The Unruh Eﬀect - Space Time
It describes an accelerating particle's path through spacetime and how the vacuum would
change because of it.
It says that an accelerating detector moving through empty space space will register a gas of
particles with a temperature proportional to the acceleration.
This may sound nonsensical given how we typically consider a vacuum to be empty.
It really is not empty, however, since it is bubbling with virtual particle pairs which are created
and annihilated so quickly we cannot, in almost all cases, observe them.
In another sense, empty space or a vacuum simply means that it is the lowest possible energy
for this state when there is no real thing occupying that space.
As the acceleration of an observer increases, it turns out that this lowest energy state gains
energy.
In fact, it looks like it has increased in temperature.
Since the eﬀect is very weak, i.e., 1 degree K temperature rise requires and acceleration of
1020 m/s2, we cannot create the eﬀect in the lab and so there is no lab-based experimental
confirmation as yet.

The accelerating object generates some sort of thermalized atmosphere, which radiates,
around itself similar to what Hawking predicted happens around black holes(later).
In fact, Unruh radiation and Hawking radiation are very similar - the equations are the same.
One is due an acceleration, while the other is due to a gravitational field, which are the same
thing according to the Equivalence Principle..
Unruh explains several behaviors observed in particle accelerators and the mathematics is
correct, so many theorists believe it is real.
The theory physically predicts there is Unruh radiation from the accelerating observer out to
the cosmic horizon of the universe(beyond which any information would have needed v > c to
have reached us at the present time).
It is believed that as long as the acceleration is below a certain threshold, then the
wavelengths of the Unruh radiation are larger than the observable universe and cannot be
contained within it (unobservable).
As the acceleration increases, it begins to shrink the possible wavelengths allowing them to fit
in the universe.
As the wavelengths shrink it is hypothesized that this gives rise to a thermal bath around the
observer as we will see.
In addition, the act of acceleration will cut oﬀ your causal access to another region of the
universe.

Special Relativity is all that is needed to understand this phenomenon.
Remember the definition of light cone, i.e., regions of spacetime in the past of the
observer that can have a causal eﬀect on the observer and regions of spacetime in the
future of the observer that the observer can have a causal eﬀect on.
You might think the forward/backward light cones eventually
encloses all of the universe.
Not so!

No information can travel faster than the
speed of light.
Therefore at the present moment there is a
limit to the volume of the universe that can
have a causal eﬀect on us.
It has a radius R = c T where T = age of
universe.
That boundary is called the cosmic
horizon.

Now the world line of an observer undergoing acceleration is curved (actually it is a hyperbola)
light rays

accelerating observer

Horizon

If I send light out (hypothenuse of orange triangle), it is
always getting closer to accelerating observer but never
reaches them.
This implies a type of event horizon called a Rindler
horizon.
The accelerating observer is out of causal connection
with the orange region (and more).

Rindler horizon flows at a constant rate behind an accelerating observer.
Distance from observer to horizon proportional 1/a --> big a --> closer
Any acceleration no matter for how long --> a horizon.

—> Accelerating observer has two horizons!

Other views……

Casimir Eﬀect
Two plates separated by small distance, say a
nanometer
On the outside we have waves of all wavelength size up
to size of universe since the only confinement barrier is
the cosmic horizon.
But inside plates only small number of waves possible
(can fit) dependent on separation.
This implies a pressure diﬀerence between outside and inside plates.
The pressure diﬀerence implies existence of a force that can be detected -> Casimir eﬀect
Questions that need answering:
If there is a connection between Casimir Eﬀect and and accelerating object
Where are the corresponding waves for an accelerating object?
Why does the temperature rise?
Go back to Black Holes to find the answer.

Hawking radiation(we derive later) at the BH event horizon
Vacuum has virtual pairs(all kinds of particles) being created and annihilated all the time.
Suppose a virtual pair created just at event horizon and one part disappears into BH so that it
no longer has any eﬀect outside the event horizon.
The other particle is now in our universe —-> Hawking radiation
Temperature of universe increases and waves now exist!
Unruh radiation develops using the same mechanism.
Instead of BH event horizon, everything takes place at the Rindler horizon which was created
by the accelerating object.
Virtual pair created, one goes other side of horizon and no longer has causal eﬀect on
accelerating object while other comes in to regions between Rindler horizon and accelerating
object.
horizon

Waves come from
virtual particles to
right at Rindler
horizon

virtual
pair
outside
horizon
inside
horizon

Horizon restricts wavelength of frequency modes of the vacuum.

Leads to +/- frequency modes => creation of particles according to observer --> appears like
an increase in T as with Hawking radiation.
T proportional to a ---> Unruh eﬀect.
If pass non-accelerating observer, then accelerating observer --> hot particles --> a detector
would actually click indicating their detection.
Unaccelerated observer --> empty vacuum but hears click --> thinks caused by drag/friction
eﬀect arising from relativistic theory

Existence of particles is observer dependent

Einstein equivalence principle --> remaining stationary in a gravitational field is equivalent to
an acceleration in free space --> right now you are bathed in a tiny amount of Unruh radiation.

In a manner similar to Casimir eﬀect (called Hubble scale Casimir eﬀect) two horizons and
accelerating object act like plates + rest of universe.
Compression restricts the waves
We have a kind of equivalence between the situation
with the accelerating observer and the Casimir
Eﬀect.
Rindler horizon
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13.7 billion lyr
cosmic horizon

Extra pressure retards acceleration and modifies the inertial mass of the accelerating object.
mgrav no longer equal to minertial which changes with acceleration proportional to 1/a
Acceleration --> this pressure = virtual particle pressure
Also --> amin = 6.7 x 10-10 m/s2 —> quantized acceleration
Note that this is same size as MOND parameter!!
No connection in their physical content!!!
So we get both quantized acceleration and quantized inertia

There seemed to be a problem with rotation velocities in galaxies so the astrophysics
community invented Dark Matter to deal with the problem as we discussed.
But we now have this Hubble scale Casimir eﬀect.
In galaxies inner stars have high accelerations and because eﬀect proportional to 1/a Hubble
scale Casimir eﬀect has no eﬀect.
However, outer stars have low acceleration(comparable to amin) which implies there will be a
big change in their inertial mass.
A lower inertial mass mean that forces have less eﬀect and thus the move (or spin) faster.
Fixes galaxies perfectly!!
Now as we said, the existence of an a(min) --> quantized acceleration.
Now consider consider 2 masses
At large separations --> have low acceleration --> reach a(min) and then acceleration
disappears.
Similar eﬀect for large globular clusters.
In both cases, no Dark Matter needed for explanations
Same thing happens for entire universe --> no Dark Energy needed. Now the details……..

Before I venture into discussing the next topic, I would like to present a letter from the author. Tim
McCulloch. I am presenting his ideas because I think all legitimate physics should have a stage!
The orthodoxy of physics is such a limiting factor to progress and he says it so clearly.
Whose Hand on the Tiller?
Here is a Letter I just emailed to New Scientist. I doubt they will publish it so I am putting it here (his
blog) to avoid having wasted my time:
In 2007, I started to publish peer reviewed papers suggesting a new theory called quantized inertia
which predicts disc galaxy rotations without dark matter, simply and without adjustment. I've published
25 peer-reviewed papers on it and I am now funded to test its predictions of propellantless thrust, but I
have had difficulty getting the message out. The arXiv publishes preprints of papers before they appear
in journals, but its anonymous editors have refused to publish some of my papers even after they were
published in good journals. Those it did accept, it hid away in a section called 'general physics' which is
a sort of naughty boys' room that few people look at. Anonymous people also wreak havoc on wikipedia
& google. When you search for quantized inertia, you find excoriation, whereas in reality there is far
more evidence for quantized inertia than for dark matter - though admittedly that is not difficult since
dark matter has no evidence at all. Scientists use these public sources for their convenience and make
decisions based on them so it is not right that anonymous people, who could be unqualified, or with a
conflict or interest, are having such an impact on research that has been through rigorous peer review.
We have to reinstate the scientific method or we may be manipulated into making the wrong decisions.

Introduction

Galaxy rotations from quantized inertia and visible matter only
It has been well known since van Oort, Zwicky and Rubin, that galaxies rotate far too fast to be
gravitationally stable.
The usual solution for this is to add dark matter to the galactic haloes to hold stars in with more
gravitational force.
This solution is ad hoc since it has to be added to different galaxies in different amounts.
It is also difficult to falsify so it is therefore unsatisfying, and it has recently been shown by McGaugh
that the acceleration of stars in galaxies is correlated with the distribution of the visible matter only,
which implies there is no dark matter.
One alternative to dark matter is MoND (Modified Newtonian Dynamics) (Milgrom) in which either the
gravitational force on, or the inertial mass of, orbiting stars is changed for very low accelerations.
MoND is an empirical hypothesis that has no physical model and relies on its adjustable parameter (a0)
which is fitted to the data by hand, which is unsatisfactory since no justification is given for this
parameter.
Fulling, Davies and Unruh proposed that when an object accelerates it perceives Unruh radiation, a
dynamical equivalent of Hawking radiation, and Unruh radiation may now have been seen in
experiments.
McCulloch has proposed a new model for inertia that assumes that when an object accelerates, say, to the
right, an information horizon forms to its left and it perceives Unruh radiation which is also suppressed
by the horizon on the left.

Therefore there is a radiation imbalance, and net Unruh radiation pressure that pushes the object back
against its initial acceleration.
Furthermore, this model predicts that some of the Unruh radiation will also be suppressed, this time
isotropically, by the distant cosmic horizon which will make this mechanism less efficient, reducing
inertial mass in a new way, especially for very low accelerations for which Unruh waves are very long.
The complete model, called MiHsC (Modified inertia by a Hubble-scale Casimir effect) or quantized
inertia modifies the standard inertial mass (m) as follows:

where c is the speed of light, Θ is the Hubble diameter and |a| is the magnitude of the acceleration of the
object relative to surrounding matter.
Eq. 1 predicts that for terrestrial accelerations (eg: 9.8m/s2) the second term in the bracket is tiny and
standard inertia is recovered, but in environments where the mutual acceleration is of order 10−10m/s2,
for example at the edges of galaxies or in dwarf galaxies, the second term becomes larger and the inertial
mass decreases in a new way.
This modification does not affect equivalence principle tests using torsion balances or free fall since the
predicted inertial change is independent of the mass.
In this way quantized inertia explains galaxy rotation without the need for dark matter because it
reduces the inertial mass of outlying stars and allows them to be bound even by the gravity from visible
matter.
It also explains the recently observed cosmic acceleration.

Recently, McGaugh analyzed 153 galaxies taken from the SPARCs database across a large range of
scales and showed that the actual acceleration of the stars within them, as determined from the stars’
observed motion, was correlated only with the acceleration that would be expected given the visible
matter in the galaxy.
This result has now also been shown to apply to elliptical galaxies.
As mentioned above, these results argue against the existence of dark matter.
McGaugh also found that the relationship between the observed acceleration (aobs) and that is expected
from the visible or baryonic matter (abar) could be described quite well by the function

It has been shown that this function can be obtained from some versions of Modified Newtonian
Dynamics (MoND) of Milgrom, though this empirical model needs to be adjusted to fit, and has no
supporting physical model.
Now, it will be shown that quantized inertia can predict the new galaxy data presented by McGaugh
without any adjustable parameters, simply from the visible matter, the speed of light and the co-moving
diameter of the observable universe.
It is also shown that quantized inertia can be tested because it uniquely predicts a significant change in
the galactic acceleration relation with redshift.

Method
We start with Newton’s gravity and second laws, for a star of mass m orbiting a galaxy of mass M at
radius r as follows

Replacing mi using quantized inertia, Eq. 1, we get

Splitting the acceleration |a| up into a slowly varying (rotational) part a = v2/r and a variable part
due to inhomogeneities in the matter distribution, gives

At the edge of a galaxy, |a| becomes small, so the acceleration must be maintained above the minimum
acceleration allowed in quantized inertia by the value of
, and so
= 2c2/Θ. Therefore the second
and third terms cancel. In this way, one derives the following formula

The a on the left hand side can be called the predicted total acceleration apred. The factor GM/r2 and the
|a| on the right hand side can be replaced with abar: the baryonic, standard model, acceleration.

Assuming, again, that at a galaxy’s edge the residual acceleration
fall below this minimum in quantized inertia, then we get

= 2c2/Θ since accelerations cannot

which leads to the formula

Results
Figure 1 shows the log of the expected (Newtonian) stellar acceleration, predicted from the visible mass,
on the horizontal axis and the log of the observed accelerations, observed from stellar motions, on the
vertical axis.
The expected result from standard physics is the
diagonal dotted line. The grey squares show the
observed accelerations from the binned data
obtained from McGaugh.

The size of the squares show the rms error in each
bin.

For very low accelerations (on the left) the data
lifts above the dotted line, so that the observed
accelerations are much higher than those expected
from the standard Newtonian (or general
relativistic) model.
This is the well-known galaxy rotation problem.

The black line shows the prediction of one of the variations of MoND (Modified Newonian Dynamics).
MoND agrees with the data, but it has been fitted to galaxy data using its adjustable parameter (the
value used here was a0 = 1.2 × 10−10m/s2) so the agreement is not so remarkable.
The prediction of quantized inertia for a redshift of zero, the present epoch, is shown by the dashed
line, and it also fits the data for the present epoch within the error bars, and this agreement requires no
adjustment at all.
The curve is predicted, by Eq. 8 above, and therefore uses only the visible matter, the speed of light (c)
and the co-moving cosmic diameter (Θ), which is assumed to be 93 billion light years or Θ = 8.8 ×
1026m and is the cosmic diameter at the present time.
Note that this is different from the value of Θ = 2.6 × 1026m which represents the cosmic diameter at the
epoch when the light from the galaxies was emitted.
Discussion
It is always useful to suggest a test, by predicting something unique that has not yet been observed.
Unlike MoND, which uses a constant and pre-set parameter a0, quantized inertia relies on the value of
2c2/Θ.
This depends on the co-moving size of the cosmos Θ which increases with time (or decreases with time
into the past) and so quantized inertia predicts a change in galaxy rotation with time.
This can be seen in Eq. 8 which depends on the cosmic diameter Θ which was smaller in the distant past
and, assuming a linear expansion of the cosmos with time, depends on the redshift (Z) as follows

Therefore, quantized inertia predicts that the acceleration relation in Fig. 2 should show a dependence on
redshift.
At higher z (further back in cosmic time) the galaxy rotation problem should be more obvious
(everything else, such as galaxy evolution, being taken care of) so that equal-mass galaxies observed in
the distant past should spin faster.
This is illustrated in Fig. 1 with the dashed line which represents the prediction of quantized inertia for
z = 0, the present epoch, the longer-dashed line which shows the prediction for z = 1 (when the cosmos
was half its present size) and the dot-dashed curve which shows the prediction for z = 2.
This prediction is unique to quantized inertia, and the data is now becoming available to test this
prediction.
A more common way of looking at this is to consider the mass required to produce a particular rotation
speed.
The required mass can be derived from quantized inertia as follows.
At a galaxy’s edge, since the rotational acceleration (|a|) is so slow, Eq. 6 can be rewritten as

and replacing a2 using v4/r2 we get

This is the Tully-Fisher relation predicted by quantized inertia, which now varies with time since Θ was
smaller in the past.
Using Eq. 9 to take account of this evolution, we get

So that the amount of mass associated with a rotation speed of v is given by

Recently, Ubler found that at redshifts of Z=0.9 the amount of mass associated with a specific rotation
speed is reduced by between -0.38 and -0.47 and at Z=2.3 the reduction in mass is between -0.2 and
-0.47.
Quantized inertia (Eq. 13) predicts a reduction in mass of -0.28 and -0.52 respectively.
Probably the best source of data on this to date is Genzel who looked at six massive galaxies at high
redshifts, between Z=0.854 and Z=2.383, and also showed that their rotation speed increased at higher
redshifts.
Another way to model this with quantized inertia is to note that it precludes accelerations below 2c2/Θ.

Figure 2 shows along the x axis the observed acceleration of the galaxies (calculated from their half-light
radii and their velocity dispersion) and along the y axis the minimum acceleration allowed by quantized
inertia.

