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Abstract

This publication - "Cosmology and Particle Physics beyond Standard Models" - is dedicated to
the celebration of the tenth anniversary of the Southeastern European Network in Mathematical and
Theoretical Physics (SEENET-MTP). As a Theme Collection, rather than a Monograph or Proceedings,
this volume presents a number of reports and overviews, a few research papers and a short note. How-
ever, some of them are excellent examples of a nowadays increasingly deep interplay between particle
physics and cosmology. Contributions span a wide range of topics in cosmology, particle physics, but
also gravity, including the interface of these fields. The presented work is of both theoretical and ex-
perimental/observational nature. The contributions represent recent progress in their respective fields:
inflation, dark matter, neutrino physics, supersymmetry, collider physics, string theory, quantum gravity,
black hole physics and massive gravity
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Preface

Cosmology and Particle Physics Beyond Standard Models

Dear reader(s),

This publication is dedicated to the celebration of the tenth anniversary of the Southeastern European
Network in Mathematical and Theoretical Physics (SEENET-MTP)! and initiated by a number of high
level reports on particle physics and cosmology presented at the BW2013 Workshop held in Vrnjacka
Banja, Serbia.

The origins of the Southeastern European Network in Mathematical and Theoretical Physics
(SEENET-MTP) are closely linked to Julius Wess and his initiative: Wissenschaftler in globaler Verant-
wortung (WIGV) "Scientists in global responsibility" launched in 1999. The establishing of SEENET-
MTP, which also took place in Vrnjacka Banja at the kick-off Workshop BW2003 in August 2003, was
a natural continuation of WIGYV, in a broader framework than the former Yugoslavia.

A large number of participants and numerous high level scientific meetings, joint publications and
continuous exchange of researchers and students in the Balkans, strengthened the existing regional and
rather global collaborations with many institutions, groups and individuals - mostly from Europe, but
also from USA, Brazil, India and other countries.

The main purpose of the SEENET-MTP and its meetings and actions remains to foster commu-
nication and collaboration among researchers in the Balkan region, as well as between them and their
international colleagues. This initiative created the opportunity for researchers working in the general
area of high energy physics, cosmology and related fields at different institutions in the Balkan countries
to present their work and results. This issue is motivated by the recent breakthrough in particle physics,
the discovering of the Higgs boson, and continuous discoveries in cosmology - always followed by new
puzzles and challenges, for instance dark matter and dark energy.

From about 20 invited authors, long term members or supporters of the SEENET-MTP, we are
pleased to announce 13 full term papers and one summary. As a Theme Collection, rather than a Mono-
graph, this Volume presents a number of reports and overviews, a few research papers and a short note.
However, some of them are excellent examples of increasingly deep interplay between particle physics
and cosmology.

Contributions span a wide range of topics in cosmology, particle physics, gravity, including the
interface of these fields. The presented work is of both theoretical and experimental/observational nature.
The contributions represent recent progress in their respective fields from inflation, dark matter, neutrino
physics, supersymmetry, collider physics, string theory, quantum gravity, black hole physics and massive
gravity.

After the final editing of the Volume, the editors gave up on the separation of the Volume in two
parts: Particle Physics and Cosmology and decided to submit the whole manuscript in the present form.
The papers are listed in alphabetical order of the first authors. All papers have been peer-reviewed, at
least by one referee and the editor. We express our gratitude to the referees whose suggestions improved
the scientific quality of the papers.

We would like to thank Milan Milosevi¢ from the University of Nis, Serbia for his great help
in the preparation of this Volume. We would also like to thank Dragoljub Dimitrijevié, from the same
institution, for his help in communication with the authors, and both of them, as many others, for enabling
the SEENET-MTP to be a sustainable mission.

'Web: www.seenet-mtp.info
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Initial conditions for inflation and the energy scale of SUSY-breaking
from the (nearly) gaussian sky
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Abstract

We show how general initial conditions for small field inflation can be ob-
tained in multi-field models. This is provided by non-linear angular friction
terms in the inflaton that provide a phase of non-slow-roll inflation before the
slow-roll inflation phase. This in turn provides a natural mechanism to star
small-field slow-roll at nearly zero velocity for arbitrary initial conditions. We
also show that there is a relation between the scale of SUSY breaking (1/f)
and the amount of non-gaussian fluctuations generated by the inflaton. In
particular, we show that in the local non-gaussian shape there exists the re-
lation /f = 10'GeV+/fnr.. With current observational limits from Planck,
and adopting the minimum amount of non-gaussian fluctuations allowed by
single-field inflation, this provides a very tight constraint for the SUSY break-
ing energy scale \/f = 3 — 7 x 10> GeV at 95% confidence. Further limits,
or detection, from next year’s Planck polarisation data will further tighten this
constraint by a factor of two. We highlight that the key to our approach is
to identify the inflaton with the scalar component of the goldstino superfield.
This superfield is universal and implements the dynamics of SUSY breaking
as well as superconformal breaking.

1 Introduction

Recent constraints on inflation by the Planck satellite [1,2] have provided new insight on the properties of
the inflaton. We know that the generation of non-gaussian fluctuations has been restricted significantly,
with no detection by Planck and only upper limits reported (for the local case Planck reports fyr, < 14—
at 95% confidence). Further, constraints on the non-detection of the tensor-to-scalar ratio (r < 0.1) have
served to eliminate many candidates for the inflaton. In fact, the above “non-detections" already point
toward a model for the inflaton in which perturbations were nearly Gaussian and most likely generated
by a single-field slow-roll scalar with canonical kinetic energy; further, it seems likely the field is in
the so-called "small-field" class with displacement of ~ M (hereafter M is the Planck mass scale) to
produce the required e-folds to explain flatness. An excellent review on this class of models can be
found in Ref. [3,4].

One very interesting question to be answered after the Planck results is how to set-up sufficiently
general initial conditions for the inflaton in the "small-field" class, in other words: how can we have
inflation to start with nearly zero velocity at the time it will start slow-rolling in a flat potential? Here we
present a general mechanism, inspired by SUSY, to do so.

*E-mail: luis.alvarez-gaume @cern.ch
YE-mail: cesar. gomez@uam.es
E-mail: raul jimenez@icc.ub.edu
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Unless one has a single-field slow-roll inflaton with canonical kinetic energy, nearly all other mod-
els produce measurable amounts of non-gaussianity [5—14] with values of the parameter that measures
non-gaussianity fnr, >> O(1). Even the single-field slow-roll inflaton will produce values of non-
gaussianity at the level of the tilt (~ ng — 1) which might be detected in futuristic 21cm experiments
that measure all modes in the current horizon. The nice feature of being able to measure non-gaussian
fluctuations is that it provides all the correlators of the inflaton, thus one could construct, from observa-
tions, the effective lagrangian of the inflaton itself, very much in the fashion that is done in high-energy
physics at accelerators like the LHC for the standard model of particles and beyond.

In the minimal-inflation [15—17] scenario the field X that drives the exponential expansion of the
Universe can often be represented at low energies by a Goldstino composite GG. Our main motivation
to propose to identify the inflaton field with the order parameter of supersymmetry breaking is guided by
the fact that, independently of the particular microscopic mechanism driving supersymmetry breaking (in
what follows we will restrict ourselves to F'-breaking ) we can define a superfield X whose 6§ component
at large distances becomes the “Goldstino" (see [18, 19]). In the UV the scalar component x of X is
well defined as a fundamental field while in the IR, once supersymmetry is spontaneously broken, this
scalar field may be expressed as a two Goldstino state. The explicit realisation of « as a fermion bilinear
depends on the low-energy details of the model. In models of low-energy supersymmetry the realization
of z as GG can be implemented by imposing a non linear constraint in the IR for the X field of the
type X2 = 0. In our approach to inflation we use one real component of the UV z field as the inflaton.
We assume the existence of a F-breaking effective superpotential for the X -superfield and we induce a
potential for x from gravitational corrections to the Kihler potential.

In this paper we show that for generic trajectories of the minimal inflation model there is a level
of generated non-gaussian fluctuations that depends directly on the scale of SUSY breaking. Therefore
the further the value of non-gaussianity in the sky is constraint by current CMB experiments like Planck,
the better we can constraint the SUSY energy scale and therefore make predictions for the feasibility of
discovering SUSY at the LHC.

As a final observation we would like to make several remarks to highlight the similarities and
differences between our approach and other attempts to identify the inflaton as well as the underlying
dynamics of inflation. The key to our approach is to identify the inflaton with the scalar component of
the goldstino superfield. This superfield is universal and implements the dynamics of SUSY breaking as
well as superconformal breaking. In our approach SUSY breaking is unavoidably linked to inflation and
the constraints we get for the SUSY breaking scale are partially dictated by requiring a SUGRA vacuum
with zero cosmological constant. Finally our approach can be understood as similar to Higgs inflation
with the important difference of using what could be understood as the Higgs of the SUSY breaking.

2 Setup

In order to study under what conditions the inflaton in our model will produce general initial conditions
for small-field slow-roll inflation, we generate randomly 1000 trajectories for different starting points in
the inflation potential (see Fig. I).

Let us briefly recall the form of the inflation potential and how inflationary trajectories are found.

In our minimal inflationary scenario [15, 16] we use only the Ferrara-Zumino (FZ) multiplet to
drive inflation. The scalar potential in the Einstein frame is given by:

VE:e%(—%WW—i—GXXDXWDXW), (D)

where the Kihler metric and the Kéhler covariant derivatives are given by:

_ _ 1
Gyx = OxOx K(X,X) DW(X) = oxW(X) + W@)(KW(X) 2)
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In our approach we make an explicit, but reasonably generic choice for K and W.

For us the inflaton superfield is the FZ-chiral superfield X = z++/2 1)+62F, the order parameter
of supersymmetry breaking. We will consider the simplest superpotential implementing F-breaking of
supersymmetry. More elaborate superpotentials often reduce to this one once heavy fields are integrated
out.

W=fX+foM 3)

with fy some constant to be fixed later by imposing the existence of a global minimum with vanishing
cosmological constant and with f the supersymmetry breaking scale f = uzusy.

We are interested in sub-planckian inflation, and not in the ultraviolet complete theory that should
underlie the scenario. Hence we simply parametrize the subplanckian theory in terms of the previous
superpotential, and a general Kéhler potential whose coefficient will be taken of order one. We try to use
our ignorance of the ultraviolet theory to our advantage. The Kéhler potential X we consider is:

X+ X
M

o = a 2 o S\ 2 C

7 (X3X +ce)+... —2M? log(1+

) 4

Which can be understood as a taylor series expansion of all terms up-to 1/M? plus a term (the
log) that breaks R-symmetry. In our case, the scalar fields form a complex scalar field, the partner
of the goldstino field. Our complex field can be written as z = M (a + i3)/+/2. The potential is
V(z2,2) = f*V(a,f3), since we only include for simplicity two scales, the Planck scale M and the
supersymmetry breaking scale f1/2. In supergravity models, the gravitino mass is up to simple numerical
factors given by m3/; ~ f /M. Tt is convenient to write down dimensionless equations of motion such

that time is counted in units of f —1/2,

The system of differential equations for the trajectory becomes:

/
1
o’ + 3%0/ + iﬁa log g(a? — %)+ dsloggd’B' + g7 'V, = 0
" ail / 1 22 1t —1y/1
8 +3a5 +28glogg(ﬁ )+ 0ulogga’' B +g Vs = 0
d H 1 (1 5 )1/2
— = =— | zgla”+ + V(a, 5
= o= (o B+ Vi ®)

The coefficients fy, a, b, ¢ will be chosen appropriately so that we obtain flat directions. For our
purposes it is convenient to chose a = 0, as this guarantees the existence of a global minimum. f will
be adjusted such that the global minimum is at a vanishing value of the potential. So the model only has
b, c as free parameters, which we try to keep of order one to avoid fine-tunning in the potential.

From the collection of potentials considered, not all will show flat directions where it is possible
to inflate during enough e-foldings (> 55) for any choice of the microscopic parameters fy,a,b,c. We
will restrict to cases where the potential has a global minimum with vanishing cosmological constant and
thus we fix the value of the minimum at O tuning the value of fj.

We can now compute trajectories and attractors in more detail using the equations above. An
example of the potential is shown in Fig. I for values of the parameters ¢ = 0,0 = 1,¢ = —1.5. Note
that there is a flat direction where slow-roll takes place. We elaborate on this in the next section.

3 General initial conditions for small-field inflation

There are a number of important properties of the system of equations 5 and its solutions that are shared
by large classes of supersymmetric theories. In our approach, the inflaton is always the scalar component
of the goldstino superfield, and the K#hler potential and the superpotential completely determine its dy-
namics. For a multifield inflationary theory, with a non-canonical kinetic term, the dynamical equations
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Flat directions

Fig. I: The potential (shown in units of V/f?) as a function of the real fields («, 3) for the case with parameters
(a =0,b =1,c=—14,fy ~ —f), note that this creates a very flat "bottom-valley" region, where slow-roll
conditions are fulfilled.

. P
oak / Beg. Traj. |
osl 095

End Traj.

096 F

o3k ~ 20 e-folds

-098 |

" 09 f End

Fig. II: Left panel: a trajectory in the plane «, 8 for zero velocity initial conditions. Right panel: the equation of
state as a function of e-folds. Note that trajectory stays always in the slow-roll regime for nearly 20 e-folds.

of motion take the form:

1 .
0 = % <§G¢leXJ + V(X))
DX' . g
—— + 3HX 4+ GOV =0, 6)

where D/dt is the covariant derivative with respect to the metric G in field space. We can define the
energy functional for a given trajectory as:

E[X] = %Gijxi X7+ V(X). M
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Bég. Traj
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0.6 End Traj.
~ 45 e-folds
End
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Fig. III: An example of a trajectory for the potential shown in Fig. I. The left panel shows the trajectory in the
plane «, 8. Note that we start the trajectory at an arbitrary position with random velocities in the steep part of the
potential. Because of the non-linear friction in our equations of motion, every time the inflaton turns, there will be
significant friction and therefore will be slowed down. This happens until it reaches the valley where it slow-rolls
as a single field inflaton. The right panel shows the equation os state (p/p) as a function of number of e-folds
(7). Recall that p/p ~ (e — 1), where € is the first slow-roll parameter, so that traditional slow-roll happens when
p/p = —1. The trajectory generates non-gaussianity both at the largest scales (at the current horizon scale) and the
smallest (below the dwarf galaxies). It is in these scales that non-gaussianity could be generated depending on the
SUSY scale.

It is easy to see that in an expanding universe it is a monotonically decreasing function of time:

dE[X]
dt

= 3HG; X' X’ (8)

When we use the scalar component of the goldstino superfield, the trajectories are always plane curves
in the plane (o, 3) whose metric is always of Gaussian form:

ds®> = 2G(a, B) (da® + df?), )
and the first two equations in 5 can be succinctly written as:
54+ 0,logG2 +3H:2+G LoV = 0.
The slow roll equations are simply:
3Hz+G 'o;V = 0.

It is clarifying to analyse these equations (the first and second order sets) in terms of polar coordinates.
In the models we consider we start inflation close but below the Planck scale. In polar coordinates, the
change of the energy of the system is given by:

d B[ X]
dt

= =3HG(p,0) (" +p*6%), 2= pe’

The initial value for p will be close to one in Planck units, hence if we choose some generic initial
conditions with an arbitrary direction for the speed of the field, it is clear that for high values of 6
the slashing of the angular component will rapidly damp the energy and the field will join any of the
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0.5

0.0

Fig. IV: Left panel: polar plot of the potential used to compute inflationary trajectories. Right panel: contour plot
version of the left panel (6 (y-axis) range from 0 to 7/2) with some inflationary trajectories over-plotted.

trajectories determined by the extrema of the potential with respect to the angular variable 9y V' = 0.
From the angular part of the slow roll equations one sees easily that those constant § = 6 satisfying the
extremum condition are exact solutions to the slow roll equations. Each of those values is a potential
attractor. General trajectories will join one of this attractors and then the p will roll to the origin as in
single field inflation theories. The number of e-folding generated will depend, of course, on the initial
conditions and the parameters of the model, but it is important to remark that in most models in this
approach it is typical to obtain a number of order ten e-foldings. The number of effective attractor
trajectories depends on the potential and the metric.

If we analyse the full set of second order equations, hence without the slow roll conditions, the
conclusions are rather similar. The attractor-like trajectories, i.e. exact solutions with § = 6 constant
are also characterised by the extremal point of the potential with respect to the angle. Some examples
can be found in the figures below. For some values of the parameters of our model, we plot the potential
in polar coordinates. It is easy to see attractor trajectories in the three dimensional plot in Fig. I, and also
the corresponding valleys of attraction in Fig. IV, which portrays the same potential but in a contour plot.

In the next section we explore some explicit examples and trajectories with reasonable number of
efoldings. The general remarks just presented of course apply to the cases studied below.

4 Examples

As explained before, we always need to set a = 0, so we concentrate on the values of b and c¢. From
a Monte-Carlo simulation that samples more that 1000 values for b and ¢ we have found that the most
favourable values to produce enough e-folds is when b ~ —c, so from now on we focus on this case.
This is the case already depicted in Fig. I. Note the main features of the potential: a very steep part at
values of the field ~ M, a flat part at < M and finally a global minimum. Let us start with a trajectory
where the field starts near the flat part. This is shown in Fig. II. the left panels shows the trajectory in the
plane «, 3 while the right panel shows the value of the equation of state p/p, recall that slow-roll implies
p/p ~ —1 ~ (e — 1) where € is the first slow-roll parameter, as a function of the number of e-folds (7).
First, the trajectory is very flat (note the small values of p/p on the y-axis) but last only for about 20
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Fig. V: Dark-red thick line shows the prediction for our model in the plane r» — n, (plot adapted from Planck team
release).

e-fold, enough to explain the observed universe but not its flatness.

So we now explore the case when the field starts from the steeper part at positions of the field
~ M and with arbitrary position in velocity and direction. An example is shown in Fig. III. First, note
that despite the initial steepness of the potential and arbitrary velocity, the field is slowed-down by the
non-linear friction terms at the turns. This period os “slashing" ends into the field reaching nearly zero
velocity at the beginning of the flat part of the potential. From the right panel we observe that this early
phase provides a few e-folds before entering the slow-roll phase that last for about 25 e-folds. The field
then exits slow-roll and enters a final phase of no slow-roll adding and extra 10 e-folds. In total we obtain
the required 45 e-folds to explain flatness and the required slow roll phase to explain the observed slope
of the primordial power spectrum ng = 0.96 £ 0.007.

This is typical of what we found in the Monte-Carlo simulation for arbitrary trajectories starting
at positions of the field > M. Note that because we do not have control on how the potential behaves
beyond values of the field of M, it is important that even for very steep values the non-linear friction is
efficient at slowing down the inflaton and providing initial conditions for slow-roll.

Thus general trajectories in our model look very much like the one in Fig. III. Note that obtaining
order 50 e-folds is not difficult with values of b, ¢ order one (as in Fig. I). More e-folds can be obtained
if the values of b, ¢ are tune in one part in 100, although this does not seem to be necessary. We note that
further fine-tuning of the parameters will not lead to any improvement of the model.

We show the general prediction of our model for the ratio of tensor-to-scalar perturbations in
Fig. V. As expected [20], because of the small displacement of the field (Aa, 8 ~ 0.2 — 0.3M), r is
small ~ 0.001.

5 Non-gaussianities

We now answer the following question: will non-gaussian fluctuations be generated by our model? We
first note that the kinetic term is always non-canonical, but weakly so for «, 5 < 1 as can be seen from
the choice of the Kahler potential. So although our inflaton is a “pion" we will not generate any non-
gaussianity from this source. The only place where one could generate measurable non-gaussianity is
from those situations in which the inflaton turns.

We can estimate the value of the non-gaussian fluctuations following [21]. The overall level of



Initial conditions for inflation and the energy scale of SUSY-breaking from...

non-gaussianity is given by their Eq. 17, which reads

.\ 3
int 1 7V/// 9
NL — a@)m (H ) <H> (10)

3

where V" is the third derivative of the potential at the turn, § is the angular velocity of the inflaton as
it turns, P is the power spectrum of the fluctuations and a(v) is a numerical factor (which we compute
using [22]).

In order to estimate the different terms in the above equation in our models we proceed as follows:
we generate 1000 random trajectories for different values of our potential, but limited to the case where
¢ = —g X b, where g is a number between 1 — 2, as we know by previous experience that this is the
case when the potential can harbour trajectories with O(40 — 50) efolds; we also limit b, ¢ to have the
freedom to vary only in the first decimal place as to not produce fine tunning of the potential. Finally, the
trajectory are all started with random values for both position and velocity at different values of the two
real fields o, 8. A typical trajectory is shown in Fig. III. Note that the interesting part of the trajectory
where non-gaussianities can be generated are at very large scales, comparable to the horizon scale today
and at scales smaller than dwarf galaxies, i.e. very small scale perturbations. This behaviour is typical
of our model for most trajectories.

From this set of trajectories we compute the distribution of 6 and V"”. This is shown in Fig. VL
We can now evaluate Eq. 10 noting that a(v) ~ 10, % ~ 10, P£1/2 =6 x 107Y and # ~ 5(f/M?),
thus the relation between the SUSY breaking scale and the level of non-gaussianity reads

Vi
Vi=SGEM (11)

Using current observational limits from Planck [2] (fn1, < 14), and adopting the minimum amount of
non-gaussian fluctuations allowed by single-field inflation [23], provides a very tight constraint for the
SUSY breaking energy scale v/f = 3 — 7 x 102 GeV at 95% confidence.

In passing we note that the turns will generate isocurvature fluctuations at a level similar to the
one needed to explain the observed power asymmetry at large scales [24,25]; we will elaborate on this
subject in a future publication.

6 Conclusions

We have presented in this article some more quantitative phenomenological findings for our proposal
to identify the inflaton with the order parameter of SUSY breaking. We are motivated by finding a
physical candidate for the inflaton, which seems to be the paradigm supported by current cosmological
observations [1] to explain the origin, size, flatness and perturbations of the Universe. The model is
successful at answering questions about the fundamental physics behind inflation. In particular:

1. Why does the inflaton start the slow-roll phase with nearly zero velocity? Because the non-linear
friction term (loss of angular momentum) provided by the fact that we have broken R-symmetry;
this produces a "slashing" phase.

2. Why does the universe inflate ~ 50 e-folds? Because the inflaton rolls for about one Planck mass.

3. Why is the value of the CMB fluctuations the observed one? Due to the fact that in this model the
fluctuations are proportional to the SUSY breaking scale, so thus the value of the fluctuations on
the sky are linked to the energy chosen by nature to break SUSY.

4. Why does inflation end? At low energies the inflaton "integrates itself out" and manifests as a
fermi gas of goldstinos, thus not behaving anymore as a scalar field.
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Fig. VI: The probability distribution for the values of € (angle of the turn), V" (third derivative of the potential)
and ¢ (time it takes to turn) as derived from 1000 random trajectories generated for different initial conditions
and values of the potential that generate at least 45 e-folds. These values are used to compute the amount of
non-gaussianity generated in the trajectories.

Our model makes a very precise prediction: that the scale of SUSY breaking has to be at ~ 103
GeV. This can be tested in the next LHC run starting in 2015. This relatively high energy scale implies
that the possibility of observing SUSY at the LHC is slim but not completely excluded. The details will
depend on the explicit parameters chosen to make contact with the low energy world (~ 10 TeV).
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Mass hierarchy and string phenomenology in the LHC era
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Abstract

I will discuss the status of the mass hierarchy problem and prospects for be-
yond the Standard Model physics in the light of the Higgs scalar discovery at
the LHC and the experimental searches for new physics. In particular, I will
discuss in this context low energy supersymmetry, living with the fine tuning
and strings at the TeV scale.

1 Introduction

During the last few decades, physics beyond the Standard Model (SM) was guided from the problem of
mass hierarchy. This can be formulated as the question of why gravity appears to us so weak compared
to the other three known fundamental interactions corresponding to the electromagnetic, weak and strong
nuclear forces. Indeed, gravitational interactions are suppressed by a very high energy scale, the Planck
mass Mp ~ 10 GeV, associated to a length [p ~ 10735 m, where they are expected to become
important. In a quantum theory, the hierarchy implies a severe fine tuning of the fundamental parameters
in more than 30 decimal places in order to keep the masses of elementary particles at their observed
values. The reason is that quantum radiative corrections to all masses generated by the Higgs vacuum
expectation value (VEV) are proportional to the ultraviolet cutoff which in the presence of gravity is
fixed by the Planck mass. As a result, all masses are “attracted" to about 106 times heavier than their
observed values.

Besides compositeness, there are two main theories that have been proposed and studied exten-
sively during the last years, corresponding to different approaches of dealing with the mass hierarchy
problem. (1) Low energy supersymmetry with all superparticle masses in the TeV region. Indeed, in the
limit of exact supersymmetry, quadratically divergent corrections to the Higgs self-energy are exactly
cancelled, while in the softly broken case, they are cutoff by the supersymmetry breaking mass split-
tings. (2) TeV scale strings, in which quadratic divergences are cutoff by the string scale and low energy
supersymmetry is not needed. Both ideas are experimentally testable at high-energy particle colliders
and in particular at LHC. Another option is to live with the hierarchy, addressing differently questions
such as gauge coupling unification, dark matter candidate and electroweak (EW) vacuum stability. Split
supersymmetry is an interesting example of such a possibility. All these ideas are experimentally testable
at high-energy particle colliders and in particular at the LHC.

On the other hand, the recent major discovery of the Higgs boson at the LHC with a mass around
126 GeV is so far compatible with the Standard Model within 20 and its precision tests. It is also
compatible with low energy supersymmetry, although with some degree of fine-tuning in its minimal
version. Indeed, in the minimal supersymmetric Standard Model (MSSM), the lightest Higgs scalar

mass my, satisfies the following inequality:
AQ
11— —L
12m£

where the first term in the r.h.s. corresponds to the tree-level prediction and the second term includes the
one loop corrections due to the top and stop loops. Here, mz, m;, m; are the Z-boson, the top and stop

< (130GeV)?, (D)

3 4 m2 A2
mi < m¥ cos® 26 + s ll 4 L

(4m)2 v2

TOn leave from CPHT (UMR CNRS 7644) Ecole Polytechnique, F-91128 Palaiseau.
*E-mail: ignatios.antoniadis @cern.ch



Mass hierarchy and string phenomenology in the LHC era

quark masses, respectively, v = +/ v% + v% with v; the VEVs of the two higgses, tan 8 = v2/v1, and A,
the trilinear stop scalar coupling. Thus, a Higgs mass around 126 GeV requires a heavy stop m; ~ 3
TeV for vanishing A;, or A; ~ 3m; ~ 1.5 TeV in the ‘best’ case. These values are obviously consistent
with the present LHC bounds on supersymmetry searches, but they will certainly be probed in the next
run at double energy. Theoretically, they imply a fine-tuning of the EW scale at the percent to per mille
level. This fine-tuning can be alleviated in supersymmetric models beyond the MSSM, as discussed in
the next session.

2 MSSM Higgs sector with dimension-five and dimension-six operators

Although extremely successful, the Standard Model or its supersymmetric version (MSSM) is not a
fundamental theory, and this motivated the theoretical efforts to understand the nature of new physics
beyond it. This search can be done using an effective field theory approach, in which the “new physics”
is parametrised by effective operators. The power of this approach resides in arranging these operators
in powers of 1/M, where M, is the scale of new physics that generated them. To improve the predictive
power, one considers additional organising principles, such as: (i) symmetry constraints that these oper-
ators should respect, often inspired by phenomenology (for example: R-parity, lepton or baryon number
conservation, etc). (ii) a truncation of the series of operators to a given order in the power of the inverse
scale 1/M,. The effective low-energy Lagrangian then takes the form

L="Lo+ 17 Oni @)
,mn

where L is the SM or the MSSM Lagrangian; O,,; is an operator of dimension d = n + 4 with the

index ¢ running over the set of operators of a given dimension; ¢, ; are some coefficients of order O(1).

This description is appropriate for scales E which satisfy £ < M,. Constraints from phenomenology

can then be used to set bounds on the scale of new physics M,.

Regarding the origin of operators O, ;, they can be generated classically or at the quantum level.
At the classical level, this can happen by integration of some new massive states, via the equations of
motion and one then generates an infinite series. This can happen even in 4D renormalisable theories;
indeed, even though the low energy interaction looks nonrenormalisable, it may actually point to a renor-
malisable theory valid up to a much higher scale (a familiar example is the Fermi interaction). Such
effective operators are also generated at the quantum level, for example following compactification of a
higher dimensional theory, by the radiative corrections associated with momentum and winding modes
of the compactification [1-5].

The effects of these operators on the low energy observables can be comparable to the radiative
effects of light states in the SM/MSSM [6] and this shows the importance of their study. In the following
we shall study these effects to the case of the MSSM Higgs sector with additional operators of dimensions
d = 5 and d = 6. In particular we show that the mass of lightest SM-like Higgs can easily be increased
close to the observed value by new physics in the region of few TeV. We then discuss the nature of the
“new physics” behind the effective operators.

2.1 MSSM with d=5 operators.

As an application, consider the MSSM extended by all possible d = 5 operators that respect R-parity,
baryon and lepton number symmetry. The Lagrangian is £ = Lo + £5) where

Ly = /d49 Z ZI(S,ST)HJEV"HI-F{/(F@ ILLO(1+BOS)H1HQ+hC}+

i=1,2

+ /d29 [Q Ao (S)UC Hy — Q Ap(S) D¢ Hy — L Ap(S) E HI} Y he. 3)
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The dots stand for Higgs-independent terms and Z;(S, ST) = 1 — ¢; STS, ¢; ~ O(1). Further

1
L = / d*o [HI e'QYyU* + H} eQYpD° + Hy' eV LYRE" )

+ aD[bHye V1| Dy [ceV Hy|+ 6(67)[QU° To QD +QUC Ty, LE® + Ay (Hy Hz)? +h.c.]

with a standard notation. We introduced here some spurion dependent functions: a, b, c, Z1 2, Yp, F' =
U, D, E, which are general functions of (S, ST) while T, Ty, Ay, are holomorphic functions of S.
Here S = mgf? is the spurion superfield and mq the supersymmetry breaking scale, with mo =
(Fhidden)/Mp, so supersymmetry breaking is transmitted via gravitational interaction. Any supersym-
metry breaking associated with the presence of the above interactions is included using the spurion field
technique. Not all operators in (4) are independent [6]. To remove the redundant operators we use field
re-definitions:

1 —2 . T 1 .
H, — H-— M*D |:A1ngv2 (10'2)} +M*QPUU
Hy — H+1ﬁ2[AHT Vi )}T+1Q Df 4+ Ly B )
2 2 L o Hje" (ioo L PD L PE

where pr = pr(S), F = U,D,E, A; = Ay(S, ST), 1 = 1,2, can be chosen arbitrarily. To avoid the
presence of flavour changing neutral currents, the following simple ansatz can be made:

TQ(S) = c(S) Au(0)® Ap(0),  Tr(S) = cL(S) Av(0) ® Ag(0),
pr(S) = cr(S) Ar(0), Yr(S, 8" = yr(S, ) Ap(0), F=U,D,E. (6)

and, as usual Ap(S) = Ap(0) (1 + Ar S). Using a suitable choice for the (otherwise arbitrary) co-
efficients of the spurion entering in Aq 2, one can set Typ = 17, = O alsoa = b = ¢ = 0 and
Yr — yr(ST) Ar(0). Then one finds [6]

1
£6 = ﬁ/d‘*e [Hjevlng](sf)UC+H;eV2QY]5(5T)DC+H§e"2LY,;(ST)EC+h.c.}
1
T / d20 Ny (S) (Hy Ha)? + hec. ™

Detailed calculations show [6] that the new Yukawa couplings Y;.(ST) now depend on St only, Y;.(St) =
Ar(0) (o 4 27 ST). After (5), the couplings of Ly also acquired, at tree level, threshold corrections
which depend on M, [6]. The new form of £5) in (7) gives the minimal irreducible set of R-parity, B, L
conserving d=>5 operators that can be present beyond MSSM.

A consequence of this analysis is the generation of new couplings, beyond those in the MSSM at
the tree level. For example there is a “wrong”-Higgs Yukawa coupling, that exchanges the holomorphic
dependence on one Higgs by that on the hermitian conjugate of the other [8,9]. Such couplings do arise
in the MSSM at one-loop, after integrating out massive squarks and are suppressed by m% /M2 x (loop-
factor). Here they are suppressed by mg /M, only, as seen below:

M,

M. *
These couplings bring a tan 5 enhancement of a prediction for a physical observable, such as the bottom
quark mass, relative to bottom quark Yukawa coupling:

my = (1/\/5)1)(:085()\b+5)\b+A>\btanB) 9

Here ) is the usual bottom quark Yukawa coupling, d )\ is its one-loop correction in MSSM and A\,
is a “wrong”-Higgs coupling’ corrections, obtained after integrating out at one-loop massive squarks in
MSSM; in our case A\ receives an extra correction from (8), which can actually be larger than its one-
loop-generated MSSM counterpart [8, 10-12]. This can bring a tan 5 enhancement of the Higgs decay
rate into bottom quarks pairs (for further details see [6]).

(28 Do) (] an) s + o8 Do) (B ars) iz + 25 Do)y (W ir:) ej+he]  ®)
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2.2 MSSM Higgs sector with d=5 and d=6 operators

We can extend the previous discussion by including all effective operators of both dimension d = 5 and
d = 6 that can exist beyond the MSSM Higgs sector. This can be motivated in various ways. The MSSM
Higgs sector is a minimal construction and extension of that of the SM. It does not take into account
possible non-perturbative effects [13] or additional massive states that can couple to the Higgs sector and
generate, when integrated out, new contributions. The fine tuning [14, 15] needed to have the SM-like
Higgs mass well above the LEP bound [16] can also be a problem and it may indicate the existence of
new physics beyond the Higgs sector. Such problems may be addressed by using a model-independent
approach, using the effective operators. In the leading order, new physics beyond the MSSM Higgs
sector can manifest itself as operators of either d = 5 [6,17-19] or d = 6 [7,20] or both. If generated by
the same new physics, by comparing O(1/M*) and O(1/M2) terms one can estimate when the series
expansion in 1/M, breaks down. The operators in the Higgs sector of dimension d = 5 were:

1
L:l = M* /d29 /\IfI(S) (HQ.H1)2+h.C. = 2(10 (h2~h1)(h2.F1 —+ FQ-hl) + C11 mo (hg.hl)Q + h.C,
Ly = 1 d*0 3 a(S,SNYD|b(S, ST) Hye V1| Dy |c(S, ST) "' Hy| + h.c. (10)
M,

where

N (9) /M, = 1o + Gi1mo 66, Cios C11 ~ 1/M,, (11)

L4 can be generated by integrating out a massive gauge singlet or SU(2) triplet. Indeed, in the MSSM
with a massive gauge singlet, with an F-term of type M, X2+ H;.H>, when integrating out ¥ generates
L1. L5 can be generated in various ways (see Appendix A, B in [6]) but perhaps the simplest way is via
an additional pair of massive Higgs doublets of mass of order M,. As already discussed, L2 can be
removed by general spurion-dependent field redefinitions, up to soft terms and p term renormalisation
and O(1/M?2) corrections [6].

We assume that my < M., so that the effective approach is reliable. If this is not respected and
the “new physics” is represented by “light” states (like the MSSM states), the 1/M, expansion is not
reliable and one should work in a setup where these are not integrated out.

The list of d = 6 operators is longer [21]:

O = J\/i? /d49 2, (Hf eV H))?, 05 = —7‘;3 /d49 Z5 (HT V' Hy) Hy. Hy + hec.
02 = 155 [ @0 22 () ¥ ), 0 iy [ 0 2 (1] 1) o 1 41
O3 = J\/llg /d49 Zy (H} eV Hy) (H e Hy), O7 = Z\;E /d2927TrWa W (Hy Hy) + hc.

Oy = z\; /d4924 (Ho. Hy) (Ho. Hy)T, O = ]\;2 /d492’s (Hy L2+ e .

where W¢ = (—1/4) D’V D¢ is the chiral field strength of SU(2)r, or U(1)y vector superfields
Vi and Vi respectively. Also Vi 2 = V,%(0%/2) + (F1/2) Vy with the upper (minus) sign for V. The
remaining d = 6 operators involve extra space-time derivatives:

1 - 1

O =+ / d*0 Zy H{V* V1 V2 H, On=1m / d*0 215 H} > Vo W Hy
1 - 1

O =173 / d'0 210 H{ V" "2 V? H,y Oi3=17m / d* 23 Hf " WV v H,
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O / d*0 2y, Hi "' vew D 1, O / d'0 2y, H > WPV Hy (13)

Also Vo H; = e Vi D, e""H; and Wé is the field strength of V;. To be general, in the above opera-
tors one should include spurion (S) dependence under any V, of arbitrary coefficients, to account for
supersymmetry breaking effects associated to them. Finally, the wavefunction coefficients are spurion
dependent and have the structure

(1/M3) ZZ(S, ST) = ayo + a1 mo 00 + a}‘l mo@—}— e 7)) m% 90@, Qjj ~ 1/M3 (14)

Regarding the origin of these operators: Oy 2 3 can be generated in the MSSM by an additional, massive
U(1) gauge boson or SU(2) triplets, when integrated out [17]. Oy can be generated by a massive
gauge singlet or SU(2) triplet, while Os ¢ can be generated by a combination of SU(2) doublets and
massive gauge singlet. 7 is essentially a threshold correction to the gauge coupling, with a moduli
field replaced by the Higgs. Og exists only in non-susy case, but is generated when removing the d = 5
derivative operator Lo by field redefinitions [6], so we keep it.

It can be shown that operators Og 14, can be eliminated along the lines discussed in the previous
sections. For example, in the absence of gauge interactions, Oy is similar to the operator in eq.(7) and
only brings a wavefunction renormalisation, Og ~ |u|2/M2 [ d*0H] Hy, and similar for Oy. Regarding
O11,12, in the supersymmetric case they vanish, following the definition of V* and an integration by

parts. Further, O13 14 are similar to Og 19, which can be seen by using the definition of Wo(li) and the

. =2 —2 . S
relation between V2, (V") and D?, (D”). In the presence of supersymmetry breaking, elimination of
these operators and their supersymmetry breaking contribution is still possible, up to a renormalisation
of the soft terms and p term [6].

2.3 Higgs mass corrections from d = 5 and d = 6 operators.

With the remaining set of independent, effective operators £1, O, g of dimensions d = 5 and d = 6,
one finds the scalar potential V and its EW minimum; this is perturbed by O(1/M?2) corrections from
that of the MSSM. The expression of V' is long and it is not given here (see [7] for its form). From V'
one computes the mass of CP-odd/even Higgs fields. One has:

2 (10 po v?

m% = (m%)mssm —

for the pseudoscalar Higgs, with (m? )mssm the MSSM value, with §m? due to O(1/M?2) corrections
from d = 5 and d = 6 operators. For the CP-even Higgs one has [6,17,19]

msz,H = (m%,H)MSSM
2 m + mj (=2 (11 mo) v? (m% —m?2) cos® 23
+ (2 (1o /Lo)v sin 23 [1 + A\/E Z:| 5 [1 * A ZQD }
+ omj g, where  6mj 5 = O(1/M?) (16)

The upper (lower) signs correspond to h (H), and @ = (m?% + m%)? — 4m% m% cos?23. With this
result one can show that the mass my, can be increased near the observed value, also with the help of
quantum corrections [6, 17-19].

Regarding the O(1/M?) corrections of 5m%,H, ém? and 6m,217H of (15), (16), in the general case
of including all operators and their associated supersymmetry breaking, they have a complicated form.
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Exact expressions can be found in [7,20]. For most purposes, an expansion of these in 1/ tan f is accu-
rate enough. At large tan 8, d = 6 operators bring corrections comparable to those of d = 5 operators.
The relative tan 3 enhancement of O(1/M?2) corrections compensates for the extra suppression that
these have relative to O(1/M.,.) operators (which involve both k1, h2 and are not enhanced in this limit).
Note however that in some models only d = 6 operators may be present, depending on the details of the
“new physics” generating the effective operators.

Let us present the correction O(1/M?) to m3 ; for the case m 4 is kept fixed to an appropriate
value. The result is, assuming m 4 >myz, (otherwise 5m% and 5m§{ are exchanged):

mi = —20° [azz m§ + (a0 + o) g + 2ci61 Mo f1o — Q20 mzz} —(2C10 po)? v (Mm% —m%)~?

+

v>cot 8 [(m%—m%)_l(‘l m? (2021 + 31+ o1 +2081) mo pro+ (250 + o) 116 + 2 M)

— (2060 —3az0) Mm% mzz—(20460+0470)m§) + 8 (m4+m%) (1o mo Cio Cu)UQ/(m,%x—sz)Q}

+ O(1/tan’ B) (17
A similar formula exists for the correction to m:

6m%{ = [ -2 (mouo (as1 + 1) + agz),m%) v+ (210 ,uo)2 U4(m?4 — mZZ)_l]
+v’cot 8 [(mi—m%)A(Qm% (2(011 —aa1) mopto+ (6o — ats0) pg+ (asz — o2 )mg — agom’y )

—  [4 (o1 4 @21 + as1 + a1 + 20s1) mopo + 6(aso + ago) g + 2(as2 + agz) my

— (505060 —2a70) Mm% Imz — (e —%‘O)WE) —8 (m4+m%) (romoCioi1) v?/(m? —WQZ)Q}

+ O(1/tan?3) (18)

The mass corrections in (17), (18) must be added to the rhs of egs.(16) to obtain the full value of m}% e
Together with (12), (14), these corrections identify the operators of d = 6 with the largest contributiohs,
which is important for model building beyond the MSSM Higgs sector. These operators are O 3 4 in the
absence of supersymmetry breaking and Oy ¢ when this is broken. It is preferable, however, to increase
mfl by supersymmetric rather than supersymmetry-breaking effects of the effective operators, because
the latter are less under control in the effective approach; also, one would favour a supersymmetric
solution to the fine-tuning problem associated with increasing the MSSM Higgs mass. Therefore Oz 3 4
are the leading operators, with the remark that Oy has a smaller effect, of order (my/ug)? relative to
O3 4 (for similar «jo, j = 2,3,4). At smaller tan 3, Os ¢ can also give significant contributions, while
Oy has a relative suppression factor (my/ug)2. Note that we kept all operators O; independent. By
doing so, one can easily single out the individual contribution of each operator, which helps in model
building, since not all operators are present in a specific model.

One limit to consider is that where the operators of d = 6 have coefficients such that their contri-
butions add up to maximise 5m%. Since «;; are not known, one can choose:

— Q= —ag = —Q30 = —aq0 = g > 0 (19)
In this case, at large tan (:
dmj, ~ 2v% g [md + 2mopo + 2 g + m3] (20)

A simple numerical example is illustrative. For mg = 1 TeV, pug = 350 GeV, and with v ~ 246 GeV,
one has dm? ~ 2.36 gy x 10" (GeV)?. Assuming M, = 10 TeV and ignoring d = 5 operators,
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with agg ~ 1 /M*2 and the MSSM value of m;, taken to be its upper classical limit mz (reached for
large tan 3), we obtain an increase of my, from d = 6 operators alone of about Amj; = 12.15 GeV to
myp, = 103 GeV. An increase of aiyg by a factor of 2.5 to aigg ~ 2.5/Mf would give Amy, ~ 28 GeV to
myp, ~ 119.2 GeV, which is already above the LEP bound. Note that this increase is realised even for a
scale M, of “new physics” beyond the LHC reach.

The above choice of M, = 10 TeV was partly motivated by the fine-tuning results [18] (for d = 5
operators) and on convergence grounds: the expansion parameter of our effective analysis is mq /M,
where my, is any scale of the theory, in particular it can be mg. For a susy breaking scale mg ~ O(1)
TeV (say mg = 3 TeV) and ¢ 2 or o of Z;(S, ST) of order unity (say c1,2 = 2.5) one has for M, = 10
TeV that ¢ 2 mo/M, = 0.75 which is already close to unity, and at the limit of validity of the effective
expansion in powers of 1/M,. To conclude, even for a scale of “new physics” above the LHC reach, one
can still classically increase my, to near the LHC measured value.

2.4 Final remarks

The final step is to identify the nature of “new physics” that generated the operators with the largest
correction to my,, ideally from a renormalisable model. At the level of dimension d = 5 operators, this is
clear from previous discussion: a massive gauge singlet can generate operator £; of (10) and the needed
increase of my, for a scale M, ~ 5 — 10 TeV [18]; this can provide a solution to the little hierarchy
problem, provided that one can fix dynamically the scale M,.

For dimension-six operators, from the above discussion one finds that to increase my, it is needed
that one or more of the following conditions are satisfied:

o >0, azp < 0, agg <0 21

First recall that O; 2 3 can be most easily generated by integrating out a massive gauge boson U (1) or
SU(2) triplets [17], while O4 can be generated by a massive gauge singlet or SU(2) triplets. Let us
discuss the signs of the operators when they are generated as above:

(a): Integrating out a massive vector superfield U (1)’ under which Higgs fields have opposite charges
(to avoid a Fayet-Iliopoulos term), one finds aiag < 0 and a3p > 0 (also 19 < 0) [17], which is opposite to
what we need. This can be changed, if for example there are additional pairs of massive Higgs doublets
also charged under new U (1)’; then O3 could be generated with azg < 0.

(b): Integrating massive SU(2) triplets that couple to the MSSM Higgs sector would bring gy > 0,
40 <0, agg > 0, so the first two relations agree with what we need.

(c): Integrating a massive gauge singlet would bring aiqg > 0, which would instead decrease my,.

Finally, at large tan (3, due to additional corrections that effective operators bring to the p param-
eter [22], it turns out that cyp and ai3g can have the largest correction to m%, while avoiding p-parameter
constraints. The case of a massive gauge singlet or additional U(1)" vector superfield (giving O3 4)
have the advantage of preserving gauge couplings unification at one-loop. Following the above informa-
tion, one can proceed to construct explicit models with additional states that can generate these effective
operators.

Let us mention that the method provided here to reduce the fine tuning in the MSSM for my,
relies on introducing an additional scale in the visible sector, due to “new physics” in this sector. Other
solutions to this problem may exist, which essentially rely on a low scale in the hidden sector of su-
persymmetry breaking [23]. In this case the quartic coupling and the mass of the SM-like Higgs are
increased by a factor proportional to (12/f)2, where f is the hidden sector supersymmetry breaking
scale. While not without problems, the advantage of this latter method is that it does not pay the “cost”
of an additional parameter (scale) in the visible sector, as models with effective operators do.
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3 Strings and extra dimensions

The appropriate and most convenient framework for low energy supersymmetry and grand unification
is the perturbative heterotic string. Indeed, in this theory, gravity and gauge interactions have the same
origin, as massless modes of the closed heterotic string, and they are unified at the string scale M;. As a
result, the Planck mass is predicted to be proportional to Mj:

Mp = M;/g, (22)

where ¢ is the gauge coupling. In the simplest constructions all gauge couplings are the same at the string
scale, given by the four-dimensional (4d) string coupling, and thus no grand unified group is needed for
unification. In our conventions aqut = ¢g? ~ 0.04, leading to a discrepancy between the string and
grand unification scale Mgyt by almost two orders of magnitude. Explaining this gap introduces in
general new parameters or a new scale, and the predictive power is essentially lost. This is the main
defect of this framework, which remains though an open and interesting possibility.

