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1 Introduction

Spectroscopy is one of the fundamental tools of the astronomer, and the proliferation of
linear, digital detectors on spectrographs has greatly increased the astronomer’s ability
to perform quantitative analysis. However, with this increased ability has come increased
demands upon the tools used for reducing these data, both in the sophistication of the
algorithms we've come to expect, and in the ease with which these tools can be used.
It's easier ta reduce CCD spectra than it was photographic plates, but our expectations
have also risen: we want to really wse the known noise characteristics of our detectors
to make a mat.htmat.ica“:r' clpll.irna| extraction of our Speclra S0 that we can achieve the
maximum signal-to-noise possible from our precious observations. Furthermore, while we
might have been willing to spend days digitizing spectrograms on a microphotometer and
doing the calibration necessary to extract useful spectra from photographic plates, we now
want to see our two-dimensional CCD images fully reduced to dispersion-corrected, fluxed
H]:IE(ZL]‘EPI!I(J‘[EH]L‘LTJ," before the 1.l:|.|!.'.‘!l:2lill]:|1'_' has finished moving to the next c||:rj|:.=cL-

IRAF provides powerful reduction tools for accomplishing this task. This manual is
intended to guide you through the steps of extracting and calibrating spectra. We will start
out by considering the simpliest case imaginable: a single star on the slit. In the appendices,
we will consider increasingly complex cases: the extension to several stars along the slit
(Sec. A) and the generalization to the “long-slit”™ case (Sec. B). However, this manual does
not deal with the multi-abject fiber situation; there are excellent routines for handling
these data, and the user is referred to Frank Valdes' (Fuide lo the Mullifiber Reduelion Task
DOFIBERS or (fuide to the HYDRA Heduction Task DOHYDRA for example. Nor does
this manual touch upon the issue of cross-dispersed data; the user is referred to the Talolo
cookbook Echelle Reductions with IRAF by Mario Hamuy and Lisa Wells. The present
guide is intended for use with IRAF V2.10: if you are something older, we encourage yon
to obtain a modern version by contacting the IRAF group (email iraffinoac.edu).

Additional resources you may wish to review are:

o 4 BHeginner's (Guide to UUsing IRAF by Jeannette Barnes
o 4 Chick Look al Sun/IRAF on the Tuweson Sun Nelwork by Jeannette Barnes
o A lser’s Guide fo CCD Reduetions with IHRAF by Phil Massey

We assume that by the time you get to this manual you have removed the “detector
signature” from your data—that you have remaoved any DC-offset, removed the pixel-to-
pixel gain variations using flat-fields, ete, ez . that your data i1s now linear and zero counts
equal zero light. The mannal “A User’s Guide to CCD Redoetions with IRAF” explaine
how ta do this with CCID data, and this mamial is intended to pick up where that one left
off. However, for convenience a quick summary of these steps is provided in Sec. [
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Figure 1: A stylized version of a “perfect” stellar spectrum.

2 Extraction and Calibration Overview

The steps involved in extracting a stellar spectrum in IRAF are conceptionally straight-
forward. We show a “schematic” spectrum in Fig. 1. The dispersion axis is along columns
in this example, and the spatial axis is along rows. (Hows are called “lines”™ in IHAF.)
Extraction of this spectrum could be broken down into the following steps:

# Find the spectrum. This may be done manually by examining a eut along the
spatial axis and indicating the appropriate peak with a cursor, or it can be done
antomatically if the appropriate spectrum is the strongest peak present.

# Define the extraction window and the background windows. In practice this
is done by specifying the size of the extraction window in terms of the number of
pi:m:ha tor the left of the center of the HPaLia| pmﬁ]:.‘, and the number of ]:ixl.'rha Lo Lhie
right of the center of the profile. Similarly the background region is defined in terms
of a region ta the left and right of the center of profile. One can then examine these
regions displayed upon a cut along the spatial axis, and alter them if need be.

# Trace the center of spatial profile as a lunction of the dispersion axis, Even
though we assume that the spatial axis is exactly along a row or column (as discussed
hclt:lw:l, thie specilrum will nod be l.'.‘:'taEL]J.' Fltl!‘PE'ﬂE“EHlEI to the a]:laLia] axia Izi.rr., thie
stellar spectrum is not exactly parallel to what we are taking as the thearetical dis-
persion axis.) Instead, the exact center of the spatial profile will shift slightly with
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location along the dispersion axis. There are least three reasons for this: {a] the
camera optics introduce distortions which will be be worse along the longer {disper-
sion| axis, (b) gratings do not sit exactly sqoare in their cells, and (¢} differential
atmospheric refraction will canse the hlue end of the spectrum to be shifted along
the slit closer to the zenith than that of the red end of the spectrum. The latter
effect suggests that we can expect the angle made by the spectrum to the dispersion
axis will differ, often significantly, from one exposure to another.

Sum the spectrum within the extraction window, subtracting sky. At each
paint along the dispersion axis, the data within the extraction aperture (centered
spatially based upon the value that the trace is at that point) is summed, and the
sky background is subtracted.

There is an important if subtle point in this last step: the spatial axis is assumed to

be exactly along a row (or column), and nel perpendicular to the trace. Thus if you want

goad sky subtraction, youn mmst either have set up the spectrograph (usually by rotating

the dewar| in such a way that a comparison line is well lined up along a line or calumn,
or else the frame should be geometrically transformed after the fact to make this true.

(Procedures for this transformation are given in Sec. B, but if you can avoid this step
by being careful in your set-up do so, as additional interpolation steps are never going to

improve your data.)

At this point you have extracted a one-dimensional spectrum from your twa-dimension

image, and can do the following calibration steps:

. Wavelengﬂl Calibration. You duuht.h:ﬁa]y wonld like to see your spectrim with a
wavelength scale. This procedure can be broken into the following steps:

l. Extract a one-dimension spectrum from the appropriate comparison exposure
using the identical aperture and trace used for the object spectrum you are
planning to calibrate.

2. Determine the dispersion solution for this comparison spectrum. This can be
done interactively the first time, and the solution used as a starting point to
determine the dispersion solution for other comparison exposires.

3. If a second comparison exposure will be used for providing the wavelength cal-
ibration for the abject spectrum (such as interpolating in time between two
comparison exposures, or using the average solution of comparison exposures
that were taken immediately before and after the abject exposure), repeat steps
(11-(2) for the second exposure.

4. Using the dispersion solution(s), put the object spectrum on a linear wavelength
scale by interpolating to a constant delta wavelength per pixel. [There are a
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variety of options available here, including linearizing the spectrum into log
wavelength, or not linearizing it at all but instead invoking the new “world-

-

coordinate system” of [HAF.)

# Flux Calibration vs. Normalization. For many users, leaving the wavelength-
calibrated spectra in terms of integrated number of counts is sufficient. However, one

is then usually left with a smooth residual wavelength-dependent signature due to
the effects of the grating blaze and change in detector sensitivity over the wavelength

region abserved. There are two things you might choose to do, depending upon your
scientific needs:

— Flux Calibration. If you have observed snitable spectrophotometric standard
stars, it is possible to transform your data to either absalute or relative flux

umits.

— Normalization. [t is often useful to normalize the object spectrom so the
continmum level is unity. This is easily performed by fitting a smooth function
through the continuum and dividing the spectrum by this fit.

3 Doing It One Step At A Time

3.1 Introduction to the Extraction and Calibration Routines

The IRAF routines for doing spectral extraction and calibration are loosely referred to as
the apextract pathagc, but there are three areas where these routines have been “cus-
tomized” for extraction of data obtained with slit spectrographs in simple (non-cross-
dispersed ) mode. These three packages are all within the noao imred package, and are
called kpnoslit, etioslit, and kpnocoude. The differences between these are slight [such
as the defaults used for the comparison line table), and the algorithms, routine names, and
parameters are identical—it is only a few of the default values which differ, and which ane
yoil use does not really matter—pick one that seems appropriate and be happy.

Asg each step of the extraction process is completed, an entry is made in a local subdirec-
tory database in a file called apimagename. 1t is through these database entries that one
part of the extraction process communicates with the next. After the extraction process
for a particular spectrum is complete, this database entry will contain the specifics as to
the size and location of the extraction aperture, the size and location of the background
windows, and the function and coefficients of the trace fit. This allows the astronomer to
extract a comparison spectrum, for instance, using the identical parameters as were used
in extracting the object spectrum.

The routine used for identifying the comparison lines and performing the dispersion
solution make a separate entry in the database directory in a file called id compimagename.



Figare 2 A stellar spectrim of a wcl]-:.'xpum:d atar in the LA, The wavcl:mgth coveTame
is AAZR00 — 5000, nearly that of the classical MK elassification region. Severe vignetting

aceurs on the red (right) side of the spectrum. Note the strong solar absorption spectrum
af the night sky due to bright moon-light: Call H4K are on the left.

This makes it easy to juggle what dispersion solution should go with what spectrom; it
also makes it easy to create a dispersion salution for a similar comparison speetrum using
Lhe previous one as a starting point.

The rontines for doing flux calibration or normalization to the continnum are found in
each of these same three packages.

3.2 Characterizing Your Data

Far the purposes of illustrating the procedure for extracting and calibrating a single stellar
spectrum, we will be using spectra obtained with the CTIO 4m and the newly implemented
1200 = 400 Reticon CCD. The dispersion axis goes along rows, and the spatial axis along
columns. Fig. 2 shows a sample exposure. This data is rotated 90° ta the schematic
example shown back in Fig. 1, and the background sky spectrum is dominated by a solar
absorption spectrum rather than strong night-sky emission lines we sketched in Fig. 1.

The first step in reducing your data is to characterize it. What is a reasonable width
for the extraction window? Where do you want the sky windows to be located?

Lsing

implot imagename

make a cut perpendicalar to the dispersion axis. (A :e 500 will plot column 500; a :I
500 will plot line 500.] The plot will resemble that of Fig. 3. Using the cursor (capital C)
determine the width near the base of the spatial profile. The data shown here extends from
columns 154 through 164; i.e., about 11 pixels spatially. (The full width at half maximum
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Figure 3: A eut perpendicular to the dispersion axis shows the location and width of the
spatial profile. By using the cursor in implot we find that the base of the spatial profile
extends from columns 154 through 164,

[fwhm] is of covrse much smaller than this: we estimage thig to be about 3-3.2 pi:«u:la-:l

Next let us examine a comparison spectrum {See Fig. 4). We want to answer a couple
of questions from this frame. How good is the resalution? How well did we line up the slit
along a column? To answer the first of these questions we simply have to plot a line along
the spectrum (Fig. 3). and use the cursor to measure the fwhm and base-to-base width of
a typical {strong) comparison line. For this data we find that a typical comparison line
has a fwhm of 2.1 pixels, and a base-to-base width of 7.5 pixels.

We can check the alignment by using implot to averplot a row near the hottom, a
row near the middle, and a row near the top (Fig. 5). From these plots we find that
the overall alignment from one end to the other is rather poor, about 2.0 pixels over 300
rows. However, since we will keep our sky regions restricted to a full range of less than 50
pixels, this means that the maximum misalignment will actually be one-third of a pixel,
not enough to get excited about. Had the alignment been worse than this, ar if we had
needed to use a larger region of the chip, we could have improved our sky subtraction by
first untilting these lines by using the procedure described in Sec B,

3.3 Extracting the Spectrum

Although the individual steps for extracting a spectrum outlined in Sec. 2 can be done
by separate routines, for convenience the routines and all the associated parameters have
been consalidated in a single task called apall. You can edit the parameters of apall
and then use apall for running through all the steps involved in extracting the spectrum.
Alternatively, you eould change the values of the parameters within individual tasks, run
the individual tasks, and still accomplish the identical extraction.

Before proceeding to actnally extract a spectruom using apall, we will discuss the prin-
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Figure 4: A comparison spectrum is shown for the same Heticon data.
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Figure 5: We can measure a typical comparison line to find that it extends 7.5 pixels and
has a fwhm of 2.1 pixels. The figure on the right shows the misalignment of the slit, evident
in this overplot of thres rows af the COMPATISON SPectTum.



ciple extraction parameters below. Be aware that there are plenty of other parameters
controlling the extraction; the user is referred to the detailed “help” pages for a particular
task. Most of these parameters can be adjusted interactively during the extraction process,
and we will use the discussion below to start ont with reasonable values, and then fine-tune

them during the first attempt at extraction.

