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ABSTRACT

Aims. Time series of high-resolution spectra of the late B-type /D 11753 exhibiting HgMn chemical peculiarity are usedttaly
the surface distribution of ffierent chemical elements and their temporal evolution.

Methods. High-resolution and high signal-to-noise ratio spectraengbtained using the CORALIE spectrograph at La Silla in200
2009, and 2010. Surface maps ofi,YSru, Tiu, and Cnr were calculated using the Doppler imaging technique. Theltewere also
compared to equivalent width measurements. The evolufichemical spots both on short and long time scales weretigeted.
Results. We determine the binary orbit of HD 11753 and fine-tune thatim period of the primary. The earlier discovered fast
evolution of the chemical spots is confirmed by an analysisgusoth the chemical spot maps and equivalent width measents.

In addition, a long-term decrease in the overali ¥nd Sm abundances is discovered. A detailed analysis of the cladrapot
configurations reveals some possible evidence that a vesik diferential rotation is operating in HD 11753.

Key words. stars: chemical peculiar — stars: individual: HD 11753 +ssteariables: general

1. Introduction Therefore, also the mechanisms responsible for the dewvedop
of the chemical anomalies in HgMn stars are poorly undedstoo

Using the Doppler Imaging technique, Kochukhov et al.
W(éZOOT) report a discovery of the secular evolution of theauer

A fraction of late B-type stars, the so-called HgMn starikit
enhanced absorption lines of certain chemical elementabho
Hg and Mn, and underabundance of He. About 150 stars wiii

o - distribution on the surface of the HgMn SB2 staAnd. Until
the HgMn peculiarity are currently known (Renson & Mam‘r0|\ééﬁw recently, the only other HgMn star with a published soef

2009), and the elements with anomalously high abundance AR ; )

HgMn stars are known to be distributed inhomogeneously o pmental d'Str'zbg(t)'go_th%S_beer" |A§(;A1lé)r (Hﬁb”g ﬁt %l.' 2386‘3’

the stellar surface (e.g., Adelman efal. 2002). Still, intcast to avanov et al. 2UD3; Hubrig et al, ), where the IScavere
surface chemical inhomogeneities are related to the velat-

magnetic chemically peculiar stars with predominantlyotap °.- . ; .
magnetic field structure, no strong large-scale, orgamisag- sition of the companion star. A slow evolution of the cherhica

netic field of kG order has ever been detected in HQMn stanOtS. is also seen in AR Aur (H_ubrig et al. .2010)' and_ for the
irst time, a fast dynamical evolution of chemical spots oimeet

scale of a few months has been reported on the HgMn-type bi-
* Based on observations obtained with the CORALEEhelle nary HD 11753 by Briquet et all (2010, from hereon Paper1).

Spectrograph on the 1.2-m Euler Swiss telescope, situatea Silla, This evolution implies hitherto unknown physical mecharss

Chile; based on observations made with ESO Telescopes bitBela operating in the outer envelopes of late B-type stars witiMHg

Paranal Observatory under programmes 076.D-0172 and dH7D;  pecyliarity. Doppler maps of HD 11753 foriy Sru, Tin, and

and based on data obtained from the ESO Science Archivetifacit .., obtained using HARPSpol data have been recently pre-

der request number HHKorhonen15448 :

** Table 2 is only available in electronic form at the CDS"sented by Makaganiuk et al. (2012) for one epoch.

via anonymous ftp to cdsarc.u-strashg.fr (130.79.128.5) via Magnetic fields up to a few hundred Gauss have been de-
httpy/cdsweb.u-strasbg/tgi-birygcat?JA+A/ tected in several HgMn stars using FORS 1 low-resolutioe-spe
*** ER.S.-FNRS Postdoctoral Researcher, Belgium tropolarimetry (Hubrig et al. 2006b). These detectionsenmest
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confirmed by Bagnulo et al. (2012). Furthermore, measuré&men ., huguet 2009 o January 2010
of the magnetic field with the moment technique (e.g., Mathys .} ## 1 ot ++
199119954, 1995b) using several elements in a circulady p 1 + jﬂ o n
larised high-resolution spectrum of AR Aur revealed a lomgi ¢ ++ =4 g + ++
dinal magnetic field of the order of a few hundred Gauss in both **F+ #f 100 ++ +
stellar components and a quadratic field of the order of 8 kG on o2} 1 % + +
the surface of the primary star (Hubrig etlal. 2010). On theot o0l ool

. . . . . . . 5044 5046 5048 5050 5052 5054 5056 5214 5216 5218 5220 5222 5224 5226
hand, the investigation of high-resolution, circularlylgmésed HID-2450000 HID-2450000

spectra using the least-squares deconvolution (LSD) tqabn . )

by Makaganiuk et al. (2011) did not reveal any signatures bfd. 1.Phase coverage for the observations in August 2009 (left)
global magnetic fields in 41 HgMn stars, anymore than did tid January 2010 (right) CORALIE observations.

LSD investigations of AR Aur by Folsom et al. (2010) and of
HD 11753 by Makaganiuk et al. (2012). Almost all studies find- :
ing no magnyetic fielgs in HgMn stars u)sed in the LSD techniq t by factors 6 to 8 and spe_ctral resol_ut|0n by 10% to 20% (see
all the lines from all the elements simultaneously in thdysia egransan et dl_2010). This results in a spectral resoltaliA

In a very recent study by Hubrig et al. (2012), the HARPSp@&PProximately 55,000, and the meaiNat wavelength 4200 A
data used by Makaganiuk et al. (2011) have been reanalys%fd259 in the 2009 dataset and of 214 in the 2010 observations.

