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khouseSmithsonian Astrophysi
al Observatory, 60 Garden St., Cambridge, MA, USAABSTRACTWe use Chandra observations to illustrate the X-ray spe
tral resolution and throughput required to probethe physi
al pro
esses in stellar 
oronae. With today's 
apability, we are in a strong position to quantify thephysi
al 
onditions (temperatures, abundan
es, and densities) for a number of stellar systems. The future holdsthe promise of dynami
al studies to test the physi
al pro
esses in the 
orona (heating, loop formation, winds).Diagnosti
 studies in
lude measurements of ele
tron densities in 
ool star atmospheres. Published mea-surements of ele
tron densities from Chandra and XMM-Newton in the brightest stellar 
oronae disagree bymore than an order of magnitude. We show that re
on
iling these measurements requires detailed treatment ofweak satellite spe
tra and other line blending. While these studies provide a sobering view of ele
tron densitymeasurements, they also provide a strong indi
ation of what 
an be learned in the future when we 
ombine highspe
tral resolution with high signal-to-noise.Dynami
 studies using Chandra HETG Doppler shifts are so far only reported for the most rapidly rotating
ool stars. These new measurements are somewhat 
ompromised by the presen
e of 
ontinuum and weak lineblends, and are near the statisti
al limit. Nevertheless, they 
an provide a realisti
 test of the spe
tral synthesissu
h that the lo
ation(s) of 
oronal loops 
an be 
ompared to the photospheri
 Doppler images. Examples ofwhat 
an be learned from dynami
 studies are presented.Keywords: stars: 
oronae, te
hniques: spe
tros
opi
, X-rays: stars1. INTRODUCTIONIn the X-ray emitting atmospheres of stars, a diversity of physi
al 
onditions allows us to explore the physi
alphenomena of 
are produ
tion, 
oronal heating, magneti
 re
onne
tion, wind a

eleration, and sho
ks. Highresolution spe
tros
opy holds the key to determining not only the physi
al 
onditions (temperature, density,and elemental abundan
es) but also the dynami
 e�e
ts of 
oronal phenomena.This paper illustrates the spe
tral resolution and throughput needed with the next generation of X-raysatellites to address some of the important goals of stellar 
oronal physi
s. While high spe
tral resolution atFe K (6 keV) a
hieved by mi
ro
alorimeters will fa
ilitate studies of 
ares, other basi
 questions in 
oronalphysi
s are best addressed at lower energy, where lines from the peak of the emission measure distribution areformed.Further author information: E-mail: nbri
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2. SPECTROSCOPY: THE SOLAR { STELLAR X-RAY CONNECTIONWhile the ri
h phenomenology of the solar 
orona 
an now be explored in exquisite detail with spe
tro-imagingte
hniques, many basi
 questions in 
oronal physi
s remain unanswered. Flaring loops are believed to be �lledby evaporation of 
are-heated 
hromospheri
 material; however, dynami
 pro
esses in 
ares as revealed bythe widths and shifts of solar X-ray lines are not in good agreement with models.1 Coronal loops observedin the EUV with TRACE and the EIT on SOHO appear more isothermal and overly dense 
ompared withpredi
tions from standard loop models, requiring non-uniform heating and probably deviations from hydrostati
equilibrium.2 TRACE images of a
tive region loops show no eviden
e for motions, yet simultaneous observationsusing the SUMER spe
trometer on SOHO show 
ows � 40 km s�1 in Ne VIII �780.32 down the loop legs.3Doppler line shifts in Fe XIX �1118.1 have re
ently been observed with SUMER above an a
tive region, showingos
illations with a period 14{18 min and a de
ay time 12-19 min and indi
ating velo
ities as high as 77 km s�1.4This line represents plasma signi�
antly hotter than typi
al a
tive region temperatures, though no indi
ation of
aring is present. Modeling the e�e
ts of high-temperature 
ows in 
oronal loops may provide 
lues to 
oronalheating. While individual stellar 
oronal loops are not a

