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A sinple nethod for reduction
of echelle spectra by | RAF!

Takashi 11JI MA

Astronom cal Observatory of Padova,
Asi ago Station

pref ace

Thi s manual presents a sinple and easy nethod to reduce
spectra of stellar or conpact objects obtained with the Reosc
Echel | e spectrograph nounted on the 182 cmtel escope at the
Mount Ekar station of the Astronom cal Observatory of Padova.
The calibrations of the sensitivity of the spectrograph are
made using the spectra of standard stars obtained in the sane
ni ghts of the observations. The author uses a cross disperser
of 300 lines mm!. \Wen the other cross dispersers are used
(150 lines nm?! and 1200 Iines mm! are also avail able), sone
paraneters shoul d be changed.

Appendi x gives an introduction for |RAF begi nners.

I:IRAF is distributed by NOAO for Research in Astronomy, Inc. under cooperative agreement with the
National Science Foundation.
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1. Cbservati ons.

First of all the author suggests the observers to obtain
spectra with high S/N ratio, because the reductions of faint
spectra are very difficult. A secret path for reduction of
faint spectra is presented later (Section 3.3).

Unconpl eted orders can not be reduced by our nethod,
because in such a case a divide by zero operation occurs in
the calibration pipeline. Thus, the observers have to nake
conplete the orders of interest adjusting the angle of the
grating.

The calibrations of the sensitivity of the spectrograph are
made using the spectra of standard stars obtained in the sane
ni ght of the observation. To this aimit is necessary to
obtain spectra of standard stars located in the vicinity of
the objects or at least with simlar airmass. A list of the
standard stars available in I RAF can be obtained with the
command:

cl > page onedst ds$README

The bright standard stars reported in the directories
onedst ds$specl6cal / and onedstds$irscal/ are adequate for our
met hod.

Figure 1 shows an image of a spectrum obtained with our
spect rograph. The cross disperser 300 lines mm?! is used and
the grating angle is set to -9°20'. The object is the
standard star HD161817 and the exposure tine is 600 sec. The
spectrum covers the range from 4350 to 6100A with a
resol uti on of R=10000.
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Fig. 1 Spectrumof the standard star HD161817.

The focus of the tel escope was adjusted well for this
exposure, because the inmage is nearly axial symetry. If the
peaks of intensity of the orders are largely shifted to blue
(left) or red (right), which is nostly due to an out-of-focus
of the tel escope, good results are not expected in the
cal i brations.

It i1s necessary to take at |east three bias franes or dark
frames of short exposure tinme during the observing night. The
dark current of our CCD is | ow enough to be neglected it in
usual works. If soneone wants to nake preci se neasurenents,
it is better to use the dark frames. The sensitivity of our
spectrograph can be fitted by snooth functions, thus the flat
field frame is not used in our calibrations.

It is inportant that observations are nade with a carefu
t el escope gui de, keeping the objects and the standard stars
at the sanme position in the slit: at the slit center is
pref erabl e.
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2. Preparation.

Before to start with the reductions of the spectra, sone
processing is required on the original inmges using the
commands in the directory inages.

The format of the original inmages obtained by the Reosc
Echel | e spectrograph is fits, but with nanmes of the kind
| MA*** ETS. The extension of file name processed in | RAF has
to be fits, so that the file nanmes nust be accordingly
changed out of I RAF, e.g., in Linux.

$nv | MA*** FTS ima***.fits

To proceed it is necessary to cut away the margi ns of the
| mages using the conmand i ntopy.

I mei ncopy (nanme of image)[x1:x2,yl:y2] (nanme of trinmed

| mage)

where x1,x2,yl,y2 are the limts at left, right, bottom and
top of the image, respectively. The author uses the val ues
[ 11: 1064, 2: 1050] . The wi | dcards are useful when nmany i nages
are processed. For exanple, to trimall inages wth nanes
starting by eim giving them new nanes starting by fimthe
command i s:

I m> i ncopy ei nmf[x1:x2,yl:y2] Y%indgindd.*

Now prepare a frame of bias or dark using the command
| nconbi ne. Figure 2 shows the wi ndow of the paraneters of
| nconbi ne, which opens by the conmand:

| m> epar 1 nconbine

Fig. 2 Wndow of the paraneters of intonbine.

PACKACGE = i mmat ch
TASK = i ncomnbi ne
i nput finmD7523, fi n07528, fi 07536 List of images to conbine

out put = bi as1 Li st of output inmages

(header s= ) List of header files (optional)
(bpnmasks= ) List of bad pixel masks (optional)
(rej mask= ) List of rejection masks (optional)
(nrej mas= ) List of nunber rejected nasks (optional)
(expnask= ) List of exposure nmasks (optional)
(sigmas = ) List of sigma inmages (optional)

)

(logfile= STDOUT) Log file
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(combi ne= nmedi an) Type of conbi ne operation

(reject = none) Type of rejection

(project= no) Project highest dinmension of input inages?
(outtype= real) Qutput imge pixel data type

(outlim= ) Qutput limts (x1 x2 yl y2 ...)

(of fsets= none) Input inmage offsets

(maskt yp= none) Mask type

(maskval = 0.) Mask val ue

(blank = 0.) Value if there are no pixels

(scale = none) | mage scaling

(zero = none) | mage zero point offset

(wei ght = none) | mage wei ghts

(statsec= ) Image section for conputing statistics
(expnane= ) I nmage header exposure tine keyword
(Ithresh= | NDEF) Lower threshold

(ht hresh= | NDEF) Upper threshol d

(nfow = 1) m nmax: Nunber of |ow pixels to reject
(nhigh = 1) m nmax: Nunber of high pixels to reject
(node = ql)

The input are the nanes of the inmages of bias or dark, in
this case bias, where three inmages are needed at |east. The
output is the nane of the resultant franme of bias. The
paraneter conbine is set to nedian to renove the cosmc ray
hits, and the pixel type of the output file (outtype) has to
be real. Press CTR-d to close the w ndow saving the
nodi fications of the paraneters, then run intonbine.

