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THE 𝛬CDM MODEL OF COSMOLOGY

Complemented with the inf lat ionary 
scenario to generate primordial fluctuations 
that seed large scale structures we observe 
today

The ΛCDM model has emerged as a phenomenological model in 
good agreement to a large span of cosmological data.

The ΛCDM model (Lambda cold dark matter)            

In this model, the universe contains three 
major components: dark energy (Λ) cold 
dark matter and ordinary matter.Dark  
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THE 𝛬CDM MODEL OF COSMOLOGY

With the improvement of the number and the accuracy of 
observations, discrepancies among key cosmological 
parameters of the model have emerged.

One of the most statistically significant 
tension is the H0-tension:

In the Realm of the Hubble tension � a Review of Solutions 24

Figure 2. Filtered version of Fig. 1 showing the 68% CL constraints of the Hubble
constant H0 with error bars less than 3 km s�1 Mpc�1 for the direct measurements
and less than 1.5 km s�1 Mpc�1 for the indirect estimates. Similar to Fig. 1, the
cyan vertical band corresponds to the H0 value from SH0ES Team [2] (R20, H0 =
73.2 ± 1.3 km s�1 Mpc�1 at 68% CL) and the light pink vertical band corresponds to
the H0 value as reported by Planck 2018 team [11] within a ⇤CDM scenario. A dotted
vertical line for H0 = 69.3 km s�1 Mpc�1 has been added for a quick visualization of
the division for the H0 values obtained in the di↵erent measurements.

The disagreement between predictions 
of H0 f rom ear ly universe probes  
assuming the ΛCDM model, and late 
t ime, dete r m inat ions o f H0 f rom 
measurements of distances and redshifts.

[Abdalla et al., ‘22] 



• Primordial gravitational waves are a generic prediction of 
cosmological inflation. Their amplitude is typically too small 
for being directly detected by gravitational wave (GW) 
experiments. 

PRIMORDIAL GRAVITATIONAL WAVES

• Cosmological scenarios that can enhance the tensor 
primordial spectrum at different scales might be tested with 
gravitational wave experiments  at different scales 



POST-INFLATIONARY EVOLUTION 

Planck Inflation BBN CMB

1015GeV TeV GeV MeV eV

➠ While 𝛬CDM model is supported by current data, the 
physics from reheating to Big-Bang Nucleosynthesis (BBN)  
remains highly unconstrained.

➠ During such period, the universe may have gone through a 
non-standard period of expansion due to presence of new 
dof’s driving non-standard epochs

➠ Interestingly, a scalar-tensor dominated epoch may rise the 
primordial gravitational wave spectrum to observable levels  
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D-BRANE SCALAR-TENSOR THEORIES 
D-branes and the Disformal Dark Sector
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• Scalar-tensor theories arise naturally in string theory 
models of cosmology 

• Particularly interesting are those arising in D-brane 
models of cosmology and particle physics:  
The induced metric on the brane is a particular form of 
more general metric introduced by Bekenstein

g̃µ⌫ = C(�)gµ⌫ +D(�)@µ�@⌫�

Longitudinal (matter) and transverse 
(scalar) fluctuations are disformally 
coupled via DBI action. [Dimopoulos, Wills, IZ,’11;  

Koivisto, Wills, IZ ’13] 

[Bekenstein, ’92] 



• Consider the following action:

where matter is coupled to      via�

We continue with a phenomenological section ??, which starts examining how the
initial scalar dynamics drives an initial epoch of DBI kination. This phase a↵ects the early
evolution of the Hubble parameter. Consequently, it enhances the size of the inflationary
SGWB spectrum, which acquires a broken power-law profile with a peak amplitude well
within the sensitivity curves of PTA experiments. Interestingly, the characteristic scale
controlling the DBI kination is comparable with the scale of QCD transition. We compare
the profile with recent data from Nanograv collaboration ??.

After examining the consequences of our set-up for GW physics, in section ?? we
discuss how the string-motivated axion potential can drive phases of dark-energy domi-
nation, which follow the previously-described initial phase of kination. The structure of
the axion potential is determined by the isometries of the extra-dimensional space, as
well as non-perturbative e↵ects. It can be su�ciently rich to first drive a phase of early
dark-energy domination – which can address the Hubble tension problem [] – and a late
dark energy epoch, which explains the current acceleration of our universe. Interestingly,
the parameters characterising the system satisfy the swampland criteria and represent an
acceptable set-up for building models of dark energy within string theory (see e.g. [] for
a review).

This framework of early non-standard dynamics can also be probed in terms of relict
DM [] and neutrino energy density. In the Discussion section ?? we speculate...check
Lambiase

3 Our set-up

In this section we discuss the e↵ective action for a string-motivated D-brane system.
It can be described in terms of a scalar-tensor theory with interesting consequences for
cosmology and the physics of gravitational waves. Our scenario is motivated by D-brane
scalar-tensor theories as discussed in [15]: we consider a (stack of) D-brane(s) that moves
along the angular direction of an internal warped compactification. The axion field �

is associated with the position of the brane through the extra-dimensional space. The
system is described by a scalar-tensor theory characterized by disformal couplings of the
scalar to the metric [] and matter fields. The reader interested in more general scenarios –
including conformal couplings between the scalar and the metric – can consult [1,16–18].

The scalar-tensor action to consider is:
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2 = M�2

pl

= 8 ⇡ G, and M is a mass scale entering in the scalar kinetic term, related to
the (possibly warped) tension of the D-brane. Matter fields contained in action (3.3) are
disformally coupled to the metric gµ⌫ entering in eq (??):

g̃µ⌫ = gµ⌫ +
@µ� @⌫�

M4

. (3.4)

We assume that matter is a perfect fluid, characterized by pressure and energy density
only (see [15] for details).

The scalar kinetic terms have the characteristic Dirac-Born-Infeld (DBI) form of D-
brane actions [] Polchinski. The scalar potential V (�) in eq (3.2) contains various contri-
butions, which are periodic functions of the size of the internal angular dimensions. We
focus on the case of a D3-brane fixed at a specific value of the radial component along
the extra dimensions. Its position is also fixed within four internal angular directions,
leaving the object free to move along only one angular direction in the compact space.
The motion of the brane through this angular direction is controlled by an axion field
� which appear in the scalar-tensor actions (??). See e.g. [19] (and [20]) for a scenario
where this idea is explicitly explored to realise natural inflation with D3 and D5 branes
in a warped resolved conifold geometry citation needed to this WRC.

