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Dark Matter Landscape: A Theorist’s View 
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Dark Matter Landscape: An Observer’s View 

M33 Rotation Curve

X-ray: NASA/CXC/Ecole Polytechnique Federale de Lausanne, Switzerland/D.Harvey & NASA/CXC/Durham 
Univ/R.Massey; Optical & Lensing Map: NASA, ESA, D. Harvey (Ecole Polytechnique Federale de Lausanne, Switzerland) 
and R. Massey (Durham University, UK)

Galaxy Clusters

CMB

Overwhelming indirect evidence for the existence of dark matter
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Dark Matter Landscape: An Observer’s View 

[EuCAPT WhitePaper, 2021]
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Observing ALPs with Gamma Rays

In the presence of an external 
magnetic field, B, axion-like particles 
(ALPs)  undergo a conversion into 
photons:

where 𝑔!" is ALP-photon coupling 
rate, and 𝑎	is the ALP field strength. 

ℒ!" ⊃ 𝑔!" E ⋅ B	𝑎
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Observing ALPs with Gamma Rays

(production: Primakoff process) (detection: inverse Primakoff process)

Primakoff process: converting ALPs into photons

environmental conditions 
(e.g., temperature, density, etc.)

à gamma rays!
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ALP-photon conversion probability map in the Milky Way’s magnetic field.

! !
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CCSN --- Long Gamma-ray Burst relationship
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! !
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ALP-photon conversion probability map in the Milky Way’s magnetic field.

Assumptions: magnetic fields: only 
considering the MW magnetic field, 
neglecting IGMF 
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The observed ALP-induced gamma-ray spectrum for 10 and 18-M⊙ progenitors 

averaged over 10 seconds.

The observed evolution of the ALP-induced gamma-ray emission in time and energy 

in a core-collapse of a 10 and 18-M⊙ progenitor.

 

Motivation: ALPs are theorized to have a unique spectral 
signature in the prompt gamma-ray emission of CCSN. No 
other known physical processes are predicted to produce 
such a signature. 
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The Fermi - LAT

individual 𝛾 rays convert into e+e- pairs
à tracks (localization) & deposited energy

…it also detects electrons.

e+e- pair-conversion telescope 
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The Fermi - LAT

individual 𝛾 rays convert into e+e- pairs
à tracks (localization) & deposited energy

…it also detects electrons.

e+e- pair-conversion telescope 

Energy range* 20 MeV to > 300 GeV

Field of View** 2.4 sr (~1/5 of the whole sky)

Single photon angular resolution*** < 1 deg at 1 GeV

Timing accuracy 1 microsecond

*ideally suited for WIMP searches
**whole sky every ~3 hours
***point-source localization <0.5 arcmin
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LAT Low Energy Technique (LLE)

GBM Gamma-ray Burst Monitor
12 (NaI) + 2 (BGO) detectors
FoV: entire unocculted sky
8 keV to 40 MeV
2300+ bursts (~1 every day or two)

 
LAT Large Area Telescope
Pair-production telescope
FoV: 2.4 sr (~20% of sky)
~20 MeV to >300 GeV

ALP spectrum

o Standard LAT analysis: >100 MeV vs. LLE analysis: > 20 MeV
o LLE: maximizing the effective area of the LAT instrument in the low-energy regime
o More signal, but also more background
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‣ Goal 1. Determining the sensitivity of LAT to detecting an ALP signal including
energies below 100 MeV 

Result 1. For representative ALP parameters (mass & coupling), LAT sensitivity to ALP 
signals from CCSNe are reached up to a distances of 10 Mpc. 

‣ Goal 2. Determining whether an addition of an ALP model component improves the fit 
for a sample of unassociated, long, LLE-detected GRBs 

Result 2. Including an additional ALP component does not result in a statistically 
significant model improvement for our GRB sample.

arXiv:2109.05790

LAT Low Energy Technique (LLE)
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Sensitivity testing: analysis and results

Find the coupling-distance parameter space 
for that normalization.

Fit the ALP and the “background-only” 
model. Apply Wilks’ Theorem and LLR test 
to fins for which normalization ALP model is 

preferred. 

Produce 2000 realizations of the 
backround+ALP spectrum and their 

corresponding (GRB) response functions 
(XSPEC fakeit function.) 

Produce ALP signal normalized by a value 
from the normalization grid for 10-and 18-

solar-mass progenitors. 

Find the min, max, and median background 
levels. 

Model backgrounds from the considered LLE-
detected GRB sample.
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H AV E  W E  A L R E A DY  S E E N  A N Y  A L P  E M I S S I O N  
I N  L L E  G R B S ?

Reported in: Crnogorčević et al. 2021 (PRD, arXiv:2109.05790)

https://arxiv.org/abs/2109.05790
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GRB Analysis Results
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GRB Analysis Results
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GRB Analysis Results

global p-value of ∼0.3, 
indicating that this 
observation is not 
statistically significant. 
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W H E N  S H O U L D  W E  S E A R C H  F O R  A L P S  F R O M  
G R B S ?