The other other perturbative framework that has been studied extensively in the more recent years
is type I string theory with D-branes. Unlike in the heterotic string, gauge and gravitational interactions
have now different origin. The latter are described again by closed strings, while the former emerge
as excitations of open strings with endpoints confined on D-branes [24]. This leads to a braneworld
description of our universe, which should be localized on a hypersurface, i.e. a membrane extended in p
spatial dimensions, called p-brane (see Fig. 1). Closed strings propagate in all nine dimensions of string
theory: in those extended along the p-brane, called parallel, as well as in the transverse ones. On the
contrary, open strings are attached on the p-brane. Obviously, our p-brane world must have at least the

p=3+d -dimensional brane

3-dimensional brane & open string

closed string

Minkowski 3+1 dimensions

400S
G

(2

e

&

Fig. 1: D-brane world universe in type I string framework.

three known dimensions of space. But it may contain more: the extra d| = p—3 parallel dimensions must
have a finite size, in order to be unobservable at present energies, and can be as large as TeV~! ~ 10718
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m [25]. On the other hand, transverse dimensions interact with us only gravitationally and experimental
bounds are much weaker: their size should be less than about 0.1 mm [26]. In the following, I review the
main properties and experimental signatures of low string scale models [27].

3.1 Framework of low scale strings

In type I theory, the different origin of gauge and gravitational interactions implies that the relation
between the Planck and string scales is not linear as (22) of the heterotic string. The requirement that
string theory should be weakly coupled, constrain the size of all parallel dimensions to be of order of the
string length, while transverse dimensions remain unrestricted. Assuming an isotropic transverse space
of n =9 — p compact dimensions of common radius R , one finds:

Mp = g%Mf*”R’j . g4t (23)
S
where g; is the string coupling. It follows that the type I string scale can be chosen hierarchically smaller
than the Planck mass [27,28] at the expense of introducing extra large transverse dimensions felt only
by gravity, while keeping the string coupling small [27]. The weakness of 4d gravity compared to gauge
interactions (ratio Myy /Mp) is then attributed to the largeness of the transverse space R compared to
the string length [y = M.
An important property of these models is that gravity becomes effectively (4 + n)-dimensional
with a strength comparable to those of gauge interactions at the string scale. The first relation of Eq. (23)
can be understood as a consequence of the (4 + n)-dimensional Gauss law for gravity, with M*(4+") =
M2/ g* the effective scale of gravity in 4 +n dimensions. Taking M ~ 1 TeV, one finds a size for the
extra dimensions R varying from 108 km, .1 mm, down to a Fermi for n = 1,2, or 6 large dimensions,
respectively. This shows that while n = 1 is excluded, n > 2 is allowed by present experimental bounds
on gravitational forces [26,29]. Thus, in these models, gravity appears to us very weak at macroscopic
scales because its intensity is spread in the “hidden" extra dimensions. At distances shorter than R, it
should deviate from Newton’s law, which may be possible to explore in laboratory experiments.

3.2 Large number of species

Here, we open a parenthesis to describe that low scale gravity with large extra dimensions is actually a
particular case of a more general framework, where the ultraviolate (UV) cutoff is lower than the Panck
scale due to the existence of a large number of particle species coupled to gravity [30]. Indeed, it was
shown that the effective UV cutoff M, is given by

M? = M3/N, (24)

where the counting of independent species IV takes into account all particles which are not broad reso-
nances, having a width less than their mass. The derivation is based on black hole evaporation but here
we present a shorter argument using quantum information storage [31]. Consider a pixel of size L con-
taining N species storing information. The energy required to localize N wave functions is then given
by N/L, associated to a Schwarzschild radius R; = N/LM3. The latter must be less than the pixel
size in order to avoid the collapse of such a system to a black hole, R < L, implying a minimum size
L > Lypin With Lyyin = VN /Mp associated precisely to the effective UV cutoff M, = L,,;, given in
eq. (24). Imposing M, ~ 1 TeV, one should then have N ~ 1032 particle species below about the TeV
scale!

In the string theory context, there are two ways of realizing such a large number a particle species
by lowering the string scale at a TeV:

1. In large volume compactifications with the SM localized on D-brane stacks, as described in the
previous section. The particle species are then the Kaluza-Klein (KK) excitations of the graviton
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(and other possible bulk modes) associated to the large extra dimensions, given by N = R} [}, up

to energies of order M, ~ M.

2. By introducing an infinitesimal string coupling g; ~ 1076 with the SM localized on Neveu-
Schwarz NS5-branes in the framework of little strings [32]. In this case, the particle species are
the effective number of string modes that contribute to the black hole bound [33]: N = 1/g2 and
gravity does not become strong at M ~ O(TeV).

Note the both TeV string realizations above are compatible with the general expression (23), but in the
second case there is no relation between the string and gauge couplings.

3.3 Experimental implications in accelerators

We now turn to the experimental predictions of TeV scale strings. Their main implications in particle
accelerators are of four types, in correspondence with the four different sectors that are generally present:

1. New compactified parallel dimensions; In this case RM;s = 1, and the associated compactifica-
tion scale Rfl would be the first scale of new physics that should be found increasing the beam
energy [25,34]. The main consequence is the existence of KK excitations for all SM particles that
propagate along the extra parallel dimensions. These can be produced on-shell at LHC as new
resonances [35].

2. New extra large transverse dimensions and low scale quantum gravity,. The main experimental
signal is gravitational radiation in the bulk from any physical process on the world-brane [36].

3. Genuine string and quantum gravity effects. Direct production of string resonances in hadron
colliders leads generically to a universal deviation from Standard Model in jet distribution [37].
In particular, the first Regge excitation of the gluon has spin 2 and a width an order of magnitude
lower than the string scale, leading to a characteristic peak in dijet production; similarly, the first
excitations of quarks have spin 3/2.

4. Extra U(1)’s arising generically in D-brane models as part of unitary gauge group factors. They
obtain in general masses due to four- or higher-dimensional anomalies, via the so-called Green-
Schwarz anomaly cancellation mechanism involving axionic fields from the closed string sector.
The resulting masses are therefore suppressed by a loop factor compared to the string scale. From
the low energy point of view, they gauge global symmetries of the Standard Model, such as the
baryon and lepton number. An important property of the anomaly cancellation mechanism is that
the anomalous U (1) gauge bosons acquire masses leaving behind the corresponding global sym-
metries unbroken in perturbation theory. Thus, this is a way to guarantee proton stability (from
unbroken baryon number) and avoid large Majorana neutrino masses (from unbroken lepton num-
ber) due to dimension-5 operators involving two higgses and two leptons that are suppressed only
by the TeV string scale. Such extra U(1)s have interesting properties and distinct experimental
signatures [38—40].

5. Concerning possible micro-black hole production, note that a string size black hole has a horizon
radius 77 ~ 1 in string units, while the Newton’s constant behaves as Gy ~ g¢2. It follows that
the mass of a d-dimensional black hole is [41]: Mgy ~ r(Ii{/Q_l /G =~ 1/g2. Using the value of
the SM gauge couplings g; ~ ¢g? ~ 0.1, one finds that the energy threshold Mgy of micro-black
hole production is about four orders of magnitude higher than the string scale, implying that one
would produce 10* string states before reaching Mpy.

3.4 Electroweak symmetry breaking

Non-supersymmetric TeV strings offer also a framework to realize gauge symmetry breaking radiatively.
Indeed, from the effective field theory point of view, one expects quadratically divergent one-loop con-
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tributions to the masses of scalar fields. The divergences are cut off by M and if the corrections are
negative, they can induce electroweak symmetry breaking and explain the mild hierarchy between the
weak and a string scale at a few TeV, in terms of a loop factor [42]. More precisely, in the minimal case
of one Higgs doublet H, the scalar potential is:

V =XNH'H)? +*(H'H), (25)

where ) arises at tree-level. Moreover, in any model where the Higgs field comes from an open string
with both ends fixed on the same brane stack, it is given by an appropriate truncation of a supersymmetric
theory. Within the minimal spectrum of the SM, A = (g3 + ¢'?)/8, with g> and ¢ the SU(2) and U(1)y
gauge couplings. On the other hand, ;2 is generated at one loop:

pt=—c*g’ M{, (26)

where € is a loop factor that can be estimated from a toy model computation and varies in the region
e~10"1 — 1073,

Indeed, consider for illustration a simple case where the whole one-loop effective potential of a
scalar field can be computed. We assume for instance one extra dimension compactified on a circle
of radius R > 1 (in string units). An interesting situation is provided by a class of models where a
non-vanishing VEV for a scalar (Higgs) field ¢ results in shifting the mass of each KK excitation by a

constant a(¢):

with m the KK integer momentum number. Such mass shifts arise for instance in the presence of a
Wilson line, a = ¢ § g—fr gA, where A is the internal component of a gauge field with gauge coupling g,
and ¢ is the charge of a given state under the corresponding generator. A straightforward computation
shows that the ¢-dependent part of the one-loop effective potential is given by [43]:

R i R 77.[.2 2p2
Vess = =Tr(=)" o5 D™ /0 di PP fy(1) e (28)

where F' = 0,1 for bosons and fermions, respectively. We have included a regulating function fs(I)
which contains for example the effects of string oscillators. To understand its role we will consider the
two limits R >> 1 and R << 1. In the first case only the [ — 0 region contributes to the integral.
This means that the effective potential receives sizable contributions only from the infrared (field theory)
degrees of freedom. In this limit we would have f,(I) — 1. For example, in the string model considered
in [42]:

16, 1]

and the field theory result is finite and can be explicitly computed. As a result of the Taylor expansion
around a = 0, we are able to extract the one-loop contribution to the coefficient of the term of the
potential quadratic in the Higgs field. It is given by a loop factor times the compactification scale [43].
One thus obtains y? ~ g2/R? up to a proportionality constant which is calculable in the effective field
theory. On the other hand, if we consider R — 0, which by T'-duality corresponds to taking the extra
dimension as transverse and very large, the one-loop effective potential receives contributions from the
whole tower of string oscillators as appearing in f4((), leading to squared masses given by a loop factor
times M2, according to eq. (26).

More precisely, from the expression (28), one finds:
1 [~ d 65 1 252
2 _ 2 (42 p3 2 —2mn2R2l
e“(R) = 52 /0 20 B2 (zl + 2) R En n‘e , (30)
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Fig. 2: The coefficient ¢ of the one loop Higgs mass (26).

which is plotted in Fig. 2. For the asymptotic value R — 0 (corresponding upon T-duality to a large
transverse dimension of radius 1/R), £(0) ~ 0.14, and the effective cut-off for the mass term is M, as
can be seen from Eq. (26). At large R, 1%(R) falls off as 1/ R?, which is the effective cut-off in the limit
R — o0, as we argued above, in agreement with field theory results in the presence of a compactified
extra dimension [44,45]. In fact, in the limit R — oo, an analytic approximation to £(R) gives:

o Eo 2 _ 3¢(5) ~
e(R) ~ R o= 41 = 0.008. 3D
The potential (25) has the usual minimum, given by the VEV of the neutral component of the Higgs
doublet v = y/—pu2/). Using the relation of v with the Z gauge boson mass, M2 = (g3 + ¢'*)v?/4,
and the expression of the quartic coupling A, one obtains for the Higgs mass a prediction which is the
Minimal Supersymmetric Standard Model (MSSM) value for tan 8 — oo and m4 — oo: my = M.
The tree level Higgs mass is known to receive important radiative corrections from the top-quark sector
and rises to values around 120 GeV. Furthermore, from (26), one can compute M in terms of the Higgs
mass m%; = —2u*:
M, =24

s = = 32
Vg (32)

yielding naturally values in the TeV range.
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Abstract

We study the transition of a scalar field in a fixed AdSy;1 background between
an extremum and a minimum of a potential. We first prove that two conditions
must be met for the solution to exist. First, the potential involved cannot be
generic, i.e. a fine-tuning of their parameters is mandatory. Second, at least
in some region its second derivative must have a negative upper limit which
depends only on the dimensionality d. We then calculate the boundary propa-
gator for small momenta in two different ways: first in a WKB approximation,
and second with the usual matching method, generalizing the known calcula-
tion to arbitrary order. Finally, we study a system with spontaneously broken
non-Abelian global symmetry, and show in the holographic language why the
Goldstone modes appear.

1 Introduction

The simplest example of AdS-CFT correspondence [1-3] is gravity plus a real scalar field system in
asymptotic anti-de-Sitter (AdS) space (for a partial list see [4—10]).

Apart from some special cases (see for example [11]) it is expected that the even simplified version
of such systems, i.e. the no-back-reaction limit where the gravitational coupling x — 0, would give the
relevant information (for some reviews on this subject see for example [12—15]). Recently this has been
done in [16], where the potential of the real scalar field has been approximated by a piece-wise quadratic
potential in order to allow analytic treatment. It has been then shown that: a) in order for the solution
between the UV extremum and the IR minimum to exist, there must be some non-trivial constraint among
parameters in the potential; b) at least one region needs V" < —d? /4, where d is the dimension of the
boundary; c) a solution of such a system has vanishing action and d) the propagator in the boundary
theory exhibits a simple 1/¢? pole as predicted by the Goldstone theorem applied to the spontaneously
broken dilatation invariance [17].

The last two points has been considered in more detail in [18] (see also [19] and [20]) following
an inspiring paper [21], where it was explicitly shown that even such a simplified system has a BPS
type solution which exhibits the Goldstone theorem for a spontaneously broken conformal invariance in
subtle way, i.e. mixing the normalizable and non-normalizable modes in the bulk at the next-to-leading
order of the matching method.

The purpose of this contribution is twofold. First, we would like to shed more light on the first
two issues, i.e. on the constraints the potential must satisfy for allowing a solution. Second, we would
like to see the 1/¢? propagator of the Goldstone in a different way, generalize the matching method at all
orders, and present few examples of its use.
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The plan of the paper is the following. After setting the notation and main formulae in Section
2,we summarize in Section 3 the wall solution found in [16]. In Section 4 we then explain the reason
for a fine-tuning of the potential parameters and explicitly show how one can find BPS-type solutions
to the first order equation of motion even in this no-backreaction limit, i.e. generalize the usual x # 0
expression of the potential through the superpotential to the x — 0 limit. With it we can prove in Section
5 in complete generality that for the solution to exist, the second derivative of the scalar potential must be
smaller than —d? /4 in at least some region. In section 6 we find the same 1/¢* propagator in the ¢ — 0
limit of the dilaton using then WKB approximation, while a long Section 7 is devoted to a detailed
analysis of the matching method to all orders. This is then used in Section 8 to show in an explicit
example what exactly makes the Goldstone boson of a global symmetry massless in the holographic
language. We conclude in section 9 with a brief summary of the results.

2 The no back-reaction limit (x — 0)

We will consider in most of this paper a real scalar field ¢ in d + 1 dimensions with bulk euclidean action

Sk ) = [ gd+y | /det gup <; g Ot Oyt + V(t)) M

in a non-dynamical AdS;. 1 background
1
9== (dz2 + 6 dat da:”) 2)
z

where (x#) are the QFT coordinates with ¢ = i 20 the euclidean time and the AdS scale has been set to
1. The boundary is located at z = 0 (UV region) while the horizon is at z = oo (IR region).

The dimensionless field variable ¢ is normalized to have extrema of the potential at £ = 0, 1. More
precisely, we will consider potentials ( throughout the paper we will indicate with a dot the derivative
w.r.t. the bulk coordinate z and with a prime a field derivative)

V)=0 , V' (0)=0 ; vVihh<o , V(1)=0 , V'(1)>0 3)

i.e. t = 1 will be the true minimum, while at the origin the potential can have a minimum (being a false
vacuum thus) or even a maximum, provided that it is in the Breitenlohner-Freedman conformal window
—d?/4 < V"(0) < 0.
We will be interested in regular, Poincare invariant solutions ¢ = ¢(z) that interpolate between the
UV (extremum at ¢ = 0) and IR (true minimum at £ = 1) regions. They obey the equation of motion
2H2)—(d—1) 2i(z) =V'(t) “4)
and necessary behave in the UV and IR as

AUV zZ—00 deIR

t(z) 220 auy = ; t(z) —=14arg 2 %)
respectively, where
AUV/IR:Q—FV ; 1% = d—Z—I—m2 (6)
D) UV/IR ) UV/IR = 4 UV/IR

with m?,, = V”(0) and m%, = V"(1) > 0 (¢t = 1 is a minimum according to (3))".
We recall as a last remark that the symmetries of AdS space translate in the scale invariance of
equation (4), i.e. if ¢(z) is a solution so it is ¢(Az), a fact of great relevance.

1 ; d? % d-avV . .
In the window — - < V"(0) < 0 the term 2z could also be present in the small z power expansion of ¢(z). From

the AdS/CFT point of view this term is interpreted as a source that breaks explicitly the scale invariance of the boundary QFT;
then we should not expect a Goldstone mode to appear, situation we are not interested in. These domain walls are interpreted
as dual to renormalization group flows generated by deformation of the UV CFT by a relevant operator, i.e. one of dimension
less than d [15].
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3 Analytic solutions for approximated bulk potentials
In this section we shortly summarize the results presented in [16].

The interesting region for ¢ is between the local minimum at 0 and the global minimum at 1.
We will divide this region into a number of sections, and in each of them the potential can be locally
approximated by a quadratic form:

V(t):§t2+Bt+C (7

The minimum number of such sections is three: (1) 0 < ¢t < t1, (2)t; <t < t2,(3)ta <t < 1. The
coefficients in (7) are parameterized in each region as

A1 >0 0
A = A <0 ; B = —Asty ;
A3 >0 —As
0
C = (A — Ag) t12/2+ Ag tyr t )

(Ag — A3) t22/2 + Az tg — Astar to + (A1 — Ao) 12/2+ Aty t

respectively. The strange choice of C’s is required by the continuity of the potential. Furthermore, we
will require the continuity of the first derivatives of the potential which yields to
. —Asty . - Az — Axty
h=——"r ; lp=———F—
A1 — AQ A3 - A2
relations that automatically satisfy 0 < 1 < tj; < t2 < 1 forany 0 < ¢tj; < 1. In this way we remain
with four relevant parameters, the A;’s and ¢ ;.

(€))

Similarly as in (6) we introduce
d2

AF=d/2+y I/Z-2EZ+AZ' (10)

We will consider the case of real 11 3 > % (A1 3 > 0) and pure imaginary vy = 175 (Ag < —%2) with
g > 0.

The solution to (4) with the piece-wise quadratic potential (7) is known

t1 (Z/Zl)AT , O<z< 2z
th(2) = ta + Dy (2/20)3 + D_(2/2)%2 , 21 <2< 2 (11
1—(1—1t3)(2/29)%s , 2 <2< 00

Continuity of the solution and its derivative at z; 2 requires

(1 — t]\/[)A;Ag(Ug — iﬂz)

+ 22'52(143 - AQ) ’ * (12)
-1

AT 2 | =2\ 1/2 d/2

o= (1-21(4E2) 0 (2) 13)
A3 \vi+ 1 21
olog (z2/71) = (2k+1)m—aq — ag (14)
with

a; = arctan (o/v;)  , i=1,3 (15)

Notice here two things:
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— there is one relation (fine-tuning) among the potential parameters A;, t)s, see eqs. (13) and (14),
— v needs to be purely imaginary.

The whole procedure can be repeated with more intervals, but these two conclusions still remain:
A non-trivial fine-tuning among parameters is needed, and at least in one interval v? = d? /4 + V" needs
to be negative. In the next two sections we will try to understand better these two issues.

4 Why the potential cannot be generic

Egs. (13) and (14) represent the quantization condition on the potential for the solution to exist at all.
As it has been noted in [16] and remarked before, this follows from the invariance of the equation of
motion under dilatations z — Az for any positive real A\. There is thus an infinite family of solutions:
the location of the domain wall is not determined. In our previous example this is seen explicitly by
the fact that the coordinates z; and 2z cannot be determined both, but due to dilatation invariance of the
original equation of motion only their ratio. The four equations (functions and derivatives at z1 2) cannot
be satisfied by only three parameters D _, z/21, so a non-trivial relation among potential parameters
follow. This simple counting can be easily generalized to an arbitrary number of intervals.

What happens if a fine-tuned potential changes a bit, i.e. if we relax the constraint among the
potential parameters? The numerical output will make #(z) diverge, so that for z — oo limit it will
not reach the unit value. In other words, the transition is not from the extremum in the origin to the
minimum at £ = 1, but it escapes to infinity. In order to make the field land to the minimum, one needs a
constrained value for the model parameters.

There are two simple ways to see why there must be some constraint among the model parameters,
if we are looking for a solution of (4).

First of all, we have a second order differential equation. In the limit z — 0 this non-linear
equation can be linearized, call the two independent solutions of this linearized version ¢4 (z) and t_(2).
Let they be defined so that for z — 0, t4(z) o A" with AUV given in (6) and t_(z) x 21877
This second t_(z) is interpreted in the AdS-CFT dictionary as a source. All solutions to the original
full non-linear equations have to evolve only towards ¢ (z) for z — 0 in order for the source to vanish.
There is however no guarantee that these solutions are finite for z — oo. In general it will not be the
case, only solutions which evolve to some linear combination at (z) + bt_(z) for z — 0 will be finite
in the opposite limit at z — co. We can enforce b = 0 and thus have a ¢(z) sourceless at z — 0 and
finite at z — oo only by carefully choosing the parameters of the original Lagrangian, i.e. the potential.
From here the fine-tuning among parameters.

Another way perhaps more familiar of setting the problem is through the linearized perturbation
equation around the assumed solution ¢(z). If we write the perturbation as £(z; ¢q) €'’ T, such equation

results (82). We can rewrite this linearized equation for perturbations in a Schrodinger-like form. Taking
d—1

&(z;9) =z 2 f(z;q) we get,

Fao - [+ 5 (555 +veen) ] sa = o (16)

22

Now, well-known symmetry arguments (in this case related to dilatation invariance) show that £(z;0) ~
z i(z) solves equation (82) with ¢ = 0. But (16) is a second order linear differential equation with two
independent solutions and then standard quantum mechanics arguments work. By definition, necessary
f(z;0) ~ 23 VIR for z — oo and the solution that goes as 22TVIR must be discarded. Similarly,
f(z;0) ~ 220V for 2 — 0 and the solution that goes as 227Y0V must be discarded too. The only way
for this solution of (16) to exist is that in both cases we remain with the same function. As the “energy"
is zero it cannot be quantized as it is usually the case in QM, so z (z) can exist only when a fine-tuned
relation among parameters in the potential holds, and so also the solution ¢(z) of (4) exists only in this
case.
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4.1 Fine-tuning the cosmological constant on the boundary

As it has been explained in [24] the fine-tuning needed for the potential parameters is nothing else than
the requirement for a vanishing cosmological constant on the boundary. To see it more explicitly we
have of course to reintroduce gravity, i.e. a non-zero k.

Let us thus consider the gravity-scalar system defined by the action,
d+1 1 L m
S=[d"z+/|g| ﬁ(R+d(d—1))—§D t Dyt — V() 17

The following equations of motion follow,

TP
Run —d gun + K <TMN -t gMN)

d—1
DEDgt = V(1) (18)

where the energy momentum-tensor for the scalar field is,
1
Ty = Dyt Dyt — (2 DX¢ DKt+V(t)> GMN (19)

We are going to consider the ansatz,

g = dp +A%(p) g
t = ) (20)

where § = 7y, @™ Q" is the metric ({&™} is a vielbein) on a d-dimensional space-time with generic
coordinates () . In the obvious local basis,

Wwh=Alp) 0™ , m=0,1,...,d—1 : wl=dp 1)

the connections are,

w (22)

A . mo
W n=Ww n 5 W d=

where only in this subsection a prime means d/dp.

The two-forms defining the curvature tensor result,

5 A(p)? , __Ap) d
Rinn = Ronn — A(p)2 Wm N\ W s Rmd = — A(p) AN (23)
Finally the Ricci tensor components are,
1. A" (p) A(p)? )
Rmn - Rmn - +(d-1 'mn
O (S -0 ) 7
p
R = —d
“ Alp)
Ryng = 0 (24)
and the Ricci scalar, )
14 A"(p) A'(p)
R= —2d —d(d—-1 (25)
AP ap) T Ay
With (20) and (24) the equations (18) become,

" / 2 li2
Rmn — A? (il((,f)) + (d_ 1) i((;)))g —d+ d2— 1 V(t)) Mmn = 0
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ﬁ/((pp)) 1 %2 (t'(p)2 r V(t)) S
t"(p) +d A1) o)- Dty = o (26)

We have now two possible cases.

Case I: Vacuum solutions

Let us consider ¢(p) = t, an extremum of the potential, V’(¢,) = 0, and let us take V' (¢,) = 0.
Then there exist three non equivalent, exact solutions to the gravity equations in (26),

g = dp2+62pg ; Rmnzo
g = dp*+cosh?(p) =

g
g = dp*+sinh®(p) g

We recognize the first case as plane AdS, 4 if g is identified with the flat Minkowski metric, the maxi-
mally symmetric case. On the other hand, the second/third solutions correspond to Einstein space-times
of negative/positive curvature, being the most symmetric choices for § the spaces AdS; 4—1/dS1 4—1
with scale L = 1. However from (18) we see that in any case the equation for the bulk metric g is just
Ryny = —d gyn; so the maximally symmetric choices should lead to the same space, i.e. the three
cases in (27) must correspond to AdS; 4 sliced differently. 2 An observation: z = e " is the usual
coordinate with z = 0 the boundary and z = oo the horizon iff the p-coordinate is the one defined in the
patch of the first solution, i.e. p represents different coordinates in each line of (27).

Case II: Domain wall solutions

In this case the profile of the scalar must be non trivial; in particular we are interested in interpo-
lating solutions like the ones considered in the papers. We can however always take the weak gravity,
decoupling limit x — 0, and we must solve the scalar equation in the background (27). Now, if we
consider the flat slicing, we found the need of fine-tuning the potential in order to get a solution. The
question is: if we interpret the other two slicings as leading to Ad.S and d.S space-time geometries of the
boundary theory instead of Minkowski, is it necessary to fine-tuning the potential to get a domain wall
solution also in these cases?

With the new variable z = e~” (and for simplicity keeping the same notation for ¢ = ¢(z)) the
equation to solve is, )
d—1)4+k(d+1)z* av
e -
where £k = +1,0, —1 in the dS, Minkowski, AdS slicing. There is no dilatation symmetry anymore,
so no need for fine-tuning. In the language of the piece-wise-quadratic potential, all the coordinates of
different intervals can be determined, and not only ratios. No relations among parameters is needed for
the solution to exist. It is now clear the physical meaning of it: it is just the fine-tuning of the boundary
cosmological constant.

22i(z) — (t)=0 (28)

4.2 The BPS solutions

A solution that spontaneously breaks conformal invariance makes the on-shell action vanish (see for
example [23]). This is a hint that the solution may be of the BPS type, i.e. it solves a first order
equation [16]. Instead of proving this statement, we will show how one can define the superpotential that

%In fact the third form can be found in equation (3.1) of [25].
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allows a smooth x — 0 limit. Let’s go back to (17). We will search for solutions to the equations of

motion of the form
1 dz>
(de e )

g7 2 F(2)
= t(z (29)
The b.c. at the boundary z = 0 are,
t(z) =0 ; F(z)—1 (30)
where,
V)y=0 ;3  V()l=0=0 3D
This assures for the solution to be asymptotically AdS with fixed radius L = 1.
At the horizon z = co we impose,
1
oo) <00+ F)=Fi+0(3) (2)
z
The equations of motion result
2F'(z) = kK222 F(2)i%(2)
1
a1 i, d [ F2(z) dt R
z Fz(z)% ( g %(z) = V(¥ (33)

With no back-reaction (x = 0), F'(z) = 1 and it is the second equation to solve, just the scalar fields in
the AdS background. When back-reaction is taken into account (x > 0) we can use the superpotential
trick. The usual choice is consider potentials which can be written as

4K iy

Lo 2
=— — 34
V(t) = 5 WD) = S W) + (34)
Then it is possible to show that a solution of,

4
K

F(z) = 1 WZ(t)|t—t(z)
2 Wt

t'(z) = — ®) (35)

solves (33).

This ansatz implicitly assume that £ # 0. On the other side, if we want eventually to get the
no-backreaction limit x — 0, we choose a potential of the form

k2d

V(t) = %W’Q(t) —dW(t) — T W2(t) (36)
It is then possible to show that a solution of,
F) = HVO)]
. W't
) = o7
where )
HW)=1+ % W (38)
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is a solution of (33). The x — 0 limit is now small and points toward the potential
1
V() =3 W2(t) —dW(t) (39)

and the following BPS like equation,
z1(z) = W (t(2)) (40)

whose solutions satisfy also the full second order equation of motion (4) and for which the action (17)
vanishes.

At least for polynomial superpotentials and potentials the fine-tuning for vanishing boundary cos-
mological constant is simply the special form (39). With this we mean that all coefficients of the poly-
nomial in the potential are not independent and thus the potential itself is not generic.

Before ending this section, let us see some examples of superpotentials W (¢) (in [18] we already
showed another choice).

4.2.1 The Z symmetric case

An interesting case consists of the sixth order potential with the Z5 symmetry ¢ — —¢. The ansatz for
the superpotential

1 1
=A (-2 41
wio=a (3211 @)
leads to the solution,
ZA

t(z) = W (42)

From here we see that
AV =A | AIR=g42A (43)

4.2.2 A case with AUV and AR independent

In the examples of [18] and above a correlation between the UV and IR A’s was present. This is however
not a generic feature of the system. In fact, choosing for example

uv
W(t) = —i (ATE —(d+AYY)) 1+ % (ATE —(d+ AYYV) — AV 3 4 % 2 (44)
we get the solution
1
AUV 4 (ATR (g 1+ AUVY) ¢] 577 ¢ AL
2(t) = ( ( ) v R v 43)
1—t¢ AUV + (ATE — (d4+ AUV)) ¢
which has the limits (5) with
AIRi(djLAUV) A11%7(d+ArJv)
ay = (AUYV) T gp=— (AR @) At (46)

The parameters AYY > d/2 (corresponding to the maximum or minimum in the UV) and A’% >
d + AUV (minimum in the IR) can be otherwise arbitrary.
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5 V7(t) < —d?/4

As we said before, in a piece-wise quadratic potential at least in some interval the second derivative of
the potential must be smaller than —d? /4 for the solution to exist. Let us here show this statement for a
general potential V' (¢) characterized by (39). Let us define

F= / dp W'(t)? <V”(t) + Cf) (47)

t=t(z)

where t(z) is the solution of the BPS equation (40) and to simplify the notation we will use in this

subsection the abbreviation -
/d,u-uz/ dz 2741 .. (48)
0

and omit the field dependence. Our aim is to show that the quantity F' is non-positive, so that V" <
—d? /4 at least in some region.

First we rewrite (47) using (39)

2
F — /d/.L <W/2 W//2 + W/3 W/// o d W/2 W// + dz W/2> (49)

Now we use (assuming vanishing boundary terms, which is easily verified)

2
/ dp W"? = b / du W? w" (50)
/du W/B w" = /dﬂ (d W/Z w” -2 W/2 W//2) (51)
to rewrite (49) as
F= g / du W? w" — / dp W’ w? (52)

Finally we use the Schwartz inequality
1 1
2\°? 2\’
/ﬁufgs(/duf) (/ﬁug> (53)

4
/ dp W < = / dp W2 w'? (54)

to derive from (50)

Using then (53) we get first

1 1
12 11 A 2 12\ 2
dn w2 w' < ([ duw Ay W2 W (55)

from which finally it follows

F<O0 (56)
This proves our statement: the inequality V" < —d?/4 is valid at least in some region of z for any
potential V' of the form (39).

Notice that since at the horizon (z — o0) the potential has a minimum and at the boundary (z = 0)
a minimum or a maximum in the conformal window (i.e. V" + d? /4 > 0), there are always an even
number of times that V' crosses the particular value —d? /4.
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6 The WKB approximation method

Here we shall try to apply the WKB method in order to compute the two-point correlation function of
operators dual through the AdS/CFT correspondence to a bulk scalar field. The recipe to get it is to
consider the solution to the perturbation equation (82), and identify the propagator by looking at the
behavior near the boundary z — 0,

AUV

£(z;9) ~ 242" £ Ga(g) = (57)

The straightest way of doing it is to consider the Schrodinger-type equation (16) with “potential"

d? -1
4

A=+ (S V) 58)

where we remember that ¢() is the solution of (4). For simplicity we consider the case V" (0) = m#,, >
0, although it is not necessary for the argument.

The WKB approximation results a good one if the slowly varying “Compton length" condition
holds,

Q(z;q)
21Q(z;9)|

dQ(z;q)| 2
dz

<1 59

W

This condition applied to (58) reads,

ol L yr((z)) — LV(4(2)) 2 i(z)‘

3
‘ 2

<1 (60)
% + V"(t(2)) + ¢2 22

From here is straightforward to see that the WKB solution is trustable for any ¢ around z = 0 and
z = oo if,

1 1
vgy > 5 ; VIR > 3 (61)

respectively, with vy g as in (6). Furthermore, Q(2; q) is positive near z = 0 (and diverges quadrat-

ically there), but it is also positive for large z (going to ¢ from above). What happens in the middle?

From section 5 we know that for ¢ small enough Q(z; ¢) must become negative; then for some zp; where

t(zp) = tas it should have a local minimum. Then there must exist z; = 2;(q), 21(q) < z2m < 22(q)

such that,

d?—1
4

Near these zeroes of Q(z; ¢) the WKB approximation breaks down.

22 Q(ziq) = + V') +? 22 =0 5 i=1,2 (62)

If we admit that V" (¢57) is large enough then it is seen from (60) that in the region near zj; the
WKB solution is trustable too. Therefore, calling I, I1,I1] the regions near z = 0, zpy and z > 1
respectively, we can write the approximate WKB solution in each region as,

z dz K oz odz -
fizig) = CF o exp (le TV Ql(z,q)) e exp( IS 22?(2,@)
(2Q(z )7 (22Q(z;9))7
(63)
;o (i 5 V=2"Q(0) o0 (i[5 FV=2Q(0)
glf(z;q) = CII z2 ( f 1 ) + I 2 ( f T )
(=22 Q(2;9))7 (=22 Q(2;9))7
(64)
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;o ([ % VZaG0) soo (- [, 4 VEaG)

&rrr(zq) = C}FUZ +O[_UZ

(2Q(z:9) (2Q(z9)
(65)
where the coefficients are related by,
1+ i 1 iz iz
¢t = om0 etT) e Cu=getior e = (Ch) (60
3+1 1)
C;tII = 5 Im (C]] e POF ] ) s
. 1
Cri — it <_26—z4 Ch 4 et c;H> — (c})* (67)
and,
22(9) g,
¢(q) E/ —V/=22Q(z:q) (68)
z1(q)  #

Now, imposing finiteness when z — oo implies C;r[ 1 = 0. By using the relations (66) and (67)
we get all the constants in terms of C';;; in particular for the solution near z = 0 we get,

2 o ([ £V2Q(z9)
&(zq) = Cppp | 2 cose(q) 22 ( ((Zq;Q(Z e )

y exp (*fzzl(q) = /22 Q(z: q)
(22Q(z: )1

+ sine(q) 2

(69)

From here we should be able to extract the propagator as a function of ¢2, at least for g not so large. But
we know from section 4 that for ¢ = 0 (69) must be equal to z ¢'(z) and thus going only as A7 for
z — 0. We will show now that this implies the constraint ©(0) = k7 with k an integer. First we rewrite

+4/vE, —1/4
exp ( \/22Q (2;q ) = <le(q)> (70)

exp(i/: d(mm))

1(q)

X

Since we are interested only in vy > 1/2 and leading behavior at z — 0, we can see with the help of
(70) that the first term on the r.h.s. of (69) goes like z2”", while the second goes like 22" Since
this last one should not be present in the solution z t(z) of the ¢ = 0 perturbation, we have to impose
(otherwise no solution with the right asymptotic behavior exists)

22(0)
o0)= [ EVEQE0 = kn an

z1 (O)
This means that only potentials which satisfy this constraint are acceptable. This is the WKB analog of
the fine-tuning mentioned before.

This simple conclusion is the reason for the 1/¢? behavior of the boundary propagator. In fact, it
is easy to derive the form of the propagator in the WKB approximation; from (57) we get:

2 exp (—2 fozl(q) % (\/m— Nz 1/4))

Ga(q) = =
1 (21(q))*V"ov =4 tan o(q)

(72)
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Clearly, due to (71), we get for ¢ — 0 the usual Goldstone pole

2€Xp< Zl(o (\/m \/Viry — 1/4)) )

Ga(q) =
(zlm))?m(dw( )/dg?) g2
where 0)
de(q) :_1/ R A (74)
dq2 ¢2=0 2 21(0) 722@(2;0)

Although the denominator vanishes at the integration boundaries, the integral itself is finite.

7 The matching method to all orders
Let ¢(z) be the solution of the equation of motion (4) that behaves for z — 0 (UV) and z — oo (IR) as,

t()—0>aUVz (1+vazaUV—|— ) ; t()z_)—o%l—l-a[RZ - (1+b]RZaIR—|- .)
(75)
respectively. Here ayy > 0 and ayp < 0, while that
uv/IrR _ d d?
Ay /R = B} tvyv)IR ; Vov/iirR =\ + m?]V/IR (76)

with m?,, = V”(0) and m?, = V”(1) > 0. Note that in order for ¢(z) to be finite in the asymptotic
expansions (75) neither AY" appears in the UV nor Aer in the IR.

Let us introduce for further use the following expansions of the functions £ (z)

uv/IiR _AVYTR uv/IR FUV/IR, \ 2—0/00
() = af IR Bum T VIR VIR 2 )
that follow by plugging (75) in the definitions
Er(2) = 2i(2) (78)
z d—1
y (=)

() = 6 ([ afo ) (79)

where z; and £_(z;) are integration constants. We find

UV/IR UV/IR UV/IR UV/IR UV/IR
ay /= ayv/IR A+/£ ; DAGEE (a+ M (d - 2A+// )) (80)
UV/IR

Clearly the UV/IR expansion of £ (z) can not contain the z~—/+ -power, but £_(z) could contain the

UV/IR
Z~t/= -power.

Our aim is to solve the equation for perturbations around the solution #(z), i.e. if we write (for a
general treatment see for example the appendix of [16])

t(z;9) = t(2) + &(z9) €47 (81)
then the second equation in (18) gives to first order in £(z; q)
2 E(zq) — (d—1) 2&(z;9) — (¢ 2"+ V"(1(2)) &(239) =0 (82)

We will do it in two different approximations.
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7.1 The large z expansion.
We write (82) as
2 &(zq) = (d—=1) 2&(z19) — (¢ 2 + mip) &(z50) = 8(2) &(259) (83)
and consider §(z) = V" (t(z)) — V(1) small in the sense,
V(1) |am

— 84
V”’(l) arR (84)

0(2) = V"(t(z) = V') < V(1) — 2>20= ‘

independently of the value of ¢q. Then the solution for z > z,, can be hopefully expanded in orders of
3(2),

5(z) = V" (1) arg 22" (1 +brp 27 +...) (85)
The order zero term is the solution to the L.h.s. of (83) equal to zero, which is given by,
2 q\VIR d
foo(Z§Q) = F(VIR) (5) z2 KUIR(qZ) (86)

where we have dropped the solution that diverges in the IR and fixed the normalization in such a way
that £50(2;0) = 2A% Tt is not difficult to see that the expansion for large z > z is of the form,

Jo(gz
§(219) = &oo(259) (1 + ,(Nﬁ to. (87)
LAl
where for completeness we quote the first correction,
N dx T dy 9
folw) = V") arp =2 / / K2 (y (88)
( ) ( ) - xKZIR(x) ~ ylfAI,R V]R( )

However corrections to the leading term of £(z; ¢) in negative powers of z will not be relevant in the
matching procedure, at least not to compute the leading order behavior of the two-point function.

7.2 The small q expansion.
This time we write (82) as

o & (i) V0G)

dz dz 22

&(z:9) = ¢* £(%;9) (89)

and consider ¢ small in the sense,
V(t(2))|2
g W )
This condition certainly holds in the UV region near z = 0, but also in the IR region if

PRV ()| ~mip — qz<mig 1)

that is, when z is large and q small but ¢z fixed and small enough.

Under this condition we can try a solution for small ¢ as a power series in ¢2,

i) = > *" €M (z0) (92)

m>0

Plugging this expansion in (89) we get,

a1 d (Zld déo)(zsq)) VIR c0 ) = 0 ©3)

dz dz 22
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d detm) (z; "
241 - (zld 3 diz’q)> Y (ZtQ(Z)) M (z9) = €M V() ;5 m=12,...

94
The solution to lowest order is,

£0(zq) = ¢(q) £:(2) + C(q) £_(2) 95)

where C’io)

on.

(q) are integration constants. With £(°)(z; ¢) we can determine £()(z; ¢) from (94), and so

This iterative procedure yields the solution in the following form. First we introduce the set of
functions,

sy
M) = / LG €Pw)  ij=t- k=01
() = &) 96)
where
P =PV e+ V) ) k=12, 97)

All of them are obtained iteratively: first, from (96) with £ = 0 we get fz-(jp)(z), then we go to (97) with
k =1 and get §$ ) (z), then we come back to (96) with k = 1 and get fi(jl)(z) and so on. The functions

&m(z; q) can be expressed in terms of the §(f ) (2)’s yielding the full expansion (92) in the form,

g =Y Y (@) ) + e (g €9z)) (98)

m=>0 k=0

where the Cik)’s are, as in (95), the integration constants of the homogeneous solution in (94). After
some rearrangement, we can write (98) as,

(0 =Cila) Y @@ M) +C(@) Y @™z (99)

m>0 m>0

where we have redefined the coefficients

Ci(q) =) P(g) * (100)

k>0

We should not be surprised of this expression; after all (89) is a second order linear differential equation
and both sums in (99) are linearly independent solutions of it as it can be quickly checked. Note further-
more that they are holomorphic in ¢?; the reason behind this fact can be traced directly to the assumption
(92).

7.3 The two-point function.

For gz < mrRr expansion (99) hopefully holds, and it can be used to compute the two-point correlation

function at low momenta as follows. After adjusting the constant of integration in (75) to get rid of the

uv . . .
z52% term in £_ (z), we parametrize the z — 0 behavior as

) = [(1- @) ) - PV @] V2 + aon
+ [0+ (@) C-(a) + Y (@) O (@)] a2V 22 4
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where

==Y " / dw w' ™ &4 (w) €1 (w) (102)

m>0
while we were unable to find a closed expression for egz without specifying the potential.
Applying the holographic recipe (57) the two-point function results,
aUV/aUV

C_
(@ W@+ &),

q—0

Ga(q) (103)

The knowledge of the leading order behavior of the quotient C_(q)/C4(q) for ¢ — 0 will allow
to compute the leading power in g of G2(gq). The z;-dependence of the coefficients GHK (and the z;-
independence of the physics) gives a hint that this power is —2, as we will confirm below.

7.4 The infrared expansion
(m)

Here we define the functions Fi(;n) (2) and the constants ¢; j by means of the integrals,

IR IR 5(m)

z
iajo; dw w

Zi
alR gl M) L 242mtA ) +A () —d
5(m) n

= - o ; =0,1,... 104
QO’L] + 2—|—2m—|—A(2)+A(J)_d (¥ (Z) ) m 5 Ly ( )

S(m)

where Pij is defined to be the only z-independent part in the large z expansion, and
(m) _ I(1F vir)
= ; = 1 e 1
04 22m | F(l Fuip+ m) ) m 07 ) (105)
With them we can calculate (m = 1,2,...),
py k k k k
_ 1— _ 1-
A = e+ Y (A2 oY -l oY) (106)
=0
- 1 ~ o _
(6 = o (mEm) BV @@ Em @ @) a0
The general form of §§Em)(z) form =1,2,..., results,
€M) = alft ol AT (2 (108)
m—1

k ~1-k IR =(k k —1-k IR =k
Z (_aiR Ui) (p(_ni ) ARy 2k gi)(z) 1 lR o® @Srmi ) AL 2k 5(_)(Z)>
where the ingredients to construct it are iteratively computed as described above.

7.5 The matching procedure.
According to (84) and (91), in the region

Z> Zoo ; T =qz < MR (109)

both expansions (87) and (99) hold and therefore they should coincide exactly, i.e.

€nc(234) <1+f°<§f2+ ) Q> e )Y ™) a0

m>0 m>0
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This equation must be used to compute the unknown coefficients C’i(q). As we will see shortly, this
is not an easy task in general; fortunately the leading order behavior necessary to compute (103) is
relatively simple to get. To proceed we need the IR behavior of the ££_Lm) (z)’s. By plugging (108) in (99)
we get,

A ¢(z1q) = 272 rhs. (110)

= (1= @) Cr) - D O (@) ol X ol (1)
m2>0
2 IR 2 IR alf? (m) , 2m+2v;p g(m) (&
(04 @) O @)+ ) C1 @) gy D ot P Y (2
m>0
(111)
where we have introduced the holomorphic functions,
=3 o g (112)
m>0
On the other hand, by using the series expansion of £ (%; q) valid for x < 1 we have,
—AIR 5 (zq) _ Z <0_(m) +,7 0_(771) 2m+2y1R> . N = F(_VIR) (113)
o0 I —+ I 22 VIR F(V]R)

m>0

Now from (110) we have that at fixed x < minimum(myg, 1), in the limit ¢ — 0 equations (111) and
(113) should coincide. More specifically, if we introduce 6C (q) by,

Ci(q) = qu) <a113 (1+¢°f (q))+c%Rq2+2”’R e (q )> +6C4(q)
1] iz
¢-la) = D}q) ( @)+ (1- ¢ R >))+6O<q>
" (114)
where,
D(q) =1+¢* (4% (q) — €'B(q)) + ¢* (1% (q) €' (q) — €7 (q) €'% (q)) (115)

then we should get,

2 (@ () ) e

m>0

(- @) 601 - PR ()50 (@) ol 3 ot e 6 (1)

m>0

3 o) mevin (g_m) (fqﬂ) _ 1)

m>0

aIR — T
+ (14 (@) 6C(0) + ¢ el ()30 () g D o™ @i g (q) -

2VIR
q m>0

(116)

While the first line is automatically zero, the second and third lines should be zero separately because
they present different power series 3. From the third line we get,

5C_(g) =%~ ¢25C, (q) + ¢*'7 A(q) (117)

3A subtlety (not present in the case considered in the text) arises if §’<_’”> (2) contains powers of the form z~ 2“7 ~2" with
n € N; in that case it can be easily showed that the effect is that the coefficients of 6Ci(q) on the second line of (116) get
modified by holomorphic functions; this fact does not modify the subsequent arguments.
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where A(q) 229 0. Then the second line of (116) yields,

5C(q) % 0O Pt Alg) = C_(g) % ¢?ir Alg) (118)
Going to (114) with (118) we get the leading behaviors,
1 ¢(0)
Ci(0)=—5 i  CAQlyso=—"F7 ¢ (119)
a+ CL+
This yields for the two-point function (103) the Goldstone pole,
Galg) &% 5 (120)
q
where by using (102) and (104), i.e.
o _ [7 1-d 2
Y11 = dw w Ev(w) (121)
Z;
we get for the residue,
2 UVv2
o= vuy (a3”) (122)

o dw w T g (w)?

The result is reassuring in the sense that both contributions in the denominator of (103) add to yield a
z;-independent result.

8 Global symmetries and AdS/CFT

Let us now use all this machinery for a simple d-dimensional strongly coupled system with a sponta-
neously broken global symmetry. We would like to see explicitly what makes Nambu-Goldstone bosons
massless in the AAS/CFT picture: it is the square integrability of the solution £ (z) of the perturbation
equation. In other words, a normalizable perturbation is massless.

