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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 several active stars of the RS CVn and BY Dra classes. Our results for the single-lined
spectroscopic binaries II Pegasi, V1762 Cygni, and 4 Andromedae augment those from a previous study
that used a less sensitive detector. In this study, we were able for the first time to use molecular absorp-
tion features to measure starspot properties on double-lined spectroscopic binaries. Measuring the equiv-
alent widths of these OH lines 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 to 3000 K. We measure starspot filling factors by fitting the spectra of active stars
with linear combinations of comparison star spectra representing the spot and nonspot regions of the

star.
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1. INTRODUCTION

In previous papers (Neff, O’Neal, & Saar 1995, hereafter
Paper I; O’Neal, Saar, & Neff 1996, hereafter Paper 1I) we
develop a spectroscopic technique to measure the tem-
peratures and total area (filling factor) of starspots on mag-
netically active stars. We use spectra of inactive M stars to
model the spotted regions of the active star photospheres
and spectra of inactive G and K stars to model the non-
spotted regions. We then combine these spectra to fit the
absorption bands of the TiO molecule at 7055 and 8860 A
observed from active stars.

The TiO bands, while they can be used to constrain star-
spot area and temperature independently, are primarily
useful for spot temperatures Ty < 4000 K. Thus, to extend
the temperature range over which starspots can be analyzed
spectroscopically, we searched for temperature-dependent
features diagnostic of higher temperatures. Also, in the
visible, starspots are much fainter than the nonspotted
photosphere of active stars, thus they only weakly affect the
overall spectrum 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.

After considering using the first-overtone bands of CO
near 2.2 uym and various atomic lines (O’Neal & Neff 1997,
hereafter ON), we chose to observe the 6397 cm ™! 3-1 P2e
and P2f (J = 5.5) transitions of the OH molecule. These
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lines are very sensitive to temperature (Grevesse, Sauval, &
van Dishoeck 1984); they are quite strong in sunspots and
in the spectrum of Arcturus (Hinkle, Wallace, & Livingston
1995), but they are invisible in the solar photosphere
(Wallace & Livingston 1992). There are no skyglow or at-
mospheric absorption lines at this wavelength (Hinkle et al.
1995). 1t is also an advantage to observe in the infrared
because of the greater relative brightness of starspots com-
pared with the star’s photosphere; in a star with Ty = 3500
K and nonspot temperature T, = 5000 K, the ratio of con-
tinuum surface flux between the spot and photosphere, R;,
is 0.11 at 7050 A (based on models by Kurucz 1992) and
0.21 at 8850 A, but it is 0.49 at 1.56 um.

ON show that the combined equivalent width of this line
pair increases almost linearly with decreasing temperature
in both giant and dwarf stars for T, from 5000 to 3000 K.
This makes it an ideal diagnostic for starspot properties
when observed in the spectrum of a magnetically active star.
ON observed a spectral region centered on this line pair
using the NICMASS infrared camera at the Coudé Feed
Telescope of Kitt Peak National Observatory (KPNO) In
addition to inactive comparison stars, we observed three
magnetically active stars of the RS CVn class (active binary
systems in which at least one component is evolved):
II Pegasi, 4 Andromedae, and V1762 Cygni. We measured
starspot filling factors similar to those found using TiO
bands: 0.35-0.48 (multiple observations taken over most of
one complete rotation of the star) for II Peg, 0.22-0.26 for
A And, and 0.27-0.32 for V1762 Cyg. The NICMASS ob-
servations were limited to short exposure times (12 minutes
or less) to prevent saturating the detector with background
emission. Because of this, signal-to-noise (S/N) values for
the NICMASS spectra of II Peg were limited to ~ 50.
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In 1998 November—-December we thus undertook more
sensitive and complete observations of these OH lines. The
observations presented in this paper have a wider bandpass
(78 A) than those in ON (45 A). This bandpass allowed us to
observe, in addition to the OH lines, the highly magneti-
cally sensitive (g = 3) Fe 1 line at 1.5648 um (a subject of
future analysis). Our new observations were not as severely
limited by short exposure times. In this paper, we describe
observations of nine magnetically active stars, including six
not studied by ON (see Table 1). For the first time using our
spectral synthesis technique, we measure starspot properties
on the active components of binary systems that are strong-
ly double-lined (UX Ari, OU Gem, and HR 1099). This was
aided by the relative simplicity of the OH absorption lines
compared with the great complexity of the TiO absorption
bands we observed previously.

2. OBSERVATIONS AND ANALYSIS

The data were obtained from 1998 November 26 to 1998
December 2 with the 2.1 m telescope at KPNO, using the
Phoenix IR spectrograph (Hinkle et al. 1998). Of our eight-
night observing run, five nights were clear enough to permit
observations. Phoenix is a cryogenic, high-resolution IR (1
to 5 um) spectrograph. It uses an Aladdin 512 x 1024 InSb
detector array and a 63°4, 33 line mm ! echelle grating. We
used an order-sorting filter of central wavelength 1.558 um
and a bandpass of approximately 0.01 ym (78.4 A) centered
on the 6397 cm ! (1.563 um) lines of the OH molecule. The
dispersion of the spectra is 0.0766 A per pixel. We achieved
aresolution of ~2.5 pixels, or R = 1/AA ~ 60,000.

A tungsten source usually used for wavelength cali-
bration yielded no emission lines in our bandpass. Wave-
lengths were therefore calibrated by taking a spectrum of
Arcturus and using the A scales in the Arcturus Atlas
(Hinkle et al. 1995) and the National Solar Observatory
solar spectral atlas (Wallace & Livingston 1991). In prac-
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tice, an extremely accurate wavelength scale was not neces-
sary for our program; all spectra were co-aligned with our
Arcturus spectrum.

Bias removal and background subtraction were accom-
plished by taking at least two consecutive spectra of each
target star with the same exposure time but illuminating
different, well-separated rows of the detector. Subtracting
these exposures yielded two background-free spectra of the
star.

