v B 5

-

— 7 RN e —
Lagrang |an models of mteractlng dark matter and dark ener Y
e i W) ‘ - Y 4\ \ \\‘ ‘u’) ., .’: . _\\_ k-_k s '

- g .

“

GGl Workshop: Exploring New Frontiers in Cosmology
Galileo Galilei Institute

\ | Florence, July 30% 2026




Part 1 — Theory

o Introduction & motivation

o Perfect fluids & Lagrangians

o Interacting Lagrangian models
o Entropy coupled dark sector
Part 2 — Cosmology

o Background & perturbations

o Observational signatures
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ntroduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy

o Tensions & discrepancies in cosmology
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Introduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy

o Tensions & discrepancies in cosmology
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o DESI preference for evolving dark energy with phantom
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Introduction

Challenges to ACDM Dark sector interactions

o Unknown nature of dark matter and dark energy o Interactions in the dark sector explored as

possible modifications to ACDM
o Tensions & discrepancies in cosmology
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o Can give effective phantom-crossing behaviour

FRBS 202
FRBS 202

N G O M S

Wo
o DESI preference for evolving dark energy with phantom
Crossing DEST DR2[arXiv:2503.14738]
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Introduction

Challenges to ACDM

o Unknown nature of dark matter and dark energy

o Tensions & discrepancies in cosmology

CMB 202!
zzzzzzzzzzzzzzzzzzzz
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B DESI+CMB-+Pantheon+ .
0 DESI+CMB+Union3
BN DESI+CMB+DESY5
- == DESI+CMB

FRBS 202
FRBS 202

I
Y 0.85 0.90
-~

N G O M S

Wo
o DESI preference for evolving dark energy with phantom
Crossing DEST DR2[arXiv:2503.14738]

Dark sector interactions

o Interactions in the dark sector explored as
possible modifications to ACDM

pc+3H(p: +pc) =0Q
ppe + 3H(ppg + ppe) = —Q

o Can give effective phantom-crossing behaviour

Problems with phenomenological parameterizations:

o Difficult to investigate degrees of freedom

o Often prone to instabilities valiviita et al.
[arXiv:0804.0232]

Motivates Lagrangian models
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Phenomenological models & instabilities

Well-known cosmological stability conditions (no-ghost & no gradient instability) for Lagrangian models:

o Barotropic cosmological perfect fluid/canonical scalar field (single degree of freedom)

p+p>0 NEC

o Same result for general scalar field Lagrangian L(¢, V¢) + non-kinetic interactions vikman [arxiv:0407107]
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Phenomenological models & instabilities

Well-known cosmological stability conditions (no-ghost & no gradient instability) for Lagrangian models:

o Barotropic cosmological perfect fluid/canonical scalar field (single degree of freedom)

p+p>0 NEC

o Same result for general scalar field Lagrangian L(¢, V¢) + non-kinetic interactions vikman [arxiv:0407107]

More generally:

Phenomenological models often have assumptions which are difficult to reconcile with known fundamental results
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Phenomenological models & instabilities

Well-known cosmological stability conditions (no-ghost & no gradient instability) for Lagrangian models:

o Barotropic cosmological perfect fluid/canonical scalar field (single degree of freedom)

o Same result for general scalar field Lagrangian L(¢, V¢) + non-kinetic interactions vikman [arxiv:0407107]

p+p>0

NEC

More generally:

Phenomenological models often have assumptions which are difficult to reconcile with known fundamental results

Trivial example: phantom-crossing models, which require exotic scenarios to be healthy:

o Interactions
o Higher-order terms

o Modified gravity theories

o Additional fields (e.g., quintom)

Erik Jensko

Generically changes the perturbative structure!
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Phenomenological models & instabilities

Well-known cosmological stability conditions (no-ghost & no gradient instability) for Lagrangian models:

o Barotropic cosmological perfect fluid/canonical scalar field (single degree of freedom)

p+p>0 NEC

o Same result for general scalar field Lagrangian L(¢, V¢) + non-kinetic interactions vikman [arxiv:0407107]

More generally:

Phenomenological models often have assumptions which are difficult to reconcile with known fundamental results