In general let the original symmetry group be GG, spontaneously broken to H. The simplest ex-
ample seems to be SU3) — SU(2) x U(1), i.e. G =SU3) and H =SU(2)x U(1). A physically more
appealing case could be the case of the unification group SU(5) — SU(3) x SU(2) xU(1), which will
not consider here though. The hope is that eventually one could then weakly couple the system to gauge
bosons, i.e. gauge it. Let’s consider a real adjoint transforming under SU(3) as ¥ — UXUT, which we
parametrize as

t/NB+ty  t—ity  wy —dws
S=— | ti+its t/V3—tz3 w3 —iwy (123)
V2 . .
wy +iwe w3 + twy —Qt/\/§

and a complex fundamental (under SU(3), F' — U F):

Fl=(m 7 H) (124)

The SU(2) xU(1) final symmetry will be preserved by (X) = tAg (with Ag the Gell-Mann matrix)
and (F') = 0. To get it let the SU(3) invariant superpotential be

W=A (;Tm? + ?TTZP’) + Fi <m _ \/6042) F (125)
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The strange relation between the X2 and X3 coefficients are chosen so that the straightforward
generalization of the potential (39)

L/OWN?2 1 [OW\2 1. /02
v = 2(875) +2Z<E)ti> +za§<awa>
2
ow ow ow
7) (o) (3m) (o) -4 120

v (5
=1

has an extremum at ¢ = 0 and a minimum at ¢ = 1 with all other fields vanishing, and the potential for ¢
is the same as in [18]:

23
= Al——— 12
we = a(5-5) (127
1
V() = fW’Q(t)—dW(t)
t2 tt
= A(A-d)5 - ABA- d) 3 +2A2 (128)
The solution to the e.o.m. is
A
t(z) T34 ti,wg =0 (129)
One can calculate the mass matrix
o _ 2(t) = A(A — d) — 2A(3A — d)t + 6A%¢? 130
G = M = A - d) - 28638 - d)t + (130)
oV — 2 ab __ 2,2 ab
Jwidw, mi, (£)d% = (A(A d) — A(BA —d)t + 2A%t )5 (131)
v mi ()67 = (A(A — d) +2A(3A — d)t + 2A%2) 9 (132)
8ti8t]~
oV = m2 ()6 = (m(m—d) —a@@m+ A —d)t + oo+ A)t2) 598 (133)
or:oT; — T
ov

=m(m —d) + 2a(m + A — d)t + 2a(2a — A)t? (134)

2
omor — "0
with all other elements vanishing.

This means that it is easy to solve the perturbation equation since the different modes decouple.
In an obvious notation:

2 E(zq0) — (d—1) 2€(250) — (® 22 + m*(t(2))) &(z39) = 0 (135)

2 E(zq) — (d—1) 2€%(239) — (¢® 22 + M (1(2))) €%(259) = 0 (136)
2 zq) = (d—1) 28(z19) — (2% +mi(t(2)) €'(z1q) = 0O (137)
2 (zq) — (d—1) 2 (z10) — (22 +m3(t(2)) €(z19) = 0 (138)
2 (z1q) = (d—1) 2" (210) — (¢ 22+ mE((2)) €¥(z59) = 0 (139)

The first equation (135) has a well known solution at ¢> = 0 (corresponding to the dilaton)
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Er(2) = 2 1(2) (140)
The second one (136) is for the Goldstone-bosons of the global symmetry. Since
2 1 /
mi,(t) = ;V (t) (141)
the well-behaved solution at ¢> = 0 is simply

€4(z) =1(2) (142)

This is why it has a pole at ¢*> = 0. We just need to do the usual expansion derived in general in
the previous section, see also [18], with the result for the propagator

!
Gy(q) = — (143)
q
with the general expression
2vyy (af")*
o= 5 (144)

(Jo~ dwat~? (€2 (x))
In our specific case (136) we have
agv =1 (145)

with the integral in the denominator finite.

Then, what about the third equation (137), i.e. for £ t9 One can easily find the solution for ¢ = 0:

d—A
€h(z) = C122(1 + 22)2 + 021:7 SF1(1, =5+ d/A, —1+d/A, —22) (146)

For z — oo we get

244 ZSA,dF(ﬁ —d/AT(=1+d/A)(1 4+ z2)3

E(z) = C122(1 4 22)? + O x 538 (147)
and so
C, = f%F(Gfd/A)F(fler/A) (148)
In the opposite limit z — 0 (137) becomes
€z) > C (A +..) + Cy (zd_A+...) (149)
so that due to (148) we get in the IR limit ¢ — 0
GL(0) = % - —%F(ﬁ —d/A)T(1 — dJA) (150)

Obviously there is no pole here at ¢ = 0, a pole is expected at finite q. The reason for no pole at
q = 0 is thus due to the fact that there is no solution finite in the whole positive z-axis. This was true
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for £(2) = z #(z) and £¥(z) = t(z), and this is why the next order in ¢ was needed there. In other
words, if the integral in (122) is finite, the propagator obeys (120), if it is not, then the leading term in
this expansion is a constant.

Equations (138) and (139) for §T and & H seem to point to the same conclusion as for £%: no pole,
i.e. no light degree of freedom. So if we would like one of the two to be light, i.e. for example £ (the
analog of the light SM doublet in SU(5)), we would need to further fine-tune the system, similarly as one
obtains the usual doublet-triplet splitting in a SU(5) grand unified theory.

9 Summary of results

We have studied some simple examples of the AdS/CFT correspondence, i.e. the domain wall solution
in the AdS bulk of a scalar field in the limit of no gravity back-reaction. To obtain analytical results we
rewrote the bulk scalar potential in terms of an appropriate superpotential. The correspondence between
the two is a bit unusual, i.e. it is the one that survives the infinite Planck scale limit. Since the superpo-
tential was written as a simple polynomial of the scalar field, the potential itself is obviously tuned, i.e.
it is not the most general one of given order. We showed explicitly that such tuning of the parameters
is necessary for the solution to exist at all, and that it is just a consequence of a vanishing boundary
cosmological constant, in accord with a known result from the literature. We proved another general
requirement for the existence of such domain walls: the second field derivative of the potential must be
smaller than —d? /4 at least in some interval of the bulk coordinate, where d is the boundary space-time
dimension. We then found the solution of the perturbation equation for the dilaton mode by the WKB
approximation and by the matching method to all orders. We generalized in this way the known result
of a massless mode corresponding to the spontaneously broken Nambu-Goldstone excitation (dilaton)
due to the spontaneously broken translational symmetry in AdS. The existence of a massless mode is
essentially due to the existence of a normalizable mode at g> = 0: this interpretation is confirmed in
the case of spontaneously broken internal global symmetries. We gave an explicit example in terms of a
SU(3) theory spontaneously broken by an adjoint vev to SU(2)—U(1).
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Abstract

We consider a minimal supersymmetric extension of the Standard Model, with
right-handed neutrinos and local B— L, the difference between baryon and lep-
ton number, a symmetry which is spontaneously broken at the scale of grand
unification. To a large extent, the parameters of the model are determined by
gauge and Yukawa couplings of quarks and leptons. We show that this mini-
mal model can successfully account for the earliest phases of the cosmological
evolution: Inflation is driven by the energy density of a false vacuum of unbro-
ken B—L symmetry, which ends in tachyonic preheating, i.e. the decay of the
false vacuum, followed by a matter dominated phase with heavy B—L Higgs
bosons. Nonthermal and thermal processes produce an abundance of heavy
neutrinos whose decays generate primordial entropy, baryon asymmetry via
leptogenesis and dark matter consisting of gravitinos or nonthermal WIMPs.
The model predicts relations between neutrino and superparticle masses and a
characteristic spectrum of gravitational waves.

1 Introduction

Today we have the Standard Model of particle physics as well as the ACDM model of cosmology, which
describe a wealth of experimental and observational data with an accuracy far beyond expectation [1]. On
the other hand, despite this success, it is obvious that both standard models do not represent a final theory.
The symmetry structure of the Standard Model, the smallness of neutrino masses and the discovery of
a Higgs boson [2, 3] with a mass in between the vacuum stability and the triviality bound point towards
grand unification as the next step beyond the Standard Model. Similarly, the parameters of the ACDM
model, the abundance of matter and dark matter, the apparent cosmological constant and the temperature
anisotropies of the cosmic microwave background ask for an explanation, which requires physics beyond
the Standard Model.

Supersymmetry is an attractive framework to extrapolate the Standard Model of particle physics
to the energy scale of grand unification, Aqut ~ 10'GeV. It also introduces natural dark matter can-
didates [4—6] and scalar fields which can realize inflation, thereby providing an important link between
particle physics and cosmology. Moreover, neutrino masses require right-handed neutrinos whose large
Majorana masses can account for the tiny masses of the known neutrinos via the seesaw mechanism.
These Majorana masses break the symmetry B—L, the difference between baryon and lepton number,
and their decays can generate a baryon asymmetry via leptogenesis [7]. Extrapolating the feature of
the Standard Model that all masses are generated by spontaneous symmetry breaking, suggests that also
B—L is a spontaneously broken local symmetry.

*E-mail: buchmuwi@desy.de
YE-mail: valerie.domcke@ desy.de
YE-mail: kohei.kamada@desy.de
$E-mail: kai.schmitz@ipmu.jp



A Minimal Supersymmetric Model of Particle Physics and the Early Universe

Following these arguments we arrive at a minimal supersymmetric extension of the Standard
Model, which is described by the superpotential

2

W = \/Xq) <U32—L — S1S2> + kh?nfnfsl + h;}S?TL;Hu + Wmssm , (1)
where S and Sy are the chiral superfields containing the Higgs field responsible for breaking B—L, and
n; denote the superfields containing the charge conjugates of the right-handed neutrinos. The symmetry-
breaking sector of Eq. (1), involving the superfields S7, Sy and ®, is precisely the superpotential of
F-term hybrid inflation, with ® being a singlet whose scalar component ¢ acts as the inflaton [8, 9].
vp_r, is the scale at which B—L is broken. The B—L charges are g5 = ¢s, = —¢s, = 2, ¢ = 0, and
qng = 1. h and A denote coupling constants, and Wyssm represents the MSSM superpotential,

Whissm = hi510;10, H,, + h;5710;H,; . 2)

For convenience, all superfields have been arranged in SU(5) multiplets, 10 = (¢, u®, €°) and 5* =
(d¢, 1), and 4, j = 1,2, 3 are flavour indices. We assume that the colour triplet partners of the electroweak
Higgs doublets H,, and Hy have been projected out. The vacuum expection values v, = (H,) and
vg = (Hyg) break the electroweak symmetry. In the following we will assume large tan 8 = v, /vy,

implying vg < vy, ~ vpw = /2 + vg. We will restrict our analysis to the case of a hierarchical heavy
(s)neutrino mass spectrum, My < Mo, M3, where M; = h}' vp_y,. Furthermore we assume the heavier
(s)neutrino masses to be of the same order of magnitude as the common mass mg of the particles in the
symmetry-breaking sector, for definiteness we set Ma = M3 = mg. Key parameters of the analysis
are then the B—L breaking scale vp_j, the mass of the lightest of the heavy (s)neutrinos M7, and the
effective light neutrino mass parameter my (cf. [10]),

2 vipv 2
v hY*ThY)11v
EwW ~ ( 11YEw
Vp_I =~ , M, <vp_p, m=-——-——-.

my My 3)

Here, m, = /mam3 ~ 3 X 1072eV is the geometric mean of the two light neutrino mass eigenvalues
mg and mg, and characterizes the light neutrino mass scale. In addition to the chiral superfields, the
model also contains a vector supermultiplet V' ensuring invariance under local B— L transformations and
the gravity supermultiplet consisting of the graviton G and the gravitino G.

In the following sections we shall show that this Minimal Supersymmetric Model (MSM), whose
parameters are largely fixed by low energy experiments, provides a consistent description of the transition
from an inflationary phase to the hot early universe. During this ‘pre- and reheating’ process the matter-
antimatter asymmetry and the dark matter abundance are generated. Most of our discussion will be based
on Refs. [10-12].

Our work is closely related to previous studies of thermal leptogenesis [13, 14] and nonthermal
leptogenesis via inflaton decay [15-18], where the inflaton lifetime determines the reheating tempera-
ture. In supersymmetric models with global B—L symmetry the scalar superpartner ﬁl of the lightest
heavy Majorana neutrino /N can play the role of the inflaton in chaotic [19,20] or hybrid [21,22] inflation
models. Local B—L breaking in connection with hybrid, shifted hybrid and smooth hybrid inflation has
been considered in Ref. [23]. One of the main motivations for nonthermal leptogenesis has been that the
‘gravitino problem’ for heavy unstable gravitinos [24-28] can be avoided by means of a low reheating
temperature. In the following we shall assume that the gravitino is either the lightest superparticle (LSP)
or very heavy, mg/, 2, 10 TeV. In the first case, gravitinos, thermally produced at a reheating tempera-
ture compatible with leptogenesis, can explain the observed dark matter abundance [29]. For very heavy
gravitinos, thermal production and subsequent decay into a wino or higgsino LSP can yield nonthermal
WIMP dark matter [30-32].
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The MSM, defined in Eq. (1), postdicts the earliest phases of the cosmological evolution. The
energy density of a false vacuum with unbroken B—L symmetry drives inflation. Consistency with the
measured amplitude of the temperature anisotropies of the cosmic microwave background fixes vp_r,
the scale of B—L symmetry breaking, to be the GUT scale. Inflation ends by tachyonic preheating [33],
i.e. the decay of the false vacuum, which sets the stage for a phase dominated by nonrelativistic matter in
the form of heavy B—L Higgs bosons. The further development is described by Boltzmann equations.
Nonthermal and thermal processes produce an abundance of heavy neutrinos whose decays generate pri-
mordial entropy, baryon asymmetry via leptogenesis and gravitino dark matter from scatterings in the
thermal bath. This whole pre- and reheating process is imprinted on the spectrum of primordial gravita-
tional waves [34]. It is remarkable that the initial conditions of the radiation dominated phase are not free
parameters of a cosmological model. Instead, they are determined by the parameters of a Lagrangian,
which in principle can be measured by particle physics experiments and astrophysical observations. The
consistency of hybrid inflation, leptogenesis and dark matter entails interesting relations between the
lightest neutrino mass m1, the gravitino mass and possibly wino or higgsino masses.

The paper is organized as follows. In Section 2 we discuss F-term hybrid inflation. Corrections
from supersymmetry breaking lead to a two-field model which can account for all results deduced from
the recently released Planck data. Section 3 deals with tachyonic preheating and the important topic of
cosmic string formation, with emphasis on the current theoretical uncertainties. The description of the
reheating process by means of Boltzmann equations and the resulting relations between neutrino masses
and superparticle masses are the subject of Section 4. The predictions of the gravitational wave spectrum
due to inflation, cosmic strings, pre- and reheating are reviewed in Section 5. Finally, observational
prospects are addressed in Section 6.

2 Inflation

The superpotential of the MSM, cf. Eq. (1), allows for a phase of F-term hybrid inflation. For |¢| >
vp—_r., the B—L Higgs fields are fixed at zero, B— L is unbroken and the energy density of the universe is
dominated by the false vacuum energy, pg ~ (A/4) v‘}g_ 1, = Vo, generated by the non-vanishing vacuum
expectation value (vev) of the auxiliary field Iy and inducing spontaneous supersymmetry breaking.
Here, we briefly review the dynamics and predictions of this inflation model, with particular focus on the
status of F-term hybrid inflation in the light of the recent Planck results [35].

The scalar potential
At the high energy scales involved in inflation, supergravity corrections to the Lagrangian become im-
portant, resulting in a tree-level scalar F- and D-term potential given by

2

> o . W2 1

Viiara = M |3~ K D, W D;W* — 3 ‘Mi ; Vslora = 592 <Z o Ko Za) e
a,é P o

where D, W = W, + K, W/M 12,; the subscript o (@) denotes the derivative with respect to the (complex
conjugate of the) scalar component z,, of the superfield ®,, carrying the U (1) gauge charge ¢, K b js
the inverse Kihler metric and Mp = 2.4 x 10'8 GeV is the reduced Planck mass. For a canonical Kihler

potential,
K= lzl, 5)
«

the D-term scalar potential reduces to the expression familiar from global supersymmetry, but an im-
portant supergravity contribution arises from the F-term potential, VS%GR A D EME /J\/IIQD This yields
large contributions to the masses of the scalar fields z, of the theory. For the superpotential (1), this
stabilizes the singlet sneutrinos and the MSSM scalars at a vanishing field value. The B—L Higgs bo-
son masses also obtain various supergravity contributions. However, these are suppressed by factors of
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(vp—1,/Mp)? or (¢/Mp)? compared to the leading order terms, which match the result found in global
supersymmetry,

1
(m3)? =Mo" £ 5vp-1),  (mf)* =g (©6)

The F-term supergravity contribution discussed above does not give a mass-term to the inflaton ¢
because after expanding /M 7 in Eq. (4), the term in question is cancelled by the corresponding term in
DyW DgW*. The leading order supergravity contribution to the inflaton mass thus stems from the term
proportional to |¢|*v%,_; /M3 in the scalar potential [36]. In addition, since supersymmetry is broken
during inflation, we need to take the one-loop Coleman-Weinberg (CW) potential for the inflaton field
into account, obtained by integrating out the heavy B—L Higgs bosons,

1 M2\ 1 Aok 2|2 vh_
= Tr (M* (In| — ) - )|~ =L |1 5L
Vi i STr [ <n ( 0 ) 2)] Y [n (v%_L +0 2ot , @)

Here STr denotes the supertrace running over all degrees of freedom of S; and Ss. M is the corre-
sponding mass matrix, cf. Eq. (6), and () an appropriate renormalization scale, which we have set to
Q* =% /2.

From the resulting scalar potential, V' = VS%EQ A + Vi, we find the following picture: For |¢| >
vp—_r/ V2, the Higgs fields s1 2 are fixed at zero and the inflaton slowly rolls towards the origin. At
|p| = vp_1,/v/2, (m*)? becomes negative, triggering a tachyonic instability. The Higgs fields acquire a
vev and B—L is broken. Both the Higgs (which, now that B— L is broken, is best parametrized in unitary
gauge as a radial degree of freedom dubbed ¢’ in Ref. [10], see also Ref. [37] for the explicit relation
between o’ and the symmetry-breaking Higgs mass eigenstate in arbitrary gauge) and the inflaton field
then quickly fall into their true vacuum, |¢| — 0 and o/ — v2vp_r, eliminating the vacuum energy
contributions of the scalar potential and ending inflation.

Slow-roll inflation _
In the slow-roll approximation, the dynamics of the homogeneous inflaton field is governed by 3H¢ =
—9V/d¢* , where H denotes the Hubble parameter. For a scalar potential only depending on the absolute

value of ¢, cf. Eq. (7), we can rewrite this in terms of the radial and angular component of ¢ = %cpe’w,

3Hy = —V'(p), 0=0. (8)

Turning to the quantum fluctuations of the inflaton field which are visible today in the CMB, we now
evaluate the scalar potential and its derivatives at ¢ = ., the value of ¢ at N, =~ 55 e-folds before
the end of inflation, when the reference scale commonly used to describe the CMB fluctuations left the
horizon. With ¢ denoting the value of the inflaton at the end of inflation,! ¢, is given by

A
Q2 ~ gofc + @Mﬁ N, )]

Of particular interest in the following will be the predictions from F-term hybrid inflation for the ampli-
tude of the scalar fluctuations Ag, the scalar spectral index ns and the tensor-to-scalar ratio r:

H? 1 (v \*
Aszﬁ R‘J(,UB L> N*,
8 eMP o 3\ Mp
1
ns=1—06e+2n, ~1-—, (10)
Ay Al
= — =16 N —s—
" Ag 6% 212 N, ’

"Here, ; is determined by either m= () = 0, cf. Eq. (6), or by the violation of the slow-roll condition, i.e. |n(¢y,)| = 1,
cf. Eq. (11), whatever occurs earlier: ¢ ~ max{vp_r, \/XMP/(\/gﬂ')}
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Fig. 1: Scalar potential for inflation along the real axis in the complex ¢ field space after adding a constant term
W, to the superpotential. Slow-roll inflation is possible both for § = 0 and § = 7. Here A = 4.5 x 1076,
vp_r = 2.9 x 10" GeV and mg = 47.5 TeV.

where 4; = 2H?/(7*M?3%)|,+ denotes the amplitude of the tensor fluctuations, and € and 7 are the
so-called slow-roll parameters,

M2 V! 2 "
6—2P<V> ) U:MJ%7~ (11)

Moreover, in Eq. (10) we have employed the the approximation? (? >> npfc.

F-term hybrid inflation in the light of Planck
Comparing these results with the recently published Planck data [35, 38],

Ag = (2.18 £ 0.05) x 107, ng = 0.963 £ 0.0007, r < 0.26, (12)

we find that the B— L breaking scale is fixed to vg_1, =~ 8 x 10'® GeV by requiring the correct normal-
ization of A, the spectral index ns =~ 0.98 is rather large and the tensor-to-scalar ratio is easily below
the current bound. In particular the large value for ng has raised the question whether F-term hybrid
inflation is still viable in view of the Planck results. To answer this question, we must go beyond the
approximations leading to Eq. (10). First, we will drop the approximation @2 > 4,0?, leading to correc-
tions of the predictions listed in Eq. (10). Second, taking into account soft supersymmetry breaking, the
superpotential receives a constant term Wy = m éMI% proportional to the gravitino mass [39], leading to
an additional contribution to the scalar potential, studied e.g. in Refs [40,41],

Ving = —2\f/\v129_Lm6|¢|cos9. (13)

This term breaks the degeneracy appearing in Eq. (7), which only depends on the absolute value |¢| of the
inflaton field but not on its phase . As a result, the inflationary predictions found in Ref. [40] assuming
# = 7 differ from those in Ref. [41], which uses 8 = 0.3 In particular, for sufficiently large Vmé, we find
a hill-top potential for # = 0, while for # = 7, one still finds a monotonously decreasing potential along
the inflationary trajectory (along the arrows in Fig. 2), cf. Fig. 1.

Indeed, these are only two extreme cases for possible inflationary trajectories in the full two-field
inflation model resulting from Egs. (7) and (13). In the two-field model, the ending point of inflation
¢ becomes a ‘critical line’ in the complex ¢ plane, with each point on this line representing a possible

Note that for small values of ), the two terms in Eq. (9) can be of similar importance, leading to a slight deviation from the
results listed in Eq. (10).
3Note that Refs. [40,41] use a different sign convention in the superpotential, implying § — 6 + .

51



A Minimal Supersymmetric Model of Particle Physics and the Early Universe

5x10131 : -
_ RO
= N=55/ s /
@!.o])
()] ‘ ; !‘ ‘ ‘! ‘ ‘ (=vg-1,0) (v-1,0) -
—1x10' —5x 10" 0 5%x10"

¢ [GeV]

Fig. 2: Inflationary trajectories in the full two-field inflation model. Selection of possible trajectories (solid green
lines) in the scalar potential V' (¢,., ¢;) depicted by the dot-dashed orange contour lines and the shading. Lines of
constant IV are marked by the dashed blue contours, with the beginning and end of inflation (N = N, and N =0,
respectively) marked by thicker contours.

ending point for inflation. Hence as opposed to the single-field case there is an additional degree of
freedom, i.e. the choice of the inflationary trajectory labeled by 6. This is visualized in Fig. 2 which
shows a selection of possible inflationary trajectories (in green) in the scalar potential (dot-dashed orange
countour lines and shading). Contour lines denoting constant numbers of e-folds N are shown as dashed
blue lines, with the ‘critical line’, N = 0, and the onset of the last IV, e-folds, N = N35 emphasized.
To demonstrate the dependence of the model predictions on the choice of the trajectory, Fig. 3 shows
the predictions for the amplitude A, and the spectral index n, as functions of the final phase ¢ for
A=45x%x10"% vp_; = 2.9 x 10'° GeV and meg = 47.5 TeV. For this parameter example, we see that
0y ~ 16° reproduces the correct amplitude, cf. Eq. (12), while simultaneously yielding a value for the
spectral index of ng = 0.965 in very good agreement with the data.

A third possibility of manipulating Eq. (10) is by resorting to a non-minimal Kihler potential [42].
This in particular introduces a term quadratic in ¢ in the scalar potential. Tuning the expansion coeffi-
cients of such a Kéhler potential, the spectral index can be tuned to lower values, achieving accordance
with the Planck data even for § = w. However, the quadratic term then comes with a negative sign,
implying, together with the positive |¢|* term the existence of a hill-top potential and a local minimum
at |¢| # 0 where the inflaton can get trapped. Avoiding this requires some fine-tuning in the initial
conditions for || [40].

On top of that, there are also further constraints which must be taken into account in a realistic
model. First, the superpotential Eq. (1) will lead to the production of cosmic strings at the end of inflation,
due to the spontaneous breaking of U(1)p_,. We will come back to this point in Sec. (3.2). Moreover,
the abundance of nonthermally produced gravitinos, controlled by the symmetry-breaking scale, the
common mass of the inflaton and B— L Higgs in the true vacuum, and the reheating temperature [43,44],

vy m>
B—L™M3 (14)

Y-
3/2 X Ten

must be sufficiently low, so that the sum of nonthermal and thermal (cf. section 4) gravitino abundance
does not produce a gravitino problem [24-28,45-47]. Note, however, that the nonthermal gravitino
abundance can be suppressed compared to the estimate in Eq. (14), if the massive particle governing the
universe during the reheating phase decays sufficiently fast.
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Fig. 3: Amplitude and spectral index of the scalar primordial fluctuations for A = 4.5 x 1076, vp_; = 2.9 x
10'% GeV and m & = 47.5 TeV. The phase of the endpoint of inflation, 6, labels different inflationary trajectories.

Taking all of this together, we find that F-term hybrid inflation is indeed still viable in light of
the Planck data, however some tuning is required. Accepting a non-minimal Ké&hler potential with some
tuning in its coefficients as well as in the initial conditions for |¢|, accordance with the Planck data can
be achieved for #; ~ 7. Staying with a minimal Kihler potential one has two options to reproduce the
experimental data. Either, one tunes the amplitude of the linear term (13) against the CW term (7) in
the potential, leading to the situation shown in Fig. 2. In this case small values for ng can be achieved
for 5 ~ 0, but again tuning of the initial condition for the radial degree |¢| is necessary to prevent
the inflaton from being trapped on the wrong side of the hill-top potential.* The second possibility is
to allow the linear term to dominate over the CW term, however then the initial phase of ¢ must be
tuned because otherwise one lands on a trajectory where inflation does not end, because it ‘misses’ the
minimum generated by the CW term at small |¢|, such that |¢| always remains larger than the critical
value. For a more detailed analysis of the full two-field inflation model, see Ref. [48].

In summary, successful inflation can be achieved but it imposes constraints on the B— L breaking
scale and on the coupling A. In the context of the Froggatt-Nielsen flavour model used to parametrize the
Yukawa couplings in Ref. [10], this then constrains the mass of the heaviest of the right-handed neutrinos
M. In the following, we will thus consider the restricted parameter space

vp_r =5 x 10" GeV,
10° GeV < M; < 3 x 10*2 GeV, (15)
107%eV<my <leV,

where the variation of the effective light neutrino mass parameter m; accounts for the uncertainties of
the Froggatt-Nielsen model. The values of vp_;, and A quoted here correspond to the option of choosing
0y = 7 and using a non-minimal Kéhler potential, cf. Ref. [40]. For a discussion of cosmological B—L
breaking involving smaller values for vp_p, cf. Ref. [12].

3 Tachyonic Preheating and Cosmic Strings

The end of hybrid inflation induces a negative squared mass term for the B—L Higgs field ¢’ in the false
vacuum, triggering the U (1) g_j, breaking phase transition. The cosmological realization of this phase
transition is accompanied by two important nonperturbative processes, tachyonic preheating [33] and the
formation of cosmic strings [49].

“Note that nevertheless, an arbitrary amount of e-folds of inflation can be realized in this setup.
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3.1 Tachyonic preheating

The phase transition

Tachyonic preheating is a fast and nonperturbative process triggered by the tachyonic instability in the
scalar potential in the direction of the Higgs field. As the inflaton field passes a critical point ¢., the
Higgs field o’ acquires a negative effective mass squared —m2, with m2 = /2 \vp_ L|<;50|t in the
linearized equation of motion for ¢’ close to the instability point ¢.. This causes a faster than expo-
nential growth of the quantum fluctuations of the Higgs field o), with wave numbers |E| < mg [50],
while the average value of the Higgs field remains zero. Once the amplitude of these fluctuations,
o(t) = %(aQ} = %<0/2(t,m)>;1n/2,5 reaches (0(t.)) = O(v%_,), the curvature of the potential
for the homogeneous background field o’ becomes positive and the usual oscillating behaviour of the
modes is re-established [33] while v(¢) approaches vg_j. A direct consequence of the early phase of
exponential growth are high occupation numbers in the low-momentum Higgs modes and hence a semi-

classical situation with a large abundance of non-relativistic B— L Higgs bosons.

A further result of this nonperturbative process is the formation of ‘bubble’-like inhomogeneities
which randomly feature different phases of the complex Higgs field [50,51]. Their initial size is given
by the smallest scale amplified during tachyonic preheating, referred to as k. . These bubbles expand at
the speed of light, thereby colliding with each other. This phase of the preheating process is an important
source of gravitational waves (GWs), cf. [53], a point to which we will return in Sec. 5. After this
very turbulent phase the true Higgs vev is reached in almost the entire volume, with the regimes of false
vacuum reduced to topologically stable cosmic strings, cf. Sec. 3.2, separated by the characteristic length
scale k; 1 &~ (V2 \vup_p|de|) /3.

Secondary Particle production
The mode equations for the particles coupled to the B—L Higgs field, i.e. for the gauge, Higgs, inflaton
and neutrino supermultiplets, feature masses proportional to v(t). The growth of (¢'?) during tachy-
onic preheating thus induces a rapid change of their effective masses. The resulting particle production
was studied in Ref. [52], with the results depicted in Fig. 4. Here, for simplicity, an abrupt transition
of the inflaton vev to zero is assumed, introducing the parameter m = mg(éct — ¢¢).% The left
panel shows the evolution of (0’?) normalized to the symmetry-breaking scale vp_ 1, calculated using
a lattice simulation (green curve). For comparison, the red curve shows an analytical approximation,
mt)
ticles coupled to the Higgs, again calculated using a lattice calculation and an analytical approximation,
respectively. The right panel examines the momentum distribution of these bosons (and also of fermions
coupled to the Higgs) showing the spectrum of occupation numbers. Again both the numerical and an-
alytical results are shown. We see that just like the Higgs bosons themselves, the particles coupled to it
are produced with very low momentum, i.e. non-relativistically.

o(t) = B (1 + tanh m(t_t*)> . The pink and blue curves depict the number densities of bosonic par-

Based on these results, the energy and number densities for bosons and fermions coupled to the
Higgs boson after tachyonic preheating have been estimated as [52]”

PB/P022X 10_390-)\f($1,1.3), nB(xl) ~1x 10_3ggm%f(x1,1.3)/w1, (16)
pr/po~1.5x 1073 g, A f(21,0.8),  np(x1) ~ 3.6 x 1074 g, m3 f(x1,0.8)/x1,

with f(z1,2z2) = (J;% + x%)l/Q — x9 and k1 = m;/mg, where m; denotes the mass of the respective
particle in the true vacuum and g, counts its spin and internal degrees of freedom.

SHere, bold letters indicate 3-vectors.
®The effect of the inflaton dynamics on this nonperturbative particle production requires further investigation.
"Note that particle production can be significantly enhanced by quantum effects [54], which require further investigation.

54



W. Buchmiiller, V. Domcke, K. Kamada and K. Schmitz

o(t) (Tanh) —

ng(x100) (Tanh
ng&(W 00) %L(amceg

ng(t)

0.1}

<02(t)> 12,

0.01}

0.001 |

5 10 15 20 25 30
time: mt

Bosons: Lattice =
Fermions: Lattice «un

0.1}

o
o

0.001 |

.0001 £

Occ@ation number: n,

1e-05 |

1e-06 |

1e-07

Fig. 4: Numerical and analytical results for particle production during tachyonic preheating, taken from Ref. [52].
Left panel: Evolution of the quantum fluctuations of the Higgs field ¢(t) = o’(t)/v/2, normalized to the
symmetry-breaking scale v = vp_r, as well as the number density np of bosonic particles coupled to it. Right
panel: Spectrum of occupation numbers for bosonic and fermionic particles coupled to the Higgs.

3.2 Cosmic strings

Due to the non-trivial topology of its vacuum manifold, the Abelian Higgs model underlying the B—L
phase transition gives rise to solitonic field configurations, so-called cosmic strings (for a review, see
e.g. [55-57]). These cosmic strings are formed during the process of tachyonic preheating and are
topologically stable. The evolution of the resulting network is governed by the intersection of the infinite
strings, which leads to the formation of closed loops separated from the infinite string, as well as by the
energy loss due to the emission of GWs, Higgs and gauge particles. After a relaxation time the network
reaches the scaling regime, i.e. the typical length scale of the cosmic string network remains constant
relative to the size of the horizon. This implies that a constant fraction of the total energy density is
stored in cosmic strings throughout the further evolution of the universe and that there are O(1) cosmic
strings per Hubble volume.

In the scaling regime, the cosmic string network is characterized by the energy per unit length .
In the Abelian Higgs model, which is based on a field theory featuring a spontaneously broken local
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U(1) symmetry, y is given by [58]
p=2mB(B)vg_ a7

where 3 = (mg/ma)? = A\/(8¢?) is the ratio of the masses of the symmetry-breaking Higgs boson and
the gauge boson in the true vacuum, and B(f3) is a slowly varying function parametrizing the deviation
from the Bogomol’nyi bound,

1.04 8919 if102 < <1
B(B) ~ { 24(In )7, iff <107 ' (18)

For the special case of 3 = 1 the Bogomol’nyi bound is saturated and B(1) = 1 [59].

Further important quantities describing the string network are the cosmic string width, given by
mal in the Abelian Higgs model, and the length scale £ separating two strings. From Sec. 3.1, we know
that the characteristic length separating two strings at the time of their formation is

€=k = (V2 p_p|ée)) V3. (19)

This also determines the relaxation time of the cosmic string network, Tyring ~ & [50,60]. Note that in the
Nambu-Goto model, an alternative to the Abelian Higgs cosmic string model which assumes infinitely
thin cosmic strings, the energy scale y is an input parameter.

Observational prospects

So far, no experimental evidence for the existence of cosmic strings has been found. However, current
and upcoming experiments are starting to seriously probe the cosmologically interesting regions of the
parameter space. First, cosmic strings give rise to anisotropies in the CMB temperature map. They distort
the surface of last scattering of the CMB photons, leaving an imprint on the spectrum observable today.
Since the CMB photons observable today stem from roughly 10° Hubble patches during recombination,
these observations are mainly sensitive to the effect of long (Hubble-sized) strings at recombination and
not to small cosmic string loops. In contrast to the perturbations due to inflation, these anisotropies are
not phase correlated across distant Hubble patches and hence the resulting multipole spectrum of the
two-point correlation function is suppressed at large scales and moreover does not show the oscillations
characteristic to inflation. Moreover, whereas the primordial power spectrum due to inflation is (nearly)
scale-invariant, the anisotropies on the last scattering surface due to cosmic strings are governed by a
characteristic scale. The resulting spectrum thus features a single broad peak associated with this scale.
Due to the re-scattering of a fraction of the CMB photons at reionisation, the CMB spectrum is, to a
lesser extent, also sensitive to the long cosmic strings present at reionisation. This leads to a second,
smaller peak in the spectrum, in particular visible in the power spectrum of the B-mode polarization,
see e.g. [61] for a recent analysis. The fraction of the amplitude of the scalar power spectrum due to a
possible cosmic string contribution to the CMB temperature anisotropies is conventionally measured at
the multipole [ = 10 and is referred to as f1p. The Planck data implies that f1y can at most be a few
percent, f19 < 2.8% [38].

Second, the gravitational field of cosmic strings gives rise to weak and strong lensing effects of
(CMB) photons on their way from the surface of last scattering or from an astrophysical source to us.
The non-observation of such effects puts a bound on the string tension p. Again, this effect is mainly
sensitive to long (Hubble-sized) strings.

Third, the energy emitted by cosmic strings in the scaling regime is at least partly emitted in form
of GWs. Due to their extremely weak coupling, these can then propagate freely through the universe and
are therefore in principle detectable today. We will come back to the resulting GW background and the
discovery potential of current and upcoming GW experiments in detail in Sec. 5.

Finally, the Abelian Higgs cosmic string model entails the emission of massive radiation from
cosmic strings, i.e. the emission of the Higgs and gauge particles whose field configurations form the
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string. If this mechanism is still active at late times it could yield ultra-high-energetic cosmic rays and
GeV-scale vy-rays, which have not been observed. This too, can be translated into a (model-dependent)
bound on 4 [62-66].

Currently the most stringent and model-independent bound on the cosmic string tension comes
from CMB observations, Gu < 3.2 x 10~7 [38], and we shall mainly employ this in the following.

Numerical simulations and theoretical uncertainties

A quantitative understanding of the formation of cosmic strings, the dynamics of the cosmic string net-
work and the energy loss mechanism during the scaling regime requires lattice simulations. Performing
these is extremely challenging due to the huge range of scales involved in the problem [56]: the width
of the string remains constant while the scales of the network are blown up as the universe expands. Or,
in comoving coordinates, the comoving width of the string shrinks, until it becomes comparable with
the lattice spacing and the simulation loses its validity. There have been different approaches to tackle
this problem. Simulations based on solving the field equations for the Abelian Higgs (AH) model set
the comoving width to a finite constant before it comes too close to the lattice spacing [60,67,68]. Sim-
ulations based on the Nambu-Goto (NG) string model assume cosmic strings to be infinitely thin, i.e.
strictly one-dimensional objects, throughout the simulation [69—72]. The outcome of simulations based
on these two models is dramatically different. The AH simulations show the formation of large, Hubble-
sized structures which lose their energy predominantly by emitting massive radiation, i.e. particles of the
Higgs and gauge fields forming the string configuration. The NG simulations on the other hand display
the formation of small loops, which lose their energy into GWs. The size of these loops is thought to
be controlled by gravitational backreaction, but is as yet undetermined [56]. Concerning the network
of long strings, both simulations, however, yield a similar result [56]. Which of these two simulations
methods is closer to reality is currently an open question.

In the following, we will adopt the following hypothesis: For early times, while the comoving
cosmic string width is large compared to the lattice spacing, the AH simulation describes the U (1) phase
transition very well. We will thus use the results from these simulations when discussing the formation
and early evolution of cosmic strings. For late times, the AH simulations become questionable and the
NG approximations of infinitely thin strings appears reasonable. Hence for late times, in particular when
discussing possible GW signatures from cosmic strings, cf. Sec. 5, we shall discuss both the AH as well
as the NG results.

4 Reheating

Tachyonic preheating nonperturbatively generates a large abundance of non-relativistic B—L Higgs
bosons as well as, to a much lesser extent, non-relativistic abundances of the particles coupled to the
Higgs boson, cf. Sec. 3.1. Among these are the particles of the B—L gauge supermultiplet, which de-
cay quickly due to their comparatively strong gauge interactions. This sets the initial conditions for the
following slow, perturbative reheating process, depicted by the solid arrows in the left panel of Fig. 5:
The particles from the symmetry-breaking sector decay into particles of the N; supermultiplet. These
(s)neutrinos, just as the (s)neutrinos produced through gauge particle decays and tachyonic preheating
as well as thermally produced (s)neutrinos, decay into MSSM particles, thereby generating the entropy
of the thermal bath as well as a lepton asymmetry [73]. Finally, the thermal bath produces a thermal
gravitino abundance, which will turn out to be in the right ball-park to yield the observed dark matter
abundance.

The main tool to obtain a time-resolved description of this reheating process are Boltzmann equa-
tions, which describe the evolution of the phase space densities of the various particles species due to
decay and scattering processes in an expanding universe. After briefly introducing the formalism of
Boltzmann equations in Sec. 4.1, we will turn to the implications for leptogenesis and dark matter pro-
duction in Sec. 4.2. The results presented here are based on the analyses of Refs. [10-12].
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Fig. 5: Evolution of the comoving number densities during the reheating process. Left panel: schematic overview,
distinguishing production via tachyonic preheating, fast decay processes of the B—L gauge sector and slow pro-
cesses described by Boltzmann equations. Right panel: Comoving number densities of the particles of the B—L
Higgs sector (S), the thermal and nonthermal (s)neutrinos (V' {h, N, the MSSM radiation (R), the gravitinos
(é) and the B—L asymmetry (B—L). Obtained by solving the Boltzmann equations for vg_j = 5 x 101° GeV,
M; = 5.4 x 10" GeV, m; = 4.0 x 1072 eV, mg = 100 GeV and my = 1 TeV. From Ref. [10].

4.1 Boltzmann equations

The evolution of the phase space density fx (¢, p) of a particle species X is determined by a coupled set
of Boltzmann equations,

0 0
E (E _ Hpa_p> fx(t,p) = Z ZC’X(Xi’j’.. < ij.), (20)
,L‘ljl 13

augmented by the Friedmann equation, which governs the evolution of the scale factor. The left-hand
side of Eq. (20) describes the evolution of the phase space density in an expanding Friedman-Robertson-
Walker (FRW) universe whereas the collision operators C'x on the right-hand side account for all relevant
scattering, decay and inverse decay processes involving the particle X . The set of Boltzmann equations
we have to solve here is determined by the allowed interactions of the underlying particle physics model,
cf. solid blue arrows in the left panel of Fig. 5.

From the phase space density fx (¢, p) one directly obtains the comoving number density Nx (t),
i.e. the number of X particles in a volume (a/GeV)?3, and the energy density px (t) by integrating over

momentum space,
a 3 a 3 43
Nx(t) = (%) nx = <%> gx/ (2;;3 fx(t,p),

d®p
px(t) = ax [ by Exto) fx(t).
with a denoting the scale factor. A rescaling of a leaves the physical number density nx invariant. For
convenience, we will thus set apy = 1 at the end of preheating. In the following, decay rates I', comoving
number densities N and energy densities p will sometimes appear with upper and lower indices. In this
case, the lower index refers to the particle species under consideration, while the upper index refers to its
origin, e.g. its parent particle or ‘PH’ for preheating.
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4.2 Outcome of the reheating process

Solving the Boltzmann equations with the initial conditions given by tachyonic preheating and the suc-
cessive decay of the B—L gauge bosons yields a time-resolved picture of the evolution of all particle
species. In the right panel of Fig. 5, we show an overview of the resulting comoving number densities
for a representative parameter point.

A two-stage reheating process

After the end of preheating, the lion’s share of the energy is stored in non-relativistic B— L Higgs bosons.
Assuming a hierarchical spectrum of heavy Majorana neutrinos, these decay exclusively into heavy,
typically relativistic (s)neutrinos of the first generation, thereby forming the main part of the right-handed
(s)neutrino population. The decay of these (s)neutrinos then generates a thermal bath of MSSM particles.
The process of reheating is hence governed by the interplay of two time-scales, the vacuum decay rate of
the non-relativistic Higgs bosons F% and the effective decay rate of the neutrinos produced in the Higgs
boson decays I‘?Vl. The latter differs from the zero-temperature decay rate I‘?Vl due to the time-dilation
of the relativistic neutrinos,

1 M, 2 MQ 1/2
%= 1-4—%
57 321 (UB—L> s ( m?, ’

I, =T%, (arn) =7 "(arn) T, with 77 '(a) = <

(22)

M\ 1My

En, >a ’ M 4 U]%W '

In most of the viable parameter space, we find F% < F}%l. In this case, F% determines the overall
time-scale of the reheating process. On the contrary ary, defined by H(agy) = I‘;gvl (arn), marks
a characteristic point in the middle of the reheating process, which will be in particular relevant for
determining the reheating temperature. Once the Higgs bosons decay into neutrinos, these decay nearly
instantaneously into MSSM particles, so that the era of Higgs domination is directly followed by the
radiation dominated epoch. On the other hand, if Fg > r the effective neutrino decay rate governs
the time-scale of reheating. The energy density is then successively governed by non-relativistic Higgs
bosons, relativistic nonthermal neutrinos and finally relativistic thermal MSSM particles.

Solving the Boltzmann equations allows us to determine the temperature of the thermal bath
throughout the reheating process. As a consequence, the ‘reheating temperature’ is no longer a cos-
mological input parameter, but is rather determined by the parameters of the B—L Higgs and neutrino
sector. In Fig. 6 we show the resulting evolution of the temperature. A remarkable feature is the epoch
of nearly constant temperature during the main part of the reheating process, which arises because the
entropy production from the neutrino decays just compensates the expansion of the universe. A typical
value for this plateau is given by T}{\I'_I = T'(agry), with ary as defined above. The dashed vertical lines
labeled aﬁH and a]{H in Figs. 5 and 6 mark the beginning and the end of the reheating process, defined as
the period when the effective production rate of MSSM particles exceeds the Hubble rate.

Thermal and nonthermal leptogenesis

The decays of the thermally and nonthermally produced neutrinos give rise to a thermal and a nonthermal
B—L asymmetry, as depicted in Fig. 7. The nonthermal lepton asymmetry receives a first contribution
from the decay of the heavy (s)neutrinos of the second and third generation. To clearly distinguish this
contribution from the main contribution arising due to the decay of the first-generation (s)neutrinos, we
have assigned opposite signs to the parameters e 3 and €1 quantifying the C' P asymmetry in decays of
the respective neutrino generations. This entails the change of sign visible at a ~ 4.6 x 10% in Fig. 7,
when the decay of le neutrinos becomes efficient and the main part of the nonthermal asymmetry is
produced. Wash-out effects are negligibly small throughout this process and hence, once the production
of the nonthermal asymmetry becomes inefficient, the asymmetry freezes out.
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60



W. Buchmiiller, V. Domcke, K. Kamada and K. Schmitz

The production of the thermal asymmetry is driven by the deviation of the thermal (s)neutrino
abundance from the equilibrium value. This leads to an initially negative asymmetry with a rapidly
increasing absolute value. This increase slows down as the thermal (s)neutrino abundance approaches the
equilibrium value. At around a ~ 6.3 x 10* wash-out processes start to play a role, leading to a decrease
of the asymmetry. The situation rapidly changes when the thermal (s)neutrino abundance overshoots the
equilibrium abundance towards the end of the reheating process. This generates an asymmetry with an
opposite sign, which overcompensates the asymmetry generated so far. Shortly after, both the wash-out
rate and production rate drop significantly below the Hubble rate and the asymmetry freezes out.

The final values of thermal and nonthermal asymmetry as depicted in Fig. 7 allow us to infer the
present baryon asymmetry np as well as its composition in terms of a nonthermal (7}) and a thermal
(77%) contribution,

0 nt,th
9rs Ny

0
np ntth N
P RH

g*,s N’Y

np =G =np+ug, 0yt =C
v

(23)

ag

Here, Cspn = 8/23 denotes the sphaleron conversion factor, Ny = 915/4 and g? . = 43/11 are the
effective numbers of relativistic degrees of freedom in the MSSM that enter the entropy density s of the
thermal bath in the high- and low-temperature regime, respectively, N Et’th refers to the comoving number
density for the nonthermal and thermal contribution to the lepton asymmetry and Ny = g,/ g« n Ny is
the comoving number density of photons. For our parameter example we find

np~37x107, M ~37x107%, pB~1.9x107M. (24)

Note that to obtain these values, we have set the C'P-violation parameter in the first generation neutrino
decays €; to the maximally allowed value, see Ref. [10]. Hence np in Eq. (24) yields an upper bound on
the baryon asymmetry produced in this setup and is thus perfectly compatible with the observed value,
noBbs ~ 6.2 x 10719 [74]. In fact, the Froggatt-Nielsen model typically predicts a value for ¢; that is
smaller than the maximal possible value by roughly a factor of O(10), cf. Ref. [75], implying excellent
agreement between prediction and observation for this parameter example, g ~ n%}’s.

