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Emission of gamma-rays  
is predicted from:  

• The Galactic gas (HI, HII, DNG): π0 decay 

•  A Galactic Inverse Compton (IC) photon population  

• An isotropic (mostly extragalactic) background 

• Point sources 

• Extended sources (included Fermi Bubbles and Loop I) 
•  Sun and Moon 
•  Residual Earth Limb (negligible for E> 200 MeV) 



Photon statistics  
pushing the y-ray source count distribution below the  

Catalog detection thresholds 
Zechlin, Cuoco, FD, Fornengo, Vittino ApJS 2016;  

Zechlin, Cuoco, FD, Fornengo, Regis ApJ 2016, Zechlin, Manconi, FD PRD 2018

The 1-point probability distribution function (1p-PDF) : 

• MEASURE  the source count (N) distribution dN/dS  as a  
  function of the flux S 
•  EXTEND the sensitivity for dN/dS BELOW the catalog threshold  
•  DECOMPOSE  the total gamma-ray sky into:  

i)    Point sources,  
ii)   Galactic foreground, 
iii)  Isotropic diffuse background   
iv)  Further components (i.e. dark matter)?

Dodelson, Belikov, Hooper, Serpico 2009; Malyshev&Hogg 2011; Lee, Lisanti, Safdi 2015;  
Lee, Lisanti, Safdi, Slatyer 2015; Linden, Rodd, Safdi, Slatyer 2016; Vernstrom+ 2014; Vernstrom+ 2015; 
Lisanti+ 2016; Leane, Slatyer 2019; Chang, Mishra-Sharma, Lisanti + 2019



1p-PDF analysis
1p-PDF == pk,  the probability to find k photons in a given pixel   

nk  is the number of pixels counting k photons 

Exploit the method of generating functions  (Malyshev & Hogg 2011)

Zechlin, Cuoco, FD, Fornengo, Vittino ApJS 2016,

From H Zechlin 

Modeling the y-ray contributions  

Point sources follow a  
multi-broken power law (MBPL) 
 
 
 
Diffuse emission included as: 
 
-! Galactic diffuse background:  
    template from Fermi Science Tools 
    (gll_iem_v05_rev1.fit) 
 
- Isotropic diffuse background  
   follows a power law with -2.3  
   (we fix its integral) 

4 Zechlin et al.

ROI (see Section 3) and requires appropriate considera-291

tion.292

To correct for exposure inhomogeneities, we divided293

the exposure map of the ROI intoNexp regions, separated294

by contours of constant exposure such that the entire ex-295

posure range is subdivided intoNexp equally-spaced bins.296

In each region, the exposure values were replaced with297

the region averages, yieldingNexp regions of constant ex-298

posure. The approximation accuracy is thus related to299

the choice ofNexp . In this case, Equation (8) reads300

P(t) =
1

Npix

N exp!

i =1

!

Pi

P (p)
S (t) D(p) (t), (9)

where Pi = { p|p ! Ri } denotes the subset of pixels be-301

longing to region Ri . In this way, P(p)
S (t) becomes in-302

dependent of the inner sum and factorizes, signiÞcantly303

reducing the required amount of computation time.304

The probability distributions pk or p(p)
k can eventually305

be calculated fromP(t) or P(p) (t), respectively, by using306

Equation (2).307

2.2. Model Description308

2.2.1. Source-Count Distribution309

The source-count distribution dN/ dS characterizes the310

number of point sourcesN in the ßux interval ( S, S+ dS),311

where S is the integral ßux of a source in a given energy312

range. The quantity N actually denotes the areal source313

density per solid angle element d! , which is omitted in314

our notation for simplicity. In this analysis, we assumed315

that the source-count distribution can be modeled with316

a power law with multiple breaks, referred to as multiply317

broken power law (MBPL) in the remainder. A MBPL318

with Nb breaks located atSbj , j = 1 , 2, . . . , Nb, is deÞned319

as320
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whereS0 is a normalization constant. The nj denote the321

