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BREAKING SYMMETRIES 
MA NON TROPPO



THE STANDARD PARADIGM

General Relativity + dark components is our best description of gravitational phenomena.

• Principle of General Covariance: “the laws of physics retain the same form under arbitrary 

coordinate transformations” -> Diffeomorphism (Diff) invariance.

➢ Diff symmetry is the gauge symmetry of GR.

➢ It fixes the matter couplings to gravity and the number of propagating d.o.f. 

• The fundamental nature of the dark sector is poorly understood.

➢ The standard model of cosmology is the 𝚲CDM model.

➢ The ΛCDM model is very successful from a phenomenological point of view.



WHY WOULD ONE GO BEYOND THE STANDARD PARADIGM?

• Why is Λ so tiny, but still not zero? Do we need to find a reason? Carroll, arXiv: 0004075

Valentino, Melchiorri, arXiv: 1704.08342. Valentino, Mukherjee, Sen, arXiv: 2005.12587.

• H0 tension when assuming ΛCDM ( ∼ 4𝜎).

The tension may be alleviated considering:

➢ Phantom models (𝑤 = Τ𝑝 𝜌 < −1), dark sector interactions,…

Riess, Casertano, Yuan, Macri and Scolnic, arXiv: 1903.07603

We should examine the foundational pillars of the standard model.

Karim et al. arXiv: 2503.14738.          Popovic et al., arXiv:2511.07517
Figure: Cortês y Liddle, arXiv 2404.08056

• Recent data may indicate the need of evolving dark energy.

➢ Weak preference against ΛCDM ∼ 3.2𝜎 (updated from ∼ 4𝜎).

➢ If CPL parametrization, 𝑤 = 𝑤0 + 𝑤𝑎(1 − 𝑎)



WHY AND HOW DOES ONE BREAK DIFF INVARIANCE?

This symmetry can be enhanced in one of two ways:

o Full diffeomorphisms (Diff) invariance is impossed: this is General Relativity.

o Weyl symmetry is required (WTDiff invariance): this is equivalent to Unimodular Gravity.

➢ Trace-free Einstein equations. Non-dynamical field: 𝑔 = |det(𝑔𝜇𝜈)| = 1 is fixed.

➢ Λ emerges as a constant of integration, instead of being a parameter in the Lagrangian.

Einstein, (1919). Unruh, PRD 40, 1048 (1989).

Van der Bij, Van Dam and Ng, Physica A 116 (1982).

Álvarez, Blas, Garriga, Verdaguer, hep-th/0606019.

For the massless spin 2 case, classical stability just requires that the theory is invariant under 

transverse diffeomorphisms (TDiff)

with

➢ There is one gauge freedom less than in general Diff theories.



TDIFF INVARIANT MATTER

Alvarez and Faedo, arXiv: 0702184

TDiff theories: 

➢ Physics laws are invariant only under coordinates transformations such that  𝐽 = det
𝜕 ො𝑥𝜇

𝜕𝑥𝜈 = 1. 

➢ Tensor densities become tensors.

In this talk Diff invariance breaks to TDiff through the matter sector:

𝑑4𝑥 𝑔 → 𝑑4𝑥 𝑓(𝑔)

➢ The “weight of energy” is modified. Álvarez, Faedo, and López-Villarejo, arXiv :0904.3298

Maroto, arXiv:2301.05713. Jaramillo Garrido, Maroto and PMM, arXiv: 2307.14861 [gr-qc]

➢ Einstein-Hilbert action for gravity:

➢ Even if Diff is broken, Bianchi identities still hold: 

➢ The total SET is conserved on solutions of the Einstein equations.

➢ We will ultimately get a constraint for 𝑔.



THE TDIFF SCALAR FIELD THEORY



Jaramillo Garrido, Maroto and PMM, arXiv: 2307.14861.

TDIFF SCALAR FIELD THEORY: A SIMPLE EXAMPLE

➢ The SET of Einstein equations takes the simple form

This is a perfect fluid when  𝑢𝛼  is timelike.

It’s a function of 𝑔 only!

Shift-symmetric field or dominant kinetic limit.

➢ 𝜓 field equation:

Cosmology:
➢ 𝑏(𝜏) is not a gauge function.

Maroto, 
arXiv:2301.05713

➢ SET conservation + field equation imply a constraint on 𝑔:



Jaramillo Garrido, Maroto and PMM, arXiv: 2307.14861.

