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Abstract 

Dark matter is thought to compose a large fraction of the energy density of the universe, 

particularly our galaxy. The favored candidate for dark matter the weakly interacting massive 

particle (WIMP). Scientists have built and are building detectors to look for such WIMPs passing 

through the Earth. The velocity distribution of WIMPs is needed to calculate the WIMP 

signal. The motion of the earth around the sun adds or subtracts from the sun’s velocity 

depending on the time of the year, which modulates the velocity distribution of the WIMPS at 

the earth. We worked to calculate the velocity distribution at the earth, given some velocity 

distribution in deep space, taking into account the sun and earth’s motion through the galaxy as 

well as the effect of falling into the Sun's gravitational well. Due to numerical errors in our 

computations, we were unable to correctly calculate the velocity distribution for a Maxwellian 

distribution or look at this effect for other potential velocity distributions. 

Introduction 

An important consideration in dark matter detection is the velocity distribution of dark 

matter particles. It is thought that the solar system is moving through a halo of dark matter in the 

galaxy. These dark matter particles would be weakly interacting massive particles (WIMPs) 

whose velocities in deep space follow some unknown velocity distribution. A Maxwellian 

distribution that is isotropic in all directions and depends only on the magnitude of the WIMPs’ 

velocity is one guess, but the solar system could also be moving through a stream of dark matter 

particles.  

Given a WIMP velocity distribution in deep space in the galaxy’s rest frame, the 

distribution at the earth in the earth’s rest frame will shift due to the motion of the solar system 

through the galaxy and the motion of the earth around the sun. Previous work by Griest has gone 



a step further by also including the effects of the Sun’s gravity in these calculations, which 

increases the WIMPs’ velocities and bends their trajectories (1). Griest calculated the total flux 

of WIMPs on the Earth at four times of the year and found that it caused a 1-2% annual 

modulation in the WIMP signal (1). However, Griest’s methods only work for an isotropic 

(spherically symmetric) velocity distribution, and as Griest notes, the actual velocity distribution 

of dark matter in the galaxy is probably not isotropic. 

Our goal was to expand on Griest’s 1987 findings using more advanced computational 

techniques that would allow us to calculate the velocity distribution at the earth for any arbitrary 

WIMP velocity distribution. Using Wolfram Mathematica, we wanted to determine how the 

velocity distribution of dark matter in the galaxy maps to the velocity distribution at the Earth as 

a function of the magnitude and direction of the velocity, with a parameter for the time of the 

year. With this result, the WIMP velocity distribution (and thus the WIMP signal) could be 

calculated for any time of the year, as well as its annual modulation. We expected that our results 

would agree with Griest’s findings in the case of a Maxwellian distribution. Unfortunately, our 

results did not agree with Griest’s and we believe that numerical errors in our integrals are the 

cause of this error. Had we fixed the errors in our calculations we would have looked at different 

anisotropic velocity distributions, such as a stream of dark matter moving with a nonzero average 

velocity in the galaxy’s rest frame. This would show how much of an effect a different velocity 

distribution would have on the annual modulation of the WIMP signal. If the different 

distributions resulted in sufficiently large differences in the annual modulation, then an observed 

modulation could impose limits on the actual WIMP velocity distribution and give a better 

picture of how dark matter is moving through the galaxy.  

 



Theory 

Dark matter is the leading theory to explain a number of highly anomalous observations 

in astronomy and cosmology. Looking at the amount of matter visible in the galaxy, astronomers 

found that there simply was not enough matter present in the galaxy to provide the gravity 

necessary to hold the galaxy together, Garrett and Dūda (2). With how fast the stars are moving 

around the center of the galaxy, astronomers would have thought that the galaxy should break 

apart. In order to account for this additional gravity, it was hypothesized that more matter must 

be present in the universe than what can be seen. This additional matter is called dark matter. 

