A User’s Guide to Multislit Sp ectroscopic Reductions with

IRAF

E. Ellingson

No v em b er 1, 1989

Abstract

This do cumen t is in tended to guide y ou through the basic principles of the reduction

of m ultislit sp ectroscopic data using IRAF. It discusses the pro cedures necessary to tak e

y our data from the telescop e to w a v elength calibrated, one-dimensional sp ectra ready

for whatev er further analysis y ou c ho ose. Though the primary emphasis here will b e on

reducing slitlet sp ectra tak en with the KPNO 4-m telescop e and cry ogenic camera, man y

of the pro cedures are also useful for reducing other t yp es of slit data, ap erture “hole”

data and m ulti-fib er data.

Con ten ts

1 In tro duction 3

2 Calibration F rames 3

3 Ov erview 4

4 Getting Started 5

4.1 Reading In Y our Data F rom T ap e . . . . . . . . . . . . . . . . . . . . . . . . 5

5 Bias Subtraction 6

6 Normalization 8

6.1 Normalizing Multislit Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

6.2 Scattered Ligh t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

7 Extraction 18

7.1 Defining the Ap ertures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

7.2 Bac kground Subtraction for Multislits . . . . . . . . . . . . . . . . . . . . . . 20

7.3 Extracting the Sp ectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

8 W a v elength Calibration 24

8.1 Creating the Calibration Sp ectra . . . . . . . . . . . . . . . . . . . . . . . . . 24

8.2 Determining the W a v elength Calibrations . . . . . . . . . . . . . . . . . . . . 25

8.3 Calibrating the Sp ectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

9 Com bining, Cleaning and Examining Data 32

A Outline of Multislit Reductions 34

1 In tro duction

This do cumen t is in tended to guide y ou through the basic principles of the reduction of

m ultislit sp ectroscopic data using IRAF. It discusses the pro cedures necessary to tak e y our

data from the telescop e to w a v elength calibrated, one-dimensional sp ectra ready for whatev er

further analysis y ou c ho ose. It assumes that y ou are using IRAF V ersion 2.8.

If y ou are a new IRAF user it is recommended that y ou first read the do cumen t “A User’s

In tro duction to the IRAF Command Language” b y Shames and T o dy , whic h can b e found

in V olume 1A of the 4 blue binders that comp ose the IRAF do cumen tation. Sim ultaneous

graphics and image displa y of y our m ultislit data is extremely useful in the reduction pro cess;

if y ou are reducing y our data on a Sun w orkstation the man ual “A Quic k Lo ok at IRAF on the

T ucson Sun Net w ork” will help in getting y ou set up to tak e adv an tage of the w orkstation’s

capabilities.

It is assumed that y ou are familiar with some of the basic IRAF routines, for example

examining and c hanging a task’s parameter file using epar , using implot to graphically

examine a t w o-dimensional image, and displa ying a t w o-dimensional image. If y ou are new

to IRAF, after y ou read the “ User’s In tro duction” y ou should pla y around a little and learn

ho w to do these things.

The reduction of m ultislit data, esp ecially of fain t or extended ob jects, can b e difficult,

and the reduction parameters will probably require a lot of “t w eaking”, dep ending on the

qualit y of y our data, and the results y ou wish to obtain. Because eac h data set will ha v e its

individual problems and area of concern, this guide presen ts the general reduction pro cedures,

along with sp ecific recommendations for ho w to deal with differen t sorts of data. There is no

substitute for really understanding y our data and the reduction pro cedure, ho w ev er, and the

user should pro ceed with caution and though t.

2 Calibration F rames

The follo wing list con tains the t yp e of calibration images y ou ma y need in reducing a t ypical

nigh t of m ultislit observ ations:

bias frames. These are zero second in tegration exp osures obtained with the same pre-flash

(if an y) y ou are using on y our program ob jects. It is a go o d idea to tak e a set of 10-20

bias frames eac h nigh t.

quartz exp osures. Exp osures of quartz lamps are used to normalize the resp onse of the

CCD + ap erture mask system. This normalization comes in t w o parts: the high spatial

frequency pixel-to-pixel resp onse of the CCD, and the relativ ely uniform pattern of

illumination of slits (the “slit function”). Because of flexure in the instrumen tation,

it is probably b est to tak e quartz exp osures b efore and after eac h exp osure of y our

program ob jects, and of course y ou will need at least one for eac h ap erture mask y ou

are using. Multi-fib er and ap erture “hole” data do not need quartz calibrations, but dome flats (see b elo w) are necessary for correcting for the o v erall resp onse of the fib er

or hole.

dome or sky flats. The illumination pro vided b y the quartz lamps is not iden tical to that

of the sky , and in some cases, short exp osures of a dome flat are needed to correct the

slit function. These ma y not b e necessary in some cases, but, as in the bias calibration

frames, it is b etter to tak e them than not. They are crucial in the reduction of data

where the sky bac kground is not determined from the same slit (e.g. m ulti-fib er data,

ap erture “holes”). The dome flats ma y also b e augmen ted b y sky flats; the illumination

pattern pro vided b y the dome flats is also not iden tical to the sky illumination, though

it is usually adequate.

comparison frames. These short exp osures of arc lamps are necessary to determine the

w a v elength scale of eac h slit. They should ideally b e tak en b efore and after eac h exp o-

sure, esp ecially if v elo cit y information is imp ortan t to y ou. Some instrumen ts (notably

the KPNO NESSIE m ulti-fib er sp ectrograph) also require exp osures of a second lamp,

to determine zero-p oin t shifts in the w a v elength solution.

Note that flux calibration is not usually attempted with m ultislit data, and hence no

standard star observ ations are necessary .

3 Ov erview

The general pro cedure used in reducing ra w data from the telescop e to w a v elength calibrated

one-dimensional sp ectra can b e divided in to three parts: instrumen tal normalization, extrac-

tion of a one-dimensional sp ectrum from eac h slit, and w a v elength calibration.

The instrumen tal calibration pro cess consists of the subtraction of the CCD bias using

the bias frames and the o v erscan region of eac h frame, and the remo v al of the CCD non-

uniformities using the quartz frames.

The extraction of the one-dimensional sp ectrum starts b y defining the prop erties of eac h

slit. These prop erties are the p osition of the ob ject in the slit, the spatial size of the ob ject,

and the “curv ature” of the ob ject p osition as a function of disp ersion (sometimes called S-

curv ature). In some cases, bac kground subtraction from adjacen t pixels within the slit is

required and these regions also need to b e defined. The signal within the defined ap erture is

then summed for eac h disp ersion line, and the bac kground for that line is subtracted. The

net is y our extracted sp ectrum.

W a v elength calibration requires first that y ou create similar extracted sp ectra for eac h slit

of eac h comparison frame. The disp ersion correction (a.k.a. the w a v elength calibration, or

w a v elength solution) is determined for eac h slit using one of the comparison exp osures. These

are then used to determine the (v ery sligh tly differen t) disp ersion corrections for eac h of the

other comparison frames. The prop er com bination of these disp ersion solutions is decided for

eac h ob ject exp osure (i.e. use the a v erage of the comparison tak en b efore the exp osure and

the one tak en after). Finally , eac h individual ob ject sp ectrum is w a v elength corrected, and

rebinned.

Figure 1: P arameters for rfits

Because extracting man y individual sp ectra from eac h CCD frame (not to men tion all of

the comparisons that y ou need) creates a frigh tening n um b er of individual files, the m ultisp ec

image format has b een created to k eep the n um b er of files under con trol and to simplify

the b o okk eeping. The image format consists of a t w o-dimensional image where eac h line is

an individual sp ectrum from eac h of the slits. This greatly simplies the matter of summing

exp osures tak en through the same ap erture mask, comparing and plotting sp ectra etc. Finally ,

if y ou wish, these m ultisp ec format files can b e disassem bled to “normal” one-dimensional

sp ectra for further analysis.

4 Getting Started

4.1 Reading In Y our Data F rom T ap e

The first step is to transfer y our CCD frames in to “IRAF images”. These will consist of IRAF

“header files” with the extension “.imh”, and IRAF “pixel files” with the extension “.pix”.

The latter will b e found in y our image directory ( sho w imdir will sho w y ou where this is),

while the headers will reside in whatev er directory y ou happ en to b e in when y ou create the

pictures. The header files con tain the information ab out where the pixel data resides on disk,

and when y ou refer to an image b y its name without the extension, the “.imh” is assumed.

