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The Dark Universe

HISTORY OF THE UNIVERSE ot 2
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Parficle Dat Group, LBNLE® 2014 Supported by DOE

Planck '15 (T+lowP only!)
Well understood laws and history
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Cosmic Concordance

Union2 SN la
Compilation

1.0
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(Perlmutter+ 99, Amanullah+ 2010, Scolnic+ 2017)
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ACDM tensions — systematics or new physics?

Cosmic expansion: 3.4c0 tension in H
Distance ladder
+ several reanalyses

GW170817

+ lensing time delays

CMB (+BAO)

— assumes ACDM
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Standard Sirens

% Dist. Ladder e ACDM X Std. Sirens o
— fully independent

2005 2010 2015
year — (E. Burns’ talk)

(Adapted from Freedman '17, 1604.01788, 1710.05835)

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

Also: Weak Gravitational Lensing (KiDS: 2.90, DES: OK?)
Clusters, Planck lensing...
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Gravitational Waves vs ACDM

Gamma rays, 50 to 300 keV. GRE 170817A

Fermi 4‘

Dark Energy

& theories of gravity
(First Part)

LIGO

Dark Matter

primoridal BHs?
(Second Part)

LIGO

1009%,h° = 2.22240.023 (1.0%)
¢ Q.h? = 0.1197 +0.0022 (1.8%)
Qa = 0.685+0.013 (1.9%)

Planck '15 (T+lowP only!)
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Gravitational Waves vs ACDM

[ 0 0 300 keV GRB 1708174

Fermi

Freaueney b4

Dark Matter

primoridal BHs?
(Second Part)

Hanford, Washington (H1)

LIGO
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Qa 0.685 + 0.013 (1.9%)

Planck '15 (T+lowP only!)

wrsi012
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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.

Sources: google (1,2)
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The case for modified gravity

e 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?

e Alternatives to A
- Inflation again? ns # 1
- ACDM tensions ——M

e Test gravity on all regimes

(Adapted from Fredman '17)
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How to modify gravity

(Review Ezquiaga & MZ '18)

General
Relativity

Unique theory
of massless g,,,,

Break

Assumptions Extra

dimensions

Horava

Non-Local Lorentz
Violating

Einstein

Acther
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How to modify gravity

(Review Ezquiaga & MZ '18)

Massive
Gravity
mg > 0
General J
Relativity

Unique theory
of massless g,,,,

Break

Assumptions Extra

dimensions

Horava

Non-Local Lorentz
Violating

Einstein

Acther
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How to modify gravity

(Review Ezquiaga & MZ '18) dRGT
Massive
Gravity
my > 0 Bigravity
General !
Relat|VIty Multi-
Tensor gravity
Unique theory Fuw

of massless g,,,,

Additional
Field
Break
Assumptions _Extra
dimensions

Horava

Non-Local Lorentz
Violating

Einstein

Acther
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How to modify gravity

(Review Ezquiaga & MZ '18)

Massive
Gravity
mg > 0
General
Relativity
Unique theory
of massless g,,,,
Additional
Field
Break
Assumptions _Extra
dimensions
DGP
Non-Local Lorentz e
Violating

Einstein
Acther
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dRGT

Bigravity

Multi-

Tensor gravity

Juw
Proca
my >0
Vector
General.
v Proca
M

Teves
(MoND)
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How to modify gravity

(Review Ezquiaga & MZ '18)

) dRGT
Massive
Gravity
G I mg >0 Bigravity
enera
Relat|VIty Multi-
Tensor gravity
Unique theory v
of massless g,,,,
W:,wc)a o
.- Vector
Additional v Exee)
Field "
TeVeS
(MoND)
Break Scalar Quint-
Assumptions 7 Extra P essence
imensions Horndeski
Brans-
Dicke
DGP
Gauss- f(R)
Non-Local Lorentz Horava Beyond Bonnet
Violating . Horndeski Galileon KB
instein Z=aileon
Aether
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A = 0 Galileon Gravity

(Barreira+ '14, Renk, MZ+ 17')

Planck+BAO:

)

