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ABSTRACT

We report on the results of the Sun in Time multiwavelength program (X-rays to UV) of solar analogs with ages
covering�0.1–7 Gyr. The chief science goals are to study the solar magnetic dynamo and to determine the radiative
and magnetic properties of the Sun during its evolution across the main sequence. The present paper focuses on the
latter goal, which has the ultimate purpose of providing the spectral irradiance evolution of solar-type stars to be
used in the study and modeling of planetary atmospheres. The results from the Sun in Time program suggest that
the coronal X-ray–EUV emissions of the young main-sequence Sun were �100–1000 times stronger than those
of the present Sun. Similarly, the transition region and chromospheric FUV–UV emissions of the young Sun are
expected to be 20–60 and 10–20 times stronger, respectively, than at present. When we consider the integrated
high-energy emission from 1 to 1200 8, the resulting relationship indicates that about 2.5 Gyr ago the solar high-
energy flux was about 2.5 times the present value and about 3.5 Gyr ago was about 6 times the present value (when
life supposedly arose on Earth). The strong radiation emissions inferred should have had major influences on the
thermal structure, photochemistry, and photoionization of planetary atmospheres and have played an important
role in the development of primitive life in the solar system. Some examples of the application of the Sun in Time
results on exoplanets and on early solar system planets are discussed.

Subject headinggs: solar-terrestrial relations — stars: activity — stars: chromospheres — stars: coronae —
stars: late-type — Sun: evolution
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1. INTRODUCTION

The Sun is by far the most important star to us. Without a
dependable (stable) star such as the Sun, the Earth would not
have developed a rich and diverse biosphere that is home to
millions of living species. Because of ever accelerating nuclear
reactions in its core, the Sun is a slowly evolving variable star
that has undergone a �40% increase in luminosity over the last
4.5 Gyr, as predicted by the standard solar evolution model
(e.g., Girardi et al. 2000). Onmuch shorter timescales, we know
that the Sun is also a magnetic-variable star, with an�11 yr sun-
spot and activity cycle and a �22 yr magnetic cycle. As pre-
dicted by magnetic dynamo theory, the Sun’s rotation (Prot �
25:5 days) and convective outer envelope interact to generate
magnetic fields (Parker 1970). The magnetic dynamo-generated
energy is released in the form of flares and chromospheric, tran-
sition region, and coronal radiation. Satellite observations of the
Sun show that it undergoes small (0.10%–0.15%) variations in
total brightness over its activity cycle, although the changes at
short wavelengths (UV to X-rays) are much more pronounced
(10%–500%; Lean 1997).

The magnetic activity of the present Sun is feeble relative
to other solar-type stars, but magnetic-induced phenomena still
have important effects on Earth and the solar system (see Guinan

& Ribas 2002). Thus, the fundamental question of whether the
Sun has always been a relatively inactive star or, in contrast, has
experienced some periods of stronger magnetic activity has a
strong impact on the evolution of the solar system. Compelling
observational evidence (Güdel et al. 1997b) shows that zero-age
main-sequence (ZAMS) solar-type stars rotate over 10 times
faster than today’s Sun. As a consequence of this, young solar-
type stars, including the young Sun, have vigorous magnetic dy-
namos and correspondingly strong high-energy emissions. From
the study of solar-type stars with different ages, Skumanich
(1972), Simon et al. (1985), and others showed that the Sun loses
angular momentum with time via magnetized winds (magnetic
braking), thus leading to a secular increase of its rotation pe-
riod (Durney 1972). This rotation slowdown is well fitted by a
power law roughly proportional to t�1/2 (e.g., Skumanich 1972;
Soderblom 1982; Ayres 1997). Note that the age–rotation period
relationship is tighter for intermediate or old stars, whereas young
stars (a few times 108 yr) show a larger spread in rotation periods.
In response to slower rotation, the solar dynamo strength dimin-
ishes with time, causing the Sun’s high-energy emissions also
to undergo significant decreases. Comprehensive studies on this
subject were published by Zahnle & Walker (1982) and Ayres
(1997). The reader is referred to these publications for background
information on the upper atmospheres and related high-energy
emissions of solar-type stars.
The Sun in Time program was established some 20 years ago

(Dorren &Guinan 1994; Guinan & Ribas 2004) to study a sam-
ple of accurately selected solar proxies (G0–G5 V stars) with
different ages across the electromagnetic spectrum. The pri-
mary aims of the program are (1) to test dynamo models of the
Sun in which rotation is the only significant variable parameter
and (2) to determine the spectral irradiance of the Sun over its
main-sequence lifetime. In the present paper we focus on the
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latter goal, which has the ultimate purpose of characterizing the
evolution of the solar emissions with direct application to the
study and modeling of atmospheres of both solar system plan-
ets and exoplanets in orbit around solar-type stars. There are a
number of aspects within the solar system in which a stronger
high-energy flux from the young Sun could have had a critical
impact. Through photochemical and photoionization processes,
the strong X-ray and UVemissions of the young Sun could have
had a major effect on the evolution of the atmospheres, iono-
spheres, and climates of the terrestrial planets, including the
Earth (e.g., Canuto et al. 1982, 1983; Kasting & Catling 2003;
Smith et al. 2004). For example, paleoclimatic models of the
Earth should account for the higher levels of ionizing and dis-
sociating UV radiation in the past. Even the development of life
on Earth (and possibly on Mars) could have been influenced by
the larger doses of sterilizing UV radiation expected from the
young Sun (see Cockell et al. 2000).

In this paper we present the results of an investigation of the
long-term magnetic history of the Sun, focused on the high-
energy emissions (below 17008). Basically, we study the chro-
mospheric, transition region, and coronal emissions, associated
with high-temperature atmospheric layers. In contrast, the time
evolution of the photospheric emissions is already well char-
acterized because these scale with the overall bolometric lumi-
nosity. We have used our selected sample of stellar proxies with
ages that cover most of the main-sequence lifetime of the Sun.
A large number of multiwavelength observations (X-ray, EUV,
FUV, and UV, hereafter XUV) of the solar analogs have been
collected to fully describe their spectral irradiances as a func-
tion of age and rotation. In addition, the major effects that the
young Sun’s strong XUV radiation may have had on the photo-
ionization, photochemistry, and erosion of paleoplanetary at-
mospheres are discussed.

2. THE SUN IN TIME SAMPLE

A critical element of any study of the evolution of the Sun’s
irradiance with time is a carefully selected sample of stars to
serve as proxies for the Sun with different rotation periods
and therefore, different ages. The Sun in Time sample contains
nearby single (or widely separated binary) G0–G5 stars that
have known rotation periods and well-determined temperatures,
luminosities, and metallicities. In addition, we have been able to
estimate the stellar ages by using their memberships in clusters
and moving groups, rotation period–age relationships, and, for
the older stars, fits to stellar evolution models. Comparisons
with stellar models predict stellar masses within 10% of 1 M�.
Although the complete Sun in Time sample contains over 15
solar analogs, we focus here on six stars that have been ob-
served with a variety of high-energy instruments: EK Dra,

�1 UMa, �1 Ori, �1 Cet, � Com, and � Hyi. These solar analogs
cover most of the Sun’s main-sequence lifetime at approximate
ages of 100 Myr, 300 Myr, 650 Myr, 1.6 Gyr, and 6.7 Gyr. Note
that we have not used any proxy for the current Sun but the Sun
itself. Although there are no full-disk high-resolution spectra of
the Sun (as pointed out by Pagano et al. 2004), the data sets
described in x 3.5 have sufficient resolution to fulfill the re-
quirements of the present study. If higher resolution data were
necessary, a valid alternative would be to use solar twins. For
example, 18 Sco is a nearly perfect solar twin (Porto de Mello
& da Silva 1997; Hamilton et al. 2003), but few high-energy
observations are available because of its relative faintness. The
star � Cen A is slightly more massive than the Sun but yet a
good solar twin (Pagano et al. 2004) and has numerous observa-
tions. In this case, however, some of the high-energy observations
include the emissions from the activeK-type companion�CenB,
which complicates the analysis significantly.

A discussion of each observed target is provided below, and a
summary of the relevant stellar data (including those for the
Sun) is shown in Table 1. Stellar radii have been estimated from
the observed magnitude, distance, and temperature, whereas
masses generally follow from evolutionary model calculations.
Also given in Table 1 is the estimated value of the solar radius at
the corresponding age provided by the stellar models of Girardi
et al. (2000).

