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The gamma-ray sky 
- surprises and insights 

A walk down (the 
OKC) memory lane ;)



‘Cosmic’ messengers - the big questions 

• Sources? - mechanism of acceleration of CRs 

• Propagation? - insights about (inter-) Galactic 
medium and fields 



• The nature of Dark Matter 

Pre-launch estimates 
of GLAST sensitivity, 
0806.2911

‘Cosmic’ messengers - the big questions 

Coupling with SM? 
Have evidence that DM is present in astrophysical 
systems —> look for its ‘other than gravitational’ 
signals in its natural habitat 
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    and      from  DM annihilations in halop̄ e+
Indirect Detection: basics

Charged Cosmic Rays

• Charged particles make up a 
large majority of ‘cosmic’ rays  

• Reach energies >> LHC 

• Path affected by magnetic fields



𝛄’s (and 𝛎’s)  

• produced in interactions of charged 
CRs with the medium (gas…) and fields 
(B, low energy photons…) 
• travel in straight lines! 

• Allow us to pierce in the regions of CR 
production and resolve shape 

Sharper view (Pass8) 
More detailed astro modeling

Gamma-ray emission components 
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A closer look
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Gamma rays 

satellites

Michele Doro - ISAPP 21 School 80

Credit: Nina McCurdy and Joel R. Primack/UC-HiPACC

Figure of merits of current
generation:
• FOV 5x5 deg
• 50 GeV- 100 TeV
• Eff.Area ~ 105-106 m2
• Dark time: ~1000 h/year

• ~10-50 h source for 
detection

• ~0.1 angular resolution
• ~10-20% energy

resolution
(EGRET (1991- 2001 ), AGILE 
(2007-), Fermi LAT (2008-)) 

or ground based 
Imaging Atmospheric Cherenkov Telescopes  

(…,H.E.S.S. (2002 - ), MAGIC (2004 - ), VERITAS (2007 - )) 

Water Cherenkov 
detectors  

(‘observing Universe 
with a bucket of 
water’)  

(…, HAWC (2011 - ))

Other techniques 
(scintilators) + 
combinations   

(Tibet AS𝛄 (1990-), 

LHASSO (2021 - ))

Particle detectors
! Detection of 

charged shower 
constituents 
through several 
instruments
!!, !", #, $

! Large arrays
! Higher altitudes
! All-day duty cycle
! Wide FOV
! TeV+ threshold

Michele Doro - ISAPP 21 School 101

𝛄’s ‘blocked’ 
by the  
atmosphere



‘Pre-‘ history - satellites  

EGRET (1991-2000):  
energy  range: 30 MeV to 30 GeV 
And resolution: 0.5 deg

6 pulsars 
~300 AGNs

The Whipple 10 m telescope is situated at the Fred Lawrence Whipple 
Observatory on Mount Hopkins, Arizona 1997–2006

MILAGRO, water Cherenkov, Los 
Alamos, NM,1999



Enter the Fermi LAT (GLAST) 

“The LAT is a 
particle physics 
detector we’ve 
shot into space” 
(Eric Charles) 

Superior angular and 
energy resolution 
and excellent 
charged CR 
background 
rejection.  



Enter Fermi LAT (GLAST) 

“The LAT is a 
particle physics 
detector we’ve 
shot into space” 
(Eric Charles)

Note funded by 
DOE - “Dark 
matter discovery 
machine” 
Precision + 
sensitivity +  
the ‘right’ energy 
range



Enter Fermi LAT (GLAST) 

Sensitivity at the Galactic center



Enter Fermi LAT (GLAST) 

Sensitivity in Sagittarius dSph



Enter Fermi LAT (GLAST) 



Enter Fermi LAT (GLAST) 

An eventful year, OKC + Fermi 

And more or less the time I 

started my postdoc at OKC :) 

(was a ‘teaser’ OKC fellow) 



Early LAT results 

- Puzzling electron/positron spectrum

PAMELA positron fraction, 
0810.4995

PAMELA presented for the first 
time its measurement at the 
iDM 2008, in Stockholm 



Early LAT results 

PAMELA positron fraction, 
0810.4995

PAMELA presented for the first 
time its measurement at the 
iDM 2008, in Stockholm 

Early 2009, Fermi LAT measurement of the 
electron spectrum, confirming the excess!

[Fermi LAT, 0905.0025]

- Puzzling electron/positron spectrum



Early LAT results 

PAMELA positron fraction, 
0810.4995

PAMELA presented for the first 
time its measurement at the 
iDM 2008, in Stockholm 

[Fermi LAT, 0905.0025]

- Puzzling electron/positron spectrum

Excess of electrons/positrons 

with no excess in anti-p/p  

⇒ not may options

Early 2009, Fermi LAT measurement of the 
electron spectrum, confirming the excess!



