
The Radio Properties of the dMe Flare Star Proxima CentauriJeremy LimInstitute of Astronomy & Astrophysics, Academia Sinica,P.O. Box 1{87, Nankang, Taipei, Taiwan 115, ROCemail: jlim@biaa3.biaa.sinica.edu.twStephen M. WhiteDepartment of Astronomy, University of Maryland, College Park, MD 20742, USAemail: white@astro.umd.edu& O. B. SleeAustralia Telescope National Facility, CSIRO, PO Box 76, Epping, NSW 2121, Australiaemail: bslee@atnf.csiro.auABSTRACTWe present radio observations of the dM5.5e are star Proxima Centauriat 20, 13, 6, and 3.5 cm. The star was only detected during an impulsive,highly circularly{polarized and apparently narrowband are at 20 cm, similar tothose seen on other dMe are stars. This are was detected in just �1.7 hrsof observing time spanning a �12 hr period, suggesting that Proxima Centaurimay be a proli�c producer of coherent bursts at 20 cm. On the other hand,despite �30 hrs of observing time at both 6 and 3.5 cm over a 4 yr period, thestar was not detected as either a aring or a quasi{steady (quiescent) source atthese wavelengths. We place an upper limit of �2 � 1011 erg Hz�1 s�1 on itsradio luminosity at 6 and 3.5 cm, the lowest detection threshold yet reached fora star other than the Sun. This upper limit is approximately equal to the radioluminosity of the active Sun (i.e., at or close to the peak in its activity cycle)outside of ares.Our results place important constraints on the �lling factor of �500|1000 Gmagnetic loops containing X{ray{emitting plasma on Proxima Centauri. Becausesuch loops should be optically thick to gyroresonance emission at cmwavelengths,their �lling factor can be inferred directly from the measured stellar radio uxdensity. Our radio results imply that loops at temperatures�2�107 K, represen-tative of the hot stellar X{ray component, have a �lling factor of � 13%. Loopsat temperatures �3� 106 K, similar in temperature to the non{aring solar ac-tive region corona, have a �lling factor of � 88%. Our results are compatible



{ 2 {with present empirical relationships for the magnetic �eld parameters of late{type dwarf stars as applied to Proxima Centauri. Based on its measured rotationperiod (Prot � 41 days) and the ratio of its soft X{ray to bolometric luminos-ity (Lx=Lbol � 2:4 � 10�4), these relationships predict that Proxima Centaurishould be about an order of magnitude below the saturation limit in magneticactivity, where the entire surface of stars is thought to be covered by kilogaussX{ray loops. We compare our results with the contrasting case of UV Ceti, adM5.5e are star that according to the same empirical relationships should beapproximately as magnetically active as Proxima Centauri. UV Ceti, however,displays quiescent radio emission with a luminosity that is more than an orderof magnitude higher than the upper limit placed on Proxima Centauri.Our radio observations place an upper limit of �7 � 10�12 M� yr�1 on themass{loss rate by any stellar wind (assumed to have a velocity of 300 km s�1)from Proxima Centauri. This upper limit is almost 2 orders of magnitude lowerthan that inferred by Mullan et al. (1992) from mm wavelength observations ofother dMe are stars. We show that the high mass{loss rate inferred by Mullanet al. (1992) is untenable if our present understanding of the cm wavelengthradio emission of dMe are stars is correct.Subject headings: stars: individual: Proxima Centauri - radio continuum: starsstars:activity - stars: coronae - stars: magnetic �elds - stars: mass loss1. INTRODUCTIONBy analogy with the Sun, the coronae of late{type dwarf stars are thought to consistof closed magnetic �elds con�ning hot plasma (hereafter referred to as magnetic loops; e.g.,Rosner, Golub, & Vaiana 1985). Because, apart from the Sun, the coronae of these starscannot be spatially resolved, any knowledge of the distribution in �eld strength, plasma den-sity, and temperature of magnetic loops over the stellar surface has to be inferred indirectly.In this paper we present radio observations which probe the corona of Proxima Centauri,the star closest to the Sun. These radio data, when combined with published soft X{rayobservations, place important constraints on the properties of coronal magnetic loops on adMe are star.White, Lim, & Kundu (1994; hereafter WLK94) have shown how radio and soft X{ray data can be used together to test coronal models for solar{type stars. As is the case



