ASTRA Proc., 1, 43-49, 2014 ASTRA..

www.astra-proceedings.net/1/43/2014/ ) ‘
doi:10.5194/ap-1-43-2014 Proceedings a
© Author(s) 2014. CC Attribution 3.0 License. ——————— Open Access

Lyman- @ observations of astrospheres

J. L. Linsky ! and B. E. Wood?

LJILA, University of Colorado and NIST, Boulder, CO, USA
2Us Naval Research Laboratory, Washington, D.C., USA

Correspondence tal. L. Linsky (jlinsky@jila.colorado.edu)

Received: 2 May 2014 — Revised: 21 July 2014 — Accepted: 25 July 2014 — Published: 25 August 2014

Abstract. Charge-exchange reactions between outflowing stellar wind protons and interstellar neutral hydro-
gen atoms entering a stellar astrosphere produce a region of piled-up-decelerated neutral hydrogen called the
hydrogen wall. Absorption by this gas, which is observed in stellar Lymamission lines, provides the only

viable technique at this time for measuring the mass-loss rates of F—-M dwarf stars. We describe this technique,
present an alternative way for understanding the relation of mass-loss rate with X-ray emission, and identify
several critical issues.

1 Motivation and technique of the heliosphere and astrospheres is the presence of a tern
nation shock where the solar wind becomes subsonic, a h
The measurement of mass-loss rates for F-M dwarf stariopause/astropause that separates ionized solar/stellar wi
and the development of theoretical models to predict thesglasma from charge-exchanged local interstellar mediun
rates have challenged observers and theoreticians for man§.ISM) ions, and the so-called hydrogen wall where in-
years. While in situ measurements of the solar-wind masdglowing neutral hydrogen gas piles up, is decelerated, an
flux have been available since the early space age, such mei& heated by the charge-exchange reactions. IBEX resulf
surements are not feasible for other stars. Instéad etal.  (McComas et a).2012 indicate that the inflow velocity of
(20054 b) showed that astrospheric absorption in the stellarthe LISM is likely too slow to produce a bow shock, however
Lyman-« emission line provides a sensitive tool for measur- Scherer and Fichtné2014) argue that inclusion of inflowing
ing stellar mass-loss rates of late-type dwarf stars. AlthoughHe™ ions yields Alfvén and fast magnetosonic speeds slowe

other techniques have been proposed, including the seardhan the inflow speed and thus a bow shock. As first pret

for charge-exchange-induced X-ray emissigva(gelin and  dicted byBaranov and Malamél993, hydrogen walls pro-
Drake 2001 and free-free emission at radio wavelengths vide the observational basis for measuring stellar mass-los
(Gaidos 200Q Fichtinger et al.2013, the Lymane astro-  rates. However, the small hydrogen column densities in theg
spheres technique is presently the only technique that proastrosphere regions, I@g(H ) = 14.0-15.0, means that op-
vides credible results. We describe this technique in Sect. 2Ztical depths in neutral metal lines also formed in these region
present an alternative way for explaining the empirical rela-will be too small to detect, leaving Lymanas the only avail-
tion of mass loss to X-ray flux in Sect. 3, and identify some able spectral diagnostic for measuring stellar mass-loss rate
critical issues in Sect. 4. Figure 2 shows the effect of neutral hydrogen absorptior
from the LISM and in the hydrogen walls of the star and
the Sun on the Lyman- emission line emitted by a star.
2 Lyman- a observations of astrospheres Since the hydrogen wall gas is decelerated relative to th
LISM gas, the solar hydrogen wall appears as extra absory
The interaction of ionized stellar-wind plasma with inflow- tion on the red side of the LISM absorption, and the stel
ing, mostly neutral, interstellar gas leads to a rich phe-lar hydrogen wall viewed from outside of the star appears a
nomenology. Figure 1 shows an example of a hydrodynamicxtra absorption on the blue side of the LISM absorption
model of the heliosphere computed Mdller and Zank  Figure 3 shows the effects of increasing stellar mass-los
(2009). The salient features of this model and other models
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' = e | | stars shown in Fig. 4 can be fit by a power laW,
(K) 708403 1.6E¢04 3.8E404 87E404 20E+05 A4.7E+05 1.1E+06 F§-34i0~18, for X-ray surface fluxegy < 109 erg cent2s1

AUl While the fit looks good considering the roughly factor of
a00F two uncertainties in the mass-loss rate measurements and the
varying X-ray fluxs that were measured at different times,
there is no accepted explanation for this power-law relation.
We therefore propose an alternative way of characterizing
these data that suggests a physical scenario that could ex-
plain these results. We start by separating the data into three
groups rather than by assuming a power-law relation.

