From Local Group Dynamics to
Cosmology with DES

Ofer Lahav (University College London)
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Outline

¢ The Local Group: motion and mass
¢ Cosmology from the Dark Energy Survey

* H, from Gravitational Wave bright and dark
sirens

¢ Big Data in Cosmology
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ABSTRACT

The magnitude and direction of the observed dipole anisotropy of the galaxy distribution can in principle
constrain the amount of large-scale power present in the spectrum of primordial density fluctuations. We here
confront the data, provided by a recent redshift survey of galaxies detected by the IRAS satellite, with the
predictions of two cosmological models with very different levels of large-scale power: the biased Cold Dark
Matter dominated model (CDM) and a baryon-dominated model (BDM) with isocurvature initial conditions.
We investigate model predictions for the Local Group peculiar velocity, vg, induced by mass inhomogencities
distributed out to a given radius, R, for R < 10,000 km s~*. We develop several convergence measures for vg,
which can become powerful cosmological tests when deep gh ilable. For the present
data sets, the CDM and BDM predictions are indistinguishable at the 26 level and both are consistent with
observations. A promising discriminant between cosmological models is the misalignment angle between vy
and the apex of the dipole anisotropy of the microwave background.

Subject headings: cosmic background radiation — cosmology — dark matter — infrared: sources
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ABSTRACT

We study the convergence of the peculiar gravitational acceleration of the Local Group deduced from
galaxy distribution and its alignment with the microwave background dipole in the framework of linear
theory and eondmonal probability. Using the observed velocity of 600 km s" as a constraint we predict the

of finite

depth for g I density power spectrum. We

apply this formalism to the cold-dark-matter (CDM) and isocurvature baryon (PIB) family of models and
compare it with IRAS and optical flux and redshift dipoles. A biased (o, = 0.6) CDM model is consistent with
the observed small nusahgnment and the convergence of the /RAS redsh:ﬂ dipole (at 85% and 32% con-

fd.

level,

Ael.

pectively). The PIB

exhibit a wide range of behavior dcpcndmg on the free parameters.

The PIB model which ﬁts bal thc bulk flows (n,, 04 and a spectral index of —1), is consistent only at the

level of 8% and 3%,

P

cosmological models

u..,

y, the esti d Q, in the CDM case is reasonably good, but
the above PIB model has a large scatter in Q,. We find these observational tests to be useful probes of

bject heading — dark matter — galaxies: clustering — galaxies: Local Group —

galaxies: : redshifts
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Weighing the Local Group
in the presence of Dark Energy

a =-GM/r? + A/3 r

¢ At present the Milky Way and Andromeda galaxies are
separated by r=784 kpc and are “falling” towards each other at
v=130 km/sec.

¢ @Given the age of the universe t=13.8 Gyr and Dark Energy
fraction of 70% we find that the mass is

(4.73 +-1.03) x 10> My,
* 13% more massive than in the absence of Dark Energy

Without A: Kahn & Waltjer (1959), Lynden-Bell (1981)
With Lambda: Binney & Tremaine (2008), Partridge, OL & Hoffman (2012),
McLeod et al. (2017), McLeod & OL (2019, in prep), Benisty et al. (2019, in prep)



LG mass with Machine Learning and
Multidark simulations
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McLeod, Libeskind, Hoffman & OL (2017)



The Two Body Problem 1n the
Presence of Dark Energy and
Moditied Gravity

Model Acceleration Equation Free Parameters
ACDM i =iy + Ay O, Ho

wCDM i =in — sHEQ (14 3w)R(t) 2wy Q. w, H
Quintessence 7 = iy + %[(F + 2V (9)|r Qg, b0, Pxy Hy
Symmetron 7 =7y + 47rQAMgB-% (1+ #) [y A, S

MOND i [12” *?;V*‘“%"%f ao, t

McLeod & OL (2019, in prep)



LG mass 1n different models
(assuming MW-M31 on first encounter)

Model Parameters Mg / 10"M;
ACDM h=067, Q) =0.7 480
ACDM h=0632, Q) =0.7 455
ACDM h=0.764, Q) = 0.7 .43
wCDM h=067, Q=07 w=-11 4.79
wCDM h=067,0Q=0.7,w=-09 181
Symmetron + A | jr=2.46 x 107 GeV, A= 107", § = 0.015 3.34
MOND ag=12x10""ms™* t, = 13.69Gyr 0.027

McLeod & OL (2019, in prep)



The LG mass with Multiple

encounters
ek 8 46 ' * Onepast
GR + AM 2 o
GR without AM nocce o withce
MOND + A+ AM Oul o o cnmmen it s Bt
MOND without AM nocce o withee

