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Abstract. Spectroscopic and photometric observations of tt
chemically peculiar star CU Vir over 40 years show that tt
period of variations decreased by 0.005 % between 1983-19
The assumption of the rigid rotator model for this star implie .
an abrupt change of the rotation rate. We find no spectrosco%
evidence that the star is a close binary, ruling out a possibill €
that the period decrease is caused by the mass exchange. =
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1. Introduction

Fig.1. Photometric U+u variations plotted with the period

CU Virginis (HD 124224, HR 5313) is one of the best stud®1=0'5206778 . Table 1, data set #1 are open squares; data sets #10-
ied Magnetic Chemically Peculiar (MCP) stars belonging to tHé are closed triangles; and data set #26 are open circles. All data are
Si-group. It shows light, spectrum and magnetic field variatiof§'malized to correspond to Hardie’s U magnitudes.

with one of the shortest periods among the CP stars. The first

photometry of CU Vir was made by Hardie (1958) who con-

firmed the period of spectroscopic variations 52067 previ- of CU Vir and to repeat a careful analysis of all available data
ously reported by Deutsch (1952). All subsequent spectroscofpiem 1955 to present.

and photometric observations up until 1985 (see Table 2 for ref-

erences) appeared to follow the same period. After 1985, the

situation changed. First, Adelman et al. (1992) performed a &-Observations and reduction

riod analysis of CU Vir UBV andivbyphotometry from 1955

to 1989 and found a satisfactory fit of the data with a constalfPle 1 contains information about all the photometric, spectro-

period of @5206800. However, the authors mentioned an exi¥
tance of the small phase shifts between some data sets. PW%

scopic and magnetic data that we used in our period analysis.
divided all data by years; the JD range of each observational

(1994, 1997), on the basis of her photometric observations fr8ft IS In the second column of Table 1. The number of observa-

1987-1996, found an increasing phase shift of the light mini

ptigns is given in the fourth column. We present below our new

after 1985 (Fig. 1) . At the same time the shapes of the ”gﬂlpservat@ons together with a short description of the previous
curves remained essentially unchanged. Pyper found that fRgervational data.

1987-1996 observations did not fit the period of Adelman et al.

(1992), but were better fit by a longer period §6207030. A 2 1. Photometry

similar phase shift was also found by Kuschnig et al. (in prep.) _ _ _

in their spectroscopic study of CU Vir. All these facts forcedhe photometric observations represent the most extensive data
us to make new spectroscopic and magnetic field observatiggts. The new Stmgren four-color photometric data were ob-

tained with the Four College Automatic Photometric Telescope

Send offprint requests t®ainer Kuschnig, (FCAPT) in 1991-1997. Both the telescope and the reduction
(kuschnig@galileo.ast.univie.ac.at) procedure are discussed by Pyper et al. (1993). The data are too
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Table 1. Observational data sets used in the paper

SetNo JD(2400000+) Data type N Reference
1 35178-35278  UBV 54  Hardie (1958)
2 38843-39276 V;: Hy 16  Abt & Snowden (1973)
3 39914-40023 UBvV 95 Blanco & Catalano (1971)
4 40019-40379 Wy: H~, Si 113862, 4128-31, 4201 25 Krivosheina et al. (1980)
5 41444-41459  UBV 11 Winzer (1974)
6 39506-42879 W,: Si 114128-31, 4201, Ha 4026, 4471 20 Hardorp & Megessier (1977)
7 42432-42616  uv photometry 8 Molnar & Wu (1978)
8 42851-43651 B.sy 14  Borra & Landstreet (1980)
9 43245-43323 W,: He 14026 69 Pedersen (1978)
10 44338-44746 uvbyp 12 Pyper & Adelman (1985)
11 45441-45478  wvbyf 11  Pyper & Adelman (1985)
12 45386-45391 W,: He 14026 9  Hiesberger et al. (1995)
13 46101-46811 W,: Si 116347 14  Hatzes (1988)
14 46451-46455 WW,: Si114128-31 5 Bohlender & Landstreet (priv. comm.)
15 46906-46985  UBV 33 P101987
16 47158-47261  UBV 171 P10 1988
17 47258-47307 (-index 25  Musielok et al. (1990)
18 47520-47702 UBvV 127 P10 1989
19 48368-48432  uvby 16 FCAPT 1991
20 48719-48810  uvby 48 FCAPT 1992
21 49115-49165 uvby 144 FCAPT 1993
22 49445-49549  uvby 149 FCAPT 1994
23 49510-49519 W,:He 14471 19  Kuschnig et al. (in prep)
24 49798-49806 V;: Ho ; Wx: Hé6 , Si 14128-31, 4201 19  Kuschnig et al. (in prep.)
25 49797-49906  uvby 268 FCAPT 1995
26 50122-50241  uvby 305 FCAPT 1996
27 50547-50574  uvby 119 FCAPT 1997
28 49470-49499 W,: Si 11 6347 7  Table 2 (1994)
29 50133-50255 W,: Si 11 6347 33 Table 2 (1996-1997)
30 50243-50521 Beyy 14  Table 4 (1996-1997)

