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NN-explore Exoplanet Investlgatlons with Doppler Spectroscopy i
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A next generation EPDS for the
US community

Chad Bender
The Pennsylvania State University




pronunciation: knew-id (like ‘fluid’)

definition: to see’ in the language of the
Tohono O’odham

NASA ExoPAG14 June 11-12, 2016



ANEID The NEID Team

(i) L)
g PennState Pepn qrd Ao o NlSI

SPACE FLIGHT CENTER

Suvrath Mahadevan (PI) Cullen Blake (IS) Michael McElwain (IS) Scott Diddams
Fred Hearty (PM) Sam Halverson Qian Gong Ryan Terrien
Jason Wright (PS) Ravi Kopparapu

Andy Monson (SE) " MACQUARIE
Chad Bender (IS) 99 University

Paul Robertson
Larry Ramsey
Eric Levy

Tyler Anderson
Arpita Roy
Guomunder Stefansson
Sharon Wang
Eric Ford
Fabienne Bastien
Thomas Beatty
Rebekah Dawson

Christian Schwab (0S) ., ~ Abhijit _C_hakrabortvy

NASA ExoPAG14 | - N June 11-12, 2016



& N-EID Science: The Need for sub-m/s RV

Very precise planet T - - — T T T

............ Marcus+ 2010 —i—1
masses needed to Ze_ng + Sasselov 2013 GJ 1214b D97658
constrain 25— Ihebee “

K10cT
composition/ 116454b+
formati g
ormation models. N o

L

n
o

TESS will provide
transiting planets
around bright stars,
but EPRV resources
are lacking.

Planet Radius (Rg,)

-t
o

Other questions:
multiplicity, obliquity,
dynamics, etc.
Answerable with RVs.

0.7 1 2 3 4 5 7 10 20
Planet Mass (Mg,..,)

Dressing et al. 2015

Extreme precision RV follow-up is a requirement for the success of TESS!
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-NEID Science: The Need for sub m/s RV

Earth-mass planets in the HZ
have 10-30 cm/s RV
amplitudes, requiring
observations on 10s to 100s of
nights at <50 cm/s precision.

These planets represent the
top targets for future imaging
missions!

Knowing whether we have the
ability to discover such planets
could drive the choice of
future flagship missions.

Simulated image of the solar system as viewed by
a future space-based LUVOIR imager.
(Webster Cash, Univ. Colorado)
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Radial Velocity Error Budget

