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Figure 3.2 The comoving coordinate system is carried along with the expansion, so that any
objects remain at fixed coordinate values.

equation (3.8) into it, remembering i; = 0 by definition as objects are fixed in comoving
coordinates, gives

Multiplying each side by 2/ma2x2 and rearranging the terms then gives

(
2 = 8nG p _ kc2 ,

a 3 a2

(3.9)

(3.10)

where kc2 = -2U/mx2 . This is the standard form of the Friedmann equation, and it
will appear frequently throughout this book. In this expression k must be independent of x
since all the other terms in the equation are, otherwise homogeneity will not be maintained.
So in fact we learn that homogeneity requires that the quantity U. while constant for a
given particle, does indeed change if we look at different separations x. with U IX x 2 .

Finally, since k = -2U/m2'x2 which is time independent (as the total energy U is
conserved, and the comoving separation x is fixed), we learn that k is just a constant, un-
changing with either space or time. It has the units of (lengthJ-2 . An expanding Universe
has a unique value of k, which it retains throughout its evolution. In Chapter 4 we will see
that k tells us about the geometry of the Universe, and it is often called the curvature.
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3.4 The fluid equation
Fundamental though it is, the Friedmann equation is of no use without an equation to
describe how the density p of material in the Universe is evolving with time. This involves
the pressure p of the material, and is called the fluid equation. [Unfortunately the standard
symbol p for pressure is the same as for momentum, which we've already used. Almost
always in this book, p will be pressure.] As we'll shortly see, the different types ofmaterial
which might exist in our Universe have different pressures, and lead to different evolution
of the density p.

We can derive the fluid equation by considering the first law of thennodynamics

dE + pdV = TdS, (3.11 )

applied to an expanding volume V of unit comoving radius. I This is exactly the same as
applying thennodynamics to a gas in a piston. The volume has physical radius a, so the
energy is given, using E = mc2 , by

(3.12)

The change of energy in a time dt, using the chain rule, is

while the change in volume is

dV _ 4 2 da
dt - 1ra dt'

(3.13)

(3.14)

Assuming a reversible expansion dS = 0, putting these into equation (3.11) and rearrang-
ing gives

. a ( p)p+ P+ c2 = 0, (3.15)

where as always dots are shorthand for time derivatives. This is the fluid equation. As
we see, there are two tenns contributing to the change in the density. The first tenn in
the brackets corresponds to the dilution in the density because the volume has increased,
while the second corresponds to the loss of energy because the pressure of the material has
done work as the Universe's volume increased. This energy has not disappeared entirely
of course; energy is always conserved. The energy lost from the fluid via the work done
has gone into gravitational potential energy.

IDon'l confuse V for volume with V for gravitational polential energy.
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power arises from a different effect, the stretching of the wavelength of the light. Since
the stretching is proportional to a, and the energy of radiation proportional to its frequency
via E = hI, this results in a further drop in energy by the remaining power of a. This
lowering of energy is exactly the redshifting effect we use to measure distances.

The rate of decrease of the radiation density also has an explanation in terms of ther-
modynamics, which is macroscopic rather than microscopic. Since the Universe in this
case has a pressure, when it expands there is work done which is given by p dV, in exactly
the same way as work is done on a piston when the gas is allowed to expand and cool.
This work done corresponds to the extra diminishment of the radiation density by the final
factor of a.

5.3.3 Mixtures
A more general situation is when one has a mixture of both matter and radiation. Then
there are two separate fluid equations, one for each of the two components. The trick
which allows us to write P as a function of a still works, so we still have

1
Pmat ex 3a

1
Prad ex 4'a

(5.20)

However, there is still only a single Friedmann equation (after all, there is only one Uni-
verse!), which now has

P = Pmat + Prad . (5.21 )

This means that the scale factor will have a more complicated behaviour, and so to convert
p(a) into p(t) is much harder. It is possible to obtain exact solutions for this situation.
but they are very messy so I won't include them here. Instead, I'll consider the simpler
situation where one or other of the densities is by far the larger.