The first step in reading in y our tap e is to find an a v ailable tap e driv e, and figure out what

its IRAF name is. Usually the names are m ta , m tb , etc., but if y ou are on a net w ork y ou

ma y also need to refer to the mac hine that the tap e driv e is attac hed to, suc h as orion!m ta ,

tucana!m ta , and so on. T o allo cate the tap e driv e t yp e all tucana!m ta or somesuc h. Next,

put the tap e on (y ou migh t w an t to remo v e the write-ring first!) and fiddle with the tap e

driv e un til the tap e is on-line and at the load-p oin t. If y our tap e is in FITS format w e will use

rfits in the dataio pac k age, so t yp e dataio and then lpar rfits to see what the parameters

are. Mo dify the parameters using epar rfits un til they resem ble those sho wn in Figure 1.

T yping rfits tucana!m ta 1-999 m ulti > headers & will put the task in the bac kground

(freeing up the terminal so y ou can do useful things lik e read y our e-mail and pla y computer

games) and write the header information in to a file called “headers”. Y ou can c hec k its

progress b y t yping tail headers . If y ou lose trac k of an y task y ou ha v e set running in the

bac kground, t yping jobs will tell y ou whether it is still running, and for ho w long. When

the tap e is read, all the files on y our tap e will b e copied in to files with names lik e m ulti001,

m ulti002, m ulti003, m ulti004.... . If y ou wish to read in data from more than one tap e,

then y ou can rewind tucana!m ta when y ou are done, exc hange the second tap e for the first

(note that this w a y y ou don’t run the risk of losing y our tap e driv e!), and then execute rfits

again this time inserting the curren t picture n um b er for the “offset” parameter. When y ou

are done, do a deallo cate tucana!m ta to release the tap e driv e, and a b y e to get rid of the

“dataio” pac k age. If y our tap e is in “CAMERA” format rather than “FITS” format, then

y ou will need to load noao and m tlo cal and use rcamera ; the syn tax is similar to that of

rfits .

5 Bias Subtraction

The first step in reducing an y CCD data is subtracting the bias. This “bias” is a p edestal

lev el of sev eral h undred ADUs whic h is added to the output signal of the CCD when it is read

out. The absolute lev el of the bias is dep enden t on telescop e p osition, c hip temp erature etc.,

so w e need to determine the o v erall bias lev el for eac h frame individually . This is done b y

determining the lev el of the “o v erscan” region, extra pixels with no c harge from the exp osure.

The lev el of the o v erscan for eac h exp osure is used to determine the a v erage bias lev el, and is

subtracted from eac h exp osure. The o v erscan is also subtracted from the bias frame, lea ving

the pixel-to-pixel bias pattern. This bias frame is also subtracted from eac h of the the data

frames.

Subtracting the bias from m ultislit frames is no differen t than doing it for an y other

sort of CCD data, so here w e can use the standard IRAF reductions pac k age. This guide

will step y our through the pro cedures necessary for most m ultisp ec data, but for a more

comprehensiv e description, y ou will find “The User’s Guide to CCD Reductions with IRAF”

v ery useful. First, load this pac k age b y t yping imred and then ccdred . The task y ou’ll b e

using here is called ccdpro c . This task in its en tiret y is extremely complicated, but luc kily

w e only w an t to subtract a bias frame, and therefore don’t ha v e to w orry ab out most of its

subtleties. T yp e setinstrumen t , en ter “cry o cam” for instrumen t t yp e, then CNTRL Z

t wice to exit. More on this later.

No w, lo ok at y our data and find y our bias frames. Do y ou need to com bine sev eral

individual frames to create a single bias (one p er nigh t, usually)? If so, use epar to lo ok at the

task zero com bine . (“Zero” is the IRAF translation of “bias.”) This task will com bine y our

biases together in a reasonable fashion. Y ou migh t w an t to t yp e zero com bine m ulti001,

m ulti002,m ulti003,m ulti004 and let it go, but if y ou ha v e more biases than y ou’d lik e to

t yp e, try this tric k: first t yp e files m ulti* > biases . An alternate command for those who

ha v e the correct t yp e of exp osure (i.e. zero, ob ject) in the image header w ould b e ccdlist

m ulti* ccdt yp e=zero name+ > biases . This creates a text file called “biases” whic h con tains a list of images that start with “m ulti.” Edit this file ( edit biases ), deleting lines

un til all that is left are the names of files that really ar e bias frames (remem b er- y ou can c hec k

y our file “headers” for this). Then t yp e zero com bine @biases (using the default com bine

option set to “maxreject”) and it will use the con ten ts of the file “biases” as an input list,

creating a bias frame called “Zero”. Remem b er this w a y of using “ @ ” – it will b e useful

later. If y ou ha v e more than one nigh t’s w orth of data, y ou need to b e careful to c hange the

output bias image name for eac h nigh t. or p ossibly create a new directory ( mkdir nite1 etc.

) for eac h nigh t, mo v e y our images to the appropriate directory ( imrename @nite1images

nite1/ ) and do the en tire bias subtraction pro cess separately for eac h nigh t.

Let’s tak e a lo ok at the data no w. Use implot to lo ok at one of y our quartz frames.

Using Z to zo om, or one of the windo wing commands (t yp e ? for a list of commands if y ou’re

lost here), find the o v erscan region of the frame. This is usually a strip 32 pixels wide on the

righ thand side of the frame. Y ou can tell where it is b ecause the ADU lev el drops a little bit

there, esp ecially if y ou ha v e pre-flashed the c hip or ha v e a problem with scattered ligh t.

data o

v

e

r

s

c

a

n c

o

l

u

m

n line (ro w)

Using the C k ey (y ou ma y ha v e to hit it t wice), note the left and righ t exten ts of the

o v erscan region and write them do wn. Also note the left and righ tmost exten t of y our sp ectra

(not eac h individual sp ectrum– just the “w asted” area to either side of them all). T o sa v e

diskspace, w e will b e trimming the images do wn to their minim um sizes. Remem b er that

eac h of y our ap erture masks will ha v e a differen t pattern of slits and p ossibly differen t trim

sizes! Lo ok at a quartz from eac h of them and decide whether y ou w an t to trim them all to

the same size, or trim the data from eac h ap erture mask separately . If y ou see that the area

b et w een the slits is not flat, but rather has a noticeable shap e, y ou ma y ha v e a problem with

scattered ligh t outside of y our ap ertures. This can b e subtracted a little later in this pro cess,

so remem b er it, and do not trim y our frames hea vily (do trim a w a y the o v erscan region).

Some data will already ha v e the bias section en tered as a k eyw ord in the image header. Lo ok

for it b y t yping imhead m ulti001 long+ . In that case, if y ou decide y ou w an t to trust it (it

is nev er a bad idea to c hec k, ho w ev er), y ou can lea v e the parameter biassec to b e “image,” and it will read the o v erscan section from the image header.

No w it’s time to delv e in to the parameters of the ccdred pac k age. Again, t yp e setinstru-

men t . It will again query y ou for an instrumen t and y ou should t yp e cry o cam again. Y ou

will b e confron ted b y a complicated-lo oking parameter list. Don’t panic— just t yp e CNTRL

Z and lo ok instead at the second “page” of parameters. These are the ones that con trol what

the task ccdpro c actually do es.

W e only w an t to subtract a bias here, so go do wn the parameter list and c hange the

parameters so it only uses the o v erscan and the bias frame to correct the images. Figure 2

sho ws ho w it should lo ok. Be sure to call the zero frame the righ t name if y ou are using data

from differen t nigh ts. Note the format for en tering the o v erscan region and the trim size of

the frames. It’s not a bad idea to trim a few pixels off the top and b ottom of the frame, as the

data are usually a little w eird there. Remem b er that if y ou w an t to trim data from differen t

ap erture masks to differen t sizes that y ou will ha v e to run this task sev eral times, c hanging

the trim section parameter for eac h.

When y ou are satisfied with the parameters, a CNTRL Z will get y ou out, and

cl > ccdpro c m ulti*.imh

will subtract the bias from all frames starting with “m ulti”. Once again, remem b er that

if y ou w an t to c hange parameters for ob jects of differen t ap erture mask, or tak en on differen t

nigh ts, y ou m ust run ccdpro c sev eral times with appropriate c hanges in the parameters and

the input list. Using “ @filen” for the input list, as describ ed ab o v e, will b e useful here.