Further studies of gravitational lensing of light in the universe also found evidence that there 

must be more matter in galaxies than just the visible matter, adding further evidence for dark 

matter, Garrett and Dūda (2). Dark matter is not a small correction; astronomers now believe that 

about 80% of the matter density in the universe is dark matter, Garrett and Dūda (2).  

It was originally thought that dark matter could be composed solely of baryonic dark 

matter, ordinary matter made up of quarks that takes the form low-visibility objects such as black 

holes, brown dwarfs, and neutron stars, Garrett and Dūda (2). However, findings from 

cosmology and nuclear physics show that this is not the case. There was a period in the early 

universe called the Big Bang Nucleosynthesis (BBN) in which many of the lighter elements in 

the Universe were formed. The ratio of deuterium to hydrogen (D/H) can be calculated as a 

result of the BBN and it depends on the density of matter and baryons in the universe, 

Bonometto et al (4). Observations of parts of the Universe with a similar composition to the 

early Universe do not agree unless these calculations include non-baryonic dark matter, Garrett 

and Dūda (2).  



Additional support for non-baryonic dark matter comes from looking at structure 

formation of galaxies and clusters. The early universe was a plasma with enough pressure to 

prevent gravitational collapse, so structure formation could not occur until after the plasma 

decoupling, Ryden (3). When the universe was about 350,000 years old, the plasma decoupled 

and hydrogen could form. With this decoupling, the pressured dropped enough that over-

densities in the plasma could collapse to form galaxies and clusters. Measurements of the cosmic 

microwave background (CMB) tell us that these over-densities were on the scale of 1 part in 10
5
, 

Ryden (3). However, this is nowhere near dense enough to form structures in such a relatively 

short period of time, Ryden (3). If there was non-baryonic dark matter present that did not 

interact with photons in the plasma, then it could collapse before the plasma decoupled. This 

would provide the additional gravity necessary for the baryons to form structures quickly enough 

following plasma decoupling to give us the universe we see today. 

 These observations impose constraints on what dark matter could be and how it might be 

detected. The fact that dark matter is gravitationally bound in galaxies tells us that it must be 

non-relativistic or “cold” dark matter. This rules out massless or highly relativistic particles like 

neutrinos, Garrett and Dūda (2). Therefore, dark matter must consist of non-baryonic massive 

particles that do not interact via electromagnetic forces. The leading candidate for dark matter is 

the weakly interacting massive particle or WIMP, a particle with tens to thousands of times the 

mass of a proton, Garrett and Dūda (2). There is no particle in the Standard Model that fits this 

description, so the discovery of the WIMP would be an exciting find for physicists. 

Supersymmetry (SUSY) is one theory that proposes a particle that could be the WIMP. This 

theory expands the Standard Model by pairing each boson with a fermion superpartner and vice-

versa. While this theory is unverified, one of these new proposed particles, the neutralino, could 



potentially be dark matter, Garrett and Dūda (2). There are four neutralinos in SUSY, the lightest 

of which is thought to be the lightest stable particle in the theory, Berton et al (5). It is also a 

Majorana particle, meaning that it is its own antiparticle. Two neutralinos (or two of some other 

Majorana dark matter particle) can annihilate. Detecting the products of this annihilation is one 

way that it might be detected, Martin et al (6). This is known as indirect detection of dark matter. 

 Direct detection is another way in which dark matter may be detected. Most direct 

detection experiments rely on one of two detector types: noble liquid or cryogenic crystals. In 

noble liquid detectors, a noble gas is cooled to liquid temperatures. When a WIMP strikes an 

atom in the detector, the atom will give off a flash of light due to scintillation, Garrett and Dūda 

(2). Photomultiplier tubes pick up this flash and can discriminate between WIMP hits and other 

events from background radiation. Some of these detectors also look for ionization events caused 

by WIMPs or other particles by applying a small electrical field that pulls electrons to the 

detector wall if they are ionized by an incoming particle, Garrett and Dūda (2). Examples of 

noble liquid detector experiments include ZEPLIN, XENON, LUX, ArDM, WARP, and DEAP, 

Garrett and Dūda (2).  

