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ABSTRACT 
A circumstellar disk that surrounds a star is composed of gas, dust, and rocky objects that are in orbit around it. Around infant 
stars, this disk can act as a source of material that can be used to form planetesimals, which can then accrete more material and 
form into planets. Studying the mineral composition of these disks can provide insight into the processes that created our solar 
system. The purpose of this paper is to analyze the mineral composition of these disks by using a newly created python package, 
Min-CaLM. This package determines the relative mineral abundance within a disk by using a linear regression technique called 
non-negative least square minimization. The circumstellar disks that are capable of undergoing compositional analysis must have a 
spectrum with both a detectable mid-infrared excess and prominent silicate features. From our sample, there are only eight debris 
disks that qualify to be candidates for the Min-CaLM program. The mineral compositions calculated by Min-CaLM are then 
compared to the Tholen asteroid classification scheme. HD 23514, HD 105234, HD 15407A, BD+20 307, HD 69830, and HD 
172555 are found to have a compositions similar to that expected for C-type asteroids, TYC 9410-532-1 resembles the 
composition of S-type asteroids, and HD 100546 resembles D-type asteroids. Min-CaLM also calculates the mineral compositions 
of the comets Tempel 1 and Hale-Bopp, and they are used as a comparison between the material in our early solar system and the 
debris disk compositions. 
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INTRODUCTION 
Circumstellar disks are rings of gas, dust, and other rocky objects that are in orbit around a star. Two types of common 
circumstellar disks are protoplanetary disks and debris disks.1,2 Protoplanetary disks form around infant stars before they reach the 
main sequence. The rocky material within these disks grows through violent collisions, eventually combining to form 
planetesimals.3 Debris disks form after the gas-rich protoplanetary disk around the star has dissipated, and they are composed 
primarily of dust grains and larger rocky bodies.4 The material in debris disks is composed of the remnants of collisions between 
planetesimals around the star. Several dust removal mechanisms eliminate dust grains effectively in the gas-poor debris disks in 
timescales much shorter than stellar ages, including: (1) Poynting-Robertson drag; (2) stellar wind drag; and (3) stellar radiation 
blowouts of small grains.5,6,7 The existence of debris disks indicates that this loss of material must be counterbalanced by the 
creation of new material via collisions of larger rocky material such as planetesimals.8 Therefore, the presence of a debris disk 
suggests the presence of planetesimals or already formed planets around the star.3  
  
The light spectrum of debris disks can be used to determine physical characteristics such as the mineral composition, grain sizes, 
and temperature of the debris disk that emitted it.9 This paper will primarily study the mineral composition of debris disks. The 
mineral composition of a debris disk can be determined because the emitted spectrum is a combination of the individual spectra 
of the dust grains that compose the optically thin disk. Each dust grain mineral species produces a unique spectrum that allows 
the species to be identified.10 Thus, the mineral composition of a debris disk can be determined by deconstructing its emitted 
spectrum into the spectra of the individual mineral species within the disk.  
 
Studying the mineral composition of debris disks in other solar systems may provide insights into the formation of our solar 
system. A particularly useful analog to the dust in other solar systems is the carbonaceous chondrites that are abundant in the 
asteroid belt in our solar system.11 Chondrite meteorites are thought to have been created from shock heating and thermal 
annealing in the protoplanetary disk of our early solar system.12 These thermal processes cause them to have a silicate-rich 
composition that is similar to the mineral composition detected in debris disks.13 This presents the possibility that the ongoing 
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processes in the debris disks are the same processes that created our solar system.14 Therefore, the detection of debris disks with 
similar compositions to some constituents of the solar system provides a rare opportunity to study the evolution of our solar 
system.  
 
The challenge of performing mineral spectroscopy on debris disks is the limited number of stellar candidates that meet the 
necessary qualifications for such analysis. Matthews et al. (2014) reported that debris disks are detected around ~10% of solar-
type stars (e.g., the FEPS survey) and around ~20% of FGK type stars (e.g., the DUNES survey).15,16 However, because of the 
detection sensitivity required to observe debris disks and the need for a highly sensitive space InfraRed telescope (e.g., Spitzer 
Space Telescope), the number of currently known stars that have debris disks is relatively small (N=505 from Cotten and Song 
2016).17 The few stars that have debris disks must also have a detectable mid-infrared excess, prominent silicate mineral features, 
and have been observed by either the Infrared Space Observatory (ISO) or by the Spitzer Space Telescope (SST).5 For these 
reasons, out of 505 of the known debris disks, only eight are viable candidates for mineral composition analysis. 17 

 
Like chondrite meteorites, comets are composed of the material from the early solar system, primarily from the solar nebula 
during the protoplanetary disk phase.18 This cometary material is similar in composition to planetesimals found in systems with 
early planet formation.19 Therefore, studying the composition of comets is another way to study both the environment of the early 
solar system, and also the composition of distant planetesimals indirectly.20 To further study the cometary dust grains in our solar 
system, NASA conducted the Deep Impact study to measure the spectrum of the comet Tempel 1.21 In this study, an impactor 
was sent to collide with Tempel 1.22 The impact was necessary because the mineralogical emission features required for 
spectroscopy are only present when sufficiently small grains are abundant.3 The spectrum of Tempel 1 is representative of the 
composition of the early solar system when Tempel 1 is thought to have formed.23 One of the uses of the Deep Impact study is 
to compare the emission features of the early solar system dust against the emission features of debris disks.24 For this reason, 
Tempel 1 is an interesting candidate for mineralogical compositional analysis.  
 
