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A Spectroscopic Measurement of the 
Coronal Density of Procyon 

J. H. M. M. Schmitt," B. M. Haisch, J. J. Drake 

One of the open key issues in the astrophysics of stellar coronae is the determination of 
their spatial structure and density. From almost all previous measurements, one can infer 
merely the presence of a corona, which for the most energetic stellar coronae may exceed 
the solar x-ray output by as much as five orders of magnitude, but no information can be 
obtained on the densities and hence volumes and sizes of the hot x-ray emitting material. 
A direct spectroscopic measurement of the coronal density was obtained for the star 
Procyon with the spectrometer on board the Extreme Ultraviolet Explorer satellite; the ratio 
of two Fe xlv lines at 21 1.32 and 264.79 angstroms was used to determine a density of 
-4 x 1 O9 to 7 x 1 O9 electrons per cubic centimeter, which is a factor of 2 to 3 higher than 
typical solar active region densities. From this value, we estimate that -6 percent of the 
stellar surface is covered with -7 X 1 O4 coronal loops. 

T h e  x-ray images of the sun obtained from 
Skylab ( I ) ,  the Normal Incidence X-ray 
Telescope (NIXT) ( 2 ) ,  and Yohkoh (3) 
have revealed a n  extremely complex struc- 
ture in the solar corona. This structuring is 
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the result bf the confinement of the coronal 
plasma in magnetic loops, and in fact, most 
of the solar x-ray emission comes from a 
relatively small number of such loops spa- 
tially concentrated in active regions. Obser- 
vations with the Einstein Observatory (4) 
and Roentgen Satellite (ROSAT) ( 5 )  tele- 
scopes have revealed x-ray emission from all 
classes of late-type stars except evolved K 
and M stars that are beyond the coronal 
dividing line (6). Does such emission orig- 
inate in stellar analogs of solar active re- 
gions? 

Stars cannot be spatially resolved, and 
thus, their coronal filling factors (that is, 
the fraction of their coronal volumes that 
emit x-rays) cannot be directly measured. 
Even in the rare cases of eclipsing binaries 
from which sizes of coronal structures can 
be inferred (7) ,  it is impossible to distin- 
guish between a diffusely filled structure 
and one in which the plasma is threaded 
through only a fraction of the volume. 
Heretofore, it has been impossible to deter- 
mine whether, on  a given star, coronal 
emission originates in rather compact high- 
density regions or in extended tenuous low- 
density regions because only the product of 
the square of the election density and the 
volume (that is, the volume emission mea- 
sure, VEM = n2V) could be determined 
from broadband flux or low-spectral resolu- 
tion observations hitherto available. This 
dependence on  n2 arises from the dominant 
cooling process, that is, the excitation of 
ions by thermal electrons followed by radi- 
ative decay; because most of the gas is hy- 
drogen, which is fully ionized at coronal 
temperatures, n = 0.85ne, where n, is the 
electron density. Consequently, spectro- 
scopic measurements of n, become of ut- 
most importance because they can, in  prin- 
ciple, be obtained for any coronal star, and 
from the VEM, which is directly derivable 
from the measured flux, the volume can be 
derived. Linear size scales of the x-ray emit- 
ting regions can then be determined on  the 
basis of models of magnetic loops developed 
for the sun. 

The  star Procyon is a nearby astrometric 
binary consisting of a slightly evolved F5 
IV-V star with a cool white dwarf compan- 
ion. The  x-ray emission from Procyon was 
first discovered with the Einstein Observa- 
tory's Imaging Proportional Counter (IPC) 
(8), which measured a luminosity of L, - 
loz8 ergs s-' , about the same L, as the sun 
at solar maximum. All of the observed x-ray 
emission was attributed to Procyon A (the 
F-type star), and the coronal temperature 
was found to be rather low (T,,, -106.2 K) 
when compared with other stars with high- 
er x-ray luminosity (9). O n  the other hand, 
because Procyon is slightly larger than the 
sun (radius R, - 1.9 Ra, where .Ro is the 
radius of the sun), the x-ray emission ex- 
pressed as a surface flux is rather similar to 
that of the quiet sun, for which such a low 
T,,, would be appropriate. 

Procyon has also been investigated with 
both the International Ultraviolet Explorer 
(IUE) and the European X-ray Observatory 
Satellite (EXOSAT). A n  extensive study of 
Procyon with IUE yielded the detection of a 
large number of chromospheric and transi- 
tion-region lines (1 0); the ultraviolet line 
with the highest form:tion temperature is 
the N V line at 1240 A with T - 105.2 K. 
The  spectrum of Procyon obtained with the 
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transmission grating spectrometer (TGS) 
on board the EXOSAT satellite cov~red  the 
wavelength range from 10 to 200 A with a 80 
spectral resolution of -3 A. The EXOSAT 
TGS count spectrum [see figure 4 in (1 1 )] 
clearly shows lines or line complexes, but 
no attempt was made to identify individual 60 
lines (1 1 ); rather, the spectrum was inter- 
preted with a spectral synthesis code (1 2).  

Under a National Aeronautics and 3 
Space Administration (NASA) Guest Ob- a 

6 40 
server Program, we were granted time to 
observe Procyon with the Extreme Ultra- 
violet Explorer (EUVE) grating spectrom- 
eter (13) .  Briefly, the EUVE slitless spec- 
trometer coverso the wavelength range 

~ 20 

from 70 to 750 A in  three bands (known 
as the short, medium, and long waue- 
length channels; hereafter SW,  MW, and 
LW, respectively), with an  effective area o 
of typically 0.5 to 1.0 cm2 and a !pectral 

200 250 300 350 
resolution between 0.5 and 2 A. The  
observations presented here were taken 
between 11 January 1993, U T  22:19, and 
15 January 1993, U T  00:28, with a total 
integration time of about 96,000 s. 

Because of the large number of known 
lines in the solar EUV (1 4-1 7), identification . . A 

ot most of the observed spectral features was 
straightforward. However, some of the iden- 
tifications should perhaps be considered pre- 
liminary because the known systematic errors 
in the spectrometer wavelength calibration 
can be quite large (up to 1 A in the MW 
channel, according to the EUVE Guest Ob- 
servers handbook). Because such systematic 
errors are a slowly varying function of wave- 
length, line identification can proceed by 
bootstrapping from the reasonably secure 
identifications of prominent spectral features. 
We have done this and point out in Fig. 1 the 
serieq of strong iron lines between - 170 and 
200 A (well known from solar EYV spectra), 
the helium lines at 255 and 304 A, and the Fe 
xv line at 284.15 A but defer a detailed 
discussion of the full EUVE spectrum to else- 
where. 

The solar EUV spectral range contains a 
multitude of lines that can be used for spec- 
troscopic density diagnostics (1 8). The stel- 
lar difficultie's are twofold: (i) In contrast to 
the sun, the presently available instrumen- 
tation and the relative weakness of stellar 
spectra permit detection of only the stron- 
ger lines, and (ii) the spectral resolution is 
in many cases not high enough to ensure 
that the detected lines are unblended. As a 
consequence, many of the density-sensitive 
line ratios used in solar observations cannot 
be used unambiguously for our stellar 
observations. 

We  have identified a density-sensitive 
line pair of the Fe XIV ion in the Procyon 
spectrum that is both reasonably strong and 
unblended. A detailed theoretical study of 
Fe XIV (1 9) shows that the three strongest 

Wavelength (A) 
Fig. 1. The EUVE MW spectrum for Procyon; the strongest line features have been identified with the 
dominant ion responsible for the observed emission. Special attention was devoted to the spectral 
extraction because the dispersed spectra appear slightly cutved along the dispersion direction in the 
spectrometer detector images. An optimal width of the spectrum was determined perpendicuiar to the 
dispersion direction for each of the three spectrometer channels; the centroid of each spectrum was then 
obtained along the dispersion direction, and a fifth-order polynomial was fit to these data. The final 
extractions of the spectra were then made with the optimal widths along a dispersion direction defined by 
these poiynomial fits. The extracted and wavelength-calibrated spectra were binned over four pixels 
(corresponding to a spectral resolution of 1 A in the MW channel). 

lines of Fe XIV in a low-density environ- 
ment are the 2P-2Q transition at wave- 
length X =0211.32 A ,  the 2S-2P transition 
at 274.2; A, and the 2P-2P transition at 
264.79 A; with increasing density, the first 
two lines decrease in intensity, whereas the 
third increases. A t  higher densities, anoth$r 
line from the 2D-2P transition at 219.12 A 
appears, which in fact becomes the stron- 
gest Fe XIV line at densities in excess of 10'' 
cmW3 [see figure 1 in (19)l. These theoret- 
ical expectations are borne out by high- 
resolution solar EUV spectra. For example, 
in a full-disk quiet sun spectrum taken on 4 
April 1969 (1 6), the lines ?t wavelengths 
211.32, 264.79, and 274.20 A are the stron- 
gest Fe xIv linesn(in this order), whereas the 
line at 219.12 A is detected but weak; on 
the other hand, in a flare spectrum taken on 
11 December 1973 (ZO), the line at 219.102 
A is more intense than the one at 21 1.32 A. 

