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Abstract. Mechanisms influencing absorption line profiles of fast rotating stars can be sorted into two groups; (i) intrinsic
variations sensitive to temperature and pressure, and (ii) gldieaite common to all spectral lines. | present a detailed study

on the latter &ects focusing on gravity darkening and inclination for various rotational velocities and spectral types. It is
shown that the line shapes of rapidly and rigidly rotating stars mainly depend on the equatorial welocityon the projected
rotational velocityv sini which determines the lines’ widths. The influence of gravity darkening and spectral type on the line
profiles is shown. The results demonstrate the possibility of determining the inclination afigiagle fast rotators, and they

show that constraints on gravity darkening can be drawn for stellar samples. While significant line profile deformation occurs
in stars rotating as fast ag2 200 km s, for slower rotators profile distortions are marginal. In these cases spectral signatures
induced by, e.g., dierential rotation are notfiected by gravity darkening and the methods applicable to slow rotators can be
applied to these faster rotators, too.
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1. Introduction Collins & Truax (1995) come to the conclusion that the detec-
) ) ) o ] ) tion of secondary féects like limb darkening and fierential

The information contained in line profiles of rotating stars hag;ation is improbable in line profiles of fast rotators.
been studied since the recognition of spectral Doppler broad-
ening itself. The multitude of dierent mechanisms influenc-  ynder what circumstances the approximation of various
ing line prpf_iles presents a co.nfus_ing pict}Jre for the POSSipi“E}foadening mechanisms by convolutions breaks down, only
of determining them. Approximations exist for rotational lingiepends on the sensitivity of the spectral line on temperature
broadening, (linear) limb darkening,fiirential rotation, tur- a4 gas pressure. Spectral quality in terms of signal-to-noise as
bulence, rotational flattening and gravity darkening, etc. Whilgo| as in wavelength coverage has improved and makes pos-
distinguishing these interacting mechanisms is a delicate issyfje analyses of weak absorption features. Observers are not
in the case of slow rotators gini < S0kms Y rotational flat-  restricted to the extremely temperature and pressure sensitive
tening and gravity darkening can be neglected. Utilizing thes of the lightest elements H and He. Fast rotation is the rule
Fourier transform technique Gray (1973, 1976) also showgfkiars of spectral types as late as F5, and in the spectra of fast
that turbulent velocities to some extent can be dlstmgmshﬁgaﬂng A- and F-stars a large number of heavy ion lines exist
from rotation. where the approximation of rotational broadening by a convo-

In fast rotators the situation becomes more complex, singgion becomes valid again. Especially the deconvolution of an
centrifugal forces distort the spherical shape of the stellar stgverall” broadening function inherent in all lines by using the
face and the line profiles depend on the inclination the Starﬁﬁgthods of Least Squares Deconvolution (LSD, e.g., Cameron
observed under. Beyond the additional degree of freedom th00) can provide reliable broadening profiles independent of
would not be a major problem if temperature (and pressuifje specific intrinsic mechanisms.
were not connected to gravity. WithftBrent regions on the
stellar surface having significantlyftérent temperatures and  |n this paper theféects of fast rotation are examined in de-
gas pressures, line profiles no longer can be approximatedi&yfocusing on geometric distortions and gravity darkening on
convolution between a single intrinsic line profile and the rotatars observed underffirent inclination angles. Thesfects
tional broadening function. For this reason, ttfeeets of fast underly all spectral lines independent of their intrinsic shape
rotation on line profiles often were studied for specific absorgnd temperature or pressure dependencies. The modelled spec-
tion lines (e.g., Stoeckley 1968; Hardorp & Strittmatter 1968ja assume no intrinsic temperature or pressure dependence;
whether this can be applied to specific spectral lines or groups
e-mail:areiners@hs.uni-hamburg.de of lines has to be checked individually.
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In Reiners & Schmitt (2002a) the possibility of detectingotation law in analogy to the solar case. Assuming reasonable
differential rotation in line profiles was demonstrated. This pgalues of inclination anglesthe small projected rotational ve-
per also answers the question of whether the technique ubmtities of the stars in that sample give no reason to expect ef-
there is applicable to fast rotators, too. It shows what can fexts due to distortions of the gravitational potential, and dif-
learned about gravity darkening and inclination angle from tierential rotation is thought to be the cause of the determined
shape of stellar absorption line profiles. profile signatures. It is an open question, to what extefdi
ential rotation can be detected in faster rotators, where defor-
2. Absorption profiles of fast rotators mation and gravity darkening become important.

