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Abstract.

In this pape we descrile a new Magnetc Dopple Imaging (MDI) code INVERS10

designe to reconstrut magnetc fields on the surfaces of CP stars The code is basa on a
state-of-the-arradiative transfe solve and efficient minimization technique It is aimed at multi-
processo calculations This new tool is capabé of reconstructig the distribution of magnete field
vectors and abundane of one chemica elemen from atime sequene of four Stokes parameters
observe with sufficiert time and spectr& resolution No assumptios abou field geomety (e.g
multipolar, radid etc) are necessaryln addition INVERS10 is capabé of simulating the observel
profiles for a given field geomety and abundane distribution We also shov sone resuls of
numericd experimens$ and discus future applicatiors of the new code

1. Introduction

The study of stella magnetc fields plays a very im-
portarnt role in our understandig of star formation
and evolution linking the photosphee to stellar inte-
riors and to the circumstella medium The reliable
determination of field geometrie for a statisticaly
significant numbe of objecs will serwe as a crucid
teg for existing and future stella models

The technigwe of detectiom of magnetc fields is
quickly maturing Both broad-bad linear polarime
try and spectropolarimety hawe been perfecta to a
levd where polarization of 10°* can be reliably mea
sured Modeling the field even for larger polarizatin
levels requires a major effort. One promising tech
nique is Dopple Imaging (DI). DI has been originally
suggestd (Deutsch 1958 and develope (e.g Gon
charsly et al., 1982 for mappirg chemicd elemens
on chemicaly peculia stars The methal allows ex-
traction of information out of the rotationd modu
lation of spectra line profiles DI has been success
fully extendel to multi-elemen mapping to late-type
stars eclipsimg binary systens etc. Modeling the mag
netic field is considerab} more demanding the obser
vations are influenced not only by the field strength
but also by orientaticn which change as the sta ro-
tates Our new MDI code is capabé of mappimg the
field vecta and one additiond scala parameter It
was logicd to apply this code first to magnetc CP
stars where on one hand the fields are strong and
globally organizel and on the other hand a wealth
of observationh data alread exists

In the following sectiors we descrile the solw
tion of the radiative transfe for four Stokes param
eters the optimization procedure the structue of
INVERS10 and the implementatim of the paralld cal

culations Next we show the resuls of numericd ex-
perimens that demonstrag the performane of the
new code and help in establishig the requiremeng
to the observations

2. Synthesk of stellar spectra

The core of any Magnetc Dopple Imaging code
is the radiative transfe solve (RTS) which mug
be sufficiently accuraé to represeh the wavelength
dependeh Stokes parametes radiatal from ead ele
mernt on the stellar disk and fag enoud becausg that
is where MDI spend mog of its computirg time.
The equatim of radiative transfe in the magnetc
ca® is a systen of 4 ordinaly differentid equatiors

for the Stokes vectar | = {I, Q, U, V}:

I
4 xr+ J, {1
dz

where the absorptim matrix X and emission vecta
J are given by:

kcl + z kg"eq’]ine; (2}

lines

chCEU + Z kgneslineq’lineea- (3)

lines

X =

J

Here B is the identity 4x4 matrix, e, = {1,0,0,0},
and k., and S, are the continuun opacity and soure
function. The line opacity consist of a sum over all
contributing lines of the absorptim matrices ® times
the line cente opacity kl')i"e. We assune an unpolar
ized continuum and LTE throughou the reg of the
paper The polarizatia of the continuum is irrelevart
for an MDI code it contairs little information abou
surfa@ structures and is smal compare to the mag
netic polarization in spectra lines The NLTE effecs
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Figure 1: The orientation of the magnetic field vec-
tor in the observer reference frame (Z is the line of
sight} is defined by the angles v and x. 7 is measured
between the direction to the observer and the direction
of the field vector: y€ [0°,180°]. x iz measured in the
tmage plane from the X -azis counter-clockwise.

