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Abstract. Slitless spectroscopy is generally regarded as a niche, perhaps ’di!cult’,
astronomical observation technique. However the low background from space and
the high spatial resolution o"ered by HST instruments has enabled it to become a
powerful survey tool, with some applications to single object work. The ST-ECF
has been involved with slitless spectroscopy from NICMOS, through ACS to WFC3.
Techniques and software have also been developed for the bulk extraction of NICMOS
and ACS slitless spectra, which are available through the Hubble Legacy Archive.

A short overview of the slitless spectroscopy modes on HST is provided and
the essential elements that distinguish slitless from slit or multi-slit spectroscopy
practice are detailed. From these elements the strategy for reducing slitless spectra
is developed and its implementation in the aXe software package is summarised
with examples from ACS and WFC3 spectra. Extension of the basic technique
to deal with dithered spectra and contamination are outlined. An application of
the decomposition of spectra to the case of a complex slitless spectroscopy scene is
described.

1. HST slitless spectroscopy modes

HST has had slitless spectroscopy capabilities since launch and of the Cycle 1 instruments
WF/PC-1 had grisms and FOC had prisms, both designed for use without a slit. However on
account of the spherical aberration these elements were not used for scientific observations.
After correction by COSTAR, the FOC prisms were used for occasional slitless spectroscopy
(e.g. Jacobsen et al. 1993). With Servicing Mission 2 (SM2) in 1997, two instruments
were flown with slitless spectroscopic capability. NICMOS was named for its multi-object
spectroscopic capability through slitless grisms and STIS could also be used without a slit in
many of its modes. Table 1 lists the slitless spectroscopy modes on HST over its orbital life.
NICMOS produced many results from late type stars (e.g. Greissl et al. 2007) to distant
galaxies (e.g. Freudling et al. 2003) and an archive of G141 grism spectra was released
through the Hubble Legacy Archive (HLA); see Freudling et al. (2008).

With SM3B in 2003, the Advanced Camera for Surveys (ACS) was installed: all modes
of this camera had slitless facilities with both prisms and a grism (see Table 1). Pasquali et
al. (2006) provide an overview of ACS slitless grism spectroscopy. Deep slitless surveys were
completed with the red G800L grism and ACS Wide Field Channel (GRAPES: Pirzkal et al.
2004; PEARS: e.g. Straughn, et al. 2009). In the latest servicing mission (SM4), the Wide
Field Camera 3 (WFC3) was installed, with both the UV-optical and near-infrared channel
having slitless grism capabilities. The overview in Table 1 should be supplemented by the
respective instrument handbooks for more detailed descriptions of the slitless capabilities.
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Table 1: Overview of HST slitless spectroscopy modes

Instrument Orbital life Disperser R (=!/!!) @ ! ! range
WFPC1 1990-1993 G200 grism 75 @ 1800Å 1300-2000Å

40 @ 4500Å 3000-6000Å
35 @ 8000Å 6000-10000Å

FOC 1990-2002 FUVOP prism 50 @ 1200Å 1250-3000Å
NUVOP prism 100 @ 2500Å 1600-4000Å

STIS 1997-present NUV prism 900 @ 1200Å 1150-3000Å
All 1st order
gratings, e.g.
G800L 800 @ 8000Å 5420-10270Å

NICMOS 1997-present G096 grism 100 @ 1.0µm 0.8-1.2µm
G141 grism 100 @ 1.7µm 1.1-1.9µm
G206 grism 100 @ 2.0µm 1.4-2.5µm

ACS 2002-present PR110L prism 80 @ 1500Å 1150-1800Å
PR130L prism 100 @ 1500Å 1250-1800Å
PR200L prism 60 @ 2500Å 1700-3900Å
G800L grism 100 @ 8000Å 5500-10500Å

WFC3 2009-present G280 grism 70 @ 3000Å 1900-4000Å
G102 grism 160 @ 1.04µm 0.8-1.15µm
G141 grism 120 @ 1.30µm 1.1-1.7µm