Flat-field division and extraction of the spectra were
accomplished using Interactive Data Language routines
(IDL) written by J. A. Valenti (2000, private com-
munication). Averaging spectra taken consecutively (usually
two for inactive comparison stars, three or more for
the usually fainter active stars) resulted in S/N values of
150-180 in the continuum for our spectra.

Given wavelengths fell at different pixels on the detector
on different nights of observation. After our initial data
reduction, we found (primarily by comparing spectra of the
same star taken on different nights) that certain pixel ranges
on the detector had slightly reduced sensitivity. To address
this problem, we divided each spectrum by a boxcar-
smoothed (to eliminate high-frequency noise) spectrum of
Rigel obtained the same night. Rigel, a hot star, has no
strong absorption lines in our wavelength interval. Using
this procedure led to much better fits (with the method
described below) to the active star spectra. No spectrum of
Rigel was obtained on December 2; we divided these
spectra by the December 1 Rigel spectrum, but their nor-
malization, and thus fits to these active star spectra, should
be considered highly uncertain.

In Table 1 we list the properties of the nine active target
stars. Except where noted, Tj, and T (the effective tempera-
tures of the unspotted photosphere and the spots, respect-
ively) are based on measurements reported in Paper II,
and the sources for the ephemerides are given in the foot-

TABLE 1
PROPERTIES OF ACTIVE STARS

v sin i P, HID T, T
Object HD Sp. Type (km s~ 1) (days) (@®=0) (K) (K)
Evolved stars:
V1762 Cyg...... 179094 K1 III-1V 15 28.5895* 2,442.479.214* 4550 3450
AAnd ........... 222107 G8 III-1V 6.5 53.95% 2,443,829.2° 4750 3650
Il Peg........... 224085 K2-3 1V 23 6.72422° 2,443,033.47° 4800 3500
o Gem .......... 62044 K1 III 25 19.60447¢ 2,447,227.08¢ 4500 3850
UX Ari.......... 21242 KOIV/G5V 37/6 6.43791¢ 2,440,133.766° 5000°/5500¢ 3500°¢
HR 1099 ........ 22468 K1IV/G51V 40/13 2.83774 ¢ 2,442,766.088 4700%/5500f 3500t
Dwarf stars:
Gl 171.2A....... 283750 K4V 7.5 1.79551 i 4500 3175
LQ Hya......... 82558 K2V 21 1.601136* 2,448,270.0% 5175 36500
OU Gen ....... 45088 K3 V/K5V 5.6/5.6 6.991848! 2,443,846.2! 4925/4550f ?

# Strassmeier, Hall, & Henry 1994.

b Boyd et al. 1983.

¢ Vogt 1981.

4 Bopp & Dempsey 1989.

¢ Elias et al. 1995.

f This paper, estimated from spectral types.
g Fekel 1983.

b Hatzes et al. 1996.

! Olah & Pettersen 1991; no zero HID given.
i Saar et al. 2000.

k Jetsu 1993.

! Bopp et al. 1981.
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TABLE 2
LoG OF OBSERVATIONS OF ACTIVE STARS AND RESULTS

JD Phase
Star and UT (—2,400,000+) (Mid) fs

V1762 Cyg:

1998 Nov 26........ 51,143.58 0.06 0.17 + 0.03

1998 Nov 27 ....... 51,144.64 0.10 0.20 + 0.05

1998 Dec 1......... 51,148.62 0.24 0.13 +0.03
A And:

1998 Nov 26........ 51,143.65 0.58 0.17 + 0.03

1998 Nov 27 ....... 51,144.66 0.60 0.17 + 0.03

1998 Dec 1......... 51,148.66 0.67 0.21 +0.03
IT Peg:

1998 Nov 26........ 51,143.69 0.12 0.37 + 0.07

1998 Nov 27 ........ 51,144.60 0.26 0.43 + 0.07

1998 Nov 27 ....... 51,144.79 0.28 0.45 + 0.05

1998 Nov 30....... 51,147.73 0.72 0.49 + 0.08

1998 Dec 1......... 51,148.58 0.85 0.38 + 0.06

1998 Dec 1......... 51,148.77 0.88 0.35 + 0.07
o Gem:

1998 Nov 26........ 51,143.93 0.79 <0.08

1998 Nov 27 ....... 51,144.95 0.85 0.23 + 0.04

1998 Nov 30....... 51,147.95 0.00 0.10 + 0.04

1998 Dec 1......... 51,148.96 0.05 <0.09

1998 Dec 2.......... 51,149.95 0.10 0.09 + 0.05
UX Ari:

1998 Nov 26........ 51,143.83 0.19 0.26 + 0.04

1998 Nov v27...... 51,144.71 0.33 0.11 + 0.04

1998 Nov 30....... 51,147.78 0.81 0.34 + 0.04

1998 Dec 1......... 51,148.68 0.95 0.42 + 0.06

1998 Dec 2.......... 51,149.87 0.13 0.48 + 0.09
HR 1099:

1998 Nov 26........ 51,143.86 0.27 0.07 £+ 0.05

1998 Nov 27 ....... 51,144.75 0.58 0.40 + 0.05

1998 Nov 30....... 51,147.82 0.67 0.11 £+ 0.06

1998 Dec 1......... 51,148.73 0.99 <0.05
Gl 171.2A:

1998 Nov 27 ....... 51,144.88 2 0.45 + 0.06
LQ Hya:

1998 Nov 26........ 51,144.01 0.98 0.26 + 0.04

1998 Nov 30....... 51,148.00 0.48 0.45 + 0.03

1998 Dec 1......... 51,148.98 0.09 0.28 + 0.07
OU Gem:

1998 Nov 26........ 51,14391 0.74 0.20 + 0.03

1998 Nov 27 ....... 51,144.92 0.89 0.35 + 0.05

1998 Nov 30....... 51,147.93 0.32 0.22 + 0.04

1998 Dec 1......... 51,148.91 0.46 <0.04

* No recent ephemeris available.

notes. In the case of double-lined binaries, we list properties
of the more active star first; these Ty values refer to mea-
surements by previous investigators of the active com-
ponent of the binary. Table 2 is a log of our observations of
these nine active stars. Each observation consists of three to
six consecutive exposures, subtracted in pairs to remove
background and averaged. The quantity fg is our measured
spot filling factor, the fractional spot coverage weighted by
projection and limb-darkening effects. Times for each indi-
vidual exposure ranged from 120 s (A And) to 1200 s (e.g., I
Peg and HD 82558).

