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ABSTRACT
We have observed Proxima Centauri and BarnardÏs star with the Hubble Space Telescope Fine Guid-

ance Sensor 3. Proxima Cen exhibits small-amplitude, periodic photometric variations. Once several
sources of systematic photometric error are corrected, we obtain 2 mmag internal photometric precision.
We identify two distinct behavior modes over the past 4 years : higher amplitude, longer period and
smaller amplitude, shorter period. Within the errors, one period (PD 83 days) is twice the other.
BarnardÏs star shows very weak evidence for periodicity on a timescale of approximately 130 days. If we
interpret these periodic phenomena as rotational modulation of starspots, we identify three discrete spots
on Proxima Cen and possibly one spot on BarnardÏs star. We Ðnd that the disturbances change signiÐ-
cantly on timescales as short as one rotation period.
Key words : stars : Ñare È stars : individual (Proxima Centauri, BarnardÏs star) È stars : late-type È

stars : rotation È stars : spots

1. INTRODUCTION

We present photometry of Proxima Centauri and
BarnardÏs star, results ancillary to our astrometric searches
for planetary-mass companions et al. Our(Benedict 1997).
observations were obtained with Fine Guidance Sensor 3
(FGS 3), a two-axis, white-light interferometer aboard the
Hubble Space Telescope (HST ). et al. provideBradley (1991)
an overview of the FGS 3 instrument, and et al.Benedict

describe the astrometric capabilities of FGS 3 and(1994a)
typical data acquisition strategies. et al.Benedict (1993)
assessed FGS 3Ïs photometric qualities and presented the
Ðrst evidence for periodic variability of Proxima Cen. This
latter result was based on 212 days of monitoring. Sub-
sequent data exhibited a period of variation very nearly
twice the original et al. Since that report,(Benedict 1994b).
we have obtained 14 additional data sets for Proxima Cen
and 12 new sets for BarnardÏs star. The primary value of
these observations lies in their precision, not in their tempo-
ral span or aggregate numbers. We have previously deter-
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mined that a 90 s observation obtained with FGS 3 has a
1 p precision of 0.001 mag at V \ 11 et al.(Benedict 1993),
in the absence of systematic errors.

In this paper we discuss the data sets and assess system-
atic errors, including background contamination and FGS
position-dependent photometric response. We also present
a revised photometric Ñat Ðeld. We then exhibit and analyze
light curves for Proxima Cen and BarnardÏs star. We Ðnd
weak evidence for periodic variations in the brightness of
BarnardÏs star. However, Proxima Cen exhibits signiÐcant
periodic photometric variations, with changes in amplitude
and/or period. We next interpret these variations as rota-
tional modulation of chromospheric structure (starspots
and/or plages) and conclude with a brief comparison with
other determinations of the rotation rate of Proxima Cen.
Tables and provide aliases and physical parameters for1 2
our two science targets.

We use the term ““ pickle ÏÏ to describe the total Ðeld of
view of the FGS. The instantaneous Ðeld of view of FGS 3 is
a 5A ] 5A square aperture. shows a Ðnding chartFigure 1
for the BarnardÏs star reference frame in the FGS 3 pickle as
observed on 1994 August 6. et al. contains aBenedict (1993)
Ðnding chart for the Proxima Cen reference frame.

2. DATA REDUCTION

2.1. T he Data
All position and brightness measurements from FGS 3

are comprised of series of 0.025 s samples (i.e., 40 Hz data
rate), of between 20 and 120 s or D600 s duration. Each
FGS contains four photomultipliers (PMTs), two for each
axis. We sum the output of all four to produce our measure-
ment, S, the average count per 0.025 s sample, obtained
during the entire exposure. The coverage for both targets
su†ers from extended gaps, due to HST pointing con-
straints (described by et al. and other sched-Benedict 1993)
uling difficulties. The Ðlter (F583W) has a bandpass
centered on 583 nm, with 234 nm FWHM.

For Proxima Cen, the data now include 152 shorter
exposures secured over 4 years (1992 March to 1997
October) and 15 longer exposures (1995 July to 1996 July).
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TABLE 1

PROXIMA CENTAURI

Parameter Value Reference

Aliases . . . . . . . . . . . . . . . . . a Cen C, GJ 551, V645 Cen
M

V
. . . . . . . . . . . . . . . . . . . . . 15.45^ 0.1

B[V . . . . . . . . . . . . . . . . . . 1.94
Spectral type . . . . . . . . . . M5 Ve 1
Mass (M

_
) . . . . . . . . . . . . 0.11 2

Luminosity (L
_

) . . . . . . 0.001 3
Radius (R

_
) . . . . . . . . . . . 0.15 4

REFERENCES.È(1) & Jahreiss (2) &Gliese 1991 ; Kirkpatrick
McCarthy (3) & Probst (4) & Mathioudakis1994 ; Liebert 1987 ; Panagi
1993.

Each orbit contains from two to four exposures. The
longest exposure times pertain only to Proxima Cen obser-
vations obtained within continuous viewing zone (CVZ)
orbits. These specially scheduled orbits permit D90 minutes
on Ðeld, during which Proxima Cen is not occulted by
Earth. in the gives times of observation,Table A1 Appendix
exposure times, and average counts S for all Proxima Cen
photometry.

TABLE 2

BARNARDÏS STAR

Parameter Value Reference

Aliases . . . . . . . . . . . . . . . . . GJ 699, G140-24, LHS 57
M

V
. . . . . . . . . . . . . . . . . . . . . 13.2^ 0.1 1

B[V . . . . . . . . . . . . . . . . . . 1.73
Spectral type . . . . . . . . . . M4 Ve 2
Mass (M

_
) . . . . . . . . . . . . 0.17 3

Luminosity (L
_
) . . . . . . 0.0046 3

Radius (R
_

) . . . . . . . . . . . 0.17

REFERENCES.È(1) & Jahreiss (2) &Gliese 1991 ; Kirkpatrick
McCarthy (3) & McCarthy1994 ; Henry 1993.

