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ABSTRACT

Context. Spectral synthesis calculations based on three-dimegissteilar atmosphere models are limited by tferaable angular
resolution of the radiation field. This hampers an accurai@ment of rotational line broadening.

Aims. We aim to find a treatment of rotational broadening of a sghéstar when the radiation field is only available at a modest
number of limb-angles.

Methods. We apply a combination of analytical considerations of the-broadening process and numerical tests.

Results. We obtain a method which is closely related to classical flomvolution and which performs noticeably better than a
previously suggested procedure. It can be applied to rigidell as diferential rotation.
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1. Introduction —] T
Spectral synthesis calculations based on time-seriesreé+th

dimensional (3D) background structures from hydrodynainic  pgle™

model atmospheres are computationally demanding and pose \
limits on the dfordable resolution for representing the an- 3 9 ¥ o o o w ©
gular dependence of the radiation field. In such calculation § T S o\ o o\ o
the number of employed azimuthal directions typically resg "

from four to eight, the number of inclined directions renets g disk center Ho My
ing the center-to-limb variation being between three and. fiv S

Obviously, the resolution is not high, and in particular sk >

an accurate implementation of rotational line broadenorges % |

what dificult. To our knowledge, the only published method = >\

handling rotational broadening in the 3D case is that of Disav / p-ring

& Nordlund (1990). Here, we describe an alternative procedu u—%@‘ .

which provides higher accuracy at similar computationah€o

plexity. It is closely related to standard flux convolutiand.,

Gray 1992). Its development was motivated by the demand for L
an accurate description of the rotational broadening oftspke
lines in the solar spectrum (Gau et al. 2007). Fig. 1. lllustration of the apparent radial velocity distribution

a stellar disk for solid body rotation: vertical lines of bant
> Th bl d basi . radial velocity are labeled by their velocity in units gfsin().
- The problem and basic assumptions They lie parallel to rotational pole — disk center directiGor

For the moment, we neglectftiirential rotation, and treat thefurther explanations see text.

star as spherical and rigidly rotating. Local-box hydroaiyri+

cal model atmospheres provide a statistical realizatiasohall

patch of the surface flow pattern. Formally, we want to obtain

an estimate of the expectation value of a rotationally beoad,

disk-integrated line profile. Rotational symmetry withpestto 3. The method of Dravins & Nordlund

the stellar disk center implies that there is no azimuthpkde

dence of the radiation field. All we need to know for evalugtinWe start by describing the procedure of Dravins & Nordlund
the disk-integrated rotationally broadened line profiketampo- (1990, section 2.1) who model rotational broadening as arsup
ral and azimuthal averages of the emergent radiation iityesfs position of line profiles at varioys = cos(?), broadened by the
the local model as a function of asterocentric arfglelence, the velocity field along circleg = const around the stellar disk cen-
problem is equivalent to the rotational line broadenindyem ter. We refer to one of these circles ascircle” (see Fig[L).
in standard, plane-parallel model atmospheres. The broadeningféect of the projected rotational velocity along
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a u-circle located aj: = uy can be expressed as a convolution ' not broadened ~
according to 101 -~ ‘

- LY (V=& ) = 0.8

I(v, == dé —— 1) g+

i) = [ e — ® 2

>
where we expressed the wavelength-dependence of thejtyteng 06
[ (A, um) in the line in terms of the Doppler speed (v, um). I is
the intensity in the line profile broadened under the actidth® g 0.4
radial velocity along the considergecircle. Vis the maximum i
projected rotational velocity ai, given by 02
V(um) = Vsin() /1 — u3. 2) 0.0 ) o ) . . , . .
o ) ] _ -4 -2 0 2 4