Recent non-trivial example: sign-switching DE souhmadi-TLépez [arxiv:2607.05044]

o Violates null energy condition (generic property of non-interacting sign-switching) ppg > 0
o DE Perturbations assumed to be perfect-fluid-like with fixed propagation ¢z = 1

o Generically expect ghosts — but hidden in numerical evolution
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Perfect cosmological fluids ’

Perfect fluid energy-momentum tensor | T, = (p + p)u,u, + pg,, | with EoM vV, T¥ =0

Fluid dictionary

Fundamental d.o.f
o humber density n

o Intrinsic entropy per particle s

Thermodynamic variables

o energy density p(n,s)

dp
o pressurep(n,s) = nals —p

Perturbations

dp
_ 2 ~
op = ca6p+as pc?s
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Perfect cosmological fluids 3

Perfect fluid energy-momentum tensor | T, = (p + p)u,u, + pg,, | with EoM vV, T" =0

Fluid dictionar
Y o Conservation of number density V, (nu#) = 0 and entropy flux V, (nsu#) = 0

Fundamental d.o.f

o humber density n
Implies adiabatic flow u*V,s = 0 not isentropic flow V,s = 0
o Intrinsic entropy per particle s

Adiabatic flow

Thermodynamic variables

o energy density p(n,s)

ap
o pressurep(n,s) = n£|5 —p

Perturbations

ap
— A2
op = c50p + 35 pds 2]
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Perfect fluid action R

Brown perfect fluid Lagrangian Brown [arXiv:9304026]

constraints Dictionary

A

i 1
SBrown = j\/—g[—p(n, s) + nut (9,9 + s0,0)]|d*x Fundamental d.o.f
o humber density n

Lagrange multipliers o Intrinsic entropy per particle s

Thermodynamic variables

o energy density p(n,s)

)
o pressurep(n,s) = nﬁls —p

Perturbations

ap
_ 2
op = ca5p+as p§s
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Perfect fluid action R

Brown perfect fluid Lagrangian Brown [arXiv:9304026]

constraints Dictionary

A

i 1
SBrown = j\/—g[—p(n, s) + nut (9,9 + s0,0)]|d*x Fundamental d.o.f
o humber density n

Lagrange multipliers o Intrinsic entropy per particle s

Variations produce perfect fluid T,,, and fluid equation of motion

_ Thermodynamic variables
o Metric g,

o energy density p(n,s)
Ty = (p + p)uﬂuv + P9y

)
o pressurep(n,s) = nﬁls —p

o Lagrange multipliers ¢,0

V,(nuk) =0 uhV,s =0 Perturbations -
. . op = ci6p+—| Os
o Fluid variables n, s ‘ ds lp
vV, THV =0
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Perfect fluid action stability

Expand Brown action to quadratic order in scalar perturbations and integrate out 6n and Js

Sorown = | dt dk (XTKX - XTVX - XTBX)
with X = (8¢y,, 60;)

In the large k-limit we obtain the sound speeds:

o Standard propagating fluid mode | .2 _ " Pnn

o Non-propagating entropy mode | ¢2 = (

e.g., barotropic fluid p = wp with constant w has ¢Z = w

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Perfect fluid action stability

Expand Brown action to quadratic order in scalar perturbations and integrate out 6n and ds

Sorown = [ dtd?k (XTKX — XTVX - XTBX)

with X = (8¢y,, 60;)

In the large k-limit we obtain the sound speeds:

o Standard propagating fluid mode

o Non-propagating entropy mode | ¢2 = (

e.g., barotropic fluid p = wp with constant w has ¢ = w

Absence of ghost K > 0 requires:

o Entropy condition p ;s > 0

2
(P,s_np,ns)

o Thermodynamic condition p,,,, > )
,SS

With absence of gradient instabilities cZ > 0 gives
o Null energy condition p+p >0

o For barotropic fluids this rules out phantom
behaviour w > —1
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Non-minimal couplings :

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A . \

SEH + SBrown T 9¢ 1 jf(n, S, P, . )\J/—gd*x

_ (¢) int)
.. : . =Kk |(T, T,
Modified EFE equations and matter energy-momentum conservation Gy = K ( v T Ty + Ty