We developed a new mineralogical compositional analysis technique called Mineral Compositional Analysis using Least Square 
Minimization (Min-CaLM ) and this technique was applied to the spectra of various comets and debris disks. We developed the 
Min-CaLM program to determine the mineral composition and relative abundance of each mineral within it. It should be noted 
that there are many possible combinations of minerals and relative mineral abundances that can produce the same observed 
spectrum of a certain target.11 Ordinarily, mineral compositional analysis is done manually, which could lead to potential bias in 
the results due to inherent biases the scientist may have. Unlike the traditional method, the Min-CaLM analysis provides a bias-
free, purely mathematical composition result. However, we note that Min-CaLM results are not necessarily represent better fits. 
While it can only be applied to a few debris disks currently, our Min-CaLM method will be useful to analyze many more debris 
disk spectra that will be obtained with the Next Generation Space Telescope (James Webb Space Telescope).  
 
It must be pointed out that, in this compositional analysis technique, we have made the underlying assumption that each debris 
disk is optically thin enough that the spectra of the inner disk can be measured. Min-CaLM studies the solid-state features in 
debris disk spectra, and these features originate in the optically thin region of the debris disks. By making this assumption, the 
composition calculated by Min-CaLM can be considered to be representative of the composition of the entire debris disk, not just 
the optically thin regions. This assumption allows the mineral spectra to be added together linearly to recreate the debris disk 
spectrum. Additionally, it should be noted that Min-CaLM does not consider the effects of different grain temperatures, shapes, 
or porosities in its calculations. These properties considerably affect the spectra produced by the dust particles, however, in Min-
CaLM’s mineralogical library, each mineral is represented by a single spectrum with fixed temperature (Black-body), shape 
(circular), and porosity (minimal porosity).  
 
 
METHODS 
The Debris Disk Selection Process 
The debris disks analyzed in this paper were chosen by first examining the list of 505 known debris disks from Cotten and Song 
(2016) which was the most complete list of nearby (<100 pc) debris disks (> ~5 Myr) debris disks when published. The list did 
not contain proto-planetary disks because of the age selection criterion. The mid-IR spectra for some of these disks were taken by 
the IRS spectrometer onboard the Spitzer Space Telescope.25 These spectra were downloaded from the Spitzer Heritage Archive, 
which is a library that contains the data from past observations made by the Spitzer telescope.26 Of the 505 debris disks, Spitzer 
did not observe 98 of them, and therefore these disks could not be considered for mineral compositional analysis. In order to 
determine which of the remaining debris disks spectra have strong silicate mineral features, the spectral contributions of the stellar 
photospheres were subtracted from each of the Spitzer mid-IR debris disk spectra (Figure 1a). This subtraction separates the disk 
spectrum from the stellar photosphere spectrum. Additionally, large dust grains that compose the debris disk produce a smoothly 
varying blackbody emission that must be removed from the debris disk spectrum before it can undergo mineral spectroscopy. 
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Figure 2. This figure displays two IRS spectra where silicate mineral features are not present. If these spectra contained silicate mineral features, the 
spectra would resemble the debris disk spectra in Figure 1. 

Figure 1. This figure demonstrates that the Spitzer IRS spectrum (left) is a combination of the spectral contributions from the stellar photosphere SED  
(Spectral Energy Distribution)  (middle) and the debris disk spectrum (right). To obtain the isolated debris disk spectrum from the IRS spectrum, the 
stellar photosphere must be subtracted from the observed IRS spectrum.  

This approximation of blackbody emission from large dust grains is made so that the silicate spectral features of interest, 
produced by small dust grains, can be isolated and studied. When there exist strong hints of these dust blackbody contribution, we 
subtracted dust blackbody contribution with the best-fit blackbody dust temperature obtained by an iterative eye-fit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Once the debris disk spectrum is isolated and the blackbody component has been removed, the presence of silicate emission 
features is determined. 397 of the 407 remaining debris disks do not have substantial silicate emission features (Figure 2), which 
leaves only eight candidates that are capable of undergoing mineral compositional analysis. Debris disk spectra with silicate 
features are rare because for this to be the case, there must be an abundance of small particles in the disk. Particles that are small 
enough to produce silicate features are easily blown out of the disk via radiation pressure. If a debris disk spectrum has prominent 
silicate features, then this implies that the small dust grains are being created faster than they are blown away from the disk. 5 The 
debris disks that this paper will focus on are the disks around the following eight stars: BD+20 307; HD 172555; HD 15407A; 
HD 23514; HD 69830; TYC9410 532-1; HD 100546; and HD 105234.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In many of the debris disk spectra, there are sections of sharp decreases and increases in flux due to instrument artifacts (Figure 
3). This issue originates from the reduction of the raw spectra obtained by the Infrared Spectrograph (IRS), an instrument in the 
Spitzer telescope.27 There are four spectral modules used in the IRS high resolution observing mode: Short-Low; Short-High; 
Long-Low; and Long-High. Each module covers a different range of infrared wavelengths. Each of these modules produces a 
spectrum with a flux scaling that is occasionally offset from the scaling produced by the other modules in the IRS.28 The spectral 
peaks from each module section are real features, but they appear to be artificially raised or lowered from the expected flux. One 
reason for the difference in flux levels is the different widths of the SL and LL slits in each module, which results in different 
amounts of flux lost.29 This issue is somewhat mitigated by using the CASSIS library which seeks to calibrate the scaling of each 
module.30 The CASSIS database contains optimally extracted spectra measured by each of the different Spitzer IRS modules, 
unlike the pipeline extracted spectra for general purpose from the Spitzer Heritage Database.31 For a small fraction of CASSIS 
reduced-IRS spectra, we see inappropriate inter-module scalings manifested as a sudden discontinuity of spectral shape at the 
module boundary. To correct the flux scaling for each instrument, we first plot the module spectra together. Misaligned sections 
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of spectra are multiplied by a scaling factor, which is calculated by dividing the expected flux level by the actual observed flux at 
that wavelength.  As an example, the result of this process on the circumstellar disk surrounding HD 15407A is displayed (Figure 
3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Traditional Methods of Mineralogical Analysis 
Traditionally, a mineral compositional analysis of debris disks has been performed manually.24 The minerals that are considered in 
the mineralogical analysis are chosen based on their likelihood of being present in a debris disk.23 The minerals are then selected 
based on the relative strength and wavelength of their spectral features and are then compared to the corresponding features in 
the debris disk spectrum. The mineral is considered to be a match if its spectral features have a similar height and wavelength to 
the features in the debris disk spectrum. The relative abundance of a mineral is the amount that its spectrum contributes to the 
overall debris disk spectrum. Therefore, the relative abundance is related to the amount of that mineral that is present in the 
disk.32 The debris disk spectrum is recreated by multiplying each mineral by its relative abundance within the disk and then adding 
the weighted mineral spectra together. If the minerals and relative abundances are well-chosen, then the newly created spectrum 
will resemble the original debris disk spectrum. 
 
The Min-CaLM Algorithm 
The manually driven phase space search method relies on a human observer to choose a small number of expected mineral 
species and guide the phase space search by hand, and thus is potentially limited by the initial choice of minerals and bias of the 
observer and their ability to search phase space. In order to improve this, we began developing the Min-CaLM program to 
mineralogically fit the IRS spectra of the debris disks around two stars initially, HD 23514 and HD 15407A, and modified the 
program until it was able to recreate both spectra successfully. The process of this development involved trying different 
mathematical methods to determine the relative abundance of each mineral to produce the best spectrum fit for both debris disks. 
The most effective mathematical approach was found to be a linear regression technique called non-negative least square 
minimization (NNLS).33 NNLS is a good method for compositional mineral analysis because the target spectrum (debris disk or 
comet), mineral spectra, and the relative abundances of each mineral create a linear system (Figure 4). Additionally, this is an 
overdetermined system, meaning that there are more equations than there are unknowns. This indicates that the solution to this 
linear system (i.e., the relative abundances of each mineral) is not unique, and therefore different combinations of mineral 
abundances could be used to create the same spectrum. NNLS provides a good approximation of the solution of an 
overdetermined system.34 

 
To be able to use NNLS on the debris disk system, first, the target spectrum, mineral spectra, and relative abundances must all be 
converted into matrix form (Figure 4). The mineral spectra matrix is created by placing each mineral spectrum horizontally next 
to each other. This is a  size matrix because there are 40 minerals in the Min-CaLM mineral library, and there are 903 
spectral points in each mineral spectrum. Likewise, the data points of the debris disk spectrum are resampled into a  
matrix to match the number of spectral points of mineral spectra, and the relative abundances are stored in a  matrix 
because each mineral has only one abundance. This system of matrices forms a linear system, as shown in Figure 4. In this matrix 

Figure 3. This figure compares the spectrum of the debris disk surrounding the star HD 15407A before (red) and after (blue) the spectrum 
was flux corrected. In the left figure, both spectra are displayed on top of each other to show the difference between them. The flux 
corrected spectrum (blue) is raised for demonstration purposes only. In the non-corrected spectrum (red), the flux scaling of the LL1 
module (from 21 to 38 microns) is scaled too low compared to the rest of the module flux levels, so a sharp decrease can be seen around 21 
microns. The right figure shows a close-up of the discontinuity, with both spectra plotted on top of each other for display purposes. The 
flux discontinuity can be seen at around ~21 microns. The flux-corrected spectrum should be continuous with no sharp discontinuities, so 
the LL1 module spectrum must be raised to the correct flux level compared to the other module levels. 
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representation,  represents an IRS spectrum of a debris disk, while  represents a 
mineral spectrum of the  species in the mineral spectral library, and  corresponds to the best-fit relative 
abundances of all mineral species considered.  

 
Now that each part of the system is in matrix form, the NNLS equation (1) can be applied,  
                                                       mw - t   with                                                                               Equation 1. 
Here m represents the mineral spectra matrix, t is the target spectrum, and w is the relative abundance of each mineral. 
Additionally, relative abundances are constrained to be zero or positive numbers. The reason for this constraint is that a negative 
mineral abundance would be non-physical. The result of the solved NNLS equation is a list of 40 mineral abundances. If a 
mineral is determined by Min-CaLM not to be present in the debris disk, then the abundance of that mineral will be zero. The 
new debris disk spectrum is recreated by multiplying the spectrum of each mineral with its corresponding relative abundance 
within the disk. Then each of the weighted spectra is added together. We list all 40 mineral species considered in our Min-CaLM 
scheme in Table 1.  
 
RESULTS 
The goal of this study is to calculate the unbiased mineral composition of eight debris disks and two comets using our newly 
developed mineralogical analysis technique, Min-CaLM. Before using the Min-CaLM scheme, each target spectrum must undergo 
the photosphere and blackbody removal processes described in the Methods section. The relative mineral abundances calculated 
by Min-CaLM are displayed in Table 2 for each target object. These abundances are used to recreate the spectrum of each object, 
shown in Figure 5. Also included in Table 2 are the black body temperatures used in Min-CaLM’s calculations and reduced chi-
squared test results for each object. For illustrative purposes, a diagram of the mineral spectra present in the circumstellar disk of 
BD+20 307 is included in Figure 7 to demonstrate how the mineral spectra are combined to recreate the observed spectrum. 
 
The reduced chi-square statistic is defined as the chi-square per degree of freedom and is used to determine the goodness of fit of 
the Min-CaLM recreated and the original spectra. For the reduced chi-square statistic, a fit is considered to be bad if  , 
good if   , and over-fitted if .35 For the purposes of Min-CaLM, an overfitted result is acceptable because the 
objective of the program is to reproduce the target spectrum as closely as possible. Of the results calculated by Min-CaLM, HD 
172555, BD+20 307, HD 100546, and Hale Bopp have chi square results less than one, and HD 15407A, HD 105234, HD 23514, 
HD 69830, TYC 9410-532-1, and Tempel 1 have chi square results larger than one. It should be noted that any model that 
produces an acceptable chi-square values should be treated as valid. This system is over-determined, so there are many possible 
solutions, and if those solutions produce acceptable chi-square results, then they are just as valid as these solutions. 
 
The chi-square test values are calculated with  , which is then divided by the degrees of freedom, equal to 
the number of data points, and where  indicates a wavelength point and the noise is the error recorded by Spitzer. Chi-square 
values are also plotted against the wavelength for each target object in Figure 6. Some diagrams in Figure 6 have peaks with high 
chi-square values, but the overall reduced chi-square value is small. This could indicate that the fitting is good at most wavelengths 
except for the wavelengths with high peaks. Together, these plots illustrate which wavelengths Min-CaLM struggles the most to 
fit. The chi-square value vs wavelength plot of an optimally reproduced target spectrum would hover around zero, and regions 
with a raised chi-square value indicate where the Min-CaLM-reproduced spectrum did not correctly reproduce the target 

Figure 4. This is the matrix representation of the linear system containing the mineral spectra (left), the relative abundances of those minerals 
(middle), and the debris disk spectrum (right). The mineral spectra matrix is of size . Each column of this matrix corresponds to the 
individual spectrum of a mineral which contains 903 data points. The relative abundance matrix is of size  because each mineral has one 
relative abundance and there are 40 total minerals. The debris disk spectrum of size  is created by multiplying the mineral spectra and the 
relative abundance matrices.  
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spectrum. For instance, in the plot of HD 100546 in Figure 6, Min-CaLM struggled to fit the debris disk spectrum of HD 100546 
around 6 and 11 microns, with the largest peaks in the plot at 6.35 microns. This plot indicates that Min-CaLM is possibly missing 
the species of phyllosilicates and olivine minerals that produce spectral peaks around those wavelengths.36 As evidenced from the 
plots in Figure 6, the mineralogical library of Min-CaLM is not yet complete and would considerably benefit from the inclusion 
of more olivine, silicate, and phyllosilicate mineral species. 
 

 
 
 
 
 
 
 
 
 

Mineral Name Mineral Family Formula Description 

Tridymite Tectosilicate SiO2 A tectosilicate mineral found in felsic igneous rocks 
Albite Tectosilicate NaAlSi3O8 A feldspar mineral found in felsic igneous rocks 
Anorthite Tectosilicate NaAlSi3O8 A feldspar mineral found in mafic igneous rocks 
Hypersthene Inosilicate (Mg,Fe)SiO3 An inosilicate mineral found in igneous rocks and 

occasionally in metamorphic rocks 

Diopside Inosilicate CaMgSi2O6 A silicate mineral found in ultramafic igneous rocks 
Hornblende Inosilicate Ca(Mg,Fe)4Al(Si7Al)O22(OH,F)2 An inosilicate mineral found in metamorphic and igneous 

rocks 

Wollastonite Inosilicate CaSiO3 A calcium inosilicate mineral  
Nontronite Phyllosilicate Ca0.5(Si7Al0.8Fe0.2) 

(Fe3.5Al0.4Mg0.1)O20(OH)4 

An iron-rich clay mineral found in basalt rocks 

Montmorillonite Phyllosilicate (Na,Ca)3(Al,Mg)2Si4O10(OH)2(H2O) A member of the smectite mineral group related to clay 
Saponite Phyllosilicate  Ca0.25(Mg,Fe)3 

((Si,Al)4O10)(OH)(H2O) 
A smectite group mineral found in basalt rocks 

Halloysite Phyllosilicate Al2Si2O5(OH)4 A clay mineral sometimes found in basalt rocks 
Talc Hydrated 

