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A	story	of	two	predictions	

Orbital	
Anomalies	

Uranus	

Prediction	of	additional,	
undiscovered	(dark?)	
matter,	i.e.	a	new	planet.	

Prediction	A	
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¡  French	Mathematician	
¡  Tried	to	understand	the	
anomalies	using	
Newtonian	Gravity.	

¡  Predicted	a	new	planet	
and	its	orbit.	

¡  No	one	in	France	cared.	
¡  On	18.09.1846	he	sent	
his	result	to	Berlin.	
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¡  German	Astronomer	
¡  He	and	his	assistant	
started	looking	for	the	
new	planet	on	the	day	
the	letter	arrived.	

¡  It	took	them	roughly	30	
minutes	to	discover	the	
planet.	

¡  Its	position	was	within	
1º	of	Le	Verrier’s	
prediction!	

4	14/07/16	 Simulating	DM	Trajectories	for	Direct	Detection	Experiments	



A	story	of	two	predictions	

Orbital	
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Uranus	
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undiscovered	(dark?)	
matter,	i.e.	a	new	planet.	
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A	story	of	two	predictions	

Orbital	
Anomalies	

Uranus	

Prediction	A	

Discovery	of	Neptune	
on	23.09.1846	
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A	story	of	two	predictions	

Orbital	
Anomalies	

Prediction	B	

Prediction	of	another	new	
planet		

Mercury	
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¡  He	tried	to	repeat	his	
success.	

¡  Predicted	a	new	planet	and	
its	orbit.	

¡  Being	very	confident	in	his	
calculation	he	named	it	
“Vulcan”.	

¡  Despite	great	effort	it	was	
never	found.	
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A	story	of	two	predictions	

Orbital	
Anomalies	

Prediction	B	

Prediction	of	another	new	
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Mercury	
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A	story	of	two	predictions	

Orbital	
Anomalies	

Prediction	B	

Mercury	

Rµ⌫ � 1

2
Rgµ⌫ = 8⇡GTµ⌫

1915:	General	Relativity	
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Observation	of	Gravitational	
Anomalies	

Situation	I	
Additional,	“dark”	matter,	

not	yet	discovered.	

Situation	II	
New	laws	of	physics,	not	

yet	discovered.	

§  Today	we	find	ourselves	in	a	somewhat	similar	
situation	as	Urbain	Le	Verrier	over	150	years	ago.	

§  We	have	good	reason	to	assume	that	the	explanation	
of	the	observed	anomalies	is	of	the	first	class:		

Dark	Matter	(DM).	
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1)  Evidence	for	Dark	Matter	
2)  Basics	of	Direct	Detection	

Experiments	
3)  Simulation	of	DM	Trajectories	
4)  Final	Remarks	
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On	a	broad	range	of	scales.	
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¡  Newtonian	Dynamics:	
	
	
¡  Beyond	optical	disc	we	
might	expect	

¡  Instead	we	observe:	
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v(r) =

r
GM(r)

r

M(r) / r

Begeman	et	al,	Mon.	Not.	Roy.	Astron.	Soc.	249	(1991)	523	

M(r) / const
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

!

1 + g1 g2
g2 1 − g1

" !

g1,1 + g2,2
g2,1 − g1,2

"

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,
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Clowe	et	al,	Astrophys.	J.	648	(2006)	L109-L113	



¡  From	primordial	
density	fluctuations	to	
large	scale	structures.	

¡  N-body	simulations	
show	that	the	
additional	
gravitational	force	of	
DM	is	absolutely	
essential	for	LSS.	

¡  DM	needs	to	be	“cold”.	
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Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock
catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2
“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the
SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest
observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37
billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances
to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS
has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts
in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter
distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and
magnitude limits.

28

Springel	et	al,	Nature	440	(2006),1137	
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Image	Source:	ESA	and	the	Planck	Collaboration	
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69%	

26%	

5%	
Constituents	

Dark	
Energy	

Dark	
Matter	

Ordinary	
Matter	

Image	Source:	ESA	and	the	Planck	Collaboration	



WHAT	IT	IS	

¡  Heavy	
¡  Stable	(or	long-lived)	
¡  Cold	

WHAT	IT	IS	NOT	

¡  Charged	
¡  Baryonic	
¡  Strongly	self-interacting	
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Dark	Matter	Candidates:	
§  SUSY	particles	(neutralinos,	gravitinos,	sneutrinos,…)	
§  Sterile	Neutrinos	
§  Kaluza	Klein	particles	
§  Axions	
§  ?	