EK Dra.—This is a nearby G1.5 V star that has traditionally
been considered among the most active solar analogs in our
neighborhood. Its main properties, including an average rota-
tion period of 2.68 days, were reviewed by Strassmeier & Rice
(1998) and Messina & Guinan (2003). Evolutionary models
of Girardi et al. (2000) yield a slightly supersolar mass and a
ZAMS age at the observed temperature, luminosity, and chem-
ical composition (solar) of EKDra. Montes et al. (2001a, 2001b
and references therein) classified EK Dra as a kinematic mem-
ber of the so-called Local Association or Pleiades moving group
(with an estimated age range of 20–150 Myr) but from the ob-
served Li abundance inferred an age younger than the Pleiades
cluster. Similar conclusions were drawn by Wichmann et al.
(2003), who obtained an upper limit to the age of EK Dra of 50–
100Myr. Here we adopt an age of�100 Myr, which seems to be
a good compromise. Note that EK Dra was found to be a radial
velocity variable, with a period of about 12.5 yr, by Duquennoy
&Mayor (1991). This companion to EK Dra would have a min-
imum mass below 0.4 M� and thus likely be an M-type star.
Metchev & Hillenbrand (2004), using adaptive optics, have re-
cently reported the discovery of a companion to EK Dra with a
mass of 0:20þ0:30

�0:08 M�. It is not yet clear whether these two
independently detected low-mass companions are indeed the
same. In any case, neither of them is a concern for our studies

TABLE 1

Relevant Data for the Studied Sun in Time Targets

Name HD Spectral Type

d

( pc)

NH

(cm�2)

Teff
(K)

Mass

(M�)

Radius

(R�)

Sun Ra

(R�)

Prot

(days)

Age

(Gyr) Age Indicator

EK Dra ................. 129333 G1.5 V 34.0 �1.5 ; 1018 5870 1.06 0.95 0.900 2.68 0.1 Local Association, Li

�1 UMa ................ 72905 G1.5 V 14.3 �1 ; 1018 5850 1.03 0.95 0.902 4.90 0.3 UMa group

�1 Ori ................... 39587 G1 V 8.7 9 ; 1017 5890 1.01 0.96 0.902 5.24 0.3 UMa group

�1 Cet ................... 20630 G5 V 9.2 8 ; 1017 5750 1.02 0.93 0.910 9.21 0.65 Prot-age relation, LX
� Com.................. 114710 G0 V 9.2 �1 ; 1018 6000 1.10 1.08 0.925 12 1.6 Prot-age relation

Sun ....................... . . . G2 V 1 AU 0 5777 1.00 1.00 1.00 25.4 4.6 Isotopic dating

� Hyi.................... 2151 G2 IV 7.5 �2 ; 1018 5774 1.10 1.90 1.10 �28 6.7 Isochrones

a Radius of the Sun at the same age from the models of Girardi et al. (2000).
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since in the wavelength domain of interest they should con-
tribute only a few percent.

�1 UMa.—This young solar proxy is an active G1.5 V star
with a rotation period of about 4.9 days (Messina & Guinan
2003). Gaidos &González (2002) and Ottmann et al. (1998) car-
ried out detailed spectroscopic analyses and determined accurate
values for the stellar temperature and metal abundance (com-
patible with solar). Evolutionary models of Girardi et al. (2000)
indicate a mass just a few percent higher than that of the Sun.
Kinematic studies such as those of Montes et al. (2001a, 2001b)
and King et al. (2003) classify �1 UMa as a probable member
of the Ursa Major moving group. Although the age of this ki-
nematic group of stars has traditionally been quoted as about
300 Myr (see, e.g., Soderblom & Mayor 1993), recent work by
King et al. (2003) suggests an older age of 500 �100Myr on the
basis of a number of complementary criteria. Here we prefer to
adopt the canonical age of�300Myr since it stands in much bet-
ter agreement with ourmeasured high-energy fluxes as discussed
below.

�1 Ori.—This field G1 V star has a rotation period of about
5.2 days (Messina et al. 2001), which is indicative of its young
age. Its temperature and metal abundance (slightly subsolar) were
determined by Gratton et al. (1996) and Taylor (2003a, 2003b)
with very similar results. King et al. (2003) classified �1 Ori as a
certain member of the Ursa Major moving group, in agreement
with a number of previous studies. In accordance with �1 UMa,
we have adopted an age estimate of �300 Myr. Interestingly,
�1 Ori is a spectroscopic binary with an orbital period of about
14 yr (Han&Gatewood 2002), whichwas recently resolved using
adaptive optics atKeck byKönig et al. (2002). These authors were
able to determine the dynamical mass of both �1 Ori and its com-
panion. Note that, since �1 Ori B has a mass of only 0.15M�, its
quiescent high-energy emissions are negligibly small compared
with those of its much larger primary companion.

�1 Cet.—With spectral type G5 V, �1 Cet is the coolest in the
sample. Spectroscopic parameters were determined by Gaidos &
González (2002), who also estimated slightly supersolar metal
content. Its rotation period was reported to be around 9.2 days by
Messina & Guinan (2003), in agreement with other determina-
tions. Evolutionary models of Girardi et al. (2000) yield a mass
very close to the solar value. In the kinematic study of Montes
et al. (2001b) �1 Cet was not flagged as a member of any of
the canonical stellar groups but was classified as a young disk
star. In the absence of more direct indicators, we estimate the
age of �1 Cet from its rotation period and mean X-ray luminos-
ity ( log LX ¼ 28:8, where L is in ergs s�1; Güdel et al. 1997b).
Comparison with Hyades stars in the same B�V interval as
�1 Cet reveals that both its rotation period (cf. Radick et al. 1995)
and its X-ray luminosity (cf. Barrado y Navascués et al. 1998)
are close to the average of the Hyades members. These criteria
suggest for �1 Cet an age close to the canonical Hyades age of
�650 Myr, which we subsequently adopt. Note that our value is
older than the age estimated by Lachaume et al. (1999).

� Com.—This is a G0 V star with a rotation period of about
12 days (Gray & Baliunas 1997). Its temperature and metal
abundance (slightly supersolar) were determined by Barklem
et al. (2002) and Gray et al. (2001) from spectroscopic analyses.
Using the observed data, the evolutionary models of Girardi
et al. (2000) yield a mass about 10% larger than the Sun and an
age of 2:3 � 1:1 Gyr, in agreement with the remark of Gray &
Baliunas (1997) about � Com being younger than the Sun. To
refine the age estimate, we have used the rotation period–age
relationship for solar-type stars of Guinan et al. (1998) and de-
rived a value of �1.6 Gyr.

� Hyi.—As pointed out by Dravins et al. (1998), � Hyi, of
spectral type G2 IV, is our nearest subgiant star. A detailed
study of � Hyi was published by Fernandes &Monteiro (2003),
who also review determinations of stellar parameters, including
the mass and age of�6.7 Gyr.We adopt the values in that recent
work. The rotation period of � Hyi was determined from the
analysis of 18 IUE High Dispersion LWP spectra obtained dur-
ing 1994–1995 by E. F. G. under the SPREG program. Mea-
sures of the chromospheric Mg ii h and k emission-line fluxes
relative to the adjacent continuum were made. The analysis re-
veals an apparent modulation in the relative Mg ii h and k emis-
sion strength of Prot ¼ 29 � 3 days, arising from chromospheric
faculae and plages on the star (E. F. Guinan et al. 2005, in
preparation).
There is an additional important issue yet to be addressed, the

interstellar medium (ISM) column density along the targets’
lines of sight. Although the stars in the sample are nearby and
have negligibly small values of E(B� V ) from ISM dust, some
of the studied stellar emission features suffer strong ISM ab-
sorption and appropriate corrections need to be applied. The H i

column densities in the lines of sight of our targets were esti-
mated from the various lines of sight sampled by the H i Ly�
observations of Wood et al. (2004). For �1 Cet and �1 Ori direct
measurements are available, whereas for the other four stars we
employed the measured H i column densities for neighboring
stars (selected on the basis of a similar distance and position). We
used HD 116956 for EK Dra, DK UMa for �1 UMa, HZ 43 for
� Com, and � Dor, � Ind, and HD 203244 for � Hyi. The total
adopted H i column densities in the target lines of sight are given
in Table 1. These can be eventually scaled to compute the column
densities of other elements from mean local ISM abundances.

3. OBSERVATIONAL DATA

Observations of the target stars in Table 1 were carried out
with a variety of space-based instruments to maximize spec-
tral coverage. Data from the following space missions have been
used in the present study: the Advanced Satellite for Cosmology
and Astrophysics (ASCA), the Röntgen Satellite (ROSAT ), the
Extreme Ultraviolet Explorer (EUVE ), the Far Ultraviolet Spec-
troscopic Explorer (FUSE ), theHubble Space Telescope (HST ),
and the International Ultraviolet Explorer (IUE ). As can be seen
in the summary presented in Table 2, the observations discussed
in this paper cover approximately the interval between 1 and
1700 8, except for a gap between 360 and 920 8, which is a
region of very strong ISM absorption (H i Ly� continuum), thus
far largely unexplored for stars other than the Sun. The number
of data sets used for this study is quite extensive, and thus, all
observation identification files for each target and mission are

TABLE 2

Summary of Space Missions Used in This Investigation

Instrument

Wavelength range

(8) Calibration Method

ASCA ....................... 1–40 Multi-Te plasma model

ROSAT..................... 6–124 Multi-Te plasma model

EUVE ...................... 80–760a Flux calibrated

FUSE....................... 920–1180 Flux calibrated

HST ......................... 1150–1730 Flux calibrated

IUE .......................... 1150–1950b Flux calibrated

a Wavelengths k > 360 8 are not useful because of strong interstellar
absorption.

b With the SWP camera, for k < 1700 8 only.
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listed in Table 3. All the observations described here, from both
our guest observer programs and public data sets, were down-
loaded from the HEASARC5 and MAST6 archives.