Let us bit more explicit on the structure of the axion potential. The D-brane scalar
potential entering eq (??) acquires the schematic form citation needed:
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normalization – will give rise to the scalar field � appearing in action (??). The quantity
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0
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The indexes (l, m) denote quantum numbers associated to isometries of the internal ge-
ometry. The specific form of HA

l , HB
l is not too important, as they are functions of

the fixed radial D-brane position ⇢
0

. Considering for definiteness the values (l, m) =
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Therefore, the potential acquires the structure
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1In [19, 20], only the independent solutions for (l,m) = (0, 0), (1, 0), were kept, so that �h took the
form �h = A1(⇢0) + A2(⇢0) cos ✓
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[Koivisto, Wills, IZ, ’14;  
Dutta, Jimenez, IZ, ’16-’17;  

Chowdhury, Tasinato, IZ, ’22-23]

(M = scale, related to brane tension, warping, wrapping, etc)



where:

COSMOLOGICAL EVOLUTION
In FRW background, evolution equations in Einstein frame (with 
respect to       ) becomegµ⌫

For suitable values of the coe�cients,the potential can be arranged to be

V
1

(�) = V
0ede

(1 � cos[ �/f
1

])3 , (3.9)

where we express the potential in terms of a canonically normalized angular field �. The
quantity f

1

is an axion decay constant: we express it in terms of a dimensionless number,
pulling out a factor of  in eq (3.9). This is the structure of the potential recently
introduced for the so called early dark energy [21, 22] to relax the H

0

discrepancy []. We
will discuss this topic in more detail in section ??.

Besides eq (3.9), there may be additional non-perturbative contributions to e↵ective
potential, originating from bulk physics, which generate extra periodic potential terms. if
possible, few extra words would be welcome. We assume that such contributions
are present, and we include an additional term to the total axion potential, as [23, 24]:

V
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with f
2

an extra dimensionless decay constant. To summarize in what follows we consider
the following total potential for the scalar field
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We plug the potential (3.11) in the total action (??), and we study the consequences of
this system for the cosmological evolution of our universe.

Evolution equations

The equations of motion for the scalar and the scale factor in a Friedmann-Lemaitre-
Robertson-Walker metric, as derived from the Einstein-frame action (??), result take the
form [1, 16,17]
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where the subindex N indicates derivatives with respect to the number of e-folds dN =
Hdt. For convenience we make use of the dimensionless scalar quantity ' ⌘  �. We
introduce the scalar-dependent Lorentz factor �, the quantity that characterize DBI mod-
els:

��2 = 1 � H2
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N
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as well as the combination

B = 1 �
�2 '2

N
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Furthermore, we define

� ⌘ V

⇢
(3.15)

as the characteristic quantity that controls the size of the axionic potential term with
respect to the total energy density.

Since in what follows we are interested in comparing the expansion rates between our
modified cosmological evolution and standard ⇤CDM cosmology, we work in the Jordan
frame where energy momentum and entropy are conserved. (See the discussion in [1].)
The energy density, pressure and equation of state result:

⇢̃ = ��1 ⇢, p̃ = � P, w̃ = w �2, (3.16)

where the non-tilded quantities are those in the Einstein frame, as appearing in eqs (??).
Moreover, the quantity ⇢̃ =

P
i ⇢̃i, is the total background energy density: the index i runs

over matter, radiation and possibly a cosmological constant, and !̃ takes into account of
the degrees of freedom at a given temperature during cosmic evolution (see e.g. [1]). The
departure from the standard cosmological evolution can thus be parametrized by the ratio
of Hubble parameters in our scalar-tensor gravity, with respect to its value in GR:

H̃

HGR
=

�3/2(1 + �)1/2

B1/2
. (3.17)

The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
time evolution of the scalar – when the potential term contributions are negligible – are
associated with the DBI form of its kinetic terms: during this phase, the amplitude of
primordial gravitational waves is enhanced. As the scalar potential V becomes important,
additional interesting consequences occur for cosmology. These topics are the subject of
next section.

2In contrast to the conformal case [4, 12], or for the case of sti↵ equation of state [].
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(    takes into account departures from 1/3 when a species 
becomes non-relativistic)
!
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where the subindex N indicates derivatives with respect to the number of e-folds dN =
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introduce the scalar-dependent Lorentz factor �, the quantity that characterize DBI mod-
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Furthermore, we define
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as the characteristic quantity that controls the size of the axionic potential term with
respect to the total energy density.

Since in what follows we are interested in comparing the expansion rates between our
modified cosmological evolution and standard ⇤CDM cosmology, we work in the Jordan
frame where energy momentum and entropy are conserved. (See the discussion in [1].)
The energy density, pressure and equation of state result:

⇢̃ = ��1 ⇢, p̃ = � P, w̃ = w �2, (3.16)

where the non-tilded quantities are those in the Einstein frame, as appearing in eqs (??).
Moreover, the quantity ⇢̃ =

P
i ⇢̃i, is the total background energy density: the index i runs

over matter, radiation and possibly a cosmological constant, and !̃ takes into account of
the degrees of freedom at a given temperature during cosmic evolution (see e.g. [1]). The
departure from the standard cosmological evolution can thus be parametrized by the ratio
of Hubble parameters in our scalar-tensor gravity, with respect to its value in GR:
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The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
time evolution of the scalar – when the potential term contributions are negligible – are
associated with the DBI form of its kinetic terms: during this phase, the amplitude of
primordial gravitational waves is enhanced. As the scalar potential V becomes important,
additional interesting consequences occur for cosmology. These topics are the subject of
next section.

2In contrast to the conformal case [4, 12], or for the case of sti↵ equation of state [].
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The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
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Figure 4: Evolution of !̃ in (3.9) as function of temperature during the radiation domi-

nated era.

[24–26] indicate that ↵0 should be very small, with values ↵2
0 . 10�5, while binary pulsar

observations impose that ↵0
0 & �4.5. The last constraint applies to the the speed-up

factor ⇠, which has to be of order 1 before the onset of BBN. In our examples we have

↵2
0 ' 2⇥ 10�5, ↵0

0 > 0 and ⇠ ⇡ 1.05.

3.1.3 Impact on relic abundances

We are now ready to discuss the impact of the modified expansion rates on the relic abun-

dance of dark matter species. For a dark matter species � with mass m� and annihilation

cross-section h�vi, where v is the relative velocity, the dark matter number density n�

evolves according to the Boltzmann equation

dn�

dt
= �3H̃n� � h�vi �n2

� � (neq
� )2

�
, (3.15)

where, as we have discussed above, the relevant expansion rate is the Jordan frame one,

which can give interesting e↵ects due to the presence of the scalar field. Further neq
� is the

equilibrium number density. We can rewrite this equation in terms of x = m�/T̃

dY

dx
= � s̃h�vi

xH̃

�
Y 2 � Y 2

eq

�
. (3.16)

where Y = n
�

s̃ , s̃ = 2⇡
45 gs(T̃ )T̃

3. Numerical solutions to the Boltzmann equation (3.16) with

the modified expansion rate H̃ were found for dark matter particles with masses ranging

from 5 GeV to 1000 GeV. For instance, we show solutions in figures 5 and 6 for two di↵erent

masses. As we can see from (3.16), the annihilation cross-section influences the evolution

of the abundance Y . The current value of Y determines the present dark matter content of

the universe. This can be seen clearly by recalling the current value of the energy density

parameter ⌦0 = ⇢0
⇢
c,0

= mY0 s0
⇢
c,0

, where ⇢c,0 and s0 are the well-known current values of the

critical energy density and the entropy density of the universe, respectively. So, for each
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We plug the potential (3.11) in the total action (??), and we study the consequences of
this system for the cosmological evolution of our universe.

