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Dark energy- Ωdm coupled models

In the absence of a fundamental symmetry which sets the vacuum 

energy to zero, it is mandatory to look for an alternative mechanism: 

dynamical explanation of the accelerated expansion via a cosmic 

scalar field. 


Cosmic scalar fields may naturally couple to all other fields in nature. 

Negligible couplings to matter. Carroll, PRL’98


In practice, only to invisibles.             


rµT
µ
(dm)⌫ = Qu(dm,de)

⌫ /a

rµT
µ
(de)⌫ = �Qu(dm,de)

⌫ /a

Kodama & Sasaki, PTPS’84

Gavela et al JCAP’09

Dark sectors follow same time evolution on time:

cosmic coincidence-why now? problem


Wetterich; Peebles &Ratra; Wang, Caldwell, Ostriker & Steinhardt



Simplest phenomenological scenarios

(He at al PLB’09, Wang et al NPB’07, 
Olivares et al PRD’08, Abdalla et al PLB’09, Pan et al MNRAS’12)

Possible field descriptions at classical and quantum  levels

Quintessence coupled field models can be written as a scalar-tensor 
gravity theory. f (R) gravity theories correspond to generalized Brans 
Dicke (BD) theory with a BD parameter wBD = 0 or wBD = −3/2.


Sotiriou & Faraoni, Rev. Mod. Phys'10

Gleyzes et al JCAP’15, 
Pan et al PRD’20

Q ∝ ξρde Q ∝ ξρdm
Damour et al PRL’90, Wetterich AA’95, Amendola PRD’00, Zimdahl et al PLB’01, 
Farrar &Peebles APJ’04, Das et al PRD’06, Zhang et al PRD’06, Olivares et al PRD’08,
Bean et al NJP’08, Koyama et al JCAP’10, Valiviita et al JCAP’08, He at al PLB’09,
Jackson et al PRD’09, Gavela et al JCAP’09

He at al PLB’09
Jackson et al PRD’09
Gavela et al JCAP’09



Is there any preference for  ?ξ ≠ 0

Zhai et al, 2303.08201

An interacting dark sector is favoured with 95% CL significance from 
current CMB data


H0 = (73.04 ± 1.04) km/s/Mpc

Q = 3Hξρde



Is there any preference for  ?ξ ≠ 0
An interacting dark sector is favoured with a 95% CL significance from 
current CMB data due to the lower amplitude of high-multipole data


Q = 3Hξρde

Zhai et al, 2303.08201



Is there any preference for  ?ξ ≠ 0

Wang et al, 2209.14816

The CMB “preference” dilutes within the simplest  after BAO data.

However….


ΛCDM

Q = 3Hξρde w > − 1

ξ



Is there any preference for  ?ξ ≠ 0

Wang et al, 2209.14816

The CMB “preference” dilutes within the simplest  after BAO data.

However, within the wCDM model:


ΛCDM

Q = 3Hξρde w > − 1



Is there any preference for  ?ξ ≠ 0

Wang et al, 2209.14816

Q = 3Hξρde w < − 1

A phantom interacting dark energy cosmology is also favoured!


The CMB “preference” dilutes within the simplest  after BAO data.

However….


ΛCDM
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H0 = 67.27± 0.60 km/s/Mpc

Planck Coll. A&A’20

H0 = 73.17 ± 0.86 km/s/Mpc

Breuval, Riess et al APJ’24 

4σ − 6σ

The Hubble constant tension

Di Valentino et al Class.Quant.Grav’21
See also Schöneberg et al Phys.Rept.’22
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Disagreement of 4𝞼-6𝞼 
depending on the data 
sets

It has grown 
significance with the 
improvement of data.

W. Freedman, APJ’21

The Hubble constant tension

Di Valentino et al Class.Quant.Grav’21
See also Schöneberg et al Phys.Rept.’22



adam riess slide

From A. Riess



Interacting dark energy and the Hubble constant tension

One of the most simplest scenarios is able to alleviate the issue

Di Valentino, Melchiorri and Mena PRD’17

R16 H0 = 73.20 ± 1.74 km/s/Mpc
R19 H0 = 74.03 ± 1.42 km/s/Mpc

Coupled cosmologies predict a mismatch between high and low redhsift H0 

measurements. 


