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We report on the results of a multi-frequency program to study coronal X-ray, EUV, and 
microwave activity of solar-type (GO-5 V) stars of greatly different ages. These stars are 
of interest as proxies for the Sun for ages from 50 Myr to 10 Gyr. Coronal temperatures 
decrease with X-ray /EUV luminosity and with increasing age and rotation period according 
to power-law relations. The young Sun had an extremely luminous corona with £EUV,X = 
100 - 600£EUV,X (present Sun) and temperatures up to 10 MK; this information is pivotal for 
the study of the young planetary atmospheres. The findings further suggest an intimate connec
tion between the presence of very hot coronal plasma and non-thermal radio-emitting particles. 

1. A Diary of Solar Life: An Age Sequence of Solar Proxies 

The Sun's magnetic activity and consequently its chromospheric and coronal emissions 
are expected to have declined steadily to present levels as the solar rotation slowed due to 
magnetic braking (Skumanich 1972). Despite the fact that evolutionary models indicate 
that the Sun was less luminous in its early ZAMS phase (£ZAMS W 0.76L©), Canuto et al. 
(1982) have estimated that in the Sun's pre-main-sequence T Tauri phase, solar X-ray, 
EUV, and UV emissions were enhanced by up to hundreds of times present levels. Direct 
observation of high-energy emissions from younger solar-type stars is the only means of 
establishing the level of the solar short wavelength flux at earlier epochs. 

Table 1 presents our sample of solar proxies (spectral types G0-G5 V), selected mainly 
for their well established rotation periods (as chiefly measured by optical photometry) and 
reliably determined ages (partly supported by cluster or moving group memberships, age-
rotation relations, and isochrone ages). The ages of the targets range from approximately 
70 Myr (near-zero-age main-sequence = ZAMS; EK Dra) to 8.8 Gyr (terminal-age main-
sequence = TAMS; j3 Hydri). For most of these stars, we obtained ROSAT PSPC 
observations in the Guest Observer Program; further, ASCA and EUVE data are being 
collected, and a vast amount of VLA, IUE and optical data obtained over the last decade 
clearly makes this an exciting moment to assemble bits and pieces of information into a 
more coherent picture on the long-term evolution of solar magnetic activity. 

2. Dissecting the Sun's Activity in Time: Previous Findings 

Coronal parameters are expected to vary with the efficiency of the magnetic dynamo. 
For example, Giidel et al. (1995a) found rotational modulation in the cooler X-ray com
ponent of the young EK Dra; through geometric modeling, they determined that 

• the cool plasma of ~ 2 MK is confined to heights (above the photosphere) similar 
to active regions in the quiet solar corona, i.e., ~ 0.1.R@. Its coronal filling factor is 
moderate, showing that young solar proxies possess well localized, magnetically confined 
structures that we identify with "nonflaring stellar active regions". 

• The electron density of the cool component exceeds 4 • 1010 cm - 3 . 
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TABLE 1. Coronal properties of the Sun in time (X-ray data from present observations, or 
Giidel et al. 1995b or Dorren & Guinan 1994; stellar 8.5 GHz radio data from Gudel et al. 1994, 
1995ab; i x for 0 Hyi 

Star 

EK Dra 
T1 UMa 
HNPeg 
X1 Ori 
HD 1835 
VB 64 
K1 Cet 
0 Com 
15 Sge 
Sun 
a Cen A 
/?Hyi 

Spectr. 
Type 

GOV 
G1.5 V 
GO V 
Gl V 
G2 V 
G2 V 
G5 V 
GO V 
G5 V 
G2 V 
G2 V 
G2IV 

scaled to one 

-Trot 

(d) 

2.75 
4.68 
4.86 
5.08 
7.65 
8.7 
9.2 
12.4 
13.5 
25.4 
~30 
~45 

Age 
(Gyr) 

0.07 
0.3 
0.3 
0.3 
0.6 
0.6 
0.7 
1.6 
1.9 
4.6 
5-6 
9 

solar radius) 

Loglx 
( e r g s - 1 ) 

29.92 
29.09 
28.95 
29.13 
29.13 
29.41 
28.82 
28.11 
28.05 
27.3 
27.11 
27.08 

Thot/Tcool 

(MK) 