The six black squares show the comparisons for the
six galaxies, and the adjacent numbers indicate their
redshifts.
In both the observations and the predictions from
quantized inertia, the galactic accelerations increase
with redshift.
The predictions show the same tendency as the
observations (the squares are close to the line of
agreement), but they are between 9% and 19%
higher for the four lower redshift galaxies.
This difference can be accounted for by uncertainties in the cosmic expansion model used to determine
Θ.
Agreement is worse for the two highest redshift galaxies, which may be expected to have a larger
uncertainty.
Conclusions
A new model for inertia (called quantized inertia or MiHsC) predicts the observed rotational
accelerations of the 153 galaxies in the recent SPARC dataset simply from their visible matter, the
speed of light and the co-moving diameter of the cosmos (Figure 1), without dark matter or any
adjustable parameters.
As a test, quantized inertia uniquely predicts a significant increase in the galaxy rotation anomaly at
higher redshifts and this is supported by recent data, at least up to a redshift of Z=2.2.

Let us now digress to study some Thermodynamics that is needed in order to understand ENTROPY.
ENTROPY and its connection to INFORMATION will be central to some of the theories we
investigate next to show that Dark Matter may not be needed to explain anything.
What is Temperature?
One approach to the definition of temperature is to consider three objects, say blocks of copper, iron
and aluminum which are in contact such that they come to thermal equilibrium.
By equilibrium we mean that they are no longer transferring any net
energy to each other.
Thermal equilibrium is therefore the kind of equilibrium that results
when two systems are brought in thermal contact.
We would then say that they are at the same temperature, and we
would say that temperature is a property of these objects which implies
that they will no longer transfer net energy to one another.
We could say that A is at the same temperature as C even though they
are not in contact with each other.
This fundamental experimental fact of thermodynamics is summarized by the following statement:
If two systems are separately in thermal equilibrium with a third,
then they must also be in thermal equilibrium with each other.
This statement is so important that it is known as the zeroth law of thermodynamics.
What this statement really means is that if A is in thermal equilibrium with C, and if B is also in thermal
equilibrium with C, then putting A and B in thermal contact produces no change in the state of either A
or B —-> These systems are already in thermal equilibrium.

An important idea related to temperature is the fact that a collision between a molecule with high
kinetic energy ( mv2/2 ) and one with low kinetic energy will transfer energy to the molecule with lower
kinetic energy.
Part of the idea of temperature is that for two collections of the same type of molecules that are in
contact with each other, the collection with higher average kinetic energy will transfer energy to the
collection with lower kinetic energy.
We would say that the collection with the higher kinetic energy has a higher temperature, and that
energy transfer will be from the higher temperature collection to the lower temperature collection, and
not vice versa.
Clearly, temperature has to do with the kinetic energy of the molecules, and if the molecules act like
independent point masses, then we could define temperature in terms of the average translational
kinetic energy of the molecules, the so-called “kinetic temperature”.

The average kinetic energy of a molecule is an important part of the concept of temperature and
provides some useful intuition about what temperature is.
If all matter just consisted of independently moving point masses that just experienced elastic
collisions (no loss of energy) with each other, that would be an adequate picture of temperature.
Summarizing so far:
1. Increasing temperature will increase molecular speed.
2. An object with less massive molecules will have higher molecular speed at the same temperature.
3. When kinetic temperature applies, two objects with the same average translational kinetic energy
will have the same temperature.

Internal or coordinated motions of
molecules complicate the picture of
temperature.

Temperature Scales
Just a quick pass here to define the standard temperature scales used. We will give more detail later.
The Celsius, Kelvin, and Fahrenheit temperatures scales are shown below in relation to the
temperatures where water changes from solid to liquid and liquid to gas (called phase changes).

The triple point of water is 273.16 K = International Standard Temperature Point. The freezing point of
water at 1 atmosphere pressure, 0.00oC, is 0.01 K below that at 273.15 K. The Fahrenheit scale is a
legacy scale only used in some engineering definitions and backward countries.

We note at this point that there are underlying ideas about a quantity called “heat” associated with the
0th law of thermodynamics, and one of those ideas was expressed by Maxwell, who developed the
theory of electromagnetism, as “All heat is of the same kind”.
If A is in thermal equilibrium with B, then every bit of internal energy that passes from A to B is
balanced by the same amount of energy passing from B to A.
This is true even if the atomic masses of A and B are different. This implies that there is a measurable
property that can be considered to be the same for A and B, a property upon which heat transfer
depends.
This property is temperature.
Internal Energy
As discussed earlier, internal energy is defined as the energy associated with the random, disordered
motion of molecules.
It is separated in scale from the macroscopic ordered energy associated with moving objects; it refers to
the invisible microscopic energy of any body.
For example, a room temperature glass of water sitting on a table has no apparent energy. But on a
microscopic scale it is a seething mass of high speed molecules traveling at speeds of hundreds of meters
per second.
If the water were tossed across the room,
this microscopic energy would not
necessarily be changed when we look at the
ordered large scale motion of the water as a
whole.

Microscopic Energy
For a simple(monoatomic) gas, this is just the translational kinetic energy (as earlier) of the linear
motion of the “hard sphere” type atoms and the behavior of this “ideal” gas is easy to describe as we
will see later.
However, for gases with more complicated molecules there is rotational and vibrational kinetic energy
as well. In liquids, there is also an energy associated with intermolecular attractive forces.
The simplified visualization shown below of contribution to internal energy can be helpful in
understanding what comes later for phenomena involving internal energy.

There is another process that can add or remove energy from systems, it is called “work”. The simplest
definition of work comes from the study of mechanics(motion of macroscopic bodies)
Work = (applied force) x (distance moved)
Heat
Heat may be defined as energy in transit from a higher temperature object to a lower temperature object.
An object does not possess “heat”; the appropriate term for the microscopic energy is “internal energy”,
The internal energy may be increased by transferring energy to the object from a higher temperature
(hotter) object - this is properly called “heating”.
Heat and Work Example
This example of the interchangeability of heat
and work as agents for adding energy to a
system helps to dispel misconceptions about
heat.
The example shows that if you are presented
with a high temperature gas, you cannot tell
whether it reached that high temperature by
being heated, or by having work done on it, or
a combination of the two.
To describe the energy that a high temperature
object has, it is not a correct to use of the word
heat to say that the object “possesses heat”

It is better to say that it possesses internal energy as a result of molecular motion.
The word heat is better reserved to describe the process of transfer of energy from a high temperature
object to a lower temperature one.
Surely you can take an object at low internal energy and raise it to higher internal energy by heating it.
But you can also increase its internal energy by doing work on it, and since the internal energy of a
high temperature object resides in random motion of its molecules, you cannot tell which mechanism
was used to give it that energy.
In this discussion we use Constant Pressure Work.

Let me elaborate on this.

Heat Transfer
As we have said, the transfer of heat is normally from high temperature object to a lower temperature
one. Heat transfer changes the internal energy of both systems involved according to the First Law of
Thermodynamics, which we will discuss shortly.
There are three ways heat can be transferred, conduction, convection and radiation.
Heat Conduction
Conduction is heat transfer by means of molecular agitation within a material without any motion of
the material as a whole.
If one end of a metal rod is at a higher temperature, then energy will be transferred down the rod
toward the colder end because the higher speed particles will collide with the slower ones with a net
transfer of energy to the slower ones.
For heat transfer between two plane surfaces, such as heat loss through the wall of a house, the rate
of conduction heat transfer is:

Heat Convection
Convection is heat transfer by mass motion of a fluid such as air or water when the heated fluid is
caused to move away from the source of heat, carrying energy with it.
Convection above a hot surface occurs because hot air expands, becomes less dense, and rises. Hot
water is less likewise less dense than cold water, causing convection currents which transport energy.

Heat Radiation
Thermal radiation is heat transfer by the emission of electromagnetic waves which carry energy away
from the emitting object.
For ordinary temperature the radiation is in the infrared region of the electromagnetic spectrum.

The relationship governing the net radiation from hot objects is called the Stefan=Boltzmann Law:

Specific Heat
The specific heat is the amount of heat per unit mass required to raise the temperature by one degree
Celsius. The relationship between heat and temperature change is usually expressed as shown below.

The specific heat of water is 1calorie/gram oC=4.186 joule/gram oC which is higher than any other
common substance. As a result, water plays a very important role in temperature regulation.
The First Law of Thermodynamics
The first law of thermodynamics is the application of the conservation of energy principle to heat and
thermodynamic processes.

The first law makes use of the key concepts of internal energy, heat and system work,
For constant pressure processes we have:

System Work
When work is done by a thermodynamic system, it is usually a mass that is doing the work. The work
done at constant pressure is:

For non-constant pressure, the work can be visualized as the area under the pressure-volume curve which
represents the process taking place. The more general expression for work done is:

definition of the integral

Work done by a system decreases the internal energy of the system as we stated in the 1st law.
Isothermal Process
For a constant temperature process involving an ideal gas (point masses and elastic collisions), the
pressure can be expressed in terms of the volume:

The result of an isothermal process (say a heat engine) leading to an expansion from Vi to Vf gives the
work expression on the next slide

Those of you who can integrate
can do this derivation easily.

Adiabatic Process
An adiabatic process is one in which no heat is gained or lost by the system.
The 1st law with Q=0 shows that all the change in internal energy is in the form of work done.
This puts a constraint on the system leading to the adiabatic condition shown below

CP=specific heat at
constant pressure
CV=specific heat at
constant volume

Text
Text
Text

Equipartition of Energy
The theorem of equipartition of energy states that molecules in thermal equilibrium have the same
average energy associated with each independent degree of freedom of their motion and that the energy
is

For the translational degrees of freedom only, equipartition

can be derived from the Boltzmann distribution, which is the classical distribution function for
distribution of an amount of energy between identical but distinguishable particles

Second Law of Thermodynamics
The second law of thermodynamics is a general principle which places constraints upon the direction
of heat transfer, the attainable efficiencies of heat engines, and leads to the introduction of a variable
named entropy.
Its implications may be visualized in terms of the waterfall analogy.

Second Law: Using Heat Engines
Second law of thermodynamics:
It is impossible to extract an amount of heat QH from a hot reservoir
and use it all to do work.
Some amount of heat QC must be exhausted to a cold reservoir.
This rules out the existence of a perfect heat engine - 100% efficiency.
It also rules out perpetual motion machines
This is sometimes called the “first form” of the second law, and is referred to as the Kelvin-Planck
statement of the second law.

Second Law: Refrigerators
Second Law of Thermodynamics:
It is not possible for heat to flow from a colder body to a
warmer body without any work being done to accomplish this
flow.
Energy will not flow spontaneously from a low temperature object
to a higher temperature object.
This rules out a perfect refrigerator.
This is the “second form” or Clausius statement of the second law.

It is important to note that when it is stated that energy will not spontaneously flow from a cold object to
the hot object, that the statement is referring to net transfer of energy.
Energy can transfer from the cold object to the hot object either by transfer of energetic particles or
electromagnetic radiation, but the net transfer will be from the hot object to the cold object in any
spontaneous process.
Work is required to transfer net energy to the hot object.

Second Law: Entropy version
Second Law of Thermodynamics:
In any cyclic process the entropy will either increase of remain the same.

Many of the most fundamental arguments in physics are those having to do with multiplicity.
If there are more ways to accomplish a given state of a system of particles, then other states will
spontaneously transition to that state over time if the transition is consistent with conservation of energy.
This multiplicity of a system of particles is usually stated in terms of its entropy.
Thus, systems will spontaneously proceed toward states with higher entropy (2nd law).

Entropy as Measure of the Multiplicity of a System
The probability of finding a system in a given state depends upon the multiplicity of that state.
That is to say, it is proportional to the number of ways you can produce that state.
Here a “state” is defined by some measurable property which would allow you to distinguish it from
other states.
In throwing a pair of dice, that measurable property is the sum of the number of dots facing up.
The multiplicity for two dots showing is just 1, because there is only 1 arrangement of the dice which
will give that state.

The multiplicity for 7 dots is 6, because there are 6 arrangements of the dice which show up with a total
of 7 dots.

One way to define the quantity “entropy” is to do it in terms of the multiplicity.
where k is Boltzmann’s constant

Digression on Logarithms
The basic idea
A logarithm is the opposite of a power.
In other words, if we take a logarithm of a number, we undo an exponentiation.
Let's start with simple example.
3

If we take the base b = 2 and raise it to the power of k = 3, we have the expression 2 .
3

The result is some number, we'll call it c, defined by 2 = c.
We can use the rules of exponentiation to calculate that the result is

Let's say I didn't tell you what the exponent k was.
Instead, I told that the base was b = 2 and the final result of the exponentiation was c = 8.
To calculate the exponent k, you need to solve

From the above calculation, we already know that k = 3.
But, what if I changed my mind, and told you that the result of the exponentiation was c = 4,
so you need to solve 2k = 4?

Or, I could have said the result was c = 16 (solve 2k = 16) or c=1(solve 2k =1).

A logarithm is a function that does all this work for you.
We define one type of logarithm
(called “log base 2” and denoted log2 )
to be the solution to the problems I just asked.
Log base 2 is defined so that

is the solution to the problem
for any given number c.
In other words, the logarithm gives the exponent as the output if you give it the exponentiation
result as the input.
To get all answers for the above problems, we just need to give the logarithm the
exponentiation result c and it will give the right exponent k of 2.
The solution to the above problems are:

Just like we can change the base b for the exponential function, we can also change the base b
for the logarithmic function.
The logarithm with base b is defined so that

is the solution to the problem

logb bk = k
for any given number c and any base b.
3

For example, since we can calculate that 10 = 1000 , we know that log101000 = 3 (“log base
10 of 1000 is 3”).
Using base 10 is fairly common.
But, since in science, we typically use exponents with base e, it's even more natural to use e
for the base of the logarithm.
This natural logarithm is frequently denoted by ln(x) , i.e.,
(1)
In other words,
is the solution to the problem

loge ek = k = ln ek

(2)

for any number c.
Since using base e is so natural to mathematicians, they will sometimes just use the notation
log x instead of ln x.
However, others might use the notation log x for a logarithm base 10, i.e., as a shorthand
notation for log10 x .
Because of this ambiguity, if someone uses log x without stating the base of the logarithm, you
might not know what base they are implying.
In that case, it's good to ask.
Basic rules for logarithms
Since taking a logarithm is the opposite of exponentiation (more precisely, the logarithmic
function logb x is the inverse function of the exponential function bx ), we can derive the basic
rules for logarithms from the basic rules for exponents.

For simplicity, we'll write the rules in terms of the natural logarithm ln(x) .
The rules apply for any logarithm logb x, except that you have to replace any occurence of
e with the new base b.

The natural log was defined by equations (1) and (2).

If we plug the value of k from equation (1) into equation (2), we determine that a relationship
between the natural log and the exponential function is
(3)
Or, if we plug in the value of c from (2) into equation (1), we'll obtain another relationship
(4)
x

These equations simply state that e and lnx are inverse functions.
Equations (3) and (4) allow one to derive the following rules for the logarithm.

Back to discussion:

This is Boltzmann’s expression for entropy, and in fact it is carved on his tombstone.
In this definition, the k is included to give the correct units joule/kelvin.
The logarithm is used to make the defined entropy of reasonable size. It also gives the right kind of
behavior when combining two systems.
The entropy of the combined systems will be the sum of their entropies, but the multiplicity will be the
product of their multiplicities.
The fact that the logarithm of the product of two multiplicities is the sum of their individual logarithms
gives the proper kind of combination of entropies.
The multiplicity for ordinary collections of matter is inconveniently large, on the order of Avogadro’s
number, so using the logarithm of the multiplicity as the entropy is convenient.
For a system of a large number of particles, like a mole of atoms, the most probable state will be
overwhelmingly probable.
You can with confidence expect that the system at equilibrium will be found in the state of highest
multiplicity since fluctuations from this state will usually be too small to measure.
As the large system approaches equilibrium, its multiplicity (entropy) tends to increase.
This is the way of stating the second law of thermodynamics.