Early LAT results 

- Puzzling electron/positron spectrum



Early LAT results 

- pulsar revolution   

Pulsars are everywhere: 

Going from a handful 
(pre LAT) to 300 pulsars 
in 3PC  

Including radio quiet 
and MSPs



Early LAT results 

- pulsar revolution   

Pulsars are everywhere: 

Going from a handful 
(pre LAT) to 300 pulsars 
in 3PC  

Including radio quiet 
and MSPs

Implications for all 
Galactic science: el/pos 

measurement, dark 
matter searches…



Fast forward 

- pulsar revolution and positron fraction  

AMS02 measurement 2019 Bitter&Hopper, 2023



Early LAT results - Galactic center excess  

background

DM
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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[Calore+, JCAP 1503 (2014)]  

Consistent Results!

Daylan et al. (2014, 1402.6703)

Inner GalaxyGalactic Center

Gamma-Ray Spectrum
Many works reaching similar results: Vitale & Morseli (2009), 
Goodenough & Hooper (2009), Hooper & Goodenough (2011, PLB 697 
412), Hooper & Linden (2011, PRD 84 12), Abazajian & Kaplinghat (2012, 
PRD 86 8), 1207.6047, Hooper & Slatyer (2013, PDU 2 118), 1302.6589 
Gordon & Macias (2013, PRD 88 8) 1306.5725 Macias & Gordon (2014, 
PRD 89 6) 1312.6671, Abazajian et al. (2014, PRD 90 2) 1402.4090, 
Daylan et al. (2014) 1402.6703, 1407.5583 1407.5625 1410.1527

spectrum

[Daylan+, 1402.6703]

r-2.4

[Charles+, Phys.Rept. 636 (2016)]
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Figure 12: Measurements of the radial profile of the Galactic center excess (markers and bands) compared with predictions of
hydrodynamical and N-body simulations of Milky Way-like structures (red lines). This figure is from Ref. [160] (reproduced
by permission of the AAS); see that reference for additional details.

more, it is important to distinguish between measuring an excess with respect to models of �-ray emission
from predicted cosmic-ray populations interacting with estimated dust, gas and radiation field, and being
able to interpret that excess as a clear signal of DM. Accordingly, we can expect systematic uncertainties
in modeling the Galactic fore/background to significantly limit the sensitivity of searches for DM signals
from the Galactic center. Furthermore, as described above, a population of unresolved pulsars in the inner
Galaxy would be a di�cult-to-reduce background for the best-fit DM models.

Therefore, in projecting the search sensitivity we account for such systematic limitations. The be↵ (in
counts) for several radial profiles are shown in Fig. 13.2

Figure 13: Estimated be↵ for several DM radial profiles, for a 60 � ⇥ 60 � area centered on the Galactic center for 15 years of
P8R2 SOURCE data. The plot shows the total integrated be↵ for annihilations to bb̄ as a function of the WIMP mass, m�. The
left-hand plot includes all Galactic latitudes |b| < 30 �, the right-hand plot excludes the Galactic plane (|b| < 2 �).

Fig. 14 shows the expected upper-limit bands for the statistical errors-only case as well as for indicative
values of fsyst (0.01 and 0.1).

2Fig. 13 was made using the “binned model map simulations” for the di↵use Galactic and isotropic background components,
together with the “all-sky photon simulations” of the cataloged point sources as described in App. D.
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,



Nature of the GCE 
DM vs pulsars: spectral twins

Table 1: Results of fitting the 15o ⇥ 15o region around the GC using five different IEMs.
The gNFW template is created with � = 1.1. All likelihoods and both spatial and spectral
residuals are at the same level, implying that all models provide a similar description of the
data. We assume the sources of CRs are supernova remnants (SNRs) considering two CR
source distributions, one traced by the observed distribution of pulsars, Lorimer [50], and
other tracing SNRs observed [51]. TS stands for spin temperature of the atomic hydrogen for
the derivation of gas column densities from the 21-cm line data.

Usage CR distribution Halo height
z (kpc)

TS (K) LogL h�vi ⇥ 10�27 cm3/s

Training A SNR 10 150 -442855 45.59
Training B Lorimer 10 1⇥ 105 -442304 33.61
Training C Lorimer 4 150 -442357 39.32
Testing A Lorimer 10 150 -442539 39.63
Testing B SNR 4 1⇥ 105 -442664 42.67

Figure 3: Count maps in the 1-6 GeV energy range comparing the granular vs diffuse nature
of the GCE, these templates are indistinguishably for the template method (see section 3.1).
Both maps have the same total emission and follow a gNFW distribution.

