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The NASA Fermi satellite
• Lauched on June 11 2008 from Cabo Cañaveral.
• $800M mission led by NASA/DOE.
• Two instruments aboard:

• Gamma-ray Burst Monitor (GBM; 8 keV – 40 MeV)
• Large Area Telescope (LAT; 20 MeV – >1 TeV)
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Mission status

The mission continues to be operationally healthy, scientifically productive, and 
engaged with the community and the public. 

• No consumables or rapid degradation of spacecraft or instrument components.

→Gradual degradation is compensated by calibration.

• One solar array drive no longer rotates.

→ modified survey strategy maintains power margin without losing observational 
efficiency.

• Plans to raise the observatory orbit altitude to a circular orbit at ~563 km.

• Will lower planning frequency for collision avoidance maneuvers.

• Frequency of maneuver planning for collision avoidance has increased due to 
increasing number of objects for this orbit (last maneuver was past Jan 31).

• Formally approved till the end of 2025. About to face a new Senior Review evaluation.
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Spacecraft and instrument performance are excellent at 16 years!



The Fermi Large Area Telescope

Si-Strip Tracker:
convert ->e+e-

reconstruct  direction
EM v. hadron separation

Hodoscopic CsI Calorimeter:
measure  energy
image EM shower
EM v. hadron separation

Anti-Coincidence Detector: 
Charged particle separation

Trigger and Filter:
Reduce data rate from ~10kHz to 300-500 HZ

Public Data Release:
All -ray data made public within 24 hours (usually less)

Sky Survey:
2.5 sr field-of-view
whole sky every 3 hours

[1.8 m x 1.8 m x 0.7 m]
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Fermi-LAT Collaboration
~600 Scientific Members,

NASA / DOE 
& International contributions



5

The Fermi-LAT Collaboration
• A very busy and very productive collaboration more than 16 years after launch!

• Recent Collaboration Meeting in Madrid last March 11-15, 2024.

• Next (virtual) Collaboration Meeting will happen this upcoming week.
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Fermi-LAT Collaboration @ RICAP

1. GRBs in the Swift and Fermi era – Bissaldi

2. Selection of Cosmic Ray Electrons in Fermi-LAT data with Unsupervised ML techniques – Bonino

3. Search of dark matter annihilation in stellar streams with the Fermi LAT – Fernández-Suárez

4. The population of neutrino blazar candidates from real-time high-energy neutrino alerts – Garrappa

5. Fermi-LAT Discovery of a -ray Outburst from the Peculiar Compact Radiogalaxy 3C 216 – Giacchino

6. Multi-class classification of unassociated Fermi LAT sources with ML and dataset shifts – Malyshev

7. The Quiet Sun with Fermi LAT – Orlando

8. Exploring NGC 3603 non-thermal emission through a realistic modelling of its environment – Rocamora-Bernal

9. High-energy variability of the gravitationally lensed blazar PKS 1830-211 – Wagner

10. The Fermi Large Area Telescope: status and results – MASC
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Fermi-LAT performance

All-sky coverage

77
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Point source sensitivity Angular resolution (PSF)

Effective area



THE GAMMA-RAY SKY above 1 GeV
as seen by Fermi LAT
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EGRET
[Fermi’s predecessor, 1991-1996]

Fermi LAT 
[2008-today]

The Fermi-LAT revolution
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Fermi 
aka champion of ‘transients’

• All-sky survey provides both instantaneous access and history.

• Real-time or near real-time observation data of events anywhere in the sky.

• GBM within 1.5 hrs; LAT within ~ 3 hrs (~1000 s to cover 80% of a GW event region).

• Archival searches from ms to years available for 16 years.

• Unique and highly dynamic energy range.

• 8 keV - >300 GeV covers a wide variety of energetic astrophysical events.

• Data available immediately after processing.

• Catalogs + public data products provide insight and context for MW/MM studies.

• Team-operated science pipelines generate added alerts and information.

• ‘Flare Advocates’ search for flaring sources, follow up neutrino alerts… → ATels

• ‘Burst Advocates’ perform follow up analyses for GRBs with the LAT FoV → GCNs

• Monitoring of sources of interest on a daily/weeky basis here. 

• Partnerships among science support center, instrument teams, MW/MM observational 
facilities and community enable innovations in analysis and tools.
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https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/


Fermi-LAT light curve repository
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https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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Fermi-LAT light curve repository
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https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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Fermi LAT follow up of GW events
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Fermi-LAT follows up most significant GW events searching for electromagnetic counterparts.
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GWs: O4 and Fermi LAT

14

• LAT follow up analyses publicly available at http://fermigrb.stanford.edu/GWTable/

• Page created and maintained by Niccolò Di Lalla at Stanford.

Maximum significance

Analysis report
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Fermi-LAT catalogs

The production of very diverse gamma-ray catalogs remains a priority:

• 4FGL-DR4, main catalog with nearly 7200 sources (Ballet et al. 2023).

• 3PC, with 294 pulsars (Smith et al. 2023).

• Other recent catalogs include the 4LAC-DR3 (Ajello et al. 2022), 1FLT
(Baldini et al. 2021); FLSF (Ajello et al. 2021), FERMILGRB (Ajello et al. 
2019), FGES (Ackermann et al. 2017).