Entropy in Terms of Heat and Temperature
The relationship which was originally used to define entropy S is
This is often a sufficient definition of entropy if you do not need to know about the microscopic details.
It can be integrated to calculate the charge in entropy during any process.
For an isothermal process it can be evaluated simply by

S = Q/T
In this context, the change in entropy can be described as the heat added per unit temperature.
Entropy as Time’s Arrow
One of ideas involved in concept of entropy is
that nature tends from order to disorder in
isolated systems.
This tells us that the right hand box of
molecules happened before left and the nicely
stacked bricks happened first.

Using Newton's laws to describe motion of molecules would not tell you which came first.
For an isolated system, entropy always increases or remains same, so if you compare states of
different entropy, one with greater entropy will be later in time.
So if you say that entropy is measure of disorder, and that nature tends toward maximum
entropy for any isolated system, then you do have some insight into ideas of second law of
thermodynamics.
The diagrams on the last slide have generated a lively discussion, partly because of the use of
order versus disorder in the definition of entropy
The first example of the molecules in a box certainly depicts time’s arrow as pointing from
order to disorder, but one must admit that the apparent tendency to move from order to
disorder is not the most fundamental way to look at what is happening.
At ordinary temperatures, the internal energy of a gas would give the molecules high
velocities , and it is evident that this orderly arrangement would be very rare because there are
only a few ways to do it.
If it occurred, it would be for a brief instant and then the molecules would move to some other
configuration.
The box on the left depicts a more random or disordered configuration, but the key point is that
there is a vast number of ways that such configurations could be achieved.
So, multiplicity is the key concept - molecular ensembles will spontaneously tend to evolve
from configuration of lower multiplicity to configurations of greater multiplicity.

The diagram with the bricks is again a picture with which common experience immediately
identifies - there are more ways to create a jumbled pile of bricks than a neatly stacked
arrangement.
Again, the idea of multiplicity is the key point.
Entropy and Disorder
If one asserts nature tends to take thing from order to disorder and give an example of two,
one seems to get almost universal recognition and assent.
It is a part of our common experience.
Spend hours cleaning your desk, your basement, your attic, and it seems to spontaneously
revert back to disorder and chaos before your eyes.
So if you say that entropy is a measure of disorder, and that nature tends toward maximum
entropy for any isolated system, then you have some insight into the ideas of the 2nd law.
Some care must be taken about how we define “disorder” in the context of defining entropy.
A more precise way to characterize entropy is to say that it is a measure of the “multiplicity”
associated with the state of the objects.
If a given state can be accomplished in many more ways, then it is more probable than one
which can be accomplished in only a few ways.
When “throwing dice”, throwing a 7 is more probable than a 2 because 7 has a multiplicity of 6
and 2 has a multiplicity of 1.

So 7 has a higher multiplicity than a 2, and this gives some insight why systems in nature like
the molecules of a gas would spontaneously tend toward states of higher multiplicity or higher
“entropy”
For a glass of water the number of molecules is astronomical.
The jumble of ice chips may look more disordered in
comparison to the glass of water which looks uniform and
homogeneous.
But the ice chips place limits on the number of ways the
molecules can be arranged.
The water molecules in the glass of water can be arranged in many more ways.
They have greater multiplicity and therefore greater entropy.
Now let us go back over some of these ideas to learn some further ideas.
In statistical thermodynamics, entropy (usual symbol S) = measure of number of microscopic
configurations Ω that correspond to thermodynamic system in state specified by certain
macroscopic variables.
Specifically, assuming that each of microscopic configurations equally probable, the entropy
of system is natural logarithm of that number of configurations, multiplied by Boltzmann
constant kB

S = kB log ⌦

Example, gas in container with known volume, pressure, and temperature could have an
enormous number of possible configurations of individual gas molecules, and which
configuration gas actually in may be regarded as random.
Entropy can be understood as measure of molecular disorder within macroscopic system.
2nd law of thermodynamics states that an isolated system's entropy never decreases
Thus, systems spontaneously evolve towards thermodynamic equilibrium = state with
maximum entropy.
Non-isolated systems may lose entropy, provided environment's entropy increases by same
amount.
Change in entropy of system determined by initial and final states(reversible or irreversible
processes).
However, irreversible processes increase combined entropy of system and environment.
In the most modern microscopic interpretation of entropy in statistical mechanics, entropy is
amount of additional information needed to specify exact physical state of system, given the
thermodynamic specification.

Understanding role of entropy in various processes requires understanding of how and why
information changes as system evolves from initial to final condition.
It is often said entropy is expression of disorder, or randomness of system, or of our lack of
information about it.
2nd law now seen as expression of fundamental postulate of statistical mechanics through
modern definition of entropy.

S=

kB

X

pi log pi

i

Specifically, entropy = logarithmic measure of number of states with significant probability of
being occupied, where kB = 1.38065×10−23 J/K.
Summation is over all possible microstates of system, and pi is probability that system in ith
microstate.
Fundamental assumption or the fundamental postulate in statistical mechanics
—> occupation of any microstate is assumed to be equally probable
(i.e., pi = 1/Ω, where Ω is number of microstates);
this assumption usually justified for an isolated system in equilibrium.
Then new assumption reduces to previous equation

S = kB log ⌦

Most general interpretation of entropy is measure of our uncertainty about system.
Equilibrium state of system maximizes entropy because have lost all information about initial
conditions except for conserved variables;
Maximizing entropy maximizes our ignorance about details of system.
In thermodynamic system, pressure, density, and temperature tend to become uniform over
time because this equilibrium state has higher probability (more possible combinations of
microstates) than any other.
Example, for a glass of ice water in air at room temperature, difference in temperature
between warm room (surroundings) and cold glass of ice and water (system and not part of
room), begins to be equalized as portions of thermal energy from warm surroundings spread to
cooler system of ice and water.
Over time temperature of glass and contents and temperature of room become equal.
Entropy of room has decreased as some of its energy has been dispersed to ice and water.
However, entropy of system of ice and water has increased more than entropy of surrounding
room has decreased.
In an isolated system such as room and ice water taken together, dispersal of energy from
warmer to cooler always results in net increase in entropy.

Thus, when "universe" of the room and ice water system has reached temperature equilibrium,
entropy change from initial state is at a maximum.
Entropy of thermodynamic system is measure of how far equalization has progressed.

For isolated systems, entropy never decreases —> several important consequences in
science:
1st, prohibits "perpetual motion" machines;
and

2nd, —> arrow of entropy has same direction as arrow of time.

Increases in entropy correspond to irreversible changes in system, because some energy
expended as waste heat, limiting amount of work system can do.
2nd law of thermodynamics requires that total entropy of any system can't decrease other than
by increasing entropy of some other system.
Hence, in system isolated from its environment, entropy of that system tends not to decrease.
It follows that heat can't flow from colder body to hotter body without application of work
(imposition of order) to colder body.

Secondly, impossible for any device operating on cycle to produce net work from single
temperature reservoir;
Production of net work requires flow of heat from hotter reservoir to colder reservoir.
Result, no possibility of perpetual motion system.
Follows that reduction in increase of entropy in specified process, such as chemical reaction,
means is energetically more efficient.
Follows from 2nd law of thermodynamics that entropy of system that is not isolated may
decrease.
Air conditioner may cool air in room, reducing entropy of air of that system.
Heat expelled from room (system), which air conditioner transports and discharges to outside,
always makes bigger contribution to entropy of environment than decrease of entropy of air of
system.
Thus, total of entropy of room plus entropy of environment increases, in agreement with 2nd
law of thermodynamics.
In physics, an entropic force acting in system is force resulting from entire system's
thermodynamical tendency to increase its entropy, rather than from any particular underlying
microscopic force.

For instance, internal energy of ideal gas depends only on temperature, and not on volume of
containing box
-> not energy effect that tends to increase volume of box as gas pressure does
-> pressure of ideal gas has entropic origin.
What is origin of such an entropic force?
Most general answer is that effect of thermal fluctuations tends to bring a thermodynamic
system toward macroscopic state that corresponds to maximum in number of microscopic
states (micro-states) that are compatible with macroscopic state.
In other words, thermal fluctuations tend to bring a system toward its macroscopic state of
maximum entropy.
In 2009, Erik Verlinde argued that gravity can be explained as an entropic force
He claimed that gravity is consequence of "information associated with positions of material
bodies”.
Implies that gravity is not a fundamental interaction, but an emergent phenomenon.
Very complicated……..

Before proceeding with the discussion of entropy and information and dark matter,
let us make a digression(lots of physics and math) to study entropy and black holes.

Some Simple Black Hole Thermodynamics
In his recent popular book The Universe in a Nutshell, Steven Hawking gives expressions for the entropy
and temperature (often referred to as the “Hawking temperature”) of a black hole:

where A is the area of the event horizon, M is the mass, k is Boltzmann’s constant,
(h being Planck’s constant), c is the speed of light, and G is the universal gravitational constant.

These expressions can be used as starting points for some interesting approximations
on the thermodynamics of a Schwarzschild black hole, of mass M,
which by definition is nonrotating and spherical with an event horizon of radius

Hawking has theorized that during pair production occurring just outside the event horizon,
a black hole slowly loses mass or evaporates as particles are radiated away.
This is now known as “Hawking radiation”.
In this process, anti-particles with negative energy
fall into the black hole actually causing the mass to decrease.
Using the expression for the Schwarzschild radius, the entropy of a black hole of event-horizon area
A = ︎ R2 can be written in terms of its mass using Eq. (1) as

As mass is lost, the change in entropy will be

Multiplying by both sides of Eq. (2) gives Tds = c2dm.
Integrating from the greater initial mass M to a lesser final mass M︎ yields Q = (M’︎ – M)c2 = ︎ Mc2,
which is the heat energy lost when the black hole radiates away a mass ︎ M = M︎’︎– M. Note that ︎ M is
intrinsically a negative quantity.
The heat lost during a temperature change can also be written as dQ = mCdT, which allows the specific
heat (at constant pressure) of a black hole C to be determined.
Substituting dQ = c2dm and from Eq. (2)

The negative sign is not a surprise, since it can be clearly seen from Eq. (2) and the above temperature
change that as a black hole loses mass and therefore energy, its temperature increases.
Note that integrating Tds over the entire mass M of a black hole would give Q = –Mc2, which suggests
that its total energy would eventually be radiated away as heat.
Therefore, by the first law of thermodynamics, ︎E = Q – W, there is no work being done on the event
horizon as the volume decreases. This suggests that the pressure on the event horizon is negligible and
verifies that the specific heat is indeed at constant pressure.
The temperature increase with loss of mass shown in Eq. (2) suggests that over time, the rate at which
the energy is radiated from the black hole should also increase.
The proportionality between specific heat and mass seen above supports the assertion as well.
The rate of energy loss can be approximated with

where

is the Stephan-Boltzmann constant.
Rearranging the radiation equation and substituting the area of the event horizon gives

Substituting for the constant
︎, the Schwarzschild radius, and the Hawking temperature gives, after
further rearranging, a rate of mass loss

which will indeed increase as mass and energy are lost.
Solving for dt in the last expression and integrating yields

the lifetime of a black hole once it begins to evaporate.
The Hawking temperature of a black hole can be approximated from the values of the constants as

This is only about 10-7 K above absolute zero even for the smallest stellar black holes (approximately 3
solar masses).

Since the average temperature of the universe is about 2.7 K, most black holes are absorbing more
energy than they emit and will not begin to evaporate for some time, until the universe has expanded and
cooled below their temperature.
Even once evaporation begins, by the above equation, a 3-solar-mass black hole would last 1075 s or
1068 yr!
However, primordial, mini-black holes, theorized by Hawking to have been created during the big bang,
with masses of about 1012 kg would have been much hotter and would evaporate in about 1020 s or
1013 yr.
These may not have evaporated yet either, but they should much sooner than their stellar cousins.
What actually happens when a black hole finally radiates away the last of its mass is not clear, but at
such a high temperature a huge burst of x-rays or gamma rays is likely.
Nothing of this nature of the expected magnitude has even been observed.
The above expression for the change in the entropy of a black hole shows that as a black hole loses mass
through evaporation its entropy will decrease.
However, the second law of thermodynamics states that the entropy of a closed system must increase.
If a black hole is in a reservoir of volume V and temperature T, and total energy
where

in an alternative form of the Stephan-Boltzmann Law, it can be shown with the first law of
thermodynamics that the entropy of the reservoir is

The total energy of the black hole and reservoir system

remains constant and total entropy of the system

has to increase as the black hole radiates its energy into the reservoir.
By conservation of energy,

The entropy change of the system would be

Multiplying the entropy change by the temperature T and subtracting the energy equation, then dividing
the temperature back out gives

Substituting the Hawking temperature in the second term (physically appropriate as it was from the
energy of the black hole) hows that it is equivalent to the first term.
The first two terms therefore cancel and leave

Since the volume of the reservoir increases by the same amount that the event horizon’s volume
decreases, this surprisingly simple expression for dS is indeed a positive quantity and therefore shows an
overall increase in the entropy of the system.
Substituting the value
and the increase in the volume of the reservoir, which is the
opposite of the decrease in the event horizon’s volume,

shows, after quite a few cancellations, that once the system reaches equilibrium (when the reservoir
reaches the Hawking temperature), the expression for the entropy change simplifies to

Integrating from the original to the final mass of the black hole gives

or finally,

Again, since the initial mass M is greater than the final mass M︎’, the result is a positive quantity showing an increase in entropy.
Note that the entropy depends only on the mass of the black hole.
Entropy, as we have seen, is defined as the logarithm of the number of states accessible to a system and
in the case of a Schwarzschild black hole, mass is the only “state variable.”

First, let me paint a very broad picture ………
“There is no dark matter. Instead, information has mass”, some physicist says
Is information the fifth form of matter? Let us see…..
The “discovery” of dark matter - A Quick Recap
We normally can tell how much matter is in the universe by the motions of the stars.
In the1920s, physicists attempting to do so discovered a discrepancy and concluded that there must be
more matter in the universe than is detectable.
How can this be?
In 1933, Swiss astronomer Fritz Zwicky, while observing the motion of galaxies in the Coma Cluster,
began wondering what kept them together.
There wasn't enough mass to keep the galaxies from flying apart.
Zwicky proposed that some kind of dark matter “dunkle materie” provided cohesion.
But since he had no evidence, his theory was quickly dismissed.
Then, in 1968, astronomer Vera Rubin made a similar discovery.
She was studying the Andromeda Galaxy at Kitt Peak Observatory in the mountains of southern Arizona
when she came across something that puzzled her.

Rubin was examining Andromeda's rotation curve, or the speed at which the stars rotate around the
center, and realized that the stars on the outer edges moved at the exact same rate as those at the interior,
violating Newton's laws of motion.
This meant there was more matter in the galaxy than was detectable. Her punch card readouts are today
considered the first evidence of the existence of dark matter.
Many other galaxies were studied throughout the '70s.
In each case, the same phenomenon was observed.
Today, dark matter “is thought” to comprise up to 27% of the universe.
"Normal" or baryonic matter makes up just 5%.
That's the stuff we can detect.
Dark energy, which we can't detect either, makes up 68%.
Dark energy is what accounts for the Hubble Constant, or the rate at which the universe is expanding.
Dark matter on the other hand, affects how "normal" matter clumps together.
It stabilizes galaxy clusters.
It also affects the shape of galaxies, their rotation curves, and how stars move within them.
Dark matter even affects how galaxies influence one another.

Leading theories on dark matter
Since the '70s, astronomers and physicists have been unable to identify any evidence of dark matter.
One theory is it's all tied up in space-bound objects called MACHOs (Massive Compact Halo Objects).
These include black holes, supermassive black holes, brown dwarfs, and neutron stars.
Another theory is that dark matter is made up of a type of non-baryonic matter, called WIMPS (Weakly
Interacting Massive Particles).
Baryonic matter is the kind made up of baryons, such as protons and neutrons and everything composed
of them, which is anything with an atomic nucleus.
Electrons, neutrinos, muons, and tau particles aren't baryons, however, but a class of particles called
leptons.
Even though the (hypothetical) WIMPS would have ten to a hundred times the mass of a proton, their
interactions with normal matter would be weak, making them extraordinarily hard to detect.
Then there are those aforementioned neutrinos.
Did you know that giant streams of them pass from the Sun through the Earth each day, without us ever
noticing?
They're the focus of another theory that says that neutral neutrinos,
that only interact with normal matter through gravity, are what dark matter is comprised of.