3.2 Simulation of Fermi -LAT data

After fitting the five models of the Galactic Center region described above to the Fermi-LAT
observations, we generate simulated data using the gtsrcmap and gtmodel codes of the Fermi
tools, the former for the convolution of models with the Fermi-LAT response, the later to
combine diffuse templates and generate the point source populations. We add Poisson noise
to the final images. In this set of fabricated images, we modify the fraction fsrc between
cumulative emission from point sources and a diffuse component of the GCE model, keeping
its magnitude, spectral shape and distribution as determined by the fits, see figure 3.

The spectral shape of the GCE is highly dependent on the assumptions of the underlying
model, but as can be noted in Figure 1 the excess is always present in the 1-6 GeV band.
We, therefore, choose that band to generate images for training and testing the ConvNets.
The left panel of figure 3 shows an image made with the gNFW template (� = 1.1) in the

– 8 –

Or (milli second) pulsars 
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints

37

State-of-the-art

〈σv〉thermal 

[Charles, E.+, JCAP, 2016]
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the ⌅⇥v⇧-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the ⌅⇥v⇧-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel ⇤⇤ ⇥ b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ⇤ 46.6GeV, ⌅⇥v⇧ ⇤ 1.60� 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Could it be dark matter?

~100 GeV

~thermal 
cross 
section

Thermal cross section & <~100 GeV & at the Galactic center 

Spatial distribution close to the predicted NFW profiles.

Right on the spot where WIMP DM is supposed to be!
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89:);#<)==)$5',,#(>)

?'(%@)#%)'()8A::B>)

Or…

But, only a handful gamma-ray pulsars known pre-Fermi LAT. 

!"#$%&'()%*+,-.)/0(-'&123)4,,+5+('67,)
89:);#<)==)$5',,#(>)

?'(%@)#%)'()8A::B>)

Or…

Observational Horizon for Pulsars 

•  Most γ-ray detected 
pulsars are within 4 kpc  
•  Even less for MSP  
•  GC at 8.5 kpc 

29 

Abdo+ [LAT Clb] 
2013ApJS..208...17A 

!"#
#

$%#&'($)#*+,()-.(#+/#00#!"#$%#1+2)*(13#4+.%-)5#(&#-63#7!8009#2%,($6(5#&:+#;<=1>#:'$6(#?())#(&#-63#7!80!9#

/+2%5#@#;<=1#A$66$1(*+%5#B261-)1#-/&()#'-,$%.#1(-)*'(5#0C#2%$5(%&$/$(5#!"#$%#1+2)*(13#D%*(#&'(#&$A$%.#

B-)-A(&()1#+/#&'(#+/&(%EF$%-)G#%(:#;<=1#:()(#-**2)-&(#(%+2.'>#&'(G#:()(#-61+#5(&(*&(5#$%#.-AA-#)-G1>#

$%*)(-1$%.#&'(#1'-)(#+/#&'$1#*6-11#+/#)-&'()#/-$%&#.-AA-E)-G#(A$&&()1#7F+&'#$1+6-&(5#-%5#$%#F$%-)G#1G1&(A193####

#

!%&'()'*+$+,-.%/"'/%"0'12'.3"'4567'8%791/"#"8'%:'#-8%1;'7"-#93%:&'0%.3%:'<#1$%7%:&'+:%8":.%2%"8'H()A$'

71+#9"7='>:9"'.3"'<1.":.%-,'21#'8%791/"#?'12'7+93'-'."93:%@+"'0-7'#"-,%A"8;'.3"'456'&#10.3'3-7'B"":'

91:.%:+1+7'-:8':1'2,-..":%:&'%7'%:'7%&3.=''C*1+#."7?'12'D,%A-B".3'!"##-#-E'

