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The Positron Excess



The Positron Excess (Theory)
Cholis & Hooper (2013, 1304.1840)

Dark Matter models can explain 
the rising positron fraction only 
if the annihilation proceeds 
through intermediate channels 
to soften the spectrum.

Additionally, Fermi-LAT 
observations of dwarf 
spheroidal galaxies strongly 
constrain most reasonable 
models.

Lopez et al. (2015, 1501.01618)



The Positron Excess (Theory)
Harding & Ramaty (1987)

Hooper et al. (2009, 0810.1527)

Pulsars are also capable of 
accelerating leptons to PeV 
energies.  

The total spin-down power of 
pulsars (~1050 erg) is capable of 
powering the observed 
emission. 

Current uncertainties include 
the supernova rate and the 
fraction of the pulsar spin-down 
power that is converted to e+e- 
pairs. (foreshadowing!)



The Positron Excess (Theory)

Linden & Profumo (2013, 1304.1791)

This adds some Poisson fluctuations into the determination 
of the Pulsar contribution. The positron fraction observed at 
Earth need not be the average positron fraction observed in 
the Galaxy.

The rising positron fraction 
can also be dominated by 
a single nearby pulsar.  

Prime candidates are 
Geminga and Monogem.

(could we constrain this?)



The reality is likely a combination of the two. 
Electrons are more contained at high 
energies, and local pulsars likely dominate 
the high energy positron flux.

Blasi & Amato (2010, 1007.4745)

The Positron Excess (Theory)



The Positron Excess (Theory)

Produce “secondary” particles 
inside the supernova acceleration 
region. 

Secondaries gain the same 
spectrum. Blasi & Amato (2010, 1007.4745)

Gas



The Positron Excess (Theory)

How Can We Differentiate 
these models?



Differentiating Models (Spectrum)

Linden & Profumo (2013, 1304.1791)

Many have pointed towards a 
spectral cutoff as a smoking gun of 
dark matter annihilation. 

However, this can also be 
accommodated in any model with a 
non-continuous injection 
morphology. 

Note: The pulsar injection spectra on 
the right are cut off at 2 TeV, the sharp 
cutoffs in the local positron fraction 
are due only to cooling.



Differentiating Models (Wiggles)

Shaviv et al. (2009, 0902.0376)

Non-Continuous injection 
sources can produce “wiggles” 
in the cosmic-ray flux due to 
Poisson fluctuations from 
nearby sources. 

This is most obvious in leptonic 
channels due to cooling. 



Differentiating Models (Secondaries)

 Cholis & Hooper (2013, 1312.2952)

 Mertsch & Sarkar (2009, 0905.3152)

Stochastic acceleration models 
invariably accelerate all species 
of secondary particles. 

Positrons have the most intense 
acceleration and are accelerated 
at the lowest energies. They are 
the first to be seen. 

This scenario may be 
compatible with Ti/Fe, but may 
be ruled out by B/C.



Recent Advances

We will discuss two recent advances in our 
understanding of astrophysical models for the 
positron excess: 

1.) Stochastic Acceleration 

2.) Pulsar Emission



Systematics: Solar Modulation

Cholis et al. (2016, 1511.01507)

At low energies. Cosmic rays are 
significantly affected by the solar 
wind. 

Typically, models have used the 
force-field approximation to 
determine the effect of solar 
modulation (though see Igor’s 
talk). 



Solar Modulation

Cholis et al. (2016, 1511.01507)

Solar Modulation is dominated by solar activity, and the strength 
of the solar wind.  

These are observable parameters!

This leads to a predictive solar modulation potential with no 
degrees of freedom!



Stochastic Acceleration
Recent AMS-02 data indicate a 
hardening of the antiproton 
ratio at energies above 100 
GeV.

This hardening is not expected 
in any leaky-box diffusion 
model, where cosmic-ray 
escape produces a secondary 
ratio which falls as:

Trotta et al. (2010, 1011.0037)

Cholis et al. (2017, 1701.04406)



Stochastic Acceleration

Adding stochastic acceleration hardens the injected antiproton 
spectrum and improves the fit to the data by 3-4.5σ. 

