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Image: NASA, DOE, Fermi-LAT collaboration

Fermi Large Area Telescope (Fermi-LAT)

THERMAL WIMP DARK MATTER (DM)

Indirect detection
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Inner Galaxy: 
Dark matter halo density sharply 
peaked toward Galactic Center

DARK MATTER ANNIHILATION IN THE SKY

L .  P i e r i  e t  a l .  [ 0 9 0 8 . 0 1 9 5 ]

Dwarf galaxies: 
dark matter-dominated 
satellites of the main galaxy 
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INDIRECT DETECTION BENCHMARK: DWARF GALAXIES
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Fe rm i - L AT  c o l l a b o r a t i o n  a n d  D E S  c o l l a b o r a t i o n  [ 1 6 1 1 . 0 3 1 8 4 ]

Galactic Center 
Excess (GCE), 
dark matter 
interpretation

Analyze blank 
regions of the sky 
(no systematics)

• Low astrophysical backgrounds (dust/gas) compared to other indirect detection targets 
         → some of the most stringent and robust constraints 
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DWARF GALAXY INDIRECT DETECTION CAVEATS
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Fe rm i - L AT  c o l l a b o r a t i o n  a n d  D E S  c o l l a b o r a t i o n  [ 1 6 1 1 . 0 3 1 8 4 ]

• Constraints rely on accurate J-factors
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DWARF GALAXY INDIRECT DETECTION CAVEATS

Use with caution:  
“Galaxies for which Published Kinematics 
May Not Reliably Translate to Masses” 
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INFERRING DWARF GALAXY J-FACTORS
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• Important assumptions:
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- Equilibrium
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- Non-rotating system
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How does this affect dark matter 
annihilation (decay) constraints? 

Spherical Jeans equation

3d radial velocity dispersion, 
stellar density profile Halo mass (DM density profile) 
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- Equilibrium
K .  E l - B a d r y  e t  a l .  [ 1 6 1 0 . 0 4 2 3 2 ]

• Important assumptions:

- Spherical system
V.  B o n n i v a r d  e t  a l .  [ 1 4 0 7 . 7 8 2 2 ]

- Non-rotating system

- No accounting for binaries
A .  W.  M c C o n n a c h i e  a n d  P.  C o t e  [ 1 0 0 9 . 4 2 0 5 ]
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How does this affect dark matter 
annihilation (decay) constraints? 

In practice, observe line-of-sight projected quantities

Line-of-sight projected 
velocity dispersion, 
stellar density profile

Halo mass (DM density profile) 

J-factor
( + particle physics) 

Constraint on 
DM annihilation

                (             )  degeneracyM − β ρ − β
J . I .  R e a d  a n d  P.  S t e g e r  [ 1 7 0 1 . 0 4 8 3 3 ]
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The question

In the cleanest scenario, what is the effect of binaries on dwarf galaxy J-factors?
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Gaia Challenge spherical mocks: 
• Plummer light profile 
• Cusped DM profile 
• No velocity anisotropy

The question

In the cleanest scenario, what is the effect of binaries on dwarf galaxy J-factors?

The (simulated) data
G a i a  C h a l l e n g e  h t t p : / / a s t row i k i . p h . s u r r e y. a c . u k / do kuw i k i  
M .  G .  Wa l k e r  a n d  J .  P e ñ a r r u b i a  [ 1 1 0 8 . 2 4 0 4 ]

http://astrowiki.ph.surrey.ac.uk/dokuwiki
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• Nested Plummer light profile: sum of 2 Plummer, independent norm & scale
• Broken power law DM profile: spans cusped ↔ cored
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• Nested Plummer light profile: sum of 2 Plummer, independent norm & scale
• Broken power law DM profile: spans cusped ↔ cored

Gaia Challenge spherical mocks: 
• Plummer light profile 
• Cusped DM profile 
• No velocity anisotropy

The question

In the cleanest scenario, what is the effect of binaries on dwarf galaxy J-factors?