3.1. X-Rays: ASCA and ROSAT

A key aspect of the study is the transformation of the in-
strumental fluxes into absolute fluxes, which is especially crit-
ical for the X-ray data. The observations obtained with ASCA
and ROSAT are not naturally in absolute flux units and have to
be compared with a physical plasma emission model to perform
the calibration. The ASCA observations were obtained with the
SIS0 and SIS1 detectors (Tanaka et al. 1994), and pointed ob-
servations with the PSPC (Briel & Pfeffermann 1995) were used
with ROSAT. We reduced the X-ray data in the classical manner
with the XSELECT, version 2.2, and XSPEC, version 11.3.0,
packages within FTOOLS. Then, as is commonly done for co-
ronal emissions (such as those from our solar analogs), we con-
sidered a multi-Te plasma and ran a �2 optimization fit with the
MEKAL model (Mewe et al. 1995). In this procedure we fol-
lowed exactly the same prescriptions as in Güdel et al. (1997b)
and adopted plasma models with two and three components (ob-
taining results entirely consistent with this earlier study). Then,
absolute fluxes were calculated from the best-fitting model with
the aid of the XSPEC package. A correction for the H i column
density using the values given in Table 1 was also included. A plot
comparing theX-ray fluxes (ASCA andROSAT ) for the target stars
is shown in Figure 1, where large differences (of up to a thousand-
fold) become evident. Note that �1 Ori had only ROSAT ob-
servations taken with the boron filter (see footnote to Table 3). We
decided not to use these here because of some calibration issues.

Güdel et al. (1997b), however, did analyze these data and ob-
tained nearly the same parameters as those for �1 UMa (see their
Tables 3 and 5), as expected from their similar ages.

3.2. EUV: EUVE

EUVobservations of some of the targets were carried out as
part of the EUVE mission (Malina & Bowyer 1991). In this

TABLE 3

Observation Dates and IDs for All Data Sets Used in This Investigation

Date Obs ID Date Obs ID Date Obs ID

Target ASCA ROSAT a EUVE

EK Dra ....................... 1994 May 24 22012000 1993 Oct 19 rp201474n00 1995 Dec 6 ek_dra__9512061129

�1 UMa ...................... 1993 Nov 13 21018000 1993 Oct 5 rp201472n00 1998 Nov 30 3_uma__9811301325

. . . . . . . . . . . . 1998 Dec 5 3_uma__9812050029

�1 Ori ......................... . . . . . . . . . . . . 1993 Jan 26 chi1_ori__9301261159

�1 Cet ......................... 1994 Aug 16 22013000 1993 Jul 27 rp201473n00 1994 Oct 13 kappa_cet__9410131500

. . . . . . . . . . . . 1995 Oct 6 kappa_cet__9510061036

� Com........................ . . . . . . 1993 Jun 17 rp201471n00 . . . . . .

� Hyi.......................... . . . . . . 1991 Apr 21 rp200071n00 . . . . . .

Target FUSE HST IUE

EK Dra ....................... 2002 May 14 C1020501 . . . . . . 1992 May 31 SWP 44817

�1 UMa ...................... 2001 May 12 B0780101 . . . . . . 1980 Mar 28 SWP 08582

. . . . . . . . . . . . 1990 Oct 12 SWP 39813

�1 Ori ......................... . . . . . . 2000 Mar 10 o5bn02010 1990 Feb 1 SWP 38108

. . . . . . 2000 Mar 10 o5bn02020 1984 Apr 3 SWP 22408

�1 Cet ......................... 2000 Sep 10 A0830301 2000 Sep 19 o5bn03050 1994 Sep 14 SWP 52115

. . . . . . 2000 Sep 19 o5bn03060 1994 Aug 16 SWP 51829

. . . . . . . . . . . . 1994 Aug 16 SWP 51831

� Com........................ 2001 Jan 26 A0830401 . . . . . . 1982 Feb 11 SWP 16313

. . . . . . . . . . . . 1979 Aug 14 SWP 06179

� Hyi.......................... 2000 Jul 1 A0830101 . . . . . . 1979 Dec 18 SWP 07430

. . . . . . . . . . . . 1979 Dec 3 SWP 07307

. . . . . . . . . . . . 1994 May 14 SWP 50765

. . . . . . . . . . . . 1992 Mar 13 SWP 44168

a EK Dra, �1 Ori, �1 Cet, and � Hyi have ROSAT observations using the boron filter but were not used here.

Fig. 1.—X-ray spectral irradiances (flux density at 1 AU vs. wavelength),
covering different stages of the evolution of solar-type stars. The plot represents
the fluxes in 1 8 bins as predicted by multi-T plasma fits to ASCA and ROSAT
observations (see text). Note the very large differences between young and old
solar-type stars of up to a factor of 1000. [See the electronic edition of the Jour-
nal for a color version of this figure.]

5 See http:// heasarc.gsfc.nasa.gov.
6 See http://archive.stsci.edu.
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case, the resulting data can be directly flux-calibrated during
reduction, and thus, no emissionmodel has to be assumed before-
hand. Data reduction of the EUVE spectra was carried out fol-
lowing the same procedure as in Güdel et al. (1997a). The only
detail worth mentioning here is the correction of the H i column
density, for which we assumed the values listed in Table 1. An il-
lustration of the EUV fluxes for the observed targets is presented
in Figure 2. The spectra of �1 UMa and�1 Ori, which correspond
to the same stellar age, were averaged together. Note that most of
the output stellar flux is associated with emission lines of highly
ionized element transitions.

3.3. FUV: FUSE

To obtain irradiances in the FUV we carried out observations
with FUSE using its large aperture (Moos et al. 2000). For a
detailed description of the data sets used and the reduction pro-
cedure the reader is referred to Guinan et al. (2003), and thus,
we skip that discussion here. The reductions in Guinan et al.
also included the correction of ISM absorption in the emission
features whenever necessary. To illustrate the irradiance dif-
ferences among the observed targets, we show a detail of FUSE
spectra in Figure 3. The complete FUSE spectra are not shown
for the sake of clarity (see Guinan et al. 2003 for the identifi-
cation of the strongest features), and the region illustrated is a
wavelength window around two strong O vi emission lines.
Again, a steep flux decrease with increasing age is evident.

3.4. UV: IUE and HST

UV spectroscopic observations of two of the stars in Table 1
(�1 Ori and �1 Cet) were obtained with HST within program
8280. Thanks to the small aperture and the large spectral res-
olution used (STIS E140M echelle grating and 0B2 ; 0B2 aper-
ture), these observations are ideally suited to study the strong
H i Ly� emission line, besides other emission lines in the UV.
The estimation of the integrated flux of the H i Ly� line requires
careful correction for interstellar H i and D i absorption, which
is significant even for the low column densities of our targets.

Full details on this procedure and the data sets used can be
found inWood et al. (2004). A comparison of the H i Ly� emis-
sion features (with both the observed and rectified line profiles)
for the two targets observed is shown in Figure 4.
The UV irradiances of the target stars up to 1700 8 were

completed with the IUE short-wavelength camera (SWP) low-
dispersion observations (e.g., Kondo et al. 1989). Flux-calibrated
data files are available from the MAST archive following the
NEWSIPS calibration pipeline (Nichols & Linsky 1996). How-
ever, further correction to the fluxes was applied in accordance
with the investigation of Massa & Fitzpatrick (2000). The bulk of
the flux in the UV region shortward of 1700 8 is in the form of
emission lines, with a negligibly small photospheric continuum
contribution. The comparison in Figure 5 depicts IUE spectra of
the observed stars, in which the decrease of emission-line fluxes
with age is apparent. The strongest features in the IUE range are
labeled in Figure 5 and correspond to O i k1304 (triplet), C ii

k1335 (triplet),7 Si iv k1400 (doublet), C iv k1550 (doublet), He ii
k1640 (multiplet), and C i k1657 (multiplet). As mentioned above
an important issue for some of the emission lines is the correc-
tion of ISM absorption. Given the low electron density in the ISM
(e.g., Spitzer & Fitzpatrick 1993; Wood & Linsky 1997), only
transitions involving ground levels are expected to experience no-
ticeable ISM absorption. All the emission features listed above
except He ii k1640 have at least one ground-level transition com-
ponent. For lines of Si iv, C iv, and C i, the very low abundance of

Fig. 2.—EUV irradiances (flux density at 1 AU vs. wavelength), covering
different stages of the evolution of solar-type stars. Some relevant features are
identified. The spectra have been zero point–shifted using integer multiples of
10 ergs s�1 cm�2 8�1 to avoid confusion. Note the decrease in emission-line
strength from top to bottom (i.e., increasing age and rotation period). [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 3.—Details of the FUV irradiances for different stages of the evolution
of solar-type stars in the region around the O vi kk1032, 1038 doublet. The spec-
tra have been zero point–shifted using integer multiples of 1 ergs s�1 cm�2 8�1

to avoid confusion. Note the obvious trend of decreasing flux with increasing
stellar age. [See the electronic edition of the Journal for a color version of this
figure.]

7 One of the components is very weak and separated by only 0.04 8 from a
strong component.
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these species in the ISM (largely dominated by C ii and Si ii; see
Wood et al. 2002b) implies negligible absorption along the lines of
sight of our targets, rendering any correction unnecessary. For the
triplets O i k1304 and C ii k1335, one of the components has a
ground-state transition that is prone to ISM absorption, which we
corrected as explained below.

