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Chapter 1

Introduction

Spectrum is a stellar spectral synthesis program designed for use on a
wide range of platforms, including most types of UNIX and Linux. Given a
stellar atmosphere model and certain other inputs, $ectrum calculates a
synthetic stellar spectrum. Spectrum carries out this computation under
the assumptions of local thermodynamic equilibrium (LTE) and a plane-
parallel atmosphere. Currently, spectrum is suitable for computing stellar
spectra in the spectral-type range B { mid M.

Spectrum may be programmed with command-line switches to give a
number of di erent output formats. For instance, in default mode, spec-
trum computes the disk-integrated normalized intensity spectum, but with
the appropriate switches, spectrum can be directed to compute either the
speci ¢ intensity from any point on the stellar surface or the disk-integrated
ux. S pectrum currently supports all naturally occurring elements, along
with a total of 310 isotopes. Hyper ne structure is also supported. In
addition, spectrum can handle 15 diatomic molecules important in stel-
lar atmospheres, including TiO and ZrO. Isotopic versions & most of these
molecules are also supported.

Spectrum comes with a suite of supporting programs, including pro-
grams for computing elemental abundances from equivalent idths (abun-
dance ), a program for simultaneously determining abundances andhe mi-
croturbulent velocity ( blackwel ), a program that aids in the identi cation
of stellar spectral lines (ines ), and various other auxiliary programs to con-
vert the output of spectrum to a form that can be compared directly with
observations.

Note: This documentation has been written speci cally for versions 2.76
and later. For version 2.75, please follow the directions orthe main spec-
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6 CHAPTER 1. INTRODUCTION

trum website for compilation and installation.



Chapter 2

Quick Installation & Use

2.1 Directions for UNIX and Linux

2.1.1 Preliminaries

The following section assumes that there is a C-compiler irtalled on your
system, in particular the GNU project C-compiler, gcc, which is a common
resource on many Linux and Unix systems. If this compiler is ot installed
on your system, it may be downloaded from the GNU gcc websitehttp:
/lgcc.gnu.org/ . If your system has a \native" C-compiler installed (this
may be the case for SUN or DEC systems, for instance), then tisicompiler
may be employed instead ofgcc, but read the entirety of the next section
before you attempt compilation. If you have gcc on your Mac computer,
you should be able to follow the UNIX/Linux instructions.

2.1.2 Compiling Spectrum

Spectrum is available for download as a tarred-gzipped le onhttp://www.
phys.appstate.edu/spectrum/spectrum.html . On the download page of
that website, you will nd a link to a le named spectrumXXX.tar.gz ,
where XXXstands for the current version. This le should be downloadel
and copied to a directory, say,/spectrum , and then unzipped with the com-
mand:

tar -xvzf spectrumXXX.tar.gz

This command unzips to this directory source code forspectrum in the
form of a number of \c" les, such as spectrum.c , opacity6.c , and so
on, along with a number of essential data les, such astdatom.dat which
contains basic atomic and molecular data,isotope.iso , a listing of sup-
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8 CHAPTER 2. QUICK INSTALLATION & USE

ported isotopes and relative abundances, plus two stellar tmosphere mod-
els (sun.mod and vega.mod computed with the stellar atmosphere code
atlas 9 (Kurucz, 1993). You should also see a le namedakefile .

The spectrum source les must be compiled rst before you can use
spectrum . This means that you must have a C-compiler on your system.
If not, see the notes above.

Spectrum may be compiled using the providedMakefile . Make certain
you are in the directory in which you unzipped spectrumXXX.tar.gz . At
the prompt, issue the command
make spectrum
and, if all goes well, in about a minute or two spectrum should compile
without error. If an error occurs, make certain that you are in the correct
directory and that you have write permission for that directory. For other
errors, which should be very rare at this point, please contat the author
(see contact information in the appendix). The executable ér spectrum
will be called spectrum (as opposed tospectrum.c or spectrum.o ).

If you are interested at this point, all of the auxiliary prog rams (plus
spectrum itself, for that matter) may be compiled with the command
make all
This will produce the executablesabundance, avsini, bflxsm2, blackwel,
bsmooth2, customsm, gfadjust, lines, macturb, selectmod, select-
mod9, spectrum, smooth2, and vsini . The use of these programs will be
covered later in this document.

If your compiler is not gcc, it should be possible invoke it with the com-
mand cc (try entering cc at the prompt; if you get the response: cc: no
input files , then you can usecc instead of gcc). However, you must
modify the Make le in order to compile spectrum with cc. Use an editor,
such asnano or emacsand modify the rst line of the Make le so that it
reads
CC = cc
and then use the command
make spectrum
to compile spectrum . You may also have to experiment with the second
line
CFLAGS = -03
which sets the level of optimization for the compiler. If you experience any
problems running spectrum , modify that line to
CFLAGS = -O
and try again. You may then work up through the various levels of opti-
mization: 01, 02, O3and possibly beyond.
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To compile for a 64-bit machine, refer to the instructions fa your com-
piler (this applies to gcc as well) for the appropriate ags which you may
then add to the CFLAGS8ne. The Make le includes a sample 64-bit opti-
mization line:

CFLAGS = -03 -m64 -mtune=native

which can be experimented with. Uncomment it (remove the leaing #) and
comment the default CFLAG#ne and compile. The last ag -mtune=native
may not work on all systems.

You should also download a spectral linelist le from the spectrum
distribution site. There are a number available, but luke.Ist is the best to
start with. This can be downloaded as a gzipped le,luke.lst.gz  which
will then need to be unzipped with the command
gunzip luke.lst.gz
This le, at least for now, may be placed in the /spectrum directory; later
in this document we will cover placing it in a separate direcory, such as
lusr/local/lines

2.2 Installing under Windows

Spectrum and selected auxiliary programs can be run under Windows usig
the precompiled binaries available on the distribution page. These binaries
were compiled using MinGW (http://www.mingw.org/ ). Itis not necessary
for you to download and install MinGW to use these binaries, lrowever, as
they will run in a DOS (or C prompt) window. The binaries come in the form
of a zip le, spectrumXXX.zip, which should be downloaded and unzipped
in a folder. | recommend that these binaries be installed in &older directly
under the c: prompt, for instance, c: nspectrum, instead of under \My
Documents”, as the blanks that are permitted in Windows folder and le
names are not fully compatible with a program written for a Linux/UNIX
environment. You will also have to install the le stdatom.dat , the linelist
le, and the stellar atmosphere models into the same directoy.

These executable binaries all have the extensionexe, and were com-
piled under XP. They should operate under Vista, but | have na had the
opportunity to test them. To run spectrum open a C: prompt window,
and change to the spectrum directory (for instance,cd c: nspectrum). To
carry out the test outlined in the next section, simply type spectrum at the
prompt and respond appropriately to all of the questions.

Spectrum may be run under Windows using a GUI. Please seg 5.3 for
more information.
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2.3 Running Spectrum
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Figure 2.1: The result, vega.spc, of carrying out the test run on spectrum
described inx 2.3.

This section covers runningspectrum in its default mode. To learn how
to run spectrum in other modes in order to exploit its full power, please
refer to later chapters in this document.

To run spectrum in its default mode, three data les must be available.
The rst of these is a stellar atmosphere model Two of these models have
been provided in the spectrum distribution, vega.mod and sun.mod It
is also necessary to have an atomic and molecular data le; th one rec-
ommended for general use istdatom.dat (provided in the distribution).
For this exercise this le must be in your working directory, i.e. the direc-
tory in which you unzipped spectrum . Lastly, you must have a linelist
le. A number of these are available on the spectrum website. For this
exercise, downloaduke.lst.gz . Unzip this le with the command gunzip
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luke.Ist.gz . This is a large le and contains a few hundred thousand
spectral lines. At least for now, place this le in the directory in which
you unzipped the spectrum distribution le. Now, con rm that you are
in the directory in which you unzipped spectrum and issue the following
command at the linux prompt (>) and respond as indicated:

> ./spectrum

Enter name of stellar atmosphere data file > vega.mod
Enter name of linelist file: (default = luke.Ist) > luke.lst

Enter name of output file > vega.spc

Enter microturbulence (km/s) > 2.0

Enter beginning and ending wavelengths (A) > 3800.0,4600.0

Enter wavelength step (A) > 0.02

At this point, spectrum will take o and print to the screen the wavelengths
from 3800.0 to 4600.@, with a spacing of 0.02A. When it nishes (in a few
minutes, depending on your machine), the output synthetic pectrum will
be found in the ascii le vega.spc. This output le has a simple format:
two columns with the wavelength in angstroms in the rst column, and the
normalized intensity in the second. It may be plotted on the <reen with
any plotting program, such asgnuplot and it should look like Figure 2.1. If
your plot looks like Figure 2.1, then spectrum has been compiled correctly
and is running properly.

2.4 Finalizing the Installation (UNIX/Linux)

If all has gone well with the above test, you are ready to nalize the instal-
lation of spectrum and all of its auxiliary programs (see Chapter 4). First,
you need to determine where you are going to place all of the ecutable
binaries. In most cases, you will want to place the executald binaries in
{usr/local/bin , but if you are on a multiuser system, and you are the only
one who will be usingspectrum , it might be better to place the executables
in a local \bin" directory. Consult your system administrator. If the exe-

cutables are to be placed infusr/local/bin  , then no modi cations need
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Figure 2.2: The nal smoothed spectrum (vega.sm) obtained by using the
program smooth2 to convolve a Gaussian line spread function (A resolu-
tion) with the synthetic spectrum vega.spc produced in the test described
in x 2.3. How to usesmooth2 is described briey in x 2.4.

to be made to Makefile . If you want them to go elsewhere, editMakefile
and change the line
LOCALBIN = /usr/local/bin

so that /usr/local/bin is replaced with the path where you want the exe-
cutables to go. Once all is properly set up, issue the command

make all

which will compile spectrum and all its auxiliary programs. Then issue
the command (you will probably need to beroot or superuser to do this)

make install
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which will move all the executables to thebin directory. Once this is done,
you will be able to invoke spectrum simply by typing spectrum at the
linux prompt; it will no longer be necessary to include the leading ./ as
in the test in x 2.3. Please remember that you will need to have the le
stdatom.dat in whatever directory you use for your working directory (un-
less you use switch \a" { seex 3.1 below). $ectrum looks in the working
directory for stdatom.dat unless you use that switch. You will probably
also want to move the linelist le luke.lst to a special directory, such as
lusr/local/lines

Now, as one last test (this assumes you have carried out the s described
in x 2.3, and that you are still in the /spectrum directory), run the program
smooth2

> smooth2

Enter name of input file > vega.spc

Enter name of output file > vega.sm

Enter spacing in Angstroms of the input spectrum > 0.02
Enter output resolution in Angstroms > 2.0

Enter spacing in Angstroms of spectrum in output file > 0.5

This will smooth the output spectrum produced in x 2.3 to a resolution
of 2A with a wavelength spacing of 0.5A. The result should look like Figure
2.2. If your computer cannot nd the program smooth2 this either means
that the install step was not successful in moving thespectrum programs
to your bin directory, or the bin directory is not in your PATHON some
systems, you may need to issue the commancehash before the operating
system knows the location of the newly moved executables.