Gravitino or neutralino dark matter

The thermal bath produced in the decays of the heavy neutrinos gives rise to a thermal gravitino abun-
dance, which can, depending on the underlying low-energy supersymmetry mass spectrum, be either
directly or via its decay products linked to today’s dark matter abundance. In the former case, we assume
the gravitino to be the lightest supersymmetric particle (LSP), as arises for instance in gaugino-mediated
supersymmetry breaking. In this case, we can deduce today’s gravitino dark matter abundance {2 éhQ
from the final value of the comoving gravitino abundance N:

0
Q~h2 _ pé _ mé n'OY ggvs & (25)
“ pe/h? pe/h? g Ny |,

where p. = 3H?/(87G) = 1.05x107° h2 GeV cm ™~ denotes the critical energy density of the universe,
h the Hubble rate in the units H = h x 100kms~! Mpc~! and ng = 410cm~3 the present number
density of the CMB photons. Due to the high temperatures reached in this setup, we do not expect
a significant contribution from nonthermal gravitino production. For the parameter example shown in
Fig. 5 we find Qzh? ~ 0.11 , matching the observed amount of dark matter Qs h? ~ 0.11 [74]8. Note
that in the choice of this parameter example M; = 5.4 x 10! GeV was adjusted to obtain this result.
Performing a parameter scan over my and m, thereby adjusting M, to achieve the correct gravitino

$The recently published Planck data yields a slightly larger value, Q2% A% = 0.12 [76]. The effect of this change on the
work presented here is marginal, and in the following we will stay with the value quoted above.
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Fig. 8: Contour plots of the heavy neutrino mass M; as a function of the effective neutrino mass m; and the
gravitino mass mg such that the relic density of dark matter is accounted for by gravitinos. In the red region the
lepton asymmetry generated by leptogenesis is smaller than the observed one, providing a lower bound on the
gravitino mass dependent on m;. The small white circle marks the position of the parameter point discussed in
Figs. 5 - 7. From Ref. [10].

dark matter abundance, yields the viable parameter space as depicted in Fig. 8. The red shaded region
is excluded due to an insufficient production of baryon asymmetry, whereas in the green shaded region
we produce a sufficient amount of baryon asymmetry (mainly nonthermally) as well as the correct dark
matter abundance. In this region, the reheating temperature ranges from O(10%) to O(101%) GeV.

As can be seen from Fig. 8, requiring successful leptogenesis as well as the correct dark matter
abundance thus yields a lower bound on the gravitino mass mg in terms of the effective neutrino mass
parameter myq,

mg \2 [ Ty \"PC —0.01 formy <1073 eV
- >16G V( 9 ) . = ~ . 26
e = Y \ITev 10~3eV ¢ 0.21 formy 2 1073 eV (20)

with the value of the exponent ¢ determined by numerically solving the Boltzmann equations. Eq. (26)
links a parameter of the neutrino mass sector related to B—L breaking to a parameter involved in low-
energy supersymmetry breaking. Physically, this bound can be understood as follows. For gravitino
masses below O (10) GeV, a reheating temperature Tgy; < O (10% — 109) GeV is required to avoid
overproduction of gravitinos. According to our reheating mechanism such low reheating temperatures are
associated with relatively small values of the neutrino mass, M; < O (10'°) GeV. The low temperature
and low mass then entail a small abundance of (s)neutrinos at the time the asymmetry is generated and a
small C'P parameter ¢;. Both effects combine and result in an insufficient lepton asymmetry, rendering
dark matter made of gravitinos with a mass below O (10) GeV inconsistent with leptogenesis.

Alternatively, as discussed in Ref. [32], we can assume a hierarchical supersymmetric mass spec-
trum with the gravitino as the heaviest particle and a neutralino with mass m,, as the LSP,

My < Miquark, slepton <K M5 27
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Fig. 9: Upper bounds on wino (w) and higgsino (72) LSP masses imposed by successful leptogenesis as well as
absolute lower bound on the gravitino mass according to BBN as functions of the effective neutrino mass m;.
Wino masses larger than 2.8 TeV and higgsino masses larger than 1.0 TeV result in thermal overproduction of
DM. From Ref. [32].

as is found, for instance, in Refs. [77-79]. Due to this hierarchy the LSP is typically a ‘pure’ gaugino or
higgsino [80]. Generically, the thermal abundance of a bino LSP is too large. We therefore focus on the
possibility of a wino or higgsino LSP°. There are then two relevant production channels for neutralino
dark matter: thermal production, accompanied by the standard thermal freeze-out mechanism for weakly
interacting massive particles (WIMPs), and nonthermal production, as a decay product of the gravitinos
produced during the reheating process. In the parameter regime of interest, the resulting thermal and
nonthermal abundances can be estimated as Qg? [83-85] and Q¢ respectively:

thp2 _ my \2 o L

QbR = ¢, (1 Tev> . ey =0014, ¢ =0.10 .
~ TR (My,my)

O%R2 = (M) n2~27x10°2 (2 RH\L .
x <mé g <107 (5 da) (it ey

Here cg and cj apply to the wino and higgsino case, respectively, and € refers to the ‘would-be’
gravitino abundance today if the gravitinos were stable. Requiring the total neutralino LSP abundance
to match the observed dark matter abundance constrains the reheating temperature, depending on the
value of the neutralino LSP mass m,. Additionally taking into account the bounds from successful
leptogenesis and big bang nucleosynthesis (BBN) on the reheating temperature, we find upper bounds
on the neutralino LSP mass and an absolute lower bound on the gravitino mass (for all neutralino LSP
masses) depending on the value of 71, as depicted in Fig. 9. As in the gravitino LSP case, we thus find
relations between the neutrino and superparticle mass spectrum, induced by the key role of the reheating
temperature in the efficiency of both leptogenesis and thermal gravitino production.

5 Gravitational Waves

So far, we have discussed the birth of the hot early universe in the MSM as well as indirect probes of this
mechanism in terms of the resulting neutrino and dark matter properties. We now turn to the possibility
of directly probing such early universe physics by measuring the gravitational wave (GW) background

“Recently it has been shown that wino DM is strongly constrained by indirect searches using the H.E.S.S. and Fermi
gamma-ray telescopes [81, 82].
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[86]. GWs are generated by nonspherical, inhomogeneous strong gravitational field dynamics, decouple
immediately from their source and to very good approximation propagate freely ever since. Hence, GWs
can carry information on the very early universe.

5.1 Cosmic gravitational wave background

Gravitational waves are tensor perturbations of the homogeneous background metric. In a flat FRW
background, these perturbations can be parametrized as [87]

ds* = a*(1) (N + hyw)datda” . (29)

Here 7, = diag(—1,1,1,1) and h,, denotes the tensor perturbation. x* are conformal coordinates
with z?, i = 1..3, denoting the comoving spatial coordinates and 7 = z° the conformal time. These are
related to the physical coordinates and the cosmic time as @phys = a(7) « and dt = a(7) dr, respectively.

The tensor perturbation evolves dynamically according to the Einstein equation. In the vacuum,
h,,, contains two physical degrees of freedom. A convenient gauge choice is the transverse traceless
(TT) gauge, i.e. % = 0, ht = 0 and &’ h;; = 0. In the weak field approximation, the linearized Einstein
equation in momentum space yields the following mode equation for the tensor perturbation around the
FRW background in the TT gauge,

a ~

;L;/J(ki,’l') + (k‘z — CL) hij(ki,T) = 167(GCLHZ']‘(IC,T) , 30)

describing the generation and propagation of GWs. Here INW = ahyj, 11;; denotes the Fourier transform
of the TT part of the anisotropic stress-energy tensor 7}, of the source, k = |k, k is the comoving wave
number, related to the physical wave number through kphys = k/a, and the prime denotes the derivative
with respect to conformal time.

A useful plane wave expansion for freely propagating GWs is given by

hij (@, 7) = > /

P=+,x "7~

Ok [y 0\ ik(r—
= / @k hp (k) Ti(r) f) () e () (31)

where k = k /k, P = +, x labels the two possible polarization states of a GW in the TT gauge and e:;’x
are the two corresponding polarization tensors satisfying the normalization condition egeij Q = 25PQ,
hp(k) denote the coefficients of the expansion after factorizing out the red-shift due to the expansion of
the universe, with the latter captured in the so-called transfer function T} (7).

An analytical expression for T} can be obtained by studying the source-free version of Eq. (30).
The resulting mode equation can be easily solved, revealing that the amplitude h;;(k) of a given mode
remains constant in the super-horizon regime, k < aH, while it decreases as 1/a inside the horizon, i.e.
for k > aH. Identifying the transfer function T} as Ty (7«, 7) = hfg—(k, T)/hlEj(k, Tx) , With hfg—(k, T)
denoting the envelope of the oscillating function h;;(k,7), we can employ the approximation'® (see
e.g. [88])

Ty (s, 10) & (32)

a(Ty) ) 7; for sub-horizon sources
— with 7, =
a(7o)

Ty, for super-horizon sources

Here, 7; marks the time when the GW was generated and 75, denotes the time when a given mode with
wave number k entered the horizon, k = a(7y) H (%) . In Eq. (32), we assume for super-horizon sources

1011 Sec. 4, we set apy = 1. Another convention used frequently is ap = 1, with ag referring to the value of the scale factor
today. In this section, we explicitly keep aog without specifying a convention. In the end, the dependence on ag must drop out
of the observables independent of the choice of convention.
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that the amplitude is constant until 7 = 7, and then drops as 1/a immediately afterwards. The actual
solution to the mode equation yields corrections to both of these assumptions. However, as a numerical
check reveals, these two effects roughly compensate each other so that Eq. (32) reproduces the full result
very well. For super-horizon sources we will use the more compact notation Ty (7) = Tj(7x, 7) in the
following.

The GW background is a superposition of GWs propagating with all frequencies in all directions.
An important observable characterizing the GW background is the ensemble average of the energy den-
sity [87], which is expected to be isotropic,

Opaw (k, T)

Olnk 7 (33)

o0
pow(T) = ﬁ <hij (x,7)h" (:B,T)> = /_Oodlnk:
with the angular brackets denoting the ensemble average and the dot referring to the derivative with
respect to cosmic time. Alternatively, one uses the ratio of the differential energy density to the critical
density,
1 dpgw(k, 1)
pe  Olnk

In the model considered in this paper, the energy density has a part of quantum origin and a part of
classical origin, pow(7) = paw(T) + péw(T) . The former part is due to inflation and is therefore
stochastic, whereas the latter part is determined by the contributions to the stress energy tensor from
cosmic strings and from tachyonic preheating, pi, (7) = pSyy + pa (T) -

ng(k,T) = (34)

For a stochastic GW background the Fourier modes h 4 (k) are random variables and their ensem-
ble average of their two-point function is determined by a time-independent spectral density Sy, (k) [87],

x (1) N 7.1 1
(hp (k) h (K')) =276 (k—K) E(s(?)(k — k) dpq 5 Su(k) . (35)

This relation reflects the fact that different modes are uncorrelated and that the background is isotropic.
Exploiting Egs. (31)-(35), we can express the differential energy density due to a stochastic source in
terms of the spectral density as

dpew (k,7) a®(1.)
dlnk  1672Ga*(7)

k2 Sp (k). (36)

The classical contribution to the GW energy density is obtained by integrating Eq. (30) from the
initial time 7; of GW production until today,

a(r)

where G(k,T,7') is the retarded Green’s function of the differential operator on the left-hand side of
Eq. (30). For sub-horizon modes, i.e. k7 > 1, one has G(k, 7,7") = sin(k(r — 7'))/k. With this, one
can evaluate the ensemble average (h?) in terms of (IT2) by calculating the derivative of Eq. (37) on
sub-horizon scales. Assuming translation invariance and isotropy of the source,

hij(k,T) = 167G L/ dr" a(") G(k,T,7") IL;; (K, ), 37)

(ILij (k, 7)Y (K, 7)) = (2m)° T (s, 7, 7') O (ke + K) (38)
the resulting differential energy density simplifies to

apGW (k77—) _ E k,3
dlnk 7 a*(7)

/ " dn, / " s a(m) alrs) cos(k(r — ) I2(k, 7, m2) s (39)

Here, in order to perform the ensemble average, we have also averaged the integrand over a period
AT = 27 /k, assuming ergodicity.
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Fig. 10: Predicted GW spectrum due to inflation (grey), preheating (red) and Abelian Higgs cosmic strings (black)
for My = 5.4 x 10 GeV, vp_ =5 x 10'° GeV and mg = 3 x 10'® GeV, as in Fig. 5. fo, feq, fru and fpy
denote the frequencies associated with a horizon-sized wave today, at matter-radiation equality, at reheating and
at preheating, respectively. flg;) and féﬁ) denote the positions of the peaks in the GW spectrum associated with
the scalar and the vector boson present at preheating. The dashed segments indicate the uncertainties due to the
breakdown of the analytical approximations. From Ref. [34].

5.2 Gravitational waves from a B — L phase transition

We will now in turn discuss the resulting GW background from inflation, from tachyonic preheating
and from cosmic strings in the scaling regime, based on the analysis of Ref. [34]. An overview of the
resulting contributions is depicted in Fig. 10.

Gravitational waves from inflation

During inflation quantum fluctuations of the metric are generated and stretched to ever larger physical
scales so that they eventually cross the Hubble horizon and become classical. Outside the horizon, the
amplitudes of these metric perturbations remain preserved and they only begin to evolve again once
they re-enter the Hubble horizon after the end of inflation. Inflation hence gives rise to a stochastic
background of gravitational waves [88-90] with a spectrum which is determined by the properties of
the primordial quantum metric fluctuations as well as by the expansion history of the universe, which
governs the red-shift of the GWs since horizon re-entry,

QGW(]C,T) = E m k(T) .
0-+0

(40)
Here Ay, controlled by the Hubble parameter during inflation, denotes the amplitude of the primordial
tensor perturbations. Evaluating the evolution of the scale factor throughout the cosmic history, i.e.

through the epochs of reheating, radiation, matter and vacuum domination, yields the transfer function
T}, and thus

A2 k(g0 4/3 3 (kea/R)” ko <k < keq
Qcw(k) = TS r Z% (gy) x <1, ke < k < kru 41
¥ s QRCIQH (kRH/k)Q R kry <€ k < kph
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with €2, denoting the fraction of energy stored in radiation today. The parameters Cryg and R account
for the deviation from pure matter domination during reheating and the production of relativistic degrees
of freedom after ary, respectively, and are numerically found to be typically O(1).!' As long as a mode
with wave number % re-enters the Hubble horizon during radiation domination, g* and gfys denote the
usual values of the effective number of degrees of freedom g¢.(7) and g, +(7) at time 75,. On the other
hand, during reheating and matter domination ¢g* and gf,s correspond to g’ and g*RE as well as to g5
and gi?s, respectively. The wave numbers k.q, kry and kpy refer to the modes which crossed the horizon
at matter-radiation equality, the end of reheating and at preheating, respectively. kg is correspondingly
given by the size of the Hubble horizon today. Translated into frequencies f = k/(2mag) at which GW
experiments could observe the corresponding modes, they are given by

h O, h?
fo=3.58x 10" Hz (070) , feq =157 x10"'"Hz (()14) , (42)

T.

AN 100 NPT
fru 5x 107 Hz (107 GeV) , Jfen =193 x 10" Hz (10—4> ( 5GeV > <107 GeV

(43)

with €),,, denoting the present value of the fraction of energy stored in matter and 7% closely related to
the reheating temperature, see footnote 12. Evidently, the energy spectrum (gw decreases like k2 at its
edges and features a plateau in its center, cf. grey curve in Fig. 10. In the context of cosmological B—L
breaking, the height of the plateau is controlled by the coupling A\, which determines the self-interaction
of the B— L breaking Higgs field, as well as by the B— L breaking scale,

A vEp_ 4 0
QP K2 = 3.28 x 1022 B—L r g 44
GW . 101 ) \5x105Gev ) \85x105/)9 " 4

where g* = (4g%/427)(427/ (495,5))4/ 3 is a ratio of energy and entropy degrees of freedom. The small
steps visible in the plateau of the grey curve in Fig. 10 represent the change of the number of relativistic
degrees of freedom due to the QCD phase transition and the crossing of a typical mass-scale for super-
symmetric particles. A remarkable feature of the GW spectrum from inflation is that the position of the
kink, which separates the plateau arising for modes which entered during radiation domination and the
k=2 behaviour from the reheating regime, is directly related to the reheating temperature, providing a
possibility to probe this otherwise experimentally hardly accessible quantity.'?

Gravitational waves from preheating

The process of tachyonic preheating forms a classical, sub-horizon source for GWs which is active only
for a short time. The resulting GW spectrum can be obtained by calculating the solution to the mode
equation, Eq. (37), and inserting it into Eq. (33). The anisotropic stress tensor 1I;; entering Eq. (37) is
determined by the dynamics of preheating and vanishes after the end of preheating, allowing the GWs
to propagate freely for 7 > 7py. The remaining challenge is thus to calculate II;; during preheating.
This task can be performed numerically, see e.g. Ref. [91] for a detailed description of the method and
an application to preheating after chaotic inflation, as well as Ref. [92] for an application to tachyonic
preheating after hybrid inflation. Based on analytical estimates supported by the results of these sim-
ulations [53,91-94], one finds two high-frequency peaks in the resulting GW spectrum, related to the

"For a more detailed discussion of the numerical results, including the precise shape of the “kinks’ in the inflationary GW
spectrum, cf. Ref. [34].

"2To be more precise, the quantity which is probed is the temperature Tru when the energy stored in relativistic degrees
of freedom (MSSM particles and nonthermal (s)neutrinos) overcomes the energy stored in the non-relativistic B—L Higgs
bosons. The quantity 7 appearing in Eq. (43) is related to Tre via two correction factors D and R, T, = RY2DY/3Ty.
Here D accounts for the entropy production after @ = ary and, just as R, is typically found to be O(1) by numerically solving
the Boltzmann equations.
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mass of the B—L vector (v) and scalar Higgs (s) bosons at preheating. The corresponding positions and
amplitudes of the peaks in the GW spectrum are given by

() ~ 6.3 x 10° Hz ( My )1/3 (5 < 107 GCV)2 ( s )7/6

1011 GeV VB_L 3 x 1013 GeV
Q(s,max)hg ~36x 1016 CPH M, 4/3 5 x 10'° GeV -2 mg —4/3
Gw - 0.05 \ 10! GeV VB_1L, 3 x 1013 GeV ’ 45
(v) 10 M\ ms 7V )
Y~ 75x%x101%H — =
PH 8 9 <1011 GeV> (3 1013 GeV> ’
Q(v,max)hg ~ 2.6 x 10_24 i CPH My 4/3 5 X 1015 GeV 2 mg 2
W - g2 0.05 \ 10'1 GeV VB_L 3x1013GeV ) ’

and are depicted by the red curves in Fig. 10. Here g is the B—L gauge coupling and cpy is a model-
dependent numerical factor, found to be cpy = 0.05 in Ref. [53].

Gravitational waves from cosmic strings

We now turn to the third source, namely, cosmic strings in the scaling regime, cf. Sec. 3.2. We here
review the calculation of the resulting GW background in the Abelian Higgs (AH) model following
Ref. [95]. In Ref. [34], we additionally discuss an alternative approach based on the Nambu-Goto model
of cosmic strings. Here, we will merely give the final result of the latter calculation in order to quantify
the theoretical uncertainties involved.

The GW background generated by an AH string network can be estimated analytically starting
from Eq. (39). Exploiting general properties of the unequal time correlator of a scaling, sub-horizon
source as discussed in Ref. [96] and introducing the dimensionless variable © = k7, we can evaluate the
unequal time correlator of the AH string network, Hg(k:, 7,7'), as

4
g ;

2 (k,r,7') = CT(z,2). (46)

77!

Here CT (z, ') is essentially local in time [96], CT (2, ') ~ 8(z — 2/) C(z) , with C some function
which falls off rapidly for x > 1, i.e. for modes well inside the horizon. Inserting this into Eq. (39)

yields
k? vp_\* %0 a®(x/k) ~
Qew(k) = d C(x). 47
GW( ) 37T2H02a% (Mp] ) /:E v a%x (1') ( )

As aresult of the rapid decrease of C (z) for x > 1, this integral is dominated by its lower boundary. For
scales which entered the Hubble horizon after the B— L phase transition, x; = k 7 is an O(1) constant.
Hence, the k-dependence of Eq. (47) can be traced back to a(z/k). For radiation domination, we have
a(7) =~ /Q, Hyra?, where we have neglected the change in the effective number of degrees of freedom.
This yields

v al(@/k) 5 Q, Hiaf .,

%

where F" is a constant, and therefore a flat spectrum, Qgw o k°. For matter domination, one has
a(z/k) o< k=2, which yields Qgw oc k2.

In summary, we can express today’s spectrum of GWs from a scaling network of AH cosmic
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strings as'?

(keq/K)?, ko < k < keq
Qew(k) =~ Qple x L, keq < k < kru - (49)
(kru/k)?,  kru < k < kpn

Here, keq, kru and kpy are determined by Eqs. (42), and (43), and the height of the plateau QpGlW can be

estimated using the result of the numerical simulations in Ref. [95],

_ Fr VUB-L 4 Q h2
OBwh? = 4.0 x 1071 :
Gw 010 o\ 5k 105Gev ) \d2x105)° >0)

where Fjyyy = 4.0 x 10? is the numerical constant determined in Ref. [95] for global cosmic strings.
The corresponding constant for local strings is expected to have the same order of magnitude [97].

Eq. (49) strikingly resembles the result found for the stochastic GW background from inflation,
cf. Eq. (41), up to an overall normalization factor, cf. Fig. 10. Note, however, that the origin is quite
different. On the one hand, in the case of inflation, the GWs can be traced back to vacuum fluctuations of
the metric which remain ‘frozen’ outside the horizon. After horizon re-entry, they propagate according to
the source-free wave equation in FRW space. The amplitude of the resulting stochastic GW background
today is determined by the redshift of these modes after entering the horizon. On the other hand, the
GWs from cosmic strings stem from a classical source, which is active until today. Only the nature of
the unequal time correlator, with its rapid decrease for = >> 1, effectively removes the impact of the
source when the corresponding mode is well within the horizon. In more physical terms, this implies
that the dominant source for GWs from cosmic strings are Hubble-sized structures of the cosmic string
network. This explains why the wave numbers associated with the horizon at ary and aeq play crucial
roles in the GW spectrum from AH cosmic strings, although the GW modes associated with cosmic
strings never actually ‘cross’ the horizon. For cosmic strings the height of the plateau is enhanced by a
very large numerical factor F”. On the contrary, GWs from inflation are suppressed by the small Yukawa
coupling A. This explains the enormous difference in amplitude between GWs from inflation and cosmic
strings.

The calculation presented here, resulting in Eq. (49), was based on the Abelian Higgs (AH) cos-
mic string model. For comparison, Fig. 11 shows the result obtained in the Nambu-Goto (NG) model,
cf. Ref. [34]. In both approaches the radiation-dominated epoch leads to a plateau for intermediate fre-
quencies. Compared to the AH result, the boundaries in the NG case are shifted to higher frequencies by
a factor 1/, where « denotes the size at which cosmic string loops are formed relative to the respective
horizon size.!* This shift in frequency is directly related to the maximal loop size which is determined
by aH ! in the NG case. Furthermore, the frequency dependence for small and large frequencies dif-
fers, which is a consequence of the different mechanisms of gravitational radiation: in the AH model
the dominant contribution to the GW background comes from Hubble-sized structures, in the NG model
the dominant contribution is due to ‘cusps’ in small cosmic string loops, which are formed when waves
moving in opposite directions on the loop collide. The striking difference in amplitude by five orders of
magnitude between the AH and NG model is due to the different energy loss mechanisms of the string
network in the scaling regime. While the energy loss of AH strings is mainly due to massive radiation,
NG strings deposit all their energy into GWs. Hence, these two cases provide lower and upper bounds
on the GW background from cosmic strings, and it is conceivable that the true answer corresponds to
some intermediate value. Assuming a transition between the AH model at early times and the NG model

"*Note that in Eq. (49), the normalization of the ‘1/k>-flanks’ was obtained by matching to the plateau value for k = kgry
and k = keq, respectively. However, since close to these points the dominant component of the energy density is not much
larger than the other components, a more detailed knowledge of C (z) is necessary to evaluate Eq. (47) at these points.

'“Note that o cannot take arbitrarily small values. A lower bound is given by the requirement that, in the area of application
of the NG model, the loop size should be larger than the string width obtained in the AH model (controlled by mgl R mal) or
at the very least larger than M5 ".
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Fig. 11: Comparison of the GW spectra predicted by AH strings and NG strings for two values of o (which governs
the initial cosmic string loop size in the NG model). The other parameters are chosen as in Fig. 10, which yields a
cosmic string tension of Gy = 2 x 1077, From Ref. [34].

at later times sometime during radiation domination, a notable point is that, due to the shift of the GW
spectrum of NG strings to higher frequencies, the GWs generated at later times in the NG regime might
cover up the GWs generated at earlier times in the AH regime. To address this important question of how
to correctly describe the evolution of cosmic strings is clearly a theoretical challenge.

6 Observational Prospects and Outlook

In this paper we have demonstrated that the MSM, a minimal supersymmetric extension of the Standard
Model with right-handed neutrinos and spontaneously broken local B—L symmetry, is capable of reme-
dying several shortcomings of the Standard Model while at the same time successfully accounting for the
earliest phases of the cosmological evolution. While the MSM allows for grand unification and explains
the smallness of the observed neutrino masses on the particle physics side, it accommodates inflation
and the generation of entropy, baryon asymmetry and dark matter during the reheating process on the
cosmology side. These successes of the MSM therefore truly render it a minimal consistent model of
particle physics and the early universe.

The MSM gives rise to a rich phenomenology that can be probed in on-going and upcoming cos-
mological observations and high energy physics experiments. First of all, future data on the temperature
anisotropies as well as on the polarization of the CMB radiation will test the dynamics of the B—L
breaking sector of the MSM. Dedicated experiments searching for tensor modes in the CMB, such as
CMBPol [98] or LiteBIRD [99], have, for instance, the potential to rule out supersymmetric F-term hy-
brid inflation by measuring a tensor-to-scalar ratio 7 of O(1072) or larger, cf. Eq. (10). Meanwhile,
indications in the CMB for the presence of local cosmic strings could provide evidence in favour of cos-
mological B—L breaking, cf. Sec. 3.2. For parameter values compatible with inflation, the AH model of
the B—L phase transition typically predicts a cosmic string tension G only shortly below the current
observational bound, G < 3.2 x 10~7. From the perspective of the MSM, it is thus expected that signs
of cosmic strings should soon be seen.

Next to the CMB, cosmic strings ought to reveil their existence also in weak and strong lensing
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Fig. 12: Predicted GW spectrum and the (expected) sensitivity of current and upcoming experiments. The GW
spectrum due to inflation (gray), preheating (red) as well as AH and NG cosmic strings (black) is shown for
vg_r = 5 x 101 GeV, M; = 10 GeV, mg = 3 x 103 GeV, and a = 10~'2. The current bounds on the
stochastic GW spectrum from (1) millisecond pulsar timing (taken from Ref. [88], with (2) marking the update
from EPTA [100] and (3) LIGO [101] are marked by solid blue lines. The dashed blue lines mark the expected
sensitivity of some planned experiments: (4) SKA [102], (§) ET [103], (6) advanced LIGO [103], (7) eLISA [104],
(8) BBO and DECIGO [105]. Note that with a correlation analysis ultimate DECIGO has a sensitivity down to
10~18. From Ref. [34]

surveys, in the spectrum of ultra-high-energy cosmic rays and GeV-scale v-rays and finally also in the
spectrum of GWs. In Sec. 5, we discussed this latter characteristic signature of the MSM in more detail.
In doing to, we put a particular emphasis on the uncertainties in the theoretical calculations, which we as-
sessed by calculating the spectrum of GWs either emitted by AH or by NG cosmic strings. Our result for
the GW spectrum related to cosmological B— L breaking is shown in Fig. 12, which compares the GW
signals that are respectively expected to originate from AH strings, NG strings, inflation and preheating.
In addition to that, Fig. 12 also indicates current bounds on Qgwh? as well as the expected sensitivity of
upcoming GW experiments, cf. Ref. [106] for a review. The observation of a GW signal coming from
cosmic strings in the scaling regime in the not too far future is clearly challenging. Depending on the
parameters of the AH model, the reheating temperature and the cosmic string loop parameter «, future
experiments will either see a flat plateau in the GW spectrum or detect a kink-type feature related to the
transition between two successive stages in the expansion history of the universe. Particularly intriguing
in this context is the possibility to determine the reheating temperature by measuring the position of
the kink in the GW spectrum that is incuded by AH strings at frequencies around fry, cf. Eq. (43) and
footnote 12. Nonetheless it is important to realize that at present our understanding of the formation,
evolution and decay of cosmic strings is still far from complete. For one reason or another, the GW
background due to cosmic strings might be suppressed or even absent, cf. Ref. [34] for details, thereby
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potentially rendering inflation and preheating the dominant sources of GWs. At least in the case of in-
flation, the exact shape of the GW spectrum and in particular of its kinks could then be predicted with a
much better precision than as for cosmic strings [34]. As both the GW signals from inflation as well as
from preheating are however rather faint, a positive observation by any of the planned GW experiments
seems to be out of reach.

The dynamics of the neutrino sector in the MSM can be tested on the basis of the parameter
relations that we derived in our study of the reheating process, cf. Sec. 4.2. Assuming the gravitino to
be the LSP, the requirement of consistency between leptogenesis and gravitino dark matter provided us
with relations between the neutrino mass parameters m1 and M; on the one hand and the superparticle
masses mg and mg on the other hand, cf. Fig. 8. In particular, we found a lower bound on the gravitino
mass that scales quadratically with the gluino mass and that at the same time slightly varies with m1,
cf. Eq. (26). As an alternative to gravitino dark matter, we also considered the possibility of very heavy
gravitinos, in the case of which dark matter is accounted for by partly thermally, partly nonthermally
produced winos or higgsinos. In this scenario, requiring consistency between leptogenesis, WIMP dark
matter and primordial nucleosynthesis, we were able to derive upper bounds on the neutralino mass my sp
as well as absolute lower bounds on the gravitino mass as functions of m1, cf. Fig. 9.

Owing to these relations and bounds, a determination of m;, M, me, mg and/or my gp in present
or upcoming experiments would therefore allow to constrain the parameter space of the MSM or even to
falsify it. The absolute mass scale of the Standard Model neutrinos, which is closely related to my, is, for
instance, probed by low-energy neutrino experiments such as GERDA [107] and KATRIN [108] that are
looking for neutrinoless double-3 decay and studying the S-decay of tritium, respectively. Meanwhile,
it is hard to experimentally access the neutrino mass M/ directly; but fortunately the MSM offers a
possibility to determine M, indirectly. As reheating after inflation is driven by the decay of heavy
(s)neutrinos in the MSM, the plateau temperature TI{\I’{ turns out to be a function of my and My, cf.
Ref. [10] for details. Once m is known, there thus exists a one-to-one relation between values of M,
and Tl{\{{, at least as long as all Yukawa couplings are kept fixed. As mentioned above, it is conceivable
that the reheating temperature could possibly be determined by means of GW observations. Such an
observation would then also allow for a measurement of M.

Depending on the scale of soft supersymmetry breaking and the details of the superparticle mass
spectrum, a determination of mg, mg and mygsp is potentially within the reach of experiments aiming
at the direct or indirect detection of dark matter and/or collider searches for supersymmetry. If dark
matter should be composed of gravitino LSPs, direct and indirect detection experiments would actually
be bound to yield null observations. However, if R parity was slightly violated, gravitino dark matter
would be unstable [109,110], which could lead to observable signals in the fluxes of gamma rays, charged
cosmic rays and cosmic neutrinos [111]. At the same time, the decays of the next-to-lightest superparticle
(NLSP) via its R parity-violating interactions might be observable in collider experiments in the form of
displaced vertices with distinctive decay signatures [112,113]. A slight violation of R parity is in fact
motivated from cosmology—if R parity was exactly conserved, the late-time decays of the NLSP could
spoil the successful predictions of primordial nucleosynthesis [?,47]—and hence we are confident that
the nature of dark matter is not doomed to remain obscure, even if it is made out of gravitinos. Finally,
dark matter composed of partly thermally, partly nonthermally produced winos or higgsinos could soon
be seen in indirect detection experiments such as H.E.S.S. and Fermi-LAT, cf. footnote 9. On the other
hand, for the hierarchical superparticle mass spectrum in Eq. (27), the prospects for a direct detection of
WIMP dark matter via its scattering off heavy nuclei do not look particularly promising, cf. Ref. [32].
Also the discovery of a wino or higgsino LSP at colliders seems to be rather challenging in this scenario.
Given the large masses for the gluinos and squarks, the characteristic missing energy signature of events
with LSPs in the final state may be absent. On the contrary, the wino- or higgsino-like chargino, almost
mass degenerate with its neutral partner, might leave macroscopic charged tracks in the detector, which
could increase the discovery potential of this dark matter scenario. In addition to that, monojets caused
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by the Drell-Yan production of LSP pairs in association with intial state gluon radiation may also provide
a possible discovery channel. We therefore conclude that the MSM is experimentally accessible not only
in cosmological observations, but also in a number of high energy physics experiments. Upcoming data
will thus shed more light on whether or not the MSM is indeed a good description of particle physics up
to the multi-TeV scale as well as of the earliest phases of our universe.

Before concluding, we would still like to compare the MSM with a closely related model, the
vMSM [115], the non-supersymmetric minimal Standard Model with right-handed neutrinos, which can
also account for inflation, entropy production, baryon asymmetry and dark matter. The vMSM is a
model with minimal particle content as well as minimal symmetry. The local symmetry is that of the
Standard Model and the global B—L symmetry is explicitly broken by Majorana masses of the right-
handed neutrinos. Baryogenesis via leptogenesis and dark matter require these masses to lie in the keV
and GeV range, far below the electroweak scale, which leads to predictions that are experimentally
testable in the near future. The Higgs field of electroweak symmetry breaking also plays the role of
the inflaton, which requires a large non-minimal coupling to gravity, tuned to account for the observed
amplitude of the CMB temperature anisotropies. In the ¥MSM there is no unification of strong and
electroweak interactions. Also the MSM has minimal matter content. However, the symmetry group is
enlarged, and in addition to the Standard Model gauge group it contains local U(1)p_;, symmetry and
local supersymmetry. Assuming quark and lepton mass matrices compatible with grand unification, and
therefore hierarchical right-handed neutrinos, one finds that U (1) g_r, is broken at the GUT scale. The
symmetry breaking sector contains an inflaton field and the GUT scale automatically yields the right
order of magnitude for the amplitude of CMB temperature anisotropies. The lightest superparticle is the
constituent of dark matter, which can be searched for at the Large Hadron Collider as well as with direct
and indirect detection experiments. Direct evidence for the MSM may eventually be obtained via the
spectrum of relic GWs. In summary, supporting evidence for or falsification of the ¥MSM or the MSM
will decide whether or not physics beyond the Standard Model is tied to symmetries larger than those
already revealed by the Standard Model.
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Abstract

It is a common wisdom that properties of macroscopic bodies are well de-
scribed by (semi)classical physics. As we have suggested [1-3] this wisdom
is not applicable to black holes. Despite being macroscopic, black holes are
quantum objects. They represent Bose-Einstein condensates of N-soft gravi-
tons at the quantum critical point, where N Bogoliubov modes become gap-
less. As aresult, physics governing arbitrarily-large black holes (e.g., of galac-
tic size) is a quantum physics of the collective Bogoiliubov modes. This fact
introduces a new intrinsically-quantum corrections in form of 1/N, as opposed
to eV, These corrections are unaccounted by the usual semiclassical expan-
sion in & and cannot be recast in form of a quantum back-reaction to classical
metric. Instead the metric itself becomes an approximate entity. These 1/N
corrections abolish the presumed properties of black holes, such as non exis-
tence of hair, and are the key to nullifying the so-called information paradox.

1 Essence of Macro-Quantumness

It is a common wisdom that the properties derived in idealized semi-classical treatment, such as, e.g.,
Hawking’s exact thermality [5] [6] and absence of hair [7], must be well-applicable to the real macro-
scopic black holes. From the first glance, this sounds reasonable. After all, the common effective-field-
theoretic sense tells us that for large objects all the microscopic quantum physics averages out in effective
macroscopic characteristics, which are classical. When applying this reasoning to ordinary macroscopic
objects such as planets, stars or galaxies, no apparent paradoxes or inconsistencies appear. For example,
treating the earth as a semi-classical gravitating source gives a consistent picture.

In contrast, when applying the same common sense to realistic macroscopic black holes of finite
mass, one ends up with puzzles and paradoxes, perhaps the most prominent being Hawking’s information
paradox [8]. The purpose of this short note is not to discuss the existing puzzles one by one, but instead to
point out the misconception that underlies all of them. Namely, the quantum effects for the macroscopic
black holes are much more important than what is suggested by straightforward application of semi-
classical reasoning. This is the lesson from the recently-developed black hole quantum portrait [1-4]. In
this respect there is nothing new in the present note, but we shall provide a sharper focus and specifically
reiterate the key point that we believe sources the black hole mysteries. We would like to explain why it
happens that some macroscopic bodies are more quantum than others.

The short answer is that despite being macroscopic, black holes are systems at the critical point
of a quantum phase transition [3]. As a result, no matter how large and heavy, they can never be treated
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fully classically. Indeed the very nature of the phase transition as quantum requires a great amount of
quantumness in the form of entanglement. Of course, for some aspects (e.g., large distance gravitational
effects on probe bodies) the semi-classical treatment is fine, but is non-applicable for other aspects, such
as information storage and processing.

In order to explain this profound difference, let us compare a black hole to an ordinary macroscopic
object, e.g., a planet or a bucket of water. Of course the common property of all the macroscopic objects,
that allows to treat them in long-distance regimes classically, is the large number of quantum constituents,
N. Property, N > 1 is universally shared by all the macroscopic bodies of our interest.

For such objects we can define some quantum characteristics, such as, N (e.g., number of atoms
in the bucket of water) and their quantum coupling strengths. However, in ordinary objects with size
much bigger than the de-Broglie wave-lengths of the constituents, the coupling «;; between a pair of
constituents ¢ and j strongly depends on the relative positions of the constituents (for example, a nearest
neighbor coupling in atomic systems ) and cannot be defined universally.

In contrast, an universal coupling can be defined in the systems in which everyone talks to everyone
at an equal strength. Such is the property of Bose-Einstein condensates (BECs) where all the constituents
are in a common quantum state. In particular, the black holes represent such condensates of gravitons.
For such a system we can define a very useful parameter,

A= Na, (1)

which is somewhat analogous to the "t Hooft coupling for gauge theories with N-colors [9]. Despite the
crucial difference that in our case N is not an input of the theory, but rather a characteristic of a particular
BEC, we shall refer to A as the 't Hooft coupling.

This parameter plays the central role in our considerations since it determines how close is the
system from quantum criticality. Thus, level of classicality of the system is not determined by only how
large N is, but most importantly how far it is from the critical value N = 1/«. This is the fundamental
difference between black holes and other macroscopic bodies with many constituents. For the ordinary
macroscopic objects, such as planets, the analog of the ’t Hooft’s coupling either cannot be defined or it
is far from quantum criticality. This is why the ordinary macroscopic objects can be treated classically
with a very good approximation, without encountering any seeming paradoxes. Contrary, as we have
shown, black holes are always at the quantum critical point Naw = 1 up to 1/N corrections. As a result,
black holes can never be treated classically. There are certain quantum effects (such as mass gap and
degeneracy of Bogoliubov modes) that for large black holes become extremely important. In particular,
at the quantum critical point small subsystems are maximally entangled i.e the entanglement entropy for
the reduced one particle density matrix is maximal.

We thus, have outlined the following sequence of macroscopic systems with increasing level of
quantumness:

Ordinary macroscopic objects (e.g., planets or buckets of water).
Quantum Characteristics : IV exists, A cannot be defined.
4
Generic (non-critical) Bose-Einstein-Condensates.

Quantum Characteristics : Both NV and )\ are well defined, but A # 1.

+
Black holes: Bose-Einstein condensates stuck at the quantum critical point.
Quantum Characteristics : Both NV and A are well defined, and A = 1.
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In order to explain this profound difference, let us consider a hypothetical gravitating source of the
mass of a neutron star. We shall use an oversimplified model in which we shall approximate the source by
a collection of Np particles of baryonic mass, mp ~ GeV, stabilized by some non-gravitational forces.
We shall ignore the contribution to the energy from the stabilizing force. Then by dialing the strength of
the stabilizing force, we can bring the system to the critical point of black hole formation. In the classical
approximation such a "neutron star" outside produces a gravitational field identical to the one produced
by a classical Schwazschild black hole. So why is the case that for the neutron star the quantum effects
are not important whereas for a black hole of the same mass they are absolutely crucial?

In order to answer this question let us reduce the quantum portrait of the above system to its bare
essentials. We are dealing with a source, represented by a multi-baryon state of occupation number
Np ~ 10°7 and size L ~ 10° cm. This source is not a Bose-Einstein condensate, since baryons (even
if spin-0) are not in the same state, and in particular their de Broglie wave-lengths are much shorter
than the size of the system. However, these baryons source gravity and produce gravitational field that
contains approximately N ~ 1077 gravitons. The two occupation numbers are related as,

N = Ni(mp/Mp)?, (2)

where Mp is the Planck mass, and we shall also define the Planck length Lp = h/Mp. Unlike baryons,
these gravitons are much closed to being a Bose-Einstein condensate, because the majority of them
occupy the same state, and in particular have comparable characteristic wave-lengths L given by the size
of the baryonic source, L ~ L. Due to this, in contrast to the baryonic constituents of the star, for
gravitons we can define an universal quantum coupling,

a = (Lp/L)? (3)

and the corresponding 't Hooft’s coupling A given by (1). The only caveat is that the graviton condensate
is not self-sustained as long as Ly, > r4. That is, the gravitational mass (self-energy) of the graviton
condensate My, = Nh/L is below the mass of the baryonic source My, = Npmp and alone is not
enough to keep the gravitons together. Classically, we think of this situation as the size of the source
Lgtqr being larger than the corresponding gravitational radius r, = MstMLQP /h, but we see that the
quantum-mechanical reason is that the 't Hooft coupling is far from criticality. Indeed, expressing N and
« through their dependence on L and T4, We have,

A= Na = (ry/L)?* = (ry/Lstar)*. 4)

Thus, the classical statement that a given source is not a black hole (ry < Lsiqr), quantum-
mechanically translates as the condition that the 't Hooft coupling of graviton condensate is weak, A < 1.
Thus, the standard semi-classical expansion in powers of 74/ L is nothing but an expansion in the "t Hooft
coupling A. This expansion ignores additional 1/N-effects. That is, it represents a planar approximation:

A = fixed, N =o00. (5)

Such approximation is justified only as long as )\ is sub-critical.

Now imagine that by changing the parameters of the model (say, by decreasing a stabilizing force)
we bring the source to the point Ly, = ry. Classically, we think of this point as a point of classi-
cal black hole formation, but in reality this is a critical point of a quantum phase transition! As we have
shown [3], there are dramatic quantum effects which take place at this point. In particular, of order /N Bo-
goliubov modes of the graviton condensate become gapless and nearly degenerate. The condensate starts
a quantum depletion, leakage and a subsequent collapse. This is the underlying quantum-mechanical
nature of the process that semi-classically is viewed as Hawking evaporation. But, Hawking’s semi-
classical limit in our language corresponds to planar limit, in which only A-corrections are kept whereas
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1/N-corrections are not taken into the account. In reality every act of emission differs from this idealized
approximation by 1/N-corrections. Our point is to stress the extreme importance of these corrections.

In other words for a generic BEC the quantity 1/N measures the quantum noise of the system.
For N > 1 these effects can be thought as very tiny and effectively negligible. This is in fact the case
provided the constituents of the system are not entangled. However, and this is the key of the quantum
phase transition, quantum noise makes a dramatic difference when the constituents are maximally entan-
gled i.e at the quantum critical point. In fact at this point the entanglement entropy for the reduced one
particle density matrix becomes maximal and a new branch of light Bogoliubov modes appear [10]. This
is something completely alien to any classical system. In this sense black holes are intrinsically quantum
objects. This phenomenon is fully missed in classical or semi-classical analysis. Its discovery requires a
microscopic quantum view.

Thus, even macroscopic black holes are quantum.

This is a very general message we wanted to bring across in this short note.

2  Quantumness Versus Semi-Classicality

Can the quantum effects we are pointing out be somehow read off in the standard semi-classical treat-
ment? We shall now explain why the answer is negative.

In standard treatment the black holes are introduced through the metric g, (), which is an
intrinsically-classical entity. The effects of quantum gravity are then thought to be accounted in terms of
quantum corrections to metric, without abandoning the very concept of the (classical) metric. In other
words, both before and after the quantum corrections the metric itself is treated as a background classical
field. The role of the quantum gravity is reduced to understanding the rules of corrections according
to which this classical entity changes, without abolishing the very concept of a background metric. We
claim that for certain macroscopic systems, such as black holes, the above treatment is inconsistent.

It is absolutely crucial to understand that 1/N-corrections are intrinsically-quantum and can never
be recast in form of some quantum-back-reacted metric. Instead the very notion of the metric needs to
be abandoned and be treated as approximate. In order to explain this, let us go through the three levels
of quantumness:

Classical: # = 0, % =0;
i)
Semi-Classical: i # 0, % =0;

i}
Quantum: & # 0, % #£0.

Consider a light test body and a heavy source of energy momentum tensors 7, and T}, respec-
tively. In classical GR a scattering of a probe on a source can be understood in terms of a propagation of
the former in a background classical metric created by the latter, with an amplitude,

Aot = [ gule)r(z). ©)

x
where integration is performed over a four-dimensional space-time volume. The metric g,,, is obtained
by solving the classical Einstein equation with the source 7},,. It is well-known that exactly the same

amplitude can be reproduced by summing up the infinite series of tree-level Feynman diagrams with
intermediate graviton lines,

A = Gy / T(2)A(z — y)r(y) +
x,Y

82



Gia Dvali and Cesar Gomez

G?v/ T@)TH)A@ — w)AQ — w)A(z — w)Ow)r(2) + ...
%

Here A(z) is a graviton propagator, and tensorial indexes are suppressed. These series are non-zero
despite the fact that we are working in 7 = 0 limit, and they fully reproduce the result obtained by
considering the motion in the classical metric (6). In fact, order by order the above series reproduce
the expansion of a classical solution of Einstein equation in series of Gy. For example, for a spherical
source of mass M, the above series reproduce the expansion of Schwarzschild metric in series of %9
where r; = 2G'y M is the gravitational radius of the source and r is a radial coordinate [11].

Let us now move towards the quantum picture, i # 0. The standard idea about how to take into
the account quantum gravity effects is to integrate out loops and write down the f-corrected effective
action for g,,,, (). The action obtained in this way will in general contain an infinite series of curvature
invariants, with each power of curvature being accompanied by a factor of L% (in absence of other
input scales). The effective quantum-corrected metric is then represented as a solution to the equations
obtained by varying the effective action. In this philosophy, the quantum gravity effects are accounted
in form of a back reaction to the classical metric. The quantum-corrected metric obtained in such a way,
although formally includes h-effects is still treated as a classical entity:

gul/(x) — g;“, = guu(x) + 59uy($7h) . (8)

In particular, the quantum-corrected scattering of a probe over the source in this limit can still be reduced
to the effects of propagation in the background metric obtained by replacing in (6) g, by giu,.

As a result, such an analysis is not really quantum, but rather semi-classical, as it never resolves
the quantum constituents of the metric (1/N = 0).

This is the essence of semi-classical approximation: It reduces quantum effects to the h-correction
of classical entities, without resolving their constituency.

We thus claim, that the above treatment of quantum gravity misses out the 1/N-corrections, which
are absolutely crucial for black holes. The physics generated by these corrections, is impossible to be
reproduced by any quantum corrections to the classical metric. Instead, the very notion of the metric
must be abandoned and only treated as approximate.

