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ABSTRACT

We present results from a study of starspots on active stars using a pair of vibrational-rotational absorption
lines of the OH molecule near 1.563 um. We detect excess OH absorption due to dark, cool starspots on
the RS CVn binaries II Pegasi, V1762 Cygni, and A Andromedae. This is the first detection of OH
absorption from spots on stars other than the Sun. We have measured absorption equivalent widths of these
OH lines (which are blended at the resolution of our observations) in inactive giant and dwarf stars of
spectral types G, K, and M. We find that the total equivalent width of the line pair increases approximately
linearly as effective temperature decreases from 5000 K to 3000 K. This greatly extends the temperature
range over which starspots can be detected through molecular absorption features. We measure starspot
filling factors by fitting the spectra of active stars with linear combinations of comparison star spectra
representing the spot and non-spot regions of the star. Fitting only one spectral feature, we cannot derive
independent constraints on starspot area and temperature. Assuming spot temperatures based on previous
analyses, we find (for one epoch) spot filling factors between 35% and 48% for Il Peg, 22% and 26% for

N And, and 27% and 32% for V1762 Cyg. © 1997 American Astronomical Society.

[S0004-6256(97)00503-7]

1. INTRODUCTION

In previous papers (Neff ef al. 1995, hereafter Paper I;
and O’Neal et al. 1996, hereafter Paper II) we develop a
spectroscopic technique to measure the temperatures and fill-
ing factors of starspots on magnetically active stars. In that
technique, we primarily use the absorption bands of the TiO
molecule at 7055 A and 8860 A, using spectra of inactive M
stars to model the spotted regions of the active star photo-
spheres and spectra of inactive G and K stars to model the
non-spotted regions, and combining these spectra to fit the
TiO bands observed from active stars.

Traditionally, photometric light-curve modeling has been
used to measure properties of starspots (e.g., Strassmeier
et al. 1994; Henry et al. 1995). That technique has the dis-
advantage that it can only measure an asymmetric spot dis-
tribution or differences from a presumed °‘‘immaculate’’
light-level; a longitudinally-symmetric distribution will pro-
duce no variation of the star’s brightness. More spatial detail
can be derived using Doppler imaging (e.g., Vogt ef al
1987; Piskunov et al. 1990; Kurster 1993), in which asym-
metries in a line profile from a rapidly-rotating star are used
to model the asymmetries on the stellar surface. The advan-
tage of our spectroscopic technique is that it can detect star-
spots even on a slowly-rotating star and without regard to
their spatial distribution.

The TiO bands, while very useful for independently con-

Visiting Astronomer, Kitt Peak National Observatory, National Optical As-
tronomy Observatories, operated by AURA, Inc., under cooperative agree-
ment with the National Science Foundation.

1129 Astron. J. 113 (3), March 1997

0004-6256/97/113(3)/1129/9/$10.00

straining starspot area and temperature, can only be observed
for spot temperatures Ts< 4000 K. Thus, to extend the tem-
perature range over which starspots can be observed spectro-
scopically, we searched for temperature-dependent features
detectable at higher temperatures. Also, in the visible star-
spots are much fainter than the non-spotted photosphere of
active stars, thus they only weakly affect the overall spec-
trum of the star. For this reason, we searched for spectral
features in the near-infrared, where the spots become
brighter relative to the unspotted photosphere.

We considered using the first-overtone bands of CO near
2.2 um. However, these bands are detectable in stars as
warm as 8000 K (Langon & Rocca-Volmerange 1992), so
contributions to the overall CO band strength of active star
spectra from the non-spot and spotted photosphere might not
be easily separable. In addition, for T.<<3800 K, the CO
absorption features are blended with bands of H,O (Langon
& Rocca-Volmerange 1992; Terndrup ez al. 1991). Finally,
the CO bands are formed at a wide range of heights in a
stellar atmosphere (e.g., Ayres & Testerman 1981).

