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Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.

1 / 17

Einstein-Hilbert action
with a cosmological constant

f(R) gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.

1 / 17

Einstein-Hilbert action
with a cosmological constant

Einstein-Hilbert 
action for f(R)

f(R) gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.

1 / 17

Einstein-Hilbert action
with a cosmological constant

Einstein-Hilbert 
action for f(R)

f(R) gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.

1 / 17

Einstein-Hilbert action
with a cosmological constant

Einstein-Hilbert 
action for f(R)

Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

fR0 ≡ df(R)

dR
� 1 (2)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical

1 / 17

f(R) gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.

1 / 17

Einstein-Hilbert action
with a cosmological constant

Einstein-Hilbert 
action for f(R)

Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

fR0 ≡ df(R)

dR
� 1 (2)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical

1 / 17

f(R) gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)
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� 1 (2)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

fR0 ≡ df(R)

dR
� 1 (2)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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1 / 17

Galileon gravity



Li Part B2 GravZoo

ERC Starting Grant 2014

Research Proposal (Part B2)

Part B2: The Scientific Proposal

Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.
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Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�
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QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

Galileonblue

Galileonred

Galileongreen

expansion history force law

GR

linear Galileon

screened Galileon



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

Galileonblue

Galileonred

Galileongreen

expansion history force law

GR

linear Galileon

screened Galileon

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|

12

FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

screening

chameleon

Vainshtein

deviates from GR on

large scales

environmental dependence nonlinearity

strong pure & strong

pure & strong

small scales

weaker



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

screening

chameleon

Vainshtein

deviates from GR on

large scales

environmental dependence nonlinearity

strong pure & strong

pure & strong

small scales

for realistic f(R) models, |fR0| is so small that essentially no deviation can be 
felt on very large scales, e.g, in CMB

weaker



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

screening

chameleon

Vainshtein

deviates from GR on

large scales

environmental dependence nonlinearity

strong pure & strong

pure & strong

small scales

for realistic f(R) models, |fR0| is so small that essentially no deviation can be 
felt on very large scales, e.g, in CMB

weaker



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

screening

chameleon

Vainshtein

deviates from GR on environmental dependence nonlinearity

strong pure & strong

pure & strong

small scales

large scales weaker



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

screening

chameleon

Vainshtein

deviates from GR on environmental dependence nonlinearity

strong pure & strong

pure & strong

small scales

large scales

CMB (mainly the integrated Sachs Wolfe effect) will see implications of the 
Galileon field

weaker



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

yellow points: expansion data only
blue points: Planck CMB data added



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

yellow points: expansion data only
blue points: Planck CMB data added

zoomed in



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

yellow points: expansion data only
blue points: Planck CMB data added

zoomed in

6

FIG. 1. (Top left) Time evolution of the expansion histories of the Quintic (blue) and Quartic (green) Galileon models, plotted as H/HΛCDM.

The solid lines represent the full numerical solution, whereas the dashed lines show the tracker solution of Eq. (12). (Top right) Time evolution

of the Galileon field (solid) and cosmological (dashed) equations of state, w and weff , respectively, for the ΛCDM (black), Quartic (green) and

Quintic (blue) Galileon models. (Bottom left) CMB temperature fluctuations angular power spectra, as function of the multipole moments, for

the ΛCDM (dashed black), Cubic (solid red), Quartic (solid green) and Quintic (solid blue) Galileon models. Also shown are the data points

with errorbars of the WMAP 9-yr results [1]. (Bottom right) Linear matter power spectrum, as function of scale k, for the ΛCDM (dashed

black), Cubic (solid red), Quartic (solid green) and Quintic (solid blue) Galileon models. The power spectrum is shown for z = 0.31, which

is the mean redshift of the Luminous Red Galaxies of the SDDS DR7 used to estimate the host halo spectrum shown as the data points with

errorbars [10].

the WMAP 9-year parameters [1]. With respect to the CMB

data, one sees that the Quartic model, contrary to the Cubic

model, is able to provide a fit similar to that of the Quin-

tic Galileon model. In [18], we showed that the latter can

fit the WMAP 9-yr data better than standard ΛCDM, being

just slightly disfavoured when the low-redshift SNIa and BAO

data is also taken into account. With respect to the Quin-

tic Galileon model, the Quartic Galileon is disfavoured by

∆χ2
Quartic ∼ −6. This is much smaller than the correspond-

ing difference for the Cubic Galileon case ∆χ2
Cubic ∼ −17

[40]
1
. These differences in the fits of the different Galileon

models are mostly determined by the Integrated Sachs-Wolfe

1
Note that in these χ2

differences we are not taking into account the fact

that the different models have different numbers of free parameters.

(ISW) effect, which is sensitive to the time variations of the

lensing potential φ = (Φ+Ψ) /2. In [17], we showed that φ
can have a nontrivial time and scale dependence (see Fig. 4 of

[17]). In particular, depending on the choice of the Galileon

parameters ci, the lensing potential can grow or decay very

rapidly, or display a milder time evolution. The latter cases

are those preferred by the data since they contribute less to

the ISW power on large angular scales (low-l). In the case of

the Cubic Galileon model one has that c4 = c5 = 0, which

gives the model less flexibility to produce milder time evolu-

tions in φ. Thus, the Cubic model does not fit the low-l data of

the CMB as well as the Quartic and Quintic Galileon models.

Note that in the ΛCDM model, the lensing potential decays at

late times, which is why this model predicts more ISW power

that the Quartic and Quintic Galileon models.

Contrary to the CMB predictions, the Cubic, Quartic and

Quintic Galileon models predict very similar power for the
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(ISW) effect, which is sensitive to the time variations of the

lensing potential φ = (Φ+Ψ) /2. In [17], we showed that φ
can have a nontrivial time and scale dependence (see Fig. 4 of

[17]). In particular, depending on the choice of the Galileon

parameters ci, the lensing potential can grow or decay very

rapidly, or display a milder time evolution. The latter cases

are those preferred by the data since they contribute less to

the ISW power on large angular scales (low-l). In the case of

the Cubic Galileon model one has that c4 = c5 = 0, which

gives the model less flexibility to produce milder time evolu-

tions in φ. Thus, the Cubic model does not fit the low-l data of

the CMB as well as the Quartic and Quintic Galileon models.

