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Cover Illustration: ultraviolet picture of o Ceti taken by GALEX satellite (NASA/JPL-Caltech). 

http://www.nasa.gov/mission_pages/galex/20070815/a.html  
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1. Introduction 

 
During this internship, I worked on spectropolarimetric data from the NARVAL instrument installed on 
the TBL (Télescope Bernard Lyot) which is located in the Pic du Midi (French Pyrenees), in order to 
study shock waves propagation in the atmospheres of the so-called Mira-type variable stars. The start of 
this work lies in the article of McLean & Coyne (1978) in which is stressed for the first time a 
polarimetric signature associated with emission lines of the Balmer series of hydrogen, on the star 
Omicron Ceti (o Ceti, also called Mira, prototype of Mira stars). 

 McLean & Coyne (1978) obtained only one observation on a Mira-type star (o Ceti) in a 
luminosity maximum, having only access to the linear polarization (in the continuum and in the spectral 
lines) and since that time no other (spectro)polarimetric measure has been made on Mira stars to confirm 
or complete this unique detection which is still unexplained physically nowadays. 

 The observations made with NARVAL instrument are thus aimed to multiply phase points and 
above all to realise a full (linear and circular) spectropolarimetric study of the phenomenon in order to 
show that those polarimetric signatures are systematically found at each observation and are correlated 
with the propagation of a shock wave in the stellar atmosphere. Those observations have been made on 
several Mira stars but throughout this report, I will mainly focus on o Ceti. 

 The hypothesis tested in this internship is the link between those polarimetric signatures and the 
shock wave propagating in the atmosphere of a Mira type star. Behind the front of this shock should 
appear an electromagnetic wave generating a radiation polarization, which can be detected by NARVAL 
observations. 

 Helped with program realized with FORTRAN 90, I process NARVAL data in order to correct 
technical artifacts and to provide reliable spectra to be analyzed. Thus, I was able to generate graphs that 
are similar to those produced by McLean & Coyne, for comparison. 

 In section 2, I expose the scientific context of this work by introducing Mira stars, focusing on 
internal structure, stellar evolution and spectral peculiarities (emission lines) linked to the presence of 
shock waves propagating throughout their atmospheres. I present basic information about 
spectropolarimetry and available NARVAL observations. 
 
 In section 3, I describe the NARVAL data analysis and processing tools I designed with 
FORTRAN 90. 
 
 In section 4, I present the very first scientific results which can be drawn from NARVAL 
observations of o Ceti by linking them with McLean & Coyne’s initial work of 1978. 
 
 Finally, I make conclusions and perspectives from this work, and I present the knowledge I 
gained by doing this. 
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 2  Scientific context 

 

 2.1  Mira type stars 

 

 A Mira type star is a red star, which typical spectral type is M, S or C and luminosity class III, 
typical of red giants. Mira type stars are radially pulsating intrinsic variable stars. They are evolved stars 
located in a Hertzsprung-Russell on the Asymptotic Giant Branch. Indeed, when a star has a mass less 
than 10 solar masses on the main sequence, it will eventually reach the Asymptotic Giant Branch (AGB) 
phase. After the end of hydrogen combustion in the core, the star will get out of the main sequence and 
will evolve along the Red Giant Branch where the hydrogen burns only in a shell around a core made of 
helium, this helium being the product of the combustion (proton-proton chain). Since this core keeps on 
collapsing, the temperature increases until helium combustion starts and produces carbon and oxygen 
(triple alpha process). Then, the star is in the Horizontal Branch. The produced CO is concentrating in 
the center of the star and the helium which created it moves in a shell around this core. The AGB phase 
mentioned above is characterized by successive combustion of hydrogen and helium shells (see figure 1) 

 

 Mira stars are therefore characterized by a strong luminosity variation (2.5 to 7 visual 
magnitudes) on very long periods (from 80 to 1000 days). O Ceti, considered as the prototype of Mira 
stars, has a luminosity (or pulsation) period of 331.65 days and an amplitude of luminosity variation 
higher than 5 magnitudes (see figure 2). 

 

 

Figure 1 : Localization of Asymptotic 

Giant Branch on HR diagram 
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 The low surface temperature of those Mira stars (~3000K) authorizes the existence of molecules 
in the atmosphere, this one being very extended (several hundreds of solar radii). For the Mira stars of 
the M spectral type (said to be “oxygenated”), the most present molecule is the TiO (titanium oxyde). 
This molecule is the origin of the strong molecular absorption undergone by the black body spectrum at 
this temperature. This absorption is such that the observed spectrum of a Mira is always different from 
the corresponding black-body spectrum. The Mira stars spectrum has another peculiarity which will be 
the object of our study: the Balmer series lines of the hydrogen show intense emissions during up to 
80% of the luminosity variation period. Those emissions are linked to the stellar shock waves 
propagating throughout Mira stars atmospheres. 