Other candidates include two theoretical particles, the neutral axion and the uncharged photino.
We have added MOND and Quantized Inertia…….to the discussion also.
Now, one theoretical physicist posits an even more radical notion.
What if dark matter didn't exist at all?
Dr. Melvin Vopson of the University of Portsmouth, in the UK, has a hypothesis he calls the
mass-energy-information equivalence.
It states that information is the fundamental building block of the universe, and it has mass.
This accounts for the missing mass within galaxies, thus eliminating the hypothesis of dark matter
entirely.
Information theory
To be clear, the idea that information is an essential building block of the universe isn't new.

Classical Information Theory was first posited by Claude Elwood Shannon, the "father of the digital age"
in the mid-20th century.
The mathematician and engineer, well-known in scientific circles—but not so much outside of them, had
a stroke of genius back in 1940.
He realized that Boolean algebra properties coincided perfectly with telephone switching circuits.
Soon, he proved that mathematics could be employed to design electrical systems.

Shannon was hired at Bell Labs to figure out how to transfer information over a system of wires.
He wrote the handbook on using mathematics to set up communication systems, thereby laying the
foundation for the digital age.
Shannon was also the first to define one unit of information as a bit.
There was perhaps no greater proponent of information theory than another unsung paragon of science,
John Archibald Wheeler.
Wheeler was part of the Manhattan Project, worked out the "S-Matrix" with Niels Bohr and helped
Einstein develop a unified theory of physics.
In his later years, he proclaimed, "Everything is information."
Then he went about exploring connections between quantum mechanics and information theory.
He also coined the phrase "it from bit" or that every particle in the universe arises from the information
locked inside it.
At the Santa Fe Institute in 1989, Wheeler announced that everything, from particles to forces to the
fabric of spacetime itself "… derives its function, its meaning, its very existence entirely … from the
apparatus-elicited answers to yes-or-no questions, binary choices, bits."
Wow!!

Part Einstein, part Landauer
Vopson takes this notion one step further.
He says that not only is information the essential unit of the universe but also that it is energy and has
mass.
To support this claim, he unifies and coordinates special relativity with the Landauer Principle.
The latter is named after Rolf Landauer.
In 1961, he predicted that erasing even one bit of information would release a tiny amount of heat, a
figure which he calculated.
Landauer said this proves information is more than just a mathematical quantity.
This connects information to energy.
Through experimental testing over the years, the Landauer Principle has held up.
Vopson says,
"He [Landauer] first identified the link between thermodynamics and
information by postulating that logical irreversibility of a computational
process implies physical irreversibility."
This indicates that information is physical, Vopson says, and demonstrates the link between information
theory and thermodynamics.

In Vopson's theory, information, once created has "finite and quantifiable mass."
Vopson outlined the mathematical basis for his hypothesis.
He was the first to propose the mechanism and the physics by which information acquires mass as well
as to formulate this powerful principle and to propose a possible experiment to test it.
The fifth state of matter
To measure the mass of digital information, you start with an empty data storage device.
Next, you measure its total mass with a highly sensitive measuring apparatus.
Then, you fill it with digital information and determine its mass.
Next, you erase one file and evaluate it again.
The only trouble is, the "ultra-accurate mass measurement" device he describes doesn't exist yet.
This might be an interferometer, something similar to LIGO.

This is not a workbench laboratory experiment, and it would most likely be a large and costly facility.
If eventually proved correct, Vopson will have discovered the fifth form of matter.
So, what's the connection to dark matter?
M.P. Gough published an article in 2008 in which he worked out … the number of bits of information
that the visible universe would need to contain to make up for all the missing dark matter.
Vopson’s estimates of information bit content of the universe are very close to these numbers.
With that result, dark matter is not needed!!

And now to discuss all the details…….

Introduction to Information Entropy(some repetition)
Information theory is a subfield of mathematics concerned with transmitting data across
a noisy channel.
A cornerstone of information theory is the idea of quantifying how much information there
is in a message.
More generally, this can be used to quantify the information in an event and a random
variable, called entropy, and is calculated using probability.
What Is Information Theory?
Information theory is a field of study concerned with quantifying information for
communication.
It is a subfield of mathematics and is concerned with topics like data compression and the
limits of signal processing.
The field was proposed and developed by Claude Shannon..
A foundational concept from information is the quantification of the amount of information in
things like events, random variables, and distributions.
Quantifying the amount of information requires the use of probabilities, hence the relationship
of information theory to probability.

Calculate the Information for an Event
Quantifying information is the foundation of the field of information theory.
The intuition behind quantifying information is the idea of measuring how much surprise there
is in an event.
Those events that are rare (low probability) are more surprising and therefore have more
information than those events that are common (high probability).
Low Probability Event: High Information (surprising).
High Probability Event: Low Information (unsurprising).
The basic intuition behind information theory is that learning that an unlikely event has
occurred is more informative than learning that a likely event has occurred.
Rare events are more uncertain or more surprising and require more information to represent
them than common events.
We can calculate the amount of information there is in an event using the probability of the
event.
This is called “Shannon information”, “self-information”, or simply the “information”, and
can be calculated for a discrete event x as follows:

information(x) = -log( p(x) )
Where log() is the base-2 logarithm and p(x) is the probability of the event x.
The choice of the base-2 logarithm means that the units of the information measure is in bits
(binary digits 0 or 1).
This can be directly interpreted in the information processing sense as the number of bits
required to represent the event.
The calculation of information is often written as h(); for example:
h(x) = -log( p(x) )
The negative sign ensures that the result is always positive or zero.
Information will be zero when the probability of an event is 1.0 or a certainty, e.g. there is no
surprise.
Let’s make this concrete with some examples.
Consider a flip of a single fair coin.
The probability of heads (and tails) is 0.5.
We can calculate the information for flipping a head in the OCTAVE programming environment.

Running the example prints the probability of the event as 50% and the information content
for the event as 1 bit.
p(x) = 0.5000
h=1
If the same coin was flipped n times, then the information for this sequence of flips would be n
bits.
If the coin was not fair and the probability of a head was instead 10% (0.1), then the event
would be more rare and would require more about 3 bits of information. p(x) = 0.1000
h = 3.222
We can also explore the information in a single roll of a fair six-sided dice, e.g. the information
in rolling a 6.
We know the probability of rolling any number is 1/6, which is a smaller number than 1/2 for a
coin flip, therefore we would expect more surprise or a larger amount of information.

Running the example, we can see that our intuition is correct and that indeed, there is more
than 2.5 bits of information in a single roll of a fair die.
p(x)=0.1667

h = 2.5850

Other logarithms can be used instead of the base-2.
For example, it is also common to use the natural logarithm that uses base-e (Euler’s number)
in calculating the information, in which case the units are referred to as “nats.”
We can further develop the intuition that low probability events have more information.
To make this clear, we can calculate the information for probabilities between 0 and 1 and plot
the corresponding information for each.
We can then create a plot of probability vs information.
We would expect the plot to curve downward from low probabilities with high information to
high probabilities with low information.
The complete example is listed below.

Running the example creates the plot of probability vs information in bits.
We can see the expected relationship where low probability events are more surprising and
carry more information, and the complement of high probability events carry less information.
We can also see that this relationship is not linear, it is in-fact slightly sub-linear.
This makes sense given the use of the log function.

Calculate the Entropy for a Random Variable
We can also quantify how much information there is in a random variable.
For example, if we wanted to calculate the information for a random variable X with probability
distribution p, this might be written as a function H();
In eﬀect, calculating the information for a random variable is the same as calculating the
information for the probability distribution of the events for the random variable.
Calculating the information for a random variable is called “information entropy”, “Shannon
entropy”, or simply “entropy“.
It is related to the idea of entropy from physics by analogy, in that both are concerned with
uncertainty.
The intuition for entropy is that it is the average number of bits required to represent or
transmit an event are drawn from the probability distribution for the random variable.
The Shannon entropy of a distribution is the expected amount of information in an event
drawn from that distribution. It gives a lower bound on the number of bits needed on average
to encode symbols drawn from a distribution P.
Entropy can be calculated for a random variable X with value k in K discrete states as follows:
H(X) =

X

k2K

p(k) · log(p(k))

That is the negative of the sum of the probability of each event multiplied by the log of the
probability of each event.
Like information, the log() function uses base-2 and the units are bits.
A natural logarithm can be used instead and the units will be nats.
The lowest entropy is calculated for a random variable that has a single event with a
probability of 1.0, a certainty.
The largest entropy for a random variable will be if all events are equally likely.
We can consider a roll of a fair die and calculate the entropy for the variable.
Each outcome has the same probability of 1/6, therefore it is a uniform probability distribution.
We therefore would expect the average information to be the same information for a single
event calculated earlier.

>> entropy(bits) = 2.5850

If we know the probability for each event, we can use the entropy() OCTAVE function to
calculate the entropy directly.

For example:

entropy = 2.5850

Relationship to thermodynamic entropy
The inspiration for adopting the word entropy in information theory came from the close
resemblance between Shannon's formula and very similar known formulae from statistical
mechanics/thermodynamics.
In statistical thermodynamics the most general formula for the thermodynamic entropy S of a
thermodynamic system is the Gibbs entropy,

where kB is the Boltzmann constant, and pi is the probability of a microstate.
The Gibbs entropy translates over almost unchanged into the world of quantum physics to give
the von Neumann entropy, introduced by John von Neumann in 1927,

where ρ is the density matrix of the quantum mechanical system and Tr is the trace.

At an everyday practical level, the links between information entropy and thermodynamic
entropy are not evident.
Physicists and chemists are apt to be more interested in changes in entropy as a system
spontaneously evolves away from its initial conditions, in accordance with the second law of
thermodynamics, rather than an unchanging probability distribution.
As the minuteness of Boltzmann's constant kB indicates, the changes in S/kB for even tiny
amounts of substances in chemical and physical processes represent amounts of entropy that
are extremely large compared to anything in data compression or signal processing.
In classical thermodynamics, entropy is defined in terms of macroscopic measurements and
makes no reference to any probability distribution, which is central to the definition of
information entropy.
The connection between thermodynamics and what is now known as information theory was
first made by Ludwig Boltzmann and expressed by his famous equation:

where S is the thermodynamic entropy of a particular macrostate (defined by thermodynamic
parameters such as temperature, volume, energy, etc.), W is the number of microstates
(various combinations of particles in various energy states) that can yield the given
macrostate, and kB is Boltzmann's constant.
It is assumed that each microstate is equally likely, so that the probability of a given microstate
is pi = 1/W.

In information theoretic terms, the information entropy of a system is the amount of "missing"
information needed to determine a microstate, given the macrostate.
In the view of Jaynes, thermodynamic entropy, as explained by statistical mechanics, should
be seen as an application of Shannon's information theory:
The thermodynamic entropy is interpreted as being proportional to the amount of further
Shannon information needed to define the detailed microscopic state of the system, that
remains uncommunicated by a description solely in terms of the macroscopic variables of
classical thermodynamics, with the constant of proportionality being just the Boltzmann
constant.
Adding heat to a system increases its thermodynamic entropy because it increases the number
of possible microscopic states of the system that are consistent with the measurable values of
its macroscopic variables, making any complete state description longer.
Maxwell's demon can (hypothetically) reduce the thermodynamic entropy of a system by using
information about the states of individual molecules.
But, as Landauer and co-workers have shown, to function the demon himself must increase
thermodynamic entropy in the process, by at least the amount of Shannon information he
proposes to first acquire and store; and so the total thermodynamic entropy does not decrease
(which resolves the paradox).
Landauer's principle imposes a lower bound on the amount of heat a computer must generate
to process a given amount of information, though modern computers are far less efficient.

The mass-energy-information equivalence principle
INTRODUCTION AND THEORY (some repetition)
Shannon gave the mathematical formulation of the amount of information extracted from observing the
occurrence of an event in 1948 seminal paper.
Ignoring any particular features of the event, the observer or the observation method, Shannon
developed his theory using an axiomatic(theoretical) approach in which he defined information (I)
extracted from observing an event as a function of the probability (p) of the event to occur or not, I(p).
The second axiomatic property is that the information measure is a continuous positive function of the
probability I(p) ≥ 0.
An event that is certain, i.e., p = 1, gives therefore no information from its occurrence, so I(1) = 0.
Assuming that for n independent events of individual probabilities pi the joint probability p is the
product of their individual probabilities, then the information we get from observing the set of n events
is the sum of the individual event’s information,
I(p) = I(p1 · p2 · ... · pn) = I(p1) + I(p2) + ... + I(pn).
Shannon noted that the only function satisfying these axiomatic properties is a logarithmic function and,
for an event whose probability of occurring is p, the information extracted from observing the event is:

where b is an arbitrary base, which gives the units of information, i.e., for binary bits of information,
b = 2.
Let us assume a set of n independent and distinctive events X = {x1, x2, ..., xn} having a probability
distribution

P = {p1, p2, ..., pn} on X
so that each event xi has a probability of occurring pi = p(xi), where pi ≥ 0 and

X

pi = 1 .

i

According to Shannon, the average information per event, or the number of bits of information per event
one can extract when observing the set of events X once is:

The function H(X) resembles an information entropy function and it is maximum when the events xj
have equal probabilities of occurring, pj = 1/n, so
H(X) = logb n
When observing N sets of events X, or equivalently observing N times the set of events X, the number
of bits of information extracted from the observation is NH(X).
The number of possible states, also known as distinct messages in Shannon’s original formalism, is
equivalent to the number of information bearing microstates, Ω , compatible with the macrostate:

This allows the introduction of an entropy of the information bearing states, using Boltzmann
thermodynamic entropy:

where kb = 1.38064 × 10−23 J/K is the Boltzmann constant.

Let us examine the specific case of digital information, implying b = 2, and two possible distinctive
events/states occurring, so n = 2 and X = {0, 1}.
If we assume no biasing or external work on the system, then the two events/states have equal
probabilities of occurring, so that pj = 1/n = 1/2 and p = {p1, p2} = {1/2, 1/2}, then using (2) it can be
shown that:

The meaning of H(X) = 1 is that 1 bit of information is required to encode one letter message, or
conversely, observing the above event generates 1 bit of information.
Using this result in (4) we obtain the information entropy of one bit S = kb ln (Ω) = kb ln (2).
A computational process creates digital information via some sort of physical process, which obeys
physical laws, including thermodynamics.
Hence, there must be a direct connection between the process of creating, manipulating or erasing
information and thermodynamics.
In 1961, Landauer(I took a class with him at Cornell University Graduate School - strange guy) first
proposed a link between thermodynamics and information by postulating that logical irreversibility
of a computational process implies physical irreversibility.
Since irreversible processes are dissipative, it results that logical irreversibility is also a dissipative
process and, by extrapolation, information is physical.
An example of logical irreversible process is the operation "erase" of a memory device.

A memory device is a distinct finite array of N binary elements, which can hold information without
dissipation.
Let us consider an isolated physical system that works as a digital memory device consisting of an array
of N bits.
Using (3) we can calculate that there are 2N possible microstates and the initial information entropy of
the system is
i
Sinfo
= N kb ln (2)
i
The total entropy of the system consists of the physical entropy, Sphys
related to the non-information
bearing physical states, and the information entropy, characteristic to the information bearing states.

Performing an irreversible logical operation like "erase" brings the system into one of the three
equivalent erased states as exemplified in Figure 1 for an array of 8 bits, also known as a byte.

Figure 1:
(a) Byte in a random recorded memory microstate;
(b) Byte after erase operation resetting all bits to 1 state;
(c) Byte after true erase operation with all bits in neither 0, nor 1 state;
(d) Byte after erase operation resetting all bits to 0 state.

