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Abstract9

The large-scale diffuse γ−ray flux observed by Fermi-LAT in the 1-100 GeV energy range, param-10

eterized as ∝ E−Γ, has a spectral index Γ that depends on the distance from the Galactic center.11

This feature, if attributed to the diffuse emission produced by cosmic rays (CR) interactions with the12

interstellar gas, can be interpreted as the evidence of a progressive CR spectral hardening towards the13

Galactic center. This interpretation challenges the standard cosmic rays diffusion paradigm. We report14

on the implications of TeV Pulsar Wind Nebulae observed by the HESS Galactic Plane Survey in the15

1-100 TeV energy range for the interpretation of Fermi-LAT data. We argue that a relevant fraction of16

this population cannot be resolved by Fermi-LAT in the GeV domain providing a relevant contribution17

to the large-scale diffuse emission, viz. the 30% of the total diffuse γ-ray emission in the inner Galaxy.18

This additional component naturally accounts for a large part of the spectral index variation observed19

by Fermi-LAT, weakening the evidence of CR spectral hardening in the inner Galaxy.20

Keywords: Pulsar Wind Nebulae, Galactic Cosmic Ray21

1. INTRODUCTION22

Cosmic Rays (CRs) with energy below ∼ 1 PeV are23

believed to originate in the Milky Way and to spread24

in the entire Galaxy due to diffusion in local magnetic25

fields (Gabici et al. 2019). The diffuse γ-ray emission,26

produced by interaction of CRs with the gas contained27

in the galactic disk, carries information on the energy28

distribution of CRs in different regions of the Galaxy.29

Recent observations at GeV energies performed by30

Fermi-LAT suggest that the diffuse gamma-ray emis-31

sion, parameterized as ∝ E−Γ, has a spectral index Γ in32

the inner Galaxy which is smaller by an amount ∼ −0.233

than the value observed at the Sun position (Pothast34

et al. (2018), Yang et al. (2016), Acero et al. (2016)).35

This feature can be considered as the indirect evidence of36

a progressive CR spectral hardening towards the Galac-37

tic center. This conclusion, however, challenges the38

standard CR diffusion paradigm, in which uniform dif-39

fusion throughout the Galaxy is assumed, and would40

require non-standard or anomalous CR transport mech-41

anisms, see e.g. (Recchia et al. 2016; Cerri et al. 2017).42
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It is thus extremely important to consider any possi-43

ble alternative explanations of Fermi-LAT results Nava44

et al. (2017).45

An essential step for the observational identification of46

CR diffuse emission, is the evaluation of the cumulative47

flux produced by sources which are too faint to be re-48

solved by Fermi-LAT. These sources are not individually49

detected but give rise to a large scale diffuse flux super-50

imposed to that produced by CR interactions. To inves-51

tigate the role of this additional component Acero et al.52

(2016) and Pothast et al. (2018) performed a source pop-53

ulation study concluding that the diffuse flux associated54

to unresolved sources is not large enough to explain55

the spectral anomaly being below 3% at 1 GeV (20%56

at ≃ 100 GeV) of the total observed diffuse emission.57

Both studies are tuned on the 3FGL catalogue. As a58

consequence, they reproduce the population of Galac-59

tic sources observed in the GeV energy domain which is60

largely dominated by Pulsars. These objects have γ−ray61

spectra with exponential cutoff at few GeV and are ex-62

pected to provide a negligible contribution to observed63

emission at E ≥ 10 GeV.64

In the last decade, Imaging Atmospheric Cherenkov65

Telescopes (IACT), like H.E.S.S. (Aharonian et al.66

2006), MAGIC (Aleksić et al. 2016) and VERITAS67

(Weekes et al. 2002), and air shower arrays, such as68
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Argo-YBJ (Bartoli et al. 2013), Milagro (Atkins et al.69