Evolution equations

The equations of motion for the scalar and the scale factor in a Friedmann-Lemaitre-
Robertson-Walker metric, as derived from the Einstein-frame action (??), result take the
form [1, 16,17]
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where the subindex N indicates derivatives with respect to the number of e-folds dN =
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as the characteristic quantity that controls the size of the axionic potential term with
respect to the total energy density.

Since in what follows we are interested in comparing the expansion rates between our
modified cosmological evolution and standard ⇤CDM cosmology, we work in the Jordan
frame where energy momentum and entropy are conserved. (See the discussion in [1].)
The energy density, pressure and equation of state result:

⇢̃ = ��1 ⇢, p̃ = � P, w̃ = w �2, (3.16)

where the non-tilded quantities are those in the Einstein frame, as appearing in eqs (??).
Moreover, the quantity ⇢̃ =

P
i ⇢̃i, is the total background energy density: the index i runs

over matter, radiation and possibly a cosmological constant, and !̃ takes into account of
the degrees of freedom at a given temperature during cosmic evolution (see e.g. [1]). The
departure from the standard cosmological evolution can thus be parametrized by the ratio
of Hubble parameters in our scalar-tensor gravity, with respect to its value in GR:
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The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
time evolution of the scalar – when the potential term contributions are negligible – are
associated with the DBI form of its kinetic terms: during this phase, the amplitude of
primordial gravitational waves is enhanced. As the scalar potential V becomes important,
additional interesting consequences occur for cosmology. These topics are the subject of
next section.

2In contrast to the conformal case [4, 12], or for the case of sti↵ equation of state [].
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The energy density, pressure and equation of state result:
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The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
time evolution of the scalar – when the potential term contributions are negligible – are
associated with the DBI form of its kinetic terms: during this phase, the amplitude of
primordial gravitational waves is enhanced. As the scalar potential V becomes important,
additional interesting consequences occur for cosmology. These topics are the subject of
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Modified expansion rate is given by the disformal or 
Jordan frame Hubble parameter whose deviation from 
standard evolution is given by 

BBN imposes a strong constraint on this modification: 

⇠ ! 1

MODIFIED EXPANSION RATE

with � given by:

��2 = 1� (1 + �)

3B

D⇢

C
'02 . (2.41)

From (2.40) we see that the conformal case is recovered for D = 0, when the second

line vanishes. Moreover, the disformal piece appears always together with derivatives of

the scalar field, as expected and also nontrivially coupled to the energy density. This

complicates considerably the analysis of the disformal case, as we will see below.

2.3 Modified expansion rate

The e↵ect of the expansion rate during the early time evolution due to the presence of a

scalar field can be extracted from the Hubble parameter evolution in the disformal frame

defined as:

H̃ = d(log ã)/d⌧̃ ,

which can be written using (2.29) as:

H̃ =
H�

C1/2

�
1 + ↵(')'0� , (2.42)

where remember that � depends onH (or ⇢) as seen from (2.37), while in the pure conformal

case D = 0 and � = 1. Note that in principle, the factor (1 + ↵(')'0) can be positive or

negative, indicating an expansion or contraction modified rate. We stick to positive definite

values for this factor and therefore only modified expansion rates, though in principle, one

could have a brief contraction period during the early universe evolution, before the onset of

BBN3. Moreover, notice that while H̃ can grow during the cosmological evolution, the null

energy condition (NEC) is not violated. This is because the Einstein frame expansion rate

H is dictated by the energy density ⇢ and pressure p, which obey the NEC and therefore

Ḣ < 0 during the whole evolution, as it should (see for example [19]).

We further want to relate the modified expansion rate to the expected expansion rate

in general relativity (GR), that is:

H2
GR =

2GR

3
⇢̃ . (2.43)

We can do this be using the Friedmann equation (2.32) and the relation between the energy

densities (2.19) to write

��1H2 =
2

2GR

C2 (1 + �)

B
H2

GR . (2.44)

Using the definition of � (see (2.37)) into this equation, one finds a cubic equation for

H2 in terms of all the other parameters. The real positive solution to that equation can

then be replaced into (2.42) to find the modified expansion rate H̃, which will thus be a

complicated function of HGR as we now see. The cubic equation for H takes the form:

d1H
6 �H4 + d22 = 0 , (2.45)

3See [18] for a review on scenarios with a possible contraction phase in the early universe.
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Since in what follows we are interested in comparing the expansion rates between our
modified cosmological evolution and standard ⇤CDM cosmology, we work in the Jordan
frame where energy momentum and entropy are conserved. (See the discussion in [1].)
The energy density, pressure and equation of state result:

⇢̃ = ��1 ⇢, p̃ = � P, w̃ = w �2, (3.16)

where the non-tilded quantities are those in the Einstein frame, as appearing in eqs (??).
Moreover, the quantity ⇢̃ =

P
i ⇢̃i, is the total background energy density: the index i runs

over matter, radiation and possibly a cosmological constant, and !̃ takes into account of
the degrees of freedom at a given temperature during cosmic evolution (see e.g. [1]). The
departure from the standard cosmological evolution can thus be parametrized by the ratio
of Hubble parameters in our scalar-tensor gravity, with respect to its value in GR:

H̃

HGR
=

�3/2(1 + �)1/2

B1/2
. (3.17)

The evolution equations (??) contain several terms that modify the evolution equation
with respect to ⇤CDM. Any early-universe modification from standard evolution should
not occur during or after Big-Bang Nuclosynthesis (BBN), to avoid spoiling its successful
predictions. Hence from now on we require that any deviation from a ⇤CDM evolution
for the universe scale factor concludes before the onset of BBN, i.e. when the universe
temperature reach values around T ⇠ MeV. We will allow, however, for a late scalar-
tensor contribution closely mimicking a cosmological constant, and driving the current
acceleration of our universe. As we can learn from the structure of evolution equations
(??), any departures of 1/3 on the equation of state, do not give a noteworthy e↵ect in
the scalar field’s evolution2. In fact, in our case the most important e↵ects in the early
time evolution of the scalar – when the potential term contributions are negligible – are
associated with the DBI form of its kinetic terms: during this phase, the amplitude of
primordial gravitational waves is enhanced. As the scalar potential V becomes important,
additional interesting consequences occur for cosmology. These topics are the subject of
next section.