Several catalogs currently under production:
• 5FGL based in a new Galactic diffuse emission model.
• 2FGES catalog of extended sources. 
• 2FLE catalog of low-energy sources.
• PWN catalog.
• 4FHL catalog of ‘hard’ sources.

15
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The 4FGL-DR4 point-source catalog

57% of new sources 
in the DR4 are unIDs!

J. Ballet

[Ballet et al. (2023), arXiv: 2307.12546; LAT Collab. ApJS 260, 53 (2022)

7195 entries (DR3 had 6658).
All of the data available at the FSSC: https://fermi.gsfc.nasa.gov/ssc/data/access/lat/14yr_catalog/
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GRB221009A – “The B.O.A.T.”
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[arXiv:2409.04580]
(Bissaldi, Bruel, Di Lalla, Omodei, Pillera; for the LAT Collaboration and the GBM Team) 

Comprehensive study on the bright GRB 221009A just 
submitted (Axelsson et al. 2024).

• Unusable data for standard analysis pipelines recovered and 
critical for obtained results.

• Flux estimation during the affected LAT time interval.
• Detailed analysis of the light curve, with comparison to TeV

emission (LHAASO). 
• Temporal evolution of spectrum from GBM to LHAASO, 

including assessment of the ~10 MeV line.

Additional ’category 2’ paper (Tak et al. 2024) submitted that 
performs a MW analysis (optical, X-rays, ’s).
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• No gamma-ray signal found in the direction of ~50 dwarfs

→ Upper limits to the gamma-ray flux →Upper limits to dark matter (DM) annihilation

• Most significant excess is < 1 (global) (but see Crocker+22)

• Combined DM limits the most robust and competitive ones so far.

→ Dwarfs as a test of the GeV GC excess.

[McDaniel+24]

‘Legacy’ dark matter dwarf analysis
[ McDaniel et al. (2024) – arXiv:2311.04982; PRD 109, 063024 ]
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• Remnants of globular clusters or dwarf galaxies heavily stripped by tidal forces in the host.

• Those whose progenitors were dwarfs may still contain a significant amount of DM today.

• We search for DM annihilation  in LAT data from a selected sample of O(10) streams.

• In the absence of a signal, we set competitive DM constraints for different assumptions of 
the DM subhalo remnant hosting the stream.

LAT DM search in stellar streams
[ Fernández-Suárez & MASC (2024), for the LAT Collab., in prep.] 

PRELIMINARY PRELIMINARY

Alex Drlica-Wagner   |   Fermilab

Motivation for Dark Matter 

4

NOAO, AURA, NSF, T.A. Rector

Galaxy Rotation Curves

Bullet Cluster (Markevitch & Clowe, 2006)

Colliding Clusters

WMAP Science Team

Cosmological Probes

Searching for Galactic 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 

Fermi LAT Collaboration



Other ongoing and future efforts
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• Intense and continuous work to develop a new Galactic diffuse emission model.

- Tightly connected and necessary for the generation of the 5FGL. 

- Different approaches under consideration (template fitting, IFT…).

• Study of unID sources (>2500 in the 4FGL-DR4). 

- Comprehensive multi-wavelength analysis of many unIDs.

- Study of potential mismodeling due to diffuse emission.

- Application of machine learning tools.

• Multi-wavelength and multi-messenger studies.

• - 3PC and unID follow ups.

• - GW EM counterpart localization, LAT follow up analyses publicly available.

• Public data release of Flare Advocate analyses soon available.

- Will be posted at the FSSC data webpage on a continuous basis.
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fermipy
an analysis tool for the community

• fermipy is a python package that facilitates analysis of LAT data with the Fermi Science Tools.

• Recently, we established the project organization and defined the key roles and responsibilities:

– Key personnel within the LAT collaboration took ownership of the fermipy project, still 
fostering participation from the community.

– Maintenance; issue tracking and community support (via github); development

• Recent development/updates include:

– Added the psmap (code implementation described in Bruel 2021). 

– Updated the documentation to use the latest version of catalogs/data products.

– Added and updated a series of tutorials (via jupyter notebooks), that are available in the 
documentation page (https://fermipy.readthedocs.io/en/latest/index.html).

– Boost in activity and people involved, following a workshop in Madrid past March 2024.

• New version of Fermipy (v1.3.1) just released! 

– Available in pip, soon will be available in conda too.

21
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Fermi-LAT: a story of discoveries!
https://fermi.gsfc.nasa.gov/ssc/library/news/

Thousands of new sources in the sky, better understanding of most energetic phenomena, 
Universe composition, Galactic diffuse emission… and many more in NASA news!
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Fermi 15-year e-book
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                                             10

Fermi 15-year E-Book released in April

Link

                                             10

Fermi 15-year E-Book released in April

Link

Released in April! Download it here. 
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• Fermi LAT a very vibrant, healthy collaboration and community!

– Main data products publicly available.

• Fermi LAT the leading instrument in the GeV energy domain.

– Mission just turned 16 years and is formally approved through 2025.

– Performance is excellent.

• Lots more science!

– Fermi LAT key for transients and GW follow ups.

– Production of catalogs remains a priority. Nearly 7200 sources in the latest 4FGL-DR4.

