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Typical galaxy group volume ~ cubic Million parsecs
Cosmologist’s favorite unit: Megaparsec (Mpc) ~ 1022 meters

Clusters, superclusters of galaxies and voids ~ 100 Mpc
Even larger scales > 100 Mpc: Universe appears smooth!
7/15/2004

CERN HST 2004
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More detail
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Expanding Universe
Appearance of unchanging universe is illusion!
Observational evidence indicates that universe in state of violent explosion
where galaxies are rushing apart at speeds approaching speed of light.
If extrapolate motion back in time,
then in past everything much closer
so close, could not have separate existence
-> early universe.
Observational evidence for expansion of universe comes
from fact that possible to determine motion of luminous body
in direction along line of sight more accurately
than motion right angles to line of sight.
Ability relies on Doppler effect (earlier)
-> If source of light waves has period of T seconds
and source moving away from observer at velocity V,
then period T′ seen by observer is
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Since wavelength and period are related by λ = cT and λ′ = cT ′ ->
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-> shift of wavelengths toward red end of spectrum.
If source moving toward observer instead ->

0

⇡1

V
c

-> shift of wavelengths toward blue end of spectrum.
—> wholesale shift of spectral lines of atoms compared to laboratory experiments
—> can measure speed

So many galaxies….

Within these galaxies are variable stars
(Cepheid variables)
which have a definite relationship between
period and absolute luminosity
= total radiant power emitted by
astronomical object in all directions.
Absolute luminosity, in general,
observable only at star.
Away from star, only measure apparent luminosity,
which is radiant power received
at distant detector
(reduced by distance - 1/r2 fall off
-> inverse square law).

With Cepheid variables, measure period T
-> absolute luminosity L0 = f(T).
Then measure apparent luminosity L = L0/d2,
where d = distance between us and star -> determine d.
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This calculation showed that most observed galaxies were outside our galaxy
(thought early on that were objects within galaxy).
Thus, found that enormous number of galaxies like own
fill universe to great distances in all directions.
At same time light from these galaxies was also measured
to have shifted spectra indicating galaxies were moving away or toward earth.
1st, thought
-> merely relative velocities,
reflecting motion of our own solar system
toward some galaxies and away from others.
However, explanation quickly became untenable
as more and more of larger spectral shifts were discovered
all toward red end of spectrum(moving away).
Except for few galaxies in local neighborhood, all other galaxies rushing away from own.
Does not place our galaxy at special place of central importance
-> universe has undergone some sort of explosion
in which every galaxy is rushing away from every other galaxy.

In 1929, Hubble discovered that red shift of galaxies
increases roughly in proportion to distance from us.
Does not matter who the us is
universe looks same from viewpoint of any observer
all galaxies are rushing away with speeds proportional to distance
-> Cosmological Principle
-> distribution of matter in universe is homogeneous and isotropic
when viewed on large enough scale
(valid in universe on large scale = distance between clusters of galaxies - 108 ly).
Can use principle to show that relative speed of any two galaxies
must be proportional to distance between
just as Hubble discovered from observations.
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so that z = V/c ∝ distance.
Philosophers love this result - they would ask Why should any part of universe or any direction be any different from any other?
Answer, observationally, seems to be - they are not!

So there nothing special about mankind’s location in universe.
Universe is isotropic around us(our galaxy) and must be isotropic around any other galaxy.
Hubble found distances using
apparent luminosity of Cepheid variable stars
and velocities using Doppler shifts
and concluded (1929) that there is
roughly linear relation between velocities
and distances.
Actual data as shown would not, however,
allow you to draw such conclusions
knew what wanted to be true and
drew corresponding conclusions.
Modern data does not have any problem
as shown below.

So Hubble drew correct conclusions,
but using very dangerous and almost dishonest process,
which in many other similar cases has led science down blind allies
and disastrous paths.
Proportionality constant called Hubble constant H.
What does all this say about origin of the universe?
If everything is rushing apart,
then at some earlier time must have been closer together.
If velocities had been constant throughout this time,
then time taken for any pair of galaxies to reach present separation
is just present distance divided by their relative velocity.

With velocity proportional to present separation this time would be same for all pairs of galaxies
-> all been close together at some time in past!
Using Hubble constant of H = 15 × 106 km/sec/106 ly
time since galaxies began to move apart would be 1/H = 20 × 109 years.
This number(age) calculated from Hubble constant = characteristic expansion time.

Summarizing

Since galaxy velocities have not been constant for all time
(thought slowing down but maybe acceleration),
true age of universe must be less than characteristic expansion time
for this value of Hubble constant.

Result -> universe size increasing
-> separation distance between any pair of distant galaxies increasing.
Avoid thinking of universe as some volume in 3-dimensional space
and thus being mislead about what is really happening.
Note must be careful about drawing conclusions from one set of experiments.
Difficult to measure velocity versus distance
(uncertainties about extragalactic distance scales
or even what they mean are main concern),
redshifts may come from other sources (gravity) than just motion, etc.
Calculated age needs to be confirmed in other unrelated experiments and so on.
One example is age of stuff in our galaxy is estimated to be about 10−15×109 years
from measurements of relative abundances of radioactive isotopes
and from calculations concerning stellar evolution.

No connection between these new results and redshifts
and since calculated ages are very similar,
presumption is strong that age of universe deduced from Hubble constant
really does represent true beginning.
Ideas -> beginning of so-called big-bang cosmology as theory of universe.

I mentioned inflation; very complicated.
Graph indicates what theory says in detail.

Cosmic background radiation (CMB) was predicted to carry distinct polarization pattern created by primordial
gravitational wave - this tells us about the state of the universe mere moments after the big bang.
Normal polarization
pattern

Polarization caused by
gravitational waves.

Gravitational waves stretch and compress space-time,
leaving their mark as a polarizing pattern in the CMB.

Big
Bang

10-40

Real data from BICEP2 —> swirls
in polarization of CMB; Red and
blue shading highlight the intensity
of the clockwise and anti clockwise
twisting in the observed pattern.

Polarization patterns
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-> see as CMBR

Cosmic Background Radiation
Discovered 1965
feeble microwave radiation emanating
uniformly from all directions in sky.
Contributes 1% to static on television screen
that not tuned to local channel
-> cosmic microwave background radiation
(CMBR).
CMBR spectrum identical to blackbody
radiation of 2.726○K ->
Walking the Planck

Solid line -> blackbody radiation spectrum computed from theory.
Agreement between observation and theory remarkable.

Blackbody radiation - What is it?

John Mather = COBE
Nobel Prize
I taught him Classical Mechanics,
Mathematical Methods,
Quantum Mechanics,
and
General Relativity

How did Planck explain it?
Mathematical trickery leads to an idea!
Blackbody
Spectrum and Wien theory.
.
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Planck = thermodynamics + intuition
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Model
= radiation by wall atoms due to charge oscillations
(circles)
Agrees with experiment perfectly - empirical formula
A and B determined by experiment
Could not justify law rigorously.

Low and high frequency limit perfect.

During 2nd attempt used common math trick(simplifying assumption)
during intermediate step in derivation.
Usually after taking appropriate limits the simplifying assumption is removed.
Electromagnetic theory says wall emit/absorb energy continuously; during derivation assumed
discrete; do math; and then take limit and go back to continuous property
For energy discrete in units (constant x frequency) get
Enabled Planck to derive values for A and B.
Constant h must be 6.63.x10-34 J-sec

8⇡f 2
hf
⇢(f, T ) = 3 hf /k T
B
c e
1
Now a full-fledged theory!

Not zero = energy not continuous(quantized)!
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CMBR Fluctuations
All sky maps in figure below shows 3 views of CMBR (false colors) with increasing sensitivity
(in temperature variation).
To 1st approximation sky is uniform (top).
At sensitivity level of 1 part in 1000, reveals shift in
wavelength to blue and red (middle) .
Pattern caused by motion of earth relative to
frame of CMBR.
When shift subtracted off, fluctuations are visible
at a sensitivity level of 1 part in 100000 (bottom).
Red band in middle is emission from Milky Way
Below -> final view after all corrections applied.

Slight variation in temperature takes on blotchy appearance with each patch
little above or below average temperature of 2.726○K.
All such observations can be interpreted in consistent way by Big Bang Theory.
According to theory CMBR was emitted about 380000 years after Big Bang
when neutral atoms (such as hydrogen atoms) started to form - recombination.
As neutral atoms interact much less to radiation,
radiation became free and escaped fireball at blackbody temperature of about 4000○K.
It takes about 14 billion years to reach us and has since been cooled down to 2.726○K
by cosmic expansion.

Illustrating where in cosmic
evolution CMBR occurs
—> after glow pattern
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Lambda-CDM model
The ΛCDM (Lambda cold dark matter) or Lambda-CDM model is a parameterization of
the Big Bang cosmological model in which the universe contains three major components:
first, a cosmological constant denoted by Lambda (Greek Λ) and associated with dark energy;
second, the postulated cold dark matter (abbreviated CDM);
third, ordinary matter.
It is frequently referred to as the standard model of Big Bang cosmology because it is the
simplest model that provides a reasonably good account of the following properties of the
cosmos:

The model assumes that general relativity is the correct theory of gravity on cosmological
scales.
It emerged in the late 1990s as a concordance cosmology, after a period of time when
disparate observed properties of the universe appeared mutually inconsistent, and there was no
consensus on the makeup of the energy density of the universe.

Some alternative models challenge the assumptions of the ΛCDM model.
Examples of these are (will discuss those in bold)
modified Newtonian dynamics
modified gravity
theories of large-scale variations in the matter density of the universe
scale invariance of empty space
quantized inertia.
entropy and information mass

Overview

Lambda-CDM ————— accelerated expansion of the universe.
The time-line in this schematic diagram extends from the Big Bang/inflation era
13.7 Byr ago to the present cosmological time.

Most modern cosmological models are based on the cosmological principle, which states
that our observational location in the universe is not unusual or special; on a
large-enough scale, the universe looks the same in all directions (isotropy) and
from every location (homogeneity)
The model includes an expansion of metric space that is well documented both as the red shift
of prominent spectral absorption or emission lines in the light from distant galaxies and as the
time dilation in the light decay of supernova luminosity curves.
Both effects are attributed to a Doppler shift in electromagnetic radiation as it travels across
expanding space.
Although this expansion increases the distance between objects that are not under shared
gravitational influence, it does not increase the size of the objects (e.g. galaxies) in space.
The letter (lambda) represents the cosmological constant, which is currently associated with a
vacuum energy or dark energy in empty space that is used to explain the contemporary
accelerating expansion of space against the attractive effects of gravity.

A cosmological constant term give negative pressure effects

which contributes to the stress–energy tensor(T) that, according to the general theory of
relativity, causes accelerating expansion.
The fraction of the total energy density of our (flat or almost flat) universe that is dark energy,

is estimated to be 0.669 ± 0.038 based on the 2018 Dark Energy Survey results using Type Ia
Supernovae or 0.6847 ± 0.0073 based on the 2018 release of Planck satellite data, or more than
68.3% (2018 estimate) of the mass-energy density of the universe
Dark matter is postulated in order to account for gravitational effects observed in very
large-scale structures
the "flat" rotation curves of galaxies;
the gravitational lensing of light by galaxy clusters;
and enhanced clustering of galaxies
that cannot be accounted for by the quantity of observed matter.

Cold dark matter as currently hypothesized is:
non-baryonic
It consists of matter other than protons and neutrons (and electrons, by convention, although
electrons are not baryons).
cold
Its velocity is far less than the speed of light at the epoch of radiation-matter equality (thus
neutrinos are excluded, being non-baryonic but not cold).
dissipationless
It cannot cool by radiating photons.
collisionless
The dark matter particles interact with each other and other particles only through gravity and
possibly the weak force.
Dark matter constitutes about 26.5% of the mass-energy density of the universe. The
remaining 4.9% comprises all ordinary matter observed as atoms, chemical elements, gas and
plasma, the stuff of which visible planets, stars and galaxies are made.
Note that the great majority of ordinary matter in the universe is unseen, since visible stars and
gas inside galaxies and clusters account for less than 10% of the ordinary matter contribution to
the mass-energy density of the universe

Also, the energy density includes a very small fraction (~ 0.01%) in cosmic microwave
background radiation, and not more than 0.5% in relic neutrinos.
Although very small today, these were much more important in the distant past, dominating
the matter at redshift > 3200.
The model includes a single originating event, the "Big Bang", which was not an explosion but
the abrupt appearance of expanding space-time containing radiation at temperatures of around
1015 K - probably a quantum vacuum fluctuation.
This was immediately (within 10−29 seconds) followed by an exponential expansion of space by
a scale multiplier of 1027 or more, known as cosmic inflation.
In physical cosmology, cosmic inflation, cosmological inflation, or just inflation, is a theory
of exponential expansion of space in the early universe.
The inflationary epoch lasted from 10−36 seconds after the conjectured Big Bang singularity to
some time between 10−33 and 10−32 seconds after the singularity.
In inflationary theory, the universe started out incredibly small.
Before inflation, radius of observed universe shown is only 10−52 meters.
Following the inflationary period, the universe continued to expand, but at a slower rate.
The acceleration of this expansion due to dark energy began after the universe was already
over 7.7 billion years old (5.4 billion years ago)

The modern explanation for the metric expansion of space was proposed to be that the
universe contained a field in a positive-energy false vacuum state, then according to general
relativity it would generate an exponential expansion of space.
Thus, cosmic inflation is a “faster-than-light” expansion of the universe.
Inflation was invented to explain a couple of features of the universe that are really hard to
explain without it.
The first is that Einstein’s general theory of relativity famously makes mass bend space and
time – so you’d expect a universe like ours, containing mass, to be overall curved in some way,
either in on itself like a ball (“positive” curvature) or out on itself like a saddle (“negative”
curvature).
In fact, it’s nearly flat!
Not only that, but even bits of it far off in different directions as observed from Earth have
roughly the same temperature, although in an expanding universe there wouldn’t have been
time for heat to pass between them to even things out.
That seems a naked assault on the laws of thermodynamics.
Cosmic inflation solves these problems at a stroke.

In its earliest instants, the universe expanded faster than light (light’s speed limit only applies
to things within the universe).
That ironed out wrinkles in its early chaotic self and meant that even now far-flung parts were
once in close contact, so could swap heat.
The early universe remained hot (above 10,000 K) for several hundred thousand years, a state
that is detectable as a residual cosmic microwave background, or CMB, a very low energy
radiation emanating from all parts of the sky.
The "Big Bang" scenario, with cosmic inflation and standard particle physics, is the only current
cosmological model consistent with the observed continuing expansion of space, the observed
distribution of lighter elements in the universe (hydrogen, helium, and lithium), and the spatial
texture of minute irregularities (anisotropies) in the CMB radiation.
Cosmic inflation also addresses various so-called "horizon problems" which we will not be able
to consider in our discussion.
The model uses the Friedmann–Lemaître–Robertson–Walker metric(solution to GR), the
Friedmann equations and the cosmological equations of state to describe the observable
universe from right after the inflationary epoch to present and future.

Cosmic expansion history
The expansion of the universe is parameterized by a dimensionless scale factor a=a(t) (with
time t counted from the birth of the universe), defined relative to the present day, so
a0=a(t0)=1;
The usual convention in cosmology is that subscript 0 denotes present-day values, so t0 is the
current age of the universe.
The scale factor is related to the observed redshift of the light emitted at time tem by
z = redshift
The expansion rate is described by the time-dependent Hubble parameter, H(t), defined as

where

is the time-derivative of the scale factor.

The first Friedmann equation gives the expansion rate in terms of the matter+radiation
density
, the curvature k, and the cosmological constant

where as usual c is the speed of light and G is the gravitational constant.

The critical density
is the average density of matter required for the Universe
to just halt its expansion or have zero curvature k, but only after an infinite time. Thus, a
Universe with the critical density is said to be flat.
Substituting these conditions to the Friedmann equation gives

where

is the reduced Hubble constant.

If the cosmological constant were actually zero, the critical density would also mark the
dividing line between eventual recollapse of the universe to a Big Crunch, or unlimited
expansion.
For the Lambda-CDM model with a positive cosmological constant (as observed), the universe
is predicted to expand forever regardless of whether the total density is slightly above or below
the critical density; though other outcomes are possible in extended models where the dark
energy is not constant but actually time-dependent.
It is standard to define the present-day density parameter
the dimensionless ratio

for various species as

where the subscript x is one of for baryons, c for cold dark matter, rad for radiation (photons
plus relativistic neutrinos), and DE or
for dark energy.
Since the densities of various species scale as different powers of a, e.g. a-3 for matter etc., we
get

where w is the equation of state parameter of dark energy, and assuming negligible neutrino
mass (significant neutrino mass requires a more complex equation).
The various

parameters add up to 1 by construction.

