. Interferometry In the visible: distance scale calibration .
using Cepheids (pulsating stars) and eclipsing binaries
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The sky is ‘like a painting’ i.e. without third dimension




The distance scale in the universe
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How do we use Cepheids to derive LMC distance ?
1/ all Cepheids in LMC are at the same distance: it gives the slope (a) of the

PL relation.

2/ verify that the slope in MW
and LMC is the same (no
metallicity effect)

T
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3/ Derive the distance to nearby Galactic
Cepheids provides the zero-point (b). For
instance, HST parallax or BW method
(interferometric and photometric)...
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Three steps to the Hubble Constant

Distant galaxies in the
expanding Universe
hosting Type Ia

Galaxies supernovae

hosting
Cepheids epheid

Cepheids + Maser (Riess et al. 2009)
@

G. lenses (Oguri et al. 2007)

Sunyaev-Zeldovich
O i (Bonamente et al. 2006)

WMAP (Spergel et al. 2007)
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associations as they are much more uncertain than well-measured parallaxes, and the former appear

to be under refinement due to uncertainties in their projection factors, as discussed by Fouqué et

al. (2007) and van Leeuwen et al. (2007).

MW (HST+IBW) : HO =73.7 £ 2.0 km/s/mpc (2.7%)




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”.

Saul Perlmutter Brian P. Schmidt Adam G. Riess
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The Baade-Wesselink Method or parallax of pulsation
1 - Interferometry
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~0.94 in optical Rl g
~0.98 in IR R
k is assumed to be constant with phase phase of pulsation (time)

Interferometry provides the angular size variation of the star
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The Baade-Wesselink Method or parallax of pulsation
2 - spectroscopy

Nardetto et al., 2006 B
A&A, 453, 309
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p is assumed to be constant with phase Phase

Spectroscopy provides the radius variation of the star
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The Baade-Wesselink Method or parallax of pulsation
3-combining interferometry and spectroscopy

Baade (1926) - Wesselink (1946)
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This two quantities have to correspond
- fo the same layer in the star

(atmospheric velocity gradient,
dynamical affects)
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Impact of the projection factor on the distance

High resolution spectroscopy for Cepheids distance determination
V. Impact of the cross-correlation on the p-factor and the gamma-velocity
N. Nardetto, W. Gieren, P. Kervella, P. Fouqué, J. Storm, G. Pietrzynski, D. Mourard, D. Queloz, 2009, A&A, 502, 951
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the static approach leads to an
overestimation of the distances from 5% (for
short-period Cepheid) up to 10% (for long

period Cepheids).

|p =-[0.08 £0.05]log P +[1.31x0.06]
100

for d Cep (P=5.36 days) p=1.25+/-0.05
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p—factor

History of the projection factor of & Cep
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Visible interferometry: science case for Cepheids
(and pulsating stars)

Low/Medium Spectral resolution mode (high sensitivity)
* Science Case 1: LD of Cepheids (p-factor)

 Science Case 2: p-factor from Cepheids in binaries

» Science Case 3: CSE of Cepheids in visible

 Science Case 4: Gaia + inverse BW = p-factor

High spectral resolution mode
* Science case 5: the dynamical structure of Cepheid’
atmosphere

» Science Case 6: Do the same things but for
RR Lyrae, & Scuti stars, ...
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Science Case 1: the limb-darkening of Cepheids (p-factor)
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From models (Nardetto et al. 2006), assuming k=cste is acceptable in the BW approach

(impact of 0.1% on the distance) but this is the first contribution to the p-factor (never measured) !
-> sigV=5% around V=0.1 (2" lobe) would give 1% on <k>

-> sigV=1% around V=0.1 (2" |lobe) would give k variation at 5 sigmas 14
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Science Case 2: p-factor from Cepheids in binaries

am)  oap . (gan

Orhite apparente

Bonneau

If we have the distance, we can inverse the BW method applied
to the Cepheid in the binary and derive its p-factor and also
its mass

See papers by Gallenne et al.2013, 2014a, 2014b
See also a LMC Cepheid into an eclipsing binary (Pilecki et al. 2013)
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Science Case 3: CSE of Cepheids in visible

qular diameter
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The IRSB method is using V and K band photometry. Imagine
we have a significant contamination from a visible
circumstellar environment (8 Cep, Nardetto et al. in prep.)
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mV

Science Case 4: Gaia + inverse BW = p-factor !