I m> i nconbi ne

Subtracting the bias or dark frame fromthe other inages,
make their mnima nearly zero. The command inmarith is used to
performthis subtraction.

Figure 3 shows the paraneters of imarith. The pixel type of
out put (pixtype) has to be real.

i imarith | nput — biasl result



ISSN 1594-1906

Fig. 3 Wndow of the paraneters of imarith.

PACKAGE = inmnuti
TASK = imarith
oper andl= ni 07535 Operand i nage or nunerical constant
op = - Operator
oper and2= bi asl Operand i mage or numerical constant
result = hi 07535 Resultant imge
(title = ) Title for resultant inmage
(divzero= 0.) Replacenent value for division by zero
(hpar ans= ) List of header paraneters
(pi xtype= real) Pixel type for resultant inmage
(cal ctyp= ) Calculation data type
(ver bose= no) Print operations?
(noact = no) Print operations w thout perform ng then?
(nmode = ql)

Large cosmc ray hits are obstacles in the reductions.
There are two ways to renove them |f the observers have
sufficient tinme and the spectrum of the object does not vary
rapi dly, take three inmages of the sane exposure tinme. In such
a case, all cosmc ray hits can be easily renoved with the
command inconbine. If this is not the case, large cosmc ray
hits have to be renoved manual ly using the command inedit.

in> imedit input output

Put the cursor at bottomleft (or top left) of a cosmc ray
hit in the i mage displayed in ds9 and type a, then shift the
cursor to top right (or bottomright) of the hit and type a
again. Repeat this process for all cosmc ray hits and
finally type q to save the corrected i nage as out put.

It is better to use bright standard stars to mnimze the
cosmc ray hits.
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3. Extractions of orders of spectra.

3.1. Spectra of bright objects.

In this section we discuss the process for the extraction
of the orders of spectra. The commands in the directory
echelle are used. The path to the directory echelle is

cl > noao> inred > echelle

Prior to the beginning of a newwork, it is better to
renove all old ap-files in the fol der of database, because
sonetines the old ap-files becone obstacles in the
reductions, for exanple if the sane nane of the inmge was
used for a different image in an earlier work. This process
I's made out of I RAF wth the command of Li nux.

$ rm ap*

The direction of the spectral dispersion of our spectro-
graph is horizontal as seen in Fig. 1, while that in the
default setting of IRAF is vertical. Thus, the paraneter of
t he di spersion axis (dispaxi) has to be changed as 1, with
t he command:

ec> epar echelle

Here we try to extract the orders of the spectrum of the
standard star HD161817 shown in Fig. 1 as an exanple. The

command apall is used. Since there are so nmany paraneters in
apall, the wi ndow has to be extended maxi num The w ndow of
the paraneters of apall is shown in Fig. 4 which opens with

t he command:
ec> epar apall

The input is the nanme of the i mage of the spectrum and the
output is the nane of the destination file in which the
extracted one-di nensional tracings of the orders wll be
saved. All paraneters frominterac to review can be yes. The
aut hor feels that nore beautiful tracings are extracted with
resize = no, but this is his personal I|iKking.
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Fig. 4 Wndow of the paraneters of apall.
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Run task interactively?

Fi nd apertures?

Recenter apertures?

Resi ze apertures?

Edit apertures?

Trace apertures?

Fit the traced points interactively?
Extract spectra?

Extract sky, sigmm, etc.?

Revi ew extractions?

Di spersion line
Nunber of dispersion |ines to sumor medi an

# DEFAULT APERTURE PARAMETERS

Lower aperture lint relative to center
Upper aperture linit relative to center
Aperture ID table (optional)

# DEFAULT BACKGROUND PARAMETERS

Background function

Background function order
Background sanpl e regions
Background average or nedi an
Background rejection iterations
Background | ower rejection signma
Background upper rejection signma
Background rejection grow ng radius

# APERTURE CENTERI NG PARAMETERS

Profile centering wdth

Profile centering radius

Detection threshold for profile centering

# AUTOVATI C FI NDI NG AND ORDERI NG PARAMETERS
Nunber of apertures to be found
automatically
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M ni mum separ ati on between spectra
Maxi mum separ ati on between spectra
Order of apertures

# RECENTERI NG PARAMETERS

Apertures for recentering cal cul ation
Sel ect brightest peaks
Use average shift instead of recentering?

# RESI ZI NG PARAVETERS

Lower aperture linmt relative to center
Upper aperture limt relative to center
Fraction of peak or intensity for
automatic width

Is ylevel a fraction of the peak?

Subt ract background in autonmatic wi dth?
Gowlimts by this factor

Average limts over all apertures?

# TRACI NG PARAMETERS

Nunber of dispersion lines to sum
Tracing step

Nurmber of consecutive tinmes profile
is lost before quitting

Trace fitting function

Trace fitting function order
Trace sanpl e regions

Trace average or nedian

Trace rejection iterations

Trace | ower rejection signma

Trace upper rejection signma

Trace rejection grow ng radius

# EXTRACTI ON PARAMETERS
Background to subtract

Box car snoothing length for sky
Extracti on wei ghts (none|variance)
Profile fitting type (fitld|fit2d)
Det ect and repl ace bad pi xel s?
Saturation |evel

Read out noi se sigma (photons)
Phot on gai n (photons/data nunber)
Lower rejection threshold

Upper rejection threshold

Nunber of subapertures per aperture
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Di spersion line is dispersion colum in our case, which is
t he nunber of colum on which the orders are searched
automatically. In the default setting line = I NDEF, the
orders are searched at the central colums of the image. |f
an order has a deep absorption feature near the central
colums, it is better to nake the searching at different
colums. The paraneter nsumis the nunber of colums to be
summed when the orders are searched. The author usually gives
a nunber corresponding to one per cent of the total nunber of
pi xel s of the CCD along the spectral dispersion axis. The
| oner and upper are the half width at zero intensity of the
order at maxi num wi dth. The zones of the sky backgrounds are
specified at b_sanpl, where the inner borders should be
slightly detached fromthe edges of the orders. The w dt hs of
the | ower and upper backgrounds shoul d be conparable to or
wi der than the half width of the orders.

