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The Dark Universe

Well understood laws and history

B
aryon

s
Dark Energy�� ��Λ , Quintessence

Modified Gravity
· · ·

Dark Matter�� ��WIMP+

Ultra-light

MACHO
· · ·

100Ωbh
2 = 2.222± 0.023 (1.0%)

Ωch
2 = 0.1197± 0.0022 (1.8%)
ΩΛ = 0.685± 0.013 (1.9%)

Planck ’15 (T+lowP only!)
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Cosmic Concordance Type IA Supernovae

Cosmic Microwave Background

Baryon Acoustic Oscillations

(Perlmutter+ 99, Amanullah+ 2010, Scolnic+ 2017)
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ΛCDM tensions → systematics or new physics?

Cosmic expansion: 3.4σ tension in H0
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Distance ladder
+ several reanalyses

+ lensing time delays

CMB (+BAO)

→ assumes ΛCDM

Standard Sirens
→ fully independent

→ (E. Burns’ talk)

No simple explanation (Bernal+ ’16, Poulin+ ’18)

Also: Weak Gravitational Lensing (KiDS: 2.9σ, DES: OK?)

Clusters, Planck lensing...
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Gravitational Waves vs ΛCDM

B
aryon

s
Dark Energy

& theories of gravity
(First Part)

Dark Matter
primoridal BHs?

(Second Part)

100Ωbh
2 = 2.222± 0.023 (1.0%)

Ωch
2 = 0.1197± 0.0022 (1.8%)

ΩΛ = 0.685± 0.013 (1.9%)
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gravity
’gravIti/

noun

1. [Physics]
the force that attracts a body towards the centre of the
earth, or towards any other physical body having mass.

2. extreme importance; seriousness.

3. in the context of fermenting alcoholic beverages, refers
to the specific gravity, or relative density compared to
water, of the wort or must at various stages in the
fermentation.

d

dt
gravity ∝ alcohol %

⇒ ∃ at least a useful “test” of gravity!

Sources: google (1,2)

, wikipedia (3)
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The case for modified gravity

Interesting theoretical questions:

∼ 36% of open problems in physics involve gravity

(see www.wikipedia.org/wiki/List_of_unsolved_problems_in_physics)

- cosmological constant problems?

- proxy for inflation/quantum gravity?

Alternatives to Λ

- Inflation again? ns 6= 1

- ΛCDM tensions −−−−−−−−−→

Test gravity on all regimes
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How to modify gravity
(Review Ezquiaga & MZ ’18)
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Λ = 0 Galileon Gravity
(Barreira+ ’14, Renk, MZ+ 17’)

Planck+BAO:
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Universal speed limit

GW170817 + GRB170817A

Bound on the GW speed:

−3·10−15 ≤ cg
c
−1 ≤ 6·10−16

(LIGO+Fermi+· · · 1710.05834)

t

r ≈ 130My · c��))
)

}
∼ s

EM

GW
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Coincident Signals: GW170817 and its Aftermath

GW170817 + GRB170817A

Bounds:
∣∣∣≤ cg

c
− 1
∣∣∣ . 10−15

(LIGO+Fermi+· · · 1710.05834)

Theories: ∆cg/c ∼ 0.1− 1%

Strongest constraints on DE & Modified Gravity

See also Baker, Bellini, Ferreira+ ’17 (and many many others)
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Conditions for variable cg (Bettoni, Ezquiaga, Hinterbichler & MZ ’16)

Operationally: ḧij + c2g
~∇2hij + · · · = 0

GW effective metric - any background, k2 � |Rµν |

GW eq ∝
(
C�+Dµν∂µ∂ν︸ ︷︷ ︸
Gµν∂µ∂ν

)
hij

1) Non-trivial φ(x) → Dµν ∝ ∂µφ∂νφ · · ·
Cosmology → φ̇ ∼ H0

2) φ-derivatives couple to Riemann Curvature

Rµανβ → ∂µ∂ν h
TT
αβ (Rµν → �hTT

µν )

i.e. non-canonical kinetic term

t

rsource

gµνq
µqν = 0

Gµνk
µkν = 0

(1,2) ⇒ φ changes the effective medium in which GWs propagate.