A comparison with various x-ray line lists 
(1 1, 14;16) shows that the Fe XIV line at 
274.20 A is close to some stronger Si VII p d  
Si x lines, and the Fe XIV line at 219.12 A is 
close to a few lines of iron in various ioniza- 
tion stages and is comparable in strength. On 
the othe; hand, the Fe XIV lines at 21 1.32 and 
264.79 A are relatively unaffected by blends. 
The only potentially significant line in the 
vicinity of 264.79 A is the 4S-4P transition h 
S x at 264.24 A. In the vicinity of 21 1.32 A,  
there is only the weak Fe XI1 2D-4P transition 

at 210.46 A and another Fe XI1 'D-'P transi- 
tion at 21 1.74 A. 

In Table 1, we list the various Fe XIV 
lines considered, their solar and EUVE 
measured wavelengths, their fitted ampli- 
tudes and errors (in counts). and the effec- , , 

tive area of the spectrometer at each wave- 
length. The line am~li tudes were obtained 
w i t i  the use of a maximum likelihood tech- 
nique to fit one or more Gaussian profiles to 
the observed count distribution; in the fit 
process, we kept the relative wavelengths of 
the lines with respect to each other fixed 
and varied the overall wavelengths as well 
as the amulitudes of all the lines. As a 
"spectral line t e~p l a t e , "  we used the strong 
He line at 304 A,  which can be well fit by 
this technique. 

The line at 264.79 A is not well fit bv a 
single Gaussian line profile; there is an  
excess at shorter wavelengths, which can be - ,  

matched by introducing a second line, 
which we take to be the S x line at 264.24 
A, mentioned above. Under quiet solar 
conditions. another S x transition at 259.49 
A is obserGed at almost tbe same intensity 
as the S X line at 264.24 A. In our Procvon 
spectrum, we found absolytely no  evidence 
for such a line at 259.49 A and obtained an  
upper limit of <20 counts for a line at that 
position; we infer that any S contribution 
to the Fe XIV line at 264.79 A should then 
also be <20 counts, and we believe this 
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estimate to be conservative b$cause the val- 
ue in  Table 1 for the 264.79 A line refers to 
the fitted number of counts under the line 
pofi le  (and not the actual measured num- 
ber of counts). 

A t  the positions ofo the Fe XIV lines at  
219.12 and 220.08 A. there is a clear 
detection of a stellar signal, but we can- 
not  resolve the lines. T h e  numbers in  
Table 1 are derived from a fit of two 
Gaussian lines at  the  respective line po- 
sitions and should therefore be treated 
with some caution. T h e  same ?pplies to  
the  lines at  270.52 and 274.03 k. Finally, 
a t  the Fe XIV line at  289.16 A ,  we find 
only a statistically insignificant feature 
and therefore cite a n  upper limit only. 

From the point of view of plasma density 
diagnostics, the most interesting lines are 
those at  211.32, 264.79, and 219.12 A. The  
ratio between the first two lines varies by a 
factor of 3 between low and hieh densitv, - . . 
$nd the mere presence of a line at  219.12 
A indicates high density. W e  compute a 
line ratio (in energy units, corrected for 
telescope effective area) of 0.84 ?00.12 for 
the lines at 264.79 and 211.32 A; if we 
(generously) allow for aocontamination of 
20 counts in the 264.79 A line, we obtain a 
minimum ratio >0.69. 

Before converting line ratios to n,, we 
need to consider differential absorption by 
the intervening interstellar hydrogen col- 
umn density. For the line-of-sight toward 
Procyon, values ranging from 3 l@17 to  1.5 
1018 cmP2 have been reported (21, 22); n o  
information is available on  the ionization 
state of helium along this line-of-sight. The  
corrected (de-reddene$) ratio between 
the 264.79 and 21 1.32 A lines could thus be 
larger than the measured ratio by 5 to  30%. 

