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ABSTRACT

Pevtsov et al. recently showed that the luminosity of solar and stellar X-rays from closed magnetic structures scales
nearly linearly with magnetic flux over 12 decades. We show here that the total power available to accelerate the solar
wind also scales linearly with magnetic flux, provided that its sources inject a roughly constant energy per particle
prior to losses from heat conducted by electrons into radiation. Using a recently developed model of the solar wind
energy source and particle source, we calculate the available solar wind power and convert it into an equivalent X-ray
luminosity to explore whether the same process that drives solar wind may also power coronal heating. The quan-
titative results agree remarkably well with the Pevtsov et al. X-ray observations and with GOES X-ray observations
over almost two solar cycles from 1985 to 2004. The model for the solar wind energy and particle source relies on the
continual reconfiguration of the supergranular network through the emergence of small bipolar or more complex
closed magnetic fields. This naturally leads to an energy flux proportional to field strength on large-scale field struc-
tures with field strengths larger than the emerging flux. We conclude that the sources of energy for the solar wind and
coronal heating are linked, likely through the emergence of new magnetic flux that continually reconfigures large-
scale solar magnetic fields and powers and heats the corona.
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1. INTRODUCTION

The speed of the solar wind observed in situ in interplane-
tary space at 1 AU and beyond is strongly anticorrelated with its
coronal freezing-in temperature (Geiss et al. 1995, Fig. 2; von
Steiger et al. 2000, Fig. 6), which is determined from the charge
state distributions of heavy elements. The freezing-in temperature
is set where the solar wind draws ions out faster than they can
equilibrate (through ionization and recombination) to the local
electron temperature. Schwadron & McComas (2003) suggested
that this anticorrelation between solar wind speed and freezing-
in temperature results naturally if both fast and slow solar winds
arise from the same small-scale structures that inject a roughly
fixed electromagnetic energy per particle, mv2, but that a slow
solar wind radiates more energy due to higher coronal tempera-
tures. The roughly fixed injected electromagnetic energy per par-
ticle leads naturally to a well-organized final solar wind speed. In
regions where conductive and radiative losses are insignificant,
the final wind speed achieves its maximum steady state value of
~800 km s,
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and the coronal source temperature is cool, as observed in co-
ronal holes. This expression (eq. [1]) was derived by Fisk et al.
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(1999) by relating magnetohydrodynamic Poynting and particle
flux to the emergence of new magnetic flux on the Sun. In con-
trast, a slow wind is formed from hotter and brighter regions,
where heat conduction funnels more energy into radiative loss
near the base of the transition region (Schwadron & McComas
2003).

The concept that different types of solar wind originate from
small-scale magnetic source structures that inject a roughly fixed
energy per particle begs a deeper question: Do these same prin-
ciples apply more generally to the closed corona, and possibly to
other magnetic stars? We begin to address this question here. We
use solar X-ray observations as a proxy for the heating processes
that occur in the closed corona as a whole, and we directly com-
pare the power that heats the corona to that which generates
the solar wind. In § 2, we discuss the relationship between the
Pevtsov et al. (2003) scaling law for X-rays and the solar wind. In
§ 3, we discuss this relationship in the evolution of X-rays over
the solar cycle, and we provide concluding remarks in § 4.

2. FROM SOLAR WIND TO X-RAYS

Here we relate solar wind observations to observed X-ray lu-
minosities. We start by deriving the power required to drive the
solar wind and then relate this to the expected power in the X-ray
spectral window. The parameterizations introduced by Schwadron
& McComas (2003) require an energy flux, Qy, from small-scale
structures that is given by
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where f; is the base particle flux. Because, on average, both the
particle and magnetic flux are roughly constant at 1 AU (McComas
et al. 2000), the average base flux is proportional to the aver-
age base field strength B, such that /B, = fy/By = fi/B1, =
constant ( f'and B, are the particle and radial magnetic field at
any position along the flux tube, the subscript “0” denotes the
base fluxes near the Sun, and the subscript “1”” denotes fluxes
at 1 AU). We assume that small-scale emerging structures that
power the solar wind inject a roughly constant energy per parti-
cle. Accordingly, the value of u,,, is constant. In addition, the
quantities f; and By, are observed to be constant. The resulting in-
jected energy flux is then proportional to the base magnetic field
strength. By integrating the base energy flux (eq. [2]) over the
cross-sectional area of a flux tube, we derive an expression for
the total power, Pg,, that is available to drive the solar wind:

mu> GM;m\ fi
P.., = max s . (I)
SW < 2 + Rs ) Blr 0, (3)

where @ is the base magnetic field flux of the open magnetic
field that carries a steady fast solar wind.