indices of the power-law components between the breaks.322

The dN/ dS distribution is normalized with an overall323

factor AS, which is given by AS = d N/ dS (S0) if S0 >324

Sb1 . We required a Þnite total ßux, i.e. we imposed325

n1 > 2 and nN b +1 < 2.326

2.2.2. Source Spectra327

The whole population of gamma-ray sources is dis-328

seminated by a variety of di" erent source classes (see329

Section 1 for details). In particular, FSRQs and BL330

Lac objects contribute to the overall dN/ dS at high331

Galactic latitudes. The spectral index distribution of332

all resolved sources in the energy band between 100 MeV333

and 100 GeV (assuming power law spectra) is compati-334

ble with a Gaussian centered on# = 2 .40± 0.02, with a335

half-width of ! ! = 0 .24± 0.02 (Abdo et al. 2010b). We336

thus used an index of# = 2 .4 in Equation (5).337

2.2.3. Galactic Foreground and Isotropic Background338

The Galactic foreground and the di" use isotropic back-339

ground were implemented as described in Equation (6).340

The total di " use contribution was modeled by341

x(p)
di " = Agal x(p)

gal +
x(p)

iso

Fiso
Fiso , (11)

with Agal being a normalization parameter of the Galac-342

tic foreground component x(p)
gal . For the isotropic com-343

ponent x(p)
iso the integral ßux Fiso was directly used as a344

sampling parameter, in order to have physical units of345

ßux.346

Galactic Foreground Ñ The Galactic foreground was347

modeled using a template (gll iem v05 rev1.fit) de-348

veloped by the Fermi-LAT collaboration to compile the349

3FGL catalog (Acero et al. 2015)7. The Galactic fore-350

ground model is based on a Þt of multiple templates351

to the gamma-ray data. The templates used are radio-352

derived gas maps splitted into various galacto-centric an-353

nuli, a further dust-derived gas map, an inverse Compton354

emission template derived with the GALPROP code8,355

and some patches designed to describe observed residual356

emission not well represented by the pervious templates,357

such as the Fermi Bubbles and Galactic Loop I.358

The Galactic foreground template comprises predic-359

tions of the di" erential intensity at 30 logarithmically-360

spaced energies in the interval between 50 MeV and361

600 GeV. The spatial map resolution is 0.125" , which was362

resampled to match the pixelization scheme and spatial363

resolutions used in our analysis. The predicted number364

of counts per pixel x(p)
gal was obtained from integration in365

the energy range [Emin , Emax ] as described in Section 2.1.366

In order to include the e" ects caused by the point367

spread function (PSF) of the detector, we smoothed the368

Þnal template map with a Gaussian kernel of 0.5" . We369

checked that systematics of this coarse PSF approxima-370

tion (cf. Section 3) were negligible, by comparing kernels371

with half-widths between 0" and 1" .372

Figure 1 shows the model prediction for the di" use373

Galactic foreground ßux between 1 GeV and 10 GeV374

and Galactic latitudes |b| $ 30" . The complex spa-375

tial morphology of the Galactic foreground emission is376

evident. The intensity of Galactic foreground emission377

signiÞcantly decreases with increasing latitude. The in-378

tegral ßux predicted by the model in the energy range379

$ E between 1 GeV and 10 GeV isFgal ($ E) % 4.69 &380

10! 5 cm! 2 s! 1 for the full sky and Fgal ($ E ; |b| $ 30" ) %381

6.42&10! 6 cm! 2 s! 1 for high Galactic latitudes |b| $ 30" .382

Since the model reported in gll iem v05 rev1.fit383

was originally normalized to best reproduce the whole384

gamma-ray sky, we allowed for an overall di" erent nor-385

malization parameter Agal in our analysis, given that we386

explored di" erent ROIs. Nonetheless,Agal is expected to387

be of order unity when considered a free Þt parameter.388

7 See also http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html for details.

8 http://galprop.stanford.edu/
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Figure 1. Di↵use Galactic foreground emission between 1GeV
and 10GeV as predicted by the model template (see text for de-

tails). The integrated flux F
(p)
gal is plotted in Galactic coordinates

(l, b) using a Mollweide projection of the sphere. The Galactic
Center is in the middle of the map. The Galactic plane has been
masked for latitudes |b| < 30� (in gray). The color mapping is
log-linear.