FIG. 1.ÈThe BarnardÏs star Ðeld on 1994 August 4. North is up, east to
the left. The pickle coordinate system (X, Y ) is indicated. The symbol size is
proportional to the relative brightness of each reference star (listed). The
central circle (diameter is accessible by the FGS 3 instantaneousD3@.8)
aperture for any HST roll. BarnardÏs star is labeled at three epochs.

BarnardÏs star was monitored for 3 years (1993 February
to 1996 April) and observed three times during each of 35
orbits. Exposures range between 24 and 123 s duration.

gives times of observation, exposure times, andTable A2
average counts S for all BarnardÏs star photometry.

2.2. Background L ight
We Ðrst noted that background contamination might be

an issue while assessing the use of astrometric reference
stars for photometric Ñat-Ðelding. These stars are typically
far fainter than the primary science targets. Using them to
Ñat-Ðeld the Proxima Cen and BarnardÏs star photometry
introduced a strong 1 yr periodicity (and considerable noise,
since they are fainter stars). This problem was not identiÐed
in et al. since we had access to data span-Benedict (1993),
ning less than two-thirds of a year. shows S for twoFigure 2
faint reference stars in the Barnard Ðeld plotted against
angular distance from the Sun. These stars appear brightest
when closest to the Sun. Zodiacal light is a source whose
brightness depends on the Sun-target separation. The Ðtting
function in Figure 2 is

I\ A] B sin (h/2) , (1)

chosen to produce a minimum contribution at h \ 180¡.
We Ðnd A\ 137.1^ 0.4 and B\ [4.1^ 0.5 counts per 25
ms for an average exposure time of 100 s. At a 60¡ elon-
gation, the contamination amounts to V \ 22.5^ 0.3 mag
arcsec~2. The Barnard Ðeld is at ecliptic latitude b \ ]27¡.
From a tabulation in we calculate a signalAllen (1973),
equivalent to V \ 22.1 mag arcsec~2 for zodiacal light at
60¡ elongation and ecliptic latitude b \ ]30¡. The agree-
ment supports our identiÐcation of this background source.

We present in an average S for these twoFigure 3
Barnard reference stars plotted as a function of time, both
uncorrected and corrected for background. These data have
been Ñat-Ðelded using the time-dependent response func-
tion discussed in Note the reduction in the° 2.3.2 (eq. [2]).
amplitude of the scatter for the corrected photometry. Pre-
suming zodiacal light as the source, contamination levels
are even less for the Proxima Cen observations at ecliptic

FIG. 2.ÈS (average counts per 0.025 s) for two faint astrometric refer-
ence stars in the BarnardÏs star Ðeld (stars 32 and 33, vs. target-SunFig. 1)
separation in degrees. The Ðtting function is eq. (1).
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FIG. 3.ÈCorrecting for zodiacal light. Average intensity (S, counts per
0.025 s) vs. MJD for the average of two faint astrometric reference stars in
the BarnardÏs star Ðeld The horizontal line denotes the mean(Fig. 2).
brightness of the corrected data. Scatter is far less in the corrected data.
Uncorrected and corrected values have been Ñat-Ðelded with eq. (2).

latitude b \ [44¡, introducing a maximum systematic
error of 0.0007 mag for a 100 s observation. We conclude
that the e†ects of this component of the background are
insigniÐcant for Proxima Cen and BarnardÏs star photom-
etry.

Should background determination become more impor-
tant in the future, we note that during an intraorbit obser-
vation sequence the PMTs are never turned o†. Hence, the
HST data archive contains PMT measurements taken
during slews from one star to the next. The astrometric
reduction pipeline at the Space Telescope Science Institute
has been modiÐed to provide these background data auto-
matically.

2.3. Photometric Flat-Ðelding
We explore two kinds of Ñat-Ðelding : position and time

dependent. We Ðrst assess whether or not Ñat-Ðeld correc-
tions are necessary and, if so, determine their functional
form.

2.3.1. Position-dependent Photometric Response

Having discovered that background variations contami-
nate the photometry of faint astrometric reference stars, we
required an alternative source for Ñat-Ðeld data. To main-
tain the astrometric calibration of FGS 3, a star Ðeld in
M35 has been measured roughly once per month for the
last 4 years. et al. describe this continuingWhipple (1995)
astrometric long-term stability (LTSTAB) test. The Ðeld, on
the ecliptic and, hence, always observed in one of two orien-
tations (fall or spring) Ñipped by 180¡, contains bright stars
for which background contamination is negligible. How-
ever, an initial application of a time-dependent Ñat Ðeld
based on bright M35 stars also introduced a strong 1 yr
periodicity.

The positions of the three M35 LTSTAB stars within
FGS 3 are shown in The ““ eye ÏÏ is bordered by theFigure 4.
pickle edge at the two nominal rolls for this Ðeld. The
central circle (diameter is accessible by the FGS 3D3@.8)
instantaneous aperture for any HST roll.

FIG. 4.ÈField of view of FGS 3 with the positions of three M35 stars.
The V magnitude is given as part of the identiÐcation (e.g., S9–47 has
V \ 9.47).