2In contrast to the conformal case [4, 12], or for the case of sti↵ equation of state [].
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During the early evolution, the potential term can be ignored, 
dynamics fully dictated by DBI kinetic term and coupling 

EARLY UNIVERSE EVOLUTION

Figure 1: Left panel: Evolution of the Hubble parameter in our scalar-tensor set-up (red
line) and in ⇤CDM case (blue line), plotted as functions of temperature. Right panel:

Evolution of the Lorentz factor � starting from the initial conditions in Table 1.

4 Phenomenology of the scalar-tensor theory

The cosmological evolution of the axionic field � has several interesting phenomenological
consequences. We assume that the initial conditions for � are set by cosmic inflation. We
select them such that the scalar has an initial kinetic-driven dynamics, able to enhance
the spectrum of gravitational waves – see section ??. The DBI-kinetic phase is followed
by a potential-driven phase, during which the scalar dynamics source phases of early and
late dark energy domination – see section ??.

4.1 Enhancing the gravitational wave signal at PTA scales

We show how an early modification of standard evolution associated with the DBI-type
action (??) amplifies the amplitude of inflationary gravitational waves at PTA scales. We
exploit the fact that this quantity is a↵ected by an early-time non-standard cosmological
evolution. The scalar-tensor dynamics, as controlled by the evolution equations of section
??, starts after inflation ends. We assume that initial conditions are chosen such that
initially the scalar is driven by the DBI kinetic terms only, as appearing in action (??),
with negligible contribution from the potential terms (see e.g. [1,18,19]). The parameter
controlling the kinetic part of the action is M , whose value can chosen together with the
initial conditions for Hi, ', 'i

N – the latter entering in the initial value �i for the DBI
parameter of eq (??). The initial value for H is determined as described in Appendix A,
starting from an initial value for the DBI parameter �i of order O(1). Once 'i

N is fixed,
as well as initial temperature Ti – associated with the initial value of the scale factor –
the value of M is bounded from below by requiring not to spoil the predictions of BBN.
Assuming entropy is conserved, the relation between the universe temperature T and the

6

� ⇠ 0

Non-standard evolution of  
coupled system driven by  
DBI kinetic term �

⇠ ! 1

DBI-kinetic  
domination

For   around QCD phase 
transition scale, smallest 
value consistent with BBN

[ Dutta, Jimenex, IZ, ’16-17; Chowdhury, Tasinato, IZ, ’22-23]

evolution. The scalar-tensor dynamics, as controlled by the evolution equations of section
2, starts soon after inflation ends. We assume that initial conditions are chosen such that
initially the scalar is driven by the DBI kinetic terms only, as appearing in action (2.2),
with negligible contribution from the potential terms (see e.g. [14–16]). The parameter
controlling the kinetic part of the action is M , whose value can chosen together with the
initial conditions for Hi, 'i, 'i

N – the last quantity entering in the initial value �i for the
DBI Lorentz parameter of eq (2.13). The initial value for H is determined as described in
Appendix A, starting from an initial value for the DBI parameter �i of order O(1). Once
'i
N is fixed along with an initial temperature Ti – which is associated with the initial

value of the scale factor – the value of M is bounded from below by requiring not to spoil
the predictions of BBN. Assuming that entropy is conserved, the relation between the
temperature of the universe T and the scale factor a is

a

a
0

=

✓
g⇤s,0
g⇤s

◆
1/3

T
0

T
, (3.1)

where the index 0 indicates quantities evaluated today.

'i 'i
N Hi Ti M

0.2 5 ⇥ 10�7 3.66127 ⇥ 10�13 GeV 499.8043 GeV 930 MeV

Table 1: Initial conditions and disformal scale (recall that ' is dimensionless and measured in
Planck units).

We select initial conditions as in Table 1. The initial conditions for ' and the Hubble
parameter are chosen such as to lead to an initial steady growth of the DBI Lorentz
factor � of eq (2.13), and a transitory large deviation of the Hubble parameter from its
GR value. See Fig 1. We select the parameter M demanding that the scalar evolution
does not interfere with BBN, which happens around 1 MeV – see Fig 1. The value of M

turns out to be of the order of the QCD scale of 170 MeV. Recall that we work in the
Jordan frame – see section 2 – hence with tilded quantities.

The initial enhancement of the Lorentz factor, as well as the early modifications of
the Hubble parameter, leads to an amplification of inflationary gravitational waves. The
fractional energy density of primordial gravitational waves measured today is given by
(we follow the treatments in [46–49]):

⌦̃0

GW

(k) ⌘ 1

⇢0

c

d ⇢̃0

GW

(k)

d ln k
(3.2)

' 1

24
PT (k)

✓
ã
hc

ã
0

◆
4

 
H̃

hc

H̃
0

!
2

(3.3)

where PT is the primordial inflationary tensor spectrum, and the su�x ‘hc’ indicates
horizon crossing time for the mode k. The quantity PT is

PT (k) =
2 H2

⇡2 M2

Pl

���
k=aH

, (3.4)
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THE RISE OF THE PRIMORDIAL SPECTRUM
[ Chowdhury, Tasinato, IZ, ’22-23]

The initial enhancement of the Lorentz factor, and the 
Hubble parameter, leads to an enhancement of the 
primordial gravitational wave spectrum.

The fractional energy density of primordial gravitational 
waves measured today can be written as

JCAP08(2022)010

Figure 13. The evolution of the scalar field Ï (left panel) and the conformal factors for the conformal-
disformal case have been plotted as functions of temperature for the set of initial conditions mentioned
in table 5. The solid, dashed, and dotted lines correspond to n = 1, n = 2, and n = 4 respectively.

Figure 14. The evolution of the Hubble parameters in the Jordan frame (red lines) and GR (blue
solid line), have been plotted as functions of temperature in the conformal-disformal case for the
conformal factors and initial conditions mentioned in table 5. The solid, dashed, and dotted lines
correspond to n = 1, n = 2, and n = 4 respectively.

4 The rise of the primordial tensor spectrum

In section 2, we briefly described the estimation of the fractional energy density of gravita-
tional waves in a standard cosmological scenario, given by eq. (2.8). In the previous section 3,
we saw that during an epoch of scalar-tensor domination, the expansion rate is modified, thus
inducing a non-trivial modification in the PGW energy density as follows:

�̃0
GW(k) h2 ƒ 1

24 PT(k)
3

ãhc
ã0

44
A

H̃hc
H0/h

B2

, (4.1)

– 22 –



THE RISE OF THE PRIMORDIAL SPECTRUM
[ Chowdhury, Tasinato, IZ, ’22,23]

The fractional energy density of primordial gravitational 
waves measured today can be written as

Where the primordial spectrum is set by

scale factor a is
a

a
0

=

✓
g⇤s,0
g⇤s

◆
1/3

T
0

T
, (4.1)

where the index 0 indicates quantities evaluated today.

'i 'i
N Hi Ti M

0.2 5 ⇥ 10�7 3.78162 ⇥ 10�13 GeV 499.8043 GeV 950 MeV

Table 1: Initial conditions and disformal scale (recall that ' is dimensionless and measured in
Planck units).