Ccdpro c also reduces the data in place, so b e v ery sure that y ou kno w what y ou are doing

b efore y ou let it go. Changing the parameter nopro c to “y es” will allo w y ou to mak e a dry

run and mak e sure it’s going to w ork. Note that ccdpro c is clev er enough to realize that y our

bias frame needs to b e o v erscan-corrected b efore it do es an ything else.

After y our data ha v e b een bias-subtracted, use implot to tak e a lo ok at a frame and mak e

sure it’s all righ t. While y ou are here, lo ok carefully at the areas of the frame in b etwe en the

ap ertures. Is it flat, or is there a significan t amoun t of scattered ligh t? This is not often a

problem with cry o cam data, but if y ou are concerned, y ou should read the section b elo w on

Scattered Ligh t b efore pro ceeding with the normalization of y our data.

6 Normalization

Normalization of m ultislit data is a tric ky pro cess b ecause of the strange and extreme shap es

caused b y ligh t falling through m ultiple slits on to one CCD frame. In general, there are t w o

t yp es of normalization that need to b e done. One is high spatial frequency pixel-to-pixel

resp onse v ariations in the c hip, and the other is relativ ely lo w spatial frequency illumination

patterns caused b y the slit mask (the slit function). W e can get them b oth out, to some

exten t, b y using high signal-to-noise exp osures of a quartz lamp.

The quartz lamp is useful in that it has a smo oth, w ell-b eha v ed sp ectral shap e that w e

can easily fit and divide out, lea ving only the pixel-to-pixel v ariations. The r elatively uniform

Figure 2: P arameters of ccdpro c .

Figure 3: Headers for Dataset Used in these Examples

illumination of the lamp can also b e used to correct for the slit function, though if y ou are

concerned, y ou ma y w an t to use dome or sky flats for this purp ose as w ell (this is crucial for

m ulti-fib er data).

Before y ou do an ything else, y ou will need to tell IRAF whic h w a y y our sp ectra are ori-

en ted (i.e. whic h dimension is the disp ersion axis). T o do this t yp e

cl > setdisp *.imh dispax=2

if y our data are aligned with the sp ectra lying along columns, and dispax=1 if they lie

along ro ws. No w y ou will probably w an t to mo v e y our data (if y ou ha v en’t already done

so) in to separate directories for eac h ap erture mask. Use mkdir mask1 etc. to create the

directories, and imrename @mask1list mask1/ to mo v e the prop er frames there. Next,

y ou will need to load the pac k ages imred and msred . The msred pac k age con tains the rest

of the tasks y ou will need to b ecome familiar with in this reduction. T yp e help and just

tak e a lo ok for a momen t at what it con tains in order to get orien ted. F rom here on, I will

b e dra wing examples from a 4-m cry o cam+m ultislit dataset whic h consists of t w o exp osures,

along with three quartzes and three comparison exp osures brac k eting them in time. The

names and headers for these exp osures are in Figure 3.

6.1 Normalizing Multislit Data

A t this time, the metho d of c hoice in normalizing m ultislit data first defines the p ositions and

width of eac h slit, and traces the “curv ature” of the quartz sp ectrum along the disp ersion

direction. A one-dimensional sp ectrum is determined from the a v erage of the data in the

ap erture, and is fit with a smo oth function to follo w the shap e of the quartz sp ectrum. This

fit is divided in to eac h line (or column) in the en tire ap erture, lea ving only the pixel-to-pixel

resp onse. Because the en tire slit is divided b y a single function tak en from the a v erage of the

ap erture, this resp onse also represen ts the relativ e illumination at differen t parts of the slit-

the slit function. This pro cess is rep eated for eac h differen t ap erture, and the output frame

is used as a flat field.

In order to com bat the problems caused b y flexure, I hop e y ou ha v e tak en quartzes (and

comparisons!) b efore and after eac h long exp osure. In that case, y ou will w an t to create an

a v erage quartz frame to use as the normalization for eac h exp osure.

cl > flatcom bine m ulti017,m ulti020 output=qa v a com bine=a v erage exp+ subs-

cl > flatcom bine m ulti020,m ulti023 output=qa vb com bine=a v erage exp+ subs-

This will com bine the appropriate quartzes to normalize the t w o exp osures, “a” and “b”. If

y ou’re suddenly lost here, lo ok again carefully at Figure 3. The frames are scaled b y exp osure

time, in case y ou c hanged y our flat exp osure time during the nigh t. Use the com bine option

“a vsigclip” for three or more input frames to get rid of spurious pixel v alues.

If y ou lo ok ed at the “help” for the msred pac k age, y ou will ha v e guessed that w e w an t to

start with the task apnormalize . Lo ok at the parameter file first with epar apnorm . The

y es-no parameters will tell y ou roughly ho w the task w orks. First y ou find and define the

ap erture p ositions, then trace them (that means fit the S-curv ature), redefine the normaliza-

tion ap ertures, if y ou w an t, and finally fit the quartz shap e out of the normalization. So let’s

do all of this for the first a v eraged quartz frame:

cl > apnorm qa v a flata

No, y ou don’t w an t the task to b other finding the ap ertures for y ou, and y es y ou do w an t

to edit the ap ertures. Y ou are no w in the basic ap erture editing (ap edit) mo de, whic h is

common to all of msred “ap” tasks. Y ou will need to b e familiar with it, so tak e y our time

no w and pla y a little bit with setting the parameters. If y ou t yp e :sho w (all : commands

require a carriage return) y ou will b e sho wn the ap edit parameters. Y ou can reset them b y

t yping, for example :nsum 50 , or :line 100 . Single-c haracter capital IMPLOT k eys also

w ork in this mo de for zo oming, windo wing etc. The first thing y ou should mak e sure of is

that the width of y our slits is prop erly set. Use the C k ey to get the cursor p ositions that

mark the edges of a t ypical slit, and then use :width to mak e sure that the width is set to

a reasonable v alue. This is imp ortan t if the trace is to w ork righ t. Because of defo cussing

across the sp ectrum (a ma jor problem with some instrumen ts!) it is also imp ortan t that y ou c hec k differen t lines in the frame and decide where y ou w an t to optimize the pro cess.

After y ou’v e done that, y ou’re ready to start defining ap ertures. The follo wing single-

strok e k eys are useful in defining the p osition of the cen ter of the slit, and the prop er slit

width.

m - defines and cen ters an ap erture nearest the cursor

+ - mo v es cursor to next ap erture

- - mo v es cursor bac k one ap erture

. - mo v es cursor to nearest ap erture

c - fits the cen ter of an ap erture

d - deletes an ap erture

o - re-orders ap erture n um b ers

l - sets the lo w er (lefthand) limit of an ap erture

u - sets the upp er (righ thand limit) of an ap erture

y - sets the limits of an ap erture to where the horizon tal cursor crosses the edge of the

ap erture

a - “ALL” toggle- do es subsequen t pro cedures on all ap ertures

Y ou will w an t to place the ap erture so the cen ter is roughly in the cen ter of the slit, and

the limits are ab out halfw a y do wn the sides (Figure 4). Again, the :width should b e set to

ab out this width as w ell, and y ou should b e careful to c hec k the effects of defo cussing across

the c hip. If y our ap erture mask has “setup” holes in it, ignore them. When y ou are done,

t yp e q to pro ceed. Y es, y ou w an t to trace, and y ou w an t to trace in teractiv ely . This ma y

tak e a momen t, so it’s a go o d time to stretc h y our legs.

When the curv ature tracing has b een done, answ er ”y es” to all queries (or “YES” if y ou

kno w y ou will w an t to do that op eration for all ap ertures). Y ou will b e sho wn the trace and

apnorm’s first guess at a fit to it (Figure 5). This fit will b e the S-curv ature assigned to that

particular ap erture. A t this p oin t y ou are in another general IRAF mo de with whic h y ou will

ha v e to b ecome comfortable - ICFIT, whic h stands for in teractiv e curv e-fitting mo de. When

in this mo de, y our job is to set the fitting parameters so that the result is a fit that y ou lik e.

Useful commands are:

:fun spline3 - set the fitting function to a third-order spline. Other options for the fitting

function can b e found b y hitting ? .