In the general case this is integrated by computer to give the expansion history a(t) and also
observable distance-redshift relations for any chosen values of the cosmological parameters,
which can then be compared with observations such as supernovae and baryon acoustic
oscillations.
In the minimal 6-parameter Lambda-CDM model, it is assumed that curvature
and w =-1, so this simplifies to

is zero

Observations show that the radiation density is very small today,
neglected the above has an analytic solution

where

; if this term is

; this is fairly accurate for a > 0.01 or t > 10 million years.

Solving for a(t) = 1 gives the present age of the universe in terms of the other parameters.
It follows that the transition from decelerating to accelerating expansion (the second derivative
crossing zero) occurred when

which evaluates to a ~ 0.6 or z ~ 0.66 for the best-fit parameters estimated from the Planck
spacecraft.
More on Hubble problems later.

Historical development
The discovery of the cosmic microwave background (CMB) in 1964 confirmed a key prediction
of the Big Bang cosmology.
From that point on, it was generally accepted that the universe started in a hot, dense state and
has been expanding over time.
The rate of expansion depends on the types of matter and energy present in the universe, and in
particular, whether the total density is above or below the so-called critical density.
During the 1970s, most attention focused on pure-baryonic models, but there were serious
challenges explaining the formation of galaxies, given the small anisotropies in the CMB (upper
limits at that time).
In the early 1980s, it was realized that this could be resolved if cold dark matter dominated over
the baryons, and the theory of cosmic inflation motivated models with critical density.

During the 1980s, most research focused on cold dark matter with critical density in matter,
around 95% CDM and 5% baryons: these showed success at forming galaxies and clusters of
galaxies, but problems remained; notably, the model required a Hubble constant lower than
given by observations, and observations around 1988–1990 showed more large-scale galaxy
clustering than predicted.

These difficulties sharpened with the discovery of CMB anisotropy by the Cosmic Background
Explorer in 1992, and several modified CDM models, including ΛCDM and mixed cold and hot
dark matter, came under active consideration through the mid-1990s.
The ΛCDM model then became the leading model following the observations of accelerating
expansion in 1998, and was quickly supported by other observations:
in 2000, the BOOMERanG microwave background experiment measured the total (matter–
energy) density to be close to 100% of critical, whereas in 2001 the 2dFGRS galaxy redshift
survey measured the matter density to be near 25%;
the large difference between these values supports a positive Λ or dark energy.
Much more precise spacecraft measurements of the microwave background from WMAP in
2003–2010 and Planck in 2013–2015 have continued to support the model and pin down the
parameter values, most of which are now constrained below 1 percent uncertainty.
There is currently active research into many aspects of the ΛCDM model, both to refine the
parameters and possibly detect deviations.
In addition, ΛCDM has no explicit physical theory for the origin or physical nature of dark
matter or dark energy;
A large majority of astronomers and astrophysicists support the ΛCDM model or close relatives
of it, but Milgrom, McGaugh, and Kroupa are leading critics, attacking the dark matter portions
of the theory from the perspective of galaxy formation models and supporting the alternative
modified Newtonian dynamics (MOND) theory, which requires a modification of the Einstein
field equations and the Friedmann equations as seen in proposals such as modified gravity
theory (MOG theory) or tensor–vector–scalar gravity theory (TeVeS theory).

Successes
In addition to explaining pre-2000 observations, the model has made a number of successful
predictions:
Notably the existence of the baryon acoustic oscillation feature, discovered in 2005 in the
predicted location;
and the statistics of weak gravitational lensing, first observed in 2000 by several teams.
The polarization of the CMB, discovered in 2002 by DASI, is now a dramatic success:
in the 2015 Planck data release, there are seven observed peaks in the temperature (TT) power
spectrum, six peaks in the temperature-polarization (TE) cross spectrum, and five peaks in the
polarization (EE) spectrum.
The six free parameters can be well constrained by the TT spectrum alone, and then the TE and
EE spectra can be predicted theoretically to few-percent precision with no further adjustments
allowed: comparison of theory and observations shows an excellent match.

Challenges
Extensive searches for dark matter particles have so far shown no well-agreed detection;
the dark energy may be almost impossible to detect in a laboratory, and its value is unnaturally
small compared to naive theoretical predictions.
Comparison of the model with observations is very successful on large scales (larger than
galaxies, up to the observable horizon), but may have some problems on sub-galaxy scales,
possibly predicting too many dwarf galaxies and too much dark matter in the innermost regions
of galaxies.
This problem is called the "small scale crisis”.
These small scales are harder to resolve in computer simulations, so it is not yet clear whether
the problem is the simulations, some non-standard properties of dark matter, or more radical
errors in the model.
It has been also argued that the ΛCDM model is built upon a foundation of conventionalist
stratagems, rendering it unfalsifiable in the sense defined by Karl Popper
Karl Popper defined a "conventionalist stratagem" as any technique that is used by a theorist to
evade the consequences of a falsifying observation or experiment".

Nothing says we “must” use the Big Bang theory, it is just that there is very strong consensus
amongst cosmologists regarding the Big Bang which basically prevents any alternatives
(which must necessarily come from diﬀerent disciplines) from being published in cosmology
journals. That being said, let’s examine Popper’s definition of a “conventionalist stratagem” in
the context of the Big Bang theory.

Parameters
The simple ΛCDM model is based on six parameters:
physical baryon density parameter;
physical dark matter density parameter;
the age of the universe;
scalar spectral index;
curvature fluctuation amplitude;
and re-ionization optical depth.
In accordance with Occam’s razor, six is the smallest number of parameters needed to give an
acceptable fit to current observations; other possible parameters are fixed at "natural" values,
e.g. total density parameter = 1.00, dark energy equation of state = −1, etc

actually ……

The values of these six parameters are mostly not predicted by current theory (though, ideally,
they may be related by a future "Theory of Everything"), except that most versions of cosmic
inflation predict the scalar spectral index should be slightly smaller than 1, consistent with the
estimated value 0.96.
The parameter values, and uncertainties, are estimated using large computer searches to locate
the region of parameter space providing an acceptable match to cosmological observations.
From these six parameters, the other model values, such as the Hubble constant and the dark
energy density, can be readily calculated.
Commonly, the set of observations fitted includes the cosmic microwave background
anisotropy, the brightness/redshift relation for supernovae, and large-scale galaxy clustering
including the baryon acoustic oscillation feature.
Other observations, such as the Hubble constant, the abundance of galaxy clusters, weak
gravitational lensing and globular cluster ages, are generally consistent with these, providing a
check of the model, but are less precisely measured at present.
Parameter values listed below are from the Planck Collaboration Cosmological parameters 68%
confidence limits for the base ΛCDM model from Planck CMB power spectra, in combination
with lensing reconstruction and external data.

Missing baryon problem
Massimo Persic and Paolo Salucci first estimated the baryonic density today present in
ellipticals, spirals, groups and clusters of galaxies.
They performed an integration of the baryonic mass-to-light ratio over luminosity (in the
following Mb/L), weighted with the luminosity function
over the previously
mentioned classes of astrophysical objects:

The result was:
where

.

Note that this value is much lower than the prediction of standard cosmic
nucleosynthesis
, so that actual stars and gas in galaxies and in galaxy groups
and clusters seem to account for less than 10% of the primordially synthesized baryons.
This issue is known as the problem of the "missing baryons".

A Conundrum

If you want to know how something in the Universe works,
all you need to do is figure out how some measurable quantity
will give you the necessary information, go out and measure it, and draw your conclusions.
Sure, there will be biases and errors, along with other confounding factors,
and they might lead you astray if you're not careful.
The antidote for that?
Make as many independent measurements as you can,
using as many different techniques as you can,
to determine those natural properties as robustly as possible.

If you're doing everything right, every one of your methods
will converge on the same answer, and there will be no ambiguity.
If one measurement or technique is off, the others will point you in the right direction.
But when we try to apply this technique to the expanding Universe, a puzzle
arises: we get one of two answers, and they're not compatible with each other.
It's cosmology's biggest conundrum, and it might be just the clue
we need to unlock the biggest mysteries about our existence.
The redshift-distance relationship for distant galaxies.
The original data from Edwin Hubble,
first used to show the Universe was expanding,
all fit in the small red box at the lower-left.
Known since 1920s that the Universe is expanding,
with the rate of expansion known
as the Hubble constant.

Ever since, it's been a quest for the generations to determine "by how much?"

Early on, there was only one class of technique: the cosmic distance ladder.
This technique was incredibly straightforward, and involved just four steps.
1. Choose a class of object whose properties are intrinsically known, where if you
measure something observable about it (like its period of brightness fluctuation),
you know something inherent to it (like its intrinsic brightness).
2. Measure the observable quantity, and determine what its intrinsic brightness is.
3. Then measure the apparent brightness, and use what you know about cosmic
distances in an expanding Universe to determine how far away it must be.
4. Finally, measure the redshift of the object in question.
Farther a galaxy is, faster expands away from us,
and the more its light appears redshifted.
Galaxy moving with expanding Universe will be
even a greater number of light years away,
today, than the number of years
(multiplied by the speed of light)
that it took the light emitted from it to reach us.
But how fast the Universe is expanding is
something that astronomers using
different techniques cannot agree on.

The redshift is what ties it all together.
As the Universe expands, any light traveling through it will also stretch.
Light, remember, is a wave, and has a specific wavelength.
That wavelength determines what its energy is, and every atom and molecule in the Universe
has a specific set of emission and absorption lines that only occur at specific wavelengths.
If you can measure at what wavelength those specific spectral lines appear in a distant galaxy,
you can determine how much the Universe has expanded
from the time it left the object until it arrived at your eyes.
Combine the redshift and the distance for a variety of objects all throughout the Universe,
and you can figure out how fast it's expanding in all directions,
as well as how the expansion rate has changed over time.
All throughout the 20th century, scientists used this technique
to try and determine as much as possible about our cosmic history.
Cosmology — the scientific study of what the Universe is made of,
where it came from, how it came to be the way it is today, and what its future holds
— was derided by many as a quest for two parameters:
the current expansion rate and how the expansion rate evolved over time.
Until the 1990s, scientists couldn't even agree on the first of these.

They were all using the same technique, but made different assumptions.
Some groups used different types of astronomical objects from one another,
others used different instruments with different measurement errors.
Some classes of object turned out to be more complicated than we originally thought they'd be.
But many problems still showed up.
Standard candles (L) and standard rulers (R)
are two different techniques astronomers
use to measure the expansion of space at
various times/distances in the past.
Based on how quantities like luminosity
or angular size change with distance, we can
infer the expansion history of the Universe.
Using the candle method is part of the distance ladder,
yielding 73 km/s/Mpc.
Using the ruler is part of the early signal method, yielding 67 km/s/Mpc.
If the Universe were expanding too quickly,
there wouldn't have been enough time to form planet Earth.
If we can find the oldest stars in our galaxy,
we know the Universe has to be at least as old as the stars within it.

And if the expansion rate evolved over time,
because there was something other than matter or radiation in it
— or a different amount of matter than we'd assumed
— that would show up in how the expansion rate changed over time.
Resolving these early controversies were the primary scientific
motivation for building the Hubble Space Telescope.
It's key project was to make this measurement, and was tremendously succeessful.
The rate it got was 72 km/s/Mpc, with just a 10% uncertainty.
This result, published in 2001, solved a controversy as old as Hubble's law itself.
It seemed to give us a fully accurate and self-consistent picture of the Universe.
The construction of the
cosmic distance ladder
involves going from our Solar System
to the stars to nearby galaxies
to distant ones.
Each “step”
carries along its own uncertainties,
especially the Cepheid variable
and supernovae steps.

It also would be biased towards higher or lower values
if we lived in an underdense or overdense region.
There are enough independent methods use to construct the cosmic distance ladder
that we can no longer reasonably fault one 'rung' on the ladder
as the cause of our mismatch between different methods.
The distance ladder group has grown far more sophisticated over the intervening time.
There are now an incredibly large number of independent ways
to measure the expansion history of the Universe:
using distant gravitational lenses,
using supernova data,
using rotational and dispersion properties of distant galaxies,
or using surface brightness fluctuations from face-on spirals,
and they all yield the same result.
Regardless of whether you calibrate them with
Cepheid variable stars, RR Lyrae stars, or red giant stars about to undergo helium fusion,
you get the same value: ~73 km/s/Mpc, with uncertainties of just 2-3%.
It would be a tremendous victory for cosmology, except for one problem.
It's now 2019, and there's a second way to measure the expansion rate of the Universe.

Instead of looking at distant objects
and measuring how the light they've emitted has evolved,
we can using relics from the earliest stages of the Big Bang.
When we do, we get values of ~67 km/s/Mpc, with a claimed uncertainty of just 1-2%.
These numbers are different by 9% from one another,
and the uncertainties do not overlap.
Modern measurement tensions
from the distance ladder (red)
with early signal data from the CMB
and BAO (blue) shown for contrast.
It is plausible that the early signal method
is correct and there's a fundamental flaw
with the distance ladder;
it's plausible that there's a small-scale error
biasing the early signal method
and the distance ladder is correct,
or that both groups are right
and some form of new physics (shown at top)
is the culprit.
But right now, we cannot be sure.

This time, however, things are different.
We can no longer expect that one group will be right and the other will be wrong.
Nor can we expect that the answer will be somewhere in the middle,
and that both groups are making some sort of error in their assumptions.
The reason we can't count on this is that there are too many independent lines of evidence.
If we try to explain one measurement with an error,
it will contradict another measurement that's already been made.
The total amount of stuff that's in the Universe
is what determines how the Universe expands over time.
Einstein's General Relativity ties the energy content of the Universe,
the expansion rate, and the overall curvature together.
If the Universe expands too quickly, that implies that there's less matter
and more dark energy in it, and that will conflict with observations.

If the expansion rate is too high, you not only get a Universe with too little matter
and too high of a scalar spectral index to agree with the Universe we have,
you get a Universe that's too young: 12.5 billion years old instead of 13.8 billion years old.
Since we live in a galaxy with stars that have been identified
as being more than 13 billion years old,
this would create an enormous conundrum: one that cannot be reconciled.

This problem is so important that I will go over it a diﬀerent way with more details

How a Dispute over a Single Number Became a Cosmological Crisis
Toward the end of the 20th century, the standard cosmological model seemed complete.
Full of mysteries, yes.
Brimming with fertile areas for further research, definitely.
But on the whole it held together: the universe consisted of approximately two-thirds dark
energy (a mysterious something that is accelerating the expansion of the universe), maybe a
quarter dark matter (a mysterious something that determines the evolution of structure in the
universe), and 4 or 5 percent “ordinary” matter (the stuff of us—and of planets, stars, galaxies
and everything else we had always thought, until the past few decades, constituted the universe
in its entirety).
It added up.
Not so fast. Or, more accurately, too fast.
In recent years a discrepancy has emerged between two ways of measuring the rate of the
universe’s expansion, a value called the Hubble constant (H0).
Measurements beginning in today’s universe and working backward to earlier and earlier
stages have consistently revealed one value for H0.
Measurements beginning at the earliest stages of the universe and working forward, however,
have consistently predicted another value—one that suggests the universe is expanding faster
than we had thought.

The discrepancy is mathematically subtle but—as subtle mathematical discrepancies magnified
to the spacetime scale of the universe often are—cosmically significant.
Knowing the current expansion rate of the universe helps cosmologists extrapolate backward in
time to determine the age of the universe.
It also allows them to extrapolate forward in time to figure out when, according to current
theory, the space between galaxies will have grown so vast that the cosmos will look like an
empty expanse beyond our own immediate surroundings.
A correct value of H0 might even help elucidate the nature of the dark energy driving the
acceleration.
So far measurements of the early universe looking forward predict one value for H0, and
measurements from the recent universe looking backward reveal another.
This sort of situation is not rare in science.
Usually it disappears under closer scrutiny—and the assumption that it would disappear has
reassured cosmologists for the past decade.
But the disagreement has, if anything, hardened year after year, each set of measurements
growing more and more intractable.
And now a consensus on the problem has emerged.

Nobody is suggesting that the entire standard cosmological model is wrong.
But something is wrong—maybe with the observations or maybe with the interpretation of the
observations, although each scenario is unlikely.
This leaves one last option—equally unlikely but also less and less unthinkable: something is
wrong with the cosmological model itself.
For most of human history the “study” of our cosmic origins was a matter of myth—variations
on the theme of “in the beginning.”

