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Topic 2: Solar Physics 
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Thermal Dark Matter Density 

Present density inversely 
proportional to the strength of 
the interaction. 

Almost independent of particle 
mass. 

Weak-Interaction Produces the 
right density!

Steigman, Dasgupta, Beacom (2012; 1204.3622)



Thermal Dark Matter Density 

Present density inversely 
proportional to the strength of 
the interaction. 

Almost independent of particle 
mass. 

Weak-Interaction Produces the 
right density!

Steigman, Dasgupta, Beacom (2012; 1204.3622)

10 MeV - 100 TeV !

Lee, Weinberg (1977; PRL 39 4) 
Ho, Scherrer (2012; 1208.4347)





Philosophy: 

Constrain the 
simplest model first 



Thermal WIMPs and the Story of Tantalus
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Local Dark Matter Density 
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Leptonic Component of Dark Matter Final State 

Convection of Annihilation Products from GC (Winds?) 

Pulsar Birth Rate 

e+e- Acceleration Efficiency in Pulsar Magnetospheres 
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Thermal WIMPs and the Story of Tantalus

NFW Profile (Mass of Milky Way) 

Thermal Cross-Section (Early Universe) 

Dark Matter Mass (?) 

Annihilation Final State (?) 

Milky Way Star-Formation Rate (Galactic Dynamics) 

Diffusion Constant in Galactic Center (Hydrodyanmics) 

Activity of Supermassive Blackhole (?) 



Thermal WIMPs and the Story of Tantalus

SMBH Accretion Efficiency (Magnetohydrodynamics) 

Blazar Acceleration Mechanisms (Leptonic? Hadronic?) 

Radio Galaxy Emission Models 

Star-Formation Rates in Starburst Galaxies 
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SMBH Accretion Efficiency (Magnetohydrodynamics) 

Blazar Acceleration Mechanisms (Leptonic? Hadronic?) 

Radio Galaxy Emission Models 

Star-Formation Rates in Starburst Galaxies 

dSph Proximity 

Substructure Models 

Milky Way Merger History 



Thermal WIMPs and the Story of Tantalus

Extragalactic Dark Matter Density 

Thermal Cross-Section (Early Universe) 

e+e- Energy Fraction in Dark Matter Annihilation 

Intergalactic Magnetic Fields 



Thermal WIMPs and the Story of Tantalus

Extragalactic Dark Matter Density 

Thermal Cross-Section (Early Universe) 

e+e- Energy Fraction in Dark Matter Annihilation 

Intergalactic Magnetic Fields 

Radio Luminosity in Starbursts and AGN 

e+e- Reacceleration in Cluster Mergers 

Redshift Dependence of Signal vs. CMB 





Anything You Can Do, I Can Do (Slightly) Better
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Thermal WIMPs and the Story of Tantalus



Thermal WIMPs and the Story of Tantalus



The Positron Excess



The Positron Excess

Turner & Wilczek (1989; PRD 42 1001)

Key Idea: Investigate the Positron Fraction! 

Detected in 1989! 



The Positron Excess

Astrophysics - Slowly Decreasing 

Dark Matter - Sharp Bump! 
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The Positron Excess

(Not an exhaustive list of observations)



The Positron Excess

(Not an exhaustive list of observations)



The Positron Excess

(Not an exhaustive list of observations)



The Positron Excess

(Not an exhaustive list of observations)
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Why Less Excitement? 

Continues to Higher Mass 

Spectrum Relatively Smooth 
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Why Less Excitement? 

Continues to Higher Mass 

Spectrum Relatively Smooth 



Not a Thermal WIMP! 



Not a Thermal WIMP! 



Strong Gamma-Ray Constraints too! 

Not a Thermal WIMP! 



The Positron Excess

Key Idea: Investigate the Positron Fraction! 

Harding & Ramaty (ICRC! 1987)



The Positron Excess

Simulations indicate that pulsars accelerate a 
significant e+e- population. 

Philippov et al. (2015; 1412.0673)

But what is the pulsar e+e- efficiency? 

How many e+e- escape the pulsar magnetosphere 
and pulsar wind nebula? 



The Positron Excess

Simulations indicate that pulsars accelerate a 
significant e+e- population. 

Philippov et al. (2015; 1412.0673)

Profumo (2008, 0812.4457)

But what is the pulsar e+e- efficiency? 

How many e+e- escape the pulsar magnetosphere 
and pulsar wind nebula? 



The Positron Excess

Key Idea: Investigate the Positron Fraction! 
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Key Idea: Investigate the Positron Fraction! 

10 - 30% Efficiency! 
Hooper et al. (2017; 1702.08436)



The Positron Excess

10 - 30% Efficiency! 
Hooper et al. (2017; 1702.08436)

HAWC Collaboration (1711.06223)



The Positron Excess

10 - 30% Efficiency! 
Hooper et al. (2017; 1702.08436)

Hooper & Linden (1711.07482)

Global Problems 

Local Problems 



The Positron Excess



The Positron Excess HAWC Collaboration (2019; 1909.08609)

The highest energy Galactic systems are all coincident with pulsars!  

Supernova are also coincident with pulsars — more work remains to be done. 



Linden et al. (2017; 1703.09704)



The Positron Excess

This can easily match the positron fraction 

Some transport issues are possible - but easy 
to solve in models with inhomogeneous 
diffusion. 