V sin() is the usual projected rotational velocity of the star as Doppler Velocity [Line Width]

hole. An obvi feat f th luti d b
EC;I_V C(l?)eis tr?eosivr:glljjf';\ri?; gfr?h(é intzg(;gg\éoalizlor;; xiFJ;estshee F¥g. 2. Rotationally broadened line profiles (solid lines) for dif-

presence of sharp spikes. One might already suspect atinis p/€ent total numbers of asterocentric angisemploying the
that their presence will be apparent in the fully disk-imetgd Proadening procedure of Dravins & Nordlund in comparison
profile. Numerically, one can handle the singularities bglgin (0 the exact profile (diamonds). For clarity, the broademee! |
cally integrating the expression over each resolution eferas- Profiles have been verticallyfiset. Wavelengths are given as
suming a certain functional dependencé(@j within them, and DOPPIer velocities in units of the width of the Gaussian non-
summing over all contributions in the intervalif, +7]. We as- Proadened profile (dash-dotted line).

sumed a constant behavior bfin each resolution element so

that thg integral oflthe kernel function over a rgsolutioemaént 4. An improved method

stretching over an intervfdy, &, can be conveniently expressed

as The major reason for the “wiggly” behavior of the broadened
line profile shown in Fig[l2 are the pronounced spikes in the
f'z ¢ arcsi n(é) _ arcsi n(é ) 3) integrand in Eq.[{l1). One can reduce their impact by assngiat
& m v v/ a givenl(u) not only with an infinitely thinu-circle but with

a u-ring (see Fig[L) of finite extent. The contributi®t(u) to

The disk-integrated, rotationally-broadened flux profi) is the rotationally broadened flux profile stemming from thélate
obtained by integratin§over the disk according to the standardlisk area subtended bye [um, 1] is given by the convolution
relation 5 5 "
- _ 2 _ g2
e = i [ derv-epo) - ©)
©) L hisal (v 1) mZ:le (V- pim). ) ¥ is again given by relatio[2). Here, we assume that the inten
sity profile is constant withifum, 1] represented by the intensity
The second approximate equality is the discrete approiomatatu = uo — presumably but not necessarily lying in the interval
to the integral employing a total number bf, limb-angles of [un, 1]. Note, that relatior{{5) takes into account the surface area
weightwy, at positiongun,. corresponding to the intervgln, 1]. Its result is a flux-like inte-
The original implementation of Dravins & Nordlund did notgral, different from the result of relatiofll(1) which expresses an
use a formulation as convolution but a discrete integradicer average intensity since the kernel function is normalipeaite.
p-circles using polar coordinates. While mathematicallyiear A p-ring extending over the interv@ilim, um+1] can be obtained
lentto Eq.[(1), it somewhat obscures the critical role ofrtiest by subtracting contributionm.1, 1] from the contribution of
extreme velocities on a-circle for the smoothness of the rota{umy, 1] (assuminguy,,1 > um) keeping the same intensity a.
tionally broadened spectrum. One can build up the whole visible stellar disk by a number-of
Figure 2 illustrates the result of a test of Dravins &ings. Their surface area is reflecting the integration Wiigy
Nordlund’s procedure. We broadened an artificial Gausaien |in Eq. (4). As stated before, in eaifdividualring the intensity
profile with a rotational spee¥ sin(i) of three times the line’s is assumed to be-independent.
Doppler width. The rotational speed was chosen to be particu Figure[3 illustrates the outcome of this procedure. A com-
larly critical. Effects of smaller rotational velocities become lessarison with Fig[ 2 shows a more rapid convergence towakls th
pronounced due to the smoothing by the Gaussian line profixact result. The improvement is related to the fact thahtdve
at larger rotational speeds deviations are less conspicsinnbe method can at least handle exactly the simple case of a fjjobal
less localized. For the test case we assumed that the edliay u-independent intensity which is not the case for the mettod o
shape is independent@fand that the intensity in the continuumDravins & Nordlund. One could further refine it by introdugin
follows a linear limb-darkening law with a limb-darkeningef- an analytical expression for thedependence of the intensity
ficient of 0.6. Hence, standard flux convolution can be aggtie in eachu-ring — perhaps motivated from a fit to the continuum
obtain theexactdisk-integrated line profile. Figufé 2 shows théntensity available at the discretg,. However, we did not im-
convergence of the numerical approximation towards thetexalement this since from the test it appeared that the acgatac
result with an increasing total number of limb-anghs As ev- an dfordable number o, = 3 is already sfiicient. There is a
ident in the figure, noticeable deviations between the exadt caveat to this statement: the accuracy of the methods algesi
the numerical result are present up to and includiipg= 3. on the level of the dferential line-shift and -broadening as a
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Fig. 3. As for Fig.[2 for our broadening procedure. Fig. 4. Comparison of rotational broadening assuming a rigidly