#

;+)(#1(-)*'(1#-)(#F($%.#*+%52*&(5#/+*21$%.#+%#&'(#2%$5(%&$/$(5#1+2)*(1#:$&'#'$.'##�<+,7-#:"77�#6$1&(5#$%#

&'(#1(*+%5#!"#$%#1+2)*(#*-&-6+.#7#I+6-%#(&#-63>#!80!>#'()(-/&()#)(/())(5#&+#-1#!HJK9#-%5#&'(#)-&(#+/#

5$1*+,()G#$1#$AB)(11$,(>#-1#1'+:%#$%#/$.2)(#L3##

M'$6(#&'$1#$1#-#A-N+)#5$1*+,()G#+%#$&1#+:%#71$%*(#$&#$%*)(-1(1#1$.%$/$*-%&6G#&'(#%2AF()#+/#O%+:%#/$(65#;<=19>#

&'(#1255(%#N2AB#$%#&'(#;<=#%2AF()#)(,$,(5#&'(#$%&()(1&#+/#&'(#)-5$+E-1&)+%+A$*-6#*+AA2%$&G#$%#21$%.#

&'(1(#12B()#1&-F6(#*6+*O1#&+#5(&(*&#%-%+P()&Q##.)-,$&-&$+%-6#:-,(1#7JM93##R'(#16$.'&#,-)$-&$+%1#JM1#A-G#

$%52*(#$%#&'(#&$A(#+/#-))$,-6#+/#1$.%-61#*+A$%.#/)+A#:$5(6G#1(B-)-&(5#B261-)1#:$66#F(#*+))(6-&(5>#&'21#

-66+:$%.#/+)#&'(#5$)(*&#5(&(*&$+%#+/#JM1#7(3.3#S-%(&#(&#-63>!88@93#T(*(%&#)(E(,-62-&$+%#74+)5(1#-%5#<'-%%+%>#

Since, >100 pulsars and milli-second 
pulsars observed  in the MW 
most of them local — possible that many 
faint ones contribute to the Galactic 
centre excess

!"#$%&'()%*+,-.)/0(-'&123)4,,+5+('67,)
89:);#<)==)$5',,#(>)
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Question boils down to: is excess  
smooth or ‘point source-like’  
Advanced analysis techniques including 
machine learning inconclusive 

Your vanilla DM 



Mind the gap!  
Is any of models realistic ‘enough’?  
Possible to study with ML techniques (a ‘reality gap' problem)

SVDD approach - how far is the 
real data  from the models 

Fast forward 



Future - GCE 

Neutron star high rotation velocities make any irregularity in their shape a quadrupolar source of GWs. This 
“monochromatic”, continuous, emission is often considered the leading GW signal associated to pulsars.  

The population of rotating neutron stars can contribute to the so-called stochastic GW background (SGWB). MSP 
population in the Galactic bulge to be the strongest Galactic SGWB component in the LIGO/Virgo sensitivity band. 
If the first individual MSPs will be identified in GW in the current 2G run, hence around ε ~ 10−8, there are 
good perspectives that the 3G may detect the unresolved bulge contribution as well.



Early results - Fermi bubbles



Fermi bubbles

2012



Current status - Fermi bubbles

Telling us something about the past 
activity at the Galactic center 
- black hole jet 
- Or a starburst activity?

HAWC

Fermi LAT

HESS

6 deg



Early LAT results 

- thermal dark matter limits

Novel DM analysis technique that 
combines uncertainty from all dSPh 
galaxies  
- Crossed the thermal cross -section 
with a robust probe!



Nowadays - thermal DM constraints 



Fermi LAT Legacy 

Fundamental player in modern day MW astrophysics 

Some extraordinary results

+ many more



Gamma ray astrophysics nowadays  



Gamma ray astrophysics nowadays  

Enter the PeV era: 45 
PeVatron candidates! 



High energy astrophysics nowadays  



High energy astrophysics nowadays  

Galactic 
diffuse 
emission with 
LHAASO

And Ice Cube



High energy astrophysics nowadays  
TeV halos - pulsars keep on surprising…Brief recap on pulsar halos

3

A&A proofs: manuscript no. aanda

> 1 TeV
gamma−rays

trajectory
>10 TeV e+/−
nebula
pulsar wind

term. shock
pulsar wind

pulsar

remnant

RS
CD

FS

velocity

gradient

(in all 3 panels)

Stage 2 (t ~ 10 − 100 kyr)

ISM density PWN

supernova

pulsar

~Stage 1 (t < 10 kyr)

halo
Stage 3 (t > 100 kyr)~

SNR

ISMSNR

SNR

ISM

ISM

PWN

ISM

PWN

Fig. 1. Sketch of the main evolutionary stages of a PWN. The upper left panel shows early times, t . 10 kyr (“stage 1”), when the PWN is
contained inside the SNR and before the reverse shock (RS) interacts with it. The SNR forward shock (FS) and contact discontinuity (CD) are
plotted with green lines. The electrons that are responsible for the TeV gamma-ray emission of the nebula are thought to be confined within the
nebula at this stage. The upper right panel shows intermediate times, t ⇠ 10� 100 kyr (“stage 2”), after the PWN is disrupted by the reverse shock,
but before the pulsar escapes its SNR. At this stage, TeV gamma-ray emitting electrons start to escape from the PWN, into the SNR and possibly
into the ISM. The lower panel depicts the system at late times, t & 100 kyr (“stage 3”), when the pulsar has escaped from its —now fading—
parent SNR. At this stage, high-energy electrons escape into the surrounding ISM, and may, only then, form a halo. See the text in Section 2 for
more details. The key is in the lower left corner. In all three panels, the ISM density gradient is upwards, and the pulsar “kick” velocity towards
the left.