We next considered observing atomic lines. Compiling a
list of candidate lines from sources such as Tinney et al.
(1993), Langon & Rocca-Volmerange (1992), and Klein-
mann & Hall (1986), we examined all these features in both
the solar photosphere and in sunspots, using the infrared so-
lar spectral atlases by Wallace & Livingston (1991, 1992). A
set of five Ti I lines between 2.18 and 2.23 um were the only
features whose strengths differ sufficiently between a sun-
spot and the non-spotted solar photosphere to be potentially
useful as spot diagnostics on active stars. However, these
lines are quite magnetically sensitive. For optically thick
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lines, Zeeman splitting (even if unresolved) will increase a
line’s equivalent width due to redistribution of opacity out of
the line core (Leroy 1962; Basri & Marcy 1994). Thus, mag-
netic sensitivity would enhance the strengths of the lines in
starspots and lead us to overestimate the spot filling factor
fs-

We then considered using infrared absorption lines of OH
to observe starspots. These lines are very sensitive to tem-
perature (Grevesse et al. 1984); they are quite strong in sun-
spots and in the spectrum of Arcturus (Hinkle ef al. 1995),
but are invisible in the solar photosphere (Wallace & Living-
ston 1992). We chose to observe the 6397 cm™!, 3—1 P2e
and P2f (J=5.5) transitions because they lie in a relatively
uncrowded region of the H-band spectrum. Also, there is no
skyglow or atmospheric absorption line at this wavelength
(Hinkle er al. 1995). These features are detectable at tem-
peratures several hundred degrees higher than the 4000 K at
which TiO bands are too weak to be seen from starspots on
active stars. We also gain by moving to the H-band because
of the greater relative brightness of starspots relative to the
star’s photosphere. For example, in a star with 75 = 3500 K
and non-spot temperature T = 5000 K, the ratio of con-
tinuum surface flux between the spot and photosphere, R, ,
is 0.11 at the 7050 A (based on models by Kurucz 1992) and
0.21 at 8850 A, but it is 0.49 at 1.56 xm.

The three magnetically active stars discussed in this paper
are spectroscopic binaries; the secondary stars of II Peg and
A And have never been detected, while the secondary of
V1762 Cyg was only recently detected (Osten & Saar 1997).
We calculate (see Sec. 3.1), however, that plausible compan-
ion stars would be sufficiently faint in the H band, relative to
their primaries, that any OH absorption strength arising in
the secondary would represent only a negligible level of con-
tamination and does not affect our analysis.

2. OBSERVATIONS AND ANALYSIS

The data were obtained from 1996 June 13-18 with the
Coudé Feed Telescope at Kitt Peak National Observatory
using the NICMASS infrared camera. The NICMASS uses a
256 X 256 HgCdTe NICMOSS3 array and is installed at the
Camera 5 focus at the Coudé Feed. Using the NICMASS
with an echelle grating yields a 2-pixel resolution A/AN
~42,000. The high spectral orders observed with the
echelle grating require narrowband filters for order separa-
tion. In the absence of a narrowband filter designed to be
used cooled at 1.563 um, we used a Spectragon filter with a
central wavelength (measured when warm) of 1.567 um and
a bandpass of 0.03 um. Cooling this filter would have
shifted its bandpass enough so that it would have no longer
transmitted the wavelengths we wished to observe. There-
fore, this filter was used warm and affixed to the outside of
the dewar window, and a broadband H-band filter was
placed in the NICMASS dewar for thermal blocking. This
arrangement yielded a higher background level than if it had
been possible to cool the narrowband filter, so we were re-
stricted to exposures of 15 minutes or less to avoid saturating
the detector with background emission. In practice, our long-

TaBLE 1. Properties of active stars.

V1762 Cyg N And II Peg

HD 179094 222107 224085
Spectral Type K1 OI-1vV G8 III-IV K2-31vV
P 28.5895% 53.95" 6.72422°
HID for ¢ = 0 2,442,479.214% 2,443,829.2° 2,443,033.47°
log g 32 2.5 3.7

To 4550 K 4750 K¢ 4800 K
Ty 3450 K 3650 K 3500 K

Strassmeier et al. (1994).
*Boyd et al. (1983).
“Vogt (1981).

dDonati ez al. (1995).

est exposures, of II Peg and V1762 Cyg, were 12 minutes
long.

