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The matter-energy content of the Universe

e 96% of the Universe is
made of things whose
verc? nature we dont
understand

e In particular, there is no framework for
Dark Eherqy, which challenges our
understanding in a couple of interesting
WaYS...




The Accelerating Universe

o Within General Relativity, available evidences
favour a simple Cosmological Constant (A)

o ...or (¥R breaks
dowin o
cosmological
scales...

e ...or there are
more than 3
species of
neutrinos...

Rises ek al (199%)




Vacuum energy

o Cosmic Acceleration is driven by a smooth,
spatiall and temporall constant, elastic
(p/o=-1%0.8 [stat] = 0.8 s:js]) component
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o ...which is mathematically equivalent to an
energy density associated to the vacuum:
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The 120 orders of magnitude F)ro—btem

e Ahas dimensions of [L]?, thus introducing
a scale in the otherwise scale~free GR

e A nabtural expectation is for this scale to
be Comparab e to the Planck scale:
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The coincidence scandal

o We Llive in an epoch in which Dark Energy

and (dark) matter are of the same order
of magnitude

Carroll (Roo4)




The Hubble
constant




The Hubble cownsbtank

o Measures the expansion rate of the Universe

- locally v=Hd




H and Dark Emergv - I

¢ The CMB fixes the sound horizon ak
recombination, then, given a cosmology, the
Friedmann equation yields a/a=H(z)

- © The impact of
 Yo= 273 =0 varying tosmaiogj
own the Hubble
parame&er H is

moaxinium abk z=0
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H and Darle ETM@.rgj - II

e A accuratbe F?ri,or o Ho conskrains the Darle
Energy parameters

Courtesy of Lucas Macri




Ho aind Dark Energv

o In combination with other data, a high precision Llocal

Freedmain ek al 2012) XI11)

measurement of H, provides direct insight into the
physics of the accelerating Universe

Local measurements, e Eskimates from CMB
independent from and. concordance ACDM |
cosmology, tndicake a model tndicake a Low Ho|
high Ho (73.242174 kem/ (675209 km/s/Mpc,
s/MFnc, Riess et al 201¢; Planck 2018 resulks

o If confirmed ab a higher significance, it would be
unambiquous indication of physics beyond ACDM




Determining Ho
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Ho and the Accelerating Universe
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Measuring Ho




aUEs all i Bhe
svs%@.ma&cs...




c)

Relative Decl. (arcse

JVAS B0218+357

=1
Relative R.A. (arcsec) Biggs et al. 1999 York et al. 2005

Smallest lens system yet discovered: A-B separation = 334 mas
Excellent model constraints possible from Einstein ring

Lens galaxy is an isolated spiral (z =0.6847)

Slide courtesy of Avxdv Bigqs (ES0)



What does this mean for H,?

Einstein ring constrains position of lens galaxy

3 [ VLA 15 GHz — Wucknitz et al. 2004
N é:) VLA + Pie Town — Wucknitz 2004
* . .
0 - (preliminary work)
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1 Hy/contours assume T = 10.5 days!
L
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Wucknitz 2004 x, [mas]

Wucknitz 2004

For T = 11.5 days, H, = 67 £ 5 km/s/Mpc (20)

Slide courtesy of Av\clj Bigqs (ESO)



SHoES

o The SHoES (Supernovae and Ho for the Equation of State)
HST programme (PI Adam Riess) aims ak measuring Ho to

Ferr:e.m& preaésmh to conskrain Dark E:vxergvj. Three rung
skellar distance Lladder:

o Cephe&ds to calibrate the peak Luminosity of Supernovee
type Ia thot are, then, used to measure Ho in the Hubble
flow

' . Three steps to the Hubble Constant

Cou,r&e.s:j: Adam Riess




The SH.ES distance Ladder

1ype la dupernovae — redshitt(z)

Cepheids — Type Ia Supernovae ~
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SN Ia: m-M (mag)
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Geometry — Cepheids
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1 32 3!
Cepheid: m-M (mag)

