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Abstract

I develop and present an improved method for modeling and removing the contam-

ination from WFC3 Infrared Spectroscopic Parallel (WISP) Survey grism data. WISP

takes slitless spectroscopy data, which means that spectra of different objects may

overlap in the observations. The current cleaning algorithm assumes a multi-Gaussian

intensity profile for modeling the overlapping objects. The new algorithm I develop

calculates the profiles from the direct image of the galaxy. I discuss current shortcom-

ings of my method and where it can be improved. This algorithm will be made publicly

available and eventually incorporated into the WISP pipeline.1

1 Introduction

The formation and evolution of massive galaxies is an area of active research in astronomy.

The study of galaxies in the early universe is necessary for understanding how modern

galaxies evolved. The bulk of star formation occurred during 0.5 ≤ z ≤ 2.5 (e.g. Daddi

et al. 2007; Hopkins 2004), corresponding to roughly 4.5 to 9.2 billion years ago. Probing

this epoch and earlier requires both deep and wide IR surveys, due to the redshifting of

important spectral features at those ages.

Ground-based surveys have difficulty measuring the spectra of faint galaxies at these

redshifts due to the bright near-IR airglow and strong emission lines from OH. Normally,

observations are done on single objects, which requires a pre-selection and thus introduces

biases (Colbert et al. 2013). Observations from space remove the effects of atmospheric

emissions and allow measurements at a wider range of wavelengths.

The WFC3 Infrared Spectroscopic Parallel (WISP) Survey (Atek et al. 2010) is a space-

based, pure parallel spectroscopic survey utilizing the Hubble Space Telescope (HST). WISP

uses the Wide Field Camera 3 (WFC3) (Kimble et al. 2008) G102 and G141 infrared grisms

to measure the spectra of 123′′ × 136′′ fields of galaxies. As a pure parallel survey, it does

1Source code available at dx.doi.org/10.5281/zenodo.49092.
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not select specific fields in advance; rather, as HST is used for COS and STIS observations,

WFC3 takes observations in parallel approximately 5′ away.

Observing each field with both the G102 and G141 grisms has some benefits over other

surveys, which often only use G141 (e.g. 3D-HST, Brammer et al. 2012). The grisms have

overlapping wavelength ranges, so observations with both grisms cover the wavelength range

800 to 1700 nm. Most importantly, this provides the measurement of additional emission

lines that a survey more limited in wavelength range is unable to provide; due to the smaller

range of observation, most G141-only observations observe only a single line per object. In

contrast, WISP is sensitive to the Hα, [O iii], Hβ, and [O ii] lines over a wide range of

redshifts (Colbert et al. 2013).

Slitless spectroscopy does have drawbacks. One of the drawbacks is that because the

objects being observed do not have their images separated prior to passing through the

grism, it is possible for the spectra of different objects to overlap in the observed image.

This contamination may substantially change the total flux and shape of the extracted

spectra. The original image processing pipeline can identify strong emission lines despite

this; however, features of the relatively fainter continuum spectrum become muddled.

The purpose of this project is to create an algorithm that can model and remove the

contaminating spectra from the grism data. With them thus removed, the accuracy of

the measured 1D spectrum is improved. I implement an empirical model for modeling the

contaminating 2D spectra so that it can be removed from the data, in contrast to the multi-

Gaussian model currently used. Adding this step to the existing pipeline will allow for better

analysis of redshifted continuum-emission features, such as the 4000 Å and Balmer breaks.

This is especially important for studying quiescent galaxies at high redshifts, which do not

have emission lines (Bedregal et al. 2013).
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2 Data

2.1 WISP Fields

This algorithm uses three types of data products from WISP: direct images, dispersed images,

and object catalogs. The process by which WISP produces these data products is described

in additional detail in Atek et al. (2010). The infrared channel of WFC3 covers a 123′′×136′′

field of view, with a physical scale of 0.13′′ pixel−1. The direct images are taken with both

the F110W and F140W filter of WFC3, which cover wavelength ranges of 900 to 1400 nm

and 1200 to 1600 nm, respectively (Dressel 2016). In the direct image, both axes are spatial,

and I will refer to them later as the x-axis and y-axis. WISP uses AstroDrizzle (Gonzaga

et al. 2012) to clean and combine observations. An example of this final data product is

shown on the left of Figure 1. Pictured is the direct image of Parallel Field #167.