Note that in the ΛCDM model, the lensing potential decays at

late times, which is why this model predicts more ISW power

that the Quartic and Quintic Galileon models.

Contrary to the CMB predictions, the Cubic, Quartic and

Quintic Galileon models predict very similar power for the

cubic Galileon disfavoured by low-l CMB data
quartic/quintic Galileon have other problems

Galileon model ruled out?
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

fR0 ≡ df(R)

dR
� 1 (2)

LGalileon =
1

2!
c2∇µϕ∇µϕ− 1

3!
c3

1

MPlΛ
✷ϕ∇µϕ∇µϕ (3)

∆χ2 (4)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
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which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).

Parameter/Dataset Base Galileon νGalileon νΛCDM

(χ2
P ;−−;−−) (9829.8 ;−− ;−−) (9811.5 ;−− ;−−) (9805.5 ;−− ;−−)

(χ2
P ;χ

2
L;−−) (9834.6 ; 8.0 ;−−) (9811.6 ; 4.4 ;−−) (9805.3 ; 8.8 ;−−)

(χ2
P ;χ

2
L;χ

2
B) (9834.6 ; 22.2 ; 8.0) (9813.5 ; 4.5 ; 1.0) (9805.4 ; 8.7 ; 1.4)

100Ωb0h
2: (PL, PLB) (2.233± 0.028 ; 2.177± 0.024) (2.161± 0.030 ; 2.194± 0.024) (2.182± 0.035 ; 2.214± 0.025)

Ωc0h
2: (PL, PLB) (0.116± 0.002 ; 0.124± 0.002) (0.123± 0.003 ; 0.119± 0.002) (0.121± 0.003 ; 0.118± 0.002)

104θMC: (PL, PLB) (104.17± 0.061 ; 104.05± 0.058) (104.04± 0.066 ; 104.10± 0.056) (104.08± 0.073 ; 104.14± 0.057)
τ : (PL, PLB) (0.067± 0.011 ; 0.052± 0.010) (0.087± 0.012 ; 0.088± 0.013) (0.091± 0.013 ; 0.092± 0.013)
ns: (PL, PLB) (0.970± 0.007 ; 0.952± 0.006) (0.948± 0.009 ; 0.960± 0.006) (0.954± 0.009 ; 0.963± 0.006)
ln(1010As): (PL, PLB) (3.034± 0.020 ; 3.019± 0.019) (3.085± 0.023 ; 3.081± 0.024) (3.093± 0.024 ; 3.090± 0.024)
Σmν [eV]: (PL, PLB) (0 fixed ; 0 fixed) (0.980± 0.237 ; 0.651± 0.106) (< 0.551 ;< 0.127)

h: (PL, PLB) (0.800± 0.013 ; 0.758± 0.009) (0.663± 0.030 ; 0.712± 0.010) (0.634± 0.036 ; 0.677± 0.009)
σ8(z = 0): (PL, PLB) (0.935± 0.010 ; 0.944± 0.010) (0.733± 0.042 ; 0.792± 0.025) (0.757± 0.056 ; 0.816± 0.018)

maintain the observed acoustic scale, but has also an impact
on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
fit to the lensing power spectrum is also much better in the
νGalileon case, relative to the base Galileon model. Com-
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).
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maintain the observed acoustic scale, but has also an impact
on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
fit to the lensing power spectrum is also much better in the
νGalileon case, relative to the base Galileon model. Com-
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).
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in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).

Parameter/Dataset Base Galileon νGalileon νΛCDM

(χ2
P ;−−;−−) (9829.8 ;−− ;−−) (9811.5 ;−− ;−−) (9805.5 ;−− ;−−)

(χ2
P ;χ

2
L;−−) (9834.6 ; 8.0 ;−−) (9811.6 ; 4.4 ;−−) (9805.3 ; 8.8 ;−−)

(χ2
P ;χ

2
L;χ

2
B) (9834.6 ; 22.2 ; 8.0) (9813.5 ; 4.5 ; 1.0) (9805.4 ; 8.7 ; 1.4)

100Ωb0h
2: (PL, PLB) (2.233± 0.028 ; 2.177± 0.024) (2.161± 0.030 ; 2.194± 0.024) (2.182± 0.035 ; 2.214± 0.025)

Ωc0h
2: (PL, PLB) (0.116± 0.002 ; 0.124± 0.002) (0.123± 0.003 ; 0.119± 0.002) (0.121± 0.003 ; 0.118± 0.002)

104θMC: (PL, PLB) (104.17± 0.061 ; 104.05± 0.058) (104.04± 0.066 ; 104.10± 0.056) (104.08± 0.073 ; 104.14± 0.057)
τ : (PL, PLB) (0.067± 0.011 ; 0.052± 0.010) (0.087± 0.012 ; 0.088± 0.013) (0.091± 0.013 ; 0.092± 0.013)
ns: (PL, PLB) (0.970± 0.007 ; 0.952± 0.006) (0.948± 0.009 ; 0.960± 0.006) (0.954± 0.009 ; 0.963± 0.006)
ln(1010As): (PL, PLB) (3.034± 0.020 ; 3.019± 0.019) (3.085± 0.023 ; 3.081± 0.024) (3.093± 0.024 ; 3.090± 0.024)
Σmν [eV]: (PL, PLB) (0 fixed ; 0 fixed) (0.980± 0.237 ; 0.651± 0.106) (< 0.551 ;< 0.127)

h: (PL, PLB) (0.800± 0.013 ; 0.758± 0.009) (0.663± 0.030 ; 0.712± 0.010) (0.634± 0.036 ; 0.677± 0.009)
σ8(z = 0): (PL, PLB) (0.935± 0.010 ; 0.944± 0.010) (0.733± 0.042 ; 0.792± 0.025) (0.757± 0.056 ; 0.816± 0.018)

maintain the observed acoustic scale, but has also an impact
on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
fit to the lensing power spectrum is also much better in the
νGalileon case, relative to the base Galileon model. Com-
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Section a. State-of-the-art and objectives

Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.
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GR [29]). We refer to these as F4, F5 and F6 respectively.

