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Abstract:

By the time modern cosmology has been filtered 
through a few reporters and editors, what 
reaches the general public is often a pale and 
distorted reflection of what the scientific 
community actually thinks.  

I will present overview of big bang cosmology, 
carefully distinguishing what we really know for 
sure (well, almost for sure), from what we can 
plausibly infer, from what is speculation at the 
edges of our knowledge.



“There is something fascinating 
about science. 
One gets such wholesome 
returns of conjecture out of such 
a trifling investment of fact.”

                     --- Mark Twain



   “It is important to keep an 
open mind;  just not so open 

that your brains fall out”
 

                         --- Albert Einstein



What parts of cosmology are rock solid?

Recession of galaxies

Approximate linear Hubble law

Galactic evolutionary effects

Cosmic Background Radiation

Stellar structure and evolution

Big bang physics 
(at least back to cosmological nucleosynthesis) 





[Hubble, E. P. (1929) Proc. Natl. Acad. Sci. USA 15, 168–173]
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Cosmography is the part of cosmology that depends only on symmetries and
kinematics and is independent of the dynamics encoded in the Einstein equations, or
their cosmological specialization, the Friedmann equations. Thus cosmological tests
based on cosmography are particularly useful and robust in that they are based on
an absolute minimum of clearly identifiable assumptions. We have performed several
such cosmographic tests of the Hubble relation, using recent supernova data. Our
results are quite mixed: While the existence of a leading linear part in the Hubble
relation is confirmed to high accuracy, the situation regarding the higher-order non-
linear terms is much more ambiguous. We develop several graphical representations
of the supernova data that make it visually clear why fitting the higher-order Hubble
parameters is quite problematic, and then back this up by numerical least squares
fits to suitable truncated Taylor series. We point out that the process of truncating
a Taylor series does not commute with the process of performing a least squares fit,
and discuss the model building uncertainties that this introduces. After fitting the
data, we report statistical, systematic, and combined uncertainties in the deceler-
ation and jerk. While segments of our results are quite compatible with standard
folklore, the overall situation is much less sanguine: We wish to sound a cautionary
note against reading too much precision into the current supernova data.

v = H0 d; H0 ! 500 (km/sec)/Mpc.
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Hubble law:
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result, they make good distance indica-
tors. Refined methods for analyzing
the observations of type Ia supernovae
give the distance to a single event to
better than 10% (19, 20). The best
modern Hubble diagram, based on well
observed type Ia supernovae out to a
modest distance of !2 billion light
years, is shown in Fig. 3, where the
axes are chosen to match those of
Hubble’s original linear diagram (to
mask our uncertainties, astronomers
generally use a log-log form of this
plot as in Fig. 4). Far beyond Hubble’s
original sample, Hubble’s Law holds
true.

In table 2 of his original article (1)
(reproduced as Table 1, which is pub-
lished as supporting information on the
PNAS web site), Hubble inverted the
velocity–distance relation to estimate
the distances to galaxies of known red-
shift. For galaxies like NGC 7619 for
which he had only Humason’s recently
measured redshift, Hubble used the
velocity–distance relation to infer the
distance. This approach to estimating
distances from the redshift alone has
become a major industry with galaxy
redshift surveys. Today’s telescopes are
1,000 times faster at measuring red-
shifts than in Hubble’s time, leading to
large samples of galaxies that trace the
texture of the galaxy distribution (21–
24). As shown in Fig. 5, the 3D distri-
bution of galaxies constructed from
Hubble’s Law is surprisingly foamy,
with great voids and walls that form as
dark matter clusters in an expanding
universe, shaping pits into which the
ordinary matter drains, to form the
luminous matter we see as stars in gal-
axies. Quantitative analysis of galaxy

clustering leads to estimates for the
amount of clumpy dark matter associ-
ated with galaxies. The best match
comes if the clumpy matter (dark and
luminous, baryons or not) adds up to
!30% of the universe.