2.1. Line-independent broadening 2.2. Profile shape characteristics
Absorption line profiles observed in fast rotating stars ag
affected by three mechanisms inherent in all lines: (a) t

projected geometry of the star, (b) the flux distribution due E
temperature variations (known as gravity darkening) on the

ellar line profiles are subject to a number afelient mech-
isms #ecting their shape. Besides the mentionégats
} gravity darkening and rotation law, limb darkening, addi-

"Ronal (turbulent) velocity fields and stellar surface structure

Fﬁggg;t]zlgrt?gsﬁ:haz? (c)_l'ihbeerg_taélon f(;/\l'.n-rtrr]]is% Itlgre.i I ke spots can significantly contribute to the line profiles’ shape.
indep ISMS Wi IScussed Wi g'Utilizing the Fourier transform turns out to be of great advan-

Case (a) is well understood, fast rotation diminishes tt?gsqe in disentangling the fierent @ects. When approximat-

gravitational potential at the equator and alters the stay line broadening by convolutions, their interaction can be

. ) . i
sphericity. As a consequence, lines of constant projected rOs.PF‘gdied most easily using Fourier transforms, since the compu-

g%?l"."r: Vio_?r't'zs rig s;%ngi\lrtlr:i onhc:I?r:I:Ta? utt.é’gle dbe er;tr_(ctpé,ne(.) tionally complicated convolutions become multiplications in
Ins uax ): 49 yu script ourier domain (cf., e.g., Gray 1976).

:_he sburfafe vetl_ocny dlsmbut;olr: 'S no;[ thef_‘ avallabt:?, ca![gula- Reiners & Schmitt (2002a) utilized the zeros of the Fourier
lon Dy Integraling over e steflar surtace 1S unprobiematic. o qormed line profiles to search for the subflfees of dif-

.(b) Since the presence of gravity darkgnmg was |n|t|ally d(13’érential rotation. They showed that the ratio of the first two
scribed by von Zeipel (1924), many publications were writt ros; andq is a direct indicator for solar-like —i.e., Equator
on the correct gravity d_epe_ndence_ of sgrface temperature Jiyor than Pole — derential rotation¢ > 0 in Eq. (2,)). The
general, gravity darke_nmg is described in terms of a ParamMiue of the ratiagz/gx is extremely sensitive to the profile’s
ter3 used in the equation shape, and is ufizzcted by the “standard” turbulent velocity
Ter « &~ (1) fields like micro- and macroturbulence even for rotational ve-

locities as low as 10 knT$. Using a linear limb darkening law
The “classical” value of = 0.25 found by von Zeipel (1924) \ith a paramete, in a rigidly rotating star the value @b/dx
is valid only for conservative rotation laws in stars without consan he approximated as

vective envelopes. A value gf= 0.08 is derived for stars with

convective envelopes (Lucy 1967). Tuominen (1972) appro>8§ = 1.831- 0.108 — 0.0222 + 0.00%° + 0.009* (3)
mates a value g8 ~ 0.15 for differentially rotating stars, and 9

for magnetic stars without convection zones, Smith (1975) r@ravins et al. 1990). Thus for a rigid rotator the valuegfo,
ports a slightly diferent value ofp = 0.275. The most com- s always between 1.72 and 1.83 regardless of the limb dark-
prehensive calculations were carried out by Claret (1998), wbfing codicient. Differential rotation significantly diminishes
provides tables of stellar parameters includihpr a series this ratio (cf Reiners & Schmitt 2002a), while polar spots lead
of stars at various evolutionary stages. The calculations argdmn increase (Reiners & Schmitt 2002b).

