
1

ESPRESSO 
and beyond

Le vitesses radiales à haute précision

Francesco Pepe
Université de Genève

Departement d’Astronomie



Michel Mayor – Didier Queloz

Observatoire
de Haute-Provence

Octobre 1995

Mpl = 0.5 MJup

P  = 4.2 Jours
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51 Peg b:  La première
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La mesure Doppler

m sin(i)       

Période

Eccentricité

https://dacedev.unige.ch/observations/radialvelocities/index?target=209572


Principes d’un spéctrographe

Telescope

Focal	plane

Objective

Detector	

Collimator

Disperser

Slit

1 pixel -> monochromatezr (balaiage en longueur d’onde)
Trame de pixels -> spectrograph (tout le spectre simultanément)



La ‘construction’ d’un spectre à échelle
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Image monochromatique de la fente!
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Configuration de HARPS

Vacuum vessel

Object fiber

(Reference fiber)

Image Scrambler/
iodine cell

Monomode,
robust design

Vacuum Temperature control

Simultaneous ThAr Reference

High optical efficiency



La stabilité, une nécessité

ΔRV =  0.1 m/s

Δλ = 0.000001 A

1.5 nm       

1/10’000 pixel

ΔRV = 0.1 m/s

ΔT = 0.001 K

Δp = 0.001 mBar

Vacuum operation Temperature control



Marco Gullieuszik, ESO

Expansion thermique du CCD



La technique de la référence simultanée

Object

ThAr
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Le bruit photonique  
Pour un spectrographe style HARPS: R > 100’000, εTot = 6%

1) HARPS/ 3.6m 
    1 m/s in 15’ on V=10 star
       -> ~50 cm/s on VLT
       -> ~10 cm/s on E-ELT

2) ESPRESSO/VLT
     Vlim = ~8 for 10 cm/s in 15’
     => Many solar-type stars
     ~700 non-active stars
     => Earth twin search
    TRANSITS (TESS/CHEOPS)

3) HIRES/E-ELT
   1 cm/s on star with V<6
   10 cm/s on V=11-12 stars
    TRANSITS (PLATO)

Texp = 900 s

DTel = 42 m

DTel = 8 m

σ ~ 1/SNR ~ 1/ DTel

HARPS (3.6m)

ESPRESSO@ VLT

HiReS@E-ELT



SNR, précision & Co.

 

Stellar*parameters*

!!' Stellar signal (in photoelectrons) per wavelength unit in continuum. Note that 
this value does not depend on the instrumental parameters, in particular not on 
the spectral resolution of the spectrograph! 

!!' Sky background (in photoelectrons) per wavelength unit in continuum 

!"!! ≔ !!' Stellar signal-to-noise ratio per wavelength bin in continuum. Note that this 
value does not depend on the instrumental parameters, in particular not on the 
spectral resolution of the spectrograph! 

!! ' Intrinsic stellar line width 

!! ' Intrinsic stellar line contrast 

!" ≔ !! ∙ !! ' Equivalent width of the stellar spectral line 

Instrumental*parameters*

!! ' Width of spectral element (spectral resolution of spectrograph) 

!!' Dark current in electrons per pixel and per unit time 

!"#' Read-out noise in electrons per pixel 

!!' CCD pixel size (10 µm in ESPRESSO) 

!! ' Spatial sampling (number of spatial pixels over all the spectral slices of the 
same order) 

!! ' Spectral sampling (number of pixels per FWHM of the effective line) 

!! ' Spatial binning factor 

!! ' Spectral binning factor 

σ 

2σ I0 

c 

SNR = sqrt(I0)

S/N = c SNRLine:

Continuum:

Error*computation*and*discussion*

Error*on*radialBvelocity*measurement*

In order to determine the radial-velocity error !!" = ! ∙ !! = ! ∙ !!, we shall start from the 
condition (expressed in pixel space) that the error in the barycenter measurement is equal to the 
measurement noise N, i.e.: 
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where we have used the relation !!! = ! ∙ !!. 

From the last formula we can deduce following aspects: 

• In the photon-limited regime the formula reduces to !! =
!!"! !!!"!

!.!

!∙!!!∙!!!
∙ 1− !

! , which 

does not depend on instrumental parameters apart from the spectral resolution. Above 
the limiting magnitude, the stellar flux has to be compared with the total dark current and 
the total read-out noise in an integration element 2!!. 

• At a fixed instrumental configuration and for a given flux !′!, the error decreases with 
increasing spectral resolution. In the limit of non-resolved spectral line, the error 
decreases actually at the power 1.5 of the spectral resolution !, since !~1/!!". 

• The formula explicitly depends on !! the number of spatial pixels. When leaving the 
photon-noise limited regime, the precision will improve for a configuration using a lower 
number of spatial pixel. The final precision will however also depend on the spectral 
resolution, which may change when rearranging the slit (spatial x spectral pixels is 
constant at fixed slit efficiency). 