Q = Hξρde

(Salvatelli et al, PRD’13)

Q = Hξρde



Interacting dark energy and the Hubble constant tension

Strong degeneracy between  and !ξ H0

H0

Di Valentino et al PDU’20 Di Valentino et al PRD’20

ξΛCDM



Zhai et al, 2303.08201

Interacting dark energy and the Hubble constant tension
For all the CMB data sets explored, the mean value of  is much larger, 

and the significance of the  tension is therefore strongly reduced. 

In addition it is led by the shift in the mean value of  and not by the larger
 size of the errors. 
Model-comparison results to negative values of the Bayes factor: 
tendency from current CMB measurements towards an IDE cosmology. 
Such a preference could potentially improve with future CMB observations.

H0

H0

H0



Interacting dark energy and the Hubble constant tension

Smaller amount of  is translated into a larger value of Ωm H0

Q = Hξρde



Interacting dark energy and the Hubble constant tension

Also alleviates other tensions!

Improved overlap between the Planck and DES allowed regions in ξΛCDM

Di Valentino et al PDU’20



Is interacting dark energy the panacea for all tensions?

Labbe et al’22
These results imply that the central regions of massive galaxies began forming very early in processes different from the 
gradual build-up of the rest of the galaxy population!

 First James Webb Space Telescope images show that massive galaxy formation began extremely early. 
The stellar mass density in massive galaxies is much higher than anticipated from previous studies based 
on rest-frame UV-selected samples: a factor of 10 − 30 at z ∼ 8 and more than three orders of 

magnitude at z ∼ 10! Structure formation predicted by the ΛCDM framework must be enhanced!



Is interacting dark energy the panacea for all tensions?

Has dark energy something to do with this?

Labbe et al’22

 Menci et al’22



Structure formation enhanced to that predicted within the ΛCDM framework

Is interacting dark energy the panacea for all tensions?

Honorez et al JCAP’10

IF : the difference with non-interacting cosmologies arise exclusively due to the different background evolution of 
the quantities H and Ωdm. The growth equation is not modified but the scaling with redshift of ρdm is different from that of 
a conserved pressureless fluid. These models are effectively indistinguishable from minimally coupled dark energy models 
with a w(z) and may or not be able to solve the JWST tension.

Q ∝ ρdm

IF : for negative coupling ξ,  the Hubble friction term B is suppressed and the A contribution to the source term in 
enhanced. This implies that the dark matter growth will be larger than in uncoupled models. More generally, this feature 
is valid for any coupled model in which Q is directly proportional to the dark energy density and Q/ρde is negative.
Highly promising!

Q ∝ ρde



Highly promising!

Structure formation is more enhanced than predicted by the ΛCDM framework!

Is interacting dark energy the panacea for all tensions?

Q = Hξρde

Forconi et   al, JCAP’24



Mon Not R Astron Soc, Volume 511, Issue 2, April 2022, Pages 3076–3088, https://doi.org/10.1093/mnras/stac229
The content of this slide may be subject to copyright: please see the slide notes for details.

Figure 2. Contrasts on the z = 0 cosmic structures in IDE1 (left 
column), ΛCDM (middle column), and IDE2 (right column) ...

Liu et  al, MNRAS’22

N-body simulations confirm this hypothesis 
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Figure 4. Halo mass functions at z = 1 (left) and z = 0 (right) in 
ΛCDM (red), IDE1 (yellow solid), and IDE2 (blue) ...

Liu et  al, MNRAS’22

N-body simulations confirm this hypothesis 



Liu et  al, MNRAS’22

N-body simulations confirm this hypothesis: Halo growth history 



Forconi et   al, JCAP’24



Forconi et   al, JCAP’24

χ2(ΛCDM) ≃ 17
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Redshift Space Distortions (Kaiser, 1987)
Hubble’s (1929) law states that the recession velocity cz of a galaxy is 
proportional to its distance cz = H0d. The recession velocity cz of 

a galaxy can be measured from the redshift z of its spectrum. 

This has been a primary motivation for redshift surveys.

Hubble’s law is not perfect, however! 

Galaxies have peculiar velocities v relative to the general Hubble 
expansion: it is necessary in general to distinguish between a galaxy’s 
redshift distance s ≡ cz and its true distance r ≡ H0d. 