For Galileon gravity we study the so-called Cubic,
3
G ,

and Quartic,
4
G , models, which are characterized by the

order at which the scalar field enters into the Lagrangian

[26].

Pairwise velocities. The mean pairwise relative ve-

locity of galaxies (or pairwise streaming velocity), v12,

reflects the “mean tendency of well-separated galaxies

to approach each other” [32]. This statistic was intro-

duced by Davis & Peebels [33] in the context of the

kinetic BBGKY theory [34–37] which describes the dy-

namical evolution of a system of particles interacting

through gravity. In the fluid limit its equivalent is the

pair density-weighted relative velocity,

v12(r) = �v1−v2�ρ =
�(v1 − v2)(1 + δ1)(1 + δ2)�

1 + ξ(r)
, (1)

where v1 and δ1 = ρ1/�ρ� − 1 denote the peculiar veloc-

ity and fractional matter density contrast at position r1;
r = |r1 − r2|; and ξ(r) = �δ1δ2� is the 2-point density

correlation function. The �· · · �ρ denotes a pair-weighted

average, which differs from the usual spatial averaging by

the weighting factor, W = ρ1ρ2/�ρ1ρ2�. Note that W is

proportional to the number density of pairs.

Gravitational instability theory predicts that the am-

plitude of v12(r) is determined by the 2-point correlation

function, ξ(r), and the growth rate of matter density

perturbations, g ≡ d lnD+/d ln a (where D+(a) is the

linear growing mode solution and a is the cosmological

scale factor) through the pair conservation equation [32].

Juszkiewicz et al.[38] provided an analytic expression for

Eqn. (1) that is a good approximation to the solution of

the pair conservation equation for universes with Gaus-

sian initial conditions: v12 = − 2
3H0rg

¯̄ξ(r)[1 + α ¯̄ξ(r)],

where ξ̄(r) = (3/r
3
)
� r
0 ξ(x)x2

dx ≡ ¯̄ξ(r)[1 + ξ(r)]. Here

α is a parameter that depends on the logarithmic slope

of ξ(r) and H0 = 100h km s
−1

Mpc
−1

is the present day

value of the Hubble constant. It is clear that v12(r) is a

strong function of ξ(r) and g, both of which will differ
in ModGrav theories from the GR values. This depen-

dency motivates the use of the low-order moments of the

pairwise velocity distribution as tracers of ModGrav and

of the fifth-force it induces on galaxies and dark matter

halos. Specifically, we will consider the following quanti-

ties:

• the mean radial pairwise velocity, v12;

• the dispersion (not centred) of the (radial) pairwise

velocities, σ� = �v212�0.5;

• the mean transverse velocity of pairs, v⊥;

• the dispersion of the transverse velocity of pairs,

σ⊥ = �v2⊥�0.5.

Since none of these quantities is directly observ-

able, following [39] we also consider the centred
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FIG. 1: Comparison of the scale dependence of the
pairwise velocity moments exctracted from HOD
mock galaxy catalogues. The black solid lines de-
pict the GR case, while the red dashed mark the F4
model. The thin red and black lines show minus the
mean streaming velocity, −v12(r), scaled down by fac-
tor of 2 for clarity; the lines with open circles show
the dispersion, σ12(r); Shaded region represent a syn-
thetic error as in [3] and [4]. The dotted green line
shows the Hubble velocity, H0r, also scaled down for
comparison.

line-of-sight pairwise velocity dispersion, σ2
12(r) =�

ξ(R)σ2
p(R)dl/

�
ξ(R)dl. Here r is the projected galaxy

separation, R =
√
r2 + l2, and the integration is taken

along the line-of-sight within l ± 25h
−1

Mpc. The quan-

tity σ2
p is the line-of-sight centred pairwise dispersion,

defined as [39]

σ2
p =

r
2σ2

⊥/2 + l
2
(σ2

� − v
2
12)

r2 + l2
. (2)

Fig. 1 shows the scale dependence of the lower-order

moments of the pairwise velocities measured in our N-

body simulations in the GR case (black lines and sym-

bols) and in the F4 model (red lines and symbols). We

choose the F4 model for illustration because this model is

the one for which the chameleon screening mechanism is

the least effective [20]. For the purpose of this com-
parison and to allow for a better connection to
observations we construct mock galaxy catalogues
for this two models by performing a halo occu-
pation distribution (HOD) analysis [e.g. 40]. We
tune our HOD parameters to make our mocks re-
semble sample of Luminous Red Galaxies (LRGs)
of the SDSS DR7 [41] by following a similar pro-
cedure as described in [? ]. The shaded region on
the figure shows a synthetic error that follows the
accuracy of σ12 measurements form galaxy red-
shift surveys as in [3] and [4]. Firstly, we note that

the stable clustering regime [32] (the scales over which

line-of-sight pairwise velocity disp.
|fR0| = 10-4 

most cosmological observations 
are capable of constraining the 
parameter to |fR0| = 10-5 ~ 10-4

further constraints, e.g, to 10-6, 
depends on the quality of data
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is the present day

value of the Hubble constant. It is clear that v12(r) is a

strong function of ξ(r) and g, both of which will differ
in ModGrav theories from the GR values. This depen-

dency motivates the use of the low-order moments of the

pairwise velocity distribution as tracers of ModGrav and

of the fifth-force it induces on galaxies and dark matter

halos. Specifically, we will consider the following quanti-

ties:

• the mean radial pairwise velocity, v12;

• the dispersion (not centred) of the (radial) pairwise

velocities, σ� = �v212�0.5;

• the mean transverse velocity of pairs, v⊥;

