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The Hubble Constant Lloyd Knox
and the Cosmic UC Davis

Microwave Background
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https://arxiv.org/abs/1811.00537

Main Messages

1. Systematic errors in CMB data are not a possible
route out of our current discord.

2. Model changes away from LCDM are very tightly
constrained by CMB measurements.

3. There are so
to CMB data,

me
INnte

One in particL

lar

additional compo

horizon.

(weak) inconsistencies internal
rpreted with LCDM. Speculation:

IS due to the presence of

nents that lower the sound



Outline

Why have we learned so much from the CMB*?

CMB Measurements are consistent

LCDM predictions for CMB measurements

A related tension: the sound horizon

* Distance Ladder vs. LCDM sound horizon inferences
How LCDM + CMB ==> Ho

+ Including how LCDM + CMB ==> (. = () h?
Cosmological Solutions

The value of CMB observations to come



Why has CMB been so
valuable”

e Statistical properties of CMB maps are calculable
given a model (perturbation theory is highly
accurate)

* Rich phenomena (TT, TE, EE, BB power spectra
with rich features, and non-Gaussianity induced by
lensing)

* Measurable (demonstrated levels of sensitivity,
systematic error control, foreground contamination
control)
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Planck and SPT More in Kimmy Wu’s talk this p.m.

SPT-SZ
2500 sq. deg.
Survey Region

Hou et al. 2018
Aylor et al. 2017
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Planck 143 GHz map centered on South Celestial Pole



Planck 143 GHZ Filtered

Hou et al. (2018)



SPT 150 GHZ Smoothed
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Hou et al. (2018)



20
0
—20

50

0
—50
—100

AD; [uK?]

150=5PT

40}

40t
100}

o D150 x 150

mm - )
m  Wnt 143:P|aan 'D%50X143 —
mm,,,m“’u, DM3x143

by o
ot
h =
11 ” nl I;III Ill
All “in-patch” power spectra "4,
o
11 1]

Ik

D},50 x 143 Dll)SO x 150

I I
l|[ T NNTIN I TIT I IS 6 IIII |
Dl1)43x14§_Dl1)50x150
_ I Illl lll ._
_ 1 ] [ I
650 1000 1500 2000 2500
£ Hou et al. (2018)



Outline

Why have we learned so much from the CMB?

CMB Measurements are consistent
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* Distance Ladder vs. LCDM sound horizon inferences
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The value of CMB observations to come



The LCDM Model is a Highly Predictive and
Empirically Successful Model

Lowell TT ==predicts==> Highell TT



-
The CMB Power Spectrum Zhen Hou

[ WMAP9 ]

—
(-
-
(-

)G/ (2m) (1K)

Fluctuation Pow

LCDM makes a very precise prediction

[+1

I

500 1000

1500

2000

2500

3000

1 = oscillations per 360 degrees



Qth,thz,QA(HQ) -
Ag,ngs

s T

Prediction of the standard cosmological
model (68% and 95% confidence

regions) \

500 1000 1500 2000 2500 200



-
The CMB Power Spectrum Zhen Hou

[ WMAP9 ]

Fluctuati

500 1000

1500

2000

2500

3000

1 = oscillations per 360 degrees



)G/ (2m) (1K)

I+
Fluctuation Pow

I

—
(-
-
(-

The CMB Power Spectrum Zhen Hou
[ WMAP9 ]
[ SPT -
\«fﬁx 1
\l [ PLANCK

I

500

1500

1000

1 = oscillations per 360 degrees

2000

2500

i
3000




The LCDM Model is a Highly Predictive and
Empirically Successful Model

Lowell TT ==predicts==> Highell TT

TT ==predicts==> EE
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The LCDM Model is a Highly Predictive Model

Lowell TT ==predicts==> Highell TT

TT ==predicts==> EE
(and TE, not shown)

TT ==predicts==> BB



Summary of Current Measurements (+CMB-54 Forecasts)
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CMB Measurements are consistent
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A related tension: the sound horizon

* Distance Ladder vs. LCDM sound horizon inferences
Explain how LCDM + CMB ==> Ho

+ Including how LCDM + CMB ==> (o = ) h*
Cosmological Solutions

The value of CMB observations to come



Using Cepheid-calibrated supernovae

to determine the sound horizon

SNe=Pantheon (Scolnic et al. 2018), cal. by R18:  H, = 73.52 + 1.62 km/sec/Mpc
BAO = BOSS galaxy BAO (Alam et al. 2017)

Aylor et al. (2019)
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See also Bernal, Verde, and Riess 2016,

Verde et al. 2017

Model: ACDM
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Cepheids+SNe+BAO (Spline, Q=0)

Planck

“Sounds Discordant”, Aylor, Joy, LK, Millea, Raghunathan & Wu (2018)
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See also Bernal, Verde, and Riess 2016,
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See also Bernal, Verde, and Riess 2016,
Verde et al. 2017
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Determining Ho from CMB Data in 3 steps
Step 1: Calibrating a Standard Ruler

adr = c.dt
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r /0 csdt/a /() C 2 H (a)
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Step 1: Calibrating a Standard Ruler
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Need to know cs(a) and H(a) to calibrate the ruler.




