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In a few more billion years the solar luminosity will grow large enough to 
evaporate Earth’s atmosphere and oceans, annihilating life as we know it. 

Here is how will the world will end.

Solar structure theory is well checked by helioseismology and solar neutrino 
detections. It predicts the Sun was seriously less luminous 3.5 Gyr ago. But the 
greenhouse effect of water vapor kept Earth warm enough for bacteria, and it 
still keeps us from freezing.





Al Kogut, 2012

In the standard 
relativistic ΛCDM 
cosmology the universe  
expanded from a very 
close to homogeneous, 
hot, dense, condition.

The simplest piece of 
evidence is the very 
close to isotropic 
thermal sea of 
radiation. 
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Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

⇥
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/�), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter � as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2�2
nl/2 + 1, (34)

where the damping scale ⇥nl is a fitted parameter. We assume
a Gaussian prior on ⇥nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.
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Figure 6. CMD for NGC 6341 (M92). The observations are fit with a
[Fe/H] = −2.16 13.5 Gyr isochrone with an apparent distance modulus of
14.75 and a color excess of 0.05.

radius of approximately 1.83 arcmin while the tidal radius of a
cluster could be over 30 arcmin. As a result, it is necessary
to extrapolate our local observations to the global behavior
of the cluster while taking mass segregation into account. To
accomplish this, multi-mass King models are used. The specific
King-model code used in this work was developed by Anderson
(1997), and is taken directly from the formalism described in
Gunn & Griffin (1979). The code represents the cluster as a set
of population groups. Stars within each group are characterized
by the same mass and respond to the potential induced by the
sum of all the groups.

In order to properly constrain a multi-mass King model, we
must specify the contribution of stars at a particular mass (the
population groups) either in terms of the total mass, or in terms of
the mass fraction at a given radius. In addition, we must provide
some global cluster parameters, including the distance, core
radius and tidal radius. Since our prime concern is determining
how the LF varies with radius, it is convenient to associate the
population groups with bins in the LFs, assigning each group
the average mass for stars in that LF bin.

We adopted the annulus between 25 and 50 arcsec as the
region over which we constrained our model LF to fit the
observations. This region provides the reference luminosity
function. The chosen location represents a balance between the
desire for a large number of stars and low Poisson statistics,
and the need for a narrow annulus to minimize variations in the
intrinsic structural parameters of the clusters.

In creating the input luminosity function, the RGB and MS
were binned in 1 mag bins to represent the luminosity function.

Figure 7. CMD for NGC 6362. The observations are fit with a [Fe/H] = −1.08
14.0 Gyr isochrone with an apparent distance modulus of 14.70 and a color
excess of 0.09.
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Figure 8. Completeness map for M92 showing the completeness determined
from artificial star tests as a function of magnitude and radius from the cluster
center. The photometry has very good completeness except for faint stars near
the center of the cluster, as seen in the bottom left of the plot.

Each bin corresponds to a group of stars with the appropriate
mass in the dynamical models. Additional mass groups were
added to represent stars on the horizontal branch and asymptotic
giant branch, blue stragglers, and compact objects in the form
of neutron stars and white dwarfs. In a cluster, which has not
been subjected to significant stripping, the expected population
of neutron stars and white dwarfs can be determined a priori.
The numbers of neutron stars and white dwarfs were estimated
assuming a power-law IMF with an index of −1.0 for stars
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FIG. 7.ÈValues of the Hubble constant determined using the Sunyaev-
Zeldovich e†ect (open squares) and gravitational lens time delays (asterisks)
from 1990 to the present. From the compilation of Huchra (http ://cfa-
www.harvard.edu/Dhuchra) for the Key Project.

the distance to the cluster (e.g., Birkinshaw 1999 ; Carlstrom
et al. 2000). The observed microwave decrement (or more
precisely, the shift of photons to higher frequencies) results
as low-energy cosmic microwave background photons are
scattered o† the hot X-ray gas in clusters. The SZ e†ect is
independent of distance, whereas the X-ray Ñux of the
cluster is distance dependent ; the combination thus can
yield a measure of the distance.