3.3.1 Parameters for Extraction in apall

The f::l”l::nwing pa:ra,grapha HPI.'.‘”. ot the meaning of the major parameters Lhat o mi_gﬁ&
want to Ehangn fram the defaults for your partii:ular needs,

Parameters Controlling the Extraction Aperture: The first stage of extracting Lhe
stellar spectrum will be in finding the exact spatial center of the stellar profile at some
point along the dispersion axis, and in setting the lower and upper limits of the extraction
aperture. The following are the fundamental parameters defining these operations:

— line The dispersion line used for finding the center of the spatial profile. Setting
this equal to “INDEF” results in using the middle of the dispersion axis.

— nsum The number of dispersion lines summed (around line) used in finding a
goad center for the spatial profile. Setting this to a number greater than 1 (10,
say ) simply improves the signal-to-noise of the cut used for centering.

— width The profile width is the base-to-base size of the stellar profile; this valoe
is used in the centering algorithm.

— lower The lower aperture limit (relative to aperture center).
— upper The upper aperture limit (relative to aperture center).

— resize Do you wish to use an aperture set by lower and upper, or do you wish
Lo use an extraction aperture whose size is set by when the spatial profile sinks
to some fractional value of the peak value? If the latter, turn resize to “yes”.

— ylevel If resize=yes, then the value of ylevel is used ta define the fractional
level of the peak used for resizing the aperture.
P E P

For the data presented here, we would set width to 10 pixels, and we might choose to
set lower and upper to =5 and § respectively—that would give us an extraction window
that is 11 pixels wide. Alternatively, we could set resize to yes. In this case, the default
behavier would be that the extraction aperture wounld be as wide as the spatial profile at
10% of its peak. (If you don't like 10%, reset the value ylevel.) Thus reasonable starting
values for these particular data diseussed here are:

s line=INDEF



o nsum=10
o width=10

# lower—=-5
s upper=>5

* resize—no

Parameters Controlling the Background Windows:  Althaugh conceptionally sim-
ple, the background regions are somewhat subtle in their specification. Fortunately, it is
easy to change the background region interactively; we will demonstrate this in detail when
we deal with erowded backgrounds in See. A, Below are the parameters we must deal with:

— b_sample. This specifies the location of the background regions relative to
the center of the spatial profile. For the data discossed abave we might choose
=2 - =5, 8 : 20", which would then specify a background region to either side
of the star, beginning 3 pixels from spatial center and extending to 20 pixels
from the center.

— b_naver. The specifies how many adjacent points within each background win-
dow will be used in determining a value to go into the background fit. A negative
number specifies that a median will be taken, which helps weeds out cosmic rays
in the background region. If you want to simply use two good values, one from
either background window, you should specify a very large, negative number,
such as =100."

— b_funet Iz the type of function (chebyshev, splined) used to fit to the values
determined from taking the average or median of the points in the background
sample.

— b_order Is the arder of the function used to fit the background points.

To summarize, the background value used (if we also turn background subtraction on )
will he determined by taking the average or median within b_naver adjacent points within
the sample regions specified by bsample, and either averaging these values or fitting a

function of type b_funct and order b_order.

“In this example. each background region contains 13 points (30-8+41), so you might expect that —13
would work as well as — 100 bat it won't: owing to how the routines treats fractional pixels. you would
aften get two equally-weighted data points in each background region one of which would consist of a
single point—which could casily introduce a big coamic-ray spike into your sky However — 14 would work
perfecily well.
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In the example here we want to do about the simpliest, good thing we can: make a
clean estimate of the background on the left side, make a clean estimate of the background
on the right side, and take the average of these two values. Given that our spatial profile
extends to a radius of 5 pixels, we thus choose the background sample region to include
“lots of points™ that start a few pixels outside that range. We specify a large negative value
for b_naver so we get a single value (the median) for the data in each window. We specify
a function type b_funet of chebyshev, and an order of 1 s0 we fit the best “constant™ to

these two values. If the windows were asymmetrically chosen with respect to the spatial
profile, we might make this a straight line (b_order=2]. Thus:

s b_sample==20: <58 5: 2
s b_naver=—1010
. h-funct:::hebyahexr

# b_order=1 ar 2

Parameters Controlling the Trace: For well-exposed spectra, the trace is an easy
thing to get right. Parameters that control the trace are as follows:

— t_nsum Number of dispersion lines summed before looking for the peak of the
spatial profile.

— t_step Step size along the dispersion axis that will be used in determining the
Lrace.

— t_funet Fitting fonetion.

— t_order The arder of the fit.

— t_niter The number of rejection iterations for antomatically rejecting points
that deviate by a few sigma of the mean, where the sigma is determined from
the entire trace. Setting this to 1 or 2 will remove the most discrepant points.

The tracing routines starts with the center of the spatial profile found at some point
along the dispersion axis when the aperture was first defined as described above. [t then
loaks for the center of the spatial profile t_steps further along the dispersion axis, having
first summed t_nsum dispersion lines. It continues in either direction from the original
dispersion line until it reaches the edges of the image, or until the trace is lost. The set
af centers as a function of position along the dispersion axis is then fit with a funetion of
type t_funct with order t_order, and the average error of this fit is determined. If t_niter
is greater than 1, any points that deviate from the fit by more than 32 (by default) are
rejected, the function is refit.

11



My experience is that either a straight line is good enough or yon will need a modest
arder (2 or 3) cubic-spline. For most data, yon will find an EMS of the fit to be a small
fraction (< 0.1) of a pixel. Thus for the data here, reasonable choices of parameters are:

o L_nsum=10

o Lstep=10

o (_funct=legendre or spline3
e L_order=2

s L_niter=1

Parameters Controlling the Summation and Background Subtraction: There
are basically two types of extractions that you may choose: a simple “sum all the data
points in the extraction window with no weighting” scheme, or a rariance-weighted, “op-
timal” extraction scheme.

The “optimal extraction™ algorithm was first developed by Keith Horne (1936 PASP 98,
609 and makes use of the known noise characteristics of the CCID to do a mathematically
optimal extraction, in that the weight that is used in computing the sum is inversely
proportional to its statistical uncertainty.

If you use the eptimal extraction algorithm, you have a bonus: you can clean out very
deviant points from your spectra by turning on the clean algorithm. As you can imagine, it
is somewhat tricky to distinguish cosmic-rays from, say, strong emission lines. The cleaning
works by assuming that any variations in the shape of the spatial profile vary slowly with
wavelength., For aptimal extraction to work correctly, you must specify reasonable values
for the gain and readnaise of the CCD.

Finally, you you must explicitly state whether or not the background level so lovingly
set above is actnally going to be subtracted or not.

The parameters that you need to set for the extraction are:

— background If you want ta subtract the background using the parameters set
above, you need to set this to “fit”. For no background subtraction, set this to
“none” .

— weight.s Should be set to “vaniance” for uptinla] extraction, or “none” fc:l:rjuat.-

add-"em-up.

— clean Should be set to “yes” for cleaning very deviant points; set to "na” to
not clean, Mobe the aub‘llrrty that ir:.ruu have elean turned on, your extraction
algorithm will use a weighting of “variance” even if you did set weights ta
“none”: clean=yes demands variance weighting, and that’s what you'll get.

12
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However, you can turn clean off and still have optimal extraction if weights is
set to “varianes”,

If you elect to do optimal extraction, you must also specify good values for:

— saturatation The saturation level of the CCD. For the data deseribed here,
the full-well is several hundred thousand electrons, and we are limited by the
A-to-1) converter to a maximum ountput of 32767 ADUs. However, the D-
offset subtracted from these data was of arder 300. Thus we will adapt. a value
of 32400.

— readnoise The read-noise of the CCI. This can either be a numerical value (in

electrons) or it can be the name of the readnoise parameter in the image header.
Note that ICE adds the readnoise to the header as “RDNOISE”.

— gain The gain of the CCD. This can also be a numeric value (in electrons per
ADU) or the name of the gain parameter in the image header. 1CE calls the

COD gain “GAINT,

— IaiEnm 1= the lower rejection threshald for rjt:l:]ar'mg a point r-:.-a|l:.r deviant. A
value of 4 appears to be nicely conservative.

— usigma is the upper rejection threshold for declaring a point really deviant. A
value of 4 appears 1o b Tliccl:,' comnseriative.

For the data described here, we have chosen to do our extraction the following way:
# background=fit

s weights=variance

s clean=yes

s saturation—=32400

o readnoise=12

s gain=1.

s |sigma=4.

* usigma—4,

13



Parameters Controlling The Output Format: Having settled on the pizza toppings,
the type of erust, and the thickness, we still have to settle on the size we want to arder.
There are basically twa choices. We can select an output image whose format parameter
is either “onedspec or *multispec”. If we choose the latter, we can opt for a special treat:
extras=yes will give us an image that contains not anly our optimally-extracted spectrum,
but hidden away in another dimension will be the spectrum we would have gotten without
aptimal extraction, the spectrum of the sky (if we were using sky subtraction), and a
spectrum containing the variance of the optimally-extracted spectrum.

The onedspec format is clearly the simpliest: it is simply a one-dimensional image.

The multispec format was developed to deal with multiple objects extracted from a
single image. However, it can be oseful even when dealing with a single object on the
alit, in that it provides a mechanism for keeping the extras deseribed above around. The
image has three dimension: the r axis is the dispersion axis, the y axis is the aperture axis
(which will be for extracting a single abject), and the r axis contains the “extras”. (If
sky subtraction and variance weighting are used, the z axis will have length 4, with =1

J.I"|

being the optimally-extracted spectrum, z=2 being the *no-weights” extraction, z=5 being
the sky speetrum, and z={ being the “error spectrum” [sigma spectrum] of the optimal-
extraction spectrum.) The IEAF routines refer to this third dimension as the band, while
different apertures (objects) are referred to either as apertures or lines.

Maost software works as well on these “multispec” images as on the “onedspec” images,
and so for this exercise we will choose:

s format=multispec
* extras—ves

We're ready to order that pizza now!

3.8.2 Extracting a Well-Exposed Specirum Using apall

The parameters for running apall are shown in Figs. 6 and 7.

We will go through all the steps of a run of apall, deseribing what you'll see and
suggesting what diagnostics to look for. Nearly every detail of the extraction can be
madified interactively as we go along, and an easy way to use apall is te begin with
reasonable parameters {as described above) and then extract a sample spectrum, seeing
“an the fly” what needs to be modified. Once this is done, yon can go back and change the
parameters (such as the function used to fit the trace| that will do a better job on your
data.

When we 'I:ltgin runmng upull it will first pul you 1in the aperture editor, at which
point you can not only modify the extraction aperture, but also examine and modify the
background fit. When you are done with this stage, you will move on to the trace routine,

14
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Ch_Sh@ple -T0:-8,8:20] Backgrausd saEple Fegland
Ch_MBvaEm -1 Backgrousd average sf ®edlan
Ch_mitaem 0] Beckgroausd rajection iterations
(h_lag_F= 1. | Backgroumd logsF Fajectioh Jigme
Ch_high = 3. | Backgrousd wpper Fajection sigme
(h_grow = . | Beckgrousd rajection grevlag radios

# APERTURE CENTERIN] PARANETERE
(eideh = 1®. | Prafile ceataring aidth
(radins = ik, | Prafile ceararing redins
Ehraikam . | eEaction thredhald for prafile cantaring

Figure f: The first half af the pararmeters far apu".
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# AUTONATIC FINDIEE AND JRDERINI PARANETERS

afind = 1 Wembar sT apartores te B Townd antematically
(minsap = E.] Hinimos ssparatiss baladh dpactra
(mazsap = 1000, | Haximom separsties batFaen 3pactra

(ardar = imcreaaing! Ordar of apariures

# RECENTERING FARAMETEES

(apartues ) Balact Apartured
(hpdaks = INDEF! Balact beightest paska
(ahift = yua] Tsa awerage shift imstead of recenteringT?

# EESIZING FARLNETERS

(1limit = INDEF| Lower aparture Limic ralative T8 caRCar
(olimit = INDEF| Uppar aparture Limic ralative 14 cantar
(ylaval = 0,11 Fractish of paak & intendivy TaF aOtamatle
(paak = yai! I& ylawel a Tractisn of the paak?
Chleg = yas | Bubtract backgrousd in ascsmatic width?
(F_graw = . | dram limlts by this factar
Cavglimi= na] Avarage 1imits svar all sparcuraa”

# TRACING PARAMETERS
(E_msnm = 10 Wembar &7 disparsion 1imes 15 aum
(E_stap = 10) Tracing atep
(E_mlasEm 2] Membar &7 csndecutive Times profile §3 laat
(r_fansem lagendra! Trace Tivting Tenctiss
(e_spdarm 2] Trazd Titting Penctlss srdar
(E_sSamplm =] Tracs sampla reglona
LE_BmAvVarm 1] Trace averags or madian
(e_mitarm 1] Trace r&jectisn lterations
(e _low_E= 3. | Trace leswer rajection aigms
(e _high = 3. | Trace upper Fajection aigme
(E_graw = .| Trace réjeceisn groving radios

# EITRACTION PARAMETERS
(haskgram Tit] Backgrousd to sabiract
(akyhax = 1] Bax car amspiking langth Tar sky
(eaightam variance] Exerastisn weights Cnome|wariasce;
(pfic = Titid] Profile Tituing typa (Tivld|Ticid:
(eléan = yad | Dieact kAd Faplace bad pizsls?
(Sararars 3400, | Baroratisn lavael
(rapdnsim 121 Read owt neise sigma {photanal
(gain = 1.] Phetan gaim {phstsns/data numbar)
(laigma = 4. ] Lemar rejeceisn chraahsld
(a3igme = 4. ] Tppar réjeseisn rhraaksld
Cnagbapam 1] Tembar &7 ssbapartorss paf Aparturs
(Rada = gl

Figure 7: The rest of the parameters fior apall [Whtw!]l

L6



HOACY TRAF W2 1O8ETHA mampey®tofu Tus 12157140 14=Jan-%3
[n-!.u-l'ub_j:l!lﬂ. Sus of columrs S94-603
define and Edrt Aparbures

T T T T
000 [— t —
20000 1
115000 — | —
e s na]
I
|
il
000 — | -
L
i it d—‘_l"n-..—u_ll s e o S
i} 50 s} 150 200 FLE il

Figure 8: The extraction aperture has been found and centered. Normally you will also
see details of the aperture listed along the bottom line of this plot.

and when you are done there, you will get to see the extracted spectrum. After you are
done with each stage you will type a q to quit, and then auLumaLital]y be moved onto the
next step.

When we begin apall we will be asked a number of questions: “Find apertures? (yes)”,
“Resize apertures!? (yes)" (if you have turned the resize option on), and finally “Edit
apertures? (yes)”. After you have accept the defanlt (yes] answers to these questions, yon
will have entered the first stage: the aperture editor.

Inspecting and Altering the Aperture Location and Size: As soon as we answer
“yes” to “Hdit apertures?” we will find ourselves looking at a plot like that of Fig. 8

At this point you are in the aperture “editor”, and there are a number of things you
can do if you don't like the size (or location] of the extraction aperture. To get a complete
list af the myriad of cursor options available, type a 1.

Any of the parameters we set in the parameter file that defined the aperture (lower,
upper, line, width, for instance| could be explicitly changed at this point by typing a
colon, the parameter name, and a new value. For instance, we could set a new upper
aperture limit by typing :upper 7. We could examine the aperture centered on the
dispersion line (it's an image colomn but still called a dispersion line) near one end of the
spectrum by typing :line 1000 and use this as the basis of its center by then typing a e.

We could also play around with the size of the aperture using cursor commands. For
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Figure % The background windows, and the fit of the data on this line are shown.

instance, we could set the width of the extraction aperture using the height of the cursor

(e.g., where the “x" axis of the cursor intersects the profile) to define new upper and
lower limits by typing a y. We could delete the aperture by typing a d and mark a new
aperture by positioning the cursor and typing an m.

Heowever, in this example we see that the edges of the aperture in fact nicely included
the profile, and we are ready to check the background.

Inspecting and Altering the Background Windows and Fit:  In order to check the
background regions, we need to type a b. We will then be facing a plot that resembles
that of Fig. 9.

Now that we are actually looking at the background fit, we are no longer quite in
the aperture editor—we are instead in the interactive curve fitting routine called ichit.
Thus trying to change the sample range or fitting order by :b_sample —50:<8,8:50 or
:b_order 1 will in fact not waork. But relax! The iefit routines will allaw you ta change
these parameters anyway: type 7 for a complete list of the corsor commands available at
this level. To change the background sample range we instead simply need to say 1sample
~50: —8,8:50. We can change the order of the fit by saying :order 2. We can change the
averaging of points within the sample range by typing :naverage —10.

Heawever, more useful is the ability to change things interactively with the cursor. Ta
clear the current sample region type a t. To declare a new sample region on the left, move

the cursar to the one side of the region you have in mind and type an 5. Move it to the
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other end of the same region and type an s again. You will see the new region marked
along the bottom of the plot. Mark another pair on the right side, type an [ {for new fit)
and you are back in business! To return to the aperture editor, type a q.

We could, if we choose, examine what the background looks like at some other point
along the dispersion axis: type a iline nnn followed by a new b followed by a g when we
are done.

Sometimes one finds that one would like to see a larger section of the sky than the de-
fanlt. When looking at the background plot one can extend the plot by typing :\xwindow
=50 50 for instance, followed by s\redraw. To see the entire spatial extent type :\xwindow
INDEF INDEF followed |:::'1.r Shredraw.

Inspecting and Altering the Trace: Now we are about to leave the aperture editor
and enter the routine that generates the trace and then lets us interact with the fit of the
trace: type a q to go on. You will be asked if you want to run traces for the image, then
whether you wish to fit the traces interactively, and finally if you want to fit the trace for
the first aperture inh:racLiw.'h.r. .-'ktcrrpt. the "‘:,'m"" defaults for all three questions, and ¥ou
be confronted with a plot like that shown on the left side of Fig. 10. We are once again in
the interactive curve fitting program, and therefore we can alter the order ar funetion not
with il_order 3 or it function splined but simply by :order 3 and funetion spline.
Note that we cannot alter the size of the trace step ar sampling—we can only interact with
the fit to the ]:||I::I:.: or delete points,

Note that the fit on the left has an RMS of only 0.023 pixels—pretty darn good! The
trace itself goes from 162 on the left to 155 on the right—the spectrum is tilted by -7
pixels aver its 1200 pixel length. (If we hadn't traced at all our extraction aperture of £5
pixels would still have covered the centers of the profile, but we would have been losing
a lot of the light at either end.) The points in the trace deviate slightly fram a straight
line at high column numbers, and it is enough for 4 points to be automatically rejected
from our sample of 119 points. [ Remember that our step size was 10; our spectrum is 1193
points long, so it makes sense that we have 119 points in the trace.] Can we improve the
fit by going to a more flexible function? We can change the function to a cubic spline by
doing a :function spline3, and we can change the arder to 3 by doing a :order 3. An [
then does a new fit. The fit we get out is shown on the right of Fig. 10. The RMS has been
improved miniseully (to 0.020) The curve now actually goes through the slight upturn at
the right. However, with an extraction aperture 11 pixels wide, this slight improvement
will have no noticeable effect on the extraction.

We eould, if we wish, delete a point by positioning the cursor near that point and typing
ad. We could restore it by a u. Again, a 7 shows you the full array of cursor commands
available within the icfit program.
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Figure 1) The linear fit (function=legendre, order=2 on the left does a goad job of
fitting the trace, but doesn't quite match the upturn of the trace at high column numbers.
"hanging to a moare flexible function (function=spline3, order=3 on the right results
in a good fit to the points of the trace throughout the entire spectrum.

Seeing Your Spectrum It is finally time to actually see the froits of your labor: exit
the trace fit by going a q. You will be asked if you wish to write the apertures to the
database —again, accept the default “yes®, as this will record the values of the aperture,
background, and trace parameters in the local subdirectory database as explained above.
You will next be asked if you wish to extract the spectrum. Accept the “yes” default.
Next you will be asked if you wish to “review” the spectrum. Again, accept the “yes”
defanlt and you will see your spectrum looking something like that of Fig. 11. The image
name created for this image will be obj088.ms.imh, with the “ms” extension signifying
its multispee format. You can interact further with your spectrum using the powerful

splot command, described in Sec. O

3.83.3 Extracting a Weakly-Exposed Spectrum Using apall

The example used in 3.3.2 was that of a “well-exposed spectrum™ by which we really
meant that there were plenty of connts in the continuum. Because we had plenty of counts,
it was easy to find and cenler the spectrum, and it was easy to trace the spectrum. What if
you were extracting a weakly-exposed star? Or what if you wanted to extract the spectrum
of a stellar-like HII region which has no continuum but plenty of good strong emission lines?

The answer to this depends heavily on the data itself. If there are any discernible signal
in the spectrum, you can get a pood center for the spatial profile: simply pick a point along
the dispersion axis where there is such a signal. (You can do this interactively when looking
at the aperture editor by doeing a :line nnn; to then recenter the aperture there, type a
e). You can also increase the number of dispersion lines summed before finding the center
by increasing the value of nsum.
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Figure 11: The final extracted spectrum.

Getting a good trace is trickier. If there is continuum throughout the spectrum, you
may be able to do fine by increasing the number of dispersion lines summed in determining
a ponl alung the trace: increase b_nsum. |:"|"I::u may also want to make the slep mize coarser
by also increasing t_nstep.] However, this won't help if there just isn't any continuum.
In that case you will probably want to use a well-exposed stellar spectrum as a reference
for the trace—the trace of the well-exposed spectrum will be used as the trace for the
weak-continuum exposure ohject you are trying to extract. This will work fine if the
tilt af the reference spectrum does actually mateh the tilt of the weak-continuum souree,
but remember our discussion earlier: this tilt is going to be partially due to the effects
of differential refraction, and hence the deviation will depend upon the wavelength, the
wavelength coverage, the airmass of the observation, and the orientation of the slit to the
horizon. You can work out for yourself how significant this is by using the tables given
by Fillippenko (1932 FPASF 94, 715) and a knowledge of the scale at the detector. As
an example we consider the coude telescope at Ritt Peak and the observation of a star
at an airmass of 2.0 observed due south (sa the slit is oriented nearly at the parallactic
angle|. The difference in atmospheric refraction from 40004 ta 4-’1““.{ is 0.7 arcsec, and
this translates to a 1.3 pixel shift for a typical CCD at the seale of the Kitt Peak conde
spectrograph camera.

Thus we recommend using a hierarchical approach in dealing with the “weakly exposed”
cases:

1. Weak contimurm: wse apa" as deseribed above but c:hangt: the rl::I“CIWH'.I" parameters:
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e nsum I[ncrease so that it is easier to find a good center at some point along the
dispersion axis. I possible, also change line to a dispersion line that contains
strong continuum [the red end of the spectrum if the star is red or a region
around an emission line).

o L_nsum Inerease to uclmct.hing like what you sel NSWm so that many I:Iia]:ltﬁiun
lines will be summed in looking for the center of the spatial profile at the next
trace step.

e t_nstep You may want to increase this ta samething like t_nsum, but anly if
the tilt is small enough that the center at the next trace step is not too different
than the center at the previous trace point.

2. No continuum: l/se some other exposure as the reference spectrum for the trace.
First decide if you can set the center of the aperture from the data itself, or do you
need to actually adopt the center of the reference spectrum as well? (If so, you'd
better hope the positioning was identical in the slit!) If you can find the center from
the data itself, then

e apall specirum reference—refspect Lrace- recenter4+ When you are in the
aperture editor, play around with the line and nsum parameters as discussed
above to establish a good center; you will have to type a e to actoally recenter
the aperture. Onee that is done, the trace will antomatically be shifted to this
center at whatever line you use for establishing it.

If you need to use the reference spectrum itself to establish not only the trace but
the center as well, then

e apall spectrum reference=refspect trace- recenter- You will at least be able

Lo inHPI:CL the final results.