(2) ⇒ binary classification of theories
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DE after GW170817
(Ezquiaga & MZ PRL ’17) massive graviton

cg
c
≈ 1−

m2
g

2ω2

General
Relativity

Unique theory

of massless gµν

Massive
Gravity
mg > 0

dRGT

Additional
Field

Tensor

fµν

Bigravity

Multi-
gravity

Vector

Vµ

Proca
mV > 0

General.
Proca

TeVeS

(MoND)
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φ
Horndeski

Quint-
essence

Brans-
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f(R)
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Gauss-
BonnetBeyond

Horndeski

C(X)

D(X)

Break
Assumptions Extra

dimensions

DGP

Lorentz
Violating
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Einstein
Aether

Non-Local

Simple
theories

Non-trivial
survivors!
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Gravitational Waves vs ΛCDM

B
aryon

s
Dark Energy

& theories of gravity
(First Part)

Dark Matter
primoridal BHs?

(Second Part)

100Ωbh
2 = 2.222± 0.023 (1.0%)

Ωch
2 = 0.1197± 0.0022 (1.8%)

ΩΛ = 0.685± 0.013 (1.9%)

Planck ’15 (T+lowP only!)

(S. Bird’s talk, see also C. Johnson’s talk)
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LIGO MACHO miracle? (S. Bird’s talk, see also C. Johnson’s talk)
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QCD phase transition boosts�� ��M ∼M� PBH formation

(1801.06138)

1) ideal case

2) Finite SNe

SNe lensing → MZ & Seljak ’17 CMB → Bernal+ ’17

(Tisserand+ EROS-2 ’07) (Reviews: Carr+ ’16, Sasaki+ ’18)
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No LIGO MACHO?

ligar (verb)

1. Bind, connnect.

2. [Colloquial] Flirt.

(yo) ligo → I flirt

macho (noun)

1. Male.

2. [Colloquial] Dude, bro.

No LIGO MACHO
(MZ & Seljak 1712.02240)

my love life sucks, bro

LIGO Lo(g)-normal
MACHO

(Garcia-Bellido+ 1712.06574)

mine’s normal, bro

Discussion session (MZ+Fleury)

CERN PBH Workshop ’18

Video → https://cds.cern.ch/record/2320183

(credit: Paramount Pictures 1972, Warner Bros. 1949)
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LIGO MACHO miracle? (S. Bird’s talk, see also C. Johnson’s talk)
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(Tisserand+ EROS-2 ’07) (Reviews: Carr+ ’16, Sasaki+ ’18)
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Lensing by compact objects (Rauch ’91, Seljak & Holz ’99, Metcalf & Silk ’06)

?
S1

?
S2

halo

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

∆µ - magnification (wrt FRW)

10−2

10−1

100

101

102

P
ro

ba
bi

lit
y

Empty
beam

Magnification
tail ∝ µ−3

P (µ, z, α) at z = 0.8

α = 0 (no PBH)

α = 0.84 (all PBH)

D(z,∆µ) =
D̄(z)√
1 + ∆µ
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PBH signatures:

{
slight demagnification (most SNe)
highly magnified events (few SNe)
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SNe Magnification (MZ & Seljak ’17)

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

z̄ = 1.10
PL(µ; z, α) convolved

with Gaussian σ = 0.15

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

z̄ = 0.69

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6

∆µ (0.15/σµ)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

z̄ = 0.34
α = 0.0

α = 0.5

α = 1.0

Miguel Zumalacárregui (Berkeley) DM and DE in the Era of GW Astronomy



SNe Magnification (MZ & Seljak ’17)
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LIGO MACHO miracle?
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QCD phase transition boosts�� ��M ∼M� PBH formation

(1801.06138)

1) ideal case

2) Finite SNe

Errors/typos in arxiv version New version coming ⇒ basic results hold
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Finite sources → size matters, conclusion stands

Point lens + point source
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1
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l2 + 4ξ2

− 1
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Conclusions: exciting times to come!

