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Rapidly Developing Situation

« Qutstanding scientific questions — nature of the Universe, new physical
laws, origin of early galaxies and cosmic reionisation

« Significant growth in astrophysical interest as tracked in recent
scientific literature

BUT:

« Ambitious facilities being developed in next decade to address the key
issues, e.g. JWST, Euclid, E-ELT/TMT, WFIRST etc

* Rise in dedicated survey facilities e.g. LSST and spectroscopic
instruments

» Realization of key role of non-optical/IR capabilities e.g. ALMA

Must be creative with existing facilities in next 5 years



Cosmology: Two Rogue Ingredients
Dark Matter (1933 - ) Dark Energy (1998 - )

s

TODAY

Precision cosmology is a misnomer:
measurement # understanding.
95% of the Universe is a mystery



Implications of Cosmic Acceleration

Did SN teams re-discover A?
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New physics: “dark energy”
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Vacuum Energy and a Scalar Field

A vacuum can contain particles
and anti-particles in constant
creation/annihilation. These exert
a negative pressure and a
repulsion over large distances

Zel’ dovich (1968)

Equation of state of the vacuum p =f(p ) where pis the energy density

w is introduced where p/p=w
Generalisation of the cosmological constant A
= -1 corresponds to a cosmological constant
w < - 1/3 required for acceleration today
Why should w be time-invariant? Perhaps it evolves e.g.

wit)=w,+w,(1-a(t))



Modified Gravity?

All current measurements relate to expansion rate, assuming H(z) comes
from GR Friedmann equation

H2(z) = HZy [ (1-Q) (1+2) 2+ Qu (142) 3 + Qg (1+2) 4 + Qe (1+2) 310 ]

Curvature matter radiation extra term from non-GR?

Suppose DE is an illusion, indicating failure of Einstein gravity on large scales.
Density fluctuations perform differently to global expansion history is key test




Empirical Approach to Dark Energy

As there is no accepted theory of dark energy, progress is empirical and based
on two key questions:

 Anew energy componentof Universe or breakdown of GR on large scales?
Need accurate comparison of results on w from two independentprobes:
- geometric measures of the expansion history (SNe, BAO)
dD/dz = c¢/H(z).

- measures of the growth of structure g(t) (weak lensing, RSD, clusters)
e (.1 ~ ~ ‘ ‘ ‘
0 +2-0=20 (4mGpgy — csz/a‘z)
a 8

« If it is a new energy component— is w constantwith epoch?Is w =-7 (A)?

Requires accurate extension of at least one of the measures to high redshift
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Contrasting Distance & Growth-based Methods
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D(z): not v. sensitive to w: 1% precision requires D to0 0.2%
also w degenerate with changes in Q,

g(z): w has opposite effect to Qy
but relevant methods less well-developed



Consumer’s Guide to Observing Dark Energy

* Type la Supernovae:d,(z) toz ~ 2
* Most well-developed and ongoing with rich datasets
» Key issue is systematics/physics/evol": do we understand SNe la?
* Weak lensing: g(t) to z~ 1.5
 Less well-developed; ground vs space, photo-z calibration
« Key issues are fidelity, calibration
» Large scale structure (BAO) : d(z), H(z) toz~ 3
« Late developer: cleanest requiring huge surveys
« Galaxy clustering (clusters, RSD): g(t)
« Less favoured by experts, although RSD comes “for free’ with BAO surveys

« Key issues: baryonic biases, halo mass calibration



CFHT SN Legacy Survey 0<z<1
Q= 0.26940.015 and w = —1. 061+8 823
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Identified Systematic Uncertainties
Description Qm w Rel. Area Systematic = statistical, so
+0.08 +0.16 . ags . . .

Stat only 0.19%5 10 —0.9075 3 1 limiting precision is not

All systematics 0.18 £0.10 —0.913417 1.85 number of SNe.