:or 5 - c hange the order of the fitting function

:nit 1 - iterate the fit once, thro wing out devian t p oin ts (see rejection threshholds b elo w)

Figure 4: Quartz Ap ertures

:high - high rejection threshhold (in sigma of fit)

:lo w - lo w rejection threshhold (in sigma of fit)

f - refit the curv e using the new parameters

d - delete individual data p oin ts

u - un-delete individual data p oin ts

s - set the sample range (will ask y ou to mo v e the cursor and hit s again).

t - reset the sample range to all p oin ts

q - quit, the fit is as go o d as I can get it.

Other commands can b e found b y t yping ? .

If y our quartzes ha v e go o d signal, the trace fit is usually prett y straigh tforw ard, sho wing

a curv e of order 3 to 7 w andering gen tly across a range of not more than a pixel or t w o. If

y our trace is v ery erratic, w anders across man y pixels, or seems to mak e an abrupt jump to

another p osition, c hec k and see if the signal in that quartz sp ectrum is lo w for some reason,

or if the trace has someho w jump ed in to a neigh b oring ap erture. In the first case, c hec k

the parameter nsum ; increasing it ma y impro v e the curv e. In the second case, t w eaking the

:width parameter in the ap edit mo de can sometimes help. If y ou really can’t get it to w ork,

Figure 5: Quartz T race Fitting

a straigh t line passing through the cen ter of the ap erture is probably still not to o horrible an

appro ximation (though y ou should c hec k and see if y ou can impro v e on it b y lo oking at that

particular ap erture on other quartz frames).

After the initial tracing of the ap ertures y ou will b e ask ed if y ou w an t to normalize the

ap ertures - answ er “y es”. Then y ou will b e ask ed if y ou w an t to edit or mark differen t

ap ertures sizes for the normalization ap ertures - usually this is not the case. T yp e “no” and

pro ceed to the fit the normalization.

After a short w ait, y ou will find y ourself again in ICFIT mo de (Figure 6). This time y ou

will w an t to fit the general shap e of the quartz sp ectrum. The order to whic h y ou should fit

y our quartz sp ectra dep ends on ho w y our quartzes w ere tak en, and what y ou w an t y our final

data to lo ok lik e. Fitting a first order curv e to y our quartzes will allo w y ou to remo v e most

of the instrumen tal effects of the telescop e and sp ectrograph, lea ving the quartz sp ectrum

itself as a residual in y our data. If y ou ha v e used an additional filter in taking y our quartzes,

ho w ev er, or if for some reason y ou ob ject to in tro ducing this residual shap e in to y our data,

y ou migh t w an t to fit a higher order curv e, sa y 5th or 6th order. Be sure not to fit to o high

an order curv e, since y ou w an t to b e sure not to fit out an y of the fringes whic h often o ccur at

the red end of the sp ectrum. Since m ultislit data are not usually flux calibrated, the c hoice

of what sort of lo w-frequency shap e y ou w an t y our sp ectra to ha v e is y ours.

F or a closer lo ok at the data and fit, y ou can use the capital letter cursor commands to

zo om and windo w the plots. As this is an ev en more straigh tforw ard fit, after fitting the first

couple in teractiv ely and making sure ev erything is in order, y ou can answ er “NO” to whether

Figure 6: Fitting the Quartz Sp ectrum

y ou w an t to do an in teractiv e fit, and it will do the rest of the ap ertures on its o wn. Note

that this is not recommended with the trace fits, as they are more lik ely to ha v e problems.

After the normalization fits are done, b e sure to sa v e the ap erture data to the database

(it will query y ou ab out this.) When y ou emerge from apnorm, lo ok in the magically created

directory “database” ( t yp e dir database and y ou will find t w o files con taining the ap erture

definitions for y our a v eraged quartz and for the last frame whic h y ou “ap edited” - in this

case the files will b e the same). If y ou w an t to go bac k and redo an y of the “ap” tasks, this

database k eeps y ou from ha ving to redefine ev erything all o v er again. It also allo ws y ou to

use the ap erture definitions of one frame to b e used as a reference for another frame.

No w tak e a lo ok at the newly-created flat with implot flata . Y ou should b e able to see

b oth the illumination slit function and the pixel-to-pixel v ariations. Note that the flat is set

to unit y in b et w een the ap ertures. Y ou ma y also w an t to set areas with lo w quartz signal to

unit y , so that y ou don’t add noise to y our data b y dividing b y it. The parameter threshhold

in apnorm sets the minim um lev el of the normalization fit, b elo w whic h the output flat is set

to unit y .

T o create a flat for the “b” exp osure, t yp e

cl > apnorm qa vb flatb ref=qa v a

Do not recen ter immediately . This will set y ou up with the ap ertures for qa vb exactly the

same as qa v a , whic h will sa v e y ou some t yping. Y ou ma y , ho w ev er, ha v e to recen ter an yw a y and c hec k the widths of the ap ertures, and y ou will definitely ha v e to retrace them. Pro ceed

as b efore to create a second flat.

Finally , normalize y our data frames:

cl > imdiv m ulti019 flata ob ja

cl > imdiv m ulti022 flatb ob jb

It is imp ortan t no w that y ou tak e a go o d lo ok at y our ob ject frames to get acquain ted

with them. Displa y the t w o-dimensional images if y ou can, and use implot . Note whic h

ap ertures ha v e strong ob ject sp ectra within the slit, and where in the slit it lies (i.e. is the

sp ectrum in ap erture 6, sa y , off to the the left of the slit? That migh t b e useful to remem b er

later.) Chec k again the t ypical width of the en tire slit, and this time also note the t ypical

width of the ob ject within the slits. Lo ok at the effects of defo cussing— y ou will probably

lose some sp ectral co v erage b ecause of it, so get an idea ho w bad it is in differen t parts of

the c hip. Ho w flat is the bac kground lev el on either side of y our sp ectrum? Are y ou satisfied

with the normalization?

Because of flexure, illumination problems, and the general problem of fitting sharp edges,

apnorm sometimes creates v ery noticeable spik es on the edges of the ap ertures (Figure 7).

Using sky or dome flats to determine the slit function ma y help alleviate the part of the

problem due to non-uniform illumination, but still ma y not get rid of it completely . If y ou get

these spik es, y ou will ha v e to decide whether y ou can liv e with them or not. If y our slits are

v ery short and y ou are strapp ed for bac kground (as are all of us who are greedy to observ e as

man y ob jects as p ossible with one mask!), it ma y mak e fitting an accurate bac kground lev el

difficult. Remem b er, ho w ev er, that these spik es are not “co v ering” go o d bac kground area,

but rather lie in areas where the slit is falling a w a y sharply , so y ou’re not losing an ything

useful.

If y ou decide that y ou w ould rather not ha v e an y illumination correction at all (that is

the culprit in forming those spik es), there is an alternativ e pro cedure whic h will pro duce a

flat whic h consists of only the pixel-to-pixel v ariations. Load the pac k age imred.generic and

epar flat1d . This task fits a curv e to eac h individual line or column of the frame and divides

b y the fit. Because it do es not divide b y a “single” fit, as apnorm do es, the fit conforms to

the shap e of the sp ectrum ev en on the steep sides of the ap ertures. This means y ou don’t get

spik es, but y ou also don’t normalize the slit function.

Edit the parameters of flat1d so that it will fit a 1-6 order function (similar to the nor-

malization fit of apnorm). If y ou set dispax=2, then set axis=2 as w ell. Minflat pla ys the

same role as threshhold do es in apnorm .

cl > flat1d qa v a flata in ter=no &

If y ou w ould rather lo ok at a few of the fits in teractiv ely , k eep in ter=y es and don’t put

it in the bac kground. The task with prompt y ou for a line n um b er- c ho ose something in the

Figure 7: Normalized Ob ject Ap ertures

middle of the frame. Y ou are no w in ICFIT, and can pro ceed as usual. After fitting that line,

t yp e q and y ou will b e prompted for another line whic h y ou migh t lik e to fit. Please don’t

w ear y ourself out b y trying to lo ok at ev ery line, but see if y ou can find examples on the edges

of the slits to illustrate wh y apnorm causes problems b y dividing the en tire ap erture b y a

single quartz sp ectrum. When y ou are done, t yp e q instead of a line n um b er, and the task

will tak e the last fitting parameters y ou set and will fit ev ery line in the image. When it is

done, divide y our data b y this new flat and see ho w differen t it is.