3.4 Going Further: Calibration
3.4.1 Wavelength Calibration

Having extracted the spectrum of our program object, we will probably want to now put
the data on a (linear) wavelength scale. The conceptional steps in doing the wavelength
calibration were discussed in Sec. 2, and we will follow these closely:

Extracting the Comparison Exposure(s): The first step is to extract the comparison
spectrum with the identical centering and trace used for the program spectrum. This can
be accomplished by leaving the parameters for apall set as shown in Figs. 6 and 7, and
doing the following:



apall comp030 out=cob)068 rel—obj068 recen- trace- back- intera-
This will extract a comparison spectrom from the image comp030. The extraction aperture
used for extracting the spectrum from image obi?55 will be used centered exactly as it was
in obj06%, and not be recentered (recen-) an the comparison exposure. The comparisan
exposure will not be traced (trace-) but instead the trace from image objlf8 will be used.
Finally, there will be no background subtracted (back-). (If we did subtract background
from a comparison exposure there should be nothing left!) The intera- switch says not to
bather to do it interactively. This step created a new spectrum called cobj088.ms.imh.
If there were a second comparison exposure we wished to use with the first in order in-
terpalate in time, say, to the object exposure, we should have used an output name like
cobj088a.ms.imh, and extract the ather exposure now:

apall comp038 out=cobj068b ref=obj068 recen- trace- back- intera-

Determinating the Dispersion Solution: The next step in the reduction process is
to run the task identify on the extracted comparison spectrum. This will allow us to
identify which comparison lines have what laboratory wavelengths, and to fit a funetion to
these data. The parameters for the identify task are shown in Fig. 12. We have set the
coordlist parameter to be that containing the lab wavelength of the HeAr lines prominent
in the CTI) comparison lamps; page linelists$ README to see what other choices are
available. We have also set the parameter fwidth to the base-to-base width determined
earlier, and set the number of rejection iterations to 1.

Running the task will present you with a plot of the comparison spectrum. To obtain a
goad dispersion solution, try the following steps, following along with the sequence shown
in Fig. 13

o ldentify three or four good lines along the spectrum by positioning the cursor to the
comparison line and typing an m. This will *“mark” the line, and invoke the centering
algorithm (Fig. 13, top left). Fach time, you will be asked for the corresponding
wavelength. You can enter an approximate value for this, and it will choose the
nearest entry to this value from the table of laboratory wavelengths you specified
with coordlist. *

e Do an [ to obtain a *fit” of wavelength as a function of pixel number using the two
or three points you established in the previous step. You are now in your old friend,
the interactive curve fitting routine icfit. Change the fitting function to a straight
line {:funet cheb followed by a :order 2 followed by an [, and hit a ) to see a
plot of residuals {in EJ vs. pixel number (Fig. 13, top right). Are any points very

"Watch this step: if it simply repeats your approximate value of the wavelength back to you you sither
hawse mistyped the value, or the coordinate table isn't working for some reason,
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IEI.E\E Redunction and Analysis Faciliey
FACKAGE = glit
TASE = fidentify

inages = cobjOe8. me. imk Images containing faaturss to ba idenvified
{mazeian= middle lime) Saction to apply to two dimensional images
{databagm databasae) Databasa in which to razord feature dats
{eosrdli=linalistsfetiohear.dat) User soordinate list

{msam = 10} Humber of lines or columne to sum in 20 images
{mateh = 10.) Coordinate list matching limiv in ueer umite
(maxfaac= 50) Maximam numbar of feataras for aantomatis
{=@idth = 100.) Zoom graph width in user units

{feypa = emigsion) Faature type

{fuidth = T.5) Faature width in pizals

{eradins= 5.} Centering radias in pizels

{thresha= 10.) Featurs thresheld for centering

(mingap = 2.) Minimam pixel separatisn

{functia= eplina3) Cosrdinats funetion

{order = 1} Order of csardinate function

{Eampls = *) Cosrdinate sample regions

{miterac= 1} Rajection iterations

{low_raj= 3.) Lower rejection sigma

(high_re= 3.) Upper rejaction sigma

{grow = 0.) Rajection grawing radius

{autouri= as) Automatically erite to databass

{graphice stdgraph) Graphice output davics

{eurgor = ) Graphiece sarsar inpat

Figure 12: The parameters for the identify task. Note the specific reference to the wave-
length table coordlist and the feature width fwidth being set to the base-to-base width
of the comparison lines determined earlier.
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discrepant, indicating that you misidentified one of the lines? If so, you can delete it

with a d.

¢ |ypeaqtoreturn to L b p]c:li il Lhie caomparison spectrum. Lypean It aut.c:lmat.ical]}'
mark and center all the other comparison lines in the coordinate list that are not too

far from the location predicted by the preliminary fit (Fig. 13, middle left).

e Type a [ to obtain a new fit. Inspect the residuals, and you will doubitless see a
systematic effect with pixel number. (Fig. 13, middle right). Try high orders or
other functions. For the data we are using here, we find that a third-order, cubic-
spline (:function splined rorder 3) produces a good fit (Fig. 13, bottom left), but
in general it's good to avoid cubic-splines if you can—they are a little too flexible.
Type an | to see the “non-linear” part of the function, and how well this is fitting
the points (Fig. 13, bottom right).

® Return to the identification part of the routine by doing a q. If you were happy with
your fit {comparison lines are marked throughont your spectrum, your fit has a low
RM5 IH'it in this case, which is acceptable given that the dispersion is ].-ﬁulu"pi:{cl].
and no obvious systematics in the residuals plot), you can exit the routine by doing
anather g. Otherwise you may wish to da anather | to use the improved salution to
identifly additional lines, or do a z followed by an 4's to examine each identified line
in detail, ete. A 7 will show you the full range of cursor keys available.

Doing More Dispersion Solutions The Easy Way: Additional comparison spectra
can be handled very easily based upon this first solution, using the reidentifly task. Edit
the parameter task for reidentify so it resembles that of Fig. 14, This task will use the
lab wavelengths and line centers from the entry in the local directory database for the
reference spectrum as a starting point for the new spectrum. It will attempt to center all
the lines using the old line centers as the starting points: if it loses any lines, reident will
fail if nlost=0. When we run reidentify in interactive mode {interact=yes) we will he
told what the EMS is of fit, and asked if we wish to interactively change it using identify.
We expect the RMS of the new fit to be similar to that of the old fit. Note that by having
using niter=1 in the parameters for identify when we did the previous selution, it means
that reidentify ecan in fact reject a very deviant point without the feature being “lost”.

Assigning the Dispersion Solution(s) to the Object Exposure Having obtained
the dispersion salution(s) for the extracted comparison exposures, we must now somehow
link each solution with the program spectrum. This link is provided by placing the key-
word REFSPEC1=rcompimagename in the header of the program ohject. If a second
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Figure 13: Three comparisan lines are initially identified (upper left) to create a linear fit
ol wavelength as a funetion of pixel number (upper right]. The RMS of this straight-line
fit is 0.02A over this very limited wavelength range. This preliminary fit is then used to
automatically find additional lines in the spectrum (middle left). These additional lines
show a strong systematic trend with pixel number when only a linear solution is used, with
residuals of 0.4A [middle right). Making the function more flexible [third-arder, cubie
apline) removes this systematic trend trend and reduces the residuals to 0.04A (lower left),
The non-linear part of this dispersion solution looks sensible (lower right).
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comparison is used, then a second keyword ( REFSPEC2=slhercompimage) i= placed in
the header, and the fractional amount of each to be used is given.

There are several ways to accomplish this. If your entire observing run consisted of a
single program exposure and a single comparison exposure, the easiest thing to do would
be to simply add this keyword to the header using the task hedit:

hedit obj068. ms.imh REFSPEC1=%"cob)068.ms "add+4 ver- show+4
wonld da it. Or if you had taken two comparison exposures, one immediately before, and

one immediately afterwards, you might want to say
hedit obj068.ms.imh REFSPEC1="cob)068a.m=s 0.5” add+4 ver- show+

hedit uhjﬂﬂﬂ.nlu.irn]!l REFSPEEE:“:DhjUHEb.mu 0.5" add+4 ver- show-+

However, it is more likely that you have better observing weather than that! The task
refspee provides a number of schemes by which you can automatically assign comparison
spectra to object spectra. The help page for refspec will show you many possibilities; we
list a few of the mare likely below:

e assipnments based upon time: You can antomatically assign the dispersion so-
lutions to the program spectra based upon the julian day. First run the task sei)d
ta add the *normal” julian day (jd), the heliocentric julian day (hjd), and a “local”
julian day {ljd) that starts at local noon to the headers. If we were ta then run the
refspec task we could specify that we wanted to take the comparison spectrum that
was taken (a) nearest in time to the program exposure (select=nearest), (b) near-
est in time before the program exposure (select=preceding). (¢) nearest in time
after the program exposure (select=following), or {d] interpolate in time between
bracketing comparison exposures (select=interpolate]. Thus to da the latter we

would be want to do
— setjd *.imh
— refspec obj*.ms.imh reference=cobj*.ms.imh select=interp sort=jd

confirm- verb+4-

The task is sophisticated enough to distignish between days using the group param-
eter, which defanlts to *jd”, so you will not be trying to use comparison spectra
from the wrong day.

e assignment table: You can create an assignment table that explicitly states what
comparison exposure goes with which object exposure. For instance, a table might
laok something like that of Fig. 15

You eould, if you wish, specify that you want to average the dispersion solutions if
twa appear on a line:

refspect obj*. ms.imh ref=cob)* ms.imh refe=reftable seleci=ave verb+4
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obj032.me cobjldla.me,cobjldZb.me
objiE8.me cobjlEs.ma

objE3.me

objOTo.me

objidd.me cobjldla.ms

Figure 15: This arc reference table reftable will link the dispersion salutions for eobjl32a. ms,
cobil32b.ms with the extracted program spectrum ebill¥2.ms, will link the dispersion
solutions for cobj088.ms with the extracted program spectra objllf8.ms, objlf% ms,
objl 7. ms, and will link the dispersion solution for eobj?32a. ms with the extracted program
spectrum objiil.ms using whatever scheme 15 given in refspec.

Applying the Dispersion Solution(s) To Your Program Objects: The final step
of applying the wavelength calibration is to actoally use the dispersion salution(s] to set
the wavelength seale. The task for this is dispeor, and a sample parameter file 15 given in
Fig. 16.
We first will put all the abject spectra inta a file called objects:
files obj*. ms.imh > objects

When we run dispeor we will get new images, each with the letter *d” appended to the
ald name. We choose to actually linearize the spectra—this is no longer strictly necessary
with the *world coordinate system” provided by V210 of IRAF, but none of us have
miuch experience with this yet, and so for now, let's just da the same thing we've come to
know and love. By setting global=yes we would have assured that all the object spectra
will have the identical wavelength scale. Run dispeor and you will see something like the
autput in Fig. 17. We can explicitly change the defaults for any three of the four dispersion
parameters (starting wavelength, ending wavelength, wavelength per pixel, and number of
autput pixels], but yon will want to keep the dispersion value within factors of 20% or so
to keep the interpolation errors small.

3.4.2 Flux Calibration

If you have abserved spectrophotometric standards you can calibrate your program observa-
tions to real flux units. The directory onedstds$ houses several subdirectories containing
the standard star calibrations. The file onedstds$README explains where these cali-
brations come from; at present, all of these data are more or less on the Hayes and Latham
[]!3?-": Apd 158, 175) calibration of Vega, t:.qm:nLia]h.r that of the Palomar ABTY system of
Oke and Gunn (1983 ApJ 266, T13). Nevertheless, let the buyer beware, the sanctity of
the fluxes used are up to the user to evaluate.

Each star has its awn individual file within a given subdirectory, which specifies the
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PACKAGE = kpnoslit
TASKE = dispeor

inpae = dobjects List of imput spsctra
autput = 4/ flobjacts List of putput spacstra
{linesari= yaa) Linsarize (interpalata) apactra?
(databagm database) Digparsion sslution databasa
{tabla = J Wavelsngth table for apertures
{wl = INDEF) Starting wavalength
(w2 - INDEF) Ending waveleangth
{dw = INDEF) Wavelength interval per pixel
{nw = INDEF) Humbar of sutpat pixzals
{lag = Bo) Logarithmic wavelangth scala?
{flax = yaa) Consarve flux?
{Eamedis= as) Same disparsion in all aparturas?
{glabal = no) Apply global defamles?
{eanf irm= yaa) Confirm disparsion csardinates?
{listanl= as) List the disparsisn csordinates only?
{warbaae= yaa) Print linear disparsion assignments?
{logfiles J Lag file
(mode = g1}
Figure 16: The parameters for dispeor.
kp> dispear

List of input spsctra (dobjects):
List of outpat spectra (4 fobjects):
dobjd23 . ms.imh: ap = 1, @l = 380%. 1T4TOVI020TE, w2 = BOOG. 458618630227,
de = 0.93089T109112805T, nw = 118
Change wavelangth coordinate assigamenta? (yas|ns|RO0)}: yes
Starting wavalength (3894 1T470T2021): 3336.
Ending wavelangth (5003 4586136302): INDEF
Wavalength interval par pizel (0.930887160112Z81): 1.0
Namber of output pizels (1198): INDEF
dobj023 . me. ink: ap = 1, wl = 3BE6.000000000001, w2 = EOOG., dw = 1., nw = 1114
Change wavelangth coordinate assigamenta? (yas|ns|NO0} (yes): EO
Aobj023 . me. ink: ap = 1, wl = E9E., W2 = BO0R., dw = 1., nw = 1114
Aobj0Rs . me. ink: ap = 1, wl = E9E., W2 = BO0R., dw = 1., nw = 1114

Figure 17: When running dispeor it is straightforward to change the wavelength assign-
ments.



wavelength, width of the bandpass, and the magnitude of the standard star.
The procedure for flux calibrating requires executing the following steps:

Correct the airmasses to mid-exposure by running the setairmass routine.

Establish the correct subdirectory for the standard star observations in the parameter

file of the package (e.g. kpnoslit, etioslit, or kpeoude).

Hstablish the correct file to use for extinetion correction of your data. If you have
chosen to use the kpnoslit package to reduce data taken at KPNO the default
would already be sensibly set to onedstds$kpnoextinet.dat. If you had chasen
ta use the etioslit package to reduce CT10 data this will have been sensibly set to
onedstds$ctioextinet.dat. However, since we have chasen the rather bizarre route
of choosing to reduce CTI0 data using the kpnoslit package, we will have to change
this.

For each standard star ohservation, execute the task standard. This routines takes
a single abservation of a spectrophotometric flux standard and asks you to give the
version of its name listed in the calibration sabdirectory. The standard routine
then integrates your data over the appropriate bandpasses, divides by the exposure
time, and outputs a single file containing an observation-by-observation listing of the
observed counts within each bandpass along with the standard star fluxes.

The sensfunec task will allow you to interactively fit the sensitivity function as a
function of wavelength using the output file from standard. Fxtinction corrections
nsing the standard extinetion table you adopted will be used, or you can try to
choose to determine the extinction empirically from your data. You can perform
“grey shiflts” of a particular observation, delete points or observations, and generally
interact until you have a satisfactory fit to the points.

The sensitivity function determined by sensfune is applied to your data by the cal-
ibrate task. The program spectra are corrected for atmaspheric extinetion, dividesd
by the exposure time, and finally transformed using the sensitivity curve.

Lt 15 rianm L|'|r-::l1:|5|'| thi= H1.E]J-|JJ.'-H1.E]:I for the data we have been I:Iim.-uﬁaing.

We begin by running setairmass task. The results are shown in Fig. 15

Flux standards were observed for the data being used here primarily to help in flattening
the continoum: we were not interested in obtaining good spectrophotometry but we did

rexquire frequent spacing of the calibration points so we could remove the vignetting at the

high waw.'h:mELh end. Thius we observed l:::n|1.r a Hing]:.‘ standard each nighi, but we did
choose themn from the “Kitt Peak Spectrophotometric Standards™ list, as these have flux

points every 04, The subdirectary far the calibration data is onedstdsSspeciOcal /. In
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kprastairmase * ms.imh
b Imags OT middle weffective begin middle end updated
# Sstairmamas: Obssrvatory paramsters for Cerro Telole Interamerican Dbssrvatery
b latitude = =30 _18EZ77TTH
abj058 . ma. imh O:3q:41.0 1.3641 1.38048 1.3641 1.%674 ya=
abj0d8 . ma. imh B:4T:50.0 1.361T7 1.3689 1.3817 1.3634 ya=
abj 0l . ms. imh 0:30:13.0 1.40148 1.387& 1.4018 1.4055 ya=
abjlXd.ms. imh 0:42:26.0 1.4388 1.4323% 1.4385 1.4408 ya=

Figure 18: Hunning selalrmass.

addition, we must make sure that the atmospheric extinction table we are using is the
correct one: onedstdsfctioextinet.dat in this case. We have been running all of the
spectral extraction and calibration routines from the kpnoslit package, and it thus this
package whose parameters we must now edit. We do an epar kpnoslit, and see something
resembling that of Fig. 19

We now need to run standard for each observation of a standard star we make. The
antput file defaults to std but can be called anything: the important thing is that we keep
this name the same for each execution of standard so that new data will be appended to
the same file. A sample run is shown in Fig. 200

We are now ready to do the determine the sensitivity function for our data by executing
sensfune. The parameters are shown in Fig. 21. Execute the task and you will be presented
with a plot like that shown on the left half of Fig. 22, The top plot of the pair shows
the sensitivity function vs. wavelength. The bottom plot of the pair shows the residuals
(magnitude] vs. wavelength.

We can see immediately that using a dinky slit that was about half or less of the
seeing fwhm did not lead to incredibly good absolute spectrophotometry (nor did observing
though clouds; note the title of the second observation of Feigel 10 shown in Fig. 20): the
observation-to-observation residuals span a range of nearly 0.6 mags. The full range of
cursar options is available by typing a 7. For the data presented here, we decide to do a
grey-shift by typing a s. We next find that one of the three observations has a different
slope than the other two, and we decide to ax it by doing a d and specifying that we
wish to delete all the points associated with that particular abservation by saying “star”.
Finally we up the order until the curve bends enough to deal with the extreme tilts at the
end of the spectrum. The final fit is shown on the right of Fig. 22.

The final step is to actually apply this sensitivity function to our data, using calibrate.
The parameter set for calibrate is shown in Fig. 23, We have assumed that you have
gathered together the spectra you wish to calibrate into a file called cxamples; you could
do this by having done a files d*.ms.imh > examples. The output files will be given



IRAF
IEI.E\E Redunction and Analysis Faciliey
FACEKAGE = imrad
TASE = kpaoslit

{aptinces shedstdafeeioastinet dat) Extinstion filas
{ealdir = oanedacdsfepecbOcal/) Standsrd star calibration directary

{obaaryam obhsarvatery ] Obdervatory of data
{interp = polys) Interpalation typa
{databage database) Databasgs

{warbosem yaa) Varboge sutput?
{lagfiles logfile) Lag file

(plaefilm ) Plat filas

(nEam = 1} Apertars sum for 20 images
{rasardam ) Raszard number axtandions
{wargion= KPNOSLIT V3! January 1992)

(made = qLll)

{(§nargs = 2)

Figure 19: The package parameters for kpnoslit, modified to specify the ctio atmospherie
extinction table. Note the final /7 on the subdirectory for caldir.



kp> stasdard

Inpat imags file Foot mams: obj053.ms
Datput flux Fils (oaed by SENSFURI] {atvd]:
dokj06S . ma[1]: 110

Srar mamé in c2alibravies liat: T

Stasdard stara in onedatdadapacSical f

(XL TLER] Talgeds hd?1TORE PEOTLENIT PEISIFTED
eygshined TalgedT KA 1EE00 PEDILG1AS pEliZ1145
gl EIT1BIE hz1d PENAIILAE pElEAEN3E
faligulid gdian hzdd PEDBAEZAS pELTIEE02
Talgald hA192I8d PEOINELZY PETAIASEL walfi34s

Svar mame in calibraviea liat (7] Ffelgeldd

&b 058 ma[1]: Edir basdpasses? (s |yes |D0]YES | OID! IYER!) (nal: As
Ep> stasdard dab{090 =

Outpat flux Tils (naed by SENSFURC] {atd):

dakj080 sa[1]: FI10 8 ssma clsuds

Svar mame in calibracies liat (Teigeldd :

dok]030.ms(1]: Edit Bandpassea? (ne|yes|BI|YES|DD! [YES!] {nel:
kp> stasdard

Inpur image fils root mame: debji2s. ms

Output Tlux file C(osed by SENSFIIRC] fatd] :

dakj129.m3[1]: Faigeill

Swar mame in salibraviss list (Faigeldl :

dokj0d0 ma[1]: Edit bandpassea? (nolyea| D3| TES (DD [YES!] {na):

Figure 20: Running standard for all the standards. By answering with a ? to “Star name
in calibration list” we were antomatically shown the list of legal star names. The entry is
case and punctuation insensitive, however.

PACEMIE = Epasalit
TAEE = sensfumc

arasdards std Isput staadard scar dats Tile (from STANDARD]
Saaalt ive Said  [UEpAE Poast SeESLTIvity ToRsrlsn IRAFqREAS
CaparTuEs 1 Apartore aelectiss 1iat

Clgmarass ya3| Ignoare spertured and make one ssmsfitivicy fumer
Clagfilam lagfilal Dueput log Far avatistics LATarmatisn
a¥tincEm I_.axtinction] Exuinctien File

(hewartim artinse . dat] Dueput reovised sxtimction fila

CobSarvam obsarvatary! Dbservatsry of data

(fumet jam aplined] Fiwtimg fusctian

Cordar = &1 Dpdar af TIiC

CiRtaracs yad | Datarminse sensicivity Tenction laverectively?
(EFEpha = ar] Oraphs par Trafa

(marka = ploa erodd box! Data mark Types

(eurser = 1 Oraphica curasr inpot

(davice = stdgraph! Oraphics sutput davwice

ERIWEE = yad (ma|yaes|D0|¥ES]

(Aada = gl

Figure 21: The parameters for sensfune.
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Figure 22: Making a good fit with sensfune. The pair of plots on the left are from the

ariginal fit; the pair on the right is what we have after (1) doing a grey shilt with s, (2)

deleting one of the three stars using a d, and (3) uping the order to 9 with an :order

9.

PACEAME = kpasalit
TASE = galibrats
inpar = Bazamples IRput apactra 12 calibrats
SETpEt = of fuzamples Dueput calibrated apactra
Ca¥rincEm yai! Apply sztisctien correctlea?
(flug = yas | Apply Tlue =alibracisa?
(a¥rinsEm I_.axtinetion] Exrinetisn ¥ile
Cobmaryam sEsarvatsry] DEservatsry of sbhasrvatiss
[l gharanm yad | IgRaTe EparEira mombars in Tlof calibratisa?
(aamaitim sand | ImAgs reol mame Tor sanaitivity spactra
(faw = sl Craate spesere having usits «f FOUT
(mada = gl

Figure 23: The parameter file for calibrate.

new names made of the old names with a “¢” in front.

The final, fluxed spectrum is shown in Fig. 24. We can see that we didn't do a great
job at the ends, particularly where the sensitivity function has been extrapolated beyand
the calibration points on either side. But overall the spectrum is much flatter than that
shown in Fig. 11.

3.4.3 MNormalization

Instead of trying to flatten our ugly spectrum by fluxing it, we could instead simply attempt
to fit a function to the continuum and normalize the spectrum by that fit. The task for
this is called continuum. Parameters for this task are shown in Fig. 25.

The trick in running continuum is to have a sufficiently flexible function that you
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HOACY [RAF 77 1035 TA sammey®tofu Sunm 171180005 19=Jan=-53
|oobjoed mele, 111 |l -559 240,008 ep:1 boam:-1

o] M, ?
L | TMIW|WW"W*.%,....|’.\

4000 4200 4400 500 L[] kOO0
Mevelongth largetroes]

Figure 24: The final extracted, flux-calibrated spectrum.

PACEME = kpasalit
TLESE = gonulawum

inpar = deh j088 ma . imh  Iapot Smages

SETpEt = B5h 088 ma . imh DuEpat imAges

(limas = ] ImAags lines mo ba Tic

(Eypa = ratis] Typa of awtput

(raplacam na! Replace rajected paints by Tic?
(AT S ya3! Bzale the I axis with sevalangrh?
(lagazals nal Take the lag (Bass 10] of bath axea?
Cavarrids ng! Ovarrids previsoaly it limes?
(lisranlm el List Tir bat dea”t madify any lemgesT
Clagfilam lagfilal List of lag Tiles

fiptarecs yas | Baw fiteiag paresstars iaceractively?
(aample = =] Bampla poisEs t8 wae in it
CHATaFEE™ 1] Tembar &f pelats in sample aversging
(Tumat iam aplined] Fietiang Tusatian

Cordar = 11 Drdar of Tittiag TusciSan

(law_rajm 1. ) Lem Pajection i sigma of Tit
Chigh_ram . | High rejecrisn §n aigsa of Tic
(aftaraes 10] Mesbar of rejeceisn itarations
(graem = 1.] Refjectiem groging redins in pieels
(markrsfj= ya3| Hark rejecvad peinta?

(graphiom Stdgraph! Oraphics surput davwics

(CursSar = 1 Graphica curasr ilnpat

ask = yad

(mada = gl

Figure 25 Parameter file for continuum.
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actually are fitting the continuum, even over those extreme bends shown in Fig. 11, but to
not fit true spectral features. We start off by having a large number of rejection iterations,
a low sigma for the rejection of points, and decide to reject only high points. [You should
reconsider this for emission-lined objects!)

The top graph in Fig. 26 shows the initial fit. Although all the absorption lines have
been automatically rejected, so have the very bent ends of the spectrum. By upping the
arder to 25 ar so we are now doing much better—the garbage on the extreme left is still
being antomatically rejected, and hence won't divide out, but that's not too bad. We can
inspect the ratio by striking the k key—afterall, this is just the interactive curve fitting
program icfit that we have used numerous times in this redoction. When we get done
we can examine the final spectrum using splot, shown in the bottom-most figure. [More
about splot can be found in Sec. (]

4 Doing It All Automatically: doshi

In Sec. 3 we went through the individual steps of extracting and calibrating your spectra.
You may have felt “There mus! be an easier way.” You're right, there is, and the name
of this is the task doslit. This task combines all the steps discussed above into one very
powerful and versatile routine. We've dealt with the individoal steps becanse knowledge of
them is still essential for dealing with doslit in an intelligent manner—but in fact, doslit
is all you really need to use to reduce your spectra.

When we run deslit the following things will happen:

® The setairmass and setjd tasks will be automatically and invisibly run to update
the headers with the effective airmass, the UT time of mid-exposure, and the varions
julian dates,

# The program exposures and comparison exposures will be identified based upon the
value of *IMAGETYP” in the header.

e You will be given the chanece to examine the apertures and background region and
the traces for all the program objects interactively.

e If you have chosen to dispersion-correct your data, the first comparison spectrum
will be extracted and, if a wavelength solution has not been previously found for it,
you will do this first one interactively. {The dispersion solution of all subsequent
comparison spectra will be found antomatically via reidentify.)

e If you have chosen to flux-calibrate your spectra, the standard star data will be
extracted, I'j'iHPI.'!TH'iﬂTl eorrected, and run I:.|'|rc:|1:|5|'| standard and sensfune to pml:lucrr
the sensitivity function, if this has not previously been done.
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Figure 26: Narmalizing to the continuum is straightforward, even for this twisty spectrum.
{ompare the bottom plot to those shown in Figs. 11 and 24,
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e Finally, each program spectrum will be processed in turn:

— The program spectrum will be extracted.

— If you have chosen to dispersion-correct your data, the appropriate comparisan
spectrum or spectra will be identified using whatever scheme you have specified
(closest in time, interpolated in time, selected from a reference table, ete.) The
comparison spectrum will then be extracted using the identical trace and cen-
ter as that of the program object, and the dispersion solution determined via
reidentify. The program spectrum will then be dispersion corrected.

— If you have also chosen to flux-calibrate, the dispersion-corrected program spec-

trum will be corrected for extinetion and the sensitivity function nsed to convert
to flux.

— If you choose, each program spectrum will be plotted on the screen as it is
processed.

You can rerun doslib any number of times, iTu:|ud1'ng new spectra, or additional stops
(such as flux calibration) and only those things that have not yet been done will be done
(assuming that the redo parameter is off!) In addition, there is a quicklook option which,
il selected, will provide only minimal interaction with the spectrum. We will use doslit
to do the extractions and dispersion-correction for the same data as we did step-hy-step
in Sec. 3. We begin by examining the parameters of doslit as shown in Fig. 27, We
have modified the parameters to specify that we wish to dispersion correct our spectra
and plat the final spectra as we finish; we have also specified the readnoise, the gain, the
dispersion axis, and the width of the stellar profile. We have turned elean on, which, as
you'll remember, means that the extraction algorithm is variance weighting regardless of
what we specily for welghts in sparams.

Maost of the guts of the parameters, however, are tucked away in the parameter file
sparams. To edit these we need to set the cursor on the sparams line and type an e
Alternatively, we could simply type sparams after we are done editing the main parameter
file for doslit. The parameters stored in sparams are shown in Figs. 28 and 29, and will
be familiar from our use of apall. Note that in addition to the extraction parameters
(which are identical to those in apall described in Sec. 3.3.2), we also have parameters
controlling the wavelength calibration tasks identify, reidentify, refspec, and dispeor,
as well as the flux-calibration task sensfunec.

We need to select the assignment scheme for the comparison spectra. In the parameters
shown in Fig. 29 we chose to interpalate in time (jd), but antomatically ignoring spectra
not taken the same night {using the local-noon day number ljd to distinguish one night
from the next |. .-'lLHt:rnaLiw:l:,', we could alsa have created a file with txpﬁ:.-ii references of
abject and comparison spectra. An example of such a table is shown in Fig. 30. Note that
this table is much simplier in form than that shown in Fig. 15, as the original names of the
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FACEAGE = kpaoslit
TASE = doslit

shjects = List of abject spactra

{arcg = ) List of arc spectra

{arctable ¥ Are assignment table [optional)
{standar= ) List of standard star spectra
{readnsis 12.) Read out nolse sigma (photons)
(gain = 1.} Photon gain {photons/data number)
{dispaxi= 1} Dispersion axis (1=along lines, Ze=along cols)
{width = 10.) Wideh of profiles (pixels)
{dispcar= yas) Disparsion sorrect spectra’
{agtcar = ne) Exrtinceion carrect spectra?
{flaxecalw ne) Flox calibrate spsctra?

{ragizs = o) Automarically resize apertures?
{claan = yaa) Datect and replace bad pixels?
{eplat = yaa) Plot the final spactrum?

{rada = e} Eads operations if previously done?
{updats = no) Update spectra if cal data changes?
{gaicklom ae) Minimally interactive gqoick=look?
{bateh = ne) Extract objects in bateh?
{liseanl= o) List steps but don't procesas?
{Eparamsm ¥ Algerithm parametars

(made = qll

Figure 27: The parameters for the doslit task.
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PACEME = kpasalit
TLSE = SpaFaRS

(liga = INDEF| Defaunlt disparsisa 1ing
(hism = 10 Wembar &7 dispersion 1imed 15 aum
(artras = yas | Exeract aky, aigsa, ave.?
-- DEFAULT APERTUFRE LIMITE —
(lagar = -B. | Lemar apartire 1imie ralative 14 caRTLTF
(uppar = B. | Tppar apartore limic ralative s ceRtar
-— AUTONATIC AFERTURE AESIZIND PARAMETERS -—
Cylaval = 005 Fractisa of paak ar intensivy Tar reaiziag
(paak = yai! Ia ylawel & Trastisn of the paak?
(hig = yai| Bubirect backgrousd for resiziag?
(avglimim ig] Avarags 15imits svar &1l eparturas”
-— THRACE PARAMETERE --
(Eg_stap = 10 Traczing atep
(r_fansem aplined] Trace Tivting Tenctiss
(e_spdarm 2] Trazs Titting Penctlss srdar
(e_mitarm 1] Tracs réjectien ltarations
(e_lag = 1. ] Trace lamer Fajectioh aigme
(e _high = 3. | Trace upper Fajection aigme
== LPEETURE EXTRACTIDE PLRAMETERE --
Ceaightam variance] Excrastisn weights (none|variasce:
(pfie = firvid] Prefile fiteing algerithes (fivid|fiedd)
(laigme = 4. ] Lemar rejecrisn thraihsld
(oaigme = 4. Tppar rajeseisn thraaksld
-— BACEAROUND SUBTEACTION PARAMETERE --
(haskgram Tit] Backgrousd to sabiract
Ch_fonses lagendrs] Backgrousd fusseisn
(h_spdarm 2] BeoRgrausd TussEish sSPdar
(h_Samplm =20:-10,10: 20 Backgrousd sampls reglons
Ch_mavars -1 | Backgrousd sverage ¢ ®edian
Ch_mitaErm 0] Backgrousd rejection iterations
(h_log = 3. | Backgrousd lowsr rFajection aigms
(h_high = 3. | Backgrousd epper Fajection aigme

Figure 28: The first half of the parameters of sparams. These are identical to those of
apall.

41



== ARC DISFERSIDN FORCTION FARAMETERE --
Cegapdlimlinaliscaderiohear dat) Line list

(match = 1. ] Line list metching limic ia Llngscrsma
(fwidik = B. | kre 15me widths in pizala

Caredlngm 1. | Canterlag redies in pixels

(i_fancEm aplined] Caerdinate Fonctisn

(1_spdarm 2] Dpdar of disperalisn Fonstlsn

(l_mitarm 1] Rafjecrise Starstisna

(1 _log = 3. ) Lemar réjeceisn sigma

(1 _high = 3. | Tppar rejeccisn aigma

(rafip = ya3 ] Rafit csordinete fumetion ohen reideatirfyisg?
CaddfanEm gl K4l Taprured ohen Feldentifyiang?

== AUTONATIC ART ASSTONNENT FARAMETERS --

(aalact = interp! Balectiss methsd Tor raference apecira
(asry = ja1 Baet way

(gremp = 1jd] Orsup key

(eime = nal I3 sort key & Tima?

ST TR 1T, Tims wrap pelat For time ssrring

-— DISPFERSIDN CORAECTION PARAMETERS —-

(limaari= yud] Linsarize (interpslate) spectraT
(lag = na] Legarithmic savelesgth scalsT
(flux = yad | Condarve Tlax?

-— SENEITIVITY CALTBRATIDN FLRAMETERE --

(8_fancem aplined] Fivtimg Tusctisn
(8_spdarw 91 Drdar of aemaitivicy fumstian
(faw = nal Create specere having umits of FEU?

Figure 29: The rest of the parameters of sparams. These now go beyond the apall
parameters ta inclode the details of wavelength calibration and flux calibration.



obj058 compl30

objO068 compl30 compl33
obj080 compl38

abj129

Figure 30: A reference table reftable snitable for doslit. The comparison spectrum compl 50
will be used for the program spectrum obil’58, the comparison exposures eompl30 and
cormp39 will be used for the program exposure abi?f8 (weighted following whatever rules
are selected by the select parameter), and the comparison exposure comp039 will be used
for object exposures obil90 and obji29.

abject exposures and comparison exposures are used. If you do choose to use a reference
table for the com PArison ExXposures, yon nieed cml].r seel, the doslit pararmeter arclabl -:.'qua]
to the name of the reference table (see Fig. 27).
We are ready to proceed! Simply run
doslit *.imh arcs=%*.imh
ar
doslit *.imh ares=¥*.imh arctable="reltable”

You will find yourself in the “aperture editor”, described in Sec. 3.3.1. You can change
the size of the aperture or otherwise modify it, and you can type a b to examine and
modify the background windows as described in Sec. 3.3.1. When you quit out of these
you will go on to the trace (Sec. 3.3.1). Note that if yon answer the various questions asked
[“Edit apertures for imagename?”. “Fit traced positions for imagename interactively?™)
with “YES" rather than “yes” it will quit asking you and simply assume the answer is
always going to be yes. Similarly, if you find you don’t need to interactively examine the
apertures or traces, you can answer “N0" to either or both of these questions, and you
will not be asked again.

After all the images have had their apertures defined and traced, a dummy extraction
will be made on the first comparison exposure in the ares list. You will find yourself in the
identify task, just as we deseribed in Sec. 3.4.1. Mark thres or four lines, do a fit, return
to the identify portion with a q, identify more lines with an |, do a new [, and adjust the
function and order until you have a good fit and no bad points. Exit with a q or twa.

The next choice you will face is whether or not to change to change the dispersion
constants; whatever you choose here will be applied to all the spectra.

Onee you've settled this, things are pretty much automatie. The first program spectrum
will be extracted, and if wavelength calibration has been selected (dispeor=yes in Fig. 27)
the appropriate comparison are(s) will be extracted with the same aperture and trace and
reidentily run on the extraction. You will be told how reidentify did {the number of
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lines found and fit, the average shift of the spectrum, and the RMS of the fit), and given a
choice of fitting the dispersion function interactively. [Again, “no” means “not this time”,
while *NO" means, “quit asking me”.) You will be given a chance to see the extracted,
wavelength-calibrated spectrum plotted if you chose splot=yes in the parameters for
doslit {Fig. 27); if you answer this with “YES" you will of course see every spectrum
without having to deal with the question again. The process will continue for the remaining
spectra.

The doslit routine does not leave intermediate prodocts lying around—it s the ex-
tracted spectra themselves that were dispersion corrected, and the final files are antomat-
ically in “multispec” format.

Note that in running doslit we simply specified “all images™ for both the image names
and for the arcs. The doslit task uses the imagetype parameter IMAGETYP, if present
in the headers, to decide what is an object exposure [(IMAGETYP=object or IM-
AGETYP=0BJECT, and what is a comparison are (IMAGETYP=comp ar IM-
AGETYP=COMPARISON)]. The values for these key-words are consistent with the
NOAQ Kitt Peak and CTI0 data-taking systems (both ICE and the FORTH codes).

We could alsa have done the flux calibration using doslit—we would merely have ta
have created a file containing the names of the files containing standard stars, and specified
this as the standards parameter (Fig. 27). For instance,

files 0bj058,0bj090,0b)129 > stands
fallowed by
doslit *.imh ares=%*.imh standards=%stands Huxecal$
would not only have extracted and wavelength calibrated our spectra, but flux calibrated
them as well. In paint of fact it is unnecessary to redo anything—if we have already done
the extractions and wavelength calibrations we will automatically do only the steps that
haven't been done, unless redo=yes (Fig. 27).

One last made of doslit should be mentioned: it is possible to turn quicklook=yes.
This provides an absolute minimum of interaction: this should work fine if the spectrum
is the strongest peak in a spatial cut, and if the size of the aperture, the location of
the background, and the trace parameters have all been reasonably set (probably from a
previous run of doslit). In fact, if we were to set the parameters like those of Fig. 27, but
turn on flux calibration as well

doslit wewspect ares=%*.imh standars=%@stands luxcal+
we would achieve the goal stated on the first page of this manuoal: it is possible to obtain a
plot of the wavelength-calibrated, flux-calibrated spectrum with a minimum of fuss—and
a careful combining of this with cedproe would result in seeing such a plot before the
telescope finishes its slew to the next object! Have fun!!!
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A Dealing with Multiple Stars On the Slit

There is very little extra that needs to be said for dealing with the “trickiness™ of having
multiple objects on the slit. When one is in the aperture editor, one merely has to mark
with m the additonal stars that one wants to reduce. Typing a b with the cursor positioned
to any of these marked objects will then allow you to interactively examine and modify the
background for that particular abject—and you may well need ta do this for each object if
the region is complicated. If you want to make a global change to same parameter in the
aperture editor—such as the upper limit, you may find it convenient to activate the all
switch by typing a a. Then, if you execate any of the normal commands {such as jupper
3) this will affect all your apertures. This will stay in effect until you turn it off with a
second a.

In Fig. 31 we show this procedure for the spectra of three SMCO stars. We could have
run either apall or doslit, and it would have automatically found the brighter star. We
have then P(JH‘i".'iDTLL’.‘d the cursor on each of the other two stars and I:.].rpnd an m. Note that
the apertures are numbered in the order they were found. Next we position the cursor
an the far-left aperture (numbered “27) and strike a b to examine the background. The
middle panel shows that the default background is not suitable —another star (the star
being extracted in aperture 3, as it happens) is in one of the two background windows.
We type an t to clear the background regions, and mark new regions using an 8. The new
regions, and fit {done by an f] are shown in the bottom panel.

If we have chosen rnu“.'lupec format and extras- the final image in this case will
have dimensions (1198, 3, 4): there are 1198 points along the dispersion axis, there are 3
stars [called “apertures”), and there are 4 spectra associated with each of these ohjects: the
variance-weighted, cleaned spectrum, the no-weights extracted spectrum, the sky spectrum,
and the sigma of the variance-weighted extractions. These four “extras” are called “bands®.

All of the spectral routines can handle these multi-dimensional images jost fine—if you
use apall to extract the comparison spectrum using the stellar exposure as a reference, you
will wind up with three extractions of the comparisons, and identify and reidentify will
keep track of what's what—and things are completely transparent if you are using doslit.
The plotting routine splot (see Sec. U] handles these data just fine.

One book-keeping deviee that you may want to make use of is to assign separate names
to each individual object you've extracted. In complicated cases you can do this by ereating
a table that consists of an aperture number, a “beam number” (always equal to the aperture
namber the way we have described defining apertures ), and an aperture-specific title. The
table might resemhle that of Fig. 32. Omne could then specify the name of this table in
apall as the parameter apid. Alternatively, one could accomplish the same goal by doing

hedit obj029.ms.imh APID1 “SMC h53-148" add+ ver- show4
hedit obj029.ms.imh APID2 “SMC h53-177" add+ ver- show4
hedit obj029.ms.imh APID3 “SMC h53-171" add+ ver- show+4
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Figure 31: Three stars are marked for extraction. Checking the background of star 2 (the
ane left of center) shows that the background region is contaminated by a neighboring star.
The bottom panel shows the newly defined background region and fit.
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1 1 SMC h53-143
2 2 SHNC h53-1TVT
3 3 SMC h53-1T1

Figure 32: A table relating aperture number and star name.

B The “Long-Slit Case”, or When Distortions are
Really Bad

The “long-slit case” means different things depending upon your application, but the one
prablem common to all of them is the need to grometrically correct your data so you can
then go on and do your extractions and calibrations. In Sec. 2 we discussed the need
for the spatial axis to be “exactly” along a line or column over the region used for sky
subtraction; if your background region extends aver a considerable length of the slit, this
demand becomes more stringent. In addition, when you are extracting an object that
covers a substantial length of the slit, you will degrade the spectral resolution if there are
misalignments or optical distortions that result in the slit not being quite parallel to the
array. In these cases you may need to remove the geometrical distortions (be they tilts or
curves) in the spatial axis. You can do this quite readily using only a comparison are as
the calibration image. We explain the procedure for doing all this in this section.

Furthermore, if you have data with is intrinsically untraceable, such as, say, emission
line abjects, you may wish to make the dispersion axis really be parallel to the chip’s axis at
all positions along the slit. The best calibration data for this is a *multi-hole” image—the
spectrum made by placing a mask with a series of holes parallel to the slit. One ecould in
fact accomplish this same thing, albeit not as well, with one or more exposures of a star
at different positions along the slit.

The procedure for correcting your data for geometrical distortions is straightforward:

1. ldentify the comparison spectrum along some dispersion line using identify.
2. Reidentify the features at other dispersion lines using reidentify.

3. Perform a fit of a two-dimensional function to wavelength as a function of column
and line number using the task fitcoords. This fit then provides the transfarmation
of wavelength as a function of {x.¥] on the image.

4. Repeat steps (1)-(3) for the multi-hole spectrum and for multiple-star exposure. This
Lhen Pr-::lvidtu the transformation of slit position as a function af [:-t,g.r:l on Lhe image.



G

lsing the transform task, perform the geometrical correction. The two transfor-
mations are inverted to map the wavelength as a linear function along one axis, and
position along the slit as a linear function along the other axis. If there is only one
transformation equation, transform will simply do a one-to-one mapping for the

other coordinate.

The identily, reidentify. litcoords, and transform tasks are all located within the

twodspec.longslit package. Load noao, twodspec, and longslit.

We besin with the comparison spectrum shown back in Fig. 4. The shift from one
side of the end of the slit to the other was only a few pixels, but the data will serve as
a reasonable enough example. The parameters for identify are identical to those shown
in Fig. 12. (Note that if your dispersion axis rans along a column rather than a row, yon
should set section=middle col rather than section=middle line.)] Simply ran identify
on the COMPATISON EXPOSUTe You p]an Lo use for correcting the distortions, i.e.,

identily comp030 We follow the procedure outline in Sec. 3.4.1, ie.,

1.
. Do oa fit ().

2

3.

2 |

Mark m three or four lines, giving the approximate wavelength of each line.

Do a q to return to the identification part of the task. Use the preliminary fit to
aulumalit:a]h.r il:l:.'nt.if:r' ather (eatures nEng e wavrrh:nELh list bg.r Lyping an L.

Do a new fit {[), and modify the fitting order to whatever is needed to make a good
fit. You can examine the residoals by typing a j. and you can examine the non-linear
partion of the fit by typing a l. You can change the arder of the fit by doing a order
3. for example, or change the fitting function by typing a :funection chebyshev, for
example.

. When you are happy with the fit, do a q or two, and answer “yes” to the question

“Write to database?”

Next we run reidentily. The parameters are shown in Fig. 14. [Again, remember that
if you had to specify section=middle col in identify you must do that here as well. )

This task will loak for the same comparison line as found in identify every 10 lines along
the spatial axis.

reidentifly comp030 comp030 verbose4

Since the verbose switch on, we will see output like that shown in Fig. 33.
We now have a dispersion solution every 10 rows throughout the data. We can nse

fitcoords to find a surface that defines wavelength as a function of z, y position in the
image. The parameters for this run of fitcoords is given in Fig. 34.
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AEIDENTIFY: ¥OLSINAF V2 10BETA muuey@tcdu Moo 18: 6509 0. Jur- 52
Raferance tmage = complld, Now fmage = compbliD, Raf: = yrea

Image Data Fourd Fri Mie Tht Ueer Skt X Shif Al
compd =, 121 W26 2D -DOTRS -0.074T -1.TE-% D428
compdd =, 141 ot Jd T -i1.0aAa =0oAzZl 185 D.oEra
ampl =, 100 2R 2D -DOTTI -0.0721 -1.8E-8% DOk
compld =, 131 MWfIR 2e/m LOATA -1ONT -1.8K-% Do
compldn®, 118 MWI2R e/ DOT -0.0748 -1.TE-% D841
EampIan =, 1o I 2EfTE -DOALS .0.0781 -1.TE-%  Duon0s
compaan=,71] IEiDE DA DOB3 -0OTeA -1.7R-% DoOnIm
compl3 =, A1 I6/28  DAfM DRI 0077 SLTE-3  Doaal
el =, 71 26/2E  DAfM -DO04A -0oa3 -T.OK-8 0. U3
complI = a1 LT T X R XL L -O0ATr 138N DOaE
compl 3=, 51 2E/2E DS 0OAAT -0oAnT 1288 DUOHRT
Eampl o=, 41 26/28 DAl -DuoREa g 14K 00144
compaan =, 11 DL DA 00104 -GO0FTE -DAK-4 Do
compdi =, 21 26/28  DASM -DUOEIT -00aTa -RaE-A  DATARD
compl =, 11 I6/28 DfM D032 -0.013 -4.AR-BF DI8IN
compdan®, 1] efm W1 .0.00AR 000808 -1.9K.8 00600
compd3®, 1T o3 J1-L - T D.OTRE 007 1.60E-1 DO4TI
Eamplan = 1Y I e o.0A A 0.07BT LTLE-L  DODERT
compd 30 =, 101 et Al BT O.OT 2T 0.06EEZ 1.A0E-% 0.0
compd =, 200 I e D.oanY o.ane LAOE-% Qo6
compdd =, 211 ot Jd T D.0A4S .08z LTAE-3  O0aLT
ampd =, 221 2R 2B a5 o.pane LYEE-%  0.OTOL
compldn =, 201 ed J-L - T e, e n.oas: LAdE-% no0Aan
Eamplan = 241 I e 0.111 alnl 2Ry 00917
compaa = 21 IMSIE DA DA 0107 nognd 219E-1 D03R1
compd =, 281 I e 0.138 117 2.EUR-3 0.1
compdd =, 2TL ot Jd T 0.118 0.11 ZAZE-%  OO1ET
ampl =, 281 2R 2B 0.121 13 2.ER-% 0 0.1u8
compl3 =, 201 ed J-L - T a.1s7 d148 1.7IR.% 0 0137
camplan =, 30 I e n.153 LTS 6Dy oLuZ
compaan ™ 111 IMSIE DA DA a.1ea 1N amE.m a1
compd =, 221 I e n.aa 31T AME-D Bk

Figure 33: The output from reidentify.