Calibration 0.19139,5%, —0.921%17 1.79 Systematic errors mainly
SN model 0.19519.9%¢ —0.90*%, 1.02 due to bhotometric

Peculiar velocities 0.1979.08% —0.91%%'8 1.03 lib tF') . if thi Id

Malmgquist bias 0.19810.08% —0.91*9.1¢ 1.07 Calibration; 1 IS cou

. . ) ~20,

Non-Ia contamination 0.19+45% —0.90*'%, 1 be fixed Aw~2%

MW extinction correction 0.196190% —0.90*%, 1.05

SN evolution RS SRR 1.02 Conley et al (2011)

Host relation 0.1989.08° —0.91¥418 1.08 Sullivan et al (2011)




Probing the Deceleration Era

HST-selected z > 1 SNe la probe validity of a constantdark energy term which
disappears when matter dominates and Universe decelerates; but do SNe evolve?
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Weak Gravitational Lensing

Unlensed Lensed

Various probes: shear- ISt
shear, galaxy-shearetc REENCGCSER

Growth of DM power spectrum is sensitive
to dark energy. Via redshift binning of
background galaxies, can constrain w

Require:

Current/recent ground-based surveys:
* accurate shear measures
* large area (1000s deg?) CFHTLens (110/154 deg?, i<25.5)
KIDS (148/1000 deg?, r<24.9)
DES (139/5000 deg?, r<24)
* spectroscopic calibration N(z) Subaru HSC (0/1400 deg?, r<26)

* photometric redshifts



1.4

Fiducial DES SV cosmic shear

No photoz or shear systematics

No systematics

No tomography

No tomography or systematics

&-to-C, bandpowers, no tomo. or systematics
PolSpice-C, bandpowers, no tomo. or systematics
Without shear bias marginalisation

im3shape shears

Without photo-z bias marginalisation

TPZ photo-zs

ANNZ2 photo-zs

BPZ photo-zs

No IA modelling

Linear alignment model IAs

Tidal alignment model IAs

Marginalized over IA redshift power law
Marginalized over IA redshift power law with A =0
Without small-scale cuts

OWLS AGN P(k)

OWLS AGN Fk) w/o small-scale cuts

CFHTLenS (H13) original conservative scales
CFHTLenS (H13) modified conservative scales
CFHTLenS (K13) all scales
CFHTLenS (K13) original conse
CFHTLenS (K13) modified c
Planck Lensing

CFHTLenS (H13) + DES SV
Planck (TT+LowP)

Planck (TT+LowP)+ DES SV
Planck (TT+EE+TE+Low TT)
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Planck (TT+LowP+Lensing)+ext
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Testing Shear Algorithms

The Forward Process
Galaxies: Intrinsic galaxy shapes to measured image:

Intrinsic galaxy Gravitaional lensing  Atmosphere and telescope  Detectors measure
(shape unknown) causes a shear (g) cause a convolution

Image also
a pixelated image contains noise

The Inverse Problem:

Set of galaxy images.
Measured images to shear

These contain:
* noise

* pixelisation

* convolution

* shear

* intrinsic shape

Shear (g)

Set of star images.
These contain:

* noise

* pixelisation

* convolution




GREAT08 = GREAT10 = GREAT 3 Challenges
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Requirement for Euclid: Q=1000

‘The third GRavitational IEnsin,
, Accuracy Testin

T

Substantial progress in 2014: Many algorithms achieve Q>800

Leaderboard ¢ Space-based Varying shear Winning team Winning score Winning entry ¢ Number entries
control-ground-constant N N CEA-EPFL afit sf 12_CGC 250
control-ground-variable N CEA-EPFL afit sf 8_CGV_pca_s40-0.2-0.6 160
control-space-constant Y N Amalgam@IAP A_SP_12.8 110
control-space-variable Y Y Amalgam@IAP A_SP_v34 96
full-ground-constant N N sFIT basic_cal_fgc6 11
full-ground-variable N Y sFIT basic_cal_fgv7 17
full-space-constant Y N sFIT basic_cal_fsc9 17
full-space-variable Y Y sFIT basic_cal_fsv11 25
multiepoch-ground-constant N N sFIT basic_cal_mgc? 71
multiepoch-ground-variable N Y MegalUT Bonn_MegalUT_MGV_v4_hn_gcircp7_prior_flag13gmp8 53
multiepoch-space-constant Y N sFIT basic_cal_msc9 48
multiepoch-space-variable 'Y Y CEA-EPFL afit sf 5 MSV 45
real_galaxy-ground-constant N N Amalgam@IAP A_SP_10.2 195
real_galaxy-ground-variable N Y CEA-EPFL gfit RGV_pca_s55_0.6_0.0 93
real_galaxy-space-constant Y N Fourier_Quad Fourier Quad_S6 92
real_galaxy-space-variable 'Y Y MegalLUT Bonn_MegalUT_RSV_v4_hn_lowcx3 83
variable_psf-ground-constant N N sFIT basic_cal_vgc4 60
variable_psf-ground-variable N Y Amalgam@IAP A_SPvp 0_7v 60
variable_psf-space-constant Y N Amalgam@IAP A_SPvp_1_1 25
variable_psf-space-variable 'Y Y sFIT basic_cal_vsv 17

