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Far-infrared to Millimeter Interstellar Dust Models 
 
 

 

 

Le travail présenté ici concerne l’émission thermique des grains de poussière du 
milieu interstellaire dans le domaine de longueur d’ondes allant de l’IR au 
sub-millimétrique. De récents travaux (modèle DCD + TLS) indiquent que 
l’émissivité des grains dans ces longueurs d’onde est modifiée de façon significative 
par la nature amorphe des matériaux dont ils sont composés. Ceci influence les 
prédictions de l’émission des grains dans l’IR lointain et le sub-millimétrique où les 
mesures des satellites Planck et Herschel deviendront bientôt disponibles. 
 
Le but du travail entrepris dans ce stage était d’introduire ces effets dans un modèle 
numérique existant, non seulement pour les gros-grains de poussière à l’équilibre 
thermique avec le rayonnement, mais aussi pour les très petits grains dont la 
température fluctue temporellement. Ces derniers étant soumis a de grandes variations 
de température, et les effets TLS augmentant avec la température, on peut en effet 
s’attendre à un aplatissement de leur spectre d’émission qui pourrait rendre possible 
leur détection dans le sub-millimétrique. 
 
L’implémentation de ces effets a demandé une révision en profondeur du code 
numérique, en particulier en ce qui concerne le calcul des fluctuations de températures 
aux plus basses températures atteintes par les plus petits grains, qui n’était pas prise en 
compte correctement jusqu’à présent. L’inspection du code a également permis 
d’optimiser le code et de gagner un facteur 6 en temps d’exécution. Avec les 
hypothèses prises pour décrire l’influence du désordre pour les petits grains (inspiré  
du modèle TLS pour les gros-grains), le nouveau modèle ne prédit pas de contribution 
significative à l’émission totale dans le champs de rayonnement représentative du 
voisinage solaire dans notre galaxie. Cependant, un effet détectable de la contribution 
des petits grains est mis en évidence au-delà de 200 microns pour des champs de 
rayonnements représentatifs des régions de photodissociations. Ceci pourrait 
permettre de révéler la structure mécanique des plus petits grains de poussières à 
l’aide des données Herschel et Planck. 
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Far-infrared to Millimeter Interstellar Dust Models 

 
Y.J. Peng 

Centre d’Etude Spatiale des Rayonnements 
 
 

Abstract. I implemented a new description of astronomical dust emission 
in the spectral region from the Far-Infrared to millimeter wavelengths in a 
numerical model (by Désert et al. 1990) describing thermal fluctuations of 
small interstellar grains. Unlike previous numerical models, the improved 
model explicitly incorporates the effect of the disordered internal structure 
of amorphous dust grains, which takes into account the fact that dust 
material is amorphous in nature. The new model is inspired from the work 
of Meny et al. 2007 and takes into account the effect of absorption by 
Disordered Charge Distribution, as well as the effect of absorption by 
localized Two Level Systems. I greatly improved the calculations of the 
grain temperature fluctuations, especially for the low temperature case 
(down to 0.01 K), which was not well taken into account in the original 
model. An original contribution of this work is to have included TLS 
effect for thermally fluctuating dust particles. I also greatly improved the 
computing time of the code. Our calculation shows that the shape of the 
dust emission spectrum will exhibit very broad structures whose shape 
will change with the temperature of dust grains in a non trivial way. This 
could be helpful to explain the observed excess of millimeter emission. I 
believe that the improved dust Model more precise and will allow to 
identify the mechanical nature of astronomical dust from the observed 
shape of the FIR/mm emission spectrum. Predictions of this model 
indicate that TLS emission from Very Small Grains should be detectable 
in the FIR/Submm dust emission spectrum, in particular in regions such as 
Photo-Dissociation Regions, where the Interstellar Radiation Field is 
sufficiently high. This could make it possible to reveal the mechanical 
structure of the smallest dust grains by using the Herschel and Planck data.  
In the future, this model will be used to interpret the shape of the Spectral 
Energy Distribution of dust emission as measured by Planck and Herschel. 
 
Key words: dust, infrared radiation – interstellar medium – the Galaxy 
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1. Introduction 
 
Interstellar dust grains are small particles that sparsely populate the Inter-Stellar 
Medium (ISM). Although interstellar dust accounts for only a very small fraction of 
the total mass in a galaxy, it plays critical role in galaxy formation and evolution. It is 
now well established that the Spectral Energy Distribution (SED) from the ISM 
emission from our Galaxy and most external galaxies is dominated by thermal 
emission from dust grains which spans a large range of wavelength from the Near 
Infra-Red (NIR) to the millimeter wavelength range. Dust grains absorb strongly in 
the ultraviolet (UV) and in the optical, leading to a significant fraction of stellar 
radiation within a galaxy being absorbed. The warm grains subsequently emit strongly 
in the far-IR/submm, effectively down-converting the electromagnetic energy in 
various astrophysical environments.  
 
A precise modeling of the long wavelength dust emission is important in order to 
accurately subtract foreground emission in cosmological background anisotropy 
measurements, especially for future missions for space CMB measurements such as 
Planck and for surveys of foreground compact sources. A number of comprehensive 
foreground analysis works did not pay attention to dust emissivity model accuracy. In 
addition, precise modeling of the FIR/mm dust emission is also important to derive 
reliable estimates of the dust mass, to trace the structure and density of pre-stellar cold 
cores in molecular clouds. Indeed the dust governs the cloud opacity, and influences 
the size of the cloud fragments. In addition, the efficiency of star formation should be 
related to the dust properties, which are expected to vary between the diffuse medium 
and the denser cold cores. Therefore, a precise dust model to explain and predict the 
dust emission, especially its FIR/mm emission, is necessary.  
 