PACEAGE = longelit
TASE = fitcoords

inages = compl3d Images whose coordinates are to be fit
{fitnames ) Hame for csordinste fit in the databass
{interac= yaa) Fit coordinates interactively?
{combine= ns) Combine input coordinates for a single fig?
{databagm database) Databasa

(daletism deletions db) Delstion list £ile (not ased i anll)
{functia= chabyshev] Type of fitting function

{xordar = ) X arder of fitting fanction

{yordar = ) T arder of fitting fanction

{logfile= STDOUT ,lagfila) Log files

{plotfil= plotfile) Plat log fila

{graphice stdgraph) Graphics output davice

{eursor = )} Graphice carsar inpat

(mode = qll

Figure 34: The parameter file for the running the dispersion data through fteoords.
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In running fitcoords’ we are faced with the usnal problem of trying to display 3
dimensions of information (x. v and residuals] on a two-dimensional sereen. Imagine a
piece of paper representing your surface fit; the residuals would appear above and below
the paper. Now you may view the paper from above, in which case you see (x,¥) and the
residuals are prajected onta the plane of the paper, or you view the paper along one edge
so that the residuals appear compressed in one coordinate (x.r) or (y.r). You may select
arientations with the cursor command x and y; these will respond with a question asking
which axis of the data you wish to show in x and y respectively. For example, x=x and
y=y followed by a r (redraw) will show the location of the data points but no residoals
[equivalent to viewing the paper from above); x=y and y=r (followed by a r for replat)
will show the residuals as a function of ¥ but all information in x is lost in the projection
[equivalent ta viewing the paper on its side).

Start by showing x vs ¥: Lype a x and specify the x-axis; type a ¥ and specify the
y-axis; type a r to redraw. You will now see a map of the comparison lines. Delete the
points along the top edge of the spatial axis, and delete the points along the bottom edge
of the spatial axis. For the data shown here, where the spatial axis is parallel to the y axis
(mare or less) we can do this by positioning the cursor to a point along the top row and
hitting a d followed by a y. This is also a good time to delete any very deviant points
(d fallowed by a p, for “point”). Do a [ for a new fit. The top plot of Fig. 35 shows this
perspective (2 vs y) with the points on the spatial ends deleted.

Let's see what the residuals look like: first let’s look at the residuals as a function of
“x", with all the “¥” information compressed: do a y followed by a r (for residual] fallowed
by a r (for redraw|. Again, delete any very deviate points by positioning the cursor to the
point and typing a d followed by a p. Do another [ to generate a new fit. We will see
a plot like that in the middle of Fig. 35. We can up the order of the fit to the x-axis by
doing a :xorder 7, say. | suggest you choose an order that is as low as you can without
there being obvious systemic residoals. Here we choose to stay with xorder=8.

Finally let's examine the residuals as a function of “y” Repeat the steps above, deleting
any terrible points, and choosing a low order. Again we chose to stay with yorder—==6
(bottom of Fig. 35).

We exit fitcoords with a q.

Although this fit above will linearize the data in the wavelength direction, remember
that its other use to us is to straighten out the distortions (primarily tilt in this case)
in the spatial direction—this can improve your sky subtraction {and improve the spectral
resolution) if your object is extended and covers a large fraction of the slit. Where we
to now use this fit alone to transform our data, we would expect that we have (nearly) a
constant number of A per pixel in the r direction and that the comparison lines would now

5ame of this material is explained so well in the Tololo cookbook 20. Fraiti Redustions with TEAF by
Marias Hamuy and Liza Wells that it is lifted werbatim from that mannal
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Figure 35: Three views of fitting the comparison line data with fiteoords.
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Figure 36: An overplot of the six images, each containing a few stars at different positions

along the slit.

be exactly parallel to the y axis. However, a stellar spectrum would still be quite tilted
|:i.1:-, as 1n big. EII: and we would not have linearized the r.pat.ia| axis—we would not have
a constant number of areseconds per pixel along the spatial axis. The tilt of this spectrum
wonld normally be taken ont when we trace our specta, but tracing will anly work if there
is eontinoum throughout the length of the spectrum. The alternative is to either use a
stellar exposure as a “reference” spectrum (i.e., adopt its trace) or to transform the data to
remave this tilt. Since the trace will be a function of position along the slit, your reference
spectrum will have to be in the same place as your no-continuum object in order for it
to work—although how strongly the trace varies along the slit depends npon how much
distortion the camera optics introduce. By transforming the data we can in fact interpolate
between points on the slit.

Ta obtain a fit using multi-hole data, you can do exactly the same procedure as above,
except coordlist in identily must be replaced with the map of the physical location of the
holes in the slitlet mask. However, if yon don’t really need this map if you don’t insist on
there being a constant number of arcseconds per pixel in the spatial direction. But what if
you don’t have multi-hole data? For the data we have been reducing here we don’t have a
multi-hole exposure—but what we da have is a number of exposures with stars at different
places along the slit. We can use these data with no coordinate list to at least remaove the
tilts.

We show in Fig. 36 an overplot of the six images we plan to use—stars are found all
along the slit.

We run identify on the first of these images as follows:

identify obj023 sec="middle col” coordlist="" function="cheb™ order=2
|:[l' £ he diapcmicm axis had run a|1:mE a caolumn, rather than a line, then see=middle line
rather than middle eol.) For every star along the slit, mark the peak with an m and

=
[}



simply aceept the coordinate value of the marked position. Then type [ to obtain a linear
fit, and exit with a couple of q's. Next run reidentify on the same image:

reidentily obj023 obj023 sec="middle col” nlost=INDEF
Hepeat identify and reidentify for each frame that you plan to use.

We now want to find the transformation that will “untilt”™ these spectra. We run
fitcoords again, but this time with one major difference:
fitcoords obj023,0bj028,0bj032,0bj061,0bj083,0bj026 fitname=stars combine+4
Turning the combine switch on tells it to simply merge all the data from the six entries in
the database.

The top plot in Fig. 37 shows the data we have: we see that the traces are pretty much
parallel {there really isn't much change of the trace along the slit, making this exercise
rather silly |, with a few deviant paints. We can delete those as before. The middle plot of
Fig. 37 demonstrates what we might expect—given that we have simply fit x as a linear
function of x in indentify, we should simply adopt a constant here (xorder=1). The
bottom plot shows that we are in fact dealing with a simple tilt that doesn’t change as we
gn along the slit: we adopt yorder=2

The final step in this procedure is to transform the images to remove the geametrical
distortion. The parameters of this task, transform, is shown in Fig. 38.

We suggest that you besin by transforming the comparison exposure, and a sample
abject exposure, and then comparing both the transformed and original frames. (Use
display and blink the frames.| If you like this, you can go ahead and transform all your
Images:

files *.imh > original
transform @Woriginal t//@original comp030,stars
will create new files with a “™ appended to the names.

When you reduce these frames (osing either apall or doslit) you should neither have

to trace nor dispersion correct your data.

C More Than Just A Pretty Plot: splot

One of the most powerful tools within IRAF for allowing you to interactively examine your
spectra is splot. However, more than just a plotting toal, splot also provides many useful
functions for analysis that are best done interactively. The purpose of this section is not to
provide a eomprehensive list of these features, but merely to point the user in the correct
direction: read the help page for splot for complete details phelp splot. Examples of
what can be done with splot include:

o Measure the equivalent width and line flux of a spectral line.

e Determine the best-fit parameters of Guoassian fit to multiple blended lines.
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Figure 33: The parameters for the transform task.

e Smooath a spectrum,
. If-‘nt:u'rl]:lin'vl: Lwo spectta |:'|:|:,' uvr.‘rph:ﬂding:l-

e Perform simple arithmetic on the spectra (add, subtract, multiply, divide twa spectra,

or perform simple functions on a single spectrum).

Fudge a data point or a region to a particular value.

e Perform simple statistical analysis of a spectram (HMS, SNR).

D Pre-Extraction Reductions for CCD Data

The details of doing the preliminary reductions of CCD data are given in the 4 User's
(fuide to Redueing CC'D Dala with IRAF manunal, but for convenience we give an outline
here of the steps involved in the preliminaries before one should begin extracting the
spectra.

We assume that the calibration exposures you have are:

# biases (zero-second exposures) lsed to remove pre-flash illumination or any
residual structure in the DU offset not remaved by the over-scan region.

=
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Figure 39: A line cut through this flat-field shows that the region containing good data
extends from column 25 through 3638, Expanding the region on the right shows that the
averscan region is flat from columns 404 through 431. A plot of a column near the middle
shows that the first few rows and last few rows are not of good quality, but that good data
extends from lines 4 through 795

e flai-field exposures These are used to remove the pixel-to-pixel gain variations

and possibly some of the lower-order wavelength-dependent sensitivity variations.
Depending upon the instrument, these flat-field exposures may or may not do an
adequate job of matching the illumination function along the slit {i.e., in the spatial
direction).

e twilight exposures These are used to correct any mismatch between the flat-field

R POSUTE and the slit illumination function.

The reduction sLeps are as foal lvwws:

1.

b

Examine a flatfield exposure and determine the area of the chip that contains good
data. Fig. 39 shows a sample cut through a chip that had been formated to 400 4
32(overscan| »800. At the same time determine the columns where the overscan is
flat. By expanding the plot and making a plot along a column near the middle, we
conclude that the region containing good data is [23:368.4:795], and that the good
region of the overscan is [404:431_4:795).

load cedred and ron setinstrument specphot. This will allow you to inspect the
parameters the cedred package and the cedproe task. Make sure that only srerscan,
trim, and zerocor are turned on. Insert the image section containing good data as
“trimsec” and the image section containing the good overscan region as “hiassec”.
Insert the name “Zera” for the “zera” entry; this is the average bias frame that will
be created in the next step.
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Figure 40 The fit from response.

3. Combine the bias frames:
¢ zerocombine ¥.imh outpul==Zero

4. Create a perfect normalized, illumination eorrected flat-field expasure.

(a] Combine the flat-field exposures:

e flatcombine *.imh output=Flat combine=average reject—avsig-

clip eedtype=Mlat scale=mode proc4 subsets4
{b] Combine the twilight flats:

o flatcombine skyl skyf skyd skpf output=Sky combine=average re-
jE'El-:E.\I'HiE‘EIlP :::::l‘l.}rpez 7 geale=mode proc-4 subsets-
(¢] Fit a function in the dispersion direction to the combined flat-field using the
routine response in the twod. longslit package:

o response Flat Flat nFlat intera+ thresho=INDEF sample=%* n-
aver=1 lunction=splined order=1 low_rej=3. high_reject=3. nit-
erat=1. grow=0.

Up the arder of the fit until you get something that looks good at the ends
and more or less fits the shape of the flat. [See Fig. 40.) Alternatively, you
may want to keep the order basically to a constant, {function=cheb order=1)

if you believe that the wavelength dependence of the flat is mainly due to the
instrurment and not the lamps and projector sereen.

{d] Process the averaged twilight flat Sky through cedproe, this time using the
normalized flat-field exposure nFlal as the flat:

e cedproe Sky lateor+ flat="nFlat™

=
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Figure 41: The number of counts in this “flattened” sky changes from 4780 on the left to

5110 on the right; this 7% gradient will lead to problems in sky subtraction if it is not
remaved.

(#] Decide how well the twilight flats and dome flats agreed: is a plot of the now
“flattened” image Sky flat in the spatial direction? Fig. 41 shows an example
where there is a significant gradient from one side of the slit to the other. At
this point it is worth plotting cuts along the spatial axis at section of the chip,
to see if these gradients change with wavelength. In the data presented here we
found there was a gradual change from the blue to the red.

(f] If the previous step revealed some gradient, determine the correction for the slit
function:

o illum Sky nSky nbins=5 low_reject=3 high_reject=3
Up the arder of the fit until yon get something reasonable; see Fig. 42
(g] Having done this, we can now make the “perfect” flat:

e imarith nFlat * nSky perfeciFlat
5. Process all of the rest of your data through cedproe using perfectFlal for your flac:

¢ cedproe ¥.imh flatcor4+ lat=*perfectFlat”
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Figure 42: The fit along the spatial axis to the twilight sky exposure that has been “flat-
tened™ by the normalized dome-flat.
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