• the dispersion of the transverse velocity of pairs,
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Since none of these quantities is directly observ-
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FIG. 1: Comparison of the scale dependence of the
pairwise velocity moments exctracted from HOD
mock galaxy catalogues. The black solid lines de-
pict the GR case, while the red dashed mark the F4
model. The thin red and black lines show minus the
mean streaming velocity, −v12(r), scaled down by fac-
tor of 2 for clarity; the lines with open circles show
the dispersion, σ12(r); Shaded region represent a syn-
thetic error as in [3] and [4]. The dotted green line
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comparison.
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Fig. 1 shows the scale dependence of the lower-order

moments of the pairwise velocities measured in our N-

body simulations in the GR case (black lines and sym-

bols) and in the F4 model (red lines and symbols). We

choose the F4 model for illustration because this model is

the one for which the chameleon screening mechanism is

the least effective [20]. For the purpose of this com-
parison and to allow for a better connection to
observations we construct mock galaxy catalogues
for this two models by performing a halo occu-
pation distribution (HOD) analysis [e.g. 40]. We
tune our HOD parameters to make our mocks re-
semble sample of Luminous Red Galaxies (LRGs)
of the SDSS DR7 [41] by following a similar pro-
cedure as described in [? ]. The shaded region on
the figure shows a synthetic error that follows the
accuracy of σ12 measurements form galaxy red-
shift surveys as in [3] and [4]. Firstly, we note that

the stable clustering regime [32] (the scales over which

line-of-sight pairwise velocity disp.
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most cosmological observations 
are capable of constraining the 
parameter to |fR0| = 10-5 ~ 10-4

further constraints, e.g, to 10-6, 
depends on the quality of data
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Figure 2. (Colour Online) Screening of dark matter halos as a function of the environment and halo mass for the model with |fR0| = 10!6.
The horizontal axis of is !env, the matter overdensity of a sphere (the environment) centred at each halo, with comoving radius Renv as
indicated in the panel. The vertical axis is !M , the ratio between the magnitudes of the fifth force and gravity at the surface of a halo.
Each circle represents a halo, and the halo’s mass is illustrated by both the size (increasing size for increasing mass) and colour (from red
to violet for increasing mass) of the circle. The left (right) panels are numerical (analytical) results (see text for a detailed description).

Figure 3. (Colour Online) The same as Fig. 2, but for the model with |fR0| = 10!5.

dynamical vs. lensing mass
|fR0| = 10-6 
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FIG. 6. The upper panels show the nonlinear matter power spectrum of the three variants of the Cubic Galileon model, at a = 0.60, a = 0.80
and a = 1.00. The lower panels show the relative difference w.r.t. QCDM. The triangles with errorbars show the simulation results. The
dashed black and dashed red lines show the linear theory prediction for the Cubic Galileon model and its QCDM variant, respectively (these
two curves are practically indistinguishable in the upper panels). The solid lines show the nonlinear matter power spectrum in the halo model
obtained using Eqs. (8), (9) and (10). The two sets of dotted lines show the contributions from the 1-halo and 2-halo terms. The former is
shown by the lines that approach a constant value at small k; the latter is shown by the lines that coincide with the linear theory lines at small
k. The color scheme indicated in the figure applies to the lines and symbols.

�
dM2

1

ρ̄m0

dn(M2)

dlnM2
|u(k,M2)|P hh

k (M1,M2),

(25)

where P hh
k (M1,M2) is the halo-halo power spectrum

of haloes with mass M1 and M2. In the standard
halo model approach, one approximates P hh

k (M1,M2) =
b(M1)b(M2)Pk,lin, which is done purely for convenience.
This way, the two integrals in Eq. (25) can be separated and
one recovers Eqs. (9) and (10). This approximation is ex-
pected to be valid on large scales. However, on intermedi-
ate and small scales, neither the bias parameter nor the matter
power spectrum are well approximated by linear theory. In-
deed, by using the linear halo bias on these scales leads to an
overestimation of the power, and by using the linear power
spectrum leads to an underestimation. As a result, the net ef-
fect of these approximations can, in principle, cancel to some
extent. Nevertheless, it seems reasonable to expect that this
cancellation may not be perfect. Note that this applies not only
to the Galileon models studied here, but also to the standard
ΛCDM model. In fact, the halofit approach is partly motivated

as an alternative to the halo model that is more accurate on in-
termediate scales [75, 76]. Recently, Ref. [77] extended the
halofit approach to describe the nonlinear power spectrum in
f(R) gravity models. In the lower panels of Figs. 6 and 7, the
halo model prediction overestimates the effects of the modi-
fications to gravity, compared to the simulation results. This
overestimation is similar to that found in Ref. [78] for Dvali-
Gabadadze-Porrati (DGP) models and Refs. [74, 79] for f(R)
models of gravity. However, Ref. [74] has also shown how a
simple modification of the 2-halo term can make the analytical
predictions much more accurate.

Small scales. On scales k � 2h/Mpc, the agreement be-
tween the halo model and simulation results becomes gener-
ally better than on intermediate scales, especially at a = 1. On
these scales, the 1-halo term dominates the total power spec-
trum, and the good performance of the halo model in match-
ing the power spectrum of the simulations is related to the
fact that we have used the fitted mass function and the fitted
c200(M200) relation. For instance, in the case of the full vari-
ant of the Quartic model at a = 1, the use of the standard
Sheth-Tormen mass function would significantly overpredict
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FIG. 6. The upper panels show the nonlinear matter power spectrum of the three variants of the Cubic Galileon model, at a = 0.60, a = 0.80
and a = 1.00. The lower panels show the relative difference w.r.t. QCDM. The triangles with errorbars show the simulation results. The
dashed black and dashed red lines show the linear theory prediction for the Cubic Galileon model and its QCDM variant, respectively (these
two curves are practically indistinguishable in the upper panels). The solid lines show the nonlinear matter power spectrum in the halo model
obtained using Eqs. (8), (9) and (10). The two sets of dotted lines show the contributions from the 1-halo and 2-halo terms. The former is
shown by the lines that approach a constant value at small k; the latter is shown by the lines that coincide with the linear theory lines at small
k. The color scheme indicated in the figure applies to the lines and symbols.
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(25)
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FIG. 2. The upper panels show the cumulative mass function of the three variants of the Cubic model at a = 0.60, a = 0.80 and a = 1.00. The
lower panels show the relative difference w.r.t. QCDM. The triangles with errorbars show the simulation results considering only haloes (and
not subhaloes) with mass M200 > 100Mp, where Mp = Ωm0ρ̄c0L