— = - a5 - — 1012 Mo
0 2 4 6 8

With one past encounter MOND gets the standard Baryonic matter

Benisty, Gundelman & OL 2019 (in prep)
C{. Zaho et al. (2013), Banik et al. (2018),
Bilek et al. (2018)



Einstein 1917 Lambda

i Modified Newtonian
; 2 -
Kosmologische Betrachtungen zur allgemeinen Vip —A¢p =
Relativititstheorie.
Von A, Eissrex MOdl‘.fied GR

1
Guv - ’19 uv = ( g uvT)

|
".- it wolilbeksant, dal die Poissoxselr Differentinlgleichunyg

o e In a static universe:
Kp 1
A= —= 52 ¢
2 R

Einstein (February 1 91 7)
English translation: http.//einsteinpapers.press.princeton.edu/volG-trans/433?aia§




Probes of Dark Energy

Standard candles
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Gravity & Cosmology change the
’ growth rate of mass structure
Cosmology changes geometric

distance factors
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Galaxy surveys timeline

Dark Energy Experiments: 2013 - 2031

LSST

Euclid

11



& The Dark Energy Survey

DARK ENERGY
SURVEY

*  Multi-probe approach
Wide field: Cluster Counts,
Weak Lensing, Large Scale Structure
Time domain: Supernovae

*  Survey strategy
- 300 million galaxies with photometric redshifts
- 2500 SN Ia

*  QOver 400 scientists from 7 countries

* 6™ (last) year of observations just completed -

758 nights in total

* ~200 DES papers on the arXiv

12



DES key results

* Strong support to Einstein’s Cosmological

Constant:
w=-1.00 +- 0.05 from LSS, WL and SNIa

* On the path to measuring neutrino mass <
0.29 eV

* Optical flash from the Binary Neutron Star
gravitational wave event



3x2pt statistic: DES Year 1 (1300 sq deg) results
from galaxy clustering (650K LRGs)
and weak lensing (26M source galaxies)

DES vs Planck CMB:

differ in central values,

but consistent according

to Bayesian Evidence in the full
parameter space.

from DES+Planck+BAO+SNIla
w=-1.00 5004

Neutrino mass < 0.29 eV
DES final (Year 5) analysis will
iInclude ~4 times Year 1 data
and additional probes (clusters,
supernovae) "

0.80 P

Clumpiness amplitude

DES Collaboration 2017 |
arXiv:1708.01530 (revised) matter density



Mass mapping from DES WL

Improved dark matter peak detection with sparsity (GLIMPSE)

0.0250

GLIMPSE
(sparsity prior)

0.0125

L

DEC

(smoothed)

—0.0125

Jeffery, N. et al.
el arXiv:1801.08945

Gaussian prior) —0.0250
+90°  +85° +80° +75° +70° 4+65° 4+60° '

RA
Dark Matter Map with 3 Methods




DES SN Ia results (Nov 2018)

DES collaboration, 1811.02374
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DES SN Ia (Nov 2018)

DES collaboration, 1811.02374

-0.6

~0.8
DES-SN3YR
+ CMB

I 10 A CEEEN

-1.2 1
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T
0.16 0.24 0.32 0.40 0.48

w=-0.978 =£ 0.059, and Q.= 0.321 =*£ 0.018



Tension in LCDM?

* Hubble constant:

h = 0.67 (Planck) or

h=0.73 (Cepheids +SN 1A) ?

¢ The amplitude Sigmag8 in Planck vs WL
¢ Anomalies: the CMB Cold Spot

* Tests of GR on large scales => Modified
Gravity?

18



Gravitational Waves:
The visible light from the Kilonova

fading away

Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17

Credit: P. S. Cowperthwaite / E. Berger

+0 .5 d ayS Harvard-Smithsonian Center for Astrophysics

Galaxy NGC 4993,
130 million light years away



DECam/DES 1mage of GW170817
in galaxy NGC4993

GW170817 GW170817
DECam observation DECam observation -
(0.5-1.5 days post merger) (>14 days post merger) ' ° %
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Soares-Santos & DES
arXiv:1710.05459

Palmese, Hartley,..OL, & DES
arXiv:1710.06748




The Hubble constant H,, from
GW170817

¢ Hubble Constant from GW standard siren:

Hy=vy/d =70 ( 712 4) km/sec/Mpc
With these 68% CL, consistent with both

Planck and SNIa, which are in tension with each
other.