 Cryogenic detectors use crystals, often made out of germanium, cooled to milli-Kelvin 

temperatures. Should a WIMP strike an atom in the detector, it will create a thermal vibration in 

the crystal lattice which can be detected at these low temperatures, Ahmed et al (7). The 

CDMSII experiment is one such detector. Using Ge and Si cryogenic semiconductor detectors, it 

can sense phonons caused by WIMP interactions, as well as ionization events, Ahmed et al (7). 

Located deep underground in the Soudan mine in Minnesota to shield it from cosmic rays, 

CDMSII identified two events that are believed to be WIMP interactions with a 23% chance of 

these events originating from background sources, Ahmed et al (7). The findings from CDMSII 



impose an upper limit on the cross-section for WIMP-nucleon scattering of 7.0 x 10
-44

 cm
2
 for 

spin-independent interactions assuming a WIMP mass of 70 GeV/c
2
, Ahmed et al (7). The 

scattering cross-section corresponds to the likelihood of the interaction occurring. For reference, 

proton-antiproton scattering has a cross section of about 10
-26

 cm
2
 and photon-photon scattering 

has a cross-section of about 10
-29

 cm
2
, showing that WIMPs have an incredibly low rate of 

interaction with baryonic matter, Nakamura et al (8).  

With such a small cross-section, many WIMPs pass through the earth and detectors 

unimpeded, but a small fraction of the WIMPs will interact with atomic nuclei in the detector. 

The energy and likelihood of a WIMP colliding with a nucleon depends on the velocity of the 

WIMP, Martin et al (5). Knowing the velocity distribution of the WIMPs in the galaxy allows 

experimenters looking for dark matter with direct detection techniques to make predictions about 

the flux and energies of the WIMPs they should expect to see in their experiments. If the velocity 

distribution of dark matter particles follows a Maxwellian distribution centered at 270 km/s, then 

the expected recoil energy should approximately 50 keV, Martin et al (5). Therefore, a more 

accurate velocity distribution, one which takes the sun’s motion and gravity into account, will 

give more accurate predictions for dark matter detection rates. The earth’s gravity, on the other 

hand, can be neglected. See Appendix A for an explanation of why that is. 

In particular, the motion of the earth around the sun gives rise to a WIMP signal with an 

annual modulation. The earth is moving around the sun at 30 km/s and the sun is moving through 

the galaxy with a velocity of 230 km/s at an angle of 60.2
o
 with the plane of the earth’s orbit, 

Griest (1). Therefore, the velocity of the earth through the galaxy will vary throughout the year 

as the earth’s velocity adds or subtracts from the sun’s velocity (see Figure 1), reaching a 

maximum of 246 km/s in June and a minimum of 217 km/s in December, Griest (1). This means 



that the detection rate for dark matter should be higher in June than in December because the 

earth will hit more WIMPs when it is moving faster through the dark matter cloud. By 

integrating the detection rate over all WIMP velocities and weighting it with the velocity 

distribution (that began as a Maxwellian in deep space), Griest estimates the annual modulation 

depending on how much energy the WIMP interactions transfer to the detector. The modulation 

ranges from 0.6% for interactions in the range of 0.1 keV up to 13% for 30 keV, Griest (1). This 

modulation decreases by 1-2% if the sun’s gravity is neglected. 

 
 

Figure 1: The annual modulation of the WIMP signal is due to change in the earth’s velocity 

through the galaxy. The earth is moving the fastest in June, when its velocity is most aligned 

with the sun’s and the slowest in December when it is anti-aligned. Image courtesy of Griest (1). 

 One experiment that believes it has found a WIMP signal with an annual modulation is 

DAMA/LIBRA at Gran Sasso National Lab in Italy. Combining its results with its predecessor, 

DAMA/NAI, which both use NaI scintillator detectors, it has found a signal in the 2 keV to 6 

keV energy range which modulates annually by 2% with a peak in June, Bernabei et al (9). 