There is a graphical user interface (GUI) available forspectrum that in-
tegrates the operation ofspectrum , smooth2 and other auxiliary programs
and simpli es the process of computing synthetic spectra. $e Chapter 5.
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Chapter 3

Detalled Documentation for
Spectrum

3.1 Spectrum Switches

The default mode of operation ofspectrum calculates the normalized in-
tegrated-intensity spectrum using the abundances in the abmic and molec-
ular data le, stdatom.dat . In this default mode, spectrum prints to the
screen the wavelength currently being computed along with wo other num-
bers. The actual synthetic spectrum is printed to an ascii le. The two
numbers printed to the screen refer to the number of spectralines under
computation at the current wavelength and the number of spedral lines in
a \look-ahead" list. See x 3.8 for more details. The mode of operation of
spectrum can be changed by using one or more of the following \switchés

Spectrum Switches:

a: Prompts the user to supply the name of a custom atomic and moleu-
lar data le. This is useful if the user needs to compute a spettum
with a non-standard set of abundances. Without this switch, spec-
trum will read in the default le stdatom.dat . The custom le should
have exactly the same format as the supplied lestdatom.dat . While
stdatom.dat must be in your working directory, this switch gives the
user the opportunity to specify the path to the custom data | e. The
full path must be given. Seex 3.3 for details on the information con-
tained in stdatom.dat .

15



16 CHAPTER 3. DETAILED DOCUMENTATION FOR S PECTRUM

b: This switch will cause spectrum to output the synthetic spectrum in

a binary format. The advantage of this is that the size of the aitput

le will be about 5 times smaller than the standard ascii output. The

disadvantage is that it is much more di cult to work with than the
normal ascii output le. This mode cannot be used under Windows,
and if used under Linux/UNIX the output le permissions must be
altered with chmodto make it readable by the spectrum auxiliary

programs bsmooth2 and vsini . This switch was introduced \in the

old days" when disk space was at a premium. | don't recommend sing
this switch at present.

c. Ignores all spectral lines and outputs only the continuum.

f. This switch causesspectrum to compute the disk integrated absolute

ux (in erg/cm ?/s/ A as measured at the stellar surface).

g: An experimental mode that allows the user to input a \velocity gradient"

le to study the e ects of non-zero velocities on the line proles. The
format is an ascii le with a single column of velocities, oneline corre-
sponding to each layer in the stellar atmosphere. This swith should
only be used in conjunction with the speci ¢ intensity modes (switches
m and M) and only for center of disk calculations.

i: Isotope mode. Pectrum fully supports the calculation of both atomic

m,M:

and molecular isotopic spectra, but this requires the use ofa spe-
cial format for the linelist le. In addition, in this mode spectrum
will prompt the user for an isotope le. The default isotope le is
isotope.iso . Seex 3.6 for more details.

Both switches invoke the specic intensity mode. This allows the
user to calculate, for instance, the center-of-disk solargectrum, or the
emergent speci ¢ intensity spectrum at any other point on the disk.
The \m" switch causes spectrum to output the normalized specic
intensity (i.e. the continuum is normalized to 1.0); the \M" switch
outputs the true, non-normalized speci c intensity. This m ode could
be used to build up a spectrum for a star with a non-uniform suface,
such as a rapidly rotating star with T, and logg which vary from
point to point on the surface, or a spotted star, or even the energent
spectrum from a binary system.

n. Silent mode. In this mode, spectrum prints out only a few lines of

information and then runs silently. It will not even prompt t he user
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for the various inputs, and thus in this mode spectrum must be used
with a response le. Seex 3.9 for more details. The advantage of
running in this mode is that spectrum will run much faster if it
doesn't have to print wavelength information to the screen.

p: This switch will cause spectrum to print out number densities of se-
lected species (such as atoms, ions and molecules) at eachpttein
the atmosphere to a le nameddensity.out

t: This switch signals spectrum that the input stellar atmosphere model
is in the atlas 9/12 format. Seex 3.2 for more details.

u: An experimental mode that allows the user to compute a spectnm with
a microturbulent velocity that varies with depth. The progr am will
read the microturbulent velocity from the seventh column of the stellar
atmosphere model.

x: In this mode, the user is prompted for a \ xed abundance le" w hich
can contain the abundances of any number of elements that theiser
does not wish to be scaled by the [M/H] factor (see the end ok 3.3.2
for further instructions).

Switches are used on the command line. For example, if we wargpec-
trum to operate in the isotope mode, to read in a stellar atmosphez model
in the atlas 9 format, and to output the absolute ux, we would use the
command line:
spectrum itf
Or, if we wish to operate spectrum in the silent mode with a response le
(spec.rsp ):
spectrum n < spec.rsp

Notice that the \switch string" should be separated from the spectrum
command by at least one space, and that the string itself sholal not contain
any spaces. For instance, the following is illegal and will ot produce the
desired result:
spectrum ni tf < spec.rsp

Using a Response File with S pectrum

As mentioned in the above paragraph,spectrum may be run from the
command line using aresponse le. This le contains the responses to all the
prompts spectrum prints to the screen. Thus, the le vega.rsp (included
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in the distribution) may be used to run the test example in x 2.3 simply by
using the command line:

spectrum n < vega.rsp

The contents of vega.rsp are as follows:

vega.mod
luke.lst
vega.spc

2.0
3800.0,4600.0
0.02

This assumes that the linelist le luke.Ist is in the working directory. If

it is not, that line should include the full path. Note that th e last line of
the response le must end in a carriage return. By using respose les, shell
batch les can be set up that will run multiple spectrum sessions succes-
sively. Also note that the use of some switches result in ex@ spectrum
prompts, necessitating extra lines in the response le.

3.2 Stellar Atmosphere Models

One of the required inputs for spectrum is a stellar atmosphere model.
Three of these have been provided in the distribution, an Alas 9 model for
the sun, one for Vega, and one for the parameter§. = 6720K, logg=4:40
and [M/H] = 0.0 (the le 67244k2p00.mod. These model atmospheres
were computed with the Atlas 9 model atmosphere program written by
Kurucz (1993). More such models are available on Robert Kuraz's web-
site: http://kurucz.harvard.edu under the link \Grids of Model Atmo-
spheres". Another excellent site where individual models ray be down-
loaded is http://wwwuser.oat.ts.astro.it/castelli/grids.html . Be-
fore we get into extracting a particular model atmosphere fo use in spec-
trum let us take a closer look at the model atmosphere for the sun. fie rst
few lines of this model atmosphere, found in the lesun.modare reproduced
below:

5777.0 4.43770 0.00 64

2.62383508E-03  3398.7 7.188E+01 6.618E+09 7.359E-04 1.133E-01 1.500E+05
2.62384162E-03  3871.5 7.188E+01 1.301E+10 7.359E-04 8.267E-02 1.500E+05
3.17880896E-03  3901.4 8.709E+01 1.566E+10 8.502E-04 7.839E-02 1.500E+05
4.02509434E-03  3937.8 1.103E+02 1.966E+10 1.019E-03 7.581E-02 1.500E+05
4.97406188E-03  3969.0 1.363E+02 2.409E+10 1.202E-03 7.460E-02 1.500E+05
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The model continues for 59 more lines; in total, this particdar model
atmosphere is divided up into 64 layers, each layer charactezed by a di er-
ent temperature, pressure, electron density, etc. The rstline in this model
is the header which gives the e ective temperature Te = 5777.0K), the
logg (4.43770; logarithm of the surface gravity in units cm/s?), the overall
metallicity in logarithmic terms compared with the sun ([M/ H]; 0.00), and
the number of layers. $ectrum will use the value for [M/H] to scale the
abundances of the metals (everything except for H and He) in he atomic
and molecular data le stdatom.dat . Spectrum can handle model atmo-
spheres with up to 100 layers. If you have an application thatrequires a
larger number of layers, please contact me. The single linedader \5777.0
4.43770 0.00 64" is in the format of the default spectrum header.

The next 64 layers in this atmosphere model contain data neeed by
spectrum for calculating the synthetic spectrum. The rst layer repr esents
the surface. The rst column is the mass depth. The second coimn is the
temperature, in kelvins, of the layer, the third the gas presure, the fourth
the electron density, the fth the Rosseland mean absorptio coe cient, the
sixth the radiation pressure and the seventh the microturbuent velocity in
meters/second. The newer Kurucz/Castelli models have thre additional
columns which give the amount of ux transported by convection, the con-
vective velocity and the sound velocity.

The atmosphere models from the Kurucz and Castelli websitegor as
directly produced by the Atlas 9 and Atlas 12 programs) have more elab-
orate headers than thespectrum default header. You can choose either to
edit the atmosphere model to remove these headers and repka¢hem with
the single line header detailed above, or use thet\' switch which alerts
spectrum to expect an Atlas 9 or 12 header. The Alas 9 and 12 headers
contain not only e ective temperature, log g and [M/H] information, but
also the speci ¢ elemental abundances used by #has 9 or 12 to compute
the stellar atmosphere. $ectrum , in the \t" mode, picks up T , logg and
[M/H] from these headers, but does not, at least as presentlyconstituted,
use the elemental abundances in these headers. Rather, thieemental abun-
dances in thestdatom.dat le are used (and scaled with the [M/H] value).
An option may be added in the future to make it possible to readthis infor-
mation from the stellar atmosphere header. It turns out, however, that for
certain applications of spectrum it is very useful to have this information
in a separate le.

Even though spectrum was written with the Kurucz atmospheres in
mind, this does not mean that other model atmospheres cannobe used.
They simply must be cast into the format of the Kurucz models. For in-
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stance, the MARCS site (ttp://marcs.astro.uu.se/ ) distributes stellar
atmosphere models. The models with the extensionkrz are in essentially
the same format as the Kurucz models, although the headers arquite di er-
ent. The present version ofspectrum cannot handle the MARCS headers,
so if you wish to use these models, remove the MARCS header aratld a
header in the spectrum default format (see above). Please also note that
the MARCS atmospheres come in two versions {plane-parallel or spheri-
cal { according to the geometry used in the computation. $ectrum is
compatible only with the plane-parallel atmospheres.

The Kurucz atmosphere models from the Kurucz website are disibuted
in large les in which many models are concatenated (what | réer to in later
sections of this document as a \supermodel”). These supernaels may be
opened with an ascii editor and a single model extracted by ciiing and
pasting to another le. However, in Chapter 4, a program called selectmod
is described which can be used to extract a single model from supermodel.

As noted above,spectrum is designed to be used wittplane parallel at-
mospheressuch as the ones produced by flas 9 and Atlas 12. Sectrum
does not yet contain code to handle spherical atmospheres.