There are also, however, a number of astrophysical com-
plications in the practical application of this method (e.g.,
Birkinshaw 1999 ; Carlstrom 2000). For example, the gas
distribution in clusters is not entirely uniform: clumping of
the gas, if signiÐcant, would result in a decrease in the value
of There may also be projection e†ects : if the clustersH0.
observed are prolate and seen end on, the true could beH0larger than inferred from spherical models. (In a Ñux-limited

FIG. 8.ÈPlot of log distance in Mpc vs. log redshift for Cepheids, the
Tully-Fisher relation, Type Ia supernovae, surface brightness Ñuctuations,
fundamental plane, and Type II supernovae, calibrated as part of the Key
Project. Filled circles are from Birkinshaw (1999), for nearby Sunyaev-
Zeldovich clusters with cz \ 30,000 (z \ 0.1) km s~1, where the choice of
cosmological model does not have a signiÐcant e†ect on the results. The
SZ clusters are Abell 478, 2142, and 2256, and are listed in BirkinshawÏs
Table 7. The solid line is for km s~1 Mpc~1, with the dashed linesH0 \ 72
representing ^10%.

sample, prolate clusters could be selected on the basis of
brightness.) Cooling Ñows may also be problematic. Fur-
thermore, this method assumes hydrostatic equilibrium and
a model for the gas and electron densities. In addition, it is
vital to eliminate potential contamination from other
sources. The systematic errors incurred from all of these
e†ects are difficult to quantify.

Published values of based on the SZ method haveH0ranged from D40 to 80 km s~1 Mpc~1 (e.g., Birkinshaw
1999). The most recent two-dimensional interferometry SZ
data for well-observed clusters yield km s~1H0 \ 60 ^ 10
Mpc~1. The systematic uncertainties are still large, but the
near-term prospects for this method are improving rapidly
(Carlstrom 2000) as additional clusters are being observed,
and higher resolution X-ray and SZ data are becoming
available (e.g., Reese et al. 2000 ; Grego et al. 2000).

9.2. T ime Delays for Gravitational L enses
A second method for measuring at very large dis-H0tances, independent of the need for any local calibration,

comes from gravitational lenses. Refsdal (1964, 1966)
showed that a measurement of the time delay, and the
angular separation for gravitationally lensed images of a
variable object, such as a quasar, can be used to provide a
measurement of (see also, e.g., the review by BlandfordH0& Narayan 1992). Difficulties with this method stem from
the fact that the underlying (luminous or dark) mass dis-
tributions of the lensing galaxies are not independently
known. Furthermore, the lensing galaxies may be sitting in
more complicated group or cluster potentials. A degeneracy
exists between the mass distribution of the lens and the
value of (Schechter et al. 1997 ; Romanowsky & Kocha-H0nek 1999 ; Bernstein & Fischer 1999). In the case of the
well-studied lens 0957]561, the degeneracy due to the sur-
rounding cluster can be broken with the addition of weak-
lensing constraints. However, a careful analysis by
Bernstein & Fischer emphasizes the remaining uncertainties
in the mass models for both the galaxy and the cluster
which dominate the overall errors in this kind of analysis.
Values of based on this technique appear to be converg-H0ing to about 65 km s~1 Mpc~1 (Impey et al. 1998 ; Tonry &
Franx 1999 ; Bernstein & Fischer 1999 ; Koopmans & Fass-
nacht 1999 ; Williams & Saha 2000).

9.3. Comparison with Other Methods
It is encouraging that to within the uncertainties, there is

broad agreement in values for completely independentH0techniques. A Hubble diagram (log d versus log v) is plotted
in Figure 8. This Hubble diagram covers over 3 orders of
magnitude, and includes distances obtained locally from
Cepheids, from Ðve secondary methods, and for four clus-
ters with recent SZ measurements out to z D 0.1. At z Z 0.1,
other cosmological parameters (the matter density, and)

m
,

the cosmological constant, become important.)")