823

extensive to be printed, so they are given in Table 5 in electrotie range 150 — 300. Magnetic measurements will be described
form. below.

From previously published photometric observations only The reduction of the spectra was made using the software
one set made in 1964-66 by Abuladze (1968) was not ifSPE” written by S. Sergeev at the Crimean Observatory. The
cluded because of extremely large dispersion of the obsers@duction procedure includes the night sky subtraction, flat field
tional points. From uv-set #7 (hereafter "set #” refers to Tab@mrrection, normalization of spectra to the continuum, cosmic
1), we used only the photometry in the 33&0spectral band ray subtraction by visual inspection of the spectra and wave-
which is close to the U and u bands. length calibration.

There is a good set of uviyphotometric observations made  The heliocentric Julian dates of the midpoints of the expo-
in May 1974 (Weiss et al. 1976), but their data are not availatdares, and equivalent widths of the SiNI6347 line are given
as they are published only as plots. in Table 2.

The previous spectroscopic observations consist of equiva-
lent widths and radial velocity measurements. The latter were
measured for hydrogen lines by Abt & Snowden (1973) and

New spectroscopic observations of CU Vir were made in Jul¥ US Using spectra obtained in 1994 at Observatoire de Haute
1994 and in March — May 1997 at the c@sbectrograph of the Provence (kuschnig et al, in prep.). Radial velocities were mea-
2.6 m telescope of the Crimean Astrophysical Observatory wiHred for the center of gravity of thg; line core and are given

the CCD detector attached. Some of the observations were miideable 3 together with the heliocentric Julian dates. The typical
with the Zeeman analyzer using the Stokesmeter (Plachindd'8 is about 1 km's'.

al. 1993). The observed spectral region, 6325 — 688&on- For the period analysis we used the equivalent widths of the
tains two strong Si Il lines. All spectra were taken with a line&®i 11 lines because they usually vary in phase with the light
reciprocal dispersion of 2Amm~! and corresponding spec-variations. Equivalent widths and radial velocities of Hand

tral resolution of about 0.A. The signal-to-noise ratio were inhydrogen lines, and-photometry were used as a final check

2.2. Equivalent widths and radial velocity measurements
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Table 2. Journal of spectroscopic observations of CU Vir made at tfi@able 3. Radial velocities, measured By5 line.
Crimean Astrophysical Observatory in 1994-1997.

JD(2400000+) V;, kms !

JD(2400000+) W, : Sitr 6347, mA 49798.489 -13.11
49470.295 335 49798.622 -10.97
49470.320 281 49799.434 -2.36
49471.356 305 49799.575 -22.50
49472.377 363 49799.612 -8.18
49472.393 326 49800.410 -1.40
49496.344 301 49800.502 -0.97
49499.266 509 49800.599 -6.86