Group 1 includes the Sun and four other stars (61 Vir,
the unresolved binary Cen AB, ¢Ind, and 61Cyg A).
All of these stars are slow rotators (22—42 day periods),
most have solar-like mass-loss rates (per unit surface area),
M/Mg~1.0, andFy in the range 16-1° ergscnr?s1.
Cohen(2011), Wang(2010, and others have shown that the
solar mass-loss rate is uncorrelated with, although both
M and Fx vary by over a factor of 10. The average solar
mass loss rateM, ~ 2 x 1014 M yr—1), however, is inde-

200
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400

pendent of Fx despite the very different number of active

B regions on the solar disk at times of solar activity minima
onty BSOS - mm  andmaxima.

000 006 012 018 024 030 036 043 Group 2 consists of two stars and two unresolved

binary systems with Fx in the narrow range 3-

Figure 1. This figure shows the different components of a helio- 5« 10P ergs cn2s-1. The two stars {Eri and & Boo B)
sphere/astrosphere as seen in temperature (top panel) and neutraf< 9 )

hydrogen density (bottom panel). At the termination shock, the su-2re moderate speed rotatorBi¢=11.68 and 11.5 days,

personic solar/stellar wind becomes subsonic and heats the pos{_espectlvely). The other two tar_gets arg unresol.ved pmanes
shock gas. Further out from the Sun/star, the heliopause/astropaué€0 Oph AB and 36 Oph AB) with rotational periods in the
separates the outflowing-ionized solar/stellar wind gas from the inange 19.7-22.9 days and measured mass-loss rates only for
terstellar gas that has been ionized by charge exchange reactionie binary systems rather than for the individual stars.
The pile-up of heated and decelerated neutral hydrogen gas at larger The third group of G-K dwarf stars consists ot UMa
distances also results from charge exchange reactions with the oufWood et al, 2014 andé Boo A (Wood and Linsky 2010.
flowing solar/stellar wind ions. Beyond the hydrogen wall, there These stars are rapid rotatorg.4=4.69 and 6.2 days,
may be a bow shock depending on the inflow speed of i”terSte”arrespectiver), have largeiy ~2 x 100 ergs cn2s~L put
gas and its magnetic field strength. Figure frdfaller and Zank  gna)| mass-loss rates similar to the Sun. We note that these
(2009, mass-loss rates are a factor of 100 times smaller than theoret-
ical estimates forr! UMa (Cranmer and Saa2011; Drake

rate on the stellar hydrogen-wall absorption computed with®t & 2013 and forz Boo, an F7V star withPror = 3.0 days

hydrodynamic astrosphere modelé/dod et al, 20053. (wgr?govztralaizf?elrzﬁt behavior between mass loss, which
This technique has been successfully applied to 15 stars y o ) '

) . ; emerges only along open magnetic-field lines, and X-ray
or binary systems that are relatively cloge<{32 pc), with S : : C

. ... flux, which is emitted mostly in closed magnetic-field re-
relatively small LISM neutral hydrogen column densities . L - ;
llog N(H I) < 18.5]. Clearly, the LISM gas must contain a gions with high electron densities, likely depends on the en-

2 ergy available for driving mass loss at the coronal base of
significant amount of neutral hydrogen for the development o o .
. ) open field lines, the number of open field lines, and the diver-
of a hydrogen wall and for this technique to work. Lyman-

. . ._gence of the open field lines with height in the corona. While
observations of more stars are needed, but observational lins ~, . . . ) .
o : . : detailed theoretical studies of wind acceleration mechanisms
itations will restrict the number of stellar winds that could be

measured by this technigue (e.g.Holzwarth and Jardin€007 Cranmer and Saa?011)

' and coronal magnetic-field morphologies (elgrdine et al.
2013 are needed, we outline here a simple physical model
3 An alternative way for explaining the relationship that may explain the complex relationship betweaénand

of mass loss and X-ray flux Fx shown in Fig. 4.
Wang(2010 showed that for the Sun, the mass flux along

Wood et al.(20054 proposed that the mass-loss rate per unitan open magnetic-field line is proportional to the magnetic-
stellar surface areal{) measurements for G and K dwarf field strength at its coronal base footpoint. Since the coronal
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Figure 2. The presence of absorption components in the observed stellar Lyreamission line (bottom) is illustrated in this schematic
sketch of the journey of Lymaa-photons from the star to an observer inside the heliospiWoog 2004). Astrospheric absorption is

blue-shifted relative to the line of sight component of the interstellar flow velocity because the stellar hydrogen-wall gas is decelerated (in

the stellar reference frame) relative to the interstellar medium flow. Lysnplnetons then traverse the LISM and are absorbed by interstellar

neutral hydrogen at the projected flow velocity of the LISM. The hydrogen wall gas in the heliosphere produces redshifted absorptign as a
result of its deceleration relative to the interstellar gas. The effect of these three absorption components (illustrated in the middle plots) is
to produce extra absorption on the blue side of the LISM absorption indicating the presence of a hydrogen wall surrounding the star, and

absorption on the red side of the LISM feature produced by the solar hydrogen wall.

