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Motivation and outline

= ACDM is a successful model

» Cosmological constant problem: why the value of CC is very small.
+ Coincidence problem: why DE dominates at very recent redshift?
* Observational Anomalies: Hubble tension, Sg anomaly, and DESI observation.

= Dynamical DE like, Quintessence, k-essence, proca field were introduced to address them.

4

Interacting dark energy and dark matter is introduced to address the coincidence problem.

= Interacting dark energy and dark matter is shown to be successful to address Hy, and Sg tension, as well as the DESI
observations.

= There are many models of interacting DE and DM, some of which predict a suppressed G.¢f, potentially reducing
structure growth and addressing tension in large-scale observations.
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Motivation and outline

EFT of
vector—tensor
nl.t: §007 F,U«

=> Can we formulate a theory agnostic interacting descrip-
tion of Dark sector?

= The phenomenology can be approached either via phe-
nomenological parameterizations or by constructing a
unified EFT framework, which captures all allowed op-
erators consistent with symmetry principles.

= Our EFT approach yields a well-defined, stable, and
predictive theory, providing explicit stability conditions
and controlled perturbation evolution, enabling mean-
ingful inference from the data.

Interacting EFT operators:
Ln(@)n, qug”, quF*
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EFT of vector tensor: Symmetry breaking pattern

We assume existence of preferred direction by timelike vector, v¥, which spontaneously break spacetime symmetry
Vu = 8ut + gMAH

T is Stiikelberg field associated with the U(1) transformation of the vector field A,, and gy is the gauge coupling.

Defining 7 = t the time coordinate, the preferred vector is
Vu = 62 = (52 +gMAp, .
The residual symmetries are

Combinet time and U(1) : t—t—gux, Au —Au+0uXx,
Space(diff) : X = X(t,%)
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EFT of vector tensor: Building blocks

Norm of the preferred vector The derivative of the preferred vector can have two

parts
— 60 50gu,1/

~ n,V
Vuég ”g — V=G0V ity .

24/—g%

We can define a time like vector

%0 3 _
s~ 5u s s V iy = decomposed in to
n, = — s Ngn™ = —1
-9
o . Kuv = h*Vadi),
Then a projection tensor can be defined - T oo o
O = hy “Vaiy,
~ I ~ _ PYet 3
P = Guu + Ry, . a, = n*Vaiy.

fi,, is not hypersurface orthogonal

f(w,, @pw, Gy, specify the geometric properties of the preferred vector.
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EFT of vector tensor: Building blocks

For the gauge field A,,, we have the field strength We can have derivative operator

Fuu = VMAU — VUAM DMTV"',J___ _ Eauﬂuﬂ B .E’ypvuTﬁ...’ym )

Decomposed in to . .
P Then the gauss equation can be written

1 - = Ho ~ ~ ~ ~ ~ ~ ~
Blectric - ~FM B T Ftba[; hauhﬂvhwl)héaRaﬁwé (B)RHW)U + 2B uBjoyw »
i . = @ ~ ~
Magnetic : F,, =h,“h,"F,z. B Ko + @ -
We have the follow relation
Hence
__ 9 . . . . .
= 2/—g0 ) (3)le — (3)RL¥WW , BR= (3)Ruu — (3)RHUHV7
_ am f]aua&goo
= \/@ — 50 and
_®)p LR R ) p o
Hence &,,,, and a,, are redundant. R=0OR + By B*” — K° =2V, (@" — Ki*).
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EFT of vector tensor: Building blocks

The EFT building blocks are

gooa (3)ﬁp.llpo' ) F‘[,Ll/ I F/.L El f(/,tl/ I

L5, Dy, and gH¥(or h*)

The general action

The most general action in unitary gauge is

5= /d“x LoE + Smlt,d]

where
EI)E = EI)E (gOU ) (3>R(zx3ﬁ,5 >F,Lu/ :F/.L 7Kp,1/ asﬁ ~,D,u)
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With no transverse degrees of freedom

Without transverse mode, gauge field is
i* =n* B, =Dy, Kuw = Kuv , O Ragrs = PRapns -
Ay = [Ao, BA]
The preferred vector
We can use the residual gauge freedom of the

combined U(1) and time diff to set A = 0. Vi = 52 = 52 +gmA, = (1 + guAo, 0).
Then

Ay = [AO,O] The norm
In this case the temporal freedom is completely fixed g = gg 5% g*f = (1+ gu Ao)z g

except the time reparameterization t — t/(t).