“"Galactic Cepheids DataBase” Fernie et al., S. 1995, IBVS No. 4148
505 Cepheids (416 because 89 have no mV indicated)

272 observables with CHARA ( 0 >-25°)

256 observables with VLTI ( 0 < 25°)
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40
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#Stars

105 observables with CHARA ( 0 >-25°) And magV < 10
147 observables with VLTI ( 0 < 25°) ) And magV < 10

We can show (see talk from previous « vegas » workshop in 2012):

* CHARA : 88 (+/- 20!) stars for which we can obtain 5% of precision on the p-factor
* VLTI : 52 (+/-10!) stars for which we can obtain 5% of precision on the p-factor
=> constrains on the period-projection factor relation
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Science case 5: the dynamical structure of Cepheid'atmosphere
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Science Case 6: Do the same things but for RR Lyrae, & Scuti stars, ...
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Cepheids are
evolved stars (thus
bright) but rare:
~500 identified
Cepheids in the MW
(probably 9000 in
total).

The BW could be in
principle apply to
other pulsating
stars in the
instability strip
(radial mode
dominant)
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Science Case 6: Do the same things but for RR Lyrae, & Scuti stars,

fast rotation and
inclination on the
projection factor

Nardetto, Poretti et al. 2014, A&A, 561, 151
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Eclipsing Bindries




The distance to LMC (an fundamental anchor for the

Relative probability density distribution

distance scale)

T T T

Non-Cepheld LMC moduli from NED (2009) )

\

Cepheid period luminosity '
(galactic W calibration)

(metallicity corrected) '
18.39 (+0.03) mag

Renormalized
sum .

Other methods 7
18.44 (+0.16) mag

LMC modulus

u=m-M=5logd-5
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Late-type eclipsing binaries

¢ is derived from the surface brightness - color relation,
very well established for late-type stars based on interferometric
data (di Benedetto 1998, 2005; Kervella et al. 2004)

¢ [mas] = 1002 (5=m0) .5, =2.656 + 1.483 x (/- &), - 0.044 x (V' - K);

R [Ro|
d [pc] =9.2984 - ; [mfs] S, < (V-K),

Currently rms on this relation is 0.03 mag (2 % !)
=> very weakly depends on metallicity !
=> is almost parallel to the reddening line !
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The distance of eclipsing binaries in the local Group

8 eclipsing
binaries in
LMC

R + 0 (from surface brigthness relation)

distance at few percents
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LETTER

doi:10.1038/nature11878

zmAn eclipsing-binary distance to the Large Magellanic
Cloud accurate to two per cent

G. Pietrzynski“?, D. Graczyk', W. Gieren', I. B. Thompson®, B. Pilecki"?, A. Udalski?, I. Soszynski?, S. Koz:owski?, P. Konorski?,
K. Suchomska?, G. Bono*”, P. G. Prada Moroni®’, S. Villanova', N. Nardetto®, F. Bresolin®, R. P. Kudritzki’, J. Storm',
A. Gallenne', R. Smolec, D. Minniti'**, M. Kubiak?, M. Szymanski?, R. Poleski?, L. Wyrzykowski?, K. Ulaczyk?,

P. Pietrukowicz?, M. Gorski® & P. Karczmarek”

In the era of precision cosmology, it is essential to determine the
Hubble constant to an accuracy of three per cent or better'”. At
present, its uncertainty is dominated by the uncertainty in the
distance to the Large Magellanic Cloud (LMC), which, being our
nearest galaxy, serves as the best anchor point for the cosmic dis-
tance scale®. Observations of eclipsing binaries offer a unique
opportunity to measure stellar parameters and distances precisely
and accurately®®. The eclipsing-binary method was previously
applied to the LMC®’, but the accuracy of the distance results
was lessened by the need to model the bright, early-type systems
used in those studies. Here we report determinations of the dis-
tances to eight long-period, late-type eclipsing systems in the LMC,
composed of cool, giant stars. For these systems, we can accurately
measure both the linear and the angular sizes of their components
and avoid the most important problems related to the hot, early-
type systems. The LMC distance that we derive from these systems
(49.97 %= 0.19 (statistical) = 1.11 (systematic) kiloparsecs) is accur-
ate to 2.2 per cent and provides a firm base for a 3-per-cent deter-
mination of the Hubble constant, with prospects for improvement
to 2 per cent in the future.

Silla, together with near-infrared photometry obtained with the 3.5-m
New Technology Telescope located on La Silla.