3.3 Data Files

Spectrum requires, in addition to a stellar atmosphere model two or tiree
more input data les. These data les are 1) a linelist le, 2) an atomic
and molecular data le and, optionally, 3) an isotope le. Th ese les are
considered in turn below:

3.3.1 Linelist les

A linelist le, suitable for use from 3000 { 6800A for luke-warm stars (mid
B to K-type stars) is available on the download webpage. This le, called
luke.lst , contains data for over half a million atomic and molecular ines.
The format of a typical line is as follows:

4045.813 26.0 11976 36686 0.280 1.000 01 NIST

The rst entry is the wavelength of the spectral line in angstroms. The
second is the species code, which gives both the atomic numband the
ionization state. The code \26.0" refers to an Fe | (neutral iron) line, as
the atomic number of iron is 26, and the neutral ionization state is given
as decimal 0. The code for Fe Il is 26.1, the code for Ca Ill is 2@ and
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so on. For diatomic molecules, the code speci es the atomic akeup of the
molecule. Thus, H is 101.0, the two \1"s referring to the two hydrogens,
CH is 106.0, CO 608.0, MgH 112.0, TiO 822.0, etc. The lightestlement
always comes rst in the code, so that 608.0 cannot be confusewith NdO,
which would be written 860.0. The third entry is the energy of the lower
state in cm 1, and the fourth, in the case of atomic species, the energy ohe
upper state. Since only the energy of the lower state is usechimolecular
calculations, this entry is sometimes used to encode the metular band
information. The fth entry is the log(gf) value, that is the logarithm of
the product of the statistical weight of the lower level and the oscillator
strength for the transition. The sixth entry is a fudge factor which can
be used to adjust the calculation for the van der Waals broadsing of the
line. The seventh entry encodes the type of transition; \O1" refers to an
s{p transition, \12" a p{d transition, etc. The default codi ng is \99" which
is used when 1) the compiler of the linelist has been too lazya determine
the type of transition, 2) when the transition does not t int o these simple
categories (for instance it may involve two electrons) or 3)for a molecular
line. Three other possible codings for the seventh entry aréAQ", \GA",
and \AI". \AOQ" enables the user to provide spectrum , in a packed format,
the and parameters used in the Anstee and O'Mara broadening theory.
\GA" can be used to input the individual broadening half-wid ths for natural
broadening, Stark broadening and van der Waals broadening.These two
options are discussed in more detail inx 3.7.1 below. \AI" can be used
in the computation of autoionizing lines; seex 3.7.2. Finally, the eighth
entry gives the source of the data. In the example above, \NIS™ obviously
stands for the National Institute of Standards and Technology, and their
wonderful and very useful atomic line and level website http://physics.
nist.gov/PhysRefData/ASD/index.html . If the source begins with a \K",
this means it comes from the Kurucz line lists which contain &ns of millions
of both atomic and molecular lines. Most of the data in luke.kt come from
those sources. The Kurucz data may be picked up on his websitéhttp:
/lkurucz.harvard.edu ).

More linelist les in the format required by spectrum may be picked
up from the spectrum distribution site, and others are available on special
request. For instance,luke.Ist does not include lines of TiO or ZrO, but
a le called cool5.Ist  which does is available.

If spectrum is operated in the isotope mode, an additional column must
be included in the linelist le. See the discussion inx 3.6 below.
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3.3.2 Atomic and Molecular data le

Another required input for spectrum is an atomic and molecular data le.
One such le, stdatom.dat , which includes solar atomic abundances from
Grevesse & Sauval (1998), is included in the distribution. The format of
that le can be seen from the following sample lines from the keginning

code Abund Amass 11/DO  I2/rdmass 13 14 maxcharge
1 -0.0360 1.008 13.5984  0.000 0.000 0.000 0
2 -1.1060 4.003 24.5874 54.4178 0.000 0.000 1
3 -10.88 6.941 5.3917 75.6400 122.4543 0.000 1
4 -10.89 9.012 9.3227 18.2111 153.8966 217.7187 1
5 -9.25 10.811 8.2980 25.1548 37.9306  259.3752 1
6 -3.49 12.011 11.2603 24.3833 47.8878 64.4939 3

and from the end

606 -7.50 24.02 6.15 6.0055 1.00 00.00 0
607 -7.50 26.01 7.66 6.4627 1.00 00.00 0
608 -7.50 28.01 11.108 6.8604 1.00 00.00 0
813 -7.50 42981 5.27 10.0436 1.00 00.00 0
814 -7.50 44.06 8.26 10.1897 1.00 00.00 0
822 -7.50 63.879 6.87 11.9921 1.00 00.00 0
840 -7.50 107.223  7.85 13.6118 1.00 00.00 0

The rst column is the atomic or molecular code, described inthe pre-
vious section. For instance, \6" refers to carbon, and \606" to the molecule
C,. The second column contains, for the atoms, the logarithmicsolar abun-
dance in terms of number densities relative to the total numter density:
log(A=Nya ). This is the way that the abundance scale is de ned in Alas 9
and 12, but it is not the standard way of representing elemenal abundances.
Seex 3.4 for more details. For the molecules, this column is set agl
to -7.50 for obscure reasons. The third column contains the man atomic
mass for both atoms and molecules. The fourth column contais for atoms
the rst ionization energy in electron volts (eV); for molec ules this column
contains the dissociation energy, also in eV. The fth colum contains for
atoms the second ionization energy and for molecules the \lduced mass"
(mimy=(mq + my)). The sixth column contains, for the atoms, the third
ionization energy, and for the molecules a \fudge" factor bywhich the \ gf "
value for each spectral line is multiplied. This gives the usr a very rough and
blunt instrument for modifying molecular band strengths, for instance, after
their appearance in the solar spectrum. The seventh column iges, for the
atoms the fourth ionization energy and is identically zero br the molecules.
Finally, the eighth column gives the maximum charge (the highest ionization
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state) supported by spectrum . For instance, a \1" means that spectrum
can compute spectral lines only for neutral and singly ionied species (I and
I1), a \3" means that spectrum has support for ionization states I, I, Il
and IV. For molecules this entry is 0. All naturally occurrin g elements are
supported (hydrogen { uranium) by spectrum and 15 diatomic molecules.
Adding support for another molecule is not as simple as addig another line
to stdatom.dat . It also involves code changes, addition of the molecular
partition function, etc.

If you want to compute a spectrum with non-standard abundanaes, this
can be accomplished by modifying the relevant abundances istdatom.dat .
However, a number of points must be kept in mind.

First, the overall metallicity in the header for the stellar atmosphere
model (see section above) is used to scale the abundances tbe metals
in stdatom.dat . Thus, if [M/H] = -1.0, spectrum subtracts 1.0 from the
logarithmic abundances instdatom.dat for lithium through uranium. Since
the opacity due to the iron peak elements is so important in etblishing the
structure of the stellar atmosphere, it is advisable to use astellar atmosphere
model with [M/H] as close as possible to the [Fe/H] of the staryou are
analyzing.!

Let us suppose that you want to compute a stellar atmosphere radel
with all but a handful of metals having an abundance one tenththat of the
sun. Assuming that iron is not included in that handful, select the appro-
priate stellar atmosphere model with [M/H] = -1.0 and then in dividually
adjust the abundances instdatom.dat for the handful. For instance, in the
sun (and in stdatom.dat ), the logarithmic abundance of calcium (code =
20) is -5.68. Let us suppose that you actually want to use an atndance of
-6.38. If the [M/H] of the model is 1.0, then the [M/H] scaling changes
the abundance from stdatom.dat to -6.68, so this means that to get an
abundance of -6.38 you will need to adjust the abundance irstdatom.dat
to -5.38. Note that this is equivalent to [Ca/Fe] = +0.30 if [M /H] = [Fe/H].

Another example: Let us suppose that you want to compute a spetrum
with iron and all other metals (except for, say, calcium) with abundances
0.15 dex less than found in the sun. Let us say that [Ca/Fe] = +0.30.
Select a Kurucz atmosphere model with [M/H] = -0.20 (Atlas 9 models
with [M/H] = -0.15 are not available, so -0.20 is the closest) Adjust the
abundances of all the metals (except for calcium) instdatom.dat upwards
by 0.05 dex, and calcium upwards by 0.35 dex.

1Of course, with Atlas 12, it is possible to compute a stellar atmosphere with any mi x
of abundances you want.
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If this all seems to be complicated enough to drive one to tea, v2.76
now has a facility to input a \ xed abundance” le that can be u sed to
specify individual xed elemental abundanceswhich will not be adjusted by
the [M/H] scaling factor. Suppose that we want to compute a spectrum with
a logarithmic calcium abundance = -6.38, regardless of the alue of [M/H]
of the model. Create a le (name it anything you like) with the contents:

TOTAL
20 -6.38

and run spectrum with the \x" switch (see x 3.1). Spectrum will prompt
you for a \ xed abundance le". Supply it with the name of the le you
just created. This le can contain abundances for any elemehexcept for
hydrogen and helium. You may specify abundances on the basisf total
number densities (use the keywordTOTALon the top line of the le), or in
terms of the number density of hydrogen (use theHYDROGE®&word on the
top line) { see x 3.4. The abundances of any number of elements may be
speci ed in the xed abundance le, each element on a separat line. Note
that the element code (in this case 20, signifying calcium)must be entered
as an integer, i.e. with no decimal points. Specifying20.0 instead of 20 will
result in unpredictable results!

3.3.3 Isotope le

Spectrum fully supports the calculation of atomic and molecular isotopic
spectra, although not in the default mode. To enable the isobpe mode, use
switch \i". This will cause spectrum to prompt the user for an isotope le;
the one provided in the distribution is isotope.iso . The types of infor-
mation contained in this le can be understood from the following sample
lines:

10 1 1.007825 0.999885
1.0 2 2.0140 0.000115
20 3 3.016029 0.00000137
20 4 4.002603 0.99999863
30 6 6.015121 0.0759

30 7 7.016003 0.9241

40 9 9.012182 1.000

4.0 10 10.013534 0.000
50 10 10.012937 0.199
5.0 11 11.009305 0.801
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6.0 12 12.000000 0.9893
6.0 13 13.003355 0.0107

The rst column gives the atomic code; 1.0 is for hydrogen, 20 for helium,

etc. The second column gives the mass number for the isotopdhus, 1.0 2

stands for deuterium, 6.0 13 for 13C. The third column gives the molecular
weight for the isotope, and the fourth column the relative abundance in the
solar system. So, for instance, in the solar system, 98.93% oarbon is 12¢

and 1.07% is3C. Note that not all isotopes are represented in isotope.isp
14C is a radioactive isotope of carbon with a short half-life ( 5000 years)
and so should not be present with any signi cant abundance inthe atmo-

spheres of stars of any type. Thus, only astrophysically imprtant isotopes
are included in isotope.iso

If the user is interested in calculating spectra with unusudisotopic abun-
dances, then the relative abundances should be modi ed irisotope.iso
However, it is up to the user to compile the required spectrallinelist. The
spectral linelist used in the isotope mode has an additionalcolumn that
speci es the mass number or \isotope code" for each spectrdine. Seex 3.6
for more information.

