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Science case: Planetary systems

• Characterization of planetary systems ("Origin of 
life", habitability)

• 834 planets known, 282 transiting (last 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 S1600A1

Primary transit:
Atmospheric absorption

Secondary transit:
Self-emission (mIR), 

reflection (VIS)
During eclipse:

Star only
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Observation setup

• Single star (point source) in 1.6" slit

• Different NIRSpec modes (filters, dispersers)

• Subarray readout

• No dithering



ELIXIR school III: Exoplanets with NIRSpec

Spectra shapes and locations

• PRISM: short 
spectrum

• Gratings: longer, 
multiple orders

• Spectra curved

• Slit tilt: 4–12 
degrees
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General observation properties
• Wavelength coverage:

‣ PRISM + R1000: full bands

‣ R2700: detector gap lost

- 1.31 – 1.35 µm

- 2.20 – 2.26 µm

- 3.72 – 3.83 µm

• Subarray of 2048 x 32 pixel

‣ Accommodate spectrum curvature

‣ Reference pixels needed
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Host star brightness limits

• Saturation limit: 55,000 ADU

• Subarray readout: 2048x32 pixels

• At least 2 non-saturated groups needed

• Minimum magnitudes in bands:

Resolution J K L

R100 12.2 10.3 8.5

R1000 8.8 7.6 6.7

R2700 7.7 6.6 5.7

Severe restriction on observable systems
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Slit and diffraction losses

• Truncation of PSF in slit and 
pupil at disperser

• Random jitter in slit: <7 mas 
(1σ) during 10,000 sec 
(requirement)

• Simple drift on very short 
timescales

• Expected drift during one 
exposure: 5 mas

• Characterize with RMS in 
radial distance

7 mas

G235H, 2.45 µm
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Slit and diffraction losses

• Relative error of throughput typically 2·10-5
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Additional noise in transit observations

• Pointing jitter

‣ Variation of throughput ≈2•10-5

‣ Negligible compared to shot noise

• Intra-pixel sensitivity variation, PSF stability

‣ Mostly in low spatial frequencies

‣ No impact expected/simulated

• Background/dark subtraction

‣ SNR change <10-4

• Readout noise

‣  	
     ≈ 20e- per pixel, significant

left with photon and readout noise

σread
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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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Example host stars
Hot Jup.: HD189733

• G5, 19.45 pc

• 0.757 rSun (Torres et al. 2008)

• magK=5.54 

• Kurucz model

Super Earth: GJ1214

• M4.5V, 12.95 pc

• 0.2064 rSun (Berta et al. 2010)

• magK=8.78

• NextGen model
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What about HD189733 again?

• Saturation only in small region

• Observability depends strongly on stellar spectrum
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Effective exposure times

Planet NIRSpec mode
Maximum group 

number ng
Duration Ttrans / sec

Effective exposure 
time teff / sec

HD189733b (eclipse) R2700 band III 2 3456 (Knutson et al. 2007) 1151

HD189733b (transit) R2700 band III 2 3600 (Winn et al. 2007) 1200

GJ1214b R1000 band I 6 2406 (Berta et al. 2010) 1717

GJ1214b R1000 band II 6 2406 1717

GJ1214b R1000 band III 12 2406 2033

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

• Limited number of exposures: reduction of 
effective exposure time
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• Star count rate   , transit depth   

• Transit depths:

‣ Primary transit:

‣ Eclipse:

Signals and SNR for transits

d =
Rout − Rin

Rin

R d

d =
Rout −Rin

Rout

Time

Signal

I IIIII
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• Primary transit: detection of atmosphere with 
effective height    around planet with radius      :
(Kaltenegger & Traub 2009)

• number of exposures     , summation over           
	
 	
       pixels in column

• SNR:

Signals and SNR for transits

rPlh

d
σd

=
d R teff�

2(R teff + 2 npix ne σ2
read)

d =
2rPlh
r2

Star

ne
npix = 16
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Simulation setup

• Star in S1600A1 

• As-built instrument model, but uniform QE

• No readout, only electron rates

• Exploration of performances: Noise used in 
analysis

• Extraction: Sum of 16 pixels in each column
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HD189733b: Primary transit

∆λ = 0.67 nm
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HD189733b: Eclipse

∆λ = 0.67 nm
Data points:

Waldmann et al., 2012
(4 transits, R=175)
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GJ1214b: Atmospheric features
Today:

(Berta et al. 2011)

(smoothed with 11 pixel median)

NIRSpec:

16 Berta et al.

Figure 12. GJ1214b’s transmission spectrum from WFC3 in the context of observations from the VLT (0.6-1 µm; Bean et al. 2010, 2011),
CFHT (1.25 + 2.15 µm; Croll et al. 2011), Magellan (2.0-2.3 µm Bean et al. 2011), and Spitzer (3.6 + 4.5 µm; Désert et al. 2011a). While
they do not measure an absolute transit depth, observations from NIRSPEC on Keck (2.1-2.3 µm Crossfield et al. 2011) disfavor models
they tested that had amplitudes larger than 0.05% in their wavelength range; we represent these constraints with the dashed rectangular
boxes. Two extremes of the models explored in this paper are shown, normalized to the MEarth-measured transit depth (see Miller-Ricci
& Fortney 2010). It is important to note that stellar variability could cause individual data sets to shift up or down on this plot as much
as ∆D = 0.014% in the near-IR or 2− 3× more in the optical, depending on the stellar spot spectrum.