The magnetic field was measured with the moment technigifre details on the observations, including the measufig,S
using spectral lines of several elements separately,éogide- are givenin the on-line Tabfe 1 and the phases are also stown i

tections of magnetic fields of up to 60—80 G in the highestadign Fig.[1. . ) )

to-noise ratio (8\) spectra of a few HgMn stars (Hubrig et al. For the data reduction the CORALIE on-line reduction pack-

2012). Additional data and analysis are needed to defirdrelyy 29€ With the usual steps of bias removal, flat-fielding, back-

a conclusion about the presence of a magnetic field in these §fPund subtraction, and wavelength calibration using Teals

jects. ibration lamp is used. The final normalisation was done to the
Also vertical abundance anomalies have been reported in figeline-merged spectrum using a cubic spline fit.

atmospheres of HgMn stars. Savanov & Hubfig (2003) report In the period analysis we also include five spectra taken in
an increase in the Cr abundance with height in the stellar &¢tober 2005 and August 2006 with the FEROS échelle spec-

mosphere in nine HgMn stars. In addition, they report indic¥09raph on the 2.2m telescope at the ESO La Silla obsesvator
tions of strongest vertical gradients occurring in the érastars. 1hese spectra cover the range 3530-9220 A with a nominal re-
Recently, Thiam et al[ {2010) have investigated possibiozé  Solving power of 48 000. _
stratification in four HgMn stars using five chemical elensent _ In addition, we also use the HARPSpol observations of
For most stars and elements, no evidence of radial abundahié&l1753, which are publicly available in the ESO archive.
anomalies has been found, except for one case, HD 17808%RPSpol is a polarimeter (Snik et &l. 2011) feeding the
where the Mn abundance shows clear evidence of increasi®gRPS spectrometer (Mayor et al. 2003) at the ESO 3.6m tele-
abundance with depth. scope in La Silla. More information on the observations them
In this first paper in a series of papers on HgMn stars, vi€lves can be obtained in Makaganiuk etlal. (2012), and on the
continue the investigation of HD 11753 started in Paper teHedata reduction in Hubrig et al. (2012).
CORALIE data from 2009 and 2010 and HARPSpol data from
2010 are used in the analysis. The series will be continudd W'% Orbital lvsi
studies of other HgMn stars for which time series of spect rottal analysis

are already at our disposal. The target of the current papap 11753 has been known to be radial velocity variable since
HD 11753, is a single-lined spectroscopic binary with an efhe first spectrographic observations taken one centurybgigo
fective temperature of 10612 K (Dolk et al. 2003). Here, thloore [1911) and then by Campbell & Moofe (1928). Its vari-
binary orbit is determined using all the available data, andability was confirmed by Dworetsky et &l. (1982), who estieaat
new period determination is carried out using all the datenfr the amplitude to be at least 12—15 jaybut they were unable to
2000 (Paper1), 2009, and 2010, and a few datapoints from otfetermine the period. Combining these observations witth ne
epochs. Chemical surface distribution maps using the fine¢ measurements, Leone & Catanzaro (1999) calculated a epectr

period are presented fory Tin, Sru, and Cni for four epochs.  scopic orbit with a period of 41.49 days and a semi-amplinfde
Tests are carried out to show the reliability of the resuftshe 9 knys.

evolution of chemical spots on the surface of this star. The long series of high-quality observations taken in the
last few years are not consistent with the published orbé&. W
2. Observations therefore carried out a general analysis of all the avalaibl-

servations and found that the orbit in fact has a period of
The high-resolution spectra of HD 11753 used in this workevel 126 days. Radial velocities for the 153 CORALIE spectra, fiv
obtained using the CORALIE échelle spectrograph at thenl.2EROS spectra, and 13 HARPS spectra were measured by cross-
Leonard Euler telescope in La Silla, Chile. The data from@®0@orrelations using a synthetic spectrum fg=11000 K and
were already used in Paper 1. The new data for the year 208§g=4.0 as template. We also measured two mid-resolution
consist of 23 spectra obtained from July 30 to August 13, 200Q=13000) spectra obtained with the REOSC spectrograph at
and the 2010 data of 17 spectra obtained from January 16 to & 2m telescope of the CASLEO (Complejo Astronomico El
2010. Leoncito, San Juan, Argentina).

The wavelength coverage of the CORALIE spectrograph is Table 2, available at the CDS, lists our 173 radial ve-
from 3810 A to 6810 A, recorded in 68 orders. The CCD camelacity measurements and contains the following informa-
is a 2k x 2k device with pixels of }Bn. In July 2007 an up- tion: Heliocentric Julian Date, orbital phase, radial o#p
grade of the instrument was carried out, increasing theutfitre measurement, error of the measurement, residual observed-
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All high-resolution observations fit the newly calculated
A R S N B, orbit very well, including the nine Palomar spectra taken by
—0= 0 0.2 0.4 0.6 08 Dworetsky et al.[{1982) for which the root mean square (RMS)
Orbital Phase of residuals is 0.22 kys. Residuals of CORALIE, FEROS, and
HARPS measurements have an RMS of 84.rRart of this dis-

Fig. 2. Upper panel of the plot shows the radial velocity curvd€'sion is due to the line profile variability of HD11753. In
Symbols are as follows: circles CORALIE, (red) squares act, the resuduals show a clear one-wave variation as & func
— HARPS, (blue) filled triangles: FEROS, open triangles tion of the rotational phase (see Fig. 3), even though inseros
Leone & Catanzard (1999), filled diamoné$alomar plates of cOrrelations we used a spectrum corresponding to solariehem
Dworetsky et al.[(1982), crossesSAAO plates of Dworetsky cal abundance as a template so that the main peculiar lirges (e

et al. [1982), and (green) plusesCampbell & Moore [(1928). those of Yu) have not co_ntributed to our radial ve_Iocity mea-
Residuals ())bservé%-min)ug-calculateg for our high;reeimi)u surements. After subtracting a soft curve to the residuaxb-

measurements are shown in the lower panel. tair]ed an RMS of about 60/ which can be considered as an
P estimate of the error of our CORALHH-EROS+tHARPS mea-
surements. On the other hand, the Dworetsky et al. SAAO ebser

