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Papers and discussion by Chris Belczynski, Emanuele Berti, etc.
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Abbott+ 2018, arXiv:1811.12940
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Ongoing work with Chris Belczynski, Emanuele Berti, Duncan
Brown, Tomek Bulik, Richard O'Shaughnessy, Zoheyr Doctor, etc.




Farr, Holz, & Farr, ApJL (2018)

Papers and discussion
by Chris Belczynski,
Emanuele Berti, etc.
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Does the rate of mergers evolve over time?

Fixed Parameter (power-I
Fixed Parameter (flat-in-1
Redshift Evolution Model

Abbott+ 2018, arXiv:1811.12940
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Building better waveforms through machine learning

» We use machine
learning to build
a better
waveform
approximate

» Fast and accurate,
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and also comes
with error bars

» 2d: mass ratio, g, _
and equal-and- . . 2.0 2.5
aligned spins, y

» Extension to » Because of error bars, can guide future placement of
higher numerical relativity simulations
dimensions in » Ongoing work with Zoheyr Doctor, Ben Farr, Reed Essick,

progress and Phil Landry. Applications to EOS, KN lightcurves, etc.



Do gravitons and photons see the same Universe?

» lItis popular to modify general relativity by adding extra dimensions,
and/or scalar fields

» can potentially account for dark matter and/or dark energy

» if the gravitons “leak” into the bulk/higher dimensions, then
gravity is modified

» gravitational leakage would cause GW sources to appear farther
away than they really are

» GW170817 offers our first opportunity to test this

» Because the standard siren measurement works, we already
know that photons and gravitons see a similar universe. We can

quantify this



Do gravitons and photons see the same Universe?

Pardo, Fishbach, Holz, & Spergel, JCAP 2018
» In GR, we have:
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» In modified gravity theories, flux conservation gives
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» Some theories have a screening scale, I, and transition steepness, 1
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Black hole shadows and photon rings

Gralla, Holz, & Wald, arXiz:1906.00873
» EHT has produced LS b

an amazing image

» They are not
seeing the
shadow of a black
hole, nor are they
seeing photon
rings (photons
circling around the
BH many times)

» They are seeing
Interesting
properties of the

accretion disk
around the ISCO




Random Pairing

Fishbach & Holz, arXiv:1905.12669

Papers and discussion by Emanuele Berti
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» Black holes are the simplest macroscopic objects

the Universe

N

» Binary coalescence is understood from first

les, and provides a direct absolute

princip

measurement of luminosity distance (Schutz '‘86)
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What good is a standard siren?

» From the measured amplitude of the waves can directly calculate the
absolute distance to the source

» No distance ladder. Calibrated by general relativity
» The gravitational waves do not provide a redshift
» Need an electromagnetic counterpart!
» Combining GW distance and EM redshift/recession velocity:

» Can directly fit for Hubble relation (nearby)

U:H()d

7N

from EM from GW




Freedman, Nature Astronomy 2017
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Planck 2018 results. VI. Cosmological parameters

ABSTRACT

We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to affect them only at the 0.5 o level. We find good consistency with the standard
spatially-flat 6-parameter ACDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base ACDM?” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density Q. 4> = 0.120 + 0.001,
baryon density Quh? = 0.0224 + 0.0001, scalar spectral index n; = 0.965 + 0.004, and optical depth 7 = 0.054 + 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
1006, = 1.0411 £ 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-ACDM cosmology, the inferred (model-dependent) late-Universe parameters are:

Hubble constant Hy = (67.4+0.5) km s‘lMpc_l satterdensity parameter Q,, = 0.315+0.007; and matter fluctuation amplitude og = 0.811+0.006.

We find no compelling evidence for extensions to the base-ACDM Tiotes&amahinino with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the effective extra relativistic degrees O Somasta.ho = 2.99+0. 17 in agreement with

the Standard Model prediction N.g = 3.046, and find that the neutr1n0 mass is tightly constrained to ), m, < 0 12 e V. TIIC B=sRaclra continue

Hubble constant 0 = (67 4+0). 5) km s‘lM e !