Magnesium Silicate 
Mg3Si4O10(OH)2 A clay mineral commonly found in metamorphic rocks 

Olivine Nesosilicate 
(Olivine group) 

(Mg,Fe)2SiO4 A magnesium iron silicate commonly found in the upper 
mantle  

Forsterite Nesosilicate 
(Olivine group) 

(Mg2SiO4) A magnesium-rich olivine mineral commonly found in 
igneous rocks, metamorphic rocks, and meteorites 

Fayalite Nesosilicate 
(Olivine group) 

Fe2SiO4 An iron-rich olivine mineral commonly found in alkaline 
igneous (specifically volcanic) 

Bronzite Pyroxene (Mg,Fe)SiO3 Magnesium silicate with containing amounts of iron 
Hedenbergite Pyroxene CaFeSi2O6 An iron-rich pyroxene mineral found in chondrites 
Diopside Inosilicate 

(Pyroxene group) 
MgCaSi2O6 A monoclinic pyroxene mineral commonly found in igneous 

and mafic rocks 

Enstatite Inosilicate 
(Pyroxene group) 

MgSiO3 A pyroxene silicate mineral commonly found in igneous and 
metamorphic rocks 

Magnesite Carbonate MgCO3 A carbonate mineral that contains traces of iron and nickel 

Dolomite Carbonate CaMg(CO3)2 An anhydrous carbonate mineral 
Siderite Carbonate FeCO3 A mineral composed of ~48% iron 
Corundum Oxide Al2O3 A translucent crystalline form of aluminum oxide 
Ti3O5 † Oxide Ti3O5 An oxide mineral 
Hematite Oxide Fe2O3 A gray colored iron ore 
Magnetite Oxide Fe2O4 A magnetic iron ore 
SiO * Other SiO Silicon monoxide gas 
Quartz Oxide SiO2 A mineral commonly found in felsic igneous rocks 
Gamma Alumina † Oxide Al2O3 A chemical compound related to corundum 

Table 1. This table displays the minerals included in the Min-CaLM mineralogical library. Beside each mineral is the mineral group, the chemical formula, 
and a brief description of the mineral. The mineral group is a collection of minerals based on their chemical compositions. Min-CaLM calculated the 
emission for 19 of these minerals, but found no traces of them in the debris disk spectra, so those minerals are not displayed in this table. A † symbol 
means that the mineral spectra was downloaded from the USGS Spectral Library, a * symbol indicates that the spectrum was obtained by tracing a spectral 
graph, and no symbol means that the mineral spectrum was downloaded from the ASU Spectral Library. The ASU Spectral Library contains mineral 
absorption spectra, but the Min-CaLM program requires the emission spectrum of each mineral. To convert the mineral absorption spectra to emission 
spectra, each spectrum is inverted along the y-axis (flux) via the equation [emission flux = 1 – absorption flux] at each wavelength. 
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The mineral composition of the debris disks is significant because they bear a resemblance to the composition of the asteroids in 
our solar system. Based on the Tholen Taxonomy classification of asteroids, the compositions of the debris disks calculated by 
Min-CaLM are similar to the composition of three of the most abundant asteroid types in our solar system. Six debris disks (HD 
23514, HD 105234, HD 15407A, BD+20 307, HD 69830, and HD 172555) are found to have compositions similar to that of C-
type asteroids, one debris disk (TYC 9410-532-1) resembles the composition of S-type asteroids, and one debris disk (HD 
100546) resembles D-type asteroids. These findings will be discussed in further detail in the Discussion section. 
 

 
 

Mineral Name Targets 

 HD 
15407A 

HD 
172555 

HD 
105234 

BD+20 
307 

HD 
23514 

HD 
100546 

HD 
69830 

TYC 
9410 
532-1 

Tempel 1 Hale 
Bopp 

Blackbody 
Temperature (K) 