We also observed a set of inactive comparison stars
covering the range of T, and T expected for the active stars
(Table 3). Photometry for the stars comes from Stauffer &
Hartmann (1986) and the Bright Star Catalog (Hoffleit &
Jaschek 1982). Where no H-band photometry was avail-
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able, we estimated H from the spectral type and the V— H
colors of standard stars listed by Wamstecker (1981) and of
other comparison stars with measured H magnitudes. T,
values were computed using the methods described in
Paper I and were rounded to the nearest 25 K.

In Figure 1 we present spectra of a sample of our giant
and subgiant comparison stars, set on the wavelength scale
of the Arcturus Atlas, with the 1.563 um OH lines identified
with an arrow. Other lines are identified in Hinkle et al.
(1995). One can immediately see the increase in the
strengths of the OH lines with decreasing T,;;. We measured
the combined equivalent width of the two OH lines for each
comparison star (Fig. 2).

Figure 3 presents spectra of some of the dwarf compari-
son stars we observed. For the M dwarfs, we note that the
OH lines are substantially weaker than in giant stars of the
same temperature. The same behavior was observed for the
absorption bands of TiO (Paper I).

3. RESULTS

Since OH absorption is seen in stars as warm as 5000 K
and several of our active target stars have T, cooler than
this, both the nonspot and spotted regions of the photo-
spheres of these stars contribute to the total OH absorption
strength. In addition, for any star with v sin i = 15km s~ !,
the OH lines are blended with nearby weak lines. (Starspots
on stars with vsini~ 50 km s~! would be difficult to
observe with this technique, since the OH lines would then
begin to blend with the strong neighboring Fe 1 lines.)
Nonetheless, excess absorption in the OH lines due to star-
spots is readily apparent in all our active star spectra. In
Figure 4 we have plotted all our spectra of II Peg along with
the artificially rotationally broadened spectrum of 92 Del,
an inactive star with T close to the Tj, of II Peg.

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 modi-
fied (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 rotation-
al velocities and spectral types of systems of interest and to
find the relative brightnesses of stars in systems of two or
three components. Given a target star spectrum to fit,
STARMOD constructs a model by shifting the standard-
star spectra in radial velocity and by applying a standard
rotational broadening function (e.g., Gray 1988) with a
limb-darkening coefficient € = 0.3 (appropriate for the H
band; Claret, Diaz-Cordoves, & Giminez 1995). The user
inputs initial estimates for the radial velocity, v,,4, v sin i,
and relative weight of each standard spectrum, which are
iterated in succession until the best fit is achieved. For our
purposes, v sin i was fixed to the best literature value, and
the only meaning of the v,,4 iteration was as a correction for
slight errors that may have occurred in the alignment with
the Arcturus Atlas 4 scale. For SB2 systems, the v,,4 of the
secondary was fitted, with an initial guess based on the
expected v,,4 separation of the binary at the phase of the
observation. In all cases but G1 171.2A, we restricted each fit
to the wavelength region 1.5615 um < 4 < 1.5640 pym.

The best-fit relative weights of the two standard-star
spectra computed by STARMOD are directly related to the
starspot filling factor on the active star. The normalized
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TABLE 3
PROPERTIES OF COMPARISON STARS

HD HR Name Sp. Type |4 H R-1I T
Giant comparison stars:
196755...... 7896 K Del G2 1V 5.0 34 5550
198149...... 7957 n Cep KO IV 34 1.0 0.49 4925
194013...... 7794 GS8 III-1V 53 33 0.50 4850
19787 ....... 951 0 Ari K2 III 44 1.7# 0.51 4750
197964...... 7948 2 Del K11V 39 1.5* 0.48 4700
197912...... 7942 52 Cyg G9.5 III 42 2.2% 0.53 4675
8512 ........ 402 0 Cet KO III 3.6 1.2* 0.56 4650
95345 ....... 4291 58 Leo K1 III 4.8 23 0.56 4600
73471 ....... 3418 ¢ Hya K1 III 44 1.9* 0.56 4600
66216 ....... 3149 x Gem K2 III 4.9 2.2% 0.60* 4525
124897...... 5340 o Boo K1.5 III 0.0 —28 0.65 4350
60522 ....... 2905 v Gem MO III 41 0.9* 0.96 3925
204724...... 8225 2 Peg M1 III 4.6 1.0 1.09 3800
183630...... 7414 36 Aql M1 I 5.0 14 1.09* 3700
44478 ....... 2286 u Gem M3 III 29 —1.6 1.38 3625
20720 ....... 1003 t* Bri M3.5 11 37 —1.1* 1.46 3600
2411 ........ 103 TV Psc M3 III 5.1 0.4* 1.52 3575
123657...... 5299 BY Boo M4.5 111 5.3 —0.1 1.66 3550
175865...... 7157 R Lyr M5 III 4.0 —05 191 3425
94705 ....... 4267 VY Leo MS5.5 11T 5.8 —04 2.09 3325
18191 ....... 867 RZ Ari M6 III 59 —0.7 2.17 3200
Dwarf comparison star:

20630 ....... 996 K Cet G5V 4.8 3.3 0.36 5600
101501...... 4496 61 UMa G8V 5.3 3.6 0.36 5550
16160....... 753 Gl 105A K3V 5.8 35 0.53 4775
28343 ....... Gl 169 K7V 8.3 5.8% 0.62 3750
79210....... Gl 338A MOV 7.6 43 0.68 3675
.............. Gl 96 M15V 9.4 5.7 0.78 3525
42581 ....... Gl 229A M1 8.1 44 0.82 3450
1326 ........ Gl 15A M2V 8.1 4.2* 0.88 3375
Gl 273 M4V 9.9 5.1 121 3175