Our spectra were centered on the OH lines at 1.563 um
(6397 cm™ 1), and covered a 45 A bandpass with 0.173 A per
pixel. A Th-Ar source yielded no emission lines in our band-
pass, so wavelength calibration was done by taking spectra
of Arcturus and using the scale in the Arcturus Atlas (Hinkle
et al. 1995). Bias and background subtraction was accom-
plished by taking two consecutive spectra of each target star
with the same exposure time but illuminating different rows
of the detector. When this was done, the rows containing the
spectrum in the first exposure contained pure background in
the second exposure, and vice-versa. Subtracting the two ex-
posures left behind two background-free spectra of the star.
After flat-field division, these two spectra were extracted and
added together. In some cases, we took multiple pairs of
spectra of our fainter target and comparison stars, then after
adding together the two components of each pair, combined
those spectra to yield a higher S/N and to produce one final,
resultant spectrum of the star for that night. The resultant
spectra of our bright comparison stars and A And have S/N
~ 200 per pixel, our spectra of V1762 Cyg have S/N
~ 100, and the spectra of II Peg, with exposure times limited
due to background emission, have S/N =~ 50. In practice, we
achieved a resolution of 3.2 pixels, as judged from telluric
lines in the spectrum of a hot star, corresponding to a broad-
ening velocity of 11 km s~ !. The effective resolution was
therefore N/AX~26,000.

In Table 1 we list the properties of the three active stars
observed for this program. Except where noted otherwise,
Tq and T are based on measurements reported in Paper II,
and the sources for the ephemerides are given in the foot-
notes. Table 2 is a log of our observations of these three
stars. Each line in this table refers to a consecutive pair of
exposures, which were then subtracted to remove back-
ground.

We also observed a set of inactive comparison stars cov-
ering the range of spot and non-spot temperatures expected
for the active stars. These comparison stars are listed in
Table 3. Photometry for the stars comes from Stauffer &
Hartmann (1986) and the Bright Star Catalog (Hoffleit &
Jaschek 1982). In cases where no H-band photometry was
available, we estimated an H magnitude from the V magni-
tude and the star’s spectral type by interpolating between
V—H colors of standard stars listed by Wamstecker (1981)
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TaBLE 2. Log of observations of active stars.

TABLE 3. Properties of comparison stars.

rT997AT.- T CI13 ITZ900

Star HD Date JD (mid) Phase (mid) HD HR Name Spectral Type V H (B-V) (R-D T
V1762 Cyg 1996 June 14 2,450,248.88 0.77 A. Giant Comparison Stars
1996 June 15 2,450,249.83 0.80
1996 June 15 2,450,249.84 0.80 196755 7896 «Del G211V 50 34 072 ... 5550
1996 June 16 2,450,250.81 0.83 126868 5409 ¢ Vir G2 IV 4.8 32 070 0.37 5525
1996 June 16 2,450,250.83 0.83 141714 5889 & CrB G3.5 III-IV 4.6 2.7 0.80 042 5200
1996 June 17 2,450,251.82 0.87 198149 7957 7 Cep KO IV 34 09 092 049 4925
1996 June 17 2,450,251.83 0.87 135722 5681 & Boo G8 III 35 14 095 0.51 4900
1996 June 17 2,450,251.85 0.87 145001 6008 « Her G8III 50 3.0 095 046 4900
1996 June 18 2,450,252.81 0.90 194013 7794 G8 II-IV 53 33 097 050 4850
1996 June 18 2,450,252.83 0.90 109317 4783 KO 11 54 29 1.00 0.50 4800
1996 June 18  2,450,252.84 0.91 142091 5901 « CrB K1 IV 48 23 1.00 049 4800
145328 6018 7 CrB Kl M-IV 48 23 1.01 054 4775
N And 1996 June 15 2,450,249.92 0.01 95345 4291 58 Leo K1 I 48 23 116 0.56 4600
1996 June 16 2,450,250.90 0.03 110014 4813 x Vir K2 I 4.7 2.1 1.23 0.61 4350
1996 June 17 2,450,251.90 0.05 124897 5340 « Boo KI1.51II -0.0 —28 123 0.65 4350
1996 June 18  2,450,252.89 0.07 127665 5429 p Boo K3 III 36 08 130 0.65 4300
116870 5064 68 Vir MO IIT 5.3 1.8 152 087 3950
1I Peg 1995 June 15 2,450,249.89 0.20 164058 6705 <y Dra KSIII 22 —-08 152 085 3950
1995 June 15 2,450,249.91 0.20 141477 5879 « Ser MO0.5 III 41 04 162 098 3775
1995 June 15 2,450,249.93 0.20 119149 5150 82 Vir M1.5III 50 1.0 163 116 3700
1995 June 15 2,450,249.95 0.21 183630 7414 36 Aql M1 II 50 14 175 ... 3700
1995 June 16 2,450,250.86 0.34 112300 4910 6 Vir M3 Il 34 —-1.0 158 133 3650
1996 June 16 2,450,250.88 0.35 133216 5603 o Lib M3 I 33 =07 170 129 3650
1996 June 16 2,450,250.92 0.35 102620 4532 Il Hya M4 I 51 08 1.60 ... 3550
1996 June 16 2,450,250.93 0.35 123657 5299 BY Boo M4.5 III 53 —0.1 1.59 1.66 3550
1996 June 17 2,450,251.87 0.49 113866 4949 FS Com MS5 Il 56 1.1 159 1.81 3475
1996 June 17 2,450,251.88 0.49 175865 7157 R Lyr M5 1L 40 -05 159 191 3425
1996 June 17 2,450,251.91 0.50 94705 4267 VY Leo M5.5 III 58 —044 145 2.09 3325
1996 June 17 2,450,251.93 0.50 117287 5080 R Hya M7 III 50 —15 1.60 242 3050
1996 June 18 2,450,252.86 0.64 B. Dwarf Comparison Stars
1996 June 18 2,450,252.88 0.64
1996 June 18 2,450,252.90 0.65 117176 5072 70 Vir G4 V 50 33 071 039 5600
1996 June 18 2,450,252.92 0.65 115617 5019 61 Vir G6 V 47 28 071 036 5575
160346 Gl 688 K3V 65 37 096 0.50 4850
111631 Gl 488 MO.5V 85 51 140 066 3700
95735 Gl411 M2V 7.5 3.6 1.51 0.92 3350