Rises et al (2016, ApJ, %26, 56)

15 20 25

Geometry: 5 log D [Mpcl +25




The extragalactic distance ladder

The Hubble Constant
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C@.eréd primer




Courtesy of Plerre Kervella
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Cephe&ds as skandard candles

log
(Lumihosi&j)
[in some

band]

log (period)

Frackion  Tensof
of a day days
* The principle is simple: measure the period, infer the star's
absoluke Luminosity from Leavibt’s relation (L), compare it with the
measured one (L) and, presto!, get the distance:




Cephe&ds as skandard candles

o Things are not quite that simple, because
Leavitt’s relaktion is nok a Line, it is actually
a s&rila...

* Sandage (195%): “..the possibility
exists that the PL relakion is not
uhique and the scatter real..the
existence of an inkrinsic scabter
in the P=f(L) suqqests that a
Ehird parameter is involved..in
what yollows, a semi-theoretical
relation is found which indeed

ey involves three parameters [the
LOS (P@.T‘LOd> &hi\"d b&ihg (B"V)j«u”

log (Luminosity)




Cephe&ds as skandard candles

o Things are not quite that simple, because
Leavitt’s relaktion is nok a Line, it is actually
a s&rila...

o ...which means that there is an
thkrinsic Limitaktion to the accuracy
wikth which distances ko individual
skars can be determined: 15-20% at
optical wavelengths, o few % in the

near-infrared

log (Luminosity)

* The accuracy of the distance to a

group of stars scales ~ with the
ey SQuare rOOt Of Mumber of stars
log (period) themselves




The Wesenheilt magnitude

e?@.rmdmLuva\osL&yCowr reta&iamships wikh
the colour berm dekermined nok bv C@.ph@.&d
ijsics, buk bj some extinction Law K

R;
Wi, 1. k) =m;

x (mj —myg)

oW is “reddening-free”...

W(i7j7 k) — mM30 + Az —

R R (mjo0 —mro+ E( — k) = Wo(i, 4, k)

o...tf R is Mhown and small




The Wesenheilt magnitude

oFor selected combinations of bands, the
scatter is indeed reduced
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LACES

Locking the Abundances
of Cepheids for SHOES




LACES

Accurately and precisely assess the influence of
chemical tomPosL&mm on khe SH.ES CepheideNla
distance ladder for H, to better than 2%

e Step 1. Magellanic Clouds (80 kpc):
Step 2. Magellanic Cloud sub-sample in the infrared (IR):

e Step 3. IR Cepheids and Red Supergiants in the same galaxy
(NGCEe%R2, 0.5 Mpa):

® S?&ap 4. IR Red Cxiank ‘Su.per Skar Clusters:
(Ro-30 Mpc)




The F’QQPL@

o The LACES collaboration...

® (PI), Riess, Bono, Macri, Kudritziki,

, Inno, Casertano, Fiorentino, Urbaneja,
Grroeneweqgen, Storm, ; ?La&rz.jnsl&, Grieren,
Lee, Ngeow, Kawnbur, Matsunaga, , Bresolin,
Nownino, Bergemanin, Bastian, Davies, Lardo, Patriclk,
Evans, Bergemani, s

© Conceived at the 2014 MIAPP workshop "The
Extragalactic Distance Scale”

o ...and obher Local connections
o Kudribziet, Suyu, Weller;, Weiss, Bender, ...




Cefohei;ds and chemical ﬁomposi&om

3




The chemical ladder ko Ho

e Step 1. Magellanic Clouds (80 kpc):

° Step 2. Magellanic Cloud sub*sampie in the infrared
(IR):

o Step 3. IR Cepheids and Red Supergiants in the same
galaxy (NGC6%22, 0.8 MPC):

® *S%eap 4. IR Red Criank ‘Super Skar Clusters:

(Ro-30 Mpc)




Catibr&%LMg C@_Pkeids to 1%

®

Statistical ensembles of Cepheids

* 30 Cepheids per bin of
me&auwa&v: residuals on
disktance ko 1%
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the range of SHoES
galaxies