than the physical size of the PWN as determined in other wave-
lengths. Within the X-ray domain, the physical PWN size is
also often energy dependent, which is interpreted as a signature
of the rapid cooling of the highest energy electrons producing
the keV synchrotron emission. Indeed, the typical cooling time
of electrons emitting photons with characteristic energy h⌫c is
⇠ 103 yr (B/10 µG)�3/2(h⌫c/5 keV)�1/2. In the radio domain, the
cooling e↵ect is unimportant, but surface brightness sensitivity
is usually su�cient only for young and compact sources.

Here we consider various estimates of the expected size of
the nebulae around pulsars that have been associated to TeV
emission, comparing these estimates to the measured sources
sizes. We also assess the fraction of the power that is present in
sources with and without halos and hence their contribution to
the total gamma-ray emission of all pulsars within star-forming
systems.

2. Pulsar Wind Nebula Evolution

According to the above definition, halos may exist only around
PWN whose electrons and positrons have started to escape into
the surrounding, unperturbed ISM. It is therefore instructive to
recall briefly the main stages of the evolution of a PWN. The
environment of pulsars changes dramatically over time, firstly
as contained within an evolving supernova remnant (SNR), and
finally within the general ISM when the “kick” velocity received

by the pulsar at birth moves it beyond the decelerated shell of the
host SNR. There is considerable literature associated with PWN
evolution, including several reviews, see in particular Gaensler
& Slane (2006). In general, however, the existing work focuses
on X-ray and radio, rather than TeV emission, and/or exclusively
on the early to middle ages (⌧ 100 kyr) of PWN evolution. Here
we consider briefly the physical properties of the region from
which TeV emission originates during the lifetime of a pulsar.

Figure 1 illustrates three stages in the evolution of a TeV-
emitting PWN. We depict in chronological order: first, the sys-
tem at early times t . 10 kyr after the supernova in the upper
left panel, then intermediate times t ⇠ 10 � 100 kyr in the upper
right panel, and, finally, late times t & 100 kyr in the lower panel.
Hereafter, we refer to these three stages as “stage 1”, “stage 2”,
and “stage 3”, respectively. In all three panels of this sketch, the
“kick” velocity that is initially imparted to the pulsar during the
supernova explosion is assumed to point towards the left, and
the ISM density gradient in which the SNR evolves to point “up-
wards”. The areas shaded in grey correspond to the SNR, and
the surrounding —solid, dashed or dotted— green lines denote
the location of its forward shock. The black dots show the lo-
cation of the pulsar, the PWN is shaded in blue, and the pulsar
wind termination shock is represented with the thin solid blue
line inside the PWN. The inset in the lower panel corresponds
to an enlargement of the innermost regions of the PWN in stage
3. The high-energy electrons and, or, positrons that are respon-

Article number, page 2 of 10

Giacinti et al. 2020

Brief recap on pulsar halos
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Abeysekara et al. 2017,Science, 358
Abdo et al. 2009

tc = 342000 yr
d=190-250 pc 

Psd=3.3 1034 erg/s

tc = 110000 yr
d=290 pc 

Psd=3.8 1034 erg/s

1-50TeV
507 days

•Pulsars surrounded by a spatially extended 
region (~25 pc) emitting multi- TeV gamma-rays  

•Diffusion coefficient 2-3 orders of magnitude 
smaller than the standard value in the regions 
surrounding pulsars



Coming up next - the CTA
Next generation gamma-ray observatory 
~70 telescopes of three sizes (wide en coverage), located in N and S hemispheres

DATA CHALLENGE 1 EXPOSURE

Galactic Plane 
Survey

Galactic Centre
Survey

Extragalactic
Survey

Simulated:
1980 h South
1815 h North
8132 pointings

AGN 
Monitoring

Galactic Plane 
survey 
Extragalactic survey 
Galactic center 
survey

LHAASO
Sichuan, China

Complementary Facilities Fermi-LAT

CTA-S

MAGIC
CTA-N

VERITAS

H.E.S.S.