2. The elements of slitless spectroscopy

The essence of slitless spectroscopy is that the sky positions of the targets, and their sizes
and shapes, define the ’slits’ in analogy to slit or multi-slit spectroscopy. One can consider
that an object, whose light is dispersed in a slitless image, defines its own virtual slit that
modulates the height of the 2D spectrum and the resulting spectral resolution through the
width of the object in the dispersion direction. For non-circular objects, a preferred axis,
such as the major axis of a galaxy, can define a tilted virtual slit. Since the positions
of the virtual slits are set by the pattern of objects on the sky, then supposition of the
spectra is bound to occur commonly as the spectra are many times longer than the target
in the dispersion direction. This occurrence is called contamination and in contrast to slit
spectroscopy occurs predominantly in the dispersion direction. If a grism is used as the
slitless dispersing element, then the zeroth and higher orders (that can be both positive and
negative) present an additional source of contamination in contrast to prisms. Depending
on the design of the grism, the zeroth and higher orders have lower transmission than the
strongest order (generally designated +1). Figure 1 shows a very typical slitless grism image,
here taken with the ACS WFC G800L grism, of a moderately crowded field in the Chandra
Deep Field South (CDFS) exemplifying all these e"ects of virtual slits, contamination and
multiple spectral orders. Note also that objects outside the field also give rise to partial
spectra (at the left edge of the detector in the case of WFC3 and ACS) since the position of
the dispersing object is displaced from the low wavelength end of the +1st order spectrum.

A further characteristic of slitless spectra is the sky background level that is distinct
from direct imaging and slit spectroscopy. Since the e"ective slit width is that of the
detector, then the background level is many times larger than for a slit spectrometer. Since
the spectral width of the grism is that of its passband then it acts like a very broad filter,
with a passband of about 3300Å in the case of the ACS WFC G800L grism (see Table 1,
column 5). The background count level is thus high and has structure. The structure arises
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Figure 1: An ACS WFC G800L grism slitless image taken in the CDFS as part of the ACS
parallel exposures to the NICMOS UDF, shown as an example of a typical slitless image.
This is field UDFNICP1 in Kümmel et al. (2009a).

mainly from the cut-o! of the sky spectrum from the di!erent orders at the edges of the
field, which typically are slightly beyond the detector area. Figure 2 shows, as an example,
the WFC3 G141 master background image; the knee to the right edge of the detector, for
example, is caused by the zeroth order moving out of the unvignetted field.

3. Reducing slitless spectroscopy data

The elements of slitless spectra described in the previous section contribute to the commonly
held notion that slitless spectra rate as ’di"cult’ to reduce. However providing accurate
information on the positions, sizes and spectral shape of the objects whose spectra are
dispersed, together with the requisite calibration data, allows a straightforward pipeline
approach for slitless spectra. Indeed given the large number of detectable spectra collected
on deep ACS or WFC3 slitless images, from hundreds to over a thousand, at least a semi-
automatic approach has to be adopted to extracting this many spectra from the slitless
images.

Operationally each slitless image, or set of slitless images at an HST single guide
star pointing, is accompanied by a direct image, usually, but not necessarily, in a filter
included in the passband of the slitless spectra. A morphological and photometric catalogue
of this image, such as made with the SExtractor task (Bertin & Arnouts, 1996), then
provides all the virtual slit information required to localise the spectra. With the positional
mapping from the direct image to the slitless image, the reference position of an object on
the slitless image (equivalent to the slit position) and the extent of the spectra for all its
orders can be determined. With the photometric information, the level of contamination
of overlapping spectra can be quantitatively assessed, given simple assumptions about the
spectral shape. With multiple filters a simple SED can be constructed, so that the model
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Figure 2: A sky background image formed by median combining many WFC3 G141 grism
images, showing the characteristic background pattern arising in slitless spectroscopic im-
ages. The large scale features at the left and right edges are e!ects of grism illumination;
the other features are detector defects.

of the contaminating spectra can be improved. Zeroth orders present a particular case of
contamination, because, although slightly dispersed (by the prism on which the grooves are
ruled), they can resemble an emission line for small and point source objects.

With the information on the reference position and dimensions of the dispersing object,
the extent of all the order(s) can be traced from the known pre-calibrated properties of the
prism or grism; then the wavelength assignment to pixels along the spectral traces can
be made. Once the wavelength extent of each pixel is known, then a flat field correction
can be applied. In slitless spectroscopy, potentially any wavelength in the passband of the
dispersing element can be recorded by every pixel so that the flat field information must
be described by a cube, having two spatial dimensions for the detector and the wavelength
dependence. Operationally the flat field cube is parametrised by a polynomial fit of the
variation of flat field with wavelength for each pixel (see Kümmel et al. 2009b).

The array of pixels belonging to a given object and order can be combined (’extracted’)
in two ways - as a rectified 2D long slit with perpendicular dispersion and cross-dispersion
axes or the pixels summed in the cross-dispersion direction over the virtual slit (possibly
with cross-dispersion profile weighting) to form a 1D spectrum. Absolute sensitivity can be
applied to the 1D spectrum using a calibration spectrum established on spectrophotometric
standard stars for conversion to absolute flux. For flux calibration of extended sources, a
correction to the sensitivity curve established for a point source is required based on the
shape and size of the extended object in the dispersion direction.