and of other comparison stars with measured H magnitudes.
T values were computed using the methods described in
Paper 2 and were rounded to the nearest interval of 25 K.

In Fig. 1 we present spectra of all our giant and subgiant
comparison stars, with the 1.563 um OH lines identified
with an arrow. Other lines are identified in Hinkle et al.
(1995). We removed the effects of the stars’ differing helio-
centric and radial velocities and plotted them all on the
wavelength scale of the Arcturus Atlas. One can immediately
see the increase in the strengths of the OH lines with de-
creasing T.. We measured the combined equivalent width
of the two OH lines for each comparison star (Fig. 2). The
best linear fit to these equivalent widths is
EW=—0.486¢+2.375 A, where t = T,¢/1000 K. This fit has
an rms residual of 0.051 A. The best second-order fit,
EW=0.1597¢>—1.802¢+5.030 A, has an rms residual of
0.029 A.

Figure 3 presents spectra of the smaller number of dwarf
comparison stars we observed. From this limited set of dwarf
stars, it appears that the OH lines are substantially weaker
than in giant stars of the same temperature. The same behav-
ior was observed for the absorption bands of TiO (Paper I).
In Paper I we found that the TiO absorption from starspots
on subgiant and giant active stars cannot be modeled using
M dwarf spot comparison stars. In Paper II we discuss pos-
sible reasons for this. Qualitatively, the pressure balance in-
side starspots might be affected by the presence of a strong

magnetic fields; this might reduce the gas pressure and
mimic a lower gravity environment. In Papers I and II, we
found that using M giants to model the TiO bands from spots
on subgiant active stars can underestimate fg by 5%—10%.

