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MDI of Ap stars III. Abundance maps of α2 CVn 1445

Figure 2. Magnetic maps of α2 CVn (top) computed using INVERS10 for all selected chromium lines and iron lines from Silvester et al. (2014) and (bottom)
the new updated magnetic field map for which we included the same lines as Silvester et al. (2014), plus the addition of oxygen and chlorine lines in Stokes
IV. The spherical plots show distributions of the field modulus (a), radial field (b) and field orientation (c) and each column is a different phase of rotation (0.0,
0.2, 0.4, 0.6 and 0.8).

of Silvester et al. (2014). We therefore chose to adopt the updated
magnetic map (Fe and Cr Stokes IQUV, and O and C Stokes IV) as
the fixed magnetic map for all the inversions in this paper. Whilst
the fits to Stokes V were greatly improved for certain elements, the
resulting abundance maps for these elements differed little from the
maps reconstructed using the magnetic field map by Silvester et al.
(2014).

The resulting map is shown with the ‘final map’ of Silvester et al.
(2014) in Fig. 2. This figure illustrates that by including Stokes IV
for oxygen and chlorine in the reconstruction, the resulting magnetic
field is very similar to what is seen by Silvester et al. (2014), but
with an additional small spot-like region seen at phase 0.00 below
the stellar rotational equator. To retain the quality of the fit to Stokes

QU profiles required that the regularization of the magnetic field
to be reduced by a factor of 3 compared to what was used by
Silvester et al. (2014). This reduction in regularization should result
in a slightly more ‘patchy’ map, which is potentially the reason for
the new structures seen at phase 0.00. This updated map does not
change the findings of Silvester et al. (2014) as the new map is still
broadly consistent with the ‘final map’ by Silvester et al. (2014).
In fact, at the phases where the small spot does not appear the field
distributions are effectively identical. It should be noted that the
magnetic mapping of Silvester et al. (2014) concentrated purely on
lines which exhibited strong Stokes QU signatures, which is why
lines such as oxygen and chlorine were not included in this original
magnetic mapping.
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MDI of Ap stars III. Abundance maps of α2 CVn 1443

the diffusion velocity (Alecian & Stift 2006). Secondly, radiative
accelerations are also modified by Zeeman desaturation (magneti-
cally induced spectral line desaturation) and splitting of absorption
lines (Alecian & Stift 2006).

Even with a theoretical framework for the formation of abundance
anomalies, very few observational studies have been made of Ap
stars using chemical abundance mapping combined with magnetic
field topology analysis from the same data (from medium- to high-
resolution observations). With the exception of previous work on
α2 CVn (the subject of this paper), notable examples include mag-
netic Doppler imaging (MDI) of 53 Cam (Kochukhov et al. 2004a)
and mapping of the roAp star HD 24712 (Lüftinger et al. 2010).
Examples of abundance Doppler imaging with a comparison to
independent model of the magnetic field geometry include oxygen
abundance structures mapped for the star θ Aur by Rice et al. (2004),
multiple element mapping of ε UMa by Lüftinger et al. (2003) and
mapping of the roAp star HD 83368 by Kochukhov et al. (2004a).
A more recent example of abundance mapping performed (without
simultaneously deriving the magnetic field) is HD 3980 (Nesvacil
et al. 2012). In these studies, with the exception of a handful of
cases, no clear correlations could be found between the magnetic
field topology and the horizontal structures of most chemical ele-
ments. This was interpreted as a lack of up to date theoretical models
predicting the formation of horizontal abundance structures. With
such a small sample size there is still limited understanding of the
interplay between specific chemical species in the photosphere and
the magnetic field of Ap stars.