 
 2.2  Shock waves 

 
 It’s established that radially pulsating variable stars host radiative hypersonic shock waves 
(Mach number >5) propagating periodically in the stellar atmosphere (Willson 1976). Those shock 
waves are responsible of intense observed emissions in the spectra of those stars (Balmer series lines of 
hydrogen but also observed fluorescence lines in the blue part of the spectrum). The shock waves 
emerge periodically from the stellar photosphere and produce in the atmosphere important ballistic 
moves revealed by absorption line splitting for several metals (Schwarzschild mechanism, 1952). 
 
 Three main areas constitute those radiative shock waves. First of all, the precursor is the area 
before the shock, where the matter has not been affected by a raising wave. Then comes the shock front; 
in a length of only several mean free paths, a part of the kinetic energy of the matter is brutally 
converted into thermal energy, which creates strong temperature, pressure and velocity gradients. At last, 
behind the front is located the radiative wake, where the partially ionized matter gets cooler and 
recombines (figure 3). 
 
 Just behind the shock wave is the area where the observed emission lines in the spectra of 
radially pulsating variable stars are supposed to appear (Gillet et al., 1983), in the so-called radiative 
wake of the shock. 
 

Figure 2: Light curve (visual magnitude) of Omicron Ceti 

provided by AAVSO (American Association of Variable Stars 

Observers). The abscissa is Julian date (origin: 1st of 

January 4713 BC, 12h UT) 
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 In the article of McLean & Coyne (1978), the hypothesis of the shock wave is also used to 
explain their discovery of a very strong polarization associated with Balmer series lines of the hydrogen 
in emission (see figure 4). However, the origin of the responsible mechanism of the polarization has not 
been established with certainty on the basis of the unique observation of o Ceti at its maximum 
luminosity in 1977. 
 

 

                       
 
 We used the shock wave theory to formulate a hypothesis allowing us to shed light on this 
mystery: the appearance of an electromagnetic field behind the shock wave (around the emission lines 
creation area), this field being directly associated with the shock wave. 
 
 Indeed, in those very extended stellar atmospheres, the shock waves can reach a very high 
Mach number (higher than 5 or 6) and partially or even totally ionize hydrogen in the precursor and the 

Figure 4: Spectrum of the intensity I superimposed to the linear 

polarization taken from the article of McLean & Coyne (1978) (figure 1). 

Figure 3: Illustration of the shock wave propagating in a stellar atmosphere. 
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wake (Fadeyev & Gillet, 2004). The separation between charges would then engender the creation of an 
electromagnetic field already taken into account in the theoretical work on shock waves made by Lu & 
Huang (1974). A dissymmetry in the shock wake (internal area of the shock) would affect the very 
Balmer lines emission, the physical conditions existing in the radiative areas (precursor and wake) being 
able to favor a polarization in those emission lines. 
 
 A series of sampled observations throughout a luminosity period of a Mira star (e.g. o Ceti), 
in spectropolarimetry, becomes then necessary to detect the electromagnetic nature of the wave via the 
polarized signatures associated with emission lines behind the front. The observation of McLean & 
Coyne (1978) would be explained. 
 

 2.3  The new observations of Mira stars 
 
 In September 2007, January and February 2008, thanks to NARVAL spectropolarimeter at 
the Pic du Midi (French Pyrenees), several Mira stars spectra were obtained. As often as possible, 
observation dates matched with interesting epochs or phases in the star luminosity variation, i.e. in 
phases around the maximum, where the emission lines were likely to be the most developed. Indeed, a 
shock wave is supposed to rise from the photosphere just before the luminosity maximum and to vanish 
in the very high layers of the atmosphere around the following luminosity minimum. Observations taken 
at the luminosity minimum can also be interesting for comparison and to sample a full variation cycle 
(see figure 2). 
 
 In the rest of this report, we will call “phase” a fraction of the star luminosity period (origin: 
φ=0.00, middle: φ=0.50, end: φ=0.99, next cycle’s origin:  φ=1.00). The origin can be taken either at the 
luminosity minimum or maximum. Therefore, it’s always important to precise the choice made for the 
origin. For the Mira stars, the origin is always taken at the luminosity maximum. In o Ceti’s case (see 
figure 2 above), the phase φ =0.00 correspond to luminosity maximum and phase φ=0.65 correspond to 
luminosity minimum. 
 
 Mira stars observed with NARVAL until now are: Omicron Ceti, R Leo, R Tri, R Vir, U Vir, 
RT Cyg, W Cas, R Gem, Chi Cyg, U Cyg. Only o Ceti and R Leo were observed at several phases: three 
phases for o Ceti and two for R Leo. 
 