To complement the IUE UV data, we used the HST echelle
spectra described above for �1 Ori and �1 Cet, which cover a
wavelength interval from 1150 to 1700 8. These higher reso-
lution data served the double purpose of cross-checking the
integrated fluxes and carrying out a direct correction for ISM
absorption. Inspection of the line profiles indicate that ISM ab-
sorption is present in the O i k1302.17 and C ii k1334.53 com-
ponents. These account for about 30% and 40% of the total
flux of the O i and C ii triplets, respectively. We carried out a
reconstruction of the line profiles, assuming a Gaussian func-
tional form with a superposed absorption (a total of six free
parameters). For �1 Cet, the difference in radial velocity be-
tween the star and the ISM components is only�5 km s�1, thus
implying significant absorption. In this case, the corrections to
the total O i k1304 and C ii k1335 fluxes were 14% and 20%,
respectively. The resulting profile reconstruction parameters
were found to agree very well with the ISM properties in the
�1 Cet line of sight (Wood et al. 2004). For �1 Ori, the radial
velocity difference between the star and the absorbing ISM is
�36 km s�1, whichmakes the flux correction negligible (<2%).
Approximate corrections for the rest of the stars were computed
from the results for �1 Ori and �1 Cet and the properties of the
ISM-absorbing components in Wood et al. (2004) by using the
line-of-sight proxies discussed in x 2. The resulting corrections
to the total O i k1304 and C ii k1335 fluxes were in the range
2%–17%.

3.5. Solar Irradiance

Finally, we describe the mean solar irradiance spectrum used
in our comparisons. As a consequence of an increasing number
of sounding rocket experiments and space missions, knowledge

of the Sun’s high-energy emissions has improved consider-
ably in recent times. In our investigation we used the detailed
irradiances constructed by Woods et al. (1998 and references
therein) from measurements made by sounding rockets and the
UARS SOLSTICE mission. The data products available8 in-
clude low-resolution (10 8) spectra and line-integrated fluxes
for 1992, 1993, and 1994 and a high-resolution (1 8) spectrum
for 1994. All these years correspond to solar cycle 22, with 1992
and 1993 representing moderate solar activity levels and 1994
representing the quiet Sun. We used data from 1993, which
corresponds to midcycle, as representative of the Sun at the
‘‘average’’ activity level. The rocket and UARS SOLSTICE
observations cover a wavelength interval from 20 to 2000 8.
Because of the relatively low resolution of the observations
(�28), we used the higher resolution solar data from the SMM
UVSP atlas9 and the high-resolution spectrum of � Cen A of
Pagano et al. (2004) to check for possible contamination by
blends in the interval k >1300 8. Complementary soft X-ray
irradiance measurements from the SNOE experiment (Bailey
et al. 2000) were also used in the interval 20–2008. To complete
the necessary short-wavelength data (hard X-rays), we used the
inferred solar flux in the ASCA wavelength interval (1–20 8)
by Güdel et al. (1997b). The resulting energy distribution is in
generally good agreement with the measurements made by the
GOES 10 and 12 satellites in the narrower 1–8 8 range.

4. MEASUREMENT AND ESTIMATION
OF IRRADIANCES

One of the ultimate goals of the Sun in Time project is to
produce a set of data products describing the high-energy ir-
radiance evolution of the Sun and solar-type stars across the
main sequence. These fluxes can then be used as input to model
solar system planet and exoplanet atmospheres and study their

Fig. 5.—UV irradiances of solar-type stars at different stages of evolution.
Some relevant features are identified. The emission-line strength is found to de-
crease from top to bottom (i.e., increasing age and rotation period). The spec-
tra have been zero point–shifted using integer multiples of 0.2 ergs s�1 cm�2

8�1 to avoid confusion. When compared with the EUVE and FUSE spectra, the
emission lines seem broader here because of the lower spectral resolution of
the observations. Note the onset of some weak photospheric (continuum) flux
above 1500 8. [See the electronic edition of the Journal for a color version of
this figure.]

Fig. 4.—Detail of the H i Ly� line of two solar-type stars of different ages.
The thin lines show the observed profiles from HST spectra, whereas the thick
lines depict the reconstructed line profiles after correction for H i and D i ISM
absorption. Irradiances are obtained by integrating the absorption-corrected
profiles. The top spectrum has been shifted by 40 ergs s�1 cm�2 8�1 to avoid
confusion. [See the electronic edition of the Journal for a color version of this
figure.]

8 See http:// lasp.colorado.edu /rocket /rocket_results.html.
9 See ftp://umbra.nascom.nasa.gov/pub/uv_atlases.
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variations over time. To present the observational data de-
scribed in x 3 we distinguish two separate components: inte-
grated fluxes in wide wavelength intervals (roughly defined by
the intervals covered by different missions) and emission fluxes
of the strongest features in the high-energy spectrum.Data for six
representative age stages are given: 100Myr (EKDra), 300Myr
(�1 UMa and �1 Ori), 650 Myr (�1 Cet), 1.6 Gyr (� Com),
4.56 Gyr (Sun), and 6.7 Gyr (� Hyi). For 300Myr, with two stel-
lar proxies, we scaled the fluxes and computed averages when-
ever data for the two stars were available.

4.1. Integrated Irradiances

The intervals considered are 1–20 8 (ASCA), 20–100 8
(ROSAT ), 100–3608 (EUVE ), and 920–11808 (FUSE ). Above
1180 8 we provide only the fluxes of the strongest features be-
cause of the difficulty in achieving a reliable total integration
(caused by the increasing photospheric contribution). We will
address this issue in a forthcoming publication. The total fluxes
of the observed spectra were corrected to a distance of 1 AU and
scaled (using a simple radius-squared relationship) to the ex-
pected radius of the Sun at the star’s age (in Table 1). The re-
sulting stellar fluxes are presented in Table 4 (the values not in
parentheses in the first five rows).

The measured fluxes show excellent correlations with the
stellar ages (or, equivalently, with the rotation periods). The anal-
ysis reveals that the stellar fluxes can be very well approximated
by power-law relationships, as illustrated in Figures 6a–6d. The
parameters of the power-law fits are given in Table 5. Interest-
ingly, the slopes of the best-fitting relationships decrease mono-
tonically from the X-rays to the UV (i.e., decreasing energy or
increasing wavelength). Thus, emissions associated with hotter
plasmas diminish more rapidly, and the overall plasma cools
down as the stars spin down with age. This behavior was already
reported by earlier studies such as those by Ayres et al. (1981,
1999). Ayres (1997) gives also relationships for the relative flux
variations at different wavelengths.

As noted above, the available observations are not complete
because of two chief reasons. First, there is a gap between 360
and 920 8 for stars other than the Sun, and second, measure-
ments could not be obtained for all targets in all wavelength
intervals. The following targets have observations missing in
some wavelength intervals: EK Dra (FUSE ), � Com (EUVE
and FUSE ), and � Hyi (EUVE and FUSE ). Note that in FUSE
observations the lack of total flux values is caused by the impos-
sibility of calculating the flux contribution from the H Lyman
lines because of strong geocoronal contamination and saturated
interstellar absorption (see Guinan et al. 2003 for further ex-
planation). In the EUVE observations, two of the targets were

not observed because their predicted fluxes were below the
detection limit of the instrument.
Having a (rough) estimate of the flux emitted by the stars in

the intervals not covered by observations is rather critical, es-
pecially if the irradiances calculated in this work are to be used
as input data in planetary atmosphere modeling. The estima-
tion of fluxes for stars with no FUSE or EUVE observations is
straightforward since the derived power laws can be employed
to make predictions. Using this procedure, we calculated the
predicted fluxes in Table 4 (the values in single parentheses in
the first four rows) and a power-law fit to the integrated fluxes in
the wavelength interval covered by the observations (Fig. 6e).
With regard to the 360–920 8 interval, no expectations of hav-
ing any observational data exist, even in themedium-term future.
To circumvent this problem, there are at least three possible al-
ternatives: (1) using empirical irradiances for the Sun with some
ad hoc scalings to account for the various activity levels of our
targets, (2) modeling from EUVE andUV by extrapolation under
the assumption that the lines and the continuum are from the
same plasma components, or (3) inferring the total integrated
flux in the interval by comparison with the flux evolution in other
wavelength ranges. We took the third approach chiefly because
the accuracy we require is not very high (10%–20% is sufficient,
as discussed below). In this way we avoid using solar data un-
suitable for the very high activity level of some of our targets.
In addition, the second method involves extrapolation from an
incomplete range of plasma temperatures, since the observations
cover only coronal temperatures (�MK) and the temperatures
of a few FUV lines (�105 K). Given the power-law slopes in
Table 5 for different wavelength regions, a value of �1.0 seems
to be a good compromise in the 360–920 8 interval. Thus, we
calculated the flux predictions in Table 4 (the values in double
parentheses) from the observed solar flux in this interval and the
inferred power-law relationship. This crude interpolation could
be flawed if strong emission lines were present in the wavelength
interval. This does not seem to be the case when we inspect
spectra from the Sun, such as the SOLSTICE data (see x 3.5), the
SOHO SUMER spectral atlas (Curdt et al. 2001), or those from
Procyon (Drake et al. 1995), but caution should be exercised
when using the tabulated fluxes.
From the estimates described above, we were able to com-

pute total irradiances in the interval 1–1180 8, as given in the
last row of Table 4. In addition, in Figure 6f we plot the total
integrated fluxes and a power-law fit that yields an excellent fit
to the data. An illustration of the spectral energy distribution of
the targets is provided in Figure 7, in which the solid lines rep-
resent the observed data and the dashed lines have been calcu-
lated via power-law interpolation. In the complete wavelength