In our language it is clear why this is the only consistent treatment. Indeed, it is impossible to
keep all three quantities M, Lp and £ finite, and simultaneously keep 1/N = 0. Putting it differently,
rg-corrections are corrections in terms of series in "t Hooft coupling A = (aV'), which are different from
1/N-series. Naively, it seems that one can consistently keep the former while discarding the latter by
taking the planar limit (5). However, this is an illusion, since in this limit also the black hole evaporation
time ( which scales as N3/2) becomes infinite, so that the integrated effect is still finite.

Notice, that 1/N corrections are present already in the tree-level scattering of a probe over a
black hole and come from the processes in which the probe exchanges the momentum with individual
constituent of the graviton condensate. Because the condensate is at the quantum critical point, such
exchanges cost 1/N as opposed to e V.

The resulting quantum scattering amplitude A differs from its classical counterpart by 1/N-
effects,
AQ = Ac; + O(1/N). )]

However, the crucial point is that, unlike the semi-classical case, these effects cannot be recast in form
of propagation in any new corrected metric. That is, the quantum amplitude Ag does not admit any
representation in form of

Ag = / G (10)
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where g,,,, ()’ could be any sensible metric. Such representation of the amplitude ceases to exist as soon
as we correctly account for 1/N-effects. !

3 1/N-Corrections Account for Information

Obviously, the 1/N-corrections to semi-classical results are much stronger than the naively-expected
e~ N-correction. However, from the fist glance these enhanced corrections still look very small. This
smallness is an illusion and in reality 1/N-corrections are precisely what one needs for the correct

accounting of information-retrieval in black hole decay.

The reason is that 1/N-corrections to planar results are taking place for each act of emission.
Over a black hole half-lifetime this deviation accumulates to order-one effect, which is sufficient to start
resolving the information at order-one rate. As we have shown [2], this reproduces Page’s time [12],
which automatically follows from our picture.

It is crucial that IV is not a fixed characteristics of the theory (unlike in gauge theories with N-
colors) but rather a characteristic of a particular black hole. Moreover, it is a good characteristic only
during the time ~ /N L p, during which the black hole depletes and leaks decreasing N by one unit.
This process continues self-similarly

NoN-1-=N-2.. (11)

Each elementary step of the cascade reveals a distinct feature (information) encoded in a 1/N-suppressed
deviation from the Hawking’s idealized semi-classical result. To resolve this feature immediately is
extremely improbable, but this is not an issue. Unitarity does not require the information to be resolvable
immediately. It only requires that information is resolvable on the time-scale of black hole evaporation.

This is exactly the case, since probability to recognize the given feature over the black hole half-
lifetime, which scales as ~ N 3/21, p, is of order one. In other words, the increase of IV suppresses the
probability of decoding a given feature per emission time as N —%/2, but correspondingly the black hole
life-time increases as N3/2, so that the product is always of order one. As a result, for arbitrarily large
N the information starts to be recognizable at order-one rate after a half-lifetime of a black hole.

To reiterate the picture, let us imagine a situation when Alice is observing evaporation of a solar
mass black hole. For simplicity, we shall exclude all non-gravitational species from the theory. Then
from our point of view, such a black hole is a BEC of approximately kilometer wavelength gravitons of
occupation number N ~ 1075, with ~ N gapless Bogoliubov modes. From the point of view of the
quantum information this black hole is a message encoded in a N ~ 107 long sequence of 0-s and 1-s,

BH = (0,0,1,0,1,1,1,.......), (12)

where, the sequence is determined by the state of Bogoliubov modes.

After every time interval of approximately A7 ~ NLp ~ 107° sec the message emits
a graviton and becomes shorter by one unit. In the semi-classical (planar) approximation (5) Alice
thinks that she sees a thermal evaporation of a black hole with a featureless (exactly thermal) spec-
trum. However, in reality she sees a depletion and leakage of graviton BEC, with features encoded
in sub-leading 1/N-corrections. As we know [1, 2], this correction to the black hole rate goes as
Cieature ~ N =3/ 2L1§1. Thus, probability for Alice to recognize the feature per emission time is
AP = Tfeqture AT ~ 1/N. For a solar mass black hole this probability is 107! and is tiny. How-
ever, the time-scale available for Alice to resolve the feature is also enormous, and is given by the black
hole life-time 7 = NAT ~ N3/2Lp ~ 10™sec! The probability to resolve the feature during this time
is
P~APN ~1. 13)

!The quantity N defined in [1] as a measure of classicality also emerges in [14]. However, there this quantity is unrelated
to any quantum resolution of the constituents of the metric.
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Notice, that by then Alice has witnessed ~ NN acts of emission and had of order 7 ~ N 3/2Lp time for
analyzing each of them. Consequently she accumulated order one knowledge about roughly the half of
the structure of the message. This knowledge brings her to the point starting from which she begins to
resolve information with order one probability.

It is important to stress that we are not modifying Hawking’s entanglement at each step of the
emission process by a factor %an. This would not do the job of reproducing Page’s time [13]. What we
are instead doing is to use 1/ effects ( at the quantum critical point ) to trigger depletion of one bit of
information with probability 1/N in each step of the evaporation process.

This completes our point of nullifying the information paradox. Notice, that increasing IV is not
changing the final answer, since although it suppresses the feature per emission time, it also increases
the available time for resolving it so that the two effects always balance each other.

This analysis also makes clear the fundamental mistake in the standard semi-classical reasoning.
If the features were suppressed by e~ % instead of 1/N, Alice would have never had enough time for
resolving these features, and the paradox would follow. It is now clear that this "paradox" was a result of
our misconception about the quantum properties of macroscopic black holes.

In summary the Bose-Einstein condensate approach to the black hole information paradox lies on
the following basic points:

— Black hole emission is due to quantum depletion triggered by quantum noise. This quantum emis-
sion is not based on any form of Hawking pair creation in the near horizon geometry. It is a
perfectly unitary process with a rate determined by the microscopic dynamics of the condensate.

— This emission rate is modified by 1/N effects.

— In particular if we tag a subset of Np quanta the rate of leakage of any form of information
encoded in those quanta ( as could be a baryon number of the black hole ) goes like % This in
2

particular means that the black hole can successfully hide some information as its baryon number
— or any other form of message encoded within the tagged quanta — but only until reaching the
half-evaporation point. The observable prediction of this picture is 1/N hair. In case of baryon
number this hair can have observable effects for astrophysical black holes, that are mostly made
out of baryons.

In this respect we need to stress the following. Of course, one could argue that a general believe
that unitary quantum gravity should not result in information paradox implicitly assumes that some
mechanism should purify Hawking radiation. However, an issue that has never been addressed
previously is how this potential purification of Hawking radiation affects the folk dictum that in
any consistent theory of gravity there are no global symmetries. We want to stress that in the
Bose-Einstein portrait approach to the mechanism of information retrieval, gravity is perfectly
consistent with global symmetries [2]. Obviously, how purification affects the dictum depends on
the strength of the corrections used to purify the emitted quanta. Our 1/N-corrections revoke the
dictum.

In short, semi-classicality breaks down whenever quantum noise 1/N-effects become significant. This
is unavoidably the case at the quantum phase transition point. The black hole emits as a normal quantum
system, but its identity card is to be at a quantum phase transition point.

Finally, we wish to note on a possible avenue of probing the large /N-picture. Recently, Veneziano
[15] suggested a very interesting stringy computation that reveals 1/N-hair in string - string-hole scat-
tering. Viewed as a black hole of occupation number N = 1/ gg (gs = string coupling), this result
represents a manifestation of 1/N-hair suggested by black hole quantum N-portrait.
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Abstract

We give an introduction to massive spin-2 theories (including massive gravity)
and the problem of their non-linear completion. We review the Boulware-
Deser ghost problem and two ways to circumvent classic no-go theorems. In
turn, massive spin-2 theories are not uniquely defined. In the case of truncated
theories, we show that the Boulware-Deser ghost may only be avoided if the
derivative structure of the theory is not tuned to be Einsteinian.

1 Introduction

If low energy physics is described by the language of effective field theory (EFT), an important question
to ask is what (interacting) degrees of freedom can in principle be used on four-dimensional Minkowski
space.

In a Poincaré invariant theory, such as an EFT constructed on a four-dimensional flat space, differ-
ent degrees of freedom as well as their corresponding one-particle states may be labelled by their mass
and spin, which are Casimir operators of the Poincaré group.

This classification is of course most useful when the one-particle states under consideration are
eigenstates of the full Hamiltonian. However, in almost all cases diagonalization of the interacting Hamil-
tonian is extremely involved. Therefore, one introduces the concept of asymptotic states, eigenstates of
the quadratic part of the Hamiltonian. This is due to the fact that a typical measurement involves a
scattering experiment where the experimental apparatus may only monitor the in and out states far away
from the scattering interactions. This brings about the concept of the S-matrix

P(in, out) = (in|S|out) , (1)

where P < 1 is the probability that the in asymptotic (far away from the scattering process) state scatters
into the out asymptotic state where, importantly, in and out states are eigenstates of the free Hamiltonian.
In almost all cases, these states are also eigenstates of the Casimir operators of the Poincaré group, thus
allowing the above classification on the asymptotic states. Here, we will follow this trend.

Fundamental theories must have that for all processes P < 1. This condition is what is commonly
called the unitarity bound. In an EFT instead, the considered action is only an approximation to the full
quantum effective action; it corresponds to the first terms of a perturbative expansion in terms of the
dimensionless parameters E'/A, and ¢/As, where F is the energy, ¢ represents any field content and A
is the so-called cut-off or strong coupling scale. Of course, if Ay — oo, the theory is valid up to any
energy scale and it is called renormalizable.

Whenever the perturbative expansion breaks down, for sufficiently high transfer-energies £ > Ag,
one obtains P > 1. In this case, if one insists on this theory still being described in terms of a perturbative
expansion, it must be rewritten in terms of new degrees of freedom materializing at an energy scale
E > A;. This is what is commonly called a Wilsonian UV completion.

*E-mail: Sarah.Folkerts@physik.uni-muenchen.de
YE-mail: cristiano.germani @lmu.de
E-mail: nico.wintergerst@ physik.uni-muenchen.de



Massive spin-2 theories

Theories with massive and massless spin 0 and spin 1/2 fields together with massless spin 1 fields
can be constructed without violation of unitary. This is, in fact, the content of the Standard Model of
particle physics.

Any other degrees of freedom will inexorably violate unitarity at some energy scale (non-renormalizable

theories). If it was not for gravity, a massless spin 2 particle, we could just ignore these other degrees of
freedom. However, as gravitational interactions do exist, one may ask whether other non-renormalizable
degrees of freedom also exist up to energy scales that are not experimentally probed yet.

A self-interacting massive vector field with mass m has a typical strong coupling scale A ~ m.
The violation of unitarity is due to the fact that the longitudinal mode of the vector, which is non-physical

in the massless case, has a polarization € oc .-. Thus, the larger is the mass, the later we need to postpone
the completion necessary to restore unltarlty

This can be understood by (schematically) considering the interaction in Fourier space

3
/ d*z A, J" ~ / At Ak 0 Y € yAx, )
A=1

where the sum extends over the three polarizations defined by the conditions

B
kH€k7/\ =0,
kG = 1 3)

The spatial part of the longitudinal polarization is defined to be parallel to the three-momentum, i.e.
€f.5 o k. Explicitly, it takes on the form

wo_ (Kl k B
6k,3_ <m’ |k| m ’ (4)

Ju;(k)eﬁ,?,Ak (&)

thus giving rise to a vertex

which becomes strong at energies of order m.
Note that for large |k|,

1
eﬁ’?) = Ek“ . 6)

This signals a straightforward way to avoid the violation of unitarity. If the source J, is conserved,
OuJ* = 0, in the large momentum limit Ju;(k)ﬁﬁ 53— 0.

We can understand this effect in a different way. We can construct one particle states by defining
creation and annihilation operators af;, generating the eigenstates of the non-interacting Hamiltonian.
We write

A)\ ddk /\
" NoonG

At the same time we can define a new scalar field ¢ as

¢ = / \/d;% { (i) e + (mff))fe—ik'X] . ®)

On an asymptotic state |k) of four-momentum k* one has

(k) (aﬁeik'x + al‘{/\efik»x) ) (7)

aﬂ¢|k> a1((3)ezkx + GT(3) ka) |k> ) (9)

\/ﬁk<
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Henceforth

<A(5) S Nqﬁ) ) o |’1:‘| Lal) |k) = 0. (10)
Here, ifu is the unit vector pointing in the direction of k. We thus see that the longitudinal polarization
in the high energy limit is well described by a scalar field up to corrections O (%) This is the essence
of the Stiickelberg decomposition of the massive vector. There, the field is decomposed into a massless
vector and a scalar where the scalar is nothing else than the re-incarnation of the gauge direction of the
massless case.

To be precise, in the massless case the action is invariant under the gauge transformation
Oud
i
AH — AH + W 5 (1 1)

for any ¢ and some mass scale m. In the massive case however ¢ represents the extra polarization at
high energies as in (10). In this case, we can decompose

A=A, + “‘b (12)

As a consequence, A#, and hence any action constructed from it, is invariant under transformations of flu
of the type (11) (U(1)) if the change is absorbed by a shift in the scalar ¢». We see that that the interaction
of the scalar degrees of freedom to external conserved sources J* is absent:

~ 1
/d4mAuJ“ = /d4xAuJ“ + - boundary . (13)

Thus a massive linearly interacting vector can exist without unitarity problems. The would be strong
coupling scale appears in fact only in the boundary term.

The question is now whether interacting higher spins s > 3/2 can be consistently constructed.
First of all, one notes that, because of the non-trivial tensorial structure of s > 3/2 fields, all interactions
must be unitarity violating [1]. Furthermore, in the case of massive fields, the extra longitudinal polar-
ization does not decouple in the massless limit even if the field interacts with a conserved source. This is
simply due to the fact that these extra polarizations always carry contributions which are not proportional
to the four-momentum even in the high-energy limit.

Let us take as an example a massive spin 2 field h,g. Similar to the massive vector field discussed
above, the properties of this theory can also be investigated through a helicity or linear Stiickelberg
decomposition.

The decomposition of the field into helicity eigenmodes is in complete analogy to the massive
vector. For high energies the helicity-1 component (or vectorial polarization) can be described by the
derivative of a Lorentz vector (A,,), whereas the helicity-0 component (or longitudinal polarization) can
be described by a scalar field x [2,3]. The helicity-2 component (the transverse polarization) is described
by a tensor iLW,.

One then decomposes the massive spin-2 field as

i) Opdrx 1
h wy = hlﬂf + m + - 3 < 2 + 277qu> . (14)
Here we used the symmetrization convention a,b,y = 3(aub, + ayby).

Similar to the massive vector, interactlons of the longitudinal polarization violate unitarity. The
coupling to the energy momentum tensor is of the form (recall that the energy momentum tensor must
be of dimension 4)

1 1
— [ a* ilacraﬁ:—/cz‘l T+... 15
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and violates unitarity at the scale Ag.
If we were instead considering a non-conserved source .J** of mass dimension d > 2 ! we would
have in addition the interaction

4 af Asid 4 Ty
d*zhas ]’ = 3m2 d*z0x " + .., (16)

where A is the mass scale of the source .J and J = .J/A3~¢ is the dimensionless source. This interaction

3m?2
A3—d

What we thus see is that theories describing interactions of fields of spin s > 3/2, as EFTs
on a Minkowski background, cannot be fundamental (unless free) and must be UV completed in the
Wilsonian sense if they are to be described in perturbation theory. For a different route to UV completion
see, e.g, [4-6].

1 .
creates a strong coupling scale A; = ( )d=T proportional to the mass m.

A Poincaré invariant consistent theory of massless spin-2, at least at the lowest momentum expan-
sion, must be Einstein’s theory [7, 8]. Therefore, at least in the low momentum limit, a massless spin-2
theory is unique up to a strong coupling scale A;. The question we would like to address is whether a
similar "uniqueness" theorem holds for a massive spin 2 at least up to a generic strong coupling scale A;.
As we shall demonstrate, this is not the case.

2 Massive spin-2 without self-interactions

The action of a free massive spin-2 particle is given by what is commonly called the Fierz-Pauli action
and is unique [9].

Its construction can be understood most easily by considering the aforementioned helicity or
Stiickelberg decomposition. Demanding the absence of higher derivatives, which signal the appearance
of new degrees of freedom, removes all arbitrariness in the action; only the Fierz-Pauli form allows for
this property. It is given by

S = / dizL = / d'z <aﬂhwayh — O, hP° Okt + %5‘#h’”8“hpg - %5‘#h8”h
—%mz(h’”hw - h2)> : a7

where h = hl;.

Inserting (14) into the quadratic action (17) leads to

- -1 1 1 o/~ 1
Loe = WEfThyy — SFuF" + xOx — 5m’ (h“”hW - h2) +om?
1 - - .
+ymiht m (RO, — 0,4, ) + TxduAr, (18)

where ﬁ“”éﬂg h po = 6#13“”81,13—8# Bﬂaa,,l}é: + %8# hPo Ok R, 00— %8#}38“]3 describes the linear part of the
Einstein action. For k2 > m?, the action becomes diagonal in field space. The individual kinetic terms
for fLW and A, correspond to massless linearized Einstein and Maxwell theory, respectively. Thus, in the
limit where the mixing of the individual fields can be neglected, h v carries precisely the two helicity-2,
A,, the two helicity-1 and x the single helicity-0 degrees of freedom.

Note that requiring the diagonalization of the kinetic term fixes the relative factor of 1/2 between
the y-terms in (14). Similarly, the factors of m in (14) normalize the kinetic terms. The coefficient of
the kinetic term for y is determined by the coupling of h,,, to sources: [ d%T’“’hm,. The propagator of
a massive spin-2 field h,, between two conserved sources 7}, and 7, is given by

"For dimension d < 2 we just have kinetic or mass mixing.
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(nupnya + NpoMvp — %nuunpa) Lo

T D po _ v
pv,poT p2 —m2
1
T (n#ﬂnVJ + "750’771’/’ 2_ inyunpﬂ) o 4 Tp,ué Zﬁ“’nPUQ TP (19)
pm—m pm—m

The first term in the last line corresponds to the helicity-2 state lNLW. The second term is an additional
interaction from the extra scalar degree of freedom x and fixes the overall normalization of it in our
helicity decomposition. By considering non-conserved sources one can accordingly fix the normalization
of A, in (14).

For m = 0, the action (17) describes linearized Einstein gravity and is invariant under linearized
diffeomorphisms,

1
hw/ - h,ul/ + 5(8;‘51, + augu) ) (20)

where £, () defines the linear coordinate transformation. The gauge redundancy fixes the relative coeffi-
cients of the two-derivative terms. Since both vector and scalar appear with derivatives in the Stiickelberg
decomposition, the only way for their equations of motion to be second order is for these derivative terms
to drop out from the two-derivative kinetic term for /. In other words, we impose on the kinetic part
of the Lagrangian the condition

L(hyw) = L(hyw + 9, Ay + 9w X) + boundaries | 1)

where flu and  are respectively a vector and a scalar. This is equivalent to the gauge invariance (20) for
a specific &,,.

The uniqueness of said structure can also be understood from a Hamiltonian analysis. Let us first
examine the kinetic term. After having integrated by parts such that hgp and hg; do not appear with time
derivatives, the canonical momenta of the Lagrangian (17) are

oL . .
7rij = —— = hij - hiz’(gij - 28(,Lh])0 (22)
6hl’j
The other canonical momenta (7 and 7g;) are zero due to the integration by parts. Inverting (22), one
obtains

hij = mij — mkrdij + 20(:hj)0- (23)

Performing the Legendre transformation and rewriting the Lagrangian in terms of the canonical momenta
yields

L = Wijhij —H+ 2h0i3jﬂ'¢j + hoo(VQhM — &ﬁjhij) ,
1 1 1 1
where H = 571'12] - ZWZQZ + §8khij8khij - &hjkajhz-k + 8¢hij8jhkk — §8ihjj8ihkk.
(24)

The canonical momenta for hgg and hg; are zero and the variables themselves appear only linearly
in terms without time-derivatives. They are Lagrange multipliers which give the constraint equations
VZ2h;i — 0;0;hi; = 0 and 0;m;; = 0. All these constraints commute, in the sense of Poisson brackets,
with each other. Hence, the constraints are first class (for an introduction to constrained systems see for
example [10, 11]). This is characteristic for theories with a gauge symmetry. The constraints together
with the gauge transformations reduce the physical phase space to a four dimensional hypersurface,
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which is described by the canonical coordinates of the two physical polarizations of the massless spin-2
graviton and their conjugate momenta.

Adding a mass term to the analysis changes the Hamiltonian and the Lagrangian of (25) in the
following way

L = Wijhij —H+ mQh(Q]i + Qh()iajﬂij + hoo(vzh“’ — 6¢6jhij — m2hii) R

1 1 1
where H = 57722] — 177121 + iakhijakhij - aihjkajhik + aihijajhkk
1 1
=5 Ohyi itk + 5 (hijhij = h,). (25

Note that the conjugate momenta are unchanged by the additional mass term. However, the structure
of the Lagrangian is different and hg; is no longer a Lagrange multiplier. Nevertheless, it is still non-
dynamical and its equation of motion yields the algebraic relation

1
h()i = —Waﬂrij. (26)

hoo still is a Lagrange multiplier and it enforces the constraint
Vthi - 8i8jhij - mthi =0 (27)

which is now of second class. Requiring that the constraint is conserved in time, i.e. that it commutes
with the Hamiltonian, gives rise to a secondary constraint. Since hg; is determined by (26) and hgg
gives two second class constraints (one primary and one secondary), the resulting physical phase space
is then ten dimensional describing the five physical polarizations of the massive spin-2 particle and their
conjugate momenta. Departing from the Fierz-Pauli mass term introduces nonlinearities in hgg and the
constraint which fixes the trace h;; to zero is lost resulting in either a tachyonic or ghost-like sixth degree
of freedom [12, 13].

Let us briefly mention coupling to sources. Adding a source term to the Lagrangian (17) of the
form h,,,, T does not change the linear constraint analysis. No matter whether the source is conserved,
0,T"" = 0, or not, the source coupling will only introduce hgo and hg; linearly and without time
derivatives and therefore it will not affect the number of constraints. Note that this holds true for any
linear coupling of h,,, to sources.

3 Self-interacting theories

We now focus on the question of self-interactions in massive spin-2 theories. We address subtleties in
the construction and inquire whether uniqueness theorems can exist similar to the case of the Einstein
theory for a massless spin-2 field.

3.1 Boulware-Deser ghost

Boulware and Deser (BD) argued in [13] that simply introducing a mass term for the full nonlinear
theory of general relativity reintroduces the sixth degree of freedom which could be tuned away in the
Fierz-Pauli theory. Although this result turned out to be not generic, it is instructive to see their reasoning.

Let us first consider pure general relativity. Using the ADM formalism [14] in which a general
metric can be re-written as

ds® = gapda®dz® = —N?dt* + ;5 (da' + N'dt) (da? + N7dt) (28)
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where v;; = g5, N = (_goo)—% (lapse), N; = go; (shift). The full action reads (for simplicity we set
the Planck mass to one)

. . 1 ) )
S = /d‘*x\/fg R = /d‘*x(mmj — NRY — N;R" — 2(7" N; — 5™+ Ny, (29)

All curvatures are functions of v;; and m;;, but do not depend on NV or N;. R is the four dimensional
1 ..
Ricci scalar and —R(®) = 3R + ~72( %TI'Q — mijm) and 3R is the three dimensional Ricci scalar with

@ 9

respect to the metric ;5. R = —27r|ij, where the bar “,” denotes covariant differentiation with respect to
the spatial metric ;.

In the massless theory, N and N; are Lagrange multiplier which enforce first class constraints on
the system, thereby eliminating four (and correspondingly eight phase space) degrees of freedom yielding
2 propagating helicities of the massless spin-2 particle. We now introduce the Minkowski background
by expanding

JaB = Nap + ha,@’ , (30)

where 1), is the Minkowski metric and h,g is a tensor on the flat background. Its indices are conse-
quently raised and lowered by the Minkowski metric. The inverse metric ¢®? is given by an infinite
series of hqg and can be obtained from g**g, 3 = 55. At linear order N = 1 — %hoo and N; = hg; and
one recovers the result of the previous section. At nonlinear order, however,

N? = (1 = hoo) — hoiho;jg” GD

whereas V; remains unchanged.

The Fierz-Pauli mass term f = (h,, h*"" — h?) can nevertheless easily be expressed in terms of
N, and the nonlinear NV [13],

f=hi — h% — 2N} + 2h;(1 — N* — N;NY). (32)

In contrast to the linear case, here N (which to linear order is equivalent to hgg) appears quadratically in
the mass term although still appearing linearly in the full non-linear derivative (Einstein) structure of the
theory. Therefore now neither N nor N; are Lagrange multipliers.

Thus, at the full non-linear level, the trace h;; is no longer constrained since the constraint was
related to the fact that N was a Lagrange multiplier. Therefore, there are six degrees of freedom prop-
agating: The so-called Bouleware-Deser ghost propagates on top of the five degrees of freedom of the
Fierz-Pauli massive spin-2. We will see that this conclusion, although correct generically, can be avoided
for specific theories.

The simplest example is the free Fierz-Pauli theory discussed above. There, since the expansion
is truncated at the linear level we have that N =1 — %hoo and the mass term in the Lagrangian is

f=hi; = hi; — 2N} + 2h;(1 — 2N). (33)

Thus, as in the derivative part of the action (the linearized Einstein-Hilbert Lagrangian), NV only appears
linearly. In other words, the lapse is here again a Lagrange multiplier, as in General Relativity.

The philosophy of avoiding the BD ghost will be the same for interacting theories: we will search
for theories that can be written in terms of a linear lapse function acting as a Lagrange multiplier. In
order to do that and to avoid the BD conclusions, we will have to either deform the derivative structure
of the massless theory and/or the non-derivative structure.
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3.2 Cubic interactions for a massive spin-2 particle

We will start by considering the simplest possible interaction, a cubic interaction as described in [2].

There, the idea was to consider a cubic interaction that keeps the structure of the linear Fierz-
Pauli action. In other words, by deviating from the Einsteinian derivative structure at the cubic order,
N=1- %hoo remains a Lagrange multiplier also in the nonlinear theory. Non-derivative interactions
can then be constructed that preserve this property.

This construction can straightforwardly be achieved by considering the most general cubic inter-
action with at most two derivatives on h,,. Demanding linearity in hog fixes all coefficients besides
respective prefactors of the zero- and two-derivative terms.

The unique structure is found to be [2]

£ = % (h*B Do hH Dghy, — h*P 0o hdgh + 4h*PDghdhY — 2W1 Dy hd* Ry, + hOhO B
=3I 0o hOghy) — AW 9,k 0hL + 3hO I Ouhl + 2h 0% hyu, Dghl,
—2h0ahdgh™” + WM 0o by, g0 hlt + 20 Oghya 0P Bk — hdahy 0¥ W' — RO A 0% hyy)
ks

+5 (2RURGRS, = Bhhy b + h%) (34)

In terms of the components of &, for example, the non-derivative part is given by

k
L= %hoo(h% — h?j) + terms independent on /. (35)

Hence, hoo and hg; appear in the same way as in the free action. We do not display the explicit expression
for the derivative part because the expression is rather lengthy. Still, one can easily check that also there
ho; remains non-dynamical and can be solved for algebraically, yielding 3 constraints on k. Further-
more, hgo appears as a Lagrange multiplier in (34) and accordingly eliminates another two degrees of
freedom [2].

The fact that the action (34) propagates five degrees of freedom can also be checked in the helicity
decomposition (14). Inserting the decomposition into (34) reveals that the corresponding equations of
motion are free of higher time derivatives on the helicity components.

Indeed, this is in direct correspondence to the Hamiltonian analysis outlined above. The com-
ponents hgg and hg; are exactly those components of /,,,, which can introduce higher time derivatives
on the equations of motion as, in terms of helicities, these correspond to 88 X, O0Ao, Ogd;x and Oy A;.
Therefore, any action free of higher derivatives on the helicities, requires hgg to be a Lagrange multiplier
and hyg; to be nondynamical.

Up to boundary terms, one can rewrite the above Lagrangian in a compact form [15] as follows

LO) = et BB 95 hoysy o hayp, + ko€t 03B B s By (36)

€*1--% denotes the totally antisymmetric four-tensor in four dimension. From its antisymmetry proper-
ties it is then simple to conclude that the constraint structure of the free Lagrangian is preserved. If there
is one hgg in (36), then there cannot be any other factor of it in that term. Therefore, hyg can only appear
as a Lagrange multiplier. Terms with hg; can carry at most one time derivative and one power of hg;
or only spatial derivatives and at most two powers of hg;; all other terms have spatial indices. Variation
with respect to hg;, thus, leads to a constraint equation for itself which defines it algebraically in terms
of the components /;;.
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3.3 Resummed theories

The second possible route to find nonlinear extensions of the Fierz-Pauli theory is to retain the Einsteinian
derivative structure and construct a nonlinear extension of the mass term. In this case one searches for
a theory preserving a similar constraint structure of the lapse for the full Einstein theory. This approach
was taken in [16].

What we learned from the analysis of BD is that the lapse N cannot be a lagrange multiplier if the
the two following assumptions co-exist

— The derivative structure is Einsteinian

— N and N are independent variables.

As we are interested in the class of theories that fulfill the former assumption, one needs to relax the
latter, thereby keeping N as a Lagrangian multiplier such to eliminate the BD ghost. The theory with
this property has been found by [16], the so-called dRGT massive gravity.

In other words, the theory of [16] is a deformation of General Relativity with non-derivative term
such that [17]

— The derivative structure is Einsteinian.
— N can be fully traded by a new variable n*(N, N*, h;;).
— After the field redefinition, /V only appears linearly in the action and without derivatives.

The second condition forces the redefinition to be of type
N' = (8 + NDj)n’ 37

where D; is an appropriate matrix independent upon N.? Of course, any truncation in powers of hi; of
this construction would bring back the BD ghost.

For our purposes, we adopt the notation of [17]. We write the resummed theory of [16] in terms of
the inverse metric g~! and an auxiliary background metric 77. The action of dRGT massive gravity can
then be written according to [17] (here we re-introduce the Planck mass Mp)

S = M}%/d4m\/—g

2
R(g) +2m* Y Buen (\/gln)l , (38)
n=0

where m is the graviton mass and the e, (X) are functions of matrix traces given by

1
eo(X) =1, e1(X) = [X], es(X) = S ([X]* - [X%)) . (39)
The square brackets denote the trace and 8y = 6, 51 = —3 and 32 = 1 for dRGT massive gravity [16,17].
Note that the coefficients are chosen such that the action describes a flat background without a cosmo-

logical constant. The matrix /g~ 17 is defined by \/¢~'n\/g~'n = g"“n,,. Since 1, transforms as a
rank-two tensor, the action (38) is invariant under general coordinate transformations.

Expanding the action (38) to second order in the metric perturbations g,, = 7., + hy,, one
recovers the Fierz-Pauli action (17).

As suggested in [16] and later shown in [17-20], the action (38) indeed only propagates five
degrees of freedom. In order to see this, one can redefine the shift as (37). This has been also done for
the full nonlinear action in [17]. We will briefly discuss their findings.

Note that we would get exactly the same results by not doing the field redefinition. This field redefinition only makes
manifest that the lapse is a Lagrange multiplier.
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A constraint analysis is most conveniently carried out by using the ADM decomposition [14].
Using (28), the Lagrangian (38) is given by

2
MEQE = Wijat’Yij + NR® + R;N' 4+ 2m?\/det yN Z Bnen ( gfln) . (40)

n=0

The mass term includes /N in a non-linear way and is, therefore, responsible for the seeming loss of the
constraint. However, one can redefine the shift V; by (37) and finds the following Lagrangian [17,19]

Mp2L = m90pyi; — Ho(mY,vij,mj) + NC(7Y,vi5,m5) , (41)

where H is the Hamiltonian and C is the additional constraint ensuring that only five of the six com-
ponents of v;; are propagating. Thus, we have established that there are three independent variables n;
which are not propagating and algebraically determined by their equations of motion and there is one
Lagrange multiplier N which yields a constraint equation for 7%/ and ;;. Therefore, there are only five
propagating independent degrees of freedom which constitute the massive graviton.

It is, however, important to note that the redefinition (37) can only be used when considering the
full non-linear action (38). Whenever truncating the theory, this ceases to be valid and thus one is left
with six propagating degrees of freedom.

One might be puzzled by analyzing the action (38) in terms of the helicity decomposition (14).
There, indeed, are higher derivatives (apparently signaling new degrees of freedom) appearing on the
equations of motion of, e.g., the scalar helicity x for the nonlinear terms [2]. The lowest suppression
scale of these terms is A = (m4M p)%. In the full theory, however, this scale is redundant and can
be removed by a field redefinition [18]°. With this field redefinition also the higher derivative terms
disappear. It can be shown that this happens for all scales below A3 = (m?M p)% [18], such that the
theory in terms of the redefined fields is free of higher derivative interactions. Note, however, that when
truncating the theory to any finite order this is no longer the case.

In works subsequent to [16, 17], it was furthermore shown that the absence of the sixth ghost like
degree of freedom can also be confirmed in the Stiickelberg language [20].

4 Conclusions

Within this work we have addressed the question whether theories of a single interacting massive-spin 2
field obey similar uniqueness theorems as in the massless case.

For a long time, it was doubtful whether there even exists one consistent theory that describes
self-interactions of a massive spin-2 particle. The fact that adding the Fierz-Pauli mass term to the
Einstein-Hilbert action introduces nonlinearities in the lapse into the action was taken as the basis of
a no-go-theorem for nonlinear extensions of Fierz-Pauli theory. It was argued that any such extension
necessarily leads to the appearance of a sixth unphysical and ghost-like polarization in the theory, the
Boulware-Deser ghost.

We have reviewed two possible ways to circumvent this apparent theorem. One is to sacrifice the
Einsteinian derivative structure, such that the (00)-component of the tensor field ,,, enters the action
only linearly even when self-interactions are added. This ensures that only five degrees of freedom are
propagating. We have shown that this property can equivalently be checked in a helicity decomposition
of the massive tensor. The found action is characterized by the absence of higher derivatives on the
helicity components. It is the unique theory with this property.

3Note that this field redefinition is in fact necessary in order to define a Hamiltonian in terms of the helicities. Without it,
the relation between the canonical momenta and time derivatives of fields is not invertible. This reflects the redundancy of the
coupling in the full theory.
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The second route is to leave the derivative structure untouched, but instead adding a potential for
the massive spin-2 field in such a way that guarantees the presence of a Lagrange multiplier in the system.
By casting the action into an appropriate form, this Lagrange multiplier is once again given by the lapse.

The latter approach, since it relies on redundancies of the full action, requires a full resummation
of the theory. Any truncation to finite order appears to propagate more than five degrees of freedom.
However, the scale at which this additional degree of freedom appears coincides with the scale at which
nonlinearities become important. Henceforth, conclusions can only be drawn from the resummed theory.

We have further addressed the issue of higher derivatives in the helicity decomposition in the
latter class of theories. While these are present, the fact that redundancies are present prevents one from
constructing a Hamiltonian. A field redefinition is necessary in order to be able to invert the canonical
momenta; after this redefinition, no more higher derivatives are present. The Hamiltonian of the theory
does not suffer from an Ostrogradski linear instability.

The experimental viability of either theory is unknown. The former deviates from the well probed
Einsteinian cubic vertex and is therefore not viable as a massive graviton. The latter has the correct vertex
structure. However, choosing its mass to be of the order of the Hubble scale leads to a strong coupling
already at very low energies, A, = (m?Mp)/? ~ (1000 km)~!.

Either theory could in principle describe self-interactions of a massive spin-2 meson and could
therefore be of different phenomenological interest.

References
[1] S. Weinberg and E. Witten, Phys. Lett. B 96, 59 (1980).
[2] S. Folkerts, A. Pritzel and N. Wintergerst, arXiv:1107.3157 [hep-th].
[3] K. Hinterbichler, Rev. Mod. Phys. 84, 671 (2012) [arXiv:1105.3735 [hep-th]].
[4] G. Dvali and C. Gomez, arXiv:1005.3497 [hep-th].
[5]1 G. Dvali, S. Folkerts and C. Germani, Phys. Rev. D 84, 024039 (2011) [arXiv:1006.0984 [hep-th]].
[6] G. Dvali, G. F. Giudice, C. Gomez and A. Kehagias, JHEP 1108, 108 (2011) [arXiv:1010.1415
[hep-ph]].
[7]1 S. Weinberg, Phys. Rev. 135, B1049 (1964). S. Weinberg, Phys. Rev. 138, B988 (1965).

[8] V. I Ogievetsky, 1. V. Polubarinov, Annals of Physics, Volume 35, Issue 2, November 1965, Pages
167-208,

[9] M. Fierz and W. Pauli, Proc. Roy. Soc. Lond. A 173, 211 (1939).
[10] M. Henneaux and C. Teitelboim, Princeton, USA: Univ. Pr. (1992) 520 p
[11] Dirac, P. A. Maurice, DoverPublications.com, 2001
[12] P. Van Nieuwenhuizen, Nucl. Phys. B 60, 478 (1973).
[13] D. G. Boulware and S. Deser, Phys. Rev. D 6, 3368 (1972).

[14] R. L. Arnowitt, S. Deser and C. W. Misner, Phys. Rev. 117, 1595 (1960). R. L. Arnowitt, S. Deser
and C. W. Misner, Gen. Rel. Grav. 40, 1997 (2008) [gr-qc/0405109].

[15] K. Hinterbichler, arXiv:1305.7227 [hep-th].

[16] C.de Rham, G. Gabadadze and A. J. Tolley, Phys. Rev. Lett. 106, 231101 (2011) [arXiv:1011.1232
[hep-th]].

[17] S.F. Hassan and R. A. Rosen, Phys. Rev. Lett. 108, 041101 (2012) [arXiv:1106.3344 [hep-th]].

[18] C. de Rham, G. Gabadadze and A. J. Tolley, JHEP 1111, 093 (2011) [arXiv:1108.4521 [hep-th]].

[19] S.F. Hassan and R. A. Rosen, JHEP 1204, 123 (2012) [arXiv:1111.2070 [hep-th]].

[20] C. de Rham, G. Gabadadze and A. J. Tolley, Phys. Lett. B 711, 190 (2012) [arXiv:1107.3820 [hep-
th]].

97






Higgs, Top, and Bottom Mass Predictions in Finite Unified Theories

Sven Heinemeyer®*, Myriam Mondragoén®' and George Zoupanos © %+

¢ Instituto de Fisica de Cantabria (CSIC-UC), Edificio Juan Jorda, Avda. de Los Castros s/n, 39005
Santander, Spain

b Instituto de Fisica, Universidad Nacional Auténoma de México, Apdo. Postal 20-364, México 01000
D.F., México

¢ Institut fiir Theoretische Physik, Universitidt Heidelberg, Philosophenweg 16, D-69120 Heidelberg,
Germany

4 On leave of absence from Physics Department, National Technical University, Zografou Campus:
Heroon Polytechniou 9, 15780 Zografou, Athens, Greece

Abstract

All-loop Finite Unified Theories (FUTs) are N = 1 supersymmetric Grand
Unified Theories (GUTs) based on the principle of reduction of couplings,
which have a remarkable predictive power. The reduction of couplings implies
the existence of renormalization group invariant relations among them, which
guarantee the vanishing of the beta functions at all orders in perturbation theory
in particular N = 1 GUTs. In the soft breaking sector these relations imply
the existence of a sum rule among the soft scalar masses. The confrontation of
the predictions of a SU(5) FUT model with the top and bottom quark masses
and other low-energy experimental constraints leads to a prediction of the light
Higgs-boson mass in the range M}, ~ 121—126 GeV, in remarkable agreement
with the discovery of the Higgs boson with a mass around ~ 125.7 GeV. Also
a relatively heavy spectrum with coloured supersymmetric particles above ~
1.5 TeV is predicted, consistent with the non-observation of those particles at
the LHC.

1 Introduction

In the last thirty years a large and sustained effort has been made to achieve a unified description of all
interactions. Among the main efforts in this direction are superstring theories, and non-commutative
geometry. The two approaches have common unification targets and share similar hopes for exhibit-
ing improved renormalization properties in the ultraviolet (UV) as compared to ordinary field theories.
Among the numerous important developments in both frameworks, it is worth noting two conjectures
of utmost importance that signal the developments in certain directions in string theory. The conjec-
tures refer to (i) the duality among the 4-dimensional N = 4 supersymmetric Yang-Mills theory and
the type IIB string theory on AdSs x S° [1]; the former being the maximal N = 4 supersymmetric
Yang-Mills theory is known to be UV all-loop finite theory [2,3], (ii) the possibility of “miraculous” UV
divergence cancellations in 4-dimensional maximal N = 8 supergravity leading to a finite theory, as has
been confirmed in a remarkable 4-loop calculation [4-8]. However, despite the importance of having
frameworks to discuss quantum gravity in a self-consistent way and possibly to construct there finite
theories, it is very interesting too to search for the minimal realistic framework in which finiteness can
take place. In addition, the main goal expected from a unified description of interactions by the particle
physics community is to understand the present day large number of free parameters of the Standard
Model (SM) in terms of a few fundamental ones. In other words, to achieve reduction of couplings at a
more fundamental level.

*E-mail: Sven.Heinemeyer@cern.ch
YE-mail: myriam @fisica.unam.mx
E-mail: George.Zoupanos@cern.ch
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To reduce the number of free parameters of a theory, and thus render it more predictive, one is
usually led to introduce a symmetry. Grand Unified Theories (GUTs) are very good examples of such a
procedure [9—13]. GUTs can also relate the Yukawa couplings among themselves, again SU(5) provided
an example of this by predicting the ratio M, /M, [14] in the SM. A natural extension of the GUT idea
is to find a way to relate the gauge and Yukawa sectors of a theory, that is to achieve Gauge-Yukawa
Unification (GYU) [15-17]. This can be done by searching for renormalization group invariant (RGI)
relations [16-35] holding below the Planck scale down to the GUT scale, leading to more predictive
theories as compared to supersymmetric GUTs [16,21-26]. An outstanding feature of the use of RGI
relations is that one can guarantee their validity to all-orders in perturbation theory by studying the
uniqueness of the resulting relations at one-loop [27,28]. Even more remarkable is the fact that it is
possible to find RGI relations among couplings that guarantee finiteness to all-orders in perturbation
theory [29-31].

The above programme, called Gauge—Yukawa unification scheme, applied in the dimensionless
couplings of supersymmetric GUTs, such as gauge and Yukawa couplings, predicted correctly, among
others, the top quark mass in the finite and in the minimal N = 1 supersymmetric SU(5) GUTs [21-23].

The search for RGI relations was extended to the soft supersymmetry breaking sector (SSB) of
these theories [26,36], which involves parameters of dimension one and two. The S-functions of the pa-
rameters of the softly broken theory can be expressed in terms of partial differential operators involving
the dimensionless parameters of the unbroken theory, which in turn can be transfomed into total deriva-
tive operators [37—40]. It is possible to do this in the RGI surface which is defined by the solution of the
reduction equations.

Concerning the boundary conditions for the soft breaking terms, the first attempts involved using
a “universal” value for the scalar masses, but this led to phenomenological problems, of which the worst
was a they lead to charge and/or colour breaking minima deeper than the standard vacuum [41]. Then
it was realized that in N = 1 Gauge—Yukawa unified theories there exists a RGI sum rule for the soft
scalar masses at lower orders; at one-loop for the non-finite case [42] and at two-loops for the finite
case [32]. The sum rule manages to overcome the phenomenological problems of the universal boundary
conditions. It was also proven [40] that the sum rule for the soft scalar massses is RGI to all-orders for
both the general as well as for the finite case.

In here we review an SU (5) finite model and its predictions coming both from the dimensionless
sector, namely the top and quark masses and tan 3, as well as the ones coming from the dimensionful
sector, which are the SUSY spectrum and the Higgs masses. We take into account the restrictions result-
ing from the low-energy observables [35,43], which include the recent values of BR(Bs — u* ™) and
the value of the light Higgs boson mass.

2 Finiteness

Finiteness can be understood by considering a chiral, anomaly free, N = 1 globally supersymmetric
gauge theory based on a group GG with gauge coupling constant g. The superpotential of the theory is
given by

1 . 1 i
W= om" <1>i<1>j+60”"¢>z-<bj<1>k, (1)

where m® (the mass terms) and C/* (the Yukawa couplings) are gauge invariant tensors and the matter
field ®; transforms according to the irreducible representation R; of the gauge group G. All the one-
loop S-functions of the theory vanish if the S-function of the gauge coupling B!Sl), and the anomalous

(1

dimensions of the Yukawa couplings %7 , vanish, i.e.

1 A ,
> U(Ri) =3Cy(G), 5 Cipg O = 267g°Co(R;) 2
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where ((R;) is the Dynkin index of R;, and C3(G) is the quadratic Casimir invariant of the adjoint
representation of G. These conditions are also enough to guarantee two-loop finiteness [44]. A striking
fact is the existence of a theorem [29-31] that guarantees the vanishing of the S-functions to all-orders in
perturbation theory. This requires that, in addition to the one-loop finiteness conditions (2), the Yukawa
couplings are reduced in favour of the gauge coupling to all-orders (see [34] for details). Alternatively,
similar results can be obtained [45-47] using an analysis of the all-loop NSVZ gauge beta-function
[48,49].

Next consider the superpotential given by (1) along with the Lagrangian for soft supersymmetry
breaking (SSB) terms

1 . 1 .. 1 S 1
~Lsp = ¢ hiIF i+ b7 i+ 5 (m?)] ¢*igp; + 3 MM +he, 3)

where the ¢; are the scalar parts of the chiral superfields ®;, A are the gauginos and M their unified
mass, h*/* and b/ are the trilinear and bilinear dimensionful couplings respectively, and (m?)! the soft
scalars masses. Since we would like to consider only finite theories here, we assume that the gauge group
is a simple group and the one-loop S-function of the gauge coupling g vanishes. We also assume that the
reduction equations admit power series solutions of the form

C* = gy plhe )

According to the finiteness theorem of ref. [29-31, 50], the theory is then finite to all orders in perturba-
tion theory, if, among others, the one-loop anomalous dimensions 7’ )

-~ vanish. The one- and two-loop
finiteness for h%/* can be achieved through the relation [51]

where . .. stand for higher order terms.

In addition it was found that the RGI SSB scalar masses in Gauge-Yukawa unified models satisfy
a universal sum rule at one-loop [42]. This result was generalized to two-loops for finite theories [32],
and then to all-loops for general Gauge-Yukawa and finite unified theories [40]. From these latter results,
the following soft scalar-mass sum rule is found [32]

m?—l—mz—}—m? 2
( s :1+%A(2)+O(g4) 6)

MM 16

for i, j, k with pl(%’; # 0, where m? j are the scalar masses and A(?) is the two-loop correction

A = 23 ((mf /MM — (1/3)] (Ry), @)
l

which vanishes for the universal choice, i.e. when all the soft scalar masses are the same at the unification
point. This correction also vanishes in the models considered here.

3 SU(5) Finite Unified Theories

Finite Unified Models have been studied for already two decades. A realistic two-loop finite SU(5)
model was presented in [52], and shortly afterwards the conditions for finiteness in the soft susy breaking
sector at one-loop [44] were given. Since finite models usually have an extended Higgs sector, in order
to make them viable a rotation of the Higgs sector was proposed [53]. The first all-loop finite theory
was studied in [21, 22], without taking into account the soft breaking terms. Naturally, the concept
of finiteness was extended to the soft breaking sector, where also one-loop finiteness implies two-loop
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finiteness [51], and then finiteness to all-loops in the soft sector of realistic models was studied [38, 54],
although the universality of the soft breaking terms lead to a charged lightest SUSY particle (LSP).
This fact was also noticed in [55], where the inclusion of an extra parameter in the Higgs sector was
introduced to alleviate it. With the derivation of the sum-rule in the soft supersymmetry breaking sector
and the proof that it can be made all-loop finite the construction of all-loop phenomenologically viable
finite models was made possible [32,40].