In that case, we can say that the Friedmann equation is accurately solved by just in-
cluding the dominant component. That is, we can use the expansion rates we have already
found. For example, suppose radiation is much more important. Then one would have

a(t) ex t1/ 2 1
Prad ex t 2

1 1
Pmat ex a 3 ex t 3 / 2 . (5.22)

Notice that the density in matter falls offmore slowly than that in radiation. So the situation
of radiation dominating cannot last forever; however small the matter component might be
originally it will eventually come to dominate. We can say that domination of the Universe
by radiation is an unstable situation.

In the opposite situation, where it is the matter which is dominant. we obtain the solu-
tion

a(t) ex t 2 / 3 1
Pmat ex t 2

1 1
Prad ex 4 ex 8/3'a t

(5.23)

Matter domination is a stable situation. the matter becoming increasingly dominant over
the radiation as time goes by.
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Figure 7.1 Different models for the Universe can be identified by their location in the plane
showing the densities of matter and A. This figure indicates the main properties in different
regions, with the labels indicating the behaviour on each side of the dividing lines.

their location in the plane of 0 0 and Oil. as shown in Figure 7.1. I We have already seen
that the line 0 0 + Oil = 1 gives a flat Universe. and divides the plane into open and closed
cosmologies.

To identify where in the plane we have an accelerating Universe. we need an expression
for the deceleration parameter qo. A pressureless Universe with a cosmological constant
has

(7.11)

which you are asked to derive in Problem 7.3, and so we have acceleration provided
Oil > 0 0 /2. If we additionally assume that the geometry is flat. this relation simplifies

IBeware the somewhat sloppy notation of sometimes using nA to indicate the present value of this quantity.
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overcome the gravitational attraction represented by the first term and lead to an accelerat-
ing Universe. It can therefore explain the observed acceleration of the Universe described
in Section 6.3.

In the same way that it is useful to express the density as a fraction of the critical
density, it is convenient to define a density parameter for the cosmological constant as

(7.3)

Although A is a constant, f2Ais not since H varies with time. Repeating the steps used to
write the Friedmann equation in the form of equation (6.9), we then find

k
f2+f2A -1 = 22'aH

The condition to have a flat Universe, k = 0, generalizes to

(7.4)

(7.5)

The usual convention amongst astronomers, which I will follow in this book, is that the
cosmological constant term is not considered to be part of the matter density f2. (Particle
physicists, on the other hand, often include the cosmological constant as one of the compo-
nents of the total density.) The relation between the density parameters and the geometry
now becomes

Open Universe:
FIat Universe:
Closed Universe:

O<!l + f2A < 1.
f2 +!lA = 1.
f2+ f2A > 1.

7.2 Fluid description of A

It is often helpful to describe A as if it were a fluid with energy density PA and pressure
PA. From equation (7.1), we see that the definition

A
PA:=--

8nG

brings the Friedmann equation into the form

8nG k
H 2 = - (p + PA) - - .

3 a2

(7.6)

(7.7)

This definition also ensures that f2A := PAlPc, where Pc is the critical density.
In order to determine the effective pressure corresponding to A, one can seek a defini-

tion so that the acceleration equation with A reduces to its standard form, equation (3.18).
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of the Universe. Consequently, rather than quote the density of the Universe directly, it is
often useful to quote its value relative to the critical density. This dimensionless quantity
is known as the density parameter 0, defined by

O(t) == .!!..-.
Pc

(6.7)

Again, in general 0 is a function of time, since both P and Pc depend on time. The present
value of the density parameter is denoted 0 0 .

With this new notation, we can rewrite the Friedmann equation in a very useful fonn.
Substituting in for p in equation (6.3) using the definitions I have made, equations (6.4)
and (6.7), leads to

(6.8)

and rearranging gives

(6.9)

We see that the case 0 = 1 is very special, because in that case k must equal zero and since
k is a fixed constant this equation becomes 0 = 1 for all time. That is true independent
of the type of matter we have in the Universe, and this is often called a critical-density
Universe. When 0 i= 1, this form of the Friedmann equation is very useful for analyzing
the evolution of the density, as we will see later in the chapter on inflationary cosmology.