49801.412 -1.93
50133.549 491 49802.415 -2.22
50133.566 509 49803.438 -3.75
50133.583 501 49804.444 -9.11
50134.557 490 49804.468 -8.65
50134.571 503 49806.413 -12.00
50134.603 496 49806.435 -13.58
50174.451 315 49806.452 -13.86
50174.479 351 49806.469 -16.25
50176.345 409 49806.484 -16.33
50191.418 487 49806.500 -15.36
50191.433 474
50191.433 461
50210.412 361
50210.425 380
50233.277 295 2.3. Magnetic field measurements
50233.317 337
50233.358 417 The effective magnetic field is a component of the magnetic field
50233.454 493 vector along the line of sight, averaged over the stellar disk. We
50233.472 507 have two sets of effective magnetic field measurements sepa-
50233.512 508 rated by 20 years (data sets #8 and #29). The first set was made
50253.288 541 with a photoelectric polarimeter which measured the circular
50253.303 >38 polarization in the wings of thé/3 line (Borra & Landstreet
50253.363 513 1980).
50253.378 463 . . Lo
50254.297 507 New observations of the effective magnetic field were car-
50254.311 525 ried out with the Stokesmeter and CCD detector in 1996-1997
50254.356 520 using the strong Sit A\ 6347.09 and 6371.36 lines with effec-
50254.371 525 tive Lanck factors 1.167 and 1.333, respectively. The Stokesme-
50255.275 462 ter is mounted in front of the entrance slit of the céwpectro-
50255.289 470 graph of the 2.6 m telescope. It consists of two rotating achro-
50255.305 490 matic quarterwave plates and a plate of Iceland spar between
50255.373 503 them to separate right- and left-circular polarization spectra. The
50255.387 518

typical exposure time for magnetic measurements was about one
hour which corresponds to 0.08 of the rotational period.

Synthetic spectrum calculations show that bothiSines

on the validity of new periods. For observational set #4 onff€ Practically free of blends in the CU Vir spectrum. Unfortu-
plots of the equivalent widths are published by Krivosheina gately silicon has a nonuniform distribution on the stellar sur-
al. (1980), but we have all the information in digitized fornface, therefore the effective magnetic field measured with Si
which is available through e-mail request to Ryabchikova. Wk lines may differ from that measured with the hydrogen po-
also corrected typographic errors in the JD's for set #12.  larimeter. As was shown by Kuschnig etal. (in prep.), the silicon
We excluded the spectroscopic data by Peterson (1966) t;gﬁmbuuon on the surface of CU Vir does not have a very com-

our analysis because the small number of points together X structure. It consists of one depleted spot an_d a_lf'irger zone
the quality of the equivalent widths measurements on phoag in silicon, so we do not expect there to be significant dif-

graphic plates did not allow us to properly determine the m rences betwee|_'1 magnetic measurements made with the Si
ima and minima of the spectral variations. ines and théd 3 line. We measured a shift between the centers

of gravity of the right- and left-circular polarization line profiles
and then converted it to the effective magnetic field.
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Fig. 2a—c1.Photometric variations vs. phases calculated with three different period approagittsa constant period%2070281p with

a linearily changing period (Sect. 3.1); aoavith two periods constant periods PT5206778 and P2<%2070308. Irc, combined B+blf)

normalized magnitudes are from Table 1, data sets #1, 3, 5, 10, 11 (P1) and data sets #15, 16, 18-22, 25, 26 (P2). Right panels show the deviations
from the mean curves.

New measurements of the effective magnetic field are ptesscopic data from the point of view of the dispersion, they
sented in Table 4. Each value is the result of averaging bothv&re given a higher priority in the period analysis.
11 lines. The rms of the magnetic measurements K35 G.

The low accuracy of the magne_tic mea_surementsin _CU VIl The light curves of CU Vir have slightly different am-
does not permit them to be used in a period search. Since fi&,des and shapes in different spectral bands. Therefore we
two data sets are well-separated in time, we mainly consiqggt normalized all data by their amplitudes to obtain homoge-
them as additional support for our period solutions. neous data sets. The same procedure was done with the spectro-

scopic observations. We then divided our data into two groups:
U+u+W,(Sitt 6347) and B+b#,(Sit 4128-31, 4201). The
3. Period search intensity variations of the Sit 6347 line is closer in shape to the
U+u and possibly the y light curves while those ofisi4128-
Because the photometric sets provide the largest part of 8fehave a similar shape to the B+b light curve. Three different
observational data and usually are more accurate than the sp@proaches were used for period analysis, discussed below.
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Table 4. Journal of effective magnetic field observations of CU Vir 1200 r—r—— T T T T T
made at the Crimean Astrophysical Observatory in 1994-1997. L gt .
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3.1. Constant period Phase