 2.4  Spectropolarimetry 
 

 Before going further, let’s make a point about the concept of spectropolarimetry. Contrarily 
to classic spectrography, it implies not only the analysis of I but also of Q and U (linear polarisation) and 
V (circular polarization). Those four parameters are Stokes parameters. They can also be expressed 
under the form of Stokes vector: 
 
                                                                         

�� � � ����	 
 
 

In the case of a partially polarized radiation, we have �� � �
��� � ����� � with �
��� � � ����	 
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The ratio �� � ����� � ���������� represents the radiation total polarization rate. It’s possible to calculate 

linear polarization rate pl (with only linear Stokes parameters Q and U). This calculus will be necessary 
because in McLean & Coyne’s observation of 1978, they focus on linear polarization. 
 

�� � ��� � ���  

 
Having a measurement of the 4 Stokes parameters, we can deduce the polarization state of the incoming 
radiation. 
 
 

Polarization state Stokes vector 

Natural (1,0,0,0)T 

0 deg. linear (1,1,0,0)T 

90 deg. linear (1,-1,0,0)T 

45 deg. linear (1,0,1,0)T 

135 deg. linear (1,0,-1,0)T 

Left circular (1,0,0,1)T 

Right circular (1,0,0,-1)T 

 
 Figure 5 represents the three possible polarization states of the radiation. There is linear 
polarization if the components of E (electric field vector) vary in phase and circular polarization if those 
components vary in opposition of phase. The elliptic polarization is the most general one because the 
phasing between the two components is featureless. 
 

       

          
 

2.5 NARVAL spectropolarimetric data 
 

 NARVAL is the spectropolarimeter installed on TBL. This instrument, showing a high 
spectroscopic resolution (resolution index: R=65000 in polarimetric mode) over a very extended 
spectral domain (from 375 to 1050 nm), allows to observe simultaneously the spectrum of a star in two 

Figure 5 : Polarized radiation 

a) Linear polarization, b) Circular polarization, c) Elliptic polarization  

E: Electric field vector, Ex and Ey : components on x and y. 
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states of polarisation. NARVAL is made up of two essential parts: a polarimeter installed into the 
Cassegrain focus and an echelle spectrograph located in the first floor of the TBL building, in an isolated 
room. The polarimeter is made with optical elements (a series of quarter-wave, half-wave and quarter-
wave rhombs) analysing the circular or linear polarisation state of a signal. The processed signal is thus 
transmitted in an achromatic way via an optical fibre to the cross-dispersion spectrometer which realise 
the spectral analysis over a very wide part of the spectrum (from 375 to 1050 nm) over 40 orders. The 
pictures are then recorded on a CCD target. 
 
 The aim of the observations described in section 2.3 is to collect polarimetric spectra over the 
four Stokes parameters (I, Q, U and V) and to study the probable signatures associated with Balmer 
series lines of the hydrogen in emission. The data processing made by the Libre_Esprit software 
reducing NARVAL observations delivers ASCII files where all 40 orders are concatenated from the 
bluest to the reddest. Those files contain 6 columns. : 
  

− The wavelength (in nm) 
− The intensity I 
− The Stokes flux (Q,U or V)  
− Null 1 (or check N), diagnostic of eventual instrumental artifacts linked to the 

parameter I 
− Null 2 (or check N2), diagnostic of eventual instrumental artifacts linked to the flux 

Stokes 
− The error bars per wavelength element. 

 
 The Libre_EsPRIT software applies by default a continuum correction on those spectra. This 
correction is not very pertinent because Mira stars spectrum has not much to do anymore with black-
body spectrum at corresponding surface temperature as it was already said before. Despite this, we can 
consider our emission lines as being reliable because they are all located in the blue part of the visible 
spectrum, where this spectrum is not affected by continuum correction. Only the Hα could be a bit 
affected but it’s too absorbed by the titanium oxyde for this consideration to be of any pertinence.  

 
 The Libre_EsPRIT-reduced spectra provide the intensity, the polarized flux and also check N 
and N2 spectra (analyzing instrumental artifacts) and error bars per wavelength element. Figure 6 
represents the 4 Stokes parameters coming from text files provided by Libre_EsPRIT. 

Figure 6 : Observation of o Ceti at phase 1,06 on Hδ line 
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3. Analysis tools 

 
 During this internship period, I have written a set of Fortran 90 programs in order to process 
and analyse my data. It was quite a consisting work but I’m satisfied of the way those programs are 
working. Some of them only concern data processing and others help the scientific study but all of them 
will contribute to reaching the goal of this internship: the test of the hypothesis establishing the magnetic 
origin of the emission lines polarization behind the shock wave front. 
 