Spectrum  supports a total of 310 isotopes, the ones listed inso-
tope.iso . Spectrum also supports molecules that involve isotopes. For in-
stance, there are three astrophysically important versiors of the C, molecule,
12c12¢ 13cli2c  gnd 13c13C. Bandheads and individual molecular lines for
these three isotopic versions of g have slightly di erent wavelengths. The
molecules currently supported in isotope mode, along with heir \isotope
codes" are listed below:

Molecule Isotope Code
12C H 12
13C H 13
12C D 2
14N H 14
15N H 15
14N D 2
160 H 16
170 H 17
180 H 18
160 D 2
24Mg H 24
25Mg H 25
26Mg H 26
24Mg D 2
28Si H 28

29si H 29
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30Si H 30
28Si D 2
40Ca H 40
42Ca H 42
43Ca H 43
44Ca H 44
46Ca H 46
48Ca H 48
40Ca D 2
12C 12C 12
12C 13C 13
13C 13C 33
12C 14N 12
12C 15N 15
13C 14N 13
12C 160 12
12C 170 17
12C 180 18
13C 160 13
28Si 160 16
29Si 160 29
30Si 160 30
28Si 170 17
28Si 180 18

Note: isotopes for H, TiO and ZrO are not yet supported. Seex 3.6 for
more detailed information.

3.4 The Abundance Scale

It was mentioned above that the way the abundance scale is expssed in
stdatom.dat (or for that matter, Kurucz's model atmosphere programs
Atlas 9 and 12) is not the standard way that is usually found in the lit-
erature. Normally, abundances of elements are expressed twirespect to
hydrogen, on a scale in which the log of the abundance of hydgen is set
equal to 12.0. $ectrum uses a scale in which the abundances are expressed
with respect to the total number density of atoms (and ions). To convert
between the two scales is easy; use the following formula

log(A=Np) = 12:0 +l0g(A=NTotai)  10g(NH =N1otal )
For log(Ny =Ntotar ), Spectrum uses the hydrogen abundance in the atomic

and molecular data le (stdatom.dat or a corresponding custom le). The
value in the current version of stdatom.dat is -0.0360.



3.5. ATOMIC AND MOLECULAR SPECIES SUPPORTED 27

It should be noted that spectrum has been used to calculate suc-
cessfully spectra for hydrogen-poor (helium-rich) models To introduce a
non-standard hydrogen and/or helium abundance, it is necesary to edit
stdatom.dat AND use a model calculated for those abundances. If you
do not use a model with hydrogen and helium abundances consent with
those found in stdatom.dat , it is likely that spectrum will fail, as the
equilibrium equations will have no solution.

3.5 Atomic and Molecular Species Supported

As mentioned in previous sectionsspectrum supports all 92 naturally oc-
curring elements, including a total of 310 isotopes of thoseelements. The
ionization states supported for those elements can be founth the atomic
and molecular data le, stdatom.dat . The very last column of that le
indicates, for a given element, the maximum charge state fowhich spectra
can be computed. For instance, the maximum charge for iron (8) is 3,
meaning that spectra can be computed for Fe |, Fe II, Fe Ill and Fe IV.
The ionization states supported depend upon the availabilly of partition
function data in the literature. To calculate accurate numb er densities for a
given ionization state, partition function data for the next higher ion must
be built into spectrum .

Molecular species supported bygpectrum are also listed instdatom.dat .
Currently, only diatomic molecules are supported; those spported are Hy,
CH, NH, OH, MgH, SiH, CaH, C»,, CN, CO, SiO and TiO. In v2.76, AlH,
AlO, and ZrO were added. Other diatomic molecules will be adaéd in the
future, and can be added fairly easily on request, if partiton function data
are available. Molecules involving di erent isotopes are #s0 supported. See
x 3.3.3 above andx 3.6 below.

It should be noted that spectral lines for certain species a& \hard coded"
into spectrum . This includes certain hydrogen-line series (Lyman, Balme
Paschen, Brackett, Pfund and Humphreys), and lines of He I. k¢ Il lines are
on the \to do list" to be coded into spectrum . All of these lines require
special calculations for Stark broadening and various othee ects, such as
forbidden components in the He | pro les. Certain other very strong lines,
such as the Ca Il K & H lines have also been hard-coded int@spectrum .
You can see which lines are in this \strong-line" list by looking at the code
for the function strong6.c . The point is that the hard-coded lines should
not be included in the spectral linelist, or they will be computed twice and
appear to either be unusually strong, or have a peculiar prole.
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3.6 Isotopes & Hyper ne Structure

Isotopes are fully supported by spectrum in the \isotope mode", which
can be invoked with the \i" switch (see x 3.1). It must be understood that
spectrum does not automatically calculate isotope shifts; the isotpic com-
ponents of a given spectral line must be included in the specal linelist as
individual entries. The format of an isotopic spectral linelist is di erent from
the format for the standard linelist; it must include an additional column
indicating the mass number or \isotope code" of the isotope m question. As
an example, consider the following entries used for the compation of the
Li I 6708A resonance line:

6703.568 26.0 0 22249 37163 -3.15 1.000 01 NIST
6704.476 26.0 0 34017 48928 -2.659 1.000 10 NIST
6705.106 26.0 O 37186 52090 -1.17 1.000 99 AGL
6707.44 26.0 0 37186 52090 -2.40 1.000 99 AGL
6707.752 21.0 0 32659 47563 -2.672 1.000 99 K23
6707.754 30 7 0 14904 -0.431 1.000 01 AGL
6707.766 3.0 7 0 14904 -0.209 1.000 01 AGL
6707.771 20.0 O 46748 61652 -4.015 1.000 99 K23
6707.824 26.1 0 93488 108392 -3.094 1.000 99 K23
6707.904 3.0 7 0 14904 -0.733 1.000 01 AGL
6707.917 30 7 0 14904 -0.510 1.000 01 AGL
6707.921 3.0 6 0O 14904 -0.005 1.000 01 AGL
6708.053 26.1 0 93485 108388 -3.614 1.000 99 K23
6708.072 30 6 0 14904 -0.306 1.000 01 AGL
6708.094 23.0 0 9825 24728 -3.113 1.000 99 KFE
6708.167 26.1 0 89727 104630 -3.979 1.000 99 K23
6710.316 26.0 0 11976 26875 -4.874 1.000 21 NIST
6712.44 26.0 0 40231 55125 -2.149 1.000 99 NIST
6713.77 26.0 0 38678 53569 -1.602 1.000 12 NIST

Compare the format of this linelist with that illustrated in x 3.3.1. The
third column contains the mass number of the isotope involved; for instance,
the entry for the spectral line with a wavelength of 6707.754 in the above
list is for the isotope ’Li, and the one for 6707.92A is for SLi. Note that
many of the spectral lines in the above example have isotopeodes of \0".
The \0" code corresponds to the case in which the isotope shi are con-
sidered to be zero, and thus these entries represent all pabte isotopes for
that species taken together. So, for instance, since iron @ has isotopes
with mass numbers 54, 56, 57, and 58, the single entry
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6703.568 26.0 0 22249 37163 -3.15 1.000 01 NIST
is equivalent to the entries

6703.568 26.0 54 22249 37163 -3.15 1.000 01 NIST
6703.568 26.0 56 22249 37163 -3.15 1.000 01 NIST
6703.568 26.0 57 22249 37163 -3.15 1.000 01 NIST
6703.568 26.0 58 22249 37163 -3.15 1.000 01 NIST
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Figure 3.1: The Mn | 5420QA line in the solar spectrum. The observed
spectrum is shown as the solid dark line, the synthetic specum without

hyper ne structure taken into account is shown as the dotted line, and
the dashed line is the synthetic spectrum with hyper ne structure taken
into account. The loggf value used in calculating the line was taken from
the NIST website and the hyper ne structure constants were taken from
Dembczynski et al. (1979) and Luc & Gerstenkorn (1972).

Isotopes with odd nucleon numbers can exhibit hyper ne stricture; ele-
ments with odd atomic numbers are especially subject to thigphenomenon.
Thus, lines of vanadium (23), manganese (25), cobalt (27) ath copper (29)
in the solar spectrum commonly show unusually broad pro lesformed from
the superposition of a number of hyper ne components (see Fgure 3.1). It
is quite a frequent occurrence for a single line to show bothsbtope shifts
and hyper ne structure; the Ba Il 4554 A resonance line is a case in point,
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and so is the important Eu Il 4129.7A resonance line, the components
which are listed below:

4129.628
4129.631
4129.645
4129.649
4129.653
4129.670
4129.675
4129.680
4129.703
4129.708
4129.709
4129.711
4129.715
4129.715
4129.718
4129.721
4129.725
4129.728
4129.732
4129.740
4129.743
4129.744
4129.746
4129.751
4129.757
4129.760
4129.761
4129.764
4129.786
4129.787
4129.801
4129.808

-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1
-63.1

151
151
151
151
151
151
151
151
151
153
151
153
151
153
153
153
153
153
153
153
153
151
153
151
151
153
153
153
153
153
151
151

mllcNeoNoNoNoNoNoNoNoNolNoNoNoNoNoNolNoNoNoNoNolNolNolNoRoll i il

=

24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208
24208

-1.512
-1.035
-1.316
-0.977
-1.512
-1.257
-0.847
-1.316
-1.294
-1.512
-0.696
-1.035
-1.257
-1.316
-0.977
-1.512
-1.257
-0.847
-1.316
-1.294
-0.696
-1.480
-1.257
-0.545
-1.294
-1.480
-0.545
-1.294
-0.401
-1.480
-0.401
-1.480

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01

LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS
LWDS

of

Obviously, in this example, spectrum must be used in the isotope mode,
as the Eu Il 4129.7A line involves not only hyper ne components but also
isotopic components (indicated by the isotope numbers 151rad 153). Note
in this example that the species code (63.1 for Eu Il) is entezd as a negative

number. This prompts spectrum

to increase the computation radius for
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such spectral lines by a factor of three. This is done becausesach hyper ne
component taken on its own may be a very weak spectral line (ath thus
would have a small computation radius assigned to it), but shce it overlaps
with other closely spaced hyper ne components, if its comptation radius
were not increased the far wings of the combined spectral lim could be trun-
cated. Indeed, this trick can be used if you observespectrum truncating
the far wings of any line; enter the species code for that line as a negative
number, and the normal computation radius for that line will be tripled, up
to a maximum of 20A (10A in the optical). A handful of lines, such as the
Call K and H lines, obviously need a larger computational radus than this,
and such lines are actually hard-coded intospectrum . Seex 3.8 for more
details.