In 1925 American astronomer Edwin Hubble edged it toward empiricism when he announced
that he had solved a centuries-long mystery about the identity of smudges in the heavens—what
astronomers called “nebulae.”
Were nebulae gaseous formations that resided in the canopy of stars?
If so, then maybe that canopy of stars, stretching as far as the most powerful telescopes could
see, was the universe in its entirety.
Or were nebulae “island universes” all their own?
At least one nebula is, Hubble discovered: what we today call the Andromeda galaxy.

Furthermore, when Hubble looked at the light from other nebulae, he found that the
wavelengths had stretched toward the red end of the visible spectrum, suggesting that each
source was moving away from Earth.
The speed of light remains constant. What changes is the length between waves, and that length
determines color.
In 1927 Belgian physicist and priest Georges Lemaître noticed a pattern: The more distant the
galaxy, the greater its redshift.
The farther away it was, the faster it receded.
In 1929 Hubble independently reached the same conclusion: the universe is expanding.
Expanding from what?
Reverse the outward expansion of the universe, and you eventually wind up at a starting point,
a birth event of sorts.
Almost immediately a few theorists suggested a kind of explosion of space and time, a
phenomenon that later acquired the (initially derogatory) moniker “big bang.”
The idea sounded fantastical, and for several decades, in the absence of empirical evidence,
most astronomers could afford to ignore it.
That changed in 1965, when two papers were published simultaneously in the Astrophysical
Journal.

The first, by four Princeton University physicists, predicted the current temperature of a
universe that had emerged out of a primordial fireball.
The second, by two Bell Labs astronomers, reported the measurement of that temperature.
The Bell Labs radio antenna recorded a layer of radiation from every direction in the sky—
something that came to be known as the cosmic microwave background (CMB).
The temperature the scientists derived from it of three degrees above absolute zero did not
exactly match the Princeton collaboration’s prediction, but for a first try, it was close enough to
quickly bring about a consensus on the big bang interpretation.
In 1970 one-time Hubble protégé Allan R. Sandage published a highly influential essay in
Physics Today that in effect established the new science’s research program for decades to
come: “Cosmology: A Search for Two Numbers.”
One number, Sandage said, was the current rate of the expansion of the universe—the Hubble
constant.
The second number was the rate at which that expansion was slowing down—the deceleration
parameter.
Scientists settled on a value for the second number first.
Beginning in the late 1980s, two teams of scientists set out to measure the deceleration by
working with a common assumption and a common tool.

The assumption was that in an expanding universe full of matter interacting gravitationally
with all other matter—everything tugging on everything else—the expansion must be slowing.
The tool was type Ia supernovae, exploding stars that astronomers believed could serve as
standard candles—sources of light that do not vary from one example to another and whose
brightness tells you its relative distance.
A 60-watt light bulb will appear dimmer and dimmer as you move farther away from it, but if
you know it is a 60-watt bulb, you can deduce its separation from you.
If expansion is slowing, the astronomers assumed, at some great length away from Earth a
supernova would be closer, and therefore brighter, than if the universe were growing at a
constant rate.
What both teams independently discovered, however, was that the most distant supernovae
were dimmer than expected and therefore farther away.
In 1998 they announced their conclusion: The expansion of the universe is not slowing down.
It is speeding up.
The cause of this acceleration came to be known as “dark energy”—a name to be used as a
placeholder until someone figures out what it actually is.
A startling occurrence - more about this later

A value for Sandage’s first number—the Hubble constant—soon followed.
For several decades the number had been a source of contention among astronomers.
Sandage himself had claimed H0 would be around 50 (the expansion rate expressed in
kilometers per second per 3.26 million light-years), a value that would put the age of the
universe at about 20 billion years.
Other astronomers favored an H0 near 100, or an age of roughly 10 billion years.
The discrepancy was embarrassing: even a brand-new science should be able to constrain a
fundamental number within a factor of two.
In 2001 the Hubble Space Telescope Key Project completed the first reliable measurement of
the Hubble constant.
In this case, the standard candles were Cepheid variables, stars that brighten and dim with a
regularity that corresponds to their absolute luminosity (their 60-watt-ness, so to speak).
The Key Project wound up essentially splitting the difference between the two earlier values: 72
± 8.

The next purely astronomical search for the constant was carried out by SH0ES (Supernovae,
H0, for the Equation of State of Dark Energy), a team led by Adam G. Riess, who in 2011 shared
the Nobel Prize in Physics for his role in the 1998 discovery of acceleration.
This time the standard candles were both Cepheids and type Ia supernovae, and the latter
included some of the most distant supernovae ever observed. The initial result, in 2005, was 73
± 4, nearly identical to the Key Project’s but with a narrower margin of error. Since then,
SH0ES has provided regular updates, all of them falling within the same range of ever
narrowing error.
The most recent, in 2019, was 74.03 ± 1.42.
All these determinations of H0 involve the traditional approach of astronomy: starting in the
here and now, the realm that cosmologists call the late universe, and peering farther and
farther across space, which is to say (because the velocity of light is finite) further and further
back in time, as far as they can see.
In the past couple of decades, however, researchers have also begun using the opposite
approach.
They begin at a point as far away as they can see and work their way forward to the present.
The cutoff point—the curtain between what we can and cannot see, between the “early” and the
“late” universe—is the same CMB that the astronomers using the Bell Labs radio antenna first
observed in the 1960s.

The CMB, as we discussed earlier, is relic radiation from the period when the universe, at the
young age of 379,000 years old, had cooled enough for hydrogen atoms to form, dissipating the
dense fog of free protons and electrons and making enough room for photons of light to travel
through the universe.
Although the first Bell Labs image of the CMB was a smooth expanse, theorists assumed that at
a higher resolution, the background radiation would reveal variations in temperature
representing the seeds of density that would evolve into the structure of the universe as we
know it—galaxies, clusters of galaxies and superclusters of galaxies.
In 1992 the first space probe of the CMB, the Cosmic Background Explorer, found those
signature variations; in 2003 a follow-up space probe, the Wilkinson Microwave Anisotropy
Probe (WMAP), provided far higher resolution—high enough that physicists could identify the
size of primitive sound waves made by primitive matter.
As you might expect from sound waves that have been traveling at nearly the speed of light for
379,000 years, the “spots” in the CMB share a common radius of about 379,000 light-years.
And because those spots grew into the universe we study today, cosmologists can use that
initial size as a “standard ruler” with which to measure the growth and expansion of the largescale structure to the present day.
Those measures, in turn, reveal the rate of the expansion—the Hubble constant.

The first measurement of H0 from WMAP, in 2003, was 72 ± 5.
Perfect.
The number exactly matched the Key Project’s result, with the additional benefit of a narrower
error range.
Further results from WMAP were slightly lower: 73 in 2007, 72 in 2009, 70 in 2011.
No problem, though: the error for the SH0ES and WMAP measurements still overlapped in the
72-to-73 range.
By 2013, however, the two margins were barely kissing.
The most recent result from SH0ES at that time showed a Hubble constant of 74 ± 2, and
WMAP’s final result showed a Hubble constant of 70 ± 2.
Even so, not to worry.
The two methods could agree on 72.
Surely one method’s results would begin to trend toward the other’s as methodology and
technology improved—perhaps as soon as the first data were released from the Planck space
observatory, the European Space Agency’s successor to WMAP.

That release came in 2014: 67.4 ± 1.4.
The error ranges no longer overlapped—not even close.
And subsequent data released from Planck have proved just as unyielding as SH0ES’s.
The Planck value for the Hubble constant has stayed at 67, and the margin of error shrank to
one and then, in 2018, a fraction of one.
“Tension” is the scientific term of art for such a situation, as in the title of a conference at the
Kavli Institute for Theoretical Physics (KITP) in Santa Barbara, Calif.:
“Tensions between the Early and the Late Universe.”
The first speaker was Riess, and at the end of his talk he turned to another Nobel laureate in the
auditorium, David Gross, a particle physicist and a former director of KITP, and asked him
what he thought:
Do we have a “tension,” or do we have a “problem”?
Gross cautioned that such distinctions are “arbitrary.”
Then he said, “But yeah, I think you could call it a problem.”
Twenty minutes later, at the close of the Q and A, he amended his assessment.
In particle physics, he said, “we wouldn’t call it a tension or a problem but rather a crisis.”

“Okay,” Riess said, wrapping up the discussion. “Then we’re in crisis, everybody.”
Unlike a tension, which requires a resolution, or a problem, which requires a solution, a crisis
requires something more—a wholesale rethink.
But of what?
The investigators of the Hubble constant see three possibilities.
One is that something is wrong in the research into the late universe.
A cosmic “distance ladder” stretching farther and farther across the universe is only as sturdy
as its rungs—the standard candles.
As in any scientific observation, systematic errors are part of the equation.
This possibility roiled the KITP conference.
A group led by Wendy L. Freedman, an astrophysicist now at the University of Chicago who
had been a principal investigator on the Key Project, dropped a paper in the middle of the
conference that announced a contrarian result.
By using yet another kind of standard candle—stars called red giants that, on the verge of
extinction, undergo a “helium flash” that reliably indicates their luminosity—Freedman and
her colleagues had arrived at a value that, as their paper said, “sits midway in the range
defined by the current Hubble tension”: 69.8 ± 0.8—a result that offers no reassuring
margin-of-error overlap with that from either SH0ES or Planck.

The timing of the paper seemed provocative to at least some of the other late universe
researchers in attendance.
The SH0ES team in particular had little opportunity to digest the data (which the scientists
tried to do over dinner that evening), let alone figure out how to respond.
A mere three weeks later, though, they posted a response paper.
The method that Freedman’s team used “is a promising standard candle for measuring
extragalactic distances,” the authors began, diplomatically, before eviscerating the systematic
errors they believed affected the team’s results.
Riess and his colleagues’ preferred interpretation of the red giant data restored the Hubble
constant to a value well within its previous confines: 72.4 ± 1.9.
Freedman vehemently disagrees with that interpretation: “It’s wrong! It’s completely wrong!”
she says.
“They have misunderstood the method, although we have explained it to them at several
meetings.”
(At yet another “tension” meeting, the dispute took a personal turn Barry Madore—one of
Freedman’s collaborators, as well as her spouse—showed a slide that depicted Riess’s head in a
guillotine.
The image was part of a science-related chopping-block metaphor, and Madore later said that
including Riess’s head was a joke.

But Riess was in the audience; suffice to say that the next coffee break included, at the
insistence of many of the attendees, a discussion about professional codes of conduct.
Such squabbles cannot help but leave particle physicists figuring that, yes, the problem lies with
the astronomers and the errors involving the distance ladder method.
But CMB observations and the cosmic ruler must come with their own potential for systematic
errors, right?
In principle, yes.
But few (if any) astronomers think the problem lies with the Planck observatory, which
physicists believe to have reached the precision threshold for space observations of the CMB.
In other words, Planck’s measurements of the CMB are probably as good as they are ever going
to get.
“The data are spectacular,” says Nicholas Suntzeff, a Texas A&M astronomer who has
collaborated with both Freedman and Riess, though not on the Hubble constant.
“And independent observations” of the CMB—at the South Pole Telescope and the Atacama
Large Millimeter Array—“show there are no errors.”

If the source of the Hubble tension is not in the observations of either the late universe or the
early universe, then cosmologists have little choice but to pursue option three: “new physics.”
For nearly a century now scientists have been talking about new physics—forces or phenomena
that would fall outside our current knowledge of the universe.
A decade after Albert Einstein introduced his general theory of relativity in 1915, the advent of
quantum mechanics compromised its completeness.
The universe of the very large (the one operating according to the rules of general relativity)
proved to be mathematically incompatible with the universe of the very small (the one
operating according to the rules of quantum mechanics).
For a while physicists could disregard the problem, as the two realms did not intersect on a
practical level.
But then came the discovery of the CMB, validating the idea that the universe of the very large
actually emerged from the universe of the very small—that the large-scale galaxies and clusters
we study with the help of general relativity grew out of quantum fluctuations.
The Hubble tension arises directly out of an attempt to match those two types of physics.
The quantum fluctuations in the CMB predict that the universe will mature with one value of
the Hubble constant, whereas the general relativistic observations being made today are
revealing another value.

Riess likens the discrepancy to a person’s growth.
“You’ve got a child, and you can measure their height very precisely when they’re two years
old,” he says.
“And you can then use your understanding of how people grow, like a growth chart, to predict
their final height at the end.”
Ideally the prediction and measurement would agree.
“In this case,” he says, “they don’t.”
Then again, he adds, “We don’t have a growth chart for how universes usually grow.”
And so cosmologists have begun entertaining the radical—yet not altogether unpalatable—
possibility that the standard cosmological model is not as complete as they have assumed it to
be.
One possible factor affecting our understanding of the universe’s growth is an uncertainty
about the particle census of the universe.
Most scientists today are old enough to remember another imbalance between observation and
theory: the “solar neutrino problem,” a decades-long dispute about electron neutrinos from the
sun.
Theorists predicted one amount; neutrino detectors indicated another.
Physicists suspected systematic errors in the observations.

Astronomers questioned the completeness of the theory.
As with the Hubble constant tension, neither side budged—until the end of the millennium,
when researchers discovered that neutrinos, unexpectedly, have mass; theorists adjusted the
Standard Model of particle physics accordingly.
A similar adjustment now—for instance, a new variety of neutrino in the early universe—might
alter the distribution of mass and energy just enough to account for the differences in
measurement.
Another possible explanation is that the influence of dark energy changes over time—a
reasonable alternative, considering that cosmologists do not know how dark energy works, let
alone what it is.
“There is a small correction somewhere needed to bring the numbers into agreement,” Suntzeff
says.
“That is new physics, and that is what excites cosmologists—a kink in the wall of the Standard
Model, something new to work on.”
Everybody knows what they have to do next.
Observers will await data from Gaia, a European Space Agency observatory that promises, in
the next couple of years, unprecedented precision in the measurement of distances to more
than a billion stars in our galaxy.

If those measurements do not match the values that astronomers have been using as the first
rung in the distance ladder, then maybe the problem will have been systematic errors after all.
Theorists, meanwhile, will continue to churn out alternative interpretations of the universe.
So far, though, they have not found one that withstands community scrutiny.
And there, barring any breakthrough, the tension—problem, crisis—will have to reside for now:
in a quasi-unscientific universe harboring a predicted Hubble constant of 67 that belies the
observation of 74.
The standard cosmological model remains one of the great scientific triumphs of the age.
In half a century cosmology has matured from speculation to (near) certainty.
It might not be as complete as cosmologists believed it to be even a year ago, yet it remains a
textbook example of how science works at its best: it raises questions, it provides answers and it
hints at mystery.

New evidence shows that the key assumption made in the discovery of dark energy is in
error
The most direct and strongest evidence for the accelerating universe with dark energy is
provided by the distance measurements using type Ia supernovae (SN Ia) for the galaxies at
high redshift.
This result is based on the assumption that the corrected luminosity of SN Ia through the
empirical standardization would not evolve with redshift.
New observations and analysis made by a team of astronomers at Yonsei University (Seoul,
South Korea), together with their collaborators at Lyon University and KASI, show, however,
that this key assumption is most likely in error.
The team has performed very high-quality (signal-to-noise ratio ~175) spectroscopic
observations to cover most of the reported nearby early-type host galaxies of SN Ia, from
which they obtained the most direct and reliable measurements of population ages for these
host galaxies.
They find a significant correlation between SN luminosity and stellar population age at a 99.5
percent confidence level.
As such, this is the most direct and stringent test ever made for the luminosity evolution of SN
Ia.

Since SN progenitors in host galaxies are getting younger with redshift (look-back time), this
result inevitably indicates a serious systematic bias with redshift in SN cosmology.
Taken at face values, the luminosity evolution of SN is significant enough to question the very
existence of dark energy.
When the luminosity evolution of SN is properly taken into account, the team found that the
evidence for the existence of dark energy simply goes away (see Figure 1).

Luminosity evolution mimicking dark energy in supernova (SN) cosmology.
The Hubble residual is the diﬀerence in SN luminosity with respect to the cosmological model
without dark energy (the black dotted line).
The cyan circles are the binned SN data.