2004) and HAWC (Abeysekara et al. 2016, 2017, 2020),70

provided a detailed description of Galactic γ−ray emis-71

sion in the energy range 0.1 − 100TeV. The emerging72

picture is that TeV Galactic sky is dominated by a popu-73

lation of bright sources powered by pulsar activity, such74

as pulsar wind nebulae (PWNe) (Abdalla et al. 2018a)75

or TeV halos (Linden & Buckman 2018; Sudoh et al.76

2019; Giacinti et al. 2020), whose properties can be ef-77

fectively constrained by observations at TeV energies,78

see e.g. (Cataldo et al. 2020; Steppa & Egberts 2020).79

These objects are clearly expected to emit also in the80

GeV energy domain where, however, population stud-81

ies are more difficult because different kinds of sources82

dominate the observed emission.83

In this paper, we took advantage of the constraints84

provided by HESS Galactic Plane Survey (HGPS) to85

discuss the implications of TeV PWNe for the inter-86

pretation of Fermi-LAT data in the GeV domain. We87

quantify the contribution of unresolved TeV PWNe to88

large scale diffuse emission observed by Fermi-LAT at89

different distances from the Galactic center. We show90

that the inclusion of this additional component can91

strongly affect the reconstructed CR energy distribu-92

tion from Fermi-LAT data, weakening the evidence of93

a progressive hardening of the cosmic-ray spectrum to-94

ward the Galactic center.95

96

2. RESULTS97

Pulsar wind nebulae are expected to contribute to γ98

observations both in the GeV and TeV energy domains.99

We indicate with ΦGeV (ΦTeV) the integrated source flux100

in the energy range 1−100GeV (1−100TeV) probed by101

Fermi-LAT (H.E.S.S.). We assume that all the sources102

in the considered population have approximately the103

same emission spectrum, described by a broken power-104

law with different spectral indexes βGeV and βTeV in the105

GeV and TeV energy domain and with a transition en-106

ergy E0 = 0.3TeV located between the ranges probed107

by Fermi-LAT and H.E.S.S. This spectral shape leads to108

a consistent description of HGPS and 3FGL catalogue109

for βGeV ≤ 2, see Method for a detailed discussion. In110

this assumption, the ratio111

RΦ ≡
ΦGeV

ΦTeV
(1)

between fluxes emitted by a given source in different en-112

ergy domains is fixed and can be calculated as a function113

of βGeV and βTeV as it is discussed in Section 4.114

At high energies (E ≥ E0), we take the average spec-115

trum observed by HESS (Abdalla et al. 2018b) as a ref-116

erence, i.e. we assume that all sources have βTeV = 2.3.117

The index βGeV is instead determined by requiring real-118

istic values for the flux ratio RΦ. In our calculations, we119

take as a reference the values RΦ = 500 and 1000 that120

correspond to βGeV = 1.7 and 1.9, respectively. The121

adopted values for RΦ are validated by considering the122

average observational properties of PWNe observed by123

Fermi-LAT and H.E.S.S. in the GeV/TeV domain, see124

Section 4 for details. Moreover, the corresponding spec-125

tral shapes are consistent with theoretical predictions of126

γ-ray emission from PWNe, as e.g. discussed by Buc-127

ciantini et al. (2011); Torres et al. (2014).128

The properties of the considered source population129

can be constrained by observation in the TeV energy130

domain. Following Cataldo et al. (2020), PWNe distri-131

bution is described by:132

dN

d3r dLTeV
= ρ (r)YTeV (LTeV) (2)

where r indicates the source distance from the Galactic133

Center. The function ρ(r) describes the spatial distri-134

bution of the sources and it is conventionally normal-135

ized to one when integrated in the entire Galaxy. It136

is assumed to be proportional to the pulsar distribu-137

tion in the Galactic plane parameterized by Lorimer138

et al. (2006). The source density along the direction per-139

pendicular to the Galactic plane is assumed to scale as140

exp (− |z| /H) where H = 0.2 kpc represents the thick-141

ness of the Galactic disk.142

The function YTeV(LTeV) gives the source intrinsic lu-143

minosity distribution in the TeV energy domain. It is144

parameterized as a power-law:145

YTeV(LTeV) =
Rτ (α− 1)

LTeV,Max

(

LTeV

LTeV,Max

)

−α

(3)

that extends in the luminosity range LTeV,Min ≤ LTeV ≤146

LTeV,Max, see e.g. Strong (2007). This distribution is147

naturally obtained for a population of fading sources,148

such as PWNe or TeV Halos, produced with a con-149

stant rate R and having intrinsic luminosity that de-150

creases over a time scale τ , see Methods for details. As151

working hypotheses, two different values for the lumi-152

nosity index, α = 1.5 and α = 1.8, are considered.153

By fitting the flux, latitude and longitude distribution154

of bright sources in the HGPS catalogue (and assum-155

ing that the PWNe birth rate is equal to that of core-156

collapse SN explosions, i.e. R = 0.019 yr−1), one ob-157

tains LTeV,Max = 4.9 · 1035 erg cm−2 s−1 (LTeV,Max =158

6.8·1035 erg cm−2 s−1) and τ = 1.8·103 y (τ = 0.5·103 y)159

for α = 1.5 (α = 1.8) (Cataldo et al. 2020).160

The determination of LTeV,Max and τ by HGPS data161

allows us to constrain the properties of PWNe popula-162

tion in the TeV domain. As an example, the total flux163
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Table 1. The cumulative flux of resolved (ΦR

GeV) and unresolved (ΦNR

GeV) TeV PWNe in the GeV domain for α = 1.8
and for the two different values of RΦ considered in our analysis. The Fermi-LAT diffuse emission Φdiff

GeV is shown in
the first column (Pothast et al. 2018). The numbers in brackets give the ratios ΦNR

GeV/Φ
diff

GeV in different galactocentric
rings.