Diff invariant case

TDiff dark matter

Accelerated expansion

9

A . Power -law coupl ing

Webegin then with casewhere the coupling funct ion has
the form of a power-law, i.e.

f k (g) = C|g|
↵
, (86)

with C and ↵ some constant parameters. Note that , in
such a case, F = gf 0k / f k = ↵ and so it follows that the
EoS parameter is also constant :

w =
↵

1− ↵
. (87)

Thepart icular case↵ = 0means that f k = C is constant ,
and also that the EoS is w = 0 (i.e. non-relat ivist ic
mat ter). Away from theGR limit , we find from equat ion
(85) that the energy density in these couplings sat isfies

⇢/
1

p
|g|
, (88)

while the longitudinal const raint (71) gives

|g| / (CgδV
2)

1
1− ↵ = (CgδV

2)(1+ w ) . (89)

We note that if Cg(x) = const . the evolut ion simplifies:

|g| / δV 2(1+ w ) =) ⇢/ δV − (1+ w ) , (90)

and thismay be of use in cosmological set t ings. Next we
focus on theECs in the dominant kinet ic regime (38). In
this regime we ask that C 6= 0, and the ECs translate to

NEC: C > 0 ,

WEC: C > 0 , ↵ 1 ,

SEC: C > 0 , ↵ ≥ − 1/ 2 ,

DEC: C > 0 , ↵ 1/ 2

(91)

They are graphically represented in Figure 1. For C > 0
and ↵ 2 [− 1/ 2,1/ 2] all of the ECs are sat isfied, and in
this range we could find dark mat ter in ↵ = 0 (which
givesw = 0 as discussed). If we wish to have accelerated
expansion, then the SEC must be violated and this may
give rise to di↵erent dark energy models. In general, it
opens up a wide range of interest ing phenomenology for
the dark sector to be studied. Finally, we note that this
analysis for the power-law model could also apply to a
more general coupling funct ion which may be expressed
as a power series.

B . Exponent ial coupl ing

We now consider that the coupling is an exponent ial,

f k (g) = Ce
βg , (92)

with C and β some constant parameters. In this case,
the variable F = βg is not a constant , and so neither is
the EoS parameter w, which from equat ion (32) reads

w =
βg

1− βg
. (93)

FIG. 1. Regions of validity of the ECs for the two couplings

(the axes extend infinitely). The same diagram is valid for
both, understanding thehorizontal axisas↵ when considering
the power-law and as βg when considering the exponent ial.

The study of the evolut ion of the energy density and
themetric determinant is thus not part icularly simple or
illuminat ing (except perhaps for the case β = 0, which
gives a constant f k and non-relat ivist ic mat ter, as was
discussed above), so we focuson theECs in thedominant
kinet ic regime (38). These take the form:

NEC: C > 0 ,

WEC: C > 0 , βg 1 ,

SEC: C > 0 , βg ≥ − 1/ 2 ,

DEC: C > 0 , βg 1/ 2 ,

(94)

where we have again assumed that C 6= 0. We may
graphically represent them in the same way as we did
the power-law, see Figure 1. Nevertheless, the fact that
the metric determinant explicit ly appears in these ECs
means that there will be an evolut ion, as opposed to the
previous case. Since the metric determinant is allowed
to vary, it may happen that at some points in spacet ime
a given EC is sat isfied but at others it is not . As a par-
t icular example, suppose we choose β > 0, so that the
product βg isalwaysnegat ive. In thesecases, theWEC is
always sat isfied (which guarantees a posit ive energy den-
sity measured by the comoving observer), and so is the
DEC (which ensures a causal flow of energy). However,
there may be a regime in which the SEC holds which
evolves to onewhere it does not, which in a cosmological
context may give us an evolut ion from a non-accelerated
expansion to an accelerated one [6].

V I I . CONCLUSIONS

In thiswork, wehaveexplored theconsequencesof break-
ing theDi↵ invarianceof themat ter sector down to TDi↵
in general contexts (i.e. theanalysis hasbeen purely geo-
metrical, without assuming a spacet imemetric). Wehave
considered a scalar field model which couples to gravity

Figur e 1. Regions of validity of the ECs for the two couplings (the axes extend infinitely). The same

diagram is valid for both, understanding the horizontal axis as ↵ when considering the power-law and as

− βg when considering the exponent ial.

Next we focus on the ECs (4.6). Not ing that we need C 6= 0 in order to have a non-vanishing

f k , the ECs translate to

NEC: C > 0 ,

WEC: C > 0 , ↵ 1 ,

SEC: C > 0 , ↵ ≥ − 1/ 2 ,

DEC: C > 0 , ↵ 1/ 2 .