Courtesy: Rachel Mandelbaum & Barney Rowe (GREAT3 workshop 2014)
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Ground vs Space: Euclid approaches..

\\\L
\
ESA Cosmic Vision call 2007 \\K @Sa
Final approval 2012 ‘
Projected launch 2020+
space W
« WL r<24 15000 deg?
m— - BAO survey of 50M galaxies
weak lensing
shear
Team of ~1000 scientists

ground

-Euclid Mission-Conference
22 .
, Copenhagen.15—16 May

Sarme galaxy, viewed from ground Sarne galaxy, sheared, viewed from ground

Typical cosmic shearis ~ 1% and [P NP————
must be measured with high |
accuracy

Space: small and stable PSF:
=> larger number of resolved galaxies
= reduced systematics

17



Ground-based Requirements for Euclid

Spectroscopic redshifts for a representative subset required for two purposes:
- to accountfor intrinsic alignments between associated galaxies: o(z)< 0.05-0.10
- to calibrate the mean redshifts of 10-20 photo-z bins for g(t) to 2% precision

Brute force approach not feasible: ~100,000 redshifts with >99.5% completeness!
Proposed solutions: X-correlation of photo-z & spectroscopic samples (Newman et al)
optimized targeting of areas in photo-z space (Masters et al)
Empirical map in N-dimension colour space coded by density of objects (constructed
with non-linear PCA method) enables optimal targeting for a spectroscopic survey.

e el -
0 10 20 30 40 50 D
0 1 2 3 4 5 6
B | i i

For a Euclid r<24 ugrizYJH WL
survey, using COSMOS
spectroscopic data, estimate
targeted approach requires
10,000 redshifts.

Noting current surveys, require
additional ~50 Keck/VLT nights
with optical and NIR
spectrographs

Masters et al arXiv 1509.03318



Baryonic Acoustic Oscillations

Angular Scale
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How it works — lots of redshifts and big volumes!

Typical simulation:

z=1 survey

N= 2. 10° galaxies

600 deg?

V = 6xVgpgs (1 Gpc?)

bias = 1

P(k) / Ppy(k)

P(k) / Preg(k)

0.8

0.6

1.05

0.95

0.9

e

Power spectrum
| ratio P(k)/Pp(k)

Baryons
suppress power

| Divided by
1 smooth fit

k, is the
“standard
ruler”

! . . . 1 Must measure

0.05

0.15 92 its redshift
k / h Mpc™' dependenge

0.1



The BAO Race is On..

2.5m APO, 3.0 deg dia, 1000 fibres
AN0.36-1.04pm, R<5000

Survey ongoing: July 2014 — 2019

1. eBOSS

8.2m 0.4 deg dia, 150 IFUs
AA0.35-0.55um; R~800
Funded; survey yet to begin

2. HETDEX

3. PFS 8.2m 1.5 deg dia, 2400 fibres

AN0.35-1.3um; R~<5000
Funded; 2019-2024"

4.0m, 3.0 deg dia, 5000 fibers
AA0.36-0.98um, R<5000
Mostly funded; 2019-20247

4. DESI e,

Plus 4MOST, WEAVE & ultimately Euclid and WFIRST/AFTA
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Dark energy demnsity: Q, (2)

Subaru PFS Predictions
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Cold Dark Matter: The Standard Model’

2dF redshift survey: Colless et al (2001)

As important as ‘Dark Energy’ problem given DM'’s role in structure formation
CDM popular because no shortage of WIMP candidates
Successful on large scales, several puzzles on small scales



Testing CDM on Smaller Scales

DM affects the growth
of structure in the
Universe according to
when it becomes non-
relativistic which defines
its free-streaming length