Φdiff

GeV (cm−2 s−1) ΦNR

GeV (cm−2 s−1) ΦR

GeV (cm−2 s−1)

RΦ = 500 RΦ = 1000 RΦ = 500 RΦ = 1000

1.7− 4.5 kpc 3.86× 10−7 6.63× 10−8 (17%) 1.15× 10−7 (29.9%) 2.78× 10−8 7.29× 10−8

4.5− 5.5 kpc 3.11× 10−7 3.8× 10−8 (12.2%) 6.62× 10−8 (21.2%) 2.1× 10−8 5.2× 10−8

5.5− 6.5 kpc 5.09× 10−7 4.24× 10−8 (8.3%) 7.37× 10−8 (14.4%) 3.0× 10−8 7.14× 10−8

6.5− 7.0 kpc 2.57× 10−7 2.28× 10−8 (8.8%) 3.96× 10−8 (15.3%) 2.08× 10−8 4.77× 10−8

7.0− 8.0 kpc 7.7× 10−7 5.29× 10−8 (6.8%) 9.21× 10−8 (11.9%) 7.03× 10−8 1.54× 10−7

8.0− 10.0 kpc 3.84× 10−6 9.69× 10−8 (2.5%) 1.68× 10−7 (4.3%) 2.24× 10−7 4.74× 10−7

10.0− 16.5 kpc 7.68× 10−7 3.0× 10−8 (3.9%) 5.24× 10−8 (6.8%) 1.9× 10−8 4.56× 10−8

16.5− 50.0 kpc 4.44× 10−8 7.73× 10−10 (1.7%) 1.38× 10−9 (3.1%) 9.23× 10−11 3.44× 10−10

0.0− 50.0 kpc 6.89× 10−6 3.55× 10−7(5.1%) 6.18× 10−7 (8.9%) 4.15× 10−7 9.23× 10−7

Φtot
TeV produced at Earth by the considered sources can164

be calculated as a function of LTeV,Max and τ by us-165

ing eq. (12), as discussed in Section 4. The total flux166

produced at Earth by TeV PWNe in the GeV domain167

depends also on the parameter RΦ and it is given by:168

Φtot
GeV = RΦ Φtot

TeV. (4)

A fraction of this flux is emitted by sources which are169

too faint to be individually resolved by Fermi-LAT and170

contribute to the large scale diffuse emission observed171

by this experiment. The unresolved contribution can be172

calculated as:173

ΦNR
GeV =

∫ Φth

GeV

0

dΦGeV ΦGeV
dN

dΦGeV
(5)

where dN/dΦGeV is the source flux distribution in the174

GeV domain while Φth
GeV = 10−9 cm−2 s−1 is the Fermi-175

LAT detection threshold (Acero et al. 2015).176

In the last line of Tab.1, we give the cumulative flux177

ΦNR
GeV (ΦR

GeV = Φtot
GeV − ΦNR

GeV) produced by TeV PWNe178

that are not resolved (resolved) by Fermi-LAT for the179

two assumed values RΦ = 500 and 1000. These fluxes180

are compared with the total large scale diffuse emis-181

sion Φdiff
GeV detected by Fermi-LAT (see second column in182

Tab.1) in the 1−100 GeV energy range and determined183

by Pothast et al. (2018) by using 9.3 years of Fermi-184

LAT Pass 8 data1. We see that unresolved emission by185

PWNe corresponds to a fraction ∼ 5% (for RΦ = 500)186

1 The energy integrated fluxes have been obtained by interpolating
the points presented in Pothast et al. (2018) and integrating in
the energy range 1− 100 GeV.

and ∼ 9% (for RΦ = 1000) of the total large scale dif-187

fuse emission. The above predictions are obtained by188

assuming that the source luminosity distribution index189

is α = 1.8 to conform with previous analyses on the190

subject (Acero et al. 2016; Pothast et al. 2018) that191

have been performed under this hypothesis. Results for192

α = 1.5 are reported as additional material in the last193

section.194

In order to probe the radial dependence of the PWNe195

contribution, we repeat our calculations by consider-196

ing the Galactocentric rings adopted by Pothast et al.197

(2018). The flux produced by unresolved TeV PWNe in198

each ring is compared with the Fermi-LAT diffuse emis-199

sion from the same region. As we see from Tab. 1, the200

unresolved contribution becomes more relevant in the201

central rings, due the fact that the source density (and202

the average distance from the Sun position) is larger. In203

the most internal region (1.7 ≤ r ≤ 4.5kpc), unresolved204

sources account for about ∼ 20% (∼ 30%) of the Fermi-205

LAT diffuse emission for RΦ = 500 (RΦ = 1000)2. This206

clearly shows that this component is not negligible and207

cannot be ignored in the interpretation of Fermi-LAT208

diffuse emission data.209

The effect of the unresolved TeV PWNe population on210

the determination of CR diffuse emission is discussed in211

Fig. 1. Black data points show the total diffuse γ−ray212

flux observed by Fermi-LAT in each galactocentric ring213

given by Pothast et al. (2018) in 25 log-spaced energy214

2 We do not consider the central region r ≤ 1.7 because it is af-
fected by large systematic errors, as it is discussed in Pothast
et al. (2018).
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Figure 1. Black data points show the total diffuse γ-ray emission measured by Fermi-LAT in each galactocentric ring Pothast
et al. (2018). The red lines represent the predicted contribution of unresolved TeV PWNe for α = 1.8. Green lines show the
diffuse CR emission inferred by fitting the data with (solid) and without (dashed) including the PWNe contribution. Blue lines
represent the total gamma fluxes predicted as a function of the energy for α = 1.8. The gray lines show a power-law with an
index of 2.7 for comparison.