Isotropic Background— The expected counts for the389

di↵use isotropic background componentFiso were de-390

rived assuming a power law spectrum with spec-391

tral index �iso = 2 .3 (Ackermann et al. 2015b).392

We veriÞed that using the speciÞc energy spectrum393

template provided by the Fermi -LAT collaboration394

(iso clean front v05.txt) had no impact on our re-395

sults.396

2.3. PSF Smearing397

The detected photon ßux from point sources is dis-398

tributed over a certain area of the sky as caused by the399

Þnite PSF of the instrument. Photon contributions from400

individual point sources are therefore spread over several401

adjacent pixels, each containing a fractionf of the total402

photon ßux from the source. Apart from being a function403

of the pixel position, the fractions f depend on the loca-404

tion of a source within its central pixel. A smaller pixel405

size, i.e. a higher resolution map, decreases the values of406

f , corresponding to a relatively larger PSF smoothing.407

Equation (4) must therefore be corrected for PSF ef-408

fects. Following MH11, the PSF correction was incorpo-409

rated by statistical means, considering the average dis-410

tribution of fractions ⇢(f ) among pixels for a given pixel411

size. To determine⇢(f ), we used Monte-Carlo simula-412

tions distributing a number of N Þducial point sources413

at random positions on the sky. The sources were con-414

volved with the detector PSF, and the integral fractions415

f i, i = 1 , . . . , Npix , were evaluated for each source. The416

sums of the fractionsf i were normalized to 1. We used417

the e↵ective detector PSF derived for the data set an-418

alyzed below, corresponding to the speciÞc event selec-419

tion cuts used in our analysis, averaged over energy and420

spectral index distribution. This is further explained in421

Section 3.422

The average distribution function ⇢(f ) is then given by423

⇢(f ) =
�N (f )
N�f

����
! f!0, N!1

, (12)

where�N (f ) denotes the number of fractions in the in-424

terval ( f, f + �f ). The distribution obeys the normal-425

ization condition426

Z
df f ⇢(f ) = 1 . (13)

Figure 2. Average distribution function ! (f) of the fractional
photon flux f from a point source in a given pixel. The solid and
dashed red lines depict the distribution function for the e↵ective
detector PSF for two di↵erent pixel sizes: a HEALPix grid with
resolution parameter " = 6 (solid) and " = 7 (dashed). See Sec-
tion 3 for details. The dot-dashed blue line depicts a distribution
function for " = 6 assuming a Gaussian with a 68% containment
radius resembling the one of the actual PSF. The average distri-
butions have been derived from Monte-Carlo simulations of 50,000
fiducial point-sources at random positions on the sky. We used a
numerical resolution of �f = 0.01.

The expected number ofm-photon sources in a given427

pixel corrected for PSF e↵ects becomes428

x(p)
m = ⌦pix

Z 1

0
dS

dN
dS

Z
df ⇢(f )

(f C(p)(S))m

m!
e�f C( p )(S) .