 
 

2. Physical Process of the Désert Dust Model 
 
Similar to several dust models proposed to explain the observations, which share 
many common characteristics (e.g. Mathis at al. 1977, Draine & Lee 1984, Draine & 
Anderson 1985, Weiland et al. 1986, Li & Greenberg 1997, Dwek et al. 1997, Draine 
& Li 2001), the model proposed by Désert et al. 1990 (called Désert model in the 
following) requires a wide range of the dust grain sizes spanning almost 3 orders of 
magnitude, from sub-nanometer dimensions to a fraction of a micron. It also requires 
a minimum of three components with different chemical composition in order to 
explain the ultraviolet and optical extinction, along with infrared emission. 
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2.1 Astronomical Grain Properties 
 
The smallest component is needed to explain the “aromatic” emission features at 3.3, 
6.2, 7.7, 8.6 and 11.3 μm. It is now routinely assigned to large aromatic molecules or 
Polycyclic Aromatic Hydrocarbons (PAH) (Leger & Puget 1984, Allamandola et al. 
1985, Désert et al. 1990). PAH are transiently heated after absorbing single UV and 
far-UV photons, and cool down emitting NIR photons in vibrational transitions 
representative of their aromatic structure.  
 
A second component, composed of Very Small Grains (VSG) is required to explain 
the continuum emission in themed Infra-Red (MIR). Emission in this range still 
requires significant temperature fluctuations of the grains, which necessitates, under 
conditions prevailing in the Inter-Stellar Medium (ISM), grains sizes in the nanometer 
range. VSGs could be composed of carbonaceous material whose absorption could 
also explain the 2200Å UV bump in the extinction curve (see for instance Désert et al. 
1990). 
 
A third component, composed of Big Grains (BG), with sizes from 10-20 nm to about 
100 nm, is necessary to account for the long wavelength emission (in particular as 
observed in the IRAS 100 μm band and above). The BG component dominates the 
total dust mass and the absorption in the visible and the NIR. Observations of the 
“silicate” absorption feature near 10 μm indicate that their mass is dominated by 
amorphous silicates. Such amorphous structure for these dust grains is expected from 
the interaction with cosmic rays which should alter the nature of the solid, but also 
from the formation processes of these BGs, which probably proceeds through 
aggregation of sub-sized particles. 
 
 
2.2 The grain size distribution 
 
For each dust components the grain size distribution is modeled as a power law 
where the number density of grains of radius between a and a+da is: 

( )n a a α−∼  between amin and amax (1) 

Désert et al. 1990 explored various possibilities for the mass abundance Y and the 
distribution parameters (α. amin and amax) for each dust component in order to find a 
good simultaneous match of the extinction curve and the IR spectrum of the 
local IS medium. The power-law distribution has been chosen for its convenience in 
parametrisation. 
 
 
Table 1.  Original Parameters of the Désert dust model 
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Table 1: Y is the mass abundance relative to hydrogen (Helium is not included); α is the exponent 
of the power-law size distribution between amin and amax; β is the maximum albedo and ρ is the 
mass density of the material (PAHs are 2-dimensional). 
 

 
Figure.1 Dust Mass Spectrum. The area under the curves represents the mass of dust for a unit 

hydrogen mass. 

 
Since the absorption efficiency Qabs is dependent on grain size, in order to achieve a 
higher computing accuracy, the dust mass spectrum is cut into small mass bins 
according to the power-law distribution. In the model, PAH was cut into 10 mass bins, 
VSG for 10 bins and GB for 15 bins because of its larger mass distribution from 15 
nm to 110 nm. 
 
2.3 Dust Emissivity 
 
Dust emissivity is computed on a set of IR wavelengths chosen to sample all features 
in the dust emission (for instance PAH features), using the UV and IR properties given 
in Fig.2 and 3 for graphite and silicates. BG are considered to be a mixture of silicate 
and graphite. VSG are supposed to be made of graphite material. For PAH features, 
the adopted integrated intensities of C-H and C-C features are shown in Fig.3. The 
results of final Qabs calculated for PAH, VSG, BG with different size distribution are 
shown in Fig.4. 
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    Fig.2  Absorbing parameter (cross sections divided by geometrical cross section) divided by 

grain radius used for silicate and graphite grains of various radii. 

Fig.3  Qabs per atom for PAH, Qabs divided by grain radius for silicate and graphite grains of 
various radii at IR wavelengths. Qabs /a is supposed to be independent of the size for silicate and 
graphite for λ>1.6 um. 
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Fig.4. Qabs calculated for PAH, VSG, BG with different size distribution from UV to IR 
wavelengths. The Qabs curves for each dust specie go from larger dust size (upper curves) to 
lower dust size (lower curves). 
 
 
 
2.4 Temperature Fluctuations 
 
Dust temperature profiles vary significantly for grain populations with distinctly 
different radii. Most of the big grains reach equilibrium temperatures, as determined 
by thermal equilibrium between absorption of UV/optical photons and emission of 
far-IR/submm photons (Greenberg 1978), i.e., 
 

2 2

/ /
( , ) ( ) ( , ) ( , )abs ISRF abs dUV optical far IR submm

a Q a I d a Q a B T dπ λ λ λ π λ λ
−

=∫ ∫ λ    (2) 

 
In which IISRF  is the energy flux of interstellar radiation and B is the Planck function. 
The IR emission has been computed for dust embedded in the local interstellar 
radiation (LISRF) as given by Pérault et al. (1989), which is similar to the one by 
Mathis, Mezger and Panagia (1983). Also the Désert model deals with the case of a small 
optical thickness (τ < 1) at all wavelengths.  
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Interstellar grains of radius less than 30 nm, such as PAH and very small grains, 
are known to have a fluctuating temperature because their internal energy is 
comparable to the energy of UV and visible photons. The Désert dust model 
provides a way to calculate the grain temperature distribution by studying the 
multiphoton absorption processes. This distribution satisfies a homogeneous integral 
equation which can be solved by an iteration technique. These small grains generally 
emit at shorter wavelengths than big cold grains and are a necessary ingredient in the 
interpretation of the infrared spectra of various astrophysical objects. 
 