The (simulated) data
G a i a  C h a l l e n g e  h t t p : / / a s t row i k i . p h . s u r r e y. a c . u k / do kuw i k i  
M .  G .  Wa l k e r  a n d  J .  P e ñ a r r u b i a  [ 1 1 0 8 . 2 4 0 4 ]

The model

The method
Run through pipeline to get J-factors for Gaia Challenge 
→ Repeat analysis with injected binary motions

J . I .  R e a d  a n d  P.  S t e g e r  [ 1 7 0 1 . 0 4 8 3 3 ]

http://astrowiki.ph.surrey.ac.uk/dokuwiki
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STEP 1: LIGHT PROFILE FIT
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• Binned likelihood fit to stellar positions
• Fits tend to be well-constrained

1 Plummer 
component

2 Plummer 
components3000 tracers
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• Binned likelihood fit to stellar positions
• Fits tend to be well-constrained
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500 tracers
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Preliminary

Preliminary
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STEP 2: VELOCITY DISPERSION FIT
• Use Step 1 to constrain light profile parameters: float over middle 95% posterior 

parameter ranges from light profile fit

• Extract posterior distributions for DM parameters

L .  J .  C H A N G  |  S M A L L  G A L A X I E S ,  C O S M I C  Q U E S T I O N S  2 0 1 9

3000 tracers

• Optimistically assume velocity error of 0.2 km/s
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• Use Step 1 to constrain light profile parameters: float over middle 95% posterior 
parameter ranges from light profile fit

• Extract posterior distributions for DM parameters
• Optimistically assume velocity error of 0.2 km/s
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INJECTING BINARIES
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As a starting point:  
Model and code for modeling binary 
motion from Spencer+ 2018 
(If you have a favorite binary model 
we should try, please let us know!) 

M .  E .  S p e n c e r  e t  a l .  [ 1 8 1 1 . 0 6 5 9 7 ]
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EFFECT OF UNMODELED BINARIES ON J-FACTORS
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In progress: 
•Even more statistics? (Computationally expensive) 
•Injecting binary motion only in certain regions 
•More flexible DM profile? (Currently 3 breaks) 
•Other systematics?
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CONCLUSIONS & EXTENSIONS
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• In very simple examples on  mock data, the presence of unmodeled binaries can bias 
estimates of dwarf galaxy J-factors ⇒ bias dark matter constraints derived 

• Effect of binaries becomes more drastic with increased statistics 
- With more stars measured and more accurate measurements, will this become a 

more measurable effect? 
- With future multi-epoch binary measurements, could exclude confirmed binaries 

from analysis
• Statistical uncertainties in dwarf galaxy dark matter constraints need to be better 

understood and characterized
• Other important systematics: tidal disruption, deviations from equilibrium, non-

sphericity, …

J .  D .  S i m o n  e t  a l .  [ 1 9 0 3 . 0 4 7 4 3 ]
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INDIRECT DETECTION BENCHMARK: DWARF GALAXIES
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INFERRING DWARF GALAXY J-FACTORS
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In practice, observe line-of-sight projected quantities
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• Nested Plummer light profile 
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FIDUCIAL SETUP

J . I .  R e a d  a n d  P.  S t e g e r  [ 1 7 0 1 . 0 4 8 3 3 ]

• Gaia challenge spherical mocks:  
- Plummer light profile 
- Cusped DM profile 
- Isotropic
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Abel transform
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• Broken power law DM profile: analytic formula for enclosed DM mass
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Analytic formulas for 2d/3d stellar 
density and enclosed DM mass profiles  
→ more computationally tractable
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STEP 1: LIGHT PROFILE FIT
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• Binned likelihood fit to stellar positions
• Fits tend to be well-constrained
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STEP 2: VELOCITY DISPERSION FIT
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STEP 2: VELOCITY DISPERSION FIT
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