Using umax = 800 km s™!, 4 =2 x10% cm™2s™!, and B, =
30 pG, which are all from measured solar winds (McComas
et al. 2000), we find Py, ~ 50,0009, as shown by the solid line
in Figure 1. Although the magnitude of the solar wind power is
higher than the X-ray luminosity, the slopes are similar, and both
are linearly proportional to magnetic flux.

Consider the situation in which the same process that powers
the solar wind also heats the corona. In that case, the maximum
power available to accelerate the solar wind should be the same
as that available to heat the corona, provided that the magnetic
flux is also the same. Whereas on open field lines injected energy
and matter form a solar wind, on closed structures, the energy
must be entirely converted into radiation:

H()Trzl/z
L )

mfovjo =Co (4)
where 7, is the temperature maximum at or below a scale height,
L is the length along a magnetic loop to this temperature, the
coefficient of electron heat conduction is xo ~ 107 K~ ergs
em~! s7! (Spitzer 1962), and the dimensionless constant Cy is
found to be Cy ~ 0.91 (Schwadron & McComas 2003). On the
right-hand side of equation (4), we estimate the peak conductive
flux using the maximum temperature and the loop length. It is
well known from coronal loop models that this conductive flux
estimate also provides a good ballpark estimate for the flux of
energy radiated by the semiloop (Rosner et al. 1978). X-rays are
formed from the energy conducted down the loops by electrons
and provide a measure of the total radiative losses.

In the observed spectral window of Yohkoh soft X-rays (2.8—
36.6 A), the radiation is crye, ~ 1% of the power deposited in the
corona (Longcope 2004). We recovered this fraction using the
differential emission measure (DEM) distributions for the quiet
Sun, active regions, and coronal holes that were provided with
the CHIANTI software package (Dere et al. 1997; Young et al.
2004). These DEM distributions use solar atmospheric profiles
of temperature and density from Vernazza & Reeves (1978) and
simulated spectra for an average coronal hole, an average quiet
Sun, and an average active region. Coronal abundances are from
Feldman et al. (1992), and we have taken a constant pressure of
3% 10" cm™3 K. From the simulated spectra, we took the ratio,
Qyox, Of power in the 2.8—36.6 A band (integrated over the in-
strument response) over the power in the 1-940 A band. We set
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Fic. 1.—Model X-ray luminosity (dashed line) scaled from the maximum
power available to accelerate the solar wind (Schwadron & McComas 2003; solid
line), showing remarkable agreement with the X-ray luminosity over 12 decades.
The black data points from Pevtsov et al. (2003) cover an enormous range of
closed structures on the Sun and other stars, including the quiet sun (dots), X-ray—
bright points (squares), solar active regions (diamonds), solar disk averages ( plus
signs), G, K, and M dwarfs (crosses), and T Tauri stars (circles). The light gray
data points are from 1 day—averaged Ulysses observations of the fast solar wind
over the mission life (to date). To derive the magnetic flux and total power, we
multiply the 1 day—averaged power density and magnetic flux density by an area
factor, 47R %le , where Ryyy is Ulysses’s radial position. The agreement shown in
this figure suggests that coronal heating and solar wind acceleration are powered
by a similar source. [See the electronic edition of the Journal for a color version of
this figure.]

an upper limit of 940 A to exclude all emissions except hydro-
genic lines emitted by the partially ionized plasma at the base
of'the transition region. We found ayox = 0.8% in active regions
and ayox = 0.5% in quiet regions.

Following the scenario for a similar coronal and solar wind
energy source, the X-ray luminosity (Ly ) from closed structures
iS ayok ~ 1% of the maximum solar wind power,

Lyok ~ aYOkPSW = 500‘1)0 (5)

The resultant luminosity (Fig. 1, dashed line) agrees remarkably
well with the X-ray observations.

Although our power law was derived only on the basis of the
solar wind, it scales with the luminosity over the large 12 decade
range of magnetic flux. In addition, since temperatures should
increase on average with magnetic flux, the slight variation at
higher magnetic fluxes (Fig. 1, crosses; G, K, and M dwarfs)
may be due to a better match at increased temperatures between
the bulk of the radiated spectrum and the spectral window of these
X-ray observations.

It is well known that the X-ray luminosity varies significantly
over the solar cycle, whereas the magnetic flux and fast solar
wind power are relatively constant over the solar cycle. This begs
the question, if the sources of coronal heating and solar wind are
similar, then why is the X-ray luminosity so much more variable
over the solar cycle?