3.7 More Details on Spectral Line Broadening

3.7.1 Normal Lines

Spectrum includes code for all the normal spectral line-broadening rach-
anisms, including natural, Doppler, Stark, resonance and &n der Waals.
For most metallic lines, van der Waals broadening dominates Spectrum
includes code to implement the Anstee & O'Mara van der Waals lboaden-
ing theory (see Anstee & O'Mara, 1991, 1995). This broadenig theory is
automatically implemented for neutral atomic species if the transition type
is indicated in the linelist le (see x 3.3.1 for how this is done) for s-p, p-s,
p-d, d-p, d-f and f-d transitions. For transitions involvin g higher angular
momentum quantum numbers, or for ionized species, the clagsal van der
Waals theory is implemented, with the mean square radii of tre states given
by the hydrogenic approximation:

2
2 = %[Sn 241 3(1+1)]

wheren is the e ective principal quantum number. If the transition type is

not indicated, then the classical van der Waals broadeningleory is used, but

with the term involving the angular momentum quantum number neglected

in the expression for the mean square radius.

However, for ionized species, the Anstee{O'Mara theory carbe invoked
if the \AQ" transition type is specied in the linelist. This requires the
user to include the and parameters of that theory in a packed format
immediately after the \AQ" in the linelist le. For instance , Barklem &
O'Mara (1998) have calculated these parameters for certaitines of ionized
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species; for the Ca Il 8498 line, =291, =0:275. Below is an example
of how those data can be included in the linelist le:

8498.023 20.1 13650 25414 -1.416 1.000 AO 291.275 T89

Of course, it is also possible to use the \AO" transition type with neutral
species if, for some reason, you are not satis ed with the tablated values
of and built into spectrum .

Finally, if the user wants complete control over natural, quadratic Stark
and van der Waals broadening, it is possible to input the releant half-
widths using the \GA" transition type. These half-widths ma y either be
calculated by the user with her favorite broadening theory, or extracted
from the original Kurucz linelist les (see http://kurucz.harvard.edu )
or from, for instance, the VALD database (http://ams.astro.univie.ac.
at/~vald/ ). As an example, in the Kurucz hyper ne linelist le, for the
line Fe | 4620.128 it is given that log( (aq) = 8:32, log( stark) = 6:20 and
log( vaw) = 7:78. These values may be entered into the linelist le in the
following way:

4620.140 26.0 24772 46410 -3.739 1.000 GA 8.32 -6.20 -7.78 NI ST

The Stark half width is per electron number (i.e. spectrum multiplies
the input half width by the electron number density) and the van der Waals
half width is per neutral hydrogen number and is for T = 10000K. The van
der Waals half width is further modi ed by spectrum to take into account
van der Waals broadening due to neutral helium and H collisions.

3.7.2 Autoionizing Lines

Autoionizing lines arise from doubly excited states in whid the upper level
of the transition is above the ionization energy. Autoionizing lines are char-
acterized by a Fano pro le instead of a Voigt pro le. Fano pro les depend
on three parameters: shore; Ashores @Nd Bshore, Where shore is the pro le

half width, Aghore is the asymmetry parameter, andB shore iS related to the
oscillator strength. More information on these parametersmay be found in
Shore (1967) and Shore (1968). Most autoionizing lines arenithe ultra-

violet, but there are a few such lines that appear in the opti@al. Perhaps
the best known of these are the Ca | autoionizing lines in the mnge (see
below). Beginning with version 2.76, the Fano parameters mga be entered
into the line list in a way similar to entering the radiation, Stark and van

der Waals half widths described in the previous subsection.For instance,
for the autoionizing Ca | line at 6343.308\, enter:
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6343.308 20.0 O 35819 51579 0.845 1.000 Al 11.28 -30.00 -13.3 8 AUTO

where log( shore) = 11:28, l0g(Ashore) = 30:00, and logB shore) = 13:38.
Note, however, if the asymmetry parameter Ashore < 0, the entry should
be -log(Ashorej), Which will be a positive quantity. The Fano parameters
may be computed from rst principles using the references ded above, by
tting resonances in photoionization cross sections (suchas those from the
Opacity Project?), or they may be derived from the Kurucz line lists or
other sources. Note theAl transition type. Autoionizing lines are often
extraordinarily broad. Figure 3.2 shows a synthesis of the egion around the
three orange Ca | autoionizing lines.
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Figure 3.2: The three broad, shallow structures seen in thisynthetic spec-
trum (computed with v2.76b using a solar model and shown at fli res-
olution) are the orange autoionizing lines of Ca I. Seex 3.7.2 for how to
calculate these structures.

2http://cdsweb.u-strasbg.fritopbase/xsections.html
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3.8 How S pectrum Carries out its Calculations

Spectrum carries out some preliminary calculations before getting dwn to
the business of calculating the spectrum itself. $ectrum uses as input a
stellar atmosphere model with the format of a Kurucz model, ut actually
only utilizes the columns corresponding to mass depth, temprature and gas
pressure. ectrum then computes for itself the electron number density
and the number densities of important species, namely, hydsgen, helium,
carbon, nitrogen, oxygen, their ions and the relevant diatonic molecules.
Speci cally, in this preliminary stage, spectrum solves a system of 7 non-
linear equilibrium equations to determine those number desities. The exact
details of these equations depend upon the e ective tempetare of the star.
For T > 8500K, no molecules, except for Kl are included in the equilib-
rium equations, but for lower temperatures molecules are inluded. The 7
equilibrium equations are:

1) Equilibrium equation for hydrogen, including neutral and ionized hydro-
gen, the H ion, Hy, HE, and, for T < 8500K, H,O, CH, NH and OH.

2) Equilibrium equation for Helium, including two stages of ionization.

3) Equilibrium equation for Carbon, including up to four sta ges of ionization
(.e. CI,C1,Cll CIVand C V), and the molecules CH,CN,CO a nd
C, (the number of stages of ionization depends on the e ective ¢mperature
of the model. For instance, forTe > 8500K, four stages of ionization are
considered, but the molecules are left out; likewise for theNitrogen and
Oxygen equations below).

4) Equilibrium equation for Nitrogen, including up to four s tages of ioniza-
tion, and the molecules CN, NH, NO, N,.

5) Equilibrium equation for Oxygen, including up to four stages of ioniza-
tion, and the molecules CO, NO, OH, G.

6) Charge balance equation, including electron contributons from the ion-
ization of hydrogen, helium, carbon, nitrogen and oxygen ad the following
species: sodium, magnesium, aluminum, silicon, sulfur, gassium, calcium
and iron.

7) Total number density, including all species mentioned alwve, which must
agree with P 44=KT as read from the stellar atmosphere.

This system of equations is solved iteratively at each of thdevels in the
stellar atmosphere. Electron number densities so derivedra always within
1% of those in the stellar atmosphere model. Convergence ispid and the
abundances of the di erent species and molecules are storddr each of the
atmosphere levels in memory.
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Spectrum then moves on to the computation of reference opacities and
optical depths at each level in the atmosphere. Opacities auently included
in spectrum are: hydrogen bound-free and free-free, He | bound-free and
free-free, He Il bound-free and free-free, H bound-free and free-free, Ia
opacity, hydrogen Rayleigh scattering, H Rayleigh scattering, He | Rayleigh
scattering, He | free-free opacity, low temperature opacities (including on-
tinuous opacities dueto C I, Mg I, Al I, Si |, Ca |, Fe I, CH, OH an d MgH),
intermediate temperature opacities (including opacities due to N I, O |,
Mg I, Ca Il and Si Il) and electron scattering. With version 2 .75, bound-
free opacities for He I, C I, Mg I, Si | and Ca | have been updatedwith
data from the Opacity project, although some of these have ben modied
by comparison with observations.

With these preliminaries completed, spectrum can now begin to com-
pute the synthetic spectrum. The numbers or words in parentheses cor-
respond to the parameters used in the ultraviolet part of the spectrum.
Spectrum basically computes the spectrum in 20 (5)A blocks, although
smaller segments of spectra can be synthesized. For each 28) (A block,
spectrum  rst computes the continuum opacity and the emergent contin-
uum ux at both ends of each block (the exception to this is if the 20 (5)
A block contains a continuous absorption edge. Therspectrum modies
the red end of this block to 0.05A before the absorption edge; the next
block straddles the absorption edge, and then the new blocktarts at 0.05A
past the absorption edge). The continuous opacity and contiuum ux at
every intermediate point is then estimated by interpolation. Spectrum
then proceeds to the calculation of the line opacity at each gectrum point.
Spectrum must decide, at every spectrum point, which spectral lines ¢ in-
clude in the calculation of the line opacity. To do this spectrum maintains
two lists of lines. The rst list includes all spectral lines in the line le which
lie within 20A (10A in the optical) of the current spectrum point. For all
the lines in this list, spectrum assigns a \computation radius" based upon
the distance from line center at which the line depth drops béow 0.0001
continuum units. If the computation radius of a line includes the spectrum
point being currently computed, it is moved from the rstlis t into a second
list which comprises all of the lines which contribute to the line opacity at
that point. Once spectrum has stepped entirely through the computation
radius of a line, that particular line is dropped from the sewnd list as well.

For each line in the second list, the abundance of the ion in gestion and
the level population for that particular transition are com puted using the
Saha and Boltzmann equations. The broadening parameter ishien com-
puted; broadening mechanisms include natural, van der Waa (see speci cs



36 CHAPTER 3. DETAILED DOCUMENTATION FOR S PECTRUM

in x 3.7) and quadratic Stark broadening (see, however, hydrogeand he-
lium lines below). The line opacity at that point (for each of the levels in the
atmosphere) is then computed using the Voigt function. The Ine opacity,
line optical depth, continuum opacity and continuum optical depth are then
included in a \line contribution" calculation which, when r atioed with the
continuum ux, leads to the calculation of the normalized residual inten-
sity at that spectral point. S pectrum calculates in its default mode the
disk-integrated spectrum. This quantity, along with the wavelength is then
written to the output le. As we saw above, this output can be m odi ed by
specifying certain spectrum  ags.

The hydrogen lines are computed by a routine adopted from Deae Pe-
terson, used in the spectral synthesis codsynthe (Kurucz, 1993), which
includes Stark and resonance broadening and ne structureri the core, as
well as the Lyman- quasi H, satellites. To save time, the full calculation of
the hydrogen-line opacity is performed only at 1A intervals, except within
5A of the line core. The line opacity at intermediate spectral points is then
obtained by 4 point interpolation (performed at each of the layers in the
atmosphere). Hydrogen lines are included in the line opacit calculation
for all points nominally within 2000 A of the line center (although this is
modi ed in a complicated sort of way for the crowded lines in the vicinity of
the Lyman, Balmer and Paschen convergences to avoid spuriguline opac-
ity in that region). The code for spectrum includes 130 Lyman lines, 250
Balmer lines, 246 Paschen lines, 30 Brackett lines, 29 Pfuntines and 28
Humphreys lines. The computation for the Balmer jump is quite complex
and includes computation of the lowering of the ionization eergy using the
Debye approximation, overlap of energy levels near to the attinuum, etc.
This more correct computation of the Balmer jump is also appled to the
Paschen and Lyman convergences, but not yet to the BrackettPfund and
Humphreys convergences.

The He | lines are computed on the basis of new line pro le calglations of
Beauchamp et al. (private communication & Beauchamp et al.,1997). These
line pro les yield very accurate reproductions of the He | lines, including
forbidden components. He Il lines are currently not included in spectrum
but will likely be included in an upcoming version upgrade. He | lines are
computed only for models with T > 8500K. We note that certain helium
lines in the red { especially 5873 and 6678A { are strongly a ected by
non-LTE and are thus not well reproduced by spectrum .