The interpretation of the redshift as a
velocity, or more precisely, as a stretch-
ing of photon wavelengths due to cosmic
expansion, which we assume today’s col-
lege sophomores will grasp, was not so
obvious to Hubble. Hubble was very
circumspect on this topic and, more gen-
erally, on the question of whether cos-
mic expansion revealed a genuine cos-
mic history. He referred to the redshift
as giving an ‘‘apparent velocity.’’ In a

letter to Willem de Sitter (25), Hubble
wrote, ‘‘Mr. Humason and I are both
deeply sensible of your gracious appreci-
ation of the papers on velocities and
distances of nebulae. We use the term
‘apparent’ velocities to emphasize the
empirical features of the correlation.
The interpretation, we feel, should be
left to you and the very few others who
are competent to discuss the matter
with authority.’’

Part of the difficulty with the inter-
pretation came from alternative views,
notably by the local iconoclast, Fritz
Zwicky, who promptly sent a note to
PNAS in August 1929 that advocated
thinking of the redshift as the result of
an interaction between photons and in-
tervening matter rather than cosmic ex-
pansion (26). The reality of cosmic
expansion and the end of ‘‘tired light’’
has only recently been verified in a
convincing way.

While the nature of the redshift was a
bubbling discussion in Pasadena, Olin
Wilson of the Mount Wilson Observa-
tory staff suggested that measuring the
time it took a supernova to rise and fall
in brightness would show whether the
expansion was real. Real expansion
would stretch the characteristic time,
about a month, by an amount deter-
mined by the redshift (27).

This time dilation was sought in 1974,
but the sample was too small, too
nearby, and too inhomogeneous to see
anything real (28). It was only with large
carefully measured and distant samples
of SN Ia (29, 30) and more thorough
characterization of the way supernova
light curves and supernova luminosities
are intertwined (31, 32) that this topic

Fig. 3. The Hubble diagram for type Ia supernovae. From the compilation of well observed type Ia
supernovae by Jha (29). The scatter about the line corresponds to statistical distance errors of "10% per
object. The small red region in the lower left marks the span of Hubble’s original Hubble diagram from
1929.

Fig. 4. Hubble diagram for type Ia supernovae to z ! 1. Plot in astronomers’ conventional coordinates
of distance modulus (a logarithmic measure of the distance) vs. log redshift. The history of cosmic
expansion can be inferred from the shape of this diagram when it is extended to high redshift and
correspondingly large distances. Diagram courtesy of Brian P. Schmidt, Australian National University,
based on data compiled in ref. 18.

Kirshner PNAS ! January 6, 2004 ! vol. 101 ! no. 1 ! 11

The Hubble diagram for type Ia supernovae. The scatter about the 
line corresponds to statistical distance errors of < 10% per object. 
The small red region in the lower left marks the span of Hubble’s 
original Hubble diagram from 1929. [Kirshner 2003]
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universe: Hubble’s Law says that veloc-
ity ! Ho " distance and, because
time ! distance!velocity, there is a nat-
ural Hubble time, to, associated with the
Hubble expansion, to ! distance!veloc-
ity ! distance!(Ho " distance) ! 1!Ho.

Nearby objects recede slowly, and
more distant ones recede rapidly, but
both would take the same time to get
where they are in a universe that ex-
pands at a constant rate, and that time
is given by 1!Ho. So the Hubble con-
stant sets the time scale from the Big
Bang to today.‡

Although Hubble’s 1929 distances
were too small by a factor of 7, his con-
clusion about the nature of cosmic ex-
pansion was still valid because all his
distances were too small by about the
same factor. The form of the relation,
velocity proportional to distance, is not
changed by this scale error, although the
numerical values for the distances, and
for the Hubble constant (which Hubble
modestly called K) is far from the mod-
ern value. In this classic article, Hubble
quotes values of K of 530 and 500
km!s!megaparsec. Staring at his original
Hubble diagram, you can see that there
is a handful of nearby galaxies with
blueshifts, and a large scatter of veloci-
ties at any given distance. Hubble
shrewdly used plausible methods to av-
erage the data for galaxies that are at
the same distance to make his result
stand out more clearly from the noise.
He was fortunate to have data that be-
haved so well.