* No H-band photometry available; estimated from T, and V.

spectrum of the active star, F,,,;, can be written

F zstlFS-l_(l _fS)FQ
ol fsRi+ (1 —fy)

where fs is the spot filling factor, the total fractional project-
ed area of spots on the observed hemisphere weighted by
limb darkening, R, is the continuum surface flux ratio
between the spot and nonspot photosphere, and Fg and F,
are the normalized spot and nonspot comparison spectra,
respectively. STARMOD calculates the best relative
weights, Wy and W, of the two comparison spectra, such
that Fy,; = WsFs + W,F,. Therefore,

ey

b

1—f,
I 2
Mo=7R+(—fy @
fSRl
R L - 3
s fsR,+ 1 —f)° ®
SO
-1
fs=<RWz—Rz+1> . @

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

For double-lined systems, we modify the above formulae
slightly. As before, we let R, represent the spot/nonspot
surface flux ratio on the primary star (which is the more

active star in all three stars we studied) and R/, represent the
surface flux ratio between the photosphere of the secondary
star and the nonspot photosphere of the primary. In this
three-component model, we assume that the secondary is
unspotted. The program then computes the best-fit weights
of the nonspotted part of the primary star (1), the spotted
regions of the primary (W), and the secondary star (W,..);
Wy + Ws + W, = 1. If we wish to compute the spot filling
factor of the primary star, we must first subtract the contri-
bution of the light from the secondary star. The fraction of
the primary’s light from the spots is

LW
Ws=1_ W &)
The spot filling factor on the primary is then
R -1
fS=<W’}S—R,1+1> . (6)

To model each spectrum, we used 3-5 different comparison
stars for each component (nonspot photosphere, spots, and
secondary when appropriate) of the active star system,
spanning a range of ~ 100-200 K both above and below the
expected temperatures (from previous TiO studies) of each
component. The f; values from these fits were then averaged
to derive the final f value for each active star observation.
Intuitively, assuming a warmer spot should result in a
larger f being computed to reproduce the observed OH line
strength in the active star spectrum. This is the case for
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F16. 1.—Phoenix spectra of a sample of the 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 T,,.

Ty = 3500 K, but below this T the relation levels off and f
becomes largely independent of Ty—the lower R, for a
cooler spot begins to compensate for the greater intrinsic
OH line depth in the spot. This is the same behavior
observed for the 8860 A TiO band, but opposite that
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Fi1G. 2.—Relation between equivalent width of the OH 1.5627 um
feature and T, for giant and subgiant comparison stars. Equivalent width
increases approximately linearly with decreasing T from 5000 to 3000 K.
Values for spectra observed with Phoenix are plotted as asterisks, while the
NICMASS results (O’Neal & Neff 1997) are plotted as diamonds.

observed for the 7055 A band (O’Neal, Neff, & Saar 1998,
hereafter Paper I1I).

3.1. II Peg=HD 224085

IT Peg is an extremely active single-lined, spectroscopic
binary system with a spectral type K2-K3 IV-V and
v sin i = 23 km s~ 1. It exhibits V-band variations of up to
0.6 mag (e.g., Byrne et al. 1995; Doyle et al. 1988). Using
TiO bands, we have detected f as high as 56% (Paper II),
finding T, = 4800 K and Ty = 3500 + 100 K. II Peg is
highly spotted (fs ~ 0.25) even at maximum brightness.
Berdyugina et al. (1999) present Doppler images of the spot
distribution on II Peg, finding large high-latitude (“ polar )
spots, and conclude that the total spot area on the star is
approximately constant with time, merely distributing itself
between different active longitudes over the star’s activity
cycle. Berdyugina et al. (1999) used a different ephemeris,
but for our dates of observation it yields phases only 0.02 of
a rotation behind those we have computed using the
ephemeris in Vogt (1981).

We obtained six spectra of II Peg, spanning phases from
0.12 to 0.85, with a large gap due to poor weather on
November 28 and 29. We fitted the spectra of II Peg using
the nonspot comparison stars of T, = 4700, 4750, and
4850 K, and we used spot comparison stars with 3425 K <
T < 3600 K. Figure 5 shows the fit to the November 26
spectrum of II Peg, using comparison stars y? Del (T =
4700 K) and TV Psc (T, = 3575 K). The rms deviation of
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Fi1G. 3.—Phoenix spectra of a sample of the G, K, and M dwarf comparison stars observed for this program. The position of the OH absorption lines is
marked by an arrow. The behavior of the OH feature with T, is similar for dwarfs and giants, but the feature is weaker in M dwarfs than in M giants of the

same T .

this fit from the stellar spectrum is ¢ = 0.016; deviations
between the model and the fit near the 1.5631 um Fe 1 line
are due to irreducible uncertainties in normalizing the
various spectra.

0.5

0.0
1.5600

1.5610 1.5620 1.5630 1.5650

Wavelength, um

1.5640

Fi1c. 4—All six spectra of II Peg, vertically offset for clarity. The II Peg
spectra are compared with the artificially rotationally broadened spectrum
of an inactive star (y? Del; top) of similar spectral type and T,. Excess
absorption caused by the OH molecule is marked with an arrow; the phase
of observation is given for each spectrum.

During our observations fg ranged from 0.35 at ® = 0.88
to 0.49 at ® = 0.72. We expect that the phase of maximum
spot coverage should correspond to the star’s photometric
minimum at a given epoch. Photometry taken during 1998
October and December (Berdyugina et al. 1999) shows
minimum light around ® = 0.55-0.60, consistent with our
maximum fg at ® = 0.72 (given that weather prevented our

08;
o7§

0.6

0.5E
1.5600

1.5610

1.5620 1.5630
Wavelength, um

1.5640 1.5650

F1G. 5—Fit to the II Peg spectrum of November 26 (® = 0.12), using
T, = 4700 K and Ty = 3575 K. The smooth line is the fit; ¢ = 0.016.
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observations between phases 0.28 and 0.72). At this phase,
one of the three high-latitude spots in their 1998 November
Doppler image would have been closest to being centrally
located on the star’s disk.