3/Np is the particle mass. The solid lines correspond to the cumulative
mass function predicted using Eqs. (11) and (14), with the best-fitting (q, p) parameters to the simulation results given in Table IV. The dashed
lines are computed in the same way as the solid lines, but with the standard Sheth-Tormen parameter values (q, p) = (0.75, 0.30). For
reference, the Sheth-Tormen cumulative mass function for a ΛCDM model with WMAP9 parameters [23] is shown by the black dashed curve
in the upper panels. The color scheme indicated in the figure applies to the lines and symbols. In the lower panels, the solid red and dashed
red lines are both zero, by definition.

TABLE IV. Best-fitting Sheth-Tormen (q, p) parameters to the simulation results for the variants of the Cubic and Quartic Galileon models
at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of q and p is ∆q = 3.5 × 10−3 and ∆p = 1.5 × 10−3, respectively.
These parameters were determined by minimizing the quantity

�
i |n

sims(> Mi)/n
ST(> Mi, q, p)− 1|, where nsims is the cumulative mass

function measured in the simulations, nST is the analytical result given by the Sheth-Tormen mass function and the index ’i’ runs over the
number of bins in the cumulative mass function.

Model a = 0.60 a = 0.80 a = 1.00
(q, p) (q, p) (q, p)

QCDMCubic (0.699, 0.336) (0.727, 0.349) (0.791, 0.354)
Cubic Galileon (0.699, 0.334) (0.720, 0.346) (0.770, 0.349)
Linearized Cubic Galileon (0.685, 0.326) (0.692, 0.308) (0.734, 0.301)

QCDMQuartic (0.671, 0.339) (0.692, 0.349) (0.713, 0.354)
Quartic Galileon (0.713, 0.359) (0.840, 0.389) (1.024, 0.407)
Linearized Quartic Galileon (0.649, 0.316) (0.671, 0.316) (0.692, 0.321)
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FIG. 4. Linear halo bias of the three variants of the Cubic (upper panels) and Quartic Galileon (lower panels) models at a = 0.60, a = 0.80 and
a = 1.00. The triangles with errorbars show the simulation results considering only haloes (and not subhaloes) with mass M200 > 100Mp,
where Mp = Ωm0ρ̄c0L

3/Np is the particle mass. The solid and dashed lines correspond to the linear halo bias parameter of Eq. (16)
computed with the (q, p) parameters from Table IV and (q, p) = (0.75, 0.30), respectively. The linear halo bias for a ΛCDM model with
WMAP9 parameters [23] is shown by the black dashed lines. The color scheme indicated in the figure applies to the lines and symbols.

the halo-halo counts power spectrum, to reduce the impact of
shot noise on our measurements. Our estimate for the linear
halo bias is given by the asymptotic value of b(k,M) on large
scales (small k). The result is shown in Fig. 4 for the Cubic
(upper panels) and Quartic (lower panels) Galileon models.
In Fig. 4, one sees that Eq. (16) provides a better description
of the linear halo bias seen in the simulations if one uses the
(q, p) parameters that best-fit the mass function of the sim-
ulations (solid lines), instead of the standard Sheth-Tormen
values, (q, p) = (0.75, 0.30) (dashed lines). Note that we did
not perform any fitting to the halo bias; by fitting (q, p) to re-
produce the mass function of the simulations, the linear halo
bias formula automatically provides a good description of the
simulations as well. This shows that the excursion set theory
approach and the steps involved in the derivation of Eq. (16)
([28, 43]) are still valid in the Cubic and Quartic Galileon
models.

The results shown in Fig. 4 have important consequences
for the observational viability of the Cubic and Quartic
Galileon models. References [11, 12, 26, 27] pointed out
that these two models are in tension with the observed large
scale clustering amplitude of the host haloes of Luminous Red

Galaxies (LRGs) of the SDSS DR7 [25]. Moreover, those
works have also shown that the tension cannot be alleviated
by the effects of the screening mechanism on large scales
(k � 0.1h/Mpc). More precisely, the tension is related to the
fact that these models can only match the observed clustering
amplitude if the host haloes of the LRGs are not biased, i.e.,
if b(M ∼ 1014M⊙/h, z = 0.31) ≈ 1. Here, z = 0.31 (a =
0.76 ∼ 0.8) is the mean redshift of the observed LRGs, which
are typically thought to reside in haloes with M ∼ 1014M⊙/h
[59–61]. The work of Ref. [28] had already hinted that the
halo bias in the Galileon models may not be sufficiently close
to unity to stand a chance of easing the tension with galaxy
clustering. However, this analysis focused only on the Quar-
tic model, and assumed the Press-Schechter formulae for the
mass function and halo bias, which was used only to draw
qualitative conclusions. In this paper, armed with N-body
simulation results and more accurate analytical formulae, we
are now in a better position to quantify the tension with LRG
clustering. In the case of the Cubic Galileon model, one has
that b(M ∼ 1014M⊙/h, a = 0.8) ≈ 2, which, although
smaller than the standard ΛCDM value, is not sufficient to
ease the tension. The tension is even more serious in the Quar-
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3/Np is the particle mass. The solid and dashed lines correspond to the linear halo bias parameter of Eq. (16)
computed with the (q, p) parameters from Table IV and (q, p) = (0.75, 0.30), respectively. The linear halo bias for a ΛCDM model with
WMAP9 parameters [23] is shown by the black dashed lines. The color scheme indicated in the figure applies to the lines and symbols.
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FIG. 5. Halo concentration-mass relation, c200(M200), of the three variants of the Cubic (upper panels) and Quartic (lower panels) Galileon

models, for a = 0.60, a = 0.80 and a = 1.00. The circles with errorbars show the simulation results considering haloes (and not subhaloes)

with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.