The initial byte in this example is randomly selected as 01101001, which represents the letter "i"
coded binary (Fig. 1a).
The erased state defined by Landauer is in fact a reset operation with all bits in 1 (Fig. 1b) or 0 (Fig.
1d) state, but they are equivalent to a true "erased" state that is neither 0, nor 1 as in Fig. 1c.
An example of true erased state would be an array of bits in a magnetic data storage memory, in which
the erase operation does not imply reset of all bits to identical magnetized state, but total
demagnetization of each bit, so neither 1, nor 0 could be identified in any of the bits.
This implies that the system has only one possible information state, n = 1, so using (2) we get H(X) =
0 and
f
Sinfo (erased) = Sinfo
=0
Hence, the "erase" operation decreases the information entropy of the system,
f
Sinfo = Sinfo

i
Sinfo
=

N kb ln (2)

Since the second law of thermodynamics states that the total entropy change cannot decrease over time,
Stot =

Sphys +

Sinfo

0

then the irreversible computation must reduce the information entropy of the information bearing states
by increasing the entropy of the non-information bearing states via a thermal dissipation of energy,
Q
= Sphys  N kb ln (2)
T
For one bit of information lost irreversibly, then the entropy of the system must increase with an absolute
value of heat released per bit lost,
Q = kb T ln (2)

This is known as Landauer’s principle.
Although the Landauer’s principle has been the matter of some controversy, today the scientific
community widely accepts it.
There are many experimental confirmations of the Landauer’s principle, as well as various theoretical
arguments in its support.
LANDAUERS’S EXTENDED PRINCIPLE
We established that the process of creating information requires
W

kb T ln (2)

work externally applied to modify the physical system and to create a bit of information, while the
process of erasing a bit of information generates
Q  kb T ln (2)

heat energy released to the environment, and this has been already determined and confirmed
experimentally.
However, once a bit of information is created, assuming no external perturbations, it can stay like this
indefinitely without any energy dissipation.
A radical idea is now proposed, where the process of holding information indefinitely without energy
dissipation can be explained by the fact that once a bit of information is created, it acquires a finite
mass, mbit.
This is the equivalent mass of the excess energy created in the process of lowering the information
entropy when a bit of information is erased.

Using the mass-energy equivalence principle, the mass of a bit of information is:
mbit

kb T ln (2)
=
c2

where c is the speed of light and T is temperature at which the bit of information is stored.
Having the information content stored in a physical mass allows holding the information without energy
dissipation indefinitely.
Erasing the information requires input external work and the mass mbit is converted back into
energy/heat.
The implications of this rationale are that the equivalence mass-energy principle inferred from the
special relativity can be extrapolated to the mass-energy-information equivalence principle as depicted in
Figure 2, which essentially represents an extension of the original Landauer’s principle.

Figure 2:
Diagrammatic representation of the
mass-energy-information equivalence.

Furthermore, the information depends on the temperature at which the information bit exists.
From (6), mbit = 0 at T = 0K, so as expected, no information can exist at zero absolute.
Using relation (6) at room temperature (T = 300K), the estimated mass of a bit is ∼ 3.19 × 10−38 kg.
Note that
electron mass = 9.109 x 10-31 kg
neutrino mass < 2.14 x 10-37 kg
photon mass < 10-40 kg - but theoretically = 0
It is important to point out that external work or forces applied to any kind of digital bits of information,
could result in perturbations of the memory states and even self-erasure.
In this discussion, we restrict the approach to digital memory states at equilibrium, at a given
temperature.
Any deviations from these conditions are permitted, assuming that the system is maintained at
equilibrium.
If this is condition is broken, then memory self-erasure could occur and the mass of a bit is dissipated
back into heat energy, proportional to the temperature at which this perturbation occurs.
To understand this concept, let us imagine a balance as a memory device, Figure 3

Figure 3:
Energy cycle of the digital bit creation and
erasure indicating the energies transferred in the
process and the equivalent concept in terms of a
mechanical balance as a memory device.
The bit holds information without energy
dissipation because the abstract digital bit has a
finite mass.

When the balance has no left or right tilt, i.e., it is fully balanced, the device is in erased memory state
storing no information.
By convention, when it tilts to the left, the device is in memory state "1", and when it tilts to the right is
in memory state "0".
The balance will tilt only when some mechanical work is performed against it, and it will always revert
to erased state when the perturbing force is cancelled.
In order to make the device to hold a bit of information, a permanent force/work must be present.
However, digital information requires an initial input energy to create a bit, but then this is stored
indefinitely without energy dissipation.
The equivalent of this process in terms of our thought balance memory device experiment is when
external work is performed to place an object of finite mass on the left or right side of the balance.

This is the "write" process of the memory.
However, having the mass present allows a digital "1" or "0" state to be maintained indefinitely without
energy dissipation.
The memory erase process is equivalent to external work done to remove the mass from the balance.
In this process the mass is converted back into heat, as described in the Landauer principle and
confirmed experimentally (Figure 3).
The balance memory device thought experiment described in Figure 3, also shows the energy cycles
corresponding to transitions from erased state to a "1" or "0" bit of information states and back from a
bit of information to erased state.
Minimum energy input or output is required to transition a bit in or out of erased state.
However, once a bit of information is created, transitions from "1" or "0" and vice versa can take place
without dissipation associated to his process.
This is equivalent to moving the mass from the left of the balance to the right, directly without going
through the erased state.
The mass-energy-information equivalence principle proposed here is strictly applicable only to classical
digital memory states at equilibrium.
Information carried by relativistic media, moving waves or photons require a quantum relativistic
information theory approach and it is outside the applicability framework of this discussion.

PROPOSED EXPERIMENT
In what follows, we propose a simple experiment capable of testing this theory by physically measuring
the mass of digital information.
This consists of an ultra accurate mass measurement of a digital data storage device, when all its memory
bits are in fully erased state.
This is then followed by the operation of recording digital data on all of its memory bits until is at full
capacity, followed by another accurate mass measurement.
If the proposed mass-energy-information equivalence principle is correct, then the data storage device
should be heavier when information is stored on it than when it is in fully erased state.
One could easily estimate the mass difference, ∆m in this experiment.
Let us assume a memory device of 1Tb storage capacity, then the total number of memory bits is 1012
bytes = 8 × 1012 bits, as 1 byte = 8 bits.
Hence the predicted mass change in this experiment is ∆m = 2.5 × 10−25 Kg.
The proposed experiment is simple in terms of physical complexity, but very challenging overall as the
success depends on one’s ability to measure accurately mass changes in the order of ∼ 10−25 Kg.
The required measurement sensitivity could be reduced by a factor f if the amount of data storage under
test is increased from 1Tb to f × 1Tb.
Since the measurement is in fact not the absolute mass, but rather the mass change ∆m, one measurement
option would be a sensitive interferometer similar to the Laser Interferometer Gravitational-Wave
Observatory (LIGO), although smaller sizes and sensitivities would be probably sufficient for the
proposed measurement.

CONCLUSION
In this discussion the Landauer’s principle was extrapolated to the mass-energy-information equivalence
principle by providing viable arguments that the physical nature of digital information requires a bit of
information to have a very small, non-zero mass.
This is a very abstract concept with some speculative aspects, but it has the virtue of being verifiable in a
laboratory environment and a possible experiment to validate the proposed idea is described.
The experiment is achievable and, a successful test would offer a direct experimental confirmation of the
mass-energy-information equivalence principle with far reaching implications in physics, cosmology, big
data, computation and technologies.
Within the digital Universe concept, all the baryonic matter has an associated information content.
The estimated mass of a bit of information at T=2.73K is mbit = 2.91 × 10−40 Kg
Assuming that all the missing dark matter is in fact information mass, the initial estimates indicate that
∼ 1091 bits would be sufficient to explain all the missing dark matter in the visible Universe.
Remarkably, this number is reasonably close to another estimate of the Universe information bit content
of ∼ 1090 given in 2017.
In fact, one could argue that information is a distinct form of matter, or the 5th state, along the other four
observable solid, liquid, gas, and plasma states of matter.
Now to connect all this discussion to replacing dark matter

Kepler’s forgotten ideas about symmetry help to explain spiral galaxies
without the need for dark matter
The 17th-century astronomer Johannes Kepler was the first to muse about the structure of snowflakes.
Why are they so symmetrical?
How does one side know how long the opposite side has grown?
Kepler thought it was all down to what we would now call a “morphogenic field”
that things want to have the form they have,
i.e., morphogenic fields work by imposing patterns
on otherwise random or indeterminate patterns of activity.
Science has since generally discounted this idea over the intervening years to the present.
But the question of why snowflakes and similar structures are so symmetrical is nevertheless not entirely
understood.
Modern science shows just how fundamental the question is: look at all the spiral galaxies out there.
They can be half a million light years across, but they still preserve their symmetry.
How?
Let us now attempt to present an explanation.
It turns out that information and “entropy”- a measure of the disorder of a system - are linked together in
a way exactly analogous to electric and magnetic fields in “electromagnetism”.

Electric currents produce magnetic fields, while changing magnetic fields produce electric currents.
Information and entropy influence each other in the same way.
Entropy is a fundamental concept in physics.
For example, because entropy can never decrease (disorder always increases) you can turn an egg into
scrambled eggs but not the other way around.
If you move information around you must also increase entropy -> a phone call has an entropy cost.
Mathematical physicists have shown that entropy and information can be treated as a field, like the
electromagnetic field, and that their properties are related by geometry.
Think of the two strands of the DNA double helix(discovered by Rosalind Franklin, who should have
gotten the Nobel Prize - NOT Watson and Crick) winding around each other.
Light waves have the same structure, where the two strands are the electric and magnetic fields.
It has been shown mathematically that the relationship between information and entropy can be
visualized using the same geometry. An astounding result!
Do these ideas predict things in the real world and therefore allow one to calculate how much energy
you would need to convert one form of DNA to another?
DNA is after all a spiral and a form of information.
This was actually done in extraordinarily precise measurements some 16 years ago.

The researchers pulled a DNA
molecule straight (DNA likes to
curl up), and twisted it 4,800
turns while holding the ends
with optical tweezers.
The DNA flipped from one form
to another, as in the picture.
The researchers could then
calculate the energy difference
between the two forms.
But these ideas should be able to calculate this energy difference, too.
The entropy of each of the two versions of this DNA molecule is known, and the energy is simply the
product of entropy and temperature.
The result of the calculation is exactly right — the ideas seemed to hold up!!
From tiny to enormous
Spiral galaxies are double spirals just as DNA is a double helix - mathematically speaking they have
similar geometries.
See figure 2.

These ideas shows directly why the two arms of the spiral galaxies are symmetrical - it is because
info-entropy fields give rise to forces (like other fields).
The stars in the galaxy are simply choreographed by an entropic force to line up into a pair of such
spirals to maximize entropy.
Now to see some real numbers, too.
One can calculate the mass of the galaxy using these information-entropy ideas.
One knows how heavy the Milky Way appears to be from how fast the stars move near the galactic edge
q
vedge = GMinside /redge
- it gives a value of about 1.3 trillion sun masses.

Strangely, this is actually much more than the mass of all the visible stars in the galaxy.
To be able to explain this discrepancy and account for why stars move so much faster than expected,
astronomers came up with the idea of “dark matter”-unseen mass lurking in the galaxy, increasing its
gravitational pull on the stars and seemingly making up for the deficiency of normal mass.
One needs to know the entropy of the galaxy to do calculations.
Luckily, the mathematical physicist Roger Penrose showed that this entropy is dominated by the entropy
of its central super-massive black hole.
The mass of this black hole is known(4.3 million sun masses).
And amazingly, when one knows the mass of a black hole, there is an equation, discovered by the late
physicist Stephen Hawking, that calculates its entropy, as we saw earlier.
Hawking also discovered how to calculate the “temperature” at its surface, or “event horizon”.
If one can assign a “temperature” to the black hole event horizon-which has no stuff in it to have a
temperature - why not also assign a temperature to a galaxy?
So one uses the info-entropy equations to calculate the galaxy’s temperature.
Then it gets easy.
It is known that the galactic energy is given by the product of its entropy and temperature.
And when one knows the energy one can find out the mass thanks to Einstein’s famous equation:
E = mc2

This time the result was not exactly spot on, but it was reasonably close given the highly simplified
model of the galaxy in use.
The info-entropic geometry of a galaxy not only explains how entropic forces create the beautifully
symmetric shape and keep it, but also accounts for all the mass that appears to be evident in it.
This seems to mean that one does not actually need dark matter after all.
According to the info-entropy model, the galactic entropy gives rise to such a large quantity of
additional energy that it modifies the observed dynamics of the galaxy - making stars at the edge move
faster than expected.
This is exactly what dark matter was meant to explain.
The energy isn’t directly observable as mass, but its presence is certainly supported by the astronomical
observations - possibly explaining why dark matter searches have so far found nothing.

The info-entropic theory suggests an alternative explanation of the observations, and needs no new
physics.

Of course, more detailed work is needed to verify that the true complexity of the observations can also
be modelled successfully.
We think it is possible that the “morphogenic field” Kepler was seeking really does exist, and is actually
the effect of the intertwining of information and entropy.
After four long centuries, it seems Kepler has finally been vindicated.

Quantized Inertia and Galaxy Rotation from Information Theory
Introduction
Many astrophysical observations show that stars at the outer edges of galaxies orbit far too fast to be
gravitationally bound to the galaxy and an identical phenomenon is observed for globular clusters and
wide binaries.
In galaxies and galaxy clusters this has been typically corrected ad hoc by adding dark matter, whose
arbitrariness is unsatisfactory.
It should be noted that dark matter is also widely used to model the big bang cosmology, baryon acoustic
oscillations and other observations.
These large scale phenomena can be explained by a theory called quantized inertia as we have discussed.
When an object accelerates, say, to the right, a so-called Rindler horizon appears to its left as
information, limited to the speed of light, cannot catch up to the object from beyond that horizon.
In the same way that black holes are assumed to radiate Hawking radiation, these horizons radiate Unruh
radiation.
Quantized inertia says that the inertial force on an object arises because this Rindler horizon damps
(reduces) the excited zero point field (Unruh radiation) on the side of the object opposite to its
acceleration vector, creating an Unruh radiation imbalance which pushes it back against its original
acceleration.
The modified inertia mʹ is given by

where m is the unmodified mass, c is the speed of light, a is the acceleration and Θ = 8.8 × 1026m is the
cosmic scale.
Eq. 1 successfully predicts galaxy rotations and wide binary orbits without any dark matter and without
any adjustment.
We saw earlier how the photons gain inertia?
An alternative approach may be possible using information theory.
As we saw earlier ………
Landauer pointed out that when computer memory is erased, for example the binary number 101011 is
reset to be 000000, then this represents a real, and hitherto ignored, reduction of the entropy of the
internal device.
Entropy cannot decrease, by the second law of thermodynamics, and so this erasure of information must
be accompanied by a release of thermal energy to ensure a global entropy increase.
Landauer’s principle was used to model dark energy where it was argued that the deletion of space as the
cosmic horizon expands releases the required energy.
It has been argued that if mass is associated with bits in computer systems then changes in mass might be
detectable when data is erased which would re-emphasize Landauer’s point that information should be
physical, and not stored on abstract horizons.
We now present a successful derivation of quantized inertia from Landauer’s principle, building on
earlier work but assuming that information is not stored in the abstract horizon but is stored in the space
between the object and the horizon it sees.

Method
According to Landauer’s principle the mass-energy released (dE) from the deletion of one bit of
information can be given by

For N bits we have an energy content of

Figure 1 shows an object extended along the
y (vertical axis) (the dashed vertical line on
the left) and accelerating to the left (see
arrow).
The cosmic horizon seen by the object before
it accelerated is shown by the vertical line on
the right.
The closer horizon seen after its acceleration
‘a’ is shown by the vertical line in the center.
Here, we only have to consider changes to
the horizon on the right since the horizon on
the left, in the direction of acceleration, is
unchanged by the acceleration.

Figure 1. Schematic of an object (thick dashed line on the left)
that initially sees the cosmic horizon and many bits of space.
When it accelerates to the left (arrow) it sees a much closer
Rindler horizon (middle vertical line) and some spatial bits are
erased. To ensure entropy increases, energy is released to
oppose the acceleration: exactly the amount required for
quantized inertia.