(bottom) presents normalized intensities [I\Figure 5
where is determined from the entire run of data]S(t)/Sav, Savfor the three LTSTAB stars as a function of time. The varia-

tion of each star has Ðrst been modeled as a linear trend.
The parameters, intercept and slope (I@), are given in(I0)The resulting residuals top) have beenTable 3. (Fig. 5,
modeled with a sine wave, constraining P\ 365.25 days.
The residuals have a square-wave periodic structure
because, rather than a range of spacecraft rolls, there are
only two orientations. The resulting parameters and errors
are given in Table 3. In we plot the amplitude ofFigure 6,
this side-to-side variation against radial distance from the
pickle center. For the M35 stars, the farther the star from
the pickle center, the larger the roll-induced variation.
Figure 6 includes several other 1 yr period amplitudes : a
preliminary result for GJ 748 (V D 11.1, ecliptic latitude
b D ]23¡), always observed in the center of the pickle ; the

FIG. 5.ÈTime-dependent photometric variations for three stars in
M35, modeled as linear trends whose parameters and I@) are given in(I0The residuals in the top panels are size-coded to show the twoTable 3.
LTSTAB orientations (fall\ small, spring \ large) and Ðtted with sine
functions. Note the di†erences in the variation amplitude (parameter A in
Table 3).
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TABLE 3

FLAT-FIELD MODELING : M35 STARS

Parameter S9–79 S11–68 S9–47

Linear trend :
I0 (counts) . . . . . . . . . . . . . . . . . . . . 1.134^ 0.008 1.107 ^ 0.023 1.129 ^ 0.015
I@ (10~5 counts day~1) . . . . . . [1.36^ 0.10 [1.11^ 0.24 [1.31^ 0.10

Variation from 180¡ Ñip :
A (counts) . . . . . . . . . . . . . . . . . . . . 0.0006^ 0.0006 [0.0065^ 0.0003 0.0039 ^ 0.0004
P (days) . . . . . . . . . . . . . . . . . . . . . . . 365.25^ 0 365.25 ^ 0 365.25 ^ 0
/ (rad) . . . . . . . . . . . . . . . . . . . . . . . . 281.56^ 1.03 281.71 ^ 0.17 282.00 ^ 0.14

Barnard reference star photometry from correctedFigure 3
for background ; and photometry of the brightest reference
star in the Barnard Ðeld star 36 ; V D 11.5). Figure 6(Fig. 1,
suggests that within the inscribed circle of Figure 1
(r \ 180A), position-dependent photometric response varia-
tions should be less than 0.002 mag.

We have also identiÐed one high spatial frequency
position-dependent Ñat-Ðeld component for FGS 3. Light
curves for two of the Barnard reference stars evidenced
sudden decreases in brightness with subsequent return to
previous levels. The decrease for reference star 34 was 29%;
for star 36, 17%. Shown in both decreasesFigure 7,
occurred in the same location within FGS 3, very near the
[Y edge. The pickle coordinates of the center of this area
are (X, Y ) \ ([25, 627). We estimate the size of the low-
sensitivity region to be about 10A ] 10A. In addition,
Proxima Cen reference star observations acquired 1 yr prior
to the Barnard reference star observations and within a few
arcseconds of this position showed no decrease, providing
additional evidence that FGS 3 is not suitable for wide-Ðeld,
precise photometry of faint stars.

Evidence that the photometric response may vary locally
and randomly with time dissuades us from mapping a
position-dependent Ñat Ðeld over the entire pickle.
However, for bright stars (V \ 11) observed within D20A of
pickle center these identiÐed systematics should(Fig. 1),
produce very little e†ect. All Proxima Cen and BarnardÏs
star observations were secured within 15A of the pickle center.

FIG. 6.ÈAmplitude of side-to-side variation vs. distance from pickle
center. Targets are stars from M35 (location from and amplitudeFig. 4
from stars from the BarnardÏs star reference frame and GJFig. 5), (Fig. 1),
748. Error bars along the horizontal axis indicate the radial range within
the pickle for all observations of the particular target.

2.3.2. T ime-dependent Photometric Response

indicates that FGS 3 has become less sensitiveFigure 5
with age. For all three LTSTAB stars, the linear trends (I@,

agree within the errors. The apparent 1% drop inTable 3)
sensitivity over 1000 days requires conÐrmation. Figure 8
presents the time-varying normalized intensity for two
other astrometric program stars observed with FGS 3, GJ
623 and GJ 748. Both M dwarfs were observed in pickle
center. Comparing the values of I@ in Table 3 and Table 4,
the rate of decline in brightness for GJ 623 and GJ 748 is
identical (within the errors) to that seen in the M35 stars.

A Ðnal concern is that the rate of decline of PMT sensi-
tivity might vary with wavelength. The M35 stars (stars 547,
500, and 312 in the catalog of haveCudworth 1971)
0.12\ B[V \ 0.49, while GJ 623 and GJ 748 have
B[V ^ ]1.5. There appears to be no dependence on
color.

The weighted average for Ðve stars from three di†erent
Ðelds yields

1.131^ 0.006] (1.30^ 0.06)] 10~5 MJD (2)

FIG. 7.ÈIntensities of Barnard Ðeld reference stars 34 and 36 plotted
against pickle coordinates for all observation dates. The symbol size is
proportional to the normalized intensity. The low-sensitivity region is
clearly seen in the vicinity of (X, Y ) \ ([25, 627).
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FIG. 8.ÈTrend of normalized intensity for GJ 623 and GJ 748. The
Ðtted line parameters are given in Table 3.

as the temporal photometric Ñat Ðeld for the pickle center.
As an additional test of the reality of this sensitivity
decrease, we note that the intensity data for the two astro-
metric reference stars in the BarnardÏs star Ðeld shown in

have been Ñat-Ðelded with equation (2). Thus, aFigure 3
total of seven stars from four di†erent Ðelds show similar
brightness trends, adequate evidence for a sensitivity loss in
FGS 3.