Determining Ho from CMB Data
Step 1: Calibrating a Standard Ruler

ta @d da
s — sdt — S
r /0 csdt/a /0 C 2 H(a)

Need to know cs(a) and H(a) to calibrate the ruler.

ci = 0P/0p - Pb [ P~y
Dark

Matter
63%

| H”(a) = 87G/3(py + pu+ Pm )

Neutrinos
10% '

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)



Determining Ho from CMB Data
Step 1: Calibrating a Standard Ruler

ta @d da
s — Sdt — S
r /0 csdt/a /0 C 2 (a)

Need to know c¢_s(a) and H(a) to calibrate the ruler.

2 Pressure of plasma impacts peak
Cg = 8P/8p morphology (odd/even height modulation)

H?(a) = 87G/3(py + pu+ Pm )

“Radiation Driving” effect (Hu & White 1997)



Determining Ho from CMB Data
Step 2: Use the Ruler to Infer Distance

Measure this Calculate this
I's
0s
DA(Z — 1100)
Infer this
Step 3: Da(z) = / dz'/H(Z")
0

To get the right Da, only thing left in the model to adjust is
the cosmological constant. With that done, we have H(z).
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Determining the Matter Density
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HO under tension
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Amplitude Boost vs. Weignt
Reduction
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HO under tension
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HO under tension
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HO under tension
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matter domination
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If no photon diffusion
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If no photon diffusion
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If no photon diffusion
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If no photon diffusion
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Cosmological Solutions

The value of CMB observations to come



Cosmological Solutions

with no changes at z > z, with changes at z > z,

o Wiggles in H(z), D(z) (Raveri
2019)

« Confusion sowing

e Sound speed reduction
 New photon interactions

that make supernovae
appear brighter (opposite
of axion dimming)

* High-temperature

recombination (Chiangand & Slosar
2018)

- e Photon cooling/conversion
e Post-recombination

evolution of the sound
horizon

e [ncrease H(a)

e Neff

e Something at low-z has
confused our inferences of
rs and omega_m from CMB

e Scalar Field (Poulin et al. 2019,
Agrawal et al. 2019)

e Some other additional
Hubble Hunter’s Guide (in prep) component
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Adding additional components not a panacea: it's
hard to make the data consistent with Hp > 70

(Agrawal, Cyr-Racine, Pinner & Randall)
— ACDM

SHOES

— n=2

Why"

Planck + BAO + Panth
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Hy [km/s/Mpc]
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Hubble Hunter’'s Guide (M. Millea + LK, in prep)
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Hubble Hunter’'s Guide (M. Millea + LK, in prep)
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Hubble Hunter’'s Guide (M. Millea + LK, in prep)
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Planck (TT £ > 800)

Planck PIP LI (2017)

Planck (TT £ < 800) See also
Addison et al. (2016)
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Radiation-driving envelope altered ==>
LCDM-based analyses will find angular-
scale dependent inferences of matter
density



Hubble Hunter’'s Guide (M. Millea + LK, in prep)

——i Planck (TT £ > 800) Planck PIP LI (2017)
See also
— Planck (TT £ < 800) Addison et al. (2016)

|s this 2.3 sigma
discrepancy (Planck PIP LI
2017, see also Addison et al. 2016)
a conseqguence of
additional component that
IS Important just prior to

0.11 0.12 0.13 0.14 0.15 016 fecombination?”
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Matter Density

Radiation-driving envelope altered ==>
LCDM-based analyses will find angular-
scale dependent inferences of matter
density
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CMB Observations to Come

* Wide coverage data acquired by ACT collaboration: coverage
of very large amount of sky to provide even more powerful tests
of Planck at ell < 1800 (omega_m tension, A_L) and improve
over SPT constraints at ell > 1800 that come from just 6% of sky.

* Very deep coverage from SPT collaboration: Instrument noise
with 3G survey is consistent with what we assumed for the basis
of our forecasts. Perhaps most valuable thing relevant to Ho will
be the lensing reconstruction and its determination of omega_m.
Possible clues in shape of lensing power spectrum.

* Beyond this we working toward having CMB-54 with better than
SPT-3G depths over 70% of the sky.
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Main Messages

1. Systematic errors in CMB data are not a possible route out of our current
discord.

e Sound horizon tension persists regardless of data set.

2. Model changes away from LCDM are very tightly constrained by CMB
measurements.

e To reduce sound horizon with increased H(a) alters horizon crossing
dynamics for very well-measured modes.

- Increasing H(a), and other solutions, also change recombination — an
out-of-equilibrium process with huge impact on the (well-measured)
damping tail.

3. There are some (weak) inconsistencies internal to CMB data, interpreted with
LCDM. Speculation: One in particular is due to the presence of additional
components that lower the sound horizon.

e We talked about matter density angular scale dependence. Kimmy Wu
will talk about A..



STOP



Cosmological 1) To keep rad-driving envelope fixed, change rho

matter.
Whackamole 2) To keep theta_s fixed, change cosmological constant.
with Neff 3) To keep theta_d fixed, change primordial

Helium fraction (2nd tooth fairy).