Having ruled out all known background sources, they believe they are detecting WIMPs. These 



results, however, are controversial since no other group has been able to reproduce DAMA’s 

results yet, Savage et al (10). In particular, DAMA’s results are inconsistent when compared to 

previous experiments’ limits on the WIMP mass and lie outside of three-sigma certainty, Savage 

et al (10). The DAMA results and surrounding controversy highlight the importance of 

additional research to resolve the conflicting results.  

Objectives 

We want to calculate how the velocity of a dark matter particle at the earth will map to a 

velocity in deep space. Once we have this result we will be able to determine how a known 

velocity distribution in deep space will map to a new distribution at the earth. To verify our 

methods, we will apply this to a Maxwellian distribution and check that our result matches the 

result given by Griest. We expect to see the same annular modulation of the WIMP signal and 

expect it to be greater by about 2% percent than if we had neglected gravity. Following 

confirmation that our results agree with Griest’s findings, we will apply our methods to new, 

anisotropic velocity distributions, particularly ones that correspond to a stream of dark matter 

moving through the galaxy or extragalactic dark matter particles falling into the galactic 

gravitational potential well. For distributions with slower velocities relative to the earth (such as 

a stream of dark matter moving in roughly the same direction as the solar system), we expect to 

see a larger annual modulation and we expect gravity to play a larger role in shifting the 

velocities. 

Methods 

We began by calculating the initial velocity of the WIMP (at an infinite distance from the 

sun) as a function of its velocity at the earth. These calculations in this project were done 

analytically and then implemented using Wolfram Mathematica. The starting point is in the 



Earth’s frame of reference (see Figure 2). The incoming dark matter particle has a speed    and 

its velocity vector    makes an angle    with the vector    from the Sun to the Earth. The angle 

   is the azimuthal angle that    makes with the plane of the Earth’s orbit.    ranges from 0 to π 

and    ranges from 0 to 2π with       ,      corresponding to a velocity in the same 

direction as the Earth’s velocity. Spherical coordinates are particularly useful due to the spherical 

symmetry of many potential velocity distributions, including the Maxwellian. 

 

Figure 2: The initial velocity and angles in the Earth’s frame. The vector from the sun to the 

earth forms the z-axis in these spherical coordinates. 

The next step is to add the earth’s velocity to    to find the velocity of the particle in the 

solar system frame,    . This velocity makes an angle     with   . The magnitude of     and 

the angle     define the trajectory of the particle through the solar system, which lies in a plane 

whose normal vector is parallel to the vector defined by       . Since we are dealing with 

nonrelativistic dark matter, we can use the solutions to the two-body problem in classical 

mechanics to trace the particle’s orbit back to its initial velocity     in the solar system. (It 

actually gives two solutions, one for the particle coming towards the Earth and another when it 

leaves. An if-statement is used to take the correct solution.) The solutions of the two-body 

problem give circles, ellipses, parabolas, and hyperbolas, but we are only looking at the 



hyperbolic orbits, since they are the ones that correspond to unbounded dark matter particles 

entering the solar system from deep space.  

Finally, the velocity of the solar system,   , is added to     to find    , the initial 

velocity of the particle in the galaxy’s frame of reference. The rest frame of the galaxy was taken 

to be aligned with the earth’s frame, so that the sun’s velocity through the galaxy    varied as a 

function of the parameter    for time of the year. With this vector, we can find the magnitude 

   , and the angles     and    , as defined with respect to the same z-axis (    as   ,   , and 

     This gives us    ,    , and    , each as functions of   ,   , and   .  

 

 

Figure 3: The set of all     vectors. The velocity distribution in deep space         is uniform 

for all    , and     so it can be thought of as a set of concentric spheres of radius    .  