6.2 Scattered Ligh t

Another pro cess whic h y ou migh t need to consider is the subtraction of scattered ligh t outside

of the slits. This is not the “o v erflo w” from eac h individual slit (there is curren tly no w a y to

deal with that prop erly) but rather a large-scale pattern of additiv e ligh t whic h y ou ma y wish

to subtract. If the signal b et w een and outside of y our slits is not flat, but rather sho ws broad

v ariations, y ou should use the task apscatter to remo v e it. This is rarely (if ev er) a problem

with cry o cam data, and most users will not need to w orry ab out it. If y ou do ha v e significan t

scattered ligh t, ho w ev er, y ou should b e sure to remo v e it b efor e y ou do the normalization. If

y ou ha v e already flattened y our data with apnorm , this means going bac k to y our unflattened

data, subtracting the scattered ligh t from all of y our frames, and recalculating the flat fields.

Consider y our first pass through apnorm as an educational fora y whic h will mak e subsequen t

reductions all the more simple.

Apscatter is organized v ery similarly to apnorm . It allo ws y ou to define and trace the

ap ertures (if y ou ha v e not already done so), and then fit the scattered ligh t and subtract

it. Because the scattered ligh t is a t w o-dimensional function, ho w ev er, it do es this fit in t w o

stages- first b et w een the slits, and then along the disp ersion direction.

If, for example, one of y our ob ject frames seems to w arran t this correction, start with:

cl > apscatter m ulti019 ref=qa v a

This will put y ou in ap edit mo de with the ap ertures defined as they w ere in y our quartz

frame. Do recen ter the ap ertures, but don’t trace them. Y ou do w an t to subtract the scattered

ligh t, as w ell as smo oth and fit it in teractiv ely . The next plot y ou will face sho ws the slit

profiles, and the task’s first attempt at fitting a smo oth curv e to the scattered ligh t. This is

ICFIT mo de, and y ou can pro ceed as b efore. When y ou ha v e set the fitting parameters, t yp e

q . Y ou will b e prompted to quit for go o d, to examine another line, or to c hange the buffer.

The buffer is the n um b er of pixels from the edge of an ap erture that the task will ignore in

the fit. T ry setting it to a few pixels and exp erimen t. Also c hec k differen t lines to mak e sure

that defo cussing is not causing y ou problems. Remem b er that this en tire pro cess is only to

set the fitting parameters and buffer size.

When y ou are done with fitting the scattered ligh t in that direction, y ou are ask ed to fit

it in the disp ersion direction as w ell. Again, this is ICFIT mo de, and the normal options

apply . When y ou ha v e set the fitting parameters in that direction, apscatter will calculate

the smo oth scattered ligh t image and subtract it from y our data. If y ou are curious or careful,

the scattered ligh t pattern can b e output in to the image name sp ecified b y scatter (use epar

to set it.

7 Extraction

No w that instrumen tal effects are remo v ed from y our data, it is time to w ork on getting some

useful information out of it. In almost all m ultislit applications, y ou will w an t to extract a

one-dimensional sp ectrum from eac h slit, and in man y cases subtract a lo cal bac kground from

it. This can all b e done within the msred pac k age using the “ap” tasks. The basic pro cedure

should sound familiar to y ou: 1) define the ap erture cen ters, widths and curv atures, 2) set

the bac kground regions, 3) sum the data within the ap erture, subtracting the bac kground if

necessary . Y ou ha v e already had a taste of these tasks with apnorm , so the rest should come

easily .

There are sev eral differen t w a ys to use these tasks as they are all in terconnected. I prefer

to en ter the “ap extract” tasks through the task ap edit and access the other tasks while

within it. First, though, w e should tak e a lo ok at the parameters of eac h of the tasks.

Start with epar ap edit . These parameters deal with finding and cen tering the ap ertures

correctly . Y ou ma y w an t to c hange the width parameter to reflect the width (FWHM) of

the obje ct within the slit, rather than the width of the en tire slit. These parameters can also

b e c hanged while running the task.

The parameters of in terest in ap default deal with the bac kground subtraction default

parameters. Here it is a go o d idea to set the default bac kground limits to reasonable v alues- a

slit 21 pixels wide with an ob ject in the cen ter sev en pixels across will ha v e a bac kground set

at [-10:-4,4:10], for example. The bac kground fitting parameters deserv e some though t. If y ou

an ticipate ha ving man y pixels’ w orth of bac kground to fit in eac h slit, y ou can breathe easily ,

but for man y slitlet observ ations, the bac kground subtraction is the limiting factor in the

qualit y of the data. If y ou ha v e the “spik es” referred to ab o v e in the discussion of apnorm

or if y ou think y ou will ha v e to push y our bac kground close to the edge of y our slit, it migh t

help to set the rejection parameters to lo w er v alues (try 1.5-2 to start) and nit=1 . The

narro w er rejection ranges will help k eep y our bac kground determination from b eing affected

if the bac kground region happ ens to slip off the edge of the ap erture, on to the ob ject, or on

one of the “spik es”. Again, unless y ou ha v e man y pixels to fit in y our bac kground, y ou will

w an t order=1 and na v=1 as w ell. If y ou w an t to exp erimen t while y ou are lo oking at the

data, these can also b e set in teractiv ely .

The parameters of apsum sho w y ou what the task will ultimately do to y our data. They

can also b e set in teractiv ely later, so tak e a lo ok no w to see what y our options are, and w e’ll

come bac k to them.

7.1 Defining the Ap ertures

Actually , y ou ha v e already done most of this when y ou defined the ap ertures for y our quartzes,

but there are a few little c hanges that m ust b e made b efore w e can extract the sp ectra.

W e b egin with the first exp osure but y ou should alw a ys start with the b est of y our exp o-

sures to get a feel for the data. If y ou can ha v e the frame sim ultaneously displa y ed on y our

terminal (i.e. on y our Sun w orkstation), do so.

cl > ap edit ob ja ref=qa v a

W e use the ap ertures w e’v e already defined for qa v a as a starting p oin t. Don’t b other to

recen ter (it’s alw a ys b est to b e distrustful of suc h things). This task puts y ou in the no w-

familiar ap edit mo de (Figure 8). Chec k o v er the ap erture definitions, recen tering them this

time on the ob jects in the slits. If y ou ha v e difficult y finding the ob jects, set :n um to a higher

n um b er, summing more disp ersion lines. Also mo v e :line around the frame, lo oking at the

defo cussing and making sure that the ap erture cen ter sta ys on the ob ject. If necessary , y ou

can consult y our displa y ed image of the frame to see where the ob jects are in the slits.

The widths of the ap ertures should b e set (using y , l or u as b efore) according to whether

y ou need to get as m uc h signal as y ou can from the ob ject, regardless of adding extra noise

from summing data in the wings, or whether y ou w an t only to sum o v er the higher signal-to-

noise p eak.

In most cases, it is a go o d idea to k eep the curv ature traces the same as for the quartzes.

The quartzes should ha v e m uc h b etter signal to noise than ob jects in the slit, and the traces

should b e iden tical. The traces are defined relativ e to the p osition of the ob ject, so they will

w ork correctly ev en if y ou ha v e mo v ed the ap erture p osition. If for some reason y ou really do

Figure 8: Ap ertures for the Ob jects

wish to trace the ob jects themselv es, b e sure that the parameter :width is set appropriately .

If y ou ha v e had to set :nsum to a higher n um b er in order to get go o d signal on the ob jects

within the slits, y ou will ha v e to c hange a couple of the aptrace parameters. T yp e :aptrace

to edit the parameter list, and c hange b oth nsum and step to whatev er y ou c hose nsum in

ap edit to b e. These n um b ers con trol the n um b er of lines summed to mak e a datap oin t in

the trace fit, and the spacing of these p oin ts. In general, these v alues should b e the same as

the n um b er of lines y ou ha v e to sum to get a go o d ob ject profile. T yping CNTRL Z will

get y ou bac k in to the ap edit mo de; then t yp e t . This will trace and fit the ap erture in the

same w a y that apnorm do es.

7.2 Bac kground Subtraction for Multislits

No w that y ou ha v e defined the ap ertures’ p ositions, widths and curv atures, y ou will also need

to define the bac kground lev el that y ou will ev en tually wish to subtract. While still in ap edit

mo de, mo v e the cursor to the first ap erture and t yp e b . This puts y ou in to an ICFIT mo de

to fit the bac kground (Figure 9). Using the w and e k eys will let y ou set the lo w er left and

upp er righ t edges of a viewing windo w. Undoubtedly , the sample areas will b e wrong, so t yp e

t to clear them, and reset them using s . Be sure that while within the ap edit mo de y ou ha v e

set nsum to a n um b er large enough to get go o d signal on the ob ject profile, so y ou can see

what y ou’re doing. It is also a go o d, though depressing, idea to lo ok at other differen t lines

across the frame. Again, this will help y ou gauge the effects of defo cussing. T yping f will refit

Figure 9: Bac kground Subtraction Fit

the bac kground lev el. Pla y with it un til it’s as go o d as y ou can get. Additional commands

are a v ailable b y t yping ? . Exit bac k in to ap edit mo de b y t yping q . Rep eat this for eac h

ap erture. Remem b er that at this p oin t y ou are only defining the ap erture and bac kground

parameters, so y ou can go bac k and re-do them as man y times as y ou need.