First we searched for a constant period over the whole rangerif. 3a and b.Spectroscopic variations vs. phases calculated with the
the photometric data using Stellingwerf’s (1978) method. Thieearily changing perioda) and with two constant period®) (see

best period is652070281-0.00000016 and itis defined mainlyFig. 3). Wi(Si 11 4128-31 and 4201) are plotted; Table 1 data sets
by the recent more extensive photometric data sets. Fig. 2a répand 6 (P1) are represented by filled triangles and open squares,
resents a plot of all data with the constant period (left paner|§e.spectively; an_d data sets #14 and 24 (P2) by open triangles and filled
The right panel shows a plot of the deviations from the me&Jicles: respectively.

curve. The rmsis 0.168. One may easily see that a few data sets

do not fit at all with this period. Note, the the error in the periogds does a solution with 2 different periods for all bt #5 data
determinations is mainly defined by the entire time interval @&t, which is definitely shifted by about 0.2 of the period. This
the data used, therefore it is smallest for the constant perigilft cannot be explained by any incorrectness of the reduction
because the time interval is the largest, more than 40 years.or normalization procedure because Winzer's data were always
included in any period search by previous investigators, and
showed a very good phase agreement with all photometric and
spectroscopic variations reported before 1985.

The search for the linearily changing period was done using the Moreover, when we plot the equivalent width data with the
method by Cuypers (1986) realized in Pelt's (1992) packaggearily changing period (Fig. 3a) we obtain noticible phase
The best fit to all our data was achieved with the followinghifts between the different data sets.

ephemeris:

3.2. Linearily changing period

JD(B light max) = 3.3. Two periods solution

5 First we constructed an O-C diagram with the ephemeris,
0952066138

2435178.9200 + ;
1+ 0952066138 - S - (t — tg)

JD(Blight min) = 2435178.6541 + 095206778 - E

wheret,=2435178.92 and S=5.73 - 10~?. This corresponds ~ The period was estimated by Pyper (1994) as the one
to P~ 1.5 - 10~? days per cycle. A plot of all photometric datathat best fit the photometric data from 1955-1984. Then we
with this period is shown in Fig. 2b. Again, the right panel ofmeasured the phases of the maxima for each data set; they
Fig. 2b shows deviations of the points from the mean cureee plotted in Fig. 4a and b. The phases of the maxima and
with the rms being 0.127. The linearily changing period showsinima were found by a sinusoidal fit to the observational
practically the same scatter in the final plot for the photometppints. It is seen that our data can be fit by two straight lines
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Fig. 4a—d.O-C diagrams for CU Vir with one constant period P15206778 &,b), and with two constant periods, P1 and P#2070308¢,d).

Photometric observations before 2446000 are shown by filled circles, those after 2446000 are shown by open circles. Spectroscopic observations
are shown by asterisks; in (a,8)\(Si 11 6347) are plotted, it andd W, (Si 1 4128-31, 4201) are plotted. lnandb, the dashed lines

represent 99% confidence levels. In ploendd the upper line represents light and spectrum minima, and the lower line represents maxima.

that intersect near epoch JD=2446000 (1985). Period analydierent with 99.3% confidence level. CombinediSintensity
perfomed separately for two groups of data before and aftariations are plotted on Fig. 3b X 4128-31, 4201). Note that
2446000 by Stellingwerf's (1978) method resulted in twave slightly shifted the equivalent widths from different spec-
different periods: $5206778-0.00000020 (J&2446000) and troscopic sets by constant values. These shifts may arise from
0'52070308-0.00000019 (JB2446000). The O-C diagramdifferent treatments of the continuum as well as from differ-
obtained with two periods is shown in Fig. 4c,d for maxima arght registration (CCD, Reticon, photographic plates), and have
minima and for different spectral bands. The U+u and B+b lighb influence on the period search procedure. Fig. 5 displays
curves give slightly different phases of minimum, therefore weombined curves of the effective magnetic field variations (a);
averaged them and finally obtained the following ephemefite 1 4026 (b); and Her 4471 (c) line intensity variations.
which fit all photometric and spectroscopic observations for 40ere we did not need any vertical shifts to combine the spectro-

years (more than 29000 rotations) of the observations: scopic data. Fig. 6 represents the hydrogen line equivalent width
JD(U,B light min) = 2435178.6417 variations (a); variations of thé-index (b), and radial velocity
095206778 - E (JD < 2446000) variations (c).