V¢ (T + T, + THE) = 0
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Non-minimal couplings :

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A . \

SEH t SBrown T+ S¢ + jf(‘l’l, S, @, ...)\/—gd‘*x

_ (¢) int)
- : . =Kk |(T, T,
Modified EFE equations and matter energy-momentum conservation Gy = K ( v T Ty + Ty

Number density & adiabatic constraints preserved (from multipliers) VH# (Tuv + Tﬂ(f,b ) + T, l}{}t) =0

V,(mut*) =0 ukV,s =0
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Non-minimal couplings .

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A . \

SEH t SBrown T+ S¢ + jf(n, S, @, ...)\/—gd‘*x

(¢) int
i : : G,y = K (T + T, + T )
Modified EFE equations and matter energy-momentum conservation e A Hv

Number density & adiabatic constraints preserved (from multipliers) VH# (Tuv + Tlff,b ) + T, l}{}t) =0

V,(mut*) =0 ukV,s =0

Automatically implies the energy-momentum tensor is conserved along the fluid flow

V,(nmu#) =0 utV,s=0 [ ubVvT,, =0
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Non-minimal couplings — current literature

Model interactions with non-minimal couplings to scalar field dark energy

DM DE Interactions
—t— A . \

SEH + SBrown T S¢ T jf(n, S, P, . )\ —gd*x

Various models considered in the literature:

o Algebraic f(n, ¢) and derivative f(n)u#V,¢ Boehmer et al. [arXiv:1501.06540, arXiv:1502.04030]

o Velocity-entrainment models f(2) with Z = gwufu}gE Jiménez et al. [arXiv:2012.12204]

o Type-1,2,3 models’ f(n, ¢, Z) with four-velocity coupling Z = u#V,¢ pourtsidou et al. [arXiv:1307.0458]

Type-1:

ned®)

Type-2: nh(Z) Type-3: y(Z) + f(n)

o Entropy-couplings f (s, ¢,V,sV¥#$) gensko et al. [arxiv:2603.10622]

Erik Jensko
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Non-minimal couplings — pure-momentum transfer -

o Type-1,2,3 models’ f(n, ¢, Z) with four-velocity coupling Z = u#V, ¢ pourtsidou et al. [arXiv:1307.0458]
Type-1: ne*® Type-2: nh(2) Type-3: y(2) + f(n)

Q: Which models have ‘pure-momentum transfer’?
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Non-minimal couplings — pure-momentum transfer -

o Type-1,2,3 models’ f(n, ¢, Z) with four-velocity coupling Z = u#V, ¢ pourtsidou et al. [arXiv:1307.0458]
Type-1: ne*® Type-2: nh(2) Type-3: y(2) + f(n)

Q: Which models have ‘pure-momentum transfer’?

o All models have | u#V'T,, = 0 | but it depends if we define matter as T, or some other T,ff 4
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Non-minimal couplings — pure-momentum transfer -

o Type-1,2,3 models’ f(n, ¢, Z) with four-velocity coupling Z = u#V, ¢ pourtsidou et al. [arXiv:1307.0458]
Type-1: ne*® Type-2: nh(2) Type-3: y(2) + f(n)

Q: Which models have ‘pure-momentum transfer’?

o All models have | u#V'T,, = 0 | but it depends if we define matter as T, or some other T:f 4

o Usually associate number density with ‘matter’ and so Type-1 and Type-2 have a modified Tlff f

o Type-3 chooses T, and therefore describes a pure-momentum transfer
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Non-minimal couplings — pure-momentum transfer -

o Type-1,2,3 models’ f(n, ¢, Z) with four-velocity coupling Z = u#V, ¢ pourtsidou et al. [arXiv:1307.0458]
Type-1: ne*® Type-2: nh(2) Type-3: y(2) + f(n)

Q: Which models have ‘pure-momentum transfer’?