Event	Rates	and	Annual	Modulations	
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Recoil energy: ER



1.  The	earth	is	moving	through	a	halo	of	DM	
particles.	

2.  These	particles	interact	weakly	with	matter,	
i.e.	they	are	a	kind	of	WIMP.	

3.  The	DM	velocity	distribution	is	
approximately	known.	
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Image	Source:	Freese	et	al,	Rev.Mod.Phys.	85	(2013)	1561-1581	
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FIG. 5: The residual rate measured by DAMA/NaI (red circles, 0.29 ton-yr exposure over 1995–
2002) and DAMA/LIBRA (blue triangles, 0.87 ton-yr exposure over 2003–2010) in the 2–6 keVee
energy interval, as a function of time. Data is taken from Refs. [28, 30]. The solid black line is the
best fit sinusoidal modulation A cos[2⇡T (t�t

0

)] with an amplitude A = 0.0116±0.0013 cpd/kg/keV,
a phase t

0

= 0.400± 0.019 yr (May 26 ± 7 days), and a period T = 0.999± 0.002 yr [30]. The data
are consistent with the SHM expected phase of June 1.

A. Experiments and Results

1. The DAMA Experiment

The Italian Dark Matter Experiment (DAMA) consists of 250 kg of radio pure NaI(Tl)
scintillator. DAMA/NaI [28] was the first experiment to claim a positive dark matter signal;
it was later replaced by DAMA/LIBRA [29, 30], which confirmed the results. The experi-
ment has now accumulated 1.17 ton-yr of data over 13 years of operation and claims an 8.9�
annual modulation with a phase of May 26±7 days, consistent with the dark matter expec-
tation (see Figure 5). The modulation amplitude from 2–10 keVee, taken from Ref. [30], is
reproduced in the top panel of Figure 6. The horizontal axis is given in terms of the electron-
equivalent energy E

ee

in units of keVee, which is related to the nuclear recoil energy E

nr

by
a multiplicative quenching factor as discussed in Appendix A. The modulation amplitude
cannot be given in terms of the nuclear recoil energy in a model-independent way because
the experiment does not distinguish between sodium and iodine recoils on an event-by-event
basis and the recoil energy corresponding to a given electron-equivalent energy, related by
the nucleus-dependent quenching factor, di↵ers between the two nuclei. In Figure 6, the
presence of a modulation is apparent below ⇠6 keVee, while the data above ⇠6 keVee are
consistent with zero modulation amplitude.

Two possible WIMPmasses can reasonably reproduce the observed modulation amplitude
spectrum: m� ⇠ 10 GeV (where sodium recoils dominate) and m� ⇠ 80 GeV (where iodine
recoils dominate) [59–64]. The predicted modulation spectrum for the two best-fit masses
and cross-sections, assuming the SHM and SI-only scattering, are shown in Figure 6. The
behavior of the amplitude below the current 2 keVee threshold di↵ers for the two WIMP
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Image	Source:	Freese	et	al,	Rev.Mod.Phys.	85	(2013)	1561-1581	



Earth’s	effect	on	DM	Direct	Detection	Experiments	
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1.  Filter	out	the	trajectories	passing	a	detector	or	the	local	
neighborhood.	

2. Obtain	enough	DM	velocity	data.	
3.  Fit	the	local	velocity	distribution	function	via	Kernel	Density	

Estimation	(KDE).	

4.  Calculate	event	rates,	signal	modulations,	data	for	directional	
experiments,…	

f̂(v) =
1

nh

nX

i=1

K

✓
v � vi
h

◆



14/07/16	 Simulating	DM	Trajectories	for	Direct	Detection	Experiments	 32	



There	are	many	approaches	we	want	to	follow:	
1.  Implement	a	realistic	earth	model	(PREM	-		

preliminary	reference	earth	model).	
2.  Run	the	simulations	on	a	Super	computer	in	order	

to	be	able	to	decrease	the	detector	size	an	gather	
enough	data.	

3.  Use	more	general	non-relativistic	DM-nucleus	
interaction	operators	

4.  Include	gravity	(lensing	effects,	capture	rates,…)	
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¡  There	is	a	lot	of	evidence	supporting	that	we	
are	in	a	situation	similar	to	Le	Verrier’s	in	the	
1840s.	

¡  But	this	time	the	solution	seems	to	take	a	
little	longer	than	30	minutes.	

¡  Direct	Detection	experiments	are	a	promising	
approach	to	finally	observe	a	DM	particle	
from	the	galactic	halo.	

¡  Our	simulations	will	investigate	the	effect	of	
the	earth	on	these	experiments.	
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Thank	you!	

Image	Sources:	
Uranus: 	 	 	NASA/JPL-Caltech	
Le	Verrier: 	 	 	Public	Domain	
Galle: 	 	 	Public	Domain	
Neptune: 	 	 	NASA/JPL-Caltech	
Mercury: 	 	 	NASA/JPL-Caltech	
Skeptical	Spock: 	adweek.com	
Happy	Einstein:	 	Ruth	Orkin,	1953	
C&H:	 	 	 	Bill	Watterson	