Over time, improved understanding of
the stars being used, the role of absorp-
tion by dust, and the local calibration of
the distance scale led to large revisions
in the cosmic distance scale, the Hubble
constant, and in the inferred Hubble
time. In Hubble’s time, to was #2 billion
yr, which was already in conflict with
the larger age of the Earth inferred
from radioactive decay. The Earth
should not be older than the universe in
which it formed. This conflict with the
age of the Earth and a similar problem
with the ages of the stars was a chronic
embarrassment during the decades when
the Hubble constant was poorly known.
The disagreement made it difficult to
accept the reality of cosmic expansion
acting over cosmic time, and Hubble
was always quite circumspect on the in-
terpretation of his discovery. But, as
shown in Fig. 2 of this Perspective, my
colleague John Huchra’s compilation of
the numerical value of the Hubble con-

stant shows how the prevailing value has
been dropping over the decades. The
quoted error bars are chronically much
smaller than the drift in the mean value
over time. The systematic errors are al-
ways underestimated. This plot lends
weight to the aphorism that astrophysi-
cists are always wrong, but never in
doubt.

Modern work, closely tied to the Cep-
heids in Virgo cluster galaxies observed
with the Hubble Space Telescope gives
Ho ! 72 $ 2 $ 7 km!s!megaparsec (9).
The errors quoted are one sigma, with
the first being the statistical error, and
the second, larger error being the sys-
tematic uncertainty due to factors like
the chemical composition of the Cep-
heids in different galaxies, the distance
to the Large Magellanic Cloud to which
the distance comparison is made, and
the calibration of the camera on the
Hubble Space Telescope. As in the past,
we believe these error bars are correct
(although for a contrasting view, see ref.
10). But now, the convergence from
completely independent methods such
as time delays in gravitational lenses,
scattering of microwave background
photons by hot gas in galaxy clusters,
and the physics of supernova atmo-
spheres is beginning to be significant
(12–16). With independent paths, sys-
tematic errors can be exposed. We are,
at last, coming to the end of the search
for the Hubble constant.

The remarkable result of this long
path of revision is that the Hubble time
is now taken seriously. The age of the
universe implied by the modern Hubble
constant with constant expansion is #14
billion yr. This result is in good accord
with the theoretical ages of stars. The

oldest stars in our galaxy have ages,
based on computations of stellar evolu-
tion through nuclear burning, of
#12.5 $ 1.5 billion yr, just enough
younger than the Hubble time to fit
comfortably into a scheme where galax-
ies form promptly after the Big Bang
(17). Even with the added wrinkle of
cosmic deceleration and cosmic acceler-
ation, the best value from the Hubble
diagram for the elapsed time since the
Big Bang is #13.6 $ 1.5 billion yr (18).
The expansion is no illusion; it is cosmic
history.

As in Hubble’s original article, where
he used the very brightest stars and
the light from entire galaxies, the mod-
ern path to deeper distance measure-
ments is through a brighter standard
candle than the Cepheids. Before
Hubble, astronomers had, from time to
time, noted new stars that f lared up in
extragalactic nebulae like M31 and its
cousins. In our own galaxy, these new
stars are called ‘‘novae.’’ Once Hubble
had established that the distances to
these nebulae were millions of light
years, the true nature of these novae
became clear. Because they were at
distances a thousand times larger than
novae in the Milky Way, they must be
a million times more energetic. Ex-
ploding stars in other galaxies were
dubbed ‘‘supernovae’’ by Fritz Zwicky,
Hubble’s contemporary down Lake Av-
enue in Pasadena at the California In-
stitute of Technology. The light output
of one particular type of supernova is
#4 billion times that of the sun. These
‘‘type Ia’’ supernovae can be seen half
way across the visible universe, and,
even better, they have a fairly narrow
distribution in intrinsic brightness. As a

‡The conventional units of the Hubble constant are a bit
obscure: 1 megaparsec (Mpc) ! 106 parsec ! 3.26 " 106

light years ! 3.086 " 1016 m. A Hubble constant of 70
km!s!Mpc corresponds to 2.27 " 10%18 s%1. Then, the
Hubble time is 1!2.27 " 1018 s or 13.9 " 109 yr.