The redshift distance s of a galaxy differs from the true distance r by its 
peculiar velocity along the line of sight:

s = r + v

 The peculiar velocities of galaxies thus cause them to appear displaced 
along the line of sight in redshift space. These displacements lead to 
redshift distortions in the pattern of clustering of galaxies in redshift 
space.

Although such distortions complicate the interpretation of redshift 





Redshift Space Distortions (Kaiser, 1987)



Although such distortions complicate the interpretation of redshift maps as 
positional maps, they have the tremendous advantage of bearing 
information about the dynamics of galaxies. 


In particular, the amplitude of distortions on large scales yields a measure 
of the linear redshift distortion, which is related to the growth of 
structure, modified in coupled dark matter-dark energy models!

f ≡
d ln δ(a)

d ln a
f ≡ Ωm(a)γ

γ ≃ 0.55

Pgal(k) = Pm(b2 + fμ2)2





Ghedini et  al, PDU’24



Ghedini et  al, PDU’24
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Larger growth of structure in EDE/IDE cosmologies may provide a compelling 
solution to early massive galaxy formation from JWST first results.

IDE cosmologies are able to alleviate the Hubble constant tension. 
A phantom closed universe also solves the issue. 

Tendency from ALL current CMB measurements favouring an IDE 
cosmology. 

Simplest model compromised by RSD observations. Other models still allowed 
though!



38



Backup material



©

Mon Not R Astron Soc, Volume 511, Issue 2, April 2022, Pages 3076–3088, https://doi.org/10.1093/mnras/stac229
The content of this slide may be subject to copyright: please see the slide notes for details.

Figure 4. Halo mass functions at z = 1 (left) and z = 0 (right) in 
ΛCDM (red), IDE1 (yellow solid), and IDE2 (blue) ...
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Figure 2. Contrasts on the z = 0 cosmic structures in IDE1 (left 
column), ΛCDM (middle column), and IDE2 (right column) ...





Valiviita et al JCAP’08, Majerotto et al, MNRAS’10

Simplest phenomenological scenarios
Damour et al PRL’90, Wetterich AA’95, Amendola PRD’00, Zimdahl et al PLB’01, 
Farrar &Peebles APJ’04, Das et al PRD’06, Zhang et al PRD’06, Olivares et al PRD’08,
Bean et al NJP’08, Koyama et al JCAP’10, Valiviita et al JCAP’08, He at al PLB’09,
Jackson et al PRD’09, Gavela et al JCAP’09
He at al PLB’09, Jackson et al PRD’09, Gavela et al JCAP’09

(He at al PLB’09, Wang et al NPB’07, 
Olivares et al PRD’08, Abdalla et al PLB’09, Pan et al MNRAS’12)

Σ ∝ H
Σ ∝ H0

Valiviita et al JCAP’08, He at al PLB’09, Jackson et al PRD’09, Gavela et al JCAP’09

Q = Σ1ρdm + Σ2ρde + Σ3ρ′￼dm + Σ4ρ′￼de Pan et al, MNRAS’18

Q = Σ ( ρdmρde

ρdm + ρde )
Zang  et al JCAP’06, Li et al PRD’14, Hu et al A&A’16,  
Bouhmadi–Lopez et al PDU’16, Feng et al JCAP’16, Yang et al PRD’18
Yang et al PRD’19, Pan et al PRD’20

Σ ∝ (1 + w) Model stable for any choice of w
 Yang et al JCAP’18



Forconi et   al, JCAP’24



Forconi et al, JCAP’24

χ2(ΛCDM) ≃ 17



Interacting dark energy and the Hubble constant tension
When we allow the DE EoS w to change, we the  degeneracy strongly dominates over the 

 one. The  tension is more efficiently solved in the coupled phantom ξpCDM model than in the 
coupled quintessence ξqCDM model due to the phantom character
of the DE rather than due to the presence of the DM-DE interaction.