essible through imaging te
hniques, some spe
tros
opi
signatures of dynami
 
oronal pro
esses have been dis
overed re
ently, suggesting ri
h possibilities for the future.There are good reasons to look at stars beyond the Sun to explore 
oronal physi
s. One major reason isthat stellar 
oronae o�er a mu
h larger parameter spa
e in whi
h to study physi
al pro
esses. Giant 
areson stars are orders of magnitude more energeti
 than solar 
ares,5 produ
ing total energies as high as 1037ergs with temperatures up to 108 K. Stellar 
oronae observed with EUVE and more re
ently with Chandraand XMM-Newton (notably Capella6 and � Ceti7) show remarkably narrow features at 6 � 106 { 107 K intheir emission measure distributions, derived from emission line 
uxes. These emission measure distributionsare more \isothermal" than expe
ted from 
lassi
 loop models. X-ray light 
urves of 
ares have been ableto 
onstrain the sizes and lo
ations of a few 
ares.,8, 9 indi
ating size s
ales smaller than the stellar radius.Line ratio diagnosti
s show eviden
e for densities as high as 1013 
m�3, requiring small s
ales and pressuresthree orders of magnitude larger than solar a
tive region pressures (though not unlike solar 
are pressures).10, 11These stellar 
hara
teristi
s are reminis
ent of the overdense, isothermal solar loops and may require similarheating me
hanisms. Finally the issue of 
ows 
an also be addressed on stellar systems. FUSE measurementsof Fe XVIII �974.9 in some late-type stars show broad pro�le 
omponents with non-thermal velo
ities as highas � 100 km s�1.12Stellar 
oronae also o�er a broad 
ontext in whi
h to 
onsider the relationship between dynamo a
tion andmagneti
 a
tivity. Opti
al Doppler images show high latitude a
tive regions in rapidly rotating systems,13, 14whereas the Sun shows only 
oronal holes near the poles. These \starspots" are surprisingly long-lived andstable, surviving more than 10 years on the RS CVn system HR 1099. It is believed that rapid rotation
an de
e
t the magneti
 
ux poleward through Coriolis for
es. Theoreti
al studies show that with in
reasingrotation rate, 
entrifugal for
es on large magneti
 loops lead to larger pressure and density and a less extended
orona.15 The EUVE spe
trum and light 
urve of 44i Boo (a 
onta
t binary with orbital period of 6.4 hrs)provided the �rst eviden
e for quies
ent polar emission.16Determining the sizes and lo
ations of 
oronal loops (both 
aring and quies
ent) is important for under-standing the role of rotation, binarity, stellar type or other fundamental parameters in magneti
 a
tivity. Wedis
uss in the next se
tions new X-ray spe
tros
opy results bearing on these questions.3. LINE FLUX DIAGNOSTICSLine 
ux measurements provide the fundamental diagnosti
s for determining emission measure distributions(i.e. the density of material emitted as a fun
tion of temperature), ele
tron density, and relative elementalabundan
es. Emission measure distributions over a broad X-ray emitting temperature range have been 
on-stru
ted for many late-type star using the emission lines of highly ionized iron observed �rst with EUVE andnow with the new X-ray spe
trometers.Elemental abundan
es are determined relative to the derived emission measure distribution. Observationsusing the Chandra and XMM-Newton gratings are providing the best information to date about stellar 
oronalabundan
e patterns. While EUVE observations 
ould only a

ess elements other than iron in the least a
tive



stars observable,17 the ASCA CCDs 
ould not easily distinguish more than a few temperature 
omponents inthe system, and thus 
ould not di�erentiate abundan
e e�e
ts from temperature e�e
ts in the global spe
tral �t.In fa
t, one of the early surprises of high resolution stellar X-ray spe
tros
opy has been the extraordinarily highabundan
e of neon | up to 10 times solar | in a
tive binaries,18,19 a result whi
h had only been suggestedby ASCA. While we do not yet understand the physi
s underlying abundan
e fra
tionation as material istransported from the photosphere into the 
orona, it is important to determine the abundan
e anomaly patternsin order to make progress. Whatever the explanation, knowledge of elemental abundan
es is 
riti
al to the proper
al
ulation of the radiative 
ooling. Radiative 
ooling is the one term out of three in the basi
 