3.1 Anti-overlapping correction 
 
 Spectra from NARVAL are made of 40 orders covering a spectral domain from 375 to 1040 
nm. The orders overlap at their extremities. The wavelengths in the spectropolarimetric files from 
Libre_EsPRIT processing are thus not strictly increasing. There are several turn-backs of the wavelength 
which would be good to correct. However, the removal of the extremity of an order or another in an 
overlap doesn’t have exactly the same consequence since the signal-to-noise ratio over the spectrum 
isn’t monotonic (see figure 7). If by any chance an emission line would happen to be in such an overlap 
and if the extremity of the order where the signal-to-noise (SNR) is higher would be removed, the 
scientific analysis could be biased.  

 
 
 After some simple programs, I was able to create this anti-overlapping correction program 
taking into account the SNR to remove the extremities of the orders (figure 8). 

Figure 7: Signal-to-noise (SNR) / wavelength (nm). 

Each color is a spectral type. Considered Mira stars 

are of M spectral type (red curve). 
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3.2 Signatures over N and N2 
 
 After a few weeks of this internship a problem has been raised, likely to cast doubt upon the 
validity of the detected polarimetric signatures, which are illustrated in section 2.5 above. In addition to 
the Stokes parameters, informations called N and N2 are available in files coming from Libre_EsPRIT 
software processing. Those informations are relative to the compensation of the intrinsic polarization 
induced by the instrument, respectively for the parameter I and for the considered Stokes parameter Q,U 
or V . 
 While studying closer parameters N and N2 out of our observations, I have quite frequently 
detected structures which are as strong as the corresponding signature in Stokes I, this happening always 
in emission lines of Balmer series of the hydrogen. 
 
 I have selected among all the available NARVAL data several configurations in the 
observations: with and without signature on I (intense and very low emission) and with or without 
signatures on Q, U or V. Figures 9 to 12 show for those 4 configurations the spectrum on I, the Stokes 
flux (on Q or U according to case) and associated signatures on N and N2.  
 Apparently, there is one signature over N only in the case where there is both emission on I 
and on another Stokes parameter 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: 1st graph: original spectrum 

     2nd graph: corrected spectrum 
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 The problem is then as follows: does the existence of this counterpart on N (and on N2) 
signify that polarimetric signatures (detected on Q, U or V) are actually due or at least strongly 

Figure 11: Signature on I but weak 

signature on Q --> very weak 

signature on N 

Figure 10: No signature on I but 

signature on Q --> no signature on 

N 

Figure 9: No signature on I nor on Q --

> no signature on N 

Figure 12: Intense signatures on I and 

Q --> noticeable signature on N 
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influenced by a technical artifact? Among the considered leads, we can think about micro-variations 
affecting differently polarimetric signals in two optical fibers in NARVAL: the signals from the two 
fibers being noised differently, a more important absorption factor in one fiber than in the other or a 
slight spectral shift between the signals in the two fibers. 
 
 With an appropriated Fortran program, I thus tried to simulate the signals in the two 
NARVAL fibers, introducing between them slight differences (noise, absorption or spectral shifting). I 
simulated to emissions on I with two noised Gaussian peaks and I subtracted one to the other in order to 
simulate the N information. To obtain a signature in N, it was necessary that the noise were not constant 
throughout the spectrum. I chose to make this noise stronger in the maximum of the Gaussian. It also 
varies like a Gaussian, with its maximum corresponding to the maximum of the peaks. More precisely, 
two Gaussians with a sigma lower and higher than the one of the signature on I but with the same mean 
value are established as noise variation limits (figure 13). 
 

 Several configurations are considered and presented in figure 14: two mere Gaussians, an 
absorbed Gaussian, two Gaussians with very small sigma and one Gaussian shifted with respect to the 
other. Each time, the result is to be confronted with an observation in order to establish which case will 
be closer to reality. 
 

                     
 
 In all the cases presented above, I don’t obtain a flat N. To the contrary, this channel always 
presents structures associated with Gaussians on I affected by different problems (noise, micro-
absorption, shifts). Those problems may be due either to fibres intrinsic polarization or to the non-

Figure 14 : N signature  simulated in four different configurations. 

Figure 13 : Black curve: original Gaussian, green dashes : noise higher limit, red dashes : lower noise 

limit, blue curve : noised Gaussian 
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instantaneous inversion of the fibres (temporal dependence). However, before taking any conclusion, 
talks will have to be carried on with the relevant specialists of this instrumentation and also further tests 
will have to be made (if possible also on N2 channel). In the frame of my internship, N2 channel 
simulation (plotting the compensation of the instrumental intrinsic polarization for the considered Stokes 
parameters Q, U or V) hasn’t been developed. Indeed, the simplest approach would consist in simulating 
Stokes V signatures, deduced from I by the mean of its first derivative (V ∝ dI/dλ). This approximation 
(Zeeman effect) is maybe not so pertinent in the case of our Mira stars, where the wanted magnetic field 
is associated with an atmospheric shock wave (and a surface magnetic field).  
 