CBE = Current Best Estimate Contingency = sgrt(MEV?-CBE?)
MEV = Max Expected Value (Baseline) Reserve = 1 - MPV?/ Threshold® = 37%
MPV = Max Possible Value = MEV {1+ 50% margin}) | \
| INSTRUMENT TOTAL [cmls] 140 226(26.6 )39.8 | Our Error Bud etis 3
% Contribution to Final MEV CBE Cont. MEV MPV % Cantribution to Final MEV CBE Cont. MEV \'IPV g
fraction of instrument error that propogates through: 25% CO m p i I atio n Of SO u rce S Of
1.1% Instrument [cm/s] (calibratable) 5.6 8.7 11.2 16.8 From Instrument [cm/s] (calibratable) 14 24 28
0.5% | Thermo-mechanical 3.7 69 T8 117 18.7% Calibration Source 6.6 94 1156 172 \ e rro r’ W h IC h a d d
0.3% | Room Thermal Stability [K] 02 057 06 09 A 8
Vacuum Thermal Stability [mK] 10 283 30 45 4.5% | Calibration Accuracy 43 37 &7 B85 q u a d rat I Ca I Iy to I nfo r m th e
0.1% | Thermal Stability (XD)[cm/s] 1.0 28 30 45 2.3% | stability [cm/s] 28 29 40 60 . H
14| Thomal Sty et 12 33 35 53|| | [20W|ohoonmons e 2 20 w0 oo | \ final performance baseline.
0.1% | Thermal Stability (Bench) 1.0 28 30 45
0.0% | Vibrational Stability 1.0 17 20 3.0 14.2% | Calibration Process 50 87 10.0 15.0
0.0% | Pressure stability 0.0 01 01 02 14.2% | Algorithm and Software [em/s] 50 87 100 150
0.0% [ LN2 fill transient 0.0 10 10 15
0.2% | Zerodur phase change 3.0 40 50 75
30.6% Instrument (Un-calibratable) 67 131 147 220 TOta I | g St rume nt E rror.
0.6% | Detector 4.2 69 81 121
0.0% | Pixel inhomogeneities [cm/s] 01 10 10 15 8.9% |Fiber and lllumination 26 74 79 119 27 cMm / S
0.0% | Electronics Noise [cm/s] 01 1.0 1.0 156 0.9% | calibrator modal noise [cmis] 1.0 23 25 38
0.1% | Stitching error [cmi/s] 20 22 30 45 0.9% | science modal noise [cm/s] 10 23 25 38
0.0% | CCD thermal Expansion [cm/s] 1.0 17 20 30 near-field scrambling® [GAIN] 200000 2x 10000 5000
0.2% |Readout Thermal Changes [cm/s] 2.5 43 50 75 3.5% |far-field scrambling*[cm/s] 20 48 50 75
0.2% | Charge Transfer Efficiency [cm/s] 2.5 43 50 75 3.5% | stray light [cm/s] 10 49 50 75
0.4% | Barycentric Correction 0.7 16 1.7 26
0.1% | Algorithms [cmis] 01 10 10 15 . (o)
21.2% | Telescope 57 108 122 183 0.1% | Exposure midpoint time [cm/s] 0y 07 10 15 I n St ru m e nt * 3 O * 6 A)
1.7%| Guiding* [RMS arcsec] 005 009 010 015 0.1% | Coords and proper motion [cm/s] 01 10 10 15 . (o)
175 uiin? i Atmosphere: 28.4%
6.9% | ADC* [Peak to Valley arcsec] 010 047 020 030 7.1% | Detector cal vs. sci fiber 35 61 74 106 o)
6.9% |ADC" [emis] 31 621 69 104 3.5% |Readout Thermal Changes [em/s] 2.5 43 50 75 Te I escope. 21.2%
3.5% Folc,us [emis] 25 433 580 75 3.5% |Charge Transfer Efficiency [cm/s] 25 43 50 7.5 C I . b t. . 1 8 7(y
9.1% | Windshake* [cm/s] 40 693 80 120 alipration: ./ /0
14.2% | Reduction Pipeline 50 8.7 100 15.0 . o
28.4% | Atmospheric B5 113 141 212 14.2% | Software Algorithms [cm/s] 50 87 100 150 Ca I | b rata b I e | nst: 1 . 1 A)
14.2% | Micro-Telluric Correction [cm/s] 8.0 6.0 10.0 15.0
14.2% | Sky Fiber Subtraction [cm/s] 3.0 95 100 150
49.6% External Errors 10.3 156 1B8.7 28.0




-@NEID So What Do We Need?

High Instrumental RV precision Understand Stellar Activity

‘Design

Heaters
Thermal Shield

LN2Tank
Getters

NEo21

Substantial
Observing Time

via a Queue
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ANEID Optical Design

CCD Stitch Boundaries —l

Implementation: Single arm white pupil Echelle
* Single mirror white pupil relay, 200mm beam
* 2x1 mosaic R4 Richardson Echelle

* Single prism cross disperser: Ohara PBM2Y

HRDE _;__.___.___ - “—¥ =140
 Refractive camera, 4 elements, folded & 3
* Single e2v CCD: 9k x 9k, 10 um pixels P
* 380-930 nm, complete coverage
. @
s Camera Fold ]
Parabola s Two Observing Modes:
Pupil Mirror My L1 i " * HR(R~100,000)
' i\ * Highest precision RVs

on bright targets
(V<12, e.g. TESS)
\i e Simultaneous Cal

= h ~ {@ « HE (R™60,000)
- Fiber * Faint targets (V<16)

- Input
R4 Echelle 008 e Poor weather
* e.g. K2
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5 NE | D System Throughput