4) To keep delta phi fixed, change... ?7?
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Confusion Sowing

 No new components introduced, but interactions or initial conditions
changed somehow to alter inference of matter density and sound
horizon.

* Examples:

* Interacting neutrinos (Cyr-Racine & Sigurdsson 2014, Lancaster et al.
2017)

* Modified gravity (Lin, Raveri & Hu 2019)
o Extra freedom in primordial power spectrum

e Super-sample covariance (Adhikariand & Huterer 2019)

* Problem: can't simultaneously solve sound horizon tension and Hop tension



The Sound Horizon in Galaxy
Surveys Too

Image credit: Eric Huff (BOSS, SPT)
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Galaxy map 3.8 billion years ago Galaxy gfap 5.5 billion years ago CMB 13.F billion years ago

Planck:
0,(a=9.166 x 104) = (0.59672 +/- 0.00035) deg

(numbers from 2013)

SDSS-BOSS:
0.(a=0.64) = (4.19 +/- 07)deg  (Scale factor, a, is equal to 1 today)




Strain on LCDM (Tension)
Ho Is statistically most signiticant tension

. . . . . 0.160
80\ . I
no assumption of LCDM* 0.155
( P ) | NN _
AN Y m" 10.150
(no assumption of LCDM) 0
] 10.145
65
(Assumes LCDM) 10.140
SHOES
60 BAO
: : 1 Planck TT,TE,EE+lowE (ACDM) 0.135
For COHSIStenCy Wlth BAO —— Planck TT(£>800)+lowE (ACDM)
+ Cepheid_ca”brated 55 —.- Planck TT(£<800)+IowE (ACDM)
supernovae ==> need 130 135 140 145 150 155 160 °O-13Y
alternative model with rs [Mpc
lower sound horizon (Aylor Sound Horizon
et al. 2019)

*assumes 5-parameter spline model for H(z) and
zero mean curvature. Also see Raveri et al. (2019).



The Hubble Hunter’s Guide”

L. Knox' and M. l\rIillea‘l.:‘E

Categories of Solution:

e Sound Speed Reduction

e Confusion Sowing

e Post-recombination evolution of rs
e Reducing Time to Recombination

* with apologies to J. Gunion et al.



The Hubble Hunter’s Guide®

L. Knox' and M. _1\"’[ille'aﬂE
Categories of Solution:

* SO eed Reduction
o CoNnTust owing

® POst- bination evolution of rs
e Reducing Time to Recombination

* with apologies to J. Gunion et al.



The Hubble Hunter’s Guide®

L. Knox' and M. _l\-"Iillea.i

Categories of Solution:

* SO eed Reduction
o Conile; owing

. Postmination evolution of rs
e Reducing Time to Recombination
e High-temperature Recombination
e Photon Cooling
e Additional Components to Increase H(z)

* with apologies to J. Gunion et al.



The Hubble Hunter’s Guide®

L. Knox' and M. _1\-"’[ille'aﬂE

Categories of Solution:

* SO eed Reduction
o Conile; owing

. Postwbination evolution of rs
e Reducing Time to Recombination
. High—temper’a;p@ecombination
. Photoﬁ@éﬁmg
e Additional Components to Increase H(z)

* with apologies to J. Gunion et al.



The Hubble Hunter’s Guide”*

L. Knox" and M. Millea®

Categories of Solution:

* SO eed Reduction
o Conile; owing

° Post—pz@bination evolution of rs
e Reducing Time to Recombination

e High- temper@w(&ecombination

* with apologies to J. Gunion et al.



Discussion Questions

Other Questions

* |s tightening up sigma(Neff) of interest? Why?

* |s there interest in the HO discrepancy? Might it be
cosmological?
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Zoomed-in view of about 800 square degrees

W. Jones
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Filtered to remove spatial modes with wavelengths longer than 15

WMAP W—band 7 year

100 uK_cmb
100
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W. Jones



Filtered to remove spatial modes with wavelengths longer than 15

HFT 143 GHz
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Planck 143 GHz
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SPT 150 GHz

Hou et al. (2018)
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Polarization peaks in temperature troughs as expected!

See Pan et al. (2016) for semi-analytic prediction of locations of all the peaks



Strain on LCDM

Millea & LK, in prep; see also
Bernal et al. (2016) and
Verde et al. (2017)

80.0

BOSS BAO + Pantheon SNe
(no assumption of LCDM*)

77.5

75.0F
(no assumption of LCDM) 72.5
= 70.0
Planck (Assumes LCDM)
67.5
For consistency with BAO 65.01 MEM SHOES
: - " BAO + Pantheon
+ Cepheid-calibrated 62.5| wm Planck 2018 (ACDM)
supernovae ==> need - - - - -
: : 130 135 140 145 150 155 160
alternative model with r. [Mpc]
. S
lower sound horizon (Aylor Sound Horizon
et al. 2019)

*assumes 5-parameter spline model for H(z) and
zero mean curvature. Also see Raveri et al. (2019).