ACDM
B Galileon 3 + v
I Galileon 5 + 1

64
000 015 030 045 060 0.75 090
> m,

e Hj compatible (ACDM 3.40!)
e if ¥m, =~ 0.6 &V

e slight tension with other data
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A = 0 Galileon Gravity — modifies GW propagation

(Barreira+ '14, Renk, MZ+ 17') . = .
hij + (1 + CYT) \% hij + 3H(1 + C\’M)hij =0
Planck+BAO: 2, GW

GW faster than ¢

. Gal 5 -

.Gl 4 GW slower than ¢
. Gal3
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Effective G variation: o =
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> m,

e Hj compatible (ACDM 3.40!)
e if ¥m, =~ 0.6 eV
e slight tension with other data
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A = 0 Galileon Gravity — modifies GW propagation

(Barreira+ '14, Renk, MZ+ 17') . = .
hij + (1 + CYT) \% hij + 3H(1 + (,\’j\,{)hij‘ =0
Planck+BAO: 2, GW

GW faster than ¢

Ruled out (ISW)

- -.

vGal 4 = GW slower than ¢
- vGal 3

cg/c—1 (z=0)
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0.00 0.06 0.12 0.18
d

64
0.00 015 030 045 060 075 0.90 R
Effective G variation: a;

> m,

e Hy compatible (ACDM 3.40!) & ISW effect (from PlanckxWISE):
e if Xm, =~ 0.6 eV — kills vGal3 (7.920)
e slight tension with other data — non-standard GW propagation
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Universal speed limit
GW170817 + GRB170817A
Bound on the GW speed:
31075 <% _1<6.10716

(&

(LIGO+Fermi+- - - 1710.05834)

Lightcurve from INTEGRAL/SPI-ACS

& 120000 { (> 100 keV)

117500

115000 18l

o)) r~130My - c

Time from m

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



Coincident Signals: GW170817 and its Aftermath

GW170817 + GRB170817A
Bounds: )g %g — 1‘ <1071

(LIGO+Fermi+- - - 1710.05834)

Theories: Acy/c ~ 0.1 —1%

Strongest constraints on DE & Modified Gravity

[2] arXiv:1710.05901 [pd, other] Selected for a Viewpoint in Physics
Dark Enerqy after GW170817 304 (2017) SICAL REVIEW LETTERS
2), Niguel Zumalacérregui (2 and 3) ((1) Madrid IFT, (2) UC Berseley, (3)

ity and Quantum Co

Dark Energy After GW170817: Dead Ends and the Road Ahead
[3] arKiv:1710.05893 [pdf, other]

Implications of the Neutron Star Merger GW170817 for Cosmological Scalar-Tensor Jose Marifa Ezquiaga'™" and Miguel Zumal,
Jeremy Sakstein, Bhuvnesh Jain

point in Physics

Cosmolagy and Nongalactic Astraphysics (astro-ph.Ct Jativity and Quantun W LETTERS

[4] arXiv:1710.05877 [od, ps, other]

Dark Energy after GW170817 . .
Dark Energy after GW170817 and GRB170817A

Jativity and Quantun

Paolo Creminelli' and Filippo Vernizzi®

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

Operationally: ﬁij + ciﬁthj— +--=0
GW effective metric - any background, k* > |R,., |
GW eq x (CD + D, 0M'0" )hij

Gu0t'0”

source

(1,2) = ¢ changes the effective medium in which GWs propagate.

(2) = binary classification of theories
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Conditions for variable ¢,  (Bettoni, Ezquiaga, Hinterbichler & MZ '16)

Operationally: ﬁij + ciﬁthj— +--=0
GW effective metric - any background, k* > |R,., |
GW eq x (CD + D, 0M'0" )hij

Gu0t'0”

yrpm%

9uvq

]_) Non-trivial (Z)(Z) — DHV X 8/1(/)81/§/) o
Cosmology — ¢ ~ H

source

(1,2) = ¢ changes the effective medium in which GWs propagate.