oronal energybalan
e that we 
an now determine with high a

ura
y, with heating and 
ondu
tion remaining more elusive.Ele
tron densities are generally determined from the ratio of a weaker line to a strong resonan
e line, wherethe weak line 
annot qui
kly de
ay radiatively, as in 
ollisional ex
itation of low-lying metastable levels or �ne-stru
ture levels of the ground 
on�guration. EUVE studies of iron line ratio diagnosti
s have provided somestrong eviden
e for high ele
tron densities; however, many e�orts have been plagued by low signal-to-noise,potential blending of the lines at resolution �=�� � 300, and in
onsisten
ies among the densities derived fromsupposedly redundant diagnosti
s. Unfortunately, the early results from Chandra and XMM-Newton have notyet 
lari�ed the situation; even with Chandra and XMM the measurements are 
hallenging.Fig. 1 demonstrates the diÆ
ulty of making 
ux measurements for weak lines in the presen
e of 
ontinuumand weak line blending. The Chandra HETG and LETG spe
tra of the O VII resonan
e (r), inter
ombination(i), and forbidden (f) lines at 21.6, 21.8, and 22.1 �A, respe
tively, appear to be �t well by a model 
onsisting ofthree Gaussian lines and a 
at \eye-ball" 
ontinuum; however, the LETG �t gives a signi�
antly lower value forthe weak i line. We have modeled the 
ontinuum shape using the emission measure distribution derived fromstrong iron lines, and �t its normalization (essentially the hydrogen to iron abundan
e ratio) to line-free regionsof the HETG spe
trum, as determined from the line models. Both 
ontinuum and line models are 
al
ulatedusing APEC20 V1.2.0 models whi
h are available online�. The agreement between the normalized theoreti
al
ontinuum and the \eye-ball" �t for HETG is ex
ellent. If we use the same 
ontinuum model for the LETGspe
tral �t, we 
an re
over the HETG f/i line ratio as well. The problem arises from weak lines being treatedas 
ontinuum at LETG resolution. It is interesting to note that with the higher e�e
tive area of the LETG, thelevel of the weak line \pseudo-
ontinuum" has suÆ
ient 
ounts to drive the �t. For this reason, an a

uratemodel of the weak lines, not needed at the higher resolution of HETG, must be used at LETG resolution.Near the O VII triplet, the spe
tral band is relatively 
lean ex
ept for the diele
troni
 re
ombination (DR) andinner-shell ex
itation satellite lines of O VII itself, and we �nd good agreement between APEC models and theobservations. While the agreement is reassuring in this 
ase, there are no guarantees that models will be ableto 
ompensate for insuÆ
ient spe
tral resolution everywhere.Densities derived from the various �ts and data sets are shown in Fig. 2. While the line ratios only di�erby 30%, the inferred ele
tron densities vary from � 109 (< 2 � 109) 
m�3 to 2 � 1010(�1 � 1010) 
m�3. Asimilar dis
repan
y among measurements exists for the Mg XI f/i ratio,11 useful at higher temperatures (� 107K). Meanwhile, other diagnosti
s at 107 K appear to 
on�rm the higher densities (> 1012 
m�3) found withEUVE. The 
uxes measured for the EUV iron lines using the LETG, with 5 times the spe
tral resolution androughly 4 times the e�e
tive area of EUVE, agree with the EUVE values.11 As in the 
ase of O VII, it is 
learfrom a 
omparison of spe
tra at di�erent resolution that 
areful 
ontinuum modeling and an evaluation of theweak line blending are needed to make a

urate measurements of the Mg XI triplet lines.Our 
urrent diÆ
ulties with measuring density diagnosti
 line ratios will undoubtedly be ameliorated some-what by an assessment of spe
tral models su
h as APEC, in progress under the Emission Line Proje
t.27Nevertheless, we should not assume that models 
an 
ompensate for instrumental limitations. Fortunately, thedata from Chandra and XMM 
an provide realisti
 tests of the models and help identify the trade-o�s betweenbandpass, spe
tral resolution and e�e
tive area. For 
oronal physi
s the minimum requirement should ensurethat density measurements on short-time s
ales during 
ares 
an be made dire
tly from the lines of interest.Beyond the minimum requirement is the more ex
iting possibility of obtaining line ratio diagnosti
s fortransient pro
esses. Su
h diagnosti
s are possible using satellite lines. Dos
hek's review28 of X-ray spe
tros
opy�http://
x
.harvard.edu/atomdb
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Figure 1. Left: Chandra HETG/ACIS-S MEG summed spe
trum (minus �rst order) of Capella in the region of theO VII triplet lines, with a best �t model 
onsisting of 3 Gaussian lines plus a 
at 
ontinuum. The 
ontinuum leveljudged by eye agrees well with a 
ontinuum model �t to line-free regions throughout the spe
trum. At this wavelength,�=�� = 950 and Aeff � 4 
m2. The exposure time of the summed spe
trum is 154.7 ks. Right: Chandra LETG/HRC-Sspe
trum showing two �ts, one with the 
ontinuum as a free parameter and the other with the 
ontinuum as determinedfor HETG. Note that the di�eren
e between these 
ontinuum models is a