3. X-RAY LUMINOSITY OVER THE SOLAR CYCLE

We investigate the evolution of X-rays and magnetic flux over
the solar cycle to address why the solar wind power and magnetic
flux are so much more constant than the X-ray power. The data
shown in the middle panel of Figure 2 are the X-ray luminosities
in the 1-8 A range measured by the Geostationary Operational
Environmental Satellite (GOES') for each Carrington rotation



No. 2, 2006

10% d
i < GOES Soft X~-roys

E | —— Active and Quiet Regions %

:|822 — Active Regions

Magnetic Flux [Mx] Xray Lum [ergs/s]

102 . Active Regions
Quiet Regions
(15 ol A " &
1985 1990 1995 2000

Time of Observation [years]

FiG. 2.— X-ray luminosity and magnetic flux in active and quiet regions over
the solar cycle. The top images show Yohkoh soft X-ray images in 1991 September
(left), 1996 June (middle), and 2001 June (right). The blue data points in the mid-
dle panel show soft X-ray luminosity (in units of ergs s~') from GOES (1-8 A).
The red and black curves in the middle panel show predictions that assume that
the same power that generates the solar wind also heats the corona. The predic-
tions are that Ly = avgors4,Po, where 4,, ~ 50,000 is the conversion factor from
magnetic flux into luminosity and v gogs is the fraction of this power emitted in the
1-8 A spectral window measured by GOES (we have also folded in the instrument
response). In active regions, the spectral fraction is crgors =~ 2.3 x 107#; in quiet
regions, argogs ~ 4.7 x 1073, and in coronal holes, a:gogs ~ 8 x 10710 In the
middle panel, contributions of active regions (red curve) and combined active and
quiet regions (black curve) are shown. In the bottom panel, we show the active
region magnetic flux (red curve), approximated by all magnetic flux with field
strength exceeding 60 G, and the portion of quiet region magnetic flux that is
closed below 1.1 solar radii ( green curve). The quiet region flux neglects small-
scale mixed-polarity flux on scales less than ~5° (see text for details).

from 1985 to 2004. We have used GOES because the data are
supplied over such a long time period. There is a 3 decade change
in the X-ray luminosity from solar minimum to solar maximum,
whereas the total solar magnetic flux changes by only an order of
magnitude (Wang et al. 2000). We found that the X-ray luminos-
ity is roughly proportional to the unsigned magnetic flux, cubed.
At least part of this variability in the X-rays is due to a change
over the solar cycle in the fraction of the coronal emission in the
1-8 A spectral window. We analyzed simulated radiated spectra
emitted from active regions, quiet regions, and coronal holes
(Dere et al. 1997; Young et al. 2003) and formed a ratio, & Gogs,
of the power emitted in the 1-8 A band (integrated over the in-
strument response) to the power emitted from 1 to 940 A. The
observed X-ray luminosity in the GOES 1-8 A spectral window
is the fraction agogg times the total power deposited into coronal
heating, Lgoes = @GogsPeorona- In active regions, the spectral
fraction is cvgogs = 2.3 x 107%; in quiet regions, agogs ~ 4.7 X
1073, and in coronal holes, a.gors ~ 8 x 10710, We have used
the same atmospheric profiles of temperature and density in ac-
tive, quiet, and coronal hole regions, as previously discussed.
To make quantitative estimates of the X-ray flux over the solar
cycle, we analyzed Kitt Peak Carrington maps and divided the
magnetic flux into three bins: active region flux ® 5, quiet region
flux ®qr, and open magnetic flux ®cy. As with the previous
estimate in Figure 1, we take Peorona ~ 50,0009, and we sepa-
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rate contributions to the luminosity according to the appropriate
fluxes:

Lgors = 50,000(a AR Par + qrPor). (6)

We neglect contributions from the open field, since agogs is
extremely small in coronal holes and the injected power is pre-
dominantly channeled into solar wind acceleration. Unsigned
magnetic flux with field strengths greater than 60 G is associated
with active regions. We used a potential source surface model
(PSSM) with an associated Legendre polynomial expansion up
to / = 20 moments and a source surface at 2.5 solar radii to cal-
culate the net unsigned open magnetic flux. For the quiet region
flux, we used the PSSM to calculate the net unsigned flux asso-
ciated with loops of heights less than 1.1 solar radii (70,000 km)
and field strengths less than 60 G. This is a fairly restrictive defi-
nition of quiet region flux, which neglects large loops with heights
roughly above ~1 scale height in a I MK corona. Furthermore,
the magnetic flux associated with small loops with scale lengths
less than ~30,000 km is implicitly neglected by the truncated
polynomial expansion (! < 20). Even with this restrictive defi-
nition, however, Figure 2 shows that the contribution from the
quiet region flux leads to an overestimate of the GOES X-ray flux
during the quietest periods of solar minimum. Since small-scale
magnetic flux tends to dominate during solar minimum, this re-
sult suggests that emerging small-scale magnetic fields are very
dim X-ray emitters.