TABLE V. Best-fitting (α,β) parameters in the parametrization log10(c200) = α + βlog10
�
M200/

�
1012M⊙/h

��
to the simulation results

for the variants of the Cubic and Quartic Galileon models at a = 0.60, a = 0.80 and a = 1.00. The uncertainty in the values of α and β is

∆α = ∆β = 0.001. These parameters were determined by minimizing the quantity
�

i |c
sims
200 (Mi)/c

param
200 (Mi,α,β)− 1|, where csims

200 (Mi)
is the concentration measured in the simulations, cparam200 (Mi,α,β) is the concentration given by the parametrization and the index ’i’ runs

over the number of mass bins.

Model a = 0.60 a = 0.80 a = 1.00
(α,β) (α,β) (α,β)

QCDMCubic (0.670,−0.024) (0.801,−0.078) (0.825,−0.068)
Cubic Galileon (0.674,−0.025) (0.797,−0.076) (0.818,−0.067)
Linearized Cubic Galileon (0.740,−0.030) (1.001,−0.080) (1.129,−0.076)

QCDMQuartic (0.667,−0.026) (0.794,−0.079) (0.833,−0.079)
Quartic Galileon (0.569,−0.029) (0.562,−0.033) (0.542,−0.017)
Linearized Quartic Galileon (0.781,−0.028) (0.956,−0.084) (1.011,−0.078)

Quartic Galileon models tend to underpredict the clustering

power measured in the simulations. In particular, the mis-

match ranges between ∼ 50% and ∼ 20% across all the vari-

ants and epochs. These differences are not entirely unexpected

and their explanation can be related to some of the approxima-

tions associated with the halo model. In particular, the 2-halo

term can be written more accurately as

P 2h
k =

�
dM1

1

ρ̄m0

dn(M1)

dlnM1
|u(k,M1)|
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with M200 > 1000Mp, where Mp = Ωm0ρ̄c0L
3/Np is the particle mass. The solid lines show the best-fitting power laws from Table V. For

comparison, in the a = 1.00 panels, we also show the fit found in Ref. [62] for a ΛCDM model with the WMAP5 parameters [63]. The color

scheme indicated in the figure applies to the lines and symbols.
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Gravity, the first discovered and yet least understood of the four fundamental forces of Nature, is once
again increasingly becoming one of the main focuses of modern physics research, for two reasons:

The first reason is theoretical. Einstein’s general relativity, the current standard theory of gravity,
predicts that the gravitational force is carried by massless spin-2 gravitons, and prescribes specifically
how it works. Despite its mathematical beauty, there is no theoretically compelling reason why gravity
must work in that way. Indeed, it is widely accepted that the theory is incomplete, and should only be
regarded as an effective theory up to some energy cutoff. It is therefore crucial to leave all possibilities
open, and major breakthroughs were made recently to develop other competitive theories of gravity.

The second reason is more practical. The Nobel-prize-winning discovery of the accelerated expan-
sion of the Universe in 1998 has made people seriously consider the possibility that general relativity,
despite its tremendous successes in the solar system, may not apply to cosmological scales. Alternative
theories of gravity have, over the past decade or so, firmly gained ground as one of the two mainstream
explanations to this discovery, along with the hypothesis of dark energy.

The importance to understand the origin of the accelerated cosmic expansion, which is considered
as the biggest outstanding question in cosmology, has stimulated a number of big observational surveys,
such as Euclid and Lsst, that will make maps of the Universe over an order of magnitude larger than
anything before. Such unparalleled information provides an ideal testbed for gravity, and make this a
golden era for studies of gravitational theories.

Despite the growing interest and efforts in this field, however, progresses have thus far been limited
by a few factors. Firstly, the theories are mostly highly nonlinear, which makes quantitative predictions
of the behaviours of these theories hard to obtain. The conventional linearisation approach, as I argued
in a series of works, often misses the important information contained in the nonlinearities and leads to
biased conclusions. More accurate results can only be obtained by performing numerical simulations in
which the nonlinearities are fully taken into account, and codes to do this only appeared very recently.
Secondly, to fully understand a theory implies to study its behaviour from terrestrial to cosmic scales,
which is inter-disciplinary and requires a variety of different methodologies. Finally, the large number
of theories and their distinct theoretical properties implies it is impossible to make generic predictions
for all theories, and a case-by-case approach needs to be followed, adding to the difficulty.

R− 2Λ → R+ f(R) ∼ R− 2Λ− 10|fR0|
Λ2

R
(1)

It is clear that a concerted effort combining expertise in theoretical physics, astrophysics, numerical
simulations and connections to observations is needed to carry this field further ahead.

Objectives: GravZoo will advance the field of gravitation research by quantitatively understanding
the complicated cosmological, astrophysical and terrestrial behaviours of various theories of gravity.
It will follow a theory-by-theory approach, combining different methodologies specifically developed
and carefully tailored for individual theories to ensure those behaviours could be reliably quantified
and confronted with observations or experiments to find the best possible constraints. By carefully
studying the galaxy formation in those theories, It will make realistic mock galaxy catalogues which
are critical in assessing the performance and calculating relevant statistics of the real survey data.
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1

MPlΛ
✷ϕ∇µϕ∇µϕ (3)

u ≡ log (−fR) , b ≡ exp(u) (4)
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).

Parameter/Dataset Base Galileon νGalileon νΛCDM

(χ2
P ;−−;−−) (9829.8 ;−− ;−−) (9811.5 ;−− ;−−) (9805.5 ;−− ;−−)

(χ2
P ;χ

2
L;−−) (9834.6 ; 8.0 ;−−) (9811.6 ; 4.4 ;−−) (9805.3 ; 8.8 ;−−)

(χ2
P ;χ

2
L;χ

2
B) (9834.6 ; 22.2 ; 8.0) (9813.5 ; 4.5 ; 1.0) (9805.4 ; 8.7 ; 1.4)

100Ωb0h
2: (PL, PLB) (2.233± 0.028 ; 2.177± 0.024) (2.161± 0.030 ; 2.194± 0.024) (2.182± 0.035 ; 2.214± 0.025)

Ωc0h
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tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
fit to the lensing power spectrum is also much better in the
νGalileon case, relative to the base Galileon model. Com-
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).