(2) = binary classification of theories
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Conditions for variable ¢,  (Bettoni, Ezquiaga, Hinterbichler & MZ '16)

Operationally: ﬁij + ciﬁthj— +--=0
GW effective metric - any background, k* > |R,., |
GW eq x (CD + D, 0M'0" )hij

Gu0t'0”

yrpm%

9uvq

]_) Non-trivial (Z)(Z) — DHV X 8/1(/)81/§/) o
Cosmology — ¢ ~ H

2) ¢-derivatives couple to Riemann Curvature
Ruauﬁ — 8u81/ hEﬁT (R/w - Dh;f;r)

i.e. non-canonical kinetic term

source

(1,2) = ¢ changes the effective medium in which GWs propagate.

(2) = binary classification of theories
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DE after GW170817

(Ezquiaga & MZ PRL '17)

\EESIV
Gravity
my > 0
General g
Relativity
Unique theory
of massless g,,,,
Additional
Field
Break
Assumptions _Extra
dimensions
DGP

Non-Local Lorentz

Violating
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massive graviton

) 2
‘s - mg
c 2w
Bigravity
Multi-
Tensor gravity
Juv
Proca
0
Vector
]
Simple
theories
Scalar
Q
Non-trivial
survivors!
Beyond
Horndeski
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Gravitational Waves vs ACDM

Gamma rays, 50 to 300 keV. GRE 170817A

Fermi

Dark Energy

& theories of gravity
(First Part)

Dark Matter

primoridal BHs?
(Second Part)

LIGO

100Q,h° = 2.222 +0.023 (1.0%)
Q.h* = 0.1197 +0.0022 (1.8%)
Qa = 0.685+0.013 (1.9%)

Planck '15 (T+lowP only!)
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Gravitational Waves vs ACDM

Dark Matter

primoridal BHs?
(Second Part)

Hanford, Washington (H1)

\ ‘w My
‘wau\r ) LIGO

100Q,h° = 2.222 +0.023 (1.0%)
Q.h* = 0.1197 +0.0022 (1.8%)
Qa = 0.685+0.013 (1.9%)

(S. Bird's talk, see also C. Johnson's talk) Planck 15 (T-+owP only!)
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LIGO MACHO miracle? (S. Bird's talk, see also C. Johnson's talk)

Eridanos Il
Wide Binaries

(95% c.l.)

Qppu/Qyv

f—
o
o
=
3 4
s}
=
o
o

LIGO BHs

107!
Mppn [Meg)]

—
=
4

SNe lensing — MZ & Seljak '17 CMB — Bernal+ '17
(Tisserand+ EROS-2 '07) (Reviews: Carr+ '16, Sasaki+ '18)
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LIGO MACHO miracle? (S. Bird's talk, see also C. Johnson's talk)
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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.

Miguel Zumalacarregui (Berkeley)
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https://cds.cern.ch/record/2320183

No LIGO MACHO?
No LIGO MACHO

(MZ & Seljak 1712.02240)

ligar (verb) my love life sucks, bro

1. Bind, connnect.
2. [Colloquial] Flirt.

(yo) ligo — I flirt

macho  (noun)
1. Male.
2. [Colloquial] Dude, bro.

TPLAY ITACAIN, SAM™

[ cuentificas

Feoo
.
Nosotras tampoco
v 2 =
4 (¢ donde esta el emoticono de reverencia?)

SNe lensing
(this work)

(credit: Paramount Pictures 1972, Warner Bros. 1949)
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https://cds.cern.ch/record/2320183

NO LIGO MACHO? LIGO Lo(g)_norma/

No LIGO MACHO MACHO
(MZ & Seljak 1712.02240) (Garcia-Bellido-+ 1712.06574)
li gar (verb) my love life sucks, bro mine’s normal, bro

1. Bind, connnect.
2. [Colloquial] Flirt.

(yo) ligo — I flirt

macho  (noun)
1. Male.

2. [Colloquial] Dude, bro. 7 v WENTURES
DE

TPLAY ITACAIN, SAM™

cuentificas

Nosotras tampoco
(¢ donde esta el emoticono de reverencia?)