2.4. Photometric Calibration
All magnitudes presented in this paper are provisional,

since a Ðnal calibration from F585W to V is not yet avail-
able. If magnitudes are given, they are derived through

V \ [2.5 log S ] 20.0349 (3)

with no color term, where S is the average counts per 0.025 s
sample, summed over all four PMTs. No results are based
on these provisional calibrated magnitudes. They are pro-
vided only as a convenience.

2.5. Summary : Photometric Error and Photometric Precision
We have identiÐed sky background (zodiacal light),

within-pickle response variations, and time-dependent
sensitivity variations as contributing sources of systematic
error for our photometry. Since our science targets,
Proxima Cen and BarnardÏs star, are bright, the e†ect of
zodiacal light is at most 0.001 mag. Since we observe these
stars only in the pickle center, spatially induced variations
are reduced to about 0.001 mag, our claimed per-
observation precision at V D 11. A weighted average of the

TABLE 4

FLAT-FIELD MODELING : M DWARF STARS

Parameter GJ 623 and GJ 748

I0 (counts) . . . . . . . . . . . . . . . . . . . . 1.133^ 0.0132
I@ (10~5 counts day~1) . . . . . . [1.30^ 0.13

temporal response of Ðve stars in three Ðelds provides a very
precise Ñat Ðeld whose slope error could introduce at most
0.001 mag systematic error over 1000 days. (Since we are
doing only di†erential photometry, we ignore the zero-
point error in the Ñat Ðeld.) Combining these sources of
error yields a per-observation precision of 0.002 mag.

3. PHOTOMETRIC RESULTS

We apply the Ñat Ðeld to the Table and(eq. [2]) A1 A2
S-values and plot (Proxima Cen, BarnardÏs star,Fig. 9 ;

the resulting intensities as a function of MJD (JDFig. 10)
[2,440,000). Our coverage in time is not uniform for either
target. There are extended gaps in coverage, some due to
the HST solar constraint (no observations permitted closer
than ^50¡ to the Sun). The largest gap, in 1994 for Proxima
Cen, was due to an awkward transition from Guaranteed
Time Observations to Guest Observer status and a hiatus
due to suspected equipment problems.

3.1. Trends in Brightness
For Proxima Cen, the solid line in indicates anFigure 9

overall trend of increasing brightness with time. In units of
normalized intensity, the rate of change of brightness
[(1.63^ 0.37)] 10~5] is similar to that of the adopted Ñat
Ðeld For BarnardÏs star the slope of the(eq. [2]). (Fig. 10),
upward trend in units of normalized intensity is
(]0.91^ 0.18)] 10~5, again suspiciously similar in abso-
lute value to the adopted Ñat-Ðeld relation (eq. [2]). Since
seven stars from four di†erent Ðelds exhibit the sensitivity
decrease described by the Ñat Ðeld, the Proxima and
Barnard upward trends are unlikely to be a Ñat-Ðeld arti-
fact.

FIG. 9.ÈPhotometry of Proxima Cen. Each orbit contains two, three,
or four exposures Exposures perturbed by Ñares are marked(Table A1).
F1ÈF4. Exposures acquired during CVZ orbits are labeled ““ cz.ÏÏ Error bars
are about the size of the plotted symbols. Four segments and two distinct
behavior modes are identiÐed, AÈD. The trend line is discussed in the text.
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FIG. 10.ÈPhotometry of BarnardÏs star. Each symbol represents the
average of an exposure. Each orbit contains three exposures (Table A2).
No Ñares were detected. Error bars are smaller than the plotted symbols.
The timescale is identical to The trend line is discussed in the text.Fig. 9.

A Ðnal caveat : Proxima Cen and BarnardÏs star are
somewhat redder (Tables and than GJ 623 and GJ 748.1 2)
If the sensitivity loss varies with wavelength (e.g., more
sensitivity loss for blue than for red wavelengths), it would
have to be a very steeply dependent function, showing no
e†ect at B[V \ ]1.5.

3.2. Proxima Cen
The Ñat-Ðelded photometry for each exposure in each

orbit appears in The period and amplitude varia-Figure 9.
tions evident in Figure 9 will be discussed in Our total° 4.
time on target, obtained by summing the exposure times in

was 6.6 hr. Proxima Cen is a Ñare star (V654Table A1,
Cen), and these data contain exposures ““ contaminated ÏÏ by
stellar Ñares (marked F1ÈF4 in Fig. 9). We identiÐed these
events by inspecting the 40 Hz photometric data stream for
each observation. An example of Ñare contamination
(including a light curve) can be found in et al.Benedict

which discusses a slow, relatively faint (*V \(1993),
[0.10), and multipeaked Ñare on MJD 8,906 (F1 in Fig. 9).
An explosive Ñare on MJD 9,266 (*V D 0.6 mag in 1 s ; F3
in Fig. 9) produced astrometric changes in Proxima Cen,
analyzed in detail by et al. This spectacularBenedict (1998).
event provided the motivation for the subsequent CVZ
observations (““ cz ÏÏ in Fig. 9), each permitting 30 minutes of
monitoring for Ñares. The F4 event at MJD 9,368 had a
relatively small amplitude (*V D [0.13) but lasted
throughout the entire 130 s exposure, hence its large e†ect
on the exposure. predicts a Ñare with inten-Walker (1981)
sity similar to F3 once every 31 hr. Thus, while disappoint-
ing, it is not surprising that we captured none as bright as
the F3 event in our additional 2.5 hr of CVZ on-target
monitoring. It may be signiÐcant that we saw any Ñares at
all, since even the small-amplitude events have only a 60%
chance of occurring during our total monitoring duration.
We discuss this further in ° 5.1.