Our Universe contains several different types of matter, and this notation can be used
not just for the total density but also for each individual component of the density, so one
talks of Omat, Orad etc. Some cosmologists even define a 'density parameter' associated
with the curvature term, by writing

k
Ok == -22"'aH

(6.10)

This can be positive or negative, and using it the Friedmann equation can be written as

(6.11 )

We'll return to the observational status of 0 0 in Chapter 9.

6.3 The deceleration parameter qo

As we've discovered, not only is the Universe expanding, but also the rate at which it
is expanding, given by the Hubble parameter, is changing with time. The deceleration
parameter is a way of quantifying this.

Consider a Taylor expansion of the scale factor about the present time. The general
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Cosmological probes

Velocity measurement: red shift 
distance measurement: Luminosity + standard candle
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CMB / BAO

Julianna Stermer on BAO



Allowed Dark Matter and Dark Energy bands in the Universe from various measurements.
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5. The Dark Universe

Against all expectations, both groups found 
that the expansion was actually accelerating! 
This extraordinary discovery was rewarded with 
a Nobel Prize in 2011. Crucially, according to 
General Relativity, only a new kind of (uniformly 
distributed) energy could be causing such an 
accelerated expansion – a new form of energy with 
negative pressure. Perhaps a little unimaginatively, 
this ‘new’ energy was given the name Dark Energy. 
As it turns out, today Dark Energy constitutes 
most of the mass-energy content of the Universe: 
ordinary matter provides around 5%, Dark Matter 
around 27%, while Dark Energy accounts for the 
remaining 68%. 

Dark Energy could be stationary in time – 
corresponding, for example, to the (infamous) 
cosmological constant in Einstein’s formulation of 

General Relativity. Alternatively, it could vary in 
time and be related, for instance, to the changing 
potential energy of some scalar field (i.e. a field 
fully described by a numerical value alone, such 
as the Higgs field). Only experiments will be able 
to resolve this question and several groups are 
working to do so, not only repeating the detailed 
studies of supernovas of the 1990s but also 
accurately mapping the distribution of galaxies in 
the Universe.

The nature of Dark Matter and Dark Energy is 
still a mystery, but an even more disturbing and 
profound dilemma is posed by Dark Energy’s 
density. Since Dark Energy is uniformly distributed 
throughout the entire Universe, its density (i.e. the 
amount of Dark Energy per unit volume of space) is 
embarrassingly small, corresponding to an energy

Current picture

16

1. Connecting the Infinitely Large and Infinitely Small

The macro-cosmos – the world of celestial objects 
and their evolution – has its own Standard Model 
in the shape of the Big Bang Model of cosmology 
(see Box B page 18). This successfully predicted, for 
instance, the existence and properties of the CMB.

In the first minutes after the Big Bang, nearly 14 
billion years ago, the Universe was so hot that only 
the simplest structures (the elementary particles) 
could exist and both Standard Models – covering 
the infinitely small and the infinitely large – came 
into play. Perhaps the best illustration of this 
relates to the number of different ‘flavours’ of light 
neutrino particles: from precision experiments at 
high-energy accelerators, we know this number 
to be three as set out in the Standard Model of 
particle physics; but this same number is also 
required by the Big Bang Model of cosmology, 

particularly in order to understand the abundance 
of light chemical elements observed in connection 
with the process of nucleosynthesis that occurred 
in the first few minutes after the Big Bang.

…to new challenges pointing to unknown paths 
Nevertheless, our quest for a detailed 
understanding of the Universe remains incomplete. 
From a theoretical perspective, coherent 
descriptions of the cosmos almost invariably 
require the existence of new particles – in other 
words, particles additional to those included in 
the Standard Model of particle physics. From an 
experimental perspective, meanwhile, observations 
of the large-scale structure of the cosmos and the 
intricacies of the CMB, for example, point to the 
existence of unknown forms of matter and energy, 
such as Dark Matter and Dark Energy.