. [O [ClY POWCI-1aW DPI11101dild [ N11Ng WIU d [OITl DA My 10[0
Keck Array data, we place a 11m1t on the tensor-to- Scalar ratio roo0n < 0.07. Standard b1g bang nucleosynthe31s pred1ct10ns for the hehum and
deuterium abundances for the base-ACDM cosmology are in excellent agreement with observations. The Planck base-ACDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6 o, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.

Key words. Cosmology: observations — Cosmology: theory — Cosmic background radiation — cosmological parameters




Riess+, ApJ 2016
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Large Magellanic Cloud Cepheid Standards Provide a 1% Foundation for the
Determination of the Hubble Constant and Stronger Evidence for Physics beyond ACDM

Adam G. Rless %, Stefano Casertano'” Wenlong Yuan®®, Lucas M. Macri” @, and Dan Scolnic”
Space Telescope Science Instltute 3700 San Martin Dr1ve Baltimore, MD 21218 USA
Depdrtment of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
3 Texas A&M Un1vers1ty Department of Physics and Astronomy, College Station, TX 77845, USA
* Duke University, Department of Physics, Raleigh, NC 27708, USA
Received 2019 March 18; revised 2019 March 25; accepted 2019 March 26, published 2019 May 7

Abstract

We present an improved determination of the Hubble constant from Hubble Space Telescope (HST) observations
of 70 long-period Cepheids in the Large Magellanic Cloud (LMC). These were obtained with the same WFC3
photometric system used to measure extragalactic Cepheids in the hosts of SNe Ia. Gyroscopic control of HST was
employed to reduce overheads while collecting a large sample of widely separated Cepheids. The Cepheid period—
luminosity relation provides a zero-point-independent link with 0.4% precision between the new 1.2% geometric
distance to the LMC from detached eclipsing binaries (DEBs) measured by Pietrzynski et al. and the luminosity of
SNe Ia. Measurements and analysis of the LMC Cepheids were completed prior to knowledge of the new DEB
LMC distance. Combined with a refined calibration of the count-rate linearity of WFC3-IR with 0.1% precision,
these three improved elements together reduce the overall uncertainty in the geometric calibration of the Cepheid
distance ladder based on the LMC from 2.5% to 1.3%. Using only the LMC DEBs to calibrate the ladder, we find
HO = 74.22 i 1 82kms ' Mpc ™' including systematic uncertainties, 3% higher than before for this particular
he LM DEBs masers in NGC 4258, and Milky Way parallaxes yields our best estimate:

g : ematics, an uncertamty of 1.91%—-15% lower than our best

Key words: cosmological parameters — distance scale — stars: variables: Cepheids — supernovae: general
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Aghanim+ 2018, arXiv:1807.06209

Riess et al. (2018) ‘

'Not simple “early versus late” problem!
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Tensions between the Early and the Late Universe
Coordinators: Adam Riess, Tommaso Treu, and Licia Verde

The standard cosmological model successfully describes observations from widely different epochs of the Universe, from primordial
nucleosynthesis all the way to the present day. As the basic cosmological parameters of the model are being determined with increasing and
unprecedented precision, it is not guaranteed that the same numerical values for the models’ parameters will continue to fit observations from
widely different epochs. Discrepancies between observations at early and late cosmological time, if confirmed at high significance, would
require an expansion of the standard model, and may perhaps lead to the discovery of new physics.

We wish to bring together experts on these observations and their interpretation, to assess and quantify existing tensions, to stimulate
discussion on their implications, and identify the most promising next steps and opportunities. We envision that this conference will foster close
collaboration between theorists and observers.

There are ample opportunities to present a poster at the Conference. Contributed talks for this conference have been selected.
You are still welcome to present a poster. Please keep in mind each poster board is 4 feet high x 6 feet wide. We ask that the posters be no
larger than 44 inches high x 34 inches wide at the most (it is important to follow these measurements or posters may be turned down due to
limited space).