(14)
Figure 2 depicts the distribution function ⇢(f ) derived429

for the e↵ective PSF of the data set for two di↵erent pixel430

sizes. The function⇢(f ) is also shown assuming a Gaus-431

sian PSF with a 68% containment radius resembling the432

one of the actual PSF. Compared to the Gaussian case,433

the more pronounced peak of the detector PSF reßects in434

a strongly peaked⇢(f ) at large ßux fractions. Reducing435

the pixel size, i.e. e↵ectively increasing PSF smoothing436

(in the sense of this analysis), shifts the peak of⇢(f ) to437

smaller f . The impact of the large tails of the detector438

PSF becomes evident at small fractions.439

2.4. Data Fitting440

To Þt the model (H ) to a given data set (D) we used441

the method of maximum likelihood (see, e.g., Olive &442

Particle Data Group (2014) for a review). We deÞned443

the likelihood L (! ) ! P(D|! , H ) in two di ↵erent ways,444

which we shall refer to as L1 and L2 in the following.445

The likelihood function describes the probability distri-446

bution function P of obtaining the data set D, under the447

assumption of the model (or hypothesis)H with a given448

parameter set ! .449

For a source-count distribution following a MBPL with450

Nb breaks and the previously deÞned background contri-451

butions the parameter vector is452

! = ( AS, Sb1 , . . . , SbNb , n1, . . . , nNb +1 , Agal , Fiso), (15)

containing N! = 2Nb + 4 free parameters.453

2.4.1. Likelihood L1454

The L1 approach resembles the method of the simple455

1pPDF, cf. MH11. Given the probability distribution pk456

for a given ! , the expected number of pixels containing457

Galactic diffuse emisison  

Generically, dN/dS is shaped 
by a multi-broken power-law 

(MBPL):



Tests of the 1pPDF model!
 

The source number count in 1-10 GeV  

23

Figure 18. Di ! erential source-count distribution d N/ dS obtained from 6-year Fermi -LAT data for high Galactic latitudes greater than
30! . The Þt was carried out by employing the hybrid approach with two free breaks and a node at the faint end of the distribution.
Notations as in Figure 5. The shape of the d N/ dS distribution for very faint sources can be further constrained by the fact that the sum of
the integral point-source ßux and the Galactic foreground contribution must not exceed the total map ßux Ftot . Corresponding constraints
have been derived from the d N/ dS distribution obtained from the Bayesian posterior down to the best-Þt position of the last free break.
Below that value, d N/ dS has been extrapolated with power-law components of varying index. At the boundary of the gray-shaded region
the total point-source ßux equals Ftot ! Fgal , requiring a break.

does not a! ect the obtained dN/ dS distribution, which1453

is instead stable.1454

We found that the high-latitude gamma-ray sky above1455

30! is composed of (25 ± 2)% point sources, (69 ± 2)%1456

Galactic foreground, and (6 ± 2)% truly isotropic dif-1457

fuse background emission. Both the integral point-source1458

component and the sum of the Galactic foreground1459

and di! use isotropic background components were sta-1460

ble against Galactic latitude cuts and changes of the1461

Galactic foreground modeling. The choice of the Galac-1462

tic foreground can, however, a! ect the integral value of1463

the di! use isotropic background component itself.1464

With respect to the recent IGRB measurement by Ack-1465

ermann et al. (2015b), this analysis allowed us to clarify1466

between 42% and 56% of its origin between 1GeV and1467

10GeV by attributing it to unresolved point sources.1468
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Measure dN/ dS down to 2x10 -11 cm-2 s-1 , ~10 below 3FGL catalog 

¥! dN/dS described by a single broken power 

 

¥! Break at     
    for bright sources: 
                              
¥! below break:     
 
¥! Tested against a systematics 
   (pixel size, bright source masking,  
    galactic foreground,  latitude,  
    galactic mask) 
 
 

High latitude sky composed: 
25% point sources | 69% diffuse galactic | 6% diffuse isotropic  
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ABSTRACT7

The source-count distribution as a function of their ßux, dN/dS, is one of the main quantities char-8

acterizing gamma-ray source populations. We employ statistical properties of theFermi -LAT pho-9

ton counts map to measure the composition of the extragalactic gamma-ray sky at high latitudes10

(|b| ! 30! ) between 1 GeV and 10 GeV. We present a new method, generalizing the use of standard11

pixel-count statistics, to decompose the total observed gamma-ray emission into: (a) point-source12

contributions, (b) the Galactic foreground contribution, and (c) a truly di ! use isotropic background13

contribution. Using the 6-year Fermi -LAT data set ( P7REP), we show that the dN/dS distribution14

in the regime of so far undetected point sources can be consistently described with a power-law of15

index between 1.9 and 2.0. We measure dN/dS down to an integral ßux of " 2 # 10" 11 cm" 2 s" 1,16

improving beyond the 3FGL catalog detection limit by about one order of magnitude. The overall17

dN/dS distribution is consistent with a broken power law, with a break at 2.1+1.0
" 1.3 # 10" 8 cm" 2 s" 1.18