7.3 Extracting the Sp ectra

The apsum parameters are set b y t yping :apsum in the ap edit mo de. Here y ou can c ho ose

whether y ou w an t to subtract an adjacen t bac kground or not, and whether y ou w an t the

bac kground fit to the ICFIT parameters y ou ha v e just set, or just ha v e the area mark ed as

bac kground a v eraged. Figure 10 sho ws the parameter list set up so that a fitted bac kground

is subtracted, and the data are summed using profile w eigh ting.

There are t w o options for w eigh ting the data y ou are summing, profile w eigh ting and

v ariance w eigh ting. It is advisable to a v oid v ariance w eigh ting and stic k with profile w eigh ting

for no w.

After y ou ha v e set up the apsum parameters, exit bac k to the ap edit mo de b y t yping

CNTRL Z . T o extract all of the sp ectra at one time, t yp e a e . Y ou will b e ask ed for an

output file name, and p ossibly a sky file name (w e will b e using neta, netb and sky a, skyb

in this example) . These files are t w o-dimensional IRAF images in m ultislit format, and will

ha v e a .ms app ended to their names. These files ha v e one line p er ap erture sp ectrum, i.e.

neta.ms has ten lines, one for eac h ap erture, and implot ting line 1 will plot the extracted

Figure 10: P arameter List for Apsum sp ectrum from ap erture 1. One problem with this part of the task is that if y our output

image already exists, it will not ask y ou for another output name, but will rather thro w y our

newly extracted sp ectra in to the ether and y ou will ha v e to extract it all o v er again.

There is a parameter called sky extract used when subtracting a bac kground, that outputs

this bac kground sp ectrum in to a separate output file so that y ou can go bac k and reexamine

it. This option is w orth pla ying with. Once output, the bac kground can b e added bac k

in to the data, and then a smo othed bac kground subtracted. Smo othing the bac kground and

resubtracting it do es seem to decrease the noise in the output sp ectrum, but also broadens

strong emission lines in the bac kground sp ectrum, creating large residuals in the wings of

suc h lines. Suc h an exp erimen t migh t b e done in the follo wing w a y:

1) Extract y our data setting sky extract = y es , outputting the sky sp ectra in to sky a.ms .

2) Add the sky bac k in to the extracted sp ectra:

cl > imarith neta.ms + sky a.ms noskysub.ms

3) Smo oth the sky sp ectra. Bo xcar , in the pac k age images executes a running a v erage

b o x smo oth on a t w o-dimensional image. In order to smo oth the m ultisp ec format image,

y ou m ust remem b er to set the y-dimension b o x size equal to unit y . Otherwise the sp ectra

will b e smo othed in to one another. The x-dimension b o x size can b e set appro ximately equal

to a resolution elemen t of y our sp ectra.

cl > b o x sky a.ms xb o x=4 yb o x=1 skysmo oth.ms

4) Subtract new, smo othed sky:

cl > imarith noskysub.ms - skysmo oth.ms newneta.ms

Again, as the qualit y of the bac kground subtraction is often the limiting factor in the qual-

it y of the reduced data (esp ecially in w a v elength regions where the nigh t sky lines are strong

and closely-spaced), exp erimen ting a little with differen t metho ds is probably w orth while.

Rep eat this en tire pro cess for eac h of y our ob ject frames, using the appropriate quartz

frame as a reference. Differen t exp osures through the same masks ma y ha v e sligh tly differen t

cen ters due to flexure, or if y ou “t w eak ed” the telescop e p osition b et w een exp osures. Seeing

or fo cus c hanges ma y c hange the width of the ob ject features and y our bac kground definitions.

The traces will also c hange from exp osure to exp osure but, remem b er, y ou already caugh t

that when y ou traced the appropriate quartz.

8 W a v elength Calibration

The w a v elength calibration of m ulti-ob ject sp ectra at this p oin t is, b esides some c hanges

in b o okk eeping, iden tical with that of normal one-dimensional sp ectra. In this guide, it is

assumed that y ou ha v e tak en one or sev eral comparison sp ectra whic h can b e used as is to

calibrate y our data.

8.1 Creating the Calibration Sp ectra

It is v ery imp ortan t that the comparison sp ectra used to calibrate eac h ob ject sp ectra b e

extracted in exactly the same w a y as the ob ject sp ectra. In our example, comparison sp ectra

w ere tak en b efore and after eac h exp osure. W e w an t to use t w o comparisons to determine

the w a v elength calibration for eac h eac h of t w o exp osures, so w e need to create four sets of

comparison sp ectra.

This can b e done quite easily using ap edit the same w a y w e used it b efore. First, though,

epar apsum and c hange bac kground to none, as comparisons, of course, ha v e no bac k-

ground. Then:

cl > ap edit m ulti018 ref=ob ja output=compa1

Do NOT recen ter, do not c hange a thing! Instead, t yp e a e and extract the comparison

sp ectra using iden tical ap ertures and traces as the ob ject sp ectrum. In this example, the

output .ms frame will b e called compa1 . The a tells us that it is extracted lik e exp osure

a , and the 1 denotes that it is the first of the t w o comparisons. If y ou wish to lo ok at eac h

comparison sp ectrum, OK, but y ou migh t w an t to answ er “NO” when it asks y ou if y ou’d

lik e to review eac h of the comparison sp ectra. Don’t b other to sa v e the ap ertures to the

database– they are the same as for ob ja .

Next, do the same for the other comparison y ou w an t to use for calibrating ob ja .

cl > ap edit m ulti021 ref=ob ja output=compa2

Next, do the same for the comparisons y ou wish to use for the second exp osure:

cl > ap edit m ulti021 ref=ob jb output=compb1

cl > ap edit m ulti024 ref=ob jb output=compb2

Note that compa2 and compb1 are deriv ed from the same frame, but with differen t

ap erture definitions and traces. If y ou ha v e a lot of frames, y ou can do these in the bac k-

ground.

cl > apsum m ulti024 ref=ob jb out=compb2 rec- tra- bac k=none in terac- &

It is usually a go o d idea, ho w ev er, to sp ot c hec k a few of the sp ectra to mak e sure that

nothing has gone a wry . When y ou ha v e created all of the comparison .ms images that y ou

need, pat y ourself on the bac k. Y ou ha v e finished with the ap extract tasks.

8.2 Determining the W a v elength Calibrations

First, displa y a t w o-dimensional comparison frame (e.g. m ulti018 ) and iden tify whic h ap er-

ture is whic h (don’t forget that y ou ha v e ignored an y set-up holes). Then, b y lo oking at the

emission lines, write do wn the ap erture n um b ers in order, starting with the one that is shifted

the furthest to w ards the b ottom of the frame. This is the order in whic h y ou will w an t to

determine the w a v elength calibrations; y ou w an t the minim um shift in w a v elength b et w een

one ap erture and the next.

The task iden tify is a complex task whic h allo ws y ou to iden tify emission lines in y our

comparison sp ectra, and then fit a smo oth function of w a v elength v ersus pixel n um b er. This

fit is the disp ersion correction, also called w a v elength calibration. The fit parameters are then

stored in a database and subsequen t tasks use the fit to correct y our sp ectra to the prop er

w a v elengths. If y ou ha v e used iden tify b efore, rest assured (or b e w arned) that the v ersion

y ou will use no w is iden tical to the task in the onedsp ec pac k age, etc. If y ou ha v e not used

it b efore, it is probably w orth while to get a hardcop y of the help pages for the task ( help

iden tify | lprin t ) and k eep them on hand.

Start b y using the editor to create an “@” file called iden tin whic h con tains a list of the

image lines in y our first comparison .ms file. W rite do wn the lines in order of their relativ e

shift (i.e. the order y ou wrote do wn after examining the t w o-dimensional comparison frame).