{ 3 {in the solar corona, magnetized X{ray loops on these stars should be optically thick togyroresonance radio emission up to a turnover frequency (in GHz)�t;GHz = 2:8� 10�3 s Bmax ; (1)where the particular harmonic s (an integer) is the highest at which the emission is opticallythick, and Bmax the maximum �eld strength of the loop in gauss. The turnover frequencyof gyroresonance emission, as on the Sun, is expected to depend primarily on Bmax. Onrapidly{rotating late{type dwarf stars, much of the photosphere is thought to be covered bykilogauss magnetic �elds (see reviews by Saar 1990a, 1990b, and references therein); in thissituation the magnetic �eld cannot diverge quickly with height, and hence the magnetic scaleheight in the corona is expected to be large (see discussion in WLK94). Simple theory thenpredicts that, for parameters typical of dMe stars, gyroresonance emission should be opticallythick at microwave frequencies for all harmonics up to s = 5 (WLK94). (By comparison, onthe Sun gyroresonance emission is throught to be optically thick up to only s = 2 or s = 3.)Thus, at a radio frequency of, say, 15.0 GHz, loops with magnetic �eld strengths B � 1070 Gshould be optically thick to gyroresonance emission, and have radio brightness temperatureequal to the soft X{ray temperature of the con�ned plasma. Measurement of the stellarradio ux then gives a direct measure of the projected surface area coverage (i.e., projected�lling factor; the ratio of the projected area of emission to the area of the stellar disk) ofsuch loops. WLK94 used this technique to probe the �lling factor of loops with kilogauss�elds (B � 1070 G) con�ning hot plasma (T � 107 K) on numerous highly active dMe arestars. They found that in the majority of cases | speci�cally where the radio emission isnot confused by nonthermal radio emission | the upper limit placed on the �lling factor ofany such loops can be much smaller than the stellar disk.In this paper, we use the same technique to probe the properties of X{ray{emittingcoronal magnetic loops on the dM5e are star Proxima Centauri. Its proximity allows us toprobe with great e�ective sensitivity its radio corona. Speci�cally, we are able to investigateloops with �eld strengths of only 400{600 G, and for these loops determine not only thesurface coverage of those con�ning relatively hot X{ray{emitting plasma at T � 107 K,but also those containing cooler X{ray{emitting plasma at T � 3 � 106 K. The latter iscomparable in temperature to the non{aring (i.e., quiescent) solar active region corona.In x2 we present our radio observations and results. In x3 we briey summarize previouslypublished soft X{ray observations of Proxima Centauri, and also the distribution in emissionmeasure with temperature that has been inferred for its quiescent X{ray corona. In x4we use the radio and X{ray data together to constrain the properties of coronal magneticloops on Proxima Centauri, and in x5 we discuss our results in the context of our presentunderstanding of the radio emission and magnetic �eld parameters of active late{type dwarfstars. Finally, in x6 we summarize our conclusions.



{ 4 {2. OBSERVATIONS and RESULTSSensitive radio observations of Proxima Centauri became possible with the commission-ing of the Australia Telescope Compact Array (ATCA) in the late 19080s. We observedProxima Centauri with ATCA on four occasions spanning a period of nearly 4 years. Thedates, times, and wavelengths at which these observations were performed are summarized inTable 1. On 1990 July 24, we observed the star at 6 cm only. On 1991 Aug 31, we switchedconsecutively between 20, 13, 6, and 3.5 cm. On 1993 Sep 16 and 1994 May 25, we observedsimultaneously at 6 and 3.5 cm. In the �rst observation no polarization measurements weremade, and here we calibrated the data using AIPS. In all subsequent observations polariza-tion measurements were carried out, and thence we calibrated the data using MIRIAD. Inall observations we imaged the data using AIPS.The results of our radio observations are summarized in Table 1, where the upper limitsquoted are 3�, with � the noise level in the integrated data at a given wavelength. Wedetected Proxima Centauri only once, on 1991 Aug 31, when it displayed a short durationand highly circularly{polarized (�100%) are at 20 cm. The temporal morphology of thisare in Stokes I and V is shown in Figure 1. We appeared to have caught the are only atits peak and/or in its decay phase. It was not detected in the preceding scan at 13 cm, norin the following scan at 3.5 cm, suggesting that it is narrowband. Apart from this are, wedid not detect the star at any wavelength on the same day, nor on the other days.Proxima Centauri has a large proper motion, and its optical position listed in widelyused catalogues can di�er considerably. In Table 2 we list the optical position for ProximaCentauri at equinox 2000 from the SIMBAD database, the Hipparchos input catalog (HIC),and the recent measurement made by Benedict et al. (1993). We also list the proper motionquoted in the SIMBAD database and the HIC. The stellar position listed in the SIMBADdatabase is quite di�erent from that listed in the HIC and the measurement of Benedict etal. (1993); the latter two positions, on the other hand, agree to within �100. The positionquoted by Benedict et al. (1993) was based on observations made in 1992 Jun/Jul, andcorrected for proper motion. The proper motion used, however, was not speci�ed. In thispaper we have used the optical position quoted by Benedict et al. (1993), and the propermotion quoted in the Hipparchos input catalog, to derive the optical position of ProximaCentauri during each of our observations.In Figure 2 we show maps of Proxima Centauri in both Stokes I and V made fromthe are at 20 cm on 1991 Aug 31, and the extrapolated stellar optical position. The goodagreement between the radio and optical positions (certainly better than �200:5, the armlengths of the cross) suggests that the method used to infer the stellar optical position is