3. RESULTS

The monotonic increase in the strength of the OH absorp-
tion lines with decreasing T confirms that these features
can be a useful diagnostic of starspot properties. Since OH
absorption is seen in stars as warm as 5000 K and since all
three of our active target stars have T, cooler than this, both
the non-spot and spotted regions of the photospheres of these
stars contribute to the total OH absorption strength. In addi-
tion, at the 23 km s~ ! rotation velocity of II Peg, the OH
lines are blended with nearby weak lines. Nonetheless, ex-
cess absorption in the OH lines due to starspots is readily
apparent in all our active star spectra. In Fig. 4 we have
plotted the spectra of the II Peg, V1762 Cyg, and A And,
comparing them to rotationally-broadened spectra of stan-
dard stars with similar spectral type and 7. The spectra are
standardized in wavelength to remove the effects of differing
radial and heliocentric velocities and binary orbital motions.
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1.2 N 1.2 1
1.0 J1.0f S
il 1, W
06} 0.61 R
0.4t Kappa Del 5550 K 0.4} Phi Vir 5525 K
1.2 I 1.2 N
1.0 1.0 N
08 Wo.a W
06f -0.61 R
0.4f Delta CrB 5200 K g4l Fta Cep 4925 K4
1.2 N 1.2 i
1.0 J1.0p b
0.6 0.6 B
0.4k Delta Boo 4900 K g4l Kappa Her 4900 K 4
1.2 N 1.2 i
1.0 J1.0
0.8 -0.8
0.6 0.6
0.4k HR 7794 4850 K 404t HR 4783 4800 K
1.2 1 1.2 .
1.0 J1.0 e
0.8F 0.8 W
0.6 0.6 4
0.4k Kappa CrB 4800 K fy 4t Tau CrB 4775 K4
1.2 1 1.2 1
. 1.0 E
O'BW
0.6 E
04k 58 Leo 4600 K Jo a4t Alpha Boo 4350 K

1.5615 1.5620 1.5625 1.5630 1.5635 1.5640 1.5615 1.5620 1.5625 1.5630 1.5635 1.5640

WAVELENGTH (A)

WAVELENGTH (A)

FiG. 1. 1.563 pm spectra of all 27 giant and subgiant comparison stars observed for this program. The position of the OH absorption lines is marked by an
arrow; the feature is first visible around T = 5000 K and increases in strength with decreasing 7o .

To quantify this excess OH absorption, we fit the spectra
of the active stars using the STARMOD spectral synthesis
code. STARMOD, written (Barden 1985) and later modified
(by D. P. Huenemoerder and A. D. Welty) at Penn State, fits
an observed spectrum with a linear combination of up to
three model spectra. It has been used extensively (e.g., Welty
& Wade 1995) to determine radial and rotational velocities
and spectral types of systems of interest, and to find the
relative brightnesses of stars in systems of two or three com-
ponents. Given a target star spectrum to be fit, STARMOD
constructs a model by shifting the standard star spectra in
radial velocity and by applying a standard rotational broad-
ening function (e.g., Gray 1988) with a limb-darkening co-
efficient € = 0.6. The user inputs initial estimates for the
radial velocity, v sin i, and relative weight of each standard
spectrum. These are iterated in succession until the best fit is
achieved. In our case, the radial velocity and v sini were
fixed; before running the program, we shifted all spectra to a
common wavelength scale and set v sin i to the best litera-
ture value for the active star being fitted.

In this study, we use the STARMOD routine to model
each active star spectrum as a sum of two comparison star

spectra: the G/K ‘‘non-spot’’ comparison star with 7T
= Ty and the M “‘spot’” comparison star with T = Ts. We
restricted the fit to the wavelength region 1.5612 um < A
< 1.5640 pm. The best-fit relative weights of the two stan-
dard star spectra computed by STARMOD are directly re-
lated to the starspot filling factor on the active star. The
normalized spectrum of the active star, F,, can be written
as

=stsz+(1 —fs)Fq
el R (1= fs)

¢y

where fg is the spot filling factor, the total fractional pro-
jected area of spots on the observed hemisphere weighted by
limb-darkening; R, is the continuum surface flux ratio be-
tween the spot and non-spot photosphere; and Fs and F, are
the normalized spot and non-spot comparison spectra, re-
spectively. STARMOD calculates the best relative weights,
Ws and Wg, of the two comparison spectra, such that
Fiom=WsFst+WoFq.
Therefore,
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0.4 Chi Vir 4350 K g4l Rho Boo 4300 K

0.4k Gamma Dra 3950 K g4t 68 Vir 3950 K

4

0.4 Kappa Ser 3775 K j.4t 36 Agl 3700 K

{ ’ {

0.4k 82 Vir 3700 K fo.4} Delta Vir 3650 K 4

0.4k Sigma Lib 3650 K {o.4 BY Boo 3550 K

)

0.6
0.4 Il Hya 3550 K dpaf FS Com 3475 K_
1.5615 1.5620 1.5625 1.5630 1.5635 1.5640 1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
WAVELENGTH (A) WAVELENGTH (A)
1.2 1.2
\ N

0.4k R Lyr 3425 K {.4fF VY Leo 3325 K

1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
WAVELENGTH (A)

0.4- R Hya 3050 K

1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
WAVELENGTH (A)

FiG. 1. (continued)

N b | S ?) 7 (ﬁ—R +1)‘1 @
O (fsRy) +(1—fs) STiwg T ‘

and The Kurucz (1992) models were used to compute R, .

