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THE PHYSICS OF SOLAR MODULATION

▸ As cosmic-rays approach Earth, they 
undergo energy losses in the 
heliospheric magnetic field. 

▸ The magnetic field of the sun is 
modeled by a Parker spiral, with a 
heliospheric current sheet along the 
galactic plane.  

▸ Particles with qA > 0 propagate easily 
along the poles, particles with qA < 0 
must move through the heliospheric 
current sheet.



THE PHYSICS OF SOLAR MODULATION

▸ Cosmic-Rays move through the magnetic field through a combination 
of diffusion and drift, losing energy adiabatically along the way.



COMPUTATIONAL MODELS OF SOLAR MODULATION

▸ Can determine the effect of solar 
modulation through direct calculation 
of the particle transport equation. 

▸ These models are physically 
motivated, but computationally 
intensive.

Strauss et al. (2012)

see talk by Potgieter



ANOTHER GOAL: UNDERSTANDING THE INTERSTELLAR MEDIUM

▸ Cosmic-Ray production, 
propagation and energy losses 
in the interstellar medium are 
also extremely complex.  

▸ Computational models have 
calculated the correlated 
systematics between effects 
such as diffusion, the diffusive 
halo height, Alfvén 
reacceleration etc.

Trotta et al. (2011, 1011.0037)



The Solution is Simple!

ANOTHER GOAL: UNDERSTANDING THE INTERSTELLAR MEDIUM



PLAN B: SIMPLIFY THE HELL OUT OF EVERYTHING



FORCE FIELD APPROXIMATIONS OF SOLAR MODULATION

▸ Solar Modulation can also be treated as a simple potential, which 
particles must climb before reaching Earth.

▸ Two Effects:  

▸ 1.) The flux of particles is decreased 

▸ 2.) Particles that do climb the potential 
lose energy, implying that an Earth 
bound experiments experiment probes 
a higher energy ISM flux. 

▸ 3.) The model can include a charge-
dependent modulation potential



UNDERSTANDING THE ISM IN THE FORCE-FIELD APPROXIMATION

▸ The force-field approximation allows for a 
fast analysis appropriate for scans of the 
ISM propagation parameter space 

▸ But this adds uncertainty, since the 
modulation parameters must be fit for 
each observation.

Trotta et al. (2011, 1011.0037)

▸ These uncertainties are 
degenerate with our 
understanding of interstellar 
cosmic-ray propagation!



THE GOAL

▸ Produce a model of solar modulation that: 

▸ 1.) Takes into account some physical insights of the solar 
modulation of cosmic-rays. 

▸ 2.) Provides accurate fits to the cosmic-ray data with few degrees 
of freedom.  

▸ 3.) Can be computed in less than a second.



BREAKING THE DEGENERACY

▸ Three Observations: 

▸ 1.) Solar Modulation Effects are time-dependent, interstellar 
medium effects are roughly time-independent. 

▸ 2.) Solar Modulation Effects are correlated to observed solar 
system properties, interstellar medium uncertainties are not. 

▸ 3.) Voyager data provides observations that are negligibly 
affected by solar modulation.



BREAKING THE DEGENERACY: SOLAR OBSERVABLES

▸ In this study, we utilize two solar observables: 

▸ Amplitude of the heliospheric magnetic field at Earth (ACE) 

▸ Tilt Angle of the heliospheric current sheet (WSO)



BREAKING THE DEGENERACY: PHYSICAL INTUITION

▸ We start with the diffusion equation, and consider particle 
propagation along and perpendicular to the heliospheric current 
sheet separately. We assume JSource is negligible at these energies.  

▸ In the case of propagation at high heliolatitudes, drift is negligible, 
and propagation becomes proportional to the adiabatic energy loss 
rate and the cosmic-ray diffusion efficiency.



BREAKING THE DEGENERACY: PHYSICAL INTUITION

▸ In the case of propagation along the heliospheric current sheet, 
drift dominates for typical values of the heliospheric tilt angle. 

▸ This allows drift at the Larmor radius at high rigidity, but 
significantly inhibits drift at low rigidities.

▸ Since the Larmor radius is inversely proportional to B, the 
propagation time (and total adiabatic energy loss) can be expressed 
as:



BREAKING THE DEGENERACY

▸ This motivates an additional term with a form:

▸ And a total potential:

▸ Two More Assumptions: 

▸ We assume that the function g is identical in each term, and noting 
the B-1 dependence of the Larmor radius, assume that the potential is 
proportional to B. We can fit the data with power-laws between 0 – 1. 

▸ We fit f(⍺(t)) = ⍺4, based on results from the PAMELA and BESS data. 
We note simulations prefer a much smaller dependence. 



THE SOLAR MODULATION POTENTIAL MODEL

▸ Benefits: 

▸ Functional form of the potential is established. 