base magnetic-field strength near active regions is muclstellar surfaces and stronger magnetic-field strengths outside
larger than for high-latitude coronal holes, the mass flux inof these active regions are present in the Group 2 stars com-
field lines located near active regions is much larger thanpared with the Group 1 stars. As a result, the coronal surface
for open field regions away from active regions (e.g. polararea not covered by active regions is decreased substantially
holes). However, the divergence of field lines emerging fromsuch that there is much less available volume for open field
near active regions is much larger than for open field regiondines to expand. The smaller divergence of field lines from ac
away from active regions. As a result, the greater divergenceive regions will not be able to compensate for the enhancef
of field lines from active regions compensates for the largermass flux along these stronger magnetic-field lir@shen
mass flux in these field lines leading to the same average sq2011) showed that in the absence of significant magnetic
lar mass-loss rate even when the surface coverage of activiield divergence, stellar mass-loss rates will increase with th
regions changes as indicated by a factor of 10 rangéin  magnetic field strength and the available energy at the bage
This explanation for the nearly constant valueMfover at  of the magnetic field lines.
least a factor of 10 range ifiy seen in the solar data likely A viable explanation for the solar-like mass-loss rates for
also explains the results for the other Group 1 stars. the rapidly rotating stars in Group 3 is a matter of specula
For the faster rotating stars in Group 2, especialbri tion at this time. We suggest that the very strong dynamo
andé& Boo B, the much stronger magnetic dynamo producesn these stars produce complex magnetic-field morphologie
much larger magnetic fluxeRéiners 2019. This likely including a strong toroidal component seen in rapidly rotat-
means that more active regions are distributed across theing stars liket Boo A (Petit et al, 2005. These very strong
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Figure 3. Comparisons of the observed absorption on the short wavelength side of the kylimas-of six stars with hydrodynamic models
assuming wind speeds of 400 kmisand parameters of the LISM\od et al, 20053. The effect of increasing stellar-wind mass flux is to
increase the amount of blue-shifted absorption by the stellar hydrogen wall (in units of the solar mass lefss: 24e10~14 solar mass
per year). The absorption line centered ne80 km s is deuterium Lyman absorption in the LISM.
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Figure 4. A plot of mass loss rate with respect to x-ray flux, both quantities expressed per unit stellar surface area. For stars with x-ray
surface fluxes less than ﬁ@rg cm2s71 thereis a power law relation comparing mass flux rate to x-ray flux. This simple relation does not
hold for stars with largeFy including the young stat 1 UMa, £ Boo A, and the M dwarf flare stars Proxima Centauri and EV Modd

et al, 20149.
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magnetic fields are likely closed in very active stellar coro-
nae leaving only a few open-field lines from which the stellar
wind can emerge. The fewer open-field lines could more than
compensate for the stronger mass-flux rates in the remaining
open-field lines.

Simulations bySuzuki et al (2013 of MHD wave propa-
gation upwards along open magnetic field lines from the pho-
tospheres of solar-like stars may explain the empirical corre-
lation of M with Fx shown in Fig. 4. They found that with
increasing magnetic field strength and turbulence in the pho-
tosphere (the origin of stellar activity), the reflection of up-
wardly propagating Alfvén waves is less efficient, leading to
an increase in the energy available in the corona for mass loss
and X-ray emission. However, radiative losses in the chromo-
sphere increase even faster than the mass-loss flux, leading
first to M saturation at a high level and then to decreasing
M with increasingFy . Qualitatively, this may explain the in-
crease and then decreaseMfwith increasingFy, but the
peakM corresponding to saturation in these calculations is
much larger than is observed and the decreasé @t very
large Fx levels was not modeled in detail.

4  Critical issues

The study of cool dwarf star astrospheres has made impor-
tant progress from the early theoretical models of the he-
liosphere that first showed the presence of a hydrogen wall
(Baranov and Malamal993, through the development of
sophisticated-hydrodynamic models of stellar atmospheres
by Miller, Izmodenov, Zank, and others, to the testing and re-
finement of these models by comparison with stellar Lyman-
a observations. Despite this important progress, there remain
a number of critical problems requiring future theoretical and
observational studies:

— Charge-exchange rateghe existence and physical
properties of solar/stellar hydrogen walls depend crit-
ically on charge-exchange reaction rates between out-
flowing solar/stellar wind ions (primarily protons) and
the inflowing LISM neutral hydrogen atoms. If the
presently assumed charge-exchange reactions rates are
in error, then the inferred values fo¥ (H I), heating,
and deceleration of neutral hydrogen atoms in the hy-
drogen wall will also be in error. It is important to com-
pute charge-exchange reaction rates for the low densi-
ties and likely non-Maxwellian velocity distributions of
the interacting species.