H0 − w
H0 − ξ H0

Di Valentino et al PDU’20
Di Valentino et al PRD’20

ξΛCDM

ξqCDM

ξpCDM

Quintessence IDE
 ξ < 0 w > −1

Phantom IDE 
ξ < 0 w > −1



Dynamical dark energy

“Quintessence-Cosmon” slowly rolling scalar field


In practice: 


Wetterich; Peebles &Ratra; Wang, Caldwell, Ostriker & Steinhardt

⇢� =
1

2
�̇2 +

1

2
(r�)2 + V (�)

V(Φ)

Φ

w(a) = w0 + wa(1� a)

Chevallier&Polarski’01, Linder’03

Fine tuned: Minimum of the potential? mΦ≈10-33 eV? 


Planck coll. A&A’20



Simplest phenomenological scenarios

(He at al PLB’09, Wang et al NPB’07, 
Olivares et al PRD’08, Abdalla et al PLB’09, Pan et al MNRAS’12)

Q = Σ ( ρdmρde

ρdm + ρde )
Possible field descriptions at classical and quantum  levels


Quintessence coupled field models can be written as a scalar-tensor 
gravity theory. f (R) gravity theories correspond to generalized Brans 
Dicke (BD) theory with a BD parameter wBD = 0 or = −3/2.


Sotiriou & Faraoni, Rev. Mod. Phys’10

Einstein frame contains a new scalar field, being the energy momentum 
exchange proportional to its 4-velocity De Felice & Tsujikawa, Living Rev.Rel.'10

Gleyzes et al JCAP’15, Pan et al PRD’20



Dark energy- Ωdm coupled models
Cosmic scalar fields may naturally couple to all other fields in nature. 

In practice, only to invisibles              


Dark sectors follow same time evolution on time:

cosmic coincidence-why now? problem


rµT
µ
(dm)⌫ = Qu(dm,de)

⌫ /a

rµT
µ
(de)⌫ = �Qu(dm,de)

⌫ /a

Kodama & Sasaki, PTPS’84

Non-adiabatic early-time (large-scale) instabilities, due to Q in the dark 
energy pressure perturbation. 

An easy recipe to avoid  them is to force the doom factor


to be negative.

d ⌘
Q

3H⇢e(1 + w)

Valiviita et al JCAP’08, He at al PLB’09,Jackson et al PRD’09, Gavela et al JCAP’09, Chongchitnan PRD’09

Gavela et al JCAP’09

Negligible couplings to matter Carroll, PRL’98




(He at al PLB’09, Wang et al NPB’07, 
Olivares et al PRD’08, Abdalla et al PLB’09, Pan et al MNRAS’12)

Einstein frame contains a new scalar field being the energy momentum 
exchange proportional to its 4-velocity



Dark energy- Ωdm coupled models

ΔμTμ
(dm)ν = Qν

ΔμTμ
(de)ν = − Qν

Qν = Qu(de)
ν /a DEvel

Qν = Qu(dm)
ν /a DMvel

/ ⇢dmude
⌫

Damour et al PRL’90, Wetterich AA’95, Amendola PRD’00, 
Zimdahl et al PLB’01, Farrar &Peebles APJ’04, Das et al PRD’06,
 Zhang et al PRD’06, Olivares et al PRD’08,
Bean et al NJP’08, Koyama et al JCAP’10.

/ ⇢deu
de
⌫ Honorez et al, AIP C.P’10, JCAP’10

/ ⇢dmudm
⌫

Valiviita et al JCAP’08, He at al PLB’09,
Jackson et al PRD’09, Gavela et al JCAP’09, 
Koyama et al JCAP’10

/ ⇢deu
dm
⌫

He at al PLB’09, Jackson et al PRD’09, 
Gavela et al JCAP’09.



Dark energy- Ωdm coupled models

ΔμTμ
(dm)ν = Qν

ΔμTμ
(de)ν = − Qν

Qν = Qu(de)
ν /a DEvel

Qν = Qu(dm)
ν /a DMvel

/ ⇢dmude
⌫

Damour et al PRL’90, Wetterich AA’95, Amendola PRD’00, 
Zimdahl et al PLB’01, Farrar &Peebles APJ’04, Das et al PRD’06,
 Zhang et al PRD’06, Olivares et al PRD’08,
Bean et al NJP’08, Koyama et al JCAP’10.