tal model, the camera delivered nearly photon-limited
performance both in individual spectrophotometric light
curves and in summed white light curves. We are con-
fident that WFC3 will serve as a valuable tool for exo-
planet atmospheric characterization in the years to come.
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dell, Martin Kümmel, Ron Gilliand, Tom Wheeler, and
the CfA Summer Statistics Club for valuable discus-
sions regarding this work. We are extremely grateful to
our Program Coordinator Patricia Royle, Contact Sci-
entist Howard Bushhouse, the WFC3 instrument team,
the entire staff at STScI and NASA, and the crew of
STS-125 for their crucial roles in enabling these obser-
vations. We thank the anonymous referee for a thor-
ough reading and thoughtful comments that improved
the manuscript. E.K. acknowledges funding from NASA
through the Sagan Fellowship Program. P.R.M. thanks
CfA director Charles Alcock for enabling a sabbatical at
SAO. We gratefully acknowledge funding from the David
and Lucile Packard Fellowship for Science and Engineer-
ing (awarded to D.C.), the National Science Founda-
tion (grant AST-0807690, awarded to D.C.), and NASA
(grant HST-GO-12251). This work is based on obser-
vations made with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute,
which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS
5-26555. These observations are associated with program
#GO-12251. This research has made use of NASA’s As-
trophysics Data System.
Facilities: HST (WFC3)

REFERENCES

Agol, E., Cowan, N. B., Knutson, H. A., et al. 2010, ApJ, 721,
1861

Batalha, N. M., Borucki, W. J., Bryson, S. T., et al. 2011, ApJ,
729, 27

Bean, J. L., Désert, J.-M., Kabath, P., et al. 2011, accepted to
ApJ, (arXiv:1109.0582)

Bean, J. L., Miller-Ricci Kempton, E., & Homeier, D. 2010,
Nature, 468, 669

Berta, Z. K., Charbonneau, D., Bean, J., et al. 2011, ApJ, 736, 12
Brown, T. M. 2001, ApJ, 553, 1006
Brown, T. M., Charbonneau, D., Gilliland, R. L., Noyes, R. W.,

& Burrows, A. 2001, ApJ, 552, 699
Burke, C. J., McCullough, P. R., Bergeron, L. E., et al. 2010,

ApJ, 719, 1796
Burke, C. J., McCullough, P. R., Valenti, J. A., et al. 2007, ApJ,

671, 2115
Carter, J. A., Winn, J. N., Gilliland, R., & Holman, M. J. 2009,

ApJ, 696, 241
Carter, J. A., Winn, J. N., Holman, M. J., et al. 2011, ApJ, 730,

82
Carter, J. A., Yee, J. C., Eastman, J., Gaudi, B. S., & Winn,

J. N. 2008, ApJ, 689, 499
Charbonneau, D., Berta, Z. K., Irwin, J., et al. 2009, Nature, 462,

891
Charbonneau, D., Brown, T. M., Noyes, R. W., & Gilliland, R. L.

2002, ApJ, 568, 377
Charbonneau, D., Knutson, H. A., Barman, T., et al. 2008, ApJ,

686, 1341
Claret, A. 2000, A&A, 363, 1081
Claret, A., & Hauschildt, P. H. 2003, A&A, 412, 241
Croll, B., Albert, L., Jayawardhana, R., et al. 2011, ApJ, 736, 78
Crossfield, I. J. M., Barman, T., & Hansen, B. M. S. 2011, ApJ,

736, 132
Deming, D., Harrington, J., Seager, S., & Richardson, L. J. 2006,

ApJ, 644, 560
Deming, D., Seager, S., Winn, J., et al. 2009, PASP, 121, 952
Désert, J.-M., Bean, J., Miller-Ricci Kempton, E., et al. 2011a,

ApJ, 731, L40+
Désert, J.-M., Lecavelier des Etangs, A., Hébrard, G., et al. 2009,
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Earth-sized planet around M4.5V 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 M4.5V star

• Atmospheric feature detection:

‣ SNR in single transit

‣ N5: number of transits for SNR=5

‣ T5: Time needed for N5

Molecule
Center wavelength 

λ / µm
Feature width 
∆λ / µm

Effective 
height h / km

single 
SNR N5 T5 / years

H2O 1.9 0.2 5 0.3 278.7 9.3

CO2 2.8 0.1 20 0.44 130.3 4.37

H2O 3.3 0.25 20 0.94 28.3 0.97

CO2 4.3 0.4 20 0.84 35.8 1.2

Large features within reach during mission
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Conclusions: Simulation and targets

• Simple simulation: only 1 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