The power-law index n1 = 3 .1+0.7
" 0.5 for bright sources above the break hardens ton2 = 1 .97± 0.03 for19

fainter sources below the break. A possible second break of the dN/dS distribution is constrained20

to be at ßuxes below 6# 10" 11 cm" 2 s" 1 at 95% conÞdence level. The high-latitude gamma-ray sky21

between 1 GeV and 10 GeV is shown to be composed of" 25% point-sources," 69% di! use Galactic22

foreground emission, and" 6% isotropic di! use background.23

Keywords: KEYWORDS24

1. INTRODUCTION25

The decomposition of the extragalactic gamma-ray26

background (EGB; see Fornasa & Sanchez-Conde (2015)27

for a recent review) is pivotal for unveiling the origin28

of the non-thermal cosmic radiation Þeld. The EGB29

comprises the emission from all individual and di! use30

gamma-ray sources of extragalactic origin, and thus it31

originates from various di! erent mechanisms of gamma-32

ray production in the Universe. The EGB can be dis-33

sected by resolving the various point-source contribu-34

tions, characterized by their di! erential source-count dis-35

tribution d N/dS as a function of the integral source ßux36

S (see, e.g., Abdo et al. 2010b; Singal 2015). Convention-37

ally, the EGB emission which is left after subtracting the38

resolved gamma-ray sources is referred to as the isotropic39

di! use gamma-ray background (IGRB; Ackermann et al.40

2015b). The Large Area Telescope (LAT) on board the41

Fermi satellite (Ackermann et al. 2012) has allowed the42

discovery of more than 3,000 gamma-ray point sources,43

collected in the 3FGL catalog (Acero et al. 2015). Re-44

solved sources amount to about 30% of the EGB (Acker-45

mann et al. 2015b) below" 100 GeV (while above" 10046

GeV this percentage can rise to about 50%).47

For resolved point sources listed in catalogs the dN/dS48

distributions of di ! erent source classes can be charac-49
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2 Istituto Nazionale di Fisica Nucleare, Sezione di Torino, via
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James-Franck-Stra§e, D-85748 Garching, Germany