 At the present moment, it seems that to an intense emission in Stokes I would be associated a 
structure in the N channel (and also N2) without putting the reliability of the detected signatures in 
Stokes parameters into doubt. 
 

3.3 Temporal survey of polarization 
 
 For comparison with the observation of McLean & Coyne (1978) (figure 15), another of my 
Fortran program allows the use of the available Stokes parameters to plot linear and total polarization 
rates on several phases (figure 16). Let’s notice that NARVAL Q, U and V parameters are expressed as a 
percentage of I. Thus, it’s not necessary to divide by I to calculate polarization rate. 

                                                             �� � ��� � �� � �� 
                                                                 �� � ��� � �� 
 
 Contrarily to the spectra of McLean & Coyne (1978) where the polarization was the one of 
the continuum, the polarization measured by NARVAL is a polarization on the Balmer lines.  

 
 
 
 
 
 
 

Figure 15: Stokes parameter I (top) and 

linear polarization (bottom) 

Observation of McLean & Coyne 1978 on 

o Ceti in Hβ, phase=0.967 

Figure 16: Stokes parameter I (top) and 

linear polarization (bottom) 

Observation of McLean & Coyne 1978 

on o Ceti in Hβ, phase=0.967 
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3.4 Noise correction 
 
 Polarimetric spectra or polarisation rates are sometimes affected by noise that might be 
important. It could be a problem for scientific analysis. It would be convenient to filter this noise 
without removing important information. Still in the frame of my learning of Fortran 90, I created a 
program allowing to do a convolution of the spectrum with a Gaussian (figure 17) or an averaging filter 
(figure 18). 
 

                                                           
 

 
 

Figure 17 : Black line: unfiltered linear polarization, colored lines: spectrum after using different 

Gaussian filters 

 

 
 

Figure 18 : Black line: unfiltered linear polarization, colored lines: spectrum after using different 

averaging filters 

 
3.5 Signature detection 

 

��  !"�#" � $ ��# % &"!�&"'&(
)(  

Convolution of the spectrum f by a 

mask (averaging or Gaussian one) 
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 When a spectral structure rises enough from the noise, a single glance suffices to see it. 
However, it’s also possible that this signature is too weak to be undoubtedly confirmed as such. The 
program of signature detection I’ve written enables to compare over an area of the spectrum the standard 
deviations of each sub-area making up this spectrum. The minimal standard deviation of this area serves 
as a reference and a threshold on the standard deviation is determined above which we consider that the 
analyzed sub-area contains a detection (see figure 19). This tool will be put into practice in the following 
part. 
 

 

    
 
 
4. Results 

 
 In this part, I chose to illustrate the scientific results on o Ceti because we have observations near 

the luminosity minimum (φ=0.58) and maximum (φ=1.06), which will allow us to establish a 
comparison concerning the situation of the shock wave at those two phases. We will be able to follow 
the evolution of the emission lines of the hydrogen from Hα to Hδ, over the four Stokes parameters I, Q, 
U and V. From those parameters we calculate the total polarization rate with Q, U and V and the  linear 
one with Q and U. Moreover, we will also be able to compare our observation of o Ceti at the luminosity 
maximum with the one of McLean & Coyne (1978). 

 Similarly to section 2.5, spectra obtained with NARVAL are expressed with wavelength 
(nanometers). First of all, I used Doppler effect ∆λ/λ=∆v/c to present spectra’s abscissa as velocity. This 
transformation allows us to plot better the widths of the emission lines, becoming that way comparable 
from one line to another. In the following figures (22 to 25 and 29 to 32), abscissas are velocities in a 
heliocentric frame. Velocity 0 corresponds to the wavelength of the considered line, which is measured 
at rest. 

 This spectropolarimetric representation of emission lines is totally new because it’s the first time 
that a measurement of those signatures is obtained over the four Stokes parameters and over more than 
one moment of observation. 

 

4.1 o Cet : Situation at the maximum of luminosity 

 

Figure 19 : The program calculates the standard deviations σ in each sub-area. The minimal σ 

is taken as a reference. The detection threshold is established as a multiple of this reference. 



19/27 

 At the maximum of luminosity, the shock wave emerges from the star’s photosphere at 
maximum velocity (see figure 20). It’s thus localised in the deepest layers of the extended atmosphere.  