344 373 425 424 372 336 330 360 485 - 

Chi-square test result 8.75 0.268 15.6 0.00610 59.0 0.0263 126 11.0 606 0.0238 

Magnetite 15.1 18.9 - - 21.7 - 23.6 14.8 24.4 - 

Hornblende 15.0 26.9 -  - 9.8 69.0 45.3 12.1 5.5 47.1 

Fayalite - 20.1 - - - 16.1 3.5 - 2.8 - 

Forsterite - - 6.9 8.4 7.4 - - 10.1 10.1 - 

Siderite 0.6 - 3.0 - 2.6 - - 1.1 3.2 - 

Olivine 13.9 15.1 - 8.7 - 7.6 18.3 - 5.8 24.4 

Quartz - 6.2 - - 6.2 - - 3.7 0.9 1.2 

Tridymite 5.1 - - - 19.1 - - 0.6 4.2 - 

Hypersthene - -  1.0 33.3 6.3 - - - - - 

Magnesite - - -  - - 7.3 0.4 1.8 3.2 - 

Enstatite - - - - - - - - 5.7 11.8 

Diopside - - - 3.1 1.4 - - 5.4 - - 

Dolomite - - - - - - - 9.6 - - 

Saponite - - 49.4 - - - 3.8 - - - 

Talc - - - 18.6 1.7 - - 8.3 5.0 1.8 

Al2O3 6.3 - 5.9 7.6 1.0 - 0.2 8.2 2.4 10.7 

Nontronite - 3.9 - - - - - - - - 

Bronzite 8.1 - - - 1.6 - - - - - 

SiO - - 12.9 - - - - - - - 

Corundum 13.1 - - - 8.0 - 5.0 13.4 6.9 2.9 

Halloysite 5.6 - - 7.0 5.2 - - 2.8 - - 

Albite 2.6 - - 2.8 4.4 - - 5.0 5.5 - 

Wollastonite - - - - 1.0 - - - - - 

Anorthite 2.2 -  1.1 0.6 - - - 3.3 4.8 - 

Gamma Alumina 3.6 - 1.0 10.0 2.7 - - - - - 

Hematite - 9.0 0.8 - - - - - - - 

Ti3O5 - - 15.0 - - - - - 6.2 - 

Montmorillonite - - 3.1 - - - - - - - 

Hedenbergite - - - - - - - - 3.60 - 

Table 2. The relative % abundance of each target spectrum, calculated by the Min-CaLM analysis. There are eight debris disks and two comets. Each target is 
labeled at the top of the table and the minerals are on the left-hand side. If a mineral is not calculated to be in the target spectrum this is denoted by a “-“ 
symbol. The number in each cell represents the percentage of that mineral calculated to be present in the target spectrum. The spectrum of Hale Bopp does 
not show a hint of smooth blackbody continuum hence no blackbody temperature in the table. 



American Journal of Undergraduate Research www.ajuronline.org

 Volume 18 | Issue 2 | September 2021  20

 

Figure 5. This figure displays the final recreated spectra of the Min-CaLM program. The y-axis of each graph is the flux measured in Jy, 
and the x-axis is the wavelength measured in μm. The red spectrum is the original photosphere-subtracted disk spectrum of a target object, 
and the blue spectrum is the recreated best-fit spectrum from Min-CaLM plotted on top of it. The green uncertainty bars represent the 
uncertainty in the observations made by the Spitzer telescope. It should be noted that in some diagrams, such as the diagram of HD 23514, 
the Spitzer uncertainty bars from the CASSIS library are too small to be visible. Hale Bopp and Tempel 1 were not observed by Spitzer, and 



American Journal of Undergraduate Research www.ajuronline.org

 Volume 18 | Issue 2 | September 2021  21

 
 

Figure 6. This figure displays the chi-square value vs wavelength for each Min-CaLM calculated spectrum compared to the original measured 
spectrum. The chi-square value vs wavelength plot for a perfectly matched reproduced spectrum should hover around zero. Therefore, the regions 
of wavelength that correspond to large chi-square values indicate where Min-CaLM has struggled to properly reproduce the target spectrum. These 
wavelength regions are thought to have not been properly reproduced because Min-CaLM’s mineralogical library is missing the ideal corresponding 
mineral that contains peaks at that wavelength region. 
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DISCUSSION 
The Relation of Calculated Debris Disk Composition to Our Solar System 
Of all known debris disks, around 1–2%, such as the disks analyzed by Min-CaLM, contain a warm infrared excess emission that 
is created by the collision of planetesimals within the disk.37 When Min-CaLM calculates the relative mineral abundance of each 
debris disk, the abundances represent the composition of the planetesimals that created the dust in the collisions. Therefore, a way 
to relate the Min-CaLM-calculated debris disk compositions to our solar system is to compare them to the asteroids that are 
present in our system. One way to do this is to use the Tholen Taxonomy of asteroids. 
 
The Tholen Taxonomy of asteroids categorizes asteroids into different classes based on the albedo and spectral shape of each 
type of asteroid, and each class of asteroids is found in different regions in the solar system.38 An asteroid class provides insight 
into the composition of the asteroid and its origin within the solar system.39 Three of the most abundant asteroid classes found in 
our solar system are the C, S, and D classes. For comparisons of the composition of the debris disks and asteroid classes, the 
relative mineral abundances for each debris disk can be found in Table 2, and the group of each mineral in the mineralogical 
library can be found in Table 1. 
 
The C asteroid class is believed to be the parent body of carbonaceous chondrite meteorites, meaning that they have a similar 
composition to chondrites.40 C-type asteroids are found in the outer region of the asteroid belt and contain a significant amount 
of hydrated silicates, also known as phyllosilicates.41 Of the debris disks analyzed by Min-CaLM, six of them, HD 23514, HD 
105234, HD 15407A, BD+20 307, HD 69830, and HD 172555 have mineral compositions that resemble the composition that is 
expected for C-type asteroids. This could indicate that C-type asteroids are abundant in these debris disks because the dust in the 
disks is likely created by the collisions of such asteroids.  
 
