Bonus exercise - Stars

The stellar disc of a galaxy from a galaxy formation simulation

When running a cosmological simulation, the output consists of coordinates and prop-
erties of dark matter particles, gas cells and star particles. Your are already familiar with
analysing dark matter particles from a galaxy (this was done in exercise A).

In this exercise, you will analyse the distribution of stars in a galaxy from Illustris
TNG-50, which is a large-scale galaxy formation simulation (https: //www.tng-project.
org/). BEach star particle represents a stellar population with the same age and metallicity.
Such star particles are spawned out of star-forming gas cells in the simulation.

The target of the analysis is a disc galaxy at redshift 0 with a total mass (stars, gas,
dark matter) of around 10'* M. This is comparable to the mass of the Milky Way.

Reading and plotting the data

The stars in the disc region (we define the disc region to be withn 0.1Ra of the galaxy
centre) from the simulation are included in the file,
GalaxyFromIllustrisTNG50_Stars_Subhalo521803.txt.

The columns are:

x coordinate of star particle: in units of kpc
y coordinate of star particle: in units of kpc
z coordinate of star particle: in units of kpc
M: mass in units of Msun

Minit: mass, when the star particle was formed in units of Msun
zinit: the redshift where the star was formed

M is always smaller than Minit, because a star particle looses mass (e.g. by supernova
winds) as it evolves. The coordinates are centred such that the galaxy centre is in (0,0,0).
The data can be read in python using the numpy . loadtxt function:

import numpy

Array = numpy.loadtxt(
"GalaxyFromIllustrisTNG50_Stars_Subhalo521803.txt"
)

Pos = Array[:,0:3]

Mass = Arrayl[:,3]

InitialMass = Arrayl[:,4]

RedshiftFormed = Array[:,5]

Task 1 Plot a projection showing the surface stellar density (in units of Mg, kpc—2) of the
galaxy. Do (z,y), (z, 2) and (y, z) projections. Does it look like a disc galaxy? Hint: Use
plt.hist2d to create the projections.

The orientation of the disc

In the next step, we will perform a rotation of the coordinates, such that the axes are
aligned with the minor axis and major axis of the disc. We will let z, 3, z denote the origi-
nal coordinates (as given in the above file), and let 2/, ¢/, 2’ denote the rotated coordinate
system, which is aligned with the galaxy.
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To calculate the disc orientation, we define the moment of inertia tensor:

Y4z —my —xiz
I= Z mi | —x;y; xf + Zf —Yizi | 1
i —T;Z; —VYiZi %2 + 1%2

where i is an index of a star particle, and the sum is over all star particles.
With Python and Numpy, the inertia tensor can be constructed as follows:

tensor = numpy.zeros( (3,3) )

tensor[0,0] = numpy.sum(Mass = y*y + ZxZ ))
tensor[1,1] = numpy.sum(Mass = X*X + Z*Z ))
tensor[2,2] = numpy.sum(Mass * ( X*X + y=*y ))

~ M

tensor[0,1] = - numpy.sum(Mass * X=*y )
tensor[1,0] = tensor[0,1]
tensor[0,2] = - numpy.sum(Mass * X%z )
tensor[2,0] = tensor[0,2]
tensor[1,2] = - numpy.sum(Mass x* y=*z )

tensor[2,1] = tensor[1,2]
The eigenvalues and eigenvectors can be found using the numpy.linalg.eig function
eigval, eigvec = numpy.linalg.eig( tensor )

The eigenvectors are the symmetry axes of the galaxy. We would like to rotate to a new
coordinate system, with unit vector xdir, ydir and zdir:

xdir = eigvec[:,0]

ydir eigvec[:,1]
zdir numpy .cross( xdir, ydir )

Above, we define zdir using a cross product (instead of e.g. using eigvec[:,2]), to
make sure that we obtain a right-handed coordinate system.

We denote the coordinates in the rotated frame as z’,7/, 2’ (and Xprime, Yprime,
Zprime in our python code). These coordinates can be calculated by projecting the vec-
tors onto the new unit vectors. We obtain the z’-values with

Xprime = xdir[0]sx+xdir[1]*y+xdir[2]x*z
And similarly for ¢’ (Yprime) by replacing xdir with ydir.
Task 2 Calculate the rotated coordinates z’,y/, 2’ of the star particles, and plot surface

density projections in the (2/,v'), (2/,2'), and (v, ) planes.

Task 3 Determine the rotation axis for this galaxy. Itis either 2/, y’ or 2’. Hint: the rotation
axis can be visually identified, since the galaxy is flattened along this axis. Quantitatively,
it is the eigenvector of the inertia tensor with the largest eigenvalue.

Surface density profile

We will now go ahead and plot the 1D surface density profile seen in an face-on pro-
jection. You will need to calculate the radial distance, R, to the rotation axis. It is called
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the radial distance, because it corresponds to the radial coordinate in polar or cylindrical
coordinates.
The radial distance equals one of the following expressions

R = /y"? + /2, if the rotation axis is 2. ()
R = /2’2 + 2’2 if the rotation axis is /. 3)
R = /22 + y/2, if the rotation axis is 2’. 4)

Task 4 Calculate the radial distance for each star particle.

In the following exercise, you should calculate the projected 1D surface density profile
of the disc. Basically, a plot complementary to fig. 9 from here: https://ui.adsabs.
harvard.edu/abs/2020MNRAS.498.2968L/abstract!

Task 5 Create "polar/cylindrical" shells bounded by different R-values, and calculate /
plot the 1D surface density in units of Mgkpc ™ (as a function of R).

Hint: Create a histogram with 20 equally sized bins for the radial distance. The his-
togram should be weighted by the mass, so you obtain the total mass in each bin. Divide
each histogram bin value with the area covered by each bin (2rRAR, where AR is the
histogram’s bin width). Use a logscale on the y-axis using plt.semilogy().

Star formation history of the galaxy

For each star particle in the galaxy, we have a formation redshift and an initial mass.
Based on this we can calculate the galaxy’s star formation history, which is the mass of
stars formed per year (in units of M yr—!) as a function of time. — it is simply an exercise
of making a mass-weighed histogram of the formation times.

Task 6 Use the 1lookback_time function in astropy to calculate the lookback time (in
Gyr), where each star particle was formed. Use the Planck15 cosmology in your calcu-
lation.

Task 7 Based on the lookback time and the initial stellar mass, make a plot of the star
formation rate (in units of Myyr—!) as a function of time (in Gyr) of the galaxy.

Hint: make a histogram showing the mass formed as a function of lookback time.... in
fig. 15 (black lines) in https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.
1750M/abstract|you can see such a plot.
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More exercises

Task 8 Do surface density projections of the young stars with a formation lookback time
between 0 and 2 Gyr. Do the projection in the (z’,v'), (2, '), and (¢/, 2’) planes.

Task 9 Do surface density projections for stars in each of the following lookback time
intervals: (0-2 Gyr), (24 Gyr), (4-6 Gyr), (6-10 Gyr), (all stars). Is the galaxy disc most
easily visible for the young or old stars?

Task 10 Repeat task 5, where you create a curve for the stars in each of the following
lookback time intervals: (0-2 Gyr), (2—4 Gyr), (4-6 Gyr), (6-10 Gyr), (all stars).
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