Table 3.Orbital parameters of HD 11753. vations have RMS1.4 knys and Leone & Catanzaro measure-
ments RM&0.5 knys.
P [d] 1126.11+ 0.16 The calculated orbit is quite wide and eccentric. The orbita
To 2453766.2+ 2.2 semiaxis is probably around 700-750,Rind the secondary star
\K/o [kkm/s] 18.3? 8-83 mass would be in the range 0.9—1.5MThe minimum values
A [em/s] 0 5'8; 0.004 in these ranges were calculated from the radial velocitylamp
w [rad] 3524 001 tudeT assuming that the primary star has a mass_of about@.8 M
asini [Ry] 165.4+ 2.2 (estimated from J3=10 600K, logg=3.8). The minimum val-

ues were derived from the spectral lines of the companian sta
not being visible in the spectrum, and so the mass-ratioab-pr
ably below 0.6. Since the separation at periastron is of tiero
minus-calculated and the instrument informatior=tARPS, of 300 R, no interaction is expected to take place between the
C=CORALIE, F=FEROS, R-REOSC). In addition we included companions, and the observed chemical asymmetries in ithe pr
three datasets from the literature in our analysis: six omeas mary star surface are not related to binarity.

ments from Leone & Catanzard (1999), nine high-resolution

spectrographic observations taken by Dworetsky et/ al. 2198

with the coudé spectrograph of the Palomar 5m telescopk, @ Doppler imaging

11 observations of lower resolution taken by the same asith
with the coudé spectrograph of the 1.9m telescope at SAAO.

The Lomb-Scargle method (Press & Rybicki 1989) was apd| available datasets were used to determine the rotaten p
plied to identify the period and a Keplerian orbit was fittedire  riod of HD 11753 using equivalent width (EW) measurements
least squares method, obtaining the parameters listehie[da of seven Yu lines: 114309.62, 4374.94, 4398.02, 4682.32,
The radial velocity curve is shown in F[d. 2. 4900.13, 5084.73, and 5662.95 A. Figlie 4 shows the peri-

The orbital phase coverage of the new observations (FER@8pgram calculated using the Lomb-Scargle method (Scargle
CORALIE, HARPS) has unfortunately been very poor. All ofL982). The long time span of the observations allows an accu-
them were concentrated around the flat maximum, with thate determination of the period; a least-square fit of thma su
only exception one FEROS spectrum takep-a0.03. This fact of the EW of the seven X lines with a cosine function yields
hindered the identification of the period in recent workg(e. P = 9.53077+ 0.00011 days. However, owing to the long obser-
Paper 1; Makaganiuk et al. 2012) in spite of the large numbenreational gap between the years 2000 and 2009, with only a few
available observations. FEROS spectra in between, there are also other periods, sepa

o) . L
4r.l. Period determination
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rated by steps of 0.0273 days, that are compatible with the ob
servations, as can be seen in the right-hand panel dflFig. 4. Fig. 5. Equivalent width of Yi lines. The average of seveniY

In addition to the rotational modulation of the line profjleslines is plotted for dierent epochs: CORALIE 2000 (open cir-
secular spectral variability is detected. Specificallg EW of cles), FEROS 2005-2006 (filled circles), CORALIE 2009 ftria
all the Yu lines analysed here is approximately 10-20% (4-@les), HARPSpol 2010 (squares), and CORALIE 2010 (stars).
mA) higher in the 2000 datasets than in the 2009-2010 dataséoWwer panel: Secular variation of the mean equivalent wadth
The behaviour of the ¥ line intensity with phase is shown inter removing the rotational modulation.
Fig.[3, where a global correction e0.48 mA has been applied
to 2009-2010 datasets in order to be able to plot the EW curves
superimposed on each other. To show the secular variatioea mo
clearly, we removed thefkect of rotational modulation using a
least-square fit and plot the residual in the lower panel ofFi
Parameters of the least-squares fit are listed in Table 40FER
data are not included in this analysis because the numbetof d
apoints is too small for reliable determining the shape efgkV
curve. Even though the behaviour of all thex Wnes is very sim-
ilar, a small long term change in the amplitude of the vaoiadi
can be seen. We note that this behaviour is not instrumeatal b
cause it is not present, for example, innTand Crr lines (see
Sectiorf 5.0).

To have an independent estimate of the period uncertainty
we also calculated the period individually from the seven Y
lines used in the previous analysis by fitting cosine curodbé
data. Curves for individual lines can be seen in [Hig. 6, ard th
resulting parameters are plotted in Ei. 7.

No significant evidence of any migration of surface spots is
detected from the times of maximumiYabundance. Naturally,
since the rotational period has been determined froma¥un- i
dance variations, global shifts in the phase cannot be tetec —05F
(constant movement of the features would be interpreted as a
different period), but abrupt movements of spots would still be Phase
measurable.

In the following Doppler imaging analysis, the newly de~. . . . .
termined period of 9.53077 days for the phase calculation F@' 6. Equalent widths of seven i Ilne§ as a function of
used, but we adopt the same T as was used in Paper 1, na q:grotatlonal phase. From top to bottom4309.62,;374.94,
2 451 800.0 With these ephemeris the intensity afivies is not  4598:02, 4682.32, 4900.13, 5084.73, and 5662.95 A.
maximum at = 0.00 as shown in FigE] 5 andl 6, but at the phase
¢ = 0.8283.

Weq (mA)
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Table 4. Secular variation of ¥i curves. For the sum of the equivalent widths of sevanlivies, the mean value, amplitude, and
time of maximum intensity is listed for five datasets.