{ 5 {reliable. Except for this are, we did not detect a radio peak greater than 3� in a circulararea of diameter 500 (a conservative choice) centered on the optical position of ProximaCentauri in any of our observations. As an example, in Figure 3 we show our most sensitivemap at 3.5 cm made from the last observation in 1994 May 25. In all our observations, wedetermined the noise level at each wavelength from the Stokes V map, except in the �rstobservation when we measured the rms noise level from the Stokes I map at a position faroutside the primary beam. Both methods give us a conservative estimate of the actual noiselevel in each map.3. SOFT X{RAY EMISSION FROM PROXIMA CENTAURIThere is a long history of soft X{ray observations of Proxima Centauri, beginning in1979. It has been detected, both in quiescence and in ares, by the X{ray satellites EIN-STEIN (Haisch & Linsky 1980; Haisch et al. 1980, 1981; 1983; Agrawal, Rao, & Sreekantan1986; Reale et al. 1988; Schmitt et al. 1990), EXOSAT (Collura, Pasquini, & Schmitt 1988;Pallavicini, Tagliaferri, & Stella 1990), and ROSAT (Fleming et al. 1993). In Table 3 wesummarize all published soft X{ray observations of this star, listing the dates of the obser-vations, the satellite observatory involved, the measured quiescent stellar X{ray luminosity,and the relevant reference(s) for each observation. Over the 11 yr period of reported ob-servations, Proxima Centauri has shown a nearly constant quiescent X{ray luminosity ofLx � 1:5� 1027 erg Hz�1 s�1, except on 1980 Aug 20 when it appeared to be a factor of �2lower in luminosity than on the other occasions. Collura, Pasquini, & Schmitt (1988) havesearched for low{level variability in the quiescent X{ray luminosity of Proxima Centauri,and found none with amplitude greater than 11%{22% on time scales of 67 mins down to2 mins.For our purposes the distribution of emission measure with temperature in the coronaof Prox Cen is important. The nature of this distribution in the coronae of active late{typedwarf stars has been (and continues to be) a subject of considerable debate (see reviewsby Schmitt 1988, and Pallavicini 1988, 1989). There is general agreement that the coro-nae of these stars cannot be satisfactorily modelled by a single isothermal plasma. Two{temperature and powerlaw di�erential emission measure (DEM) distributions have also beenused as approximations to the true continuous DEM; in general, the two{temperature modelsseem to give acceptable �ts (e.g., Schmitt et al. 1990 and references therein). Recent EUVEobservations in which lines from many di�erent ionization states of Fe may be resolved, andwhich are therefore more appropriate for determining a continuous DEM, suggest that theDEM for active stars is indeed concentrated in two temperature ranges (e.g., Rucinski et al.1995). We will therefore follow other authors in adopting the two-temperature models as



{ 6 {reasonable approximations to the true DEMs. For Proxima Centauri, Schmitt et al. (1990)derived a temperature of �3� 106 K for the cooler X{ray component, and a temperature of�2 � 107 K for the hotter X{ray component. As on most other dMe are stars the hottercomponent has a larger emission measure than the cooler component, in the case of ProximaCentauri about a factor of 3.5 times larger. In the following we shall use the above tem-peratures as representative of the temperatures of the two most abundant X{ray{emittingcomponents in the stellar corona.4. CONSTRAINTS ON PROPERTIES OF CORONAL MAGNETIC LOOPSAt a distance of 1.31 pc, the ux density in �Jy, S�Jy , of a collection of sources, i, withbrightness temperature Tb;i and projected surface area coverage or projected �lling factor,fp;i, on Proxima Centauri is given byS�Jy = 5:6� 10�4 ��2cm Xi (fp;i Tb;i) ; (2)where �cm is the observing wavelength in cm; we have assumed a stellar radius of 0:15R�(Pettersen 1980). Note that fp;i has been de�ned as the ratio of the actual projected areaof emission to the area of the stellar disk, and may therefore be greater than unity. Themost stringent constraints on the �lling factor of X{ray magnetic loops on this star is placedby the most sensitive observation, that of 1994 May 25, when we place 3� upper limits ofS6cm � 110 �Jy and S3:5cm � 120 �Jy.As discussed by White et al. (1994), a simple model for the coronae of are stars whichfollows from the high �lling fraction of strong magnetic �elds in the photospheres of thesestars is to assume that the X{ray emitting plasma is con�ned in coronal loops with strongmagnetic �elds. For typical conditions in are star coronae, the hot component of thecoronal plasma will be su�ciently hot and dense that such loops will be optically thick togyroresonance emission at wavelengths of 6 and 3.6 cm as long as the �eld strength exceeds430 and 610 G, respectively (corresponding to a gyroresonance harmonic of s=5). ProximaCentauri has X{ray properties very similar to those of UV Ceti (see below), which is one ofthe examples used by WLK94, and so the arguments used for it may be applied to Prox Cenalso. Our radio data place stringent constraints on the (solid angle) �lling factor of loopswith such strong magnetic �elds containing hot X{ray emitting plasma at a (representative)temperature of �2�107 K. The measured 6 cm upper limit implies that any such loops musthave fp < 0:35, whereas the 3.5 cm upper limit implies that any corresponding loops musthave fp < 0:13. These limits are comparable to or smaller than those inferred by WLK94for other dMe are stars, with the important di�erence being that | for the same �lling