are more difficult to include when dealig with com-
plex blends (althouch there are severd NLTE RTS
codes for non-magneti and even magnete cases) but
her we prefa to restrid ourselve to lines formed in
LTE which allows us to write the emissim vecta as

J = kBy(T)eo + BA(T) 3 k™ Brinees. @)
lines

Finally we can write the expression for the absorp
tion matrix ¢:

or g du v

vl o ow e | ®
v Yy —Yo ¢

where

b = 1/2(¢psin® v + 1/2(d + $p}(1 + cos? 7))

b0 = 1/2(p = 1/2($r + $)) siny cos 2x

bu = 1/2by ~ 1/2(¢ + $o)) sin® ysin2x

¢v = 1/2(¢r — dp)cosy (6)

Yo = 1/2(3p — 1/2(¢ + 1)) sin® ycos 2

Yu = 120$p ~ 1/2(th + 1)) sin® ysin 2x

Yy = Y2t — ) cosy.

The angles determire the orientatia of the field vec
tor in the observe referene frame as shown in Fig-
ure 1. The¢’s and thes’s in absorptio matrix (5) de-
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scribe the absorptiom and anomalows dispersim pro-
files. For a given transition with magnett quantun
numbes of Zeema stats M. and M,,,. we de
note the type of transition allowed by the selectim
rule as

+1 = b
AM = Mupper — Miower = 0 = p . (7)
-1 = r

In a moderaé magnetc field (< 10° Gaus$ and
assumig LS coupling a levd with quantum num-
bers L, S and J splits into 2J + 1 states with M =

-J,.... 0,..., +J with Lande factors
_ 3 S(S+1)-L{L+ 1}
=3* 2J(J +1) ’ (8)

For a permitted transition between two Zeeman
states the wavelengh shift relative to the line cente
at azer field is:

ex:|B
4rmc

(ylawerMIower - gupperMupper) - (g)

For similar Lande factors of uppea and lower levels
a red shift correspond to a negative AM which ex-
plains the conventio introduce in (7).

The absorption profiles

¢ = Y AyH{a,v - AN/ADop)
b
dp = 3 AH(a,v— AX/Adpyp) {10)
P
¢r = > ArH(g,v - A\/ANpop)
and the anomalows dispersim profiles
¥ = 29 AF(a,v— AM/BApoy)
]
Y, = 2EA,,F(a,v—A).p/A)\D°p) (11)

P

$r = 23 AF(a,v— A\ /DAoop)
r

are well describel (in mos case} by the Voigt and
Faradey-Voig functions

a +o0 ol
H{g,v) = ;/_w (—1}%@, (12)
oo (2 2
Flo,v) = % /_ ——————("(v _yLe;”i a*.’z Jay. ()

Humlic'ék (1982 provides a fags and accurae ap
proximation for both functions (note that the imag
inary pant of his approximatiommn correspond to 2F,
rathe than F). The normalization of individua Zee
man componens is done separatel for b, p and r so
that 3 Ay =3 A, =3 A- = 1. The Voigt a and v
are the Lorentzian line width and the offse from the
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line center expressed in units of Doppler width:

= FR.ad + FSLark + roanderWnals (14)
4 Aimgp
(15)

(A= Xo}/AApop-
In order to solve the RT equation (1) for a given

location on the stellar surface we need to:

*+ compute the Voigt ¢ and v from equations (14)
and (15),

« compute Voigt and Faradey-Voigt functions
for each Stokes component,

« computed’s and¥’'s using equations (10-11),

« compute the continuous opacity coefficient,

+ compute the absorption matrix® from equa-
tion (5) for each contributing spectral line and add
them together to form the absorption matrix K and
the emission vector J throughout the atmosphere.

We will not discuss here the calculations of damp-
ing parameters, in the case where they are not di-
rectly available from a line database like, e.g. VALD
1995), or the calculations of differ-
ent continuous opacities because INVERS10 inherited

(Piskunov et al.,

these parts from our non-magnetic spectral synthesis
code SYNTH (Piskunov, 1992).