Individual observations secured within an orbit and not
a†ected by Ñaring exhibit an internal consistency at the
0.002 mag level.

3.3. BarnardÏs Star
The Ñat-Ðelded photometry for each of the three

BarnardÏs star exposures acquired within each orbit
appears in Note that the timescale is exactly thatFigure 10.
used for to facilitate comparison. Again, note thatFigure 9,
those observations secured within an orbit exhibit an inter-
nal consistency at the 0.002 mag level. We Ðnd variations
within each orbit, but no obvious Ñaring activity in the
BarnardÏs star results. Possible period and amplitude varia-
tions in the BarnardÏs star data will be discussed in ° 4.2.2.

The scatter within each orbit in is somewhatFigure 10
larger than the previously determined et al.(Benedict 1993)
0.001 mag measurement precision. In particular, we inspect-
ed the observations on MJD 9,935 and 9,994 and found
only a slight upward slope during the Ðrst observation on
each date. Since the majority of Ðrst observations within
each orbit are lower, this intraorbit scatter is most likely an
instrumental e†ect, amounting to about 0.001 mag. The
Ðrst-observation low bias is sometimes seen in the Proxima
Cen data Leaving all Ðrst observations uncorrected(Fig. 9).
will only slightly enlarge the formal errors for our per-orbit
means.

4. ANALYSIS

For subsequent analyses of Proxima Cen, we removed
the Ñare contributions by subjecting the per-orbit average
to a pruning process. All exposures obtained during each
orbit are presented in If one exposure di†ers byFigure 9.
more than 2.5 p from the mean for that orbit, it is removed
and the mean recalculated. This process results in 71
normal points with associated dispersions (the standard
deviations calculated for two, three, or four exposures in
each orbit) for Proxima Cen. No exposures were removed
from the BarnardÏs star series, since no intraorbit points
(shown in violated the 2.5 p criterion. The resultingFig. 10)
per-orbit average S-values are presented as direct light
curves in (Proxima Cen) and (BarnardÏsFigure 13 Figure 16
star) below. Forming these normal points provides per-
orbit photometric precision better than 0.002 mag for the
following analyses.

4.1. L omb-Scargle Periodograms
From Figures and we suspect that there are periodic9 10,

variations in both the Proxima Cen and BarnardÏs star pho-
tometry. To obtain a preliminary identiÐcation of these
periodicities, we produce Lomb-Scargle periodograms

et al. ° 13.8) from the per-orbit normal points(Press 1992,
presented in (Proxima Cen) andFigure 13 Figure 16
(BarnardÏs star).

The most statistically signiÐcant period in the Proxima
Cen periodogram is at PD 83 days, with a false-(Fig. 11)
positive probability less than 0.1%. The very small peak at
PD 42 days indicates the relative strengths of the period
derived from the Ðrst 212 days et al. relative(Benedict 1993)
to the higher amplitude PD 83 day period. The false-
positive probability for the period derived from only the
Ðrst 212 days was D1%. Since the periodogram provides no
results for very short periods, we have some concern that we
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FIG. 11.ÈPeriodogram from 71 normal points (average for each orbit)
with Ñares removed, Ñat-Ðelded with The most signiÐcant peak is ateq. (2).
PD 83 days, with less than a 0.1% false-positive probability.

are undersampling a more rapid variation. We can rule out
a range of periods 2 days \ P\ 20 days from detailed
inspection of clusters of data near MJD 8,840 (Fig. 13),
where we had a series of observations closely spaced in time
(see Table A1).

The periodogram for BarnardÏs star is shown in Figure
The strongest peak (at PD 130 days) has a 10% false-12.

positive probability. We have much less compelling evi-
dence of variability for BarnardÏs star than for Proxima
Cen.

4.2. L ight Curves
4.2.1. Proxima Cen L ight Curve

Given strong support for a periodic variation
(periodogram, and for an overall trend in theFig. 11)
brightness we model the per-orbit average varia-(Fig. 9),
tions seen in the direct light curve with a sine(Fig. 13)
function and trend

I\ I0] I@t ] A sin [(2n/P)t ] /] . (4)

To reconcile the earlier results et al. with the(Benedict 1993)
newer data, we Ðrst attempted to model the entire light

FIG. 12.ÈPeriodogram from 35 normal points (average for each orbit),
Ñat-Ðelded with The most signiÐcant peak is at P\ 130.4 days, witheq. (2).
a 10% false-positive probability.

curve with only two distinct segments, grouping segments
B, C, and D together. From the earliest data (segment A) the
Proxima Cen photometric variations are characterized by a
shorter period and smaller amplitude. Later data are best
Ðtted with a longer period and larger amplitude variation,
as evidenced by the periodogram Parameters for(Fig. 11).
these Ðts are listed as A and BCD in We ÐndTable 5.
PBCD/P

A
\ 1.97^ 0.04.

Noting very large residuals for segment C, we next
explored the possibility that Proxima Cen repeats a low-to-
high amplitude cycle by Ðtting the four segments (AÈD, Fig.

with the same model The parameters for these13) (eq. [4]).
Ðts are presented in Within the errors, andTable 5. P

A
\P

Cwith A reduction in theP
B
\ P

D
, P

D
/P

C
\ 1.99^ 0.02.

number of degrees of freedom by 17% (Ðtting 71 data points
with 20 rather than 10 parameters) reduced the residuals by
D30%. This relative improvement is some support for
alternating high- and low-amplitude states. It is also evident
that segments A and C have very nearly half the period of
segments B and D.

contains phased light curves for the four seg-Figure 14
ments labeled in In the top panel, we show thatFigure 13.

