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Abstract. The recent solar minimum, marking the end of solar cycle 2& heen unique in

a number of ways. In particular, the polar photospheric fllaswgubstantially weaker, coronal
holes were notably smaller, and unipolar streamers wersiderably more prevalent than previous
minima. To understand the origins of some of these phenomenhave computed global solutions
using a three-dimensional, time-dependent MHD model oftilar corona and heliosphere. In this
report, we present a brief overview of a selection of modallts, illustrating: (1) how observations
are being used to better constrain model properties; arftb{2 the model results can be applied to
understanding complex coronal and interplanetary phenaraad, specifically, unipolar streamers.
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INTRODUCTION

The recent solar activity minimum, occurring sometime i022009, depending on its
definition, has proved to be unique, at least within the cdrgésolar cycles monitored
during the space era, and likely, even on the scale of a gentumore [1]. We have
studied the interval from the launch of STEREO in October&@@Gough the present
using a global resistive MHD model of the solar corona anckiirtmeliosphere (2] in
an effort to interpret some of the unique features of thisriwdl. In this brief report,
we summarize a selection of these investigations. Deta@pdrts are, or will be pre-
sented elsewhere (e.g.} [3,.4)5]6,17,18, 9]). Specificaleypresent: (1) two examples
where comparisons with remote solar anesitu measurements are providing impor-
tant feedback for improving the quality of the solutionsg§8) an investigation of the
interplanetary signatures of unipolar (also known as pgesileamers.

MHD MODELING APPROACH

Our numerical model solves the usual set of resistive MHDa&guos on a non-uniform
grid, in spherical coordinates |10]. Energy transport psses are either included ex-
plicitly using the so-called thermodynamic modeli[11], @neeniently neglected by
invoking a polytropic approximation witly = 1.05 in the corona angt = 1.5 in the
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FIGURE 1. Comparison of synoptic magnetograms from four solar olageries for CR 2060. The
data have been converted to a radial field, smoothed (bysitiffiand filtering the measurements), and, at
the highest latitudes, filled, by extrapolating mid-ladiéufields poleward.

solar wind [2]. Here we limit ourselves to the polytropic fmalism, which allows us
to compute solutions more rapidly and hence perform pargrsttidies of the model
inputs.

For the polytropic model, three inputs variables that carsecified at the lower
radial boundary are: (1) the magnetic field vector; (2) thegerature; and (3) the
density. Here, we explore the effects of varying the magniid and temperature
on the resultant solutions. Several processing steps kem t®@ generate maps that
are suitable for the code, which may alter the maps. Howevenore fundamental
problem exists: We do not have a “ground truth” estimate efgghotospheric magnetic
field [€]. Figure[l compares synoptic maps from four solareobetories for Carrington
rotation (CR) 2060. While there is a general qualitativecagnent, detailed pixel-by-
pixel comparisons reveal significant quantitative differes [9]. Additionally, because
the Earth’s position is limited in heliographic latitude t67.25°, fields beyond~
65— 70° are poorly resolved, if at all. And finally, synoptic maps aomstructed from
Earth-based observations: We have no direct observatidhs ¢ar-side of the Sun and
must assume that the Sun does not evolve appreciably ov&t tldys, which is clearly
not true. As we will show, these errors propagate througlsthetion: Speed profiles,
for example, computed from different maps show substadiffdrences, and even the
computed total open flux in the heliosphere is significarifiycied [12].

A second boundary condition that must be specified in thetpugic model is the
temperature at the bask, In reality, thermal processes through the photosphere; ch
mosphere, and corona will likely produce a complex map ofpemratures; however, in
our idealization, we assume a constant value for all lonigisland latitudes. Moreover,
to maintain a near isothermal corona, consistent with elsiens, we must redugeto
a value just slightly above one.

Recently, in a sequence of numerical experiments to inyatstithe impact of, (and
the density at the base of the calculation, not considereg) hwe computed coronal
hole boundaries for solutions of CR 2051 for model solutioms with T, ranging
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FIGURE 2. Coronal hole boundaries for a sequence of model solutiodgffatent temperatures for
CR 2051. The labels give the plasma temperature in unitsl@fK. Grey regions represent closed field
lines while black indicates field lines that open into theédsghere.

from 1.4 x 10PK to 2.4 x 10°K [B]. These are shown in Figufé 2. The trends from one
panel to the next make intuitive sense. As the base temperiatincreased, the thermal
pressure also increases as well as the flow speed. More fiekldre opened up and the
coronal holes grow larger. But which map is correct? Becatesare using a polytropic
approximation, we cannot constraig directly by observations; it is essentially a free
parameter in the model. Instead, we must look to obsenatioat contain structure,
such as the coronal hole boundary.

Figure[3 shows SOHO EIT observations at 195 A. Coronal hokesaadily apparent
as dark regions. Superimposed are the computed coronalbbaledaries from four
of the model solutions. Based on these comparisons, a tatupesT, = 1.8 x 10°K
seems to match the observations best. Of course there agatsat|T observations
are a measure of emission, not field-line connectivity. Qusgy bright structure, for
example, may tend to occlude otherwise dark regions, andB$€rvations themselves
may underestimate coronal hole size.