The  measured 264.791211.32 line 
strength ratio of 0.84 5 0.12 corresponds to  
log n, = 9.7 2 0.15, if the calculations by 
Blaha are used [see table VII in  (19)]. W e  
have compared this conversion between 
line ratio and density to that obtained from 
more recent calculations (23, 24) and 
found the two conversions compatible to 
within the observational errors. The  lower 
limit to  this line strength ratio, allowing for 
maximum contamination of the line at  

264.79 A by the possible S X blend, corre- 
sponds to log n, > 9.4. Now, the higher of 
the above-mentioned hvdroeen column 
densities would imply a 30% correction to 
the 264.791211.32 line ratio, leading to log 
n, = 10.0 ? 0.15. As stated aboye, the 
mere presence of the line at 219.12 A indi- 
cates a high pressure. Even though the sta- 
tistics are extremely poor, we can formally 
find a 219.12/211.32 ratio of 0.50, implying 
log n, = 9.55, but this determination has an 
extremely large error. All other Fe XIV line 
ratios also have large errors and therefore 
provide n o  new information, but they do 
appear to be consistent with the densities 
derived above. 

We conclude that Procyon's average coro- 
nal density is at least as large as log n, > 9.4, 
with the most likely values lying between log 
n, = 9.55 and 9.85. To our knowledge, this is 
the .first direct measurement of the coronal 
density in another solar-like star. In this con- 
text. we wish to note that coronal densitv 
estimates for the star Capella have been de- 
rived from Fe XXI lines observed also with the 
EUVE satellite (26); however, Capella is not 
a solar-like star either from the o ~ t i c a l  or from 
the x-ray point of view, and further, three line 
ratios from the same ion resulted in density 
values that differ by almost a factor of 40, 
whereas in our measurements, all line ratios 
considered are consistent. On the sun, the Fe 
XIV 264.791211.32 line ratio varies between 
0.49 and 0.63, definitely below our values for 
Procyon. Hence, the coronal density of Pro- 
cyon must be somewhat larger than that of 
typical solar active region densities (25), 
above log n, = 9.3. Combining this density 
measurement with the characteristic line-for- 
mation temperature of log T = 6.3, we 
derive a coronal pressure of 2.2 dyne. 

From the measured line flux of 3.2 
photons ocm-2 s-' in the Fe XIV line at  
264.79 A and the Mewe et al. (12) line 
power of 10-23.y4 erg cm3 s-I [corrected by 
a factor of 1.3 for density (see their table 
Vib)], we can determine the total emission 
measure (assuming all the material is a t  log 
T = 6.3) of VEM = 2.3 X lo5@ ~ m - ~ .  
Then, using n, = 5 X 10' cm-3 from our 
spectroscopic density measurement, we find 
an emitting volume of V - 9 X lo3@ cm3 

Table 1. The Fe XlV lines detected in the EUVE Procyon spectrum. 

Transition 
lower-umer 

Wavelength Effective 
Counts area (cm3) Remarks 

3s23p2 P,,,-3s23d2 D,,, 21 0.45 21 1.32 1 1  5%11 0.39 Unblended 
3s23p2 P3,2-3~23d2 DSl2 21 9.0 219.12 595 9 0.38 Blended 
3s23p2 P3,,-3s23d2 D,,, 220.08 5 1 t  8 0.38 Blended 
3s23p2 P,,,-3s3p2 P,, 264.50 264.79 10951 0 0.35 Unblended 
3s23p2 P,,,-3s3p2 P,,, 270.59 270.52 43% 8 0.35 Blended 
3s23p2 PIl2-3s3p2 SIl2 274.50 274.20 705 9 0.36 Blended 
3s23p2 P,,-3s3p2 S1/, 289.16 <24 0.38 

(for the visible hemisphere of the star). If 
this emission were uniformly distributed 
over the visible hemisphere of Procyon, the 
height would be h = V / ~ T R * ~  = 8 X lo7 
cm. The  Rosner, Tucker, and Vaiana (27) 
scaling law for solar coronal loops predicts a 
loop length L = 1.3 X 10' cm. If we assume 
that L is the true scale height for the emis- 
sion, the filling factor would thus be on  the 
order of 6%. T o  estimate the number of 
loops across the entire surface, we let a 
represent the aspect ratio (width to  length) 
of coronal loops so that 27rNa2L3 - V. W e  
find that for a - 0.1, there are on  the order 
of N - 7 X 104 loops distributed over about 
6% of the surface of Procyon. These loops 
must be distributed fairly homogeneously 
over Procyon's surface to be consistent with 
the lack of anv measurable variabilitv in its 
coronal emission (28). 
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