TABLE 5

PROXIMA CENTAURI LIGHT-CURVE PARAMETERS

I0 I@ A P /
Segment N (counts) (counts day~1) (counts) (days) (rad)

A . . . . . . . . . . 32 3560 ^ 710 0.05 ^ 0.08 34.2^ 6.0 41.8 ^ 0.9 [1.6 ^ 2.7
BCD . . . . . . 39 3200 ^ 160 0.09 ^ 0.02 [102 ^ 12 82.5 ^ 0.3 [0.4 ^ 2.4
B . . . . . . . . . . 17 3070 ^ 580 0.10 ^ 0.06 [139 ^ 9.5 82.7 ^ 0.7 [2.8 ^ 0.7
C . . . . . . . . . . 11 4250 ^ 200 [0.02 ^ 0.02 [34.5^ 8.0 42.4 ^ 0.2 [2.9 ^ 1.3
D . . . . . . . . . 11 5473 ^ 645 [0.14 ^ 0.06 [114.8^ 16.3 84.3 ^ 0.8 [1.5 ^ 2.2
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FIG. 13.ÈDirect light curve. Each symbol represents the average of
from two to four exposures per orbit, with Ñares removed. Error bars are
1 p. See for the results of Ðtting a sine wave and trend toTable 5 (eq. [4])
each segment.

FIG. 14.ÈPhased light curves for Proxima Cen. Top : The two long-
period segments (B and D; The sine wave Ðt has a period con-Fig. 13).
strained to one cycle. Bottom : The short-period segments (A and C) are
phased to the longer period and show a double sine wave. The Ðt is
constrained to have a period of one-half cycle. Error bars are about the size
of the symbols. The observed Ñares are labeled F1ÈF4.

the phase shift required to align the two long-period seg-
ments is small (*/\ ]0.11) for the period P\ 83.5 days
suggested by the periodogram We have shifted(Fig. 11).
segment D down by *S \ [104.4 counts. The bottom
panel of Figure 14 shows a phased light curve for the two
shorter period segments (A and C), phased also to P\ 83.5
days. Shifts in phase and intensity to achieve alignment are
indicated in the Ðgure. The clean double sine wave also
demonstrates that the low-amplitude segments, A and C,
have half the period of the higher amplitude, longer period
segments, B and D.

Finally, is used to demonstrate that the sameFigure 15
low-amplitude, short-period variations seen in segments A
and C may also be present in segments B and D. We Ðtted a
sine wave to the phased B and D light curve in the lower
panel of Figure 15, constraining the period to one cycle. The
top panel of Figure 15 shows the residuals to that Ðt. These
residuals are then Ðtted with a sine wave with the period
constrained to one-half cycle. Comparing with the bottom
panel of we Ðnd a similar double sine wave,Figure 14,
nearly identical phase, and an amplitude (A\ 25 ^ 8) close
to that reported for segments A and C in Table 5.

4.2.2. BarnardÏs Star L ight Curve

We turn now to the per-orbit average photometry of
BarnardÏs star. (bottom) contains the per-orbitFigure 16
average direct light curve. The error bars are 1 p, obtained
from the dispersion of the three observations within each

FIG. 15.ÈPhased light curve for Proxima Cen. Bottom : The two long-
period segments (B and D; phased to P\ 83.5 days and ÐttedFig. 13),
with a sine wave having a period of one cycle. Top : The residuals to the
sine wave Ðt. These show a double sine wave pattern nearly identical to the
two short-period segments, A and C (Figs. and suggesting that the13 14),
low-amplitude, short-period signature persists during segments B and D.
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FIG. 16.ÈPer-orbit average direct light curve. Each symbol represents
the average of three exposures. Error bars are 1 p. Bottom, Ðtted with a
trend line ; top, residuals to the trend line, Ðtted with a constant-amplitude
sine wave with constrained P\ 130.4 days.

orbit on each date Residuals to a linear trend are(Fig. 10).
presented in the top panel of Figure 16. The sine wave Ðt to
these residuals was constrained to have the most signiÐcant
period detected in the periodogram, P\ 130.4Figure 12
days. contains a light curve for the trend-Figure 17
corrected BarnardÏs star photometry of Figure 16 (top),
phased to P\ 130.4 days. The phased light curve is far less
clean than for Proxima Cen. The periodogram and Figures

FIG. 17.ÈTrend-corrected light curve for BarnardÏs star, phased to
P\ 130.4 days. The full amplitude of the variation is D0.01 mag. Error
bars are 1 p.

and provide only weak evidence for periodic varia-16 17
tion, primarily because of the poor sampling.

5. DISCUSSION OF PHOTOMETRIC RESULTS

Instruments can impress spurious periodicities on data
It is comforting that we Ðnd for all segments(Kristian 1991).

of either data set that PBarn DPProx.Stars have local imperfections in their atmospheres (e.g.,
the Sun ; Stars other than the Sun have beenZirin 1988).
shown to be spotted, photometrically (dwarf M stars ; Kron

and spectroscopically (e.g., OÏNeal,1952) Hatzes 1993 ; Ne†,
& Saar Other M stars have been shown to have1995).
spots, both dark et al. and bright (a Ori ;(Bouvier 1995)

& DupreeGilliland 1996).
A spot on a rotating star is a model rich in degrees of

freedom. Spots can be bright (plages) or dark (see Pettersen,
Hawley, & Fisher for a discussion of the choice1992
between dark spots on a bright background or bright spots
on a dark background). Spots can wax and wane in size,
driving the mean brightness level of a star up or down

Herbst, & Booth Spots can migrate in latitude,(Vrba, 1988).
which, when coupled with presumed di†erential rotation,
can change the phasing and perceived rotation period.
Spots are thought to migrate up or down (relative to the
starÏs center) within the magnetosphere & Camp-(Cameron
bell inducing perceived period changes. In the follow-1993),
ing sections we shall interpret the variations seen in Figures

and as rotational modulation of spots or plages.13 16

5.1. Spots on Proxima Cen
If we assume a fundamental rotation period P\ 83.5

days, then variations in the amplitude could be due(Fig. 13)
to spot/plage changes. With the sparse set of single-color
photometric data presented in Figure 13, we have made no
e†ort to quantitatively model spots (cf. et al. TheNe† 1996).
period and amplitude changes can be qualitatively modeled
using plages and spots but require the disappearance of a
feature or a major change in feature size or temperature in
less than one rotation period (e.g., the A-to-B segment tran-
sition seen in Fig. 13).