The effects of using input synoptic magnetograms from ckffié€ observatories is
explored in Figurél4. From top to bottom, the panels compala& svind bulk speed
at ACE with model solutions driven by data from SOLIS, MDI, §G, and WSO solar
observatories. The implication is clear: different maggeams can have a profound
effect on the quality of the solutiohi[3, 9].

AN APPLICATION OF THE MODEL: UNIPOLAR STREAMERS

Unipolar streamers are structures in the corona that age oftistinguishable in white
light observations from the more typical dipolar streamidisvever, MHD and potential
field source surface models reveal a distinct loop strustutt@n them. Dipolar stream-
ers separate coronal holes of opposite polarity, and so lneustmposed of a single (or,
in principle, triple) loop structure, while unipolar strears separate holes of the same
polarity, and hence contain a double loop structure. Thesjriterplanetary extension
of dipolar streamers contains the heliospheric currerétsfi¢CS), whereas no HCS is
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FIGURE 3. SOHOI/EIT observations at 195 Aduring CR 2051. Panels (aytin (d) differ only in the
MHD solution used to produce the computed coronal hole bariesl (red curves).

associated with unipolar streamers.

Models of the slow solar wind predict distinct properties Wand emanating from
unipolar streamers. The “expansion factor” model (e, @]), which relies on the
super-radial expansion of coronal magnetic flux tubes,ipted source of very fast wind
from unipolar streamers, since the expansion factor assativith these field lines is
very low, often close to one. In contrast, models based ordneept of a “boundary
layer” between open and closed fields (the interchange nemion idea (e.g.L_L’LEIIG])
being one example) predict slow solar wind from both unipalad dipolar streamers.
We have mapped streamer structure out into the solar windragti measurements
back to the Sun in an effort to assess both theories. We fdwatduhipolar sources of
solar wind are associated with slow wind|[17]. Figlre 5 iltates one of these mapping
exercises for CR 2060, during which time there was a cleanection between unipolar
structure and measurements at 1 AU in the ecliptic plane.

We also studied earlier time periods analyzed by Neugehetuadr [18], who wanted
to understand the properties and origin of non-HCS intemactgions. Obviously, one
might suspect these events to be the interplanetary cqantesf unipolar streamers.
They found that non-HCS associated slow solar wind showalgsties similar to HCS-
associated wind, with the exception that: (1) they weretehanduration; (2) they had a
greater minimum speed; and (3) lower peak and average @Ensiowever, no obvious
connection with corona streamers was found. Using our MHfdlte, we were able
to show that unipolar streamers did exist during these vater Moreover, the model
results were broadly consistent with the observed diffegsrbetween HCS and non-
HCS events.
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FIGURE 4. (Left) Model solar wind speed at 80, together with the location of STEREO A (green),
B (red), and ACE (Earth, blue). The HCS is shown by the greyeurhe four panels show results from
models driven by data from the following observatories:3@LIS; (b) MDI; (c) GONG; and (d) WSO.
(Right) Time series of solar wind speed for the 4 model sohgiare compared with data from ACE and
STEREO A/B.

SUMMARY AND DISCUSSION

In this report, we have briefly summarized a few studies uaélen to: (1) improve our
MHD solutions by comparing with remote solar observatiams$ia-situ measurements;
and (2) understand some of the unique features of the recdst sinimum. Our
analysis has led us to the conclusion that unipolar stregméren present, can be a
significant source of the slow solar wind. Our results alsggest that the “expansion
factor” model for the origin of the slow solar wind requiresdification to account for
slow wind originating from unipolar streamers.

All of the model results presented here are available on gte(www.predsci.com/stereo/).
Additionally, NASA's Community Coordinated Modeling Cent(ccmc.gsfc.nasa.gov)
provides a web interface for running our model suite (CORH&bdemand.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of the LWS Strategapdbilities Program
(NASA, NSF, and AFOSR), the NSF Center for Integrated Spaeatiér Modeling
(CISM), NASA's Heliophysics Theory Program (HTP), the Casisnd Consequences
of the Minimum of Solar Cycle 24 program, and the STEREO (IMRAand SECCHI)
teams.



Latitude (Deg.)
o

800
600

r (km/s)

200

0 60 120 180 240 300 360
Longitude (°)

FIGURE 5. (Top) Selection of meridional slices q@B with field lines superimposed. Field lines
colored blue (red) open into the heliosphere and are inwaumdnMard). Field lines colored green are
closed.The heliographic latitude of ACE is indicated by $loéid black line. (Middle) The photospheric
magnetic field used to compute the MHD solution. The bourdasf coronal holes are indicated by the
black curve and the trajectory of the ACE spacecraft (fragghtrio left as time increases) is shown by the
straight black line. Measurements by ACE are mapped badieioinferred source location via the lines
branching off the trajectory, color-coded according tortteasuredn-situ polarity. (Bottom) Solar wind
speed measured by ACE, mapped back tB.3Gand color-coded with the polarity of the field is shown,
together with the mapped plasma density as a function ofitioteg.
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