A new magnetic map of the bright Ap star α2 CVn was re-
constructed by Silvester, Kochukhov & Wade (2014) using Stokes
IQUV observations obtained with ESPaDOnS and Narval spec-
tropolarimeters described by Silvester et al. (2012). We demon-
strated that the magnetic topology we derived agreed with that of
Kochukhov & Wade (2010) which used data taken a decade ear-
lier. Importantly, we showed that a similar magnetic field topology
could be obtained by mapping different atomic line sets, with the
only differences seen between the meridional field components.
Mapping of the distributions of the surface chemical abundances
of several elements for α2 CVn using Stokes IV was performed by
Kochukhov, Wade & Shulyak (2002), allowing a comparison be-
tween the local field properties and local photospheric chemistry.
These original maps were limited by the small wavelength coverage
of the SOFIN spectrograph and a lack of a detailed model of the
field topology, which generally cannot be derived from Stokes IV
alone (Kochukhov et al. 2002; Kochukhov & Wade 2010). With the
new spectropolarimetric (Stokes IQUV) observations described by
Silvester et al. (2012), we will now investigate the chemical abun-
dance structures of α2 CVn at a level of detail not previously possi-
ble, in particular due the increased wavelength coverage. By map-
ping the chemical surface structures of α2 CVn and comparing them
to our updated magnetic map, we hope to further our understanding
of how different chemical species are affected by the characteristics
of the magnetic field.

The paper is organized as follows: Section 2 briefly describes the
observations, Section 3 discusses the procedure for selecting lines
suitable for chemical abundance mapping. In Section 4, we discuss
the chemical abundance maps and the implications of these maps.
Finally, we summarize our findings in the conclusion.

2 SP E C T RO P O L A R I M E T R I C O B S E RVATI O N S

Observations of α2 CVn were obtained between 2006 and 2010,
with both ESPaDOnS and Narval spectropolarimeters. The full de-

tails of the observations and reduction are reported by Silvester
et al. (2012), along with the log of observations. For this study, only
Stokes IV profiles were used for abundance mapping due to the fact
that the linear polarization signatures were generally too weak for
most of the studied elements to be useful for mapping.

3 C H E M I C A L A N D M AG N E T I C MA P
I N V E R S I O N

The methodology used to derive magnetic field maps is described
by Silvester et al. (2014). In this paper, we will concentrate on
the abundance mapping of α2 CVn. The abundance mapping was
performed using the INVERS10 MDI code (Kochukhov & Piskunov
2002; Piskunov & Kochukhov 2002). As was described by Silvester
et al. (2014), INVERS10 is a stellar surface mapping code written in
FORTRAN that constructs model line profiles based on an assumed
initial spherical surface distribution of free parameters (in this case
the element abundance) and then iteratively adjusts the parameters
until the computed line profiles are in agreement with the observa-
tions. The code is parallelized and was run on an eight CPU Mac
Pro. Graphical output and file processing was performed using IDL.
The time required for the code to converge to a solution for a set
of IV Stokes data (containing 28 phases), with fitting to one or two
spectral lines, is of the order of an hour.

As described by Silvester et al. (2014), the fundamental param-
eters needed for inversion have to be well defined. Table 1 shows
the key parameters used in this study. The basis of line selection
for abundance mapping combined a visual inspection of the spectra
looking for candidate lines which were unblended and also a review
of the literature looking for unblended lines that have been used
in previous studies for stars of a similar spectral type. The selec-
tion drew on the line lists of Pyper (1969), Cohen (1970) and to
a lesser extent Roby & Lambert (1990) and those used by Bailey,
Landstreet & Bagnulo (2014). The next stage was then to eliminate
lines from the selection list which did not show strong line depths.
Because in this paper, we only focus on chemical abundance maps,
only Stokes IV profiles were used in the mapping and unlike the
requirement by Silvester et al. (2014) candidate lines did not have
to exhibit linear polarization signatures. To ensure that the resulting
abundance maps were of sufficient reliability, only elements which
had a minimum of two lines suitable for inversion were considered.
The final line list is given in Table 2.

An important parameter in the reconstruction of the abundance
maps is the choice of the regularization. As is described by Piskunov
& Kochukhov (2002), INVERS10 uses a Tikhonov regularization
function, which assists the code in converging to a solution by
providing a limit on how smooth or patchy the resulting map can
be. For all the maps, a value of regularization was chosen which

Table 1. Fundamental parameters used/derived
for the α2 CVn mapping.