10. IMPLICATIONS FOR COSMOLOGY

One of the classical tests of cosmology is the comparison
of timescales. With a knowledge of the average densityH0,
of matter, o, and the value of the cosmological constant, ",
integration of the Friedmann equation

H2 \ 8nGo
3

[ k
r2 ] "

3
(7)

signature of large-scale flattening from coherent infall has been seen
with a high signal-to-noise ratio.

Quantifying redshift-space distortions
The large-scale flattening of the correlation function may be
quantified by measuring the quadrupole moment of y(j,p) as a
function of radius r. A negative quadrupole moment implies
flattening, whereas the finger-of-God distortion tends to yield a
positive quadrupole moment. Figure 3 shows that the quadrupole-
to-monopole ratio is positive on small scales, but that if falls with
separation, becoming progressively more negative out to the largest
separations at which it can be reliably measured. This arises partly
because the underlying power spectrum is not a simple power-law
function of scale, so that the peculiar velocities have a different effect
at different radii. By integrating over the correlation function, it is
possible to construct quantities in which this effect is eliminated. We
shall not do this here, firstly because it seems desirable to keep the
initial analysis as direct as possible. More importantly, finger-of-
God smearing is a significant correction that will also cause the
flattening to depend on radius. We therefore have to fit the data with
a two-parameter model, described in the caption to Fig. 2. The
parameters are b and a measure of the size of the random dispersion

in the relative velocities of galaxies, jp. In practice, jp plays the role
of an empirical fitting parameter to describe the scale on which the
distortions approach the linear-theory predictions. It therefore also
incorporates other possible effects, such as a scale dependence of
bias.

The results for the quadrupole-to-monopole ratio are shown in
Fig. 3, which shows the average of the estimates for the NGP and
SGP slices. The difference between the NGP and SGP allows an
estimate of the errors to be made: these slices are independent
samples for the present analysis of clustering on relatively small
scales. For model fitting, it is necessary to know the correlation
between the values at different r. A simple way of addressing this is
to determine the effective number of degrees of freedom from the
value of x2 for the best-fitting model. A more sophisticated
approach is to generate realizations of y(j,p), and construct the
required covariance matrix directly. One way of achieving this is to
analyse large numbers of mock surveys drawn from numerical
simulations24. A more convenient method is to generate direct
realizations of the redshift-space power spectrum, using gaussian
fluctuations on large scales, but allowing for enhanced variance in
power on nonlinear scales25–27. In practice, the likelihood contours
resulting from this approach agree well with those from the simple
approach, and we are confident that the resulting errors on b are
realistic. These contours are shown in Fig. 4, and show that there is a
degree of correlation between the preferred values of b and jp, as
expected. For our purposes, jp is an uninteresting parameter, so we
marginalize over it to obtain the following estimate of b and its root
mean square (r.m.s.) uncertainty:

b ¼ 0:43 ! 0:07

articles
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Figure 2 The redshift-space correlation function for the 2dFGRS, y(j,p), plotted as a
function of transverse (j) and radial (p) pair separation. The function was estimated by
counting pairs in boxes of side 0.2 h−1 Mpc, and then smoothing with a gaussian of r.m.s.
width 0.5 h−1 Mpc. To illustrate deviations from circular symmetry, the data from the first
quadrant are repeated with reflection in both axes. This plot clearly displays redshift
distortions, with finger-of-God elongations at small scales and the coherent Kaiser
flattening at large radii. The overplotted contours show model predictions with flattening
parameter b ! Ω0:6=b ¼ 0:4 and a pairwise dispersion of jp ¼ 400 km s" 1. Contours
are plotted at y ¼ 10, 5, 2, 1, 0.5, 0.2 and 0.1.