In the Désert dust model the probability of finding the grain in a state U, which is 
given by 

                                      (3) 

is calculated as the sum of all the probabilities of starting from any state U', then going 
to any intermediate excited state U1 > U through discrete processes, and, finally, 
decaying through continuous process to the state U. The exponential term in Eq. (3) is 
directly related to the Poisson statistics. Fig. 5 shows schematically the collective 
processes described here. 
 

 
Fig.5. Schematic representation of absorption (a) and emission (b) processes for change 
of the grain internal energy. Energy states U, U1, U2 are defined above. Discrete absorption or 
emission is represented by a solid line. Continuous cooling is represented by a wavy line. The 
"cooling time" for the level U is τ 

 
Eq. (3) can be rearranged defining the transition kernel K: 

                                 (4) 
Then the Stationary Internal Energy Distribution (SIED) satisfies the following 
homogeneous Fredholm integral equation of the second type (Heywood and 
Fréchet, 1912): 

 9



                                            (5) 
The integral in Eq.(3) means that the SIED is stable against the absorption or 
emission of one photon. This fact suggests that starting with a guessed distribution 
Pg, the iteration of the kernel K upon Pg may converge to the SIED.  

                                                      (6) 
and with the composition law: 

                                            (7) 

and applied K(n) (n being large enough) to Pg, which may be taken as a function 

peaked at the equilibrium temperature (that is, we start with a grain at a known 

temperature): 

                                         (8) 
Starting from a δ function, each iteration of the kernel corresponds to multiplying the 
number of photon arrivals by a factor of 2. The first iteration corresponds to looking 
only at processes where the cooling time to arrive at the internal energy U is short 
compared to the typical time between photon absorptions [monophoton approximation 
(Purcell, 1976; Puget et al., 1985)]. Further iterations take into account the effect of 
processes in which 2, 22... 2n photons are absorbed before cooling to the state U. 
  
 

3. Improved Desert Model for Numerical Computing and Validity 
When we want to study a galaxy and the dust abundances, grain size distributions etc. 
we have to do the spectral energy distribution (SED) fits, which could costs lots of 
computing time (in the order of weeks) to find the best fits parameters, especially at a 
higher resolution. Therefore, improving the numerical calculations of the Désert 
model is necessary and helpful. 
 
A thorough analysis of both of the physical model and the mathematics used in the 
code were carried out to evaluate the computing time. I found that the majority of 
computing time was cost by calculating the temperature fluctuations of the PAH and 
VSG, more explicitly, by computing the transition kernel K and then iterations. In the 
original model, the grain internal energy is linearly cut into 180 small bins, ranging 
from the ground level to 2 times the maximum energy of ISRF photons (hard UV 
photons). This is quite natural since a grain could absorb 2 hard UV photons at the 
same time. However, what is the actual probability for a grain to absorb 2 photons at 
the same time, from hard UV photons to CMB photons? The results of our 
calculations are shown in Fig.6 
 
It is clear from Fig.6 that the photon absorption rate for PAH and VSG is very small 
at the LISRF. For instance, LISRF and CMB photon absorption rate for PAH of all 
sizes is limited to less that 100 photons per year while the molecule cooling time τ is 
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typically 3.8 s and 2.4 s at T = 1000 K and T = 1500 K respectively. And it is 
independent of the molecule size as both the emitted power and the specific heat are 
proportional to the number of atoms. Therefore I can safely make the approximation 
that PAH and the smallest VSG cannot absorb two photons at the same time in the 
LISRF. Thus I rearranged the grain internal energy distribution by cutting it into 90 
bins, ranging from the ground level to the ISRF photons with maximum energy. Since 
the transition kernel K defined by Eq. (4) is a 2D matrix like [numbers of energy bins, 
numbers of energy bins], I decreased this kernel from [180, 180] to [90, 90] gaining a 
computation factor of 4. I compared the new results with original model and found out 
that they were exactly the same. The results could be clearly shown by Fig.7. 
 

 
Fig.6. LISRF and CMB photon absorption rate for PAH, VSG, BG with different size distribution. 
 
We can see from Fig.7.that, for instance the probability curve of smallest PAH with size 
of 0.4 nm, which are marked with the symbols *,  presenting the data point calculated 
by the model, after the first 90 data points there is a large drop of the probability from 
10-24 to 10-38.  This confirmed our approximation that I can safely truncate the 
probability curve after the first 90 data points.  
 
In addition, as we discussed in section 2, each iteration of the kernel corresponds to 
multiplying the number of photon arrivals by a factor of 2. Further iterations take into 
account the effect of processes in which 2, 22... 2n photons are absorbed before 
cooling to the state U. In the original Désert model the number of iterations is set to 2, 
which means 4 photons are absorbed before cooling to the state U. However, as our 
calculations suggested above, this kind of probability is negligible, which is shown by 
the 3D presents of Fig.8 the probability surface before and after iteration. Therefore, I 
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also decided to get rid of the iteration process in the original model. 
 

 
Fig.7.Temperature Distribution for PAH with different size distributions in the LISRF 

Fig.8. Probability Surface before and after iteration for PAH with a size of 0.4 nm 
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From Fig.8 we can see that Probability Surfaces for PAH before and after iteration are 
completely overlapped as expected since the photon absorption rate for PAH and 
VSG is so low for LISRF.  
 
Moreover, I also noticed that due to the low photon absorption rate, PAH and VSG 
spend most of their time in the ground energy level with a very low temperature 
before they can absorb the next photon. This means that the ground level would be the 
equilibrium level. We can clearly see this fact from both Fig.7 and Fig. 8, the 
probability for PAH and VSG staying in the ground level, which in the original model 
is set to 2.7 K, is much higher (1010 times higher) than the second level, which means 
that the grains have a very high probability to be on the ground level when they 
absorb a photon. Therefore, not only could I remove the iteration, but also I can resize 
the transition kernel matrix from 2-dimension to 1-dimension. 
 