(solid line) and diferentially (diamonds) rotating Sun. Thirty
times enlarged dierences of the resulting profiles (in the sense

function ofu which we did not test here. This should be checkedifferential—-rigid) are plotted in the lower part of the panel F
on a case by case basis. further explanations see text.

obvious imprint of spikes in the resulting profiles. Moregvm-
ticeable dfferences are present fiixed V andsin(). One might
Up to this point we considered solid body rotation onlyinterpret the smaller degree of broadening in th&edentially
However, the previous discussion made clear that integratirotating case as simply a result of the the smaller diskaayent
over u-rings should also perform better in the case dfeden- rotation rate forr > 0. However, from Eql{6) we obtain for the
tial rotation. The referee made the point that puttiffigres into  root-mean-square radial velocitus due to the rotation over
3D model and spectral synthesis calculations warrantsittie-i  the stellar disk
sion of dfects of diferential rotation to maintain highest level of

accuracy. In the following we give a brief demonstratiort thi& \/%V sin() \/1 C (g cos() + %a). )

5. Remarks on differential rotation

ferential rotation on the level observed in the Sun can iddme VRMS =
relevant for resulting line profiles. We implemented our moek

for a case of dferential rotation. For our test case Eq.](7) gives a 0.4% smaligys whena = 0.2
We chose the possibly simplest parameterization of the sollastead of zero. Changing the equatorial velodityby this
differential rotation pattern of the form amount assuming rigid rotation, leads to much smaller chang

in the line profile than are visible in Figl 4. However, for thea-
Q= Qeq(l - acog w) , (6) ticular Fe line it is possible to closely emulate its profie dlif-

ferential rotation assuming rigid rotation whards 3% smaller
Q is the angular velocity at co-latitude Qeq the equatorial an- than its nominal value.
gular velocity, andr a dimensionless parameter measuring the
degree of dferential rotationa ~ 0.2 for the Sun (see, e.g., .
Reiners & Schmitt 2002). Knowing the stellar radius, theiang®- Conclusions

lar yelocity can l_)e transfo_rmed into a relation .for the rad_ia The approach suggested in this paper provides an accugate tr
locity as a function of position on the stellar disk. Howevts  ment of rotational line broadening of a spherical star emplo
complex functional dependence does not allow the expressiaq intensities at a modest number of limb-angles only. This
of the rotation kernel by elementary functions analog to@. of practical importance in the context of 3D spectral sysihe
(Huang 1961). We evaluated the kernels for individuaings  calculations where angular resolution is computatioretiyen-
numerically by discretizing the stellar disk employingguoto-  sjve. This also holds for éierential rotation but the rotational
ordinates. While seemingly straight-forward it provedidult kernel functions must be evaluated numerically. Our apgvia
to obtain stficient numerical accuracy, in particular at low ranot restricted to the 3D case but could be equally well agptie
dial velocities, and higher-than-expected resolution meses- the standard 1D case. The issue is of course less pertingbt in

sary. We ensured numerically that the symmetry of the kernghce high angular resolution isfardable making the broaden-
functions with respect to the origin (i.e., zero radial \oitp) ing method uncritical.

was maintained so that no artificial line asymmetries wetr@in

duced in the resulting line profiles. — W thank A Reiners for heloful di _ bout dif

. . . . 9 nowledgementsyve than nsgar reiners for nelptul aiscussions about aif-
Flgure.@ dep|cts .an e.x"?‘mp'e comparl_ng I_POtatlon_a”y broaérential rotation. The work was funded by EU grant MEXT-@2004-014265

ened profiles assuming rigid as well afeiiential rotation. We (cirisT).

arbitrarily selected an Fe | line (at 6082 A) of a 3D spectyal-s

thesis calculation for the Sun, and solar-like rotatiorexigpne-

ters,V = 1.8kms?, sin) = 1.0, and for the case of fieren- References
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