ERROR BUDGETS IN HIGH PRECISION RADIAL VELOCITY MEASUREMENTS
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Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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e.g. Bouchy+ 2001, Halverson+ 2016, Gibson+ 2018



Deconstructing measurement precision
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Deconstructing measurement precision
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e.g. Avila+ 2008, Sturmer+ 2014, Halverson & Roy+ 2015



Calibration ability

Deconstructing measurement precision
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Calibration ability

Deconstructing measurement precision
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Deconstructing measurement precision
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Deconstructing measurement precision
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Solar contamination
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Deconstructing measurement precision

ORv

~ Total NEID instrumental error budget: 27.0 cm ' 1
7'y — z I
: . ' I 1
Instrument (u‘?cullbruutuble): 959, : Il Calibration source (uncalibratable):
151 ems7 {30.6%) . | 1.5 ms' (18.7%)
Fiber & illumination: 8.7 cm s 1 I Calibration accuracy: 5.7 am s
Calibration source modal noise 2.5ms! Instrument ((ulibruiuble): I Stability 40ms
1.2ms! (1.1%) '
~ Continuum modal noise  WEXUER | Photon noise 40ms’
! ical: 1
Neor el scrambling - Thermo-mechanical: 7.8 cm s :
Thermal stobilty (grating) ERORCRRMM | ['= = = = = = = =
Far-field scrambling 50cms! erma sabi (graing ]
S Syl 50ams! Thermal stability {cross disp.) External errors (uncalibratable):
Thermal stability (bench) 18.7 cms! (496%)
Polarization 20cms!
Vibrational stability Calibration process: 10 cm s




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

-~ Total NEID instrumental error budget: 27.0 cm s “1
1 x x :
Instrument (uncalibratable): I - - )
: ) 25% 1 Calibration source (uncalibratable):
151 ems! (30.6%) ’ ' 1.5 s (18.7%)
Fiber & illumination: 8.7 ¢m s | Calibration accuracy: 5.7 em s

Calibration source modal noise

Continuum modal noise

Nearfield scrambling

i |

Far-field scrambling

- - - - - - - - - - - - - =

Stray light

Polarization

Instrument (calibratable):
N.2ms! (1.1%)

Thermo-mechanical: 7.8 cm s

Thermal stability (grating) 35ms!

Thermal stability (cross-disp.) 3.0ms!

Thermal stability (bench) 3.0cms!

Vibrational stability 20ems’

Detector effects: 7.1 cm s’

Pressure stability <0.1 cms?

Readout thermal change 50cms!

LN? fill transient 1.0ems!

Charge transfer inefficiency 50cms!

Zerodur phase change 50ems’

Barycentric correction: 1.7 ¢m 5!

Algorithms

Exposure midpoint time

Coordinates and proper motion

Detector effects: 8.1 cm s

Pixel inhomogeneities 1.0¢ms!

Electronics noise 1.0ems’

Stitching error 3.0ems!

(CD thermal expansion 20ms!

Reduction pipeline: 10 cm 5!

Software algorithms

Readout thermal change 50cms’

Charge transfer inefficiency 50cms!

Stability

Photon noise

External errors (uncalibratable):
18.7 cms! (49.6%)

Calibration process: 10 ¢m s

Software algorithms

Telescope: 12.2 cm s’

Guiding

ADC

Focus

Windshake

scrambling g

Atmospheric effects: 14.1 cm s

Micro-telluric contamination

Sky fiber subtraction

e.g. Halverson+ 2016



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

KPF PDR error budget spreadsheet, all units in cm/s

Instrumental errors (uncalibratable) Instrumental errors (calibratable)
Calibratable error contribution

Fiber & illumination

Calibration source (uncalibratable)

Calibration source modal noise Thermo-mechanical
Continuum modal noise Thermal stability (grating)
Near-field scrambling ! Thermal stability (cross-disp.)
Far-field scrambling L Thermal stability (bench)
Stray light & ghosts ! Thermal stability (cameras)
Fiber-fiber contamination ! Vibrational stability
Polarization ! Pressure stability
Focal ratio degradation (science) Zerodur phase change (Echelle)