The secondary star of the II Peg system has never been
detected. If it is an M dwarf, IR observations would
improve prospects for its detection, given the greater rela-
tive brightness of the cooler M star in the IR. Berdyugina et
al. (1998) placed a limit of M, > 8.8 on the II Peg second-
ary, the absolute magnitude of an early M dwarf. ON calcu-
lated that S/N =~ 200 in our Phoenix spectra would be
sufficient to detect an early M dwarf secondary. In that
calculation, though, we neglected the fact that at most
phases the secondary’s lines would be Doppler shifted away
from the corresponding lines from the primary. Assuming
R =22 R, for the primary (Vogt 1981) and R = 0.54 R
for a hypothetical M dwarf secondary star (Gray 1992), the
1.5623 and 1.5631 um Fe 1 lines and the OH absorption
from an early M dwarf secondary would appear at the same
level as the noise for S/N ~ 110. Given our actual S/N of
150-180, this would be just below a 2 ¢ detection.

Therefore, we first searched the II Peg spectra for small
blips that might arise from strong lines of the secondary
star. No consistent sets of three lines (two Fe 1, one OH,
with the proper A spacing) were found in any of the spectra.
For a more sensitive test, we co-added all six II Peg spectra
in the rest frame of the hypothetical secondary star. We com-
puted what the velocity separations between the two stars
would be (at each observed phase), assuming an M dwarf
mass of 0.5 M, and various primary masses from 0.8 to 2.5
M, (step size 0.05 M), shifted all the spectra to the rest
frame of the secondary, and co-added them. When we did
this for a primary mass of 2.05 M, we found in the co-
added spectrum “lines” of a depth of 0.8%, at the proper
positions of the Fe 1 and OH lines. It is intriguing to specu-
late that these might be due to an M dwarf secondary, but
they are still barely above the level of the noise, and no
positive conclusion can be drawn. Finally, we computed a
model IT Peg spectrum for stellar radii of 2.2 and 0.54 R,
fs = 0.45, Ty and Ty as in Table 1, and G196 (T, = 3525 K)
as a model for the secondary. The model predicts that
strong lines of the secondary would depress fluxes by
0.7% + 0.2% compared with a model without a secondary.
Berdyugina et al. (1998) favor a greater radius but lower T .,
for the II Peg primary, 3.4 Ry, and 4600 K. Using these
values, the lines from the secondary would reduce fluxes by
only 0.4% compared with the situation without a second-
ary. In summary, our upper limits for the brightness of the
IT Peg secondary at this wavelength are similar to those
given by Berdyugina et al. (1998) and Berdyugina et al.
(1999).

3.2. V1762 Cyg=HR 7275 =HD 179094

This RS CVn binary with a K1 III-IV primary was
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, small enough that it can be neglected in our fitting
procedures. Previously (Paper II and Paper III) we used
TiO bands to derive T, = 4550 K, Ty = 3450 £+ 150 K, and
fs ranging from 0.10 to 0.27. ON found f5 at and slightly
exceeding the upper end of that range. The system has a
28.6 day period, so our observations did not cover a large
fraction of a rotational cycle. We computed fg; values
ranging from 0.13 to 0.20 for our three Phoenix obser-
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vations of V1762 Cyg. Figure 6 shows a fit to the December
1 spectrum, using comparison stars of T.;; = 4600 and 3425
K; o =0.013.

3.3. 2And=HR 8961 =HD 222107

The second-brightest RS CVn system (after Capella),
A And is a nonsynchronous rotator, with P, = 54.05 days
but P, = 20.5 days. The visible component of this single-
lined binary is a G8 III-1V star with T, = 4750 + 30 K,
vsini=65km s~ !, and log g = 2.5 (Donati, Henry, &
Hall 1995). In Paper III we derive Ty = 3650 + 150 K and f;
between 0.14 and 0.23. ON found f; values between 0.22 and
0.26.

In Table 2 we list the fg values found in this study for
A And. Figure 6 shows the fit to the November 26 spectrum;
a = 0.020.

34. 0 Gem=HD 62044

o Gem, like the rest of the stars described below, was not
observed by ON. It is an SB1 with a K1 III spectral type, a
19.4 day period, and v sin i = 25 km s~ . In Paper II and
Paper III, we found (using TiO bands and contempora-
neous photometry) T, = 4500 K, Ty = 3850 K, and f;
ranging from 0 to 0.33 over 10 epochs of observations. To fit
the Phoenix observations, we used nonspot comparison
stars with T, = 4525 and 4600 K and the three-spot com-
parison stars with T.;; > 3700 K.

Computed f; values range from ~O0 to 0.15, with the
highest value observed on November 27. In Figure 6 we
present a fit to the November 27 spectrum, using compari-
son stars with T, = 4525 and 3800 K and ¢ = 0.014.

3.5. LQ Hya=HD 82558

LQ Hya is a single K2 V star, which might only recently
have arrived on the main sequence (Fekel et al. 1986). Rice
& Strassmeier (1998) present Doppler images of this star,
and they find spots concentrated near the equatorial
regions instead of at high latitudes. Saar (2000) analyzed
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F1G. 6.—Top, spectrum of V1762 Cyg obtained on December 1, and the
best fit (smooth line) to it, using nonspot and spot comparison stars of 4600
and 3425 K, respectively; o = 0.013; middle, spectrum of 1 And obtained
on November 26 and the best fit (¢ = 0.020) using nonspot and spot com-
parison stars of 4850 and 3625 K, respectively; bottom, spectrum of ¢ Gem
obtained on November 27 and the best fit (6 = 0.014) using nonspot and
spot comparison stars of 4525 and 3800 K, respectively.
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TiO-band observations of LQ Hya and found T, = 5175 K,
Ty = 3650 K, and f values of 0.50 + 0.12; f; was uncertain
because of the intrinsically weak TiO bands in the star’s
spectrum.