The nunber of the orders to be found is nfind. This shoul d
be the nunber of the conpleted orders, as nentioned earlier.
It is 15 in the present case (Fig. 1).

The m ni mum and maxi mum separ ati ons between the orders are
m nsep and nmaxsep. A slightly smaller nunber than the real
m ni mum separati on between the orders should be given as
m nsep, but, if a too small nunber is given as m nsep, cosmc
ray hits between the orders will be recogni zed as orders. The
order is increasing in our spectra.

The aut hor uses the sane nunber of nsumalso for t_nsum and
t step. It seens that the function t _funct = |l egendre with
order t_order = 6, which neans a fifth order polynom al,
makes good tracings of the orders. The other functions
avai l able in I RAF are seen by the command ec> help apall. The
ot her paraneters chosen by the author are: backgro = average,
skybox = 1, weights = variance, pfit = fitld, and clean =
yes. Al other paraneters can be left as the default val ues.
Press CTR-d to close the wi ndow saving the changes of the
par anet ers.

When the command apall runs, the automatically found orders
are shown in the display as seen in Fig. 5.
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NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 03:41:45 25-Nov-2
Image=him49249, Sum of columns 595-604
Define and Edit Apertures

1 2 3 % 5 6 718 9 10l 11 12 1B 14 151
B o
20000 — —
10000 — U —
0 l L | | [

Fig. 5 Automatically found orders.

When a faint spectrumis reduced, sonetines m s-
I dentifications of the orders occur. In such a case, put the
cross on the point of the wong identification and type d to
del ete the mark, then put the cross on the true order and

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 02:58:03 25-Nov-2
func=1legendre, order=6, low_rej=3, high_rej=3, niterate=0, grow=0
total=104, sample=104, rejected=0, deleted=0, RMS= 0.2492
Aperture 9 of him49238
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Fig. 6 Locus of an order.



ISSN 1594-1906

type mto mark it. \Wen al

orders are marked correctly, type
g and answer yes the successive questions.

The | ocus of the
first order and the fitting curve appear in the display as
seen in Fig. 6.

Soneti mes points detached fromthe | ocus appear, which are
mai nly due to nearby cosmc ray hits. In such a case, put the
cross on the point and type d to delete it,

then type f to
make the new fitting. The asterisk in Fig. 6 is a deleted

poi nt. Wien the order is traced well, type q and answer yes
t he question. The |ocus of the next order wll appear.

Wien a very faint spectrumis reduced, sonetines the | ocus
of the order is |lost, and appears a figure such as Fig. 7.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 03:14:58 25-Nov-2
func=1legendre, order=6, low_rej=3, high_rej=3, niterate=0, grow=0
total=79, sample=79, rejected=0, deleted=0, RMS= 1.132
Aperture 1 of him49245

I I I Lic* I
o
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4 \
+ F4 \
60 4/&+ \
( \\\
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+ \
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40 — .44/## \-\r
# \

{gﬁ |
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e
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+ | | | | |
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Column

Fig. 7 Afailure of the tracing of an order.

I n such a case, the process should be interrupted and a new
attenpt nust be done with different paraneters (see, Section
3.3).

When the loci of all orders are traced well, answer yes

t he successive questions. |If the process was interrupted,
answer no the final

questions in order to try again wth new
par anmet ers.

| f the questions have been answered yes, the tracings of
the orders appear on the display one by one, as seen in Fig.
8.
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him49242: HD161817 48242 - Aperture 1
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Fig. 8 An extracted order.
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Type g and answer yes to see the tracing of the next order.
When all tracings are shown, the extracting process is

conpl et ed.

3.2. Extractions of conparison spectra.

The wi ndow of the paraneters of apall to extract the
conparison spectrumis shown in Fig. 9. The paraneters which

are not shown here are the sane as in Fig. 4.

Fig. 9 Paraneters of apall for conparison spectrum

PACKACE = echelle

TASK = apal
i nput = rimo239 List of input inmges
(out put = etr49239) List of output spectra
(apertur= ) Apertures
(format = echell e) Extracted spectra format
(referen= ri nd9238) List of aperture reference inages
(profile= ) List of aperture profile images
(interac= no) Run task interactively?

(find = no) Find apertures?
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(recente= no) Recenter apertures?

(resize = no) Resize apertures?

(edit = no) Edit apertures?

(trace = no) Trace apertures?

(fittrac= no) Fit the traced points interactively?
(extract= yes) Extract spectra?

(extras = no) Extract sky, sigma, etc.?

(review = yes) Review extractions?

The input is the nane of the inmage of the conparison spectrum
and output is the nane of a file in which the tracings wl|
be saved. The referen is the nane of the inmage of the object
on which the conparison was nade. Many paraneters shoul d be
no as seen in Fig. 9.

Run the command apal |l as:

ec> apal | back-

In this case, the resultant tracings are not shown in the
di spl ay, but you can see themw th the comand spl ot.

3.3. Extractions of faint spectra.

Wien the signal level of a spectrumis |low or the continuum
Is weak, the |ocus of the order is occasionally |Iost, and
appears a graph like Fig. 7. In such a case, the process has
to be interrupted and has to be retried with different
paraneters. Probably the process goes better with | arger
nunmbers of nsum and t_nsum and/or smaller nunbers of
t step. It is also useful to change the function for the
fitting t_funct and/or the order t_order. It seens that
| ower orders are better for faint objects, for exanple a
linear fitting (t_funct = |l egendre, t_order = 2). The author
feels that the paraneters backgro = none, weights = none, and
clean = no match better faint spectra. However, if the
process of the extractions remains unsatisfying even after
t hese changes, we have to use a rather irregular nethod.

When an observed spectrumis very faint and its reduction
IS expected to be difficult, take a spectrum of a nearby
bright (8+9 mag) blue star (B or A type). The blue star is
not necessary to be a standard star.

Qui de the tel escope carefully and keep the blue star at
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exactly the sane position in the slit where the object was
| ocated during its exposure. It is inportant to use a nearby
star, because when the direction of the tel escope changes
substantially, the loci of the orders change even if the
position of the object in the slit is sane.