terized. Among these, blazars represent the brightest50

and most numerous population, and, consequently, their51

dN/dS is the best determined one. Blazars exhibit52

two di ! erent subclasses: ßat-spectrum radio quasars53

(FSRQs), with a typically soft gamma-ray spectrum54

characterized by an average power-law photon index of55

" 2.4, and BL Lacertae (BL Lac) objects, with a harder56

photon index of " 2.1. The dN/dS of blazars has been57

studied in detail in several works (Ajello et al. 2012, 2014;58

Broderick et al. 2014a; Di Mauro et al. 2014c; Harding59

& Abazajian 2012; Inoue & Totani 2009; Stecker & Ven-60

ters 2011; Stecker & Salamon 1996). Besides blazars,61

the EGB includes fainter sources like misaligned active62

galactic nuclei (mAGN; Di Mauro et al. 2014a; Inoue63

2011), and star-forming galaxies (SFGs; Ackermann et al.64

2012b; Fields et al. 2010; Lacki et al. 2014; Tamborra65

et al. 2014; Thompson et al. 2006). A contribution66

from Galactic sources like millisecond pulsars (MSPs)67

located at high Galactic latitude is possible although it68

has been constrained to be sub-dominant (Calore et al.69

2014; Gregoire & Knodlseder 2013). Finally, pure dif-70

fuse (not point-like) components can contribute, for in-71

stance caused by pair halo emission from AGNs, clusters72

of galaxies, or cascades of ultra high-energy cosmic rays73

(UHECRs) on the CMB (see Fornasa & Sanchez-Conde74

(2015) and references therein).75

In the usual approach, the dN/dS distributions of dif-76

ferent populations (inferred from resolved sources) are77

extrapolated to the unresolved regime and used to inves-78

tigate the composition of the IGRB (i.e. the unresolved79

EGB). This approach reveals that the above-mentioned80

three main components well explain the observed IGRB81

spectrum, constraining further contributions to be sub-82
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Figure 1. Di ! erential source-count distributions d N/ dS obtained from 6-year Fermi -LAT data with the 1pPDF method. The data have
been Þt in Þve energy bands using the hybrid approach. The best Þts and the uncertainties at 68% conÞdence level are depicted by the
solid blue lines and the blue shaded bands. The Þts are compared to the d N/ dS distributions derived from cataloged sources (red squares;
Poissonian errors following Gehrels 1986). The open gray squares depict d N/ dS points from sources below the nominal detection threshold,
where the sample su! ers from catalog incompleteness. Thus, they cannot be used for comparison. The vertical dashed lines indicate the
sensitivity estimates Ssens . The orange lines, bordering the gray shaded areas, mark the region where the contribution from point sources
equals Fps = Ftot � Fgal . In this case, Fps has been derived with Equation (3), but extrapolating the best-Þt d N/ dS distributions with
a power-law component of varying index below the position of the last free break. The orange lines therefore constrain the position of a
next break, given the condition Fps  Ftot � Fgal . The dashed, dot-dashed, and dotted lines depict model predictions for FSRQs (Ajello
et al. 2012), BL Lacs (Ajello et al. 2014, model LDDE 1), and mAGN (Di Mauro et al. 2014), respectively. The model of SFGs has been
taken from Ackermann et al. (2012). The solid gray lines denote the sum of these contributions. (The data used to create this Þgure are
available.)

well by dN/dS distributions with a single break at com-
parably high ßuxes and a node at the faint end. The best
Þts for this case are depicted in Figure 1 by the solid blue
lines, which are shown only above the estimated sensitiv-
ity of the analysis (see below). On the contrary, to have
a more robust and realistic estimate of the uncertainty
bands we keep the band resulting from the Þts with mul-
tiple breaks (for the three energy bands below 10 GeV).
These bands are plotted as blue shaded regions in the
Þgure. The resulting dN/dS distributions are compared

to counts of cataloged point sources7, derived from the
3FGL (Acero et al. 2015), 1FHL (Ackermann et al. 2013),
and 2FHL (Ackermann et al. 2016) source catalogs, re-
spectively.

As demonstrated in the Þgure, the 1pPDF Þts match
the dN/dS distributions of cataloged sources well within
uncertainties. The 1pPDF method allows us to mea-
sure the energy-dependent dN/dS in the regime of un-

7 The method of deriving d N/ dS for cataloged sources is ex-
plained in Z16, Section 4.3.5.
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FIG. 6. Upper limits (95% CL) on the DM self-annihilation cross section ! ! v" as a function of the DM particle mass mDM , as
obtained with the 1pPDF analysis using the DM ROI for 8-year Fermi-LAT data (Pass 8). The DM halo of the Galaxy was
assumed to follow an Einasto profile. Upper limits are given for separate analyses of the (i) 1.04–1.99GeV (black solid line),
(ii) 1.99–5.0GeV (red solid line), and (iii) 5.0–10.4GeV (blue solid line) energy bins. The shaded bands reflect the expected
sensitivity (95% confidence level) as derived from simulations. The left (right) panel shows upper limits for total annihilation
into bb (" + " ! ) final states. The limits are compared to recent limits obtained from the observation of dwarf spheroidal galaxies,
see Ref. [66] (orange dashed line and shaded region).

