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Planets — il y a dix ans

* Hot and warm Jupiters surprisingly common

* Many high eccentricity planets

Eccentricity

. 1.0
Semimajor Axis (AU)

Butler, Marcy, Wright, Fischer et al. 2006



Planets — il y a dix ans

* Hot and warm Jupiters surprisingly common
* Many high eccentricity planets
* Super-Earths an emerging population

* Planet-metallicity correlation
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Planets — il y a dix ans

* Hot and warm Jupiters surprisingly common

Deming, Seager, Richardson,

* Many high eccentricity planets & Harrison 2007

* Super-Earths an emerging population
* Planet-metallicity correlation

 Handful of transit discoveries, transit
spectrophotometry, secondary eclipse
photometry

* Handful of microlensing discoveries,
first Jupiter/Saturn analog

I magnitude

Gaudi, Bennett, Udalski,

3820 3825 3830 3835

Gould et al. 2008 HJD—2450000.




Planets — 2017

Kepler, transit surveys, sub m/sec RV, microlensing, ALMA

* Earth(ish) size planets are common, diversity of
compositions, inflation of hot Jupiters
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Planets — 2027

* Excellent demographics within ~ few AU (transit, RV) and
giant planets beyond 20-30 AU (direct imaging)

* Microlensing demographics at 1-10 AU, free floating

* Detailed correlations of planet properties vs. star properties
* Many detailed multi-wavelength proto-planetary disk maps
* Many habitable worlds discovered

* Detailed study of some planetary atmospheres with JWST
transit spectroscopy
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Kepler + WFIRST: Demographics from sub-Earth to
super-Jupiter, 0.01 — 20 AU, plus free floating.

The fundamental data for understanding planet formation.
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Spectra of giant planets, maybe super-Earths.

Path to the future: atmospheres and signatures of life on
other worlds.
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Stars — 2017

* Giants pulsate. Kepler asteroseismology of 10,000+ giants.
Precision probe of the interior structure of evolved stars.
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Fuller, Cantiello, Stello, Garcia,
Stello, Huber, Bedding, Benomar & Bildsten 2015

et al. 2013



Stars — 2017

* Giants pulsate. Kepler asteroseismology of 10,000+ giants.
Precision probe of the interior structure of evolved stars.

* Wild variety of stellar fates
* Low mass and metal-enriched white dwarfs
* Tidal disruptions by supermassive black holes
* Super-luminous and sub-luminous supernovae

* Direct collapse to black hole
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Stars — 2027

* Much more precision knowledge of stellar interiors
(Gaia, TESS, PLATO, APOGEE, GALAH)

* Much better maps of stellar populations throughout the
Milky Way and the Local Group

» A still wilder variety of stellar fates
(ASAS-SN, ZTF, LSST)

* Good statistics on gravitational waves from BH and NS
mergers (Progenitors? Electromagnetic signatures?)



Stars with WFIRST

* Asteroseismology of 1 million red
giants 1n the bulge and disk (from
microlensing survey)

* Comprehensive white dwarf luminosity

WFIRST—-2.4 phot limits for 10,000s

functions of the disk, halo, star clusters Crowding (0.5 stars / sq arosec)
Without Crowding

* Evolution of supernova populations
over most of cosmic history

* Near-IR stellar populations throughout
the Local Group

J. Kalirai based on Kalirai, Richer,
Dotter, Anderson et al. 2012 0.2

F110W — F160W




Galaxies — il y a dix ans

* Detailed local demographics from SDSS+

Salim, Charlot, Rich,
Kauffmann et al. 2005



Galaxies — il y a dix ans

* Detailed local demographics from SDSS+
* Extending to z ~ 0.5 — 3 with HST, DEEP2, etc.

0.20<=2<0.45 0.45<=2<0.70 0.70<=2<0.85 0.85<=2<1.10

Noeske,Weiner, Faber, Papovich et al. 2007



Galaxies — il y a dix ans

* Detailed local demographics from SDSS
* Extending to z ~ 0.5 — 3 with HST, DEEP2, etc.

* UV luminosity functions atz=6!
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Galaxies — 2017

* Detailed demographics from z ~ 0 — 4, including size,
morphology, dynamics, gas content
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Galaxies — 2017

* Detailed demographics from z ~ 0 — 4, including size,
morphology, dynamics, gas content
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Galaxies — 2017

* Detailed demographics from z ~ 0 — 4, including size,
morphology, dynamics, gas content

* Luminosity functions at z= 8 — 10, sources of reionization?

This Work
Oesch+2013
McLure+2013
McLeod+2015
Zheng+2012
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Galaxies — 2017

* Detailed demographics from z ~ 0 — 4, including size,
morphology, dynamics, gas content

* Luminosity functions at z= 8 — 10, sources of reionization?

* Quasar probes of circumgalactic medium (CGM) —
ubiquitous cool gas in galaxy halos

O Star-forming galaxies
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PAdAS survey
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Galaxies — 2027 A (e
i v
* Excellent demographics of faint galaxies at high-z from JWST

* Maps of many galaxies at pc to kpc scales 1n stars, SFR,
metallicity, multi-phase gas

* Better empirical/physical picture of the CGM?
* Hundreds of Milky Way satellites?



Galaxies with WFIRST

* Comprehensive demographics of the z > 6 universe

* Precise stacked dark matter profiles of galaxies in
fine bins of luminosity, morphology, redshift, etc.

Age of the Universe (Myr) - e i v . b :
600 500 400 300 v A . c " -

T mag < 26.75 (WFIRST-2.4 50)
@l mag <26 (WFIRST-2.4 100)

mag < 26: lensed
mag < 26: field
—e— Current candidates (HST+SST)

Cumulative (> z) Galaxies (2000 deg?)

11 12 13 14 15 y
Redshift z —




Galaxies with WFIRST

* Comprehensive demographics of the z > 6 universe

* Precise stacked dark matter profiles of galaxies in
fine bins of luminosity, morphology, redshift, etc.

* Assembly histories of many nearby galaxies

» Ultra-faint and LSB galax1es throughout the Local Volume




Why is the universe accelerating?

A breakdown of General Relativity on cosmological scales?
Dynamical dark energy that varies in space and time?

A cosmological constant, with a very surprising magnitude?

To address these questions, measure the history of cosmic
expansion and growth of structure with the highest
achievable precision over a wide range of redshift.



The Biggest Cosmological Breakthroughs (last 200 years)

1859: Precession of Mercury
Newtonian gravity is incomplete.

1921: Distance to the Andromeda Nebula
The universe is big! Galaxies are basic unit.

1929: Hubble’s law

The universe is expanding, as General Relativity naturally predicts.
1930s — 1970s: Dark matter

The dominant form of matter in the universe is invisible.
1960s: Cosmic microwave background and big bang nucleosynthesis
The universe began with a hot big bang.
1980s — 2000s: Large scale structure and CMB anisotropies
Cosmic structure formed by gravitational instability.
Dark matter is non-baryonic. Space is Euclidean.
Late 1990s: Cosmic acceleration

Gravity is repulsive over cosmological distances.



Dark Energy — il y a dix ans

 Good consensus on flat ACDM

WMAP3, SNIa, galaxy clustering, first BAO, direct H,,
* Expansion history precision 5 - 10%
* Growth of structure precision 10 — 20%

» “Stage III” dark energy experiments just beginning
(DES, BOSS, CFHT Legacy Survey)



Dark Energy — 2017

Planck CMB + ACDM:

* Expansion history (SNIa and BAO) agree at 1-2%
* Direct H,disagrees, e.g., H, = 73.2 £ 1.7 km/s/Mpc (R16)
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Dark Energy — 2017

Planck CMB + ACDM:

* Expansion history (SNIa and BAO) agree at 1-2%
* Direct H,disagrees, e.g., H, = 73.2 £ 1.7 km/s/Mpc (R16)

* Growth of structure precision 5 — 10%
Many but not all measurements disagree w/ Planck+ ACDM

KiDS-450

Hildebrandt, ' CFHTLenS (MID J16) Le?tuthaud,

Viola, WMA P9+AilTa+nff1; A Se.u fo,

Heymans, i Hllbeﬁ,

Joudaki s Barreira

et al. 2017 4 et al. 2017
(-




Dark Energy — 2017

Planck CMB + ACDM:

* Expansion history (SNIa and BAO) agree at 1-2%
* Direct H,disagrees, e.g., H, = 73.2 £ 1.7 km/s/Mpc (R16)

* Growth of structure precision 5 — 10%
Many but not all measurements disagree w/ Planck+ ACDM

* Big near-term advances in weak lensing expected from
Dark Energy Survey, Subaru Hyper-Suprime Camera



Dark Energy — 2027

Three plausible scenarios Z

1. Current tensions confirmed by Stage III experiments +
ACT/SPT CMB data.
We are deep into trying to understand their origin.

2. Current tensions dissipate, but new ones have emerged at the
1% level. Confirmation and characterization are high priority.

3. Precision has improved to sub-percent level, all results
consistent with ACDM.

DESI, Euclid, LSST, WFIRST all have important roles
to play, partly overlapping, partly complementary.



Dark Energy with WFIRST

The ultimate supernova cosmology experiment ES M

Unique 1n precision, redshift range, control of aw e
measurement and astrophysical systematics.

The best controlled weak lensing experiment

Unique in depth, detail, and control of i _d
measurement and astrophysical systematics. -

The densest large scale map of structure at z = 1-2 .

Only WFIRST can map this redshift range at the
density needed to reveal details of structure.




Cosmological tensions — historical templates?

Early 1990s: “Excess large scale power”
Q=17? Theoretical elegance.
Q=0.3? Simplest interpretation of observations.

Mid 1990s: “The age crisis”
Systematic errors in Hy? Systematic errors in star cluster ages?

Mid 2000s: WMAP1 oy vs. cluster mass-to-light ratios
Systematics in M/L predictions? New physics?



Observational Probes of Cosmic Acceleration
Physics Reports 530, 87-255 (2013), arXiv:1201.2434

for optical surveys.
and their cabration.

Chris Hirata Adam Riess Eduardo Rozo




Personal reasons for enthusiasm
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Cosmic acceleration: biggest cosmological discovery
during my academic life

WFIRST can make unique contributions to understanding it

Microlensing: a beautiful way to find planets
Unique tool for understanding planet formation

3820 3825 3830 3835
HJD-2450000.

The Sloan Digital Sky Survey in space
Promises enormous, broad-ranging scientific impact
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