The red line is the evolution curve based on our age dating of early-type host galaxies.
The comparison of our evolution curve with SN data shows that the luminosity evolution can
mimic the Hubble residuals used in the discovery and inference of dark energy (the black solid
line).
Commenting on the result, Prof. Young-Wook Lee (Yonsei Univ., Seoul), who led the project
said,
"Quoting Carl Sagan, extraordinary claims require extraordinary evidence, but I am not
sure we have such extraordinary evidence for dark energy. Our result illustrates that
dark energy from SN cosmology, which led to the 2011 Nobel Prize in Physics, might be
an artifact of a fragile and false assumption."
Other cosmological probes, such as the cosmic microwave background (CMB) and baryonic
acoustic oscillations (BAO), are also known to provide some indirect and "circumstantial"
evidence for dark energy, but it was recently suggested that CMB from Planck mission no
longer supports the concordance cosmological model which may require new physics.
Some investigators have also shown that BAO and other low-redshift cosmological probes
can be consistent with a non-accelerating universe without dark energy.
In this respect, the present result showing the luminosity evolution mimicking dark energy in
SN cosmology is crucial and very timely.

This result is reminiscent of the famous Tinsley-Sandage debate in the 1970s on luminosity
evolution in observational cosmology, which led to the termination of the Sandage project
originally designed to determine the fate of the universe.
This work based on the team's 9-year eﬀort at Las Campanas Observatory 2.5-m telescope
and at MMT 6.5-m telescope.
Another baseball bat comes along……
Evidence for anisotropy of cosmic acceleration
The observed acceleration of the Hubble expansion rate has been attributed to a mysterious
"dark energy" which supposedly makes up about 70% of the universe.
Professor Subir Sarkar from the Rudolf Peierls Centre for Theoretical Physics, Oxford along
with collaborators at the Institut d'Astrophysique, Paris and the Niels Bohr Institute,
Copenhagen have used observations of 740 Type Ia supernovae to show that this acceleration
is a relatively local eﬀect—it is directed along the direction we seem to be moving with
respect to the cosmic microwave background (which exhibits a similar dipole anisotropy).
While the physical reason for this acceleration is unknown, it cannot be ascribed to dark
energy which would have caused equal acceleration in all directions.

Professor Sarkar explains:
“The cosmological standard model rests on the assumption that the Universe is isotropic
around all observers.
This cosmological principle is an extension of the Copernican principle—namely that we are
not privileged observers.
It aﬀords a vast simplification in the mathematical construction of the cosmological model
using Einstein's theory of general relativity.
However when observational data are interpreted within this framework we are led to the
astonishing conclusion that about 70% of the universe is constituted of Einstein's
Cosmological Constant or more generally "dark energy."
This has been interpreted as due to quantum zero-point fluctuations of the vacuum but the
associated energy scale is set by H0, the present rate of expansion of the universe.
This is however a factor of 1044 below the energy scale of the standard model of particle
physics—the well-established quantum field theory that precisely describes all subatomic
phenomena.
Its zero-point fluctuations have therefore a huge energy density which would have prevented
the universe from reaching its present age and size if they indeed influence the expansion rate
via gravity. d (hence the CMB is not directly sensitive to dark energy)."

To this cosmological constant problem must be added the "why now?" problem, namely why
has dark energy come to dominate the universe only recently?
It was negligible at earlier times, in particular at an age of ~400,000 years when the primordial
plasma cooled suﬃciently to form atoms and the cosmic microwave background (CMB)
radiation was release
It is against this background that he, along with Jacques Colin and Roya Mohayaee (Institut
d'Astrophysique, Paris) and Mohamed Rameez (Niels Bohr Institute, Copenhagen), set out to
examine whether dark energy really exists.
The primary evidence—rewarded with the 2011 Nobel prize in physics—concerns the
"discovery of the accelerated expansion of the universe through observations of distant
supernovae" in 1998 by two teams of astronomers.
This was based on observations of about 60 Type Ia supernovae, but meanwhile, the sample
had grown, and in 2014, the data was made available for 740 objects scattered over the sky
(Joint Lightcurve Analysis catalog).
The researchers looked to see if the inferred acceleration of the Hubble expansion rate was
uniform over the sky.
"First, we worked out the supernova redshifts and apparent magnitudes as measured (in the
heliocentric system), undoing the corrections that had been made in the JLA catalog for local
'peculiar' (non-Hubble) velocities.

This had been done to determine their values in the CMB frame in which the universe should
look isotropic—however, previous work by our team had shown that such corrections are
suspect because peculiar velocities do not fall oﬀ with increasing distance, hence there is no
convergence to the CMB frame even as far out as a billion light years," says Professor Sarkar.
"When we then employed the standard maximum likelihood estimator statistic to extract
parameter values, we made an astonishing finding.
The supernova data indicate, with a statistical significance of 3.9σ, a dipole anisotropy in the
inferred acceleration (see figure) in the same direction as we are moving locally, which is
indicated by a similar, well-known, dipole in the CMB.
By contrast, any isotropic (monopole)
acceleration that can be ascribed to dark
energy is 50 times smaller and consistent
with being zero at 1.4σ.
By the Bayesian information criterion, the
best fit to the data has, in fact, no isotropic
component.
We showed that allowing for evolution with
redshift of the parameters used to fit the
supernova light curves does not change the
conclusion—thus refuting previous criticism
of our method.

"Our analysis is data-driven but supports the theoretical proposal due to Christos Tsagas
(University of Thessaloniki) that acceleration may be inferred when we are not Copernican
observers, as is usually assumed, but are embedded in a local bulk flow shared by nearby
galaxies, as is, indeed, observed.
This is unexpected in the standard cosmological model, and the reason for such a flow
remains unexplained.
But independently of that, it appears that the acceleration is an artifact of our local flow, so
dark energy cannot be invoked as its cause.
"There are, indeed, other probes of our expansion history, e.g. the imprint of baryon acoustic
oscillations (BAO) in the distribution of galaxies, the ages of the oldest stars, the rate of growth
of structure, etc., but such data is still too sparse, and presently equally well consistent with a
non-accelerating universe.
The precisely measured temperature fluctuations in the CMB are not directly sensitive to dark
energy, although its presence is usually inferred from the sum rule that while the CMB
measures the spatial curvature of the universe to be close to zero, its matter content does not
add up to the critical density to make it so.
This is, however, true only under the assumptions of exact homogeneity and isotropy—which
are now in question.”

Professor Sarkar concludes:
"But progress will soon be made. The Large Synoptic Survey Telescope will measure many
more supernovae and confirm or rule out a dipole in the deceleration parameter.
The Dark Energy Spectroscopic Instrument and Euclid satellite will measure BAO and lensing
precisely.
The European Extremely Large Telescope will measure the 'redshift drift' of distant sources
over a period of time, and thus make a direct measurement of the expansion history of the
universe."

Digression——- Now for a pet peeve of mine ………..
Ignoring women who actually made discoveries and giving credit (without any
acknowledgment) to their male colleagues - the list is very long!!!
I will only list one relevant to the subject under discussion……
Since her death in 1979, the woman who discovered what the universe is made of has not so
much as received a memorial plaque.
Her newspaper obituaries do not mention her greatest discovery.
Every high school student knows that Isaac Newton discovered gravity, that Charles Darwin
discovered evolution, and that Albert Einstein discovered the relativity of time.
But when it comes to the composition of our universe, the textbooks simply say that the most
abundant atom in the universe is hydrogen.
And no one ever wonders how we know.”
Cecilia Payne’s mother refused to spend money on her college education, so she won a
scholarship to Cambridge.
Cecilia Payne completed her studies, but Cambridge wouldn’t give her a degree because she
was a woman, so she said to heck with that and moved to the United States to work at
Harvard.

Cecilia Payne was the first person ever to earn a Ph.D. in astronomy from Radcliﬀe College,
with what Otto Strauve called “the most brilliant Ph.D. thesis ever written in astronomy.”
Not only did Cecilia Payne discover what the universe is made of, she also discovered what
the sun is made of (Henry Norris Russell, a fellow astronomer, is usually given credit for
discovering that the sun’s composition is diﬀerent from the Earth’s, but he came to his
conclusions four years later than Payne—after telling her not to publish).
Cecilia Payne is the reason we know basically anything about variable stars (stars whose
brightness as seen from earth fluctuates).
Literally every other study on variable stars is based on her work.
Cecilia Payne was the first woman to be promoted to full professor from within Harvard, and is
often credited with breaking the glass ceiling for women in the Harvard science department
and in astronomy, as well as inspiring entire generations of women to take up science.
Cecilia Payne is awesome and everyone should know her.

Dark Matter: Quick Pass and Details Later: The Situation Has Changed
I haven’t lectured about dark matter for 2 years.
Which is why today I want to tell you how my opinion about dark matter has changed over the
past 2 years or so.
In particular, I want to discuss whether dark matter is made of particles(assumed so in
standard model) or if not, what else it could be.
First things first, dark matter is the hypothetical stuff that astrophysicists think makes up eighty
percent of the matter in the universe, or 24 percent of the combined matter-energy.
Dark matter should not be confused with dark energy.
These are two entirely different things.
Dark energy is what makes the universe expand faster, dark matter is what makes galaxies
rotate faster, though that’s not the only thing dark matter does, as we’ll see in a moment.
But what is dark matter?
2 years ago Astrophysics thought dark matter is most likely made of some kind of particle that
they had not measured so far.
I’m a particle physicist by training.
And if a particle can explain an observation, why look any further?
So, the idea that dark matter is stuff, made of particles, was a simple and convenient
explanation.
If it was a real particle, sooner or later they’ll find the particle, give it a name, someone will get
a Nobel Prize and that’s that.

But, well, that hasn’t happened.
Physicists have tried to measure dark matter particles since the mid 1980s.
But no one’s ever seen one.
There have been a few anomalies in the data, but these have all gone away upon closer
inspection.
Instead, what’s happened is that some astrophysical observations have become increasingly
difficult to explain with the particle hypothesis.
Before I get to the observations that particle dark matter doesn’t explain,
I’ll first quickly summarize what it does explain, which are the reasons astrophysicists thought it
exists in the first place.
Historically the first evidence for dark matter came from galaxy clusters.
Galaxy clusters are made of a few hundred up to a thousand or so galaxies that are held
together by their gravitational pull.
They move around each other, and how fast they move depends on the total mass of the
cluster.
The more mass, the faster the galaxies move.
Turns out that galaxies in galaxy clusters move way too fast to explain this with the mass that
we can attribute to the visible matter.
So Fritz Zwicky conjectured in the 1930s, that there must be more matter in galaxy clusters,
just that we can’t see it.
He called it “dunkle materie” or dark matter.

It’s a similar story for galaxies.
The velocity of a star which orbits around the center of a galaxy depends on the total mass
within this orbit.
But the stars in the outer parts of galaxies just orbit too fast around the center.
Their velocity should drop with distance to the center of the galaxy, but it doesn’t.
Instead, the velocity of the stars becomes approximately constant at far distance to the galactic
center.
This gives rise to the so-called “flat rotation curves”.
Again you seem to be able to explain that by saying there’s dark matter in the galaxies.
Then there is gravitational lensing.
These are galaxies or galaxy clusters which bend light that comes from an object behind them.
This object behind them then appears distorted, and from the amount of distortion you can infer
the mass of the lens.
Again, the visible matter just just does not seem to be enough to explain the observations.
Then there’s the temperature fluctuations in the cosmic microwave background.
These fluctuations are what you see in this skymap.
All these spots here are deviations from the average temperature, which is about 2.7 Kelvin.
The red spots are a little warmer, the blue spots a little colder than that average.

Astrophysicists analyze the microwave-background using its power spectrum, i.e, they make a
plot where the vertical axis is roughly the number of spots and the horizontal axis is their size,
with the larger sizes on the left and increasingly smaller spots to the right.
To explain the power spectrum they obtain, again you seem to need dark matter.
Finally, there’s the large scale distribution of galaxies and galaxy clusters and interstellar gas
and so on, as you see in the images from a computer simulation.
Normal matter alone just does not produce enough structure on short scales to fit the
observations, and again, adding dark matter seems to fix the problem.

So, dark matter was a simple idea that allowed a lot of observations to be explained,
which is why it was thought to be such a good scientific explanation.
But that was the status many years ago.
And what’s happened since then is that observations have piled up that dark matter cannot
explain.
For example, particle dark matter predicts a density in the cores of small galaxies that peaks,
whereas the observations say the distribution should be flat.
Dark matter also predicts too many small satellite galaxies, these are small galaxies that fly
around a larger host.
The Milky Way for example, should have many hundreds, but actually only has a few dozen.
Also, these small satellite galaxies are often aligned in planes.
Dark matter cannot explain why.
We also know from observations that the mass of a galaxy is correlated to the fourth power of
the rotation velocity of the outermost stars.
This is called the Baryonic Tully Fisher Relation and it’s just an observational fact.
Dark matter does not explain it.
It’s a similar issue with Renzo’s rule, that says if you look at the rotation curve of a galaxy, then
for every feature in the curve for the visible emissions, like a wiggle or bump, there is also a
feature in the rotation curve.

Again, that’s an observational fact, but it makes absolutely no sense if you think that most of
the matter in galaxies is dark matter.
The dark matter should remove any correlation between the luminosity and the rotation curves.
Then there are collisions of galaxy clusters at high velocity, like the bullet cluster or the el gordo
cluster.
These are difficult to explain with particle dark matter, because dark matter creates friction and
that makes such high relative velocities incredibly unlikely.
Yes, you heard that correctly, the Bullet cluster is a PROBLEM for dark matter, not evidence for
it as has been claimed earlier.
And, yes, you can fumble with the computer simulations for dark matter and add more
and more parameters to try to get it all right.
But then that’s no longer a simple explanation, and it’s no longer predictive!
In addition as we will see later there are many more problems for dark matter!
So, if it’s not dark matter then what else could it be?
The primary alternative explanation to particle dark matter is called modified gravity.
The idea of modified gravity(MOND) is that we are not missing a source for gravity, but that we
have the law of gravity wrong.
Modified gravity solves all the things unexplained by dark matter that I just told you about.
There’s no friction, so high relative velocities are not a problem.

It predicted the Tully-Fisher relation, it explains Renzo’s rule and satellite alignments, it
removes the issue with density peaks in galactic cores, and solves the missing satellites
problem.
Slow down, do not get too excited!!
Modified gravity does not do well with the cosmic microwave background and the early
universe, and it has some issues with galaxy clusters.
So that looks like a battle between competing hypotheses, and that’s certainly how it’s been
portrayed and how most physicists think about it.
But here’s the thing.
Purely from the perspective of data, the simplest explanation is that particle dark matter works
better in some cases, and modified gravity better in others.
A lot of astrophysicists reply to this, well, if you have dark matter anyway, why add modified
gravity?
Answer: Because dark matter has difficulties explaining a lot of observations.
On its own, it’s no longer parametrically(too many) the simplest explanation.
But wait, you may want to say, you can’t just use dark matter for observations a,b,c and
modified gravity for observations x,y,z!
Well actually, you can totally do that.
Nothing in the scientific method that forbids it.

But more importantly, if you look at the mathematics(always look at the MATH!), modified
gravity and particle dark matter are actually very similar.
Dark matter adds new particles, and modified gravity adds new fields.
But because of quantum mechanics, fields are particles and particles are fields, so it’s the
same thing really.
The difference is in the behavior of these fields or particles.
It’s the behavior that changes from the scale of galaxies to clusters to filaments and the early
universe.
So what we need is a kind of phase transition that explains why and under what
circumstances the behavior of these additional fields, or particles, changes, so that we can use
the two different sets of equations.
And once you look at it this way, it’s obvious why we have not made progress on the question
what dark matter is for such a long time.
The wrong people have been working on it.
It’s not a problem you can solve with particle physics and general relativity.
It a problem for condensed matter physics.
That’s the physics of gases, fluids, and solids and so on.
So, our conclusion must be that the distinction between dark matter and modified gravity is a
false dichotomy.
The answer isn’t either/or, it’s both. The question is just how to combine them.

Some Thoughts……
Orthodoxy says dark matter needed for many early universe structures
but galaxies need MOND to explain properties
DM fluid = gas of particles — works for many things but not galaxies (need MOND)
Maybe matter comes in two phases
superfluid/fluid —> MOND /DM
Superfluid phase gives rise to a force that can act on normal matter and thus can act like
MOND
Force from superfluid not gravitational pull - it is a new force from interaction with normal matter
Need environmental parameters to separate phases.
To get DM to condense need conditions which we do not have in early universe
That is why superfluid phase not needed for structure, CMB and clusters
Later when universe older, condenses to MOND and now works for galaxies, etc
They are not competing theories - it is some kind of combination of both!

