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Figure 1: inital conditions

Cosmology on a Computer

• N-body code with only gravity

• particle-particle/particle-mesh (P3M)

• calculate nearby forces directly; O(N2)

• long range forces smoothed on mesh

• 32768 dark matter “particles”

• m ~ 1012 M☉

• box size ~ 100 Mpc “today”

• initial conditions from linear theory

• models with low/high ΩM, one flat with Λ
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ΩM = 1 model evolution
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a = 1.0
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ΩM = 1    versus    ΩM < 1
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➔ z = 0.3 ➔ z = 1.6



ΩM = 1    versus    ΩM < 1
power spectrum

a = 1.0
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ΩM = 1    versus    ΩM < 1
correlation function

a = 1.0
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dP = n dV dP = n2(1 + ξ(r)) dV1 dV2

observations show  ξ(r) = (r/r0)−γ with r0 ≃ 8 Mpc, γ = 1.8

see Peebles 
(1993)



Confronting the Observations
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Confronting the Observations

a = 1.0
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Biased Galaxy Formation

a = 1.0
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➔ increased clustering (galaxies relative to total mass, 
clusters relative to galaxies, etc.)



Conclusions
• CDM simulations do a reasonably good job of describing 

large-scale structure (e.g., power spectrum, correlation 
function, redshift surveys)

• Structure evolution is faster for high ΩM, so given the 
structure we see today, we expect more structure at high 
redshift for lower ΩM

• Some problems matching observed velocity distributions 
and sizes of largest structures

• Biased galaxy formation has a large effect on matching 
epoch of simulation and “today” but could alleviate some 
of the discrepancies



Modified Newtonian Dynamics 
as an Alternative to Dark Matter

Rutgers Physics 690             February 14, 2008

Sanders & McGaugh (2002)

supplemented with information from The MOND Pages, 
maintained by Stacy McGaugh

http://www.astro.umd.edu/~ssm/mond/

FOCUS: GRAVITY

A S T R O N O M Y  N O W  /  J A N  2 0 0 2  6 3

Mond over matter

F
or many years now theoretical
astronomers have wrestled with
the problem of dark matter.
Basically, there’s a lot less mat-

ter visible in galaxies than is inferred grav-
itationally from the motion of their stars
and gas. The usual solution is to top up the
mass of the galaxies with unseen ‘dark’
matter. But what if the fault lies not with
the amount of matter present, but with the
law of gravity governing its motion?

The modern  conception  of gravity
began in the 17th century with Sir Isaac
Newton. At the heart of his universal law
of gravitation is a simple empirical obser-
vation that everything happens as if the
force between two bodies is directly pro-
por tional to their  masses multiplied
together and inversely proportional to the
square of the distance between them.

This plain fact explained the detailed
motion of the Moon, encapsulated Kepler’s
Laws of planetary motion and, today, lets
us navigate tiny spacecraft through the
vast expanses of interplanetary space with
remarkable precision. Never in history
has any such plain-spoken observation
carried us (literally) so far.

Newton’s law of gravity has been tested
over a wide range of scales – from dis-
tances of a fraction of a millimetre right
out to the orbits of the furthest planets. It
is rivalled by few other physical theories
for its universality. 
Indeed, the trust placed in Newton’s

‘clockwork’ universe was such that when
a tiny excess precession of Mercury’s
orbit – not predicted by Newton – was dis-
covered, it constituted a major scientific
crisis during the 19th century.

Enter Einstein
The problem of Mercur y’s orbit  was
resolved by Einstein’s theory of general
relativity, the only significant update to

our  understanding of gravity since
Newton. General relativity has withstood
many precision tests. The repeated suc-
cesses of Newton-Einstein theory, cou-
pled  with the sheer  eminence of its
authors, has led to a widespread attitude
among scholars that, when it comes to
gravity, there is nothing new to learn. Yet,
many of these same authors simultane-
ously adhere to the attitude that there
must be a unified theory of the four fun-
damental forces – something which
demands a rethink of gravitation.

The trouble with this view is that so far
gravity has steadfastly refused to be
assimilated into the quantum mechanical
picture, essential to the description of
electromagnetism and of the two forces
that  operate within  atomic nuclei.
Therefore, it seems that there must be a

quantum theory of gravity. Pursuing this
to its logical conclusion, there must be yet
more to learn beyond what Newton and
Einstein have already told us.

Even outside the quantum realm, there
are other  gravitational puzzles that
remain to be explained. One of the most
pertinent is commonly referred to as ‘the
dark matter problem’.
When  astronomers measure the

motions of stars and gas in galaxies and
yet larger systems, they find speeds well
in excess of what can be explained by the
application of Newton’s universal gravita-
tion to the mass in visible forms such as
stars (see graph above). This has led to
the inference that most (maybe 95 per-
cent) of the mass in the universe is dark.

There is a tremendous amount of evi-
dence for dark matter. Yet all this evi-
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NGC 1560

The rotation curve of the dwarf galaxy NGC 1560. The data points are from 21 cm observa-
tions of hydrogen by K Begeman, A Broeils, and R Sanders. The lower line is the rotation
curve predicted by Newtonian gravity. This falls well short of the observed rotation, leading
to the inference of dark matter to make up the difference. The upper line shows the rotation
curve predicted by MOND. Similar results are now known for over 100 galaxies. Note that in
this case, even the kink observed in the gas distribution is reflected in the rotation curve.
This is exceedingly difficult to explain with dark matter, which is not distributed in the same
way as the luminous mass. AN graphic by Mark McLellan.

Either the universe is full of
unseen mass, or the theory which

leads to the inference that mass
is missing, needs revision

A new way of looking at gravity, called ‘MOND’, could explain a slew of astronom-
ical inconsistencies, and eliminate the need for dark matter. By Stacy McGaugh
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McGaugh (2002)

McGaugh (2007)

http://www.astro.umd.edu/~ssm/mond/
http://www.astro.umd.edu/~ssm/mond/


Aside: Dark Matter or Modified Gravity?

• Case study: the solar system

• 1820s: observations of the orbit of Uranus show anomalies

• could be accounted for with “dark matter”: an unseen 
8th planet

• Neptune discovered in 1846 based on predictions of Le 
Verrier and Adams

• 1800s: observations of the orbit of Mercury show anomaly 
(perihelion advance, 0.42 arcsec/yr “extra”)

• “dark matter”: hypothetical inner planet Vulcan

• correct explanation: modified gravity! Einstein’s General 
Relativity supersedes Newtonian gravity 

analogy by Sean Carroll

BOTH!