9 .33 + f^ /2 .29 + | | 
6.351^/1.411;!* 

7 .65t*/1.56t :?J 
6.52li9J/1.62l;f7 

7.21111/1.741;^ 
3.66l1

5?/1.24l1
1

1
1 

3 .68i^/1.06l-j8
6 

3.03l;^/1.22l;l* 

2.091JJ 

EMhot/ 
EMcooi 

> 1.16 
1.15 

0.65 
0.79 

0.45 
0.45 
0.60 
0.74 

LoglR 
(erg s - 'Hz" 1 ) 

14.1 ± 0 . 5 
< 13.37 
< 13.38 

10.7 

• Thus, a significant portion of the high (non-flaring) X-ray luminosity Lx in EK Dra 
is not due to large volumes but rather due to high plasma density. This in turn requires, 
for plasma confinement, stronger average coronal magnetic fields than on the Sun. 

EK Dra is the first solar proxy discovered as a non-thermal radio source (Giidel, 
Schmitt, k Benz 1994), evident both in quiescent and flaring emission (Giidel et al. 
1995a). This shows that the young Sun was a source of copious acceleration of non
thermal particles, producing a radio luminosity LR more than 3 orders of magnitude 
higher than the quiet Sun's (which is thermal emission from lower atmospheric levels). 

Slightly older solar-type stars continue to keep their strong non-thermal radio emission 
for some time. The rapidly rotating G5V star Gliese 755, estimated to be approximately 
200 Myr old, was detected at log i R = 14.03 (logix = 29.52), while, on the other hand, 
HN Peg and TT1 UMa remained undetected (logZ/R < 13.37), indicating a time of the 
order of 300 Myr for the decay of steady radio emission to below logiR = 13.5. 

3. Coronal Cooling with Age 

The coronal Lx of a GV star is well correlated with its rotation period Prot and 
consequently with its age, with Lx oc P~<£ (Dorren, Guinan, k DeWarf 1994). 

In Fig. la, an age sequence of ROSAT spectra of G stars is shown, with each ROSAT 
spectrum renormalized to a constant amplitude of the lower-energy peak. The quiet solar 
corona was modeled using the continuous emission measure (EM) distribution given in 
Raymond & Doyle (1981) between 1 and 5 MK (supplemented with realistic noise). All 
spectra were fitted with two Raymond-Smith type thermal plasma components. Notice 
that the Sun's Lx is close to /? Hyi's, despite the latter's significantly higher age (8.8 Gyr; 
see Dorren, Giidel, k Guinan 1995). This is because /3 Hydri has, as a consequence of 
its leaving the main sequence, expanded to a radius of I.GRQ. Its surface X-ray flux is, 
however, ~ 2 | times smaller than the Sun's. 

In our stars, the low-energy peaks contain photons from both plasma components 
(typically with comparable contributions), while the bump around 0.8 keV is largely 
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FIGURE 1. a ( top ) : ROSAT PSPC pulse-height spectra of the solar proxy age series, normal
ized such that the left (softer) peak is about equal for all spectra. Individual spectra have been 
shifted by multiples of 0.001 cts s _ 1 c m - 2 k e V - 1 for illustration. Age monotonically increases 
from top (EK Dra: 70 Myr) to bottom (/J Hydri: 8.8 Gyr). The consistent decrease of hard 
emission in the peak around 0.8 keV indicates a decrease in EM at high T. Crosses are obser
vations, while histograms represent fit (2-T Raymond-Smith), b ( b o t t o m ) : Coronal Tx and 
EM ratios for the same stars, plotted versus PI0t- Thin: Hotter PSPC temperature; dashed line 
represents a power-law. Bold: Cooler PSPC temperature. Quadrangles: EM ratio of hot and 
cool temperature. 

https://doi.org/10.1017/S0252921100036484 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100036484


522 M. GUDEL k E. F. GUINAN 

determined by hot (5-15 MK) plasma. Quite evidently, the relative amount of hot 
plasma and therefore hard radiation diminishes with age. 

Fig. lb shows the numerical fit results. The higher temperature decreases from around 
10 MK near the ZAMS age (Pr o t « 2 d) to ~ 2 - 3 MK beyond the age of the Sun. For 
Thot, we thus find a decay law 

Thot = 1.74 • io7p- t°-5 5 ± 0-0 3 [K], (3.1) 

Thot = 4.7 • 10 6 r 0 ' 3 1 [K], (3.2) 

where Prot is in days and t, the stellar age, is in Gyr. The second equation has been 
derived using a rotation-age relation for G stars, logi = 1.751ogProt — 1.81 (t in Gyr, 
Pr o t in d; Dorren et al. 1994). 