Cold DM (e.g.
neutralino, axion): leads
to lots of structure on
sub-galactic scales

Warm DM (e.g. sterile
neutrinos): produces
much less structure on
sub-galactic scales

DM power spectrum (“power per octave” )

2_ T Hbl\/ll T T T
i WDM cold !
o~ CDM _

_2:_ ]

=40 y
o T warm 1
V4 —6 | —
2T clusters 7
— -

-8 7
-10F ;
12 1

i | | ]
4 = 0 2
Log k [n Mpc™?]  gmall scales

large scales



Local Group Structure

Cold Dark Matter . Warm Dark Matter

(=
~
™
)
o
K7,
G
-

Distribution of present and disrupted satellite galaxies around Milky Way is a
sensitive probe of DM and its role in galaxy formation
Cold DM predicts too many Milky Way satellites (Klypin+ 1999)
Could be resolved via baryonic effects
- reionization/SN feedback (still expect dark satellites)
- survey biases (e.g. surface brightness & sky coverage issues)

The challenge is no longer ‘counting visible dwarfs’ but finding the dark ones.



DARK ENERGY
SURVEY
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Many More LG Dwarfs Being Found...

15-17 new dwarfs found in first 2 years of
DES survey data (Drlica-Wagner et al
2015) but discovery rate is consistent with
prediction from SDSS statistics given
lower surface brightness limit of DES
(Tollerud et al 2008) — so no real change
— challenge is to find dark ones!
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Counting Dark Halos: Gaps in Stellar Streams?

Structure in the streams is caused by
DM sub-halos with masses > 10°Mg

Number density of gaps in streams
guantifies the abundance of dark sub-
halos above this minimum mass.

With uncertainty, the abundance of gaps
scaled to a fixed distance is consistent
with CDM but the age of the stream
needs to be assumed

Kinematic constraints would be more

powerful but requires a wide field width [kpc]
facility Carlberg et al (2012,2013)



Counting Dark Halos: Lensing Anomalies

Flux/positional anomalies leads to "gravitational imaging’ of structures.
Requires exquisite imaging data for well-studied multiply-imaged systems

B1938+666 Einstein ring

Data

1 A 1 4 L
002 004 0068 008

0

Early demonstration of ability to gravitationally

image a halo of inferred mass ~ 3.108 Me and

hence, with sufficient data the DM fraction and dN/dm oCT
mass function slope a

Need lots of lenses, accurate PSF
Limitations: 3-D position of substructure in host, projection effects

Vegetti et al (2012)



Universal DM Density Profiles?

Across a wide
range of scales,
from dwarfs to 2
clusters, the 3D
DM radial

The NFW
~ re pﬂ

profile p(r) in N- 1
body
simulations is
found to be
self-similar with
a central cusp,

p(r) ~r' -1

------- Dwarfs /

Galaxies X
-—-— Clusters - :"-i:f"»

------- Moore et al

Adiabatic
contraction —2
(collapse of O
baryons)would ~1.5 -1 ~0.5 0 0.5 1
make the log r/T_,

observed profile Navarro, Frenk & White (1996)
steeper Springel et al (2008)
Gao et al (2012)

o
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Core-Cusp Problem in Field Dwarfs

Low mass disks offer best constraints since 2D HI
and Ha measures enable detailed modeling of
projection and other complications. Nearly all show
flat cores (p~const) rejecting the NFW profile.

[Oh et al (2011)

However, some dwarfs are consistent with NFW
arguing against a generic problem with CDM (e.g. -

NGC5963, Simon et al 2005). R e

: Iog.(R. .klg;t‘:.") O Ho Il
_3 lllllll 'l 1 llllll' 2 'l ll‘llll 1 1 lllllll 1 LA

I b) NGC 5963 1 10-2 10! 100 10
R, (kpc)

Radius (pcg
500 1000 1500 2000 500 3000 3500 4000

c) NGC 5963

== Pseudo—isothermal fit

Outflows from supernova explosions can flatten the cusp. Best option is
multiple short SN bursts which temporarily evacuate the gas from the core
leading to irreversible K.E. gains for the DM (Pontzen & Governato 2012)

Next step: correlate DM profiles with past SF history



CDM Astrophysical Scorecard

« Missing satellite problem: ok if there are tidally-stripped objects & dark halos
whose gas was expelled or consumed during reionization = find dark halos

« Boylan-Kolchin effect (expect many dense massive satellites): no convincing
explanation except cosmic variance = external halo mass functions

« Flat DM profiles in low mass galaxies: Can resolve with continued
SN feedback but contrived =» is there evidence of bursts?

