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1 Introduction

In this exercise you will use a computer program to generaidats of stars on the zero-age main sequence
(ZAMS) in order to examine and compare their properties. gitogram needs initial guesses of model parameters
as input, it is therefore important that the preparatory@se has been done before starting the computer lab. The
modelling program is calledans. f and comes from the bod&ellar Interiordy C. J. Hansen and S. D. Kawaler.

It is worth reading chapter 2.2 of this book, “Single Starsaa Near the Main Sequence,” to get an overview
for this project. You can also read a bit more about the coempedde itself in Appendix C. Finally, if you are
interested in more details of stellar modelling, chapterf the book contains information about the numerical
methods used to produce such models.

This version of the lab. uses a graphical interface (progmachin IDL by M. Galfalk) in which you will be setting
up model parameters, running the models and printing tespopt files.

2 Preparatory exercise

One of aims of this lab is to learn how to calculate reasongbésses about stellar parameters for a given mass.
These estimates are also required as input parameters wdikingrthe models. Because of limitations in the
modelling method and in order to check that the estimatesocarghly accurate, the modelling program has been
written so that a solution must be found within a fair num&))(of iterations.

We will start by considering the following set of equatiorfsstellar structure for a ZAMS star with madg >
1 M where nuclear energy is released mainly by hydrogen bumwilmghe CNO cycle and the energy flux is
dominated by radiative transport:
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Assume a homogenous composition throughout the gtar ¢onstant) and that Thomson scattering is the main
contributor to the opacity (i.es = k. = constant).

In order to avoid having to solve this system of equationgfirh model we are making, we will simplify things
by using homology - i.e. assume that the stellar parametePs4, T and I) vary in the same way with relative
mass radius for all stars with the addition of scaling fa&{®s, Pc, pc, Tc andL).

By introducing a dimensionless relative mass radius m /M we can reformulate our parameters:
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The functions {—f5 are thus the same for all stars independent of total masse Wie scaling factors are the
estimates we are looking for.



(a) By means of dimensional analysis derive how densitygsuee, luminosity and temperature (roughly) scale
with each other, masi/ and radiugr of the star. For those of you unfamiliar with dimensionallgsia, this
is done by substituting the reformulated parameters intgeuof stellar structure equations and rearranging
everything dimensionless (like fdfs/dx, 7) to one side and the rest to the other side of each equation. We
then know that the dimensional side of each equation (egfmesincluding e.g. G, M, R ps) must equal
a constant. (e.g. from the first equation you hdwe/dr = 47r?p = M/Rs ~ R%p, etc...)

(b) From the results of the dimensional analysis you caradlgtfind that the luminosity. = I(Rs) of the star
scales approximately as a power of the m&gsl ~ M": what is the value of the exponer?

(c) How does the radiugs of the star scale with the madd? And what about the central temperatlig
central pressur&c and central densityo?

(d) According to your scaling relations, which star has #irgést radius: a low or high mass star? What about
central density and central pressure?

(e) With the help of the scaling laws you derived, find how acef gravityg and effective temperaturg. s s
scale withM.

3 Theprogram

The program that we will use to make our ZAMS models is simg@lijed stellarstrug written by M.Galfalk in
the IDL language. The calculations are made in a Fortranrprogcalledzams however, as this is a terminal
program without a grapical interface or means for printistg/larstrucwas written with the aim to simplify the
model making and printing of results.

Ask the lab assistant for details on where the program igéaloan the student laptops. To ststellarstrucsimply
open up a terminal window (such as thashshell from the Debian/Apps/Shells menu). Go to the appat@ri
folder (using theced command) and type the following two commands:

PATH=$PATH: .
idl -vmestellarstruc. sav
Instructions for how the program works is found in the nextisa.
It may be necessary to also compile the Fortran code beforetangstellarstrucif this has not been done

previously (if there is @ams.but nozamsfile). This is simply done by typing:

f77 -o zans zans. f

4 Making the models

The interface of the program is shown in Figure 1. The numgieen within parenthesis in the text below refers
to those in the figure.

Most of theunitsin the program are cgs-units. Thus, we have temperature ;Tpfi€ssure P [dyn/cth, radius R
[cm], luminosity L [erg/s] , density [g/cm?], opacityx [cm?/g] and energy production ratderg/s/g].

In the plots used for printing, the logarithmic versionshade are plotted. The exceptions to cgs-units are the total
mass M] and luminosity L] in the input parameters and the luminosity iteration platall plots, the x-axis

is the relative mass radius,, MM ,,; with M,. being the mass out to a certain radius ang;Mepresenting the total
mass (thus M/M,,, ranges from 0 at the core to 1 at the stellar surface).
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Figure 1: The graphical interface sfellarstruc Input parameters are entered into the boxes at (1), a miedation is launched by pressing button (2). If a solution is
found this is shown at the centre of the screen and importa@npeters are shown in green. The Set button (3) copies teereaent solution to the input parameters.
Buttons (4) and (5) makes plots of the results needed fontecises, after which you can press button (6) to save threuplot to a postscript file for printing.



e For each model we must enter some input parameters (1) - the afidhe star A/ [M]), the chemical
composition X andY’, the hydrogen and helium mass fraction) and the initial gege®f four parameters
(total luminosityL [ L], central temperaturé., central pressur€c- and the radius of the stdis).