Certain very strong lines (such as the Ca Il K and H lines), anda handful
of lines for which spectrum 's \calculation radius" is not adequate are not
included in the luke.Ist le, as they are calculated in a special routine.
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This routine allows a larger computation radius for those lines. This routine
for strong lines might include, in the future, individualiz ed source functions
for certain strong lines, or even a more sophisticated caldation based on a
multi-level atom.

3.9 Other Considerations

3.9.1 Model Atmosphere Selection

It is beyond the scope of this document to describe how to set¢ an ap-
propriate stellar atmosphere model for the analysis of a paicular star, but
the following comments should be of assistance. A stellar aiosphere model
is characterized by 4 basic parameters, the e ective tempeature (Te ), the
surface gravity (logg), the overall metal abundance, [M/H], and the micro-
turbulent velocity, ;. These four parameters must also be speci ed to enable
spectrum to carry out its calculations. Of these four parameters, Te is
certainly the most important, but the others cannot be ignored. There are
many techniques that have been used in the literature to esthate the T, .
A carefully determined spectral type can yield the T to an accuracy of
100K, at least in the spectral-type range A { M. In addition, t he pro-
cessof spectral classi cation can reveal things about a star wheh you will
need to know before carrying out a ne analysis { for instance whether or
not the star is chemically peculiar or deviates from the normin any way.
The Te may also be estimated from photometry; the infrared ux method
(IRFM) is very useful here; Blackwell & Lynas-Gray (1994) have published
a calibration that yields T, from the V K index. Other photometric
calibrations can be found in the literature. D.F. Gray (Gray, 2008) has
pointed out certain line ratios which may be used to estimateTe . The
surface gravity is more di cult to determine accurately; in the A and F-
type stars the strength of the Balmer jump (measured by the g index in
Stemgren photometry, and less accurately byU B in Johnson photome-
try) is a sensitive measure of the gravity. When carrying outa ne analysis,
an incorrect gravity will yield di erent abundances from di erent ionization
states { for instance, if the iron abundance is dierent for Fe | and Fe Il
lines, the likelihood is that the gravity is wrong. Again, an accurate spectral
type can be used to estimate the gravity from the luminosity type. For the
A, F and G-type stars the paper by Gray, Graham & Hoyt (2001) may be
useful in this regard. The determination of accurate abundaces depends
critically on the microturbulent velocity. The best way to p roceed is to de-
termine the abundance of a major species { say Fe | { simultaneusly with
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the microturbulent velocity via a Blackwell diagram (see x 4.4). Using a
model atmosphere with a microturbulent velocity as close agpossible to the
value determined via the Blackwell diagram is important for precise work, as
the microturbulent velocity a ects the line strengths, hen ce the line opacity,
which in turn a ects the structure of the atmosphere itself.

3.9.2 The Line-Spread Function and the Comparison of Syn-
thetic and Observed Spectra

Spectrum computes the synthetic spectrum at very high resolution (for
instance, a spacing of 0.0A at 5000A corresponds to a resolution ofR =
500, 000). Very few spectrographs yield this sort of resolution,and thus the
very high resolution synthetic spectrum must be \smoothed" or convolved
with a line-spread function (usually a Gaussian or near-Gasgsian) to match
the resolution of the spectrograph. The line-spread functn is generally a
function of the wavelength. This line-spread function can ke determined
from careful measurement of the emission lines from a compeon lamp,
but often is adequately determined by trial and error. The spectrum aux-
iliary program smooth2 may be used to convolve a Gaussian of speci ed
width with the output of spectrum . Some spectrographs have a line-spread
function with more extensive wings than a Gaussian. The progam cus-
tomsm provides a line-spread function that is a hybrid of a Gaussia and
a Lorentzian pro le. These two programs are discussed morextensively in
x 4.11 andx 4.6.

Spectral line pro les may also be a ected by stellar rotation, macrotur-
bulenceand other e ects. The programs vsini and avsini may be used to
apply rotational broadening to a synthetic spectrum. Like rotation, macro-
turbulence broadens a spectral line but, unlike microturbuence, does not
strengthen it. Thus rotational broadening and macroturbulent broaden-
ing can be applied, at least to rst order, after the synthetic spectrum has
been computed by convolving the spectrum with the appropride line-spread
functions. The program macturb may be used to apply macroturbulent
broadening. In practice, Gaussian smoothing, rotational lvoadening and
macroturbulent broadening together will probably be needel to adequately
match the line pro les in an observed spectrum. The exact paameters to use
in these convolutions must generally be determined by trialand error. The
macroturbulent velocity and the rotational velocity shoul d be independent of
the wavelength. As mentioned above, the resolution is genatly dependent
on the wavelength. Logically, macroturbulent and rotational broadening
should be applied rst, and Gaussian smoothing last.
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Many stars, including the sun, show somewhat asymmetricalihe pro-
les due to velocity elds in the photosphere. Such asymmetiies can only
be accounted for in a fundamental way by carrying out detailel 3D hydro-
dynamical calculations of the stellar atmosphere.

3.9.3 Further Practical Notes on Computing Synthetic Spec-
tra

What wavelength spacing should be used in computing a synthé& spec-
trum? For detailed comparison with a high-resolution spectum, it is advis-
able to compute the synthetic spectrum with a very ne spacing, 0.01 or even
0.00%A. For synthetic spectra which will be smoothed to match medum or
classi cation-resolution spectra (1A resolution), a spacing of 0.02\ is ad-
equate. Finally, for computing ux spectra over a broad waveength range,
to be smoothed to a low resolution, a spacing of 0.05 may be used without
noticeable degradation in the nal smoothed spectrum.

The linelist le luke.lst is adequate for computing spectra which will be
smoothed to medium or low resolutions. However, for more detiled work,
it is necessary to take into account isotope shifts and hypene structure.
The linelist le luke.iso.lst , available on the distribution website, is thus
recommended as a starting point for detailed work.

3.10 What is New in S pectrum v2.767?

There are four major improvements in v2.76 compared with thelast major
release, v2.75d. These improvements are:

1 The addition of AIH and AIO to the list of molecules that can be
computed with spectrum . Note that this has required a revision of
stdatom.dat , which is now incompatible with earlier versions.

2 The addition of a facility to compute autoionizing lines (seex 3.7.2).

3 The addition of a facility to input a \ xed abundance"” le co ntaining
elemental abundances that will not be scaled by the [M/H] of the
model.

4 A signi cant improvement in the calculation of the \comput ation ra-
dius" for spectral lines (seex 3.8). Earlier versions used a rough and
ready empirical estimate for the computation radius, which occasion-
ally resulted in line wings being truncated. Various work arounds were
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used in these earlier versions to avoid these truncations, Wt in this

version, the line pro le is calculated until the depth falls below 0.0001
continuum units. Weak lines with central depths less than 00001
continuum units are thus not computed. This strategy has nedigible

e ects on the line blanketing and thus the ux, and has the advantage
that the computational speed is greatly enhanced. In regios of high
line density, such as the ultraviolet, speed increases up tdactors of
2.5 and more can be seen.



Chapter 4

Spectrum Auxiliary
Programs

4.1 A bundance

The program abundance can be used to calculate elemental abundances
from equivalent widths. The necessary inputs are a stellar amosphere model
for the star being analyzed, the atomic and molecular data le stdatom.dat
and a linelist le with equivalent widths. The linelist le h as the following
format:

6127.895 26.0 33413 49727 -1.368 1.000 99 39.6 KFE
6165.361 26.0 33413 49628 -1.45 1.000 21 37.4 NIST
6232.635 26.0 29469 45509 -1.100 1.300 99 72.6 KFE

This linelist le has the same format as the linelist le for spectrum except
for one extra column { the penultimate column { which contain s the equiva-
lent width of the line in units of m A. Note that the seventh column contains
the transition type; all the transition types valid for spectrum are also valid
here (with the exception of Al), including the AOand the GAtypes. If the
AOtype is used, then the next column is used for the and parameters,
in the packed format as explained in the documentation forspectrum ; the
equivalent width will still be entered in the next-to-last ¢ olumn. Likewise
for the GAtransition type { see x 3.7.

Only the \t" switch may be used with abundance (seex 3.1). This
implies that isotopes are not supported. Likewise, while hper ne compo-
nents may technically be analyzed withabundance it would be necessary
to measure equivalent widths for each hyper ne component. Aundances

41
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based on lines that show signi cant isotope splitting or broad pro les due
to hyper ne structure are best analyzed with full spectral synthesis.
The output of abundance has the following format:

6127.895 26.0 1.08 -4.581 7.459 -0.041
6165.361 26.0 1.08 -4.550 7.490 -0.010
6232.635 26.0 1.08 -4.581 7.460 -0.041

The meaning of the rst and second columns are obvious, the tird column is
the microturbulent velocity (in km/s) inputinto abundance (it prompts the
user for this quantity). The fourth column gives the abundance on the scale
native to spectrum (seex 3.4), and the fth on the normal scale, in which
the logarithmic abundance of hydrogen is equal to 12.0. The nal column
is the abundancerelative to the unscaledabundances instdatom.dat ; since
the stdatom.dat abundances are solar abundances, the nal column gives
the quantity [X/H] where X is the species in question. Note that if you are
using a custom atomic and molecular data le, this may not ne@ssarily be
the case.

4.2 Avsini

The program avsini may be used to apply rotational broadening to a syn-
thetic spectrum. Avsini will prompt the user for the required inputs, or it

may be used in a command line mode. The format for invokingavsini in

the command line mode is

avsini input output vsini u dlambda

whereinput is the lename of the synthetic spectrum you wish to rotation-
ally broaden, output is the name of the rotationally broadened spectrum,
vsini is the rotational velocity, in km/s, u the limb-darkening coe cient
(0.6 is a good value to use here, but see Gray, 2008) amtlambdais the wave-
length spacing in the input le. The spacing in the output le will be the
same as the spacing in the input le. If used in the prompt mode the avsini
prompts are in the same order. Rotational broadening shouldbe carried
out before the spectrum is smoothed to a lower resolution wit smooth2 .
Avsini may be used either before or after macroturbulent broadenig is
applied (see below). Assini is designed to be used with ascii synthetic spec-
tra. The program vsini is the equivalent to be used with binary synthetic
spectra. Both programs use David Gray's (Gray, 2008) implenentation of
rotational broadening.
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4.3 Bflxsm2

The program bflxsm2 convolves a Gaussian line-spread function with a
synthetic spectrum and is designed to work with a binary format synthetic
spectra computed with the \f* switch (i.e. in ux format). Th e equivalent
for ascii les is smooth2 . The purpose of this program is to match the
resolution of the synthetic spectrum to an observed spectrm so that de-
tailed comparisons can be made. A similar program is Bmooth2 , which
is designed to work with a binary spectrum computed in the nomalized
intensity mode. They aren't very dierent. B flxsm2 can be used either
in the prompt mode or in the command line mode. In the command ine
mode, the format is

bflxsm2 input output resolution dlambda

whereinput is the name of the input binary synthetic spectrum, output is
the name of the smoothed synthetic spectrumyesolution s the resolution
in A of the smoothed spectrum, anddlambdais the wavelength spacing of
the output spectrum; bflxsm2 picks up the wavelength spacing of the input
spectrum from the header of the binary le. An important note : the spacing
of the output spectrum should be aninteger multiple of the spacing of the
input spectrum, or weird things will happen!