Dataset mean JD mean EW EW semi-amplitude yYmaX
mA mA
Oct 2000 2451823.6 51.#8.08 6.49+0.11 2454 009.4970.026
Dec 2000 2451887.7 52.18.16 5.99+0.22 2454 009.4480.051
Aug 2009 2455050.0 47.4D.14 5.29+0.17 2454 009.55£0.053
HARPS 2455207.3 47.30.05 5.59+0.05 2454009.4940.014
Jan 2010 2455218.2 46.46.08 5.42+0.13 2454 009.4640.033
BO [y Table 5.Spectral line parameters used in this study. The ion, cen-
tral wavelength, excitation energy, log gf value, and therce
of log gf are given. In the source M2012 means Makaganiuk et
g™ 4 1 al. (2012)
s
% 4 lon Wavelength [A] Excit[eV] log gf source
o0 ¢+ i Yu 4398.013 0.130 -1.000 VALD
& Y 4900.120 1.033 -0.090 VALD
Y 5200.405 0.992 -0.570 VALD
50 ] Yn 5662.929 1.944 0.450 this work
T T Sru 4305.443 3.040 -0.485 M2012
8830 o3t Tin 4163.644 2.590 -0.130 VALD
" (o) Tin 4399.765 1.237 -1.190  VALD
. . . L . Tin 4417.714 1.165 -1.190 VALD
Fig. 7. Amplitude and period of the variations of sevem ¥nes. Tiu 4563.757 1.221 -0.690 VALD
Cru 4145.781 5.319 -1.214 M2012
Cru 4275.567 3.858 -1.730 VALD
4.2. Selection of spectral lines gﬁ jgggggg ig% iggg ':A/KE%)Z

In Paper1 only one spectral line per element was used due to

the possible radial stratification of the elemen_ts in theoat_m

spheres of HgMn stars (e.g., Savanov & Hulirig 2003; Thiagy i, paper 1, except for the line selection and line parasjete
etal/2010). Makaganiuk et al. (2012) have investigatedibs \hich were both discussed in detail in the previous secioe.
stratification of Tin and Ynin HD 11753 and find very marginal coRALIE data obtained in 2000 have already been used for
indication of stratification in ¥Yi. For the current work, the line Doppler imaging of Yir, Sri, and Tin lines in Paper 1, but then

selection was based on the line identifications in a slowmgtro using the period determination based on 2000 data alone, and
ing HgMn star HD 175640 by Castelli & Hubrig (2004). Only,sing one spectral line per element. Here, the new pericet-det
non-blended lines that are detected in HD 11753 at a rea®naRination is adopted and, in most cases, four spectral liags h

level are chosen for the analysis. Fom3mly one non-blended peen ysed simultaneously in the inversion to obtain the map o
line is available, namely $r4305.443 A. The logf values are hat element. In addition, the regularisation parametedirsthe
mainly obtained either from VALD (e.g., Piskunov et/al. 1995nyersion was changed to account for the weaker variatility
Kupka et all_1999) or from Makaganiuk et al. (2012). In theecasj ; and Cr lines and to make the maps fully compatible with
of Y 1 5662.929 A a slight adjustment to the lgfj value was the maps of Makaganiuk et al. (2012). The August 2009 and
necessary to be able to fit all thenfines simultaneously (value January 2010 maps are previously unpublished, but some pre-
used here is 0.450, instead of 0.160 given in VALD and 0.3&hinary results have been presented in Korhonen et al.{p01
used by Maka}ganluk et al. 2012).. The_ spectral lines usedsnth  As in Paper 1 we use vsir13.5 knys for the inversions, ex-
study and their parameters are given in Table 5. cept in the case of Srwhere 12.5 ks provides a much bet-

ter fit. We run tests using the high-resolution HARPSpol ob-
servations, and the results clearly show that the best fihdo t

Y u, Tin, and Cnr in the inversion process is obtained using
We have obtained Dopplerimages of HD 11753 from CORALIEsini 13.5 knjis, whereas Sr requires smaller vsini. Similar
spectra for four dferent epochs. In Doppler imaging (see e.gdifference in determined rotational velocity has been seen be-
Vogt et al.[1987; Piskunov et al._ 1990), spectroscopic alaser fore in HgMn stars, at least for Hgin HD 158704 (Hubrig
tions at dfferent rotational phases are used to measure the ratal.[1999. Makaganiuk et al. (2012) determine an inclovati
tionally modulated distortions in the line profiles. In HD7BB i = 65.7° + 7.1° for HD 11753. We adopt here the inclination
these distortions are produced by the inhomogeneoustistriof 53° that was used in Paper 1. This lower inclination gives us a
tion of element abundance. Surface maps are constructedbigyter fit than the higher value used by Makaganiuk et al.Zp01
combining all the observations fromftérent phases and com- The Yu distributions for the four datasets are shown in
paring them with synthetic model line profiles. For the imien Fig. [8. The maps for all the four epochs (October 2000,
we used the INVERS7PD code originally written by Piskunoecember 2000, August 2009, and January 2010) show a high-
(see, e.g., Piskunov_1991) and modified by Hackman et abundance spot at the phases 0.75-1.0 extending from the equ
(2001). This code is based on Tikhonov regularisation. dhall torial region all the way to the visible pole. Similarly inl #he

line profiles were calculated using the same methods andscodeps there is a lower abundance region around phases 0.2-0.4

4.3. Surface distribution of chemical elements in 2000-2010
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Fig. 8. Doppler maps of HD 11753 obtained from CORALIEFig. 10. Same as in Fid.18, but now for filines 4163.644 A,
data simultaneously from ¥ 4398.013 A, 4900.120 A, 4399.765A, 4417.714 A, and 4563.757 A used simultaneously.
5200.405 A, and 5662.929 A lines. Epochs of the maps are from

top to bottom: October 2000, December 2000, August 2009, and.._, .,
January 2010. The surface distribution is shown for fotfedi

ent phases 0.25 apart. The maps from the year 2000 haveyalre
been published in Paper1, but here they are shown using fd§
Y n lines simultaneously, using a refined regularisation param
ter, and the newly determined period. The abundance scale v

different epochs is the same.
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Fig. 9. Same as in Fig.l8, but now for Stine 4305.443 A.
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Fig. 11. Same as in Fid8, but now for Grines 4145.781 A,
4275.567 A, 4554.988 A, and 4565.739 A used simultaneously.
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Since the rotation period was determined using EW aflivies
its abundance pattern is not expected to show any globai-long
tude drift.

The Snr distribution is recovered using only the line at
4305.443 A, because no other unblended Bres were avail-
able for the analysis. The results for the four epochs are/siio
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a strong high-abundance spot around the phases 0.75 tadl.0, ¢ g - 689
the rest of the stellar surface having a relatively low &bun- 718
dance. The exact extent and configuration of the high-amowa ‘ ) . ' ~7.50
regions change from epoch to epoch. -7.81
Figure[10 shows the Ti distributions for the four epochs.