bins between 0.34−228.65 GeV and in the latitude win-215

dow |b| < 20.25◦. These data have been fitted with a216

single power-law ∝ E−Γ1 by Pothast et al. (2018), ob-217

taining the green dashed lines reported in Fig.1. The218

decrease of the best-fit spectral indexes Γ1 in the in-219

ner rings with respect to the locally observed value, see220

Tab.2, has been considered as the evidence of a progres-221

sive large-scale hardening of CRs spectrum toward the222
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Galactic Center. The same conclusion was obtained by223

previous analyses on the subject (Acero et al. 2016; Yang224

et al. 2016) performed by using a similar approach. One225

can get a visual perception of the situation by compar-226

ing the green dashed lines with the grey solid lines in227

Fig.1 that describe power laws with spectral index fixed228

at the local value, i.e. ∼ 2.7, suitably normalized to229

reproduce the observed flux at 2 GeV.230

The above conclusion is only valid if unresolved source231

contribution is negligible, so that the total observed232

emission can be identified with the ”truly” diffuse com-233

ponent produced by CR interaction with interstellar234

matter. This assumption is, however, not adequate in235

the inner Galaxy, as it is shown by the red solid lines236

in Fig.1 that give the unresolved PWNe contribution as237

function of energy for RΦ = 500 and 1000. The param-238

eter RΦ is linked to the source spectral index βGeV, so239

that different values for it also imply a different slope240

of PWNe contribution, being βGeV = 1.7 and 1.9 for241

RΦ = 500 and 1000, respectively. The red shaded area242

can be considered as the theoretical uncertainty associ-243

ated to the assumed sources spectrum.244

We improve with respect to previous analyses245

(Pothast et al. 2018; Acero et al. 2016; Yang et al. 2016)246

by fitting the Fermi-LAT data with the additional con-247

tribution due to unresolved PWNe. The truly diffuse248

gamma-ray flux due to CR interactions is still param-249

eterized as a single power-law (the number of degrees250

of freedom in the fit is not changed) but the total flux,251

described with blue lines in Fig.1, is obtained as the252

sum of CR diffuse emission plus the unresolved PWNe253

contribution. The best-fits spectral indexes ΓBF for CR254

diffuse emission in each ring are reported in Tab.2 for255

RΦ = 500 and 1000. These correspond to the thick solid256

green lines reported in Fig.1. The obtained values for257

ΓBF are mildly dependent on the assumed RΦ.258

In each panel of Fig.1, we report the average value of259

ΓBF in the two cases RΦ = 500 and 1000, in order that260

the reader can quickly compare the results obtained at261

different distances from the Galactic center. It is evi-262

dent that the unresolved PWNe contribution affects the263

reconstructed properties of CR diffuse emission, weak-264

ening considerably the evidence of CR spectral hard-265

ening in the central region of the Galaxy. In order to266

quantify this point, we show in Fig.2, the difference be-267

tween the spectral index of the truly diffuse component268

obtained by fitting the data with and without unre-269

solved emission. In other words, we show the quantity270

∆Γ = ΓBF − Γ1 where Γ1 is the best-fit for the truly271

diffuse emission obtained by Pothast et al. (2018) while272

ΓBF is the best-fit for the same quantity obtained in this273

work. The reported error bar takes also into account the274

effect of possible variations of the parameter RΦ within275

the range RΦ = 500−1000. The inclusion of unresolved276

PWNe strongly affects the spectral index of CR diffuse277

emission that can be increased up to ∆Γ = 0.17 in the278

central ring adjusting it to the locally observed value,279

i.e. ∼ 2.7. In the other rings the cosmic ray spectrum280

still show a residual difference with the local value. The281

evidence of spectral hardening toward the Galactic Cen-282

ter is however less pronounced.283

Table 2. Spectral indexes of the CR diffuse emission ob-
tained by fitting the Fermi-LAT data with (ΓBF ) and with-
out (Γ1) TeV PWNe unresolved contribution. The indexes
Γ1 coincide with those obtained by Pothast et al. (2018).