Once the absorption matrix and the emission vec-
tor are prepared, we are ready to solve the equation of
radiative transfer (1). The first code, capable of doing
this job, was created by Landi DegPInnocenti (1976),
but the Runge-Kutta integrator used there is too slow
for our purpose. Instead we have considered two types
of more effcient RTS for INVERS10: Feautrier and Di-
agonal Element Lambda Operator (DELO).

2.1. Feautrier RTS

The Feautrier method is well established as the most
stable and fast long characteristics RTS for the non-
magnetic case. Therefore, it was logical to extend it
to the case of magnetic field. Such an algorithm was
(1977) (AHH).
we repeat the basic formulae from the seminal AHH

first formulated by Auer et al. Here
paper to help comparing different RTS.

As in the conventional (non-magnetic) case, the
intensity is split into two flows: 1+ for radiation prop-
agating towards the surface and [/ for radiation di-
rected inside the star. Next after introducing the two
new variables P = (]+ + [I)/2 and R = (I+— 1)/2
the equation of radiative transfer is replaced by a
second-order differential equation for P.

The same principle is generalized to the magnetic
case as follows. Let ]+ be the Stokes vector character-
izing the radiation propagating out of the atmosphere
while I corresponds to the radiation in the opposite
direction. Note that for /= we also have to switch

the b and the r Stokes components as the wavelength
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Figure 2: The effects of numerical instability caused by
an ill-conditioned opacity matriz K in the longitudinal
field for the infrared Tit 22211.228 A line with Landé
factor 2.08. The plot represents disk center intensily
(in arbitrary units} es a function of wavelength for
Tt =8500 K, log g=>5 model of Allard and Hauschildt
(1995) with a radial field of 4 kG. Plus signs show the
results of colculations based on direct matriz inver-
sion, while the spectrum computed by solving systems
of linear equations is shown with a solid line.

shifts will change signs. The switch of direction cor-
- " and to
—%. Therefore, the line absorption matrix for 1+ is

responds to the change of angles to 180°

related to the matrix for / as:

[ o1 ﬁ A
I

+ + gt
wo= | G2 LW T -
\ 67 v& -v5 ¢F
(16)
[ o o5 —¢5 o
b 01 Yy V5 | _ 4
—¢y ¥y ¢r -¥g

\ ¢v Yy Y5 o7
This follows from equations (5) and (6) and from the
fact that the Voigt function (eq. 12) is symmetric and
the Faradey-Voigt function (eq. 13) is anti-symmetric,
leading to an additional sign change for all 1,{)_ but
not for ¢'. One can clearly see that $~ can be made
identical to &% ifwe define I as {1, 0, -U, V}t‘ For
the new definition of the radiation flows we can write
two identical radiative transfer equations:
+

3 gy,

dz
and after adding and subtracting them and introduc-
at + )2 and
we get the familiar equations:

(17)

ing the Feautrier variables P =
R= U-nn

dP

dz

= -KR, (18}
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Figure 3: The comparison of the intensity spectra
computed with Feautrier and DELO solvers for the
center of the Sun._ The magnetic field was assumed
{o be radial with |B| = 2kG. The linc in the middle
of each panel gives the relative difference between the
two spectra (DELOG - Feautrier).

dR
dz
We combine them to a single 2nd-order equation for
P:

d{ _dP\ _
£ (c122) =xp s

Boundary counditions are set on both ends of the

= —KP+J. (19)

(20)

integration path:

dP

IC’IE = P at the surface, (21)
dP

IC"IE = P-TI* at maximum z. (22)

We follow AHH in using the Taylor expansion to im-
prove the approximation at the inner boundary:

dB
I*= (B,\ - )c-‘?;’i) €0 (23)

At this point, we note that we can easily switch
from the simple geometrical depth scale along the line
of sight z to the depth scale perpendicular to the sur-
face 7' by introducing f# - the cosine of the angle be-
tween z and z. Furthermore, model atmospheres (e.g.
Kurucz grid (1993) are often computed on a scale of
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Figure 4: The comparison of the V Stokes specire
computed with Feautrier and DELQ solvers for the
center of the Sun. The magnetic field was assumed to
be radial with |B| = 2kG. The upper line in each panel
gives the relative difference between the two spectra
(DELQ - Feautrier).