Discussion session (MZ+Fleury)
CERN PBH Workshop '18

Video — https://cdsACernACh/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)

Eridanos
Wide Binaries

(95% c.l.)
SNe lensing
1712.02240

=
)
~

)

&
~
G

Dal
2) Finite SNe

1) ideal case

[e%

LIGO BHs

T
107!
Mppn [Mg]

—
=
4

SNe lensing — MZ & Seljak '17 CMB — Bernal+ '17
(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)

_ D(2) Distance (perceived vs average)
D(z,Ap) = VIF+AL Magnification

S S p—
! ° P(p,z,a) at z = 0.8

Empty a=0 (noPBH)
beam --- a=0.84 (all PBH)

Magnification
tail oc =3

>
5=
o
@ 10
2
<]
4
o

0.0 0.1 0.2 0.3 0.4
Ay - magnification (wrt FRW)

QD

, . slight demagnification (most SNe)
PBH signatures: { highly magnified events (few SNe)
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Lensing by compact objects (Rauch '91, Seljak & Holz '99, Metcalf & Silk '06)

_ D(2) Distance (perceived vs average)
D(z,Ap) = VIF+AL Magnification

S1 SQ ’ :
H P(p,z,a) at z = 0.8
; Empty a=0 (noPBH)
beam  ——- o = .84 (all PBH)
>
2
BH ° _’S 10 M.agnifica_)tion
S tail oc ™
a

0.0 0.1 0.2 0.3 0.4
Ay - magnification (wrt FRW)

, . slight demagnification (most SNe)
PBH signatures: { highly magnified events (few SNe)
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SNe Magnification (MZ & Seljak '17)

Ppr(p; 2, ) convolved

with Gaussian o = 0.15

7 =0.69
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SNe Magnification (MZ & Seljak '17)

Py(t; 2 ) convolved

with Gaussian o = 0.15

B LA

Union
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SNe Magnification (MZ & Seljak '17)

Pyr(j1; 2, ) convolved 110

with Gaussian o = 0.15 - 09,1.5]

0.69
c [0.5,0.9]

Union
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LIGO MACHO miracle?

Eridanos

(95% c.l.)
SNe lensing
1712.02240

— Wide Binaries

.
=
m
[=9
&
=

DaN
2) Finite SNe

@

LIGO BHs

107! 10!
Mpgn [Mo)

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

e Point lens + point source
1 P42

1= s
SRRV EEwTS

S source size
f Einstein radius

zg=10,0,=0
(Fit)
1072
1~ 1-1073

pEH ~ 3-1074

(no noise)
Pr, + noise

........ v =10 (pure LSS)

Cumulative

005 000 005 010 015
Ap
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Conclusions: exciting times to come!

Dark Energy

* I Interesting DE models
* GWs — new & powerful tests

* LIGO could confirm Hy
— rule out ACDM

6
0.00 015 030 045 060 0.75

Dark Matter

* PBH DM W|th M Z 001M® source
- EPBH 35 (5% cl. JLA)

Q]V[
- 100% DM excluded at 4.8¢!

* (some) BHs could be primordial

TN TR
Mppy [Mo)
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gravity Cam onl
'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 .
agrawty o alcohol %

= 7 at least a useful “test” of gravity!
Sources: google (1,2), wikipedia (3)
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Backup Slides

PLANCK
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LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings '18)

PBH formation — collapse of high-contrast density fluctuations

HIH

752/’75

VM

(Musco & Miller '13)

f(M)O<

°3% "oz 0.2 0.6
w - equation of state

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)
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LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings

PBH formation — collapse of high-contrast density fluctuations

(Musco & Miller '13)

‘ l l ‘ |
2
e 2/o2
f(M) X ——
v M
QCD Phase Transition
10" QCD phase transition
on PBH mass function!
10 0.001 0.010 0.100 1 10
~ 1% accurate!  (Borsanyi+ '16) MMy

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)

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



LlGO MACHO miracle? (Byrnes, Hindmarsh, Young, Hawkings '18)

PBH formation — collapse of high-contrast density fluctuations

1L

752/:7(S

VM

(Musco & Miller '13)

c

f(M)O<

QCD Phase Transition

~ 1% accurate!  (Borsanyi+ '16)

(Jedamizik '97, Widerin & Schmidt '98, Jedamzik & Niemeyer '99, Sobrinho '16...)
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LIGO MACHO miracle?