– Investigation of unIDs by different methods.

– Leading gamma-ray dark matter constraints from dwarfs. Novel limits from streams.

• Fermi LAT will likely run for many more years!

– Plan to operate Fermi while the observatory remains functional and the science 
productivity continues high!
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Outlook
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Thanks!

Miguel A. Sánchez-Conde
miguel.sanchezconde@uam.es

https://projects.ift.uam-csic.es/damasco/
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‘GeV excess’ in the Galactic center

• Several groups reported an excess of GeV photons from the GC region 
(e.g., Goodenough & Hooper 09, 11; Daylan+14, Abazajian+14,  Calore+14; Gordon & Macías 14, Ajello+16)

• General agreement on the excess peaking at a few GeV above the standard

diffuse emission models.

• Interpretation difficult due to complicated foreground/background modeling. 

• DM annihilation (still) a plausible and exciting possibility

– Spatially consistent with gNFW

– Approx. half the thermal cross section

– Around 50 GeV DM particle mass (bb)

26

10

FIG. 9: The raw gamma-ray maps (left ) and the residual maps after subt ract ing the best -fit Galact ic diffuse model, 20 cm
template, point sources, and isot ropic template (right ), in units of photons/ cm2 / s/ sr. The right frames clearly contain a
significant cent ral and spat ially extended excess, peaking at ∼1-3 GeV. Results are shown in galact ic coordinates, and all maps

have been smoothed by a 0.25◦ Gaussian.

of the Galact ic Plane, while values greater than one are
preferent ially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientat ions
is taken to be γ = 1.3 (left ) and 1.2 (right ). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric dist ri-
but ion, and disfavors any axis rat io which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galact ic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
t ic Plane, but along any arbit rary orientat ion. Again,
we find that that the quality of the fit worsens if the the
template is significant ly elongated either along or per-
pendicular to the direct ion of the Galact ic Plane. A mild
stat ist ical preference is found, however, for a morphology
with an axis rat io of ∼1.3-1.4 elongated along an axis ro-
tated ∼35◦ counterclockwise from the Galact ic Plane in
galact ic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While thismay bea stat is-

[Daylan+14]

Total flux Residuals (x3)

[Calore+14]



GC excess circa 2024

• Excess persists. Different explanations possible: pulsars, CR outbursts, DM.

• Pulsar interpretation is strenghtening:

• Photon counts suggest a point source origin (Bartels+15, Lee+15; 
Buschmann+20; Malyshev+24; but see also Leane&Slatyer 20).

• GCE seems to trace stellar densities (Bartels+18; Macias+18)

• Similar excesses at other longitudes along the Galactic Plane  (Ackermann+17)

 → not expected from DM; diffuse emission residuals can mimic a DM signal.

[di Mauro+21] 

[diMauro+, ApJ 2021]
87

GCE Energy spectrum and spatial morphology

6

• There is no clear evidence of an energy 

variation of the spatial morphology. 

• The value of γ is roughly 1.2-1.3.

Paper II

Dark matter density distribution

8

MIN

MED

MAX

Salas et al. 
2019

Paper III

Geometrical factor integrate in our ROI

Systematic uncertainty estimates [ Ackermann+, ApJ 2017] 
• GALPROP model parameters variations 

• Alternative gas maps (softer GCE spectrum < 1GeV) 

• Include additional sources of CR electrons near the GC (Gaggero+2015, Carlson+2015 ; GCE 

reduced) 

• data driven template of the Fermi Bubbles 



Interpretation (II): Unresolved sources?

▪ O(1000) Millisecond pulsars (MSPs) within ~1kpc of the GC [Abazajian+14]

▪ Young MSPs [O’Leary+15]

▪ MSPs from globular clusters’ disruption [Brandt+15]

▪ Non-poissonian photon statistics template analysis [Lee+15]

▪ Wavelet decomposition of the gamma-ray sky [Bartels+15]

28
[ Brandt+15 ]

Unresolved Source Populations in the Galactic Center 

• Unresolved population of MSPs has long been proposed as an 
interpretation for the GCE (see e.g. Abazajian+ 2011, Abazajian 
& Kaplinghat 2012) 

• Recent papers utilizing wavelets (Bartels et al. 2015) and non-
poisson template fitting (Lee et al. 2015) have indicated that the 
excess can be fully accounted for by unresolved sources 

Fermi Open Day 9/4/15 8 

2

2008 and Sep 2013. We select both front and back con-

verted eventsin theenergy range1–4GeV, which covers

thepeak of theGCEspectrum. Theinner Galaxy Region

Of Interest (ROI) spans Galactic longitudes | | ≤ 12◦

and latitudes2◦ ≤ |b| ≤ 12◦ . Eight control regionsof the

samesizearecentered on = ±k·20◦ , with k = 1,2,3,4.

Thedata isbinned in Cartesian coordinateswith apixel

size of 0.1◦ . We make use of the Fermi Science Tools

v9r32p5.

Wavelet peaks. Our analysis is based on thewavelet

transform of the γ-ray emission from the inner Galaxy.