We first created an array of spot standards and an array of

We= fsRy 3) non-spot standards. For each active star, the non-spot com-
(fsRy)+(1—fs)’ parison array spans a Tgs range of ~ T +300 K. For II Peg

and V1762 Cyg, in Paper 2 we measured Tg = 3500 K and

e} 3450 K, respectively; O’Neal (1997) measured Ty = 3650 K
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N Q Q =
IS o) o [=}
T
*

] | I

Equivalent Width (A)

©

N
T
*
|

0.0l
3000

1 L 1
3500 4000 4500
Effective Temperature (K)

5000

~

FiG. 2. Relation between equivalent width of the OH 1.563 um feature and
T for giant and subgiant comparison stars. Equivalent width increases
approximately linearly with decreasing T.g from 5000 K to 3000 K. The
measured values are plotted as asterisks, and the best first- and second-order
fits to the T vs EW relation are overplotted.

for A And. To investigate what happens when various spot
comparison stars are used to fit active star spectra, we used a
spot comparison array spanning 3050 K= T¢=< 3950 K for
all three active stars. For each active star spectrum, we then
used STARMOD to find the best-fit f5 using each spot/non-
spot comparison star pair.

3.1 Il Pegasi = HD 224085

II Peg is an extremely active single-lined, spectroscopic
binary system with a spectral type K2-3 IV-V and v sin i
=23 km s~ ', It exhibits V-band variations of up to 0.6 mag-
nitude (e.g., Byrme et al. 1995; Doyle et al. 1988) and strong
radio (Drake et al. 1989) and x-ray (Dempsey et al. 1993)
activity. Using TiO bands, we have detected fg as high as
56% (Paper 2), finding T = 4800 K and Ts = 3500100
K.

1134

We obtained four pairs of spectra of II Peg on each of
four consecutive nights, 1996 June 15-18. For each night,
the eight spectra were added together to produce the final,
normalized spectra plotted in Fig. 4. The four nights of ob-
servation span 45% of II Peg’s 6.7 d rotational period.

We present in Fig. 5(a) the best-fit of the IT Peg spectrum
of June 18 computed using a non-spot comparison star of
Ty = 4800 K and a spot comparison star of Ts = 3550 K.
No M giant having T = 3500 K, the spot temperature
computed for IT Peg in Paper 2, was observed. This fit has
fs = 0.48 and an rms residual of 0.037; the relatively low
S/N of the II Peg spectrum is the major contributor to this
residual.

In Table 4 we list the spot filling factors for each active
star observation. Using STARMOD, we fitted each active
star spectrum using 4—6 spot comparison stars with tempera-
tures within the active star’s T'g error bars. We used a similar
number of non-spot comparison stars having temperatures
near the presumed T value of the active star. We then in-
terpolated among the fg values computed for all these fits,
and the results are given in Table 4 for each active star ob-
servation. For II Peg, the fg values were interpolated for
Ts = 3500 K and are not substantially different from the
fs values we found using TiO bands (Paper II). The quoted
uncertainties primarily reflect the different fg values calcu-
lated when different non-spot standard stars are used for the
fits. These uncertainties result from the difficulty of perfectly
normalizing the comparison star spectra and from intrinsic
variations in the strength of OH absorption in comparison
star spectra at a given T.g. For II Peg, the Ty error bars do
not substantially contribute to the uncertainty in fs. In this
T regime, the increasing strength of the intrinsic OH ab-
sorption from cooler starspots just compensates for the de-

1.2 1.2

\ {
1.0 J1.0 p
. WOAB | !
0.6F 0.6F b
0.4t 70 Vir 5600 K 1.4 61 Vir 5575 K4
1.2 1.2

4 \
1.0 1.0k i
0.8 0.8 b
0.6 0.6 b
0.4k Gl 688 4850 K 494k Gl 488 3700 K 4
1.2 0 1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
1ok WAVELENGTH (A)
. WW
0.6 1
0.4F Gl 411 3350 K4