 Consider the space of all possible velocity vectors as a sphere (as illustrated above 

in Figure 3). For each radius of    , the density of WIMPs is given by a velocity distribution 

       that is independent of     and    . The differential velocity distribution for a given 

vector     is          
                  . Integrating this over the angles and holding     



constant gives the velocity distribution        , the distribution in deep space. To find       , 

the distribution at the earth, we need to find how         
      maps to 

       
               . This is done by calculating the determinant of the Jacobian matrix   

of    ,    , and     with respect to   ,   , and   . The differential        
                

is equal to                  
                  . By holding    constant and integrating    

and    over the surface of the sphere, we computed the velocity distribution        at the earth. 

While everything up to this point had been calculated analytically, these integrals were far too 

complicated for that and had to be computed numerically using Mathematica’s numerical 

integration function. Each data point took 90 seconds to 40 minutes to calculate, depending on 

the value of    and the parameter    for the time of the year. 

Results and Discussion 

Using Griest’s formula, we calculated the velocity distribution at the earth for a 

Maxwellian distribution in deep space. Figure 4 on the following page shows the distribution in 

December (blue) and June (black). The result is not an exactly Maxwellian distribution, but it 

closely resembles one. There are more slow-moving particles when the earth is moving slower in 

December and more fast-moving particles in June, as we would expect. Since the more energetic 

particles are easier to detect, the faster particles contribute more the WIMP signal that an 

experiment would actually detect. While the annual modulation can be calculated by integrating 

the difference between these two curves, the WIMP signal flux will vary depending on the mass 

of the WIMPs and the energy of the WIMPs’ interactions with the detector.  

 

 

 



 

 

Figure 4. A plot of the WIMP velocity distribution that was calculated using Griest’s formula. 

The earth’s velocity is greatest in June (black) and least in December (blue). 

Figure 5 on the following page compares our calculation to Griest’s formula. Using our 

method of integrating the Jacobian, we calculated the velocity distribution at the earth for four 

different times of the year corresponding to the two extremes of June and December, as well as 

the midpoints March and September, assuming the same velocity distribution as Griest had. 

These results should be identical, so clearly there is something wrong with our calculations. The 

shape of the incorrect result is roughly Maxwellian, but this is because the Jacobian has been 

weighted by a Maxwellian, which hides large errors for values where the Maxwellian is 

relatively small. It is unclear why the peak on our result rises and falls so steeply. 

 

 

 

Velocity Distribution – Griest’s Result 



 

 

Figure 5. The results of our calculations compared to Griest’s result for the velocity distribution 

in June. Both of these plots are normalized. 

 For our velocity distribution in December, our result is incorrect in a similar way, as 

shown below in Figure 6. The peak of our result rises and falls too quickly. Our curve intersects 

Griest’s curve at nearly the same points (v = 200 and v = 500 km/s) in both plots, suggesting that 

the error in our results is systematic.  

 

 

 

 

 

 

Velocity Distribution – June 



  

 

Figure 6. Our result (green) and Griest’s result (black) for the WIMP velocity distribution is 

shown for December, when the earth’s velocity through the galaxy is at a minimum. 

 Although our results are incorrect, we can compare our distributions for June and 

December to see if there is still an annual modulation in the signal. Both of our results are shown 

on the following page in Figure 7. We should see a result that looks like Griest’s result in 

Figure 4. Instead of the curves crossing just once, these curves cross twice, with the peak from 

June actually occurring before the peak in December, which is incorrect and shows that the error 

in our results is not equal for both graphs. Looking at these graphs, it is unclear whether the flux 

of WIMPs would be greater in June or December.  

 

 

Velocity Distribution – June 



 

 

 

Figure 7. A comparison of our results for June and December shows that there is some 

difference in our distribution throughout the year, but it is not the behavior that we should see.  

To get a better idea of the difference between these two graphs, we subtract the 

December distribution from the June distribution, keeping the same normalization so that the 

integral of the difference gives the fractional difference between the two WIMP fluxes. On this 

graph (shown below in Figure 8), it is clear that the total flux will actually be higher in 

December, which is incorrect considering that the velocity of the earth through the galaxy (and 

the presumed dark matter cloud) is at its minimum in December. It is likely that the detected 

WIMP signal (which depends on interaction energy not velocity) would also be greater for 

December according to this incorrect result. 