The relative abundances of the three presumed constituents of mass-energy in our Universe: visible matter, dark matter and  
dark energy (Credit: STFC/Ben Gilliland) 
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Anisotropies of the highest energy Auger events Lorenzo Caccianiga

Figure 1: Map in Galactic coordinates of the local significance found when searching for excesses in circular
windows with 27� radius above 38 EeV. The post-trial p-value for the most significant excess is 2.5%. See
text for details.

energy events that have large footprints on the array. By applying these cuts, we select the highest
possible number of events while guaranteeing an accurate reconstruction and exposure estimation.
The total number of events selected this way is 2157, with an exposure of 101,400 km2 sr yr.

4. Analyses

4.1 Search for overdensities

The first analysis performed is a model-independent blind search for overdensities over the
whole field of view. The search for overdensities was performed with the same methodology used
in [6]. The method applied looks for excesses with respect to isotropic expectation in circular
regions centered on a 1� � 1� grid covering the whole field of view. The radius of the circular
regions, � was varied from 1� to 30� in 1� steps. Also the energy threshold of the events was
varied from 32 EeV to 80 EeV in 1 EeV steps. The Li-Ma significance was computed for each
excess (or deficit) and then penalized for the scanning trials. This penalization was computed by
generating simulated isotropic sets of the same size as the real one and counting how many of them
showed an excess with a significance equal or larger than the largest found in our data. The most
significant excess is found for E > 38 EeV at equatorial coordinates R.A. = 202�,� = �45� in a 27�

radius. In that window, we observe 188 events while we expect 125 from an isotropic distribution
of cosmic rays. The local Li-Ma significance is 5.6� . When performing the same analysis with
random isotropic samples 2.5 % gave an excess of equal or higher significance than the one found.
The map of the local significance for E > 38 EeV in 27��radius windows over the whole sky is
shown in figure 1.

4.2 Correlation with the direction of Cen A

Centaurus A is the nearest radio-loud active galaxy, at a distance of less than 4 Mpc. The

76

The Pierre Auger energy spectrum Valerio Verzi

where the first terms common to the two functions define a smooth transition between the two
power laws around the ankle. The other terms define the transition at the highest energies: a smooth
suppression with fixed curvature with J12� [2] and two additional transitions between power laws
with J1234. Thanks to the high quality of the data and the huge statistics of events collected at the
Observatory, one can qualitatively appreciate that the data are better described by J1234. Therefore
we use this function to perform the ”forward folding”. The raw spectrum and the one corrected for
resolution effects are shown in the right panel of figure 4. They are very similar with a difference
that is about 9% close to 3 � 1018 eV, decreasing to below 2% at 1019 eV and slightly increasing
up to 5% at the highest energies. The corrections for resolution effects are small and do not change
significantly the shape of the spectrum that is captured by J1234. The same outcome is attained if
the ”forward folding” is done with J12�. Finally, we have verified that the small energy-dependent
systematic uncertainties affecting S(1000) [3] do not impact the conclusion that the shape of the
spectrum is better described by the J1234 function rather than by J12�.
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Figure 4: Left panel: raw energy spectrum together with the results of the fit using the two functional forms
addressed in the text. Right panel: raw spectrum and the one corrected for resolution effects.

The huge accumulated exposure allows us to measure the spectrum precisely in different dec-
lination bands. The results of the studies are reported in [13] and show that the spectrum does not
have any significant declination dependence.

3. Other measurements of the energy spectrum

The energy spectrum is measured at the Observatory using several independent and comple-
mentary data sets. At the highest energies, we increase the SD exposure for events with � < 60� by
about 30% by analysing the events detected at larger zenith angles (60� < � < 80�). In these events,
the signals detected by the WCDs are dominated by muons and the energy estimator is given by a
normalisation factor of simulated muon density maps that is fitted to the data and calibrated against
the FD energies. The spectrum is measured in the energy region where the array is fully efficient
(ESD > 4�1018 eV) and using a data-driven approach similar to the one applied to the events with

14

Mass composition from hybrid data of Auger Alexey Yushkov

Figure 1: Measurements of �Xmax� (left) and �(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.

Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to � 60 gcm�2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for �(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that �lnA� reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from � 0 for QGSJetII-

86

~70km

Cosmic rays
Observatoire Pierre Auger



Anisotropies of the highest energy Auger events Lorenzo Caccianiga

Figure 1: Map in Galactic coordinates of the local significance found when searching for excesses in circular
windows with 27� radius above 38 EeV. The post-trial p-value for the most significant excess is 2.5%. See
text for details.

energy events that have large footprints on the array. By applying these cuts, we select the highest
possible number of events while guaranteeing an accurate reconstruction and exposure estimation.
The total number of events selected this way is 2157, with an exposure of 101,400 km2 sr yr.
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showed an excess with a significance equal or larger than the largest found in our data. The most
significant excess is found for E > 38 EeV at equatorial coordinates R.A. = 202�,� = �45� in a 27�

radius. In that window, we observe 188 events while we expect 125 from an isotropic distribution
of cosmic rays. The local Li-Ma significance is 5.6� . When performing the same analysis with
random isotropic samples 2.5 % gave an excess of equal or higher significance than the one found.
The map of the local significance for E > 38 EeV in 27��radius windows over the whole sky is
shown in figure 1.

4.2 Correlation with the direction of Cen A

Centaurus A is the nearest radio-loud active galaxy, at a distance of less than 4 Mpc. The
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Abstract This paper is an introduction to neutrino astronomy,

addressed to astronomers and written by astroparticle physicists. The

focus is on achievements and goals in neutrino astronomy, rather

than on the aspects connected to particle physics, however the par-

ticle physics concepts needed to understand the peculiar neutrino

features are also introduced. The material is selected - i.e., not all

achievements are reviewed - making however e↵orts to highlight cur-

rent research issues.

The layout of this paper is as follows: In Sect. 1, we in-
troduce the neutrinos, examine their interactions, and
present neutrino detectors and telescopes. In Sect. 2, we
discuss solar neutrinos, that have been detected and are
matter of intense (theoretical and experimental) stud-
ies. In Sect. 3, we focus on supernova neutrinos, that
inform us on a very dramatic astrophysical event and
can tell us a lot on the phenomenon of gravitational col-
lapse. In Sect. 4, we discuss the highest energy neutri-
nos, a very recent and lively research field. In Sect. 5, we
review the phenomenon of neutrino oscillations and as-
sess its relevance for neutrino astronomy. Finally, we of-
fer a brief overall assessment and a summary in Sect. 6.
In order to help the beginner, we prefer to limit the list
of references, opting whenever possible for review works
such as [1,2,3,4].

1 Neutrino properties and neutrino telescopes

1.1 General properties

Neutrinos are neutral particles which interact very rarely
with matter; to have an idea of how small they are, if
an atom were scaled to the size of the Earth (namely,
if one zoomed in by a factor of about 1017) the atomic
nucleus would have the size of a football field and solar
neutrinos would have the size of one virus! Evidently it
is not easy to “see” them.

There are 3 types of neutrinos, traditionally called
‘flavors’. They are identified by the charged particles
that neutrinos can produce by interacting with matter.
Such charged particles are the electron (e), the muon
(µ), the tau (⌧), all with the same negative charge �1,
in units of 1.602 ⇥ 10�19 Coulombs.1 For instance, an
electron neutrino ⌫e is the neutral particle that, when
interacting, can produce an electron; a muon neutrino
⌫µ can produce a muon, etc. Likewise, antineutrinos can
be defined as those particles that can produce the var-
ious particles with charge +1; e.g., a tau antineutrino
⌫̄⌧ produces an anti-tau, with mass equal to the tau
particle. Using the formalism of chemical reactions, we
will write