TABLE 4

Integrated Fluxes

k Interval

(8) 0.10 Gyr (EK Dra) 0.30 Gyr (�1 UMa+�1 Ori) 0.65 Gyr (�1 Cet) 1.6 Gyr (� Com) 4.56 Gyr (Sun) 6.7 Gyr (� Hyi)

1–20 ................................... 180.2 21.5 7.76 0.976 0.15 0.048

20–100 ............................... 82.4 14.8 10.7 2.80 0.70 0.321

100–360 ............................. 187.2 69.4 22.7 (7.7) 2.05 (1.37)

360–920 ............................. ((45.6)) ((15.2)) ((7.0)) ((2.85)) 1.00 ((0.68))

920–1180 ........................... (18.1) 8.38 2.90 (1.70) 0.74 (0.50)

1–360 plus 920–1180 ....... 467.9 114.1 44.1 13.2 3.64 2.2

1–1180 ............................... 513.5 129.3 51.1 16.0 4.64 2.9

Notes.—Units of fluxes are ergs s�1 cm�2 and are normalized to a distance of 1 AU and to the radius of a 1 M� star. See x 4.1 regarding the single and double
parentheses.
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interval, which is frequently used in aeronomy calculations, the
flux (F ) as a function of stellar age (�) is accurately reproduced
by the expression (the upper wavelength limit can be extended
from 1180 to 1200 8 because there are no additional relevant
emission lines)

F ¼ 29:7��1:23 ergs s�1 cm�2; 1 8 < k < 1200 8; ð1Þ

Fig. 6.—Power-law fits to the integrated irradiances in Table 4 for different wavelength intervals. The parameters of the resulting best-fitting relationships are
given in Table 5.

TABLE 5

Parameters of the Power-Law Fits to the Measured

Integrated Fluxes

k Interval

(8) � �

1–20 .......................................... 2.40 �1.92

20–100 ...................................... 4.45 �1.27

100–360 .................................... 13.5 �1.20

360–920 .................................... 4.56 (�1.0)

920–1180 .................................. 2.53 �0.85

1–360 plus 920–1180 .............. 24.8 �1.27

1–1180 ...................................... 29.7 �1.23

Notes.—Relationship of the form Cux ¼ �� , where �
is a function of age in gigayears.

Fig. 7.—Full spectral energy distribution of the solar-type stars at different
stages of the main-sequence evolution. The solid lines represent measured
fluxes, whereas the dotted lines represent fluxes calculated by interpolation us-
ing a power-law relationship. [See the electronic edition of the Journal for a
color version of this figure.]
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where the stellar age � is in gigayears. Also illustrative is the plot
in Figure 8, which represents the stellar fluxes normalized to the
current solar values as a function of age. The steeper decrease of
the higher energy emissions is evident in this plot. Also note that
the emissions of the youngest stars in all wavelength intervals
are orders of magnitude larger than the current solar flux.

4.2. Line Fluxes

Line-integrated fluxes were measured for the strongest fea-
tures of the high-energy spectrum whenever possible (i.e., with

sufficiently high instrumental resolution). As explained above,
the observed fluxes were corrected for interstellar absorption (if
necessary) and scaled to a distance of 1 AU and to the expected
radius of the Sun at the star’s age. The resulting line fluxes are
presented in Table 6. Note that, as mentioned in x 3.5, the fluxes
of the Sun for lines with k > 1300 8 were checked for blends
with high-resolution spectra. We found any contamination to be
below a negligible 10%, and no further action was taken.
Similar to the total integrated fluxes, the line fluxes in Table 6

are also observed to follow well-defined power-law relation-
ships as a function of stellar age, with the slopes given in Table 7.
Also listed in this table are the characteristic ion formation
temperatures, which can be regarded as the typical temperatures
of the plasma where the line emissions originate (Arnaud &
Rothenflug 1985). Similar to the integrated emissions, the flux
decrease with age becomes more pronounced with higher for-
mation temperatures (or, generally, shorter wavelengths).
Worth noting here is the powerful H i Ly� emission feature.

As can be seen by comparing Tables 4 and 6, Ly� is a very sig-
nificant contributor to the short-wave emission in the Sun and
solar-type stars. This sole emission line produces a large fraction
of the total flux between1 and 17008: fromabout 20%at 100Myr
up to over 50% for the current Sun. The observational data on
Ly� irradiances of solar-type stars are still scarce, with only two
targets measured thus far. The preliminary results presented here
yield the following expression:

F ¼ 19:2��0:72 ergs s�1 cm�2; H i Ly�: ð2Þ

Note that the formation temperature of this line is about 10 kK,
so the power-law slope should be less steep but similar to that in
the 920–1180 8 range, exactly as found (cf. Table 5). For com-
parison, the results of Wood et al. [2004; i.e., F(Ly�) /
P� 1:09�0:08ð Þ
rot

], when combined with the age–rotation period rela-
tionship of Ayres (1997; i.e., Prot / �� 0:6�0:1ð Þ), yieldF(Ly�) /
�� 0:65�0:12ð Þ for F and G dwarfs. It is worth noting that this

TABLE 6

Integrated Fluxes of Strong Emission Features

k
(8) Main Species 0.10 Gyr (EK Dra) 0.30 Gyr (�1 UMa+�1 Ori) 0.65 Gyr (�1 Cet) 1.6 Gyr (� Com) 4.56 Gyr (Sun) 6.7 Gyr (� Hyi )

284................ Fe xv 22.0 5.0 2.4 . . . 0.025 . . .

304................ He ii 44.3 8.3 2.3 . . . 0.260 . . .

335................ Fe xvi 36.6 9.7 2.6 . . . . . . . . .

361................ Fe xvi 15.7 6.6 1.6 . . . 0.016 . . .
584................ He i . . . . . . . . . . . . 0.032 . . .

610, 625 ....... Mg x . . . . . . . . . . . . 0.028 . . .

630................ O v . . . . . . . . . . . . 0.037 . . .

789................ O iv . . . . . . . . . . . . 0.017 . . .
834................ O ii . . . . . . . . . . . . 0.015 . . .

977................ C iii 5.0 1.22 0.59 0.30 0.150 0.124

1026.............. H i . . . 3.1 0.80 . . . 0.098 . . .
1032.............. O vi 3.1 0.75 0.43 0.16 0.050 0.048

1038.............. O vi 1.5 0.38 0.21 0.074 0.025 0.022

1176.............. C iii 3.4 0.73 0.37 0.15 0.053 0.046

1206.............. Si iii . . . 1.12 0.75 . . . 0.095 . . .
1216.............. H i . . . 42.2 29.3 . . . 6.19 . . .

1304.............. O i 4.3 1.18 0.60 0.45 0.143 0.163

1335.............. C ii 4.7 1.52 0.95 0.36 0.188 0.155

1400.............. Si iv 4.3 1.59 0.77 0.28 0.083 0.097

1550.............. C iv 9.1 2.21 1.02 0.40 0.146 0.082

1640.............. He ii 6.0 0.99 0.56 . . . 0.040 . . .

1657.............. C i 4.1 0.97 0.78 0.47 0.202 0.210

Notes.—Integrated units of fluxes are ergs s�1 cm�2 and are normalized to a distance of 1 AU and to the radius of a 1 M� star. See text for details.

Fig. 8.—Solar-normalized fluxes vs. age for different stages of the evolution
of solar-type stars. Plotted here are the measurements for different wavelength
intervals ( filled symbols) and the corresponding fits using power-law relation-
ships with the slopes in Table 5. Represented with empty symbols are the in-
ferred fluxes for those intervals with no available observations (the values in
parentheses in Table 4).
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slope is in remarkably good agreement with the value that we
find.

Some studies have also revealed correlations between certain
line fluxes and the overall high-energy flux. This is the finding
of Bruner &McWhirter (1988), who reported a tight correlation
between the C iv k1550 flux and the total power radiated by
solar active regions. We have carried out a similar comparison
between the C iv k1550 flux and the total integrated flux in
the 1–1200 8 interval (cf. Table 7 and Fig. 8a of Bruner &
McWhirter 1988). The power-law fit has a remarkable correla-
tion coefficient of 0.998 and yields a slope of 1:12 � 0:04 (i.e.,
Ftot / F1:12

C iv
), in good agreement with the value 1.08 obtained

by Bruner & McWhirter (the somewhat steeper slope in our
case is likely due to excluding the UV flux, which would flatten
the relationship). This argues strongly that the emissions of our
targets arise from active regions that are similar to those of the
Sun.

5. DISCUSSION

The comprehensive investigation presented here unequivo-
cally demonstrates that the Sun has experienced a strong decrease
of its high-energy emissions over the course of its main-sequence
evolution. Quantitatively, the results indicate that the solar high-
energy flux in the interval 1–1200 8 was about 2.5 times the
present value 2.5 Gyr ago and about 6 times the present value
about 3.5 Gyr ago. In addition, the 100 Myr ZAMS Sun should
have had high-energy emissions some 100 times larger than
those at present in this wavelength interval. The great diminish-
ing of the solar high-energy flux with time is vividly illustrated
by the following fact: the flux of EK Dra in the sole C iii k977
emission line is larger than the entire integrated current solar
irradiance below 1200 8.