Fig. 2. Published values of the Hubble constant vs. time. Revisions in Hubble’s original distance scale
account for significant changes in the Hubble constant from 1920 to the present as compiled by John
Huchra of the Harvard–Smithsonian Center for Astrophysics. At each epoch, the estimated error in the
Hubble constant is small compared with the subsequent changes in its value. This result is a symptom of
underestimated systematic errors.

10 " www.pnas.org!cgi!doi!10.1073!pnas.2536799100 Kirshner

Published values of the Hubble parameter versus time. 
At each epoch, the estimated error in the Hubble parameter is 
small compared with the subsequent changes in its value. 
This is a symptom of underestimated systematic errors. 

Kirshner 
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Speed of light
since 1880:

It is part of human nature 
to be over-enthusiastic 
about the error bars.



It is part of human nature 
to be over-enthusiastic 
about the error bars.

Speed of light
since 1940:

(There are many other examples 
of this phenomenon.)



Selected measurements from particle physics:



Selected measurements from particle physics:



! !



Preponderance of evidence: 

The universe is accelerating.

But (based on supernova data alone), 
this acceleration is not established 

“beyond reasonable doubt”.

There are an awful lot of subtleties hiding in the 
woodwork of the statistical analyses...

Antidote to excessive statistical sophistication:
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Figure 3. The normalized logarithm of the deceleration distance, ln(dQ/[y Mpc]), as
a function of the y-redshift using the nearby and legacy datasets (legacy05) [2].
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Figure 4. The normalized logarithm of the photon flux distance, ln(dF /[z Mpc]), as
a function of the z-redshift using the nearby and legacy datasets (legacy05) [2].

an “eyeball estimate” that q0 ! 0. Note that this is not a plot of “statistical residuals”

Antidote:

(statistical
uncertainties 

only)

legacy 05
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Figure 6. The normalized logarithm of the photon flux distance, ln(dF /[z Mpc]), as
a function of the z-redshift using the gold06 dataset [2].

automatically reduces the leverage of high redshift outliers is a feature that is considered
highly desirable purely for statistical reasons. In particular, the method of least-squares

is known to be non-robust with respect to outliers. One could implement more robust

regression algorithms, but they are not as easy and fast as the classical least-squares

method. We have also implemented least-squares regression against a reduced dataset

where we have trimmed out the most egregious high-z outlier, and also eliminated the

so-called “Hubble bubble” for z < 0.0233 [32, 33]. While the precise numerical values of
our estimates for the cosmological parameters then change, there is no great qualitative

change to the points we wish to make in this article, nor to the conclusions we will draw.

7.3. Peculiar velocities

One point that should be noted for both the legacy05 and gold06 datasets is the way
that peculiar velocities have been treated. While peculiar velocities would physically

seem to be best represented by assigning an uncertainty to the measured redshift, in

both these datasets the peculiar velocities have instead been modelled as some particular

function of z-redshift and then lumped into the reported uncertainties in the distance

modulus. Working with the y-redshift ab initio might lead one to re-assess the model

for the uncertainty due to peculiar velocities. We expect such e!ects to be small and
have not considered them in detail.

Antidote:

(statistical
uncertainties 

only)

gold 06
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Cosmography is the part of cosmology that depends only on symmetries and
kinematics and is independent of the dynamics encoded in the Einstein equations, or
their cosmological specialization, the Friedmann equations. Thus cosmological tests
based on cosmography are particularly useful and robust in that they are based on
an absolute minimum of clearly identifiable assumptions. We have performed several
such cosmographic tests of the Hubble relation, using recent supernova data. Our
results are quite mixed: While the existence of a leading linear part in the Hubble
relation is confirmed to high accuracy, the situation regarding the higher-order non-
linear terms is much more ambiguous. We develop several graphical representations
of the supernova data that make it visually clear why fitting the higher-order Hubble
parameters is quite problematic, and then back this up by numerical least squares
fits to suitable truncated Taylor series. We point out that the process of truncating
a Taylor series does not commute with the process of performing a least squares fit,
and discuss the model building uncertainties that this introduces. After fitting the
data, we report statistical, systematic, and combined uncertainties in the deceler-
ation and jerk. While segments of our results are quite compatible with standard
folklore, the overall situation is much less sanguine: We wish to sound a cautionary
note against reading too much precision into the current supernova data.