general agreement with the cited works; stars of spectral types Since the ratiog,/q; turns out to be an easily accessible
later than~A2 harboring convective envelopes have a value ghrameter characteristic for the line’s shape, | continue to use
B ~ 0.08, for earlier-type starg, = 0.25 seems a good choiceit for studying the influence of gravity darkening in rapidly ro-
These calculations are also consistent with measuremefits @ting stars. For a more detailed discussion of the correlations
in eclipsing binaries carried out by Rafert & Twigg (1980), albetween dierential rotation, the inclination angléanda, /g

though a large scatter appears in the data (cp. Fig. 7 in Claggk Reiners & Schmitt (2002a, 2003).
1998).

(c) Stellar rotation laws are poorly known. Our picture
comes from observations of the Sun, where the angular veloc:‘}ty'\/I

can be approximated as The approach of this paper is to study thEeets of fast rota-
Q) = QequanfL - asirtl), @) tign universal for all abfsor.ptio.n lines. Line specific dependep-
cies on gas pressure, ionization stages, etc. are not taken into

with | being the latitude and,, ~ 0.2, i.e., the Equator rotating account. This approach is especially suited for studies incor-
20% faster than the Pole as derived from Sun spofiei@ntial porating diferent lines of similar (preferably heavy) ions, e.g.,
rotation in stars other than the Sun was claimed for ten r&lith LSD methods. For heavy ions pressure broadening is not
atively slowly rotating F-type stars with values ofsini < expected to play a major role compared to the dominant rota-
50kms? in Reiners & Schmitt (2003) adopting Eq. (2) as théonal broadening. For light elements like H and He, this is not

odel
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Table 1. Parameters of the calculated modelsndb are parameters 19 oo

used in Eq. (4) with values of gravity darkeniAgccording to Claret
(1998). Note that for all models profiles with= 0.0,0.08 and (25 T
were analyzed. 18

o
T
1

Model  TE%® M/M, g a 7

BO 30000 175 0.25 .740E-4 —.345E-6
A0 10000 24 025 .190E-3 -.136E-5
FO 7000 16 0.08 .172E-3 —.993E-6 16
GO 5700 1.0 0.08 .184E-3 -.116E-5

qQz/q

FO, £=0.08
Xi=90°
+i=70°
2j=50°
0i=30°
0i=10°

15

true and great care has to be take when applying the meth

to them. Although the Lorentzian profiles induced by pressu ¢,  , . . . , ., | |

broadening should not add additional zeros to the line prof 100 300

Fourier transforms (cp. Heinzel 1978), errors from approxi-

mating line broadeningfBects by convolutions may becomeFig. 1. Derived values of},/q, for a rigidly rotating FO-type star with

significant in these cases. B = 0.08. Different symbols indicate inclination angles as indicated in
The calculations were done using a modified version of tH figure. The value od,/, is determined by, independent of the

package developed and described by Townsend (1997). Surl@iges ofi andu sini. The slope is well approximated by the second

integration is carried out over 25500 visible surface elemer?frgler polynomial shown as a solid line.

scaling the flux with temperature according to a Planck law. A

Gaussian profile was used as the input function, since the large

rotational velocities make the shape of the input function unirghg”e (and thus sini). This means, that under the assumption
portant. For all cases the same input function was used reggjkigid rotation, and with assumed values®ifin fast rotators
less of gravity and temperature. To measure the zeros in FOURE can in principle obtain the value af from the value of

transformed line profiles the accuracy must be higher for tatza/qL and thus, with the known value ofsini, the inclination
faster rotators; 32 768 points were used in the transform a'QﬂTgIei. I will return to this point in Sect. 4.3.