Segments B and D top) require a single large or(Fig. 14,
darker spot that reduces the average brightness of Proxima
Cen by *V D 0.03. This feature was not present in segment
A and disappeared during segment C. To phase segments B
and D, we applied a shift of */\ 0.1 rad. Thus, the spot
site lagged behind the fundamental rotation period by
about 5¡ over the end of BÈtoÈstart of D time separation of
D700 days. Whether due to latitude migration coupled
with di†erential rotation or from changes of height within
the magnetosphere is unknown. If due to di†erential rota-
tion, then either the spot moved very little in latitude or
di†erential rotation on Proxima Cen is several orders of
magnitude less than on the Sun (Zirin 1988).

Segments A and C exhibit smaller amplitude variations
with a period almost exactly half that found for segments B
and D. These segments (see the phased light curves in Fig.

bottom, and top) could be produced by two14, Fig. 15,
smaller spots spaced 180¡ in longitude, carried around by
the fundamental 83.5 day rotation period, and persisting
through all segments, A to D. These two spots produce a
*V D 0.01. One of these small or less dark (warmer) spots
lies at nearly the same longitude as the prominent spot seen
in segments B and D. The other lies near the center of the
brighter hemisphere in segments B and D.
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From we note that the peaks in segments BFigure 13,
and D were brighter. In segment B the minima were deeper,
implying a darker (cooler) spot. To increase the amplitude
of the maxima in segments B and D requires the existence of
plages, or that the hemisphere not containing the single
large spot became brighter as a result of spot changes. One
of the pair of spots, associated with the brighter hemisphere
(/D 0.3 ; top), does have a shallower minimum thanFig. 15,
the other of the pair, at /\ 0.8. If these are the same spots
responsible for the variation in segments A and C, then the
spot at /D 0.3 did have a shallower minimum in segments
B and D (compare bottom, and top).Fig. 14, Fig. 15,
However, that spot did not become less dark by enough to
account for the increased maxima seen in segments B and
D. As a consequence we propose plage activity to increase
the segment B and D maxima.

Flaring activity seems more prevalent in segment B. As
seen in three of four Ñares are grouped nearFigure 14,
phase /\ 0.8. Association with this deep minimum might
imply some connection of Ñaring activity with the largest or
coolest starspot, which is also at the same longitude as one
of the two smaller spots seen best in segments A and C. The
remaining Ñare, F4, lies close to /\ 0.2, the other spot of
the low-amplitude pair of spots. Spot-Ñare association was
previously noted in the M dwarf EV Lac, shown also to
have longitude-dependent Ñaring associated with a starspot
site et al. However, for EV Lac Ñares were(Leto 1997).
detected a year before the spots became easily detectable by
their system (*V D 0.1), and, once spots formed, Ñare activ-
ity abated.

5.2. A Small, Variable Spot on BarnardÏs Star
The periodogram does not provide a clear iden-(Fig. 12)

tiÐcation of a single period of variation. The trend-corrected
direct light curve top) has been Ðtted with a sine(Fig. 16,
wave, constraining P\ 130.4 days. The constant amplitude
is *V D 0.01, about 5 times our formal photometric error.
Given the sparse coverage, it is speculative to interpret this
light curve as showing rotational modulation of a single,
small spot decreasing in size.

5.3. Rotation Periods for Proxima Cen and BarnardÏs Star
Rotation periods for Proxima Cen have been predicted

from chromospheric activity levels by whoDoyle (1987),
obtained P\ 51 ^ 12 days. & Morgan mea-Guinan (1996)
sured a rotation period (P\ 31.5^ 1.5 days) from IUE
observations of strong Mg II h and k emission at 280 nm.
We Ðnd no support for either rotation period in our peri-
odogram or light curves, direct (Fig. or phased(Fig. 11) 13)

We do note that the variation due to the spot pair(Fig. 14).
produces a period between the Doyle prediction and the
Guinan & Morgan measurement.

The observed variations for Proxima Cen and BarnardÏs
star, if interpreted as rotationally modulated spots, yield
rotation periods far longer than for other M stars. For
example, et al. found 4 days\ P\ 8 daysBouvier (1995)
for a sample of young, early M T Tauri stars. Magnetic
braking is postulated to slow rotation over time (Cameron
& Campbell The inferred rotation period for1993).
Proxima Cen is consistent with old age. This age may be
4È4.5 Gyr, if Proxima Cen is coeval with a Cen (Demarque,
Guenther, & van Altena A relatively older age for1986).
BarnardÏs star can be surmised from lower than solar metal-
licity and higher than solar space velocity(Gizis 1997)

both consistent with a longer rotation period,(Eggen 1996),
if one accepts the reality of the variation.