v = H0 d; H0 ! 500 (km/sec)/Mpc.

d =
c z

H0
+O(z2).

d =
c z

H0
+O(z2),

1 + z =
!received

!emitted
=

"emitted

"received
.

1

The fact that there is no overwhelmingly obvious 
visual trend in these graphs tells you that
extracting the deceleration parameter will

at best be a very tricky and uncertain process.  

However,  the leading linear term in the Hubble law, 

is certainly well supported 
by the supernova data.

*

*



result, they make good distance indica-
tors. Refined methods for analyzing
the observations of type Ia supernovae
give the distance to a single event to
better than 10% (19, 20). The best
modern Hubble diagram, based on well
observed type Ia supernovae out to a
modest distance of !2 billion light
years, is shown in Fig. 3, where the
axes are chosen to match those of
Hubble’s original linear diagram (to
mask our uncertainties, astronomers
generally use a log-log form of this
plot as in Fig. 4). Far beyond Hubble’s
original sample, Hubble’s Law holds
true.

In table 2 of his original article (1)
(reproduced as Table 1, which is pub-
lished as supporting information on the
PNAS web site), Hubble inverted the
velocity–distance relation to estimate
the distances to galaxies of known red-
shift. For galaxies like NGC 7619 for
which he had only Humason’s recently
measured redshift, Hubble used the
velocity–distance relation to infer the
distance. This approach to estimating
distances from the redshift alone has
become a major industry with galaxy
redshift surveys. Today’s telescopes are
1,000 times faster at measuring red-
shifts than in Hubble’s time, leading to
large samples of galaxies that trace the
texture of the galaxy distribution (21–
24). As shown in Fig. 5, the 3D distri-
bution of galaxies constructed from
Hubble’s Law is surprisingly foamy,
with great voids and walls that form as
dark matter clusters in an expanding
universe, shaping pits into which the
ordinary matter drains, to form the
luminous matter we see as stars in gal-
axies. Quantitative analysis of galaxy

clustering leads to estimates for the
amount of clumpy dark matter associ-
ated with galaxies. The best match
comes if the clumpy matter (dark and
luminous, baryons or not) adds up to
!30% of the universe.

The interpretation of the redshift as a
velocity, or more precisely, as a stretch-
ing of photon wavelengths due to cosmic
expansion, which we assume today’s col-
lege sophomores will grasp, was not so
obvious to Hubble. Hubble was very
circumspect on this topic and, more gen-
erally, on the question of whether cos-
mic expansion revealed a genuine cos-
mic history. He referred to the redshift
as giving an ‘‘apparent velocity.’’ In a

letter to Willem de Sitter (25), Hubble
wrote, ‘‘Mr. Humason and I are both
deeply sensible of your gracious appreci-
ation of the papers on velocities and
distances of nebulae. We use the term
‘apparent’ velocities to emphasize the
empirical features of the correlation.
The interpretation, we feel, should be
left to you and the very few others who
are competent to discuss the matter
with authority.’’

Part of the difficulty with the inter-
pretation came from alternative views,
notably by the local iconoclast, Fritz
Zwicky, who promptly sent a note to
PNAS in August 1929 that advocated
thinking of the redshift as the result of
an interaction between photons and in-
tervening matter rather than cosmic ex-
pansion (26). The reality of cosmic
expansion and the end of ‘‘tired light’’
has only recently been verified in a
convincing way.

