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Science case: Planetary systems

® Characterization of planetary systems ("Origin of
life”, habitability)

® 834 planets known, 282 transiting (iast week)

® Detection of absorption features in atmospheres
(O2, O3, CO2, H2O, CO, CH4, Na, K)

® Detection and spectroscopy of thermal emission
from planets
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Transit observations

® Typical signal levels: 1:100,000

® Successful observations with HST, Spitzer, and from
ground (Charbonneau et al., 2002, 2005, Bean et al., 2010)

® NIRSpec: special square aperture S1600Al

Secondary transit:
During eclipse: Self-emission (mlIR),
Star only ® reflection (VIS)
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Observation setup

® Single star (point source) in |.6" slit

® Different NIRSpec modes (filters, dispersers)

. SUbarra)’ readOUt Input FOV with MSA elements
® No dithering
= 3 Q1
!
AR
g-o.g | o o

-1.7 -0.8 -0 0.8 1.7
Approx. input FOV x / arcmin
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Spectra shapes and locations

2044

® PRISM: short
spectrum

World pixel y coordinate 491

® Gratings: longer,
multiple orders

.
’s 20442044 5
World pixel x coordinate 491 and 492

® Spectra curved

° ° 1000 led
. It tl t‘ Electron rate / electrons s-1
|
°
d eg re e S OTE05_MSA05_CLEAR_PRISM 25 SLIT star_GJ1214_01_01_res_000, CLEAR, PRISM
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Spectra shapes and locations

2044

2044

® PRISM: short
spectrum

® Gratings: longer,
multiple orders

World pixel y coordinate 491

® Spectra curved

® Slit tilt: 4-12
degrees ——

r
’s5 20442044 5
World pixel x coordinate 491 and 492
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Spectra shapes and locations

® PRISM: short
spectrum

® Gratings: longer,
multiple orders

® Spectra curved

e Slit tilt:4—12
degrees
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(General observation properties

® Wavelength coverage:

» PRISM + R1000: full bands
» R2700: detector gap lost

Target spectrum trace

S 131-135pm .,
. 220-226pym
. 372-383um

961
730 20442044 123

. SUbarray Of 2048 X 32 Pixel orld pixel x coordinate 491 an

» Accommodate spectrum curvature

» Reference pixels needed
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Host star brightness limits

. NIRSpec/NRSRAPID
GROUPGAP=0

® Saturation limit: 55,000 ADU L

® Subarray readout: 2048x32 pixels

[ At IeaSt 2 non'saturated grOUPS needed // Effect've'ntegraﬂon“me

® Minimum magnitudes in bands:

Resolution J K L |
R100 12.2 10.3 8.5 I
R1000 8.8 7.6 6.7 I
R2700 7.7 6.6 5.7 l

» Severe restriction on observable systems
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Today's transiting planets

. lanets.org | 9/20/2012
003 NIRSpec mag limit Sxoplanets.org 2

HD189733b e 2”

N\ * o
[

o ¢ [

¢ < |
0.02 e WL . s A&
£ HD209458b GJI214b & “WASP12b _ * & =
D & ° ° @ o © ° ® n
a Y e . S
= . ®©%° .o S =
(/p) ® ®o®, og °® —y—
(- o® o ‘ -~ O ° ® o
So.01—— GJ436b Il L c N =
" \ ° .‘.~ ‘e ¢ o ©°°° O
. o I S oq " o o = '§
55 Cnhce " ’ "o | o . S

/ : SR
~ . Y | % ° -

Lo . o |o° YR A : o B

0.00 : 0736 1472 - 2_%)7‘ 2,%3 - 3.6‘79 H
| - Planetary Radius [Jupiter Radii] | |
4 6 8 10 12 14 16

Host star 2MASS K

ELIXIR school lll: Exoplanets with NIRSpec




Slit and diffraction losses

® Truncation of PSF in slit and
pupil at disperser

20 Slit and diffraction losses in A 1600

® Random jitter in slit: <7 mas

N
o
|

5.260
5.256

(10) during 10,000 sec S
. > 10 15.252
(requirement) S 2
'g ol -5.2485
® Simple drift on very short ¢ %243
. Ea— 5.240
timescales B
& 5.236
—20F
5.232

® Expected drift during one

i i i i i
-30 -20 -10 0 10 20 30

eXpOSU re. 5 mas Relative sky position x / mas
G235H,2.45 ym

® (Characterize with RMS in
radial distance
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Slit and diffraction losses

® Relative error of throughput typically 2 <10~

Photometric drift noi

sein A 1600 for G235
T T T T T 7

H x107
T

o

Ul

SN

w

N

Drift movement during exposure / mas
=

1.8 2.0 2.2 2.4 2.6 2.8 3.0
Wavelength / ym
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Additional noise in transit observations

30 Slit and diffraction losses in A_1600

® Pointing jitter

20F
10

» Variation of throughput =2¢10-

ol R

» Negligible compared to shot noise

—10F

Relative sky position y / mas

—20F

® |Intra-pixel sensitivity variation, PSF stability

_ I I I I I
3930 -20 -10 0 10 20 30
Relative sky position x / mas

» Mostly in low spatial frequencies
» No impact expected/simulated
® Background/dark subtraction

» SNR change <10

® Readout noise

» Opepd ~ 20e per pixel, significant
* left with photon and readout noise
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Simulated cases

® Hot Jupiter around G5 MS star: HD189733b
» Typical HST case (optical, UV)

® Super-Earth around M4.5 dwarf: GJ1214b
» Ground based (optical, near IR)

® Earth-sized planet in habitable zone around M4.5
dwarf

» So far inaccessible / not found

® No stellar activity!
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Spectral radiance / photons st m? pm'l
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Example host stars

Hot Jup.: HD 189733
G5, 19.45 pc

0.757 rsun (Torres et al. 2008)
magk=5.54

Kurucz model

Input star spectrum of HD189733

Wavelength / um

Spectral radiance / photons st m? pm'l

Super Earth: GJ1214
M4.5V, 12.95 pc
0.2064 rsun (Berta etal.2010)
magk=8.7/8

NextGen model

Input star spectrum of GJ1214

[
o
~

Wavelength / um



What about HD189733 again?