Let me elaborate further….
Physicists still haven’t figured out what dark matter is made of, if anything.
Idea that it’s made of particles that interact so weakly we haven’t yet measured them works
well to explain some of the observational evidence.
Notably the motions of galaxies bound to clusters and the features of the cosmic microwave
background fit with theories of particle dark matter straight-forwardly.
The galaxies themselves, not so much.
Astronomers have found that galaxies have regularities that are difficult to accommodate in
theories of particle dark matter, for example the Tully-Fisher relation and the Radial
Acceleration Relation.
These observed patterns in the measurements don’t follow all that easily, if at all, from the
simple models of particle dark matter.
Thrifty theorists have to invoke additional effects that are assigned to various astrophysical
processes, notably stellar feedback, etc.
While these processes arguably exist, it isn’t clear that they actually act in galaxies in amounts
necessary to explain the observations.

In the past 20 years or so, astrophysicists have improved computer simulations for galaxy
formation until everything fit with the data, sometimes adapting the models to new
observations.
But one finds it somewhat hard to swallow that regularities that seem to be generic in galaxies
follow from the theory only after much twisting, fiddling and adding parameters.
Indeed, the very fact that it took astrophysicists so long to get galaxies right says that the
patterns in our observations are not generic to particle dark matter.
It signals(thing too complicated) that the theories are missing something important.
One of the proposals for the missing piece has long been that gravity must be modified.
But many theorists have not been particularly convinced by this idea; the reason being that it’s
hard to change anything about Einstein’s theory of general relativity without running into
conflict with the many high precision measurements that are in excellent agreement with the
theory.
On the other hand, modified gravity works dramatically well for galaxies and explains the
observed regularities and does not conflict with existing measurements in GR.
For a long time physicists have been rather unsure about the whole issue.
Then, two years ago, a paper(Berezhiani/Khoury) proposed that dark matter is a superfluid.
It is easy to become a big fan of superfluid dark matter – because it makes so much sense!
You see, the superfluid that Berezhiani and Khoury proposed at isn’t just any superfluid.
It has an interaction with normal matter and this interaction creates a force.
This effects of force look like modified gravity.

These computer simulations now contain about a dozen or so parameters (there are various
simulations and not all of them list the parameters, so it’s hard to tell exactly) and the results
seem to agree well with observation.
It is justified to call it the ideas - modified gravity - because the pull acting on galaxies is now no
longer that of general relativity alone!
However, to get the stuff to condense, you need sufficient pressure, and the pressure comes
from the gravitational attraction of the matter itself.
Only if you have matter sufficiently clumped together(late) will the fluid become a superfluid
and generate the additional force.
If the matter isn’t sufficiently clumped(early), or is just too warm, it’ll not condense.
This simple idea works remarkably well to explain why the observations that are assigned to
dark matter seem to fall into two categories:
Those that fit better to particle dark matter and those that fit better to modified gravity.
It’s because the dark matter is a part of a fluid with two phases.
In galaxies it’s condensed.
In galaxy clusters, most of it isn’t condensed because the average potential isn’t deep enough.
And in the early universe it’s too warm for condensation.
On scales of the solar system, finally, it doesn’t make sense to even speak of the superfluid’s
force, it would be like talking about van der Waals forces(molecular) inside a proton.
The theory just isn’t applicable there.

However, there’s a problem with this idea - there always is!!.
The problem is that we know at least since the observed gravitational wave event with an
optical counterpart that gravitational waves travel to good precision at the same speed as light.
This by itself is easy to explain with the superfluid idea:
Light just doesn’t interact with the superfluid - the condensed state.
There could be various reasons for this, but regardless of what the reason, it’s simple to
accommodate this in the model.
This has the consequence however that light which travels through the superfluid region of
galaxies will not respond to the bulk of what we usually refer to as dark matter.
The superfluid does have mass and therefore also has a gravitational pull.
Light notices that and will bend around it.
But most of the dark matter that we infer from the motion of normal matter is a “phantom
matter” or an “impostor field”.
It’s really due to the additional force from the superfluid.
And light will not respond to this.
As a result, the amount of dark matter inferred from lensing on galaxies should not match the
amount of dark matter inferred from the motion of stars.

It turns out that the observations from strong gravitational lenses are not hard to accommodate
with superfluid dark matter.
The reason is, loosely speaking, that the amount of superfluid can be adjusted or, somewhat
more technically, that the additional fields require additional initial conditions and those allow us
to always find solutions that fit the data.
This finding hence exemplifies why criticisms of modified gravity - that insist on there only being
one way to fit a galaxy- are ill-founded.
If you modify gravity by introducing additional fields – and that’s how almost all modifications of
gravity work – the additional fields will have additional degrees of freedom and generally
require additional initial conditions.
There will hence usually be several solutions for galaxies.
They have been able to fit all known lenses – 65 in total – except for one.
The one outlier is a near-miss.
It could be off for a variety of reasons, either because the measurement is imprecise, or
because our model is overly simplistic.
They assumed, for example, that the distribution of the superfluid is spherically symmetric and
time-independent, which almost certainly isn’t the case.
Actually it’s remarkable it works at all.
Thus, superfluid dark matter passes another check: strong gravitational lensing

Of course that doesn’t mean that the model is off the hook; it could still run into conflict with
data that has not been checked so far.
That observations based on the passage of light should show an apparent lack of dark matter
might have other observable consequences, for example for gravitational redshift.
Also, they have only looked at one particular sample of galaxies and those have no detailed
data on the motion of stars.
Galaxies for which there is more data will be more of a challenge to fit.
That completes a quick summary of Mod, DM and Superfluid Idea .
Now onto the details…….see some of the nitty-gritty stuﬀ……

Stacey McGaugh-“Nothing substantive has changed since. Reading it afresh,
I’m amazed how many of the arguments over the past quarter century were
anticipated here. As a scientific community, we are stuck in a rut, and seem to
prefer to spin the wheels to dig ourselves in deeper than consider the plain if
diﬃcult path out."
That is the problem of orthodoxy!
Stacey McGaugh - Much of what I will report here is due to Stacey. He is a scientific heretic
and I love that!!

Part 1 ——Testing hypotheses of dark matter and alternative gravity with low surface
density galaxies
The missing mass problem remains one of the most vexing in astrophysics.
Observations clearly indicate either (1) the presence of a tremendous amount of as yet
unidentified dark matter, or (2) the need to modify the law of gravity.
These hypotheses make vastly diﬀerent predictions as a function of density.
Observations of the rotation curves of galaxies of much lower surface brightness than
previously studied therefore provide a powerful test for discriminating between them.
The dark matter hypothesis requires a surprisingly strong relation between the surface
brightness and mass-to-light ratio(between the total mass of a spatial volume (typically on
the scales of a galaxy or a cluster) and its luminosity, placing stringent constraints on theories
of galaxy formation and evolution.
Alternatively, the observed behavior is predicted by one of the hypothesized alterations of
gravity known as modified Newtonian dynamics(MOND).

Spiral galaxies are observed to have
asymptotically flat [i.e., V(R) ~ constant for large
R] rotation curves that extend well beyond their
optical edges.
This trend continues for as far (many,
sometimes > 10 galaxy scale lengths) as can be
probed by gaseous tracers or by the orbits of
satellite galaxies.
Outside a galaxy’s optical radius, the
gravitational acceleration is a_N = GM/R2 = V2/R
so one expects V(R) ~ R-1/2.
This Keplerian behavior is not observed in
galaxies.
One approach to this problem is to increase M in the outer parts of galaxies in order to
provide the extra gravitational acceleration necessary to keep the rotation curves flat.
Indeed, this is the only option within the framework of Newtonian gravity since both V and R
are directly measured.
The additional mass must be invisible, dominant, and extend well beyond the optical edge
of the galaxies.

Postulating the existence of this large amount of dark matter which reveals itself only by its
gravitational eﬀects is a radical hypothesis.
Yet the kinematic data seemed to force it, so much so that the existence of dark matter is
generally accepted by the orthodox community.
Enormous eﬀort has gone into attempting to theoretically predict its nature and
experimentally verify its existence, but to date there exists no convincing detection of any
hypothesized dark matter candidate, and many so-called plausible candidates have been
totally ruled out.
Another possible solution is to alter the fundamental equation a_N = GM/R2.
Our faith in this simple equation is very well founded on extensive experimental tests of
Newtonian gravity.
Since it is so fundamental, altering it is an even more radical hypothesis than invoking the
existence of large amounts of dark matter of completely unknown constituent components.
However, a radical solution is required either way, so both possibilities must be
considered and tested.
A phenomenological theory specifically introduced to address the problem of the flat rotation
curves is MOND.
It has no other motivation and so far there is only an incomplete physical basis for the theory.
It provides no satisfactory cosmology, having yet to be reconciled with General Relativity.

However, with the introduction of only one new fundamental constant (an acceleration a0), it is
empirically quite successful in fitting galaxy rotation curves and a lot more!
It hypothesizes that for accelerations a < a0 = 1.2 x 10-10 m s-2, the eﬀective acceleration is
given by aeﬀ = (aN a0)1/2.
This simple prescription works well with essentially only one free parameter per galaxy, the
stellar mass-to-light ratio, which, however, is subject to independent constraint by stellar
evolution theory - so the one parameter is not totally free!
More importantly, MOND makes predictions which are distinct and testable.
One specific prediction is that the asymptotic (flat) value of the rotation velocity, Va, is Va =
(GMa0)1/4.
Note that Va does not depend on R, but only on M in the regime of small accelerations
(a < a0).

In contrast, Newtonian gravity depends on both M and R.
Replacing R with a mass surface density variable S = M(R)/R2, the Newtonian prediction
becomes M S ~ Va4 which contrasts with the MOND prediction M ~ Va4.
These relations are the theoretical basis in each case for the observed luminosity-linewidth
relation L ~ Va4 (better known as the Tully-Fisher relation).
Note that the observed value of the exponent is wavelength dependent, but does equal the
theoretical value of 4 in the near infrared, which is considered the best indicator of the stellar
mass.
The systematic variation with wavelength is a very small eﬀect compared to the diﬀerence
between the two gravitational theories, and must be attributed to dust or stars under either
theory.
To transform from theory to observational quantities one requires the mass to light ratio Y:
Y = M/L = S/s, where s is the surface brightness.
Note that in the purely Newtonian case, M and L are very diﬀerent functions of R, so Y is
itself a strong function of R.
We define Y to be the mass-to-light ratio within the optical(can be seen) radius R*, as this is
the only radius which can be measured by observation.

The global mass-to-light ratio would be very diﬀerent (since M ~ R for R > R*, the total masses
of dark haloes are not measurable), but the particular choice of definition does not aﬀect the
relevant functional dependences and that is all that matters.
The predictions become Y2sL ~ Va4 for Newtonian gravity, and YL ~ Va4 for MOND.
Clearly distinct predictions thus emerge if galaxies of diﬀerent surface brightnesses s are
examined. In the Newtonian case there should be a family of parallel Tully-Fisher relations for
each surface brightness.
In the case of MOND, all galaxies should follow the same Tully-Fisher relation irrespective of
surface brightness.

Recently it has been shown that extreme objects such as low surface brightness galaxies
(those with central surface brightnesses fainter than s0 = 23 B mag corresponding 40 L☉ pc-2)
obey the same Tully-Fisher relation as do the high surface brightness galaxies (typically with
s0 = 21.65 B mag or 140 L☉ pc-2) which originally defined it.
Figure below shows the luminosity-linewidth plane for galaxies ranging over a factor of 40 in
surface brightness.
Regardless of surface brightness, galaxies fall on the same(MOND) Tully-Fisher relation.

MOND predicts this behavior in spite of the very diﬀerent surface densities of low surface
brightness galaxies.
In order to understand this observational fact in the framework of standard Newtonian gravity
requires a subtle relation between surface brightness and the mass-to-light ratio to keep the
product sY2 constant.
In order to obtain L ~ Va4 ~ MS, one might suppose that the mass surface density S is
constant from galaxy to galaxy, irrespective of the luminous surface density s.

This achieves the correct asymptotic velocity Va, but requires that the mass distribution, and
hence the complete rotation curve, be essentially identical for all galaxies of the same
luminosity.
This is obviously not the case (last figure), as the rotation curves of lower surface brightness
galaxies rise much more gradually than those of higher surface brightness galaxies (also a
prediction of MOND).

It might be possible to have approximately
constant density haloes if the highest surface
brightness disks are maximal and the lowest
minimal in their contribution to the inner parts
of the rotation curves, but this then requires
fine tuning of Y* with this systematically
decreasing with surface brightness.

The expected form of the halo mass distribution depends on the dominant form of dark
matter.
This could exist in three general categories: baryonic, hot (e.g., neutrinos), and cold exotic
particles.
The first two make no specific predictions.
Baryonic dark matter candidates are most subject to direct detection, and most plausible
candidates have been ruled out with remaining suggestions of necessity sounding increasingly
contrived.
Hot dark matter is not relevant to the present problem.
Even if neutrinos have a small mass, their velocities considerably exceed the escape velocities
of the haloes of low mass galaxies where the problem is most severe.
Cosmological simulations involving exotic cold dark matter have advanced to the point where
predictions are being made about the density structure of haloes.
These take the form p(R) = pH/[R(R+RH)b] where pH characterizes the halo density and RH its
radius, with b ~ 2 to 3.
The characteristic density depends on the mean density of the universe at the collapse epoch,
and is generally expected to be greater for lower mass galaxies since these collapse first in
such scenarios.

This goes in the opposite sense to the observations, which show that low mass and low
surface brightness galaxies are less, not more, dense.
The observed behavior is actually expected in scenarios which do not get smooth on a
particular mass scale and hence allow galaxies of the same mass to collapse at a variety of
epochs, but in this case the Tully-Fisher relation should not be universal.
Worse, note that at small R < RH, p(R) ~ R-1.
Such a steep interior density distribution is completely inconsistent with the analyzed
observations of dwarf galaxies.
Our data confirm and considerably extend this conclusion for 24 low surface brightness
galaxies over a wide range in luminosity.
The failure of the predicted exotic cold dark matter density distribution either rules out this
form of dark matter, indicates some failing in the simulations (in spite of wide-spread
consensus), or requires some mechanism to redistribute the mass.
Feedback from star formation is usually invoked for the last of these, but this can not work for
two reasons.
First, an objection in principle: a small mass of stars and gas must have a dramatic impact on
the distribution of the dominant dark mass, with which they can only interact gravitationally.

More mass redistribution is required in less luminous galaxies since they start out denser but
end up more diﬀuse; of course progressively less baryonic material is available to bring this
about as luminosity declines.

Second, an empirical objection: in this scenario, galaxies explode and gas is lost.

However, progressively fainter and lower surface brightness galaxies, which need to suﬀer
more severe explosions, are actually very gas rich.
Observationally, dark matter haloes are inferred to have density distributions with constant
density cores, p(R) = p0/[1 + (R/R0)g].
Here, p0 is the core density and R0 is the core size with g ~ 2 being required to produce flat
rotation curves.
For g = 2, the rotation curve resulting from this mass distribution is V(R) = Va [1-(R0/R) tan-1((R/
R0)]1/2 where the asymptotic velocity is Va = (4πG p0 R02)1/2.
To satisfy the Tully-Fisher relation, Va, and hence the product p0 R02, must be the same for all
galaxies of the same luminosity.
To decrease the rate of rise of the rotation curves as surface brightness decreases, R0 must
increase.

Together, these two require a fine tuning conspiracy to keep the product p0 R02 constant while
R0 must vary with the surface brightness at a given luminosity.
Luminosity and surface brightness themselves are only weakly correlated, so there exists a
wide range in one parameter at any fixed value of the other.
Thus the structural properties of the invisible dark matter halo dictate those of the luminous
disk, or vice versa.
So, s and L give the essential information about the mass distribution without recourse to
kinematic information.
A strict s-p0-R0 relation is rigorously obeyed only if the haloes are spherical and dominate
throughout.
This is probably a good approximation for low surface brightness galaxies but may not be for
the those of the highest surface brightness.
However, a significant non-halo contribution can at best replace one fine tuning problem with
another (e.g., surface brightness being strongly correlated with the stellar population mass to
light ratio instead of halo core density) and generally causes additional conspiracies.
The other view is that this list of fine tuning requirements makes it rather unattractive to
maintain the dark matter hypothesis.

MOND provides an empirically more natural explanation for these observations.
In addition to the Tully-Fisher relation, MOND correctly predicts the systematics of the shapes
of the rotation curves of low surface brightness galaxies and fits the specific case of UGC 128
(last figure).
Low surface brightness galaxies were stipulated to be a stringent test of the theory because
they should be well into the regime a < a0.
This is now observed to be true, and to the limit of observational accuracy the predictions of
MOND are confirmed.
The critical acceleration scale a0 is apparently universal, so there is a single force law acting in
galactic disks for which MOND provides the correct description.
The cause of this could be either a particular dark matter distribution or a real modification of
gravity.
The former is diﬃcult to arrange, and a single force law strongly supports the latter hypothesis
since in principle the dark matter could have any number of distributions which would give rise
to a variety of eﬀective force laws.
Even if MOND is not correct, it is essential to understand why it so closely describe the
observations.