/ ⇢deu
de
⌫ Honorez et al AIP C.P’10, JCAP’10

/ ⇢dmudm
⌫

Valiviita et al JCAP’08, He at al PLB’09,
Jackson et al PRD’09, Gavela et al JCAP’09, 
Koyama et al JCAP’10

/ ⇢deu
dm
⌫

He at al PLB’09, Jackson et al PRD’09, 
Gavela et al JCAP’09.



Dark energy- Ωdm coupled models

ΔμTμ
(dm)ν = Qν

ΔμTμ
(de)ν = − Qν

Qν = Qu(de)
ν /a DEvel

Qν = Qu(dm)
ν /a DMvel

In DEvel models (b=0) there is no momentum transfer to the dark energy frame: momentum 

must be conserved in the dark matter frame. This  implies a fractional increase in the dark 
matter peculiar velocity equal and opposite to the  fractional change in energy density due 

to the presence of a coupling. 

This effect can be  interpreted as an extra source of acceleration for the dark matter fluid, 

 that will appear clearly in the dark matter velocity perturbation equation:


In DMvel models (b=1) both momentum and energy density are transferred from the 

dark matter system to the dark energy one, and therefore the dark matter peculiar velocity 
field does not have this apparent force.


Modified gravity & coupled quintessence models



Dark energy- Ωdm coupled models

Qν = Qu(de)
ν /a DEvel

GDM = Gbaryons(1 + 2�2)

2

lite has a mass msat and radius rsat which fill its tidal
radius rtid. When the satellite is much less massive than
the host galaxy, msat/MR ≪ 1, a distinct hierarchy,

Eorb ≫ Etid ≫ Ebin, (5)

exists in these three energy scales, implying that the dis-
rupted stars and satellite will trace similar orbits in the
host galaxy’s potential regardless of the details of tidal
disruption or the satellite’s internal structure. The dis-
rupted stars will act like purely baryonic test particles,
while the satellite itself behaves largely like a DM test
particle, if it is DM dominated.

Fortunately, the Sagittarius (Sgr) dwarf galaxy, the
Milky Way’s closest satellite at a Galactocentric dis-
tance of only 16 kpc, is nearly ideal for our purposes.
The Sgr dwarf has extended leading and trailing tidal
streams observed by the Two-Micron All Sky Survey
(2MASS) [21] and the Sloan Digital Sky Survey (SDSS)
[22]. Using a sample of over 1,000 M-giant stars with a
known color-magnitude relation, the 2MASS collabora-
tion have measured not just surface brightnesses along
the streams, but distances and spectroscopic velocities
as well [23]. Comparing these observations to simula-
tions has led to estimates of the mass of the Sgr dwarf of
MSgr = (2−5)×108M⊙, mass-to-light ratio MSgr/LSgr =
14−36 M⊙/L⊙, and Sgr orbit with pericenter 10–19 kpc,
apocenter 56–59 kpc, and period 0.85–0.87 Gyr [24]. The
large mass-to-light ratio suggests that the Sgr dwarf is
indeed DM dominated and therefore a suitable place to
search for DM forces.

To study more carefully the effects of EP violation on
tidal disruption, we performed our own simulations of the
tidal disruption of a satellite with a mass (5 × 108M⊙),
mass-to-light ratio (40M⊙/L⊙), and orbit (pericenter 14
kpc, apocenter 59 kpc) similar to that of the Sgr dwarf.
We could not compare our simulations directly with those
of Ref. [24], as we performed N -body simulations of a
Navarro-Frenk-White (NFW) profile for our Milky Way
halos, and they used a static logarithmic potential. An
active halo allows for dynamical friction over the course of
the simulation and possible backreaction on the halo due
to the DM force. While we did not attempt to reproduce
the detailed features of the Sgr tidal streams, our simula-
tions are sufficient to demonstrate that even a small DM
force could have significant observational consequences.
The initial conditions for our simulations were produced
using GALACTICS [25], which makes use of phase-space
distribution functions (DFs) that are analytic in the or-
bital energy and angular momentum. By Jeans’ theo-
rem, these DFs are equilibrium solutions to the collision-
less Boltzmann equations [26], and they can be combined
to produce realistic and stable models of the composite
Milky Way bulge-disk-halo system [25]. We used the two
Milky Way models of Ref. [25] that best fit observational
constraints, including the Galactic rotation curve and lo-
cal velocity ellipsoid. The simulations were evolved using