After implementing the above improvements, the model is running more than 6 times 
faster with exactly the same outputs as the original model, which are shown in Fig.9  
 
In order to verify the validity of my improvements, I increased the ISRF by 104 times 
(even up to 106) stronger than the LISRF, which is the actual case near an O/B star; I 
got exactly the same outputs as the original model. This is what I expected since from 
Fig.8 clearly we can see two big probability drops with each drop corresponding to 
the probability decreasing by1010 (the physical meaning of the two drops is discussed 
before and each drop also corresponding to one of my two approximations). This 
means theoretically, the ISRF has to be nearly 1010 stronger to make difference 
between my improved model and original model. 

Fig.9 Dust emission spectrum comparison between original Désert model and the improved model 
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We noticed from Fig.9 that for the emission of PAH there is small bump at around 
1000 um. This is because in the original model, the minimum temperature of grains 
was set to 2.7 K, under the assumption that the grain will absorb enough CMB 
photons to achieve equilibrium at this temperature. Obliviously this is not correct for 
PAH as I calculated above (the absorption rate of CMB photons for PAH is below 100 
photons/year and the typical cooling time is around several seconds). Also because the 
model calculates the temperature distribution by cutting the grain internal energy 
linearly and the specific heat for PAH and VSG is very small (towards infinitely small) 
at very low temperature, from Fig.7 we can see that for a given size of PAH, there is 
only one data point at 2.7 K, the second point being around 200 K. This is clearly not 
accurate since all particles between 0 and 200 K are then assumed to be at 2.7 K. This 
abusive approximation in the internal energy sampling lead to the distortion of VSG 
emission at λ >800 um seen in Fig 9. It is also causing the bump in the PAH emission 
near λ =1 mm. Although these deviations had been noticed by some in the early days 
of the model, their origin had remained unexplained so far. Note that these deviations 
were not important in these days, since the model was mainly used to interpret mid-IR 
data (IRAS and ISO missions). This is changing with the arrival of FIR data and 
submm (Herschel and Planck) and this clearly requires to improve the Désert model 
for the low temperature situation. 
 
 

4. Improved Désert Model for Grain Temperature Fluctuations 
- PROBABILITY DISTRIBUTION AT LOW TEMPERATURES 

 
Since the minimum specific heat data we had for PAH and VSG is until 2.7 K, which 
corresponds to the first row of data in table 2, in order to calculate the cooling time 
which is proportional to the specific heat of grain, along with the probability 
distribution below 2.7 K, we need to do outward extrapolation through a logsquare 
model, which is given by 
 

Y = a1+a2log10(x) + a3log10(x2)                        (9) 

 
with best fitting parameters a1, a2 and a3, which are also dependent on the grain size. 
For example, PAH with a size of 0.4 nm has the best fitting parameter: 
 
a1 = -46.504005 
a2 = 8.4031600 
a3 = -0.47380176 
 
which is used to fit the data calculated above 2.7 K. The fitting results are shown in 
Fig. 10 and Fig. 11. 
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Table 2. specific heat capacity of the dust grains 
 

Carbon Graphite PAH: hydrocarbon polyaromatiques 
LnT (K) LnC (erg/atome/K) LnT (K) LnC (for Hydrogen 

atom ) (erg/at/K) 
0.99 -45.35 0.99 -55.00 

2.30 -42.73 2.30 -55.00 
2.71 -41.81 2.71 -55.00 
3.00 -41.12 3.00 -55.00 
3.22 -40.71 3.22 -55.00 
3.40 -40.42 3.40 -55.00 
3.91 -39.33 3.91 -54.32 
4.25 -38.68 4.25 -48.03 
4.61 -38.12 4.61 -43.63 
5.01 -37.47 5.01 -40.30 
5.30 -37.04 5.30 -38.76 
5.52 -36.72 5.52 -37.90 
5.70 -36.49 5.70 -37.38 
5.99 -36.16 5.99 -36.76 
6.21 -35.95 6.21 -36.44 
6.40 -35.81 6.40 -36.25 
6.55 -35.71 6.55 -36.11 
6.68 -35.65 6.68 -36.00 
6.91 -35.57 6.91 -35.86 
7.09 -35.51 7.09 -35.76 
7.31 -35.47 7.31 -35.66 
7.60 -35.42 7.60 -35.42 

      
Fig. 10 curve fitting results for temperature less than 2.7 K 

 15



 
The same figure but with x-axis in log scale shows better the correlation between the 
data and extrapolation. Note that since the specific heat of PAH or VSG is decreasing 
to infinitely small values when their temperature goes down to very low values, the 
accuracy of the extrapolation will have a large effect on our final results :  

 
Fig. 11 curve fitting results for temperature less than 2.7 K 

 
The fit is quite good but the problem lies in what is suggested above: at very low 
temperature, the internal energy goes down exponentially with the temperature. 
Cutting the energy scale linearly into small bins in order to calculate the probability 
distribution around 1K, would lead to an energy bin with a size of 1 over 108 of the 
original bin and the original model would fail for such small value. This situation 
forced me to rewrite the kernel of the model and I also need to consider minimum the 
computing time.  
 
In the improved model, I calculate the probability distribution twice separately, once 
for the high temperature case and the twice for low temperature case. The separating 
point depends on the ISRF, grain size and type, which are related to the specific heat 
of the grain. 
 
For the high temperature case, which covers the full energy range of the ISRF photons, 
we need to consider both the heating process coming from the ISRF photons and the 
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cooling process of the grain. One good thing in this case is that the temperature is 
relatively high and thus the specific heat is almost constant, as can be seen in table 2. 
Therefore, a constant energy step is adopted.  
 