The results also show that an important contributor to the
high-energy emissions of solar-type stars is the strong H i Ly�
feature. This statement remains true throughout the lifetime
of the stars, although the relative fraction of Ly� photons with

respect to the high-energy emissions increases with the age
of the star. This investigation shows that the Ly� flux 2.5 and
3.5 Gyr ago was larger than today by factors of 1.8 and 2.9,
respectively. Again, the 100 Myr old Sun was much more ac-
tive, with an expected Ly� flux some 15 times larger than at
present.

Note that the stellar sample we used covers the solar irradi-
ance evolution from an age of about 100 Myr after its arrival
on the main sequence. There are numerous indications that the
Sun was even more active during the T Tauri and the early post-
ZAMS stages (e.g., Simon et al. 1985 and references therein).
Studies indicate that the X-ray luminosity of solar-type stars
reaches a saturation level ( log LX=Lbol � �3) at a rotation pe-
riod of about 1.5 days (Pizzolato et al. 2003). The X-ray emis-
sion of the youngest, most active solar-type stars can be up to
2–3 times higher than the flux of our youngest solar proxy,
EK Dra. This is observed in stars of clusters such as � Per or
IC 2391, which have ages around 50 Myr. Analogous saturation
effects are expected for the emissions in the EUVand UVranges.
The evolutionary stages younger than 100 Myr have strong
significance for stellar evolution and dynamo theory, but also for
the ionization of the accretion disk and hence, for planetary for-
mation and astrochemistry. However, these early stages do not
bear special relevance to studies related to planetary atmospheres
and environments since planets were still forming in the proto-
planetary nebula (Chambers & Wetherill 1998; Lissauer 1993).
Even somewhat later in the evolution (up to �500 Myr), the
influence of the strong solar irradiance may have been over-
whelmed by the heavy bombardment period in the inner solar
system (Sleep et al. 1989), as well as by planetary meltdowns and
volcanism.

5.1. Previous Studies

Similar previous works on the same subject were published
by Zahnle & Walker (1982) and Ayres (1997). The study of
Zahnle &Walker (1982) focused on the evolution of solar ultra-
violet emissions and was triggered by the early discoveries of
high XUV luminosities of young late-type stars made by the
IUE and Einstein satellites. The authors used T Tauri (pre–main
sequence) stars and the current solar flux values to interpolate
a flux evolution law for different wavelength intervals by as-
suming a t�1/2 scaling law for the rotational velocity. The results
are in reasonable agreement with ours, in spite of the fact that
Zahnle & Walker did not use a true solar analog sample and
employed just two fiducial points for the interpolation. Ayres
(1997) carried out a very detailed study of the solar high-energy
flux, including a photoionization model for four species (H, O,
O2, and N2), mostly focused on its application to the primitive
Martian atmosphere. The author used a combination of em-
pirical data (EUVE ) and global scalings of the solar spectrum
using power laws with slopes depending on the typical tem-
perature formations of the ion species under study. In spite of
the different approach, the results by Ayres are in generally
good agreement with ours. Perhaps the power-law slopes re-
ported by Ayres are slightly smaller, yet still compatible with
those presented here.

5.2. Uncertainties, Cycles, and Variability

We have presented in x 4 the results of our XUVobservations,
but no error estimates have been discussed yet for the flux
values. There are four chief sources of uncertainty in the stellar
fluxes provided (if we neglect the errors associated with the
radius and ISM absorption corrections): the measurement er-
rors, the intrinsic variability of the emission, and the scatter

TABLE 7

Ion Formation Temperatures and Slopes of the Power-Law

Fits to the Measured Line Fluxes in Table 6

k
(8) Main Species log T Slope

284.................................... Fe xv 6.30 �1.79

304.................................... He ii 4.75 �1.34

335.................................... Fe xvi 6.35 . . .
361.................................... Fe xvi 6.35 �1.86

584.................................... He i 4.25 . . .

610, 625 ........................... Mg x 6.08 . . .

630.................................... O v 5.26 . . .
789.................................... O iv 5.05 . . .

834.................................... O ii 4.80 . . .

977.................................... C iii 4.68 �0.85

1026.................................. H i 3.84 �1.24

1032.................................. O vi 5.42 �1.00

1038.................................. O vi 5.42 �1.02

1176.................................. C iii 4.68 �1.02

1206.................................. Si iii 4.40 �0.94

1216.................................. H i 3.84 �0.72

1304.................................. O i 3.85 �0.78

1335.................................. C ii 4.25 �0.78

1400.................................. Si iv 4.75 �0.97

1550.................................. C iv 5.00 �1.08

1640.................................. He ii 4.75 �1.28

1657.................................. C i 3.85 �0.68
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associated with the selection of the stellar proxies (i.e., we are
assigning a single flux to a mass or spectral type interval). In
turn, the error of the measurement has a contribution from the
flux integration itself (photon noise) and from the calibration of
the detector. The numerical error of the flux integration follows
from the propagated error of the flux uncertainty in each wave-
length bin.

We have carried out the necessary calculations and find
that the observations were made with sufficiently long integra-
tion times that the photon noise contributes to an uncertainty of
less than 5% on the measured fluxes. The exceptions to this are
the integrated FUV fluxes, which have strong geocoronal con-
tamination and had to be inferred by alternative methods (see
Guinan et al. 2003), resulting in uncertainties of 20%–40%, and
the ROSAT X-ray flux of � Hyi, with an uncertainty of about
10% due to the low count rate. The estimation of the calibration
errors is quite often not straightforward. From the comparison
between different X-raymissions and the absolute effective area
calculations, one deduces an absolute calibration uncertainty on
the order of 10%–20% for both ASCA SIS and ROSAT PSPC
detectors.10 For EUVE, Bowyer et al. (1996) report that the ef-
fective area calibration of each band is believed to be accurate to
within 20%. For the FUSE LWRS LiF and SiC detectors, the
absolute calibration of the fluxes has an uncertainty below 10%,
according to the documentation on the FUSE Web site.11 De-
tailed documentation is available on the absolute photometric
accuracy of HST STIS MAMA echelle observations (as those
used here), and the expected value is around 8%.12 Finally,
comparisons indicate that after correcting for systematic effects
the absolute calibration of IUE is accurate to within 3% (Massa
& Fitzpatrick 2000). Summarizing, we estimate that the mea-
surement errors (including both photon noise and absolute
calibration uncertainty) of the fluxes in Tables 4 and 6 decrease
from about 10%–15% in the X-ray domain to about 5%–8% in
the UV.

As mentioned above, there are additional sources of uncer-
tainty caused by the intrinsic variability of the emission and by
the differences between stars in the spectral range under study.
Recall that the ultimate goal of this study is to obtain XUV
fluxes for the Sun and solar-type stars over their (magnetic) evo-
lutionary histories using stellar proxies. We are interested in
obtaining the ‘‘average’’ XUV emissions that are characteris-
tic of stars in a specific mass or spectral type window (G0–G5).
With the available observations, there is very little we can say
about the scatter caused by using stars that are slightly more
massive than the Sun (see Table 1) as proxies. However, there
are two competing effects that may cancel each other to a cer-
tain extent. On the one hand, more massive stars have larger
surface areas and thus, larger integrated emissions, but, on the
other hand, they also have shallower convective zones and a
somewhat weaker dynamo. We may speculate that to first order
the emissions of stars within a small interval of mass are very
similar.

But certainly, the main contributor to the uncertainty of the
fluxes in Tables 4 and 6 is caused by the intrinsic variability. It
is well known that stellar magnetic activity is characterized by
short- and medium-term variations over timescales of hours,
days, months, and years. It is beyond the scope of this paper to
analyze in detail the flux variations of all our solar proxies over

these timescales because that would imply a very large obser-
vational effort. In most cases, the available observations repre-
sent just a snapshot of the flux emissions without any reference
to the ‘‘average’’ value and its scatter. We may, however, make
an educated guess at the amplitude of the variations over time-
scales of years. In the Sun, besides flares, which are discussed
below, the relevant source of midterm variability is the 11 yr
activity cycle (see Lean 1997 for a complete review). In spite
of the lack of accurate solar XUV variability measurements
yet, the available data indicate solar maximum versus minimum
(i.e., peak to peak) flux ratios of 10–20 for X-rays (10–100 8),
decreasing to ratios of about 2 at 600 8 and 1.2 at 1500 8
(Hinteregger 1981; Rottman 1988; Lean 1997). For the H i Ly�
emission line, Woods et al. (2000) carried out a detailed study
over different timescales and report a solar cycle peak-to-peak
flux ratio of 1.5. The variability factor shows a positive corre-
lation with the temperature of the associated emitting plasma.
Thus, for specific lines the flux variations are a function of their
formation temperatures (see Ayres 1997).
Solar-like stars have also been observed to exhibit activity

cycles similar in length to that of the Sun (e.g., Baliunas &
Vaughan 1985). For example, there is some yet inconclusive
evidence for a 10–12 yr X-ray activity cycle in EK Dra (Güdel
et al. 2003) and a cycle of similar length in � Hyi (E. F. Guinan
2004, unpublished). Interestingly, however, the flux maximum
versus minimum ratio for EK Dra in the ROSAT band (i.e.,�6–
1208) is about 2.5, or some 4 times smaller than the Sun’s value
(e.g., Hempelmann et al. 1996; Micela & Marino 2003). This
may just be a consequence of the smaller contrast between max-
imum and minimum when the stars have high activity levels
(i.e., surface active regions) at all times. An indication for pos-
sible long-term modulation depths can be obtained by observ-
ing cluster stars repeatedly, at intervals of several years. Such
studies have been performed, for example, for the Pleiades clus-
ter that contains many stars somewhat similar to EK Dra or for
the Hyades, which are similar in age to �1 Cet. These observing
programs typically reported variations of no more than a factor
of 2 for most stars; see, for example, Gagné et al. (1995),Micela
et al. (1996), and Marino et al. (2003) for the Pleiades and Stern
et al. (1994, 1995) for the Hyades.
The flux intrinsic variability with the activity cycle of our

solar proxies will be the subject of a forthcoming study when
the time baseline of the data permits a detailed investigation. At
this point, taking into account all the available information, we
estimate that total uncertainties for the power-law slopes in
Table 5 are no larger than 0.1.
A further source of short-term variability is stellar flares.