Thewavelet transformisdefinedastheconvolutionof the

photon count map C(Ω) with thewavelet kernel W(Ω ),

FW [C](Ω) ≡ dΩW(Ω − Ω )C(Ω ) , (1)

where Ω indicates the Galactic coordinates. Further-

more, we define the signal-to-noise ratio (SNR) of the

wavelet transform by

S(Ω) =
FW [C](Ω)

FW2 [C](Ω)
, (2)

where in the denominator the wavelet kernel is squared

beforeperforming theconvolution. If theγ-ray flux var-

ied only on scales much larger than the extent of the

wavelet transform, S(Ω) would behave like a smoothed

Gaussian randomfield.

For W(Ω ), we use the second member of the Mex-

ican Hat Wavelet Family, MHWF2, which was shown

to provide very good source discrimination power [32],

and already used for identification of compact sourcesin

Planck data [33]. Theanalytical form of thewavelet can

be derived by a successive application of the Laplacian

operator to the two-dimensional Gaussian distribution.

The width of the Gaussian is σb · R, where σb = 0.4◦

correspondsto theFermi-LAT angular resolution at 1–4

GeV, and R is a tuning parameter. We found best re-

sultswhen R varieslinearly with latitudefrom R = 0.55

at b= 0◦ to R = 0.91 at b= ±12◦ . This compensates

to somedegreethe increasing variability of backgrounds

towards the Galactic disk, while still providing a good

sourcesensitivity at higher latitudes [33].

The resulting SNR of the wavelet transform, S(Ω),

fromtheinner Galaxy ROI isshown in Fig. 1(theunder-

lyingcount mapactually coversanareaup to ,b= ±15◦

in order to avoid boundary effects). Remarkably, the

Galacticdiffuseemission isalmost completely filteredout

by thewavelet transform, whereasbright sourceslead to

clear peaks. Weadopt asimplealgorithmfor peak iden-

tification: Firstly, wefind all pixels in S(Ω) with values

larger than thevaluesin thefour directly adjacent pixels.

Secondly, weclean theseresultsfromnumerical artefacts

by forming clusters of peaks that have cophenetic dis-

tancesbelow 0.3◦ , and only keeping themost significant

peak in each cluster.
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FIG. 1. SNR of the wavelet transform of 1–4 GeV γ-rays,

S(Ω), with values as indicated in the color bar. Black (red)
circlesshowtheposition of wavelet peaks(3FGL sources) with

statistical significance S ≥ 2 (
√

TS ≥ 2); the covered area

scales with the significance. The dashed black lines indicate
theregions that weuse in thestatistical analysis. The inner

|b| < 2◦ are excluded because the strong emssion from the

Galactic disk leads to spurioussources.

In Fig. 1, we show the identified wavelet peaks with

S > 2, as well as the 3FGL sources that are detected

in the energy band 1–3 GeV with a significance above√
TS ≥ 2 [1]. At high latitudes, we find a good cor-

respondence between wavelet peaks and 3FGL sources,

both inpositionandsignificanceasshowninFig. 1. Close

to theGalacticdisk, however, someof the3FGL sources

aremissing in thewavelet transform, which iscaused by

thestrongand variableGalactic diffuseemission in that

region. Wefind, averaged over all dimsources, a ratioof

S/
√

TS 0.6.

For theadopted CSP distribution, onecan show that

most of the bright sources would be detected at least a

fewdegreesawayfromtheGC. Thisisduetobothprojec-

tion effects and lower diffuseγ-ray backgroundsat high

latitudes. Our focus on latitudes |b| ≥ 2◦ avoids thus

regionswherewavelet-basedsourcedetection isproblem-

atic, without significant sensitivity loss.

3FGL sources. Before studying the statistics of the

SNR peaks, weremovealmost all peaksthat correspond

to known 3FGL sources based on a 0.3◦ proximity cut.

We only keep peaks that correspond to 3FGL sources

that are potentially part of the CSP. We identify such

MSP candidate sources by requiring that they (i) are

tagged as unassociated, (ii) show no indication for vari-

ability and (iii) haveaspectrum compatiblewith MSPs.

The last criterion is tested by performing a χ2-fit of the

aboveMSP referencespectrum to thespectrum given in

the3FGL (0.1–100GeV; fiveenergy bins). Only thenor-

Bartels et al. 2015, arXiv:1506.05104 
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FIG. 2: Best-fit source-count function for point sourceswithin
10◦ of theGalactic Center with |b| ≥ 2◦ , from NPTFsof data
with 3FGL sources unmasked (dashed, green) and masked
(solid, orange). Colored bands indicate 68% confidence in-
tervals. The black points show the source-count function of
thedetected Galactic and unassociated 3FGL sources in this
region, with error bars as in Fig. 1. Thenumber of observed
3FGL sources in each bin is indicated.

range is associated with both resolved and unresolved
PS emission; from the 3FGL-masked NPTF and using
the intensities of the 3FGL PSs, we find that 47+ 2

− 2% of
theEGB isdueto PSemission. Theseestimatesappear
to be consistent with those in [13, 19], though a direct
comparison ismadedifficult by thefact that theseanal-
ysescover a different energy rangeand only usethefirst
∼11 monthsof Fermi data. Our estimates for I iso agree
with themost recently published resultsfromFermi [20].