Error*on*the*line's*equivalent*width*

The error on the equivalent line width is computed in relative terms as 
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Factor 2 in R -> factor 8 in 
observing time !



Conservation of the ‘étendue’
The étendue is defined as E=A x O, where A is the area of the beam 

at a given optical surface and O is the solid angle under which the 
beam passes through the surface.

When following the optical path of the beam through an optical 
system, E is constant, in particular, it cannot be reduced

For a telescope, E is the product of the primary mirror surface and 
the two-dimensional field (in sterad) transmitted by the optical 
system. Normally, the transmitted field is defines a slit width. When 
entering spectrograph, the slit x beam aperture at the slit is equal 
to the etendue E of the telescope. This implies that at fixed 
spectral resolution, the slit width and the beam diameter cannot 
be chosen independently, since dΘ depends on both.

R ⋅ DT ⋅FOV
DC ⋅ tanβ

= const NPixels ∝
DT
2 ⋅FOV 2

DC
2 ⋅ tanβ



CCD detector 
characteristics

17

Detector type Monolithic backside illuminated CCD detectors with 16 output amplifiers

Light sensitive area ~ 92 mm x 92 mm

Pixel size 10 µm

Optical coating Individually optimized AR coatings for the specific spectral range

Slow read mode < 60 sec full frame reading with RON < 3 e- RMS

Fast read mode < 20 sec full frame reading with RON < 6 e- RMS

CTE ≥ 0.999995, from few e- to full well

Full well > 50’000 e-

Dark current ≤ 1 e-/pixel/hour; target 0.5 e-/pixel/hour

Courtesy of ESO
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QE variations 
    Boron implant / laser anneal (blue end), and fringing (red)

e2v CCD (2K×4K) twilight flats in u*, g’, r’,i’ and z’ broadband filters

Fringes in the i’ band:  full CCD (left) and region (right)



La calibration

540nm

550nm

560nm

570nm

580nm

0 500 1000 1500 2000 2500 3000 3500 4000 px

Achieved Δλ/λ:  (Absolute) accuracy: 1 x 10-7 5 x 10-8

Aimed Δλ/λ:          Scale factor:         3 x 10-8  5 x 10-8

                           Repeatability:        1 x 10-9 3 x 10-11



Limites de la lampe ThAr

Lovis et al. 2007



The HARPS-N LFC

Courtesy of Alex 
Glenday, CfA

Murphy et al. 2007

Phillips et al., 2012
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HARPS CCD  
stitch boundary effect

512 rows by 
1024 columns

e2v has provided us with new information to 
state that they now have a new stepper for 
stitching with 100 nm precision, and this stitch 
issue should no longer be an effect.



Erreur de calibration et repétibilité

!

Steinmetz et al., 2008



Erreur de calibration et repétibilité

!

Steinmetz et al., 2008Courtesy Alex Genday



Fiber-fed spectrograph

Guiding error: 
0.5’’ → 2-3 m/s

for a fiber-fed spectrograph

1 arcsec

Stored guiding image for QC

Illumination effects

Slit-fed spectrograph

Fiber entrance

Fiber exit

Image scrambler

Δ RV

Δ RV



Circular fibers alone do not scramble enough ...



Circular fibers alone do not scramble enough ...

Chazelas et al., 2011
Avila et al. 2011

Perruchot et al. 2011



Illumination effects: guiding tests
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1) Scramble stellar image

2) Use telescope pupil as 
new entrance illumination

3) Use octagonal fibers
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CTE Problem: SNR test

CTI(Flux)



CTE Problem: solution
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 Correction according to Paul Goudfrooij et al. 2006
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Pepe et al., 2002
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Simulations of spot effects on radial velocities
Effect of realistic spot models: case for log(R’HK)=-4.9

RV

Spot #: ~90

Filling factor: 0.001

3 yr
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HD20794: Three Earth-mass planets
F. Pepe et al.: The HARPS search for Earth-like planets in the habitable zone
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Fig. 10. Phase-folded RV data and fitted Keplerian solution for the three planetary components b, c and d of

HD 20794. The dispersion of the residuals is of 0.82 m s�1rms.

probability indicated by the dashed line. It must be noted all the original side peaks have
disappeared and that our assumption them to be alias must have be correct.

The eventually obtained orbital parameters of HD 85512 b are given in Table 5 and the
corresponding phase-folded radial-velocity curve is shown in Figure 13. The adopted period
is P = 58.4 days. The eccentricity is clearly not significant, but given the large number of
data points and the good convergence of the fit we have preferred to leave it as free pa-
rameter. The obtained value is of 0.11, but it must be recalled that setting it to zero would
not at all change the quality of the solution. For the semi-amplitude we obtain the value of
0.77 m s�1. The residual dispersion of the N = 185 data points around the fitted solution is of
only 0.77 m s�1. The reduced �2 is thus close to 1, indicating that the 0.7 m s�1systematic error
we added quadratically to the error bars may be a good estimate.