The images are also dispersed using the G102 and G141 grisms, which correspond to the

wavelength ranges of the F110W and F140W direct images, respectively. Images dispersed

with the G102 grism cover the range 800 to 1150 nm with a dispersion of 2.5 nm pixel−1,

while ones dispersed with the G141 grism cover 1100 to 1700 nm with a dispersion of 4.7 nm

pixel−1 (Dressel 2016). The image is dispersed along the abscissa, so the dispersed image has

a wavelength coordinate along the λ-axis rather than a spatial x-axis. It has the same spatial

y-axis. The dispersed image is also drizzled to keep the positions and scale the same as in

the direct image. On the right of Figure 1 is an example dispersed image, also of Parallel

Field #167.

Dispersing the image with the grism creates multiple orders of spectra. This is shown for

both grisms in Figure 2 (images taken from Dressel 2016). This algorithm only attempts to

remove contamination from first-order 2D spectra, since those are the spectra from which

the 1D spectra are extracted.

Finally, WISP provides source catalogs for all objects in the field. This catalog is gener-

ated by running SExtractor (Bertin & Arnouts 1996) on the drizzled direct images, which
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Figure 1: Example pair of WISP images of field 167. Left: The direct image from F110W.
Right: The dispersed image from G102.

Figure 2: Top: G102 dispersed image with an F098M direct image superimposed to illustrate
the relative positions of the traces. Spectral orders 0, +1, and +2 are visible. Bottom: G141
dispersed image with an F140W direct image superimposed. Spectral orders 0 through +3
are visible. Images taken from Dressel (2016).
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Figure 3: Top: An example portion of the F110W direct image. The black ellipses are
elliptical parameters of the galaxies in the object catalog. Bottom: The stamps of the two
galaxies, cropped to twice the size of the outline.

creates separate catalogs for the F110W and F140W images. These are then matched and

put on the same numbering scheme. Each object in the catalog has information about its

position, projected semimajor and semiminor axes, orientation, magnitude, and star/galaxy

classification.

2.2 Individual Objects

To process the spectrum of a particular galaxy in the field, first it must be isolated from

the direct image for modeling. The source catalog contains parameters describing an ellipse

outlining each object. I cut a stamp from the direct image to fit this ellipse, as shown in

Figure 3. These stamps are used to model the profile in the spatial direction of the 2D

spectra, as is discussed in the following section. Stamps are cut for all objects in the source

catalog associated with each field.
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Figure 4: Example of a dispersed image cut from the G102 image of field #167. Visible
immediately below and to the right of the main spectrum belonging to object #22 is a
contaminating spectrum from another galaxy, object #18.

WISP provides cutouts from the dispersed images processed via aXe (Kümmel et al.

2009) similar to the direct image stamps. These cutouts cover the wavelength range of each

grism, but vary in spatial extent proportional to the size of the object. Figure 4 shows an

example cutout from WISP belonging to object #22 in field #167. For continuity, I will

use this object to demonstrate as the following section explains the steps of modeling and

subtracting contamination.

3 Process

3.1 Determining Sources of Contamination

The first step in removing the contamination is identifying which galaxies are expected to be

contaminants. Possible contaminants must overlap in the spectral (λ) direction. The G102

grism disperses an image over 125 pixels and the G141 grism disperses it over 137 pixels, so

I estimate the width of each galaxy’s 2D spectrum to be that many pixels plus the extent of

the galaxy itself in the direct image.

Because the contaminants are offset in the x-direction in space, when the grism disperses

the image they become offset in the λ-direction. For example, a contaminant physically

located to the right of the target galaxy in the field cannot be contaminating the leftmost

part of the grism data. For an object to contaminate the target spectrum, its width, offset by

the difference in positions of the two objects, must overlap the width of the target spectrum.
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This is also taken into consideration when doing the actual modeling, by applying an equal

offset to the range of wavelengths where that particular contaminant is modeled.

In the spatial (y) direction, the image of the galaxy is not dispersed. As such, the possible

contaminant must physically overlap the range of y coordinates spanned by the galaxy. To be

considered a contaminant for further processing, an object must overlap the target spectrum

in both the y- and λ-directions.

Among the objects to overlap in both y and λ, I only consider those that have magnitude

between 20 and 24, or are brighter than 20 mag but have a stellar classification in the source

catalog of less than 0.1. I only clean the spectra of these bright galaxies, and I only consider

bright galaxies as possible contaminants. The other objects in the catalog fall into one of two

categories: faint galaxies, which have magnitude less than 24; and stars, which are brighter

than 20 mag and have a stellar classification of greater than 0.1. The rationale for excluding

these is explained in more detail in Section 5.

3.2 Creating the Spatial Profiles

Once the contaminants are identified, the intensity profiles of each galaxy are derived from

the stamps. This is done by taking the middle third of the galaxy’s stamp in the x-direction

and collapsing it in the y-direction, creating a one-dimensional array of flux values. Because

the grism does not disperse the image in the y-direction, this profile has the same shape as

the spatial profile of the 2D spectrum. The decision to use just the middle third was made

so as to reduce edge effects and not sample empty space bordering the galaxy, which reduces

noise in the profile.