1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
WAVELENGTH (A)

Fi6. 3. 1.563 um spectra of the 5 dwarf comparison stars observed for this program. The position of the OH absorption lines is marked by an arrow. Based
on these limited data, the behavior of the OH feature with T is similar for dwarfs as for giants of spectral types G and K, but the feature is weaker in M

dwarfs than in M giants of the same T .
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FIG. 4. 1.563 um spectra of the 3 active stars observed for this program: (a)
II Peg, (b) V1762 Cyg, and (c) A And. The spectra of each active star are
compared with an artificially rotationally-broadened spectrum of an inactive
comparison star (top) of similar spectral type and Ts;. Excess absorption in
the active star spectra due to starspots is readily seen at 1.5628 wm, marked
by arrows.

crease in R, as the cooler spots contribute less light to the
overall stellar spectrum.

The companion of II Peg has never been detected; it is
probably a white dwarf or an M dwarf. The former would be
undetectable in the H-band, and in Paper II we demonstrate
that the latter would produce only a very minor effect in the
TiO bands. Since an M dwarf companion would be brighter,
relative to the primary, in the H-band than in the visible, we
explore here the possibility of detecting it through our OH

i V1762 Cyg

0.6 7

04l . . \ . . ]
1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
Wavelength, um
12 T T T T T

0.6 A

0.4 L L | | I

1.5615 1.5620 1.5625 1.5630 1.5635 1.5640
Wavelength, pum

Fic. 5. Best fits computed by STARMOD to spectra of the active stars
observed in this program. (a) Fit (solid line) to the June 18 spectrum of II
Peg (histogram), assuming T = 4800 K and 75 = 3550 K. This fit has
fs = 0.48. (b) Fit (solid line) to the June 17 spectrum of V1762 Cyg
(histogram), assuming T = 4600 K and Ts = 3475 K. This fit has f5 =
0.30. (c) Fit (solid line) to the June 16 spectrum of N And (histogram),
assuming T = 4775 K and Tg = 3650 K. This fit has fg = 0.21.

line observations. Vogt (1981) gives R=2.2R, for the pri-
mary, and Gray (1988) gives R=0.54Ro for an MO V star.
R,=~0.6 for the temperatures and gravities appropriate to
these stars. Assuming that starspots cover 40% of the pri-
mary, the unspotted portion of the primary contributes 16.6
times more light at 1.563 um than the secondary, and the
spots on the primary contribute 6.6 times more than the sec-
ondary. We model the contribution of this hypothetical sec-
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TABLE 4. Measured starspot filling factors.

Star Date Phase fs

V1762 Cyg 1996 June 14 0.77 0.27x0.06
1996 June 15 0.80 0.27+0.07

1996 June 16 0.83 0.29%0.07

1996 June 17 0.87 0.32+0.06

1996 June 18 0.90 0.27=0.05

N And 1996 June 15 0.01 0.22x0.05
1996 June 16 0.03 0.25*0.05

1996 June 17 0.05 0.25%+0.07

1996 June 18 0.07 0.26+0.07

II Peg 1996 June 15 0.20 0.37%£0.06
1996 June 16 0.35 0.35x0.05

1996 June 17 0.50 0.48+0.04

1996 June 18 0.65 0.45*0.05

ondary with a spectrum of Gl 488 (M0.5 V; T = 3700 K)
broadened to v sini = 5.6 km s~ !, the velocity that the M
dwarf would have if it is rotating synchronously with the
orbital period. Adding the three proxy spectra together with
these ratios, we find that the core of the OH line from the
system would be only 0.005 deeper (normalized) than if the
M dwarf were not present. This would require S/N=200 to
separate from the noise, compared to S/N~50 achieved in
our IT Peg spectra. The companion would have to contribute
~17% of the flux for us to detect an M dwarf secondary star
in our spectra.

3.2 V1762 Cygni = HR 7275 = HD 179094

This RS CVn binary, recently discovered to be an SB2
(Osten & Saar 1997; the secondary is probably G8 V, giving
a flux ratio of ~35:1 at 1.56 um), has a K1 III-IV primary.
In Paper 2, we derived Ty = 4550 K, Tg = 3450150 K,
and fg = 0.24 in one observation. The star has a 28.6 day
period, so our five nights of observation (June 14-18) did
not cover a large fraction of a rotational cycle. Weather con-
ditions permitted us to obtain only one pair of spectra of this
star on June 14; on the remaining nights we obtained either
two or three pairs, which were then averaged to obtain a
resultant spectrum for that night.