column mass rather than geometrical depth. We can

switch to this scale by replacing k¢ and kgm

computed
per unit of length, with opacities computed per unit
of mass and introducing elementary mass increment:

dm = pdz' (p is density).

g d dP
2 G (188
H dm (}C dm) KP+J
dP
-1 = _ 24
K™l o = —Plm, (24)
K;—lii.£=p..30 B,\_)c-lii_q’_‘.
dm dm /|,

On a discrete grid equations (24) can be repre-
sented with finite differences. For depth points i=0,

I,....., N - 1 we define the quantities:
& = mi —mim and A; = (K, +K71) /28i. (25)

Then the Feautrier scheme becomes equivalent to a
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system of linear equations

Bl —C1 e Q0 0 Pl Dl
-Ay By- DO 0 P, Dy

0 ~Ag-- 0 0 Py Dy

0 0 Bn_1 —Cn_1 Pn_a Dy,

¢ 0 ---—Ax., By Py Dy

where A¢, B; and C; are 4x4 matrices and I); and
P; are 4 elemen vectors The first and the last row
are derivad from the bounday conditions

81 = A1/51 + 1/{51 +Kl
G = & /6,

1
D[ = 5.]1

1

.AN‘ = AN—I - 51 (26)

1
By = A1 + -2-11

Dy = ':;j (Bav + Ban-1)eg +

An_1(Bany ~Ban-1)eo
while the second-ordeequatio couples 3 diagonals
A =281 /(8 + ;1)

B;= 2Ai—l/(5i + 6;‘—1) + 2A|‘/(5|‘ + 5.'_1) + K;
Ci=2A;/{8; + ;).

27

We note that the whole s& of equatiors (26) and
(27) is a block tri-diagond linear systen that can be
solved with the convention& forward and backwad
elimination procedure First, we get rid of the lower

diagond elemens (A's) and bring diagona matrices
B'sto L

¢, = Blg

€ = (Bi—Ai—lCE_J—]ci (28)
D} = Br'D,

D} = (B;~ACi) " (Di+ A D),

where €' is the new uppe diagona and D' is the new
right-hard side Next we perform the badk substitu
tion to obtain vectors P:

Py = Dy
P; = D;+0[Pi.

The emergig Stokes vecta I|;—¢ = I1|.=0 = 207
The methd is fag and efficient as in the non
magnett ca®e but suffes from numerica instabil
ity in the ca® of stromg lines and substanti& field.
Indeed the forward substitution evaluates the new
uppe diagona C' and the new right-hard side D'
by computirg the inverse of two matrices B; and

{29)

B;—~A;_Ci_,. The latter may lead to numericd insta
bility that can be illustrated by the following exam
ple. Let us conside the situation where the direction
of the field is paralld to the line of sight, the wave
length nearly coincides with the cente of one of the
g-componens (for example red shifted and the field
is strong enoudh so that the contributiors of other
componens in a given wavelengh are small We also
assune the line to be strong and ignore the contin
uum opacity Severd componens of the absorptim
matrix will vanish due to our assumptios (siny = 0,
¢y = 0 and ¢p =2 0):

ér = 1/2(pp sin® v+
1/2(¢T' + ¢b)(l + cos® 7)) + Qgont = 1/2¢r
$g =1/2(¢p — 1/2(¢, + ¢s)) sin® ycos 2y =0
du =1/2(¢p — 1/2(¢y + ¢)) sin® ysin2x =0
dv =1/2(pp, — ¢) cO87Y = 1/2¢,
P =1/2(p — 1/2(¥r + ) sin” ycos 2x =0
Yu =1/2(hp — 1/2(3 + ts)) sin® ysin 2x =0
Yy = 1/2(t), — tpp) cosy w1/ 24y,

and the absorption matrix itself will be reduce to:

1/2¢, 0 0 1/2¢,
kx| O 1/2¢, 1/2¢, O
~ 0 —1/2¢ 1/26, 0
1/2¢, 0 0 1/2¢,

with %, quite smal becaus the Faraday-Voig func-
tion for #x-componen is very clos to zera The in-
verse of the absorptim matrix required to evaluae
A; (eq 25) is not well-conditional and so will be the
derived matrices The resul of sud instability is il-
lustrated in Figure 2. One should note that insteal
of evaluatig the invere matrices in equatimn (28)
we can solve the systan of linear equatiors with the
matrix Bi —A;~1C}_, and the right-hard sidesC; and
(Di+Ai D, ).

This is both more
efficient for example using the LU decompositia al-
gorithm (e.g Pres et al., 1986) one can decompos
the matrix only once and then use it for all 5 columrs
of the right-hard sides

The Feautrie methd is very usefu in the cae
where we are interestel to know the radiation field
throughou the whole atmosphere Spectra synthess
of polarized radiation in INVERSI0 only requires the
knowledg of the emergemn Stokes parametersthere
fore we also considerd the shott characteristis DE-
LO method

2.2. DELO RTS

The Diagond Elemert Lambda Iteration methd has
been suggestd by Rees et al. (1989 who noted that
the absorptim matrix £ is dominatel by the main di-
agona elemens which are identicd for eath spectrd
line. Let us conside a ca% of an isolata line. In this

robust and more



ca® the diagond elemens of K given by equation (5)
are ks + k"¢, Introducing a modified absorptim
matrx and emissia vector.

K= Kk -1 (30)
§' = J/ktt, (31)

where gtot - k. klued, and the opticd deph as
lér = —k**tdz we can re-write the radiative transfe
equatim in the form:

df
—=I-(8'-K'D=1I-85.
T=I-( )

The naw soure function vecta § = (8’ —~X'I) is not
my differert from S’ becaus K' is small For agiven
deph intervd betwee points 7 and 41 the forma
solutin of equati (32) can be written as

(32)

Tidl
T =edmn)+ [ O IS@E, (@)
where
g=e% and § = Tit1 — Ti- (34}
Equatim (33) looks like a standad radiative

transfeé equation written in an integrd form (S de
pend on the Stokes vector), but noting that K'I is
small Rees et al. (1989 approximae 8{r} with a
linear function

S{T) = [(Ti+l - T)Sg + (1" - T,')S,'+1]/(§,', (35)

ard substituting this expressia into equation (33)
we can take the integrd analytically (see equatiors
(62)-(67 in Rees et al., 1989) This gives us alinear
relatin betwee Stokes vectorsini + 1 and i:

I{re) = X + Vil (1i1), (36)
where
A= [+ (o - BKI

(e — ) S} + B: 841
Yoo= [0+ (2= K] (el - BiKiy,)  (37)
o = 1-—¢g
B = [1 -1+ 5.')6,']/5,:.

The bounday condition for equatian (33) is se for
deg layers in the atmosphere The correspondig
asymptott approximatiom is readily given by equa
tion (23). The main advantag of the DELO methd
is tha it requires only one pas throudgh the atmo-
sphee becaus the Stokes vecta in the currert point
is derived from the Stokes vecta in the previows
(deepey point, the absorptimm matrix and the soure
function The nea to know the equatian parametes
only in two adjacen points makes DELO ashott char
acteristis method Equatiors (37) can be generalize
to the ca® of multiple blendd lines and column mas
as a deph parameter Before doing it, we note that
in ca® of a blend the diagona elemens of K will be
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ke 30 klinegline o5 the new definition for k*°* shoul
be

ktot = kc + Z k})il\eqb}ine.

lines

(38)