Figure 5 shows the stamps of the two objects from Figure 4 and their corresponding

profiles. Figure 6 plots the sum of these profiles alongside the profile of the dispersed image

for comparison. The dispersed image is cut such that the primary profile peaks at the center

y value of the grism data. The offsets of the contaminating profiles (only one in these figures)

are taken from the spatial offset between the primary and contaminating galaxy in the direct
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Figure 5: Collapsing the stamps to obtain the intensity profiles. The dashed line in both
images is at zero. Left: The target galaxy in the example grism data, object #22 in field
#167. Right: The contaminating galaxy, object #18.

Figure 6: Comparing the intensity profile of the dispersed image obtained by collapsing it
to that of the component galaxies. The dashed line in both images is at zero. Middle: The
profile of the grism data. Right: Sum of the profiles of the stamps, each centered on its
respective spectrum. This is not equal to the profile of the grism data because not all of the
contaminating spectrum lies within the cutout region.

image.

When the individual spectra are extracted from the larger image, they are centered on

the object of interest. Since the center is unlikely to fall upon an integer pixel value but

the image must be rendered as such, there is an offset (of less than one pixel) between the

“true” center of the galaxy and the center of the cropped spectrum image. Because of this,

the difference in position between the center of the direct images and the difference between

the centers of the spectra may not be exactly equal. Therefore, the profiles are interpolated

using interp1d, the one-dimensional linear interpolation method provided by SciPy (Jones

et al. 2001–), to counteract these subpixel offsets.

3.3 Fitting the Model

I model the intensity profiles of each object in the dispersed image so that the contamination

can be subtracted. The spatial intensity profile of the dispersed image is a linear combination
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Figure 7: The solid line is the spatial intensity profile of the collapsed 2D spectrum. The
dotted and dashed lines are the profiles of the main galaxy and contaminating galaxy, re-
spectively, after being fit to the profile of the dispersed image.

of the profiles of each object supplying flux to it, such that

Idispersed = A× IA +B × IB + · · · , (1)

where IA, IB, etc., are the profiles from the stamps. There are two parameters I vary for

each profile: the amplitude and the subpixel offset.

First, I fit the individual profiles to the profiles of the collapsed grism data. I find the

optimum fit via χ2-minimization using SciPy’s minimize method, varying the amplitudes

of each profile and their subpixel offsets. The interpolations are evaluated at a 0.01 pixel

scale when comparing the model to the grism data, which sets the precision for the subpixel

offsets. The amplitudes calculated at this point are not used for subtraction; only the offsets

are. By calculating the offsets based on the entire dispersed image, I remove any minor

deviations at different wavelengths. I plot the fitted profiles in Figure 7.

The actual contamination modeling is done similarly to calculating the offsets. At every

wavelength in the grism data, the three pixel column centered at that wavelength is averaged
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to obtain the observed profile at that wavelength. I average over three pixels because this

is the minimum resolution for point sources. The amplitude of the main galaxy’s profile,

as well as any contaminant that could be contributing flux at this wavelength (as discussed

in Section 3.1) is calculated by fitting the profiles to the averaged data column using χ2-

minimization, except this time the offsets are held constant and equal to the overall offset

previously calculated.

Once the amplitudes at each wavelength are known, a two-dimensional model of the

contamination is generated, as seen in the middle of Figure 8. This model is generated

by taking the individual profiles at each wavelength, weighting their amplitude as found

by the fitting at each wavelength, offsetting them by the amount found by the fitting to

the collapsed dispersed image, and summing them. This gives the expected profile at each

wavelength and is done for every wavelength, thus giving an expected 2D spectrum.

The model shown in Figure 8 includes the spectrum of the main galaxy and the spectra

of the contaminants. To clean the dispersed image, the modeled spectra of the contaminat-

ing galaxies are subtracted from the original image. This leaves the final, decontaminated

dispersed image, as shown in the bottom of that figure. The original image is included again

for comparison.

4 Results

This process can be applied to any WISP field and does not depend on wavelength, so

dispersed images from both G102 and G141 can be used. Continuing to use field #167 as an

example, this field has 372 associated objects in the WISP catalog. Of these, 146 (39%) are

classified as bright galaxies, 223 (60%) as faint galaxies, and 3 (1%) as stars. Of the bright

galaxies, 27 (7%) do not even have usable dispersed images to process (if all or most of the

dispersed image is flagged with a bad pixel mask, I do not consider it usable). In addition,

19 (5%) have stellar contamination, which is not yet corrected for. In total, 100 of the 372
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Figure 8: Top: The original grism data from WISP. Middle: The model of the spectra of
each galaxy in the grism data. Bottom: The decontaminated grism data.