The spot distribution shows a main high-abundance Sponarou prese=o00  prase=0.20 phose=0.40  phase=0.60 phase=0.80

the phases 0.75-1.00, and patches of high and lower abundar g 0 = * o ~6.95
elsewhere on the stellar surface. The lowest abundancenis ¢ / -2
centrated around the phases 0.00 to 0.30. w728

In Fig.[11 the Cu distribution is shown for the four epochs. _4 ~ 746

Fig.[9. All the maps show a very similar spot configuratiortwit snese=0.0 phase=0.20 phose=0.40 phase=0.60 phase=080 H ~6.%8

-8.11
—6.79

Again the highest abundances occur around the phases 0.75 to 783
1.00. The polar regions, on the other hand, always have l0Wese=000  prase=0.20 Prose=0.40  phose=0.60  phase=0.80 630

abundance, and the equatorial region is dominated by a higl g -

abundance spot ring. w r ‘ ‘
The observed spectral line profiles and the model fits to the D

are shown in the on-line Figs.J12315 forMand Figs[_TA=19 for

Cru. These two elements were chosen because examples as they

-6.40

—6.49
—6.58

—6.67
-6.76

show the strongest and weakest variability. Pose=000  phose=020  phose=040  phose=080  phose=0.80 e

On the whole, at all epochs the main elemental spots retai ‘ ~o.88
quite stably their positions on the stellar surface the alrten- ( , w592
year period our observations cover. The exact shape of thte sp d =598
changes, though. Also, in all the maps, foffelient epochs and —6.03
elements, all the abundances are higher than the solar aboad -6.09
of that element. Fig. 20.Doppler maps of HD 11753 from January 2010 data ob-

_InHubrig et al. (2012) detailed analysis of the magnetidfiel,ineq with HARPSpol. The maps are from top to bottom, Y

in HD 11753 is carried out using HARPSpol data of Januaky, Tjy; and Cmi. These same data have been used for Doppler
2010. Their results show that there seems to be a correlat,%ging by Makaganiuk et al. (2012). Here, same lines and in-
between the elemental spots and magnetic fields and their pRsation angle as for the CORALIE datasets have been used. b
larities. Yn and Tin lines reveal a weak negative magnetic fielg, .\ the ephemeris is from Makaganiuk etal. (2012) to enable a
at the rotational phase 0.2 withr3significance. On the other g5qy comparison. The results are presented from the sarsespha
hand, Cm and Far show a weak positive magnetic field atq ;sed by Makaganiuk et &1, (2012), and are virtually identi
phase 0.78, again witho3significance. These phases are eXg theirs.
actly where our maps from January 2010 show the prominentcﬁ-

emental spots, with the main high abundance spot aroun@phas

0.75 and the main lower abundance spot at phases 0.2 to Prdnounced in our map than in the one by Makaganiuk et al.
Hubrig et al. [[2012) find similar correlation between magnet(2012).

field polarity and low or high abundance spots also in other

HgMn stars. Additional magnetic field measurements of the

targets are needed to confirm these findings. 3% Comparison of the maps obtained from 2010 January

CORALIE and HARPSpol data

A target with a lowvsini, like HD 11753, would ideally re-
quire observations from an instrument with a very high nesol
To test the reliability of our methods and codes, we alsoinbth ing power, like HARPSpol. CORALIE’s resolving power of
elemental maps from the HARPSpol dataset, which was use85,000 is relatively low, and therefore it is important tdeds

by Makaganiuk et al[(2012) for obtaining elemental maps ftish what dfect that has on the resulting maps.

Y n, Sru, Tin, and Cni. We compared our results to their pub- The 2010 January CORALIE dataset and 2010 January
lished maps. The core of the code used by Makaganiuk et 8lARPSpol data were basically obtained immediately aftehea
INVERS10, is the same as in the code used here. Both codéiser with the HARPSpol dataset spanning the first half of
have gone through several developments since the commen Yanuary and the CORALIE dataset the second half. Here we
sion, INVERS7. The main flierences are in the minimisationcompare maps obtained from these two datasets, which should
and coordinate system, where INVERS10 uses an equal sust really show dierences in spot configurations, but are ob-
face area grid and INVERS7PD uses a cartesian coordinate ggimed with diferent instruments. HARPSpoli$and resolution
tem. Also the local line profiles are calculatedteiently in the are superior to the CORALIE one, therefore providing a @alici
two works. Here, the free available SPECTRUM code (Gray &st of the usability of CORALIE observations for the Dopple
Corbally[1994) has been used. imaging of HD 11753.

For this comparison we used the lines and line parameters Figure[21 shows the result for the 2010 January CORALIE
given in Tabldb and the inclination of 53as is also used for and HARPSpol data. The model fits the HARPSpol observations
our CORALIE data. On the other hand, the ephemeris used &fyY n and Cnr are given in the on-line Figs. 22 & P3, respec-
Makaganiuk et al.[(2012) is fierent from ours, so for an eas-tively. On the whole the spot configurations in the maps are vi
ier comparison we have used their ephemeris for the HARPSpadlly identical for the strongly variable lines ofivand Sni.
data presented in Fig. 20. The results are virtually idahtigth ~ Also, Tiu results are very similar with small fiiérences in the
the earlier published ones. The only slighffelience is in the lower abundance spot at phases 0.2 to 0.4. The bigg#st-di
Cru map, where the low abundance spot at the phase 0.5 is menees are seen in the least variable elemenf ®here the equa-

4.4. Comparison to the published maps
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Fig. 21. Comparison between CORALIE (left) and HARPSpOIIZi ,24.Phase gap tests using 2000 October CORALIE data for

g?gt)og&rﬁgﬁ;glig trﬁizpsé Tehre ephemeris is the same as lﬁ}%d\(n (left) and Cnu (right) lines. The top figure is the original
paper. map, middle one has phases 0.97-0.17, removed and the bottom
one phases 0.97-0.27 removed.