Parameter/Dataset Base Galileon νGalileon νΛCDM

(χ2
P ;−−;−−) (9829.8 ;−− ;−−) (9811.5 ;−− ;−−) (9805.5 ;−− ;−−)

(χ2
P ;χ

2
L;−−) (9834.6 ; 8.0 ;−−) (9811.6 ; 4.4 ;−−) (9805.3 ; 8.8 ;−−)

(χ2
P ;χ

2
L;χ

2
B) (9834.6 ; 22.2 ; 8.0) (9813.5 ; 4.5 ; 1.0) (9805.4 ; 8.7 ; 1.4)

100Ωb0h
2: (PL, PLB) (2.233± 0.028 ; 2.177± 0.024) (2.161± 0.030 ; 2.194± 0.024) (2.182± 0.035 ; 2.214± 0.025)

Ωc0h
2: (PL, PLB) (0.116± 0.002 ; 0.124± 0.002) (0.123± 0.003 ; 0.119± 0.002) (0.121± 0.003 ; 0.118± 0.002)

104θMC: (PL, PLB) (104.17± 0.061 ; 104.05± 0.058) (104.04± 0.066 ; 104.10± 0.056) (104.08± 0.073 ; 104.14± 0.057)
τ : (PL, PLB) (0.067± 0.011 ; 0.052± 0.010) (0.087± 0.012 ; 0.088± 0.013) (0.091± 0.013 ; 0.092± 0.013)
ns: (PL, PLB) (0.970± 0.007 ; 0.952± 0.006) (0.948± 0.009 ; 0.960± 0.006) (0.954± 0.009 ; 0.963± 0.006)
ln(1010As): (PL, PLB) (3.034± 0.020 ; 3.019± 0.019) (3.085± 0.023 ; 3.081± 0.024) (3.093± 0.024 ; 3.090± 0.024)
Σmν [eV]: (PL, PLB) (0 fixed ; 0 fixed) (0.980± 0.237 ; 0.651± 0.106) (< 0.551 ;< 0.127)

h: (PL, PLB) (0.800± 0.013 ; 0.758± 0.009) (0.663± 0.030 ; 0.712± 0.010) (0.634± 0.036 ; 0.677± 0.009)
σ8(z = 0): (PL, PLB) (0.935± 0.010 ; 0.944± 0.010) (0.733± 0.042 ; 0.792± 0.025) (0.757± 0.056 ; 0.816± 0.018)

maintain the observed acoustic scale, but has also an impact
on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
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(cf. Eq. (5)). A larger value of Σmν can therefore mimic
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rapidly with time, which reduces the ISW power at low-l (red
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on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
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FIG. 1. Marginalized two-dimensional 95% confidence limit contours obtained using the PL (open dashed) and PLB (filled) datasets for the
base Galileon (blue), νGalileon (red) and νΛCDM (green) models. In the left panel, the vertical bands indicate the 68% confidence limits of
the direct measurements of h presented in Ref. [29] (open dashed) and Ref. [30] (grey filled). In the right panel, the horizontal bands indicate
the 95% confidence interval on σ8 obtained using the PL (open dashed) and PLB (blue filled) datasets for the base Galileon model (which does
not contain massive neutrinos).

TABLE I. Summary of the one-dimensional marginalized likelihood distributions. The upper part of the table shows the best-fitting χ2 =
−2lnL values (where L is the likelihood) of the components of the P, PL and PLB datasets. The goodness of fit of the Galileon models can be
inferred by comparing the respective χ2 values with νΛCDM, which has been shown to be a good fit to these data in [24]. The lower part of
the table shows the 1σ limits on the cosmological parameters obtained for the PL and PLB datasets (h and σ8 are derived parameters).
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on the amplitude of the CMB temperature and lensing spec-
tra, which triggers shifts in ns, As and τ to optimize the fit.
However, all of these shifts in the parameters do not lead to
a perfect compensation, which results in the poorer fit of the
base Galileon model. In particular, in addition to the poor fit to
the BAO measurements, the best-fitting base Galileon model
to the PLB dataset overpredicts the measured lensing potential
power spectrum and has an excess of ISW power in the low-l
region of the CMB temperature spectrum (solid blue lines in
Fig. 2). The latter is caused by a rapid late-time deepening of
the gravitational potentials induced by the Galileon field.

The presence of massive neutrinos effectively raises the to-
tal matter density today, which increases H(a) at late times
(cf. Eq. (5)). A larger value of Σmν can therefore mimic
the effects of increasing h on the value of d

∗
A (note that

Ων ∝ Σmν). In Fig. 1, it is shown that, if Σmν is a free
parameter, then the PL dataset no longer prefers high values
for h (red dashed). This eliminates the tension with the BAO
data, as indicated by the overlap of the PL and PLB contours
(red filled) for the νGalileon model (compared with the corre-
sponding mismatch found for the base Galileon model). The
goodness of the fit of νGalileon becomes also substantially
better for all the data combinations, as indicated by the χ2

values of Table I. The modifications introduced by the mas-
sive neutrinos cause the gravitational potentials to deepen less
rapidly with time, which reduces the ISW power at low-l (red
curves in Fig. 2). Compared to νΛCDM, there is still a slight
excess of ISW power, but the larger errorbars on these scales
do not allow more stringent constraints to be derived. The
fit to the lensing power spectrum is also much better in the
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future
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Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.
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1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the
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(see e.g. [11, 36, 37] for steps in this direction).
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Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).
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gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.

Acknowledgments We thank Marco Baldi and David Wein-

berg for useful comments and suggestions. We are grate-

ful to Antony Lewis for help with the CosmoMC code, and

4

FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.

