is:

«(E,r) = fo "4 K(E,)
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ABSORPTION IN THE SUB PEV ENERGY RANGE:
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Comparison between different diffuse y—ray calculations:

dN/dE
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Why not LHAASQO?

Gb(°)

Extraction of Resolved Sources

Region:

Inner Galactic Plane Masked radius R < 2 /p. s.f2+02, ~ 1°
(25°<1<100°)

LHAASO Collaboration— ICRC
2021
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