 

                       
 
 Figures 22 to 25 present hydrogen lines from Hα to Hδ, over the four Stokes parameters. What is 
remarkable at first glance is the systematic character of the presence of a polarized signature (over Q, U 
and V) associated with an emission line, which confirms the observation of McLean & Coyne (1978), 
who also observed o Ceti at a luminosity maximum and noticed an increase of the linear polarization 
rate in the emission lines (from Hδ to Hβ). Signatures on Q and U clearly appear and, to a lesser extent, 
on V. 

 

 If we first focus on the Stokes parameter I, we notice emission peaks much higher on Hγ and Hδ 
than on Hα and Hβ. This occurrence is very understandable when looking at figure 6 in Gillet D. (1988), 
represented here in figure 21, showing absorption rates of the radiation as a function of the considered 
area of the spectrum. This figure clearly explains why the obtained intensity peak is higher on Hγ and 
Hδ. On Hα and Hβ, the absorptions due to TiO molecule are very important. On Hε and after, it’s H2 
molecule which acts. Hδ is the less affected line both by TiO and H2. 

                                              

Figure 21: Absorption in the visible 

by TiO, H, H2 and H- for a 

temperature T=2100 K. 

Full line: log(p)=3, dashes : 

log(p)=1 with p for pressure (Gillet 

D., 1988) 

Figure 20 : Situation of the shock wave at the maximum of luminosity 
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 On velocity spectrum, intensity peaks are always located on the positive velocities part, i.e. in the 
blue part of the spectrum. This means that the shock wave is heading toward the observer which is in 
that case in the center of the Sun (heliocentric frame). 
 

Observation of o Ceti at the maximum of luminosity at phase φ=1.06 (February 2008): 

Figure 22: Polarimetric spectra of o Ceti on Hα Figure 23: Polarimetric spectra of o Ceti on Hβ 

Figure 24: Polarimetric spectra of o Ceti on Hγ Figure 25: Polarimetric spectra of o Ceti on Hδ 
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 We notice that the most pronounced Stokes parameters are Q and U, i.e. linear polarization 
parameters. Therefore, we can think that this phenomenon behind the shock wave cause a linear 
polarization of the radiation. Indeed, figure 26 on Omicron Ceti around the maximum in Hγ underlines 
the fact that linear polarization seems all the more similar to total polarization because the signature on 
V (if any) is faint compared with those on Q and U. 

 

                                                         
 
 The signs of Q, U and V can be thought of as radiation polarization states in agreement with 
what the table in paragraph 2.4 tells us. The structure on Q is almost always of negative sign (Hδ special 
case) which would indicate a 90° linear polarization. The structure on Q is always of positive sign, 
which would indicate a 135° linear polarization. At last, for V, when a structure visible, it has a negative 
sign, which would indicate a left circular polarization. 
 
 Most often, peaks on Q and U have almost the same structure except the sign. However, in Hδ, 
the signature on Q seems to be not completely symmetrical (symmetry with respect to abscissa axis) 
with the one on U. Moreover, in polarization profiles, there is also an asymmetry (around the 
maximum). As McLean & Coyne (1978) suggested, those distortions could originate a phenomenon of 
radiation absorption. 
 

4.2 o Cet : Situation at the minimum of luminosity 

 

 

Figure 27: Situation of the shock wave at the minimum of luminosity. 

 
Figure 26 : Stokes I, linear and total 

polarizations for o Ceti on Hγ at phase 1.00. 
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 At the minimum of luminosity, the shock wave is very high in the stellar atmosphere (figure 27). 
Figures 29 to 32 represent Balmer series emission lines from Hα to Hδ at phase φ=0.58. In this situation, 
signature on I is not very developed and polarized signatures are much more discreet. Thus, there is 
clearly a temporal evolution of parameters Q, U and V correlated with the one on I. 
 
 On Stokes parameter I, it’s obvious that signatures decreased a lot. The shock wave having been 
a great way through the stellar atmosphere, it has lost some of its strength. Ionization phenomena are 
then less intense which implies a weakening of photon production in the radiative wake of the shock 
wave. Therefore, I used my signature detection tool on those spectra because it’s hard to detect anything 
just with one look. 
 
 The detection threshold is established at σ=1.5*σmin. I analysed Hβ line because it’s this one that 
is presented in the article of McLean & Coyne (1978) and it’s this one I compared my result with. The 
detection of a possible signature has been made only for Stokes parameter U because I couldn’t 
determine visually (see figure 28).  
 
Hβ: 486,133 nm (laboratory) 
Spectrum area: 485.0000 to 487.6776 nm 
 
 Stokes U: 

− detection in area 5 : between 486.0891 and 486.3547 nm 
− detection in area 9 : between 487.1537 and 487.4137 nm 
− detection in area 10 : between 487.4163 and 487.6750 nm 

 
 The conclusion I’ve drawn from this result is that, at the minimum of luminosity of o Ceti, there 
is indeed a signature which is associated with hydrogen emission lines in Balmer series over the four 
Stokes parameters. 
 