As for II Peg, we fitted the spectra of V1762 Cyg with
4-6 spot comparison stars and a similar number of non-spot
comparison stars having temperatures near to the suspected
T and T for the active star. The fg values listed in Table 4
are interpolated for Tg = 3450 K. In Fig. 5(b) we show the
best fit to the June 17 spectrum of V1762 Cyg using T'g
=3475 K and T = 4600 K; this fit has fg = 0.30 and an
rms residual of 0.024.

3.3 \ Andromedae = HR 8961 = HD 222107

The second brightest RS CVn system (after Capella), A
And is a non-synchronous rotator, with P, = 54.05 d but
P,y = 20.5 d. The visible component of this single-lined
binary is a G8 III-IV star with Tz = 4750 =30 K, v sin
=6.5kms™!, and log g = 2.5 (Donati et al. 1995). The star
is active in x-rays (Walter et al. 1980; Dempsey et al. 1993)

and radio (Drake et al. 1989), and is a UV flare star (Baliu-
nas et al. 1984). O’Neal (1997) derives Ts = 3650+ 150 K,
and fg between 0.14 and 0.23.

This star is bright enough (V=3.8, H~1.8) that we
needed to take only one pair of observations per night to
obtain a high-S/N spectrum. In Table 4 we list the f values
for A And obtained from fitting the OH lines using a variety
of spot and non-spot comparison stars with temperatures
near the presumed T and Tg of A And. In this case, as
assumed T rises above 3700 K, the computed fg also rises
when warmer spot comparison stars are used for the fits.
Unlike for II Peg and V1762 Cyg, the T error bar is the
major contributor to the fg uncertainty for A And.

In Fig. 5(c) we show the fit to the June 16 N And spec-
trum using Ts = 3650 K and T = 4775 K; this fit has fg
=0.21 and an rms residual of 0.023.

4. DISCUSSION

Unlike our TiO-band technique detailed in Papers 1, 2,
and 3, this technique only uses one spectral feature and thus
cannot place independent constraints on starspot area and
temperature. One must assume a T'g, or derive it using an-
other technique such as photometry, before fg can be calcu-
lated.

There are, however, advantages to be gained from observ-
ing starspots in OH absorption lines. First, R, is much
greater in this spectral region than in the visible, so starspots
have a greater effect in the overall spectrum. Lower fg val-
ues could be measured using the OH lines, and uncertainties
will be less. Also, unlike with the TiO method, starspots
warmer than 4000 K will be detectable in OH. Spots in this
temperature range have been found for some active stars,
including HD 32918 (Piskunov et al. 1990). If we assume
that the absorption equivalent width of a feature in an active
star spectrum is a linear combination of the equivalent
widths in the spot and non-spot components (weighted by
fs and R)), we calculate that an active star with T = 4800
K, fs = 0.32, and Tg = 4400 K would have an absorption
equivalent width of 0.1 A for the OH lines studied here. An
unspotted star of the same 7. would have an equivalent
width of 0.06 A for the OH features, a difference easily
measurable in high-S/N spectra.

5. SUMMARY

We have analyzed spectra of the late-type magnetically
active stars II Pegasi, V1762 Cygni, and A Andromedae
showing the 6397 cm ! (1.563 um 3-1 P2e and P2f
[J=5.5]) transitions of the OH molecule. In spectra of inac-
tive stars, the equivalent width of these OH lines increases
monotonically as g decreases from 5000 K to 3000 K. We
clearly see excess OH absorption in the active star spectra
compared to rotationally-broadened spectra of inactive com-
parison stars of the same 7T.¢. This is the first detection of
OH in starspots. With T'5 taken from previous analyses, we
find fg varying from 0.35 to 0.48 for II Peg, 0.27 to 0.32 for
V1762 Cyg, and 0.22 to 0.26 for A And over a 5-night period
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in 1996 June. This technique greatly increases the range of
starspot temperatures that can be studied via molecular ab-
sorption features.
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