The model predictions assume that the redshift-space power spectrum (Ps) may be
expressed as a product of the linear Kaiser distortion and a radial convolution37:
P sðkÞ ¼ P r ðk Þð1 þ bm2Þ2ð1 þ k 2j2

pm
2=2H 2

0Þ" 1, where m ¼ k̂⋅r̂, and jp is the r.m.s.
pairwise dispersion of the random component of the galaxy velocity field. This model gives
a very accurate fit to exact nonlinear simulations33. For the real-space power spectrum,
Pr(k), we take the estimate obtained by deprojecting the angular clustering in the APM
survey11,39. This agrees very well with estimates that can be made directly from the
2dFGRS, as will be discussed elsewhere. We use this model only to estimate the scale
dependence of the quadrupole-to-monopole ratio (although Fig. 2 shows that it does
match the full y(j,p) data very well).
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Figure 3 The flattening of the redshift-space correlation function is quantified by the
quadrupole-to-monopole ratio, y2/y0. This quantity is positive where fingers-of-God
distortion dominates, and is negative where coherent infall dominates. The solid lines
show model predictions for b ¼ 0:3, 0.4 and 0.5, with a pairwise velocity dispersion of
jp ¼ 400 km s" 1 (solid lines), plus b ¼ 0:4 with jp ¼ 300 and 500 km s−1 (dashed
lines). The y2/y0 ratio becomes more negative as b increases and as jp decreases. At
large radii, the effects of fingers-of-God become relatively small, and values of b ! 0:4
are clearly appropriate.

The multipole moments of the correlation function are defined as y!ðr Þ ! ð2! þ 1Þ=
2"1

" 1yðj ¼ r sin v; p ¼ r cos vÞ P !ðcos vÞ d cos v. In linear theory, the quadrupole-to-
monopole ratio is given40 by y2=y0 ¼ f ðnÞð4b=3 þ 4b2=7Þ=ð1 þ 2b=3 þ b2=5Þ. Here
f ðnÞ ¼ ð3 þ nÞ=n, where n is the power-spectrum index of the density fluctuations:
y # r " ð3þnÞ. In practice, nonlinear effects mean that this ratio is a function of scale. We
model this by using the real-space correlation function estimated from the APM
survey11,39, plus the model for nonlinear finger-of-God smearing given in the caption to
Fig. 2.
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The relativistic ΛCDM theory of expansion from a hot near homogeneous initial state passes an abundance of tests. 
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So why raise %m? 

! Actually, it’s kind of complicated ! 
–  ! but the basic physical picture can be sketched out. 

! Planck sees more power at high-l, and smoother peaks, 
than the “old” best-fit model predicts. 

! Raising &m will lower the first few peaks (c.f. those at 
higher-l) and increase the amount of gravitational lensing. 

! Increasing the overall normalization at the same time 
(and some other things) gives us more power at high-l, 
smoother peaks but overshoots the low-l data a bit. 
–  WMAP got more of its constraint from lower l, so preferred a 

slightly higher H0 (though it was moving to lower H0 with time). 
–  SPT+ACT didn’t have the dynamic range to see these effects 

alone and inter-calibration with WMAP was “noisy”. 
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Parameter* TT***********************************TT,TE,EE*
Ωbh2" 0.02222±0.00023********0.02224±0.00015*
Ωch2" 0.1199±0.0022*************0.1199±0.0014*
100θ** 1.04086±0.00048*********1.04073±0.00032*
τ" 0.078±0.019*******************0.079±0.017*
ns* 0.9652±0.0062**************0.9639±0.0047*
H0* 67.3±1.0**************************67.23±0.64*
Ωm" 0.316±0.014*******************0.316±0.009*
σ8" 0.830±0.015*******************0.831±0.013*
zre* 9.9±1.9****************************10.7±1.7*

BASE%ΛCDM%MODEL%

…but&beware&there&are&s5ll&low&level&systema5cs&in&the&polariza5on&
spectra&
preliminary&

The 6-parameter cosmologically flat ΛCDM 
theory assumes general relativity with texbook 
physics, and it postulates

non-baryonic dark matter, 

Einstein cosmological constant, Λ,
 
flat space sections,

initially small adiabatic near scale-invariant 
growing departures from the spatially flat 
Friedman-Lemaȋtre solution.