{ 7 {factor of strong photospheric magnetic �elds | the loops considered here are permitted tohave signi�cantly lower (maximum) �eld strengths. The radio data also place constraintson the �lling factor of X{ray{emitting loops with a temperature of �3 � 106 K, similar intemperature to the solar active region corona. Because these loops are cooler, they will notbe optically thick up to s=5; rather, they are only likely to be optically thick up to s=3,corresponding to minimummagnetic �eld strengths of 730 G at 6 cm and 1040 G at 3.5 cmwavelength. The 6 cm upper limit implies that any such optically thick loops must havefp < 2:36; the 3.5 cm data place a more stringent upper limit, implying that any loops withsu�cient �eld strengths must have fp < 0:88. Given the likely �nite spread in temperatureof the cooler X{ray component, our results are compatible with a �lling factor of strongloops containing this cooler coronal component of approximately unity. These results aresummarized in Table 4. Note that in deriving the above constraints we have consideredeach X{ray component separately; when considered together, the upper limits placed on the�lling factor are even smaller than those derived above.Alternatively, we can consider the upper limit placed by our radio results on the (uniformor average) stellar disk temperature, Tdisk. Our results imply that Tdisk � 7:1�106 K at 6 cm,and Tdisk � 2:6 � 106 K at 3.5 cm. These upper limits are higher than the temperatures inthe stellar chromosphere and transition region. They clearly indicate that the lower corona ofProxima Centauri cannot be �lled with magnetic loops of kilogauss magnetic �eld strengthsand containing X{ray{emitting plasma with temperatures signi�cantly above that of theactive solar corona. Two other models would be consistent with the data: a corona in whichthe coronal loops with �eld strengths in excess of 400 G do contain hot coronal plasmabut their �lling factor is small; or else a corona in which the �lling factor of loops withlarge �eld strength may be high, but the hot coronal plasma lies in loops with low magnetic�eld strengths, e.g., at large heights in the corona. The latter explanation was preferred byWLK94 for the results in their sample of very active stars. As we discuss below, indirectevidence argues in favor of the former explanation in the case of Prox Cen.5. DISCUSSION5.1. Comparison to other dMe are starsAt present, the dMe are stars Proxima Centauri and the binary system L726{8 con-taining UV Ceti, the prototype are star, are the latest{spectral{type M dwarfs that havebeen well studied in both radio and soft X{rays. Proxima Centauri and UV Ceti have almostidentical spectral types, near M5.5, and also almost identical soft X{ray luminosities (e.g.,



{ 8 {Agrawal et al. 1986; Collura et al. 1988; Fleming et al. 1994). Note that the componentsof the L726{8 system are generally not spatially resolved in soft X{ray observations, andthe soft X{ray luminosity quoted in the literature for UV Ceti often refers to the total lu-minosity of the system. Because the primary component of the L726{8 system, L726{8A, isonly slightly earlier in spectra class (M5) than UV Ceti, both companion stars are thoughtto have approximately equal soft X{ray luminosities. Under this assumption, UV Ceti hasa soft X{ray luminosity equal to or no more than a factor of 2 higher than (depending onthe reference used) that of Proxima Centauri. Despite their similar spectral classes and softX{ray luminosities, outside of ares the upper limit placed on the radio luminosity of Prox-ima Centauri is at least a factor of 40{80 lower than the quiescent luminosity of UV Ceti.The latter is always detectable as a quasi{steady source with a ux density of 1{2 mJy atcm wavelengths, and is considered to be the prototypical quiescent stellar radio source (seeWhite, Kundu, & Jackson 1989 and references therein).Our result again emphasizes the unusually high radio luminosity of UV Ceti. By com-parison, its binary companion L726{8A is usually only detected as an impulsive aringsource (Gary, Linsky, & Dulk 1982; Kundu & Shevgaonkar 1985; White, Kundu, & Jack-son; Kundu et al. 1987; Jackson, Kundu, & White 1989). When detected as an apparentlyslowly{varying source, it usually has a ux density of 0.3{0.6 mJy at 6 and 3.6 cm (Kundu &Shevgaonkar 1985; Kundu et al. 1987; G�udel & Benz 1989), although ux densities � 1 mJy(Gary, Linsky, & Dulk 1982; Jackson et al. 1989) and upper limits � 0:3 mJy (Linsky &Gary 1983; G�udel & Benz 1989) also have been obtained. Thus, outside of ares, and whendetectable as a slowly{varying source, the luminosity of L726{8A is typically a factor of �3lower than the quiescent luminosity of UV Ceti. Most importantly, however, L726{8A doesnot appear to display quiescent emission with the same steady nature as that seen on itscompanion UV Ceti (or, if it does, at a much lower luminosity than presently detectable),despite having almost identical physical paramaters.The unusually high radio luminosity of UV Ceti also has been noted by G�udel et al.(1993) from the point of view of a proposed correlation between the soft X{ray and microwaveluminosity of M dwarf stars, later extended and found to hold for all active late{type starsin both single and binary systems (G�udel & Benz 1993). They �nd that the soft X{ray andmicrowave luminosity of active late{type stars follows the relationship logLx � logLR+15:5quite precisely, where Lx is the soft X{ray luminosity and LR the radio luminosity at 6 cm(and usually also at 3.6 cm, as these stars tend to have quite at radio spectra). Thisrelationship predicts a quiescent ux density of �0.07 mJy for each companion of the L726{8 system (dividing the soft X{ray ux equally between the two companions), more than anorder of magnitude below that observed for UV Ceti. By comparison, the remaining activelate{type stars considered by G�udel & Benz (1993) deviate from this relationship by a factor