Our grids of dwarf comparison stars consist of only three
G/K stars and six M stars. Since none of these stars are near
the T, of LQ Hya, we fixed the T, = 5175 K and used the
available G/K dwarf spectra. Changing the nonspot model
turned out to make little difference, Afg < 0.02. The best fits
were obtained using Gl 1338A9, with T, = 3675 K, as a
model for the spotted regions of LQ Hya. In Figure 7 we
illustrate a fit to the November 30 spectrum of LQ Hya. For
this spectrum f; = 0.45; ¢ = 0.019.

3.6. GI171.2A=V833 Tau=HD 283750

We obtained one spectrum of this active K4 V star. Saar
(2000) found T, =4500 K, Ty = 3175 K, and fg = 0.51
+ 0.01. We obtained no spectra of inactive dwarf stars with
Ty, similar to Gl 171.2A, so we used a spectrum of x Cet and
fixed Tj to 4500 K in our fits. From spectra shown in ON,
the OH absorption has not appeared in dwarfs at a tem-
perature of 4850 K. If this is still true at 4500 K, then our fits
will not be substantially affected by using a comparison star
this much warmer than Tj,.

The two coolest M dwarf comparison stars, Gl 15A and
Gl 273, have weak Fe 1lines (a spectrum of G1 273 is shown
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FiGc. 7—Top, November 30 spectrum of LQ Hya and a fit to it,
assuming T, = 5175 K and Ty = 3675 K; ¢ = 0.019; bottom, our spectrum
of G1 171.2A (obtained November27) and the fit to it, assuming T, = 4500
Kand Ty = 3175K; 0 = 0.017.
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in Fig. 3), but this seems to be largely a T, effect, since both
stars have metallicities near solar (within +0.02 dex; Eggen
1996). Thus, despite the weak Fe 1 lines, G1 273 (T, = 3175
K), specifically, can be used as the proxy for the spotted
regions of Gl 171.2A. We fitted only the region immediately
around the OH absorption and obtained fg = 0.45 and the
fit shown in Figure 7 (¢ = 0.017). The poor fit to the Fe 1
lines results from their weakness in the spot comparison
spectrum. In addition, for this star as well as for OU Gem,
the lack of a proper T, comparison diminishes the quality of
the fits to the atomic lines.

37. UX Ari=HD 21242

UX Ari is an SB2 (G5 V + KO 1V) in which the cooler
star is more magnetically active (Montes et al. 1996 and
references therein). It is one of the few RS CVn systems
(others include II Peg and HR 1099) that always shows Ho
in emission above the continuum.

This is the first time we have attempted to use our spec-
tral synthesis technique to measure starspot coverage on
the active component of a double-lined binary. The G5 V
and KO IV components of UX Ari have v sin i values of 6
and 37 km s~ 1, respectively. We used both n Cep and HR
7794 to model the nonspotted photosphere of the primary
star (the brighter KO IV component of the system). These
are both slightly cooler than the 5000 K derived by Elias et
al. (1995) but are consistent with the primary’s spectral type.
BY Boo was our proxy for the spots on the primary, and we
used both k¥ Cet and 61 UMa as models for the secondary
(G5 V) star. We computed the radial velocity difference
between the stars expected at the phase of each observation
and used that as an initial guess (input into STARMOD) for
the radial velocity of the secondary star. At @ =0, the
primary star is in front as seen from Earth.

Elias et al. (1995) give radii of 3.60 and 1.71 R, for the
primary and secondary stars, respectively. Using these radii
and the R, appropriate to the stars’ T, values (Table 3), we
calculate W, = 0.21. Using a more typical radius for a G5
V star, 0.96 R, (Gray 1992), gives W,., = 0.08. Both these
values assume that the primary has negligible spot cover-
age; if it had a substantial spot coverage, W, would
increase accordingly. If, on the other hand, the secondary
had f; =0.5, W, (in this case, the total light from the
nonspot and spot regions of the secondary) would decrease
to 0.05 for a 0.96 R, secondary. Even this large spot cover-
age on the secondary would produce a small effect in the
overall spectrum; it would reduce the continuum light level
by 2.6% at the position of the secondary’s OH line. Given
that in many phases the secondary’s OH is blended with an
Fe 1 line of the primary, this would be difficult to detect. In
phases where the two stars have similar v,, it would only
mimic fg = 0.05 on the primary, at the limit of our ability to
detect.

In our fits, we found that values of W, between 0.11 and
0.14 provided the best fits to the strengths of the secondary’s
lines in the UX Ari spectra. Combining these values and our
derived f5, we find that the most likely radius for the UX Ari
secondary (assumed unspotted) is 1.25 + 0.1 R,.

Fitting the spectra of UX Ari using the stated parameters
yielded a range of spot filling factors, from 0.11 (November
27) to 0.48 (December 2). It may be that there was a large
starspot in the Earth-facing hemisphere at the ® = 0.95 of
the December 1 observation (fs = 0.42; the f; value for
December 2 should be considered less certain than the
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others because no Rigel spectrum was available to complete
the normalization process). This would place it on the part
of the star’s surface facing almost directly away from the
secondary star. Figure 8 shows the fit to the November 26
spectrum. The narrower dip inside the broad OH absorp-
tion is the 1.5631 um Fe 1 line of the secondary star. This fit
gives fg = 0.26 and W, = 0.15; ¢ = 0.010.