While the nature of the redshift was a
bubbling discussion in Pasadena, Olin
Wilson of the Mount Wilson Observa-
tory staff suggested that measuring the
time it took a supernova to rise and fall
in brightness would show whether the
expansion was real. Real expansion
would stretch the characteristic time,
about a month, by an amount deter-
mined by the redshift (27).

This time dilation was sought in 1974,
but the sample was too small, too
nearby, and too inhomogeneous to see
anything real (28). It was only with large
carefully measured and distant samples
of SN Ia (29, 30) and more thorough
characterization of the way supernova
light curves and supernova luminosities
are intertwined (31, 32) that this topic

Fig. 3. The Hubble diagram for type Ia supernovae. From the compilation of well observed type Ia
supernovae by Jha (29). The scatter about the line corresponds to statistical distance errors of "10% per
object. The small red region in the lower left marks the span of Hubble’s original Hubble diagram from
1929.

Fig. 4. Hubble diagram for type Ia supernovae to z ! 1. Plot in astronomers’ conventional coordinates
of distance modulus (a logarithmic measure of the distance) vs. log redshift. The history of cosmic
expansion can be inferred from the shape of this diagram when it is extended to high redshift and
correspondingly large distances. Diagram courtesy of Brian P. Schmidt, Australian National University,
based on data compiled in ref. 18.

Kirshner PNAS ! January 6, 2004 ! vol. 101 ! no. 1 ! 11
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Some parts of cosmology are 
already precision science.

Cosmological distance determinations, 
however,  are not yet 

precision science.

“Precision cosmology? Not just yet.”

*

*



Puzzle:

The cosmic background radiation is very smooth.

The distribution of galaxies is very lumpy.

But is the geometry of spacetime very lumpy?
Or is it very smooth?

CBR:    z ~ 1088                  Galaxies:    z ~  0 to 6



CMB:
CBR:

homogeneous to about one in a million



but
large

density 
fluctuations!



And we have to look past all the lumpy galaxies 
to see the smooth background radiation...

And Einstein tells us that lumpy matter should lead 
to lumpy spacetime geometry... 

This happens to some extent, but maybe 
not as much as we would expect?

David Wiltshire:  U Canterbury --- fractal bubble universe.











Very good evidence for accretion disks...

Very good evidence for something “dark, heavy, and small”...



The 
further 
back we 
look, the 

more 
uncertain

we 
become.

z~6
z~100

z~1088



z~1088

z~6

z~ 0 to 1

z = infinity



What parts of cosmology are firm?

Cosmological inflation

Galaxy-galaxy correlations

Galaxy-CMB correlations

Large-scale structure

Fractal universe?



Cosmological
inflation.

The effect is almost 
certainly real.

The cause? 



Two of these are 
simulations of galaxy 

distributions,
one is observational

data...

Galaxy-galaxy
correlations





Chain of
galaxies

Structure



Tadpole galaxy

Structure



There’s more to structure than just galaxies!

Mice



Structure

Colliding galaxies --- unhealthy neighborhood.



Where are the bodies buried?

Pioneer anomaly?

Dark matter!

Dark energy?

Overall mass-energy budget!



Pioneer 
anomaly?

Pioneer 10 and 11, 
and   Voyager 1 and 2,  

have now been 
tracked for about 30 years. 

They are not quite doing what we expect.

Small “anomalous” acceleration.

    Directed toward the Sun.

    Magnitude:                       

Brief Article

The Author

April 5, 2005

aanomalous ! c H0

1





Pioneer 
anomaly?



Say what?

What’s the Hubble parameter 
doing in solar system physics?

There’s no really good model
for what is going on.

It could just be noise: 

Brief Article

The Author

April 5, 2005

aanomalous ! c H0

aanomalous ! 10!9 m s!2 ! 10!10 g

1

But if it’s real, it’s just plain weird...

Pioneer 
anomaly?



People are still very puzzled...

Breakdown of inverse square law 
at solar system scales?

Pioneer 
anomaly?

But it does not seem to affect  Uranus, Neptune, Pluto?