We also note that & == '/2(kt®* + k124 ) (miyr — my)
The reg of the derivation of equatiors (36) and (37)
holds directly. The integration stars from the dee
layers where the initial Stokes vecta is given by equa
tion (23), then for eath step we evaluae matrices &
and Y using equatiors (37) and comput the next
Stokes vecta from equatio (36). Note that only one
matrix inversia is required for computirg X and Y
at ead step but this inversimn is numericaly sta
ble becaus for smal &, {a; — ;) is of the orde of
0;/2 and the matrix 1+ /28;K} is dominatel by its
main diagonal The accuray of the DELO methd
primarily depend on the accuray of the linear ap-
proximation for & given by equatimn (35). One can
reach high precisiomm for the emergig Stokes vecta
by refining the depth grid so that for ead intervd
the difference betwee §'(miy1/2) and Y2(S+8i.,)
is smal (we use 8’ as an approximatim for 9.

DELO is not quite a second-orde methal but it
is fast robug and sufficienty accuraé to be use
in INVERS1Q Figures 3 and 4 shov good agreemenh
between spectn of two Stokes parametes computel
with the two method in the presene of magnett
field. The DELO algorithm was 30% faste than the
Feautrier

2.3. The quality of spectral synthesis

The method of solving the radiative transfe equa
tion describel abowe hawe certan (quite high) numer
ical precision but othe effecs may be significart or
even dominatirg the quality of synthett spectra The
two major players are the modd atmosphee and the
atomic data

Model atmosphers in use today are mostly 1D,
plane-parallel computel in LTE with avery primitive
treatmen of convectim (mixing length theory) and
uncertan opacit source (e.g autoionizirg lines). We
are forced to introduce two fudge parametes (micro-
and macro-turbulence to partially compensag for
some of the assumptions Recen attemps to com
pute 3D hydrodynamé¢ modek (Asplund et al., 1999
give very encouragig results but sudh modek are
very costly and very sparse Although the simplifica-
tions listed abow may be very far from reality, the
resulting temperatue structue in the line forming
regiors is good enoudn for spectrd synthesis Even a
simple LTE spectrd synthess code can do very well
in the reproductian of the disk integratel monochre
matic fluxes. Figure 5 shows the comparism of the
NSO FTS Sola spectrun (Kurucz et al., 1984 with
the LTE calculatiors performel with the SYNTHVAG
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Figure 5: The LTE synthesis of the solar spectrum using the theoretical model atmosphere (thick line) compered

to the FTS full disk solar spectrum (thin line).

code (Piskunoy 1999 base on the Feautrie RTS
for the solar LTE modd compute by Kurucz (1993)
We concluce that the most significant deviations are
due to the errors in the transition parameters or non-
identified lines. The deficieny of the modd can be
seea for the bed fitted lines as the systematé asym
metry of the profiles Only avery tiny fraction of lines
formed in the photosphee shows noticeabé NLTE ef-
fects (Cal 6439 A is one good example) Such a com
paris;m encouragd us to use the sane approat to
study fas rotating stars suitabke for Dopple Imag
ing.

3. Solving the inverse problem for MDI

The inverse problem for Magnetc Dopple Imaging is
similar to the conventiona Dopple Imaging We per
form a conditiond minimization of the discrepang

functiond E (Piskuno & Rice, 1993}

= = 3 [Re(6, N — Ri(g, A’ (39)
Y
¢ = E+ O =min, (40}

where ¢ and A are the observel rotationd phase and
wavelengtls and R; are the disk integratel Stokes
vectors The regularizatiom functiond £ is usel to
ensue a unique solution by restricting the spae of
possibke solutions It is fairly eay to comput the
first derivatives of & in respet to the locad parame
ters (magnetc vecta componens and elemen abun
dancg as this can be done in the sane loops as the
calculatin of Ry(#, A)*®¢ themselves

R; = Z T 454 Dpoy (A Blnsa,

aur face

= = g [Rtj:ralc _ R(}bﬂ] ;,\+A)\Dop

(41)

(4,B)udo, (42)



where Ao is the projectal area of the surfae ele-
ment Note that the absene of integration over the
surfae for &' reflects the fact that the derivative is
taken with respet to the locd elemen of the map. If
we can compue I’ simultaneoust with I, it will take
only aminor additiond effort to evaluae E' togethe
with Z.