Make the extractions of the orders of the blue star by
apall wth usual paraneters as seen in Fig. 4, then change
the paraneters as in Fig. 10.

Fig. 10 Paraneters of apall for a faint spectrum
PACKAGE = echell e
TASK = apal
i nput = rimd9240 List of input inages
(out put = etr49240) List of output spectra
(apertur= ) Apertures
(format = echel l e) Extracted spectra format
(referen= ri m9250) List of aperture reference inages
(profile= ) List of aperture profile inmages
(interac= no) Run task interactively?
(find = no) Find apertures?
(recente= no) Recenter apertures?
(resize = no) Resize apertures?
(edit = no) Edit apertures?
(trace = no) Trace apertures?
(fittrac= no) Fit the traced points interactively?
(extract= yes) Extract spectra?
(extras = yes) Extract sky, sigmm, etc.?
(review = yes) Review extractions?
where input is the inmage of the faint object, and output is

the file in which the tracings will be saved. The nane of the
| mage of the blue star is given in referen. Many paraneters
are no as seen in Fig. 10. The paraneters which are not shown
here are the sane as in Fig. 4. Wien the command apall runs,
the tracings of the orders of the faint object wll be
obtained if we are lucky. The results are seen by splot. If

j agged features are seen on the continuum the process was
not successful. Probably, the position of the blue star in
the slit was not the sane as that of the object.
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4. \Wavel ength cali brations.

4.1. ldentifications of conparison |ines.

In this section, the wavel ength cali brations are di scussed.

The identifications of the lines of the conparison spectrum
are made using the command ecidentify. A thoriumlanp is used
I n our spectrograph and its line list is given in
linelists$thar.dat. Fig. 11 shows the w ndow of the
paraneters of ecidentify, which opens with the command

ec> epar ecident

Fig. 11 Paraneters of ecidentify.

PACKAGE = echelle
TASK = ecidentify

i mges = etr47874 1 mages containing features to be
identified

(dat abas= dat abase) Database in which to record feature data

(coordli= l'inelists$thar.dat) User coordinate |ist

(units = ) Coordinate units

(match = 1.) Coordinate list matching limt in user
units

(maxf eat = 150) Maxi mum nunber of features for automatic
identify

(zwidth = 10.) Zoom graph width in user units

(ftype = em ssion) Feature type

(fwidth = 4.) Feature width in pixels

(cradi us= 5.) Centering radius in pixels

(thresho= 10.) Feature threshold for centering

(mnsep = 2.) Mninum pi xel separation

(functio= chebyshev) Coordi nate function

(xorder = 6) Order of coordinate function al ong
di spersi on

(yorder = 2) Order of coordinate function across
di spersi on

(niterat= 0) Rejection iterations

(1 owr ej e= 3.) Lower rejection sigmm

(highrej= 3.) Upper rejection signma

(autowi = no) Automatically wite to database?

(graphic= st dgraph) Graphi cs out put device

(cursor = ) Graphics cursor input

(rode = gl)

The images is the nane of the file which contains the
traci ngs of the conparison spectrum The nunber ten tines
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| arger than that of orders is sufficient for the maxi num
nunber of features for automatic identification: nmaxfeat.

When eciden runs, the graph of the first order of the
conpari son spectrum appears as seen in Fig. 12.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 03:55:08 25-Nov-2
Aperture 1, Image line 1, Order 1
ecidentify etr49239: THOR 48239

30000 — ‘ —
20000 — —

10000 — —

ol |

L | | | L L
0 200 400 600 800 1000

pixel

Fig. 12 The first order of the conparison spectrum

Put the cross on a line of the conparison spectrum and type
mto mark it, then give its |aboratory wavel ength. At | east
three |lines should be marked in each order. The marked |ines
are indicated by a vertical short bar. Type k to pass the
next order. Wien the selected lines of all orders are marked,
type f to make a prelimnary fitting. Appears a graph as Fig.
13.
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NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 04:11:28 25-Nov-2
Function=chebyshev, xorder=6, yorder=2, slope=-1, offset=52, rms=0.7483
Echelle Dispersion Function Fitting
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Fig. 13 Prelimnary identification of conparison |ines.

If there are largely detached points,
cross on the point and type d to delete it.
the figure are the del eted points.

fitting.

Type q to return Fig. 12 and type |

renove them Put the
The asterisks in
Type f to nake a new

to identify the other

| ines automatically. Type f to make a fitting with all

Residual

Fig.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 04:12:43 25-Nov-2
Function=chebyshev, xorder=6, yorder=2, slope=-1, offset=52, rms=0.1369
Echelle Dispersion Function Fitting
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14 Identification of conparison |ines.
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identified lines. Appears a graph like Fig. 13, but with nuch
nore points (Fig. 14).

If there are largely detached points, renove them then
type f to make a new fitting. If the fitting is satisfactory,
type q to return Fig. 12, and type q again to confirmthe
fitting, then answer the successive question yes to save the
results.

The ot her conparison spectra of the sane grating angle can
be identified wwth the command ecreidentify. Fig. 15 shows
t he paraneters of ecreidentify, where referenc is the
spectrum of the conparison already identified and inmages is
t he nanes of the other conparison spectra.

Fig. 15 Paraneters of ecreident.

PACKAGE = echell e
TASK = ecreidentify
i mges = etr47874 Spectra to be reidentified
referenc= etr47872 Reference spectrum
(shift = 0.) Shift to add to reference features
(cradius= 5.) Centering radius
(thresho= 10.) Feature threshold for centering
(refit = yes) Refit coordinate function?
(dat abas= dat abase) Dat abase
(logfile= STDOUT, l ogfile) List of log files
(rmode = gl)

4. 2. Refspectra.

The command refspec defines the conpari son spectrum (or
spectra) which is (are) used for the calibration of the
spectrumof the object. If there is only one conparison
spectrum the paraneters of refspec are as Fig. 16, where
I nput is the nanme of the spectrum of the object, and referen
Is the nane of the conparison spectrum
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position of the object
hi gher than 2.0,

Fi g.