rithm for values ofy sini < 100kms?, 65536 points for val-
ues ofv sini between 100 and 200 km's and 131 072 points
for v sini > 200 kms?. Thus the sampling error ip/q; does 4.2. Gravity darkening and spectral class

not exceed a value of 0.01 for all calculations. ) )

Broadening profiles are calculated and the values (i In the four panels of Fig. 2 the derived valuesipfq; are plot-
determined for four stellar models with polaffective tem- t€d VS-ve for the models of spectral types BO, A0, FO and GO
peratureT2%€ and mass given in columns two and three igs specified in Table 1. In each panel calculations for three dif-
Table1. A grid is computed in three values ©f(0.0, 0.08 ferent values of are shown, the dierent choices of (0.0,
and 0.25), five values of inclination anglé1(®, 3¢°, 5¢°, 70° 0.08 and 0.25) are plotted usingférent symbols. The slope

and 90), and values of sini between 50 and 300 kmsin of g2/qx is well described by a second order polynomial for

steps of 25 kms with the equatorial velocitye < 350 km ™. all cases. _Th_e ratigp/q; is diminished in rapid rotators with
Altogether more than 450 models are computed. The depiifder deviations from the standard valueggfa, = 1.75 the
dence of the ratigp/q; on different parameter choices is anal2'9€r the value of. In the A0, FO and GO models;/q; be-
lyzed and studied in the following. comes less than 1.72 for very fast rotators depending on the
value ofB, i.e., deviations from standard line profiles are sig-

nificant and in principle observable in these stars.

4. Line shape variations The behavior oft,/q; with different values of the grav-
ity darkening parametgd can be studied in the four panels of
Fig. 2. In the BO model no value @p/q1 < 1.72 appears, but
To show the dependence @f/g1 onve, in Fig. 10,/0; is plot-  the influence of3 on the ratiog,/q; grows with later spectral
ted vs.ve for the FO model with a gravity darkening parameteype. In all caseg,/q; depends monotonically on the rotational
of 8 = 0.08. The region irg/0x typical for a spherical surface velocity ve with diminishedq,/q; for larger rotational veloci-
and a linear limb darkening law with@< € < 1.0 is indicated ties. The result that the line profiles depend more strongly on
with dotted lines (cp. Eq. (3)). Values for stars seen under véhe value ofve for stars of later spectral types, reflects the fact
ious inclination angles are distinguished byfeient symbols, that the relative temperature contrast/T on the stellar sur-
all values are in good agreement with the marked polynomfate is larger for cooler stars, sinad& is comparable for simi-
indicating a smooth decline af,/q; for stars rotating faster lar values obe. Furthermore, for all models no significant vari-
thanve ~ 150 kms?. ation ofqp/q; appears fog = 0, i.e., without gravity darkening

The parameter determining the value®fq; in a given the geometrical deformation does noftfie to significantly
stellar model obviously ig., independent of the inclinationchange the shape of the line profiles.

200
ve [km/s]

4.1. Monotonic dependence on rotational velocity ve
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Fig. 2. Derived values of,/q; vs. equatorial velocity, for four different stellar models (B0, A0, FO and GO0). For each mod&tmint values
of the gravity darkening parameter(0.0, 0.08 and 0.25) are indicated usinfelient symbols. The dependencegefq, on ve differs for the

different cases but is monotonicgrandue.

In a larger sample of stars of similar spectral types theaee given in Table 1. With Eq. (4) it is possible to derive the
results could make it feasible to determine the value of gravityclination angle from a standard measurementuaini and
darkening in terms of the paramefewhen plottingg,/g1 vs. the value ofg/q;.