Velocity Distribution – Comparison of June and December 

December = green 
June = red 



 

 

Figure 8. The difference between the June and December velocity distributions. A negative 

value corresponds to a greater WIMP density in December.  

What went wrong with our calculations? Having checked our calculations several times, 

we believe that they are correct. We also checked Griest’s calculations and have no reason to 

believe that our result is correct and Griest published an erroneous result. We believe that 

numerical errors in our integrals are the cause of these errors. Mathematica indicated that there 

were singularities in the Jacobian and convergence problems with some of our integrals for 

specific values of   . Looking at a plot of the Jacobian as a function of    and    at constant   , 

such as Figure 9 on the next page, we can see that there are several singularities and areas that 

could be problematic to integrate. Since this is the absolute value of the Jacobian, it is likely that  

Annual Difference in the Velocity Distribution 



 

Figure 9. A 3-D plot of the absolute value of Jacobian as a function of    and    at    = 250 

km/s for June.  

the divide at        is a discontinuity. The spikes as well as the two peaks which rise off the 

chart could all be causing large errors when we try to integrate this function. We tried to get 

around this problem multiplying by a Heaviside step function which takes the value of zero when 

the Jacobian gets too large, but this still did not resolve the problem. Another way we tried to get 

around this problem was by computing the integral using a Riemann sum with the hope that this 

would avoid the single points where the integral is actually infinite. However, this proved to be 

incredibly slow to compute, even with a low number of points (which still gave a large error). It 



appears that these singularities are an unavoidable result of how we went about calculating    . 

As Figure 10 shows, problems still persist for very large values of   , where the effects of 

gravity are negligible and it should resemble the Jacobian for simple addition of velocities. 

 

Figure 10. A 3-D plot of the Jacobian (without the absolute value function) as a function of    

and    at    = 1,000 km/s for June. The discontinuity at        is still present, although the 

infinite spikes are not.  

 The way we defined our angles could likely be part of the problem.    was defined as  

         
   
         

  



Taking a derivative with respect to   ,   , or    will have the leading term 

                      

              
   
         

 
 

 

When         points in the    direction, the denominator becomes zero, causing this term to go to 

infinity. When         points in this direction,    is zero and since the Jacobian is integrated over 

              , the value of the Jacobian is actually finite, since        . While this is 

true analytically, this will cause large numerical errors near this point because Mathematica is 

trying to integrate a term which approaches zero times infinity.  

 The derivative of    is also problematic at this point as    is defined as 

         
   
   

  

This leads to derivatives of    with a leading term of  

            

         
 

which is undefined as    approaches zero and    points strictly in the    direction. At least some 

of these numerical errors and singularities could be avoided by using taking the Jacobian matrix 

of    
 ,          , and     instead of    ,    , and    . This would hopefully lead to integrals 

with enough numerical accuracy to see the same result as Griest. 

Further Work 

Clearly the next thing we need to do is fix our calculations. While we believe that 

numerical errors are the culprit, it is still possible that there is some other mistake we are 

overlooking. Our results need to be checked thoroughly. Failing to find a mistake in our 

calculations and our implementation of it in Mathematica, we should check Griest’s derivation to 



be certain that Griest’s result is in fact correct. One way to check Griest’s formula would be to 

find         and take a histogram of    as a function of randomly chosen     vectors, choosing 

the magnitude     from a random deviate based on Griest’s result. This histogram should the 

original  Maxwellian.  