® Saturation only in small region

® Observability depends strongly on stellar spectrum

HD189733: Maximum electron rate in column with R2700
| : : '

~ 40000} {}[- {1

50000

— Readout data .
Saturation limit [
Saturation region |:

30000 { -t d e W S RS T :

20000

Electron rate / electrons s

10000

0 3.0 3.5 4.0 4.5 5.0
Wavelength / pum
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Effective exposure times

. NIRSpec/NRSRAPID

® Readout overhead:2 groups per integration |
(reset, first read)

To SSR

From FPE

® Limited number of exposures: reduction of
effective exposure time

Effective Integration Time

Planet NIRSpec mode Ma>r:iurrn11ubn; rg;jup Duration Tirans / sec Eff:icl;cqi\e/ete;tp;scure
HD189733b (eclipse) R2700 band I 2 3456 (Knutson et al. 2007) 1151
HD 189733b (transit) R2700 band Il 2 3600 (Winn et al. 2007) 1200
GJ1214b R1000 band | 6 2406 (Berta et al.2010) 1717
GJ1214b R1000 band 6 2406 1717
GJ1214b R1000 band Il 12 2406 2033
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Signals and SNR for transits

® Star count rate R, transit depth d

® J[ransit depths:

Royt — R;
» Primary transit: d = out =
Rout
Rout — K;
» Eclipse: d = 7
Rin
N | 1l
Signal [ T
>
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Signals and SNR for transits

® Primary transit: detection of atmosphere with

effective height /1 around planet with radius 7p; :
(Kaltenegger & Traub 2009)

B 27’plh

2 O
rStar

d

® number of exposures 71, , summation over
Npiy = 16 pixels in column

d Rt
® SNR: iz ff

Vd \/Z(R bofr + 2 Mpix e 07, )

ELIXIR school Ill: Exoplanets with NIRSpec



Simulation setup

Target spectrum trace

989

rdinate 491

Star in SI600A |

730 20442044 123
World pixel x coordinate 491 and 492

As-built instrument model, but uniform QE
No readout, only electron rates

Exploration of performances: Noise used in
analysis

Extraction: Sum of |6 pixels in each column
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HD189733b: Primary transit
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AA = 0.67 nm
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HD189733b: Eclipse

HD189733b: SNR of secondary eclipse with R2700
0.012 ; N
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Wavelength / pm Data points:
AA = 0.67 nm Waldmann et al., 2012

(4 transits, R=175)
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(GJ1214b: Atmospheric features

Today: Bl

) 1.45?%%
. 1.40F

(Berta et al. 201 I) e | L) TR
< 1.35 bt fi"'gt,é"::\& Fer " e
@ T LN ol ol
— 1.30F
1.25F | ||| | |
0.6 0.7 0.80.9 1 2 4

Wavelength (um)

VLT (Bean et al, 2010)

Spitzer (Désert et al. 2011)
CFHT (Croll et al, 2011)

Keck (Crossfield et al. 2011)
VLT /Magellon (Bean et al. 2011)
WFC3 (this work)

1 ¢ (stellar variability in NIR)

solar
100% H,0

NIRSpec:

o
o
o

600}

200

Effective atmospheric height / km

Band |
1 2

(smoothed with || pixel median)

Band Il
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~GJ1214b: SNR of atmospheric height with R1000
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Wavelength / pm
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Earth-sized planet around M 4.5V star

® Put GJ1214 at 10 pc distance

® Earth-sized planet in habitable
zone

» Semimajor axis: 0.0558 AU

» Orbital period: 12.18 days

» Transit duration: 1.60 h
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Earth-sized planet around M 4.5V star

® Atmospheric feature detection:

» SNR in single transit

» Ns: number of transits for SNR=5

» Ts5:Time needed for Nj;

Molecule Cente;\ \;vz\::length FeaAtt;\ rc/e L\:erdth heg;‘]ic;i\//ekm ssiﬁllp\e N T 5t
H.O 1.9 0.2 5 0.3 278.7 9.3
CO, 2.8 0.1 20 0.44 130.3 4.37
H.O 3.3 0.25 20 0.94 28.3 0.97
CO, 4.3 0.4 20 0.84 35.8 |.2

* Large features within reach during mission
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Conclusions: Simulation and targets

® Simple simulation: only | point source
® Data exploitation directly from electron rates

® Restriction of observable stars: (almost) too
sensitive!

® Only few Neptune/Earth-sized targets known
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Conclusions: Analysis

® Photon and readout noise dominant

® Observation examples:
» Hot Jupiters characterized in one observation
» Super-Earths: On the edge with one transit
» Earth-sized planets: Multiple visits required

® Massive improvement over current and near-future
facilities
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