It

Fig. 16 Paraneters of refspectra for one conparison
spectrum

PACKAGE = echell e

TASK = refspectra

i nput = etr47873 List of input spectra

(referen= etr47868) List of reference spectra

(apertur= ) Input aperture selection |ist

(refaps = ) Reference aperture selection |ist

(i gnorea= yes) lgnore input and reference apertures?

(select = nearest) Selection nmethod for reference spectra

(sort = ) Sort key

(group = ) Group key

(time = no) Is sort key a tine?

(timew a= 17.) Time wap point for time sorting

(overrid= no) Override previous assignnents?

(confirne yes) Confirmreference spectrum

assi gnnent s?
(assign = yes) Assign the reference spectra to the
i nput spectra

(logfile= STDOUT, | ogfile) List of logfiles

(verbose= no) Verbose | og output?

answer = yes Accept assignnent?

(rode = ql)

On the other hand, if there are two conparison spectra
obt ai ned before and after the exposure of the object, the
paraneters are as in Fig. 17.

When the exposure tine is |onger than one hour, or the

in the sky is low, say for airnass

Is better to obtain two conpari sons.

17 Paraneters of refspectra for two conpari son
spectra.
PACKAGE = echell e
TASK = refspectra
i nput = etr47873 List of input spectra
(referen= etr47868, etr47875) List of reference spectra
(apertur= ) Input aperture selection |ist
(refaps = ) Reference aperture selection |ist
(i gnorea= yes) lgnore input and reference apertures?
(select = interp) Selection nmethod for reference spectra
(sort = jd) Sort key
(group = ) Group key
(time = no) Is sort key a tine?



(timew a=
(overrid=
(confirne

(assign =

(logfile=
(ver bose
answer
(rmode

17.)
no)
yes)

yes)

STDOUT, | ogfi |l e)
no)

yes

ql)
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Time wap point for tine sorting
Override previous assignments?
Confirmreference spectrum

assi gnnent s?

Assign the reference spectra to the
i nput spectra

List of logfiles

Ver bose | og out put?

Accept assignnent?

Run refspec and answer yes the questions.

4. 3. Wavel ength cali brations.

Once the refspec process is conpleted the wavel ength
calibrations are made by using the conmand di spcor. Fig. 18
shows the paraneters of dispcor.

Fig. 18 Paraneters of dispcor.

PACKAGE = echelle

TASK = di spcor
i nput = etr47873
output = etr47873. w
(lineari= yes)
(dat abas= dat abase)
(table = )
(wi = | NDEF)
(w2 = | NDEF)
(dw = 0.1)
(nw = | NDEF)
(1og = no)
(flux = yes)
(sanedi s= no)
(gl obal = no)
(i gnorea= no)
(confirne no)
(listonl= no)
(ver bose= yes)
(logfile= )
(nmode = gl)
The i nput

t he object, and the output

rated spectrumw ||

Li st of input spectra

Li st of output spectra

Li nearize (interpolate) spectra?

Di spersion sol uti on dat abase

Wavel ength table for apertures
Starting wavel ength

Endi ng wavel engt h

Wavel ength interval per pixel

Nunber of output pixels

Logarithm c wavel ength scal e?
Conserve flux?

Sane dispersion in all apertures?
Apply gl obal defaults?

| gnore apertures?

Confirm di spersi on coordi nat es?

Li st the di spersion coordi nates only?
Print |inear dispersion assignnents?
Log file

Is the file of the one-di nensi onal spectrum of

is the file in which the calib-

be saved. The author gives 0.1 for dw.
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The spectral resolution is lost with | arger values for dw,
while the output file becones heavy with smaller dw. The
default setting dw = | NDEF presents the output file of the

m ni mum si ze wi thout | oosing the spectral resolution. In this
case, however, the step of wavel ength depends on the pixel
size of the CCD. Nanely, the step of wavelength is small in
blue region and large in red region. Figure 19 shows, by
splot, the tracing of an order of the spectrum of HD161817
cali brated in wavel engt h.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 23:43:22 25-Nov-2
[etr49242.wl[*,1,1]]: HD161817 48242 600. ap:1 beam:51

I I I I I

35000 — —

30000 — —

25000 — —

20000 — —

15000 — —
| L l L l

4360 4380 4400 4420 4440
Wavelength (angstroms)

Fig. 19 An order of the spectrumof HD161817 calibrated in
wavel engt h.

When a command is repeated many tinmes changing only a few
paraneters, it is not necessary to change the paraneters
usi ng epar. For exanple, when many spectra are processed by
di spcor changi ng the nanes of input and output files, it is
possible to do it as,

ec> di spcor input=etr47873 output=etr47873. w

> e

to repeat the previous conmands, and

> eh (nanme of command)

to repeat the specified conmmand.
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5. Flux calibration.

5.1. Standard.

The correction of the sensitivity of the spectrograph is
made using the spectra of standard stars obtained in the sane
ni ghts. The commands standard, sensfunct, and calibrate are
used. Figure 20 shows the paraneters of standard.

Fig. 20 Paraneters of standard.

PACKAGE = echell e
TASK = standard
i nput = etr47865. Wl I nput imge file root nane
out put = stdl OQutput flux file (used by SENSFUNC)
(samest a= yes) Sane star in all apertures?
(beam sw= no) Beam switch spectra?
(apertur= ) Aperture selection |ist
(bandwi d= 5.) Bandpass wi dt hs
(bandsep= 5.) Bandpass separation

(fnuzero= 3. 6800000000000E-20) Absolute flux zero point

(extinct= ) _.extinction) Extinction file
(caldir = onedstds$irscal/) Directory containing calibration data
(observa= ekar) Qoservatory for data
(interac= yes) Graphic interaction to define new
band passes
(graphic= stdgraph) G aphics output device
(cursor = ) Graphics cursor input
star_nanr hd161817 Star name in calibration |ist
ai rmass = Ai rmass
exptime = Exposure tine (seconds)
mag = Magni t ude of star
magband = Magni t ude type
teff = Ef fective tenperature or spectral type
answer = no (no|yes|NJ YES| NO | YES!)
(nmode = gl)
The input is the name of the spectrum of the standard star

calibrated in wavel engt h,

and output is a nane of file in
whi ch the properties of the standard star will be stored.