Parameter Value Reference

Teff 11 600 ± 500 K (1)
log g 3.9 ± 0.1 (1)
Prot 5.469 39 d (2)
v sin i 18.0 ± 0.5 km s−1

i 120◦ ± 5◦ (3)
$ 115◦ ± 5◦ (3)

References: (1) Kochukhov et al. (2002),
(2) Farnsworth (1932), (3) Kochukhov & Wade
(2010).
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Another case (HD 3980), Nesvacil et al 2012
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N. Nesvacil et al.: Multi-element Doppler imaging of the CP2 star HD 3980

Fig. 6. Same as in Fig. 4, but for Ca, Cr, and Fe. This figure represents elements of Group 3 with overabundances in the area of the magnetic poles
along the rotational equator.

Fig. 7. Examples of observed and predicted phase-dependent profiles of selected elements computed from the respective abundance maps shown
in Figs. 4–6.

A151, page 7 of 10

Teff = 8300 ± 250 K, log g = 4.0 ± 0.2, υ sin i = 22.5±2 km s−1, β = 88◦ , 7kG
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Cas genéral Theoretical model:
General case

Atomic diffusion 
(slow process) 
competes with mixing 
processes.
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Diffusion timescales in atmospheres
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This  is  the  time  needed  for 
atoms (at solar abundance) to 
diffuse through a distance of 
1 pressure scale height
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Diffusion velocity, with and without B

10-1

100

101

102

103

104

VD

-6 -4 -2 0 2
log �

Hg-like element, Horizontal field (90°)
 

 vD        0 G
 vD    100 G
 vD  1000 G
 vD  7000 G

 
 vD  100 G  --->   85° !!!

Weak fields (<100G) 
have effect 
above τ ≈ 10-3 !

The maximum effect of 
B is for angles VERY 
close to 90° !

(cm-1)

For solar abundance!

Surface small spots

Hg-like element

AFE november 2016

(Alecian, Stift, Dorfi 2011)



Equilibrium  vs. time-dependent 
•  Equilibrium hypothesis.�

One supposes that the abundance stratification process can 
reach a solution with constant (or zero) flux.

0

grad N z( )( ) ≈ g

(no macroscopic motion)

� 

∂zN VD +VM( ) = 0
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•  Time-dependent diffusion.

∂tN + ∂z N VD +VM( )⎡⎣ ⎤⎦ = 0



Bi-dimensional stratification of Fe (calculated equilibrium 
solution, in collaboration with M. Stift, 2012)
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Mg

Mg Stratification 
 
Teff=10 000K 
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α2 CVn (Silvester et al. 2014)
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MDI of Ap stars III. Abundance maps of α2 CVn 1445

Figure 2. Magnetic maps of α2 CVn (top) computed using INVERS10 for all selected chromium lines and iron lines from Silvester et al. (2014) and (bottom)
the new updated magnetic field map for which we included the same lines as Silvester et al. (2014), plus the addition of oxygen and chlorine lines in Stokes
IV. The spherical plots show distributions of the field modulus (a), radial field (b) and field orientation (c) and each column is a different phase of rotation (0.0,
0.2, 0.4, 0.6 and 0.8).

of Silvester et al. (2014). We therefore chose to adopt the updated
magnetic map (Fe and Cr Stokes IQUV, and O and C Stokes IV) as
the fixed magnetic map for all the inversions in this paper. Whilst
the fits to Stokes V were greatly improved for certain elements, the
resulting abundance maps for these elements differed little from the
maps reconstructed using the magnetic field map by Silvester et al.
(2014).