1.0

0.8; WDM 2 keh Simulations of Lya forest (Viel et al 2013L§

_ . 0.6 =

Warm DM (e.g. sterile £ ,, E

neutrino): washes out 021 E

cusps but has difficulty in 90 ‘ ‘ ‘ ‘ -

L. 0 1000 2000 3000 4000 50
explaining Lya forest data vel (ki)

and suppresses formation N
of galaxies at high redshift /

Sal
(gas-dark matter)

Positional offsets of DM, gas and l_l_ M

] . galaxies for 72 interacting T T
Self-interacting DM: non-  systems places upper limit on op,, B 2
zero scattering coefficient (Harvey et al 2015) &

only affects dense cores.
Some limits from ""Bullet
CI us te rs ” 200 -100 0 100 200 30 400

Observed offset between various components of substructure [kpc]



High Redshift Galaxies & Reionization

time

baby galaxies - R ey s
| Avi Loeb (Harvard)

dark hydrogen clouds -~ fully ionized gas

ionized gas

Big Questions:
1. When did reionization occur?
2. Were star forming galaxies responsible?

Issues, prospects and challenges:

 Lyman alpha as tracer of IGM neutrality?

* lonizing output from star-forming galaxies?

* Is the census of star forming galaxies complete?
« Early dust

 Role of AGN and early black holes



redshift, 2z

Receding Horizons: Star Formation History

Galaxy census reaches to z~10 utilizing

Most distant object both blank fields and lensed surveys.
T T T ™
[
|
O | -
co - -
< quasars -
q - galaxies _ B Maximum Likelihood SFR History
L e ML SFR History Without  Constraint .
30F ® SFR Density from UV Luminosity Density -
i GRBs 7 : é SFR Density from IR Luminosity Density ]
O l_llr L ! L ! Ll '3-5-|||||||||||||||||||||||||||||
1960 1980 2000 0 5 4 6 8 10 12 14
year Redshift z

Courtesy: Dan Mortlock Robertson et al (2015)



Planck & HST: Reionization over6 <z< 12
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O m Quasar Near Zone
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Redshift z

Adopting f.. = 0.2, ¢, consistent with = -2, a LF extending to My,=-13
can match Planck data with reionization largely contained with 10 <z <6

Robertson et al (2015), see also Bouwens+(2015), Mitra+(2015)



Lya fraction declines sharply to z~8

Via resonant scattering, Lya visiblity is reduced
when a galaxy lies in a partially-neutral IGM
(Miralda-Escude 1998, Santos 2004)

First applications Fontana+ (2010), Stark+(2010)
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Schenkeret al (2014) — Keck MOSFIRE + UDF, CLASH 7<z<8.2
Treu et al (2013) — Keck MOSFIRE + BoRG z~8

Finkelstein et al (2013) — Keck MOSFIRE + CANDELS z> 7
Pentericci et al (2014) — VLT FORS 6<z<7.3




Spatial Distribution of Lya Emitters

Subaru HSC/PFS will chart distribution of Lya emitters at end of reionization
(5.7<z<7.1) in possible coordination with LOFAR
Constrains evolving sizes of ionized bubbles & longevity of ionizing sources.

Angular distribution of z~6.6 LAEs
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Diagnosing lonizing Radiation via UV Metal Lines
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Rising Escape Fraction with Redshift?
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Reduced covering fraction of low ionization gas consistent with smaller
galaxies, more energetic SF and higher escape fraction

Requires high dispersion stacks of z > 5 targets Jones et al (2012, 2013)



Dust at High z?