4.4 Blackwel

Blackwel computes the data required for the plotting of a \Blackwell di-
agram" (see Blackwell & Shallis, 1979) for a set of spectralihes of a given
species with measured equivalent widths. Blackwell diagnas are used to
determine the abundance of an element simultaneously with he microtur-
bulent velocity for a star. That is to say, Blackwell diagrams give the same
information as the classical curve of growth method, but without the de-
bilitating e ects of the many invalid assumptions inherent to that method.
A Blackwell diagram is a plot of the abundance versus the micoturbulent
velocity (see Figure 4.1); for each line in the set, the abundnce required to
yield the measured equivalent width is computed as a functia of the micro-
turbulent velocity. Each spectral line is thus representedas a curve in the
diagram; for weak lines on the linear part of the curve of growh, the curve
is nearly horizontal, for stronger lines, the curves slope rare steeply. Ide-
ally, all of these curves should intersect at a single point wich would then
give the elemental abundance and microturbulent velocity gmultaneously.
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Figure 4.1: A Blackwell diagram computed with blackwel for a set of Fe |
lines in the star HD 26367 (Gray & Gri n, 2007).

In practice, there is a region of \least confusion”, from which the elemental
abundance, the microturbulent velocity and the associatederrors may be
estimated. The microturbulent velocity so determined shoud be the same,
within the errors, for all species. So, a practical way to praeed would be
to construct a Blackwell diagram for a species well represdad by a large
number of measurable lines (say, Fe ), and the resulting mimturbulent
velocity considered as a xed quantity in the calculation of other elemental
abundances using a program such asbundance .

The set of spectral lines used to construct the Blackwell digram should
be placed in a le in which each line has the following format {dentical to
the format used for abundance and gfadjust ):

6165.361 26.0 33413 49628 -1.45 1.000 21 37.4 NIST

Here the wavelength, code, E(lower), E(higher), log(gf), he damping factor,
and the transition type are in exactly the same format as in Iuke.Ist. The
equivalent width (the second to last entry), derived from a measurement in a
stellar spectrum, is expressed in milli-angstroms (m). All of the broadening
codes used inspectrum are also valid in blackwel . An example le
fel.eqw is provided in the distribution. It can be used in conjunction with
the model 67244k2p00.mod to tesblackwel . Note that blackwel does
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not support isotopes. A line with measurable hyper ne structure is not
suitable for use in constructing a Blackwell diagram.
The output from blackwel has the format:

wavelength code vt Atot AH

wherevt is the microturbulent velocity, Atot is the abundance of the element
represented bycode on the abundance scale used bgpectrum , whereasAH
is the abundance scale based on hydrogen. S&e3.4 for more information
on these abundance scales. |Bckwel  will prompt the user for input and
output les, for a range of microturbulent velocities and for a microturbulent
velocity stepsize. Thus, each spectral line in the input leresults in a number
of lines in the output le. This output le can be used to plot a Blackwell
diagram. The best lines to use to construct a Blackwell diagam are isolated
(non-blended), weak to moderate-strength lines on the linar and at parts
of the curve of growth. Strong lines, especially those on thelamping part
of the curve of growth, are not appropriate for a Blackwell diagram.

The only \switch" that can be used with blackwel is the \t" switch
which alerts the program to the presence of aratlas 9 header in the stellar
atmosphere model. See 3.1.

The distribution for spectrum comes with a GUI for use with black-
wel (blackwell _sh.tcl ). Seex 5.2 for more information on this GUI and
more practical information on how to construct and use Blackvell diagrams.

45 Bsmooth2

The program bsmooth2 convolves a Gaussian line spread function with a
binary synthetic spectrum computed in the normalized intensity mode. Its
operation is identical to that of bflxsm2 (see above).

46 Customsm

Some spectrographs do not have Gaussian line-spread funetis, and so the
programs bsmooth2 , bflxsm2 and smooth2 will not give satisfactory re-
sults. In some cases, there is no substitute for writing yourown smoothing
program incorporating the measured linespread function ofyour spectro-
graph, especially if the function is asymmetrical. However if you need a
linespread function that has more \wing" than a Gaussian, you might nd

customsm useful. This program convolves the synthetic spectrum witha
hybrid linespread function made from a weighted mean of a Gassian and
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a Lorentzian prole. The Lorentzian prole has much broader wings & a
narrower core than a Gaussian. In addition to inputing the information
required with smooth2 , customsm needs a \line-shape parameter” which
runs from 0! 1. When that parameter is 0, the linespread function is
a pure Gaussian; when it is 1 it is a pure Lorentzian. Experimatation is
required to get the best t. Customsm, like smooth2 , is only for ascii
spectra. It can be used in both the prompt mode and the commandine
mode. Use the command-line mode format:

customsm input output input_spacing resolution output_sp acing line_shape

4.7 Gfadjust

GFadjust is a program, based onspectrum code, that can be used to
invert a stellar spectrum to determine oscillator strengths @f valueg for
individual spectral lines. The gfvalues used in the linelist le luke.Ist come
from a number of sources. Some have been determined in the latatory,
others have been derived from theoretical calculations. Tk accuracy of these
gf values varies widely from line to line; some are known to acaacies of 1%
or better, others are o by an order of magnitude. The accuragy of the gf
values is certainly one of the most important factors in detemining whether
or not a spectral synthesis calculation reproduces faithflly the spectrum
of a star. Other factors include the accuracy with which the hasic physical
parameters have been determined for the star in question, th quality of the
broadening parameters and theory, the validity of the LTE approximation,
etc.

Within the limitations of those other factors, gfadjust may be used
to determine gf values from measurement of the spectrum of a well-studied
star such as the sun. To determine theyf value for a particular spectral line,
its equivalent widthmust be measured and included in the input linelist for
gfadjust . The format of this line list is identical to the ones used for both
abundance and blackwel . GFadjust also requires as input a stellar
atmosphere model for the star in question and a microturbul@t velocity.
The output from gfadjust has the following format:

Wavelength Code Log10(gf)

In addition to the caveats above, care must be taken to ensurghat the
spectral lines for which you are determining thegf values are unblended,
or that you have adequately separated out the components offte blend.
GFadjust does not support isotopes, nor should it be used with lines win
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measurable hyper ne structure. Likewise, gfadjust should not be used to
determine the gf values for strong lines. Only the \t" switch may be used
with gfadjust (seex 3.1).

4.8 Lines

The program lines may be used to calculate the equivalent width and the
central depth of the lines in a linelist le. This is useful for identifying
lines, and also for guring out the components in a complex bénd of lines.
But it can also be used for creating a line list le based on thesubset of
lines in the input linelist le that have equivalent widths g reater than a
speci ed value. This can be useful for speeding up a spectraynthesis by
eliminating those lines that do not contribute signi cantl y to the spectrum.
Lines fully supports isotopes and hyper ne structure, and the full range of
line broadening theory in spectrum . The format of the input linelist le is
identical to that of spectrum . The inputs are also the same aspectrum (a
stellar atmosphere model, the atomic and molecular data lestdatom.dat ,
and optionally the isotope le isotope.iso ). Lines will also prompt the
user for the spectral range, and the minimum equivalent widh for a line to
be included in the output. The default output has the following format:

4190.243 22.1 22.387 0.5531
4190.408 23.1 9.332 0.7928
4190.459 106.0 3.026 0.9610

where the rst column is the wavelength, the second the spe@s code,
the third the computed equivalent width (units m A), the fourth the line
depth (with the continuum at 1.0, and assuming in nite resolution with
no macroturbulence or rotation). Thus, the core of the third line is only
4% below the continuum. The default (and only mode) is to calulate the
equivalent width and line depth for the integrated disk.

The following switches may be used withlines :

C: Will cause lines to print out a le cd.out which contains the \contri-
bution function” of the lines in the linelist (note { it is bes t to invoke
this for a linelist that has only a few lines in it). The output le has
three columns; the rst is the layer number in the stellar atm osphere,
beginning with 1 for the top layer, the second is the referene continu-
ous optical depth (at 50004) and the third is the contribution function
used in calculating the line pro le.
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i: Invokes the isotope mode { see 3.1.

s: Causeslines to output a linelist le (in exactly the format of the input
linelist le) containing those lines that have equivalent widths greater
than the minimum equivalent width entered as a prompt to the pro-
gram. This option is useful for culling linelists of weak lines which do
not contribute to the spectrum and would simply slow down a spectral
synthesis calculation.

t: Informslines that the stellar atmosphere model is in theatlas 9/atlas 12
format { see x 3.1.

v: Verbose mode { the default mode oflines is to be silent { i.e. to print
nothing to the screen beyond a few initial messages. This steh causes
lines to print to screen everything it prints out to the default out put
le.

4.9 macturb

Macroturbulenceis de ned as a scale of turbulence in the stellar atmosphere
in which the size of the turbulent cell is greater than the mean-free path
of the photon. This is in contrast to microturbulence in which the size of
a turbulent cell is smaller than the mean-free path. With microturbulence,
a photon will tend to be emitted in one turbulent cell and absorbed in
another; relative motions between these turbulent cells wil cause a photon
emitted in line center to be absorbed in the line wing. As a cosequence,
microturbulence both broadens and strengthens the line, ast leads to a
desaturation of the line core. The e ects of microturbulence are fully taken
into account in the spectral synthesis calculation. This isnot the case with
macroturbulence. Macroturbulence will broaden the spectal line, but not
desaturate it, and so it has no e ect on the strength of the line. However, it
is necessary to apply macroturbulent broadening to the compted spectrum
when making a detailed comparison between the synthetic spgrum and
a high-resolution observed spectrum. The progranmmacturb implements
the macroturbulent broadening formulation of David Gray (G ray, 2008).
Macturb requires as input the name of the spectral synthesis le, an otput
le name, the wavelength spacing in the input le and the macroturbulent
velocity. The output wavelength spacing will be the same as lhe spacing in
the input le. M acturb may be used in the command line mode thus:

macturb input_file output_file spacing velocity
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Macturb operates only on ascii synthetic spectra. There is no equivant
(yet) for spectrum binary les. Macroturbulent and rotational broadening
should be applied before the spectrum is smoothed wittsmooth2 . The
macroturbulent velocity must be determined by trial and error, or via the
techniques outlined in David Gray's book. Typically, the macroturbulent
velocity is on the order of a few km/s.