* Spectrometer throughput >40% at 500 nm
 Mean system throughput of 5.6% (blaze peak) over the full bandpass.
 Matches HARPS over a wider bandpass

nwye—ma—7™m—m——————hput ' =
Atmospheric Extinction 43
// M1,M2,M3 Reflectivity  |-2
SOW Baffle Obscuration *
g 30 Telescope Port L‘é— =
g Seeingloss _________] o306 S
= Fiber Transmission e =
4 =T
=) D’ =
= Fiber Fresnel & Splice__ W& fq53 £
S Fiber Transfer Optics — o
S Pupil M1(x3),Fold(x2) g S
= [ Echelle v =
e 5 | Prism 3—77 L
= 5% (S N N ||| R | B\ — — (amera H -
Detector < [4.6
v
Monte Carlo Errors
Wiy o Ny 1.5
400 600 800 1000 1200

Wavelength (nm)
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ZAN|=|») Environmental Control

Vacuum chamber inherits HPF design, modified for 300 K operation

Heaters
Thermal Shield

Heaters
Thermal Shield

Thermal Straps
| = ——_1 \ /

~ A% LN2 Tank
LN2 Tank - - et
Getters 2w Y
‘/?/ NEo21
3025010t 14 Control Channels: Per-channel RMS=0.102-0.168 mK
. 3025005 F s bt s L)
Full scale tests with HPF cryostat 302.5000}
, 3004995 1 T T v
at 300 K demonstrate: < 30049901 ] |
S
2 200G tical Bench: 15-day RWS=0.63 mK
e AT<1mK $ 302910}
£ 301.9120
e P<107T 2 30290t30p0115f
< orr 302.8001 302.9110+ isaehiaiiimtniisialny
302.9105 T R 1-day RMS: 0.14 mK
302,880 30291001
302.870 =

S oA O N DD TE I O I
KA QAR \'ﬁ&@\“ AT QS
NASA ExoPAG14 Date 2015 (UTC) June 11-¥8%016



Fiber Feed

Oct + DS + Oct + Circ SG: >20000

Feed identical Science & Sky fibers at the
Upper Bent Cass port

e Polymicro FBP octagonal

* HR:62.5 um (0.927)

e HE: 100 um (1.47")

Provide a stable PSF, insensitive to guiding or
illumination changes

e Ball lens double scrambler
e Octagonal -> circular splices Far-field

0 Input 0

Lab measurements
of the fiber feed

Input pupil

TPS :
Telescope > (Telescope Port Sys. —>  Fiber Head

A

___________________

777777777777777777

—> (0 CircularFibers

X v

: Fiber Agitator >: : —>» &0 Octagonal Fibers
: ! L ] : 1

¥ Double-Scrambler (x3) |~ |! | Spectrometer Room :: D)0 Fiber Bundies
Calibration —- !

T Source Selector Fiber Splices |+-—» NEID Spectrometer | !

Calibration Source Bench :

______________________________________________________________

______________________________________________________________
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& NEID Wavelength Calibration

A
Menlo Systems Astro Laser Freq. Comb S R T_>
° 20GHZ|inespaCing ERETEIRE RSN S SRAN SRR R RN R
e 420-900 nm requirement, 400-930 nm best effort Comb + HD168723