F or example, it migh t lo ok lik e this:

compa1.ms[*,8]

compa1.ms[*,9]

compa1.ms[*,10]

compa1.ms[*,6]

compa1.ms[*,4]

compa1.ms[*,2]

compa1.ms[*,1]

compa1.ms[*,3]

compa1.ms[*,7]

compa1.ms[*,5]

Then t yp e:

cl > iden tify @iden t

Y ou will b e sho wn a plot of the first comparison sp ectrum in y our list (in this case, the

8th ap erture). Y ou no w need to iden tify a few of the brigh test lines, (at least three, though

four or fiv e w ell-spaced lines w ould b e b etter). Mark them b y putting the cursor close to their

Figure 11: He-Ne-Ar Calibration Sp ectrum

p eaks, and t yp e m . Y ou will b e prompted to en ter the w a v elengths. If y ou mak e a mistak e,

d will delete a line, and u will let y ou c hange the assigned w a v elength. When y ou ha v e a

few lines mark ed, t yp e l . Iden tify will no w fit a straigh t line to y our data (not a bad first

appro ximation), and, using a table of comparison lamp v alues, attempt to iden tify as man y

other lines if y our sp ectrum as it can. The default w a v elength tables are for He-Ne-Ar lamps.

If y ou are using another t yp e of arc lamp, y ou will ha v e to c hange the iden tify parameter

co ordlist to something more appropriate. Chec k through the standard options b y page

onedstds$README and see if an y of the lists are appropriate for y our data. Then y ou

can c hange the parameter co ordlist to matc h. If y ou don’t think an y of the standard options

will w ork for y our instrumen t, it is b est to ask for the help of someone who kno ws what other

w a v elength tables ma y b e a v ailable.

Hop efully , while y ou’v e read this, iden tify has b een able to mark a bunc h of new lines for

y ou (Figure 11). No w y ou need to c hec k and mak e sure that it did it all righ t, and see if the

disp ersion correction fit is go o d. T yping f will get y ou in to ICFIT and displa y the residual

(data - fit) v ersus pixel n um b er (Figure 12). If the residuals lo ok lik e they follo w some higher

order function, y ou can increase the order with :or . It is usually not necessary or advisable

to increase the order to more than ab out 4. T yping f again will re-fit the data with the new

parameters. Notice that the standard deviation of the residuals is in the graphics header.

A t this p oin t, y ou need to fiddle around with the data un til y ou get a w a v elength solution

whic h y ou lik e. A few useful k eystrok es are:

Figure 12: Fitting the W a v elength Solution

d - delete a p oin t

u - undelete a p oin t

c - mo v e cursor to the nearest line (for iden tifying problem lines)

l - displa y the non-linear part of the fit (Figure 13)

j - displa y the fit residuals

q - exit from ICFIT mo de

? - more information on ICFIT commands

Note that if y ou delete a line, it is remo v ed from the line list for all subsequen t fits (that

means the rest of y our ap ertures, as w ell). If y ou w an t to get it bac k, y ou m ust start o v er

again with l .

It is also v ery useful to examine the individual lines, in order to w eed out blends, lo w

signal p eaks, and misiden tifications. Get out of ICFIT mo de (t yp e q ) and y ou’ll b e sho wn

the comparison sp ectrum again. I usually lik e to step through eac h of the lines in “zo om”

mo de to mak e sure that there are no problems. Some useful commands in this mo de are:

+ - mo v e cursor to next line

Figure 13: Non-linear Comp onen t of the Fit

- - mo v e cursor to previous line

d - delete a line

m - mark a line

u - c hange the w a v elength assignmen t of a line

z - zo om

p - un-zo om (pan)

Be sure that y ou ha v e enough lines, and that the lines are spaced throughout the en tire

sp ectrum. Fitting a high-order function and not ha ving enough lines at the endp oin ts to

“tie it do wn” will cause y ou problems. Also k eep an ey e out for a “solution not monotonic”

message whic h ma y flash across the b ottom of y our graphics windo w. These are conditions

y ou should b e a w are of if y ou’re b eing careful an yw a y , but the error messages are fleeting.

When y ou’re satisfied with the w a v elength solution, t yp e q and write it all to the database.

No w, b ecause y ou started iden tify with an “@” file, y ou will immediately b e sho wn the

next sp ectrum in y our list— surmoun ted b y the fit y ou ha v e just determined. No w the fits

to individual ap ertures should b e v ery similar except for a zero-p oin t shift due to the shift

in the slit p ositions on the mask. In man y cases, y ou can sa v e a lot of time b y simply trying

this. Find a strong, isolated line in the cen ter of y our sp ectrum, put the cursor on it and t yp e s . Y ou will b e prompted for its w a v elength, and then the task will shift the solution

so it lines up with the new data. Pro ceed as y ou did b efore, t yping f to calculate a new fit.

Do b e cautious- sometimes rather subtle problems can creep in at this p oin t. The non-linear

p ortion of y our fit should lo ok v ery similar to that of y our first ap erture and the RMS of the

residuals should also b e similar.

Shifting the solution lik e this w orks most of the time when the shift is not large, but it can

sometimes get confused and misiden tify lines and really cause a mess. When that happ ens,

get out of ICFIT mo de, and t yp e i to reinitialize and delete all of the lines, and start from

scratc h. This can b e a long pro cedure if y ou ha v e man y ap ertures on one frame. Hang in

there- y ou only ha v e to do it once for eac h ap erture.

Once y ou ha v e w a v elength solutions for one exp osure through eac h of the ap ertures, it is

quite simple to use these solutions to calibrate the rest of the comparison sp ectra. The task

msreiden tify uses the database information for eac h of the ap ertures to fit the w a v elength

solution to eac h subsequen t exp osure. This only w orks if y ou ha v e extracted eac h comparison

suc h that the ap ertures are in the same order in the .ms frame, but y ou should b e doing that

an yw a y .

cl > msreiden tify compa1.ms compa2.ms

cl > msreiden tify compa2.ms compb1.ms

cl > msreiden tify compb1.ms compb2.ms

Y ou should no w ha v e solutions for all of y our comparison sp ectra en tered in y our database.

A t this p oin t, again, caution is advised. msreiden tify is prett y go o d at refitting the

w a v elength solutions prop erly , but it can o ccasionally mak e big mistak es. It is advisable to

go bac k in to iden tify and at least glance at eac h of the solutions to mak e sure that there are

no gross errors (when errors o ccur in msreiden tify they are usually v ery ob vious).

8.3 Calibrating the Sp ectra

Before y ou can apply these hard-w on w a v elength solutions to y our data, y ou need to sp ecify

whic h comparisons y ou w an t to use and in what com bination. The task refsp ectra is a

complicated task whic h do es a v ery simple thing- it go es in to the header of y our ob ject frame

and creates t w o new header k eyw ords: REFSPEC1 and REFSPEC2. These k eyw ords con tain

the names of the comparison sp ectra y ou w an t to use, and their relativ e w eigh ts. If y ou only

ha v e one comparison sp ectrum, it only creates REFSPEC1.

Cho osing the relativ e w eigh ts can b e a complicated business, and for that I refer y ou to the

help pages for refsp ectra. The most lik ely c hoices will b e either to a v erage t w o comparisons,

or to do a linear in terp olation with resp ect to some parameter, sa y UT. In our curren t ex-

ample, a v eraging is sufficien t since the comparison exp osures are v ery short compared to the

ob ject exp osures, and the comparisons w ere tak en immediately b efore and after eac h ob ject exp osure. So:

cl > refsp ec neta.ms refer=compa* select=a v erage

Refsp ec confirms that the a v erage of the comparison sp ectra compa1 and compa2 will b e

used. (No w do y ou see wh y w e c hose the names of the comparison sp ectra lik e that?) Lik ewise:

cl > refsp ec netb.ms refer=compb* select=a v erage

If y ou w ould prefer to use the in terp olation option, y ou m ust b e sure that the UT k eyw ord

in y our image header denotes the midd le of the exp osure, not the b eginning (as KPNO headers

do!). If y ou try to in terp olate using the b eginning of the exp osures, the first comparison, since

it usually has a m uc h shorter exp osure time than the ob ject exp osure, will b e w eigh ted m uc h

to o hea vily . Again, if y ou w an t to use one of the more complicated options, y ou should

carefully read the do cumen tation on refsp ectra . Also see the task setairmass . If all of

this is to o daun ting, y et another option is to use the task imhedit to man ually create the

k eyw ords REFSPEC1 and REFSPEC2, b ypassing refsp ectra en tirely .