We select initial conditions as in Table 1 so that M is of the same order as the QCD
scale of 170MeV. The initial conditions for ' and the Hubble parameter are selected such
to lead to a initial steady growth of the DBI Lorentz factor � of eq (??), and a transitory
large deviation of the Hubble parameter from the GR value. See Fig 1. Recall we work in
the Jordan frame – see section ?? – hence with tilded quantities. All modifications from
standard evolution vanish before the universe temperature reach the values of around one
MeV – see again Fig 1 – corresponding to the onset of BBN.

The initial enhancement of the Lorentz factor, as well as the early modifications of
the Hubble parameter, leads to an enhancement of inflationary gravitational waves. The
fractional energy density of primordial gravitational waves measured today is given by []

⌦̃0

GW

(k) ⌘ 1

⇢0

c

d ⇢0

GW

(k)

d ln k
(4.2)

' 1

24
PT (k)

✓
ã
hc

ã
0

◆
4

 
H̃

hc

H̃
0

!
2

(4.3)

where PT is the primordial inflationary tensor spectrum, and the su�x ‘hc’ indicates
horizon crossing time for the mode k. The quantity PT is

PT (k) =
2 H2

⇡2 M2

Pl

���
k=aH

, (4.4)

and we take its amplitude at CMB scales to be PT = rAS, with AS = 2.1 ⇥ 10�9. For
simplicity we assume that r saturates the current upper bound r = 0.036 furnished by
the BICEP/Keck collaboration [].

Formula (4.3) indicates that any deviation of the cosmological evolution from standard
⇤CDM can change the predictions for ⌦̃0

GW

(k), and possibly enhance the spectrum of
inflationary GW. In fact, we make use of the evolution equations (??), and re-express
⌦̃0

GW

as

h2 ⌦̃0

GW

=

✓PT

24

◆ ✓
ã

ã
0

◆
4

�3 H2

GR

B (H
0

/h)2
. (4.5)

The quantity B is given in eq (??), � in eq (??), and H
GR

corresponds to the Hubble
parameter in absence of scalar field contributions. Expression (4.5) shows that an en-
hancement of the DBI Lorentz factor �, and a modifications of the Hubble parameter
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The initial enhancement of the Lorentz factor, and the 
Hubble parameter, leads to an enhancement of the 
primordial gravitational wave spectrum.

h2⌦0
GW =

✓
PT

24

◆✓
a

a0

◆4
�3H2

GR

B(H0/h)2



THE RISE OF THE PRIMORDIAL SPECTRUM
[ Chowdhury, Tasinato, IZ, ’22,23]

The fractional energy density of primordial gravitational 
waves measured today can be written as

The initial enhancement of the Lorentz factor, and the 
Hubble parameter, leads to an enhancement of the 
primordial gravitational wave spectrum.

and we take its amplitude at CMB scales to be PT = rAS, with AS = 2.1 ⇥ 10�9. For
simplicity we assume that r saturates the current upper bound r = 0.036 provided by the
BICEP/Keck collaboration [50].

Formula (3.3) indicates that any deviation of the cosmological evolution from standard
⇤CDM can change the predictions for ⌦̃0

GW

(k), and possibly amplifies the spectrum of
inflationary GW. In fact, we make use of the evolution equations (2.12a)-(2.12c), and
re-express ⌦̃0

GW

as

h2 ⌦̃0

GW

=

✓PT

24

◆ ✓
ã

ã
0

◆
4

�3 H2

GR

B (H
0

/h)2
. (3.5)

The quantity � is given in eq (2.13), while B in eq (2.14). H
GR

corresponds to the GR
Hubble parameter in absence of scalar field contributions. Expression (3.5) shows that an
enhancement of the DBI Lorentz factor �, and a modification of the Hubble parameter
with respect its GR value influence the scale-dependence of ⌦0

GW

. We can express this
quantity as function of frequency f = 2⇡ k a

0

, through the formula [47, 48,51]

f = 2.41473 ⇥ 1023
✓

T
0

T
hc

◆ ✓
g⇤s,0
g⇤s,hc

◆
1/3

s
8⇡⇢

hc

3M2

Pl

Hz , (3.6)

where recall that hc is the horizon crossing scale of the mode k.
We represent in Fig 2 the GW spectrum obtained by numerically solving the evolution

equations of section 2, and plugging the results in eq (3.5). The initial conditions in Table
1 lead to a rapid, transient increase of �, and allow us to amplify the GW signal at PTA
frequencies. In fact, the energy density associated with primordial gravitational waves is
raised by several orders of magnitude with respect to its standard value, for a frequency
around the 10�9 � 10�8 Hz band that is probed by PTA experiments. The frequency
profile of the spectrum acquires a broken power-law shape. It initially raises as f 2, to
then grow as f 5 up to the peak, and then decreases as f�3. The peak amplitude is of
the same order as the value detected by the NANOGrav collaboration [17]. However, the
NANOGrav value we compare with is based on a fiducial power-law model, and a more
sophisticated data analysis would be needed for comparing our broken power-law shape
with the amplitude obtained by PTA data. In fact, [17] also provides a brief analysis
of broken power-law models, providing the best-fit value for the break of the frequency
profile: our result is consistent with their value.

Figure 2 also contains the sensitivity curves for the NANOGrav experiment, as well as
other detectors for reference. The sensitivity curves are built with the broken power-law
sensitivity (BPLS) curve technique, introduced in [16] as an extension of the traditional
power-law sensitivity curves of [52]. (Our definition and methods to obtain BPLS is
slightly di↵erent from [53].) The BPLS curve allows one to visually realise whether a
broken power-law signal can be detected by a given experiment: our profile for ⌦̃

GW

h2

enters into the sensitivity curve of NANOGrav, showing that the scalar-tensor theory we
described allows us to amplify the primordial spectrum of inflationary tensor fluctuations
at a level detectable by PTA experiments. We conclude that our signal might contribute
to the stochastic GW background recently detected by PTA experiments [17–20].
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GW =
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PT

24

◆✓
a

a0

◆4
�3H2

GR

B(H0/h)2

Using entropy conservation we can express it in terms of 
frequency: 

evolution. The scalar-tensor dynamics, as controlled by the evolution equations of section
2, starts soon after inflation ends. We assume that initial conditions are chosen such that
initially the scalar is driven by the DBI kinetic terms only, as appearing in action (2.2),
with negligible contribution from the potential terms (see e.g. [14–16]). The parameter
controlling the kinetic part of the action is M , whose value can chosen together with the
initial conditions for Hi, 'i, 'i

N – the last quantity entering in the initial value �i for the
DBI Lorentz parameter of eq (2.13). The initial value for H is determined as described in
Appendix A, starting from an initial value for the DBI parameter �i of order O(1). Once
'i
N is fixed along with an initial temperature Ti – which is associated with the initial

value of the scale factor – the value of M is bounded from below by requiring not to spoil
the predictions of BBN. Assuming that entropy is conserved, the relation between the
temperature of the universe T and the scale factor a is

a

a
0

=

✓
g⇤s,0
g⇤s

◆
1/3

T
0

T
, (3.1)

where the index 0 indicates quantities evaluated today.