Reported in: Crnogorčević et al. 2024 (in prep.)

Fermi GI Program, Cycle 15; PI: Crnogorčević



M. Crnogorčević –  WISPs, WIMPs, and Gammas – Cosmix WISPers Seminar, 4/24/2024

GRB lightcurve
Prompt emission

Precursor emission   

🤷

🤔

Chapters III & IV: Introduction and Motivation · Physical System set-up · Searching for ALPs · Fermi LLE sensitivity · GRB searches · GRB precursors & ALPs ·  What’s next? 
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Motivation

GRB

Precursors may come from…

Diagram adapted from Sylvia Zhu’s disserta7on
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Motivation

GRB

…photospheric emission
very short quiescent periods
(quasi)thermal precursor

Precursors may come from…

Diagram adapted from Sylvia Zhu’s dissertation
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Motivation

GRB

…shock breakout
short quiescent periods
potentially symmetric (not jetted)

…photospheric emission
very short quiescent periods
(quasi)thermal precursor

Precursors may come from…

Diagram adapted from Sylvia Zhu’s dissertation
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GRB

…photospheric emission
very short quiescent periods
(quasi)thermal precursor

…shock breakout
short quiescent periods
potentially symmetric (not jetted)

Precursors may come from…

central engine activity…
short to long quiescent 

periods

Diagram adapted from Sylvia Zhu’s dissertation
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GRB

…photospheric emission
very short quiescent periods
(quasi)thermal precursor

…shock breakout
short quiescent periods
potentially symmetric (not jetted)

central engine activity…
short to long quiescent 

periods

Precursors may come from…

ALPs…
short to long quiescent periods

Diagram adapted from Sylvia Zhu’s disserta7on



M. Crnogorčević –  WISPs, WIMPs, and Gammas – Cosmix WISPers Seminar, 4/24/2024

a b cd e 

Time-resolved analysis
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GRB analysis

Initial sample: 255 GRBs 
(LAT/LLE)

14 GRBs in LAT and 7 in LLE (3 overlap)

?

(interesting analysis can be 
done, but not in this 

context, ~20% of bursts w/ 
precursor )
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Best Good 🤷
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GRB 221009APRELIMINARY
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PRELIMINARY
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PRELIMINARY
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Current precursors w/ LAT & LLE

PRELIMINARY
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ADDITIONAL CONSIDERATION

Additional considerations: All-sky Medium Energy Gamma-ray Observatory (AMEGO) sensitivity analysis; motivation 
outlined the Snowmass 2021 Letter of Interest (Prescod-Weinstein et al. 2021, incl. Crnogorčević)

Quick factsheet about AMEGO:

- Probe-class mission concept

- High-sensitivity (200 keV – 10 GeV)

- Wide FoV, good spectral resolution, polarization

- Multimessenger astronomy (NS mergers, SNe, AGN)

- Order-of-magnitude improvement compared to previous 

MeV missions
[JMcEnery, 2019]

38

https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF3_CF2_Regina_Caputo-122.pdf
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ADDITIONAL CONSIDERATION

Additional considerations: All-sky Medium Energy Gamma-ray Observatory (AMEGO) sensitivity analysis; motivation 
outlined the Snowmass 2021 Letter of Interest (Prescod-Weinstein et al. 2021, incl. Crnogorčević)

- For a 10-solar mass progenitor, and background 

levels comparable to LAT in the low-energy regime:

         Distance limit 

improved by a factor of 5!
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🤷

https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF3_CF2_Regina_Caputo-122.pdf
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Dark Matter Landscape: An Instrumentationalist’s View 
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Dark Matter Landscape: An Observer’s View 
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Dark Matter Signal

DM 𝛾-ray flux = particle 
physics x

astrophysics
J-factor
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[Schaller+ ‘16, Calore+ ‘15] [Iocco+ ‘15]
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DM targets

[Conrad & Reimer 2017]
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Signal in Fermi -LAT

C. Weniger - Indirect DM searches1 Sep 2017 11

Effective signal-to-noise ratio (“Information flux”*)

* see Edwards & Weniger 2017

Depending on the exposure and BG systematics, different aspects of the signal 
can dominate.

Example signalExample signal

Example bkgExample bkg

1 x Fermi exposure1 x Fermi exposure

Here: 10% with ~10 deg 
correlation length; DM 
profile with 100 pc core

0.01 x Fermi0.01 x Fermi

1e-4 x Fermi1e-4 x Fermi

Point-like sources dominate!Point-like sources dominate!