Hence, the building blocks becomes
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Luminal EFT of Dark energy action

Using the above ansatz and considering the Luminal EFT of vector-tensor DE: cr = ¢, where ¢ speed of light

M2
Log = =0 [(3>R + K K — KZ] — A(t) — 805" — d(6)K
2
1. 5g% 1. 5§ 1
+-M0) | —g— | — M0 | — SK + =1 (t)F,F*
7 2 _g%)G 2 1 _g(])g()G 2 ( ) 123

In this case we have the following consistency conditions

ﬂ+3Ha+é§%’G =0,
L, d ; Cas s
2M‘2‘ﬁ In(—g%c) + 3M3H + 26§%. =0,

1_,d
21

= In(—f]%OG) =0,

d
+ Ndt
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Dark Matter action

the invariant building blocks are
Here we assume that that dust fluid is described by

three scalars n = \/detgh” 8,610y ¢

$(tx),  i=123 W= e 0,810,005

these scalar fields can be understood as comoving

; . ) In this formulation the current J# = nu* conservation
coordinates ¢' = x'.

is off-shell

Fluid is described by the invariance under volume V. JH =0
preserving diffs . .

in the comoving gauge ¢' = x'

. N /i
=o' st det%(ii =1. i " 9
n= etgy , ut = ———
v —goo

SpMm = /d4x\/fg LDM Loy = —Men, M is a constant.
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Interacting action

Here are the basic ingredients from dark sectors

Ny g007 F;u n, ut .
N—————
DE DM

The possible interactions are
Ve (~[)0) n, ut F, ut
(g )n, wut wut

The first one is energy transfer, the second two are
momentum transfer.

Introducing U = nyu#, and ¢ = ut 4+ ntU .

Related by
quq" = —1+U’

In comoving gauge

Ni
=10
/N2 — N;N
We use q,, instead of u,,, hence interactions are

qnq”, quF".
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Interacting action

Then the general interacting Lagrangian is given by
La(@)n + L£2(5%)a" au + Lqr(§°)Fuq" +

— Amc(t)n

Lint =
= —AA(t) — Ac(t)G®
s \° ., on [ 65 .
+5 AM4(£) T ~00 —m (t) = ~00 - mZ( )q“qll —m (t)q“FN
—d n \ —Jne
BG BG
+-ey
where
AN(f) = E@oo nd%a,  Ac()=—Lgoh,  Am(t)=—Ln,
Mg( ) = ngoogoo i (gBG)z s mélt( ) ‘c_ngoo gBG i,
my(t) = i (t) = — Lo ,
dL, 500

and
_ dsn
dn=n—n(t), L0 = I L, 500500 = a0
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EFT action for coupled Dark Energy and Dark Matter

S = /d‘*x\/?g (B + )+

o = Mgy (PR + KK = K2) = A(©) = 803" — d(OK — me(0n,
5500 2 =00
1- &g 1
) = Mo o B Ol G-l RSO
—9BG 2 —9BG 2
on 00
—mi()— ( ) m3(6)q" qu — mi (0)q"F -
n gB
pc + 3Hpe = % In(me)pe , Pc = Mehc .
\ v,
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Mapping

For GP theory
For the Horndeski case
Lom + Ling = (X, Z,E)n+ (X, Z,E),
Lom + Ling = —f1(t, X, Z)n + fo(t, X, Z) .
X =—-A A /2,7 = Ayut, and E = —AFF, u”.
where X = —1V V¢, and Z = —utV ¢

The mapping
The mapping for interacting coefficient
m o= 1,
me = fi, me = fi,

1
4 _
= — X Z\/2Xpa _ - 1 /=
mi 7 (e + 5 V2ol ) mi = i (fafee + 5y 2Rachz)
1
4 _
my = —+4/2X n— , 1 - _
2 2V Hac (fzi=f22) my = SV2%sa (hzfi—fz) »
i = m=m=0. , -
my = *\/ZXBG(fl,E"ﬁ*fz,E")-

[A. De Felice, S. Nakamuara S. Tsujikawa- arXiv:2004.09384, MCP, K. Koyama-arXiv:2405.06565]
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EFT action in - Basis

From the definition

65" g™ 2gu

. EYAVA \v/
2 = - . FuFFt = (n"ViA)(n°ViA) = ——=1—
—f8c  —9pe  (1+9ud) g ' N2
" NiN; NIN; u nONiV; N'V;
=y S e TR -~
—N; N — NN N
We can write the Lagrangian as
@) _ 5 @)
Ly =Lgp+ 55;\0 ’
where
SN\%2 _.6N 6N én NIN;
£@ = o () iR lek —omt Sl
ST 2\ F 1y my - m; 2
1 PO .
L?AQO = 5 (VidAgV'6Ag + g2M3047)
m2V; Nt 1 SN on R 2guN
+ | === +9eff<*M?5K*2M§T+m‘fT> 0Ao , Geff = M
ﬁlN 2 N n «/’y1(l+gMAo)
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EFT action in - Basis

After integrating out (SAO, we can write the EFT action in real space,

2 2
SO = / dxy/—g L2
SN _ SN SN én N;Ni
4 4 3 4
= /d xNa® |:2M2 eff ( N) - Ml,effﬁ(SK Zml R my I_iﬂ
2 2 3 i
_s (WiND)2 <5n) B3 sn VN
i LD N (L I 1 5K—7—5K
1,eff N2 2 ii 8 ( ) N
SN V;N! on V;Ni
2 2
R R e
where
M‘Z‘,e = (1 - g)M‘2‘7 Mieff = (1 - g)M? ’ m‘ll,eff = (1 - g) mi1 ’
8 v o3
T - S R N R
“ 27195M;5 M; M3 M;
4 = GM3img = gms W= Gmimg G= 92eM5
VAL eitM3 V1 Geft VI GettM3 —ViVi + g2, M}
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EFT action in - Basis