⌫` +X ! `� + Y with ` = e, µ, ⌧ (1)

whereX is an initial and Y a final particle (or set of par-
ticles), and their electric charges are Q(Y ) = Q(X)+1.
Following the usual convention, we indicate neutrinos
by the symbol ⌫, and antineutrinos by ⌫̄. A brilliant
pictorial summary of the main neutrino features can be
found at the following web site:

http://www.quarked.org/askmarks/answer4.html

Note finally that, in the observations of neutrino as-
tronomy, as a rule, neutrinos should be considered as
individual particles rather than waves. In comparison
to ordinary astronomy, it is as if neutrino astronomy
were always in the single-photon mode. Peculiar wave
phenomena, however, a↵ect the propagation of neutri-
nos (see Sect. 5).

1 These particles di↵er greatly for the mass: the muon weighs
⇠ 200 times the electron, and the tau about 3,500 times.
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nos, a very recent and lively research field. In Sect. 5, we
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sess its relevance for neutrino astronomy. Finally, we of-
fer a brief overall assessment and a summary in Sect. 6.
In order to help the beginner, we prefer to limit the list
of references, opting whenever possible for review works
such as [1,2,3,4].

1 Neutrino properties and neutrino telescopes

1.1 General properties

Neutrinos are neutral particles which interact very rarely
with matter; to have an idea of how small they are, if
an atom were scaled to the size of the Earth (namely,
if one zoomed in by a factor of about 1017) the atomic
nucleus would have the size of a football field and solar
neutrinos would have the size of one virus! Evidently it
is not easy to “see” them.

There are 3 types of neutrinos, traditionally called
‘flavors’. They are identified by the charged particles
that neutrinos can produce by interacting with matter.
Such charged particles are the electron (e), the muon
(µ), the tau (⌧), all with the same negative charge �1,
in units of 1.602 ⇥ 10�19 Coulombs.1 For instance, an
electron neutrino ⌫e is the neutral particle that, when
interacting, can produce an electron; a muon neutrino
⌫µ can produce a muon, etc. Likewise, antineutrinos can
be defined as those particles that can produce the var-
ious particles with charge +1; e.g., a tau antineutrino
⌫̄⌧ produces an anti-tau, with mass equal to the tau
particle. Using the formalism of chemical reactions, we
will write

⌫` +X ! `� + Y with ` = e, µ, ⌧ (1)

whereX is an initial and Y a final particle (or set of par-
ticles), and their electric charges are Q(Y ) = Q(X)+1.
Following the usual convention, we indicate neutrinos
by the symbol ⌫, and antineutrinos by ⌫̄. A brilliant
pictorial summary of the main neutrino features can be
found at the following web site:

http://www.quarked.org/askmarks/answer4.html

Note finally that, in the observations of neutrino as-
tronomy, as a rule, neutrinos should be considered as
individual particles rather than waves. In comparison
to ordinary astronomy, it is as if neutrino astronomy
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FIG. 2: This is a schematic diagram of the Michaelson interferometer. A monochromatic laser light

is split into two beams by the beam splitter which travel along the two perpendicular arms. The

laser light moves back and forth in the two arms between the two mirrors depicted as test masses

in the figure and is then made to combine again to form an interference pattern. A gravitational

wave passing through the interferometer in the direction perpendicular to its plane for instance,

will change the length of one arm with respect to another, causing relative phase shift of the laser

light, resulting into the shift in the interference pattern. (Image credit: the Laser Interferometer

Gravitational Wave Observatory (LIGO))

For a fixed gravitational wave strain, the larger the length of the arm, the larger the change

in the length of the arms of the interferometer, making the detection easier. Thus, the e↵ort

is made to make the detector arms su�ciently long. Furthermore, as stated earlier, light

bounces back and forth between the mirrors in the detector arm, making the e↵ective length

larger and thus enhancing the sensitivity of the detector.