This propery is very genera for all invers prob-
lems encounterd in remot sensig and allows effi-
cient parallelization of the computatiors (see the next
section)

The large numbe of variables and the availability
of the first derivatives motivates the use of the con
jugate gradien minimization metha (Pres et al,
1986) Theoretically a numbe of iterations similar
to the numbe of variables (2000-4000 is needé to
read the convergene with this method but in prac
tice we read the leve close to the accurag of the
observatios alread/ in /100 iteratiors and we see
no significart improvemen after that due to system
atic effecs (missing or erroneos line data data re-
duction problens etc) Even 100 iteratioms require
a very powerfu computer An alternative solution
is to use Newton-type algorithms (e.g Marquardt
Levenberg 1994 for the minimization of (40). Thes
algorithms are much more efficient (2nd-orden in
the vicinity of the solution Our tess showv that
we can achiew convergene in 3-4 iteratiors effec
tively trading memowy for spea (The Marquardt
Levenbeg algorithm requires storing a matrix of size

Nsizeofmap #si zeof observations).

4. Parallel execution

INVERS10 is designe for paralld execution We usal
the Messag Passig Interface (MPI) for organizirg
the interactiom between processes The initial con
cepg was base on the fact that during ead it-
eration spectrd synthess for ead rotationd phas
can be performal independently The curren single
program-multiple-daa implementatim of INVERS10
begims with readirg in the observationhdata and the
starting modd and initialization of arrays that can be
pre-computed Next, the data is distributed betwee
all processs by mears of MPI_BROADCAST call. After
that, each proces takes approximatey equd numbe
of phase and compute spectrd synthess and deriva
tives of the locd line profiles for the currert distribu-
tion of magnetc field and abundance It is usefd to
have the numbe of processe equd to the numbe
of rotationd phases The main proces collecs com
puted spectra correct the maps and distributes them
to all processe for the next iteration

Although the code basal on this concep performs
well and scales almog linearly with the numbe of
CPUs it has two importart limitations:
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* no performane improvemen is possibe after
the numbe of CPUs has reache the numbe of ob-
serva phases

* load balane is difficult to achieve Ead iter-
ation takes as long as the sloweg$ proces which does
approximatey as much work (phase} as the other
fastea processes

An alternative MPIl-basa algorithm for paral
lel executim has been implement& in our non
magnetc DI code for multi-elemen abundane map
ping INVERS12. (In this code we hawe also imple-
mented the Marquardt-Levenbey algorithm men
tioned in the previows section) The paralld schene
consiss of the following steps

1° Input data and initialize radiative transfe
solvers (main process)

2° Startt minimization (main process)

3° Comput locd specta and their derivatives

4° Continwe the minimization of €.

5° When the minimum is achieved signd to the
subordinaé processs to exit.

During step 3° the main process:

1 Takes the next surfae elemen and send its
abundancs to the first availabk radiative transfe
solver. Repeas this step (without waiting) until no
free solve is available

1i Checls with MPI_WAITANY if any one of the
solvers is ready

1 If one is found, retrieves I and I' and update
the disk integral

1v If there are unprocesse surfae elemens left,
passs the next one to this radiative transfe solve
and goes badk to II.

Meanwhile ead subordinate process (radiative trans-
fer solver):

| Receives surfae element (locd abundances
from the main process

Il Solves the radiative transfe for all the wave
lengths and all the phasa to evaluate I, perturks locad
abundance and compute | agan to evaluat numer
ically the derivatives %