Next, we use the NPTF procedure to determine the
fraction of flux from unresolved PSs in theIG. TheROI
consistsof all pixelswithin 30◦ of theGC with |b| ≥ 2◦ ,
masking out theplane. As above, weperform two anal-
yses, one on the full ROI and another with all 3FGL
PSs masked. For both cases, thesource-count functions
and flux fractions arequoted with respect to the region
within 10◦ of theGC and |b| ≥ 2◦ , with no PSsmasked.
Thesource-count function of theGalactic and unassoci-
ated 3FGL PSs in the IG is given by the black points
in Fig. 2, with thenumber of PSs in each bin indicated.
Themajority (∼90%) of thesePSsareunassociated.

These analyses include templates for the diffuse
background, the Fermi bubbles, isotropic background,
NFW-distributed DM, and NFW-distributed PSs. The
isotropic-PSpopulation contributesnegligibly, but isac-
counted for by using the best-fit source-count function
from the high-latitude fit. Prior ranges for the diffuse-
background, Fermi -bubbles, and isotropic-background
template normalizations are restricted to within 20% of
the best-fit values found in the high-latitude analysis;
loosening thiscriterion doesnot alter theresults.

Consider, first, thecasewherethe3FGL sourcesin the
IG are unmasked. The best-fit source-count function is

given by thedashed black linein Fig. 2 (68%confidence
interval in green), with parametersn1 = 2.50+ 0.34

− 0.19, n2 =

−0.47+ 0.76
− 0.93, and Fb = 1.48+ 0.41

− 0.43 × 10− 10 photons/ cm2/ s.
While the bright, resolved sources likely arise from a
thick-disk population, the NFW PS template still ab-
sorbs them in this case. When the 3FGL sources are
masked, the NPTF procedure yields a best-fit source-
count function with parameters n1 = 29.5+ 14.3

− 15.4, n2 =

−0.57+ 1.11
− 0.85, and Fb = 2.16+ 0.64

− 0.43 × 10− 10 photons/ cm2/ s
(solid black in Fig. 2, with 68%confidenceinterval in or-
ange). Belowthebreak, thesource-count function agrees
well with that found by theunmasked fit.

Our source-count functions differ at low flux from
thosepreviously considered in theliterature, which were
motivated by population models and/ or data for disk
MSPs [21–24]. In particular, our source-count functions
seem to consistently prefer an increasing dN/ dlogF be-
low thebreak, implyingmost sourcesliecloseto thecut-
off luminosity, while previously-considered source-count
functions tend to be flatter or falling in dN/ dlogF. If
confirmed, this may suggest novel featuresof thesource
population; however, our resultsarecurrently alsoconsis-
tent withaflat or fallingdN/ dlogF withinuncertainties.

Themost pressing question to address is whether the
excess flux in the IG is better absorbed by the NFW
PS or NFW DM template. Fig. 3 shows the respec-
tive flux fractions, computed relative to the total pho-
ton count in the inner 10◦ region with |b| ≥ 2◦ , with
the 3FGL sources unmasked in the fit (left panel) and
masked (right panel). Even with 3FGL sourcesmasked,
theNFW PS+DM model ispreferred over theDM-only
model by a Bayes factor ∼107. The best-fit DM flux
fraction is consistent with zero in both cases. In con-
trast, the best-fit flux-fraction for the NFW PS model
is 12.4+ 1.1

− 1.1% (5.23+ 1.07
− 0.95%) when 3FGL sources are un-

masked (masked). TheinsetsshowtheDM flux fractions
from fits that do not include an NFW PStemplate. In
the3FGL-unmasked case(left), themean DM flux frac-
tion is higher than in the masked case (right). This is
likely acombination of both theDM templateabsorbing
flux from the 3FGL sources and the PSmask removing
a large region near theGC; it is known that theoverall
normalization of theexcessdecreasesasthemask around
theGCincreases[5]. Our resultsfor theDM flux fraction
areconsistent with other estimates [5, 6].

Weestimatethat theGalacticand unassociated 3FGL
sources contribute 4.3 ± 0.1% (statistical uncertainties
only) of the flux in the IG region, while the identified
extragalactic sourcescontribute0.7± 0.05%. Thebright
pulsar J1809-2332 may leak photons into the ROI, in-
creasing the detected PS flux by up to ∼2.5%. Adding
the flux fraction from these identified 3FGL sources to
the best-fit flux fraction for the unresolved PSs gives a
total slightly lower than the best fit obtained when the
3FGL sourcesareunmasked in theNPTF.

The best-fit source-count function predicts a new
spherical population of PSs directly below the PS-
detection threshold in the IG. We estimate that half of

Lee et al. 2015, arXiv:1506.05124 

[ Bartels+15 ]



Interpretation (III): Cosmic-ray outbursts?

29

1) HADRONIC

E.g., protons from supernova 

remnants 

[Carlson&Profumo 14]

2) LEPTONIC

E.g., multiple burst events 

injecting electrons

[Petrovic+14, Cholis+15]
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Figur e 3. As in figure 2, but for the case of a model with two cosmic-ray outbursts (Model C, see

Tab. 2). The dashed (dot ted) line denotes the contribut ion from the younger (older) outburst , and

the solid line represents the sum of their cont ribut ions. This model provides the best fit of all those

we have considered in this study, yielding a p-value of 0.14.