Now, there is a difference in energy available to the object because the horizon it sees has moved closer,
so the number of bits stored in the space it can see has decreased from N1 to N2 and this has destroyed
some information and entropy.
To satisfy the second law of thermodynamics, it must release energy dE

The number of bits stored in the space, the number N, is calculated as the number of Planck lengths to
the horizon (the minimum observable distance in nature so the minimum distance that can contain
information).
The number of bits to the cosmic horizon is

and for the new, smaller Rindler horizon we get

Substituting Eqs. 5 and 6 into Eq. 4, and using m = E/c2 we get

Assuming the energy is thermalized E = kT and E = mc2 so

M is the predicted mass for the extended object, which has a length of Θ/2lP Planck lengths.
For a particle with a width of one Planck length, we divide by this quantity and get the mass mʹ

This is the formula for mass in quantized inertia, which explains galaxy rotation without dark matter.
Discussion
This model implies that the energy required to provide the phenomenon known as inertia, a push-back
against acceleration, comes from the destruction of information as space is hidden by horizons upon
higher accelerations.
As shown here, the energy released is exactly that required to predict standard inertial mass plus the
slight deviation from it that enables quantized inertia to predict galaxy rotation without dark matter.
The derivation is simple and elegant.
Conclusion
Quantized inertia correctly predicts galaxy rotations without dark matter or adjustment.
It is shown here that quantized inertia can be derived from information theory by assuming that bits of
information are stored in space and are erased, releasing energy, when information horizons form upon
acceleration.

Introduction —Superfluid dark matter gets seriously into business
If we are to believe the LCDM standard model, then most matter in the universe isn’t like the stuff we
are made of.
Instead, it’s a thinly distributed, cold, medium which rarely interacts both with itself and with other kinds
of matter.
It also doesn’t emit light, which is why physicists refer to it as “dark matter.”
A recently proposed idea, according to which dark matter may be part of a superfluid, has now become
more concrete.
Astrophysicists invented dark matter because a whole bunch of observations of the cosmos do not fit
with Einstein’s theory of general relativity.
According to general relativity, matter curves space-time and, in return, the curvature dictates the motion
of matter.
Problem is, if you calculate the response of space-time to all the matter we know, then the observed
motions doesn’t fit the prediction from the calculation, assuming that GR is correct.
This problem exists for galactic rotation curves, velocity distributions in galaxy clusters, for the
properties of the cosmic microwave background, for galactic structure formation, gravitational lensing,
and probably some more that I’ve forgotten or never heard about in the first place.

But dark matter is only one way to explain the observation.
We measure the amount of matter and we observe its motion, but the two pieces of information don’t
match up with the equations of general relativity.
One way to fix this mismatch is to invent dark matter.
The other way to fix this is to change the equations or maybe information effect of some kind.
This “changing equations” option has become known as “modified gravity.”
There are many types of modified gravity and most of them work badly.
That’s because it’s easy to break general relativity and produce a mess that’s badly inconsistent with the
high-precision tests of gravity that we have already done within our solar system.
However, it has been known since the 1980s that some types of modified gravity explain observations
that dark matter does not explain.
For example, the effects of dark matter in galaxies become relevant not at a certain distance from the
galactic center, but below a certain acceleration.
Even more perplexing, this threshold of acceleration is related to the cosmological constant.
a ≈ 10−10 m s−2 ∼ Λ1/2

or

a ≈ cH0/2 𝝅

Both of these features are difficult to account for with dark matter.

Wow!

Astrophysicists have also established a relation between the brightness of certain galaxies and the
velocities of their outermost stars.
Named “Baryonic Tully Fisher Relation” after its discoverers, it is also difficult to explain with dark
matter.
On the other hand, modified gravity works badly in other cases, notably in the early universe where dark
matter is necessary to get the cosmic microwave background right, and to set up structure formation so
that the result agrees with what we see.

Dark matter works by adding particles to the standard model of particle physics.
Modified gravity works by adding fields to general relativity.
But particles are fields and fields are particles.
And in both cases, the structure of the laws remains the same.
Sure, it would be great to settle just exactly what it is, but so what if there’s one more particle or field.
New research then appeared: Fluid analogies for gravity.

Turns out that certain kinds of fluids can mimic curved space-time, so that perturbations (say, density
fluctuations) in the fluid travel just like they would travel under the influence of gravity.
The fluids under consideration here are usually superfluid condensates with an (almost) vanishing
viscosity.

The funny thing is now that if you look at the mathematical description of some of these fluids, they look
just like the extra fields you need for modified gravity!
So maybe, then, modified gravity is really a type of matter in the end?
I learned about this amazing link three years ago from a paper by Lasha Berezhiani and Justin Khoury.
They have a type of dark matter which can condense (like vapor on glass, if you want a visual aid) if a
gravitational potential is deep(strong) enough.
This condensation happens within galaxies, but not in interstellar space because the potential isn’t deep
enough.
The effect that we assign to dark matter, then, comes partly from the gravitational pull of the fluid and
partly from the actual interaction with the fluid.
If the dark matter is superfluid, it has long range correlations that give rise to the observed regularities
like the Tully-Fisher relation and the trends in rotation curves.

In galaxy clusters, on the other hand, the average density of (normal) matter is much lower and most of
the dark matter is not in the superfluid phase.
It then behaves just like normal dark matter.
The main reason I find this idea convincing is that it explains why some observations are easier to
account for with dark matter and others with modified gravity:
It’s because dark matter has phase transitions!
It behaves differently at different temperatures and densities.
In solar systems, for example, the density of (normal) matter is strongly peaked and the gradient of the
gravitational field near a sun is much larger than in a galaxy on the average.
In this case, the coherence in the dark matter fluid is destroyed, which is why we do not observe effects
of modified gravity in our solar system.
And in the early universe, the temperature is too high and dark matter just behaves like a normal fluid.
In 2015, the idea with the superfluid dark matter was still lacking details. But two months ago, Khoury
and his collaborators came out with a new paper that fills in some of the missing pieces.
Their new calculations take into account that in general the dark matter will be a mixture of superfluid
and normal fluid, and both phases will make a contribution to the gravitational pull.

Just what the composition is depends on the gravitational potential (caused by all types of matter) and
the equation of state of the superfluid.
In the new paper, the authors parameterize the general effects and then constrain the parameters so that
they fit observations.
Yes, there are new parameters, but not many.
They claim that the model can account for all the achievements of normal particle dark matter, plus the
benefits of modified gravity on top.
And while this approach very much looks like modified gravity in the superfluid phase, it is immune to
the constraint from the measurement of gravitational waves with an optical counterpart.
That is because both gravitational waves and photons couple the same way to the additional stuff and
hence should arrive at the same time – as observed.
It seems to me, however, that in the superfluid model one would in general get a different dark matter
density if one reconstructs it from gravitational lensing than if one reconstructs it from kinetic
measurements.
That is because the additional interaction with the superfluid is felt only by the baryons.
Indeed, this discrepancy could be used to test whether the idea is correct.

Khoury et al don’t discuss the possible origin of the fluid, but I like the interpretation put forward by
Erik Verlinde.
According to Verlinde, the extra-fields which give rise to the effects of dark matter are really low-energy
relics of the quantum behavior of space-time.
I will admit that this link is presently somewhat loose, but I am hopeful that it will become tighter in the
next few years.
If so, this would mean that dark matter might be the key to unlocking the – still secret – quantum nature
of gravity.
I consider this one of the most interesting developments in the foundations of physics I have seen in my
lifetime.
Superfluid dark matter is without doubt a pretty cool idea.

Some Ideas about the Theory of Dark Matter Superfluidity
Introduction
The most clear-cut evidence for dark matter (DM) comes from observations on the largest scales.
The standard Λ-Cold-Dark-Matter (ΛCDM) model, in which DM consists of collisionless particles,
does exquisitely well at fitting the background expansion history, the detailed shape of microwave
background and matter power spectra, as well as the abundance and mass function of galaxy clusters.
On smaller scales, however, the situation is murkier as we have seen.
As simulations and observations of galaxies have improved, a number of challenges have emerged for
the CDM paradigm.
For starters, galaxies in our universe are observed to be remarkably regular, a fact embodied by various
empirical scaling relations.
The most striking example is the Baryonic Tully Fisher Relation (BTFR), which relates the baryonic
mass Mb to the asymptotic circular velocity vc:

The BTFR extends the old Tully-Fisher relation, relating the optical luminosity to velocity as L ∼ v4c.
Since the mass-to-light ratio is not constant among different types of galaxies, the inferred slope and
scatter end up depending on the choice of band filter.
Replacing luminosity by total baryonic mass (i.e., stars and gas) reduces the scatter and extends the
validity the scaling relation over many decades in mass.

Figure 1, reproduced from, shows excellent agreement with
remarkably little scatter in the high-mass end comprised of
star-dominated (dark blue circles) and gas-dominated disc
galaxies (light blue circles).
On the theory side, the standard collapse model predicts a
scaling between the total mass (dark plus baryonic) and circular
velocity at the virial radius: Mvir ∼ v3vir .
Despite the different slope, this is not a priori inconsistent with
(1) since the translation from virial parameters to observables
can be mass-dependent.
However, the real challenge for ΛCDM lies in explaining the
remarkably small level of scatter around this slope in the
high-mass end, as shown in Fig. 1.
How can baryonic feedback processes, which are inherently
stochastic(random), result in such a tight correlation across
different galaxy types?
Figure 1: The Baryonic-Tully-FisherRelation (BTFR). The dark blue points are
star-dominated galaxies; the light blue circles
are gas-dominated. The dashed line has a
slope of 3, corresponding to the ΛCDM
prediction. The dotted line has slope 4, in
good agreement with the data.

Indeed, recent hydrodynamical simulations show considerably
larger scatter than observations
Another set of challenges comes from dwarf satellite galaxies in
the Local Group.
Dwarf satellites are highly DM-dominated objects and thus
well-suited to detailed tests of DM microphysics.

As the old “missing satellite” problem has gradually been alleviated through the discovery of ultra-faint
dwarfs, new sharper problems have emerged.
Recent attempts at matching the populations of simulated subhaloes and observed Milky Way dwarf
galaxies have revealed a “too big to fail” problem:
the most massive dark halos are too dense to host the brightest Milky Way satellites.
Even more puzzling is the fact that the majority of the Milky Way and Andromeda (M31) satellites lie
within vast planar structures and are co-rotating within these planes.
This is puzzling for ΛCDM, though mechanisms have been proposed
Another puzzle comes from tidal dwarfs — “recycled” galaxies that form in the tidal material created by
merging spirals.
While standard theory tells us that tidal dwarfs should be devoid of dark matter, recent observations of
three such objects around NGC5291 have revealed a dynamical mass discrepancy of about 2-3 times the
visible mass.
A standard explanation is that the missing matter is in the form of cold baryonic gas, however this seems
unlikely given their flat rotation curves and the remarkable consistency with the BTFR.
One should be wary of drawing definitive conclusions from a few objects, but a larger sample of tidal
dwarfs will reduce uncertainties and can provide a critical test of ΛCDM.

MOND: successes, challenges and failures
A radical alternative is MOdified Newtonian Dynamics (MOND), which proposes to replace DM with a
modification of the Newtonian force law.
The force law is standard at large acceleration (a ≃ aN for aN ≫ a0) but modified at low acceleration

This empirical force law has been remarkably successful at explaining a wide range of galactic
phenomena.
For spiral galaxies, it predicts asymptotically flat rotation curves and provides an excellent fit to detailed
rotation curves.
The critical acceleration a0 is the only free parameter (apart from the O(1) mass-to-light ratio for each
galaxy), with the best-fit value intriguingly of order the present Hubble parameter:

The BTFR is an exact consequence of this force law — deep in the MOND regime
a test particle will orbit an isolated spherically-symmetric source according to
and hence
The vast planar structures seen around the MW and Andromeda also find a plausible explanation in
MOND, as the result of tidal stripping during a fly-by encounter between these galaxies.

With the MOND force law, this encounter has been estimated to have occurred ∼ 10 Gyr ago, with < 55
kpc closest approach distance.
Unlike in ΛCDM, where galaxies are surrounded by extended DM halos and dynamical friction would
cause a rapid merger, in MOND there is only stellar dynamical friction and a merger can be avoided.
MOND predicts that tidal dwarf galaxies should have flat rotation curves and fall on the BTFR,
consistent with the NGC5291 dwarfs.
On the flip side, dwarf satellites, particularly the MW dwarf spheroidals, have long posed a challenge for
MOND.
Five of the classical dwarfs are consistent with the BTFR, but two (Draco and Ursa Minor) fall below it.
Nearly all the ultra-faint dwarfs lie systematically below the BTFR.
However, the derivation of the BTFR in MOND assumes dynamical equilibrium, whereas the discrepant
dwarfs may be undergoing tidal disruption.
Moreover, velocity estimates for these objects are complicated by interlopers.
On the other hand, MOND does an excellent job at explaining the observed velocity dispersions in
Andromeda’s dwarf satellites.
Finally, globular clusters also pose a challenge for MOND.
MOND faces much more severe challenges on extra-galactic scales.
To reproduce the observed temperature profile of galaxy clusters, one must invoke some form of dark
matter, either as massive neutrinos and/or cold dense gas clouds.

Relativistic versions of MOND, such as the Tensor-Vector-Scalar (TeVeS) theory and other related
proposals, cannot match the CMB power spectrum.
Without a significant dark matter component, the baryonic oscillations in the matter power spectrum tend
to be far too pronounced.
Finally, numerical simulations of MONDian gravity with massive neutrinos fail to reproduce the
observed cluster mass function.
DM-MOND hybrids
What we have learned is that MOND and CDM are each successful in almost mutually exclusive
regimes.
The ΛCDM model successfully explains the expansion and linear growth histories, as well as the
abundance of clusters, but faces a number of challenges on galactic scales.
MOND does very well overall at explaining the observed properties of galaxies, in particular the
empirical scaling relations, but it seems highly improbable that it can ever be made consistent with the
detailed shape of the CMB and matter power spectra.
This has led various people to propose hybrid models that include both DM and MOND phenomena.
For instance, one of us recently proposed such a hybrid model, involving two scalar fields: one scalar
field acts as DM, the other mediates a MOND-like force law.
This model enjoys a number of advantages compared to TeVeS and other relativistic MOND theories.
For starters, it only requires two scalar fields, as opposed to the scalar and vector fields of TeVeS.

Secondly, unlike TeVeS, its predictions on cosmological scales are consistent with observations, thanks
to the DM scalar field.
Finally, the model offers a better fit to the temperature profile of galaxy clusters.
The improved consistency with data does come at the price of having two a priori distinct components
— a DM-like component and a modified-gravity component.
It would be much more compelling if these two components somehow had a common origin.
Furthermore, the theory must be adjusted such as to avoid co-existence of DM-like and MOND-like
behavior.
This requires that the parameters of the theory be mildly scale or mass dependent, which adds another
layer of complexity.
Unified approach: MOND phenomenon from DM superfluidity
In this discussion, one proposes a unified framework for the DM and MOND phenomena.
The DM and MOND components have a common origin, representing different phases of a single
underlying substance.
This is achieved through the rich and well-studied physics of superfluidity.
There are two central ideas underlying this work.
The first idea is quite general, namely that DM forms a superfluid inside galaxies with a coherence length
(see below) of order the size of galaxies.