▸ Can compare different datasets based on known solar observables. 

▸ Drawbacks: 

▸ Still two unknown parameters, which must be fit in the analysis.



CONSTRAINING THE FREE PARAMETERS WITH VOYAGER

▸ Can use Voyager data to break this degeneracy, by evaluating 
the cosmic-ray proton spectrum in a region without 
significant solar modulation.



FITTING THE DATA: PROTONS WITH A>0

▸ We first fit the data in the simpler qA>0 case, finding:

0.32 GV < ɸ0 < 0.38 GV 



FITTING THE DATA: PROTONS WITH A<0

▸ Given this result, we then fit the functional dependence on the 
tilt of the heliospheric current sheet using PAMELA data, finding:

0.00 GV < ɸ1 < 16.0 GV 
note: (2⍺/π)4



THE STORY OF THE TALK SO FAR

▸ From Theoretical Insights, we have developed a time- and charge-
dependent form for the solar modulation potential which looks like:

▸ By fitting to the observed, time-dependent proton flux, and 
utilizing observations from PAMELA, we have constrained the 
free-parameters in this fit to be:

▸ Which allows us to calculate the effect of solar modulation to be:

0.32 GV < ɸ0 < 0.38 GV 0.00 GV < ɸ1 < 16.0 GV 

ɸ0 = 0.35 GV    ɸ1 = 3.9 GV 



THE TIME DEPENDENCE IN THE MODULATION POTENTIAL

▸ This provides analytic solutions 
for the solar modulation 
potential as a function of time. 

▸ The computational time is 
similar to force-field 
approximation. 

▸ Given data of solar observables, 
the model is predictive for 
upcoming data from AMS-02. 

▸ We use a model where the helicity changes continuously during 
periods where the helicity flips, though this modeling is uncertain.



THE TIME DEPENDENCE IN THE MODULATION POTENTIAL



THE GOAL: UNDERSTANDING THE INTERSTELLAR MEDIUM

The Solution is Simple!



RESULTS: STUDYING THE INTERSTELLAR MEDIUM

▸ Using these models we can fit: 

▸ The proton spectrum from 
PAMELA 

▸ The B/C ratio from PAMELA and 
AMS-02 

▸ Our models provide fits at the             
X2 / d.o.f ~ 1 level.

▸ While a more complex theoretical 
model could be produced, it will be 
difficult to motivate with the data.



RESULTS: STUDYING THE INTERSTELLAR MEDIUM

▸ We can create time-dependent 
models for the observed proton 
flux. 

▸ Has been fit with previous 
PAMELA data, could be 
compared with existing AMS-02 
data. 

▸ Model could be significantly 
refined through these 
comparisons.



THE TIME DEPENDENCE IN THE ANTIPROTON RATIO

▸ Predictions for the antiproton 
ratio observed by PAMELA and 
AMS-02 as a function of time. 

▸ Significant time-variability is 
observed, this significantly 
exceeds the uncertainty from 
current measurements. 

▸ The time variability of all measured particle fluxes and ratios can 
be directly predicted in a similar fashion.



IMPLICATIONS: STOCHASTIC ACCELERATION OF COSMIC-RAYS

▸ Using these models (with no 
remaining degrees of 
freedom), we can fit: 

▸ The proton spectrum from 
PAMELA 

▸ The B/C ratio from PAMELA 
and AMS-02. 

▸ The extremely precision of 
AMS-02 and PAMELA data make 
the accurate fit of low-energy 
CRs necessary to model high-
energy behavior.

Cholis, Hooper, TL (2017, 1701.04406)



IMPLICATIONS: CONSTRAINTS ON DARK MATTER ANNIHILATION

▸ Using these models, we are 
also confirming previous 
claims of an antiproton excess 
at energies ~10 GeV. 

▸ This is well fit by models of 80 
GeV dark matter. 

▸ More work remains to be 
done.

Very Preliminary!

Cuoco et al. (2016, 1610.03071)
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CONCLUSIONS

▸ We build a simple model that translates insights gained from 
computational models of solar modulation into an analytic form. 

▸ This allows for the rapid computation of solar modulation, with 
results that are predictive and have few degrees of freedom. 

▸ Updated observations from AMS-02, alongside upcoming solar data, 
will further refine these models.  

▸ These models have already allowed for improved modeling of cosmic-
ray propagation in the interstellar medium.



EXTRA SLIDES

▸ Extra Slides



BREAKING THE DEGENERACY: PHYSICAL INTUITION

▸ We start with the diffusion equation, and consider particle 
propagation along and perpendicular to the heliospheric current 
sheet separately. We assume JSource is negligible at these energies.  

▸ Since the Larmor radius is inversely proportional to B, the 
propagation time (and total adiabatic energy loss) can be expressed 
as:


