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Cosmological Parameters

& Planck 2015: ACDM model

< Big Bang Nucleosynthesis
< Baryon Acoustic Oscillations
< Type 1a Supernovae

@ Improvements to Hubble Constant
Measurements
€ Beyond the A CDM model?



Planck 2015 + ACT + SPT
Angular Power Spectrum

Polarization anisotropy (‘small-scale’ E-mode type)
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A 6-parameter A CDM model
provides an excellent fit to the
Planck 2015, ACT and SPT data

Planck lensing — 40c!

—
=1
X .
E
N
‘\
25
)
S
+
=
=




Planck 6-parameter LCDM model

Baryon density
Cold dark matter density

100 x approx to r /D,

Thomson scattering optical depth
to reionization
Scalar spectrum power-law index

Log power of the primordial
curvature perturbations

In(101°A )




Cosmic Microwave Background

Anisotropies

Planck Cosmological |Planck Cosmological
Parameters (2013) Parameters (2015)

H,=67.3%*1.2 km/s/Mpc” |H,=67.8%0.9 km/s/Mpc"

Q. = 0.315 *0.017" Q, = 0308 £0.012"
Q/\ — 00686 i 00020.. Q/\ — 00692 i 00012.. Add
n, = 0.9603 % 0.0074 n,= 09677 % 0.0060  BAO
SNIa
w=-1.13, 013 w=-1.54, ., 062 (-1.02 1, )
“ model-dependent “ model-dependent

Planck 2015 temp + lensing
(except for w) ;

Planck 2013 Cosmology Paper XVI Planck 2015 Cosmology Paper XIII




Planck Cosmology 2015

The nearly exact degeneracy -- i.e.,
nearly the same CMB anisotropies in
models with different geometries but
the same matter content —

Is a limit to deriving parameters such
as the Hubble constant from CMB
data alone

It also means that an accurate
independent measure of H, provides
a key means of constraining other
cosmological parameters in
combination with CMB anisotropies

Q, h?, Q h? well measured
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Big Bang Nucleosynthesis

He abundance

Planck 2015 contours
Fixed N = 3 (points)

BBN relation for Yp
Includes 3-0c nuclear
rate uncertainties

Completely independent
Baryon-to—-photon ratio, 10!%xn test Of Standard BBN
| CMB data only

5.8 6 6.2 6.4

Cyburt et al. 2015 1505.01076



Baryon Acoustic Oscillations

Power spectrum
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Baryon Acoustic
Oscillations

“Inverse Distance Ladder”

BAO, SNIa distances
Planck CMB calibrates
sound horizon scale, r,
BAO points normalized
with r; = 147.49 Mpc

D, is converted to D,
assuming A CDM.
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The SNIa points are
0.4 P shifted vertically to
redshift match the BAO data

Dy (%) = Dy (2)xcz/H(2

Dy = |+ 2P @S Aubourg et al. 2015




BAO + Planck 2015

SDSS MGS
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BAO + Planck 2015

Samples from Planck
TT+lowP chains in the
N..—H, plane, color-coded
by .

Add BAO
Solid contours:
Planck TT,TE,EE+lowP+BAO.

Planck 2015 XIII



BAO + Planck 2015

LCDM model

0.900

0.885 Planck 2015 TT+lowP

0.870

4 |{osss H,=67.3 £ 1.0 km/s/Mpc
0.840 Q Q =0.315+0.013

0.825

78 |
Add BAC

Ho [km s~ Mpc™!]

0.810

Planck 2015 TT+lowP + BAO

0.795

> | H,=67.6+ 0.6 km/s/Mpc
Q_=0.310+0.008

Planck 2015 XIII



BAO + Planck 2015

* TT + pol + lensing
+ BAO + H, + SNIa

.+ Tm, < 0.23 eV
[95% CL|

“Best estimate”

lensing -] 076

’ TT only
*. ' '.'o )

c 2m, < 0.49 eV

[95% CL]
Planck TT, TE; EE+lowP

Planck 2015 XIII



Type la Supernovae

&

Betoule et al. 2014
Joint Light-Curve Analysis

L L

S
ro
T

Q. =0.295 +0.034

L LI A |

=-1.018 + 0.057 with
Planck13 + flat universe
w =-1.027 £ 0.055 with
Planck13 + flat universe
+ BAO

Lo
oo
T T

O
o
)
3
+
=)
=
|
*
5

u=
Lo
&
L L

H,=68.5 +1.27 km/s/Mpc
including BAO

H - MACDM




Type la Supernovae

Planck 2015 XIII
Betoule et al. 2014 SNe

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

Joint analysis
consistent with
LCDM

Planck 2015 XIII



Type la Supernovae

From Planck alone:
TT + low P (95%CL)

w = —1.54*0¢5

Add in Planck lensing
+ BAO + SNIa + H,

075
w = —1.0197000

Planck 2015 XIII



Combining Constraints

4

I Planck+WP+JLA

= + = Planck+WP+C11

I Planck+WP+BAO+JLA
Planck+WP+BAO

. LA — — WMAPS ~
--=C1 I Planck+WP+JLA
I Planck+WP Planck+WP+BAO

Betoule et al. 2014
Combining CMB, SN, BAO, WL, Clusters



Improvements to H,



Recent Direct Measurements of H,

 SH,ES (Riess et al. 2011) :
H, =739 +24 km s Mpc-!

* Carnegie Hubble Project:
H, =74.3 + 1.5 [stat] + 2.1 [sys] km s Mpc-!
(WLF et al. 2012)

Planck LCDM estimate of H,

 Planck 2015

H,=67.3 +1.3 km s Mpc!



Comparison of Spitzer LMC
and Milky Way Leavitt Laws

CHP Mid—IR (SPITZER) Period—Luminosity Relation

u(LMC)o = 18.477 +/— 0.033 mag

Frequency
©O = N W B~ U O 3 o
h

® LMC Cepheids

»: Cslachic Cepheids 18.30 18.35 18.40 18,45 18.50 18.55 18.60 18.65
LMC

3o|days 60 days ﬂLMC —_ 18.48 + 0.01 (Stat)
+ (0.03( sys)
d=49.6 £ 0.8 kpc

WLF et al. (2015)

WLF et al. (2012)



H, From Enlarged Sample of
Type la Supernovae

ePRELIMINARY *PRELIMINARY

|
'H, =72.672 +2.459km s' Mpc ™
| | -

-+ (Cepheid calibrators
CSpP

1 | :\ |
35  -30 -25 20 -1s5 66 68 70 72 74 76 78 80 82

log,o(2cB)

Beaton et al. (2015) H, = 72.7 £ 2.0 [stat] = 0.5 [sys] km s "' Mpc




An Independent Route to H,
(Carnegie Chicago Hubble
Project: CHP ll)

Galactic Local Group NGC 4258 TRGB 200 SNe la
RR Lyraes RRLyrae T+ Maser 12 SNe la Hubble Flow

The CHP-Il Path to a 3% Determination of the Hubble Constant

= The dispersion in the RR Lyrae period-luminosity
relation is <0.05 mag; half that of Cepheids

s Measurement of HO to 3% + Planck

= One of most accurate measurements of w



An Independent Calibration of H,
Using RR Lyrae Stars

There exists a PL relation for RR Lyrae stars in the IR!
* (Not in the optical — it is a HORIZONTAL BRANCH)
* Extremely small scatter: ¢ ~ 0.05 mag in the mid-IR

* This distance scale is

* Independent of the Cepheid scale

 And more accurate!
* New distances to RR Lyrae stars (with parallaxes)
 New distance to the LMC




Carnegie Chicago Hubble
Project (CCHP) li

HST Cycle 22: 132 hours prime, 52 parallel H-band
observations

Spitzer Cycle 9 (3.6 pm), Magellan (JHK), TMMT
(BVI)

RR Lyrae and TRGB distances
Double the number of SNIa calibrators
Goal: H; to 3%




RR Lyrae Parallax
Calibrator Sample

days

o [4.5]-04
o [3.6]

6+ 0.016

345 £ 0.017

2.0
Phase ¢

SUDra, P =0

.486 £ 0.014

.468 £ 0.014

V. Scowcroft



Recent RR Lyrae Distances
(Spitzer, Magellan, TMMT")

Omega Cen,
Galactic Parallax Sample Reticulum (LMC)

HST FGS Parallax RR Lyraes RR Lyrae K-band PL Relation

K, = —2.3(LogP)+12.64
0=0.051 n=89
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Tip of the Red Giant Branch
(TRGB) Distances

NGC 300

F814W (mag)
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m-M = 29.28 mag

PID: 2492
MNGC300-6
2 4 2

2
F555W - F814W Edge-detector respsonse

F555W - F814W
Mager, Madore & WLF 2008

NGC 300 NGC 4258



Future Parallax Measurements

ESA’ s Global Astrometric Interferometer
for Astrophysics (Gaia)

A few microsecond accuracy

% Systematic survey of entire sky to 20 mag
“ 0,/ <1% out to several kiloparsecs

*» Accurate measurements of many Cepheids and RR
Lyrae variables (~100’ s of Cepheids; 1000’ s of RR
Lyraes) [~70 observations per object] + Spitzer, HST

*» Distance to LMC to 0.02-0.04 mag (1-2% in distance

Expected relative
accuracy in the distance of
Galactic Cepheids from
Gaia.
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Direct Measurements of H:
Decreasing Systematics

T T T
Hp= 72+ (3), = [7],
65 F—42—7 79 [Mean]

LMC + MW Metallicity Calibration
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Other Future H, Measurements:
Target H, to 1%: (sys + stat)

LIGO Overcoming Systematics
Gravitational Waves BAO

+  For robust

- measurement
.. atleast 3
;. independent
Gaia Calibration Gravitational Lens Time method§ W.lth
of Cepheid/RRL/SNIae Delays uncel;talntles
?\'ﬁ _ at ~1% level
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Planck: Relaxing Parameter
Constraints

Planck 2015 data

6- to 12-parameter fit
Biggest effects:

* Hubble constant

* o4, r.m.s.amplitude of

\Planck eCPM density fluctuations
practically undetermined from
Planck measurements alone

02 03 04 05 06 07 e even when external datasets
O, such as BAO are included

Di Valentino, Melchiorri & Silk 2015



Cosmological Parameters from 12-
parameter Fits to Planck 2015 Data

Model
A CDM
A CDM

e CDM
Planck
e CDM
Planck+BAO
e CDM
Planck+lensing
e CDM
Planck+HST
e CDM
Planck+JLA
e CDM
Planck+WL
e CDM
Planck+BAQO-RSD
e CDM
Planck+BKP

0.02239 83522
0.02251 % 0052
0'02214t[):000{)g
0.02239 5 50057
0.02242*§ 5055

40.00056
0.022517 ) 00035

40.00057
0.022377 ) 00036

0.02253 1 Nooas |0.1184 700082

0.1176 70 0oge

0.1186 "5 go6s

dn /dInk
A
Neff

lens

Di Valentino,
Melchiorri &
Silk 2015



Cosmological Parameters from 12-
parameter Fits to Planck 2015 Data

Model
Dataset

A CDM
Planck

A CDM
Planck+ BAO

e CDM
Planck

—1.327998

e CDM
Planck+BAO

4.0 +0.20
-4, _1.04_0'21

e CDM
Planck+lensing

—1.4570-9% 0.

e CDM
Planck+HST

—1.3279:29

e CDM
Planck+JLA

—1.067475)0.7

e CDM
Planck+WL

—1.4173541 0.

e CDM
Planck+BAQO-RSD

A2l _1.0579170.7

e CDM
Planck+BKP

—~1.3179 39 0.

No evidence for
new physics
beyond the
Standard model

Di Valentino,
Melchiorri &
Silk 2015




Looking Ahead

e Current / Near Term:

e DES, PanStarrs, BOSS, HETDEX

e Hyper Suprime-Cam (HSC) on Subaru
e DESI

e SPT, ACT, Planck

e Major New Facilities
e WFIRST / AFTA; Euclid ( Dark Energy Missions)
o LSST (Large Synoptic Survey Telescope)
e GMT, TMT, E-ELT
e JWST
e SKA (BAO of HI in galaxies)
* eRosita (ESA x-ray telescope — cluster survey)



Summary

The Planck data, including polarization, are consistent
with a 6-parameter A CDM model

Is there no new physics beyond this current standard
model?

* Planck data alone cannot answer this question

* A new generation of experiments (BAO, SNe, H,, WL,

CMB polarization) are well-poised to address this
question

Planck has set the bar very high!

Landau — “Cosmologists are often in error but never in doubt”