The nearly consistent decrease of the EM ratios for the hotter stars (i.e., EMhot/EMcooi; 
quadrangles in Fig. lb) further suggests that the hotter plasma not only becomes cooler 
with age, but also that it becomes less abundant, and thus that the distribution of plasma 
falls off increasingly steeper with age (starting from nearly flat in young stars). Further, 
the variation of Tcooi along with T^ot is indicative of a continuous EM distribution: ap
parently, the whole distribution shifts toward cooler temperatures with increasing age, 
although the ROSAT PSPC spectral fits are not sensitive enough to reveal more than 
two plasma components. From Fig. 2a, Thot is correlated with the total Lx'-

LX « 842*f± 0-M « 50Th
4
ot [erg s"1] (3.3) 

(T in K). Remarkably, this remains true if we add close binary systems consisting of two 
almost identical solar-type G stars each: ER Vul (G1V+G1V), HR 8358 (G5V+G5V), 
and TZ CrB (GOV+GOV). The data for these binaries are from Dempsey et al. (1993). 
To account for binarity, their i x were divided by two. Similar relations have been 
reported for less restricted star samples (e.g., Schrijver, Mewe, &: Walter 1984). For a 
theoretical discussion of such relations, see Jordan & Montesinos (1991). 

Since LR OC Lx in active G stars (Gfidel et al. 1995b), we find LR « 1.6 • l O - 1 4 ! ^ . It 
implies that microwave luminous stars are those with hot coronae, and particle acceler
ation is intimately connected to the production of very hot (thermal) plasma. 

4. EUV Properties: Their Relevance to Planetary Atmospheres 

We summarize EUV properties of solar analogs as obtained from ROSAT/Wide Field 
Camera Survey observations (Fig. 2b). The EUV luminosity roughly fulfills a relation 
similar to the X-rays (we give both relations here), 

LEUV « 5.3 • 102 9P- t
2 O 6 ± 0 15 « 3.8 • 1 0 2 7 r 1 1 7 [erg s"1] (4.4) 

Lx « 8.4 • io3°p-2-43±°-i5 » 2.6 • 1 0 2 8 r 1 3 9 [erg s"1] (4.5) 

(Prot in days, t in Gyr). The much increased EUV and X-ray emissions of the "younger 
Suns" are of primary relevance for the formation of planetary ionospheres. In particular, 
they yield information on the young Sun's influence on the upper terrestrial atmosphere. 
Similarly, the enhanced UV emission is crucial for our understanding of the photochem
istry in the young Earth's atmosphere. 

5. Summary and Conclusions 

The Sun's evolution from ZAMS to TAMS involves spin-down due to angular mo
mentum loss in a magnetized wind. The feedback to the magnetic activity itself via an 
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FIGURE 2. a (left): The coronal Th0t versus Lx in the [0.1,2.4] keV energy range, clearly 
showing a strong correlation. The three stars indicated with quadrangles are three close binary 
systems consisting of two identical G dwarfs each (see text), b (right): ROSAT/WFC (Survey) 
luminosities for a sample of solar-like G stars. Quadrangles and diamonds indicate luminosities 
in the SI and in the S2 filters, respectively. The diagonal is a power-law (Eq. 4.4). 

internal dynamo is theoretically poorly understood, but can be readily studied with the 
currently growing data pool of X-ray, EUV, UV, optical, and radio data of solar proxies 
at different ages. We find that the X-ray/EUV luminosity of solar-like stellar coronae 
decreases with the rotation period as ~ p - 2 - - 2 - ^ a n that they become cooler with in
creasing Pr o t and thus age, with rh o t = 1.74-107p-055 [K] and Thot = 4.7-106*-031 [K]. 
By implication, L x « 50I^ot [erg s - 1 ] . 

Very hot quiescent plasma ( £ 107 K) is restricted to young solar proxies. The same 
appears to be true for the persistent presence of a large amount of non-thermal radio-
emitting electrons detectable in microwaves. We thus find a three-fold tight correlation 
between L R , LX, and Thot, indicating that particle acceleration is intimately related with 
the production of very hot coronae. 
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