4. The aXe software package and its calibration files

All these steps have been combined in the software package aXe (the name is not an
acronym). The individual steps have been coded in C for speed and then the set of tasks
scripted in python, so that for example with the ”axecore” task one can proceed from an
input slitless image and a catalogue of objects on a companion direct image to a set of
extracted 2D, wavelength calibrated, spectra and fully wavelength and flux calibrated 1D
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spectra. The aXe software is described in Kümmel et al. (2009b) and a full user manual is
available (Kümmel et al. 2010a). Full instrument independence of this software is provided
though input of a configuration file which stores all of the instrument-specific information,
such as on the trace and wavelength solutions (including their 2D dependence on position
of the reference position on the detector) and the required calibration files such as flat field
cube and sensitivity file. The configuration file and associated files are the set of reference
files for a given HST slitless mode (though not included in CDBS).

Slitless spectroscopy precludes the use of wavelength calibration lamps, so that the
dispersion solution as a function of the reference position must be calibrated in advance,
either on-ground or in space, or both. Compact targets with a good grid of emission lines
(such as planetary nebulae, emission line stars - Be, Wolf-Rayet or chromospherically active
- and AGN) are typically chosen (see Pasquali et al. 2006). For grisms many orders may
be detected that can be potentially be extracted and scientifically exploited. In practice
this has not been done since, even though the dispersion is improved, the e!ciency in the
higher orders is generally low. In addition, the higher orders are increasingly out of focus
on account of the optical path through the grism, so the theoretically expected increase in
spectral resolution is not fully realised.

The variation of the trace over the field can be mapped in slitless exposures from
spectra of the many stars in low Galactic latitude fields. The flat field cube contains both
the large scale and pixel-to-pixel flat field properties (combined L-flat and P-flat) and can
be constructed from ground or in-orbit flat data. In the case of ACS the flat field cube
was formed by combining the wavelength dependence of the in-orbit direct imaging filter
flats (Walsh & Pirzkal, 2005); for WFC3 good ground flats were available (Kuntschner et
al. 2009). The fringing of the detector can also be considered in the reduction process (see
Walsh et al. 2003).

Spectrophotometric standards provide flux calibration as a function of position so that
spatial dependence of throughput can be corrected. Kuntschner et al. (2010, this volume)
provide an overview of calibration activities for WFC3 slitless modes and Kümmel et al.
(2010c, this volume) step through an example reduction of WFC3 G102 and G141 spectra
taken in the CDFS as part of the Early Release Science (Straughn et al, 2010) with the aXe
software.

Slitless spectroscopy is by virtue a survey mode and detectable spectra of hundreds to
greater than a thousand targets are typically available for scientific exploitation on a deep
ACS or WFC3 slitless grism image. aXe also provides facilities for generating web pages
for rapid and comfortable scanning of many slitless spectral extractions enabling quality
assessment, search for objects of interest (e.g. with emission lines), etc. Walsh & Kümmel
(2004) provide a description of this add-on facility to the aXe software.

The aXe software was originally developed for ACS slitless spectra and was then ap-
plied to NICMOS and most recently to WFC3. A fully automatic pipeline (PHLAG) was
developed in the framework of the Hubble Legacy Archive (HLA http://www.stecf.org/
archive/hla and http://hla.stsci.edu) and 1923 NICMOS G141 spectra were extracted
and released (Freudling et al. 2008). PHLAG was further developed for ACS G800L spec-
tra (Kümmel et al. 2009c) and 47919 spectra were released into the HLA (Kümmel et al.
2010b, in prep.). Figure 3 shows an example preview of one of these ACS spectra that
includes its associated direct image stamp.

5. Further development of aXe

The aXe software has continued to be developed and now uses the drizzle software to
combine multiple dithered exposures. Since the spectra are di"erentially distorted across the
field by the instrument optics, simple combination of slitless images is not possible, but the
extracted 2D images with the wavelength and cross-dispersion corrected can be combined.
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Figure 3: An example spectrum taken from the HLA ACS slitless spectroscopy archive
showing a preview of an i=22.8 mag. galaxy in the HUDF.

aXedrizzle now performs this and an example of its application can be found in Kümmel
et al. (2010c, this volume). Cosmic ray rejection, comparable to the implementation in
multidrizzle in STSDAS, has been built into aXedrizzle (in aXe version 2.1).

Since the zero point of the wavelength of any given spectrum depends on an indepen-
dent image, then issues of repeatability of filter and grism wheel placement and spacecraft
jitter enter into the zero point determination. One approach that has been successfully
implemented in the PHLAG pipeline is to catalogue stars on an image and cross-correlate
their spectra against a library of templates. Selecting the template that best matches al-
lows the computation of the zero point shift for each spectrum; given enough stars on an
image then a robust selection of the shift for the whole image can be made. Application of
this shift improves the wavelength zero point for all extracted spectra on that image (see
Kümmel et al. 2010b).