Though the data can not exclude Newtonian dynamics, with a working empirical alternative
(really an extension) at hand, we would not hesitate to reject as incomplete any less venerable
hypothesis.
Nevertheless, MOND itself remains incomplete as a theory, being more of a Kepler’s Law for
galaxies.
It provides only an empirical description of kinematic data.
While successful for disk galaxies, it was thought to fail in clusters of galaxies.
Recently it has been recognized that there exist two missing mass problems in galaxy
clusters, one of which is now solved: most of the luminous matter is in X-ray gas, not galaxies.
This vastly improves the consistency of MOND with with cluster dynamics.
The problem with the theory remains a reconciliation with Relativity and thereby standard
cosmology (which is itself in considerable diﬃculty), and a lack of any prediction about
gravitational lensing.
These are theoretical problems which need to be more widely addressed in light of MOND’s
empirical success.

Some comments from an interview with Stacey MacGaugh:
In the late 1980s and into the 1990s, I set out to try to understand low surface brightness
galaxies.
These are diﬀuse systems of stars and gas that rotate like the familiar bright spirals, but
whose stars are much more spread out.
Why? How did these things come to be?
Why were they diﬀerent from brighter galaxies?
How could we explain their properties?
I was not really even aware of MOND at that time.
In addition, it was already well established that there had to be dark matter.
I worked to develop our understanding of low surface brightness galaxies in the context of
dark matter.
Their blue colors, low metallicities(the proportion of the material of a star or other celestial
object that is in elements other than hydrogen or helium), high gas fractions, and overall
diﬀuse nature could be explained if they had formed in dark matter halos that are themselves
lower than average density.
I found this interpretation quite satisfactory, so gave me no cause to doubt dark matter to
that point.

This picture made two genuine predictions that had yet to be tested.
First, low surface brightness galaxies should be less strongly clustered than brighter galaxies.
Second, having their mass spread over a larger area, they should shift oﬀ of the Tully-Fisher
relation defined by denser galaxies.
The first prediction came true, and for a period I was jubilant that we had made an important
new contribution to out understanding of both galaxies and dark matter.
The second prediction failed badly: low surface brightness galaxies adhere to the same
Tully-Fisher relation that other galaxies follow.
I tried desperately to understand the failure of the second prediction in terms of dark matter.
I tried what seemed like a thousand ways to explain this, but ultimately they were all
tautological: I could only explain it if I assumed the answer from the start.
The adherence of low surface brightness galaxies to the Tully-Fisher relation poses a serious
fine-tuning problem: the distribution of dark matter must be adjusted to exactly
counterbalance that of the visible matter so as not to leave any residuals.
This makes no sense, and anyone who claims it does is not thinking clearly.

It was in this crisis of comprehension in which I became aware that MOND predicted exactly
what I was seeing.
No fine-tuning was required.
Low surface brightness galaxies followed the same Tully-Fisher relation as other galaxies
because the modified force law stipulates that they must.
It was only at this point (in the mid-’90s) at which I started to take MOND seriously.
If it had got this prediction right, what else did it predict?
I was still convinced that the right answer had to be dark matter.
There was, after all, so much evidence for it.
So this one prediction must be a fluke; surely it would fail the next test.
That was not what happened: MOND passed test after test after test, successfully predicting
observations both basic and detailed that dark matter theory got wrong or did not even
address.
It was only after this experience that I realized that what I thought was evidence for dark
matter was really just evidence that something was wrong: that the data cannot be
explained with ordinary gravity without invisible mass.

The data – and here I mean ALL the data – were mostly ambiguous: they did not clearly
distinguish whether the problem was with mass we couldn’t see or with the underlying
equations from which we inferred the need for dark matter.
This is how science should work.
I hadn’t set out to test MOND, but I had inadvertently performed exactly the right experiment
for that purpose.
MOND had its predictions come true where the predictions of other theories did not: both my
own theory and those of others who were working in the context of dark matter.
We got it wrong while MOND got it right.
That led me to change my mind: I had been wrong to be sure the answer had to be dark
matter, and to be so quick to dismiss MOND.
Admitting this was the most diﬃcult struggle I ever faced in my career.
That the predictions of MOND should come true in a universe dominated by dark matter
makes no sense.
I have continued to search for a viable explanation with dark matter. I have not been
successful.
Others have claimed such success, but whenever I look at their work, it always seems that
what they assert to be a great success is just a specific elaboration of a model I had already
considered and rejected as obviously unworkable.

The diﬀerence boils down to Occam’s razor.
If you give dark matter theory enough free parameters, it can be adjusted to “predict” pretty
much anything.
But the best we can hope to do with dark matter theory is to retroactively explain what MOND
successfully predicted in advance.
Why should we be impressed by that?
Does MOND fail in clusters?
Yes and no: there are multiple tests in clusters.
MOND passes some and flunks others – as does dark matter.
The most famous test is the baryon fraction.
This should be one in MOND – since all the mass is normal baryonic matter.
With dark matter, it should be the cosmic ratio of normal to dark matter (about 1:5).
MOND fails this test: it explains most of the discrepancy in clusters, but not all of it.

The dark matter picture does somewhat better here, as the baryon fraction is close to the
cosmic expectation — at least for the richest clusters of galaxies.
In smaller clusters and groups of galaxies, the normal matter content falls short of the cosmic
value.
So both theories suﬀer a “missing baryon” problem: MOND in rich clusters; dark matter in
everything smaller.
Another test is the mass-temperature relation.
Both theories predict a relation between the mass of a cluster and the temperature of the gas
it contains, but they predict diﬀerent slopes for this relation.
MOND gets the slope right but the amplitude wrong, leading to the missing baryon problem
above.
Dark matter gets the amplitude right for the most massive clusters, but gets the slope wrong –
which leads to it having a missing baryon problem for systems smaller than the largest
clusters.
So clusters are a mixed bag.

More generally, there is a widespread myth that MOND fits rotation curves, but gets nothing
else right.
This is what I expected to find when I started fact checking, but the opposite is true.
MOND explains a huge variety of data well (will discuss later).
The presumptive superiority of dark matter is just that – a presumption.
MOND has made many successful a priori predictions.
This is the golden standard of the scientific method.
If there is another explanation for it, I’d like to know what it is.
I find myself having the same arguments over and over again, usually with scientists who
remain trapped in the misconceptions I suﬀered myself a quarter century ago, but whose
minds are closed to ideas that threaten their sacred cows.
If dark matter is a real, physical substance, then show me a piece already.
More Thoughts…..
When comparing dark matter and MOND, one must weigh all evidence in the balance.
Much of the evidence is gratuitously ambiguous, so the conclusion to which one comes
depends on how one weighs the more definitive lines of evidence.

Some of this points very clearly to MOND, while other evidence prefers non-baryonic dark
matter.
One of the most important lines of evidence in favor of dark matter is the acoustic power
spectrum of the cosmic microwave background (CMB) – the pattern of minute temperature
fluctuations in the relic radiation field imprinted on the sky a few hundred thousand years
after the Big Bang.
The equations that govern the acoustic power spectrum require General Relativity, but
thankfully the small amplitude of the temperature variations permits them to be solved in the
limit of linear perturbation theory.
So posed, they can be written as a damped, driven oscillator.
The power spectrum favors features corresponding to standing waves at the epoch of
recombination when the universe transitioned rather abruptly from an opaque plasma to a
transparent neutral gas.
The edge of a cloud provides an analog: light inside the cloud scatters oﬀ the water molecules
and doesn’t get very far: the cloud is opaque.
Any light that makes it to the edge of the cloud meets no further resistance, and is free to
travel to our eyes – which is how we perceive the edge of the cloud.
The CMB is the expansion-redshifted edge of the plasma cloud of the early universe.

An easy way to think about a damped, driven oscillator is a kid being pushed on a swing.
The parent pushing the child is a driver of the oscillation. Any resistance – like the child
dragging his feet – damps the oscillation.
Normal matter (baryons) damps the oscillations – it acts as a net drag force on the photon
fluid whose oscillations we are observing.
If there is nothing going on but General Relativity plus normal baryons, we should see a purely
damped pattern of oscillations in which each peak is smaller than the one before it, as seen in
the solid line here:

The CMB acoustic power spectrum predicted by General Relativity with no cold dark matter (line) and as
observed by the Planck satellite (data points).

As one can see, the case of no Cold Dark Matter (CDM) does well to explain the amplitudes of
the first two peaks.
Indeed, it was the only hypothesis to successfully predict this aspect of the data in advance of
its observation.
The small amplitude of the second peak came as a great surprise from the perspective of
LCDM.
However, without CDM, there is only baryonic damping.
Each peak should have a progressively lower amplitude.
This is not observed.
Instead, the third peak is almost the same amplitude as the second, and clearly higher than
expected in the pure damping scenario of no-CDM.
CDM provides a net driving force in the oscillation equations.
It acts like the parent pushing the kid.
Even though the kid drags his feet, the parent keeps pushing, and the amplitude of the
oscillation is maintained.
Works for the third peak at any rate.

The baryons are an intransigent child and keep dragging their feet; eventually they win and the
power spectrum damps away on progressively finer angular scales (large 𝓁 in the plot).
The excess amplitude of the third peak over the no-CDM prediction is the best evidence to my
mind in favor of the existence of non-baryonic CDM.
Indeed, this observation is routinely cited by many cosmologists to absolutely require
dark matter.
It is argued that the observed power spectrum is impossible without it.
The corollary is that any problem the dark matter picture encounters is a mere puzzle.
It cannot be an anomaly because the CMB tells us that CDM has to exist.
Impossible is a high standard.
I hope you can see the flaw in this line of reasoning. It is the same as above.
In order to compute the oscillation power spectrum, we have assumed General Relativity.
While not replacing it, the persistent predictive successes of a theory like MOND implies the
existence of a more general theory.
We do not know that such a theory cannot explain the CMB until we develop said theory and
work out its predictions.

That said, it is a tall order.
One needs a theory that provides a significant driving term without a large amount of excess
invisible mass.
Something has to push the swing in a universe full of stuﬀ that only drags its feet. That does
seem nigh on impossible.
Or so I thought until I heard a talk by Pedro Ferreira where he showed how a scalar field in
TeVeS – the relativistic MONDian theory proposed by Bekenstein – might play the same role
as CDM.
However, he and his collaborators then showed that the desired eﬀect was indeed impossible,
at least in TeVeS: one could not simultaneously fit the third peak and the data preceding the
first.
This was nevertheless an important theoretical development, as it showed how it was
possible, at least in principle, to aﬀect the peak ratios without massive amounts of
non-baryonic CDM. That is the way theory progresses!
At this juncture, there are two options.
One is to seek a theory that might work, and develop it to the point where it can be tested.
This is a lot of hard work that is bound to lead one down many blind alleys without promise of
ultimate success.

The much easier option is to assume that it cannot be done.
This is the option adopted by most cosmologists, who have spent the last 15 years arguing
that the CMB power spectrum requires the existence of CDM.
Some even seem to consider it to be a detection(??) thereof, in which case we might wonder
why we bother with all those expensive underground experiments to detect the stuﬀ.

Rather fewer people have invested in
the approach that requires hard work.
There are a few brave souls who have
tried it; these include Constantinos
Skordis and Tom Złosnik.
Very recently, they have shown a
version of a relativistic MOND theory
(which they call RelMOND) that does fit
the CMB power spectrum.
Here is the plot from their paper:

Note that black line in their plot is the fit of the LCDM model to the Planck power spectrum
data.
Their theory does the same thing, so it necessarily fits the data as well.
Indeed, a good fit appears to follow for a range of parameters.
This is important, because it implies that little or no fine-tuning is needed: this is just what
happens.
That is arguably better than the case for LCDM, in which the fit is very fine-tuned.
Indeed, that was a large point of making the measurement, as it requires a very specific set of
parameters in order to work.
It also leads to tensions with independent measurements of the Hubble constant, the baryon
density, and the amplitude of the matter power spectrum at low redshift.
As with any good science result, this one raises a host of questions.
It will take time to explore these.
But this in itself is a momentous result.
Irrespective if RelMOND is the right theory or, like TeVeS, just a step on a longer path, it shows
that the impossible is in fact possible.

The argument that I have heard repeated by cosmologists ad nauseam like a rosary prayer,
that dark matter is the only conceivable way to explain the CMB power spectrum, is simply
WRONG.
Hypothesis testing with gas rich galaxies
Recently, a paper pointing out that gas rich galaxies are strong tests of MOND, came out.
The usual fit parameter, the stellar mass-to-light ratio, is eﬀectively negligible when gas
dominates.
The MOND prediction follows straight from the gas distribution, for which there is no
equivalent freedom.

In bright spiral galaxies, stars are usually 80% or so of the mass, gas only 20% or less.
But in many dwarf galaxies, the mass ratio is reversed.
These are often low surface brightness and challenging to observe.
But it is a worthwhile endeavor, as their rotation curve is predicted by MOND with
extraordinarily little freedom.

Though gas rich galaxies do indeed provide an excellent test of MOND, nothing in astronomy
is perfectly clean.
The stellar mass-to-light ratio is an irreducible need-to-know parameter.
We also need to know the distance to each galaxy, as we do not measure the gas mass
directly, but rather the flux of the 21 cm line.
The gas mass scales with flux and the square of the distance, so to get the gas mass right, we
must first get the distance right.
We also need to know the inclination (angle i) of a galaxy as projected on the sky in order to
get the rotation to which we’re fitting right, as the observed line of sight Doppler velocity is
only sin(i) of the full, in-plane rotation speed.
The 1/sin(i) correction becomes increasingly sensitive to errors as i approaches zero (face-on
galaxies).

The mass-to-light ratio is a physical fit parameter that tells us something meaningful about the
amount of stellar mass that produces the observed light.
In contrast, for our purposes here, distance and inclination are “nuisance” parameters.
These nuisance parameters can be, and generally are, measured independently from mass
modeling.
However, these measurements have their own uncertainties, so one has to be careful about
taking these measured values as-is.
One of the powerful aspects of Bayesian analysis is the ability to account for these
uncertainties to allow for the distance to be a bit oﬀ the measured value, so long as it is not
too far oﬀ, as quantified by the measurement uncertainties.

The constraints on MOND are so strong in gas rich galaxies that often the nuisance
parameters cannot be ignored, even when they’re well measured.
To illustrate what I’m talking about, let’s look at one famous example, DDO 154.
This galaxy is over 90% gas.

The stars (pictured above) just don’t matter much. If the distance and inclination are known,
the MOND prediction for the rotation curve follows directly. Here is an example of a MOND fit
from a recent paper:
This is terrible!
The MOND fit – essentially a parameter-free prediction –
misses all of the data.
MOND is falsified.
If one is inclined to hate MOND, as many seem to be, then
one stops here.
No need to think further.

The MOND fit to DDO 154 from Ren et al. The black points are
the rotation curve data, the green line is the Newtonian
expectation for the baryons, and the red line is their MOND fit.

If one is familiar with the ups and downs in the history of astronomy, one might not be so
quick to dismiss it.
Indeed, one might notice that the shape of the MOND prediction closely tracks the shape of
the data.
There’s just a little diﬀerence in scale.
That’s kind of amazing for a theory that is wrong, especially when it is amplifying the green line
to predict the red one: it needn’t have come anywhere close.
The MOND fit to DDO 154 from a diﬀerent paper
using the same data as above, as tabulated in
SPARC.
Now we have a good fit, using the same data!

Here is the fit to the same galaxy using the
same data [already] published in Li et al.:

How can this be so?
I have not checked what the first group did to obtain
their MOND fits, but having done this exercise myself
many times, I recognize the slight oﬀset they find as a
typical consequence of holding the nuisance
parameters fixed.

What if the measured distance is a little oﬀ?
Distance estimates to DDO 154 in the literature range from 3.02 Mpc to 6.17 Mpc.

The formally most accurate distance measurement is 4.04 ± 0.08 Mpc.
In the fit shown here, we obtained 3.87 ± 0.16 Mpc.
The error bars on these distances overlap, so they are the same number, to measurement
accuracy.
These data do not falsify MOND.
They demonstrate that it is sensitive enough to tell the diﬀerence between 3.8 and 4.1 Mpc.
One will never notice this from a dark matter fit.
They also make fits with self-interacting dark matter (SIDM).
The nifty thing about SIDM is that it makes quasi-constant density cores in dark matter halos.
Halos of this form are not predicted by “ordinary” cold dark matter (CDM), but often give
better fits than either MOND of the NFW halos of dark matter-only CDM simulations.
For this galaxy, they obtain the following SIDM fit.