As in the case of the EFT of uncoupled vector-tensor DE theories, we have three unified descriptions of the EFT of coupled
DE and DM:
1. gett # 0, it corresponds to the EFT of coupled vector DE,

2. gefr = 0, together with the consistency conditions, we obtain the EFT of coupled scalar DE in shift-symmetric
scalar-tensor theories,

3. gefr = 0, without the consistency conditions, we have the EFT of coupled scalar DE in non-shift-symmetric
scalar-tensor theories.
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EFT action in - Basis

s@ /d“xNa — [6KW6K’“’ —6K* 4+ 6, <f(3>R> T %N(;(S)R — 6Q.H25, <ﬁ ”>

a n

. [O6N\? 6N 6N én NiN;

+H G (W) +4a BH5K + (Gm, — 6Qc )H2W— + om, H? NZI
VN2 on on
+am1( ) + ay, H? ( ) + 00y 6K? 4 0vpuy HIK —
N2 n
Vi Ni SN V;N on V N ~(2

701M46K N aHSHﬁillv Qg :| +SI(I])7
~ J

SS) = Sr(ﬁ) +62/d4xN\/ﬁ (%\]ﬁm 7[)m) ,
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Ghost conditions

N = N(1), N;=0, hij = a®(6)(8; + hy) hiy = —hy = hy(t,2), hi2 = ha1 = hy (t,2).

Tensor modes

The action reduces to

-

ded3k - M2 /. ., K .
Na® —- (\hx\z - f\hﬂz)
3 2 ’
ATx (2m) 4 a

where we have changed the action into Fourier space, and k is the Fourier mode.

Expected as we have focused on theories with the luminal speed of gravitational waves.

. LR 2M
h>\+H(3+OcM)h)\+af2hA=0, oay = — .
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Ghost conditions

N=N@(1+a), N=RN0@n), hy=a0/[(1+20)5+200E] .

write the action in the form

1ed®k _ EN S k oo =
s@ — / 227)3 Na® (X,EKX,,( — X{GX_y — a2(,513)(,,(> ;

where
Om (k)

¥ [M,c(k), >

~ kK
XL = , and G=—-G+M.
k k } a?

K and G are symmetric 3 x 3 matrices and B is anti-symmetric matrix.
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Ghost conditions

High k limit

Ky  M’H? ,
qc = [JT = (39(, + Qmy, — CY%I) >0,
M? (602 + &
gs = I(22 = M > Or

2(1 + Oq})z

with the strong energy condition for the standard matter

(1 + wm) > 0.
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Speed of propagation

High k limit

& =8+Adg,
where
R G2 1 268
2
e = —=———7——1320+3(1+wn)+2(1+ap)(ap—am —€eyg) + —
= (Gaé-&—&K){  + 30 (1 + ) +2(1 + ap) (0 — ang — ) + o
—4C¥%;C¥5 + am, — a%—” — dagopag, |
A2 - B?, _ (am, + 2am, — 204%—11 — dagapagm, )?
s K11K2» 4(3Q + am, — o, )(6a + dk)
To avoid Laplacian instabilities
CZ >0.
\ J
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Effective gravitational coupling

Small-scale CDM evolution:

ACDM r=1 /
k =100k

Exact ¢ =1071°

S + Coe — 4mGogpede ~ 0

F——— Quasi-static

Damping coefficient:

o (5Hac+ Ge)v2 + (2b1abis + SHb?,)vs — b2,
qev2 + b2, v
Effective gravitational coupling: 10° 104 10 102 10~ 10°
. Hyt
Gurt = 4u11u5, + 49%2115 - [3H2(7 - ZeH)bf2 + b%z]l/s
off =

167pc(qc 1/3 + b%z”ﬁ)

_ 2(bya + 8Hb1o + 2412 + 4Hg12)bi1avs — 2(b1a + 3Hb1z + 2g12)b1ats
1677/36(‘10”5 + b%zys)
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Summary & Future direction

Take-home message
Future directions

* We successfully constructed interacting EFT of Dark
Energy and Dark Matter Study the effect of in-

* This Int-EFT can accommodate Vector-Tensor Dark - teractions with different

Energy, Scalar-Tenor Dark Energy (both shift symmetric EFT a-parametrization.
and non-shift symmetric)

. e . Parameter estimation with
* We derived the stability conditions that theory should - cosmological data, CMB
posses.

and LSS.
* We explored the phenomenological impact of the possible

interactions. .
Extending the formula-
» With some interaction terms, we can find a possible

suppression for the growth of CDM ovedensity.

tion to non-linear scales.
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Thank you!
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