Such a model naturally produces the majority of the rising 
positron fraction.



HAWC Observations of Pulsars

The intensity of the multi-TeV emission from Geminga and 
Monogem are surprisingly large. 

This indicates that a significant fraction of the total pulsar spin 
spindown power is transferred into e+e- pairs.

2HWC Catalog (2017, 1702.02992)



Uncertainties in Pair-Conversion Efficiency

Hooper & Blasi (2009, 0810.1527)

Gelfand et al. (2009, 0904.4053)

And provides an 
answer to a 

longstanding mystery



Pulsar Energetics

Total Pulsar Spindown Power: ~1049 erg 
Electron Efficiency: ~10% (HAWC) 
Total Electron Injection: ~1048 erg

Total Supernova Power: 1051 erg  
Proton Efficiency: ~10% 
Electron to Proton Ratio: ~0.001% - 1% (Cristofari et al. (2013, 1302.2150) 
Total Electron Injection: ~1045-1048 erg



HAWC Observations of Geminga

The large intensity and small spatial extension of this excess 
indicates that the propagation of leptons is significantly more 
constrained than in the ISM.

2HWC Catalog (2017, 1702.02992) Hooper et al. (2017, 1702.08436)



Particle Diffusion From Geminga
Due to the extremely fast 
energy loss times of high 
energy electrons, low 
electrons diffuse farther in 
most diffusion scenarios. 

𝛅 = 1.0 (Bohmian diffusion) 
𝛅 = 0.5 (Kraichnan diffusion) 
𝛅 = 0.33 (Kolmogorov diffusion) 
𝛅 = 0.0 (Convection*) 

* at a single distance 



Energy Losses Near Geminga

The intensity of the multi-TeV emission from Geminga and 
Monogem are surprisingly large. 

This indicates that a significant fraction of the total pulsar spin 
spindown power is transferred into e+e- pairs.



Fitting the Geminga TeV Spectrum

Low (blue dotted) and high (green solid) convection: 

Spectral Slope (low-convection): -2.47 (⍺=1.5), -2.59 (⍺=1.9)  
Spectral Slope (high-convection): -2.23 (⍺=1.5), -2.32 (⍺=1.9)

HAWC Data: -2.23 +/- 0.08



The Diffusion Region Around Geminga
Due to the extremely fast energy 
loss times of high energy electrons, 
low electrons diffuse farther in 
most diffusion scenarios. 

Trotta et al. (2011, 1011.0037)



Is Geminga Unique?

If D0 = 1.0 x 1026 cm2s-1 in a region 
around Earth, the diffusion of 1 TeV 
electrons is:



HAWC Observations of Geminga

Assuming standard galactic diffusion, Geminga provides a 
reasonable contribution to the positron excess. 

Note: The majority of these electrons were emitted in the first 
~100 kyr of Geminga evolution, the electrons emitted today 
don’t contribute!



HAWC Observations of Geminga
It is not surprising that 
Geminga produces only a 
small portion the excess - 
other pulsars contribute too! 

Monogem produces the 
highest energy e+e-, because 
it is younger. 

The average pulsar in the field provides the majority of low-
energy positrons. 



Recent Fermi-LAT Measurements
Recent (yesterday) Fermi-LAT 
measurements continue the 
hardening of the e++e- flux up 
to 2 TeV. 

Constraints on the anisotropy 
are beginning to enter an 
interesting parameter space. 

Fermi-LAT Collaboration (2017)



Future Work (Anisotropy)
One method to disentangle these 
contributions is to search for 
anisotropies in the cosmic-ray 
lepton intensity

Linden & Profumo (2013, 1304.1791)

These searches are sensitive 
because misidentified hadronic 
backgrounds are a  statistical, not 
systematic, error:

Fermi-LAT Collaboration (2017)



Future Work (TeV PWN)
For the Rest of this Talk I Will Assume: 

1.) A significant fraction of the pulsar spin-down power is 
converted into e+e- pairs, and this powers the extended TeV 
emission observed by Geminga and Monogem. 