3.8. HR1099=V711 Tau

This extensively studied SB2 RS CVn system consists of a
K1 IV primary star and a G5 IV secondary star in a 2.8 day
orbit (® = 0 indicates that the primary is in front). The K1
star is the faster rotator (40 km s~ ! compared with 13 km
s~ ! for the secondary; Vogt et al. 1999), and most studies of
the HR 1099 system have placed the starspots primarily or
exclusively on the primary (e.g., Henry et al. 1995; Vogt et
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F16. 8.—Top: Spectrum of November 26 of the SB2 RS CVn system
UX Ari, with a fit (¢ = 0.010) using HR 7794 as a proxy for the nonspotted
regions of the primary star, BY Boo as the spot proxy, and k Cet as the
proxy for the secondary star. This fit gives fg = 0.26 for the primary star
and W, = 0.15. Middle: November 26 spectrum of HR 1099, with a fit
(6 = 0.013) using y? Del as the proxy for the primary star’s nonspotted
regions, BY Boo for the primary’s starspots, and x Del for the secondary
star. This fit gives fg = 0.07 for the primary star. Bottom: November 30
spectrum of OU Gem, with a fit (¢ = 0.023) using k Cet as a proxy for the
nonspotted photospheres of both components of the system and G1 96 as a
proxy for starspots on the primary star; fg = 0.22 and ¢ = 0.021. In each of
these SB2 spectra, arrows indicate the positions of the OH line and the
1.5623 and 1.5631 um Fe1lines of the secondary star.
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al. 1999). Vogt et al. (1999) found a persistent (from 1981 to
1992) polar spot of variable size on the primary, combined
with transient low-latitude dark spots; a major dark spot
on this star can significantly evolve on a timescale of a few
months.

Hatzes et al. (1996) give T, = 4700 K and Ty = 3500 K
for the primary star; Vogt et al. (1999) give T, = 4750 K
and threshold their Doppler images to AT =T, — Ty =
1200 K. For our fits, we used 2 Del as the model for the
primary’s photosphere, BY Boo for the starspots, and x Del
for the secondary star. Using R = 3.9 and 1.3 R for the
primary and secondary stars (Fekel 1983), W... = 0.12 for
an unspotted primary.

We found f; values ranging from 0.0 to 0.40. The fit to the
HR 1099 spectrum of November 26 (® = 0.08 is shown in
Figure 8; ¢ = 0.013. At this phase, orbital motion gives a
net 5.7 A blueshift for the secondary star’s lines, blending its
1.5631 ym Fe1line with the primary’s OH line.

3.9. OU Gem=HD 45088

This system consists of two dwarf stars (K3 V and K5 V)
in a 7 day orbit with an eccentricity e = 0.15. OU Gem has
a much lower (more nearly equal) brightness ratio between
the two components than do the other SB2 systems we
study. ® = 0 denotes the primary star being farthest from
the observer. The hotter star is more active than the cooler
star, although both components have the Ca n IRT and
Can H and K lines in emission (Montes et al. 2000).

In our November 26 and 27 OU Gem spectra, the 1.5631
um Fe 1 line from the secondary star is blended with the
primary’s OH line. In the November 30 spectrum, the rela-
tive v, have reversed so that the 1.5623 um Fe 1 line of the
secondary is blended with the primary’s OH. The final spec-
trum (December 1) was taken close to the time of conjunc-
tion, yielding Av, ~ 0; it shows only a weak absorption in
the position of the OH lines.

We used the x Cet spectrum as a proxy for both stars of
the system and fixed T, at 4925 and 4550 K for the primary
and secondary, respectively. Lacking information on a pos-
sible Ty, we used Gl 96 (T, = 3525 K) as a model for star-
spots in the system; we ran trials with starspots on both
components. Assuming no starspot coverage on either com-
ponent and using the T, values and radii for K3 V and K5
V stars given in Gray (1992), W, = 0.39.

For the December 1 spectrum, the total fg for the two
stars was at most 0.04. The other three spectra were fitted
best by invoking starspots on the primary star, with f
ranging from 0.20 to 0.35. The fit to the spectrum of
November 30 is shown in Figure 8; ¢ = 0.021. The blended
line consisting of the primary’s OH and one of the Fe 1 lines
from the secondary is fitted quite well; good fits also are
obtained in this spectrum and others to the Fe 1 lines from
the primary that are not superposed where the OH from the
secondary would be.

On the other hand, the 1.5623 um Fe 1line (for November
27) and the 1.5631 um Fe 1 line (for November 30)—both
presumably blended with OH absorption from the sec-
ondary star—are not fitted well. The blend primary
Fe 1+ secondary OH in the model should be deeper in
both cases to fit the observed spectra. This raises the pos-
sibility that there is some starspot coverage on the secon-
dary star as well. However, to obtain better fits to the
primary Fe 1 + secondary OH blends, it was necessary to
invoke huge spot filling factors, greater than 0.6, on the
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secondary star. We consider this unlikely, given that a low
fs is detected at the one phase we observed at which this
blend does not happen; also, it is implausible that such a
huge spot area seen at ® = 0.89 (November 27) would not
be visible one night earlier (® = 0.74), when the fit to the
blend primary Fe 1 + secondary OH needs no adjustment.
It is more likely that the Fe 1 lines of k Cet are imperfect
models for the Fe 1 lines of either or both components of
OU Gem.

4. DISCUSSION

Three of the stars observed in this program were also
observed by ON: V1762 Cyg, A And, and II Peg. In the case
of V1762 Cyg, the fg values observed in this study (0.13 <
fs <0.20) were somewhat less than those found by ON
(0.27 < f5 < 0.32). For 4 And and II Peg, the f; values mea-
sured in the two studies fell within the same range. This
suggests that there is no systematic effect that appears
because of the higher resolution of the Phoenix spectro-
graph (R ~ 60,000) as compared with that of NICMASS
(R~ 26,000 R=1/A2=26,000 -corresponds to a
vsin i~ 6 km s~ ! at this wavelength, and six of the nine
active systems studied here have v sini (of the active
component) notably greater than this. This paper uses a
much more sensitive detector than ON (see § 1); whereas
ON obtained poor S/N spectra of II Peg, Phoenix would be
capable of obtaining reasonably good S/N on stars at least
2 mag (H band) fainter.