Invited speakers:

e Graeme Addison
¢ Nabila Aghanim

e Erik Aver

e John Blakeslee

¢ Anthony Brown

o Stefano Casertano
e Tamara Davis

e Wendy Freedman
o Sylvia Galli

e Hendrik Hildebrandt
e Daniel Holz

e Insung Jang

e Lloyd Knox
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Register

Registration deadline is:
Jun 16, 2019.
Registration includes:
Daily refreshment breaks,
lunches and two Special
Events Dinners.
Registration Fee: $330
Fee Due: Jun 16, 2019
Late Registration Fee:
$380

Conference begins (with
registration):

Jul 15, 2019 at 08:50 am
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Two standard siren approaches

Counterpart/Bright Statistical/Dark

GW170817
DECam observation
(0.5-1.5 days post merger)

Use all galaxies in
localization volume

Unique host galaxy



Two standard siren approaches

Counterpart/Bright

GW170817
DECam observation
(0.5-1.5 days post merger)

Unigue host galaxy



GW170817 is an ideal standard siren

» GW170817 was detected in gravitational waves

GW 170817 6ptica| Counterpart NGC 4993
’ HST/ACS

» Very high SNR

» Excellent measurement of distance

» GW170817 has an optical counterpart

» Host galaxy is NGC 4993

» Measurement of redshift

; 1 kpc

» Caveat: Galaxy is so close that peculiar motions are
important. We need to estimate bulk flow of the group. We

use 6dF and 2MASS estimates (error: ~150 km/sec)

» Poster child for the standard siren method....
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Two standard siren approaches

Counterpart/Bright Statistical/Dark

GW170817
DECam observation
(0.5-1.5 days post merger)

Use all galaxies in
localization volume

Unique host galaxy



Two standard siren approaches

Statistical/Dark

Use all galaxies in
localization volume



calaxy weights
Lp > 001[/%

Lp > 025[/%
- -~ Lp>0.626L%

assuming counterpart

100 150
Fishbach+, ApJL 2018 1o (km s Mpc™)




GW170817 as a dark standard siren




GW170814 as a dark standard siren




GW170814 as a dark standard siren

» GW170814 was first “triple” binary black hole: Hanford, Livingston,
and Virgo detectors help constrain localization volume

» GW170814 localization volume was relatively small: 2x10¢ Mpc3
» No electromagnetic counterpart

» GW170814 happens to fall in the middle of the DES footprint!

» Get a uniformly sampled, relatively deep catalog “for free”

» Use galaxy catalog plus gravitational-wave distances to infer posteriors
for the Hubble constant

» 77,000 galaxies in the localization region



GW170814 as a dark standard siren

Lots of subtleties:
» What constitutes a galaxy? Do dwarf galaxies count?
» How deep is the catalog? Completeness corrections

» Weight galaxies? By stellar mass? Star formation weight?
Metallicity? Something else?

» Spectroscopic or photometric redshifts? For photometric
redshifts, significant systematic errors

» Role of large-scale structure

» Role of priors



— DES GW170814 Soares-Santos, Palmese+ ApJL 2019
GW170817
ShoES

1 Planck

T I I
60 80 100

Hy (km s~ Mpc™)

H,=75%}, kms~' Mpc~!



What will the future bring?




Y BNS w/o counterpart -Y¢ 30-30M, BBH w/o counterpart
10-10M, BBH w/o counterpart == BNS with counterpart

Chen, Fishbach, & Holz 2018, Nature

Projected Year:
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Chen, Fishbach, & Holz 2018, Nature

Projected Year:
12019

2022

2023 2025 2026

*convergence may be slower if the detection rate is low




Transmitter
Module

Receiver
Module

Beam-relay
periscope
\

Stray light
baffle

Vacuum envelope

Suspended
test mass

Astronomical
calibration!

Essick & Holz
arXiv:1902.08076



The future is loud and bright

» Standard sirens provide a self-calibrated, absolute, and direct
measurement of the Hubble constant

» With GW170817 and GW170814 we have established that the
method works

» Itis now just a matter of time before standard sirens provide precision
cosmological constraints
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