e Individual line centers known to < 3 cm/s

e Absolute accuracy better than 1 partin 10*°
* Being used by HARPS, ESPRESSO

* Comb-comb test at HARPS achieve ~4 cm/s

Input —>&

Sources:
e LFC
* FFP
* ThAr

e Une -E-:E é S 1 | £ ':'55

.‘.
-l
- T,
Tatalte
s S eg =
-

+ Flat

NEID Calibration Bench

NASA ExoPAG14




ANEID Data Pipeline

3000 3500 4000 4500 5000 5500
20 Tau Ceti . . E
. . . - LI T . o ]
* Automated pipeline runs daily at NExScl - TR Rt R
E _5005_ . L) -. _E
= F A 100 . ]
& C Our RV Pipeline Ll S ]
: : -1000F vt - - 9o - L T 3
e Data served to GO Pls and the community via a ' 0y =156.5 /s r S ]
1500w inset=38.Tcm/s v N v R VRV
NExScl portal 500 .. ]
. S S '___'_,.':..o___:..:____-' L S
 Raw images, reduced spectra, RVs, g F¥ TS {§- .
S, -500 * ‘ -
. . . . . = 100 0
ancillary products (activity metrics, telluric =z _ HARPSPipeline  *HF 7. o L.l
. . . Op=154.1 cm/s o0k - : ot .
metrics, barycentric correction, etc.) sopf_owinset=383anis Mgy
3000 3500 4000 4500 5000 5500
JD-2450000.0 [days] NF032
NEID CCD ] Level 0 Science Image |« TCS, ICS, Target Header Keywords |
Wavelength Solution ———
A 2
Master A Reference RawImage | - | Dark scence Fiber__y, 11D Spectrum (pixels)
+ Optimal Extraction +
Nightly Fiber-Fiber \ Calibration [€ lbrati
oy e e Normalized Flat Field —Calibration__, ' ¢ j4aneous  Cal
v Fiber Extraction ¥
Fibﬂ?—%[i?)g?t[grift —> glﬂ:}gm > 10 Wavelength Calibrate Spectrum
Spectral Extraction |
¥ J b 4 + YY
Post Processing 1D Wavelength Calibrated Spectrum i alive ey Level 1 Data_ &
¥ Level 1 Spectrum
A Dependent Photo-Center : - r ¥
Time Correction Forward Model Telluric Correction
¥ ¥ J Mask Based Cross-Correlation
Barycentric Velocity Correction [ Level 1 Spectrum u A2 L4
Radial Velocity (CFs > L
o i by ord > Level2Data |«
Activity Indicators <J ( yolr gl (by order) AA A A
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-@NEID So What Do We Need?

High Instrumental RV precision Understand for Stellar Activity

‘Design

Heaters
Thermal Shield

LN2Tank
Getters

NEo21

Substantial
Observing Time

via a Queue
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ANEID Stellar Activity Will Contaminate RVs

At RV=1m/s and below, all stars are plagued by stellar activity signals

Typical RV Amplitudes:
e short-term magnetic activity: few m/s

* long-term magnetic activity cycles: few to 10+ m/s
e granulation: ~10+ cm/s

For NEID (and other new PRV spectrometers) astrophysical noise is at least
as important as instrument induced measurement noise!
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7. NEID Magnetic Activity Masquerading as Planets

Rotating spots and active regions create periodic
RV signals at the rotation period and harmonics

Gliese 581d RV ‘signal’ corresponds to stellar
rotation period (Robertson, Mahadevan, Endl &
Roy Science, 2014)

6 T
4 _ _|
/—\GD
=
Syl -8
3
L 1 =
—_ —
éﬁ 0 ﬂ 1o
* 6
= 4 =
> -
2 - —
a7 >
1o
4 _ 8
I =
6 + HARPS RV —
» Relative Hou Absorption i
1 | 1 | 1 | 1 | 1
2485200 2455250 2455300 2455350 2455400 2455450 2455500 B4 38 a440
Barycentric Julian Date Wavelength, A

This is a problem for detecting true Earth analogs!
Animation via Svetlana Berdyugina



b7 NEID Activity Cycles Mimic Jupiter Analogs

HD 10086 (Endl et al. 2016):

g T T T l .i T T T
e 7.7 year periodic signal =8
e« K=11m/s =%
— Msini = 0.74 Mjup @ 3.9 AU -
> ot
* Highly correlated with periodic signal in S
) 3
Ca H & K index x
)
— NOt a planEt! 0 S(I)O 10L00 1500 2000 25b0 30J00
Time [JD]
| [
401 | -
L 3
_20F g =g .
% 4 . s 8
= —3 B amy 1 : =
= of- | i N -
— :I 3
Ay =R 1Ly 4;.4{’ g
=20+ "k ik 8l ], = - - - - - .
20 - I ! Cj‘ig 3] ! 0 500 1000 1500 2000 2500 3000
If ~Lid Time [JD]
" | L ] L |
0.2 0.25 S 0.3 0.35
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A NEID The NEID Precision RV System: Astrophysical Noise

NEID captures the important activity indicators
and most of the Doppler information for F-K dwarfs

NEID
<€ >
HARPS
— < >
w12 %: ! : Lo
E10f o | SelerZa | G g ot
C c O | —— 5500K =z L = O:
oo g - -
BB . |—— 4500K
O . |—— 3500K
2o 6\
o 4 :
N 4| :
0 @ 5
== 5 !
W ! <. : ! N |
@) : . , . .
c 0 L ‘ — 1 ‘ o -
N 400 500 600 700 3800 900
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-@NEID So What Do We Need?