{ 9 {of only 2{3. For Proxima Centauri the above relationship predicts a quiescent stellar uxdensity of �0.2 mJy, a factor of 2 higher than our observed upper limit and therefore stillcompatible with our result within the observed spread. So far, apart from UV Ceti, theonly other star known to be in clear conict with the proposed correlation is the dM4e arestar Rositter 137B (interestingly, its proper motion K1 dwarf companion AB Dor satis�esthis relationship). Rst 137B, at a distance of �15 pc (Guirado et al. 1995) and inferredage of 50 million yrs, displays a quiescent radio luminosity �30 times higher than that ofUV Ceti, and violates the proposed correlation by being overluminous in radio by nearly 2orders of magnitude. Pre{main{sequence stars with ages of order 1 million yrs also tend tobe radio{bright with respect to the radio{soft X{ray relationship (G�udel & Benz 1993).The upper limits placed on the radio luminosity of Proxima Centauri at 6 and 3.5 cmof �2 � 1011 erg Hz�1 s�1 (or logL6=3:5cm � 11:3) are the most sensitive radio luminositydeterminations achieved for a star other than the Sun. For comparison, the quiet Sunhas log L3:5cm � 10:8, the active (non{aring) Sun has log L3:5cm � 11:15, and during thestrongest ares the Sun can attain logL3:5cm � 12:4 (e.g., Kruger 1979). When making thiscomparison, however, one should keep in mind that the surface area of Proxima Centauri isnearly 50 times smaller than that of the Sun.Observations of nearby dMe are stars with the VLA have resulted in the detection of�40% of these stars at 20 cm and/or 6 cm, with a greater fraction likely to be detected givenmore observing time or greater sensitivity (White, Jackson, & Kundu 1989 and referencestherein). Yet, in about 30 hrs of observations at both 6 and 3.5 cm, no emission has beendetected at these wavelengths from Proxima Centauri. By contrast, we detected a 20 cm arefrom the star in just a total of 1.7 hrs observing time over a 12 hr period. Thus, like otherdMe are stars, Proxima Centauri may be vigorous producer of coherent radio emission (at20 cm). Unlike a large fraction of other dMe are stars, however, Proxima Centauri appearsto be a relatively weak (if any) producer of nonthermal gyrosynchrotron emission (at 6 and3.5 cm).5.2. Comparison with Photospheric Magnetic Field ParametersThere are, at present, no direct measurements (e.g., using the Zeeman e�ect) of the pho-tospheric magnetic �eld strength and its �lling factor on Proxima Centauri. Our detection ofa 20 cm are suggests the presence of quite strong magnetic �elds in the corona of ProximaCentauri; using the usual argument that the are is produced by electron{cyclotron maseremission at the second harmonic of the gyrofrequency, one infers a coronal magnetic �eldstrength of �250 G. The very detection of starspots on Proxima Centauri by Benedict et al.



{ 10 {(1993) implies a non{negligible �lling factor of strong photospheric magnetic �elds. In lieu ofdirect measurements, however, we shall use several indirect arguments to infer the possiblestellar photospheric magnetic �eld parameters, and compare them with the constraints weinfer for the coronal magnetic �eld. First, we shall briey summarize the presently popularview of stellar magnetic activity indicators, and of stellar magnetic �eld parameters, as theyapply to late{type dwarf stars.Vilhu &Walter (1987) showed that there exists a well de�ned upper limit in the chromo-spheric (as measured by the Mg II h and k resonance lines), transition region (C IV �1550),and coronal (soft X{ray) emission of late{type dwarf stars. This upper limit is delineatedby rapidly rotating stars with periods Prot � 5 days, where as a ratio of their bolometricluminosity their chromospheric, transition region, and coronal output appear to be (approx-imately) constant over the spectral class range G0{M6. This has led to the idea that theentire disk of rapidly rotating stars is covered by magnetic structures responsible for bothheating and con�ning the observed hot atmospheric plasma. The surface coverage of suchactive regions is presumed to be smaller on slower rotating and less active stars, therebyresulting in a decrease in the observed magnetic{activity related atmospheric emission.The above picture seems to be consistent with Zeeman photospheric magnetic �eldmeasurements. These measurements indicate that kilogauss magnetic �elds cover a largefraction of the photosphere of moderately rapidly{rotating (Prot � 5{10 days) G{K dwarfs,and that such �elds essentially saturate the photosphere of rapidly{rotating (Prot � 4 days)dMe are stars (Saar 1990a and references therein). From these measurements, Saar (1987)and Linsky & Saar (1987) suggest that the �eld strength of photospheric magnetic uxtubes on active late{type dwarf stars is determined solely by the photospheric gas pressure,with the ux tubes maintaining equipartition with the photospheric gas energy density. Ingoing to later spectral types, the photospheric gas pressure, and hence the �eld strength ofphotospheric magnetic ux tubes, increases because of the increase in stellar surface gravity(which more than o�sets the decrease in photospheric gas temperature). For stars withrotation periods greater than �4 days, Saar (1987) found that their average photosphericmagnetic ux density, < fB >, decreases according to the relationship< fB > / 
1:3 ; (3)where 
 is the stellar angular velocity (i.e., inverse of the rotation period) (Saar 1990a andreferences therein). Because, of course, the magnetic �eld strength B maintains equipartitionwith the photospheric gas pressure independent of stellar angular velocity, this decrease inmagnetic ux density < fB > is thought to be caused by a decrease in the �lling factor f .In summary then, the observed saturation in magnetic{activity related atmosphericemission and strong photospheric magnetic �elds both support the idea that essentially