Proper inclusion of neutralsneutral hydrogen and he-
lium atoms inflowing from the LISM have long mean-
free paths that are not easily included in hydrodynamic
model calculations. The neutrals must be treated with
kinetic equations or Monte Carlo simulations that must
be coupled somehow to the hydrodynamic calculations
for the plasma.

www.astra-proceedings.net/1/43/2014/
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Theoretical models of stellar astrospheres may not in-
clude all of the important physical processésr ex-
ample, most models and simulations assume that stella
mass loss is constant or quasi-steady state and, there-
fore, do not include transient events like coronal masg
ejections (CMESs) that are seen on the Sun but not ye
detected on starBrake et al(2013 argued that CMEs
in active stars could dominate the mass-loss rate base
on an extrapolation of solar data, but this process mus
be tested in realistic models and against stellar CME
measurements when they become available. The mag-
netic field morphology, in particular the height at which
closed field lines open, plays an important role in mass
loss. Realistic models should compute the magneti¢
field structure self-consistently with the mass outflow.

=

—

Accurate boundary conditionsvhether the LISM gas
flowing into the heliosphere forms a bow shock or a
bow wave requires accurate values for the interstellaf
gas flow speed and magnetic field strength. Even for th
Sun, for which we have the best data, these quantitie
are not yet known accurately. In particular, the mag-
netic field strength outside of the heliopause has not ye
been measured by the Voyager spacecratft or reliably es
timated. For nearby stars, the flow speed of the star with
respect to the interstellar medium gas is probably uncer
tain by less than 3knTg, but the interstellar magnetic
field is not well known. Thus the presence or absence
of a bow shock is not known in many cases. A critical
guestion is whether the interstellar gas flowing into an
astrosphere is partially ionized like the LIC or fully ion-
ized. In the latter case, there will be an astrosphere bu
no hydrogen wall and thus no possibility for measuring
the mass-loss rate. The presence of Lyraabsorption
on the short wavelength side of the interstellar absorp
tion indicates the presence of a hydrogen wall and that
the star is surrounded by partially ionized interstellar
gas, but the inferred value 8 depends on the neutral
hydrogen number density of the inflowing gas which
has been assumed to be the same as in the LIC give
the absence of other measurements. The nondetectiq
of astrospheric Lymai- absorption can be explained
either by assuming that the star is embedded in fully-
ionized interstellar gas or that the star has an extremel
low mass-loss rate. The latter is unlikely but cannot be
ruled out at this time.

117

[

—

—

Active stars appear to have low mass-loss rates
have suggested that the low mass-loss rates for the tw
rapidly rotating stars withFy > 10°ergscn2s1 re-

sult from very strong magnetic fields with complex
geometries that severely restrict the number of open
field lines in the corona. A new generation of theoret-
ical models is needed to test and develop this scenarig.
There are models for very rapidly rotating stars in which
magnetocentrifugal acceleration is importaktdptto
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et al, 2011 and for T Tauri stars for which accretion Fichtinger, B., Giidel, M., Hallinan, G., Mutel, R., Lynch, C., Skin-
and disk winds are important (e \gidotto et al, 2010. ner, S., Gaidos, E., and the PAH collaboration: Analysis of stel-
What is lacking are models for stars like! Ori and lar winds of solar-like stars with the JVLA and ALMA to de-

£ Boo A, which are active stars without extreme rota- fine mass loss rates for the young Sun, Protostars & Planets VI,
tion or T Tauri-like phenomena. Numerical simulations poster #1K098, University of Arizona Press, Tucson, Arizona,

. . USA, 2013.
SLSA::?egﬁl;ﬁcpar?rﬁggs::gpe;nszzinagLm;:gféﬁged Gaidos, E. J., Gudel, M., and Blake, G. A.: The faint young Sun
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al. (2013, Cranmer and Saaf2011), and Holzwarth P
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physics and need to be developed further. Observations main-sequence stars, Astron. Astrophys., 463, 11-21, 2007.

of more stars, especially those wiify near and above  Jardine, M., Vidotto, A. A., van Ballegooijen, A., Donati, J.-F.,
1P ergcnm2s1, are also needed to determine whether  Morin, J., Fares, R., and Gombosi, T. I.: Influence of surface
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