High Instrumental RV precision Understand Stellar Activity

‘Design

Heaters
Thermal Shield

LN2Tank
Getters

NEo21

Substantial
Observing Time via

a Queue
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5 NE|D The need for time

Instrumental precision only translates into rocky planet
discoveries with significant time investment

Number of Queue Nights Per Year
10 15 30 50 75

l T
(GTO)

30

N
o

RV Amplitude Sensitivity (cm/s)

—_
o

PR | , ) ) . . o
NEOO 100" Number of Observations Per Star 1000

Planet Mass Detectable in Habitable Zone of a K2V Star (Earth Masses)

WIYN NEID time will operate in a queue mode to optimize efficiency across programs
NASA ExoPAG14 June 11-12, 2016



@ANEID

Science: GO campaigns

Typical GO campaign (5 nights/yr for 5 years)
Yellow line = 1 Earth-mass planet @ given RV amplitude sensitivity

\[3]))
1\5 nights/year

| HARPS
1 (50 cm/s)

Gliese 667Cc

I~

Venus
= @& "
m Earth Mars

" TESS

" (edliptic poles)
|

NEID
50 nights/year

100
Period (days)
Image Credit: Chester Harman  Planets: NASA/JPL/APL/Arizona/UPR at Arecibo

“Hot Earths”
orbiting G-K
stars for JWST
spectroscopy

TESS, K2
confirmation
and masses of
rocky planets

Nearby giant
exoplanet
imaging
candidates



CET’ENEID Science: GTO / Large GO Campaigns | | 4

GTO / large GO campaign (30 nights/yr, 5yr): 2 Earth-mass planet in HZ of K dwarfs

Venus HZ Earth-mass

) I~

3 Farth — Mars planets orbiting

"TESS M-K stars

" (edliptic poles)
|

NEID

1\5 nights/year Nearby less

massive
exoplanet

NEID imaging
50-nights/year candidates

Masses for non-

_ \ transiting

_- (Isi(f\cllinlg ~: planetsin

! TESS/Kepler TTV
systems

Gliese 667(c

Period (days)
Image Credit: Chester Harman  Planets: NASA/JPL/APL/Arizona/UPR at Arecibo




& NEID Schedule & Status

Concept

Final Design

Fabrication & Assembly

Testing Commissioning

Concept

Study <><> <> ‘ ’
Begins— |RR Submit Selection DDR
8/3 10/2 1/29 41 8/18

OPR/SIR ABPR/PSR ORR
3/27 7131

e JPL & PSU contract finalized 4/21/2016

 UPenn & UC subcontracts underway

* Long-lead procurements:
— Vacuum chamber fab (P

ulseray)

* Materials ordered this week. Fab
schedule to start June 22.
* Delivery to PSU October 2016

e TCS fab at PSU underway
— Prism

e Glass melt underway @ Ohara

(~9-12 month anneal)

* Fab vendor visits underway

— Echelle Grating (Newport/RGL)

PO isout (*12-14 month fab)

NASA ExoPAG14

Focusing now on:
— OAP
e SoW being finalized

— Detector (e2v)
e UPenn sole source this month

— Camera (NEOS)
* NRE underway
e 54 week delivery

— Menlo Comb - FY17

DDR moved to winter 2016 to
accommodate available funding profile

On schedule for April 2019 delivery

June 11-12, 2016




#HNEID Stay Tuned for Frequent Updates!

NEID will be here
by October 2016

Habitable Zone
Planet Finder

Our integration
clean-lab at Penn
State

We’re hiring:

Software Postdoc (data pipeline) — ad is out now
UPenn Detector Postdoc — ad is out now
PSU Research Associate (instrumentation generalist) — ad will appear soon
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