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Deconstructing measurement precision
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KPF system efficiency model
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e.g. Bouchy+ 2001, Halverson+ 2016, Gibson+ 2018
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Instrumental stability

Calibration ability

External errors, analysis
Wavelength

Fl
ux

e.g. Avila+ 2008, Sturmer+ 2014, Halverson & Roy+ 2015
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Roy+ 2018



Deconstructing measurement precision
!RV

!photon !facility !jitter   



Deconstructing measurement precision
!RV

!photon !facility !jitter   

estimated !jitter, Sun

Marchwinski et al. 2015



Now in the era where no single source of instrumental noise dominates

e.g. Podgorski 2014

G-CLEF error budget



Now in the era where no single source of instrumental noise dominates

e.g. Halverson+ 2016



Traced with calibration fiber

Not traced with calibration fiber

Now in the era where no single source of instrumental noise dominates



Calibratable error examples

800 mm

From telescope

To cross-disperser



Thermal fluctuations on spectrometer optics

800 mm

ΔT = 10 mK

Δv = 15 cm s-1

From telescope

To cross-disperser



Thermal fluctuations on spectrometer optics

KPF green / red cameras
Camera optical elements have measurable dn/dT, CTE
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6 km s-1

Entrance slit

Spectrometer line 
profile

• Fundamentally, spectrometer records 
monochromatic images of entrance 
aperture

• Guiding errors directly translate to 
spectral line changes

’Spectral’ domain

‘Spatial’ domain

Examples of errors not tracked by calibration source



Spectrometer PSF

Telescope pupil

Beam profile on grating, camera optics sets the aberration distribution, final PSF

Illumination stability



Far-field variations impacting RV measurement performance

e.g. Stuermer+ 2014, Halverson+ 2016



Pupil variation within spectrometer lead to changes in effective aberrations

1” shift on fiber face (near-field)

Near-field input Far-field output

Input pupil
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Detector effects: Charge transfer inefficiency
Pa
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Serial transfer direction

Parallel transfer CTI (shifting and blurring of orders in cross-dispersion direction)

Serial transfer CTI (shifting and blurring of absorption features in the dispersion direction)

Initial continuum level

Initial continuum level

Initial continuum level

Readout corner

Spectral orders

Incident spectrum (pre-readout) 1-D extracted spectrum

Bouchy+ 2009, Blake+ 2017, Halverson+ 2018



CCD fringing can introduce systematic error

Flat lamp
Vega

Corrected spectrum

Slide credit: Arpita Roy

Example CCD flat, showing clear fringing structure

~1 m s-1 precision not demonstrated at reddest (>800 nm) wavelengths on CCDs



CCD stich boundaries

Molaro+ 2013



The atmosphere contributes more than telluric absorption



You are only as precise as your calibration source

e.g. Bouchy+ 2001, Murphy+ 2007, Halverson+ 2014



Pushing to 10 cm s-1 will unveil a forest of new challenges