{ 11 {the entire surface of rapidly rotating late{type dwarf stars (with Prot � 4 � 5 days) iscovered by kilogauss magnetic �elds con�ning hot plasma. As one progresses towards slowerrotating stars, the �lling factor of such active regions decreases. In this picture, the Sun isa prototypical example of a slowly rotating star with a small �lling factor of active regions.We shall now use several indirect arguments to investigate the likely �lling factor ofstrong magnetic �elds on Proxima Centauri, and, for comparison, UV Ceti. First, we use theratio of its soft X{ray to bolometric luminosity, Lx=Lbol � 2:4 � 10�4 (e.g., Agrawal, Rao,& Sreekantan 1986; Fleming et al. 1993). This is signi�cantly lower than the saturationlimit of Lx=Lbol � 10�3 observed for active late{type dwarf stars spanning the spectral classrange G{M (e.g., Vilhu & Walter 1987); by comparison, during solar maximum the Sun hasLx=Lbol � 10�5, an order of magnitude lower than on Proxima Centauri. Fleming et al.(1993) have shown that this saturation limit extends to stars as late as M6, although atpresent this statement rests on only one star, WX UMa. The other 4 stars with spectralclass in the range M6{M7, and which were detected in soft X{rays, had ratios of Lx=Lbolof only a few times 10�4, comparable to that of Proxima Centauri. If we assume that theaverage surface X{ray ux per unit area in active regions is the same for all stars of thesame spectral class (independent of rotation period), one infers from Lx=Lbol (a factor of�4 below the saturation limit) that �25% of the surface of Proxima Centauri could becovered by X{ray loops with kilogauss �elds; under the same assumption, one would inferthat �1% of the surface of the Sun is covered by kilogauss �elds during solar maximum, as isindeed observed. For a �lling factor of �25%, less than half of the coronal loops on ProximaCentauri can be �lled with the hot X{ray component, although the remaining loops couldcontain plasma at temperatures similar to the solar active region corona. The same analysisapplied to UV Ceti would suggest that �25{50% of its disk can be covered by kilogaussX{ray loops, which would not be su�cient to explain the high-frequency microwave ux asgyroresonance emission. If on Proxima Centauri the photospheric �eld was to expand inthe corona to cover the entire stellar disk (in which case, for a equipartition photosphericmagnetic �eld strength of 5 kG, the average �eld strength in the low corona would stillexceed 1 kG), then our observations imply that not all the loops can be �lled with plasmaat temperatures comparable to or higher than the solar active region corona; a fraction ofthe loops must contain signi�cantly cooler plasma.A second method for estimating �lling factors is suggested by Saar & Schrijver (1987)(see also Saar 1988), who found an almost linear dependence between the mean surface softX{ray ux, Fx, and the average photospheric magnetic ux density, < fB >, for activelate{type dwarf stars of Fx � 6 � 103 < fB >0:90�0:10 ; (4)independent of spectral class from G{M. This, they suggest, may be evidence for a causal



{ 12 {link between the surface soft X{ray ux and the photospheric magnetic ux density of thesestars, as the same dependence appears to be seen on the Sun (according to Schrijver 1987).If we apply the above relationship to Proxima Centauri, then we expect < fB >� 330 G.For an equipartition �eld strength of B � 5 kG, f � 7%. This is compatible with the upperlimits to the �lling factor of kilogauss X{ray coronal loops on Proxima Centauri implied bythe radio data. We note, however, that using the same relationship, UV Ceti also wouldhave a �lling factor of kilogauss photospheric magnetic �elds of only �7{14%, which againis inadequate to explain its high{frequency microwave ux as gyroresonance emission. Onecould postulate that on UVCeti the photospheric �eld expands extremely rapidly with heightto �ll the entire low corona, and that all these �eld lines contain � 107 K plasma, therebyproducing the proposed gyroresonance emission. Such a situation with fphotosphere � 1 butfcorona � 1 would make the behaviour of strong magnetic �elds on UV Ceti quite di�erentto the case on the Sun, and apparently also (many) other dMe are stars (e.g., ProximaCentauri).We wish to point out that Equation 4 was derived based on data for only a dozenstars and the Sun, although stars with rotation periods both shorter and longer than 5 dayswere included. The following argument, however, suggests that it may not be appropriatefor late{type dwarf stars at the saturation limit. According to Saar (1987), for these starsthe magnetic ux density (< fB >) increases towards later spectral types because of theincrease in equipartition photospheric magnetic �eld strength (the �lling factor stays ap-proximately constant at or near unity). On the other hand, the measured surface X{ray ux(Fx) decreases towards stars of later spectral types; i.e., Lx=Lbol remains the same, but Lboldecreases much more rapidly than the stellar surface area (e.g., in going from G0 to M0,Lbol decreases by a factor of �20, but the stellar surface area decreases by only a factor of�3); this is consistent with the idea that the corona of smaller stars have a smaller volume,presumably because of a smaller scale height. This decrease in Fx with increasing < fB >for stars at the saturation limit is opposite to the relationship of Equation 4 suggested bySaar & Schrijver (1987).A third method for estimating �lling factors is based on the stellar rotation rate. Bene-dict et al. (1993) recently found periodic photometric variations on Proxima Centauri thatthey attribute to starspots. They infer a rotation period of �41 days for this star, in closeagreement with that prediced by Doyle (1987) based on an empirical relationship betweenthe Mg II h and k ux and the rotation period of F{M dwarfs. From the relationship betweenmagnetic ux density and rotation period speci�ed by Equation 3, one would then infer thatthe magnetic ux density of Proxima Centauri is �15 times less than that of stars withsimilar spectral type but at the saturation limit; our radio results are compatible with thisidea. The rotation period of UV Ceti has not been measured, but the empirical relationship