This allows six free parameters, which fits 
many more measurements. 

The dark sector certainly may be more interesting than CDM and Λ.
 
My intuition is that a more radical departure from ΛCDM, while always 
conceivable, is exceedingly unlikely.



● Maxwell ~ 1865

● Einstein  1905-1915

● ΛCDM

Our physics grew by an elegant hierarchy of successive approximations.

Quantum physics was a big departure from this continuity, 

but nonrelativistic quantum theory pretty directly led to QED and from 
there, with a little help from experiments, to the standard model for 
particle physics, which passes an even greater abundance of tests 
than ΛCDM.



Seeking the next level of fundamental physics
What is the next turtle down?

AE in Albert Einstein Scientist Philosopher:
“. . . Only “dimension-less” constants could occur in 
the basic equations of physics. Concerning such I 
would like to state a theorem which at present can not 
be based on anything more that upon a faith in the 
simplicity, i.e., intelligibility, of nature: there are no 
arbitrary constants of this kind; that is to say, Nature is 
so constituted that it is possible logically to lay down 
such strongly determined  laws that within these laws 
only rationally completely determined constants occur 
(not constants, therefore, whose numerical values 
could be changed without destroying the theory).”



Seeking the next level in cosmology: What happened before 
ΛCDM could have been been a good approximation?

It makes perfect sense to follow proven directions: explore how to 
improve and merge the quantum and GR paths.

Maybe this will lead to completion of Einstein’s program: a 
logically  coherent and complete final theory of everything, maybe 
needing no empirical input beyond what we have now, and 
maybe not even needing anthropic arguments. 

It would be marvelous.

But it would present a conundrum:  Does the universe really 
share our notions of intelligibility: logic, coherence, 
completeness? Or might Nature have more surprises for us? 

We may find out by following empiricist paths. We have hints:



Who ordered

• The three generations of quarks and leptons?

• The stark simplicity of the ⇤CDM universe at high redshift?

• All those galaxies?
– One in otherwise empty space seems adequate for us.
– Does inflation require all those galaxies? Did inflation happen?

• So much entropy?
– ⇤CDM allows a lot more or a lot less less entropy per baryon.
– Is a zero entropy early universe without inflation a viable alternative

history for situations similar to ours in a multiverse?

• Dark matter?
– Has nonbaryonic DM any socially redeeming value?
– Could DM really be as simple as ⇤CDM?
– Why is DM so vexatiously di�cult to detect, apart from gravity?

• Einstein’s ⇤?
– Why the vast disconnect with the näıve quantum vacuum?

• The curiously stable strength of gravity?
– Why is Gmpme/e2 ⇠ 10�40 so small yet so close to constant?

• Bulge-free spiral galaxies, baryonic TF, and all that?
– Puzzling aspects of galaxies may only reflect complex physics, but

it’s prudent to consider that they may be hints to better physics.





An Alternative Universe

Imagine an early universe with zero entropy, number density nl in each
lepton family, and n⌫

>⇠ nl in each neutrino, in the three generations

e�, µ�, ⌧�, ⌫1, ⌫2, ⌫3,

with baryon number density nb = 3nl.

When the nucleon degeneracy kinetic energy is well below the proton
rest mass, the reactions

p+ + e� $ n+ ⌫e

suppress the abundance of neutrons and unwanted overproduction of
helium.

Earlier, I suppose, would be degenerate seas of quarks and leptons.
I haven’t thought through possible e↵ects of the entropy produced by
irreversible processes as the universe expands.