7
Dedicated observational strategy: sky surveys 
•Unbiased view of the sky 
•Bridging the differences with satellite data



CTA and thermal dark matter

Closing the TeV gap
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Figure 5: Sensitivity of CTA to a DM annihilation signal, at 95% C.L., based on our bench-
mark treatment of the expected instrumental systematic uncertainty. Following common
practice, this is presented in terms of projected mean upper limits on the average velocity-
weighted annihilation cross section, as a function of the DM mass m�. Solid lines show the
sensitivity based on our benchmark settings, while dashed lines show the reach assuming no
systematic uncertainty in the spatial templates. We also indicate the ‘thermal’ cross-section
that for the simplest DM models leads to a relic density within the 3� range of the DM abun-
dance observed by Planck [1, 171]. Left panel: Sensitivity to DM annihilation into W

+
W

�

final states (black), without electroweak corrections (see Section 3.1 for a discussion). The
green (yellow) band indicates the 2� (3�) scatter of the projected limits (based on Monte
Carlo realisations). Right panel: DM annihilation into b̄b (red), W+

W
� (black) and ⌧

+
⌧
�

(green), respectively.
.

that CTA is also expected to pick up astrophysical ‘signal’ components that most likely are
different in the two ROIs.

5 Projected dark matter sensitivity

In this section we present the main results of our analysis, namely the sensitivity of CTA to
a DM signal, focussing exclusively on the following benchmark settings:

• GC survey observation strategy, masking bright sources as indicated in Fig. 1.

• Asimov mock data set based on CR background and IE Gamma model templates.

• Template fitting analysis based on 0.1�⇥0.1� spatial bins and 55 energy bins between 30
GeV and 100 TeV (and a width corresponding to the energy resolution at the 2� level).
Our default treatment of systematic uncertainties implements a 1% overall normalisation
error and a spatial correlation length of 0.1� (but no energy correlations).

In the subsequent Section 6, we will discuss how our results are affected by modifying the
benchmark assumptions listed above.

5.1 Expected dark matter limits

The most often considered ‘pure’ annihilation channels for heavy DM candidates are those
resulting from b̄b, W+

W
� and ⌧

+
⌧� final states (in the order of increasingly harder spectra).

In Fig. 5 we show the expected limits for DM models where annihilation into these final
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F O R E S E E N  C TA  O B S E R VAT I O N S  O F  T H E  
G A L A C T I C  C E N T E R

[Archaryya et al. 2020, submitted, 2007.16129] 9

• Galactic center survey: 
525 hours over first 10 
years 

• Extended survey: 
additional 300 hours 101 102 103 104
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[CTA Collaboration 
(Eckner, GZ+), JCAP 2021]



CTA and ALPs as dark matter

ALPs induce spectral 
wiggles 
Radio galaxy NGC1275 
in the heart of Perseus 
cluster (strong B) 

[CTA Collaboration, JCAP 2021]



~300 TeV  halos might be detected by the CTAs GP survey   
with ~30 candidates allowing for spectral and  radial decomposition

CTA and GP survey 

Sensitivity at the 
Galactic center



~300 TeV  halos might be detected by the CTAs GP survey   
with ~30 candidates allowing for spectral and  radial decomposition

The Galactic Plane Survey consists of a survey of the full Galactic 
Plane using both the Southern and Northern CTA observatories. 

The GPS is expected to reach a typical sensitivity of ~6 mCrab. It 
has been proposed that more promising regions, such as for 
example the inner Galactic region (where -60° < l < 60°), will 
receive higher observation time, and with that deeper exposure 
than other regions.

Cherenkov Telescope Array (CTA)
CTA is the next generation ground-based observatory for gamma-
ray astronomy at very-high energies and will consist of an array 
of imaging atmospheric Cherenkov telescopes (IACTs) in the 
Southern and Northern Hemisphere. [3] 

CTA will cover energies from 20 GeV to 300 TeV, bridging the 
ranges already probed with the Fermi Large Area Telescope and 
High Altitude Water Cherenkov Observatory. CTA will have an 
order of magnitude better angular resolution than the current 
IACTs at 1 TeV, thus providing a complementary look at pulsar 
halos.

Figure 1: A synthetic pulsar halo population overlaid on an exposure map for 
the central regions surveyed in the GPS. 

Galactic Plane Survey (GPS)

[3] The CTA consortium: Science with the Cherenkov telescope array, Feb 2018

All simulated sources

Only detectable sources

The population study and angular sensitivity

Figure 3: Sensitivity of the survey in terms of particle injection power as 
a function of distance. For each sensitivity curve, the numbers in 
parentheses indicate the number of mock halos lying above the curve.