There are two laser interferometers currently in operation. They form part of the Laser

Interferometer Gravitational Wave Observatory, abbreviated as LIGO. One is located in

Livingston, Lousiana and other is located in Hanford, Washington (See Figure 3). Their

armlength is 4 km and they are located 3000 km apart. They were operational in their

initial configuration between 2002 and 2010. There were no detections during this period,

but non-detection allowed us to put interesting astrophysical bounds on various parameters

7

Gravitational waves

• Prevues par la GR 
• Signal max pour des 
systèmes binaires 

• Deplacements ~ 10-21 

FIG. 4: The gravitational waveforms in this figure correspond to the first detection event

GW150914. The gravitational wave strain is plotted against time. The top two panels show

the detector output from the LIGO Hanford and LIGO Livingston. The waveforms predicted from

general relativity are superimposed on the detector output. The bottom panel shows the detector

output from the LIGO Livingston detector along with that from LIGO Hanford detector shifted

appropriately taking into account the time lag in the arrival of signal and the di↵erence in the

detector orientations. They match well indicating that the same signal was detected in both the

detectors. (Image credit: LIGO)

post-Newtonian corrections up to 4 PN order i.e., up to the order
�
v
c

�8
have been computed.

Post-Newtonian corrections include various interesting e↵ects such as spin-orbit coupling

i.e., coupling between the spins of the black holes and the orbital angular momentum, and

tail e↵ects which account for the back-scattering of the gravitational radiation due to the

spacetime curvature etc.

When the black holes come su�ciently close, the velocities are relativistic and gravity is

strong, and post-Newtonian approximations becomes less reliable. Eventually, black holes

plunge towards each other and collide at the velocity close to the speed of light. The

11
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of

1.7 s~ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of 40 8

8
-
+ Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc~ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9~ and 16~ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of

1.7 s~ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of 40 8

8
-
+ Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc~ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9~ and 16~ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Allowed Dark Matter and Dark Energy bands in the Universe from various measurements.
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5. The Dark Universe

Against all expectations, both groups found 
that the expansion was actually accelerating! 
This extraordinary discovery was rewarded with 
a Nobel Prize in 2011. Crucially, according to 
General Relativity, only a new kind of (uniformly 
distributed) energy could be causing such an 
accelerated expansion – a new form of energy with 
negative pressure. Perhaps a little unimaginatively, 
this ‘new’ energy was given the name Dark Energy. 
As it turns out, today Dark Energy constitutes 
most of the mass-energy content of the Universe: 
ordinary matter provides around 5%, Dark Matter 
around 27%, while Dark Energy accounts for the 
remaining 68%. 

Dark Energy could be stationary in time – 
corresponding, for example, to the (infamous) 
cosmological constant in Einstein’s formulation of 

General Relativity. Alternatively, it could vary in 
time and be related, for instance, to the changing 
potential energy of some scalar field (i.e. a field 
fully described by a numerical value alone, such 
as the Higgs field). Only experiments will be able 
to resolve this question and several groups are 
working to do so, not only repeating the detailed 
studies of supernovas of the 1990s but also 
accurately mapping the distribution of galaxies in 
the Universe.

The nature of Dark Matter and Dark Energy is 
still a mystery, but an even more disturbing and 
profound dilemma is posed by Dark Energy’s 
density. Since Dark Energy is uniformly distributed 
throughout the entire Universe, its density (i.e. the 
amount of Dark Energy per unit volume of space) is 
embarrassingly small, corresponding to an energy

Chapter 9

The Density of the Universe and
Dark Matter

The total density of matter in the Universe is quantified by the density parameter flo. We
would like to know not only its value, but also how that density is divided up amongst the
different types of material present in our Universe.

9.1 Weighing the Universe
The characteristic scale for the density in the Universe is the critical density Pc. As we
saw on page 47, it is not a particularly imposing number; its present value is

2 -26k -3 -1 11 M0Pc = 1.88h x 10 gill = 2.78h x 10 (h- 1 Mpc)3 (9.1)

An obstacle to comparing the true density to the critical density is the factors of h, which
are uncertain. Nevertheless, to get an idea of what is going on, all we have to do is estimate
how much material there is in the Universe. From the crude estimates that a typical galaxy
weighs about 1011M 0 and that galaxies are typically about a megaparsec apart, we know
that the Universe cannot be a long way from the critical density. But how good an estimate
can be made?