For the low temperature case, which is below the minimum energy of the ISRF 
photons, we can consider only the cooling process of the grain. A new physical model 
with a variable energy step, which depends on the internal energy of grain, is 
developed. 
  
In addition, after I integrated all the probability over all temperature range calculated 
by the new model, I got  

2600

0.01
( ) 1.000000000

K

T K
P T dT

=

=∑   

That means even a normalization of the probability, which is required in the original 
Désert dust model, is not necessary at all. The model is self-converged and this also 
confirmed that our calculation was correct with a very high precision. The results of 
the new temperature probability distribution taking correctly into account the low 
temperature evolution is show in Fig. 12 and Fig. 13.  
 

Fig.12  improved temperature probability distribution 
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Fig.13 improved temperature probability distribution 
 
 
Since my calculation considered both the absorption and emission rate of photons, 
from the figure above, we can conclude that PAH will most of the time be at a 
temperature of from 10 to 20 K, depending on the grain size. I also implemented 
pre-calculation of several quantities needed by the model. This lead to only moderate 
improvements of the computing time. 
 
 

5. Improved Désert Model for localized Two Level Systems (TLS)  
 
5.1 Spectral index variations in disordered solids 
 
FIR/mm optical properties of solids with chemical composition and structure 
considered as analogues of interstellar dust were investigated in a few laboratory 
studies. Particular interest has been given to low temperature investigations of 
amorphous or other disordered materials, which reveal systematic deviations from the 
phonon theory of crystal solids and was interpreted using the TLS theory. 
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For instance, Agladze et al. (1996) performed absorption measurements on typical 
interstellar grain analogs (crystalline and amorphous silicate grains) at low 
temperature (1.2 - 30K) in the millimeter range (700 μm- 2.9mm). They found an 
unusual behavior of the millimeter absorption of amorphous silicates: the absorption 
coefficient decreases with temperature down to about 20K and then increases again 
with decreasing temperature. They described the frequency dependence of the 
absorption coefficient using a temperature-dependent spectral index. Depending on 
the samples, the spectral index can decrease from β = 2.6 at 10K down to β = 1.8 near 
30K. They referred to tunneling effect in Two Levels Systems to explain this behavior. 
 
All these laboratory studies provide strong indications that the absorption coefficients 
of amorphous grain analog materials vary substantially both with temperature and 
frequency. 
 
 
5.2 Disordered Structure Modeling 
 
Two mechanisms have to be considered when dealing with amorphous materials, in 
order to take disorder into account. First, one should consider the acoustic oscillation 
excitation based upon the interaction of solids with electromagnetic waves due to 
Disordered Charge Distribution (See Schl¨omann1964). This effect takes place not 
only in amorphous media, but also in disordered crystals like mixed and polycrystals, 
and in some monocrystals with inverse spinel structure, for example. This absorption 
is temperature independent. The DCD model introduces a correlation length lc which 
quantifies the scale over which the atomic structure of the material realizes charge 
neutrality. The absorption spectrum of such a structure presents two asymptotic 
behaviors. Towards short wavelengths, the absorption is characterized by a spectral 
index β = 2 and in the longest wavelength range, the spectral index tends towards β 
= 4. The location of the spectral range, in which the transition between the two 
regimes is directly related to the correlation length. 
 
The second mechanism describes the disorder at atomic scale, as a distribution of 
tunneling states, which leads to a temperature-dependent optical absorption, and 
enables to explain the temperature dependence of the spectral index observed in 
laboratory experiments. This model was originally elaborated to explain the unusual 
thermal and optical properties of amorphous material at low temperatures. In 
particular, the TLS model was developed to explain the fact that, at low temperatures, 
the specific heat of amorphous solids exceeds what is expected from the Debye theory 
for solids. This anomalous behavior is common to all amorphous materials and 
therefore appears independent of their detailed chemical composition and structure. 
The existence of such two levels systems has been pointed out by means of 
microwave and sub-millimeter spectroscopy experiments. 
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Three different mechanisms are involved in the TLS model: resonant absorption at 
low temperature (<10 K) and two relaxation processes which become important at 
higher T, when levels become equally populated: phonon assisted tunneling (10-30 K) 
and hoping above the barrier (>30 K).    

 
The illustrative figures of the TLS and the DCD effects are shown in Fig.14 and 
Fig.15 

 
 
 
Fig.14   Asymmetric double-well potential. 
Ordinate is the potential energy. Abscissa is a 
coordinate in configuration space; in the simple 
case a rotation angle or a linear displacement of 
groups of atoms in the lattice. Δ is the value of 
potential asymmetry. The difference in energies 
of the lowest levels results from the asymmetry Δ 
and tunnel splitting Δ0. 

 

 
Fig.15  DCD + TLS spectrum for Big Grains at T = 18 K 
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.3 TLS for Big Grains 

he mass absorption coefficient of dust can be expressed as: 

dust IR DCD TLS               (10) 

TLS res phon(ω, T) + κhop(ω, T)                  (11) 

 

 order to add TLS effect, I need to fit the Schlömann (DCD) part into the Qabs in 

5
 
T

κ  = κ  + κ  + κ                         
The first term, κDCD corresponds to disordered charge absorption described before. It 
is temperature independent. The second term, κTLS is connected with transition of 
charges in a lattice between vacant potential minima due to tunneling or thermal 
activation. This term displays a specific spectrum of absorption over a wide range of 
frequencies ω/2π, from about 1Hz to about 1 THz. It includes three components 
designated in the model as resonant (κres), tunneling relaxation (κphon), and hopping 
relaxation (κhop) respectively: 

κ (ω, T) = κ (ω, T) + κ
Spectral index of κTLS significantly deviates from β = 2 and depends on temperature. 
Resonant opacity κres decreases with T, relaxation opacity κphon and κhop rises with
T. 
 