(6.7)

They are graphically represented in figure 1. For C > 0 and ↵ < − 1/ 2 all the ECs are sat isfied

except for the SEC. So, we will have non-negat ive energy densit ies propagat ing in a causal way

(as seen by any observer), but not necessarily leading to the focusing of t ime-like geodesics. The

corresponding couplings, therefore, could appear interest ing for describing dark energy modelswhen

applied to a cosmic background. However, when reflect ing about this possibility one may quickly

note that , sincew is constant , one obtains that the propagat ion speed of the field perturbat ions is

c2s = w , (6.8)

as it could be obtained from the general relat ion (5.52). So, stressing that the field perturbat ions

are adiabat ic, onecan conclude that thesedark energy modelswill be unstable. On theother hand,

for C > 0 and ↵ 2 [− 1/ 2,1/ 2] all of theECsare sat isfied. Thepart icular caseof ↵ = 1/ 4 may beof

interest for the dark sector, as being able describe dark radiat ion (w = 1/ 3) [40]. Finally, we note

that a similar analysis as that followed for the power-law model could also apply to a more general

coupling funct ion which may be expressed as a power series.

6.2 Dark mat t er

Let us now take a constant coupling funct ion, that is

f k = C. (6.9)
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illuminat ing (except perhaps for the case β = 0, which
gives a constant f k and non-relat ivist ic matter, as was
discussed above), sowefocuson theECs in thedominant
kinet ic regime (38). These take the form:

NEC: C > 0 ,

WEC: C > 0 , βg 1 ,

SEC: C > 0 , βg ≥ − 1/ 2 ,

DEC: C > 0 , βg 1/ 2 ,

(94)

where we have again assumed that C 6= 0. We may
graphically represent them in the same way as we did
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V I I . CONCLUSIONS
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ing theDi↵ invarianceof thematter sector down to TDi↵
in general contexts (i.e. theanalysishasbeen purely geo-
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• Constant equation of state models:

TDIFF SCALAR FIELD THEORY: A SIMPLE EXAMPLE

Fluid perturbations are adiabatic for this simple case:

Combining the constraint on 𝑔 with 
the field equation for 𝛼 ≠ Τ1 2 It’s a function of 𝑔 only!



SYMMETRY RESTORATION I
Diff symmetry can be restored by introducing additional Stueckelberg-like fields.

Jaramillo, Maroto, PMM arXiv: 2402.17422

➢ Each term of the TDiff action has the form

➢ Let’s consider the Diff action

where we have introduce the scalar density ҧ𝜇,
so that Τҧ𝜇 𝑔 is a Diff scalar.

Henneaux and Teitelboim, Phys. Lett. B 222, 195 (1989): we build the scalar density with a vector field

➢ How is the scalar density related to the new field?

Other options are possible.



GRAVITY IN THE DIFF FRAME (GENERAL MODELS)

with➢ Einstein equations:

➢ 𝜓 field equation:

Jaramillo, Maroto, PMM, arXiv: 2402.17422

TDiff dictionary

𝑌 → Τ1 𝑔

𝐻 𝑌 = 𝑌𝑓 𝑌−2 → Τ𝑓(𝑔) 𝑔 K-essence theories Mimetic theories

Beltrán, Borislavov, Jaramillo, Maroto, PMM, arXiv: 2509.07715

TDiff constraint➢ 𝐴𝜇 field equation:

𝑐𝜌 is an integration constant.



THE TDIFF FLUID

➢ It cannot cross the phantom line:

• If 𝑢𝜇 is timelike, the SET takes the perfect fluid form

• Fluid perturbations

Using the constraint:   𝑋 = 𝑋(𝑌, 𝜓)

Shift-symmetric
case is recovered
for 𝑋 = 𝑋(𝜓).

➢ We join 𝛿𝜌 and 𝛿𝑝 expressions to write

Effective speed of sound Non-adiabatic coefficient.

Jaramillo, Maroto, PMM, arXiv: 2402.17422

➢ Stable perturbations: 𝑐𝑠
2 ≥ 0

➢ Avoid superluminalities: 𝑐𝑠
2 ≤ 1



SYMMETRY RESTORATION II

Blas, Shaposhnikov, Zenhausern, arXiv: 1104.1292.

De Cruz, Martoto,arXiv: 2504.02541.
De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

Since the vector-field appears only through a
divergence, it may be replaced by a second scalar
field, taking some subtleties into account.

• Let’s consider a Lagrange multipler 𝜇 to enforce 𝜙 = ∇𝛼𝐴𝛼 = 𝑌

➢ Variation with respect to 𝐴𝛼 leads to ∇𝛼𝜇 = 0. So, up to a boundary term, we have

➢ Parametrized family of actions, one for each value of 𝜇0.