The resulting map is shown with the ‘final map’ of Silvester et al.
(2014) in Fig. 2. This figure illustrates that by including Stokes IV
for oxygen and chlorine in the reconstruction, the resulting magnetic
field is very similar to what is seen by Silvester et al. (2014), but
with an additional small spot-like region seen at phase 0.00 below
the stellar rotational equator. To retain the quality of the fit to Stokes

QU profiles required that the regularization of the magnetic field
to be reduced by a factor of 3 compared to what was used by
Silvester et al. (2014). This reduction in regularization should result
in a slightly more ‘patchy’ map, which is potentially the reason for
the new structures seen at phase 0.00. This updated map does not
change the findings of Silvester et al. (2014) as the new map is still
broadly consistent with the ‘final map’ by Silvester et al. (2014).
In fact, at the phases where the small spot does not appear the field
distributions are effectively identical. It should be noted that the
magnetic mapping of Silvester et al. (2014) concentrated purely on
lines which exhibited strong Stokes QU signatures, which is why
lines such as oxygen and chlorine were not included in this original
magnetic mapping.
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MDI of Ap stars III. Abundance maps of α2 CVn 1443

the diffusion velocity (Alecian & Stift 2006). Secondly, radiative
accelerations are also modified by Zeeman desaturation (magneti-
cally induced spectral line desaturation) and splitting of absorption
lines (Alecian & Stift 2006).

Even with a theoretical framework for the formation of abundance
anomalies, very few observational studies have been made of Ap
stars using chemical abundance mapping combined with magnetic
field topology analysis from the same data (from medium- to high-
resolution observations). With the exception of previous work on
α2 CVn (the subject of this paper), notable examples include mag-
netic Doppler imaging (MDI) of 53 Cam (Kochukhov et al. 2004a)
and mapping of the roAp star HD 24712 (Lüftinger et al. 2010).
Examples of abundance Doppler imaging with a comparison to
independent model of the magnetic field geometry include oxygen
abundance structures mapped for the star θ Aur by Rice et al. (2004),
multiple element mapping of ε UMa by Lüftinger et al. (2003) and
mapping of the roAp star HD 83368 by Kochukhov et al. (2004a).
A more recent example of abundance mapping performed (without
simultaneously deriving the magnetic field) is HD 3980 (Nesvacil
et al. 2012). In these studies, with the exception of a handful of
cases, no clear correlations could be found between the magnetic
field topology and the horizontal structures of most chemical ele-
ments. This was interpreted as a lack of up to date theoretical models
predicting the formation of horizontal abundance structures. With
such a small sample size there is still limited understanding of the
interplay between specific chemical species in the photosphere and
the magnetic field of Ap stars.

A new magnetic map of the bright Ap star α2 CVn was re-
constructed by Silvester, Kochukhov & Wade (2014) using Stokes
IQUV observations obtained with ESPaDOnS and Narval spec-
tropolarimeters described by Silvester et al. (2012). We demon-
strated that the magnetic topology we derived agreed with that of
Kochukhov & Wade (2010) which used data taken a decade ear-
lier. Importantly, we showed that a similar magnetic field topology
could be obtained by mapping different atomic line sets, with the
only differences seen between the meridional field components.
Mapping of the distributions of the surface chemical abundances
of several elements for α2 CVn using Stokes IV was performed by
Kochukhov, Wade & Shulyak (2002), allowing a comparison be-
tween the local field properties and local photospheric chemistry.
These original maps were limited by the small wavelength coverage
of the SOFIN spectrograph and a lack of a detailed model of the
field topology, which generally cannot be derived from Stokes IV
alone (Kochukhov et al. 2002; Kochukhov & Wade 2010). With the
new spectropolarimetric (Stokes IQUV) observations described by
Silvester et al. (2012), we will now investigate the chemical abun-
dance structures of α2 CVn at a level of detail not previously possi-
ble, in particular due the increased wavelength coverage. By map-
ping the chemical surface structures of α2 CVn and comparing them
to our updated magnetic map, we hope to further our understanding
of how different chemical species are affected by the characteristics
of the magnetic field.

The paper is organized as follows: Section 2 briefly describes the
observations, Section 3 discusses the procedure for selecting lines
suitable for chemical abundance mapping. In Section 4, we discuss
the chemical abundance maps and the implications of these maps.
Finally, we summarize our findings in the conclusion.