ounted for by weaker unresolved lines in thespe
trum, 
al
ulated in APEC and barely dis
ernible in the MEG spe
trum. �=�� = 440 and Aeff � 17 
m2. Theexposure time is 85 ks.
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Figure 2. Published measurements of the O VII forbidden (f) to inter
ombination (i) line ratio observed in Capella.Measurements are � RGS21 (52 ks); Æ LETG22{24 (92, 218, and 85 ks, in de
reasing order); and � HETG25, 26 (89 and68 ks). The solid 
urve is the 
orresponding APEC model.20 The LETG �t with a proper 
ontinuum model (the lower
urve in Fig. 1) 
omes into agreement with the HETG line ratio measurement.
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Figure 3. Chandra HETG summed spe
tra (histograms) of Capella with best �t models (smooth 
urves) 
onsisting of3 Gaussian lines plus a 
at 
ontinuum for ea
h spe
tral region shown. Left: MEG minus order (blown up from Fig. 1)showing dete
tion of diele
troni
 re
ombination (DR) satellite lines of O VII relative to strong r, i, and f at 21.6, 21.8,and 22.1 �A, respe
tively, as predi
ted by theory.29 Right: Solid histogram is the HEG (plus and minus orders 
o-added)spe
trum of Si XIII. Satellite lines are again apparent (note the ex
ess 
ux on the red wing of the resonan
e (r) line andthe line blend apparent at 6.72 �A). �=�� = 610 and the 
ombined Aeff � 60 
m2. The dash-dotted histogram is theMEG spe
trum. With �=�� = 280 the DR lines are not resolved by MEG. The MEG Aeff at this wavelength is 120
m2.for solar 
ares 
ontains a useful dis
ussion on the diagnosti
 