9.1.1 Counting stars
The simplest thing we can do is look at all the stars within a suitably-large region. Stellar
structure theory gives a good estimate of how massive a star is for a given temperature
and luminosity. Provided we have looked in a large enough region, we get an estimate of
the overall density of material in stars. This has been done by many researchers, and the
answer obtained is that the density in stars is a small fraction of the critical density, around

.. Pstars 000Hstars == --::::::' . 5 -+ 0.01.
Pc

(9.2)
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Notice that this number is independent of h, even though the critical density depends on
h2 . That is because the estimate is carried out by adding up the light flux; since distances
are uncertain by a factor h and the light flux falls off as the square of the distance, the h
dependence cancels out of the final answer.

9.1.2 Nucleosynthesis foreshadowed
Not all of the material we are able to see is in the form of stars. For example, within
clusters of galaxies there is a large amount of gas which is extremely hot and emits in the
X-ray region of the spectrum, which I will discuss further below. Another possibility is that
a lot of material resides in very low mass stars, which would be too faint to detect. Often
discussed are brown dwarfs (sometimes called Jupiters), which are 'stars' with insufficient
material to initiate nuclear burning. Objects with mass less than 0.08M0 are thought
to be in this class. If for some reason there were a lot of objects of this kind then they
could contribute substantially to the total density without being noticed, though this is not
thought to be very likely on grounds of extrapolation from what we do know.

Nevertheless, there is a very strong reason to believe that conventional material cannot
contribute an entire critical density. That evidence comes from the theory of nucleosyn-
thesis - the formation of light elements - which will be discussed in Chapter 12. This
theory can only match the observed element abundances if the amount of barvonic matter
has a density

0.016 ::; Osh2 ::; 0.024. (9.3)

Recall from Section 2.5 that baryonic matter means protons and neutrons, and hence refers
to the kinds of particle that we and our environment are made from.

In this expression the Hubble constant appears as an additional uncertainty, but the
constraint is certainly strong enough to insist that it is not possible to have an entire critical
density worth of baryonic matter, whether it be in the form of luminous stars or invisible
brown dwarfs or gas. Adopting the Hubble Space Telescope constraints on h gives an
upper limit well below ten percent.

Nucleosynthesis also gives a lower bound on Os which suggests that there should be
substantially more baryonic material in the Universe than just the visible stars, probably
upwards of 2.5 percent of the critical density. This is in good agreement with observations
of galaxy clusters discussed below.

9.1.3 Galaxy rotation curves
In fact, there is considerable dynamical evidence that there is more than just the visible
matter. The history of this subject is surprisingly old; in 1932 Oort found evidence for
extra hidden matter in our galaxy, and one year later Zwicky inferred a large density of
matter within clusters of galaxies, a result which has stood the test of time extremely well.
The general argument is to look at motions of various kinds of astronomical object, and
assess whether the visible material is sufficient to provide the inferred gravitational force.
If it is not, the excess gravitational attraction must be due to extra, invisible. material.

Star density

Big bang nucleosynthesis

Lack of baryonic matter

Matter density ~ 0.3



INTRODUCTION: WHY AND WHAT ?
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➤ Several independent probes  
CMB / BBN / Gravitation lensing / Galaxy clusters / 
rotation curves 

➤ DM represents ~80% of matter 

Why we need DM What could be DM
•

 
Assume a new (heavy) particle X

 
is 

initially in thermal equilibrium

•
 

Its relic density is

•
 
mX

 

~ 100 GeV, gX
 

~ 0.6 Æ ΩX ~ 0.1

11 Dec 09 Feng

 

4

•
 

Remarkable coincidence: particle physics independently 
predicts particles with the right density to be dark matter
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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