The vertical bands in the left panel of Fig. 1 show the

1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.

The release of the Planck data has revealed an additional

tension faced by ΛCDM models concerning the normaliza-

tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.

Acknowledgments We thank Marco Baldi and David Wein-

berg for useful comments and suggestions. We are grate-

ful to Antony Lewis for help with the CosmoMC code, and

data points: 
Planck CMB lensing



model

Galileon

f(R) gravity
E1 E2 E3 D1 D2 X1 X2

4

FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the
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1σ limits on h obtained using Cepheid variables reported in
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uncertainties on these measurements are not yet completely
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taken at face value, the νGalileon model is consistent with
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experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).
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Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.
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sult, future CMB lensing measurements on these larger an-
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two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-
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ues. It is therefore of interest to check whether or not the
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tion) in νGalileon cosmologies, which is left for future work
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experiments are expected to reach their forecast sensitivity in
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FIG. 2. CMB temperature anisotropy (top), CMB lensing (mid-

dle) and linear matter power spectra (bottom) of the best-fitting base

Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.

pared to νΛCDM, νGalileon yields a slightly better fit, as it

predicts a higher amplitude for Cφφ
l in the range of multipoles

l ∼ 40 − 80 and the power decreases more rapidly at higher

multipoles. It is noteworthy that for l � 40, the νGalileon
and ΛCDM models make very distinct predictions. As a re-

sult, future CMB lensing measurements on these larger an-

gular scales have the potential to distinguish between these

two scenarios. For completeness, we note that allowing for

Ωk < 0 also lowers d∗A, and as a result, can also ease the ten-

sion between the CMB and the BAO data. The impact of Ωk

on the ISW effect and CMB lensing is left for future work.

Discussion We now discuss the impact that additional data

can have in further constraining the parameter space of the

νGalileon model.
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1σ limits on h obtained using Cepheid variables reported in

Refs. [29] (open dashed) and [30] (grey filled). We opted not

to include these data in our constraints, since the systematic

uncertainties on these measurements are not yet completely

understood (see e.g. Ref. [32] for a discussion). Nevertheless,

taken at face value, the νGalileon model is consistent with

these measurements. Adding a prior for h to the PLB dataset

would then favour νGalileon over νΛCDM.
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tion of the matter density fluctuations. Specifically, the value

of σ8 inferred from the CMB temperature and lensing data

seems to be larger than the values inferred from galaxy lens-

ing or cluster number counts [24, 33]. Recently, Refs. [34, 35]

have shown that the inclusion of sufficiently massive neutri-

nos can improve the fit of ΛCDM to these data, but some

residual tension remains. Figure 1 shows that the values of

σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).

Compared to νΛCDM, for the PLB dataset, the allowed range

of σ8 for the νGalileon model extends to slightly lower val-

ues. It is therefore of interest to check whether or not the

above tension in ΛCDM can be avoided in νGalileon. This

requires a proper modelling of nonlinear structure formation

(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work

(see e.g. [11, 36, 37] for steps in this direction).

The high energy part of the Tritium β-decay spectrum of-

fers a robust way to directly measure neutrino masses in a

model independent way. The MAINZ and TROITSK exper-

iments have determined Σmν � 6.6 eV (at 2σ), but upcom-

ing experiments such as KATRIN will be able to improve

the sensitivity to Σmν � 0.6 eV (see e.g. [38] for a recent

review). If light neutrinos are Majorana particles and pro-

vide the dominant contribution, neutrinoless double β-decay

experiments will be able to achieve even higher precision,

probing completely the quasi-degenerate spectrum for which

Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-
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Galileon (blue), νGalileon (red) and νΛCDM (green) models for

the PL (dashed) and PLB (solid) datasets. In the upper and middle

panels, the data points show the power spectrum measured by the

Planck satellite [24, 25]. In the lower panel, the data points show

the SDSS-DR7 Luminous Red Galaxy host halo power spectrum as

presented in Ref. [31], but scaled down to match approximately the

amplitude of the best-fitting νGalileon (PLB) model.
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l ∼ 40 − 80 and the power decreases more rapidly at higher
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σ8 in the νGalileon model are substantially smaller than in

the base Galileon model (see also the bottom panel of Fig. 2).
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ues. It is therefore of interest to check whether or not the
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(e.g. modelling of small scale clustering and halo mass func-

tion) in νGalileon cosmologies, which is left for future work
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The high energy part of the Tritium β-decay spectrum of-
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model independent way. The MAINZ and TROITSK exper-
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Σmν � 0.3 eV (see e.g. [39] for a recent review). All these

experiments are expected to reach their forecast sensitivity in

a few years time. This will bring the terrestrial constraints on

Σmν into a regime where they can be used to further test the

νGalileon model, for which Σmν � 0.4 eV (at 2σ) using

cosmological data (c.f Fig. 1).

In conclusion, the νGalileon model emerges as a simple

and attractive alternative to ΛCDM that is testable with future

cosmological and particle physics experiments. Further stud-

ies of this model will be of interest not only in understand-

ing better the role that massive neutrinos can play in modified

gravity theories, but also in the planning and interpretation of

the results from ongoing and future observational missions.
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complications: 
(i) controversy in observational data
(ii) nonlinearity of screening kicks in on large scales
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✠ modified gravity theories are proposed as alternatives to dark energy, but    
   some are indeed dark energy plus modified gravity
✠ viable modified gravity theories need screening mechanisms and therefore
   generically strongly nonlinear

✠ numerical simulation codes have recently been developed to study such
   theories, e.g., ECOSMOG, MG-Gadget, ISIS
✠ f(R) gravity: a cosmological model that cannot be tested in cosmology

✠ Galileon gravity: potential strong future constraints, but need full simulations 
   to assess these constraints; also uniquely testable by neutrino experiments
✠ other possibilities: k-mouflage, kinetic gravity braiding, massive gravity, 
   non-local gravity etc.

✠ care needs to be taken when using linear perturbation theory: growth rate, 
   redshift space distortions, even the ISW effect

✠ no outstanding candidate yet