{ 13 {of Doyle (1987) predicts a rotation period of �27 days for this star. According to Equation 4,UV Ceti should have a magnetic ux density �10 times less than that of stars with similarspectral type at the saturation limit, that is, a �lling factor an order of magnitude less thancomplete saturation.In summary, several lines of argument suggest that the �lling factor of kilogauss pho-tospheric magnetic �elds on Proxima Centauri should be of order 10%. Since we expectthat the mean �eld strength of magnetic loops in the lower corona will be of order < fB >(WLK94) and therefore below the values needed to make the loops optically thick at 6 and3.6 cm, such a low �lling factor is compatible with our null detection of Proxima Centaurias a quiescent radio source at cm wavelengths, as the expected gyroresonance radio emis-sion from X{ray{emitting loops with such a small �lling factor is below our sensitivity level.The same arguments applied to UV Ceti predict a �lling factor of kilogauss photosphericmagnetic �elds only slightly larger. Thus, the unusually high quiescent radio luminosity ofUV Ceti (here referring speci�cally to the component attributed by G�udel & Benz (1989) togyroresonance emission) by comparison to Proxima Centauri and other are stars cannot atpresent easily be explained by the (indirect) data on their magnetic �elds.5.3. Limits on a Stellar WindDoyle & Mathioudakis (1991) and Mullan et al. (1992) have reported tentative detec-tions of a number of dMe are stars at 1 mm and, in a few cases, also at 2 mm. Mullanet al. (1992) attribute this emission to mass loss from an ionized stellar wind, and infer amass{loss rate of a few times 10�10 M� yr�1. This result, if correct, would have importantimplications for stellar evolution, and also the evolution of any planets around M dwarf stars.For example, if they experience such a high mass{loss rate throughout (the majority of) theirlifetimes, mid{M dwarfs would completely dissipate before they reach the main sequence!Proxima Centauri, if coeval with the � Centauri system (a subject of considerable debate;see Matthews & Gilmore 1993) and therefore at an age of �6 billion yrs (Flannery & Ayres1978), must have either descended from a signi�cantly more massive star, or experiencedsuch a high mass{loss rate over only a small fraction of its lifetime.The interpretation of Mullan et al. (1992) is not consistent with our microwave datafor Prox Cen. Two lines of argument suggest this. Firstly, the low radio luminosity weplace on Proxima Centauri implies that (at least for this star) the mass{loss rate from anystellar wind is much less than that inferred above. Using the same parameters as Mullan etal. (1992), we infer a mass{loss rate of � 7 � 10�12 (vW=300 km s�1) M� yr�1 for ProximaCentauri (see their Eq. 2, but modi�ed to 3.5 cm by using the fact that free{free emission



{ 14 {from a stellar wind should have a radio spectral index of +0:6), where vW is the stellar windvelocity (assumed to be 300 km s�1 by Mullan et al. 1992). This upper limit is nearly twoorders of magnitude lower than the mass{loss rate inferred by Mullan et al. (1992) for otherdMe are stars. For comparison, based on a rather simple (and necessarily accurate) model,Badalyan & Livshits (1992) predict that active late{type stars should have a mass{loss rateof � 10�11 M� yr�1.Secondly, a stellar wind of the magnitude inferred by Mullan et al (1992) would beoptically thick to microwave emission at a height of at least � 50R� above the stellar surface.However, the observed highly{polarized narrowband 20 cm are requires either a relativelystrong magnetic �eld of order 200 G if it is cyclotron maser emission, which is unlikely to befound at such radii, or else an electron density of order 2 �1010 cm�3 if it is plasma emission;at such a density radio emission could never escape from a stellar wind as cool as 104 Kbecause of strong free{free absorption.6. CONCLUSIONSThe results of radio observations of Proxima Centauri at 20, 13, 6, and 3.5 cm suggestthat, like other dMe are stars, Proxima Centauri may be a proli�c producer of coherentradio bursts at 20 cm. Unlike a large fraction of other dMe are stars, however, it appearsto be a weak (if any) producer of nonthermal gyrosynchrotron emission at 6 and 3.5 cm. Atthese wavelengths, the upper limit placed on its radio luminosity of �2� 1011 erg Hz�1 s�1is the most sensitive determination for any star other than the Sun.Our radio results, when considered together with existing soft X{ray data, place im-portant constraints on the �lling factor of �500|1000 G X{ray{emitting magnetic loops onProxima Centauri. Loops at temperatures of �2 � 107 K, representative of the hot stellarX{ray component, have a projected area of less than �10% of the area of the stellar disk.Loops at temperatures of �3 � 106 K, representative of the cool stellar X{ray component(but similar in temperature to the non{aring solar active region corona), have a �lling fac-tor less than �90%. Our results are compatible with present empirical relationships thatpredict, based on the measured stellar rotation period of Prot � 41 days and the ratio of itssoft X{ray to bolometric luminosity of Lx=Lbol � 2:4 � 10�4, that the �lling factor of kilo-gauss photospheric magnetic �elds and kilogauss X{ray loops on this star should be of order10{20%. Such a photospheric �eld distribution will lead to mean magnetic �eld strengthsin the lower corona of Prox Cen which are too weak to support optically thick thermalgyroresonance microwave emission over a large enough area to have been detected. Theseempirical relationships predict that UV Ceti should have approximately the same magnetic