FIG. 7. Upper limits (95% CL) on the DM self-annihilation cross section ! ! v" for bb (left panel) and " + " ! (right panel) final
states and mDM = 15, 50, 100 GeV using the DM ROI for 8-year Fermi-LAT data (Pass 8), obtained assuming the benchmark
IEM (black solid line), model A (green solid line), model B (red solid line), and model C (blue solid line) as discussed in
Section IIA. The DM halo of the Galaxy was assumed to follow an Einasto profile. Upper limits are given for the three
energy bins (i) 1.04–1.99GeV (left panel), (ii) 1.99–5.0GeV (middle panel), and (iii) 5.0–10.4GeV (right panel). The limits
are compared to the limits obtained from the observation of dwarf spheroidal galaxies, see Ref. [66] (orange dashed line). For
illustrative purposes, the yellow band depicts the 95% quantile of the median expected sensitivity of the dwarf spheroidal galaxy
analysis.

about one order of magnitude lower than current cata-
log detection limits. The high latitude gamma-ray sky
is modeled with at least three components, represented
by an isotropic distribution of point sources, a di↵use
component of Galactic foreground emission, and di↵use
isotropic background. In this paper, we have extended
the photon count statistics 1pPDF method developed in

Z16a,b to a further component of the high-latitude sky,
given by Galactic DM distributed in a typical smooth
halo. We have employed the 1pPDF method to derive up-
per bounds on the possible contribution from halo DM in
terms of the self-annihilation cross sectionh�vi, for DM
masses spanning the GeV to TeV range.

We Þnd that the 1pPDF method applied to eight years

8

FIG. 4. Comparison of the actual ßight data with the statistical expectation for the null-hypothesis as derived from simulations.
The DM ROI (see Fig. 5) has been considered in the three energy bands 1.04Ð1.99 GeV (left panel), 1.99Ð5.0 GeV (middle panel),
and 5.0Ð10.4 GeV (right panel). The analysis setup refers to a DM mass of 15 GeV, and the! + ! ! annihilation channel. The
gray-shaded bands depict the 68% (darkgray) and 95% (light-gray) conÞdence intervals derived from the statistical scatter of
the ADM proÞle likelihood functions, as obtained from simulations of the gamma-ray sky by assuming ADM = 0. The solid
black line shows the corresponding result obtained from the actual data.

FIG. 5. The DM ROI considered in this analysis. The Moll-
weide projection depicts the benchmark IEM template in
Galactic coordinates, centered on the GC. The map shows
the integral ßux Fgal between 1.99 and 5.0 GeV. The area
outside the DM ROI has been masked in gray.

(qgal), and from the di! use isotropic background com-
ponent (qiso). Given the lacking significance for a pos-
sible DM component, here its contribution is assumed
to be negligible. The quantities in Tab. I refer to the
1pPDF analysis using GPBL mask. Very similar results
are found using our final DM ROI, with larger uncertain-
ties due to smaller statistics.
The upper limits presented in Fig. 6 were obtained for

the benchmark, o" cial Fermi IEM. Possible degeneracies
with the IEM as a single component were incorporated by
means of the normalization parameter Agal. As such, the
results presented in the figure reflect statistically valid
upper limits under the assumption that systematic un-
certainties of the IEM and its constituents are small as
compared to statistical uncertainties. However, degen-
eracies between the DM component with particular IEM
constituents, such as IC emission, remain possible.
To estimate the scatter of the upper limits with re-

TABLE I. Composition of the gamma-ray sky for |b| ! 30" .
The quantities qps , qgal , and qiso denote the fractional con-
tribution from the corresponding component to the inte-
gral map ßux Ftot . The total ßux Ftot is given in units of
10! 7 cm! 2s! 1sr! 1 .

Component 1.04" 1.99 GeV 1.99" 5.0 GeV 5.0" 10.4 GeV
Sources (qps ) 0.28+0 .03

! 0.03 0.21+0 .03
! 0.02 0.21+0 .04

! 0.03
IEM ( qgal ) 0.714+0 .007

! 0.005 0.675+0 .008
! 0.011 0.548+0 .019

! 0.018
Isotropic ( qiso ) 0.03+0 .02

! 0.01 0.12+0 .03
! 0.04 0.24+0 .05

! 0.05

Ftot 7.828+0 .016
! 0.016 3.875+0 .111

! 0.111 0.951+0 .005
! 0.005

spect to the di! use Galactic foreground emission, Fig. 7
compares the results obtained previously to upper limits
derived for the selection of three other IEMs. The IEMs
considered here were selected to bracket plausible Galac-
tic foreground emission scenarios. We chose models A, B,
C as discussed in Section IIA. The figure depicts upper
limits for DM particle masses 15, 50, and 100GeV, con-
sidering annihilation into bb and ⌧