In figure 4, we show the contribut ions in Model C from ICS (blue) and Bremsst rahlung

(red), from the 0.1 Myr old (dashed) and the 1 Myr old (dot ted) outbursts. The Bremsst rah-

lung emission (which has been mult iplied by a factor of 100 in order to be dist inguishable

from zero) is always subdominant to the ICS emission in this model (except in the region

near the Galact ic Plane, as discussed in Sec. 4.3).

– 13 –

[ Cholis+15 ]

CR-induced emission may vary with time due to outburst events (black hole, starbursts)
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Things are getting more interesting…

[Ackermann+, ApJ (2017)]

Fermi-LAT collaboration meeting @ CERN - March 2017 Pierrick MARTIN 10 

The gamma-ray emission from M31 

• Main facts 

• Emission confined to inner regions (R<5kpc) 

• Not correlated with interstellar gas and star formation sites 

• Galactic disk not detected 

Credit: NASA/Goddard 

12 TheFermi-LAT collaboration

Fig. 3.— Spectrum of M31. The blue solid line is the best-fit PL model from an analysis over the full energy range, and the light-blue
shaded area indicates the 68% confidence level uncertainty domain. Red spectral points were obtained by performing independent fits in
individual energy bins. Red arrows represent the 95% confidence level flux ULs. Red and black vertical error bars are statistical and total
uncertainties, respectively, with the latter being the quadratic sum of statistical and systematic uncertainties on the effective area.

Fig. 4.— 0.1−100 GeV light curve and TS evolution for M31 (left) and the source in the direction of M33 (right), with 90-day binning.
Flux ULs at the 95% confidence level are shown as red arrows in bins where the source has TS < 1.

The extended gamma-ray emission observed recently from M31

Things are getting more interesting…

[Ackermann+, ApJ (2017)]
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The gamma-ray emission from M31 

• Main facts 

• Emission confined to inner regions (R<5kpc) 

• Not correlated with interstellar gas and star formation sites 

• Galactic disk not detected 

Credit: NASA/Goddard 

12 TheFermi -LAT collaboration

Fig. 3.— Spectrum of M31. The blue solid line is the best-fit PL model from an analysis over the full energy range, and the light-blue
shaded area indicates the 68% confidence level uncertainty domain. Red spectral points were obtained by performing independent fits in
individual energy bins. Red arrows represent the 95% confidence level flux ULs. Red and black vertical error bars are statistical and total
uncertainties, respectively, with the latter being the quadratic sum of statistical and systematic uncertainties on the effective area.

Fig. 4.— 0.1−100 GeV light curve and TS evolution for M31 (left) and the source in the direction of M33 (right), with 90-day binning.
Flux ULs at the 95% confidence level are shown as red arrows in bins where the source has TS < 1.

The extended gamma-ray emission observed recently from M31

Ackermann+17

A gamma-ray excess in M31 too?

• The LAT has detected Andromeda at 10 significance. 

• 4 significance of extended (0.4°) emission. 

• Confined to the inner (<5kpc) regions of the galaxy.

• Not correlated with interstellar gas and star formation regions.

• Galactic disk not detected.

• ORIGIN OF THIS EMISSION IS UNCLEAR

 → MSPs could explain it, but they under predict the signal (factor ~2; Eckner+17)
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A Sample of Published Results from Indirect DM 
Searches with LAT Data 

45 

Representative Results for Different Search Targets for the b-quark Channel 

[Charles+, submitted to Physics Reports]

Preliminary

31

Charles, MASC, et al., 
[1605.02016]

Fermi-LAT : a lot of DM targets explored so far
[many DM limits and some signal hints]



a spectral break in the all-elect ron spect rum at around 900 GeV (Ambrosi et al., 2017), as so did

the CALET experiment measuring the spect rum to 4.8 TeV on the Internat ional Space Stat ion

(Adriani et al., 2018).

Unfortunately, the IACT detect ion technique does not direct ly allow to discriminate elect rons

from posit rons, to invest igate theexcess of posit rons at TeV energies. However, the Earth’ magnet ic

field is separat ing elect rons from posit rons, and this separat ion could be observable where the

isot ropic flux is shadowed by the Earth (as exploited by the Fermi -LAT measurement ; Ackermann

et al., 2012b) or the Moon. In fact , the feasibility of disentangling elect rons and posit rons by

observing a cosmic-ray Moon shadow with IACTs has already been invest igated and some data

been collected with the MAGIC and VERITAS telescopes despite the big observat ional challenges

(Bird, 2016, Colin et al., 2011).

Conclusions and out look

The length of Tab. 8.1 substant iates the huge e↵ort in the pursuit of DM made by IACTs over the

past decade. Not only target classes have been diversified, but also novel analyses and algorithms

have been developed specifically for such searches. In Fig. 8.8 we report some of the most important

limits produced by IACTs so far. It is important to comprehensively discuss this e↵ort .
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Figure 8.8: Select ion of some of the most representat ive WIMP limits by IACTs for the b̄b anni-

hilat ion channel (left ) and the b̄b decay channel (right ).