Ring Γ1 ΓBF α = 1.8

RΦ = 500 RΦ = 1000

1.7− 4.5 kpc 2.56± 0.02 2.72± 0.01 2.72± 0.01

4.5− 5.5 kpc 2.48± 0.02 2.57± 0.01 2.56± 0.01

5.5− 6.5 kpc 2.54± 0.04 2.63± 0.01 2.63± 0.01

6.5− 7 kpc 2.54± 0.01 2.62± 0.01 2.61± 0.02

7− 8 kpc 2.57± 0.01 2.625± 0.008 2.623± 0.008

8− 10 kpc 2.642± 0.003 2.663± 0.003 2.662± 0.004

10− 16.5 kpc 2.696± 0.008 2.743± 0.008 2.740± 0.009

16.5− 50 kpc 2.72± 0.03 2.77± 0.04 2.76± 0.03

3. CONCLUSIONS284

The TeV Galactic sky is dominated by a population of285

bright young PWNe whose properties are constrained by286

present HESS Galactic Plane Survey (HGPS) data. We287

predict the cumulative emission produced by this pop-288

ulation in the GeV domain within a phenomenological289

model that is based on the average spectral properties290

of PWNe. We argue that a relevant fraction of the TeV291

PWNe population cannot be resolved by Fermi-LAT.292

The γ-ray flux due to unresolved TeV PWNe and the293

truly diffuse emission, due to CR interactions with the294

interstellar gas, add up contributing to shape the radial295

and spectral behaviour of the total diffuse γ-ray emission296

observed by Fermi-LAT.297

The spatial distribution of TeV PWNe, peaking298

around r = 4 kpc from the Galactic Center, combined299

with the detector flux threshold modulate the relative300

contribution of unresolved sources in different Galacto-301

centric rings. In particular the relevance of this compo-302

nent increases in the inner rings where the total diffuse303

emission has a different spectral distribution with re-304

spect to the local one. Previous analyses neglected the305

contribution due to unresolved PWNe and interpreted306

the observed spectral behaviour of the total diffuse emis-307

sion as an indirect evidence for CR spectral hardening308
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Figure 2. The difference ∆Γ between the spectral index of
the truly diffuse emission obtained in different Galactocentric
rings by fitting the Fermi-LAT data with/without the contri-
bution of unresolved PWNe.

toward the Galactic center (Acero et al. 2016; Yang et al.309

2016; Pothast et al. 2018). We have shown that the310

emergence of PWNe unresolved component in the cen-311

tral region, which is characterized by an average spectral312

index βGeV < 2., can strongly affect this conclusion, by313

naturally accounting for (a large part of) the spectral314

index observed variation as a function of r. Our results315

could also solve the tension discussed in Cataldo et al.316

(2019), between total γ-ray emission measured by HESS,317

Milagro, Argo and HAWC and that obtained by imple-318

menting CR spectral hardening. Moreover, they are in319

agreement with very recent results obtained by (Peron320

et al. 2021) following a completely different approach321

based on giant molecular clouds.322

4. METHOD323

Flux and luminosity ratios—The sources considered in324

this work are expected to contribute to observations325

both in the GeV and TeV energy domains. We in-326

dicate with ΦGeV (ΦTeV) and LGeV (LTeV) the inte-327

grated source flux and luminosity in the energy range 1−328

100GeV (1−100TeV) probed by Fermi-LAT (H.E.S.S.).329

We assume for simplicity that all the sources in the con-330

sidered population have approximately the same emis-331

sion spectrum. This automatically implies that the ratio332

RΦ ≡ ΦGeV/ΦTeV between fluxes emitted in different333

energy domains by a given source is fixed. The relation-334

ship between intrinsic luminosity and flux produced at335

Earth is generically written as:336

ΦX =
LX

4πr2EX
(6)

where r is the source distance, EX is the average en-337

ergy of emitted photons and X = GeV, TeV indicates338

the considered energy range.339

Source spectrum—The source emission spectrum ϕ(E)340

can have a different behaviour at GeV and TeV en-341

ergies. We take this into account by parameterizing342

it with a broken power-law with different spectral in-343

dexes βGeV and βTeV in the GeV and TeV energy do-344

main and with a transition at the energy E0 = 0.3TeV345

located between the ranges probed by Fermi-LAT and346

HGPS. Even if our approach is completely phenomeno-347

logical, the postulated spectral behaviour is expected348

from a theoretical point of view. We are indeed con-349

sidering the hypothesis, suggested e.g. by Sudoh et al.350

(2019), that most of the bright TeV sources are young351

PWNe and/or TeV halos. In this scenario, the observed352

gamma-ray emission is produced by IC scattering of HE353

electron and positrons on background photons (CMB,354

starlight, infrared). In the Thompson regime, this nat-355

urally produces hard gamma-ray emission with spectral356

index β ∼ (p + 1)/2 where p is the electron/positron357

spectral index. At TeV energy, it produces instead358

a softer gamma-ray spectrum either due to the Klein-359

Nishina regime β ∼ (p + 1) or to electron/positron en-360

ergy losses, see e.g.(Bucciantini et al. 2011; Torres et al.361

2014; Sudoh et al. 2021).362

In the assumption of a broken power-law for the363

gamma ray spectrum, the flux ratio RΦ can be expressed364

as a function of βGeV and βTeV, obtaining:365

RΦ =
1− βTeV

1− βGeV

[

(ǫsupGeV)
1−βGeV − (ǫinfGeV)

1−βGeV

]