Here we will study an all-loop Finite Unified theories with SU(5) gauge group, where the reduc-
tion of couplings has been applied to the third generation of quarks and leptons. An extension to three
families, and the generation of quark mixing angles and masses in Finite Unified Theories has been ad-
dressed in [56], where several examples are given. These extensions are not considered here. Realistic
Finite Unified Theories based on product gauge groups, where the finiteness implies three generations of
matter, have also been studied [57].

The particle content of the model we will study consists of the following supermultiplets: three
(5 + 10), needed for each of the three generations of quarks and leptons, four (5 + 5) and one 24
considered as Higgs supermultiplets. When the gauge group of the finite GUT is broken the theory is no
longer finite, and we will assume that we are left with the MSSM.

Thus, a predictive Gauge-Yukawa unified SU (5) model which is finite to all orders, in addition to
the requirements mentioned already, should also have the following properties:

. . . . 1)j j
1. One-loop anomalous dimensions are diagonal, i.e., %.( S 5.

2. Three fermion generations, in the irreducible representations 5;, 10; (i = 1,2, 3), which obviously
should not couple to the adjoint 24.

3. The two Higgs doublets of the MSSM should mostly be made out of a pair of Higgs quintet and
anti-quintet, which couple to the third generation.

The superpotential which describes the model is [21,22,32]

3
1 o
W = [ ggf 10;10,H; + ¢ 10,5, H; |
=1

+ gé‘g 10,103 H, + gg3 10555 Fz; + ggQ 1035, H4

4 A

-5 g 3

+ ;g,{Ha24Ha+§(24) 7 8)

where H, and H, (a =1,...,4) stand for the Higgs quintets and anti-quintets.

After the reduction of couplings, the symmetry is enhanced, and we are left with the following
superpotential [58], we will from now on refer to this model as FUTB

3
1 o
wo= > 50 1010 H; + 9310;5; H; | + g5 105103 H, )
=1
A

4510055 Hy + gy 1035, Hy + g Hy 24 Hy + gl Hy 24 Hs + % (24)%

1)

The non-degenerate and isolated solutions to ; ~ = 0 give us:
8 6 4
(@1 =", () =50 (88)° = (6§)° = &, (10)
3 4 3
(gg)g = (g?c,l)Q =5 9°, (953)° = 59 (933)2 = (9??2)2 % 9,
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15 1
() =9, (6)° = () =5 6° (])* =0, (91)° =0,
and from the sum rule we obtain:
M2
my, +2miy = M?, mi, —2mi, = —3
4M?
mZ+3miy = < (1n

i.e., we have only two free parameters mio = mio, and M for the dimensionful sector.

As already mentioned, after the SU (5) gauge symmetry breaking we assume we have the MSSM,
i.e. only two Higgs doublets. This can be achieved by introducing appropriate mass terms that allow
to perform a rotation of the Higgs sector [21,22,52,53,59], in such a way that only one pair of Higgs
doublets, coupled mostly to the third family, remains light and acquire vacuum expectation values. To
avoid fast proton decay the usual fine tuning to achieve doublet-triplet splitting is performed. Notice that,
although similar, the mechanism is not identical to minimal SU(5), since we have an extended Higgs
sector.

Thus, after the gauge symmetry of the GUT theory is broken we are left with the MSSM, with the
boundary conditions for the third family given by the finiteness conditions, while the other two families
are not restricted.

4 Predictions of Low Energy Parameters

Since the gauge symmetry is spontaneously broken below Mgy, the finiteness conditions do not restrict
the renormalization properties at low energies, and all it remains are boundary conditions on the gauge
and Yukawa couplings, see Eq. (10), the h = — M C relation, see Eq. (5), and the soft scalar-mass sum
rule at Mqyr, as applied in the model Eq. (11). Thus we examine the evolution of these parameters
according to their RGEs up to two-loops for dimensionless parameters and at one-loop for dimensionful
ones with the relevant boundary conditions. Below Mgyt their evolution is assumed to be governed
by the MSSM. We further assume a unique supersymmetry breaking scale M, (which we define as the
geometric mean of the stop masses) and therefore below that scale the effective theory is just the SM.

We now review the predictions of the model with the experimental data, starting with the heavy
quark masses see ref. [35] for more details. We use for the top quark the value for the pole mass [60]

me™P = (173.2 £ 0.9) GeV , (12)

and we recall that the theoretical prediction for m; of the present framework may suffer from a correction
of ~ 4% [15,16,33,61]. For the bottom quark mass we use the value at My [62]

my(Mz) = (2.83 +0.10) GeV, (13)

to avoid uncertainties that come from the further running from the M7 to the m; mass.

In fig.1 we show the FUTB model predictions for m; and my(Mz) as a function of the unified
gaugino mass M, for the two cases ¢ < 0 and x> 0. In the value of the bottom mass my, we have
included the corrections coming from bottom squark-gluino loops and top squark-chargino loops [63],
known usually as the A, effects. The bounds on the my, (M) and the m; mass clearly single out the sign
1 < 0, as the solution most compatible with this experimental constraints. Although p < 0 is already
challenged by present data of the anomalous magnetic moment of the muon a,, [64,65], a heavy SUSY
spectrum as the one we have here (see below) gives results for a,, very close to the SM result, and thus
cannot be excluded.

We now analyze the impact of further low-energy observables on the model FUTB with p < 0.
As additional constraints we consider the following observables: the rare b decays BR(b — sv) and
BR(Bs — putpu™).
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Fig. 1: The bottom quark mass at the Z boson scale (left) and top quark pole mass (right) are shown as function
of M, the unified gaugino mass.
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Fig. 2: The lightest Higgs mass, M}, as function of M for the model FUTB with p < 0, see text.

For the branching ratio BR(b — s7v), we take the value given by the Heavy Flavour Averaging
Group (HFAG) is [66]

BR(b — sv) = (3.55 £ 0.247090 £ 0.03) x 107*. (14)

For the branching ratio BR(Bs — pu~), the SM prediction is at the level of 3 x 10~, while we use
an experimental upper limit of

BR(Bs — ptpu~) =45x 107" (15)

at the 95% C.L. [67] This is in relatively good agreement with the recent direct measurement of this
quantity by CMS and LHCb [68]. As we do not expect a sizable impact of the new measurement on our
results, we stick for our analysis to the simple upper limit.

For the lightest Higgs mass prediction we use the code FeynHiggs [69—72]. The prediction for
Mjp, of FUTB with ¢ < 0 is shown in Fig. 2, where the constraints from the two B physics observables
are taken into account. The lightest Higgs mass ranges in

My, ~ 121 — 126 GeV (16)
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where the uncertainty comes from variations of the soft scalar masses. To this value one has to add at
least +£2 GeV coming from unkonwn higher order corrections [71]. ! We have also included a small
variation, due to threshold corrections at the GUT scale, of up to 5% of the FUT boundary conditions.
The masses of the heavier Higgs bosons are found at higher values in comparison with our previous
analyses [35,74-76]. This is due to the more stringent bound on BR(Bs — p+ ™), which pushes the
heavy Higgs masses beyond ~ 1 TeV, excluding their discovery at the LHC. We furthermore find in
our analysis that the lightest observable SUSY particle (LOSP) is either the stau or the second lightest
neutralino, with mass starting around ~ 500 GeV.

As the crucial new ingredient we take into account the recent observations of the Higgs boson
discovered at LHC [77-80]. We impose a constraint on our results to the Higgs mass of

My, ~126.0+ 142 GeV, (17)

where =1 comes from the experimental error and +2 corresponds to the theoretical error, and see how
this affects the SUSY spectrum. 2 Constraining the allowed values of the Higgs mass this way puts a limit
on the allowed values of the unified gaugino mass, as can be seen from Fig. 2. The red lines correspond
to the pure experimental uncertainty and restrict 2 TeV < M S 5 TeV. The blue line includes the
additional theory uncertainty of £2 GeV. Taking this uncertainty into account no bound on M can be
placed. However, a substantial part of the formerly allowed parameter points are now excluded. This in
turn restricts the lightest observable SUSY particle (LOSP), which turns out to be the light scalar tau.
In Fig. 3 the effects on the mass of the LOSP are demonstrated. Without any Higgs mass constraint all
coloured points are allowed. Imposing My = 126 = 1 GeV only the green (light shaded) points are
allowed, restricting the mass to be between about 500 GeV and 2500 GeV. The lower values might be
experimentally accessible at the ILC with 1000 GeV center-of-mass energy or at CLIC with an energy
up to ~ 3 TeV. Taking into account the theory uncertainty on M}, also the blue (dark shaded) points
are allowed, permitting the LOSP mass up to ~ 4 TeV. If the upper end of the parameter space were
realized the light scalar tau would remain unobservable even at CLIC.

5000

4000 —

w
=3
=1
3

LOSP [GeV]
T

1000 —

0 I | I | I | I | I | I | I | I | I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

M [GeV]

Fig. 3: The mass of the LOSP is presented as a function of M. Shown are only points that fulfill the B physics
constraints. The green (light shaded) points correspond to M}, = 126 =1 GeV, the blue (dark shaded) points have
M), =126 £ 3 GeV, and the red points have no Mj, restriction.

'We have not yet taken into account the improved M, prediction presented in [73] (and implemented into the most recent
version of FeynHiggs), which will lead to an upward shift in the Higgs boson mass prediction.

*In this analysis the new M), evaluation [73] may have a relevant impact on the restrictions on the allowed SUSY parameter
space shown below.
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Mbot(Mz) | 2.74 Mtop 174.1
Mh 125.0 || MA 1517
MH 1515 || MH® | 1518
Stopl 2483 || Stop2 2808
Sbotl 2403 || Sbot2 2786
Mstaul 892 Mstau2 | 1089
Charl 1453 || Char2 2127
Neul 790 Neu2 1453
Neu3 2123 || Neud 2127
Mgluino 3632

Table 1: A representative spectrum of a light FUTB, 11 < 0 spectrum, compliant with the B physics constraints.
All masses are in GeV.

The full particle spectrum of model FUTB with p < 0, compliant with quark mass constraints
and the B-physics observables is shown in Fig. 4. In the upper (lower) plot we impose M; = 126 £+
3(1) GeV. Without any Mj, restrictions the coloured SUSY particles have masses above ~ 1.8 TeV in
agreement with the non-observation of those particles at the LHC [81-83]. Including the Higgs mass
constraints in general favours the lower part of the SUSY particle mass spectra, but also cuts away the
very low values. Neglecting the theory uncertainties of M}, (as shown in the lower plot of Fig. 4) permits
SUSY masses which would remain unobservable at the LHC, the ILC or CLIC. On the other hand, large
parts of the allowed spectrum of the lighter scalar tau or the lighter neutralinos might be accessible at
CLIC with /s = 3 TeV. Including the theory uncertainties, even higher masses are permitted, further
weakening the discovery potential of the LHC and future e*e™ colliders. A numerical example of the
lighter part of the spectrum is shown in Table 1. If such a spectrum were realized, the coloured particles
are at the border of the discovery region at the LHC. Some uncoloured particles like the scalar taus, the
light chargino or the lighter neutralinos would be in the reach of a high-energy Linear Collider.

5 Conclusions

It is a remarkable fact that many interesting ideas that have survived various theoretical and phenomeno-
logical tests, as well as the solution to the UV divergencies problem, find a common ground in the frame-
work of N = 1 Finite Unified Theories, which we have briefly described here. These theories, which
are based on the principle of reduction of couplings (expressed via RGI relations among couplings and
masses) show very promising features. From the theoretical side they solve the problem of ultraviolet
divergencies in a minimal way, whereas on the phenomenological side, they provide strict selection rules
for choosing realistic models which lead to testable predictions. The success of predicting the top-quark
mass [21-24,26, 84] was extended to the predictions of the Higgs masses and the supersymmetric spec-
trum of the MSSM [35]. The predictions of the FUTB SU (5) finite model in light of the recent discovery
of a Higgs-like state at the LHC and on the new bounds on the branching ratio BR(Bs — u" 11~ ) shows
that compared to our previous analysis [35], the new bound on BR(B; — ™) excludes values for the
heavy Higgs bosons masses below 1 ~ TeV, and in general allows only a very heavy SUSY spectrum.
The Higgs mass constraint favours the lower part of this spectrum, with SUSY masses ranging from
~ 500 GeV up to the multi-TeV level, where the lower part of the spectrum could be accessible at the
ILC or CLIC [43].

Acknowledgements

G.Z. thanks the Institut fiir Theoretische Physik, Heidelberg, for its generous support and warm hos-
pitalty. The work of G.Z. was supported by the Research Funding Program ARISTEIA, Higher Order

106



Sven Heinemeyer, Myriam Mondragon and George Zoupanos

Calculations and Tools for High Energy Colliders, HOCTools (co-financed by the European Union (Eu-

ropean Social Fund ESF) and Greek national funds through the Operational Program Education and

Lifelong Learning of the National Strategic Reference Framework (NSRF)) and the European Union’s

ITN programme HIGGSTOOLS. The work of M.M. was supported by mexican grants PAPIIT IN113712

and Conacyt 132059. The work of S.H. was supported in part by CICYT (grant FPA 2010-22163-C02-

01) and by the Spanish MICINN’s Consolider-Ingenio 2010 Program under grant MultiDark CSD2009-
=126 43 GeV

00064.
‘ ‘ ‘ |

L h H A H* stop,, sbot,, gl stau,, cha,, neu,,,,

10000

1000

masses [GeV]

M, =126 +1 GeV

10000

1000

masses [GeV]

L h H A H* stop,, sbot,, gl stau, cha,, neu,;,

100

Fig. 4: The upper (lower) plot shows the spectrum after imposing the constraint M, = 126 &+ 3 (1) GeV of model
FUTB with p < 0, where the points shown are in agreement with the quark mass constraints and the B-physics
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lighter (beige) scalar tau masses. The darker (red) points to the right are the two chargino masses followed by the
lighter shaded (pink) points indicating the neutralino masses.
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Abstract

There has been significant recent progress in observational cosmology. This,
in turn, has provided an unprecedented picture of the early universe and its
evolution. In this review I will present a (biased) view of how one can use
these observational results to constraint fundamental physics and in particular
physics beyond the standard model.

1 Introduction

Over the last two decades we have seen phenomenal progress in our observational understanding of
the Universe. It was in the early 90s that the first image of the fluctuation of the Cosmic Microwave
Background (CMB) was obtained by the COBE satellite. It was around the same time that the first
survey of galaxies was carried out by the CfA. Twenty years later we have had our knowledge of the
cosmos revolutionised by the outstanding data collected by two galaxy surveys: 2dF and SDSS and by
two CMB satellites WMAP & Planck, which have provided both full sky temperature and polarization
measurements of the CMB. In fact, Planck has already obtained all information in the temperature power
spectrum that is available in the scale (cosmic variance limited) at angular scales larger than 5°. While
these datasets have had a profound impact on our understanding of the cosmos, they also provide an
invaluable tool to extract information about fundamental physics. The future is even brighter, because
there are current and future cosmological experiments planned to map out the whole sky at all wave-
lengths. Further, the promise of detecting gravitational waves should be realised during this decade with
advanced ground-based observatories like LIGO, and therefore a new window will open at mapping the
Universe. In this talk, I will give a (presenter biased) view of some insights into fundamental physics
that have been obtained using cosmological observations. Namely: constraints on dark energy, neutrino
masses and hierarchy and beyond the standard model physics. Most of the material shown here has been
presented elsewhere in many of my own referred publications, but is presented here coherently to give a
panchromatic view of how to shed light on beyond the standard model physics with cosmology.

2 Dark energy

Direct supernova measurements of the deceleration parameter [1], as well as indirect measurements based
upon a combination of results from the cosmic microwave background (CMB) [2], large-scale structure
(LSS) [3,4], and the Hubble constant [5] indicate that the expansion is accelerating. This suggests either
that gravity on the largest scales is described by some theory other than general relativity and/or that the
Universe is filled with some sort of negative-pressure “dark energy” that drives the accelerated expansion
[6]; either way, it requires new physics beyond general relativity and the standard model of particle
physics. These observations have garnered considerable theoretical attention as well as observational
and experimental efforts to learn more about the new physics coming into play.

The simplest possibility is to extend Einstein’s equation with a cosmological constant, or equiv-
alently, to hypothesize a fluid with an equation-of-state parameter w = p/p = —1 (with p and p the
pressure and energy density, respectively). However, it may well be that the cosmological “constant”
actually evolves with time, in which case w # —1, and there are a variety of theoretical reasons [7] to
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believe that this is the case. Precise measurement of w(z) (with, in general, a parameterized redshift
dependence) or, equivalently, the cosmic expansion history, has thus become a central goal of physical
cosmology [8, 10].

Among the techniques to determine the cosmic expansion history are supernova searches, baryon
acoustic oscillations (BAO) [11,12,14,15], weak lensing [16], and galaxy clusters [17]. These techniques
all have different strengths, and they all also suffer from a different set of weaknesses. As argued in the
ESO/ESA and Dark Energy Task Force reports [8, 10], robust conclusions about the cosmic expansion
history will likely require several avenues to allow for cross checks. There may also still be room for
other ideas for determining the expansion history.

A common weakness of supernova searches, BAO (at least the angular clustering), weak lensing,
and cluster-based measurements is that they rely largely on integrated quantities. For example supernovae
probe the luminosity distance,

0
di(z) = (1 +z)/ 1+ )L gy 0

dz'

The other probes rely on similar quantities, which depend on an integral of the expansion history, to
determine the expansion history, rather than the expansion history itself. The purpose of the differential-
age technique [18] is to circumvent this limitation by measuring directly the integrand, dt/dz, or in
other words, the change in the age of the Universe as a function of redshift. This can be achieved by
measuring ages of galaxies with respect to a fiducial model, thus circumventing the need to compute
absolute ages. From Galactic globular clusters age-dating we know that relative ages are much more
accurately determined than absolute ages (e.g., Refs. [19-21]). A preliminary analysis, with archival
data, has already been carried out [22,23], and the results applied to constrain dark-energy theories (e.g.,
Refs. [24]).

The challenge with the differential-age measurement is to find a population of standard clocks
and accurately date them. There is now growing observational evidence that the most massive galaxies
contain the oldest stellar populations up to redshifts of z ~ 1—2[25-29]. Refs. [28] and [30] have shown
that the most massive galaxies have less than 1% of their present stellar mass formed at z < 1. Ref. [29]
shows that star formation in massive systems in high-density regions — i.e., galaxy clusters — ceased
by redshift z ~ 3 and Ref. [31] shows that massive systems, those with stellar masses > 5 x 10! Mg,

BC03 models MaStro models
z H(Z) Ostat  Osyst | Otot % error H(Z) Ostat  Osyst | Otot % error
0.1791 75 3.8 0.5 4 5% 81 4.1 2.5 5 6%
0.1993 75 4.9 0.6 5 7% 81 52 2.6 6 7%

0.3519 83 13 4.8 14 17% 88 139 79 16 18%
0.5929 104 116 45 13 12% 110 123 7.5 15 13%
0.6797 92 6.4 43 8 9% 98 6.8 7.1 10 11%
0.7812 105 94 6.1 12 12% 88 8 7.4 11 13%
0.8754 125 153 6 17 13% 124 143 8.7 17 14%
1.037 154 136 149 | 20 13% 113 101 117 | 15 14%

Table 1: H(z) measurements (in units of [km s™'Mpc~!]) and their errors; the columns in the middle
report the relative contribution of statistical and systematic errors, and the last ones the total error (esti-
mated by summing in quadrature os¢ and o). These values have been estimated respectively with
BCO03 and MaStro stellar population synthesis models. This dataset can be downloaded at the address
http://www.astronomia.unibo.it/Astronomia/Ricerca/ Progetti+e+attivita/cosmic_chronometers.htm (alternatively
http://start.at/cosmicchronometers).
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Fig. I: The H(z) measurement from a sample of passively evolving galaxies. The points at z > 1 are taken from
Ref. [33], while the point at z = 0 is from the Hubble Key Project [5]. The solid line is the ACDM model.

have finished their star-formation activity by z ~ 2. There is thus considerable empirical evidence for
a population of galaxies, harboured in the highest-density regions of galaxy clusters, that has formed
its stellar population at high redshift, z > 2, and that since that time this population has been evolving
passively, without further episodes of star formation. These galaxies trace the “red envelope,” and are
the oldest objects in the Universe at every redshift. The differential ages of these galaxies should thus be
a good indicator for the rate of change of the age of the Universe as a function of redshift.

The most recent measurements of the expansion history obtained from the ages of passively-
evolving galaxies in galaxy clusters at z < 2.0 have been reported by [32-34] (see Fig. 1 and Table 1).
Such observations provide a promising new cosmological constraint, particularly for understanding the
evolution of the dark-energy density (Fig. IT). The current measurements already provide valuable con-
straints [35-37], and the success of this effort should motivate further measurements along these lines
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Fig. II: The effective potential of accelerated expansion U(q) in units of the critical density p;; as function of
the displacement of the field ¢ in M, units. Different tracks are plotted for values with 68% confidence (dark
blue lines) and 95% confidence (light blue lines). The best-fit model is shown as a solid red line, which is better
described physically as a pseudo-Goldstone boson. The trajectories correspond to how much the field has moved
in the full redshift range of the observational data (0 < z < 1.1). Note that the potential is very flat at the few 6%
level and that for many models the field displacement is very small. The data strongly favor a flat potential.

as well as a more intensive investigation of the theoretical underpinnings of the calculations and the
associated uncertainties. Further, there has been significant advancement in the last few years in mod-
elling stellar populations of LRG galaxies and the differential technique has been recently applied very
successfully to determine the metallicity of LRGs.

The main highlight is that the expansion history of the Universe is consistent with that predicted
by a flat potential, i.e. a cosmological constant. The data do not require extra parameters beyond a
constant term in the Lagrangian to explain the current accelerated expansion. Further, deviations in the
potential from a constant are constrained to be below 6%. Observational constraints allow the parameters
describing the Lagrangian to vary only within certain limits; the relative range of the allowed variation
of the parameters confirms a well defined hierarchy where the linear and quadratic terms dominate over
higher-order terms, justifying the basic assumption of the effective theory approach. Observational con-
straints also give some indications of the relevant energy scales involved. Because a direct determination
of a Lagrangian allows us to determine the underlying symmetries in the theory, our results can be used
to shed light on this as well.

Additional effort on both the theoretical and observational side may ultimately promote the differential-
age technique as an important new dark-energy avenue which complements supernova searches, weak
lensing, baryon acoustic oscillations, and cluster abundances. The differential-age technique can po-
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tentially provide model independent measurements of the expansion history of the universe at the %
level [38—41]. Also, absolute ages of stellar ages have proven very valuable to establish possible devia-
tions from the LCDM model [42,43]

3 Measuring the neutrino mass and its hierarchy

In the past decade, there has been great progress in neutrino physics. It has been shown that atmospheric
neutrinos exhibit a large up-down asymmetry in the SuperKamiokande (SK) experiment. This was the
first significant evidence for a finite neutrino mass [44] and hence the incompleteness of the Standard
Model of particle physics. Accelerator experiments [45,46] have confirmed this evidence and improved
the determination of the neutrino mass splitting required to explain the observations. The Sudbury Neu-
trino Observatory (SNO) experiment has shown that the solar neutrinos change their flavors from the
electron type to other active types (muon and tau neutrinos) [47]. Finally, the KamLLAND reactor anti-
neutrino oscillation experiments reported a significant deficit in reactor anti-neutrino flux over approxi-
mately 180 km of propagation [48]. Combining results from the pioneering Homestake experiment [49]
and Gallium-based experiments [50], the decades-long solar neutrino problem [51] has been solved by
the electron neutrinos produced at Sun’s core propagating adiabatically to a heavier mass eigenstate due
to the matter effect [52].

As a summary, two hierarchical neutrino mass splittings and two large mixing angles have been
measured, while only a bound on a third mixing angle has been established. Furthermore the standard
model has three neutrinos and the motivation for considering deviations from the standard model in the
form of extra neutrino species has now disappeared [54,55].

New neutrino experiments aim to determine the remaining parameters of the neutrino mass matrix
and the nature of the neutrino mass. Meanwhile, relic neutrinos produced in the early universe are
hardly detectable by weak interactions but new cosmological probes offer the opportunity to detect relic
neutrinos and determine neutrino mass parameters.

It is very relevant that the maximal mixing of the solar mixing angle is excluded at a high signifi-
cance. The exclusion of the maximal mixing by SNO [47] has an important impact on a deep question in
neutrino physics: “are neutrinos their own anti-particle?". If the answer is yes, then neutrinos are Majo-
rana fermions; if not, they are Dirac. If neutrinos and anti-neutrinos are identical, there could have been
a process in the Early Universe that affected the balance between particles and anti-particles, leading to
the matter anti-matter asymmetry we need to exist [56]. This question can, in principle, be resolved if
neutrinoless double beta decay is observed. Because such a phenomenon will violate the lepton number
by two units, it cannot be caused if the neutrino is different from the anti-neutrino (see [53] and refer-
ences therein). Many experimental proposals exist that will increase the sensitivity to such a phenomenon
dramatically over the next ten years (e.g., [57] and references therein).

The crucial question cosmology can address is if a negative result from such experiments can lead
to a definitive statement about the nature of neutrinos. Within three generations of neutrinos, and given
all neutrino oscillation data, there are three possible mass spectra: a) degenerate, with mass splitting
smaller than the neutrino masses, and two non-degenerate cases, b) normal hierarchy, with the larger
mass splitting between the two more massive neutrinos and c) inverted hierarchy, with the smaller spitting
between the two higher mass neutrinos. For the inverted hierarchy, a lower bound can be derived on
the effective neutrino mass [53]. The bound for the degenerate spectrum is stronger than for inverted
hierarchy. Unfortunately, for the normal hierarchy, one cannot obtain a similar rigorous lower limit.

Neutrino oscillation data have measured the neutrino squared mass differences, which are hierar-
chical. Given the smallness of neutrino masses and the hierarchy in mass splittings, we can characterize
the impact of neutrino masses on cosmological observables and in particular on the the matter power
spectrum by two parameters: the total mass X and the ratio of the largest mass splitting to the total mass,
A. One can safely neglect the impact of the solar mass splitting in cosmology. In this approach, two
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Fig. III: Left: constraints from neutrino oscillations and from cosmology in the m-3 plane. Right: constraints
from neutrino oscillations (shaded regions) and from cosmology in the Y-A plane. In this parameterization the
sign of A specifies the hierarchy.

masses characterize the neutrino mass spectrum, the lightest one, m, and the heaviest one, M.

Neutrino oscillation data are unable to resolve whether the mass spectrum consists in two light
states with mass m and a heavy one with mass M, named normal hierarchy (NH) or two heavy states with
mass M and a light one with mass m, named inverted hierarchy (IH). Near future neutrino oscillation
data may resolve the neutrino mass hierarchy if

one of the still unknown parameters that relates flavor with mass states is not too small. On the
contrary, if that mixing angle is too small, oscillation data may be unable to solve this issue. Analogously,
a total neutrino mass determination from cosmology will be able to determine the hierarchy only if the
underlying model is normal hierarchy and ¥ < 0.1 eV (see e.g., Fig III). If neutrinos exist in either an
inverted hierarchy or are denegerate, (and if the neutrinoless double beta decay signal is not seen within
the bounds determined by neutrino oscillation data), then the three light neutrino mass eigenstates (only)
will be found to be Dirac particles.

Massive neutrinos affect cosmological observations in a variety of different ways. For example,
cosmic microwave background (CMB) data alone constrain the total neutrino mass > < 1.3 eV at the
95% confidence level [58]. Neutrinos with mass < 1eV become non-relativistic after the epoch of
recombination probed by the CMB, thus massive neutrinos alter matter-radiation equality for a fixed
0,,h%. After neutrinos become non-relativistic, their free streaming damps the small-scale power and
modifies the shape of the matter power spectrum below the free-streaming length. Combining large-scale
structure and CMB data, at present the sum of masses is constrained to be > < 0.3 eV [59]. Forthcoming
large-scale structure data promise to determine the small-scale (0.1 < k& < 1 h/Mpc) matter power
spectrum exquisitely well and to yield errors on X well below 0.1 eV (e.g., [60-62]).

The effect of neutrino mass on the CMB is related to the physical density of neutrinos, and there-
fore the mass difference between eigenstates can be neglected. However individual neutrino masses can
have an effect on the large-scale shape of the matter power spectrum. In fact, neutrinos of different
masses have different transition redshifts from relativistic to non-relativistic behavior, and their individ-
ual masses and their mass splitting change the details of the radiation-domination to matter-domination
regime. As aresult the detailed shape of the matter power spectrum on scales k ~ 0.01 h/Mpc is affected.
In principle therefore a precise measurement of the matter power spectrum shape can give information
on both the sum of the masses and individual masses (and thus the hierarchy), even if the second effect
is much smaller than the first.
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We define the relation between the neutrino masses m and M and the parameters > and A as

NH: S=2m+M A=(M-m)/s )
IH: S=m+2M A=(m-M)/S 3)

(recall that m denotes the lightest neutrino mass and M the heaviest).

In Fig III we show the current constraints on neutrino mass properties in the m-A and X-A planes.
While many different parameterizations have been proposed in the literature to account for neutrino mass
splitting in a cosmological context [63, 65, 66] here we advocate using the A parameterization for the
following reasons. A changes continuously through normal, degenerate and inverted hierarchies; A
is positive for NH and negative for IH. Finally, see Ref. [64], cosmological data are sensitive to A
in an easily understood way through the largest mass splitting (i.e., the absolute value of A), while
the direction of the splitting (the sign of A) introduces a sub-dominant correction to the main effect.
This parameterisation is strictly only applicable for ¥ > 0, but oscillations experiments already set
3> M > 0.05eV.

It is important to note that not the entire parameter space in the 3-A plane (or of any other param-
eterization of the hierarchy used in the literature) is allowed by particle physics constraints and should
be explored: only the regions around the normal and inverted hierarchies allowed by neutrino oscillation
experiments should be considered (see Fig III).

To gain a physical intuition on the effect of neutrino properties on cosmological observables, such
as the shape of the matter power spectrum, it is useful to adopt the following analytical approximation,
as described in Ref. [65]. The matter power spectrum can be written as:

E3P(k; z) _ A2 2k?

k (ns—1)
———D2(k, 2)T*(k 4
272 R5H02972n l/( 72) ( ) ( ) ) ( )

ko

where A% is the primordial amplitude of the fluctuations, ng is the primordial power spectrum spec-
tral slope, T'(k) denotes the matter transfer function and D, (k, z) is the scale-dependent linear growth
function, which encloses the dependence of P (k) on non-relativistic neutrino species.

Each of the three neutrinos contributes to the neutrino mass fraction f, ; where ¢ runs from 1 to 3,

Qs My, 0.14
b= et = 0.05 () 5
2 Qm 0.658eV <th2> ©®)
and has a free-streaming scale kg ;,
My \12 (Qh? 5\
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Analogously, one can define the corresponding quantities for the combined effect of all species, by using
> instead of m,,,. Since we will only distinguish between a light and a heavy eigenstate we will have e.g.,
fvms fu.5, kts ms ks, 5 etc., where in the expression for f, ,, one should use the mass of the eigenstate
(which is the mass of the individual neutrino, or twice as much depending on the hierarchy) while in
ks m one should use the mass of the individual neutrino.

The dependence of P(k) on non-relativistic neutrino species is in D, (k, z), given by
Dy, (k,z) o< (1= f,,)D(2)' 7P (7

where k > kg ;(2) and p; = (5 — /25 — 24f,,)/4. The standard linear growth function D(z) fitting
formula is taken from [67].
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Fig. IV: LSS (left) and Weak Lensing (right) forecasts for neutrino mass parameters > and A. We assume the
LSS survey consists of a comoving volume of 600 Gpc® at z = 2 and 2000 Gpc? at z = 5. The Weak Lensing
survey covers 40,000 sq. deg. with a median redshift of 3.0 and a number density of 150 galaxies per square
arcminute. Several fiducial models (3,A) were used to derive by Fisher matrix approach the expected errors. The
upper panel shows the 1-¢ errors on A and ¥, the errors in 3 are so small that are barely visible. The lower panel
shows the expected evidence ratio between the normal and inverted constraints as a function of neutrino mass. The
dashed line shows the In B = 1 level: in Jeffrey’s scale In B < 1 is ‘inconclusive’ evidence, and 1 < In B < 2.5
corresponds to ‘substantial’ evidence.

In summary there are three qualitatively different regimes in k-space that are introduced by the
neutrino mass splitting

Dl/(k?z) = D(IC,Z) k< kfs,m (®)
Dy(k,z) = (1= fom)D(z)EPm) ke <k < ks 9)
Dy(k,z) = (1— fux)D(2)37P2) k> ks, (10)

where the subscript m refers to the light neutrino eigenstate and X to the sum of all masses.

This description is, however, incomplete: the transitions between the three regimes is done sharply
in k& while in reality the change is very smooth. In addition, the individual masses change the details of
the matter-radiation transition which (keeping all other parameters fixed) adds an additional effect at
scales k > ki .

In order to explore what constraints can be placed on A and X for a given survey set-up we can
use a Fisher matrix approach. The elements of F', the Fisher information matrix [68], are given by

9’InL

where 6 and « denote cosmological parameters (and the Fisher matrix element’s indices) and L denotes
the likelihood of the data given the model. Marginalised errors on a parameter are computed as o2(6) =
(F~1)g9 . We can also calculate expected Bayesian evidence for cosmological parameters using the
approach of Ref. [69, 70]. In the case that we are considering we use the formula from [70] for the
expectation value of the evidence, in this case the expected Bayes factor is simply the log of ratio of the
Fisher determinants.

Following Ref. [71] the Fisher matrix for the galaxy power spectrum is

1 kmax
™ J k

Fon =73 90 Oy

min
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Fig. V: Role of cosmology in determining the nature of neutrino mass. Future neutrinoless double beta decay
(Ov3B) experiments and future cosmological surveys will be highly complementary in addressing the question of
whether neutrinos are Dirac or Majorana particles. Next generation means near future experiments whose goal is
to reach a sensitivity to the neutrinoless double beta decay effective mass of 0.01 eV. We can still find two small
windows where this combination of experiments will not be able to give a definite answer, but this region is much
reduced by combining Ov 3 and cosmological observations.

with N = [nP(k,u)/(nP(k, 1) + 1)]? and Vj is the volume of the survey. The integration over the
projected angle along the light of sight ! 1 is analytical and the maximum and minimum wavenumbers
allowed depend on the survey characteristics with the constraint that k.« must be in the linear regime.
The derivatives are computed at the fiducial model chosen.

The degeneracies between > and A are small, and the very small constraint on > results in the
constraints being effectively un-correlated in the >-A plane. We note that the constraints on A around
the TH and NH peaks are tighter for weak lensing than LSS, this is due to lensing providing constraints
on both the geometry and the growth of structure, which provides a smaller raw constraint and a more
orthogonal constraint to the CMB resulting in smaller errors. Interestingly, even though the weak lensing
constraints on A are smaller than for the power spectrum, the evidence ratio is comparable (see Fig. IV),
because, due to the multi-dimensional degeneracy directions, a naive correspondence between error-bars
and evidence is not applicable (it is to a first approximation the difference between the two error bars that
is important).

Note that the evidence calculation explicitly assumes two isolated peaks, and so is only applicable
when the fiducial points are seperated by multiple-sigma. As a result of this, the evidence calculations
may be slightly optimisic for large masses. However, for ¥ < 0.2 eV, the x? difference between the

'As it is customary, . denotes the cosine of the angle with respect to the line of sight.
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two minima becomes noticeable as well as the shift between the location of one of the two minima and
the central A value for the oscillations experiments (which induces an additional x? difference). While
this information is not fully accounted for in a Bayesian approach to forecasting the evidence, it may be
included at the moment of analyzing the data, using different approaches such as the likelihood ratio, and
may slightly improve the significance for the hierarchy determination.

While we have used the oscillation results to center the Fisher and evidence calculations on the
NH and IH, combining the oscillation experiments constraints will not improve the evidence; in fact,
oscillation experiments give symmetric errors on A (i.e. they do not depend on the sign of A). The final
scheme is shown in Fig. V which illustrates how the hierarchy can be determine in future cosmology
experiments.

Better perspectives at measuring the neutrino hierarchy from the sky can be attained by exploiting
the non-linear part of the power spectrum of galaxies as was shown by Ref. [72]. Non-linearities enhance
the dependence of the power spectrum on the different neutrino hierarchies, thus making the observa-
tional signature more pronounced. If all other cosmological parameters are known (including the sum of
neutrino masses ), the two hierarchies can be distinguished with confidence, as illustrated in Fig. VII
as function of the maximum & considered, making the effect potentially measurable. We have assumed
an effective volume of 1 (Gpc/h)3 at z = 0 (red lines) and 10 (Gpc/h)? at z = 1 (blue lines).> Whether
degeneracies with other cosmological parameters and systematic effects (galaxy bias, baryonic physics,
observational limitations etc.) will cancel the detectability of the effect remains to be explored.

Cosmology has the potential of determining the neutrino hierarchy in the interesting window > =
0.1eV. Signal-to-noise estimates done using linear theory predictions indicated that if 3 happens to be
in the window 0.15eV < ¥ < 0.25eV, cosmology could not help determine the hierarchy and thus
the nature of neutrino masses [64], leaving an important gap in our knowledge of neutrino properties.
The fact that non-linearities enhance the effect compared to the linear prediction, will potentially enable
cosmology to determine the hierarchy in a wider X range and possibly close the gap.

As an aside and already noted in Ref. [64], cosmology is more sensitive to |A| than to its sign:
a measurement of |A| in agreement with that predicted by oscillations experiments for the measured %
would provide a convincing consistency check for the total neutrino mass constraint from cosmology.

4 Using astronomical distances to constraint beyond the standard model physics

Cosmological observations provide constraints on different distance measures: luminosity distance (as
provided e.g., by supernovae), angular diameter distance (as provided e.g., by baryon acoustic oscilla-
tions) and even on the expansion rate or the Hubble parameter as a function of redshift z. Both luminosity
distance and angular diameter distance are functions of the Hubble parameter. While combining these
measurements helps to break parameter degeneracies and constrain cosmological parameters, comparing
them helps to constrain possible deviations from the assumptions underlying the standard cosmological
model (e.g. isotropy), or to directly constrain physics beyond the standard model of particle physics (e.g.
couplings of photons to scalar or pseudo-scalar matter).

The Etherington relation [73] implies that, in a cosmology based on a metric theory of gravity, dis-
tance measures are unique: the luminosity distance is (1 + z)? times the angular diameter distance. This
is valid in any cosmological background where photons travel on null geodesics and where, crucially,
photon number is conserved.

There are several scenarios in which the Etherington relation would be violated: for instance we
can have deviations from a metric theory of gravity, photons not traveling along unique null geodesics,
variations of fundamental constants, etc. Here we want to restrict our attention to violations of the
Etherington relation arising from the violation of photon conservation.

These volumes roughly correspond to the volume out to z = 0.5 and between z = 0.5 and z = 1.5 in 1/10 of the sky
respectively in a standard ACDM universe.
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Fig. VI: Fractional difference in the total matter power spectrum (CDM-+baryons+massive neutrinos) of the in-
verted hierarchy and normal hierarchy run (the sum of neutrino masses is kept fixed and only the mass splitting
is varied). Note that also in this case, non-linearities enhance the effect on mildly non-linear scales compared to
linear theory predictions (solid lines).

A change in the photon flux during propagation towards the Earth will affect the Supernovae
(SNe) luminosity distance measures but not the determinations of the angular diameter distance. Photon
conservation can be violated by simple astrophysical effects or by exotic physics. Amongst the former
we find, for instance, attenuation due to interstellar dust, gas and/or plasmas. Most known sources of
attenuation are expected to be clustered and can be typically constrained down to the 0.1% level [74,75].
Unclustered sources of attenuation are however much more difficult to constrain. For example, gray
dust [76] has been invoked to explain the observed dimming of Type Ia Supernovae without resorting to
cosmic acceleration.

More exotic sources of photon conservation violation involve a coupling of photons to particles
beyond the standard model of particle physics. Such couplings would mean that, while passing through
the intergalactic medium, a photon could disappear —or even (re)appear!— interacting with such exotic
particles, modifying the apparent luminosity of sources. Here we consider the mixing of photons with
scalars, known as axion-like particles, and the possibility of mini-charged particles which have a tiny, and
unquantised electric charge. A recent review [77] highlights the rich phenomenology of these weakly-
interacting-sub-eV-particles (WISPs), whose effects have been searched for in a number of laboratory
experiments and astronomical observations. In particular, the implications of this particles on the SN
luminosity have been described in a number of publications [78—82].

One of the most interesting features of these models is that the exotic opacity involved could
in principle “mimic" the value of a non-zero cosmological constant inferred from SNe measurements.
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Fig. VII: Forecast of the number of sigmas separating the two hierarchies for ¥ = (0.1eV as a function of the
maximum k vector considered and for two effective volumes —1 and 10 (Gpc/h)3—at z = 0 and z = 1 respectively.
It is assumed that all other cosmological parameters are known. The horizontal dotted line indicates the 3 — o level.

However, this possibility can already be excluded (at least in the simplest WISP models) by the absence
of distortions in the CMB or the spectra of quasars for axion-like-particles, and by arguments of stellar
evolution in the case of mini-charged particles.

4.1 Calculating cosmic opacity

In reference [93], the authors use Type Ia SN brightness data (namely the SCP Union 2008 compilation
[94]) in combination with measurements of cosmic expansion H(z) from differential aging of luminous
red galaxies (LRGs) [23,95] to obtain constraints on non-trivial opacity, at cosmological scales. The basic
idea is to study possible violations from the “Etherington relation” [73], the distance duality between
luminosity distance, d,, and angular diameter distance, d 4:

di(2) = (1+ 2)%da(2). (13)

This identity depends only on photon number conservation and local Lorentz invariance. It holds for
general metric theories of gravity, where photons travel along unique null geodesics. Since Lorentz
violation is strongly constrained for the low energies corresponding to optical observations [83], the
study of possible violations of Eq. (13) through SN observations directly constrains photon number
violation. Any such systematic violations can then be interpreted as an opacity effect in the observed
luminosity distance, parametrised through a generic opacity parameter, 7(z), as:

dQL,obs = d%,trueeT(Z) . (14)
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Note that this “opacity” can have in principle both signs. In other words, this parametrisation also
allows for apparent brightening of light sources, as would be the case, for example, if exotic particles
were also emitted from the source and converted into photons along the line of sight [81]. From Eq. (14)
it is clear that the inferred distance moduli for the observed SNe picks an extra term which is linear in
7(2):

DMps(z) = DMypye(z) + 2.5[log e]7(2) . (15)

On the other hand, one can also use other determinations of distance measures, which are in-
dependent of 7, to constrain possible deviations from Eq. (13). This approach was initiated in refer-
ence [92] (see also [84—87] for related earlier work) where the authors used measurements [88] of the
baryon acoustic oscillation (BAO) scale at two redshifts, namely z = 0.20 and z = 0.35, to obtain
a parameterization-independent upper-bound for the difference in opacity between these two redshifts,
AT < 0.13 at 95% confidence. In reference [93] this constraint was improved (and also extended over
a wider redshift range, but for a general parameterised form for 7) by using, instead of measurements of
the BAO scale at these two redshifts, measurements of cosmic expansion H (z) from differential aging of
LRGs at redshifts z < 2. This method of distance determination relies on the detailed shapes of galaxy
spectra but not on galaxy luminosities, so it is independent of 7.

In particular, the authors introduced a parameter ¢ to study deviations from the Etherington relation
of the form:
dp(2) = da(z)(1 +2)**, (16)

and constrained this parameter to be ¢ = —0.0170 0% at 95% confidence. Restricted to the redshift range
0.2 < z < 0.35, where 7(z) = 2ez + O(ez?), this corresponds to A7 < 0.02 at 95% confidence. Below,
we will apply similar constraints on different parametrisations of 7 which correspond to particular models
of exotic matter-photon coupling, namely axion-like particles (ALPs), chameleons, and mini-charged
particles (MCPs).

Before moving to these models, we briefly update the above constraint on € using the latest H(z)
data [32], which include two extra data points at redshifts z = 0.48 and z = 0.9, as well as the latest
determination of Hy [89]. Even though the addition of these two extra data points alone significantly
improves the constraints of reference [93], the effect of Hy is also quite significant, because it acts as an
overall scale in the distance measures, which is marginalised over a Gaussian prior, and the measurement
error in this determination is about half of that of the HST Key Project determination [90] used in [93].

Fig. VIII shows the updated constraints obtained using the above data in combination with the
SCP Union 2008 Compilation [94] of type Ia Supernova data, compared to the previous constraints of
reference [93]. On the left, the darker blue contours correspond to the (two-parameter) 68% and 95%
joint confidence levels obtained from SN data alone, while lighter blue contours are the corresponding
confidence levels for H(z) data. Solid-line transparent contours are for joint SN+H (z) data. For com-
parison we also show the previous H (z) and SN+H (z) contours in dotted and dashed lines respectively.
On the right we show one-parameter (marginalized over all other parameters) constraints on €, again
for the current analysis (solid line) and for that of reference [93] (dotted). For the reader familiar with
Bayesian methods, this plot corresponds to the posterior

P(lS,E) = / / P(Qun, HolE)P(e, Q. HolS) dmd Hy a7
Q’IVL HO

where P(Q,,, Hy|E) and P(e, Q,,, Hy|S) are the posterior probabilities for the corresponding model
parameters, given the H(z) (Expansion) and SN (Supernovae) data respectively. These are given by
the likelihoods of the two data sets in the model parameters, assuming Gaussian errors and using flat
priors on all three parameters. In particular, we have taken € € [—0.5,0.5], Q,,, € [0,1] and Hy €
[74.2 — 3 x 3.6,74.2 + 3 x 3.6] (Riess et. al. [89]), all spaced uniformly over the relevant intervals, in a
flat ACDM model. Similarly, the solid line transparent contours on the left plot of Fig. VIII correspond to
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taking only the integral over Hj in the right hand side of Eq. (17), yielding, therefore, the two-parameter
posterior P(e, ,,|S, E).

Fig. VIII: Updated constraints of reference [93], using H(z) data [32] and the Riess et al. determination of
Hy [89] in combination with the SCP Union 2008 SN Ia compilation. Left: Two-parameter constraints on the
€ — Q,, plane. Darker blue contours correspond to 68% and 95% confidence levels obtained from SN data alone,
lighter blue contours are for H(z) data, and solid line transparent contours are for joint SN+H (z). Previous H(z)
and joint SN+H (z) from [93] are shown in dashed and dotted lines respectively. Right: One-parameter joint
constraints on ¢ for the current analysis (solid line) and that of reference [93] (dotted line). The dashed line shows
the 95% confidence level, Ax? = 2.

As seen in Fig. VIII, the improvement in these constraints is significant. The new result on
€, marginalised over all other parameters, is € = —0.041“8:8? at 95% confidence, which for redshifts
between 0.2 and 0.35 (currently probed by BAO data), corresponds to a transparency (i.e., 7 > 0) bound
AT < 0.012, a factor of two tighter than the result in reference [93]°. We now move on to study more
general parametrisations of cosmic opacity, tailored for particular models of exotic matter coupled to

photons.

4.2 Axion-like Particles and Chameleons

New scalar or pseudo scalar particles from physics beyond the standard model, here denoted as ¢, may

couple to photons through
1

‘Cscalar = 4MFHVFMV¢ (18)
and )
ﬁpseudo—scalar = Weuy)\pFuyF)\pd) (19)

where M is the energy scale of the coupling (another widely used notation is g4, = 1/M), F),, the
electromagnetic field strength and €, ), the Levi-Civita symbol in four dimensions. Such fields are
collectively known as Axion-Like Particles (ALPs), as a coupling of the form (19) arises for the axion
introduced by Peccei and Quinn (PQ) to solve the strong CP problem [96]. Interestingly, these fields also
arise naturally in string theory (for a review see [97]).