Teff

o All models have | u#*V"T,,, = 0 | but it depends if we define matter as T, or some other T,

o Usually associate number density with ‘matter’ and so Type-1 and Type-2 have a modified Tlff f

o Type-3 chooses T, and therefore describes a pure-momentum transfer

o This relies on the Brown formulation! In Schutz approach this isn’t true Boehmer et al. [arXiv: 2605.16220]

utv'T,, = 0 Brown approach h‘;V"Tw = 0 Schutz approach

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Pure-entropy couplings s

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = j f(s,p,8)\/—gd*x whereS :=VHpV,s Dictionary

Fundamental d.o.f
o humber density n

o Intrinsic entropy per particle s

Thermodynamic variables

o energy density p(n,s)

o pressurep(n,s) = ng—zls —p
Perturbations
Sp = c2§ +6_p 5s

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Pure-entropy couplings "

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = jf(s, b, 8)\/—gd*x where S :=VHpV,s

Interaction tensor

Tuy t= —guwf + 2fsVudVyys

o Define total effective dark energy tensor T7 = Tﬂ(ffb ) 4 Tg}t

o Pure-momentum transfer

ubvT,, =0 , hyVAT,, =—, #0

Erik Jensko

Dictionary

Fundamental d.o.f
o humber density n

o Intrinsic entropy per particle s

Thermodynamic variables

o energy density p(n,s)

o pressurep(n,s) = ng—zls —p
Perturbations
Sp = c2§ +6_p 5s
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Pure-entropy couplings — currents

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sint = [ £5.6,6)/7gd*x  where S = Vs
o Define total effective dark energy tensor Tpf = Tﬂ(ffb ) 4 Tg}t

o Coupling acts only in the perpendicular direction

Jy = VFTRE =V, (fsVE)Vys — fsVys

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Pure-entropy couplings — currents

Consider pure-entropy interactions in the dark sector with algebraic and derivative couplings

Sine = [ /(5,0 8)y=gdtx  where § = VT,
o Define total effective dark energy tensor Tpf = Tpff,b ) 4 Tg}t

o Coupling acts only in the perpendicular direction

Jy = VFTRE =V, (fsVE)Vys — fsVys

o Compare to Type-1,2,3 models:

m Coupling current Continuity coupling ¢’

Type-1 Ju <V, x ¢’
Type-2 Ju xV, x ¢ — ¢’
Type-3 J, < iV ¢ + hiv, (WVV,¢) + u'V,u, 0

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Stability — algebraic couplings (preliminary!)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

Squad = j dt &3k (XTKX — XTVX - XTBX)
with X' = (8¢y, 50y, Sy

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Stability — algebraic couplings (preliminary!)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

Squaa = [ de @ (XTRX - XTVX — X"BX)
with X' = (8¢y, 5Oy, 5r)

In the large k-limit we recover standard sound speeds:

o Standard propagating fluid mode | .2 _ " Pnn

o Non-propagating entropy mode | ¢2 = 0

o Canonical scalar field propagating mode | ¢3 =1
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Stability — algebraic couplings (preliminary!)

Quadratic action for the scalar cosmological perturbations for algebraic couplings f (s, ¢)

with X' = (8¢, 60y, 5y,

Squaa = | dt @k (XTKE — FTVX — XTBX)

Absence of ghost K > 0 requires:

In the large k-limit we recover standard sound speeds: o Entropy condition p s + fss > 0

2
(f,s_np,ns"'P,s)

o Thermodynamic condition p,,,, >

2 n2(pss+fss)
o Standard propagating fluid mode | .2 _ ™ Pnn
1 p+p With absence of gradient instabilities ¢ > 0 gives
o Non-propagating entropy mode c22 =0 o Null energy condition p+p >0
o Canonical scalar field propagating mode c32 =1 Generalises results in EFT approach for non-adiabatic

Erik Jensko

perfect fluids Ballesteros et al. [arXiv:1210.1561]

Theoretically viable
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o Introduction & motivation

o Perfect fluids & Lagrangians

o Interacting Lagrangian models
o Entropy coupled dark sector
Part 2 — Cosmology

o Background & perturbations

o Observational signatures
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Cosmology — background