The lack of X-ray emission from small-scale magnetic loops
may be the natural result of their cool temperatures. Loop heights
are observed to be correlated with temperature. Smaller loops
within supergranules are cooler, typically <800,000 K (Feldman
etal. 1999, 2005), than the larger loops extending above the net-
work. The cooler the loops, the smaller the fraction of energy
emitted in the 1-8 A range of GOES X-rays. So even if the power
emitted in the network was linearly proportional to magnetic flux,
the resulting X-ray emissions would still be dim compared to
emissions from hotter regions. Our main conclusion is that the
large variability in X-ray flux over the solar cycle is the combined
result of two complementary effects: (1) during active periods, the
Sun is populated with a greater number of active regions, which
have stronger magnetic fields and therefore emit more X-rays,
and (2) active regions are also hotter and therefore emit more en-
ergy in the X-ray spectral window. Together, these effects lead to
very large variability (by 3 orders of magnitude over the solar
cycle).

In contrast to the highly variable X-ray power over the solar
cycle, the fast solar wind power and magnetic flux are extremely
constant. The constancy of the open magnetic flux is a reflection
of its conservation (Fisk & Schwadron 2001) and the relative
constancy of the Sun’s dipole field (Wang et al. 2000). In con-
trast, the Sun’s strong magnetic fields in active regions are highly
variable over the solar cycle. This, combined with the higher tem-
peratures in active regions, produces strong variations in X-rays:
near solar maximum, the strong flux and high temperatures from
active regions produce a large X-ray luminosity; near solar mini-
mum, the paucity of active regions leads to a much lower X-ray
flux. Therefore, the different solar cycle evolution of the solar
wind and coronal X-rays does not contradict the argument that
they are powered by similar sources. The favorable comparison
between predictions and observations in Figure 2 supports the
hypothesis of a common source. Although the total power scales
with magnetic flux, the X-ray power exhibits greater variability
than does the magnetic flux due to an intrinsic temperature de-
pendence of X-ray sources. Strong flux concentrations typically
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associated with active regions are typically hot and produce a
larger fraction of the total radiated energy in X-ray bands.

4. CONCLUSIONS AND IMPLICATIONS

There are three major conclusions that we can draw on the
basis of the results discussed here:

1. As a complete solar and Sun-like stellar ensemble, X-ray
emitters (disk averages, active regions, quiet regions, X-ray—
bright points, G, K, M dwarfs, and T Tauri stars) exhibit a global
scaling law in which power is roughly proportional to magnetic
flux (Pevtsov et al. 2003).

2. Subsets of the complete ensemble, such as disk averages,
may exhibit departures from the global scaling law. For example,
disk averages appear to be biased toward strong active region
flux. This steeper power versus flux dependence may be the re-
sult of an additional temperature dependence of the X-ray power.
Regions of higher magnetic flux, such as active regions, are often
hotter and have a larger fraction of the total power emitted in the
X-ray bands.

3. A recent model that provides an explanation for the observed
anticorrelation between solar wind speed and coronal freezing-in
temperatures (associated with carbon and oxygen charge states;
Schwadron & McComas 2003) yields an injected power pro-
portional to the base open magnetic field flux, consistent with
the Pevtsov et al. (2003) scaling law. The model also relies on a
roughly constant energy per particle injected by source struc-
tures. This model helps to explain the solar wind’s strong orga-
nization around speed, the stability of the fast wind, the more
variable slow wind, and the stronger enhancements of low first
ionization potential ions observed in the slow wind.

In summary, we have made a connection between coronal heat-
ing and solar wind acceleration. As a complete solar and Sun-like
stellar ensemble, X-ray emitters exhibit a global scaling law in
which power is roughly proportional to magnetic flux (Pevtsov
et al. 2003). A recent model that provides an explanation for the
observed anticorrelation between solar wind speed and coronal
freezing-in temperatures (associated with carbon and oxygen charge
states; Schwadron & McComas 2003) yields injected power pro-
portional to the base open magnetic field flux, consistent with the
Pevtsov et al. (2003) scaling law. This suggests a fundamental
similarity between the energy sources of coronal heating and so-
lar wind acceleration. If the injected power that drives these pro-
cesses results from reconfiguration of the supergranular network
and the emergence of new magnetic flux, then the net power trans-
mitted onto strong large-scale flux tubes should be proportional
to their magnetic flux. This provides a likely explanation for the
linear scaling of coronal and solar wind power with the magnetic
flux of large-scale fields. We conclude that solar wind acceler-
ation and coronal heating have a similar energy source, which is
likely the emergence of new small-scale flux that causes the con-
tinual reconfiguration of the supergranular network.
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