e After running a model (2) the program will iterate the initipiesses, drawing a curve in each panel of the
plotting area for each iteration. The way this works is thatprogram integrates the differential equations
of the model both from the centre and from the surface. If aeha&ddiscontinous at the fitting point (8),
somewhere in between the core and the surface, e.g. a junme itemperature curve, the program will
adjust the guesses and make a new iteration. This goes dma @otitinous solution has been found. There
is however (on purpose) a limit of 50 iterations for this tgpan since making reasonalihétial guesses
(based on the preparatory exercise) is part of the lab. Thgram may also abort the iterations at once if
the initial guesses are way off. By using your scaling refai(hopefully) found in the preparatory exercise
you should not be that far off except perhaps for very highaysdars (since guesses at higher mass made
from scaled 1M, parameters also scales the uncertainties).

e The set button (3) can be very useful in the guess work. Iteotlie solution parameters from the most
recent successful model. Thus, if everything goes wrongoasuuse this to get back to the latest working
model. Also, if you copy the solution from a model with the katton, these numbers can be used as input
parameters for another model with similar mass. E.g. thatisol from a successful 505 model can be
copied to the input parameters with the set button and usgdesses for a 6.0/ model, after changing
only the mass parameter.

e For any successful model where a solution has been foundyrtengt parameters are shown in green next
to the plots. Writing these down on a piece of paper is necg$eaany model that will be used in the
exercises. Also, eight solution plots can be made usingbsif4) and (5) - and written to postscript files
for printing using button (6). Only the plots displayed o tcreen (using buttons 4 or 5) will be saved
to a file with button (6). The files are named using the totalsraasl metallicity (Z=1-X-Y) of the model,
preceded bylotl or plot2 depending on which plot screen is displayed. E.g. a modélMit2.70, X=0.73
and Y=0.25 will be saved gdotl M2.7Q. Z0.020.psf button (4) has been clicked to create the plots and
(6) to print these to a file.

e By pressing anywhere on the plot area the solution is cleapeahd only the final iteration (the red curve)
is shown. This can also be done to get back to the main windamv theplot1 or plot2 modes.

e Button (7) is used to quit the program.

Note that numbers such 693 x 10'° can be entered in exponential notation (6.93e10).

Plots saved to a postscript file can be checked out using agroguch aghostviewby typinggv filename.ps a
terminal window). If you are happy with a plot it can easilyfrinted from ghostview by selecting tfé@e/Print
documenbption or (directly from a terminal window) by typing a pramtcommandp -d printername filename

5 Thelaboratory exercises & questions

The idea of this lab is to get an overview of the properties aifilvsequence stars, modeled just as they have entered
the MS (homogenous chemical composition since fusion reisjarted). Here are some questions that should be
investigated and answered in your report:

1. Read the description in chapter 2.2 of Hansen and Kawhtartahe stellar modelling code. What approx-
imations have been made and what would be needed to get naigticemodels? What is the range of
applicability of the models, i.e., in what range are the ni@deasonably realistic and when should you be a
bit skeptical of the model output? Also, why is the surfacepositon (X and Y) of our current Sun a good
assumption for the composition (X and Y) throughout®&3 ZAMS star?

2. Use the scaling relations you found in the preparatoryaise to make solar composition ZAMS models
ranging from 0.8 to about 70/, (e.g. 1, 2, 4, 8, 16, 32, 6¥). For the 1M model we can use the
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parameters of the Suntoda¥ (= 0.73,Y = 0.25, P = 2.477x10'7, T = 1.58x 107, Rs = 6.96x1010)
and scale these to make inital guesses at all other masseenfiteer to make a 0 & model as well!

. Choose three stars of different masses and investiggteriant quantities as functions of relative mass

radius. Plots can be made using filetl andplot2 buttons in the program and printed from the postscript
files.

. Examine the different temperature gradients and expawto identify the convective zones in your models.

Use plots to get an overview of the different extent of cotivezones in models of different masses, and
discuss the reasons for those differences. In the reporsiould include the 0.8/, model, a high mass
and an intermediate mass model. The plot of interest foretkescise is the lower right panel using fhlet2
button. The solid curve represents, and the dashed curé, ., whereV = dinT/dinP. This plot can
be used to determined the convective and radiative zonégithtee models.

. How do the central temperature, central density, effedgémperature and energy generation rate change

according to the mass of the star? Interpret these resutigh®first three parameters scale with mass as
you found in your scaling relations?

. Plot the total mass-radius and total mass-luminosigtias using your model results. How well do these

agree with the exponents you found in your scaling relaftons

. Now study the effect of metallicity (Z=1-X-Y) by compagmodels with two very different chemical com-

positions, one series of very low-metallicity;(£) models and one series of very high-metallicity,{4)
stars. Use the same masses and initial guesses as for yaucawiposition models, but remember to change
the chemical composition parameters (X and Y) to get the lfieétya Z you want. Use two reasonable, but
very different metallicities (where would we find such veswland high metallicity stars in reality?). For a
given mass, which of the two chemical compositions has tige$ central temperature? The largest central
density? The largest energy generation rate at the cenigiaig why this may be so.

. Use your data to plot the zero-age main sequence (ZAMSYriaditionallog £ vs. log Teg Hertzsprung-

Russell diagram. How does the ZAMS differ for stars of difier chemical compositions? How do you
account for the differences in effective temperature androsity between two models of the same mass
but different chemical composition?

rtran code used in this exercise was developed by @Gnken and S. D. Kawaler, Btellar Interiors: Physical Principles, Structure and

Evolution Springer-Verlag, 1994. This computer exercise (versig®8zy Magnus Galfalk) was partly based on a lab. at Uppdzservatory
(version 2006 updated by Ola Karlsson), version 2005 by R€pitet, based on the one by Nils Ryde (1997) and Michelle Ma&Wiedner
(2003).