+
⌧
�. We find that the

upper limits obtained for model B are almost always the
least constraining, because its IC emission component for
|b| > 30� is less prominent than in model A and C, thus
leaving room for a larger DM contribution. The ampli-
tude of the scatter due to the di! erent IEMs is about a
factor 2-3, depending on the energy bin, and is therefore
comparable to the band of the expected sensitivity inher-
ent to our analysis method. These upper bounds on !�v"
are compared to the limits obtained from the observation
of dwarf spheroidal galaxies, see Ref. [66].

VI. CONCLUSIONS

It has recently been shown (see Z16a,b) that statisti-
cal properties of the Fermi-LAT photon counts map can
be used to measure the composition of the gamma-ray
sky at high latitudes, determining dN/dS down to fluxes

In 1-10 GeV (Zechlin+ ApJS 2016)

In energy bins in 1-171 GeV (Zechlin+ ApJS 2016)

Adding a galactic dark matter 
template (Zechlin+ 2018) 



The blazar luminosity function

BLLacs & FSRQs - A unique model (Ajello + ApJL 2015)

Gamma-ray luminosity function:
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The 1pPDF method with the Blazar model

BTW, we also find a new fit for the MBPL dN/dS on 10 yrs and P8. 

• The 1pPDF measures point 
sources x10 below flux 
threshold 

• The BLAZAR model is a good 
fit down x100 

• The BLAZAR model is 
compatible with 1pPDF MBPL  

1-10 GeV 
b>30 deg 
1o yrs data  



The angular power spectrum (APS) in the 
unresolved regime on the blazar model 
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i, j are for energy bins —>  
auto- and cross-correlation

We find a best fit compatible with Fermi-LAT measurements 
and small uncertainties 

Data from Fermi-LAT 
PRL 2018 



The 4FGL Fermi catalog on the blazar model  

This a cross check mostly (see next slide) 

Fit of the blazar model  
(the 5 free parameters) 

Points as lower limits  
due to incompleteness  
of catalog 



Constraints to the Blazar model

• Good compatibility 1pPDF  
(resolved & unresolved) and  
4FGL (resolved)  

•  APS constrains " *, working 
on energy bins  

•  1pPDF constrains A (global 
normalization) and #1 
(luminosity evolution)  

•  Catalog bounds p2*



The dN/dS from the fit to 1pPDF, APS, 4FGL 

•  Best fit to the resolved 
sources (obviously) 
from the catalog 4FGL 

•  1pPDF constrains 
resolved & unresolved 

• APS tests only 
unresolved fluxes, 
would over-predict 
resolved  



The APS from the fit to 1pPDF, APS, 4FGL 

The APS is an energy dependent analysis 
The 1pPDF is for 1-10 GeV  

The 4FGL is studied fluxes integrated 1-100 GeV 

As expected, 4FGL cannot predict APS 
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FIG. 7. Comparison of the joint Þt of CP +4FGL with the individual Þts of the CP and the 4FGL catalog, whose contours
were already shown Fig. 3.
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APS and the 4FGL are complementary

The two analysis 
combine to give  
a fit to the blazar   
model in both the 
resolved and 
unresolved regions 



The results on the GLF

arxiv:1912.01622



¥ We have applied different methods to constrain the gamma-ry 
emission from blazars: 1pPDF (res.,unres.), APS (unres.), 4FGL (res.) 

¥ 10 years of Fermi-LAT data at high latitude 

¥The 1pPDF & APS permit to fix the parameters of the gamma-ray 
luminosity function and SED at fluxes ~ 100 times below detector 
flux threshold  

¥The different techniques are consistent and complementary

Conclusions