'i 'i
N Hi Ti M

0.2 5 ⇥ 10�7 3.78162 ⇥ 10�13 GeV 499.8043 GeV 950 MeV

Table 1: Initial conditions and disformal scale (recall that ' is dimensionless and measured in
Planck units).

We select initial conditions as in Table 1. The initial conditions for ' and the Hubble
parameter are chosen such as to lead to an initial steady growth of the DBI Lorentz
factor � of eq (2.13), and a transitory large deviation of the Hubble parameter from its
GR value. See Fig 1. We select the parameter M demanding that the scalar evolution
does not interfere with BBN, which happens around 1 MeV – see Fig 1. The value of M

turns out to be of the order of the QCD scale of 170 MeV. Recall that we work in the
Jordan frame – see section 2 – hence with tilded quantities.

The initial enhancement of the Lorentz factor, as well as the early modifications of
the Hubble parameter, leads to an amplification of inflationary gravitational waves. The
fractional energy density of primordial gravitational waves measured today is given by
(we follow the treatments in [46–49]):

⌦̃0

GW

(k) ⌘ 1

⇢0

c

d ⇢̃0

GW

(k)

d ln k
(3.2)

' 1
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PT (k)

✓
ã
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0
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4
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hc
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(3.3)

where PT is the primordial inflationary tensor spectrum, and the su�x ‘hc’ indicates
horizon crossing time for the mode k. The quantity PT is

PT (k) =
2 H2

⇡2 M2

Pl

���
k=aH

, (3.4)
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THE RISE OF THE PRIMORDIAL SPECTRUM
[ Chowdhury, Tasinato, IZ, ’22,23]

The fractional energy density of primordial gravitational 
waves measured today can be written as

The initial enhancement of the Lorentz factor, and the 
Hubble parameter, leads to an enhancement of the 
primordial gravitational wave spectrum.
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For the initial conditions before, the SPGW spectrum rises at 
frequencies accessible to Pulsar Timing Array experiments 

f ⇠ 10�9 � 10�8 Hz



PULSAR TIMING ARRAYS (PTA)
[NANOGrav, EPTA, PPTA, CPTA, ’23]

A gravitational wave passing Earth will 
cause a small change in the rate at 
which a pulsar ticks. 
PTA’s look for this effect in several 
millisecond pulsars .
NANOGrav, EPTA, PPTA, CPTA have just announced the 
relatively strong evidence for a signal compatible with 
stochastic gravitational wave background (SGWB) at 
nano-Hz frequencies.

Pulsars, discovered by J. Bell in 1967: 
rapidly rotating neutron stars, emitting 
radio waves at very precise timing.



PULSAR TIMING ARRAYS (PTA)
NANOGrav monitored 67 pulsars for a 
15 years period.

Hellings-Downs correlation

They found the characteristic angular 
correlation between signals detected 
with different pulsars, as predicted by 
General Relativity. 

 This is called Hellings-Downs curve.
The measured amplitude is

⌦GW ' (5± 2)⇥ 10�9

Slope larger than what expected from 
supermassive black hole binaries 
Signal might have a cosmological origin



THE RISE OF THE PRIMORDIAL SPECTRUM
[ Chowdhury, Tasinato, IZ, ’23]	

For the initial conditions before, the SPGW spectrum rises at 
scales accessible to PTA experiments f ⇠ 10�9 � 10�8 Hz

The frequency profile of the 
s p e c t r u m a c q u i r e s a 
distinctive broken power-
law shape.

f2

f5

The peak amplitude is of 
the same order of the 
value detected by the  
NANOGrav collaboration  

f�3

[NANOGrav , ’23]

PLSBPLS

[NANOGrav, EPTA, PPTA, CPTA, ’23]



After the DBI kinetic epoch,          , standard evolution 

Considering the potential to become dominant around 
recombination, the axion field can drive a period of early 
dark energy.

⇠ ⇠ 1

POST-DBI EVOLUTION

At some scale after BBN, the scalar potential will become 
important.

Scalar potential cannot affect cosmological predictions 



THE SCALAR POTENTIAL I  
Consider a D-brane moving in an angular direction of a 
warped resolved conifold in type IIB string theory 
compactification.

S
m

= �
Z

d4x
p�g L

m

(g̃µ⌫) . (3.3)

2 = M�2

pl

= 8 ⇡ G, and M is a mass scale entering in the scalar kinetic term, related to
the (possibly warped) tension of the D-brane. Matter fields contained in action (3.3) are
disformally coupled to the metric gµ⌫ entering in eq (??):

g̃µ⌫ = gµ⌫ +
@µ� @⌫�

M4

. (3.4)

We assume that matter is a perfect fluid, characterized by pressure and energy density
only (see [17] for details).

The scalar kinetic terms have the characteristic Dirac-Born-Infeld (DBI) form of D-
brane actions [] Polchinski. The scalar potential V (�) in eq (3.2) contains various contri-
butions, which are periodic functions of the size of the internal angular dimensions. We
focus on the case of a D3-brane fixed at a specific value of the radial component along
the extra dimensions. Its position is also fixed within four internal angular directions,
leaving the object free to move along only one angular direction in the compact space.
The motion of the brane through this angular direction is controlled by an axion field
� which appear in the scalar-tensor actions (??). See e.g. [21] (and [22]) for a scenario
where this idea is explicitly explored to realise natural inflation with D3 and D5 branes
in a warped resolved conifold geometry citation needed to this WRC.

Let us bit more explicit on the structure of the axion potential. The D-brane scalar
potential entering eq (??) acquires the schematic form citation needed:

V (✓) = V̄ (⇢
0

) + �
�
��(⇢

0

) + �h(⇢0

, ✓)
�

, (3.5)

with ✓ the angular direction along which the D-brane moves, that – upon canonically
normalization – will give rise to the scalar field � appearing in action (??). The quantity
� is a constant parameter depending on the type of D-brane considered. ⇢ is the radial
coordinate fixed at ⇢ = ⇢

0

. V̄ and �� represent contributions to the D-brane potential
depending only on the fixed radial coordinate ⇢

0

. Instead, �h depends on the angular
coordinate as well, being given by [21]
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The indexes (l, m) denote quantum numbers associated to isometries of the internal ge-
ometry. The specific form of HA

l , HB
l is not too important, as they are functions of

the fixed radial D-brane position ⇢
0

. Considering for definiteness the values (l, m) =
(0, 0), (1, 0), (2, 0), (3, 0), we get 1
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1In [21, 22], only the independent solutions for (l,m) = (0, 0), (1, 0), were kept, so that �h took the
form �h = A1(⇢0) + A2(⇢0) cos ✓
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= 8 ⇡ G, and M is a mass scale entering in the scalar kinetic term, related to
the (possibly warped) tension of the D-brane. Matter fields contained in action (3.3) are
disformally coupled to the metric gµ⌫ entering in eq (??):
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We assume that matter is a perfect fluid, characterized by pressure and energy density
only (see [17] for details).