Sculptor galaxy
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Figure 1. Baryonic mass as a function of line width (left) and circular velocity as measured from resolved rotation curves (right). Left panel: data from McGaugh et al.
(2000) are shown as light gray points with uncertainties suppressed for clarity. Gas-dominated galaxies (with M∗ < Mg) are shown as small circles and star-dominated
galaxies (M∗ > Mg) are shown as small squares. More recent data are shown with larger symbols. The data of Trachternach et al. (2009) are shown as dark blue stars
in cases where rotation is detected and as open stars when it is not. The data of Begum et al. (2008a) are shown as light blue squares for cases with consistent optical
and H i inclinations and as crosses in cases where these differ substantially. The H i data of Gurovich et al. (2010) are shown as orange left-pointing triangles. The
data of the star-dominated galaxies of Sakai et al. (2000) are shown as red right-pointing triangles with stellar mass from the H-band data of Gurovich et al. (2010).
The two samples of star-dominated galaxies are compared in the inset. This also serves to illustrate the range covered by the bright spirals that traditionally define the
Tully–Fisher relation—a range that is vastly expanded by the inclusion of gas-rich dwarfs. In the right panel, data for galaxies with Vf measured from resolved rotation
curves include the rotating cases of Trachternach et al. (2009), the data of Begum et al. (2008a) with consistent inclinations, the gas-dominated galaxies compiled by
Stark et al. (2009, green circles), and the star-dominated galaxies compiled by McGaugh (2005b, dark gray squares).
(A color version of this figure is available in the online journal.)

than do rotation curve data. This appears to be a limitation of
the line width as a proxy for the rotation velocity. Aside from
this detail, the data present a consistent overall picture.

McGaugh et al. (2000). Gas-rich galaxies were selected from
the sample of Schombert et al. (1997) and Eder & Schombert
(2000) to have inclinations i > 45◦. Stellar masses were esti-
mated from I-band data assuming a constant mass-to-light ratio
(ϒI

∗ = 1.7 M⊙/L⊙). We retain this original prescription, making
only the correction to stellar mass discussed by Gurovich et al.
(2004). Data for star-dominated galaxies with H-band photom-
etry were taken from Bothun et al. (1985). A constant H-band
mass-to-light ratio of ϒH

∗ = 1 M⊙/L⊙ was assumed. These data
are included here for comparison to more recent data but are not
used in the analysis.

Gurovich et al. (2010). New data are presented for galaxies
with Mg > M∗. Detailed stellar population modeling has been
performed to determine the stellar mass (Table 11 of Gurovich
et al. 2010). The same modeling procedure has also been applied
to the star-dominated sample of Sakai et al. (2000). We adopt
the stellar mass determinations based on H-band photometry1

for these galaxies (Table 4 of Gurovich et al. 2010) to facilitate
direct comparison with the data of Bothun et al. (1985) employed
by McGaugh et al. (2000). All of the bright galaxies of Sakai
et al. (2000) have nicely double-horned line profiles with well-
measured line widths. This is not the case for the new gas-rich
galaxies presented by Gurovich et al. (2010), for which the

1 Whether optical or H-band data are used to estimate the stellar mass for the
bright galaxies of Sakai et al. (2000) makes a difference to the slope of the
BTFR: x = 3 in the optical and x = 4 in the H band. This exemplifies the
systematic uncertainty that gas-dominated galaxies save us from.

H i profiles are all narrow and single-horned (S. Gurovich 2010,
private communication). Such profiles can be poor indicators of
Vf (Trachternach et al. 2009).