[

(ǫsupTeV)
1−βTeV − (ǫinfTeV)

1−βTeV

] (7)

where ǫinfGeV ≡ (1.0GeV/E0) and ǫsupGeV ≡ (100GeV/E0)366

(ǫinfTeV ≡ (1.0TeV/E0) and ǫsupTeV ≡ (100TeV/E0)) are367

the lower and upper bounds of the GeV (TeV) energy368

domains. Realistic values for this parameter can be ob-369

tained from observations by considering the ensemble370

of PWNe that are firmly identified both in the 3FGL371

and HGPS catalogues (6 objects). By taking the ratio372

of the integrated fluxes ΦGeV measured by Fermi-LAT373

with the values ΦTeV reported by H.E.S.S., we obtain374

RΦ ≤ 1200 (with an average value RΦ ≃ 700). In our375

calculations, we take as a reference the values RΦ = 500376

and 1000 that correspond to βGeV ≃ 1.7 (βGeV ≃ 1.9),377

see Eq.(7).378

Luminosity distribution—In the following, we focus on379

the TeV-luminosity function since this can be effectively380

constrained by HGPS observational results (Cataldo381

et al. 2020). The function YTeV(LTeV) is parameterized382

as descibred in Eq 3. This distribution is naturally ob-383

tained for a population of fading sources with intrinsic384

luminosity that decreases over a time scale τ according385

to:386

LTeV(t) = LTeV,Max

(

1 +
t

τ

)

−γ

(8)
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where t indicates the time passed since source formation.387

In this assumption, the exponent of the luminosity dis-388

tribution is given by α = 1/γ + 1.389

The above description can be applied to potential TeV390

sources in the Galaxy, such as PWNe (Gaensler & Slane391

2006) or TeV Halos (Linden & Buckman 2018), which392

are connected with the explosion of core-collapse SN and393

the formation of a pulsar. The birth rate of these ob-394

jects is similar to that of SN explosions in our Galaxy,395

i.e. R ≃ RSN = 0.019 yr−1 as recently measured by396

Diehl et al. (2006). If gamma-ray emission is powered397

by pulsar activity, the TeV-luminosity can be connected398

to the pulsar spin-down power, i.e.:399

LTeV = λ Ė (9)

where λ ≤ 1 and:400

Ė = Ė0

(

1 +
t

τsd

)

−2

(10)