The scalar kinetic terms have the characteristic Dirac-Born-Infeld (DBI) form of D-
brane actions [] Polchinski. The scalar potential V (�) in eq (3.2) contains various contri-
butions, which are periodic functions of the size of the internal angular dimensions. We
focus on the case of a D3-brane fixed at a specific value of the radial component along
the extra dimensions. Its position is also fixed within four internal angular directions,
leaving the object free to move along only one angular direction in the compact space.
The motion of the brane through this angular direction is controlled by an axion field
� which appear in the scalar-tensor actions (??). See e.g. [21] (and [22]) for a scenario
where this idea is explicitly explored to realise natural inflation with D3 and D5 branes
in a warped resolved conifold geometry citation needed to this WRC.
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normalization – will give rise to the scalar field � appearing in action (??). The quantity
� is a constant parameter depending on the type of D-brane considered. ⇢ is the radial
coordinate fixed at ⇢ = ⇢
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. V̄ and �� represent contributions to the D-brane potential
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1In [21, 22], only the independent solutions for (l,m) = (0, 0), (1, 0), were kept, so that �h took the
form �h = A1(⇢0) + A2(⇢0) cos ✓

3

[Pando Zayas, Tseytlin, 00;  
Klebanov, Murugan, '07]

[Bauman et al.  ’07-10; 
Kenton-Thomas, ’14]

where

for suitable values of parameters, this could take form
For suitable choices of the coe�cients, the potential for the canonically normalized field
� can be arranged to become

V
1

(�) = V
0ede

(1 � cos[ �/f
1

])3 . (3.8)

The quantity f
1

is an axion decay constant: we express it in terms of a dimensionless
number, pulling out a factor of  in eq (3.8). This is the structure of the potential recently
introduced for the so called early dark energy [23, 24] to relax the H

0

discrepancy []. We
will discuss this topic in more detail in section ??.

Besides the term in eq (3.8), there may be additional non-perturbative contributions to
e↵ective potential, originating from bulk physics, which generate extra terms periodic in �.
if possible, few extra words would be welcome. We assume that such contributions
are present, and we include an additional term to the total axion potential, as [25, 26]:

V
2

(�) = V
0de

(1 � cos[�/f
2

]) . (3.9)

with f
2

an extra dimensionless decay constant. To summarize, in what follows we consider
the following totl potential for the scalar field as a sum of two independent contributions

V (�) = V
1

(�) + V
2

(�) = V
0ede

(1 � cos[�/f
1

])3 + V
0de

(1 � cos[�/f
2

]) . (3.10)

We plug the potential (3.10) in the total action (??), and we study the consequences of
this system for the cosmological evolution of our universe.

Evolution equations

The equations of motion for the scalar and the scale factor in a Friedmann-Lemaitre-
Robertson-Walker metric, as derived from the Einstein-frame action (??), result [1,18,19]:

H2 =
2

3

(1 + �)

B
⇢ , (3.11a)
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
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2(1 + �)
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�
, (3.11b)
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��1
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3 B H2

2(1 + �)

�
+

3 B �

�3 (1 + �)

V,'

V
= 0, , (3.11c)

where the subindex N indicates derivatives with respect to the number of e-folds dN =
Hdt. For convenience we make use of the dimensionless scalar quantity ' ⌘  �. We
introduce the scalar-dependent Lorentz factor �, the quantity that characterize DBI mod-
els:

��2 = 1 � H2

M42

'2

N
, (3.12)
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Scalar potential of the form



EARLY DARK ENERGY AND THE H0-TENSION

A proposal to resolve the Hubble tension via a modification of 
the early time physics is to have a period of early dark energy 
injection 

A frozen scalar field at a critical redshift  
faster than matter afterwards

This can increase the Hubble parameter for a limited amount 
of time leading to a decrease in the sound horizon

(z & 1100) [Kamionkowski, Riess, ’22; 
 Poulin, Smith, Karwal, '23]

fEDE ⌘ ⇢EDE

⇢T
⇠ 10� 12%

zc ⇠ 3500 diluting
! & 1/3

Prototype example: axion with potential  

V = V0 (1� cos[✓/f ])n

(V0 ⇠ eV, n = 3 , f ⇠ 0.2MP )



THE SCALAR POTENTIAL II 

Assuming further bulk non-perturbative effects, generate 
another term of the form 

The total potential we consider is 

For suitable choices of the coe�cients, the potential for the canonically normalized field
� can be arranged to become
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The quantity f
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is an axion decay constant: we express it in terms of a dimensionless
number, pulling out a factor of  in eq (3.8). This is the structure of the potential recently
introduced for the so called early dark energy [23, 24] to relax the H

0

discrepancy []. We
will discuss this topic in more detail in section ??.

Besides the term in eq (3.8), there may be additional non-perturbative contributions to
e↵ective potential, originating from bulk physics, which generate extra terms periodic in �.
if possible, few extra words would be welcome. We assume that such contributions
are present, and we include an additional term to the total axion potential, as [25, 26]:
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an extra dimensionless decay constant. To summarize, in what follows we consider
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We plug the potential (3.10) in the total action (??), and we study the consequences of
this system for the cosmological evolution of our universe.

Evolution equations

The equations of motion for the scalar and the scale factor in a Friedmann-Lemaitre-
Robertson-Walker metric, as derived from the Einstein-frame action (??), result [1,18,19]:
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where the subindex N indicates derivatives with respect to the number of e-folds dN =
Hdt. For convenience we make use of the dimensionless scalar quantity ' ⌘  �. We
introduce the scalar-dependent Lorentz factor �, the quantity that characterize DBI mod-
els:

��2 = 1 � H2

M42
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4

V (') = V01 (1� cos['/f1])
3
+ V02 (1� cos['/f2])

V 1/4
01 ⇠ 102V 1/4

02 ⇠ eV

with 



First term becomes relevant around recombination 
driving a period of EDE followed by late dark energy 
driven by the axion 

EDE behaves like a cosmological constant before matter-
radiation equality decaying away faster than radiation 
afterwards.