Figure 28: Signature detection in Hβ for Stokes parameter U for 

the star o Ceti. 
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Figure 32: Polarimetric spectra of o Ceti on Hδ Figure 31: Polarimetric spectra of o Ceti on Hγ 

Figure 30: Polarimetric spectra of o Ceti on Hβ Figure 29: Polarimetric spectra of o Ceti on Hα 

Observation of o Ceti at the minimum of luminosity at phase φ=0.58 (September 2007) 
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 In this part, we have completed the observation of McLean & Coyne (1978) at the maximum of 
luminosity of o Ceti with another observation at the minimum. The aim of all this is to obtain a 
comparison of the state of the shock wave at those two instants. In a later work, this study could be 
repeated for other Mira stars and then the dynamic of the shock wave would be linked with to the 
characteristics of the studied star. 
 

4.3 Linear polarization rates 
 
 If we want to make a proper comparison with the work of McLean & Coyne (1978), it’s 
necessary to calculate polarization rates. For that, I’ve created a program using Fortran 90 which 
processes available data on parameters Q and U found in the files produced by Libre_EsPRIT. The result 
of this program is a calculus of the radiation linear polarization rate. 
 

 

 
 
 In Hα at the three phases, linear polarization is very faint and is almost not evolving. In Hβ, 
polarization clearly comes out around the maximum (phases 1.00 and 1.06). Peaks at those two phases 
seem both mutilated by an absorption phenomenon. Linear polarization in Hγ comes out unevenly with 
time. Indeed, at phase 1.00, the linear polarization peak is more or less located around 0.1 between 
wavelengths 434.07 nm and 434.18 nm. At phase 1.06, polarization comes out till it reaches 0.26 
between 434.07 nm and 434.12 nm while it stays unchanged between 434.12 nm and 434.18 nm. At last, 
in Hδ, it doesn’t evolve either at the last two phases in the principal peaks which stays at 0.36, between 
410.00 nm and 410.29 nm. We could notice between 410.34 nm and 410.36 nm the emergence of a little 
peak at 0.06 of undetermined origin. 

Figure 36: Evolution of the linear polarization for 

o Ceti in Hδ. 

Figure 35: Evolution of the linear polarization for 

o Ceti in Hγ. 

Figure 34: Evolution of the linear polarization for 

o Ceti in Hβ. 

Figure 33: Evolution of the linear polarization for 

o Ceti in Hα. 
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 Once more, temporal evolution of Stokes parameters Q and U through linear polarization (which 
is a function of those parameters) has been shown. The observation of McLean & Coyne (1978) finds 
itself even more reinforced in a manner that, at each phase of the luminosity period, the strong emissions 
associated with hydrogen Balmer lines possess a counterpart on all Stokes parameters and their 
evolution follows the one of the shock wave during its propagation through the stellar atmosphere. 
 
 
5. Conclusions and prospects 

 
 There is actually a polarimetric signature corresponding to an emission line on our observations 
which intensity seems to be linked with the strength of the shock wave propagating through the stellar 
atmosphere. However, for a complete characterization of this shock wave, we need more observations 
on different phases in order to establish a complete survey. For the time being, we only have three dates 
for o Ceti, two for R Leo and one for any other observed star. 
 
 The polarization observed on Balmer emission lines is mainly linear on o Ceti. This information 
is essential to characterize the magnetic mechanism producing those emission lines according to our 
hypothesis. Doubt still remains about the structure of the polarimetric signatures. Where does their 
asymmetry come from? In which way an electromagnetic phenomenon behind shock wave’s front could 
influence those structures? 
 
 We have focused our study on o Ceti in this report but it would also be necessary to extend the 
study to other Mira stars and even to other kinds of variable stars in order to categorise the polarimetric 
structures with respect to star’s characteristics (mass, luminosity, radius, gravity, metallicity...). It’s in a 
PhD that such a study would be better achieved. 
 
 This work can be a part of a bigger project. Indeed, the mechanism of shock waves in variable 
stars is essential to understand the mass loss ensuing from it. This phenomenon is the origin of the 
enrichment of the interstellar medium and of the creation of planetary nebulae. Mira stars are great 
contributors of this enrichment. 
 