Background
A standard superfluid is the unusual properties of liquid helium when it is cooled below 2.18
K(-270.97 Co, called the Lambda point. Experiments show that in the state of helium call
Helium II, there is an enormous rise in heat conductivity and other properties.
With a normal fluid (water) it takes time for heat to travel
within a heated container —> bottom hotter than top. With
a superfluid, the heat is conducted almost instantly to all
points in container
In order to account for this behavior, “two-fluid” model,
proposed by Lazlo Tisza, describes He II as a mixture of
normal helium and superfluid helium.
The normal component = helium atoms in excited states while superfluid component = all
atoms in ground state. As temperature continues to go lower after passing Lambda point, it
becomes more superfluid. The superfluid component is able to move through a contain with
no friction, thereby explaining most of the unusual behaviors.
Normal fluid is flowing with V1 when resistance placed
in path —> V2 < V1
Superfluid moves at same rate regardless of
resistance —> V2 = V1

Spatial coherence is a measure of the correlation between the phases of a light wave at different points
transverse to the direction of propagation.
Spatial coherence tells us how uniform the phase of the wave front is.
Coherence length is the space over which a wave is 'nicely' sinusoidal.
As we will see, the phenomenon of DM superfluidity is quite generic if the DM particle is sufficiently
light and has sufficiently strong self-interaction.
Specifically, as a back-of-the-envelope calculation, we can estimate the condition for the onset of
superfluidity by ignoring interactions among DM particles.
With this simplifying approximation, the requirement for superfluidity amounts to demanding that the
de Broglie wavelength
of DM particles should overlap.
Using the typical velocity v and density of DM particles in galaxies, this translates into an upper bound
m < 2 eV on the DM particle mass.
Another requirement for Bose-Einstein condensate is that DM thermalize within galaxies.
We assume that DM particles interact through contact repulsive interactions.
Demanding that the interaction rate be larger than the galactic dynamical time places a lower bound on
some parameters which seems to fit well with values from galaxy cluster mergers, though all such
constraints must be carefully reanalyzed in the superfluid context

Again ignoring interactions, the critical temperature for DM superfluidity is Tc ∼ mK, which intriguingly
is comparable to known critical temperatures for cold atom gases, e.g., Li atoms have Tc ≃ 0.2 mK.
We will see that cold atoms provide more than just a useful analogy — in many ways, our DM
component behaves exactly like cold atoms.
In cold atom experiments, atoms are trapped using magnetic fields; in our case, it is gravity that attracts
DM particles in galaxies.
The superfluid nature of DM dramatically changes its macroscopic behavior in galaxies.
Instead of behaving as individual collisionless particles, the DM is more aptly described as collective
excitations, which at low energy are just phonons(definite discrete unit or quantum of vibrational
mechanical energy).
In the non-relativistic regime and at lowest order in derivatives, it is well-known that superfluid phonons
are in general described by a scalar field θ governed by the effective field theory (EFT) - I have to
include some mathematical details at this stage - but you only need to follow the words:

where Φ is the gravitational potential.
In particular, the type of superfluid, i.e., its equation of state, is uniquely encoded in the choice of P.
Once we take seriously the idea that DM is a superfluid, the only question is — what kind of superfluid?
The second central idea underlying this work is that DM phonons are described by the non-relativistic
MOND scalar action,

where Λ ∼ meV to reproduce the MOND critical acceleration.
This choice corresponds to a particular superfluid, with P ∼ ρ3.
To mediate a MONDian force between ordinary matter, the phonon must couple to the baryon density:

From a particle physics standpoint, such a coupling is fairly innocuous — it represents a soft explicit
breaking of a global U(1) symmetry.
In the superfluid interpretation, however, where θ is the phase of a wavefunction, this coupling picks out
a preferred phase, which seems unphysical.
One possibility is that (6) follows from baryons coupling to the vortex sector of the superfluid. This
would give rise to a cos θρb operator, thereby breaking the continuous shift symmetry down to a discrete
subgroup.
When expanded around the state at finite chemical potential θ = μt, such operators would give (6) to
leading order, albeit with an oscillatory prefactor.
Thus, through (5) and (6), phonons play a key role by mediating a long-range force between ordinary
matter particles.
As a result, a test particle orbiting the galaxy is subject to two forces: the (Newtonian) gravitational force
and the phonon-mediated force.
Our postulate is that the phonon-mediated force is MONDian, such that the DM superfluid reproduces
the empirical success of MOND in galaxies.

The fractional 3/2 power would be strange if (5) described a fundamental scalar field.
As a theory of phonons, however, it is not uncommon to see fractional powers in cold atom systems.
For instance, the Unitary Fermi Gas (UFG), which has generated much excitement recently in the cold
atom community, describes a gas of cold fermionic atoms tuned such that their scattering length
diverges.
The effective action for the UFG superfluid is uniquely fixed by 4d scale invariance at lowest-order in
derivatives,
which is also non-analytic.
A hint on the nature of our condensate can be inferred from the (grand canonical) equation of state P(μ),
obtained by working at finite chemical potential
Using standard thermodynamics, this implies a polytropic equation of state:
We can compare this to the viral expansion
,
where the ρ term describes an ideal gas, the ρ2 term describes 2-body interactions, the ρ3 term 3-body
interactions, etc.
The P ∼ ρ3 dependence in our case suggests that DM particles have negligible 2-body interactions and
interact primarily through 3-body processes.
It would be very interesting to find explicit examples of such superfluids in Nature and study in more
detail their microphysical interactions.

As is familiar from liquid helium, a superfluid at finite temperature (but below the critical temperature) is
best described phenomenologically as a mixture of two fluids: i) the superfluid, which by definition has
vanishing viscosity and carries no entropy; ii) the “normal” component, comprised of massive particles,
which is viscous and carries entropy.
The fraction of particles in the condensate decreases with increasing temperature.
Thus our framework naturally distinguishes between galaxies (where MOND is successful) and galaxy
clusters (where MOND is not).
Galaxy clusters have a higher velocity dispersion and correspondingly higher DM temperature.
For m ∼ eV one finds that galaxies are almost entirely condensed, whereas galaxy clusters are either in a
mixed phase or entirely in the normal phase.
Assuming hydrostatic equilibrium with P ∼ ρ3, the resulting DM halo density profile is cored, not
surprisingly, and therefore avoids the so-called “cusp problem” of CDM.
Remarkably, for our parameter values (m ∼ eV, Λ ∼ meV) the size of the condensate halo is ∼ 100 kpc
for a galaxy of Milky-Way mass.
In the inner region of galaxies where rotation curves are probed, the DM condensate has a negligible
effect on baryonic particles, and their motion is dominated by the phonon-mediated MOND force.
In the outer region probed by gravitational lensing, the DM condensate gives the dominant contribution
to the force on a test particle.

In the vicinity of individual stars the phonon effective theory breaks down and the correct description is
in terms of normal DM particles.
This is good news.
First, it is well- known that the MONDian acceleration, while giving a small correction to Newtonian
gravity in the solar system, is typically too large to conform to planetary orbital constraints.
This usually requires introducing additional complications to the theory.
In our case, the MONDian behavior is avoided entirely in the solar system, as DM behaves as ordinary
particles.
The superfluid interpretation has a number of observational consequences, which can potentially
distinguish this scenario from ordinary MOND and ΛCDM.
We mention a few here:

• As is well-known, a superfluid cannot rotate uniformly; when spun faster than a critical velocity, the
superfluid instead develops localized vortices. The typical angular momentum of galactic haloes is
well above the critical velocity, giving rise to an array of DM vortices permeating the galactic disc.
Unfortunately these have negligible energy density, so their detection through gravitational lensing
may prove challenging. Substructure lensing may soon be possible with the Atacama Large
Millimeter Array.

• A key difference with ΛCDM is the merger rate of galaxies. Applying Landau’s criterion for
superfluidity, we find two possible outcomes depending on the infall velocity. If the infall velocity is
less than the phonon sound speed, then the galactic condensate halos will pass through each other
with negligible dissipation. In this case the merger time scale will be much longer than in ΛCDM
and involve multiple encounters, as dynamical friction between the superfluid halos will be
negligible. If the infall velocity is greater than the sound speed, the encounter will drive halos out of
equilibrium and excite DM particles out of the condensate. In this case dynamical friction will lead
to a rapid halo merger, as in ΛCDM, and after some time the merged halo will thermalize and
condense back to the superfluid ground state.

• The story is even richer for merging galaxy clusters, such as the Bullet Cluster. Here the outcome not
only depends on the infall velocity, but also on the relative fraction of superfluid vs normal
components in the clusters. If the infall velocity is sub-sonic, the superfluid components should once
again pass through each other with negligible friction, however the normal components should be
slowed down due to the significant self-interaction cross section. In general, we therefore expect that
lensing maps of bullet-like systems should display two features: i) mass peaks coincident with the
cluster galaxies, due to the (non- interacting) superfluid cores; ii) another mass peak coincident with
the X-ray luminosity peak, due to the (interacting) normal components. Remarkably, this picture is
consistent with the lensing map of the Abell 520 (MS0451+02) merging system [109–112]. The
Bullet Cluster is also consistent with this picture if the sub-cluster (the “bullet”) is predominantly
superfluid.

The idea of a Bose-Einstein DM condensate (BEC) in galaxies has been studied before.
There are important differences with the present discussion.
In BEC DM galactic dynamics are caused by the condensate density profile, similar to what happens in
CDM, with phonons being irrelevant.
In our case, phonons play a key role in generating flat rotation curves and explaining the BTFR.
Moreover, the equation of state is different: the BEC DM is governed by two-body interactions and
hence has P ∼ ρ2, compared to ∼ ρ3 in our case.
This difference only has a minor effect on the condensate density profiles, but it does imply a different
phonon sound speed.
In particular, for the Bullet Cluster the sound speed in BEC DM is only cs <∼ 100 km/s, i.e., more than
an order of magnitude smaller than the bullet infall velocity.
As a result dissipation is important, which puts BEC DM in tension with observations.

Now for nitty-gritty details ……..Repetition where necessary

What is superfluidity?
The most obvious definition of superfluidity is the ability of a liquid to flow through narrow
channels without apparent friction.
However, this is actually only one of a number of interesting properties.
For example, if we place a liquid into a bucket and slowly rotate it while cooled into the
superfluid phase, the liquid, which initially rotates with the bucket, will appear to come to rest.
Today, superfluidity is something that we can directly observe in helium isotopes and in ultracold atomic gases.
According to our modern understanding, superconductivity is nothing more than superfluidity
occurring in an electrically charged system.
Just as a superfluid liquid can flow forever down a narrow capillary without apparent friction, so
can a current, once started in a superconducting ring – or at least for a time much longer than
the age of the Universe!
Justin Khoury has proposed A DARK MATTER SUPERFLUID

In the Λ-Cold-Dark-Matter (ΛCDM) standard model of cosmology, dark matter (DM) consists of
collisionless particles.
This model does exquisitely well at fitting a number of large-scale observations, from the background
expansion history to the cosmic microwave background anisotropies to the linear growth of cosmic
structures
On the scales of galaxies, however, the situation is murkier.
A number of challenges have emerged for the standard ΛCDM model in recent years, as observations
and numerical simulations of galaxies have improved in tandem.
For starters, galaxies in our universe are surprisingly regular, exhibiting striking correlations among their
physical properties.
For instance, disc galaxies display a remarkably tight correlation between the total baryonic mass (stellar
+ gas) and the asymptotic rotational velocity, Mb ∼ vc .
This scaling relation, known as the Baryonic Tully-Fisher Relation (BTFR), is unexplained in the
standard model.
In order to reproduce the BTFR on average, simulations must finely adjust many parameters that
model complex baryonic processes.
Given the stochastic nature of these processes, the predicted scatter around the BTFR is much larger than
the observed tight correlation

Another suite of puzzles comes from the distribution of dwarf galaxies around the Milky Way (MW) and
Andromeda galaxies.
The ΛCDM model predicts hundreds of small DM halos orbiting MW-like galaxies, which are in
principle good homes for dwarf galaxies, yet only ~20-30 dwarfs are observed around the MW and
Andromeda.
Recent attempts at matching the populations of simulated sub haloes and observed MW dwarf galaxies
have revealed a “too big to fail” problem: the most massive dark haloes seen in the simulation are too
dense to host the brightest MW satellites.
Even more puzzling is the fact the the majority of the MW and Andromeda satellites lie within vast
planar structures and are co-rotating within these planes.
This suggests that dwarf satellites did not form independently as predicted by the standard model, but
may have been created by an entirely different mechanism.
A radical alternative is MOdified Newtonian Dynamics (MOND).
MOND replaces DM with a modification to Newton’s gravitational law that kicks in whenever the
acceleration drops below a critical value a0.
For large acceleration, a >> a0, the force law recovers Newtonian gravity:

.

At low acceleration, a << a0, the force law is modified:
This simple empirical law has been remarkably successful at explaining a wide range of galactic
phenomena, as we have see in our discussions.

In particular asymptotically flat rotation curves and the BTFR are exact consequences of the force law.
MOND does exquisitely well at fitting detailed galactic rotation curves, as shown in the figure.
There is single parameter, the critical acceleration
a0, whose best-fit values is intriguingly of order of
the speed of light c times the Hubble constant

Consider a test particle orbiting a galaxy of mass Mb,
in the low acceleration regime.
Observed rotation curve for NGC1560 (black points).
The MOND curve (green) oﬀers a much better fit to the
data than the ΛCDM curve (red). Uncorrected
Newtonian theory fails miserably (blue curve).

Equating the centripetal acceleration v2/r to the
MONDian acceleration

we obtain a velocity that is independent of distance,
rotation curves of spiral galaxies.
Squaring this gives the BTFR relation

in agreement with the flat

as an exact prediction.

However, the empirical success of MOND is not complete.
There are failures in the X-ray temperature profile of massive clusters of galaxies and relativistic
extensions of MOND (so far) fail to produce CMB anisotropies and large-scale clustering of galaxies.
Dark Matter Condensate
We now present a unified framework for the DM and MOND phenomena based on the physics of
superfluidity.
The DM and MOND components have a common origin, representing different phases of a single
underlying substance.
The central idea is that DM forms a superfluid inside galaxies, with a coherence length of galactic size.
More details about “coherence length”
The “coherence length” is a characteristic length in a superfluid.
It has to do with the fact that the superfluid density cannot change too quickly - there is a
minimum length over which a given change can be made or it will destroy the superfluid state.
For example, if a superfluid is allowed to flow in tube, then will remain a superfluid as long as
the diameter of the tube is larger than the coherence length.

Liquid helium, a superfluid at finite temperature is best described phenomenologically as a mixture of
two fluids
i) the superfluid, which by definition has vanishing viscosity and carries no entropy;
ii) the “normal” component, comprised of massive particles, which is viscous and carries entropy.
The fraction of particles in the condensate decreases with increasing temperature.
Thus our framework naturally distinguishes between galaxies (where MOND is successful) and galaxy
clusters (where MOND is not).
Galaxy clusters have a higher velocity dispersion and correspondingly higher DM temperature.
For m ∼ eV we will find that galaxies are almost entirely condensed, whereas galaxy clusters are either in
a mixed phase or entirely in the normal phase.
As a back-of-the-envelope calculation, we can estimate the condition for the onset of superfluidity
ignoring interactions among DM particles.
With this simplifying approximation, the requirement for superfluidity amounts to demanding that the de
Broglie wavelength
of DM particles should be larger than the interparticle
separation

This implies an upper bound on the particle mass,
Substituting the value of v and ρ at virialization (= the formation of a dynamic equilibrium in a system
of collisionless particles modelled as being subject only to Newtonian gravity), given by standard
collapse theory, this translates to

where M and zvir are the mass and virialization redshift of the object. Hence light objects form a
Bose-Einstein condensate (BEC) while heavy objects do not.
Another requirement for Bose-Einstein condensation is that DM thermalize within galaxies.
We assume that DM particles interact through contact repulsive interactions.
Demanding that the interaction rate be larger than the galactic dynamical time places a lower bound on
the interaction cross-section.
For

and

, the result is

With
, this is just below the most recent constraint from galaxy cluster mergers, though such
constraints should be carefully reanalyzed in the superfluid context.

Again ignoring interactions, the critical temperature for DM superfluidity is
intriguingly is comparable to known critical temperatures for cold atom gases, e.g.,
have
.

, which
atoms

Cold atoms might provide more than just a useful analogy — in many ways, our DM component behaves
exactly like cold atoms. In cold atom experiments, atoms are trapped using magnetic fields; in our case,
DM particles are attracted in galaxies by gravity.
Superfluid Phase (need to get technical for a while…)
Instead of behaving as individual collisionless particles, the DM is more aptly described as collective
excitations: phonons and massive quasi-particles.
Phonons, in particular, play a key role by mediating a long-range force between ordinary matter
particles.
As a result, a test particle orbiting the galaxy is subject to two forces: the (Newtonian) gravitational force
and the phonon-mediated force.
Specifically, it is well-known that the effective field theory (EFT) of superfluid phonon excitations at
lowest order in derivatives is a standard type of high-energy physics theory
Our postulate is that DM phonons are described by the non-relativistic MOND scalar action,

where

to reproduce the MOND critical acceleration, and Φ is the gravitational potential.