Using the previously determined parameters we can set the semi-major axis of the plan-
etary orbit to 0.26 AU. For the minimum mass of the planet we obtain m sin i = 3.6[M�]. The
error on the mass due to only the fit uncertainties is of the order of 15%, despite the very
low semi-amplitude. As in the case of the planets around HD 20794, this planet is possibly a
super Earth, i.e a planet consisting to high degree by rocky material. Opposite to HD 20794,
however, its parent star is much less luminous. The computed equilibrium temperature is of
only 298 K, if we assume again an albedo of 0.3. This sets this possibly rocky planet at the
inner edge of the habitable zone of its parent star.

19

F. Pepe et al.: The HARPS search for Earth-like planets in the habitable zone

Table 4. Orbital and physical parameters of the planets orbiting HD 20794, as obtained from a three-Keplerian

fit to the data. Error bars are derived from the covariance matrix. � is the mean longitude (� = M + !) at the

given epoch.

Parameter [unit] HD 20794 b HD 20794 c HD 20794 d

Epoch [BJD] 2’454’783.40362208

i [deg] 90 (fixed)

V [km s�1] 87.9525 (±0.0001)

P [days] 18.315 40.114 90.309

(±0.008) (±0.053) (±0.184)

� [deg] 169.0 149.4 16.2

(±6.7) (±10.0) (±6.8)

e 0.0 0.0 0.0

(fixed) ( f ixed) ( f ixed)

! [deg] 0.0 0.0 0.0

(fixed) ( f ixed) ( f ixed)

K [m s�1] 0.83 0.56 0.85

(±0.09) (±0.10) (±0.10)

m sin i [M�] 2.7 2.4 4.8

(±0.3) (±0.4) (±0.6)

a [AU] 0.1207 0.2036 0.3499

(±0.0020) (±0.0034) (±0.0059)

Teq [K] 660 508 388

Nmeas 187

Span [days] 2610

rms [m s�1] 0.82

�2
r 1.39

observed at periods above 300 days in the radial velocities seem to follow the same pattern.
The reason for this patter can be observed directly in the time domain (see Figure 11). In both
logR0HK and line bisector BIS a long-term trend is observed most probably reflecting the mag-
netic cycle of the star. A similar trend, although with opposite sign and smaller amplitude,
is observed in the radial-velocity data. From this fact we deduce that the power observed in
the radial velocity at long periods is most probably caused by the stellar activity. We refer
to Lovis et al. (2011a) for a general discussion in which also the specific case of HD 85512 is
treated.

Given the absence of corresponding peaks in the activity indicator and the line bisector,
we assume that the radial velocity signals at periods around 60 days are induced by a plan-
etary companion. We have therefore fitted a single Keplerian to the radial-velocity data, but
added also a second-degree polynomial to take into account the long-term variation induced
by the stellar activity. The solution converges very rapidly and unambiguously towards a
58.4 days orbit. The activity signal is well fitted by a linear component of 0.5 m s�1per year
and a quadratic component of 0.14 m s�1per year2. The GLS periodogram of the residuals
is very clean, as shown in Figure 14, since none of the peaks reaches the 10% false-alarm
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La sensibilité des vitesses radiales

Jupiter  @ 1 AU  : 28.4 m s-1 

Jupiter  @ 5 AU  : 12.7 m s-1 

Neptune  @ 0.1 AU  : 4.8 m s-1 

Neptune  @ 1 AU  : 1.5 m s-1 

Super-Earth (5 M⊕)  @ 0.1 AU  : 1.4 m s-1  

Super-Earth (5 M⊕)  @ 1 AU  : 0.45 m s-1 

Earth  @ 1 AU  : 9 cm s-1

(M1 = Sun)
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Neptune  @ 0.1 AU  : 4.8 m s-1 

Neptune  @ 1 AU  : 1.5 m s-1 

Super-Earth (5 M⊕)  @ 0.1 AU  : 1.4 m s-1  

Super-Earth (5 M⊕)  @ 1 AU  : 0.45 m s-1 

Earth  @ 1 AU  : 9 cm s-1

(M1 = Sun)

Planètes géantes 
Premières exoplanète 
e.g. Jupiters jusqu’à 5 AU

Neptunes et Superterres 
Accessibles avec HARPS
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Pourquoi ESPRESSO 
serait meilleur?
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ESPRESSO FDR 14.05.2013

Pourquoi ESPRESSO 
serait meilleur?

• Télescope plus grand (dont jusqu’à 4! Wow!)
• Capteurs monolithique et stabilisés (9k9 e2v)
• Fibres octogonal (ex-limitation dans HARPS!)
• Source de calibration adaptés (LFC/FP)
• Une pipeline de réduction puissante
• Flexibilité opérationnelle (4 télescope au choix, 

changement rapide)! -> Efficacité, échantillonnage en t

20