Prior to the beginning of this process, it is necessary to
renove standard files produced in the earlier works, which is

done out of

| RAF, e.g. $rm std*

G ve the nane of the standard star in star_nam In this

exanpl e the standard star

Is HD161817 and its data are



ISSN 1594-1906

contained in the directory onedstds$irscal/. The data of our
observatory is given as ekar in |RAF. The band pass w dth
bandwi d and band pass separation bandsep are free paraneters.
The aut hor uses 5.0 for both.

Run standard and answer no the questions Edit bandpasses?

5.2. Sensitive function.
Figure 21 shows the paraneters of sensfunc.

Fig. 21 Paraneters of sensfunc.

PACKAGE = echell e
TASK = sensfunc

st andar d= stdl Input standard star data file (from
STANDARD)

sensitiv= sensl Qutput root sensitivity function
i mage nane

(apertur= ) Aperture selection |ist

(i gnorea= no) |l gnore apertures and nake one sensitivity
function

(logfile= logfile) Qutput log for statistics information

(extinct= ) _.extinction) Extinction file

(newexti = extinct.dat) CQutput revised extinction file

(observa= ) _.observatory) Qobservatory of data

(functio= spline3) Fitting function

(order = 2) Order of fit

(interac= yes) Determine sensitivity function
i nteractively?

(graphs = sr) Gaphs per frane

(marks = pl us cross box) Data nark types (marks del et ed added)

(colors = 21 3 4) Colors (lines marks del et ed added)

(cursor = ) Graphics cursor input

(device = st dgraph) G aphics output device

answer = yes (no|yes| NJ YES)

(rmode = gl)

The i nput (standard)

(sensitiv)
the sensitivity wll

ec> i mdel

Is the nane of the file of the
standard star created by the conmmand standard and the out put
Is a nane of file in which the fitting curves of
be saved. Again it is necessary to
delete old sensitive files prior to this process, which is
done in | RAF as:
The aut hor

sens*. i mh

uses the function spline3 with an order 2.
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When sensfunc runs, answer yes the question Fit aperture 1
I nteractively? Then a graph of the fitting curve of the first
order appears as seen in Fig. 22.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 23:06:55 25-Nov-2
Aperture=1 Function=spline3 Order=2 Points=18 RMS=0.0172
Sensitivity vs Wavelength

I I+ T T
35.1 —
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34.9 —
34.8 —
34.7 —
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| | | |
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Sensitivity Residuals vs Wavelength
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+
02 — + —
ot n + T —
0 +
+ T4
-0t * + -
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-.02 — f—
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-.03 = | + | - | -
4360 4380 4400 4420

Fig. 22 The fitting curve of the first order of the
spectrum of HD161817.

I f some points are largely detached fromthe fitting curve,
renove them Put the cross on the point and type d then type
p to renove the point, then type f to nmake a new fitting and
r to see the new fitting curve. Wien the fitting is
sufficiently accurate, type q and answer yes to pass to the
next order. If an order contains a deep and w de absorption
feature, e.g. of HI lines or atnospheric absorption bands,
the fitting curve is largely disturbed by the absorption, as
seen in Fig. 23.
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NOAO/IRAF V2.12.2-EXPORT iijima® jap.astro.unipd.it Wed 23:09:38 25-Nov-2
Aperture=6 Function=spline3 Order=2 Points=20 RMS=0.1445
Sensitivity vs Wavelength
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Fig. 23 Afitting curve disturbed by an absorption feature.

In such a case, all points related to the absorption
feature have to be renoved. Figure 24 shows a new fitting
curve after the renoval the points in the absorption.

NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 23:11:45 25-Nov-2

Aperture=6 Function=spline3 Order=2 Points=12 RMS=0.0065
Sensitivity vs Wavelength
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X
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344 | x_| l | L
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Sensitivity Residuals vs Wavelength
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X X
X
x
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X
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4820 4840 4860 4880 4900 492(

Fig. 24 The fitting curve after the correction.
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The corrections of the fitting curves addi ng sone new
points are al so possible. Put the cross on the position of
the new point and type a. This process, however, requires
sone experiences.

Wien all orders are fitted well, the fitting curves are
saved in the file of sensitivity.

5.3. Calibration.

The calibrations of the spectra in flux are obtained using
the command calibrate. Figure 25 shows the paraneters of
cal i brate.

Fig. 25 Paraneters of calibrate.

PACKAGE = echell e
TASK = calibrate
i nput = etr47873. W I nput spectra to calibrate
output = etr47873.f1 Qutput calibrated spectra
(extinct= no) Apply extinction correction?
(flux = yes) Apply flux calibration?
(extinct= ) _.extinction) Extinction file
(observa= ) _.observatory) Qbservatory of observation
(i gnorea= no) I gnore aperture nunbers in flux
calibration?
(sensiti= sensl) Inmage root nane for sensitivity spectra
(fnu = no) Create spectra having units of FNU?
ai rmass = Ai rmass
exptime = Exposure tine (seconds)
(rmode = gl)

The input is the nane of the file containing the spectrum
calibrated in wavel ength and output is the nanme of the file
i n which the spectrumcalibrated in flux will be saved. The
aut hor does not apply the correction for the atnospheric
extinction, nanely extinct = no, thus the paraneters for
extinct and observatory are not necessary. The file of the
sensitivity sensiti is the file created by sensfunc. It is
possible to repeat calib as,

ec> calib input=etr47873. W output=etr47873.fl

sensi t=sensl
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The results are seen by splot. Figure 26 shows the tracing
of the order shown in Fig.

19 calibrated in fl ux.

NOAO/IRAF V2.12.2-EXPORT iijima®@ jap.astro.unipd.it Wed 23:30:50 25-Nov-2
[etr49242.£1[*,1,1]]: HD161817 48242 600. ap:1 beam:51

5.00E-12 —

4.50E-12 —

4.00E-12 —

3.50E-12 —

4360

4380 4400 4420 4440
Wavelength (angstroms)

Fig. 26 Tracing of an order of the spectrumof HD 161817
calibrated in flux.