These are important for certain applications of our irradiance
data because the amount of energy released in a single event can
be significant. Observations of some of the solar proxies in our
stellar sample indicate that flare events in young solar proxies
such as EKDra are frequent (about three or four major flares per
day) and up to 100 times more powerful than those observed
for the present Sun (Audard et al. 1999). X-ray flaring has also
been observed on �1 UMa, and a large X-ray flare (10-fold
X-ray enhancement) was recorded by the EXOSAT satellite dur-
ing 1984 January (Landini et al. 1986). Another of our targets,
�1 Cet, experienced a flare that was recorded spectroscopically
in the visible by Robinson & Bopp (1987). For an up-to-date
study of X-ray flaring (which includes new observations of
some of our targets), the reader is referred to the recent paper by
Telleschi et al. (2005). In addition, we plan in the near future to
use time-tagged spectra recently acquired with FUSE to address
the evolution of the flare rates and energetics of solar-type stars

10 See http:// heasarc.gsfc.nasa.gov.
11 See http://fuse.pha.jhu.edu /analysis /calfuse_wp0.html.
12 See Space Telescope Imaging Spectrograph Instrument Handbook,

http://www.stsci.edu /hst/stis /documents and Bohlin (1998).
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over their lifetimes. We stress that the fluxes given in this paper
are clear of major flare events and should constitute a faithful
representation of the quiescent emission of the targets.

5.3. Particle Fluxes

With enhanced high-energy emissions and frequent flares,
young solar-type stars are also expected to have more powerful
particle winds. Evidence from the lunar and meteoritic fossil
record agrees with this extrapolation and suggests that the Sun
had a stronger wind in the past (e.g., Newkirk 1980). Similar
conclusions were drawn by Lammer et al. (2000) from their
study of the 15N/14N isotope ratio in the atmosphere of Titan.
The indirect evidence of an enhanced particle flux during the
first 500 Myr of its life would be more compelling if a direct
detection of the wind of a solar-type star was attained. Attempts
made by Gaidos et al. (2000) to detect the winds of �1 UMa,
�1 Cet, and � Com from their radio emissions yielded null re-
sults. In addition, the search for blueshifted absorption in coro-
nal lines carried out by Ayres et al. (2001) was unsuccessful.

Although winds of solar-like stars have not yet been detected
directly, Wood et al. (2001, 2002a) devised a method to infer
their characteristics from observations of the interaction between
the fully ionized coronal winds and the partially ionized local
ISM. Modeling of the associated absorption features, which are
formed in the ‘‘astrospheres,’’ has provided the first empirical
estimates of coronal mass-loss rates for G–K main-sequence
stars. From the small sample for which the astrospheres can be
observed, the mass-loss rates appear to increase with stellar ac-
tivity. Using simple relationships involving rotational velocities
and X-ray fluxes, Wood et al. (2002a) suggest that the mass-loss
rate of the Sun has decreased, following a power law propor-
tional to t�2, which implies that the wind of the active young
Sun may have been around 1000 times more massive than it is
today. There are still a number of assumptions that have to be
validated before this result can be fully established, especially
the correlation between X-ray flux and mass-loss rate, as these
originate fromphysically distinct regions (closed and open fields,
respectively), but the work of Wood et al. is an important step
forward.

With many of the solar wind characteristics still being un-
veiled today, it is not surprising that our knowledge of the
particle fluxes of solar-type stars of different ages is at a very
early stage. Evidence from independent sources indicates that
the young Sun (and by extension, young solar-type stars) had a
wind significantly more intense than at present. In addition, the
high frequency of large flares observed with EUVE by Audard
et al. (2000) in young suns such as EK Dra and 47 Cas B could
indicate explosive episodic releases of plasma, generating non-
thermal high-energy particles. These would be like the coronal
mass ejections observed on the Sun but hundreds of times stron-
ger and more frequent. Similar to those in the Sun today (Lewis
& Simnett 2000; Schrijver & Zwann 2000), coronal mass ejec-
tions could contribute significantly to the stellar wind. As we
discuss below, the solar wind plays an important role in the
shaping and evolution of planetary atmospheres and surfaces
and thus is an important component in characterizing the mag-
netic activity evolution of the Sun over its lifetime.

6. APPLICATIONS OF THE SOLAR IRRADIANCE DATA

6.1. Thermal Escape on Exoplanets

The high-energy irradiance evolution data presented in this
paper are intended to be an ingredient of studies related to the
evolution of solar system planets and exoplanets. Meier (1991)

gives the absorption profile of the Earth’s atmosphere and shows
that most of the radiation with kP1700 8 is absorbed (and thus
deposits its energy) in the thermosphere, at an altitude above
90 km. Similar effects are found in atmospheres with different
compositions (e.g., within the solar system) since the absorption
cross sections of the high-energy photons of all the atomic spe-
cies present in the upper atmospheres are very large. Thus, XUV
ionizing radiation raises the temperature of the planetary ther-
mospheres and affects their vertical temperature profiles and en-
ergy transport mechanisms. Obviously, planets around young
solar-type stars, with XUV fluxes 10–100 times stronger than
those of today’s Sun, suffer intense heating of their upper atmo-
spheres,which reaches temperaturesmuch above the current value
of 1000 K for the Earth. When the temperature of the thermo-
sphere is large, a significant fraction of the light constituents of the
upper atmosphere attain velocities above the escape value (and
drag heavier constituents away).

Thermal escape, although commonly neglected in studies of
the present solar system, may be important in planets around
magnetically active stars. Thus, any attempt to calculate the his-
tory of a planet’s atmosphere around a solar-type star needs to
include the XUV energy evolution, since this regulates the ef-
ficiency of evaporation processes. Calculations using early data
from the present work were carried out by Lammer et al. (2003b),
who showed that ‘‘hot Jupiters’’ could lose significant fractions
of their hydrogen masses under intense XUV radiation. Non-
thermal mechanisms caused by ionosphere–stellar wind inter-
actions also contribute to this loss process (Grie�meier et al.
2004). The tantalizing results indicate that hydrogen-rich giant
exoplanets may suffer rapid evaporation under strong XUV ra-
diation conditions. Once the entire hydrogen envelope is lost,
only the rocky planetary cores would remain, thus representing
a putative new class of planet. The confirmation of the theoreti-
cal prediction of thermal escape comes from the observations of
Vidal-Madjar et al. (2003), who reported a large exospheric radius
for the transiting planet HD 209458b (due to thermal expansion)
and a loss rate compatible with the estimates of Lammer et al.
The consequences of this enhanced thermal loss process could
explain the apparent paucity of exoplanets so far detected at very
close orbital distances (<0.05 AU). Terrestrial planets could also
be affected by the enhanced XUV environment and lose a sig-
nificant fraction of their lighter atmospheric constituents.

6.2. The Martian Water Inventory

The Sun in Time data are also being used to study aspects
related to the evolution of solar system planet atmospheres
and surfaces. In particular, the planet Mars has been especially
vulnerable in the past to the influence of the Sun’s energy and
particle emissions because of its small mass and lack of a pro-
tecting magnetic field. Lammer et al. (2003a) and Terada et al.
(2005) have studied the Martian water inventory using reliable
solar XUV and wind evolution laws and comprehensive mod-
els for the loss processes of hydrogen and oxygen that include
dissociative recombination, ion pickup, sputtering, and viscous
processes in the planet’s ionosphere. The more recent work of
Terada et al. uses a global hybrid model to conclude that the
loss of H2O from Mars over the last 3.5 Gyr is equivalent to a
global Martian ocean with a depth of about 10.5 m. This value
is smaller than those reported by previous studies but could still
be slightly overestimated.

The two studies quoted also find that the sum of thermal and
nonthermal atmospheric loss rates of H and all nonthermal es-
cape processes of O to space are not compatible with a ratio of
2:1 (H to O) expected from the atomic composition of water
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and are currently close to about 20 : 1. Escape to space cannot
therefore be the only sink for oxygen on Mars. These results
suggest that the missing oxygen can be explained by its incor-
poration into the Martian surface by chemical weathering pro-
cesses since the onset of intense oxidation about 2 Gyr ago. This
oxygen incorporation also has implications for the oxidant ex-
tinction depth, which is an important parameter in determining
the sampling depths required for searching for organic material
on Mars. The oxidant extinction depth is expected to lie in a
range between 2 and 5 m for global mean values.