2 SP E C T RO P O L A R I M E T R I C O B S E RVATI O N S

Observations of α2 CVn were obtained between 2006 and 2010,
with both ESPaDOnS and Narval spectropolarimeters. The full de-

tails of the observations and reduction are reported by Silvester
et al. (2012), along with the log of observations. For this study, only
Stokes IV profiles were used for abundance mapping due to the fact
that the linear polarization signatures were generally too weak for
most of the studied elements to be useful for mapping.

3 C H E M I C A L A N D M AG N E T I C MA P
I N V E R S I O N

The methodology used to derive magnetic field maps is described
by Silvester et al. (2014). In this paper, we will concentrate on
the abundance mapping of α2 CVn. The abundance mapping was
performed using the INVERS10 MDI code (Kochukhov & Piskunov
2002; Piskunov & Kochukhov 2002). As was described by Silvester
et al. (2014), INVERS10 is a stellar surface mapping code written in
FORTRAN that constructs model line profiles based on an assumed
initial spherical surface distribution of free parameters (in this case
the element abundance) and then iteratively adjusts the parameters
until the computed line profiles are in agreement with the observa-
tions. The code is parallelized and was run on an eight CPU Mac
Pro. Graphical output and file processing was performed using IDL.
The time required for the code to converge to a solution for a set
of IV Stokes data (containing 28 phases), with fitting to one or two
spectral lines, is of the order of an hour.

As described by Silvester et al. (2014), the fundamental param-
eters needed for inversion have to be well defined. Table 1 shows
the key parameters used in this study. The basis of line selection
for abundance mapping combined a visual inspection of the spectra
looking for candidate lines which were unblended and also a review
of the literature looking for unblended lines that have been used
in previous studies for stars of a similar spectral type. The selec-
tion drew on the line lists of Pyper (1969), Cohen (1970) and to
a lesser extent Roby & Lambert (1990) and those used by Bailey,
Landstreet & Bagnulo (2014). The next stage was then to eliminate
lines from the selection list which did not show strong line depths.
Because in this paper, we only focus on chemical abundance maps,
only Stokes IV profiles were used in the mapping and unlike the
requirement by Silvester et al. (2014) candidate lines did not have
to exhibit linear polarization signatures. To ensure that the resulting
abundance maps were of sufficient reliability, only elements which
had a minimum of two lines suitable for inversion were considered.
The final line list is given in Table 2.

An important parameter in the reconstruction of the abundance
maps is the choice of the regularization. As is described by Piskunov
& Kochukhov (2002), INVERS10 uses a Tikhonov regularization
function, which assists the code in converging to a solution by
providing a limit on how smooth or patchy the resulting map can
be. For all the maps, a value of regularization was chosen which

Table 1. Fundamental parameters used/derived
for the α2 CVn mapping.

Parameter Value Reference

Teff 11 600 ± 500 K (1)
log g 3.9 ± 0.1 (1)
Prot 5.469 39 d (2)
v sin i 18.0 ± 0.5 km s−1

i 120◦ ± 5◦ (3)
$ 115◦ ± 5◦ (3)

References: (1) Kochukhov et al. (2002),
(2) Farnsworth (1932), (3) Kochukhov & Wade
(2010).
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Tests of inversion methods (Stift & Leone 2016)

Inversion with Stokes I alone

Inversion with 4 Stokes’ vectors



Tests of inversion
•  Most of published maps appear to be spurious !

–  Solutions are not unique!
–  Atmosphere models are inconsistent
–  Magnetic fields/Zeeman effects are neglected
–  Often, only one single line per element is used
–  Data are too noisy
–  Obtained abundances are unphysical

•  The main fact shown by observations is that distributions of 
elements are inhomogeneous.
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NEW on 2016: non symmetric dipole  (field HD154708 like)
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Fe distribution
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Cr distribution
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Conclusions

•  Despite recent progress, the atomic diffusion process remains a 
difficult challenge for numerical modelling.

•  It  is not yet possible to reproduce through modelling the observed 
abundances of individual stars. But models are more and more 
realistic.
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