2.5. Comparison of the Data

Figure 1 shows the data. Over all, the agreement between the
various data is good. This is true even for the star-dominated
galaxies, despite the differences in the population modeling. The
spiral galaxies of Sakai et al. (2000) fall in the midst of the data
of Bothun et al. (1985, inset of Figure 1) with indistinguishable
slope and normalization. The chief difference is the lower scatter
in the data of Sakai et al. (2000). This presumably results from
the more accurate distances to the individual galaxies based on
Hubble Space Telescope (HST) observations (Freedman et al.
2001). This is expected: As the data improve, the scatter is
reduced. Indeed, essentially all of the scatter can be accounted
for by observational uncertainty and the expected variation in
stellar mass-to-light ratios (Verheijen 2001; McGaugh 2005b;
Stark et al. 2009).

The scatter is larger for lower luminosity galaxies. This
is also expected: It is more challenging observationally to
obtain precise data for faint dwarfs than it is for bright spirals.
Nevertheless, the data for the gas-rich dwarfs appear to be
largely consistent. Moreover, the scatter is reduced as we
progress from line widths to resolved measures of the rotation
velocity (left versus right panels in Figure 1). The improved
accuracy with which the rotation velocity is measured is
reflected in reduced scatter.

There are some outliers among the gas-rich dwarfs, espe-
cially when W20 is used as the velocity estimator. The two most
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How did the universe begin? What happened before ΛCDM 
could have been a good approximation?

Primeval Atom
     A prime mover
     Hawking-Hartle no-boundary proposal

Phoenix
     Ashtekar’s LQG
     Penrose’s conformal cyclic cosmology
     Steinhardt’s ekpyrotic universe

Steady state
     Hoyle and Narlikar’s quasi-steady state universe
     Eternal inflation

To flesh out any of these scenarios we are going to have to 
add to the tested and established physics.

How may that go?



The End Game

1. Maybe the next level in the hierarchy of approximations to quantum
and gravity physics will reach the final theory, which will

(a) show us in a fairly direct way how our universe began, or else
(b) predict a world picture that is di�cult or impossible to read o↵

the final theory, though it certainly would be fascinating to try,

2. or maybe it’s successive approximations all the way down, and re-
search in early universe physics must advance by

(a) hints from empirical evidence, as in the issues mentioned above,
(b) and by pure thought, as in ideas about how it all began that

now are far more abundant than our bits of empirical evidence.

Whatever way, we have a foretaste of how natural science must end,
in pure thought, leaving those of us of an empirical persuasion to
wonder whether that gets it right.

But wait; there’s more.
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Already in 1929 Paul Dirac stated in the Proceedings of the
Royal Society of London (volume 123, page 714):

The underlying physical laws necessary for the
mathematical theory of a large part of physics and
the whole of chemistry are thus completely
known, and the difficulty is only that the exact 
application of these laws leads to equations much
too complicated to be soluble. It therefore becomes
desirable that approximate practical methods of
applying quantum mechanics should be developed,
which can lead to an explanation of the main 
features of complex atomic systems without too
much computation.

Dirac’s claim that we know the fundamental laws well
enough to support calculation of any physical process relevant
to chemistry, materials science, or anything else of practical in-
terest looks be"er than ever. But the boundaries defining
“much too complicated” and “too much computation” have
changed radically. Modern computing machines are many or-
ders of magnitude more capable than anything available in
1929, and there are good reasons to think that within 100 years
we will have many more orders-of-magnitude improvement.

Are there materials that will support space elevators? 
(Figure 1 gives an artist’s rendition.) Are there room-tempera-
ture superconductors? Those questions, and any number of oth-
ers, will become accessible as computers do for nuclear physics,
stellar physics, materials science, and chemistry what they have
already done for aircra# design: supplement and ultimately
supplant laboratory experimentation with computation. 

Increasingly, the development of algorithms will become a
central focus of theoretical physics. Concepts and equations
that computers can run with will be powerfully leveraged; con-
cepts and equations that cannot be turned into algorithms will
be regarded as deficient. That does not mean mindless number
crunching will replace creative insight. On the contrary: Tri-
umphs of creative understanding such as universality (sup-
pression of irrelevant details), symmetry (informed iteration),
and topology (emergence of discrete from continuous) are
preadapted to algorithmic thinking.