High-resolution infrared spectroscopy is still a rather
young observational technique, spurred by the rapid
growth of infrared detector technology. Only a few high-
resolution IR spectrographs exist. Better phase coverage on
our target stars would be desirable, but that may have
to wait until sensitive IR spectrographs are more widely
available.

Unlike our TiO band technique detailed in Papers I, II,
and III, the OH technique uses only one spectral feature
and thus cannot place independent constraints on fg and Tg.
One must assume a Ty or derive it by using some other
method before fg can be calculated. But once T is known,
the OH technique, like the TiO band method, determines
an f; that represents an absolute measure of the starspot
coverage, regardless of the spatial distribution of the spots.
Traditional photometric light-curve modeling can measure
only an asymmetric spot distribution, or differences from an
assumed “immaculate” light level; a longitudinally sym-
metric spot distribution produces no variation in the star’s
brightness. Doppler imaging (DI) also often misses a sym-
metric spot component.

In an important sense, our OH line technique is comple-
mentary to Doppler imaging. The OH method works best
at lower v sin i values where DI is ineffective. Conversely,
DI is superior at high v sin i, since for v sin i = 50 km s~ 2,
the OH lines begin to blend with the nearby strong Fe 1
features, rendering their measurement more difficult. There
is a substantial overlap in the applicability of the two tech-
niques; II Peg (v sin i = 23 km s~ 1), for example, is easily
studied by both methods (e.g., Berdyugina et al. 1999). In a
future study, we plan to apply DI techniques to some of the
data presented here and in ON to derive maps of starspot
coverage based on IR spectra. The OH spectra will give us
the ability to determine a true fg value for each spectrum,
constraining the small-size-scale symmetric spot com-
ponent that DI often misses. DI can provide the actual
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maps of starspot coverage that are not possible to derive
from OH measurements of f5 alone.

There are several advantages gained from observing star-
spots in the OH absorption lines rather than in TiO bands.
First, R, is much greater in this spectral region than in the
visible, so starspots have a greater effect in the overall spec-
trum. In this study, we have measured fg values as low as
0.06, a substantial improvement on the lower limit to the
sensitivity of the TiO band technique (~0.10-0.12). 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, Tuominen, & Vilhu 1990). We estimate that in
an active star with T, = 4800 K, f5 = 0.32, and Ty = 4400
K, the OH lines used here would have an equivalent width
of 0.1 A, compared with 0.06 A for an unspotted star of the
same 7. Finally, analysis of the OH lines is easier in SB2
systems than the complex extended TiO bands.

The uncertainties given in Table 2 are statistical errors.
They were computed by, first, fitting an active star spectrum
with one nonspot comparison star and several (usually 3-5)
spot comparison stars of T, near that of the assumed T of
the active star. Taking the fg values for these fits gave us an
average fg with an uncertainty equal to one-half the total
range of f; values for those fits. We then used 1-3 other
nonspot comparison stars to compute the fits and computed
an average f; and uncertainty for the fits using each nonspot
comparison star. Averaging these fg values and their uncer-
tainties gave us the entries in Table 2.

There are two primary sources of systematic error in this
technique. First is the basic concern as to how well the
spectrum of an inactive star of temperature T, can stand as
a proxy for a starspot with Tg = T.. This error is difficult
to quantify without detailed starspot atmosphere models.
The second main source of systematic error (for active
subgiants) is uncertainty about whether molecular features
in giants are good proxies for starspots on subgiants (only ¢
Gem is unambiguously assigned to luminosity class III). In
Paper I we showed that the TiO bands are as much as 5
times deeper in giants than in dwarfs of the same T, and
the same strengthening of the molecular features with
decreased gravity can be seen in OH. In Paper II we discuss
the possible effects of log g on the spectra of starspots and
estimate that the error introduced by using giant spot
proxies for subgiant active stars is an underestimate of
perhaps 0.1 in f.

Results of TiO band measurements have already yielded
important insights into the thermal and magnetic properties
of stellar spots (e.g., Saar et al. 2000). Simultaneous obser-
vations of active stars in TiO bands and in the OH features
would be useful. The TiO bands can independently measure
T, whereas the OH lines provide a more sensitive measure
of fs, especially for warmer Tg. Possible variations in Ty
among spots can also be studied in more detail (e.g., O’Neal,
Saar, & Neff 1998). Contemporaneous photometry would
also be valuable in constraining T and fs (e.g., Paper III).
Combined with simultaneous Doppler imaging, OH and
TiO data should lead to a much more nearly complete
understanding of spatial and physical properties of star-
spots. There now exist molecular line data of sufficient
quality (e.g., Valenti, Piskunov, & Johns-Krull 1998) that
we will soon be able to model directly the molecular fea-
tures in the nonspot and spot stellar atmospheres. Compar-
ing these results with those using our nonspot and spot
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proxies will provide valuable information on the question of
how well proxies model spot atmospheres and on the reli-
ability of both our technique and the molecular line lists.

5. SUMMARY

We have analyzed spectra of nine late-type magnetically
active stars—six RS CVn systems and three active dwarf
stars—in the H-band region near 1.563 ym containing the
6397 cm ! (1.563 um 3—1 P2e and P2f [J = 5.5]) transitions
of the OH molecule. In spectra of inactive stars, the equiva-
lent width of these OH lines increases as T,;; decreases from
5000 to 3000 K. We clearly see excess OH absorption in the
active star spectra compared with rotationally broadened
spectra of inactive comparison stars of the same T;,. For six

of our active stars, this is the first measurement of starspot
parameters using OH lines. Also for the first time, we have
been able to use molecular spectral features to measure the
starspot filling factors of active components of double-lined
spectroscopic binaries. This technique greatly increases (by
~1000 K) the range of starspot temperatures that can be
studied via molecular absorption features.
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ported by Hubble Space Telescope grant GO-6676 (S. H. S.).
J. K. M. acknowledges the financial support of Washington
and Jefferson College. This research made use of the
SIMBAD database, operated at CDS, Strasbourg, France.
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