Figure 4: Model independent 
angular sensitivity studied 
under the conditions of the 
GPS, overlaid with the baseline 
halo model with a di!usion 
zones of 30/50/80 pc. The 
sensitivity analysis is 
decomposed into annuli with a 
width of 0.2°, and split into 
three energy bands.

We examine the following criteria: 
1. Injection power such that the simulated halo signal is detected with a TS of 

25 over the full energy range, using the true halo model in the fit process. 
2. Injection power such that a fit of the simulated halo signal with the true halo 

model is significantly better than a fit with a simple energy-independent 2D 
Gaussian intensity distribution. 

3. Injection power such that a fit of the simulated halo signal with the true halo 
model is significantly better than a fit with the true model clipped beyond a 
distance of 30 pc from the pulsar. 

4. Injection power such that a fit of the simulated halo signal with the true halo 
model is significantly better than a fit with an alternative halo model having 
a 50% higher suppressed diffusion coefficient.

We estimate the fraction of the halo population that 
should be detectable with CTA, assuming Geminga-like 
diffusion properties and supposing that all middle-aged 
pulsars develop a halo.

CTA and TeV halos

[Eckner, Vodeb et al.(+GZ), MNRAS 2023]



MSP population in the bulge, if responsible for GCE would also inject large quantities of 𝑒± into the 

interstellar medium. These 𝑒± could potentially IC scatter ambient photons into 𝛾 rays that fall within the 

sensitivity range of the upcoming Cherenkov Telescope Array (CTA).

Future 

At multi-TeV energies, most extragalactic sources are masked by gamma-ray attenuation, implying that the TeV 
halos surrounding MSPs could dominate the very high-energy diffuse emission observed at high-latitudes.



Machine learning? 

Numerous extended 
and overlapping 
sources - could 
computer vision be 
useful?

TeVPA2021

Results for High Latitude: 𝑏 > 20∘

Low background emission.  Higher accuracy in localization.

Better classification.                                      

Results for Low Latitude: 𝑏 < 20∘

Regions closer to galactic plane.  Background 
emission dominates.

Algorithm performance deteriorates. 
[arXiv: 2103.11068]

AutoSourceID (ASID, A&A, 2103.11068) —  proof of principle

[credit:  Saptashwa Bhattacharyya, TeVPA 2021] 



Summary

New data continuously force us to further theoretical efforts —>  
Exciting multi-disciplinary field & lots of data to play with ! 

Entering the TeV/PeV region — theoretical progress and dialog with 
experimentalists needed



New data continuously force us to further theoretical efforts —>  
Exciting multi-disciplinary field & lots of data to play with ! 

Entering the TeV/PeV region — theoretical progress and dialog with 
experimentalists needed

Machine learning? - Algorithms 
perfected for a range of  tasks in modern 
day life. Is it just a  hammer in search of 
a nail, or can it facilitate the real 
scientific progress? 

Summary





What is SMASH 

SMASH is a career-development training program co-funded by the Marie 
Skłodowska-Curie COFUND Actions for the 2023-2028 period, budget 10MEU. 
Funds to hire postdoctoral researchers (50 postdocs, 2 year contracts)

Postodcs will be hosted in five 
Slovenian institutions 
(‘implementing partners’). 

Can spend up to 8 months total 
in at least two of (‘associate 
partner’) institutions. Including 
SMEs!

https://smash.ung.si/



Research areas 

3DUW�%�±�3DJH����RI���

Call: HORIZON-MSCA-COFUND-2021                SMASH - Postdoctoral 

WUHDWPHQWV�E\�LQWHJUDWLQJ�GDWD�DQG�PHGLFDO�NQRZOHGJH�
through machine learning and decision modelling 
�/HDG��8/�)5,��6HFRQGPHQWV��6,66$�

• Biomarker discovery��:H�ZLOO�GHYHORS�0/�PHWKRGV�
and  use available data on clinical phenotypes and 
molecular biology to discover prognostic markers and 
WKHLU�LQWHUDFWLRQV��/HDG��81*��6HFRQGPHQWV��6,66$��
,&*(%��,,7�

1.2.1.2 Quality of the research options in terms 
of interdisciplinary research options, inter-sec-
torality and international networking
SMASH crosses disciplines, i.e., natural sciences (physics, 
biology, life sciences), formal sciences (mathematics 
and data science) and humanities (linguistics), and has 
a strong component from the non-academic sector. At 
the same time, the project has a strong unifying concept 
of machine-learning (ML) algorithms and applications 
(see Figure 3���2QH�RI�WKH�VWURQJ�DVSHFWV�RI�0/�LV�WKDW�
the algorithms are domain-independent, i.e., the same 
machinery can typically be applied to a range of data 
FRPLQJ�IURP�GL൵HUHQW�VRXUFHV�DQG�¿HOGV��ZKLFK�QDWXUDOO\�
DOORZV��DQG�LQGHHG�GHSHQGV�RQ��D�WLJKW�LQWHUGLVFLSOLQDU\�
FROODERUDWLRQ�� WKDW� 60$6+� ZLOO� SURYLGH�� ,Q� RUGHU� WR�
VWUHQJWKHQ� VXFK� FURVV� WDON�� WKH� 60$6+� SRVWGRFV� ZLOO�
QHHG� WR� KDYH� �DW� OHDVW�� WZR� VHFRQGPHQWV� GXULQJ� WKHLU�
DSSRLQWPHQW��RQH�ZLWKLQ�6ORYHQLD��ZLWK�DQ�DFDGHPLF�RU�
non-academic partner) and one internationally, and at 
least one of these secondments should be interdisciplinary 
or intersectorial.

Interdisciplinarity and Intersectionality SMASH 
provides fertile ground for interdisciplinary collabo-
UDWLRQV�� E\� FRQQHFWLQJ� ¿YH� DUHDV� WKDW� DUH� H[SHULHQFLQJ�
some of the most rapid developments in science today. 
7KH�YHU\�QDWXUH�RI�0/�DQG�WKH�WRSLFV�ZH�KLJKOLJKW�ZLOO�
ensure that the SMASH postdocs are not isolated, but 
are actively participating in the SMASH community 
and brainstorming over common challenges. The inter-
GLVFLSOLQDU\�DVSHFWV�DUH�ZHOO� LOOXVWUDWHG�E\�VRPH�RI� WKH�
SDVW� LQWHUGLVFLSOLQDU\� FROODERUDWLRQV� EHWZHHQ� 60$6+�
SDUWQHUV�� )RU� H[DPSOH�� GDWD� VFLHQWLVWV� IURP� WKH� 8/�
)5,� KDYH� ZRUNHG� VXFFHVVIXOO\� ZLWK� FOLPDWRORJLVWV�
IURP�$562� WR� GHYHORS� D� GHHS� OHDUQLQJ� DOJRULWKP� WKDW�
RXWSHUIRUPHG�$562¶V�JHQHUDO�FLUFXODWLRQ�RFHDQ�PRGHO��
7KHLU�0/�EDVHG�SURFHGXUH�ZDV� VR� VXFFHVVIXO� WKDW� LW� LV�
currently adopted to be part of the Slovenian operational 
HQYLURQPHQW� IRU� FRDVWDO� ÀRRG� SUHGLFWLRQV�� :H� H[SHFW�
many more of such success stories over the lifetime of 
SMASH.

0/� LV� DOVR� D� KLJKO\� WUDQVIHUDEOH� VNLOO�� ZLWK� LQFUHDVLQJ�
importance in both the academic and non-academic 
VHFWRUV��60$6+�R൵HUV�SOHQW\�RI�RSSRUWXQLWLHV�IRU�VXFK�
FURVV�WDON� YLD� RXU� ¿YH� QRQ�DFDGHPLF� SDUWQHUV� WKDW� DUH�
OHDGLQJ� 60(V� LQ� (XURSH� �DV� ZLWQHVVHG� E\� WKHLU� PDQ\�
UHFRJQLWLRQV��6ORYHQLD¶V�7RS�)HPDOH�(QJLQHHU�RI�������
DZDUGHG� WR�&RV\ODE¶V�HPSOR\HH�-DVQD�+HQJRYLü�DQG� LW�
ZDV�QDPHG�D� FRPSDQ\�DPRQJ� WKH� ³2QHV� WR�:DWFK´�DW�
(XURSHDQ�%XVLQHVV�$ZDUGV�������6LQHUJLVH�ZDV�FKRVHQ�
DV�D�(XURSHDQ�(DUWK�2EVHUYDWLRQ�&RPSDQ\�RI� WKH�\HDU�
����� DQG�$UFWXU� UHFHLYHG� *ROG� DZDUG� IRU� ,QQRYDWLRQ��
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SMASH officially started (contract with EC) on July 1st. 

8 postdocs hired in Call-1 finalised, first just started! 

Call-2 open, deadline Oct 27. Aim to hire 20 fellows in this call. 

Call-3 expected to open July 2024. 

Where are we now 

Stay tuned!