➢ The new field 𝜙 is a spectator field.

➢ 𝜇0 is a global degree of freedom.

𝜇0 = − Τ𝑐𝜌 2 is a parameter in the Lagrangian, 

instead of a constant of integration.



INTERACTING DARK SECTOR 
FROM DIFF BREAKING



𝑆𝑚𝑎𝑡 = ∫ 𝑑4𝑥 𝑓𝐾1 𝑔 𝑋1 − 𝑓𝑉1𝑉1 𝜙1 + 𝑓𝐾2 𝑔 𝑋2 − 𝑓𝑉2𝑉2 𝜙2

𝑆𝑚𝑎𝑡 = ∫ 𝑑4𝑥 𝑔 𝐻𝐾1 𝑌 𝑋1 − 𝐻𝑉1(𝑌)𝑉1 𝜙1 + 𝐻𝐾2 𝑌 𝑋2 − 𝐻𝑉2(𝑌)𝑉2 𝜙2

Let’s now consider 2 TDiff scalar fields but no interaction term:  𝑆 = 𝑆𝐸𝐻 + 𝑆𝑚𝑎𝑡

➢ The SET can be written as: 𝜌𝑖 𝜙𝑖 , 𝑌 , 𝑝𝑖(𝜙𝑖 , 𝑌)

➢ Due to Bianchi identities:
This does not imply the
conservation of the individual SET.

An effective interaction between the fields is induced as a consequence of the symmetry breaking.

Maroto, PMM, Tessainer, arXiv: 2409.11991, 2507.16616, 2605.18424

MULTI-FIELD TDIFF THEORY

➢ Cosmology in the Diff framework:



MULTI-FIELD TDIFF THEORY: SHIFT-SYMMETRIC CASE

Maroto, PMM, Tessainer, arXiv: 2409.11991, 2605.18424

• No interaction potential: 1 EoM for each scalar-field that is independent
of the other field:

• The 𝐴𝜇-equation, or TDiff constraint, couples the scalar fields:

➢ The form of 𝑌(𝑎) is determined by the dynamics of both fields, and it affects the dynamics of the fields.

➢ 𝑌 → Τ1 𝑔, so this is provides us with 𝑔(𝑎) and, therefore, 𝑏(𝑎) in the TDiff frame.

Shift-symmetric field or dominant kinetic limit.



SHIFT-SYMMETRIC CASE WITH CONSTANT W

But, due to the interaction, the TDiff fluids
can decay differently than in the Diff case.

• Single-field domination regimes:

when 𝜙1 dominates, the asymptotic behaviour is

➢ Even if 𝑤𝑖 ≥ −1, one fluid can present an effective phantom
behaviour during the domination of the other.

Maroto, PMM, Tessainer, arXiv: 2409.11991

• Energy exchange: interacting kernel 𝑄

Q>0

Q<0

𝜙1 dominates

Q>0

Q<0

𝜙2 dominates

• 𝑤1 < 𝑤2 < 1 ⇒ 𝑄 > 0: fluid 2 loses 
energy during all the evolution.

• 𝑤2 < 𝑤1 < 1 ⇒ 𝑄 < 0: vice versa

The fluid with the larger 𝒘
always loses energy.



MULTI-FIELD TDIFF THEORY

• Analytical model: 

Shift-symmetric model with power-law coupling
functions, such that 𝑤1 = 0 and 𝑤2 = − Τ1 2.

➢ Dark matter gives energy to dark energy.
➢ Phantom behaviour as a result of the energy exchange.

Maroto, PMM, Tessainer, arXiv: 2409.11991

• Complete analysis of cosmological perturbations for 2 TDiff fields is presented in Maroto, PMM, Tessainer, 

arXiv: 2605.18424

➢ Shift-symmetric power-law models

➢ In DM-DE models with viable background evolution 𝑐𝑠
2 is too large before the instability.

➢ Dark radiation-dark matter models may be of interest.

➢ One can consider more complex coupling functions and/or go beyond the shift-symmetric case.

➢ However, it can be argued that perturbations will become
unstable at some point under 𝜙2 domination.



THE SILENT UNIFIED DARK SECTOR



DARK DEGENERACY
Cosmological observations are not sensitive to the individual
components of the dark sector but rather to the total SET.

➢ Dark energy and dark matter (e.g. ΛCDM).

➢ Interacting dark matter and dark energy.

➢ Unified dark sector.