On the left panel of Fig. 8.8 we report some of the most relevant limits obtained on annihilat ing

DM for the b̄b channel. We show the H.E.S.S. observat ion of the GC halo adopt ing an NFW profile

as a solid line (Abdallah et al., 2016), the MAGIC stereo observat ions of the Segue 1 dSph in

dot ted (Aleksić et al., 2014), the Fermi -LAT combined limits from the observat ion of 15 dSphs

with 6 years of data together with MAGIC Segue I with a dot -dashed line line (Ahnen et al.,

2016b), and the 14.5 h limits obtained with H.E.S.S. observat ion of the Fornax galaxy cluster in

27

-ray DM annihilation searches: today

32

Different targets observed, different DM scenarios explored.

→ No DM-induced gamma-ray signal (unequivocally) detected.

→ Fermi LAT ruling out thermal WIMPs below ~100 GeV.

→ GC excess persists (M31 too?). Dwarfs the best independent way to test it.

→ IACTs and HAWC competitive in the TeV energy range.

Doro, MASC, Hütten (2021)
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-ray DM decay searches: today

[Aartsen+18]

with

Doro, MASC, Hütten (2021)



(-ray) DM searches: tomorrow

34

→ Fermi + CTA will (fully?) test the WIMP miracle (~2030?).

→ Origin of the GC excess possibly settled (more dwarfs, radio and MeV measurements) 

→ Critical to keep the diversity of astrophysical targets, experiments, messengers, 

DM particle candidates.

Doro, MASC, Hütten (2021)

Predictions
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Dwarf Galaxies’ J-Factors

“J-factor” of MW dwarf satellite galaxies inferred from: 
 - l.o.s. velocity dispersion profiles
 -  DM density profile (e.g. NFW)

Parametrization based 
on current knowledge 
of J-factors

with J0 = 18.1  GeV2cm-5

   
   [Albert+17]



Search for potential DM subhalo candidates by identifying those unIDs
compatible with DM subhalo annihilation.

→Apply a series of ‘filters’ based on expected DM signal properties.

Possible results:

1. A few VIP candidates → dedicated data analyses, follow-up campaigns…

2. A few more subhalo candidates (yet uncertain) → set DM constraints

3. No unIDs compatible with DM → best achievable constraints 

36

Around 1/3 of sources in gamma-ray catalogs are unidentified (unIDs) 
(e.g., >2000 unIDs in the ‘4FGL-DR4’ Fermi-LAT catalog) 

Exciting possibility: some of them may be subhalos annihilating to gammas!

Dark satellite search with gammas: 
general methodology



DM constraints 
from gamma-ray unID sources?

37

VS.

predictions observed -ray sky

dark subhalo J-factors, number 
density, spatial extension…

instrument sensitivity to DM annihilation,
pool of unID sources

Number of predicted detectable subhalos VS. number of unIDs compatible with DM

DM CONSTRAINTS

[The less DM candidates among unIDs the better the constraints]
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[Coronado-Blázquez, MASC+19 – 1906.11896]

• List of O(10) VIP candidates among unIDs in the 2FGL, 2FHL, 3FGL Fermi LAT catalogs.

• Dedicated spectral analysis of best DM subhalo candidates → improved constraints

• DM limits competitive with other targets, reach thermal cross section.

• 4FGL-DR4 search ongoing (Valenciano-Ruano & MASC, in prep.)

Dark satellite search in Fermi-LAT catalogs (I)
We can place 95% c.l. upper limits in the −

parameter space by comparing the remaining unIDs to

the predictions of the N-body simulations, which are
related by

In Fig. 6 the constraints are showed for the

annihilation channel.

Spatial extension can be a ‘smoking gun’ for indirect
DM detection [8]. In our work [9], for the first time we

assess quantitatively the predictions for the angular

sizes of subhalos for the first time. The conclusion is

clear: the brightest members of the subhalo

population should appear with large angular
extensions, (10º) in the sky (see Fig. 5).

However, when performing a spatial analysis over

our best DM candidates, no sign of angular extension

is found. We do not reject any subhalo candidate for
this reason though, as further work is needed to

properly translate the simulation predictions to a fully

understood statistical rejection criterion.

Spectral analysis

For the 44 remaining candidates, a dedicated spectral 
analysis is performed with fermipy, using almost 10 years of 

LAT data. Then, the DM hypothesis is compared to 
traditional astrophysical models, such as a power law or a 

logparabola, via a likelihood ratio test weighted with the 

Akaike information criterion to take into account the 
dif erent degrees of freedom. Only 7 sources are found to 

be marginally compatible with DM. 

In the right plot we show the spectral energy distribution 

(SED) of the best candidate, which shows a preference for 
DM of ~3 when annihilating via the ̅ channel (with the 

best fit overimposed in dashed line and gray band).

For the 44 remaining DM subhalo candidates, a dedicated
spectral analysis is performed with fermipy [7], using almost

10 years of LAT data. Then, the DM hypothesis is compared
to traditional astrophysical source models, such as a power

law or a logparabola, via a likelihood ratio test (weighted

with the Akaike information criterion, to take into account
the dif erent degrees of freedom of each model). Only 7

sources are found to be marginally compatible with DM (far
from being statistically significant though) [9].

In Fig. 4 we show the spectral energy distribution of the
best candidate, which shows a preference for DM

when annihilating via the channel (the best fit is
overimposed in dashed line and gray band).