The fractional 3/2 power would be strange if Eq. (3) described a fundamental scalar field.
As a theory of phonons, however, it is not uncommon to encounter fractional powers in cold atom
systems.
For instance, the Unitary Fermi Gas (UFG) , which has generated much excitement recently in the cold
atom community, describes a gas of cold fermionic atoms tuned at unitarity.
The effective action for the UFG superfluid is uniquely fixed by 4d scale invariance at lowest-order in
derivatives,
To mediate a force between ordinary matter,

must couple to the baryon density:

where α is a dimensionless parameter.
This term explicitly breaks the shift symmetry, but only at the
technically natural.

level and is therefore

From the superfluid perspective, the interaction can arise if baryonic matter couple to the vortex sector of
the superfluid
A full field-theoretical derivation has been done - too complicated for here.

Observational Implications of a DM Superfluid
Gravitational Lensing:
In modified gravity theories, the complete absence of DM requires introducing a time-like vector field
Aμ, as well as a complicated coupling between φ, Aμ and baryons in order to reproduce lensing
observations.
In our case, there is no need to introduce an extra vector, as the normal fluid already provides a time-like
vector u .
Moreover, our DM contributes to lensing leaving lots of freedom.,
Vortices:
When spun faster than a critical velocity, a superfluid develops vortices. The typical angular velocity of
halos is well above critical , giving rise to an array of DM vortices permeating the disc.
It will be interesting to see whether these vortices can be detected through substructure lensing.
Galaxy mergers:
A key difference with ΛCDM is the merger rate of galaxies.
We find two possible outcomes.
If the infall velocity vinf is less than the phonon sound speed cs (of order the viral velocity), then halos
will pass through each other with negligible dissipation, resulting in multiple encounters and a longer
merger time.
If vinf > ~ cs, however, the encounter will excite DM particles out of the condensate, resulting in
dynamical friction and rapid merger.

Bullet Cluster:
For merging galaxy clusters, the outcome also depends on the relative fraction of superfluid vs normal
components in the clusters.
For subsonic mergers, the superfluid cores should pass through each other with negligible friction
(consistent with the Bullet Cluster), while the normal components should be slowed down by self
interactions.
Remarkably this picture is consistent with the lensing map of the Abell 520 “train wreck”, which show
lensing peaks coincident with galaxies (superfluid components), as well as peaks coincident with the
X-ray luminosity peaks (normal components).
Dark-bright solitons:
Galaxies in the process of merging should exhibit interference patterns (so- called dark-bright solitons)
that have been observed in BECs counterflowing at super-critical velocities. T
his can potentially offer an alternative mechanism to generate the spectacular shells seen around
elliptical galaxies
Globular clusters:
Globular clusters are well-known to contain negligible amount of DM, and as such pose a problem for
MOND.
In our case, the presence of a significant DM component is necessary for MOND.
If whatever mechanism responsible for DM removal in ΛCDM is also effective here, our model would
predict DM-free (and hence MOND-free) globular clusters.

Some final general thoughts and summarizing —— The Superfluid Universe
Quantum effects are not just subatomic: they can be expressed across galaxies, and solve the puzzle of
dark matter
Most of the matter in the Universe is invisible, composed of some substance that leaves no mark as it
breezes through us – and through all of the detectors the scientists have created to catch it.
But this dark matter might not consist of unseen particle clouds, as most theorists have assumed.
Instead, it might be something even stranger: a superfluid that condensed to puddles billions of years
ago, seeding the galaxies we observe today.
This new proposal has vast implications for cosmology and physics.
Superfluid dark matter overcomes many of the theoretical problems with the particle clouds.
It explains the long-running, increasingly frustrating failure to identify the individual constituents within
these clouds.
And it offers a concrete scientific path forward, yielding specific predictions that could soon be testable.
Superfluid dark matter has important conceptual implications as well.
It suggests that the common picture of the Universe as a mass of individual particles bound together by
forces – almost like a tinker toy model – misses much of the richness of nature.
Most of the matter in the Universe might be utterly unlike the matter in your body: not composed of
atoms, and not even built of particles as we normally understand them, but instead a coherent whole of
vast extension.

For many years, people had a very simple model for dark matter: collisionless particles that don’t emit
light.
But in the last 20 years or so, as observations and [computer] simulations have improved, there are some
tensions on galactic scales with this simple model.
Collisionless dark-matter particles do not substantially interact with each other, and therefore do not
settle down into compact structures equivalent to stars and planets.
Since dark matter does not (by definition) emit light, the evidence for it comes from its gravitational
effects: unseen material seems to have influenced the formation, rotation and motions of galaxies.
On very large scales, collisionless dark matter generally matches up well with astronomical observations.
On smaller scales, however, this popular and widely used dark-matter model predicts that more material
would clump in galactic centers than astronomers actually find, an issue known as the ‘cusp problem’.
The model also results in too many satellite galaxies for the Milky Way, and it fails to explain why the
ones we have lie almost on a plane.
Finally, collisionless dark matter gives no hint as to why the brightness of spiral galaxies is correlated
with their rotation velocity. The simple model, it seems, was too simple.
One possible explanation for these shortcomings is that physicists have missed an important
astrophysical process in galaxy formation.
The problems seem to hint at something deeper.
It isn’t only that the model of collisionless, cold dark matter has its difficulties fitting some data, it’s that
an entirely different model does better with exactly those observations with which the standard model
has difficulties.

Instead of invoking new, undiscovered particles, this different model posits that the evidence for dark
matter is instead due to a modification of gravity.
There is no direct way to measure how gravity behaves over distances of thousands or millions of light
years.
Subtle effects that cannot be detected on Earth could be powerful enough to have a significant influence
on entire galaxies.
The modification of gravity is stunningly successful in some cases, but has problems elsewhere. On the
one hand, it fits the rotations of galaxies with remarkably little effort and explains why their brightnessvelocity relations all seem alike: modified gravity allows less variation from galaxy to galaxy than does
the formation of particle clouds, which could all be different. On the other hand, modified gravity
struggles with the observational data for distances much larger or smaller than the size of a typical
galaxy. On those scales, it’s the cold dark matter model that works better.
It is notoriously difficult to change anything about Albert Einstein’s theory of gravity without ruining it
altogether, so most physicists have opted for the safer alternative of particle dark matter. For them,
conjecturing new particles is a well- trodden way to solve problems, and the mathematics is familiar
territory. But Khoury doesn’t want to pick a side. He wants the best of both, to make the best possible fit
with the real Universe.
Traditionally, people have tried to address the galactic-scale problems by modifying gravity; that’s been
the alternative to dark matter.
For some reasons, maybe sociologically, these two approaches have been considered exclusive: either
you’re in the modified gravity camp, or you’re in the particle dark matter camp.
But why couldn’t it be both?
Of course, Occam’s razor would say it’s less compelling.

So the approach that has been taken is that both phenomena, modified gravity and particle dark matter,
could just be aspects of the same theory.
Evidence for dark matter has been building since its discovery by the Swiss astronomer Fritz Zwicky
more than 80 years ago.
Physicists might have dismissed this case as a peculiarity.
But it became apparent that Zwicky’s observation was the rule rather than the exception when the
American astronomer Vera Rubin, starting in the 1960s, studied the rotation of spiral galaxies.
The velocity of stars on orbits far away from a galaxy’s centre depends on the total mass (and hence
gravitational pull) of the bound system, in this case the mass of the galaxy.
Rubin’s measurements showed that dozens of galaxies were rotating more rapidly than only the visible
matter had led her to expect.
Ever since Rubin’s observations brought dark matter to the limelight, it has ranked top on the list of
physicists’ unsolved problems.
Instead of solving the mystery, the direct- detection experiments have only deepened it
With steadily improving telescope technology, the observational support for dark matter has accumulated
and become more precise.
Physicists are now able to perceive the subtle distortions caused by the gravitational warping of
space-time near galaxy clusters.
This distortion, known as weak gravitational lensing, slightly deforms the images of more distant stellar
objects; their light bends around the cluster, whose gravity acts as a lens.

From the strength of this effect, the cluster’s total mass can be calculated, demonstrating the presence of
dark matter.
By this method, physicists have even generated maps of the distribution of dark matter. Combining this
with other lines of evidence, they have deduced that 85 per cent of the matter in the Universe must be
dark.
With more data, physicists could also exclude the idea that dark matter consists of unseen clumps of
ordinary atoms, like the ones Earth is made of (technically known as baryonic matter).
This normal matter interacts too strongly with itself; it would not produce the observed distribution of
dark matter.
Dark matter also cannot be made of stars that collapsed to black holes or other very dim stellar objects.
If that were so, these objects would have to vastly outnumber the stars in our galaxy and cause intense
gravitational distortions that could be readily observed.
Nor can dark matter be made of other known particles, such as the weakly interacting neutrinos that are
emitted abundantly by stars.
Neutrinos would not clump enough to create the observed galactic structures.
Therefore, to explain what makes up dark matter, physicists instead had to theorize about new, so far
undetected, particles.
The most widely used ones fall into two broad classes: weakly interacting massive particles (WIMPs)
and much lighter axions, though there is no shortage of more complex hypotheses that combine various
types of particles.

But all attempts to detect any of these particles directly, rather than inferring their presence from their
gravitational pull, have so far been unsuccessful.
When it was first learned how successful modifications of gravity are on galactic scales where cold dark
matter models fall short, ways to combine the two were looked for.
It made one think: maybe dark matter at small scales makes a type of phase transition.
Maybe it transforms into a type of fluid, in particular a superfluid.
Superfluids
not exist at
in the
daily
human
experience,
they
are well-known
to physicists.
If
it forms a do
condensate
scale
of galaxies,
this but
really
solves
a lot of problems.
They are analogous to superconductors, a class of materials that moves electricity without resistance.
When cooled to temperatures near absolute zero, helium likewise starts flowing without resistance.
It will creep through the tiniest pores, and even slide out of trays by moving up walls.
Such ‘superfluid’ behavior isn’t specific to helium; it is a phase of matter that, at low enough
temperatures, can be reached by other particles too.
First predicted in 1924 by Einstein and the Indian physicist Satyendra Bose, this whole class of
ultra-cold superfluids is now known as Bose-Einstein condensates.
It was soon realized that dark matter might have a superfluid state as well.
Bose-Einstein condensates are best understood as a mixture of two components: one that is superfluid
and one that isn’t.
The two components behave very differently.
The superfluid one exhibits long- range quantum effects, no viscosity, and unexpected correlations over
large distance scales; it is as if it was made of much larger particles than its actual tiny constituents.

The other normal component behaves like the fluids we are used to; it sticks to containers and to itself –
it has a viscosity.
The ratio between the two components depends on the condensate’s temperature: the higher the
temperature, the more dominant the normal component.
We are used to thinking that quantum physics dominates only the microscopic realm.
But the more physicists have learned about quantum theory, the more it has become clear that this isn’t
so.
Bose- Einstein condensates are one of the best-studied substances that allow quantum effects to spread
widely through a medium.
In theory, quantum behavior can span arbitrarily large distances, provided it isn’t disturbed too much.
In a warm and noisy environment such as Earth, fragile quantum effects are quickly destroyed.
That is why we don’t normally observe the stranger aspects of quantum physics, such as the ability of
particles to behave like waves.
But initiate quantum behavior in a cool, quiet place and it will last.
A cool, quiet place like, for example, outer space.
There, quantum effects might stretch across vast distances.
If dark matter were a Bose-Einstein condensate – one with quantum effects spreading throughout whole
galaxies – this state would naturally account for two different behavioral modes of dark matter.
Within galaxies themselves, most of the dark matter would be in the superfluid phase.
But across galaxy clusters that include much intergalactic space, most of the dark matter would be in the
normal phase, giving rise to a different behavior.

It turns out that it is possible to explain the observed effects of dark matter with a simple model of a
Bose-Einstein condensate, one that has only a few open parameters (that is, just a few properties that
must have the right attributes to make the model work).
The idea that dark matter might be a Bose-Einstein condensate had circled through the astrophysics
community before, but the new version is different.
What makes the new idea so compelling is that it claims the superfluid dark matter could also mimic
modified gravity: it achieves the goal of combining the best of both models.

Gravity, it turns out, must not actually be modified to get the results seen in the modified gravity theories.
A coherent superfluid can give rise to the same equations, and the same behaviors.
In this way, Khoury’s model combines the advantages of both cold dark matter and modified gravity,
without the disadvantages of either.
Superfluid dark matter might also overcome the biggest challenge for modified gravity: most
astrophysicists dislike it.
Many of these researchers have a background in particle physics, and the equations of modified gravity
are nothing like what they are used to.
To the particle physicist, they look unappealing, unnatural even.
They seem made up merely to fit the bill - they were not, however - made predictions long before
experiments.
But superfluid dark matter offers a different, perhaps more natural way of coming at the equations.

The equations for superfluid dark matter don’t belong to the realm of elementary particle physics. They
emerge from theory in condensed matter physics, where they describe not the fundamental particles, but
their emergent long-range behavior.
In the model, the equations that appear in modified gravity are not those of the individual particles.
Instead, they are a description of the particles’ collective interplay.
Such equations are unfamiliar to many particle physicists, which is why the relation between
superfluidity and modified gravity remained unnoticed for so long.
Unlike the equations of modified gravity, however, the equations describing superfluids already have a
strong theoretical foundation – just in condensed- matter physics.
That the inventors noticed the connection was serendipity.
They came across literature in condensed matter physics that used equations very similar to the ones he
knew from modified gravity.
Returning to the observational evidence for dark matter, the superfluid approach could solve many
problems with the existing models.
To begin with, the superfluid prevents dark matter from clumping too much in galactic centers,
eliminating the spurious ‘cusp’, because the superfluid phase evens out any strong density fluctuations.
A superfluid will have a coherence length [a distance over which all of the matter is in the same state], so
one already knows that it can’t have a cusp.
The superfluid generates patterns of attraction identical to those of the equations of modified gravity, so
it can reproduce the observed regularity of galactic rotation curves.
However, unlike modified gravity, it behaves this way only in the temperature range in which the
superfluid component is dominant.

On the larger scale of galactic clusters, the dark matter gets too agitated (that is, too hot) and loses its
superfluid properties.
In this way, superfluid dark matter could have seeded the formation of visible galaxies while, in its
non-superfluid phase, it would match up with the observed structure of clusters.
The new approach explains why astronomers do not see any evidence of modified gravity within the
solar system.
The Sun itself creates such a huge gravitational field that it would locally destroy the superfluid’s
coherence.
In the vicinity of the solar system, you shouldn’t think in terms of a coherent superfluid.
The Sun acts like an impurity. It’s like there’s dirt in the fluid.
Finally, the superfluid model explains why physicists have not been able to find dark matter particles.
Starting in the 1980s, dozens of different experiments have looked for direct evidence of such particles.
The experiments generally use large, well-shielded tanks of different materials that might, on rare
occasions, interact with a dark matter particle and produce an observable signal.
Despite a wide variety of techniques and materials, using detectors that are carefully shielded and hidden
away in underground mines to filter out false signals, no conclusive evidence of dark matter has been
found.
With that lack of detection, the once- derided idea that dark matter might be something other than just
another type of particle is becoming more compelling.
If dark matter is a superfluid, the particles it is made of must be lightweight, much lighter than the
hypothetical dark particles that have been the targets of most of the searches.

The superfluid’s constituents are probably too slight to show up in the experiments currently running.
A better and unique prediction of the model is that a superfluid’s quantum behavior should leave a
telltale pattern in galactic collisions.
When the dark matter condensate from one galaxy runs into that of another, the collision would create
interference patterns – ripples in the distribution of matter and gravity, which would affect how the
galaxies settle.
Superfluid dark matter also makes predictions for the friction between the dark matter components
within galaxy clusters; such friction would again produce distinctive patterns of gravitational attraction.
Observations of gravitational lensing could detect these fingerprints of superfluid dark matter, provided
we know exactly what we’re looking for.
Computer simulations are now needed to show whether the expected number of satellite galaxies from
superfluid dark matter agrees better with observations than do the predictions of the current models.
If evidence corroborates the new model, then we will have to get used to an even stranger view of the
Universe – one filled not just with dark matter, but with frictionless fluids swirling around all of the
bright galaxies.