Baryons

Dark Energy

? ∃ Interesting DE models

? GWs → new & powerful tests

? LIGO could confirm H0

→ rule out ΛCDM

Dark Matter

? PBH-DM with M & 0.01M�

-
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ΩM
< 0.35 (95% c.l. JLA)

- 100% DM excluded at 4.8σ!

? (some) BHs could be primordial
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gravity Cảm ơn!
’gravIti/ Thanks!
noun

1. [Physics]
the force that attracts a body towards the centre of the
earth, or towards any other physical body having mass.

2. extreme importance; seriousness.

3. in the context of fermenting alcoholic beverages, refers
to the specific gravity, or relative density compared to
water, of the wort or must at various stages in the
fermentation.

d

dt
gravity ∝ alcohol %

⇒ ∃ at least a useful “test” of gravity!
Sources: google (1,2), wikipedia (3)
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Backup Slides

PLANCK
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LIGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings ’18)

PBH formation → collapse of high-contrast density fluctuations

f(M) ∝ e−δ
2
c/σ

2
δ√

M

——– δc
(Musco & Miller ’13)

δc

w - equation of state

QCD Phase Transition

∼ 1% accurate! (Borsanyi+ ’16)

t ∼ 10
−6
s,

T ∼ 200 MeV,

k ∼ 10
7Mpc−1,

M ∼ 1M�

ns = 1

QCD phase transition
on PBH mass function!

ns = 0.95

(Jedamizik ’97, Widerin & Schmidt ’98, Jedamzik & Niemeyer ’99, Sobrinho ’16...)
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LIGO MACHO miracle?
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+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ ’16), x-ray/radio (Gaggero+ ’17), 21cm (Hektor+ 18)...
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Highly-magnified events or peculiar SNe?
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Cosmology Dependence

Assumed flat ΛCDM

Planck+BOSS: ΩM = 0.309± 0.006

(Alam+ ’17)

Weak effect of perturbations

SNe: σ8 = 1.07+0.50
−0.76

(Macaulay+ ’17)

Degeneracy:

empty-beam shift ↔ expansion

No ΩM prior

- slightly weaker results

- “best” case PBH

Tension

{
α ≈ 0.8 → 3σ w. SNe

ΩM ≈ 0.36 → 8σ w. P+B

- Lack of outliers!
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Galileon gravity (Nicolis+ ’08, de Rham Tolley ’10...)

Horndeski’s Theory, with�� ��Λ = 0 + scalar φ + derivative interactions (X ≡ −1

2
(∂φ)2)

M2
p

2
R−X − c3

X

M3
∇2φ → Gal3: 0 extra params

+ c4
X2

M6

(M2
p

2
R+

2

X
[∇∇φ]2

)
→ Gal4: 1 extra params

+ c5
X2

M9

(
Gµνφ

;µν − 1

3X
[∇∇φ]3

)
→ Gal5: 2 extra params

Related to
? Massive Gravity: φ→ helicity 0
? DGP/extra dim: φ ↔ x5 coord.

Vainshtein: ⇒ ∼ GR on small scales

Self-accelerating solutions (Λ = 0)
(de Felice Tsujikawa ’10, Barreira+ ’14)
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Galileon and Integrated Sachs-Wolfe effect (Renk+ ’17)
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Galileon: Tracker condition (Barreira+ ’14)

Symmetry φ→ φ+ C ⇒ conserved J µ ⇒ J 0 ∝ a−3 → 0

φ̇(t)H(t) = ξ ·H2
0MP = constant

Evolution to tracker: no fine tuning

Tracker by zT ∼ ∞, zT ≈ 6,
zT ≈ 2.5 (Ωde small but relevant)

Inviable if out of tracker late
(i.e. while Ωde significant)

Indistinguishable if reached earlier
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