FIG. 1: Simulations of the tidal disruption of a satellite galaxy
in the presence of a dark-matter force. The charge-to-mass
ratio β increases from 0.0 in increments of 0.1 going counter-
clockwise from the bottom left. The Galactic disk is in black.
Sgr stars are shown in red (dark grey) while the Sgr dark mat-
ter is blue (light grey). The tidal streams are projected onto
the orbital plane. Orbits are counterclockwise; the upper left
figure shows that for β = 0.3 (a dark-matter force 9% the
strength of gravity) stars are almost absent from the leading
stream (at 12 o’clock with respect to the Galactic center). X’s
denote the location of the bound Sgr core.

a modified version of the N -body code GADGET-2 [27].
A more detailed description of our simulations are pro-
vided in Ref. [28].

Four simulations of tidal disruption are depicted in
Fig. 1, with DM forces given by Eq. (1) with different
values of the charge-to-mass ratio β. The scalar field is
assumed massless (mφ = 0), so the DM force is a true
inverse square law. The ratio β increases from 0.0 at
bottom left to 0.3 at top left as one proceeds counter-
clockwise. The simulations begin with the satellite at
apocenter 59 kpc from the Galactic center and last for
2.4 Gyr (almost three full orbits). The tangential veloc-
ities are adjusted so that all orbits are projected to have
a pericenter of 14 kpc. The orbits are counterclockwise
in the x-z plane, so that the edge of the leading stream
appears at 12 o’clock with respect to the Galactic center
in Fig. 1, while the edge of the trailing stream is at about
10 o’clock. The Sgr dwarf is modelled with a truncated
NFW profile for both stars and DM, in keeping with the
simulations of Ref. [24], where it was concluded that ob-
servations could not yet determine distinct profiles for
the two components. Thus, the stars shown in red (dark
grey) in the bottom left panel are simply a downsampling
of the DM distribution illustrated in blue (light grey).

As the DM force increases in strength, the leading

Kesden& Kamionkowski, PRL&PRD’06

|�| < 0.22

/ ⇢dmude
⌫

�⇢dmr⌫�/Mp

Modified gravity models



Highly promising!

Structure formation is more enhanced than predicted by the ΛCDM framework!

Is interacting dark energy the panacea for all tensions?

Kaushik et al, in preparation

Q = Hξρde



Interacting dark energy and the Hubble constant tension

Strong degeneracy between  and !ξ H0

H0

Di Valentino et al PDU’20 Di Valentino et al PRD’20

ξΛCDM



One loop corrections to the simplest  picture:
Interacting scenarios with a dynamical w and/or coupling

(Yang et al PRD’19, Wang et al 2209.14816 )

Is there any preference for  ?ξa ≠ 0



Is there any preference for  ?ξ ≠ 0

(Wang et al, 2209.14816)

The CMB “preference” dilutes within the simplest  after BAO data.

However…


ΛCDM

Q = 3Hξ ( ρdmρde

ρdm + ρde ) w > − 1

A phantom interacting dark energy cosmology is also (mildly) favoured

Nevertheless it can be model-dependent. Very rich phenomenology!



Is there any preference for  ?ξ ≠ 0

(Wang et al, 2209.14816)

The CMB “preference” dilutes within the simplest  after BAO data.

However…


ΛCDM

w < − 1

A phantom interacting dark energy cosmology is also (mildly) favoured

Nevertheless it can be model-dependent. Very rich phenomenology!

Q = 3Hξ ( ρdmρde

ρdm + ρde )



Is there any preference for a particular coupled model?

(Li et al 1812.00319)

Q1 = H0βρde Q2 = H0βρdm Q3 = H0β(ρdm + ρde)
Q4 = H0β ( ρdmρde

ρdm + ρde )
Q5 = Hβρde Q6 = Hβρdm Q7 = Hβ(ρdm + ρde)

Q8 = Hβ ( ρdmρde

ρdm + ρde )
Non-interacting case 




(He at al PLB’09, Wang et al NPB’07, 
Olivares et al PRD’08, Abdalla et al PLB’09, Pan et al MNRAS’12)

Einstein frame contains a new scalar field being the energy momentum 
exchange proportional to its 4-velocity


