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Physics and the dark side

The best theories so far . . .

Gravitational interaction:
General Relativity is running well . . . [GR-Result: 0 Errors, xx Warnings, yy
Bad Boxes]

Strong and Electro-Weak interactions:
Standard Model of particle physics is running . . . [SM-Result: xx Errors, yy
Warnings, zz Bad Boxes] (+ neutrino masses + . . . )

https://xkcd.com/2301/

\make{ theory SM+GR} . . . [fatal error occurred! no output produced ]
BUT there is not only light, there is the dark side

SU(3)× SU(2)× U(1) (5%)
Universe is expanding at accelerated rate (68%)
Dark matter (27%)
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Motivation Cosmological constant problem

Cosmological constant problem

Universe expanding at an accelerated rate.

ρ
(obs)
Λ ≈ 10−47GeV4.

ρvac ≈ 1074GeV4.

Famous 120-orders-of-magnitude discrepancy.

Coincidence ‘problem’ - why are dark energy and matter densities of the same order today?

Source: Wikipedia
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Motivation Cosmological constant problem

Dark energy candidates

It’s been a long road...

Scalar or vector fields

Modified gravity

Metastable DE

Extra dimensions

Exotic fluids

etc

Symmetry Magazine: Artwork by Sandbox Studio, Chicago
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Coupled dark energy

Interacting dark energy

ρ̇d + 3H(ρd + pd ) = −Q, (1)

˙ρm + 3Hρm = Q, (2)

ρ̇r + 4Hρr = 0, (3)

The case of Q > 0 corresponds to dark energy transformation into dark matter, while Q < 0 is the
transformation in the opposite direction.
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Coupled dark energy Holographic principle

Holographic principle

Degrees of freedom of a physical system scales with its boundary area rather than its volume.

’t Hooft

Susskind

Thorn and Bekenstein

Cohen, Kaplan & Nelson [1998] suggested the following relationship:

L3Λ4 ≲ LM2
P (4)

ρD = 3c2M2
pl L

−2 (5)

Ricardo G. Landim 3 May, 2023 6 / 25



Holographic dark energy

HDE Hubble cutoff

First (obvious) choice [Hsu, 2004]: L ∼ H−1 , BUT

3H2 = ρD + ρm = 3c2H2 + ρm (6)

ρm = 3H2(1 − c2) (7)

ρm scales with a−3, as so ρD → wD = 0
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Holographic dark energy

HDE Particle horizon

L = RH

ρD = 3c2M2
pl L

−2, RH = a
∫ t

0

dt
a
, wD = −

1
3
+

2
3c

> −
1
3

(8)
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Holographic dark energy

HDE Future event horizon

L = RE [Li 2004]

ρD = 3c2M2
pl L

−2, RE = a
∫ ∞

t

dt
a
, wD = −

1
3
−

2
3c

(9)
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Holographic dark energy

Interacting HDE

ρd = 3c2M2
pl H

2 (10)

Constant c.

Q = H(λ1ρdm + λ2ρde)

w = −
1
3

(
λ1 +

λ2

r

)
(1 + r) . (11)

r ≡ ρm/ρd = (1 − c2)/c2 → c2 = (1 + r0)
−1

Equation of state is no longer a free parameter

When the coupling constants are zero, a pressureless fluid is recovered
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Holographic dark energy

ρdm = ρdm,0a
−3+λ1+

λ2
r0 , (12)

ρde = ρde,0a
−3+λ1+

λ2
r0 . (13)

⇒ weff
de = weff

dm = −1/3(λ1 + λ2/r0)

Both fluids will have the same evolution
CDM (with λ1 = λ2 ≃ 0) (remember previous slides)
DE (w eff

de < −1/3)
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Holographic dark energy
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Holographic dark energy

δ̇dm =− θdm −
ḣ
2
+Hλ2

ρde,0

ρdm,0
(δde − δdm) +

(
λ1 + λ2

ρde,0

ρdm,0

)(
kvT

3
+

ḣ
6

)
, (14)

θ̇dm =−Hθdm −
(
λ1 + λ2

ρde,0

ρdm,0

)
Hθdm , (15)

δ̇de =− (1 + w)

(
θde +

ḣ
2

)
− 3H(1 − w)δde +Hλ1

ρdm,0

ρde,0
(δde − δdm)

− 3H(1 − w)

[
3(1 + w) + λ1

ρdm,0

ρde,0
+ λ2

]
Hθde

k2
−

(
λ1

ρdm,0

ρde,0
+ λ2

)(
kvT

3
+

ḣ
6

)
, (16)

θ̇de =2Hθde

[
1 +

1
1 + w

(
λ1

ρdm,0

ρde,0
+ λ2

)]
+

k2

1 + w
δde , (17)

(1 + wT )vT =
∑

a
(1 + wa)Ωava . (18)

Inclusion of term δH for interaction (absent in other works!)
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Holographic dark energy

Planck 2018
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Holographic dark energy

Results
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Holographic dark energy
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Holographic dark energy
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All parameter space excluded!