Latitude
Latitude

Lotitude

603 -7.98 -756 -7.14  -672  -6.30 -605  -600  -596  -591 -587  -5.82

ppppp

torial high abundance spot around the phase 0.0 is not sélea in
CORALIE data. Otherwise even the £maps are very similar.
The diferences in the equatorial spot belt around the phases 0.6

to 0.7 can be explained by the phase gap in the CORALIE dg{{ayq \yith weak variability, Tir and Cri, one has to be careful
spanning phases 0'58 o 079 when interpreting spot features when the phase coverag# is n
From this comparison it is clear that CORALIE data can b@ptimal. The recovery of the surface features in the styovali-
used for Doppler imaging of a relatively slowly rotatingrstike  gpje lines is not asféected by the phase gaps. Naturally also the
HD 11753. exact spot configuration has affext on the recovery, because
large spots are lessfacted by phase gaps.

From this it can be concluded that, especially in the case of

4.6. Impact of phase gaps in the data

The dataset from October 2000 has an excellent phase caeverag )

with the largest phase gap around 0.1 in phase. Unfortynatél. Discussion

there are larger gaps for the other datasets: 0.16 in phase fo .
2010 January HARPSpol data (0.36-0.52), 0.20 in phase fo: Long-term abundance evolution
December 2000 (phases 0.19-0.39), 0.21 for January 2
(phases 0.58-0.79), and 0.30 for August 2009 (phases O.
0.30). To study theféect of these phase gaps in the maps a t

investigating long-term changes in the elemental spots
) 11753 we have also measured equivalent widths from all the

; RALIE datasets for the lines we have used in the inversions

was dong using the October 2000 dataset that r.emoved all mples of the results for each element are shown ifiFig 25.
observations between phases 0.00 and/0.20 to simulate the . . ) ) A
size and location of the largest phase gap (August 2009.data) AS already pointed out in Sectign #.1 the equivalent width in
The resulting maps for ¥ and Cni are shown in Fig—24. The Y de_creases W|th time. This is seen in all the lines used in the
figure shows the original map and maps with the 0.2 and gi¥/érsions. In addition the saméfect is clearly seen for Sr
phase gaps. Tests were carried out usingm‘]d Cn1 because This dfect is not Just pl’esent in the 4305.443 A line used here,
these are the elements with the largest and smallest Mitgiabi but for example Sit 4215.519 A line shows it, too. The dimin-
respectively. ishing abundance is also clearly seen in theand Smt maps in

Removing the phases 0.00-0.3teats the exact determina-Figs[8 &9. On the other hand, no significant long-term change
tion of the shape of the spots at this phase range. Still, en i seen in the Ti and Cmi equivalent widths.
whole the Yu map is very similar to the original map without = We want to emphasise that the maps of chemical elements
the phase gap, the location of the spots has not changed, dhtained here and the conclusions about the evolution @f the
the high latitude low abundance feature is less prominarthd surface distribution, are noftacted in any significant manner by
case of Cri, which shows much weaker variability, the recoverthe possible ambiguity in the rotational period (seeFig#ice
of spots in the phase gap is seriousfieated. The high abun- the maps are calculated with observations from one relgtive
dance spot around the phase 0.18 is basically not recoxardd, short run. In the same manner, th&eliential rotation discussion
the exact shape of the high abundance spot at the phase 0.06 Bection5.B would remain unchanged, since it is based on a
also significantly &ected. differential analysis of the spot patterns.
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Fig. 25. Equivalent width measurements from the CORALIE data &edént epochs. The results for fouffférent elements are
shown for October 2000 (plus), December 2000 (asteriskyuati2009 (square), and January 2010 (triangle). The detirfeave
very different scales.

5.2. Fast chemical spot evolution occurred during the 65 days between the 2000 October and 2000
December datasets.

In Paper1 fast chemical spot evolution within the 65 days be- :
tween the October 2000 and December 2000 maps was reportedIn Y u both the high abundance spot around the phase 0.75
Here we look into this in more detail. and the lower abundance spot around the phase 0.25 get less

To investigate how many random changes one would e,r))<r_ominent and at the same time more extended with time. The
pect in the maps with the current data quality, the Octobep2otduatorial extension of the low abundance spot at the pHase o

dataset was divided into two subsets. The division was do%és seen in the December 2000 map could be due to missing

by taking every other phase for part1 and the other for part tsenrv;':ltri?n;s t?]t p|h3vseio}11d%ﬁ,%g'3%5’?&%?35'&@? %ﬂgg a
without any overlap in the data. Because our complete data ée sion ot the low-abu pot & . P '
wider high abundance spot at the higher latitudes.

for October 2000 has excellent phase coverage, and also m o
observations from similar phases (76 phases), this dateset For Sru the over-all ab_ur_lda_mce at phases 0.2 to 05is higher
chosen for the test. Thefect of the division of 2000 October in December 2000 than it is in October 2000. In addition the
data into two subsets igfectively only lower &N per phase in hlgh abundance spot at phase 0.5 has become more prominent
the inversion, but with similar phase coverage as in theialg With time. One has to remember, though, that the Siaps are
dataset. obtained from only one spectral line.

The maps for all the elements from the original 2000 October In the case of Ti the low-abundance feature at the phase
dataset, part1, part2, and original 2000 December datasets0.5 does not have as low an abundance in December 2000 as it
shown in Fig2b. As can be seen, the original October 2000 m@gs in October 2000, and the low abundance feature around the
and the maps from parts 1 and 2 are virtually identical for gdhase 0.7 is more prominent in December 2000u,@m the
the elements, except for @rwhere the part1 map is missingother hand, exhibits an extended low-abundance highuttit
the equatorial extension of the high abundance spot ardwnd feature around the phase 0.5 in the December 2000 map. This
phase 0.3. Otherwise the parts 1 and 2 maps afaCe also very feature is not present in the October 20001@map. One should
similar to the original one. keep in mind that the spectral variability is relatively \ea