The spectroscopic and OGLE V- and I-band photometric observa-
tions of the binary systems were then analysed using the 2007 version
of the standard Wilson-Devinney code'*'?, in the same way as in our
recent work on a similar system in the Small Magellanic Cloud’.
Realistic errors in the derived parameters of our systems were obtained
from extensive Monte Carlo simulations (Fig. 2). The astrophysical
parameters all the observed eclipsing binaries were determined with an
accuracy of a few per cent (Supplementary Tables 2-9).

For late-type stars, we can use the very accurately calibrated (2%)
relation between their surface brightness and V—K colour to deter-
mine their angular sizes from optical (V) and near-infrared (K) pho-
tometry'. From this surface-brightness/colour relation (SBCR), we
can derive angular sizes of the components of our binary systems
directly from the definition of the surface brightness. Therefore, the
distance can be measured by combining the angular diameters of the
binary components derived in this way with their corresponding linear
dimensions obtained from the analysis of the spectroscopic and pho-
tometric data. The distances measured with this very simple but accur-
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The distance error budget (2.5 % total error)

M surf. bright.
calibration

M infrared pho
tometry

[] optical pho
tometry

H radial velocity

B absolute radii

] reddening

B uknown third
light
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Visible interferometry: science case for
Eclipsing binaries

Low/Medium Spectral resolution mode (high sensitivity)
» Science Case 7: surface-brightness relation

of late-type and early-type stars

 Science Case 8: characterize closeby

eclipsing binaries using visible interferometry (with
Gaia we can inverse the eclipsing binary technique and
check for systematics)
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Science Case 7: surface-brightness relations
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Summary:

SHOES project (Riess et al.) &

Hubble constant (~ 2%) CHP (Freedman et al.)

relation of la supernova

e N
~ Y
Baade-Wesselink LMC distance to distance to M31 and ] )
method (3%) 1% using eclipsing M33 at 5% using ‘Araucaria Project
binaries (late-type) || eclipsing binaries | (W- Gieren, 6. Pietrzinski et al.)

(early-type)

i| Classical Cepheids . E
: (p-factor: LD, Late-type early-type surface-brightness !
: binary, CSE, inv. BW F, 6 O, A B relation !
| with Gaia) :

_______________________________________________________________________________________________

optical interferometry
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Table 2. The limb-darkening of § Cep and £ Car

N, o Cep and ¢ Car

spatial resolution 0.3 mas

spectral resolution R = 3000

temporal resolution P = 5.36d (§ Cep), P = 35.5d (¢ Car
precision 1% in the second lobe (V~ 10%)
imaging 3T is fine

Table 1. Cepheids in binaries

N, 10-15
spatial resolution 0.3 mas
spectral resolution R = 3000
temporal resolution 2-40 years
precision 1% even at low visibilities
imaging 67T is best
Table 3. The CSE of Cepheids

N, about 20

spatial resolution 0.3 mas

spectral resolution R = 3000

temporal resolution several obs. per star is enough
precision 1% in the first lobe (V~ 50%)
imaging 3T is fine, but 6T better

Table 4. The inverse BW method using Gaia

Table 5. A new distance indicator using specto-interferometry

of Cepheids

N, 40 in MW ; 40 in LMC
spatial resolution 0.3 mas

spectral resolution R = 60000

temporal resolution periods from 2 to 50 days
precision 1pas for MW; 0.2pas for LMC
imaging 3T is fine, but 6T better

Table 1. HADS and RR Lyrae

N, 105
spatial resolution 0.3 mas
spectral resolution R = 3000

periods from 2 to 50 days
5% on the visibility (V~~ 50%)
37T is fine, but 6T better

temporal resolution
precision
imaging

N. ~ 10

spatial resolution # from 0.1 to 0.25 mas
spectral resolution R = 3000

temporal resolution 10 minutes (high sensitivity required)
precision 1% at low visibilities
imaging 3T is fine, 6T is best

Table 6. The SBCR of late-type stars: distance to LMC

N, ~ 200
spatial resolution 0.3 mas
spectral resolution R = 3000

no particular constrain
1% or better on 6
37T is fine, but 6T better

temporal resolution
precision
imaging

Table 7. The distance of Galactic EBs: a cross-check for the
method

N, 50 eclipsing binary systems
spatial resolution 0.3 mas

spectral resolution R = 3000
temporal resolution to be defined
precision 1% on the visibilities
imaging 6T better
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The sky is ‘like a painting’ i.e. with a third dimension