Conformal time FLRW metric

2 — _

o Entropy conservation u#V,s =0

o Number conservation V, (nu#) = 0

a(1)?dt? + a(r)?(dx? + dy? +dz?) with H =a'/a

S = const

noas

o Standard continuity equation

pé+3}[(pc+pc) =0

Unchanged background dynamics from uncoupled quintessence

— 1 12 4 Y) — 1 12
PDE=757P°+V ., PDE=579" -V

with effective potential V(¢) == V(¢) + f

Erik Jensko

Viable background evolution
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Cosmology - linear perturbations

Conformal Newtonian gauge

ds? = —a(t)?(1 + 2®)dr? + a(1)?*(1 — 2¥)(dx? + dy? + dz?)

o Entropy conservation u#V,s = 0 (s"—s'd+6s")=0

| 4 Y

S = const 0s' =0 Frozen entropy perturbations

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Cosmology - linear perturbations

Conformal Newtonian gauge

ds? = —a(t)?(1 + 2®)dr? + a(1)?*(1 — 2¥)(dx? + dy? + dz?)

o Entropy conservation u#V,s = 0 (s"—s'd+6s")=0

| 4 Y

S = const 0s' =0 Frozen entropy perturbations

Choose entropic-CDM fluid p = ny(s) (with 6p = p = 0)
Continuity Eq. Euler Eq.
5, +6,—39' =0 0, +0.H — k?® = —k?Q.(1)6s(k)

~— Fifth-force term
Modified Euler equation with scale-dependent source term

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Quasi-static limit

Quasi-static limit Effective density source — . Fifth-force term

8 + HS, — AnGa®[p.6, + Aps(k,7)8s(k)] = k?Q4(1)8s(k)

with effective density source Ap.(k, 1) and fifth-force Q. (1)

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Quasi-static limit R

Quasi-static limit Effective density source — . Fifth-force term

8 + HS, — 4nGa?[p.0, + Aps(k,7)8s(k)] = k?Q4(1)8s(k)

with effective density source Ap.(k, 1) and fifth-force Q. (1)

LT S 1 O O T 11 O O 1L O O T RN TN
10_5 i i 1 1 A
- s
o Fifth-force term dominates on sub-Hubble scales Los 5
o Expect late-time changes to P(k) on small scales Lo-20 i
10—25 L i
-30 i -
10 —— k2|Q,|:k=10"*h —— 4nGa?|Ap,|:k=10"*h
10-35 - —== k*Qi|:k=10"2h —-- 4nGa?|Ap,|:k=10"h | _
------ k2Qs|:k=10"'h - 4nGa?®|Ap,|:k=10""h
-40 miren nena I: 1 e ‘ mee 1 L | | L |
1077 ¢ 5 4 3 2 1 0
log(1+ 2)
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CLASS implementation

o Phenomenological parametrization of intrinsic entropy perturbations with power-law spectrum & UV cutoff

(8sy 8sp0) = 2m)36@ (k — K') Py (k)

oot ol ]

o Inspired by isocurvature-like parameterisations

o Regularises P,(k) on small scales

Erik Jensko Lagrangian models of interacting dark matter and dark energy



CLASS implementation

o Phenomenological parametrization of intrinsic entropy perturbations with power-law spectrum & UV cutoff

(8sy 8sp0) = 2m)36@ (k — K') Py (k)

n p Consider linear couplings:
k k"¢
Ps(k) = A I exXp|— (k_) o Algebraic models f = gy¢s
14 C

o Derivative models f = hyV¥¢V,s

o Inspired by isocurvature-like parameterisations And exponential potential 7 « exp(—1¢)

o Regularises P,(k) on small scales

We then fix:

o Scale-invariant entropy perturbations n = 0 with A, = 1
o UV-suppression with cutoff k, = 1 Mpc' and p, = 2

Erik Jensko Lagrangian models of interacting dark matter and dark energy



Observational signatures

Matter power spectrum P (k)

pilll
<
e
)
Q‘ 3
2 .‘ h():OOS
= 102 === hg=0.00 - ho = —0.02
al —— hy=0.01 ho = —0.04 :
101 L el Ll L el 1 lIlIl.l-
g 60 _ 1 P rrnenn 1 I 1rnnnn 1 I Lirnnnn 1 1 IIIIIL
~— |2
% Q-‘ —60 3 L el Ll L el 1 IlIIIIT
15~ 10-3 1072 1071
k [h/Mpc]
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Observational signatures