This is a great fit.
Goes right through the data.
That makes it better, right?
Not necessarily.

The SIDM fit to DDO 154 from Ren et al.

In addition to the mass-to-light ratio (and the
nuisance parameters of distance and inclination),
dark matter halo fits have [at least] two additional
free parameters to describe the dark matter halo,
such as its mass and core radius.

These parameters are highly degenerate – one can obtain equally good fits for a range of
mass-to-light ratios and core radii: one makes up for what the other misses.
Parameter degeneracy of this sort is usually a sign that there is too much freedom in the
model.
In this case, the data are adequately described by one parameter (the MOND fit M*/L, not
counting the nuisances in common), so using three (M*/L, Mhalo, Rcore) is just an exercise in
fitting a French curve.
There is ample freedom to fit the data.
As a consequence, you’ll never notice that one of the nuisance parameters is a tiny bit oﬀ.

In other words, you can fool a dark matter fit, but not MOND.
This was demonstrated this 20 years ago.
A common myth at that time was that “MOND is guaranteed to fit rotation curves.”
This seemed patently absurd to me, given how it works: once you stipulate the distribution of
baryons, the rotation curve follows from a simple formula.
If the two don’t match, they don’t match.
There is no guarantee that it’ll work.
Instead, it can’t be forced.
As an illustration, I tried to trick it.
We took two galaxies that are identical in the Tully-Fisher plane (NGC 2403 and UGC 128) and
swapped their mass distribution and rotation curve.
These galaxies have the same total mass and the same flat velocity in the outer part of the
rotation curve, but the detailed distribution of their baryons diﬀers.
If MOND can be fooled, this closely matched pair ought to do the trick.
It does not.

An attempt to fit MOND to a hybrid galaxy with the rotation curve of NGC 2403 and the
baryon distribution of UGC 128.
The mass-to-light ratio is driven to unphysical values (6 in solar units), but an acceptable fit is
not obtained.
Our failure to trick MOND should not surprise anyone who bothers to look at the math
involved.
There is a one-to-one relation between the distribution of the baryons and the resulting
rotation curve.
If there is a mismatch between them, a fit cannot be obtained.

We also attempted to play this same trick on dark matter.
The standard dark matter halo fitting function at the time was the pseudo-isothermal halo,
which has a constant density core.
It is very similar to the halos of SIDM and to the cored dark matter halos produced by baryonic
feedback in some simulations.
Indeed, that is the point of those eﬀorts: they are trying to capture the success of cored dark
matter halos in fitting rotation curve data.
A fit to the hybrid galaxy with a cored (pseudoisothermal) dark matter halo. A satisfactory fit is
readily obtained.
Dark matter halos with a quasi-constant density core
do indeed provide good fits to rotation curves. Too
good.
They are easily fooled, because they have too many
degrees of freedom. They will fit pretty much any
plausible data that you throw at them.
This is why the SIDM fit to DDO 154 failed to flag
distance as a potential nuisance. It can’t.
You could double (or halve) the distance and still find a
good fit.

This is why parameter degeneracy is bad.
You get lost in parameter space.
Once lost there, it becomes impossible to distinguish between successful, physically
meaningful fits and fitting epicycles.
Astronomical data are always subject to improvement.
For example, the THINGS project obtained excellent data for a sample of nearby galaxies.
I made MOND fits to all the THINGS (and other) data.
Here’s the residual diagram:

These are, by and large, good fits.
The residuals have a well defined peak centered on zero.
DDO 154 was one of the THINGS galaxies; lets see what happens if we use those data.

The rotation curve of DDO 154 from THINGS
(points with error bars). The Newtonian expectation
for stars is the green line; the gas is the blue line.
The red line is the MOND prediction. Not that the
gas greatly outweighs the stars beyond 1.5 kpc; the
stellar mass-to-light ratio has extremely little
leverage in this MOND fit.

The first thing one is likely to notice is that the THINGS data are much better resolved than the
previous generation used above.
The first thing I noticed was that THINGS had assumed a distance of 4.3 Mpc.
This was prior to the measurement of 4.04, so lets just start over from there.
That gives the MOND prediction shown above.

And it is a prediction.
I haven’t adjusted any parameters yet.
The mass-to-light ratio is set to the mean I expect for
a star forming stellar population, 0.5 in solar units in
the Sptizer 3.6 micron band.
D=4.04 Mpc and i=66 as tabulated by THINGS.
The result is pretty good considering that no
parameters have been harmed in the making of this
plot.
Nevertheless, MOND overshoots a bit at large radii.
Constraining the inclinations for gas rich dwarf galaxies like DDO 154 is a bit of a nightmare.
Literature values range from 20 to 70 degrees.
Seriously.
THINGS itself allows the inclination to vary with radius; 66 is just a typical value.
Looking at the fit a colleague obtained, i=61.
Let’s try that.

MOND fit to the THINGS data for
DDO 154 with the inclination adjusted
to the value found by Li et al. (2018).

The fit is now satisfactory.
One tweak to the inclination,
and we’re done.

This tweak isn’t even a fit to these data; it was adopted from a fit to the above data.
This tweak to the inclination is comfortably within any plausible assessment of the uncertainty
in this quantity.
The change in sin(i) corresponds to a mere 4% in velocity.
I could probably do a tiny bit better with further adjustment – I have left both the distance and
the mass-to-light ratio fixed – but that would be a meaningless exercise in statistical
masturbation.
The result just falls out: no muss, no fuss.

Hence the point.
Given the distribution of gas, the rotation curve follows.
And it works, over and over and over, within the bounds of the uncertainties on the nuisance
parameters.
One cannot do the same exercise with dark matter.
It has ample ability to fit rotation curve data, once those are provided, but zero power to
predict it.
If all had been well with ΛCDM, the rotation curves of these galaxies would look like NFW
halos.
Or any number of other permutations that have been discussed over the years.
In contrast, MOND makes one unique prediction (that was not at all anticipated in dark
matter), and that’s what the data do.
Out of the huge parameter space of plausible outcomes from the messy hierarchical formation
of galaxies in ΛCDM, Nature picks the one that looks exactly like MOND.

This outcome is illogical.

It is a bad sign for a theory when it can only survive by mimicking its alternative.
This is the case here: ΛCDM must imitate MOND.
There are now many papers asserting that it can do just this, but none of those were written
before the data were provided.
Indeed, I consider it to be problematic that clever people can come with ways to imitate
MOND with dark matter.
What couldn’t it imitate?
If the data had all looked like technicolor space donkeys, we could probably find a way to
make that so as well.

Cosmologists will rush to say “microwave background!”
I have some sympathy for that, because I do not know how to explain the microwave
background in a MOND-like theory.
At least I don’t pretend to, even if I had more predictive success there than their entire
community.
For now, note that the situation is even worse for dark matter than I have so far made it sound.
In many dwarf galaxies, the rotation velocity exceeds that attributable to the baryons (with
Newton alone) at practically all radii.
By a lot.
DDO 154 is a very dark matter dominated galaxy.
The baryons should have squat to say about the dynamics.
And yet, all you need to know to predict the dynamics is the baryon distribution.
The baryonic tail wags the dark matter dog.
But wait, it gets better!

If you look closely at the data, you will note a kink at
about 1 kpc, another at 2, and yet another around 5
kpc.
These kinks are apparent in both the rotation curve
and the gas distribution.
This is an example of Sancisi’s Law:
“For any feature in the luminosity profile there is a
corresponding feature in the rotation curve and vice versa.”
This is a general rule, as Sancisi observed, but it makes no sense when the dark matter
dominates.
The features in the baryon distribution should not be reflected in the rotation curve.
The observed baryons orbit in a disk with nearly circular orbits confined to the same plane.
The dark matter moves on eccentric orbits oriented every which way to provide pressure
support to a quasi-spherical halo.
The baryonic and dark matter occupy very diﬀerent regions of phase space, the six
dimensional volume of position and momentum.
The two are not strongly coupled, communicating only by the weak force of gravity in the
standard CDM paradigm.

One of the first lessons of galaxy dynamics is that galaxy disks are subject to a variety of
instabilities that grow bars and spiral arms.
These are driven by disk self-gravity.
The same features do not appear in elliptical galaxies because they are pressure supported,
3D blobs.
They don’t have disks so they don’t have disk self-gravity, much less the features that lead to
the bumps and wiggles observed in rotation curves.
Elliptical galaxies are a good visual analog for what dark matter halos are believed to be like.
The orbits of dark matter particles are unable to sustain features like those seen in baryonic
disks.
They are featureless for the same reasons as elliptical galaxies.
They don’t have disks.
A rotation curve dominated by a spherical dark matter halo should bear no trace of the
features that are seen in the disk.
And yet they’re there, often enough for Sancisi to have remarked on it as a general rule.

It gets worse still.
One of the original motivations for invoking dark matter was to stabilize galactic disks: a
purely Newtonian disk of stars is not a stable configuration, yet the universe is chock full of
long-lived spiral galaxies.
The cure was to place them in dark matter halos.
The problem for dwarfs is that they have too much dark matter.
The halo stabilizes disks by suppressing the formation of structures that stem from disk
self-gravity.
But you need some disk self-gravity to have the observed features.
That can be tuned to work in bright spirals, but it fails in dwarfs because the halo is too
massive.
As a practical matter, there is no disk self-gravity in dwarfs – it is all halo, all the time.
And yet, we do see such features.
Not as strong as in big, bright spirals, but definitely present.

Whenever someone tries to analyze this aspect of the problem, they inevitably come up with a
requirement for more disk self-gravity in the form of unphysically high stellar mass-to-light
ratios.
In contrast, this is entirely natural in MOND, where it is all disk self-gravity since there is no
dark matter halo.
The net upshot of all this is that it doesn’t suﬃce to mimic the radial acceleration relation as
many simulations now claim to do.
That was not a natural part of CDM to begin with, but perhaps it can be done with smooth
model galaxies.
In most cases, such models lack the resolution to see the features seen in DDO 154 (and in
NGC 1560 and in IC 2574, etc.) If they attain such resolution, they better not show such
features, as that would violate some basic considerations.
But then they wouldn’t be able to describe this aspect of the data.
Simulators by and large seem to remain sanguine that this will all work out.
Perhaps I have become too cynical, but I recall hearing that 20 years ago. And 15.
And ten… basically, they’ve always assured me that it will work out even though it never has.
Maybe tomorrow will be diﬀerent. Or would that be the definition of insanity?

All during this time, I have never questioned the results of the simulations.
While it is a logical possibility that they screwed something up, I don’t think that is likely.
Moreover, it is inappropriate to pour derision on one’s scientific colleagues just because you
disagree.
Such disagreements are part and parcel of the scientific method.
We don’t need to be jerks about it.
But some people are jerks about it.
There are some – and merely some, certainly not all – theorists who make a habit of pouring
scorn on the data for not showing what they want it to show.
And that’s what it really boils down to.
They’re so sure that their models are right that any disagreement with data must be the fault of
the data.

This has been going on so long that in 1996, George Efstathiou was already making light of it
in his colleagues, in the form of the Frenk Principle:
“If the Cold Dark Matter Model does not agree with
observations, there must be physical processes, no matter
how bizarre or unlikely, that can explain the discrepancy.”
There are even diﬀerent flavors of the Strong Frenk Principle:
1. “The physical processes must be the most bizarre and unlikely.”
2. “If we are incapable of finding any physical processes to
explain the discrepancy between CDM models and observations,
then observations are wrong.”
In the late ’90s, blame was frequently placed on beam smearing.
The resolution of 21 cm data cubes at that time was typically 13 to 30 arcseconds, which
made it challenging to resolve the shape of some rotation curves.
Some but not all.
Nevertheless, beam smearing became the default excuse to pretend the observations were
wrong.

This persisted for a number of years, until we obtained better data – long slit optical spectra
with 1 or 2 arcsecond resolution.
These data did show up a few cases where beam smearing had been a legitimate concern.
It also confirmed the rotation curves of many other galaxies where it had not been.
So they made up a diﬀerent systematic error.
Beam smearing was no longer an issue, but longslit data only gave a slice along the major
axis, not the whole velocity field.
So it was imagined that we observers had placed the slits in the wrong place, thereby missing
the signature of the cusps.
This was obviously wrong from the start.
It boiled down to an assertion that Vera Rubin didn’t know how to measure rotation curves.
If that were true, we wouldn’t have dark matter in the first place.
The real lesson of this episode was to never underestimate the power of cognitive dissonance.

Summary
A common reaction at this juncture is
"MOND may get X right, but it gets Y wrong. Therefore dark matter must be correct."
The second sentence does not follow from the first, as it presupposes that dark matter automatically
explains everything that MOND predicted in advance.
This fails to address why MOND has predictive power that dark matter lacks:
just saying "dark matter does it" is not a satisfactory scientific explanation.
We need to understand X irrespective of Y, not use Y as an excuse to ignore X.
The set X of properties discussed here is listed in Table 1.

These include many successful a priori predictions of MOND.
In contrast, many of these observations are problematic for the dark matter paradigm.
There is no good reason for properties (3), (6), (9), and (12) to arise in the context of dark matter: they
were not predicted, and require fine-tuning to explain.
Properties (4), (11), and (14) appear to be outright contradictions to the dark matter interpretation of
galaxy dynamics.
Whether they amount to a falsification depends on where we set that bar:
what would constitute a falsification of the dark matter?
At the very least, it is disturbing that a completely different theory correctly predicted a wide range of
phenomena that the dark matter paradigm did not.
In most cases, the MOND-predicted properties in Table 1 are obvious in the data with no fitting
whatsoever.
For example, of the four properties of the MASR, only its normalization must be fit.
Once the value of a0 is specified, the slope is fixed, and is consistent with subsequently obtained data.
That the MASR would be independent of surface brightness was also a genuine, and conventionally
unexpected, a priori prediction.
That the relation was fundamentally one between baryonic mass and Vf was first anticipated by MOND.
In a similar manner, many of the predicted properties of rotation curves follow directly without recourse
to fitting.

This includes the amplitude of the acceleration discrepancy, the shapes of rotation curves, and the
dependence of acceleration on surface brightness.
The predictions of MOND can be seen directly in the data.
In order to make detailed rotation curve fits, we must treat the stellar mass-to-light ratio as a fit
parameter.
This one degree of freedom is unavoidable in any theory.
MOND fits work well with a single, universal value of a0.
The value of a0 is not allowed to vary from galaxy to galaxy, and there is no indication in the data of a
need to do so.
An independent test of the best-fit values of Υ∗ is provided by stellar population synthesis models.
The agreement with these the two could hardly be better.
When the cold dark matter paradigm became widely accepted, the only properties in Table 1 that had
seriously informed its development was that rotation curves are flat and the Oort discrepancy exists.
These were taken to mean that there had to be dark matter, and little more.
The Tully–Fisher relation was known at the time, but was widely viewed as a method to determine
distances, not inform theory.
The remaining elements of Table were essentially unknown, or, in the case of Freeman’s Law, widely
misinterpreted.
It is not obvious that we would develop the same paradigm had we known then what we know now.

Conclusions
Many predictions of MOND have been corroborated over the years.
It has repeatedly met the gold standard of the scientific method in which predictions are made in advance
of their observation.
The dark matter paradigm does not share a comparable record of predictive success in galaxy dynamics.
There are three broad categories of interpretation admitted by the data discussed here.

These are essentially identical to the possibilities discussed over 20 years ago, with the addition of (3),
which is sufficiently vague to always be a logical possibility.
There has been some progress in this direction, with hypotheses for dark fluids, or bipolar or superfluid
dark matter with built-in MOND-like behavior while retaining the putative successes of CDM on large
scales.
There remains a great deal to be explored in this direction.
Nevertheless, the obvious interpretation of the data discussed here is (1): MOND gets all these
predictions correct, in advance of their observation, because there is something to it.
This motivates the search for a satisfactory theory that encompasses both general relativity and MOND.
Some progress has been made along these lines, but overall, shockingly little effort has been made to
investigate in this possibility.