Axions, or axion-like-particles, can arise from field theoretic extensions of the standard model
as Goldstone bosons when a global shift symmetry, present in the high energy sector, is spontaneously

3Note that the data slightly favour negative ¢ (thus the much stronger constraint on a positive A7), but only at < 1-o level.
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broken. In the PQ axion case, this symmetry is colour anomalous and the explicit breaking makes the
axion pick up a small mass. This mass is, up to a model-independent constant, proportional to the
coupling (19). For a generic ALP, however, the mass is in principle independent of the strength of its
coupling, and in particular can be zero if the releted shift symmetry remains intact. That is, for instance,
the case of Arions [98], the orthogonal combination of the PQ axion, if there are two independent colour
anomalous shift symmetries.

Chameleon scalar fields are another very interesting type of ALPs [99]. They were originally
invoked in [100, 101] to explain the current accelerated expansion of the Universe with a quintessence
field which can couple to matter without giving rise to large fifth forces or unacceptable violations of
the weak equivalence principle. The chameleon achieves this because its mass depends on the local
energy density. The environmental dependence of the mass of the chameleon means that it avoids many
of the constraints on the strength of the coupling, which normally apply to standard scalar and pseudo-
scalar fields as they are derived from physics in dense environments. For a more detailed discussion see
[102]. The cosmology of the chameleon was explored in detail in [103], the possibility of the chameleon
coupling to photons was first discussed in [104] and such a coupling was shown to be generic in [99].

The Lagrangian terms given above mean that ALPs can affect the propagation of photons; in
particular, if photons traverse a magnetic field there is a non-zero probability that they will oscillate into
ALPs [105]. Notice however that only photons polarized perpendicular (parallel) to the magnetic field
mix with scalar (pseudo-scalar) particles. Therefore, the interactions between photons and ALPs in the
presence of a magnetic field not only imply that photon number is not conserved, but can also alter the
polarization of the light beam. Both effects have been exploited in many searches for ALPs both in the
laboratory and in astronomical observations, see [77] for a recent review.
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Fig. IX: Forecast constraints from joint EUCLID (orange scale), shown together with the corresponding con-
straints from current data, namely SN (Union08) joint with chronometer H (z) (blue scale). Dark and light con-
tours correspond to 1- and 2-o respectively. From top left to bottom right: constraints on the opacity parameter e,
parameter P/ L for the simple ALP model of section, parameters A & P/L for chameleons, and parameter « for
MCPs see Ref. [106] for more details.
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If new particles from physics beyond the standard model couple to photons then the propagation of
light may be altered. We have reviewed two scenarios for exotic particles which can significantly modify
the propagation of photons as they pass through magnetic fields. Measurements of cosmic opacity are
a strong tool to constrain such scenarios, as interactions between photons and exotic particles in the
magnetic fields of the intergalactic medium leads to a new source of cosmic opacity. Uniform deviations
from cosmic transparency (i.e. opacity) can be constrained through their effects on distance duality, by
parameterizing possible deviations from the Etherington relation.

More exotic sources of photon-conservation violation involve a coupling of photons to particles
beyond the standard model of particle physics. We have focused on axion-like particles, new scalar or
pseudo scalar fields which couple to the kinetic terms of photons, and mini-charged particles which are
hidden sector particles with a tiny electric charge. Photons passing through intergalactic magnetic fields
may be lost by pair production of light mini-charged particles. If the mixing between axion-like particles
and photons is significant, then interactions in the intergalactic magnetic fields will also lead to a loss of
photons due to conversion into ALPs. However if the coupling between photons and ALPs is sufficiently
strong, one-third of any initial flux will be converted into ALPs, and two-thirds into photons, resulting
in a redshift-independent dimming of supernovae which we cannot constrain or exclude with cosmic
opacity bounds.

The improved measurement of the cosmic opacity found here leads to improved bounds on these
exotic physics scenarios which are summarised in Fig. IX. Future measurements of baryon acoustic
oscillations, and an increase in the number of observations of high redshift supernovae will lead to
further improvements in the constraints on physics beyond the standard model.
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Abstract

This is a short review of the established and the proposed by physics beyond
Standard Electroweak Model and beyond Standard Cosmological Model neu-
trino characteristics. In particular, cosmological effects of and cosmological
constraints on: extra neutrino families, neutrino mass differences and mixing,
lepton asymmetry in the neutrino sector, neutrino masses, light sterile neutrino,
are discussed.

1 Introduction

Astrophysical and cosmological observational data require Physics beyond Standard Electroweak Model
(EWM) and beyond Standard Cosmological Model (SCM) (called further Beyond Standard Models
(BSMs)) to explain the dark energy (DE), dark matter (DM) and dark radiation (DR) components of
our Universe and their nature. BSMs physics is needed also for the explanation of the peculiar initial
conditions of the pre-Friedmann epoch: its flatness, homogeneity, isotropy, etc., initial anisotropies pro-
viding the pattern of observed today structures, and also the locally observed baryon asymmetry. L.e.
BSMs physics is necessary for revealing the nature and the characteristics of inflation and CPV or/and
BV mechanism in baryogenesis models.

Alas, there is no firm experimental detection of BSMs candidates for DM and DE, only experi-
mental and observational constraints on the hypothetical candidates or/and theories exist.

In neutrino sector, however, BSM was established experimentally: Experimental data on neutrino
oscillations firmly determined three neutrino mixing angles and three mass differences. Cosmology pro-
vides complementary knowledge: Neutrino had a considerable influence on the processes in the Universe
during different cosmological epochs - they were dynamically important ingradient during radiation stage
of the Universe, influenced light elements synthesis during Big Bang Nucleosynthesis (BBN), Cosmic
Microwave Background (CMB) anisotropies, and played a role in the formation of galaxies and their
structures. Thus, BBN, CMB and LSS provide information and stringent constraints on neutrino charac-
teristics.

In this work we present cosmological constraints on BSMs neutrino properties, namely, on the
number of neutrino families, neutrino mass differences and mixing, lepton asymmetry hidden in the
neutrino sector, neutrino masses and sterile neutrino characteristics, and discuss DR problem.

2 Established and Predicted Neutrino Properties by EWM and SCM

Neutrinos in EWM: In standard EWM neutrinos are massless, spin 1/2 fermions, SU(2)y, doublets.
There are 3 neutrino flavors of light neutrinos, v., v, and v;. The experimental measurement of the
number of light (with m < my/2) neutrino types was provided by LEP experiments: N, = 2.984 +
0.008.

Experimental evidence for BSM physics in the neutrino sector exists: Neutrinos oscillate, there
exist neutrino mixing and there are non-zero neutrino mass differences. The origin of neutrino masses is

*E-mail: dani@astro.bas.bg
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not known, it is predicted by various mass generation mechanisms, usually involving the introduction of
extra BSMs particles.

BSM physics, like GUT models, models with large extra dimensions, Manyfold Universe models,
mirror matter models, etc., predicts "sterile" neutrinos v, i.e. SU(2)yy singlets.

SCM neutrinos: SCM predicts massless relic neutrinos, with equilibrium Fermi-Dirac distribu-
tion, zero chemical potential and neutrinos energy density at RD stage comparable to that of photons:

pv = T/8(T,/T)* Neysp(T). (1)

where N,y is the effective number of the relativistic neutrino species. Then neutrino were dynamically
important, because the expansion rate at RD is determined by the relativistic density H ~ /871G np/3.

At T > 1 MeV neutrinos were in equilibrium, since neutrino weak interaction rates were fast
enough I'y, ~ o(E)n,(T) > H. Ty, decreased faster than H with the cooling of the universe, hence
at T ~ 1 MeV neutrino interactions froze out and cosmic neutrino background (CNB) was formed.
Due to the extreme smallness of neutrino mass, neutrinos kept their equilibrium FD distribution after
decoupling.

In SCM, since T' ~ m, neutrino temperature became lower than the photons one 7;, = (4/ 11)1/ 3TV
due to photons heating by e™ e -annihilation. However, neutrino shared a small part of the entropy
release due to non-instantaneous decoupling, QED finite temperature effects and flavor neutrino oscil-
lations [1,2]. Thus, the cosmology predicts the exact number of neutrino species IV, = 3.046, CNB
temperature today - 7 = 1.9 K, total neutrino number density n,, = 339.3 cm™3, neutrino energy
density Q, (to) = 2 x 7/8 x (%/30)T;4o/pe ~ 1075.

Though CNB neutrinos have been only indirectly detected till now, SCM puts numerous con-
straints on neutrino and physics BSM neutrino characteristics due to neutrino cosmological effects on
processes which have left observable relics.

3 Neutrino Beyond Standard Models - established and hypothetical

3.1 Neutrino Oscillations

It has been observationally and experimentally proved that neutrinos oscillate, i.e. there exists flavor
neutrino mixing in vacuum and neutrino mass eigenstates ; do not coincide with the flavor eigenstates
1% fs

3
Vf:ZUfiVia 5mi2j :m?—m??éo, (17&]) )
i=1

This implies BSM characteristics for neutrino: non-zero neutrino mass and mixing and non-
conservation of the individual lepton charges L.

Neutrino oscillations occur also in medium, called matter oscillation. The data from solar neutrino

detectors showed evidence for matter effects in the solar v, transitions. For the early Universe, matter
oscillations were studied as well [3].

The medium changes the oscillation pattern: suppresses oscillations by decreasing their amplitude
or enhances oscillation, when a resonant condition between the oscillation parameters and the character-
istics of the medium holds. In the equilibrium situation when working in terms of mean neutrino energy,
the resonant condition is:

Q F L = cos2¢. 3)

where Q = —bET*/(0m?M3E,), L = —aET3L*/(6m?), L* is given through the fermion asymmetries
of the plasma, a and b are positive constants different for the different neutrino types, —L corresponds
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to the neutrino and +L to the antineutrino case. For () = 0 this is the well known Mikheev-Smirnov-
Wolfenstein effect [4]. In non-equilibrium case the spectrum distribution of neutrino in the early universe
must be taken into account and the resonance condition and the description of neutrino propagation is
more complicated [5, 6].

3.2 Neutrino masses

Two non-zero mass differences are measured by neutrino oscillation experiments, so at least 2 neutrino
types have different and non-zero masses. (The discussion of the indications for a third mass difference
in ~ eV2 range is presented in the next section.)

Neutrinos with a definite mass can be Dirac fermions or Majorana particles. The mass pattern,
normal my < mg << mgs or inverted hierarchy ms << mj < ma, is also still unknown. The absolute
neutrino masses have not been measured yet. Atmospheric neutrino oscillations data point to at least
one neutrino type with mass m > 0.048 eV and put lower limit on the relic neutrino density today:
Q, > 0.003, where 2, = 3m/(93.14h% eV?).

Cosmology provides the most stringent constraints on the total neutrino density and mass 2, <
0.02, m < 0.66 eV. The constraints are obtained from the analysis of neutrino role in structure formation
of the Universe: Flavor neutrino are hot dark matter and predicted LSS in a Universe filled with hot DM
is incompatible with observations.

Neutrinoless double beta decay and beta decay experiments give the limit m < 2.05 eV at 95%
C.L.

3.3 Active-sterile neutrino oscillations

Though solar and atmospheric neutrino anomalies are well described in terms of flavor neutrino oscilla-
tions, there exist some indications of sub-leading active-sterile oscillations [25-28,62]. The phenomenol-
ogy of sterile neutrino and the experimental, astrophysical and cosmological constraints on them can be
found in ref. [8,9].

In case of active-sterile oscillations beyond SCM physics is expected: i) excitation of additional
light particles into equilibrium [10-12], i.e. 4 or more neutrino families, instead of 3 may exist; ii)
distortion of the neutrino energy spectrum from the equilibrium FD form, in case of oscillations after
neutrino decoupling [13-15]. iii) change in neutrino-antineutrino asymmetry of the medium: either
suppress pre-existing asymmetry [12, 17]or enhance it (in MSW resonant active-sterile oscillations) [14,
16, 18] ! iv) neutrino oscillations may be changed by L: may be suppressed [5, 18] or enhanced [5, 6].
v)Sterile neutrino, produced by neutrino oscillations, may be DM candidate [19]: 1 — 2 KeV mass
sterile neutrino are warm DM candidates, compatible to cosmological observational data [20,21]. vi)
Sterile neutrinos are employed in leptogenesis models, where CP violating v decays produce the locally
observed baryon asymmetry of the Universe.

In BBN with active-sterile neutrino oscillations spectrum distortion and L generation lead to dif-
ferent nucleon kinetics, and modified BBN element production. BBN stringent limits on oscillation
parameters exist [29-34], and are discussed in more detail in the next section. Active-sterile oscilla-
tions may play important role for neutrino involved processes in the Universe also during CMB and LSS
formation.

3.4 Neutrino-antineutrino asymmetry

Lepton asymmetry of the Universe, L = (n; — nj)/n., may be contained mainly in the neutrino sector.
Its value is not directly measured, it is only constrained by cosmology.

"More precisely, there exists interplay between neutrino oscillations and asymmetry L of the medium in the early universe
plasma [22]
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L increases the radiation energy density: AN.sp = 15/7[(¢/m)* + 2(¢/7)?], where £ = /T
is the v degeneracy parameter. Hence, L leads to faster expansion, delaying matter/radiation equality
epoch, thus influencing BBN, CMB, LSS. Besides, BBN feels also the kinetic effect of electron neutrino
asymmetry and provides more restrictive constraints on L(see ref. [35] and refs there in.)

L with much smaller values, L << 0.01 may influence BBN through its interplay with electron-
sterile neutrino oscillations, indirect kinetic effect [5,6]. Thus, CMB, LSS and BBN constrain L due to
its cosmological effects.

4 Cosmological Constraints on BSMs Neutrino

Most precise constraints on many BSMs characteristics of neutrino are obtained from BBN considera-
tions.

BBN is theoretically well established and observationally and experimentally supported (see for
example [38]. The inputs include: the neutron lifetime 7,, = 885.7 & 0.8 , the gravitational constant
Gy = 6.7087 £ 0.001 x 10739 GeV~2, the baryon-to-photon number density 7 = np/n, and the
nuclear rates. Precise data on nuclear processes rates from laboratory experiments at low energy (10
KeV - 1 MeV) is available. n until recently was considered as the only parameter of the standard BBN
and was estimated from the data on the primordial abundances of the 4 elements, produced during BBN.
Today 7 is known from the analysis of CMB anisotropies (which corresponds, however, to the epoch of
CMB formation).

In standard BBN 4 light nuclides: D, He-3, He-4, Li-7 are produced in non-negligible quantities
during the first few minutes of the RD stage, between 1 - 0.01 MeV. Precise astrophysical data on the
predicted by BBN theory light elements abundances exists. The accepted today primordial values are:
D/H = (2.87 £0.22) x 1075, Y, = 0,2534 + 0,0083 [36], Li/H = (1.23%3%4) x 1071%. BBN
abundances predictions are consistent with observations. D and He-4 are used as most reliable probes
for BSMs physics.

In general BBN depends on all known interactions and thus cosmology can be used to constrain
their BSM modifications. In particular, BBN produced abundances, besides on the baryon-to-photon
ratio, depend on i) the expansion rate ii) weak interaction rates and neutron lifetime. The nucleons
freezing, and hence, the primordial yields, depend strongly on the competition between the weak rates of
n-p transitions and the expansion rate H(N,ys). Thus, BBN is used as a probe of non-standard physics
leading to changes in H, I',,, pre-BBN nucleon kinetics or BBN itself. BBN probes any additional light
ie. m < MeV, relativistic during BBN, particles species, nonstandard interactions relevant at BBN
epoch, departures from equilibrium distributions of particle densities of nucleons and leptons (caused by
neutrino oscillations, lepton asymmetry, inhomogeneous distribution of baryons, etc.) BBN produced
He-4 is known to be the best speedometer and is usually used to constrain additional radiation. It is also
the most exact leptometer at the early stage.

Due to the closeness of the BBN epoch and the epoch of formation of the CNB, and due to the
strong influence of neutrino on BBN, BBN constraints on BSM neutrino characteristics are the most
stringent one.

4.1 Cosmological Constraints on N ¢

BBN constrains most strongly the effective number of relativistic species N.rr [38]. BBN constraints,
based on recent He — 4 data [36], read: §N.;; = 0.66 & 0.46, Noy; = 3.7170-37. [39,42]. Much
stringent bound follows from BBN D abundance and CMB data: N.ry = 3.53 + 0.66 — 0.63 [41].
Recent BBN analysis [42] favors 6 Nesy ~ 1, while 6 Ney s ~ 2 is disfavored at more than 95% C.L.

The BBN bounds on V. are tightened in the presence of active sterile oscillations [24].
CMB experiments provide the constraint: N.rr = 3.361J_r8:gi at 95% C.L. [45]. Higher than the
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standard value Ny > 0 is favored. In case of no entropy release between BBN and CMB epochs,
CMB+BBN constraints holds, namely: N7y = 3.41 & 0.3 (68% Planck +WP+high 1+Y(Aver et al.))

CMB data allow simultaneous constraints on extra radiation and the total flavor neutrino mass: for
massless sterile case: N,s; = 3.2970:87 (95% Planck +WP+high 1) and m < 0.6 eV. The bounds are
marginally compatible with fully thermalized sterile neutrino with sub-eV mass ms < 0.5 eV , necessary
to explain the oscillations anomalies, called DR.

4.2 Cosmological Effects and Constraints of Active-Sterile Neutrino Oscillations

Active-sterile neutrino oscillation, effective before neutrino decoupling, introduce extra relativistic parti-
cles [7,11,12] and change the expansion rate and the BBN production of He-4.

Active-sterile neutrino oscillation, effective after neutrino decoupling, cause deviations of neutrino
energy spectrum from the equilibrium FD form, and influence electron neutrino and antineutrino number
densities and/or spectrum, thus effecting the weak rates I', ~ GgE,n,, of n-p transitions.

Active-sterile oscillations may cause the following kinetic effects: i) change of the particle densi-
ties of electron neutrino and antineutrino by fast electron-sterile neutrino oscillations [11,12]; ii)distortion
in the energy spectrum distribution of electron neutrino caused by late electron-sterile neutrino oscilla-
tions, proceeding after decoupling [13-16]; iii) change of the asymmetry: production of L > 0.01
(capable to influence n-p kinetics) in the electron neutrino sector by fast resonant electron-sterile oscil-
lations [14, 16, 18],or suppression of a preexisting L, and thus changing the BBN in comparison with
the case of absence of oscillations and finally to iv) indirect kinetic effect due to oscillations-asymmetry
interplay, in case of small L. This influences the oscillations pattern, which reflects in change of BBN.

Hence, due to these effects of neutrino oscillations BBN is the sensitive probe to neutrino oscil-
lation parameters. Most recent constraints on the neutrino oscillation parameters in case of relatively
fast oscillations have been obtained in ref [31].BBN constraints on electron-sterile oscillations, effective
after neutrino decoupling, are considered in refs. [16,29, 30,32,33]. The precise account of the energy
spectrum distribution of oscillating neutrino allows to extend the BBN constraints towards very small
mass differences - down to 1079 eV?2.

4.3 Cosmological constraints on L

BBN provides the most stringent constraints on L. In BBN with the known flavor neutrino oscillations,
degeneracies in different neutrino sectors equilibrate before BBN due to flavor neutrino oscillations.
Hence, the stringent BBN constraint on L. applies to other neutrino types [23]. Thus the contemporary
BBN bound is L < 0.1. CMB and LSS provide looser bounds [46].

In the case of modified BBN with active-sterile neutrino oscillations, very stringent constraints on
L are possible [5,6,47]. As far as in such non-standard BBN L > dm? inhibits oscillations, the detection
of active-sterile oscillations will provide the bound L < dm? [6,22]. For example, from the indications
for active-sterile oscillations with §m? ~ 10~° [25] follows BBN upper limit L < 10733, BBN with late
electron-sterile neutrino oscillations can measure tiny L with close to the baryon asymmetry values [6].

4.4 Dark radiation and eV neutrino saga

Different types of cosmological indications suggested additional relativistic density: BBN [36,48], CMB
and LSS data, as well as their combined analysis pointed to excess radiation [49-51].

Besides, different neutrino oscillations experiments (reactor, LSND, MiniBooNe, Gallium) data
presented indications for neutrino oscillations with 1 or 2 sterile neutrinos with sub-eV masses [26-28,
62]. Recent analyses of neutrino data prefer 3+1 models [27].

Hence, beyond SMC models, including extra neutrinos, were studied. Analysis of different type
of cosmological data provided during the last years showed that the sub-eV neutrinos would have been
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brought into thermal equilibrium before BBN [53-56], and thus restricted by BBN. Besides, sub-eV
neutrinos produce too much hot dark matter [52, 57].Thus, two additional v are in tension both with
BBN and with LSS and are difficult to realize in SCM [52, 58-60]. Cosmology favors one additional
sterile neutrino, but prefers it to be lighter than eV [45,58]. Accepting m = 0.6 eV and allowing for
massive sterile neutrino the following CMB constraints on extra radiation and sterile neutrino mass have
been obtained: N.ry < 3.91 (95% Planck +WP+high 1) and m, < 0.59 eV.

To relax the cosmological constraints, modifications of SCM have been explored. It was shown
that excess radiation cannot be explained by degenerate BBN [65]. However, the presence of L may
be the solution in case its value is large enough to suppress active-sterile oscillations and prevent the
thermalization of the sterile neutrinos and circumvent BBN constraints [22,61].

Other possible explanations employing decays of heavy neutrinos were discussed in refs. [63,64].

5 Conclusions

BBN, CMB and LSS cosmological data provides a powerful test for BSM neutrino characteristics. In
particular, cosmology provides the most stringent constraints on neutrino masses, neutrino active-sterile
oscillations, the extra radiation, the neutrino families, lepton asymmetry or/and neutrino chemical poten-
tials, sterile neutrino, etc. Hopefully, future terrestrial physical experiments and future cosmic missions
and surveys will discover not only BSMs neutrino physics but also solve the DM, DE, inflation and
matter-antimatter asymmetry quests.
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Is there a fundamental cosmological dipole?
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Abstract

Early hints for deviation from the cosmological principle and statistical isotropy
are being accumulated. After reviewing these hints, I focus on four cosmolog-
ically observed axes which appear to be either marginally consistent or in con-
flict with the standard AC' DM isotropic and homogeneous cosmology. These
axes are abnormally aligned with each other and include: (a) The Fine Struc-
ture Constant a Dipole (b) the Dark Energy Dipole (c) the Dark Velocity Flow
and (d) the CMB Maximum Temperature Asymmetry. I also discuss a sim-
ple physical model (extended topological quintessence) that has the potential
to explain the existence and alignment of these axes. The model is based on
the recent formation of a global monopole with Hubble scale core by an O(3)
symmetric scalar field, non-minimally coupled to electromagnetism.

1 Introduction

The consistency level of the standard cosmological model (ACDM) with geometric and dynamical cos-
mological observations has been increasing during the past decade [1]. However, there are some puzzling
conflicts between the predictions of ACDM and specific observations. These observations include pecu-
liar velocity bulk flows on scales larger than 100~ Mpc (z > 0.03) [2-4], planarity and alignment of
the quadrupole and octopole CMB map moments [5] and alignment of quasar optical polarization along
a particular cosmological axis. Most of the observations that are in tension with the standard model
ACDM involve the existence of preferred cosmological axes which appear to be anomalously close to
each other [6-8] given that these observations should be mutually uncorrelated.

Hints for two new cosmological dipoles have emerged during the past five years. They include
the Fine Structure Constant o Dipole which deviates about 40 from isotropy [8, 9] and the Dark Energy
Dipole which deviates about 20 from isotropy [8].

Quasar absorption line spectra can determine the value of the fine structure constant at various
cosmological redshifts and directions. The Keck+VLT sample consists of 295 absorbers at a redshift
range 0.2 < z < 4.2 and indicates a spatially varying fine structure constant o with dipole angular
distribution. Isotropy is found to be 4.10 away from the best fit dipolar angular distribution [8, 9].

Correspondingly, the distance moduli residuals from the ACDM best fit also exhibit a dipole
anisotropy. In this case isotropy is found to be 20 away from the best fit dipolar angular distribution. This
Dark Energy dipole is obtained [8] from the 557 Type Ia supernovae (Snla) of the Union2 sample [10]
0 <z<14).

In view of the existence of these new cosmological dipoles, the following questions emerge:

1. What is the alignment level of these dipoles?

2. What is the probability to produce the observed combination of these two dipoles in a homogeneous-
isotropic cosmological model where the two dipoles are uncorrelated?

3. What physical model has the potential to predict the existence of the above combined dipoles?

The detailed presentation of the answers to these questions will be the focus of this brief review. These
answers may be briefly stated as follows [8]:

*E-mail: leandros @uoi.gr
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1. The Dark Energy dipole and the a dipole are abnormally aligned with each other (angular separa-
tion 11.3° £ 11.8°.

2. The probability that the combined quasar absorber and Snla data are obtained in the context of a
homogeneous and isotropic cosmology with no correlation between the datasets, is less than one
part in 106.

3. There is a physical model based on a Hubble scale topological defect non-minimally coupled to
electromagnetism that has the potential to explain the observed aligned dipoles

The structure of this brief review is the following: In section II I review the derivation of the o
and Dark Energy dipoles and obtain the probability that these dipoles would be produced in the context
of isotropic cosmology. In section III I review the physical model that has the potential to explain the
aligned cosmic dipoles and discuss additional hints for a CMB temperature asymmetry axis that appears
to be abnormally aligned with the o and Dark energy dipoles. The connection of this CMB axis with the
proposed physical model is also discussed. Finally in section IV I conclude and briefly discuss future
extensions of this research programme.

2 Cosmic Dipoles
2.1 The a Dipole

Consider a quasar emitting an continuous emission spectrum of radiation at a redshift z.,, (see Fig. 1).

Lyman limit  LYP Ly Sill Cll  Silv Sill cIv

CIv,

em

- ‘41_:UD - A'.JGIGO‘ - ‘b'.;()(}‘ - ﬁD‘OG- -

Wavelength
Fig. 1: The absorption spectrum of a galaxy gas cloud absorber superposed on the emission spectrum of a quasar
can provide information about the value of the fine structure constant « at the time and location where the radiation
was absorbed (courtesy of J. Webb).

If this radiation goes through a gas cloud in a galaxy before it it is observed on Earth, an absorption
spectrum will emerge. From the absorption lines we can find both the absorber redshift and the fine struc-
ture constant o = e?/hc at the time and location of the absorption. While cosmological redshift shifts
the spectral lines always towards larger wavelengths, variation of « shifts spectral lines in both directions
(Fig. 2) depending on the atom (or ion) and the energy levels involved. The sensitivity in determining
a from the absorption lines is significantly improved by using the Many Multiplet Method where sev-
eral absorption lines of different atoms and ions (eg iron and magnesium) are used simultaneously to
determine « [11].

Using the Many Multiplet Method in quasar absorber northern hemisphere data from the Keck
Telescope in Hawaii, Webb et. al. [11] found a statistically significant (3¢) variation of « at high redshifts
(2 > 1). The value of a was found to be smaller in the past as shown in Fig. 3.
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Fig. 2: While cosmological redshift shifts the spectral lines always towards larger wavelengths, variation of «
shifts spectral lines in both directions depending on the atom (or ion) and the energy levels involved. The shift of
various absorption lines for specific values of o are shown (courtesy of J. Webb).
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Fig. 3: Using quasar absorbers from the Keck Telescope in Hawaii (Northern hemisphere), the values of o were
found to be smaller in the past at higher redshift bins (middle panel) while using quasar absorbers from the VLT
in Chile (Southern hemisphere), the values of a were found to be larger in the past (lower panel). The combined
sample results are shown in the upper panel (courtesy of J. Webb)

Using the same method and a full sky combination of Northern Hemisphere quasar absorber data
(Keck in Hawaii) and Southern Hemisphere data (VLT in Chile), Webb et. al. [9] found that the values
of a have a non-isotropic variation across the sky. This angular variation is well described by a dipole.
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The Keck+VLT dataset used by Webb et. al. consists of 295 absorbers. The best fit dipole distribution
was found to be 4.10 away from isotropy (Fig. 4).

T I T T T T I T T T T I T T T T I T T T T I
i ~21 absorbers
= = per bin

-10 -5 0 5 10
r cos(®) (GLyr)

Fig. 4: The combination of Keck+VLT data indicated a spatial variation of « described well by a dipole. (from
Ref. [9])

The current constraints on variation of « are summarized in Table 1 (from Ref. [12]). The hints for
cosmological variation of o come from studies using the Many Multiplet Method while all other studies
are consistent with no variation of «. Particularly strong bounds are those coming from the Oklo natural
reactor [13—15] which has operated for about 2 billion years. The Oklo bounds are obtained using the
extremely low resonance energy (F, = 97.3meV) of the reaction

Mg 4+ n— 1906 4~ (1)

It implies that the abundance of %S, (one of the nuclear fission products of 23°U) observed at the
Oklo can be a good probe of the variability of the coupling constants [16]. Note however that the strong
time variation bounds on « obtained from Oklo are consistent with a spatial variation of o obtained by
the Keck+VLT data. A sample of the 295 quasar absorber Keck+VLT data are shown in Fig. 5 [9].
The important columns are the J2000-name which includes the equatorial coordinates of each quasar,
zabs Which gives the absorber redshift, da/a and err which provide the derived variation of « and its
corresponding error estimate. In Fig. 6 we show the locations of the absorbers in galactic coordinates
with the corresponding « variation denoted by color variation. This dataset was fit to a dipole plus
monopole angular distribution in Refs [8,9] using the maximum likelihood method. We find the cartesian
coordinates of the unit vectors 7; corresponding to each quasar with galactic coordinates (I, ). We thus
have

7 = cos(b;) cos(l;)i + cos(b;) sin(l;)] + sin(b;)k )
We then use the dipole+monopole angular distribution model
A
(a) = Acosf+ B 3)
@
where cos 6 is the angle with the dipole axis defined by the vector
5 = cﬂ + 623 + 63]23 4
such that
n; - D = Acosb; (5)
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redshift Aa/a o‘z/a(yr’l)
Atomic Clock(Yb*/Hg™/H) [18] 0 (—0.3£2.0) x 10717
Atomic Clock(Hg™/Yb*/H) [19] 0 (—0.55+0.95) x 10-1°
Atomic Clock(Sr/HgT/Hg*/H) [20] 0 (—3.3+£3.0) x 10716
Atomic Clock(AlT/Hg™) [21] 0 (—1.6 +£2.3) x 10~
Atomic Clock(1%?Dy/'%3Dy) [22] 0 (—2.7+£2.6) x 10717
Oklo(Damour-Dyson [15]) 0.16 (—0.9~1.2) x 1077 (—6.7 ~ 5.0) x 10717
Oklo(Fujii et al. [13]) 0.16 (—0.18 ~ 0.11) x 1077 (0.240.8) x 10~
Oklo(Petrov et al. [14]) 0.16 (—=0.56 ~ 0.66) x 1077 | (=3.7~3.1) x 10717
Oklo(Gould et al. [23]) 0.16 (—0.24 ~ 0.11) x 107 | (=0.61 ~ 1.3) x 10717
Re/Os bound [24] 0.43 (—0.25+1.6) x 1076 (—4.0 ~2.9) x 10714
HI 21 cm [26] 1.8 (3.545.5) x 1076 (—3.3+5.2) x 1071°
HI 21 cm [25] 0.25,0.68 <1.7x107°
QSO absorption line(SilV) [26] 2.67 — 3.55 <35x1074
QSO absorption line(MM) [27] 05-1.6 | (—1.094+0.36) x 107>
QSO absorption line(MM) [28] 0.5—-35 | (=0.72+0.18) x 107°
QSO absorption line(SilV) [29] 2.01 —3.03] (-0.5+1.3) x107°
QSO absorption line(MM) [30] 0.2 3.7 |(-0.5434+0.116) x 10~°
QSO absorption line(MM) [31] 02—42 [(-0.573+£0.113) x 107
OH [32] 0.247671 | (0.51 +£1.26) x 107> (—1.7+£4.3) x 1071
OH [33] 0.247 (—3.1+£1.2) x 107 (1.14+04) x 1071
QSO absorption line(MgII/Fell) [34] | 0.4 —2.3 | (—0.06 +0.06) x 10~
QSO absorption line(MgII/Fell) [35] | 0.4 —2.3 | (—0.444+0.16) x 107
QSO absorption line(SilV) [36] 1.59 —2.92| (0.15+£0.43) x 107>
QSO absorption line(Fell) [37] 1.84 (5.66 £2.67) x 1075 | (=5.51 +2.60) x 10~1°
QSO absorption line(Fell) [37] 1.15 (—0.12+1.79) x 1076 | (0.144+2.11) x 10716
QSO absorption line(Fell) [38] 1.15 (0.542.4) x 1076 (—0.6 £2.8) x 1071¢
QSO absorption line(Fell) [39] 1.58 (—1.54+2.6) x 107° (1.54+2.7) x 10716
CMB [40] 10° —0.06 ~ 0.01 <5 x 10712
CMB [41] 103 —0.013 ~ 0.015 <1x10712
BBN [42] 10° <6 x 1072 <4.4x10712
Table 1: Summary of the experimental bounds on the time variation of the fine structure constant. Aa/a =

(Oéthcn - anow)/anow (from Ref. [12])

Finally, we minimize

[(%) — Acosf; — B]2

where (A

a+a

rand

(6)

) and o; are obtained from the Keck+VLT dataset [9] and 0,4 is an internal random error,

assumed to be the same for all data points and representing an estimate of the aggregation of all additional
random errors. The magnitude and direction of the best fit dipole in galactic coordinates is obtained from
the best fit ¢; coordinates (e.g. A = \/cf + ¢3 + ¢3).

We find Afs = (1.02£0.25) x 1075 with direction (b = —11.7°+7.5°, 1 = 320.5° £11.8°) while
for the best fit monopole term we have Bfs = (—2.2 & 1.0) x 107C. This result shows that the isotropic
model A = 0 is more than 40 away from the best fit value of the dipole magnitude. The Keck+VLT
dataset along with the best fit direction of the dipole in galactic coordinates is shown in Fig. 6. By the
definition of ( ) and the construction of the dipole model, the obtained dipole direction shown in Fig. 6
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Fig. 6: Keck+VLT datapoints and a-dipole direction. Datapoints in three different redshift bins are represented
with different shapes. For comparison the direction of the Dark Energy dipole obtained from the best fit of the
Union?2 data is shown with a star. The light blue blob represents the 1-o error on the a-dipole direction.
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Fig. 7: Distribution of a-dipole magnitudes obtained from the Monte Carlo simulation. The arrow points to the
position of the observed best fit value for the a-dipole magnitude.

is the direction towards larger values of the fine structure constant o.

This deviation from isotropy can also be verified by considering 10* Monte Carlo simulations
obtained from the Keck+VLT dataset under the assumption of an isotropic monopole model [8]. The
distribution of the dipole magnitudes d - obtained in these simulations are shown in Fig. 7. The
arrow points to the observed magnitude As; = (1.02 & 0.25) x 107° of the dipole. Clearly, none of
the isotropic simulated Keck+VLT datasets had a dipole magnitude as large as the observed. Therefore,
the probability to obtain the observed value for the dipole magnitude is less than one part in 10* (about
3.90) in agreement with the 40 result obtained with the covariance matrix in the context of the maximum
likelihood approach.
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2.2 The Dark Energy Dipole

The Union2 dataset provides 557 distance moduli of Snla along with their 1o errors and their redshift.
The galactic coordinates of each Snla may be found in Refs. [6,43]. The distance modulus is connected
with the Hubble free luminosity distance Dy, (z) as

pien = mup — M = 5logyo(Dr(2)) + ko (7

where my, and M are the apparent and absolute magnitudes, 19 = 42.3 — 5log;q h and

z HO
D =(1+ L/p d7 8
)= (42) | d g ®)

/7QOm)

where H(z', Qo) is the Hubble parameter ansatz for ACDM.

Assuming a ACDM parametrization of the expansion rate
H(2)? = H§[Qom(1 + 2)* + (1 — Qom)] 9)

the best fit distance modulus fi(z) is determined by minimizing

557

. p— . 2
X2(QOm7,U0> _ Z [Mobs(zz)az Tufth(zz)] (10)
i—1 i

where UZ ; are the distance modulus uncertainties which include both the observational and the intrinsic

random magnitude scatter.

A dipole+monopole fit may be performed [8] using the Union2 data. Instead of (%) which cor-
responds to fine structure constant deviations from its earth measured value we use the distance modulus
deviation from its best fit ACDM value

COREES

an

where /i is the best fit distance modulus in the context of ACDM. A minimization of x2(Qqm, o) using
the Union2 dataset leads to the best fit parameter values Qp,, = 0.269 = 0.020 and pp = 43.16 = 0.01
which completely specify [i(z;) and therefore also

Mu)\ ) — i)
< f(zi) )Obs N i(z;) (12)

for all Union2 datapoints.

In performing the same analysis as for the Keck+VLT data, we replace the (%) datapoints by

the ( Aﬁ’zg)) datapoints. In the Snla we set 0,4,y = 0 since the random intrinsic magnitude scatter has
already been included in the distance moduli errors o;. We find the direction of the dark energy dipole
tobe (b = —15.1° £ 11.5°, ] = 309.4° £ 18.0°). The magnitudes of the dipole and monopole terms are

found to be

Age = (1.3£0.6) x1073 (13)
Bge = (20£22)x107* (14)
The statistical significance of the dark energy dipole is at the 20 level (significantly smaller that the 40

of the fine structure constant dipole) but its direction is only 11° away from the corresponding direction
of the fine structure constant dipole. The direction of the dark energy dipole along with the Union2 data
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Fig. 8: Union2 datapoints and Dark Energy dipole direction. Datapoints in three different redshift bins are rep-
resented with different shapes. For comparison the direction of the a-dipole obtained from the best fit of the
Keck-VLT data is shown with a star. The light blue blob represents the 1-o error on the Dark Energy dipole
direction.
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Fig. 9: Distribution of dark Energy dipole magnitudes obtained from the Monte Carlo simulation. The arrow
points to the position of the observed best fit value and the light green area indicates fraction of the Monte Carlo
datasets that give a dipole magnitude bigger than the observed best fit one.

(Aﬁ’éf;)) ) are shown in Fig. 8 in galactic coordinates. The proximity of the two dipole directions is
also made eispparent in the same plot as well as by comparing with Fig. 6.
The direction of the dipole in Fig. 8 points towards brighter Snla compared to best fit isotropic

ACDM. This implies less accelerating expansion in that direction (assuming isotropic fi).

The 20 deviation of the Dark energy dipole from isotropy may also be confirmed by using a
Monte Carlo simulation consisting of 10* Union2 datasets constructed under the assumption of isotropic
ACDM.

In an effort to determine the likelihood of the observed dark energy dipole magnitude combined
with its angular proximity to the fine structure dipole we have performed a Monte Carlo simulation
consisting of 10* Union2 datasets constructed under the assumption of isotropic ACDM. In Fig. 9 we
show the probability distribution of the dark energy dipole magnitude in the context of isotropic ACDM
along with the observed dipole magnitude indicated by an arrow. As expected from eq. (13) only 4.75%
of the simulated isotropic datasets had a dark energy dipole magnitude larger than the observed value.
This is consistent with eq. (13) which indicates that the statistical significance of the existence of a dark
energy dipole is about 20.

In Fig. 10 we show the probability distribution of the angular distance of the isotropic simulated
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dipoles from the observed fine structure constant dipole. Only 6.12% of the Monte Carlo datasets had
such an angular distance smaller than the observed one. The probability for a Monte Carlo isotropic
Union?2 dataset to have both a dipole magnitude larger than the observed one and an angular separation
from the fine structure dipole smaller than the observed one is 0.98%. This is larger than the anticipated
value of 0.0612 x 0.0475 = 0.29% due to the nonuniform distribution of the Snla in the sky. We
conclude that obtaining simultaneously the observed magnitude of the « dipole (0.01%) and the observed
magnitude and alignment of the Dark Energy dipole (1%) is (0.01% x 1% = 0.0001%) ie one part in
106.

300 TTH -
6.12% =N M
200 1

100 -

! ; Ouz-k /v
20 40 60 80
Fig. 10: Angular distances between the observed c-dipole direction and the dipole direction obtained from the
Monte Carlo simulations on the Union2 data. The arrow points to observed angular distance value and the light
green area represents the Monte Carlo datasets that give an angular distance smaller than the observed one.

2.3 Redshift Tomography

It is interesting to identify the redshift range that contributes mostly to the large dipole magnitudes and
to their alignment. To achieve this goal we use two approaches: a redshift bin approach and a variable
upper redshift cutoff approach. In the redshift bin approach, we divide each dataset in three redshift bins
of approximately equal number of datapoints and perform a separate dipole magnitude and alignment
analysis in each bin. Thus we compare the results of each bin with respect to the quality of data (errorbar
sizes), the dipole magnitudes and the dipole directions. In the variable upper redshift approach we start
with truncated datasets with an upper redshift cutoff consisting of about 1/2 of the datapoints. Then we
increase the upper redshift cutoff in five steps so that in the final step the full dataset is obtained in each
case. We analyse each one of the six cumulative dataset parts with respect to their dipole magnitudes and
their directions.

The directions of the best fit dipoles for each one of the redshift ranges is shown in Fig. 11 (the
cumulative redshift parts are separately connected in increasing redshift order).

In Fig. 12 we show the angular separation of each Union2 redshift bin from the best fit dipole
direction of the full Keck+VLT dataset, as a function of redshift range for each Union2 bin. Clearly,
the lowest redshift bin which also has the smallest angular separation error is the one that has its dipole
best aligned with the Keck+VLT dipole. in Fig. 13 we show the angular separation of each Keck+VLT
redshift bin from the best fit dipole direction of the full Union2 dataset, as a function of redshift range
for each bin. Clearly, the highest redshift bin has the lowest error and good alignment with the Union2
dipole. In this case however, the best fit dipole direction appears to be more consistent among the three
redshift bins while the directional errorbars are significantly smaller than the Union?2 case.
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Fig. 11: Fine structure « and Dark Energy dipole directions for the different redshift bins. The ’stars’ denote the
bins corresponding to the redshift range that is common to the Keck+VLT and Union2 samples. For this range
however, the dipole uncertainty obtained from the Union2 data is very large.
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Fig. 12: Angular distances (with errors) between the Dark Energy dipole obtained in the different redshift bins
and the a-dipole obtained from the full redshift range Keck+VLT data. Notice that the lowest Union2 redshift bin
dipole has the best alignment with the Keck+VLT dipole and also has the smallest error.

3 Physical Mechanism: Extended Topological Quintessence
3.1 Global Monopole

If the observed coincident large dipole anisotropies are due to a physical mechanism and not to sys-
tematic or statistical fluctuations, then it is of particular interest to investigate what could be a physical
model that could give rise simultaneously to these coincident dipoles. Such a mechanism could involve
for example an inhomogeneous scalar field which couples to electromagnetism through a non-minimal
coupling and whose potential energy could provide the dark energy required for accelerating expansion.
Due to negative pressure such a scalar field would tend to quickly become homogenous and isotropic on
Hubble scales. However, nontrivial topology would naturally generate sustainable inhomogeneity [44]
of such a scalar field.

For a proper potential, the scale of the inhomogeneity would be the observationally required Hub-
ble scale. In such a Hubble scale topological defect, an off center observer would observe aligned dipoles
in both dark energy and the fine structure constant. For a large enough core scale, such a defect would
become effectively homogenous and indistinguishable from ACDM. The dipole nature of observations
of off-center observers located in spherically symmetric inhomogeneities has been discussed in detail in
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Fig. 13: Angular distances (with errors) between the a-dipole obtained in the different redshift bins and the Dark
Energy dipole obtained from the full redshift range Union2 data. Notice that the alignment of all Keck+VLT
redshift bin dipoles with the full Union2 dipole is consistent with each other and similar to the alignment of the
full Keck+VLT dataset.

Refs [45,46]

Consider the action

S = /[ MZR a ,09)? V(<I>)+iB(<I>)F3,,+£m V—gdiz, (15)

where M, 2 = 811G is the reduced Planck mass, £, is the Lagrangian density of matter fields, ®¢ (a =
1,2, 3) is an O(3) symmetric scalar field, B(®) is a non-minimal coupling to electromagnetism and

V(®) = %\(@2 —n?)?, &= Vdoada, (16)

We assume the existence of a Hubble scale global monopole formed during a recent cosmological phase
transition. The vacuum energy density in the monopole core and the size of the core are determined by
the two parameters of the model 7 (the vacuum expectation value) and A (the coupling constant). The
global monopole field configuration is described by the hedgehog ansatz

O = O(r,t)r* = (r, t)(sin f cos p, sin f sin ¢, cos ) (17)
with boundary conditions
®0,t) =0 , ®(o0,t) =, (18)
where 7 is the scale of symmetry breaking assumed to be such that [44]
AT)Q >
21 19
3H e

In eq. (17) we have allowed for a time dependence having in mind a cosmological setup of an expanding
background.

Consider now a non-minimal coupling of the form

(1)2
B@)=1-¢5 (20)

where ¢ is constant. The fine structure ‘constant’ is related to the coupling B(®) as

2
€0
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where eg is the bare charge that remains constant throughout the cosmological evolution. Therefore for

small values of ®/n we have
A o2 — o2
(a) ~ 25% (22)
o n

where ® is the field magnitude at the location of the observer. The dipole directions shown in Figs. 6
and 8 correspond to higher value of o and lower accelerating expansion (brighter Snla compared to
ACDM) respectively. Thus, in the extended topological quintessence picture, for an off-center observer,
this would be the direction pointing away from the global monopole core where the potential energy of
the monopole is lower and the field magnitude @ is larger. In order to have a higher value of the fine
structure constant in the same direction we need £ > 0.

In Fig. 14 we illustrate the location of an off-centre observer with respect to the monopole core.
In Fig. 14a we plot the observer location along with the field magnitude and direction denoted by the
arrows at each point of the x — y plane. Clearly, the field magnitude is smaller towards the centre of
the monopole and this justifies the variation of « in that direction. Similarly, in Fig. 14b we show the
energy density distribution of the global monopole and the location of the observer. Clearly, there is
higher dark energy density towards the monopole centre and this justifies the higher acceleration rate in
that direction.

3.2 Global Vortex

The extended topological quintessence monopole discussed above is distinct from the varying « defects
[47] based on Bekensteins’s theory [48]. According to this model, the electric charge e (and therefore
also the fine structure constant «) is promoted to a dimensionless scalar field ¢ ~ In e with zero potential
and a kinetic term multiplied by a large dimensionful parameter w. This is similar to the corresponding
extension of General Relativity along the lines of the Brans-Dicke theory where Newton’s constant is
promoted to a scalar field. As in the Brans-Dicke theory, the parameter w is used to partly freeze the
dynamics of ¢ so that the charge variation in spacetime becomes consistent with observational and
experimental constraints [12,49]. The dynamics of the charge field ¢ affects the dynamics of the gauge
field A, which in turn affects the dynamics of any scalar field ® that couples to A, via a gauge symmetry.
Varying « defects [47] are gauged defects formed if the vacuum manifold of ® has a non-trivial homotopy
group and their dynamics is indirectly affected by the dynamics of the fine structure constant (and of ).
A potential source of severe constraints for this class of defects is that they predict massive photons
(spontaneous breaking of electromagnetism) in regions away from the defect core.