The work of designing algorithms can be considered as a
special form of teaching, aimed at extremely clever but literal-
minded and inexperienced students—that is, computers—who
cannot deal with vagueness. At present those students are
poorly motivated and incurious, but those faults are curable.
Within 100 years they will become the colleagues and ulti-
mately the successors of their human teachers, with a distinc-
tive style of thought adapted to their talents.

Grand projects
The Pyramids of Egypt, the Parthenon of Athens, the Alhambra
in Spain, the cathedrals of medieval Europe, the Eiffel Tower—
these and more are grand projects, through which a culture ex-
presses its aspirations and identity. Extraordinary opportuni-
ties are before us, but to do them justice will require substantial
investment of resources. Confident, ambitious communities will
take them on proudly.
‣ Gravitational-wave astronomy has begun to open a new
window on the universe, one that will allow access to hidden
regions and violent events: In February of this year, the Laser
Interferometer Gravitational-Wave Observatory reported the
first direct observation of a gravitational wave. To exploit the
full potential of gravitational-wave astronomy, we shall deploy
arrays of precision instruments, spanning millions of kilome-
ters, in space. One candidate, the Laser Interferometer Space
Antenna, is illustrated in figure 2. 
‣ Exoplanetary astronomy will systematically survey our
galaxy, gathering information on the masses, orbits, geology,
and atmospheres of millions of planets. As a byproduct, we
will learn how rare life is and what conditions it requires. What
we discover might support tests and refinements of anthropic
reasoning. 
‣ Tactile astronomy will be advanced much more readily by
an expanding swarm of robotic probes, virtual telepresence,
and appropriate biological seeds than by fragile, human bodies
ill-adapted to deep space. Human civilization will extend be-
yond the solar system; human colonization, not so much. 
‣ Inverse astronomywill reach to shorter distances and higher
energies at great accelerator projects. 

FIGURE 2. THE LASER INTERFEROMETER
SPACE ANTENNA (LISA) could detect 
gravitational waves that have frequencies
ranging from 0.1 mHz to 100 mHz. By way of
comparison, the gravitational wave discovered
with the Laser Interferometer Gravitational-
Wave Observatory last February featured 
frequencies around 100 Hz. Spanning millions
of kilometers, LISA will be by far the largest
structure produced by humanity. It will be a
lasting monument to our curiosity, ambition,
and ingenuity. (Courtesy of NASA.)

PHYSICS IN 100 YEARS
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Is there an origin of chemistry? 
Dirac 1929:



Is there an origin of chemistry?

Chemistry is growing its own hierarchy of approximations, driven by 
wonderfully rich phenomenology, though maybe not quite as Dirac 
envisioned. 

● Fermi Thomas, Hartree Fock. 

● DFT (Kohn et al. 1964, 1965), which  
is inspired by QM, but it is not QM.

Web of Science lists papers with 
“density functional theory’’ in title, 
abstract, or keywords (with a few ringers): 
69 papers published in 1970 through 1980 
30,000 papers published in the single year 2015.

Chemistry’s hierarchy of theories may converge to established physics. Or 
maybe that is not an adequate basis for chemistry. And maybe complexity
—physical or computational—will prevent our ever knowing.

But wait; there’s more.



Is there an origin of other branches of natural science?

I imagine research in botany, biology, the human brain and all 
that are each developing their own empirically-guided hierarchies 
of successive approximations to what’s found to be happening, 

maybe someday to merge with the hierarchies of particle physics, 
cosmology, and chemistry, approaching a true theory of 
everything, and of how it all began, 

or maybe not.

Whatever the result, I think we can be sure the pursuit of these 
issues will involve a lot of fascinating research, theoretical and 
experimental, which will reveal many wonderful insights into how 
it all works and how it all began.

Wait; there’s more.