The abundance scales for all the elements are slighfiigrei Ti m and Cr.
ent for maps obtained from part1 and part2. This implies that We also investigate whether th@ects can be seen in the
the abundance scale in general in the maps is on average aequsvalent width measurements. This is more demanding, be-
rate to~4%. In most cases the variation in the maximum anchuse the behaviour of equivalent width does not direcflgce
minimum abundance in the part1 and part2 maps is 0.2-5.84€ element distribution, but is an integral value and cgreap
of the full abundance range in the particular map. Therevame talmost constant even if the distribution of the elementighsly
notable dfferences, though, the maximumiCabundances in changing on the surface. Figure] 27 shows the equivalenhwidt
the two maps show a fierence of 7.4% of the full abundancemeasurements for the 2000 October and 2000 December dataset
range, and minimum ¥ abundances show affirence of 12%. in all the Yimand Sm lines used in the inversions, and also exam-

The December 2000 maps are mordfatent from the ples for Tim and Cnr lines. The 2000 October measurements are
October 2000 maps, than the maps from the divided datagetsfavm the first full stellar rotation of that dataset. Eachegbatint
from the original October 2000 maps. This is true for all the eis the mean of all the observations obtained within one night
ements, and implies that an evolution of the chemical spass fand the standard deviation of the measurements provides-the
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Fig. 26.Investigating the fast temporal evolution of the elemespaits. The figures show original October 2000 map, Octob@® 20
map from half of the data, October 2000 map from the otherdfalie data and the original December 2000 for all the element
The elements are from left to right:1¥ Sru, Tiu, and Chu.
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Fig. 27.Equivalent width measurements from October and Deceml@ @d@tasets for all the ¥ and S lines used in inversion
and examples of Ti and Cnt measurements. The values are from the first stellar rotati@ctober 2000 (plus) and last rotation in
December 2000 (asterisk). The value is the mean of the adis@ng obtained within one night. The error is the standaxdadion
of the measurements. The ordinates haWierént scales.

ror. The 2000 December measurements are treated simbatly, nent. Equivalent widths for $r4305.443 A, on the other hand,
now the last full stellar rotation is used.

show very clear dferences at phases 0.2 to 0.5, with higher

values in December 2000. This behaviour is also seen in Sr
In general the equivalent width measurements for Octob#215.519 A, which was checked for consistency, and is in line
2000 and December 2000 are very similar, but there are sowi¢h what is seen in the Srmaps for the year 2000 (Fig.126).
differences. The equivalent widths formY4900.120 A in Both Tin 4417.714 A and Ci 4565.739 A lines show much
December 2000 are clearly larger in phases 0.4 to 0.6 than tiiess variability than the lines of the other elements, battén-

are in October 2000 at the same phases. Similar trends are algncy for the measurements at phases 0.4-0.6 to have higher
seen in Yir 4398.013 A and 5200.405 A, but they are less promi-

10
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Fig. 28. The significance of the changes between two consecutivehgpdbe elements are from left to rightany Sru, Tin, and

Cru. The figure gives standard deviation of the change for tHeviihg epochs: October 2000 - December 2000, December 2000 -
August 2009, and August 2009 - January 2010, from top to botlthe original diference maps have been divided by the standard
deviation of the dference for the October 2000 part 1 — part2 map, to presenighéicance of the changes. All the significance
maps have the same scale, and the scale for each map is gihertithe of the individual plot. Colour-coding is such tllaé dark
colour indicates higher abundance in the first map from wttieltsecond map is subtracted; similarly, bright colourdatks lower
abundance in the first map.

Table 6. Standard deviation of the fiierence maps. December 2000 map, and that at the same time the lower abun-
dance spot has become less prominent. The biggfestefices
Difference map Y Sru Tin  Cro in the Yu abundance are seen in the equatorial region around

Oct 2000: partl —part2 0.077 0.023 0.014 0.019 phase 0.5. This is caused by a high abundance spot at this loca
Oct 2000 —Dec 2000 0.132 0.044 0.029 0.031 tioninthe December 2000 map, thatis not present in the @ctob

Dec 2000 - Aug 2009  0.215 0.091 0.049 0.034 2000 map, nor in the August 2009 map. Also, the virtual disap-

Aug 2009 —Jan 2010 0.087 0.045 0.042 0.026  pegrance of the lower abundance spot at high latitudes droun
phases 0.2 to 0.4 between December 2000 and August 2009 is
V{:\Iues in December 2000 than in October 2000 is still seen?ﬁiongiosggg Sgé'srgésocfga}[ggg g ?r? ?r?é tfugﬁr;pzlgtgéynfggiaggigsse
Tin44l7.714 A'. . he diference is clearly seen also at phases 0.3 to 0.6. In addi-

Finally, the significance of the detected changes was evai in, it is clear that in many regions the abundance in theustig

ated. First, dierence maps between consecutive epochs for 3fi)q map is lower than in the December 2000 map. On the other

the elements were calculated, e.g., subtracting the abeeda .4 there are basicallv no sianificant changes betweensiu
of December 2000 map from the abundances of October 2 9’and January 2010yin1h( g g g

map for Yu. The amount of changes seen in thetience maps ,
of the two October 2000 submaps (parts 1 and 2 from[Ei. 26) !N the Sm difference maps, the changes between October
is taken to be the detection limit of the variation. In thenifig 2000 and December 2000 are confirmed, and the higher abun-

cance maps presented in Fig] 28, théedence maps are dividegdance in Decemberl 2000 around the phase 0.3 is seen well.
by the standard deviation of thefiéirence partl - part2 of that The overall chang(_a in the abundance _between [_)ecember 2000
element to show the standard deviation of the change. The gi9d August 2009 is clear, and especially the high abundance
gives October 2000 - December 2000, December 2000 - AugﬁEPt around the phase 0.75 becomes less extended. Again the

2009, and August 2009 - January 2010, from top to bottom, aﬁaanges between August 2009 and January 2010 are small, with
Y 1, Srm, Tin, and Cn from left to right. the higher abundance around phases 0.1 to 0.3 in the August