If we believe that our calculations are correct, then we could try computing the Jacobian 

of    
 ,          , and     to see if that reduces the numerical error. Using more advanced 

numerical integration techniques with a faster computer may also resolve the problem. Once our 

method is working correctly, we want to repeat our calculations for other velocity distributions, 

particularly anisotropic ones such as a stream of dark matter or extra galactic dark matter falling 

into our universe. By calculating the velocity distribution at different times of the year, we can 

see what the annual modulation looks like for different velocity distributions. If the DAMA 

experiment turns out to be correct, then comparing its observed annual modulation to the 

calculated annual modulations of different distributions will show which velocity distributions 

are plausible guesses for the actual velocity distribution of WIMPs in the neighborhood of our 

solar system.  

Another calculation which may give further insight into the WIMP distribution is the 

forward-backward asymmetry. Some direct detection experiments can detect the direction that an 

interacting WIMP came from. Using our methods, we could do the integral over half of the 

angles – for example, integrate over just the Northern hemisphere – and compare that to the 

integral over the other half of the angles. This difference in WIMP flux will vary by the time of 

the year as well as varying by which velocity distribution we take to be the distribution in deep 

space. Comparing the calculated forward-backward asymmetry to an observed result would give 

further insight into the actual WIMP velocity distribution. 



Conclusions 

 We were able to calculate the velocity distribution of WIMPs at earth from a Maxwellian 

distribution in deep space using Griest’s formula. Using classical mechanics we were able to 

trace the trajectories of dark matter particles at the earth back to their initial velocity in deep 

space in the galaxy’s rest frame. By integrating using the Jacobian matrix, we calculated the 

velocity distribution at the earth for a given Maxwellian distribution. Unfortunately, we were 

unable to reproduce the result that Griest found and have no reason to believe that Griest was 

wrong. We believe that numerical errors in our integrals are the cause of this erroneous result.  

 We plan to continue our work and hope to fix our calculations. We will check our 

calculations thoroughly. Having done that, one way we hope to reduce the numerical error is by 

reformulating the Jacobian matrix in terms of variables whose derivatives do not lead to 

singularities and division by zero. We will also look into more advanced numerical integration 

techniques.  

 With a working calculation, we will be able to go beyond Griest’s work by solving for 

the velocity distribution at earth given any velocity distribution in deep space. This will allow us 

to look anisotropic velocity distributions that could potentially resemble the actual velocity 

distribution of WIMPs in our galaxy. By calculating the velocity distribution for different times 

of the year, we will be able to calculate the annual modulation of the WIMP signal for each 

velocity distribution we consider. We will also calculate the forward-backward asymmetry for 

each distribution and hope to publish our results. By comparing the results of dark matter direct 

detection experiments to our calculations, we will be able to gain a better understanding of the 

velocity distribution of dark matter in our galaxy.  



Appendix A: Why the earth’s gravity can be neglected 
 

At first it might seem like we could improve our calculations’ accuracy by taking the 

earth’s gravity into account. The escape velocity is about one-forth that of the sun’s at 11.2 km/s, 

Berton et al (5). Any WIMP that enters the solar system from deep space will have a minimum 

velocity equal to the escape velocity of the sun, about 42 km/s. Applying conservation of energy, 

a particle that approaches the earth at 42 km/s will gain 1.6 km/s in velocity. For a particle 

approaching earth at 220 km/s, this is a gain of 0.3 km/s. This effect is even smaller for particles 

that do not start at rest in deep space. Therefore, this is an effect that can be neglected, but it 

could be calculated if we wanted maximum accuracy. While the three-body problem is 

analytically unsolvable, this could be calculated by taking the WIMP at earth and neglecting the 

sun’s gravity initially. Once the particle’s orbit was traced back to a distance sufficiently far from 

earth (on the scale of the distance to the moon or farther), we would then neglect the earth’s 

gravity and calculate the effect of the sun’s gravity. This effect would also greatly complicate the 

calculations by adding about six new layers of nested functions. Calculating the Jacobian 

involves taking the derivatives of    ,    , and     using the chain rule. Therefore, this would 

make the Jacobian incredibly more complex, possibly slowing down calculations by a factor 

between 10 and 100, all to take a negligible effect into account.  
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