Y ou are no w finally ready to assign the w a v elength calibrations to y our ob ject data. The

task whic h do es this for m ultisp ec data is called msdisp cor . Lo ok at the parameters for

this task using epar (Figure 14) and think a momen t ab out the final form y ou w an t y our

data to tak e. In most cases, y ou will w an t all of the ap ertures to ha v e the same n um b er

of angstroms p er pixel, but differen t starting w a v elengths. Y ou migh t also w an t all of the

differen t exp osures of a sp ecific ap erture to ha v e the same starting w a v elength, to mak e

com bining them easier. If y ou are planning to cross-correlate y our data later, y ou ma y also

w an t to bin y our data logarithmically . There are also options for summing or a v eraging all

of the ap ertures together, or forcing them all to ha v e exactly the same disp ersion correction.

This last can mak e subsequen t subtraction and cleaning of sky emission and residuals m uc h

easier, and should b e k ept in mind. Y ou can alw a ys rebin the data, but y ou really w an t to

minimize the n um b er of times y ou do it.

In our example, w e w an t all of the sp ectra to ha v e the same angstroms p er pixel, but eac h

individual ap erture will ha v e its o wn starting w a v elength. W e also w an t the t w o exp osures,

to ha v e the same starting w a v elength for eac h of the ap ertures. T o do the first, w e set the

parameter dw equal to the w a v elength/pixel y ou w an t. If y ou are not sure what y ou w ould

lik e, do a dry run of msdisp cor b y setting the parameter listonly to y es and setting the

other parameters so that the w a v elength disp ersion is c hosen freely:

cl > msdisp cor neta.ms test dw=INDEF same- glob- list+

This will sho w y ou the default w a v elength solutions that it has c hosen for eac h of the

ap ertures. In this example, a v alue of 3.2 angstroms p er pixel w as c hosen. Set dw to this

n um b er to force all sp ectra to ha v e this v alue.

T o force msdisp cor to mak e eac h ap erture ha v e the same solution (w1 and dw) in eac h

Figure 14: Msdisp cor P arameters exp osure, set the parameter global to y es. If y ou w an t all ap ertures to ha v e the exactly the

same w a v elength correction, set the parameter samedisp to y es as w ell.

Then:

cl > msdisp cor neta.ms,netb.ms fina.ms,fin b.ms

Y our data are no w disp ersion-corrected. Y ou are almost done!

9 Com bining, Cleaning and Examining Data

This section suggests a few of the options a v ailable to y ou in IRAF for com bining y our m ultislit

data in differen t w a ys, cleaning them and for plotting and displa ying y our data. Since y ou

ha v e made it this far, y ou are no w an IRAF data-reductions exp ert, and should b e able to

figure out these tasks without a lot more fuss. As alw a ys, it is a go o d idea to epar a task

b efore running it, and the help pages are all online.

Com bining data from sev eral exp osures is v ery simple if the sp ectra are in m ultisp ec for-

mat, and y ou ha v e b een careful to mak e sure that the starting w a v elength and the w a v elength-

p er-pixel is the same for eac h individual ap erture. Y ou can simply imsum , imarith or

imcom bine the t w o-dimensional frames and com bine eac h of the ap ertures sim ultaneously .

These tasks all ha v e differen t options and capabilities, so y ou should ha v e a lo ok at them

b efore deciding whic h y ou w ould lik e to use.

There are a few useful tasks whic h migh t help in cleaning y our data of cosmic ra ys and

the residuals from p o or bac kground subtraction. The task lineclean in the images pac k age

can b e used for b oth. This task fits eac h line of the m ultisp ec format sp ectra with a smo oth

curv e, and replaces an y devian t data p oin ts b y the fit v alue. T o remo v e cosmic ra ys, try

fitting y our data with a v ery high (sa y 200-250) order function. Most cosmic ra y ev en ts

(dep ending on the t yp e of CCD used) and bad pixels are single-pixel ev en ts, whereas true

sp ectral features are resolv ed. Cho osing the order of the fit to b e 1/2 or 1/3 of the n um b er

of pixels in the sp ectrum will help in w eeding out these single-pixel ev en ts. Pla y around

with differen t sp ectra and with setting the high and lo w rejection parameters un til y ou find

a com bination that y ou feel safe with (after all, y ou don’t w an t to reject an y real emission

lines). Care should b e used with this pro cess– ev en if an en tire line is not rejected, it can

o ccasionally c hange the shap e of sharp-but-still-resolv ed emission features. If y our data ha v e

b een rebinned or smo othed, cosmic ra ys ma y b e broadened to o m uc h to b e rejected b y this

metho d. T o a v oid this, cleaning the data b efore the w a v elength calibration is p erformed is

suggested. It is recommended that y ou alw a ys do this pro cess in teractiv ely , as w ell.

If y our bac kground subtraction has left y ou with unsigh tly nigh t sky emission line residu-

als, lineclean can b e used to remo v e some of them as w ell. This is m uc h simpler if y our data

are binned so that all of the ap ertures ha v e the same starting w a v elength. Run lineclean on

y our m ultisp ec format image, and tak e a lo ok at the line whic h has the w orst-lo oking residu-

als. Set the fit sample ( t yp e t to reinitialize it, and then s ) so that it includes only pixels in

and surrounding these bad areas. Y ou will ha v e to exp erimen t to see ho w wide these areas should b e, but they usually do not ha v e to b e to o m uc h wider than the actual residual. Fit

these areas to a lo w-order curv e; the w orst of the nigh t sky residuals will b e discarded. Note

that lineclean do es not read the w a v elength solution parameters from the image header, so

y ou migh t w an t to note at whic h pixels y ou exp ect the prominen t nigh t sky lines to cause

y ou problems. Once y ou ha v e set the sample areas the w a y y ou w an t them, the task will use

the same ones for eac h ap erture– that is wh y ha ving the same w a v elength correction for eac h

ap erture is imp ortan t here.

Plotting y our data is also p ossible with a plethora of tasks. The onedsp ec task splot is

a v ery p o w erful sp ectrum displa y and edit task, whic h allo ws y ou to do sp ectrum arithmetic,

smo othing, pixel editing, measure line p ositions and equiv alen t widths, and lots more. Again,

y ou can use this task on m ulti-sp ec format frames— it will prompt y ou for a line n um b er.

There is also a plotting task for m ultisp ec format frames called sp ecplot . This task plots

all of the sp ectra on a single page, allo wing y ou to easily compare them. If y ou wish to con-

v ert m ultisp ec format files in to individual onedsp ec images, y ou can use the task msselect .

T o create a one-dimensional sp ectrum of the fifth ap erture of the m ultisp ec format image

fina.ms :

cl > msselect fina ap5 5

A Outline of Multislit Reductions

I. Getting Started

1. Read in data from tap e using rfits , rcamera .

I I. Bias Subtraction

1. Com bine bias frames with zero com bine

2. Subtract biases and trim images using ccdpro c

3. Insp ect frames for scattered ligh t. If necessary , subtract using apscatter .

I I I. Normalization

1. Set disp ersion axis using setdisp

2. Organize data in to separate directories using imrename, imcop y

3. Com bine quartzes using flatcom bine

4. Create normalization flats using apnorm : define, trace and normalize the quartz sp ec-

tra.

5. Flatten data using imdivide

6. Insp ect data using implot

7. Alternativ e option: flat1d

IV. Extraction

1. Chec k all ap extract parameters

2. Use quartz ap ertures as references in ap edit

3. Fit bac kground regions

4. Extract sp ectra

5. Alternativ e: extract sky as separate sp ectra, smo oth and subtract from data

V. W a v elength Calibration

1. Extract comparison sp ectra, making sure to use the same ap erture and trace definitions

as y our ob ject sp ectra

2. Order sp ectra with resp ect to starting w a v elength

3. Calibrate first ap erture in list using iden tify

4. Calibrate remaining ap ertures within iden tify using the s (shift) k ey and c hec king eac h

solution

5. Calibrate remaining comparison exp osures using reiden tify

6. Assign comparisons to eac h data frame using refsp ectra

7. Calculate disp ersion solution for eac h ap erture using msdisp cor

VI. Com bining, Cleaning and Examining Data

1. Com bine data using imcom bine

2. Clean data using lineclean

3. Plot data using splot or sp ecplot

4. Extract data to onedsp ec format using msselect