4.10 Select

The program selectmod may be used to extract individual models from
Kurucz \supermodels" such as the le apOOk2odfnew.dat which can be ob-
tained from Robert Kurucz's website http://kurucz.harvard.edu . Select
extracts a single model from a supermodel for a givede and logg. The
model grid in the more recent supermodels has &, spacing of 250K (be-
ginning with 3500K) up to 13,000K and a spacing of 1000K afterthat (up
to 50,000K), and a logg spacing of 0.5, beginning on the high end at 5.0.
The program selectmod  will extract one of these models and export it to
a le with the default spectrum header. The programselectmod 9 does
the same thing, but preserves theatlas 9 header. Both can be invoked in
the command line mode:

selectmod supermodel.dat output.mod teff logg

4.11 smooth?2

Smooth2 is a program similar in action to bsmooth2 , except that it oper-
ates on ascii spectra (the normal, default output ofspectrum ). It convolves
a Gaussian linespread function with the synthetic spectrumto smooth the
spectrum to a desired resolution. It can be used either in thegorompt mode
or in the command-line mode. In the command line mode the format is:

smooth2 input_file output_file input_spacing resolution output_spacing

where input _spacing is the wavelength spacing in angstroms of the in-
put spectrum, and output _spacing is the wavelength spacing of the output
smoothed spectrum. Note that output _spacing must be an integer multi-
ple of input _spacing or funny things will happen! The resolution should
be the resolution in angstroms desired for the output spectam. Sometimes
a more versatile linespread function is required to help math the linespread
function of a given spectrograph. In that case, the programcustomsm can
be helpful.
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4.12 vsini

Vsini is the binary- le equivalent of avsini . It may be used in both the
prompt mode and the command-line mode. The command-line moe format
is

vsini input_file output_file vsini(km/s) limb_darkening _coeff output_spacing



Chapter 5

Graphical User Interfaces

Graphical user interfaces using the Tcl/Tk Tool Command Language and
graphical interface have been designed for botrspectrum and black-
wel . These GUIs are designed to make usingpectrum and blackwel
more easy and to integratespectrum with some of its auxiliary programs.
The Tcl/Tk GUIs require that the Tcl/Tk toolkit be installed on your
UNIX/Linux computer. To check to see if it is installed, type wish at
the prompt. If a small, grey empty window appears on your scren, it is
installed. If not, you should be able to install it via a package manager,
or from the website http://www.tcl.tk/software/tcltk/ . A Windows-
based GUI has also been designed f@apectrum .

5.1 Spectrum GUI

The script spectrum_sh.tcl , which should be in your spectrum distribu-
tion, is a Tcl/Tk graphical user interface for spectrum . If you ran the make
install ~ script in x 2.4 the script spectrumsh.tcl should have been placed
in /usr/local/bin . If you can't run it, it may be necessary to get root
permission and then to change the mode so that the le is exedable.

This shell may be invoked by typing at the prompt:

> spectrum_sh.tcl

The GUI will come up and should look like Figure 5.1. The buttons on
the top row can be used to select the atmosphere model, the atoic data
le ( stdatom.dat ), the isotope de nition le ( isotope.iso ), the spectral
linelist and the output le. The computation parameters are self-explanatory
and must be supplied. The shell enables the user to apply a nuber of
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Spectrum Shell w02 tclitk version (C) R.0. Gray 2003
Select: model I atom I isotope | line list I output |
Model Not Selected
Atom Mot Selected
Isotope Hot Selected &
Line List Mot Selected
Output Hot Selected

#Isatope selection mot used unless izobope switch cheched. b low

Computation Parameters:|

Start Wavelength (38000 A End 48000 A Spacing 002 A
Microturbulent Velocity (2.0  kmis

| Switches: |

% Mormalized Intensity .- Fux .- Center of Disk

_| Isotope | Atlas9

Macroturbulent Velocity: | _ ‘I_D " kmis

_m 1 wsini NEI " kmis

Smuuth:il' _| Resolution IZIZI A Output spacing™ ;0.5 A

#utput spacing must bel intetaer mulbiple of compubation spacing

Execute’ Abort | Quit |

Status: Expecting Input Progress: | I Ja00.0 H

Figure 5.1: The Tcl/Tk GUI for spectrum .

switches which control the operation ofspectrum . Please readx 3.1 to un-
derstand the meaning of these switches. On the rst row, the @fault output
(Normalized Intensity), absolute ux, or center of disk switches can be set
(corresponding to: no switch, f and m, respectively). On thesecond row, the
isotope mode may be turned on (the isotope de nition le must have been
selected above) and/or the facility to read atlas 9 default headers (switch t)
can be selected. If selected, the output spectrum may then bemoothed us-
ing macturb  (which convolves the spectrum with a macroturbulent velocty
line prole), avsini , which rotationally broadens the output spectrum, and
smooth2 , which convolves the output spectrum with a Gaussian functon.
To execute, press the Execute button. To see the progress agpectrum
steps through the wavelength region, click the Progress clak box. Pressing
Quit will exit the shell.

Please note that this shell is not absolutely foolproof. Plase pay very
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close attention to the \*"'ed boxes - i.e. the isotope box and the output
spacing box for the Smooth option.

5.2 Blackwel GUI

Before attempting to use this shell, please read over the dasnentation for
blackwel . This shell is included in the spectrum distribution and is called
blackwell _sh.tcl . It likewise will have been moved to/usr/local/bin if
you executed the make install script discussed inx 2.4. To invoke this
shell, type at the prompt:

> blackwell_sh.tcl

The GUI illustrated in Figure 5.2 should appear. To run this shell, you must

Bla(:kwell Shell tclitk version (C) R.O. Gray 2008
A program for determining stellar abundances
Select: model | atom | Eq\W file |
Model Hot Selected
Atom Mot Selected
Eq¥ File Hot Selected
Switch: | | Atlas9
Microturbulent Velocity:|
Begin 0.5 kmfs End |3.0 kmfs Step (01 kmfs
Output:
4 Screen Output {Ghuplot) - Postscript
Postscript Output: | out.ps
Execute | Quit
Status/Progress: | Expecting Input

Figure 5.2: The Tcl/Tk GUI for blackwel

have installed on your machine the latest version (4.0 or la¢r) of gnuplot
(seehttp://www.gnuplot.info/ ).

To test this shell, select the stellar atmosphere modeb7244k2p00.mod
provided in the distribution, the atomic data le ( stdatom.dat ) and an
equivalent width le for a single species (the le fel.eqw is provided for
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this test). Select a range of microturbulent velocities (s 0.5 to 3 km/s)
over which you want blackwel to do its computations and then press
Execute. For this set of les, you will get the graph in Figure 5.3, courtesy
of gnuplot .

Figure 5.3: Sample output from the blackwel GUI.

Each sloping line in this graph corresponds to a spectral lie in the le
fel.eqw . This is a plot of the abundance against the microturbulent veloc-
ity (in this case) of iron. Notice that (somewhat ideally!) all of the lines
seem to converge at a point in the plot. This gives the optimalvalue for
the abundance of iron and the characteristic microturbulert velocity in the
atmosphere of the star under consideration. If you have chan the temper-
ature and gravity of the star correctly, you will get nearly t he same answer
for Fe Il lines. And, for other species, you should get, withn the errors, the
same value of the microturbulent velocity. The gure above is an example
of a \Blackwell Diagram”, which is a useful tool for determining microtur-
bulent velocities and abundances in a consistent way in stédr atmospheres.

Please note that the lines can fail to converge in a Blackweldiagram
if 1) one or more of your lines is in an undetected blend, 2) thegf values
for one or more of your lines are not good, 3) your choice of a stlar atmo-
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sphere to model your star is not good, or 4) your line is strony a ected
by non-LTE e ects. You should use a stellar atmosphere compted with a
microturbulent velocity which is as close as possible to thevalue indicated
by the Blackwell diagram, for the sake of consistency. The mdel atmo-
sphere 67244k2p00.modwas computed with a microturbulent velocity of
2km/s. Since the diagram above indicates that the microturbulent velocity
is closer to 1.2 km/s, it would be better to select a model compted with a
microturbulent velocity of 1 km/s.

Please note that blackwel cannot be used with hydrogen or helium
lines (both He | and He I1). Ideally, lines used to compute Blackwell diagrams
should be weak to medium strength lines. The cores of strongdries are often
not well reproduced in the LTE approximation. A range of line strengths
is required in a Blackwell diagram. The weak lines (which arenot strongly
a ected by microturbulence) are nearly horizontal in a Blackwell diagram.
Stronger lines have a steeper slope.

Note that blackwell _sh.tcl outputs data you can use to reconstruct
the above graph in individual data les labeled with the wavelength of the
line.

The shell blackwell _sh.tcl can be directed to give the above plot in
postscript format.

5.3 A Windows GUI

To make spectrum easier to use for those Windows users who are not
conversant with command-line computing, and with pedagogtal purposes
in mind, | have written a GUI shell for spectrum using Visual Basic. It is
illustrated in Figure 5.4. With this shell, it is possible to compute a synthetic
spectrum, apply macroturbulent and rotational broadening and smooth the
resulting spectrum with just a few mouse clicks.

To install this shell, download the le spectrum101.zip and place it
in the same folder you used to installspectrum in x 2.2. | recommend
c:nspectrum; | have had problems if | installed this under \My Do cuments”,
as the path name was apparently too long for Visual Basic. Unip the
le into this directory; you will nd the les setup.Ist, setup.exe and
spectrum101.cab. Double click on setup.exe . This will run the install
program for the shell; it may be necessary to reboot Windows bfore the pro-
gram will completely install. When prompted, specify the directory where
you have copied the other les (e.g. cnspectrum) as the location for in-
stalling the shell. When the install is completed, the shellcan be run from
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Figure 5.4: The Visual Basic GUI for the Windows version ofspectrum .

the Run menu (click on the Windows Start button). You must rs t select
the working directory (the folder where all the other les reside). If you have
carried out the above instructions, the proper working directory should al-
ready be selected. Then, select the stellar atmosphere frorthe list in the
le list box, the linelist (e.g. luke.Ist ) and specify the spectral range, com-
putational spacing, and, if you wish, whether the output spectrum will be
broadened by rotation and/or macroturbulence and smoothed Once all the
program parameters have been speci ed, click on EXECUTE andsit back
and relax. Spectrum will be launched in a minimized DOS window, which
will disappear when all the calculations have completed. Tl output le
will be in the working directory. It is an ascii le with wavel ength in the
rst column and intensity or ux in the second. It can be displ ayed in any
plotting program, such as EXCEL, SIGMAPLOT, etc.



Appendix

The spectrum package may be picked up on the web ahttp://www.phys.
appstate.edu/spectrum/spectrum.html . Be certain to check this site pe-
riodically to see if a new version has been released. Pleasés@ consider
registering your use ofspectrum on that website.

The author of this document and spectrum , Richard Gray, may be
contacted at the following address
Department of Physics and Astronomy
Appalachian State University
Boone, NC 28608
grayro@appstate.edu

If you use spectrum in your publications, please reference it by the
paper Gray & Corbally (1994) and, if possible, by including the URL in a
footnote.
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