Brief Article

The Author

May 31, 2008

F =
G m m!

r2
+ m! aP + . . .?

aP = (8.74± 1.33)! 10"10 m/s2

1

Brief Article

The Author

May 31, 2008

F =
G m m!

r2
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aP = (8.74± 1.33)! 10"10 m/s2
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Andromeda galaxy

Dark matter?

AKA:     Galactic   
“missing mass”

Buzz phrase:   
Galaxy 

rotation curves





Dark matter?



Dark matter?



Our own galaxy --- the Milky way --- shows the same 
effect.

Dark matter?



Schematic galaxy rotation curve

Expected:
Kepler falloff 

Observed:
Approximately

constant

Dark matter?



We do see this in 
the galactic core

We expect this, 
but don’t see this, 
in the galactic disk

Dark 
matter?



What a spiral galaxy 
“really” looks like....

Dark matter halo 
out to beyond the 

visible disk

But what is the 
dark matter?

Nobody knows

Density falloff:

Brief Article

The Author

May 31, 2008

F =
G m m!

r2
+ m! aP + . . .?

aP = (8.74± 1.33)! 10"10 m/s2

1/r2

1

Dark matter?



Dark matter?

Dark matter makes up about 90%  of the 
mass of  typical spiral galaxies

We only detect it through its gravitational effects

As yet we have no direct verification of its existence

Possibilities: Massive neutrinos
Axions
WIMPS

Sparticles
Bose condensates
Other weirdness



Axion (invisible axion):

mysterious particle beloved 
by particle physicists

Dark matter?



SUSY:

Supersymmetry doubles the particle spectrum

The lightest susy-partner is likely to be stable

*IF* 
supersymmetry

has anything 
to do with 

the 
“real world”.



WIMPS

Weakly interacting massive particles



WIMPS

There are many
WIMP candidates

Wimpzilla?



Brief Article

The Author

May 31, 2008

F =
G m m!

r2
+ m! aP + . . .?

aP = (8.74± 1.33)! 10"10 m/s2

1/r2

F = m af

!
a

a0

"
; a0 " 10"11g.

1

Brief Article

The Author

May 31, 2008

F =
G m m!

r2
+ m! aP + . . .?

aP = (8.74± 1.33)! 10"10 m/s2

1/r2

F = m af

!
a

a0

"
; a0 " 10"11g.

F =
G m m!

r2
+

G m m!

r r0
+ . . .?

r0 " 10 kilo-parsecs

1

Brief Article

The Author

May 31, 2008

F =
G m m!

r2
+ m! aP + . . .?

aP = (8.74± 1.33)! 10"10 m/s2

1/r2

F = m af

!
a

a0

"
; a0 " 10"11g.

F =
G m m!

r2
+

G m m!

r r0
+ . . .?

r0 " 10 kilo-parsecs

1

Dark matter?

Really weird possibilities:

MOND:   (MOdified Newtonian Dynamics?) 

Breakdown of inverse square law at galactic scales?

Does not mesh well with the Pioneer anomaly



Dark energy:

AKA:   Cosmological constant

AKA:   Quintessence

AKA:   Accelerating universe









Heat 
death



Dark matter clumps

Dark energy does not 
clump

(by definition,      
not deduction)



Big rip?
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Dark energy?

 Are we living in a large under-dense bubble 
in an otherwise simple universe?

Size of bubble:      Much bigger than Hubble radius

If this idea works it would improve some aspects 
of our cosmological picture, 

at the cost of giving up large-scale homogeneity.

Could get rid of the “dark energy”.

The universe we see would not be “typical”.



 Mass-energy 
budget?



Overall mass-energy budget?



If you succeed in getting 
rid of dark energy, 
we are looking at 

big changes... 



Conclusions:

1) The “big bang” is alive and well...

2) There is a lot of good high-quality data coming in,   
     this helps keep the theorists on track...

3) There is a lot of room for debate at the margins,
     but the core of the “big bang” is rock solid.



“Sometimes I wonder whether 
the world is being run by smart 
people who are putting us on, or 
by imbeciles who really mean it.”

                   --- Mark Twain