Il'l Signak the completian to the main process

IV Returrs the resuls and waits for the next sur
face element

We are working on implementirg a similar schene
for INVERS10. Since the time spen on computirg |
for each surface element in each phase dominates the
DI procedure the advantage of such implementatia
are obvious

e The tota time for a single iteration is reducel
proportionally to the numbe of availabke processos
assignd to solve the radiative transfer This will scak
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Figure 6: The reconstruction of the dipolar field with the azis of the dipole inclined by 90° to the rotational azis.
The inclination of the rotation azis i=60°. Kurucz model with Tex= 9000 K log g= 4 has been used for spectral
synthesis of the 2 Fe 1l lines (6147.741 A and 6149.258 ). The inversion is based on four Stokes parameters.
The original image is shown in the top panel and the reconstruction of the fleld vectors is presented in the
lower panel. The black arrows show field vectors pointing outside the stellar surface while white arrows are

potnting inside.

linearly until the numbe of processos matche the
numbe of surfa@ elemens (2000-4000)

« The CPU load is automaticaly balanced
faste radiative transfe solvess proces more surfae
elements

¢ Furthe spea increa® can be achievel by tak-
ing advantag of the fact that some computationaly
expensie functions (e.g Voigt and Faradey-Voig} do
not depem on the rotationd phas (Zeema splitting
is proportiona to the field strengh and is not influ-
enceal by field orientatio so they hawe to be evalu
ated only at one pha® for eadh surfae element

« Locd memowy per proces has (modes} di-
mensiors of the observel data set

5. Numerical experiments

At this time we do not have any complet se of po-
larization observatios in 4 Stokes parametes with
adequa¢ quality for applying INVERS10. In fact, only
2-3 stella telescope in the world hawe high resc
lution spectrometes equippe with analyzes capa
ble of registerirg 4 Stokes parametersin preparatio
for the red data we haw been studying INVERS10
using numericd calculations For a given magnetc
field configuratiom we are computirg the fake obser
vationd data with agiven spectr& resolution and S/N
ratio. The simulatel data are producea using a vari-
ety of grids and sometime a different algorithm (e.g
SYNTHMAG). Then we run the inversion and compae
the resuls with the origina map.

Our extensiwe progran of testing the performane
of INVERSI10 is describel by Kochukhors (this proceed

ings). Here we just give 2 examples Figure 6 shows
the reconstructioa of a simple dipolar field base on
simulatel 4 Stokes paramete data The reconstrue
tion is nearly perfed in the northem hemisphere We
were surprise by the ability of our MDI code to re-
cove the corred field configuration even for very slow
rotators (vsini< I5km s'). This reflecs the influ-
ence of the field vecta orientatiom on the observe
polarization spectra

Figure 7 is demonstratig the ability of recon
structing the radid field concentratd in a smal "ac
tive" region

6. Conclusions

We hawe developel a new MDI code INVERS10 ca
pable of simultaneousl reconstructig the distribu
tion of magnetc field vectors and abundane of one
chemicd elemen on the surfae of a CP star. The
code solves the radiative transfe for 4 Stoke pa
rametes "on the fly" with a state-of-the-ar DELO
algorithm and uses the MPI environmen for parat
lel computing Extensive numericd experimens and
comparisos with other magnett spectrd synthess
codes and with the sola atlas confirmed the high
accuray and high spea of the new progran and
demonstrag its ability to reconstrut avariety of field
geometris from simple dipolar to a superpositio of
severd multipoles with and without abundane spots
We also confirmed the necessiy to use spectain all 4
Stokes parametes in order to ensue the uniquenes
of the solution We intend to use INVERSI10 to inter-
prete such data ses as they will becone available We
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Figure 7: The reconstruction of the radial fleld concentrated in a circular spot on stellar equator. The parameters
of the model star and spectral interval are the same as in Fig. 6. The original image is shown in the top panel
and the reconstruction of the field vectors is presented in the lower panel.

also plan to adapt the new program for imaging ac-
tive late-type stars with complex field structures. We
will still work on the structure of the new code im-
plementing new parallelization techniques and a more
efficient minimization algorithm tested already in an-
other DI code.

Among new features revealed during numerical
experiments we discovered the ability of INVERSIO
to image magnetic fields on very slow rotating stars,
unreachable for conventional DI technique.
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