Calibration accuracy
Wavelength stability
Photon noise

Calibration process
Software algorithms

Focal radio degradation (calibration)
Double scrambler drift

External errors (uncalibratable)

Detector effects
Pixel inhomogeneities

Detector effects CCD thermal expansion
Pixel center offsets ! Readout thermal change
Charge transfer inefficiency L Charge transfer inefficiency

Traced with calibration fiber

Barycentric correction

Algorithms ! \
Exposure midpoint time ! . . . .

cOOrdinates and proper motion 1 NOt traced Wlth Callbratlon flber

Reduction pipeline
Software algorithms

Telescope
Guiding (")
ADC
Focus
Injection angle variations

Atrmospheric effects
Micro-telluric contamination
Scattered sunlight contamination

Total instrumental error (cm/s):

32.8824




Calibratable error examples
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Thermal fluctuations on spectrometer optics
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Thermal fluctuations on spectrometer optics

Camera optical elements have measurable dn/dT, CTE
KPF green / red cameras




Thermal fluctuations on spectrometer optics

Camera optical elements have measurable dn/dT, CTE

KPF green / red cameras

Centroid shift in dispersion direction for 100 mK thermal change [cm 5'1]
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Thermal fluctuations on spectrometer optics

Camera optical elements have measurable dn/dT, CTE

KPF green / red cameras
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Examples of errors not tracked by calibration source
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lllumination stability

Entrance slit \ o
Camera
\ Spectrometer PSF
Echelle grating Prisms
CCD
Collimator

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

Telescope pupil
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Far-field variations impacting RV measurement performance
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Pupil variation within spectrometer lead to changes in effective aberrations
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Detector effects: Charge transfer inefficiency

Readout corner

Serial transfer direction
Incident spectrum (pre-readout)

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

Initial continuum level

=
(=)
=
[+]
[<F]
=
=
1=
(<]
y—
[72]
o
©
=1
E=]
o
©
L
[\]
a.

Spectral orders

Bouchy+ 2009, Blake+ 2017, Halverson+ 2018



CCD fringing can introduce systematic error
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Slide credit: Arpita Roy



CCD stich boundaries
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The atmosphere contributes more than telluric absorption

Solar contamination
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You are only as precise as your calibration source

KPF bandpass, R = 88000, SNR = 500 pixel "’
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e.g. Bouchy+ 2001, Murphy+ 2007, Halverson+ 2014



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

"~ Total NEID instrumental error budget: 27.0 ¢m s 1
| A - LY I
_ ' I 1
Instr]usm]ent (u'?cuzl;(l))rgg/uble). 959, : : Calibration source (uncalibratable):
Tas' (30.6%) : ! 15! (18.7%)
Fiber & illumination: 8.7 cm s 1 I Calibration accuracy: 5.7 am's”
Calibration source modal noise 2.5ms! Instrument (wlibmmble): | Stability
1N.2ms' (1.1%) I
1o Continuum modal noise ~ |PAYCES 1 Photon naise
Thermo-mechanical: 7.8 cm s
: Near-field scrambling 3.5ms! ermomedianica s :
1 Thermal stability (grati 35ams! BN
: Far-field scrambling 5.0 ms! erma stabilty {grofing) S 1
7 Snaylgn 50 Thermal sabilty (crossdisp.)  [SEAKUER External errors (uncalibratable):
— Thermal stability (bench) 3.0ams! 18.7 tm s’ (496%)
Polarization 20cms!
Vibrational stability 20cms’ Calibration process: 10 cm s
Detector effects: 7.1 cm s Pressure stability <0.ems’ Software algorithms
Readout thermal change 50cms? LN2 fill transient 1.0’
Charge transfer inefficiency 50ems! Zerodur phose change 50ms’ Telescope: 12.2 cm s
Guiding scrambling g
Barycentric correction: 1.7 cm s Detector effects: 8.1 cm s ADC
Algorithms Pixel inhomogeneities Focus
Exposure midpoint time Electronics noise Windshake

Coordinates and proper motion Stitching error

(CD thermal expansion Atmospheric effects: 14.1 cm s

Reduction pipeline: 10 ¢m s Readout thermal change Micro-telluric contamination

Software algorithms m Charge transfer inefficiency

Sky fiber subtraction




