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tSpe
tros
opi
 observation of mole
ular features is ane�e
tive way to dete
t starspots on magneti
ally a
tive
ool stars. We have previously used the TiO and OHmole
ules to study spots on a
tive G and K stars; thiste
hnique works be
ause on these stars, these mole
uleso

ur primarily or entirely in the spots, not in the warmerphotosphere. To extend our te
hnique to 
ooler a
tivestars, we studied VO absorption features, whi
h �rst ap-pear in stellar spe
tra at late-M star temperatures. We�nd, however, that VO is not an e�e
tive diagnosti
 of
ool spots on M dwarfs; we suggest other mole
ules thatmight work better, though this needs further study.Key words: stars: a
tivity { stars: atmospheres { stars:spots { te
hniques: spe
tros
opi
1. Introdu
tionSpe
tros
opi
 observation of mole
ular spe
ies, in
ludingTiO (O'Neal et al. 2004) and OH (O'Neal et al. 2001) isis an e�e
tive way to dete
t dark, 
ool starspots on mag-neti
ally a
tive G and K stars. These mole
ules disso
iateat photospheri
 temperatures �4300 K, so their presen
ein the spe
tra of warmer stars is dire
t eviden
e for 
oolspots. We use spe
tra of ina
tive G and K stars as prox-ies for the non-spot photospheres of the a
tive stars, andspe
tra of M stars as proxies for the spots. Mole
ular spe
-tros
opy dete
ts the entire 
overage by dark starspots, solong as the temperature of the spots (TS) is below thetemperature at whi
h strong absorption features of themole
ule appear in stellar spe
tra. Figure 1 illustrates ourte
hnique in the region of the TiO bands beginning at7053 �A; we also show a �t to a spe
trum of the a
tivedwarf EQ Vir, for whi
h spot �lling fa
tor (fra
tional area
overage weighted by proje
tion and limb-darkening) fS= 0.39.Many M dwarfs are highly magneti
ally a
tive, ex-hibiting 
ares, x-ray emission, and spots found by rota-tional modulation of light 
urves. TiO and OH are notgood diagnosti
s for spots on these stars, be
ause absorp-tion features from these mole
ules are strong at M starphotospheri
 temperatures �3800 K.

Figure 1. Illustration of TiO-band te
hnique for measuringstarspot properties. Top: Spe
tra of ina
tive stars 61 Cyg A(K5 V) and Gl 205 (M1.5 V), with a rotational broadeningfun
tion applied to mat
h EQ Vir's v sin i = 9.5 km/s. Spe
traare normalized; 61 Cyg A is verti
ally o�set. Bottom: Spe
trumof K5 Ve star EQ Vir (with noise) and �t to it (smooth) using61 Cyg A and Gl 205 as non-spot and spot proxies. The weakTiO absorption due to starspots is apparent; arrows mark thepositions of band heads. In this �t, fS = 0.39. The two plotshave di�erent verti
al s
ales.Bands of vanadium oxide (VO) �rst appear in late Mstars (e.g. Kirkpatri
k, Henry, & M
Carthy 1991). On amagneti
ally a
tive early- to mid-M star, VO absorptionwould be expe
ted only from 
ool starspots. This mole
ulethus holds promise for extending our te
hnique to 
oolera
tive stars. With this in mind, in 2001 De
ember we ob-tained R=60,000 spe
tra of several a
tive M stars (Ta-ble 1) using the Cassegrain E
helle Spe
trograph (M
-Carthy et al. 1993) and the 2.1-m teles
ope at M
Don-ald Observatory of the University of Texas at Austin. Wealso observed ina
tive 
omparison stars on this and pre-Pro
. 13th Cool Stars Workshop, Hamburg, 5{9 July 2004, F. Favata et al. eds.
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Table 1. A
tive M Dwarfs ObservedStar V I Sp
. Type Prot(d)LO Peg = Gl 4199 9.2 K8HK Aqr = Gl 890 10.8 M0 0.42V1005 Ori = Gl 182 10.1 M0YY Gem = Gl 278C 9.1 6.7 M0.5+M0.5 0.81DT Vir 9.7 M0.5EV La
 10.1 7.0 M3.5 4.4AD Leo 9.4 6.3 M3.5 2.7YZ CMi = Gl 285 11.1 8.0 M4.5 2.8vious runs. Our spe
tra 
over from 6500 �A to 9000 �A andin
lude VO band systems near 7400, 7900, and 8600 �A.2. VO bands in stellar spe
traIn a sequen
e of M dwarf spe
tra (e.g. Kirkpatri
k, Henry,& M
Carthy 1991), VO absorption is apparent in the 7400and 8600 �A bands beginning at approximately M6 V, andfor a slightly earlier spe
tral type in the 7900 �A band. InFigure 2, we 
ompare a CassE
helle spe
trum (smoothedto R = �=�� = 8000) of R Hya (listed as M7 III) with oneof BY Boo (M4.5 III). The VO bands appear qualitativelydi�erent from those of TiO. TiO exhibits sharp band headsat whi
h the 
ux drops suddenly, while VO manifests as a\s
ooping out" of 
ux over a larger wavelength region. Tomeasure VO absorption in the 7400 �A band, Kirkpatri
k,Henry, & Simons (1995) de�ne a VO ratio asV O7400 = 0:5625(F7350�7400) + 0:4375(F7510�7560)F7420�7470 ; (1)where F�1��2 is the total 
ux integrated between the twowavelengths. This is the ratio of 
ux expe
ted in the ab-sen
e of VO absorption, as interpolated between pseudo-
ontinuum regions on either side of the band, to the a
tual
ux within the band. The 
oeÆ
ients in the numeratorarise be
ause the 
enter of the �rst wavelength region is
loser than the 
enter of the se
ond to the 
enter of thein-band (denominator) wavelength region, by a ratio of0.4325/0.5625 = 70/90.For our analysis, we de�ne a similar ratio for the 7900 �AVO band:V O7900 = 0:5334(F7760�7820) + 0:4666(F8060�8120)F7900�7960 ; (2)and for the 8600 �A VO band: V O8600 = 1:6�[0:5967(F8467�8492 + F8505�8530) + 0:4033(F8750�8800)℄F8570�8650 :(3)The 1.6 
oeÆ
ient is ne
essary be
ause the out-of-band(denominator) wavelength regions are 5/8 as long as thein-band (denominator) region. The break in the �rst re-gion in V O8600 avoids the strong 8498 �A Ca II line.