2.) This emission is a generic feature of 100-300 kyr pulsars. 

These emission halos thus act as the TeV analogs of PWN

Auchettl et al. (2017, To Be Submitted)



I will argue that HAWC is likely to already be seeing TeV 
pulsar nebulae that have not yet been observed at other 

wavelengths. 

These sources are likely to be among the closest pulsars, 
and are thus important for the positron excess.

Future Work (TeV PWN)

Auchettl et al. (2017, To Be Submitted)



Pulsar Detections

Radio observations have been extremely efficient at 
finding galactic pulsars, the ATNF catalog contains >2500 
sources

Is this everything?



Tauris and Manchester (1998) find that the beam window 
for young pulsars is approximately:

This implies that ~90% of pulsars are not detected in radio

Pulsar Detections



Missing Pulsars
Models of the pulsar distribution 
of by Lorimer et al. anticipate a 
population exceeding 20 pulsars 
within 1 kpc of the sun 

Instead, only 9 ATNF pulsars are 
detected with t < 300 kyr and      
d < 1 kpc.  

Additionally Fermi-LAT 
measurements of radio quiet 
pulsars indicate that we are 
missing many systems.



Pulsar Wind Nebulae
PWN should also produce 
isotropic emission, and can be 
detected with sensitive X-Ray 
telescopes. 

However, few PWN without 
associated pulsars have been 
detected.  

The majority of PWN are within 
1o of the Galactic plane, which 
should bias us against the 
closest pulsars.

Kaspi et al. (2004, astro-ph/0402136)



HESS Observations of PWN

Further motivating this model, we note that HESS has seen 
numerous TeV PWN

HESS Collaboration (2017, 1702.08280)



HAWC Sensitivity to Geminga/Monogem
The extended Geminga and 
Monogem sources lie far above 
the HAWC sensitivity threshold:

The extended Geminga and 
Monogem sources lie far above 
the HAWC sensitivity threshold 
(though they are extended)

We could see these sources to much greater distances — if they are 
farther away they will be more point like, improving the sensitivity:

dGeminga ~ 950 pc (650 pc) @ 20o (50o) 
dMonogem ~ 650 pc (450 pc) @ 20o (50o)

HAWC Collaboration (2017, 1702.02992)



Following Up HAWC Sources
ROSAT searches already produce some intriguing hints:

Extended ~ 1o 
HESS J1813-178 (PWN)?

Extended ~ 0.8o 
HESS J1849-000 (PWN)? 

 IGR J18490-0000
Extended ~ 0.7o 

TeV J2032+4130(PWN)? 

Deeper, high-resolution X-Ray searches could begin to see 
similar associations in currently unknown HAWC sources.



Optical Searches
In addition to X-Ray detections of 
the PWN, optical detections of the 
pulsar point-source are possible:

105 - 106 K = 8 - 80 eV

Prinz & Becker (2016, 1511.07713)

Observations from Hubble can 
detect these systems within 
several hundred pc.



The Future
These observations can answer a number of questions: 

1.) Is an X-Ray PWN necessary to produce a TeV nebula? 

2.) What is the beaming fraction of mature pulsars in radio/
X-Ray/gamma-ray energies? 

3.) What is the breaking index and spin-down power of 
pulsars? 

4.) What is the contribution of pulsars to the positron 
excess?
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Conclusions
1.) Multiple recent measurements have informed our 
understanding of the positron excess. 

2.) Dark matter models appear unlikely. Stochastic acceleration 
and pulsar production appear reasonable. 

3.) In particular, the large pair conversion efficiency of pulsars 
has gotten us halfway there. 

4.) Electrons and positrons appear to escape pulsars efficiency. 
In this case they must produce the excess. 

5.) HAWC observations offer the ability to observe the nearest 
pulsars, including systems missed by every other survey. 
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Stochastic Acceleration