Ricardo G. Landim 3 May, 2023 17 / 25



New constraints on IDE

Why new constraints?

– (Not very) New data (Planck 2018, BAO, Pantheon+)

– Inclusion of term δH for interaction (absent in other works!)

ρ̇dm + 3Hρdm = a2Q0
dm = aQ , (19)

ρ̇de + 3H(1 + w)ρde = a2Q0
de = −aQ , (20)

Q = H(λ1ρdm + λ2ρde)

λ1 ̸= 0, λ2 = 0

λ1 = 0, λ2 ̸= 0

λ1 = λ2
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New constraints on IDE

λ1 ̸= 0, λ2 = 0

ρdm = ρdm,0a−3(1+weff
1 ) , (21)

ρde = ρde,0a−3(1+w) + λ1
ρdm,0a−3(1+w)

3(w − weff
1 )

[
1 − a3(w−weff

1 )

]
, (22)

where weff
1 = −λ1/3.

λ1 = 0, λ2 ̸= 0 [Lucca, 2020]

ρdm = ρdm,0a−3 + λ2
ρde,0a−3

3weff
2

[
1 − a−3weff

2

]
, (23)

ρde = ρde,0a−3(1+weff
2 ) , (24)

where weff
2 = w + λ2/3.
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New constraints on IDE

λ1 = λ2 [Olivares, 2005]

ρdm = w−1
eff

{[(
1 + w +

λ

3

)
ρdm,0 +

λ

3
ρde,0

]
(aS− − aS+ ) + ρdm,0(S−aS− − S+aS+ )

}
, (25)

ρde = w−1
eff

{[
λ

3
ρdm,0 −

(
1 −

λ

3

)
ρde,0

]
(aS+ − aS− ) + ρde,0(S−aS− − S+aS+ )

}
, (26)

where weff = (w2 + 4λw/3)1/2 and S± = −(1 + w/2)∓ weff/2.

Olivares 2005
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New constraints on IDE

⇒ ṙ = 0

λ1r+ = −
3
2

(
w +

λ1

3
+

λ2

3

)
+

3
2

√
w2 +

2
3

w(λ1 + λ2) +
1
9
(λ1 − λ2)2 , (27)

λ1r− = −
3
2

(
w +

λ1

3
+

λ2

3

)
−

3
2

√
w2 +

2
3

w(λ1 + λ2) +
1
9
(λ1 − λ2)2 . (28)

δ̇dm =− θdm −
ḣ
2
+Hλ2

ρde

ρdm
(δde − δdm) +

(
λ1 + λ2

ρde

ρdm

)(
kvT

3
+

ḣ
6

)
︸ ︷︷ ︸

∝ δH

, (29)

θ̇dm =−Hθdm −
(
λ1 + λ2

ρde

ρdm

)
Hθdm , (30)

δ̇de =− (1 + w)

(
θde +

ḣ
2

)
− 3H(1 − w)δde +Hλ1

ρdm

ρde
(δde − δdm)

− 3H(1 − w)

[
3(1 + w) + λ1

ρdm

ρde
+ λ2

]
Hθde

k2
−

(
λ1

ρdm

ρde
+ λ2

)(
kvT

3
+

ḣ
6

)
︸ ︷︷ ︸

∝ δH

, (31)

θ̇de =2Hθde

[
1 +

1
1 + w

(
λ1

ρdm

ρde
+ λ2

)]
+

k2

1 + w
δde , (32)
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New constraints on IDE

Q ∝ ρdm + ρde

δ
(i)
de =

3
4
δ
(i)
r

(
1 + w +

λ1

3
r +

λ2

3

)
, (33)

δ
(i)
dm =

3
4
δ
(i)
r

(
1 −

λ1

3
−

λ2

3
1
r

)
, (34)

v (i)
de = v (i)

r , (35)

Q ∝ ρdm

δ
(i)
de = δ

(i)
dm =

3
4
δ
(i)
r

(
1 −

λ1

3

)
, (36)

Q ∝ ρde

δ
(i)
de =

3
4
δ
(i)
r

(
1 + w +

λ2

3

)
, (37)

δ
(i)
dm =

3
4
δ
(i)
r . (38)

Q ∝ ρdm: 0 ≤ λ1 < −3w and w < −1

Q ∝ ρde: λ2 < −w

Q ∝ ρdm + ρde: λ ≤ −3w/4 and w < −1
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New constraints on IDE

Preliminary

λ2 = 0.012+0.038
−0.040

−0
.0
6

0.
00

0.
06

λ2

−0
.9
75

−0
.9
50

−0
.9
25

w
0

w0 = −0.980+0.020
−0.015

BAO, Pantheon+, Planck (λ2 ̸= 0)
Ricardo G. Landim 3 May, 2023 23 / 25



New constraints on IDE

Preliminary
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New constraints on IDE

Thank you very much for your attention!

ricardo.landim@port.ac.uk
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