Diffuse emission dominates!Diffuse emission dominates!
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1 x Fermi exposure1 x Fermi exposure
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[Adapted from the Fermi Summer School]
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Dwarf Spheroidal Galaxies 

[Drlica-Wagner+ ‘20]

DM 𝛾-ray flux = particle 
physics x

astrophysics
J-factor

𝑑Φ
𝑑𝐸 	 ∝ 	 *

!",$%&
𝜌'() 	 ×	

𝜎𝑣
2𝑀'(

) ∑𝐵*
𝑑𝑁+
𝑑𝐸 	

[McDaniel+ LAT ‘24]
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Combined dSph Analyses - Comparison

6 years 11 years 14 years

< 2	𝜎 ≲ 2	𝜎 ≳ 2	𝜎
[Albert+ ‘17] [DiMauro+ ‘21] [McDaniel+ ‘24]
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Limits on the parameter space

[McDaniel+ ‘24]

GCE

Trials factor reduces significance 
to 0.5 𝜎.

- generally consistent with 
previous limits; in tension with the 
GCE results
- Can we rule DM out? Not yet. 
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J-values

J-factor considerations:

• Calculations of J-factor values rely on several underlying assumptions (e.g., dark matter distribution models, parametric/non-parametric 
approaches, observational limitations) [e.g., Bonnivard+ ‘15, Geringer-Sameth+ ‘15]

• Triaxiality may affect the J-factor around 2x [e.g., Bonnivard+ ‘15, Hayashi+ ‘16]

• Non-parametric approach may reduce the J-factor by a factor of ~ 4 [Ullio & Valli ‘15] 

[McDaniel+ ‘24]
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Future of dSph DM searches

or

[McDaniel+ ‘24]
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How many dwarf galaxies do we really  need?
Maybe just one, but a good one?
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[Crnogorčević & Linden ’23]

[Discovery: Smith+ 2023]

[J-factor: Errani+ 2023]

•  Unstable unless large 
DM content
•  Nearby (~10 kpc)
• Strong constraints on 

DM annihilation
• Confirming the dark 

matter density…
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GloryDuck (LAT, HAWC, HESS, MAGIC, VERITAS)

• Perform multi-instrument and multi-target analysis to obtain the 
most sensitive and robust results
• Focus: dSphs
• Limits driven by LAT sensitivity
• Legacy analysis of the current-generation gamma-ray instruments
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FIVE EXPERIMENTS

8

Cover the widest energy 
range ever investigated

MAGIC 
2 imaging air Cherenkov telescopes (IACT) 

30 GeV to 100 TeV

H.E.S.S. 
5 imaging air Cherenkov telescopes (IACT) 

30 GeV to 100 TeV

HAWC 
300 water Cherenkov detectors 

300 GeV to 100 TeV

VERITAS 
4 imaging air Cherenkov telescopes (IACT) 

85 GeV to 30 TeV

Fermi-LAT 
Space telescope 

20 MeV to 1 TeV

FIVE EXPERIMENTS

TeVGeVMeV

Energy coverage
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GloryDuck (LAT, HAWC, HESS, MAGIC, VERITAS)
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GloryDuck (LAT, HAWC, HESS, MAGIC, VERITAS)

Dominated by Fermi LAT
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GloryDuck (LAT, HAWC, HESS, MAGIC, VERITAS)

HAWC, HESS, MAGIC, VERITAS take over Ad
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Dark Matter subhaloes, stellar streams, tidal disturbance/stripping of dwarfs, dark matter spikes, brown dwarfs, etc.
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Where next?
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Dark Matter Landscape: An Instrumentationalist’s View 
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Future Innovations in Gamma rays
Science Analysis Group

FIG
-S
AG

https://pcos.gsfc.nasa.gov/sags/figsag.php 

… to explore gamma-ray science priorities, necessary 
capabilities, new technologies, and theory/modeling needs 
drawing on the 2020 Decadal to inspire work toward 2040.

https://pcos.gsfc.nasa.gov/sags/figsag.php


M. Crnogorčević –  WISPs, WIMPs, and Gammas – Cosmix WISPers Seminar, 4/24/2024

FIG SAG Terms of Reference

1. Gamma-ray Science Priorities: Identify opportunities uniquely afforded by gamma-
ray observations.

2. Gamma-ray Mission Capabilities: Which science objectives are only done or best 
done by space-based gamma-ray missions, considering the current missions in 
extended operation and funded missions in development.

3. Technology Investment:  What new technologies/methodologies exist and what is 
needed to achieve the science priorities.

4. Theory and Analysis Needs: What advances do we need to make in theory and 
analysis to achieve the science priorities.

5. Synergies with Other Programs: How do these goals tie to the broader astrophysics 
and physics community. What are the timelines to align with current priorities in multi-
messenger astronomy.
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Conclusions

• Gamma-ray observations provide unique tests for different dark 
matter and new physics models

• Indirect detection provides stringent constraints

• Future experiment development is crucial 

• Our next space gamma-ray experiment is uncertain---join FIG SAG 
to make a strong case to funding agencies: 
https://pcos.gsfc.nasa.gov/sags/figsag.php   

https://pcos.gsfc.nasa.gov/sags/figsag.php