  
6. Summary of my learning 

 
 In addition to the scientific knowledge I received, I have been given the possibility to develop 
some practical and technical skills necessary to the work of astronomer. As soon as I started my master 
thesis, an introduction to Linux/Unix has been delivered to me because they use this operating system in 
GRAAL laboratory. To realise graphs from ASCII text files produced by NARVAL spectropolarimeter, I 
used scientific graph editor XM Grace because of its simplicity. The Fortran 90 programs I’ve written 
during this thesis allowed me to reach a significant level given that I didn’t know at all this 
programming language before. 
  
 At the end of February, I participated to a one-week internship at Haute-Provence Observatory 
(OHP), in Southeastern France, with some master students from Montpellier. I have manipulated data 
processing softwares called IRAF and Midas. The project I was assigned was about short-period 
variable stars RR Lyrae and it was required to select stars according to criteria of observability and 
scientific interest. I also participated to different steps of the preparation of the observations due to April 
and June 2008 in addition to those in the second semester of 2008 (scientific abstract typing and 
observation time application, selection of proper targets). At last, I have been given the opportunity to 
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go to Pic du Midi Observatory in the French Pyrenees from the 2nd to the 4th of June 2008 to attend the 
observation made with NARVAL. Fog kept us from observing during the first night but the weather 
where nicer the following night and we had time to focus the telescope on some stars. 
 
 
7. Bibliography 

 
7.1 Articles  

 
− Fadeyev Yu. A., Gillet D., 2004, A&A 420, 423 
− Gillet D., Maurice E. & Baade D., 1983 A&A 128, 384 
− Gillet D., 1988, A&A 192, 206 
− Lu C.S. & Huang A.B., 1984, Phys. Fluids 17, 1527 
− McLean I.S. & Coyne, 1978, ApJ 226, L145 
− Schwarzschild M., 1952, Transactions of the IAU VIII, ed. P.Th. Oostherhoff, Cambridge Univ. 

Press, Cambridge, p.811 
− Van Winckel H., 2003, Annual Review for A&A 41, 391: Post-AGB Stars 
− Willson L.A., 1976, ApJ 205, 172 
 

7.2 Books 
 
− Del Toro Iniesta J.C., 2003, Introduction to Spectropolarimetry published by Cambridge University 

Press 
− Delannoy C., 2001, Programmer en Fortran 90 published by Éditions Eyrolles 
− Leroy J.-L., 1998, La polarisation de la lumière et l'observation astronomique published by Gordon 

and Breach Science Publishers 
− Moore C.E., 1959, A multiplet table of astrophysical interest published by National Bureau of 

Standards, United States Department of Commerce 
 
 

7.3 PhD Theses 
 
− Alvarez R., 1997, Étude des Variables a Longue Période de type Mira dans le Proche Infrarouge 
− Gillet D., 1981, Étoiles froides, raies d'émission et ondes de choc 
− Gillet D., 1984, Ondes de choc radiatives dans les atmosphères stellaires atomiques et moléculaires 
− Le Coroller H., 2002, Effet de la conductivité thermique sur la structure des ondes de choc radiatives 
− Lèbre A., 1991, Mouvements atmosphériques dans les étoiles pulsantes de population II 
− Mathias P., 1992, Une Approche des Mouvements Atmosphériques Non-Linéaires dans les Étoiles 

Variables ß Céphéides de Forte Amplitude.  
 

7.4 Websites 
 

− Observatories and laboratories 
 

− GRAAL (Groupe de Recherche en Astronomie et Astrophysique du Languedoc) : 
http://www.graal.univ-montp2.fr 

− OHP (Observatoire de Haute-Provence) : 
http://www.obs-hp.fr/www/welcome.shtml 

− NARVAL :  
http://www.ast.obs-mip.fr/projets/narval/v1 

− ESPaDOnS : 
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http://www.ast.obs-mip.fr/espadons/espadons.html 
 

− Tools 
 

− ADS (bibliographic database): 
http://cdsads.u-strasbg.fr/ 

− SIMBAD (stellar database): 
http://simbad.u-strasbg.fr/simbad/ 

− NARVAL, exposure time calculator : 
http://www.ast.obs-mip.fr/users/donati/calculator_narval/etcform_nar.html 

− PGJ : Éphémérides du Soleil, de la Lune et des Planètes : 
http://pagesperso-orange.fr/pgj/position-planetes.htm 

− Ephemeride.com : 
http://www.ephemeride.com/calendrier/solaire/19 

− ESO Ephemerides and Calculators : 
http://www.eso.org/sci/observing/tools/ephemerides.html 

− Object Observability : 
http://www.briancasey.org/artifacts/astro/observability.cgi 

 
 

− Associations 
 

− AAVSO (American Association of Variable Stars Observers): 
http://www.aavso.org/ 

− AFOEV (Association Française des Observateurs d'Étoiles Variables): 
http://cdsweb.u-strasbg.fr/afoev/activ/obs/lpv/lpv.htx 