Figure 2. Comparison of BY Boo (M4.5 III, top spe
trum inea
h frame) with R Hya (M7 III). In R Hya, VO bands at (a)7400 �A, (b) 7900 �A, and (
) 8600 �A are seen as a \s
oopingout" of 
ux over a wide wavelength range. In (
), the featuresnear 8432 �A and 8860 �A are TiO band heads. In ea
h panel,intensity s
ales for the two spe
tra were mat
hed near the redend of the VO band, then verti
ally o�set.We measured these VO ratios in ina
tive M dwarfs andgiants. Only V O7900 was signi�
antly di�erent from 1 inany of these stars of spe
tral type M6 or earlier. In Figure 3we plot V O7900 against spe
tral sub
lass. The giants anddwarfs have similar dependen
ies of VO absorption withspe
tral type. We take �=0.023 as the un
ertainty in ea
hmeasurement; this is the standard deviation of VO ratiovalues 
omputed from spe
tra in whi
h they are expe
tedto be 1.R Hya shows V O7400 = 1.51, V O7900 = 2.74, andV O8600 = 1.20. We 
ompute its Te� = 3050 K from 
olor-temperature relations (Houdashelt et al. 2000; Bessell,Castelli, & Plez 1998; Strassmeier & S
hordan 2000). It isa Mira variable, however, so possibly it was 
ooler whenwe observed it. Comparing to a grid of M dwarf spe
tra(Kirkpatri
k, Henry, & M
Carthy 1991), our R Hya spe
-trum most resembles that of an M9 V star. VO absorptionstrength rea
hes a maximum among dwarfs at M9 (Mart�inet al. 1999) and weakens in early L dwarfs (Kirkpatri
k etal. 1999). Thus our R Hya spe
trum might represent 
loseto the maximum possible strength of the VO features.3. Sear
h for VO in a
tive starsNeither V O7400 nor V O8600 was signi�
antly di�erent from1 in any of our a
tive star spe
tra. For V O7900 (Figure 3),
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Figure 3. (a) V O7900 ratio for ina
tive M giants (diamonds)and dwarfs (asterisks) plotted against M spe
tral sub
lass (-1 =K7-8). (b) A quadrati
 �t to the V O7900 ratio for ina
tive stars(solid line) and the V O7900 ratio for a
tive M stars (triangles),showing the la
k of measurable ex
ess absorption.values for a
tive stars fell very 
lose to the V O7900 vs.spe
tral type relation of ina
tive stars. Sin
e �=0.023 a2� dete
tion would require the VO ratio to be 0.046 abovethat for an ina
tive star of its spe
tral type.We thus 
omputed syntheti
 spe
tra to set limits fordete
table �lling fa
tors fS of starspots on these stars; thisrequires substantial assumptions about the temperatureor equivalent spe
tral type of the spots. Two proxy spe
tra
an be added together to make a model of an a
tive-starspe
trum using:F = fSR�FS + (1� fS)FQfSR� + (1� fS) : (4)This weighted sum 
ombines the spe
trum from a spotproxy FS and a non-spot proxy FQ to simulate the spe
-trum (F ) of a star with dark starspots. The two proxiesare normalized to the same arbitrary intensity s
ale at a
hosen wavelength �; R� is the 
ontinuum 
ux ratio (
om-puted using the Phoenix models by Allard, Haus
hildt, &S
hweitzer 2000) between the spots and photosphere atthis wavelength.A 
ooler spot does not ne
essarily lead to strongermole
ular absorption in the a
tive star spe
trum: if R�is small, the spots would have a small e�e
t in the over-all spe
trum, and even intrinsi
ally very strong mole
ularfeatures would be diÆ
ult to dete
t by 
ontrast againstthe photospheri
 light.