5.4. Shorter T imescale Variations
The level of internal per-orbit precision for these photo-

metric data is near 0.002 mag. Hence, the dispersion about
the phased light curves for Proxima Cen is likely(Fig. 14)
intrinsic to the stars. Two possibilities are miniÑaring and
the creation and destruction of small starspots and plages.
That either phenomenon must have a duration longer than
hours, at least for Proxima Cen, is suggested by the seg-
ment A phased light curve (Fig. 14, bottom) and a detailed
light curve for segment A (see et al. their Fig.Benedict 1993,
3). Segment A contains four pairs of back-to-back orbits
and one set of three contiguous orbits (on MJD 8,845). In
each case the time-on-target coverage is over 90 minutes.
For most of these contiguous orbits, di†erences are within 2
standard deviations and not statistically signiÐcant. Since
““ Ñare ÏÏ implies a relatively short duration, miniÑaring
cannot be the cause of the scatter.

5.5. Activity Cycles
The D1100 day cycle of alternating high and low ampli-

tude (see is suggestive of an activity cycle forFig. 13)
Proxima Cen. However, the gap in our coverage in segment
C weakens any claims that can be made relative to the
timing of this cycle. Comparing their 1995 IUE data with
earlier archival data, & Morgan proposed anGuinan (1996)
activity cycle that was in a low state in 1995, agreeing with
our identiÐcation of segment C as representing a low state
(Fig. 13).

6. CONCLUSIONS

1. For FGS 3 photometry, we have identiÐed four
sources of systematic error : background contamination
(primarily zodiacal light), spatial Ñat-Ðeld variations
(signiÐcant only for target positions r [ 20A from pickle
center), temporal sensitivity changes (calibrated to a level
introducing a 0.001 mag di†erential run-out error in 1000
days), and a possible warm-up e†ect (see ° 3.3).

2. Two to four short (t ¹ 100 s) observations with FGS 3
during one orbit yield 2 mmag precision photometry, pro-
vided the targets are bright (V ¹ 11.0) and restricted to the
central 20A of the pickle.

3. Proxima Cen exhibits four distinct segments with two
distinct behavior modes : short period, low amplitude and
long period, large amplitude. These variations are consis-
tent with a fundamental rotation period of P\ 83.5 days
and three darker spots. Two of the spots are either very
small or very low contrast. They are spaced by 180¡ and
persist throughout our temporal coverage, over 24 rota-
tions. A single, more prominent spot (either large or high-
contrast) formed in less than one rotation period, persisted
through four rotations, and then disappeared. A spot re-
appeared within 5¡ of this same longitude Ðve rotations
later. The hemisphere opposite this spot brightened each
time the spot formed. It is intriguing that active longitudes
of spot formation separated by 180¡ are observed in
chromospherically active stars with close stellar compan-
ions et al. If the photometric behavior of(Henry 1995).
Proxima Cen is indicative of a synchronously rotating com-
panion, its mass is less than that of Jupiter et al.(Benedict
1997).

4. We interpret the four distinct segments with two dis-
tinct behavior modes seen in the Proxima Cen photometry
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as an activity cycle with a period of D1100 days. Most of
the Ñare activity occurred in the long-period, high ampli-
tude variation segment B. In the phased light curve, three of
the four detected Ñares are near the deepest minimum.

5. The scatter in the Proxima Cen phased light curve is
far larger than our photometric precision. This scatter could
be caused by the formation and dissolution of small spots or
plages within one rotation period.

6. We Ðnd brightness variations 5 times our formal
photometric precision for BarnardÏs star. Unfortunately, the
sparse coverage of the possible variation renders it a mar-
ginal detection. We conclude that BarnardÏs star shows very
weak evidence for periodicity on a timescale of approx-
imately 130 days.

To conÐrm the spots and the inferred rotation periods
will require observations of color changes (e.g., et al.Vrba

and additional spectroscopic observations of lines1988)
sensitive to the presence or absence of starspots. Extended-
duration millimagnitude V -band photometry from the
ground, while difficult et al. could probe(Gilliland 1993),

the activity cycle periodicity of Proxima Cen. Future tests
could include Space Interferometry Mission et al.(Shao

observations with several-microarcsecond astrom-1995)
etric precision. If spots and plages exist on these stars, we
can expect easily detectable star position shifts as activity
sites vary. Such observations will provide detailed maps of
spot and plage location. Extended temporal monitoring will
provide evolutionary details.
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reviews and Melody Brayton for paper preparation assist-
ance. Denise Taylor provided crucial scheduling assistance
at the Space Telescope Science Institute. Suggestions by an
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the original draft.

APPENDIX

This appendix contains the observation logs and measured average S-values for Proxima Cen and BarnardÏs(Table A1)
star (Table A2).

TABLE A1

PROXIMA CENTAURI LOG OF OBSERVATIONS

Exposure Time Average Intensity
MJD (s) (counts)

8,704.858 . . . . . . 93.60 3972.96
8,704.871 . . . . . . 66.45 3988.01
8,713.824 . . . . . . 92.55 3971.07
8,713.838 . . . . . . 66.45 4001.50
8,723.807 . . . . . . 92.40 4015.08

NOTE.ÈTable A1 is presented in its entirety in the elec-
tronic edition of the Astronomical Journal. A portion is
shown here for guidance regarding its form and content.

TABLE A2

BARNARDÏS STAR LOG OF OBSERVATIONS

Exposure Time Average Intensity
MJD (s) (counts)

9,025.634 . . . . . . 80.4 15,065
9,025.649 . . . . . . 24.3 15,046.7
9,025.658 . . . . . . 24.3 15,064.8
9,088.103 . . . . . . 50.25 15,106.1
9,088.117 . . . . . . 24.3 15,116.5

NOTE.ÈTable A2 is presented in its entirety in the elec-
tronic edition of the Astronomical Journal. A portion is
shown here for guidance regarding its form and content.
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