VLT X-shooter spectrum
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Chemical Evolution:
The Next Diagnostic

z=8 UDF galaxy; 25 hour exposure

Starburst AB=27 at 1.6 micron t,, =1ed5 z=8
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JWST will detect starlight and provide access to rest-frame optical nebular
lines ([O I], [O I}, [N ], Ha) of great utility in tracing gas phase enrichment



Summary Points

Main dark energy probes (weak lensing, large scale structure) now the
province of dedicated experiments although some are being carried out on
general purpose telescopes (e.g. Subaru)

Window of opportunity ahead of Euclid very limited in all areas; better to
complement Euclid e.g. higher sampling in BAO, spectroscopic calibration of
photometric redshifts

Many opportunities in dark matter investigations: Galactic searches for dark
halos, lensing anomalies, impact of baryonic events on DM distribution:
evidence for departures from standard model remains slim, however.

High redshift studies and questions regarding reionization require major
investmentin challenging spectroscopy ahead of JWST: UV metal lines probe
nature of early hot stars and high dispersion spectra probes escape of ionizing
radiation: major effort to increase number of high z lensed targets
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More Interesting Use of High z SNe?
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Explosion (literally!) in study of
superluminous SNe which offer

* new trace of early chemical
enrichment

* beacons for identifying early
galaxies

« probes of cosmic reionisation,
feedback & rapid mini-halo
enrichment

* nucleosynthesis productsin
local dwarf galaxies



Requirement for Euclid: Q=1000

Q(max) = 319.5 in 2011

Rank Group Name User Name Method Name Submission Date Q Flgma Sys
1 DeepZot David Kirkby fit2-unfold (ps) Sept. 1, 2011, 4:53 p.m 12987E-0¢
2 | Deepzot  [DavidKirkby|  fiti-unfold(ps) | Sept.1,2011,4:51 p.m|[291.5[ §.43045-06
3 |Ohio State University| OSU KSB KSB Aug. 29, 2011, 10:58 p.n{ L 36359E-0¢
4 | EPRLLASTRO [ nurbseva | gftdencs [Sept 2,2011,10:05 a.n][118.8] §.4204E-06
5 |Ohio State University| pmelchior ARES Sept. 2, 2011, 6:22 a.m 6578E-06
_6_[Ohio State University| pmelchior | """ AREs2 ____ [Sept.2,2011, 4:36 p.m|[114.0/4 76837E-0c
7 mpi-is mpi-is method04 (set21) Sept. 2, 2011, 11:16 a.m 11972E-0¢
8 | mpiis | mpiis | methodo4 | Sept.1,2011,2:25 p.m||109.3/415092€-0¢
9 mpi-is mpi-is methed04 (set_21 corrected) Sept. 1, 2011, 5:53 p.m 15092E-0¢
10|  mpiis | mpiis | methodos(set2t) | Sept.2,2011,1:33 p.m| | 96.4 | §03681E-0:
11 mpi-is mpi-is method05 Sept. 2, 2011, 10:18 a.m 05228E-0¢
12 [Ohiostate University|  kh | KSBBSA(ps)  _|Sept 1,2011,11:38 a.n|92.0 | 4087030t
3 UCLCoGS | . browe | . Im3shapeNBCO =~~~ Aug. 31, 2011, 12:54 p.ny.| 89.1 12279€-0:
4 | UCLCoGS = | . browe | Im3shapeNBC1 | Sept. 2, 2011, 1:37 a.m| | 88.9 | 3 12478E-0:
s UCLCoGS | . browe | . Im3shape NBCOXS ==~~~ | Sept. 2, 2011, 3:12 p.m| | 88.6 | $12827E-0:
6 UCLCoGS | wel L Im3shape Uncalibrated Aug. 30, 2011, 11:57 p.nf.| 7.6 |3 14111E-0:
17 UCL CoGS browe Im3shape Uncalibrated XS Sept. 2, 2011, 4:11 p.m 14683E-0¢

Courtesy: Tom Kitching (Image Analysis in Cosmology, Pasadena Sep 2011)




Redshift Space
Distortions for free..

» Peculiar velocities quantified by
asymmetrical correlation fn §(o,m)

« Small separations: ‘Finger-of-God’

« Large separations: l.o.s. flattening

Yields Q),°%/b thus require bias factor b
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Constraints on early SF from GRBs

N( < z) for 152 long duration GRBs matches
integral of SFH 0<z<4. This enables us to
deduce early SFH from rate of z>6 GRBs

Major discrepancy! Missing star formation?

N(=2z)/N(z=4)
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