In
the Désert Model. The fitting results for the big grains are shown in Fig.16 and the 
fitting parameters are calculated for different grain size from Eq.12: 
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rom the equations above we can see that the absorption goes from β-2 to for λ<<λ0 F

toβ-4 to for λ>>λ0. Since κTLS shares the same normalization parameter with κDCD, I 
can add the TLS effect directly into the Qabs on the base of DCD effect. The fitting 
results are shown in Fig.17 and our final Qabs with DCD and TLS is shown in Fig. 18. 
The improved dust emission spectrum with DCD and TLS effect for BG is shown in 
Fig.19. 
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Fig. 16 Schlömann fitting for Big Grains. The Qabs curves go from larger dust size (upper curves) 
to smaller dust size (lower curves). 

 
Fig. 17 TLS effect for Big Grains 
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Fig. 18  Qabs with DCD and TLS effect for Big Grains. The Qabs curves go from larger dust 
size (upper curves) to smaller dust size (lower curves). Note: the figure shown above is calculated 
at a given temperature. 

 
Fig. 19 Improved dust emission spectrum with DCD and TLS effect for BG 
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5.4. TLS for Very Small Grains 
 
For the case of VSGs the situation is more complicated since graphite is a layered 
structure, with only a weak bounding force between the layers. Therefore, we should 
consider a 2D structure instead of 3D in the TLS calculations.  
 
We already know that for the big grains with a 3D structure,  
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                                     (15) 

And the number of states per unit angular frequency is given by 
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where vt is the transverse speed of sound and ρ is the material density. 
 
For the 2D case, the density of states per unit angular frequency is given by  
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where vt is the transverse speed of sound and ρ is the material surface density. 
 
From the equations above we can see that the absorption of a 2D structure goes from 
λ-1 for λ<<λ0 to λ-3 for λ>>λ0. The fitting process for DCD and TLS is the same as for 
the case of BGs. However, one big difference is that most of the BGs reach 
equilibrium temperatures and VSGs have fluctuating temperatures. Therefore, I have 
to calculate the TLS effect, which is dependent on the temperature, for all possible 
fluctuating temperatures of VSGs and the calculations are more complicated. In 
order to achieve maximum computing performances, the TLS effects for VSGs at 
different temperature and wavelength are pre-computed as a 3D surface illustrated in 
Fig.23. In the model, a 3D-interpolation method is adopted.  
 
The fitting results are shown in Fig.20 and Fig.21. Our final Qabs with DCD and TLS 
is shown in Fig. 21. The improved dust emission spectrum with DCD and TLS effect 
for BG is shown in Fig.24 
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Fig.20 Schlömann fitting for Very Small Grains. The Qabs curves go from larger dust size (upper 

curves) to smaller dust size (lower curves). 

 
Fig. 21 TLS and DCD effect for Very Small Grains 
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Fig. 22  Qabs with DCD and TLS effect for Very Small Grains. The Qabs curves go from larger 
dust size (upper curves) to smaller dust size (lower curves). Note: the figure shown above is 
calculated at a given temperature. 
 
 
It is noticed that the curves of Qabs for the last two grain size were interlaced around 
100 um. The reason is that when the temperature is above around 100 K, the 
contribution from TLS of VSGs converges towards a constant, as is shown in Fig 23. 
Since for the bigger size of VSGs, the temperature fluctuations are limited to less than 
100 K due to the relatively larger specific heat, the Qabs contribution from TLS is 
relatively smaller, especially at millimeter wavelength.  
 
We also noticed from Fig.23 that at low temperature (≤10K) there is a small rise of the 
Qabs, which is expected from the TLS model because the resonant absorption 
mechanism is dominant at low temperature, while at higher temperature, absorption is 
dominated by relaxation processes. 
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Fig 23. TLS effects for VSG at different temperature and wavelength 

 
       Fig. 24 Improved dust emission spectrum with DCD and TLS effect for both BG and VSG 
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5.5. Predictions of the Improved Model 
 
As we can see from Fig. 24, at millimeter wavelength the emission from the BGs is 
dominant for the LISRF. Therefore it will be difficult to evidence the TLS 
contribution from VSGs in that range from the observations. However, in regions 
where the ISRF is 10000 times stronger than the LISRF, which is the case near an O/B 
star, from the dust emission spectrum calculated shown in Fig. 25, we can see that all 
the grains are getting much hotter and the peak of the BGs emission is shifted towards 
the short wavelengths. At wavelengths longer than 100 um, we can see clearly that the 
emission from the VSGs becomes dominant over that of BGs. This offers a good 
opportunity to verify the TLS effect for the VSGs observationally with Herschel and 
Planck. 
 
Predictions of the dust emission spectrum with the improved model for different ISRF 
ranging from XISRF  = 1 to XISRF  = 104 and the results are shown in Fig.26. 
 

 
        Fig. 25 Improved dust emission spectrum with DCD and TLS effect for both BG and VSG 

with a ISRF 10000 times stronger than the LISRF 
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               Fig. 26  Prediction of the improved dust emission spectrum with DCD and TLS effect for 

both BGs and VSGs for different ISRF 
 

6. Conclusions and Perspectives 
 
The Désert et al. numerical dust model has existed since 1990 and has been widely 
used in several applications. However, no major improvements to code had been 
performed since then. For the first time, I looked deeply into the model. A thorough 
analysis of both the physical model and the mathematical and numerical 
implementation was performed. In this context, I optimized the calculations of 
temperature fluctuations for PAH and VSG, making the model run more than 6 times 
faster. Since the Désert dust Model did not correctly take into account the low 
temperature evolution of small dust grains, I developed and implemented a new 
method to calculate the temperature fluctuations for PAH and VSG at low 
temperature down to 0.01 K.  
 