EDE should increase the value of H(z) without affecting 
late time CMB data. Proposed to help relax H0-tension 

[Pettorino, Amendola, Wetterich, '13;  
Karwal, Kamionkowski, '16;  

Poulin et al. '19]

EARLY AND LATER DARK ENERGY

Dynamical late dark energy driven by the axion, with 
CC=0 [Kim-Nilles, ’02]



EARLY AND LATER DARK ENERGY

The ELDE potential 

r, m integers. r fixed by initial conditions in early universe, 
m in principle anything

V (') = V01 (1� cos['/f1])
3
+ V02 (1� cos['/f2])

with 
f1 ⇠ 0.4MP , f2 ⇠ 2r

2m+ 1
f1

[ Chowdhury, Tasinato, IZ, ’23]	

3.2 Early and late dark energy

Following the initial phase of DBI kination domination enhancing the GW spectrum (see
Fig 2), the DBI Lorentz factor � returns to small values (see Fig 1). The subsequent scalar
dynamics is smoothly matched to a second phase, mainly controlled by the potential terms
of eq (2.8). The potential-dominated phase allows us to realize a scenario including both
an early dark energy (EDE) epoch, as well a late dark energy (LDE) phase which explains
the present day acceleration of the universe4.

The scalar potential (2.8) has been recently considered in [37, 38] as a possible way
to relax the so called H

0

tension in cosmology, via the injection of an early period of
dark energy domination, driven by the scalar �, called early dark energy (EDE) (see
[55, 56] for early EDE models). The H

0

tension refers to the discrepancy between local
measurements of the Hubble parameter today from supernovae, and its inferred value
from cosmic microwave background (CMB) measurements assuming the standard ⇤CDM
cosmological model (for recent reviews on the H

0

tension and solutions see [23, 24]. For
recent reviews on EDE models see [57, 58]). As discussed in section 2, in our case the
potential also includes an additional term, leading to a LDE domination driven by the
axion [59]. In total, the potential expressed in terms of the dimensionless scalar field '

can be written as5 (recall that the decay constants are dimensionless and given in Planck
units):

V (') = V
0ede

(1 � cos['/f
1

])3 + V
0de

(1 � cos['/f
2

]) . (3.7)

The first term is responsible for the EDE epoch, and we select V
0ede

⇠ eV4; the second
term leads to late time acceleration, hence V

0de
⇠ (0.003 eV)4. The axionic evolution

controlled by the potential terms is preceded by the DBI kinetic evolution of section 3.1:
the requirement of matching the two phases partially determines the parameters of the
model, as in Table 2. Interestingly, this matching connects the early DBI kination phase
which enhances the GW signal, to a later evolution contributing to the physics of the
dark universe.

V
0ede

V
0de

f
1

f
2

(6.68 ⇥ 10�10GeV)4 1.44925 ⇥ 10�47GeV4 0.38868 0.0948

Table 2: The values of the parameters in the scalar potential (3.7).

The value for the EDE decay constant f
1

turns out to be sub-Planckian, while we
choose the value of the LDE decay constant f

2

as

f
2

' 2q

2m + 1
f
1

, (3.8)

4Recently, a connection between EDE and stochastic GW signals has been explored in [54]. Their
framework di↵ers from ours, since we use the properties of DBI kinetic terms for enhancing the GW
spectrum – see section 2 – while they make use of the properties of the EDE axionic potential. The peak
of their GW signal is far from PTA scales.

5Possible embeddings of EDE from string theory based on closed string moduli has been discussed
recently in [60, 61].

10



EARLY AND LATER DARK ENERGY

Energy densities’ evolution of radiation, matter, axion
[ Chowdhury, Tasinato, IZ, ’23]	

DBI-kinetic  
domination

EDE

LDE



๏ D-brane scalar-tensor theories, can trigger a period of 
(coupled) DBI-kinetic domination. 

๏ Such an epoch modifies the expansion rate, and 
enhances the SPGW spectrum with distinctive broken 
power law profiles, that can contribute to observed 
SGWB by PTAs

SUMMARY

๏ Scalar field driving such a DBI-kinetic period may act as 
EDE and LDE, relaxing H0-tension 

๏ Full analysis of CMB (e.g. CLASS) needed for full check 
of set up. Theoretical construction … 





EARLY AND LATER DARK ENERGY

Lorentz factor evolution 

[ Chowdhury, Tasinato, IZ, ’23]	



EARLY AND LATER DARK ENERGY

Axion field evolution: initial conditions set at early universe

[ Chowdhury, Tasinato, IZ, ’23]	
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Figure 3: The evolution of the scalar field ' as a function of temperature in our set-up. The
initial conditions and parameter values can be found in Tables 1 and 2.

with q, m being integers. The quantity q is determined by the periodicity of the EDE
potential, 2⇡f

1

, and the value of ' is determined at an epoch where the DBI kinetic
e↵ects end. By choosing a su�ciently large m, the value of f

2

relevant for LDE can
be made su�ciently small in Planck units potentially satisfying the constraints from the
weak gravity conjecture for EDE [62]. For the values in Table 2 we have q = 5 and we
choose m = 20.

Figure 3 shows the evolution of the scalar field as a function of the universe temper-
ature, starting from the initial conditions after inflation of Table 1. During the initial
epoch of DBI-kination, the field is una↵ected by the potential. The axion potential be-
comes relevant at around T ⇠ eV, where the field value remains frozen by the Hubble
friction acting as a cosmological constant: this corresponds to the phase of EDE domina-
tion. In order to satisfy current constraints, and help in ameliorating the Hubble tension,
the fractional energy density contributed by the EDE component,

f
EDE

(z) ⌘ ⇢
EDE

⇢T

, (3.9)

should not exceed values around 12% (see e.g. [57,58]). This requirement is satisfied in our
set-up, see Fig 4. It would nevertheless be important to analyse in more detail whether
our modified evolution equation is in agreement with current CMB constraints: this goes
beyond the scope of this work, and we defer it to a separate study.

As the temperature of the universe decreases, the axion field rolls to the minimum
of the EDE potential, around which it oscillates until it feels the second LDE potential
in eq (3.7). This leads to the current cosmological acceleration. In Figure 5 we plot the
evolution of the separate contributions to the total energy density of the universe from
radiation, matter, and the axion field. The figure shows three epochs driven by the D-
brane axionic field: DBI kination, EDE, and LDE. During the first phase of DBI kination
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EARLY AND LATER DARK ENERGY

Fractional contribution of EDE to the total energy density

[ Chowdhury, Tasinato, IZ, ’23]	

Figure 4: The fractional contribution of the EDE to the total energy density has been plotted
as a function of redshift. It reaches a maximum value of ⇠ 0.12 around log

10

z ⇠ 3.562, which
has been shown to help in relaxing the Hubble tension [63].

Figure 5: Plot of the di↵erent contributions to the energy density of the universe as a function
of the universe temperature. The behaviour of the scalar field energy density at di↵erent tem-
peratures illustrates the DBI kination epoch – the scalar energy density transiently dominates
over the other energy densities at high temperatures, the EDE epoch – the scalar energy density
is constant and subdominant at intermediate temperatures, and the LDE epoch – the scalar
energy density returns to a constant value driving present-day acceleration.

the scalar contribution briefly dominates the energy density; in the phase of EDE the
scalar energy density is almost constant, and subdominant; in the last phase of LDE the
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