S-type asteroids are found primarily in the inner region of the asteroid belt. The S asteroid class is thought to be the parent body 
to ordinary chondrites, which are the most common form of chondrites. The composition of S-type asteroids varies widely, and 
so this class is separated into multiple different subtypes. These subtypes are based on the proportion of olivine minerals to 
various pyroxene mineral groups, such as clinopyroxenes.42 Only one of the debris disks analyzed by Min-CaLM is found to have 

Figure 7. This is a diagram of the Min-CaLM results for the circumstellar disk surrounding BD+20 307. The recreated spectrum is placed at the 
top (shown in blue) and is overlayed on top of the observed disk spectrum (shown in red). Note that the recreated spectrum (blue) matches the 
original spectrum (red) to the extent that the original spectrum cannot be seen at this scale. The mineral spectra placed underneath the circumstellar 
disk spectrum are ordered based on their relative abundances within the disk. All spectra shown in this diagram have been artificially raised and 
separated for display purposes. The amplitude of the mineral spectra is scaled by their relative abundances in the debris disk. 
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a similar composition to S-type asteroids. TYC 9410-532-1 resembles the S(III) subtype, which is characterized by a relative 
abundance of olivine minerals that is much higher than the abundance of minerals in the pyroxene group.42 For example, the 
debris disk surrounding TYC 9410-532-1 is calculated to be composed of 10.10% olivine minerals and only 5.40% pyroxene 
minerals.  
 
The D asteroid class can be found past the outer region of the asteroid belt in our solar system. These asteroids are thought to 
have originated in the Kuiper belt of our solar system.43 D-type asteroids are characterized by a lack of phyllosilicates.44 Of the 
debris disks analyzed by Min-CaLM, HD 100546 is found not to contain any phyllosilicate minerals and is therefore most 
represented by the D-type asteroid type. 
 
The spectrum of the gas-rich protoplanetary disk orbiting HD 100546 is known to be remarkably similar to the spectra of the 
comets Hale-Bopp and Tempel 1.24 Based on the Min-CaLM best-fit result, these objects consists primarily of oxide and silicate 
group minerals. The similarity in the composition of the debris disk surrounding HD 100546 and the comets could indicate that 
the environment in which Hale-Bopp and Tempel 1 were created is similar to the current environment of HD 100546.45 Because 
Hale-Bopp and Tempel 1 were likely created in the solar nebula before the creation of planetesimals, this compositional similarity 
could indicate the presence of forming planetesimals in the circumstellar disk of HD 100546.24 

 
Literature Comparison 
The mineral compositions calculated by Min-CaLM for circumstellar disks differ slightly from the compositions reported in other 
papers. This difference is expected because the system of linear equations displayed in Figure 4 is overdetermined, which 
indicates that there are many different solutions to the system. The mineral compositions of each debris disk, displayed in Table 
2, are only one possible set of solutions to this degenerate system. This degeneracy is naturally occurring and cannot be removed 
from consideration. This becomes more apparent when comparing the composition of debris disks to asteroid types. An example 
of this can be seen with the composition of HD 69830. The composition that Min-CaLM calculated for HD 69830 is most similar 
to a C-type asteroid, but in Lisse et al. (2006), it is estimated to have a composition more similar to a P or D asteroid.24 This 
difference in asteroid types is a reminder that, because this system is overdetermined, there are many possible solutions for the 
same system. 
 
Another example of the difference in results can be seen in Lisse et al. (2009). In that paper, the mineral composition of HD 
172555 was found to be primarily made of tectosilicates, SiO gas, and olivine minerals. In contrast, Min-CaLM calculated the 
mineral composition of HD 172555 to contain primarily hornblende, fayalite, and magnetite, which are inosilicates, olivine 
minerals, and oxide minerals respectively (Table 2).   
 
We note that a manual fitting method, such as that applied by Lisse and collaborators, can be beneficial to create traditionally 
acceptable and appropriate solutions by first considering the minerals that frequently appear in astronomical environments in the 
fitting procedure. Our method does not take the astrophysical priorities of mineral species into account, and therefore, produces 
unbiased mathematical solutions. When analyzing a large set of mid-IR disk emission features, such as the ones to be taken with 
JWST, a quick, unbiased fitting by Min-CaLM followed by detailed manual fitting can be a valuable approach. 
 

 
Future Improvements  
There are several ways that the Min-CaLM program can be improved in the future. A substantial improvement that can be made 
to Min-CaLM’s mineralogical library is to increase the number of minerals that it contains. This expansion of the mineralogical 
library would include minerals that are found in debris disks, but whose mid-IR spectrum could not be found when creating the 
library, such as amorphous refractory species. The increase in the number of minerals could potentially make the Min-CaLM-
calculated debris disk compositions more scientifically accurate.  Currently, the Min-CaLM library contains forty minerals that 
were chosen by their occurrence in debris disks, as reported in Lisse et al. 2006, Lisse et al.  2007, and Lisse et al.  2009. Our 
current spectral library of 40 minerals is likely insufficient to fit a variety of debris disk spectra. Because of the missing mineral 
spectra, some of the spectral features of the debris disks might be unable to be recreated by Min-CaLM. This effect can be seen 
most clearly in the spectrum recreation of Hale Bopp (Figure 5). There is a spectral peak around ~24 μm that Min-CaLM was 
not able to reproduce, potentially because it is missing the mineral that creates a peak at that wavelength. However, this 
discrepancy in peak location could also arise from differences in mineral sample grain shape, porosity, annealing history, and 
crystallinity, all of which Min-CaLM does not take into consideration.46 Note that an increase of the size of Min-CaLM’s 
mineralogical library would result in an increased number of degenerate solutions, as can be seen in Table 
 4. In this case, the Min-CaLM program would still choose the mineral composition that best fits the debris disk spectrum.  
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Another issue is that the mineral spectra included in Min-CaLM’s mineralogical library only contains spectra from finely milled 
laboratory samples. When tiny particles are heated, their thermal spectra contain more prominent peaks than the spectrum that is 
created by larger particles. This problem can be fixed by expanding the mineralogical library to include different grain sizes for 
each mineral spectrum. With this improvement, the Min-CaLM program output would also include the grain size that was used 
for each mineral spectrum found in the debris disk. 
 