7 —

SNe lensing

(95% c.l.)

w
T
[a4]
©
O
-

pBH/ M

(

«

107!
Mppu (M)

Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17

+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ '16), x-ray/radio (Gaggero+ '17), 21cm (Hektor+ 18)...
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LIGO MACHO miracle?

2

SNe lensing

critical curve
disrupted by
microlenses

Mppn [Mo)]

Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17

+ GW stochast. (Wang+ 16), Quasar lens. (Mediavilla+ '16), x-ray/radio (Gaggero+ '17), 21cm (Hektor+ 18)...
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LIGO MACHO miracle?

2

SNe lensing

PBHs binaries
at formation
(Poisson noise)

LIGO BHs

0‘3\«

2%
&

107!
Mpgu [Mg)]

Caustic Crossings — Diego+ '17, Venumadhav+ '17, Oguri+ '17
LIGO merger rates — Nakamura+ '97, Sasaki+ '16, Ali-Haimoud—+ '17
+ 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?

+ underl L I B L
underluminous
She ia E

Sins — Decline rate (mag, 15 days)

Super—Chandrasekhar

|
]
8
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| overluminous

SNe Ta-csN.

|
©

slow decline

Distance modulus (mag)

|
3

'y
/ 91T-like Union 2.1 OB

I Outliers

|
=

— Absolute magnitude

+30
i

P(p.z,a)at z=0.8
a=0 (no PBH)
--= =034 (all PBH)

Magpnification
tail oc p 3

Probability

Outliers in Union 2.1
® 4 overluminous — 3 peculiar

e 8 subluminous — 5 peculiar 100 01 02 03 04
Ay - magnification (wrt FRW)

Thanks to D. Rubin (sample) & LI. Galbany (assesment)
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Highly-magnified events or peculiar SNe

e L WA ma e
1 underluminous
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— Decline rate (mag, 15 days)

(Taubenberger '17)

| overluminous

B Union 2.1
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B+ all outliers
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a
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—0.15 0.00 0.15 0.30 0.45
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Thanks to D. Rubin (sample) & LI. Galbany (assesment)
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Cosmology Dependence

za)atz =08

Assumed flat ACDM

e Planck+BOSS: Q) = 0.309 + 0.006 ;
(Alam+ '17) [EEEEER - oo Gnron

Magnification
tail o<y~

>
3
S
2
2
a

e Weak effect of perturbations

SNe: oy = 1.077030

(Macaulay+ '17)

0.

00 0.1 02 1
Ayt - magnification (wrt FRW)

e Degeneracy:
empty-beam shift <+ expansion
o] EEE LA (no priors)
I JLA (Planck+BAO)
No €, prior
- slightly weaker results
- "best” case PBH

Tension a~0.8 — 30 w. SNe
Q=036 — 8 w. P+B

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

Horndeski's Theory, with
+ scalar ¢ + derivative interactions (X = —%(8(;5)2)

2
p —R-X—c¢ 3 V — Gal3: 0 extra params
X% M 2
+ C4—= 16 ( 5 PR+ {VV@] ) — Gal4: 1 extra params
.S (G [vw] ) s
Cy——= ]V[g iy — Galb: 2 extra params
e Related to EneEnbm
* Massive Gravity: ¢ — helicity 0 ¢ . /oul
x DGP/extra dim: ¢ < 2° coord. T %";’f

e Vainshtein: = ~ GR on small scales

o Self-accelerating solutions (A = 0)

(de Felice Tsujikawa '10, Barreira+ '14)
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WISE dN/dzdQ
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Galileon: Tracker condition (Barreira+ '14)

Symmetry ¢ — ¢+ C = conserved J# = J%xa? =0

G)H(t) = ¢ - H2Mp = constant

Base Cubic (PLB)

e Evolution to tracker: no fine tuning e Inviable if out of tracker late
e Tracker by zp ~ oo (i.e. while Qg significant)
e Indistinguishable if reached earlier
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