The original Désert dust model was built on the semi-classical Lorentz or Drude 
models, which lead in the long wavelength limit to a dust emissivity obeying to a 
frequency power law, whose exponent (the spectral index) equal to 2 for BGs and is 
usually considered as temperature independent. However the growing volume and 
quality of FIR/mm observational data introduces some doubts about the applicability 
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of such models in that wavelength range. Therefore, I integrated the newly developed 
Disordered Charge Distribution (DCD) and localized Two Level Systems (TLS) into 
the Désert dust model, for both BGs and VSGs. 
 
The improved Désert dust model predicts a disordered induced FIR/mm dust emission 
which dominates over the weak long wavelength wings of the infrared resonances. 
This emission is strongly temperature dependent, and leads to a millimeter emission 
enhancement relative to predications from classical models.  
 
In the next step, I plan to add polarization into the Désert dust model by introducing 
the Stokes parameters, which is related to Qabs 

x and Qabs 
y. This evolution is needed to 

apply the model to the forthcoming polarized measurements with Planck. As opposed 
to models invoking the existence of very cold dust (e.g. Finkbeiner, Schlegel, Davies 
et al 1999), the DCD/TLS model does not require the existence of two separate dust 
components. These two components would probably have different alignments 
properties with respect to magnetic field. We would then expect that polarization 
intensity to change with wavelengths, as the dominant emission goes from the warm 
to the very cold component. However, the DCD/TLS model does not require this. 
Therefore, we do not expect significant polarization changes with wavelengths. Future 
polarized mission in this wavelength range (e.g. Planck and PILOT) should thus bring 
more constraints. 
 
The precise test of the dust model will come from the combination of Planck and 
Herschel data. Planck will measure precisely the variation of the long-wavelength 
emission, while Herschel will give us access to the temperatures in the FIR. 
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Ground Station Design for UWE-1  

(University of Würzburg's Experimental-Satellite 1) 
 

Yingjie, Peng 
Centre d'Etude Spatiale des Rayonnements (CESR), Toulouse 

yingjiepeng@yahoo.com 
 

Abstract: A newly developed software GSS2 (Ground Station Software 2) 
is presented. GSS2 is designed for ground station systems that carry out 
multiple ground station functions for UWE-1, such as orbit calculation, 
satellite tracking, telemetry processing and display, alarm and event 
processing etc. A Distributed System with Hyper-Threading (HT) Model 
is introduced to optimize the performance and make the whole system 
easier to maintain and improve. Our goal is to develop flexible stations 
with multi-mission capabilities. 

Key Words: ground station - distributed system – hyper threading 
 
 

1. Introduction 
 
The main function of a ground station system is to support the space segment and 
distribute mission data to users. A typical ground station system should include the 
basic elements of Commanding and Controlling, Monitoring spacecraft health, 
Tracking, Calculating spacecraft attitude. In this paper, we will proceed with the 
following steps to describe the GSS2: Mathematical Model, Map Projections, System 
Model, Numeric Method, Implementation details, Conclusion, Future Work. 
 
 
2. Mathematical Model 
 
With the Consideration of the nonhomogeneity and oblateness of the Earth, we have 
the following dynamics equations:  
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First, we try to find the Cartesian coordinates in the orbital plane. 
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Second, we try to find the satellite position in Earth fixed coordinate system. 

x axis points toward the  Vernal 
equinox 

z axis points toward the Earth 
body-fixed z axis 

y  axis is orthonormal to x and z 

 
 
Third, we try to find the transformation matrix from the orbital plane to earth-fixed 
coordinate system. Actually, that is the transformation between two Cartesian 
Coordinate Systems. 
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In this equation, c_ and s_ stand for cos_ and sin_; stands for a 

transformation matrix about an axis d by an angle_. 

(_)][ dA
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At last, we change earth-fixed coordinate system to spherical coordinate systems. 

   Longitude θ 
 
   Latitude  φ 
 
   Height   r  

 
 
 
 
3. Map Projections 
 
Map Projection establishes the coordinate conversion mechanism for mapping points 
on a globe’s surface to points on a plane. In our GSS2, two map projections are 
adopted: Cylindrical Projections and Satellite Projection. 
 
A cylindrical projection maps the globe to a cylinder, which is formed by wrapping 
the UV plane around the globe with the u-axis coinciding with a great circle. The 
basic parameters of cylindrical projection: P0lat, P0lon, and Rot determine the great 
circle that passes through the point C= (P0lat, P0lon). Rot is the angle between North 
at the map’s center and the v-axis (which is perpendicular to the great circle). The 
cylinder is cut along the line parallel to the v-axis and passing through the point 
diametrically opposite to C. It is then rolled out to form a plane. 
 
The satellite projection, also called the General Perspective projection, simulates a 
view of the globe as seen from a camera in space. If the camera faces the center of the 
globe, the projection is called a Vertical Perspective projection, otherwise the 
projection is called a Tilted Perspective projection. The globe is viewed from a point 
in space, with the viewing plane touching the surface of the globe at the point directly 
beneath the satellite (the sub-satellite point). If the projection plane is perpendicular to 
the line connecting the point of projection and the center of the globe, a Vertical 
Perspective projection results. Otherwise, the projection plane is horizontally turned Γ 
degrees clockwise from the north, then tilted ω degrees downward from horizontal. 
 
The basic parameters of the satellite projection: P0Lat and P0Lon represent the 
latitude and longitude of the sub-satellite point. Three additional parameters, P, 
Omega, and Gamma are required where: 
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• P is the distance of the point of perspective (camera) from the center of the globe, 
expressed in units of the radius of the globe. 
• Omega is the downward tilt of the camera, in degrees from the new horizontal. If 
both Gamma and Omega are zero, a Vertical Perspective projection results. 
• Gamma is the angle, expressed in degrees clockwise from north, of the rotation of 
the projection plane. 
 
 
4. System Model  
 
In order to optimize the system performance and make the whole system easier to 
maintain and for further improvement, a Distributed System with Hyper-Threading 
(HT) Model is adopted.  
 