5.4. Conbi ning of orders.

The tracings of the orders calibrated in flux can be
conbi ned to one |inear spectrumusing the command sconbi ne.
Figure 27 shows the paraneters of sconbine.

Fig. 27

PACKAGE
TASK

i nput

out put
(nout put =
(logfile=

(apertur=
(group =
(conbi ne=
(reject =

Par anet ers of sconbi ne.

echell e
sconbi ne

etr43527. fl
etr43527.cm

)
STDOUT)

)

i mages)
aver age)
none)

Li st of input spectra

Li st of output spectra

Li st of output nunber conbi ned spectra
Log file

Apertures to conbine
Groupi ng option

Type of conbi ne operation
Type of rejection
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(first = no) Use first spectrum for dispersion?

(wl = | NDEF) Starting wavel ength of output spectra

(w2 = | NDEF) Endi ng wavel engt h of output spectra

(dw = | NDEF) Wavel ength i ncrement of output spectra

(nw = | NDEF) Length of output spectra

(log = no) Logarithm c increnents?

(scale = none) | nmage scaling

(zero = none) | mage zero point offset

(wei ght = none) | mage wei ghts

(sample = ) Wavel ength sanple regions for statistics

(I'thresh= | NDEF) Lower threshold

(ht hresh= | NDEF) Upper threshold

(nlow = 1) minmax: Nunber of |ow pixels to reject

(nhigh = 1) minnmax: Nunber of high pixels to reject

(nkeep = 1) Mnimumto keep (pos) or naxi numto
reject (neg)

(mrclip = yes) Use nedian in signma clipping algorithnms?

(Isigma = 3.) Lower sigma clipping factor

(hsigma = 3.) Upper sigma clipping factor

(rdnoi se= 0.) ccdclip: CCD readout noise (el ectrons)

(gain = 1.) ccdclip: CCD gain (el ectrons/DN)

(snoi se = 0.) ccdclip: Sensitivity noise (fraction)

(sigscal = 0.1) Tol erance for sigma clipping scaling
corrections

(pclip = -0.5) pclip: Percentile clipping paraneter

(grow = 0) Radius (pixels) for 1D nei ghbor rejection

(blank = 0.) Value if there are no pixels

(node = ql)

The input is the nane of the file of the spectrum
calibrated in flux, and output is the nane of file in which
t he conbi ned spectrumw || be saved. The paraneter group is
| mages and conbi ne i s average, respectively. The other
paraneters are default values. Figure 28 shows the conbi ned
spect rum
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NOAO/IRAF V2.12.2-EXPORT iijima@ jap.astro.unipd.it Wed 23:40:55 25-Nov-2
[etr49242.cm2]: HD161817 48242 600. ap:1 beam:51

| | | | | | |
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Fig. 28 Conbi ned spectrum of HD161817.

It seens that the calibrations are obtained in a
satisfactory manner. |If the conti nuum appears as |argely
wavi ng, there should have been sone failures in the
calibrations. In such a case, the corrections of the
sensitivity of the spectrograph have to be nmade using the
frame of flat field. Therefore, it is better to take sone
frames of the flat field in the night even if they are not
used in our calibrations.

Unfortunately, because of sone technical problens, we have
to use a rather small CCD chip at the present tine. This is
the reason why there are gaps between the orders in the
regi on redder than 4800A.

The author is grateful to Prof. F. Strafella for the care-
ful reading of the manuscript and the useful suggestions.

I f soneone finds errors or knows better nethods, please
contact with the author. (takashi.iijim@apd.inaf.it)

10 February 2010
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Appendi X

| nt roduction for |IRAF2 begi nners

Takashi 11JI VA

Astronom cal Observatory of Padova,
Asi ago Station

2 IRAF is distributed by NOAO for Research in Astronony, Inc. under cooperative
agreement with the National Science Foundation.
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1. The first page of | RAF.

| RAF (I mage Reduction and Analysis Facility) is a software
devel oped by NOAO (National Optical Astronony Qobservato-
ries), for reductions of astronom cal data.

At first you have to nmake your login.cl file in your hone
directory. Probably it is better to ask the operator of the
conputer. Wien you open | RAF, you will see the first page of
| RAF as Figure 1.

Fig. 1 The first page of | RAF.

NQAO PC- | RAF Revision 2.12.2-EXPORT Sun Jan 25 16:09: 03 MST 2004
This is the EXPORT version of PC |IRAF V2.12 supporting nost PC systens.

Wel come to IRAF. To list the avail abl e commands, type ? or ??. To get

detail ed informati on about a conmand, type “help command'. To run a
command or load a package, type its nane. Type “bye' to exit a
package, or “logout' to get out of the CL. Type news' to find out
what is newin the version of the systemyou are using. The foll owi ng

commands or packages are currently defined:

ace. dbrrs. gr aspo. nxt ool s. soft ool s. vol
adccdrom di msum gui apps. nl ocal . specti ne. xccdred.
arcon. et ool s. i ce. nm sc. sppt ool s. xdi msum
ar ed. finder. i focas. noao. sqiid. xdwr ed.
aspec. fitsutil. i mages. nso. st ewar d. Xray.
ccdacq. ftools. | anguage. obsol et e. st sdas.

col or. gem ni . lists. pl ot . system

ctio. gm sc. necred. pr ot o. t abl es.

dat ai o. grasp. nt ool s. rgo. utilities.

cl>

The words wi thout dot, which are not presented here, are
nanmes of commands, and the words with dot are nanes of
directories where other commands and directories are
contai ned. The branches of directories spread far and w de.
For exanple, the commands for reductions of echelle spectra
are found in the directory echelle and the path to there is:

cl> noao > inred > echelle

The commands for reductions of grating spectra are:
cl > noao > twodspec > apextract

for extractions of one-dinensional spectra and

cl > noao > onedspec
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for further analyses. The path below is al so possible.
cl > noao > twodspec > apextract > onedspec

The commands for anal yses of nebular em ssion lines are
found in the directory nebular and the path is:
cl > stsdas > anal ysis > nebul ar

As witten in Fig. 1, the command >bye allows you to exit
the current directory and return to the previ ous one.
However, it is not necessary to go back the previous
directory to use the commands contai ned there. For exanpl e,
If you are nowin the directory echelle, you can use also all
commands in cl, noao, and inred, and you can go to any
directory presented there. The nanmes of commands and
directories can be abbreviated unl ess anmbiguity occurs with
ot her nanes.