for energy loss dominated by magnetic dipole radiation401

(braking index n = 3). This implies that the fading402

timescale is determined by the pulsar spin-down time403

scale, i.e. τ = τsd. Moreover, if the efficiency of404

TeV emission does not depend on time (λ ∼ const),405

the exponent in Eq. (8) is γ = 2, that corresponds406

to a source luminosity function YTeV(LTeV) ∝ L−1.5
TeV .407

The possibility of λ being correlated to the spin-down408

power, i.e. λ = λ0(Ė/Ė0)
δ, was suggested by Abdalla409

et al. (2018a) that found LTeV = λ Ė ∝ Ė1+δ with410

1+δ = 0.59±0.21 by studying a sample of PWNe in the411

HPGS catalogue. In this case, one obtains γ ≃ 1.2 in412

Eq. (8) that corresponds to a source luminosity function413

YTeV(LTeV) ∝ L−1.8
TeV . These two scenarios (α = 1.5 and414

α = 1.8) are considered as working hypotheses in this415

paper.416

Consistency among HGPS and Fermi-LAT catalogues—417

The implications of the TeV PWN population at GeV418

energies depend on the parameter RΦ which is related419

to the assumed source spectrum. The reference values420

RΦ = 500 and RΦ = 1000 (corresponding to βGeV = 1.7421

and 1.9, respectively) can be further validated by com-422

paring the predicted source flux distribution in the GeV423

domain with the results of the Fermi-LAT 3FGL cat-424

alogue. The two shaded bands in Fig.3 show the cu-425

mulative number N(ΦGeV) of expected sources in the426

latitude range |b| ≤ 20.25◦ with flux larger than ΦGeV427

for two different values of the power-law index of the428

luminosity function (α = 1.5 and 1.8). Namely, the red429

(blue) shaded band is obtained by assuming the best-fit430

values LTeV,Max = 4.9 · 1035 erg cm−2 s−1 (LTeV,Max =431

6.8·1035 erg cm−2 s−1) and τ = 1.8·103 y (τ = 0.5·103 y)432

for α = 1.5 (α = 1.8) given in Cataldo et al. (2020) and433

by varying the flux ratio in the range 500 ≤ RΦ ≤ 1000.434

Theoretical predictions can be compared with obser-435

vational results. It should be remarked that, while436

PWNe provide the prominent contribution of the ob-437

served emission at TeV energies, they are instead a sub-438

dominant component in the GeV domain. The 3FGL439

catalogue includes 3033 sources which are mostly extra-440

galactic objects (Acero et al. 2015). The total number441

of identified and/or associated Galactic sources is 266.442

The largest source class, including 167 objects, is given443

by pulsars that tipically have soft emission spectra with444

cut-off at few GeV and are not expected to contribute to445

the population of TeV emitting sources potentially de-446

tectable by HGPS. In addition to pulsars, the 3FGL cat-447

alogue encompasses 11 PWNe, 23 SNRs, and 49 objects448

(labelled as SPP) of unknown nature but overlapping449

with known SNRs or PWNe. The magenta in Fig.3 cor-450

responds to the distribution of PWNe included in 3FGL451

while the black line also include SPP sources. The SPP452

source class is not expected to fully correspond to the453

population considered in this work; it can be however454

regarded as an upper limit for theoretical predictions.455

We see that a reasonable agreement exists with theo-456

retical expectations, supporting the phenomenological457

description adopted in this paper. As additional check,458

we have verified that theoretical predictions are consis-459

tent with the more recent 4FGL catalogue Abdollahi460

et al. (2020). We also note that the performed com-461

parison provides by itself a proof that the average spec-462

tral index βGeV of PWNe at GeV energies should be463

smaller than the value βTeV = 2.3 observed in the TeV464

domain. Indeed, if we assume that source spectrum is465

described by undistorted power-law with spectral index466

βTeV ∼ 2.3, we obtain RΦ = 103 (βTeV−1) ∼ 104. Con-467

sidering that bright sources in the HGPS catalogue have468

fluxes ΦTeV ∼ 10−11 cm−2 s−1, we should expect an en-469

semble of sources with fluxes ΦGeV ∼ 10−7 cm−2 s−1
470

in the GeV domain. This is not observed by Fermi-471

LAT, indicating that TeV galactic sources typically have472

a spectral break and harder emission spectrum below473

∼ 1TeV. Coherently with this conclusion, most of the474

PWNe in the 3FGL catalogue have a spectral indexes475

≤ 2 at GeV energies.476

Total luminosity and flux—The total luminosity pro-477

duced by the considered population in the TeV domain478

is given as a function of LTeV,Max and τ by:479

LMW
TeV =

N LTeV,Max

(2− α)

[

1−∆α−2
]

(11)
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PWN and spp

PWNα = 1.5, Rϕ = 500α = 1.5, Rϕ = 1000α = 1.8, Rϕ = 500α = 1.8, Rϕ = 1000
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Figure 3. The cumulative number N(ΦGeV) of sources with
fluxes larger than ΦGeV predicted in our model and in the
latitude range |b| ≤ 20.25◦. The red (blue) band is obtained
by assuming α = 1.5 (α = 1.8) and by considering 500 ≤
RΦ ≤ 1000. The magenta line represents the cumulative
number of PWNe with fluxes larger than ΦGeV in the 3FGL
catalogue. The black line also includes SPP sources.

where N = Rτ (α − 1) and ∆ ≡ LTeV,Max/LTeV,Min
3.480

The flux in the TeV domain produced at Earth by all481

sources included in a fixed observational window (OW)482

can be expressed as:483

Φtot
TeV = ξ

LMW
TeV

4πETeV
〈r−2〉 (12)

where the parameter ξ, which is defined as484

ξ ≡

∫

OW

d3r ρ(r), (13)

represents the fraction of sources of the considered popu-485

lation which are included in the OW, while the quantity486

〈r−2〉 ≡
1

ξ

∫

OW

d3r ρ(r) r−2 (14)

is the average value of their inverse square distance.487

The total flux produced by the considered population488

in the GeV domain can be calculated as a function of489

the parameter RΦ (for fixed values of LTeV,Max and τ)490

and it is given by491

Φtot
GeV = RΦ Φtot

TeV (15)

Unresolved source contribution—Faint sources that pro-492

duce a flux at Earth below the Fermi-LAT observation493

threshold Φth
GeV are not resolved and contribute to the494

large scale diffuse emission from the Galaxy. This con-495

tribution can be evaluated as:496

ΦNR
GeV =

∫ Φth

GeV

0

dΦGeV ΦGeV
dN

dΦGeV
(16)

where dN/dΦGeV is the source flux distribution expected497

in GeV domain. This is connected to the source flux498

distribution in TeV domain by the RΦ parameter, ac-499

cording to:500

dN

dΦGeV
=

1

RΦ

dN

dΦTeV
(ΦGeV/RΦ) (17)

The latter can be calculated as a function of LTeV,Max501

and τ by using:502

dN

dΦTeV
=

∫

dr 4πr4ETeV YTeV(4πr
2ETeVΦTeV) ρ(r),

(18)

where ρ(r) ≡
∫

OW
dΩ ρ(r,n). As it is discussed in503

Cataldo et al. (2020), the flux distribution scales as504

dN/dΦTeV ∝ Φ−α
TeV for ΦTeV → 0 and dN/dΦTeV ∝505

Φ
−5/2
TeV for ΦTeV → ∞. This implies that ΦNR

GeV ∝ Rα−1
Φ ,506

if LTeV,Max and τ are fixed, as it can be understood by507

using the low-flux scaling of dN/dΦTeV.508
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APPENDIX596