Besides improvements on the mineralogical library, a potential future change to Min-CaLM could be to add additional linear 
regression technique such as Non-Negative Weighted Least Square (NNWLS) regression. This technique would place a weighted 
probability on each mineral based on how likely that mineral is to be found in a debris disk. Additionally, it could be used to make 
Min-CaLM place greater importance on certain spectral features when recreating the debris disk spectrum. For instance, it might 
be more crucial to fit the most prominent spectral peaks of the debris disk than it is to fit the ~40 μm tail of the spectrum, which 
generally contains more noise.47 Using NNWLS could provide an additional solution to the overdetermined system of the debris 
disk spectrum, the relative mineral abundances, and the mineral spectra.  A caveat to add the NNWLS linear regression technique 
is that in certain cases, an emphasis on certain spectral features could bias the data analysis, particularly of outlier data.  
 
Another possible improvement to the Min-CaLM algorithm is to use a regression technique called Non-Negative Least Chi-
Square regression (NNLC). This regression technique differs from NNLS by minimizing the (chi-square) uncertainty instead of 
minimizing the residue difference between the observed spectrum and the recreated spectrum, as NNLS does.48 Within the debris 
disk spectra studied in this paper, the uncertainty values from IRS spectrophotometric flux are the main source of uncertainty. 
Taking this into consideration would allow the significance of our results to be quantified. While uncertainty calculations are 
outside the scope of this paper, in future versions of Min-CaLM this could be remedied by using the NNLC regression technique, 
or a combination of NNLC and NNWLS.  
 
There are several issues regarding the fitting of the mid-IR spectra of debris disks that this paper and the Min-CaLM program 
does not take into account. First, the mineral spectra in Min-CaLM’s mineralogical library contains mostly pure grains with very 
little impurities. The “dirtiness” of the dust grains affects how efficiently the grains can absorb energy, and therefore are an 
important feature to consider. Another issue is that only very small grains produce the mineral features that Min-CaLM studies in 
debris disk spectra. Any minerals that are bound within large dust grains cannot be studied by Min-CaLM because those grains do 
not produce silicate mineral features in the mid-IR range. Therefore, the mineral compositions of each debris disk, shown in 
Table 2, are representative of the small grains within the disk, but not necessarily of the large grains.  Additionally, the connection 
between the mineral composition of the dust within the debris disk and the processed material found in asteroids and comets is 
not entirely straightforward. Small dust grains are blown out of the debris disk by radiation pressure and must be continuously 
replenished via asteroid or comet collisions for there to be a debris disk. In this paper, we have assumed that small dust grains 
have a similar composition to the asteroidal material in the debris disk. In nature, dust grains exist with a range of different sizes 
and a power-law grain size distribution (da/dN ~ a^-3.5) is commonly used to simulate the size effect.49 Smaller grains are 
superheated due to their low emissivities and different size grains are all emitting at different temperatures. In Min-CaLM, we are 
effectively fitting observed spectra with a single grain size emissivity data. This limitation may be the cause of slightly different 
fitting results obtained in our method versus other literature results. A future improvement is expected to address this grain size 
issue. 
 
The Min-CaLM program is still in the early stages of development. As previously stated, Min-CaLM does not consider the effects 
that grain size, different particle temperatures, or porosities in the grains have on the produced spectrum. It also does not 
consider how the different laboratories produced the input emissivity mineral spectra that are used in Min-CaLM’s mineralogical 
library and what effect that has on the Min-CaLM output. Overall, this paper serves as a demonstration of the potential that this 
program has in one day becoming a useful tool in the astronomy community. The findings in this paper should be taken with the 
understanding that the Min-CaLM program is still in development and that future generations of the program will incorporate the 
improvements discussed in this section. 
 
The Min-CaLM program produces an unbiased mineral composition for debris disks that are capable of undergoing mineralogical 
compositional analysis. With new debris disk spectral data from the James Webb Space Telescope, the Min-CaLM program and 
the linear regression method behind it could be refined further to provide a useful platform for future analyses. 
 
Min-CaLM has been published in the Astrophysics Source Code Library (ASCL) under the bibcode 2020ascl.soft01001K. Both 
the Min-CaLM program and mineralogical library can be downloaded from a GitHub repository that is linked in the ASCL page. 
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PRESS SUMMARY 
A circumstellar disk surrounding a star is composed of gas, dust, and rocky objects in orbit around the star. Around infant stars, 
this disk can act as a source of material to form planetesimals, which can then accrete more material and form into planets. 
Studying the mineral composition of these disks can provide insight into the processes that created our solar system. In this paper, 
we introduce a new unbiased mineral compositional analysis technique, Min-CaLM, and apply it to eight circumstellar disks 
around the stars: HD 23514, HD 105234, HD 15407A, BD+20 307, HD 69830, and HD 172555. The Min-CaLM python 
package is open-access and is available to download from https://github.com/yungkipreos/Min-CaLM. 