Matter power spectrum P (k)

Small scale suppression/enhancement

(ap
= 0. + 0.7 — k*d = —k2Q,(7)8s
)
= -~ \ |
= —— ACDM hg=0.03 N\, = Qs = =27y
= g0 f -mm he=000 o hg=—0.02 NG
A —— hy=0.01 ho = —0.04 X
101 1 Ll 1 Lol 1 Lol 1 L L pLnnn Mod|f|ed t|me-evo|ut|on Of metnc
? 1 I 1 Lenn 1 I 1 LHLnnn 1 I 1 Lnnn 1 1 111l pOtentIaIS — Iarge-scale features
B 60 - Y
Tl P W HD ~ 2 fep,
= =60 F - k2
4 Q-‘ 1 Ll 1 L onnnl 1 L onnnl 1 L L Liin
18~ 103 102 1071 10°
k [h/Mpc]
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Observational signatures

CDM density and velocity perturbations, and amplitude of matter fluctuations og

A0/, 7]

Erik Jensko

Acg/ag [7]

o w o

== h():OOO D h0=003
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Observational signatures

1.0

0.8

0.6

0.4

0.2

(e+1)CH 2m

0.0

[%0]

TT

O —-0.4

A CKTT

CMB lensing spectrum Cf ? and temperature spectrum CJ”
%102
1 11 IIAtIJDMI I 1 1rnn 1 I 1 rrrnn 1 Cs 15
-~~~ hg=0.00 -~
i ho = 0.01 | %> 10
[ e ho = —0.02 - t; 0.5
B h() :—004 - S
L el Lol Lol § 0'0
I P rrern 1 P P rrueni 1 I 1 vrrern l_ &' 3
sy O
SIS
B L el 1 Lo el 1 L N I N N | l- 4 O _3
10! 102 10°
14

Erik Jensko

Lagrangian models of interacting dark matter and dark energy

X

10

T 1 rrren

— ACDM
= ho=0.01

ho =0.03

...... ho = —0.02
hg = _0’94 .

rrrnn

10°

104

14

10°




Observational signatures
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o Late-time suppression/enhancement of
matter power spectrum on small/large
scales

o Minimal changes to TT spectrum

o Potential observable signatures in
lensing potentials

Observationally viable phenomenology with late-time suppression of matter clustering
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Observational signatures (preliminary!)

Full: Entropy derivative > 0 vs LCDM
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Summary A

Results:

o New Lagrangian formulation of interacting dark sector

o Interactions from coupling DM intrinsic entropy s to DE ¢

o Unchanged background expansion & modified cosmological perturbations
o Unique realisation of pure-momentum transfer

Ongoing work:

o Detailed study of stability & ghosts @

o Observational constraints on allowed interactions (with &. M. Teixeira, V. Poulin,
T. Smith & Anna Chiara Ferri)

o Complimentary EFT approach (with J. Beltran Jiménez, L. J. Garay & M. Pérez

Garrote)

Thanks for listening

E. Jensko, E. M. Teixeira, V. Poulin,

ACTT/CFT (%) AP(k)/P(k)[%)]

AC? jCP? %)

Interacting dark sector from intrinsic entropy couplings
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Extra slides
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Quasi-static limit R

Quasi-static limit Effective density source — . Fifth-force term

8 + HS, — 4nGa?[p.0, + Aps(k,7)8s(k)] = k?Q4(1)8s(k)

with effective density source Ap.(k, 1) and fifth-force Q. (1)
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Choose algebraic models f = g, ¢s
10—10
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Q — A = —_ — V 10—15
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o Expect late-time changes to P(k) on small scales 107 - @ l; i mGa|Ap| -
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Large-scale limit :

o Momentum constraint modified by 6. — coupling via Euler equation

o Time-evolution of metric potentials modified at small-k 0 <108 N
, AntGa® \
Y'+H = 102 z 0;(pr + pr) - —2 - A
¢,b,r,DE 4
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o Coupling un-suppressed on large scales fa¥
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