Hooper et al. (2017; 1702.08436)

Evoli et al. (2018, 1807.09263)



The Positron Excess Hooper et al. (2017; 1702.08436)

Exciting implications for our understanding of Galactic Diffusion! 

Jóhannesson (2019; 1903.05509)



Constraints on Leptonic Channels

Bergström et al. (2013; 1306.3983)



New Strong Constraints!

Bergström et al. (2013; 1306.3983)



The Antiproton Excess



The Antiproton Excess

Investigate the Antiproton Fraction! 

Two Changes: 

Ratio is much smaller (don't need to add 
antiprotons into denominator). 

Hadronic Energy losses are slower 
(sensitive to antiproton production 
throughout the Galaxy) 



The Antiproton Excess

Astrophysics - Smooth Profile 

Dark Matter - Sharp Bump! 



The Antiproton Excess

(Not an exhaustive list of observations)
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The Antiproton Excess

(Not an exhaustive list of observations)



The Antiproton Excess Giesen et al. (2015; 1504.04276)



The Antiproton Excess

(Not an exhaustive list of observations)



The Antiproton Excess

Secondary Acceleration in SNR

Cosmic-Ray Antiprotons created inside 
of supernova remnants are 
reaccelerated by the SNR shock. 

Obtain the same spectrum as the 
proton spectrum. 

Effect most important at high energies, where the galactic cosmic-ray 
confinement time is smallest. 





The Antiproton Excess

(Not an exhaustive list of observations)



The Antiproton Excess

Hint of Excess in ~5 GeV antiprotons! 

Astrophysical Uncertainties can significantly 
affect the signal.  

Hooper, TL, Mertsch (2014; 1410.1527)



The Antiproton Excess

Cui et al. (2017; 1610.03840)

Cuoco et al. (2017; 1610.03071)

Two papers simultaneously find an excess in the AMS-02 Antiproton Data! 

Significance approaching (or past) 5σ ! 



The Antiproton Excess

Cuoco et al. (2017; 1610.03071)



The Antiproton Excess - A Detection?

With great precision comes great responsibility: 

Need to carefully examine the relevant uncertainties.  

Cholis, Linden, Hooper (2019; 1903.02549)



The Antiproton Excess - A Detection? Boudaud et al. (2019; 1906.07119)

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 

Boudaud et al. (2019):  
“AMS-02 antiprotons are consistent with a secondary astrophysical origin” 



The Antiproton Excess - A Detection? Cholis, Linden, Hooper (2019; 1903.02549)

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 

Cholis et al. (2019):  
“After accounting for these uncertainties, we confirm the presence of a 4.7σ 
antiproton excess” 



The Antiproton Excess - A Detection? Cuoco et al. (2019; 1903.01472)

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 

Cuoco et al. (2019):  
“The inclusion of correlations strongly improves the constraints on the propagation 
model and, furthermore, enhances the significance of the DM signal up to above 5σ." 



The Antiproton Excess - A Detection?

Boudaud et al. (2019; 1906.07119)

Cuoco et al. (2019; 1903.01472)



The Antiproton Excess - A Detection? Boudaud et al. (2019; 1906.07119)

Galactic Primary to Secondary Ratios  - Future AMS-02 Data! 
Inhomogeneous Diffusion - TeV Halos 
Solar Modulation - Voyager Data, Time-Dependent AMS-02 Data 
Antiproton Production Cross-Section - LHCb / Laboratory Experiments

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 



Cuoco et al. (2017; 1610.03071)

Cholis, Hooper, TL (2019; 1903.02549)











Silverwood et al. (2015; 150708581)
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Galli et al. (2009; 0905.0003)

see also: astro-ph/0210617, 0810.5952)

https://arxiv.org/abs/astro-ph/0210617




Topic 2: Solar Physics



Producing Solar Gamma-Rays 

• Solar Flares and Reconnection events.

Petrosian (2016; 1605.04022)
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Oh wait… that’s basically everything.





Conolandi et al. (New Opportunities in the AMS Era)



Producing Solar Gamma-Rays

Preliminary
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The Antiproton Excess - A Detection? Reinert, Winkler (2018; 1712.00002)

Galactic Primary to Secondary Ratios  - Future AMS-02 Data! 
Inhomogeneous Diffusion - TeV Halos 
Solar Modulation - Voyager Data, Time-Dependent AMS-02 Data 
Antiproton Production Cross-Section - LHCb / Laboratory Experiments

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 



Galli et al. (2009; 0905.0003)

see also: astro-ph/0210617, 0810.5952)

https://arxiv.org/abs/astro-ph/0210617




Conolandi et al. (New Opportunities in the AMS Era)



Producing Solar Gamma-Rays

Preliminary



The Antiproton Excess - A Detection? Boudaud et al. (2019; 1906.07119)

Galactic Primary to Secondary Ratios  - Future AMS-02 Data! 
Inhomogeneous Diffusion - TeV Halos 
Solar Modulation - Voyager Data, Time-Dependent AMS-02 Data 
Antiproton Production Cross-Section - LHCb / Laboratory Experiments

With great precision comes great 
responsibility: 

Galactic Primary to Secondary Ratios 

Inhomogeneous Diffusion 

Solar Modulation 

Antiproton Production Cross-Section 
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