In addition, the standard deviation of eackelience map is 2009 map being the main fiigrence. One has to remember,
calculated and results given in Table 6. The changes seée in{f10ugh, that in August 2009 map the observations are missing
earlier analysis of the maps and equivalent width measureaméom phases 0.0 to 0.3, and theffdrence in the abundances
are confirmed by the fierence maps. In most cases the standaf@u!d be caused by the phase gap.
deviation of the dierence map is twice, or more, than of the In the Tiun difference maps the largest changes are seen in
deviation partl - part2 for that element. the abundance of the main low abundance spot around the phase

Subtracting the December 2000 map from the October 200®. Changes in the exact spot configurations in other logati
one in Y still indicates that the high-latitude, lower abundancare also seen, and it seems that the August 2009 mafiesetit
spot at phases 0.0-0.4 extends more towards phase 0.5 inftbm the others. This is verified by subtracting January 2040
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Fig. 29.Relative rotation periods atfiiérent latitudes measuredFig. 30.Surface rotation of HD 11753. Latitudinal rotation rates
from different chemical elements:iyfmeasurements are markedaveraged from measurements offelient elements at the same
with (blue) triangles, Sr with (red) asterisk, Tit with (green) latitude. A sirf-law has been fitted to the measurements. The
diamonds, and Grwith (black) circles. The relative rotation pe-results imply very weak solar-type surfacédiential rotation.
riods at diferent latitudes obtained fromftBrent elements are

remarkably similar. The average errorbar of the measurenien

given in the upper left corner. from different elements at the same latitude are averaged, and the

resulting profile fitted with the usualféiérential rotation law:

from the December 2000 map; théfdrences are clearly smallerQ (0) = Qeq- AQ sin” 6

than between December 2000 and August 200%. difference
maps imply very small changes in the exact spot configurati
at a wide range of locations.

whered is the latitude,Qeq the equatorial rotation rate, and
R = Qeq- Qpole The results are also shown in Figl 30. We

obtain a surface shear a2 = 0.098+ 0.023 mragday, equiv-

alent to a lap time (time the equator needs to lap the pole) of
5.3. Investigating possible surface differential rotation approximately 175 years. The derived equatorial rotatniopl

is 9.53123+ 0.00012 days, i.e., 40 seconds longer than found
We applied thespot-centre tracking technique for the detection with equivalent widths (see Sectibn}4.1). Evidence difeden-

of stellar velocity fields to the time series of Doppler mafise  tial rotation in late B-type star has been found before omigrie
method will be tested and explained in detail in Flores Saria target, the B9 star HD 174648 (Degroote ef al, 2011).

etal. (in preparation). We describe here the basics of thegss
and the steps taken.

To reduce the féects of spot evolution and artefacts, onlys. Conclusions
spots that can be unambiguously identified at the fivkedint _ o _ _
epochs (maps from CORALIE data and also from HARPSpbrom the investigation of high-resolution spectra of HD 337
data presented in Sectibn 4.4) are used. This limits ouryanah four different epochs, the following conclusions can be drawn:
sis to the most prominent overabundance features. The ihairde
the spot is chosen as the abundance that maximises its siee wi— We determined the binary orbit of HD 11753. The radial ve-
out been fiected by neighbour structures or potential artefacts. locity measurements can be explained by a wide and eccen-
In this case, we choseb.89 for Cr,-7.1 for Sr,—6.44 for Ti, tric orbit with orbital period of 1126 days.
and-6.8 for Y. When spurious spots are also isolated, they are We fine-tuned the rotation period determination of
removed and not considered in the analysis. Since all spets a HD 11753 using data spanning almost ten years.
at a similar latitude, it is not possible to unambiguouslyede — HD 11753 clearly exhibits inhomogeneous distribution of
a latitudinal dependence of the rotation period by meaguha Y u, Sri, Tin, and Cnr, with the main high abundance fea-
motion of the spots as a whole. Nevertheless, their largengéxt  ture occurring at the same phase in all the elements.
means it remains viable to calculate it by measuring the-rota- The most prominent features in the maps remain at similar
tion period in diferent latitude bands. For doing this the maps location for the duration of the observations (10 years), bu
were divided into equal-latitude strips, each one with athwiaf the exact shapes and abundances change.
4.5, equal to the pixel size in the maps. For the region of the- Both fast and secular evolution is seen in the spot configura-
spot enclosed in each band, the coordinates of its centieaire  tions, with the spot configurations changing even on monthly
culated as andbundance centre” (in analogy to the centre of time scales, and the mean abundance ofayid Sm chang-
mass) where areas with an abundance lower than the selectedng on yearly time scales.
limit make no contribution. Latitudinal rotation rates ax@cu- — Some indications of very weak surfacdfdiential rotation
lated by fitting the evolution of the longitude as a functidn o  is seen using the spot-centre tracking technique.
time to a line.

According to our results, the rotation period is minimummeacknowledgements. HK acknowledges the support from the European
the equator and gradually increases until latitude, 68here it Commission under the Marie Curie IEF Programme in FP7. SHJ&@ ac-

; ; knowledge the support by the Deutsche Forschungsgemaeiitgetu53217-1).
reaches a value that isl15 seconds hlgher. As can be seen Iﬁ;e authors wish to thank Gaspare Lo Curto from ES&ching for his help

Fig.[23, the rotation periods relative to the mean rotatienGH i, e Lo HARPS SR e 1oy e FAREaa it
obtained from all the maps (¥, Sru, Tin, and Cm) are in ex- from the archive. The authors also thank the referee, Dm Ia@mdstreet, for

cellent agreement with each other. The relative rotatioioge his comments that helped to improve this paper.
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Table 1. CORALIE observations of HD 11753 in 2009 and

1k
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2009-08-01  44.8585 0.460 272 N v N N
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2010-01-24  220.5373 0.893 79 v \/ \//* v
2010-01-25  221.5935 0.004 151 N/ o \// N \/
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2010-01-30  226.5320 0.522 197 \/ ool v —4\/3:2; v
Notes.a) calculated using#9.53077 and ¥2 451 800.0 N2 v ?v\fj:ﬁ v
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Fig.12. October 2000 CORALIE observations (thin line) to-
gether with the model fit (thick line) for ¥ lines used in
Doppler imaging (map in Fid.8).
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Fig. 22. Same as on-line Fig. 12 except now for January 2010
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