v sini. While for many stars in such a plot the values should In each panel of Fig. 3 the valuesiadre plotted vs. the ra-
fall below an upper envelope expected from the¢g:—ve rela-  tio g,/q; for four different values ob sini. As in Fig. 2 each
tion (the real values ofe are larger than the measured valugsanel represents a stellar model from Table 1. Functions for
of v sini), a clear threshold should mark the upper envelope alues ofv sini = 50,100,200 and 300 km$ are plotted as
dicating the correct value ¢f. Using a larger sample of fastexamples; for calculating intermediate values sfni, Eq. (4)
rotators of similar spectral types the ratjg/q; could thus be can be used with values afandb as given in columns five and
used to determine the valuespfrom measurements of singlesix of Table 1. For example, a value @f/q; = 1.70 measured
stars. in a profile of an AO-type star with sini = 100kms? can
indicate that a rigidly rotating star is observed under an incli-
4.3. Determination of i nation ofi = 20" (ve ~ 290kms™).
The ratiogz/g1 monotonically depends on equatorial velocity ) . L.
ve and is independent of the inclination angleAssuming a 44- Differential rotation in fast rotators

value off3 for a fast rotator of known spectral class, the equay|ar-jike diterential rotation with the Equator faster than the

torial velocity ve can thus be determined from a measuremeph e diminishes the value af,/qu as shown in Reiners &

of 2/q1. The functionsdy/ i (ve) shown in Fig. 2 are approxi- gehmitt (2002a); a measurement yieldiggqs < 1.72 can

mated by the second order polynomial be due to a solar-like rotation law with the Equator faster than

( the Pole. Whether very fast rotators are subject to strong dif-
ferential rotation will not be discussed here. In Figp20: ap-

The parametera and b for the four models using the mostpears to be larger than 1.72 for all stars wigh< 200km s?

probable values of the paramefeaccording to Claret (1998) and values of gravity darkening according to Claret (1998) (cp.

O2/01 = 1.75+ ave + b2
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Fig. 3. Stars with measured valuesw©s§ini andg,/q; are seen under an inclination anglén the four panels (B0, A0, FO and GO-type stars)
the approximated dependencei @i the ratiog,/q; is shown for values of sini = 50,100 200 and 300 km's (solid lines, top to bottom as
indicated in the upper left panel). The dashed line marks the lowest rajjgaf consistent with slow rotation and extreme limb darkening, no
values ofg,/q; > 1.75 are expected.

Table 1). This means that a measurement @edéntial rota- differentiated and shown withfierent symbols, those derived
tion by determining the ratiop/q; is not dfected by gravity for identical values of are connected by solid lines. Dashed
darkening ifve < 200 kms?. Interpreting gravity darkening aslines mark the identity of real and measured values. As ex-
the reason for a measured valuegpfq; < 1.72, the rotational pected, the measured valuesvasini may underestimate the
velocity (e > 200 km st) and inclination angle of the star carreal ones but will never indicate too high a projected rotational
be determined. Consistency@fwith breakup velocity can be velocity. This reflects the fact that the (equatorial) surface re-
checked. Fore < vgit, differential rotation and very fast rota-gions with the largest projected rotational velocities become
tion remain indistinguishable without further information. Arcooler due to gravity darkening, and thus less flux is observed
example is given in Sect. 6. from them.

The extent, to which a measured value ofini is
systematically underestimated, depends strongly and in a well-
defined manner on the inclination angle. For constant inclina-
To what accuracy a measurementwoini is possible was tion angles, the measured value w$ini is a smooth func-
discussed in a number of publications (e.g., Stoeckley 19¢®n of the real one (cp. to Fig. 6 in Collins & Truax 1995).
Collins & Truax 1995). It is known that measured values dfnderestimation ob sini is stronger for smaller inclination
v sini underestimate the real values especially for very fagfgles in all models. The deviation naturally is higher for large
rotators regardless of the data quality. To what extent a m&glues ofv sini (and thus also ofe). Thus, measured values
sured value is too low, depends on the gravity darkening I&v sini in very rapid rotators can be corrected by determining
and on the stellar inclination. In the four panels of Fig. 4 tH&€ ratiogy/q; and calculating the inclination angl@s shown
differences between real and measured values for the BO, imgSect. 4.3.