In contrast to these varying « defects, in extended topological quintessence, the defect is global and
is formed by the same field that represents c. These are global defects non-minimally coupled to elec-
tromagnetism. As a simple example in Minkowski spacetime, consider a global vortex non-minimally
coupled to electromagnetism. The dynamics of the complex scalar field ®, is determined by the La-
grangian density

1

L =(0,P)" (0" ®) — 1 B(®) F,,, F*"* =V (®), (23)

The field equations obtained by variation of ®* and A, are

ov 1 OB(®)
o = — - = F,, F*. 24
On0 o0* 4 9@ N 4)
and

8, [B(®) F*] =0, (25)

For a non-minimally coupled global vortex to form we set

A
V(@) =5 (@e )", (26)
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Fig. 14: (a) The observer location (thick dot) along with the field magnitude and direction denoted by the arrows
at each point of the x — y plane. Clearly, the field magnitude is smaller towards the centre of the monopole and this
justifies the variation of « in that direction. (b) The energy density (p) distribution of the global monopole and the
location of the observer. Clearly, there is higher dark energy density towards the monopole centre and this justifies
the higher acceleration rate in that direction.

and
|2
B(‘I)):l—f? 27)
We now use the global vortex the ansatz allowing for a coaxial magnetic field
= f(r)em, (28)
Ag = (l(?") ) (29)

where f(r) and a(r) are real functions of r and all other components of a,, are set to zero. We thus
obtain the static field equations for f(r) and a(r) as

1d ([ d 22N A 1dB(f%) (1 d 2
v i) - G- 5r) 3P (Gaom) =0 oo
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d 1d
— [ B(fH) = — 1
o < (f) o (m)) 0, 3D
since
Fp P =287 g =2 | 2 L () ’ (32)
m N =S dr '
The corresponding energy density of the vortex is:
df \? 1 9, [d(ra) 2 p2 9 A o2
=\ 528 S+ (=) 33
P <d7‘> Jr27"2 (f)( dr +r2f +4(f ) (33)

If there is no external source of electromagnetic field and if B(f?) > 0 everywhere, we obtain the usual
global vortex solution f(r) = fo(r), a(r) = 0. However, if there are regions of space where B(f?) < 0,
an instability develops which proceeds with spontaneous creation of electromagnetic field in the region
where B(f?) < 0. For example for B(f2) = 1 — ¢V (f?)/n*, an instability develops in the core, for
large enough values of q.

If there is an external source of electromagnetic fields (e.g. a localised magnetic field in the z
direction), then the profile of f(r) will be affected in accordance with eq. (30) and a local additional
variation of o will occur. Thus, a robust prediction of this class of models is a correlation between regions
of strong electromagnetic fields and variation of .. The non-observation of such variation could impose
strong constraints on the form of the coupling B(f?). The detailed investigation of these constraints
and their consistency with the form of B(f?) required to explain the observed o dipole represents an
interesting extension of this project.

3.3 Signatures on the CMB

Extended Topological Quintessence is expected to also produce a dipole asymmetry in CMB maps.
In these maps however, the dipole term is dominated by our motion with respect to the CMB frame
and therefore it has been removed completely. This removal has also swept away any subdominant
cosmological contribution to the dipole. However any axial cosmological anisotropy that is not perfectly
described by a dipole could have left a trace after the removal of the dipole. The detection of this trace
may be possible by using specially designed statistical tests. In an effort to identify this trace we consider
three large scale Healpix pixelizations of the WMAP7 ILC map and identify those pairs of opposite
pixels in the sky that correspond to Maximum Temperature Difference. We compare the magnitude
of this Maximum Temperature Asymmetry (MTA) with that expected from an isotropic model using
gaussian simulated CMB maps. We also compare the direction of the MTA with the direction of the
other observed cosmic asymmetry axes (Dark Flow, Dark Energy Dipole and o Dipole). We find the
likelihood that the observed magnitude and alignment would occur by chance in an isotropic model with
no correlation between the CMB and the other observables.

We thus construct a Temperature Difference Map (TDM) obtained by assigning to each pixel a
number equal to the difference between its temperature value and the value of the temperature of the
opposite pixel in the sky. Thus we have

D~ (1) = (T'(7;) — T(—1y)) , (34)

where 7; is the direction of the i Healpix pixel. In the context of the Healpix pixelization the opposite
pixel is always simply defined and identified. By construction, opposite pixels of the TDM are assigned
to opposite values. In the TDM we select the pixel D, . (7;) with the maximum absolute value. This
pixel along with the pixel located opposite to it defines the axis of MTA. The direction of the MTA is
then compared with the directions of other cosmic asymmetry axes (« dipole, Dark Energy dipole and
dark flow) and the corresponding angular differences are identified.
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The WMAP7 ILC maps using Healpix pixelizations with Ny;4. = 4,8, 16 (pixel size 4/ 47/ (12N 521 de)
rad i.e. about 14.7°, 7.3° and 3.7° respectively) are shown in Figure 15 along with the MTA pixels. The
original map has Ng;4. = 512.

s
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-0.153094 mK 0.141597

-0.193249 mK 0.169522

Fig. 15: Degraded temperature maps obtained from the 7 years ILC CMB map with N;4. = 4, 8, 16. The white
dots define the maximum temperature differences direction.

In Figure 16 we show the four cosmic asymmetry directions (« dipole, Dark energy Dipole, Dark
Flow and MTA) in a Mollweide projection. The filled contours around each direction correspond to the
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Fig. 16: Directions in galactic coordinates for the « (blue) and Dark Energy (green) dipoles, for the Dark Flow
direction (red) and for the direction of MTA in the 7 years ILC CMB map degraded to N;q4. = 8 (yellow).

1o error regions.

The alignment between the four asymmetry axes is remarkable. A Monte Carlo simulation [51]
of 10* ILC maps based on the best fit ACDM model has indeicated that the probability of a larger than
observed magnitude of the MTA and alignment with the « dipole in the context of ACDM is between
0.1% and 0.5%.

In view of these observational results indicating alignment of the four basic cosmic asymmetries
and the physical model of Extended Topological Quintessence that has the potential to explain this align-
ment, an important question remains to be answered: What are the detailed quantitative predictions of
Extended Topological Quintessence and how do they compare with the corresponding data? The search
for the answer to this question is currently in progress.

4 Conclusion - Outlook

I have reviewed early observational hints for deviation from the cosmological principle and statistical
isotropy. This appears to be one of the most likely directions that may lead to new fundamental physics
in the coming years. Four independent cosmologically observed asymmetry axes appear to be mutually
aligned at a level that is not consistent with homogeneous isotropic cosmology. These axes include
the Fine Structure Constant Dipole (40 away from isotropy), the Dark energy Dipole (20 away from
isotropy), the Dark Flow Axis (30 away from isotropy) and the CMB Maximum Temperature Asymmetry
Axis (1.50 away from isotropy).

A simple mechanism that has the potential to give rise to such an alignment of cosmological axes
assumes that we are off-center observers in an approximatelly spherical dark energy inhomogeneity in-
duced by non-minimally coupled to electromagnetism, topologically non-trivial scalar field (Extended
Topological Quintessence). The detailed quantitative predictions of this mechanism constitute and im-
portant extension of this research programme.

Publicly Available Files: The PowerPoint file of the talk is available at:
http://leandros.physics.uoi.gr/talks/fund-dipole.pptx . The numerical analysis files used for the construc-
tion of all the figures are available through Refs. [8,51].
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Can we push the fundamental Planck scale above 10'°GeV?
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Abstract

The value of the quantum gravity scale is Mp; = 10'9GeV. However, this is
inherently a three-dimensional quantity. We know that we can bring this scale
all the way down to TeV if we introduce extra dimensions with large volume.
This will solve the hierarchy problem by destroying the desert between the
electroweak and gravity scales, but will also introduce a host of new problems
since some things (e.g. proton stability, neutrino masses etc) have their natu-
ral habitat in this desert. In contrast, we can also solve the hierarchy problem
by reducing the number of dimensions at high energies. If the fundamental
theory (which does not have to be gravity as we understand it today) is lower
dimensional, then the fundamental energy scale might be much greater than
10'°GeV. Then, some experimental and observational limits (e.g. on Lorentz
invariance violation) which are coming close to or even exceeding the scale
of 10'GeV can be evaded. In addition, scattering of particles at transplanck-
ian energies will not produce mini-black holes which could prevent us from
probing arbitrarily short distances, and thus avoid "the end of short distance
physics".

The scale at which quantum effects in gravity become important is known as the Planck scale. In
3D, there is a unique expression with dimensions of mass (energy) that involves all the known funda-

mental constants
MEP = ] e (1)
Pl Gap

If we substitute the measured vales for ¢, h and G3p, we get the numerical value of MSID = 1019GeV.
However, this is inherently a three-dimensional value. In theories where the number of dimensions is not
three, the numerical values of Mp) maybe quite different. In the context of large extra dimensions [1,2]
(see also [3,4]), we learned that Mp could be as low as 1TeV if gravity can propagate in more than three
spatial dimensions. To make the model realistic and not in obvious contradiction with experiments, the
authors of proposed that all the standard model particles are confined on a (3 + 1)-dimensional subspace
(a brane) of a higher-dimensional manifold, while gravitons, being geometrical degrees of freedom, can
propagate everywhere. In this framework, fundamentally strong gravity is diluted due to the presence of
extra dimensions. An observer located on the brane, observing only the force lines along the brane, does
not register the gravitational force lines which propagate through the bulk, so he concludes that gravity is
weak (i.e. suppressed by much larger energy scale). Bringing the scale of quantum gravity down to 1TeV
requires having a large enough volume of the extra space. If the number of extra dimensions is three
or greater, then we can have large enough volume, and still avoid conflict with table-top gravitational
experiments. Among the other things, this setup resolves the standard model hierarchy problem.

Going exactly in the opposite direction, a framework of “vanishing" or “evolving" dimensions
was proposed in [5-10], (see also [11-18] for related work). In this framework the dimensionality of the
space we live in is not fixed, but actually depends on the length scale we are probing. As the length scale
increases, new dimensions open up. At short scales the space is lower dimensional; at the intermediate
scales the space is three-dimensional, and at large scales, the space is effectively higher dimensional. This
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setup is free of many problems that plague three-dimensional theories. If the space is lower dimensional
in the high energy regime, then there are no ultraviolet divergencies in field theories, it is possible to
quantize gravity, and the theory of matter plus gravity is free of divergencies and renormalizable. If the
space is higher dimensional at cosmological scales, then some cosmological problems (including the
cosmological constant problem) can be attacked from a completely new perspective.

In the context of evolving dimensions, the fundamental energy scale is much more peculiar. For
example, in 2D, we would like to find the quantity with dimensions of mass which can be expressed in
terms of the constants ¢, i and G. Thus we write

M = MR GE 2

Since dimensionally ¢ = L/T, h = M L?/T, and Gop = L?/(MT?), the system of equations that we
have to solve is

ny+2ne+2n3 =0 3
—nl—n2—2n3:0

nzf’ng:l

The solution is n; = 2, ng = 0, and ng = —1. Thus, in two dimensions, there is no quantity with
dimensions of mass that involves all the constants ¢, i and G. The only quantity that we can construct in
2D is

C2

Gap
The absence of 7 is notable. This may be perhaps connected with the fact that 2D general relativity has
no local propagating degrees (i.e. no gravitons in quantum case). Since Gp, unlike G3p, is a number

of unknown magnitude, the exact numerical value of MFQ,{D is also unknown. In principle, the value of
M3P could be much greater than 10'°GeV.

If we formally extend our discussion to one spatial dimension, where G1p = L/(MT?) while c
and A remain the same, the system of equations that we have to solve becomes

2D _
Mp =

4

ni+2ng +ng =0 (5
*711*”2*27?,3:0

ng—TLg:l

We find that there is no solution to this system, i.e. there is no quantity with dimensions of mass that
involves any combination of ¢, &~ and G (or at least some of them). This is perhaps connected with the
fact that 1D general relativity is not a dynamical theory.

If we accept the assumption that a fundamental high energy theory is lower dimensional, and our
3D theories are just low energy approximations, then it appears that general relativity is also an emergent
theory that emerges for the first time in 2D, and becomes a fully fledged propagating theory only in 3D.
In that case ME’,ID = 10'9GeV plays no fundamental role. The ultimate theory of space-time has its own
fundamental scale, which for all we know could be much lower or much greater than 10'9GeV. This
would also imply that it does not make much sense to quantize gravity as we know it, especially not in
3D.

If MSID = 10'GeV loses its fundamental role, then we have to re-examine many concepts that
we are taking for granted. As we mentioned, the scale at which quantum effects become important in
gravity does not have to be 101°GeV. There are two options: this scale can be either smaller or greater
than 10'9GeV. Our experience with quantum gravity energy scale much smaller than 10'9GeV is very
unpleasant. For example, low scale quantum gravity may introduce unacceptably fast proton decay.
Conservation of baryon number is just an accidental global low-energy effective symmetry, and quantum
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gravity is not expected to preserve it (as opposed to local gauge symmetries which are dynamically
preserved) [19]. The proton life-time for gravitationally induced decay (in 3D) is

N Mp \*
Tproton ~ Mproton . (6)

Mproton

In the context of the large extra dimensions, where Mp; = 1TeV, the proton lifetime is just a tiny fraction
of a second, thus requiring elaborate setups to avoid it. In general, to satisfy the current lower limit on the
proton lifetime of 1034 years, we need Mp; > 10'6GeV. Another potentially dangerous quantum gravity
induced process comes from neutron-antineutron oscillations. An operator responsible for this process
is “UDDUDD" where “U" stands for the up-quark and “D" for the down quark. This is a dimension-nine
operator, so in 3D it is suppressed by five powers of Mpj, which lifts this process safely above the current
experimental limits for Mp; > 10°GeV.

While there are many other potential dangers of the low scale quantum gravity (e.g. large mixings
between leptons, large flavor changing neutral currents, etc.) perhaps the most serious one comes from
the limits on the scale at which Lorentz invariance is violated. Near the Planck scale, the space-time
metric is expected to fluctuate wildly. Hawking suggested that that we can view these wild fluctuations
as virtual black holes which constantly pop in and out of vacuum [20]. Thus, the space-time at these
scales may not be smooth, but actually full of bumps. Particles propagating in such a background are
just slightly affected by these tiny bumps, but the effect may accumulate for particles that travel long
cosmological distances. For example, high energy photons from gamma ray bursts (GRBs) propagating
from a distant part of the universe toward us may be affected by these quantum fluctuations, which in
turn could modify their dispersion relation. Recent observations established extremely tight limits on
such effects limiting the scale at which Lorentz invariance is violated to greater than 10'°GeV for linear
(and close to that value for quadratic) energy corrections to the dispersion relations [21].

Many problems that plague low scale quantum gravity indicate that the possibility of having quan-
tum gravity scale higher than 10%GeV is much more plausible. If that is really the case, then there will
be some immediate interesting consequences. For example, the perturbative quantum gravity effects,
which are usually suppressed by powers of Planck scale [22] are now much more suppressed than in
theories where Mp; = 10'9GeV. This could obviously evade the limits where the current experiments
and observations are already excluding effects suppressed by Mp; = 10'9GeV (e.g. Lorentz invariance
violation). It would also be much more difficult to look for the signature of the Planck scale physics
in the Cosmic Microwave Background Radiation [23-28]. In an extreme case where Mp; — oo, there
would effectively be no quantum gravity.

Many consequences of a high scale quantum gravity would be model dependent. For example,
in the “vanishing dimensions" scenario where the space-time is just an ordered lattice which is lower
dimensional on short scales [5, 6], once we are probing the length scales shorter than the dimensional
crossover (say TeV™1), we do not expect our 3D intuition to hold. While in 3D scattering of particles
at transplanckian energies inevitably produces Planck-size black holes, which effectively represents “the
end of short distance physics", this does not have to be true anymore. Most of the conventional 2D
theories of gravity do not contain true singularities, and thus there are no true black holes in 2D (unless
we add cosmological constant or radically modify gravity). In 1.D, gravity stops being dynamical theory,
unless augmented by some extra fields (eg. dilaton gravity). Thus scattering at transplanckian energies
does not have to produce a mini-black hole and prevents us from probing arbitrarily short distances.
In addition, a large 3D black hole, approaching the end of its evolution by emitting Hawking quanta,
inevitably reaches lower dimensional regime where it stops being a true black hole. This scenario might
effectively circumvent the information loss paradox.

In conclusions, the purpose of this note is to point out that the scale of quantum gravity, or rather
the scale of fundamental physics of space-time (which does not have to be gravity as we understand it to-
day), could be greater than 1019GeV. One of the concrete realizations of this possibility is the framework
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of “vanishing" or “evolving" dimensions where the number of dimensions depends on the energy scale
that we are probing. If the fundamental theory is lower dimensional, and observed 3D gravity is just a
low energy effective theory, then the fundamental scale might be larger than 10'°GeV. There are many
interesting consequences of this proposal. Some experimental and observational limits which in recent
years came close to, and in some cases even exceeded the scale of 10'9GeV can be obviously evaded.
Since there are no true singularities in generic lower dimensional space-times, scattering of particles at
the center of mass energies higher than the fundamental energy scale will not yield black holes. This
implies that we can in principle probe arbitrary short distances, which was not possible in 3D. Absence
of true singularities may also have important implications for the information loss paradox. Finally, hav-
ing the fundamental scale which is much higher than 10'°GeV implies that our calculations concerning
early universe must be revisited.
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Abstract

We investigated the reverse engineering method (REM) for constructing the
potential of the scalar field in cosmological theories based on metric f(R) grav-
ity and Friedman Robertson Walker (FRW) metric. Then transposing the new
field and Friedman equations in an algebraic computing special library (in
Maple + GrTennsorll platform) we graphically investigate the shape of the
potentials in terms of the scalar field in at least two type of cosmology with
exponential and linear scale factor expansion. Some perspectives and conclu-
sions relating these results with tachyonic cosmology theories are noticed.

1 Introduction

The reverse engineering method (REM) was proposed [1] in order to reconstruct the shape of the scalar
field potentials, including tachyon-like, in cosmology starting with a certain time behavior of the scale
factor. Recently we studied REM in cosmologies with minimally and non-minimally coupled scalar field
[2] for Friedmann-Robertson-Walker metrics. We extended our study for higher order metric theories of
gravity (generically called f(R) theories [3-6]).

This time we are mostly focused on a lagrangian of the theory having the form L = R+aR? + Ly
, where R is the Ricci scalar and L represents the lagrangian of the scalar field (minimally coupled with
gravity). The field equations (modified Friedmann equations in FRW metric) will contain second order
derivatives of the scale factor. It is hard to find analytical solutions for this type of field equations and
thus a numerical investigation is necessary. For this reason we developed a series of Maple+GrTensorll
programs, organized in a special library, using the symbolic computation and graphical facilities for
processing REM in several cases: exponential, linear or sinusoidal expansion of the Universe. The
shape of the potential as a function of the scalar field is graphically investigated in order to establish a
convenient theory producing the respective time evolution of the universe.

We also present the classical behavior of several tachyon-like scalar-field potentials [1] which are
still good candidates for describing a realistic scale factor of the Universe, in particular for describing
inflation, with accent on its early phase on archimedean and nonarchimedean spaces. This approach
applied in [7] on classical and quantum dynamics for a tachyonic field with exponential potential, here
is briefly extended applied on a model with V (T') ~ cosh™!(T'). Possibility for its generalization and
quantization is pointed out in Section 4.

2 Scalar field cosmology in metric f(R) gravity

We are dealing with cosmologies based on Friedman-Robertson-Walker (FRW) metric

dr?
1—kr2

ds? = 2dt* — a(t)? + 7% (d6? + sin®0 d?) (1)
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where a(t) is the scale factor and k = —1,0, 1 for open, flat or closed cosmologies. The dynamics of
the system with a scalar field minimally coupled with metric f(R) gravity is described by the following
action [4, 6]

1 M2
2 87

s—/d4x¢?g{

where f(R) is in principle an arbitrary function of the Ricci scalar R, V' (¢) is the potential of the scalar
field and L), represents the Lagrange density for regular matter (dust, radiation, etc).

(R)+ 59,090 -V |+ [deLulguin) @

As in the Starobinsky model [5] (known to be an excellent model of chaotic inflation) we choose
for f(R) the following expression

f(R) =R+ aR? 3)

where we consider « to be a real constant (inversely proportional with the rest mass of the scalar particle
in the Starobinsky model).

Varying the action S with respect to the metric g"” we get the new field equations

1
(1+2aR) Rag—3 (R+ aR?) gag — 209" (VaV5 — 9apg” Vo Vy) Ry =
“)
1
= _¢,a¢,,6 + 9ap <2gwj¢,u¢7l/ - V(¢)>

3 Algebraic computing, ''Cosmo'' library and some graphical results

As reported previously [1] we composed a new library (called generically "Cosmo") for use in cosmology
embedded in Maple+GrTensorll algebraic computing platform (see at http://grtensor.org ). GrTensorll
is a free library (developed by a community of users) which incorporates a Riemannian geometry in a
Maple symbolic computation environment. The Cosmo library defines the main cosmological functions
and operators (Hubble constant/function, deceleration, scale factor etc.) producing the main Friedman
equations from Einstein eqs. in FRW metric. This time for our purposes we cannot use the predefined
(in GrTensorll) Einstein equations, thus we have to define new tensor components for the field equations
above mentioned by introducing a sequence of GrTensorll commands as

> grdef(‘Ec{a b} := (14 2xalphax Ricciscalar)x R{a b} —(1/2)*g{a b}*(Ricciscalar+
alpha * Ricciscalar®) — s{,a} * s{,b} + (1/2) x g{a b} * ((1/2) * g{Ai Aj}=s{,i}*s{,j}—V));

where s represents the scalar field and Ec{a b} is a tensorial object having as components the main
field equations here replacing the Einstein equations.

Fortunately we still can use the Riemannian environment defined by GrTensorll (Riemann and
Ricci tensors, Christoffell symbols for covariant derivatives, the Ricci scalar - called Ricciscalar in the
above command line, etc.). Finally after loading the FRW metric (using qload GrTensorll command)
and a sequence of gralter, simplify and subs commands we obtain the new Friedmann equations as

V(¢) = 3H(t) +6H(t)? +3 + hy(k,o, H, H..) (5)

a(t)?

$* = —2H(t)* +2

oAl ho(k, o, H, H.) (6)

where H(t) = a(t)/a(t) is the Hubble function. We arranged the equations to resemble the form of egs.
(12)-(13) in [1] and we collected in hy and ho the terms containing higher order time derivatives of H (t).
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Thus treating analytically these equations as we done in REM for previous cases mentioned above is
almost impossible so we analyzed them graphically, using the numerical and graphic facilities of Maple.

Actually the aim of REM is to recover the shape of the potential in term of the scalar field (eliminating
the time from the above equations).

To illustrate our graphical results obtained after processing the Cosmo library, we concentrate on
some examples (mainly the exponential and the linear expansion of the universe) taken from Table no. 1
of [1]. For the exponential case, when we have

a(t) = age*”, (7)

w being a real constant, we obtained the results presented in Figure 1.

- 1033
- 1033
=
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Fig. 1: V(¢) in terms of different w at k = 0 (left panel) and of different v at k = 1 and w = 0.1 (right
panel)

Similar results were obtained in the case of a linear expansion. For the sake of completeness we
analyses also several cases for the time behavior of the potential which also can offer valuable informa-
tion on the interaction theory governing the universe. Figure no. 2 below illustrates some of these results
for the two cases we processed, the exponential and the linear one.

Fig. 2: Time behavior of V in terms of different o at k£ = 0,1, —1 in the exponential case (left panel)
and the linear case (right panel)
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4 Concluding remarks and the connection with tachyonic cosmological theories

Our investigations proved that the REM is feasible even in non-Einsteinian gravity cosmologies when
no analytical solution of the REM is possible to obtain. Actually the graphical solution we applied and
processed can show the shape of the potential of the scalar field providing good information for building
an interaction theory in non-standard cosmologies.

Besides several possible approaches to include tachyonic potentials in cosmology, first of all in its
inflationary phase, we will notice here an approach triggered by Sen‘s conjecture on tachyonic matter in
context of D-brane dynamics [8]. In short, he proposed the following lagrangian

Lt(zch = Ltach(‘/v auT) = *V(T) V 1+ g'ul/auTauT (8)

For a spatially homogenous (tachyon) field T'(¢), a simplified lagrangian and the corresponding
equation of motion are respectively

Ltach = Ltach(T(t)7 T(t)) = —V(T) vV1-— T2 (9)

1 dv ., 1 dv

(t)*mﬁ (t)+mﬁ: (10)

There are numerous interesting potentials that can be incorporated in L, either motivated by string
theory or by its solvability in context of inflation theory and “Friedmanology*. For instance

v
T) = —aT T) = _m 11
Vi(T) = e BT) = 3t an

One gets, up to some unimportant constants, equations of motion for these potentials
Tt)+aT*t)—a=0 (12)
T(t) + Btanh(BT)T2(t) = Btanh(BT) (13)

However, this form of lagrangian (action), as well equation of motion, is highly nonlinear and
quite unsuitable for analytic solutions of Friedman equations, and in particular for quantization of any
particular potential, i.e. model. However, as it was shown in [7] in case of exponential potential it is
possible to find a locally equivalent lagrangian in the standard form producing the same equation of
motion. In case of the later of of above mentioned potentials it can be shown [9] that

. 1. 9 a2 9
Li(Y1, Y1) = §Y1 (t) + ?Yl (t) (14)
1 2 ) loo By 1
Ly = 5 cosh®(BT)(1+ T2(t) = Y3(1) + Y5 (1) + 5 15
where
T =Y =a'eT  T(t) = Ya(t) = B~ sinh(BT(t)) (16)

A generalization of this approach for a wide class of tachyonic potentials and quantization of the
corresponding models with quadratic lagrangians via path integral technique will be presented elsewhere
[9]. These results, as well as our REM approach to f(R) theories and (non)minimally coupled tachyonic
fields with gravity [2] are a good point for testing string-theory motivated potentials and scale factor
obtained from this approach, in least complicated solvable models and shape of potentials obtained from
rather realistic models using REM methods [10].
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Abstract

Since its launch five years ago, the Large Area Telescope, onboard of the Fermi
Gamma-ray Space Telescope, has detected the largest amount of gamma rays
in the 20 MeV - > 300 GeV energy range (nicely covering electro weak scale)
with good angular resolution and good rejection power of more numerous
charged cosmic rays. These impressive performance allows to attempt to learn
about New Physics with astronomical and astro-particle data. We will present
the latest results on these searches.

1 Introduction

The Large Area Telescope (LAT), one of two instruments onboard the Fermi Observatory, [1], is a pair
conversion telescope for photons above 20 MeV up to a few hundreds of GeV. The field of view is ~2.4 sr
and the LAT observes the entire sky every ~ 3 hours (2 orbits). The operation of the instrument through
the first five years of the mission was smooth: the LAT has been collecting science data for more than
99% of the time spent outside the South Atlantic Anomaly.

Its data are made public and distributed to the Community through the Fermi Science Support
Center (FSSC) ! and have been used widely.

In what follows we will present some of the most important results of the Fermi LAT mission,
focusing on those related to searches for signatures of Dark Matter (DM) annihilations in our and neigh-
boring Galaxies.

2 The Second Fermi-LAT catalog

The high-energy gamma-ray sky is dominated by diffuse emission: more than 70% of the photons de-
tected by the LAT are produced in interactions of the Galactic cosmic rays with interstellar medium and
radiation fields. As a consequence the disk of our Milky Way Galaxy shines brightly in the Fermi sky.
An additional diffuse component with an almost-isotropic distribution presents another significant frac-
tion of the LAT photons. Due to its isotropic distribution it is thought to be of extragalactic in origin.
The rest consists of various different types of point-like or extended sources: extragalactic ones as Ac-
tive Galactic Nuclei (AGN) and normal star forming galaxies, as well as Galactic sources as pulsars and
their relativistic wind nebulae, globular clusters, binary systems, shock-waves remaining from supernova
explosions and nearby solar-system bodies like the Sun and the Moon.

The Second Fermi-LAT catalog (2FGL) [2] is the deepest catalog ever produced in the energy
band between 100 MeV and 100 GeV, containing more than 1800 sources. Most of the sources are of
extragalactic origin, blazars being the most numerous kind, with more than 800 detected ones. Among
Galactic sources, LAT identified 117 gamma ray pulsars [3] and discovered millisecond gamma ray
pulsars, being therefore dubbed the ’pulsar machine’. In addition to firmly identified sources, based
either on periodic variability or on spatial morphology or on correlated variability, 576 (i.e. 31% of

*E-mail: gzaharij@ictp.it
!The FSSC is available at http:/fermi.gsfc.nasa.gov/ssc
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the total number of entries in the catalog) are still unassociated with known astrophysical objects. In
addition, the first catalog of high energy sources has recently been published [4] and the first catalog of
Super Nova Remnants (SNRs) is in preparation [5].

3 Indirect Dark Matter searches

One of the major open issues in our understanding of the Universe is the nature of an extremely-weakly
interacting form of matter, the dark matter. The evidence for its existence is supported by a wide range
of observations including large scale structures, the cosmic microwave background and the isotopic
abundances resulting from the primordial nucleosynthesis, all of them being sensitive to its gravitational
interaction. Due to the universal nature of gravity a different kind of probe is needed to pinpoint its
particle physics properties. Complementary to direct searches being carried out in underground facilities
and at accelerators, the indirect search for DM is one of the main of goals of Fermi Science. The indirect
searches look for signatures of Weakly Interactive Massive Particle (WIMP) annihilation or decay in the
surplus of its final products: stable standard model particles as gamma-rays, electrons and positrons,
antiprotons. Among many other ground-based and space-borne instruments, the LAT plays a prominent
role in this search through a variety of distinct search targets: gamma-ray lines, Galactic and isotropic
diffuse gamma-ray emission, dwarf satellites, Cosmic Ray (CR) electrons and positrons.

3.1 Galactic center

The center of our Galaxy is expected to be the strongest source of y-rays from DM annihilation, due to
its coincidence with the cusped part of the DM halo density profile [6], [7], [8].

The diffuse gamma-ray backgrounds and discrete sources, as we know them today, can account
for the large majority of the detected gamma-ray emission from the Galactic Center. Nevertheless in
a preliminary analysis of the data, taken during the first 11 months of the Fermi satellite, a residual
emission not accounted for by the above models was found [9], [10]. Improved modeling of the Galactic
diffuse emission (for example, by taking advantage of advanced statistical analysis tools to scan over
many parameters of the diffuse emission, along the lines of work presented in [11, 13]), as well as the
potential contribution from other astrophysical sources (for instance unresolved point sources) should
provide a more robust description of the data. Analyses are underway to investigate these possibilities.
At the same time the community has responded actively to this issue, with many papers discussing
properties and nature of such residual emission, e.g. [14, 15]. It should be noted that based only on
gamma ray signatures in the Galactic Center it might be impossible to distinguish between dark matter
signal and that of the unresolved population of pulsars. In such case DM detection can be claimed only
if its signatures are confirmed by some other probe and/or in a different target.

3.2 Galactic halo

In order to minimize uncertainties connected with the region of the Galactic Center, analysis in [11]
considered a region of interest consisting of two off-plane rectangles (5° < |[b] < 15 and |I| < 80%)
and searched for continuum emission from dark matter annihilation or decay in the smooth Galactic
dark matter halo. They considered two approaches: a more conservative one in which limits were set
on DM models assuming that all gamma ray emission in that region might come from dark matter (i.e.
no astrophysical signal is modeled and subtracted). In a second, arguably more realistic approach, dark
matter source and astrophysical emission were fit simultaneously to the data, marginalizing over several
relevant parameters of the astrophysical emission. As no robust signal of DM emission is found, further
conservative choices were made in a process of setting the DM limits.

These limits are particularly strong on leptonic DM channels, which are hard to constrain in most
other probes (notably in the analysis of the dwarf Galaxies, described below). This analysis strongly
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Fig. 1: Upper limits on WIMP annihilation cross sections in the Milky Way halo, for the muon (left) and tau (right)
annihilation channels, as derived in [11].

Predicted dSph Limits for bb Channel

- Upper limits, Joint Likelihood of 10 dSphs 10-3
10 —e— 2yr. 10 dSphs (Published)
3.10°% -+« pu*p~ Channel - @ - 2yr. 10 dSphs (Spatial Extension)
— b Channel s WHWT Channel - @ - 2yr, 30 dSphs
102 = s+ Channel - @ = 10yr. 10 dSphs
1024 || —e— 10yr. 30 dSphs (Spatial Extension)

1023

ERUEat
10%

107

WIMP cross-section [cm? /s]

1026

102

10 10° 10° 10-*7
WIMP mass [GeV]

1 H
10! 10? 10*
Mass (GeV)

Fig. 2: Left: 95% C.L. upper limits on WIMP annihilation cross sections for different channels, from [21]. Right:
Predicted 95% C.L. upper limits on WIMP annihilation cross sections in 10 years for bbar channel, from [22].

challenges DM interpretation [12] of the positron rise, observed by PAMELA [16], Fermi LAT [17, 18]
and most recently AMS-02 [19] (see figure 1).

3.3 Dwarf galaxies

Dwarf spheroidal (dSphs) satellites of the Milky Way are old system with small amount of interstellar
gas and with a very large mass-to-luminosity ratio (i.e. systems which are largely DM dominated).
Detection of gamma rays from dwarf Galaxies is therefore considered to be one of the ”smoking guns”
of dark matter detection. The LAT so far detected no significant emission from these objects and the

upper limits on the ~-ray flux were used to put stringent constraints on the parameter space of well
motivated WIMP models [21].

A combined likelihood analysis of the 10 most promising dwarf galaxies, based on 24 months of
data was presented in [21]. The main advantages of the combined likelihood are that the background
analysis can be individually optimized for location of each dwarf galaxy, while the combined limits are
more robust under individual background fluctuations and under uncertainties related to the estimated
dark matter content, when compared to the limits from each individual dwarf galaxy. The derived 95%
C.L. upper limits on WIMP annihilation cross sections for different channels are shown in figure 2 (left).
The most generic cross section (~ 3 - 10726cm3s~! for a purely s-wave cross section) is plotted as
a reference. These results are obtained for NFW profiles [20] but for cored dark matter profile the J-
factors for most of the dSphs would either increase or not change much so these results includes J-factor
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uncertainties [21].

With the present data we are able to rule out large parts of the parameter space, in particular
thermally produced WIMPS with mass of few tens of GeV.

Future improvements (apart from increased amount of data) will include an improved event selec-
tion with a larger effective area and photon energy range, and the inclusion of more satellite galaxies.
In figure 2 (right) are shown the predicted upper limits in the hypothesis of 10 years of data instead of
2; 30 dSphs instead of ten (supposing that the new optical surveys, such as Dark Energy Surrvey (DES)
and PanSTARSS will find new dSph due to their larger coverage of the sky) and due to the inclusion of
the spatial extension of dSphs in the analysis (source extension increases the signal region at high energy
E > 10 GeV, M > 200 GeV) as calculated in [22].

Other complementary limits derived with the Fermi LAT collaboration include the search for DM
signatures in Galaxy clusters [23], possible anisotropies generated by the DM halo substructures [24],
the search for Dark Matter Satellites [25] and a search for high-energy cosmic-ray electrons from the
Sun [26].

3.4 Gamma-ray lines

A gamma-ray spectral line at the WIMP mass could be produced in annihilations or decays of DM
particles to two photons (via loop processes, as direct coupling to photons is usually considered forbidden
for standard dark matter candidates?). It could be observed as a particular feature in the astrophysical
source spectrum [8]. Such an observation would be another “smoking gun” for WIMP DM as it is
difficult to explain such feature by usual astrophysical processes, specially if it is observed over several
directions in the sky. A presence of a feature due to annihilation into vZ in addition would be even more
convincing. No significant evidence of gamma-ray line(s) has been found in the first two years of data
from 7 to 200 GeV [27] (see also [28]).

In early 2012, the claim of an indication of line emission in Fermi-LAT data [29, 30] has drawn
considerable attention. Using an analysis technique similar to [28], but doubling the amount of data as
well as optimizing the region of interest for signal over square-root of background, [29] found a (trial
corrected) 3.2 o significant excess at a mass of ~ 130 GeV that, if interpreted as a signal would amount

to a cross-section of about < ov >~ 10"27em3s71.

The signal is found to be concentrated on the Galactic Centre with a spatial distribution consistent
with an Einasto profile [31]. This is marginally compatible with the upper limit presented in [27].

The follow up analysis of the Fermi LAT team uses 4 year data and has improved over the two year
paper in three important aspects: i) the search was performed in five regions of interest optimized for
DM search under five different assumptions on the morphology of the DM signal, ii) new improved data
set (pass 7 reprocessed, [32]) was used, as it corrects for loss in calorimeter light yield due to radiation
damage during the four years of the Fermi mission and iii) point spread function (PDF) was improved by
adding a second dimension to the previously used triple Gaussian PDF model (such procedure is shown
to increase the sensitivity to a line detection by 15%). In that analysis [33, 34] no globally significant
lines have been fond and new limits to this DM annihilation channel were set (see figure 3). In a close
inspection of the 130 GeV feature it was found that indeed there exist a 133 GeV signal at 4.50 local
significance, when a 1D’ PSF and old data sets were used (consistently with what [29,30] have found).
However, the significance drops to 3.30 (local, or < 20 global significance once trials factors are taken
into account). In addition, a weaker signal is found at the same energy in the control sample (in the
Earth limb), which might point to a systematics effect present in this data set. In order to examine this
possibility weekly observations of the Limb are scheduled, and a better understanding of a nature of the
excess in the control sample should be available soon.

“However, there are several models which can generate the ~-ray line from tree level. For instance, some composite Dark
Matter models or magnetic dipole interaction have the photon production directly.
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Fig. 3: Dark matter annihilation 95% CL cross section upper limits into - for the Einasto profile for a circular
region of interest (ROI) with a radius Rgc = 16° centered on the GC with |b| < 5° and || > 6° masked, [34].

A new version of the event-level reconstruction and analysis framework (called Pass 8 , [35]) is
being prepared for release within the Fermi LAT collaboration. With this new analysis software we
should increase the efficiency of the instrument at high energy and have a data set based on independent
event analysis thus gaining a better control of the systematic effects. Also, a new observational strategy
exposing favorably the region of the Galactic Center has recently been recommended?® and could start
already towards the end of this year.

4 Conclusions

The Fermi LAT turned five years in orbit on June, 2013, and it is living up to its expectations in terms
of richness of scientific results delivered to the community. The mission is planned to continue at least
four more years with many remaining opportunities for discoveries, both astrophysics-related and some
hopefully in the fundamental sector.

Acknowledgments

The Fermi LAT Collaboration acknowledges support from a number of agencies and institutes for both
development and the operation of the LAT as well as scientific data analysis. These include NASA
and DOE in the United States, CEA/Irfu and IN2P3/CNRS in France, ASI and INFN in Italy, MEXT,
KEK, and JAXA in Japan, and the K. A. Wallenberg Foundation, the Swedish Research Council and
the National Space Board in Sweden. Additional support from INAF in Italy and CNES in France for
science analysis during the operations phase is also gratefully acknowledged.

References

[1] W.B.Atwood et al. [Fermi Coll.], ApJ 697 (2009) 1071-1102 [arXiv:0902.1089]
[2] A. Abdo et al. [Fermi Coll.], ApJS 199 (2012) 31 [arXiv:1108.1435]

3
See http : //fermi.gsfc.nasa.gov/ssc/proposals/alt,bs/obsy odes.html for more info.

175



Fermi Large Area Telescope as a dark matter search tool

[3] A. Abdo et al. [The Fermi-LAT Collaboration], Astrophysical Journal Supplement 208, 17 (2013)
[arXiv:1305.4385 [astro-ph.HE]].

[4] M.Ackermann, et al., [Fermi-LAT Collaboration], Astrophysical Journal Supplement 2013, 209, 34,
arXiv:1306.6772 [astro-ph.IM]

[5] F. de Palma et al. [ for the Fermi LAT Collaboration], arXiv:1304.1395 [astro-ph.HE].
[6] A. Morselli ef al., Nucl.Phys. 113B (2002) 213

[7] A.Cesarini, F.Fucito, A.Lionetto, A.Morselli, P. Ullio, Astropart. Phys. 21 (2004) 267 [astro-
ph/0305075]

[8] E. Baltz et al., JCAP 07 (2008) 013 [arXiv:0806.2911]

[9] V. Vitale and A. Morselli for the Fermi/LAT Collaboration, 2009 Fermi Symposium
[arXiv:0912.3828]

[10] A. Morselli, B.Caiadas, V.Vitale, Il Nuovo Cimento 34 C, N. 3 (2011) [arXiv:1012.2292]
[11] M.Ackermann et al. [Fermi Coll.], ApJ 761 (2012) 91 [arXiv:1205.6474]

[12] D. Grasso, S. Profumo, A. W. Strong, L. Baldini, R. Bellazzini, E. D. Bloom, J. Bregeon, G. di
Bernardo, D. Gaggero, N. Giglietto, T. Kamae, L. Latronico, F. Longo, M. N. Mazziotta, A. A.
Moiseev, A. Morselli, J. F. Ormes, M. Pesce-Rollins, M. Pohl, M. Razzano, C. Sgro, G. Spandre and
T. E. Stephens, Astroparticle Physics 32 (2009) 140 [arXiv:0905.0636]

[13] R. Trotta, G. Johannesson, I. V. Moskalenko, T. A. Porter, R. R. de Austri and A. W. Strong,
Astrophys. J. 729, 106 (2011) [arXiv:1011.0037 [astro-ph.HE]].

[14] D. Hooper and T. Linden, Phys. Rev. D 84, 123005 (2011) [arXiv:1110.0006 [astro-ph.HE]].

[15] K. N. Abazajian and M. Kaplinghat, Phys. Rev. D 86, 083511 (2012) [arXiv:1207.6047 [astro-
ph.HE]].

[16] O.Adriani. et al. [PAMELA Coll.], Phys. Rev. Lett. 106 ( 2011) 201101

[17] A.A.Abdo et al. [Fermi Coll.], PRL 102 (2009) 181101 [arXiv:0905.0025]

[18] M.Ackermann et al. [Fermi Coll.], Phys. Rev. D 82 (2010) 092004 [arXiv:1008.3999]
[19] M. Aguilar et al. [AMS Collaboration], Phys. Rev. Lett. 110, no. 14, 141102 (2013).

[20] J.Navarro, J.Frenk, S.White Astrophys. J. 462 (1996) 563 [arXiv:astro-ph/9508025]

[21] M.Ackermann et al. [Fermi Coll.], Phys. Rev. Lett. 107 (2011) 241302 [arXiv:1108.3546]

[22] R. C. Cotta, A. Drlica-Wagner, S. Murgia, E. D. Bloom, J. L. Hewett and T. G. Rizzo, JCAP 1204,
016 (2012) [arXiv:1111.2604 [hep-ph]].

[23] M.Ackermann, et al. [The Fermi-LAT Collaboration], arXiv:1308.5654 [astro-ph.HE].

[24] M. Ackermann et al. [Fermi Coll.], Phys. Rev. D 85 (2012) 083007 [arXiv:1202.2856]

[25] M. Ackermann et al. [Fermi Coll.], ApJ 747 (2012) 121 [arXiv:1201.2691]

[26] M. Ajello et al. [Fermi Coll.], Phys. Rev. D 84 (2011) 032007 [arXiv:1107.4272]

[27] M. Ackermann et al. [Fermi Coll.], Physical Review D 86 (2012) 022002 [arXiv:1205.2739]
[28] A. Abdo et al. [Fermi Coll.], Phys. Rev. Lett. 104 (2010) 091302 [arXiv:1001.4836]

[29] C. Weniger, JCAP 1208 (2012) 007 [arXiv:1204.2797 [hep-ph]].

[30] M. Su and D. P. Finkbeiner, arXiv:1206.1616 [astro-ph.HE].

[31] T. Bringmann and C. Weniger, Dark Universe 1 (2012) 194-217 [arXiv:1208.5481]

[32] J. Bregeon et al. [ M. Wood Fermi-LAT Collaboration], arXiv:1304.5456 [astro-ph.HE].
[33] E. Bloom et al. [On Behalf of the Fermi-LAT Collaboration], arXiv:1303.2733 [astro-ph.HE].

[34] M. Ackermann et al. [Fermi-LAT Collaboration], Physical Review D 88, 082002 (2013)
arXiv:1305.5597 [astro-ph.HE].

[35] W. Atwood et al. [Fermi-LAT Collaboration], arXiv:1303.3514 [astro-ph.IM].

176



Summary Reports






AdS braneworld with Backreaction

Neven Bili¢® % * and Gary B. Tupper®® 1

@ Rudjer Boskovi¢ Institute, 10002 Zagreb, Croatia

b Centre for Theoretical and Mathematical Physics, Department of physics, University of Cape Town,
Rondebosch 7701, South Africa

¢ Departamento de Fisica, Universidade Federal de Juiz de Fora, 36036-330, Juiz de Fora, MG, Brazil
@ Associate Member, National Institute for Theoretical Physics

Abstract

We review the tachyon model derived from the dynamics of a 3-brane moving
in the AdSs bulk. The bulk geometry is based on the Randall-Sundrum II
model extended to include the radion. The effective tachyon Lagrangian is
modified due to the back-reaction of the brane on the bulk geometry.

In the Randall- Sundrum model (RS II) [1] the bulk metric is AdS5/Z5 with the observer brane at
y = 0 and a negative tension brane at the AdS horizon (y = o). However, the naive AdS5 geometry is
distorted by a scalar mode, the radion, related to the interbrane distance. One arrives at the 5-dimensional
line element [2]

— Ly e*?ky 2
sty = (04 ) et — (S5 ) ™ 1)

where the field ¢ = ¢(x) represents the radion. Integrating the 5-dim bulk action over the fifth coordinate
from y = 0 to y = oo and imposing the RS II fine tuning condition

6k
= —— = ORs (2)

one obtains the effective 4-dim action on observer’s brane [2]

R 1.,
Shulk = /d4x\/ —g <_2f( + 59” (I),M(I),u> . 3)

Here we have introduced the 4-dim gravitational constant K = K 5)k and the ¢(x) substitute

O(x) = \/Esinh_1 Vo(z) “4)

is the canonically normalized radion.

Next we consider a 3-brane moving in the 5-dimensional bulk with the geometry (1). The brane
may be parameterized by XM = (2#,Y (x)). The 5-th coordinate Y is treated as a dynamical field. By
making use of the induced metric

gLan = g(S)MNX,],\LJX,];[ &)

we find the brane action in the form

- o—2kY)2 1/2
Shrane = —0 / d*ay/—g (e + ¢)? (1 - ())?,g#%m) : (6)
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Changing Y to a tachyon field 6 = e*¥’ /k, we obtain the total effective Lagrangian

1
2

o (14 k2626)2
L gre B, — F%\/1 — gm0 .0, (1 + k262¢)—3. (7
If the radion were absent we would have an undistorted AdS; geometry and the above Lagrangian would

describe a pure tachyon condensate with inverse quartic potential [3].

The total energy momentum tensor may be expressed in terms of two ideal fluids. As usual we
identify the pressure with the Lagrangian (7) from which we derive the energy density as the Hamilto-
nian. We then derive Hamilton’s equations and examine the model assuming a homogeneous isotropic
evolution. We take 0 = oRrg/3 = 2k?/K and solve numerically Hamilton’s equations starting from
t = 0 with appropriately chosen initial conditions. We find that the radion field ¢ undergoes damped
oscillations with the amplitude decreasing as 1/¢. Unlike the pressure of a pure tachyon with inverse
quartic potential, the modified pressure does not vanish as the tachyon rolls near minimum. The effective
equation of state obtained by averaging over large scales describes a warm dark matter [4,5].

We have found the effective tachyon Lagrangian modified by the interaction with the radion in
an AdS—5 geometry distorted by the back-reaction. As a consequence of the back-reaction, the tachion
fluid behaves as a kind of warm dark matter in contrast to pressureless pure tachyon matter
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