Satellite tracking
Doppler correction

…

“Distributed system"
Hyper-Threading (HT) Model

System kernel
System time
Watch-dog

Health check 

orbit parameters
Calculation

Local 
Communication

TCP/IP Internet socket
Communication

System
initialization System Log

User

Graphical   Interfaces 

output    input
Map Projections

(16 methods available )

Buffer: Encryption—Decryption

Extended Module

Satellite

Remote User

password

Internet

event

event

event

event

event

 
 
With this kind of system architecture, extended module could be easily connected to 
the system kernel for further improvement. Each module in the system is not 
depended on other modules and in the case of one or several modules fail, the whole 
system will still work instead of collapse. At the same time, the health check 
mechanism in the system kernel module will detect the failed modules and then try to 
reset and restart these modules. If this procedure fails again, the system kernel will 
send a failure message to the user.  
 
 

 35



GGrroouunndd  SSttaattiioonn  DDeessiiggnn  ffoorr  UUWWEE--11  

A very important module in our system is the OPC (Orbit Parameters Calculation) 
module since if the OPC failed, the satellite tracking will stop working and what’s 
more, the OPC is a time sensitive module. For instance, at time To the system kernel 
send a timer event to the OPC and the OPC need a time ∆t to return the result. 
Although the ∆t is very small, depending on the hardware configuration of the 
computer, it is non-neglectable and also the ∆t varies from time to time. In GSS2 we 
only consider the influence from the nonhomogeneity and oblateness of the Earth but 
for further improvement, we will add the influence from other planets, the Sun and 
solar pressure etc. The time delay here, ∆t will become even bigger. In order to 
compensate the time delay ∆t and secure the precision of the result of the OPC, the 
Dynamic Timing Control mechanism is added between the OPC and the system 
kernel. 
 

Orbit parameters 
calculation 

timer event

Timing Control
System time            Timer 
System kernel 

 
 
5. Numeric Method 
 
Several numeric methods are adopted to optimize the calculation speed. An obvious 
one is that the Hyper-Threading Technology is supported in the GSS21. For the 
security aspect, a simplified DES (Data Encryption Standard) method is adopted to 
protect the data. 
 
 
6. Implementation details 
 
99% of the code of GSS2 is written in IDL 6.0 (Interactive Data Language), which is 
ideal software for data analysis, visualization. The other 1% of the code concerning 
direct connections to RS-232 interface is written in C.  
 
The compiled GSS2 is Cross-platform application and can run on Windows, 
Macintosh, and UNIX (such as Linux, Solaris, AIX etc.). 
 
 
7. Discussing and Conclusion 
 
In summary, we present a newly developed software GSS2 and its internal 
                                                        
1 Hyper-Threading Technology requires a computer system with an Intel® Pentium® 4 processor supporting 
Hyper-Threading Technology and an HT Technology enabled chipset, BIOS and operating system. Performance 
will vary depending on the specific hardware and operation system. 
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mechanism. The GSS2 is an intelligent ground station system that will provide a 
reliable, high quality, satellite data collection and distribution service. 
 
The main features of GSS2: 

• Ground Station Automation  
• Orbit Parameters Calculation and Satellite Tracking 
• Hyper-Threading Technology supported 
• Dynamic Timing Control 
• Alarm and Event processing  
• Encryption and Decryption (under DES) 
• Data Archival and Retrieval 
• TCP/IP Telemetry and Command Interface 
• Commanding and Command Verification  
• Remote Control Capability via Internet 

 
 
8. Future Work 
 
Benefited from the flexible system architecture, it is easy to maintain and further 
improve the GSS2. Like any other software, many works remain to do on GSS2. 
Some is bug fixing. Some is new feature addition, for instance, in order to achieve 
higher precision of the orbit parameters calculation, we will need to add the 
gravitation influences from other planets, the Sun and also the influences from the 
solar pressure, the drag force form Earth’s atmosphere etc. into the OPC (Orbit 
Parameters Calculation) Module. 
 
 
9. Release Information 
 
For software downloads and latest news about GSS2, please visit GSS2 web site at: 
http://www.exp-astro.phys.ethz.ch/peng/gss/ 
 
The software available here is released for academic use only; you can use it and/or 
redistribute it under the terms of the GNU General Public License, © 2006 Yingjie 
Peng, as published by the Free Software Foundation.  
 
If you have any question or suggestion, please do not hesitate to contact me 
via peng@phys.ethz.ch. Thanks!   
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Appendix 
 
Pictures from GSS2 and brief instructions. 
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Welcome Interface of GSS2 

 
System Initialization Interface. 
You need to input the position of the Ground Station (GS), Orbit Parameters; then choose the 
application mode: 
Simulate: The program will run in simulating mode (much faster than the real time). 
Real Time : The program will run in real time. You need to input the Initial Time in UTC.  
At last, input the System Access Code (cansat) to start the system.2  

 
                                                        
2 When you are inputting the System Access Code, the mask * will NOT appear. After you finished 
inputting the code correctly, the system will start automatically and you don’t need to input a 
ENTER. If you have chosen the Real Time mode, after you input the access code, the whole 
system will halt until the Initial Time you inputted, and then start automatically.  
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3D model of the satellite in orbit around the Earth. You can rotate the entire image by positioning 
the mouse in the window, holding down the left mouse button, and dragging the mouse. 

 
 
The cylindrical projection of the satellite trajectory.  
Orbit parameters output in real time. (If Real Time mode is chose) 
Local Communication Interface. 
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The satellite projection. Simulating a view of the globe as seen from a camera in the satellite. 

 
 
The Orbit_Parameters page of the System Log. Orbit parameters archival and retrieval in real 
time. 
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The System_Event page of the System Log. System events archival and retrieval in real time. 

 
 
TCP/IP Telemetry and Command Interface. Here we simply connect to google for connection test. 
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