Limit magnitude for a given star count

C. Melis — March 2024

Siril uses 4 internal catalogues from Kstars. The point of this document is to determine a law to estimate
a magnitude that would return a given number of stars, in order to perform astrometry, depending of
the position of the search center in the sky

1. Extracting the star counts from the catalogues

The 4 catalogues use Hierarchical Triangular Mesh (see paper) to index the stars positions:

- The first 3 catalogues (up to mag 12) use a level 3 mesh (512 trixels)
- The last catalogue (up to mag 17-18) uses a level 6 mesh (32768 trixels)

For the sake of deriving a law, level 3 is deemed sufficient. For each of the 512 trixels, the following is
done:

- Extract the stars from the first 3 catalogues with a valid Vmag (Vmag > 30) for i*" trixel

- Extract the stars from the last catalogues (with a valid Vmag) for the corresponding 64 trixels
- Sort all the extracted stars by mag

- Formag0 to 18, count the number of stars with Vmag < mag

Note: The 64 trixels at level 6 corresponding to it trixel at level 3 are numbered from 64i to 64(i+1)-1.

Note: for each trixel, the position of the 3 vertices are also extracted and the centroid is determined as
(v1+v2+v3)/3, then renormed to land on the unit sphere. The 3 vertices coordinates in 3D are converted
from (ra,dec) as:
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The reverse is used to go back to celestial coordinates:
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The data for the 512 trixels (trixel ID, centroid, vertices, and star count CDF) are gathered in trixelsall.csv

2. Representing raw data

To test for completeness of the sphere description, all the trixels are plotted in 3D with the color
encoding the number of stars they contain.


https://siril.readthedocs.io/en/latest/astrometry/platesolving.html#using-local-catalogues
https://arxiv.org/ftp/cs/papers/0701/0701164.pdf

The figure shows the same data using Aitoff projection. The top panel uses celestial coordinates. The
bottom panel displays the same data after transforming centroids positions to galactic coordinates. The
modelling will make use of galactic coordinates.
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Note: conversion to galactic uses the formulas from this page. They do not give accuracy to arcsec (when
compared to astropy conversion functions) but are good enough for this high-level model.


https://www.atnf.csiro.au/people/Tobias.Westmeier/tools_coords.php

3. Data preparation

As we want to express a star density (per deg?), the data from each trixel need to be normalized. Each
trixel covers an area which depends of its location wrt to the initial octahedron. Trixels close to the edges
are smaller than trixels at the center of the faces.

The spherical area of each trixel is computed from these formulas. The CDFs of all trixels are then divided
by their areas and plotted together (in log scale).
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Fron figure above, we can observe that:

- For small magnitudes (bright stars), the data shows a large scatter, which is to be expected.

- For large magnitudes, there seems to be a threshold effect. Fainter stars must have been
discarded from the 4% catalogue (from USNO-NOMAD)

- There seems to be a linear trend (in log scale) in the range of mag 8-15.

The modelling will therefore focus on this range of magnitudes.

Figure below shows the distributions restrained to this range, for trixels located near the galactic equator
and galactic poles.


https://www.johndcook.com/blog/2021/11/29/area-of-spherical-triangle/
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As expected, there are much fewer stars close to galactic poles than close to the equator. Data close to
the equator also shows a much larger scatter, most probably due to the increased star density close to
the galaxy center. Based on the overall shape, the magnitude range is restrained to [11,15].

4. Model fitting

For each trixel, the magnitude is fitted against the normalized star density as follows:
M =mg + s * (log1o(N) — 2)

Where:

M is the magnitude

N, the number of stars per deg?

The value of 2 is subtracted so as to have my, the intercept, equal to the magnitude to have 100 stars/
deg?, which is a typical value used for astrometry in Siril.

We then bin the (my,s) pairs for all the trixels by |glon| and |glat|, using bins of 30 and 15 degrees
respectively and taking their median (taking the average does not change the overall fit that much). The
intercept and slope for each bin are showed in the figure below, plotted against |glon| (top row) and
|glat| (bottom row).

Note: glon is expressed in the range ]-180,180] instead of [0,360].
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Based on the observed data, the following model is selected:
my = 11.68 + 2.66 sin(|p¢|)
s = a(|4¢)) + (46D sin(leg)
with
a(|Ag]) =236+ 7.3-1073(|A5] — 90) = (|A5] < 90)
b(|Ag]) = 0.88 — 6.5-1073(|25] — 90) = (J]A5| < 90)

The a and b functions enable to capture the dependency in longitude wrt. to the galactic center, while
the sin(glat) term enable to represent the scarcity of stars close to poles.

Figure below shows the same data with the modelled values in dashed lines:
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Figure below shows modelled star densities vs the actual values, for each magnitude class. Fitting of the
model could also have been performed by minimizing the residuals on each data point. However, the
number of points not being uniform across each (glat,glon) bin, this would have introduced a bias
towards bins with more data.
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Figure below shows the magnitude to get 100 stars/deg?. Top is from the catalogue while bottom is with
the model.
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Figure below shows the logio of star densities for magnitude 15. Top is from the catalogue while bottom
is with the model.
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