6.3. Erosion of Mercury’s Surface

The planet Mercury, because of its closeness to the Sun,
suffered major exposure to particle and XUVemissions during
its early active stages (see Guinan & Ribas 2004). Mercury’s
core is large compared with those of other terrestrial planets,
extending out to over 60% of its radius. One of several hypoth-
eses advanced to explain this anomaly is that strong dense winds
and very high XUV fluxes of the young Sun (during the first
0.5–1 Gyr of its life) swept away its early atmosphere and much
of its outer mantle. Even today (with a much less active Sun)
ground-based observations of heavy constituents such as Na+,
K+, and O+ in Mercury’s present transient exosphere implicate a
strong exosphere-surface interaction related to the particle and
radiation environment of the nearby Sun (e.g., Cameron 1985).
Tehrany et al. (2002) have carried out initial calculations indi-
cating that enhanced solar wind andXUVemissions could be suf-
ficient to explain the present relatively thin mantle and relatively
large iron core. If this hypothesis is correct, young Mercury may
have started out similar in size to the Earth but lost much of its
less dense mantle from radiation and particle interactions (ion
pickup) with the young Sun.

6.4. The Paleoclimate of the Earth

Finally, the young Sun’s emissions may have also had an
impact on the early evolution of Earth’s atmosphere. Besides
heating the thermosphere and altering the vertical temperature
profile, the enhanced high-energy flux can strongly influence the
photochemistry and photoionization of the early planetary atmo-
spheres and may play a role in the origin and development of life
on Earth, as well as possibly onMars. For example, Canuto et al.
(1982, 1983) discuss the photochemistry of O2, O3, CO2, H2O,
etc., in the presumed CO2-rich early atmosphere of the Earth. In
this context, the Ly� flux plays an important role, as it is strong
enough to penetrate the planetary exospheres into their meso-
spheres, richer in molecules, and susceptible to photochemical
reactions.

The Sun in Time data can also provide insights into the so-
called Faint Sun Paradox (see Guinan & Ribas 2002). The
paradox arises from the fact that standard stellar evolutionary
models show that the ZAMS Sun had a bolometric luminosity
of �70% of the present Sun. This should have led to a much
cooler Earth in the past, whereas geological and fossil evidence
indicates otherwise. A solution to the Faint Sun paradox pro-
posed by Sagan & Mullen (1972) was an increased greenhouse
effect on the early Earth. The gases that have been suggested to
account for this enhanced greenhouse effect are CO2, NH3, or
CH4 (see, e.g., Rye et al. 1995; Sagan & Chyba 1997; Pavlov
et al. 2000). Although the stronger XUV solar radiation cannot
by itself explain the Faint Sun Paradox (because it accounts for
only an insignificant percentage of the Sun’s radiative output),
the photoionization and photodissociation reactions triggered
could play amajor role in which greenhouse gases are available.
For example, the enhanced photodissociating FUV-UVradiation

levels of the young Sun may have influenced the abundances of
ammonia and methane in the prebiotic and Archean planetary
atmosphere some 2–4 Gyr ago. Similarly, the photochemistry
and abundance of O3 is of great importance to the study of the
genesis of life on Earth.
In summary, any model of the paleoatmosphere of the Earth

and other solar system planets needs to account for the stronger
XUV and particle radiation from the young Sun. If the XUV
fluxes of the young Sun are estimated by a simple scaling of the
current values by a factor of 0.7 (in accord with the lower ex-
pected photospheric flux), this would represent a severe under-
estimation of the radiation levels by orders of magnitude.

7. CONCLUSIONS

One of the primary goals of the Sun in Time program is to
reconstruct the spectral irradiance evolution of the Sun and, by
extension, of solar-type stars. To this end, a large number of
multiwavelength (X-ray, EUV, FUV, UV, and visible) observa-
tions have been collected and analyzed. The observations, se-
cured with ASCA, ROSAT, EUVE, FUSE, HST, and IUE, cover
18 (12 keV) to 17008, except for a gap between 360 and 9208,
which is a region of very strong ISM absorption. Irradiance data
are already available for five of the stars in our sample.
A detailed quantitative analysis reveals that the stellar fluxes

can be very well approximated by power-law relationships. In-
terestingly, the slopes of the best-fitting relationships are seen to
decrease monotonically from the X-ray to the UV band (i.e., de-
creasing energy or increasing wavelength). Emissions associ-
ated with hotter plasmas diminish more rapidly, and the overall
plasma cools down as the stars spin down with age. The results
from the Sun in Time program suggest that the coronal X-ray–
EUV emissions of the young main-sequence Sun were �100–
1000 times stronger than those of the present Sun. Similarly, the
transition region and chromospheric FUV-UV emissions of the
young Sun are expected to be 20–60 and 10–20 times stron-
ger, respectively, than presently. In the entire XUV interval from
1 to 1200 8, we find that 2.5 Gyr ago the solar high-energy flux
was about 2.5 times the present value and about 3.5 Gyr ago was
about 6 times the present value (when life arose on Earth). In ad-
dition, preliminary estimates using spectra of two solar proxies
indicate that Ly� flux of the young Sun was also much stronger,
by up to a factor of 15. In addition to intense levels of dynamo-
generated coronal and chromospheric XUVemissions, the young
Sun and young solar analogs are also expected to have stronger
and more frequent flares and to have stronger (more massive)
stellar winds.
In summary, compelling observational evidence indicates

that in the past the Sun underwent a much more active phase.
The enhanced activity revealed itself in the form of strong high-
energy emissions, frequent flares, and a powerful stellar wind.
Such energy and particle environment certainly had an impact
on the genesis and evolution of solar system planets and plan-
etary atmospheres.
Besides completing remaining gaps in the data (e.g., Ly�

irradiances, somewhat complicated by the demise of the STIS
spectrograph on HST ) and better characterizing the flare sta-
tistics and wind properties, future work will take two main di-
rections. We plan to extend our study to longer wavelengths,
between 1700 and 3000 8. Here the photospheric emissions
begin to dominate over those of the chromosphere and a lot
more care has to be taken in adequately normalizing the flux,
also because the emission differences between young and old
solar-type stars are expected to be smaller (�10%–30%). The
UV portion of the spectrum (UVA, UVB, and UVC) is of great
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importance, as it drives the majority of the photochemical re-
actions and may influence the generation and destruction of
some chemical compounds, e.g., NOx , that are important to life.

Because lower mass stars are especially common and hence
may host habitable planets, progress in this direction has started
by expanding the Sun in Time program to time sequences of the
high-energy emissions, wind, and flare activity of low-mass K
and M stars. These stars are far more numerous than the solar-
type stars, have long main-sequence lifetimes, and, in principle,
are prime targets for terrestrial planet searches. Because of the
low luminosities, their ‘‘habitable zones’’ (see Kasting et al.
1993) can be quite close to the host stars. Low-mass stars have
deeper outer convective zones (where the magnetic dynamo
operates) than Sun-like stars and thus possess very efficient
magnetic dynamos. The expected enhanced XUV radiation en-
vironment should play a major role in the development of the
atmospheres and ultimately of life on planets located in their
habitable zones.

We gratefully acknowledge B. E. Wood for his help with
the analysis of the Ly� observations. We are also grateful to
H. Lammer and F. Selsis for their support of this project and
for their interest in using the resulting data. We are very grateful
to the referee, Jeffrey L. Linsky, for his useful suggestions and
comments, which have led to substantial improvements in the
paper. I. R. acknowledges support from the Spanish Ministerio
de Ciencia y Tecnologı́a through a Ramón y Cajal fellowship.
We acknowledge with gratitude support for the Sun in Time
program from NASA grants NAG 5-382 (IUE ), NAG 5-1662
(ROSAT ), NAG 5-1703 (IUE ), NAG 5-2160 (IUE ), NAG
5-2494 (ROSAT ), NAG 5-2707 (ASCA), NAG 5-3136 (EUVE ),
NAG5-8985 (FUSE ), NAG5-10387 (FUSE ), andNAG5-12125
(FUSE ). General stellarX-ray astronomy research at Paul Scherrer
Institut has been supported by the Swiss National Science Foun-
dation under projects 2100-049343.96, 20-58827.99, and 20-
66875.01. This research has made use of NASA’s Astrophysics
Data System.

REFERENCES

Arnaud, M., & Rothenflug, R. 1985, A&AS, 60, 425
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E. F. Guinan (San Francisco: ASP), 85

———. 2004, in IAU Symp. 219, Stars as Suns: Activity, Evolution, and
Planets, ed. A. K. Dupree & A. O. Benz (San Francisco: ASP), 423

Guinan, E. F., Ribas, I., & Harper, G. M. 2003, ApJ, 594, 561
Hamilton, R. T., Guinan, E. F., & DeWarf, L. E. 2003, BAAS, 203, 4801
Han, I., & Gatewood, G. 2002, PASP, 114, 224
Hempelmann, A., Schmitt, J. H. M. M., & Stępien, K. 1996, A&A, 305, 284
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