(27%) objects can potentially be decontaminated at this stage.

The objects in this field have 2.5 contaminants on average. The more contaminants in

each dispersed image, the more likely that the system being solved to determine each one’s

amplitude and offset will become degenerate. Only 22 (15%) galaxies are initially free from

contamination. Figure 9 shows the frequency distribution of the number of contaminants for

the spectra in this field.

To determine the validity of allowing for subpixel offsets in the intensity profiles, I plot

the distribution of spatial offsets for all of the object profiles from field #167 in Figure 10.

The offsets of the main galaxies (black) are plotted on top of those of the contaminating

galaxies (gray).

When fitting the collapsed grism data, I restrict the offsets to ±2 pixels. There is an

excess of galaxies at both of these values due to the fitting algorithm failing to converge

within the 2 pixel limit. In addition, the whole distribution is slightly skewed towards

positive offsets: the median offset is +0.19 pixels. The positive trend may be caused by a
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Figure 9: Frequency distribution of the number of contaminating galaxies per spectrum.
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Figure 10: Distribution of the calculated subpixel offsets. The distribution for the offset of
the main galaxy is overplotted on the distribution for contaminating galaxies.

bias in the pixel-space conversion between the direct image and the dispersed image.

5 Discussion

A number of improvements remain to be made before the algorithm can be considered fully

operational. Namely, it must be able to deal with stellar contamination and remove the

aforementioned offset problem.

The current algorithm does not try to account for all contaminating objects. As stated

earlier, only bright galaxies are modeled; faint galaxies and stars are not considered at this

point. Faint galaxies are ignored for two reasons. First, a galaxy’s magnitude is primarily

dependent on the magnitude of its continuum. If the continuum is faint, the contamination

will have a relatively small affect on the extracted spectra. As such, the faint contaminants
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can safely be ignored. Second, modeling additional contaminants introduces more opportu-

nities for degeneracy into the system, increasing the chances for a bad fit and increasing the

time complexity exponentially.

Stars have a different difficulty. When the contamination model is subtracted from the

dispersed image, it must be converted from the finer subpixel scale back to the pixel scale of

the raw dispersed image. This is done by evaluating the interpolated profile at every integer

pixel. For galaxies, this is a relatively minor loss of resolution. On the other hand, stars

are very bright and peak very sharply. Because of this, the difference in intensity of the

true peak and the low-resolution peak (separated by less than a pixel) is at least an order

of magnitude brighter than the peaks of the galaxies, as demonstrated in Figure 11. While

the difference is still small relative to the brightness of the star, it is too great to subtract

properly from the dispersed image. See Figure 12 for an example of what this looks like.

For now, stellar contamination is left in the image. A different approach will be needed to

subtract this type of contamination.

Another point for future improvement is incorporating the response curve of the grism

when determining the wavelength extent of the contaminating spectra. The current imple-

mentation makes a simplification and assumes a top-hat response curve over the entire grism.

Their response curves are not top-hats, but are rather as shown in Figure 13 (images taken

from Dressel 2016). At the extremes of the wavelength range covered by the grism, the flux

contributions from the contaminants become small, but the algorithm will still attempt to

fit the profile to the background noise.

6 Conclusion

I have presented a new algorithm for cleaning the grism data of the WISP survey. This

algorithm uses the intensity profiles taken from direct images of the galaxies being observed

and uses these to model the 2D spectra in the grism data. This method of modeling improves
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Figure 11: Left: The intensity profile of the dispersed image below at 765.6 nm. The
solid peak is the interpolated profile of the star, and the dots are the values that are used
for cleaning the grism data. The galaxy’s profile is approximately 0 everywhere at this
wavelength. Right: The dashed line is the profile of the galaxy from the direct image and
the jagged line to its left is the difference between the interpolated stellar profile and its
profile used for subtraction.

Figure 12: Failing to subtract the contaminating spectrum from a star. Top: The original
dispersed image of object #35. Bottom: The star (object #2) is under-subtracted at its
peak and over-subtracted above and below.
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Figure 13: The response curves for the grisms used by WISP, separated by spectral order.
Left: G102 grism. Right: G141 grism. Images taken from Dressel (2016).

upon the current method, which assumes a multi-Gaussian profile. The modeled contami-

nating spectra are then subtracted from the dispersed image so that the 1D spectrum can

be extracted.

There still exists room for improvement in this algorithm. Most importantly, it cannot

remove all contamination from the grism data. Contamination from stars remains an issue

for future work. In addition, improvements to the modeling techniques can still be made.
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