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What FHo tells us

Ho : normalisation of the Hubble parameter H(z) that
describes the current expansion rate of the Universe

1970: Allan Sandage described cosmology as the search for two numbers:
1. the current rate of expansion (Ho)
2. the deceleration/acceleration of the expansion (qo)

Qo is directly connected to the energy content of the Universe: discovery that
Qo < O, I.e., expansion rate is increasing with time (Riess+98; Perimutter+99).
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The Nobel Prize in Physics

= Photo: U. Montan Photo: U. Montan Photo: U. Montan
Saul Perlmutter Brian P. Schmidt Adam G. Riess
Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul
Perlmutter, the other half jointly to Brian P. Schmidt and Adam G.
Riess "for the discovery of the accelerating expansion of the Universe
through observations of distant supernovae”.

What FHo tells us
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HUBBLE DIAGRAM:
THE FATE OF THE UNIVERSE

Qv=0.3 Qa=0.7

Concordance model
(ACDM constant dark energy)

Distance Modulus

Redshift |

Oum=dark matter
Qa=dark energy
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What FHo tells us

Ho : normalisation of the Hubble parameter H(z) that
describes the current expansion rate of the Universe

1970: Allan Sandage described cosmology as the search for two numbers:
1. the current rate of expansion (Ho)
2. the deceleration/acceleration of the expansion (qo)

Qo is directly connected to the energy content of the Universe: discovery that
Qo < O, I.e., expansion rate is increasing with time (Riess+98; Perimutter+99).

Ho inv. prop. to distances and age of the Universe: recently also important for
measuring the energy content of the Universe (WMAP, Planck collaboration).
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The schism between early & late Universe

Shah, Lemos and Lahav (2021, arXiv2109.01161)
Hoy can be measured

e \

Locally: parallax, Iype la z~1100: angle subtended by the
supernovae, COSMIC ClOCKS, sound horizon as observed in
quasar strong lensing, GW CMB temperature fluctuations
Riess et al. (2021) i .l Planck et al. (2018)
Ho=73.2+1.3 km s-1 Mpc- Ho=67.4+0.5 km s-1T Mpc-
40 tension

Significant enough to warrant new physics?

estimates of Ho at the 1% level and from cosmological
tools at different redshifts are needed to decisively answer

this question! The race has started...
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Measure Ho locally: build the distance ladder

HO:C Z/C/+ Vp

Type Ia Supernovae — redshift(z)

_ Redshifts of SN la + intrinsic
jm 2 ObSErved magnitudes
(distance modulus): Ho

73'27q05j0)

u (Z’HO

SN Ia: m-M (mag)

Cepheids — Type Ia Supernovae [

[ %
.

S;I Ia: m-si\/l (mag43
' Galaxies with both Cepheids and SN
—} la calibrate intrinsic brightness of SN

Cepheid: m-M (mag) (SHOES) Riess et al. 2016
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Geometry — Cepheids
% WREE o la (19 sources, Riess et al 2016)
I ﬂ*+H§+#t°°§
104
. i (i/oephei(f:l m-M 3(Zmag) i
SE-MilkyWay

Parallaxes (geometric distances)
calibrate the intrinsic brightness of
Cepheids (variable stars, P-L relation)

Hubble law is not that simple:
peculiar velocities (reliable z only at high distances)
measure distances only nearby (parallax)
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Measure Hp locally: neutron star binary merger

Measure distance from gravitational wave

LIGO-Livingston

: Planck
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Measure redshift of the e.m. counterpart

Abbott et al. 2017, Nat.,551-85A

NGC 4993

.“.}

April 28, 2017
Hubble Space Telescope

SSS17a

Swope

.

August 17, 2017

& Magellan Telescopes

GW170817 measurement of HO (LIGO-Virgo collaboration): only assumes GR
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Measure H(z): Cosmic clocks
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The schism between early & late Universe

Bernal, Verde, & Riess 2016

P15 (T+P)+lensing+ext (2.60)
P15 (T+P)+BAO (2.70)
P15 (T+P)+lensing (2.80)
P15 (T+P) (2.70)

P15 (TT) (1.7

HOLICOW +,, prior (0.20)
HOLICOW (0.40)
P15 (TT) £>1000 (3.80)
P15 (TT) £<1000 | (1.»50)

P15 (T+P)+lensing+ext (3.00)

P15 (T+P)+BAO (_3&
P15 (T+P)+lensing E.lo_)
P15 (T+P) (3.40)
P15 (TT) (3.20)

WMAP9+BAO | (2.80‘

WMAP9 (1.30)

60 65
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80

= CMB ACDM+N_;
= HOLICOW

= CMB ACDM

= R16

HOLICOw
guasar time-delay
cosmography results
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The schism between early & late Universe