Great care has to be taken in treating slitless spectra of extended objects taken at
multiple spacecraft rolls. The orientation of the virtual slit defined by the object itself and
the direction of the dispersion can result in very di!erent spectra of the same source, such
that they should not be combined. To combine spectra with di!erent rolls a restoration
approach can be applied (e.g. Freudling 1997) or individual features in extended objects
can be extracted as point sources (e.g. HII regions, see Kümmel et al. 2010b). Care should
also be applied in comparing slit and slitless extraction for extended objects since it is the
object shape which controls the light distribution. The Appendix of Freudling et al. (2008)
considers the correction to the slit direction based on the goal of choosing the virtual slit
that minimizes the variations of wavelength; this correction was applied to the spectra in
the ACS HLA release (http://www.stecf.org/archive/hla/acs g800l release.php).

Contamination is an intrinsic limitation of all slitless spectroscopy. Using the simple
SED constructed from the direct image photometry allows a continuum model of the spectra
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be formed, enabling estimation of the contamination contribution. This is very useful, for
example, for assessing if an emission line is actually caused by a zeroth order of a nearby
object. However a simplified SED cannot, for example, flag when an emission line from one
spectrum is contaminating another. To go further an iterative scheme would need to be
contemplated whereby the initial estimate of the contaminating spectrum is replaced (per-
haps only partially) by the extracted spectrum, and some stopping criterion is implemented.
This procedure would be computer intensive as, in principle, the complete extraction step,
involving many hundreds of spectra, has to be repeated for each contamination iteration;
it has not been implemented in aXe to date.

The process of modelling the contamination from direct image photometry is analogous
to simulating a slitless spectroscopy image from a direct image catalogue. Simulation can
play an important role in planning slitless spectroscopic observations, such as for deriving
the optimal roll angle for observations of specific objects; one example could be slitless
spectroscopy of strong lenses in galaxy clusters. The ability to simulate slitless spectra of
course plays a role in signal-to-noise estimation, in complement to the more direct HST
Exposure Time Calculator for slitless modes. The slitless simulator built on aXe provides
close compatibility with aXe itself, so that for example the same configuration file can be
used as for extracting the spectra from real data (Kümmel et al. 2009a). Although aXe
output products provide fully propagated statistical errors based on the instrument pipeline
error arrays, the ability to simulate spectra and add them to real images, in an analogous
way to artificial star tests in photometric reduction, can be useful for extracting spectra
from complex fields.

6. Disentangling slitless spectra

Even aside from contamination, slitless spectra of composite objects, such as a spiral galaxy
with a bulge and HII regions, can present a complex spectral scene. However the indepen-
dent data presented by the direct imaging provide additional information that can be used
to extract multiple objects. This is most amenable to decomposition techniques for spec-
tra such as implemented for long slit spectra by Lucy & Walsh (2003). The direct image
can provide a prior for the positions, shapes and fluxes (spectra) of the components of the
image that can then be iteratively restored to match the slitless spectrum. An implemen-
tation of the technique described in Lucy & Walsh (2003) for the case of spatially complex
background (implemented in stecf.specres.specinholucy) has been coded and demonstrated
on the slitless spectrum of a strong lens system in a field elliptical galaxy, discovered by
Blakeslee et al. (2004) in ACS data. Figure 4 shows the direct image with the knots indi-
cated and the fairly confused slitless spectrum. The ten lensed knots were represented as
slightly extended points sources, all with the same PSF, and the spectrum of each was ex-
tracted. The figure shows the combined lensed nuclear and arc spectrum. Such an analysis
procedure is highly interactive and would not be contemplated on a large scale but does
demonstrate that useful area spectroscopy is achievable with the slitless technique.

7. Conclusions

One of the aims of this contribution was to try to demonstrate that slitless spectra are not
more ’di!cult’ to exploit than more conventional slit spectra. A well-defined approach to
the extraction of slitless spectra has been outlined and is implemented in the aXe software.
This software is robust and flexible in its instrument applicability and has been proved on
ACS, NICMOS and WFC3 data from HST and on ground-based data. It has been included
in a fully automatic pipeline which has enabled many tens of thousands of spectra to be
released through the HLA.
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Figure 4: Example of a Lucy iterative decomposition of ten strong lensed knots in a field
elliptical galaxy. Upper left is shown the colour image from ACS WFC F435W, F606W,
F775W and F850LP filter images and lower left is shown the designation of the knots on the
image with the galaxy removed (Blakeslee et al. 2004). The ACS G800L slitless image is
shown to the upper right and the individual extracted spectra of all the knots to the lower
right. The sum of the spectra of the seven knots in the arc and the three in the nuclear
lensed knots are indicated as is the sum of all the spectra, at lower right.
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