Table 2. Dete
tability of 7900 �A VO bandTS, K minimum dete
table fS2900 0.202800 0.252700 0.252600 0.352500 0.402400 0.50Table 3. Dete
tability of 7400 �A bandTS, K minimum dete
table fS2900 0.252800 0.302700 0.352600 0.45�2500 >0.503.1. ResultsAs non-spot proxies for the photospheres of the a
tivestars, we used Gl 488 (M0.5 V, Te� = 3700 K) and Gl 273(M3.5 V, Te� = 3150 K).The best 
ase for dete
ting VO in an a
tive star wouldbe if the spot had a spe
trum like that of R Hya (Fig-ure 2) but was not mu
h 
ooler than the photosphere. Weuse this somewhat unrealisti
 
ase [Basri et al. (2000) giveTe� �2400 K for an M9 V star, whose VO bands are ap-proximately as deep as those in our R Hya spe
trum℄ toexplore the dete
tability of VO from starspots.The 8600 �A band presents the most diÆ
ult 
ase fordete
tion, sin
e in spe
tra where it is strong, it o

urswhere the 
ux is depressed by the strong 8432 �A TiOband; thus VO takes 
ux out of a spot spe
trum alreadyquite dim at that wavelength. We do not 
onsider thisband further.On an M3.5 a
tive star, the 7900 �A band would bedete
table (2�) at or above the values of fS (
omputed at0.05 intervals) given in Table 2, for a spot whose spe
trumlooks like that of R Hya (TS is assumed spot temperature).For an M0.5 a
tive star, ea
h entry in the fS 
olumn in-
reases by 0.05.The 7400 �A band on an M3.5 a
tive star, if the spotlooks like R Hya, would be dete
table at the fS values inTable 3. On an M0.5 a
tive star, at TS=2900 K, fS wouldhave to be 0.40 or greater for this band to be dete
table;for TS �2700 K, no fS below 0.50 would be dete
table.Zboril (2003) studies photometry of the a
tive M4.5 Vstar YZ CMi and lists several possible spot models in-
luding one with fS = 0.23 and TS = 2700 K. Allard et
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al. (1997) give Te� � 2700 K for an M5.5-M6 dwarf; wethus model spots on YZ CMi using our observed spe
trumof WX UMa (M6 V, but itself quite a
tive, so possiblyexhibiting spots 
ooler than this). With non-spot temper-ature TQ = 3150 K and TS = 2700 K, we �nd that a spotwhose spe
trum looks like that of WX UMa would not bedete
table for fS < 0.50 in any of the three VO bands.4. Dis
ussion { other mole
ular indi
atorsWe 
on
lude that VO bands are not a reasonable wayto dete
t starspots with small to moderate �ling fa
torson a
tive M dwarfs. However, be
ause of the intrinsi
 in-terest in these stars, it is nonetheless desirable to �nd amole
ular indi
ator that 
ould be diagnosti
 of starspotson these stars. In our TiO studies of starspots, we havealmost ex
lusively used the band systems beginning near7053 �A and 8860 �A. Among other TiO bands, the systembeginning at 8432 �A is potentially useful as a diagnosti
of spot temperatures on 
ooler a
tive stars. In giants itbe
omes strong only at Te� < 3600 K (� M3 III) and isstill in
reasing in strength at Te� = 3000 K (O'Neal, Ne�,& Saar 1998). In our M dwarf data, we �nd possible ex
essabsorption in the TiO 8432 �A band system in the a
tivestar LO Peg (K8 V; Figure 4). The utility of this bandas a spot diagnosti
 for all late-type a
tive stars deservesfurther study.Another possibility is the FeH band at 9900 �A. Thishas been used by Valenti, Johns-Krull, & Piskunov (2001)to study magneti
 �elds in late M stars, and by Kirk-patri
k et al. (1999) as a spe
tral-type diagnosti
 for lateM and L dwarfs. Unfortunately, this feature is diÆ
ult toobserve due to the low QE of dete
tors at this wavelength.We plan to explore the utility of this mole
ule for starspotwork in the near future.A
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Figure 4. (Top) Spe
trum of LO Peg (K8 V, a
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