Bernal, Verde, & Riess 2016

P15 (T+P)+lensing+ext (2.60) = CMB ACDM+N
eff
2. 70 i
P15 (T+P)+BAO ( X ) L = HOLICOW
P15 (T+P)+lensing (2.80) = CMB ACDM
P15 (T+P (2.70)
(T+P) — T - = R16
P15 (TT) (1.70
HOLICOW +,, prior (0.20) HOLICOw
HOLICOW (0.40) quasar time-delay
P15 (TT) £21000 (3.80) cosmography results
P15 (TT) £<1000 (1.50)

Observable: H(z) <= eq. of state dark energy (model-dependent)

W(Zz)
P15 (TT) (3.20)
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LIGHT FROM A BLACK HOLE:
QUASAR
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http://astrophysics-www.nasa.gov/goddard

Cosmology with quasars

The distance modulus
Lusso & Risaliti (2016, Apd, 819-154)

| T | T | T | T | T
N = 7238 § = 0.40 *
288 N =1598 6 = 0.24
* N=186=0.12

| log(Lx) = B+ vlog(Luv)

. Risaliti & Lusso (2019, Nat. Astro.)

50 -

W
S5

Distance Modulus

W
(@)

log(FX) - (I)(Fuv, DL) 35j.
=f' + ylog(Fuy) + 2(y — Dlog(Dy) o & & & 4
Di(z,Qwm, Qa)

The Lx-Luv non-linear relation as a way to measure quasar distances
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Cosmology with quasars
Quasars Hubble Diagram:
redshift dependence
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Cosmology with quasars
Quasars Hubble Diagram

~1600 quasars SDSS+3XMM+XMM LP+arCh|ve/I|te’ature
R|sa||t| & Lusso (2019 Nat Astro)
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Cosmology with quasars
Quasars Hubble Diagram

~1600 quasars SDSS+3XMM+XMM LP+arCh|ve/I|te’ature
R|sa||t| & Lusso (2019 Nat Astro)
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deviation from the ACDM model emerges at higher redshift,
with a statistical signiticance of ~40
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Cosmology with quasars

Quasars Hubb

Risaliti & Lusso (2019, Nat. Astro.)

F ' ' K

T SNe+QSO @zk1.4

ag

e Diagram

Cosmographic approach

_ Pllog(1+2)]: D =kZai[log(1+2)]

k=In(10)c/Ho
a2(Qm), as(Owm)

Flat ACDM

Flat wCDM (free w)

Intersections magenta lines and black curve are the points with w=1 (left) and w=-1
(right), values of w decrease from left to right
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Cosmology wi
Quasars Hubb

Risaliti & Lusso (2019, Nat. Astro.)
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Flat wCDM (free w)

Intersections magenta lines and black curve are the points with w=1 (left) and w=-1
(right), values of w decrease from left to right
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Cosmology with quasars
Quasars Hubble Diagram

Cosmographic approach
|Pllog(1+2)]: Di=kZiai[log(1+2)]
: k=In(10)c/Ho
az(Owm), as(Qwm)

Risaliti & Lusso (2019, Nat. Astro.)

Flat ACDM

IR Flat wCDM (free w)

| | L | | | Sl
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Intersections magenta lines and black curve are the points with w=1 (left) and w=-1
(right), values of w decrease from left to right

data suggest: dark energy density increasing with time.
Within the wCDM model: Om>0.3 and w<-1.3
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Cosmology with quasars: ACDM crises?

Risaliti & Lusso (2019, Nat. As., 3-272) Flat VVCDM (free W)
SNe+CMB/BAO/WL+qliasars W(Z)=Wo+Wa-Z/(1+2)

|

()

(RN

~ACDM

1
uﬂ!

Larger acceleration
(growing dark energy)

Distance Modulus
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w

Data suggest: dark energy density increasing with time
(i.e. the Universe is accelerating faster than in the past)
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Cosmology with quasars
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To summarise

We have a novel way to measure cosmological parameters - Qm Oa
w(z) - that uses quasars are standard(izable) candles.

Deviation from the ACDM model at high redshift, with a statistical
significance of ~4¢0
(could “solve” the Hp tension between local/CMB)

90

Hy [km s~ Mpc™]

-

60

Panck TTTEEEHon 340 = T £ -
Lusso & Risaliti (2016, ApJ, 819-154)
| Risaliti & Lusso (2015, ApJ, 815-33) =
—— SO Risaliti & Lusso (2017, AN, 201713351) |
| \ - Lusso & Risaliti (2017, A&A, 602, 79)
| Risaliti & Lusso (2019, Nat. Astro.)
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