We also characterize the sensitivity of Fermi-LAT to a DM

subhalo, depending on the annihilation channel, WIMP

mass, sky position and catalog setup. This is performed
with fermipy [7], a python-based public tools to analyze LAT

data. A putative DM subhalo is placed in every position in

the sky fixing the abovementioned characteristics, and the

flux is varied until it reaches 5 detection over the

background.

all-sky map of the required photon

flux to detect a subhalo composed of 10 GeV WIMPs

annihilating to in the 3FGL catalog setup. Larger

fluxes (worse sensitivity) across the Galactic plane are due
to the dif use emission. results for the same

catalog and annihilation channel, but expressing the

sensitivity as a function of the absolute Galactic latitude, for

dif erent WIMP masses.

DM subhalos may yield annihilation fluxes comparable or even

larger than traditional targets, such as the dwarf spheroidal

galaxies (dSphs). The subhalo mass function, i.e., the number of
subhalos per mass unit, is well described by a power law, so as

we go to lower masses there is an exponentially increasing

number of subhalos. Current N-body simulations makes it

impossible to resolve the smallest substructures in the Galaxy

due to limited computational power. We overcome this limitation
by repopulating the VL-II DM-only simulation [1] with small

subhalos below the resolution limit [2].

We are able to include subhalos as light as 1000 solar masses ,

i.e. several orders of magnitude below the formal resolution of
the parent simulation. As showed in Fig. 1, even the smallest

subhalos can be the among the brightest objects if they are in

the Earth vicinity, (1kpc).

Unidentified gamma-ray sources as targets for 

indirect dark matter detection with Fermi-LAT
Javier Coronado-Blázquez (Instituto de Física Teórica IFT UAM-CSIC), Miguel A. Sánchez-

Conde (Instituto de Física Teórica IFT UAM-CSIC), Alberto Domínguez (UCM), Alejandra 
Aguirre-Santaella (Instituto de Física Teórica IFT UAM-CSIC), Mattia Di Mauro (Goddard Space

Center), Ioana Ciucă (Mullard Space Lab), Daisuke Kawata (Mullard Space Lab), Néstor Mirabal 

(Goddard Space Center), Daniel Nieto (UCM), Eric Charles (Stanford U.)

 Instituto de
 Física

Teórica
UAM-CSIC

−

Subhalos below do not host any baryonic content [3],

and therefore remain completely dark except in gamma-rays,

product of the co-annihilation of WIMPs. ca. 1/3 of the sources

detected by the LAT are unidentified, i.e., with no clear
association to any known source, yet most of them will be

incompatible with a DM origin. In Fig. 2 we summarize the

dif erent filters and their impact in the number of DM candidates.

With these ‘filters’, and using the 3FGL [4], 2FHL [5] and 3FHL [6]

LAT catalogs, we are able to reduce the candidate pool from

1235 to 44 unIDs. This filtering is motivated due to the method to

set constraints: every candidate is taken as DM subhalo, and

when compared to the predictions of the N-body simulation, the
less candidates left, the stronger the constraints (if Fermi sees N

DM subhalos, they will be the N brightest predicted). If no

subhalo is present, the constraints would be a factor 6-60

stronger than without filtering, depending on the catalog [2].
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Figure 3: LAT sensitivity to DM subhalos

Figure 4: Spectral energy distribution 

for the best DM subhalo candidate

Figure 2: filtering of the Fermi-LAT unIDs
according to DM candidates. Blue, red and 

green correspond to numbers in the 3FGL, 

2FHL and 3FHL catalogs, respectively. 

Fig. 1

Fig. 3

Figure 6: DM constraints for annihilation channel 

Figure 5: Angular sizes of DM subhalos

Figure 1: J-factors of DM subhalos in the repopulated simulation

[Coronado-Blázquez, MASC+19b – 1910.14429]

Initial filtering

Dedicated spectral analysis 

Also: Tasitsiomi&Olinto 02; Pieri+05; Kuhlen+07; Springel+08; Anderson+10; Brun+11; Belikov+12; Ackermann+12; 
Zechlin+12;+13; Berlin&Hooper 13; Mirabal+16; Hooper+16; Bertoni+16; Schoonenberg+16; Calore+17; Abeysekara+19

16

4
24

[ Coronado-Blázquez, MASC, et al. (2019 a,b) – arXiv:1906.11896; 1910.14429] 
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• Study of the spatial properties of the expected DM emission and of the implications 
for Fermi-LAT detectability and DM constraints. 

– Realistic LAT simulations of ‘typical’, extended subhalos.

– Careful spatial analysis of previously VIP candidates.

• Typical emission O(0.2 - 0.3 degrees) for the LAT and for the brightest subhalos.

• DM constraints more robust/realistic but weaker than previous ones by a factor 2-3.

[ Coronado-Blázquez, MASC, et al. (2023) – arXiv:2204.00267 ] 

Dark satellite search in Fermi-LAT catalogs (II)
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Fermi Science at 16 years

The	era	of	Pme-domain	astrophysics!
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• Leer algo más acerca de casos concretos de ciencia que discuto

– Assessment on the 10 MeV line for the BOAT

– Niccoló’s presentation

– Crocker+22

– IFT based approaches
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