A. SUPPLEMENTARY MATERIALS597

In this section, we give the results obtained by considering α = 1.5 for the source luminosity distribution. In598

Tab.3, we report the resolved (ΦR
GeV) and unresolved (ΦNR

GeV) fluxes produced by PWNe at different distances from the599

Galactic center. In Fig.4, we show the spectral behaviour of unresolved PWNe contribution.600

In Tab.4, we give the spectral index of CR diffuse emission inferred by fitting Fermi-LAT data with (ΓBF ) and601

without (Γ1) PWNe contribution. We see that non-negligible effects are obtained in the rings closer to the Galactic602

center. The predicted emission from PWNe is, however, smaller than what obtained for α = 1.8. Correspondingly,603

a smaller variation ∆Γ = ΓBF − Γ1 ≃ 0.08 is obtained in the inner Galaxy that partially accounts for the spectral604

anomaly observed by Fermi-LAT.605

Table 3. Same as Tab.1 for α = 1.5

ΦNR

GeV (cm−2 s−1) ΦR

GeV (cm−2 s−1)

RΦ = 500 RΦ = 1000 RΦ = 500 RΦ = 1000

1.7− 4.5 kpc 3.37× 10−8 (8.7%) 4.76× 10−8 (12.3%) 3.41× 10−8 8.8× 10−8

4.5− 5.5 kpc 1.75× 10−8 (5.6%) 2.47× 10−8 (7.9%) 2.50× 10−8 6.04× 10−8

5.5− 6.5 kpc 1.76× 10−8 (3.4%) 2.48× 10−8 (4.9%) 3.47× 10−8 7.97× 10−8

6.5− 7.0 kpc 8.31× 10−9 (3.2%) 1.17× 10−8 (4.5%) 2.31× 10−8 5.12× 10−8

7.0− 8.0 kpc 1.58× 10−8 (2.0%) 2.24× 10−8 (2.9%) 7.29× 10−8 1.55× 10−7

8.0− 10.0 kpc 2.27× 10−8 (0.6%) 3.25× 10−8 (0.8%) 2.08× 10−7 4.3× 10−7

10.0− 16.5 kpc 1.35× 10−8 (1.8%) 2.00× 10−8 (2.6%) 2.18× 10−8 5.06× 10−8

16.5− 50.0 kpc 5.23× 10−10 (2.1%) 8.37× 10−10 (1.9%) 1.00× 10−10 4.1× 10−10

0.0− 50.0 kpc 1.32× 10−7(1.9%) 1.88× 10−7 (2.7%) 4.22× 10−7 9.22× 10−7

Table 4. Same as Tab.2 for α = 1.5

Ring Γ1 ΓBF α = 1.5

RΦ = 500 RΦ = 1000

1.7− 4.5 kpc 2.56± 0.02 2.64± 0.01 2.62± 0.01

4.5− 5.5 kpc 2.48± 0.02 2.52± 0.01 2.51± 0.01

5.5− 6.5 kpc 2.54± 0.04 2.58± 0.01 2.57± 0.01

6.5− 7 kpc 2.54± 0.01 2.57± 0.01 2.56± 0.01

7− 8 kpc 2.57± 0.01 2.583± 0.008 2.572± 0.008

8− 10 kpc 2.642± 0.003 2.642± 0.003 2.644± 0.004

10− 16.5 kpc 2.696± 0.008 2.724± 0.008 2.712± 0.008

16.5− 50 kpc 2.72± 0.03 2.75± 0.04 2.74± 0.03



11

ϕtotϕunrϕdiff
5 10 50 100

1.×10-8

2.×10-8

5.×10-8

1.×10-7

2.×10-7

5.×10-7

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

1.7- 4.5 kpc

5 10 50 100
5.×10-9

1.×10-8

5.×10-8

1.×10-7

5.×10-7

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

4.5- 5.5 kpc

5 10 50 100
1.×10-8

5.×10-8

1.×10-7

5.×10-7

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

5.5-6.5 kpc

5 10 50 100
5.×10-9

1.×10-8

5.×10-8

1.×10-7

5.×10-7

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

6.5- 7 kpc

5 10 50 100
5.×10-9
1.×10-8

5.×10-8
1.×10-7

5.×10-7
1.×10-6

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

7- 8 kpc

5 10 50 100
1.×10-8

5.×10-8
1.×10-7

5.×10-7
1.×10-6

5.×10-6

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

8- 10 kpc

5 10 50 100
5.×10-9
1.×10-8

5.×10-8
1.×10-7

5.×10-7
1.×10-6

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

10- 16.5 kpc

5 10 50 100
1.×10-9

5.×10-9

1.×10-8

5.×10-8

1.×10-7

E[GeV]

E
2
d
N
/d
E
[G
e
V
c
m

-
2
s
-
1
s
r-
1
]

16.5- 50 kpc

Figure 4. Color code as in Fig.1 for α = 1.5.
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