apabilities of satellite lines. The ratio of parti
ularDR satellite lines to the He-like r line provides a sensitive temperature diagnosti
 during 
are de
ay, whi
h hasbeen used to support the idea that some solar 
ares require 
ontinuous heating beyond the impulsive phase.The satellite line from inner shell ex
itation of Li-like ions (known as \q") 
an appear strong if the plasmais ionizing. By 
omparing a temperature-sensitive line ratio (e.g. q/r) to the temperature determined by theratio of ionization states (essentially the 
ontribution temperature, i.e. the temperature of the peak of the lineemissivities integrated through the emission measure distribution) one 
an determine if the plasma is ionizingor re
ombining and thus begin to get a handle on the heating and 
ooling pro
esses. Finally, solar spe
tra havebeen used to test the possibility of dete
ting non-Maxwellian velo
ity distributions using satellite lines, sin
ethe DR lines are formed only over a narrow (lower) energy range, whereas the 
ollisionally ex
ited lines areformed over the entire distribution and may be sensitive to \bumps on the tail" of the distribution.Fig. 3 shows that the DR satellite lines of O VII are dete
ted with MEG (�=�� � 950). While the i andand f lines are useful as diagnosti
s of density, the DR satellites provide a sensitive probe of the temperature ofthe plasma. At 106 K in ionization equilibrium, the ratio of the strong DR line (on the red wing of the r line| see Fig.3) to the r line in
reases by a fa
tor of 3 
ompared with the ratio at 2� 106 K. This ratio is far moresensitive than the so-
alled G ratio ( (i+f)/r ) whi
h only in
reases by 50 % over the same temperature range;however, it requires large e�e
tive area as well as good spe
tral resolution. For Si XIII, also shown in Fig. 3,the potential of the DR satellite lines for temperature diagnosti
s is even greater. The satellite line intensitiesbe
ome stronger relative to the r line for higher Z elements; furthermore, the 
lose blend of Mg XII Ly
 withthe Si XIII f line 
ompromises the use of the f line.4. LINE PROFILE DIAGNOSTICSLine pro�le measurements provide information about the velo
ities of the ions. Thermal widths for 
oronallines are generally below the resolution of the Chandra gratings; however, larger velo
ities 
an be observed.In prin
iple, the blueshift from 
oronal evaporation during 
are onset is observable, though no reports of ablueshifted X-ray line asso
iated with 
aring are known to this author. Doppler broadening from non-thermalpro
esses (e.g. turbulen
e, rotation) is also observable for relatively large motions. With very high e�e
tive
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Figure 4. Ne X (left) and Fe XVII (right) line pro�les of 44i Boo from Chandra MEG and HEG.31 The zero points ofthe spe
tra are shifted up for ea
h phase, but the s
ales are the same. The exposure time is not the same for ea
h phasebin, so integrated 
ounts will di�er. For ea
h pro�le, the instrumental line pro�le (dash-dotted histogram) is shown for
omparison, with the peak set to the data peak and the 
entroid set at the laboratory wavelength. MEG line 
entroidshifts are measured, showing 
onsisten
y with the motion of the primary star. The HEG pro�les suggest additionalvelo
ity information, but the signal-to-noise is too low for quantitative analysis.area, 
hanges in the line pro�les due to Doppler motions 
an be used to lo
ate the emission. X-ray Dopplerimaging holds great promise for studying dynamo a
tion in stellar atmospheres. S
hrijver30 has argued re
entlythat the smoothness of the solar magneti
 �elds implies that magneti
 re
onne
tion is a fast pro
ess, leavingthe 
orona in a nearly potential-�eld 
on�guration. A potential-�eld map determined from opti
al Dopplermeasurements 
an be extrapolated to predi
t the 
oronal emission, allowing 
omparison with X-ray Dopplermaps. Understanding spe
i�
ally the non-solar phenomenon of polar starspots may be key to understandingthe relationship between photospheri
 magneti
 �elds and 
oronal loops in general.Bulk motions have re
ently been observed in X-ray spe
tra, revealing velo
ities as low as � 150 km s�1,as shown in Fig. 4, for the rapidly rotating 
onta
t binary 44i Boo.31 Although this is an e
lipsing system,the X-ray light 
urve shows no signature of either e
lipse; however, there is a narrow dip in the light 
urvewhi
h repeats over 3 epo
hs and must be asso
iated with rotational modulation. The phase-binned line pro�lesshow 
entroid shifts asso
iated with the motion of the primary star (Fig. 5). Using line pro�les and light
urves together, the analysis requires the emission to originate from a small-s
ale region near the pole of theprimary star. These results 
on�rm the previous EUVE period-sear
h analysis.16 Higher e�e
tive area withHEG resolution would fa
ilitate tra
king of multiple a
tive regions on stars to perform true X-ray Dopplerimaging. These studies in 
ombination with ground-based photospheri
 and 
hromospheri
 measurements ofstarspots and magneti
 �elds will provide powerful tests of loop formation models.5. CONCLUSIONSThe next generation of X-ray satellites will provide far greater e�e
tive area for X-ray spe
tros
opy a
ross abroad spe
tral range, enabling stellar 
oronal studies to address the dynami
s of 
oronal a
tive regions and
ares. The spe
tros
opy of stellar 
oronae is relatively mature (though the physi
al interpretation may not be)
ompared with our understanding of the spe
tra of a
tive galaxies, X-ray binaries, supernova remnants, andother types of X-ray emitting sour
es. Thus the 
hallenges of interpreting existing spe
tral data in the presen
eof imperfe
t models, demonstrated here, need to be taken seriously. Simulations of observing s
enarios usingspe
tral models are insuÆ
ient to judge whether the s
ienti�
 goals 
an be met. We already have stellar 
oronaldata in hand from Chandra and XMM whi
h 
an be used as realisti
 ben
hmarks. These existing observations atthe highest spe
tral resolution 
an serve as tests to ensure that the new instruments 
an meet the requirementsfor the future.
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ities as a fun
tion of orbital phase, as measured from MEG pro�les.31 Velo
ities are derived from themedian 
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enters for plotting. Radial velo
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