FO and GO-type stars are shown using the most probable val-1t should be noted that — in contrast to Fig.12 in Collins
ues of gravity darkening as done above. The measured &a[ruax (1995) — inclination has a strondgfect on the zeros
ues ofv sini have been derived using the first zeros of thef Fourier transformed line profiles of rapid rotators; the case
Fourier transform. Values for fierent inclination angles areshown there only holds for zero projected rotational velocity.

5. Real and measured values of vsin |
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Fig. 4. Values ofv sini as measured from the first zero of the Fourier transformed broadening profiles plotted vs. the real values given as inpL
the models. The four panels show cases of BO, A0, FO and GO-type stars, the value of the gravity darkening pgraraetkosen according

to Claret (1998). In each panel series for foufelient inclination angles € 90°, 70°, 50° and 30) are diferentiated, the respective values are
connected by solid lines. Dotted lines mark the identity between real and measured values.

6. Example: Differential or fast rotation? Table 2. Stars with measured valueg/q; < 1.72 from the sample

) ) o of Reiners & Schmitt (2003); éierential rotation is claimed for these
As an observational example the ten stars for whifledéntial gpjects. Interpreting the values f/q: as due to very fast rotation

rotation was claimed in Reiners & Schmitt (2003) are giveseen under small inclination angles, the required valuesgf andi
in Table 2 with their determined values ofsini andg,/q;. are given. Nine of the ten are larger than break-up velocity.
According to the present calculations, these valuep i <
1.72 could also be interpreted as fast rotation seen under small  jp  Type v Sini Qo/O  Verigia i
inclination angles. The required values af andi for this in- [kms?] [kms]
terpretation are calculated and given in columns five and six
in Table 2. W|th one exception all values Qfarg I_arger than 89560  FGV 12:07 157 500 14
break-up velocity and thus can be excluded (it is furthermore 100563 F5V 15+04 167 370 51
very unlikely to find inclination angles below 6n ten out of 105452  FOIVW 235+12 159 500 07
the 32 objects used in that sample). ThuSedential rotation 120136 FE7V 1%5+10 157 500 1.8
remains the most probable explanation for the peculiar shapes 121370 Golv 1H5+13 146 590 1.3
of these profiles. 160915 F6V 120+05 160 470 15
173667 F6V 189+20 140 660 1.8
175317 F5lyW 171+07 158 490 2.0
7. Summary 197692 F5V 47+ 17 162 440 54

89449 F6IV 173+ 17 144 630 1.7

Line independentféects of fast stellar rotation on line profiles

were presented. Neglecting line specific variations in shape and

line depth, the ects of geometrical deformation and the rolelassifying the profiles’ shapes were carried out. The results
of the gravity darkening parametfgihave been outlined. Grid summarized below can be applied especially to high quality

calculations in gravity darkening, inclination anglei, rota- data covering large wavelength regions where line-independent
tional velocityve and spectral type with the parametgrq; broadening profiles may be obtained using the methods of



A. Reiners: Inclination and gravity darkening in fast rotators 713

LSD. Applicability must be proved for each case individuallyis for differential rotation, it turned out that its measurement is
but especially for lines of heavier ions in stars of later spectnabt efected by gravity darkening in stars rotating slower than
types, intrinsic variations of line profiles arefBaiently small ve ~ 200 km s*. For faster rotators, small values @f/q; can
and the results of this study can directly be applied. The resydtincipally be due to three reasons; (i) stronfetiential ro-
can be summarized as follows: tation, (ii) very fast rigid rotation (perhaps seen under a small
L 1 inclination angle), and (iii) both. The constraints on a value
1. In very fast rotatorsu(sini > 150kms*) and for con- ¢ ve(Q2/qu) can help to clarify the situation, e.g., if a value

stant values ofs and similar spectral types, the valugy , |arger than breakup velocity is needed to rule otfed
of /g1 shows monotonic dependence on equatorial VEntial rotation.

locity ve With g2/01 diminishing significantly with larger

values ofve. Variations with inclinatiori are marginal. AcknowledgementsA.R. acknowledges financial support from
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