In contrast, an enormous amount of effort has been invested in (2), a thorough discussion of which is
well beyond the scope of this class.
However, the basic problem is simple: MOND has made many successful, a priori predictions that dark
matter does not.
We are obliged to adjust(fine tune) our dark matter models to accommodate the successful predictions of
a contrary theory.
There remains a considerable amount that we do not understand about the universe, including whether
the invisible particles hypothesized to dominate its mass budget actually exist.
The normal component (i.e., the accepted paradigm and its adherents) is large
and well entrenched. Hence, a change of the normal component is very
noticeable. So is the resistance of the normal component to change. This
resistance becomes especially strong and noticeable in periods where a change
seems to be imminent."
—P. Feyerabend

Now a very big bat!!

Unique prediction of 'modified gravity' challenges dark matter
An international group of scientists, including Case Western Reserve University Astronomy
Chair Stacy McGaugh, has published research contending that a rival idea to the popular dark
matter hypothesis more accurately predicts a galactic phenomenon that appears to defy the
classic rules of gravity.
This is significant, the astrophysicists say, because it further establishes the hypothesis -called modified Newtonian dynamics (MOND), or "modified gravity" -- as a viable explanation
for a cosmological dilemma:
that galaxies appear to buck the long-accepted rules of gravity traced to Sir Isaac Newton in
the late 1600's.
The mystery:
For decades, we've measured more gravitational pull in space than we think we should have
-- that there's not enough visible or known matter to account for it all.
So, dark matter proponents theorize that most of the known universe is actually made of
material that doesn't interact with light, making it invisible and undetectable -- but that this
material accounts for much of the gravitational pull among galaxies.
It has been the prevailing theory for nearly 50 years.
MOND theory, a counter explanation introduced by physicist Mordehai Milgrom from
Weizmann Institute (Israel) in the early 1980s, says this gravitational pull exists because the
rules of gravity are slightly altered.

Instead of attributing the excess gravitational pull to an unseen, undetectable dark matter,
MOND suggests that gravity at low accelerations is stronger than would be predicted by a
pure Newtonian understanding as we have already discussed.
In addition, MOND made a bold prediction:
the internal motions of an object in the cosmos should not only depend on the mass of the
object itself, but also the gravitational pull from all other masses in the universe -- called "the
external field eﬀect" (EFE).
Milgrom said the findings, if robustly confirmed, would be "the smoking gun proving that
galaxies are governed by modified dynamics rather than strictly obeying the laws of Newton
and of general relativity."
150 galaxies tested for EFE
McGaugh and his collaborators, led by Kyu-Hyun Chae, from Sejong University in South
Korea, say they detected this EFE in more than 150 galaxies studied.
Their findings were published recently in The Astrophysical Journal.
"The external field eﬀect is a unique signature of MOND that does not occur in
Newton-Einstein gravity," McGaugh said.
“This has no analogy in a conventional theory with dark matter.
Detection of this eﬀect is a real head-scratcher."

"I have been working under the hypothesis that dark matter exists, so this result really
surprised me," Chae said.
"Initially, I was reluctant to interpret our own results in favor of MOND.
But now I cannot deny the fact that the results as they stand clearly support MOND rather
than the dark matter hypothesis."
Analyzing rotating galaxies
The group analyzed 153 rotation curves of disk galaxies as part of their study.
The scientists said they deduced the EFE by observing that galaxies in strong external fields
slowed (or exhibited declining rotation curves) more frequently than galaxies in weaker
external fields -- as predicted by MOND alone.
They were skeptical of the results at first "because the external field eﬀect on rotation curves
was expected to be very tiny.
They spent months checking various systematics.
In the end, it became clear they had a real, solid detection."
McGaugh said that skepticism is part of the scientific process and understands the reluctance
of many scientists to consider MOND as a possibility.
"I came from the same place as those in dark matter community," he said.
"It hurts to think that we could be so wrong.
But Milgrom predicted this over 30 years ago with MOND.
No other theory anticipated the observed behavior."

e External Field Effect -The details
One of the curious aspects of MOND is the External Field Efect (EFE).
Because the theory violates the strong equivalence principle (but not necessarily the Einstein or weak
equivalence principle), one cannot ignore the influence of external masses that impose an acceleration
gext on systems with small internal accelerations gin.

[The EFE often seems to get confused with a putative Internal Field Effect, in which high internal
accelerations of a sub-system (like a solar system) are imagined to preclude that sub-system from
obeying MOND within a larger system (like a galaxy).
This is a misconception.
The external field of the galaxy might affect what goes on in a sub-system like a solar system; the
internal motions of the sub-system are irrelevant to how it moves in the larger system.
Only the center of mass of the sub-system matters to that (see below).

There are four broad regimes, each with an applicable mass estimator:

Note that for this illustration, the mass estimator
assumes that one is comfortably in an extremal
regime (g << or >> a0).
There can be small corrections due to the
interpolation function μ(g/a0) when g is within a
factor of a few of a0.

Not the Internal Field Effect
The External Field Effect is often confused with what I'll call the Internal Field Effect (IFE) to
distinguish it.
The EFE is the effect of the field of a very large system on a much smaller sub-system.
The putative IFE is the effect of the accelerations within a sub-system on how that sub-system behaves
within the larger system.
An obvious example is a solar system orbiting within a galaxy.

The solar system has Newtonian accelerations, so isn't it in the Newtonian regime, and therefore immune
to MONDian effects?

The answer is no - the internal accelerations of the sub-system are irrelevant to how that sub-system
responds to an external field.
Only the field of the parent system at the position of the center of mass of the sub-sytem is relevant to
that.
Much as we do not need to know the quantum mechanical motion of all the particles that compose a
baseball to understand the macrosopic motion of its center of mass, so too is the internal structure (and
accelerations) of a solar system irrelevant to how the center of mass of the system orbits in a galaxy.
A Newtonian solar system is a billiard ball to a MONDian galaxy.
There is a boundary condition that defines the edge of the billiard ball, roughly where gin ~ gex.
This occurs at about 7,000 AU for our solar system.
Everything inside of that boundary is part of the internal structure of the system.
While the EFE can reach inside that boundary, the IFE cannot reach outside it.
Only the center of mass of such systems matters to determining their orbits in MOND, not their internal
structure, nor the magnitude of their internal accelerations.
That is to say, MOND respects the weak equivalence principle: the motion of a particle - be it a billiard
ball or a solar system - is independent of its internal structure or composition.

More evidence of Collective Behavior at Cosmological Scale!
Just a couple of years ago, astronomers and astrophysicists were baﬄed by the observation
of a synchronized behavior in galaxies, which cannot be explained by their individual
gravitational fields.
Such was the case of a study in October 2018, reporting hundreds of galaxies rotating in sync
with the motions of galaxies that were tens of millions of light years away.
Given the fact that from our known theories, in principle it would be impossible that galaxies
separated by megaparsecs (millions of light years) could directly interact with each other, their
interaction happens across distances that are too large to be explained by their gravitational
force.
It is then speculated that some unacknowledged force must be acting.
This discovery came after the 2014 study where the team observed a similar synchronicity
using the Very Large Telescope (VLT) in Chile.
By watching the universe when it was only a few billion years old, the observations recorded
the polarization of light from nearly 100 quasars.
The team used this data to reconstruct the geometry and alignment of the black holes at their
cores, and the results showed that the rotation axes of 19 quasars were parallel even though
they were separated by several billion light years.

The existence of correlations in quasar axes over such extreme distances constitutes a
serious challenge to our cosmological principle of the universe as basically uniform and
homogenous at extremely large scales.
And the evidence of this connection at cosmological scales increases with the recent study in
January 2021, addressing the so-called plane-of-satellites problem.
It refers to the fact that several dwarf galaxies around the Milky Way and Andromeda co-orbit
in thin, planar structures, identifying a similar case around the nearby elliptical galaxy
Centaurus A (Cen A).
This observation poses a real challenge for the standard Λ cold dark matter (ΛCDM)
cosmological model, which is largely independent from baryon physics..

The standard cosmological model predicts that satellite galaxies should be randomly
distributed on the hosts and should also move randomly.
The observations of satellite galaxies around Centaurus A, synced kinematically into a
disk-like alignment, suggests that something is wrong with the standard cosmological
simulations.
An idea for improvement simulations is to include dark matter, since it is speculated that the
“cosmic web,” an enormous structure supposedly made of filaments of dark matter that links
galaxies across the universe, could be guiding the orbits of satellite galaxies.

These observations present a real challenge for our current cosmological models.
It is becoming evident that there is something missing or wrong in our description of the
universe evolution, mechanics, and dynamics.

These same observations discarding our current models, head in the direction of validating
Haramein’s unified model, where the alignment of galaxies and axes of rotations is a direct
consequence of the structure and dynamics of spacetime.
Instead of focusing on the smallest particles, Haramein focuses on the pattern of division of
space, and finds that it is this pattern of division of space which creates the matter we see
(known as baryonic matter).
The pattern of division of space, accounts for the mechanics and dynamics of spacetime, and
it scales fractally, connecting all structures in the universe.
In this view, there is no such thing as randomness, since everything (matter, force, fields)
emerges from the dynamics and mechanics of this pattern of division.
With regards to the inclusion of Dark matter filaments, as “links” connecting the dynamics of
galaxies, one needs to look at the very recent work reporting signs of a faint gravitational tide,
known as the “external field eﬀect” or EFE, which can be observed statistically in the orbital
speeds of stars in more than 150 galaxies.

The eﬀect cannot be explained by dark matter theories, though it’s predicted by what’s known
as the modified Newtonian dynamics theory, also known as MOND.
This study suggests that so-called “dark matter eﬀects” maybe could be explained by a
diﬀerent law of gravity!

Final summary……….. Bertone & Tait state
“the only way these theories can be reconciled with observations is by eﬀectively, and very
precisely, mimicking the behavior of cold dark matter on cosmological scales.”
Leaving aside just which observations need to be mimicked so precisely (I expect they mean
power spectrum; perhaps they consider this to be so obvious that it need not be stated), this
kind of reasoning is both common and powerful – and frequently correct.
There are lots of positive things to be said for the standard cosmology.
This upshot of this reasoning is, in eﬀect, that “cosmology works so well that non-baryonic
dark matter must exist.”
I have sympathy for this attitude, but I also remember many examples in the history of
cosmology where it has gone badly wrong.
There was a time, not so long ago, that the matter density had to be the critical value, and the
Hubble constant had to be 50 km/s/Mpc.
By and large, it is the same community that insisted on those falsehoods with great intensity
that continues to insist on conventionally conceived cold dark matter with similarly
fundamentalist insistence.
I think it is an overstatement to say that the successes of cosmology (as we presently perceive
them) prove the existence of dark matter.

A more conservative statement is that the ΛCDM cosmology is correct if, and only if, dark
matter exists.
But does it?
That’s a separate question, which is why laboratory searches are so important – including null
results.
It was, after all, the null result of Michelson & Morley that ultimately put an end to the previous
version of an invisible aetherial medium, and sparked a revolution in physics.
Here I point out that the same reasoning asserted by Bertone & Tait as a slam dunk in favor of
dark matter can just as accurately be asserted in favor of MOND.
“the only way ΛCDM can be reconciled with observations is by eﬀectively, and very precisely,
mimicking the behavior of MOND on galactic scales.”
This is a terrible problem for dark matter.
Even if it were true, as is often asserted, that MOND only fits rotation curves, this would still be
tantamount to a falsification of dark matter by the same reasoning applied by Bertone & Tait.

Lets look at just one example, NGC 1560:
The rotation curve of NGC 1560 (points)
together with the Newtonian expectation
(black line) and the MOND fit (blue line).
Data from Begeman et al. (1991) and
Gentile et al. (2010)
MOND fits the details of this rotation curve in excruciating detail.
It provides just the right amount of boost over the Newtonian expectation, which varies from
galaxy to galaxy.
Features in the baryon distribution are reflected in the rotation curve.
That is required in MOND, but makes no sense in dark matter, where the excess velocity over
the Newtonian expectation is attributed to a dynamically hot, dominant, quasi-spherical dark
matter halo.
Such entities cannot support the features commonly seen in thin, dynamically cold disks.
Even if they could, there is no reason that features in the dominant dark matter halo should
align with those in the disk: a sphere isn’t a disk.
In short, it is impossible to explain this with dark matter – to the extent that anything is ever
impossible for the invisible.

NGC 1560 is a famous case because it has such an obvious feature.
It is common to dismiss this as some non-equilibrium fluke that should simply be ignored.
That is always a dodgy path to tread, but might be OK if it were only this galaxy.
But similar eﬀects are seen over and over again, to the point that they earned an empirical
moniker: Renzo’s Rule.
Renzo’s rule is known to every serious student of rotation curves, but has not informed the
development of most dark matter theory.
Ignoring this information is like leaving money on the table.
MOND fits not just NGC 1560, but very nearly every galaxy we measure.
It does so with excruciatingly little freedom.
The only physical fit parameter is the stellar mass-to-light ratio.
The gas fraction of NGC 1560 is 75%, so M/L plays little role.
We understand enough about stellar populations to have an idea what to expect; MOND fits
return mass-to-light ratios that compare well with the normalization, color dependence, and
band-pass dependent scatter expected from stellar population synthesis models.

The mass-to-light ratio from MOND fits (points) in the blue (left panel) and near-infrared
(right panel) pass-bands plotted against galaxy color (blue to the left, red to the right).
From the perspective of stellar populations, one expects more scatter and a steeper
color dependence in the blue band, as observed.
The lines are stellar population models from Bell et al. (2003).
These are completely independent, and have not been fit to the data in any way.
One could hardly hope for better astrophysical agreement
One can also fit rotation curve data with dark matter halos.
These require a minimum of three parameters to the one of MOND.
In addition to M/L, one also needs at least two parameters to describe the dark matter halo of
each galaxy – typically some characteristic mass and radius.

In practice, one finds that such fits are horribly degenerate: one can not cleanly constrain all
three parameters, much less recover a sensible distribution of M/L.
One cannot construct the plot above simply by asking the data what it wants as one can with
MOND.
The “disk-halo degeneracy” in dark matter halo fits to rotation curves has been much
discussed in the literature.
Obsessed over, dismissed, revived, and ultimately ignored without satisfactory understanding.
Well, duh.
This approach uses three parameters per galaxy when it takes only one to describe the data.
Degeneracy between the excess fit parameters is inevitable.
From a probabilistic perspective, there is a huge volume of viable parameter space that could
(and should) be occupied by galaxies composed of dark matter halos plus luminous galaxies.
Two identical dark matter halos might host very diﬀerent luminous galaxies, so would have
rotation curves that diﬀered with the baryonic component.
Two similar looking galaxies might reside in rather diﬀerent dark matter halos, again having
rotation curves that diﬀer.

The probabilistic volume in MOND is much smaller.
Absolutely tiny by comparison.
There is exactly one and only one thing each rotation curve can do: what the particular
distribution of baryons in each galaxy says it should do.
This is what we observe in Nature.
The only way ΛCDM can be reconciled with observations is by eﬀectively, and very precisely,
mimicking the behavior of MOND on galactic scales.
There is a vast volume of parameter space that the rotation curves of galaxies could, in
principle, inhabit.
The naive expectation was exponential disks in NFW halos.
Real galaxies don’t look like that.
They look like MOND.
Magically, out of the vast parameter space available to galaxies in the dark matter picture,
they only ever pick the tiny sub-volume that very precisely mimics MOND.

The ratio of probabilities is huge.
So many dark matter models are possible (and have been mooted over the years) that it is
indefinably huge.
The odds of observing MOND-like phenomenology in a ΛCDM universe is practically zero.
This amounts to a practical falsification of dark matter.
I’ve never said dark matter is falsified, because I don’t think it is a falsifiable concept.
It is like epicycles – you can always fudge it in some way.
But at a practical level, it was falsified a long time ago.
That is not to say MOND has to be right.
That would be falling into the same logical trap that says ΛCDM has to be right.
Obviously, both have virtues that must be incorporated into whatever the final answer may be.
There are some eﬀorts in this direction, but by and large this is not how science is being
conducted at present.
The standard script is to privilege those data that conform most closely to our confirmation
bias, and pour scorn on any contradictory narrative.

In my assessment, the probability of ultimate success through ignoring inconvenient data is
practically zero.
Unfortunately, that is the course upon which much of the field is currently set.
There are of course exceptions: no data are perfect, so even the right theory will get it wrong
once in a while.
The goof rate for MOND fits is about what I expect: rare, but more frequent for lower quality
data.
Misfits are suﬃciently rare that to obsess over them is to refuse to see the forest for a few
outlying trees.
Here’s a residual plot of MOND fits.
See the peak at right?
That’s the forest.
See the tiny tail to one side?
That’s an outlying tree.

Residuals of MOND rotation curve fits from Famaey & McGaugh (2012).