° § FLAMES@VLT pointings
on the Magellanic Clouds |
in 4 settings (7.6+3 nights))|




Catibr&%LMg C@_Pkeids to 1%

o Statistical ensembles of Cepheids

o 30 Ce?kéids | : - B ! Re_lgtive error ci)n distance 2[%]
oLy
di«SEO\Mte & .u HR10 Fel (36), Fell (4), Cal (4), 3h

Cell (1), YII (1)
HR12 Fel (38), Fell (2), Sil (2), 3h
__ Cal(),Ball (), ClI(),LDR(T) = 0 0.0
HR13  Fel (31), Fell (5), OI (2), Sil (3), 3h residuals [mag]

Fhe range ¢ Cal (1), Nal (2), Ball (1), Lall (2), -

| LDR (12)
SQLO\XLQS | : Fell (3), Mgl (2), All (1)

e e P ———

e § FLAMES@VLT FOLM&MQS
on the Magellanic Clouds |
in 4 sebltings (7.5+3 nights)|

nce) solar unlts]
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Giraffe spectra of Magellanic Cloud Cepheids
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LACES dabta - 11

Custom non-LTE stellar a&mosphme models

CEP-1401 -- SNR= 20

]
5600

CEP-1664 -- SNR= 40




LACES data - 111

He from FLAMES-UVES (1 exposure out of 1%)

Shock near minimum Light (maximum compression)
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LACES daba - IV

KMOS spectra of Magellanic Cloud Cepheids




Extragalactic abundances

* HII region abundances from strong lines
are very sensikive to Fecmri.j cownstrained
detailed local conditions: electron |
temperature and density, nature of the
lonizing stars, gas inhomogeneities,
filling factors, depletion onto dust
° ﬁ o Different

s | calibrations have

different shapes

leading to variations

i oxygen of several
tenbhs of dex

(Bresolin ek al. 2009)




Extraqalactic abundances from $5Cs

o The Frobiem: how ko measure reliable sktellar abundances
oul ko 18-20+ Mpt;?

° The solution: Super Star Clusters (sSCs)!
o Their integrated Light is dominated bj Red SuperGiants
for which 20,1 dex abundainces can be derived from -
band spac&ros«cmrnv ab Rx2-3000 (Gazak ek al 2014a,b)

777777

333333

33333

lardo ek al (2018)
SSCs n Ehe Ankennoe

1.19

Wavelength (um)




Abundances from Red Supergiants

See also
A [ ]
¥ DPavies eb al
O .
2 K 018, The
3 E Messenger,
fy 12 1@ 1 J 32 F-esrigr‘ "
B ‘;Z L ARl |
S | ‘
N
d |
Y

* IRCS@Subaru spectrum of a Red Supergiant in
Perseus, degraded i resolution down to 1500

o Abundance diagnostic Llines in the J band are visible
dowi to R=3000




Extragalactic abundances: RSGs and
SSCs

o Different stellar abundance indicators qgive
very consistent results

o HII reqgion abundances from strong lines
are &jpwauj overestimabked bj 02-0.3 dex

° £.9., metallicity
gradient in NGC
300 from
and Red
Supergiants
(Grazak eb al
R018)




LACES daka - V

KMOS spectra of SuperStar Clusters in NGC1368
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Courtesy of Ben Davies
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I summarv. .

e Cosmic acceleration is arguably one of the most
profound puzzles in contemporary physics

° Ibts simplest explanation is quantum vacuum energy

o ALL O&EQMPES ko compu&e tks value are many, many
orders of magnitude too large: observations need to
drive theory

° In combination with other data, a high precision local
measurement of Ho provides direct insight into the
physics of the accelerating Universe

* We are going to provide a crucial missing piece towards
measuring Ho locally to V1.8% with Cepheids-SNIas

6 ...OT Emssi,btj prove that ks not actually akkainable

° Plus quite some stellar astrophysics on spare fibres