{ 15 {parameters as Proxima Centauri. Yet, compared to Proxima Centauri, UV Ceti displaysquiescent radio emission that is more than an order of magnitude more luminous.Finally, the upper limit placed on the radio luminosity of Proxima Centauri implies thatany stellar wind has a mass{loss rate of � 7 � 10�12 (vW=300 km s�1) M� yr�1. The latteris almost 2 orders of magnitude lower than that inferred by Mullan et al. (1992) from mmwavelength observations of other dMe are stars. Such a high mass{loss rate is untenable ifour present understanding of the cm wavelength radio emission of dMe are stars is correct.We thank the referee, Manuel G�udel, for his careful reading of the manuscript andhis valuable comments. The Australia Telescope National Facility (ATNF) is operated inassociation with the Division of Radiophysics by CSIRO. We would like to thank Graham J.Nelson for performing the observations of 1991 Aug 31. J. Lim gratefully acknowledges thereceipt of a Macquarie University Postgraduate Award, the support of CSIRO as a visitingstudent at the ATNF and Division of Radiophysics, and postdoctoral positions at Universityof Maryland and Caltech during which various portions of this work were conducted. Stellarradiophysics at the University of Maryland is supported by NSF grant AST 92{17891.
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{ 19 {Figure LegendsFigure 1Temporal morphology of the are at 20 cm from Proxima Centauri in (a) Stokes I, and(b) Stokes V. Each point corresponds to a 60 s integration, and has an error bar of length�1�.Figure 2Undeconvolved radio images of the are shown in Figure 1 in (a) Stokes I (contour levelsare 7.0, 9.5, and 12.0 mJy), and (b) Stokes V (contour levels are -5.0, -9.0, and -10.8 mJy).Background sources have been subtracted from the Stokes I image; no background sourceswere apparent in the Stokes V image. The aring source appears as a stripe because theinstantaneous response of the ATCA is a stripe (accompanied by weaker parallel stripescorresponding to sidelobes) orthogonal to the long axis of the linear array. The cross indicatesthe extrapolated optical position of Proxima Centauri during the observation (see text), andhas arms of length 500.Figure 3Radio image at 3.5 cm of the region surrounding Proxima Centauri. Contours are atintervals of �3�, �2�, �1�, 1�, 2�, 3�, 5�, and 10�, where 1� = 120 �Jy The opticalposition of the star is indicated by a cross, which has arms of length 500.



Table 1. Radio Observations of Proxima CentauriDate Time Wavelength Flux Density1990 Jul 24 01:00{14:21 6 cm < 250�Jy1991 Aug 31 00:55{13:40 20 cm < 310�Jy(a)00:40{13:30 13 cm < 420�Jy00:33{13:18 6 cm < 470�Jy00:22{13:07 3.5 cm < 550�Jy1993 Sep 16 07:14{12:27 6 cm < 200�Jy3.5 cm < 230�Jy1994 May 25 05:24{20:45 6 cm < 110�Jy3.5 cm < 120�Jy(a)One are detected
Table 2. Optical Position and Proper Motion of Proxima CentauriSource � � pm� pm�Simbad database 14:29:43.41 -62:40:44.4 �300:730� 000:009 000:772� 000:020Hipparchos input catalog 14:29:42.91 -62:40:47.2 �300:740�? 000:756�?Benedict et al. (1993) 14:29:43.00 -62:40:46.1Positions are for equinox 2000, in J2000 coordinates



Table 3. Summary of published soft X{ray observations of Proxima CentauriDate Observatory Lx references(erg Hz�1 s�1)1979 Mar 6{7 EINSTEIN �1:5� 1027 1, 21980 Aug 20 EINSTEIN �5� 1026 31985 Mar 2{3 EXOSAT �1:5� 1027 4,51990 Aug 7{10 ROSAT �1:4� 1027 6References for Table 3.(1) Haisch & Linsky (1980); (2) Haisch et al. 1980; (3) Haisch et al. 1983; (4) Collura, Pasquini, & Schmitt1988; (5) Pallavicini, Tagliaferri, & Stella 1990; (6) Fleming et al. 1993Notes to Table 3.One are also was detected in the 1979 Mar 6{7, 1980 Aug 20, and 1985 Mar 2{3 observations, while severalwere detected in the 1990 Aug 7{10 observations. The latter period corresponds to the ROSAT all{skysurvey.
Table 4. Constraints on properties of coronal magnetic loops on Proxima CentauriRadio Radio Soft X{ray Magnetic Fillingwavelength ux temperature �eld strength factor6 cm 110 �Jy �3� 106 K � 430 G 2.36�2� 107 K � 430 G 0.353:5 cm 120 �Jy �3� 106 K � 610 G 0.88�2� 107 K � 610 G 0.13
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