They can reproduce an effective phantom behaviour
if we artificially decompose them as non-interacting
dark energy and dark matter.

Unified dark sector models describe the total dark sector as a single fluid.

Sandvik, Tegmark, Zaldarriaga, 

Waga, arXiv: 0212114.

But…

➢ Consistent simple models require extremely small dark sector sound speed, 𝑐𝑠
2 ≲ 10−5.

➢ Avoiding structural instabilities requires either a non-trivial fluid or fine-tuning.

➢ Mimetic models allow for unification, in some sense forced by a Lagrange multiplier. 

Lim, Sawicki, Vikman,1003.5751.

Wasserman, arXiv: 0203137.

Kunz, arXiv: 0702615.



TDIFF FLUIDS WITH A VANISHING SPEED OF SOUND

Let’s take a single TDiff scalar field theory.

• Perturbations take the form where the effective speed of sound is

➢ We restrict our focus those model characterized by 𝑐𝑠
2 = 0: = 0

Diff breaking realices in a natural way the idea behind mimetic models.

De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

If 𝛽 = 1 and/or 𝑉 𝜓 = 𝑉0, we have adiabatic fluids (𝛼 = 0).

• 𝛽 and 𝛾 are 
constants.

• 𝜙 → 𝜑



TDIFF FLUIDS WITH A VANISHING SPEED OF SOUND

➢

➢

De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

𝑐𝑠
2 = 0

• Solution 1:

• Solution 2:

• Solution 3:

Coupling functions are 
linearly related.

or

and

and and

𝜑 emerges as a Lagrange multiplier.

Now there is no wave-like equation.



THE UNIFIED FLUID AS AN INTERACTING DARK SECTOR

We have 2 parameters models, with SET:

➢ It can be interpreted as cold dark matter
(𝑤𝑐 = 0) and vacuumm energy (𝑤𝜆 = −1).

➢ 𝚲CDM is recovered for 𝛽 = 1 and/or
𝑉 𝜓 =constant!

• Interacting kernel 𝑄𝜈

➢ Energy-momentum exchange:

➢ Proyection 𝑄 = 𝑢𝜈𝑄𝜈, energy exchange:

Energy flows from (to) the vacuum energy to (from) the dust if 𝛽 − 1 𝑉′ 𝜓 > 0 (<0).

De Cruz, Jaramillo, Maroto, PMM, 2607.19494.De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

➢ This is a perfect fluid, which can be decomposed as

We want to see if it can describe the dark sector of the Universe.



COSMOLOGICAL DINAYMICS

• Cosmological background

➢ Friedmann equation
where we take into account the unified fluid (D), 
Diff barionic matter (B) and radiation (R).

➢ Constraint/𝜑-field equation it simplifies for the 𝑐𝑠
2 = 0 models.

➢ Conservation equation of D:

De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

• Cosmological perturbations

➢ Perturbations for a non-interacting perfect fluid

𝑐𝑠
2 = 0

Due to their non-adiabaticity,                                       , we have a term proportional to 𝑐𝑎
2𝜃/𝑘2.



EXAMPLE:

De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

➢ Forcing a decomposition of our unified fluid as non-interacting

cold dark matter and dark energy, with 𝑤𝐷𝐸
𝑒𝑓𝑓

(𝑧).å

➢ 3 free parameters: Same as CPL:

and

Equation of state parameter for
the (total) dark sector:



De Cruz, Jaramillo, Maroto, PMM, 2607.19494.

Simplified treatment (dark-sector-only) analysis

andEXAMPLE:



CONCLUSIONS



• By breaking Diff invariance down to TDiff in the matter sector, we can maintain minimal
coupling to gravity while obtaining a wide range of simple, interesting models.

• Shift-symmetric single-field models are adiabatic.

➢ By choosing different coupling functions one obtains a variety of distinct models.

➢ A dark matter model emerges as a particular compelling scenario.

• Restoring symmetry yields a complementary framework to analyze the model's
gravitational properties.

• In multi-field TDiff scenarios, only the total energy-momentum tensor is conserved.

➢ Symmetry breaking induces effective interactions among the individual
components.



• We have presented a class of unified dark sector models based on a single TDiff scalar

field with 𝑐𝑠
2 = 0: the silent unified dark sector.

➢ Broken Diff symmetry naturally implements the constraints imposed in mimetic
models.

➢ Adiabatic models are equivalent to 𝚲CDM.

➢ The dark sector equation of state avoids crossing the phantom divide.

➢ We can reproduce CPL cosmic evolution with a fundamental model.

➢ These models show great promise in addressing recent observational data.
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