2. How to display the innages.

The commands to display inmages are found in the directory
tv.
cl>imges > tv

The wi ndow SAG nmage ds9 to display the i mges has to be
opened out of | RAF separately. You can see an image with the
command di spl ay as:

tv> display (nane of an inmage file) 1

It i1s necessary to give the nunber 1, even if there is only
one device to display imges.

Al'l commands of | RAF contain nunerous hidden paraneters
whi ch determ ne the operations of the commands. You can
change the operations of the commands into your own manner
changi ng the paraneters. For exanple, the command display in
the default setting determ nes automatically the m ni nrum and
maxi mum | evel s of the inmage displayed in the wi ndow ds9. It
I's, however, possible to display the image with different
dynam c ranges as follows. Figure 2 shows the w ndow of the
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hi dden paraneters of display which opens wth the command:

tv> epar display

Fig. 2 H dden paraneters of the command di spl ay.

PACKAGE
TASK

i mage
frame
(bpmask
(bpdi spl

(bpcol or =
(overl ay=
(ocol ors
(erase
(border _
(sel ect _
(repeat
(fill
(zscal e
(contras
(zrange
(zmask
(nsanpl e=
(xcenter=
(ycenter
(xsi ze
(ysize
(xmag
(ymag
(order

(z1
(z2
(ztrans

(lutfile
(node

tv
di spl ay

1
BPM)

none)

i mage to be displ ayed

frame to be witten into

bad pi xel nask

bad pi xel display (none|overl ay|

i nterpol at e)

red)
)
green)
yes)
no)
yes)
no)
yes)
yes)
0. 25)
yes)
)
1000)
0.5)
0.5)

N
N N N e

0

)
)
)

| i near

)
ql)

bad pi xel colors

overl ay mask

overlay col ors

erase frame

erase unfilled area of w ndow

di spl ay franme being | oaded

repeat previous display paraneters
scale image to fit display w ndow

di spl ay range of greyl evels near nedian
contrast adjustment for zscale algorithm
display full inage intensity range
sanpl e nask

maxi num nunber of sanple pixels to use

di spl ay wi ndow horizontal center

di spl ay wi ndow vertical center

di spl ay wi ndow hori zontal size

di spl ay wi ndow vertical size

di spl ay wi ndow hori zontal magnification
di spl ay wi ndow vertical nagnification
spatial interpolator order (O=replicate,
1=li nea

m ni mum greyl evel to be displ ayed

maxi mum greyl evel to be di spl ayed

greyl evel transformation (linear]|l og|none|
user)

file containing user defined | ook up table

Change the paraneters into zsacle = no and zrange = no,
then CTR-d to save the changes and cl ose the w ndow. (CTR-c
to close the wi ndow | oosing the changes.) You can see the
| mge with your own range,

tv> di splay (nane of

for exanple, as:

i mage) 1 z1=1000 z2=5000

Now t he dynam c range of the inmage in the display is 1000-
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5000. In this case, the changes of the paraneters are kept
until the next changes, nanely you have to give z1 and z2
every tinme. On the other hand, you can see the image wth the
sanme dynam c range as:

tv> display (nane) 1 zscal e=no zrange=no z1=1000 z2=5000

In this case, the changes of the paraneters are valid only in
this operation.

The command unl earn cleans up all changes of the paraneters
of the commands and resets the default paraneter val ues.

> unl earn (nane of command)

3. Structure of | RAF inmage files.

The formats of image files used in I RAF are of FITS
(**.fits) and IRAF (**.inmh). Inmage files created by the
commands of | RAF usually have the format | RAF (**.inh).

An image file of I RAF format consists of a header file
(**.imh) and a pixel file (**.pix). You can define the folder
to keep the pixel files in your login.cl file.

The header and pixel files are dealt with as if they were
a unique file in IRAF. It is sufficient to give the nanmes of

t he header files for all | RAF commands. On the other hand, if
you want to keep the IRAF image files in a certain device, or
I f you want to send themby ftp or by e-mail, the format has

to be converted to the FITS format by the command wWfits in
the directory dataio.
da> wfits (nane of IRAF file) (nanme of FITS file)

You can not operate on |IRAF image files by the comands of
Li nux. For exanple, you can not correctly renove, copy, or
rename the IRAF image files with Linux commands: rm cp, or
nv. These operations have to be applied contenporaneously to
t he header and pixel files, which are nade by the commands in
the directory i mages of |RAF, as:

i m> i ndel (nanme of files)

i m> incopy (nanme of files) (nanme of files or directory)

i m> inrenane (nanme of files) (name of files or directory)
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The other frequently used commands for image files are:
i m> i mhead ht*
Lists up all inmage files with nanes started by ht.

i m> imthead (nanme of a file) |+
Shows the full header of the inmage file.

im> instatis (nanme of a file)

Shows the statistics of the image file.

in> imarith (nanme) (operator) (nane) (nane of output)
Applies arithnetic operations +,-,*,/ etc. to image files.

4. Splot and ot hers.

Most of the astronom cal quantities: wavel ength, fwhm
equi valent width, flux, etc., can be neasured using the tools
in the command splot. It is also possible to do the
deconpositions of em ssion and absorption |lines by splot. See
the very long help of splot in detail. The command splot is
found in various directories, e.g., in echelle and onedspec.

The command >e allows you to repeat the previous commands,
and

> eh (nanme of conmand)
to repeat the specified command.

> hel p
Li sts up the commands in the current directory and shows
their short explanations.

> hel p (nane of conmmand)
Shows the detail ed explanation of the comand.

>| ogout
to end | RAF.