T Abbott et al, Nature 2017




DES galaxy distribution

~ H,, from one Dark Siren +
77k DES galaxies

MEASUREMENT OF THE HUBBLE CONSTANT FROM GW 170814

RA (deg) L
— DES GW170814
— GW170817
’ ShoES
. B Planck
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p-= ; i
2 : :
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| : :
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Soaers-Santos, Palmese, Hartley...OL & DES, LVC; 1901.01540



Big Data in Astronomy

Data volume per Galaxies Scientists
night/day

~300 Million

DES (2012-) 1 TeraB

DESI (2019-) 40 GigaB ~35 Million ~§70M ~600

LSST (2021-) 15 TeraB ~1 Billion ~$1.0B ~1000

Euclid (2021-) 850 GigaB ~1 Billion ~$1.5B ~1500

SKA (2020-) 1 PetaB ~1 Billion ~§1.3B ~1000

23



Artificial Intelligence,
Machine Learning,
Deep Learnin

(e.g.Bayesian cosmological
parameter estimation)

m L (e.g automated
1 classification of galaxies)
st} P
= °
°
s : (o ) o
°
°
: L= J o
convolution + max pooling 54
nonlinearity °

: . (e.g. photo-z with ANN,
convolution + pooling layers fully connected layers  Nx binary classification ANNZ, Supernovae

classification)

. for dark matter
mapping, group and cluster
masses)




Machine Learning in Astronomy

¢ Machine learning examples from Astronomy:
- Classification:
galaxy type, star/galaxy, Supernovae Ia,
strong gravitational lensing
- Photo-z
- Mass of the Local Group
- The search for Planet 9 and exo-planets
-Gravitational Waves & follow-ups

25



UCL CDT
in Data Intensive Science

http://www .hep.ucl.ac.uk/cdt-dis/

~ - —
‘UCL CDT DIS

GRAC@%"RW'TAR EE gHartreeCentrA

e O © . [
L eomnmmmomnce §

The BLUE

; A!an Turing IE Transport £ _3 Scre‘ntnfuc{Computmg Department
g Institute gb/k%% for London -
o Quantemol > @ iy openlab Energy
— Authority

~ <
\_ Ad\Vellnox nccorowR =X (peuropeanBank .

I** and 2" cohorts; 26 PhD CDT students at UCL
(~200 students nation-wide in 8 CDTs)



Summary

¢ ~30 years of LCDM: supported by most current
observations, but important to test it further

¢ Timeline: past (APM, IRAS, 2dF & SDSS,WMAP,
Planck, ...), present (BOSS, DESI, HSC, ...), future
(LSST, DESI, Euclid, WFIRST, SKA,...)

* What are the prospects for a new paradigm shift,
beyond LCDM, e.g. W(z), Modified Gravity ?

¢ Spin-offs: GW multi-messengers, Big Data, ...

¢ Data Intensive Science: Great for training of students,
beyond academia

¢ Happy Birthday Nicola! 27
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30k LG-like pairs in MultiDark
simulations

Classical TA ~f — TAwith e, [ TAwith A |
1.5 " | 15 / VY /| 15 )
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McLeod, Libeskind, Hoffman & OL (2017)



Open Questions on Dark Energy
DE equation of state:
Pressure/density = w(a) = w, + w, (1-a)

¢ Is there a fundamental reason for w=-1 (Lambda)?
¢ Is 1t on the LHS or RHS of Einstein’s equation?

¢ [Is there a physical case for w<-1?

¢+ What is the case for a time-dependent w(z) ?
¢ When should we stop with w?

(note ‘precision’ vs ‘accuracy’, cf. curvature)
* Does Anthropic reasoning make sense?

¢ Is a higher level theory to be discovered, connecting GR
to Quantum Mechanics and Thermodynamics? Will 1t take

another 100 years ?
30
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From the Big Bang
to Big Data

Google: 3.5 Billion Google searches per day
LHC: 600 Million collisions per second
(only 100 per second are ‘interesting’)

SDSS: 200 Giga(10%) Bytes per night

DES: 1 Tera (10'?) Bytes per night [300M galaxies]
LSST: 15 Tera Bytes per night [1B galaxies]

Euclid: 850 Giga Byes per day [ 1B galaxies]

SKA: 1 Peta (10'°) Bytes per day

+ lots of simulations

31



The speed of GW from
GWI170817

¢ Time delay of 1.7 sec between GRB and
GW

¢ This implies |[cgw- Crign |/ Cright <107
¢ This rules out some (but not all) modified
gravity models

Abbott et al, ApJ Lett, 2017
arXiv:1710.05834