0452070308 - E (JD > 2446000)
Those who would like to use the maximum as a starting ph : . .
can use the following moment JD(B light max):2435178.9028§§' Does a period change still continue?

Combined B+b light curves obtained with the above two p&ontinuing observations with the FCAPT are being made in
riods for all photometric observations are plotted on Fig. 2c (ledtder to see whether the period of CU Vir continues to change or
panel). The deviations from the mean curve are shown in the leéts stabilized. A period search of the P10 data (data sets #15, 16,
panel of Fig. 2c. The rms is 0.114. According to the Fisher tes8) using the Scargle (1982) algorithm, yielded a slightly shorter
the rms-values in all three approaches for the period search peeiod of 5206987. O-C diagrams of the P10 and FCAPT data



828 D.M. Pyper et al.: An abrupt period decrease in CU Virginis

using this period are plotted in Fig. 7. Investigators of eclipsing e T e i
binary light curves (e.g., Cherewick & Young 1975) have found 1000 | o . =
that a continually varying period results in an ephemeris 00 [o® 6 o . o° 5 o . 1
JD = JDy + Py - E + (a)2) - E2, W : ¢ ¢ 0, ]
~ oL ° ° 1
where« is the rate of change of the period (dcy9. If the b= 5 °d S °22 o 1
FCAPT data for 1997 are included, least squares quadratic pol?  —500 [ . 55:'0 i o 55.’0 *
nomial regressions of the u and b data resudt #r 1.97 - 10—° C o . ° L
anda = 1.88 - 1077, respectively. At present, the residuals of —1000 | & . e
these fits are only slightly better than those for a linear regres- T R B B b
sion on the same data. There is an additional indication of the 0.0 0.5 1.0 1.5 2.0
continually changing period in the O-C diagrams (Fig. 4), where 600 r — ‘ ‘ ‘
the open circles do not lie on the straight line but rather lie on Hel A026A4
the parabolic line, which is typical for a changing period. Sev- 500 | -
eral more years of observations will be necessary to determine o 3& °
whether the period of CU Vir is still changing. E 400 oe %02, 2
;300%.%8. @O.%. g’ |
4. Summary = .%. N AO§‘§ .;;;. . Aogﬁ
Figs. 2-6 clearly show that we succeeded in fitting all avail- =00 Oé% oa Cc;?g ;é ’ Oé% oa é% ? ’
able observational data obtained for CU Vir for more than 40 100 - p ° O@ ° O@ -
years with a combination of two different periods. This is not Ly
meant to imply that the period changed instantaneously but that 0
. . . . . 0.0 0.5 1.0 1.5 2.0
it changed in a time period that is short compared to the more
than 40 years of observations of CU Vir. A crude estimate of the 600 P11
speed of the period change givies 10~2 days per cycle. The 500 L Hel 244714 |
abruptchange in period near JD 2446000 (1985) raises some dif- o Lo .
ficult questions about the cause of such a change. Since all suc2 400 |+ ° o o
cessful models of the variations of CP stars use rotation as their ™~ ® . o ® . °
primary cause, our results imply that CU Vir abruptly slowedits =300 - 9&: ¢ 90.' ¢
rotation at this time. The problem is in how this could be accom- o0 | * e, oo o ce oo |
plished, since this implies a sudden loss of angular momentum “.§O “.§O
unprecedented in the study of CP stars. In fact, the only stars  1gg | |
that show such effects are close binaries where mass exchange C
is taking place. The spectroscopy shows no clear evidence that 04 * * * *
CU Viris aclose binary. All radial velocity variations including 0.0 0.5 1.0 1.5 <.0
those of the hydrogen line cores can be explained in the frame of Phase

the oblique rot'atO.r mpdel with inhomogeneous abundancg 41'?&' 5a—c.Combined effective magnetic field variatiorag;(W» (He 1
temperature distributions over the stellar surface (Ryabchikomgos) p): andw (He 1 4471) €). a Table 1, data sets #8 (P1) and 30
1991). Abt & Snowden (1973) showed that any solution of the2) are represented by open circles and by filled circles, respectively.
radial velocity variations originating from binary system orbits Data sets #6 and 9 (P1) and 12 (P2) are represented by filled circles,
leads to an estimate for the inclination angle i7°. If this open circles, and filled triangles, respectivel{pata sets #6 (P1) and
were the case, the equatorial rotational velocity would have23 (P2) are represented by filled circles and open circles, respectively.
be larger than 1000 knv$. Our new binary system solution
gives a slightly larger inclination,< 14°, but even in this case
the equatorial rotational velocity, 650 km's still exceeds the wind could be detected by spectral signatures, which have not
critical rotational velocity for main sequence stars. been observed. However, Leone et al. (1994) found radio radi-
Wolff (1981) considered various braking mechanisms fation from CU Vir at 6 cm. Later Leone et al. (1996) observed
CP stars and found that loss of angular momentum due to #ee radio spectrum at 1.3, 2, 6 and 20 cm. They interprete their
cretion from a surrounding nebula takes place on time scat#sservations as gyrosynchtron emission coming from the cir-
of about108® yr. Likewise, mass loss due to an intense stellaumstellar regions which are close to the star. This could be
wind can result in loss of angular momentum over similar timtée result of a stellar wind. In this case, the following scenario
scales. Thus, both of these mechanisms act over time scakas be considered as a possible explanation of the rapid change
many orders of magnitude greater than is observed for CU \iii.the rotational period. A weak stellar wind exists in CU Vir.
These mechanisms might explain a slow change of the peribitde matter is trapped by the magnetosphere of the star so no
which possibly is presently occurring. Additionally, a stellasignificant mass loss occurs. When the trapped matter exceeds
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r Fig. 7aand b.O-C diagrams, calculated with PXER06987 for the CU
RO e Vir U+u (a) and B+b p) minima from the P10 UBV (Table 1, data sets
0.0 0.5 1.0 1.5 2.0 #15, 16, 18) and FCAPT uvby (data sets #19-22, 25-27) data. In both
0T plots, the P10 data are open circles and the FCAPT data are closed
Q 5 L o o | circles. The solid lines are least squares quadratic regressions.
g © 50 °
o (6]
=2 O ee ,° oe .07
" s & & 1 Shore & Adelman (1976) proposed that CP stars that were
>g % e °* % g not in binary systems could experience free body precession
—10p o &® © © @0 ° 7 due to a distortion in the shape of the star by the magnetic field.
5L g * % _ The precession periods are predicted to be about 5 to 10 years
O.‘ O.. . . .
0 Le for the shortest period MCP stars (e.g., CU Vir). Changes in
e o I both the shapes of the light curves and the times of maxima and
B B minima are predicted. However, any precessional changes must
0.0 0.5 1.0 1.5 2.0 eventually be periodic in nature and we have no evidence for
Phase that so far, although the period may still be changing (see Sect.

3.3). Thus, if a precessional period does exist it must be on a
Fig. 6a—c.Combined hydrogen line variationa.NormalizedW of |onger time scale than is predicted and there is the additional
Balmer lines vs. phases. Table 1, data set#4 (P1) are open circles; problem of the apparently constant period prior to 1984. Also,
and data set #2476 (P2) are filled circlesh g-index vs. phase. Table {he shapes of the light curves appear to be very stable over the

1, data sets #10-11 (P1) are filled triangles; and data set #17 (P2)t&e than 4 decades of observations of CU Vir. It is hoped that

open circlesc Radial velocity vs. phase. Table 1, data set #2 (P1) a| . . . .
open circles, and data set #24 (P2) are filled circles. S&veral more years of observations will help to clarify what is

happening with the period of CU Vir.
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